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ABSTRACT 

 
 
Digital concrete construction has recently become the subject of very rapidly growing 

research activities all over the world. It opens a new horizon and unlimited possibilities 

for the concrete industry, especially in terms of geometrical flexibility, reduction of 

manpower and costs, increased productivity, speed of construction, and sustainability. 

The potential of digital production of concrete is represented by exponentially increasing 

innovative projects and research, which are often addressed using the generalized term 

“3D-concrete-printing”. Recent advances in concrete printing have mainly focused on 

developing Portland cement (PC) based binders that are both extrudable and buildable. 

The production of PC is associated with many environmental challenges including the 

air pollution and devastation in land and resources. One of the promising measures is the 

development of sustainable cements, which can be achieved via two main pathways: (i) 

partial PC replacement with industrial by‐products and wastes and (ii) new cement 

formulations based on different chemistry with lower environmental impacts. This thesis 

is dedicated to material synthesis of two promising sustainable building materials such 

as (i) high volume fly ash (HVFA) cement and (ii) geopolymer based cement for 

extrusion-based 3D printing application.  

 

Rheology of fresh concrete is critically important in 3D printing process, that determines 

the material ability to be extrudable and buildable. With an aim of utilizing minimum 60-

70% fly ash, HVFA cement was formulated while understanding the key parameters 

influencing yield stress, viscosity and thixotropy properties. Thixotropy was quantified 

using shear thinning and viscosity recovery protocols. In addition, structural-build up 

was measured in the dormant period, to control the buildability of printed structures. 

Considering the rheological requirements of a large-scale concrete printing, nanoclay 

was added as viscosity modifying agent (VMA) to improve the control mix performance. 
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The nanoclay was found to improve the thixotropy but had no effect on structural-build 

up rate which limited the part buildability. To accelerate the build-up rate, micro silica 

fume was incorporated in the mix design and better buildability was achieved due to 

significant improvement in the strength development property. The rheology and 

reaction product of the final mix design were characterized to resolve the underlying 

mechanisms using laser scattering, isothermal calorimetry, X-ray Powder Diffraction 

(XRD) and Field Emission Scanning Electron Microscopy (FESEM) techniques.  

 

In the second part of the thesis, fly ash based geopolymer was synthesized with improved 

rheological properties for 3D printing process. High volume of fly ash was supplemented 

with blast furnace slag and micro silica fume to provide adequate microstructural packing 

required for printability. Shape retention, which is related to viscosity recovery was 

found to be improved with silica fume addition up to 10-15% without much affecting the 

extrudability. Solution of potassium silicate was used as activator in different 

concentration (molar ratio) and solution-to-binder ratio to understand the geopolymer 

rheology based on yield stress and viscosity values. The activator solution was found to 

reduce the yield stress and enhance the cohesiveness, similar to the use of superplasticizer 

in conventional PC system. Therefore, nanoclay was again used to improve the 

printability of geopolymer while minimizing the viscous effect of activator solution. In 

contrast, powder (potassium) silicate activated system show rheological responses 

similar to those of HVFA cement system. XRD and FESEM were used to quantify the 

resultant geopolymer reaction product and relate it to the 28 days mechanical strength.   

 

In the last section, directional properties of both 3D printed HVFA and geopolymer 

samples were studied in terms of compression, flexural and tensile bond strength. Due to 

layering effect, 3D printed samples exhibited orthotropic properties with reduced bond 

strength with increasing inter-layer time gap. Effects of deposition speed and print height 

were also investigated, which concludes that the material build-up rate plays an important 

role in determining the final effect along with the printing parameters. Therefore, the 
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build-up rate was accessed via early age mechanical strength testing, where the fresh 

concrete was uniaxially deformed to obtain green strength and stiffness.  Based on the 

green strength development and deformation behaviour, print path and speed were 

optimized to build two large-scale 3D printed structures for demonstrating the proposed 

criteria and mix designs are suitable in practice. 

 

The contradictory challenge of 3D printing concrete i.e both pumpable as soft fluids and 

buildable as solid elements were solved in this thesis by understanding the rheology of 

two promising sustainable materials before, during and after the printing. Based on 

experimental observations, it is concluded that PC based plain mortars are deemed 

suitable for concrete printing while geopolymers need significant material tuning based 

on the printing process.  
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Chapter 1 Introduction 
 

1.1 Research background 

 

Concrete is the most widely used construction material in the world with over six billion 

tons produced each year. During the last two decades, there has been a rapid advance in 

adding powder, admixtures, fibers, etc. to conventional concrete in order to improve its 

workability (pumping, formwork filling, and passing across steel reinforcement) and 

mechanical strength [1]. A variety of concretes has been developed such as fiber 

reinforced concrete, polymer concrete and self-compacting concrete (SCC) etc. Each of 

the developed concretes has its own characteristics to overcome an encountered problem 

either in its fresh or hardened state. 

SCC is highly flowable and gets compacted by itself. It has the advantages of easy 

placement in densely reinforced structures, high surface quality, durability and low-cost 

construction. Compared to conventional concrete, the rheological properties of SCC are 

improved by adding mineral and chemical admixtures [2]. However, creating complex 

shapes through SCC requires an adapted formwork. This kind of formworks is only used 

once which increases waste and construction cost. Another main challenge is related to 

the need of physical labour for erecting molds and reinforcement placement, especially 

when custom-made geometries are required. This results in various health and 

occupational hazards that should be avoided as much as possible [3]. To overcome this 

problem, many techniques have been developed by combining digital fabrication 

methods and development in construction material science. 3D concrete printing (3DCP) 

is one of such methods that has recently become the subject of very rapidly growing 

research over the world. [4]. 3D printing technology has been successfully applied in 

aviation, metal and other fields [5], however it is now gaining ground in the construction 

industry. The main feature of this technique is up-scaling a desktop 3D printer to the size 

of a construction site. The printing system of concrete is usually composed of a material 
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mixing tank, a material pumping system, an extrusion system (printing head with nozzle), 

a control box (electronics, positioning and control system) and a safety system. The mix 

could be a ready-mix or could be directly mixed before the printing process. The material 

is then pumped, passed through a pipe and injected from a nozzle. Next, the printer 

deposits layers of continuous concrete-like filaments on top of each other. After the first 

layer is printed, the next layer must be deposited immediately following the digital model 

[6]. 

Compared to other digital fabrication technologies such as computer-aided design 

(CAD), building information modelling (BIM) and powerful software tools that are well 

developed, 3DCP has certain additional benefits. On one hand, it can produce concrete 

elements using digital design and construction data provided by the BIM and on the other 

hand, it gives an opportunity to create unique elements, which corresponds to the idea of 

mass customization. Building components manufactured by 3DCP can have different 

designs and materials will be exactly placed, where there is need of material only. This 

will optimize the topology of the construction industry, which will lead to reduction in 

material consumption and consequently the creation of environmentally friendly 

facilities. The other expected benefits include higher productivity, faster construction 

processes, minimization of human resources, less waste of material wastes, efficient use 

of natural resources, higher cost-efficiency, etc. [7,8].  

To maximize the benefits of 3D printing, the first step should be to develop a printable 

material that must be flowable during extrusion and after extrusion, it must retain its 

shape without significant deformation due to the deposited layers over it [9]. Considering 

this fact, developments are going on by various universities and industries to realize the 

potential of 3DCP. Building components can be produced either on site [10] or like 

Winsun, China pre-fabricated walls can be manufactured off site and later assembled to 

produce the final structure [11]. The choice of production again can be like regular wall 

elements or also can be optimized for minimizing the material wastage and construction 

cost. 
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1.2 Motivation and objectives 

 

The production of cement is very energy intensive process and it is responsible 5% of 

global CO2 output [12]). In order to reduce the environmental impacts of cement industry, 

approaches have been carried out on finding alternatives to ordinary Portland cement 

(PC). Among those investigations, fly ash (FA) based sustainable building materials such 

as geopolymers have attracted great attention and it generate nearly 80% less CO2 than 

PC [13]. Moreover, the mechanical properties are generally higher than PC based 

materials, especially the early strength development [14]. Excellent durability was also 

reported like better resistance of sulfate and acid attack, improved freeze-thaw resistance 

due to the refined pore structure, significantly higher fire resistance [15]. Considering the 

need of rapid hardening material in 3DCP, it would be surely interesting to study and use 

geopolymer binders since it exhibits rapid (structural) build up property aside from being 

a sustainable material. The rapid hardening material will allow to easily deposit more 

layers without the need of any accelerators, however the rheological property still need 

to be explored as it is not well understood for ensuring printability.  

It is well known that thixotropy is one of the important properties in all 3D printing 

projects. PC has an inherent excellent thixotropy property due to flocculation and 

literature reveals that in the presence of any foreign materials like FA, sand, fillers it’s 

colloidal network breaks down, thus resulting loss of the thixotropy [16]. One such 

example is high volume fly ash (HVFA) material which not only possess low thixotropy 

but also slow hardening rate. Despite sustainability, poor early age mechanical properties 

limit its application for 3D printing projects.  This motivated the author to conduct an 

extensive study with an aim to improve the printability of HVFA binders.  

The main goal of this research is to get a better understanding of these two-3D printable 

FA based sustainable mixtures such as (1) HVFA cement and (2) geopolymer. The study 

contains the following objectives: 
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(1) HVFA material design for 3DCP application  

Development of HVFA mortar that can be buildable and has an excellent shape retention 

after deposition on the print bed. Since rheology is one of the critical parameters affecting 

3D printability, the first objective is to optimize the mix design and quantify the 

rheological parameters such as yield stress, viscosity with more emphasize on thixotropy 

and structural build-up characteristics.  

(2) FA based geopolymer material design for 3DCP application  

Unlike PC, geopolymer possess different rheological properties due to polycondensation 

reaction in the alkaline medium. The second objective is therefore to understand and 

optimize the rheology parameters of fresh geopolymer mortar such as yield stress, 

viscosity, thixotropy etc. for extrusion-based 3D printing application.   

(3) Mechanical properties of 3D printed concrete 

Layer wise deposition are likely to produce anisotropic mechanical properties, and in this 

regard, the third objective of this research is to evaluate the mechanical performance such 

as compressive, flexural and tensile strengths of the 3D printed HVFA and geopolymer 

mortars.  

(4) Effects of printing parameters and large-scale printing   

Printing parameters such print speed, flow rate, layer height significantly affects the final 

properties of the filament and depending on the part design, these parameters also need to 

be adjusted to avoid defects like cracking, cold joints etc. The fourth objective is therefore, 

to investigate the influence of printing parameters including the part design and conduct 

a large-scale printing with the knowledge acquired from both material design and 

parameters settings.  
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1.3 Scope of the thesis 

 

In this research only two types of sustainable building materials are used (1) HVFA and 

(2) geopolymer, since the main goal is to maximize the utilization of major industry by-

product FA. Fine river sand was used to prepare the mortars due to easy of resource 

availability in Singapore. There were no chemical admixtures (accelerator, retarder) used 

in the mix formulation to keep the final product simple and cheap for field application. A 

very small amount of viscosity modifying agent (VMA) (<1%) was only allowed to 

improve the 3D printability performance including cheap mineral admixtures like silica 

fume (SF) and ground granulated blast-furnace slag (GGBS). After hardening, all the 

mechanical properties were studied up to an age of 28 days, which is the most commonly 

used curing time in many published and unpublished articles.        

