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Abstract

The building industry has adopted mass-customisation (MC) strategies

to address efficiency issues associated with the customised nature of this sector.

Multi-storey apartment buildings constitute a large segment of the Australian

building sector, which possesses significant potential for MC. MC aims to

provide choices for heterogeneous apartment demands in a prefabricated

construction context. It intends to deliver marketable building products at

a competitive cost close to mass-produced buildings. To maximise their

benefits, mass-customisation strategies must be implemented from early design

stages by developing a custom product that can be efficiently manufactured,

transported and assembled onsite. Implementation of general design rules,

such as guidelines provided by Design for Manufacture and Assemble (DfMA), at

the early design stages can enable the mass-customisability of the final building

product. Implementing such generic DfMA rules is challenging, particularly

due to the mathematical complexity of the building design problem. To

successfully address this challenge, a systematic and automatic approach is

necessary for exploring different design alternatives. However, the literature is

slim in proposing a practical solution to optimise the design for MC. Such an

optimisation platform must incorporate offsite manufacturing processes and

efficient onsite assembly and installation operations into the design process.
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This research introduces a design support framework that enables MC of

multi-storey buildings by incorporating both offsite manufacturing and onsite

assembly requirements. The framework consists of three main components:

(1) a design optimisation model to maximise standardisation while maintaining

architectural flexibility, (2) a framework for transferring the optimisation results

to a digital design platform, and (3) an onsite installation optimisation model

for crane scheduling to avoid the formation of bottlenecks in assembling mass-

customised components. Due to their increasing market uptake, and their

high potential for customisation, Cross-Laminated Timber (CLT) buildings are

chosen as the case studies for the implementation of MC strategies. The mass-

customised building designs were automatically generated and thoroughly

explored using evolutionary algorithms. The optimal design solutions were

visualised on a Building Information Modelling platform and then were used to

generate an accurate bill of quantities for factory production. Results of the case

studies showed that up to a 20% decrease in the CLT waste and a 10% decrease in

the installation, delays are achievable by adopting the proposed methodologies.

The outcomes of this research can be used by the building industry to achieve

mass-customised designs that result in minimal waste during manufacture and

a more productive onsite installation.

vii



Contents

Declaration of Publications iv

1 Introduction 1

1.1 Productivity issues and mass-customisation . . . . . . . . . . . . . . 2

1.2 Research gap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.3 Research questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.3.1 Question 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.3.2 Question 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.4 Research objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.5 Research scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.5.1 The market . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.5.2 The construction system . . . . . . . . . . . . . . . . . . . . . 14

1.5.3 The design focus . . . . . . . . . . . . . . . . . . . . . . . . . . 15

1.5.4 Manufacturing scope . . . . . . . . . . . . . . . . . . . . . . . . 16

1.5.5 Onsite assembly scope . . . . . . . . . . . . . . . . . . . . . . . 17

1.6 Thesis organisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.6.1 Chapter 1: Introduction . . . . . . . . . . . . . . . . . . . . . . 18

1.6.2 Chapter 2: Theories and concepts . . . . . . . . . . . . . . . . 18

viii



1.6.3 Chapter 3: A conceptual framework for applying Mass-

Customisation (MC) in building design . . . . . . . . . . . . . 19

1.6.4 Chapter 4: Developing a design support tool for mass-

cusomising the CLT buildings . . . . . . . . . . . . . . . . . . . 19

1.6.5 Chapter 5: A practical framework for automated design

of CLT buildings for mass-customisability in a digital

environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

1.6.6 Chapter 6: An algorithm for efficient onsite installation of

mass-customised systems . . . . . . . . . . . . . . . . . . . . . 21

1.6.7 Chapter 7: Conclusions . . . . . . . . . . . . . . . . . . . . . . 21

2 Theories and Concepts 22

2.1 Theoretical framework . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.1.1 The economic perspective . . . . . . . . . . . . . . . . . . . . 24

2.1.2 Operations management perspective . . . . . . . . . . . . . . 29

2.2 MC as a response to the productivity issue . . . . . . . . . . . . . . . 35

2.2.1 MC definitions . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.2.2 An overview of state of the art . . . . . . . . . . . . . . . . . . . 37

2.3 Supply chain implications of mass-customisation strategies . . . . . 42

2.3.1 Production strategies . . . . . . . . . . . . . . . . . . . . . . . . 43

2.3.2 CODP in the construction industry . . . . . . . . . . . . . . . 48

3 A Conceptual Framework for Applying Mass-Customisation in Building

Design 53

3.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.3 Literature review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.4 Product architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

ix



3.5 Automated product planning platform . . . . . . . . . . . . . . . . . 65

3.6 Automated project design platform . . . . . . . . . . . . . . . . . . . 65

3.7 Conclusions and discussion . . . . . . . . . . . . . . . . . . . . . . . . 67

4 Developing a Design Support Tool for Mass-Customising the CLT

Buildings 68

4.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.3 Literature review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.4 CLT buildings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.4.1 Preliminary design of the member cross-sections . . . . . . . 80

