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ABSTRACT 

In 2015, the government of India launched the “Housing for All by 2022” initiative to build 20 million units 
of affordable urban housing for lower income groups. Thus far, they have built fewer than two million units. 
In India, it is estimated that material costs can constitute 60 to 80% of the total cost of residential 
construction. Nonetheless, their construction mimics the materially inefficient practices of developed 
countries, practices developed to reduce labor over material costs. As a result, prismatic beams and flat 
slabs are frequently used despite their structural inefficiency. In its current state, the construction industry 
is resource intensive and unsustainable. 

The mounting use of steel-reinforced concrete structures in Indian cities has also garnered concern for the 
environmental costs of construction; construction accounts for 22% of India’s carbon emissions. The impact 
of structural systems on a building’s embodied energy are immediately apparent: cement and steel are 
responsible for nearly 90% of a multistory concrete frame building’s total embodied energy, and at least 
50% of that is in the horizontally-spanning elements alone. With no end to construction in sight, new 
practices are needed to curb the environmental and economic costs of India’s construction. 

This thesis explores the design of materially efficient floor systems that can reduce the economic and 
environmental costs of construction. Utilizing computational structural design, this thesis presents several 
strategies for the structural optimization of one-way concrete floor systems. Designed for the constraints 
of India, the structural elements are optimized to reduce the necessary volume of concrete and steel while 
resisting the same loads of an equivalent solid prismatic beam or slab. While structural optimization for 
material efficiency is not a new practice, it is technically challenging and often reserved for large-scale and 
exclusive architectural projects. Conversely, this research applies these principles to common residential 
construction. 

 

Thesis Supervisor: Caitlin Mueller 

Title: Associate Professor of Architecture and Civil and Environmental Engineering  
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NOTATION 

 

a = depth of Whitney stress block,𝑚𝑚𝑚𝑚 

𝑎𝑎𝑣𝑣𝑣𝑣 = shear span,𝑚𝑚𝑚𝑚 

𝐴𝐴𝑐𝑐 = compression area of concrete,  𝑚𝑚𝑚𝑚2 

𝐴𝐴𝑠𝑠 = area of longitudinal steel,  𝑚𝑚𝑚𝑚2 

𝐴𝐴𝑣𝑣 = area of transverse steel,  𝑚𝑚𝑚𝑚2 

𝑏𝑏 = overall width of section,  𝑚𝑚𝑚𝑚 

𝑏𝑏𝑤𝑤 = minimum width of section,  𝑚𝑚𝑚𝑚 

𝑐𝑐𝑚𝑚𝑚𝑚𝑣𝑣 = max. depth of neutral axis,𝑚𝑚𝑚𝑚 

𝑑𝑑 = effective depth of section,𝑚𝑚𝑚𝑚 

𝐷𝐷𝐿𝐿 = dead load,
𝑁𝑁
𝑚𝑚2 

∆𝑚𝑚𝑚𝑚𝑣𝑣= maximum deflection,𝑚𝑚𝑚𝑚 

𝐸𝐸𝐸𝐸 = total embodied energy,𝑀𝑀𝑀𝑀 

𝐸𝐸𝐸𝐸𝐸𝐸 = embodied energy coefficient,
𝑀𝑀𝑀𝑀
𝑘𝑘𝑘𝑘

 

𝐸𝐸𝑠𝑠 = young′smodulus of steel,
𝑁𝑁

𝑚𝑚𝑚𝑚2 

𝜖𝜖𝑢𝑢 = ultimate strain of concrete,
𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚

 

𝜖𝜖𝑡𝑡,𝑚𝑚𝑚𝑚𝑚𝑚 = min. strain of steel,
𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚

 

𝑓𝑓 = flexural stress,
𝑁𝑁

𝑚𝑚𝑚𝑚2  

𝑓𝑓𝑐𝑐′ = unixial strength of concrete,𝑀𝑀𝑀𝑀𝑎𝑎 

𝑓𝑓𝑦𝑦 = yield stess of steel,𝑀𝑀𝑀𝑀𝑎𝑎 

𝛾𝛾 = material density,
𝑘𝑘𝑘𝑘
𝑚𝑚3 

ℎ = overall height of section,𝑚𝑚𝑚𝑚 

𝐼𝐼𝑣𝑣 = moment of inertia about x axis,𝑚𝑚𝑚𝑚4 

𝐿𝐿𝐿𝐿 = live load,
𝑁𝑁
𝑚𝑚2 

𝑀𝑀𝑚𝑚 = design moment capacity,  𝑁𝑁𝑚𝑚𝑚𝑚 

𝑀𝑀𝑢𝑢 = factored applied moment,𝑁𝑁𝑚𝑚𝑚𝑚  

𝑁𝑁𝑐𝑐 = concrete compressive force,  𝑁𝑁 

𝑁𝑁𝑇𝑇 = steel tensile force,  𝑁𝑁 

𝑀𝑀(𝒙𝒙) = penalty, function of 𝒙𝒙 

𝜙𝜙 = strength reduction factor  

𝑄𝑄 = 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝜖𝜖 moment of area,𝑚𝑚𝑚𝑚3 

𝜌𝜌 = reinforcement ratio =
𝐴𝐴𝑠𝑠
𝑏𝑏𝑤𝑤𝑑𝑑

 

𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚 = min. reinforcement ratio 

𝜌𝜌𝑚𝑚𝑚𝑚𝑣𝑣 = max. reinforcement ratio 

𝜌𝜌𝑚𝑚 = design reinforcement ratio 

𝑓𝑓 = spacing of transverse steel,𝑚𝑚𝑚𝑚 

𝜏𝜏 = shear stress,
𝑁𝑁

𝑚𝑚𝑚𝑚2 

𝜏𝜏𝑐𝑐 = shear strength of concrete,  
𝑁𝑁

𝑚𝑚𝑚𝑚2 

𝜃𝜃 = angle of inclination, 𝑓𝑓𝑎𝑎𝑑𝑑 

𝑉𝑉𝑐𝑐 = shear capacity of concrete section,  𝑁𝑁 

𝑉𝑉𝑠𝑠 = shear capacity of transverse steel,𝑁𝑁  

𝑉𝑉𝑚𝑚 = design shear capacity,𝑁𝑁  

𝑉𝑉𝑢𝑢 = factored applied shear force,𝑁𝑁  

𝑉𝑉𝑉𝑉𝑉𝑉(𝒙𝒙) = volume, function of 𝒙𝒙 

𝑊𝑊𝐼𝐼𝐼𝐼 = internal strain energy,𝑁𝑁𝑚𝑚 

𝑤𝑤𝑢𝑢 = factored applied load,
𝑁𝑁
𝑚𝑚2 

𝒙𝒙 = design vector 

𝑦𝑦 = distance from neutral axis,𝑚𝑚𝑚𝑚 

𝑧𝑧 = internal moment arm,  𝑚𝑚𝑚𝑚 
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CHAPTER 1  INTRODUCTION 

1.1. Motivation 

In India, steel-reinforced concrete frames dominate the skylines of rapidly growing cities. In Less 

Economically Developed Countries (LEDCs), such as India, material costs can constitute the bulk of the total 

cost of building construction [1]. Nonetheless, construction in these regions mimics the materially 

inefficient practices of More Economically Developed Countries (MEDCs), developed to reduce labor over 

material costs (Figure 1). As a result, prismatic beams and flat slabs are commonly used despite their 

structural inefficiency. 

 

Figure 1 Informal survey of common construction practices in Indian cities 

This thesis explores the design of an alternative structural system to the prismatic beams and slabs of Indian 

concrete construction. This research has three key motivations: the increasing demand for urban housing, 

the economic cost of residential buildings, and the environmental costs of concrete construction in India. 

The following sections will discuss these motivations in further detail. 
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1.1.1. Demand for Housing 

In 2017, India had an urban population growth rate of 2.4 percent, which will result in an urban population 

of 590 million by the year 2030 [2]. As a result, the country needs to build 700 to 900 million square meters 

of urban space—the equivalent of a new Chicago—every year. This demand for construction makes India 

one of the largest building markets in the world, growing at an annual rate of 6.4 percent, 30 percent of 

which is due to affordable housing construction [3]. 

 “Housing for all by 2022” – also known as Pradhan Mantri Awaas Yojana – was announced by Indian Prime 

Minister Modhi to abate the escalating national housing deficit. According to the Ministry of Rural 

Development and the Ministry of Housing and Urban Poverty Alleviation, nearly a quarter of Indian 

households lack adequate facilities [4]. To meet this need, it was established that 20 million urban housing 

units would be built by 2022. As of March, 2019, only 1.8 million homes have been built [5]. 

Many reasons for the lack of progress are cited: high gestation periods for construction projects in India, 

limited capital, high taxation and fees, rising land and construction fees, and the low affordability by what 

is termed the Economically Weaker Sector (EWS) and Lower Income Group (LIG) households. It is estimated 

that 99 percent of the housing demand is attributed to the EWS and LIG sectors alone [6]. Steps have been 

suggested, and taken, to alleviate the political and economic obstructions to progress including a resolution 

to reclassify affordable housing construction as infrastructure, simplifying the government approval 

process for construction projects, and increasing financing options for EWS and LIG households – but more 

can be done. This thesis looks at the technology of construction itself, and asks what improvements can be 

made to a system mostly learned by rote and largely reliant upon rules-of-thumb. 

1.1.2. Economic motivation 

In More Economically Developed Countries (MEDCs), affordable construction is constrained by the cost of 

labor. Due to a prioritization of reduced labor costs, designers in MEDCs tend to rely on consistent profiles 

and nominal sizing for structural members (see Figure 2), decreasing structural complexity and time needed 

for assembly.  
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Figure 2 Typical one-way reinforced concrete slab system, courtesy of [7] 

Conversely, in Less Economically Developed Countries (LEDCs) material costs, rather than labor, inhibit 

affordable construction (see Figure 3).  

 

Figure 3 Comparative costs of material and labor for construction in the USA [8] and India [9] 

Nonetheless, the construction practices of MEDCs are echoed in LEDCs despite a context that demands 

material savings over labor reduction. These standardized practices are inherently over-structured and 

inefficient in their material usage. This incongruity highlights an opportunity for structural components that 

are optimized for material efficiency and suit the context of a developing LEDC like India.  

1.1.3. Environmental motivation 

As the construction industry continues to expand, so too do the ecological costs of building. Governing 

bodies are constantly implementing policies and technologies to reduce the lifetime operational emissions 

of buildings, but they often neglect the embodied carbon of buildings. These are the emissions from 

material extraction, transportation, construction, and demolition [10]. With global efforts to reduce the 

lifetime operational energy of buildings through energy efficiency and passive design solutions, it is 

increasingly necessary to address the remaining embodied energy of buildings. The construction industry’s 
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embodied emissions contribute up to 11 percent of global carbon emissions [11]. In India, the construction 

sector accounts for 22 percent of India’s carbon emissions [12] and that figure is expected to rise. 

While concrete and steel are often the materials of choice in LEDCs, they are habitually poorly utilized and 

energy-intensive in their production. The most basic components of concrete – cement and steel – are the 

result of industrial processes that require massive capital investment, skilled labor, and functional 

infrastructure. Today, the production of cement creates 5-8 percent of global carbon emissions, and that 

figure will only rise as concrete continues to be the most produced synthetic material in the world [13]. 

Reinforced concrete has an embodied energy of 1.0 MJ/Kg, while steel has about 42 MJ/Kg of embodied 

energy – in contrast to wood and solid masonry which average about 3.0 MJ/kg [12].  

Additionally, there are ecological costs to concrete construction that go beyond carbon emissions. Concrete 

construction makes up nearly one-tenth of global industrial water use, 75 percent of which is in drought 

and water-stressed regions. The use of cement contributes to 10 percent of Delhi’s airborne particulate 

matter due to wind-blown cement stocks and mixers, contributing to a number of respiratory illnesses and 

increasing the air pollution index near construction sites [14]. The intense demand for fine aggregate has 

caused irreparable damage to natural ecosystems and to the criminalization of sand mining worldwide. 

This, in turn, restricts the supply of sand to certain regions of the world or requires industrial-scale 

pulverization of materials like basalt as a substitute.  

Consequently, the mounting use of concrete structures in India’s cities has led to a developing concern for 

the environmental costs of construction. The impact of these materials on a building’s embodied energy 

are immediately apparent: cement and steel are responsible for nearly 90 percent of a multistory concrete 

frame building’s total embodied energy [15] and at least 50 percent is in the horizontally-spanning elements 

alone (see Figure 4 and Figure 5) [16]. In high-rise buildings, between 60-80 percent of the mass and 

embodied energy of the structure can be found in the floors [17], suggesting a strong opportunity for 

material efficient floor systems. 
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Figure 4 Embodied energy as a percent of the total of a multi-story Indian house [15] 

Figure 5 Embodied energy as a percent of the total of a multi-story concrete building [16] 

1.2. Historic concrete in India 

Material efficient concrete construction is not new to India. Historically, designers worked towards material 

efficiency by developing novel solutions never before seen in India. In his design for the India International 

Center in New Delhi (IIC, 1962), Joseph Allen Stein utilized ferrocement panels and modular blocks to 

reduce the amount of concrete in long-spanning roof and floor systems [18]. The IIC was designed in close 

coordination with in-house engineer and partner, Binoy Chatterjee, and local building contractors, Stein 

used a material palette of handmade tiles to support local craftspeople, local quartzite for cladding, and 

concrete for the structural frames, domes, vaults, “jali" screens, and floors. Precast elements were used in 

newly-introduced horizontal spanning systems like vaults and domes, reducing construction time and 

keeping the project within budget (Figure 6). Lightweight elements were designed to be carried by local 

builders.  
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Figure 6 The India International Center by J. A. Stein, New Delhi, 1962 

The architect Laurie Baker pioneered techniques for low-cost housing design in India, constructing homes 

for one-fifth the cost of competing designers. His techniques included filler slabs (Figure 7) and vaulted 

systems that utilized clay brick and reduced the need for steel reinforcing [19].   