1.4 Layout of the thesis 

This thesis consists of 7 chapters in total, the details of which are provided below: 

Chapter 1 introduces the research and provides background information about the topics 

investigated under this research and presents the main goals and objectives. 

Chapter 2 provides a detailed relevant literature review focusing on the production and 

properties of 3D printable concrete mixtures, mechanical properties and effect of various 

printing parameters. A section about different 3D printing systems is also included in 

addition to large scale concrete printing examples currently explored, both in academia 

and in construction practices.  

Chapter 3 presents the materials used, sample preparation and methodology in all the 

experiments in this research work. 

Chapter 4 focuses on the influence of mix design parameters and quantification of 

rheological attributes for 3D printing HVFA mortars.  The effect of fly ash-to-(total) 

binder ratio, water/binder ratio, and sand content on performance were discussed along 

with the mechanical and microstructural study under ambient curing condition. The 
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effects of different mineral additives and VMA were also explained in this chapter for 

improving the 3D printability. 

Chapter 5 discusses the performance of FA based geopolymer mortar designed for 3D 

printing application. Effects of activator viscosity, activator-to-binder ratio, water-to-

binder ratio were discussed including FA and GGBS replacement ratio. Similar to HVFA, 

mineral additives and VMA were selected to improve the 3D printability of the 

geopolymer in terms of shape retention and buildability.  Geopolymers made using 

powder activator was also introduced to envisage the printability performance compared 

to liquid activator.   

Chapter 6 is dedicated on measuring the mechanical performance of 3D printed samples 

in three orthogonal directions. Compression, flexural and tensile properties were obtained 

and compared with casted samples. Effects of printing parameters were also explained in 

this chapter for different part design configurations and finally, with the knowledge of 

suitable parameters setting and material design, large scale 3D printing was demonstrated 

for the developed FA based sustainable materials.     

Chapter 7 highlights the main findings reached and presents guideline for further related 

studies. 

Figure 1.1 shows the systematic research methodology adopted in this thesis to print 

sustainable concrete structures. The novelty of this PhD research is the sustainable 

material design for a new digital manufacturing process, known as 3DCP. This technology 

offers an opportunity to integrate part design and material digitization to create complex 

geometrics, inhibited by traditional casting process. The printing technology and material 

formulation are addressed in the current work. 
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Figure 1.1 Outline of the thesis 
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Chapter 2 Literature review 
 

In this chapter, fundamental understanding of the 3DCP system is provided, including a 

comprehensive review of two sustainable building materials. Only extrusion-based 

concrete printing process is emphasized since this technology has been used to perform 

all the experiments and accordingly, both materials and process parameters are optimized 

for a large-scale part design. The merits and disadvantages of the other concrete printing 

processes are also discussed.  

Fresh and hardened properties of the printed concrete are reviewed in terms of rheology 

and mechanical strength. Additionally, potential applications of the concrete printing 

technology are explored for building and construction industries.  

2.1 Production and properties sustainable binders 

2.1.1 High volume fly ash binder 

Although there are many studies in the literatures on the properties of concrete containing 

FA, only publications relevant to the study were reviewed in this section.  

FA based concrete in combination with PC has been developed for nearly half a century 

[17]. FA is a by-product of thermal power plants and it is collected from the combustion 

residue before they are discharged to the atmosphere. FA, besides being used as an 

admixture for concrete also finds application as an additive in artificial lightweight 

aggregate, refractory materials, bricks, and in soil improvement. In general, FA consists 

of glassy spheres of sizes varying from 1 to 150 µm and based on mineralogical 

composition, it can be divided into two categories such as Class F and C. Class F FA 

contains SiO2 + Al2O3 + Fe2O3 > 70%, and very less CaO (<5%), whereas Class C 

contains SiO2 + Al2O3 + Fe2O3 > 50%, and more CaO (around 20%) [18]. 

The higher replacement of PC with 50% or above is termed as HVFA concrete as per 

CAMNET by Malhotra in 1980 [19]. This aim was to increase the sustainability in 
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construction industries by reducing the PC usage and thereby reducing the CO2 emissions 

associated with PC production. According to life-cycle analysis (LCA) by Griffi [20], 

there is a possibility to reduce 54% of CO2 emissions by using a 50% replacement of PC 

with FA.  

The principal hydration product using only PC binder is a colloidal calcium-silicate 

hydrate (C-S-H) gel and it occupies about 40 to 70% of the hardened cement paste 

volume. This gel and Ca (OH)2 are responsible for increasing the concrete strength with 

reaction time. When FA is added to PC, it reacts with Ca (OH)2 produced from hydration 

of PC to form C-S-H with different Ca/Si ratio [21-25]. The advantage of FA in concrete 

can be visualized in terms of reduced water demand, heat of hydration, drying shrinkage 

and reduced permeability, which will reduce the sulphate and chloride ingress. It 

increases workability, compressive strengths (after 56 days) and gives a better surface 

finish to concrete due to the spherical shape, which in other hand improves the durability 

by reducing water requirement [26]. 

 

 

Figure 2.1 Factors influencing the properties and performance of fly ash concrete 
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FA concretes exhibit different properties depending on the source materials, mix design 

and curing conditions. The main factors influencing the properties and performance are 

reactivity, specific surface area (SSA), particle size, pH and morphology [27-29] as 

shown in Figure 2.1. The SSA determines the reactivity, which also depends on the 

characteristics of the FA source and the system in which FA is used. The packing and 

nucleation effect also depend on the size of the FA used in cementitious mix [30]. 

Chindaprasirt et al. [31,32] conducted an exhaustive study by using different sizes of FA 

and reported the advantage of finer FA in terms of increased compressive strength, 

reduced shrinkage and expansion etc. Size of FA can be reduced (by milling processes) 

for obtaining different PSD and their final properties are widely reported in literature 

[33-35]. Bentz et al. [36, 37] investigated the rheological properties of blended cement-

based materials by varying the PSD and ratio of FA-to-PC in terms of yield stress and 

viscosity. Based on the conclusion, yield stress was found to be dominated by the particle 

density of the PC, with the FA mainly acting as a diluent that effectively decreases the 

PC particle density and thus the yield stress. Viscosities are influenced by both PC and 

FA particles where a linear relationship was obtained between plastic viscosity values 

and either total particle surface area or total particle density. In another study [38], use 

of Class C grade FA revealed higher yield value and plastic viscosity as compared to the 

neat PC paste. Additional grinding of the high-calcium FA improves the rheological 

properties of pastes (increase in fluidity) and this effect was negligible for the lowest FA 

content (20%).  

The properties of FA collected from different power plants can be characterized for 

distinct crystalline and amorphous phases that determines the reactivity of FA [39,40] 

Most of the FA are made of glassy material (amorphous nature) and usually, the FA with 

higher amorphous content provides higher strength due to enhanced pozzolanic reaction. 

The pozzolanic reaction of the FA based material is the chemical reaction between 

amorphous silica or alumina in the FA and calcium hydroxide formed from cement 

hydration in the presence of water at normal temperature. Sakai et al. [41] investigated 

the effect of amorphous content in FA and reported that in an alkaline environment, low 
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calcium FA is non-reactive and therefore, there is a need of alkali or sulfate activation. 

The glass phases of FA can be dissolved in alkaline condition to accelerate the reaction 

at early ages [42,43]. Rather than relying on caustic alkalis, recent studies have attempted 

to activate the FA based systems through the use of neutral salts such as sulfates and 

carbonates of sodium and potassium [44]. Addition of Na2SO4 increases the pH of the 

solution, accelerates the pozzolanic reaction between Ca (OH)2 and the FAs [45].  

Apart from alkali activation, nano modification and use of different accelerators have 

been reported in the literature to overcome the slow strength development of HVFA 

mortars. Among all nano materials, nano silica has been used most widely followed by 

nano-CaCO3 due to enhanced pozzolanic reaction and improved particle packing of the 

matrix [46-48]. Calcium hydroxide and a rapid set cement also have been used to mitigate 

excessive retardation of the FA based concrete. Experimental results measured by both 

Vicat setting time and rheology evolution indicate a significant reduction of setting time, 

which further depends on FA grade and dosage amount. The authors highlighted the 

advantage of using rheological measurement over Vicat penetration test for providing a 

faster indication of setting time [49-51]. 

Due to variability in the FA quality, achieving constant mechanical properties is difficult 

by using high volume of FA and therefore, researchers have attempted to investigate the 

effects of controllable parameters such as water-to-binder ratio, sand-to-binder ratio and 

curing conditions (200C and 400C) to optimize the mix formulation [52-54]. Siddique et 

al. [55] while replacing PC with class F grade FA in three percentages such as 40%, 45%, 

and 50% found a significant improvement in strength and abrasion resistance properties 

at the ages of 91 and 365 days, which was most probably due to the pozzolanic reaction 

of FA. Similarly, Wang et al. [56] analyzed the strength development by varying the fly 

ash content and total water content and reported the water-to-binder ratio is most 

significant parameter affecting the compressive strength for high volume FA mixtures. 

Despite of other factors considered in the literature, curing/environmental conditions 

play a significant role [57-59] in achieving potential strength of the FA based concrete. 

While there are reports about the reduced strength at high temperature curing, few reports 
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also state the long-term benefit of FA mixtures in improving the mechanical strength [60] 

at increased curing temperature. Further studies are thus needed in this regard to explore 

the reaction kinetics in different curing temperatures. 

2.1.2 Geopolymer binders 

2.1.2.1 Geopolymer Theory 

 

The word ‘‘geopolymer” was coined by Davidovits, where the prefix ‘‘geo” symbolizes 

the inorganic aluminosilicate materials. Geopolymerization is an exothermic chemical  

reaction that converts the amorphous aluminosilicates sources into three-dimensional 

polymeric networks. The chemistry of alkalination depends on the nature of both 

aluminosilicate sources and the alkali activator used, though the mechanism remains 

same regardless of the starting materials. Davidovits et al.[61] suggested the geopolymer 

formation as shown in Figure 2.2. 

 

 

Figure 2.2 Schematic diagram of geopolymerization process [61] 

 

The geopolymerization reaction is suggested occur in multi-step (Figure 2.3) which 

occurs simultaneously [62-65]: 

(a) Dissolution of aluminosilicates; 
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(b) Reorganization and formation of small oligmers structures; 

(c) Polycondensation to form aluminosilicate gel phases; and 

(d) Solid state transformation to form hard solid 

During geopolymerization, Si and Al units dissolve from precursors and they interact 

among each other to produce coagulated structure as agreed by most researchers [66-70]. 

As the reaction progresses, intermediate product (Gel 1) which has high Al content 

transforms into Gel 2 which has more Si content (Figure 2.4). At last, the gel grows and 

forms three-dimensional frameworks. 

 

 

Figure 2.3 Step-by-step geopolymerization process [71] 
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Figure 2.4 Graphic model of alkalination of geopolymers [72] 

 

2.1.2.1 Synthesis and properties of geopolymer  

There is a great number of published literatures on the properties of geopolymer derived 

from different raw materials such as FA, GGBS, metakaolin, red mud etc. However only 

FA/GGBS based geopolymer is described here due to the importance and relevance to 

this study. 

