
The Pennsylvania State University 
 

The Graduate School 
 
 

ADVANCING THE SUSTAINABLE AND ACOUSTIC DESIGN OF CONCRETE 

STRUCTURES 

A Dissertation in 
 

Architectural Engineering 
 

by 
 

Jonathan Michael Broyles 

© 2024 Jonathan Michael Broyles 

Submitted in Partial Fulfillment 
of the Requirements 

for the Degree of 

Doctor of Philosophy 
 
 

May 2024 
 



 

ii 
 

The dissertation of Jonathan Michael Broyles was reviewed and approved by the following: 

 
Nathan C. Brown 
Assistant Professor of Architectural Engineering  
Dissertation Advisor 
Chair of Committee 

 
Andrew R. Barnard 
Professor and Director of the Graduate Program in Acoustics 
 
 
 
Rebecca K. Napolitano 
Assistant Professor of Architectural Engineering 
 

 
Ryan L. Solnosky 
Associate Teaching Professor of Architectural Engineering 
 
 
 
Michelle C. Vigeant-Haas 
Associate Professor of Acoustics and Architectural Engineering 
 
 
 
James D. Freihaut 
Professor of Architectural Engineering 
Interim Department Head of Architectural Engineering 
 

 

  



 

iii 
 

ABSTRACT 

The building and construction sector contributes 35-40% of global carbon emissions, with concrete 

attributed to around 7% of global carbon emissions. With the substantial volume of concrete used in 

building floor systems, design practitioners and engineers are increasingly tasked to identify concrete floor 

systems with the least amount of embodied carbon (EC) emissions. A prominent EC reduction pathway is 

through the removal of structurally unnecessary concrete material in floors. This low-carbon pathway is 

directly applicable in the selection of more material-efficient concrete floor systems in buildings, as several 

concrete systems exist that are more material-efficient than conventional concrete slabs. Further concrete 

material reductions can be realized at the component scale when optimization frameworks are employed to 

determine non-traditional floor forms that improve upon the material efficiency of conventional systems. 

While existing concrete floor systems can reduce the EC emissions by up to 50%, greater EC savings can 

be achieved through the design of optimized components. However, challenges have hindered both the 

selection of low-carbon conventional concrete floor systems and the realization of optimized components. 

Material-efficient concrete floor systems have been designed, engineered, and constructed for many 

years; however, identifying the floor system with the lowest EC emissions has been restricted due to the 

variety of floor system types, the bevy of possible design scenarios, and the uncertainty of the carbon 

footprint of concrete mixtures. Additionally, the selection of a low-carbon floor system can happen in early-

stage design phases, potentially restricting the consideration of alternative systems, especially when design 

parameters are loosely defined. Furthermore, the design of a concrete floor system may be controlled by 

non-structural objectives. Secondary objectives such as fire-resistance, acoustic insulation, and vibrations 

may influence the design of a concrete floor structure, further complicating the selection of a low-carbon 

concrete system. These limitations currently impede how designers can identify which concrete floor 

system has the largest EC savings when considering various design scenarios and performance goals. 

While optimized concrete components have been found to achieve material savings up to 70% 

when compared to conventional concrete slabs, their implementation has been restricted because floors 
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influence additional design performance goals. Several researchers have evaluated how secondary 

considerations, like walking vibrations, can be influenced by the design of optimized components, yet air- 

and structure-borne insulation performance has been less studied. Although air-borne sound insulation of 

optimized concrete floors can be adequately estimated using analytical expressions, a high-resolution 

numerical model is necessary to quantify impact sound insulation. However, computational resource 

restrictions limit simulating the full-frequency radiated sound power needed to evaluate impact insulation. 

An additional challenge when evaluating optimized floors for acoustic insulation is that the existing sound 

transmission metrics have known functional limitations that can inflate or penalize the true acoustic 

performance of a concrete component. As a result of these challenges, little research has evaluated the 

performance of optimized concrete components for acoustic performance and other design goals. 

 This dissertation responds to these research gaps by deriving equations and design tools to aid in 

the selection of a low-carbon concrete floor system, developing a new simulation method to quantify impact 

sound insulation, and proposing new sound transmission metrics to improve the acoustic assessment of 

optimized concrete components. At the building system scale, multivariate polynomial regression models, 

which encompass many design scenarios, were trained to estimate EC for ten conventional concrete systems 

tailored to the two early design phases to better inform the selection of a low-carbon floor system. A subset 

of the concrete floors was then evaluated for fire resistance, air-borne sound insulation, and walking 

vibrations to evaluate how the inclusion of additional design objectives affected which floor system had the 

lowest EC for six unique design scenarios. To improve the assessment of structure-borne sound insulation 

of optimized components, experimental results were used to validate a numerical model used to quantify 

impact sound insulation performance, with new acoustic transmission metrics proposed to improve the 

performance rating and customizability of optimized structural components. Finally, the simulation method 

to quantify impact sound and proposed transmission metrics were applied to a case study of shaped one-

way slabs to demonstrate how comprehensive assessments of optimized concrete components can inform 

building practitioners on complex floor design trade-offs, and to evaluate the design benefits of optimized 

components when compared to an equivalent conventional floor system.  
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Chapter 1 

 

Background 

1.1 Global climate change and carbon emissions in the built environment 

Addressing climate change is one of the most pressing global grand challenges today (Grand 

Challenges, 2024; Vardoulakis & Kinney, 2019). Within the last century, the global temperature has 

increased by 1.1°C due to the substantial amount of global carbon emissions produced (McKay et al., 2022; 

Yoro & Daramola, 2020). With the expectation that the global temperature will continue to increase, 

catalyzing other climate change tipping points (e.g., rising sea levels, increased risk of severe weather), 

researchers anticipate widespread negative effects on human health and well-being (Ebi et al., 2021; 

Frederikse et al., 2020; Kotcher et al., 2021). Therefore, immediate strategies to curb global carbon 

emissions are of paramount importance. Because the Architectural-Engineering-Construction (AEC) is 

responsible for 35-40% of global carbon emissions, there is a big role the AEC can play in reducing global 

carbon emissions (WBCSD and ARUP, 2021). Considering this, building engineers, architects, 

manufacturers, and other building stakeholders all must participate in curbing carbon emissions to mitigate 

the effects of global climate change and its widespread effects on the global population. 

 The carbon emissions associated with the AEC sector are categorized as operational carbon and 

embodied carbon emissions. Operational carbon (OC) is defined as the carbon emissions associated with 

the daily functional operations that occur during daily use of a building (Lu & Lai, 2020), including lighting 

and mechanical loads (Costa et al., 2013). Embodied carbon (EC), in the context of the AEC sector, refers 

to the carbon emissions produced from the manufacturing, transportation, construction, maintenance, and 

end-of-life disposal of building materials (Pomponi & Moncaster, 2018). Both OC and EC emissions are 

measured by a life cycle assessment (LCA) which is a method that systematically tracks the carbon 

emissions (amongst other LCA midpoint indicators, like acidification and freshwater consumption) of a 
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product through different stages (ISO, 2006a, 2006b). The carbon emissions are quantified in kilograms of 

carbon dioxide equivalent (kgCO2e) and reflect the carbon footprint of a material, component, system, or 

whole building (Carlisle et al., 2021). Although the sustainable performance of a building product can be 

assessed using other greenhouse gas (GHG) metrics, carbon dioxide is the most prevalent GHG and is the 

most attributed to global climate change (Solomon et al., 2009). Hence, EC emissions are often labeled as 

EC, or as the Global Warming Potential (GWP) of a product in kgCO2e, which is also the common 

nomenclature used in Environmental Product Declarations. 

 The United Nations Environment Programme reported that building OC and EC emissions account 

for approximately 28% and 11% of the global carbon emissions attributed to buildings (see Fig. 1-1) 

(UNEP, 2020). Although OC emissions more than double the reported EC emissions, many studies have 

theoretically demonstrated that net-zero OC emissions are possible as urban areas transition towards 

renewable energy sources (Deng et al., 2014; D’Oca et al., 2018). These studies highlighted improvement 

technologies such as low-carbon energy grids and improvements in building operation technologies. Yet 

while there has been several studies on the reduction of OC emissions, there is a need for more research on 

effective low-carbon EC pathways, as the impact that EC emissions has on the total carbon footprint of a 

building has only been realized within the last two decades (De Wolf et al., 2017; Dixit et al., 2012; 

Pomponi & Moncaster, 2016; Röck et al., 2020). Because EC emissions are produced across different stages 

of a building material’s life span, careful consideration must be given to how building materials are 

extracted, manufactured, constructed in a building, and are disposed of at the end-of-life phase. 



4 
 

 
Figure 1-1: Distribution of global carbon emissions by sector (image after CLF, 2020). 

 

As building operations continue to improve and more efficient energy grids are implemented, EC 

emissions are expected to surpass OC emissions and must be accounted for in reducing the carbon footprint 

of a building (Kovacic et al., 2018). Unlike OC emissions that occur during the use of a building, the 

majority of EC emissions occur in the production stage of a building (Asdrubali et al., 2013; Dixit et al., 

2012). This means the amount of material required for the construction of a building directly affects the EC 

emissions. Since the largest contribution of EC comes from the structural system of a building (Cabeza et 

al., 2013; Foraboschi et al., 2014; Li et al., 2014), structural engineers, architects, and other building 

designers have to consider how design decisions, including the selection of structural material and system 

type, can influence the carbon footprint of a building. 

1.2 Concrete: The world’s most consumed man-made material 

Three of the most common structural materials used in the design of buildings in the U.S. include 

concrete, steel, and lumber / mass timber (Arehart et al., 2022; Reyna & Chester; 2015). Of these structural 

materials, concrete is the most commonly used because it is widely accessible across global markets, 

economical, can be easily constructible depending on the structural form, and has inherent benefits for other 

design considerations including high fire-resistance, because concrete is a non-flammable material 

(Khoury, 2000), favorable acoustic sound insulation, because of the large mass density and stiffness 

(Dupree, 1980), and has thermal insulation benefit because of the slow rate of heat transfer (Thomas & 



5 
 

Rees, 1999). Not coincidentally, concrete structures have existed for many centuries including famous built 

wonders like the Colosseum in Rome, Italy, in part because of the implementation of high strength (i.e., 

hydraulic cement) concrete mixture (Gagg, 2014). More recently, concrete structures are often an integral 

part of Passive House design, which is a modern net-zero energy building design concept (Schnieder et al., 

2020).  

Despite the longevity, durability, and inherent benefits to the interior environment of a building, 

concrete structures are often criticized as having high EC emissions (Moncaster et al., 2022). On the surface 

it appears that concrete structures are at a clear disadvantage when being compared to other structural 

systems for EC emissions, as shown in Fig. 1-2 (image results are from Fig. 5, pg. 139 using the Athena 

results from Stringer & Comber, 2015). However, concrete as a material has a low carbon footprint. Indeed, 

concrete has lower carbon emissions per weight or volume (i.e., one cubic meter), when equivalently 

compared to other structural materials (see Fig. 1-3, which is after Fig. 3 on pg. 1058 in Barcelo et al., 

2014). This prompts the question: why does a concrete structure have high EC emissions when the concrete 

material has a low carbon footprint? The answer is that there is typically more concrete used in concrete 

systems compared to the amount of structural material used in other kinds of systems (e.g. steel and wood 

structural elements), resulting in high EC emissions.  

 

 

Figure 1-2: EC emissions affiliated with common structural lateral systems (image adapted from Stringer & 
Comber, 2015). 
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Figure 1-3: Normalized EC and embodied energy for common structural materials (image adapted from 
Barcelo et al., 2014). 

 

Outside of water, concrete is the most consumed material in the world (Gagg, 2014). Within the 

built environment, concrete is used more than twice as much as any other construction material (steel). In 

the U.S. alone, over 400 million cubic yards (over 700 million metric tons) of concrete is produced per year 

(NRMCA, 2022). These facts underscore that the high EC emissions of concrete structures are due to the 

large amount of concrete material that comprise a concrete structure. Undoubtedly, it is because of the 

large-scale production of concrete material in the world that concrete is responsible for up to 8% of global 

carbon dioxide emissions (Barcelo et al., 2014; Griffiths et al., 2023). Yet despite the amount of carbon 

emissions attributed to concrete manufacturing, the production of concrete has continued to increase in 

recent years because of other decision-based drivers, including material cost (Watari et al., 2023). 

Moncaster et al. (2022) summarizes this well by saying, “concrete is cheap, readily available and extremely 

versatile, and there is always likely to be a market for its use. But its continued use is also contributing 

significantly to climate change.” 
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When prioritizing the reduction of carbon emissions in the selection of a structural system, there 

are design scenarios in which concrete structures are preferred. For example, public assembly buildings 

(e.g., libraries) are known to experience high structural loads while prioritizing long span lengths. Ribbed 

concrete floors are advantageous in these design scenarios as the concrete material is efficiently used in the 

ribs to account for the high structural load. While ribbed concrete floors are known to be more material-

efficient than concrete flat plates, concrete flat plates are still designed in many building types because they 

are easily constructible and have inherent benefits for secondary design objectives. Because there are design 

scenarios in which concrete floors are advantageous, there has been an increase in researchers investigating 

low-carbon pathways to reduce the EC emissions of concrete structures. The engineering and optimization 

of low-carbon concrete mixes has been the focus of many studies (Chen et al., 2023; DeRousseau et al., 

2020; Habert & Roussel, 2009; Helsel et al., 2022; Purnell & Black, 2012; Shah et al., 2022; UN 

Environment et al., 2018), but currently only small-scale production of low carbon mixtures is possible. 

Reduction of carbon emissions at the source of concrete production (i.e., at the factory) by using carbon 

sequestration techniques, such as precure carbonate reactions, is a second pathway, but carbon sequestration 

technology is costly and not widespread (Hanifa et al., 2023; Nehdi et al., 2024; Stefaniuk, 2023). Its 

effectiveness is also uncertain due to many variables such as the factory’s manufacturing processes and the 

strength of the concrete (Ravikumar et al., 2021). A third, more viable and immediate low-carbon pathway 

is to reduce structurally unnecessary material in a concrete structure (Dong et al., 2015), thereby reducing 

the quantity of concrete produced (Watari et al., 2023). 

1.3 A low-carbon pathway: Reducing concrete material in floor structures 

One popular academic and industry low-carbon strategy is to ensure the integrity of a building 

structure while using less structural material (Danatzko & Sezen, 2011; De Wolf et al., 2017; Evins et al., 

2012; Fang et al., 2023b). This strategy is especially relevant for conventional concrete floors, as concrete 

slabs are known to be materially inefficient. To aid the demanding construction schedules of building 

projects, concrete flat plates are often poured at the building site, resulting in thick concrete floors, even 
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though not all the concrete material is needed to maintain structural integrity. This material inefficiency is 

demonstrated by Huberman et al (2015) in which concrete floors and similar horizontal spanning elements 

were found to contribute as much as half of the carbon emissions in a multi-story concrete frame (Huberman 

et al., 2015).  

Conventional concrete slabs are primary contributors to the carbon footprint of a multi-story 

building, yet there are several alternative and more material-efficient concrete floor systems that can be 

designed to replace a conventional slab. Ribbed systems, such as one-way and two-way modular pan joist 

floors, and voided systems, like hollow-core planks and bubbledeck slabs, are known to be material-

efficient compared to conventional concrete slabs (Aouf, 2019; Ferreiro-cabello et al., 2017; Fraile-Garcia 

et al., 2016; Jayasinghe et al., 2021; Oh et al., 2019). Post-tensioned concrete floors are another existing 

floor system that reduces the thickness of conventional reinforced systems through the implementation of 

high-strength steel tendons, thereby reducing significant concrete material (Broyles & Hopper, 2023; 

Zelickman & Amir, 2022). Optimization strategies can also be applied to conventional structural systems 

to realize highly material-efficient floor spans and geometries (Jayasinghe et al., 2022; Miller et al., 2015; 

Zelickman & Guest, 2023). These existing floor systems have been shown to reduce EC emissions up to 

50%, emphasizing how the implementation of low-carbon concrete floors can meaningfully curb building 

carbon emissions in the present (see Fig. 1-4). 
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Figure 1-4: Theoretical progression of reducing EC emissions of concrete floors in relation to the 
advancements needed to achieve carbon neutrality in concrete floor systems. 

 

Construction technology advancements, such as digital fabrication and 3-D printed formwork, help 

to further reduce material consumption in optimized and customizable structural concrete floor components. 

Application of advanced computational frameworks to realize more efficient floor forms (Ismail & Mueller, 

2021; Leschok et al., 2018) have been the focus of recent research as EC reductions of over 58% are possible 

when compared to a conventional, and functionally equivalent, concrete slab (Hawkins et al., 2020). 

Meibodi et al. (2018) used digital fabrication approaches to realize concrete material savings up to 70%, 

confirming that significant EC emissions can be reduced by optimizing concrete components. Yet unlike 

the material-efficient conventional concrete floor systems, optimized concrete components are not 

widespread in the design community. Although it is anticipated that the digital fabrication technology to 

mass produce optimized concrete components will be available in the future, the exact timeline is uncertain. 

The combination of low-carbon concrete mixtures and sustainable structural materials with material-

efficient geometric forms of concrete structures has the highest potential to reduce EC, yet this topic has 

only recently been subject to research studies. 

Another major limitation of optimized concrete components is that many research studies have 

solely focused on structural performance. While ensuring structural integrity of concrete components is 
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essential, more research is needed to better understand the performance of optimized concrete floor 

components for other building objectives before they can be broadly implemented in building design. 

Specifically, advanced methodologies and comprehensive assessments of the design trade-offs of optimized 

concrete components are necessary before optimized concrete components can be widely implemented in 

buildings. 

1.4 Consideration of additional building design goals 

Although there are direct benefits of structural optimization for reducing the carbon footprint, 

building cost, and structural weight, such optimization interacts with other important secondary design 

considerations (Abbaszadeh et al., 2006; Shafigh et al., 2018). On a building scale, designers have to 

balance many competing design objectives (e.g., structural, mechanical, daylighting) to ensure the safety 

and functionality of building occupants. On a smaller scale, building components, like floors, have other 

different functions and performance goals. In addition to structural integrity, engineers have to consider the 

cost, EC, fire-resistance, serviceability, acoustic insulation, thermal insulation, and aesthetics of floor 

structures as the design of a floor structure, especially the geometry and material characteristics, can 

inadvertently affect the performance of secondary design considerations when not considered. 

The reduction of structurally unnecessary concrete materials in a floor slab is a proven strategy to 

reduce EC; however, the reduction of structural mass may result in the failure to meet performance criteria 

for secondary design goals. For example, Wu et al. (2020) assessed an optimized funicular concrete floor 

for vibration performance and found that 70% of the funicular floor designs did not satisfy vibration 

requirements despite being a low-carbon, structurally viable design. Therefore, an optimization framework 

would be useful to help engineers carefully consider both structural optimization and secondary design 

concerns. Related, the air- and structure-borne sound insulation of a concrete floor are secondary design 

objectives that should be considered in tandem with efforts to minimize EC. This is because neglect of 

acoustic phenomena in multi-story buildings could potentially contribute to harmful health consequences 

for building occupants (Ajayi et al., 2016). Concrete structures have high sound insulation performance 
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because of the inherent mass density of the floor structure. Yet, there is a trade-off between reducing 

concrete material and corresponding EC and achieving high acoustic attenuation performance (Broyles et 

al., 2022c). Furthermore, the inclusion of acoustic insulation as an additional design goal may influence 

what the best performing concrete floor design is. 

While structural optimization of building components has been a rapidly growing research field, 

the direct effect on acoustic insulation has largely been unexplored. Previous work by Broyles et al. (2022c) 

demonstrated how the inclusion of air-borne acoustic insulation as a design objective does influence the 

best performing concrete floor designs; however, the optimal solutions were not compared to the 

performance of conventional concrete systems. The study did not consider impact sound performance, 

which is known to be a significant source of acoustic complaints in buildings (Vardaxis et al., 2018c). A 

study by Mendez Echenagucia et al. (2016). demonstrated how the form of a funicular concrete component 

influenced impact sound insulation performance but limited the number of floor shapes investigated and 

only considered low frequencies (10 to 200 Hz). Moreso, the metrics that quantify acoustic insulation 

specified in building code have known functional limitations that can be exploited in evaluating and 

optimizing concrete floor components (Broyles et al., 2021; LoVerde & Dong, 2017). 

1.5 Overarching research motivation 

This dissertation is motivated by the need to reduce EC emissions while considering multiple 

design goals for concrete floor systems at the building system and component scales. Specifically, this 

dissertation responds to the broad question: How can building engineers realize low-carbon concrete floor 

structures while achieving high performance for design objectives (e.g., air-borne acoustic insulation, fire 

rating) that compete with reducing carbon emissions? While one dissertation cannot fully respond to this 

question, this dissertation comprehensively evaluates performance trade-offs in structural concrete floor 

systems at the building scale and proposes and validates a new simulation methodology and acoustic metrics 

for designing optimal concrete floors at the component scale. Therefore, the work presented directly 
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contributes to the conversation of minimizing EC emissions in the built environment without inadvertent 

negative effects on secondary performance goals. 

1.6 Dissertation organization 

The chapters in this dissertation are grouped into Parts I to IV, to demonstrate the overall hierarchy 

of the work presented. Part I (Introduction) includes Chs. 1 and 2 which provide important background 

information on why the EC emissions of concrete floor systems are being evaluated. Ch. 2 details related 

research work at the building system and component scales to help identify research gaps and formulate 

research questions addressed in the following chapters. Part II describes two studies (Chs. 3 and 4) at the 

building system scale to help inform building designers on the selection of low-carbon conventional 

concrete floor systems while considering various structural design parameters and additional performance 

goals. Ch. 3 derives polynomial regression equations appropriate at the two early design phases to estimate 

the EC emissions of concrete floor systems designed for different structural parameters. Additionally, the 

aleatoric uncertainty regarding the carbon emissions of concrete mixtures was considered in the obtained 

equations, enabling a more precise EC estimate. These results are expanded in Ch. 4 to evaluate eight 

concrete floor systems for fire-resistance, air-borne acoustic insulation, and walking vibrations in relation 

to EC. Although conventional concrete plates perform well for these secondary design objectives, other 

systems, especially ribbed floors, are more susceptible to varying objective performance goals. The results 

from these two studies at the building system scale help contextualize the results of the shaped one-way 

slab designs found in Ch. 8. 

Part III includes four studies (Chs. 5 to 8) conducted at the component scale. Furthering the work 

of Broyles et al. (2022c), four shaped concrete slabs were experimentally tested to ascertain the dynamic 

performance of the shaped floors (see Ch. 5). A 1:1 numerical model was validated using the experimental 

results, which helped validate a computational method to obtain the impact sound insulation performance 

of non-traditional concrete floor forms. The IIC-Like method in Ch. 6 is a hybrid air-hemisphere method, 

which uses the acoustic concept of radiation efficiency to determine the structure-borne sound insulation 
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performance at frequencies above coincidence and the conventional air-hemisphere method used to 

determine the low-frequency impact sound performance. Related, Ch. 7 proposes alternative acoustic 

transmission metrics without the functional limitations of the existing North American sound transmission 

metrics and assessing how the different metrics influence the identification of preferred design in a small 

case study of three shaped concrete components and one flat plate. Ch. 8 demonstrates the IIC-Like method 

and new transmission metrics on a case study of shaped concrete floors to explore the design trade-offs 

between minimizing EC emissions and maximizing acoustic insulation. 

Part IV presents the results and takeaways of the work presented in this dissertation. A summary 

of the conclusions, contributions, limitations, and opportunities for future research are provided in Ch. 9. 

Three appendices provide additional information on the methods used and results obtained from Ch. 3.  
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Chapter 2 

 

Literature Review 

This chapter summarizes existing literature that evaluates and determines engineering solutions 

that achieve low-carbon (EC) emissions of conventional and innovative concrete floor structures in 

buildings, and how the inclusion of additional building objectives influences the EC emissions of concrete 

structures. Relevant literature that responds to the overarching research motivation of this dissertation is 

organized as research of low-carbon concrete floor structures at the building system scale and the 

component scale. Although there is a clear relationship between the two scales, studies at the building 

system scale commonly focus on existing concrete floor systems and have a larger scope boundary (e.g., 

columns, beams, foundations) while studies at the component scale demonstrate how innovative 

construction technologies and practices realized through novel computational strategies can be used to 

achieve greater EC savings of the floor itself (i.e., smaller scope boundary). It is imperative to motivate 

research at both scales because low-carbon conventional concrete floor solutions can immediately curb 

carbon emissions in design practice today as advanced construction methods are not widely available in 

many global markets. However, it is reasonable to believe that these technologies will become more 

widespread over the coming years as the AEC sector continues to strive towards low- and net-zero carbon 

emission structural systems. Furthermore, performance baselines of existing concrete floor systems are 

needed to contextualize the design benefits of optimized concrete structural components in buildings. 

The selection of a concrete floor system is often based on the performance of multiple design 

objectives. The design of concrete floor structures is commonly controlled by structural limit states (i.e., 

flexure, shear, ductility, cracking, and deflection) to ensure structural integrity, yet concrete floor systems 

participate in the performance of multiple indoor environmental quality (IEQ) domains including floor 
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vibrations, sound attenuation, and thermal insulation. This chapter reviews how the consideration of 

multiple design objectives can influence the aim to reduce EC emissions of concrete floor structures at both 

the building system and component scales and motivates why the consideration of multiple design 

objectives is more necessary at the component scale of concrete floors than the building system scale. Of 

the many IEQ domains that floors contribute to, this dissertation focuses on the implications of building 

acoustic performance, specifically air- and structure-borne sound insulation, as a critical secondary design 

objective that must be considered alongside the goal of minimizing EC emissions. One reason is that the 

structural-acoustic characteristics that can improve sound insulation, such as mass density and stiffness, 

can be inadvertently affected by material reduction and geometric shaping, worsening the IEQ in a building. 

This chapter concludes by identifying specific research gaps with corresponding research questions that are 

addressed in the subsequent chapters of this dissertation. 

2.1 Low-carbon concrete floor structures at the building system scale 

2.1.1 Embodied carbon emissions of conventional concrete floor systems 

 At the beginning of the modern age of concrete structures in the early 20th century, concrete was 

among the more expensive construction materials because of the lack of large-scale production around the 

world. But because of the versatility of concrete as a material, efficient concrete floor forms could be 

designed and fabricated to minimize the cost of the concrete material while ensuring structural integrity 

(Jayasinghe et al., 2022). The isostatic ribbed concrete floors of Pier Luigi Nervi, as shown in Fig. 2-1, 

serve as an example that concrete floor systems can be engineered to reduce material consumption (Halpern 

et al., 2013). However, with increased cost of construction labor and formwork, hastened construction 

schedules, and the growth of large-scale production of concrete in the late 20th century, material efficiency 

in concrete floors was prioritized less giving way to concrete systems with an excess of structurally 

unnecessary concrete material. Because of this trend, many researchers have shown that common concrete 

floor structures have unfavorable EC emissions (Gan et al., 2017; Hart et al., 2021; Miller et al., 2015). 
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Fig. 2-1: An example isostatic concrete floor system designed by Pier Luigi Nervi (taken from Fig. 4 in Halpern et 
al., 2013).  

 

 The worst performing EC structural floor system, regardless of building geometry and structural 

design parameters, is reinforced concrete (RC) flat plates (D’Amico & Pomponi, 2020; Ferreiro-Cabello et 

al., 2016; Jayasinghe et al., 2021a). Although RC flat plates can be efficiently designed to reduce material 

consumption (and corresponding cost implications) (Sahab et al., 2005) and continue to be designed and 

constructed in buildings today, there are several alternative concrete floor systems that have been 

engineered to further reduce material consumption, and corresponding EC emissions, and are widespread 

in many global markets. RC two-way slabs with drop panels (referred to as RC flat slabs) and RC two-way 

slabs with beams are examples of how slight geometric changes to the floor system can result in a thinner 

slab and reduce concrete material (Miller et al., 2015). Modular ribbed concrete floor systems, specifically 

RC one-way pan joist floors and RC two-way waffle slabs, have existed for many decades with various 

thicknesses and sizes to accommodate for different floor geometries, structural loads, and floor-to-floor 

depth requirements while using less concrete material than a conventional RC flat plate (D’Amico & 
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Pomponi, 2020). Voided RC plates utilize void formers to reduce concrete material in locations along the 

floor that experience lower structural load demands thereby needing less material (Fanella et al., 2017). 

Related, hollow-core floor systems are typically precast components that have high material efficiency 

(Prakashan et al., 2016; Xu et al., 2014). Lastly, post-tensioning (PT) of high-strength steel tendons in a 

concrete floor system can be implemented to realize thin concrete floor slabs while maintaining structural 

integrity (Aalami & Jurgens, 2003).   

The abundance of alternative material-efficient concrete floor systems demonstrates how the 

concrete design community has progressed towards both the cost reduction of concrete material and 

minimization of carbon emissions. Yet as the sustainable metric of EC formulated in recent years, research 

was needed to identify which concrete floor system is preferable with the goal of reducing carbon emissions. 

Indeed, many studies have been conducted to evaluate the EC (and cost) of different concrete floor systems, 

as is summarized in Table 2-1. Yet Table 2-1 reveals that the majority of existing literature limits the EC 

assessment of concrete floor systems to conventional RC flat plates. Although these studies have varying 

differences in system boundary, life cycle assessment (LCA) scope, design objective(s), and may have 

evaluated the EC emissions of floor systems comprised of other structural materials (i.e., steel and mass 

timber), only four research studies investigated more than two different types of concrete floor systems 

limiting the identification of the preferred low-carbon concrete floor system. 
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Table 2-1: Summary of the studies that evaluated the EC and EE of conventional concrete floor systems. 

Source 
Concrete Floor 

Structure(s) 
Investigated 

System Boundary 
and LCA Scope 

Primary Design 
Objectives 

Secondary Design 
Objectives 

Miller et al. (2015) Conventional RC and 
PT Systems (Flat Plate, 
Flat Slab, and One-
Way Slab) 

Building Scale; 
A1-A3 

Minimize1 EE for 
Structural Limit 
States2 

N/A 

Ferreiro-Cabello et 
al. (2016) 

Conventional RC 
System (Flat Plate) 

Building Scale; 
A1-A5 

Minimize EC and 
Cost for Structural 
Limit States 

N/A 

Lotteau et al. 
(2017) 

Conventional RC 
System (Flat Plate) 

Building Scale; 
A1-A3, B2-B4, 
C1-C4 

Minimize EC for 
Structural Limit 
States 

Thermal Insulation 

Gan et al. (2017) Conventional RC 
System (Flat Plate) 

Building Scale; 
A1-A4 

Minimize EC for 
Structural Limit 
States 

N/A 

Eleftheriadis et al. 
(2018) 

Conventional RC 
System (Flat Plate) 

Building Scale; 
A1-A3 

Minimize EC and 
Cost for Structural 
Limit States 

N/A 

Oh et al. (2019) Conventional RC 
System (Flat Plate) 

System Scale 
(Floor and 
Column); A1-A3 

Minimize EC and 
Cost for Structural 
Limit States 

Human-Induced 
Floor Vibrations 

Gan et al. (2019) Conventional RC 
System (Flat Plate) 

Building Scale; 
A1-A4 

Minimize EC for 
Structural Limit 
States 

N/A 

D’Amico and 
Pomponi (2020) 

Conventional RC 
Systems (Flat Plate, 
One-Way Slab) 

Building Scale; 
A1-A3 

Minimize weight 
(EC) for Structural 
Limit States 

N/A 

Hart et al. (2021) Conventional RC 
Systems (Flat Plate, 
One-Way Slab) 

Building Scale; 
A1-A5, B1, C1-
C4, D 

Minimize EC for 
Structural Limit 
States 

N/A 

Jayasinghe et al. 
(2021a) 

Conventional RC and 
PT Systems (RC and 
PT Flat Plates, RC 
One-Way Slab, RC 
One-Way Slab – Wide 
Beam, RC Troughed 
Slab, RC Two-Way 
Slab, RC Waffle Slab, 
RC Hollow-core Slab) 

Building Scale; 
A1-A3  

Minimize EC and 
Cost for Structural 
Limit States 

Fire-Resistance 
Rating (1-hr only) 

Zhang and Zhang 
(2021) 

Conventional RC 
System (Flat Plate) 

Building Scale; 
A1-A4 

Minimize EC and 
Cost for Structural 
Limit States 

N/A 

Trinh et al. (2021) Conventional RC and 
PT Systems (RC and 
PT Flat Plates) 

Building Scale; 
A1-A3 

Minimize EC for 
Structural Limit 
States 

Fire-Resistance 
Rating (1.5-hr 
only) 



19 
 

Source 
Concrete Floor 

Structure(s) 
Investigated 

System Boundary 
and LCA Scope 

Primary Design 
Objectives 

Secondary Design 
Objectives 

Jayasinghe et al. 
(2022a) 

Conventional RC 
System (Flat Plate) 

System Scale 
(Floor and 
Column); A1-A3 

Minimize EC for 
Structural Limit 
States 

Fire-Resistance 
Rating (1.5-hr 
only) 

Jayasinghe et al. 
(2022b) 

Conventional RC and 
PT Systems (RC and 
PT Flat Plates, RC 
One-Way Slab, RC 
One-Way Slab – Wide 
Beam, RC Troughed 
Slab, RC Two-Way 
Slab, RC Waffle Slab, 
RC Hollow-core Slab) 
and Optimized Vaulted 
Floor (Thin Shell) 

System Scale 
(Floor and 
Column); A1-A3 

Minimize EC for 
Structural Limit 
States 

Fire-Resistance 
Rating (1.5-hr 
only) 

Broyles and 
Hopper (2023) 

Conventional RC and 
PT Systems (RC and 
PT Flat and Voided 
Plates) and Non-
Traditional PT Voided 
Plates (Diagonal and 
Curved PT Tendon 
Layouts) 

System Scale 
(Floor and 
Column); A1-A3 

Minimize EC for 
Structural Limit 
States 

Fire-Resistance 
Rating (2-hr only) 

1 Minimizing in this context refers to the optimization of the structural design, floor layout, or column grid. Shape and 
topology optimization strategies are not considered in these studies, aside from the vaulted floor in Jayasinghe et al. 
(2022b). 
2 Structural limit states differed study to study and typically consisted of only one to two structural load combinations. 

 

Miller et al. (2015) evaluated RC and PT flat plates, flat slabs, and one-way slabs and found that 

the three concrete floor systems constructed using PT had EE savings up to 49.1% compared to their RC 

floor system counterpart. Additionally, the authors evaluated an RC and PT flat plate for 16 different design 

scenarios - 4 different square span lengths (6.67 m, 8 m, 10 m, and 13.33 m) and 4 different concrete 

strengths (32 MPa, 40 MPa, 50 MPa, and 65 MPa) with one structural load condition (a uniform live load 

of 3.0 kN/m2 and a superimposed dead load of 1 kN/m2) - to demonstrate that structural weight savings in 

a building can be reduced by over 34% by manipulating the design parameters, indicating that different 

design scenarios can meaningfully influence the carbon footprint of a building. Jayasinghe et al. (2021a) 
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assessed the EC and cost for eight concrete floor structures for 17 different span lengths (4 m to 12 m at 0.5 

m increments or ~13 ft to ~40 ft at ~1.6 ft increments), two concrete strengths (30 MPa for RC systems and 

32 MPa for PT systems), and one structural load condition (a uniform live load of 2.5 kN/m2 and a 

superimposed dead load of 0.85 kN/m2) and found that RC two-way slabs on beams and hollow-core slabs 

were optimal for both objectives. It was noted that PT flat slabs had similar EC savings as the optimal 

concrete systems at spans from 9 m to 12 m yet had larger construction costs. This study was extended to 

contextualize the EC performance of an optimized vaulted thin shell floor system and found that EC savings 

of up to 65% are achievable using a vaulted thin shell compared to ~36% EC savings for RC two-way slabs 

on beams and hollow-core slabs (Jayasinghe et al., 2022b). The floor systems were evaluated for the same 

structural design scenarios as the earlier study, except that the superimposed dead load was increased to 1.5 

kN/m2. Despite the potential of large EC savings, Jayasinghe et al. (2022b) noted that the technology to 

construct thin shell vaulted floors is not widespread and that further research is needed to determine the 

performance for other design considerations including fire-resistance, floor vibrations, and acoustics.  

Of the conventional concrete floor systems and construction technologies available in global 

markets, the combination of PT and void formers has been demonstrated to be an existing sustainable 

alternative to conventional RC flat plates. In a study by Broyles and Hopper (2023), six concrete floor 

systems (RC and PT flat plates and RC and PT voided plates, with three different PT tendon layouts as 

shown in Fig. 2-2) were evaluated for 41 different span lengths (3 m to 15 m at an 0.333 m increment, or 

10 ft to 50 ft at a 1 ft increment) for five concrete strengths (27.6 MPa, 34.5 MPa, 41.4 MPa, 48.3 MPa, 

and 55.2 MPa), four uniform live loads (1.92 kN/m2, 2.87 kN/m2, 3.83 kN/m2, and 4.79 kN/m2), and four 

superimposed dead loads (0.239 kN/m2, 0.718 kN/m2, 1.44 kN/m2, 2.39 kN/m2), for a total of 3,280 different 

structural design scenarios per concrete floor system. The results showed that PT voided plates can achieve 

50% EC savings at a span of 9 m (~30 ft) compared to RC flat plates and indicated that larger EC savings 

are possible at longer spans. The authors mentioned that construction and cost limitations, in addition to the 

performance of secondary design objectives, could hinder the selection of PT voided plates in the design of 
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a multi-story concrete building. Furthermore, the study did not compare these floor systems to other low-

carbon concrete floors identified in literature (RC two-way slab with beams and hollow-core slabs), again 

limiting the identification of the optimal low-carbon concrete floor system. 

 

Fig. 2-2: The six floor systems, including the three PT voided plates considered by Broyles & Hopper (taken from 
Fig. 4 in Broyles & Hopper, 2023).  

 

 A subtle, yet important observation is that many of the aforementioned studies evaluated the 

concrete floor systems for a limited sampling of floor geometries and structural design scenarios. This is an 

important point because the floor geometry (i.e., span length) and structural design scenarios (applied 

structural loads and concrete strengths) can result in a range of potential EC emissions for a single concrete 

floor system. Fig. 2-3 illustrates this point by showing how the structural design scenarios explored by 

Broyles and Hopper (2023) can vary the EC emissions from a range of 25 kgCO2e/m2 at a span of 6 m to 

over 75 kgCO2e/m2 at spans above 13.5 m for an RC flat plate. While the 3,280 different design scenarios 

assessed by Broyles and Hopper are a better sampling of design scenarios compared to other published 

studies, it pales in comparison to the nearly limitless amount of design scenarios possible in building design.  
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Figure 2-3: The range of EC emissions for an RC flat plate (adapted from Fig. 7 in Broyles and Hopper, 2023). 

 

A study by D’Amico and Pomponi (2020) also parametrically sampled possible structural design 

scenarios for RC, steel, and timber structural frames, including parameters such as span length (5.0 m to 

8.5 m), floor height (3.5 to 4.0 m), uniform live load (1.5 kN/m2 to 5.0 kN/m2), and superimposed dead load 

(0.0 kN/m2 to 0.6 kN/m2) for a total of 10,460 design scenarios. One clear distinction between this work 

and the previous studies is that the primary objective is to find the structural systems with the least amount 

of structural weight (or mass quantities), which can serve as a proxy to EC. Yet an advantage of ascertaining 

the distribution of structural mass quantities (SMQs) is that these results are not subject to the same 

uncertainty that is inherent in the corresponding GWP of different concrete mixes. Therefore, as low-carbon 

concrete mixes become more widely manufactured, lower GWP values can be multiplied to the SMQs for 

a concrete system to obtain a more accurate EC estimate. The determination of a distribution of SMQs is 

certainly an effective method for evaluating the EC performance of concrete floor structures and consequent 

selection of a low-carbon system because it circumvents the complex distribution of environmental 

performance of concrete mixes. Yet as D’Amico and Pomponi mention as a limitation of their work, the 
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distributions of concrete floor system SMQs found in the study are limited to only two systems: RC flat 

plates and RC ribbed (one-way) slabs. 

Another aspect in the determination and selection of a low-carbon concrete floor system is that the 

amount of design knowledge of a structure changes across different phases of the design process. 

Furthermore, fixing design decisions early in the design process such as floor plan layout, structural material 

type, and building use (corresponding to structural loads) can restrict opportunities for the structural 

engineer to explore low-carbon design alternatives. On the other hand, architects and building designers 

may not know how early-stage design decisions influence the structural design of concrete floor systems 

and consequent EC emissions. While simulating thousands of different design scenarios can help inform 

the distribution of EC emissions for different concrete floor systems, training regression models, as was 

done by D’Amico and Pomponi (2020), can be used to derive equations to estimate the SMQs and EC 

performance of different concrete floor systems. However, more robust analytical models are needed to 

account for the subtle differences in SMQs influenced by different structural design parameters, as the 

linear and exponential regression models used by D’Amico and Pomponi may limit accurate estimates of 

SMQs. As mentioned previously, more concrete floor systems beyond an RC flat plate and RC one-way 

ribbed slab should be evaluated using this approach. Lastly, while analytical equations and robust models 

can be a strategy to better estimate the SMQs and EC of a concrete system, the employment of trained 

models as an interactive design tool can enable building practitioners to better understand how different 

design parameters influence the EC emissions of a concrete system – which is especially important when 

design parameters are not fixed. These analytical methods and tools can therefore inform designers on the 

selection of a low-carbon concrete floor system while evaluating many different systems and considering 

the bevy of possible design scenarios. 

2.1.2 Consideration of additional floor design performance goals 

 Concrete floor systems are typically designed to satisfy structural design limit states as determined 

by building design codes (Seyedabadi et al., 2024). But structural performance is not the only building 
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consideration that influences the design of a concrete floor. Indeed, secondary design performance goals 

including resistance to fire-resistance, vibration requirements, acoustic insulation, thermal insulation, 

construction scheduling considerations, the experience of the construction team, and the aesthetics can 

influence the geometric design of a concrete floor system (Orr et al., 2019). Although concrete floor systems 

typically perform well for objectives such as fire-resistance and vibrations, the need to meet secondary 

design goals may require geometric modifications to the concrete system, potentially influencing the EC 

emissions of the system, and further nuancing the selection of low-carbon concrete floor systems.  

Referring back to Table 2-1, seven studies explicitly mentioned if a secondary design objective was 

considered in the design of the concrete floor system and the corresponding assessment of carbon emissions. 

Of the seven studies, five (Broyles & Hopper, 2023; Jayasinghe et al., 2021a; Jayasinghe, et al., 2022a; 

Jayasinghe, et al., 2022b; Trinh et al., 2021) mentioned that fire-resistance performance was considered as 

a constraint in the design of the concrete floor structures, with three different fire ratings (1-hr, 1.5-hr, and 

2-hr) evaluated across the five studies. These five studies used a prescriptive fire resistance rating method 

based on the floor thickness to satisfy the fire rating criterion. The remaining studies investigated how low-

carbon structural design influenced thermal insulation (Lotteau et al., 2017) and human-induced walking 

vibration performance (Oh et al., 2019).  

Concrete floor systems have favorable fire-resistance performance because concrete is inherently 

a non-flammable material, with a slow rate of heat transfer (Khoury, 2000). The results of experimental fire 

tests informed the prescriptive fire-resistance ratings defined in the International Building Code (IBC) 

which are a function of thickness and concrete mixture type (International Code Council, 2018). For 

example, a normal weight (i.e., silicious) concrete floor system will achieve a 2-hr fire rating if the floor 

system has a minimum thickness of ~125 mm (5 in). As a result, concrete floor systems designed for long 

span lengths and large structural loads are not typically governed by fire-resistance rating because the 

structural limit states control the thickness of the concrete floor design. However, both Jayasinghe et al. 

(2021, 2022a, 2022b) and Broyles and Hopper (2023) mention that the minimum slab thickness is governed 
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by fire-resistance rating at short spans, suggesting that fire-resistance performance can vary the material-

efficiency, and EC, of a concrete floor system.  

Related to fire-resistance performance, concrete floors can aid heating and cooling load demands 

in a building because of their resistance to change temperature. Although heating and cooling loads are 

associated with OC emissions, the work by Lotteau et al. (2017) demonstrates how building engineers and 

designers can influence thermal performance through the efficient design of concrete systems in buildings. 

However, the ability to accurately evaluate the relationship between conventional concrete systems and 

thermal insulation is highly dependent on the geographical location and IEQ conditions (i.e., indoor 

temperature, moisture content) of the building (Shafigh et al., 2018), nuancing how the geometric design 

and material selection of a concrete floor improves thermal performance. 

Due to their inherent mass density and stiffness, conventional concrete floor systems are not 

typically susceptible to human-induced vibration issues (Pavic, 2002). However, Oh et al. (2019) found that 

depending on the design scenario, and subsequent serviceability requirements, floor vibration criteria can 

affect the design of concrete floor systems. The authors evaluated optimal RC flat plate designs for 

minimized EC emissions and cost while subject to structural loads and walking vibration requirements 

typical of an office and residential building. In the case of the office building, an RC flat plate can be 

efficiently designed through the combination of different RC floor geometries and material properties to 

realize EC savings over 15% while satisfying vibration requirements. However, the consideration of 

walking vibrations in the residential building case resulted in an 8.9% EC increase compared to the same 

scenario without the vibration condition due to increased floor thickness to satisfy the vibration design 

criteria. This study contributes to the narrative that secondary design objectives can govern the design of 

concrete floor systems, restricting the identification of low-carbon solutions. 

Air-borne acoustic insulation performance (e.g., speech, music), is similarly viewed as a favorable 

performance objective in the design of concrete floor systems (Ward & Randall, 1966; A. C. C. Warnock, 

1985). Although a multi-objective study of air-borne sound insulation and EC has not been performed for 



26 
 

conventional concrete floor systems, experimental reports provided by the National Research Council of 

Canada (A. C. C. Warnock & Birta, 2000), Concrete Reinforcing Steel Institute (2016), and the National 

Ready Mix Concrete Association (NRMCA, 2022) reveal that bare conventional concrete floor systems 

(namely RC flat plates) typically meet or exceed building code requirements for air-borne sound insulation. 

However, experimental studies addressing the air-borne acoustic insulation performance of more modern 

conventional concrete floor systems, like PT and voided plates, is a glaring research gap as few 

experimental findings have been published. It is worth noting that while bare concrete floor systems have 

favorable air-borne sound insulation, the systems perform poorly for structure-borne, or impact, sound 

insulation often requiring additional floor layers and acoustic treatments (Jeon et al., 2004; Kylliäinen et 

al., 2017; Stewart & Craik, 2000; A. Warnock, 1999). 

 As demonstrated by these studies, secondary objectives can control the design of a concrete floor 

and result in increased EC for a concrete system; however, the number of studies that include a secondary 

design objective in assessing the EC performance of a concrete floor system is limited. Furthermore, no 

study evaluated how the combination of multiple secondary design considerations influenced the EC of 

concrete systems. While design objectives such as cost, construction considerations, and thermal insulation 

are directly affected by the location and interior environment of a building, objectives including prescribed 

fire-resistance rating, floor vibrations, and acoustic performance can be more accurately estimated with 

knowing only the geometry and material characteristics of the concrete floor implying that a holistic multi-

objective assessment of concrete floor systems is possible. Yet the exclusion of secondary design objectives 

complicates the estimation of EC and selection of a low-carbon concrete floor system, especially in the 

context that different design scenarios require different building performance criteria.  
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2.2 Low-carbon concrete floor structures at the component scale 

2.2.1 Realization of high carbon reductions in novel concrete components 

Over the last decade, advancements in construction technology, such as digital fabrication, and the 

application of optimization frameworks in the digital design of concrete structures, have enabled the 

realization of unconventional concrete floor forms and the potential for significant concrete material 

reduction. Certainly, the construction of unconventional concrete floor systems, like the isostatic floors of 

Pier Luigi Nervi, have been possible for many decades (Billington & Garlock, 2004); however, the 

economical limitations of the concrete material, shaped formwork, and labor costs limited the capability to 

mass produce optimized floor components until more recent advances in digital fabrication technologies 

(Menna et al., 2020; Mata-Falcón et al., 2022) enable the ability to mass produce custom components. This 

new capability, coupled with the urgency to determine low-carbon concrete systems, has inspired many 

innovative research studies focused on optimizing concrete floors at the component scale (i.e., single bay 

floor system). Table 2-2 summarizes recent research studies on optimizing the form of concrete floor 

components to minimize concrete material and EC emissions while withstanding structural loads and any 

secondary design objectives. Many conducted a computational design analysis before selecting a low-

carbon concrete component which could be validated through fabrication and experimentation, indicating 

how mathematical optimization frameworks and other numerical design strategies can empower building 

designers and engineers to determine novel, material-efficient concrete floor forms (Turrin et al., 2011). 

Another observation is that all the studies evaluated the optimized floors at the A1 to A3 LCA stages, which 

considers the carbon emissions from material extraction, transportation to the production plant, and the 

manufacturing of the structural material. These stages have been to be the most carbon-intensive stages for 

concrete (Anderson & Moncaster, 2020). 
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Table 2-2: Summary of the studies that evaluated the EC and EE of novel concrete floor components. 

Source 
Concrete Floor 

Structure(s) 
Investigates 

System Boundary 
and LCA Scope 

Primary Design 
Objectives 

Secondary Design 
Objectives 

López López et al. 
(2014) 

Optimized1 Funicular 
Floor 

Component Scale; 
N/A 

Minimize Material 
for Structural Limit 
States 

N/A 

Méndez 
Echenagucia et al. 
(2016) 

Optimized Funicular 
Floor 

Component Scale; 
N/A 

Structure-borne 
Sound Insulation 

N/A 

Block et al. (2017) Optimized Funicular 
Floor 

Component Scale; 
N/A 

Minimize Material 
for Structural Limit 
States 

N/A 

Roozen et al. 
(2018) 

Optimized Funicular 
Floor 

Component Scale; 
N/A 

Air-borne Sound 
Insulation 

N/A 

Hawkins et al. 
(2020a) 

Optimized Vaulted 
Floor and Conventional 
RC System (Flat Plate) 

Component Scale; 
A1-A3 

Minimize EE for 
Structural Limit 
States 

N/A 

Wu et al. (2020) Optimized Funicular 
Floor 

Component Scale; 
N/A 

Human-Induced 
Floor Vibrations 

N/A 

Ismail and Mueller 
(2021) 

Optimized (Shaped) 
RC One-Way Slabs and 
Conventional RC 
System (Flat Plate) 

Component Scale; 
A1-A3 

Minimize EE and 
Cost for Structural 
Limit States 

N/A 

Ranaudo et al. 
(2021) 

Optimized Funicular 
Floor 

Component Scale; 
A1-A3 

Minimize EC for 
Structural Limit 
States 

Fire-resistance 
Rating (not 
specified) and 
Acoustics (not 
specific) 

Broyles et al. 
(2022c) 

Optimized (Shaped) 
RC One-Way Slabs and 
Conventional RC 
System (Flat Plate) 

Component Scale; 
A1-A3 

Minimize EC for 
Structural Limit 
States 

Air-borne Sound 
Insulation 

Gascón Alvarez et 
al. (2022) 

Optimized (Shaped) 
RC One-Way Slabs and 
Conventional RC 
System (Flat Plate) 

Component Scale; 
A1-A3 

Minimize EC for 
Structural Limit 
States 

Thermal 
Performance / 
Building 
Operations 

Broyles et al. 
(2022a) 

Optimized (Shaped) 
RC One-Way Slabs and 
Conventional RC 
System (Flat Plate) 

Component Scale; 
A1-A3 

Minimize EC for 
Structural Limit 
States 

Air-borne and 
Structure-borne 
Sound Insulation, 
Thermal Mass, and 
Thermal 
Transmittance 

Mata Falcón et al. 
(2022) 

Optimized Funicular 
Floor and Conventional 
RC Systems (Flat Plate, 

Component Scale; 
A1-A3 

Minimize EC for 
Structural Limit 
States 

Fire-resistance 
Rating (0.5-hr 
only) 
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Source 
Concrete Floor 

Structure(s) 
Investigates 

System Boundary 
and LCA Scope 

Primary Design 
Objectives 

Secondary Design 
Objectives 

One-Way Slab, Two-
Way Slab) 

Oval et al. (2023) Optimized Valuated 
Floor and Conventional 
RC Systems (Flat Plate, 
Waffle Slab) 

Component Scale; 
A1-A3 

Minimize EC for 
Structural Limit 
States 

N/A 

1 Optimization in this context refers to the shape and/or topology optimization of a concrete component and is not 
directly associated with conventional strategies that influence material efficiency (e.g., optimizing column grid). 
 

Research on optimizing concrete floor components has primarily focused on three geometric forms: 

vaulted floors, funicular floors, and shaped-ribbed floors. With inspiration from historical masonry tile 

vaults such as the Guastavino tile floor system (Ochsendorf, 2010), vaulted concrete floors are materially-

efficient because the concrete material acts almost entirely in compression with edge beams or tension rods 

applied at the supports of the floor. Funicular floors are an extension of vaulted floors. With a similar 

vaulted shape, funicular floors are stiffened with ribs to realize more material reduction despite increases 

in span length and structural load (Block, et al., 2017b). The underlying structural principle of these two 

systems is that the structural load is carried to the floor supports resulting in a thrust force that necessitates 

the inclusion of an edge beam or tension rod to maintain structural equilibrium. Vaulted and funicular 

concrete component forms can thus be realized through the mathematical optimization of the thrust force 

given specific geometric, material, and structural constraints (Block & Ochsendorf, 2007). 

The studies conducted by the Block Research Group and associated researchers specifically apply 

this concept to funicular floors given various design scenarios to realize structural weight savings exceeding 

70% compared to a conventional RC flat plate (Block, et al., 2017a; López López et al., 2014; Mata-Falcón 

et al., 2022; Ranaudo et al., 2021). Furthermore, their work has been constructed using digital fabrication 

technologies and implemented in the design of buildings resulting in large EC savings (Block, et al., 2017a; 

Meibodi et al., 2018). With the intention of incorporating optimized funicular concrete components in 

buildings to curb building related carbon emissions, more targeted studies were conducted to assess the 
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performance of acoustic insulation, human-induced walking vibrations, and fire-resistance (Mata-Falcón et 

al., 2022; Mendez Echenagucia et al., 2016; Ranaudo et al., 2021; Roozen et al., 2018; Wu et al., 2020). 

Achieving thin-shell, vaulted concrete forms with the intention of reducing concrete material has 

been well studied by Hawkins et al. (Hawkins, 2017; Hawkins et al., 2019, 2020). Enabled by the 

advancements in flexible formwork technologies and similar practices, low-carbon concrete vaulted forms 

can be fabricated (Curth et al., 2022; Hawkins et al., 2016), achieving EC emissions savings up to 58% 

compared to an equivalent RC flat plate (Hawkins et al., 2020). The ACORN project, which extends the 

work by Hawkins et al., demonstrates how greater carbon emission savings are possible through the design 

and fabrication of a vaulted concrete floor designed for disassembly (Oval et al., 2023). Vaulted concrete 

components can therefore be a low-carbon concrete floor solution; however, the corresponding implications 

of secondary design objectives have not been thoroughly evaluated. 

 A different strategy to realizing material-efficient concrete floor components is through the 

geometric manipulation of a ribbed concrete floor, specifically a one-way system. With the context that 

developing countries have less access to advanced digital fabrication technologies, alternative low-carbon 

floor system solutions are needed as developing countries are expected to experience larger population 

increases over the coming decades, resulting in increased building construction and urban environment 

growth (M. Ismail, 2019). Unlike vaulted and funicular forms, shaped ribbed floors can be designed 

assuming simple boundary conditions, without the need for tension rods, and are less limited by floor plans 

and column layouts. Ismail et al. (2021) demonstrated how the shaping of a ribbed beam can be optimized 

for material efficiency, resulting in shaped one-way floor systems with up to 64% EE savings compared to 

conventional RC flat plates (Ismail & Mueller, 2021). This work has served as an inspiration to the work 

conducted by Gascón Alvarez et al. (2022) and Broyles et al. (2022a; 2022c) to understand how optimized 

ribbed concrete components can be shaped to consider additional design objectives. 
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2.2.2 Balancing competing objectives in the design of concrete components 

As discussed in Sec. 2.1.2, concrete floor systems actively participate in many secondary design 

performance objectives that influence the IEQ of a building, with conventional RC flat plates regarded as 

having favorable performance in many of these domains. But because of the reduction of concrete material 

and the novelty of nonconventional concrete floor components in building, further research on how these 

components fare when considering additional design objectives (i.e., acoustic insulation, floor vibrations, 

and thermal insulation) was required. 

In the evaluation of optimal funicular concrete forms for secondary design considerations, Méndez 

Echenagucia et al. (2016) studied structure-borne sound transmission, Roozen et al. (2018) assessed air-

borne sound transmission performance, and Wu et al. (2020) investigated the dynamic performance of the 

systems due to walking vibrations. In the paper by Méndez Echenagucia et al. (2016), the authors created 

a finite element model (FEM) for various concrete funicular floor forms with a single impact point to 

evaluate radiated structure-borne sound to find that optimizing the shape of the floor has the largest potential 

to influence impact sound radiation at low frequencies. Yet, the study limited the structure-borne acoustic 

assessment to frequencies below 200 Hz and noted that high frequency structure-borne sound performance 

could result in different optimal funicular concrete forms. Further, the exclusion of frequencies above 200 

Hz prevented the funicular floors from being evaluated for a broad frequency impact sound insulation 

metric like Impact Insulation Class. Related, Roozen et al., (2018) experimentally evaluated the air-borne 

sound transmission of a fabricated funicular concrete floor using a mobility-based approach using a shaker. 

The authors used the experimental findings to obtain the transmission loss over a broad frequency range to 

ascertain an acoustic rating using the European metric, Sound Reduction Index. Yet unlike the study by 

Méndez Echenagucia et al. (2016), no numerical or optimization study was conducted, therefore limiting 

the knowledge on if the tested funicular floor form was the most favorable for air-borne acoustic insulation. 

 The study by Wu et al. (2020) presented a clearer design trade-off with the intention to minimize 

concrete material through optimizing the form of a concrete funicular floor. The researchers created a FEM 
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of multiple concrete funicular floor forms to ascertain their dynamic response subject to walking vibrations. 

Then the FEM results were used to train a surrogate model to evaluate the dynamic performance of funicular 

forms that were not evaluated, thereby reducing computation time. Wu et al. found that approximately 70% 

of the funicular floor forms failed the walking vibration criteria when optimizing the floor shape for material 

efficiency; yet a 10% increase of concrete material improved the dynamic response up to 50%. More 

interesting, relocating the structural material of a funicular floor, or manipulating the form of a concrete 

floor component, can improve dynamic performance by 30-40%. This finding emphasizes how secondary 

design objectives have to be balanced with the primary goal of reducing concrete material in optimized 

concrete floors, but that the consideration of additional design objectives can result in floor designs with 

improved objective performance while minimizing material consumption. 

 On the assessment of shaped ribbed one-way concrete components, Gascón Alvarez et al. (2022) 

evaluated how manipulating the form of the ribbed floors improved thermal insulation to reduce OC 

emissions and material efficiency to reduce EC emissions. The researchers explored how geometrically 

shaping the concrete component alone could dramatically improve the thermal factor of the floor by a factor 

of 8 while achieving over 50% EC emissions savings compared to a conventional RC flat plate. Yet when 

optimizing for both objectives, the authors noted a design trade-off, as 52.5% EC savings were achievable 

with OC savings up to 14% while OC savings up to 32% were realized when EC savings were reduced to 

30%. Broyles et al. (2022c) also noted a design trade-off when reducing concrete material in a floor 

component and achieving high air-borne sound transmission. Although the study limited the acoustic 

analytical model to a 45° angle of incidence, the results demonstrated that shaped ribbed concrete floor 

components can be optimized for improved air-borne sound insulation but at the expense of increasing 

concrete material. This was confirmed by the sensitivity analysis of optimizing for structural mass and air-

borne sound insulation for different angles of incidence (Broyles, App. C, 2020). When considering the 

breadth of acoustic angles of incidence, Broyles et al. (2022a) showed that shaped ribbed floors can achieve 

code-minimum to high-performing air-borne sound insulation ratings by strategically shaping ribbed 
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concrete floors. However, the authors noted that a direct trade-off exists between reducing EC and achieving 

high acoustic and thermal insulation, as both design considerations can be improved but at the expense of 

increasing material consumption and EC. Furthermore, the optimal design for each acoustic and thermal 

insulation differed in structural form, indicating the complexities of considering many building objectives 

in the design of an optimized concrete component. 

These research studies demonstrate that while concrete floor components can be optimized to 

reduce substantial material reductions and EC savings, the loss of material can have adverse effects on other 

design objectives. Indeed, depending on the building design scenario, the secondary design goals can 

govern the shaping of a structural concrete component. However, the studies by Wu et al. (2020) and 

Broyles et al. (2022a) indicate that synergies between minimizing EC and considering the performance of 

secondary design goals are feasible. However, a comprehensive evaluation of multiple secondary design 

considerations with the primary goal of reducing EC through the shaping of a concrete component has been 

limited to Broyles et al. (2022c), and the authors noted that the work was a first step towards understanding 

how to balance the complex relationships. It is also noteworthy that although fire-resistance rating was 

considered in many studies of conventional concrete floor systems in Sec. 2.1.2, only two studies (Ranaudo 

et al., 2021, Mata Falcón et al., 2022) applied fire rating considerations as a constraint when assessing a 

funicular concrete floor. Therefore, there are many research opportunities when studying the complex 

building design trade-offs of concrete floor components, especially when progressing towards 

unconventional low-carbon concrete floor solutions in the built environment. 

2.2.3 Acoustic insulation implications when reducing concrete material in floors 

Of the many secondary design objectives that both conventional and nontraditional concrete 

systems affect, air-borne and structure-borne acoustic insulation is of particular interest because optimizing 

concrete floors can directly influence structural-acoustic characteristics including mass density, stiffness, 

and damping. For example, the acoustic principal Mass Law can reasonably predict the air-borne acoustic 

performance of a conventional floor component at a given frequency by simply knowing the mass density 
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(Long, 2005). However, Broyles et al. (2022c) demonstrated why mass density, stiffness, and damping 

must be considered because Mass Law severely overrated the air-borne acoustic insulation performance for 

certain floor shapes, especially those with low mass densities. Furthermore, a lack of sufficient sound 

isolation can worsen the IEQ in multi-story buildings, which is well-studied in literature showing the 

inadvertent health effects on occupants from neighbor noise (Jensen et al., 2018, 2019; Maschke, 2016; 

Mohamed et al., 2020; Rasmussen & Ekholm, 2019; Rindel, 2015). The ability to block unwanted noise 

from an adjacent floor is an important yet overlooked design consideration. Acoustic treatments applied 

after a building has been constructed often requires costly retrofits (Alonso et al., 2020). These reasons 

motivate why the inclusion of sound insulation as a design consideration is necessary in the selection of 

low-carbon concrete floor components and systems. 

Sound transmission in buildings can be categorized by the acoustic medium in which the sound 

originates from: air- and structure-borne sound (Asakura et al., 2018). In the context of a building, air-borne 

sound is created from talking and music and is evaluated in the frequency range of speech, while structure-

borne sound is generated from an impact on a structure, such as footfall and is evaluated in low and high 

frequency ranges (LoVerde & Dong, 2017a). Because floor systems attenuate both acoustic phenomena, 

the design of concrete floors must consider both air-borne and structure-borne sound to provide adequate 

acoustic insulation. In response to the need to consider air- and structure-borne sound transmission in the 

design of a building, building design codes are needed to define transmission loss performances of different 

structures. Specifically, the International Building Code (IBC) specifies minimum Sound Transmission 

Class and Impact Insulation Class ratings to quantify air-borne and structure-borne sound (Kihlman, 1970). 

Sound Transmission Class (STC) is a metric that provides a single scalar value for the air-borne sound 

transmission performance from the 125 Hz one-third octave (OTO) band to the 4 kHz OTO band. Similarly, 

Impact Insulation Class (IIC) is a metric that provides a single scalar value for the impact sound 

transmission performance from the 100 Hz OTO band to the 3.15 kHz OTO band. Knowledge of both STC 

and IIC ratings allows a designer to fully assess the acoustic insulation performance of a floor system and 

prevent any inadvertent consequences from poor building acoustics.  
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To determine the STC and IIC ratings of different structural components, the acoustic performance 

can be experimentally obtained or numerically estimated. Historically, the determination of acoustic 

transmission performance has been on the experimental side, especially when investigating the air-borne 

transmission performance of walls (Beranek, 1959; Sharp, 1978), but less experimental results have been 

published on the STC and IIC performance of floors (Dupree, 1980). One of the major limitations to 

experimentally determining the acoustic insulation performance of different building elements is that the 

experimental methods to ascertain acoustic insulation performance have been debated for decades, 

especially regarding the testing for impact sound (Girdhar et al., 2021; Girdhar & Barnard, 2020; Pereira et 

al., 2014; Zeitler et al., 2013). A second important limitation is that significant lab-to-lab differences in 

STC and IIC ratings have been observed, complicating the certainty of acoustic performance of different 

building elements (Dijckmans & Vermeir, 2013; Pedro Carvalho, 2006; Yadav et al., 2019). While 

improvements have been made on the reproducibility of experimental methods  (Dong et al., 2021; Girdhar 

et al., 2023b), the STC and IIC ratings can still vary significantly, as suggested in a recent acoustic report 

by the NRMCA (2022) that provided ranges of ratings for STC and IIC for each floor structure. Because of 

the uncertainties in experimentation methodologies and laboratory environment, in addition to the cost to 

fabricate different floor systems and perform the experiment, numerical models are an alternative strategy 

to estimate acoustic insulation. 

Numerical methods for determining the sound transmission of structures have been derived from 

the classic mathematical wave equation. For example, the infinite panel theory can be simplified to 

approximate the air-borne sound transmission of structural elements to obtain an STC rating. The use of 

FEMs is another numerical strategy to determine sound insulation. The air-hemisphere and Raleigh integral 

methods are among the most common acoustic methods for modeling impact sound performance using an 

FEM (Conta et al., 2020), which can simulate the radiated sound performance caused by impacts acting on 

a structure. An analytical IIC rating can be obtained using these methods, yet one important limitation is 

that the computational resources required to simulate a broad frequency range for impact sound is 

significant (Howard & Cazzolato, 2014). Depending on the capabilities of the computer, a single acoustic 
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simulation can require over 100 GB of RAM and last for many hours, potentially multiple days (Howard 

& Cazzolato, 2014). As a result, many studies that have numerically assessed impact sound insulation of 

concrete floors only consider a few low-frequency OTO bands (Cho, 2013; Mendez Echenagucia et al., 

2016). Yet this limits the holistic assessment of floor systems, especially innovative concrete floor 

components, because concrete floors commonly have impact sound deficiencies at both low and high 

frequencies, indicating the need for other simulation methods to better estimate impact sound performance. 

 An additional challenge when considering the acoustic insulation performance of floor components 

are the acoustic metrics used to rate them. Both STC and IIC provide a single integer rating that enables 

easy comparisons of structural systems side-by-side. Yet researchers have questioned if STC and IIC are 

sufficient for accurately quantifying the acoustic transmission performance of a structure (LoVerde & 

Dong, 2017a). For example, a designer may mistakenly assume that a structure that meets minimum STC 

and IIC rating requirements is acoustically satisfactory, yet due to the functional limitations of STC and 

IIC, the structure may prove to be acoustically insufficient once constructed, resulting in a poor design. The 

functional limitations, including the low frequency limit of STC and IIC  (Langfeldt et al., 2020; LoVerde 

& Dong, 2018; LoVerde & Dong, 2017b; Maluski & Gibbs, 2016; Müller-Trapet et al., 2020) and the 8-

dB rule (Dong, 2020), have been demonstrated to influence the acoustic rating of concrete floor components 

when STC was applied in an optimization framework (Broyles et al., 2021). The authors noted that the 

functional limitations of STC complicates the knowledge of the ground truth acoustic insulation 

performance of optimized concrete components, with inflated STC ratings awarded to floor components 

with a coincidence dip below the STC low frequency threshold. This result further complicates the 

consideration of acoustic insulation in the design of progressive, low-carbon concrete floor systems (as well 

as conventional building elements), prompting the development of modified metrics. 

2.3 Synergizing literature to identify research gaps and formulate questions 

 The findings of the studies in Sec. 2.1.1 provide some clarity on which concrete floor systems are 

sustainable for certain structural scenarios. However, the bevy of possible structural design scenarios 
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coupled with the limited research that evaluated the nuances of balancing secondary design objectives with 

the goal of reducing EC emissions presented in Sec. 2.1.2, indicates that more research is needed to better 

inform building engineers and designers towards the selection of low-carbon concrete floor systems. 

Significant concrete material reduction is achievable for structurally optimized concrete components, 

potentially making them a more sustainable concrete floor solution compared to existing concrete systems. 

Yet a common thread in the studies discussed in Sec. 2.2.1 is that the material reduction and carbon emission 

savings can influence the secondary design objectives of a floor. Sec. 2.2.2 details how air-borne and 

structure-borne sound insulation, human-induced floor vibrations, and thermal insulation can all be 

adversely affected when neglected in the design of an optimized concrete component. Although many 

secondary design goals can affect life-safety and the comfortability of building tenants, Sec. 2.2.3 discusses 

why the acoustic insulation of floors cannot be overlooked in the realization of material-efficient concrete 

floors as the structural-acoustic characteristics that influence sound transmission can be significantly 

influenced by the geometric gorm of a concrete floor. Furthermore, the complexities of accurately modeling 

structure-borne sound transmission and the inherent limitations of existing acoustic metrics to quantify 

sound transmission into a single objective suggest that there are many opportunities to further the 

knowledge in the building acoustic domain, especially when evaluating unconventional concrete floor 

shapes. 

 Table 2-3 provides a summary of the motivations, relevant findings, and existing gaps to the 

research discussed in this literature review. Research questions are formulated to directly respond to the 

gaps identified.  
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Table 2-3: Research motivations, relevant results, gaps, and questions addressed in this dissertation. 

Motivation Literature Review Gap Question(s) 

- The selection of a low-
carbon concrete floor 
system can vary based on 
the structural design 
scenario. 
 
 
 
- There are a wide variety 
of material-efficient (low-
carbon) conventional 
concrete floor systems. 
 
 
 
 
 
 
- There is a broad  
distribution of GWPs for 
concrete mixtures at 
different strength classes. 
 
 
- The largest potential to 
reduce EC is in the earliest 
design phases. 

- Broyles and Hopper 
(2023) found ranges of 
EC when varying design 
parameters, which was 
also found by D’Amico 
and Pomponi (2020) for 
SMQs. 
 
- Jayasinghe et al. 
(2021a) found that RC 
two-way slabs with 
beams and hollow-core 
slabs have the least EC. 
PT voided plates are also 
a viable low-carbon 
solution (Broyles & 
Hopper, 2023). 
 
- D’Amico and Pomponi 
(2020) derived SMQ 
equations knowing that 
concrete mixtures have 
GWP uncertainty. 
 
- The SMQ equations 
enable quick EC 
estimates for concrete 
floors (D’Amico & 
Pomponi, 2020). 
 

-A design strategy to 
better inform the selection 
of a (low-carbon concrete 
floor system considering 
the bevy of possible 
structural design 
scenarios… 
 
- …that investigates many 
conventional concrete 
floor systems… 
 
 
 
 
 
 
 
- …while considering the 
uncertainty of the GWP of 
concrete mixtures at 
various strengths… 
 
 
- …with the knowledge 
applicable to aid floor 
system selection in early-
design phases. 

What are the EC emissions 
of concrete floor systems 
when varying structural 
design parameters, such as 
span length, concrete 
compressive strength, 
applied loads, and 
deflection limits? 
 
…and… 
 
How can building 
designers identify the most 
material-efficient (low-
carbon) concrete floor 
system at the early design 
stages given the breadth of 
possible design scenarios, 
variety of concrete floor 
systems, and the 
uncertainty of carbon 
emissions associated with 
different concrete 
mixtures? 

- The selection of a 
material-efficient (low-
carbon) concrete floor 
system can be influenced 
by secondary design 
objectives. 
 
 
 
- Optimal conventional 
concrete floor systems may 
require additional material 
(EC) to satisfy other 
building requirements. 

- Walking vibrations (Oh 
et al., 2019) and fire-
resistance rating 
(Jayasinghe et al., 2021a, 
2022a, 2022b; Broyles & 
Hopper, 2023) have been 
shown to influence the 
EC of floor systems. 
 
- Oh et al. (2019) found 
that additional concrete 
material (EC) was 
needed to satisfy 
vibration requirements. 
 

- Design knowledge on 
how secondary design 
considerations influence 
the EC of conventional 
concrete systems… 
 
 
 
 
- …such as if additional 
concrete material is 
needed to meet the 
secondary design goals… 
 

What concrete floor 
system(s) is the most 
material-efficient (lowest 
EC emissions) when 
considering both structural 
performance and secondary 
design requirements for 
floors, including fire-
resistance, air-borne sound 
insulation, and walking 
vibrations? 
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Motivation Literature Review Gap Question(s) 

- Conventional RC flat 
plates perform favorably 
for secondary design 
objectives, yet the 
performance of other 
conventional systems has 
been less studied. 

- RC flat plates have 
high fire-resistance 
ratings, acoustic 
insulation, or less 
susceptible to vibration 
problems (Warnock, 
1985; Khoury, 2000). 
 

- …is needed to determine 
the optimal conventional 
concrete floor systems. 

- Shape ribbed concrete 
components can achieve 
higher material reductions 
than conventional concrete 
floors. 
 
- Experimental testing of 
shaped ribbed concrete 
components has been 
limited to the structural 
and thermal domains. 
 
 
 
- The dynamic response of 
concrete floor components 
can be adversely affected 
by the shape (form) of the 
component. 

- Ismail & Mueller 
(2021) demonstrate EE 
savings up to 64% 
compared to RC flat 
plates. 
 
Ismail & Mueller (2021) 
and extended through 
Gascón Alvarez et al. 
(2022) fabricated and 
tested scaled shaped 
ribbed concrete 
components. 
 
Wu et al. (2020) found 
that 70% of funicular 
concrete forms had 
unacceptable dynamic 
response performance. 

- Research on shaped 
ribbed concrete floor 
components… 
 
 
 
- …that are fabricated and 
tested for design 
objectives such as 
dynamic response… 
 
 
 
 
- …is needed to validate 
numerical models to 
determine if the shapes 
(forms) can have adverse 
effects on building design 
objectives. 
 

What is the 
experimentally-obtained 
dynamic response of 
fabricated, quarter-scaled 
shaped ribbed concrete 
slabs, and can these results 
be used to tune numerical 
models for each slab? 

- Structure-borne sound 
insulation can be 
influenced by the shape 
(form) of a concrete floor 
component. 
 
 
- Concrete floors without 
any material layers can 
have poor structure-borne 
performances at low and 
high frequencies. 
 
 
 
 
 

- Méndez Echenagucia et 
al. (2016) found that 
optimizing the form of a 
funicular concrete floor 
improved low frequency 
impact sound insulation. 
 
- Bare concrete floors 
have deficiencies at low 
and high frequencies 
(CRSI, 2016). Yet 
simulating low and high 
frequencies using 
conventional methods is 
computationally 
expensive. 

- A method that 
investigates the structure-
borne sound insulation of 
shaped ribbed concrete 
floors… 
 
 
- …while adequately 
simulating impact sound 
insulation performance at 
both low and high 
frequencies… 
 
 
 
 
 

How can a numerical 
method adequately 
estimate the full frequency 
(including both low and 
high frequencies) impact 
sound insulation 
performance of non-
traditional concrete slabs 
while reducing the required 
computational resources? 
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Motivation Literature Review Gap Question(s) 

- The computational 
resources to numerically 
approximate the radiated 
sound power using 
conventional methods (i.e., 
air-hemisphere method) is 
extensive. 

- Simulating large FEMs 
require significant 
computer memory and 
can have long CPU time, 
limiting the exploration 
of many design forms 
(Wu et al., 2020). 
 

- …while minimizing 
computational resources 
to enable adequate design 
space exploration of 
different forms and 
implementation in 
optimization frameworks. 

- North American sound 
transmission metrics have 
existing methodological 
limitations. 
 
 
 
 
 
- The application of North 
American sound 
transmission metrics can 
be taken advantage of in 
optimization frameworks. 

- The inclusion of the 8-
dB rule (Dong, 2020) 
and the exclusion of low 
frequency OTO bands 
limits the rating of 
acoustic insulation of 
floors (LoVerde & 
Dong, 2018). 
 
- Broyles et al. (2020) 
found that the shaped 
floors with a coincidence 
frequency outside of the 
125 Hz OTO band 
inflated the STC rating. 
 

- Alternative sound 
transmission metrics 
without the limitations of 
the existing North 
American metrics are 
needed to accurately rate 
floor structures… 
 
 
- …and prevent inflated 
acoustic ratings when 
incorporated in design 
space exploration and 
optimization frameworks. 

How can modifications to 
the existing acoustic 
transmission metrics 
correct the functional 
limitations of the metrics to 
improve the acoustic rating 
of floors in computational 
design frameworks? 

- Research on the 
optimization of multiple 
secondary design 
objectives (especially 
acoustic insulation) with 
the intent to minimize 
material (or EC) of 
optimized concrete 
components is in its 
infancy. 
 
 
- The optimal concrete 
component form may be 
influenced by the 
geometric, structural, and 
design objectives specified. 

- The consideration of 
multiple secondary 
design objectives and 
minimizing EC has only 
been preliminary 
explored by Broyles et 
al. (2022c) and did not 
include objectives such 
as fire-resistance rating. 
 
- The structural design 
scenario may influence 
the optimal form of a 
concrete component and 
corresponding carbon 
emission savings (Ismail 
& Mueller, 2021). 
 

- Research on the 
knowledge of how 
multiple secondary design 
considerations and 
minimizing EC can be 
balanced in the design of 
optimal concrete 
components… 
 
 
- …when varying the 
structural design 
parameters such as span 
length, structural loads, 
and concrete strength. 

How does the 
implementation of a 
computationally-efficient 
method to simulate impact 
sound insulation and the 
incorporation of modified 
acoustic transmission 
metrics influence the 
selection of a low-carbon 
concrete slab, and how do 
the best performing shaped 
concrete slabs compare to 
an equivalent conventional 
system? 
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 Table 2-3 provides seven research questions which are listed below for readability: 

A) What are the EC emissions of concrete floor systems when varying structural design parameters, 

such as span length, concrete compressive strength, applied loads, and deflection limits? 

B) How can building designers identify the most material-efficient (low-carbon) concrete floor system 

at the early design stages given the breadth of possible design scenarios, variety of concrete floor 

systems, and the uncertainty of carbon emissions associated with different concrete mixtures? 

C) What concrete floor system(s) is the most material-efficient (lowest EC emissions) when 

considering both structural performance and secondary design requirements for floors, including 

fire-resistance, air-borne sound insulation, and walking vibrations? 

D) What is the experimentally-obtained dynamic response of fabricated, quarter-scaled shaped ribbed 

concrete slabs, and can these results be used to tune numerical models for each slab? 

E) How can a numerical method adequately estimate the full frequency (including both low and high 

frequencies) impact sound insulation performance of non-traditional concrete slabs while reducing 

the required computational resources? 

F) How can modifications to the existing acoustic transmission metrics correct the functional 

limitations of the metrics to improve the acoustic rating of floors in computational design 

frameworks? 

G) How does the implementation of a computationally-efficient method to simulate impact sound 

insulation and the incorporation of modified acoustic transmission metrics influence the selection 

of a low-carbon concrete slab, and how do the best performing shaped concrete slabs compare to 

an equivalent conventional system? 

 Questions A, B, and C focus on the need to derive new analytical models and further the design 

knowledge to better inform the selection of the most material-efficient (low-carbon) concrete floor at the 

building system scale while considering structural and other building design objectives (see Fig. 2-4). 

Questions D and E concentrate on the need to determine the dynamic response and impact sound 

performance of shaped ribbed concrete floors through experimentation and the need to determine a 
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computationally-efficient numerical method for approximating structure-borne sound insulation (see Fig. 

2-5). Question F proposes three alternative acoustic transmission metrics that addresses the methodological 

limitations of the existing metrics to improve the rating and application of acoustic insulation metrics in 

design space exploration and optimization frameworks. Lastly, Question G incorporates the methodologies, 

metrics, and results from the studies corresponding to Questions A, C, E, and F to thoroughly evaluate the 

shaped ribbed concrete floor design space for minimizing EC and maximizing sound insulation given 

different structural design scenarios. The remaining chapters of this dissertation are as follows: Ch. 3 

addresses Questions A and B while the remaining chapters (Ch. 4 to Ch. 8) address Questions C to G, 

followed by a summary of conclusions in Ch. 9. 

 

 

Figure 2-4: Relationship between research questions A to C to guide designers towards low-carbon concrete floors. 
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Figure 2-5: Relationship between research questions D to G to advance the acoustic design of shaped concrete slabs. 

 

 The methodologies, metrics, and findings of these studies contribute to three broad research 

directions: 1) design guidance for selecting low-carbon concrete floor systems to further the efforts of 

reducing EC in buildings, 2) simulating impact sound and enhancing the metrics to quantify sound 

insulation to better understand the acoustic performance of non-traditional concrete floor components, and 

3) demonstrate that optimized concrete components (e.g., shaped ribbed slabs) can be designed with less 

EC with favorable acoustic insulation in comparison to conventional systems.  
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Chapter 3 

 

Early-stage EC equations for concrete floor systems1 

3.1 Introduction 

The Architectural-Engineering-Construction sector contributes between 35% to 40% of global 

carbon emissions (De Wolf et al., 2017; WBCSD and ARUP, 2021). To mitigate the effects of climate 

change, reducing the carbon footprint of the built environment is essential (United Nations, 2015). While 

the carbon emissions related to building operations have seen notable reductions over several decades, 

research on embodied carbon (EC) reduction has only been more recently studied (Chen & Ng, 2016), with 

national and international organizations setting targets of 40% EC reductions by 2030 (WBCSD and ARUP, 

2021) and net-zero EC buildings by 2050 (WGBC, 2019). 

