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Abstract

The built environment is one key sector that can be readily targeted for sustainable design
intervention as it accounts for approximately 40% of global CO2 emissions. Within these
emissions, embodied carbon of construction materials is substantial. Two broad strategies to
reduce embodied carbon are materials substitution and geometric optimization. This dissertation
focuses on the latter, presenting strategies to reduce embodied carbon in floors systems that are
generally characterized by inefficiently shaped sections, typically designed with little
consideration for carbon impacts, and optimized for conditions that favor western construction
economics.

This dissertation addresses these challenges in several ways. The first is by employing structural
analysis and design space exploration techniques to rapidly locate feasible concrete slab designs
for flat and waffle typologies solutions that outperform code-prescribed rules of thumb with
respect to carbon, mass and material cost. Second, this work integrates first-principle structural
engineering and building physics knowledge into multi-objective optimization workflows to
formalize the study of filler slabs, a lost formwork two-way spanning concrete typology with the
potential to reduce both the embodied carbon and energy use of a building. Finally, this work
considers context-informed fabrication of waffle and filler slabs, evaluating the tradeoffs
between mass customization and manufacturability in waffle and filler slab systems with
emerging and scalable digital fabrication techniques for concrete construction.

Research outcomes of thesis include generalized knowledge about how to achieve carbon
efficiency in two-way spanning floor systems and a demonstration of how computational tools
can be leveraged to discover high performing design typologies. Results indicate that with
accessible changes in construction practices and utilization of computation, savings as large as
35% of embodied carbon for a residential building of average span can be achieved with minimal
additional capital expenditure and optimally designed typologies.
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1. Introduction

1.1 Motivation

Given the climate crisis, it is important to reconsider the way we approach design in every aspect
of life. This of course includes design of the built environment as buildings account for 40% of
emissions globally, with this on track to keep increasing if business as usual design and
construction practice continues (United Nations Environment Programme, 2021). In fact, it is
estimated that in 2023 alone, 13.8 trillion dollars USD will be spent globally on construction
(McKinsey & Company, 2020).

This demand for new construction in a rapidly urbanizing world has been sharply marked by an
increase in the use of concrete construction — one of the most widely used substances on the
planet. There are many attractive qualities that make concrete the material of choice in modern
construction, including but not limited to its low cost and widespread knowledge of its
workability. However, the use of concrete also has a significant impact on the environment at
almost every stage of its life, from the mining of stone to produce the aggregate to its lack of
recyclability at the end of a building’s structural life. Many studies have already quantified the
impact of concrete in buildings and have found that concrete horizontal spanning systems — i.e.
floors and roofs —are the key contributors to embodied carbon emissions with the 50% — 60% of
a structures carbon footprint resulting from these elements (Huberman et al., 2015; Mata-Falcén
et al., 2022). These floors and roofs are particularly important as their design has downstream
effects on structural material needs for the gravity and lateral systems and foundations.
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In parallel to this carbon challenge and the imperative we have as structural engineers and
designers to offer the world actionable solutions and carbon mitigation strategies, there has been
an increasing excitement about data-driven or performance-based design and the influence that
computation can have on shifting the tides towards low-carbon, energy-efficient structural
solutions (Kocaturk, 2017). Despite advances in methods, technologies, and pushes towards
interdisciplinary education of structural engineers and architects, adoption has not kept this same
pace. There exists a research gap that computation can fill in the acquisition of new, generalized
knowledge about existing and scalable structural systems as it pertains to carbon reduction
objectives. Furthermore, there exists an opportunity to evaluate successful, localized structural
design strategies and create flexible design methods that can be honed to wider context,
fabrication methods, secondary design objectives etc.

The motivation for this work is two-fold. First, to empower the proliferation of low-carbon
concrete spanning systems with accessible computational design strategies for common spanning
typologies. Second, this work aims to formalize and provide a comprehensive methodology to
design and quantify the performance of an integrated spanning system most popular in India, the
filler slab, for wider contexts.

1.2 Environmental impact metrics for structural design

There are two key and deeply related metrics for how the environmental impact of a building can
be quantified: operational carbon and embodied carbon. The operational carbon contributions of
a building comprise all of the emissions associated from the use of a structure during its life,
while embodied carbon focuses on the carbon emissions emitted during the manufacture,
transport and construction of a new building (De Wolf et al., 2015). In other words, operational
carbon measures building use, while embodied carbon addresses with material quantities and
properties derived from the form of a structure. Engineers can quantify this impact directly from
the material quantities with the use of embodied carbon coefficients, a concept that has been
heavily researched and developed in building computational science since 2004 (Dias &
Pooliyadda, 2004). A huge barrier to the use of embodied carbon coefficients and accounting in
engineering is a universal method for calculating these coefficients and benchmarking structural
projects at scale. This has begun to be tackled by many researchers in the built environment (De
Wolf et al., 2020; Hammond & Jones, 2008), but crucial data gaps still exist in non-western parts
of the world. In addition to the benchmarking of built projects, parametric modeling and
optimization (Section 2.1.3) been identified as influential strategies to create generalizable
knowledge about the embodied carbon content of structures and a key parallel step that can work
in conjunction with other embodied carbon reduction strategies (Fang et al., 2023).

This thesis also refers to the metric embodied energy which instead refers to the energy
expended to manufacture, transport and construct a new building. Though typically positively
correlated to embodied carbon, embodied energy refers to a manufacturing need and not the
resulting emissions. Thus, depending on fuel source and efficiency of the process, it is possible
for a material to have a high embodied energy but a low embodied carbon (M. Hu, 2020).
Nevertheless, in this dissertation, embodied carbon and energy are used in a similar way and are
assumed to be correlated.
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1.3 Concrete: An omni-present structural material
1.3.1 History of concrete use and prevalence in modern construction

Reinforced concrete use is particularly environmentally impactful, not just because of the high
embodied carbon coefficients of both the cement as well as the steel rebar, but also the sheer
volume being used globally (Figure 1-1). Furthermore, a substantial amount of the concrete is
wasted in inefficiently design sections, optimized for manufacturing cost and not sustainability.
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Pandemic (United Nations Environment Programme, 2021)
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Modern concrete is owed in large part to the invention of Portland cement by Joseph Aspdin, the
binding agent in concrete and the main contributions to the emissions associated with this
material (Crow, 2008). It is a desired material because of its versatility and ease of use,
especially in regions with a large amount of informal or self-built construction. It is viewed as a
symbol of strength and longevity and in fact the first reinforced concrete home was built in 1875
by William Ward, who selected the material due to a fear of fire (Ward House, 2023). That
building still stands. Huge quantities of concrete were utilized to rebuild quickly and cheaply
after WWII (Watts, 2019). During this same time period, reinforced concrete was the material of
choice for countries in the Global South as they gained independence from colonial rule and
brought forth numerous works of material efficiency as well as helped cement a national identity
(M. A. Ismail & Mueller, 2022).
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1.3.2 Structural behavior of reinforced concrete

Concrete itself is strong in compression, but performs very poorly in tension, hence the addition
of the reinforcement in the tensile regions of the structure (Darwin et al., 2010). This makes
efficient design of reinforced concrete structures a complex issue with non-linear performance
relationships hindering the development of constitutive relationships. Thus, performance
assurances and prediction, especially for novel forms, rely heavily of experimental verification
and semi-empirical expressions.

Let’s consider a rectangular beam undergoing flexure, or bending, a behavior that combines both
compression and tension behavior to support a load. In the image shown in Figure 1-2 below, the
region above the neutral axis is in compression while the region below the neutral axis is the
tensile region, where concrete material is structurally useless aside from the rebar. Only the
highlighted regions in blue are needed to carry the flexural load and the other material is
functionally wasted (aside from shear capacity, which may consider the full section). A one-way
flat slab could be thought of as an array of these inefficient structures, repeated over and over,
proliferating material inefficiency in the billions of square meters of floor area (United Nations
Environment Programme, 2021) to be designed globally. It may make more sense to carve away
material that is not behaving structurally to minimize the amount of waste, which is exactly the
intuition behind these T-beams or ribbed joist systems that take advantage of concentrating
material to reduce this waste (Allen & lano, 2004).

Another option, which is where this dissertation focuses, is to consider two-way slab behavior,
which is a statically indeterminate scenario where the loads can be carried in both spanning
directions to the supports. This represents a larger amount of construction scenarios, and
similarly can be thought of two sets of these beams” arrays linked orthogonally. Waffle slabs,
which are discussed in Section 2.2.2 are the orthogonally ribbed version of this case.

\ actual
) stress
_~"distribution

-

two-way slab waffle slab

Figure 1-2: Left: Representation of the structurally acting materially in a rectangular reinforced concrete beam as
well as the distribution of compressive and tensile stress adapted from (ACI Committee 318 et al., 2016). Right:
Illustration of the primary directions for load transfer with black arrows on one-way and two-way slab as well as
their efficiently ribbed counterparts (dimensions.com).

The design task of carbon-efficient, reinforced concrete spanning structures is still not simple,
especially when considering the carbon contributions of the individual materials in reinforced
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concrete systems. Concrete has an embodied carbon coefficient of 0.15 kgCO2/kg, while steel
has one of 2.00 kgCO2/kg (Jones & Hammond, 2019). The order of magnitude difference
between the two means that even smallest increase in mass percentage of steel can have
significant impacts on total embodied carbon of an element, even as it may allow for a thinner
slab and less concrete material overall. This problem persists even when switching to more
efficient ribbed typologies as other design constraints such as cover requirements, rib spacing,
and manufacturing are added.

1.4 Thesis foundation and scope

This thesis is not written to propose the omission of concrete in its entirely, as it is a material
with a significant utility and cultural legacy. The hope instead is to present methods that can
equip those who choose to use concrete structurally, with the nuanced understanding to make as
efficient use of it as possible for widely used typologies. Furthermore, this work aims to bridge a
gap between boutique methods for concrete reduction in other contexts, particularly the filler
slab system, popular in cost-conscious Indian construction, to more formalized design methods
that can be applied successfully in other regions.

Successful application with respect to this work would mean the early-stage design and
performance assessment of concrete spanning systems that are materially efficient compared to
current benchmarks under the same loading conditions and spans. With respect to the filler slabs,
this be the improvement in design in thermal performance objectives compared to flat roof
construction, as well as the creation of generalized knowledge correlating the systems geometry
to its environmental and thermal performance. Lastly, this thesis will propose and evaluate
alternative fabrication methods for filler slabs that are broadly applicable to lost formwork
concrete systems.

1.5 Organization of dissertation

This dissertation is divided into 6 chapters. The first chapter serves as the introduction and
provides relevant context on the environmental and cultural imperatives that motivate this work.

Chapter 2 provides a literature review on computational design in structural engineering and
architecture and the acceptance of interdisciplinary methods and approaches. It highlights key
methods such as parametric design and optimization and also reviews materially efficient
concrete structural systems that are either predecessors to the typologies discussed in this thesis
(flat, waffle slabs and filler slabs) or can be used as benchmarks (shells, folded plates). This
section concludes with a discussion on context-informed fabrication and highlights how additive
manufacturing may be leveraged for low carbon custom formwork, which is particularly relevant
to Chapter 5

Chapter 3 presents the results of a comprehensive parametric study on the design of widely
deployed two-way spanning systems and assesses the resulting design space with respect to
metrics of embodied carbon, mass, cost. This chapter presents additional background on the
current design methods for flat and waffle slabs, as well as provides evidence to critique serial
design processes and the use of rules of thumb for early-stage concrete slab design.
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Chapter 4 proposes a computational methodology for the design and optimization of filler slabs
for minimum embodied emissions as well as minimum thermal transmittance. It presents a new
way to evaluate filler materials based on their material properties in the spirit of the Ashby plot
and presents a key finding about the optimal depth of filler slab systems that adds nuance to one
widely accepted rule of thumb for the design of these systems. It also presents a scale model
fabricated with one of the options studied as a viable agricultural formwork alternative.

Chapter 5 presents a case study for a roof which has non-standard boundary conditions for the
to determine if the customization of the filler and waffle slab voids provide structural and
embodied carbon benefit when compared to the benchmarks. It also shows a prototype of 3D
printed formwork that could enable customization of a filler/waffle slab system.

Chapter 6 summarizes the intellectual contributions of this thesis, its potential impact as well
open questions and future research directions.
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2. Literature Review

2.1 Towards computational and non-serialized design processes in
architecture and structural engineering

With the advent of computational design and increasingly intuitive design and visualization tools
for engineers and architects, the field of structural engineering has recently seen a revolution in
the way that engineering design is taught, aiming towards a widespread transformation of how
buildings are conceptualized and built.

2.1.1 Separation of architecture and structural engineering disciplines

In the early 16" century, Michelangelo stated “a bridge should be thought out and built the same
as a cathedral, with the same attention and same materials”, harkening to the cultural relationship
that structural design can have in shaping society. Physical reasoning and mathematical basis for
structural design followed subsequently in the 17'" century by the likes of Galileo and Newton
led to greater scientific understanding of underlying structural mechanics and interest in more
correctly understanding the strength of building elements such as beams. This allowed for the
increased scale of structures. Next came the establishment of engineering educational programs
in the mid to late 18" century which is thought to have been the beginnings of the present
division between the disciplines of architecture and structural engineering (N. Hu & Dai, 2010).
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Presently, this separation is marked by separate training for architects and structural engineers, as
well as reinforced beliefs that aesthetically-desirable and well-accepted novel designs are not
correlative to high performing ones. Despite firmly disagreeing with the belief that structural
efficiency cannot beget beauty, Billington does give merit to this dichotomy and classifies
structural designers as those who give form to objects large in scale and of single use, such as a
public bridge, while considers architectural designers, as those who give form to objects that are
relatively smaller and for complex human use, such as a home. In The Tower and the Bridge, he
states that it is structural designers that have given rise to materially efficient and structurally
rational forms, not architects (Billington, 1985). Antonsson and Cagan also make a distinction in
their work in design synthesis, stating that “engineering design” is concerned with the technical
performance aspects rather than the aesthetic, and is done in support of the architect (Antonsson
& Cagan, 2001). More recently these beliefs have been met with pushback from scholars in the
spatial structure community who have highlighted numerous fruitful collaborations between
architects and engineers that have led to the creation of “structural art”, but also the ability of
interdisciplinary design processes to find new ways to utilize available and often constrained
resources (Herr, 2019). This ability is largely owed to the development of integrated design tools
and methods for conceptualization and analysis as well as interdisciplinary design instruction.

2.1.2 Enabling creativity in computational structural design

Computation allows for the synthesis of both structural engineering and architectural design, the
performance of a structure, with visual and other subjective and context dependent
characteristics. Radford and Gero posed three following advantages that computation could add
to architectural design (Radford & Gero, 1980a):

1) Automating “manual” analysis for speed and accuracy
2) Access to previously inaccessible methods that required huge quantities of computation
3) New approaches to design, such as parametric modeling and other generative methods

This was in response to the revolution of the field of architecture and structural engineering with
the invention of Computer-Aided Design (CAD) (Sutherland, 1963) and building information
modeling (BIM) (Eastman, 1975). With respect to CAD tools, one of the most widely used
commercial tools at present is Rhinoceros 3D (Rhino) which launched in 1998 by Robert
McNeel & Associates and has evolved to include Grasshopper, a visual programming tool that
enables complex parametric models the couple directly with the 3D model definition in Rhino.
Furthermore, Grasshopper allows the addition of open sources plug-ins to supplement its core
design functions and have been leveraged by architects and structural engineers to create
architecturally striking and high performing designs (Caetano & Leitdo, 2020).

Especially relevant to the subsequent work in Chapters 4 and 5, is the development of the Design
Space Exploration toolbox, which is a suite of open-source plugins to enable both exhaustive
search methods as well as single and multi-objective optimization of structures in Rhino (Brown
et al., 2020). Chapter 4 also takes advantage of Ladybug Tools, a set of plugins that allow
designers to measure various aspects about the energy consumption, thermal and visual comfort
of building designs (Roudsari et al., 2013) , while Chapter 5 introduces a hybrid structural
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analysis method made possible with the use of Karamba, a Finite Element Modeling plugin for
Grasshopper (Presinger & Bollinger+Grohmann, 2018).

There has also been a recent emphasis on generative design tools and models in structural
engineering and architecture, which can be used to widen access to design generally and promote
high-performing, creative structural design. This includes methods such as shape grammars, or
rule-based design generation (Stiny, 1980) or interactive evolutionary optimization tools such as
StructureFit and StormCloud (C. T. Mueller & Ochsendorf, 2015; C. Mueller, 2017). Machine
learning has also led to an abundance of applied generative modeling research in architecture and
highlighted the value of performance-based data for visual representations as large quantities are
needed to supervise and train machine learning models. One type of generative model, a
variational autoencoder, which at a very high level can be thought of as a method to train a low
dimensional design space to generate quality data from one of higher dimensions and complexity
have also shown great promise in enable creativity and exploration for structural designers.
Performance-conditioned Variation Autoencoders (PVAES) (Sohn et al., 2015) have been
leveraged by Danhaive and Mueller to aid in intuitive exploration of high dimensional design
spaces by re-mapping them to 2-dimensional design latent spaces that can be explored
continuously based on the desired final design performance (Danhaive & Mueller, 2021). In
addition, VAEs have been used to generate latent space representations of hand drawn sketches
and subsequently train a surrogate model to provide real time performance predictions at what is
often the earliest stage of design (Ong et al., 2021). Methods such as this bring together the
harmony of organic and analog design representation with performance, and truly show how the
computer can aid and not replace designer intent for structural problems.

2.1.3 Parametric design and structural optimization

Of great importance to this work, is the field of computational structural optimization, whose
purpose is to define a structure’s geometry to meet a specific need, (i.e. a roof that can support
high snow loads, and also provide insulation), while meeting a set of structural constraints (i.e.
static equilibrium, small deflections under loading, etc.). Its modern roots can be traced back to
the 1960s work of Schmit whose demonstrative example featured the mass optimization of a
three-bar truss (Schmit, 1960) and has grown immensely to include a variety of complex
structures and loading conditions. Structural optimization generally starts with a parametric
model, which in this dissertation is a digital representation of an engineered object, where a set
number of critical features (some set as variable parameters) and geometric relationships are
used to define its full form (Davis, 2013). After defining the geometric model, structural analysis
can be performed based on loading, material properties, etc. Resultants of this analysis include a
quantification of the behavior of the system and of key constraints that may be important to
consider given designer intention or building code. Finally, the variables that will be tuned, the
objective function or goal, and constraints, can be fed into an optimization algorithm to find the
“best solution”.

It is also possible and more than likely that there are multiple objectives of importance for a
structural design and the engineer may want to pursue a multi-objective optimization method.
Multi-objective optimization has its roots in economic theory, with one of its key concepts, the
Pareto front, first published in 1906, defines a region of the objective function space, where one
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design solution cannot be chosen without sacrificing the performance of another (Pareto, 2007).
Stadler was the first to mathematically formalize multi-objective optimization for structural
design with his work on minimizing mass and stored energy of shallow arches (Stadler, 1977),
while shortly after Radford and Gero introduced “environmental tradeoff diagrams” which
utilized Pareto optimality principles to demonstrate how building designs could be evaluated and
optimized for multiple objectives (Radford & Gero, 1980Db)
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Figure 2-1: Example of Environmental Tradeoff Diagrams proposed by Radford and Gero as a design aid for the
built environment.

Another work germane to Chapter 3, is that of Marks who utilized multi-objective optimization
of the shape of a building for initial building and operational costs. The goal of that particular
study wasn’t necessarily one of direct design, but in the creation of generalized knowledge of
wall length proportions, glazing design etc. (Marks, 1997). With respect to concrete structural
design in particular, several researchers have used parametric design and optimization to design
standard and novel concrete systems, this is described in further detail in Section 3.1.3

2.1.4 Critiques and reframing of computational design processes

Critiques of computational design can be broadly placed into categories of critiques of the
methods themselves and critiques of the design tools. For example, parametric modeling, a
popular method to generate designs, can require a significant amount of upfront labor (Davis,
2013) or can result in solutions with much self-similarity in the design space (A. Hartwell et al.,
2023). The overhead to begin the computational design model applies to a broad range of
generative methods and can partially be attributed to available tools for architects, structural
engineers and designers, that they are non-intuitive or result in over formulization that is not
truly representative of organic design (Mitchell, 2001).

Mueller’s work in the creation of intuitive and flexible design tools and methods for structural
engineers highlights that analysis software decoupled from generation capabilities, limits
engineering participation (or performance-based consideration) in early design stage.
Furthermore, many computational design tools without these features simply exist to reinforce
existing, linear design strategies. Mueller also suggests that computational design tools and the
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process requires real-time feedback, and guidance in order to promote successful exploration of a
design space and selection of high performing designs (C. T. Mueller, 2014).