Aluminosilicates such as FA, rich in alumina (Al2O3) and silica (SiO2) minerals is the 

most widely used raw material to formulate geopolymer binders along with alkali 

silicates. The source materials play an important role in the binder formulation, 

preferably, the Al2O3 and SiO2 compounds that are in reactive amorphous phase [50,51], 

with total composition of more than 70%. The activation of the FA together with GGBS 

contribute most significantly in the production of a structurally sound material via 

geopolymeric process. The GGBS addition helps to harden the binder in room temperture 

(23±2oC) without the need of any additional heat source or curing conditions [61] 

The most common alkaline activators used in geopolymerization is a combination of 

sodium hydroxide (NaOH) or potassium hydroxide (KOH) and sodium silicate 
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(Na2O·nSiO2) or potassium silicate (K2O·nSiO2) [73]. Sometimes SF is also used as an 

alternative to the sodium silicate, which forms part of the reactant solution [74].  

 

 

Figure 2.5 Factors influencing the properties and performance of geopolymer 

 

Several factors have been identified as important parameters affecting the properties of 

geopolymers. Starting from raw material to mix design, each component shown in Figure 

2.5 determines the overall fresh (e.g., setting time, flowability) and hardened properties 

(e.g., compressive, tensile strength) of geopolymers [75-77]. While the fresh properties 

of PC have been investigated in depth in literature, they have not yet been explored for 

geopolymers [78-83]. A exhaustive investigation by Vance et al. [84] revealed that 

viscosity of the activator and it’s ratio to the geopolymer binder strongly influences the 

overall viscosity, where as the yield stress is influenced by the particle (FA) surface 

charge and alkali ions present in the activator. An increase in activator concentration 

increases the yield stress and viscosity which is similar to the changes in the activator 

viscosity. Using NaOH as sole activator, Zhang et al. [85] also observed similar 

behaviour in the FA/GGBS mixtures due to increase in activator viscosity. Collins and 
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Sanjayan [86] studied the workability of both solid and liquid silicate activated slag 

concrete and found  better workability as well as longer stting time due to lower (initial) 

reactivity of solid activator. Laskar & Bhattacharjee [87] studied the rheology of FA-

based geopolymer concrete using 1 to 20 M alkali activator. They found a strong 

influence of molar strength (M) and the ratio of silicate to hydroxide solution on yield 

stress and viscosity of the geopolymers. The setting time of geopolymer concrete was 

reported up to 120 minutes. Sathonsaowaphak [88] investigated the workability of lignite 

bottom ash based geopolymer mortars with respect to activator/ash ratio, Na2SiO3/NaOH 

ratio, NaOH concentration, and water/ash ratio that notably affects the resultant flow 

properties. Studies conducted on effect of GGBS addition [89,90] concluded that GGBS 

particles decreases the workabilty of geopolymer due to angular morphology and 

Huseien et al. [91] observed the similar behaviour when up to 20% GGBS was replaced 

with the FA. Based on experimental findings, Yan and Sagoe-Crentsil [92] confirmed 

that the flow behavior of geopolymers can be significantly modified by incorporating dry 

wastepaper sludge, since plenty of free water in the mix will be absorbed by the sludge, 

which will ultimately decrease the flow properties. Similarly, silica particles were also 

found to decreases the flowability due to high surface area and fine particle size. 

In terms of setting time, increasing molar ratio (MR) of the activator causes remarkable 

reduction in the initial setting time due to faster dissolution of Si, Al ions and it can be 

further accelerated by adding calcium containing materials such as lime and GGBS. 

Several authors have reported different setting times of geopolymers by varying the 

activator type, dosage under different curing conditions [93, 94]. Favier et. al [95] 

investigated the setting process of metakaolin based geopolymer (in terms of early age 

rheological changes) and concluded that the Al rich gels formation at the grain 

boundaries are responsible for the initial setting (strength gain) and similar observations 

have also been idenitfied by Chen et al. [96]. 

Like rheological properties, mechanical properties of geopolymers are also affected by 

the activator type, dosages and starting raw materials [97-101]. Literature reveals better 

mechanical properties of the geopolymer over PC composites [102,103] and it increases 
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with the activator (NaOH) concentration [104]. Hardjito et al. [105] produced FA-based 

geopolymer concrete with compressive strength up to 80 MPa and highlighted the 

importance of water-to-solid ratio, as the strength notably decreases by addition of water. 

The role of water in geopolymer was found to be analogous to the well known 

relationship between compressive strength and water-cement ratio for PC concrete and 

confirmed by several authors [106, 107].  

In the light of above discussion, it is clear that mixture design of the geopolymer plays 

an important role in governing the final mechnical strength. Effects of activator, binder, 

aggregate, curing methods  have been well studied in the literature with their reaction 

mechanisms and relatively less work was found for the rheological study. The exact 

nature of rheolgical consequences of geopolymer is still not fully understood and requires 

additional work. 

 

2.2 3D Concrete printing  

2.2.1 Current 3D printing systems 

The rapid development of large-scale 3DCP technology in most literatures is categorized 

into two techniques, namely (1) binder jetting and (2) material deposition method 

(MDM). The basic principle of both these techniques is to build up any complex structure 

by adding small layers of material following the CAD model. Like other 3D printing 

processes, 3DCP begins with the creation of 3D model, which is sliced into several 2D 

layers and then printed with an assigned material in an incremental manner to obtain the 

final prototype. The detailed descriptions and main difference between two techniques 

are highlighted in the following sub sections [108]: 
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(1) Binder jetting  

Binder jetting is a 3D printing process that creates objects by depositing binder layer by 

layer over a powder bed. Binder is ejected in droplet form onto a thin layer of powder 

material spread on top of the build tray. This method incrementally glues 2D cross 

sections of the intended component to each layer of material powder [109]. The cycle 

repeats until the whole 3D object is complete (Figure 2.6). Any raw material that is not 

glued by the binder remains inside the constrained build container and is used to support 

subsequent layers. The unbound material can be removed from the print bed using a 

vacuum cleaner after the printing, which can be recycled and deployed for another 

printing task [110]. The advantage of this method is that it allows printing of overhanging 

designs for producing complex geometries and because of the minimal distance between 

layers, the part has higher resolution that results in the good surface finish. Currently, 

Voxeljet and Monolite UK Ltd (D-Shape) are working with this technology to print large-

scale components for architecture and building industries. Figure 5b shows an egg-

shaped complex sculpture, made by D-shape using a sand-based material; however, this 

technique can be easily influenced by bad weather, and is difficult to use this process for 

in situ construction applications [111]. 

 

Figure 2.6 a) D-shape printer and (b) final printed component with all the excess raw material 

removed [111] 
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(2) Material deposition method (MDM) 

Similar to fused deposition modelling (FDM), material deposition method (MDM) is an 

extrusion-based 3D printing process where the extruded layers are successively deposited 

as specified in the CAD model [112]. The main challenge is to develop a material that 

retains its shape after extrusion and hold the loads of multiple layers without significant 

deformation. Contour crafting (CC) is the first technology to use this MDM process as a 

core fabrication method and it was introduced by Khoshnevis in the mid-1990s in 

California, USA [113]. In this approach, the contours of mostly vertical structural 

elements are produced by extruding concrete filaments (Figure 2.7a) with a width of 2 to 

5 cm and a height of generally 1 to 3 cm. These contours establish a permanent, integrated 

formwork which is eventually filled with flowable concrete in most cases. The key 

feature of CC is the use of trowels attached to the nozzle. The trowel guides the printed 

material to create exceptionally smooth and accurate surfaces, as shown in Figure 2.7b. 

 

Figure 2.7 (a) Contour crafting process (b) extrusion nozzle with a side trowel [113] 

 

This popular CC approach was introduced into the construction practice by companies 

like WinSun, TotalKustom and ApisCor and later termed as “3D concrete printing”. 

Researchers at University of Loughborough [114] also followed this approach to print 

varieties of freeform structures, including channels for reinforcement (rebar) addition. 

Figure 2.8 shows some noteworthy examples of projects using 3DCP.  
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Figure 2.8 Noteworthy examples of projects using 3DCP: (a) Single storey House in China by 

HuaShang Tengda (b) Hotel suite interior in the Philippines, by Total Kustom (c) Residential 

house by San Francisco-based 3D printing startup Apis Cors (d) multi-cellular curved bench by 

Loughborough University, Loughborough, U. K [11, 12,114,115] 

 

The process of 3DCP can be accomplished either by a gantry or robotic system that can 

hold the extruder (nozzle) and move according to the toolpath specified in the CAD 

model [116]. Despite having more degree of freedom, robots were found to be less used 

on construction sites, rather a gantry type printer with an additional axis for nozzle tip 

rotation. Figure 2.9 shows a typical gantry and robotic printer used for concrete printing 

application. The advantage of robotic printer can be guaranteed for 3D printing on 

temporary curved surfaces and any topology optimized structures. 
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Figure 2.9 The two most used 3D concrete printers (a) gantry (b) robotic [117, 118] 

 

Instead of using single, large robot, the Institute of Advanced Architecture of Catalonia 

(IAAC) in 2014 introduced a group of small robots that can work together using swarm 

technology as shown in Figure 2.10a. Similar work has been recently reported by a team 

of researchers from NTU, Singapore, while demonstrating the ability of large-scale 

concrete printing by a team of mobile robots (Figure 2.10b).  
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Figure 2.10 Robotic swarm 3D printing (a) Wall-climbing mini-bots mini-bots by Institute of 

Advanced Architecture of Catalonia, Spain (b) Synchronized 3D printing of concrete by robots 

at Nanyang Technological University, Singapore [119, 120] 

 

The main limitation of extrusion based concrete printing is to produce some overhanging 

features without using any support material. In 3D printing of plastic, polymers, meta-

materials the deposited layer hardens rapidly, while in 3DCP and other concrete-based 

methods, the filaments are in an in-between state, depending on the time since deposition 

and material setting time as mentioned in [121]. The slow hardening of the 3DCP 

materials results from the slow hydration reactions and which also depends on the target 

part geometry can be improved with admixtures. Nevertheless, some approaches have 

been attempted to print support structures on curve bed (Figure 2.11) and in this regard, 

the use of a robotic printer is helpful that can travel in the tool path lied along the curved 

print bed. 
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Figure 2.11 Curve bed 3D concrete printing projects at (a) Tu/e, Eindhoven, Netherlands [122] 

(b) Nanyang Technological University, Singapore 

 

In addition to concrete printers, different material delivery systems were noticed in 

construction applications which can also affect the 3D printing performance. Progressive 

cavity pump is mostly used to extrude the fresh concrete, which can be connected to a 

batch or in-line mixing system. The advantage of in-line mixing will be more pronounced 

for a rapid setting material, while in batch mixing large-volume of material with long 

setting time is preferred. 

 

2.2.2 Process parameters 

The most striking difference of 3DCP with other 3D print methods is the print size which 

is very relevant to the way of printing and it affects the final quality, particularly the 

geometry and stability of the filament. The part design also plays an important role 

together with the material and printing parameters [123] such as print speed, print time, 

setting time, and layer interval time. (Figure 2.12).  
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Figure 2.12 Cause and effect diagram of 3D concrete printing process 

 

Research done at Tu/e, Eindhoven [121] describes the effect of tool path on filament 

shape and reported that the nozzle movement need to be planned in such a way that it 

should always remain tangent to the tool path, otherwise, filament bending will occur 

except for circular nozzle. In order to rotate the nozzle, another axis must be added to the 

gantry system and very few printers around the world are already capable of doing this. 

Since circular nozzle does not need any rotation, it is the simple and easy way to use it, 

though there are few demerits using the circular nozzle.  