Due to the significant amount of concrete material used in buildings in comparison to the 

consumption of other construction materials, concrete structures are amongst the worst performing building 

systems regarding their global warming potential (GWP). Horizontal spanning concrete elements (i.e., 

floors) contribute approximately half of the EC to those project types (Huberman et al., 2015), more than 

any other common concrete structures in multi-story buildings. The high EC contribution is primarily 

resulting from concrete production, in relation to greenhouse gas emissions (Barcelo et al., 2014; 

Hasanbeigi et al., 2012), and the large quantity of concrete material used in the design of concrete structures. 

This corresponds to the cradle-to-gate (A1-A3) life cycle assessment (LCA) stages, which are the most 

carbon-influential stages for concrete structures (Anderson & Moncaster, 2021; Davies et al., 2015). Eq. 3-

1 is used to calculate the EC for the A1-A3 stages, where GWP is a multiplier relating the GWP (in kgCO2e 

per declared unit) for a structural material, i, and MQ, which is the quantity for a given structural material; 

 
1   Chapter 3 is adapted from the published work by Broyles et al. “Equations for early-stage design embodied 
carbon estimation for concrete floors of varying loading and strength.” (2024). Engineering Structures, 301, 117369. 
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                                     𝐸𝐸𝐸𝐸𝐴𝐴1−𝐴𝐴3 = ∑ 𝐺𝐺𝐺𝐺𝑃𝑃𝑖𝑖 × 𝑀𝑀𝑄𝑄𝑖𝑖𝑖𝑖 . (Equation 3-1) 

 Equation 3-1 shows that there are two ways to reduce the EC of a structure: improving material 

quality (low-carbon) and reducing material quantity. Recent research has shown that these two strategies, 

with different variations, can meaningfully reduce EC (Danatzko & Sezen, 2011; Fang et al., 2023b; 

Malmqvist et al., 2018; Minunno et al., 2021). Strategies to improve material quality include computational 

frameworks to optimize the material design of concrete mixtures to minimize carbon emissions 

(DeRousseau et al., 2018; Helsel et al., 2022; Imbabi et al., 2012; Knight, 2023; Nukah et al., 2022; Tošić 

et al., 2015). Structural design optimization strategies implemented to reduce material demand have 

successfully reduced unneeded concrete material in structures (Hawkins et al., 2020; Ismail & Mueller, 

2021; Leschok et al., 2018; Oval et al., 2023). 

3.1.1 Engineering strategies to reduce embodied carbon emissions 

Several approaches have been effective at reducing the carbon footprint of concrete mixtures, 

including the substitution of portland cement clinker with clinker-based cement alternatives and including 

supplementary cementitious materials (SCMs) that have lower carbon footprints (Althoey et al., 2023; 

Miller et al., 2018; Shah et al., 2022). Other researchers have employed statistical models, machine learning 

algorithms, and similar strategies to identify sustainable concrete mixtures using different SCMs while 

achieving different strength classes (DeRousseau et al., 2018, 2021; Hafez et al., 2023; Liu et al., 2023; 

Miller et al., 2016). Low strength concrete mixtures, which have smaller quantities of clinker compared to 

high strength mixtures, is another approach to improve the EC footprint of concrete (Thilakarathna et al., 

2020; Wu et al., 2022), suggesting that a building designer must consider if the concrete MQ savings is 

worth the higher GWP when using a high strength concrete mix. 

Optimizing the structural design of concrete structures is another well-researched strategy as case 

studies on reinforced concrete (RC) beams (Ismail et al., 2021; Jayasinghe et al., 2021b; Yeo & Gabbai, 

2011), floors (Hawkins et al., 2020; Ismail & Mueller, 2021; Leschok et al., 2018; Oval et al., 2023), and 

structural frames (Foraboschi et al., 2014), suggested EC savings upwards of 70% compared to 
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conventional RC structures. Optimized floors have been the topic of many studies, as Foraboschi et al. 

(2014) found that the floor system was the most critical component in reducing the EC of a building, which 

was validated by a study of multi-story RC buildings (Huberman et al., 2015). Although geometric 

optimization of a floor system can result in significant concrete MQ savings, conventional concrete systems 

can often be efficiently designed to reduce structural material quantities (SMQs) compared to alternatives 

and are more immediately constructable (Gan et al., 2017; Jayasinghe et al., 2021a; Lee et al., 2020), 

including post-tensioned (PT) voided plates, which were found to have EC savings up to 51% compared to 

conventional flat slabs (Broyles & Hopper, 2023). Furthermore, the reduction of concrete material in the 

floor system has a compounding effect on the dead load of the superstructure, which can consequently 

reduce the SMQs and EC of the columns and foundations (Feickert & Mueller, 2023). 

3.1.2 Challenges when reducing embodied carbon emissions 

 These two pathways to reducing the EC are promising, yet there are several key challenges which 

make it difficult to widely utilize them across structural engineering practice. These include: 

1. A lack of specification of “low-CO2” concrete mixtures. Historically, “low-CO2” concrete mixtures 

are not widely manufactured, have higher costs, and are consequently less desired by building 

clients (World Economic Forum, 2023; Imbabi et al., 2012; Liew et al., 2017; Roy, 1999). Also, an 

engineer may not know the variety of concrete mixtures available, potentially missing opportunities 

to reduce EC without sacrificing strength. 

2. Design and construction limitations (e.g., material challenges, knowledge of novel concrete forms) 

with structurally-optimized concrete floors (Erdogan et al., 2019; Menna et al., 2020; Wangler et 

al., 2019). Contractors and manufacturers have to significantly invest in construction technology to 

fabricate optimized systems (Caulfield, 2022). 

3. The greatest design flexibility (and largest EC reduction potential) is early in the design process 

(Dunant et al., 2021; Fang et al., 2023b). Yet because of the many thousands of design scenarios, 
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comprehensive early-stage design exploration aimed at reducing carbon emissions is limited for 

engineers. 

4. A comprehensive study that establishes EC benchmarks for various concrete floor systems under 

different design scenarios has not been conducted, making it difficult to fairly compare different 

concrete systems, and to compare with optimized concrete systems. 

The first two issues may be resolved over time with advances in the production of alternative concrete 

mixtures with “low-CO2” footprints and progressive construction techniques, with structural concrete code 

adaptations also catalyzing some advancements. However, solutions to the latter two issues can be better 

addressed with a comprehensive study of EC relationships to derive EC equations suited for early-stage 

design. Specifically, this study addresses the following two research questions: 

1) What are the EC emissions of concrete floor systems when varying structural design parameters, 

such as span length, concrete compressive strength, applied loads, and deflection limits? 

2) How can building designers identify the most material-efficient (low-carbon) concrete floor system 

at the early design stages given the breadth of possible design scenarios, variety of concrete floor 

systems, and the uncertainty of carbon emissions associated with different concrete mixtures? 

This chapter responds to these questions by first evaluating ten different concrete floor systems for a bevy 

of different design parameters and then deriving analytical models for materially-efficient concrete floors 

using polynomial regression models tailored to the decisions known at the two early design phases. These 

models can equip structural engineers to make more sustainable design decisions. The scope of this chapter 

is thus to simulate structural analyses appropriate at the early design phases to show how design decisions 

influence both the EC and structural performance of concrete floors. 

3.2 Background 

3.2.1 Early-stage design decisions and their influence on embodied carbon 

While minimizing the EC of a building, the conceptual and schematic design phases provide the 

most design flexibility to modify building geometry, material selection, and structural system. As Fig. 3-1 
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shows, the limited design knowledge (D’Amico & Pomponi, 2020) of the structure restricts opportunities 

for large EC reductions in the early design stages (Kanyilmaz et al., 2023). Moreover, as global building 

decisions may not be defined, strategies to pursue EC reductions can be fraught with uncertainty. For 

example, design parameters such as applied loads and material strength may not be known until later in the 

design process, potentially preventing meaningful EC reduction (Hawkins et al., 2021). Additionally, as the 

design process evolves from the conceptual to the schematic phase, decisions made in the conceptual phase 

can directly influence (or limit) decisions made during schematic design. Furthermore, the plethora of 

design scenarios each encompasses assumptions that may not be uniform across all scenarios, restricting 

comprehensive design exploration and comparison. Different structural systems have varying amounts of 

SMQs and assumptions, further complicating early-stage design exploration (Eleftheriadis et al., 2018; 

Jayasinghe et al., 2022; Kanyilmaz et al., 2023; Trinh et al., 2021). For concrete structures, the GWP of 

different strength classes varies significantly depending on the mix design, implying uncertainty even if the 

SMQs are known (DeRousseau et al., 2020). 

 

 

Figure 3-1: Relationship between reducing the EC of a structure to the design knowledge of a structure during the 
design process. Image adapted and modified from Mueller (2014) and Paulson (1976). 
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3.2.2 Embodied carbon uncertainty due to variability of design parameters 

 Given the importance of early design decisions, several researchers have successfully employed 

conceptual frameworks for early-stage design exploration with the aim of reducing EC for concrete systems 

(Hawkins et al., 2020; Ismail & Mueller, 2021), steel structures (D’Amico & Pomponi, 2018; He et al., 

2022), tall buildings composed of conventional construction materials (Helal et al., 2020, 2023) and mass 

timber (Hens et al., 2021). An important limitation across the studies is that only a limited number of design 

scenarios (one to three) are considered, yet there are a multitude of design scenarios in practice. Table 3-1 

summarizes design decisions typically made in the conceptual and schematic design phases and how they 

could affect the design of a building structural system. While these variables can also affect other building 

systems, the emphasis here is on structural implications. 

 

Table 3-1: Early-stage design decisions and their corresponding influence on a structural concrete system. 

Conceptual Design Phase Schematic Design Phase 

Design Decision Corresponding Structural 
Design Variable 

Design Decision Corresponding Structural 
Design Variable 

Building Type 
Live Load (range), 

Deflection 

Superimposed Loads 
(e.g., mechanical 

equipment, additional 
floor layers) 

Dead Load 

Global Building 
Geometry (i.e., floor 

area, bay lengths, 
number of stories) 

Area, Span Length, 
Building Height 

Secondary Floor 
Considerations 

Fire Rating 

Structural System 
Floor System, 

Main Structural Material 
Structural Material 

Strength / Mix 

Specified Concrete 
Strength, Mix Design, 
Cement Manufacturer 

 

 The structural design of concrete floors is directly affected by the structural parameters specified 

in a design scenario (Orr et al., 2019). For example, larger applied loads equate to higher design forces, 

resulting in thicker concrete slabs, greater concrete MQ, and larger EC. Because of the breadth of design 

scenarios, a single structural system may have a wide EC range based on the structural design parameters 

(Hawkins et al., 2021). The structural design parameters are often determined based on the use of the 
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building. Table 3-2 summarizes live load ranges for five common building types, which are similarly 

labeled in a study by Simonen et al. (2017). While all building types must consider secondary design 

requirements such as minimum fire rating, certain building types have more stringent requirements. In some 

cases, the secondary design condition may control the structural design, however those considerations are 

beyond the scope of this study. 

 

Table 3-2: Common building types and their affiliated live loads as specified by ASCE 7-16 Table 4.3-1 (American 
Society of Civil Engineers, 2016). 

Building Type L01 Range in kN/m2 (psf) Additional Building Type 
Considerations 

Hospital / Health Care 1.92 – 3.83 (40 – 80) Deflection, Vibrations 

Office 2.40 – 4.79 (50 – 100) Fire Rating 

Public Assembly2 2.87 – 7.18 (60 – 150) Fire Rating, Vibrations 

Residential3 1.92 – 4.79 (40 – 100) Sound Insulation 

Educational / School 1.92 – 4.79 (40 – 100) Fire Rating 

1 L0: Unreduced uniform live load, as specified in ASCE 7 Sec. 4. Note that live load reductions are permitted for 
some building types but are not considered in the present study. 
2 Examples of public assemblies include stadiums, libraries, lobbies, and stage floors. 
3 Attics were not considered in the provided L0 range. Considers both single- and multi-family residences. 

 
 Due to the range of structural parameters, a fair LCA comparison between structures requires 

functional equivalence, meaning that the design scenario must be the same, not just that the structures 

satisfy all strength and serviceability checks (Lützkendorf, 2020). Aside from the inherent epistemic 

uncertainty of structural design parameters, there is significant variability in the GWP of a concrete mix, 

suggesting that there is a probabilistic distribution of EC for a concrete structure (DeRousseau et al., 2020). 

These challenges have limited the understanding of EC savings when comparing conventional structural 

systems (Pan & Teng, 2021; Pomponi & Moncaster, 2018). 
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3.2.3 Analytical models for estimating embodied carbon during early design 

 If trained with data from many fully engineered designed scenarios, analytical regression models 

can help practitioners obtain an accurate prediction of EC while accounting for the variability in building 

design. Several researchers have derived analytical models to predict the carbon footprint of buildings 

(Fenton et al., 2023). This has been done for the residential housing sector (Cang et al., 2020; Gardezi et 

al., 2016; Teng & Pan, 2020) using simulated EC data, and for commercial buildings (Victoria & Perera, 

2018) using existing office building data in the UK. Similar studies (Gan et al., 2017; Helal et al., 2023) 

also employed regression analyses to better understand how design decisions affect EC for high-rise 

buildings, with Helal et al. (2023) developing a tool based on their regression models. While these studies 

guide practitioners towards more sustainable designs at the building scale, they do not yet incorporate 

structural parameters including the strength of materials and applied structural loads, which are a source of 

variability and can affect the results. 

 Fewer studies have evaluated the variability at the building element and material scales. In a study 

that investigated wall constructions, Božiček et al. (2021), developed an analytical method for interpreting 

potential environmental impacts, while considering alternative wall designs in order to enable sustainable 

design decision making. Kang et al. (2015) used statistical models to find distributions of GWPs for various 

building construction materials to better inform environmental design decisions. D’Amico and Pomponi 

(2020) derived analytical models based on simulated structural mass quantities corresponding to the 

structural design of gravity systems composed of RC, steel, and mass timber. Span and applied loads were 

parametrically varied; however, concrete strengths and deflection limits were not. This significant study 

provided analytical equations to predict the EC of the structural systems that could be immediately 

incorporated in design practice. However, the assessment of concrete structures was limited to an RC flat 

plate and an RC one-way slab, noting that other concrete floor systems exist that have lower SMQs. 
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3.2.4 Chapter scope 

 Motivated by the challenges to reduce EC in early-stage design, this chapter elucidates key 

relationships in the structural design and environmental impact of ten conventional concrete floor systems 

(six RC floor systems and four PT floor systems) for use in the conceptual and schematic design phases. In 

the conceptual design phase, a univariate polynomial regression model fits averaged EC trendlines for each 

floor system, using the median GWP value corresponding to specific concrete compressive strengths (20.7 

MPa to 41.4 MPa). This straightforward model enables building practitioners to quickly estimate and 

compare the EC of concrete floor systems. For the schematic design phase, an estimate of floor MQ 

(concrete slab volume) is calculated using a multivariable polynomial regression model based on span 

length and structural design parameters (concrete strength, live load, dead load, and deflection limit). The 

estimated concrete MQ is multiplied by the range of concrete mix GWPs and added to the estimated EC 

contribution of the other structural materials comprising the floor system, demonstrating that there is a 

probabilistic distribution of total EC. This method enables practitioners to tune the EC estimate of a floor 

system based on the design scenario and structural parameters known in the schematic design phase. To 

help designers apply the equations and visualize the results, a website application was developed. 

3.3 Methods 

This study analyzed ten concrete floor systems under many design scenarios to ascertain their 

SMQs and EC. The structural design was conducted to determine the floor design with the least amount of 

concrete MQ, while adhering to the American Concrete Institute (ACI) 318 structural code (ACI Committee 

318, 2019). Then a database of Environmental Product Declarations (EPDs) was used to provide average 

values, median values, and distributions of GWPs corresponding to commonly specified concrete strength 

classes. After obtaining the SMQs for every unique design scenario for each floor system, EC equations 

were derived for the conceptual and schematic design phases. 
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3.3.1 Concrete floor systems 

 The floor systems considered are (as shown in Fig. 3-2): 

1. RC flat plate, 

2. RC flat slab (i.e., a flat plate with drop panels), 

3. RC one-way pan joist slab with beams,  

4. RC two-way slab with beams, 

5. RC two-way module joist waffle slab, 

6. RC voided plate, 

7. PT flat plate with banded-uniform tendons, 

8. Precast PT hollow core slab sitting on RC beams in one direction (one-way), 

9. PT voided plate with orthogonal banded-banded tendons, and 

10. PT voided plate with diagonal banded-banded tendons. 

 

Figure 3-2: The ten concrete floor systems investigated in this study. 
 

 These ten concrete systems are used across several building applications and are available in many 

global markets. The systems include conventional floors that have been designed for centuries (e.g., RC 

flat plates and RC one-way slabs), to modern systems (e.g., PT hollow core slabs and PT voided plates). 

The breadth of concrete floor structures is reflective of the different options available to a designer, each 

with unique advantages depending on the design scenario; however, this is not an exhaustive list. All 
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concrete floor systems are designed and analyzed as a square 3 bay by 3 bay system, which is the minimum 

number of bays to design the floor using the Direct Design Method (DDM) according to ACI 318, with the 

EC normalized to the floor area to provide a fair comparison. All concrete floor systems are evaluated for 

two different span length ranges: a span length range of 3 m to 15 m (at a 0.33 m interval) and a subset of 

the full range (called the economic range) that is specific to each concrete floor system based on formwork 

and current construction practices (Wright, 2016). Table 3-3 reports the different economical span ranges 

for each floor system. 

 

Table 3-3: Economical span length ranges for each concrete floor system. 

Concrete System Economical Span Length Range in m (ft) 

RC Flat Plate 3 to 9 (~10 to ~30) 

RC Flat Slab 6 to 12 (~20 to ~40) 

RC One-Way Pan Joist Slab 3 to  (~10 to ~30) 

RC Two-Way Slab with Beams 6to 12 (~20 to ~40) 

RC Two-Way Waffle Slab 9 to 15 (~30 to ~50) 

RC Voided Plate 6 to 12 (~20 to ~40) 

PT Flat Plate 6 to 15 (~20 to ~50) 

PT Hollow Core Slab 6 to 15 (~20 to ~50) 

PT Voided Plate – Orthogonal Layout 6 to 15 (~20 to ~50) 

PT Voided Plate – Diagonal Layout 6 to 15 (~20 to ~50) 

 

 This study considers six concrete compressive strength classes, seven live loads, eight 

superimposed dead loads, and three long-term deflection limits, with the values reported in Table 3-4. The 

six strength classes represent a range of low to high concrete strengths commonly specified in the design 

of concrete floors. The seven live loads are uniform loads for various building applications, based on ASCE 

7-16 (American Society of Civil Engineers, 2016) (refer to Table 3-2). Live load reductions and pattern live 

loads are not considered, since non-reduced loads result in conservative structural floor designs. The eight 
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dead loads range from small to large loads, reflective of design practice. The three long-term deflection 

limits were selected as different building applications have varying serviceability requirements. The 

deflection limit of L/480 was considered as a worst-case deflection scenario in the design of the concrete 

floor systems and reduces the chance of being susceptible to vibrations. This deflection limit is specified in 

ACI 318 Table 24.2.2 (ACI Committee 318, 2019) to prevent damage to non-structural elements that are 

likely to be damaged by large deflections. Furthermore, this deflection limit is required in certain local 

design codes (e.g., the New York State Residential Code, 2015). It should be noted that short-term 

deflections were considered as part of the calculation of long-term deflection (refer to Appendix B); 

however, only the long-term deflection limits were varied. Advanced strategies to determine deflections 

are appropriate in later design stages (Aalami, 2011; Scanlon & Suprenant, 2011) and are beyond the scope 

of this work. The concrete floor systems are designed for 2-hr fire rating per the International Building 

Code (International Code Council, 2018), which requires a minimum slab thickness of ~125 mm (5 in). 

Although the load values used in the present study may be comparable to building codes in other geographic 

regions (Seyedabadi et al., 2024), including Eurocode 2 (British Standards Institution, 2008), this study 

focuses on North American building codes to obtain an accurate EC estimation. 

 

Table 3-4: The design scenarios evaluated for the concrete floor systems. 

Concrete Compressive 
Strength in MPa (psi) 

Applied Live Load in 
kN/m2 (psf) 

Applied Dead Load in 
kN/m2 (psf) 

Long-term 
Deflection Limit 

20.7 
(3,000) 

31.0 
(4,500) 

1.915 
(40) 

4.788  

(100) 
0.239 

(5) 
1.197  

(25) 
Δ < L/240 

24.1 
(3,500) 

34.5 
(5,000) 

2.394 
(50) 

5.985 
(125) 

0.479 

(10) 
1.436 

(30) 
Δ < L/360 

27.6 
(4,000) 

41.4 
(6,000) 

2.873 
(60) 

7.182  
(150) 

0.718 

(15) 
1.676 

(35) 
Δ < L/480 

 
 

 3.830 
 (80) 

 0.958 

(20) 
1.915 

(40) 
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 Using the geometric (span length) and structural design parameters, this study simulated 41,328 

design scenarios for each of the six RC concrete systems and 27,552 design scenarios for each of the four 

PT concrete systems. The RC systems were designed for all strengths, but the PT systems were not designed 

for strengths lower than 27.6 MPa, reflective of PT design practices. The SMQs that satisfied the strength 

and serviceability limit states according to the appropriate ACI 318 (ACI Committee 318, 2019) provisions 

were obtained for each design scenario. The steel reinforcement was designed according to the distributed 

design moments at different locations in the floor (Foraboschi, 2019). The number of bars that satisfied the 

bending moment was obtained for every nominal U.S. rebar size between a #4 bar to a #10 bar, after which 

the lowest total area of steel was selected and used in the EC calculation. The steel rebar was arranged at 

locations of maximum positive and negative bending moments, following typical U.S. design practices. 

The geometric information of the floor and SMQs including concrete volume, steel rebar mass, void former 

volume, and PT tendon mass are provided in a dataset available at  

https://doi.org/10.1016/j.engstruct.2023.117369, with the structural equations provided in Appendix B. 

3.3.2 GWPs for various concrete mixtures and other structural materials 

 This study considers the EC contributions from the A1-A3 (cradle-to-gate) LCA stages, following 

the ISO standards 14040 (ISO, 2006a) and 14044 (ISO, 2006b), as is used in design practice. The EC has 

a declared unit of m2 to account for floor area differences based on varying span lengths. This study made 

use of EPDs of concrete mixtures to improve the accuracy of the EC estimates and to demonstrate the large 

variability of GWPs corresponding to different strengths. This study used a compiled dataset (version 1) of 

ready-mix concrete EPDs from U.S. concrete manufacturers (see Appendix A), and considered 32,440 

EPDs for six different strength classes in the database. All strength classes are well represented, with many 

thousands of EPDs for each class. As Fig. 3-3 shows, the median GWP generally increases as the concrete 

strength increases; however, the GWP range also increases as the strength increases, implying that the 

carbon impacts of concrete and cement are complex and highly variable. This finding has also been 

observed in preceding works that evaluated EPDs (Anderson, 2023; Anderson & Moncaster, 2020). 

https://doi.org/10.1016/j.engstruct.2023.117369
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Figure 3-3: (a) GWP variability for six concrete strength classes, with the number of EPDs corresponding to each 
strength class reported below the whiskers. (b) Density plot for each concrete strength class. 

  

 The EPDs in the database were filtered to have a uniform strength unit (i.e., MPa / psi at 28 days) 

and a declared unit of 1 m3. The collection of EPDs for the six strength classes was primarily composed of 

portland cement (94.3%), which is the main ingredient that drives the GWP intensity of a concrete mix. 

This study excludes the strength classes of 37.9 MPa and above 48.3 MPa as 57.0% of the mixtures in those 

classes used alternates to portland cement (e.g., Type 1L cement) and had fewer EPDs represented in the 

database (n = 393 and n = 1,560, respectively).  

 To validate the median GWPs from the independent EPD database, the GWPs are compared to 

published national averages from the Carbon Leadership Forum (CLF) (2021) material baseline values and 

the NRMCA (2022). Table 3-5 shows that the GWP median values found from the EPD database were 

lower than the published averages, especially for high strength concrete mixtures. Yet there are multiple 

limitations in this comparison. First, the GWP intensities provided by the CLF and NRMCA are reported 

at a grainer resolution. Second, 30.3% and 10.6% of the EPDs in the database were published in 2022 and 

2023, which were after the CLF and NRMCA baseline studies were conducted. Third, although the 

NRMCA published national GWP benchmarks, no specific GWPs for compressive strengths, such as 24.1 

MPa and 31.0 MPa, were provided. Because of these limitations, the EPD database detailed in Appendix A 

potentially provides a more realistic representation of the concrete mixtures currently available to 
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practitioners, including low-CO2 mixtures. Due to these improvements, the median GWP intensities from 

the EPD database were selected. 

 
Table 3-5: A comparison of the concrete strengths and their corresponding GWPs. 

Concrete 
Compressive 

Strength 

Median GWP 
Intensities 

CLF Baseline NRMCA Baseline Selected GWP 
Intensities 

20.7 MPa 
(3,000 psi) 

303 kg CO2e/m3 291 kg CO2e/m3 268 kg CO2e/m3 303 kg CO2e/m3 

24.1 MPa 
(3,500 psi) 

320 kg CO2e/m3 359 kg CO2e/m3 329 kg CO2e/m3 320 kg CO2e/m3 

27.6 MPa 
(4,000 psi) 

345 kg CO2e/m3 359 kg CO2e/m3 329 kg CO2e/m3 345 kg CO2e/m3 

31.0 MPa 
(4,500 psi) 

365 kg CO2e/m3 443 kg CO2e/m3 401 kg CO2e/m3 365 kg CO2e/m3 

34.5 MPa 
(5,000 psi) 

386 kg CO2e/m3 443 kg CO2e/m3 401 kg CO2e/m3 386 kg CO2e/m3 

41.4 MPa 
(6,000 psi) 

403 kg CO2e/m3 543 kg CO2e/m3 422 kg CO2e/m3 403 kg CO2e/m3 

 

 The GWPs for the additional structural materials (aside from concrete) used in the study are 

reported in Table 3-6, which are typical industry values. The values are obtained from U.S. EPDs, though 

similar values from EPDs in other geographic regions around the world can be obtained. An important note 

is that there is not a U.S. industry standard EPD for PT tendons; therefore, this study conservatively 

estimated the EC of PT tendons based on a 100% increase of the GWP reported for non-prestressed steel 

reinforcement, as was similarly done by Miller et al. (2015). 

 

Table 3-6: Embodied carbon coefficients for non-concrete structural materials. 

Structural Material GWP Declared Unit Source 

Non-Prestressed Steel Reinforcement 0.854 kgCO2e Per kg CRSI EPD (2022) 

Steel Post-Tension Tendons 1.708 kgCO2e Per kg Based on CRSI EPD (2022) 

Recycled Void Formers (Plastic Bubbles) 10.5 kgCO2e Per m3 Cobiax EPD (2018) 

 



60 
 

3.3.3 Deriving EC equations 

 Following the structural analyses and evaluation of the concrete EPD database, polynomial 

regression models were trained to derive analytical equations for the conceptual and schematic design 

phases. Fig. 3-4 illustrates the methodology for deriving both sets of equations. The concrete MQs were 

used to calculate the cradle-to-gate EC for the floor systems for all design scenarios. The average EC for 

each span length was found and defined as the EC trendline for each system, which was fitted using a 

univariate second order polynomial regression model. For the schematic design phase, a second order 

multivariate polynomial regression model was used to derive an equation to predict the concrete slab 

volume, which was then used to obtain the EC of a slab and total EC. Although higher order polynomial 

models can be used in the conceptual and schematic design equations, a second order model was selected 

to provide a simple expression to quickly estimate the EC and to minimize the number of interaction terms 

between structural parameters. 

 

 

Figure 3-4: The method for deriving the analytical models for the conceptual and schematic design phases. 
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3.3.3.1 Conceptual design phase: Curve-fitting based on composite EC 

 Equation 3-2 was used to fit the composite, averaged cradle-to-gate EC trendlines for each concrete 

floor system across span length by tuning the β coefficients. The single variable used in the model is the 

span length, L, because of its large influence on the MQ of a concrete floor. The estimated EC, EC*, 

considers the EC for all structural materials that compose a given concrete floor system—the concrete slab, 

steel rebar, void formers, and PT tendons. 

                                      𝐸𝐸𝐸𝐸∗ =  𝛽𝛽0 + 𝛽𝛽1𝐿𝐿 + 𝛽𝛽2𝐿𝐿2  (Equation 3-2) 

 There are two main advantages of using this expression. First, to determine a rough EC estimate 

for a concrete floor system, a designer only needs to know the span length and the system type. The second 

advantage is that there is only one EC equation that considers all structural materials corresponding to a 

floor system, therefore providing an efficient way to compare floor systems to each other. The equations 

derived in the conceptual design phase use both full and economic span length ranges to provide a means 

of comparison at extreme span lengths and more accurate EC estimates at spans that are more economical 

for certain floor systems. Yet a more rigorous model is needed to help tailor the EC estimate when more 

design information is known. 

3.3.3.2 Schematic design phase: Curve-fitting based on concrete MQ and GWP variability 

 A more accurate EC prediction requires an accurate estimation of MQ; therefore, Equation 3-3 was 

used to fit the concrete slab volume for each floor system. This model accounts for the span length, L, in 

addition to the four structural design parameters parametrically evaluated: the specified design concrete 

strength, f’c, the uniform live load, LL, the superimposed dead load, DL, and the long-term deflection limit, 

ΔLim. The coefficients, βn, help tune the MQ estimate of the slab, MQ*, and each βn is associated with the 

listed variable(s). 
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 𝑀𝑀𝑄𝑄∗ = 𝛽𝛽0 + 𝛽𝛽1𝐿𝐿 + 𝛽𝛽2𝑓𝑓′𝑐𝑐 + 𝛽𝛽3𝐿𝐿𝐿𝐿 + 𝛽𝛽4𝐷𝐷𝐿𝐿 + 𝛽𝛽5∆𝐿𝐿𝑖𝑖𝐿𝐿 + 𝛽𝛽6𝐿𝐿2 + 𝛽𝛽7𝐿𝐿𝑓𝑓′𝑐𝑐 + 𝛽𝛽8𝐿𝐿 ∗

𝐿𝐿𝐿𝐿 + 𝛽𝛽9𝐿𝐿 ∗ 𝐷𝐷𝐿𝐿 + 𝛽𝛽10𝐿𝐿∆𝐿𝐿𝑖𝑖𝐿𝐿 + 𝛽𝛽11𝑓𝑓′𝑐𝑐2 + 𝛽𝛽12𝑓𝑓′𝑐𝑐𝐿𝐿𝐿𝐿 + 𝛽𝛽13𝑓𝑓′𝑐𝑐𝐷𝐷𝐿𝐿 + 𝛽𝛽14𝑓𝑓′𝑐𝑐∆𝐿𝐿𝑖𝑖𝐿𝐿 +

𝛽𝛽15𝐿𝐿𝐿𝐿2 + 𝛽𝛽16𝐿𝐿𝐿𝐿 ∗ 𝐷𝐷𝐿𝐿 + 𝛽𝛽17𝐿𝐿𝐿𝐿∆𝐿𝐿𝑖𝑖𝐿𝐿 + 𝛽𝛽18𝐷𝐷𝐿𝐿2 + 𝛽𝛽19𝐷𝐷𝐿𝐿∆𝐿𝐿𝑖𝑖𝐿𝐿 + 𝛽𝛽20∆𝐿𝐿𝑖𝑖𝐿𝐿
2 

(Equation 3-3) 

 After obtaining the MQ* of a concrete floor system from Eq. 3-3, it can be multiplied with a single 

GWP value or a set of GWPs, GWP, related to a concrete strength class to approximate a set of estimated 

EC contributions from the concrete slab, 𝑬𝑬𝑪𝑪𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔
∗, as shown in Eq. 3-4. Because there is less variation with 

the GWP compared to concrete, the EC contribution of the steel rebar, 𝐸𝐸𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
∗, void formers, 𝐸𝐸𝐸𝐸𝑉𝑉𝑉𝑉𝑖𝑖𝑉𝑉𝑉𝑉

∗, 

and PT tendons, 𝐸𝐸𝐸𝐸𝑃𝑃𝑃𝑃
∗, were estimated as a single EC value instead of as a set of values using Equation 3-

5. Depending on the system, a set of total ECs, 𝑬𝑬𝑪𝑪𝑻𝑻𝑻𝑻𝑻𝑻𝒔𝒔𝒔𝒔
∗, can then be obtained by summing the EC 

contributions from every structural material (Equation 3-6). 

                                      𝑬𝑬𝑪𝑪𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔
∗ ~ 𝑮𝑮𝑮𝑮𝑮𝑮 × 𝑀𝑀𝑄𝑄∗  (Equation 3-4) 

 𝐸𝐸𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
∗, 𝐸𝐸𝐸𝐸𝑉𝑉𝑉𝑉𝑖𝑖𝑉𝑉𝑉𝑉

∗, 𝐸𝐸𝐸𝐸𝑃𝑃𝑃𝑃
∗ = 𝛽𝛽0 + 𝛽𝛽1𝐿𝐿 + 𝛽𝛽2𝑓𝑓′𝑐𝑐 + 𝛽𝛽3𝐿𝐿𝐿𝐿 + 𝛽𝛽4𝐷𝐷𝐿𝐿 + 𝛽𝛽5∆𝐿𝐿𝑖𝑖𝐿𝐿 +

𝛽𝛽6𝐿𝐿2 + 𝛽𝛽7𝐿𝐿𝑓𝑓′𝑐𝑐 + 𝛽𝛽8𝐿𝐿 ∗ 𝐿𝐿𝐿𝐿 + 𝛽𝛽9𝐿𝐿 ∗ 𝐷𝐷𝐿𝐿 + 𝛽𝛽10𝐿𝐿∆𝐿𝐿𝑖𝑖𝐿𝐿 + 𝛽𝛽11𝑓𝑓′𝑐𝑐2 + 𝛽𝛽12𝑓𝑓′𝑐𝑐𝐿𝐿𝐿𝐿 +

𝛽𝛽13𝑓𝑓′𝑐𝑐𝐷𝐷𝐿𝐿 + 𝛽𝛽14𝑓𝑓′𝑐𝑐∆𝐿𝐿𝑖𝑖𝐿𝐿 + 𝛽𝛽15𝐿𝐿𝐿𝐿2 + 𝛽𝛽16𝐿𝐿𝐿𝐿 ∗ 𝐷𝐷𝐿𝐿 + 𝛽𝛽17𝐿𝐿𝐿𝐿∆𝐿𝐿𝑖𝑖𝐿𝐿 + 𝛽𝛽18𝐷𝐷𝐿𝐿2 +

𝛽𝛽19𝐷𝐷𝐿𝐿∆𝐿𝐿𝑖𝑖𝐿𝐿 + 𝛽𝛽20∆𝐿𝐿𝑖𝑖𝐿𝐿
2      

(Equation 3-5) 

                  𝑬𝑬𝑪𝑪𝑻𝑻𝑻𝑻𝑻𝑻𝒔𝒔𝒔𝒔
∗ ~ 𝑬𝑬𝑪𝑪𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔

∗ + 𝐸𝐸𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
∗ + 𝐸𝐸𝐸𝐸𝑉𝑉𝑉𝑉𝑖𝑖𝑉𝑉𝑉𝑉

∗ + 𝐸𝐸𝐸𝐸𝑃𝑃𝑃𝑃
∗  (Equation 3-6) 

 The primary advantage of this model is that the MQ*  (and corresponding 𝑬𝑬𝑪𝑪𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔
∗) of a floor system 

can be tuned to a specific design scenario, resulting in a more accurate total EC estimate. A second 

advantage is that a breadth of concrete mix GWPs can be considered in the model, aiding designers to help 

evaluate how much a mix can influence the EC. A third advantage of this model MQ* can be used to estimate 

other design objectives that are a function of concrete slab volume, such as the cost of concrete material. 

Despite these advantages, this analytical model is more complex compared to the conceptual design 
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equations, requiring more design information (i.e., strength, loads, and deflection limit) to obtain an 

estimate for the total EC of a floor system. 

3.4 Results and discussion 

3.4.1 Conceptual design phase: EC equations 

 After conducting all structural analyses and corresponding design procedures, the SMQs were 

obtained. The EC results were then compiled across the 41 unique span lengths (average EC results from 

every design scenario for each span length) to obtain composite EC trendlines. An example is shown in 

Fig. 3-5, with the dark line representing the composite EC trendline, while the gray dots represent the range 

of EC used to obtain this trendline. 

 

 

Figure 3-5: Possible EC values for an RC flat plate for all simulated design scenarios. 

 

 The composite EC trendlines for each system are shown in Fig. 3-6. Intuitively, as the span length 

of each floor system increases, the EC increases due to added concrete material (thicker slab) needed to 

satisfy larger structural force demands. This is especially noticeable at larger spans, due to the non-linear 

increase in EC. The floors have varying ranges of total EC across different span lengths. Some floor systems 
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(RC flat plate, RC flat slab, and RC voided plate) have gradual increases in the range of total EC for a given 

span length, but this relationship is not seen across all floors. Other systems (the RC one-way slab, PT flat 

plate, and PT voided plates) have smaller EC variability at short span lengths (below 9 m), but significant 

variability at high span lengths (above 12 m). This variability suggests that engineers may need to know 

additional structural information to better assess which floor system has the lowest EC for a given design 

scenario. 

 

 

Figure 3-6: The composite EC trendlines superimposed over all simulated results for each concrete floor system. 

 

 Fig. 3-7 compares the EC trendlines for each system to one another. The comparison further 

cements that floor system selection is complex, as the floor with the least amount of EC varies across the 

span range. For very short spans (below 4.5 m), favorable solutions include an RC flat plate, an RC flat 
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slab, a PT flat plate, and a PT hollow core slab. From a span length of 4.5 m to 7.5 m, all PT systems have 

low EC, in addition to an RC one-way slab and RC waffle slab. An RC waffle slab is the optimal system 

from a span length from 7.5 m to 9.5, while the PT floor systems and an RC one-way slab are also viable 

options. Notably, Fig. 3-7 reveals that many concrete floor systems could be selected when minimizing EC 

at a span length from 9.5 m to 11 m, suggesting that a higher fidelity model (the schematic design equations) 

are needed to refine the comparison. Beyond a span length of 11 m, an RC waffle slab was found to be the 

best floor system for reducing EC, which is in line with practical design knowledge of the system. 

 

 

Figure 3-7: Comparison of the composite EC trendlines for the ten concrete floor systems. 

 

 As mentioned in Sec. 3.3.3.1., different floor systems are more economical for specific span ranges 

(Wright, 2016), which is supported by Figs. 3-6 and 3-7. Fig. 3-8 compares the analytically fitted EC 

trendlines for the whole span range and the economical span ranges in Table 3-3, with the derived equations 

presented in Table 3-7 (see Sec. C.1 in Appendix C for the equations in imperial units). The fitted lines 

were in high agreement with the EC trendlines (R2 values for all fitted lines are above 0.99 for all systems, 

except for the RC waffle slab which had an R2 value of 0.88), suggesting that these equations can adequately 
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serve as a very-early EC estimate for concrete floor systems. It should be noted that the RC waffle slab EC 

trendline has the form of a third order polynomial, suggesting that higher order polynomial regression 

models could have better statistical agreement. 

 

 

Figure 3-8: The fitted composite EC trendlines for the ten concrete systems for the full span range investigated and a 
more economical span range. 

 

 
Table 3-7: The analytically derived EC equations for use in the conceptual design phase. 

Concrete 
System 

Full Span Range Equations 
(3 m to 15 m) 

Economical Spans Equations Economical Span 
Ranges in m 

RC Flat Plate 𝐸𝐸𝐸𝐸𝑅𝑅𝑉𝑉𝑒𝑒 = 0.85 𝐿𝐿2 + 13.81 𝐿𝐿 − 1.1 𝐸𝐸𝐸𝐸𝑅𝑅𝑉𝑉𝑒𝑒 = 1.16 𝐿𝐿2 + 9.90 𝐿𝐿 + 9.8 3 to 9 

RC Flat Slab 𝐸𝐸𝐸𝐸𝑅𝑅𝑉𝑉𝑒𝑒 = 0.84 𝐿𝐿2 + 13.84 𝐿𝐿 + 0.49 𝐸𝐸𝐸𝐸𝑅𝑅𝑉𝑉𝑒𝑒 = 0.76 𝐿𝐿2 + 15.4 𝐿𝐿 − 7.7 6 to 12 

RC One-Way 
Pan Joist Slab 𝐸𝐸𝐸𝐸𝑅𝑅𝑉𝑉𝑒𝑒 = 1.83 𝐿𝐿2 − 19.08 𝐿𝐿 + 126 𝐸𝐸𝐸𝐸𝑅𝑅𝑉𝑉𝑒𝑒 = 1.32 𝐿𝐿2 − 11.1 𝐿𝐿 + 100 3 to 9 
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Concrete 
System 

Full Span Range Equations 
(3 m to 15 m) 

Economical Spans Equations Economical Span 
Ranges in m 

RC Two-Way 
Slab with Beams 𝐸𝐸𝐸𝐸𝑅𝑅𝑉𝑉𝑒𝑒 = 0.62 𝐿𝐿2 − 1.00 𝐿𝐿 + 73 𝐸𝐸𝐸𝐸𝑅𝑅𝑉𝑉𝑒𝑒 = 0.78 𝐿𝐿2 − 3.38 𝐿𝐿 + 81 6 to 12 

RC Two-Way 
Waffle Slab 𝐸𝐸𝐸𝐸𝑅𝑅𝑉𝑉𝑒𝑒 = 0.17 𝐿𝐿2 + 2.34 𝐿𝐿 + 63 𝐸𝐸𝐸𝐸𝑅𝑅𝑉𝑉𝑒𝑒 = −1.40 𝐿𝐿2 + 37.8 𝐿𝐿 − 128 9 to 15 

RC Voided Plate 𝐸𝐸𝐸𝐸𝑅𝑅𝑉𝑉𝑒𝑒 = 1.18 𝐿𝐿2 + 0.22 𝐿𝐿 + 48 𝐸𝐸𝐸𝐸𝑅𝑅𝑉𝑉𝑒𝑒 = 1.37 𝐿𝐿2 − 2.27 𝐿𝐿 + 54 6 to 12 

PT Flat Plate 𝐸𝐸𝐸𝐸𝑅𝑅𝑉𝑉𝑒𝑒 = 0.83 𝐿𝐿2 + 3.37 𝐿𝐿 + 31 𝐸𝐸𝐸𝐸𝑅𝑅𝑉𝑉𝑒𝑒 = 0.89 𝐿𝐿2 + 1.91 𝐿𝐿 + 39 6 to 15 

PT Hollow Core 
Slab 

𝐸𝐸𝐸𝐸𝑅𝑅𝑉𝑉𝑒𝑒 = 0.78 𝐿𝐿2 + 0.74 𝐿𝐿 + 44 𝐸𝐸𝐸𝐸𝑅𝑅𝑉𝑉𝑒𝑒 = 0.64 𝐿𝐿2 + 3.68 𝐿𝐿 + 30 6 to 15 

PT Voided Plate 
– Ortho. 

𝐸𝐸𝐸𝐸𝑅𝑅𝑉𝑉𝑒𝑒 = 1.11 𝐿𝐿2 − 7.79 𝐿𝐿 + 77 𝐸𝐸𝐸𝐸𝑅𝑅𝑉𝑉𝑒𝑒 = 1.01 𝐿𝐿2 − 5.50 𝐿𝐿 + 65 6 to 15 

PT Voided Plate 
– Diag. 𝐸𝐸𝐸𝐸𝑅𝑅𝑉𝑉𝑒𝑒 = 1.19 𝐿𝐿2 − 9.68 𝐿𝐿 + 85 𝐸𝐸𝐸𝐸𝑅𝑅𝑉𝑉𝑒𝑒 = 1.09 𝐿𝐿2 − 7.52 𝐿𝐿 + 74 6 to 15 

Note: L: Length in m. ECest: Embodied carbon in kgCO2e/m2. 
 
 
3.4.2 Schematic design phase EC equations 

 More accurate EC estimates can be made when accounting for structural design parameters that are 

more likely to be known in the schematic design phase. Yet one challenge is that the ten concrete systems 

have various combinations of additional structural materials, including steel rebar, void formers, and PT 

tendons. Fig. 3-9 shows the breakdown of the structural materials’ contribution to the composite EC for 

each concrete system, revealing that the concrete in the slab contributes the most EC for each system, with 

a contribution of around 80%. Because concrete is the primary contributor to the total EC of a concrete 

floor system, it is important to accurately predict the concrete slab MQ before considering the GWP 

variability of concrete mixtures. 

 



68 
 

 

Figure 3-9: Breakdown of the contribution to the floor’s EC for each structural material. 

 

 Like the EC variability shown in Fig. 3-5, there is significant variability in the concrete slab MQ 

due to variations in structural design parameters. This is illustrated in Fig. 3-10, as the lowest bound of 

concrete slab MQ is generally obtained with the combination of the highest concrete strength, the lowest 

applied loads, and the lowest specified deflection limit. The inverse is true for the upper bound. As a result, 

all four structural design parameters need to be accounted for in the equation to better estimate the concrete 

MQ, and corresponding EC, of a concrete floor. 
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Figure 3-10: Range of concrete slab MQ for an RC flat plate. 

 

 After obtaining the range of concrete slab MQ for the ten systems, the multivariable polynomial 

regression model was used to derive the MQ* equations. The analytical model tuned the coefficients for the 

analytical equations based on Eq. 3-3. To assess how the coefficient terms in the analytical equations 

influence the prediction of the concrete MQ for each system, Fig. 3-11 compares the magnitudes for every 

term. The coefficient magnitudes are normalized for each term and compared across all ten systems. The 

coefficient values are reported in Sec. C.2 in Appendix C, including the coefficients of determination (R2). 

Aside from the RC waffle slab (R2 = 0.74), the multivariate polynomial regression models had an R2 above 

0.95 implying that the models provide an accurate estimate of the MQ in a concrete floor. Future work 

should evaluate the RC waffle slab results obtained in this study using higher order polynomial models. 
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Figure 3-11: Comparing the Beta coefficient magnitudes for the concrete MQ* equations. 
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 The coefficient magnitudes in the MQ* equations illustrate the influence of each structural design 

parameter and the influence of the interaction between the parameters. For example, the applied live load 

meaningfully influenced the prediction of the concrete slab MQ for the RC one-way slab, the RC two-way 

slab with beams, and the PT voided plates, while the deflection limit significantly influenced the RC flat 

plate, the RC flat slab, and the RC waffle slab. While certain floor systems have similar coefficient 

magnitudes (e.g., RC flat plate and RC flat slab, and the PT voided plates), no coefficient magnitudes are 

identical for any floor system. Fig. 3-11 can thus be used to help designers select a floor system if a 

structural parameter is an extreme (high or low) design value, or when identifying a floor system that is less 

influenced by specific structural design parameters. 

 After deriving the MQ* equations, the GWP variability for the six concrete compressive strengths 

was considered. Fig. 3-12 shows the distribution of GWP for each concrete strength class. The GWPs follow 

normal distributions for each strength class, suggesting that the median GWP value could be an under- or 

over-estimate. Another insight from Fig. 3-12 is that the GWP values for the median and the standard 

deviations increase as the concrete strength classes increase; however, there are low-CO2 (<200 kgCO2e) 

concrete mixtures in every strength class. The spreads (or a specific value) of GWP can then be multiplied 

to the MQ* to obtain a range of concrete slab EC (refer to Eq. 3-4). To account for the additional structural 

materials, the EC equations for the structural materials were derived, using Eq. 3-5. Finally, the total EC 

can be predicted, summing the range of EC from the concrete slab and the structural materials that comprise 

the floor system. This procedure, using an example of a spread of GWPs for a concrete strength class of 

27.6 MPa, is illustrated in Fig. 3-13. 
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Figure 3-12: GWP distributions for the six concrete strengths evaluated in the study. 

 

 

Figure 3-13: Implementation of the schematic design phase equations. Progression from a) estimating MQ*,  
b) accounting for concrete GWP variability, c) obtaining the range of  𝑬𝑬𝑪𝑪𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔

∗, and d) adding the EC contribution 
from the other structural materials (i.e., steel rebar) to obtain a range of 𝑬𝑬𝑪𝑪𝑻𝑻𝑻𝑻𝑻𝑻𝒔𝒔𝒔𝒔

∗. 
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 The ranges of total EC can thus be obtained for each floor system for different concrete strengths. 

Figs. 3-14, 3-15, and 3-16 show the ranges of total EC for each floor system at a concrete strength of 27.6 

MPa, 34.5 MPa, and 41.4 MPa. These figures show wider ranges of EC spread compared to Fig. 3-6 because 

of the GWP variability from the concrete mixtures, leading to a probabilistic distribution for the total EC 

(ECTotal*) of a concrete floor system. Figs. 3-14 to 3-16 also reveal which floor systems have the least / 

greatest amount of total EC variability. Specifically, systems including the RC two-way slab with beams, 

the RC waffle slab, and the PT systems have less total EC variability when compared to an RC flat plate. 

 

 

Figure 3-14: The 𝑬𝑬𝑪𝑪𝑻𝑻𝑻𝑻𝑻𝑻𝒔𝒔𝒔𝒔
∗ for each floor system across all span lengths with a strength of 27.6 MPa (4 ksi). 
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Figure 3-15: The 𝑬𝑬𝑪𝑪𝑻𝑻𝑻𝑻𝑻𝑻𝒔𝒔𝒔𝒔
∗ for each floor system across all span lengths with a strength of 34.5 MPa (5 ksi). 

 



75 
 

 

Figure 3-16: The 𝑬𝑬𝑪𝑪𝑻𝑻𝑻𝑻𝑻𝑻𝒔𝒔𝒔𝒔
∗ for each floor system across all span lengths with a strength of 41.4 MPa (6 ksi). 

 

 The distributions of total EC shown in Figs. 3-14 to 3-16 illustrate that a more accurate estimate of 

EC is possible in schematic design than in conceptual design, since additional parameters are incorporated 

in the regression model to refine the prediction. However, the trends between span length and embodied 

carbon remain similar across the two phases. Together, these results demonstrate how early design decisions 

can directly influence the EC of a concrete floor system. For example, fixing a decision such as the floor 

system type and typical floor span length early in the design, before even getting to schematic design, can 

significantly limit later opportunities to reduce the EC, once additional parameters are being decided that 

could be potentially adjusted to lower the EC. Similar limitations created by rigid early decisions were also 

noted by D’Amico and Pomponi (2020). Finally, these results indicate that the combination of SMQ 
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reduction through the selection of more efficient concrete floor systems, floor spans, and strategic structural 

design parameters in parallel with low-carbon concrete mixtures provide the best solution to reduce the EC 

footprint of concrete floor structures. 

3.4.3 Applying the EC equations in a design tool 

 Given the inherent difficulties in visualizing such data and interpreting the results, an open-access 

website application was developed to help structural engineers and building consultants better engage with 

the analytical models derived in this study. The interactive tool, accessible with the link: https://embodied-

carbon-equations-for-concrete-6f8t.onrender.com/, employs both sets of equations for the conceptual and 

schematic design phases to aid in design decision making with the intent of lowering building EC. Designers 

can therefore make environmentally informed design decisions tailored to the knowledge of the design in 

early-stage design phases to reduce building carbon emissions. Fig. 3-17 shows the interface for the 

conceptual design phase equations, where a designer can select which concrete floor systems to consider 

and toggle the range slider to consider specific span length ranges. The right-side plots update for every 

change made by the user, and allows a user to quickly identify a low EC concrete floor system. 

 

 

Figure 3-17: Interactive web app interface using the derived EC* equations for the conceptual design phase. 

https://embodied-carbon-equations-for-concrete-6f8t.onrender.com/
https://embodied-carbon-equations-for-concrete-6f8t.onrender.com/
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 A separate interface (see Fig. 3-18) can be created using analytical models for the schematic design 

phase. To provide the user with options for design exploration, toggles for exploring different combinations 

of structural design parameters and concrete systems are included to ascertain an accurate concrete MQ 

estimation per the selected design scenario. Additionally, the selected concrete strength enables the user to 

engage with a second slider that displays the GWP variability, showing the median and other statistical 

GWP values, for a specific concrete strength. A user can then tailor the EC calculation for a different GWP 

value to obtain a more accurate EC estimate. The tool also provides a plot showing the EC contributions 

for each structural material, which refreshes with each input change. This interface is especially insightful 

for building engineers and designers who want to compare baseline SMQ and EC values for different floor 

systems, as the values provided can serve as early-stage design benchmarks to help inform sustainable 

design decisions. 

 

 

Figure 3-18: Interactive web app interface using the derived MQ* and EC equations for the schematic design phase. 
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3.5 Limitations and opportunities for future work 

To ensure that the analytical models and corresponding EC estimates are fair across all ten systems, 

several assumptions were made in the structural design and analysis (see Appendix B for the comprehensive 

methodologies and equations used for each concrete floor system): 

• All concrete floors are designed as 3 bays by 3 bay systems, with an equivalent span length in both 

orthogonal directions. Alternative geometries would have slightly different EC values based on 

how the forces and corresponding moments are distributed across the floor. 

• The ten concrete floors were designed and analyzed following DDM. Since PT systems cannot be 

effectively designed using DDM due to variability of stiffness and secondary effects from the PT, 

a modified DDM approach was used (Broyles & Hopper, 2023), though the modified coefficients 

are conservative compared to the DDM coefficients. 

• The sizing of the concrete column may be conservative for lighter weight systems under certain 

design scenarios. Though the columns are not accounted for, the column size can affect the 

structural analysis and design of a system, potentially resulting in conservative slab depths, beam 

cross-sections (especially for the PT hollow core slabs), and EC results. 

• A minimum slab thickness of ~125 mm (5 in) was used to obtain a 2-hr fire rating. This assumption 

governs the EC of floors with low spans and lighter loading scenarios, as other fire ratings (i.e., 1-

hr, 3-hr) have alternative slab thickness requirements. No maximum thickness requirement was 

specified; however, depth limits could also influence the selection of a low EC concrete floor 

system (Broyles et al., 2020). 

• A maximum pre-compression limit of 2.07 MPa (300 psi) was set for the PT systems, which is a 

common design limit used in industry. However, there may be certain cases where more PT could 

be used, further reducing the amount of concrete material needed. 

These assumptions emphasize the complexity of the structural design and analysis of concrete floors and 

their corresponding SMQs and EC. However, the assumptions used in this study provide a conservative 



79 
 

bound for estimating and comparing the EC of concrete floors in early design and could serve as EC and 

SMQ benchmarks for concrete floor systems. Benchmarking of EC and SMQs for concrete systems has 

been similarly done by Belizario-Silva et al. (2024) for flat RC plates in Brazil, and benchmarking of 

structural systems can help guide designers balancing carbon budgets (Habert et al., 2020). Whole-Building 

LCA studies that evaluate the ten concrete floors studied in this work would reveal further EC benefits for 

different structural systems. 

A limitation with the LCA conducted in this study is the exclusion of concrete waste and GWP 

manufacturing uncertainty. A crude but simple solution is to introduce waste and uncertainty multipliers in 

the EC equation. A less trivial limitation is that there are inherent uncertainties in the calculation of SMQs 

in the floor systems. Yet proper accounting for material-specific uncertainty and design-specific uncertainty 

in an LCA is complex (Huijbregts, 1998; Marsh et al., 2023), potentially requiring further analyses in case-

by-case studies, which is beyond the scope of this present work. Another opportunity for future research is 

to build Bayesian models to account for LCA uncertainty from all parameters. Although Bayesian analyses 

could provide probabilistic EC ranges in a more robust way, it has limitations in design practice 

applications, as designers may be unfamiliar with implementing this method and interpreting the results. 

Instead, regression equations are easily transferable and programmable into typical engineering tools. 

Though out of the scope of this work, there are other design objectives that could control the design 

and selection of a concrete floor system. Constructability is an important design consideration in practice 

(Orr et al., 2019) that was not considered, except implicitly due to the inclusion of economical ranges. The 

constructability of a concrete floor system affects the timeline of a building and EC when considering the 

LCA construction phase. Local availability, transportation distances, and regional differences in 

manufacturing of concrete products can meaningfully influence the environmental performance of concrete 

systems (Biswas et al., 2017; Sandanayake et al., 2018). Similarly, accurate cost estimates of structural 

materials, construction, and labor can influence the selection of a concrete system (Gauch et al., 2023; 

Kanyilmaz et al., 2023; Jayasinghe et al., 2021a). Furthermore, vibrations (Wu et al., 2020), thermal 

insulation (Gascon et al., 2022), heating and cooling loads (Duan, 2023), acoustics (Broyles et al. 2022c; 
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Roozen et al., 2018) and fire rating (Khoury, 2000) can all be inadvertently affected by reducing concrete 

MQ. The consideration of multiple objectives can compete with aims of minimizing EC, complicating how 

designers consider multiple objectives in the design of sustainable buildings (Broyles, et al., 2022a). 

Therefore, comprehensive understanding of multi-objective design trade-offs is a critical research field as 

decarbonization efforts continue in the building sector. 

3.6 Conclusion 

EC equations for ten concrete floor systems were derived at the conceptual and schematic design 

stages using polynomial regression models to aid building practitioners towards more sustainable building 

design decisions. Variations of the EC equations were derived because as the design process progresses, 

more design information about the geometry and structural parameters is known. The univariate polynomial 

regression equations for the conceptual design phase enable quick EC estimates of a specific concrete floor 

system for different spans. Schematic design phase equations were developed to provide a more tailored 

prediction of the EC of a concrete slab given the variability of concrete mix GWPs and the structural design 

parameters of concrete strength, live load, dead load, and deflection limit. The predicted range of EC from 

the slab is then added to the predicted EC contribution of the other structural materials that comprise the 

concrete floor system to obtain an estimate of the total EC of a concrete floor system. Last, a website 

application was developed that employs the derived equations, enabling designers to evaluate how early-

stage design decisions influence the EC of concrete floors. In summary, the primary contributions of this 

chapter are easy-to-use equations to estimate the EC of ten concrete floor systems for a broad sampling of 

potential design scenarios while accounting for the variability of GWP in concrete mixtures for use in the 

conceptual and schematic design phases. These equations can thus be easily accessed and visualized 

through an open-source web app and the regression equation coefficients provided in Appendix C. 
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Chapter 4 

 

EC trade-offs with secondary design objectives for concrete floor systems1 

4.1 Introduction 

To meet national and international initiatives to reduce carbon emissions in the built environment 

(United Nations, 2015), building engineers and designers are increasingly tasked to find sustainable design 

strategies (Dixit et al., 2012; Jusselme et al., 2018; Lützkendorf, 2020). As strategies to reduce the carbon 

emissions of building operations have improved, the reduction of embodied carbon emissions (EC) has 

been the focus of significant academic and industry research (De Wolf et al., 2017; Kang et al., 2015). Since 

the structural system of a building is the primary contributor to the EC of a building, the selection of the 

type of structural load-bearing system is important (Fang et al., 2023b; Li et al., 2014) as structural load-

bearing systems comprised of concrete, steel, and wood all have significant and varying EC performance 

(Cole, 1998; Hart et al., 2021; Lenzen & Treloar, 2002; Venkatarama Reddy & Jagadish, 2003). Concrete 

structures have been well studied because of the large volume of concrete used in buildings, despite the low 

energy and carbon footprint of concrete as a construction material (Ashby, 2012; Hammond and Jones, 

2008). Outside of water consumption, concrete is the most used construction material and is widely 

accessible around the world but contributes up to 7% of global carbon emissions (Barcelo et al., 2014). To 

curb the carbon emissions corresponding to concrete systems, two solutions have been identified: the use 

of low-carbon concrete mixtures (Long et al., 2015; Marinković et al., 2017; Müller et al., 2014; Van Den 

Heede & De Belie, 2012) and the implementation of concrete systems that use less concrete material while 

ensuring structural integrity (Broyles & Hopper, 2023; Huberman et al., 2015; Jayasinghe, et al., 2022a; 

Jayasinghe et al., 2022b; Olsson et al., 2023). Although the production of low-carbon concrete mixtures 

 
1   Chapter 4 is in preparation for submission to a peer-reviewed journal. 
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has been progressing in some global markets, this strategy is not widespread and universally implemented 

today (Liew et al., 2017; Roy D M, 1999). However, the selection of concrete floor systems that use less 

structural material is a strategy that building designers can employ today. 

The strategy of reducing structural material quantity (SMQ) of concrete floor systems without 

sacrificing the integrity of the structure has existed for many decades. Historical precedents, including the 

ribbed concrete floors by Pier Luigi Nervi, demonstrate that unconventional floor systems are a solution to 

reduce concrete material (Halpern et al., 2013). More recently, researchers have explored ways to optimize 

concrete floor systems, including topology optimized floors (Leschok et al., 2018), shape optimized floors 

(Ismail & Mueller, 2021), and optimized vaulted floors (Hawkins et al., 2019; Oval et al., 2023). 

Conventional concrete floor systems can also be designed efficiently to reduce SMQs, by means of strategic 

column and floor plan layouts (Gauch et al., 2022) and applying additional structural technologies, such as 

post-tensioning and void formers to reduce concrete material (Broyles & Hopper, 2023). While these 

studies indicate the potential for large EC savings, the functional equivalence, or the quantitated functional 

or technical requirements between systems for a basis of comparison (ISO, 2006a, 2006b), has often been 

restricted to only satisfying structural design considerations. Structures, especially floor systems, not only 

support structural loads but also contribute to the interior environment and performance within a building 

(Mata-Falcón et al., 2022). Yet despite the quantity of literature that explored the reduction of SMQ in 

concrete systems, few studies have expanded the definition of functional equivalence when identifying 

sustainable conventional and modern concrete floor solutions. Additionally, the inclusion of secondary 

design objectives may reveal advantages that concrete structures have over structural systems composed of 

other materials. 

Furthermore, it is imperative to select low-carbon design solutions in the early stages of the design 

process (Häkkinen et al., 2015). As the design process continues, decisions made in the early stages can 

enable or limit pathways to reduce the EC of a structure (Dunant et al., 2021; Kanyilmaz et al., 2023). This 

is especially true for concrete structures, as floor system selection can influence EC-related design 

characteristics including the architectural layout and column grid of a building (Eleftheriadis et al., 2017, 
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2018; Trinh et al., 2021). Because of the complexity of building design, the bevy of structural design 

decisions, and the need to consider secondary design objectives, early-stage design guidance for selecting 

low-carbon concrete floor systems has been limited. These challenges motivate the question: “what 

concrete floor system(s) is the most material-efficient (lowest EC emissions) when considering both 

structural performance and secondary design requirements for floors, including fire-resistance, air-borne 

sound insulation, and walking vibrations?” 

In response, this study evaluates how the inclusion of three secondary design objectives (fire-

resistance rating, air-borne acoustic insulation, and walking vibration) influence the EC for eight 

conventional concrete floor systems for different building design scenarios. This study expands the work 

presented in Ch. 3 with an emphasis on how varying secondary design goals influence the EC and selection 

of low-carbon concrete floors. Furthermore, six design charts for use in early design stages were developed 

to aid building designers towards low-carbon concrete floor systems for five building types (office, multi-

family residential, hospital, school, and public assembly). This work demonstrates the importance of 

including secondary design objectives in the definition of functional equivalence when comparing different 

concrete floor systems to meet sustainable design goals. 

4.2 Background 

Reinforced concrete (RC) and post-tensioned (PT) concrete floor systems are among the most 

designed systems because of their structural performance. Because of the importance of minimizing 

environmental impact, many researchers have evaluated conventional RC and PT concrete structures to 

determine the most material-efficient, or low-carbon, concrete system. Several researchers have engineered 

non-traditional, or geometrically optimized, concrete floor systems that improve upon the environmental 

performance of conventional systems. However, few researchers have fully examined how the influence of 

additional design objectives affects the EC of concrete structures (Salomao & Pinheiro, 2023). 
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4.2.1 The influence of secondary design objectives on EC 

Reinforced concrete (RC) and post-tensioned (PT) concrete floor systems are among the most 

designed systems because of their structural performance. Yet, there are inherent benefits to normal-weight 

concrete floor systems such as fire-resistance (Khoury, 2000), sound attenuation (Hongisto et al., 2015), 

and vibration performance (Pavic, 2002). Additionally, several concrete floor systems have flat soffits, 

which enables architectural flexibility for column placement. Furthermore, certain concrete floor systems 

can have a low floor-to-floor depth compared to other floor systems, providing another architectural benefit 

in the design of multi-story buildings. Lastly, RC and PT floors can be constructed as cast-in-place slabs to 

aid demanding construction schedules; however, a construction-related objective is not considered in this 

study. Concrete floors have a slow heat transfer rate, helping concrete floors contribute to the thermal 

performance in a building. However, thermal performance is excluded from this study because the interior 

environmental quality (IEQ) of a building and the climate that the building is geographically located in 

directly influence the thermal performance of a building. 

4.2.1.1 Consideration of fire-resistance in the design of concrete floors 

 Since the Great Chicago fire in 1871, the fire-resistance performance of a building structure in the 

U.S. has been a necessary design aspect due to life-safety and property damage implications when not 

adequately considered (Pauly, 1984). The tragedy motivated many experimental fire tests to ascertain the 

fire-resistance performance of common structural systems (Babrauskas & Williamson, 1978). The results 

of the experimental fire tests were then used to inform empirical formulas to estimate fire-resistance 

performance of a structure without requiring experimentation, ultimately culminating in the development 

of prescriptive fire-resistance rating guidelines adapted in building codes (Khoury, 2000). Building 

structural systems composed of concrete and steel were found to have favorable fire-resistance performance 

(Cowlard et al., 2013; Maraveas et al., 2014). Then in 2001, the attack on the World Trade Center and 

subsequent fires prompted further assessment of how fire-resistance in buildings is quantified. The 

development of high-resolution performance-based fire resistance numerical models followed, which 
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account for factors including how the fire is fueled, ventilation in a building, building geometry, and thermal 

properties of the structural elements and surface finishes (Cowlard et al., 2013; Gross et al., 2010). To 

accurately ascertain the performance-based fire-resistance performance in multi-story concrete structures, 

building engineers have to consider additional structural parameters including the depth of the steel 

reinforcement clear cover, if the steel is corroded, and the type of concrete floor system (e.g., ribbed 

geometry, hollow-core)  (Ba et al., 2019; Fanella et al., 2017; Khoury, 2000; Kovalov et al., 2018). 

 In sustainable-driven design, the fire-resistance performance should not be neglected in the 

selection of the optimal concrete floor system. Although Ch. 3 demonstrated that material-efficient concrete 

floor systems such as ribbed and voided systems are low-carbon concrete floor alternatives compared to a 

conventional RC flat plate, the loss of concrete material in a floor system causes it to be more susceptible 

to lower fire-resistance performance. For example, Kovalov et al. (2018) demonstrated the need for a fire-

retardant coating on a voided concrete floor to obtain a 4-hr fire rating through experimentation and 

numerical calculations. While experimental tests are one strategy to validate numerical models that estimate 

fire-resistance performance of concrete floor systems, there are a variety of concrete floor systems which 

have varying geometric characteristics and material quantities due to the bevy of different structural design 

parameters (refer to Ch. 3). Therefore, it is difficult to test each unique floor system design through 

experimentation. A second strategy are numerical performance-based models, which can accurately 

estimate fire-resistance performance but require several building-specific assumptions in the calculation of 

fire rating (Cowlard et al., 2013; Gross et al., 2010).  

 A third strategy is to find the prescribed fire-resistance rating based on empirical guidelines. 

Although the determination of fire-resistance rating of a structure using prescribed methods is the least 

accurate, this method is also the least computationally expensive (Khoury, 2000). Therefore, prescribed 

fire-resistance ratings can be roughly approximated for a large quantity of different structural systems, as 

has been investigated for tall mass-timber buildings (Hens et al., 2023; Leonard, 2023; Leonard et al., 2023; 

Leonard et al., 2024). Obtaining the prescribed fire-resistance rating for different concrete floor systems is 

more straightforward compared to timber systems as the fire-resistance is primarily a function of the 
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concrete material type and the thickness of the concrete floor system (International Code Council, 2018) 

and is well-suited for evaluating fire-resistance performance in the early design stages. This strategy can 

hence be used to quickly obtain the prescribed fire rating for many concrete floor designs. 

4.2.1.2 Air-borne sound insulation of conventional concrete floors  

 Interest in air-borne acoustic insulation grew during the postwar population growth in the U.S. 

(Mankiw & Weil, 1989). As lightweight residential buildings were constructed to meet the housing 

demands, acoustic insulation complaints were prominent (Northwood, 1964). Because of the connection 

between the acoustic IEQ in a building and potential health consequence to tenants (Andargie et al., 2023; 

Rasmussen, 2010), studies explored how well different structural assemblies fared for minimizing acoustic 

transmission and consistently found that conventional concrete flat plates were among the most favorable 

for sound insulation (Clark, 1970; Dupree, 1980; Northwood, 1962; Warnock, 2005). Furthermore, as 

structures composed of wood and steel required additional material layers to meet air-borne acoustic 

building code requirements, concrete floors with a depth of ~150 mm (6 in) were satisfactory without any 

additional treatments (Dupree, 1980).  

 While conventional concrete plates (i.e., RC flat plates) have known air-borne acoustic insulation 

performance, the performance of alternative concrete floor systems is less known. Experimental studies of 

conventional concrete floor systems typically limited the evaluation to RC flat plates and did not consider 

alternative floor systems. While the experimental findings can help inform similar rectilinear geometries, 

the tested acoustic performance of floor systems with large ribs and void formers is less known (Fanella et 

al., 2017). Therefore, the effects of different geometric configurations and varying concrete material 

properties on the air-borne acoustic insulation of conventional concrete floor systems are similarly not well 

known (Fediuk et al., 2021). However, it is well known that structural-acoustic characteristics such as the 

mass density and flexural rigidity can directly influences acoustic insulation (Concrete Reinforcing Steel 

Institute, 2016; Rindel, 2018), as such, the sound transmission loss of a structure, and subsequent air-borne 

sound insulation performance, can be reasonably obtained using analytical models (Mak & Wang, 2015). 

Broyles et al. (2022c) used an analytical expression to quantify air-borne sound insulation of shaped ribbed 
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floors to find that different floor geometries can meaningfully affect the air-borne acoustic insulation rating. 

However, little design guidance exists when considering the breadth of different concrete floor systems in 

selecting a low-carbon concrete floor system while ensuring favorable air-borne acoustic insulation. 

4.2.1.3 Walking vibration requirements for conventional concrete floors  

 Similar to air-borne acoustic insulation, conventional concrete floors perform well when designed 

to satisfy walking vibration requirements in buildings because of the inherent mass density and flexural 

rigidity of conventional concrete floors (Concrete Reinforcing Steel Institute, 2016). However, a study by 

Oh et al. (2019), found that human-induced floor vibrations can result in an increase of 8.9% EC emissions 

depending on the building design scenario. Furthermore, concrete floor systems with less weight (e.g., 

voided slabs) can be more susceptible to floor vibrations compared to conventional RC flat plates 

(Caballero-Garatachea et al., 2021; Liu et al., 2020). Although U.S. building codes do not specify walking 

vibration requirements, floor vibration problems can worsen the IEQ and potentially lead to failure 

(Concrete Reinforcing Steel Institute, 2016; Mouring & Ellingwood, 1994).  

 While the dynamic response of a concrete floor system can be ascertained experimentally, 

numerical models are more commonly implemented. Finite element models (FEMs) are one numerical 

strategy to determine if a concrete floor system can satisfy walking vibrations (Liu et al., 2020; Pavic et al., 

2001). The dynamic response obtained from an FEM can be compared against the criteria set by Design 

Guide 11, which quantifies vibration requirements based on different building types and dynamic response 

conditions (Murray et al., 2016). Another approach is to analytically obtain the dynamic response from a 

human walking on a floor. The Concrete Reinforcing Steel Institute (CRSI) published a design guide to 

determine the vibrations for multiple concrete floor systems (Fanella & Mota, 2014) and found that the 

analytical equations were within a 10% difference from the responses obtained by an equivalent FEM. 

Therefore, different concrete floor systems can be roughly assessed for walking vibration performance, 

even when considering various geometries and structural design parameters to evaluate how walking 

vibrations can influence the selection of the low-carbon concrete floor system. 
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4.2.2 Chapter scope 

 This chapter investigates how the inclusion of fire-resistance, air-borne sound transmission, and 

walking vibrations influences the selection of low-carbon concrete floor systems. Eight conventional 

concrete floor systems are evaluated for structural performance (using the same structural parameters as 

was used in Ch. 3), with the SMQs obtained for each design to calculate the cradle-to-gate EC emissions 

of the floor system. This study evaluates the objectives for different design scenario cases, with varying 

design performance goals corresponding to the building use type. The results of this study inform the 

development of multi-objective design charts for identifying low-carbon and material-efficient concrete 

floor systems for various building design scenarios, with application in early design stages. This study 

ultimately contributes to the growing amount of literature aimed at reducing carbon emissions in the built 

environment with the novelty of this work focused on how building engineers should balance secondary 

design objectives that compete with intentions of reducing EC in a concrete floor system. 

4.3 Methods 

4.3.1 Concrete floor systems, structural design, and analysis 

 This study focused on eight different concrete floor systems, as illustrated in Fig. 4-1: 

1. RC flat plate; 

2. RC one-way pan joist slab with beams; 

3. RC two-way slab with beams; 

4. RC two-way module joist waffle slab; 

5. RC voided plate; 

6. PT flat plate with banded-uniform tendons; 

7. PT voided plate with orthogonal banded-banded tendons; and 

8. PT voided with diagonal banded-banded tendons. 
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Figure 4-1: The eight concrete floor systems evaluated in this study. 
  

 The eight concrete floor systems considered is not a comprehensive list of all possible floor types 

but is representative of existing floor systems that have been designed for many centuries (e.g., RC flat 

plates) to more modern systems (PT voided plates). The variety of floor systems also shows variation in 

concrete SMQs due to geometric differences (e.g., ribbed), and the addition of other structural materials 

(e.g., void formers and PT tendons) used to construct the concrete floor system. 

 The structural design and analysis of each system follows the same structural methodologies and 

equations as Ch. 3, which are provided in Appendix B. Likewise, the same structural design parameters 

were evaluated in this study (see Table 4-1). All concrete floor systems were evaluated as 3 bay by 3 bay 

floors with an equivalent span length in the x- and y-directions (i.e., square bays). The span length ranged 

from 3 m to 15 m (approximately 10 ft to 50 ft). 
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Table 4-1: The design scenarios evaluated for the concrete floor systems. 

Concrete Compressive 
Strength in MPa (psi) 

Applied Live Load in 
kN/m2 (psf) 

Applied Dead Load in 
kN/m2 (psf) 

Long-term 
Deflection Limit 

20.7 
(3,000) 

31.0 
(4,500) 

1.915 
(40) 

4.788  

(100) 
0.239 

(5) 
1.197 

(25) 
Δ < L/240 

24.1 
(3,500) 

34.5 
(5,000) 

2.394  
(50) 

5.985  

(125) 
0.479 

(10) 
1.436 

(30) 
Δ < L/360 

27.6 
(4,000) 

41.4 
(6,000) 

2.873  

(60) 
7.182  
(150) 

0.718 

(15) 
1.676 

(35) 
Δ < L/480 

 
 

 3.830  

(80) 
 0.958 

(20) 
1.915 

(40) 
 

 

 Using the geometric (span length) and structural design parameters, this study simulated 41,328 

different design scenarios for each of the five RC concrete systems and 27,552 different design scenarios 

for each of the three PT concrete systems. The RC systems were designed for all strengths, but the PT 

systems were not designed for strengths lower than 27.6 MPa, reflective of PT design practices. The SMQs 

that satisfied the strength and serviceability limit states according to the appropriate ACI 318 (ACI 

Committee 318, 2019a) provisions were obtained for each design scenario. The steel reinforcement was 

designed according to the distributed design moments at different locations in the floor (Foraboschi, 2019). 

The number of bars that satisfied the bending moment was obtained for every nominal U.S. rebar size 

between a #4 bar (with a diameter of 12.7 mm, or 0.5 in) to a #10 bar (with a diameter of 32.3 mm, or 1.27 

in, after which the lowest total area of steel was selected and used in the EC calculation. The steel rebar 

was arranged at locations of maximum positive and negative bending moments, following typical U.S. 

design practices.  

4.3.2 Determination of the prescribed fire-resistance rating  

The prescriptive fire-resistance method was used to determine the corresponding fire-resistance 

rating for each unique concrete floor system design. The prescriptive fire-resistance is based on the 

guidelines provided in Sec. 722.2 in the International Building Code (IBC) (2018). As shown in Table 4-2, 

knowledge of the concrete material type and floor thickness gives a fire-resistance rating. Five code-

specified fire-resistance ratings are considered: 1-hr, 1.5-hr, 2-hr, 3-hr, and 4-hr. Although thicker slabs 
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may have longer fire-resistance performance, only the five prescribed fire ratings specified were considered. 

This study conservatively assumed that the concrete aggregate type is siliceous because it is the most 

common type and has the most stringent thickness requirements, however, it should be noted that alternative 

concrete types can be designed as thinner slabs while satisfying fire-resistant design (see Sec. 4.4.1). 

 

Table 4-2: Minimum slab thicknesses for prescribed fire resistance for concrete floors according to the IBC, Table 
722.2.2.1 (2018). 

Concrete Type 

Minimum Slab Thickness for Prescribed Fire-Resistance Rating 

Required 
Thickness in 
mm (in) for 1-

hr 

Required 
Thickness in 
mm (in) for 

1.5-hr 

Required 
Thickness in 
mm (in) for 2-

hr 

Required 
Thickness in 
mm (in) for 3-

hr 

Required 
Thickness in 
mm (in) for 4-

hr 

Siliceous 
88.9 
(3.5) 

109.2 
(4.3) 

127 
(5) 

157.5 
(6.2) 

177.8 
(7) 

Carbonate 
81.3 
(3.2) 

101.6 
(4) 

116.8 
(4.6) 

144.8(5.7) 
167.6 
(6.6) 

Sand-
lightweight 

68.6 
(2.7) 

83.8 
(3.3) 

96.5 
(3.8) 

116.8 
(4.6) 

137.2  
(5.4) 

Lightweight 
63.5 
(2.5) 

78.7 
(3.1) 

91.4 
(3.6) 

111.8 
(4.4) 

129.5  
(5.1) 

 

The thickness used in the determination of the prescribed fire-resistance ratings varies for each type 

of concrete floor system. The thickness used to determine the fire-resistance rating for the RC and PT flat 

plates is only the depth of the slab. The thickness used to determine the fire-resistance rating for the RC 

and PT voided plates is based on the equivalent thickness of the floor to account for the void formers in the 

slab. Eq. 4-1 shows the simple calculation to determine the equivalent thickness, heq, based on the 

normalized concrete volume displacement, hcx, for a voided concrete floor system (Fanella et al., 2018).  

                                     ℎ𝑒𝑒𝑒𝑒 = ℎ − ℎ𝑐𝑐𝑐𝑐 (Equation 4-1) 

 For the floor systems with ribbed soffits (RC one-way pan joist slab and the RC two-way waffle 

slab) and the RC two-way slab with beams, the thickness is determined in accordance to the equations 
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provided in IBC 722.2.2.1.3. Based on the schematic shown in Fig. 4-2, the thickness of the slabs is 

determined by one of the following expressions which considers the spacing of the ribs, s, and the minimum 

thickness of the slab, t. If 𝑠𝑠 > 4𝑡𝑡, then the thickness used to obtain the fire rating is the minimum thickness 

of the slab. If 𝑠𝑠 ≤ 2𝑡𝑡, then the thickness used to obtain the fire rating is the equivalent thickness of the slab, 

calculated as the net area of the slab divided by the width, in which the maximum thickness does not exceed 

2t  (see Fig. 4-2). Lastly, if 4𝑡𝑡 > 𝑠𝑠 > 2𝑡𝑡, the thickness shall be obtained using the equation:  

                                     𝑡𝑡 + �4𝑡𝑡
𝑠𝑠

− 1� (𝑡𝑡𝑒𝑒 − 𝑡𝑡) (Equation 4-2) 

 

 

Figure 4-2: Method for calculating the equivalent thickness of slabs with ribbed and undulating soffits following 
IBC 722.2.2.1.3 (2018). 

 

 The steel reinforcement must meet a minimum clear cover. In this study, it is assumed that the clear 

cover is at least 38 mm (1.5 in) for RC floor systems and at least 51 mm (2 in) for PT floor systems. Note 

that the clear covers may fluctuate for each unique design as higher fire-resistance ratings require slightly 

larger covers. Of note, concrete columns were considered out of the scope of this work and were not 

considered in the design of the prescribed fire-resistance of the floor system. 

4.3.3 Approximation of air-borne sound transmission performance 

 An analytical approximation was used in determining the air-borne sound insulation of each unique 

concrete floor design. The air-borne acoustic insulation metric of Sound Transmission Class (STC), which 
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is a North American metric that truncates the transmission loss (TL) performance across 16 one-third octave 

bands into a single integer value (ASTM E413, 2016; Northwood, 1962) was used in this study. The 

calculation of the acoustic performance assumed normal room conditions (i.e., c0 = 343 m/s, 𝜌𝜌0 = 1.29 

kg/m3). The density of the non-stressed and the pre-stressed steel reinforcement was assumed to be 7,850 

kg/m3. The density of the concrete, 𝜌𝜌𝑐𝑐, was assumed to be 2,400 kg/m3 with a Poisson’s ratio, ν, of 0.20. 

Because of the different concrete strengths considered in the study, the Modulus of Elasticity of the 

concrete, Ec, varied, and was determined using: 

                                     𝐸𝐸𝑐𝑐 = 4700�𝑓𝑓𝑐𝑐
′ (Equation 4-3) 

The flexural rigidity, D, of the concrete floors varied due to the geometric changes of each system. 

Table 4-3 reports the equations to calculate the flexural rigidity for each system, which are a function of 

the geometric and material characteristics. The modulus of elasticity of the floor system, E, was taken as 

the weighted average of the moduli for each structural material (e.g., Ec, Es) based on their corresponding 

volume within the floor system. For the floor systems with a ribbed soffit, the moment of inertia (I) and the 

spacing of the rib (ΔRib) are determined by the rib geometry while the top slab height (h) is determined by 

the slab depth. Similar to the prescriptive fire rating method, the equivalent thickness is used to find the 

flexural rigidity of the voided floor systems. 

 

Table 4-3: The bending stiffness equations for the concrete floor systems. 