This dissertation not only acknowledges these critiques, but adds that computational design, and
the advent of “data-driven design” especially in architecture and the built environment, can hold
a more powerful role the just the sizing and geometric specification of building for one
environmental context or design case study. Advances in computational power and the
development of context-inclusive design methodologies lead to the production and revision of
generalized design knowledge for traditional and novel structural systems and enables immediate
impact on performance in the stage where its matters most (early design stage/concept
generation). This is increasingly important as we aim to meet incredibly ambitious performance
goals as it relates to carbon use reduction in the built environment.

2.2 Materially efficient concrete spanning systems

The wide acceptance and ubiquity in structural materials such as concrete and steel ensures their
use will not be stymied, despite the carbon implications of the production volume necessary to
meet building demand. As many objectives of designing and fabricating floor systems such as
form, cost, and construction ease coalesce, historic precedent and renewed application via
computational design and digital fabrication have proven key in the balance desires of creativity
and economy in the modern age. With respect to concrete spanning structures, there are several
examples that can be key reference points for emerging structural design talent and can push us
into a materially efficient and low carbon future.

2.2.1 Shells and Plates

Of particular interest for efficient concrete spanning structures are shells and folded plate
systems which are self-supporting structures that distribute loads via compressive only action.
The first realizations of these structures were built in concrete, focused on forms that could be
analyzed with simple manual and hand calculation, as these were the only methods available at
the time.

Famous structural pioneers of these structures include figures such as Eduardo Torroja, a Spanish
structural engineer whose is well known for his linked and repeating parabolic roof structures as
illustrated by the Zarzuela Hippodrome (Figure 2-2a) and adaptation of indigenous structural
forms such as the Catalonian vault which inspires Market Hall in Algeciras (Figure 2-2b)
(Tippey, 2018). In addition, there was Felix Candela, whose work is synonymous with the
hyperbolic paraboloid or hypar shape and produced a series of prolific shell structures in Mexico
such as Chapel Lomas de Cuernavaca and Restaurante Los Manantiales (Figure 2-2 c, d)
(Chilton & Chuang, 2017).
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Figure 2-2: Imag of a) Zarzuela Hipdrome and b)AIgecirasMarket by Eduardo Toroja and c) Chapel Lomas
de Cuenavaca and d) Restaurante Los Manantiales by Felix Candela

Heinz Isler, who believed that for shell systems, “the task of architectural and structural design
are one in the same” as the logic of the shells form directly influences its static design (Isler,
1994), is credited to introducing a variety of alternative form-finding methods to shell structural
design via physical experimentation such as the use of hanging membrane and cloth for
equilibrium shapes. These experimental methods have led to the design and construction of
structures with less “straightforward” and mathematically defined forms, such as Deitingen
Service Station.

Figure 2-3: Isler’s Deitingen Service Station, Switzerland completed in 1968.
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The emergence of design tools that integrate and can stand in for physical form-finding methods
such as the force density method (Schek, 1974; Veenendaal, 2017) or particle-spring methods
(Kilian & Ochsendorf, 2005) or can ensure equilibrium behavior such as thrust-network analysis
(Block & Ochsendorf, 2007) or linear finite element analysis, have renewed interest in these
efficient systems. In parallel to the introduction of these methods, recent built works in shell
architecture for roofs and floor systems have highlighted sustainability as driving performance
metric. The South African National Parks Mapungubwe Interpretive Center which utilized
stabilized soil cement tiles (Ramage et al., 2010) or thin shell prototype floor systems introduced
by Hawkins et al. which demonstrated up to 58% reduction in embodied carbon for a variety of
spans as compared to conventional flat slab construction (Hawkins et al., 2020).

Similarly, folded plates, which feature successive flat structural elements are also thin structures
capable long spanning with material efficiency and relative fabrication simplicity when
compared to some organic shell structures (Dowrick, 1967). For folded plates, gravity loads are
resolved not across the thickness of the plate element itself, but through the inclined surfaces to
the supports (membrane action) as well as bending forces across the depth of the folded section
(Garcia, 2018). Design generation of folded plate structures has its roots in the Japanese art of
origami, and has seen its’s extension as a form finding method for structures with the work of
architect-educators such as Joseph Albers and Heino Engel (Lebée, 2015).

Prominent and acclaimed examples of folded plate spanning structures include the UNESCO
conference hall (Figure 2-4a) which at the time of its completion in 1958 was the longest
spanning folded plate structure (Calvo-Salve, 2018). During the same year in America, there was
the construction of the American Concrete Institute headquarters by Yamasaki (Figure 2-4b)
which won the Progressive Architecture Award. When tasked with showing off the capabilities
of concrete as a building material, he designed a folded plate roof that cantilevers, bidirectionally
off a single central corridor (Wilde, 2004). More recent works could point to a revival in
popularity of this structural system such as the remodel and expansion of the Arkansas Museum
of Fine Arts completed in 2023 by Studio Gang which features a sinuous folded concrete cover
connecting the museums various spaces (Figure 2-4c, d).
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Figure 2-4: a) UNESCO Conference hall, Paris, France by Pier Luigi Nervi, Bernard Zehrfuss, Marcel Bruer, b)
American Concrete Institute Headquarters, Detroit, Michigan by Minoru Yamasaki, ¢) Aerial view of concrete
folded plate roof of the Arkansas Museum of Fine Arts, Little Rock Arkansas d) Interior cast of connecting corridor

Figure 2-5: Images of the fabrication and deployment of a folded plate structure made with the ORICRETE design
method

Two major research areas have created a regenerated interest in folded structures generally:
digital fabrication and deployable surface structures (Lebée, 2015; Samuelsson & Vestlund,
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2015). While a lot of this work has focused on fabric membranes and truss construction, concrete
folded plate systems have also been considered. One recent development at the research scale is
that of Oricrete, a design and fabrication method that casts concrete plates with fabric
reinforcement and gaps that make up the location of the creases for folding. The plates can then
be folded, hoisted and fasted (grouting or with mechanical bolts) into its final configuration on
site (Chudoba et al., 2014).

While shells and folded plate systems are proven structural spanning typologies and have been
critical in concrete design and the structural identity of several cities and regions, construction of
these systems under current economic conditions remains challenging when compared to
traditional typologies such as flat slabs. Furthermore, it is not clear how they could function as
floor systems, as they have primarily been proposed as deep or highly shaped roof and canopy
structures.

2.2.2 Ribbed slabs and non-rectangular cross section systems

It is well established that the flat slab typology, common in cast-in-place construction, is the one
of the least materially efficient ways to support gravity loads and resist bending moments. This is
due to the significant portions of the slab being filled with concrete that does not perform well
under tensile loading. Waffle slabs are one alternative structural solution that addresses this
problem. They are horizontal spanning elements with a flat deck (or flange) on top and ribs
running in two perpendicular directions, resembling a waffle when looked at from below as
shown in Fig. 2-6. This shaping removes most concrete material placed in the tensile region of
the element and allows for two-way distribution of loads to the supports and foundations via the
interlocked ribs. Waffles slabs are an often-suggested solution for building programs requiring
long clear spans that cannot always be achieved with flat concrete slab systems, due to issues
supporting the dead load of a slab as the span lengths increase (Allen & lano, 2004).
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Ribbed concrete floor slabs are often credited to Francois Hennebique whose 1892 patent
featured the Béton Armé system or System Hennebique, a reinforced concrete floor and framing
system with orthogonal ribs and beams cast monolithically with the slab, and iron reinforcement
only in the rib region (Wang, 2013). Ribbed systems continued to rise in popularity, especially as
designers such as Pier Luigi Nervi were able to introduce fluid and curved rib configurations that
were structurally and economically efficient as well as aesthetically interesting (Halpern et al.,
2013). One of the most interesting facts about Nervi’s work was that most originated from
successful competition proposals, where it was necessary for him to consider economy, or as he
states, “the method of bringing dead and live loads down to the foundations with the minimum
use of materials.” In other words, it would have been impossible at the time to justify realization
of Nervi’s complex designs if the material reduction didn’t lead to cost offsetting (Billington,
1985). Furthermore, many of the ribbed slabs that Nervi is famous for are also a result of his
work with ferro-cement, or concrete reinforced with steel mesh that allowed for cheap, non-
rectilinear formwork and traveling scaffolding systems (Leslie, 2017). These innovations
allowed the geometrically expressive coffering structure as seen in Figure 2-7.
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Figure 2-7: Images of Pier Luigi Nervi's famous floor concrete ribbed floor systems, a) Gatti Wool Factory, Rome
1953, b) Tobacco Factory, Bologna 1952, ¢) The Palace of Labor, Turin 1959

The popularity of the rigid orthogonal system, specifically waffle slabs, continued with the rise
of brutalism between the 1950s — 1980s. Striking examples of waffle and ribbed slab
construction in North America during this time include The Yale University Art Gallery by
Louis Kahn (1953) and the Washington, D.C. metro train stations by Harry Weese (1977) as
shown in Figure 2-8. As with many architectural trends, this interest waned due to construction
economy tradeoffs, political associations of brutalism, and public critique of exposed concrete
(Lack & Korynta, 2020; Mould, 2017).

Figure 2-8: Renown built exai”nples in the United States of waffle slabs, a key spanning system in many brutalist
structures. Examples featured include a) The Yale University Art Gallery and b) Washington D.C. Metro Train
Stations

Recently, there has been a return of interest in ribbed and shaped concrete floor systems at the
research and prototype level that employ structural shaping and material economy principles in
the spirit of Nervi. Structural engineering and architectural researchers have achieved shaped
beams and developed their design methods in tandem with emerging and novel formwork
fabrication methods such CNC milling, sheet metal and bamboo bending (M. A. Ismail, 2023).
Fabric formwork has also been demonstrated to as a viable formwork work for shaped beam
elements (Orr et al., 2011) or spanning shell structures (Popescu et al., 2018).

35



2.3 Lost formwork construction

Generally, cast-in-place concrete slab construction is realized with the use of plywood and steel
forms customized for a given project. For waffle slabs, reusable metal and plastic domes are
placed on top of the temporary deck and then both are removed post curing. While this results in
a more structurally efficient cast-in-place system, there is a significant amount of added labor
and cost associated with the installation and removal of these pans. Several systems have
emerged that provide similar structural benefits as a waffle slab, but make use of lost-formwork,
or formwork that remains integral with the component once it has cured as goes into service.
Some of those systems conceal the formwork, while others have the visual appearance of the
formwork apart of the aesthetic appeal of the space.

On the industry scale, several examples of lost formwork exist, especially as it relates to
spanning systems. Perhaps one of the oldest and most enduring examples of lost formwork
construction is the composite steel deck, whose history traces back to 1926 when Loucks and
Giller patented a steel deck floor system where the steel was solely responsible for the structural
action of the slab and concrete was casted on top to create a flat deck and provide fireproofing
for the steel. The modern composite steel deck where the concrete resists structural load and is
reinforced by a steel deck with trapezoidal ribs was called Cofar and introduced in the 1950s by
the Granco Steel Products Company (Sputo, 2012). As a contrast, the majority of modern cast-
in-place two-way systems with lost formwork take advantage of void-forming objects to create
cross-sections that most closely resemble a sequence of I1-beams. Several manufacturers have
emerged in this field including BubbleDeck (Figure 2-9), which uses hollow plastic balls to
remove concrete from two-way slabs, Cobiax (hollow cylindrical drums), Nautilus by Geoplast
(rectangular boxes), all companies reporting to use recycled plastic for their formwork.

Figure 2-9: Casting of a concrete slab utilizing BubbleDeck technology for Western Michigan University
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2.4 Filler slabs

F gre -10: Acclimed xémples o? Slab construction in Ind. Structures highlighted include a) SEWA
Building by Laurie Baker, Trivandrum, 2004 and b) Wall House by Anupama Kundoo, Auroville, 2000

The filler slab, as shown in Figure 2-10, is a particularly compelling lost formwork technology
that could pave the way for materially efficient, context informed design in wider contexts. First
popularized in South India by architect Laurie Baker, the filler slab which replaces volume of
concrete in the tensile region of the slab with waste, or reclaimed locally available materials such
as clay tiles and post was originally proposed as a cost-saving technology by reducing the
amount of concrete for flat roof structures. Even though this technology has also been
implemented by professional architects and engineers, many self-builders have also been
empowered to use this technology in their homes.

Many studies have looked specifically at structural validation with FEA of standard uniform
geometries in plan and/or a built-in assumption that the best way to construct the slab is simply
to remove material up to the tension zone of the reinforced concrete slab of a set depth
(Mahananda et al., 2020). Recently, a case study for the design of filler slab roof in for the Block
Resources Center in Bihar, India built a filler slab roof with a cost savings of approximately
23%, compared to a conventional flat slab (Sinha et al., 2020). While these case studies are very
important to the acceptance and proliferation of this efficient system, individual boutique
examples alone do not provide a framework to understanding nuances in the design and
structural performance of filler slab systems, nor are they generalizable to other loading
scenarios and conditions.

It should also be noted that as the conversation has shifted to low carbon architecture, the utility
of filler slabs as a sustainable architectural technology has also been explicitly demonstrated, as
filler slab environmental performance in specific case studies has also been quantified with
respect to embodied energy and embodied carbon. In Reddy’s work on sustainable materials and
design of low carbon buildings, it was found that a filler slab roof with stabilized mud block
filler can have between 20% — 25% savings in embodied energy when compared to a reinforced
concrete flat slab (Reddy, 2009; Venkatarama Reddy, 2004). Computational design methods
have also gained traction in the design of filler slabs for sustainability goals. One example of
this, is design optimization research by Fiala & Hajek. which considered optimization of filler
slabs for environmental performance (embodied energy, carbon and sulfur content) (Fiala &
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Hajek, 2007).With respect to operational energy, Mastrucci and Rao used a parametric building
model of single and multifamily homes and found that life cycle energy and upfront investment
costs of filler slab roof designs resulted in 7-8% savings of both metrics when compared to a
convention reinforced concrete roof (Mastrucci & Rao, 2019).

Thermal performance has also begun to be formally investigated in filler slab systems. Acharya
et al. whom used genetic algorithms to select filler material and geometry that would minimizing
the U-value of filler slabs. This work also compared the theoretical U-values for these systems to
targets for roof U-values in the Energy Conservation Building Code (ECBC) of India and found
that filler slabs alone are not sufficient to meet these targets (Acharya et al., 2020). However,
filler slabs were still a significant improvement over, solid reinforce concrete roofs that are
popular in self-built construction in India. Gavali and Ralegaonkar created a BIM model to
compare the thermal performance of a single story residential building with a filler slab roof
compared to a conventional reinforced concrete flat slab roof and were able to quantify both
embodied and operational energy for their case studies, but only with respect to one type of filler
material — hollow clay block (Gavali & Ralegaonkar, 2019). Lastly, Vijayalazmi and Antony
performed a field study on a residence in Kerala, India to determine the indoor air temperature
difference, and thermal storage metrics such as decrement factor and time lag and saw that the
filler slab performed significantly worse for these metrics as compared to a bamboo roof
(Vijayalaxmi, 2023). The poor comparative performance of the filler slab, is not surprising, as
work on thermal mass by Gascon-Alvarez et al, has shown that it would be more beneficial to
increased exposed surface area with ribbing on the interior of the roof element (Gascén Alvarez
et al., 2021), whereas the filler material covers up the exposed surface, that would otherwise be
provided by the ribbing. This existing research highlights the values of optimization in increasing
the performance of filler slabs and/or in quantifying thermal performance metrics, but none of
these studies considers structural efficiency or material quantities.

This thesis investigates structural assumptions and best practices in materially and thermally
efficient filler slab design using a formalized computational optimization workflow and proposes
a method for evaluating emerging and alternatives to traditional filler materials for other global
contexts and material availability constraints in Chapter 4.

2.5 Materially and global context-informed fabrication

As illustrated through the development and growth of filler slab use in India, the decision of
typology for a structural system is not always driven by material efficiency and sustainability but
is the result of a host of factors including: material and labor cost, structural engineering
knowledge, fabrication technology availability, and user acceptance of a specific technology.
The integration of all these factors leads to a contextually relevant structural system,

The cost of skilled construction labor and materials varies vastly country to country. However,
Ismail makes a distinction between More Economically Developed Countries (MEDCs) and Less
Economically Developed Countries (LEDCs) to help illuminate trends in residential
development cost. For MEDCs such as the United States and United Kingdom, materials and
labor costs are closer to parity ranging from between 45-55%, whereas LEDCs, such as India,
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where Filler Slabs have grown to prominence, the materials cost dominate, comprising over 75%
of the residential construction cost (M. A. Ismail, 2023).

Globally there has been great unveiling of the greater economic and supply chain sensitivities of
construction to global events such as the Covid-19 pandemic and the war in Ukraine for both
MEDCs and LEDCs. Arcadis, a global sustainable design consulting firm, details many of these
consequences in their annual International Construction Cost Index which highlights significant
in increases in commodity prices in 2021 including up to a doubling of the cost of iron ore,
which is significant in steel production. This report also mentions that rising energy costs have
led to a price increase of between 10 — 15% for cement, and this has only been exacerbated by
the invasion of Ukraine (Beard et al., 2022). Outside of material manufacturing and procurement
cost, overall construction costs can have a significant impact, as the cost of staffing the projects
for the duration of a build is significant (J. Wight, 2016). Thus, designs that take advantage of
standardization and can in theory be built more rapidly may be favored in some contexts.

Of course, this conversation about context-driven construction must include the use of emerging
fabrication methods to supplement human labor and realize complex geometric forms at scale. A
large area of construction and architectural research has been dominated by digital fabrication, or
the use of digital software and computationally controlled machines to supplement the physical
design realization process. One exciting candidate that has emerged for concrete construction is
that of additive manufacturing or 3D printing. The layered extrusion process contains the
potential to realize complex and/or curved geometric forms without formwork or material waste.
In large, 3D printing of concrete has referred to in situ printing of walls for single story
construction, but has garnered much popular attention in academia and practice (Paolini et al.,
2019). While additive manufacturing may seem like an immediate equalizer for the realization of
complex form in labor constrained construction contexts, there is still much territory to cover
before additive manufacturing is a viable solution, at scale for many reasons including upfront
capital cost of machines, print volume and carbon material intensity of printable mortar.

With respect to the carbon intensity of the 3D printing material, researchers have turned to earth
and clay-based printing alternatives as a low carbon and locally available material. The other
challenge relevant to this dissertation is that currently, 3D printed spanning systems at a scale
presentative of a column grid (3m-5m) is quite challenging structurally due to the discontinuous
behaviors across the print layers and difficulties in integrating traditional steel reinforcement.
Compression-only spanning systems such as vaults can be printed without support material and
alleviate reinforcement concerns, but cannot yet be printed at these lengths. Recent research has
found promising innovation in the journey to realized 3D printed spanning systems with the use
of 3D printed shell and vault formwork (Curth et al., 2022) and infill blocks (Digital Structures et
al., 2022).

One emerging truth in the research and development of floor systems is that while they all share
the same basic structural goals, the material and geometric modes to accomplishing this are
incredibly context dependent. This is due to a complex relationship between natural and material
resource access, labor availability and compensation practices, as well as knowledge
dissemination and user acceptance. For example, a filler slab with Mangalore tiles may be a
well-accepted and easy to implement solution in south India, but when considering the transfer
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of filler slab technology to a region with no manufacturing infrastructure or waste stream
availability for such tiles, the solution may prove more complex from a design standpoint and
more expensive and energy intensive than the original context. What is needed are methods for
efficient spanning system design that are flexible enough to accommodate these context
dependent concerns of material choice and labor intensity, etc., but also help achieve the shared
goal of providing a comfortable standard of living to all while minimizing impact on the
environment. Furthermore, there also needs to be investigation of commonly held design
standards and practices that prevent the proliferation of high performing material systems. This is
the only way that structural engineering can fully embrace computation to supplement and
support the development of new domain knowledge.
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3. Data-driven design of standard two-way concrete
systems

This chapter demonstrates how computation, established closed-form expressions, and building
code can be used to access materially efficient and cost optimal concrete spanning structures in
common, currently deployed typologies — i.e. flat cast-in-place slabs and two-way joist or waffle
slabs. Furthermore, by considering concrete slab design as an opportunity for design space
exploration rather than as a solved problem with serial, rule of thumb-based methods, feasible
solutions that are better for a given building program or economic context may be found. This
chapter makes use of the American Concrete Institute (ACI) building code and considers a North
American context, but the approach is flexible enough to be applied in any region.

This chapter makes the following contributions:

1. Section 3.3.1: Demonstration of the utility of parametric design and design space
exploration techniques to find feasible high performing reinforce concrete flat and waffle
slab solutions that outperform ones found with serial sizing methods and rule of thumb
benchmarks.