 

Following the selection of nozzle opening size, the print speed also needs to be precisely 

determined with respect to flow rate. The dimensions of printed filament not only depend 

on the material type, but also number of parameters such as flow, print speed, nozzle 

dimension, inclination of the print bed etc. To determine the optimum print speed, Panda 

et al. [124] conducted series of experimental study by varying the print speeds at a 

constant flow rate and for a high-volume slag material, 80 mm/sec was selected as 

optimum speed since filament dimension was almost equal to the nozzle dimension 

(Figure 2.13) 
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Figure 2.13 (a) Effects of print speed on filament width (b) continuous printing of concrete for 

a balanced flow and speed [124] 

 

When extruding material in a curve tool path, a difference in deposition rates (between 

the inside and outside of the filament) was observed by Bos et al. [121] due to lack of 

minimum radius of curvature. In this research, a similar phenomenon was also observed 

while printing the geopolymer and HVFA mortars. For a certain nozzle dimension and 

material, there exist a minimum radius of curvature which currently cannot be estimated 

using any commercially available CAD/ CAM software. Le et al. [114] discovered the 

presence of air cavities in between the filaments placed next to each other in 3DCP, 

however this problem can be avoided by using a square or rectangular nozzle with 

sufficient flow capacity. In addition, a slight pressing (Figure 2.14) of during layer 

deposition can minimize the voids by improving the compaction as well as interface 

adhesion [121]. 

 

In the light of above discussion, it is imperative that in concrete printing, material, part 

design and process parameters are all strongly interdependent with each other. This 

interdependency is due to slow setting reaction in the concrete that results strong 

interaction with the process parameters. The following section will discuss more about 

the fresh property and anisotropic mechanical properties, caused by layering nature of 

the 3D printing process.    
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Figure 2.14 Interfaces (a) common in high-resolution 3DCP (b) in usual 3DCP (c) with layers 

pressed to obtain higher compaction (d) with layer pressed horizontally [121] 

 

2.3 3D printable material design 

 

This section summarizes both fresh and hardened properties of different 3D printable 

materials developed in the past with respect to extrusion based 3DCP. Due to availability 

of greater number of research articles, extrusion-based printing is preferred for discussion 

over other 3D printing processes.     

2.3.1 Fresh properties  

Fresh property such as rheology and green strength are the backbone of 3D printable 

materials. Literature reveals conventional rheology indicator: “workability of concrete” 

is not sufficient to describe the rheological properties required for concrete printing.  Le 

et al. [114] for the first time introduced extrudability and buildability criteria which are 

significantly influenced by the workability and setting time parameters. Extrudability 

refers to the ability to transport the fresh concrete to a nozzle where it must be extruded 

as a continuous filament and buildability is related as the number of layers which could 

be built up, without noticeable deformation of bottom layers. Shear vane test was used 

to determine the limit of extrudability, though plastic viscosity yet need to be determined 

to complete a Bingham fluid model. Following Le et al., several authors [125-129] used 

yield stress and viscosity as a key parameter to decide the mix proportions suitable for 
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extrusion-based 3D printing.  Bentz et al. [130] demonstrated the formulation of robust 

binder for 3D printing application by modifying the rheology with limestone and 

chemical admixtures such as accelerator and retarder. A schematic diagram of their 

approach is shown in Figure 2.15. Limestone addition affords the opportunity to regulate 

rheology via water content adjustments and therefore, Sooraj et. al [131,132] used the 

limestone powder together with metakaolin and SF to tailor the microstructure of 

cementitious binders for smooth extrusion and better buildability properties.  

 

Figure 2.15 Schematic diagram showing hypothetical window for 3D printable materials [130] 

 

Kazemian et al. [133] continuous extruded the mortar mixes to characterize their 

formulation and according to the authors, a printed layer must be free of surface defects 

and possess dimension consistency to qualify for the extrudability test. Also, the layers 

must be able to maintain its shape after extrusion and the edges clearly visible for the 

square nozzle. Researchers at Tu/e Dresden, Germany used a piston pump to quantify 

(in-line) the extrudability by measuring the force needed for extrusion. Flow versus 

pressure graph was plotted (Figure 2.16) and a high flow rate mix at constant pressure 

was selected for printing experiments [134]. A similar approach was also observed in a 

recent paper, while using a ram extruder to print alkali activated materials [131]. In order 
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to improve the extrudability and shape retention of the filaments, several researchers have 

attempted use different supplementary cementitious materials (SCMs) such as FA and 

silica fume as well as VMAs such as clay and cellulose. These additives have been 

explored in the past for their intrinsic property to modify the binder rheology, however 

in case of 3D printing the effects are more pronounced and worthy of investigation due 

to the transition in the material processing from casting to printing.  

 

Figure 2.16 Force vs. piston displacement curves obtained for different mixtures from ram-

extrusion test [134] 

 

Ma et al. [126] proposed a printable mix design by replacing the river sand with copper 

tailing, regarded as byproduct of ore extraction process. Due to fine particle size, 

flowability increases with replacement ratio and finally, 30% replacement was selected 

considering both extrudability and buildability index. Ketel el al. [135] introduced a 

printability index to describe how rheological properties (e.g., yield stress, viscosity, 

storage modulus and crossover energy) affect the printability in terms of geometrical 

fidelity of the filament as described in the CAD model. This index can be used to identify 

optimal slurry rheology and develop quality control schemes for 3D-manufacturing 
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operations. It is well understood that in 3D printing there exist a compromise between 

extrudability and buildability. Therefore, researchers are trying to optimize both 

properties by selectively adding the admixtures at different location of printing systems. 

Figure 2.17 shows an initiative by a France company, XtreeE for adding accelerator only 

at the nozzle to increase the buildability [116].  

 

Figure 2.17 3DCP set up by XtreeE, France with in-line accelerator mixing extruder [116] 

 

Thixotropy and structural build-up properties were also explored by the researchers, 

since thixotropic materials are most suitable in 3D printing projects [136]. Thixotropy is 

a distinctively rheological phenomenon, associated with changes in rheological 

properties with time and even when the applied stress or strain rate is kept constant. From 

a microstructural point of view, cement particle possesses inherent “thixotropy” due to 

colloidal flocculation [137] and able to build up an internal structure at rest which is a 

key feature in most printing applications. Therefore, most of the papers and industries 

have considered PC based binder for concrete printing research and applications. 

Different protocols have been proposed in the literature to quantify the thixotropy [138-

145] and depending on the mix compositions, these protocols can evaluate the thixotropy 

index which is useful for many digital construction methods including slip layer casting, 
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3D printing and shotcreting. In a recent review paper Reiter et al. [146] emphasized the 

importance of controlling the structural build-up and for this, chemically controlling 

cement hydration was reported as essential step for concrete printing applications. In 

layered manufacturing process, the bottom layer is always subjected to increasing 

loading with respect to building rates and therefore, as shown in Figure 2.18a, the 

concrete yield strength should evolve faster to prevent the structural collapsing. One 

possibility to solve this challenge is to increase thixotropy of the material or use 

accelerators that can quickly modify the hydration kinetics to match concrete strength 

with the increasing stress induced by loading of the layers.  In this regard, Marchon et al. 

[147] have discussed the role of admixtures at different phases to achieve rheological and 

hydration properties necessary for printable concrete. A schematic representation is 

shown in Figure 2.18b. 

 

Figure 2.18 (a) Yield stress evolution required for layered extrusion as a function of time [146] 

(b) summary of potential admixtures for different stages in 3DCP [147]  

 

A proper rheology control is the key success 3DCP process. Thixotropic material with 

rapid structuration rate is necessary for smooth extrusion and higher build rate even 
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though part design plays an important role for avoiding structural failure at fresh stage. 

Research done at Tu/e Eindhoven [148] have confirmed this fact by understanding the 

(buckling) failure mechanism, while printing a slender layered wall (Figure 2.19). 

Therefore, part slenderness also needs to be considered for designing printable materials. 

In fact, for higher slenderness the yield stress must depart more from a linear increase. 

 

Figure 2.19 Gradual deformation of a cylinder during 3DCP at Tu/e, Eindhoven [148]  

 

2.3.2 Mechanical properties  

The mechanical properties such as compression, flexural and tensile strength of 3D 

printed concrete was first studied by the Loughborough university, U. K. research group 

for high-performance concrete [149]. Since there are no standards for testing 3D printed 

samples, 100 mm cube specimens were extracted from 350 × 350 × 120 mm printed slab 

(S3) and 500 × 350 × 120 mm slab (S5) for directional compression test as shown in 

Figure 2.20.    
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Figure 2.20 Cutting diagram and testing directions of samples in 3DCP process 

 

The average compressive strengths of the cube specimens extracted from S3 slab were 

102 MPa in direction I and II, whereas in direction III it was 91 MPa. Compared to 

standard mold-cast, the printed concretes have similar in directions I and II and 15% 

lower in direction III. Similarly, the average compressive strength of samples extracted 

from S5 was of 97 MPa in direction I and 93 MPa in directions II and III. The printed 

strength was thus 9% lower in direction I and 13% lower in directions II and III, 

respectively. These results confirmed that properly printed concrete induces relatively 

little anisotropy, although anisotropy mechanical property is inherent to any 3D printing 

process. 

For flexural strength, 100× 100× 400 mm beams were similarly extracted, and a greater 

anisotropy was observed with lowest strength in direction III.  The strengths in loading 

directions I and II (16 and 13 MPa respectively), were higher than that of the standard 

mold cast material (11 MPa) probably because of well-compacted layers in the direction 

of printing. Feng et al. [150] also found similar behaviour while analyzing the results of 

flexural test. The authors reported the position of crack exactly at the middle of the beam 

for direction III, whereas for loading in I direction, the crack was slightly away from the 

middle. The tensile strengths of 3D printed samples were much lower than mold casted 

sample and Le et al. [149] found the effect of time delay between the layers as one of the 
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significant parameters affecting the final strength values. As the time gap increases 

between the layer, tensile strength was notably decreasing due to poor interlayer bonding. 

Several authors have investigated this problem of strength loss and argued differently 

based on surface moisture loss, water transport properties, thixotropy effects, material 

flow properties etc. [150-155]. However, it is possible to improve the bond strength either 

by selecting optimum printing parameters or introducing another material in the 

interface, similar to an approach described in [156]. The result of strength improvement 

was notably higher compared to control sample, though the final strength was still lower 

than mold casted sample. Improving the bond strength by increasing surface area contact 

was another solution proposed by Zareiyan and Khoshnevis. An average of 26% increase 

in strength was reported by the interlocking profiles generated at the interface with 

different grove depths as shown in Figure 2.21[157].  

 

Figure 2.21 Study of interlocking on interlayer adhesion in contour crafting [157] 
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To improve the tensile properties of 3D printed sample, short fibers (glass, basalt and 

carbon) were introduced in to the cementitious matrix resulting in novel materials that 

exhibit high flexural up to 30 MPa [158]. The authors reported excellent fiber alignment 

in the printing direction, leading to a notable increase of flexural strength. Ma et al. [159] 

investigated the mechanical performance of basalt fiber reinforced concrete and found 

30% improved flexural properties due to fiber alignment in the printing direction as 

shown in Figure 2.22a. Ogura et al. [160] extruded high-density polyethylene microfibers 

in two different dosages (1% and 1.5%), which not only improve the shape stability of 

the extruded layers but also significantly increased the strain capacity, especially for 

1.5%. The fibers were oriented in the direction of printing and uniform multiple cracks 

were observed across the sample. With help of a glue gun, Soltan and Li [161] extruded 

calcium aluminate binder with 2% PVA fiber to demonstrate the feasibility of 3D printing 

engineered cementitious composite (ECC) material. Experiential results confirmed 

tensile strain-hardening behavior of the printed composite, although the set up was 

regarded very small for on-site applications. Effects of fiber on other building materials 

such as geopolymer were also documented in literature with indication of improved 

strength and fiber alignment in the printing direction [162-165].  

