
Investigation of Cementitious Materials and 

Fibre Reinforced Mortar in 3D Printing 

 
 

Pshtiwan Nasruldeen Shakor 

 
A thesis in fulfilment of the requirement for the award of the degree 

DOCTOR OF PHILOSOPHY 
 
 

 

 
School of Civil and Environmental Engineering  

Faculty of Engineering and Information Technology 

May 2019



ii 

Certificate of Original Authorship 

I, Pshtiwan Shakor, declare that this thesis, submitted in fulfilment of the requirements 

for the award of Doctor of Philosophy, in the School of Civil and Environmental 

Engineering, Faculty of Engineering and Information Technology at the University of 

Technology Sydney.  

This thesis is wholly my own work unless otherwise referenced or acknowledged. In 

addition, I certify that all information sources and literature used are indicated in the 

thesis. This document has not been submitted for qualifications at any other academic 

institution. This research is supported by the Australian Government Research Training 

Program. 

Signature:  

Date: 25 Oct 2019 

Production Note:
Signature removed prior to publication.



 

iii 
 

 

 

 

 

 

 

 

To my Family 

 

 

 

 

 

 

 

 



 

iv 
 

Acknowledgement  

I would like to thank Centre for Built Infrastructure Research (CBIR), School of Civil 

and Environmental Engineering, Faculty of Engineering and Information Technology 

(FEIT) at the University of Technology Sydney (UTS). 

 I wish to express sincere gratitude to my principal supervisor A/Prof Shami Nejadi for 

his patience, outstanding guidance, motivation and caring support provided throughout 

my thesis. I would also like to gratitude my co-supervisor Dr Gavin Paul for their 

invaluable guidance, positive attitude and support over the course of this research.  

I also acknowledge the assistance of the technical staff from the Civil Engineering 

Laboratories and Mechanical Engineering Laboratories. I also gratefully acknowledge the 

ProtoSpace Laboratory for their support. Working in the lab would never have been easy 

without the assistance provided by all these people.  

My special thanks go to my colleagues and capstone students from the Mechanical and 

Civil Engineering departments at the UTS for fostering an enjoyable working 

environment. Many thanks to HCED program for their support during my PhD research.  

Finally, I greatly thank my parents and my siblings for their unconditional love and 

support.  

 

  



 

v 
 

List of Research Papers 

Published Research Papers: 

 Shakor, P., Sanjayan, J., Nazari, A. & Nejadi, S. 2017, 'Modified 3D printed powder 

to cement-based material and mechanical properties of cement scaffold used in 3D 

printing', Construction and Building Materials, vol. 138, pp. 398-409. 

 Shakor, P., Nejadi, S., Paul, G. & Malek, S. 2019, 'Review of emerging additive 

manufacturing technologies in 3D printing of cementitious materials in the 

construction industry', Frontiers in Built Environment, vol. 4, pp. 85. 

 Shakor, P., Nejadi, S., Paul, G., Sanjayan, J. & Nazari, A. 2019, Mechanical 

Properties of Cement-Based Materials and Effect of Elevated Temperature on Three-

Dimensional (3-D) Printed Mortar Specimens in Inkjet 3-D Printing', ACI Materials 

Journal, vol. 116, pp. 55-67.  

 Shakor, P., Nejadi, S. & Paul, G. 2019, 'A study into the effect of different nozzles 

shapes and fibre-reinforcement in 3D printed mortar', Materials, vol. 12, pp. 1708. 

 Shakor, P., Nejadi S., Paul, G., Sanjayan, J. & Aslani, F. 2019 'Heat Curing as a Means 

of Post-processing Influence on 3D Printed Mortar Specimens in Powder-based 3D 

Printing', vol. 93, pp. 65-74. 

Submitted Research Papers: 

 Shakor, P., Nejadi, S., Paul, G. 'Effects of Different Orientation Angle on the 

Mechanical Behaviours of the Cementitious Powder and Gypsum Powder in Inkjet 

3DP ', Cement and Concrete Composites Journal. 



 

vi 
 

 Shakor, P., Nejadi, S., Paul, G. 'Investigation into the effect of delays between printed 

layers on the mechanical strength of inkjet 3DP mortar ', Manufacturing Letters. 

(Accepted) 

 Shakor, P., Nejadi, S., Paul, G.& Sanjayan J., 'Dimensional accuracy, wettability, 

flowability and porosity in the inkjet 3DP for the gypsum and cement mortar 

materials', Automation in Construction. (Accepted) 

 

Conference Papers:  

 Shakor, P., Renneberg, J., Nejadi, S. & Paul, G. 2017, 'Optimisation of Different 

Concrete Mix Designs for 3D Printing by Utilising 6DOF Industrial Robot', ISARC. 

34th Proceedings of the International Symposium on Automation and Robotics in 

Construction, Taipei, Taiwan. 

 Shakor, P. & Nejadi, S. 2017, '3D Printed Concrete Evaluations by Using Different 

Concrete Mix Designs', 7th Recent Trends in Engineering and Technology, Bangkok, 

Thailand. 

 Shakor, P., Nejadi, S., Paul, G. & Sanjayan, J. 2018, 'A Novel Methodology of 

Powder-based Cementitious Materials in 3D Inkjet Printing for Construction 

Applications ', 6th International Conference on the Durability of Concrete Structures, 

Leeds, UK. 

 Shakor, P., Nejadi, S. & Paul, G. 2018, 'An investigation into the behaviour of 

cementitious mortar in the construction of 3D printed members by the means of 

extrusion printing', 3DcP. 1st international conference on 3D Construction Printing, 

Melbourne, Australia.  



 

vii 
 

 Shakor, P., Nejadi, S. & Paul, G. 2018, 'Wettability, flowability and porosity in the 

inkjet 3DP for the gypsum and cement mortar materials.', 6th conference of the 

combined Australian Materials Societies; incorporating materials Australia and the 

Australian Ceramic Society, Wollongong, Australia. 

 Shakor, P., Nejadi, S., and Paul, G. 2019, ‘An Investigation into the Effects of 

Deposition Orientation of Material on the Mechanical Behaviours of the Cementitious 

Powder and Gypsum Powder in Inkjet 3D Printing’ 36th International Symposium on 

Automation and Robotics in Construction Alberta, Canada. 

 Shakor, P., Nejadi, S., and Paul, G. 2019, ‘Effect of Elevated Temperatures as a means 

of Curing in Inkjet 3D Printed Mortar Specimens’, 29th Biennial National Conference, 

Concrete Institute of Australia, Sydney, Australia. 

The author has received an award for excellence in concrete 2017 at the Concrete Institute 

of Australia-VIC for an innovative study for construction applications. 

  



 

viii 
 

Contents 

Acknowledgement          iii 

List of Research Papers        iv 

Contents          v 

List of Figures          vi 

List of Tables          vii 

Abstract          viii 

CHAPTER ONE .................................................................................................................................... 1 

1. INTRODUCTION ............................................................................................................................. 1 

1.1 ADDITIVE MANUFACTURING OF CONCRETE ................................................................................... 1 

1.2 CONCRETE FORMWORK ................................................................................................................... 1 

1.3 STATE OF THE PROBLEM .................................................................................................................. 2 

1.4 SCOPE AND OBJECTIVES OF THE RESEARCH ................................................................................... 3 

1.5 THESIS OUTLINE ............................................................................................................................... 5 

CHAPTER TWO ................................................................................................................................... 6 

2. LITERATURE REVIEW ................................................................................................................. 6 

2.1 INTRODUCTION ................................................................................................................................. 6 

2.2 OVERVIEW OF RAPID PROTOTYPE TECHNOLOGIES........................................................................ 8 

2.2.1 POWDER-BASED (INKJET PRINTING) ........................................................................................... 10 

2.2.2 SELECTIVE LASER SINTERING (SLS) .......................................................................................... 13 

2.2.3 EXTRUSION PRINTING (EXTRUSION BASED PROCESS) ............................................................... 15 

2.2.4 STEREOLITHOGRAPHY APPARATUS (SLA) ................................................................................. 20 

2.2.5 LAMINATED-OBJECT MANUFACTURING (LOM) ........................................................................ 21 

2.2.6 FUSED-DEPOSITION MODELLING (FDM) ................................................................................... 21 

2.2.7 LASER-ENGINEERED NET SHAPING (LENS) .............................................................................. 23 

2.2.8 ROBOCASTING .............................................................................................................................. 24 

2.3 SUMMARY ........................................................................................................................................ 25 

CHAPTER THREE ............................................................................................................................. 27 

3. MATERIAL PROPERTIES ........................................................................................................... 27 

3.1 INTRODUCTION ............................................................................................................................... 27 



 

ix 
 

3.2 MATERIAL PROPERTIES FOR 3DP .................................................................................................. 27 

3.3 BENCHMARK EXPERIMENTAL RESULTS ........................................................................................ 34 