2. Section 3.3.3: Highlights and quantifies the environmental benefits of using waffle slab
typologies at shorter spans than generally suggested in concrete design guides.
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3. Section 3.3.4: Extends carbon, mass and cost analysis to consider the benefits and
tradeoffs of certain commonly proposed carbon intervention policies ranging from low-
carbon cement substitutes to decarbonization of steel production.

3.1 Background and state of the art
3.1.1 Two-way flat slabs and waffle slab analysis methods

Two-way flat concrete slabs are a type of horizontal spanning element where both the aspect
ratio in plan and supports conditions lead to a distribution of gravity loads in two orthogonal
directions. Waffle slabs are a sub-category of a two-way slab, that not only see this bi-directional
load distribution, but additional rigidity from its geometric form of evenly spaced ribs running in
both directions. Both systems are well-described in concrete structural and design literature
dating back to 1910 and textbook design aids (Allen and lano 2011; Ching et al. 2014; Kamara
and Novak 2011).

In 1914, Nichols derived an expression for the total static moment in a concrete bay, which was
followed by Westergaard and Slater in 1921, with a method for the distribution of the bending
moment throughout a square slab bay (Faulkes 1974). This work led to the establishment of the
Direct Design Method (DDM) published in the ACI building code which saw its last major
update in 1971 based on experimental testing of ¥4 scaled prototypes of 3x3 concrete panels at
the University of Illinois (Gamble, Sozen and Siess 1961).

Waffle slab design has also been pursued according to the DDM, often with the design of an
“equivalent thickness solid slab” or with load, moment, and shear reduction factors. Other
approximation methods of analysis for waffle slabs include but are certainly not limited to the
Rankine-Grashoff Method (Rankine 1857), orthotropic plate theory (Timoshenko and
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Woinowsky-Krieger 1959), effective modulus of elasticity (Abdul-Wahab and Khalil 2000).
There is also the use of experimental testing of scaled waffle slabs (Schwetz et al. 2014), and
tools such as SAP 2000 and other finite element analysis solvers for the validation of waffle and
rib slab design.

This work takes advantage of DDM which is relatively easy to integrate with computational tools
and programming languages such as MATLAB or Python to enumerate multiple designs with a
fine level of variable resolution of depths and reinforcement ratios without the temporal penalty
of FEA. In addition, DDM can be applied broadly to the two main typologies in this work and
allows for relative comparison between solutions produced across the typologies, spans, and
loading.

3.1.2 Critique of rule of thumb approaches in architectural and structural
engineering

Rules of thumb are guidelines that allow designers to quickly approximate a single solution from
an accumulation of learned best practice, and perhaps bypass complex analysis methods (such as
some described in 3.1.1.) in the early design stage. They are the encapsulation of years of domain
knowledge that can be a trusted basis for safe and reliable design practice. However, rules of
thumb for structural systems in particular are not often updated, even as new knowledge is
gained about performance, tools of analysis have evolved, and new metrics to interrogate what it
means for a structural element to perform satisfactorily emerge. This is especially important with
respect to the impact of the materialization of structural systems on the built environment, as
most of the rules of thumbs consider structural feasibility and safety only, and not metrics related
to material efficiency (such as embodied carbon and mass). While the value of rules of thumb
are apparent in early stage design approximation, education and engineering practice (Gainsburg,
2003; Rashidi & Sorooshnia, 2020; Ryan et al., 2001), there is always room for reconsideration
of this approach with the acquisition of new domain knowledge and desire for more materially
efficient design, early in the design process.

For concrete flat slab elements specifically, Radford, Hung and Gero derived new rules of thumb
for the design of one-way concrete floor systems to ensure reduced deflection and an economical
floor system. This was done with the use of Pareto optimality to inform design rules regarding
element sizing (namely structural depth), slab typology, concrete strength, to lead to structurally
feasible designs and corresponding expressions to estimate cost (Radford et al., 1984). More
recently, Scanlon and Lee proposed an update to the code-based design guideline — which could
also be thought of as a rule of thumb — to determine minimum slab depth to not just rely on span,
but to also consider applied loads, cracking and time-dependent effects. This updated expression
for minimal depth also allowed for differences in prescribed depth based on the one-way or two-
way action of the concrete slab and presents deflection as a non-linear function of span (Scanlon
& Lee, 2006).

More broadly, several critiques and revisions of rules of thumb with respect to energy use in
buildings have also emerged. Slee and Hyde examined current rules of thumb for thermal mass
calculations, and proposed the incorporation of holistic building system design and climate
specific information to satisfy new building energy savings requirements in Australia (Slee &
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Hyde, 2011). Eberhart et al. developed qualitative design guidelines for the design of building
components for circularity and used life cycle analysis (LCA) and material flow analysis (MFA)
to determine the percentage change on metrics such as global warming potential and material
consumption that design interventions for circular building structure can have (Malabi Eberhardt
et al., 2021). Petrova et al. suggests using semantic modeling on real building operation data and
BIM models to find “motifs” in the performance data and temporal association rule mining
techniques to generate energy efficient building design rules with higher fidelity than current
building design rules of thumb (Petrova et al., 2019). It is clear that the field has arrived at a
nexus point in allowing computation to provide substantive improvement to rule of thumb design
practices, for nonintuitive relationships between design form and performance.

3.1.3 Parametric design of flat concrete slabs and waffle slabs

One path forward for high performing design of concrete slabs is data-driven design of concrete
slab systems empowered by dense exploration of the design space. As stated in Chapter 2, a
parametric model, in this work, is a digital representation of an engineered object, where a set
number of critical features and geometric relationships (parameters) are used to define its full
form. These models are often couple with sampling schemes and or optimization algorithms to
ascertain high performing, optimal structural design solutions.

Cost is a commonly targeted objective for optimal design of concrete spanning systems and
features prominently in many parametric design and optimization studies. Sahab et al. performed
a study on reinforced concrete flat slab buildings that utilized the equivalent frame method
(EFM) for structural analysis and combined both genetic algorithms and exhaustive search
methods to find optimal building designs. This work demonstrated that floors were the largest
part of the cost and that reinforcement cost savings were the greatest when moving from a
conventional to an optimal design (Sahab et al., 2005). Research interest in using parametric
workflows to optimize cost has also extended to waffle slab systems and have focused mainly on
the feasibility of solving such a highly constrained design problem with a variety of heuristic
algorithms (Galeb & Atiyah, 2011; Olawale et al., 2020; Shayegan et al., 2020) versus the
generation of general design knowledge of the waffle slab systems.

With respect to embodied carbon efficiency of concrete buildings and structures, several works
have recently used parametric design as a means of accessing high performing design systems in
complex and constrained design spaces. Hartwell and Mueller coupled parametric modeling and
design optimization of filler slab systems which revealed that the optimal embodied energy
design of these two-way ribbed systems (which behave structurally as waffle slabs) does not just
require carving away material to the neutral axis of an equivalent depth flat slab, but actually
leads to an increase in the structural depth of the slab (A. J. Hartwell & Mueller, 2021).
Jayasinghe et al. recently used parametric design to evaluated the embodied carbon performance
of concrete flat slabs given a variety of depths, column spacing and concrete strengths and found
governing criteria such as fire proofing, prescriptive deflection limits and column design that has
the greatest impact on embodied carbon performance (Jayasinghe et al., 2022). The Concrete
Center also has published an embodied carbon comparison across concrete structural systems,
including waffle slabs, which are a focus of this chapter. This report queries several key
variables including span and loading and highlighs the impacts those factors have in conjunction
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with structural system selection on embodied carbon content. However, with respect to waffle
slabs, there is no info presented in this study on the sizing of the voids its self, with respect to the
spans, which does have a significant impact on savings as shown in the results of this chapter
(The Concrete Center, 2022). This is important as general waffle slab design is based on
preselection of a catalogue of a few pan sizes for the formwork, and are not “optimized” for the
size or loading conditions of a structure.

With respect to multi-objective study of both cost and carbon, Yeo and Potra used constrained
optimization to compare the design outcomes of cost and embodied carbon of a reinforced
concrete frame under gravity and lateral loading and found that optimizing a design for
embodied carbon versus cost lead to solutions with 5% - 15% less carbon. However, these values
increase with the addition of compressive forces (such as that of a high-rise building) (Yeo &
Potra, 2015). More recently, Gauch et. al performed a comprehensive early-stage design study of
multi-story buildings with simple rectangular and complex plan layouts and a variety of framing,
grid layout and floor systems including reinforced concrete flat slabs. This work demonstrated
that while concrete flat slabs were the most cost-efficient structural solution, the carbon
emissions associated with the system scale significantly with increasing span unlike other
systems such as steel decking or glulam and CLT. It also highlighted that the choice of using a
cost or carbon objective function did not significantly impact the actual embodied cost and
carbon of the optimal solutions (Gauch et al., 2022). Gauch et al. acknowledges that the depth
specification of the floor slabs in this publication are chosen through span to depth ratios and
could be further optimized. Although this chapter here focuses only on two systems in particular,
flat slabs and waffle slabs, the analysis makes use of code-accepted, semi-empirical analysis that
calculate deflection and consider the non-linear behavior of concrete, in a way that is
computationally efficient and suitable for the early design stage.

Building on previous work, this chapter exemplifies how design space exploration techniques
such as sampling and data visualization can be used to access optimal design solutions across
multiple performance metrics. It presents parametric design as a way to move towards the
creation of generalized knowledge for readily deployed reinforced concrete slab typologies — the
flat slab and the waffle — in vast design spaces. Finally, this work shows that with closed-form
computational analysis and code-based design approaches, there are more optimal design
solutions that can be found with typology change and currently available design and fabrication
methods vs. material substitution or more speculative strategies for carbon emissions reduction
in the built environment.

3.2 Methods for design parameterization, analysis, and data collection

This work provides a comprehensive study and comparison across two reinforced concrete
spanning systems capable of exhibiting two-way action: the flat slab and waffle slab, the latter of
which is typically only elected for long clear spans. Through enumeration across geometric
variables that can be specified by structural engineers and exploring the subsequent design space,
it is possible to see advantages and tradeoffs of each slab typology as well as the bounds of
feasibility for a variety of different spans and architectural programs. This also illuminates
regions of the design space that contain slab designs with greater savings that may not be
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accessed with rule-of-thumb designs or structural optimization. The general computational
workflow used to achieve these goals are outlined in Fig. 3-2.
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Figure 3-2: Diagram of computational workflow used to design, evaluate and select optimal flat and waffle slabs

3.2.1 Parametric model definition and design space sampling
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Figure 3-3: lllustration of plan view of 3x3 bay (left) and single concrete slab models for analysis (right)
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The basis of this work is a parametric model of both flat and waffle reinforced concrete slabs
which are structurally engineered according to processes described in the remainder of this
section. This model (Fig. 3-3) comprises a 3 x 3 bay of reinforced concrete slabs supported by
columns with no interior or edge beams in the structural system. Drop panels near the columns
are also added to resist punching shear failure. It should be noted that this additional material
volume is accounted for in the performance metric evaluation. With respect to steel
reinforcement, it was assumed that #6 imperial bars were used for cover and deflection
calculations. A full list of variables for the concrete portion of the slabs considered in this work
is provided in Table 3-1.

Table 3-1: Design variable and bounds for flat and waffle concrete slabs

Variable Description Bounds
LL live load applied to slab 2kN/m*<LL<12
KN/m?
Ly span length in the y direction 4m<Ly<12m
Lx span length in the x direction 4m<Lx<12m
h total depth of slab 40 mm < h <600
mm
Waffle Slab Only
Rh height ratio, determines the relationship between the void or .6 <Rh<.8
“pan” height to the depth of the slab
Rw web ratio, determines the relationship between the voidor .6 <Rw <.8

“pan” width to the total width of the waffle section, thus
setting the size of the web
S rib spacing, how many meters per rib section A25m/rib<s<1
m/rib

The span ranges considered for Ly and Lx represent the extremes of what historically has been
built with a flat slab horizontal structural system. In addition, these spans allow for structural
engineers and designers to consider column density as it relates to their programmatic needs
from residential spaces to warehouse spaces. Similarly, the live loading variable bounds also
were chosen to assist with early stage design across different program types according to the
minimum design load criteria specified by ASCE 7 (ASCE, 2017). The range of structural depths
considered in this study was chosen to ensure that feasible solutions could be found for each
selected span. With respect to the waffle slab design variables, the height ratio, Rh and web
ratios, Rw, were chosen by looking at precedent waffle slab void to solid ratio and “pan sizing”
guidelines (Allen & lano, 2011; Ching et al., 2014). These variables were varied together and
specified in the typology selection portion of the workflow in Fig. 3-1, but the model is flexible
enough to allow for a decoupled exploration of pan sizing. Although it is possible to search for
structural solutions outside these bounds, it is highly unlikely that a structural solution would be
selected by designers, and our studies show feasible designs outside these range did not yield
savings in these regimes.

With the variables ranges outlined in Table 3-1, a grid sampling scheme was pursued to cover
the design space totaling 68,300 samples for both the flat and waffle slab typologies. This is
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implemented in MATLAB with a nested loop structure. For a design space with a moderate
number of design variables such as the case with the flat and waffle slab model, sampling
captures insights and trends from the full design space. It should be noted that formal
optimization is not pursued, but rather a search is performed across the solution sets, after the
infeasible solutions have been culled. The goal of this search is to find the design that provides a
minimal value for a given performance metric (outlined in Section 3.2.12). This is what is being
referred to in this work by “optimal.” This approach is practical because of the relatively small
number of variables and the analytical nature of the structural engineering calculations, and
surpasses challenges found with global optimization methods, which have been found to often
struggle with nonconvexity and complex feasibility boundaries in reinforced concrete problems.

3.2.2 Slab design performance metrics and evaluations

Four metrics were considered to compare the solutions generated including structural depth,
mass, embodied carbon, cost. Structural depth refers to the total depth, h, of the concrete slabs in
the parametric model and is one of the user variables. Structural depth is an important metric as
most rules of thumb for concrete slab design specify a target depth for given programs, supports
conditions etc. A related variable is d, which refers to the depth from the top of the slab to the
center of the rebar. The next metric, mass, is one of the most valuable metrics to consider, as the
self-weight of the floor can have significant downstream effects on the amount of material
needed for columns and foundations. Mass of the element is calculated using the density of the
concrete and steel (2400 kg/m?® and 8050 kg/m? respectively) as well as the volumes extracted
from the model.

The volume of steel is calculated based on the moment demand and ductility constraints and that
volume is subtracted from the prismatic volume representing solid concrete in the model.
Embodied carbon (EC) represents the carbon footprint from the extraction, processing and
transportation and construction of the model elements from their raw material. This is found
using Eq. 3.1, where the ECC represents the embodied carbon coefficient and m represents the
mass of material used in a particular design. These coefficients are set to 0.15 kgCOa2/kg for
concrete and 1.99 kgCO./kg for reinforcing steel (Anderson & Moncaster, 2020; Jones &
Hammond, 2019). It should be noted that this work initially assumes the use of ready-mix
concrete with a compressive strength of 40 MPa.

ECtotal = (ECCconcrete * mconcrete) + (ECCsteel * msteel) Eq' 31

Finally, cost similarly is calculated via the extraction of material quantities from the parametric
model and the unit costs for materials from Building Construction Cost with RS Means 2022.
The unit costs used in this study are $205/m? ($.09/kg) for concrete and $2.86/kg for steel
(Doheny, 2022) . These costs will vary if other grades of steel or concrete compressive strengths
are used but generally a total can be found using Eqg. 3.2

COSttotal = (COStconcrete * vconcrete) + (COStsteel * msteel) Eq' 3.2
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Ultimately comparison of these metrics across different programs and structural systems speak to
how one can evaluate material quantity and utilization to stakeholders.

3.2.3 Moment analysis with the Direct Design Method (DDM)

The following work focuses on column supported flat and waffle slabs for which ACI 318-14
suggests two methods for analysis — direct design method (DDM) and equivalent frame methods
(EFM). DDM was pursued given the standard geometry of the parametric model, the ease of
implementation, and reduced computational cost of the semi-analytical method into a
computational workflow, when compared to both EFM and Finite Element Method (FEM)
analysis. The conclusions drawn in this work speak to broader trends in the design space, and can
highlight high-performing solutions for further analysis with other methods if desired. Following
the DDM leads to accurate moment analysis given that several limitations are met regarding the
number of continuous spans required in each plan direction, panel aspect ratios and loading.
Further detail and more scenario-based coefficients can be found in ACI 318-14, Section 8.10.

3.2.4 Reinforcing steel calculations and ductility constraints

Once the moment demand for the respective column and strip sections in a span can be
calculated, these values can be used to calculate the area of steel required to resist the moment.
This method is similar to the Portland Cement Association’s simplified design method and is
adopted from Ismail and Mueller work in the design and analysis of concrete beams with
arbitrary section size (M. A. Ismail & Mueller, 2021). The required area of steel can be found
given the moment demand My, as well as the yield strength of the reinforcing steel fy, the
compressive strength of the concrete . and a target reinforcement ratio pn, which is estimated as
66% of the maximum allowable reinforcement ratio, pmax. This is outlined in Eq. 3.3.

M,
A5 = — Eq. 3.3
.87fyd(1—1.005pnﬁ)

Additionally, the maximum reinforcement ratio is found by considering the type of failure
desired for an element — in this case a tension-controlled ductile failure. This can be calculated
using Eq. 3.4 where econcrete IS the crushing strain of the concrete and etensile is the net tensile
strain desired for the element. These values were set to .0035 and .0040 respectively.

_ 36f, ( Econcrete ) Eq. 34

Pmax = -87fy \&concretetEtensile
A lower bound for reinforcement ratio, pmin, can be found using Eq. 3.5. This is derived by

equating the cracking moment to the strength of the cracked section and ensures that the beam
will not fail at the formation of the first flexural crack.
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fe Eq. 3.5

fy

The actual reinforcement ratio, p, is calculated given As and the section dimensions. If the actual
required p is higher than pmax this means that the moment capacity of the element M, within the
ductility limits is not sufficient to resist the bending moment in the section. (Generally speaking,
the insufficient steel will also result in a violation of the deflection constraint as well). However,
if p is below the minimum, more steel can be added to the section to meet the ductility limits.
This logic is incorporated into the analysis code and applied automatically, including a flag for
“infeasible” designs that cannot be reinforced to meet moment demand while failing in a ductile
manner.

Pmin = 25

3.2.5 Shear design of two-way concrete slabs and preliminary column sizing

Shear design is of particular importance for concrete slab and flat plate design. This is especially
true for the case study presented in this work as the slabs are designed such that the concrete
section alone is responsible for the total shear resistance (typical in slab design). To ensure a
greater number of feasible designs in the design space, drop panels are added around the columns
to resist punching shear. In order to complete the shear demand and resistance calculations,
estimates on expected column and drop panel sizing had to be made using code and practice
guidelines. This study is chiefly concerned with the optimization and design of the spanning
elements, and not the framing system and thus, there is no guarantee proposed columns
themselves are optimal.

Textbook references proposes a square column with a side length Lcoumn, that is at least twice the
depth of the slab for preliminary design for two-way flat slabs (Allen & lano, 2011). This sizing
estimate generally holds for waffle slabs, yet the guide makes provisions for a column size
reduction or increase depending on the loading scenarios. For drop panels, minimum width is
dictated by ACI 318-14 Section 8.2 which states that a drop panel’s total width, Ldrop, Should be
at least a third of the span of a slab and the additional depth below the slab, darop, Should be at
least one quarter the depth of the main slab element. With these dimensions Lcolumn, Ldrop and
darop, it is possible to calculate a slab’s shear demand and resistance.

Two forms of shear strength must be accounted for in the design of flat slabs. The first is a beam
shear behavior which models the entire slab as a beam spanning between the column supports.
The second is punching shear which considers a shear failure occurring along the face of the
supporting column(s) (Darwin et al., 2010). For a flat slab with no additional shear
reinforcement, Eq. 3.6 and Eq 3.7 describe beam shear and punching shear, respectively in
metric units.

Vn,beam =.17A{f/byd Eq. 3.6
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Vn,punching = .33\ f¢bod Eq. 3.7

b, = 4‘(Lcolumn + d) Eq.3.8

In Eq. 3.6 and Eq. 3.7, 4 is a modification factor based on the concrete mix used. In this study we
assume normal weight concrete and therefore this factor is equal to one. Factors such as by refers
to the width of the slab element for a flat slab and the width of the web (or rib width) for a waffle
slab, and d refers to the effective depth of a slab. Eqg. 3-8 can be used to find bo, which is defined
as a critical perimeter surrounding the column.

Shear demand can be found by considering the appropriate tributary area for both beam shear
behavior and punching shear behavior. The shear demand can be found using Egs. 3.9 — 3.11.
where the tributary area will vary be depending on which shear action is being accounted for,
and whether or not drop panels are present.