Concrete Floor System(s) Flexural Rigidity Equation 

RC Flat Plate, PT Flat Plate 𝐷𝐷 =
𝐸𝐸ℎ3

12(1 − 𝜈𝜈2) 

RC One-Way Slab 𝐷𝐷 =
𝐸𝐸ℎ3

12(1 − 𝜈𝜈2) +
𝐸𝐸𝐸𝐸

∆𝑅𝑅𝑅𝑅𝑅𝑅
+

𝐸𝐸𝐸𝐸
∆𝐺𝐺𝑅𝑅𝐺𝐺𝐺𝐺𝑒𝑒𝐺𝐺

 

RC Two-Way Slab (Waffle slab and slab with beams) 𝐷𝐷 =
𝐸𝐸ℎ3

12(1 − 𝜈𝜈2) +
𝐸𝐸𝐸𝐸

∆𝑅𝑅𝑅𝑅𝑅𝑅𝑥𝑥

+
𝐸𝐸𝐸𝐸

∆𝑅𝑅𝑅𝑅𝑅𝑅𝑦𝑦

 

RC Voided Plate, PT Voided Plate (Orthogonal and 
Diagonal PT tendon layouts) 𝐷𝐷 =

𝐸𝐸ℎ𝑒𝑒𝑒𝑒
3

12(1 − 𝜈𝜈2) 
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 Equations 4-4 and 4-5 describe how the TL data was obtained by calculating the transmission 

coefficient (τ). The frequency range evaluated was from 100 Hz to 5 kHz at a 1 Hz interval, which was 

used to determine the angular frequency (ω) and the wavenumbers (k0). It should be noted an angle of 

incidence (φ) range was considered from 0° to 78° (Leppington et al., 1987), at 1° intervals. The area 

density (m) was determined by dividing the total mass of the floor by the area. 

𝜏𝜏(𝜑𝜑, 𝜔𝜔) =  
�2𝜌𝜌0𝑐𝑐0

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 �
2

�2𝜌𝜌0𝑐𝑐0
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 +𝜂𝜂�𝐷𝐷

𝜔𝜔�(𝑘𝑘0𝑠𝑠𝑅𝑅𝑠𝑠𝑠𝑠)4� 2+�𝜔𝜔𝜔𝜔−�𝐷𝐷
𝜔𝜔�(𝑘𝑘0𝑠𝑠𝑅𝑅𝑠𝑠𝑠𝑠)4�

2                                      (Equation 4-4) 

                                     𝑇𝑇𝐿𝐿 = 10 log10 �1
𝜏𝜏
� (Equation 4-5) 

 The TL was calculated for each one-third octave (OTO) band from 125 Hz to 4 kHz to approximate 

the STC rating of the concrete floor. Table 4-4 relates different STC rating levels to the air-borne acoustic 

insulation of the concrete floor system. Although the TL at different frequencies can be compared, only the 

STC rating is assessed in comparison to the other design objectives in this study. 

 
Table 4-4: Various air-borne acoustic insulation performance goals based on IBC (2018) and Long (2005). 

Performance Criterion Sound Transmission Class (STC) Rating 

Meets Minimum IBC Code Requirement STC-50 

Good Acoustic Performance STC-55 

Great Acoustic Performance STC-60 

 

4.3.4 Analytical calculation to assess walking vibration criteria 

 In this study, the walking vibration criteria were analytically evaluated in accordance with the CRSI 

vibration design guide (2014) and considered the following assumptions. The mass of the person walking 

on the floor is 71.2 kg (157 lbs). A vibration live load of 0.527 kN/m2 (11 psf) was also assumed, as is 

recommended when assessing concrete floors for walking vibration criteria (Fanella & Mota, 2014). The 

damping ratio, β, was 0.03, which is a conservative assumption (Fanella & Mota, 2014), however, specific 

building scenarios could have different damping ratios. 
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 The analytical vibration analysis for all the concrete floor systems had followed a similar procedure, 

as shown in Fig. 4-3. First, the structural design parameters were defined, including the material properties 

of the concrete (refer to Sec. 4.3.1). Second, a structural design and analysis was performed (see Sec. 4.3.1 

and Appendix B), followed by the calculation of the effective moments of inertia (see Appendix B). Next 

the deflection contributions from the joists and girders were found for the RC one-way pan joist floor, and 

the crack coefficients, k1 and k2, were determined for all other floor systems. Then the natural frequency, 

fn, and effective floor weight, W, was found for the design, using the equations provided in Table 4-5. 

Lastly, the walking acceptance criterion, ap/g, for walking excitation of floor systems was checked using 

Equation 4-6. It should be noted that although other floor harmonics will cause additional steady-state 

vibrations at their forcing frequencies, their contribution to the total dynamic response (vibration 

performance) is considered to be negligible in this study. Additionally, cracking was not considered, thereby 

the assessment of walking vibrations in RC and PT systems is the same. 

 

Figure 4-3: Design process for evaluating the walking vibration performance of a concrete floor system. 

 

Table 4-5: The analytical natural frequency equations for the concrete floor systems. 

Concrete Floor System(s) Fundamental Frequency Equation 

RC Flat Plate, RC Two-Way Slab with Beams,  
RC Two-Way Waffle Slab, RC Voided Plate,  
PT Flat Plate, PT Voided Plate (Orthogonal and 
Diagonal PT tendon layouts) 

𝑓𝑓𝑠𝑠 =  
𝑘𝑘2𝜆𝜆1

2

2𝜋𝜋𝐿𝐿2 �
𝑘𝑘1𝐸𝐸𝑐𝑐ℎ3

12𝛾𝛾(1 − 𝜈𝜈2)�
1/2

 

RC One-Way Slab 𝑓𝑓𝑠𝑠 = 0.18�
𝑔𝑔

∆𝑗𝑗 +  ∆𝑔𝑔
=

3.54

�∆𝑗𝑗 +  ∆𝑔𝑔
 

Notes: γ is the mass density of the floor system. The constant 𝜆𝜆1
2 equals 7.12 since the span length is equivalent in the 

orthogonal directions. The constant k2 is 1.9 for floors with a column width less than or equal to ~600 mm (24 in), or 
2.1 for floors with a column width greater than ~600 mm (24 in). Δj and Δg are the instantaneous mid-span deflections 
of the joists (or beams) and girders relative to their supports. 
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𝑎𝑎𝑝𝑝

𝑔𝑔
= 65𝑒𝑒−0.35𝑓𝑓𝑠𝑠

𝛽𝛽𝛽𝛽
≤ 𝑎𝑎0

𝑔𝑔
 (Equation 4-6) 

 The perception of floor vibrations differs across the natural frequency of the floor system, therefore 

the fundamental frequency of each floor system design must be found and plotted against the peak 

acceleration experienced from on the system (see Fig. 4-4). If the acceleration to gravity of the floor system 

is found to be below the threshold corresponding to the building use type, then the floor system is 

sufficiently designed for walking vibrations.  

 

 

Figure 4-4: Peak acceleration curves for various building use types and vibration criteria, after the floor vibration 
design guide (Fanella & Mota, 2014). 
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4.3.5 Cradle-to-gate life cycle assessment 

 A cradle-to-gate (i.e., A1-A3) life cycle assessment (LCA) was performed for each design based 

on the geometric and material characteristics to determine the EC for each floor system, as was similarly 

done in Ch. 3. The LCA was conducted according to ISO standards 14040 (2006) and 14044 (2006). The 

declared unit was set as 1 m2, so that the floor systems can be compared fairly despite differences in span 

length. The purpose of this study considers how the addition of prescribed fire-resistance, air-borne acoustic 

insulation, and walking vibrations influence the definition of functional equivalence for a concrete floor 

system designed to satisfy structural design code (ACI Committee 318, 2019), as shown in Fig. 4-5. 

Different combinations of design objectives are considered to explore the nuances of minimizing concrete 

material while meeting additional performance goals. 

 

 

Figure 4-5: The functional unit of the concrete floor systems. 
 

 Table 4-6 reports the GWP intensities for the six concrete strength classes used in this study, which 

follows the values used in Ch. 3 and were obtained from U.S. Environmental Product Declarations of ready-

mixed concrete mixtures (for details, see Appendix A). Table 4-6 provides the GWP intensities for the three 

additional structural materials (steel rebar, PT tendons, and void formers), which are typical industry values 

(Cobiax, 2018; Concrete Reinforcing Steel Institute, 2022). The values are obtained from U.S. EPDs, 
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though similar values from EPDs in other geographic regions around the world can be obtained. An 

important note is that there is not a U.S. industry standard EPD for PT tendons; therefore, this study 

conservatively estimated the EC of PT tendons based on a 100% increase of the GWP reported for non-

prestressed steel reinforcement, as was similarly done by Miller et al. (2015). 

 

Table 4-6: The GWPs for different concrete strength classes and other structural materials. 

Structural Material GWP Intensity 

Concrete 

Concrete Compressive Strength in MPa (psi)  
20.7 

(3,000) 
303 kg CO2e/m3 

24.1 
(3,500) 

320 kg CO2e/m3 

27.6 
(4,000) 

345 kg CO2e/m3 

31.0 
(4,500) 

365 kg CO2e/m3 

34.5 
(5,000) 

386 kg CO2e/m3 

41.4 
(6,000) 

403 kg CO2e/m3 

Non-Prestressed Steel Reinforcement 0.854 kg CO2e/kg 
Steel Post-Tension Tendons 1.708 kg CO2e/kg 

Recycled Void Formers (Plastic Bubbles) 10.5 kg CO2e/m3 
 

4.4 Results and discussion 

4.4.1 EC and fire-resistance rating 

 The relationship between minimizing EC emissions while achieving high fire-resistance ratings lies 

at the intersection of the floor thickness and concrete mixture type. Fig. 4-6 demonstrates this relationship 

for the four concrete mixture types in Table 4-2. When comparing the four concrete mixture types for an 

equivalent GWP intensity of concrete (345 kgCO2e), it is clear that the siliceous concrete which has the 

largest thickness requirements, is the worst performing. Yet when accounting for how GWP intensities can 

vary for the four concrete mixture types (Siliceous: 345 kgCO2e, Carbonate: 376 kgCO2e, Sand: 362 

kgCO2e, Lightweight: 690 kgCO2e), the lightweight concrete is the worst due to the much larger 
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corresponding GWP. This figure reveals the complications when considering alternative concrete mixture 

types and implies that the combination of a low GWP intensity and minimum slab thickness requirement 

provides the optimal strategy for reducing EC emissions and achieving different fire ratings. However, this 

study conservatively concentrates on siliceous concrete as it is the most used mixture type, with the 

following graphics reflective of the slab thickness requirements for siliceous concrete. 

 

 

Figure 4-6: Difference in EC emissions for the four different concrete mixture types for the five prescribed fire 
ratings given their prescribed minimum concrete floor thicknesses. 

 

 In the assessment of prescriptive fire-resistance rating, all structural design scenarios were first 

simulated to identify how the structural limit states controlled the thickness and corresponding fire 

resistance. Because the slabs are designed to minimize EC emissions, the structural design and analysis 

consisted of finding the thinnest floor depth possible while satisfying the structural limit states and was then 

rated for fire-resistance performance. The percentage and number of floor designs that could satisfy the 

structural limit states by minimizing floor thickness and corresponding prescribed fire-resistance rating is 

presented in Table 4-7. Table 4-7 reveals that the floor systems with the ribbed soffits and the RC two-way 

slab with beams, could achieve all five fire ratings for the majority of the possible structural design 

scenarios. This is because these floor systems can be designed for thin floor depths for many structural 

design parameters because the ribs take the structural design loads. Additionally, the ribs are spaced too far 
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apart for these systems to get any thickness benefits when determining the fire-rating. This directly affected 

the RC two-way slab with beams, as almost every design scenario could be designed for each fire rating, 

indicating that the fire-rating can significantly influence the selection of these floor systems. On the other 

hand, RC and PT flat plates had a low percentage of design scenarios that could meet the worst fire ratings, 

as satisfying structural limit states were found to control the structural design, requiring thicker floor depths. 

Due to the minimum thickness requirements of voided concrete plates, the RC and PT voided plates could 

not be designed for a fire-resistance rating below 2-hrs. A final observation is that of the floor systems with 

a flat soffit, PT voided plates had the most design scenarios influenced by prescriptive fire rating, indicating 

that stringent fire rating requirements can influence the thickness and corresponding EC of these systems. 

 

 
Table 4-7: Percentage (top) and number (bottom) of structural design scenarios that could achieve each fire rating. 

 Prescribed Fire-Resistance Rating 

Floor System >1-hr >1.5-hr >2-hr >3-hr >4-hr 

RC Flat Plate 
100% 
50,017 

99.4% 
49,722 

97.0% 
48,497 

90.6% 
45,337 

82.6% 
41,328 

RC One-Way Slab 
100% 

152,913 
82.9% 

126,716 
65.2% 
99,766 

46.3% 
70,826 

27.0% 
41,328 

RC Two-Way 
Waffle Slab 

100% 
199,775 

81.0% 
161,788 

61.5% 
122,854 

41.2% 
82,251 

20.7% 
41,328 

RC Two-Way Slab 
with Beams 

100% 
135,202 

92.3% 
124,802 

77.3% 
104,506 

54.1% 
73,163 

30.6% 
41,328 

RC Voided Plate 
100% 
58,062 

100% 
58,062 

100% 
58,062 

86.7% 
50,359 

71.2% 
41,328 

PT Flat Plate 
100% 
48,429 

96.6% 
46,774 

88.6% 
42,889 

73.7% 
35,686 

56.9% 
27,552 

PT Voided Plate – 
Orthogonal Layout 

100% 
50,010 

100% 
50,010 

100% 
50,010 

79.4% 
39,688 

55.1% 
27,552 

PT Voided Plate – 
Diagonal Layout 

100% 
51,299 

100% 
51,299 

100% 
51,299 

79.8% 
40,911 

53.7% 
27,552 
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 Since the eight concrete floor systems had different amounts of design scenarios that achieved each 

of the five prescribed fire-resistance ratings, the influence that fire rating had on the EC of the floor system 

differed significantly. For example, the RC one-way slab had at least 41,328 designs that satisfied each of 

the five fire ratings, resulting in a distribution of EC values (see Fig. 4-7). The EC trendlines, which are the 

average EC at a specific span length for the different fire ratings, more clearly shows that the defined fire-

resistance rating can influence the EC up until a span length near 12 m, at which the structural limit states 

dictate the design of the floor system (i.e., the slab has to be thick to satisfy the structural limit states, 

thereby having a favorable fire rating). The distributions of EC for the five fire-resistance ratings and the 

corresponding EC trendlines are shown for all eight floors in Figs. 4-8 and 4-9, with the general relationship 

between EC and different fire ratings shown in Fig. 4-8 and the composite EC fire-rating trendlines shown 

in Fig. 4-9. 

 

 

Figure 4-7: The influence of the prescribed fire-resistance rating on the EC for an RC one-way slab. 
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Figure 4-8: The distribution of EC emissions for the five fire ratings for all eight concrete floor systems. 
 

 

Figure 4-9: The EC trendlines for the five fire ratings for the eight concrete floor systems. 
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            Figs. 4-8 and 4-9 reinforce the finding of Table 4-7 that concrete floor systems with ribbed soffits 

are the most influenced by the prescribed fire rating, with the RC two-way waffle slab as the most affected 

system. The RC flat plate, RC voided plate, and PT flat plate are only affected by varying fire-resistance 

ratings below a span length of 6 m, while both PT voided plates are influenced by the prescribed fire rating 

up to a span length of 9 m. This reveals the intuitive trade-off that at low span lengths, when structural limit 

states are less likely to control, the design of a floor system and consequent EC is more susceptible to fire 

rating requirements. Yet as the span length increases, causing the structural demand on the floor system to 

increase, fewer design scenarios are influenced by the slab thickness requirements to meet different fire-

ratings. Table 4-8 confirms this by quantifying how the EC is influenced at different spans. The prescribed 

fire-resistance ratings are shown to influence the EC emissions up to 54.5% for a span length at or below 9 

m. However, only the ribbed floor systems and the RC two-way slab with beams are affected by fire rating 

for span lengths greater than 9 m with decreasing percentage differences as the span length increases. 

 
Table 4-8: The EC emissions and percentage difference for each fire-resistance rating trendline for all concrete 
systems. The percentage differences are taken between the lowest and highest fire rating observed for each floor 
system. 

Concrete 
Floor 

System 

Fire 
Rating 

(hr) 

Span Length (m) 

3 4.5 6 7.5 9 10.5 12 13.5 15 

RC Flat 
Plate 

1 48.7 78.3 112.7 151.9 194.6 240.7 290.4 343.9 400.0 

1.5 
49.6 

+1.71% 
78.3 
+0% 

112.7 
+0% 

151.9 
+0% 

194.6 
+0% 

240.7 
+0% 

290.4 
+0% 

343.9 
+0% 

400.0 
+0% 

2 
52.4 

+7.61% 
78.3 
+0% 

112.7 
+0% 

151.9 
+0% 

194.6 
+0% 

240.7 
+0% 

290.4 
+0% 

343.9 
+0% 

400.0 
+0% 

3 
62.8 

+28.9% 
78.4 

+0.22% 
112.7 
+0% 

151.9 
+0% 

194.6 
+0% 

240.7 
+0% 

290.4 
+0% 

343.9 
+0% 

400.0 
+0% 

4 
69.5 

+42.6% 
79.2 

+1.21% 
112.7 
+0% 

151.9 
+0% 

194.6 
+0% 

240.7 
+0% 

290.4 
+0% 

343.9 
+0% 

400.0 
+0% 

RC One-
Way 
Slab 

1 59.1 54.4 62.2 72.5 83.2 101.6 132.0 181.7 235.9 

1.5 
67.8 

+14.8% 
61.9 

+13.9% 
68.7 

+10.4% 
78.4 

+8.21% 
89.2 

+7.32% 
104.9 

+3.22% 
132.8 

+0.61% 
181.7 
+0% 

235.9 
+0% 

2 
71.4 

+20.9% 
65.4 

+20.3% 
71.6 

+15.1% 
81.7 

+12.7% 
92.6 

+11.4% 
107.1 

+5.33% 
133.6 

+1.22% 
181.7 
+0% 

235.9 
+0% 

3 
85.0 

+43.7% 
77.9 

+43.3% 
81.6 

+31.2% 
91.3 

+25.9% 
102.6 

+23.4% 
115.2 

+13.3% 
137.1 

+3.91% 
181.7 
+0% 

235.9 
+0% 
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Concrete 
Floor 

System 

Fire 
Rating 

(hr) 

Span Length (m) 

3 4.5 6 7.5 9 10.5 12 13.5 15 

4 
88.8 

+50.2% 
81.7 

+50.3% 
85.1 

+36.8% 
94.6 

+30.5% 
106.1 

+27.6% 
118.1 

+16.2% 
139.0 

+5.31% 
181.7 
+0% 

235.9 
+0% 

RC Two-
Way 

Slab with 
Beams 

1 66.9 64.4 76.9 91.4 110.0 130.3 132.0 173.6 193.2 

1.5 
71.2 

+6.42% 
67.8 

+5.34% 
78.9 

+2.66% 
92.5 

+1.14% 
111.5 

+1.28% 
130.4 

+0.28% 
150.9 

+0.10% 
173.6 
+0% 

193.2 
+0% 

2 
80.3 

+20.1% 
77.3 

+20.1% 
84.2 

+9.51% 
96.5 

+5.54% 
111.8 

+1.65% 
130.5 

+0.86% 
151.0 

+0.23% 
173.6 
+0% 

193.2 
+0% 

3 
89.8 

+34.3% 
86.0 

+33.5% 
92.4 

+20.1% 
103.5 

+13.2% 
116.8 

+6.21% 
132.3 

+2.50% 
151.8 

+1.80% 
174.3 
+1.6% 

193.4 
+0.4% 

4 
97.0 

+45.0% 
93.6 

+45.4% 
98.9 

+28.6% 
109.4 

+19.7% 
121.9 

+10.8% 
136.3 

+3.49% 
153.9 

+2.45% 
174.5 
+1.8% 

193.5 
+0.5% 

RC Two-
Way 

Waffle 
Slab 

1 56.2 56.9 56.7 61.3 81.3 96.4 94.8 97.8 114.6 

1.5 
62.4 

+11.0% 
63.0 

+10.8% 
63.5 

+12.1% 
66.0 

+7.65% 
81.0 

+0.28% 
102.4 

+6.19% 
103.5 

+9.19% 
103.1 
+5.% 

115.2 
+0.% 

2 
69.3 

+23.2% 
71.2 

+25.1% 
68.8 

+21.5% 
70.2 

+14.5% 
81.8 

+0.59% 
104.2 

+8.13% 
108.0 

+13.9% 
106.5 
+8.% 

116.1 
+1.% 

3 
82.8 

+47.3% 
83.5 

+46.8% 
83.7 

+47.7% 
84.2 

+37.3% 
89.2 

+9.75% 
109.6 

+13.7% 
122.9 

+29.6% 
122.6 
+25% 

124.0 
+8.1% 

4 
86.7 

+54.1% 
87.3 

+53.6% 
87.5 

+54.5% 
88.0 

+43.5% 
91.9 

+13.1% 
110.7 

+14.8% 
126.3 

+33.2% 
127.2 
+30% 

127.5 
+11.% 

RC 
Voided 
Plate 

2 65.7 71.8 92.0 114.6 146.9 184.9 226.1 169.9 316.6 

3 
74.0 

+12.6% 
77.6 

+8.10% 
92.4 

+0.43% 
114.6 
+0% 

146.9 
+0% 

184.9 
+0% 

226.1 
+0% 

269.9 
+0% 

316.6 
+0% 

4 
82.2 

+25.1% 
84.9 

+18.4% 
93.4 

+1.48% 
114.6 
+0% 

146.9 
+0% 

184.9 
+0% 

226.1 
+0% 

269.9 
+0% 

316.6 
+0% 

PT Flat 
Plate 

1 53.9 60.3 80.7 104.6 128.7 157.1 189.6 226.7 269.9 

1.5 
57.8 

+7.41% 
60.3 
+0% 

80.7 
+0% 

104.6 
+0% 

128.7 
+0% 

157.1 
+0% 

189.6 
+0% 

226.7 
+0% 

269.9 
+0% 

2 
62.0 

+15.1% 
60.3 
+0% 

80.7 
+0% 

104.6 
+0% 

128.7 
+0% 

157.1 
+0% 

189.6 
+0% 

226.7 
+0% 

269.9 
+0% 

3 
69.3 

+28.7% 
65.7 

+8.95% 
80.7 
+0% 

104.6 
+0% 

128.7 
+0% 

157.1 
+0% 

189.6 
+0% 

226.7 
+0% 

269.9 
+0% 

4 
75.7 

+40.6% 
72.8 

+20.7% 
80.7 
+0% 

104.6 
+0% 

128.7 
+0% 

157.1 
+0% 

189.6 
+0% 

226.7 
+0% 

269.9 
+0% 

PT 
Voided 
Plate 

(Ortho.) 

2 68.0 68.7 72.2 86.0 100.1 113.7 128.0 146.7 173.7 

3 
76.6 

+12.7% 
77.3 

+12.5% 
80.7 

+11.6% 
88.1 

+2.42% 
100.1 
+0% 

113.7 
+0% 

128.0 
+0% 

146.7 
+0% 

173.7 
+0% 

4 
85.2 

+25.3% 
85.9 

+25.1% 
89.2 

+23.5% 
93.1 

+8.26% 
100.1 
+0% 

113.7 
+0% 

128.0 
+0% 

146.7 
+0% 

173.7 
+0% 

PT 
Voided 

2 68.9 71.0 72.2 85.2 98.3 113.0 127.0 145.7 174.9 

3 
77.5 

+12.5% 
79.6 

+12.1% 
80.6 

+11.6% 
87.2 

+2.31% 
98.3 

+0% 
113.0 

+0% 
127.0 

+0% 
145.7 
+0% 

174.9 
+0% 
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Concrete 
Floor 

System 

Fire 
Rating 

(hr) 

Span Length (m) 

3 4.5 6 7.5 9 10.5 12 13.5 15 

Plate 
(Diag.) 

4 
86.1 

+25.0% 
88.2 

+24.3% 
89.2 

+23.5% 
92.3 

+8.37% 
98.3 

+0% 
113.0 

+0% 
127.0 

+0% 
145.7 
+0% 

174.9 
+0% 

 

4.4.2 EC and air-borne sound insulation 

 The relationship between EC emissions and the analytically obtained air-borne sound insulation 

performance is slightly more nuanced than the trade-off between prescribed fire rating and EC. Sound 

attenuation is directly influenced by the mass density and the flexural rigidity of the concrete floor systems. 

Therefore, the various geometric characteristics (e.g., top slab, ribs) and material properties (e.g., concrete 

strength class which effects the modulus of elasticity) result in wide distributions of sound transmission 

performance, quantified by the STC rating, for the concrete systems as shown in Fig. 4-10. These results 

indicate that the RC flat plate is the preferred floor system above a span length of 6 m when high air-borne 

sound insulation (a high STC rating) is desired. The ribbed floor systems had the greatest STC distribution 

across the span lengths, indicating how the rib dimensions can meaningfully benefit or worsen air-borne 

acoustic performance. The PT floor systems have the smallest distribution of STC rating likely due to the 

smaller range of thicknesses needed to satisfy the structural limit states. 
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Figure 4-10: The relationship between STC ratings and span length, showing that as the span increases, the STC 
rating increases. 

 

 As shown in Fig. 4-10, the spread of STC ratings is influenced by the span length; however, Fig. 

4-11 reveals the trade-off between EC emissions and the STC rating for the eight concrete floor systems. 

While the relationship between span length and STC rating is more linear, the relationship between EC and 

STC rating is more quadratic, emphasizing that there is a balancing relationship between EC and STC. The 

findings of Fig. 4-11 can help reveal the concrete floor designs that perform well for both EC and STC, as 

several different designs are observed as non-dominated for both objectives in all eight floor systems. 

Furthermore, there are noticeable “knee” points, where increases to the STC rating require more EC 

emissions, except for the RC two-way slab with beams and the RC two-way waffle slab. The RC two-way 

waffle slab does not have a clear knee point, but also has the smallest spread of STC ratings. On the other 

hand, the RC one-way slab has a range of STC ratings from STC-42 to STC-70 with many different 

geometries having low EC emissions and STC ratings up to STC-57, with higher STC ratings possible at 

the expense of increasing the corresponding EC emissions of the floor.  
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Figure 4-11: The trade-off between minimizing EC emissions and achieving high air-borne acoustic insulation for 
the eight concrete floor systems. 

 

4.4.3 EC and floor vibrations 

 In the assessment of walking vibrations, only the RC two-way slab with beams had designs that 

failed the vibration criterion. Specifically, the RC two-way slab with beams geometries with a slab thickness 

between 89 mm (3.5 in) to 127 mm (5 in) at long span lengths (above 9 m) were susceptible to vibration 

problems. Notably, these designs can only achieve low fire-resistance ratings (1-hr and 1.5-hr) and do not 

meet the minimum IBC requirement of an STC rating of 50. Although the ribbed one-way and two-way 

slabs also have thin slabs, those floor systems have ribs that provide additional flexural rigidity to stiffen 

the floor against walking vibrations. 

 While the assessment of walking vibrations found that most concrete floor systems do not need 

geometric alterations to satisfy vibration criteria (i.e., the structural limit states control and thereby satisfy 

vibration requirements), the analytically obtained natural frequency of the floors was found to be directly 
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correlated to the span length and mass density of the concrete floor system as seen in Fig. 4-12. Aside from 

the RC two-way slab with beams, all concrete floor systems have a natural frequency above 4 Hz, further 

indicating that they are less susceptible to vibration problems as below 4 Hz (and especially below 2 Hz) 

are frequencies that can cause vibration problems. This can help inform building engineers and designers 

when considering other vibration issues, such as rhythmic vibrations, as these results reveal what floor 

systems inherently have higher natural frequencies by satisfying the structural limit states.  

 A clear relationship exists between the span length and natural frequency of a floor system; 

however, the trade-off between EC emissions and natural frequency is less clear (see Fig. 4-13) as the 

natural frequency generally decreases with more EC. This effect is likely caused by the wider distributions 

of EC at longer span lengths, which coincides with lower natural frequencies. The results from the walking 

vibration analysis demonstrate that longer span lengths can be more susceptible to walking vibration, yet 

the concrete floor thicknesses required to satisfy the structural limit states typically prevents the structure 

from failing vibration criteria. In design scenarios that have stringent vibration requirements, the results 

presented indicate that prioritizing short span lengths or designing thicker concrete floor systems reduces 

the risk of vibration problems. 
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Figure 4-12: The relationship between the span length and the natural frequency of the floor systems. 
 

 

Figure 4-13: The relationship between the EC emissions and the natural frequency of the floor systems. 
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4.4.4 EC and all secondary objectives 

 The figures in the proceeding subsections help illustrate how prescribed fire-resistance rating, air-

borne acoustic attenuation, and walking vibrations, can each individually influence the EC emissions for 

the eight concrete floors. However, it is often necessary to consider multiple design objectives in the 

selection of a low-carbon concrete floor system. Fig. 4-14 shows a parallelaxis plot when evaluating all 

eight floor systems against EC and the three secondary objectives, in addition to the total floor depth and 

the natural frequency of the floor. It is evident that the relationship between reducing EC emissions and 

achieving favorable performance for secondary objectives is complex. Despite the complexities, one 

important observation is that the floor designs with the lowest EC emissions (below 50 kgCO2e/m2) have 

lower fire-resistance ratings (1-hr to 2-hr ratings) and STC ratings (STC-37 to STC-63) compared to floor 

systems with slightly higher EC. However, further design guidance is needed to provide more clarity on 

which floor system is preferable when balancing these design objectives. 

 

 

Figure 4-14: The relationship between EC emissions and the secondary design objectives. 
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4.4.5 Early-stage design charts to inform low-carbon selection of concrete floors 

 As illustrated in Fig. 4-14, it is difficult to determine which concrete floor system(s) are the best 

performing for different design scenarios. Like Ch. 3, design guidance appropriate in early design stages 

can improve the selection of a low-carbon concrete floor system while considering different floor systems 

and design parameters. However, including the performance of secondary design objectives in multivariate 

regression models can significantly complicate the regression models used in Ch. 3, limiting their accuracy 

and implementation in design practice. Therefore, this chapter proposes the creation of design charts based 

on the simulated results to identify low-carbon concrete floor systems given six different design scenarios. 

These design charts are intended to act as a complement to the multivariate polynomial regression equations 

in Ch. 3, especially when considering the fire-resistance, air-borne acoustic insulation, and walking 

vibrations performance of bare concrete floors. For example, building designers and engineers can use these 

charts first to search for a low-carbon concrete floor system(s) given multiple design performance criteria 

and then refine the EC estimate using the schematic design equations derived in Ch. 3. 

 Six different design scenarios (cases) are investigated, with the specific structural and building 

design scenarios provided in Table 4-9. The six cases broadly represent different building requirements that 

floor systems need to be designed to. The live loads specified are representative of the design loads 

corresponding to the building use type, as specified in ASCE 7-16 Table 4.3-1. The superimposed dead 

loads are typical to the building use types, as residential and office buildings would have lower dead load 

compared to medical, educational and public assembly buildings which would likely support larger 

mechanical ducts and floor toppings. All of the design scenarios are designed for a long-term deflection 

limit of L/360 except for the medical building, which would likely have a more stringent requirement 

because of sensitive medical equipment susceptible to floor deflections. The prescribed minimum fire rating 

and air-borne sound insulation ratings for the six cases can vary, but the defined ratings align with higher 

performance requirements expected for those building types (refer to Table 3-2 in Ch. 3 for more details).  
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Table 4-9: The building and structural design parameters for each design scenario case. 

Design 
Scenario 

Structural 
Live Load in 
kN/m2 (psf) 

Superimposed 
Dead Load in 
kN/m2 (psf) 

Deflection 
Limit 

Minimum 
Fire Rating 

Minimum 
STC Rating 

Corresponding 
Figure 

Case A: 
Typical Multi-
Unit 
Residential 
Building 

1.915 
(40) 

0.479 
(10) 

Δ < L/360 > 2-hr > STC-50 Fig. 4-15 

Case B: High-
End Multi-
Unit 
Residential 
Building 

1.915 
(40) 

0.718 
(15) 

Δ < L/360 >2-hr > STC-60 Fig. 4-16 

Case C: Office 
Building 

4.788 
(100) 

0.718 
(15) 

Δ < L/360 >2-hr > STC-50 Fig. 4-17 

Case D: 
Medical 
Building 

3.830 
(80) 

0.958 
(20) 

Δ < L/480 >3-hr > STC-55 Fig. 4-18 

Case E: 
Educational 
Building 

4.788 
(100) 

0.958 
(20) 

Δ < L/360 >2-hr > STC-55 Fig. 4-19 

Case F: Public 
Assembly 
Building 

7.182 
(150) 

1.436 
(30) 

Δ < L/360 >4-hr > STC-50 Fig. 4-20 

 

 The following figures (Figs. 4-15 to 4-20) identify the low-carbon concrete floor system for each 

of the six cases defined above. These design chart identify the concrete floor system that has the lowest EC 

or concrete SMQ at each span length for the given design scenario defined in Table 4-9. The design charts 

are provided in both the total EC of a floor system (i.e., includes the EC contributions from the concrete, 

steel rebar, void formers, and PT tendons as applicable) and in the volume (SMQ) of concrete in the floor 

system. The EC design charts represent the average EC value at each span length that satisfies the design 

requirements for the given design scenario. The SMQ charts similarly find the average concrete volume in 

the floor system, but do not consider the EC contributions of the additional structural materials in the 

system. This is because the SMQ design charts are intended to be multiplied by a GWP value specific to a 

concrete mix (refer to Equation 3-1): this enables a more accurate EC estimate of the concrete floor system. 

A designer can refer to Fig. 3-9 in Ch. 3 to estimate the percent contribution to the total EC from the other 
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structural materials to obtain a more tailored estimate of the total EC of a floor system. Note that the “Mix” 

label in the design charts means that multiple floor systems (or a mix of systems) are viable low-carbon 

design solutions. Error bars that represent the standard deviation for each combination of floor system and 

design scenario are also provided to help visualize the variability of EC emissions and concrete SMQs for 

each design scenario. Therefore, small error bars communicate a smaller distribution of EC emissions and 

concrete SMQs while large error bars communicate a larger distribution. 

 

 

Figure 4-15: Design charts for a typical multi-unit residential building displaying the concrete floor system(s) with 

the lowest a) EC and b) concrete SMQs across different spans. 
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Figure 4-16: Design charts for a high-end multi-unit residential building displaying the concrete floor system(s) with 

the lowest a) EC and b) concrete SMQs across different spans. 
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Figure 4-17: Design charts for a multi-story office building displaying the concrete floor system(s) with the lowest 

a) EC and b) concrete SMQs across different spans.  
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Figure 4-18: Design charts for a medical building displaying the concrete floor system(s) with the lowest a) EC and 

b) concrete SMQs across different spans.  
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Figure 4-19: Design charts for an educational building displaying the concrete floor system(s) with the lowest a) EC 

and b) concrete SMQs across different spans.  
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Figure 4-20: Design charts for a public assembly building displaying the concrete floor system(s) with the lowest a) 

EC and b) concrete SMQs across different spans.  

 

 The design charts reveal that for certain design scenarios and span lengths, the most preferred floor 

system can vary significantly. In fact, when assessing across all six cases, each of the eight floor systems is 

found to be preferred at a specific span length and design scenario. This finding underscores how the 

inclusion of fire-resistance, air-borne sound insulation, and floor vibrations does indeed influence the 
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selection of a low-carbon concrete floor system. Despite the nuances across the six design charts, there are 

three important observations: 

1. The preferred concrete floor systems at short span lengths are typically RC one-way slabs and RC 

two-way slabs with beams. This is largely because these floor systems can be designed with thin 

top slabs and small rib / beam cross sections thereby reducing concrete material and EC. 

2. However, when an STC rating above 50 is desired (i.e., Cases B, D, and E), no concrete floor 

system can satisfy all design requirements at short span lengths. Specifically, a requirement of STC-

55+ (Cases D and E) disqualifies all floor systems at or below a span length of 4.5 m and a 

requirement of STC-60+ (Case B) disqualifies all floor systems below a span length of 7.5 m. This 

indicates that material layers (or other acoustic treatments) may be necessary to achieve high sound 

insulation performance for shorter spans as designing for structural limit states alone does not meet 

higher acoustic performance goals. 

3. Regardless of the design scenario (including structural loads and secondary design requirements), 

the preferred concrete floor systems at long span lengths are typically RC two-way waffle slabs 

and the PT voided plates. This result is intuitive if only considering structural performance as both 

types of concrete systems are known to be economical at longer span lengths (refer to Sec. 3.3.1). 

Yet it is surprising that both floor systems (especially for two systems with different soffits) are 

found to be non-dominated even when the secondary design goals vary; however, the span length 

in which these systems begin to govern does appear to be influenced by the performance goals.  

Overall, these results reveal that building designers and engineers have to be aware that high performance 

design goals can influence the EC and selection of a low-carbon concrete floor system, especially at short 

span lengths where concrete floor systems can be designed as thin floors while maintaining structural 

integrity. Concrete floor systems commonly satisfy all structural and design code requirements at long span 

lengths; however, long spans have higher EC emissions and SMQs than shorter spans, including larger 

distributions of EC and SMQs as indicated by the increasing length of the error bars. 
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4.5 Design implications, limitations, and future work 

The EC emissions of RC and PT concrete floors can be influenced by the inclusion of fire-resistance 

rating, air-borne sound transmission, and floor vibrations in the definition of functional equivalence. The 

results indicate that different concrete floor systems are advantageous when considering secondary design 

objectives and that fire-resistance rating was the most influential objective when minimizing EC emissions. 

While out of the scope of this work, these results can help inform the selection of a low-carbon floor system 

when concrete floors are compared to structures composed of alternative structural materials (i.e., steel and 

mass timber). Depending on the design scenario, a concrete floor system can be designed without additional 

treatments for fire-resistance, air-borne acoustic attenuation, and vibrations to satisfy building code 

requirements. This is not the case for all structural floor systems. For example, long-spanning mass timber 

floors commonly need acoustic treatments and may have vibration concerns (Bazli et al., 2022; Kurent et 

al., 2024). Similarly, steel composite floor systems are more susceptible to floor vibrations than concrete 

systems (Gaspar et al., 2016; Tahmasebinia et al., 2022). Because secondary design considerations can 

control the design of the floor when using alternative structural materials to concrete, it is therefore 

important to expand the functional equivalence when comparing the EC emissions of different structural 

floor systems. 

Conventional RC and PT concrete floor systems have other building design benefits that are not 

considered in this study. The cost of the floor system can significantly influence the selection of a low-

carbon floor system (Jayasinghe et al., 2021), but a cost analysis is highly dependent on the cost indexes in 

a given location (Idrus, 2002). The SMQ design charts in this study can serve as a proxy on the cost of the 

structural materials, but formwork and labor costs would also need to be considered. Related, 

constructability is another important design consideration (Idrus, 2002; Orr et al., 2019). The LCA scope 

was limited to the A1-A3 stages and excludes the EC contribution of concrete columns and foundations. 

Further work can extend the EC results present study by evaluating these floor systems using whole-

building LCA and dynamic LCA methods.  
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Regarding the three secondary design objectives considered, an important limitation in the fire-

resistance analysis is that only a siliceous concrete mixture type was considered, although other concrete 

types can vary the minimum thickness needed to achieve different fire-resistance ratings, potentially 

implying lower EC emissions (refer to Fig. 4-6). Acoustically, single integer building acoustic objectives, 

like STC, may not appropriately capture the perceived acoustic insulation performance in a building (Park 

et al., 2009). Structure-borne sound insulation was not considered in this study because 1) accurate 

estimations require advanced computational models or experimentation and 2) bare concrete floor systems 

are typically unfavorable for impact sound insulation, often requiring additional material layers to satisfy 

IBC requirements (Arenas & Sepulveda, 2022; Jeon et al., 2004; Kylliäinen et al., 2017; Neves E Sousa & 

Gibbs, 2011). This study focused on bare concrete floor systems, but future work could evaluate low-carbon 

concrete floor systems for different material layers to expand the findings presented in this chapter. Other 

room acoustic phenomena such as sound reflection and absorption were not considered, but researchers 

could explore low-carbon synergies to improve acoustics through the geometric shaping and optimization 

of material properties of the concrete floor (Broyles et al., 2022c; Butko, 2021; Cottone et al., 2023). 

Another limitation is that only walking vibrations were considered in this study. Vibrations caused by 

rhythmic excitations can influence the design of a floor system, potentially requiring additional mass 

(concrete material). Adjusting the assumptions made in this study could alter some of the designs to pass/fail 

vibration criteria, as could the use of a FEM to ascertain the dynamic response of the floor system. 

Lastly, different permutations of design charts can be generated for other building types and design 

scenarios. A helpful alternative is to expand the web app created in Ch. 3 with the inclusion of fire-resistance 

ratings, STC ratings, and to check if the design can satisfy human-induced walking vibration requirements. 

4.6 Conclusion 

This study investigated how the inclusion of the prescribed fire-resistance rating, air-borne sound 

insulation, and floor vibration performance can influence the selection of a low-carbon concrete floor 

system. Eight conventional concrete floor systems were investigated for varying structural design 
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parameters, floor span lengths, and required performances for additional design objectives. Of the three 

additional design objectives, it was found that the prescribed fire-resistance rating had the largest influence 

on the EC emissions of a concrete floor system, with a percentage difference as high as 54.5% between the 

1-hr and 4-hr fire ratings for the RC waffle slab. 

The EC emissions of all concrete floor systems was influenced by the prescribed fire rating at span 

lengths below 6 m, while the EC emissions for floors with ribbed soffits and for the RC two-way slab with 

beams were affected for span lengths up to and exceeding 12 m. Air-borne acoustic insulation was shown 

to be heavily influenced by the span length of the concrete floor system, with the RC flat plate having the 

most favorable acoustic attenuation despite being the worst performing for EC. However, when balancing 

the reduction of EC emissions with high air-borne acoustic insulation, the RC two-way waffle slab and RC 

one-way slab were the most favorable floor systems. Regarding walking vibrations, all floor systems met 

the vibration requirement except for the RC two-way slab with beams. However, the distribution of natural 

frequencies for a concrete floor system is greatest at short span lengths suggesting that other vibration issues 

could arise (e.g., susceptible to rhythmic vibrations) with more material-efficient concrete floor systems 

(i.e., ribbed, and voided floor systems) designed for short spans. 

Because of the nuances and complexities of balancing multiple, competing design objectives, this 

study developed six design charts to aid building practitioners in the selection of a low-carbon concrete 

floor system. The six design charts correspond to six unique design scenarios common representative of 

different building types, including two multi-family residential building scenarios, an office building 

scenario, a hospital scenario, an educational building scenario, and a public assembly building scenario. 

The design charts displayed the results in EC emissions (assuming averages found from concrete EPDs) 

and in SMQs so that building designers can obtain a more tailored EC estimate if the GWP of a concrete 

mixture is known, as was similarly done in the schematic design equations in Ch. 3. The findings of this 

study and corresponding design charts directly respond to the urgent need to reduce carbon emissions in 

the built environment by informing the building design community on how three secondary design 

objectives influence the sustainability-driven design of concrete floor systems in buildings. 
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Chapter 5 

 

Experimental testing and model validation of shaped concrete slabs1 

5.1 Introduction 

The dynamic response of structural elements, especially floors, is an important consideration in 

building design since it relates to sound insulation and vibration performance (Caniato et al., 2022; 

Ebrahimpour & Sack, 2005; Rasmussen, 2010; Reinhold & Hopkins, 2021; Varela & Battista, 2011). 

Humans spend upwards of 90% of their time in buildings (Evans & McCoy, 1998), and poor sound 

insulation has short-term health consequences such as annoyance (Jeon & Sato, 2008), sleep loss (J.T. 

Weissenburger, 2004; Northwood, 1964), and fatigue (Monteiro et al., 2016; Rasmussen, 2021). Worse, 

failure to have proper sound attenuation can cause occupants to develop long-term health consequences 

including hypertension and depression (Maschke, 2016). To prevent potential health concerns, building 

designers need to consider both the air- and structure-borne transmission performance of structural 

elements. Although air-borne transmission is an essential component of the indoor acoustic environment 

(Ward & Randall, 1966), structure-borne transmission from activities such as walking have been found to 

be the “most disturbing noise source” (Vardaxis & Bard, 2018), emphasizing the need to strive for 

satisfactory impact sound insulation in building design (Cho, 2013; Yoo & Jeon, 2014). 

Vibrations, a common design concern for building elements, are often created by a rhythmic force 

caused by footfall, or machinery, and other transient excitations. If vibrations are not accounted for in the 

design of a floor system, it could be susceptible to amplified displacements, depending on its natural 

frequency (Longinow et al., 2009; Varela & Battista, 2011). If a force excites the natural frequency of the 

 
1 Chapter 5 is adapted from the published work by Broyles et al. “Evaluation of the dynamic response for scaled 
models of shaped concrete floor slabs.” (2023). Building Acoustics, 30(2), 143-163. 
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floor, a resonance can occur that could cause human discomfort, and in extreme cases, cause structural 

damage leading to failure (Longinow et al., 2009; Svinkin, 2004). 

While favorable dynamic performance of floors is critical to a safe and satisfactory design, building 

design is increasingly driven by environmental objectives. The construction and operation of buildings 

accounts for 35- 40% of global energy consumption (De Wolf et al., 2017), and floors made of concrete 

significantly contribute to embodied carbon emissions when compared to other common structural elements 

(Ismail & Mueller, 2021; Meibodi et al., 2018). One potential solution to reduce the carbon footprint of 

concrete floors is through reducing material by geometric optimization, since typical floors are designed 

for ease of construction and thus often overuse material (Hawkins et al., 2020; Ismail et al., 2021). 

Optimized structures can ensure structural integrity while reducing material consumption and 

corresponding carbon emissions, with possible material savings up to 70% (Meibodi et al., 2018). Yet 

lighter, geometrically optimized floors may have adverse effects on the dynamic performance of the 

structure when they are not properly considered (Nandy & Jog, 2012), potentially inadvertently affecting 

the natural frequency and the sound attenuation.  

Previous studies have demonstrated that simulated dynamic results of rectilinear concrete structures 

can be validated with experimental testing (Asakura et al., 2018; Gollob & Kocur, 2021; Neves E Sousa & 

Gibbs, 2011; Reinhold & Hopkins, 2021). A study by Roozen et al. (2018) showed how computational 

models (e.g., finite element models) can provide accurate simulations of dynamic performance, including 

phenomena such as sound insulation, of an optimized funicular concrete slab. Yet the numerical findings 

were trusted only after the model and results were experimentally validated. A later computational study 

by Wu et al. (2020) evaluated the vibration performance of the same optimized funicular slab system, 

indicating that the computational dynamic study was trusted only after experimental validation. Although 

optimized concrete slabs are a solution to reduce material consumption in a floor, there are alternative non-

traditional concrete floor systems including shaped, ribbed slabs. Further, optimizing the ribbed soffit of a 

concrete floor can reduce material consumption but may significantly influence the dynamic response of 

the structure; yet this behavior has not been researched. 



126 
 

Although optimized structures have a direct environmental benefit, determining their acoustical 

performance is a challenge. Unlike simple constructions, optimized structural elements cannot presume the 

same theoretical assumptions when predicting acoustic performance. As mentioned previously, a known 

strategy to model the dynamic performance of optimized floors is finite element analysis (FEA) (Maluski 

& Gibbs, 2016; Reinhold & Hopkins, 2021; Reynders et al., 2014; Roozen et al., 2018; Wu et al., 2020). 

Unlike many theoretical approximations, FEA is not restricted to rectilinear structures, since unique 

geometries can easily be approximated using a mesh composed of hexahedral, pentahedral, or tetrahedral 

elements (refer to Sec. 6.1). FEA can also account for structures with complicated material properties, such 

as steel-reinforced concrete elements (Badiger, 2014). These advantages make FEA an appealing option 

for estimating the dynamics of complex, optimized structures. However, before the results from numerical 

analyses of shape-optimized structures can be more widely utilized, experimental measurements should be 

used to validate the dynamic response. This prompts the research question: what is the experimentally-

obtained dynamic response of fabricated, quarter-scaled shaped ribbed concrete slabs, and can these results 

be used to tune numerical models for each slab? 

This chapter addresses this question by evaluating the dynamic performance of four unique, 

quarter-scaled shape-optimized reinforced concrete slabs. First, the shaped slab specimens were designed 

using nominal reinforced concrete properties. Next, experimental modal analysis using the roving force 

hammer method was performed on the fabricated slabs. Then, FEA models of the concrete slabs were 

created using nominal reinforced concrete material properties to estimate the mode shapes and 

eigenfrequencies. The natural frequencies and mode shapes were then compared to establish the validity of 

the modeling approach. Modal damping of the slabs, which cannot be easily modeled using FEA, was also 

determined from the experiments. Finally, the nominal concrete material properties, which naturally exhibit 

variability, were uniformly updated in the four models to achieve better agreement with experimental 

results. The following sections include background information on the shaped slabs, the experimental set-

up and post-processing, the numerical FEA model, and lastly comparisons of the dynamic results. 
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5.2 Floor selection, geometry, and design 

5.2.1 Floor Selection 

Four unique, quarter-scaled shape-optimized concrete slabs were evaluated in this study. The 

shapes (shown in Figure 5-1) were selected to assess the dynamic performance of specimens with known 

differences in mass density (corresponding to material savings) and simulated air-borne sound insulation 

calculated for the full-scale specimens. Additional information regarding the air-borne sound insulation 

methodology can be found in Broyles et al. (2022c). The Sound Transmission Class (STC) ratings were 

found to be STC-51, STC-55, STC-60, and an STC-50 for slabs 1 – 4, when using an angle of incidence of 

45° as was done by Broyles et al. (2022c) However, when considering a range of sound incident angles 

from 0° to 78°, the STC ratings are STC-52, STC-56, STC-60, and STC-46. It should be noted that the STC 

only describes the air-borne sound transmission directly through the building element and ignores flanking 

sound transmission. Although a numerical model approximating STC was used for the slab selection, it was 

anticipated that the four slabs would have differing dynamic results due to differences in mass density and 

stiffness. This study focuses on the evaluation of dynamic performance rather than air-borne sound 

transmission. 

 

 

Figure 5-1: The shapes of the four concrete slabs. An arrow is shown underneath Slab 4 to highlight the difference 
from Slab 1 (i.e., variation of cross-sectional area along span length compared to uniform cross-sectional area). 
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5.2.2 Specimen geometry and design 

After the four shapes were chosen, computational models for each slab shape were generated using 

NURBS curves in Rhinoceros3D v. 6. To experimentally obtain the dynamic performance of the specimens, 

fabrication plans (see Figure 5-2) were developed for each specimen. Due to scaling, the temperature and 

shrinkage steel in the top slab was specified as a steel wire grid to limit concrete cracking. Steel-

reinforcement was designed at 13 mm (0.5 in) from the bottom of both ribs. The placement of the steel 

reinforcement and wire was the same for slabs 1-3, but the reinforcement for slab 4 was located about 26 

mm (1.0 in) from the bottom of the rib ends to accommodate the curvature across the length of the rib. 

 

 

Figure 5-2: Fabrication plans for a representative shaped steel-reinforced concrete slab. 
 

The floor slabs are essentially a one-way slab with the ribs “shaped” to improve acoustical and 

sustainable performance. Since they are unconventional geometries within a parametric design space of 

possibilities, several can begin to look like a Double “T” shape. However, they would be analyzed 
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structurally as one-way slabs as long as they maintain the dimensional requirements for this analysis. Each 

design had top slab dimensions of 762 mm x 1524 mm (2.5 ft x 5 ft), with varying top slab and rib depths, 

as noted in Table 5-1. Each slab contained two ribs, which would span the narrow side of a building, with 

multiple slabs placed next to each other. Slabs 1, 2, and 3 had a uniform rib cross section across the length 

of the slab. Slab 4 had rib curvature that varied across the slab length, but the ends of the ribs had the same 

cross section profile as slab 1. The mass and mass densities of the quarter-scaled specimens are also 

provided. 

 

Table 5-1: Geometric properties of the four quarter-scaled slabs. 

Shaped Slab Top Slab Depth 
in mm (in) 

Rib Depth in 
mm (in) 

Rib Cross Section 
Area in mm2 (in2) 

Total Mass 
in kg (lb) 

Mass Density in 
kg/m2 (lb/ft2) 

1 
19 

(0.75) 
77 

(3.03) 
38236 
(59.27) 

120 
(263) 

103.3 
(21.0) 

2 
22 

(0.87) 
117 

(4.61) 
58558  
(90.77) 

163 
(359) 

140.4 
(28.7) 

3 
26 

(1.02) 
124 

(4.88) 
99939 

(154.91) 
251 

(553) 
216.1 
(44.2) 

4 (Ends) 
19 

(0.75) 
77 

(3.03) 
38236  
(59.27) 115 

(253) 
99.0 

(20.2) 
4 (Middle) 

19 
(0.75) 

64 
(2.52) 

31391  
(48.66) 

 

 Normal strength concrete was specified for the slab models, with a modulus of elasticity, Ec, of 

29,721 MPa (f’c of 5.8 ksi), and a steel reinforcement strength of 210,000 MPa (30,450 ksi). The concrete 

floor models presented in this work are designed to resist the same structural load, corresponding to typical 

ASCE 7-16 (American Society of Civil Engineers, 2016) floor requirements scaled to the experiment. 

Further details of the structural design and performance can be found in the thesis by Broyles (2020). 

 Although a flat slab specimen was not fabricated nor experimentally tested in this study, the flat 

slab that would be designed according to the structural conditions specified would have a uniform thickness 

of 230 mm (9 in). A quarter-scale specimen would thus have a uniform thickness of 57.5 mm (2.25 in), 

with a total mass of 163 kg (360 lb). Slabs 1 and 4 would have a mass savings (which corresponds to a 
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more sustainable design) compared to the flat slab of 26.3% and 29.4%, respectively. Slab 2 would have 

marginal mass savings, while Slab 3 would have an increase of mass of 54.0%. However, Slabs 2 and 3 

would likely have better air-borne sound transmission performance compared to the flat slab. Experimental 

modal analysis and numerical validation has been previously conducted on RC flat slabs (Ahmed & 

Mohammad, 2014, 2015), however, a direct comparison to the slab specimens in this study would require 

maintaining the same specimen scale, concrete mixture, specimen fabrication, and experimental procedure. 

Such a comparison could be performed in future work. 

5.3 Experimental procedure 

5.3.1 Specimen fabrication 

Following numerical modeling, the four shaped slabs were fabricated using a normal concrete 

mixture with cement, water, sand, and pebble-sized aggregate. The surface of the formwork was created by 

bending sheet metal to follow the curvature of the ribs. The sheet metal was held in place by plywood 

supports cut into the cross-section shape at increments along the slab length. Steel reinforcement was then 

placed inside the form. After the wet concrete was poured, the specimens remained in place until curing 

finished (i.e., after 28 days). Since the shaped concrete specimens were poured explicitly for testing (i.e., 

no structural load other than the slab self-weight was applied), it is assumed that the specimens had not 

cracked, which was confirmed by inspection. One of the scaled specimens is shown in Figure 5-3. 
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Figure 5-3: The fabricated slab 2 specimen. 
 

5.3.2 Testing of structural properties 

To validate the material properties of the four concrete specimens, the concrete strength was 

verified by breaking concrete cylinders with a diameter (Dc) of 102 mm (4 in) and a height of 203 mm (8 

in) from the same mixture used for the slab specimens. A uniaxial compressive test following ASTM C39 

(ASTM, 2021b) was conducted on three concrete cylinders on the 28th day from the concrete pour. The 

rupture load (Pmax) was found for each cylinder, as shown in Table 5-2. The rupture load (reported in kN) 

is then used to approximate the compressive strength of concrete (f’c) in MPa, 

                                      𝑓𝑓′𝑐𝑐 = 4000 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
𝜋𝜋𝐷𝐷𝑐𝑐2

, (Equation 5-1) 

which is used to determine an initial static modulus of elasticity of the concrete (Ec) in MPa: 

                                      𝐸𝐸𝑐𝑐 = 4700�𝑓𝑓′𝑐𝑐  . (Equation 5-2) 
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Table 5-2: The rupture load for three concrete cylinders with the corresponding material properties. 

Cylinder Rupture Load             
in kN (kips) 

Compressive Strength         
in MPa (ksi) 

Modulus of Elasticity   
in MPa (ksi) 

A 
274.4 
(61.7) 

33.9 
(4.909) 

27,365 
(3,969) 

B 
243.3 
(54.7) 

30.0 
(4.353) 

25,743 
(3,734) 

C 217.9  
(49.0) 

26.9 
(3.898) 

24,377 
(3,536) 

 

 After testing, the three concrete cylinder compression test results were found to have an average 

compressive strength of 30.3 MPa and a standard deviation of 3.5 MPa. The initial material properties used 

in the numerical FEA models were an Ec, of 25,871 MPa (f’c of 30.3 MPa) with a Poisson’s ratio of 0.15, 

and a steel modulus of elasticity, Es, of 210,000 MPa with a Poisson’s ratio of 0.30; however, due to the 

variability found in the concrete cylinder tests, it was deemed necessary to evaluate the FEA models for 

other structural material property combinations. 

5.3.3 Modal test set-up 

 For each specimen, four accelerometers were attached to the top surface using wax. The surface 

was then excited using the roving force hammer approach at the points shown in Figure 5-4 (a, b). Four 

Winbags (see Figure 5-4, c) were used to create a “free-free” boundary condition. The Winbags were 

inflated with air and placed under the ends of both ribs. Although the Winbags rested on the ground, the air 

created a free-free condition to isolate the slabs under a force load without significantly influencing the 

recorded modal response. 
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Figure 5-4: Experimental set-up for the roving hammer method. a) The grid showing the locations of the hammer 
impacts on the top slab of each concrete specimen. b) A picture during the experimental testing. c) Four Winbag 

supports were positioned on the ends of both ribs to replicate free-free boundary conditions. 
 

 Each grid point was excited three times and averaged to reduce noise in the frequency response 

functions (FRF) measurements (Schwarz & Richardson, 1999). The FRFs (acceleration over force) were 

acquired with a National Instruments PXI system sampling at 10,240 Hz with a blocksize of 16,384. Due 

to the anti-aliasing filter within the system, the usable bandwidth was 0 – 4 kHz, with a frequency resolution 

of 0.625 Hz. Reciprocity was conducted to test the validity of the structure, and coherence was checked 

during testing to partially consider linearity. 

5.3.4 Experimental data post-processing 

 Experimental modal analysis was performed on the four slabs to obtain its mode shapes, natural 

frequencies, and modal loss factors. This analysis was based on the roving hammer exciting the structure 

at regular grid points, with the response captured by the accelerometers. The accelerometers were attached 

in the normal direction to the flat side of the slab to obtain acceleration to force frequency response functions 

(FRFs) for each excitation point (see Figure 5-5).  
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Figure 5-5: Experimental data obtained through the roving force hammer method was post-processed. 

 

 The matrix of FRFs, referred to as H(ω), was then decomposed to extract modal parameters using 

a poly-reference technique (Peeters et al., 2004). To summarize the poly-reference technique, each FRF 

matrix was decomposed into a numerator matrix polynomial and a denominator matrix polynomial, 

                                      [𝐇𝐇(𝜔𝜔)] = [𝑩𝑩(𝜔𝜔)][𝑫𝑫(𝜔𝜔)]−1 , (Equation 5-3) 

with the matrices B and D being expanded with pth-order polynomial basis functions. To find the model 

coefficients of the expansions, the error between the model and the measured matrix was minimized using 

a nonlinear least squares scheme. Stabilization diagrams were then used to determine the appropriate order 

of the basis functions. Once the modal parameters were determined, the measured acceleration was 

synthesized to ensure that all relevant modal parameters were accurately estimated. 

5.4 Numerical FEA model 

5.4.1 Geometric model and meshing 

 The slab geometry files were imported into ANSYS (v. 2021 R1) to conduct the finite element 

analysis, with a unique mesh generated for each slab. The top slab was modeled using solid hexahedral 

elements with an average width, depth, and height of 25 mm, and the ribs were modeled using a combination 
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of hexahedral and tetrahedral elements with a base of 25 mm, due to the curved geometry. For more 

information on the types of finite elements and how they influence the model accuracy and computational 

time, refer to Sec. 6.1. To ensure that the slab models had an adequate mesh, the skewness, which is a 

unitless measure that accounts for the mesh quality (Knupp, 1999), was assessed for each shaped slab. Table 

5-3 presents the range, average, and standard deviation of the mesh skewness for each slab model. Skewness 

ranges from 0 to 1, with a smaller number corresponding to a better mesh quality. The meshes were deemed 

satisfactory based on 84% of the finite elements having a skewness value at or below 0.630 for each slab, 

which is below the maximum skewness of 0.95 recommended by ANSYS. 

 

Table 5-3: FEM mesh properties for each slab. 

Model Number of Elements Skewness Range Skewness Average Skewness Standard 
Deviation 

Slab 1 3,021 elements 1.306 x 10-10 to 0.998 0.264 0.331 
Slab 2 4,389 elements 1.306 x 10-10 to 0.992 0.273 0.357 
Slab 3 7,875 elements 1.306 x 10-10 to 0.997 0.195 0.309 
Slab 4 2,709 elements 1.306 x 10-10 to 0.992 0.274 0.332 

 

5.4.2 Steel reinforcement and model pre-processing 

 Since steel reinforcement was placed near the bottom of both ribs for each slab design (Figure 5-

6), two strips of elements were selected within each mesh to have steel reinforcement properties after the 

shaped slab was meshed. These steel elements were centered in each rib at a height above 25 mm. Although 

the exact steel reinforcement geometry can be incorporated in an FEA model, this approach simplified the 

numerical model by reducing the number of solids that needed meshing, reducing computational cost. This 

approach enables the concrete and steel elements to have element nodes and faces aligned. 

 

 
Figure 5-6: Two strips of elements were selected for steel reinforcement, as shown in the model of slab 2. 
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 After specifying the steel reinforcement elements, the first 40 modes and eigenfrequencies were 

found for each slab. The boundary conditions were modeled as free-free to match the experimental set-up 

described previously. 

5.5 Results and discussion 

5.5.1 Initial result comparison 

Figure 5-7 shows the mode shapes and eigenfrequencies obtained for each slab after post-

processing the experimental data. The first four mode shapes are characterized as (1,1), (2,0), (0,2) and 

(2,1) and are seen across all slabs. The eigenfrequency order switches for slabs 2 and 3, which is expected 

since the different slab and rib depths (See Table 5-1) create different ratios of bending to torsional 

stiffnesses. The natural frequencies of the modes, except for the (0,2) mode, still increase with weight as 

seen by slab 4 (the lightest panel) having the lowest frequency and slab 3 (the heaviest panel) having the 

highest eigenfrequencies. 

 

 

Figure 5-7: The first four experimentally obtained mode shapes for each slab specimen. Red represents both the 
maximum positive and maximum negative displacement of each mode while blue represents zero displacement. 
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 The modal damping for the four slabs is compared in Figure 5-8. Damping loss factors were 

estimated using the poly-reference technique previously discussed. The values fall roughly around 0.01 and 

are mostly consistent between the slabs. The variation increases slightly above 1 kHz and is mostly 

pronounced in slab 1. This suggests that the damping of the concrete slabs at lower frequencies is not 

strongly influenced by the rib shape, but damping may have some influence at higher frequencies. 

 

 

Figure 5-8: Modal loss factors for the four slabs. 

 

 The experimental results are compared to the initial numerical results using the specified material 

properties in the design of the four shaped slabs as seen in Figure 5-9. The mode shapes match well overall, 

suggesting that the numerical model reasonably agrees with the experimental results, but the measured 

natural frequencies are higher than what was obtained experimentally. Because the numerical and 

experimental masses are nearly identical (see Figure 5-10), the initial comparison suggests that the concrete 

modulus in the numerical models is too low. Therefore, a systematic sensitivity analysis that varied the 

material properties was performed to identify the properties that best matched the experimental results. 
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Figure 5-9: The initial mode shape comparison of the experimental and numerical results. 
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Figure 5-10: Comparison between the fabricated and modeled mass of the four slabs. 

 

5.5.2 Material property exploration 

 After the experimental results were obtained, the material properties in the FEA models were 

systematically explored to minimize the error with the experimental results. The material properties that 

were varied included the concrete compressive strength from a range of 37.92 MPa to 48.26 MPa (5.5 ksi 

to 7 ksi), which corresponds to a modulus of elasticity of 28,943 MPa to 32,652 MPa, and a Poisson’s ratio 

from a range of 0.10 to 0.20. In sampling to find the smallest percent error, the numerical modes were 

matched to the first 16 experimental modes for each grouping of material properties. The percentage error 

between the natural frequency of each mode shape pairing was taken and then averaged across the 16 mode 

shape pairings. The composite percent error for each material property combination is shown in Figure 5-

11. In the contour plot, the light color corresponds to low percent error while the dark color corresponds to 

high percent error. When assessing Fig. 5-11, it is obvious that slab 1 has a higher percentage error 

compared to the other three slabs. This difference is hypothesized to be caused by the fabrication difference 

between the slabs. Specifically, slab 1 was poured at an earlier time than slabs 2 to 4, which were poured 

at the same time / day. As a result, slab 1 had a longer curation time before the experimental modal test, 
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potentially resulting in different concrete material properties from the other three slabs and resulting in the 

percentage differences seen in Fig. 5-11. 

 

Figure 5-11. a) A contour plot showing the averaged percent errors for the four slabs to ascertain the material 
properties, and b) contour plots for each slab. 

 

 

 The composite percentage errors were averaged across the four slabs to identify the material 

properties that work best for all slabs. The lowest composite percent error was 6.75% using the material 

property combination of a modulus of elasticity of 32,064 MPa (f’c of 46.54 MPa) and a Poisson’s ratio of 

0.18. This grouping of materials was selected to obtain the final modal performance. After the material 

properties were determined, the first sixteen mode shapes were found (Table 5-4), including the percentage 

errors calculated between the experimental and numerical eigenfrequencies (Table 5-5). Although the first 

four numerical modes were in a similar order as the first four experimental modes, the numerical mode 

order varied greatly for the latter 11 experimental mode shapes. This point is better observed in Figures 5-

12, 5-13, 5-14, and 5-15, which compare the 16 experimental and numerical mode shapes for shaped slabs 

1 to 4, respectively. 
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Table 5-4: The order of the first 16 experimentally obtained mode shapes. 

Mode 
Shape 

Order of Modes for 
Slab 1 

Order of Modes for 
Slab 2 

Order of Modes for 
Slab 3 

Order of Modes for 
Slab 4 

(1, 1) 1 1 2 1 

(2, 0) 2 3 3 2 

(0, 2) 3 2 1 3 

(2, 1) 4 4 4 4 

(3, 0) 5 6 6 6 

(1, 2) 6 5 5 5 

(3, 1) 7 7 7, 8 7 

(0, 3) - 9 12 11 

(4, 0) 8 11 10 8 

(2, 2) 9 8 9 9 

(4, 1) 10, 11 12 11 10 

(1, 3) 12, 13 10 13 12 

(2, 3) - 13 - 15 

(3, 2) 14 14 14 13 

(5, 0) 15 15 15, 16 14 

(5, 1) 16 16 - 16 

 

Table 5-5: Eigenfrequencies and numerical-to-experimental percent errors. 

Mode 
Number 

Slab 
Experimental 

Eigenfrequency (Hz) 
Numerical  

Eigenfrequency (Hz) 
Percent Error (%) 

1 

Slab 1 147 127 13.6 

Slab 2 149 152 2.0 

Slab 3 213 187 12.2 

Slab 4 114 112 1.8 

2 

Slab 1 159 146 8.2 

Slab 2 159 157 1.3 

Slab 3 223 222 0.4 

Slab 4 116 124 6.0 

3 Slab 1 273 156 42.9 
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Mode 
Number 

Slab 
Experimental 

Eigenfrequency (Hz) 
Numerical  

Eigenfrequency (Hz) 
Percent Error (%) 

Slab 2 200 215 7.5 

Slab 3 229 256 11.8 

Slab 4 166 173 4.2 

4 

Slab 1 300 258 14 

Slab 2 311 326 4.8 

Slab 3 443 446 0.7 

Slab 4 234 241 3.0 

5 

Slab 1 407 384 5.7 

Slab 2 420 425 1.2 

Slab 3 529 533 0.8 

Slab 4 319 334 4.7 

6 

Slab 1 444 361 18.7 

Slab 2 519 554 6.7 

Slab 3 595 657 10.4 

Slab 4 331 318 3.9 

7 

Slab 1 535 477 10.8 

Slab 2 604 642 6.3 

Slab 3 773 813 5.2 

Slab 4 420 433 3.1 

8 

Slab 1 743 773 4.0 

Slab 2 793 798 0.6 

Slab 3 781 813 4.1 

Slab 4 600 620 3.3 

9 

Slab 1 769 664 13.7 

Slab 2 800 769 3.9 

Slab 3 985 997 1.2 

Slab 4 627 590 5.9 

10 
Slab 1 837 773 7.6 

Slab 2 893 879 1.6 
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Mode 
Number 

Slab 
Experimental 

Eigenfrequency (Hz) 
Numerical  

Eigenfrequency (Hz) 
Percent Error (%) 

Slab 3 1086 1173 8.0 

Slab 4 680 693 1.9 

11 

Slab 1 865 773 10.6 

Slab 2 935 985 5.3 

Slab 3 1232 1309 6.3 

Slab 4 775 732 5.5 

12 

Slab 1 984 777 21.0 

Slab 2 1000 1051 5.1 

Slab 3 1339 1176 12.2 

Slab 4 801 798 0.4 

13 

Slab 1 1020 777 23.8 

Slab 2 1167 1151 1.4 

Slab 3 1432 1309 8.6 

Slab 4 918 871 5.1 

14 

Slab 1 1104 972 12.0 

Slab 2 1199 1193 0.5 

Slab 3 1501 1496 0.3 

Slab 4 937 949 1.3 

15 

Slab 1 1132 1062 6.2 

Slab 2 1384 1430 3.3 

Slab 3 1629 1544 5.2 

Slab 4 980 950 3.1 

16 

Slab 1 1247 1099 11.9 

Slab 2 1410 1520 7.8 

Slab 3 1646 1771 7.6 

Slab 4 996 986 1.0 
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Figure 5-12: Comparison between the experimental and numerical mode shapes and eigenfrequencies for slab 1. 

 

 
Figure 5-13: Comparison between the experimental and numerical mode shapes and eigenfrequencies for slab 2. 

 

 
Figure 5-14: Comparison between the experimental and numerical mode shapes and eigenfrequencies for slab 3. 
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Figure 5-15: Comparison between the experimental and numerical mode shapes and eigenfrequencies for slab 4. 

 

5.5.3 Final validation 

 Figure 5-16 displays the contrast between the experimental and numerical natural frequencies for 

each slab using the material properties that best matched the experimental results. Slab 1 has the worst 

correlation of numerical to experimental eigenfrequencies, with lower numerical frequencies at frequencies 

at, and above, 1 kHz. As previously mentioned, this is likely due to the difference in fabrication time 

between slab 1 and the other three slabs. Slab 3 had poor correlation above 1 kHz but had good correlation 

below 1 kHz. Slabs 2 and 4 match very well with little percentage error across all 16 mode shapes. 

 



146 
 

 

Figure 5-16: Comparison of the experimental and numerical eigenfrequencies. 

 

 To further validate the results of the numerical model to the experimental results, a Modal 

Assurance Criterion or MAC calculation was used. The MAC calculation is used in modal analyses to 

indicate the correlation of a pair of mode shapes which can help validate a numerical model using 

experimental results. The MAC calculation is defined as, 

  𝑀𝑀𝑀𝑀𝑀𝑀 =  �{𝝋𝝋𝑨𝑨}𝑻𝑻{𝝋𝝋𝑿𝑿}�
𝟐𝟐

({𝝋𝝋𝑨𝑨}𝑻𝑻{𝝋𝝋𝑨𝑨})({𝝋𝝋𝑿𝑿}𝑻𝑻{𝝋𝝋𝑿𝑿})
,                                          (Equation 5-4) 

where {φA} and {φX} represent the displacement vectors for the experimental and numerical methods 

respectively. The MAC provides a scalar number from 0 (no correlation) to 1 (perfect correlation) indicating 

the quality of the correlation of each pair of mode shapes (Allemang, 2003; Pastor et al., 2012). The results 
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of the MAC for the first 16 experimentally obtained mode shapes for each quarter-scaled slab in comparison 

to the corresponding numerical mode shapes are shown in Figure 5-17. The results show that mode shape 

pairs have high correlation for each slab. Of note, some of the experimentally obtained modes (e.g., modes 

12 and 13 for slab 1) were practically identical. As a result, the MAC calculation for some of the pairs of 

modes shows a weak correlation to the numerical results, but this is due to experimental error. The primary 

takeaway from the MAC calculation is that the numerical model correlates well to the experimentally 

obtained results, indicating that the numerical FEA models for the four slabs can be trusted. 

 

 

Figure 5-17: The MAC for each quarter-scaled slab for the first 16 experimentally obtained mode shapes. 
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 The modal damping factors that were experimentally obtained were used in the numerical model 

to determine the dynamic response, as seen in Figure 5-18. The mobilities were obtained with an excitation 

point at grid point 1 (for reference, see Figure 5-4 a) and a reception point at grid point 7. It should be noted 

that the anti-resonances shown below correspond to minimal dynamic responses in between modes. In the 

numerical model, the equivalent viscous damping is applied as a constant value. Experimental values for 

the damping were needed due to the lack of a predictive damping model for shaped concrete specimens. 

 

 

Figure 5-18: The mobilities of each floor given an impact force at the corner of the slab. 

 

5.5.4 Discussion 

The previous figures show good agreement between experimental and numerical results. However, 

there are multiple factors of uncertainty that should be noted. First, concrete material can vary from pour to 

pour even when using the same concrete mixture. Although the ASTM C39 (ASTM, 2021b) standard was 
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followed, previous research has reported significant variations in concrete material properties (Aït-Mokhtar 

et al., 2013; Pacheco et al., 2019). Second, while the placement of the steel rebar was located near the center 

of each rib, slight imperfections can create uncertainty in the numerical results. Finally, human error is a 

factor in fabricating specimens and conducting experimental measurements, leading to small uncertainties. 

The accuracy of the comparison between measurement and model is not entirely consistent between the 

four slabs, likely due to the differences in fabrication time. Nevertheless, the results from this study provide 

helpful insight on the dynamic performance of shaped floors, validating the numerical FEA approach used. 

5.6 Implications in building acoustics 

  Validating the modeling procedure of shaped concrete specimens promotes many research 

opportunities in the field of building acoustics. Primarily, future researchers can implement the method 

demonstrated here to explore the dynamic performance of other uniquely shaped building elements. The 

structural geometry can be coupled to optimization frameworks aimed at increasing the sound insulation or 

improving the fundamental frequency. Furthermore, FEA models could be implemented as a decision-

making tool to determine if optimized structures are acoustically advantageous compared to traditional 

building elements. Wall elements, which have been shown to have favorable acoustical performance when 

optimized (Hoban & Peters, 2022), can also be assessed using the proposed method.  

 Further experimental research should be conducted on shaped structural elements. For instance, a 

study determining the dynamic modulus of elasticity of different shaped specimens would be valuable for 

further dynamic analysis. A structural four-point bending test would also help validate the expected 

structural performance of these specimens. Experimental studies encompassing other building disciplines 

would give insight on the holistic performance of optimized floors. 

 This study also encourages the expansion of full-scale shaped slab specimen models (Filippou, 

1990). The eigenfrequencies of the full-scale models could be compared to the experimentally obtained 

eigenfrequencies. A ratio of four-to-one would be expected from the quarter-scaled specimens. Although 

full-scale numerical FEA models have high computational costs, full-scale models could aid designers in 
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finding the fundamental frequency of an entire floor or building (Pérez Caldentey et al., 2021). Full-scale 

models are also necessary to further understand the behavior of optimized structures (Burger et al., 2022). 

For example, the vibration performance caused by rhythmic loads, such as those experienced from a 

machine or human activity (i.e., walking), can be assessed to determine if vibration control measures are 

required (Wu et al., 2020). The computational results could be compared to a conventional flat slab to 

further study the influence of the shaped slabs.  

 Related, another research application is to determine the sound insulation performance of the bare 

shaped slabs. Using a simplified injected force of 1 N normal to the top (flat) side of the slabs, the modal 

frequency response can be found. A single impulse that excites a broad frequency range would be preferable 

as simulating rhythmic forces at many locations using FEA is computationally costly. The drive point 

impedance can be generated from the force and used to calculate the input power. The transmitted radiated 

sound power can then be calculated by determining the pressure at the boundary of a free-field air 

hemisphere (Conta et al., 2020). This strategy can help designers consider the impact sound insulation 

performance of different shaped structural elements in the conceptual design stage and is addressed in Ch. 

6. A related subject to sound insulation is the coincidence frequency of a structure. Previous work by 

Broyles et al. (2021) found that the shape of concrete specimens can influence the frequency that the 

coincidence dip occurs in simulated transmission loss. Further, optimization techniques can improve air-

borne performance of slabs by shaping the rib to have a coincidence frequency below the 125 Hz one-third-

octave band, suggesting the need for alternative acoustic metrics in optimization frameworks. Later studies 

that optimize structural elements in buildings, like walls, should similarly study the coincidence frequency. 

 Additional areas of future research include the incorporation of room acoustic modeling techniques, 

such as ray-tracing, to determine the holistic acoustical performance in the building. Shaped ceilings have 

shown that geometric alterations can improve the acoustics in a room (Broyles et al., 2022b); however, 

sound insulation was neglected from this study. Incorporation of floating floors or hung ceilings is another 

avenue for future research. Similarly, assessment of the absorptive performance of non-traditional 

structures may be valuable for designers to explore alternatives for improving room acoustics (Butko, 
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2021). Lastly, incorporating accurate acoustic objectives can aid in multi-disciplinary studies aimed at 

determining the overall best performing designs (Broyles et al., 2022a). 

5.7 Conclusion 

This chapter presents the results of an experimental modal hammer test on four quarter-scaled 

shaped ribbed concrete slabs to help validate the results of a numerical FEA model. The numerical models 

were adjusted to minimize the percentage error between the eigenfrequencies obtained in the numerical 

modal analysis with the experimental modal response. Such validation is crucial before evaluating shape-

optimized structures in larger numerical building analyses, especially for further optimization that 

incorporates acoustical objectives such as impact sound insulation and vibration control. 
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Chapter 6 

 

Computationally efficient method for estimating impact sound insulation1 

6.1 Introduction 

Concrete floor structures have been the subject of significant research because they are among the 

leading contributors of the embodied carbon footprint in a multi-story building (Foraboschi et al., 2014; 

Huberman et al., 2015). To mitigate carbon emissions, building designers and engineers have employed 

optimization strategies to design non-conventional concrete floor geometries by removing unnecessary 

concrete material that is not contributing to the structural integrity of the floor (Ismail & Mueller, 2021). 

These strategies enable the potential for significant carbon emission savings, yet the reduction of concrete 

material can inadvertently affect the performance of other building objectives. Acoustic insulation is 

especially susceptible to the removal of concrete material as structural-acoustic characteristics, like mass 

density and bending stiffness, rely on dense structural material to achieve favorable acoustic insulation 

performance (Hambric & Fahnline, 2007). Poor acoustic insulation in buildings could result in costly 

building retrofits post-construction (Longinow et al., 2009), or serious health concerns to occupants, 

including increased annoyance (Jeon & Sato, 2008), stress (Jensen et al., 2018), and sleep disorders 

(Nivison & Endresen, 1993; Rasmussen & Ekholm, 2019). Impact sound insulation has been found to be a 

leading cause of acoustic complaints in buildings (Vardaxis et al., 2018), indicating the need to assess 

structure-borne sound insulation of material-optimized floor components. 

To prevent the consequences of poor sound insulation in buildings, it is necessary to consider 

acoustic design goals when optimizing floor components. Roozen et al. (2018) tested a funicular concrete 

 
1 Chapter 6 is in preparation for submission to a peer-reviewed journal. 
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floor to help validate a numerical model in estimating the air-borne sound insulation performance. 

Similarly, Broyles et al. (2022c) explored how shaping one-way concrete floors could improve the air-

borne acoustic insulation with the intent of minimizing concrete material and corresponding carbon 

emissions. Both studies demonstrated that air-borne acoustic insulation could be adequately estimated using 

experimentally validated finite element models and analytical expressions. However, the assessment of 

impact sound transmission performance for optimized concrete floors has been less studied.  

Méndez Echenagucia et al. (2016) evaluated different funicular forms (i.e., different heights and 

rib geometries) for radiated sound power, but only considered frequencies below 200 Hz. While low 

frequency sound insulation should be evaluated, the full frequency impact sound performance was not 

considered, preventing the knowledge of how well the funicular floors can attenuate high frequency impact 

sounds. Furthermore, the rating of bare concrete floors using the North American acoustic transmission 

metric, Impact Insulation Class (IIC), is often controlled by the impact performance at high frequencies 

(ASTM E989, 2006). The analytical expressions that quantified air-borne sound insulation for shaped slabs 

are less precise for determining impact sound insulation. Broyles et al. (2022a) used a simple analytical 

expression by approximating the force of the hammers in an ISO tapping machine, however this approach 

could only estimate an impact sound rating, bypassing the determination of the normalized sound pressure 

levels across a broad frequency range. A more robust numerical method is therefore needed to evaluate the 

impact sound insulation performance of non-traditional floor structures. 

Conventional methods to adequately simulate the impact sound insulation performance of concrete 

floors include wave-based methods, such as the finite element method (FEM) and the boundary element 

method (BEM). These methods have been widely implemented in research to evaluate rectilinear concrete 

floors. Neves e Sousa and Gibbs (2011) used analytical FEMs to assess the structure-borne sound insulation 

of homogeneous concrete plates. Asakura et al. (2018) validated the structure-borne sound insulation results 

of a 5-story concrete building using a computational FEM. Additionally, Reinhold and Hopkins (2021) 

experimentally assessed a concrete reception plate for structure-borne sound to tune a numerical model to 
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better assess structural-borne sound insulation. Despite the popularity of wave-based methods to obtain the 

sound insulation performance of concrete floor structures, a major drawback is the computational (CP) time 

(Kim et al., 2019). Indeed, the large CP time and expertise to create an accurate FEM or BEM have limited 

the number of studies evaluating concrete floor structures for impact sound.  