 

Figure 7 Filler slab inspired by Laurie Baker, Indian Institute of Science, Bangalore 

Post-independence, Indian architects and engineers like BV Doshi, Raj Rewal, Charles Correa, and 

Mahendra Raj introduced efficient and long-spanning concrete systems such as thin shells, folded-plates 

(see Figure 8), and space frames in developing a modern vernacular for the newly independent nation [20].  
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Figure 8 20m span folded-plate roof; Municipal Stadium, Charles Correa and Mahendra Raj, Ahmedabad, 1966 

Nonetheless, once the cost of labor in MEDCs became the controlling factor in building construction the 

appetite for materially-efficient structures gave way to an interest in easily erected, modular systems. 

These same systems became the norm in LEDCs through industrial standardization and increasingly 

conservative design practices led by developers. 

1.3. Emerging opportunities 

Structural optimization is not new, but it is uncommon. Post-World War II, materials constrained 

construction costs while labor was plentiful and inexpensive. Consequently, architects and engineers 

developed innovative material efficient structures that elevated engineering to a form of art. As the cost of 

labor rose, however, interest in efficient structures gave way to standardized systems. 

Today, new tools are emerging that allow practitioners to increasingly engage in performance-based 

design. Structural optimization is a process of efficiently configuring building materials based upon an 

understanding of structural mechanics and material behavior. Contemporary digital fabrication involves 

computer numerical controlled (CNC) devices such as routers and mills, laser cutters, fused-deposition 

modeling, powder printing, and more. Digital fabrication connects the complex result of structural 

optimization to the machinery that builds it, making traditionally difficult structures far more attainable.  
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A concern for the environmental costs of construction and a growing selection of digital tools have revived 

interest in structural efficiency by incorporating computational optimization into the design and fabrication 

process [21], [22]. Traditionally, structural optimization is reserved for large-scale and exclusive projects, 

neglecting the scalable potential of improving the standardized systems of construction. This thesis builds 

upon—and augments—historic practices of material efficient construction using digital fabrication and 

computational structural analysis.  

1.4. Research question and scope 

There is an opportunity for material efficient structural elements that can reduce the economic and 

environmental costs of construction. Utilizing computational structural design, this research explores the 

material optimization of concrete horizontal spanning components through a platform of design strategies. 

The scope will be limited to the design of one-way reinforced concrete slab designed for residential use 

under static loading conditions as defined by the Indian National Building Code. The ambition of this thesis 

is the development of a platform of strategies that range in complexity and efficiency depending on skill 

and fabrication constraints (Figure 9). Designed for the material constraints of India, floor elements are 

optimized and fabricated to reduce their volume of concrete and steel while resisting the required loads of 

an equivalent solid rectangular prismatic beam or slab. 

 

Figure 9 A platform of material efficient elements for residential construction in India 
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CHAPTER 2  STATE OF THE ART 

2.1. Mechanics and shape optimization 

Textbooks often credit Galileo Galilee’s (1564-1642) study of a cantilever beam as the beginning of both 

elastic theory and beam theory. In his 1638 text, “Two New Sciences”, Galileo’s analytical attempt to 

understand the load carrying capacity of a cantilever beam soon led to his attempt at discovering the “solids 

of equal resistance” [23]. Galileo determines that a constant-width cantilevering beam loaded at its tip 

could change in depth and have an equal resistance to the load at all sections along its length. Galileo may 

have made the first known attempt at designing a uniform strength beam, also known as a shaped beam.  

As shown in Figure 10 above, the result of Galileo’s analytical method was the design of a cantilever beam 

with a parabolic reduction in depth along its length. His incorrect assumption of a constant stress 

distribution caused his derivation of a beam’s strength to be off by a factor of three, but his attempt to 

design a uniform strength beam was ahead of its time. Galileo also correctly observed that a beam with a 

Figure 10 Galileo Galilea’s design of a uniform strength beam, 1638 [23]  
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hollow section could be relatively stronger than a beam of similar mass but solid in section, preempting the 

use of hollow-core extruded sections in modern construction. 

 

Figure 11 Stress distribution in a cantilever beam b) assumed by Galileo and c) correctly determined by Parent 

Scientists continued to expand and correct Galileo’s theorems over the following two centuries. Robert 

Hooke’s (1635-1703) studies in elasticity and the linear relationship between stress and strain helped him 

determine that an elastic and homogenous beam undergoing flexural loading was in tension on one face 

and compression on the other. Antoine Parent (1666-1716) was the first to determine the appropriate 

stress distribution within the section of a homogenous rectangular beam as shown in Figure 11, correcting 

the work of his predecessors and leading to the well-known formula relating a beam’s flexural strength to 

its sectional geometry. To this day, this formula informs how designers choose and analyze horizontal 

spanning elements according to flexural stresses: 

𝑓𝑓 = 𝑀𝑀𝑢𝑢y
𝐼𝐼𝑥𝑥

(1) 

For a long while it was assumed that shear strength was unimportant in the design of beams, that is, until 

Dmitrii Ivanovich Zhuravskii (1821-1891) found that it was vital to the design of deep or brittle beams. While 

designing bridges for the St. Petersburg to Moscow railway Zhuravskii derived the missing formula relating 

a beam’s geometry to its shear stress in 1855. This formula is named in his honor and still in use today: 

𝜏𝜏 =
𝑉𝑉𝑢𝑢𝑄𝑄
𝐼𝐼𝑣𝑣𝑏𝑏𝑤𝑤

(2) 

Galileo’s problem of shaped beam design reappears in early to mid- 20th century scientific literature. Early 

engineering handbooks describe the design of a statically-determinate shaped beam, neglecting its self-

weight, as an elementary application of the flexural and shear strength formulas. Later literature explores 

increasingly complex methods for the design of shaped beams. In the seminal 1930 text, Strength of 

Materials, Timoshenko outlines a method for designing variable section beams. He suggests that a beam 
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be designed as a series of beams with different carrying capacities according to their strength 

requirements, leading to a segmented—rather than continuous—form [24].  

In The Art of Structures, Muttoni discusses the relationship between a beam’s geometry and its structural 

performance using similar methods to the early engineering handbooks [25]. Muttoni illustrates a series of 

uniform strength beams for a point load and compares various forms of shaped beams for a range of depth-

to-span ratios. These illustrations demonstrate a number of ways that shaped beams could be designed 

with varying efficiencies and stiffnesses (Figure 12). 

   

Figure 12 Shaped beams for a point load and volume of material needed for ranging slenderness ratios [25] 

Later advances in computation allows designers to revisit the problem of shaped structures with improved 

precision and acuity. Opatowski [26] discusses the design of a cantilever beam of uniform strength 

undergoing a point load at its free end. Unlike previous literature, Opatowski includes the self-weight of 

the beam, requiring advanced integration. Li and Gross [27] discuss the design of uniform strength beams 

under a uniformly distributed load using Laplace transformations.  

Around the 1960s, designers begin to apply the calculus of variation methods developed by Joseph-Louis 

Lagrange (1736-1813) to optimize the design of a beam subject to constraints. Barnett uses the calculus of 

variations to minimize the amount of steel needed in a statically-determinate steel I-beam [28]. Haftka, 

with reference to Barnett, outlines the procedure for designing a simply-supported beam subject to a 

deflection constraint [29]. Haug and Dupuis expand upon this method by including stress constraints [30].  

Nearly all of these explorations looked at the shape optimization of idealized, elastic, and homogenous 

beams such as steel I-beams or tubes. As a multi-material system, these methods do not apply directly to 
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reinforced concrete beams. The following sections will discuss the attempts by designers to develop and 

construct efficient concrete structures. 

2.2. Efficiency in concrete without optimization 

Post-World War II, material constrained construction costs in many parts of the world while labor remained 

relatively abundant and inexpensive. These innovations included, among others, the thin concrete shells of 

Heinz Isler and Felix Candela, the monumental frames of Pier Luigi Nervi, and the long-spanning vaults of 

Eduardo Torroja. These designers relied upon an understanding of material, construction, and mechanics 

coupled with their intuition. For instance, Isler’s thin concrete shells were designed using scaled models of 

hanging fabric, alluding to Robert Hooke’s (1635-1703) observation: “As hangs the flexible line, so but 

inverted will stand the rigid arch.” Many of the historic innovations in India’s long-spanning concrete 

systems discussed earlier mirrored the materially efficient construction being done in Europe and the USA. 

Nowadays, architects and researchers in India are continuing the legacy of these designers. Most of the 

ongoing research in India is focused on the material configuration of construction, using waste products or 

local resources as building materials, and prefabricated systems that are easily assembled yet reliant on 

imported materials and transportation costs [1]. The construction of Development Alternative’s 

headquarters in New Delhi [31] (Figure 13) and a number of buildings in Auroville, Pondicherry, utilize 

similar techniques to those of Stein and Baker. Auroville-based architect, Anupama Kundoo, has designed 

a number of prefabricated housing prototypes to encourage the use of local materials and concrete 

composites for lightweight and low-energy construction [32] (Figure 14).  

 

Figure 13 Filler slab; Development Alternatives Headquarters, Ashok B. Lall Architects, New Delhi, 2014 
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Figure 14 Ferrocement panels, vaulted roof, and filler slab in Wall house, Anupama Kundoo, Auroville, 2000 

For decades, designers and researchers at the Auroville Earth Institute (AVEI) have contributed to the field 

of earth-based construction methods, researching old and new technologies and passing them on to 

communities worldwide (Figure 15). Their research has explored the use of ferrocement channels, 

Figure 15 Experiments at AVEI in a) hybrid soil-concrete beams and b) ferrocement channels 
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compressed stabilized earth blocks (CSEBs), vaulted structures [33], hybrid concrete-CSEB beams, and 

much more [34]. Research at the Indian Institute of Science shows the potential for low-energy construction 

materials in rural regions, using local materials, traditional building techniques, and low-energy 

supplements for cement in construction. This work includes the design of hybrid structural elements such 

as steel truss and concrete beams and filler slabs.  

2.3. Efficiency in concrete with digital fabrication and optimization  

Today, researchers are once again exploring efficient horizontal spanning structures, but focus has shifted 

to the reduction of embodied energy rather than the cost of construction. Largely in academia, newly 

developed systems utilize digital-fabrication and prefabricated elements that require little to no human 

labor and relatively complex methods of production. These enable the fabrication of complex forms that 

are difficult to manage in traditional construction practices. 

Methods for the use of adaptive and flexible molds have been developed for the fabrication of doubly-

curved concrete shells at Graz University of Technology [35], ETH Zurich [36], and Delft University of 

Technology [37]. These use forms supported in tension or upon robotic armatures to fabricate thin shell 

structures that would be difficult or uneconomic to build with traditional means. 

 

Figure 16  Mock-up of robotically fabricated doubly-curved concrete slab, Graz University of Technology 
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Figure 17 Prototype thin concrete shell fabricated using hybrid cable net and fabric formwork, ETH Zurich 

 

Figure 18 Doubly-curved concrete panel fabricated using adaptive mold system, Delft University of Technology 

Led by the C.A.S.T. group at the University of Manitoba, researchers are exploring the potential for 

structural optimization and lightweight construction through fabric formwork [38]. This research focuses 

on the ease of construction through lightweight formwork rather than cumbersome and wasteful plywood 

and metal forms. The availability of high-strength and durable fabrics has bolstered this research and 

enabled the construction of a variety of fabric-formed structures.  
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Figure 19 Concrete truss built using flexible fabric formwork, University of Manitoba 

Research at the University of Cambridge and University of Bath is exploring the use of fabric formwork to 

enable lightweight and efficient concrete construction [39]. This research has been combined with 

computational structural optimization and form finding methods that simulate the hydrostatic conditions 

of poured concrete. This research has already yielded impressive results, including the construction of a 

school building in Cambodia by StructureMode [40]. 

 

Figure 20 Ribbed slab built using fabric formwork and keel mold, University of Bath 
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Figure 21 Fabric formwork beams in use at a school in Bomnong L’Or, Cambodia 

Researchers at the University of Cambridge are designing a light-weight vaulted floor system with steel ties 

in place of traditional reinforcement, focusing on formwork constructed from planar materials such as 

commercial plywood [41]. Similarly, the Block Research Group at ETH Zurich are developing a number of 

floor systems that are primarily compressive, reducing the need for steel reinforcement through the use of 

Thrust Network Analysis (TNA) [42]. This work has resulted in the design of a ribbed-slab with steel ties 

reminiscent of historic vaulting techniques paired with high-technology fabrication and high-strength 

materials such as Ultra-High Performance Concrete (UHPC) and glass fiber reinforcing.  
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Figure 22 Prototype thin-shell textile-reinforced concrete floor system, University of Cambridge 

 

Figure 23 Prototype ribbed UHPC floor slab, ETH Zurich 

The Digital Building Technology group at ETH Zurich is using Topology Optimization—as opposed to shape 

optimization—to design post-tensioned fiber-reinforced floor slabs. This was most notably used in the 

Smart Slab project [43], fabricated using particle bed 3D printing for its complex formwork [44].  
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Figure 24 Topology optimized concrete slab built using particle-bed 3D printed formwork, ETH Zurich 

There is increasing interest in additive fabrication methods like 3D printing [45] and dynamic casting [46] 

for efficient concrete elements. These may help overcome the difficulties of realizing complex forms 

derived from structural optimization methods like Topology Optimization. 