Vu = Qu * Awrivutary Eq. 3.9
Lx - Ldropx
Atributary,beam,y = Ly f Eq. 3.10
Atributary,punching = (Ly * Lx) - (Ldmp,x * Ldrop,y) Eqg. 3.11

3.2.6 Serviceability and prescribed minimum depth

Generally, one benefit to using the rules of thumb in the early design stage of slabs is they
prescribe slab depths conservatively, with the assurance that the deflection serviceability
requirement will be met. While this is an advantage, it could in many cases lead to an
overestimate of material needed for a feasible slab design solution. In this work, slab depths are a
variable and not necessarily linked to span length. For a slab with drop panels/solid heads near
the columns, and no edge beams, the suggested minimum slab depth is given by Eq. 12. where L
is the long span in the element being designed (ACI Committee 318 et al., 2016).

=L Eq. 3.12
hmm 33 q
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In this work, deflection is found with and equivalent frame approximation method established by
Nilson and Walters which maintains the same definitions of column and middle strips from the
direct design method and applies a formulation for deflection of a slab as a result of combined
bending from x and y directions (Nilson & Walters, 1975). The subsequent section summarizes
key expressions to determine long-term deflection of a characteristic panel in the 3x3 panel array
as well as highlights differences that must be headed when considering a waffle slab versus a rib
slab for analysis.

3.2.7 Moment of inertia and section properties

Under the service loading of a reinforced concrete member, it is not unusual for flexural cracks
to form. This means that traditional beam equations for elastic deformation of isotropic materials
are no longer applicable in their most basic forms. It is still important to find the gross moment
of inertia for the section under analysis which varies for a flat slab and to a waffle slab strip
under analysis. In Eq. 3.13, the b is equal to the span length (Lx or Ly) as it is easy to consider the
full rectangular span at once for the equivalent frame analysis. For a waffle section, the gross
moment of inertia is found for an individual T-section of a waffle strip and then multiplied by the
number of ribs in the strip (Eq.15). Here b refers to the effective flange width of the T-section as
defined by ACI 318-14 Section 6.3, by refers to the width of the web, hs refers to the height of
the top flange portion and y; is the distance between the neutral axis of the T-section and the
tension face. Another layer of complexity is added when one considers that if a frame strip is
being analyzed, there are solid rectangular sections near the columns from the drop panels that
must be accounted for in addition to the T-rib sections. This is described in greater detail for a
waffle slab in the materials published by the Portland Cement Association (Portland Cement
Association, 2018).

bh3
Ig.flat = ? Eq 3.13
Yt fiar = h/2 Eq. 3.14

(by — by )B3]  [byh®
Ig,waffle = nribs{[ 12W fl + l vlvz l +

h 2
* |puh (3 =3)
bywh?+(b—by)h}

Ytwaffle =N — 2[byh+(b—by)hs]

h 2
(bf - bW)hf <h - 7f_ Yt>

Eq. 3.15

Eqg. 3.16

The gross moment of inertia for a section considers an uncracked section with no reinforcing
steel, but the opposite extreme, which would be a completely cracked section, must be analyzed
as well. I¢r, the moment of inertia of the cracked-transformed section, describes a beam where all
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the concrete in the tension zone of the beam has been cracked and accounts for a steel-equivalent
amount of concrete (transformed). Eq. 3.17 details a general expression for Icr, where As is sum
of the reinforcement (positive and negative considered separately) spanning the analysis strip,
and kd is the depth of the compressive region.

3
Iy = "5+ nA(d — kd)? Eq.3.17
B B
né;
E
n = —steel Eq. 3.20
Econcrete

Ig and lcr can be combined with material strength and load-based parameters such as Mcr, the
cracking moment and Mg, the maximum applied moment, to calculate the effective moment of
inertia, le for the strip under analysis. This method was developed by Branson and is summarized
by Eq. 3.21 (Branson, 1977).

3

M M,.\3
I, = (£> I 1_< ") I Eg.3.21
e M, gt M, cr

Ma can be found taking the frame strip under analysis and finding the maximum moment value
along its span. Mcr, however, is a function of the modulus of rupture of the concrete, f, yt, and Ig
and can be found using Eq. 3.22 and 3.23.

1
M., = Irlg Eq. 3.22
Yt

f= 62.f! Eq. 3.23

In the case of a section with drop panels, a variation in effective moment of inertia across the
frame strip, le, can be calculated for both the midspan and the end moment sections of the
analysis strip and then combined via a weighted average to get leavg, the average effective
moment of inertia for the analysis strip. This must be repeated for both spanning directions.
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3.2.8 Deflection of a rectangular panel and maximum possible deflection

The leavg Values for the frame strips in the representative panel can now be used to find the
deflection, 4. This is done using an equivalent frame method and is detailed fully in Design of
Concrete Structures (Darwin et al., 2010). The deflection can be found using Eq. 3.24, where A
and 4.y are the deflections at the midspan of the column strips in the x and y direction, 4mx and
Amy are the deflection at the midspan of the middle strips in the x and y directions, and 1, is a
long-term deflection multiplier. The deflection contributions of the column strip and middle
strips can be found using Eq. 3.25 and 3.26. It should be noted that if the representative panel
chosen is a center panel, as is the case here, then it is fully continuous over the supports, meaning
support rotations would be negligible.

Ae (Acx+Amy)'|2'(ACy+Amx) ¥ A Eq. 3.24

I
Ae = Af rof * DFy oy % ——222 Eq. 3.25

g,column strip

wl*

Eq. 3.26

A =
frref 384 * Econcrete * Ie,an

The long-term deflection multiplier, 14, which is calculated using Eq. 3.19 where £ = 2, and
represents a time-dependent coefficient for a duration of 5 years or more and p " is the
compressive reinforcement ratio, which in this work is zero.

$

1+ 50p’

A

The deflection can now be compared to the maximum permissible deflection dictated by ACI
code, for a given type of horizontal member and support condition. In this work, the deflection
limit under dead and live load is equal to span/240.

3.2.9 Post-processing of data for feasibility: direct and indirect constrain
application

Table 3-2: General structural and geometric constraints for concrete slab design

Constraint General Form Reference
Section
Moment Mu < Mp 3.2.3
Shear (Beam) Vubeam < Vn beam 3.2.5
Shear (Punching) Vubeam < Vinpunching ~ 3.2.5
Deflection A <max(Ly,Lx)/240 3.2.8
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The above sections have outlined constraints for moment, shear, and deflection, that would apply
in any equilibrium structural loading model as well as some of the geometric and loading
constraints dictated by DDM. Table 3-2 details the constraints used to mark designs as infeasible
and cull from consideration as optimal designs in the sampled space.

3.3 Results

This parametric design study shows that reductions can be achieved across a variety of metrics of
importance for both flat and waffle slabs including embodied carbon, mass, and cost. This is
achieved by integrating structural analysis in a computational workflow for sampling and
exploration of the design space, as opposed to traditional rule of thumb design methods, which
yield a single, not necessarily optimal solution. Looking at the 3x3 bay comprised of flat square
concrete panels under residential live load, the computational method in this work yielded
savings of 29% in slab depth, 19% of embodied carbon, 28% of mass, and 14% of material cost
at the shortest span of 4m (found using benchmarking plots seen in Fig. 4). These saving
diminish as span length increases and at 12m optimal solutions found showed negligible
differences across those performance metrics.

Additional savings can be achieved with a different concrete slab system, the waffle slab. By
changing to the most materially efficient typology in the study, the waffle slab with an 80% void
volume, feasible designs for the 3x3 bay were found across the wide range of spans and live
loading scenarios that are responsible for between 62% - 67% of the embodied carbon (reduction
of 33% — 38%) of a bay with the optimal flat slab panels. The waffle slab system also only
comprises 46% - 51% (reduction of 49% — 54%) of the mass of the optimal flat slab panel and
lastly 73% — 78% of the material cost (reduction of 22% — 27%). These results, as well as those
of waffle slabs with other void volume percentages are further detailed in the subsequent
sections. Furthermore, studies on the embodied carbon impact of coupling efficient geometry
selection with commonly proposed carbon reduction strategies for the building environment such
as cement alternatives and steel decarbonization are detailed in the subsequent section.

3.3.1 Flat square concrete slab studies

The first set of parametric studies look exclusively at flat, square reinforced concrete slabs with
drop panels surrounding the columns for punching shear resistance. Fig. 3-4 shows the minimal
embodied carbon and cost values that can be theoretically achieved at a given depth for a square
flat slab under residential live loading 2 kN/m2. The values for embodied carbon and cost have
been normalized for the floor area in the 3-panel x 3-panel bay in order to make comparisons
across spans. We see that the minimal feasible depth does increase with span, which is supported
by literature. Another interesting feature shown in the 4m and 8m span in both the embodied
carbon and cost plot is that there is a point in which the performance curves across spans meet
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when considering depth (~ 325mm). This indicates a point where the embodied carbon and cost
contributions from the concrete start to dominate at a given structural depth.

In the studies performed in this work, it was found that when adhering to code serviceability
constraints, the minimal design solution for one metric, such as embodied carbon, serves as the
minimal solution across the other metrics considered (structural depth, mass, and cost).

Normalized Embodied Carbon vs Depth Normalized Cost vs Depth
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Figure 3-4: Variation with structural depth in embodied carbon (left) and material cost (right) of a square flat slab
under residential loading conditions. Infeasible designs do not meet constraints given in Table 3-2.

While Fig. 3-4 provides important benchmarks to understand what is the best (minimal) outcome
that can be achieved, it is also useful to know how deviations from the optimal solution impact
performance. Fig. 3-5 shows the optimal slab depth for a given span and compares that to the
prescribed depth based on the ACI minimum slab thickness rule of thumb, L/33. This figure also
highlights the region surrounding the optimal solution that shows a 10% performance decrease
from the optimal solution with respect to embodied carbon, mass and cost. This helps evaluate
how consequential the addition of material can be. These regions are nearly identical for each
metric shown (embodied carbon, cost and mass), meaning that under this geometric specification
and loading conditions, these metrics carry similar weight.

For a residential live load of 2 kN/m?, a design solution can be found at a depth below the ACI
minimum up until 5.8m. In fact, the results show that square slabs with spans up to this length
that are designed by the rule of thumb minimum will be outside the 10% performance bounds for
the three performance metrics. At 8m, the rule of thumb for minimum depth no longer yields
design solutions that are feasible. When looking at the optimal flat slab designs for an assembly
live-load of 7 kN/m?, the analysis method saw an increase in optimal depth and no regions of
feasibility across the spans surveyed. As live load increases, this trend persists and there are no
spans for which the ACI minimum depth solution is feasible, and a greater slab depth is needed
to support the total factored load.
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Figure 3-5: Optimal depth for a given span of a flat concrete slab with 1:1 aspect ratio. Application of a typical
residential live load of 2 kN/m? (left) and assembly live load of 7 kN/m? (right) are presented.

3.3.2 Design solution space for flat and waffle slab typologies

Whereas the previous section focuses exclusively on square flat concrete slabs (ratio of Ly to Lx
is 1:1), it is not always realistic to have a square plan. This subsequent work in this section
examines design trends for optimality along aspect ratio for flat slabs and also introduces a
comparison between a flat slab and a 70% voided waffle slab. Fig. 3-6 is a section of slices taken
of the design spaces of these two typologies, where the optimal embodied carbon depth is shown
based on the plan dimensions. The contour lines representing depth are spaced every 50mm. Just
as above, minimal solution found via this method for one performance metric also served as the
minimum design solution for all. This was even true for waffle slab typologies, where there in
theory is more room to negotiate tradeoffs of mass and carbon from concrete and the structural
capacity that can be achieved through shaping and steel specification. Several overall
conclusions can be drawn from the results shown in Fig. 3-6. The first is that for both typologies,
there are a smaller amount of feasible design solutions available with the increase of live load.

This is largely due to violation of the structural constraints. However, for the highest live load
and the longest spans in the study, 11m - 12m, there are no structurally feasible solutions for the
flat concrete slab typology. This is supported by design guides that recommend joist systems or
waffle slabs (two-way joists) under these conditions.

The shape of the contours also provides insight on how moving towards a one-way system would
impact the required slab depth. Even spaced concentric contours across the area of the plot show
that the optimal embodied carbon depth solution yields the same depth for both one- and two-
way systems. This appears to be the case for majority of the feasibly design space for both the
flat and 70% void waffle slab. However, under warehouse loading conditions, for the waffle slab,
we see a deviation from the concentric contours and it appears that lower structural depths can be
found for waffle slabs under high loading conditions as one-way structural action starts to
dominate.
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Optimal Embodied Carbon Depth by Plan Dimensions
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Figure 3-6: Optimal depth across given Lx and Ly dimensions for both flat slabs (top) and a 70% voided waffle slab
(bottom). Geometric infeasibility are aspect ratios not permitted for analysis by DDM and load ratio infeasibility
regions are those where the live load to self-weight ratio exceeds the boundaries set for DDM.

3.3.3 Performance evaluation based on a programmatic need and slab typology

In order to understand the tradeoffs that appear across typology, span and loading, it is useful to
view the results from the various studies together. This is done comprehensively in Fig. 3-7,
which plots the performance metrics of depth, embodied carbon, mass and cost against live load
respectively. The data is then separated by span and slab geometry. One trend that can be
observed with a composite visualization is between geometry and feasibility.

For both the 4m spans and 8m spans, feasible solutions can be found for higher live loads with a
flat slab typology than the waffle slab typology, and furthermore as the void volume percentage
increases, the maximum live load, for feasible solutions decreases. This trend did not continue
for 12m spans and instead, decreasing the void volume percentage of a slab (one can think of the
solid flat slab as a waffle slab with 0% void), meant that the maximum live load for a feasible
solution also decreased. This demonstrates the flexibility of the waffle slab typology and
highlights why it is a go-to suggestion for longer spans; however, it is clearly feasible and
beneficial from the perspective of carbon, cost, and mass, to consider waffle slabs at shorter
spans and low (residential level) live loads as demonstrated by the 4m and 8m results.
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Figure 3-7: Optimal solution sets for depth, mass, carbon and cost across square flat waffle slab typologies, and
three selected spans.

Looking at 3-7b — 3-6d, there is a decrease in embodied carbon, mass and cost moving from a
solid slab to towards the waffle slab with the largest void volume. This is true for all the spans in
the study but does not map in any discernable way to slab depth as seen in 3-7a. Let’s compare
the solid slab to the waffle slab with the largest voids (80%). For a 4m span, the waffle slab with
the largest void ratio of 80% is deeper for the limited range of live loads a feasible solution can
be found for it. Increasing to the 8m span shows that for residential and the lower end of
assembly live loads, the optimal 80% waffle slab is deeper than the optimal flat slab, but as load
increases, the relationship flips. Lastly for the 12m span, the optimal solid flat slab is always
deeper than the 80% waffle slab, but the waffle slab is feasible across a larger range of solutions.
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While this is just the comparison of two of the typologies, other intersection points and changes
in the ranking of optimal depth are visible in the 70% and 50% waffle slab as well. What is key
from this plot is that design by rule of thumb alone would not allow a designer to access these
same nuances of optimal depth since the only governing factor is the span. Subsequently, the
savings highlighted in these results, would not be accessible through traditional approaches for
element sizing.

It's also interesting to quantify the level of reduction across embodied carbon, mass and cost seen
in Fig. 3-7. Fig. 3-8 shows the ratio of the perfromance metric for a a selected slab typology to
the optimal flat slab. These perfromance ratios are averages across all live loads where a feasible
solution existed. This is highlighted for the middle span range of 8m, but the same trends and
similar ratios are found for 4m and 12m and can be extracted from Fig 3-7. For a slab spanning
8m, a reduction in embodied carbon of 34% is possible, 51% for structural mass, and 23% for
material cost if the waffle slab with the largest void volume is used.
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Figure 3-8: Average ratio of optimal slab typology to optimal flat slab for embodied carbon, mass and cost for 8m
spans.

3.3.4 Potential impact of policy and carbon intervention strategies

The previous results highlight the performance benefits and savings that can be found through
design space search and closed-form analysis, where the resulting optimal design solutions are
materially effiencient structural horizontal systems. The implementation of one of the optimal
designs over the baseline contributes to reducing the demand for carbon intensive structural
materials. This does not take place in isolation and is just one approach to achieve net zero
climate goals as outlined by the Paris Agreement. The Organization for Economic Co-operation
and Development (OECD) and New Buildings Institute have proposed several interventions,
including but not limited to proposals to use cement substitutes and alternative binders,
incorporation of embodied carbon regulation in building code through carbon content limits and
decarbonization of structural material production (Bataille, 2020; Bowles et al., 2022).
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This purpose of this final study is to understand the potential that commonly proprosed energy
policy recommendations and carbon reduction interventions could have in conjunction with the
optimal geometry solutions on embodied carbon, mass and material cost. The four strategies
assesed through the tuning of embodied carbon coefficients and material properties were 1) use
of a low-carbon cement substitute, 2) use of a low-strength concrete, 3) use of a high-strength
concrete, 4) decarboniztion of steel rebar manufacturing.

Strategies 1-3 at first glance are propositions of tuning concrete mix design to positively impact
environmental performance; Strategy 1, the use of a low carbon substitute, assumes the same
strength and mechanical properties can be achieved with its implementation. Perhaps the most
commonly proposed and abundant cement substitute is fly ash from steel production which could
replace anywhere between 55% to 80% by weight of traditional ordinary portland cement (OPC);
however, the availability of this material stream may decline as renewable energy plays a larger
role in steel production (Millward-Hopkins et al., 2018).

Strategy 2, use of a low-strength concrete, and Strategy 3, use of a high-strength concrete, may
not yield directly intuitive results due to the dependence of the material quantities on concrete
strength and in turn the relationship betweeen strength and other material properties such as
modulus. With Strategies 2 and 3, one might expect a concrete with a lower embodied carbon
coeffienct to result in a lower embodied carbon of the slab, but more concrete volume and mass
will be necessary to resist the loading on the lower strength matrix (and vice-versa with a high-
strength mix). The exact tradeoff between these two opposing forces can result in unexpected
outcomes. This points to a larger opportunity that has been explored by in literature uniting
concrete use and structural element function with concrete mix design optimization for embodied
carbon reduction (Gan et al., 2019; Purnell, 2013).

Strategy 4, the decarbonization of steel, speaks to a long term opportunity in manufacturing and
energy resource management. Depite the large portion of structural steel (60%) and reinforcing
rebar steel that is already recycled (90-100%), significant emissions are still associated with the
process of recovering and reusing the steel as compared to virgin material (Purnell, 2013). While
recent study has focused on the over specification of steel, or increasing the circularity of steel
components themselves, key options proposed for significant carbon reduction include
decarbonization of the manufacturing sector via electricity-powered plants and biomass
substitution of coke-based fuel (Karlsson et al., 2020). This decarbonization of steel rebar
manufacturing is thus represented in this work with an embodied carbon coefficent of zero .

The institution of Strategy 1 and 4 led soley to reduction of embodied carbon coeffiencients
while Strategy 2 and 3 required the adjustment of the embodied carbon coefficent, compressive
strength and modulus values supported by literature (Anderson & Moncaster, 2020; Iffat, 2015;
Jones & Hammond, 2019) and stuructural code. The new values used for this study are outlined
in Table 3-3.
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Table 3-3: Updated material property values for structural analysis with carbon intervention strategies

Embodied Embodied Compressive
Carbon Cost Carbon Cost Strength Modulus
Strategy Steel Steel Concrete  Concrete Concrete Concrete
kgCO2/kg $USD/kg kgCO./kg $USD/kg MPa GPa
Benchmark 1.99 2.86 15 .086 40 275
1 1.99 2.86 12 - 40 27.5
2 1.99 2.86 .09 .100 25 235
3 1.99 2.86 20 .084 55 34.9
4 0.00 - 15 .086 40 275

Fig. 3-9 reports the results of these carbon reduction intevention for 8m square slabs of flat and
waffle slab typologies (.5 m/rib spacing) under a residential live load of 2 kN/m?. A reinforced
concrete flat slab designed for the minimum depth specified by the ACI rule of thumb is used as
a benchmark and the ratios reported in the figure are of the selected geometry and intervention
with respect to this baseline. A number less than one means that the startegy and the
methodology in this paper were successful in designing a bay of concrete slabs with perfromance
improvements compared to the baseline. Alternatively, a number greater than one shows that the
strategy was unsuccessful compared to the flat solid slab designed for the ACI rule of thumb

depth.
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When considering the embodied carbon metric only, Fig. 3-9 shows improved perfromance
across all typologies studied and strategies with the exception of Strategy 3, which is that of a
high-strength concrete substitute. Here there is no reduction in embodied carbon for an optimal
depth flat slab when compared to the benchmark design solution and the smallest benefits in the
embodied carbon study for waffle slab typologies when compared to the other carbon reduction
strategies. This means that the tradeoffs of additional concrete matrix strength cannot always
overcome the embodied carbon penalty from the material content.