4.4.2 Section design . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.5 The Cutting Stock and Bin Packing problems . . . . . . . . . . . . . . 84

4.5.1 The cutting stock problem . . . . . . . . . . . . . . . . . . . . 85

4.5.2 The Bin Packing Problem . . . . . . . . . . . . . . . . . . . . . 86

4.5.3 The structural wall design problem . . . . . . . . . . . . . . . 87

4.6 Mathematical representation of the model . . . . . . . . . . . . . . . 89

4.7 Solution search method . . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.7.1 Generating the initial population . . . . . . . . . . . . . . . . 95

4.7.2 Solution evaluation . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.7.3 Genetic operators . . . . . . . . . . . . . . . . . . . . . . . . . . 100

4.7.4 New generation selection . . . . . . . . . . . . . . . . . . . . . 103

4.8 Case study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

4.9 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

4.10 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

5 A Practical Framework for Automated Design of CLT Buildings for

Mass-Customisability in a Digital Environment 111

x



5.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

5.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

5.3 Literature review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

5.3.1 Design for Manufacture and Assembly . . . . . . . . . . . . . 116

5.3.2 Architectural and Structural Optimisation . . . . . . . . . . . 117

5.3.3 Production Optimisation . . . . . . . . . . . . . . . . . . . . . 119

5.3.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

5.4 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

5.4.1 Design for Manufacture and Assembly (DfMA)-Oriented

Design of the Cross-Laminated Timber (CLT) Structural

Wall System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

5.5 DfMA-enabled modelling and optimisation of the CLT wall systems 128

5.5.1 Optimisation constraints . . . . . . . . . . . . . . . . . . . . . 132

5.5.2 The bin packing process and the objective function . . . . . . 134

5.5.3 Initialisation of the walls class instances . . . . . . . . . . . . 135

5.5.4 Building Modelling and Visualisation . . . . . . . . . . . . . . 136

5.6 Case project . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

5.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

6 An Algorithm for Efficient Onsite Installation of Mass-Customised CLT

Systems 149

6.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

6.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

6.3 Literature review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

6.3.1 Crane path planning . . . . . . . . . . . . . . . . . . . . . . . . 154

6.3.2 Lifting sequence optimisation . . . . . . . . . . . . . . . . . . 155

6.4 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

6.4.1 Lifting time estimation . . . . . . . . . . . . . . . . . . . . . . . 157

xi



6.5 Problem definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

6.6 Problem modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

6.7 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

6.8 Solution generation workflow . . . . . . . . . . . . . . . . . . . . . . . 168

6.9 Case study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

6.10 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

6.11 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

7 Conclusions 181

7.1 Conceptual framework for integrating design and the supply chain 185

7.1.1 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

7.1.2 Chapter’s efforts to fill the research gap . . . . . . . . . . . . . 185

7.1.3 Chapter contributions to research and practice . . . . . . . . 186

7.1.4 Chapter’s response to the Research Questions . . . . . . . . . 187

7.1.5 Methodological limitations and recommendations . . . . . . 187

7.2 Design support tool for mass-customising CLT structures . . . . . . 188

7.2.1 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189

7.2.2 Chapter’s efforts to fill the research gap . . . . . . . . . . . . . 189

7.2.3 Chapter contributions to research and practice . . . . . . . . 190

7.2.4 Chapter’s response to the Research Questions . . . . . . . . . 192

7.2.5 Methodological limitations and recommendations . . . . . . 192

7.3 Automated design framework for mass-customising CLT buildings . 193

7.3.1 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

7.3.2 Chapter’s efforts to fill the research gap . . . . . . . . . . . . . 194

7.3.3 Chapter contributions to research and practice . . . . . . . . 195

7.3.4 Chapter’s response to the Research Questions . . . . . . . . . 196

7.3.5 Methodological limitations and recommendations . . . . . . 197

xii



7.4 Ensuring optimal onsite installation of mass-customised CLT

systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198

7.4.1 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199

7.4.2 Chapter’s efforts to filling the research gap . . . . . . . . . . . 199

7.4.3 Chapter contributions to research and practice . . . . . . . . 200

7.4.4 Chapter’s response to the Research Questions . . . . . . . . . 201

7.4.5 Methodological limitations and recommendations . . . . . . 203

List of Acronyms 204

Bibliography 207

xiii



List of Figures

1.1 A summary of the research scope . . . . . . . . . . . . . . . . . . . . . 11

1.2 Value of building approved, by building type . . . . . . . . . . . . . . 12

1.3 Building classifications under the National Construction Code

(NCC) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.4 Thesis organisation and its connection to research objectives . . . . 18

2.1 A summary of theories and concepts leading to the formulation

used in chapter 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.2 Production strategies based on the CODP . . . . . . . . . . . . . . . . 44