3.3.1 POWDER-BASED (INKJET PRINTING (BINDER JETTING)) ........................................................... 34 

3.3.1.1 FORMULATION OF THE POWDER FOR INKJET 3DP ................................................................. 34 

3.3.1.2 SPECIMEN PREPARATION AND DETERMINATION OF THE WATER/CEMENT RATIO ............... 36 

3.3.1.3 RESOLUTION AND SURFACE ROUGHNESS OF THE POWDER-BED ............................................ 38 

3.3.2 SELECTIVE LASER SINTERING .................................................................................................... 39 

3.3.3 EXTRUSION PRINTING ................................................................................................................. 41 

3.3.3.1 MIX DESIGN FOR CEMENTITIOUS MATERIALS ........................................................................ 41 

3.3.3.2 EXTRUDER ADAPTATION AND DELIVERY SYSTEM .................................................................. 43 

3.4 SUMMARY AND DISCUSSION ........................................................................................................... 45 

CHAPTER FOUR ............................................................................................................................... 52 

4. TECHNIQUES AND METHODOLOGY ..................................................................................... 52 

4.1 POWDER-BASED (INKJET) PRINTING TECHNIQUE ......................................................................... 52 

4.1.1 DELIVERY SYSTEM ...................................................................................................................... 52 

4.1.2 PRINTING APPLICATIONS ............................................................................................................ 55 

4.2 EXTRUSION PRINTING TECHNIQUE ................................................................................................ 56 

4.2.1 DELIVERY SYSTEMS ..................................................................................................................... 57 

4.2.1.1 ADAPTED AUGER EXTRUDER ................................................................................................... 60 

4.2.1.2 PERISTALTIC PUMPS ................................................................................................................. 62 

4.2.1.3 PROGRESSIVE CAVITY PUMPS .................................................................................................. 63 

4.2.2 PRINTING APPLICATIONS ............................................................................................................ 65 

CHAPTER FIVE ................................................................................................................................. 67 

5. EXPERIMENTAL PROGRAM ..................................................................................................... 67 

5.1 EXPERIMENTAL PROGRAM............................................................................................................. 67 

5.1.1 POWDER-BASED 3D PRINTING TECHNIQUE ............................................................................... 67 

5.1.2 EXTRUSION PRINTING TECHNIQUE ............................................................................................. 71 

5.2 EXPERIMENTAL PROGRAM FOR THE POWDER-BASED 3D PRINTING ........................................... 73 

5.2.1 EXPERIMENTAL PROGRAM AND CURING CONDITIONS .............................................................. 78 

5.2.1.1 COMPRESSIVE STRENGTH TEST ............................................................................................... 80 



 

x 
 

5.2.1.2 FLEXURAL STRENGTH TEST ..................................................................................................... 90 

5.2.1.3 TENSILE STRENGTH TEST ........................................................................................................ 94 

5.2.1.4 SHEAR STRENGTH TEST ........................................................................................................... 94 

5.2.1.5 POROSITY TEST......................................................................................................................... 95 

5.2.1.6 FLOWABILITY TEST .................................................................................................................. 98 

5.2.1.7 WETTABILITY TEST .................................................................................................................. 98 

5.2.1.8 DIMENSIONAL ACCURACY TEST ............................................................................................ 101 

5.2.1.9 DELAY PRINTING TIME .......................................................................................................... 102 

5.2.1.10 UTILISING THREE-DIMENSIONAL SCANNING AND SCANNING ELECTRON MICROSCOPE .. 104 

5.2.1.11 MECHANICAL CHARACTERIZATION OF GLASS FIBRE REINFORCEMENT IN INKJET 3DP 

SPECIMENS .......................................................................................................................................... 104 

5.3 ANALYTICAL RELATIONSHIPS FOR THE MECHANICAL AND MATERIAL PROPERTIES (POWDER-

BASED 3DP) ......................................................................................................................................... 106 

5.3.1 COMPRESSIVE STRESS-STRAIN RELATIONSHIP ........................................................................ 106 

5.3.2 POROSITY-SATURATION LEVEL RELATIONSHIP ...................................................................... 107 

5.3.3 COMPRESSIVE STRENGTH-SATURATION LEVEL RELATIONSHIP............................................. 110 

5.4 EXPERIMENTAL PROGRAM FOR EXTRUSION PRINTING .............................................................. 111 

5.4.1 EXPERIMENTAL PROGRAM AND CURING CONDITIONS ............................................................ 112 

5.4.1.1 PROGRAMMING OF THE ROBOT AND CONTROL METHODOLOGY ........................................ 116 

5.4.1.2 COMPRESSIVE STRENGTH TEST ............................................................................................. 121 

5.4.1.3 FLEXURAL STRENGTH TEST ................................................................................................... 123 

5.4.1.4 SQUEEZE-FLOW TEST ............................................................................................................. 124 

5.4.1.5 SLUMP AND SPREAD-FLOW TEST ........................................................................................... 124 

5.4.1.6 SETTING TIME TEST ............................................................................................................... 125 

5.5 ANALYTICAL DETERMINATION OF THE MECHANICAL PROPERTIES .......................................... 126 

5.5.1 END-EFFECTOR SPEED-SLURRY DISCHARGE/LINE WIDTH RELATIONSHIP ........................... 136 

5.5.2 REGRESSION RELATIONSHIP FOR VELOCITY AND SLURRY DISCHARGE ................................. 140 

CHAPTER SIX .................................................................................................................................. 142 

6. EXPERIMENTAL RESULTS AND DISCUSSIONS ................................................................. 142 

6.1 RESULTS AND DISCUSSIONS - 3DP PARTS .................................................................................... 142 



 

xi 
 

6.1.1 POWDER-BASED (INKJET) 3D PRINTING MATERIALS............................................................... 142 

6.1.2 EXTRUSION PRINTING MATERIALS ........................................................................................... 217 

6.2 NUMERICAL ANALYSIS USING ABAQUS .................................................................................... 243 

6.3 STRESS-STRAIN DIAGRAM FOR INKJET 3DP MORTAR................................................................ 246 

CHAPTER SEVEN ........................................................................................................................... 252 

7. SUMMARY AND CONCLUSION ............................................................................................... 252 

7.1 SUMMARY ...................................................................................................................................... 252 

7.2 CONCLUSION ................................................................................................................................. 253 

7.2.1  INKJET 3D PRINTING ................................................................................................................ 253 

7.2.2 EXTRUSION 3D PRINTING .......................................................................................................... 256 

7.3 RECOMMENDATIONS FOR FUTURE RESEARCH ............................................................................ 257 

REFERENCES:...................................................................................................................................... 260 

APPENDIX A ........................................................................................................................................ 295 

INTRODUCTION ................................................................................................................................... 295 

SPECIFICATIONS ................................................................................................................................. 295 

IMPORTANT TERMS ............................................................................................................................ 296 

ZPRINTER 150 AND PROJET 360 COMPONENTS ................................................................................ 299 

SYSTEM EXTERIOR PARTS DESCRIPTION .......................................................................................... 300 

APPENDIX B ........................................................................................................................................ 302 

GENERAL INTRODUCTION TO OPERATION MODES AND ADDITIONAL FUNCTIONS ......................... 302 

OPERATING PROCEDURE .................................................................................................................... 303 

FROM THE TEACH PENDANT ............................................................................................................... 303 

COORDINATES ..................................................................................................................................... 305 

POSITION DATA ................................................................................................................................... 306 

APPENDIX C ........................................................................................................................................ 309 

APPENDIX D ........................................................................................................................................ 319 

OVERVIEW .......................................................................................................................................... 319 

DEFINING LINEAR ELASTIC MATERIAL BEHAVIOUR .......................................................................... 319 

DEFINING LINEAR ELASTIC RESPONSE FOR VISCOELASTIC MATERIALS ........................................... 319 

DIRECTIONAL DEPENDENCE OF LINEAR ELASTICITY ........................................................................ 320 



 

xii 
 

STABILITY OF A LINEAR ELASTIC MATERIAL ..................................................................................... 320 

DEFINING ISOTROPIC ELASTICITY ..................................................................................................... 321 

DEFINING ORTHOTROPIC ELASTICITY BY SPECIFYING THE ENGINEERING CONSTANTS .................. 322 

DEFINING TRANSVERSELY ISOTROPIC ELASTICITY ........................................................................... 323 

DEFINING ORTHOTROPIC ELASTICITY IN PLANE STRESS .................................................................. 324 

DEFINING ORTHOTROPIC ELASTICITY BY SPECIFYING THE TERMS IN THE ELASTIC STIFFNESS 

MATRIX................................................................................................................................................ 325 

DEFINING FULLY ANISOTROPIC ELASTICITY ..................................................................................... 326 

DEFINING ORTHOTROPIC ELASTICITY FOR WARPING ELEMENTS ..................................................... 327 

 

 
 

 

 

 

 

 

 

 

 

 

 

 