 

Figure 25 Prototype 3D printed concrete slab, Loughborough University 
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Figure 26 Concrete pillar built using Smart Dynamic Casting/slip-forming, ETH Zurich 

2.4. Research opportunity 

Some of the solutions developed in India have the advantage of being designed and tested within their 

setting, yet they remained isolated case studies. Little study and poor understanding of their behavior leave 

their design to rules-of-thumb and additional factors of safety out of precaution. Alternatively, new 

academic precedents in floor system design rely on high-technology fabrication methods, complex 

procedures, and specialized materials largely unavailable to Indian builders, limiting their use to very few 

parts of the world.  

New tools have bolstered the design of material efficient structures with increased precision and 

predictability. Yet existing optimization techniques typically neglect the complexity of reinforced concrete 

as a configuration of various materials – aggregate, steel, cement, water – resulting in excessive material 

use and uncertain results. This research connects an understanding of concrete mechanics to new methods 

of structural optimization and fabrication and proposes an application of those same principles to the 

residential construction of India’s growing cities. Through structural optimization and digital fabrication, 

there is an opportunity to build far more with far less, reducing the economic and environmental costs 

while meeting the demands of a growing population.  
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CHAPTER 3  GENERAL METHODOLOGY 

This thesis follows a methodology of three parts. First, a structural element is designed using a parametric 

framework and assessed through digital structural analysis. This framework comes from an intuitive sketch 

of how material can be removed—or shaped—to suit the given boundary and load conditions. Second, the 

elements are cast in digitally fabricated formwork, built with methods available in India. Third, the 

constructed elements are load tested and compared to control elements to verify their structural 

capacities. The following sections will describe the general theory of concrete beam design, focusing on the 

concrete mechanics relevant to this thesis.  

3.1. Concrete design 

Concrete is a mix of cement, aggregates, and water, often combined with reinforcing bars, tendons, or 

fibers for enhanced performance and safety. It is a system that shifts between solid and liquid, smooth and 

rough, natural and artificial. It engrosses engineers and architects and involves experimentation and 

computation while remaining both historical and revolutionary. It is no wonder that Frank Lloyd Wright 

considered concrete a “mongrel” material [47]. Concrete exists between classifications, refusing to stay in 

one classification for very long.  

It is important to note that while most refer to concrete as a material, it is more accurately a system of 

construction where the material is coupled with the process of construction and application [13]. Due to 

its dense structural matrix, plain concrete is exceptionally strong in compression; yet its brittle and porous 

nature makes it very ineffective against tensile stress. From the late 19th century, industrialists and 

inventors experimented with methods of embedding metals in plain concrete to overcome this weakness 

leading to the development of the steel-reinforced concrete system in use today [48]. 
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In the United States, the design and analysis of a concrete element is prepared with reference to the 

American Concrete Institute's ACI 318-14, also referred to as ultimate strength design, LRFD, ultimate limit 

state, or ULS [49]. This method assumes that concrete performs in compression near the element’s ultimate 

strength, while tensile stresses are handled solely by longitudinal (flexural) reinforcing steel near the 

bottom. Unless otherwise stated, this thesis will make use of the ACI 318 method for concrete design. The 

following sections will discuss the general methods for concrete beam and slab designs. 

3.1.1. Flexural design 

 

Figure 27 Ultimate strength design method using the Whitney stress block simplification 

Within a reinforced concrete beam, the tensile and compressive stresses are equated using the Whitney 

stress block assumption shown in Figure 27, and the moment capacity is determined using the moment 

arm between the compressive block and tensile steel as shown in Equation 3: 

𝑀𝑀𝐼𝐼 = 𝑁𝑁𝐶𝐶𝑧𝑧 or 𝑁𝑁𝑇𝑇𝑧𝑧 (3) 

A useful relationship from the above formula is that between the depth of the Whitney stress block in 

compression, a, and the area of steel in tension, 𝐴𝐴𝑠𝑠. This is used to determine the internal moment arm, z, 

and the moment capacity, 𝑀𝑀𝑚𝑚. 

𝑁𝑁𝐶𝐶z =  𝑁𝑁𝑇𝑇𝑧𝑧 (4) 

𝑁𝑁𝐶𝐶 =  𝑁𝑁𝑇𝑇 (5) 

0.85𝑓𝑓𝑐𝑐′a𝑏𝑏 =  𝑓𝑓𝑦𝑦𝐴𝐴𝑠𝑠 (6) 

𝑎𝑎 =
𝑓𝑓𝑦𝑦𝐴𝐴𝑠𝑠

0.85𝑓𝑓𝑐𝑐′𝑏𝑏
(7) 
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The moment capacity is compared to the moment envelope—the moment due to applied loads and self-

weight, shown in Figure 28—and the element’s section is designed to meet the required moment envelope 

at all points along the element’s length. When done by hand, designers make a series of assumptions about 

the member’s dimensions, the amount of steel necessary, and the overall shape.  

 

Figure 28 Shear and moment envelope of a simply-supported beam with a concentrated load at mid-span 

In the Indian National Building Code (NBC), referencing the Indian Standard 456 (IS 456), a slight variation 

to the ULS method is used, using an assumed compressive stress distribution rather than the Whitney stress 

block simplification. This difference is shown in the diagram below: 

 

Figure 29 ULS method as outlined by IS 456 

Rather than simplifying the compressive stress field into a rectangular block, an estimation of the neutral 

axis depth, 𝑐𝑐, is used. Additionally, a constant is applied to the formula for the moment capacity rather than 

applying a strength reduction factor, 𝜙𝜙, as is done in the ACI. Nonetheless, this gives a similar result to the 

ACI method when assessing a concrete beam’s flexural capacity. 
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3.1.2. Shear design 

A concrete beam’s behavior at failure due to shear is distinctly different from its failure due to flexure. A 

beam failing in shear fails suddenly and with little warning; the shearing forces cause a single element to 

fragment into multiple pieces. The difference is highlighted in the diagram below: 

 

Figure 30 Failure modes of a concrete beam undergoing a) flexural failure and b) shear failure; adapted from [48] 

With reference to ACI 318-14, the design and analysis of a concrete element’s shear reinforcing begins by 

assessing the concrete’s shear capacity and comparing it to the shear envelope as shown in Equation 8. If 

the concrete falls short of the required shear capacity, then transverse reinforcing is added. This prevents 

the sudden failure of concrete by resisting shear stresses—or, diagonal tension—and enables a more 

gradual and ductile failure due to flexure.  

𝑉𝑉𝑢𝑢 = 𝜙𝜙(𝑉𝑉𝑐𝑐 + 𝑉𝑉𝑠𝑠) (8) 

where 𝜙𝜙 is 0.75 for shear. The shear capacity of the transverse reinforcement can be calculated using: 

𝑉𝑉𝑠𝑠 = 𝐴𝐴𝑣𝑣
𝑠𝑠
𝜙𝜙𝑓𝑓𝑦𝑦𝑑𝑑(sin𝜃𝜃 + cos𝜃𝜃) (9) 

The necessary amount of transverse steel and its spacing is determined by rearranging the above equation: 

𝐴𝐴𝑣𝑣
𝑠𝑠

= (𝑉𝑉𝑢𝑢−𝜙𝜙𝑉𝑉𝑐𝑐)
(𝜙𝜙𝜙𝜙𝑦𝑦𝑑𝑑(sin𝜃𝜃+cos𝜃𝜃))

(10) 

The following section will detail the methods for calculating the concrete’s shear capacity, 𝑉𝑉𝑐𝑐. 

3.1.2.1. Concrete shear capacity 

The shear design of reinforced concrete beams is largely indirect and empirical because the tensile strength 

of concrete is highly variable; its ability to carry the diagonal tension component of a shear force cannot be 

fully predicted. Additionally, a concrete beam’s shear capacity will include the resistance from aggregate 

interlock, the dowel resistance of longitudinal steel, and the resistance of the uncracked concrete. 

Nonetheless, a number of methods have emerged for the prediction of a plain (unreinforced) concrete 

beam’s shear capacity and the subsequent design of transverse shear reinforcement.  
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The ACI 318 formulation for a concrete beam’s shear capacity is based upon empirical observations and 

experiments measuring the components described above and has proven mostly conservative for constant 

section beams. The formula given by the ACI is: 

𝑉𝑉𝑐𝑐 = 1.9𝑏𝑏𝑤𝑤𝑑𝑑�𝑓𝑓𝑐𝑐′ + 2500𝜌𝜌 𝑉𝑉𝑛𝑛𝑑𝑑
𝑀𝑀𝑛𝑛

𝑏𝑏𝑤𝑤 ≤ 3.5𝑏𝑏𝑤𝑤𝑑𝑑�𝑓𝑓𝑐𝑐′ (11) 

For simplicity, designers are permitted to use the even more conservative equation: 

𝑉𝑉𝑐𝑐 = 2𝑏𝑏𝑤𝑤𝑑𝑑�𝑓𝑓𝑐𝑐′ (12) 

Numerous alternatives to the empirical method of the ACI have been proposed, but few have been adopted 

by national codes. The strut-and-tie method, which uses a truss analogy for the concrete beam, has been 

adopted by some codes—or reserved for special cases—but it often leads to an overdesign of transverse 

steel in concrete beams [50].  

 

Figure 31 Beam forces idealized using the truss analogy [25] 

On the other hand, some designers idealize the cracked concrete beam as a tied arch, disregarding the 

concrete cracked under tension and assuming the steel has a constant tensile force along its length near 

the ultimate load.  
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Figure 32 Concrete beam model used by CFP method for concrete shear capacity [51] 

In response to this incongruity, Kotsovos developed the Compression Force Path (CFP) method [51], [52]. 

Kotsovos attributes more strength to the concrete than assumed by the ACI by including the resistance of 

the concrete “teeth” formed between cracks (see Figure 32) and accounts for geometric conditions of the 

beam such as the shear-span to depth ratio, 𝑎𝑎𝑣𝑣𝑣𝑣.  

𝑎𝑎𝑣𝑣𝑣𝑣 =
𝑀𝑀𝑢𝑢
𝑉𝑉𝑢𝑢

(13) 

𝑉𝑉𝑐𝑐 = 0.875𝑎𝑎𝑣𝑣𝑣𝑣𝑑𝑑 �0.342𝑏𝑏𝑤𝑤 + 0.3
𝑀𝑀𝑛𝑛

𝑑𝑑2 �
𝑧𝑧
𝑎𝑎𝑣𝑣𝑣𝑣

� �
16.66
𝜌𝜌𝑓𝑓𝑦𝑦

4
(14) 

Similar to the ACI formulas, the expressions provided by the CFP method still rely on empirical observations 

and experimental data. Nonetheless, the CFP method has shown promising results in predicting the shear 

capacity of variable section concrete beams [53], and often results in less transverse reinforcement due to 

a higher presumed concrete shear capacity. 

In IS 456, a more conservative approach is taken in assessing a concrete section’s shear capacity. This is still 

based on empirical methods, but it only involves the concrete design strength and does not consider any 

of the geometric or loading conditions. The following equations are used to calculate the nominal shear 

strength, τ𝑐𝑐, of a concrete mix: 

β =
0.8𝑓𝑓𝑐𝑐′
689𝜌𝜌 ≥ 1 (15) 

τ𝑐𝑐 =
0.85�0.8𝑓𝑓𝑐𝑐′(�1 + 5𝛽𝛽 − 1)

6𝛽𝛽
(16) 
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For simplicity’s sake, the concrete’s nominal shear strength is often provided in a table for a range of 

concrete compressive strengths. This nominal shear strength is then used to calculate the shear capacity, 

𝑉𝑉𝑐𝑐, through the simple equation: 

𝑉𝑉𝑐𝑐 = τ𝑐𝑐 ∗ b𝑤𝑤𝑑𝑑 (17) 

3.1.3. Mix design 

For this thesis, a custom mix design is needed to maintain workability without forfeiting the structural 

capacity of the concrete. The mix is designed with reference to the ACI 211.1 code [54], using a recipe of 

cement, water, fine aggregate, and chemical plasticizer for increased flow. According to this method, the 

strength is dependent upon the water/cement ratio (w/c); the higher the ratio, the weaker the concrete 

mix. Table 1 shows the general mix design used in this thesis, with slight variations depending on the 

experiment. The mix is designed for a 28-day compressive strength of 30MPa. 

Table 1 General concrete mix design for 1m3 of 30MPa concrete 

Component Quantity % of total weight 
Water, kg 265 12% 
Cement, kg 491 22% 
Fine aggregate, kg 1524 33% 
Water for aggregate absorption, kg 23  
Super plasticizer, L 22  
Total fresh concrete, kg ~2300  

Coarse aggregate is not used due to the small scale and relative complexity of the formwork used in this 

thesis. To verify the strength of the mix, 75mm x 152mm cylinders are cast for uniaxial compressive testing 

from the same mixes that the elements are cast from.  

3.2. Load testing 

Each element is subjected to a loading test with simply supported bending. Load is applied with a central 

hydraulic jack, and the test is displacement-controlled. Additionally, concrete cylinders are load-controlled 

tested for compressive strength in order to verify the quality and strength of the mix design. 

3.3. General digital design 

The designs in this thesis are realized through digital shape optimization and structural analysis, using the 

3D modelling software Rhinoceros 5.0, the visual programmer Grasshopper for Rhino5. Grasshopper is a 
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visual algorithm editor tightly integrated with Rhino’s modelling tools, allowing for real-time parametric 

design and analysis. Several plugins for Grasshopper are used including Karamba 3D [55] for structural 

analysis, the optimization solver, Goat [56], and the optimization toolkit, Design Space Exploration [57].  

Unless otherwise state, the assumed material properties used in the structural design process are 

summarized in the table below. 