The greatest reductions found were through the implementation of Strategy 4, the
decarbonization of steel manufacturing. Coupled with an optimal depth and efficienct design
typology of the 80% waffle slab, this methodology produced a design for a concrete bay that was
responsible for only 30% of the carbon the traditionally designed benchmark case. However
when putting the stategies in this paper in context with their time to implementation, a key
insight can be found. For example, let’s compare the embodied carbon results of Strategy 2: Use
of low-strength concrete, an intervention that implemneted now, with Strategy 4, the
decarbonization of steel which is a longer term and more speculative solution. Nearly equivalent
savings are achieved with a an 80% voided waffle slab designed in conjunction with Strategy 2
as an optimal depth flat slab designed with decarbonized steel rebar. In other words, coupling
this paper’s method of optimal depth and the selection of a more efficient typology (waffle slab)
with material substitution can currently yield the savings now that the building industry hopes to
achieve in the long term.

The peformance metric of mass tells a diffferent, but perhaps more ituitive story. Here it seems
that the greatest determination in mass savings is typology selection, with little to no additional
savings garnered from combining an optimal depth solution with Strategy 1, use of a cement
substitute and Strategy 4, decarbonization of steel manufaacturing, since the concrete and steel
material properties are unchanged in these scenarios. Here, Strategy 3 yielded the greatest
savings across all typolgies, with the potential to design a waffle slab solution that comprised
47% of the mass of the flat slab benchmark design.

Lastly, there is a metric of material cost, which was only assessed for the Strategies 2 and 3
where information on cost as a function of mix strength was available from RSMeans (Doheny,
2022). Once again, typology selection seems to dominate the impact on perfromance, but one
interesting note is that despite a higher unit cost of low-strength concrete mix, Strategy 2 yields
the solutions with the best overall outcomes for an 80% voided waffle slab; however there is
greater similarity in the solutions for all other typologies studied.

As a final conclusion of this carbon intervention strategy study, it is noteworthy that combining a
typology change (from flat slab to 80% waffle) combined with optimal depth selection can often
achieve savings across all performance metrics that are substantial, even without the
implementation of these more forward-thinking but potentially costly strategies. While the
results support pursuing them, especially Strategy 4 (decarbonizing steel production), they also
suggest that there is underexploited opportunity to reduce carbon emissions substantially using
readily available and cost-neutral or low-cost engineering and construction techniques.
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3.4 Conclusions
3.4.1 Future work and remarks

There are several future paths for development of the methodology presented in this chapter for
the design of flat and waffle concrete slabs. The first is with the parametric model itself, which is
limited to a rectangular or square bay of varying aspect ratios. While there are plenty of
buildings for which this is a fair starting parametric model, there are just as many with a plan
area that may take on a variety of irregular shapes or asymmetric arrangement of floor panels.
Similarly, this model doesn’t consider floor systems that make use of interior beams, which will
increase the efficiency of gravity load distribution. Finally, the cost calculations in this work only
include concrete and steel material cost and not the cost of formwork or labor which could have
varying levels of significance depending on the construction context, building story number,
formwork material etc.

Despite the presence of these current limitations, it is clear from the results in this chapter that
the integration of structural performance evaluation that allows for rapid feedback and wide
search of the design space is key to accessing efficient concrete systems for the future. Despite
the conventional nature of both flat and waffle slabs, this work shows computation can still
provide access to materially informed solutions specifically through parameterization and
exhaustive design space search. This method can be extended to more complex structural
conditions and reveal further opportunity for savings and other nuances about the
appropriateness of rule of thumb-based design practice in an increasingly performance driven
world.

3.4.2 Summary of intellectual contributions

The computational approach in this work found flat concrete and waffle slab design solutions
that out-performed code-prescribed minimum design depth flat concrete slab baselines for a
variety of spans, load conditions, and geometric variations. Furthermore, it highlights the validity
of using computation to rapidly traverse the design space for common structural solutions, versus
pursuing traditional and/or serial design methods, and provides a methodology that doesn’t
feature the same temporal constraints of other structural analysis methods, which is especially
important in the early design stage. This work also makes a quantitative case for the
reconsideration of the waffle slab typologies, especially at shorter spans than typically proposed
in design guides. Broadly this work demonstrates waffle slab typologies and similarly joisted
systems as highly materially efficient typologies which are valuable structural interventions
given both the urgency of meeting climate goals and the demand for construction.
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4, Multi-objective optimization of thermally and
materially efficient filler slabs

This chapter considers one promising alternative to traditional flat slab concrete systems, filler
slabs, which replace underutilized concrete in the tension region of a concrete slab with a low-
carbon filler material that stays in place post casting. Previous work has suggested that if this
filler material is insulating, it can positively improve the thermal utility of the flat slab, which
could be especially important as we think of roof systems and slabs-on-grade. The
computational approach presented in this work quantifies the impact that insulating solid
formwork can have thermally and structurally in concrete slab construction when used
appropriately, and further demonstrates how structural optimization and heat transfer principles
can produce high-performing building components that are applicable in a variety of global
contexts.

It should be noted that parts of this chapter have previously been published by the author as a
conference paper (A. J. Hartwell & Mueller, 2021). In addition to what has been presented
previously, this chapter makes the following contributions:

1. Section 4.2.4: A methodology that uses structural shape optimization to design two-way
filler slabs that incorporate two key design objectives: first, minimization of total
embodied energy and second, minimization of thermal conductance (U-Value) of the slab
when compared to a solid concrete two-way slab under the same load.
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2. Section 4.2.2, 4.2.3: Validation of closed formed structural and thermal models for filler
slabs with Finite Element Analysis (FEA)

3. Section 4.2.1: Ashby-based framework for incorporating discrete filler material selection
into optimization workflow to reduce computational complexity

4.1 Background

4.1.1 Filler slabs in context

As previously discussed in Section 2.4 of this dissertation, filler slabs were first popularized by
Laurie Baker to support low-cost housing in South India (Tewari et al., 2017) and have since
been utilized throughout the region, to the extent that there are allowances in the national
building code for their construction. The original purpose was to use low cost, locally available
(often waste) materials as lost formwork to reduce the overall volume of concrete needed for
residential roofs. In addition to reduced cost, the filler materials, such as Mangalore tiles,
stabilized mud blocks, and coconut shells, tend to be less dense than concrete and therefore the
resulting filler slab reduces the overall dead load of the horizontal spanning component. This can
lead to significant reduction of material requirements for the foundations, lateral, and gravity
systems of a building as number of stories are increased and in total embodied energy of a built
project. Lastly, filler materials generally are less thermally conductive than concrete and the
replacement of concrete with insulating material has been proposed as a method to help improve
thermal comfort and reduce operational energy when deployed in roof structures (Chougule et
al., 2015). Despite many reported benefits of insulation provided by the filler materials,
especially in conjunction with an air gap, their use hasn’t grown outside of India mainly due to
construction economy trade-offs.

Structurally, filler slabs can be modelled with the same methodologies as waffle slabs or two-
way joists systems with the assumption that the filler material is only serving to replace volumes
of concrete and not behaving structurally (Chougule et al., 2015). The common approach to
analysing filler slabs is to treat them as waffle slabs or connected T-beams spanning in two
directions. The T shape is generally more structurally efficient due to the increased moment of
inertia provided from the shape when compared to a rectangular block. It is composed of the
compressive flange at the top of the T and the tension web at the bottom where the reinforcing
steel is placed.

4.1.2 Agricultural waste as formwork

While there has been an emergence of commercially available structural systems with void
forming lost formwork in the form of hollow plastic spheres and boxes. The energy expenditure
required to process petroleum-based products is not insignificant. In parallel to this challenge, in
many developing contexts, agricultural by-products and waste are a pressing issue, leading to
landfilling and burning of carbon-sequestering material. Previous research has identified the
possibility of incorporating agricultural waste streams as building material alternatives, with the
potential to reduce concrete consumption. In addition to addressing environmental challenges,
upcycling waste also presents an economic solution, as the use of agricultural waste in
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construction can provide farmers with additional income streams. Current solutions that include
agricultural waste streams in structural engineering and design propose the incorporation of crop
residues and hulls into concrete mixes to replace a more carbon intensive component (Asim et
al., 2020), or using agricultural waste as insulation instead of petrochemical based standards such
as extruded polystyrene (XPS) without sacrificing thermal aspects of performance (Panyakaew
& Fotios, 2008, 2011). However, until now, there has been relatively little research on the use of
agricultural waste to directly reduce concrete in horizontal systems, which are typically the most
carbon-intensive parts of building construction.

4.1.3 Building performance metrics for filler slabs

This section also aims to assess the performance of individual filler slab designs from the
perspective of material efficiency and thermal efficiency. In this way there are multiple
objectives being held in prominence to determine what constitutes a good design, however the
framing allows results to speak to both the embodied (material efficiency) and operational
(thermal efficiency) performance of a building. In this work, two closely related metrics are
reported to assess the material efficiency: the mass of the element and the embodied energy of
the slab that can be found with the material amount. In this work, thermal efficiency is assessed
by finding the thermal conductance or U-value of the filler slab and working under the
assumption that for a thermal barrier such as a roof or slab-on-grade, minimizing the U-value of
the integrated filler component is desirable. While operational energy would require a much
more complex study, to minimize computational overhead, U-value and building energy intuition
is a reasonable stand in for an early design stage problem.

Previous research has shown that embodied energy and operational energy are often considered
in isolation, but greater savings are possible when they are addressed in an integrated manner
(Brown & Mueller, 2016). In particular, the thermal conductivity of the exterior building
envelope (walls and roof) can have a large impact on thermal comfort and operational energy by
controlling heat flow and regulating indoor temperatures.

4.2 Methodology

A filler slab is designed, modelled, and analysed with its performance with respect to embodied
energy, mass, and thermal conductance compared to a solid two-way concrete slab of the same
span, loading and support conditions. This procedure begins with filler material selection in
order to best serve objectives of interest for this work including the reduction of embodied
energy, U-value, and total mass of element (Section 4.2.1). Next, we integrate analytical
solutions for thermal and structural behavior of a two-way slab into a computational parametric
model to find the best performing designs across a variety of spans (Sections 4.2.2 — 4.2.4).
Lastly, computational optimization is pursued to discover high performing designs (Section
4.2.5).

For the scope of this chapter, the filler slab and flat slab used as a benchmark are considered
under self-weight as well as a uniform live load of 4000 N/m?. The slabs are considered simply
supported along their edges, but this method could be modified to produce solutions for other
boundary conditions and loading scenarios. More complex geometric scenarios are considered in
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Chapter 5. Furthermore, the building code used for analysis was Indian National Building Code
IS-456 (Bureau of Indian Standards, 2000), as this region has the widest adaption of filler slabs.

4.2.1 Material analysis

For the design of filler slabs presented in this chapter, the goal is to find designs that demonstrate
improved performance from both an embodied energy and operational energy perspective.
Embodied energy by volume is a metric of importance because the filler replaces a volume of
concrete set by the size of the void. Filler material candidates are evaluated with respect to
several qualitative and quantitative criteria. Quantitative factors include density, thermal
conductivity and embodied energy while, the qualitative considerations include a candidate
materials historical precedent either as a filler material or as insulation and whether its
manufacturing processes amenable to residential building industry scales. All relevant material
properties are presented in Table 4-1

Table 4-1 Material properties used for analysis and optimization in Chapter 4

Material Value Source

Density - kg/m?®

Concrete 2400 (M. Ismail, 2019)

Steel 7850 (M. Ismail, 2019)

Straw 130 (Cascone et al., 2019)

Bagasse and ash composite 1230 (Madurwar et al.,
2015)

Rock wool 100 (Al-Homoud, 2005)

Embodied Energy by Volume - MJ/m®

Concrete 2400 (Deshmukh & More,
2014; M. Ismail,
2018)

Steel 330000 (M. Ismail, 2019)

Straw 120 (Deshmukh & More,
2014)

Bagasse and ash composite 990 (Madurwar et al.,
2015)

Rock wool 1680 (Deshmukh & More,
2014)

Thermal Conductivity - W/m?K

Concrete 1.4 (Al-Homoud, 2005)

Straw .06 (Cascone et al., 2019)

Bagasse and ash composite A7 (Madurwar et al.,
2015)

Rock wool .04 (Al-Homoud, 2005)

68



Modulus - GPa

Concrete 29 (Dolan & Nilson,
2016)

Steel 200 (Dolan & Nilson,
2016)

Failure Strengths - MPa

Uniaxial Strength — Concrete 40 (Dolan & Nilson,
2016)

Yield Strength — Steel 415 (Dolan & Nilson,
2016)

The materials are plotted in Fig. 4-1 according to key factors: embodied energy by volume,
thermal conductivity, and density, which impacts the total mass of the slab and overall dead load
of a structure. The method of plotting materials with different properties on the two-axis chart is
in the spirit of Ashby charts (Ashby et al., 1993), but displays average values for specific
materials vs bubbles corresponding to the composition-based range of property values in broader
material families.

In the first plot, the diagonal dashed line represents the concrete equivalence line; or the line of
increasingly air-entrained concrete. Any materials that fall on this line can be thought as
physically analogous to a “low density” concrete substitution when considering embodied energy
by volume and density. The shaded gray region in each of the plots represents a region where
materials perform worse than concrete for both of the particular metrics shown. The charts can
be interpreted as follows: If a material falls in the gray region in all three plots, then it is not a
suitable candidate for a filler material. If the material is in the gray region of one or two of the
three plots, then the material can be used, but multi-objective optimization should be followed
for the computational design process. Lastly, if a material is in the white region in all plots, then
a single objective approach is sufficient to find a solution that will minimize both metrics of
interest — embodied energy and U-value. This approach can be applied when evaluating filler
materials candidates for selection with other objectives such as acoustic performance, another
objective often highlighted as one that could be improved with the implementation of filler slab
technology.
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Figure 4-1: Filler material comparison plots. Light blue refers to natural materials in early investigation stages,
medium blue highlights traditional structural materials in the region of interest, India, and dark blue corresponds to
traditional insulation materials.
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4.2.2 Structural design and validation

As stated above, the slab assumes a distributed live area load of 4000 N/m?2 while the dead load is
found by the extracting the volume of concrete, steel, and filler from the CAD model. Using the
density values in Table 4-1, the factored load, qu was found using Eqg. 4.1 in accordance with the
Indian Standard 1S-875 Part Il Code of Practice for Design Loads. Since we’ve assumed a simply
supported concrete slab with uniformly-distributed load, the coefficient method, outlined in both
ACI-318 and 1S-456, can be used to evaluate moment and shear demand.

Qu = 1.6 X qiive + 1.2 X qgeqa Eq.4.1

Flexural demand My is calculated in both the x and y span direction by first dividing the slab into
T shaped strips along the selected span. These t-shaped strips make up the rib or web region at
the bottom that holds the reinforcing steel as well as half of the compressive flange on either side
of the web at the top of the slab (see Fig. 4-7). The goal is to now find the moment per unit width
along these T shaped strips using Eq 4.2. Here a. = 0.0625 is the moment coefficient, which is a
function of the aspect ratio and support conditions, w, is the factored load and L, is the shorter
span of the slab panel. This moment is then multiplied by the unit width to find the total moment
at a prescribed location along the T strip, where n is the number of filler modules in Eq. 4.3

My = Myp = a-wq- 12 Eq.4.2

Eq.4.3

Moment capacity, My is found by adapting equations from IS 456 and using a methodology
outlined fully by Ismail and Mueller (M. Ismail, 2019) for identifying the moment arm for an
arbitrary unit cross section. This is summarized in Eq. 4.4 below where A, is the compressive
area of concrete, f is the uniaxial strength of concrete in compression, and z is the moment arm.
The value of f. as well as other material parameters for concrete and steel used in these
optimizations are found in Table 4-1 above.

My = 0.36A.f)z Eq.4.4

Shear demand is found using the coefficient method under the same boundary conditions as the
flexural moment demand and Eq. 4.5 where £ = 0.33 is the shear coefficient. Shear capacity is
found based on an approximation in the ACI 318 and is summarized in Eq. 4.6 where b, is the
rib width of the T section trips unit cross-section and d is the effective depth for slab.
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Vo=V, = B-wg-ly Eq.4.5

Vy = 2b,d+/f! Eq.4.6

The deflection, A, of a filler slab design is found by considering the structural part of the filler
slab an interconnected section of T-beams and finding the deflection at the center T-beams in
both directions. According to Euler-Bernoulli beam theory, this is calculated with a double
numerical integration over the curvature at the center of these T-beams and summarized in Eq.
4.7 where Ma is the applied moment (unfactored), E is the modulus of the concrete, and Ie is the
effective moment of inertia at location x along the beam’s span

_ Mg (x)
A = ff _Ele(x) dx + Clx + C2 Eq47

Let’s consider one of these beams. In this work, sections are taken along the T-beam, with the
number of sections taken at even intervals equal to the number of voids, n, along the spanning
direction. For each of these T-sections, its geometry, the amount of steel, and loading are used to
find a cracked lcr and uncracked moment of inertia lq. The values can be used to find an effective
moment of inertia for each individual section in a beam with non-uniform stiffness i.e. non-
uniform cross-section along its length. This is presented and described fully by Bischoff and
Gross (Bischoff & Gross, 2011) but is summarized in this chapter by Eq. 4.8-4.11. More
information on moment of inertia for T-shaped sections and cracking moment M, can be found
in Chapter 3.

I
le=—"—=<1 Eq.4.8
LG !
= LOE6 | 2 4n(2-9) Eq.4.9
V= Qterma T4
f=1- [1- Y Eq.4.10
Mg

ICT
n=1-= Eq.4.11

)

The structural checks comparing the slabs demand from loading to its capacity from its
geometry, as well as the deflection, are key parts of the structural feasibility analysis and
optimization workflow, described in greater detail in section 4.2.5.
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While the structural modelling for the filler slab solutions was all completed with closed-form
analytical solutions accepted by structural code, it is not uncommon for structural engineers and
designers to incorporate FEA analysis into their design workflow. It is not pursued here because
of the computational expense such analysis methods add in the early design stage. However, to
ensure that the closed-form analysis produced reasonable results, a finite element model was
deployed under the same loading scenario and support conditions for several of the spans
highlighted in the study. Then the moment and shear demand were then compared for both
analysis methods by individual T- beam and then by T - section along the span.

The results are shown in Fig. 4-2, which highlights in blue the analytical solution for the T-
beams in one of the spanning directions. The slab modelled was square, meaning the moment
demand would be equal in both spanning directions and exhibit symmetry across the middle
beam. With respect to moment demand and shear demand, the same values are observed for each
T-beam (labeled from outer edge beam to inward middle beam — edge,3,4, middle), but vary
along the length by section. When reviewing the moment demand specifically, there is
significant variance not just by beam location in plan, but also by section along the spanning
length of the beam. It is reassuring to note that the average across those respective sections
(indicated by the dashed lines) do correspond well to the constant values found using the
analytical structural model. For shear demand (right) the same trends are observed again: the
average by section aligns well with the analytical model. More on the implications of this closed-
form analysis will be discussed in Section 4.3.3.
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Figure 4-2: Comparison of the moment (left) and shear (right) demand found from the closed-form code-based
approach and a FEA model.

4.2.3 Thermal design, validation, and structure-property relationships

The U-value of a filler slab design is calculated using geometric information from a
representative cross section in Rhino as shown in Figure 4-3 and applying a 1D conduction
model using the thermal circuit analogy. This allows the quantification of the impact of replacing
a volume of concrete with an insulating material would have on composite resistance of the slab
element. It should be noted that although the results in this chapter only compare the structural
elements themselves, validation of the closed form analytical model with the two-dimensional
FEA model did include the boundary air films on both the inside and outside of the slab. In
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addition, the contribution of the steel rebar to U-value was not considered as the area of the rebar
would only account for at most 2% of the T-cross section.
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Figure 4-3: Drawing of thermal circuits for both the infinite lateral conduction and zero lateral conduction heat
transfer model of the filler slabs.

Two models, as shown in Fig. 4-3, could be considered as appropriate for the a thermal one-
dimension convective analysis - one that assumes infinite lateral conduction horizontally through
the concrete flange, and a second that assume zero lateral connection along the top horizonal
concrete flange. The latter is a model pursued by in earlier work on thermal optimization of filler
slabs by Acharya et.al [11]. We can think of these two models as bounding extremes of the
physical reality of the filler slab’s thermal behavior, with a model representing infinite lateral
conduction providing a conservative estimate of the system or an upper bound on U-values, and
a model representing zero lateral conduction providing a lower bound of the U-values of a filler
slab design. The resistance of each of the different resistors in the model can be found using Eq.
4.12 and 4.13 and then combined using the conventional rules for series and parallel circuits. In
Eq 4.12, L refers to the length of conduction (along the same axis as the slab’s depth is
measured), k, the thermal conductivity of the material, and A the cross-sectional area for
conduction (plan area of segment being analyzed). Eq. 4.13 specifically applies to the convective
resistance from the air films surrounding the slab on both sides, where h is the heat transfer
coefficient of 26 W/m?K for the outside air film and 5 W/m?K for the inside air film. Finally, Eq
4.14 can be used to convert the composite resistance to a U-value.