 

xiii 
 

List of Figures 

FIGURE 2. 1: OVERVIEW OF RAPID PROTOTYPING TECHNOLOGIES AND THE TECHNIQUES DISCUSSED IN THIS CHAPTER. THE BOX 

HIGHLIGHTS THE TECHNIQUES EMPLOYED IN THIS THESIS. ................................................................................. 8 

FIGURE 2. 2: SUBTRACTIVE MANUFACTURING PROCESS (A), ADDITIVE MANUFACTURING PROCESS FOR EXTRUSION PRINTING 

AND INKJET PRINTING (B). ......................................................................................................................... 9 

FIGURE 2. 3: SCHEMATIC ILLUSTRATION OF THE INKJET 3D PRINTING PROCESS. ........................................................... 11 

FIGURE 2. 4: SELECTIVE SINTERING DIAGRAM. ...................................................................................................... 14 

FIGURE 2. 5: EXTRUSION PRINTING PROCESS FOR THE CONCRETE .............................................................................. 16 

FIGURE 2. 6: GRAPHICAL EXPLANATION OF EXTRUSION PRINTING USING 6 DOF ROBOT WITH A PROGRESSIVE CAVITY PUMP. 17 

FIGURE 2. 7: SLA DIAGRAM PROCESS (REPRODUCED AFTER (CAÑETE VELA 2014)) ...................................................... 20 

FIGURE 2. 8: LOM DIAGRAM PROCESS (REPRODUCED AFTER (3DPRINTINGFROMSCRATCH 2019)) .................................. 21 

FIGURE 2. 9: FDM DIAGRAM PROCESS (REPRODUCED AFTER (ZEIN ET AL. 2002)) ....................................................... 22 

FIGURE 2. 10: FDM DIAGRAM PROCESS (REPRODUCED AFTER (ARD09-8 2009)) ...................................................... 24 

FIGURE 2. 11: ROBOCASTING APPARATUS (REPRODUCED AFTER (MORISSETTE ET AL. 2000)) ........................................ 25 

FIGURE 3. 1: PRINTED CONCRETE THROUGH A CUSTOM-MADE DELIVERY SYSTEM (NOTE: A MAX. PARTICLE SIZE OF COARSE 

AGGREGATE OF APPROXIMATELY 5MM) ...................................................................................................... 28 

FIGURE 3. 2: (A) PARTICLE SIZE DISTRIBUTION OF CEMENT MORTAR AND ZPOWDER (ZP 151) FOR THE INKJET PRINTING, (B) 

PARTICLE SIZE ANALYSIS OF MORTAR VERSUS PERCENTAGE PASSING FOR THE EXTRUSION PRINTING. ........................ 36 

FIGURE 3. 3: PRINTED CEMENTITIOUS CUBE VIA INKJET 3D PRINTER: (A) COMPRESSED UNDER A UNIAXIAL LOAD, (B) CRACKING 

AND DETACHING OF THE SHELL AND CORE PARTS. ......................................................................................... 37 

FIGURE 3. 4: USING LASER SINTERING (SLS) FOR CEMENT PASTE USING DIFFERENT POWERS (WATTS).............................. 40 

FIGURE 3. 5: (A) PRINTED MORTAR VIA EXTRUSION PRINTING, (B) PRINTED MORTAR USING ROBOT EXTRUSION DRIED IN 

AMBIENT TEMPERATURE FOR ONE DAY. ...................................................................................................... 42 

FIGURE 3. 6: EXTRUDER MOUNTED TO THE END-EFFECTOR OF THE ROBOT. ................................................................. 43 

FIGURE 4. 1: SCHEMATIC ILLUSTRATION OF POWDER-BASED 3D PRINTER WITH RELATIONSHIP BETWEEN FLOWABILITY, 

WETTABILITY, POWDER-BED POROSITY AND POROSITY IN THE SPECIMEN. ........................................................... 53 

FIGURE 4. 2: INSIDE THE FEEDER CONTAINER SHOWING THE NUMBER OF HOLES IN THE BIN. ........................................... 54 

FIGURE 4. 3: 3DP CONCRETE PROCEDURES FOR CONSTRUCTION APPLICATIONS (REPRODUCED AFTER (PAUL ET AL. 2018)) .. 59 



 

xiv 
 

FIGURE 4. 4: (A) SIMULATED ROBOT WITH A PRINT NOZZLE ASSEMBLY ATTACHED, TO DEMONSTRATE AND CHECK MOTION 

PLANS AND PATHS. (B) REAL WORLD ROBOT AND AUGER NOZZLE ASSEMBLY. ...................................................... 60 

FIGURE 4. 5: (A) EXTRUDER JOINED TO THE DENSO ROBOT. (B) NOZZLE TYPES MADE WITH ALUMINIUM AND PLA. ........... 61 

FIGURE 4. 6: RESULTANT PRINT OF SUCCESSFUL PRINT YIELDING A STABLE MORTAR AND DECENT SLUMP SLURRY. ISSUES WITH 

THE AUGER DELIVERY STRUGGLING TO CONSISTENTLY PUSH OUT MATERIALS. ...................................................... 61 

FIGURE 4. 7: PERISTALTIC PUMP WITH AN EXPLANATION OF THE PUMPING PROCESS. .................................................... 62 

FIGURE 4. 8: PRINTED CEMENT MORTAR USING A PERISTALTIC PUMP WITH A 7.9MM DIAMETER. .................................... 63 

FIGURE 4. 9: SCHEMATIC ILLUSTRATION OF THE PROGRESSIVE CAVITY PUMP WITH THE DETAIL OF THE PUMPING SYSTEM. .... 64 

FIGURE 4. 10: PRODUCT OF THE PROGRESSIVE CAVITY PUMP USING A 20 MM CIRCULAR NOZZLE. ................................... 64 

FIGURE 5. 1: SCHEMATIC ILLUSTRATION OF THE SELECTIVE BINDER (CEMENT) ACTIVATION TECHNIQUE IN INKJET 3D PRINTING.

 .......................................................................................................................................................... 68 

FIGURE 5. 2: SCHEMATIC DEPICTION OF POWDER-BED PRINTING (LAYER TECHNIQUE) IN INKJET 3D PRINTING. ................... 69 

FIGURE 5. 3: SCHEMATIC ILLUSTRATION OF THE ROBOTIC ARM MOVEMENT TO PRINT A HOLLOW-COLUMN USING MATLAB 

SOFTWARE............................................................................................................................................ 72 

FIGURE 5. 4: PARTICLE SIZE DISTRIBUTIONS FOR Z-PRINTER POWDER, OPC, CAC AND COMBINATION OF CAC & OPC. ...... 74 

FIGURE 5. 5: PARTICLE SIZE DISTRIBUTIONS OF ZPOWDER AND CAC&OPC POWDER. *Q3 IS THE UNIT STANDING FOR THE 

LOGARITHM OF THE PERCENTAGE OF TOTAL PARTICLES. .................................................................................. 75 

FIGURE 5. 6: HISTOGRAM AND CURVE OF PARTICLE SIZE DISTRIBUTIONS OF ZP 151 AND CP POWDER. *Q3 IS THE UNIT 

REPRESENTING THE DENSITY DISTRIBUTION OF THE TOTAL PARTICLES. ............................................................... 75 

FIGURE 5. 7: SCHEMATIC ILLUSTRATION OF THE PROCESS FOR PREPARING CEMENTITIOUS POWDER. ................................. 76 

FIGURE 5. 8: DIRECTIONAL DEPICTION OF THE 3D PRINTING PROCESS. ....................................................................... 79 

FIGURE 5. 9: SCHEMATIC DIAGRAM OF THE 3D PRINTING PROCESS AND CURING PROCESS. ............................................. 80 

FIGURE 5. 10: INTERIOR (CORE) AND EXTERIOR (SHELL) FOR SAME SATURATION LEVELS IN 3DP SAMPLE........................... 82 

FIGURE 5. 11: MORPHOLOGY SURFACE OF CUBIC SPECIMENS (LEFT) (OLYMPUS BX61 MICROSCOPE-10×) AND SAMPLES OF 

CAC, OPC WITH LI2CO3 PREPARED BY 3D PRINTING (RIGHT). ...................................................................... 83 

FIGURE 5. 12 LAYER EXPLANATION AND POWDER/BINDER INTERACTION BETWEEN LAYERS. ............................................ 85 

FIGURE 5. 13: (A) REAL-WORLD 3DP CUBES IN (0°,30°,37.7°,45°,90°) ORIENTATION (B) CAD FILE OF 3DP CUBES IN 

(0°,30°,37.7°,45°,90°). ....................................................................................................................... 89 



 

xv 
 

FIGURE 5. 14: (A) CUBIC SPECIMENS (20×20×20MM), (B) PRISM SPECIMENS (60×5×5MM). ...................................... 90 

FIGURE 5. 15: DIFFERENT PLANES IN THE 3DP SOFTWARE FOR EACH AXIS (X, Y, Z), THE PRISM(70×10×4MM) PRESENTED IN 

THE PLANE OF YZ 0° AND YZ 90°. ............................................................................................................. 91 

FIGURE 5. 16: (A)-PRISM SPECIMEN (70×10×4MM) (YZ90) DEGREES, (B)-PRISM SPECIMEN (70×10×4MM) (YZ0) DEGREES.