Table 2 Material properties used in structural design 

Property Value Unit 

𝑐𝑐𝑉𝑉𝑐𝑐𝑎𝑎𝑓𝑓 𝑐𝑐𝑉𝑉𝑣𝑣𝑐𝑐𝑓𝑓 15 mm 

𝛾𝛾𝑐𝑐𝑐𝑐𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐 2400 kg/m3 

𝛾𝛾𝑠𝑠𝑡𝑡𝑐𝑐𝑐𝑐𝑠𝑠  8050 kg/m3 

𝐸𝐸𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐 1 MJ/kg 

𝐸𝐸𝐸𝐸𝐸𝐸𝑠𝑠𝑡𝑡𝑐𝑐𝑐𝑐𝑠𝑠 42 MJ/kg 

𝑓𝑓𝑐𝑐′ 40 N/mm2 

𝑓𝑓𝑦𝑦 415 N/mm2 

𝐸𝐸𝑠𝑠 205000 N/mm2 

𝜖𝜖𝑢𝑢 0.0035 
 

𝜖𝜖𝑡𝑡,𝑚𝑚𝑚𝑚𝑚𝑚 0.0038 
 

𝜌𝜌𝑚𝑚𝑚𝑚𝑣𝑣 1.92E-02 
 

𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚 3.81E-03 
 

3.4. Design strategies 

As suggested in Chapter 2, there is a number of strategies for the design of material efficient concrete 

elements. The following sections will detail the methodologies and results of three different strategies, 

discussing their limitations and viability for large-scale implementation. The strategies are: 1) cavity beams 

using consumer waste for material displacement, 2) variable-width beams with efficient steel reinforcing 

layouts, and 3) shape optimized floor slabs.  
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CHAPTER 4  STRATEGY 1  

Variable-Width Beams 

Similar to the uniform strength beam designs of Galileo and Timoshenko, this strategy explores potential 

material savings through single-dimension beam shaping. This begins with an analytical procedure that 

dimensions concrete beams in one dimension according to their moment envelope. This involves code 

written in Grasshopper 3D; a diagram of the design algorithm is attached in Appendix A.  The resultant 

design achieves a material reduction of 36 percent for a beam spanning 1m with a concentrated load of 

24.2kN at mid-span.  

Analysis shows that failure through shear becomes critical so this strategy explores two methods of digitally 

fabricating transverse reinforcing. Two variable-width beams are designed and constructed with transverse 

reinforcing, and then load-tested in comparison to a variable-width beam without transverse reinforcing 

and a standard prismatic beam. 

4.1. Methodology 

4.1.1. Flexural design 

As shown in Section 3.1.1, the moment capacity of a concrete beam is a function of the beam’s cross-

sectional areas of concrete and steel and the moment arm between them. The derivation of the beam’s 

flexural capacity can be rearranged to determine the necessary depth for a given width, or the necessary 

width for a given depth, in response to the flexural load. It should be noted that this is not optimization, 
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but a similar approach to the uniform strength beam designs discussed in Section 2.1 adapted to the design 

of a concrete beam.  

The following equations can be used to design a shaped concrete beam with a rectangular section 

according to its flexural capacity, beginning by relating the factored applied moment, 𝑀𝑀𝑢𝑢, to the section 

geometry. 

𝑀𝑀𝑢𝑢 = 𝜙𝜙𝑀𝑀𝑛𝑛 = 𝜙𝜙𝑁𝑁𝑇𝑇𝑧𝑧 = 𝜙𝜙𝐴𝐴𝑠𝑠𝑓𝑓𝑦𝑦𝑧𝑧 = 𝜙𝜙𝐴𝐴𝑠𝑠𝑓𝑓𝑦𝑦 �𝑑𝑑 −
𝑎𝑎
2
� (18) 

Using Equation 7 as discussed in Section 3.1.1: 

𝐴𝐴𝑓𝑓 = 𝜌𝜌𝑛𝑛 ∗ 𝑏𝑏𝑤𝑤𝑑𝑑 (19) 

𝑎𝑎 =
𝑓𝑓𝑦𝑦𝐴𝐴𝑠𝑠

0.85𝑓𝑓𝑐𝑐′𝑏𝑏
=
𝜌𝜌𝑛𝑛𝑓𝑓𝑦𝑦𝑑𝑑
0.85𝑓𝑓𝑐𝑐′

(20) 

Equation 18 can then be rewritten as: 

𝑀𝑀𝑢𝑢 = 𝜙𝜙𝜌𝜌𝑛𝑛𝑓𝑓𝑦𝑦𝑏𝑏𝑑𝑑
2 �1 − 0.59

𝜌𝜌𝑛𝑛𝑓𝑓𝑦𝑦
𝑓𝑓𝑐𝑐′

� (21) 

With a simple rearrangement, a beam’s depth or width can be determined as a function of the applied 

moment, a desired reinforcement ratio, and one fixed dimension.  

𝑏𝑏𝑑𝑑2 =
𝑀𝑀𝑢𝑢

𝜙𝜙𝜌𝜌𝑚𝑚𝑓𝑓𝑦𝑦 �1 − 0.59
𝜌𝜌𝑛𝑛𝑓𝑓𝑦𝑦
𝑓𝑓𝑐𝑐′

�
(22)

 

∴ 𝑏𝑏 =
𝑀𝑀𝑢𝑢

𝜙𝜙𝜌𝜌𝑛𝑛𝑓𝑓𝑦𝑦 �1 − 0.59
𝜌𝜌𝑛𝑛𝑓𝑓𝑦𝑦
𝑓𝑓𝑐𝑐′

� ∗ 𝑑𝑑2
(23)

 

∴ 𝑑𝑑 = �
𝑀𝑀𝑢𝑢

𝜙𝜙𝜌𝜌𝑛𝑛𝑓𝑓𝑦𝑦 �1 − 0.59
𝜌𝜌𝑛𝑛𝑓𝑓𝑦𝑦
𝑓𝑓𝑐𝑐′

� ∗ 𝑏𝑏
(24) 

For this thesis, the reinforcement ratio was set for ease of fabrication and small-scale load testing. The 

beam’s maximum cross-section was set to 152mm x 100mm with two longitudinal bars of 9.5mm diameter 

and a clear span of 1m. The maximum cross-section is used as the control design for a prismatic beam, 
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giving a baseline volume to compare against. This results in a design reinforcement ratio, 𝜌𝜌𝑚𝑚, of 0.011 and 

a maximum applied moment, 𝑀𝑀𝑢𝑢, of 6.04kN-m at mid-span.  

If the beam’s width is kept constant, there can be a material reduction of nearly 30 percent while meeting 

the necessary moment capacity for a simply-supported beam with a concentrated load at mid-span. A 

larger material reduction of nearly 40 percent can be achieved by varying the beam’s width rather than its 

depth (Figure 33). For this strategy, the variable-width beam is chosen for its potential material reduction.  

 

Figure 33 Comparison of material reduction achieved in two forms of uniform strength concrete beams 

4.1.2. Shear design 

The resultant shaped beam is analyzed along its length for its shear capacity without transverse reinforcing. 

Through this analysis it becomes clear that there is a deficit in the concrete shear capacity (see Figure 34) 

as the section area diminishes to meet a decreasing flexural demand along its length. This deficit in shear 

capacity is used to design the transverse steel reinforcement.  
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Figure 34 Magnitudes of applied shear, concrete capacity, and shear deficit requiring transverse reinforcement 

The amount of steel necessary for transverse reinforcement is determined using Equation 10 as discussed 

in Section 3.1.2. 

4.1.3. Fabrication 

To meet the shear deficit, two forms of digital fabrication are used for efficient transverse steel layouts. 

The first is a combination of two bars of 9.5mm longitudinal steel reinforcing and CNC-bent transverse 

reinforcing made from 3.2mm mild-steel wire with a yield stress of 345MPa (Figure 35a). The stirrups are 

bent using a desktop DI Wire Plus from Pensa Labs. The second is a bespoke steel-plate reinforcing 

fabricated by CNC waterjet 6.35mm mild-steel plate with a yield stress of 372MPa (Figure 35b). The steel 

plate reinforcing also allowed for the longitudinal steel to change in area, showing that further reductions 

in steel are possible by keeping the design reinforcement ratio constant along the length of the beam. 

Numerous tests were required to find the tolerance for interlocking joints and identify the necessary 

irregularity along the steel-plate profiles to ensure sufficient engagement with the concrete.  
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Figure 35 Shear reinforcement with a) CNC-bent wire and b) waterjet-cut plate-steel 

At the given scale, it is difficult to use traditional rebar chairs to hold the reinforcing in place. Therefore, 

custom rebar chairs were 3D printed to ensure a clear cover of 25mm and hold the reinforcement in 

position during casting (see Figure 36). In contrast, the plate reinforcement was designed with notches in 

the formwork to hold it in place. 

 

Figure 36 Detail view of 3D printed rebar chair supporting steel reinforcement 

The formwork is fabricated with plywood boxes and CNC-milled extruded polystyrene foam inserts, as seen 

below. Two variable-width beams are cast with the shear reinforcing shown above, and a control beam is 

cast with only longitudinal steel and no transverse reinforcing.  
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Figure 37 Shaped beam formwork and reinforcement 

 

Figure 38 Resultant cast shaped beams in preparation for load testing 

4.2. Results and discussion 

This strategy results in the design of a variable-width concrete beam that requires 36 percent less material 

than a prismatic beam of equivalent strength. As shear becomes more of an issue for an element designed 

in this manner, this strategy applies digital fabrication to material efficient transverse reinforcing that 

ensures ductile failure at its ultimate strength.  
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Three variable-width beams with both transverse reinforcing methods and no transverse reinforcing were 

tested against a control prismatic beam; the results are shown in Figure 39. Additionally, the results of the 

concrete mix compression test are summarized in Table 3 below. 

Table 3 Uniaxial compression test results 

Cylinder Stress (MPa) 
1 26.8 
2 26.7 
3 26.1 

Average 26.6 
 

 

Figure 39 Variable-width beam three-point bending test results  
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As seen in the plot above, the control beam without shear reinforcing fails suddenly at a load of 17.1kN 

while the two beams reinforced against shear failure reach an average peak load of 30.8kN. The CNC wire-

reinforced beam reached an ultimate strength of 32.2kN, 3 percent weaker than the control beam but 

surpassing the design strength of 24.2kN. Similarly, the CNC waterjet steel plate-reinforced beam surpassed 

the design strength but was weaker than the control beam by 11 percent. As would be expected, though, 

both beams lose stiffness by removing material. The CNC wire-reinforced beam has a 23 percent reduction 

in stiffness while the waterjet beam has a 15 percent reduction in stiffness when compared to the prismatic 

control beam. 

The result shows that both forms of transverse reinforcing nearly double the ultimate strength of the 

unreinforced (against shear) variable-width beam and enables a desirable ductile failure mode. While not 

immediately appropriate for Indian construction, the steel plate reinforcing allows for precise control of 

steel volumes and these findings could translate to a precise design of reinforcement and further economic 

and environmental cost reductions at full-scale. Images of the CNC wire-reinforced beam after testing are 

shown in Figure 40. 
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Figure 40 CNC wire-reinforced beam shows ideal ductile failure after loading, closeup of flexural cracks 
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CHAPTER 5  STRATEGY 2 

Cavity Beams 

This strategy involves the design of cavity beams with consumer waste for material displacement. An 

optimization algorithm determines the location and rotation of empty plastic water bottles within a 

prismatic reinforced concrete beam in order to reduce material usage without reducing strength. The 

design is realized through digital shape optimization and structural analysis, using Rhinoceros 5.0, 

Grasshopper for Rhino5, and the plugins Karamba 3D for structural analysis and the optimization solver, 

Goat. A diagram of the design algorithm can be found in Appendix B.  The designed beam results in a 

potential material reduction of 16 percent for a span of 1.1m and ultimate concentrated point load of 

12.5kN at mid-span.  

5.1. Methodology 

5.1.1. Computational design and analysis 

First, a control beam is designed with the cross section shown in Figure 41 and an unsupported span of 

1.1m. The longitudinal reinforcing consists of one reinforcing bar of steel with a yield stress of 415MPa and 

a diameter of 9.5mm. This simply-supported beam is designed to resist a 12.5kN concentrated load at mid-

span using the flexural design method outlined in Section 3.1.1.  



62 

 

 

Figure 41 Control beam designed using ACI 318 

Subsequently, a cavity beam is designed within the dimensions of the control beam with voids cast around 

empty plastic water bottles as “lost formwork”. An assumption is made that the strength of the beam can 

be preserved as long as the bottles remain between the compression zone and longitudinal steel of the 

concrete beam. Bottles are chosen as a viable enclosed volume, but other waste products may be 

substituted. A Grasshopper definition locates distinct bottle silhouettes inside a representative model of 

the control beam and then analyzes it using Karamba 3D’s finite element analysis as a 2D plate, assessing 

it for structural utilization and total strain energy. The objective of the optimization is the minimization of 

the strain energy in an attempt to keep the beam as stiff as possible.  

There are three discrete variables defined for optimization: the type of bottle, its location within the beam, 

and its rotation about its centroid (see Figure 42). Additionally, a number of constraints are placed on the 

solver to keep the bottles outside of the compressive stress path, the region of longitudinal steel, and to 

prevent bottles from intersecting. To reduce processing times, the bottles are located symmetrically about 

the mid-span axis and aligned at the same depth.  
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Symbol Variable Range 
𝒙𝒙𝒊𝒊 horizontal location of bottle i 0 < x < 21 in (533 mm) 
𝒚𝒚 vertical location of all bottles 0 < y < 5 in (127 mm) 
𝜽𝜽𝒊𝒊 rotation of bottle i −π 2� <  θ < π

2� rad 

Figure 42 Bottle optimization variables and constraints, light grey areas result in a penalty when crossed 

In summary, the objective problem is defined below: 

𝒙𝒙 = �
𝑣𝑣𝑚𝑚
𝑦𝑦
𝜃𝜃𝑚𝑚
� (25) 

min 𝑊𝑊𝐼𝐼𝐼𝐼(𝒙𝒙)�1 + 𝑀𝑀(𝒙𝒙)� (26) 

where 𝒙𝒙 is the design vector containing all design variables while the objective, 𝑊𝑊𝐼𝐼𝐼𝐼, is the internal strain 

energy of the beam as calculated by Karamba 3D, and 𝑀𝑀(𝒙𝒙) is the penalty jump function defined below.  