R=L Eq.4.12
kA
— Eq.4.13
Rairfilm T ha 9.2
1
U=->L Eq.4.14
RA
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Figure 4-4: Comparison of 1D (closed form analytical) and 2D (THERM) conduction models for filler slabs

Sampling was used to model 5000 filler slab cross sections with a filler material of EPS (k = .035
W/mK). Geometric properties and material properties were used to calculate the U-Value of the
component using the above described 1D conduction models, as well as served as inputs into
THERM, a 2D conduction finite element model developed by Lawrence Berkeley National
Laboratory (Finlayson et al., 1998) and integrated with Grasshopper via the Ladybug Tools
plugin suite. The results from the THERM model were then considered as the point of
comparison to determine if the upper and lower bound behavior as expected was observed, and
to assess model accuracy.

Figure 4-4 highlights the results of this assessment, with the results of the THERM model plotted
against the results of the 1D models. Points along the solid black line represent 100% accuracy
of the 1D model, points above the solid line indicate the U-value from the 1D model proves an
underestimate of the U-value given from the THERM analysis and points below the solid line
indicate an overestimate to the 2D analysis. With this in mind, it makes sense that the model that
assumes zero lateral conduction in the concrete flange and between the filler material and the
concrete returns a lower thermal transmittance than the THERM model and lays above the solid
line (blue points). Conversely, if one presumes that heat can conduct infinitely in this top
concrete flange, the transmittance value will be higher that the value a 2D model returns and this
behavior is also captured by the points below the solid line (purple).

Additionally, we also see that for the 1D infinite lateral conduction model, some of the points lie
above the solid line, which is not expected to happen. These points represent geometries that are
extreme representations of a waffle slab, i.e. incredibly thick concrete web and flanges and or
very narrow voids and high number of ribs for a set span, that are unlikely to be selected in
practice and likely pose issues of feasibly. One such example is highlighted as slab 3 in Figure 4-
4, and comprises twice as much carbon as better performing solution. Furthermore, for the filler
slab sections modeled, there is a minimum of 20% error between the 1D zero lateral conduction
model and the THERM maodel, while the infinite lateral conduction model performs much better,
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especially as the U-value decreases (which is desirable for the design objectives in this chapter).
Analysis of the infinite lateral conduction U-values shows that 66% of the values are within 20%
of the THERM model, and 32% of the data falls within the 10% error bounds. It should be noted
that the better accuracy of the infinite lateral conduction model is likely because the conductivity
of concrete is about two orders of magnitude higher the that of the EPS used in the simulations,
and this more accurately represents the physical circumstances. Future work to assess this would
have to consider a wider range of filler material thermal conductivities in addition to the
geometric diversity of the sections.

The infinite lateral conduction 1D model serves as a better proxy for the 2D FEA analysis
performed by THERM as its values are not just more accurate overall, but that accuracy
improves in the high performing regions of the design space as illustrated in Figure 4-4. But
what about the model’s ability to order solutions appropriately? As Mueller highlights, in the
early conceptual design stage, it may not be as important to predict a performance value as
accurately as possible (within reason) as it is to correctly compare performance of different
designs to one another (Mueller 2014). They propose novel error measures for surrogate models
that can be applied in this work here, specifically Mean Rank Error (MRE), which captures the
average magnitude of difference in predicted and actual rank in a set of data regardless of
direction and normalizes by the average rank on the data set. This can be found using Eg. 4.15
where N is the number of samples, r is the actual rank (THERM) and 7 is the predicted rank (1D
models).

|&;—7]
MRE = Zl 1 ILV/ZL Eq.4.15

Of course, we can also evaluate the two proposed 1D models with traditional error measures as
well such as mean squared error (MSE), where U is the actual U-value and U is the predicted U
value.

MSE = _2 'L (0; = U)? Eq.4.16

Results for these accuracy metrics with the 1D thermal models are shown in Table 4-2. The
results show a lower MSE for the infinite lateral conduction model which supports the previous
assertion that this model provides more accurate U-Values compared to the zero lateral
conduction model. However, the zero lateral conduction model has a significantly lower MRE,
meaning that it may be an overall choice depending on the goals of the early design stage
investigation being performed. This is shown graphically in Figure 4-5, where the ranks for the
1D conduction models are plotted against the THERM results. When looking at the full set of
5000 samples, a much tighter bounding to the solid 100% accuracy line can be observed for the
zero lateral conduction results here vs. the large bulging spread present in the middling ranked
designs values resulting from the infinite lateral conduction model. However, when zoomed in
on the top 50 designs as shown in the bottom row of plots in Figure 4-5, the rank performance is
not very dissimilar qualitatively.
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Despite, the rank accuracy superiority of the zero lateral conduction model, this work proceeds
with the infinite lateral conduction model in the interest in being conservative of the reported U-
Values, which is especially important given the 2-way ribbing in waffle slabs that will impact
heat transfer but cannot be adequately captured by any of the models in this scope of work. The
infinite lateral conduction model is sufficient for a first order rapid estimate, that will enable
design space exploration of filler slabs, and serve as a theoretical comparison for other roof and
insulative systems.

Table 4-2 Qualitative error measures for thermal modeling

Error Measure Zero ' Infinite -
Lateral Conduction Lateral Conduction

MSE (all) 3728 .1546

MRE (all) 0517 1594

Zero lateral conduction, all values

Infinite lateral conduction, all values
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Figure 4-5: Comparison of 1D and 2D models with respect to the ranking of the solutions by U-Value
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4.2.4 Computational integration and filler module parameterization
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Figure 4-6: Overview of computational work flow for multi-objective optimization of filler slab

The computational method, summarized by Fig. 4-6, in this chapter extends one proposed by
Ismail and Mueller in their work on shape optimization of beams for ribbed one-way floor
systems (M. A. Ismail & Mueller, 2021). Here, a parametric model of a two-way filler concrete
slab is created for a given span and filler material where the total slab depth, as well as the width
and height of the square voids or filler modules in the slab which control the rib and flange
dimensions respectfully. A more comprehensive description of the design variables can be found
in Table 4-3 below. This model is implemented in Rhino, the CAD modeling software and
grasshopper, its companion parametric workplace with allows for the extraction of the geometric
properties from a filler slab design and the input of material properties necessary to perform the
structural (Section 4.2.2) and thermal analysis (Section 4.2.3). Once the analysis of the
performance objectives is performed, the parameters, constraints, and objective function are
input into Radical, a constrained optimization tool available in the Design Space Exploration
toolkit for Grasshopper, which makes use of the COBY LA non-linear constrained optimization
algorithm (Powell, 1994) .

Figure 4-7: Section drawing of parameterized filler slab, with n = 4 modules and straw filler material
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Table 4-3: Design variable vector for filler slab with associated bounds and values

Design Variable Description Value

Vector
X1 type of filler material straw, rock wool, bagasse + ash
X2 number of modules 0<n<l1
X3 span length O<Ilk=Ily<1
X4 depth of slab 1cm<h<50cm
Xs flange depth ratio 0<¥ <1

h

X6 area of steel 250mm? < As <2500 mm?
X7-10 scaling surface control maps to b

point(s) heights

With respect to the concrete portion of the filler slab geometry that carries the structural loads of
the slab, the size of the filler modules is controlled through the use of a flat surface with a grid
distribution of square apertures and a “scaling surface” which allows one the manipulation of
control points on the surface to globally scale the aperture sizes as illustrated in Fig. 4-8.
Recently, Rivera et al. (Rivera et al., 2020) used a scaling surface to control the sizes of
perforations in shell structures, and then optimized the pattern topology directly using strain
energy with Radical. Radical allows the user to input the entire surface as a variable, or to
specify specific control points the user would like to modify. In this work, four control points on
the scaling surface are used to size all the modules on a flat surface, and then a solid difference is
used to create the filler slab geometry. What this scaling surface method essentially does is
decouple the number of variables in the workspace, from the number of items to be sized,
simplifying the design space for optimization.
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Figure 4-8: Examples of module size distribution in plan (top), based on a representative width scaling surface
(bottom).
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The optimization is formulated in the following manner:

mln](x) - EEfiat slab

subject to the following g(x) =

M, — M, >0
V.-V, >0
l
L _5>0
250

p— .004>0
019— p>0
4- 2>

by,

b, — .07 >0
l

15— —>0
n

df — .037 >0
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Because of the material property analysis pursued in Section 4.2.1. this multi-objective problem
can be formulated into a single objective function. Here the objective embodied energy (EE) is
normalized by selecting the minimum depth flat concrete slab with equivalent span and structural
performance under the same load as a performance benchmark. This is summarized in Eq. 4.15.

Eqgs. 4.16 and 4.17 show constraints for moment and shear respectively, while 4.18 refers to the
maximum allowable deflection of a slab. Eqs. 4.19 and 4.20 are constraints on the reinforcement
ratio p that are calculated to result in ductile failure mode of the slab. Eqgs. 4.21 — 4.24 represent
geometric constraints for ribbed slabs and T-beams outlined in the Indian building code IS 456-
2000. Eq. 4.21 is a relaxed formulation of the constraint on flange depth, which assumes a less
energy intensive solution for fire resistance could be achievable compared to added concrete
thickness.

4.3 Results

4.3.1 Span and filler material variation

The first study investigates the impact that filler material selection has on the optimal filler slab
geometry and to understand design performance variation as span increases. Three filler
materials were selected: straw, bagasse and ash composite and rock wool, representing three
material categories of early investigation materials, region-specific structural materials, and
traditional insulation, respectively. The spans highlighted were 6m, 9m, and 12m, which gives a
total of 9 optimal filler slab designs found. For this study, there was an assumed 8 filler modules
in both the x and y direction in plan. The optimal solutions were found from the termination of
the Radical optimizer and then were compared to a solid reinforced concrete slab benchmark
using Eq. 4.25. This provides and assessment of the savings that can be achieved with the
method presented in this work.

Metric,ptimum

Savings Percentage = (1 ) * 100 Eq.4.27

Metrlcbenchmark

As highlighted in Fig. 4-9, resulting optimal filler slabs for all materials are generally deeper
than equivalent solid concrete slab benchmark. This demonstrates that removing material up to
neutral axis of a solid slab is not alone the most structurally efficient approach for design of filler
slabs. Optimization results in this study show that this removal of material volume should be
accompanied with the addition of structural depth to the slab to yield better performance across
multiple objectives.
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Figure 4-9: Parallel coordinate plot of 6m span designs generated with the three filler materials and the benchmark

Embodied Energy [MJ/sq m]: 476
Thermal Conductance [W/mK]: 1.55
Mass [kg/sq m]: 237

Figure 4-10: Drawing of the best performing solution for 6m — straw filler slab. Scaling surface has 1 control point.

Adding structural depth does have implications on the embodied energy savings for some
materials chosen as shown in Table 4-4. For example, design of a slab with bagasse and ash
composite material, which has a lower density and embodied energy by volume than concrete,
generates solutions that approach a break-even point for embodied energy when compared to the
benchmark. Similarly, the selection of rock wool filler material, which has a density two orders
of magnitude lower than concrete, but a fairly high embodied energy, yields optimal designs with
reduced U-values when compared to the benchmark, but embodied energy values are nearly
equivalent to the benchmark. This is because the extra concrete material volume that is being
replaced by filler (due to the increased structural depth), increases the total embodied energy of
the generated filler slab design. Similar trends are found across each span and material, as the
ultimate goal is to replace as much concrete as possible without violating structural and
geometric constraints.
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Table 4-4: Performance savings of optimal designs compared to minimum depth flat slab benchmarks

Metric 6m 9m 12m
Straw

Embodied energy -36% -24% -25%

Mass -32% -35% -19%

U value -85% -85% -85%

Bagasse + Ash Composite

Embodied energy 1% 2% 5%

Mass 13% 46% 56%

U value -63% -711% -76%
Rock Wool

Embodied energy 3% 1% 0%

Mass -32% -37% -20%

U value -78% -89% -82%

With respect to mass savings, all the optimal filler slab designs generated with straw and rock
wool as the filler material saw mass savings when compared to their respective benchmark.
There is a decrease in percentage saved with span when compared to the equivalent solid
concrete slab. This makes sense as the larger the span, the more difficult it is to satisfy moment
and deflection constraints and the more structural material is needed to resist the additional load.
The optimal solutions for the bagasse and ash composite filler material had higher mass than
their benchmarks, and that mass percentage only increased with span. This suggests that given
the optimal depth of a waffle slab, there is a density threshold the filler material must be below in
order to guarantee mass savings.

Calculated U-values are similar across the three spans analysed with respect to each filler
material. This represents a theoretical upper bound that is achieved not only through material
choice, but by relaxing a flange minimum thickness requirement that exists for concrete-based
fireproofing. Previous work (Acharya et al., 2020) saw u value reductions in thermally optimized
slabs between 24% and 52%; results in this paper show reductions between 71% and 89% when
compared to a solid concrete slab most likely due to this constraint relaxation. Further thermal
simulation should be included in future work to validate these analytical values and explore other
heat transfer metrics of interest. This is expanded upon in Section 4.4.
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4.3.2 Filler module number variation

Table 4-5: Comparison of reductions achieved with different number of filler modules

8 filler modules 10 filler modules
Embodied Energy -36% -37%
Mass -32% -25%
U Value -85% -86%

For a 6m span filler slab with straw as the filler material, number of modules is varied between 8
modules and 10 modules. More than n = 10 proves to be computationally intensive and begins to
cause issues with meeting cover and web dimension constraints for the 6m span, and lower than
n = 8 produces large modules that in practice would be difficult to manufacture. Module number
does not appear to have a significant effect on any of the key metrics of embodied energy, mass
or U-value. This suggests that when designing a slab, module number can be selected based the
ease of manufacturing the filler insert, or overall constructability of the slab.

4.3.3 Uniform versus non-uniform module sizes

A 6m span with 10 straw filler modules in both the x and the y direction was modelled to
investigate the potential of custom module depths throughout the filler slab. The scaling surface,
which controls the width of the modules was modified from using a single point to control the
height of the surface to four points at the corners of the surface which models a distribution that
can be mapped to the void widths in the slab.

Embodied Energy [MJ/sq m]: 1142
Thermal Conductance [W/mK]: 3.71
Mass [kg/sq m]: 339

Figure 4-11: Feasible but non-optimal performing solution designed with 4 point-controlled scaling surface for a
6m span with n = 10 straw filler with a 53% increase in embodied energy, 65%, reduction in thermal conductance
and 3% reduction in mass.

Feasible solutions like the one shown in Fig. 4-11 are common within the sampled set. Here the
most material is removed from the middle of the slab as shown by wider voids in the center
(presumably to reduce the dead load in a region where the bending moment is expected to be
highest), and extra material is provided at the corners presumably to resist shear as shown by
smaller voids at the edges. This is in contrast with the intuition that more material should be
placed at the center of the slab in order to provide additional capacity where the moment is the
highest. Further investigation into the relationship between geometry, capacity and demand is
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thus explored in Chapter 5, to understand this solution, and similar geometries that while
feasible, do not outperform a waffle slab with standard void sizes.

Ultimately while the method proposed in this chapter is flexible enough to allow for voids of
different sizes, optimal solutions that show improvements with respect to embodied energy, mass
and thermal conductivity move towards a uniform module size solution when a scaling surface is
used to control the widths of the modules. This is most likely due to the assumptions about
uniform gravity load distribution (and thus equal moment demand) in each rib section as well as
support conditions and the 1:1 aspect ratio of the filler slab. This will be investigated further in
Chapter 5.

4.4 Scaled prototype of filler slab with agricultural formwork

This chapter suggests the use of repurposed agricultural waste streams as lost formwork for the
construction of a more insulating, and sustainable filler slab. Several agricultural materials such
as straw, cork, and bagasse and ash composite materials were evaluated as candidate materials
based on their quantitatively suitability (density, embodied energy and thermal conductivity) and
manufacturability. Here manufacturability is looked at more holistically; materials suitable for
formwork for these filler slab systems were chosen because of the quantity of waste material
available for reuse in the design region and the existence of manufacturing processes to create
blocks from the waste material that could serve as formwork. Straw bales were standout
candidate with respect to structural and thermal performance from the optimization results in
Section 4.3 and with consideration of the current manufacturing reality. Furthermore, it is
reassuring that active research exists in order to use these elements as insulation at scale and
provided methodologies to address concerns outside of the scope of this work such as fire
resistance and moisture infiltration (Gaspar et al., 2020).

A scale prototype of a filler slab (30 cm x 30 cm x 7 cm) was made using miniature straw bales
(3cm x 6 cm x 2.5 cm) as filler blocks as well as steel wire rebar and plywood molding. The
straw bales were arranged in an orthogonal grid between the rebar cage (Figure 4-12, left) and
then ready-mix concrete was casted atop the molds. As illustrated in the right of Figure 4-12,
upon demolded, the straw bales remain integral with the structure, and provide the waffle shape
for the concrete. This lab-scale prototype takes inspiration from traditional filler slab
construction methods and as such can be scaled up with this suggested filler materials. Small
straw bales at industry scale generally measure 35 cm x 45 cm x 91cm and can be as large as 91
cm x 122 cm x 228.6 cm, which is more than a sufficient size range to produce straw bales for
formwork purposes (Fears, 2016).

Manufacturing errors at the prototyping scale mainly were the result of movement of the straw
bales during the concrete pouring. Using straw bales for optimally-sized formwork for a full-
scale component would result in heavier bales and hopefully minimal movement from target
location. In this construction of this prototype this could have been addressed by decreasing the
pour speed, or using some sort of fixturing for the bales.
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Figure 4-12: Left - Image of the straw bale formwork and scaled conventional ¢
filler slab (left), Right- image of the bottom of the filler slab with straw bales integral to slab and concrete waffle.

4.5 Discussion

While the results of this study show that filler slab construction with insulating lost formwork
can significantly reduce the U-Value of the structural element, one final comparison point for the
utility of construction of these structural elements is whether they can alone meet ambitious
targets for U-values of roof components. One such standard relevant to the context of this work
is the Energy Conservation Building Code (ECBC), authored to set regulations for building
emissions in India. For roof assemblies to be compliant with these standards U-value targets
range from 0.2 W/m2K for hospitality buildings to 0.47 W/m2K for schools (Energy
Conservation Building Code, 2017). The range of U-values found for 6 m span, 8 x 8 void filler
slab design solutions are shown Table 4-6 below and do not meet these targets. However, when
compared to a flat concrete roof element which can have a U-value between 5 — 10 W/m2K, the
solutions with the alternative filler material do show noted improvement. While a filler slab
alone cannot meet these requirements, the construction of these elements can decrease the
amount of additional continuous insulation needed atop the structural element, with no added
labor when compared to construction of filler slab with traditional materials such as clay pots.
The reduction of that continuous insulation needed to meet the ECBC standard could still mean
lower embodied energy and carbon for the roof assembly as a whole.

Table 4-6: Thermal transmittance ranges for optimal 6m slabs design with this chapter’s method

Filler Material U - value Range [W/m2K]
Straw 16-24
Bagasse + Ash 3.7-47
Rock Wool 22-29

The findings in this chapter can support designers by providing them with quantitative support
for the utility of filler slabs systems in regions that have not seen wide adaption of this
technology. In particular they highlight a solution that takes advantage of efficient structural
typology selection, that can be built without proprietary formwork, and can integrate secondary
objectives. Although not the focus of this particular chapter, in addition to thermal transmittance,
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other objectives sound transmittance reduction do correlate well with the findings here (Broyles
etal., 2022).

4.6 Conclusions

4.6.1 Future work and remarks

Future work from this chapter can take many avenues with tuning of and validation of the
thermal performance, a more comprehensive assessment of the validity of adding complexity to
the filler slab geometry, integration of these elements into a building scale model, and even the
consideration of the principles of filler slab construction as integrated insulative facade
components. While the latter two suggestions are outside of the scope of this thesis, the first can
be discussed in this section and in future chapters with some level of specificity.

With respect to thermal performance, this work pursues an infinite lateral conduction model, due
to its conservative estimates of thermal performance and better alignment with the finite element
model in regions of the design space of interest (low-embodied energy solutions), it could be
worth pursuing a more nuanced model where the closed form model applied is a function of the
thermal conductivity of the materials and geometry of the slab. Another option could be a fin
resistance model for the concrete slab, which may prove more accurate in scenarios with a
significant order of magnitude difference between thermal properties of the concrete and the
filler material selected.

Future work will expand the method in this chapter to allow for different support conditions and
asymmetric loading. This will allow for a more accurate embodied emissions assessment of the
potential of filler slabs with customized filler slab as well as the integration of manufacturing
constraints directly into the workflow to realize these systems.