 .......................................................................................................................................................... 91 

FIGURE 5. 17: (A) GREEN PART OF 3DP CEMENT MORTAR PRISM, (B) GREEN PART OF 3DP CEMENT MORTAR CUBE. ......... 94 

FIGURE 5. 18: A) LOADING LAYOUT IN X-AXIS (0° ORIENTATION) ON THE CP SAMPLE; B) EXPERIMENTAL PRINCIPLE FOR 

SETTING UP THE SPECIMENS AND APPLYING THE LOAD. .................................................................................. 95 

FIGURE 5. 19: STEPS OF THE PENETRATION OF ZB63 LIQUID INTO ZPOWDER, (A) IMPACT TIME OF DROPLET ON THE SURFACE 

OF THE POWDER, (B) PENETRATION PROCESS OF LIQUID ON THE POWDER AFTER 16 SECONDS, (C) ABSORBING MOST OF 

THE LIQUID INTO THE POWDER. ................................................................................................................. 99 

FIGURE 5. 20: ILLUSTRATION OF THE DROP PENETRATION TEST SETUP. ..................................................................... 100 

FIGURE 5. 21: MAXIMUM COMPRESSIVE STRESS-STRAIN DIAGRAM FOR THE PRINTED CUBIC (50×50×50)MM. ............... 106 

FIGURE 5. 22: 3DP SPECIMENS ARE CURED USING DIFFERENT AGENTS ..................................................................... 109 

FIGURE 5. 23: POROSITY VERSUS SATURATION LEVELS FOR CP SPECIMENS WITHOUT LITHIUM CARBONATE. .................... 109 

FIGURE 5. 24: COMPRESSIVE STRENGTH VERSUS SATURATION LEVELS FOR CP SPECIMENS WITHOUT LITHIUM CARBONATE. 110 

FIGURE 5. 25: TOP-DOWN VIEW OF THE 6-DOF ROBOTIC ARM AND PUMP SETUP. .................................................... 111 

FIGURE 5. 26: (A) FINE SAND AND ORDINARY PORTLAND CEMENT PARTICLE SIZE DISTRIBUTION, (B) COARSE AGGREGATE 

PARTICLE SIZE DISTRIBUTION. .................................................................................................................. 113 

FIGURE 5. 27: EXPLODED VIEW OF THE EXTRUDER ASSEMBLY THAT IS CONNECTED TO THE PROGRESSIVE CAVITY PUMP AND IS 

ATTACHED TO THE END OF THE ROBOT. ..................................................................................................... 113 

FIGURE 5. 28: THE FINAL SYSTEM WITH THE PROGRESS CAVITY PUMP CONNECTED TO THE ROBOT. ................................ 114 

FIGURE 5. 29: TRIPLE LAYERS OF THE MORTAR AFTER SQUEEZING UNDER A UNIAXIAL COMPRESSION LOAD. ..................... 124 

FIGURE 5. 30: SCHEMATIC ILLUSTRATION OF THE PREDICTION OF THE PRINTED MORTAR PASSED THROUGH THE CIRCULAR 

NOZZLE. ............................................................................................................................................. 128 

FIGURE 5. 31: CROSS-SECTION OF THE DETAILS OF THE PRINTED LAYERS AFTER CRUSHING UNDER A UNIAXIAL COMPRESSION 

LOAD, USING A CAVITY PUMP AS A DELIVERY SYSTEM (NOZZLE Ø50MM). ........................................................ 129 



 

xvi 
 

FIGURE 5. 32: (A) REAL PRINTED CIRCULAR AND RECTANGULAR SHAPE; (B) LUBRICATION SQUEEZE FLOW BETWEEN TWO 

SPHERICAL PARTICLES (LEFT) AND TWO CUBIC PARTICLES (RIGHT) WITH AN IDENTICAL CHARACTERISTIC HALF-WIDTH, R 

(REPRODUCED BY (CWALINA, HARRISON & WAGNER 2016)). ..................................................................... 132 

FIGURE 5. 33: (A) THREE LAYERS OF THE PRINTED OBJECT; (B) ONE LAYER OF THE PRINTED OBJECT. .............................. 132 

FIGURE 5. 34: THE MOVEMENT OF THE ROBOT ARM HAS A MAJOR EFFECT ON THE PRINTING PROCESS, PARTICULARLY WHEN 

THE HEIGHT OF THE OBJECT INCREASED TO MORE THAN 7 LAYERS. .................................................................. 133 

FIGURE 5. 35: SCHEMATIC ILLUSTRATION OF FLOW PROBLEMS ENCOUNTERED IN HOPPERS, NAMELY, ARCHING AND RAT-

HOLING, DURING (A) MASS-FLOW AND (B) CORE-FLOW, RESPECTIVELY, WHERE D = OUTLET DIAMETER, DARCHING= 

MINIMUM ARCHING DIAMETER, DRH = MINIMUM RAT-HOLE DIAMETER AND Ø = HOPPER HALF ANGLE (CROWLEY ET 

AL. 2014), (C) PICTORIAL ILLUSTRATION SHOWED THE RAT-HOLING FLOW IN THE BUCKET ABOVE THE PUMP DURING 

PUMPING. .......................................................................................................................................... 133 

FIGURE 5. 36: THE HOPPER WITH AN ANGLE OF Ø45° AND THE CORE-FLOW CONCEPT. ............................................... 134 

FIGURE 5. 37: (A) THE PRINTED PART IMMEDIATELY AFTER PRINTING; (B) THE PRINTED PART AFTER ONE-DAY DRYING. ..... 136 

FIGURE 5. 38: HORIZONTAL PRINTED PATH CROSS-SECTION “FOUR LINES PRINTED SPECIMEN”...................................... 138 

FIGURE 5. 39: A SERIES OF PHOTOGRAPHS SHOWING THE RESULTS OF THE VARIOUS SPEED OF END-EFFECTOR, RESULTED IN 

VARIOUS SHAPE IN THE PRINTING LINE OUTCOMES. ..................................................................................... 139 

FIGURE 5. 40: POWER REGRESSION RELATIONSHIP BETWEEN VELOCITY AND SLURRY OUTPUT MASS OF THE MORTAR FOR THE 

PRINTED LINE. ..................................................................................................................................... 141 

FIGURE 6. 1: COMPRESSIVE STRENGTH OF 3DP CUBIC SAMPLES WITH LITHIUM CARBONATE. ........................................ 143 

FIGURE 6. 2: COMPRESSIVE STRENGTH OF HAND MIXED CUBIC SAMPLES. .................................................................. 144 

FIGURE 6. 3:(50 × 50) MM DIAGONAL CRACK INSIDE THE Z-POWDER SPECIMEN. ...................................................... 145 

FIGURE 6. 4: COMPRESSIVE STRENGTH TEST OF 3DP CUBIC SPECIMENS WITHOUT LITHIUM CARBONATE (LI2CO3). .......... 146 

FIGURE 6. 5: POROSITY OF 3D PRINTED SAMPLES. ............................................................................................... 147 

FIGURE 6. 6: SEM IMAGE OF 3D PRINTED SAMPLES (LEFT (1 μM) RIGHT (20 μM)). ................................................... 148 

FIGURE 6. 7: 3D PROFILING FOR 3D PRINTED SAMPLES. ....................................................................................... 149 

FIGURE 6. 8: 3D PROFILING FOR 3D PRINTED SAMPLES AFTER 7DAYS CURING. .......................................................... 150 

FIGURE 6. 9: FLEXURAL STRENGTH OF MANUAL MIXTURE CEMENTITIOUS PRISM SPECIMENS. ........................................ 153 



 

xvii 
 

FIGURE 6. 10: FLEXURAL STRENGTH OF CEMENTITIOUS PRINTED PRISM TESTED IN DIFFERENT DIRECTIONS (X, Y, AND Z) AND 

SATURATION LEVELS. ............................................................................................................................ 154 

FIGURE 6. 11: FLEXURAL STRENGTH OF CEMENTITIOUS PRISM SAMPLES WHEN IT TESTED IN (YZ0º). .............................. 155 

FIGURE 6. 12: FLEXURAL STRENGTH OF CEMENTITIOUS PRISM SAMPLES WHEN IT TESTED IN (YZ90º). ............................ 155 

FIGURE 6. 13: CEMENTITIOUS CUBE (A) SAMPLE UNDER UNIAXIAL COMPRESSIVE STRENGTH TEST, (B) AFTER REMOVAL FROM 

THE UNIAXIAL COMPRESSIVE STRENGTH TEST. ............................................................................................ 156 