𝑀𝑀(𝒙𝒙) = �106 if 𝐼𝐼 = true
0 if 𝐼𝐼 = false

(27) 

where 𝐼𝐼 is the boolean expression for object intersection defined in Figure 42 above.  

min𝑉𝑉𝑉𝑉𝑉𝑉(𝒙𝒙) �1 + 𝑀𝑀1(𝒙𝒙) + 𝑀𝑀2(𝒙𝒙)� (28) 

𝑉𝑉𝑉𝑉𝑉𝑉(𝒙𝒙) is the total volume of the beam estimated by Grasshopper, and 𝑀𝑀1(𝒙𝒙) and 𝑀𝑀2(𝒙𝒙) are the penalty 

jump functions defined below: 

𝑀𝑀1(𝒙𝒙) = �
106 if ∆𝑚𝑚𝑚𝑚𝑣𝑣 ≥ 𝐿𝐿

360

0 if ∆𝑚𝑚𝑚𝑚𝑣𝑣< 𝐿𝐿
360

(29) 

𝑀𝑀2(𝒙𝒙) = �106 if Utilization > 100%
0 if Utilization ≤ 100% (30) 

The variable ∆𝑚𝑚𝑚𝑚𝑣𝑣 is the maximum deflection of the beam calculated by Karamba 3D. 
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An initial optimization is run using Goat’s local, quadratic algorithm—appropriate for smooth and 

continuous problems—in order to minimize the strain energy by manipulating the bottles’ locations and 

rotations. A second optimization is run using Goat’s global, deterministic algorithm—suitable for a 

combinatorial problem—to minimize the beam’s volume by changing the type of bottles. The design used 

for testing is shown below. 

 

Figure 43 Final design of optimized cavity beams 

5.1.2. Fabrication 

A plywood box form is used to fabricate each of the control beams while CNC-milled formwork is used as 

inserts for the cavity beams. To precisely locate the bottles within the formwork, impressions of the bottles’ 

surfaces are milled into rigid insulation sheathing panels using a three-axis CNC router (see Figure 44). The 

bottles are adhered to the milled impressions and longitudinal reinforcing is cut and bent to fit the 

formwork. Due to the scale of the beams, custom rebar chairs are once again 3D printed to hold the 

longitudinal steel in place. The width of the beams is controlled by the diameter of the bottles, giving them 

surface-to-surface contact with the formwork. For this exploration, four total beams are cast: two control 

beams and two cavity beams. 
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Figure 44 Diagram of formwork construction for control and cavity beams and bottle dimensions 

5.2. Results and discussion 

The strategy presented here reduces the volume of concrete needed by 16 percent to resist a similar load 

to a solid reinforced concrete beam with a span of 1.1m. The example presented in this thesis is designed 

to resist an ultimate load of 12.5kN. This is accomplished through the two-step optimization of a cavity 

beam, optimizing the location, rotation, and size of plastic bottle that minimize the strain energy and 

volume of concrete. The results of the cylinder compression tests are summarized in the table below. 

Table 4 Uniaxial compression test results 

Cylinder Stress (MPa) 
1 23.4 
2 23.9 
3 24.6 

Average 24.0 
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Figure 45 Cavity beam three-point bending test results 

Due to the scale and complexity of the initial prototypes, transverse reinforcing was neglected. All but one 

control beam failed in a sudden manner due to shear (see Figure 46), highlighting the need for said 

reinforcing. The cavity beams failed at an average ultimate load of 12.0kN while the control beams failed 

at 14.9kN. On average, the cavity beams were 6 percent weaker than the design strength, and 19 percent 

weaker than the control beams. They were also 7 percent less stiff than the average of the control beams.  

While the ultimate load of the cavity beam did not reach the intended strength, the results are promising. 

If precautions are taken against shear failure, such as transverse or fiber reinforcing, it may be possible to 

design cavity beams with a flexural strength exceeding the design strength while displacing unnecessary 

material. Further study is required to design appropriate shear reinforcing. Additionally, a study of the 

potential savings at larger spans can be undertaken to assess the viability of this strategy in full-scale 

structures where shear is no longer the controlling failure mode. 
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Figure 46 Beams after testing show shear cracks passing from point of loading to supports 
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CHAPTER 6  STRATEGY 3 

Shaped Slabs 

This strategy extends the procedure introduces in Chapter 4 to the design of shaped reinforced concrete 

slabs through the constrained optimization of its geometry. In practice, a one-way concrete slab is designed 

as a wide beam, making the general design method discussed in Chapter 3 applicable to this strategy. A 

constrained optimization minimizes or maximizes an objective function by manipulating its variables 

subject to constraints. Since this strategy approaches a design for implementation in India, this strategy 

references the National Building Code (NBC) of India, specifically the Indian Standard 456-2000: Plain and 

Reinforced Concrete Code of Practice (IS 456). While similar to the procedures outlined by ACI 318, there 

are a few changes to safety factors and constants as discussed in Chapter 3.  

This involves code written in Grasshopper 3D using the plug-ins Karamba 3D and Design Space Exploration; 

a diagram of the design algorithm can be found in Appendix C. Unlike previous strategies, this strategy looks 

at the minimization of an element’s embodied energy rather than just the concrete component. This gives 

a more comprehensive approach to material efficiency, and could be extended to include economic costs 

with sufficient financial data. The result of this strategy is a material efficient ribbed slab with a potential 

55-70 percent reduction in embodied energy, and a similar reduction in material and mass, when compared 

to a typical flat slab of 5m span. This span was chosen as representative of multi-story concrete residential 

construction in Indian cities, which are typically built with slabs spanning three to five meters. 
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6.1. Geometry and performance 

6.1.1. One-dimensional shaping 

Exploration of the shape optimization of concrete slabs begins with a one-dimensional shaping exercise for 

existing structural systems: flat slabs, and ribbed slabs or t-beams (see Figure 47). When all other 

dimensions are fixed, the embodied energy can be formulated as a function of the element’s depth.  

 

Figure 47 Typical design process for a flat slab or ribbed slab 

The following chart shows the resultant embodied energy for a flat slab of varying depth, and a ribbed slab 

with varying depth, a flange depth of 40mm, and a rib width of 200mm. Each element is designed to carry 

the live load of 200kg/m2 and its own self-weight. The minimum embodied energies—and their associated 

depths—are highlighted in the chart below. 

 

Figure 48 Embodied energy of one-way slabs, 5m span and 1m wide 
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6.1.2. Three-dimensional shaping 

 

Figure 49 Potential design process of a slab with increasing degrees of freedom and complexity 

This process of geometric manipulation to minimize a concrete element’s embodied energy can go further 

when applied to the three-dimensional manipulation of variables along its length. Increasing the degrees 

of freedom, as in Figure 49 above, along a slab’s length could lead to designs that are nearly impossible to 

determine through traditional design methods. A potential procedure for the constrained optimization of 

a concrete element’s geometry is described in Figure 50. Once again, the objective of this optimization is 

to reduce the embodied energy, but the objective could be changed to cost or mass depending on the 

designer’s priorities. 
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Figure 50 Optimization procedure for a shaped concrete slab 

6.2. Structural analysis and performance 

A definition is developed in Grasshopper to design a concrete slab with an adaptable geometry that could 

be analyzed and adjusted by a constrained optimization algorithm. The optimization is done using Design 

Space Exploration’s Radical tool, developed to run constrained optimization within Grasshopper’s coding 

environment. The following sections lay out a method to assess the structural capacity and performance of 

a shaped slab. 
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6.2.1. Structural analysis and constraints 

In contrast to the time-consuming process of numerically analyzing an arbitrary concrete slab design 

through methods such as Finite Element Analysis (FEA), analytical methods of structural design enable the 

rapid assessment and subsequent optimization of a shaped slab. In this strategy, a shaped element is 

assessed along its length by cutting a series of sections as shown in Figure 51. The analysis is simplified by 

assuming symmetry and assessing only half of the element with each iteration. The structural analysis 

results in three main constraints for the optimization: ductility, flexural capacity, and shear capacity. 

Additional constraints on flange thickness, clear cover, and effective flange width will also be discussed. 

The following sections detail how these constraints are checked in each iteration of the optimization 

process. 

 

Figure 51 Structural analysis of a shaped slab 

6.2.1.1. Loading envelope 

The first thing that must be determined is the loading envelope of the shaped slab, as shown in the figure 

above. With reference to the Indian NBC, the element undergoes a residential live load, 𝐿𝐿𝐿𝐿, of 200kg/m2 

(1.96kN/ m2) and the average dead load, 𝐷𝐷𝐿𝐿, of its self-weight. The loads are applied using the equations 
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below, provided by the NBC, where material volume is calculated using a built-in component of 

Grasshopper: 

𝑤𝑤𝑢𝑢 = 1.2𝐿𝐿𝐿𝐿 + 1.6𝐷𝐷𝐿𝐿 (31) 

𝐷𝐷𝐿𝐿 = 𝛾𝛾𝑐𝑐𝑐𝑐𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐 ∗ 𝑣𝑣𝑉𝑉𝑉𝑉𝑢𝑢𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐 + 𝛾𝛾𝑠𝑠𝑡𝑡𝑐𝑐𝑐𝑐𝑠𝑠 ∗ 𝑣𝑣𝑉𝑉𝑉𝑉𝑢𝑢𝑚𝑚𝑐𝑐𝑠𝑠𝑡𝑡𝑐𝑐𝑐𝑐𝑠𝑠 (32) 

The dead load is an average of the slab’s weight smeared across its length. This is done for simplicity and 

appears to have little impact on the final result as long as the span is kept within a residential scale of three 

to five meters. As the span increases, the dead weight distribution of the beam becomes increasingly 

important, as seen in long-spanning structures like bridges. The following sections will detail the structural 

analysis of an arbitrary concrete section. 

6.2.1.2. Constraint 1 | Ductility requirement 

The variable 𝜌𝜌𝑚𝑚𝑚𝑚𝑣𝑣 is an upper bound to the reinforcement ratio required by IS 456 to ensure an under-

reinforced concrete section, enabling ductile failure. This is done by guaranteeing that the ultimate strain 

in the steel is reached before the ultimate strain of the concrete in compression, avoiding a crushing failure 

mode.  

 

Figure 52 Relationship between a reinforced concrete beam's geometry and the steel tensile strain, 𝜖𝜖𝜖𝜖 

As shown in the figure above, the maximum reinforcement ratio is calculated using the ratio of the 

maximum neutral axis depth, 𝑐𝑐𝑚𝑚𝑚𝑚𝑣𝑣, to the total depth, 𝑑𝑑. This results in the following relationship between 

the section’s geometry and material properties. 

𝑐𝑐𝑚𝑚𝑚𝑚𝑣𝑣

𝑑𝑑
=

𝜖𝜖𝑢𝑢
𝜖𝜖𝑢𝑢 + 𝜖𝜖𝑡𝑡

=
0.0035

0.0055
𝑓𝑓𝑦𝑦
𝐸𝐸𝑠𝑠

(33) 
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𝜌𝜌𝑚𝑚𝑚𝑚𝑣𝑣 =
0.36𝑓𝑓𝑐𝑐′

0.87𝑓𝑓𝑦𝑦
�
𝑐𝑐𝑚𝑚𝑚𝑚𝑣𝑣

𝑑𝑑
� (34) 

An additional limit is placed on the minimum amount of reinforcing required, 𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚, to ensure that the slab 

does not fail as soon as the concrete cracks: 

𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚 =
0.25�𝑓𝑓𝑐𝑐′

𝑓𝑓𝑦𝑦
(35) 

If the design reinforcement ratio, 𝜌𝜌𝑚𝑚, lies between these two values then the section should not fail through 

compressive crushing or tensile cracking of the concrete. Nonetheless, an additional constraint is necessary 

to ensure that the section will not undergo a brittle shear failure, as discussed later in Section 6.2.1.4. 

6.2.1.3. Constraint 2 | Flexural capacity  

As mentioned in Chapter 3, ULS assumes that concrete performs only in compression near the element’s 

ultimate strength, while tensile stresses are handled solely by longitudinal reinforcing steel near the 

bottom. The tensile and compressive stresses in the section are equated and the moment capacity is 

determined using the moment arm between the compressive block and tensile steel as shown in the 

following equations, adapted from IS 456: 

𝑀𝑀𝐼𝐼 = 𝑁𝑁𝐶𝐶𝑧𝑧 or 𝑁𝑁𝑇𝑇𝑧𝑧 (3) 

𝑁𝑁𝐶𝐶 = 0.36𝐴𝐴𝑐𝑐𝑓𝑓𝑐𝑐′ (36) 

𝑁𝑁𝑇𝑇 = 0.87𝐴𝐴𝑠𝑠𝑓𝑓𝑦𝑦 (37) 

In this strategy, the moment capacity is compared to the moment envelope—the moment due to applied 

loads and self-weight—and the element’s section is designed to meet the required moment envelope at all 

points along the element’s length.  