4.6.2 Summary of intellectual contributions

This chapter presents a computational method to design two-way filler slabs that provide an
integrated solution to addressing both embodied and operational energy. A graphical method is
presented for filler slab material selection that reduces the complexity of optimization. In
addition, this chapter presents design solutions for filler slabs that quantify performance savings
for embodied energy, mass, and U-values for a variety of representative test cases with different
filler options and spans. This chapter accomplishes its analysis with finite element validated,
closed-form analytical models that allow the optimization to remain contained within
Rhino/Grasshopper environment, a common tool for architecture and structural engineering
practitioners. The computational design method presented in this chapter is flexible enough to
design non-uniform voids lengths and widths due to moment and shear checks at intersection
points throughout the span instead of just at the center, and the incorporation of deflection
calculations for variable stiffness through a section. With respect to system specific design
knowledge, the results of this chapter reveal a key nuance in the structural design of these filler
slabs not yet reported in design literature of these systems: the optimized solutions for the filler
slabs don’t simply remove material from the volume from a slab the same depth of the flat slab,
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but increase the structural depth of the filler slab when compared to the benchmark for its
respective depth.
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5. Parametric customization of waffle and filler slab
systems

Recent advances in computation and digital fabrication have coalesced to bring about the
potential of mass customization at the building scale. This chapter focuses on assessing
opportunities for carbon savings when customizing the shape of waffle and filler slab voids
based on their structural demand. It repurposes the computational workflow from Chapter 4 and
uses a case study of a utility shed roof for a more realistic loading scenario, hypothesized to be a
better candidate for shape customization than slabs with more symmetric distribution of supports
and loads. The intuition here would be that additional customization and only placing material
where it needs to be would always be better from a carbon perspective, but from a structural
mechanics perspective, there is more nuance to be discovered.

This chapter adapts part of a case study published by the author that focused on the design of
custom fabrication of shell formwork (Curth et al., 2022). This chapter will highlight this work,
but ultimately focuses on the necessary mechanical understand to determine the value of shape
customization against carbon and manufacturing objectives.
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5.1 Background and state of the art

5.1.1 The intention of structural logic in architecture

The search for material economy by architects and structural engineers has led to many
innovative structural systems and fabrication methods to achieve visual interest while meeting
other constraints such as mass, cost etc. One method is the adoption of structural logic, which is
defined here as, the use “exposed structure” or geometric forms that evoke the structural
relationships sustaining the loads of a building as a visual feature of the design, not as elements
to be hidden away from occupants. This has been met with various forms of both praise, critique,
and renewed interest, as structural efficiency has been proven to be a key pathway to a carbon
neutral future.

Acclaimed built examples of concrete systems that feature structural logic that reflect actual
behavior include the geometrically complex and patterned slabs of Pier Luigi Nervi (Section
2.2.2). Nervi slabs were designed using experimental and theoretical analysis to find isostatic
lines of the principal bending moments by which to place the concrete ribs in his slabs (Halpern
et al., 2013). In addition, there is Tagore Hall by Mahendra Raj (Figure 5-1), a visual delight of
structural system efficiency from its folded plate, rigid frame exterior to the Nervi inspired
interior sculpted columns that twist upwards, and are shaped to accommodate the resultant
moment of the cantilevering beams it supports (M. A. Ismail & Mueller, 2019).
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Figure 5-1: Images of shaped and twisted columns that respond to loading demands by‘Pier Luigi Nervi (left) and
shaped column and folded plate structural system of Tagore Hall by Mahendra Raj (right)

Recent research-scale work has leveraged digital fabrication and computational design to aid the
expression of structural logic. This includes the Stereoform slab designed by SOM in 2019
spanning over 45 feet and using around 20% less material than a conventional concrete system.
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This slab was made with formwork fabricated using a robotic hot wire cutting technique. Prior to
this installation, Ismail and Mueller demonstrated a shaped beam at scale of 1 m in length that
was fabricated with custom formwork created from CNC milled foam (M. Ismail, 2019). This
work led to the construction of a full-scale pavilion in Mexico called Suefios con tierray
concreto, that not only provided proof of concept of their computational method at scale, but
integrated custom 3D printed clay blocks as infill, highlighting the role that low-carbon
indigenous materials can play in a digital fabrication future (Digital Structures et al., 2022).

While the previous works were empowered by formal and informal principles of shape
optimization, topology optimization, or the optimization material distribution with a 2D and 3D
space, has also been touted as a design method to realize structurally efficient floor and beam
systems. Topology optimized structures generally feature a characteristic skeletal aesthetic most
commonly realized with digital fabrication techniques, specifically additive manufacturing
(Stoiber & Kromoser, 2021). This field can be traced back to the work of Bendsoe and Kikuchi
(1988) and has evolved rapidly in the aerospace and automotive industry, but has resulted in
fewer examples past the research prototype scale in structural engineering and architecture. Jipa
et al. built two structural examples of a topology optimized floor slab made at scale fabricated
with 3D printed formwork (Figure 5-2). However these slabs are fabricated solely with feature
fiber reinforcement in the concrete mix and no longitudinal reinforcing, (Jipa et al., 2016) which
IS not yet accepted or structurally viable in many regions of the world.

Figure 5-2: Topology optimized floor slabs from ETH Zurich with cast-in-place additively manufactured formwork

Key issues standing in the way of concrete spanning elements designed with shape and typology
optimization methods include incorporation of steel reinforcement, and of course access and cost
of digital fabrication technologies need to realize these methods at the column-grid scale for the
individual elements, and to meet structural needs for countless multi-story buildings vs
individualized endeavors.

Outside of concrete architecture, structural logic via material placement, material removal and
shaping has also seen huge interest. With respect to mass timber, Mayencourt and Mueller have
introduced a methodology for the shape optimization of cross laminated timber (CLT) beams
that includes consideration for efficient cut layout (Mayencourt & Mueller, 2020) for example.
Moving away from beams, structural patterning of shells and surface structures has been
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highlighted as a way to push the boundaries of efficiency of spanning technologies and has been
displayed in built examples such as Footbridge Trumpf by schlaich bergermann partner (Figure
5-3a), as well as with new frameworks that reduce computational time in the conceptual design
phase of these structures as shown in Figure (5-3b) (Rivera et al., 2020).

5x5 control points (25 total) [2x12control points (144 total ) 20x20 control points (400 total )
6x12 apertures (72 total) 9x18apertures (162 total) 12x24 apertures ( 288 total)
1,000 iterations 400 iterations 400 iterations
3.72 Nm, relative compliance 12.80 Nm, relative compliance 12.49 Nm, final compliance
6.62 mimm\\.u»mpumtimml time 8.83 minutes, « nnpnmtimml time 26.00 mnnm,'.\.('nmpntalimml time

Figure 5-3: Examples of work expanding the fields of structural patterning of shell structures a) Footbridge
TRUMPF in Ditzingen, Germany (2018), b) adaptive framework to reduce computational time in the design process
of perforated shell structures (Rivera et al., 2020)

While it is clear that structural logic can be executed in conjunction with material efficiency,
counterexamples do exist which have borrowed the visual aesthetic of the examples shown
previously in this section, but resolve the structural forces separate to the action being displayed.
This includes the Chhatrapati Shivaji International Airport in Mumbai (SOM, 2010), which
displays fluid multidirectional ribbing in its ceiling and large columns spanning the exterior and
interior spaces of the airport terminal, but at its structural core, is a steel roof truss supported by
mega columns, covered in glass fiber gypsum coffering panels (Besjak et al., 2013). Similarly,
there is the Qatar National Convention Center (Yamasaki Architects, 2011) whose facade was
designed with a topology optimization algorithm and evoked images of a large, organic tree-like
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structure, when in reality, it is made from straight steel elements and then wrapped in non-
structural cladding (Jewett, 2018). Both of these examples are shown in Figure 5-4.

Figure 5-4: Images of systems evoking structural logic and expression but realized via conventional systems and
cladding. Left: Chhatrapati Shivaji International Airport, Right: Qatar National Convention Center

Unmistakably, there is a desire for visible structural expression and acceptance of its forms in
modern architectural aesthetic. However, that cannot be achieved without scalable methods for
manufacturing as well as demonstrated benefit for stakeholders whether that is carbon and/or
cost. The challenge explored in this chapter is two-fold: to understand and evaluate a scenario in
which the deployment of customization and structurally expressive logic in a filler and waffle
slabs can outperform an optimized standard waffle slab, and to highlight fabrication methods that
can enable the fabrication of these systems, at the scale of the building column grid. This is
especially relevant, because the results of optimized waffle and filler slabs presented in this
chapter and the preceding ones presents sizes of waffle voids that are sized relative to the spans
of the systems and a discrete, user specified number. This is a slightly different paradigm from
the reality of practice, where the formwork for waffle slabs is expensive, proprietary, and limited
to a few select pan dimensions, regardless of span.

5.1.2 Mechanics of reinforced concrete section

The mechanics of reinforced concrete spanning elements are based on a complex relationship
between the steel rebar that resists tensile loads in the element and the concrete matrix
surrounding it that not only holds it in place but resists compressive forces as well. An
understanding of isotropic material behavior and elastic bending is often not sufficient to predict
service behavior of these elements. Structural engineers have often resorted to semi-empirical
mathematical expressions, finite element analysis, and over prescription of material to ensure
safe and desirably behavior of concrete elements in service. However, embedded in these
methods to design concrete elements are several assumptions about mechanical behavior of
equilibrium structures that are reflected in the design.

When we produce concrete slab designs for concrete elements that are uniform and symmetric,
whose cross-sectional dimensions and steel content are the same throughout, the result is a slab
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with the same structural capacity at every location, generally designed for the highest value of
moment and shear in the slab. This does not correlate to efficiently meeting the reality of a
spatially varied demand across the spanning directions. What we may think of as intuitively
optimal, at least for a filler and waffle slab, might voids sized differently as a function of location
and demands, carving away at the web’s width and compressive flange until the minimal amount
of material required remains. It is also important to remember that that the levers that are
available to structural engineers and architects to improve structural performance from
modifying a slab’s section geometry may not be the ones that make the most visual impact. For
example, changing the amount of steel specified to each spanning section could be very
impactful, but the steel is covered by concrete. Similarly, depth of the compressive flange in a
waffle and filler slab may have impact on moment resistance of the section, but may not always
be visually discernable. For visual impact of these two-way ribbed systems, the main variables to
tune will be void width (which controls the thickness of the ribs) and overall depth.

L = span 1 [ L = span
* h = total depth * h = total depth
Design * R,= web ratio R,, = web ratio
Variables * = | + R,= flange ratio = Ry, = flange ratio
Agteer = area of steel * Asteer = area of steel
* s = rib spacing | | * 5 =rib spacing
increased
visual impact fabrication

complexity

Figure 5-5: Design variable highlighted in blue and with * correlated to visual impact and fabrication complexity
for waffle and filler slabs

This chapter is first concerned with producing structurally feasible waffle/filler slab designs that
maintain constant structural depth and constant area of steel for ease of manufacturing, but it’s
possible, that these compromises may limit the carbon benefits of customization of the shape of
waffle and filler slab voids. Generally plastic and metal waffle slab formwork is available for
purchase or rent in a set of standard sizes (Figure 5-6). These formwork size options have to
work for a variety of spans, depths, desired rib spacing and density, but are not plentiful enough
that it would prohibit stocking on the end of the manufacturer. Optimizing the waffle slab
formwork for a given span and loading conditions introduces one level of construction
complexity and additional cost, which would only increase without an appropriately developed
method to also customize the depth of the ribs to optimally meet a particular demand scenario as
well as the void sizes.
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Figure 5-6: Sample of standard sized waffle slab formwork available for purchase or rent for slab construction
(Fercanorte - Structures, Slabs and Formworks Ltd.)

5.1.3 Shape optimization and customization in waffle spanning structures

Perhaps closest to the point of investigation in this chapter us the shaped waffle slab ribs is the
Shri Ram Center for Arts and Culture in New Delhi, designed by Shiv Nath Prasad and
Mahendra Raj (Figure 5-7). This cast-in-place work features a shaped-waffle slab top floor
cantilevering 6m in each direction from its four cross shaped column supports. This structure
was completed in the late 1960s without the aid of modern computational design tools.

v

Figure 5-7: Left - ShriRam Centre for Arts and Culture, New Delhi, India, middle — close up shop of shaped waffle
slab ribs for cantilevered roof element and right — roof framing drawing.
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Danhaive presented a method in their dissertation work to design a waffle shell structure, with
shell thickness distribution and material density realized via topology optimization and strain
energy as a performance metric. In this work, regions of “thickness depressions” were created
giving a waffle structure visual effect for the shell (Danhaive, 2020). Although the results of this
study are a key demonstration of the use of latent variable models at exploring geometric
complex design spaces, this work is not technically rooted in concrete mechanics and structural
behaviors, despite that being the presumed materialization of the resulting designs.

The computational analysis of this work foundationally is rooted in modern structural shape
optimization, which can be thought of as the refinement of a parameterized boundary region,
subject to structural constraints (Haftka & Grandhi, 1986) is key to the ability to design a
customized waffle slab. This chapter adapts shape optimization workflows from Ismail and
Mueller for shaped concrete beams for two-way ribbed slab system (M. A. Ismail & Mueller,
2021). It makes use of closed-form beam analysis for capacity to avoid temporally expensive
numerical methods. This chapter also presents the first work to look at the shape optimization of
waffle slab system, guided by concrete mechanics and with optimal carbon performance as a
goal.

5.2 Methodology

The computational methodology to design custom waffle and filler slab systems is similar to the
one outlined in Chapter 4, with key differences highlighted in the rest of this section. The first is
that the structural analysis now utilizes finite element analysis to determine the demand at each
section under analysis, and second this method utilized sampling and local optimization to
overcome challenges associated with increasingly complex structural and geometric constraints.
Lastly this chapter focuses exclusively on the structural behavior of the slabs and as such will
feature the use of waffle slab to refer to the reinforced concrete structural element whose design
is being optimized, recalling that filler slabs can be designed as waffle slab structures.

5.2.1 Parameterization of waffle slab typology

This waffles slab evaluated for customization is parameterized the same way as Chapter 4 (See
Figure 4-7 and 4-8). Two scaling surfaces in total are used to control the geometry of the waffle
voids, with a four-point surface controlling the width of the boxes, and another controlling the
heights. The values of the control points range from 0 to 1, representing the ratio of void to the
total depth or flange width. This technique allows the sizing of 60 voids (the number in the case
study detailed in this chapter) in three dimensions with 8 total variables (z-coordinates of control
points) vs 120 individual variables.
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Figure 5-8: Demonstration of the variation in void widths that can be achieved with the manipulation of control
point heights on a scaling surface

Table 5-1: Design vector variables for parametric waffle slabs, with multiple scaling surfaces

Design Variable Description Value
Vector
X1 number of modules, x 0<nk<1
X2 number of modules, y O<ny<1
X3 depth of slab 1cm<h<50cm
X4 area of steel 250mm? < As <2500 mm?
X5-8 scaling surface control point  distribution mapsto .5<bw<1
height, void width
X9-12 scaling surface control point  jistribution maps to .5 < ‘%f <1

height, void depth

5.2.2 Hybrid structural modeling and analysis

In designing a structurally feasibly reinforced concrete element, the general idea is that the
distributed demand from the loading and support conditions cannot exceed the structural capacity
governed by the geometry of the element, the location and volume of steel, as well as the
material properties of both. As long as these constraints are satisfied, there is no strict
governance that the same type of methods i.e. fully analytical, semi-empirical, and computational
must be pursued to estimate both the demands and capacity. The case studies presented in this
chapter are for reinforced concrete waffle and filler slabs that are designed to support their self-
weight, determined from a volume analysis conducted using Rhino3D/Grasshopper as well as a
live load of 4000 N/m? with corresponding load factors (ASCE, 2017). From there a hybrid
approach is pursued where the structural demand is then determined using FEA, while the
structural capacity is found with closed-form analytical solutions and the geometric information
defining the waffle slabs ribs.

To build the finite element model for the moment and shear demand, the concrete waffle slab
was modelled as a grillage of beams spanning in the x and y direction with the number of beams
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equal to the number of T-shaped ribs in the main design and equivalent depth. Next a uniformly
distributed mesh load was applied to represent the factored load of self-weight and a concrete
waffle slab with a void volume of 50%. The resulting moment and shear demands are extracted
from distances on the beams in the FEA model corresponding to T-sections found evenly along
the length of a rib, at the midpoint of a waffle/filler void (Figure 5-9). At each of these T-cross
sections, the moment and shear capacity were calculated using the methods highlighted in 4.2.2
to ensure they were not exceeded by the FEA demands. The deflection of the center of the slab
was also calculated, accounting for variable cross-sections and cracked sections. The
serviceability check for deflection, as well as the moment and shear checks at the various
sections along the length of the T ribs spanning in both directions, and the geometric constraints
for cover, rib spacing, etc. at each section mean that for a given design there can likely be
upwards of 100+ constraints that must be satisfied for a design to be feasible.
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Figure 5-9: Sample waffle slab with standard void sizing and blue lines to illustrate the locations of the T sections
used for analysis

5.2.3 Grid sampling and local optimization

While the first instinct may be to solve this problem with constrained optimization since that
method was effective for the non-hybrid approach, the reality is the increased number of
constraints, as well as the spatially varied demand and capacity, means that this problem can be
difficult for the optimizer to tackle, especially as the number of variables and their respective
bounds grow. There are several ways in the traditional computational field that optimization
problems can be formulated to achieve the same goal in a less computationally difficult way.
This can include the use of penalty functions instead of direct constraint application, a change to
a heuristic method vs. a gradient-based one, or even by using numerical scaling of constraints
and the objective function.

In this chapter a two-part approach is found in which the design space sampling is employed
using the Sampler and Capture components from the Design Space Exploration toolbox to record
the variables and the objective function values and the Writer component to record the values of
all the constraints (Brown et al., 2020). The dataset is then post-processed where structurally
infeasible designs are culled from the dataset and regions of the design space where high
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performing designs are located, and the bounds of the parametric model are adjusted to just these
high-performing regions. Finally, optimization is performed locally using Radical to refine the
high performing design solutions and locate the solution with minimum embodied carbon.

5.2.4 Case study: Roof for a 3D printed utility shed

This method is demonstrated with a case study structure: the roof of a small utility building near
Twente Additive Manufacturing’s (TAM) facility in British Columbia, Canada. A parametric
model of a 6m x 3m waffle slab is generated in Rhino/Grasshopper with a distribution of 12 x 6
voids, 4 column supports, and overhanging spans of .5m in both short directions and in one of
the long directions (Figure 5-10). The number of voids were determined based on print volume
size constraints, as well as computational intensity of design generation. There was a desire by
the partners at Twente, to highlight geometric variation to showcase the potential of their
concrete and cement-based 3D printers, upon fabrication of the final design of the roof.

— .

5m

5m

Figure 5-10: Plan image utility shed roof with 3 overhanging spans. Squares indicate column locations

5.2.5 Additively manufactured formwork for filler slab customization

Although 3D printing of concrete most commonly refers to extrusion-based printing of walls for
1-story construction, there has been some recent work in the realization of beams, connections
and columns (Block et al., 2017). At the moment, 3D printed of spanning structures, floors and
roofs at the scale of the 3m - 5m column grid remains challenging due to machine limitations and
cost. This work in this chapter is designed for additively manufactured shell formwork,
referencing the clay pot formwork common of traditional filler slabs in India, as well as masonry
logic. This allows for the achievement of waffle slab geometry without proprietary formwork
and with voids, tuned to the particular span and loading conditions. More details on the methods
for designing the formwork are available in previously published work (Curth et al. 2022).
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5.3 Results
5.3.1 Structural demand forecasting highlights problems suited for customization

Geometric customization realized with 3D printing is not necessarily a new phenomenon, but
what is less establishes, are analysis methods that help evaluate the appropriateness of pursuing
shaping and customization that are informed by the strcutural mechanics of a system and not just
the cost. Figure 5-9 shows the distribution of moment and shear demand for 3 different waffle
slabs, a square waffle slab (1:1), rectangular waffle slab (2:1) with spans similar in length to the
long span of the case study for a fair comparison. The square waffle slab as expected has a lot of
repeated values and the smallest spatial spread, whereas the roof in the case study in this chapter
with overhanging sections, has the widest distribution of points as well as the least number of
overlapping points. Performing a demand distribution analysis like this can serve many purposes,
in this case, it can help evaluate a particular slab’s loading scenario, and determine if it would be
a good candidate for a structurally customized design. The intuition here was that the roof with
overhangs would be a good candidate for customization because of the wide range of moment
and shear demand, but this also means that the structural constraints may be harder to meet.