Another drawback to current numerical methods is that a very fine mesh resolution is needed to 

appropriately consider the acoustic performance at high frequencies (Howard & Cazzolato, 2014). Popular 

FEM software programs (i.e., Ansys, Abaqus) recommend a minimum of six finite elements per wavelength 

(Marburg, 2002), which can significantly increase the CP time from a few hours to many hours or days. 

The type of finite element can also further increase CP time. As seen in Fig. 6-1, higher order element types 

result in accurate results, but extensive computational costs, suggesting a trade-off between accuracy and 

CP time.  The substantial computational cost hinders the ability to simulate many different concrete floor 

forms for impact sound insulation, especially in design exploration frameworks. These limitations motivate 

the question: how can a numerical method adequately estimate the full frequency (including both low and 

high frequencies) impact sound insulation performance of non-traditional concrete slabs while reducing the 

required computational resources? 

 

 
 

Figure 6-1: Comparison between the common FEM element types and associated accuracy and computational time. 
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This chapter responds to this question by describing a numerical method to approximate the full 

frequency impact sound insulation performance of shaped concrete floors. A hybrid air-hemisphere and 

radiation efficiency method is proposed to estimate the broad frequency range required to impact sound 

insulation for concrete floors. Specifically, the conventional air-hemisphere method can be applied at a 

subset of low frequencies, while the radiation efficiency can be calculated and used to approximate the 

radiated sound power at frequencies above the coincidence frequency. This approach is especially suited 

for concrete floors because the coincidence frequency is relatively low, thereby allowing mid- and high-

frequencies to be approximated. As a result, the required meshing in the FEM model and consequent 

computational time are reduced to enable quicker evaluations. This method, which in this dissertation is 

referred to as the IIC-Like method, is validated for three rectilinear concrete plates and four shaped concrete 

floors that were experimentally tested for dynamic performance. This method also makes use of six 

different walking paths to determine the worst-case impact sound insulation scenario. After validating this 

method for the flat and shaped concrete floor case studies, additional methodological considerations are 

addressed including the inclusion of low frequency impact sound below 100 Hz and to determine if 

modeling walking paths is needed. A discussion of the application of this method, including estimated 

computational resource savings, concludes this chapter. Overall, this chapter details a numerical approach 

to more efficiently approximate impact sound insulation performance for conventional and non-traditional 

concrete floors. 

6.2 Background 

6.2.1 Conventional methods to simulate impact sound insulation 

The air-hemisphere method is an existing numerical method to quantify the radiated sound power 

of a structure. To evaluate the impact sound insulation performance of a structure, force(s) that act normal 

to a floor structure are modeled to obtain the input power. The dynamic response of the structure is then 

used to determine the radiated sound power at the boundary of a hypothetical air hemisphere that represents 

the far-field condition. Fig. 6-2 illustrates this conventional methodology for a rectilinear plate.  
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Figure 6-2: Illustration of the far-field air-hemisphere method for a conventional plate. 

 

The radiated sound power, Prad, can be obtained at the boundary of the far-field air hemisphere and 

compared to the injected sound power, Pi, acting on the structure to determine the transmission coefficient, 

τ, performance across a broad frequency range. The surface-averaged velocity, 〈|𝑣𝑣|〉, which is caused by 

an input force(s), F, can be used to calculate the input power, Pi,: 

                                    𝑃𝑃𝑖𝑖 = 1
2

Re(𝐹𝐹〈|𝑣𝑣|〉∗) (Equation 6-1) 

The radiated sound power, Prad, is calculated by taking the summation of the complex conjugate 

between the pressure, p, and particle velocity, u, for each element, i, multiplied by the corresponding area 

of the element, Ai, along the boundary of the far-field air hemisphere: 

                                    𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 = 1
2
∑ Re𝑖𝑖 {𝑝𝑝𝑖𝑖𝑢𝑢𝑖𝑖∗}𝐴𝐴𝑖𝑖 (Equation 6-2) 

The ratio of input power to radiated power is calculated to obtain the transmission coefficient, τ, 

for a given frequency range, 

                                    𝜏𝜏 = � 𝑃𝑃𝑖𝑖
𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅

�,  (Equation 6-3) 

and can be used to obtain normalized sound pressure levels (LN), which can be used to obtain a numerical 

impact insulation rating. 
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6.2.2 Challenges to simulating impact sound insulation performance  

Impact sound is a growing concern in the design of the built environment, as poor impact sound 

insulation has been found to be one of the primary sources of complaints in residential buildings (Vardaxis 

& Bard, 2018). In North America, impact sound transmission in buildings is often quantified as an Impact 

Insulation Class (IIC) rating (ASTM E989, 2006), which provides a single scalar value for the structure-

borne transmission performance of a structure. Impact sound performance is commonly obtained 

experimentally using a tapping machine in North America, as follows ASTM E492 (2022). Yet the 

procedure to extract an IIC rating from the tapping machine has many limitations at lower frequencies due 

to the 2 Hz / 10 Hz harmonic dropout in the frequency domain. Indeed, the lower frequency bound to 

calculate IIC has been well studied, but not agreed on, as researchers have proposed various lower-bound 

limits down to 50 Hz (Loverde & Dong, 2018). Researchers have also questioned whether the laboratory 

measurements for impact sound are reliable, especially at low frequencies, complicating the assessment of 

structure-borne sound insulation (Girdhar et al., 2023a; 2023b). Further, alternative impact sound metrics 

have been developed to complement the existing IIC rating to provide a more comprehensive understanding 

of the impact sound insulation performance of a floor (LoVerde & Dong, 2017). 

Conventional FEM methods for determining the radiated sound power of a structure have been 

available for many decades, yet the large computational cost of running a single FEM simulation has limited 

its utility in many engineering applications. This is because the conventional IIC rating evaluates the impact 

sound transmission loss of a structure from the 100 Hz OTO band to the 3.15 kHz OTO band, requiring 

both a large enough air hemisphere to account for low frequencies and a very fine mesh resolution to 

accommodate the high frequencies, resulting in a very large FEM. Additionally, concrete floor systems 

commonly have impact sound deficiencies at both low and high frequencies, indicating why little studies 

have evaluated the full frequency impact sound performance of concrete floor systems. These challenges 

provide helpful context to why many related studies investigating the impact sound of structures look at a 
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subset of the frequencies needed to evaluate IIC (Mendez Echenagucia et al., 2016), indicating a need for 

an alternative approach to existing conventional numerical methods to evaluating impact sound. 

6.2.3 Chapter scope 

 Motivated by the challenge of estimating impact sound insulation performance across a broad 

frequency range for concrete floors while minimizing computational resources, this study details a 

computationally-efficient method to determine the impact sound insulation performance of conventional 

and non-traditional concrete systems. The procedure for this method is outlined in the next section, followed 

by validation and a discussion on the applications, estimated computational resources that are saved when 

using this method, and the limitations of this work. Overall, this study extends existing research on the 

numerical quantification of impact sound insulation of floors in buildings by detailing a hybrid air-

hemisphere that uses the acoustical concept of radiation efficiency to evaluate the broad frequency impact 

sound insulation performance of different floor shapes (forms) without expending significant computational 

resources.  

6.3 Methods 

This section describes the method for simulating an impact sound objective (IIC-Like) for concrete 

floor components. The general procedure for the IIC-Like method is as follows: 

1. Conduct a modal analysis of the slab, 

2. Simulate the low frequency response function (FRF) for each walking path, 

3. Obtain the low frequency radiated sound power using the far-field air-hemisphere method, 

4. Calculate the radiation efficiency, 

5. Simulate the broad (low to high) FRF for each walking path, 

6. Check that the low and broad FRFs match, otherwise apply a correction to the radiation efficiency, 

7. Compute the injected and radiated power, and 

8. Determine the LN curve to find the simulated IIC-Like objective. 
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While neither the conventional air-hemisphere method and the concept of radiation efficiency are by 

themselves novel, the strategic combination by simulating only a subset of frequencies which can be used 

to calculate the radiation efficiency of a structure to determine the full frequency impact sound performance 

is novel. The following subsections provide the necessary details to replicate this method and how this 

method was validated to ensure that the results obtained from this method can be trusted in future design 

exploration and optimization frameworks of optimized concrete components. 

6.3.1 A hybrid air-hemisphere and radiation efficiency method 

 This study used the FEM program Ansys (version 2023, R1) to obtain the FRFs, sound pressures, 

and velocities needed to calculate the injected and radiated sound powers which can be used to obtain the 

LN data and subsequent IIC-Like rating. Three rectilinear concrete flat plates and four shaped floor 

components were used in the validation of the method. The three concrete flat plates had varying 

thicknesses of 101.6 mm (4 in), 152.4 mm (6 in), and 203.2 mm (8 in), with a width of 3 m and a length of 

6 m to match the dimensions of the shaped specimens, which are the full-scaled equivalent slabs tested in 

Ch. 5. The thicknesses were selected to align with the reported experimental results from the NRCC 

(Warnock, 2005) and the National Ready Mixed Concrete Association (NRMCA) (2022). The normalized 

sound pressure levels (LN) and experimentally obtained IIC ratings were used in the validation of the IIC-

Like method in Sec. 6.4.1. Normal material properties of the flat concrete plates were assumed; therefore, 

the concrete density was defined as 2,400 kg/m3, (150 pcf), with a strength of 28.2 MPa (~4,000 psi), a 

modulus of elasticity of 25,000 MPa, and a Poisson’s ratio of 0.18. The shaped slabs were modeled with 

slightly modified properties than the flat concrete plates, so to match the material properties used to tune 

the quarter-scaled numerical model in Ch. 5; therefore, a concrete density of 2,400 kg/m3, a strength of 

46.54 MPa (~6,500 psi), a modulus of elasticity of 32,064 MPa, and a Poisson’s ratio of 0.18 were specified.  

 To adequately compute the acoustic performance of the shaped concrete components using a FEM, 

a multizone mesh method was applied. This mesh method consisted of linear hexahedral elements with an 

element size no larger than 0.03 m. Steel reinforcement was modeled as a strip of elements, as was similarly 
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done in Ch. 5. After specifying the material properties and defining the mesh, a modal analysis of the slab 

was conducted. The number of modes to adequately obtain the dynamic performance is recommended to 

be at least twice the frequency of what is desired to be investigated. Due to the high upper frequency bound 

of 3548 Hz to simulate impact sound, the highest eigenfrequency was set to 8 kHz to ensure that enough 

modes are considered in determining the dynamic response.  

 The low FRF was found following the modal analysis. As described previously, a single impact 

can be used to approximate the impact sound performance of a homogeneous structure. Yet this study 

modeled average walking paths in six patterns to determine the walking path pattern that controlled the IIC-

Like rating. To provide an accurate representation of a walking path, the dimensions of the footfall impacts 

are based on an anthropometric schematic (see Fig. 6-3), with the centroids of the feet modeled as idealized 

forces in the FEM. 

 

 

Figure 6-3: Anthropometric walking path schematic and idealized forces in the computational model. 

 

 Six unique walking paths (WPs) were defined (see Fig. 6-4) to represent distinct scenarios that 

could result in varying impact sound insulation ratings, especially given the different rib forms. In this study 

each WP was modeled in the FEM, with the results from the worst-case WP used to quantify the IIC-Like. 
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Yet to further reduce the computational time needed to ascertain the dynamic response, only half of the slab 

was modeled because the floor is symmetric as shown in Fig. 6-5. The impacts on each WP (shown as the 

red circles in Fig. 6-4) represent footfall, with the summation of the forces modeled as a 1 N force applied 

normal to the slab in the negative z-direction. To account for the differences in the number of nodes across 

the six WPs, the impact force was divided by the number of impact forces. The forces were simulated in 

steady state, acting in phase to excite a broad frequency range. Although the modeling of in-phase forces 

along a WP is not representative of real footfall, it is a computationally-conservative estimate for 

determining the impact sound insulation. The frequency range of the low FRF corresponded to the first four 

OTO bands needed to obtain an IIC rating (100 Hz, 125 Hz, 160 Hz, and 200 Hz) were simulated. To ensure 

that a high fidelity FRF was obtained, the dynamic response was found between a frequency range of 89 

Hz (the lower bound of the 100 Hz OTO band) to 224 Hz (the upper bound of the 200 Hz OTO band) with 

144 logarithmic spaces, or 36 logarithmic spaces per OTO band.  

 

 

Figure 6-4: The six WPs modeled for every slab to determine the worst-case impact sound insulation scenario. 
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Figure 6-5: Only half of the concrete slab was modeled due to symmetry to reduce the size of the FEM. 

 

The low frequency, surface-averaged velocities normal to the slab caused by the input forces from 

each WP were then used to obtain the low frequency radiated sound power by using the far-field air-

hemisphere method (Kirkup, 1994). In this study, the interior of the air-hemisphere was modeled as Fluid30 

acoustic elements, and the exterior of the hemisphere modeled as Fluid130 acoustic elements, as shown in 

Fig. 6-6. The radius of the hemisphere to obtain the low frequency radiated sound power was determined 

to be 4.12 m, using the equation:   

                                  𝑟𝑟 ≥ 𝑟𝑟𝑝𝑝𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝 + 0.2𝜆𝜆𝑚𝑚𝑟𝑟𝑚𝑚 (Equation 6-4) 

The radius of all panels was 3.35 m and the contribution from the largest wavelength (at 89 Hz) was 0.771 

m. Therefore, the radius of the air hemisphere for all slabs evaluated in this study was set at 4.12 m. 
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Figure 6-6: A representative far-field air-hemisphere model to determine the radiated sound power. 

 

After the simulating the frequency response in the air-hemisphere, the low frequency radiated 

sound power, 𝑃𝑃𝑅𝑅𝑟𝑟𝑟𝑟𝐿𝐿𝐿𝐿𝐿𝐿, is calculated by taking the summation of the complex conjugate between the 

pressure, p, and particle velocity, u, for each element, i, multiplied by the corresponding area of the element, 

Ai, along the boundary of the far-field air hemisphere: 

                                  𝑃𝑃𝑅𝑅𝑟𝑟𝑟𝑟𝐿𝐿𝐿𝐿𝐿𝐿 = 1
2
∑ Re𝑖𝑖 {𝑝𝑝𝑖𝑖𝑢𝑢𝑖𝑖∗}𝐴𝐴𝑖𝑖 (Equation 6-5) 

The low frequency radiated sound power was then used to obtain the radiation efficiency, σrad, using the 

equation, 

                                  𝜎𝜎𝑟𝑟𝑟𝑟𝑟𝑟 =
𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿𝐿𝐿
𝜌𝜌0𝑐𝑐0𝐴𝐴〈|𝑣𝑣|2〉, (Equation 6-6) 

where the density of the air, ρ0, is assumed to be 1.29 kg/m3, A is the area of the underside of the slab, and 

〈|𝑣𝑣|2〉 is the surface-averaged velocity. 

 Following the calculation of the radiation efficiency, the dynamic frequency response is calculated 

for the full frequency range needed to determine an impact sound objective. The dynamic response is 

assessed from 89 Hz, the lower bound of the 100 Hz OTO band, to 3.548 kHz, the upper bound of the 3.15 

kHz with 684 logarithmic spaces, or 36 logarithmic spaces per OTO band. The broad frequency response 

is then compared to the low frequency response to evaluate if a correction factor needs to be applied to the 
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radiation efficiency to correctly obtain the radiated sound power for the full frequency range. The correction 

factor is applied by shifting the full frequency dynamic response based on the difference from to the low 

frequency dynamic response. The corrected full frequency response is then used to determine the radiated 

sound power: 

                                  𝑃𝑃𝑅𝑅𝑟𝑟𝑟𝑟 = 𝜎𝜎𝑟𝑟𝑟𝑟𝑟𝑟𝜌𝜌0𝑐𝑐0𝐴𝐴〈|𝑣𝑣|2〉. (Equation 6-7) 

The injected power, Pi, is calculated by the input force from each walking path, F, and the surface-averaged 

velocity, 

                                  𝑃𝑃𝑖𝑖 = 1
2

Re(𝐹𝐹〈|𝑣𝑣|〉∗), (Equation 6-8) 

which is then used in the ratio of input to radiated sound power to obtain the transmission coefficients, τ, 

for the full frequency impact performance, using the equation: 

                                  𝜏𝜏 = � 𝑃𝑃𝑖𝑖
𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅

�. (Equation 6-9) 

The transmission coefficients at each of the 684 logarithmic spaces are used to find the normalized sound 

pressure levels, LN, using Eq. 6-10. The LN values are binned according to the OTO bands to be used in 

determining the IIC-Like rating. 

                                  𝐿𝐿𝑁𝑁 = 10 log �1
𝜏𝜏
�  (Equation 6-10) 

The structure-borne sound insulation objective, IIC-Like, is determined following ASTM E989 

(ASTM, 2004). As mentioned previously, IIC considers 16 OTO bands, from 100 Hz to 3.15 Hz. The IIC 

contour defined in ASTM E989 is the same, the only difference is that the LN values used to obtain the 

impact rating are simulated, hence the use of the “-Like” tag in this study. 
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6.3.2 The relationship between radiation efficiency and the coincidence frequency 

 As motivated previously, the conventional air-hemisphere method requires significant computer 

memory and CP time when evaluating a broad frequency range; therefore, a computationally-efficient 

method is needed to be able to explore many floor shapes for impact sound performance. To this end, the 

concept of radiation efficiency was used to determine the radiated sound power, and consequent LN, at 

frequencies above the coincidence frequency of a concrete structure. As Fig. 6-7 illustrates, the radiation 

efficiency stabilizes above the coincidence frequency of a structure; therefore, the full frequency radiated 

sound power can be based on the low frequency radiated sound power found above the coincidence 

frequency. Because of this, it is necessary to calculate the coincidence frequency of the concrete slabs to 

check that the IIC-Like method is applicable. 

 

 

Figure 6-7: The relationship between frequency and the radiation efficiency of a radiating structure. 

 

The coincidence frequency (see Eq. 6-11) is a function of the speed of sound of the air, c0, and the 

density, ρ, thickness, h, and bending stiffness, D, of a structure. This work assumes normal room 

temperature conditions, so the speed of sound and density of the air is 343 m/s and 1.29 kg/m3 respectively. 

                                  𝑓𝑓𝑐𝑐 = � 1
2𝜋𝜋
� 𝑐𝑐02�

𝜌𝜌ℎ
𝐷𝐷

  (Equation 6-11) 
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            The bending stiffness of the shaped ribbed slabs can be approximated using Eq. 6-12, where Ec is 

the modulus of elasticity of the concrete, ν is the Poisson’s ratio, I is the moment of inertia, and ΔRib is the 

rib spacing. Both terms are used to find the bending stiffness of the shaped slabs with ribs in one direction, 

while only the left term is used to calculate the bending stiffness of flat plates.  

                                    𝐷𝐷 = 𝐸𝐸ℎ3

12(1−𝜈𝜈2)
+ 𝐸𝐸𝐸𝐸

∆𝑅𝑅𝑖𝑖𝑅𝑅
  (Equation 6-12) 

            As seen in Eq. 6-12, larger mass increases the coincidence frequency, while larger bending stiffness 

decreases the coincidence frequency. For concrete plates, thickening the slab results in a larger stiffness 

than mass increases, resulting in a low coincidence frequency. Determining the coincidence frequency for 

ribbed concrete floors is more nuanced than flat plates, because the rib geometry can meaningfully influence 

its contribution to the bending stiffness. Yet as found through experimentation and analytical calculations, 

concrete flat plates and ribbed slabs have low coincidence frequencies (Dupree, 1980; Warnock, 2005). 

6.4 Validation and results 

Validating the impact sound performance obtained by the IIC-Like method is a necessary step 

before the method can be broadly implemented and the results can be trusted. To validate novel acoustic 

methodologies, researchers have previously:  

1) validated the numerical findings obtained through the novel method through experimental 

 validation (Asakura et al., 2018; Kim et al., 2019; Kohrmann, 2016; Kuo et al., 2016; LoVerde & 

 Dong, 2017);  

2) compared the simulated results to simplified numerical case studies with the expected, or ground 

 truth, performance known (Chevillotte & Panneton, 2011; Christen et al., 2016; Dostart et al., 2017; 

 Yang et al., 2018); and  

3) compared the numerical results obtained from the new method to the numerical results from a 

 well-vetted and trusted numerical method or model (Dostart et al., 2017; Prasetiyo, 2012; Qian et 

 al., 2019; Yang et al., 2018).  
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This work used the first two validation strategies to assess if the IIC-Like method is appropriate for 

quantifying impact sound of concrete structures. First, the simulated LN values and corresponding IIC-Like 

ratings were compared to experimental findings for three concrete flat plates. Second, the modal 

performances and FRFs of the quarter-scaled slabs that were experimentally tested in Ch. 5 were compared 

to the numerical results of the same four shapes but at full scale. 

6.4.1 Validation A: Flat concrete plates 

 The first validation strategy was to compare the simulated results of three flat concrete plates to 

reported experimental findings. The three concrete flat plates had thicknesses of 0.102 m (4 in), 0.152 m (6 

in), and 0.203 m (8 in), as illustrated in Fig. 6-8. The slabs had a length and width of 6 m by 3 m to be 

comparable to the IIC-Like results for the full-scaled shaped ribbed slabs. The steel reinforcement elements 

were specified at a spacing of 0.5 m (~20 in) with a minimum clear cover of 0.038 m (1.5 in). 

 

Figure 6-8: The three concrete plates used in the validation of the IIC-Like method. 

 

 To ensure that the IIC-Like method can be applied to the three flat plates, the coincidence frequency 

for each plate was calculated, as reported in Table 6-1. Flat plate A was found to have a meaningfully higher 

coincidence frequency compared to Flat plates B and C; however, the radiated sound power was calculated 

at frequencies above 194.6 Hz. Additionally, the comparison of low-to-full FRFs matched, requiring no 

correction to the calculation of the radiation efficiency, implying that the IIC-Like method was still 

appropriate. 
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Table 6-1: Structural-acoustic characteristics of the three flat plates. 

Slab Mass Density, (kg/m2) Bending Stiffness (N*m) 
Coincidence 

Frequency, fc , (Hz) 

Flat Plate A 243.8 2.258 x 106 194.6 
Flat Plate B 365.8 7.621 x 106 129.7 
Flat Plate C 487.7 1.806 x 107 97.3 

 

Figure 6-9 compares the simulated LN values for flat plate A and flat plate B to the experimentally 

obtained data reported by the NRCC (Warnock & Birta, 2000). Note that these were the only flat concrete 

plates described in the NRCC report. The experimental TL data provided in the NRCC report was obtained 

in accordance with ASTM E90 (2009), with the STC rating determined following ASTM E413 (2016). 

Similarly, the experimental LN data was measured in accordance with ASTM E492 (2022), with the IIC 

rating obtained based on ASTM E989 (2006). Although the comparison of LN values is not uniform across 

all OTO bands, it is observed that the simulated and experimental values are in better agreement in the mid- 

and high-frequencies compared to the low-frequencies. Although impact sound performance must be 

appropriately considered at low frequencies, the upper frequencies control the impact rating of bare concrete 

floors, suggesting that the IIC-Like method is viable to provide an estimate of impact sound. Another aspect 

of this comparison is that only the worst-case LN data (WP 6 for both flat plates) was used in the comparison, 

as this would be the controlling IIC-Like rating given to a specific structural element (see Fig. 6-10). 
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Figure 6-9: Comparison of the experimentally tested LN data for a) flat plate A and b) flat plate B to the simulated LN 
values obtained using the IIC-Like method. 

 

 

Figure 6-10: The LN data for all six WPs for a) flat plate A and b) flat plate B with the controlling WP used to 
determine the IIC-Like rating. 

 

 The simulated IIC-Like ratings were also compared to the experimentally obtained values for the 

three flat plates. A recent NRMCA report (2022) provided ranges of IIC ratings for the three flat plates, as 

shown in Fig. 6-11. The simulated IIC-Like ratings are within the ranges in the report but are on the lower 

end of the IIC rating ranges obtained for flat plates B and C. Intuitively, both the experimental ratings and 
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the simulated ratings show the same trend that as the mass density of the slab increases, the impact sound 

insulation also increases. Since mass density acts as a proxy for EC, it is expected that higher impact sound 

insulation is achieved with high EC. One final observation is that the IIC and IIC-Like ratings fall between 

a rating of 20 to 32. These ratings are well short of the International Building Code (IBC) requirement of 

an IIC rating of 50. 

 

 

Figure 6-11: Comparison between the experimentally obtained IIC ratings to the simulated IIC-Like ratings for the 
three flat plates. 

 

6.4.2 Validation B: Quarter-scaled shaped concrete slabs 

The second validation strategy was to ensure that the dynamic response for the full-scaled shaped 

slabs matched the tested dynamic response of four quarter-scaled shaped slabs (refer to Ch. 5). Fig. 6-12 

shows the shaped slabs and Table 6-2 provides the structural-acoustic characteristics. In comparison to the 

three flat plates, the four shaped slabs have higher mass densities and bending stiffnesses, resulting in lower 

coincidence frequencies. 
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Figure 6-12: The four slab shapes were used to validate the dynamic response for the full-scaled shaped slabs. 

 

Table 6-2: Structural-acoustic characteristics for the four full-scaled shaped slabs. 

Slab Mass Density (kg/m2) Bending Stiffness (N*m) 
Coincidence 

Frequency, fc , (Hz) 

Shaped Slab A 459.1 2.228 x 107 85 
Shaped Slab B 586.7 6.800 x 107 55 
Shaped Slab C 896.8 1.423 x 108 47 
Shaped Slab D 413.0 1.219 x 107 109 

 

 First, the numerical eigenfrequencies for the first 16 mode shapes were compared to the 

experimentally obtained eigenfrequencies (see Fig. 6-13). Because the tested slabs were at quarter scale, a 

1:4 ratio of the experimental to the numerical eigenfrequencies is expected. Aside from shaped slab A, 

which had an earlier fabrication time than shaped slabs B, C, and D (refer to Sec. 5.5.2 for more 

information), the comparison of eigenfrequencies shows that the numerical eigenfrequencies are true to the 

1:4 ratio. This implies that the full-scaled shaped slab FEMs agree with the experimental findings of the 

quarter-scaled specimens. Second, Fig. 6-14 shows a Modal Assurance Criterion (MAC) analysis. The 

MAC analysis was conducted between the experimental quarter-scaled slabs and the numerical full-scaled 

slabs and also shows good agreement for the first 16 modes for the four shaped slabs. Lastly, the mobilities 

between the numerical full-scaled slabs to the experimental quarter-scaled slabs were compared as shown 

in Fig. 6-15. The numerical frequencies were scaled by a factor of 4 and the mobility magnitude was scaled 

by a factor of the angular frequency. Similar to the comparison of the eigenfrequencies, the numerical 

mobility for shaped slab A differs slightly from the experimental results; yet the scaled numerical results 
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largely agree with the experimental findings. Figs. 6-13, 6-14, and 6-15 confirm that the full-scaled slabs 

agree with the experimental results found in Ch. 5, thereby trusting the numerical FRFs. However, because 

the LN data was not experimentally obtained, the numerical results could only be validated up to the 

comparison of the FRFs.  

 

 

Figure 6-13: Comparison of the experimentally obtained eigenfrequencies of the quarter-scaled specimens to the 
numerically obtained eigenfrequencies of the full-scaled specimens. 
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Figure 6-14: The MAC between the quarter-scaled specimens and full-scaled models. 

 

 
Figure 6-15: Comparing the experimentally obtained mobilities of the quarter-scaled specimens to the numerical 

mobilities of the full-scaled models. 
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 After validating that the FRFs obtained for the full-scaled shaped slabs could be trusted, the IIC-

Like ratings were obtained following the IIC-Like method. Figs. 6-16 to 6-19 show the low to full FRF 

comparison to check if a correction needed to be applied to the calculation of the radiation efficiency for 

each shaped slab. As stated before, if the low FRF differed from the FRF obtained for the full frequency 

range needed to determine an IIC-Like rating, then the magnitude needed to shift (match) the low FRF was 

multiplied to the radiation efficiency. However, the FRFs matched for the four shaped slabs, therefore no 

correction factor was necessary to determine the radiated efficiency. Although the low-to-full FRFs 

matched, it can also be observed that each WP produced a unique FRF, indicating different impact sound 

insulation performance, which is confirmed when evaluating the LN data for each slab.    

 

 

Figure 6-16: Comparison of the low to full FRFs for all six WPs acting on shaped slab A. 
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Figure 6-17: Comparison of the low- to full FRFs for all six WPs acting on shaped slab B. 

 

 

Figure 6-18: Comparison of the low- to full FRFs for all six WPs acting on shaped slab C. 
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Figure 6-19: Comparison of the low- to full FRFs for all six WPs acting on shaped slab D. 

 

 All LN data for each of the shaped slabs is shown in Fig. 6-20, with the controlling WP LN data 

bolded. Several takeaways are observed in the comparison of LN data. First, none of the WPs had identical 

LN data; however, some of the WPs had equivalent IIC-Like ratings. This emphasizes the challenge of 

comparing floors for impact sound because the method for obtaining an IIC and IIC-Like rating truncates 

potentially useful acoustic data into a single integer value. A second observation is that WPs 2, 3, and 6 had 

the lowest IIC-Like rating and controlled the rating for each floor system, while WP 1 had the best 

performance for impact sound insulation across all slabs. This observation indicates that it is important to 

model at least WPs 2, 3 and 6 to determine the worst-case WP, but not all six WPs may need to be simulated 

to determine the IIC-Like rating for a concrete floor. The IIC-Like ratings that controlled for the  four 

shaped slabs were then compared to the mass densities of the full-scaled shaped slabs as seen in Fig. 6-21. 
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Figure 6-20: The LN data for the six WPs for each slab: a) shaped slab A, b) shaped slab B, c) shaped slab C, and d) 
shaped slab D. 

 

 

Figure 6-21: The IIC-Like ratings and mass densities for the three flat plates and four shaped slabs. 
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 As can be seen in Fig. 6-21, as the mass density of the concrete floors increases, the IIC-Like rating 

increases. The IIC-Like ratings of the four shaped slabs are also put in context to the ratings of the flat slabs, 

revealing that the shaped slabs A and D have higher simulated IIC-Like ratings compared to the simulated 

flat slabs. Yet, the IIC-Like ratings fall within the region of experimentally obtained values, which helps 

validate the obtained results, even though the structural system type differs. Another observation is that all 

flat and shaped slabs are still below the minimum building code requirement of IIC-50, indicating that 

substantial mass density would be required to achieve that performance goal when additional material layers 

on top of the concrete surface (e.g., a carpet and pad) are not considered.  

 The two validation strategies ensure that the computationally-obtained results are in tune to the 

experimental findings of flat plates and the dynamic performance of shaped concrete slabs, indicating that 

the IIC-Like method can be widely applicable to more shaped one-way slab designs and similar concrete 

topologies. However, two additional aspects of the IIC-Like method should be considered before 

widespread implementation. 

6.4.3 Additional consideration A: Frequencies below 100 Hz 

 While much of the focus of the IIC-Like method has been on validating the performance of high-

frequency impact sound, as this is the frequency range that controls the impact sound rating of bare concrete 

slabs, consideration should also be given to frequencies below 100 Hz (LoVerde & Dong, 2017). One of 

the limitations of using the IIC-Like method is that the radiated sound power of frequencies at or below 

coincidence cannot be adequately obtained. However, the conventional air-hemisphere method can be 

applied because the upper frequency limit of the 80 Hz OTO band is 89.1 Hz, equating to a minimum mesh 

resolution of 0.641 m, despite the increased air-hemisphere radius and subsequent increase in finite 

elements. The large mesh resolution enables researchers and acousticians to employ this method on standard 

computers with the expectation that the computational time won’t be extensive.  
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6.4.4 Additional consideration B: Single impact vs. multi-point walking paths 

 A second consideration, specifically related to the modeling of the six WPs, is to determine if all 

of the impact points along the WP need to be modeled. If a single impact point had similar performance, 

then the modeling of the IIC-Like method could be simplified. A sensitivity analysis was thus conducted 

to compare the LN data obtained when modeling a single impact point that acts at the center of the WP to 

the LN data obtained when modeling the WPs as defined in the IIC-Like method. Three shaped one-way 

slabs, different than the four shaped slabs used in the second validation strategy, were used as case studies 

for this method (see Fig. 6-22). Following the procedure of the IIC-Like method, the LN data from the single 

point and multi-point WPs were compared, as shown in Figs. 6-23 to 6-25.  

  

 

Figure 6-22: The three shaped slabs considered in the LN comparison from a single vs multi-point impact. 
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Figure 6-23: Comparison of the single vs multi-point LN data for shaped slab I. 

 

 

Figure 6-24: Comparison of the single vs multi-point LN data for shaped slab II.  
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Figure 6-25: Comparison of the single vs multi-point LN data for shaped slab III. 

 

 The comparison of a single impact to the multi-point WPs reveals that the two impact cases vary 

significantly from each other. While the general shape of the LN data typically matched well, the WP LN 

data was typically 5 dB worse for attenuating impact sound. The single impact point only controlled for 

WP 1 acting on shaped slab I; yet the multi-point WPs controlled for all other cases. While this does 

potentially suggest that the IIC-Like method may penalize the actual impact sound insulation performance, 

at the same time, the WPs provide a more realistic impact scenario that must be accounted for in the design 

of optimized concrete floors. 

6.5 Applications, estimated computational resource savings, and limitations 

The proposed IIC-Like method has been demonstrated to adequately rate impact sound insulation 

performance of flat and shaped one-way concrete slabs. The application of this method can be directly 

applied to other optimized concrete floors and components to estimate the structure-borne sound 

transmission. For example, the funicular concrete floors investigated by Méndez Echenagucia et al. (2016) 
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could be further evaluated for high frequency impact sounds by using the IIC-Like method. However, 

correct specification of boundary conditions is necessary to employ the IIC-Like method on different 

concrete forms, like funicular floors. For example, simple support boundary conditions were used by 

Méndez Echenagucia et al. (2016) to properly evaluate the low-frequency radiated sound power. Therefore, 

similar boundary conditions can be used to explore the impact sound insulation of other optimized concrete 

floors, including vaulted concrete floors and shells. 

The computational resource savings for this study are best realized by comparing the number of 

finite elements and nodes for the custom air-hemispheres used in the IIC-Like method to the number of 

elements and nodes for the air-hemisphere when considering a frequency range of 100 Hz to 3.15 kHz. 

Table 6-3 shows the comparison of finite elements and nodes needed to evaluate impact sound insulation 

for each method. It should be noted that this comparison assumes that quadratic tetrahedral elements are 

used, and that the minimum mesh resolution for the 200 Hz and 3.15 kHz OTO bands is 0.255 m and 0.016 

m, respectively. The comparison shows that the required number of nodes and elements for the conventional 

air-hemisphere method is significantly higher, as less than 1% of the number of finite elements and less 

than 3% of the nodes are required to obtain an IIC-Like rating when using the IIC-Like method. To compare 

the computational time (CP time) between the two methods, an FEM simulation was conducted using the 

shaped slab B case study using a Windows computer with an AMD Ryzen 5 3600X 6-Core Processor. The 

CP time to simulate the radiated sound power using the IIC-Like method was 2.93 hours. However, because 

of licensing restrictions, the CP time using the conventional air-hemisphere method could not be computed. 

Yet using the number of finite elements provided in Table 6-3 as a reference, the CP time is estimated to 

be 903.9 hours, or 37.7 days, highlighting that significant computational resources are saved using the IIC-

Like method.   
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Table 6-3: Comparison of the number of elements and nodes needed to evaluate impact sound insulation performance. 

Total Number 
of: 

Air-Hemisphere 
Corresponding to: 

Conventional Air-
Hemisphere Method 

IIC-Like Method Percentage 
Savings 

Finite Elements 

Flat Plate A 105,025,998 72,066 >99.9% 
Flat Plate B 105,154,923 71,124 >99.9% 
Flat Plate C 105,101,577 71,578 >99.9% 

Shaped Slab A 86,315,408 123,228 99.9% 
Shaped Slab B 85,527,531 277,250 99.7% 
Shaped Slab C 86,106,986 159,415 99.8% 
Shaped Slab D 86,450,327 211,773 99.8% 

Model Nodes 

Flat Plate A 17,989,516 103,486 99.4% 
Flat Plate B 18,012,484 102,263 99.4% 
Flat Plate C 18,005,517 102,881 99.4% 

Shaped Slab A 14,814,524 173,739 98.8% 
Shaped Slab B 14,690,706 384,887 97.4% 
Shaped Slab C 14,788,702 226,646 98.5% 
Shaped Slab D 14,836,940 296,931 98.0% 

 

The IIC-Like method is not without limitations. First, concrete structures are prone to cracking 

during their lifespan. Although cracking can influence the dynamic performance of concrete floors  (Gollob 

& Kocur, 2021), crack propagation can be influenced by many environmental factors including 

constructability and building type and was therefore not in the scope of this work. However, the 

incorporation of crack propagation can be considered in more advanced models, especially when evaluating 

the impact sound insulation performance of one specific floor design. Another limitation is that the walking 

path impacts all act in phase. A more realistic walking path would include a time domain model of the 

walking paths. Lastly, the IIC-Like method may not be applicable to very lightweight floor structures (e.g., 

mass timber floors), as the accuracy of the IIC-Like rating is dependent on the coincidence frequency. The 

IIC-Like method may not be appropriate for mass timber floors in particular, unless additional material 

layers or acoustic metamaterials lowered the coincidence frequency of the floor assembly (Gibson et al., 

2022). 
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6.6 Conclusion 

This chapter proposed a hybrid computational method that used the air-hemisphere method to 

simulate the radiated sound power at the four lowest OTO bands required to obtain an IIC rating, which 

was used to determine the radiation efficiency of the floor system to estimate the high frequencies necessary 

to determine a simulated IIC (IIC-Like) rating. To validate that the IIC-Like method could adequately 

estimate the impact sound insulation performance of concrete structures, the method was validated based 

on the comparison of experimental lab results of three flat concrete plates and to the experimentally obtained 

dynamic responses of four shaped concrete slabs, which were tested in Ch. 5. This method is specifically 

advantageous for acousticians and building designers who aim to evaluate the structure-borne sound 

insulation performance of many different concrete floor forms, as the computational resources required are 

significantly less (<1% of the finite elements and <3% of the model nodes) compared to the computational 

resources required to ascertain the broad frequency impact insulation performance using conventional 

acoustic methods. Future work will implement the IIC-Like method to the design exploration of shaped 

concrete components, with the IIC-Like rating employed as a design objective in multi-objective 

frameworks. 
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Chapter 7 

 

New sound transmission metrics for computational design frameworks1 

7.1 Study context 

In the 1950’s, significant population growth in the United States led to an increased demand for 

affordable housing in suburban communities (Mankiw & Weil, 1989). Lightweight structures, built out of 

wood, were used to expedite the construction process of multi-unit residential buildings while minimizing 

construction costs. A consequence of such lightweight structures was high sound transmission because of 

decreased structural mass, choice of material, and poor construction practices (Clark, 1970; Northwood, 

1964). The need for reduced acoustic transmission in multi-unit dwellings sparked research into sound 

transmission within buildings (Brandt, 1965; Schultz, 1964; Zwicker, 1961; Zwicker et al., 1957), leading 

to the publication of standardized metrics (ASTM, 2004; ASTM, 2016; Northwood, 1962). 

Yet while acoustic and other performance requirements still exist, contemporary building design is 

increasingly driven by the concern for sustainability and environmental impacts (Attia et al., 2012; De Wolf 

et al., 2017; Jensen et al., 2020; Thormark, 2001, 2002). In parallel with the growing emphasis on 

sustainable design, advances in construction technology (Costa et al., 2020; Valente et al., 2019) and 

construction practices (Müller et al., 2014) have given designers the freedom to envision unique building 

structures (Hens et al., 2021; Jipa, Andrei; Meibodi, Mania Aghaei; Bernhard, Mathias; Dillenburger et al., 

2016) and components (Hawkins et al., 2019; Ismail & Mueller, 2021) that satisfy building code 

requirements while reducing material consumption (Attia et al., 2012, 2019). Simulation-based 

computational tools have also increased opportunities for designers to reduce material in the early-stage 

 
1 Chapter 7 is adapted from the published work by Broyles et al. “Modified acoustic transmission metrics for early-
stage design exploration using a computational case study of heavyweight floors.” (2023). Applied Acoustics, 196, 
108865. 
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design of structures, specifically using optimization methods (N. Brown et al., 2016; N. C. Brown et al., 

2020). These numerical strategies have enabled the rapid evaluation of novel structures, fabricated with 

traditional structural materials such as concrete (Costa et al., 2020; Ismail & Mueller, 2021; Jipa et al., 

2016), in order to rank them according to various objectives such as decarbonization goals by minimizing 

structural weight (Broyles et al., 2021). 

While the potential benefits of reducing structural materials have been demonstrated, the 

consequences for sound transmission have not been adequately considered. Acoustic performance should 

be evaluated during design conceptualization and exploration of optimized designs since poor sound 

insulation can reduce the overall quality of life of building tenants, potentially leading to sleep problems 

(Rasmussen & Ekholm, 2019), physical impairments (Jensen et al., 2018), annoyance (Rasmussen, 2010), 

and mental health concerns (Jensen et al., 2019). In order to address sound insulation within a rapid 

evaluation design strategy, sound transmission metrics need to accurately account for the full physics-based 

transmission loss performance of building structures and how increasing sound insulation performance 

might enhance the quality of life. The existing American acoustic transmission metrics were originally 

developed for experimental measurements and are acceptable for sound insulation assessment at final 

design stages and post-construction. However, the metrics have deficiencies that limit their ability to 

capture the full physics-based and perceptual performance when implemented within early building design 

exploration and rapid evaluation using computational frameworks (Dong, 2020; LoVerde & Dong, 2018; 

LoVerde & Dong, 2017). These limitations prompt the question: how can modifications to the existing 

acoustic transmission metrics correct the functional limitations of the metrics to improve the acoustic rating 

of floors in computational design frameworks? 

In response, this chapter explores the existing American standards for quantifying sound insulation 

of building structures, notes the functional and perceptual limitations of current metrics, and proposes 

alternative approaches that may better fit the context of early-stage design. First, a brief history of the 

development and use of Sound Transmission Class (STC) and Impact Insulation Class (IIC) metrics is 

provided, including discussions on their shortcomings. Alternative rating methods for early-stage design 
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simulations are then proposed which help overcome the shortcomings of STC and IIC for early-stage 

design. The new and existing metrics are then applied to a computational case study of shape-optimized 

concrete floors. Last, suggestions for implementing the new metrics within an optimization framework for 

early-stage design exploration are provided. 

7.2 STC and IIC: History, implementation limitations, and perception shortcomings 

7.2.1 History of STC and IIC 

American acoustic standards first grew out of an international context. Following WWII, many 

multi-unit residential buildings in Europe required significant repairs, and several countries introduced 

standardized acoustic considerations in building code (Brandt, 1965). A range of practices were used, 

including the arithmetic average of transmission loss values at several frequencies (Blaeser & Struck, 2019) 

and the energy average method (Waterhouse, 1957), resulting in different sound transmission standards and 

requirements across European countries.  

American acoustic standards followed these developments and were consequently influenced by 

existing European methods. Although lightweight wood construction was popular in the post-war United 

States, the acoustic transmission metrics were adopted from the European approaches originally developed 

for heavyweight concrete and masonry, which have distinctly different transmission loss performances 

(Northwood, 1962). Despite being applied to different structures and materials, the American Standards for 

Materials and Testing (ASTM) based standard E413, Classification for Rating Sound Insulation (ASTM, 

2016), on the European acoustic metrics. In 1961, ASTM E90-61T was introduced as the primary method 

for obtaining the sound transmission loss (TL) of structures in buildings, with Sound Transmission Class 

(STC) used to rate air-borne sound transmission. Structural-borne sound transmission classification was 

recommended later in the 1960’s (Waterhouse, 1957). 

Subjective human hearing studies were conducted to assess how well STC ratings correlated with 

the perceived sound transmission performance. Studies by Northwood (1962) and Clark (1970) found that 

STC ratings were appropriate for quantifying sound insulation, which then propelled the incorporation of 
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STC into design and construction practice beyond residential buildings. Although air-borne sound 

insulation was quickly incorporated into design and construction practice, adequate metrics for impact 

sound insulation was not considered until the 1980’s. Despite the positive results found for the rating 

method STC, Schultz (1964) described the rating method for impact noise in the 1960’s as “primitive” and 

“inadequate,” suggesting a need for more stringent methods for multi-unit buildings. Schultz’s findings 

influenced the development of ASTM E989, which introduced the Impact Insulation Class (IIC) rating 

method (ASTM, 2006). 

7.2.2 Limitations of STC and IIC when implemented in early-stage design 

 STC and IIC were formulated with defined frequency ranges and rules based on a standardized 

contour (see Figure 7-1). The first rule is the summation of deficiency rule, which includes 16 one-third 

octave (OTO) bands and allows for a 2 dB float; therefore, the STC and IIC deficiency total cannot exceed 

32 dB. The second rule is the 8 dB rule, which limits the STC and IIC rating from including any OTO 

deficiency greater than 8 dB. Both the deficiency rule and 8 dB rule control how much the reference contour 

for STC and IIC are shifted. To obtain the STC rating, the reference contour shifts up until the summation 

of deficiency total is met, or a single OTO band contains a deficiency that exceeds 8 dB. This approach is 

similar for IIC; however, the reference contour shifts down. Figure 7-1 provides examples of calculating 

the sound insulation performance for a lightweight (LW) timber wall and a heavyweight (HW) concrete 

masonry unit wall, while Figure 7-2 demonstrates the air-borne and impact sound insulation performance 

for a LW timber floor, and a HW concrete floor, using previously published laboratory values (Gatland II, 

2003; Litvin & Belliston, 1978; Mehta et al., 1999; Warnock, 1990, 2005). 
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Figure 7-1: STC calculations for a) a LW wall and b) a HW wall, with TL data shown as the gray dots. The 
histograms at the bottom of the plots represent the deficiency values for each rating method. The STC contour, 

shown as a solid line, is moved up until both deficiency rules are met. 
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Figure 7-2: STC calculations for a) a LW floor and c) a HW floor, and IIC calculations for a b) LW floor and d) a 
HW floor. TL (a, c) and LN (b, d) data are shown as the gray dots. The histograms at the bottom of the plots 

represent the deficiency values for each rating method. The STC / IIC contours, shown as solid lines, are moved up / 
down until one or both deficiency rules are met. 

 

 The data found in Figs. 7-1 and 7-2 followed ASTM E90 to obtain the TL data for all assemblies, 

with ASTM E413 used to determine the STC rating. Similarly, ASTM E492 was used to obtain the LN data, 

which implies that a tapping machine was used in the tests, with ASTM E989 used to determine the IIC 

rating. The LW wall in Fig. 7-1 is a timber wall composed of a two gypsum boards (one on each end) with 

thicknesses of 13 mm (0.5 in) each, 90 mm (3.5 in) wood studs spaced at 406 mm (16 in), and 90 mm (3.5 
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in) of blown cellulose fiber insulation within the wall cavity (Halliwell et al., 1998). The HW wall shown 

in Fig. 7-1, is a 140 mm (5.5 in), 100% solid concrete block with a mass density of 300.7 kg/m2 (Warnock, 

1990). The LW floor in Fig. 7-2 is a timber floor composed of two plywood boards with thicknesses of 16 

mm (0.63 in) each, 235 mm (9.25 in) thick wood joists spaced at 406 mm (16 in), 13 mm (0.5 in) thick 

resilient metal channels spaced at 406 mm (16 in), rock fiber batt insulation with a thickness of 178 mm (7 

in) in the cavity, and a single, 16 mm (0.63 in) thick gypsum board (Warnock, 2005). Last, the HW floor 

in Fig. 7-2 is a 153 mm (6 in) concrete floor. PCA conducted air-borne experimental tests for the concrete 

floor (Litvin & Belliston, 1978; Mehta et al., 1999), yet impact measurements were not taken. CertainTeed 

Corporation conducted an in-house impact sound insulation test of a 153 mm (6 in) concrete slab to 

calculate the IIC rating (Gatland II, 2003). 

 Although the deficiency rules had historical significance, they have been shown to bias the 

interpretation of the air-borne transmission loss and impact sound insulation performance in design 

exploration and therefore are considered limitations of the metrics (Broyles et al. 2021). The 8 dB rule can 

bias interpretation of these metrics since it relates to only the level at a single OTO band. This is particularly 

relevant for structures with deep coincidence dips, which will likely have a large deficiency at the 

coincidence frequency. When a deep coincidence dip leads to a deficiency larger than 8 dB with an OTO 

band, the sound insulation performance, which may be favorable at other OTO bands, does not factor into 

the metric. The example of the LW wall in Fig. 7-1 shows that the STC rating is controlled by the 8 dB 

deficiency at the 160 Hz OTO band. However, no deficiencies are found above the 160 Hz OTO band, 

suggesting that the LW wall may have better sound transmission loss performance at mid and high 

frequencies. Removal of the 8 dB rule, which has been recommended for both sound transmission loss and 

impact sound insulation (Dong, 2020), could reduce severe rating penalties for structures with a narrow but 

deep coincidence dip and would be a better representation of the sound insulation performance in the entire 

frequency range. Although the removal of the 8 dB rule could increase the STC and IIC rating of structural 

assemblies that do not meet current building codes, keeping the rule would limit computational design 

exploration by giving preference only to designs with high integer ratings. It should be noted that the ISO 
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metrics of Sound Reduction Index (R’) (ISO, 2014) and Standardized Impact Sound Pressure Level (L’nT) 

(ISO, 2020) do not include the 8 dB rule. 

 Unlike the 8 dB rule, the 2 dB float per OTO band that formulates the summation of deficiency 

rule is scientifically backed (Rademacher, 1955). This rule controlled the STC rating for the HW wall and 

HW floor in Figs. 7-1 and 7-2. A limitation associated with this rule is the frequency ranges affiliated with 

STC (125 Hz to 4k Hz) and IIC (100 Hz to 3.15k Hz). The coincidence frequencies of concrete and masonry 

structures are known to be around 100 Hz or lower, as shown by the example of the HW wall in Fig. 7-1; 

indicating that STC does not fully capture the broadband air-borne transmission performance of HW 

structures. While IIC considers frequencies down to 100 Hz (ASTM. 2006), studies have found that impact 

sound insulation should be considered down to 50 Hz (LoVerde & Dong, 2018; Vardaxis & Bard, 2018a) 

or 20 Hz (Ljunggren et al., 2014) to account for the impact sound insulation for LW construction, such as 

the LW floor in Fig. 7-2. These recommendations also have perceptual relevance, as discussed in Sec. 7.2.3. 

 A third limitation with STC and IIC is the utilization of a single, dependent contour to quantify the 

sound insulation performance over low, mid, and high frequencies. Since the contour truncates the 

performance over a broad frequency range into a single number, any information at specific frequency 

ranges is lost. For example, the HW floor in Fig. 7-2 has a low IIC rating because of the poor impact sound 

insulation in the high frequency range, however, the structure has better insulation at low and mid 

frequencies. Additionally, two different TL or LN curves with different perceptions and corresponding 

psycho-effects could give the same STC / IIC rating. For example, the TL performance of the HW wall and 

LW floor in Fig. 7-2 contrast significantly, yet the STC ratings only differ by 2. Independent contours at 

frequency subranges could provide clearer insight on the sound insulation performance of the structure. A 

similar approach was previously proposed by LoVerde and Dong (2017) for impact sound ratings, which 

has recently been introduced as ASTM standards (ASTM), 2020, 2021) which provide low frequency and 

high frequency impact integer ratings that complement the broader IIC rating. 

 Regarding early-stage design exploration and numerical optimization, a fourth challenge is that 

separate single number quantities (SNQs) are used to quantify air and impact sound insulation. Two SNQs 
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are useful in quantifying transmission performance in design as exemplified by the stark contrast in air-

borne and impact ratings of the HW floor in Fig. 7-2, yet STC and IIC may complicate multi-parameter 

optimization strategies. Many design optimization simulations converge towards a single maximum or 

minimum scalar objective, but interpreting the simulation results becomes more complex with additional 

objectives. Acoustics is also known to be influenced by a competing objective in another discipline such as 

structural, daylight, and thermal (Agirbas, 2021; Mendez Echenagucia et al., 2014; Schweiker et al., 2020), 

further complicating multi-objective studies. For example, Brown et al. (2016) optimized the structural, 

shelter, acoustic, and daylighting performance of a cantilevered stadium roof. To understand each 

discipline’s performance, an SNQ was applied to explore and compare the performance of simulated 

designs. A SNQ incorporating air-borne and impact sound applied as an objective or constraint could be 

preferable in similar multi-objective optimization studies. Heckl and Rathe (1963) introduced a method for 

combining air and impact sound insulation performance, yet their proposed integer did not scale to the 

performance of the existing metrics (i.e., STC-50 corresponds to acceptable sound isolation performance). 

A SNQ that is scaled to the performance of STC and IIC ratings could be advantageous in early-stage design 

exploration and optimization frameworks to consider both sound and impact simultaneously. 

7.2.3 Perceptual shortcomings of STC and IIC 

 In addition to the challenges associated with quantifying the complete physical performance of 

building structures in early design, STC and IIC have related perceptual shortcomings. Although mid-20th 

century subjective studies validated the implementation of metrics like STC, these studies occurred before 

the widespread commercialization of home theater systems (Frost, 1996), which introduced very low 

frequency sound within residential communities. A study by Grimwood (1997) found that the most common 

noise complaints within multi-tenant residential buildings were music and speech for air-borne sound, and 

footfall and door slams for impact sound. In addition to the noise source, the construction and structure type 

directly influence the perception of sound insulation performance and which frequencies and coincidence 
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dips are likely to be relevant (Chmelík et al., 2020; Hongisto et al., 2014; Monteiro et al., 2016; 

Rychtarikova et al., 2020; Vardaxis et al., 2018; Vardaxis & Bard, 2018a, 2018b). 

 Park and Bradley (2009) found that the inclusion of the 100 Hz OTO band and the summation of 

deficiencies rule were good predictors of perceived ratings. However, the 8 dB rule had varying effects 

based on the type of air-borne sound. For attenuating speech sounds, removing the 8 dB rule leads to better 

predictions of perceived ratings, which was also found by Hongisto et al. (2014). Rindel (2015) explored 

the perception of impact noise, recommending that a structure-borne sound insulation metric expands the 

frequency range considered down to 50 Hz, which was supported by a subjective study from Ryu et al. 

(2010). The results of the perceptual studies correspond to the first and second limitations presented in 

Section 2.2. Although the recommendation of removing the 8 dB rule varies based on noise source, 

expanding the frequencies for STC and IIC has been strongly recommended for perceptual accuracy.  

 It is imperative that revised acoustic transmission metrics address both the physical and perceptual 

limitations affiliated with STC and IIC. In early-stage design, more accurate sound insulation metrics can 

provide designers with the needed information to improve the interior acoustic environment without 

needing acoustical treatments post-construction. Further, designers can use different metrics depending on 

the structure type and noise source that needs attenuating. Therefore, modifying the current metrics is 

necessary to address the physical and perceptual limitations previously outlined. New sound insulation 

metrics are defined in Section 3 and compared against the existing metrics of STC and IIC for several 

computational shaped concrete floors. 

7.3 Definition of new sound transmission metrics for early-stage design 

The new acoustic transmission metrics proposed are:  

1. modified STC (STC*) and modified IIC (IIC*), 

2. categorical method (CM), and 

3. composite air- and impact sound insulation metric (CTF, CTF*), 

which are described in the following sections. 
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7.3.1 Modified STC and modified IIC (STC* and IIC*) 

The modified STC and IIC rating methods (which are denoted for the remainder of this chapter as 

STC* and IIC*, respectively), remove the 8 dB rule (STCNo_8, IICNo_8) and expand the low frequency range 

(STCLow, IICLow) from the standard definitions. Although STC* and IIC* include both modifications, each 

change is isolated to evaluate its influence, as shown in Sec. 7.4.2.1. 

STC* drops the lower limit of the frequency range to 100 Hz because of the need to consider low-

frequency coincidence dips common in concrete and masonry structures. It should be noted that R’ also has 

a lower bound at 100 Hz (ISO, 2014). Similarly, the lower limit of the frequency range for IIC* was dropped 

to 50 Hz to capture low-frequency impact sounds that are perceivable (LoVerde & Dong, 2017). The 

summation of deficiency rule is the only rule for defining the STC* and IIC* ratings. The deficiency total 

is adjusted from the original STC and IIC totals by adding 2 dB per additional one-third octave band: STC* 

has a summation of deficiency total of 34 dB and IIC* has a summation of deficiency total of 38 dB. The 

contour shape extends the slopes of the existing contours for STC and IIC. Like STC and IIC, higher STC* 

and IIC* ratings equate to better transmission loss performance. 

7.3.2 Categorical Method (CM) 

 The second approach is a categorical method, referred to as CM. It differs from the previous metric 

since the TL / LN data are subdivided into three frequency ranges to obtain a total of six integer ratings for 

a single design. CM is a progressive rating method which can provide a designer more insight on the 

transmission performance at different frequency ranges. The CM also expands the air- and structure-borne 

frequency ranges and excludes the 8 dB rule, the subdivision of frequency ranges enables each contour 

shape to behave independently. 

 The division of air-borne and impact sound insulation performance into low, mid, and high 

frequencies (AirLow, AirMid, AirHigh, ImpactLow, ImpactMid, and ImpactHigh) could be advantageous for 

evaluating complex structures. To determine the air-borne transmission performance, the OTO frequencies 

are subdivided into bands from 100 Hz to 315 Hz to quantify AirLow, 400 Hz to 1 kHz to quantify AirMid, 
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and 1.25 kHz to 4 kHz to quantify AirHigh. In a similar manner, the OTO band ranges of 50 Hz to 315 Hz, 

400 Hz to 800 Hz, and 1 kHz to 3.15 kHz to quantify ImpactLow, ImpactMid, and ImpactHigh respectively. 

The low frequency upper limit of 315 Hz was chosen based on previous air- and structure-borne sound 

insulation research by LoVerde and Dong (2017). While LW structures are known to have less deficiencies 

in the mid and high frequencies, HW structures are susceptible to deficiencies in these ranges. Because 

deficiencies are common at high frequencies for HW structures, six OTO bands were deemed necessary to 

properly capture the high frequency sound insulation, resulting in the 1 kHz and 1.25 kHz high frequency 

lower limit. The remaining OTO bands created the limits for the mid-frequency range. 

 The contours for the subdivided frequency ranges were derived from existing STC and IIC rating 

methods because of their familiarity as established American standards. Therefore, the contours have the 

same slopes but shift independently at each frequency subset, as demonstrated in the example of a HW 

floor shown in Fig. 7-3. Because of the varied number of OTO bands in each frequency range, the deficiency 

total was calculated using a 2 dB float per OTO band as noted in Table 7-1. To provide easier comparisons 

between frequency ranges, equations were developed according to the contour value at designated OTO 

bands. In the mid frequency range, the 500 Hz contour value is used as the integer rating for both air- and 

structure-borne transmission performance. The low and high frequency ranges incorporate different OTO 

bands and equations to scale the ratings so that an integer rating of 50 in the low and high frequencies 

corresponds to the transmission performance of STC-50 and IIC-50, enabling easier comparisons. 
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Figure 7-3: Derivation of the six integers using CM. The a) TL and b) LN data shown is for the HW floor from 
Figure 7-2. In the calculation of the air-borne sound transmission, the frequency ranges had similar transmission loss 
performance; however, when assessing impact sound, the high frequency range had a poorer performance compared 

to the low and mid frequency ranges. 
 

Table 7-1: Max summation of deficiencies allowed and equations for CM rating values. 

  Low Frequencies Mid Frequencies High Frequencies 

 
Air-borne 
Sound 

OTO 
Frequencies 

100 – 315 Hz 400 – 1,000 Hz 1,250 – 4,000 Hz 

Max Σ 
Deficiencies 
Allowed 

12 dB 10 dB 12 dB 

Rating Value AirLow = TLContour@250 + 7 
AirMid =                 

TLContour@500 
AirHigh = TLContour@2000 - 4 

Structure-
borne Sound 

OTO 
Frequencies 

50 – 315 Hz 400 – 800 Hz 1,000 – 3,150 Hz 

Max Σ 
Deficiencies 
Allowed 

18 dB 8 dB 12 dB 

Rating Value 
ImpactLow = ((110 – LN, 

Contour@100) + 2) 
ImpactMid = (110 – LN, 

Contour@500) 
ImpactHigh = ((110 – LN, 

Contour@2000) - 12) 
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 Conceptually, CM gives designers more sound insulation performance information to better 

address building needs. CM rating values can be adjusted based on the predominant noise source needing 

attenuation. The breakdown of TL and LN data enables designers to target more specific frequencies without 

overwhelming the analysis with transmission data at every OTO band. While CM adds more scalar integers 

in a design exploration framework, it can provide a more holistic understanding of the transmission loss 

performance of in conceptual design exploration; however, it should be noted that multi-number objectives 

may be harder to incorporate in architectural acoustic practice. 

7.3.3 Composite Transmission Function (CTF) 

 Although STC and IIC describe two fundamentally different acoustic transmission phenomena, 

their separation can complicate their inclusion in design exploration and optimization. CTF resolves this 

problem by combining the STC and IIC ratings into an SNQ. In design practice, it can be convenient to 

tune priorities between air- and structure-borne sound insulation performance to the needs of a specific 

building or space. To accommodate this, the formulation of CTF (Eq. 7-1) includes a weighting coefficient, 

αT, to vary how much air- to structure-borne sound insulation should be considered. The weighting 

coefficient varies from 0 to 1. An αT value below 0.5 corresponds with a structural element that favors 

higher structure-borne sound insulation, while an αT value above 0.5 favors air-borne transmission loss.   

                                    CTF =  αT STC + (1 − αT) IIC (Equation 7-1) 

 A modified CTF rating, denoted as CTF*, is also considered by replacing STC and IIC with STC* 

and IIC* and thus addressing limitations inherited from both metrics. The CTF* approach includes the 

expanded frequency ranges described above, excludes the 8 dB rule, and provides an SNQ for quantifying 

sound insulation. 

 An important aspect of the CTF / CTF* is selecting an appropriate αT value. Unlike existing sound 

transmission metrics, the αT value is chosen before obtaining the integer rating and is selected according to 

building needs. Fig. 7-4 illustrates possible ranges of αT values for initial CTF and CTF* transmission 

ratings of floor and wall structures, and how it could be adapted for five common building spaces: 
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residential dwellings, offices, lecture halls, gymnasiums, and shopping malls. It is widely known that 

residential spaces are susceptible to both air- and structure-borne sound insulation problems (S. H. Park & 

Lee, 2019), hence the recommendation of αT around 0.5. The recommendation is similar for offices, but 

there are generally more complaints about speech, corresponding to a higher recommended αT value (Navai 

& Veitch, 2003). A high αT range is proposed for lecture halls as they are mostly concerned with air-borne 

sound insulation problems (Jaramillo & Ermann, 2017). Gymnasiums, on the other hand, are more 

concerned with impact sound insulation, resulting in the lowest recommended αT range (Carels et al., 2019). 

Last, shopping malls are concerned with air- and structure-borne sound insulation due to the large amount 

of open space (Carvalho & Pereira, 2016) and proximity to urban centers (Wang et al., 2017). 

 

  

Figure 7-4: Proposed αT ranges for floors and walls in five building applications. 

 

 Floor structures have wider αT ranges as they significantly attenuate both air- and structure-borne 

sounds. While wall structures commonly attenuate air-borne sounds, impact sound insulation could be 

explored, as door slams have been found to be a common structural-borne noise complaint (Grimwood, 

1997). In any case, designers should be cognizant of the expected acoustic needs of the building, potentially 

at a room-to-room scale, even when first laying out the spaces or developing custom structural elements in 

early-stage design. Additionally, although the presented αT ranges can be used as a starting point in the 

acoustical design of building components, future research should determine more precise αT values. 
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7.4 Application: A case study of shape-optimized concrete slabs 

In this section, the proposed rating methods are compared and evaluated in a computational case 

study of shape-optimized one-way concrete floors. Structural concrete floors were selected because their 

performance in terms of acoustic insulation, structural integrity, and embodied energy can all interact and 

should be accounted for in optimization problems (Broyles et al., 2022c). While the other aspects of the 

optimization are mentioned briefly, the focus is on the sound insulation metrics. 

7.4.1 Geometry generation 

 A parametric model of concrete floors was developed using seven geometric variables, shown in 

Fig. 7-5. The optimized slabs are designed to minimize the mass of a rectilinear floor, therefore reducing 

corresponding carbon emissions, and maximize the acoustic insulation performance. The seven variables 

include: rib number, top slab depth, rib depth, and four curvature control points that shape the ribs. Although 

many other designs are possible, four slabs with varying geometric features were selected to assess the 

performance of the proposed metrics. The four slabs will be referred to as the Tee slab, Wavy slab, Sawtooth 

slab, and Flat slab. The geometric properties of the slabs are provided in Table 7-2. 

 

Figure 7-5: Parametric model of shaped concrete slab components with seven different geometric variables. 
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Table 7-2: Geometric properties of the four case study slabs. 

Slab Top Slab Thickness Rib Depth Rib Spacing 

Tee 0.120 m 0.392 m 1.500 m 
Wavy 0.140 m 0.184 m 0.857 m 

Sawtooth 0.165 m 0.083 m 0.600 m 
Flat 0.203 m - - 

 

 Despite the geometric differences, the four slabs have the same mass of 17,650 kg and floor area 

of 36 m2 to provide a fair acoustic transmission comparison, as seen in Fig. 7-6. In the context of a multi-

objective framework for reducing material, constraining the floors’ mass and area is like taking an 

isoperforming slice of the objective space in the structural material dimension. The contributions of 

longitudinal and shrinkage steel were neglected in the calculations. While a full explanation of the structural 

assessment is outside the scope of this chapter, the four concrete slabs satisfied all checks required by ACI 

318 building design code (ACI Committee 318, 2019), ensuring that the slabs are structurally valid. Prior 

work by Broyles (2020) provides more information about structural-acoustic trade-offs of shape optimized 

concrete slabs. 

 

 

Figure 7-6: a) Sound transmission class and b) impact insulation class-like integer ratings of the four shape-
optimized concrete slabs. The dots represent the mass density and sound insulation performance for the four slabs, 
and the dashed lines are hypothetical Pareto front approximations based on the findings by Broyles et al. (2021). 
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7.4.2 Simulating air-borne and structure-borne sound insulation 

Due to a lack of acoustic laboratory testing on shaped concrete slabs, the TL data was estimated 

using an analytical approach, and the IIC-Like method described in Ch. 6 was used to obtain the LN for the 

four slabs. The air- and structure-borne transmission performances of the four slabs are displayed in Fig. 7-

7. The TL data for the four slabs is similar above the 250 Hz OTO band, with the TL data approaching (and 

matching) the TL obtained by mass law, using the simple equation: 𝑇𝑇𝑇𝑇 = 20 log(𝑚𝑚𝑚𝑚)− 45, where m is 

the mass density of the slab and f is the frequency. However, the slabs have differing coincidence dips, 

resulting in varying low frequency air-borne sound insulation. The LN data has a similar pattern above the 

100 Hz OTO band for all slabs, but similarly has varying performance at low frequencies. Tables 7-3 and 

7-4 provide the TL and LN data used to compare the rating methods in the case study. While the remainder 

of this section details the method for obtaining the TL data, it should be noted that the data was generated 

numerically for application in early-stage design, and experimental verification will be pursued in future 

work. The emphasis in this chapter is comparing the different sound insulation ratings based on the 

proposed methods. 

 

 

Figure 7-7: a) TL and b) LN data for the four slabs. 
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Table 7-3: Simulated TL data for the four slabs from 63 Hz to 5 kHz in OTO bands. 

Slab 63 Hz 80 Hz 100 Hz 125 Hz 160 Hz 200 Hz 250 Hz 315 Hz 400 Hz 500 Hz 

Tee 40 30 33 39 44 47 51 54 57 59 
Wavy 45 45 44 33 37 43 47 51 54 58 

Sawtooth 45 45 43 33 38 44 48 51 55 58 
Flat 42 38 28 34 39 43 46 49 52 55 

Slab 630 Hz 800 Hz 1 kHz 1.25 
kHz 

1.6 
kHz 

2 kHz 2.5 
kHz 

3.15 
kHz 

4 kHz 5 kHz 

Tee 62 64 67 69 72 75 78 80 82 84 
Wavy 60 63 66 69 71 73 77 78 82 84 

Sawtooth 61 63 66 68 72 74 76 80 82 84 
Flat 57 61 63 65 68 72 74 76 78 80 

 
 

Table 7-4: Simulated LN data for the four slabs from 50 Hz to 3.15 kHz in OTO bands. 

Slab 50 Hz 63 Hz 80 Hz 100 Hz 125 Hz 160 Hz 200 Hz 250 Hz 315 Hz 400 Hz 

Tee 55 69 75 75 73 69 71 70 70 73 
Wavy 54 58 62 70 72 73 71 69 72 73 

Sawtooth 56 68 71 77 76 77 74 74 77 77 
Flat 67 67 72 77 76 77 74 74 77 76 

Slab 500 Hz 630 Hz 800 
kHz 

1 kHz 1.25 
kHz 

1.6 
kHz 

2 kHz 2.5 
kHz 

3.15 
kHz 

Tee 74 72 73 74 72 71 68 69 65 
Wavy 73 73 73 75 72 70 69 70 69 

Sawtooth 77 79 78 77 77 77 74 71 71 
Flat 76 79 77 78 77 76 74 72 72 

 
 

 In the calculation of the floors’ transmission performance, normal room conditions were assumed 

(i.e., c0 = 343 m/s, ρ0 = 1.29 kg/m3), along with normal weight concrete properties (ρ = 2,400 kg/m3, E = 

29.73 GPa) with a Poisson’s ratio (ν) of 0.18 and a damping coefficient (η) of 0.025 based on the 

recommended range (Khajeh Hesameddin et al., 2015). The flexural rigidity (D) of the concrete slab was 

determined by Eq. 7-2, where the first term represents the stiffness supplied by the top slab and the second 

term represents the stiffness contributed by the rib. Moment of inertia (I) and the spacing of the rib (ΔRib) 

are determined by the rib geometry while the top slab height (h) is determined by the slab depth. The area 

density (m) was determined from the mass and area of the floors. 
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                                    D = 𝐸𝐸ℎ3

12(1−𝜈𝜈2)
+  𝐸𝐸𝐸𝐸

∆𝑅𝑅𝑅𝑅𝑅𝑅
 (Equation 7-2) 

 Eqs. 7-3 and 7-4 describe how the TL data was obtained by calculating the transmission coefficient 

(τ), as was similarly done in Ch. 4 (see Sec. 4.3.3). The frequency range evaluated was from 40 Hz to 6.3 

kHz at a 1 Hz interval, which was used to determine the angular frequency (ω) and the wavenumbers (k0). 

It should be noted an angle of incidence (φ) range was considered from 0° to 78° (Leppington et al., 1987), 

at 1° intervals. 

                       𝜏𝜏(𝜑𝜑,𝜔𝜔) =  
(2𝜌𝜌0𝑐𝑐0𝑠𝑠𝑅𝑅𝑠𝑠𝑠𝑠 )2

(2𝜌𝜌0𝑐𝑐0𝑠𝑠𝑅𝑅𝑠𝑠𝑠𝑠 +𝜂𝜂(𝐷𝐷𝜔𝜔)(𝑘𝑘0𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)4)2+(𝜔𝜔𝜔𝜔−(𝐷𝐷𝜔𝜔)(𝑘𝑘0𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)4)2
   (Equation 7-3) 

                                  TL = log10 �
1
𝜏𝜏
� (Equation 7-4) 

 This analytical method is a homogenization approach that takes the effects of the shaped ribs 

parallel to their orientation. The contribution perpendicular to the ribs is assumed to be negligible. It should 

be noted that the modes of the slab in between ribs are not considered, and the size and type of boundary 

conditions are ignored. However, this approach to obtain TL is useful in estimating the air-borne sound 

insulation in conceptual design. A more accurate approach that considers the full modal response with 

accurate boundary conditions would be appropriate in later design stages. 

 The LN data was obtained by employing the numerical IIC-Like method discussed in Ch. 6. All 

four slabs were modeled for each of the six walking paths (WPs), but only the LN curve produced by the 

worse-case (controlling) walking path is shown, which was WP 6 for all four slabs. Note that the low 

frequency impact sound (i.e., the 50 Hz, 63 Hz, and 80 Hz OTO bands) were obtained using the air-

hemisphere method for these three OTO bands. With the estimated TL and LN data, the rating methods 

defined in this chapter were applied to rate the four concrete floor slabs. The following rating results, 

comparisons, and discussion explore the utility of the proposed methods for quantifying sound insulation 

in conceptual design and similar computational studies. 
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7.4.3 Comparison of rating methods 

 Existing STC and IIC rating methods are used as a basis for comparison, since they are specified 

by North American building codes such as the International Building Code (IBC) (International Code 

Council, 2018) and the United States Department of Housing and Urban Department (HUD) (2009). When 

applied to the computationally defined floor slabs, standard STC ratings varied from STC-57 to STC-61 

while the standard IIC ratings ranged from IIC-28 to IIC-34, which are compared to the STC* and IIC* 

ratings as well as the CM and CTF methods. For reference, a summary of the limitations addressed by each 

new rating method is shown in Table 7-5. 

 

Table 7-5: Proposed rating methods and the limitations of STC and IIC addressed by each approach. 

Proposed 
Metrics 

Sound 
Medium 

Removal of 8 
dB Rule 

Modified 
Frequency Range 

Independent 
Contours 

Single Number 
Quantity 

STCLow Air-borne  X   
STCNo 8 Air-borne X    
STC* Air-borne X X   
IICLow Structure-borne  X   
IICNo 8 Structure-borne X    
IIC* Structure-borne X X   
CM Air- & 

Structure-borne 
X X X  

CTF Air- & 
Structure-borne 

   X 

CTF* Air- & 
Structure-borne 

X X  X 

 

7.4.3.1 Modified STC and modified IIC results 

 The STC* and IIC* methods produced different air- and structure-borne integer ratings as noted in 

Table 7-6 and demonstrated for the flat slab in Fig. 7-8. The most significant rating alteration was due to 

the removal of the 8 dB rule from the STC and IIC metrics, which increased the air- and structure-borne 

sound transmission ratings for all four slabs. The IIC ratings were especially constrained by the high 

deficiencies in the 3.15 kHz OTO band, so the IICNo_8 ratings were controlled by the summation of 

deficiencies rule in the high frequency range. However, the IICLow ratings were not influenced by the 
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inclusion of the 50 Hz, 63 Hz, and 80 Hz OTO bands because the 8 dB rule was still applied. Yet the STCLow 

ratings changed for all four slabs due to the inclusion of the 100 Hz OTO band. Overall, the sound 

transmission ratings for all concrete slabs (except for the Tee slab for air-borne sound) were modified by a 

rating of -1 to +4. While The change in rating may appear minor, it is important to note that in optimization 

frameworks, a rating change could influence the selection of the best performing designs, potentially 

favoring different floors than when the conventional STC and IIC metrics are applied. 

 

Table 7-6: The integer ratings obtained using standard STC, IIC derivations, and proposed variations for the four 
concrete slabs. The original STC and IIC ratings differ from the STC* and IIC* ratings with the changes emphasized 
in bold. 

Acoustic Rating 
Metric 

Concrete Slab 

Tee Slab Wavy Slab Sawtooth Slab Flat Slab 

STC STC-61 STC-57 STC-57 STC-57 
STCLow STCLow-64 (+3) STCLow-60 (+3) STCLow-60 (+3) STCLow-59 (+2) 
STCNo_8 STCNo_8-64 (+3) STCNo_8-60 (+3) STCNo_8-61 (+4) STCNo_8-59 (+2) 
STC* STC*-61 STC*-58 (+1) STC*-58 (+1) STC*-56 (-1) 

IIC IIC-34 IIC-31 IIC-29 IIC-28 
IICLow IICLow-34 IICLow-31 IICLow-29 IICLow-28 
IICNo_8 IICNo_8-35 (+1) IICNo_8-34 (+3) IICNo_8-30 (+1) IICNo_8-30 (+2) 
IIC* IIC*-35 (+1) IIC*-35 (+4) IIC*-31 (+2) IIC*-30 (+2) 

 
 

 

Figure 7-8: a) Comparison of the STC and STC* and b) the IIC and IIC* rating methods for the flat slab. 
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7.4.3.2 Categorical Method results 

 Since the CM approach gives a designer an integer summary for low, mid, and high frequencies 

for air- and structure-borne transmission loss, Fig. 7-9 and Table 7-7 provide scalar ratings for each 

frequency range for the four slabs. The CM results reveal that all slabs have high air-borne sound 

transmission loss, especially the Tee slab. The lowest air-borne sound insulation ratings were in the low 

frequency range, with the highest acoustic ratings observed in the high frequency range. A key observation 

of the air-borne sound insulation ratings is that the Tee slab had the highest CM ratings across all three 

frequency ranges. However, when assessing the performance of the impact CM ratings, no slab had the 

highest ratings across all three frequency ranges. The Tee and Wavy slabs were the best performing, 

especially at the low and mid frequency ranges. Yet a takeaway is that the CM rates all four slabs as having 

very poor structure-borne sound insulation performance at the high frequency range, which further affirms 

that bare concrete floors have impact sound deficiencies at high frequencies. 

 

 

Figure 7-9: Assessing the air- and structure-borne performance of the four floor slabs using the CM approach. The 
histograms at the bottom of each individual chart feature the deficiency values in each OTO band. 
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Table 7-7: Rating values for the four slabs using the CM rating method. AirLow, AirMid, and AirHigh quantify the air-
borne transmission loss, while ImpactLow, ImpactMid, and ImpactHigh quantify the structure-borne transmission loss. 

Slab AirLow AirMid AirHigh ImpactLow ImpactMid ImpactHigh 
Tee 58 62 72 42 38 31 

Wavy 54 60 71 43 38 29 
Sawtooth 55 61 71 39 33 26 

Flat 53 58 68 39 34 26 
 

7.4.3.3 Composite Transmission Function results 

 Lastly, the CTF approach was evaluated using both traditional STC and IIC ratings and STC* and 

IIC* ratings, as shown in Fig. 7-10. The left plots (a and c) show the air-borne, structure-borne, and equally 

weighted composite (CTF) ratings for all four slabs; right-hand plots (b and d) show the influence of the 

weighting coefficient, αT, for the Wavy slab and Flat slab. Averaging (i.e., setting αT = 0.5) the air- and 

structure-borne integer ratings causes the CTF rating to be equally influenced by very high or low STC 

and/or IIC integer ratings. Specifying a proper αT value in accordance with design goals is therefore critical 

to the utility of the CTF/CTF* integer rating. Because the slabs that have high higher air-borne sound 

insulation also have higher structure-borne sound insulation ratings, there are not design scenarios that 

would influence whether the Flat slab would be preferred over the Wavy slab (i.e., the Wavy slab controls 

for every different αT value). However, this is likely not the case for other concrete slab shapes and different 

floor assemblies. Therefore, future design exploration studies using the CTF/CTF* method should consider 

what sound insulation ratio should be specified and how a very low or high rating for air- or structure-borne 

sound insulation could skew the resulting acoustic insulation rating. 
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Figure 7-10: Evaluation of the CTF and CTF*. a) STC, IIC and CTF (with αT = 0.5) ratings for the four slabs. b) 
Consequences of varying αT in CTF for the Wavy and Flat slabs. c) Average STC*, IIC* and CTF* (with αT = 0.5) 

ratings for the four slabs. d) Consequences of varying αT in CTF* for the Wavy and Flat slabs. 
 

7.4.3.4 Summary and discussion of results 

 To summarize, Fig. 7-11 compares the rating integers provided by each approach. It is noteworthy 

that the traditional STC and IIC ratings differ in some cases significantly from the other number ratings, 

even when comparing them to their modified counterparts. The CM approach provides the most acoustic 

transmission information but could be difficult to incorporate into an optimization framework. While the 

CTF ratings provide seemingly less information, appropriate αT values make this approach worthwhile in 

complex multi-objective studies involving other building disciplines.  
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Figure 7-11: Summary of the ratings obtained from STC and IIC, STC* and IIC*, CM, and CTF, CTF* metrics. The 
red dashed lines in STC*, IIC* and the CM refers to the original STC and IIC ratings. The CTF values in this table 

assume the αT value to be 0.5. 
 

 To further analyze the integer rating results, parallel axis plots of each rating are provided in Fig. 

7-12, which can be compared to Fig. 7-6 For air-borne sound transmission, the objective space could be 

slightly condensed when specifying STC* and CM as an objective, potentially indicating that the four slabs 

have more similar sound transmission performance than can be seen with STC as the objective. It is 

noteworthy that across STC, STC* and CM for air-borne sound the same order for best air-borne sound 

transmission performance is generally kept, with the Tee slab having the best performance and the Flat slab 

having the worst performance. Yet the order does change slightly when considering impact sound 

insulation. A final observation is that there is a broad range of ratings across the air- and structure-borne 

sound insulation ratings. This ultimately factors into the CTF / CTF* ratings, as the slabs are rated below 

the minimum building code requirement of an acoustic insulation rating of 50. 
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Figure 7-12: Parallel axis plots for the integer ratings obtained, grouped by air-, structure-borne, or a composite 
medium for determining sound insulation performance. 

 

7.4.4 Effect on early-stage optimization strategies 

 In addition to providing more robust ratings for structures in early design exploration, the four 

methods can be useful additions to optimization frameworks for structural components. Table 7-8 details 

the objectives, constraints, potential bounds, and practical optimization methods (single objective, multi-

objective, and constrained optimization) applicable for each approach. Bounds for CTF can be targeted to 

air-borne or structure-borne sound insulation using applicable weighting coefficients, while the CM 

approach may require bounds on specific frequency ranges while maximizing the performance in other 

frequency ranges. The CM method is potentially advantageous when customizing a structural element to 

specific building needs. 
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Table 7-8: Proposed optimization strategies for the four acoustic metrics. Although the constraints below reflect IBC 
requirements, higher ratings can be employed as constraints. 