FIGURE 6. 14: COMPRESSIVE STRENGTH OF CEMENTITIOUS CUBE AT DIFFERENT CURING CONDITIONS AND SATURATION LEVEL 

S170C340. ....................................................................................................................................... 157 

FIGURE 6. 15: COMPRESSIVE STRENGTH OF CEMENTITIOUS CUBE AT DIFFERENT SATURATION LEVEL AND CURING IN NORMAL 

TEMPERATURE WATER. ......................................................................................................................... 158 

FIGURE 6. 16: COMPARISON OF THE COMPRESSIVE STRENGTH OF 3DP CEMENT MORTAR CUBE AT DIFFERENT SIZES .......... 161 

FIGURE 6. 17: LINEAR REGRESSION RELATIONSHIP BETWEEN POROSITY VERSUS W/C RATIO IN THE 3DP SCAFFOLD. .......... 163 

FIGURE 6. 18: COMPRESSIVE STRENGTH FOR THE ZP 151 CUBES AND CP CUBES (AVERAGE ±STANDARD DEVIATION) AT 

SATURATION LEVEL S170C340 IN DIFFERENT ANGLES. ................................................................................ 164 

FIGURE 6. 19: THE DIFFERENCE BETWEEN: (LEFT) CURING IN AN OVEN FOR 3 HOURS THEN SUBMERGED IN WATER; AND 

(RIGHT) NOT CURED IN THE OVEN BUT INSTEAD SUBMERGED DIRECTLY IN WATER. THE AIR BUBBLES (VOIDS) ARE MORE 

PRONOUNCED ON THE (RIGHT) THAN THE (LEFT). ....................................................................................... 166 

FIGURE 6. 20: COMPRESSIVE STRENGTH RESULTS IN THE DIFFERENT CURING PROCESS, ALL RESULTS FOR A PRINTED PART 

(20×20×20)MM AT AN ANGLE OF (0°) IN THE XZ PLANE ONLY. ................................................................... 166 

FIGURE 6. 21: TENSILE STRENGTH RESULTS FOR THE ZP 151 SPECIMENS AND CP SPECIMENS (AVERAGE ±STANDARD 

DEVIATION) AT SATURATION LEVEL S170C340 IN DIFFERENT ANGLES. ........................................................... 168 

FIGURE 6. 22: CRACKING PRESENT AT THE DOGBONE SAMPLES FOR ZP 151 AT DIFFERENT ORIENTATION ANGLES. ............ 168 

FIGURE 6. 23: SHEAR STRENGTH FOR THE ZP 151 CUBES AND CP CUBES (AVERAGE ±STANDARD DEVIATION) AT SATURATION 

LEVEL S170C340 IN DIFFERENT ANGLES. ................................................................................................. 170 

FIGURE 6. 24: FRACTURE IN THE PRINTED 45° SPECIMENS IN BOTH (A) COMPRESSIVE TEST FOR ZP 151 AND (B) SHEAR TEST 

FOR CP. ............................................................................................................................................. 170 

FIGURE 6. 25: FLEXURAL STRENGTH RESULTS FOR THE ZP 151 SPECIMENS AND CP SPECIMENS (AVERAGE ±STANDARD 

DEVIATION) AT SATURATION LEVEL S170C340 IN DIFFERENT ANGLES. ........................................................... 172 



 

xviii 
 

FIGURE 6. 26: SURFACE IMAGES OF THE CUBIC SPECIMENS OF CP AT ORIENTATION ANGLES OF (0°, 30°, 37.5°, 45° AND 90°) 

BY THE NIKON AND OLYMPUS 3D LASER MICROSCOPES. .............................................................................. 173 

FIGURE 6. 27: (A) PENETRATION TIME PER VOLUME (μL) CONSUMES IN ZPOWDER, (B) PENETRATION TIME PER VOLUME (μL) 

CONSUMES IN CAC&OPC POWDER. ....................................................................................................... 174 

FIGURE 6. 28: IMAGES FROM A VIDEO RECORDING FOR THE PENETRATION TIME PER DROP OF BINDER IN ZPOWDER AND 

CAC&OPC POWDER. ........................................................................................................................... 175 

FIGURE 6. 29: STEPS IN THE PENETRATION ZB63 LIQUID INTO ZP 151, (A) IMPACT TIME OF DROPLET ON THE SURFACE OF THE 

POWDER, (B) PENETRATION PROCESSES OF LIQUID ON THE POWDER AFTER 16 SECONDS, (C) ABSORBING MOST OF THE 

LIQUID INTO THE POWDER. .................................................................................................................... 178 

FIGURE 6. 30: SCHEMATIC EXPLANATION OF THE BINDER DROP BETWEEN TWO LAYERS AND BINDING TWO LAYERS TOGETHER, 

THE SCHEMATIC SHOWS WHAT HAPPENS AT THE 16 SECOND MARK. ............................................................... 179 

FIGURE 6. 31: ILLUSTRATION OF THE DEFLECTION FOR THE ZP 151 SPECIMEN (45°) IN THE BUILD CHAMBER OF THE 3DP. 183 

FIGURE 6. 32: THE RELATIONSHIP BETWEEN DIMENSIONAL ACCURACY AND SATURATION LEVEL (W/C) FOR PRINTED GREEN 

CUBE CP SPECIMENS (CAD 20×20×20MM), PRINTED BY PROJET CJP (304 NOZZLES). (NOTE: THE BOX IS THE MEAN 

±STANDARD DEVIATION, AND THE WHISKER IS ±MINIMUM AND MAXIMUM) .................................................... 186 

FIGURE 6. 33: CEMENTITIOUS CUBE (20×20×20MM) (CP) PRINTED BY PROJET 360 (LEFT), GYPSUM CUBE (ZP 151) 

(20×20×20MM) (RIGHT) ..................................................................................................................... 188 

FIGURE 6. 34: ANGLE OF REPOSE FOR (A) CP POWDERS AFTER FLOWING FROM THE FEEDER CONTAINER OF THE PRINTER, (B) 

ZP 151 POWDERS AFTER FLOWING FROM THE FEEDER CONTAINER OF THE PRINTER........................................... 190 

FIGURE 6. 35: THE POWDER-BED ON THE BUILD CHAMBER: (A) ZP 151 (GYPSUM) THE POWDER ON THE BUILD CHAMBER AND 

(C) SCANNED OF THE BED BY THE 3D SCANNER (OLYMPUS OLS5000), AND (B) CP (MORTAR) THE POWDER ON THE 

BUILD CHAMBER AND (D) SCANNED POWDER BED BY THE 3D SCANNER. .......................................................... 193 

FIGURE 6. 36: POROSITY VERSUS SATURATION LEVEL FOR SPECIMENS CP WITH/WITHOUT LITHIUM CARBONATE. ............. 194 

FIGURE 6. 37: COMPRESSIVE STRENGTH VERSUS SATURATION LEVELS FOR CP SPECIMENS WITHOUT LITHIUM CARBONATE. 195 

FIGURE 6. 38: IMAGE OF SCANNING ELECTRON MICROSCOPE (10μM) FOR THE 3DP (GREEN PART) CP SPECIMEN. .......... 196 

FIGURE 6. 39: 3D SCANNED IMAGE (50×) OF THE PRINTED CP SPECIMEN BEFORE CURING (GREEN PART) AND AFTER CURING 

IN WATER FOR 7 DAYS. .......................................................................................................................... 198 

FIGURE 6. 40: COMPRESSIVE STRENGTH IN PRINTED CP WITH A DIFFERENT DELAY IN PRINTING TIME. ............................ 200 



 

xix 
 

FIGURE 6. 41: COMPRESSIVE STRESS-STRAIN CURVE FOR DIFFERENT LAYER PRINTING DELAY TIMES OF CP SPECIMENS FOR THE 

MAXIMUM PRINTED SAMPLE AND WITH 7-DAY CURING. ............................................................................... 201 

FIGURE 6. 42: GLASS FIBRE ORIENTATION WHILE BEDDING THE POWDER ON THE BUILD CHAMBER OF THE 3DP. .............. 204 

FIGURE 6. 43: GLASS FIBRE BEDDING ON THE POWDER IN THE BUILD CHAMBER OF THE 3DP (3D LASER SCANNING IMAGE 

LEXT OLS5000). ............................................................................................................................... 207 

FIGURE 6. 44: SCHEMATIC ILLUSTRATION OF THE CHOPPED FIBRES SPREAD ON THE BUILD CHAMBER AND FEEDER CHAMBER.