 

Figure 53 Arbitrary section assessed for moment capacity 
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To assess the moment capacity of an arbitrary section, the unknown dimensions �𝑧𝑧,  𝑑𝑑,𝐴𝐴𝑐𝑐,𝐴𝐴𝑠𝑠� must be 

determined (see Figure 53). The effective depth, 𝑑𝑑, is found by subtracting the clear cover (15mm for 

interior floor slabs) from the given height, ℎ. The area of steel is then determined using a similar approach 

to the Portland Cement Association’s Simplified Design method [58], which relates the area of steel to the 

section’s effective depth, 𝑑𝑑, and the applied moment envelope, 𝑀𝑀𝑢𝑢. This relationship is shown in the 

equation below: 

𝐴𝐴𝑠𝑠 =  
𝑀𝑀𝑢𝑢

0.87𝑓𝑓𝑦𝑦𝑑𝑑 �1 − 1.005𝜌𝜌𝑚𝑚
𝑓𝑓𝑦𝑦
𝑓𝑓𝑐𝑐′
�

(38) 

where the design reinforcement ratio, 𝜌𝜌𝑚𝑚, is selected to be 0.66𝜌𝜌𝑚𝑚𝑚𝑚𝑣𝑣 based upon common practice. 

Once the area of steel is found, an approximation of the compressive area of concrete, 𝐴𝐴𝑐𝑐, is determined 

by balancing the tensile force of the steel and the compressive force in the concrete at ultimate strength: 

𝑁𝑁𝐶𝐶 = 𝑁𝑁𝑇𝑇 (39) 

0.36𝐴𝐴𝑐𝑐𝑓𝑓𝑐𝑐′ = 0.87𝐴𝐴𝑠𝑠𝑓𝑓𝑦𝑦 (40) 

∴ desired 𝐴𝐴𝑐𝑐 ≥
0.87𝐴𝐴𝑠𝑠𝑓𝑓𝑦𝑦

0.36𝑓𝑓𝑐𝑐′
(41) 

Each section is divided into a predetermined number of subsections, 𝑛𝑛, and integrated from the top 

compressive face downwards until an approximate area of concrete is found that meets the requirement 

shown in Equation 41. The distance between the centroid of this newfound area of concrete in compression 

and the area of steel gives the moment arm, 𝑧𝑧. Finally, the moment capacity is compared to the applied 

moment envelope and the area of steel is checked against the reinforcement ratio limits discussed earlier. 

It should be noted that this method will result in different areas of steel along the slab’s length; for this 

thesis, the maximum area of steel is chosen and used along the slab’s entire length for constructability. 

As the subdivision of the section and subsequent integration is computationally demanding, it is necessary 

to identify the minimum number of subsections, 𝑛𝑛, required for an accurate calculation of the moment 

capacity. This can be done by incrementally increasing the number of subsections for a sample design, 

calculating the resultant ratio, 𝑀𝑀𝑚𝑚 𝑀𝑀𝑢𝑢⁄ , and identifying the minimum number of subsections that gives a 

nearly consistent result. 



77 

 

 

Figure 54 Ratio of moment capacity to applied moment for different numbers of subsections, 𝑛𝑛 

The result of this process is shown in the chart above, and suggests that a value of 10 is appropriate for 𝑛𝑛. 

It should be noted that the values of 𝑀𝑀𝑚𝑚 𝑀𝑀𝑢𝑢⁄  are higher than 1.0 at certain sections because the area of 

steel is kept at the maximum required along the element’s length, resulting in a conservative design for 

flexure at numerous points along its length. 

6.2.1.4. Constraint 3 | Shear capacity 

As discussed in Section 3.1.2, the shear capacity of a shaped section can be determined in a number of 

ways. This method utilizes three different methods for calculating the shear capacity of the concrete section 

and compares their results: ACI 318 method, the Compressive Fore Path Method (CFP), and the IS 456 

method. 
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Figure 55 Sample element used to test shear capacity calculations 

Table 5 summarizes an analysis of the above element’s concrete shear capacity using all three methods. 

The table shows that the shear capacity is smallest according to IS 456, which is highly conservative. 

Therefore, this strategy uses IS 456 to calculate the shear capacity of the concrete elements during the 

optimization process.  

Table 5 Concrete shear capacity calculated along the length of sample element 

Section ACI 318 (kN) IS 456 (kN) CFP (kN) 
1 71.6 20.3 ∞ 
2 43.8 21.3 37.1 
3 11.6 9.5 11.7 
4 14.2 10.9 11.3 
5 30.3 17.4 13.9 

The optimization can either be carried out assuming no transverse reinforcing, designing the concrete shear 

capacity, 𝑉𝑉𝑐𝑐, to meet the shear envelope, or it can be carried out with a fixed shear reinforcement capacity, 

𝑉𝑉𝑠𝑠, using Equation 42 below: 

𝑉𝑉𝑚𝑚 = 𝑉𝑉𝑐𝑐 + 𝑉𝑉𝑠𝑠 (42) 

6.2.1.5. Constraint 4 | Flange thickness 

Similar to the flexural capacity constraint discussed in Section 6.2.1.3, a constraint is necessary to ensure 

that the slab’s flange is deep enough to carry the necessary load in the transverse direction. To accomplish 

this, a constraint is placed on the flange thickness, 𝜖𝜖𝜙𝜙, based on a transverse model of the slab (see Figure 

56). The model assumes that the flange behaves as a fixed cantilever with a span of half the slab’s width. 

The cantilever is loaded with a uniform distributed load of 200kg/m2 and a concentrated load of 200kg to 

simulate a person standing on its edge. This ensures that the flange is deep enough to transfer the required 

load to the web. 
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Figure 56 Superimposed transverse model of slab's flange 

6.2.1.6. Constraint 5 | Effective flange width 

In concrete design codes, there is often a specification for the effective flange width to be within a certain 

distance. This ensures that the entire flange is uniformly stressed, allowing it to be assessed as part of the 

shaped slab rather than as a separate slab spanning between beams. This strategy carries out a calculation 

of the effective flange width and makes sure that the overall slab width, 𝑏𝑏, does not go beyond the width 

defined in Equation 43: 

𝑏𝑏 ≤ 16𝜖𝜖𝜙𝜙 + 𝑏𝑏𝑤𝑤 (43) 

6.2.1.7. Constraint 6 | Clear cover 

A final check is carried out to ensure that the longitudinal reinforcing has a clear cover that is called for by 

code, 15mm for a slab. This is done using Grasshopper’s inbuilt geometry components to check for 

intersection between the slab’s exterior and a clear cover radius surrounding the steel. Figure 57 shows 

what an intersection between the clear cover radius and the section’s geometry would look like 
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Figure 57 Clear cover check, where 𝐼𝐼 is a Boolean expression for intersection; clear cover shown in dotted line 

6.2.2. Performance | Embodied energy calculation 

In this strategy, the embodied energy of the structure is selected as the objective “cost” and determined 

by multiplying the masses of concrete and steel by their unit embodied energies. The embodied energy of 

a reinforced concrete element can be found using the formula below: 

𝐸𝐸𝐸𝐸 = 𝐸𝐸𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐 ∗ 𝑉𝑉𝑉𝑉𝑉𝑉𝑐𝑐𝑐𝑐𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐 ∗ 𝛾𝛾𝑐𝑐𝑐𝑐𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐 + 𝐸𝐸𝐸𝐸𝐸𝐸𝑠𝑠𝑡𝑡𝑐𝑐𝑐𝑐𝑠𝑠 ∗ 𝑉𝑉𝑉𝑉𝑉𝑉𝑠𝑠𝑡𝑡𝑐𝑐𝑐𝑐𝑠𝑠 ∗ 𝛾𝛾𝑠𝑠𝑡𝑡𝑐𝑐𝑐𝑐𝑠𝑠 (44) 

The embodied energy coefficients, 𝐸𝐸𝐸𝐸𝐸𝐸, are found in literature specific to India [12] as their values will 

range depending on time and context. In this thesis, these values are set to 1MJ/kg for concrete and 

42MJ/kg for steel.  

As the flange width can also be variable, the optimization can be carried out over a given space rather than 

as a single element. The total embodied energy is then equal to the number slabs of a variable width needed 

to cover a given distance. An example design optimized across a 5m x 5m space is shown in Figure 58. 

 

Figure 58 Example of a shaped slab for a 5mx 5m room with a 58 percent EE reduction compared to a flat slab 
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6.3. Geometric construction of a shaped slab 

The digital geometry of an element is assembled using the process shown in Figure 59. First, the boundary 

conditions and span are defined. Subsequently, a number of planes are cut across the length, points 

defining the slab’s geometry are defined at each plane, and the points are mirrored and lofted to form the 

final three-dimensional slab. This process is carried out using Grasshopper’s geometry components. The 

following sections detail how the variables are arranged, bounded, and related to the final geometry of a 

shaped slab. 

 

Figure 59 Procedure for digitally constructing shaped slab 
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6.3.1. Variable definition 

 

Coordinates Bounds 

𝑣𝑣2,𝑣𝑣3, 𝑣𝑣4 0.015
𝑏𝑏
2
≤ 𝑣𝑣 ≤ 0.95

𝑏𝑏
2

 

𝑦𝑦1,𝑦𝑦2,𝑦𝑦3 0.015h ≤ 𝑦𝑦 ≤ 0.95h 

𝑦𝑦4 0.03 meters ≤ 𝑦𝑦 ≤ 1.00 meters 

Figure 60 Shaped slab control points and their associated bounds 

The points that control the slab’s geometry are shown in Figure 60, along with a table of their bounds. The 

horizontal coordinates are bound by the variable dimension, 𝑏𝑏, while the vertical coordinates are bound by 

the variable dimension, ℎ. Consequently, the variables for optimization are not the coordinates, but the 

coefficients that manipulate the coordinates as a function of their bounds. This relationship is 

demonstrated by the following set of equations: 

𝑣𝑣2 =
𝑎𝑎1𝑏𝑏

2
(45) 

𝑣𝑣3 =
𝑎𝑎2𝑏𝑏

2
(46) 

𝑣𝑣4 =
𝑎𝑎3𝑏𝑏

2
(47) 

𝑦𝑦1 = 𝑎𝑎4ℎ (48) 

𝑦𝑦2 = ((1 − 𝑎𝑎4)𝑎𝑎5 + 𝑎𝑎4)ℎ = 𝑎𝑎5∗ℎ (49) 

𝑦𝑦3 = ((1 − 𝑎𝑎5∗)𝑎𝑎6 + 𝑎𝑎5∗)ℎ = 𝑎𝑎6∗ℎ (50) 

𝑦𝑦4 = ℎ (51) 
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where 0.05 ≤ 𝑎𝑎i ≤ 0.95 to prevent overlapping coordinates and avoid lofting errors in Grasshopper. 

As a result of these relationships, the design vector of variables for the constrained optimization is made 

up of the coefficients, the maximum width of the slab, and the maximum height at each section: 

𝒙𝒙 =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡
𝑎𝑎1
𝑎𝑎2
𝑎𝑎3
𝑎𝑎4
𝑎𝑎5
𝑎𝑎6
𝑏𝑏
ℎ ⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎤

(52) 

6.3.2. Translation from points to slab 

The translation of coordinates to 3-dimensional geometry must be considered carefully, as a number of 

issues can occur in the analytical analysis of an element when the geometry is formed incorrectly. For 

instance, the type of interpolation between points is important. Figure 61 shows an example of how the 

same points can result in a section that is impossible to analyze when the type of interpolation between 

them changes from linear to cubic. 

  

Figure 61 Effect of interpolation degree on resultant geometry from similar points 

In order to bypass this issue, the points are interpolated longitudinally rather than transversely, as shown 

in Figure 62. This geometry is then rotated about the x- and y- axis and closed to create a solid element 

that can be assessed as explained in Section 6.2.1. The sections are lofted together using Grasshopper’s 

built-in components, lofting longitudinally to ensure a smooth geometry. A smooth geometry helps avoid 

shear concentrations from sudden changes in section [24]. 
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Figure 62 Effect of lofting direction on resultant geometry from the same points 

6.4. Constrained optimization problem 

In summary, the methodology discussed above results in a constrained optimization problem that can be 

defined as follows: 

minimize 𝐸𝐸𝐸𝐸(𝒙𝒙) 

subject to 𝑉𝑉𝑚𝑚 > 𝑉𝑉𝑢𝑢 

𝑀𝑀𝑚𝑚 > 𝑀𝑀𝑢𝑢 

𝜌𝜌𝑚𝑚𝑚𝑚𝑣𝑣 > 𝜌𝜌 > 𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚  

𝑏𝑏 ≤ 16𝜖𝜖𝜙𝜙 + 𝑏𝑏𝑤𝑤  

𝐼𝐼 = 0  

This constrained optimization is carried out using the COBYLA algorithm, or Constrained Optimization by 

Linear Approximation [59]. This is an optimization algorithm that can be carried out using Radical, a tool in 

the Design Space Exploration plugin [57] specifically developed to carry out constrained optimization. The 

optimization is stopped when either a maximum number of iterations has been completed, or the objective 

is no longer changing beyond a set tolerance. In this strategy, the maximum number of iterations is set to 

1000, and the tolerance is 0.001.  

6.4.1. Optimization problem controls 

The initial framework for the optimization problem is made up of a number of controls that can be altered: 

the number of planes for geometry construction, the number of points and their degrees of freedom, the 
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number of sections for analysis, and more. This section will discuss the impact of those controls on the 

optimization performance and expediency. These controls are summarized in Table 6 below. 

Table 6 Optimization controls and tested ranges 

Optimization controls Range 

Number of construction planes 2-5 

Sections for analysis 5 

Constraints per section 4 

Subdivisions for integration 10 

Variable points per plane 3 

Degrees of freedom per plane 3-5 

Total section variables 6-25 

Total constraints 25 

Nine test runs are conducted to explore the impact of these controls on the final results and computational 

time. The controls highlighted in bold text are manipulated during these runs and the results of each test 

are discussed in the following section. 