Figures such as 5-11 help quickly understand what the worst-case scenario design sections are,
but this figure also abstracts away the spatial relationship to these points. This is a key drawback
because the slab system is by nature continuous. Even how the waffle slab is parameterized, via
the extrusion of rectangular prismatic forms and geometric cuts and solid division operations,
and how demand is calculated, is reliant upon a shared basis of where in space the analysis is
taking place. For this reason, a plot like this is limited in explicit design of slabs but could be
values in systems more amenable to the catalog of parts approach such as truss or grid shell node
connections (Lee & Mueller, 2023)

Demand distribution for 6m span waffle slabs

5 —
os® wo ®
" L ]
=3 ® °
z 5f . ¢
~
= L ]
— ®
c
g L ]
5 -10 .
[m] ® °
I= [
£
g 15T [ )
= ° ®
o]
=20 Asym. cantilevered slab on columns
2:1 simply supported edge
1:1 simply supported edge
'26 1 1 1 ]
Q 5 10 15 20

Shear Demand [kN]
Figure 5-11: Moment and shear demand for every point of analysis in the waffle slab for 3 different aspect ratios
and support condition. The darker the point, the more times that combination of demands appears in a slab.
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5.3.2 Design of size customized waffle slab roof improves utilization.

After sampling both scaling surfaces, two feasible, high performing designs were identified,
including one in which the waffle slab voids are the same volume throughout the slab (standard
solution), as well as an optimal design in which a void size distribution is generated. This design
displays this structural logic discussed in previous sections where there is less volume removal in
sections with the highest moment demand; in other words, where there is a greater need for
structural material, and there is more volume removal in parts of the slab with lower moment
demands. The exception to this is the small boxes in the upper corners of the slab, most likely
thickening to account for higher shear demands near the column supports.

In Table 5-2, the value for the performance metrics of embodied carbon and mass are displayed.
Although there is some improvement when moving from a design with voids of the same size to
an optimal size distribution, that change is within 5% percent for these two metrics. As both of
these designs specify the same rebar size, this savings for embodied carbon and mass is strictly a
result of concrete material reduction. It’s possible that design refinement could return increased
savings, but perhaps more importantly, this result supports previous work in Chapter 3, which
showed that a waffle slab that is sized optimally for voids of the same size and voids sized
relative to its spans is already incredibly efficient. Added benefits from a size distribution of the
voids tailored to spatially-distributed demand is modest at best.

Table 5-2: Performance metrics for parametric slab with standard void sizes, vs with a size distribution.

Metric Standard Void Sizes Size Distribution

Mass [kg/m?] 346 331

Embodied
Carbon 58 55
[kgCO2/m?]

Moment
Utilization
Range

Shear
Utilization
Range
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This can be interrogated further by looking at the utilization values for the slab. Utilization is the
ratio of demand to capacity. A small utilization would mean a section under analysis is
overdesigned and could be improved via optimization. Despite the solutions found being optimal
with respect to embodied carbon and mass, the range of utilizations reported in Table 5-2 are a
bit lower than expected from a shape-optimized design. It is promising that the slab with size
distribution has a higher moment and shear utilization ranges, but this summary as well as
analysis of the design indicate that there are multiple analysis sections with little to no utilization.
To interrogate this further, Figure 5-12 displays histograms of the utilization ratios found for the
T sections analyzed in the case study. We can see a right skew in these plots indicating that
majority of the utilization ratios fall at the beginning of the range. In other words, most of the
sections are underutilized with respect to the amount of moment and shear resistance provided
with the shape optimized design.
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Figure 5-12: Moment and shear utilization histograms for the shape optimized waffle slab example.
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5.3.3 Structural efficiency is limited by geometric and manufacturing constraints.

Just as there is distribution of structural demands whose distance is determined by its support
conditions and loading, there are a variety of sections that can be designed to suit the capacity
needs of a concrete slab. This structural capacity is governed by the section geometry and the
amount of steel. Recall that for visual impact of customization, the two key variables the
occupants can see are the section’s structural depth and web ratio. To further understand the
impact at the T-section level, 5000 sample sections were sampled, returning 419 feasible section
designs. The designs were plotted in Figure 5-13, highlighting their moment capacity vs.
embodied carbon and their shear capacity vs embodied carbon. The optimal sections would be
ones that maximize their possible capacity while minimizing embodied carbon. The Pareto front
of these designs is displayed with filled in circles. All designs are then colored via these two
variables of visual impact.

When tracing along the Pareto front for maximum moment capacity and minimum embodied
carbon, there is a range of depths that can accommodate this need. In other words, structural
depth of the section is a significant factor when looking to change the moment capacity of the
section. This isn’t so surprising, with the revisiting of first-principle knowledge of moments of
inertia, where generally speaking, the depth is a dominating factor. Conversely, when looking at
the points along the Pareto for web ratio, all the optimal solutions have the same web ratio. This,
plus the coloring of the plot, shows that the full range of web ratios can be used to generate a
section for any given moment capacity, but, if the goal is to minimize embodied carbon, it’s
better to make the web as thin as possible, minimizing the volume of concrete. Moving to the
lower row of plots in Figure 5-13 tells a slightly different story as the Pareto front for minimal
embodied carbon and maximum shear capacity highlights both a variety of structural depths and
web ratios. This makes sense as intuitively the web thickness plays a key role in resisting shear
forces.
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Figure 5-13: (Top row) Moment capacity of sampled t-section vs. embodied carbon (Bottom row) Shear Capacity of
sampled T-sections vs. embodied carbon. Figures are colored by structural depth in the left column and web ratio in
the right column.

The results of this sampling exercise lead to conclusions about customization for as it pertains to
waffle slab systems and generally ribbed systems with T-shaped geometries. Structural depth is
the most significant parameter within a designer’s control for improved embodied carbon and
structural performance overall, and secondly, customization of these systems may also be more
beneficial or and visually perceptible in shear dominated loading scenarios.

This also has implications with respect to the manufacturability of waffle and filler slabs
systems. This work indicates that shaping along the depth could be beneficial, but that drastically
increases the labor required to design these systems and may require technologies not widely
available. The constraint on structural depth as well as constant steel area means the design
techniques in this work can be applied broadly and more rapidly. While voids of the same size
are highly efficient, this sizing may not correlate to what’s available by expensive proprietary
formwork. Even filler slabs constructed with locally available materials, are restricted in how
much material can be removed from the void bases on the height of the found object. In addition,
there is still the open challenge of customization if the optimal design solution in this case study
were to be selected. The next section, 5.3.4, highlights a manufacturing method that can address
these concerns.
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5.3.4 A prototype of a filler slab with additively manufactured shell formwork

I N

Figure 5-14: Proof of concept for fabrication of flat concrete element with conventional rebar and fabrication
methods, and additively manufactured formwork that can be sized according to optimal dimensions for slab

To demonstrate proof of concept of the additive manufactured formwork for customization, a 1m
X 1m prototype was designed and fabricated using the methodology outlined in previously
published work (Curth et al., 2021, 2022) which extracts the box shapes from the optimal design,
and then creates custom toolpaths for shell formwork mapping to each individual box. As seen
on the left in Figure 5-14, conventional rebar cage layout and cast-in-place techniques can be
deployed in conjunction with optimized shell formwork. The right image in Figure 5-13 reveals
the underside of the element slab element, with the printed squinch vault formwork remaining
integral with the element. Although this method allows for a support-free print, about 47% of the
optimized filler void volume was lost. Designs with other vault shapes such as those inspired by
traditional cloister vaults have recovered some of this lost volume, to a new loss of 40%, but this
is still quite large. Future iterations of this process will require additional study on self-
supporting formwork shapes that could more closely align with the box geometry modeled for
the filler slab as well directly optimizing for a scaled version of the formwork shape, versus
extracting the boxes and then generating a toolpath.

5.4 Discussion

One key previous challenge in the design of the optimized waffle slab with custom size
distribution voids was the computational expense added from increasing the number of voids. As
the number of voids in the design grew, there was increased difficulty in ensuring that all
constraints were met and inhibited the utilization of direct constrained optimization or
optimization methods with penalty functions. While this is addressed in this chapter with a
sampling of a full design space and then culling of infeasible solutions, a more streamlined
method to handle constraints would be desired.

This work also suggests the utility of spatial distribution analyses to forecast the benefit of

customization — the wider the distribution of the demand, the more likely the utility of deviating
from a one-size-fits-all solution. However, customization can only be realized with integrated
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design and manufacturing methods that more precisely align with the opportunity for material
reduction. In other words, we need to develop manufacturing methods that can target the
strongest design and geometric levers for structural performance. In the case of the work
presented in this chapter, void size only was target for custom sizing because of manufacturing
ease concerns, but custom sizing of the voids did not make up for efficiency lost with the depth
restriction enforced.

5.5 Conclusions

5.5.1 Future work and remarks

Future work in the parametric customization of waffle slabs can take two main paths:
improvement of the design methods and parameterization, and well as improvement on the
fabrication process. With respect to the former, this method could be adapted to allow for
shaping along the bottom exterior of the slab, thereby adjusting the structural depth of the section
in addition to the interior dimensions of the waffle void. Of course, this would necessitate serious
thought on a non-carbon intensive way to accomplish these topographically varied slabs.
Additional studies could also allow for differences in steel rebar in a spanning t-beam to take
greater advantage of the capacity from the concrete matrix. In the sections with little to no
utilization this is almost always a result of a lower sectional demand, and more steel needed than
is necessary. As steel’s embodied carbon coefficient is an order of magnitude larger than
concrete, these volume reductions, while seemingly small could help push the limits of the
embodied carbon reductions we can achieve with these systems.

With respect to the design of the shell formwork in particular, more exploration is needed to
design self-supporting printable formwork that can more closely match the shape of the designed
voids. The other path way could be parameterizing the waffle directly with the vault shape,
instead of the box, and seeing if that has a larger impact on embodied carbon and mass savings.
In addition, these test studies were printed with a cement-based mortar, but in the future, it would
be desirable to use earth/mud-based material as it is locally available in many contexts and has a
significantly lower carbon impact.

More broadly, this work highlights the importance of rigorous assessment of embodied carbon
and performance impacts at multiple stages of the design and construction process of structural
elements. This is especially true with the emergences of novel fabrication methods and
construction strategies. It may be counterproductive for something to have a display of structural
logic without realizing true efficiency. The quantification of performance will continue to ensure
that solutions proposed by structural engineers and designers are not needlessly complex without
improving carbon outcomes.

5.5.2 Summary of intellectual contributions
This chapter presents a hybrid method for the parametric customization of waffle and filler slab

systems. This approach allows a structural designer to introduce complexity into a difficult
optimization task with more control and eliminates some of the assumptions of evenly
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distributed demand and similar structural behavior along the length of a T-section that end up
expressed geometrically in the final design. Furthermore, this chapter utilizes a real-world case
study to contrast the benefits of a waffle slab with voids customized in size to meet demand to
one with optimal standard void sizing, and finds modest carbon savings between the two
solutions. This shows that structurally logical expression of waffle and filler slab systems can be
achieved if desired, but may not be as beneficial when considering the additional complexity that
could introduce into fabrication. Furthermore, the design constraint held in this chapter of
maintaining a uniform overall structural depth limits the utilization of the slab to a degree that
cannot be fully overcome with interior void sizing. Lastly, this chapter shares promising design
work done in collaboration with Alexander Curth (MIT) and Twente manufacturing in hopes of
enabling additive manufacturing in spanning systems, that also accommodate, code-accepted
design practices and conventional construction methods.
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6. Conclusions

6.1 Summary of contributions

This dissertation leverages data-driven design methods and shape optimization workflows to
provide generalizable and immediately actionable knowledge to increase the carbon efficiency of
two-way spanning systems. It highlights the potential computation has to augment current
structural design processes without compromising building code requirements, or rigorous
structural analysis.

6.1.1 Parametric design and closed form analysis methods of traditional structures
reveal new opportunities for efficiency in the early design stage

In Chapter 3, this dissertation demonstrates the utility of parametric design workflows in locating
feasible solutions obtained with traditional code-based rule of thumb methods. This is shown
across a comprehensive set of spans, load conditions and typology variations, and is
accomplished on the length scale of minutes using building code-accepted closed form structural
and serviceability analysis vs. temporarily expensive FEA analysis, making this method valuable
in early design stage. Perhaps more importantly, this dissertation asks structural engineers to not
consider a traditional system a “solved problem” and to rethink what typologies are considered
as the obvious solution for a given set of conditions. In fact, this dissertation makes the case
throughout that waffle slabs have immense potential at shorter spans, beyond what current rules
of thumb dictate. Existing methods for concrete structural design and the resulting rules to ease
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difficulty of nonlinear analysis were not created with consideration of the climate crisis and
cannot adequately serve modern climate conscious design goals during an intense need for
construction.

6.1.2 Filler slabs are a promising solution that now have a computational
framework for integrated building energy needs

In addition, this dissertation investigates the potential of filler slabs to be viable solutions in
contexts outside of India, and to serve as integrated structural solutions with the incorporation of
optimally-sized, insulating lost formwork. This chapter evaluates traditional filler materials as
well as emerging agricultural alternatives for insulation that could be manufactured into blocks
as filler. Filler slabs, which are structurally equivalent to waffle slabs, have seen huge acceptance
in India and have been studied in research most commonly as individual case and field studies.
While previous research has reported cost savings of this system and carbon usage for these
individual examples, this work makes strides to formalize design methods for filler slabs and
quantify the embodied energy and thermal performance of these systems prior to construction,
across a variety of spans and material combinations.

Chapter 4 includes several methodological contributions, including a filler material evaluation
that can be used to simplify the multi-objective function formulation of minimizing thermal
transmittance and embodied energy into a single-objective. While this work looks at materials
locally available in India, the analysis required for the filler material evaluation can be adopted
for regionally available materials in other contexts. In addition, this chapter extends previous
work in optimally shaping apertures in surface structure to allow for the custom sizing of filler
slabs voids without an explosion in problem dimensionality.

With respect to typology specific design knowledge, the dissertation shows that the optimal
solutions for filler slabs for embodied energy and thermal transmittance reduction do not simply
use formwork that removes material up to the neutral axis of an equivalent depth flat slab, but
increases the structural depth of the slab as a whole. This is a key revelation not previously
reported in research literature of these systems.

6.1.3 Parametric customization of waffle slabs can be achieved but manufacturing
tradeoffs limit full carbon savings potential

This dissertation also proposes a hybrid FEA and closed form method to design waffle slabs
customized to their varied structural demand. This allows for the incorporation of structural logic
in the design of these elements, but also the quantification of the true benefit that customization
could provide from an embodied carbon perspective. Chapter 5 ultimately reveals that while
there are some scenarios in which a size distribution of filler slabs can be found to outperform a
filler slab with voids of the same size, the savings are minimal and may not be worth the added
manufacturing complexity. The key variable of structural depth is held constant easing
manufacturing of a custom system, but limiting savings. The chapter also shares results from
work done in collaboration with Alexander Curth (MIT) and Twente Manufacturing to fabricate
custom formwork for these spatially varied void sizes, while still early, the printing of formwork,
particularly formwork that references traditional filler formwork geometries of clay pots etc.,
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bridges the gap between the use of additive manufacturing for spanning systems, and
accommodating conventional concrete molding and reinforcing methods.

6.2 Potential applications and broader impact

The work in this dissertation begins with the broad parametric exploration of the traditional and
widely adapted structural typology of the flat slab and the highly efficient, but less utilized
waffle slabs system. It highlights the value of a typology switch for carbon efficiency goals and
makes the case for the adoption of filler slabs systems, which follow the same structural behavior
as waffle slabs but have the potential to address building energy needs in an integrated manner.

6.2.1 In research

The root of this dissertation work is the assembly and application of a variety of data-driven
design methods to locate and suggest feasible, efficient, two-way spanning concrete systems.
Each chapter not only highlights the utility of the methods, but presents comprehensive results
that can serve as benchmarks for future researchers in this field. In particular, Chapter 5 shows
the importance of quantification of design performance in conjunction with novel fabrication
methods in order to balance desires for aesthetic pursuits with unintentional sacrifices of carbon
efficiency performance.

This dissertation also features the first comprehensive multi-objective study of the design of
filler slab systems that prioritizes quantifiable thermal performance and embodied energy of the
system. The methods for evaluation of filler materials, and structural design of the concrete filler
slabs build upon well-accepted and wide-spread material science and structural behavioral
analysis that can be leveraged for future work with additional secondary performance objectives
that have been reported for the filler slab system but have limited quantification in academic
literature such as sound transmittance.

6.2.2 In practice

With a world that is rightfully increasingly worried about the carbon bottom-line in addition to
cost, this work provides evidence for the reconsideration of waffle and ribbed slab typologies in
a variety of different building programs. Not only would the use of these systems help us reach
ambitious carbon targets today, this work introduces two methods—filler slabs with agricultural
formwork, 3d printed shell formwork—that can be used to achieve waffle and filler slabs without
proprietary formwork, which is a key cost factor limiting the adoption of these systems.
Furthermore, this work shows that the greatest savings can be found when geometrically
customized for a given span and loading, versus with a preselected catalogued size from
formwork manufacturers.

The change to the more efficient typologies in this work is immediately actionable because they
are rooted in the American Concrete Institute building code, the standard that has been exported
as an analysis knowledge base to many other international building standards. The findings in

this dissertation could be used directly as starting points for detailed design and analysis of two-
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way concrete systems, or these methods can be coupled with larger building models to
investigate downstream impacts and savings on the lateral systems and foundations.

Finally, with respect to the broader conclusions that can be drawn from the filler slabs design
results, this work encourages the coupling of computational design with vernacular architectural
techniques that have proven to be incredibly efficient across multiple metrics of importance.
These techniques can be key to achieving high levels of carbon reduction for concrete
construction in regions with material cost constraints.

6.3 Remaining questions and future research directions

Remaining questions and future directions for this work can be grouped into expansion of the
design methodologies and accessing the necessary economic and manufacturing information to
bridge the gap between the desire to deploy waffle and filler slabs more widely, and the context-
informed reality

6.3.1 Accommodation of organic and non-orthogonal ribbing and framing

One limitation of this work is that it focusses only on orthogonal ribbing-based load transfer.
However, some of the most widely acclaimed structural solutions that feature the use of
multidirectional ribbing (e.g. from Nervi) do not adhere to this layout constraint. The next step in
this work would be coupling the rigorous concrete structural behavioral methods in this work
with more diverse framing layouts in plan. This would allow for the benchmarking and design of
more novel statically indeterminate concrete spanning systems.

6.3.2 Economic analysis for implementation of waffle and filler slabs

More location specific information on labor and manufacturing cost for the novel formwork
systems proposed would be valuable, especially at scale. For example, for a variety of mold-
based fabrication processes, the initial capital investment must be offset by the number of uses. It
would be interesting to use a quantitative, rate, quality, cost, flexibility, and sustainability (RQCF
+ S) framework to evaluate not just the two fabrication methods proposed in this dissertation, but
other processes that could be used to achieve a waffle geometry. Essentially, the future work
from this dissertation must balance the development of fabrication technologies that allow for a
wide spectrum of geometric expression and structural utilization and the impact of these
methods.

6.3.3 Repurposing of agricultural waste streams

The use of agricultural waste as formwork, would require another layer of analysis to ensure that
again the opportunity that could be provided for low-carbon construction is coupled closely with
the location of implementation. For example, when we consider the burning of agricultural
byproducts instead of the use of these materials as insulation or with any circular capacity, we
know that the biggest culprits are (in order) China, India and the United States. A large portion
of that crop is also maize, wheat and rice paddy (Cassou, 2018). Future work could continue
examining infrastructure and attitude and acceptance of agricultural formwork in India where
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filler slabs are mostly deployed, or could focus on one of these other countries for knowledge
transfer.

6.4 Concluding remarks and outlook

The integration of structural performance evaluation that allows for rapid feedback and wide
search of the design space is key to designing efficient concrete systems for the future. It is
important to understand how concrete can better be utilized as it is a material of choice in so
many parts of the world, representing strength and stability in public infrastructure and private
residence. Furthermore, there is a missed opportunity for carbon savings in the western world
because of the construction economics as well as design simplicity that favor systems where
added material is traded for reduced complexity. This dissertation provides several methods to
address this issue both from the design side and the manufacturing side, promoting broader use
of lost formwork technology which has the potential to impact the labor part of the construction
equation.

Ultimately one typology or one method is not enough to address every construction need, but this
dissertation emphasizes a context-informed approach that requires consideration of materials
used in fabrication, as well as how specific design desires may be limited by reasonable
construction constraints. It optimistically proposes computational methods that if implemented
by structural engineers in practice can ease the temporal challenge, and analytical burden in the
early design stage, which is where the largest difference can be achieved in building embodied
energy and carbon performance. Finally, and more broadly, this work challenges structural
engineers and designers to inject rigor in their search for structural solutions: the benefits are
significant, and just may make the difference in guaranteeing a zero-carbon world for future
generations.
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