 ........................................................................................................................................................ 208 

FIGURE 6. 45: FIBRE BEDDED ORIENTATION BY 3D LASER SCANNING BY (LEXT OLS5000). ......................................... 208 

FIGURE 6. 46: COMPRESSIVE STRENGTH OF MORTAR SAMPLE (50×50×50)MM WITH 1% GLASS FIBRE USING DIFFERENT 

CURING MEDIUM. ................................................................................................................................ 209 

FIGURE 6. 47: COMPRESSIVE STRENGTH OF MORTAR SAMPLE (50×50×50)MM WITHOUT GLASS FIBRE USING DIFFERENT 

CURING MEDIUM. ................................................................................................................................ 210 

FIGURE 6. 48: COMPRESSIVE STRENGTH OF MORTAR SAMPLE (20×20×20)MM USING DIFFERENT CURING MEDIA WITHOUT 

GLASS FIBRE. ....................................................................................................................................... 211 

FIGURE 6. 49: COMPARISON BETWEEN PRINTED CEMENT MORTAR SPECIMENS IN THE PRESENCE AND ABSENCE OF GLASS FIBRE.

 ........................................................................................................................................................ 212 

FIGURE 6. 50: SURFACE ROUGHNESS PROFILE AND CAPTURE OF THE SURFACE OF PRINTED CEMENT MORTAR AT 20×, 50×, AND 

100×. ............................................................................................................................................... 213 

FIGURE 6. 51: FILAMENT DIAMETER AND LENGTH OF THE FIBRE IN THE PRINTED SPECIMENS. ........................................ 215 

FIGURE 6. 52: FLEXURAL STRENGTH OF MORTAR SAMPLE (160×40×40)MM WITH AND WITHOUT GLASS FIBRE USING CURING 

MEDIA AT DIFFERENT TEMPERATURES. ...................................................................................................... 215 

FIGURE 6. 53: FLEXURAL STRENGTH OF MORTAR SAMPLE (160×40×40)MM WITH GLASS FIBRE USING CURING MEDIA AT 

DIFFERENT TEMPERATURES. ................................................................................................................... 217 

FIGURE 6. 54: ‘HORIZONTAL TEST’ CROSS-SECTION PATH. ..................................................................................... 218 

FIGURE 6. 55: SEVERAL PRINTED SPECIMEN SHAPES WITH COMMENTS ..................................................................... 219 

FIGURE 6. 56: SQUEEZE-FLOW FOR THE DOUBLE LAYERS OF TRIAL 12 ...................................................................... 220 

FIGURE 6. 57: MEASURE OF MANIPULABILITY .................................................................................................... 221 

FIGURE 6. 58: VELOCITY COMPARISON FOR JOINTS: (A) 1, (B) 4, AND (C) 6. ............................................................. 222 



 

xx 
 

FIGURE 6. 59: MINI-CONE SLUMP TEST FOR TRIAL 8. ........................................................................................... 223 

FIGURE 6. 60: SPREAD-FLOW TEST: (A) FOR TRIAL 5 WHICH DID NOT USE FIBRE; (B) FOR THE SAME TRIAL BY ADDING FIBRE 

WITH 1% POLYPROPYLENE FIBRE. ............................................................................................................ 223 

FIGURE 6. 61: SINGLE LAYER (SL), DOUBLE LAYER (DL), AND TRIPLE LAYERS (TL) FOR THE TRIALS (5,8,12) (CEMENT 1: FINE 

SAND 1). ............................................................................................................................................ 225 

FIGURE 6. 62: (A) HOBART MIXER A200; (B) THE SHEAR LAYER IN THE HOBART MIXER (WU & LIU 2015). ................... 226 

FIGURE 6. 63: COMPRESSIVE FOR MANUAL CONCRETE MIX AFTER 7-DAY AND 28-DAY CURING (THE VALUES SPECIFY THE 

ACTUAL STRENGTHS) WITH A CEMENT FINE SAND  RATIO OF 1:0.5 ................................................................. 228 

FIGURE 6. 64: RESULTS AFTER 28 DAYS FOR THE SHORT COLUMN (7 LAYERS) WITHOUT ANY TIME LAPSE BETWEEN PRINTED 

LAYERS AND WITHOUT POST-CURING WITH A CEMENT FINE SAND RATIO OF 1:0.5. ............................................ 228 

FIGURE 6. 65: (A) PRINTED SPECIMEN AFTER DRYING AT LAB TEMPERATURE; (B) PRINTED SPECIMEN UNDER UNIAXIAL LOAD.

 ........................................................................................................................................................ 229 

FIGURE 6. 66: 6-DEGREE OF FREEDOM ROBOT IN THE REAL-WORLD AND SIMULATED MATLAB MODEL. ........................ 230 

FIGURE 6. 67: PRINTED PRISM AND CUBES VIA A ROBOTIC ARM FOR MORTAR SPECIMEN WITH/WITHOUT GLASS FIBRE 

REINFORCEMENTS. ............................................................................................................................... 230 

FIGURE 6. 68: FLEXURAL STRENGTH OF MANUAL CONCRETE MIX AFTER 7-DAY AND 28-DAY CURING (THE VALUES SPECIFY THE 

ACTUAL STRENGTHS) WITH CEMENT TO THE FINE SAND RATIO OF 1:0.5. ......................................................... 231 

FIGURE 6. 69: FLEXURAL STRENGTH FOR THE (1,2,3,4) LAYERS OF MORTAR MIX WITH 1% PP FIBRE AND WITHOUT FIBRE FOR 

A CIRCULAR NOZZLE OF 14MM AFTER 28 DAYS STORED IN CONTROLLED LABORATORIES AT THE DESIRED TEMPERATURE 

(CEMENT 1: FINE SAND 1). .................................................................................................................... 232 

FIGURE 6. 70: FLEXURAL STRENGTH FOR THE (1,2,3,4) LAYERS OF MORTAR MIX FOR A CIRCULAR NOZZLE (20)MM AND A 

RECTANGULAR NOZZLE (35×10)MM AT AIR TEMPERATURE AND WITH WATER CURING. ..................................... 233 

FIGURE 6. 71: VELOCITY (MM/S) VERSUS PRINTED LINE WIDTH (MM) AND SLURRY DISCHARGE (G). ............................... 234 

FIGURE 6. 72: FIBRE ORIENTATION IN THE PRINTED SPECIMENS AFTER CRASHING UNDER THE UNIAXIAL COMPRESSIVE 

STRENGTH. ......................................................................................................................................... 235 

FIGURE 6. 73: FIBRE ORIENTATION EMBEDDED IN HORIZONTAL LAYERS, AND JOINT GAP BETWEEN LAYERS WITH SURFACE 

ROUGHNESS TAKEN BY THE 3D LASER SCANNER. ......................................................................................... 236 



 

xxi 
 

FIGURE 6. 74: VOIDS AND GAPS BETWEEN LAYERS ARE DISTINGUISHED FROM THE PRINTED SURFACE USING THE COLOUR RED.

 ........................................................................................................................................................ 236 

FIGURE 6. 75: IMAGE OF THE SURFACE OF THE PRINTED SAMPLE AFTER COLOUR THRESHOLD TO INDICATE THE FIBRE STRAND 

ON THE SURFACE OF THE PRINTED SAMPLE. ............................................................................................... 237 

FIGURE 6. 76: COMPRESSIVE STRENGTH RESULTS OF CUBIC SPECIMENS CONTAINING 1% OF GLASS FIBRE CURED IN A TAP 

WATER BATH FOR 28 DAYS. ................................................................................................................... 239 

FIGURE 6. 77: COMPRESSIVE STRENGTH FOR THE (1, 2, 4, 6, CONVENTIONAL) LAYERS OF MORTAR MIX WITHOUT GLASS FIBRE.

 ........................................................................................................................................................ 240 

FIGURE 6. 78: FLEXURAL STRENGTH FOR THE (1, 2, 4, 6, CONVENTIONAL) LAYERS OF MORTAR MIX WITH 1% GLASS FIBRE. 242 

FIGURE 6. 79: RESULT OF 28 DAYS FOR FLEXURAL STRENGTH OF THE PRINTED CUBE SPECIMENS WITHOUT GLASS FIBRE. .... 242 

FIGURE 6. 80: STRAIN GAUGE AND FAILURE DESCRIPTION ON A (50×50×50)MM SPECIMEN. ...................................... 246 

FIGURE 6. 81: MASONRY BLOCK MODEL WITH DIMENSIONS OF (390×190×190)MM. .............................................. 247 

FIGURE 6. 82: LOAD APPLIED ON THE THREE PLANES OF THE MASONRY BLOCK IN ABAQUS. ........................................ 248 

FIGURE 6. 83: XY PLANE DISPLACEMENT FAILURE OF THE MASONRY BLOCK UNDER A COMPRESSION TEST. ...................... 249 

FIGURE 6. 84: XY PLANE STRESS FAILURE OF THE MASONRY BLOCK UNDER A COMPRESSION TEST. ................................. 249 

FIGURE 6. 85: XZ PLANE DISPLACEMENT FAILURE OF THE MASONRY BLOCK UNDER A COMPRESSION LOAD. ..................... 250 

FIGURE 6. 86: XZ PLANE STRESS FAILURE OF THE MASONRY BLOCK UNDER A COMPRESSION LOAD. ................................ 250 