Method 
Possible use as 

Objective Function 
Possible use as 

Constraints 
Bounds Possible Methods 

STC 
IIC 

Max (STC) 
Max (IIC) 

Subject to STC > 50 
Subject to IIC > 50 

- 
Single, Multi, 
Constrained 

STC* 
IIC* 

Max (STC*) 
Max (IIC*) 

Subject to STC* > 50 
Subject to IIC* > 50 

- 
Single, Multi, 
Constrained 

CM Max (AirLow, Mid, High) 
Max (ImpactLow, Mid, High) 

Design Dependent Design Dependent 
Multi, Constrained, 

Bracket 

CTF, CTF* Max (CTF, CTF*) 
Subject to STC > 50 
Subject to IIC > 50 

Lower Bound > 
αT > Upper Bound 

Single, Constrained, 
Bracket 

 

7.5 Conclusions 

 This chapter proposed new rating metrics that have the potential to improve on the limitations of 

STC and IIC, while addressing the challenge of incorporating sound transmission in computational design 

exploration or optimization. The methods included a modified STC and IIC, a rating that subdivides the 

frequency for independent evaluation of low, mid, and high frequency, and a composite air- and structure-

borne transmission function. The new methods were compared to STC and IIC in a computational case 

study using simulated concrete floor structures generated from an early-design framework. 

Recommendations on which alternative method to use depend on the noise source needing attenuation, 

construction, and structure type, and how much sound insulation information is needed. 

 To further assess the rating methods, future work will integrate and test the strategies within 

optimization frameworks. Procedures will be varied to isolate how the different rating strategies influence 

the geometries of the best performing structural components, while also comparing the Pareto front 

approximations of the best performing designs in multi-objective optimization studies. Although HW 

concrete floors were the focus of the case study, structures composed of different materials such as wood 

can be considered using the general guidance provided. 

 Further experimental studies of optimized structures are also needed to validate simulated results 

for structural and acoustic performance. An important consideration in the development of novel acoustic 

methods is their correlation to the perceived performance, especially regarding acoustic transmission. 
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Finally, a perceptual study should be conducted to correlate the perceived sound insulation performance 

with the integer rating determined by the STC* and IIC*, CM CTF, and CTF*, metrics. A perceptual study 

validating the proposed metrics is crucial before the metrics are implemented within future revisions of 

building standards. Following a perceptual study, an additional metric without the use of a contour 

(potentially based on a weighted energetic summation, like Rw + C and similar ISO metrics), could be 

developed to have better correlations to the perceived performance. While the demonstrated case study is a 

first step, these combined efforts can improve how sound insulation performance is quantified in building 

design codes, leading to more livable, high-performance buildings. 
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Chapter 8 

 

Assessing the air- and structure-borne sound insulation of shaped slabs1 

8.1 Introduction 

To curb global carbon emissions associated with the built environment, the building industry is 

progressing towards low-carbon structural systems (Ismail, 2023; Oval et al., 2023; Ranaudo et al., 2021). 

Significant reductions in the carbon emissions attributed to concrete are necessary, as concrete alone is 

responsible for 7-8% of global carbon emissions (Barcelo et al., 2014). Because concrete is the most used 

construction material (Gagg, 2014), many researchers have studied how concrete can be reduced in 

buildings, specifically concrete floor systems (Huberman et al., 2015; Li et al., 2014; Lupíšek et al., 2017). 

Reducing concrete material in a concrete floor system directly reduces the embodied carbon (EC) emissions 

associated with concrete and is recognized as a low-carbon pathway in the built environment (Akbarnezhad 

& Xiao, 2017; Feickert & Mueller, 2023; Ismail, 2023; Venkatarama Reddy & Jagadish, 2003). As 

demonstrated in Ch. 3, material-efficient conventional concrete floor systems, such as ribbed, post-

tensioned, and voided floor systems, can reduce EC emissions over 50% compared to conventional concrete 

slabs, with similar results found in related studies (Broyles & Hopper, 2023; D’Amico & Pomponi, 2020; 

Fanella et al., 2017; Zelickman & Amir, 2021). The findings of these studies imply that concrete floor 

system EC emissions can be meaningfully reduced using existing construction technologies and design 

practices. Yet, structural optimization strategies applied to concrete floor components can further reduce 

EC emissions, as unconventional structural forms can shape or remove concrete material to realize EC 

savings of up to 58% when compared to an equivalent concrete slab (Hawkins et al., 2020; Ismail & 

Mueller, 2021; Mata-Falcón et al., 2022; Zelickman & Guest, 2023). While digital fabrication technology 

 
1 Chapter 8 is in preparation for submission to a peer-reviewed journal. 
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and other advanced construction practices are currently not widespread, it is anticipated that the technology 

will become more available over the next decade, suggesting that optimal concrete floor forms could be 

mass produced and implemented in building design (Lloret et al., 2015; Menna et al., 2020; Wangler et al., 

2016). 

While structural optimization frameworks applied to concrete floor components is a necessary step 

to achieve low-carbon structural systems in buildings, it is well known that structural limit states do not 

always control the design of a floor system (Gross et al., 2010; Longinow et al., 2009; Oh et al., 2019). Ch. 

4 revealed how secondary design objectives, especially the combination of high fire-resistance and air-

borne acoustic insulation rating requirements, can influence the design of a concrete floor system, 

potentially requiring more concrete material, and subsequent EC emissions, to achieve multiple 

performance goals. To strategically consider many different building design objectives, Multidisciplinary 

Design Optimization (MDO) is an computational strategy to ascertain the best design candidates for several, 

potentially competing, design objectives (Brown, 2019; Geyer, 2009). MDO frameworks have been applied 

to the case study of optimized concrete floor components, revealing that optimization strategies aimed at 

reducing material consumption, and subsequent EC emissions, can influence secondary design objectives, 

specifically air-borne sound insulation (Roozen et al., 2018; Broyles et al., 2022c), structure-borne sound 

insulation (Mendez Echenagucia et al., 2016), human-induced vibrations (Wu et al., 2020), thermal 

insulation (Gascón Alvarez et al., 2022), and a combination of these objectives (Broyles et al., 2022a). The 

results of these studies indicate that computational frameworks aimed at optimizing the shape of a concrete 

floor component may inadvertently affect the performance of these secondary objectives. Therefore, 

optimization frameworks intended to optimize concrete floor shapes must holistically consider the design 

of a floor by incorporating EC-influencing design objectives. 

 While all of these objectives all have important health and safety concerns if not properly accounted 

for, sound insulation is particularly important because of the long-term health concerns to building tenants 

(Babisch et al., 2013; Mohamed et al., 2020; Rasmussen & Ekholm, 2019) and costly retrofits to correct 
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acoustic-related issues (Alonso et al., 2020). Indeed, sustainable buildings have been cited as having 

acoustic insulation complaints (Abbaszadeh et al., 2006; Ahmad Zawawi et al., 2018; Ajayi et al., 2016), 

emphasizing the need to consider acoustic insulation in optimization frameworks aimed to reduce concrete 

material and carbon emissions; however, acoustic design goals are often overlooked in the design of 

sustainable (low-carbon) buildings (Broyles, 2023b). Broyles et al. (2022c) explored how the inclusion of 

air-borne sound insulation in an optimization framework of shaped concrete components affected the 

geometric form of the floor and corresponding mass density. The study revealed that a concrete component 

can be shaped to improve air-borne sound attenuation, but high acoustic performance ratings were achieved 

by increasing the mass density of the floor. For structure-borne sound insulation, the study by Méndez 

Echenaguica et al. (2016) suggested that the form of a structural concrete component influenced the radiated 

sound power caused by a single impact force at low frequencies, but impact sound at high frequencies was 

not considered. A second study by Broyles et al. (2022a) compared shaped concrete floors for air- and 

structure-borne sound insulation but noted that the analytical expression used to quantify impact sound was 

a low-resolution model. These two studies helped motivate Ch. 6, which described a computational method 

to better estimate the impact sound insulation performance of a concrete floor component. However, Ch. 6 

limited the IIC-Like assessment to three flat plates and four shaped slabs, acknowledging that other forms 

would have different impact insulation ratings. And aside from the study by Broyles et al. (2022a), the 

relationship between EC, air-, and structure-borne sound insulation ratings is not well known for shaped 

concrete floors. Furthermore, the effect that geometric characteristics (the span length) and structural design 

parameters (applied loads and concrete strength) have on the shaping of the optimized concrete floor 

component have not been deeply studied. 

In response, this chapter addresses how shaped one-way concrete floors perform for both air- and 

structure-borne acoustic insulation in relation to the aim of reducing EC emissions. First, 100 different 

shaped concrete slab forms are evaluated for structure-borne sound insulation using the IIC-Like method 

defined in Ch. 6. The IIC-Like ratings are compared against the analytically obtained air-borne sound 
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insulation rating and EC emissions to understand the shapes of the best performing designs. Second, the 

shaped one-way slab design space is further assessed, by applying an MDO framework for 16 unique 

structural design scenarios with various span lengths, structural loads, and concrete strengths. The non-

dominated shaped concrete floors are identified and are used to create a design catalog with the performance 

of EC, acoustic insulation, and fire rating. Lastly, a sensitivity analysis is conducted to understand how the 

application of alternative acoustic transmission metrics (specifically STC*) influenced the form and 

performance of shape optimized concrete floors. 

8.2 Background 

The use of optimization frameworks, especially when coupled with a parametric model and 

evolutionary optimization algorithm, has been well known to find optimal building design solutions (Deb, 

2011; Geyer, 2009; Turrin et al., 2011). Exploring the design space of possible designs using optimization 

frameworks has been well studied for applications in building and urban topologies, building structures, 

and other building components (Dadabai, 2022; Doraiswamy et al., 2015; Hinkle et al., 2022; Lopez & 

Astudillo, 2006; Mueller, 2014; Mueller & Ochsendorf, 2015) to optimize for a single objective (Ismail & 

Mueller, 2021; Sahab et al., 2005), or for multiple objectives (Brown, 2019; Marler & Arora, 2004; Yang 

et al., 2018). Exploration of the structural design space can therefore help inform the selection of the best 

performing design solution and inform designers on decisions to reduce the carbon footprint of a building 

(Brown & Mueller, 2019; Hens et al., 2021). 

While MDO and similar optimization frameworks converge to a single optimal design, or a series 

of the best performing designs for multiple objectives (also referred to as a Pareto front of non-dominated 

designs), building designers and engineers may want to evaluate a larger sampling of high-performing (but 

not optimal) design candidates. This collection of high-performing design candidates is referred to as the 

design catalog in this chapter and can be useful in situations where hard-to-quantify objectives (e.g., 

aesthetics), are valued, or when comparing the performances for multiple design objectives (Balling, 1999). 
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Previously, design catalogs have been generated for different urban communities (Cardin et al., 2013), 

building forms (Bianconi et al., 2019;  Brown & Mueller, 2017; Doraiswamy et al., 2015; Hens et al., 2021), 

and building components (Costa & Madrazo, 2015; Dadabai, 2022; Geyer, 2009; Lopez & Astudillo, 2006). 

Concrete floor components can similarly inform the development of design catalogs depending on 

the design goals of a specific building. Costa and Madrazo (2015) coupled a design catalog of precast 

concrete components in a building information modeling (BIM) model to inform designers on how the 

precast product can be constructed and implemented in the design of a building. Related, Dadabai (2022) 

determined a catalog of low-carbon concrete structures that can help reduce the carbon footprint of 

buildings. These studies, in addition to the potential of mass production of optimized concrete floor 

components through digital fabrication, suggest that a design catalog of optimized concrete forms can better 

help designers and engineers assess when certain concrete components are advantageous, especially when 

considering multiple design objectives. Additionally, the design catalog can include a variety of different 

geometries, structural parameters, and secondary design considerations (as motivated by Chs. 3 and 4) to 

better inform designers on specific cases that the concrete components are best suited for. For example, the 

design space exploration and optimization studies investigating shaped concrete floors limited the 

assessment to one structural load case: 1.92 kN/m2 to 2.00 kN/m2, or 40 psf (Broyles et al., 2022a; Broyles 

et al., 2022c; Ismail & Mueller, 2021). Ismail and Mueller (2021) did consider five different span lengths 

(3 m, 5 m, 10 m, 15 m, and 20 m) showing that different span lengths have different embodied energy 

savings, yet the studies by Broyles et al. (2022a; 2022c) investigated only one span length. A comprehensive 

design catalog of shaped concrete floors can expand the work of these studies to reveal optimized concrete 

floor forms for various design scenarios which is needed to help in the implementation of optimized floors 

beyond single use cases. 

The design catalog of shape optimized concrete floors can also show the performances for 

objectives in addition to EC emissions, including air- and structure-borne sound insulation. While the 

previous examples of design catalogs represent computationally-determined building systems, acoustic 
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building catalogs were created in the late 20th century to help building designers choose different floor 

assemblies for their acoustic insulation performance. For example, the “Catalog of STC and IIC Ratings 

for Wall and Floor/Ceiling Assemblies” (Dupree, 1980) provides experimentally obtained Sound 

Transmission Class (STC) and Impact Insulation Class (IIC) ratings for various building components. 

Similar acoustic design catalogs exist that provide additional acoustic information (like the transmission 

loss values) for different building components, yet the variety of floor and wall assemblies are limited to 

what was tested in the laboratory (Warnock, 2005). Therefore, the inclusion of STC, IIC, alternative 

acoustic transmission metrics (refer to Ch. 7), and other secondary design objectives (i.e., fire rating, 

vibration performance, and floor depth) in the design catalog of numerically-determined shaped concrete 

floors can help inform building designers select the floor form that satisfies multiple design objectives while 

balancing the intent to reduce the carbon footprint of a building. 

8.2.1 Chapter scope 

 This chapter makes use of the methodological contributions from Chs. 6 and 7 to evaluate the 

impact sound insulation performance of shaped concrete floors while putting the simulated results into 

context with the results found in Chs. 3 and 4. Specifically, this chapter responds to the question: How does 

the implementation of a computationally-efficient method to simulate impact sound insulation and the 

incorporation of modified acoustic transmission metrics influence the selection of a low-carbon concrete 

slab, and how do the best performing shaped concrete slabs compare to an equivalent conventional system? 

In response, this work employs the IIC-Like method described in Ch. 6 to rate the impact sound insulation 

performance of shaped one-way slabs, building off of the work by Broyles et al. (2022c). Sampled shaped 

slabs are rated for air- and structure-borne sound insulation against EC emissions to determine the design 

trade-offs between minimizing EC and maximizing acoustic insulation. 

 The results of the impact sound assessment will be used to inform what design objectives should 

be considered in the optimization framework. The design space will be evaluated using a multi-objective 

genetic algorithm to obtain the approximate Pareto fronts for 16 different design scenarios; 4 different span 
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lengths, 2 load cases, and 2 concrete strength classes. The best performing designs from each design 

scenario will be used to create the design catalog of shaped concrete components, in which the form of the 

component in addition to its performance for sustainability (EC emissions), acoustic insulation, and fire-

resistance will be displayed. These best performing designs will then be compared to a functionally 

equivalent conventional one-way slab to determine how much better shaped slabs perform for multiple 

building design objectives. 

8.3 Methods 

8.3.1 Parametric model of a shaped one-way concrete floor 

The shaped concrete slabs evaluated in this work is an extension of the work by Broyles et al. 

(2021, 2022c) in which a parametric model was made to generate different structural forms of a one-way 

concrete floor. As shown in Fig. 8-1, the parametric model used in this study consists of seven different 

geometric variables, each with an upper and lower numerical bound, that manipulate the shaping of the slab 

and rib. The span and width of the floor are equivalent for the four different span lengths considered, which 

are defined in Sec. 8.3.2. It should be noted that this parametric model differs slightly from earlier versions 

developed by Broyles et al. (2021, 2022c) to evaluate more construction-viable, yet geometrically-diverse 

design candidates. The parametric model and the design objectives, outside of structure-borne sound 

insulation, were evaluated in the Grasshopper environment of Rhino 7, with custom code used to ascertain 

the objective performances of EC emissions, air-borne sound insulation, fire-resistance, and walking 

vibrations.   
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Figure 8-1: Parametric model of a shaped concrete slab. 

8.3.2 Structural design scenarios and structural material properties 

The shaped concrete slabs were evaluated for structural performance according to ACI 318 concrete 

design code (American Concrete Institute, 2018). This study explored a subset of the breadth of structural 

design scenarios considered in Chs. 3 and 4, but with the intention of assessing how varying the geometry, 

concrete strength, and applied loads influenced the forms of the best-performing concrete slabs. Table 8-1 

provides the different structural design parameters considered, including 4 span lengths, 2 concrete strength 

classes, and 2 uniform live loads (LLs) corresponding with 2 superimposed dead loads (DLs), for a total of 

16 different design scenarios. The 1.915 kN/m2 LL is only designed with the 0.239 kN/m2 DL case, and the 

4.788 kN/m2 LL is only designed with the 0.958 kN/m2 DL case, but both load cases are designed for each 

concrete strength class. Although different combinations of LLs and DLs could be considered, the two load 

cases are representative of loads experienced in a residential and office building. The long-term deflection 

limit is defined as L/360 for both cases. The shaped concrete slabs that did not satisfy the structural limit 

states (flexure, shear, deflection, and ductility) as defined in the ACI 318 design code were not considered 

in the assessment of impact sound performance and were excluded from the design catalog of shaped 

concrete slabs since these designs would not be implemented in the design of a building. 
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Table 8-1: The various structural design parameters used in this study. 

Span Length in m 
(ft) 

Concrete Strength Classes in MPa     
(ksi) 

Applied Live and Dead Loads in kN/m2 
(psf) 

6 
(~ 20) 

27.6 
(4) 

1.915 
(40) 

0.239 
(5) 

7.5 
(~ 25) 

34.5 
(5) 

4.788 
(100) 

0.958 
(20) 

9 
(~ 30) 

- 
10.5 

(~ 35) 

  

 All shaped slabs in the assessment of impact sound insulation were designed assuming normal 

weight concrete (i.e., density is 2,400 kg/m3, or 150 pcf) with a strength of 28.2 MPa (~4,000 psi), a modulus 

of elasticity of 25,000 MPa, and a Poisson’s ratio of 0.18. Note that the shaped slabs in the design catalog 

with a concrete strength of 34.5 MPa (~5,000 psi) had a corresponding modulus of elasticity of 27,600 MPa 

and a Poisson’s ratio of 0.18. Longitudinal steel reinforcement was also considered in the structural design. 

The modulus of elasticity of the steel reinforcement was defined as 200 GPa with a density of 7,850 kg/m3 

and a yield strength of 420 MPa. All shaped slabs were designed for every steel rebar case, with the steel 

reinforcement case that satisfied the structural limit states with the least amount of mass was selected in the 

design of the shaped concrete slab. The steel reinforcement bars, sizes, mass per unit length, and areas 

considered in this study are presented in Table 8-2. All steel reinforcement had a minimum clear cover of 

38 mm (1.5 in). 
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Table 8-2: The steel reinforcement sizes, bars, and material characteristics considered in the study. 

Case # Rebar Size Number of Bars Mass per Unit Length in kg/m 
(lb/ft) 

Rebar Area in mm2 
(in2) 

Case 1 #6 1 
2.240 

(1.502) 
284 

(0.44) 

Case 2 #7 1 
3.049 

(2.044) 
387 

(0.60) 

Case 3 #8 1 
3.982 

(2.670) 
509 

(0.79) 

Case 4 #9 1 
5.071 

(3.400) 
645 

(1.00) 

Case 5 #7 2 
6.098 

(4.088) 
774 

(1.20) 

Case 6 #10 1 
6.418 

(4.303) 
819 

(1.27) 

Case 7 #11 1 
7.924 

(5.313) 
1006 
(1.56) 

Case 8 #8 2 
7.964 

(5.340) 
1018 
(1.58) 

Case 9 #9 2 
10.142 
(6.800) 

1290 
(2.00) 

Case 10 #8 3 
11.946 
(8.010) 

1527 
(2.37) 

 

8.3.3 Design objectives 

8.3.3.1 Life cycle assessment and EC calculation 

The calculation of the sustainable performance of the floors is quantified by EC emissions. EC is 

calculated as a function of the structural material quantity of a structure multiplied by the Global Warming 

Potential intensity (GWP) corresponding to each structural material (refer to Equation 3-1). A cradle-to-

gate LCA (only A1-A3 stages) was performed to quantify EC, as was done in Chs. 3 and 4 (for more 

information, see Secs. 3.3.2 and 4.3.5), which is considered the most influential for determining the carbon 
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emissions of structures (Anderson & Moncaster, 2021; Davies et al., 2015). The GWPs considered in this 

study correspond to the values used in Ch. 3 (see Table 3-5); therefore, GWPs of 345 kgCO2e/m2 and 365 

kgCO2e/m2 were specified for the concrete strength classes of 27.6 MPa (4 ksi) and 34.5 MPa (5 ksi), 

respectively, with a GWP of 0.854 kgCO2e/kg defined for the steel reinforcement. The EC emissions are 

normalized by the total area of the shaped slab component (in kgCO2e/m2) to fairly compare slab designs 

with different span lengths. Note that the functional equivalence of the shaped concrete slabs in this study 

is only to satisfy the structural limit states; however, the design performance for additional objectives is 

used to further assess the concrete components. 

8.3.3.2 Air- and structure-borne acoustic insulation 

 This study evaluated the shaped slabs for both air- and structure-borne sound insulation. The 

calculation of the air-borne sound insulation is the same analytical approach as was defined in Sec. 4.3.3. 

This analytical method can estimate the transmission loss (TL) across a broad frequency range while 

accounting for the mass density, bending stiffness, and damping of the shaped slab. It is important to note 

that this study considers a range of acoustic incident angles (0° to 78° at 1° intervals, as recommended by 

Leppington et al., 1987), which is different than the results found in Broyles et al. (2022c), which only 

looked at a single angle of incidence (45°). The determination of the structural-borne sound insulation 

follows the IIC-Like method detailed in Ch. 6. The IIC-Like method can be used to obtain the normalized 

sound pressure levels (LN) across a broad frequency range, similar to the calculation of air-borne sound 

insulation. Although the six walking paths (WPs) defined in Ch. 6 may not be needed to determine the 

worst-case impact sound insulation scenario, this study modeled and assessed all six WPs for impact 

insulation performance to determine if only a subset needs to be modeled when evaluating across the shaped 

slab design space in future studies. 

 The calculated TL and LN values across a broad frequency range can be used to obtain a single 

number quantity (SNQ) representative of the air- and structure-borne sound insulation performance. 

Although the resolution of sound insulation at the one-third octave (OTO) frequency bands is lost, 
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truncating the TL and LN values into an SNQ is advantageous for multi-objective optimization frameworks 

to better assess design trade-offs with acoustics (Broyles et al., 2022c). However, as detailed in Ch. 7, the 

conventional North American sound insulation metrics of Sound Transmission Class (STC) and Impact 

Insulation Class (IIC) have known functional limitations that can be taken advantage of in an optimization 

framework. Ch. 7 then proposed alternative acoustic transmission metrics including a modified STC 

(STC*), which includes the 100 Hz OTO band and removes the 8-dB rule. 

8.3.3.3 Additional design considerations 

 Two additional secondary design objectives were considered in this chapter: fire-resistance rating 

and walking vibrations. Fire resistance and vibrations are only considered for the sampled shaped slabs 

when assessing impact sound insulation and in the design catalogs of the best performing optimized shaped 

slabs for the 16 different design scenarios. Future work will consider the addition of these design objectives 

in larger multi-objective studies. 

 The fire-resistance rating is determined using the prescribed International Building Code (IBC) 

code-based method (2018) defined previously in Sec. 4.3.2. Because of the geometry of the shaped slabs in 

this study, the floors were evaluated based on the “slab with undulating soffit” case which is defined in IBC 

722.2.2.1.3 (refer to Fig. 4-2 in Ch. 4). While conventional pan joist one-way floor systems can have wide 

rib spacings, the rib spacing of the shaped one-way slabs can be optimized to improve the prescribed fire-

resistance rating. Similarly, the assessment of walking floor vibrations follows the procedure outlined in 

Sec. 4.3.4. Although satisfying walking vibration requirements can be applied like a structural limit state, 

identifying which shaped concrete floor forms are/are not susceptible to vibrations can help inform 

designers on what geometric characteristics can influence floor vibration performance. Because the two 

structural load cases are representative of a residential and office building, only the walking vibration 

threshold corresponding to these building types was considered. 
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8.3.4 Design space exploration and optimization 

 The evaluation of the shaped concrete slab design space was conducted using two different 

frameworks. First, a Latin hypercube sampling (LHS) of 100 samples (n = 100) was obtained to assess the 

impact sound insulation performance of shaped concrete floors. The number of samples was limited by the 

computational cost of evaluating the impact insulation performance using the IIC-Like method but can still 

be helpful in discovering broad trade-offs with impact sound insulation. While high-performing shaped slab 

designs were identified, these designs were not included in the design catalogs determined from the second 

computational strategy. 

 The second framework used in the study to evaluate sound insulation performance is an MDO 

framework. To determine the best performing shaped concrete slabs across all design scenarios, an MDO 

framework using the genetic algorithm, Non-Dominated Sorting Genetic Algorithm-II (Deb et al., 2002), 

was employed. Sec. 8.4.1 shows that the shaped slabs have low impact sound insulation performance, 

failing to satisfy the IBC code-minimum rating of IIC-50 (2018); therefore, only the objectives of EC and 

STC / STC* (refer to Sec. 7.3.1) were considered. The optimization framework was repeated for all 16 

design scenarios, with the best shaped slab designs taken at different acoustic insulation ratings, for 

incorporation in the design catalog. Note that not all of the best performing designs were included in the 

design catalog, as the shaped concrete slab with the least amount of EC and an STC rating between 50 to 

54, 55 to 59, and above 60 which corresponds to different perceptual levels of sound insulation in buildings 

(refer to Table 4-4 in Sec. 4.3.3).  

8.4 Results and discussion 

8.4.1 Assessment of EC and sound insulation 

 An LHS of 100 unique shaped concrete slab designs was obtained to first evaluate shaped one-way 

slabs for impact insulation performance, using the IIC-Like method described in Ch. 6. Fig. 8-2 shows 

roughly half of the shaped slab profiles evaluated for impact sound insulation performance. The 100 shaped 

slabs were first evaluated for IIC-Like rating and EC emissions as shown in Fig. 8-3. Similar to the 
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assessment of the IIC-Like ratings for flat and shaped concrete floors against mass density in Ch. 6, there 

is a clear trade-off between reducing EC and maximizing IIC-Like. An important observation is that the 

shaped concrete floors with the least amount of EC have very poor IIC-Like ratings (a rating of IIC-Like-

25) and had thin top slabs. The opposite is true for IIC-Like, as the best performing IIC-Like slabs had an 

EC near 100 kgCO2e/m2 and are characterized with many ribs and thick top slabs. Worse, the highest 

observed IIC-Like rating was an IIC-Like-37 for tested slab 3 (in Ch. 5), which is considerably lower than 

the minimum IBC requirement for impact sound insulation (a rating of IIC-50 or more) (2018). Yet an 

exciting observation is that shaped slabs outperformed the flat slabs for both reducing EC and maximizing 

impact sound insulation. 

 

 

Figure 8-2: Approximately half (48) of the 100 LHS shaped one-way slabs. 
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Figure 8-3: Bi-objective plot showing EC vs IIC-Like. The approximate Pareto front is highlighted. 

 

The sampled designs were then assessed to determine what was the controlling walking path (WP) 

to obtain the IIC-Like rating. As was suggested in the results of Ch. 6, not all WPs were found to control 

the IIC-Like rating. Fig. 8-4 shows that four different WPs controlled the IIC-Like rating, with many of the 

slabs controlled by WP 3 and WP 6. This implies that additional computational resource savings can be 

realized since WP 1 and WP 5 did not have the controlling IIC-Like rating for any of the shaped concrete 

slabs evaluated in this study.  

 

Figure 8-4: Bi-objective plot showing EC vs IIC-Like and which walking path controlled. 
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Next, the concrete floors were evaluated for air-borne sound insulation, using the objective, STC, 

as seen in Fig. 8-5. Unlike the assessment of impact sound insulation, the majority of the slabs were able to 

meet a minimum STC rating of STC-50. Interestingly, the spread of STC ratings is much larger than the 

spread of IIC-Like ratings, yet the band of the designs is thinner for STC than IIC-Like, suggesting that 

geometric shaping of the floor system can meaningfully influence both air- and structure-borne sound 

insulation. This relationship was further explored by comparing the STC and IIC-Like ratings of the 

sampled slabs against each other. Fig. 8-6 shows that as the STC rating generally increases, the IIC-Like 

rating increases, yet even when constraining for a single STC or IIC-Like rating, there are a variety of 

performance for the companion acoustic objective. While a similar finding was realized with mass timber 

floors (Leonard et al., 2022), the evaluation in this study exclusively evaluates how geometric shaping of a 

concrete component can create a wide distribution of acoustic insulation performances. Lastly, Fig. 8-7 

shows a parallel-axis plot comparing the performance of the shaped slabs for EC, STC, STC*, IIC-Like, 

prescribed fire-resistance, and vibrations against a structurally-equivalent conventional one-way slab. 

 

Figure 8-5: Bi-objective plot showing EC vs STC. The approximate Pareto front is highlighted. 
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Figure 8-6: Bi-objective plot showing STC vs. IIC-Like colored based on EC performance. 

 

 

Figure 8-7: Parallel axis plot comparing the performance of the shaped slabs for EC, acoustic insulation, 

and secondary design objectives against an equivalent conventional one-way slab. 
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To summarize, the assessment of shaped one-way concrete slabs for air- and structure-borne sound 

insulation revealed that different structural shapes can influence both the STC and IIC-Like rating of the 

floor systems. While high STC ratings can be obtained, lower IIC-Like ratings were found for shaped one-

way slabs. As a result, additional floor layers would be needed to satisfy minimum design requirements for 

impact insulation performance. Therefore, the combination of EC and STC can be employed as design 

objectives in MDO strategies with the expectation that floor layers can be added to the optimized shaped 

floors to achieve favorable impact sound insulation performance. When comparing the shaped concrete 

slabs to conventional flat and one-way slabs, it was found that certain shaped slab forms outperformed the 

conventional systems. Specifically, the shaped slabs could outperform the flat slabs by an EC of about 51%, 

or near 37 kgCO2e/m2 (when comparing shaped slab B to flat slab III), with an increased STC rating up to 

5 (when comparing shaped slab B to flat slab I). Similarly, shaped concrete slabs could achieve EC savings 

near 33% (about 19 kgCO2e/m2) with equivalent, or better acoustic insulation. However, Fig. 8-7 reveals 

that many of the low EC shaped slabs fail to have a fire-resistance rating of 1-hr or higher, indicating that 

the inclusion of fire-resistance should be explored in future studies. 

8.4.2 A sensitivity analysis of varying structural design scenarios 

 Based on the assessment of acoustic insulation for shaped one-way concrete floors, the air-borne 

sound insulation objective of STC and EC were employed in an MDO framework for the 16 different design 

scenarios. Figs. 8-8 to 8-11 show four unique design scenarios for each of the four span lengths (6 m, 7.5 

m, 9 m, and 10.5 m). The approximate Pareto front was identified for each optimization iteration. 

Additionally, non-dominated shaped floor designs were selected to be included in future design catalogs of 

high performing shaped concrete slabs. It should be noted that no shaped concrete floor designs could 

sustain high structural design loads at a span length of 10.5 m. This procedure was repeated when 

substituting STC with the modified STC metric proposed in Ch. 7, with the results presented in Figs. 8-12 

to 8-15. 
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Figure 8-8: Bi-objective plots showing EC vs. STC with a span length of 6 m for the two concrete strength classes 

and load conditions. 
 

 

 

Figure 8-9: Bi-objective plots showing EC vs. STC with a span length of 7.5 m for the two concrete strength classes 
and load conditions. 
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Figure 8-10: Bi-objective plots showing EC vs. STC with a span length of 9 m for the two concrete strength classes 
and load conditions. 

 

 

 

Figure 8-11: Bi-objective plots showing EC vs. STC with a span length of 10.5 m for the two concrete strength 
classes and load conditions. 
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Figure 8-12: Bi-objective plot showing EC vs. STC* with a span length of 6 m. 

 

Figure 8-13: Bi-objective plot showing EC vs. STC* with a span length of 7.5 m. 
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Figure 8-14: Bi-objective plot showing EC vs. STC* with a span length of 9 m. 

 

Figure 8-15: Bi-objective plot showing EC vs. STC* with a span length of 10.5 m. 

 

 Several observations can be made when comparing the different bi-objective plots for EC vs  STC 

and EC vs modified STC. First, higher structural loads and longer span lengths limit the number of shaped 

one-way slabs that are structurally viable. The structural limit states directly limit the amount of EC that 
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can be reduced and restrict the trade-off between air-borne sound insulation and EC. Additionally, the shape 

of the approximate Pareto fronts differs when employing the modified STC metric in place of the 

conventional STC metric. Fig. 8-16 more clearly compares the approximate Pareto fronts obtained when 

STC and STC* were employed. Although it is clear that the approximate Pareto fronts converge for higher 

EC emissions, the selection of air-borne acoustic insulation metric can meaningfully influence the rating of 

shaped one-way slabs at lower EC emissions. The comparison of approximate Pareto fronts with a span 

length of 6 m most clearly shows this relationship. 

 

 

Figure 8-16: Comparison of the EC vs STC and EC vs STC* approximate Pareto fronts for a) the design scenario 
with a span length of 6 m, b) the design scenario with a span length of 7.5 m, c) the design scenario with a span 

length of 9 m, and d) the design scenario with a span length of 10.5 m. 
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 The best performing (non-dominated) shaped slabs labeled in Figs. 8-8 to 8-15 are evaluated for 

additional design objectives STC / STC* (whichever was not optimized), fire-resistance rating, and walking 

vibrations. The design scenario, objective performances, and the shaped slab are shown in Figs. 8-17 to 8-

24. These design guides provide an example of how optimized floor components can be selected in the 

design of low-carbon and high-performing buildings.  

 

Figure 8-17: Design guide when optimizing EC and STC for a span length of 6 m. 

 

 

Figure 8-18: Design guide when optimizing EC and STC for a span length of 7.5 m. 
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Figure 8-19: Design guide when optimizing EC and STC for a span length of 9 m. 

 

Figure 8-20: Design guide when optimizing EC and STC for a span length of 10.5 m. 

 

 

Figure 8-21: Design guide when optimizing EC and STC* for a span length of 6 m. 
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Figure 8-22: Design guide when optimizing EC and STC* for a span length of 7.5 m. 

 

Figure 8-23: Design guide when optimizing EC and STC* for a span length of 9 m. 

 

Figure 8-24: Design guide when optimizing EC and STC* for a span length of 10.5 m. 
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 There are several takeaways when evaluating the non-dominated shaped slabs across the 16 

different design scenarios. The first is that low loads and small spans generally equated to thinner floors 

with low EC, but fair STC ratings. However, the thin top slab resulted in a poor fire resistance rating (below 

a 1-hr rating). Yet high loads and long spans generally resulted in thick slabs with high EC, better STC 

ratings, and higher fire-resistance ratings. Another observation is that similar designs appear across many 

different design scenarios, indicating that some of the forms are high-performing in compared to other 

forms. A final takeaways is that although shaped slabs can have high performance for many design 

objectives, these floors are typically characterized by having a very thick top slab and deep ribs, potentially 

discouraging their implementation in buildings. 

8.5 Limitations and opportunities for future studies 

The main limitation of this study is that only a shaped one-way slab is evaluated for the methods 

and metrics derived in this dissertation. Additionally, only EC vs STC and EC vs STC* were considered in 

the optimization frameworks of this study. Inclusion of fire resistance rating, walking vibrations, and other 

acoustic transmission metrics in an optimization framework would enable holistic assessment of design 

trade-offs of shaped concrete components. Furthermore, the creation of design catalogs would enable 

building practitioners to compare and select high-performing optimized design components. Lastly, putting 

the performance of shaped optimized concrete components in context to the performance of conventional 

concrete floor systems, including one-way pan joist floors, would help determine how much better 

optimized concrete components are compared to existing concrete floor structures. 

This chapter points to many future research opportunities. Floor layers added to the top of the bare 

shaped concrete floors can significantly improve the structure-borne sound insulation performance and 

could be coupled with the best performing shaped concrete slabs to realize high performing shaped concrete 

designs. The consideration of the total depth of the floor system should be considered as an additional 

objective in future studies. Future work could also explore how the implementation of optimized concrete 

components can have additional EC benefits by reducing the structural deadload in concrete girders, 



241 
 

columns, and foundations. A broad future research direction should consider the inclusion of alternative 

optimization frameworks such as Bayesian Optimization (BO), generative design of shaped slabs (Bucher 

et al., 2023), and the implementation of machine learning models (Fang et al., 2023a). A specific variation 

of BO is Diversity-Guided Efficient Multi-objective Bayesian Optimization, which enables a diverse 

exploration of a design space while efficiently converging to the best performing designs with a limited 

number of required samples (Lukavocic et al., 2020). The application of this framework would be especially 

suitable for comprehensive multi-objective studies of optimized concrete floor components. Lastly, the 

incorporation of the results of a multi-objective study could be incorporated into a design tool to help 

building engineers and practitioners consider shaped concrete slabs to other conventional and non-

traditional concrete systems with the intent of minimizing EC emissions while balancing the performance 

of other design objectives (Chauhan et al., 2023). 

8.6 Conclusion 

In conclusion, this chapter demonstrates how the methods and metrics derived in Chs. 6 and 7 can 

be implemented to improve how multidisciplinary design objectives, specifically acoustic insulation, can 

be better integrated and considered in design strategies aimed at minimizing the EC emissions of concrete 

floors. Although this demonstration just scratches the surface, the fact that shaped one-way concrete floors 

can meaningfully affect both air- and structure-borne sound insulation performance goals through shaping 

alone, indicates how optimized building components can enhance the performance of a building through 

the inclusion of secondary design objectives. Lastly, the inclusion of alternative acoustic metrics can 

meaningfully influence the identification and rating of a shape optimized floor design. 
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Chapter 9 
 

Conclusion 

 In conclusion, this dissertation responds to the urgent need to reduce EC emissions in the built 

environment by critically evaluating existing concrete floor systems at the building system scale and by 

developing new methodologies to advance the design of low-carbon, optimized concrete floor components. 

In Ch. 3, EC equations appropriate for use in early design phases were derived based on the simulated EC 

and SMQ results when varying geometric and structural design parameters for ten concrete floor systems. 

In Ch. 4, a subset of the concrete floor systems was further evaluated for prescribed fire-resistance, air-

borne sound insulation, and walking vibrations to evaluate how various secondary design requirements 

influenced the EC emissions of concrete floor systems. The findings of this study informed the creation of 

six design charts, each corresponding to a unique building case study, to better inform designers on the 

selection of a low-carbon concrete floor system while balancing multiple design goals.  

At the component scale, Ch. 5 detailed the fabrication and experimental testing of four quarter-

scaled shaped concrete slabs, which were used to validate a numerical FEA model for each slab specimen. 

Ch. 6 expanded on this work to assess the impact sound insulation performance of full-scale shaped concrete 

slabs. Because of the computational cost associated with simulating the full frequency range required to 

quantify IIC using existing acoustic methods, a hybrid air-hemisphere and radiated sound power method 

was defined and validated to adequately estimate the impact sound insulation of both flat and shaped 

concrete floors while minimizing computational resources. In Ch. 7, alternative acoustic transmission 

metrics were proposed to overcome the functional limitations of STC and IIC, especially when employed 

in design space exploration and optimization studies. Ch. 8 combines the IIC-Like method from Ch. 6, 

employs the alternative acoustic transmission metrics derived in Ch. 7, and compares the optimized shaped 

concrete slabs to the functionally equivalent conventional floor systems studied in Chs. 3 and 4. Because 

significant concrete material is needed to achieve the minimum impact sound insulation rating defined in 
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building code, the shaped concrete slabs are optimized for air-borne sound insulation and EC to generate a 

design catalog of shaped concrete slabs optimized at different span lengths and structural parameters.  

 The expanded design knowledge, methods, and metrics developed in this dissertation are relevant 

to different audiences. The comprehensive evaluation of EC emissions for concrete floor systems at the 

building system scale is relevant to building practitioners, especially architects, structural engineers, and 

sustainability consultants. The derived EC equations in Ch. 3 and the design charts when considering 

multiple design objectives in Ch. 4 are particularly useful for practitioners comparing different floor 

systems in early-stage design. Acoustic practitioners and research communities can glean from the dynamic 

response results of shaped concrete slabs in Ch. 5, apply the IIC-Like method described in Ch. 6, and 

implement the alternative acoustic transmission metrics to better understand the sound insulation 

performance of non-traditional building elements. Lastly, building practitioners and acousticians can 

observe how to apply the new methods and metrics when assessing floors as demonstrated in Ch. 8. 

9.1. Summary of contributions 

 This dissertation details six unique studies at the building system scale and component scale to help 

inform building designers on existing concrete floor systems that can be immediately implemented to curb 

EC emissions attributed to concrete structures in buildings and determine shaped concrete forms that 

improve upon conventional concrete floor systems while minimizing EC and improving acoustic insulation. 

The research questions, findings, and contributions from each chapter are summarized in Table 9-1.  

 

Table 9-1: Chapter-by-chapter research questions, findings, and contributions. 

Dissertation 
Chapter 

Research Question(s) Research Finding(s) Contribution(s) 

Ch. 3 

What are the EC 
emissions of concrete 
floor systems when 
varying structural 
design parameters, such 
as span length, concrete 
compressive strength, 

When assessing the EC of 41,328 
/ 27,552 unique design scenarios 
for ten different RC / PT floor 
systems, the composite EC 
emissions ranged from 50 
kgCO2e/m2 at 3 m to nearly 400 
kgCO2e/m2 at 15 m. Material-
efficient concrete floor systems 

A comprehensive assessment of 
ten concrete floor systems 
showed that the system type and 
the structural parameters 
influenced the range of EC 
emissions. The span length of the 
floor system had the largest 
influence on EC, regardless of the 
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Dissertation 
Chapter 

Research Question(s) Research Finding(s) Contribution(s) 

applied loads, and 
deflection limits? 
 
 
How can building 
designers identify the 
most material-efficient 
(low-carbon) concrete 
floor system at the early 
design stages given the 
breadth of possible 
design scenarios, 
variety of concrete floor 
systems, and the 
uncertainty of carbon 
emissions associated 
with different concrete 
mixtures? 

had smaller EC distributions 
while less efficient systems had 
larger EC distributions. 
 
Univariate polynomial regression 
models trained to the composite 
EC trendlines were found to 
obtain an adequate estimate of EC 
at the conceptual design phase (R2 
above 0.99 for all but one 
system). Yet a more robust model 
was needed to accurately estimate 
EC in the schematic design phase. 
Multivariate regression models 
were shown to better account for 
varying structural parameters, 
resulting in an improved EC 
estimate (R2 above 0.95 for all but 
one system). 
 

type of floor system. Yet varying 
structural parameters can also 
meaningfully influence EC. 
 
EC equations were derived from 
the univariate and multivariate 
polynomial regression models to 
simplify the estimation of EC for 
different concrete floor systems 
with the equations tailored to the 
design knowledge known in the 
conceptual and schematic design 
phases. The equations were 
deployed in a web application / 
design tool to better inform 
designers in the selection of the 
most material-efficient (low 
carbon) concrete floor system. 
 

Ch. 4 

What concrete floor 
system(s) is the most 
material-efficient 
(lowest EC emissions) 
when considering both 
structural performance 
and secondary design 
requirements for floors, 
including fire-
resistance, air-borne 
sound insulation, and 
walking vibrations? 

RC one-way slabs and RC two-
way slabs with beams were 
preferred at short span while RC 
waffle slabs and PT voided plates 
were preferred at long spans, 
regardless of the design 
requirements. However, when 
code minimum acoustic 
performance was desired, no 
concrete floor system was 
sufficient at short span lengths 
without additional material layers.  
 

Six design charts representative 
of six unique building design case 
studies were created to better 
inform designers on what 
concrete floor system(s) is the 
most material-efficient / has the 
lowest EC emissions when 
considering various structural, 
fire-resistance, acoustical, and 
vibration performance 
requirements.  
 

Ch. 5 

What is the 
experimentally-
obtained dynamic 
response of fabricated, 
quarter-scaled shaped 
ribbed concrete slabs, 
and can these results be 
used to tune numerical 
models for each slab? 
 

The mode shapes, 
eigenfrequencies, and mobilities 
were obtained for the four 
quarter-scaled shaped slabs. To 
tune the numerical models, the 
lowest percent error was found to 
be 6.75% with a modulus of 
elasticity of 32,064 MPa and a 
Poisson’s ratio of 0.18. 
 

The dynamic response for each of 
the four shaped slabs was 
determined through a modal 
hammer test. The tuned numerical 
model can be used to estimate the 
dynamic response of shaped 
concrete slab forms that were not 
experimentally tested. 
  

Ch. 6 
How can a numerical 
method adequately 
estimate the full 

Conventional numerical methods 
(i.e., the air-hemisphere method) 
require very large computational 

The IIC-Like method was 
developed and validated to 
simulate the full frequency impact 
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Dissertation 
Chapter 

Research Question(s) Research Finding(s) Contribution(s) 

frequency (including 
both low and high 
frequencies) impact 
sound insulation 
performance of non-
traditional concrete 
slabs while reducing the 
required computational 
resources? 

models (e.g., 80 million finite 
elements) to simulate both low 
and high frequency impact sound. 
However, by simulating only a 
subset of frequencies (the 100 Hz, 
125 Hz, 160 Hz, and 200 Hz OTO 
bands), the radiation efficiency of 
a concrete slab can be calculated 
to estimate the radiated sound 
power at high frequencies with 
significantly smaller models (e.g., 
100 thousand finite elements). 
 

sound insulation performance of 
concrete slabs. Unlike existing 
methods, the IIC-Like method 
reduces the granularity of the 
mesh by simulating a subset of 
frequencies above coincidence to 
effectively determine the 
radiation efficiency. The IIC-Like 
method can thus obtain an impact 
sound rating while using less 
computational resources. 
 

Ch. 7 

How can modifications 
to the existing acoustic 
transmission metrics 
correct the functional 
limitations of the 
metrics to improve the 
acoustic rating of floors 
in computational design 
frameworks? 

Modifying the functional 
limitations of STC and IIC (STC* 
and IIC*) influenced the scalar 
rating by a range of -1 to +4 when 
compared to the conventional 
STC and IIC ratings. The 
categorical method (CM) and the 
composite transmission function 
(CTF) were defined to provide 
designers with more or less scalar 
values depending on the fidelity 
of acoustic information required 
and for various applications in 
computational frameworks. 

Three alternative acoustic 
transmission metrics were 
proposed: STC* and IIC*, the 
CM, and the CTF. Different 
strategies to employ the three 
proposed metrics in 
computational frameworks were 
provided. These metrics provide a 
fairer acoustic rating for concrete 
floors in computational 
frameworks by removing 
functional limitations that can 
inflate or hinder the acoustic 
rating of a building element. 
 

Ch. 8 

How does the 
implementation of a 
computationally-
efficient method to 
simulate impact sound 
insulation and the 
incorporation of 
modified acoustic 
transmission metrics 
influence the selection 
of a low-carbon 
concrete slab, and how 
do the best performing 
shaped concrete slabs 
compare to an 
equivalent conventional 
system? 
 

The comprehensive assessment of 
shaped concrete floor slabs found 
that minimum building code 
requirements for impact sound 
insulation could not be satisfied 
without additional material layers, 
however, high performing designs 
for minimizing EC and 
maximizing air-borne acoustic 
insulation were identified. The 
best performing shaped slabs had 
an EC savings of 51% with an 
increased rating of +5 compared 
to conventional flat plates, with 
~33% EC savings when compared 
to a structurally-equivalent 
conventional one-way slab. 

An evaluation of both air- and 
structure-borne sound insulation 
revealed that shaping a one-way 
concrete floor system can 
improve acoustic performance 
while minimizing concrete 
material consumption and 
corresponding EC emissions. 
Shaped concrete slabs were found 
to outperform conventional 
concrete systems designed for the 
scenario; yet future studies are 
needed to assess how the 
inclusion of additional design 
objectives (e.g., fire-resistance 
rating) further influence these 
results. 
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9.2. Summary of limitations 

9.2.1 Limitations of the studies at the building system scale 

 While this dissertation realizes impactful contributions at the building system and component scale, 

this work is not without limitations. First, only a cradle-to-gate (A1-A3 phases) life cycle assessment (LCA) 

was considered in the sustainable assessment (EC emissions) of the conventional concrete floor systems in 

Chs. 3 and 4. The concrete floors considered in these studies did not include the structural columns and 

foundations, potentially restricting the full knowledge of EC savings when comparing different floor 

systems. Also, the conventional concrete floor systems were designed as square bays, potentially missing 

opportunities for further EC reduction when designing rectilinear and non-traditional column grid layouts.  

 A specific limitation of the work in Ch. 3 is that alternative statistical models, including Bayesian 

regression models, may be able to consider the EC uncertainty more adequately in the structural design 

scenario in addition to the GWP uncertainty of concrete mixtures. Another source of uncertainty includes 

the life cycle inventory resources used by the U.S. EPDs in App. A which informed the GWP values used 

in the study (Teng et al., 2023; Warrier et al., 2024). Additionally, the polynomial regression models were 

all second-order models with the intent to limit the number of interaction terms needed to adequately 

estimate the EC of a concrete floor system in the early design phases; yet higher order models may better 

fit the simulated data (especially for the RC two-way waffle slab). A clear limitation in Ch. 4 is that only 

six building use case studies were considered, potentially limiting the utility of the design charts. 

Furthermore, impact sound insulation and vibrations caused by rhythmic excitations were not included in 

the study. Another overarching limitation of the studies at the building system scale is that no direct 

comparison to other floor systems (i.e., steel-composite floors and mass timber floors) was made. 

9.2.2 Limitations of the studies at the component scale 

 The largest limitation of the studies at the component scale is that only shaped one-way concrete 

slabs are considered; however, a parametric model based on a different floor system (e.g., waffle slab) could 

reveal more design trade-offs and EC savings. As was the case for the concrete floor systems at the building 
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system scale, only a cradle-to-gate LCA was considered. Similarly, the geometry of the shaped slabs was 

restricted to four different span lengths for a square bay, potentially limiting additional EC benefits that 

shaped concrete slabs have when designed for non-traditional and cantilever floor plans.  

 The experimental study in Ch. 5 could have used (or compared) alternative test methods to the 

tapping hammer method, such as a shaker or a tapping machine test, to ascertain (and confirm) the dynamic 

performance of a concrete floor. Additionally, testing of a quarter-scaled flat concrete plate and an 

equivalent rectilinear one-way slab could have more directly put the dynamic performance of the shaped 

slabs into context of conventional concrete floor systems. The study was also limited to evaluating quarter-

scaled specimens due to the fabrication and transportation difficulties corresponding to full-scale slabs. 

Evaluation of the impact sound insulation performance of full-scale concrete slabs would have also helped 

validate the numerical results from the IIC-Like method presented in Ch. 6. Another important limitation 

of Ch. 6 is that the computational resource savings was put into context of the number of elements and 

nodes of the air-hemisphere, with the computational time using the air-hemisphere method estimated based 

on the simulation time when using the IIC-Like method. This is largely due to FEM licensing restrictions 

and computational resource limitations to fully simulate the full frequency range of IIC-Like.   

 In Ch. 7, the alternative acoustic transmission metrics were proposed based on the functional 

limitations well known in the building acoustics field; however, subjective testing could confirm if the 

ratings obtained from these new metrics are perceived differently than the existing acoustic transmission 

metrics. An important limitation in Chs. 7 and 8 is that not all alternative acoustic transmission metrics 

were demonstrated in an optimization framework. Furthermore, the current application of the alternative 

sound transmission metrics is limited to early-stage design exploration and optimization frameworks until 

subjective testing can study how well the proposed acoustic metrics compare to the perception of acoustic 

insulation. In Ch. 8, a multi-objective optimization framework could expand on the design insight on the 

relationship between maximizing both air- and structure-borne sound insulation and minimizing EC. Lastly, 

the design catalog of shaped concrete slabs is limited to the 16 design scenarios considered and could be 

improved by quantifying additional design objectives and performance goals. 
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9.3. Future research directions 

9.3.1 Future research at the building system scale 

 This dissertation facilitates many future research opportunities at both the building system scale 

and at the component scale. At the building system scale, future research directions related to the assessment 

of EC emissions include: 

- The inclusion of additional LCA phases beyond the A1 to A3 phases to better quantify whole life 

cycle EC emissions of concrete floor systems. While most of the EC emissions for concrete 

structures is attributed to the A1 to A3 LCA phases, the assessment of additional LCA phases 

(especially the A4 and A5 phases) would further reveal what conventional concrete floor systems 

are the most sustainable (Felicioni et al., 2023).  

- The system boundary of the LCA can be expanded to include the structural columns and 

foundations to better assess EC emission savings when comparing different floor systems. 

- The establishment of EC benchmarks for various structural systems and elements based on the 

design requirements (i.e., structural design parameters) could significantly encourage architects and 

structural engineers to design low-carbon structural solutions. Instead of setting a static EC 

benchmark, benchmarking a range of EC emissions could guide policymakers at the local and 

national levels (Belizario-Silva et al., 2023). 

- The inclusion of whole-building LCA frameworks applied in early-stage design frameworks can 

also improve EC assessment (McCord et al., 2024). On a larger scale, the assessment of building 

material stock can provide useful design insight on reducing EC emissions (Sory, 2023).  

- The consideration of other LCA mid-points such as freshwater consumption and acidification (see 

App. A for more information) could reveal more trade-offs when considering sustainable objectives 

in building design. 
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Related to the structural and secondary design considerations, future research directions include: 

- A square column grid configuration was specified for all the concrete floor systems. However, 

rectilinear bays and non-traditional column grid layouts should be further assessed to better inform 

when certain concrete floor systems are preferred when minimizing EC. 

- The structural analysis implemented was a modified direct design method to evenly design and 

fairly compare the structural performance of RC and PT floor systems; however, alternate concrete 

floor design methods (e.g., the equivalent frame method) and alternate concrete design codes (e.g., 

Eurocode 2, 2008) could result in different EC results and should be explored in future work. 

- Performance-based fire-resistance and other air-borne acoustic transmission models could result in 

slightly different performance ratings when compared to the results obtained in Ch. 4. Additional 

floor vibration considerations, like rhythmic excitations, should be further studied when 

implementing a low-carbon concrete floor system (Gaspar et al., 2016).  

- The consideration of impact sound insulation and thermal insulation performance goals, especially 

when material layers are applied on bare concrete floors (Arenas & Sepulveda, 2022), could 

influence the selection of a low-carbon concrete system when balancing many design objectives. 

Future research directions on the broad topic of design tools and guidance in the identification and selection 

of a low-carbon concrete floor system include: 

- Employment of the polynomial regression models to alternative structural systems and material 

types could directly aid building practitioners in identifying the structural system with the lowest 

EC despite the breadth of possible design scenarios. 

- The trained polynomial regression models in Ch. 3 could be improved upon to include the EC from 

the concrete columns and footings, enabling designers the ability to quickly estimate the EC for the 

entire concrete structural system. 

- The design charts in Ch. 4 could be expanded to other structural systems and materials, like 

Leonard’s (2023) work with mass timber floor structures. The design charts can also be integrated 
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into an interactive design tool to enable building designers to parametrically evaluate how different 

design parameters and secondary design objectives influence EC.  

- Future tool development should incorporate additional LCA phases and secondary objectives to 

provide high-resolution EC estimates for different structural systems and enable comprehensive 

comparisons across various structural systems.  

9.3.2 Future research at the concrete component scale 

 There are many future research directions for further improving and implementing optimized 

concrete components in the built environment. Opportunities to explore different types of custom structural 

system is an exciting research field, including: 

- The exploration and optimization of shaped two-way waffle slabs and topology optimized PT 

voided plates could realize highly material-efficient floor forms. 

- The parametric model of shaped one-way concrete slabs could be improved. Inclusion of voided 

areas and post-tensioning in shaped slabs could provide opportunities for further EC savings than 

what was found in this dissertation.  

- The design for disassembly of custom concrete structures could help realize significant material 

and EC emission savings (Salama, 2017). The recycling and reuse of concrete elements in buildings 

is a burgeoning field (Byers et al., 2023; Devènes et al., 2024; DoGursel et al., 2023; Küpfer et al., 

2024; Luthin et al., 2023). The reuse of concrete elements can be implemented in the design of 

optimized concrete components and even be used to improve the performance of structural systems 

composed of other materials (Estrella et al., 2024). 

- Related, functionally-graded concrete components as a low-carbon solution can be coupled with 

shape optimization strategies to determine highly material-efficient and low-carbon systems (Ma 

et al., 2023; Tang et al., 2016; Torelli et al., 2020; Win et al., 2022).  
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- Lastly, hybrid structural systems, including the combination of optimized concrete floor forms 

designed with bio-based construction materials, and the integration of acoustic metamaterials have 

exciting implications in the built environment (Fang et al., 2024; Moutan et al., 2024). 

Another broad research direction is the experimentation of shaped concrete slabs, specifically: 

- Experimental testing for structural, fire-resistance, acoustical, and vibrations should be performed 

on shaped concrete slabs to validate numerical findings. 

- Structural testing of full-scaled shaped slabs can be compared to the four quarter-scaled slabs 

presented in Ch. 5 to evaluate if structural size effects are equivalent regardless of the floor form.  

- Full-scale shaped slabs should be validated for acoustic insulation in research facilities following 

ASTM standards (i.e., ASTM E90, ASTM E492) to validate the results in this dissertation. 

- Additional experiments, including fire-resistance and vibration tests can be performed to evaluate 

the performance of shaped concrete floors to accelerate their application in the built environment. 

Related to the sound transmission methods presented in this dissertation, next steps include: 

- The IIC-Like method described in Ch. 6 can be applied to other concrete structural systems, 

including other custom concrete components. For example, the IIC-Like method can be 

implemented to determine the full frequency impact sound performance of optimized concrete 

funicular floors when assuming simple boundary conditions, as was demonstrated in the evaluation 

of radiated sound power by Mendez Echenagucia et al. (2016). 

- The alternative acoustic transmission metrics proposed in Ch. 7 could likewise be applied to other 

structural elements (i.e., both floors and walls) composed of different construction materials. 

- Future studies should further assess how the inclusion of the proposed acoustic transmission metrics 

can influence the selection and optimization of other structural systems outside of concrete floors.  

- Subjective studies should be conducted to further understand the perceived performance of building 

elements rated by the alternative acoustic transmission metrics. 
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More research is needed to understand the multi-objective design trade-offs of custom concrete slabs, 

especially in early-stage design and optimization frameworks. Specifically, future work includes: 

- The consideration of additional building and design objectives such as, cost, thermal insulation, 

and construction-related objectives in multi-objective optimization frameworks of optimized 

concrete components can deepen the understanding of interdisciplinary design trade-offs. 

- Ranking the importance of different design objectives when minimizing the EC emissions of 

optimized concrete components. As was implied in the findings of Ch. 8, differing design scenarios 

would likely influence the order and magnitude of important design objectives. 

- The utilization of other multidisciplinary optimization frameworks including Bayesian 

Optimization (BO) can improve the efficiency of the optimization method implemented in Ch. 8. 

Furthermore, a BO framework can act as a surrogate model and be employed in multi-disciplinary 

optimization problems (Lukavocic et al., 2020). 

9.4. La fine 

  Driven by the need to reduce carbon emissions in the built environment, scientific researchers and 

industry practitioners will continue to rapidly explore strategies to reduce the EC emissions in structural 

systems. Although structural systems composed of mass timber and other bio-based construction materials 

provide exciting opportunities to lower carbon emissions, concrete floor systems currently and will continue 

to have design advantages in specific building contexts, especially when considering the additional design 

considerations and consequent performance goals that floors participate in. With advancing construction 

technologies and practices, and innovative concrete material developments, the concrete industry is on the 

cusp of a design renaissance where building engineers and architects will be able to explore more unique 

concrete floor forms, giving way to a new era of efficiency in the design of concrete structures. 

 This dissertation elucidates an immediate pathway to curb EC emissions of existing conventional 

concrete floor systems in the present and developed methods to better assess the acoustic insulation of 

custom concrete floors to aid their development and implementation in buildings in the near-term future. 
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As the building sector progresses towards net-zero carbon emission structural systems, it will be paramount 

to also consider the performance of additional design objectives to ensure that “sustainable buildings” are 

indeed sustainable for both the environment and the people using it. 
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Appendix A 

 

A dataset of ready-mix concrete Environmental Product Declarations1 

A.1 Motivation 

The carbon footprint of a concrete structure is directly affected by the selected concrete mixture 

proportions. To better understand the influence of different ready-mixed concrete mixtures, data was 

collected from Environmental Product Declarations (EPDs). Data from 39,213 U.S.A. ready-mix concrete 

EPDs was obtained from public repositories provided by the American Society for Testing and Materials 

(ASTM) and the National Ready-Mixed Concrete Association (NRMCA). The EPDs were analyzed using 

a custom Python script to extract useful information for building designers, sustainability practitioners, and 

researchers including: life cycle assessment (LCA) midpoints (Global Warming Potential, Ozone Depletion 

Potential, Acidification Potential, Photochemical Ozone Creation Potential, Abiotic Depletion, Total Waste 

Disposed, and Consumption of Freshwater), concrete strength classes, declared unit, concrete curing time, 

production components, concrete manufacturers’ company and plant locations, and additional LCA 

information. Both the dataset and an example of the Python script used to extract the information from the 

EPDs are provided. This dataset enables users to quickly assess the environmental impacts (including the 

Global Warming Potential) of different concrete mixtures without the need for extensive data collection 

and analysis. In summary, this dataset provides environmental information about concrete mixtures to aid 

civil engineering and architectural researchers, sustainability consultants, building engineering 

practitioners, and environmental policymakers to make sustainability-informed decisions when specifying 

concrete in the United States. 

 
1 Appendix A is adapted from the published work by Broyles et al. “A compiled dataset of ready-mix concrete 
Environmental Product Declarations for life cycle assessment” (2024). Data in Brief, 52, 109852.  
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A.2 Value of the dataset 

 The concrete mixture EPD dataset (Broyles, 2023a) allows building designers and sustainability 

practitioners to easily compare concrete mixtures from various ready-mix concrete plants for the primary 

LCA midpoints to support sustainable design decisions in the built environment. The LCA midpoints 

include Global Warming Potential, Ozone Depletion Potential, Acidification Potential, Eutrophication 

Potential, Photochemical Ozone Creation Potential, Abiotic Depletion (non-fossil fuel and fossil fuel), 

Total Waste Disposed (non-hazardous and hazardous), and consumption of freshwater. The LCA midpoints 

are provided for each individual A1, A2, and A3 LCA stage, in addition to the summation of the A1-A3 

LCA stages. The dataset contains additional information extracted from the ready-mix concrete EPDs 

including the mixture description, concrete compressive strength, declared unit, product components, the 

Life Cycle Inventory products and sources, and the street locations of the ready-mix concrete plants. The 

locations of the ready-mix concrete producers, including each ready-mix concrete plant, are provided to 

help consultants identify concrete mixtures that are near their project site. 

 This dataset can be reused to further understand the environmental effects of the production of 

different concrete mixtures, which benefits building sustainability consultants, building practitioners, 

architects, civil and structural engineers, concrete plant manufacturers, structural concrete institutes (e.g., 

the American Concrete Institute, Structural Engineering Institute) and policymakers. Statistical analyses 

can be conducted to provide current baseline values of LCA midpoints for concrete mixtures of various 

compressive strength classes. Lastly, ready-mix concrete manufacturers can compare nationally the 

environmental footprint of their concrete mixtures to other ready-mix concrete manufacturers, encouraging 

the development of more sustainable concrete production. 

A.3 Methodology 

The information in the ready-mix concrete EPD database is obtained from EPDs made available 

online from ASTM (2023) and NRMCA (2023) between February and April of 2023. The internet links for 

each EPD are provided in the complimentary dataset (found on https://doi.org/10.1016/j.dib.2023.109852) 
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in the column titled: “EPD Source Link.” The ready-mix concrete EPDs were downloaded as PDF files and 

put into subfolders based on the ready-mix concrete producer. The accompanying Python script (found on 

https://doi.org/10.1016/j.dib.2023.109852) was written to extract the relevant information from each ready-

mix concrete EPD automatically, circumventing the need for manually reading, interpreting, and reporting 

the information for each EPD. The Python script was run for every ready-mix concrete producer to obtain 

the compiled EPD dataset, as illustrated in Fig. A-1. The Python script was created using Anaconda 

Navigator 2.4.1, using Jupyter Notebook with Python v. 3.8. 

 

Figure A-1: Illustration of how the ready-mix concrete EPD dataset was generated. 

 

The Python script employed the open-access library pdfplumber (Singer-Vine & Jain, 2023) to 

extract text from each EPD .pdf file. The corresponding .py file can be employed on any Python 

environment with Python v. 3.0 or newer. The user can define the desired information for extraction (e.g., 

the LCA midpoints, ready-mix concrete plant locations), and the Python script then extracts the information 

from the read .pdf file and saves each entry. Once the loop completes, the recorded data is written as a new 

.csv file which can then be assembled to the EPD dataset and cleaned to match the syntax and numerical 

format across all ready-mix concrete producers. 
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A.4 Data description 

 The ready-mix concrete EPDs were downloaded from public repositories provided by ASTM 

(2023) and NRMCA (2023), and were mined using the custom Python script (see the.py file in the 

supplementary materials on https://doi.org/10.1016/j.dib.2023.109852) to extract key information from the 

EPDs. The EPDs were followed according to ISO 14040 (2006), ISO 14044 (2006), and ISO 21930 (2017). 

Table A-1 outlines the information obtained from the EPDs and presented in the dataset, including the 

ready-mixed concrete manufacturer, ready-mixed concrete plant location, general EPD information, 

engineering information regarding the concrete mixture proportions, LCA midpoints, and the Life Cycle 

Inventory (LCI) variability, and sources of LCI data as reported in the EPDs. 

 

Table A-1: The column headers in the EPD dataset, grouped by category. 

Category Column Header 

Concrete Manufacturer Information 

Concrete Company 
Company Location (Street, City, State, Zip) 
Concrete Plant 
Plant Location (Street, City, State, Zip) 

General EPD Information 
EPD Program Operator 
EPD Date of Issue 
EPD Valid Until Date 

Concrete Information 

Mix Label 
Mix Description 
Concrete Compressive Strength 
Concrete Curing Time 
Declared Unit 
Product Components 

Life Cycle Assessment Midpoints 

Global Warming Potential (A1-A3, A1, A2, A3) in kg 
CO2-eq 
Ozone Depletion Potential (A1-A3, A1, A2, A3) in 
kg CFC-11-eq 
Acidification Potential (A1-A3, A1, A2, A3) in kg 
SO2-eq 
Eutrophication Potential (A1-A3, A1, A2, A3) in kg 
N-eq 
Photochemical Ozone Creation Potential (A1-A3, 
A1, A2, A3) in kg O3-eq 
Abiotic Depletion, Non-fossil (A1-A3, A1, A2, A3) 
in kg Sb-eq 
Abiotic Depletion, Fossil (A1-A3, A1, A2, A3) in MJ 
Total Waste Disposed, Hazardous & Non-hazardous 
(A1-A3, A1, A2, A3) in kg 
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Consumption of Freshwater (A1-A3, A1, A2, A3) in 
m3 

Life Cycle Inventory Variability 

Percent Mixing Truck Energy 
LCI Manufacturing Variability 
LCI Cement Accounts for Percent Energy 
LCI Cement Impact Variation 

Life Cycle Inventory Data Sources 

Admixture (accelerating) 
Admixture (air-entraining) 
Admixture (hardening accelerator) 
Admixture (other) 
Admixture (plasticizing) 
Admixture (retarding) 
Admixture (superplasticizing) 
Admixture (waterproofing) 
Aggregate (crushed) 
Aggregate (lightweight) 
Aggregate (natural) 
Aggregate (other) 
Barge Transport 
Carbon Cure 
Cleaning Chemicals 
Diesel 
Electricity 
Fly Ash 
Municipal Water 
Natural Gas 
Non-Hazardous Solid Waste 
Oils, Lubricants and Greases 
Portland Cement 
Portland Limestone Cement 
Propane 
Rail Transport 
Ship Transport 
Silica Fume 
Slag Cement 
Truck Transport 
Other 

Internet Link / Source to Access the EPD EPD Source Link 
 

 

 A key aim of this dataset was to provide high fidelity information of the environmental impacts for 

current concrete mixtures. Existing baseline reports including the CLF (2021) and NRMCA (2022) reports 

exclude useful information, such as the complete list of product components in a concrete mixture and the 

primary sources of LCI data. Additionally, this dataset represents a broad distribution of ready-mixed 

concrete EPDs currently available across the U.S.A. Ready-mix concrete EPDs from 37 different ready-
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mixed concrete manufacturers and 389 unique ready-mixed concrete plants were collected, as detailed in 

Table A-2. Fig. A-2 shows the geographic distribution of EPDs. 

 

Table A-2: Concrete manufacturers and concrete plants (alphabetized). 

Ready-Mixed Concrete 
Manufacturer 

Ready-Mixed Concrete Plants 

Altaview Concrete American Fork Plant, Logan Plant, North Salt Lake Plant, West Haven Plant, 
West Jordan Plant 

Argos Armour Drive Plant, Atlanta Division Plant, Doraville Plant, Glenwood Plant, 
Smyrna Plant 

AVR Inc. & Affiliates Apple Valley Plant, Buffalo Plant, Burnsville Plant, Elk River Plant, Ham Lake 
Plant, Maple Grove Plant, Monticello Plant, South St. Paul Plant 

Bayview Redi Mix Inc. Bayview Redi Mix Plant 
BURNCO Colorado Denver Plant, Jeffco Plant, Windsor Plant 

Cadman / Heidelberg 
Materials 

Bellevue Plant, Everett-Smith Plant, Ferndale Plant, Foster Road Plant, 
Issaquah Plant, Orchards Plant, Port of Portland Plant, Redmond Plant, Seattle 
Plant, Sky River Plant, Woodinville Plant 

CEMEX 

19th Avenue Plant, 34th Avenue Plant, 7th Street Plant, Alabaster-Pelham Plant, 
Alpharetta-North Fulton Plant, Antioch Plant, Apache Junction Plant, Apex 
Plant, Arcola Rail Yard Plant, Baymeadows Plant, Baytown Plant, Berkeley 
Plant, Big Bend Plant, Bradenton Plant, Brownsville Plant, Buckeye Plant, 
Buford (RMUSA) Plant, Bunnell North Plant, Camp Verde Plant, Cantonment 
(Dual) Plant, Carroll Canyon Plant, Carson City Plant, Cemco 10 Moorsville 
Plant, Central South Plant, Chattanooga Jersey Plant, Chattanooga River Plant, 
Cocoa Plant, College Park Plant, Columbia Plant, Compton Plant, Concord 
Plant, Coolidge Plant, Corona RM Plant, Cullman Plant, Cutten Road Plant, 
Dalton Plant, Daphne Plant, Davenport RK Plant, Delray Plant, Demopolis 
Plant, Dothan Plant, Douglasville Plant, Downtown-Marietta Plant, Downtown 
SA RM Plant, East Orlando Plant, Edinburg Plant, Ehren Cut-Off Plant, 
Ellington Plant, Enterprise Plant, Fairfield Portable Plant, Farmersville Plant, 
Flagstaff Plant, Florence-Industrial Plant, Fontana RM Plant, Fort Myers Plant, 
French Camp Plant, Friant Plant, Ft. Pierce Plant, Ft. Walton Plant, Gainesville 
RK Plant, Galveston Plant, Greeneville Plant, Harlingen Plant, Harvest-
Highway 53-Lafarge Plant, Higley Plant, Hockley Plant, Hollywood Plant, 
Holmes RM (JV) Plant, Humble RM Plant, Huntsville (Dual) Plant, Inglewood 
Plant, Intel Plant, Irondale Plant, Irvine Plant, Johns Creek Plant, Katy RM 
(JV) Plant, Kingsport Plant, Kyle Canyon Plant, Lake Park Plant, Lakeshore 
(Dual) (Lafarge) Plant, Lemoore Plant, Lincoln Plant, Lithonia Plant, Lockhart 
RK Plant, Los Angeles Plant, Los Banos Plant, Losee Plant, Lytle Creek RM 
Plant, Maricopa Plant, Marietta-Owenby Drive Plant, Marysville Plant, 
Maynardville Plant, McDuffie Rd. Plant, Melbourne RK Plant, Merced Plant, 
Midtown-Armour Plant, Mid-Town Miami Plant, Mission Plant, Mission 
Valley Plant, Missouri City RM (JV) Plant, Modesto Plant, Montgomery-Metro 
Plant, Montgomery-Wares Plant, Morgan’s Point (La Porte) Plant, Morristown 
Plant, Mt. Belvieu Plant, Navarre Plant, Navigation RM Plant, Neyland Drive 
Plant, Niceville (Villa Tasso) Plant, North Miami Plant, North Vero Plant, 
Oakland Plant, Ocala Plant, Oildale Plant, Old River Plant, Opelika Plant, 
Orange Plant, Orlando Plant, Oxnard RM Plant, Palomar Escondido Plant, 
Panama City-Main Plant, Perkins Plant, Perris RM Plant, Pier 92 Amador 
Plant, Pima Plant, Pleasanton Plant, Pompano Plant, Portable Rexcon 1 Plant, 
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Ready-Mixed Concrete 
Manufacturer 

Ready-Mixed Concrete Plants 

Prescott Plant, Prospect Avenue Plant, Redlands RM (Dual) Plant, Regency 
Park Plant, Reno Plant, Rockford Plant, Rosenberg Plant, Roseville Plant, 
Rothwell Plant, San Carlos Plant, San Jose Plant, San Juan Capistrano Plant, 
San Tan Plant, Santa Barbara Plant, Santa Clara Plant, Santa Puala RM Plant, 
Sarival Plant, Schertz RM Plant, Seagrove Plant, Sloan Plant, South Fresno 
Plant, South Lauderdale Plant, South Miami Plant, Spring Plant, St. Augustine 
Plant, St. Petersburg Plant, Stafford Plant, State Rd. 80 (WP8 FL) RM Plant, 
Stuart Plant, Sun City Plant, Sunrise Plant, Tomball Plant, Tracy Plant, Tric 
Plant, Trinity Plant, Troy Plant, TSMC Plant, Tuscaloosa (Dual) Plant, Union 
City Plant, Valkaria Plant, Webster Plant, West Palm Beach FL Readymix 
Plant, West Plant, West Sacramento Terminal Plant, Wiggings Pass (North 
Naples) Plant, Woodstock Plant 

Central Concrete 

Hayward Plant, Martinez Plant, Oakland Plant, Pleasanton (wet) Plant, Queens 
Lane (dry) Plant, Queens Lane (wet) Plant, Redwood City Plant, Redwood 
City B Plant, San Francisco Plant, South San Francisco (wet) Plant, Stockton 
(wet) Plant 

Centre Concrete Co. State College Plant 
Corliss Resources, Inc. Enumclaw Plant, Federal Way Plant, Puyallup Plant, Sumner Plant 
CWC-WSG Baker Flats Plant, Ephrata Plant, Othello Plant, Quincy Plant, Wenatchee Plant 

Eastern Concrete Bayonne Plant, Bogota Plant, Broadway Plant, Howell Plant, Newark Plant, 
North Bergen Plant, Roseland Plant, West Nyack Plant 

Hawaiian Cement Halawa Plant #1, #3 

Holcim - Aggregate 
Industries 

Bannock Plant, Belle Plaine Ready-Mix Plant, Beltsville Plant, Bladensburg 
Plant, Buffalo Ready-Mix – Hopkins Plant, Chantilly Plant, Costilla Plant, 
DFW RMX Plant, Empire Ready-Mix Plant, Everett Plant, Fargo Ready-Mix 
(dry) Plant, Fargo Ready-Mix (wet) Plant, Forest Lake Ready-mix Plant, Fort 
Totten (DC) Plant, Ft. Collins Plant, Grand Forks Ready-Mix Plant, Jessup 
Plant, Kirby Road Plant, Lancaster Ready-Mix – Genesee Plant, Manassas 
Plant, Maple Grove Ready-Mix Plant, Minneapolis Ready-Mix Plant, Newport 
Ready-Mix Plant, Portable LRT Ready-Mix Plant, Rexcon Plant 8, Rockville 
East Plant, Saugus Plant, Texas Plant, Tonawanda Ready-Mix River Rd. Plant, 
Waltham Plant 

Hooker Creek Companies, 
LLC 

Bend Plant, Madras Plant, Redmond Plant 

Ingram Ready Mix Pearland #35 LLC Plant 

Knife River Corporation Coffee Lake Plant, Hillsboro Plant, Linnton Plant, Prineville Plant, Sundial 
Plant 

Liberty Ready Mix Dixon 2 Plant, Dixon 3 Plant, Grimes 1 Plant 
Martin Marietta - Smyrna 
Ready Mix Concrete, LLC. 

Arvada Plant, Chambers Plant, Del Camino Plant, Quivas Plant, Rock Creek 
Plant, Valmont Plant 

Nashville Ready Mix Visco Dr. – Nashville Plant 

National Ready Mix 
Artesia Plant, Canoga Park Plant, Glendale Plant, Irvine Plant, Irwindale Plant, 
Moorpark Plant, Santa Clarita Plant, South Gate Plant, Sun Valley Plant, Van 
Nuys Plant, Vernon Plant 

O&G Industries, Inc. Bridgeport Plant, Danbury Plant, Harwinton Plant, Southbury Plant, Stamford 
Plant 

Platte River Concrete Chalco Plants 1-5, 7 
Prairie Material, LLC Yard 32 Plant, Yard 33 Plant 
Ready Mix USA Harvest Plant 
Riverbend Materials Corvallis Plant, Hilroy Plant, RBWest Plant, Wildish Plant 

Robertson’s Ready Mix Anaheim Plant, Carroll Canyon Plant, El Cajon Plant, Gardena Plant, Mira Mar 
Plant, Otay Mesa Plant, Rialto Plant, Vernon Plant 
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Ready-Mixed Concrete 
Manufacturer 

Ready-Mixed Concrete Plants 

Schuster Concrete Annapolis Junction Plant, Laurel Plant, Monument Street Plant, Portable 18 
Plant, Rockville Plant 

Scioto Ready Mix Alexandria Plant, Delaware Plant, Dublin Plant, New Albany Plant, Obetz 
Plant 

Silvi Materials 
Downingtown Plant, Englishtown Plant, Kingston Plant, Limerick Plant, 
Logan Plant, Morrisville Plant, Mt. Holly Plant, Philadelphia Plant, South 
Plainfield Plant, Southampton Plant 

Stoneway Concrete Black River Plant, Houser Plant, Seattle Plant 
Tec-Crete Transit Mix 
Corporation 

Jamaica Plant, Long Island City Plant 

Thomas Concrete 
Airport Plant, Alpharetta Plant, Atlanta Plant, Buckhead Plant, Charleston 
Plant, Charlotte Graham Street Plant, Doraville Plant, Greenville Plant, 
Morrisville Plant, Pooler Plant, Savannah East Plant, West Street Plant 

Tilcon Connecticut Inc. East Granby Concrete Plant, Hartford Concrete Plant, New Britain Concrete 
Plant, Norwich Concrete Plant, Old Saybrook Concrete Plant 

Titan Virginia Ready-Mix 
Centerville RM Plant, Clear Brook RM Plant, Dumfries RM Plant, Front Royal 
RM Plant, Leesburg RM Plant, Springfield RM (Plants 1 and 2), Stafford RM 
Plant, Sterling RM (Plants 1 and 2) 

United Companies 
Crested Butte Plant, Delta Plant, Gunnison Plant, Gypsum Plant, Minturn 
Plant, Montrose Plant, Powers Plant, Rifle Plant, River Road Plant, Steamboat 
Plant, Telluride Plant, Woody Creek Plant 

US Concrete Mix / Smyrna 
Ready Mix 

Bushwick Plant, College Point Plant, Jenna Plant, Long Island City Plant, 
Maspeth Plant, Mt. Vernon Plant, Smith Street Plant 

 

 

 

Figure A-2: Geographical distribution of the United States ready-mixed concrete plants in the dataset. 
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 The dataset also represents a broad range of concrete compressive strength classes. Fig. A-3 shows 

that despite over half of the concrete mixtures have a design compressive strength between 27.6 MPa (4,000 

psi) to 34.5 MPa (5,000 psi), several other strength classes are represented, including those below 17.2 MPa 

(2,500 psi) and above 55.2 MPa (8,000 psi). Because of the breadth of compressive strengths in the dataset, 

holistic assessments of strength against LCA mid-points, like Global Warming Potential, can be conducted, 

as demonstrated by Fig. A-4. Note that this includes EPDs with different functional units (i.e., different 

curation times). Additionally, the concrete mixtures also include up to 15 different product components: 

portland cement, alternative cements (slag cement, type 1L cement, and hydraulic cement), aggregates 

(natural, crushed, and lightweight), batch water, admixtures (ASTM C494 and C260), fly ash, silica fume, 

fiber, glass pozzolan, and pigment. The percentage of concrete mixtures that include each component is 

shown in Fig. A-5. A single concrete mixture commonly includes several product components (for example, 

natural aggregate, crushed aggregate, portland cement, batch water, slag cement, and chemical admixtures). 

Note that the percentage of mixtures that contain any one product component is out of the entire dataset. 

 

Figure A-3: Breakdown of concrete compressive strength classes in the EPD dataset. 
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Figure A-4: Concrete compressive strength and A1-A3 GWP for all EPDs in the dataset.  

 

 

Figure A-5: Breakdown of concrete mixture components.  
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 Two strategies to efficiently parse and analyze the large dataset include the filter feature in Excel 

and reading the dataset in Python or an equivalent coding language. In Excel or Python, users can view or 

filter concrete mixtures from a specific concrete plant, geographical location, concrete compressive strength 

class, or LCA midpoint. Python can also be used to filter the dataset and can be used to identify material 

components and LCI sources. Doing so can enable sustainability researchers and building practitioners to 

analyze the environmental performance of different concrete mixtures currently available in the United 

States. A study by Anderson and Moncaster (2020) is an example of what that can be done with this dataset. 

A.5 Limitations 

While the EPD database contains many entries, this is not an exhaustive list of concrete mixtures 

currently available. Second, the dataset includes ready-mix concrete produced only in the United States; no 

other countries are considered. Although no other countries are considered, a limitation with the analyzed 

EPDs is that European LCI audits are used for certain LCI items such as cleaning chemicals, indicating that 

the environmental performance for the items is similar within the United States, but may contribute to the 

LCI variability and uncertainty. Third, the quality of the data and the amount of data available differs across 

concrete plant / ready-mix concrete producers. However, all EPDs are externally validated by a third-party 

organization. Lastly, EPDs have a five-year period that they are valid. Therefore, EPDs in the dataset may 

not be valid depending on the time that the future analysis is conducted. The earliest date that an EPD is 

not valid is April 3rd, 2024. Regarding the provided Python code, it should be noted that ready-mix concrete 

EPDs from different plants or manufacturers can differ from one another. Therefore, the provided code may 

need to be modified to correctly extract all information from an EPD.   