6.4.1.1. Optimization control testing 

 

Figure 63 Variable degrees of freedom for optimization test runs 

The setup of each test run is shown in Figure 63 and summarized in Table 7. Each run explores a 

combination of two variable controls: the number of construction planes and the degrees of freedom (DoF) 

of three points on each plane. The diagram above shows the impact of the DoF on the section’s 

construction; this is repeated on each plane resulting in a total number of section variables that is the 

product of the number of planes and DoF.  
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Table 7 Optimization controls manipulated for each test run 

Run Planes DoF Section Variables 
1 5 5 25 
2 3 5 15 
3 2 5 10 
4 5 4 20 
5 3 4 12 
6 2 4 8 
7 5 3 15 
8 3 3 9 
9 2 3 6 

The resulting designs of each test run are shown in Appendix D, and their embodied energy reductions and 

optimization times are summarized in Table 8 below. 

Table 8 Final embodied energy (EE) reduction, optimization time, and iterations for each test run 

Run %EE Reduction Time (s) Iterations 

1 58% 397 630 

2 64% 258 555 

3 61% 78 188 

4 63% 284 525 

5 61% 184 305 

6 62% 89 152 

7 62% 199 331 

8 64% 202 326 

9 64% 96 167 

The test runs suggest that the various arrangements of the optimization controls had little impact on the 

final results. The optimization was often completed within 1-8min and yielded an embodied energy 

reduction of 58-64% percent. This suggests that increasing the number of variables adds more time to the 

optimization but ultimately does not impact the EE reductions very much. 

It is important to note that these controls can be adjusted for various fabrication constraints. The degrees 

of freedom, number of construction planes, and relationship between variable coordinates can mark the 
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difference between a doubly-curved geometry reliant on subtractive manufacturing and a singly-curved 

geometry that can be approximated with bent sheet materials. 

6.5. Prototype design 

To test the results of this strategy, a small-scale slab with a span of 1.25m and width of 0.25m is designed 

for fabrication and load testing. The resultant design is shown in Figure 65. The slab is designed for a 

distributed load of 19.7kN/m resulting in a maximum imposed moment of 3.86kN-m at midspan. For ease 

of construction, the slab is designed with a fixed tensile reinforcement of 9.5mm diameter, 415MPa 

strength steel.  

 

Figure 64 Chosen design for fabrication with Grasshopper visualization; section planes show points of analysis where 
red means a constraint is not met 

The first step is the design of an optimized flat slab undergoing the same loads, minimizing its embodied 

energy by adjusting its depth. The result is a flat slab of 196mm depth, with a total embodied energy of 

177MJ. The next step is the design of an optimized slab using this strategy. The slab shown in Figure 65 is 

designed with 12 variables: four degrees of freedom on three section planes. The material and embodied 

energy savings of the resultant designs are summarized in Table 9. As the longitudinal steel volume remains 

fixed, the entirety of the embodied energy reduction occurs in the concrete. 

Table 9 Material volumes and EE of control and optimized slab 
 

Control Slab Resultant Design % reduction 
Volume of Concrete (m3) 6.13E-02 1.90E-02 69% 
Volume of Steel (m3) 8.90E-05 8.90E-05 0% 
EE (MJ) 177 76 57% 
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6.6. Fabrication 

As in previous strategies, two small-scale slabs are fabricated using a plywood box and a CNC-milled foam 

insert (see Figure 67).  

 

Figure 65 Milled CNC foam and plywood box used for optimized slab fabrication 

The slab is reinforced with a single 9.5mm longitudinal reinforcing bar with a yield stress of 415MPa and 

3.2mm mild-steel transverse reinforcing wire with a yield stress of 345MPa. To simplify assembly and hold 

the transverse steel in place a mesh of 3.2mm wire, arranged as in Figure 67a, and 3D printed rebar chairs 

are used. 

 

Figure 66 a) Top view of flange mesh and b) Longitudinal section of transverse and longitudinal reinforcing 

The longitudinal reinforcement is bent using a Hitachi VB16Y Rebar Cutter/Bender, which allows for specific 

angles to be bent. Nonetheless, a simplified rebar profile is used which reduces the central curvature to a 
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single angle. Figure 68 shows that this results in a small error in the rebar’s location, but not too substantial 

at the scale of the slab. 

 

Figure 67 Final longitudinal rebar profile, original design profile shown in dotted black line 

In addition to the CNC milled foam, an approximation of the slab is fabricated using singly-curved plywood. 

This is a method commonly used in furniture fabrication, and provides a proxy for common methods of 

building with sheet metal in India. This results in a similar mold design with one main different: the flange 

is now a single thickness, adding more material for the ease of fabrication. An image of the form is shown 

in Figure 68. Further information on the fabrication of this formwork can be found in [60]. 

 

Figure 68 Bent wood form and plywood box for approximated slab fabrication 

6.7. Load testing 

Load testing is carried out with four points of loading, approximating the uniform loading that the slab was 

designed for. With the loading conditions shown in Figure 69 below, it is estimated that the design will 

withstand 6kN at each point, or 24kN in total. 
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Figure 69 Setup for load testing with four points of concentrated loading 

The slab mid-span deflections are collected using a linear variable differential transformer (LVDT) mounted 

to measure deflections from the slab’s supports and disregard deflections of the testing machinery. An 

image of the testing setup is shown in Figure 70 below. 

 

Figure 70 Fixture for load testing slabs, LVDT is mounted below beam for deflection measurements 

6.8. Results and Discussion 

This strategy results in an EE reduction of 55-70 percent in the design of a shaped slab. The result varies 

depending on the span, loading conditions, and bounds placed on the optimization procedure. This saving 
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is accomplished through the constrained optimization of a shaped concrete slab, designed to minimize the 

embodied energy while meeting constraints of ductility, flexural resistance, shear resistance, flange 

thickness, flange width, and clear cover. 

Three slabs were cast and tested, two built with CNC milled forms and one with bent plywood, each with 

their own concrete mix. The mix design is adjusted after the first mix to increase workability without 

reducing the strength of the mix. This is accomplished by increasing the cement paste/aggregate ratio while 

keeping the water/cement ratio (w/c) consistent, as shown in Table 10. 

Table 10 Mix designs for each slab 

Material Slab 1 Slab 2 Slab 3 
Cement (kg) 26.6 30.9 25.2 
Sand (kg) 102.7 96.1 104.1 
Water (kg) 14.4 16.7 14.4 
Plasticizer (ml) 890.0 620.0 21.5 
1.5% sand (kg) 1.5 1.4 1.6 
Total (kg) 145.3 145.2 145.3 
      
w/c 0.54 0.54 0.57 
paste/aggregate 0.40 0.50 0.38 

As a result of the varied mixes, six cylinders are cast and tested to determine the concrete strength for each 

prototype slab. The results of the cylinder tests are summarized in Table 11. 

Table 11 Uniaxial compression test results for each slab 

 Mix 1 Mix 2 Mix 2 
Cylinder Stress (MPa) Stress (MPa) Stress (MPa) 
1 22.8 36.2 17.1 
2 22.3 36.9 18.0 
3 19.5 35.7 N/A 
Average 21.6 36.3 17.5 

Additionally, the slabs are weighed to identify how much concrete is added when simplifying the flange 

thickness to a single dimension in the bent wood formwork of Slab 3. These weights and percent differences 

are summarized in the table below. 
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Table 12 Weight and % difference for prototype slabs 

Slab Construction Weight (kgs) %Weight change 
1 CNC Foam 43.8 0% 
2 CNC Foam 43.8 0% 
3 Bent Wood 54.0 23% 

The results of the cylinder tests shown in Table 11 show that the two mixes result in substantially different 

strengths. The mix used for Slab 1 is 28 percent weaker than the design strength of 30MPa, the mix for Slab 

2 is 21 percent stronger, and the mix for Slab 3 is over 40 percent weaker. This may explain the subsequent 

difference in performance shown in Figure 71, where Slab 1 fails at a load of 23.3kN, Slab 2 fails at a load 

of 30.1kN, and Slab 3 fails at 25.3kN.  

 

Figure 71 Test results of optimized slabs undergoing four concentrated point loads 
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Slab 1 is three percent weaker than the design strength of 24kN, failing in a sudden brittle manner due to 

a shear crack going through the support. Slab 2 reaches an ultimate strength 25 percent stronger than the 

design load, and fails in a desirable ductile manner (see Figure 72). Slab 3, despite the far weaker mix design, 

surpasses the design load by 5 percent. This may be due to the additional material in the simplified flange 

These results suggest that this strategy can provide substantial material reductions, but it is sensitive to 

errors in mix design and fabrication. Although these results are promising, further tests are required to 

verify them further. 

 

Figure 72 Close up of Slab 2 after loading shows flexural cracks near midspan 

6.9. Full-scale prototype 

A 5m prototype was built with local partners in New Delhi to test the viability of this strategy at full-scale. 

Working with the Society for Technology and Action for Rural Advancement (TARA), the fabrication and 

testing took place in New Delhi. This experiment also explored the market feasibility of the technology for 

presentation to potential stakeholders in India. The result of this exploration is a 5m x 1m shaped slab 

designed with a 47 percent reduction in embodied energy, 30 percent reduction in concrete, and 68 

percent reduction in longitudinal steel when compared to a flat slab of similar dimensions. The slab is 

designed to carry a uniform floor load of 200 kg/m2 and its own dead load as discussed in Section 6.2.1. 

6.9.1. Design and fabrication 

At the start of this process, the design shown in Figure 73 was presented to the local partner. The design 

has an embodied energy reduction of 60 percent and required 50 percent less concrete and 75 percent 

less steel than an equivalent flat slab.  
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Figure 73 Original design of 5m x 1m slab for fabrication and testing in India 

The expectation was that the slab would be built using CNC-milled extruded polystyrene foam, using 

subtractive manufacturing to build a doubly-curved geometry. However, the local engineers could not find 

foam blocks in the required quantity and proposed using CNC-milled steel blocks several centimeters thick. 

As this would have resulted in an impractical excess of weight, waste, embodied carbon, and cost it was 

decided that an alternative design would be necessary. The partners had extensive experience with sheet 

metal and welding, so the design algorithm was adjusted for single-curved surfaces that could be built from 

laser-cut sheet metal (see Figure 74). This was done remotely and accomplished relatively quickly, providing 

the local partners with a new design within two hours.  

 

Figure 74 Degrees of freedom resulting in a) doubly curved geometry or b) singly curved surfaces 
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The local engineers were also uncomfortable with how thin the flange was getting, so the slab was 

redesigned with a minimum flange thickness of 6cm to ease their concerns. This added approximately 10 

percent more concrete to the original optimized design, highlighting the impact of the flange thickness on 

the material efficiency of the slab. The updated design has an embodied energy reduction of 47 percent 

and uses 30 percent less concrete and 68 percent less steel than an equivalent flat slab. The final design 

provided for fabrication is shown in Figure 75 below.  

 

Figure 75 Updated design of 5m x 1m slab for sheet metal mold 

The slab was fabricated using a sheet metal mold, assembled from laser-cut 3mm steel, and built for simple 

disassembly for future use (see Figure 76). The design of the mold was carried out by the local partner and 

their in-house engineers. The slab was reinforced with a 16mm bar for tensile reinforcement, 6mm steel 

bars for shear reinforcement, and a mesh of 6mm bars to reinforce the flange (see Figure 76 through Figure 

82). As of this writing the slab has been cast and cured and it will be load tested in a Delhi-based testing lab 

to assess its structural capacity and behavior during failure. 
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Figure 76 Half of curved sheet metal formwork for full-scale prototype 

 

Figure 77 Close up of sheet metal formwork showing manually welded joints 
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Figure 78 Partnering engineer overseeing fabrication of sheet metal form 

 

Figure 79 Rebar placement within prototype mold 



98 

 

 

Figure 80 Concrete casting and finishing 

 

Figure 81 Demolded slab with parts of reusable formwork lying beside it 
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Figure 82 Cured shaped slab prepared for load testing 

6.9.2. Cost assessment 

This prototype provides valuable insight into the cost and obstacles to building a shaped slab within the 

Indian context. A table detailing the costs of the slab construction is shown below. 

Table 13 Cost breakdown of full-scale slab fabrication 

M40 Grade of Concrete     
Raw Materials (RM) Quantity (In kg) Rate (INR/kg) Total RM cost (INR) % of total cost 
Sand 376 1.28 480.65  
Aggregate (10mm) 394 1.35 532.42  
OPC 43 Grade 277 6.5 1800.8  
Water 116 0.2 23.265   

Total Quantity 1163 Total Cost 2837.1 29% 

     
Steel      
Raw Materials (RM) Quantity (In kg) Rate (INR/kg) Total RM cost (INR) % of total cost 
16mm steel 48 48.3 2318.4  
6mm steel 30 50.5 1515  
Winding wire 2 65 130   

Total Quantity 80 Total Cost 3963.4 40% 

     
Labor      
Raw Materials (RM) Quantity (In kg) Rate (INR/kg) Total RM cost (INR) % of total cost 

Steel rod cutting and 
bending 

1 master-
craftsman 

700 per 
master-
craftsman 1200  

 1 helper 500 per helper   

Concrete casting 1 expert mason 
800 per expert 
mason 1800  

  2 helpers 500 per helper     

Total    3000 31% 
Grand Total (In Rs.)   9800.5  
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This table details the costs of a one-off prototype, suggesting that further savings could be made if this 

were carried out on a larger scale. For instance, the local partners suggest that labor costs, which currently 

constitute 31 percent of the slab’s cost, would further decrease with large-scale manufacturing of steel 

elements and mechanized concrete mixing. Additionally, the steel makes up 40 percent of the cost, but this 

could go down through careful design of the shear and flange reinforcement. As it stands, the slab’s flange 

and web are over-reinforced due to fabrication oversight.  
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CHAPTER 7  CONCLUSION 

The three strategies each present varied methods in the design of material efficient horizontal spanning 

concrete elements. Strategy 1 uses a method similar to the uniform-strength beam designs of early 

mechanics, designing for flexural demand and then reinforcing against shear forces. Strategy 2 uses a 

combination of shape optimization and ULS beam design to remove material between the tensile steel and 

compression frame, ultimately designing a Vierendeel truss-like beam. Strategy 3 uses a constrained 

optimization that expands upon Strategy 1 by simultaneously manipulating multiple dimensions of a slab 

while checking the slab against numerous structural constraints. As discussed in the following sections, 

these strategies each rely on a combination of manual labor and digital fabrication and provide different 

levels of material efficiency. 