2.3 An example of comparing production strategies based on the

CODP and standardisation of components in a product . . . . . . . 47

2.4 Customisation strategies based on the CODP . . . . . . . . . . . . . 50

3.1 Platform-based hierarchical decomposition of a building product . 64

3.2 Overview of the product planning and design platform . . . . . . . . 66

4.1 CLT panel (a), CLT assembly from the inside (b), and outside (c) . . 77

4.2 Example of Computer-Numeric Control (CNC) machines . . . . . . 78

4.3 Illustration of CLT panelised structural system . . . . . . . . . . . . . 80

4.4 Indicative span for CLT floor panels . . . . . . . . . . . . . . . . . . . 83

xiv



4.5 Different types of CLT billets: (a) Longitudinal panel, typically used

for floor and beams, and (b) Transverse panel, typically used for

wall panels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.6 Illustrative example of a structural floor plan in 2D (top left) and

3D (bottom left), and billet cuts based on the wall lengths . . . . . . 88

4.7 Optimisation process employed by the GA . . . . . . . . . . . . . . . 95

4.8 General representation of each solution . . . . . . . . . . . . . . . . . 96

4.9 Illustration of the example permutation . . . . . . . . . . . . . . . . . 98

4.10 Example of the permutation crossovers . . . . . . . . . . . . . . . . . 101

4.11 Mutation operators: (a) Swapping, (b) Reversion, and (c) Insertion . 102

4.12 Illustration of the hypothetical case example . . . . . . . . . . . . . . 104

4.13 Example case’s solution . . . . . . . . . . . . . . . . . . . . . . . . . . 108

5.1 CLT billets used for (a) Structural walls (stronger in the shorter

dimension), and (b) Floors (stronger in the longer dimension) . . . 122

5.2 Example floor plan with a one-way spanning floor system . . . . . . 125

5.3 Example scenario of CLT wall optimisation problem; the

determined section lengths (L1-L3) and the resulting wall lengths

(left), and the optimum cutting plan (optimisation variable) on

different billet types imposing minimum amount of wastes (Wmn) . 130

5.4 Overview of the optimisation process utilised by the framework . . 131

5.5 Problem inputs structure . . . . . . . . . . . . . . . . . . . . . . . . . 132

5.6 Excel spreadsheet output of the Python optimisation results . . . . 137

5.7 Dynamo visual program and script developed to convert

optimisation results into Revit model . . . . . . . . . . . . . . . . . . 139

5.8 Visual output of the Dynamo script in Revit project environment . . 144

5.9 Illustrative example of generated bill of quantities . . . . . . . . . . . 146

6.1 Loaded lifting in horizontal (left); and vertical planes (right) . . . . . 162

xv



6.2 Different Classes and methods utilised for modelling the problem . 166

6.3 Visual demonstration of classes and methods: (A) site layout, (B)

details of the stacks, and (C) Example of stacking for transportation 167

6.4 The process of random solution generation . . . . . . . . . . . . . . 171

6.5 Details of the initial problem conditions, including (a) the demand

locations and types on the footprint, crane location, staging areas,

and stacks of panels, and (b) Details of stacks . . . . . . . . . . . . . 173

6.6 Illustration of different scenarios of panel installation priorities . . 175

xvi



List of Tables

2.1 A summary of the economic principles . . . . . . . . . . . . . . . . . 28

2.2 A summary of operations management principles . . . . . . . . . . 32

2.3 Objectives of transition towards MC in different production contexts 47

3.1 Modularization aspects, their tools and objectives in the literature . 60

3.2 Modularization aspects, their tools and objectives in the literature . 62

4.1 Length constraint and demands of each floor plan section . . . . . . 104

4.2 Material Costs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

4.3 GA parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

4.4 Results of the optimisation run instances . . . . . . . . . . . . . . . . 105

4.5 Optimisation results; section lengths and billets . . . . . . . . . . . . 106

4.6 Cutting plan of the example problem . . . . . . . . . . . . . . . . . . 106

5.1 The current framework’s scope . . . . . . . . . . . . . . . . . . . . . . 127

5.2 Notations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

5.3 Wall panel sizes for different wall types . . . . . . . . . . . . . . . . . 140

5.4 Acceptable length ranges for each wall section in Fig. 5.2 . . . . . . 140

5.5 Price of different panel sizes . . . . . . . . . . . . . . . . . . . . . . . . 141

5.6 Optimum section lengths . . . . . . . . . . . . . . . . . . . . . . . . . 141

5.7 Detailed panel cut plan for enforced standardisation . . . . . . . . . 142

5.8 Detailed panel cut plan for free optimisation . . . . . . . . . . . . . . 142

xvii



6.1 Specifications of the panels, corresponding to their assembly

demands in the case example . . . . . . . . . . . . . . . . . . . . . . . 175

6.2 Specifications of the luffing tower crane . . . . . . . . . . . . . . . . . 175

6.3 A summary of the optimisation results for different scenarios

(double-handled panels are highlighted in black) . . . . . . . . . . . 177

xviii


	Title Page
	Certificate of Original Authorship
	Acknowledgement
	Declaration of Publications
	Abstract
	Contents
	List of Figures
	List of Tables