FIGURE 6. 87: YZ PLANE DISPLACEMENT FAILURE OF THE MASONRY BLOCK UNDER A COMPRESSION LOAD. ..................... 250 

FIGURE 6. 88: YZ PLANE STRESS FAILURE OF THE MASONRY BLOCK UNDER A COMPRESSION LOAD. ................................ 251 

FIGURE 6. 89: STRESS-STRAIN DIAGRAM FOR THE FEA AND EXP. OF THE 3DP BLOCK UNDER COMPRESSION. .................. 251 

FIGURE A. 1: EXTERIOR PART OF THE POWDER-BASE 3DP. .................................................................................... 300 

FIGURE B. 1: MOVEMENTS IN X-Y MODE .......................................................................................................... 302 

FIGURE B. 2: BASE COORDINATES AND WORK COORDINATES ................................................................................ 306 

FIGURE B. 3: COMPONENTS OF POSITION DATA .................................................................................................. 307 

FIGURE C. 1: CONTACT ANGLE GONIOMETRY TEST ............................................................................................... 309 

FIGURE C. 2: 3D LASER SCANNER ..................................................................................................................... 310 

FIGURE C. 3: SCANNING ELECTRONIC MICROSCOPE ............................................................................................... 310 

FIGURE C. 4: POWDER FLOW TEST APPARATUS .................................................................................................... 311 



 

xxii 
 

FIGURE C. 5: APPARENT POROSITY TEST MACHINE ............................................................................................... 311 

FIGURE C. 6: SHEAR TEST ................................................................................................................................ 312 

FIGURE C. 7: DIMENSIONAL ACCURACY .............................................................................................................. 312 

FIGURE C. 8: DELAY PRINTING TIME .................................................................................................................. 313 

FIGURE C. 9: COMPRESSIVE STRENGTH .............................................................................................................. 313 

FIGURE C. 10: FLEXURAL STRENGTH .................................................................................................................. 314 

FIGURE C. 11: TENSILE STRENGTH .................................................................................................................... 314 

FIGURE C. 12: SQUEEZE FLOW TEST .................................................................................................................. 315 

FIGURE C. 13: SLUMP TEST ............................................................................................................................. 315 

FIGURE C. 14: SPREAD FLOW TEST .................................................................................................................... 316 

FIGURE C. 15: SPEED FLOW TEST ...................................................................................................................... 316 

FIGURE C. 16: SETTING TIME TEST .................................................................................................................... 317 

FIGURE C. 17: COMPRESSIVE STRENGTH ............................................................................................................ 317 

FIGURE C. 18: FLEXURAL STRENGTH .................................................................................................................. 317 

 

 

 

 

 

 

 

 

 

 



 

xxiii 
 

List of Tables 

TABLE 2. 1 TYPES OF POWDER, BINDER AND POST-PROCESSING FOR THE INKJET PRINTING. ............................................. 12 

TABLE 2. 2 TYPES OF POWDER, BINDER AND POST-PROCESSING FOR THE INKJET PRINTING (CONTINUED). .......................... 13 

TABLE 2. 3 COMPARISON OF ADDITIVE MANUFACTURING TECHNOLOGIES IN THE CONSTRUCTION FIELD. ............................ 18 

TABLE 2. 4 COMPARISON OF ADDITIVE MANUFACTURING TECHNOLOGIES IN THE CONSTRUCTION FIELD(CONTINUED). ......... 19 

TABLE 3. 1 MATERIALS COMPOSITIONS (KG/M3) FOR 3DP BY LE, AUSTIN, LIM, BUSWELL, GIBB, ET AL. (2012) ............... 29 

TABLE 3. 2 MIX PROPORTION OF THE CONCRETE USED BY MALAEB ET AL. (2015)........................................................ 29 

TABLE 3. 3 MIX PROPORTION (KG/M3) OF THE MIX TRIALS ...................................................................................... 30 

TABLE 3. 4 MIX PROPORTION OF THE 3DP ........................................................................................................... 30 

TABLE 3. 5 MIX PROPORTION OF THE 3DP ........................................................................................................... 31 

TABLE 3. 6 MIX PROPORTION OF THE HIERARCHICAL MATERIALS OF THE 3DP .............................................................. 31 

TABLE 3. 7 MIX PROPORTION OF THE DIFFERENT PROPORTION MATERIALS USED FOR 3DP ............................................. 32 

TABLE 3. 8 NON-CONVENTIONAL EXTRUSION MIXTURE PROPORTIONS, KG/M3 ............................................................ 32 

TABLE 3. 9 MIX PROPORTION OF THE DIFFERENT PROPORTION OF MATERIALS USED FOR EXTRUSION PRINTING BY 6 DEGREES-

OF-FREEDOM ROBOT. ............................................................................................................................. 33 

TABLE 3. 10 DEMONSTRATING THE SPEED, SPOT SIZE, POWER AND TEMPERATURE FOR EACH LINE IN FIGURE 3.4. .............. 41 

TABLE 3. 11 EXPLANATION OF SETTINGS OF PRINTING AND PRINTING METHODS. ......................................................... 47 

TABLE 3. 12 EXPLANATION OF SETTINGS OF PRINTING AND PRINTING METHODS(CONTINUED). ....................................... 48 

TABLE 3. 13 EXPLANATION OF THE TIME AND VELOCITY OF THE PRINTED CONCRETE OUTCOMES. ..................................... 50 

TABLE 5. 1 PROPERTIES OF POWDERS FOR STARTING Z-POWDER AND CAC & OPC MATERIALS. ..................................... 77 

TABLE 5. 2 NUMBERS OF 3DP CUBIC SPECIMENS AT DIFFERENT SATURATION LEVELS WITH LITHIUM CARBONATE (LI2CO3). . 81 

TABLE 5. 3 THE DIFFERENT LEVELS OF SATURATION CONVERTED INTO W/C RATIO. ........................................................ 83 

TABLE 5. 4 DETAILS OF THE 3D-PRINTED SPECIMENS FOR COMPRESSIVE STRENGTH ...................................................... 84 

TABLE 5. 5 DESCRIPTION OF THE SATURATION LEVELS, CONSUMED BINDER AND TIME TAKEN TO BUILD A CUBIC 

(20×20×20)MM SAMPLE ....................................................................................................................... 86 

TABLE 5. 6 CURING METHOD OF S170C340 IN WATER AND 5%OF CA(OH)2 AFTER DRYING AT 40°C IN AN OVEN ............ 88 

TABLE 5. 7 DETAILED NUMBER AND DIMENSION OF SAMPLES ................................................................................... 90 

TABLE 5. 8 PHYSICAL PROPERTIES OF CHOPPED STRAND E6-GLASS FIBRE .................................................................... 90 



 

xxiv 
 

TABLE 5. 9 DETAILS OF THE 3D-PRINTED & MANUAL MIX SPECIMENS (60×5×5MM) FOR FLEXURAL STRENGTH ................. 92 

TABLE 5. 10: DETAILS OF THE 3D-PRINTED SPECIMENS (70×10×4MM) FOR FLEXURAL STRENGTH .................................. 92 

TABLE 5. 11 TESTS WITH RESPECT TO THE NUMBER OF SAMPLES, DIMENSIONS AND BUILDING ORIENTATIONS. ................... 93 

TABLE 5. 12 POROSITY WITH DIFFERENT SATURATION LEVELS OF CAC & OPC WITHOUT LI2CO3 ANALYSED USING IMAGE J.97 

TABLE 5. 13 PROPERTIES OF ZPOWDER (ZP 151) AND CEMENTITIOUS POWDER (CP) ................................................ 101 

TABLE 5. 14 MEASUREMENT OF 3D PRINTED (GREEN PART) CUBIC SPECIMENS.......................................................... 102 

TABLE 5. 15 FEATURES AND DIFFERENT TIME DELAYS IN LAYER PRINTING OF SPECIMENS. ............................................. 103 

TABLE 5. 16 MECHANICAL PROPERTIES OF THE PP FIBRE AND G FIBRE THAT WERE USED IN THE MORTAR MIX. ................. 112 

TABLE 5. 17 MORTAR MIX DESIGN WITH 1:1 AND 0.5:1 RATIO (CEMENT:SAND) WITH/WITHOUT PP FIBRE. ................... 116 

TABLE 5. 18 MORTAR MIX DESIGN FOR 1:1.2 (CEMENT: SAND) RATIO WITH/WITHOUT GLASS FIBRE .............................. 116 

TABLE 5. 19 DETAILS OF THE PREPARED SAMPLES WITH/WITHOUT PRESENCE POLYPROPYLENE FIBRE ............................. 122 

TABLE 5. 20 PREPARED SPECIMENS WITH GLASS FIBRE/WITHOUT FIBRE ................................................................... 122 

TABLE 5. 21 SPEED OF THE HOBART MIXER (A200). ............................................................................................ 126 

TABLE 5. 22 END-EFFECTOR VELOCITY FOR THE ROBOTIC ARM FOR THE PRINTING MORTAR .......................................... 138 