7.1. Results and discussion 

New and emerging methods of fabrication enable designers to realize increasingly complex designs and 

processes. Subsequently, digital fabrication provides a pathway to constructing and testing the oft-complex 

results of structural optimization. Working between the vast opportunities of digital fabrication and the 

bounds of scalable construction in India, all three strategies use digital fabrication to realize their final 

results. Nonetheless, the complexity of fabrication ranges in each strategy and call for varying levels of skill. 

Strategy 1, the variable-width beam, uses the simplest form of digital fabrication in the mold construction. 

An insert is placed in an otherwise regular prismatic form, showing how material efficiency can be achieved 

through relatively simple means. This strategy uses an insert made of CNC-milled extruded polystyrene 

foam, but this could be replaced by materials like plywood, thermo-formed plastic, and sheet metal. The 

design of the steel reinforcement presents another opportunity for material efficiency through digital 
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fabrication. As mentioned before, sufficient transverse reinforcement is key in enabling a ductile failure for 

a variable-width beam. Typically, to simplify construction, designers will choose one size and spacing of 

transverse reinforcement that satisfies the most extreme shear requirement. This is over-structured and 

calls for more steel than necessary. This strategy presents two methods—CNC-bent wire and rebar or CNC-

waterjet plate steel—that overcome this limitation and allow for a more minute control of the volume of 

reinforcing steel in a variable-width beam. When scaled up to residential construction, these methods could 

make shaped structures increasingly viable and competitive in material constrained markets. 

Strategy 2, the cavity beam, uses CNC-milled foam as the primary formwork to hold the plastic bottles in 

place for casting. Additional exploration may result in alternative methods for fabrication, including a way 

to suspend the bottles in the desired locations and rotations without restricting the width of the beams to 

the width of the bottles. CNC-bent reinforcement could also pair well with this method, potentially 

designing supports for the bottles within the reinforcing cage, reinforcing against the shear forces that were 

neglected in the original tests. 

Strategy 3, the shaped slab, utilizes a similar approach to strategy 1 by placing an insert that could fit within 

standard slab formwork. This strategy uses CNC-milled foam, but it could also be done by approximating 

the geometry in bent steel plates or thin sheets of wood. As demonstrated, the design methodology can 

be adjusted to utilize only singly-curved surfaces resulting in a form that can be built from elastically bent 

materials. This would be more time and material efficient than common methods of subtractive 

manufacturing. The steel reinforcement for a shaped slab presents unique challenges that have been 

explored in previous literature [39], [46] and studied briefly in this thesis. In this strategy, the longitudinal 

reinforcement is bent using an industry standard automated rebar bender, but further research could 

include the use of industrial-scale CNC rebar bending for more precise profiles and increased design 

freedom.  

With each strategy, the goal is the reduction of material consumption in meeting a structural demand. As 

discussed in Chapter 1, material efficiency can be quantified by mass reduction, cost reduction, embodied 

energy reduction, and more depending on the priority of the designer. For this thesis, material efficiency is 

first looked at through concrete and mass reduction, and then extended to include steel reduction in the 

optimization of embodied energy. Each of the strategies achieve various levels of material efficiency (see 

Figure 83), and their results are summarized in Table 14. 
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Figure 83 Three strategies for material efficient concrete elements explored in this thesis 

 

Table 14 Summary of stategies and material reductions 

Strategy % concrete reduction % steel reduction % EE reduction 
1 | Variable-width beam 40 0 34 
2 | Cavity Beam 16 0 12 
3 | Shaped slab 40-70 0-80 55-70 

7.2. Summary of contributions 

This thesis presents three strategies for the design of material efficient horizontal spanning concrete 

elements for residential construction in India. The strategies all follow a methodology of computational 

structural design, digital fabrication, and structural load testing to verify their feasibility for use in 

construction. The thesis references historic approaches to the design of efficient concrete structures while 

applying digital structural design and fabrication methods that reconcile them with modern-day 

construction practices.   

Historic practices in material efficient concrete construction were often reserved for exclusive and 

significant architectural projects. They often relied upon non-rigorous rules-of-thumb, physical testing 

experience, or simplified models of concrete mechanics. Today, the advent of computational optimization 
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and digital fabrication allows designers to push those practices further with increased precision and 

fabrication potential. This thesis applies this new-found design and fabrication freedom to the wide-spread 

problems of housing insecurity in Indian cities.  

This thesis also applies an understanding of concrete mechanics to existing methods of structural 

optimization. As discussed in Chapter 2, structural optimization is a long-existing practice but it historically 

neglects the material complexity of materials like reinforced concrete. Recent attempts to utilize structural 

optimization in the design of efficient concrete elements either idealize it through the use of fiber 

reinforcing and non-standard mix designs or by designing them as largely compressive structures. While 

viable to some contexts, these approaches are not yet realistic in India’s urban construction context. Thus, 

this thesis presents a pragmatic and promising methodology to the optimization of concrete horizontal 

spanning elements. 

At the building scale, structural elements typically account for 50 percent of the mass and embodied 

energy. As a building exceeds 10 stories, the horizontal spanning elements can account for over 80 percent 

of the structure’s mass and embodied energy [21]. By removing 60 percent of the mass of horizontal 

spanning elements, as this thesis proposes, the structural weight can be reduced by nearly 50 percent. This 

does not include the secondary effects of reducing the dead load on vertical elements, which in turn 

decreases the demand on building foundations. Additionally, lateral loads like seismic activity can be 

reduced proportional to a reduction in the weight of a building’s mass.  

Not only can these practices curb the ecological costs of concrete in India, they can also help curb the 

ecological costs of concrete worldwide. Cement is the source of up to 8 percent of global carbon emissions 

and, as concrete remains the most widely produced and used construction material in the world, there is 

a strong desire to reduce the ecological impact of concrete construction.  If the Paris agreement on climate 

change is to be met, countries need to reduce their cement-related emissions by 16 percent in 2030 [61]. 

This thesis proffers that structural design and digital fabrication may help meet this goal. 

7.3. Limitations and future work 

The scope of this thesis was the design of one-way horizontal span reinforced concrete elements built for 

the modular spans of Indian residential construction. The elements were designed for simply-supported 

boundary conditions and static residential loads, considering flexural and shear stresses. Additionally, the 

third strategy considers the impact of fabrication upon the design process, giving flexibility to designers to 
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adjust the optimization method to suit their fabrication limits and opportunities. That being said, there are 

a number of ways this research could expand with future work.  

Further analysis and subsequent design improvements can be made for dynamic loading conditions like 

seismic activity. The scope can also be expanded to include the design and optimization of vertical 

elements. This would increase the material savings by looking at the entire built structure, from the roof to 

the foundations. While stiffness is assessed in the load testing results, more work can be done to calculate 

deflections before testing and to design for stiffness constraints. This is difficult for irregular sections and 

multi-material systems like reinforced concrete, but numerical methods such as Finite Element Analysis 

could be used to analyze complex shaped structures for their expected deflections. 

As discussed in each strategy, laboratory limitations on prototype scale presents various fabrication and 

load test restrictions. Nonetheless, their promising results show that further full-scale testing is worth 

pursuing. Full-scale testing is essential to proving that the strategies are reliable and would demonstrate 

their viability to stakeholders in India’s residential construction.  

There is also room for an economic evaluation of these strategies. It is typically difficult to assess the market 

feasibility of a new technology in construction without long-term commitment and research outside the 

scope of this thesis. Through further market analysis and exploration with local partners, the strategies can 

include the costs of complex formwork and guide designers towards economic means of structural 

efficiency. This can lead to a techno-economic model that considers the capital investment and eventual 

return on investment for each of the strategies. 

Finally, factors beyond structural behavior can be considered in the design of concrete horizontal elements. 

Future work can look into the implementation of thermal transmissivity, thermal insulation, mechanical 

systems, daylighting, and more with the structural design of concrete floor and roof elements. Often in 

practice the sizing of structural elements in residential construction can be controlled by non-structural 

factors such as acoustic transmission and fire resistance. The methodology of this thesis can be expanded 

to consider these factors through performative shaping or the addition of lightweight materials that provide 

better performance. This work can dissuade designers from relying on “more” concrete to deal with all of 

these issues and promote a more informed and nuanced use of material. 
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7.4. Concluding remarks  

There is an immense demand for housing in India’s cities, and Indian builders need to build efficiently and 

quickly to meet this demand. The majority of new housing construction in India’s cities will be built from 

concrete and, as material costs contribute to the bulk of construction costs, new practices are needed for 

material efficient concrete structures. Furthermore, these concerns are echoed in cities worldwide in 

rapidly urbanizing LEDCs. The strategies presented in this thesis show that structural optimization and 

digital fabrication can help in the construction of affordable housing and low-carbon concrete construction. 

This thesis proposes that efficient structural elements, appropriately designed for the context and local 

construction practices, could and should be used anywhere a flat concrete slab would be used. If scaled up 

to mass-produced residential construction, these strategies can enrich the architectural design process and 

abate the economic and environmental costs of construction. 
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APPENDIX A | STRATEGY 1 SCRIPT 
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APPENDIX B | STRATEGY 2 SCRIPT 
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APPENDIX C | STRATEGY 3 SCRIPT 

  



111 

 

APPENDIX D | OPTIMIZATION TEST RESULTS 
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APPENDIX E | FABRICATION IMAGES 

 
Figure 84 Fabrication of plywood box for cavity beam 

 
Figure 85 Bottles secured to CNC milled foam formwork 
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Figure 86 Casting of cavity beams 

 
Figure 87 Comparison between cavity beam and prismatic control beam 
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Figure 88 Three-point load test of cavity beam 

 
Figure 89 Cavity beam after load testing showing shear failure mode 
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Figure 90 Close up photo of reinforcing cage for CNC bent wire reinforcement 

 

 
Figure 91 Individual elements of CNC waterjet steel plate reinforcement 
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Figure 92 Close up view of CNC waterjet plate reinforcement, connection between transverse and longitudinal steel 

 
Figure 93 CNC milled foam and plywood boxes for shaped beams 
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Figure 94 Casting of shaped beam, checking concrete cover on vibrating table 

 
Figure 95 Resultant shaped beams and prismatic control beam 
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Figure 96 CNC milling of shaped slab foam formwork 

 
Figure 97 CNC milled foam, plywood box, and steel reinforcement of shaped slab prototype 
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Figure 98 Bent wood and steel reinforcement for shaped slab prototype 

 
Figure 99 Resultant prototype slabs cast using CNC milled foam, hanging fabric, and bent plywood 
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Figure 100 Close up of CNC milled foam formed shaped slabs 

    
Figure 101 Close up of bent wood formed shaped slabs 
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APPENDIX F | CONSTRUCTION PRACTICE 

 
Figure 102 Imported formwork for flat-slab construction, courtesy of Larsen & Toubro 

 
Figure 103 Assembled formwork for flat concrete slab supported by steel poles 
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Figure 104 Layout of post-tensioning tendons and tensile reinforcement for long-spanning concrete slab 

 
Figure 105 Auto-climbing system used in construction of vertical core 
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Figure 106 Manual concrete pouring at tower construction site, courtesy of Harsh Vardhan Jain Architects 

 
Figure 107 Construction worker carting ready-mix concrete to pouring location 
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Figure 108 Residential neighborhood construction, Emerald Hills in New Delhi, courtesy of EMAAR 

 
Figure 109 Cast-in-situ concrete columns and formwork for beams 
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Figure 110 Formwork for cast-in-situ flat slabs 

 
Figure 111 Hybrid system of concrete beams and kiln-fired brick staircase  
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APPENDIX G | STATE OF THE ART IN INDIA 

 
Figure 112 Jack arch and precast beam prototype, Roorkee, courtesy of Central Building Research Institute  

 
Figure 113 Hybrid soil block and concrete beams, courtesy of Auroville Earth Institute (AVEI) 
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Figure 114 Auditorium with 15m-span conical vault, Pondicherry, courtesy of AVEI 

 
Figure 115 Exterior of 15m-span conical vault, Pondicherry, courtesy of AVEI  
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Figure 116 Semi-circular ferro-cement channels, New Delhi, courtesy of Development Alternatives (DA)  

 
Figure 117 Low concrete domes, courtesy of DA 
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Figure 118 One-way vault built from interlocking conical blocks, courtesy of Anupama Kundoo Architect 

 
Figure 119 Colored tiles, pots for filler slabs, and conical blocks for vaults, courtesy of Anupama Kundoo Architect 
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Figure 120 Standard filler slab, courtesy of Indian Institute of Science (IISc) 

 
Figure 121 Jack arch using construction waste and low-carbon concrete, courtesy of IISc  
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APPENDIX H | HISTORIC CONCRETE STRUCTURES 

 

Figure 122 Shaped beams at Indian Habitat Centre by Joseph allen Stein and BV Doshi, New Delhi, 1993 

 

Figure 123 Shaped two-way slab at Sri Ram Centre by Shivnath Prasad and Mahendra Raj, New Delhi, 1969 



134 

 

 

Figure 124 Suspended floors at State Trading Corporation by Raj Rewal and Mahendra Raj, New Delhi, 1988 

    

Figure 125 Folded plates and beams at Municipal Stadium by Charles Correa and Mahendra Raj, Ahmedabad, 1960 
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Figure 126 Post tensioned leaning towers of NCDC by Kuldip Singh and Mahendra Raj, New Delhi, 1980 

 

Figure 127 Folded plates and twisted columns of Tagore Hall by BV Doshi and Mahendra Raj, New Delhi, 1965 
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