A.6 Conclusion 

In conclusion, this appendix details the motivation, methodology, and value of the concrete EPD 

dataset. Unlike national averaged reports, this dataset provides additional information about the concrete 

mixtures and sustainable information, including the LCI sources, to better inform building designers, 

policymakers, and other stakeholders on the complex environmental footprint of concrete mixtures. 
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Appendix B 

 

Methodologies and equations of conventional concrete floor structures1 

The equations presented in this appendix are in imperial (U.S.) units unless reported otherwise. Portions of 

this appendix are adapted from Broyles and Hopper (2023). 

 

B.1 RC Flat Plate 

B.1.1. Initial estimate of square column width (colwidth_in): 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑜𝑜𝑜𝑜 𝑆𝑆𝑆𝑆𝐵𝐵𝑜𝑜 𝐿𝐿𝐵𝐵𝑜𝑜𝐿𝐿𝐿𝐿ℎ (𝑙𝑙)

⎩
⎪⎪
⎨

⎪⎪
⎧
𝑙𝑙 ≤ 25 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 12 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 30 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 18 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 33 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 24 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 37 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 30 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 42 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 36 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 50 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 42 𝑖𝑖𝑜𝑜

 

 

B.1.2. Initial estimate of slab thickness (h), in accordance with ACI-318 Sec. 8.3.1.1 (2019):  

𝑙𝑙𝑛𝑛𝑖𝑖𝑖𝑖 = 𝑙𝑙 − 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 

ℎ𝑤𝑤𝑛𝑛 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖
33

5 𝑖𝑖𝑜𝑜
   𝑅𝑅𝑜𝑜𝑅𝑅𝑜𝑜𝐵𝐵 𝑅𝑅𝑆𝑆 (ℎ𝑤𝑤𝑛𝑛) 𝐿𝐿𝑜𝑜 𝑜𝑜𝐵𝐵𝐵𝐵𝑛𝑛𝐵𝐵𝐵𝐵𝐿𝐿 1/2 𝑖𝑖𝑜𝑜  

A minimum slab thickness of 5 inches is required to achieve a 2-hr fire rating per IBC 

Table 721.1(3) (International Code Council, 2021). 

 

B.1.3. Calculate initial factored load (qu_in): 

𝑞𝑞𝑢𝑢𝑖𝑖𝑖𝑖 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
1.4 𝐷𝐷𝐿𝐿

1.2 𝐷𝐷𝐿𝐿 + 1.6 𝐿𝐿𝐿𝐿
 

 
1 Appendix B is adapted from the supplementary material labeled “Structural Methodologies and Equations” which is 
a companion document to the published work by Broyles et al. “Equations for early-stage design embodied carbon 
estimation for concrete floors of varying loading and strength” (2024). 
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B.1.4. Size columns and obtain final estimate for floor thickness and corresponding factored load: 

𝑃𝑃𝑛𝑛 = 4𝑞𝑞𝑢𝑢𝑖𝑖𝑖𝑖𝐴𝐴𝑤𝑤 

𝐴𝐴𝑐𝑐 =
𝑃𝑃𝑛𝑛

(0.8)(0.65)[�0.85𝑓𝑓𝑐𝑐′(0.98) + �𝑓𝑓𝑦𝑦�(0.02)�
 

𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑐𝑐𝐵𝐵𝑖𝑖𝑙𝑙��𝐴𝐴𝑐𝑐�

�

�

12 𝑖𝑖𝑜𝑜
16 𝑖𝑖𝑜𝑜
18 𝑖𝑖𝑜𝑜
20 𝑖𝑖𝑜𝑜
24 𝑖𝑖𝑜𝑜
30 𝑖𝑖𝑜𝑜
36 𝑖𝑖𝑜𝑜
42 𝑖𝑖𝑜𝑜

 

𝑙𝑙𝑛𝑛 = 𝑙𝑙 − 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠  

ℎ = 𝑚𝑚𝐵𝐵𝑚𝑚 �
𝑙𝑙𝑖𝑖
33

5 𝑖𝑖𝑜𝑜
   𝑅𝑅𝑜𝑜𝑅𝑅𝑜𝑜𝐵𝐵 𝑅𝑅𝑆𝑆 (ℎ) 𝐿𝐿𝑜𝑜 𝑜𝑜𝐵𝐵𝐵𝐵𝑛𝑛𝐵𝐵𝐵𝐵𝐿𝐿 1/2 𝑖𝑖𝑜𝑜  

𝑞𝑞𝑢𝑢 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
1.4 𝐷𝐷𝐿𝐿

1.2 𝐷𝐷𝐿𝐿 + 1.6 𝐿𝐿𝐿𝐿
 

 

B.1.5. Following a Modified Direct Design Method (M-DDM), calculate factored moment (M0), as 

according to ACI-318 Equation 8.10.3.2 (2019)): 

𝑀𝑀0 =  
𝑞𝑞𝑢𝑢𝑙𝑙 𝑙𝑙𝑛𝑛2

8
 

 

B.1.6. Following the M-DDM, distribute the moments into column and middle strips (ACI-318 Table 

8.10.4.2 (2019)). 

Table B-1: Modified Direct Design Method moment distributions. 

Strip End Span Interior Span 

Column 
Strip 

Ext. 
Neg. 

𝑀𝑀𝑢𝑢
= 0.27 𝑀𝑀0 

Pos.  
𝑀𝑀𝑢𝑢
= 0.345 𝑀𝑀0 

Int. 
Neg.  

𝑀𝑀𝑢𝑢
= 0.55 𝑀𝑀0 

Int. 
Neg. 

𝑀𝑀𝑢𝑢
= 0.535 𝑀𝑀0 

Pos. 
𝑀𝑀𝑢𝑢
= 0.186 𝑀𝑀0 

Middle 
Strip 

Ext. 
Neg. 

𝑀𝑀𝑢𝑢 = 0 𝑀𝑀0 

Pos. 
𝑀𝑀𝑢𝑢
= 0.235 𝑀𝑀0 

Int. 
Neg. 

𝑀𝑀𝑢𝑢
= 0.18 𝑀𝑀0 

Int. 
Neg.  

𝑀𝑀𝑢𝑢
= 0.175 𝑀𝑀0 

Pos.  
𝑀𝑀𝑢𝑢
= 0.124 𝑀𝑀0 
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B.1.7. Based on the factored moment, determine the required steel reinforcement for positive and negative 

bending location (which follows a similar method to Foraboschi (2019)): 

 𝐵𝐵 = ℎ − 𝑤𝑤𝑏𝑏
2
− 𝑐𝑐𝑐𝑐; Estimate db as a #4 bar: 0.5 in. Clear cover (cc) = ¾ in  

𝑏𝑏 = �
𝑙𝑙
2
� 

 𝑅𝑅𝑛𝑛 = 𝑀𝑀𝑢𝑢
𝜙𝜙𝜙𝜙𝑤𝑤2

;  𝜙𝜙 = 0.9,  

used in the estimation of As, as derived by Setareh and Darvas (2017) in accordance with the 

strength design methods in ACI-318 Sec. 22.2 (2019). 

𝛽𝛽1 = 0.85 − 0.05(𝑓𝑓𝑐𝑐′ − 4); f’c > 4 ksi, in accordance with ACI-318 Sec. 22.2.2.4.3 (2019). 

 𝐴𝐴𝑠𝑠,𝑟𝑟𝑟𝑟𝑟𝑟𝑤𝑤 = 𝛽𝛽1𝑓𝑓𝑐𝑐′𝜙𝜙𝑤𝑤
𝑓𝑓𝑦𝑦

�1 −�1− 2𝑅𝑅𝑖𝑖
𝛽𝛽1𝑓𝑓𝑐𝑐′

� > 𝐴𝐴𝑠𝑠,𝑚𝑚𝑤𝑤𝑛𝑛 = 0.0018𝑏𝑏ℎ,  

As,reqd equation, as derived by Setareh and Darvas (2017) in accordance with the strength design 

methods in ACI-318 Sec. 22.2 (2019). As,min equation in accordance with ACI-318 Sec. 8.6.1.1 

(2019). 

Note: The steel reinforcement in the concrete slabs was designed according to the distributed 

design moments that occurred at different locations in the floor. The number of bars that satisfied 

the bending moment was obtained for every nominal U.S. rebar size from a #4 bar to a #10 bar at 

each design location. The total mass (which relates to the EC of the steel reinforcement) was 

obtained for each rebar size, with the lowest mass and corresponding rebar size and number of 

bars, selected for the given structural design and used in the EC calculation. The location of steel 

rebar was arranged at locations of maximum positive and negative bending moments, which 

follows typical U.S. design practices. 

 

B.1.8. Check (one-way) punching shear: 

𝑏𝑏0 = 4(𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ + 𝐵𝐵) 

𝜙𝜙𝑉𝑉𝑐𝑐 = 0.75 (6)�𝑓𝑓𝑐𝑐′𝐵𝐵𝑏𝑏0; 𝜙𝜙 = 0.75, 

In the above equation, it is assumed that punching shear reinforcement is present.  

This study assumed that its contribution to the total EC is negligible. 

𝑉𝑉𝑢𝑢 = 𝑞𝑞𝑢𝑢𝐴𝐴𝑤𝑤 

𝜙𝜙𝑉𝑉𝑐𝑐 ≥ 𝑉𝑉𝑢𝑢 

 

B.1.9. Check deflection: 
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𝐸𝐸𝑐𝑐 = 57,000�𝑓𝑓𝑐𝑐′ 

ɳ =
29,000,000

𝐸𝐸𝑐𝑐
 

𝑓𝑓𝑟𝑟 = 7.5�𝑓𝑓𝑐𝑐′ 

𝑀𝑀𝑐𝑐𝑟𝑟 =
𝑓𝑓𝑟𝑟𝐼𝐼𝑔𝑔
ℎ/2

 

𝑆𝑆𝑜𝑜𝑙𝑙𝑆𝑆𝐵𝐵 𝑓𝑓𝑜𝑜𝑛𝑛 𝑐𝑐;   0 =  𝜙𝜙𝑐𝑐
2

2
+ ɳ𝐴𝐴𝑠𝑠𝑐𝑐 − ɳ𝐴𝐴𝑠𝑠𝐵𝐵, 

as derived by Nawy (1985). 

𝐼𝐼𝑐𝑐𝑟𝑟 =
𝑏𝑏𝑐𝑐3

3
+ ɳ𝐴𝐴𝑠𝑠(𝐵𝐵 − 𝑐𝑐)2   

𝐼𝐼𝑟𝑟𝑚𝑚 = �𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎
�
3
𝐼𝐼𝑔𝑔 + �1 − �𝑀𝑀𝑐𝑐𝑐𝑐

𝑀𝑀𝑎𝑎
�
3
� 𝐼𝐼𝑐𝑐𝑟𝑟 at midspan, as derived by Nawy (1985). 

𝐼𝐼𝑟𝑟1 = �𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎
�
3
𝐼𝐼𝑔𝑔 + �1 − �𝑀𝑀𝑐𝑐𝑐𝑐

𝑀𝑀𝑎𝑎
�
3
� 𝐼𝐼𝑐𝑐𝑟𝑟 at the continuous span, as derived by Nawy (1985). 

𝐼𝐼𝑟𝑟 = 0.85𝐼𝐼𝑟𝑟𝑚𝑚 + 0.15𝐼𝐼𝑟𝑟1 Solve for each condition (DLconc, DLconc + SDL, DLconc + SDL + 

LL) 

𝐼𝐼 = 𝑚𝑚𝑖𝑖𝑜𝑜 �
𝐼𝐼𝑔𝑔

𝐼𝐼𝑟𝑟,𝐿𝐿𝐿𝐿𝐿𝐿𝑤𝑤 𝐶𝐶𝐿𝐿𝑠𝑠𝑟𝑟
 

∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐=
0.0069𝑤𝑤𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐𝑙𝑙

4

𝐸𝐸𝑐𝑐𝐼𝐼
 

∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿=
0.0069(𝑤𝑤𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 + 𝑤𝑤𝑆𝑆𝐷𝐷𝐿𝐿)𝑙𝑙4

𝐸𝐸𝑐𝑐𝐼𝐼
 

∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿+𝐿𝐿𝐿𝐿=
0.0069(𝑤𝑤𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 +𝑤𝑤𝑆𝑆𝐷𝐷𝐿𝐿 + 𝑤𝑤𝐿𝐿𝐿𝐿)𝑙𝑙4

𝐸𝐸𝑐𝑐𝐼𝐼
 

∆𝑆𝑆𝐷𝐷𝐿𝐿= ∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿 − ∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 

∆𝐿𝐿𝐿𝐿= ∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿+𝐿𝐿𝐿𝐿 − ∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿 

𝜆𝜆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 = 𝜉𝜉𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 = 1. 𝜆𝜆𝑆𝑆𝐷𝐷𝐿𝐿 = 𝜉𝜉𝑆𝑆𝐷𝐷𝐿𝐿 = 2. Solve for both cases. 

∆𝐿𝐿𝐿𝐿= 𝜆𝜆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 + (1 + 𝜆𝜆𝑆𝑆𝐷𝐷𝐿𝐿)∆𝑆𝑆𝐷𝐷𝐿𝐿 + (1)∆𝐿𝐿𝐿𝐿 

𝛥𝛥𝐿𝐿𝐿𝐿𝑙𝑙𝑤𝑤𝑚𝑚 = 𝑙𝑙/480 

∆𝐿𝐿𝐿𝐿 ≤  𝛥𝛥𝐿𝐿𝐿𝐿𝑙𝑙𝑤𝑤𝑚𝑚  

 

B.1.10. Revise the design: 

𝐼𝐼𝐼𝐼 �
𝐷𝐷𝐵𝐵𝐵𝐵𝑖𝑖𝐿𝐿𝑜𝑜 𝑖𝑖𝐿𝐿𝐵𝐵𝑛𝑛𝐵𝐵𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜 𝐵𝐵𝐵𝐵𝐿𝐿𝑖𝑖𝐵𝐵𝑓𝑓𝑖𝑖𝐵𝐵𝐵𝐵 𝐵𝐵𝑙𝑙𝑙𝑙 𝑐𝑐ℎ𝐵𝐵𝑐𝑐𝑒𝑒𝐵𝐵 → 𝐷𝐷𝐵𝐵𝑐𝑐𝑛𝑛𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ℎ 𝑏𝑏𝑏𝑏 1/2 𝑖𝑖𝑜𝑜
𝐷𝐷𝐵𝐵𝐵𝐵𝑖𝑖𝐿𝐿𝑜𝑜 𝑖𝑖𝐿𝐿𝐵𝐵𝑛𝑛𝐵𝐵𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜 𝑓𝑓𝐵𝐵𝑖𝑖𝑙𝑙𝐵𝐵 𝐵𝐵𝑜𝑜𝑏𝑏 𝑐𝑐ℎ𝐵𝐵𝑐𝑐𝑒𝑒 → 𝐼𝐼𝑜𝑜𝑐𝑐𝑛𝑛𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ℎ 𝑏𝑏𝑏𝑏 1/2 𝑖𝑖𝑜𝑜  
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Iterate until determining the slab design that uses the least amount of material (e.g., 

smallest thickness) that satisfies all design requirements. 

 

B.2 RC Flat Slab 

B.2.1. Initial estimate of square column width (colwidth_in): 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑜𝑜𝑜𝑜 𝑆𝑆𝑆𝑆𝐵𝐵𝑜𝑜 𝐿𝐿𝐵𝐵𝑜𝑜𝐿𝐿𝐿𝐿ℎ (𝑙𝑙)

⎩
⎪⎪
⎨

⎪⎪
⎧
𝑙𝑙 ≤ 25 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 12 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 30 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 18 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 33 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 24 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 37 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 30 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 42 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 36 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 50 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 42 𝑖𝑖𝑜𝑜

 

 

B.2.2. Initial estimate of slab thickness (h), in accordance with ACI-318 Sec. 8.3.1.1 (2019):  

𝑙𝑙𝑛𝑛𝑖𝑖𝑖𝑖 = 𝑙𝑙 − 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 

ℎ𝑤𝑤𝑛𝑛 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖
33

5 𝑖𝑖𝑜𝑜
   𝑅𝑅𝑜𝑜𝑅𝑅𝑜𝑜𝐵𝐵 𝑅𝑅𝑆𝑆 (ℎ𝑤𝑤𝑛𝑛) 𝐿𝐿𝑜𝑜 𝑜𝑜𝐵𝐵𝐵𝐵𝑛𝑛𝐵𝐵𝐵𝐵𝐿𝐿 1/2 𝑖𝑖𝑜𝑜  

A minimum slab thickness of 5 inches is required to achieve a 2-hr fire rating per IBC Table 
721.1(3) (International Code Council, 2021). 
 

B.2.3. Calculate initial factored load (qu_in): 

𝑞𝑞𝑢𝑢𝑖𝑖𝑖𝑖 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
1.4 𝐷𝐷𝐿𝐿

1.2 𝐷𝐷𝐿𝐿 + 1.6 𝐿𝐿𝐿𝐿
 

 

B.2.4. Size columns and obtain final estimate for floor thickness and corresponding factored load: 

𝑃𝑃𝑛𝑛 = 4𝑞𝑞𝑢𝑢𝑖𝑖𝑖𝑖𝐴𝐴𝑤𝑤 

𝐴𝐴𝑐𝑐 =
𝑃𝑃𝑛𝑛

(0.8)(0.65)[�0.85𝑓𝑓𝑐𝑐′(0.98) + �𝑓𝑓𝑦𝑦�(0.02)�
 

𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑐𝑐𝐵𝐵𝑖𝑖𝑙𝑙��𝐴𝐴𝑐𝑐�

�

�

12 𝑖𝑖𝑜𝑜
16 𝑖𝑖𝑜𝑜
18 𝑖𝑖𝑜𝑜
20 𝑖𝑖𝑜𝑜
24 𝑖𝑖𝑜𝑜
30 𝑖𝑖𝑜𝑜
36 𝑖𝑖𝑜𝑜
42 𝑖𝑖𝑜𝑜

 

𝑙𝑙𝑛𝑛 = 𝑙𝑙 − 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠  
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ℎ = 𝑚𝑚𝐵𝐵𝑚𝑚 �
𝑙𝑙𝑖𝑖
33

5 𝑖𝑖𝑜𝑜
   𝑅𝑅𝑜𝑜𝑅𝑅𝑜𝑜𝐵𝐵 𝑅𝑅𝑆𝑆 (ℎ) 𝐿𝐿𝑜𝑜 𝑜𝑜𝐵𝐵𝐵𝐵𝑛𝑛𝐵𝐵𝐵𝐵𝐿𝐿 1/2 𝑖𝑖𝑜𝑜  

 

B.2.5. Size the drop panel around the columns: 

𝐵𝐵𝐵𝐵𝑆𝑆𝐿𝐿ℎ𝐷𝐷𝑟𝑟𝐿𝐿𝐷𝐷 𝑃𝑃𝐿𝐿𝑛𝑛𝑟𝑟𝑙𝑙 = 𝑐𝑐𝐵𝐵𝑖𝑖𝑙𝑙 �
ℎ
4
�

�

�

�

2.25 𝑖𝑖𝑜𝑜
3.25 𝑖𝑖𝑜𝑜
4.25 𝑖𝑖𝑜𝑜
6.25 𝑖𝑖𝑜𝑜

8 𝑖𝑖𝑜𝑜
10 𝑖𝑖𝑜𝑜
12 𝑖𝑖𝑜𝑜
16 𝑖𝑖𝑜𝑜
20 𝑖𝑖𝑜𝑜
24 𝑖𝑖𝑜𝑜
32 𝑖𝑖𝑜𝑜

 

 

 

B.2.6. Following a Modified Direct Design Method (M-DDM), calculate factored moment (M0), as 

according to ACI-318 Equation 8.10.3.2 (2019)): 

𝑞𝑞𝑢𝑢 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
1.4 𝐷𝐷𝐿𝐿

1.2 𝐷𝐷𝐿𝐿 + 1.6 𝐿𝐿𝐿𝐿
 

𝑀𝑀0 =  
𝑞𝑞𝑢𝑢𝑙𝑙 𝑙𝑙𝑛𝑛2

8
 

 

B.2.7. Following the M-DDM, distribute the moments into column and middle strips (ACI-318 Table 

8.10.4.2 (2019)) as specified in Table S-1. 

 

B.2.8. Based on the factored moment, determine the required steel reinforcement for positive and negative 

bending location (which follows a similar method to Foraboschi (2019)): 

𝐵𝐵 = ℎ − 𝑤𝑤𝑏𝑏
2
− 𝑐𝑐𝑐𝑐; Estimate db as a #4 bar: 0.5 in. Clear cover (cc) = ¾ in. 

Note: d will differ depending on the location (i.e., deeper at columns with drop panels).  

𝑏𝑏 = �
𝑙𝑙
2
� 

𝑅𝑅𝑛𝑛 = 𝑀𝑀𝑢𝑢
𝜙𝜙𝜙𝜙𝑤𝑤2

;  𝜙𝜙 = 0.9,  

used in the estimation of As, as derived by Setareh and Darvas (2017) in accordance with the 

strength design methods in ACI-318 Sec. 22.2 (2019). 

𝛽𝛽1 = 0.85 − 0.05(𝑓𝑓𝑐𝑐′ − 4); f’c > 4 ksi, in accordance with ACI-318 Sec. 22.2.2.4.3 (2019). 

𝐴𝐴𝑠𝑠,𝑟𝑟𝑟𝑟𝑟𝑟𝑤𝑤 = 𝛽𝛽1𝑓𝑓𝑐𝑐′𝜙𝜙𝑤𝑤
𝑓𝑓𝑦𝑦

�1 −�1− 2𝑅𝑅𝑖𝑖
𝛽𝛽1𝑓𝑓𝑐𝑐′

� > 𝐴𝐴𝑠𝑠,𝑚𝑚𝑤𝑤𝑛𝑛 = 0.0018𝑏𝑏ℎ,  
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As,reqd equation, as derived by Setareh and Darvas (2017) in accordance with the strength design 

methods in ACI-318 Sec. 22.2 (2019). As,min equation in accordance with ACI-318 Sec. 8.6.1.1 

(2019). 

Refer to Note in Sec. 1.7. regarding rebar sizing and arrangement. 

 
B.2.9. Check (one-way) punching shear: 

𝑏𝑏0 = 4(𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ + 𝐵𝐵) 

𝜙𝜙𝑉𝑉𝑐𝑐 = 0.75 (6)�𝑓𝑓𝑐𝑐′𝐵𝐵𝑏𝑏0; 𝜙𝜙 = 0.75, 

In the above equation, it is assumed that punching shear reinforcement is present.  

This study assumed that its contribution to the total EC is negligible. 

𝑉𝑉𝑢𝑢 = 𝑞𝑞𝑢𝑢𝐴𝐴𝑤𝑤 

𝜙𝜙𝑉𝑉𝑐𝑐 ≥ 𝑉𝑉𝑢𝑢 

 

B.2.10. Check deflection: 

𝐸𝐸𝑐𝑐 = 57,000�𝑓𝑓𝑐𝑐′ 

ɳ =
29,000,000

𝐸𝐸𝑐𝑐
 

𝑓𝑓𝑟𝑟 = 7.5�𝑓𝑓𝑐𝑐′ 

𝑀𝑀𝑐𝑐𝑟𝑟 =
𝑓𝑓𝑟𝑟𝐼𝐼𝑔𝑔
ℎ/2

 

𝑆𝑆𝑜𝑜𝑙𝑙𝑆𝑆𝐵𝐵 𝑓𝑓𝑜𝑜𝑛𝑛 𝑐𝑐;   0 =  𝜙𝜙𝑐𝑐
2

2
+ ɳ𝐴𝐴𝑠𝑠𝑐𝑐 − ɳ𝐴𝐴𝑠𝑠𝐵𝐵, 

as derived by Nawy (1985). Note: d will be different based on location. 

𝐼𝐼𝑐𝑐𝑟𝑟 =
𝑏𝑏𝑐𝑐3

3
+ ɳ𝐴𝐴𝑠𝑠(𝐵𝐵 − 𝑐𝑐)2   

𝐼𝐼𝑟𝑟𝑚𝑚 = �𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎
�
3
𝐼𝐼𝑔𝑔 + �1 − �𝑀𝑀𝑐𝑐𝑐𝑐

𝑀𝑀𝑎𝑎
�
3
� 𝐼𝐼𝑐𝑐𝑟𝑟 at midspan, as derived by Nawy (1985). 

𝐼𝐼𝑟𝑟1 = �𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎
�
3
𝐼𝐼𝑔𝑔 + �1 − �𝑀𝑀𝑐𝑐𝑐𝑐

𝑀𝑀𝑎𝑎
�
3
� 𝐼𝐼𝑐𝑐𝑟𝑟 at the continuous span, as derived by Nawy (1985). 

𝐼𝐼𝑟𝑟 = 0.85𝐼𝐼𝑟𝑟𝑚𝑚 + 0.15𝐼𝐼𝑟𝑟1 Solve for each condition (DLconc, DLconc + SDL, DLconc + SDL + LL) 

𝐼𝐼 = 𝑚𝑚𝑖𝑖𝑜𝑜 �
𝐼𝐼𝑔𝑔

𝐼𝐼𝑟𝑟,𝐿𝐿𝐿𝐿𝐿𝐿𝑤𝑤 𝐶𝐶𝐿𝐿𝑠𝑠𝑟𝑟
 

∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐=
0.0069𝑤𝑤𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐𝑙𝑙

4

𝐸𝐸𝑐𝑐𝐼𝐼
 

∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿=
0.0069(𝑤𝑤𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 + 𝑤𝑤𝑆𝑆𝐷𝐷𝐿𝐿)𝑙𝑙4

𝐸𝐸𝑐𝑐𝐼𝐼
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∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿+𝐿𝐿𝐿𝐿=
0.0069(𝑤𝑤𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 +𝑤𝑤𝑆𝑆𝐷𝐷𝐿𝐿 + 𝑤𝑤𝐿𝐿𝐿𝐿)𝑙𝑙4

𝐸𝐸𝑐𝑐𝐼𝐼
 

∆𝑆𝑆𝐷𝐷𝐿𝐿= ∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿 − ∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 

∆𝐿𝐿𝐿𝐿= ∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿+𝐿𝐿𝐿𝐿 − ∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿 

𝜆𝜆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 = 𝜉𝜉𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 = 1. 𝜆𝜆𝑆𝑆𝐷𝐷𝐿𝐿 = 𝜉𝜉𝑆𝑆𝐷𝐷𝐿𝐿 = 2. Solve for both cases. 

∆𝐿𝐿𝐿𝐿= 𝜆𝜆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 + (1 + 𝜆𝜆𝑆𝑆𝐷𝐷𝐿𝐿)∆𝑆𝑆𝐷𝐷𝐿𝐿 + (1)∆𝐿𝐿𝐿𝐿 

𝛥𝛥𝐿𝐿𝐿𝐿𝑙𝑙𝑤𝑤𝑚𝑚 = 𝑙𝑙/480 

∆𝐿𝐿𝐿𝐿 ≤  𝛥𝛥𝐿𝐿𝐿𝐿𝑙𝑙𝑤𝑤𝑚𝑚  

 

B.2.11. Revise the design: 

𝐼𝐼𝐼𝐼 �
𝐷𝐷𝐵𝐵𝐵𝐵𝑖𝑖𝐿𝐿𝑜𝑜 𝑖𝑖𝐿𝐿𝐵𝐵𝑛𝑛𝐵𝐵𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜 𝐵𝐵𝐵𝐵𝐿𝐿𝑖𝑖𝐵𝐵𝑓𝑓𝑖𝑖𝐵𝐵𝐵𝐵 𝐵𝐵𝑙𝑙𝑙𝑙 𝑐𝑐ℎ𝐵𝐵𝑐𝑐𝑒𝑒𝐵𝐵 → 𝐷𝐷𝐵𝐵𝑐𝑐𝑛𝑛𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ℎ 𝑏𝑏𝑏𝑏 1/2 𝑖𝑖𝑜𝑜
𝐷𝐷𝐵𝐵𝐵𝐵𝑖𝑖𝐿𝐿𝑜𝑜 𝑖𝑖𝐿𝐿𝐵𝐵𝑛𝑛𝐵𝐵𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜 𝑓𝑓𝐵𝐵𝑖𝑖𝑙𝑙𝐵𝐵 𝐵𝐵𝑜𝑜𝑏𝑏 𝑐𝑐ℎ𝐵𝐵𝑐𝑐𝑒𝑒 → 𝐼𝐼𝑜𝑜𝑐𝑐𝑛𝑛𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ℎ 𝑏𝑏𝑏𝑏 1/2 𝑖𝑖𝑜𝑜  

 

Iterate until determining the slab design that uses the least amount of material (e.g., smallest 

thickness) that satisfies all design requirements. 

 

B.3 RC Modular One-Way Slab 

B.3.1. Initial estimate of square column width (colwidth_in): 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑜𝑜𝑜𝑜 𝑆𝑆𝑆𝑆𝐵𝐵𝑜𝑜 𝐿𝐿𝐵𝐵𝑜𝑜𝐿𝐿𝐿𝐿ℎ (𝑙𝑙)

⎩
⎪⎪
⎨

⎪⎪
⎧
𝑙𝑙 ≤ 25 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 12 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 30 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 18 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 33 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 24 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 37 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 30 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 42 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 36 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 50 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 42 𝑖𝑖𝑜𝑜

 

B.3.2. Initial estimate of required total depth (h), in accordance with ACI-318 Sec. 9.3.1.1. (2019):  

𝑙𝑙𝑛𝑛𝑖𝑖𝑖𝑖 = 𝑙𝑙 − 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 

ℎ𝑤𝑤𝑛𝑛 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖
18.5
5 𝑖𝑖𝑜𝑜

   𝑅𝑅𝑜𝑜𝑅𝑅𝑜𝑜𝐵𝐵 𝑅𝑅𝑆𝑆 (ℎ𝑤𝑤𝑛𝑛) 𝐿𝐿𝑜𝑜 𝑜𝑜𝐵𝐵𝐵𝐵𝑛𝑛𝐵𝐵𝐵𝐵𝐿𝐿 1/2 𝑖𝑖𝑜𝑜  

A minimum slab thickness of 5 inches is required to achieve a 2-hr fire rating per IBC 

Table 721.1(3) (International Code Council, 2021). 

B.3.3. Design using the appropriate wide-module pan joist system. Obtained from CRSI (1998). 
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Table B-2: Geometric properties for the wide-module pan joist systems considered in Ch. 3 and 4. 

Module System (ft) 
Rib Clear 

Spacing (in) 
Rib Width (in) Rib Depth (in) Rib Taper (in) 

2 20 4 8 2 
2 20 4 10 2 
2 20 4 12 2 
3 30 6 8 2.5 
3 30 6 10 2.5 
3 30 6 12 2.5 
3 30 6 14 2.5 
3 30 6 16 2.5 
3 30 6 20 2.5 
4 40 8 12 3 
4 40 8 14 3 
4 40 8 16 3 
4 40 8 18 3 
4 40 8 20 3 
4 40 8 22 3 
4 40 8 24 3 
5 53 7 16 3.5 
5 53 7 20 3.5 
6 66 6 14 4 
6 66 6 16 4 
6 66 6 20 4 

 

B.3.4. Calculate initial factored load (qu_in): 

𝑞𝑞𝑢𝑢𝑖𝑖𝑖𝑖 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
1.4 𝐷𝐷𝐿𝐿

1.2 𝐷𝐷𝐿𝐿 + 1.6 𝐿𝐿𝐿𝐿
 

 

B.3.5. Size columns and obtain final estimate for floor thickness and corresponding factored load: 

𝑃𝑃𝑛𝑛 = 4𝑞𝑞𝑢𝑢𝑖𝑖𝑖𝑖𝐴𝐴𝑤𝑤 

𝐴𝐴𝑐𝑐 =
𝑃𝑃𝑛𝑛

(0.8)(0.65)[�0.85𝑓𝑓𝑐𝑐′(0.98) + �𝑓𝑓𝑦𝑦�(0.02)�
 

𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑐𝑐𝐵𝐵𝑖𝑖𝑙𝑙��𝐴𝐴𝑐𝑐�

�

�

12 𝑖𝑖𝑜𝑜
16 𝑖𝑖𝑜𝑜
18 𝑖𝑖𝑜𝑜
20 𝑖𝑖𝑜𝑜
24 𝑖𝑖𝑜𝑜
30 𝑖𝑖𝑜𝑜
36 𝑖𝑖𝑜𝑜
42 𝑖𝑖𝑜𝑜

 

𝑙𝑙𝑛𝑛 = 𝑙𝑙 − 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠  
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ℎ = 𝑚𝑚𝐵𝐵𝑚𝑚 �
𝑙𝑙𝑖𝑖
18.5
5 𝑖𝑖𝑜𝑜

   𝑅𝑅𝑜𝑜𝑅𝑅𝑜𝑜𝐵𝐵 𝑅𝑅𝑆𝑆 (ℎ) 𝐿𝐿𝑜𝑜 𝑜𝑜𝐵𝐵𝐵𝐵𝑛𝑛𝐵𝐵𝐵𝐵𝐿𝐿 1/2 𝑖𝑖𝑜𝑜 

ℎ𝑠𝑠𝑙𝑙𝐿𝐿𝜙𝜙 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
𝑚𝑚𝐿𝐿𝑤𝑤𝑢𝑢𝑙𝑙𝑟𝑟 𝑠𝑠𝑦𝑦𝑠𝑠𝑤𝑤𝑟𝑟𝑚𝑚

18.5
5 𝑖𝑖𝑜𝑜

   𝑅𝑅𝑜𝑜𝑅𝑅𝑜𝑜𝐵𝐵 𝑅𝑅𝑆𝑆 (ℎ) 𝐿𝐿𝑜𝑜 𝑜𝑜𝐵𝐵𝐵𝐵𝑛𝑛𝐵𝐵𝐵𝐵𝐿𝐿 1/2 𝑖𝑖𝑜𝑜 

Select a pan joist module system with a depth that exceeds ℎ − ℎ𝑠𝑠𝑙𝑙𝐿𝐿𝜙𝜙 

𝑤𝑤𝑢𝑢 = 𝑚𝑚𝐵𝐵𝑚𝑚� 1.4 𝐷𝐷𝐿𝐿
1.2 𝐷𝐷𝐿𝐿+1.6 𝐿𝐿𝐿𝐿 in klf 

Note: live load reductions may be permissible, according to ASCE 7-16. However, live 

load reductions were not taken in this study. 

 

B.3.6. Following the approach using the approximate coefficients of ACI 318, distribute the moments 

(ACI-318 Table 6.5.2. (2019)). 

 

Table B-3: Approximate moment formulas for one-way slabs from ACI-318 Table 6.5.2. (2019). 
Location End Span Interior Span 

Location 

Ext. 
Neg. 
𝑤𝑤𝑢𝑢𝑙𝑙𝑛𝑛2

24
 

Pos.  
𝑤𝑤𝑢𝑢𝑙𝑙𝑛𝑛2

14
 

Int. 
Neg.  
𝑤𝑤𝑢𝑢𝑙𝑙𝑛𝑛2

10
 

Int. 
Neg. 
𝑤𝑤𝑢𝑢𝑙𝑙𝑛𝑛2

11
 

Pos. 
𝑤𝑤𝑢𝑢𝑙𝑙𝑛𝑛2

16
 

 

B.3.7. Based on the factored moment, determine the required steel reinforcement for positive and negative 

bending location (which follows a similar method to Foraboschi (2019)): 

𝐵𝐵 = ℎ − 𝑤𝑤𝑏𝑏
2
− 𝑐𝑐𝑐𝑐; Estimate db as a #4 bar: 0.5 in. Clear cover (cc) = ¾ in  

𝑏𝑏 = �
𝑙𝑙
2
� 

𝑅𝑅𝑛𝑛 = 𝑀𝑀𝑢𝑢
𝜙𝜙𝜙𝜙𝑤𝑤2

;  𝜙𝜙 = 0.9,  

used in the estimation of As, as derived by Setareh and Darvas (2017) in accordance with the 

strength design methods in ACI-318 Sec. 22.2 (2019). 

𝛽𝛽1 = 0.85 − 0.05(𝑓𝑓𝑐𝑐′ − 4); f’c > 4 ksi, in accordance with ACI-318 Sec. 22.2.2.4.3 (2019). 

 𝐴𝐴𝑠𝑠,𝑟𝑟𝑟𝑟𝑟𝑟𝑤𝑤 = 𝛽𝛽1𝑓𝑓𝑐𝑐′𝜙𝜙𝑤𝑤
𝑓𝑓𝑦𝑦

�1 −�1− 2𝑅𝑅𝑖𝑖
𝛽𝛽1𝑓𝑓𝑐𝑐′

� > 𝐴𝐴𝑠𝑠,𝑚𝑚𝑤𝑤𝑛𝑛 = 0.0018𝑏𝑏ℎ,  

As,reqd equation, as derived by Setareh and Darvas (2017) in accordance with the strength design 

methods in ACI-318 Sec. 22.2 (2019). As,min equation in accordance with ACI-318 Sec. 8.6.1.1 

(2019). 

 Refer to Note in Sec. 1.7. regarding rebar sizing and arrangement. 
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B.3.8. Use ACI approximate shear coefficients to check shear (ACI-318 Table 6.5.4.): 

Table B-4: Approximate shears formulas for one-way slabs from ACI-318 Table 6.5.4. (2019). 
Location Vu 

End span at face of first interior support 1.15
𝑤𝑤𝑢𝑢𝑙𝑙𝑛𝑛

2
 

At face of all other supports 
𝑤𝑤𝑢𝑢𝑙𝑙𝑛𝑛

2
 

 

 𝜙𝜙𝑉𝑉𝑐𝑐 = 0.75 (2)�𝑓𝑓𝑐𝑐′𝐵𝐵𝑏𝑏0; 𝜙𝜙 = 0.75, 

𝜙𝜙𝑉𝑉𝑐𝑐 ≥ 𝑉𝑉𝑢𝑢 

 

B.3.9. Check deflection: 

𝐸𝐸𝑐𝑐 = 57,000�𝑓𝑓𝑐𝑐′ 

ɳ =
29,000,000

𝐸𝐸𝑐𝑐
 

𝑓𝑓𝑟𝑟 = 7.5�𝑓𝑓𝑐𝑐′ 

𝑀𝑀𝑐𝑐𝑟𝑟 =
𝑓𝑓𝑟𝑟𝐼𝐼𝑔𝑔
ℎ/2

 

𝑆𝑆𝑜𝑜𝑙𝑙𝑆𝑆𝐵𝐵 𝑓𝑓𝑜𝑜𝑛𝑛 𝑐𝑐;   0 =  𝜙𝜙𝑐𝑐
2

2
+ ɳ𝐴𝐴𝑠𝑠𝑐𝑐 − ɳ𝐴𝐴𝑠𝑠𝐵𝐵, 

as derived by Nawy (1985). 

𝐼𝐼𝑐𝑐𝑟𝑟 =
𝑏𝑏𝑐𝑐3

3
+ ɳ𝐴𝐴𝑠𝑠(𝐵𝐵 − 𝑐𝑐)2   

𝐼𝐼𝑟𝑟𝑚𝑚 = �𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎
�
3
𝐼𝐼𝑔𝑔 + �1 − �𝑀𝑀𝑐𝑐𝑐𝑐

𝑀𝑀𝑎𝑎
�
3
� 𝐼𝐼𝑐𝑐𝑟𝑟 at midspan, as derived by Nawy (1985). 

𝐼𝐼𝑟𝑟1 = �𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎
�
3
𝐼𝐼𝑔𝑔 + �1 − �𝑀𝑀𝑐𝑐𝑐𝑐

𝑀𝑀𝑎𝑎
�
3
� 𝐼𝐼𝑐𝑐𝑟𝑟 at the continuous span, as derived by Nawy (1985). 

𝐼𝐼𝑟𝑟 = 0.85𝐼𝐼𝑟𝑟𝑚𝑚 + 0.15𝐼𝐼𝑟𝑟1 Solve for each condition (DLconc, DLconc + SDL, DLconc + SDL + 

LL) 

𝐼𝐼 = 𝑚𝑚𝑖𝑖𝑜𝑜 �
𝐼𝐼𝑔𝑔

𝐼𝐼𝑟𝑟,𝐿𝐿𝐿𝐿𝐿𝐿𝑤𝑤 𝐶𝐶𝐿𝐿𝑠𝑠𝑟𝑟
 

∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐=
0.0069𝑤𝑤𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐𝑙𝑙

4

𝐸𝐸𝑐𝑐𝐼𝐼
 

∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿=
0.0069(𝑤𝑤𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 + 𝑤𝑤𝑆𝑆𝐷𝐷𝐿𝐿)𝑙𝑙4

𝐸𝐸𝑐𝑐𝐼𝐼
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∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿+𝐿𝐿𝐿𝐿=
0.0069(𝑤𝑤𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 +𝑤𝑤𝑆𝑆𝐷𝐷𝐿𝐿 + 𝑤𝑤𝐿𝐿𝐿𝐿)𝑙𝑙4

𝐸𝐸𝑐𝑐𝐼𝐼
 

∆𝑆𝑆𝐷𝐷𝐿𝐿= ∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿 − ∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 

∆𝐿𝐿𝐿𝐿= ∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿+𝐿𝐿𝐿𝐿 − ∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿 

𝜆𝜆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 = 𝜉𝜉𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 = 1. 𝜆𝜆𝑆𝑆𝐷𝐷𝐿𝐿 = 𝜉𝜉𝑆𝑆𝐷𝐷𝐿𝐿 = 2. Solve for both cases. 

∆𝐿𝐿𝐿𝐿= 𝜆𝜆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 + (1 + 𝜆𝜆𝑆𝑆𝐷𝐷𝐿𝐿)∆𝑆𝑆𝐷𝐷𝐿𝐿 + (1)∆𝐿𝐿𝐿𝐿 

𝛥𝛥𝐿𝐿𝐿𝐿𝑙𝑙𝑤𝑤𝑚𝑚 = 𝑙𝑙/480 

∆𝐿𝐿𝐿𝐿 ≤  𝛥𝛥𝐿𝐿𝐿𝐿𝑙𝑙𝑤𝑤𝑚𝑚  

 

B.3.10. Revise the design: 

𝐼𝐼𝐼𝐼 �
𝐷𝐷𝐵𝐵𝐵𝐵𝑖𝑖𝐿𝐿𝑜𝑜 𝑖𝑖𝐿𝐿𝐵𝐵𝑛𝑛𝐵𝐵𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜 𝐵𝐵𝐵𝐵𝐿𝐿𝑖𝑖𝐵𝐵𝑓𝑓𝑖𝑖𝐵𝐵𝐵𝐵 𝐵𝐵𝑙𝑙𝑙𝑙 𝑐𝑐ℎ𝐵𝐵𝑐𝑐𝑒𝑒𝐵𝐵 → 𝐷𝐷𝐵𝐵𝑐𝑐𝑛𝑛𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ℎ 𝑏𝑏𝑏𝑏 1/2 𝑖𝑖𝑜𝑜
𝐷𝐷𝐵𝐵𝐵𝐵𝑖𝑖𝐿𝐿𝑜𝑜 𝑖𝑖𝐿𝐿𝐵𝐵𝑛𝑛𝐵𝐵𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜 𝑓𝑓𝐵𝐵𝑖𝑖𝑙𝑙𝐵𝐵 𝐵𝐵𝑜𝑜𝑏𝑏 𝑐𝑐ℎ𝐵𝐵𝑐𝑐𝑒𝑒 → 𝐼𝐼𝑜𝑜𝑐𝑐𝑛𝑛𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ℎ 𝑏𝑏𝑏𝑏 1/2 𝑖𝑖𝑜𝑜  

 

Iterate until determining the slab design that uses the least amount of material (e.g., smallest pan 

joist module system) that satisfies all design requirements. 

 

B.4 RC Two-Way Slab with Beams 

B.4.1. The Initial estimate of square column width (colwidth_in): 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑜𝑜𝑜𝑜 𝑆𝑆𝑆𝑆𝐵𝐵𝑜𝑜 𝐿𝐿𝐵𝐵𝑜𝑜𝐿𝐿𝐿𝐿ℎ (𝑙𝑙)

⎩
⎪⎪
⎨

⎪⎪
⎧
𝑙𝑙 ≤ 25 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 12 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 30 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 18 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 33 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 24 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 37 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 30 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 42 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 36 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 50 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 42 𝑖𝑖𝑜𝑜

 

 

B.4.2. Initial estimate of slab thickness (h), in accordance with ACI-318 Sec. 8.3.1.1 (2019):  

𝑙𝑙𝑛𝑛𝑖𝑖𝑖𝑖 = 𝑙𝑙 − 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 

ℎ𝑤𝑤𝑛𝑛 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖
33

5 𝑖𝑖𝑜𝑜
   𝑅𝑅𝑜𝑜𝑅𝑅𝑜𝑜𝐵𝐵 𝑅𝑅𝑆𝑆 (ℎ𝑤𝑤𝑛𝑛) 𝐿𝐿𝑜𝑜 𝑜𝑜𝐵𝐵𝐵𝐵𝑛𝑛𝐵𝐵𝐵𝐵𝐿𝐿 1/2 𝑖𝑖𝑜𝑜  

A minimum slab thickness of 5 inches is required to achieve a 2-hr fire rating per IBC Table 
721.1(3) (International Code Council, 2021). 
 

B.4.3. Calculate initial factored load (qu_in): 
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𝑞𝑞𝑢𝑢𝑖𝑖𝑖𝑖 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
1.4 𝐷𝐷𝐿𝐿

1.2 𝐷𝐷𝐿𝐿 + 1.6 𝐿𝐿𝐿𝐿
 

 

B.4.4. Size columns and obtain final estimate for floor thickness and corresponding factored load: 

𝑃𝑃𝑛𝑛 = 4𝑞𝑞𝑢𝑢𝑖𝑖𝑖𝑖𝐴𝐴𝑤𝑤 

𝐴𝐴𝑐𝑐 =
𝑃𝑃𝑛𝑛

(0.8)(0.65)[�0.85𝑓𝑓𝑐𝑐′(0.98) + �𝑓𝑓𝑦𝑦�(0.02)�
 

𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑐𝑐𝐵𝐵𝑖𝑖𝑙𝑙��𝐴𝐴𝑐𝑐�

�

�

12 𝑖𝑖𝑜𝑜
16 𝑖𝑖𝑜𝑜
18 𝑖𝑖𝑜𝑜
20 𝑖𝑖𝑜𝑜
24 𝑖𝑖𝑜𝑜
30 𝑖𝑖𝑜𝑜
36 𝑖𝑖𝑜𝑜
42 𝑖𝑖𝑜𝑜

 

𝑙𝑙𝑛𝑛 = 𝑙𝑙 − 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠  

ℎ = 𝑚𝑚𝐵𝐵𝑚𝑚 �
𝑙𝑙𝑖𝑖
33

5 𝑖𝑖𝑜𝑜
   𝑅𝑅𝑜𝑜𝑅𝑅𝑜𝑜𝐵𝐵 𝑅𝑅𝑆𝑆 (ℎ) 𝐿𝐿𝑜𝑜 𝑜𝑜𝐵𝐵𝐵𝐵𝑛𝑛𝐵𝐵𝐵𝐵𝐿𝐿 1/2 𝑖𝑖𝑜𝑜  

𝑞𝑞𝑢𝑢 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
1.4 𝐷𝐷𝐿𝐿

1.2 𝐷𝐷𝐿𝐿 + 1.6 𝐿𝐿𝐿𝐿
 

 

B.4.5. Following a Modified Direct Design Method (M-DDM), calculate factored moment (M0), as 

according to ACI-318 Equation 8.10.3.2 (2019)): 

𝑀𝑀0 =  
𝑞𝑞𝑢𝑢𝑙𝑙 𝑙𝑙𝑛𝑛2

8
 

 

B.4.6. Estimate initial interior and edge beam sizes: 

𝑤𝑤𝑖𝑖𝐵𝐵𝐿𝐿ℎ𝜙𝜙𝑟𝑟𝐿𝐿𝑚𝑚 = 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠  

𝐵𝐵𝐵𝐵𝑆𝑆𝐿𝐿ℎ𝜙𝜙𝑟𝑟𝐿𝐿𝑚𝑚 = 𝑚𝑚𝐵𝐵𝑚𝑚 �

𝑤𝑤𝑖𝑖𝐵𝐵𝐿𝐿ℎ𝜙𝜙𝑟𝑟𝐿𝐿𝑚𝑚

�
20(0.75)𝑀𝑀0

𝑤𝑤𝑖𝑖𝐵𝐵𝐿𝐿ℎ𝜙𝜙𝑟𝑟𝐿𝐿𝑚𝑚
 𝑛𝑛𝑜𝑜𝑅𝑅𝑜𝑜𝐵𝐵𝐵𝐵𝐵𝐵 𝑅𝑅𝑆𝑆 𝐿𝐿𝑜𝑜 6 𝑖𝑖𝑜𝑜

 

The above equation was adapted from Fanella and Alsamsam, (2015). 

Note that the coefficient for sizing the interior beam changes from 0.75 to 0.65. 

 

B.4.7. Update the dead load and factored moment. Iterate beam sizes until convergence. 
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B.4.8. Following the M-DDM, distribute the moments into column and middle strips (ACI-318 Table 

8.10.4.2 (2019)), as specified in Table S-1. 

 

B.4.9. Based on the factored moment, determine the required steel reinforcement for positive and negative 

bending location (which follows a similar method to Foraboschi (2019)): 

𝐵𝐵 = ℎ − 𝑤𝑤𝑏𝑏
2
− 𝑐𝑐𝑐𝑐; Estimate db as a #4 bar: 0.5 in. Clear cover (cc) = ¾ in  

𝑏𝑏 = �
𝑙𝑙
2
� 

𝑅𝑅𝑛𝑛 = 𝑀𝑀𝑢𝑢
𝜙𝜙𝜙𝜙𝑤𝑤2

;  𝜙𝜙 = 0.9,  

used in the estimation of As, as derived by Setareh and Darvas (2017) in accordance with the 

strength design methods in ACI-318 Sec. 22.2 (2019). 

𝛽𝛽1 = 0.85 − 0.05(𝑓𝑓𝑐𝑐′ − 4); f’c > 4 ksi, in accordance with ACI-318 Sec. 22.2.2.4.3 (2019). 

𝐴𝐴𝑠𝑠,𝑟𝑟𝑟𝑟𝑟𝑟𝑤𝑤 = 𝛽𝛽1𝑓𝑓𝑐𝑐′𝜙𝜙𝑤𝑤
𝑓𝑓𝑦𝑦

�1 −�1− 2𝑅𝑅𝑖𝑖
𝛽𝛽1𝑓𝑓𝑐𝑐′

� > 𝐴𝐴𝑠𝑠,𝑚𝑚𝑤𝑤𝑛𝑛 = 0.0018𝑏𝑏ℎ,  

As,reqd equation, as derived by Setareh and Darvas (2017) in accordance with the strength design 

methods in ACI-318 Sec. 22.2 (2019). As,min equation in accordance with ACI-318 Sec. 8.6.1.1 

(2019). 

Refer to Note in Sec. 1.7. regarding rebar sizing and arrangement. 

 
B.4.10. Check (one-way) punching shear: 

𝑏𝑏0 = 4(𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ + 𝐵𝐵) 

𝜙𝜙𝑉𝑉𝑐𝑐 = 0.75 (6)�𝑓𝑓𝑐𝑐′𝐵𝐵𝑏𝑏0; 𝜙𝜙 = 0.75, 

In the above equation, it is assumed that punching shear reinforcement is present.  

This study assumed that its contribution to the total EC is negligible. 

𝑉𝑉𝑢𝑢 = 𝑞𝑞𝑢𝑢𝐴𝐴𝑤𝑤 

𝜙𝜙𝑉𝑉𝑐𝑐 ≥ 𝑉𝑉𝑢𝑢 

 

B.4.11. Check deflection: 

𝐸𝐸𝑐𝑐 = 57,000�𝑓𝑓𝑐𝑐′ 

ɳ =
29,000,000

𝐸𝐸𝑐𝑐
 

𝑓𝑓𝑟𝑟 = 7.5�𝑓𝑓𝑐𝑐′ 

𝑀𝑀𝑐𝑐𝑟𝑟 =
𝑓𝑓𝑟𝑟𝐼𝐼𝑔𝑔
ℎ/2
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𝑆𝑆𝑜𝑜𝑙𝑙𝑆𝑆𝐵𝐵 𝑓𝑓𝑜𝑜𝑛𝑛 𝑐𝑐;   0 =  𝜙𝜙𝑐𝑐
2

2
+ ɳ𝐴𝐴𝑠𝑠𝑐𝑐 − ɳ𝐴𝐴𝑠𝑠𝐵𝐵, 

as derived by Nawy (1985). 

𝐼𝐼𝑐𝑐𝑟𝑟 =
𝑏𝑏𝑐𝑐3

3
+ ɳ𝐴𝐴𝑠𝑠(𝐵𝐵 − 𝑐𝑐)2   

𝐼𝐼𝑟𝑟𝑚𝑚 = �𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎
�
3
𝐼𝐼𝑔𝑔 + �1 − �𝑀𝑀𝑐𝑐𝑐𝑐

𝑀𝑀𝑎𝑎
�
3
� 𝐼𝐼𝑐𝑐𝑟𝑟 at midspan, as derived by Nawy (1985). 

𝐼𝐼𝑟𝑟1 = �𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎
�
3
𝐼𝐼𝑔𝑔 + �1 − �𝑀𝑀𝑐𝑐𝑐𝑐

𝑀𝑀𝑎𝑎
�
3
� 𝐼𝐼𝑐𝑐𝑟𝑟 at the continuous span, as derived by Nawy (1985). 

𝐼𝐼𝑟𝑟 = 0.85𝐼𝐼𝑟𝑟𝑚𝑚 + 0.15𝐼𝐼𝑟𝑟1 Solve for each condition (DLconc, DLconc + SDL, DLconc + SDL + LL) 

𝐼𝐼 = 𝑚𝑚𝑖𝑖𝑜𝑜 �
𝐼𝐼𝑔𝑔

𝐼𝐼𝑟𝑟,𝐿𝐿𝐿𝐿𝐿𝐿𝑤𝑤 𝐶𝐶𝐿𝐿𝑠𝑠𝑟𝑟
 

∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐=
0.0069𝑤𝑤𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐𝑙𝑙

4

𝐸𝐸𝑐𝑐𝐼𝐼
 

∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿=
0.0069(𝑤𝑤𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 + 𝑤𝑤𝑆𝑆𝐷𝐷𝐿𝐿)𝑙𝑙4

𝐸𝐸𝑐𝑐𝐼𝐼
 

∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿+𝐿𝐿𝐿𝐿=
0.0069(𝑤𝑤𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 +𝑤𝑤𝑆𝑆𝐷𝐷𝐿𝐿 + 𝑤𝑤𝐿𝐿𝐿𝐿)𝑙𝑙4

𝐸𝐸𝑐𝑐𝐼𝐼
 

∆𝑆𝑆𝐷𝐷𝐿𝐿= ∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿 − ∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 

∆𝐿𝐿𝐿𝐿= ∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿+𝐿𝐿𝐿𝐿 − ∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿 

𝜆𝜆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 = 𝜉𝜉𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 = 1. 𝜆𝜆𝑆𝑆𝐷𝐷𝐿𝐿 = 𝜉𝜉𝑆𝑆𝐷𝐷𝐿𝐿 = 2. Solve for both cases. 

∆𝐿𝐿𝐿𝐿= 𝜆𝜆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 + (1 + 𝜆𝜆𝑆𝑆𝐷𝐷𝐿𝐿)∆𝑆𝑆𝐷𝐷𝐿𝐿 + (1)∆𝐿𝐿𝐿𝐿 

𝛥𝛥𝐿𝐿𝐿𝐿𝑙𝑙𝑤𝑤𝑚𝑚 = 𝑙𝑙/480 

∆𝐿𝐿𝐿𝐿 ≤  𝛥𝛥𝐿𝐿𝐿𝐿𝑙𝑙𝑤𝑤𝑚𝑚  

 

B.4.12. Revise the design: 

𝐼𝐼𝐼𝐼 �
𝐷𝐷𝐵𝐵𝐵𝐵𝑖𝑖𝐿𝐿𝑜𝑜 𝑖𝑖𝐿𝐿𝐵𝐵𝑛𝑛𝐵𝐵𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜 𝐵𝐵𝐵𝐵𝐿𝐿𝑖𝑖𝐵𝐵𝑓𝑓𝑖𝑖𝐵𝐵𝐵𝐵 𝐵𝐵𝑙𝑙𝑙𝑙 𝑐𝑐ℎ𝐵𝐵𝑐𝑐𝑒𝑒𝐵𝐵 → 𝐷𝐷𝐵𝐵𝑐𝑐𝑛𝑛𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ℎ 𝑏𝑏𝑏𝑏 1/2 𝑖𝑖𝑜𝑜
𝐷𝐷𝐵𝐵𝐵𝐵𝑖𝑖𝐿𝐿𝑜𝑜 𝑖𝑖𝐿𝐿𝐵𝐵𝑛𝑛𝐵𝐵𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜 𝑓𝑓𝐵𝐵𝑖𝑖𝑙𝑙𝐵𝐵 𝐵𝐵𝑜𝑜𝑏𝑏 𝑐𝑐ℎ𝐵𝐵𝑐𝑐𝑒𝑒 → 𝐼𝐼𝑜𝑜𝑐𝑐𝑛𝑛𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ℎ 𝑏𝑏𝑏𝑏 1/2 𝑖𝑖𝑜𝑜  

 

Iterate until determining the slab design that uses the least amount of material (e.g., smallest 

thickness) that satisfies all design requirements. 
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B.5 RC Two-Way Modular Joist Waffle Slab 

B.5.1. The Initial estimate of square column width (colwidth_in): 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑜𝑜𝑜𝑜 𝑆𝑆𝑆𝑆𝐵𝐵𝑜𝑜 𝐿𝐿𝐵𝐵𝑜𝑜𝐿𝐿𝐿𝐿ℎ (𝑙𝑙)

⎩
⎪⎪
⎨

⎪⎪
⎧
𝑙𝑙 ≤ 25 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 12 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 30 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 18 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 33 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 24 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 37 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 30 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 42 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 36 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 50 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 42 𝑖𝑖𝑜𝑜

 

 

B.5.2. Initial estimate of slab thickness (h), in accordance with ACI-318 Sec. 8.3.1.1 (2019):  

𝑙𝑙𝑛𝑛𝑖𝑖𝑖𝑖 = 𝑙𝑙 − 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 

ℎ𝑤𝑤𝑛𝑛 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖
33

5 𝑖𝑖𝑜𝑜
   𝑅𝑅𝑜𝑜𝑅𝑅𝑜𝑜𝐵𝐵 𝑅𝑅𝑆𝑆 (ℎ𝑤𝑤𝑛𝑛) 𝐿𝐿𝑜𝑜 𝑜𝑜𝐵𝐵𝐵𝐵𝑛𝑛𝐵𝐵𝐵𝐵𝐿𝐿 1/2 𝑖𝑖𝑜𝑜  

A minimum slab thickness of 5 inches is required to achieve a 2-hr fire rating per IBC Table 
721.1(3) (International Code Council, 2021). 
 

B.5.3. Design using the appropriate module system. Obtained from the PCA guide (2005). 
Table B-5: Geometric properties for the module waffle systems considered in this study. 

Module System (ft) 
Rib Clear 

Spacing (in) 
Rib Width (in) Rib Depth (in) 

3 30 6 8 
3 30 6 10 
3 30 6 12 
3 30 6 14 
3 30 6 16 
3 30 6 20 
3 30 6 24 
4 41 7 14 
4 41 7 16 
4 41 7 20 
4 41 7 24 
5 52 8 14 
5 52 8 16 
5 52 8 20 
5 52 8 24 
6 63 9 14 
6 63 9 16 
6 63 9 20 
6 63 9 24 
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B.5.4. Calculate initial factored load (qu_in): 

𝑞𝑞𝑢𝑢𝑖𝑖𝑖𝑖 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
1.4 𝐷𝐷𝐿𝐿

1.2 𝐷𝐷𝐿𝐿 + 1.6 𝐿𝐿𝐿𝐿
 

 

B.5.5. Size columns and obtain final estimate for floor thickness and corresponding factored load: 

𝑃𝑃𝑛𝑛 = 4𝑞𝑞𝑢𝑢𝑖𝑖𝑖𝑖𝐴𝐴𝑤𝑤 

𝐴𝐴𝑐𝑐 =
𝑃𝑃𝑛𝑛

(0.8)(0.65)[�0.85𝑓𝑓𝑐𝑐′(0.98) + �𝑓𝑓𝑦𝑦�(0.02)�
 

𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑐𝑐𝐵𝐵𝑖𝑖𝑙𝑙��𝐴𝐴𝑐𝑐�

�

�

12 𝑖𝑖𝑜𝑜
16 𝑖𝑖𝑜𝑜
18 𝑖𝑖𝑜𝑜
20 𝑖𝑖𝑜𝑜
24 𝑖𝑖𝑜𝑜
30 𝑖𝑖𝑜𝑜
36 𝑖𝑖𝑜𝑜
42 𝑖𝑖𝑜𝑜

 

𝑙𝑙𝑛𝑛 = 𝑙𝑙 − 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠  

ℎ = 𝑚𝑚𝐵𝐵𝑚𝑚 �
𝑙𝑙𝑖𝑖
33

5 𝑖𝑖𝑜𝑜
   𝑅𝑅𝑜𝑜𝑅𝑅𝑜𝑜𝐵𝐵 𝑅𝑅𝑆𝑆 (ℎ) 𝐿𝐿𝑜𝑜 𝑜𝑜𝐵𝐵𝐵𝐵𝑛𝑛𝐵𝐵𝐵𝐵𝐿𝐿 1/2 𝑖𝑖𝑜𝑜  

 

B.5.6. Size the drop panel around the columns: 

𝐵𝐵𝐵𝐵𝑆𝑆𝐿𝐿ℎ𝐷𝐷𝑟𝑟𝐿𝐿𝐷𝐷 𝑃𝑃𝐿𝐿𝑛𝑛𝑟𝑟𝑙𝑙 = 𝑐𝑐𝐵𝐵𝑖𝑖𝑙𝑙 �
ℎ
4
�

�

�

�

2.25 𝑖𝑖𝑜𝑜
3.25 𝑖𝑖𝑜𝑜
4.25 𝑖𝑖𝑜𝑜
6.25 𝑖𝑖𝑜𝑜

8 𝑖𝑖𝑜𝑜
10 𝑖𝑖𝑜𝑜
12 𝑖𝑖𝑜𝑜
16 𝑖𝑖𝑜𝑜
20 𝑖𝑖𝑜𝑜
24 𝑖𝑖𝑜𝑜
32 𝑖𝑖𝑜𝑜

 

 

𝑤𝑤𝑖𝑖𝐵𝐵𝐿𝐿ℎ𝐷𝐷𝑟𝑟𝐿𝐿𝐷𝐷 𝑃𝑃𝐿𝐿𝑛𝑛𝑟𝑟𝑙𝑙 = 𝐿𝐿
3
; 𝐿𝐿
6
  from centerline of column. 

 

B.5.7. Following a Modified Direct Design Method (M-DDM), calculate factored moment (M0), as 

according to ACI-318 Equation 8.10.3.2 (2019)): 

𝑞𝑞𝑢𝑢 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
1.4 𝐷𝐷𝐿𝐿

1.2 𝐷𝐷𝐿𝐿 + 1.6 𝐿𝐿𝐿𝐿
 

𝑀𝑀0 =  
𝑞𝑞𝑢𝑢𝑙𝑙 𝑙𝑙𝑛𝑛2

8
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B.5.8. Following the M-DDM, distribute the moments into column and middle strips (ACI-318 Table 

8.10.4.2 (2019)), as specified in Table S-1. 

 

B.5.9. Based on the factored moment, determine the required steel reinforcement for positive and negative 

bending location (which follows a similar method to Foraboschi (2019)): 

𝐵𝐵 = ℎ − 𝑤𝑤𝑏𝑏
2
− 𝑐𝑐𝑐𝑐; Estimate db as a #4 bar: 0.5 in. Clear cover (cc) = ¾ in  

𝑏𝑏 = �
𝑙𝑙
2
� 

𝑅𝑅𝑛𝑛 = 𝑀𝑀𝑢𝑢
𝜙𝜙𝜙𝜙𝑤𝑤2

;  𝜙𝜙 = 0.9,  

used in the estimation of As, as derived by Setareh and Darvas (2017) in accordance with the 

strength design methods in ACI-318 Sec. 22.2 (2019). 

𝛽𝛽1 = 0.85 − 0.05(𝑓𝑓𝑐𝑐′ − 4); f’c > 4 ksi, in accordance with ACI-318 Sec. 22.2.2.4.3 (2019). 

𝐴𝐴𝑠𝑠,𝑟𝑟𝑟𝑟𝑟𝑟𝑤𝑤 = 𝛽𝛽1𝑓𝑓𝑐𝑐′𝜙𝜙𝑤𝑤
𝑓𝑓𝑦𝑦

�1 −�1− 2𝑅𝑅𝑖𝑖
𝛽𝛽1𝑓𝑓𝑐𝑐′

� > 𝐴𝐴𝑠𝑠,𝑚𝑚𝑤𝑤𝑛𝑛 = 0.0018𝑏𝑏ℎ,  

As,reqd equation, as derived by Setareh and Darvas (2017) in accordance with the strength design 

methods in ACI-318 Sec. 22.2 (2019). As,min equation in accordance with ACI-318 Sec. 8.6.1.1 

(2019). 

Refer to Note in Sec. 1.7. regarding rebar sizing and arrangement. 

 
B.5.10. Check (one-way) punching shear: 

𝑏𝑏0 = 4(𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ + 𝐵𝐵) 

𝜙𝜙𝑉𝑉𝑐𝑐 = 0.75 (6)�𝑓𝑓𝑐𝑐′𝐵𝐵𝑏𝑏0; 𝜙𝜙 = 0.75, 

In the above equation, it is assumed that punching shear reinforcement is present.  

This study assumed that its contribution to the total EC is negligible. 

𝑉𝑉𝑢𝑢 = 𝑞𝑞𝑢𝑢𝐴𝐴𝑤𝑤 

𝜙𝜙𝑉𝑉𝑐𝑐 ≥ 𝑉𝑉𝑢𝑢 

 

B.5.11. Check deflection: 

𝐸𝐸𝑐𝑐 = 57,000�𝑓𝑓𝑐𝑐′ 

ɳ =
29,000,000

𝐸𝐸𝑐𝑐
 

𝑓𝑓𝑟𝑟 = 7.5�𝑓𝑓𝑐𝑐′ 

𝑀𝑀𝑐𝑐𝑟𝑟 =
𝑓𝑓𝑟𝑟𝐼𝐼𝑔𝑔
ℎ/2
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𝑆𝑆𝑜𝑜𝑙𝑙𝑆𝑆𝐵𝐵 𝑓𝑓𝑜𝑜𝑛𝑛 𝑐𝑐;   0 =  𝜙𝜙𝑐𝑐
2

2
+ ɳ𝐴𝐴𝑠𝑠𝑐𝑐 − ɳ𝐴𝐴𝑠𝑠𝐵𝐵, 

as derived by Nawy (1985). 

𝐼𝐼𝑐𝑐𝑟𝑟 =
𝑏𝑏𝑐𝑐3

3
+ ɳ𝐴𝐴𝑠𝑠(𝐵𝐵 − 𝑐𝑐)2   

𝐼𝐼𝑟𝑟𝑚𝑚 = �𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎
�
3
𝐼𝐼𝑔𝑔 + �1 − �𝑀𝑀𝑐𝑐𝑐𝑐

𝑀𝑀𝑎𝑎
�
3
� 𝐼𝐼𝑐𝑐𝑟𝑟 at midspan, as derived by Nawy (1985). 

𝐼𝐼𝑟𝑟1 = �𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎
�
3
𝐼𝐼𝑔𝑔 + �1 − �𝑀𝑀𝑐𝑐𝑐𝑐

𝑀𝑀𝑎𝑎
�
3
� 𝐼𝐼𝑐𝑐𝑟𝑟 at the continuous span, as derived by Nawy (1985). 

𝐼𝐼𝑟𝑟 = 0.85𝐼𝐼𝑟𝑟𝑚𝑚 + 0.15𝐼𝐼𝑟𝑟1 Solve for each condition (DLconc, DLconc + SDL, DLconc + SDL + LL) 

𝐼𝐼 = 𝑚𝑚𝑖𝑖𝑜𝑜 �
𝐼𝐼𝑔𝑔

𝐼𝐼𝑟𝑟,𝐿𝐿𝐿𝐿𝐿𝐿𝑤𝑤 𝐶𝐶𝐿𝐿𝑠𝑠𝑟𝑟
 

∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐=
0.0069𝑤𝑤𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐𝑙𝑙

4

𝐸𝐸𝑐𝑐𝐼𝐼
 

∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿=
0.0069(𝑤𝑤𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 + 𝑤𝑤𝑆𝑆𝐷𝐷𝐿𝐿)𝑙𝑙4

𝐸𝐸𝑐𝑐𝐼𝐼
 

∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿+𝐿𝐿𝐿𝐿=
0.0069(𝑤𝑤𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 +𝑤𝑤𝑆𝑆𝐷𝐷𝐿𝐿 + 𝑤𝑤𝐿𝐿𝐿𝐿)𝑙𝑙4

𝐸𝐸𝑐𝑐𝐼𝐼
 

∆𝑆𝑆𝐷𝐷𝐿𝐿= ∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿 − ∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 

∆𝐿𝐿𝐿𝐿= ∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿+𝐿𝐿𝐿𝐿 − ∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿 

𝜆𝜆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 = 𝜉𝜉𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 = 1. 𝜆𝜆𝑆𝑆𝐷𝐷𝐿𝐿 = 𝜉𝜉𝑆𝑆𝐷𝐷𝐿𝐿 = 2. Solve for both cases. 

∆𝐿𝐿𝐿𝐿= 𝜆𝜆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 + (1 + 𝜆𝜆𝑆𝑆𝐷𝐷𝐿𝐿)∆𝑆𝑆𝐷𝐷𝐿𝐿 + (1)∆𝐿𝐿𝐿𝐿 

𝛥𝛥𝐿𝐿𝐿𝐿𝑙𝑙𝑤𝑤𝑚𝑚 = 𝑙𝑙/480 

∆𝐿𝐿𝐿𝐿 ≤  𝛥𝛥𝐿𝐿𝐿𝐿𝑙𝑙𝑤𝑤𝑚𝑚  

 

B.5.12. Revise the design: 

𝐼𝐼𝐼𝐼 �
𝐷𝐷𝐵𝐵𝐵𝐵𝑖𝑖𝐿𝐿𝑜𝑜 𝑖𝑖𝐿𝐿𝐵𝐵𝑛𝑛𝐵𝐵𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜 𝐵𝐵𝐵𝐵𝐿𝐿𝑖𝑖𝐵𝐵𝑓𝑓𝑖𝑖𝐵𝐵𝐵𝐵 𝐵𝐵𝑙𝑙𝑙𝑙 𝑐𝑐ℎ𝐵𝐵𝑐𝑐𝑒𝑒𝐵𝐵 → 𝐷𝐷𝐵𝐵𝑐𝑐𝑛𝑛𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ℎ 𝑏𝑏𝑏𝑏 1/2 𝑖𝑖𝑜𝑜
𝐷𝐷𝐵𝐵𝐵𝐵𝑖𝑖𝐿𝐿𝑜𝑜 𝑖𝑖𝐿𝐿𝐵𝐵𝑛𝑛𝐵𝐵𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜 𝑓𝑓𝐵𝐵𝑖𝑖𝑙𝑙𝐵𝐵 𝐵𝐵𝑜𝑜𝑏𝑏 𝑐𝑐ℎ𝐵𝐵𝑐𝑐𝑒𝑒 → 𝐼𝐼𝑜𝑜𝑐𝑐𝑛𝑛𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ℎ 𝑏𝑏𝑏𝑏 1/2 𝑖𝑖𝑜𝑜  

Iterate until determining the slab design that uses the least amount of material (e.g., smallest 

thickness) that satisfies all design requirements. 
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B.6 RC Voided Plate 

B.6.1. The Initial estimate of square column width (colwidth_in): 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑜𝑜𝑜𝑜 𝑆𝑆𝑆𝑆𝐵𝐵𝑜𝑜 𝐿𝐿𝐵𝐵𝑜𝑜𝐿𝐿𝐿𝐿ℎ (𝑙𝑙)

⎩
⎪⎪
⎨

⎪⎪
⎧
𝑙𝑙 ≤ 25 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 12 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 30 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 18 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 33 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 24 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 37 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 30 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 42 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 36 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 50 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 42 𝑖𝑖𝑜𝑜

 

 

B.6.2. Initial estimate of slab thickness (h), in accordance with ACI-318 Sec. 8.3.1.1 (2019):  

𝑙𝑙𝑛𝑛𝑖𝑖𝑖𝑖 = 𝑙𝑙 − 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 

ℎ𝑤𝑤𝑛𝑛 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖
33

7 𝑖𝑖𝑜𝑜
   𝑅𝑅𝑜𝑜𝑅𝑅𝑜𝑜𝐵𝐵 𝑅𝑅𝑆𝑆 (ℎ𝑤𝑤𝑛𝑛) 𝐿𝐿𝑜𝑜 𝑜𝑜𝐵𝐵𝐵𝐵𝑛𝑛𝐵𝐵𝐵𝐵𝐿𝐿 1/2 𝑖𝑖𝑜𝑜  

A minimum slab thickness of 7 inches is possible using the smallest Cobiax Click-line. For 
additional geometric information for the voided systems, see Table B-6. 
 

Table B-6: Cobiax void former material properties. 

Cobiax Shell- and Click-Line 
90          
-        

100 

100 
- 

120 

120 
- 

140 

140 
- 

160 

160 
- 

180 

180 
- 

200 

200 
- 

220 

220 
- 

240 

240 
- 

260 

260 
- 

280 

Slab Depth (mm) 175 200 213 250 275 300 313 350 375 388 

Load Reduction per 2400 kg / m3  
(kN / m2) 

0.958 1.24 1.34 1.77 2.01 2.25 2.49 2.68 2.92 3.16 

Volume Displacement (m3 / m2) 0.0414 0.0527 0.0576 0.0753 0.0856 0.0960 0.105 0.115 0.125 0.135 

Shear Factor 0.5 

Stiffness Factor 0.93 0.95 0.93 0.93 0.92 0.90 0.89 0.89 0.89 0.87 

Void Former Height (mm) 90 100 120 140 160 180 200 220 240 260 

 
B.6.3. Calculate initial factored load (qu_in): 

𝑞𝑞𝑢𝑢𝑖𝑖𝑖𝑖 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
1.4 (𝐷𝐷𝐿𝐿 − 𝑉𝑉𝑜𝑜𝑖𝑖𝐵𝐵 𝐿𝐿𝑜𝑜𝐵𝐵𝐵𝐵 𝑅𝑅𝐵𝐵𝐵𝐵𝑅𝑅𝑐𝑐𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜)

1.2 (𝐷𝐷𝐿𝐿 − 𝑉𝑉𝑜𝑜𝑖𝑖𝐵𝐵 𝐿𝐿𝑜𝑜𝐵𝐵𝐵𝐵 𝑅𝑅𝐵𝐵𝐵𝐵𝑅𝑅𝑐𝑐𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜) + 1.6 𝐿𝐿𝐿𝐿
 

For void load reductions, please refer to Table S-6. 

 

B.6.4. Size columns and obtain final estimate for floor thickness and corresponding factored load: 
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𝑃𝑃𝑛𝑛 = 4𝑞𝑞𝑢𝑢𝑖𝑖𝑖𝑖𝐴𝐴𝑤𝑤 

𝐴𝐴𝑐𝑐 =
𝑃𝑃𝑛𝑛

(0.8)(0.65)[�0.85𝑓𝑓𝑐𝑐′(0.98) + �𝑓𝑓𝑦𝑦�(0.02)�
 

𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑐𝑐𝐵𝐵𝑖𝑖𝑙𝑙��𝐴𝐴𝑐𝑐�

�

�

12 𝑖𝑖𝑜𝑜
16 𝑖𝑖𝑜𝑜
18 𝑖𝑖𝑜𝑜
20 𝑖𝑖𝑜𝑜
24 𝑖𝑖𝑜𝑜
30 𝑖𝑖𝑜𝑜
36 𝑖𝑖𝑜𝑜
42 𝑖𝑖𝑜𝑜

 

𝑙𝑙𝑛𝑛 = 𝑙𝑙 − 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠  

ℎ = 𝑚𝑚𝐵𝐵𝑚𝑚 �
𝑙𝑙𝑖𝑖
33

7 𝑖𝑖𝑜𝑜
   𝑅𝑅𝑜𝑜𝑅𝑅𝑜𝑜𝐵𝐵 𝑅𝑅𝑆𝑆 (ℎ) 𝐿𝐿𝑜𝑜 𝑜𝑜𝐵𝐵𝐵𝐵𝑛𝑛𝐵𝐵𝐵𝐵𝐿𝐿 1/2 𝑖𝑖𝑜𝑜  

𝑞𝑞𝑢𝑢 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
1.4 (𝐷𝐷𝐿𝐿 − 𝑉𝑉𝑜𝑜𝑖𝑖𝐵𝐵 𝐿𝐿𝑜𝑜𝐵𝐵𝐵𝐵 𝑅𝑅𝐵𝐵𝐵𝐵𝑅𝑅𝑐𝑐𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜)

1.2 (𝐷𝐷𝐿𝐿 − 𝑉𝑉𝑜𝑜𝑖𝑖𝐵𝐵 𝐿𝐿𝑜𝑜𝐵𝐵𝐵𝐵 𝑅𝑅𝐵𝐵𝐵𝐵𝑅𝑅𝑐𝑐𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜) + 1.6 𝐿𝐿𝐿𝐿
 

For void load reductions, please refer to Table S-6. 

 

B.6.5. Using the Modified Direct Design Method (M-DDM), calculate factored moment (M0), as 
according to ACI-318 Equation 8.10.3.2 (2019)): 

𝑀𝑀0 =  
𝑞𝑞𝑢𝑢𝑙𝑙 𝑙𝑙𝑛𝑛2

8
 

 

B.6.6. Following the M-DDM, distribute the moments into column and middle strips. See Table S-1. 

 

B.6.7. Based on the factored moment, determine the required steel reinforcement for positive and negative 

bending location (which follows a similar method to Foraboschi (2019)): 

𝐵𝐵 = ℎ − 𝑤𝑤𝑏𝑏
2
− 𝑐𝑐𝑐𝑐; Estimate db as a #4 bar: 0.5 in 

𝑏𝑏 = �
𝐿𝐿
2
� 

𝑅𝑅𝑛𝑛 =
𝑀𝑀𝑢𝑢

𝜙𝜙𝑏𝑏𝐵𝐵2
;  𝜙𝜙 = 0.9 

used in the estimation of As, as derived by Setareh and Darvas (2017) in accordance with the 

strength design methods in ACI-318 Sec. 22.2 (2019). 

𝛽𝛽1 = 0.85 − 0.05(𝑓𝑓𝑐𝑐′ − 4); f’c > 4 ksi, in accordance with ACI-318 Sec. 22.2.2.4.3 (2019). 

𝐴𝐴𝑠𝑠,𝑟𝑟𝑟𝑟𝑟𝑟𝑤𝑤 = 𝛽𝛽1𝑓𝑓𝑐𝑐′𝜙𝜙𝑤𝑤
𝑓𝑓𝑦𝑦

�1 −�1− 2𝑅𝑅𝑖𝑖
𝛽𝛽1𝑓𝑓𝑐𝑐′

� > 𝐴𝐴𝑠𝑠,𝑚𝑚𝑤𝑤𝑛𝑛 = 0.0018𝑏𝑏ℎ,  
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As,reqd equation, as derived by Setareh and Darvas (2017) in accordance with the strength design 

methods in ACI-318 Sec. 22.2 (2019). As,min equation in accordance with ACI-318 Sec. 8.6.1.1 

(2019). 

𝑐𝑐 = 𝐴𝐴𝑠𝑠𝑓𝑓𝑦𝑦
0.85𝛽𝛽1𝑓𝑓𝑐𝑐′𝜙𝜙

< ℎ−ℎ𝑣𝑣𝑐𝑐𝑖𝑖𝑠𝑠
2

;  

check that the neutral axis depth at all critical sections is less than the solid slab depth above and 

below the voids. 

Refer to Note in Sec. 1.7. regarding rebar sizing and arrangement. 

 
B.6.8. Design solid area around columns: 

𝑏𝑏0 = 4(𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ + 𝐵𝐵) 

𝑋𝑋 = �
𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ

2
� + �

𝑏𝑏0
4
−
𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ

2
� 

𝑏𝑏𝐿𝐿𝐷𝐷 = 8𝑋𝑋 
Round up each side to the nearest 6 inches. 

 

B.6.9. Check (one-way) punching shear: 

𝑉𝑉𝑢𝑢 = 𝑞𝑞𝑢𝑢(𝐴𝐴𝑤𝑤 − 𝑏𝑏1𝑏𝑏22) 

𝜙𝜙𝑉𝑉𝑐𝑐 = 0.75 (6)�𝑓𝑓𝑐𝑐′𝐵𝐵𝑏𝑏0 

In the above equation, it is assumed that punching shear reinforcement is present.  

This study assumed that its contribution to the total EC is negligible. 

𝜙𝜙𝑉𝑉𝑐𝑐 ≥ 𝑉𝑉𝑢𝑢 

 

B.6.10. Check deflection: 

𝐸𝐸𝑐𝑐 = 57,000�𝑓𝑓𝑐𝑐′ 

ɳ =
29,000,000

𝐸𝐸𝑐𝑐
 

𝑓𝑓𝑟𝑟 = 7.5�𝑓𝑓𝑐𝑐′ 

𝑀𝑀𝑐𝑐𝑟𝑟 =
𝑓𝑓𝑟𝑟𝐼𝐼𝑔𝑔(𝑆𝑆𝐿𝐿𝑖𝑖𝑓𝑓𝑓𝑓𝑜𝑜𝐵𝐵𝐵𝐵𝐵𝐵 𝑅𝑅𝐵𝐵𝐵𝐵𝑅𝑅𝑐𝑐𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜 𝐼𝐼𝐵𝐵𝑐𝑐𝐿𝐿𝑜𝑜𝑛𝑛)

ℎ/2
 

𝑆𝑆𝑜𝑜𝑙𝑙𝑆𝑆𝐵𝐵 𝑓𝑓𝑜𝑜𝑛𝑛 𝑐𝑐;   0 =  𝜙𝜙𝑐𝑐
2

2
+ ɳ𝐴𝐴𝑠𝑠𝑐𝑐 − ɳ𝐴𝐴𝑠𝑠𝐵𝐵, 

as derived by Nawy (1985). 