 

Figure 2.22 (a) Micro fiber [159] and (b) metal cable reinforcement in 3DCP process [166] 

 

More recently, Bos et al. [166] demonstrated the failure behaviour of short steel fibers 

reinforced printed concrete through several CMOD tests on different scale. Experimental 
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and numerical research has shown the benefits of fibers not only in terms of increasing 

the flexural strength, but also the ability to eliminate the strength difference between cast 

and printed concrete that exists without fibers. The authors of same paper presented an 

innovative approach of automatically entraining metal cable as reinforcement for 3D-

printed concrete [167].  A device was introduced (Figure 2.22b) to entrain these cables 

directly during printing and results of four-point bending tests shows significant increase 

in post-crack resistance of the cable reinforced samples, though the final failure was 

governed by cable slipping which was not to observed in another experiment by Lim et 

al. [168]. 

The interest in 3D printing for building and construction has increased drastically in 

recent years. Figure 2.23 shows the number of publication (conference proceedings and 

journal articles) available from 1997 to 2016 related to 3D concrete printing only. It is 

very clear that the rate of publication increases at a faster rate from 2009 onwards, which 

exemplifies the initiative for more comprehensive and all-rounded work in this 

discipline. Figure 2.24 shows some noteworthy examples of 3DCP projects to realize the 

architect potential of this technology, which were never possible by traditional casting 

methods.    

 

 

Figure 2.23 Trend of publication over the years related to 3DCP [108] 
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Figure 2.24 Examples of 3D concrete printed complex freeform models by XtreeE, France 

[169] 
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Chapter 3 Materials and methods 
 

This chapter presents the materials, test methods and the experimental procedures used 

to obtain the results. 

3.1 Materials 

3.1.1 Fly ash  

The fly ash (FA) used in sample preparation was supplied by Sembcorp Architects & 

Engineers Pte. Ltd, India. Chemical composition and physical properties of FA are listed 

in Table 3.1, as obtained from the supplier. XRD plot showing the crystalline peak 

(quartz (PDF# 074-3485) and mullite (PDF# 074-4143)) pattern of FA is presented in 

Figure 3.1. The microstructure of FA (Figure 3.2) consisted of spherical microparticles, 

which is consistent with those observed in other studies [170, 171]. 

 

Table 3.1 Chemical composition and physical properties of FA 

Chemical composition (%) FA 

SiO2 51.1 

CaO 5.8 

Al2O3 28.8 

Fe2O3 6.4 

SO3 1.0 

MgO 1.1 

Na2O 0.3 

K2O 1.2 

TiO2 2.5 

LOI 1.2 

Fineness (%) 11.5 

BET Surface area (m2/g) 0.708 
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Figure 3.1 XRD plot of FA 

 

Figure 3.2 FESEM image of FA 

 

The glassy content of FA was determined using an external standard approach, as 

outlined in [172,173]. Results shown in Table 3.2 revealed that the FA contains a low 
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amount of reactive phases, which could be due to usage of low grade coal and low 

ignition temperatures. 

Table 3.2 Reactive components of FA and GGBS 

 

3.1.2 Slag  

The slag (Ground granulated blast-furnace slag, GGBS) used in this study was supplied 

by Engro Pte. Ltd, Singapore. Chemical composition and physical properties of the 

GGBS are listed in Table 3.3, as obtained from the supplier. The microstructure of GGBS 

(Figure 3.4) consisted of mostly angular microparticles, which is consistent with those 

observed in other studies [174,175]. XRD pattern of the GGBS (Figure 3.3) displays a 

broad amorphous hump at around 30° 2θ and gehlenite (PDF#0 04-0690), which was 

present in small amounts. 

Table 3.3 Chemical composition and physical properties of GGBS 

Chemical composition (%) GGBS 

SiO2 29.6 

CaO 39.3 

Al2O3 15.5 

Fe2O3 0.3 

SO3 4.3 

MgO 7.5 

Na2O 0.4 

K2O 0.5 

TiO2 1.7 

Material 
Crystalline content (%) 

Amorphous content (%) 
Al2O3 SiO2 Fe2O3 CaO K2O TiO2 

FA 10.72 14.28 5.94 2.75 2.17 1.47 38.8 

GGBS 2.8 97.2 
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LOI 1.1 

Particle size (%)  

BET Surface area (m2/g) 0.866 
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Figure 3.3 XRD plot of GGBS 

 

 

Figure 3.4 FESEM image of GGBS 
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3.2.2. Micro silica  

The micro silica or silica fume (SF) used was 940U (supplied by Elkem Singapore 

Materials Pte Ltd.). The chemical composition and physical properties of SF reported by 

the supplier is shown in Table 3.4. The XRD plot for SF is presented in Figure 3.5, 

showing an amorphous broad band at around 22° 2θ, which is characteristic for 

amorphous SiO2. The morphology of SF was composed of spherical SiO2 particles as 

shown in Figure 3.6. 

Table 3.4 Chemical composition and physical properties of SF 

Chemical composition (%) FA 

SiO2 >90% 

CaO - 

TiO2 - 

LOI <3% 

Particle size (%) >45 μm 

BET Surface area (m2/g) 23.129 
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Figure 3.5 XRD plot of SF 
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Figure 3.6 FESEM image of SF 

 

3.1.3. Portland cement  

Portland cement (PC) used in this thesis was obtained from Lafarge Cement (Singapore). 

The chemical composition and physical properties of PC as obtained from the supplier 

are presented in Table 3.5. 

Table 3.5 Chemical composition and physical properties of PC 

Chemical composition (%) PC 

SiO2 24.27 

CaO 62.2 

Al2O3 4.56 

Fe2O3 3.95 

SO3 - 

MgO 3.34 

Na2O 0.21 

K2O 0.61 

TiO2 0.55 
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LOI 1.1 

Specific gravity (g/cm3) 3.1 

 

3.1.4. Alkaline activator 

The alkali activator used is this work is a mixture of the potassium hydroxide solution 

(8M) and commercial grade potassium silicate (K-silicate) solution (supplied by Noble 

Alchem Pte Ltd., India). The K-silicate solution has a composition of 24.32% SiO2, 

18.71% K2O and 56.97% H2O by mass. The desired activator modulus (MR, SiO2/K2O 

molar ratio) was achieved by adding the appropriate amount of potassium hydroxide 

(KOH) into the K-silicate solution. Instead of sodium (Na), K-silicate was selected in 

this research, since the Na based silicate is about 10 times more viscous and allows us to 

add more water to reach the desired workability, and more viscous also leads to a lot of 

difficulties during the extrusion process. 
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Figure 3.7 Effect of molar ratio (MR) on viscosity of K-silicate liquid activator. Note that a 

comparison was made with water viscosity for reference purpose.  

 



44 
 

The rheology of the activators was evaluated in the “normal” shear rate ranging 5–100 

s−1. 2.0 and 1.8 MR K-silicate solutions were used to explore the influence of activator 

modulus/concentration on rheological properties. It is clear from Figure 3.7 that, there is 

a general increase in viscosity with increasing MR which is in line with find with Vance 

et al. [84]. NMR studies indicated due to colloidal Si-O-H-K aggregates, the viscosity 

increases [176] and the size of these colloidal species is likely to increases with MR that 

affects the final solution viscosity.  

An alternative to liquid K-silicate, powder silicate activator (procured from same 

supplier) was used in this research. Appropriate amount of analytical level KOH pallets 

(from VWR Singapore Pte Ltd., Singapore) was mixed with powder silicate to reduce 

the MR, similar to the liquid silicate activator.  

3.1.4. Alkali salt activator 

Alkali salt, namely sodium sulfate powder (Na2SiO4) (reagent grade, VWR Singapore 

Pte Ltd., Singapore) was used to provide early strength gain of the HVFA mortar.  It 

appears as white crystals and is soluble in water. 

3.1.5 Nano clay  

Nanoclay (NC), is a magnesium alumino silicate clay with the theoretical formula of 

Si8Mg8O20(OH)2(H2O)4.4H2O. According to the International Nomenclature Committee 

(INC), the preferred name is palygorskite, although it is better known as attapulgite 

commercially. A highly purified form of the attapulgite was chosen in the study, supplied 

by Active Minerals International (Actigel), USA.  

 

Table 3.6 Chemical composition and physical properties of NC 

Chemical composition (%) NC 

SiO2 52.76 

CaO 5.86 
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Al2O3 10.28 

Fe2O3 3.40 

SO3 0.167 

MgO 3.34 

Na2O 0.449 

K2O 0.59 

TiO2 0.55 

LOI 16.7 

BET Surface area (m2/g) 125.49 

 

The NC serves the purpose of VMA, is a pure, uniformly sized, rod-shaped mineral 

particle but spheroidal agglomerates (Figure 3.8) when the particles are dry. Table 3.6 

shows the chemical composition and physical properties as obtained from X-ray 

fluorescence and BET surface area tests. 

 

 

Figure 3.8 FESEM image of NC 
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3.1.6. Natural fine aggregates 

Saturated surface dry (SSD) graded river sand provided by Buildmate (Singapore) with 

maximum particle size of 1.18 mm and a density of 2.61 kg/m3 was used to formulate 

the mortar for 3D printing application. The particle size distribution (PSD) curve as 

obtained from laser diffraction machine is shown in Figure 3.9. The gradation was 

maintained to achieve high flow rate with addition of more fines as suggested by 

Mehdipour and Khayat [177].  
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Figure 3.9 Particle size distribution (PSD) curve of river sand 

 

3.2 Mix compositions, sample preparation and curing conditions 

 

3.2.1. High volume fly ash mortar 

Sample preparation initiated with dissolving Na2SO4 activator in predetermined amount 

of water, after which FA and PC were slowly added in during mixing. Sand was then 

gradually introduced into the mix at the determined sand-to-binder ratio. Mixing 
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continued until a thoroughly mixed and a highly workable paste was obtained. SF was 

also directly added for altering the rheology, however for NC modified mix, the NC was 

first dispersed in water using in a Waring blender at a speed of 12,000 rpm for 2 min to 

produce a clay suspension, which remains stable after 24 h at rest. High speed mixing is 

effective to disperse the attapulgite clay suspension. The designated water is divided into 

three parts. 90% of water is mixed with FA and PC mix in the beginning; the remaining 

5% and 5% is mixed with activator and NC respectively. The prepared mortar was used 

for different tests followed by room temperature (23±2oC) curing to mimic the in-situ 

condition in Singapore. Figure 3.10 shows the prepared NC suspension and mortar mixer 

set up used in this study for laboratory experiments. Note that for large-scale 3DCP, two 

80-liter batch capacity BAMA quick mixer was used.  