TABLE 6. 1 PENETRATION TIME, DIAMETER OF THE DROPLET ON THE POWDER AND DEPTH OF THE PENETRATION OF THE 

DROPLET ............................................................................................................................................ 178 

TABLE 6. 2 DEFLECTION IN TENSILE SPECIMENS FOR THE DIFFERENT ORIENTATION ANGLE OF THE PRINTED SPECIMENS. ...... 184 

TABLE 6. 3 DIFFERENCE BETWEEN ZP 151 AND CP IN DDR FOR 3DP CUBIC SAMPLES SATURATION LEVEL (S170C340) (W/C 

0.46 & 0.52) ..................................................................................................................................... 185 

TABLE 6. 4 DIFFERENCE BETWEEN ZP 151 AND CP FOR THE ANGLE OF REPOSE FOR EACH OF THE POWDERS.................... 188 

TABLE 6. 5 DIFFERENCE BETWEEN ZP 151 AND CP FOR THE ANGLE OF REPOSE FOR EACH OF THE POWDERS.................... 191 

TABLE 6. 6 DENSITIES, CARR’S INDEX AND HAUSNER RATIO FOR THE ZP 151 AND CP POWDERS ................................... 192 

TABLE 6. 7 BULK DENSITY, IN-PROCESS DENSITY AND POWDER BED POROSITY ............................................................ 194 

TABLE 6. 8 SKEWNESS VALUE FOR THE CP SPECIMENS BEFORE AND AFTER 7-DAYS CURING IN TAP WATER. ...................... 198 

TABLE 6. 9 CURING FOR 3 HOURS IN OVEN COMPARED WITH NON-CURING IN THE OVEN ............................................. 200 

TABLE 6. 10 THE RELATIVE SLUMP VALUE AND HEIGHT OF THE SLUMP FOR SELECTED TRIALS. ........................................ 224 

TABLE 6. 11 THE SETTING TIME RESULTS FOR THE THREE MAIN TRIALS. .................................................................... 225 

TABLE 6. 12 CAULKING GUN EXTRUSION NOZZLE (Ø14MM). ................................................................................. 226 



 

xxv 
 

TABLE 6. 13 RESULTS OF THE COMPRESSIVE STRENGTH FOR THE PRINTED SAMPLES AND CONVENTIONAL SAMPLES. ........... 239 

TABLE 6. 14 RESULTS OF THE FLEXURAL STRENGTH FOR THE PRINTED SAMPLES AND CONVENTIONAL SAMPLES. ................ 241 

TABLE 6. 15 COMPRESSIVE STRENGTH AND ELASTIC MODULUS FOR 3DP CEMENT MORTAR SPECIMENS. ......................... 244 

TABLE 6. 16 POISSON’S RATIO FOR 3DP CEMENT MORTAR PRINTED CUBE. ............................................................... 244 

TABLE 6. 17 ORTHOTROPIC PROPERTIES OF 3DP CUBIC CEMENT MORTAR. ............................................................... 246 

TABLE A. 1 ZPRINTER 150 BUILD SIZE DIMENSIONS .............................................................................................. 295 

TABLE A. 2 PROJET 360 BUILD SIZE DIMENSIONS ................................................................................................. 295 

TABLE A. 3 GENERAL SPECIFICATION FOR THE ZPRINTER 150 ................................................................................. 296 

TABLE A. 4 GENERAL SPECIFICATION FOR THE PROJET 360 .................................................................................... 296 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

xxvi 
 

Abstract  

At present, Three-Dimensional Printing (3DP) is one of the most promising developments 

in modern technology. This technology innovation has shown its potential in a wide range 

of applications, varying from medical to food industry and from aerospace engineering to 

household applications. Obviously, the building industry has aimed to adopt this 

technique to apply it on a larger scale. 3D concrete printing technology results in low cost 

and faster construction methods, which allows for greater freedom in both architectural 

design and construction techniques. Despite these clear benefits shown by a few 

pioneering companies and institutes in the world, the building industry is still far behind 

in the development of practical 3D printing machines. This is mainly attributed to the lack 

of fundamental research on the materials and structural behaviour of the to-be-printed 

objects. This research examines the two types of Additive Manufacturing (AM) 

techniques for cementitious materials and fibre reinforced mortar. Mortar and Concrete 

are new materials in the field of additive manufacturing. Since these types of materials 

are hardened by chemical reactions, considerable attention needs to be applied to the 

workability in the AM process.  

It should be emphasised that different manufacturing processes require suitable material 

processing modifications. This is highly applicable to the cementitious material, which 

has adaptability in handling, comprising ordinary mixing and cast-in-situ for the 

construction production; shotcrete spraying for stabilising soil in the mining industry; 

extrusion-based in precasting factories for the construction industry; and spinning 

procedures for concrete pipes. However, 3D printing for construction also faces the 

challenge of alteration of the mix design and the manufacturing procedure. This study 

shows the formulation of the cement mortar powder for a powder-based Three-
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Dimensional Printer. It shows the new approach of powder preparation and mix 

proportions for printing cement mortar. This investigation presents an extrusion-based 

printing technique, including (i) an outline of the required adjustments to mix ingredients 

and the mixing method; (ii) a machine to provide suitable rheology in the fresh state; (iii) 

design and fabrication of the nozzle; (iv) temporal considerations ensuring a satisfactory 

time-gap between interlayer bonds; and (v) mechanical strength results of the hardened 

printed mortar.  

The innovative achievements are finding the water/cement ratio in the powder-based 3DP 

and optimising the slurry materials for extrusion-based printing. Using these techniques 

would be cost-effective, easy-to-apply and environmentally-friendly since it drastically 

reduces the need and use of different types of formworks.  
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Abbreviations list  

 

Acronym Meaning 

3DCP Three Dimensional Concrete Printing  

3DP Three Dimensional Printing 

6DOF Six Degree Of Freedom 

AM Additive Manufacturing 

CAC Calcium Aluminate Cement  

CAD Computer-Aided Design 

CIJ Continues Ink-Jet 

CNC Computer Numerical Control 

CP Cement Mortar Powder 

C-S-H Calcium Silicate Hydrate 

DLS Damp Least Squares 

DOD Drop On Demand  

FDM Fused Deposition Modelling 

G Glass fibre 

LCA Life Cycle Assessment 

LENS Laser Engineered Net Shaping 

LOM  Laminated-Object Manufacturing 

OPC Ordinary Portland Cement  

PLA Polylactic Acid 

PP  Polyproylene fibre 

Ra Surface Roughness 

RMRC Resolved Motion Rate Control  

RP  Rapid Prototyping  

RPM Revolutions Per Minute 

SEM Scanning Electronic Microscope 

SLA Stereolithography 

SLS Selective Laser Sintering 

SMA Shape Memory Alloy 

Ssk Value of Skewness 

w/c Water to Cement Ratio 

Zb63 Clear binder solution 

ZP, ZP 150, ZP151 Calcium Sulfate Hemihydrate 
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Notations list  

Annotation Meaning 

   Angular displacement 

μ Plastic viscosity 

a Air content by volume 

Athix Rate of the flocculation 

b Width of specimen  

 d Diameters as an average value of the 
spreading mortar 

 d0 Base diameter of the mini cone 

DCAD CAD dimension 

DDR Dimensional deviation ratio 

De Dimensional error 

Dp Actual printed dimension 

  f Friction coefficient between the shear case 
and the shear load platform 

 F Normal force 

 f Force between the particles 

f Maximum force applied on sample 

Fcubes Force between cube particles 

 Fspheres Force between sphere particles  

G Specific gravity of cement 

 h Total height 

h Height of the pile 

H Hausner ratio 

I Carr’s index 

l Length of specimen 

LCAD CAD length value designed model 

Lp Real (printed) measured length value of the 
sample 

 m1 Dry weight 

 m2 Weight of the samples in soaked water 

 m3 Weight of rolling the four side samples on 
the damp cloth 

Mb Mass of binder 

Mp Mass of powder 

 Nc Number of chains 

 Npc Number of particles in a chain 

Ø Angle of repose 

P Axial force on the specimen 
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 Pa Apparent porosity  

  Pbed Powder bed apparent porosity 

Q Normal shear force 

R Half-width of the line 

r Roughness ratio 

r Radius of the base 

 rp A relative slump 

S Shear area 

T Torque 

V Velocity on the centre line 

Vb Volume of binder 

Vb Bulk density 

Vp Volume of powder 

Vt Tapped density 

  w Measure of manipulability 

  Shear angle 

 Shear rate  

  Indentation depth 

 Viscosity of the fluid as a newtonian 

m Contact angle 

R Solid-water declining contact angle 

w Apparent receding contact angle for the 
porous surface 

Y Young contact angle 

   Damping constant 

b Density of binder 

bed In-process bed density 

p Density of powder 

true True density 

 Compressive stress 

 Shear stress 

 Shear stress 

0 Yield stress 

 Total porosity for the fresh cement 

 Radius of the particle 
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