𝐼𝐼𝑐𝑐𝑟𝑟 =
𝑏𝑏𝑐𝑐3

3
+ ɳ𝐴𝐴𝑠𝑠(𝐵𝐵 − 𝑐𝑐)2   
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𝐼𝐼𝑟𝑟𝑚𝑚 = �𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎
�
3
𝐼𝐼𝑔𝑔(𝑆𝑆𝐿𝐿𝑖𝑖𝑓𝑓𝑓𝑓𝑜𝑜𝐵𝐵𝐵𝐵𝐵𝐵 𝑅𝑅𝐵𝐵𝐵𝐵𝑅𝑅𝑐𝑐𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜 𝐼𝐼𝐵𝐵𝑐𝑐𝐿𝐿𝑜𝑜𝑛𝑛) + �1 − �𝑀𝑀𝑐𝑐𝑐𝑐

𝑀𝑀𝑎𝑎
�
3
� 𝐼𝐼𝑐𝑐𝑟𝑟 at midspan as derived by 

Nawy (1985). 

𝐼𝐼𝑟𝑟1 = �𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎
�
3
𝐼𝐼𝑔𝑔(𝑆𝑆𝐿𝐿𝑖𝑖𝑓𝑓𝑓𝑓𝑜𝑜𝐵𝐵𝐵𝐵𝐵𝐵 𝑅𝑅𝐵𝐵𝐵𝐵𝑅𝑅𝑐𝑐𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜 𝐼𝐼𝐵𝐵𝑐𝑐𝐿𝐿𝑜𝑜𝑛𝑛) + �1− �𝑀𝑀𝑐𝑐𝑐𝑐

𝑀𝑀𝑎𝑎
�
3
� 𝐼𝐼𝑐𝑐𝑟𝑟 at the continuous span as 

derived by Nawy (1985). 

𝐼𝐼𝑟𝑟 = 0.85𝐼𝐼𝑟𝑟𝑚𝑚 + 0.15𝐼𝐼𝑟𝑟1 Solve for each condition (DLconc, DLconc + SDL, DLconc + SDL + LL) 

𝐼𝐼 = 𝑚𝑚𝑖𝑖𝑜𝑜 �
𝐼𝐼𝑔𝑔(𝑆𝑆𝐿𝐿𝑖𝑖𝑓𝑓𝑓𝑓𝑜𝑜𝐵𝐵𝐵𝐵𝐵𝐵 𝑅𝑅𝐵𝐵𝐵𝐵𝑅𝑅𝑐𝑐𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜 𝐼𝐼𝐵𝐵𝑐𝑐𝐿𝐿𝑜𝑜𝑛𝑛)

𝐼𝐼𝑟𝑟
 

∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐=
0.0069𝑤𝑤𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐𝑙𝑙

4

𝐸𝐸𝑐𝑐𝐼𝐼
 

∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿=
0.0069(𝑤𝑤𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 + 𝑤𝑤𝑆𝑆𝐷𝐷𝐿𝐿)𝑙𝑙4

𝐸𝐸𝑐𝑐𝐼𝐼
 

∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿+𝐿𝐿𝐿𝐿=
0.0069(𝑤𝑤𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 +𝑤𝑤𝑆𝑆𝐷𝐷𝐿𝐿 + 𝑤𝑤𝐿𝐿𝐿𝐿)𝑙𝑙4

𝐸𝐸𝑐𝑐𝐼𝐼
 

∆𝑆𝑆𝐷𝐷𝐿𝐿= ∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿 − ∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 

∆𝐿𝐿𝐿𝐿= ∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿+𝐿𝐿𝐿𝐿 − ∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐+𝑆𝑆𝐷𝐷𝐿𝐿 

𝜆𝜆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 = 𝜉𝜉𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 = 1. 𝜆𝜆𝑆𝑆𝐷𝐷𝐿𝐿 = 𝜉𝜉𝑆𝑆𝐷𝐷𝐿𝐿 = 2. Solve for both cases. 

∆𝐿𝐿𝐿𝐿= 𝜆𝜆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 + (1 + 𝜆𝜆𝑆𝑆𝐷𝐷𝐿𝐿)∆𝑆𝑆𝐷𝐷𝐿𝐿 + (1)∆𝐿𝐿𝐿𝐿 

𝛥𝛥𝐿𝐿𝐿𝐿𝑙𝑙𝑤𝑤𝑚𝑚 = 𝑙𝑙/480 

∆𝐿𝐿𝐿𝐿 ≤  𝛥𝛥𝐿𝐿𝐿𝐿𝑙𝑙𝑤𝑤𝑚𝑚  

 

B.6.11. Revise the design: 

𝐼𝐼𝐼𝐼 �
𝐷𝐷𝐵𝐵𝐵𝐵𝑖𝑖𝐿𝐿𝑜𝑜 𝑖𝑖𝐿𝐿𝐵𝐵𝑛𝑛𝐵𝐵𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜 𝐵𝐵𝐵𝐵𝐿𝐿𝑖𝑖𝐵𝐵𝑓𝑓𝑖𝑖𝐵𝐵𝐵𝐵 𝐵𝐵𝑙𝑙𝑙𝑙 𝑐𝑐ℎ𝐵𝐵𝑐𝑐𝑒𝑒𝐵𝐵 → 𝐷𝐷𝐵𝐵𝑐𝑐𝑛𝑛𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ℎ 𝑏𝑏𝑏𝑏 1/2 𝑖𝑖𝑜𝑜
𝐷𝐷𝐵𝐵𝐵𝐵𝑖𝑖𝐿𝐿𝑜𝑜 𝑖𝑖𝐿𝐿𝐵𝐵𝑛𝑛𝐵𝐵𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜 𝑓𝑓𝐵𝐵𝑖𝑖𝑙𝑙𝐵𝐵 𝐵𝐵𝑜𝑜𝑏𝑏 𝑐𝑐ℎ𝐵𝐵𝑐𝑐𝑒𝑒 → 𝐼𝐼𝑜𝑜𝑐𝑐𝑛𝑛𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ℎ 𝑏𝑏𝑏𝑏 1/2 𝑖𝑖𝑜𝑜  

Iterate until determining the slab design that uses the least amount of material (e.g., smallest 

thickness) that satisfies all design requirements. 
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B.7 PT Flat Plate 

B.7.1. The Initial estimate of square column width (colwidth_in): 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑜𝑜𝑜𝑜 𝑆𝑆𝑆𝑆𝐵𝐵𝑜𝑜 𝐿𝐿𝐵𝐵𝑜𝑜𝐿𝐿𝐿𝐿ℎ (𝑙𝑙)

⎩
⎪⎪
⎨

⎪⎪
⎧
𝑙𝑙 ≤ 25 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 12 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 30 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 18 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 33 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 24 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 37 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 30 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 42 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 36 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 50 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 42 𝑖𝑖𝑜𝑜

 

 

B.7.2. Initial estimate of slab thickness (h), in accordance with ACI-318 Sec. 8.3.1.1 (2019):  

𝑙𝑙𝑛𝑛𝑖𝑖𝑖𝑖 = 𝑙𝑙 − 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 

ℎ𝑤𝑤𝑛𝑛 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖
33

5 𝑖𝑖𝑜𝑜
   𝑅𝑅𝑜𝑜𝑅𝑅𝑜𝑜𝐵𝐵 𝑅𝑅𝑆𝑆 (ℎ𝑤𝑤𝑛𝑛) 𝐿𝐿𝑜𝑜 𝑜𝑜𝐵𝐵𝐵𝐵𝑛𝑛𝐵𝐵𝐵𝐵𝐿𝐿 1/2 𝑖𝑖𝑜𝑜  

A minimum slab thickness of 5 inches is required to achieve a 2-hr fire rating per IBC Table 
721.1(3) (International Code Council, 2021). 
 

B.7.3. Calculate initial factored load (qu_in): 

𝑞𝑞𝑢𝑢𝑖𝑖𝑖𝑖 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
1.4 𝐷𝐷𝐿𝐿

1.2 𝐷𝐷𝐿𝐿 + 1.6 𝐿𝐿𝐿𝐿
 

 

B.7.4. Size columns and obtain final estimate for floor thickness and corresponding factored load: 

𝑃𝑃𝑛𝑛 = 4𝑞𝑞𝑢𝑢𝑖𝑖𝑖𝑖𝐴𝐴𝑤𝑤 

𝐴𝐴𝑐𝑐 =
𝑃𝑃𝑛𝑛

(0.8)(0.65)[�0.85𝑓𝑓𝑐𝑐′(0.98) + �𝑓𝑓𝑦𝑦�(0.02)�
 

𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑐𝑐𝐵𝐵𝑖𝑖𝑙𝑙��𝐴𝐴𝑐𝑐�

�

�

12 𝑖𝑖𝑜𝑜
16 𝑖𝑖𝑜𝑜
18 𝑖𝑖𝑜𝑜
20 𝑖𝑖𝑜𝑜
24 𝑖𝑖𝑜𝑜
30 𝑖𝑖𝑜𝑜
36 𝑖𝑖𝑜𝑜
42 𝑖𝑖𝑜𝑜

 

𝑙𝑙𝑛𝑛 = 𝑙𝑙 − 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠  

ℎ = 𝑚𝑚𝐵𝐵𝑚𝑚 �
𝑙𝑙𝑖𝑖
33

5 𝑖𝑖𝑜𝑜
   𝑅𝑅𝑜𝑜𝑅𝑅𝑜𝑜𝐵𝐵 𝑅𝑅𝑆𝑆 (ℎ) 𝐿𝐿𝑜𝑜 𝑜𝑜𝐵𝐵𝐵𝐵𝑛𝑛𝐵𝐵𝐵𝐵𝐿𝐿 1/2 𝑖𝑖𝑜𝑜  

𝑞𝑞𝑢𝑢 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
1.4 𝐷𝐷𝐿𝐿

1.2 𝐷𝐷𝐿𝐿 + 1.6 𝐿𝐿𝐿𝐿
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B.7.5. Following a Modified Direct Design Method (M-DDM), calculate factored moment (M0), as 
according to ACI-318 Equation 8.10.3.2 (2019)): 

𝑀𝑀0 =  
𝑞𝑞𝑢𝑢𝑙𝑙 𝑙𝑙𝑛𝑛2

8
 

 
B.7.6. Following the M-DDM, moments can be distributed into column and middle strips for a PT 

system. 
Table B-7: PT Modified Direct Design Method moment distributions. 

Strip End Span Interior Span 
Column 

Strip 
Ext. Neg. 

𝑀𝑀𝑢𝑢 = 0.19 𝑀𝑀0 
Pos.  

𝑀𝑀𝑢𝑢 = 0.38 𝑀𝑀0 
Int. Neg.  

𝑀𝑀𝑢𝑢 = 0.53 𝑀𝑀0 
Int. Neg. 

𝑀𝑀𝑢𝑢 = 0.505 𝑀𝑀0 
Pos. 

𝑀𝑀𝑢𝑢 = 0.21 𝑀𝑀0 
Middle 
Strip 

Ext. Neg. 
𝑀𝑀𝑢𝑢 = 0 𝑀𝑀0 

Pos. 
𝑀𝑀𝑢𝑢 = 0.26 𝑀𝑀0 

Int. Neg. 
𝑀𝑀𝑢𝑢 = 0.17 𝑀𝑀0 

Int. Neg.  
𝑀𝑀𝑢𝑢 = 0.165 𝑀𝑀0 

Pos.  
𝑀𝑀𝑢𝑢 = 0.14 𝑀𝑀0 

 
B.7.7. Service design check & determine # of tendons. 

Using the distributed moments from Table S-7 
𝑀𝑀𝑠𝑠𝑟𝑟𝑟𝑟𝑠𝑠 = max (𝑀𝑀𝑢𝑢) 
𝑇𝑇𝐵𝐵𝑜𝑜𝐵𝐵𝑖𝑖𝑙𝑙𝐵𝐵 𝑆𝑆𝐿𝐿𝑛𝑛𝐵𝐵𝐵𝐵𝐵𝐵 𝐿𝐿𝑖𝑖𝑚𝑚𝑖𝑖𝐿𝐿,𝑈𝑈𝐿𝐿𝐿𝐿𝑖𝑖𝐿𝐿 = 6�𝑓𝑓𝑐𝑐′, in accordance with ACI-318 Table 24.5.2.1 (2019). 
Compression Stress Limit, 𝑈𝑈𝐶𝐶𝐿𝐿𝑖𝑖𝐿𝐿 = −0.6𝑓𝑓𝑐𝑐′, in accordance with ACI-318 Table 24.5.4.1 (2019). 

𝑏𝑏 = ℎ
2
− 1 𝑖𝑖𝑜𝑜 (Orthogonal tendon orientation)  

𝑈𝑈𝐿𝐿𝐿𝐿𝑖𝑖𝐿𝐿 = −𝑃𝑃𝑠𝑠𝑒𝑒𝑒𝑒
𝐴𝐴𝑐𝑐

± 𝑃𝑃𝑠𝑠𝑒𝑒𝑒𝑒 𝑦𝑦
𝑆𝑆

± 𝑀𝑀𝑠𝑠𝑠𝑠𝑐𝑐𝑣𝑣
𝑆𝑆

, assuming the tensile stress limit controls. 

The above equation can be rearranged to: 

𝑃𝑃𝑟𝑟𝑓𝑓𝑓𝑓 =
𝑈𝑈𝐿𝐿𝐿𝐿𝑖𝑖𝐿𝐿 − (𝑀𝑀𝑠𝑠𝑟𝑟𝑟𝑟𝑠𝑠/𝑆𝑆)

�− 1
𝐴𝐴 −

𝑏𝑏
𝑆𝑆�

 

# 𝑜𝑜𝑓𝑓 𝑇𝑇𝐵𝐵𝑜𝑜𝐵𝐵𝑜𝑜𝑜𝑜𝐵𝐵 = 𝑅𝑅𝑜𝑜𝑅𝑅𝑜𝑜𝐵𝐵𝑅𝑅𝑆𝑆(
𝑃𝑃𝑟𝑟𝑓𝑓𝑓𝑓

27 𝑒𝑒/𝐿𝐿𝐵𝐵𝑜𝑜𝐵𝐵𝑜𝑜𝑜𝑜
)  

𝑃𝑃𝑟𝑟𝑓𝑓𝑓𝑓𝑝𝑝𝑐𝑐𝑐𝑐𝑣𝑣 = # 𝑜𝑜𝑓𝑓 𝑇𝑇𝐵𝐵𝑜𝑜𝐵𝐵𝑜𝑜𝑜𝑜𝐵𝐵 × 27 𝑒𝑒/𝐿𝐿𝐵𝐵𝑜𝑜𝐵𝐵𝑜𝑜𝑜𝑜 
 

B.7.8. Check minimum and maximum precompression, per ACI-318 Sec. 8.2.3 (2019): 

125 𝑆𝑆𝐵𝐵𝑖𝑖 ≤
𝑃𝑃𝑠𝑠𝑒𝑒𝑒𝑒𝑝𝑝𝑐𝑐𝑐𝑐𝑣𝑣

𝐴𝐴
≤ 300 𝑆𝑆𝐵𝐵𝑖𝑖 

 
B.7.9. Flexural design: 

Using the distributed moments from Table S-7 
Capacity from unbonded tendons 

𝑓𝑓𝑠𝑠𝑟𝑟 =
27 𝑒𝑒/𝐿𝐿𝐵𝐵𝑜𝑜𝐵𝐵𝑜𝑜𝑜𝑜

0.153 𝑖𝑖𝑜𝑜2/𝐿𝐿𝐵𝐵𝑜𝑜𝐵𝐵𝑜𝑜𝑜𝑜
= 176.47 𝑒𝑒𝐵𝐵𝑖𝑖 

 
𝐴𝐴𝐷𝐷𝑠𝑠 = # 𝑜𝑜𝑓𝑓 𝐿𝐿𝐵𝐵𝑜𝑜𝐵𝐵𝑜𝑜𝑜𝑜𝐵𝐵 × 0.153 𝑖𝑖𝑜𝑜2/𝐿𝐿𝐵𝐵𝑜𝑜𝐵𝐵𝑜𝑜𝑜𝑜 

𝜌𝜌𝐷𝐷 =
𝐴𝐴𝐷𝐷𝑠𝑠
𝑏𝑏𝐵𝐵𝐷𝐷
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𝑓𝑓𝐷𝐷𝑠𝑠 = 𝐼𝐼𝐼𝐼 �
𝑙𝑙𝑛𝑛
ℎ
� 

 
≤ 35

  
>
 

 35
 

𝑚𝑚𝑖𝑖𝑜𝑜 ��

𝑓𝑓𝐷𝐷𝑦𝑦 = 0.9 × 270 𝑒𝑒𝐵𝐵𝑖𝑖 = 243 𝑒𝑒𝐵𝐵𝑖𝑖
𝑓𝑓𝑠𝑠𝑟𝑟 + 60

𝑓𝑓𝑠𝑠𝑟𝑟 + 10 +
𝑓𝑓𝑐𝑐′/1000
𝜌𝜌𝐷𝐷 × 100

𝑚𝑚𝑖𝑖𝑜𝑜 ��

𝑓𝑓𝐷𝐷𝑦𝑦
𝑓𝑓𝑠𝑠𝑟𝑟 + 30

𝑓𝑓𝑠𝑠𝑟𝑟 + 10 +
𝑓𝑓𝑐𝑐′/1000
𝜌𝜌𝐷𝐷 × 300

                     

, 

in accordance with ACI-318 Table 20.3.2.4.1 (2019). 

𝛽𝛽1 = 0.85 − 0.05(𝑓𝑓𝑐𝑐′ − 4 𝑒𝑒𝐵𝐵𝑖𝑖); f’c > 4 ksi 

𝐵𝐵 =
𝐴𝐴𝐷𝐷𝑠𝑠𝑓𝑓𝐷𝐷𝑠𝑠

0.85𝑓𝑓𝑐𝑐′𝑏𝑏
 

𝑐𝑐 = 𝐵𝐵/𝛽𝛽1 

𝜀𝜀𝑤𝑤 = 0.003�
𝐵𝐵𝐷𝐷 − 𝑐𝑐
𝑐𝑐 � 

𝜙𝜙𝑀𝑀𝑛𝑛𝑝𝑝𝑝𝑝 = 0.9𝑓𝑓𝐷𝐷𝑠𝑠𝐴𝐴𝐷𝐷𝑠𝑠 �𝐵𝐵𝐷𝐷 −
𝐵𝐵
2
� 

 
Design minimum bonded reinforcement: 
 for positive moment areas: 𝐴𝐴𝑠𝑠 = 𝑁𝑁𝑐𝑐

0.5 𝑓𝑓𝑦𝑦
, where 𝑁𝑁𝑐𝑐 = 1

2
(𝑀𝑀𝑃𝑃𝑐𝑐𝑠𝑠

𝑆𝑆
) ℎ
2
𝑏𝑏 

 for negative moment areas: 𝐴𝐴𝑠𝑠 = 0.00075𝐴𝐴𝑐𝑐𝑓𝑓, where 𝐴𝐴𝑐𝑐𝑓𝑓 = ℎ × 𝐿𝐿 
 
Capacity from non-prestressed rebar: 

 𝐵𝐵 = 𝐴𝐴𝑠𝑠𝑓𝑓𝑦𝑦+𝐴𝐴𝑝𝑝𝑠𝑠𝑓𝑓𝑝𝑝𝑠𝑠
0.85𝑓𝑓𝑐𝑐′𝜙𝜙

 

𝑐𝑐 = 𝐵𝐵/𝛽𝛽1 

𝜀𝜀𝑤𝑤 = 0.003 �
𝐵𝐵 − 𝑐𝑐
𝑐𝑐

� 

 𝜙𝜙𝑀𝑀𝑛𝑛𝑅𝑅𝑠𝑠𝑏𝑏𝑎𝑎𝑐𝑐 = 0.9𝐴𝐴𝑠𝑠𝑓𝑓𝑦𝑦 �𝐵𝐵 −
𝐿𝐿
2
� 

 𝜙𝜙𝑀𝑀𝑛𝑛 =  𝜙𝜙𝑀𝑀𝑛𝑛𝑝𝑝𝑝𝑝 + 𝜙𝜙𝑀𝑀𝑛𝑛𝑅𝑅𝑠𝑠𝑏𝑏𝑎𝑎𝑐𝑐  

Check: 
𝜙𝜙𝑀𝑀𝑛𝑛/𝑀𝑀𝑢𝑢𝑁𝑁𝑠𝑠𝑁𝑁 ≥ 0.9 for end spans 
𝜙𝜙𝑀𝑀𝑛𝑛/𝑀𝑀𝑢𝑢𝑃𝑃𝑐𝑐𝑠𝑠 ≥ 0.9 for mid-span 
Refer to Note in Sec. 1.7. regarding rebar sizing and arrangement but note that the calculation of 

steel reinforcement for PT systems differs from RC systems. 

 

B.7.10. Shear design: 
𝑉𝑉𝑢𝑢 = 𝑞𝑞𝑢𝑢𝐴𝐴𝑤𝑤 

𝜙𝜙𝑉𝑉𝑐𝑐 = 0.75 (2)�𝑓𝑓𝑐𝑐′𝐵𝐵𝑏𝑏0 

𝜙𝜙𝑉𝑉𝑐𝑐 ≥ 𝑉𝑉𝑢𝑢 
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B.7.11. Deflection check: 

Assuming uncracked “U” section; 
𝐼𝐼 = 𝐼𝐼𝑔𝑔 

∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐=
0.0069𝑤𝑤𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐𝑙𝑙

4

𝐸𝐸𝑐𝑐𝐼𝐼
 

𝑤𝑤𝐷𝐷𝑤𝑤 = −2𝐵𝐵𝐷𝐷𝑃𝑃𝑟𝑟𝑓𝑓𝑓𝑓𝑝𝑝𝑐𝑐𝑐𝑐𝑣𝑣 �
1
𝑏𝑏
� �

1
𝑏𝑏
� 

∆𝐷𝐷𝑤𝑤=
0.0069𝑤𝑤𝐷𝐷𝑤𝑤𝑙𝑙4

𝐸𝐸𝑐𝑐𝐼𝐼
 

∆𝑆𝑆𝐷𝐷𝐿𝐿=
0.0069𝑤𝑤𝑆𝑆𝐷𝐷𝐿𝐿𝑙𝑙4

𝐸𝐸𝑐𝑐𝐼𝐼
 

∆𝐿𝐿𝐿𝐿=
0.0069𝑤𝑤𝐿𝐿𝐿𝐿𝑙𝑙4

𝐸𝐸𝑐𝑐𝐼𝐼
 

𝜆𝜆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 = 𝜉𝜉𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 = 1. 𝜆𝜆𝑆𝑆𝐷𝐷𝐿𝐿 = 𝜉𝜉𝑆𝑆𝐷𝐷𝐿𝐿 = 2. Solve for both cases. 

∆𝐿𝐿𝐿𝐿= 𝜆𝜆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐(∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 + ∆𝐷𝐷𝑤𝑤) + (1 + 𝜆𝜆𝑆𝑆𝐷𝐷𝐿𝐿)∆𝑆𝑆𝐷𝐷𝐿𝐿 + (1)∆𝐿𝐿𝐿𝐿 

𝛥𝛥𝐿𝐿𝐿𝐿𝑙𝑙𝑤𝑤𝑚𝑚 = 𝑙𝑙/480 

∆𝐿𝐿𝐿𝐿 ≤ 𝛥𝛥𝐿𝐿𝐿𝐿𝑙𝑙𝑤𝑤𝑚𝑚  

 

B.7.12. Revise the design: 

𝐼𝐼𝐼𝐼 �
𝐷𝐷𝐵𝐵𝐵𝐵𝑖𝑖𝐿𝐿𝑜𝑜 𝑖𝑖𝐿𝐿𝐵𝐵𝑛𝑛𝐵𝐵𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜 𝐵𝐵𝐵𝐵𝐿𝐿𝑖𝑖𝐵𝐵𝑓𝑓𝑖𝑖𝐵𝐵𝐵𝐵 𝐵𝐵𝑙𝑙𝑙𝑙 𝑐𝑐ℎ𝐵𝐵𝑐𝑐𝑒𝑒𝐵𝐵 → 𝐷𝐷𝐵𝐵𝑐𝑐𝑛𝑛𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ℎ 𝑏𝑏𝑏𝑏 1/2 𝑖𝑖𝑜𝑜
𝐷𝐷𝐵𝐵𝐵𝐵𝑖𝑖𝐿𝐿𝑜𝑜 𝑖𝑖𝐿𝐿𝐵𝐵𝑛𝑛𝐵𝐵𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜 𝑓𝑓𝐵𝐵𝑖𝑖𝑙𝑙𝐵𝐵 𝐵𝐵𝑜𝑜𝑏𝑏 𝑐𝑐ℎ𝐵𝐵𝑐𝑐𝑒𝑒 → 𝐼𝐼𝑜𝑜𝑐𝑐𝑛𝑛𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ℎ 𝑏𝑏𝑏𝑏 1/2 𝑖𝑖𝑜𝑜  

 

Iterate until determining the slab design that uses the least amount of material (e.g., smallest 

thickness) that satisfies all design requirements. 
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B.8 PT Hollow Core Slab 

B.8.1. Select an initial hollow core plank system: 

Table B-8: Geometric properties of hollow core plank systems. Obtained from the PCI design manual (2015). 

System 
Plank 

Depth (in) 
Plank 

Width (ft) 
Area (in2) yb (in) 

Moment of 
Inertia (in4) 

Weight 
(psf) 

Dynaspan 
Un-topped 

4 4 133 2.00 235 35 

Dynaspan 
Un-topped 

6 4 165 3.02 706 43 

Dynaspan 
Un-topped 

8 4 233 3.93 1731 61 

Dynaspan 
Un-topped 

10 4 260 4.91 3145 68 

Dynaspan 
Un-topped 

6 8 338 3.05 1445 44 

Dynaspan 
Un-topped 

8 8 470 3.96 3525 61 

Dynaspan 
Un-topped 

10 8 532 4.96 6422 69 

Dynaspan 
Un-topped 

12 8 615 5.95 10505 80 

Dynaspan 
2 in topping 

4 4 133 3.08 689 60 

Dynaspan 
2 in topping 

6 4 165 4.25 1543 68 

Dynaspan 
2 in topping 

8 4 233 5.16 3205 86 

Dynaspan 
2 in topping 

10 4 260 6.26 5314 93 

Dynaspan 
2 in topping 

6 8 338 4.26 3106 69 

Dynaspan 
2 in topping 

8 8 470 5.17 6444 86 

Dynaspan 
2 in topping 

10 8 532 6.28 10712 94 

Dynaspan 
2 in topping 

12 8 615 7.32 16507 105 

Flexicore 
Un-topped 

6 1.33 55 3.00 243 43 

Flexicore 
Un-topped 

6 2 86 3.00 366 45 

Flexicore 
Un-topped 

8 1.33 73 4.00 560 57 

Flexicore 
Un-topped 

8 2 110 4.00 843 57 
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Flexicore 
Un-topped 

10 1.67 98 5.00 1254 61 

Flexicore 
Un-topped 

10 2 138 5.00 1587 72 

Flexicore 
Un-topped 

12 2 141 6.00 2595 73 

Flexicore 
2 in topping 

6 1.33 55 4.23 523 68 

Flexicore 
2 in topping 

6 2 86 4.20 793 70 

Flexicore 
2 in topping 

8 1.33 73 5.26 1028 82 

Flexicore 
2 in topping 

8 2 110 5.26 1547 82 

Flexicore 
2 in topping 

10 1.67 98 6.43 2109 86 

Flexicore 
2 in topping 

10 2 138 6.27 2651 97 

Flexicore 
2 in topping 

12 2 141 7.46 4049 98 

Spancrete 
Un-topped 

4 4 138 2.00 238 34 

Spancrete 
Un-topped 

6 4 189 2.93 762 46 

Spancrete 
Un-topped 

8 4 258 3.98 1806 63 

Spancrete 
Un-topped 

10 4 312 5.16 3484 76 

Spancrete 
Un-topped 

12 4 355 6.28 5784 86 

Spancrete 
Un-topped 

15 4 417 7.45 10792 101 

Spancrete 
Un-topped 

16 4 401 8.14 12050 97 

Spancrete 
2 in topping 

4 4 138 3.14 739 59 

Spancrete 
2 in topping 

6 4 189 4.19 1760 71 

Spancrete 
2 in topping 

8 4 258 5.22 3443 88 

Spancrete 
2 in topping 

10 4 312 6.41 5787 101 

Spancrete 
2 in topping 

12 4 355 7.58 8904 111 

Spancrete 
2 in topping 

15 4 417 8.89 14351 126 

Spancrete 
2 in topping 

16 4 401 9.69 17575 122 
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Elematic 
Un-topped 

6 4 157 3.00 694 41 

Elematic 
Un-topped 

8 4 196 3.97 1580 51 

Elematic 
Un-topped 

10 4 238 5.00 3042 62 

Elematic 
Un-topped 

10 4 249 5.00 3108 65 

Elematic 
Un-topped 

12 4 279 6.20 5104 74 

Elematic 
Un-topped 

12 4 274 6.00 5121 71 

Elematic 
Un-topped 

16 4 346 8.30 11339 91 

Elematic 
Un-topped 

20 4 501 10.30 24087 133 

Elematic 
2 in topped 

6 4 157 4.33 1557 66 

Elematic 
2 in topped 

8 4 196 5.41 3024 76 

Elematic 
2 in topped 

10 4 238 6.49 5190 87 

Elematic 
2 in topped 

10 4 249 6.44 5280 90 

Elematic 
2 in topped 

12 4 279 7.90 8406 99 

Elematic 
2 in topped 

12 4 274 7.56 8134 96 

Elematic 
2 in topped 

16 4 346 10.20 16883 116 

Elematic 
2 in topped 

20 4 501 12.00 33073 158 

 

B.8.2. Determine flexural capacity: 

𝛽𝛽1 = 0.85 − 0.05�
𝑓𝑓𝑐𝑐′ − 4000

1000 � 

𝜌𝜌𝐷𝐷 =
𝐴𝐴𝑠𝑠
𝑏𝑏𝐵𝐵𝐷𝐷

 

𝑓𝑓𝐷𝐷𝑠𝑠 = 𝑓𝑓𝐷𝐷𝑢𝑢 �1 − 𝛾𝛾𝑝𝑝
𝛽𝛽1
𝜌𝜌𝐷𝐷

𝑓𝑓𝑝𝑝𝑢𝑢
𝑓𝑓𝑐𝑐′
�; where, γp is 0.28 for low-relaxation, 270 ksi strands.  

𝐵𝐵 =
𝐴𝐴𝐷𝐷𝑠𝑠𝑓𝑓𝐷𝐷𝑠𝑠

0.85𝑓𝑓𝑐𝑐′𝑏𝑏
 

Check that the section is tension-controlled (ϕ = 0.9): 

 𝑐𝑐 = 𝐿𝐿
𝛽𝛽1
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 𝜀𝜀𝑤𝑤 = 𝑤𝑤𝑝𝑝−𝑐𝑐
𝑐𝑐

(0.003) > 0.005 

𝜙𝜙𝑀𝑀𝑛𝑛 = 𝜙𝜙𝐴𝐴𝐷𝐷𝑠𝑠𝑓𝑓𝐷𝐷𝑠𝑠 �𝐵𝐵𝐷𝐷 −
𝐵𝐵
2
� 

 
B.8.3. Calculate initial factored load (qu_in): 

𝑞𝑞𝑢𝑢𝑖𝑖𝑖𝑖 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
1.4 𝐷𝐷𝐿𝐿

1.2 𝐷𝐷𝐿𝐿 + 1.6 𝐿𝐿𝐿𝐿
 

 

B.8.4. Size columns and obtain final estimate for floor thickness and corresponding factored load: 

𝑃𝑃𝑛𝑛 = 4𝑞𝑞𝑢𝑢𝑖𝑖𝑖𝑖𝐴𝐴𝑤𝑤 

𝐴𝐴𝑐𝑐 =
𝑃𝑃𝑛𝑛

(0.8)(0.65)[�0.85𝑓𝑓𝑐𝑐′(0.98) + �𝑓𝑓𝑦𝑦�(0.02)�
 

𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑐𝑐𝐵𝐵𝑖𝑖𝑙𝑙��𝐴𝐴𝑐𝑐�

�

�

12 𝑖𝑖𝑜𝑜
16 𝑖𝑖𝑜𝑜
18 𝑖𝑖𝑜𝑜
20 𝑖𝑖𝑜𝑜
24 𝑖𝑖𝑜𝑜
30 𝑖𝑖𝑜𝑜
36 𝑖𝑖𝑜𝑜
42 𝑖𝑖𝑜𝑜

 

𝑙𝑙𝑛𝑛 = 𝑙𝑙 − 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠  

ℎ = 𝑚𝑚𝐵𝐵𝑚𝑚 �
𝑙𝑙𝑖𝑖
33

5 𝑖𝑖𝑜𝑜
   𝑅𝑅𝑜𝑜𝑅𝑅𝑜𝑜𝐵𝐵 𝑅𝑅𝑆𝑆 (ℎ) 𝐿𝐿𝑜𝑜 𝑜𝑜𝐵𝐵𝐵𝐵𝑛𝑛𝐵𝐵𝐵𝐵𝐿𝐿 1/2 𝑖𝑖𝑜𝑜  

𝑞𝑞𝑢𝑢 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
1.4 𝐷𝐷𝐿𝐿

1.2 𝐷𝐷𝐿𝐿 + 1.6 𝐿𝐿𝐿𝐿
 

 

B.8.5. Following a Modified Direct Design Method (M-DDM), calculate factored moment (M0), as 
according to ACI-318 Equation 8.10.3.2 (2019)): 

𝑀𝑀0 =  
𝑞𝑞𝑢𝑢𝑙𝑙 𝑙𝑙𝑛𝑛2

8
 

 
B.8.6. Check minimum reinforcement: 

𝜙𝜙𝑀𝑀𝑛𝑛 ≥ 1.2𝑀𝑀𝑐𝑐𝑟𝑟 

𝐴𝐴𝐵𝐵𝐵𝐵𝑅𝑅𝑚𝑚𝐵𝐵 𝐵𝐵 𝑙𝑙𝑜𝑜𝐵𝐵𝐵𝐵 𝑜𝑜𝑓𝑓 15% 

𝑃𝑃𝑟𝑟𝑓𝑓𝑓𝑓 = 𝐴𝐴𝐷𝐷𝑠𝑠𝑓𝑓𝐷𝐷𝑤𝑤(1− 𝑙𝑙𝑜𝑜𝐵𝐵𝐵𝐵) 

Bottom compression: 

𝑓𝑓𝜙𝜙𝐿𝐿𝑤𝑤 =
𝑃𝑃𝑟𝑟𝑓𝑓𝑓𝑓
𝐴𝐴

+
𝑃𝑃𝑟𝑟𝑓𝑓𝑓𝑓𝐵𝐵
𝑆𝑆
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𝑀𝑀𝑐𝑐𝑟𝑟 =
𝐼𝐼
𝑏𝑏𝜙𝜙
�𝑓𝑓𝜙𝜙𝐿𝐿𝑤𝑤 + 7.5�𝑓𝑓𝑐𝑐′� 

Note: the above check is necessary only at the critical section (2015). 

Design minimum bonded reinforcement: 
 for positive moment areas: 𝐴𝐴𝑠𝑠 = 𝑁𝑁𝑐𝑐

0.5 𝑓𝑓𝑦𝑦
, where 𝑁𝑁𝑐𝑐 = 1

2
(𝑀𝑀𝑃𝑃𝑐𝑐𝑠𝑠

𝑆𝑆
) ℎ
2
𝑏𝑏 

 for negative moment areas: 𝐴𝐴𝑠𝑠 = 0.00075𝐴𝐴𝑐𝑐𝑓𝑓, where 𝐴𝐴𝑐𝑐𝑓𝑓 = ℎ × 𝐿𝐿 
Refer to Note in Sec. 1.7. regarding rebar sizing and arrangement but note that the calculation of 

steel reinforcement for PT systems differs from RC systems. 

 

B.8.7. Check minimum and maximum precompression, per ACI-318 Sec. 8.2.3 (2019): 

125 𝑆𝑆𝐵𝐵𝑖𝑖 ≤
𝑃𝑃𝑟𝑟𝑓𝑓𝑓𝑓𝑝𝑝𝑐𝑐𝑐𝑐𝑣𝑣

𝐴𝐴
≤ 300 𝑆𝑆𝐵𝐵𝑖𝑖 

Iterate to determine the number of tendons needed to satisfy minimum reinforcement, minimum, 
and maximum precompression checks. 
 

B.8.8. Shear check: 
𝑉𝑉𝑢𝑢 = 𝑞𝑞𝑢𝑢𝐴𝐴𝑤𝑤 

𝜙𝜙𝑉𝑉𝑐𝑐 = 0.75 �0.6(2)�𝑓𝑓𝑐𝑐′ + 700
𝑉𝑉𝑢𝑢𝐵𝐵𝐷𝐷
𝑀𝑀𝑢𝑢

�𝐵𝐵𝑏𝑏0 

𝜙𝜙𝑉𝑉𝑐𝑐 ≥ 𝑉𝑉𝑢𝑢 

 
B.8.9. Deflection check: 

Assuming uncracked “U” section; 
𝐼𝐼 = 𝐼𝐼𝑔𝑔 

∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐=
0.0069𝑤𝑤𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐𝑙𝑙

4

𝐸𝐸𝑐𝑐𝐼𝐼
 

𝑤𝑤𝐷𝐷𝑤𝑤 = −2𝐵𝐵𝐷𝐷𝑃𝑃𝑟𝑟𝑓𝑓𝑓𝑓𝑝𝑝𝑐𝑐𝑐𝑐𝑣𝑣 �
1
𝑏𝑏
� �

1
𝑏𝑏
� 

∆𝐷𝐷𝑤𝑤=
0.0069𝑤𝑤𝐷𝐷𝑤𝑤𝑙𝑙4

𝐸𝐸𝑐𝑐𝐼𝐼
 

∆𝑆𝑆𝐷𝐷𝐿𝐿=
0.0069𝑤𝑤𝑆𝑆𝐷𝐷𝐿𝐿𝑙𝑙4

𝐸𝐸𝑐𝑐𝐼𝐼
 

∆𝐿𝐿𝐿𝐿=
0.0069𝑤𝑤𝐿𝐿𝐿𝐿𝑙𝑙4

𝐸𝐸𝑐𝑐𝐼𝐼
 

𝜆𝜆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 = 𝜉𝜉𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 = 1. 𝜆𝜆𝑆𝑆𝐷𝐷𝐿𝐿 = 𝜉𝜉𝑆𝑆𝐷𝐷𝐿𝐿 = 2. Solve for both cases. 

∆𝐿𝐿𝐿𝐿= 𝜆𝜆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐(∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 + ∆𝐷𝐷𝑤𝑤) + (1 + 𝜆𝜆𝑆𝑆𝐷𝐷𝐿𝐿)∆𝑆𝑆𝐷𝐷𝐿𝐿 + (1)∆𝐿𝐿𝐿𝐿 

𝛥𝛥𝐿𝐿𝐿𝐿𝑙𝑙𝑤𝑤𝑚𝑚 = 𝑙𝑙/480 

∆𝐿𝐿𝐿𝐿 ≤ 𝛥𝛥𝐿𝐿𝐿𝐿𝑙𝑙𝑤𝑤𝑚𝑚  
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B.8.10. Revise the design: 

𝐼𝐼𝐼𝐼 �
𝐷𝐷𝐵𝐵𝐵𝐵𝑖𝑖𝐿𝐿𝑜𝑜 𝑖𝑖𝐿𝐿𝐵𝐵𝑛𝑛𝐵𝐵𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜 𝐵𝐵𝐵𝐵𝐿𝐿𝑖𝑖𝐵𝐵𝑓𝑓𝑖𝑖𝐵𝐵𝐵𝐵 𝐵𝐵𝑙𝑙𝑙𝑙 𝑐𝑐ℎ𝐵𝐵𝑐𝑐𝑒𝑒𝐵𝐵 → 𝐷𝐷𝐵𝐵𝑐𝑐𝑛𝑛𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ℎ 𝑏𝑏𝑏𝑏 1/2 𝑖𝑖𝑜𝑜
𝐷𝐷𝐵𝐵𝐵𝐵𝑖𝑖𝐿𝐿𝑜𝑜 𝑖𝑖𝐿𝐿𝐵𝐵𝑛𝑛𝐵𝐵𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜 𝑓𝑓𝐵𝐵𝑖𝑖𝑙𝑙𝐵𝐵 𝐵𝐵𝑜𝑜𝑏𝑏 𝑐𝑐ℎ𝐵𝐵𝑐𝑐𝑒𝑒 → 𝐼𝐼𝑜𝑜𝑐𝑐𝑛𝑛𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ℎ 𝑏𝑏𝑏𝑏 1/2 𝑖𝑖𝑜𝑜  

 

Iterate until determining the slab design that uses the least amount of material (e.g., smallest 

thickness) that satisfies all design requirements. 

 

Assumptions when designing the PT Hollow Core Slab: 

- The hollow core slab systems were designed to sit on RC beams as one-way planks. 

- The width of the RC beams was designed to match the width of the column. 

- The depth of the RC beams was taken as half of the beam width. 

- Hollow core slabs can also be designed to sit on steel beams, which may be both an economical 

and low-carbon solution. However, the inclusion of structural steel members (outside of steel 

rebar and PT tendons) was considered out of the scope of this work. 

 

B.9 PT Voided Plate (Orthogonal Tendon Layout) 

B.9.1. The Initial estimate of square column width (colwidth_in): 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑜𝑜𝑜𝑜 𝑆𝑆𝑆𝑆𝐵𝐵𝑜𝑜 𝐿𝐿𝐵𝐵𝑜𝑜𝐿𝐿𝐿𝐿ℎ (𝑙𝑙)

⎩
⎪⎪
⎨

⎪⎪
⎧
𝑙𝑙 ≤ 25 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 12 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 30 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 18 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 33 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 24 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 37 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 30 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 42 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 36 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 50 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 42 𝑖𝑖𝑜𝑜

 

 

B.9.2. Initial estimate of slab thickness (h), in accordance with ACI-318 Sec. 8.3.1.1 (2019):  

𝑙𝑙𝑛𝑛𝑖𝑖𝑖𝑖 = 𝑙𝑙 − 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 

ℎ𝑤𝑤𝑛𝑛 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖
33

7 𝑖𝑖𝑜𝑜
   𝑅𝑅𝑜𝑜𝑅𝑅𝑜𝑜𝐵𝐵 𝑅𝑅𝑆𝑆 (ℎ𝑤𝑤𝑛𝑛) 𝐿𝐿𝑜𝑜 𝑜𝑜𝐵𝐵𝐵𝐵𝑛𝑛𝐵𝐵𝐵𝐵𝐿𝐿 1/2 𝑖𝑖𝑜𝑜  

 
B.9.3. Calculate initial factored load (qu_in): 

𝑞𝑞𝑢𝑢𝑖𝑖𝑖𝑖 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
1.4 (𝐷𝐷𝐿𝐿 − 𝑉𝑉𝑜𝑜𝑖𝑖𝐵𝐵 𝐿𝐿𝑜𝑜𝐵𝐵𝐵𝐵 𝑅𝑅𝐵𝐵𝐵𝐵𝑅𝑅𝑐𝑐𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜)

1.2 (𝐷𝐷𝐿𝐿 − 𝑉𝑉𝑜𝑜𝑖𝑖𝐵𝐵 𝐿𝐿𝑜𝑜𝐵𝐵𝐵𝐵 𝑅𝑅𝐵𝐵𝐵𝐵𝑅𝑅𝑐𝑐𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜) + 1.6 𝐿𝐿𝐿𝐿
 

For void load reductions, please refer to Table S-6. 
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B.9.4. Size columns and obtain final estimate for floor thickness and corresponding factored load: 

𝑃𝑃𝑛𝑛 = 4𝑞𝑞𝑢𝑢𝑖𝑖𝑖𝑖𝐴𝐴𝑤𝑤 

𝐴𝐴𝑐𝑐 =
𝑃𝑃𝑛𝑛

(0.8)(0.65)[�0.85𝑓𝑓𝑐𝑐′(0.98) + �𝑓𝑓𝑦𝑦�(0.02)�
 

𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑐𝑐𝐵𝐵𝑖𝑖𝑙𝑙��𝐴𝐴𝑐𝑐�

�

�

12 𝑖𝑖𝑜𝑜
16 𝑖𝑖𝑜𝑜
18 𝑖𝑖𝑜𝑜
20 𝑖𝑖𝑜𝑜
24 𝑖𝑖𝑜𝑜
30 𝑖𝑖𝑜𝑜
36 𝑖𝑖𝑜𝑜
42 𝑖𝑖𝑜𝑜

 

𝑙𝑙𝑛𝑛 = 𝑙𝑙 − 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠  

ℎ = 𝑚𝑚𝐵𝐵𝑚𝑚 �
𝑙𝑙𝑖𝑖
33

7 𝑖𝑖𝑜𝑜
   𝑅𝑅𝑜𝑜𝑅𝑅𝑜𝑜𝐵𝐵 𝑅𝑅𝑆𝑆 (ℎ) 𝐿𝐿𝑜𝑜 𝑜𝑜𝐵𝐵𝐵𝐵𝑛𝑛𝐵𝐵𝐵𝐵𝐿𝐿 1/2 𝑖𝑖𝑜𝑜  

𝑞𝑞𝑢𝑢 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
1.4 (𝐷𝐷𝐿𝐿 − 𝑉𝑉𝑜𝑜𝑖𝑖𝐵𝐵 𝐿𝐿𝑜𝑜𝐵𝐵𝐵𝐵 𝑅𝑅𝐵𝐵𝐵𝐵𝑅𝑅𝑐𝑐𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜)

1.2 (𝐷𝐷𝐿𝐿 − 𝑉𝑉𝑜𝑜𝑖𝑖𝐵𝐵 𝐿𝐿𝑜𝑜𝐵𝐵𝐵𝐵 𝑅𝑅𝐵𝐵𝐵𝐵𝑅𝑅𝑐𝑐𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜) + 1.6 𝐿𝐿𝐿𝐿
 

For void load reductions, please refer to Table S-6. 

 

B.9.5. Using a Modified Direct Design Method (M-DDM), calculate factored moment (M0), as according 
to ACI-318 Equation 8.10.3.2 (2019)): 

𝑀𝑀0 =  
𝑞𝑞𝑢𝑢𝑙𝑙 𝑙𝑙𝑛𝑛2

8
 

 

B.9.6. Calculate the solid area around the columns: 
𝑏𝑏0 = 4(𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ + 𝐵𝐵) 

𝑋𝑋 = �
𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ

2
� + �

𝑏𝑏0
4
−
𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ

2
� 

𝑏𝑏𝐿𝐿𝐷𝐷 = 8𝑋𝑋 
Round up each side to the nearest 6 inches. 

 
B.9.7. Service design check & determine # of tendons: 

Using the distributed moments from Table S-7. 
𝑀𝑀𝑠𝑠𝑟𝑟𝑟𝑟𝑠𝑠 = 𝑚𝑚𝐵𝐵𝑚𝑚(𝑀𝑀𝑢𝑢) 
𝑇𝑇𝐵𝐵𝑜𝑜𝐵𝐵𝑖𝑖𝑙𝑙𝐵𝐵 𝑆𝑆𝐿𝐿𝑛𝑛𝐵𝐵𝐵𝐵𝐵𝐵 𝐿𝐿𝑖𝑖𝑚𝑚𝑖𝑖𝐿𝐿,𝑈𝑈𝐿𝐿𝐿𝐿𝑖𝑖𝐿𝐿 = 6�𝑓𝑓𝑐𝑐′, in accordance with ACI-318 Table 24.5.2.1 (2019). 
Compression Stress Limit, 𝑈𝑈𝐶𝐶𝐿𝐿𝑖𝑖𝐿𝐿 = −0.6𝑓𝑓𝑐𝑐′, in accordance with ACI-318 Table 24.5.4.1 (2019). 

𝑏𝑏 = ℎ
2
− 1 𝑖𝑖𝑜𝑜 (Orthogonal tendon orientation) 

𝑈𝑈𝐿𝐿𝐿𝐿𝑖𝑖𝐿𝐿 = − 𝑃𝑃𝑠𝑠𝑒𝑒𝑒𝑒
𝐴𝐴𝑀𝑀𝑐𝑐𝑠𝑠

± 𝑃𝑃𝑠𝑠𝑒𝑒𝑒𝑒 𝑦𝑦
𝑆𝑆𝑀𝑀𝑐𝑐𝑠𝑠

± 𝑀𝑀𝑠𝑠𝑠𝑠𝑐𝑐𝑣𝑣
𝑆𝑆𝑀𝑀𝑐𝑐𝑠𝑠

, assuming the tensile stress limit controls. 

The above equation can be rearranged to: 
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𝑃𝑃𝑟𝑟𝑓𝑓𝑓𝑓 =
𝑈𝑈𝐿𝐿𝐿𝐿𝑖𝑖𝐿𝐿 − (𝑀𝑀𝑠𝑠𝑟𝑟𝑟𝑟𝑠𝑠/𝑆𝑆𝑀𝑀𝐿𝐿𝑤𝑤)

�− 1
𝐴𝐴𝑀𝑀𝐿𝐿𝑤𝑤

− 𝑏𝑏
𝑆𝑆𝑀𝑀𝐿𝐿𝑤𝑤

�
 

# 𝑜𝑜𝑓𝑓 𝑇𝑇𝐵𝐵𝑜𝑜𝐵𝐵𝑜𝑜𝑜𝑜𝐵𝐵 = 𝑅𝑅𝑜𝑜𝑅𝑅𝑜𝑜𝐵𝐵𝑅𝑅𝑆𝑆(
𝑃𝑃𝑟𝑟𝑓𝑓𝑓𝑓

27 𝑒𝑒/𝐿𝐿𝐵𝐵𝑜𝑜𝐵𝐵𝑜𝑜𝑜𝑜
)  

𝑃𝑃𝑟𝑟𝑓𝑓𝑓𝑓𝑝𝑝𝑐𝑐𝑐𝑐𝑣𝑣 = # 𝑜𝑜𝑓𝑓 𝑇𝑇𝐵𝐵𝑜𝑜𝐵𝐵𝑜𝑜𝑜𝑜𝐵𝐵 × 27 𝑒𝑒/𝐿𝐿𝐵𝐵𝑜𝑜𝐵𝐵𝑜𝑜𝑜𝑜 
 

B.9.8. Check minimum and maximum precompression, per ACI-318 Sec. 8.2.3 (2019): 

125 𝑆𝑆𝐵𝐵𝑖𝑖 ≤
𝑃𝑃𝑠𝑠𝑒𝑒𝑒𝑒𝑝𝑝𝑐𝑐𝑐𝑐𝑣𝑣

𝐴𝐴
≤ 300 𝑆𝑆𝐵𝐵𝑖𝑖 

 
B.9.9. Flexural design: 

Using the distributed moments from Table S-7. 
Capacity from unbonded tendons: 

𝑓𝑓𝑠𝑠𝑟𝑟 =
27 𝑒𝑒/𝐿𝐿𝐵𝐵𝑜𝑜𝐵𝐵𝑜𝑜𝑜𝑜

0.153 𝑖𝑖𝑜𝑜2/𝐿𝐿𝐵𝐵𝑜𝑜𝐵𝐵𝑜𝑜𝑜𝑜
= 176.47 𝑒𝑒𝐵𝐵𝑖𝑖 

 
𝐴𝐴𝐷𝐷𝑠𝑠 = # 𝑜𝑜𝑓𝑓 𝐿𝐿𝐵𝐵𝑜𝑜𝐵𝐵𝑜𝑜𝑜𝑜𝐵𝐵 × 0.153 𝑖𝑖𝑜𝑜2/𝐿𝐿𝐵𝐵𝑜𝑜𝐵𝐵𝑜𝑜𝑜𝑜 

𝜌𝜌𝐷𝐷 =
𝐴𝐴𝐷𝐷𝑠𝑠
𝑏𝑏𝐵𝐵𝐷𝐷

 

𝑓𝑓𝐷𝐷𝑠𝑠 = 𝐼𝐼𝐼𝐼 �
𝑙𝑙𝑛𝑛
ℎ
� 

 
≤ 35

  
>
 

 35
 

𝑚𝑚𝑖𝑖𝑜𝑜 ��

𝑓𝑓𝐷𝐷𝑦𝑦 = 0.9 × 270 𝑒𝑒𝐵𝐵𝑖𝑖 = 243 𝑒𝑒𝐵𝐵𝑖𝑖
𝑓𝑓𝑠𝑠𝑟𝑟 + 60

𝑓𝑓𝑠𝑠𝑟𝑟 + 10 +
𝑓𝑓𝑐𝑐′/1000
𝜌𝜌𝐷𝐷 × 100

𝑚𝑚𝑖𝑖𝑜𝑜 ��

𝑓𝑓𝐷𝐷𝑦𝑦
𝑓𝑓𝑠𝑠𝑟𝑟 + 30

𝑓𝑓𝑠𝑠𝑟𝑟 + 10 +
𝑓𝑓𝑐𝑐′/1000
𝜌𝜌𝐷𝐷 × 300

                     

 

in accordance with ACI-318 Table 20.3.2.4.1 (2019). 

𝛽𝛽1 = 0.85 − 0.05(𝑓𝑓𝑐𝑐′ − 4 𝑒𝑒𝐵𝐵𝑖𝑖); f’c > 4 ksi 

𝐵𝐵 =
𝐴𝐴𝐷𝐷𝑠𝑠𝑓𝑓𝐷𝐷𝑠𝑠

0.85𝑓𝑓𝑐𝑐′𝑏𝑏
 

𝑐𝑐 = 𝐵𝐵/𝛽𝛽1 

𝜀𝜀𝑤𝑤 = 0.003�
𝐵𝐵𝐷𝐷 − 𝑐𝑐
𝑐𝑐 � 

𝜙𝜙𝑀𝑀𝑛𝑛𝑝𝑝𝑝𝑝 = 0.9𝑓𝑓𝐷𝐷𝑠𝑠𝐴𝐴𝐷𝐷𝑠𝑠 �𝐵𝐵𝐷𝐷 −
𝐵𝐵
2
� 

 
Design minimum bonded reinforcement: 
 for positive moment areas: 𝐴𝐴𝑠𝑠 = 𝑁𝑁𝑐𝑐

0.5 𝑓𝑓𝑦𝑦
, where 𝑁𝑁𝑐𝑐 = 1

2
(𝑀𝑀𝑃𝑃𝑐𝑐𝑠𝑠

𝑆𝑆
) ℎ
2
𝑏𝑏 

 for negative moment areas: 𝐴𝐴𝑠𝑠 = 0.00075𝐴𝐴𝑐𝑐𝑓𝑓, where 𝐴𝐴𝑐𝑐𝑓𝑓 = ℎ × 𝐿𝐿 
 
Capacity from non-prestressed rebar: 

 𝐵𝐵 = 𝐴𝐴𝑠𝑠𝑓𝑓𝑦𝑦+𝐴𝐴𝑝𝑝𝑠𝑠𝑓𝑓𝑝𝑝𝑠𝑠
0.85𝑓𝑓𝑐𝑐′𝜙𝜙
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𝑐𝑐 = 𝐵𝐵/𝛽𝛽1 

𝜀𝜀𝑤𝑤 = 0.003 �
𝐵𝐵 − 𝑐𝑐
𝑐𝑐

� 

 𝜙𝜙𝑀𝑀𝑛𝑛𝑅𝑅𝑠𝑠𝑏𝑏𝑎𝑎𝑐𝑐 = 0.9𝐴𝐴𝑠𝑠𝑓𝑓𝑦𝑦 �𝐵𝐵 −
𝐿𝐿
2
� 

 𝜙𝜙𝑀𝑀𝑛𝑛 =  𝜙𝜙𝑀𝑀𝑛𝑛𝑝𝑝𝑝𝑝 + 𝜙𝜙𝑀𝑀𝑛𝑛𝑅𝑅𝑠𝑠𝑏𝑏𝑎𝑎𝑐𝑐  

Check: 
𝜙𝜙𝑀𝑀𝑛𝑛/𝑀𝑀𝑢𝑢𝑁𝑁𝑠𝑠𝑁𝑁 ≥ 0.9 for end spans 
𝜙𝜙𝑀𝑀𝑛𝑛/𝑀𝑀𝑢𝑢𝑃𝑃𝑐𝑐𝑠𝑠 ≥ 0.9 for mid-span 
Refer to Note in Sec. 1.7. regarding rebar sizing and arrangement but note that the calculation of 

steel reinforcement for PT systems differs from RC systems. 

B.9.10. Shear design: 
𝑉𝑉𝑢𝑢 = 𝑞𝑞𝑢𝑢𝐴𝐴𝑤𝑤 

𝜙𝜙𝑉𝑉𝑐𝑐 = 0.75 (2)�𝑓𝑓𝑐𝑐′𝐵𝐵𝑏𝑏0 

𝜙𝜙𝑉𝑉𝑐𝑐 ≥ 𝑉𝑉𝑢𝑢 

 
B.9.11. Deflection check: 

Assuming uncracked “U” section; 
𝐼𝐼 = 𝐼𝐼𝑔𝑔 

∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐=
0.0069𝑤𝑤𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐𝑙𝑙

4

𝐸𝐸𝑐𝑐𝐼𝐼
 

𝑤𝑤𝐷𝐷𝑤𝑤 = −2𝐵𝐵𝐷𝐷𝑃𝑃𝑟𝑟𝑓𝑓𝑓𝑓𝑝𝑝𝑐𝑐𝑐𝑐𝑣𝑣 �
1
𝑏𝑏
� �

1
𝑏𝑏
� 

∆𝐷𝐷𝑤𝑤=
0.0069𝑤𝑤𝐷𝐷𝑤𝑤𝑙𝑙4

𝐸𝐸𝑐𝑐𝐼𝐼
 

∆𝑆𝑆𝐷𝐷𝐿𝐿=
0.0069𝑤𝑤𝑆𝑆𝐷𝐷𝐿𝐿𝑙𝑙4

𝐸𝐸𝑐𝑐𝐼𝐼
 

∆𝐿𝐿𝐿𝐿=
0.0069𝑤𝑤𝐿𝐿𝐿𝐿𝑙𝑙4

𝐸𝐸𝑐𝑐𝐼𝐼
 

𝜆𝜆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 = 𝜉𝜉𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 = 1. 𝜆𝜆𝑆𝑆𝐷𝐷𝐿𝐿 = 𝜉𝜉𝑆𝑆𝐷𝐷𝐿𝐿 = 2. Solve for both cases. 

∆𝐿𝐿𝐿𝐿= 𝜆𝜆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐(∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 + ∆𝐷𝐷𝑤𝑤) + (1 + 𝜆𝜆𝑆𝑆𝐷𝐷𝐿𝐿)∆𝑆𝑆𝐷𝐷𝐿𝐿 + (1)∆𝐿𝐿𝐿𝐿 

𝛥𝛥𝐿𝐿𝐿𝐿𝑙𝑙𝑤𝑤𝑚𝑚 = 𝑙𝑙/480 

∆𝐿𝐿𝐿𝐿 ≤  𝛥𝛥𝐿𝐿𝐿𝐿𝑙𝑙𝑤𝑤𝑚𝑚  

 

B.9.12. Revise the design: 

𝐼𝐼𝐼𝐼 �
𝐷𝐷𝐵𝐵𝐵𝐵𝑖𝑖𝐿𝐿𝑜𝑜 𝑖𝑖𝐿𝐿𝐵𝐵𝑛𝑛𝐵𝐵𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜 𝐵𝐵𝐵𝐵𝐿𝐿𝑖𝑖𝐵𝐵𝑓𝑓𝑖𝑖𝐵𝐵𝐵𝐵 𝐵𝐵𝑙𝑙𝑙𝑙 𝑐𝑐ℎ𝐵𝐵𝑐𝑐𝑒𝑒𝐵𝐵 → 𝐷𝐷𝐵𝐵𝑐𝑐𝑛𝑛𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ℎ 𝑏𝑏𝑏𝑏 1/2 𝑖𝑖𝑜𝑜
𝐷𝐷𝐵𝐵𝐵𝐵𝑖𝑖𝐿𝐿𝑜𝑜 𝑖𝑖𝐿𝐿𝐵𝐵𝑛𝑛𝐵𝐵𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜 𝑓𝑓𝐵𝐵𝑖𝑖𝑙𝑙𝐵𝐵 𝐵𝐵𝑜𝑜𝑏𝑏 𝑐𝑐ℎ𝐵𝐵𝑐𝑐𝑒𝑒 → 𝐼𝐼𝑜𝑜𝑐𝑐𝑛𝑛𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ℎ 𝑏𝑏𝑏𝑏 1/2 𝑖𝑖𝑜𝑜  
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Iterate until determining the slab design that uses the least amount of material (e.g., smallest 

thickness) that satisfies all design requirements. 

 

B.10 PT Voided Plate (Diagonal Tendon Layout) 

B.10.1. Initial estimate of square column width (colwidth_in): 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑜𝑜𝑜𝑜 𝑆𝑆𝑆𝑆𝐵𝐵𝑜𝑜 𝐿𝐿𝐵𝐵𝑜𝑜𝐿𝐿𝐿𝐿ℎ (𝑙𝑙)

⎩
⎪⎪
⎨

⎪⎪
⎧
𝑙𝑙 ≤ 25 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 12 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 30 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 18 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 33 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 24 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 37 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 30 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 42 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 36 𝑖𝑖𝑜𝑜
𝑙𝑙 ≤ 50 𝑓𝑓𝐿𝐿; 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 = 42 𝑖𝑖𝑜𝑜

 

 

B.10.2. Initial estimate of slab thickness (h), in accordance with ACI-318 Sec. 8.3.1.1 (2019):  

𝑙𝑙𝑛𝑛𝑖𝑖𝑖𝑖 = 𝑙𝑙 − 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 

ℎ𝑤𝑤𝑛𝑛 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖
33

7 𝑖𝑖𝑜𝑜
   𝑅𝑅𝑜𝑜𝑅𝑅𝑜𝑜𝐵𝐵 𝑅𝑅𝑆𝑆 (ℎ𝑤𝑤𝑛𝑛) 𝐿𝐿𝑜𝑜 𝑜𝑜𝐵𝐵𝐵𝐵𝑛𝑛𝐵𝐵𝐵𝐵𝐿𝐿 1/2 𝑖𝑖𝑜𝑜  

 
B.10.3. Calculate initial factored load (qu_in): 

𝑞𝑞𝑢𝑢𝑖𝑖𝑖𝑖 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
1.4 (𝐷𝐷𝐿𝐿 − 𝑉𝑉𝑜𝑜𝑖𝑖𝐵𝐵 𝐿𝐿𝑜𝑜𝐵𝐵𝐵𝐵 𝑅𝑅𝐵𝐵𝐵𝐵𝑅𝑅𝑐𝑐𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜)

1.2 (𝐷𝐷𝐿𝐿 − 𝑉𝑉𝑜𝑜𝑖𝑖𝐵𝐵 𝐿𝐿𝑜𝑜𝐵𝐵𝐵𝐵 𝑅𝑅𝐵𝐵𝐵𝐵𝑅𝑅𝑐𝑐𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜) + 1.6 𝐿𝐿𝐿𝐿
 

For void load reductions, please refer to Table S-6. 

 

B.10.4. Size columns and obtain final estimate for floor thickness and corresponding factored load: 

𝑃𝑃𝑛𝑛 = 4𝑞𝑞𝑢𝑢𝑖𝑖𝑖𝑖𝐴𝐴𝑤𝑤 

𝐴𝐴𝑐𝑐 =
𝑃𝑃𝑛𝑛

(0.8)(0.65)[�0.85𝑓𝑓𝑐𝑐′(0.98) + �𝑓𝑓𝑦𝑦�(0.02)�
 

𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑐𝑐𝐵𝐵𝑖𝑖𝑙𝑙��𝐴𝐴𝑐𝑐�

�

�

12 𝑖𝑖𝑜𝑜
16 𝑖𝑖𝑜𝑜
18 𝑖𝑖𝑜𝑜
20 𝑖𝑖𝑜𝑜
24 𝑖𝑖𝑜𝑜
30 𝑖𝑖𝑜𝑜
36 𝑖𝑖𝑜𝑜
42 𝑖𝑖𝑜𝑜

 

𝑙𝑙𝑛𝑛 = 𝑙𝑙 − 𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠  
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ℎ = 𝑚𝑚𝐵𝐵𝑚𝑚 �
𝑙𝑙𝑖𝑖
33

7 𝑖𝑖𝑜𝑜
   𝑅𝑅𝑜𝑜𝑅𝑅𝑜𝑜𝐵𝐵 𝑅𝑅𝑆𝑆 (ℎ) 𝐿𝐿𝑜𝑜 𝑜𝑜𝐵𝐵𝐵𝐵𝑛𝑛𝐵𝐵𝐵𝐵𝐿𝐿 1/2 𝑖𝑖𝑜𝑜  

𝑞𝑞𝑢𝑢 = 𝑚𝑚𝐵𝐵𝑚𝑚 �
1.4 (𝐷𝐷𝐿𝐿 − 𝑉𝑉𝑜𝑜𝑖𝑖𝐵𝐵 𝐿𝐿𝑜𝑜𝐵𝐵𝐵𝐵 𝑅𝑅𝐵𝐵𝐵𝐵𝑅𝑅𝑐𝑐𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜)

1.2 (𝐷𝐷𝐿𝐿 − 𝑉𝑉𝑜𝑜𝑖𝑖𝐵𝐵 𝐿𝐿𝑜𝑜𝐵𝐵𝐵𝐵 𝑅𝑅𝐵𝐵𝐵𝐵𝑅𝑅𝑐𝑐𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜) + 1.6 𝐿𝐿𝐿𝐿
 

For void load reductions, please refer to Table S-6 in the manuscript. 

 

B.10.5. Using a Modified Direct Design Method (M-DDM), calculate factored moment (M0), as 
according to ACI-318 Equation 8.10.3.2 (2019)): 

𝑀𝑀0 =  
𝑞𝑞𝑢𝑢𝑙𝑙 𝑙𝑙𝑛𝑛2

8
 

 

B.10.6. Calculate the solid area around the columns: 
𝑏𝑏0 = 4(𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ + 𝐵𝐵) 

𝑋𝑋 = �
𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ

2
� + �

𝑏𝑏0
4
−
𝑐𝑐𝑜𝑜𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ

2
� 

𝑏𝑏𝐿𝐿𝐷𝐷 = 8𝑋𝑋 
Round up each side to the nearest 6 inches. 

 
B.10.7. Service design check & determine # of tendons: 

Using the distributed moments from Table S-7. 
𝑀𝑀𝑠𝑠𝑟𝑟𝑟𝑟𝑠𝑠 = 𝑚𝑚𝐵𝐵𝑚𝑚(𝑀𝑀𝑢𝑢) 
𝑇𝑇𝐵𝐵𝑜𝑜𝐵𝐵𝑖𝑖𝑙𝑙𝐵𝐵 𝑆𝑆𝐿𝐿𝑛𝑛𝐵𝐵𝐵𝐵𝐵𝐵 𝐿𝐿𝑖𝑖𝑚𝑚𝑖𝑖𝐿𝐿,𝑈𝑈𝐿𝐿𝐿𝐿𝑖𝑖𝐿𝐿 = 6�𝑓𝑓𝑐𝑐′, in accordance with ACI-318 Table 24.5.2.1 (2019). 
Compression Stress Limit, 𝑈𝑈𝐶𝐶𝐿𝐿𝑖𝑖𝐿𝐿 = −0.6𝑓𝑓𝑐𝑐′, in accordance with ACI-318 Table 24.5.4.1 (2019). 

𝑏𝑏 = ℎ
2
− 1.5 𝑖𝑖𝑜𝑜 (Diagonal tendon orientation) 

𝑈𝑈𝐿𝐿𝐿𝐿𝑖𝑖𝐿𝐿 = − 𝑃𝑃𝑠𝑠𝑒𝑒𝑒𝑒
𝐴𝐴𝑀𝑀𝑐𝑐𝑠𝑠

± 𝑃𝑃𝑠𝑠𝑒𝑒𝑒𝑒 𝑦𝑦
𝑆𝑆𝑀𝑀𝑐𝑐𝑠𝑠

± 𝑀𝑀𝑠𝑠𝑠𝑠𝑐𝑐𝑣𝑣
𝑆𝑆𝑀𝑀𝑐𝑐𝑠𝑠

, assuming the tensile stress limit controls. 

The above equation can be rearranged to: 

𝑃𝑃𝑟𝑟𝑓𝑓𝑓𝑓 =
𝑈𝑈𝐿𝐿𝐿𝐿𝑖𝑖𝐿𝐿 − (𝑀𝑀𝑠𝑠𝑟𝑟𝑟𝑟𝑠𝑠/𝑆𝑆𝑀𝑀𝐿𝐿𝑤𝑤)

�− 1
𝐴𝐴𝑀𝑀𝐿𝐿𝑤𝑤

− 𝑏𝑏
𝑆𝑆𝑀𝑀𝐿𝐿𝑤𝑤

�
 

# 𝑜𝑜𝑓𝑓 𝑇𝑇𝐵𝐵𝑜𝑜𝐵𝐵𝑜𝑜𝑜𝑜𝐵𝐵 = 𝑅𝑅𝑜𝑜𝑅𝑅𝑜𝑜𝐵𝐵𝑅𝑅𝑆𝑆(
𝑃𝑃𝑟𝑟𝑓𝑓𝑓𝑓

27 𝑒𝑒/𝐿𝐿𝐵𝐵𝑜𝑜𝐵𝐵𝑜𝑜𝑜𝑜
)  

# 𝑜𝑜𝑓𝑓 𝐷𝐷𝑖𝑖𝐵𝐵𝐿𝐿𝑜𝑜𝑜𝑜𝐵𝐵𝑙𝑙 𝑇𝑇𝐵𝐵𝑜𝑜𝐵𝐵𝑜𝑜𝑜𝑜𝐵𝐵 = 𝑅𝑅𝑜𝑜𝑅𝑅𝑜𝑜𝐵𝐵𝑅𝑅𝑆𝑆 �
# 𝑜𝑜𝑓𝑓 𝑇𝑇𝐵𝐵𝑜𝑜𝐵𝐵𝑜𝑜𝑜𝑜𝐵𝐵

1.414
� 

𝑃𝑃𝑟𝑟𝑓𝑓𝑓𝑓𝑝𝑝𝑐𝑐𝑐𝑐𝑣𝑣 = # 𝑜𝑜𝑓𝑓 𝐷𝐷𝑖𝑖𝐵𝐵𝐿𝐿𝑜𝑜𝑜𝑜𝐵𝐵𝑙𝑙 𝑇𝑇𝐵𝐵𝑜𝑜𝐵𝐵𝑜𝑜𝑜𝑜𝐵𝐵 × 27 𝑒𝑒/𝐿𝐿𝐵𝐵𝑜𝑜𝐵𝐵𝑜𝑜𝑜𝑜 
 

B.10.8. Check minimum and maximum precompression, per ACI-318 Sec. 8.2.3 (2019): 

125 𝑆𝑆𝐵𝐵𝑖𝑖 ≤
𝑃𝑃𝑠𝑠𝑒𝑒𝑒𝑒𝑝𝑝𝑐𝑐𝑐𝑐𝑣𝑣

𝐴𝐴
≤ 300 𝑆𝑆𝐵𝐵𝑖𝑖 

 
B.10.9. Flexural design: 

Using the distributed moments from Table S-7. 
 Capacity from unbonded tendons: 
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𝑓𝑓𝑠𝑠𝑟𝑟 =
27 𝑒𝑒/𝐿𝐿𝐵𝐵𝑜𝑜𝐵𝐵𝑜𝑜𝑜𝑜

0.153 𝑖𝑖𝑜𝑜2/𝐿𝐿𝐵𝐵𝑜𝑜𝐵𝐵𝑜𝑜𝑜𝑜
= 176.47 𝑒𝑒𝐵𝐵𝑖𝑖 

 
𝐴𝐴𝐷𝐷𝑠𝑠 = # 𝑜𝑜𝑓𝑓 𝐿𝐿𝐵𝐵𝑜𝑜𝐵𝐵𝑜𝑜𝑜𝑜𝐵𝐵 × 0.153 𝑖𝑖𝑜𝑜2/𝐿𝐿𝐵𝐵𝑜𝑜𝐵𝐵𝑜𝑜𝑜𝑜 

𝜌𝜌𝐷𝐷 =
𝐴𝐴𝐷𝐷𝑠𝑠
𝑏𝑏𝐵𝐵𝐷𝐷

 

𝑓𝑓𝐷𝐷𝑠𝑠 = 𝐼𝐼𝐼𝐼 �
𝑙𝑙𝑛𝑛
ℎ
� 

 
≤ 35

  
>
 

 35
 

𝑚𝑚𝑖𝑖𝑜𝑜 ��

𝑓𝑓𝐷𝐷𝑦𝑦 = 0.9 × 270 𝑒𝑒𝐵𝐵𝑖𝑖 = 243 𝑒𝑒𝐵𝐵𝑖𝑖
𝑓𝑓𝑠𝑠𝑟𝑟 + 60

𝑓𝑓𝑠𝑠𝑟𝑟 + 10 +
𝑓𝑓𝑐𝑐′/1000
𝜌𝜌𝐷𝐷 × 100

𝑚𝑚𝑖𝑖𝑜𝑜 ��

𝑓𝑓𝐷𝐷𝑦𝑦
𝑓𝑓𝑠𝑠𝑟𝑟 + 30

𝑓𝑓𝑠𝑠𝑟𝑟 + 10 +
𝑓𝑓𝑐𝑐′/1000
𝜌𝜌𝐷𝐷 × 300

                     

 

𝛽𝛽1 = 0.85 − 0.05(𝑓𝑓𝑐𝑐′ − 4 𝑒𝑒𝐵𝐵𝑖𝑖); f’c > 4 ksi 

𝐵𝐵 =
𝐴𝐴𝐷𝐷𝑠𝑠𝑓𝑓𝐷𝐷𝑠𝑠

0.85𝑓𝑓𝑐𝑐′𝑏𝑏
 

𝑐𝑐 = 𝐵𝐵/𝛽𝛽1 

𝜀𝜀𝑤𝑤 = 0.003�
𝐵𝐵𝐷𝐷 − 𝑐𝑐
𝑐𝑐 � 

𝜙𝜙𝑀𝑀𝑛𝑛𝑝𝑝𝑝𝑝 = 0.9𝑓𝑓𝐷𝐷𝑠𝑠𝐴𝐴𝐷𝐷𝑠𝑠 �𝐵𝐵𝐷𝐷 −
𝐵𝐵
2
� 

Design minimum bonded reinforcement: 
 for positive moment areas: 𝐴𝐴𝑠𝑠 = 𝑁𝑁𝑐𝑐

0.5 𝑓𝑓𝑦𝑦
, where 𝑁𝑁𝑐𝑐 = 1

2
(𝑀𝑀𝑃𝑃𝑐𝑐𝑠𝑠

𝑆𝑆
) ℎ
2
𝑏𝑏 

 for negative moment areas: 𝐴𝐴𝑠𝑠 = 0.00075𝐴𝐴𝑐𝑐𝑓𝑓, where 𝐴𝐴𝑐𝑐𝑓𝑓 = ℎ × 𝐿𝐿 
 
Capacity from non-prestressed rebar: 

 𝐵𝐵 = 𝐴𝐴𝑠𝑠𝑓𝑓𝑦𝑦+𝐴𝐴𝑝𝑝𝑠𝑠𝑓𝑓𝑝𝑝𝑠𝑠
0.85𝑓𝑓𝑐𝑐′𝜙𝜙

 

𝑐𝑐 = 𝐵𝐵/𝛽𝛽1 

𝜀𝜀𝑤𝑤 = 0.003 �
𝐵𝐵 − 𝑐𝑐
𝑐𝑐

� 

 𝜙𝜙𝑀𝑀𝑛𝑛𝑅𝑅𝑠𝑠𝑏𝑏𝑎𝑎𝑐𝑐 = 0.9𝐴𝐴𝑠𝑠𝑓𝑓𝑦𝑦 �𝐵𝐵 −
𝐿𝐿
2
� 

 𝜙𝜙𝑀𝑀𝑛𝑛 =  𝜙𝜙𝑀𝑀𝑛𝑛𝑝𝑝𝑝𝑝 + 𝜙𝜙𝑀𝑀𝑛𝑛𝑅𝑅𝑠𝑠𝑏𝑏𝑎𝑎𝑐𝑐  

Check: 
𝜙𝜙𝑀𝑀𝑛𝑛/𝑀𝑀𝑢𝑢𝑁𝑁𝑠𝑠𝑁𝑁 ≥ 0.9 for end spans 
𝜙𝜙𝑀𝑀𝑛𝑛/𝑀𝑀𝑢𝑢𝑃𝑃𝑐𝑐𝑠𝑠 ≥ 0.9 for mid-span 
Refer to Note in Sec. 1.7. regarding rebar sizing and arrangement but note that the calculation of 

steel reinforcement for PT systems differs from RC systems. 

 
B.10.10. Shear design: 
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𝑉𝑉𝑢𝑢 = 𝑞𝑞𝑢𝑢𝐴𝐴𝑤𝑤𝑟𝑟𝑤𝑤𝜙𝜙 

𝜙𝜙𝑉𝑉𝑐𝑐 = 0.75 (2)�𝑓𝑓𝑐𝑐′𝐵𝐵𝑏𝑏0 

𝜙𝜙𝑉𝑉𝑐𝑐 ≥ 𝑉𝑉𝑢𝑢 

 
B.10.11. Deflection check: 

Assuming uncracked “U” section; 
𝐼𝐼 = 𝐼𝐼𝑔𝑔 

∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐=
0.0069𝑤𝑤𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐𝑙𝑙

4

𝐸𝐸𝑐𝑐𝐼𝐼
 

𝑤𝑤𝐷𝐷𝑤𝑤 = −2𝐵𝐵𝐷𝐷𝑃𝑃𝑟𝑟𝑓𝑓𝑓𝑓𝑝𝑝𝑐𝑐𝑐𝑐𝑣𝑣 �
1
𝑏𝑏
� �

1
𝑏𝑏
� 

∆𝐷𝐷𝑤𝑤=
0.0069𝑤𝑤𝐷𝐷𝑤𝑤𝑙𝑙4

𝐸𝐸𝑐𝑐𝐼𝐼
 

∆𝑆𝑆𝐷𝐷𝐿𝐿=
0.0069𝑤𝑤𝑆𝑆𝐷𝐷𝐿𝐿𝑙𝑙4

𝐸𝐸𝑐𝑐𝐼𝐼
 

∆𝐿𝐿𝐿𝐿=
0.0069𝑤𝑤𝐿𝐿𝐿𝐿𝑙𝑙4

𝐸𝐸𝑐𝑐𝐼𝐼
 

𝜆𝜆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 = 𝜉𝜉𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 = 1. 𝜆𝜆𝑆𝑆𝐷𝐷𝐿𝐿 = 𝜉𝜉𝑆𝑆𝐷𝐷𝐿𝐿 = 2. Solve for both cases. 

∆𝐿𝐿𝐿𝐿= 𝜆𝜆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐(∆𝐷𝐷𝐿𝐿𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 + ∆𝐷𝐷𝑤𝑤) + (1 + 𝜆𝜆𝑆𝑆𝐷𝐷𝐿𝐿)∆𝑆𝑆𝐷𝐷𝐿𝐿 + (1)∆𝐿𝐿𝐿𝐿 

𝛥𝛥𝐿𝐿𝐿𝐿𝑙𝑙𝑤𝑤𝑚𝑚 = 𝑙𝑙/480 

∆𝐿𝐿𝐿𝐿 ≤ 𝛥𝛥𝐿𝐿𝐿𝐿𝑙𝑙𝑤𝑤𝑚𝑚  

 

B.10.12. Revise the design: 

𝐼𝐼𝐼𝐼 �
𝐷𝐷𝐵𝐵𝐵𝐵𝑖𝑖𝐿𝐿𝑜𝑜 𝑖𝑖𝐿𝐿𝐵𝐵𝑛𝑛𝐵𝐵𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜 𝐵𝐵𝐵𝐵𝐿𝐿𝑖𝑖𝐵𝐵𝑓𝑓𝑖𝑖𝐵𝐵𝐵𝐵 𝐵𝐵𝑙𝑙𝑙𝑙 𝑐𝑐ℎ𝐵𝐵𝑐𝑐𝑒𝑒𝐵𝐵 → 𝐷𝐷𝐵𝐵𝑐𝑐𝑛𝑛𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ℎ 𝑏𝑏𝑏𝑏 1/2 𝑖𝑖𝑜𝑜
𝐷𝐷𝐵𝐵𝐵𝐵𝑖𝑖𝐿𝐿𝑜𝑜 𝑖𝑖𝐿𝐿𝐵𝐵𝑛𝑛𝐵𝐵𝐿𝐿𝑖𝑖𝑜𝑜𝑜𝑜 𝑓𝑓𝐵𝐵𝑖𝑖𝑙𝑙𝐵𝐵 𝐵𝐵𝑜𝑜𝑏𝑏 𝑐𝑐ℎ𝐵𝐵𝑐𝑐𝑒𝑒 → 𝐼𝐼𝑜𝑜𝑐𝑐𝑛𝑛𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ℎ 𝑏𝑏𝑏𝑏 1/2 𝑖𝑖𝑜𝑜  

 

Iterate until determining the slab design that uses the least amount of material (e.g., smallest 

thickness) that satisfies all design requirements. 
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Appendix C 

 

Embodied carbon equation coefficients and statistical metrics 

C.1 Coefficients, R2, and RMSEs for the Conceptual Design Phase Equations 

The following tables provide the β coefficient magnitudes and statistical parameters that quantify 

how well the single variate polynomial regression models fit the composite embodied carbon (EC) 

trendlines for the conceptual design phases (see Sec. 4.4.1 in the dissertation). Table C-1 provides the 

imperial (U.S.) equivalent to the ECest equations (refer to Eq. 4-2 in Ch. 4 in the dissertation) for the 

conceptual design phase (Table 4-7 in Ch. 4 of the dissertation provides the ECest equations in the metric 

unit system). Table C-2 gives the R2 and RMSE values for the fitted ECest curves. 