 

 

Figure 3.10 (a) Dispersed NC (b) Hobart laboratory and BAMA mortar mixer   

 

3.2.2 Geopolymer mortar 

Geopolymer based binders were used in the preparation of printable mortar where, the 

binder phase was prepared as explained in section 3.3.1. Liquid activators were prepared 

and allowed to cool down for a period of 3 to 4h in ambient temperature (23±2oC), prior 
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to mixing with the binder. A small amount of distilled water was also added to reach the 

desired workability and this “water” refers to the additionally added water, sometimes 

being confused with the ones that originally from the K-silicate solution. After a truly 

homogenized and thoroughly mixed paste was obtained, fine river sand was introduced 

into the mix to formulate geopolymer mortar. Addition of SF for modifying the rheology 

was added only after mixing of activator with binder. SF addition step is very important 

in geopolymer preparation, since it can also act as activator if added together with KOH 

solution. For NC mixture, similar procedure to HFVA was adopted for uniform 

dispersion of colloidal clays.  

The geopolymer mortar was tested for fresh property followed by hardened property at 

28 days under ambient temperature (23±2oC) curing.    

3.3 Methods 

3.3.1 Yield stress and viscosity 

A commercial rotational rheometer (Anton-Paar MCR 102) was used in this study to 

measure yield stress and viscosity of the mortar by applying deformation at a constant 

shear rate of 0.1 s-1. During this test, the shear stress progressively developed to a 

maximum value (Figure 3.11) and then stabilized at an equilibrium value. The static yield 

stress was defined as the peak shear stress value. Viscosity is a time dependent parameter 

of thixotropic material and it depends on applied shear rate during the measurement. In 

this study, the average apparent viscosity was measured by applying constant shear rate 

of 300 s-1 for 30 seconds [178], while mimicking the shear deformation during mortar 

extrusion.  
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Figure 3.11 Determination of static yield stress from stress growth test 

 

3.3.2 Shear thinning and viscosity recovery (thixotropy) 

Thixotropy, which is an important parameter in 3DCP was measured both in terms of 

break down and recovery in this thesis. Literature reveals shear thinning is the most 

widely used method to measure the break down thixotropy, however without performing 

the viscosity recovery, the thixotropy cannot be fully evaluated.  Therefore, first shear 

thinning protocol was employed to calculate a structural parameter (λ) by shearing the 

mortar at 300 s-1 for 120 seconds [179]. In general, the higher the λ, the higher the 

thixotropy. 

 

                                                      λ = 
𝜏0−𝜏𝑒

𝜏𝑒
                                                         (1)

             

Secondly, viscosity recovery was measured to investigate fresh property of the prepared 

mortar after the extrusion process. If the original viscosity of the initial deposited layer 

is not recovered before the deposition of the second layer, it may result in the deformation 

of the structure. Therefore, in this study, the 3D printing process was mimicked by 
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applying different shear rates of (i) 0.01 s-1 for 60 seconds, (ii) 300 s-1 for 30 seconds and 

(iii) 0.01 s-1 for 60 seconds at three different time intervals corresponding to the material 

state (i) initially at rest, (ii) shearing/extrusion and (iii) again at rest, as used in previous 

studies [178]. The apparent viscosities were measured during these three intervals to 

understand the recovery behaviour of the different FA based mortar mixes (Figure 3.12).  
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Figure 3.12 Viscosity recovery protocol for quantifying the thixotropy 

 

3.3.3 Structural build-up 

In 3DCP the early age strength gain is most important as it directly affects the buildability 

property and, in this work increase in static yield stress with resting time was used as an 

indicator of structural build-up similar to a protocol used in [180]. The slope of the curve 

reflects the Athix index which increases over time due to both physical and chemical 

reaction in the material. A typical structural build-up example is shown in Figure 3.13, 

referred from concrete printing study by Perrot et al. [181]. 
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Figure 3.13. Comparison of experimental yield stress evolution with Perrot et al. [181] and 

Roussel models [137] 

 

3.3.4 Green strength and Young’s modulus of fresh concrete 

Rheometers are often used in literature to measure early age properties of cementitious 

mixtures. However, due to maximum torque limitation or high thixotropy of the material, 

some researchers have preferred slump test to indirectly measure the yield stress. Like 

slump test, green strength measurement by uniaxial compression test has been recently 

found to be useful in 3DCP application and therefore, in this thesis an experimental 

program similar to [148] was adopted to measure green strength development of the 

HVFA mortar up to 150 mins from addition of the water (with in dormant period). 

Uniaxial unconfined compression tests were performed on cylindrical samples with 70 

mm diameter and 140 mm height. The dimensions were chosen to avoid impact of 

particle size and allow a diagonal shear failure [148]. Fresh HVFA mortar was molded 

in five containers with some compaction and tested after different resting time 

(5,30,60,120 and 150 mins) as shown in Figure 3.14. 
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Figure 3.14 (a) Material preparation and (b) uniaxial compression test of fresh cement mortar 

 

INSTRON 5969 test rig equipped with 50KN load cell was used for compression test at 

a loading rate of 0.6 N/s, chosen to mimic the loading steps in 3D printing test. Each test 

was conducted close to 60-70 seconds to neglect effects of thixotropic build-up and their 

average values were presented in terms of force and displacement (F-d) diagram. In 

addition, the vertical deformations and lateral area of the fresh concrete were measured 

using 3D optical metrology. This new lateral area was considered for area correction, 

while deriving stress-strain curve from the F-d diagram. 

Optical techniques, based on digital photogrammetry or terrestrial laser scanning, have 

been found to be very effective and accurate solutions for static load test measurements 

[182] and therefore, in this study, a relatively inexpensive camera (Kinect V2) was used 

to capture dynamic measurements of changing cross section area. Figure 3.15 shows the 

experimental set up with the calibrated Kinect taking a series of point cloud and RGB 

images during the compression test. Later, the point cloud was processed with a pass-

through filter that retains only the region of interest and removes rest of the points in the 

point cloud. The surface normal of resultant filtered point cloud was estimated using a k-

neighbour estimation method. The number of neighbours used in the estimation was 

scaled in accordance to the density and level of detail required of the input point cloud. 
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Figure 3.15 Experimental set up for measuring lateral and longitudinal deformation of fresh 

cement mortar 

 

A region growing segmentation algorithm was then applied on the resultant point cloud, 

to group all the points belonging to the fresh concrete into a single cluster for further 

processing. This algorithm can selectively merge points that are close together and within 

a defined smoothness constraint. The region growing segmentation first seed and begins 

its growth on the point with the minimum curvature value. This initial point was located 

on a dominant plane, provided intentionally by placing a white Styrofoam board behind 

the concrete sample during compression testing.  By growing the region on the flattest 

surface, this will greatly reduce the total number of segments. Until every point in the 

point cloud has been sorted, the algorithm will go through the next point with the new 

minimum curvature value and start the growth of a new cluster. At every seed point, its 

neighbouring points were checked for the angle between its normal and the normal of the 

seed point. If the angle difference is less than the defined smoothness threshold and 

curvature threshold, it will be added to the cluster. The algorithm then loops through the 

point cloud and grow the region until the points are exhausted. The output of the 
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algorithm was a list of clusters of points which describes disjoint regions with 

homogenous property. The list will be then filtered by checking for a minimum cluster 

size that removes clusters group which are too small. 

The resultant list of clusters was subsequently check for their centroid points and filtered 

off if their centroid points are outside of the region of interest. This will effectively 

provide us with the resultant cluster of points that makes up the concrete undergoing 

compression. A bounding box was then added to the cluster for visualizing purposes 

(Figure 3.16) and relevant information such as height, maximum diameter and centroid 

of the fresh concrete were extracted and stored in an excel sheet along with the time the 

point cloud and RGB image was taken, to correlated with data taken from the 

compression test. 

 

 

Figure 3.16 (a) Original point cloud and (b) object of interest in a segmented point cloud 

3.3.5 Laser particle size distribution   

The particle size distribution (PSD) of the raw materials was determined via a Malvern 

Mastersizer 2000 (Figure 3.17). Before the analysis, the powders were mixed thoroughly 

in the water to prepare a homogenous solution. A few drops of this solution were used 

for PSD analysis. The test was conducted once per sample. 
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Figure 3.17 Malvern Mastersizer 2000 instrument used for PSD analysis of powder samples 

and flocculated colloidal 

 

3.3.6 Surface area 

The specific surface area of the powder samples was measured with a Quantachrome 

QuadraSorb SI instrument, using the adsorption of N2 at the temperature of liquid 

nitrogen (77 K). Prior to measuring, all the samples were degassed at 523 K for 16 hours 

and finally outgassed to 10-3 Torr. The Brunauer–Emmett–Teller (BET) surface area 

was calculated using the BET equation from the selected N2 adsorption data within the 

range of relative pressure, P/P0. 

3.3.7 Zeta potential 

A ZetaProbe analyzer (Colloidal Dynamics) was used to measure the zeta potential of 

geopolymer slurry (3 wt.% suspension) and all calculations were performed using the 

ZetaProbe Polar software (v. 2.14). 

 

3.3.8 Isothermal calorimetry 

The heat flow and cumulative heat released during the hydration and polycondensation 

reaction were determined under isothermal conditions at by an I-Cal 2000 High Precision 

Calorimeter (Figure 3.18) in accordance with ASTM C1702−15a (2015) [183]. 50 g of 

paste was prepared for each composition and was immediately placed into the 



56 
 

measurement chamber within a minute. Readings were recorded for 72 hours under a 

constant temperature of 26oC. The test was conducted once per sample. 

 

 

Figure 3.18 Equipment used for isothermal calorimetry analysis of paste samples 

 

3.3.9 pH value measurement 

The pH of alkaline activators was measured by using a Mettler Toledo pH meter (Figure 

3.19 (a)) with an accuracy of ±0.01. All the measurements were conducted in triplicates 

and the average values were recorded.  

3.3.10 Setting time 

The setting time measurement was performed according to ASTM C187-98 via a 

standard Vicat apparatus supplied by ELE Pte Ltd. (Singapore) as shown in Figure 3.19 

(b). The pastes were prepared with different water to solid ratios to determine the exact 

consistency value corresponding to a needle penetration depth of 10±1 mm as specified 

by the standard. The test was conducted once per sample. 
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Figure 3.19 (a) Mettler Toledo pH meter (b) Vicat needle setting time instrument  

 

3.3.11 Fourier transform infrared spectroscopy  

Fourier Transform Infrared (FTIR) spectroscopy was carried out on the alkali activator 

solutions. For the powder activator, solutions were prepared by mixing appropriate 

amounts of silicate and KOH powder and then allowed to rest for 2 h. A small amount 

of the supernatant solution was spread between two infrared-transparent KBr lenses and 

the FTIR spectra were obtained in the wavenumber range of 4000–400 cm−1. 

3.3.12 X-ray diffraction and scanning electron microscope analyses 

X-ray diffraction (XRD) and field emission electron microscopy (FESEM) were used to 

characterize the raw materials and the reaction products of the prepared mixes. Randomly 

oriented powder samples were extracted from the selected mixes by grinding the dried 

samples for XRD analysis. The scan patterns were obtained from 10° to 70° 2θ with a 

step size of 0.02° by using an Empyrean X-ray Diffractometer with Cu-Kα-radiation 

(Figure 3.20 (a)). The X-ray tube generator was operated at 40 kV and 40 mA. Corundum 

was used as the external standard for the quantification of both crystalline and amorphous 

phases using TOPAS software. The crystalline phases were identified using the powder 
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diffraction file-2, while known phases were taken from the inorganic crystal structure  

data base.  

For FESEM analysis, a JEOL JSM-7600F electron microscope, equipped with an energy 

dispersive analyser was used to examine the sample microstructure after 28 days of 

curing. The equipment used for this purpose (Figure 3.19) are in the Materials Laboratory 

of the School of Mechanical and Aerospace Engineering. 

 

Figure 3.20 (a) FESEM and (B) XRD instrument used for the reaction product analysis 

 

3.3.13 3D printing  

Unlike plastic and metal 3D printers, concrete printers are usually large-scale system, 

and in this work, we have used our custom made four axis gantry printer (Figure 3.2) that 

can print concrete components of one cubic meter volume. The motion parameters such 

as maximum speed Vmax of 4-axis are listed in Table 3.7. The fresh mortar was pumped 

by a progressive cavity-pump located on the side of the printer. The nozzle is modular 

set up and it is connected to a hose pipe of 1-inch diameter. The nozzle can rotate 360 

degree for maintaining its tangency to the tool path. The first test result with Ø20 mm 

circular nozzle was found to be unstable for large scale printing and therefore, cross-

sectional opening was changed to 30 x 15 mm (Figure 3.22). This resulted in promising 

buildability, though for 20 x 20 mm square nozzle, buildability was restricted to a certain 

number of layers. Like the nozzle opening, print speed and pump flow rate (and resultant 
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pump pressure) setting were optimized to ensure continues flow and good shape retention 

of the filaments. 

 

 

Figure 3.21 4-axis gantry concrete printer at Nanyang Technological University, Singapore 

 

 

Table 3.7 4-axis Gantry concrete printer motion parameters 

Degree of freedom (DOF) Vmax 

Translational X-axis 150 mm/s 

Translational Y-axis 150 mm/s 

Translational Z-axis 150 mm/s 

Rotational X-axis 2 sec/rev 
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Figure 3.22 Demonstration of 3DCP using the 4-axis gantry printer 

 

3.3.14 Mechanical strength test 

The compressive strengths of the prepared samples were measured by uniaxial loading. 

The equipment used for this purpose was a Toni Technik Baustoffprüfsysteme machine, 

operated at a loading rate of 100 kN/min. 50 mm cubic samples were casted in the molds 

and their average value (for 3 samples) and standard deviation were reported following 

BS EN 196-1:2016 standard [184].  

In case of 3D printing, to create samples of these dimensions with the available nozzles 

it is not possible to do this without printing layers next to each other. Therefore, a block 

with dimension 300 ×150 × 200 mm was printed as shown in Figure 3.23. Later 50 mm 

cubic samples are extracted from this block and loaded in different direction (Figure 

3.24) for compression strength test. This stepwise creation of the samples is shown in 

Figure 3.23. The layer orientation of test direction F1 is the same as the print direction 

while the orientation of test directions F2 and F3 are perpendicular to the print direction. 
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Figure 3.23 Stepwise creation of 3D printed compression test samples 

 

 

Figure 3.24 Schematic view of 3-directional mechanical testing 

 

Similar to previous studies [2,4], prism samples with dimensions of 40 x 40 x 100 mm 

were extracted from the printed block and used for uniaxial tension tests.  The specimens 

were glued (HBM X-60 rapid hardening adhesive) at both ends and to get rid of failure 
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in the glue interface, a small notch was made to reduce the concrete area with less 

influence of peak stress (Figure 3.25). The uniaxial tension tests were performed in a 

manner similar to those presented in earlier works [185] in an Instron machine (Instron 

5960) with a load capacity of 50kN in a deformation-controlled mode with a 

displacement rate of 0.1 mm/s. The results of directional tests were averaged for three 

samples and compared with each other including the control mold casted specimen.  

 

 

Figure 3.25 Setup for uniaxial tension tests 

 

The flexural (3-point) bending test was conducted in the same Instron testing machine 

according to the loading configuration shown in Figure 3.26. Similar to casting, nine 160 

x 40 x 40 mm samples were collected from the block and tested in different direction for 

loading rate 10 N/sec.  

 

Inter layer bond strength is a unique property of 3D printed concrete. Two layers of fresh 

mortar using 20 mm square nozzle were deposited with different time gaps and after 28 

days of ambient curing, three specimens of 4 mm length (for each time gap) were saw-

cut from it for the tensile bond test.  Similar to tensile test, a notch was made and then 
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the two layers were glued with metal plates using a rapid hardening adhesive (Figure 

3.27). The tensile test was carried out at a rate of 0.035 ± 0.015 MPa/s according to 

ASTM C1583/C1583M-13 [186] and after failure, the effective area of bonding and peak 

load was then used to calculate the bond strength for each sample. 

 

 

Figure 3.26 Stepwise creation of 3D printed flexural test samples 

 

 

 

Figure 3.27 Stepwise creation of tensile bond strength test samples 
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Chapter 4 Influence of material design on 3D Printability of 

fly ash-cement mortar 

 

4.1 Introduction  

In recent years, 3D printing of PC based materials has been at the forefront of 

construction technologies due to its inherent thixotropic property that enables smooth 

extrusion and excellent shape retention. However, this research focused on systematic 

investigation of the effect of various mix design parameters on 3D printability 

performance of HVFA binder. A yield stress-based mixture design approach was first 

adopted to obtain a control mix and later, VMA and SCMs were added to modify the 

rheological properties required for 3DCP. The final modified mix was characterized 

using strength test, isothermal calorimeter, FESEM and XRD techniques to confirm the 

suitability of the proposed mix design for a large-scale concrete printing application.  

 

4.2 Material design  

 

The experimental procedure to obtain 3D printable HVFA mortar begins with 

extrudability and shape retention criteria, followed by buildability test only for few 

selected mixes.  Five mix designs were initially prepared by varying the sand-to-binder 

ratio from 1.1 to 1.9, while the binder composition was kept constant (FA: PC = 60:40 

and 3% sodium sulfate activator by mass of the binder) according to author’s previous 

study [187]. These mix proportions were analyzed based on their paste volume (PV: PC+ 

FA + water) content to first obtain an extrudable material, so called “control” mix. Table 

4.1 shows the detailed composition of five mixes, represented as M42 to M50, where the 

number preceding M is the respective PVs. 
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Table 4.1 Mixtures studied for HVFA mortar extrusion (water-to-binder ratio = 0.35) 

 PC 

(kg/m3) 

FA 

(kg/m3) 

Sand 

(kg/m3) 

Water 

(kg/m3) 

PV 

(%) 

M42 246.75 370.13 1168.85 340.91 42 

M44 322.87 484.31 968.62 339.01 44 

M46 385.65 578.48 803.45 337.45 46 

M48 447.86 671.79 639.80 335.89 48 

M50 527.88 791.82 429.30 333.90 50 

 

 

4.3 Results and discussion  
 

4.3.1 Extrudability and shape retention  

In this study, extrudability is defined by smooth flow of the mortar from reservoir to 

nozzle head through one-inch diameter hose pipe connected to a progressive cavity 

pump. Extrudability, also referred as pumpability, can be characterized by many test 

methods that have been developed in the past based on concrete rheology, tribology, flow 

rate and pipe radius [188-190]. However, here the extrudability was confirmed by direct 

3D printing the concrete filaments with a 30×15 mm rectangular nozzle similar to [114].    

Each filament was ~1500 mm long and the test result was evaluated as YES or NO, when 

the complete length was deposited successfully without a blockage or discontinuity. 

Mixes 42 and 44 were difficult to pass through the pipe–pump–nozzle system due to the 

high sand content and in this regard, extra water was not added that can cause segregation 

and reduce the concrete compressive strength. However, from mix M46 onwards, all the 

mortars seem to be suitable to cope with the printing process as shown in Figure 4.1. 
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Figure 4.1 Continuous filament extrusion using M46 mix design 

 

The extrudability of the mortars can be explained based on two properties: 1) sufficient 

PV to create a slip layer, 2) paste consistency and aggregates grading to hinder bleeding 

due to pump pressure. The decrease in PV increases the solid volumetric fraction in the 

mix, which results in intensifying the intergranular friction, thus giving rise to a high 

extrusion force. An interruption in the extrusion was noted at a critical PV equals to 44. 

For PV below 44%, the mix flow was exclusively frictional during the extrusion and this 

is related to the insufficient PV that prevents lubricant effect between the sand grains. 

Therefore, the pump pressure was increased causing paste filtration through the 

aggregate skeleton.  Figure 4.2 shows a schematic diagram of mortar extrusion behaviour 

with respect to PV content, that explains the role of PV as a lubricant both between sand 

grains and between the mortar/hose pipe interface. When the PV increased more than 

46%, a lower pressure was observed as the intergranular forces become weaker and 

further increase in PV resulted a colloidal type mix behaviour where the flow is mainly 

governed by the paste consistency.  
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Figure 4.2 Schematic diagram showing relation between extrusion forces and PV 

 

Like PV, the aggregate phase is also important as it typically represents 60–75% of the 

concrete mixtures. The PSD of aggregates considerably influences the packing density, 

which in turn determines the voids to be filled with the paste and extra paste to lubricate 

the aggregates. The total SSA of the aggregates also affects the flowability, since increase 

in SSA can cause reduction in the thickness of the paste covering aggregates, and 

consequently the flowability decreases depending on the total paste content. Therefore, 

PSD should be optimized in such way that both packing density and workability of the 

mortar can be improved simultaneously. PSD varies according to proportion of fine and 

coarse aggregate and the fine content for maximum flow rate is reported to be higher than 

the fine needed for maximum packing density [177]. The difference between the state of 

maximum packing density and flow rate is depicted in Figure 4.3, where the more fines 

in Figure 4.3 (b) is not only filing the gaps among the coarse particles but also providing 

ball-bearing effect, which will alleviate the interlocking and facilitate the movement of 

coarse particles in the flow direction. Therefore, the gradation of the aggregate used in 



68 
 

this study was selected with more fine contents (see Chapter 3), considering the need of 

maximum flow condition. 

 

Figure 4.3 Schematic illustration of aggregate structures for: (a) the state of maximum packing 

density and (b) the state of maximum flow rate [177] 

 

The easy of concrete extrusion in terms of pumping pressure or mass flow rate can be 

measured from rheological parameters such as yield stress, which must be exceeded to 

initiate the flow, and viscosity, which is the resistance in flow velocity. By means of a 

rheometer, these two parameters were measured for the steady state flow conditions and 

results were shown in Figure 4.4. It is evident that with increase in PV, the yield stress 

decreases as expected and this phenomenon can be described using Krieger–Dougherty 

(K–D) equation [191] which links the rheological properties with solid volume fraction 

of particles present in a suspension.  Hafid et al. [192] also observed similar increase in 

the yield stress with increasing volume fraction of sand and the rate of increase depends 

on the particle morphology as shown in Figure 4.5. 
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Figure 4.4 Effect of different sand dosage on yield strength and flowability 

 

 

Figure 4.5 Variations in relative yield stress as a function of solid volume fraction [192] 

 

Usually, when the particles like sand, gravels are added to cement paste, the resultant 

rheology is considered as hydrodynamic, at low volume fractions and when the volume 

of particle increases, for example in M42 and M44 mixes, the hydrodynamic interaction 

changes to frictional regime causing considerable solid contacts among the particles. 

These contact forces increase the yield tress and causes blockage or discontinuity during 

the mortar extrusion. Yammine et al. [193] found that there exists critical transition 
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volume fraction, beyond which the frictional contacts begin to dominate the rheological 

behavior and the material loses its workability (pumpability) property.  Therefore, in 

order to design a pumpable material, the aggregate volume should be kept below the 

transition value as well as the yield stress need to be adjusted depending on the pump 

capacity and allowable pressure limit. Since M46 and M50 mixes were able to extrude 

out smoothly, their flow ratios (refers to viscosity) were plotted in Figure 4.4 (b), out of 

which the M46 mix was opted for shape retention and buildability investigations due to 

comparative higher yield stress and low viscosity properties.  