 

Table C-1: The analytically derived ECest equations (see Eq. 4-2 in Ch. 4 of the dissertation) for use in the conceptual 

design phase. Imperial (U.S.) equations are provided in parentheses. 

Concrete System Full Span Length Range Economical Span Length Range 

RC Flat Plate 𝐸𝐶𝑒𝑠𝑡 = 0.076 𝐿2 + 4.14 𝐿 − 1.1 𝐸𝐶𝑒𝑠𝑡 = 0.10 𝐿2 + 2.97 𝐿 + 9.8 

RC Flat Slab 𝐸𝐶𝑒𝑠𝑡 = 0.075 𝐿2 + 4.15 𝐿 + 0.49 𝐸𝐶𝑒𝑠𝑡 = 0.069 𝐿2 + 4.63 𝐿 − 7.7 

RC One-Way Pan Joist Slab 𝐸𝐶𝑒𝑠𝑡 = 0.16 𝐿2 − 5.73 𝐿 + 126 𝐸𝐶𝑒𝑠𝑡 = 0.12 𝐿2 − 3.32 𝐿 + 100 

RC Two-Way Slab with Beams 𝐸𝐶𝑒𝑠𝑡 = 0.056 𝐿2 − 0.30 𝐿 + 73 𝐸𝐶𝑒𝑠𝑡 = 0.070 𝐿2 − 1.01 𝐿 + 81 

RC Two-Way Waffle Slab 𝐸𝐶𝑒𝑠𝑡 = 0.015 𝐿2 + 0.70 𝐿 + 63 𝐸𝐶𝑒𝑠𝑡 = −0.13 𝐿2 + 11.3 𝐿 − 128 

RC Voided Plate 𝐸𝐶𝑒𝑠𝑡 = 0.11 𝐿2 + 0.066 𝐿 + 48 𝐸𝐶𝑒𝑠𝑡 = 0.12 𝐿2 − 0.68 𝐿 + 54 

PT Flat Plate 𝐸𝐶𝑒𝑠𝑡 = 0.074 𝐿2 + 1.01 𝐿 + 31 𝐸𝐶𝑒𝑠𝑡 = 0.080 𝐿2 + 0.57 𝐿 + 39 

PT Hollow Core Slab 𝐸𝐶𝑒𝑠𝑡 = 0.075 𝐿2 − 0.12 𝐿 + 49 𝐸𝐶𝑒𝑠𝑡 = 0.057 𝐿2 + 1.17 𝐿 + 29 

PT Voided Plate – Orthogonal Layout 𝐸𝐶𝑒𝑠𝑡 = 0.10 𝐿2 − 2.34 𝐿 + 77 𝐸𝐶𝑒𝑠𝑡 = 0.091 𝐿2 − 1.65 𝐿 + 65 

PT Voided Plate – Diagonal Layout 𝐸𝐶𝑒𝑠𝑡 = 0.11 𝐿2 − 2.91 𝐿 + 85 𝐸𝐶𝑒𝑠𝑡 = 0.10 𝐿2 − 2.26 𝐿 + 74 

Note. L: Length in feet. ECest: Embodied carbon in kgCO2e/m2. 
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Table C-2: The R2 values and RMSEs for the ECest equations (see Eq. 4-2 in Ch. 4 of the dissertation) described in 

Table 4-7 in Ch. 4 of the dissertation and Table C-1. Note that the R2 and RMSEs are the same regardless of metric 

or imperial units. 

Concrete System 
Full Span Length Range Economical Span Length Range 

R2 RMSE R2 RMSE 

RC Flat Plate > 0.999 0.937 > 0.999 0.597 

RC Flat Slab > 0.999 0.950 > 0.999 0.123 

RC One-Way Pan 

Joist Slab 
0.991 5.002 0.977 1.438 

RC Two-Way Slab 

with Beams 
0.998 1.736 > 0.999 0.509 

RC Two-Way Waffle 

Slab 
0.880 7.066 0.827 3.942 

RC Voided Plate > 0.999 2.207 > 0.999 0.785 

PT Flat Plate > 0.999 1.545 > 0.999 0.771 

PT Hollow Core Slab 0.999 1.807 > 0.999 1.071 

PT Voided Plate – 

Orthogonal Layout 
0.999 1.600 0.999 1.396 

PT Voided Plate – 

Diagonal Layout 
0.998 1.776 0.998 1.786 

 

C.2 Coefficients for the Schematic Design Phase Equations 

Tables C-3 and C-4 provide the coefficients obtained from the multi-variate polynomial regression 

models that derived the MQ* equations (refer to Eq. 4-3 in Ch. 4 of the dissertation) in both metric and 

imperial units for the schematic design phase (see Sec. 4.4.2 in Ch. 4 of the dissertation) when considering 

the full span range. These coefficients can be implemented in the general form of the polynomial equation 

(refer to Eq. 4-3 in Ch. 4 of the dissertation) to predict the concrete slab volume per area (m3/m2) for each 

concrete floor system given the span length and structural parameters. Similarly, Tables C-5 and C-6 

provide the coefficients for the MQ* equations when considering the economic span length range. The R2 

values and RMSEs for the derived MQ* equations can be found in Section C-3. Tables C-7 to C-14 provide 

the coefficients for predicting the EC contribution from the steel rebar, void formers, and PT tendons, for 
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both the full and economic span ranges. Readers are encouraged to download the corresponding .csv files 

that provide the coefficients presented in the tables below (available at: 

https://www.sciencedirect.com/science/article/pii/S0141029623017844). 

Table C-3: The coefficients derived for the MQ* equations (see Eq. 4-3 in Ch. 4 of the dissertation) for the six RC 

floor systems when considering the full span length range. Span length (L), concrete compressive strength (f’c), live 

load (LL), and dead load (DL) are in metric units when using the top coefficients; the bottom coefficients are 

compatible with imperial units. 

Coefficient Flat Plate Flat Slab 
One-Way 

Slab 

Two-Way Slab 

with Beams 

Waffle 

Slab 

Voided 

Plate 

𝛽0 

−4.48 × 10−2 −4.47 × 10−2 0.424 0.114 0.157 0.111 

−4.48 × 10−2 −4.47 × 10−2 0.424 0.114 0.157 0.111 

𝛽1 

2.42 × 10−2 2.48 × 10−2 
−6.83 

× 10−2 
−4.28 × 10−3 

8.22 

× 10−3 

−1.18 

× 10−2 

7.28 × 10−3 7.45 × 10−3 
−2.05 

× 10−2 
−1.28 × 10−3 

2.47 

× 10−3 

−3.54 

× 10−3 

𝛽2 

−1.18 × 10−3 −1.17 × 10−3 
1.99 

× 10−3 
8.27 × 10−4 

−3.74 

× 10−4 

4.58 

× 10−4 

−7.74 × 10−6 −7.68 × 10−6 
1.40 

× 10−5 
5.76 × 10−6 

−2.54 

× 10−6 

3.44 

× 10−6 

𝛽3 

6.79 × 10−3 6.63 × 10−3 
−2.30 

× 10−2 
2.22 × 10−2 

−2.18 

× 10−3 

1.48 

× 10−3 

3.25 × 10−4 3.18 × 10−4 
−1.10 

× 10−3 
1.06 × 10−3 

−1.04 

× 10−4 

7.07 

× 10−5 

𝛽4 1.91 × 10−2 2.02 × 10−2 
−2.83 

× 10−2 
1.56 × 10−3 

3.78

× 10−3 

5.14 

× 10−3 

https://www.sciencedirect.com/science/article/pii/S0141029623017844
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Coefficient Flat Plate Flat Slab 
One-Way 

Slab 

Two-Way Slab 

with Beams 

Waffle 

Slab 

Voided 

Plate 

9.19 × 10−4 9.71 × 10−4 
−1.35 

× 10−3 
7.52 × 10−5 

1.81

× 10−4 

2.48 

× 10−4 

𝛽5 

2.75 × 10−4 2.91 × 10−4 
−1.22 

× 10−4 
3.16 × 10−5 

3.76 

× 10−6 

1.16 

× 10−4 

2.75 × 10−4 2.91 × 10−4 
−1.22 

× 10−4 
3.16 × 10−5 

3.80 

× 10−6 

1.16 

× 10−4 

𝛽6 

2.11 × 10−3 2.09 × 10−3 
4.08 

× 10−3 
9.72 × 10−4 

2.18 

× 10−4 

2.85 

× 10−3 

1.90 × 10−4 1.88 × 10−4 
3.67 

× 10−4 
8.75 × 10−5 

1.96 

× 10−5 

2.57 

× 10−4 

𝛽7 

−6.67 × 10−4 −6.76 × 10−4 
−5.30 

× 10−4 
−8.19 × 10−5 

−6.32 

× 10−5 

−5.56 

× 10−4 

−1.38 × 10−6 −1.40 × 10−6 
−1.10 

× 10−6 
−1.70 × 10−7 

−1.31 

× 10−7 

−1.15 

× 10−6 

𝛽8 

9.21 × 10−4 9.10 × 10−4 
4.80 

× 10−3 
6.80 × 10−4 

2.63 

× 10−4 

1.10 

× 10−3 

1.32 × 10−5 1.31 × 10−5 
6.89 

× 10−5 
9.77 × 10−6 

3.78 

× 10−6 

1.58 

× 10−5 

𝛽9 

4.18 × 10−3 4.29 × 10−3 
6.31 

× 10−3 
5.07 × 10−4 

2.52 

× 10−4 

3.83 

× 10−3 

6.01 × 10−5 6.16 × 10−5 
9.06 

× 10−5 
7.28 × 10−6 

3.62 

× 10−6 

5.51 

× 10−5 

𝛽10 6.48 × 10−5 6.70 × 10−5 
4.28 

× 10−5 
7.07 × 10−6 

1.41 

× 10−6 

5.21 

× 10−5 
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Coefficient Flat Plate Flat Slab 
One-Way 

Slab 

Two-Way Slab 

with Beams 

Waffle 

Slab 

Voided 

Plate 

1.94 × 10−5 2.01 × 10−5 
1.28 

× 10−5 
2.12 × 10−6 

4.24 

× 10−7 

1.56 

× 10−5 

𝛽11 

7.82 × 10−5 7.95 × 10−5 
4.83 

× 10−5 
6.53 × 10−6 

1.65 

× 10−5 

5.49 

× 10−5 

3.68 × 10−9 3.74 × 10−9 
2.28 

× 10−9 
3.07 × 10−10 

7.84 

× 10−10 

2.59 

× 10−9 

𝛽12 

−4.95 × 10−5 −5.13 × 10−5 
−2.25 

× 10−4 
−4.33 × 10−4 

−3.95 

× 10−5 

−3.68 

× 10−5 

−1.64 × 10−8 −1.70 × 10−8 
−7.45 

× 10−8 
−1.43 × 10−7 

−1.31 

× 10−8 

−1.22 

× 10−8 

𝛽13 

−2.40 × 10−4 −2.50 × 10−4 
−4.11 

× 10−4 
−5.38 × 10−5 

−8.77 

× 10−5 

−2.13 

× 10−4 

−7.94 × 10−8 −8.27 × 10−8 
−1.36 

× 10−7 
−1.78 × 10−8 

−2.90 

× 10−8 

−7.05 

× 10−8 

𝛽14 

−4.84 × 10−6 −4.98 × 10−6 
−3.23 

× 10−6 
−2.95 × 10−8 

−7.82 

× 10−7 

−4.43 

× 10−6 

−3.34 × 10−8 −3.44 × 10−8 
−2.23 

× 10−8 
−2.04 × 10−10 

−5.40

× 10−9 

−3.06 

× 10−8 

𝛽15 

−3.35 × 10−4 −3.50 × 10−4 
−3.17 

× 10−4 
−3.48 × 10−4 

8.31 

× 10−5 

−2.05 

× 10−4 

−7.69 × 10−7 −8.02 × 10−7 
−7.27 

× 10−7 
−7.97 × 10−7 

1.90 

× 10−7 

−4.69 

× 10−7 

𝛽16 −2.30 × 10−3 −2.34 × 10−3 
−8.24 

× 10−4 
−5.21 × 10−6 

−1.15 

× 10−4 

−1.71 

× 10−3 
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Coefficient Flat Plate Flat Slab 
One-Way 

Slab 

Two-Way Slab 

with Beams 

Waffle 

Slab 

Voided 

Plate 

−5.28 × 10−6 −5.37 × 10−6 
−1.89 

× 10−6 
−1.19 × 10−8 

−2.64 

× 10−7 

−3.91 

× 10−6 

𝛽17 

1.25 × 10−5 1.37 × 10−5 
2.73 

× 10−5 
2.04 × 10−7 

5.69 

× 10−6 

7.79 

× 10−6 

5.98 × 10−7 6.56 × 10−7 
1.31 

× 10−6 
9.77 × 10−9 

2.73 

× 10−7 

3.73 

× 10−7 

𝛽18 

−3.06 × 10−3 −3.32 × 10−3 
5.97 

× 10−4 
1.82 × 10−4 

−1.36 

× 10−4 

−2.07 

× 10−3 

−7.05 × 10−6 −7.65 × 10−6 
1.35 

× 10−6 
4.12 × 10−7 

−3.15 

× 10−7 

−4.77 

× 10−6 

𝛽19 

−1.49 × 10−6 −2.39 × 10−6 
2.69 

× 10−5 
4.77 × 10−7 

1.14 

× 10−6 

4.73 

× 10−6 

−7.13 × 10−8 −1.14 × 10−7 
1.29 

× 10−6 
2.28 × 10−8 

5.48 

× 10−8 

2.27 

× 10−7 

𝛽20 

−5.62 × 10−7 −5.95 × 10−7 
−2.16 

× 10−7 
−4.09 × 10−9 

1.01 

× 10−8 

−3.34 

× 10−7 

−5.62 × 10−7 −5.95 × 10−7 
−2.16 

× 10−7 
−4.09 × 10−9 

1.01 

× 10−8 

−3.34 

× 10−7 

Notes: For the coefficients using the metric unit system, L is in meters, f’c is in MPa, LL is in kN/m2, and DL is in 

kN/m2. For the coefficients using the imperial unit system, L is in feet, f’c is in psi, LL is in psf, and DL is in psf.  

MQ*: Estimated material quantity (i.e., volume) of the concrete slab normalized by the floor area, m3/m2. Both sets of 

coefficients obtain MQ* in m3/m2. 
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Table C-4: The coefficients derived for the MQ* equations (see Eq. 4-3 in Ch. 4 of the dissertation) for the four PT 

floor systems when considering the full span length range. Span length (L), concrete compressive strength (f’c), live 

load (LL), and dead load (DL) are in metric units when using the top coefficients; the bottom coefficients are 

compatible with imperial units. 

Coefficient Flat Plate Hollow Core 

Slab 

Voided Plate 

(Orthogonal Layout) 

Voided Plate 

(Diagonal Layout) 

𝛽0 

0.118 0.102 0.277 0.253 

0.116 0.101 0.276 0.252 

𝛽1 

7.82 × 10−3 −9.97 × 10−3 −2.78 × 10−2 −2.51 × 10−2 

2.35 × 10−3 −2.98 × 10−3 −8.33 × 10−3 −7.52 × 10−3 

𝛽2 

−2.62 × 10−3 −6.58 × 10−4 −5.55 × 10−4 −4.60 × 10−4 

−1.76 × 10−5 −3.99 × 10−6 −3.46 × 10−6 −2.70 × 10−6 

𝛽3 

−2.46 × 10−3 1.63 × 10−3 −8.94 × 10−3 −9.97 × 10−3 

−1.15 × 10−4 7.82 × 10−5 −4.26 × 10−4 −4.74 × 10−4 

𝛽4 

−4.35 × 10−3 3.80 × 10−3 −3.12 × 10−2 −2.33 × 10−2 

−2.06 × 10−4 1.83 × 10−4 −1.49 × 10−3 −1.11 × 10−3 

𝛽5 

−3.49 × 10−5 4.30 × 10−5 −1.97 × 10−4 −1.19 × 10−4 

−3.49 × 10−5 4.30 × 10−5 −1.98 × 10−4 −1.19 × 10−4 

𝛽6 

1.94 × 10−3 2.10 × 10−3 2.66 × 10−3 2.57 × 10−3 

1.74 × 10−4 1.89 × 10−4 2.39 × 10−4 2.31 × 10−4 

𝛽7 −4.20 × 10−4 −5.19 × 10−4 −3.87 × 10−4 −4.90 × 10−4 
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Coefficient Flat Plate Hollow Core 

Slab 

Voided Plate 

(Orthogonal Layout) 

Voided Plate 

(Diagonal Layout) 

−8.71 × 10−7 −1.08 × 10−6 −8.02 × 10−7 −1.02 × 10−6 

𝛽8 

2.73 × 10−3 2.58 × 10−3 2.83 × 10−3 3.04 × 10−3 

3.92 × 10−5 3.70 × 10−5 4.06 × 10−5 4.37 × 10−5 

𝛽9 

2.59 × 10−3 2.86 × 10−3 3.38 × 10−3 3.17 × 10−3 

3.72 × 10−5 4.11 × 10−5 4.86 × 10−5 4.56 × 10−5 

𝛽10 

−1.26 × 10−6 1.24 × 10−5 9.34 × 10−6 1.09 × 10−5 

−3.78 × 10−7 3.72 × 10−6 2.80 × 10−6 3.27 × 10−6 

𝛽11 

1.13 × 10−4 5.29 × 10−5 7.95 × 10−5 1.08 × 10−4 

5.33 × 10−9 2.47 × 10−9 3.75 × 10−9 5.10 × 10−9 

𝛽12 

−5.61 × 10−4 −1.42 × 10−4 −5.89 × 10−4 −9.12 × 10−4 

−1.86 × 10−7 −4.68 × 10−7 −1.95 × 10−7 −3.02 × 10−7 

𝛽13 

−4.97 × 10−4 −1.42 × 10−4 −4.33 × 10−4 −5.90 × 10−4 

−1.64 × 10−7 −4.70 × 10−8 −1.43 × 10−7 −1.95 × 10−7 

𝛽14 

−5.24 × 10−7 −4.36 × 10−7 3.55 × 10−7 5.13 × 10−7 

−3.62 × 10−9 −3.01 × 10−9 2.46 × 10−9 3.54 × 10−9 

𝛽15 1.28 × 10−3 −4.14 × 10−4 1.93 × 10−3 2.62 × 10−3 
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Coefficient Flat Plate Hollow Core 

Slab 

Voided Plate 

(Orthogonal Layout) 

Voided Plate 

(Diagonal Layout) 

2.93 × 10−6 −9.48 × 10−7 4.43 × 10−6 6.00 × 10−6 

𝛽16 

7.60 × 10−4 −1.62 × 10−3 1.88 × 10−3 3.00 × 10−3 

1.74 × 10−6 −3.72 × 10−6 4.31 × 10−6 6.88 × 10−6 

𝛽17 

−5.08 × 10−6 3.71 × 10−6 −1.72 × 10−5 −9.49 × 10−6 

−2.43 × 10−7 1.78 × 10−7 −8.26 × 10−7 −4.54 × 10−7 

𝛽18 

1.25 × 10−3 −2.85 × 10−4 1.14 × 10−3 6.98 × 10−4 

2.85 × 10−6 −6.73 × 10−7 2.61 × 10−6 1.59 × 10−6 

𝛽19 

1.94 × 10−5 3.73 × 10−6 5.29 × 10−2 3.64 × 10−5 

9.30 × 10−7 1.79 × 10−7 2.53 × 10−6 1.74 × 10−6 

𝛽20 

1.07 × 10−7 −9.71 × 10−8 2.36 × 10−7 8.72 × 10−8 

1.07 × 10−7 −9.71 × 10−8 2.36 × 10−7 8.72 × 10−8 

 

Table C-5: The coefficients derived for the MQ* equations for the six RC floor systems when considering the economic 

span length range. Span length (L), concrete compressive strength (f’c), live load (LL), and dead load (DL) are in 

metric units when using the top coefficients; the bottom coefficients are compatible with imperial units. 

Coefficient Flat Plate Flat Slab 
One-Way 

Slab 

Two-Way Slab 

with Beams 

Waffle 

Slab 

Voided 

Plate 

𝛽0 

−2.16 × 10−3 −5.40 × 10−2 0.243 7.83 × 10−2 −0.296 0.151 

−2.72 × 10−3 −5.49 × 10−2 0.243 7.80 × 10−2 -0.296 0.150 
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Coefficient Flat Plate Flat Slab 
One-Way 

Slab 

Two-Way Slab 

with Beams 

Waffle 

Slab 

Voided 

Plate 

𝛽1 

1.79 × 10−2 2.91 × 10−2 
−2.59 

× 10−2 
−2.63 × 10−3 

8.89 

× 10−2 

−1.95 

× 10−2 

5.38 × 10−3 8.73 × 10−3 
−7.78 

× 10−3 
−7.86 × 10−4 

2.67 

× 10−2 

−5.83 

× 10−3 

𝛽2 

−4.61 × 10−4 −1.38 × 10−3 
5.11 

× 10−4 
1.06 × 10−3 

−3.61 

× 10−3 

1.02 

× 10−3 

−2.96 × 10−6 −9.11 × 10−6 
3.59 

× 10−6 
7.38 × 10−6 

−2.48 

× 10−5 

7.30 

× 10−6 

𝛽3 

4.75 × 10−3 8.71 × 10−3 
−3.65 

× 10−3 
2.62 × 10−2 

4.31 

× 10−3 

1.47 

× 10−3 

2.28 × 10−4 4.17 × 10−4 
−1.74 

× 10−4 
1.26 × 10−3 

−2.06 

× 10−4 

7.04 

× 10−5 

𝛽4 

1.07 × 10−2 2.53 × 10−2 
−5.10 

× 10−3 
4.60 × 10−3 

3.90

× 10−2 

1.77 

× 10−3 

5.12 × 10−4 1.21 × 10−3 
−2.44 

× 10−4 
2.21 × 10−4 

1.87

× 10−3 

8.67 

× 10−5 

𝛽5 

1.04 × 10−4 2.15 × 10−4 
−1.33 

× 10−5 
1.02 × 10−4 

2.55 

× 10−4 

−2.95 

× 10−6 

1.05 × 10−4 2.16 × 10−4 
−1.33 

× 10−5 
1.02 × 10−4 

2.55 

× 10−4 

−2.72 

× 10−6 

𝛽6 

2.94 × 10−3 1.84 × 10−3 
2.61 

× 10−3 
1.21 × 10−3 

−3.18 

× 10−3 

3.29 

× 10−3 

2.65 × 10−4 1.66 × 10−4 
2.35 

× 10−4 
1.09 × 10−4 

−2.87 

× 10−4 

2.96 

× 10−4 
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Coefficient Flat Plate Flat Slab 
One-Way 

Slab 

Two-Way Slab 

with Beams 

Waffle 

Slab 

Voided 

Plate 

𝛽7 

−6.30 × 10−4 −6.54 × 10−4 
−2.63 

× 10−4 
−2.03 × 10−4 

1.63 

× 10−4 

−6.34 

× 10−4 

−1.31 × 10−6 −1.36 × 10−6 
−5.46 

× 10−7 
−4.22 × 10−7 

3.37 

× 10−7 

−1.31 

× 10−6 

𝛽8 

1.23 × 10−3 9.49 × 10−4 
1.84 

× 10−3 
6.12 × 10−4 

−2.91 

× 10−4 

1.28 

× 10−3 

1.77 × 10−5 1.36 × 10−5 
2.64 

× 10−5 
8.79 × 10−6 

−4.18

× 10−6 

1.84 

× 10−5 

𝛽9 

4.83 × 10−3 4.39 × 10−3 
2.05 

× 10−3 
5.59 × 10−4 

−2.36 

× 10−3 

4.88 

× 10−3 

6.94 × 10−5 6.30 × 10−5 
2.95 

× 10−5 
8.03 × 10−6 

−3.40 

× 10−5 

7.01 

× 10−5 

𝛽10 

4.49 × 10−5 6.75 × 10−5 
8.95 

× 10−6 
8.20 × 10−7 

−2.01

× 10−5 

5.97 

× 10−5 

1.35 × 10−5 2.03 × 10−5 
2.68 

× 10−6 
2.46 × 10−7 

−6.02 

× 10−6 

1.79 

× 10−5 

𝛽11 

4.92 × 10−5 8.09 × 10−5 
1.88 

× 10−5 
2.50 × 10−5 

2.38 

× 10−5 

5.93 

× 10−5 

2.32 × 10−9 3.81 × 10−9 
8.89 

× 10−10 
1.19 × 10−9 

1.13 

× 10−9 

2.80 

× 10−9 

𝛽12 

−5.38 × 10−5 −6.26 × 10−5 
−1.06 

× 10−4 
−5.33 × 10−4 

−4.37 

× 10−5 

−4.16 

× 10−5 

−1.78 × 10−8 −2.07 × 10−8 
−3.51 

× 10−8 
−1.76 × 10−7 

−1.45 

× 10−8 

−1.38 

× 10−8 
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Coefficient Flat Plate Flat Slab 
One-Way 

Slab 

Two-Way Slab 

with Beams 

Waffle 

Slab 

Voided 

Plate 

𝛽13 

−2.48 × 10−4 −2.93 × 10−4 
−1.41 

× 10−4 
−1.21 × 10−4 

−8.63 

× 10−5 

−2.91 

× 10−4 

−8.22 × 10−8 −9.69 × 10−8 
−4.66 

× 10−8 
−4.02 × 10−8 

−2.85 

× 10−8 

−9.63 

× 10−8 

𝛽14 

−2.39 × 10−6 −4.70 × 10−6 
−5.33 

× 10−7 
−6.82 × 10−9 

−7.53 

× 10−7 

−4.38 

× 10−6 

−1.65 × 10−8 −3.24 × 10−8 
−3.68 

× 10−9 
−4.73 × 10−11 

−5.20

× 10−9 

−3.02 

× 10−8 

𝛽15 

−2.17 × 10−4 −3.88 × 10−4 
−4.12 

× 10−5 
−2.72 × 10−4 

1.07 

× 10−4 

−2.41 

× 10−4 

−4.98 × 10−7 −8.89 × 10−7 
−9.45 

× 10−8 
−6.24 × 10−7 

2.44 

× 10−7 

−5.52 

× 10−7 

𝛽16 

−1.97 × 10−3 −2.77 × 10−3 
−1.11 

× 10−4 
4.13 × 10−5 

−3.38 

× 10−4 

−2.19 

× 10−3 

−4.53 × 10−6 −6.36 × 10−6 
−2.54 

× 10−7 
9.49 × 10−8 

−7.76 

× 10−7 

−5.01 

× 10−6 

𝛽17 

9.43 × 10−6 1.14 × 10−5 
3.06 

× 10−6 
1.95 × 10−7 

6.80 

× 10−6 

7.99 

× 10−6 

4.52 × 10−7 5.45 × 10−7 
1.47 

× 10−7 
9.35 × 10−9 

3.26 

× 10−7 

3.83 

× 10−7 

𝛽18 

−1.78 × 10−3 −3.98 × 10−3 
2.32 

× 10−4 
−1.83 × 10−4 

−4.89 

× 10−4 

−2.39 

× 10−3 

−4.11 × 10−6 −9.16 × 10−6 
5.28 

× 10−7 
−4.27 × 10−7 

−1.13 

× 10−6 

−5.51 

× 10−6 
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Coefficient Flat Plate Flat Slab 
One-Way 

Slab 

Two-Way Slab 

with Beams 

Waffle 

Slab 

Voided 

Plate 

𝛽19 

4.36 × 10−7 −3.27 × 10−6 
5.45 

× 10−6 
4.74 × 10−7 

−2.13 

× 10−6 

4.58 

× 10−6 

2.09 × 10−8 −1.56 × 10−7 
2.61 

× 10−7 
2.27 × 10−8 

−1.02 

× 10−7 

2.19 

× 10−7 

𝛽20 

−2.47 × 10−7 −5.43 × 10−7 
−2.80 

× 10−8 
−3.63 × 10−9 

2.52 

× 10−8 

−3.04 

× 10−7 

−2.47 × 10−7 −5.43 × 10−7 
−2.80 

× 10−8 
−3.63 × 10−9 

2.52 

× 10−8 

−3.04 

× 10−7 

Notes: For the coefficients using the metric unit system, L is in meters, f’c is in MPa, LL is in kN/m2, and DL is in 

kN/m2. For the coefficients using the imperial unit system, L is in feet, f’c is in psi, LL is in psf, and DL is in psf.  

MQ*: Estimated material quantity (i.e., volume) of the concrete slab normalized by the floor area, m3/m2. Both sets of 

coefficients obtain MQ* in m3/m2. 

 

Table C-6: The coefficients derived for the MQ* equations for the four PT floor systems when considering the 

economic span length range. Span length (L), concrete compressive strength (f’c), live load (LL), and dead load (DL) 

are in metric units when using the top coefficients; the bottom coefficients are compatible with imperial units. 

Coefficient Flat Plate 
Hollow Core 

Slab 

Voided Plate 

(Orthogonal Layout) 

Voided Plate 

(Diagonal Layout) 

𝛽0 

0.115 9.13 × 10−2 0.255 0.225 

0.113 8.94 × 10−2 0.254 0.223 

𝛽1 

6.53 × 10−3 −8.41 × 10−3 −2.11 × 10−2 −1.84 × 10−2 

1.97 × 10−3 −3.28 × 10−3 −6.33 × 10−3 −5.51 × 10−3 

𝛽2 

−2.19 × 10−3 −1.02 × 10−3 5.97 × 10−4 1.16 × 10−3 

−1.45 × 10−5 4.50 × 10−6 4.64 × 10−6 8.64 × 10−6 

𝛽3 −5.46 × 10−3 4.08 × 10−3 −2.02 × 10−2 −2.40 × 10−3 
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Coefficient Flat Plate 
Hollow Core 

Slab 

Voided Plate 

(Orthogonal Layout) 

Voided Plate 

(Diagonal Layout) 

−2.58 × 10−4 −5.78 × 10−5 −9.63 × 10−4 −1.15 × 10−3 

𝛽4 

−2.33 × 10−3 7.22 × 10−3 −4.42 × 10−2 −3.54 × 10−2 

−1.09 × 10−4 9.72 × 10−5 −2.11 × 10−3 −1.69 × 10−3 

𝛽5 

−1.57 × 10−5 5.89 × 10−5 −2.19 × 10−4 −1.16 × 10−4 

−1.55 × 10−6 4.40 × 10−5 −2.19 × 10−4 −1.16 × 10−4 

𝛽6 

2.21 × 10−3 2.10 × 10−3 2.42 × 10−3 2.35 × 10−3 

1.99 × 10−4 1.84 × 10−4 2.18 × 10−4 2.11 × 10−4 

𝛽7 

−6.05 × 10−4 −5.79 × 10−4 −5.72 × 10−4 −7.30 × 10−4 

−1.25 × 10−6 −9.77 × 10−7 −1.19 × 10−6 −1.51 × 10−6 

𝛽8 

3.28 × 10−3 2.57 × 10−3 4.01 × 10−3 4.49 × 10−3 

4.72 × 10−5 3.93 × 10−5 5.76 × 10−5 6.45 × 10−5 

𝛽9 

2.70 × 10−3 3.04 × 10−3 4.10 × 10−3 4.03 × 10−3 

3.88 × 10−5 3.75 × 10−5 5.89 × 10−5 5.79 × 10−5 

𝛽10 

−4.38 × 10−6 1.30 × 10−5 6.27 × 10−6 8.42 × 10−6 

−1.31 × 10−6 3.48 × 10−6 1.88 × 10−6 2.52 × 10−6 

𝛽11 1.50 × 10−4 6.98 × 10−5 1.08 × 10−4 1.47 × 10−4 
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Coefficient Flat Plate 
Hollow Core 

Slab 

Voided Plate 

(Orthogonal Layout) 

Voided Plate 

(Diagonal Layout) 

7.11 × 10−9 1.87 × 10−9 5.09 × 10−9 6.93 × 10−9 

𝛽12 

−7.44 × 10−4 −1.51 × 10−4 −7.96 × 10−4 −1.24 × 10−3 

−2.46 × 10−7 −8.43 × 10−8 −2.64 × 10−7 −410 × 10−7 

𝛽13 

−6.23 × 10−4 −1.84 × 10−4 −5.81 × 10−4 −7.96 × 10−4 

−2.06 × 10−7 −6.99 × 10−8 −1.92 × 10−7 −2.63 × 10−7 

𝛽14 

−4.83 × 10−7 −5.55 × 10−7 5.28 × 10−7 7.25 × 10−7 

−3.34 × 10−9 −4.88 × 10−9 3.66 × 10−9 5.01 × 10−9 

𝛽15 

1.60 × 10−3 −6.14 × 10−4 2.61 × 10−3 3.55 × 10−3 

3.66 × 10−6 −8.34 × 10−9 5.99 × 10−6 8.13 × 10−6 

𝛽16 

9.39 × 10−4 −2.17 × 10−3 2.50 × 10−3 4.03 × 10−3 

2.15 × 10−6 −1.14 × 10−6 5.73 × 10−6 9.23 × 10−6 

𝛽17 

−6.17 × 10−6 4.51 × 10−6 −2.37 × 10−5 −1.31 × 10−5 

−2.96 × 10−7 2.47 × 10−7 −1.14 × 10−6 −6.26 × 10−7 

𝛽18 

1.24 × 10−3 −5.29 × 10−4 1.44 × 10−3 8.73 × 10−4 

2.82 × 10−6 −3.92 × 10−7 3.27 × 10−6 1.99 × 10−6 

𝛽19 1.99 × 10−5 −2.69 × 10−7 7.11 × 10−5 4.90 × 10−5 
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Coefficient Flat Plate 
Hollow Core 

Slab 

Voided Plate 

(Orthogonal Layout) 

Voided Plate 

(Diagonal Layout) 

9.52 × 10−7 2.67 × 10−7 3.40 × 10−6 2.35 × 10−6 

𝛽20 

1.15 × 10−7 −1.23 × 10−7 3.17 × 10−7 1.16 × 10−7 

1.15 × 10−7 −9.11 × 10−8 3.17 × 10−7 1.16 × 10−7 

 

 

Table C-7: The coefficients derived for the ECest equations for the steel rebar (ECRebar) for the six RC floor systems 

when considering the full span length range. Span length (L), concrete compressive strength (f’c), live load (LL), and 

dead load (DL) are in metric units when using the top coefficients; the bottom coefficients are compatible with imperial 

units. 

Coefficient Flat Plate Flat Slab 
One-Way 

Slab 

Two-Way Slab 

with Beams 

Waffle 

Slab 

Voided 

Plate 

𝛽0 

−0.836 3.409 23.62 21.09 11.59 2.242 

−0.861 3.410 23.57 21.07 11.60 2.212 

𝛽1 

0.753 2.95 × 10−2 −3.920 −0.431 −1.054 
−3.62 

× 10−2 

0.226 8.87 × 10−3 −1.175 −0.129 −0.316 
−1.06 

× 10−2 

𝛽2 

−3.85 × 10−2 −2.10 × 10−2 −0.3270 −1.024 
−4.25 

× 10−2 

−7.81 

× 10−3 

−2.56 × 10−4 −1.46 × 10−4 
−2.24 

× 10−3 
−7.06 × 10−3 

−2.95 

× 10−4 

−4.21 

× 10−5 

𝛽3 

0.2968 −0.3481 
6.41 

× 10−2 
−1.428 −0.5059 0.2046 

1.42 × 10−2 −1.67 × 10−2 
3.14 

× 10−3 
−6.85 × 10−2 

−2.42 

× 10−2 

9.79 

× 10−3 
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Coefficient Flat Plate Flat Slab 
One-Way 

Slab 

Two-Way Slab 

with Beams 

Waffle 

Slab 

Voided 

Plate 

𝛽4 

0.660 −0.267 −0.402 0.356 −0.285 0.493 

3.17 × 10−2 −1.27 × 10−2 
−1.91 

× 10−2 
1.72 × 10−2 

−1.36

× 10−2 
2.37 × 10−2 

𝛽5 

9.03 × 10−3 1.92 × 10−4 
−3.54 

× 10−3 
4.57 × 10−3 

1.57 

× 10−3 

6.80 

× 10−3 

9.04 × 10−3 1.94 × 10−4 
−3.55 

× 10−3 
4.56 × 10−3 

1.57 

× 10−3 

6.81 

× 10−3 

𝛽6 

0.1042 9.71 × 10−2 0.3946 0.2729 
8.84 

× 10−2 
0.1459 

9.38 × 10−3 8.74 × 10−3 
3.55 

× 10−2 
2.46 × 10−2 

7.96 

× 10−3 

1.31 

× 10−2 

𝛽7 

−1.75 × 10−2 2.99 × 10−4 
−6.85 

× 10−2 
−1.43 × 10−2 

5.24 

× 10−3 

−2.33 

× 10−2 

−3.62 × 10−5 6.17 × 10−7 
−1.42 

× 10−4 
−2.96 × 10−5 

1.09 

× 10−5 

−4.83 

× 10−5 

𝛽8 

4.31 × 10−2 0.1577 0.3872 0.3183 0.1033 
5.69 

× 10−2 

6.19 × 10−4 2.27 × 10−3 
5.56 

× 10−3 
4.57 × 10−3 

1.48

× 10−3 

8.17 

× 10−4 

𝛽9 

0.1361 0.1276 0.2926 0.4360 
6.32 

× 10−2 
0.1838 

1.95 × 10−3 1.83 × 10−3 
4.20 

× 10−3 
6.26 × 10−3 

9.07 

× 10−4 

2.64 

× 10−3 

𝛽10 1.85 × 10−3 7.27 × 10−5 
−4.57 

× 10−4 
−4.15 × 10−3 

−2.56

× 10−4 

2.40 

× 10−3 
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Coefficient Flat Plate Flat Slab 
One-Way 

Slab 

Two-Way Slab 

with Beams 

Waffle 

Slab 

Voided 

Plate 

5.55 × 10−4 2.18 × 10−5 
−1.37

× 10−4 
−1.25 × 10−3 

−7.68 

× 10−5 

7.21 

× 10−4 

𝛽11 

3.02 × 10−3 6.05 × 10−4 
1.38 

× 10−2 
1.33 × 10−2 

−5.37 

× 10−5 

2.82 

× 10−3 

1.43 × 10−7 2.89 × 10−8 
6.57 

× 10−7 
6.34 × 10−7 

−2.36 

× 10−9 

1.33 

× 10−7 

𝛽12 

4.97 × 10−3 3.06 × 10−4 
−2.68 

× 10−2 
5.69 × 10−2 

4.17 

× 10−3 

3.27 

× 10−3 

1.64 × 10−6 1.01 × 10−7 
−8.86 

× 10−6 
1.88 × 10−5 

1.38 

× 10−6 

1.08 

× 10−6 

𝛽13 

−1.12 × 10−2 −1.20 × 10−3 
−1.25 

× 10−2 
−1.46 × 10−2 

3.14 

× 10−3 

−1.08 

× 10−2 

−3.69 × 10−6 −3.97 × 10−7 
−4.15 

× 10−6 
−4.84 × 10−6 

1.04 

× 10−6 

−3.57 

× 10−6 

𝛽14 

−3.04 × 10−4 −2.35 × 10−5 
1.61 

× 10−4 
1.98 × 10−4 

−5.52 

× 10−6 

−2.54 

× 10−4 

−2.10 × 10−6 −1.63 × 10−7 1.12 × 10−6 1.37 × 10−6 
−3.82

× 10−8 

−1.75 

× 10−6 

𝛽15 

−7.15 × 10−3 2.55 × 10−2 
−4.93 

× 10−2 
−7.08 × 10−2 

3.02 

× 10−3 

−1.01 

× 10−2 

−1.64 × 10−5 5.85 × 10−5 
−1.13 

× 10−4 
−1.62 × 10−4 

6.92 

× 10−6 

−2.30 

× 10−5 

𝛽16 

−9.91 × 10−2 2.09 × 10−2 −0.1272 −0.1305 
−5.39 

× 10−3 
−0.1103 

−2.27 × 10−4 4.79 × 10−5 
−2.92 

× 10−4 
−2.99 × 10−4 

−1.23 

× 10−5 

−2.53 

× 10−4 
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Coefficient Flat Plate Flat Slab 
One-Way 

Slab 

Two-Way Slab 

with Beams 

Waffle 

Slab 

Voided 

Plate 

𝛽17 

−1.44 × 10−4 −1.60 × 10−4 
−9.06 

× 10−4 
−1.37 × 10−3 

−2.35 

× 10−4 

7.05 

× 10−5 

−6.92 × 10−6 −7.65 × 10−6 
−4.34 

× 10−5 
−6.54 × 10−5 

−1.12 

× 10−5 

3.38 

× 10−6 

𝛽18 

−8.30 × 10−2 3.77 × 10−3 
−3.00 

× 10−2 
−2.87 × 10−2 

−5.67 

× 10−3 
−0.1043 

−1.91 × 10−4 7.73 × 10−6 
−7.01 

× 10−5 
−6.79 × 10−5 

−1.33 

× 10−5 

−2.40

× 10−4 

𝛽19 

4.06 × 10−4 3.92 × 10−5 
5.20 

× 10−4 
−3.19 × 10−3 

−4.27 

× 10−5 

3.07 

× 10−4 

−1.94 × 10−5 1.88 × 10−6 
2.49 

× 10−5 
−1.53 × 10−4 

−2.05 

× 10−6 

1.47 

× 10−5 

𝛽20 

−9.28 × 10−6 7.95 × 10−7 
8.32 

× 10−6 
2.74 × 10−5 

1.73 

× 10−6 

−1.37 

× 10−5 

−9.28 × 10−6 7.95 × 10−7 
8.32 

× 10−6 
2.74 × 10−5 

1.73 

× 10−6 

−1.37 

× 10−5 

 

Table C-8: The coefficients derived for the ECest equations for the steel rebar (ECRebar) for the four PT floor systems 

when considering the full span length range. Span length (L), concrete compressive strength (f’c), live load (LL), and 

dead load (DL) are in metric units when using the top coefficients; the bottom coefficients are compatible with 

imperial units. 

Coefficient Flat Plate 
Hollow Core 

Slab 

Voided Plate 

(Orthogonal Layout) 

Voided Plate 

(Diagonal Layout) 

𝛽0 

2.226 −6.498 1.801 11.13 

2.226 −6.498 1.825 11.13 

𝛽1 1.14 × 10−2 3.578 −0.2570 −1.744 
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Coefficient Flat Plate 
Hollow Core 

Slab 

Voided Plate 

(Orthogonal Layout) 

Voided Plate 

(Diagonal Layout) 

3.44 × 10−3 1.073 −7.72 × 10−2 −0.5225 

𝛽2 

−1.45 × 10−2 −0.2573 6.01 × 10−3 2.58 × 10−2 

−1.01 × 10−4 −1.75 × 10−3 3.30 × 10−5 2.05 × 10−4 

𝛽3 

2.93 × 10−2 1.971 6.77 × 10−3 −0.9156 

1.41 × 10−3 9.44 × 10−2 2.80 × 10−4 −4.36 × 10−2 

𝛽4 

4.66 × 10−2 2.393 0.4302 −1.752 

2.26 × 10−3 0.1146 2.06 × 10−2 −8.37 × 10−2 

𝛽5 

3.17 × 10−4 1.91 × 10−2 6.54 × 10−4 −8.31 × 10−3 

3.17 × 10−4 1.91 × 10−2 6.55 × 10−4 −8.31 × 10−3 

𝛽6 

7.86 × 10−2 −1.26 × 10−2 5.78 × 10−2 0.1435 

7.07 × 10−3 −1.13 × 10−3 5.20 × 10−3 1.29 × 10−2 

𝛽7 

−6.05 × 10−4 −1.43 × 10−2 6.36 × 10−3 −2.86 × 10−2 

−1.26 × 10−6 −2.96 × 10−5 1.32 × 10−5 −5.93 × 10−5 

𝛽8 

9.83 × 10−2 2.37 × 10−2 0.1112 0.2734 

1.41 × 10−3 3.41 × 10−4 1.60 × 10−3 3.93 × 10−3 

𝛽9 

7.89 × 10−2 1.94 × 10−2 7.70 × 10−2 0.2506 

1.13 × 10−3 2.78 × 10−4 1.11 × 10−3 3.60 × 10−3 
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Coefficient Flat Plate 
Hollow Core 

Slab 

Voided Plate 

(Orthogonal Layout) 

Voided Plate 

(Diagonal Layout) 

𝛽10 

−4.09 × 10−6 8.65 × 10−5 −8.61 × 10−5 6.63 × 10−4 

−1.23 × 10−6 2.59 × 10−5 −2.58 × 10−5 1.99 × 10−4 

𝛽11 

4.56 × 10−4 2.13 × 10−3 −1.57 × 10−3 6.05 × 10−3 

2.19 × 10−8 9.89 × 10−8 −7.40 × 10−8 2.86 × 10−7 

𝛽12 

−8.39 × 10−4 7.69 × 10−3 1.46 × 10−2 −6.09 × 10−2 

−2.79 × 10−7 2.54 × 10−6 4.82 × 10−6 −2.01 × 10−5 

𝛽13 

−4.43 × 10−4 2.22 × 10−2 8.65 × 10−3 −3.47 × 10−2 

−1.47 × 10−7 −7.33 × 10−6 2.86 × 10−6 −1.15 × 10−5 

𝛽14 

3.47 × 10−7 1.12 × 10−4 1.11 × 10−5 5.04 × 10−5 

2.39 × 10−9 7.70 × 10−7 7.67 × 10−8 3.48 × 10−7 

𝛽15 

−1.24 × 10−2 −7.84 × 10−2 −5.27 × 10−2 0.1879 

−2.85 × 10−5 −1.80 × 10−4 −1.21 × 10−4 4.31 × 10−4 

𝛽16 

−2.73 × 10−2 −0.3109 −9.84 × 10−2 0.229 

−6.26 × 10−5 −7.13 × 10−4 −2.26 × 10−4 5.27 × 10−4 

𝛽17 

−1.70 × 10−5 −8.90 × 10−4 −6.66 × 10−6 −4.73 × 10−4 

−8.13 × 10−7 −4.26 × 10−5 −3.19 × 10−7 −2.26 × 10−5 

𝛽18 −1.95 × 10−2 −0.1590 −3.55 × 10−2 5.97 × 10−2 
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Coefficient Flat Plate 
Hollow Core 

Slab 

Voided Plate 

(Orthogonal Layout) 

Voided Plate 

(Diagonal Layout) 

−4.53 × 10−5 −3.66 × 10−4 −8.19 × 10−5 1.36 × 10−4 

𝛽19 

−5.51 × 10−5 −1.36 × 10−3 −1.01 × 10−3 2.22 × 10−3 

−2.64 × 10−6 −6.54 × 10−6 −4.83 × 10−5 1.06 × 10−4 

𝛽20 

−2.11 × 10−7 −1.39 × 10−5 −1.25 × 10−6 5.11 × 10−6 

−2.11 × 10−7 −1.39 × 10−5 −1.25 × 10−6 5.11 × 10−6 

 

Table C-9: The coefficients derived for the ECest equations for the steel rebar (ECRebar) for the six RC floor systems 

when considering the economic span length range. Span length (L), concrete compressive strength (f’c), live load (LL), 

and dead load (DL) are in metric units when using the top coefficients; the bottom coefficients are compatible with 

imperial units. 

Coefficient Flat Plate Flat Slab 
One-Way 

Slab 

Two-Way Slab 

with Beams 

Waffle 

Slab 

Voided 

Plate 

𝛽0 

0.3072 4.562 25.55 19.69 12.94 0.8376 

0.2944 4.566 25.54 19.69 12.96 0.8081 

𝛽1 

0.6897 −0.2534 −4.207 −1.632 −0.9446 0.2208 

0.2071 7.61 × 10−2 −1.262 −0.4894 −0.2835 
6.65 

× 10−2 

𝛽2 

−3.64 × 10−2 −2.30 × 10−2 −0.2460 −0.8339 −0.1245 
−3.88 

× 10−2 

−2.46 × 10−4 −1.61 × 10−4 
−1.70

× 10−3 
−5.75 × 10−3 

−8.63 

× 10−4 

−2.56 

× 10−4 
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Coefficient Flat Plate Flat Slab 
One-Way 

Slab 

Two-Way Slab 

with Beams 

Waffle 

Slab 

Voided 

Plate 

𝛽3 

0.2978 −0.2305 −0.6602 −2.651 −0.9752 0.5121 

1.42 × 10−2 −1.10 × 10−2 
−3.16 

× 10−2 
−0.1271 

−4.67 

× 10−2 

2.45 

× 10−2 

𝛽4 

0.4514 −0.2810 −1.177 −1.378 −0.1897 0.8134 

2.17 × 10−2 −1.34 × 10−2 
−5.63 

× 10−2 
−6.59 × 10−2 

−9.07

× 10−3 
3.90 × 10−2 

𝛽5 

3.76 × 10−3 −1.93 × 10−4 
−1.07 

× 10−2 
2.55 × 10−2 

7.57 

× 10−3 
3.73 × 10−3 

3.77 × 10−3 −1.91 × 10−4 
−1.07 

× 10−2 
2.55 × 10−2 

7.57 

× 10−3 
3.74 × 10−3 

𝛽6 

0.1176 0.1106 0.3971 0.3587 
7.31 

× 10−2 
0.1377 

1.06 × 10−2 9.96 × 10−3 
3.57 

× 10−2 
3.23 × 10−2 

6.58

× 10−3 

1.24 

× 10−2 

𝛽7 

−1.36 × 10−2 2.66 × 10−3 
−3.09 

× 10−2 
−9.35 × 10−3 

1.10 

× 10−2 

−2.19 

× 10−2 

−2.82 × 10−5 5.52 × 10−6 
−6.41 

× 10−5 
−1.94 × 10−5 

2.27 

× 10−5 

−4.54 

× 10−5 

𝛽8 

4.52 × 10−2 0.1449 0.2409 0.3966 0.1433 
3.84 

× 10−2 

6.50 × 10−4 2.08 × 10−3 
3.46 

× 10−3 
5.70 × 10−3 

2.06

× 10−3 

5.52 

× 10−4 
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Coefficient Flat Plate Flat Slab 
One-Way 

Slab 

Two-Way Slab 

with Beams 

Waffle 

Slab 

Voided 

Plate 

𝛽9 

0.1418 0.1218 0.2157 0.5526 
5.51 

× 10−2 
0.1919 

2.04 × 10−3 1.75 × 10−3 
3.10 

× 10−3 
7.94 × 10−3 

7.91 

× 10−4 

2.76 

× 10−3 

𝛽10 

1.22 × 10−3 8.19 × 10−5 
6.29 

× 10−4 
−5.50 × 10−3 

−7.76

× 10−4 

2.53 

× 10−3 

3.66 × 10−4 2.46 × 10−5 1.89 × 10−4 −1.65 × 10−3 
−2.33

× 10−4 
7.59 × 10−4 

𝛽11 

1.77 × 10−3 1.78 × 10−4 
7.73 

× 10−3 
1.08 × 10−2 

−1.37 

× 10−4 

2.95 

× 10−3 

8.36 × 10−8 8.68 × 10−9 3.68 × 10−7 5.15 × 10−7 
−6.17 

× 10−9 

1.39 

× 10−7 

𝛽12 

4.08 × 10−3 3.40 × 10−3 
−4.19 

× 10−3 
6.13 × 10−2 

6.30

× 10−3 

5.27 

× 10−3 

1.35 × 10−6 1.12 × 10−6 
−1.39 

× 10−6 
2.03 × 10−5 

2.08 

× 10−6 

1.74 

× 10−6 

𝛽13 

−8.58 × 10−3 5.54 × 10−4 
−2.24 

× 10−3 
−5.23 × 10−3 

3.14 

× 10−3 

−1.30 

× 10−2 

−2.84 × 10−6 1.83 × 10−7 
−7.43

× 10−7 
−1.73 × 10−6 

1.85 

× 10−6 

−4.29 

× 10−6 

𝛽14 

−1.58 × 10−4 −2.54 × 10−5 
−1.19 

× 10−5 
4.57 × 10−5 

7.56 

× 10−6 

−2.40 

× 10−4 

−1.09 × 10−6 −1.76 × 10−7 
−8.24

× 10−8 
3.17 × 10−7 

5.21

× 10−8 

−1.66 

× 10−6 
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Coefficient Flat Plate Flat Slab 
One-Way 

Slab 

Two-Way Slab 

with Beams 

Waffle 

Slab 

Voided 

Plate 

𝛽15 

−1.28 × 10−2 1.51 × 10−2 
9.78 

× 10−3 
−4.51 × 10−2 

−2.14 

× 10−4 

−2.07 

× 10−2 

−2.94 × 10−5 3.46 × 10−5 
−2.24 

× 10−5 
−1.03 × 10−4 

−4.78 

× 10−7 

−4.57 

× 10−5 

𝛽16 

−7.60 × 10−2 1.33 × 10−2 2.94 × 10−3 −8.91 × 10−2 
−1.55 

× 10−2 
−0.1468 

−1.74 × 10−4 3.04 × 10−5 
6.75 

× 10−6 
−2.04 × 10−4 

−3.56 

× 10−5 

−3.37

× 10−4 

𝛽17 

−3.08 × 10−5 −1.48 × 10−4 
5.13 

× 10−4 
−1.31 × 10−3 

−4.07 

× 10−4 

2.95 

× 10−5 

−1.47 × 10−6 −7.06 × 10−6 
2.45 

× 10−5 
−6.25 × 10−5 

−1.95 

× 10−5 

1.41 

× 10−6 

𝛽18 

−5.06 × 10−2 1.39 × 10−2 
2.42 

× 10−2 
1.47 × 10−2 

−1.02 

× 10−2 
−0.1319 

−1.17 × 10−4 3.09 × 10−5 
5.50 

× 10−5 
3.19 × 10−5 

−2.40 

× 10−5 

−3.04

× 10−4 

𝛽19 

2.13 × 10−4 6.56 × 10−5 
1.43 

× 10−3 
−3.18 × 10−3 

−1.14 

× 10−4 

1.85 

× 10−4 

1.02 × 10−5 3.14 × 10−6 
6.83 

× 10−5 
−1.52 × 10−4 

−5.47 

× 10−6 

8.84 

× 10−6 

𝛽20 

−3.30 × 10−6 1.04 × 10−6 6.56 × 10−6 2.44 × 10−5 
2.89 

× 10−6 

−1.28 

× 10−5 

−3.30 × 10−6 1.04 × 10−6 6.56 × 10−6 2.44 × 10−5 
2.89 

× 10−6 

−1.28 

× 10−5 
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Table C-10: The coefficients derived for the ECest equations for the steel rebar (ECRebar) for the four PT floor 

systems when considering the economic span length range. Span length (L), concrete compressive strength (f’c), live 

load (LL), and dead load (DL) are in metric units when using the top coefficients; the bottom coefficients are 

compatible with imperial units. 

Coefficient Flat Plate 
Hollow Core 

Slab 

Voided Plate 

(Orthogonal Layout) 

Voided Plate 

(Diagonal Layout) 

𝛽0 

1.457 −32.52 3.266 11.80 

1.456 −32.59 3.299 11.68 

𝛽1 

6.01 × 10−2 7.750 −0.6356 −1.823 

1.81 × 10−3 2.325 −0.1908 −0.5462 

𝛽2 

−3.24 × 10−3 −0.4642 1.55 × 10−3 0.1646 

−2.30 × 10−5 −3.17 × 10−3 −6.52 × 10−7 1.17 × 10−3 

𝛽3 

0.2124 3.818 0.6677 −1.999 

1.02 × 10−2 0.1828 3.19 × 10−2 −9.55 × 10−2 

𝛽4 

0.1581 4.881 0.8037 −2.629 

7.60 × 10−3 0.2337 3.85 × 10−2 −0.1257 

𝛽5 

2.73 × 10−5 3.42 × 10−2 −4.06 × 10−3 −8.91 × 10−3 

2.75 × 10−5 3.42 × 10−2 −4.06 × 10−3 −8.91 × 10−3 

𝛽6 

8.04 × 10−2 −0.1756 7.51 × 10−2 0.1517 

7.24 × 10−3 −1.58 × 10−2 6.76 × 10−3 1.37 × 10−2 

𝛽7 −2.58 × 10−3 4.16 × 10−4 7.82 × 10−3 −4.51 × 10−2 
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Coefficient Flat Plate 
Hollow Core 

Slab 

Voided Plate 

(Orthogonal Layout) 

Voided Plate 

(Diagonal Layout) 

−5.36 × 10−6 8.76 × 10−7 1.62 × 10−5 −9.36 × 10−5 

𝛽8 

9.03 × 10−2 −0.1204 6.11 × 10−2 0.3805 

1.30 × 10−3 −1.73 × 10−3 8.78 × 10−4 5.47 × 10−3 

𝛽9 

7.23 × 10−2 −0.1503 6.30 × 10−2 0.3111 

1.04 × 10−3 −2.16 × 10−3 9.05 × 10−4 4.47 × 10−3 

𝛽10 

3.89 × 10−6 −8.94 × 10−4 3.54 × 10−4 5.52 × 10−4 

1.17 × 10−6 −2.68 × 10−4 1.06 × 10−4 1.66 × 10−4 

𝛽11 

6.59 × 10−4 2.18 × 10−3 −2.10 × 10−3 8.26 × 10−3 

3.15 × 10−8 1.00 × 10−7 −9.89 × 10−8 3.90 × 10−7 

𝛽12 

−1.12 × 10−3 1.27 × 10−2 1.94 × 10−2 −8.34 × 10−2 

−3.72 × 10−7 4.21 × 10−6 6.42 × 10−6 −2.76 × 10−5 

𝛽13 

−7.73 × 10−4 2.52 × 10−2 1.15 × 10−2 −4.72 × 10−2 

−2.56 × 10−7 8.43 × 10−6 3.79 × 10−6 −1.56 × 10−5 

𝛽14 

−1.26 × 10−6 1.30 × 10−4 1.44 × 10−5 7.00 × 10−5 

−8.73 × 10−9 9.00 × 10−7 9.93 × 10−8 4.84 × 10−7 

𝛽15 −2.11 × 10−2 −0.1008 −7.49 × 10−2 0.2519 
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Coefficient Flat Plate 
Hollow Core 

Slab 

Voided Plate 

(Orthogonal Layout) 

Voided Plate 

(Diagonal Layout) 

−4.83 × 10−5 −2.31 × 10−4 −1.72 × 10−4 5.78 × 10−4 

𝛽16 

−3.97 × 10−2 −0.3594 −0.1385 0.3014 

−9.10 × 10−5 −8.24 × 10−4 −3.17 × 10−4 6.91 × 10−4 

𝛽17 

−5.92 × 10−6 −1.12 × 10−3 −5.13 × 10−6 −6.53 × 10−4 

−2.83 × 10−7 −5.35 × 10−5 −2.46 × 10−7 −3.13 × 10−5 

𝛽18 

−1.76 × 10−2 −0.2106 −4.60 × 10−2 6.96 × 10−2 

−4.09 × 10−5 −4.85 × 10−4 −1.06 × 10−4 1.58 × 10−4 

𝛽19 

−1.08 × 10−6 −1.03 × 10−3 −1.34 × 10−3 2.99 × 10−3 

−5.20 × 10−8 −4.91 × 10−5 −6.43 × 10−5 1.43 × 10−4 

𝛽20 

−7.23 × 10−10 −1.74 × 10−5 −1.53 × 10−6 6.76 × 10−6 

−7.23 × 10−10 −1.74 × 10−5 −1.53 × 10−6 6.76 × 10−6 

 

Table C-11: The coefficients derived for the ECest equations for the void formers (ECVoids) for the three voided systems 

when considering the full span length range. Span length (L), concrete compressive strength (f’c), live load (LL), and 

dead load (DL) are in metric units when using the top coefficients; the bottom coefficients are compatible with imperial 

units. 

Coefficient RC Voided Plate 
PT Voided Plate 

(Orthogonal Layout) 

PT Voided Plate 

(Diagonal Layout) 

𝛽0 0.2166 0.9940 0.1931 
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Coefficient RC Voided Plate 
PT Voided Plate 

(Orthogonal Layout) 

PT Voided Plate 

(Diagonal Layout) 

0.2089 0.9907 0.1926 

𝛽1 

2.45 × 10−2 0.1921 0.2818 

7.41 × 10−3 5.77 × 10−2 8.45 × 10−2 

𝛽2 

−3.80 × 10−4 −8.31 × 10−4 −4.56 × 10−3 

4.62 × 10−7 −4.87 × 10−6 −3.15 × 10−5 

𝛽3 

3.45 × 10−2 −1.93 × 10−2 7.20 × 10−2 

1.65 × 10−3 −9.08 × 10−4 3.46 × 10−3 

𝛽4 

0.1006 −0.2815 1.39 × 10−2 

4.83 × 10−3 −1.35 × 10−2 6.70 × 10−4 

𝛽5 

1.59 × 10−3 −2.04 × 10−3 −2.26 × 10−4 

1.60 × 10−3 −2.04 × 10−3 −2.26 × 10−4 

𝛽6 

2.46 × 10−2 −4.77 × 10−3 −6.94 × 10−3 

2.21 × 10−3 −4.30 × 10−4 −6.25 × 10−4 
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Coefficient RC Voided Plate 
PT Voided Plate 

(Orthogonal Layout) 

PT Voided Plate 

(Diagonal Layout) 

𝛽7 

−5.66 × 10−3 −1.10 × 10−3 1.66 × 10−4 

−1.17 × 10−5 −2.28 × 10−6 3.43 × 10−7 

𝛽8 

1.05 × 10−2 1.76 × 10−4 −1.14 × 10−2 

1.50 × 10−4 2.53 × 10−6 −1.63 × 10−4 

𝛽9 

3.87 × 10−2 4.39 × 10−3 −1.14 × 10−2 

5.56 × 10−4 6.31 × 10−5 −1.64 × 10−4 

𝛽10 

5.39 × 10−4 9.57 × 10−5 3.44 × 10−5 

1.62 × 10−4 2.87 × 10−5 1.03 × 10−5 

𝛽11 

6.01 × 10−4 4.64 × 10−4 2.64 × 10−4 

2.83 × 10−8 2.21 × 10−8 1.26 × 10−8 

𝛽12 

−3.28 × 10−4 −5.13 × 10−3 −2.80 × 10−3 

−1.08 × 10−7 −1.70 × 10−6 −9.26 × 10−7 

𝛽13 −2.21 × 10−3 −2.61 × 10−3 −1.56 × 10−3 
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Coefficient RC Voided Plate 
PT Voided Plate 

(Orthogonal Layout) 

PT Voided Plate 

(Diagonal Layout) 

−7.30 × 10−7 −8.62 × 10−7 −5.15 × 10−7 

𝛽14 

−4.68 × 10−5 7.54 × 10−6 1.80 × 10−6 

−3.23 × 10−7 5.22 × 10−8 1.24 × 10−8 

𝛽15 

−2.39 × 10−3 2.08 × 10−2 7.20 × 10−3 

5.48 × 10−6 4.78 × 10−5 1.65 × 10−5 

𝛽16 

−2.01 × 10−2 2.37 × 10−2 7.32 × 10−3 

−4.60 × 10−5 5.44 × 10−5 1.68 × 10−5 

𝛽17 

8.53 × 10−5 −1.81 × 10−4 −4.95 × 10−5 

4.08 × 10−6 −8.64 × 10−6 −2.37 × 10−6 

𝛽18 

−2.41 × 10−2 9.79 × 10−3 −2.22 × 10−3 

−5.55 × 10−5 2.24 × 10−5 −5.05 × 10−6 

𝛽19 

3.75 × 10−5 6.31 × 10−4 2.16 × 10−4 

1.80 × 10−6 3.02 × 10−5 1.03 × 10−5 
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Coefficient RC Voided Plate 
PT Voided Plate 

(Orthogonal Layout) 

PT Voided Plate 

(Diagonal Layout) 

𝛽20 

−3.73 × 10−6 2.33 × 10−6 2.65 × 10−7 

−3.73 × 10−6 2.33 × 10−6 2.65 × 10−7 

 

Table C-12: The coefficients derived for the ECest equations for the void formers (ECVoids) for the three voided systems 

when considering the economical span length range. Span length (L), concrete compressive strength (f’c), live load 

(LL), and dead load (DL) are in metric units when using the top coefficients; the bottom coefficients are compatible 

with imperial units. 

Coefficient RC Voided Plate 
PT Voided Plate 

(Orthogonal Layout) 

PT Voided Plate 

(Diagonal Layout) 

𝛽0 

−0.4451 3.76 × 10−2 −1.344 

−0.4529 3.19 × 10−2 −1.345 

𝛽1 

0.1625 0.3732 0.5369 

4.88 × 10−2 0.1120 0.1611 

𝛽2 

−7.95 × 10−3 1.11 × 10−2 −3.41 × 10−3 

−5.17 × 10−5 7.84 × 10−5 −2.34 × 10−5 

𝛽3 

8.84 × 10−2 −0.1287 7.47 × 10−2 

4.23 × 10−3 −6.14 × 10−3 3.59 × 10−3 
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Coefficient RC Voided Plate 
PT Voided Plate 

(Orthogonal Layout) 

PT Voided Plate 

(Diagonal Layout) 

𝛽4 

0.1785 −0.3687 7.69 × 10−2 

8.57 × 10−3 −1.76 × 10−2 3.69 × 10−4 

𝛽5 

1.16 × 10−3 −1.80 × 10−3 4.61 × 10−4 

1.16 × 10−3 −1.80 × 10−3 4.61 × 10−4 

𝛽6 

1.83 × 10−2 −1.16 × 10−2 −1.69 × 10−2 

1.65 × 10−3 −1.05 × 10−3 −1.52 × 10−3 

𝛽7 

−5.28 × 10−3 −2.49 × 10−3 −1.03 × 10−4 

−1.09 × 10−5 −5.17 × 10−6 −2.14 × 10−7 

𝛽8 

7.38 × 10−3 1.03 × 10−2 −1.08 × 10−2 

1.06 × 10−4 1.48 × 10−4 −1.55 × 10−4 

𝛽9 

4.00 × 10−2 4.49 × 10−3 −1.85 × 10−2 

5.75 × 10−4 6.45 × 10−5 −2.65 × 10−4 

𝛽10 5.47 × 10−4 2.46 × 10−5 −2.87 × 10−5 
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Coefficient RC Voided Plate 
PT Voided Plate 

(Orthogonal Layout) 

PT Voided Plate 

(Diagonal Layout) 

1.64 × 10−4 7.39 × 10−6 −8.61 × 10−6 

𝛽11 

6.41 × 10−4 6.49 × 10−4 3.72 × 10−4 

3.02 × 10−8 3.08 × 10−8 1.77 × 10−8 

𝛽12 

−1.78 × 10−4 −7.24 × 10−3 −4.06 × 10−3 

−5.87 × 10−8 −2.40 × 10−6 −1.34 × 10−6 

𝛽13 

−2.77 × 10−3 −3.58 × 10−3 −2.16 × 10−3 

−9.17 × 10−7 −1.19 × 10−6 −7.16 × 10−7 

𝛽14 

−4.41 × 10−5 1.10 × 10−5 2.75 × 10−6 

−3.05 × 10−7 7.61 × 10−8 1.90 × 10−8 

𝛽15 

−3.26 × 10−3 2.94 × 10−2 1.12 × 10−2 

−7.47 × 10−6 6.74 × 10−5 2.56 × 10−5 

𝛽16 

−2.76 × 10−2 3.30 × 10−2 1.17 × 10−2 

−6.32 × 10−5 7.57 × 10−5 2.68 × 10−5 
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Coefficient RC Voided Plate 
PT Voided Plate 

(Orthogonal Layout) 

PT Voided Plate 

(Diagonal Layout) 

𝛽17 

7.69 × 10−5 −2.49 × 10−4 −6.86 × 10−5 

3.68 × 10−6 −1.19 × 10−5 −3.29 × 10−6 

𝛽18 

−2.99 × 10−2 1.26 × 10−2 −3.18 × 10−3 

−6.88 × 10−5 2.88 × 10−5 −7.25 × 10−6 

𝛽19 

1.03 × 10−5 8.39 × 10−4 2.83 × 10−4 

4.96 × 10−7 4.02 × 10−5 1.36 × 10−5 

𝛽20 

−3.59 × 10−6 3.08 × 10−6 3.05 × 10−7 

−3.59 × 10−6 3.08 × 10−6 3.05 × 10−7 

 

Table C-13: The coefficients derived for the ECest equations for the PT tendons (ECPT) for the four PT systems when 

considering the full span length range. Span length (L), concrete compressive strength (f’c), live load (LL), and dead 

load (DL) are in metric units when using the top coefficients; the bottom coefficients are compatible with imperial 

units. 

Coefficient Flat Plate 
Hollow Core 

Slab 

Voided Plate 

(Orthogonal Layout) 

Voided Plate 

(Diagonal Layout) 

𝛽0 

−0.9309 −12.34 0.9338 8.107 

−0.9453 −12.32 0.9322 8.069 

𝛽1 8.16 × 10−2 0.8834 −0.4709 −1.385 



389 

 

Coefficient Flat Plate 
Hollow Core 

Slab 

Voided Plate 

(Orthogonal Layout) 

Voided Plate 

(Diagonal Layout) 

2.45 × 10−2 0.2650 −0.1413 −0.4152 

𝛽2 

3.11 × 10−2 0.6186 −9.19 × 10−4 2.60 × 10−2 

2.22 × 10−4 4.26 × 10−3 −4.32 × 10−6 1.93 × 10−4 

𝛽3 

0.2279 −0.4166 7.68 × 10−2 −0.7419 

1.09 × 10−2 −2.00 × 10−2 3.61 × 10−3 −3.55 × 10−2 

𝛽4 

0.1812 −1.356 1.235 −1.007 

8.66 × 10−3 −6.50 × 10−2 −5.91 × 10−2 −4.82 × 10−2 

𝛽5 

5.67 × 10−4 9.35 × 10−3 9.48 × 10−3 −8.23 × 10−4 

5.67 × 10−4 9.36 × 10−3 9.48 × 10−3 −8.23 × 10−4 

𝛽6 

3.06 × 10−2 7.09 × 10−3 7.31 × 10−2 0.1061 

2.75 × 10−3 6.38 × 10−4 6.58 × 10−3 9.55 × 10−3 

𝛽7 

−4.98 × 10−3 −2.81 × 10−4 −1.71 × 10−3 −1.44 × 10−2 

−1.03 × 10−5 −5.76 × 10−7 −3.54 × 10−6 −2.98 × 10−5 

𝛽8 

2.54 × 10−2 1.43 × 10−2 7.59 × 10−2 0.1732 

3.66 × 10−4 2.05 × 10−4 1.09 × 10−3 2.49 × 10−3 

𝛽9 

2.91 × 10−2 1.33 × 10−2 6.96 × 10−2 0.1907 

4.17 × 10−4 1.90 × 10−4 1.00 × 10−3 2.74 × 10−3 
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Coefficient Flat Plate 
Hollow Core 

Slab 

Voided Plate 

(Orthogonal Layout) 

Voided Plate 

(Diagonal Layout) 

𝛽10 

1.69 × 10−5 8.20 × 10−5 −3.80 × 10−4 1.95 × 10−4 

5.07 × 10−6 2.46 × 10−5 −1.14 × 10−4 5.86 × 10−5 

𝛽11 

−1.04 × 10−3 −9.89 × 10−3 −1.41 × 10−3 1.24 × 10−3 

−5.02 × 10−8 −4.70 × 10−7 −6.75 × 10−8 5.78 × 10−8 

𝛽12 

7.34 × 10−3 −1.51 × 10−5 2.15 × 10−2 −9.59 × 10−3 

−2.43 × 10−6 −3.57 × 10−9 7.12 × 10−6 −3.17 × 10−6 

𝛽13 

5.22 × 10−3 −6.88 × 10−4 7.41 × 10−3 −8.85 × 10−3 

−1.73 × 10−6 −2.29 × 10−7 −2.45 × 10−6 −2.93 × 10−6 

𝛽14 

8.20 × 10−6 −3.15 × 10−5 −3.15 × 10−5 7.48 × 10−6 

5.67 × 10−8 −2.18 × 10−7 −2.18 × 10−7 5.18 × 10−8 

𝛽15 

−3.69 × 10−2 7.78 × 10−2 −8.71 × 10−2 6.04 × 10−2 

−8.45 × 10−5 1.78 × 10−4 −2.00 × 10−4 1.38 × 10−4 

𝛽16 

−4.23 × 10−2 1.04 × 10−2 −0.1430 6.45 × 10−2 

−9.70 × 10−5 2.37 × 10−5 −3.27 × 10−4 1.48 × 10−4 

𝛽17 

7.38 × 10−5 2.90 × 10−6 4.84 × 10−4 −2.89 × 10−4 

3.53 × 10−6 1.39 × 10−7 2.32 × 10−5 −1.38 × 10−5 

𝛽18 −2.60 × 10−2 0.8746 −3.25 × 10−2 4.02 × 10−2 
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Coefficient Flat Plate 
Hollow Core 

Slab 

Voided Plate 

(Orthogonal Layout) 

Voided Plate 

(Diagonal Layout) 

−5.99 × 10−5 2.00 × 10−3 −7.49 × 10−5 9.13 × 10−5 

𝛽19 

-3.15 × 10−4 −7.31 × 10−5 −2.81 × 10−3 3.90 × 10−4 

−1.51 × 10−5 −3.50 × 10−6 −1.34 × 10−4 1.87 × 10−5 

𝛽20 

−1.60 × 10−6 −3.98 × 10−7 −9.43 × 10−6 7.03 × 10−7 

−1.60 × 10−6 −3.98 × 10−7 −9.43 × 10−6 7.03 × 10−7 

 

Table C-14: The coefficients derived for the ECest equations for the PT tendons (ECPT) for the four PT systems when 

considering the economic span length range. Span length (L), concrete compressive strength (f’c), live load (LL), and 

dead load (DL) are in metric units when using the top coefficients; the bottom coefficients are compatible with imperial 

units. 

Coefficient Flat Plate 
Hollow Core 

Slab 

Voided Plate 

(Orthogonal Layout) 

Voided Plate 

(Diagonal Layout) 

𝛽0 

−2.176 −13.05 −1.050 7.922 

−2.190 −13.05 −1.048 7.871 

𝛽1 

0.2846 0.7119 −0.3435 −1.438 

8.53 × 10−2 0.2137 −0.1032 −0.4312 

𝛽2 

1.15 × 10−2 0.7313 −6.01 × 10−2 4.96 × 10−2 

8.75 × 10−5 5.04 × 10−3 −4.13 × 10−4 3.60 × 10−4 

𝛽3 

0.5189 −0.4401 1.148 −0.6543 

2.48 × 10−2 −2.11 × 10−2 5.49 × 10−2 −3.13 × 10−2 



392 

 

Coefficient Flat Plate 
Hollow Core 

Slab 

Voided Plate 

(Orthogonal Layout) 

Voided Plate 

(Diagonal Layout) 

𝛽4 

0.3131 −1.477 1.998 −1.301 

1.50 × 10−2 −7.07 × 10−2 −9.56 × 10−2 −6.22 × 10−2 

𝛽5 

5.66 × 10−4 8.10 × 10−3 8.65 × 10−3 −7.68 × 10−4 

5.60 × 10−4 8.10 × 10−3 8.65 × 10−3 −7.69 × 10−4 

𝛽6 

2.12 × 10−2 1.71 × 10−2 7.04 × 10−2 0.1122 

1.91 × 10−3 1.54 × 10−3 6.34 × 10−3 1.01 × 10−2 

𝛽7 

−2.09 × 10−3 −4.68 × 10−3 3.53 × 10−3 −1.79 × 10−2 

−4.32 × 10−6 −9.71 × 10−6 −7.32 × 10−6 −3.71 × 10−5 

𝛽8 

4.54 × 10−4 2.32 × 10−2 −8.17 × 10−3 0.1748 

6.52 × 10−6 3.33 × 10−4 −1.17 × 10−4 2.51 × 10−3 

𝛽9 

1.80 × 10−2 3.00 × 10−2 4.87 × 10−2 0.2204 

2.58 × 10−4 4.32 × 10−4 6.99 × 10−4 3.17 × 10−3 

𝛽10 

6.31 × 10−5 2.10 × 10−4 −7.35 × 10−5 1.90 × 10−4 

1.89 × 10−5 6.31 × 10−5 −2.21 × 10−5 5.69 × 10−5 

𝛽11 

−1.52 × 10−3 −1.06 × 10−2 −1.95 × 10−3 1.60 × 10−3 

−7.34 × 10−8 −5.03 × 10−7 −9.33 × 10−8 7.45 × 10−8 

𝛽12 1.14 × 10−2 −2.50 × 10−3 3.05 × 10−2 −1.09 × 10−2 
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Coefficient Flat Plate 
Hollow Core 

Slab 

Voided Plate 

(Orthogonal Layout) 

Voided Plate 

(Diagonal Layout) 

3.77 × 10−6 −8.28 × 10−7 1.01 × 10−5 −3.61 × 10−6 

𝛽13 

7.78 × 10−3 −1.96 × 10−3 1.05 × 10−2 −1.17 × 10−2 

2.57 × 10−6 −6.50 × 10−7 3.48 × 10−6 −3.86 × 10−6 

𝛽14 

8.47 × 10−6 −3.48 × 10−5 −4.56 × 10−5 1.03 × 10−5 

5.85 × 10−8 −2.41 × 10−7 −3.15 × 10−7 7.11 × 10−8 

𝛽15 

−5.12 × 10−2 7.86 × 10−2 −0.1313 5.85 × 10−2 

−1.17 × 10−5 1.80 × 10−4 −3.01 × 10−4 1.34 × 10−4 

𝛽16 

−5.80 × 10−2 1.08 × 10−2 −0.2055 5.62 × 10−2 

−1.33 × 10−4 2.48 × 10−5 −4.71 × 10−4 1.29 × 10−4 

𝛽17 

9.56 × 10−5 −1.04 × 10−5 6.85 × 10−4 −3.92 × 10−4 

4.58 × 10−6 −5.00 × 10−7 3.28 × 10−5 −1.88 × 10−5 

𝛽18 

−3.48 × 10−2 0.8677 −4.58 × 10−2 5.27 × 10−2 

−8.02 × 10−5 1.99 × 10−3 −1.06 × 10−4 1.20 × 10−4 

𝛽19 

-3.36 × 10−4 −1.26 × 10−4 −3.73 × 10−3 5.35 × 10−4 

−1.61 × 10−5 −6.05 × 10−6 −1.79 × 10−4 2.56 × 10−5 

𝛽20 

−1.75 × 10−6 −4.31 × 10−7 −1.24 × 10−5 9.86 × 10−7 

−1.75 × 10−6 −4.31 × 10−7 −1.24 × 10−5 9.86 × 10−7 
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C.3 R2 and RMSEs for the Schematic Design Phase Equations 

Table C-15: The R2 values and RMSEs for the MQ* equations with the coefficients described in Tables C-3 to C-6.  

Concrete System 
Full Span Length Range Appropriate Span Length Range 

R2 RMSE R2 RMSE 

RC Flat Plate > 0.999 7.443 x 10-3 0.998 5.077 x 10-3 

RC Flat Slab > 0.999 7.864 x 10-3 0.999 4.633 x 10-3 

RC One-Way Pan 

Joist Slab 
0.979 1.939 x 10-2 0.948 5.689 x 10-3 

RC Two-Way Slab 

with Beams 
0.966 1.243 x 10-2 0.936 1.094 x 10-2 

RC Two-Way Waffle 

Slab 
0.744 2.555 x 10-2 0.283 2.490 x 10-2 

RC Voided Plate 0.998 8.192 x 10-3 0.998 4.847 x 10-3 

PT Flat Plate 0.989 1.646 x 10-2 0.983 1.751 x 10-2 

PT Hollow Core Slab 0.982 1.512 x 10-2 0.974 1.705 x 10-2 

PT Voided Plate – 

Orthogonal Layout 
0.963 1.984 x 10-2 0.958 2.059 x 10-2 

PT Voided Plate – 

Diagonal Layout 
0.950 2.258 x 10-2 0.947 2.286 x 10-2 

Note that the R2 and RMSEs are the same regardless of metric or imperial units. 

 

Table C-16: The R2 values and RMSEs for the MQ* equations described in Tables C-7 through C-14.  

Concrete System 

Structural Material 

Full Span Length Range Economic Span Length Range 

R2 RMSE R2 RMSE 

RC Flat Plate 

Rebar 
0.999 0.367 0.996 0.308 

RC Flat Slab 

Rebar 
> 0.999 0.297 0.997 0.261 

RC One-Way Pan Joist 

Slab 

Rebar 

0.960 2.482 0.901 0.955 

RC Two-Way Slab with 

Beams 

Rebar 

0.968 2.975 0.972 1.620 
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Concrete System 

Structural Material 

Full Span Length Range Economic Span Length Range 

R2 RMSE R2 RMSE 

RC Two-Way Waffle 

Slab 

Rebar 

0.988 0.463 0.983 0.411 

RC Voided Plate 

Rebar 
0.998 0.521 0.997 0.319 

RC Voided Plate 

Void Formers 
0.998 9.71 x 10-2 0.999 3.70 x 10-2 

PT Flat Plate 

Rebar 
0.998 0.280 0.999 0.189 

PT Flat Plate 

PT Tendons 
0.970 0.403 0.964 0.391 

PT Hollow Core Slab 

Rebar 
0.942 2.727 0.919 2.532 

PT Hollow Core Slab 

PT Tendons 
0.966 0.775 0.951 0.725 

PT Voided Plate – 

Orthogonal Layout 

Rebar 

0.972 0.975 0.956 1.047 

PT Voided Plate – 

Orthogonal Layout 

Void Formers 

0.818 0.196 0.732 0.198 

PT Voided Plate – 

Orthogonal Layout 

PT Tendons 

0.950 0.932 0.952 0.854 

PT Voided Plate – 

Diagonal Layout 

Rebar 

0.940 1.639 0.939 1.662 

PT Voided Plate – 

Diagonal Layout 

Void Formers 

0.949 0.103 0.944 8.12 x 10-2 

PT Voided Plate – 

Diagonal Layout 

PT Tendons 

0.992 0.395 0.994 0.356 

Note that the R2 and RMSEs are the same regardless of metric or imperial units. 
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