The shape retention of M46 was defined by a ratio of area of the extruded filament-to-

area of nozzle. The ratio, i.e shape retention factor (SRF) was found to be 0.84 which is 

reasonably acceptable as there was no visible deformation of the filament after being 

deposited on the print bed.  Effects of binder was also investigated for the M46 mix by 

changing the FA-to-PC ratio with minimum 50% FA content. It was found that (Figure 

4.6) with increase in the FA content, both yield stress and viscosity decreases and many 

authors have reported similar behaviour in the past [194] due to spherical shape of the 

FA that improves the workability. 
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Figure 4.6 Static yield stress and viscosity values of M46 mix 
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It is interesting to note that though the rheological parameters decrease with FA 

inclusion, the shape retention was not much affected which contradicts the general 

understanding that low yield stress/viscosity fluids are more workable. Wangler et. al. 

[195] proposed an mathematical equation to estimate the stability of a layer based on 

yield stress and for a layer of height (h) =15 mm, the minimum value was found in 

between 150 and 1000 Pa, which is easily attained by all the three HVFA mixtures as 

shown in Figure 4.6. Thus, it is confirmed that despite yield stress variation, shape 

retention did not change significantly due to fulfillment of required yield stress caused 

by strong van der Waal force of PC and FA particles.  

In 3DCP, shape retention of the extruded filaments is also affected by viscosity recovery 

property, which is hardly discussed in literature. Viscosity recovery indicates the change 

in material viscosity before, during and after printing. Due to time and shear dependent 

behaviour of cementitious materials, it is important to measure the fresh property just 

after the extrusion and relate it to the SRF. Figure 4.7 shows the recovery graphs of M46 

mix with different FA:PC ratio and it is very clear that all the three mixes have 

comparable recovery behaviour though their viscosities are slightly different. Recovery 

ability is related to thixotropy property that allows the material to flocculate and de-

flocculate at different flow conditions. PC based binders possess an inherent thixotropy 

property, originates from cement particle flocculation and early age hydration products. 

However, replacing or adding foreign particles such as FA or aggregates breaks the 

colloidal flocs and influences the recovery ability of the mixture [17,192]. Considering 

the effect of thixotropy, it was found that all the three mixes were able to recover 25-

35% of their original viscosities within 60 seconds of extrusion.  This recovery ability 

also depends on shearing (pumping) time and applied shear rate, which will be later 

discussed in this chapter with more details. 
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Figure 4.7 Viscosity recovery property of M46 mix with different FA (F) and PC (C) 

combinations   

 

4.3.2 Buildability    

Buildability of 3D printed structures is related to material green strength (compressive 

yield strength) and stiffness that keep on increasing with hydration reaction and time 

[196].  Figure 4.8 shows the deformed configurations of a 3D printed cylinder using M46 

mix with two different FA-to-PC ratios (FA: PC = 50:50 and 70:30). The cylinder 

(diameter 30 cm) was printed with 15 mm layer height and 80 mm/sec printing speed and 

their bottom layer deformations were measured after the printing to compare the load 

bearing capacities. 
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Figure 4.8 Buildability and filament stability of HVFA mixture containing  

FA: PC (a) 70:30 (b) 50:50 ratio 

 

It is understood from the above figure that increasing the FA content from 50 to 70% 

notably affected the buildability performance, though in both the cases the bottom layer 

has completely deformed. High volume of FA leads to early deformation of the structure 

as seen from “bulging” type failure in the 70% FA mix. However, replacing the FA with 

PC produced stable layers which is reflected by reduced width of the bottom layer (65 to 

55 mm) shown in left-hand corner. Due to low stiffness of the mixtures, the bottom layer 

deforms quickly with addition of each layer and around 13th layer the whole structure 

collapsed completely. Rapid structural build-up can improve the buildability and for 3D 

printing such slender cylinder, the deposited material needs to harden as soon as possible 

which is addressed in detail in section 4.3.4 and 4.3.5. 

4.3.3 Open time and hardened properties  

Open time, defined as workable time limit of printable concrete often measured with 

Vicat apparatus. However, the results of Vicat testing are not directly helpful in 

characterizing the workability of fresh concrete and it has been reported that open time 

mostly occur earlier than the usual setting (initial) time of the material. The test results 

by Vicat setting time device confirmed that addition of FA increased the setting time 

which is more obvious and reported previously due to low reactivity of the FA particles 

[44]. An initial setting time of 220 minutes was observed for 70% FA mix, while for 50% 
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it reduced to 180 minutes indicating an approximate open time of two hours from mixing 

with water. It is important to note that though the workability of fresh concrete decreases 

with time due to thixotropy and ongoing hydration, agitation or shearing of the material 

can extend the workability time by minimizing the effect of thixotropy before setting of 

the material. Therefore, the material processing [197] has also a significant effect, which 

must be considered for accurate determination of the open time. 
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Figure 4.9 Variation of compressive strength of M46 mortars with different FA content 

 

In terms of compressive strength, addition of the FA decreases the 28 days strength 

(Figure 4.9) due to dilution effect. Partial substitution of PC with FA usually offers later 

strength development due to slow pozzolanic reaction between portlandite and glassy 

phases in the FA. So, it is necessary to characterize the FA and only 40% glassy phase 

was found in the current FA, which is comparatively less with past findings. One way to 

increase the reactivity of FA is to increase the curing temperature and/or adding a suitable 

source of alkali such as sodium sulfate used in this study. Sodium sulfate has a positive 

effect on the activation FA as it can directly react with the Ca (OH)2, increasing the 
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alkalinity and accelerating FA dissolution. According to the literature, increasing sulfate 

addition from 3% to 5% has very little impact or no impact on mechanical properties of 

the HVFA binders [44] and therefore, with an aim for low cost binder we have used 3% 

sodium sulfate (by mass of the binder) to activate the glassy phase of the FA. Out of three 

different combinations of FA-PC mortars, 50% FA with 50% PC was found to exhibit 

highest compressive strength followed by 60-40 and 70-30 combinations. Since the target 

strength of this study was M30 grade concrete, F70-C30 mix was selected as “control” 

mix for further fresh property improvement due to acceptable strength and flow 

properties.  

4.3.4 Effect of nanoclay addition 

 

In this section, NC was added to improve buildability of the control mix which is well 

extrudable and has excellent shape retention property. The effect of NC on flow and 

thixotropic property were discussed with insights on mechanical and microstructural 

properties of the optimized mix.  

4.3.4.1 Flow properties (yield stress, viscosity and thixotropy) 

 

Figure 4.10 shows the effect of NC dosage on static yield stress and apparent viscosity 

of the control mix. These results indicated that addition of the NC could help with rapid 

structural rebuilding at early ages, thus making it an ideal thixotropy modifier. Similar 

behavior was reported in previous studies [198,199], where it is postulated that at rest, 

the oppositely charged edges of NC tend to associate with each other via the electrical 

attraction force, thereby producing a denser microstructure which corresponded to a 

higher static yield stress. However, during strong shearing the viscosity decreases as the 

particles progressively separated and aligned in the direction of the flow. This decrease 

in viscosity is associated with the electrical repulsion between the negatively charged 

particle surfaces, further enhancing the shear thinning behavior. 
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Other than surface charge, fineness, dispersion force and the amount of free water were 

also considered as contributing factors to the increase in thixotropy with the addition of 

NC [200]. Smaller particle sizes can result in a strong dispersion force which plays an 

important role in determining the flocculation of particles. As the mix containing 0.5% 

NC (from here referred as 5NC) led to the highest yield stress, it was selected for further 

rheological analysis in comparison with the control mix. 
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Figure 4.10 Effect of NC dosage on yield stress and viscosity of the control mixture   

 

From Figure 4.10, it can be noticed that a very small amount of NC increased the static   

yield stress (~48% higher) although during shearing (at constant shear rate 300 s-1), the 

apparent viscosity went down to <10 Pa·s for both the control and clay modified mixes 

(Figure 4.11). The effect of NC was therefore observed in terms of improvement in the 

yield stress without significantly affecting the viscosity. This behavior, so called 

thixotropy is highly useful in 3DCP applications, where there is a need for high yield 

stress and low viscosity building materials. 
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Figure 4.11 Shear thinning properties of control and 5NC mix  

 

Thixotropy performance often characterized in terms of structural break down and 

recovery is shown in Figure 4.12 and 4.13 respectively. Structural break down indicates 

the easiness of shearing and how fast the internal structure of a material breaks down 

during the shearing. It is indicated by a structural parameter (𝜆), which was found to be 

substantially higher for the NM mix (0.41) than the control mix (0.27). Higher the (𝜆), 

better is the shape stability and higher buildability.  
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Figure 4.12 Structural break down and λ value of the 5NC mix 
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Figure 4.13 Viscosity recovery of the control and 5NC mix 
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Figure 4.13 shows the viscosity recovery graph of the 5NC mix compared to control mix 

and it is very clear that a small amount of clay has significantly improved (78.20%) the 

recovery property due to quick re-flocculation ability after the deposition (static state). 

However, the recovery behaviour also depends on applied shear history such as shear 

rate and time. Following section will elucidate these shear effects, while comparing both 

control and the 5NC mixes. 

 

4.3.4.2 Effect of shear rate and time on thixotropy (viscosity recovery) 

 

Figure 4.14 shows the apparent viscosities of both control and 5NC mixes in three 

different stages as described earlier in Section 4.3.2.2. The recovery percentage was 

assessed by the percentage of original viscosity (in stage (i)) recovered in stage (iii). 

Compared to the control mix, recovery ability of 5NC was found to be more prominent 

irrespective of the applied shear rates and accordingly, 5NC300 mix recovered 44% more 

viscosity than the control mix at highest shear rate i.e. 300 s-1. This rapid recovery was 

akin with a jammed system, where the thixotropy effect of both the NC and PC particles 

built up a network that quickly increased the viscosity of the mixture. The recovery 

kinetics after shearing is completely different from the breakdown kinetics during 

shearing. The van der Waals force of attraction that agglomerates the PC particles are 

generally weak physical bonds and can breakdown easily by the shearing action of the 

pump. This process of break down and recovery after the shearing is reversible in nature 

before initial setting of the mortar and addition of NC to this system further increased the 

flocculation strength due to their inherent charged edges. Therefore, in the case of 

5NC100 and 5NC200 the recovery percentages remained almost the same as 5NC300, 

except slight increase in the viscosity in stage (ii), which is related to the shear rates. 
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Figure 4.14 Effect of shear rate on viscosity recovery of 5NC mix. Note that the number 

preceding 5NC denotes the applied shear rate in s-1. 
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Figure 4.15 Floc size evolution under different shearing conditions 
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In order to have a better understanding of the behaviour of mixtures under structural 

buildup and recovery, floc size measurements were performed via laser diffraction 

analysis. The average floc sizes of both the control and 5NC mix at different alternating 

cycles of low (60 rpm), high (600 rpm) and low (60 rpm) was shown in Figure 4.15. It is 

evident from the floc size variation that the microstructure of 5NC is in a condition that 

is more agglomerated than the control mix at low rpm, however during high rpm the floc 

size decreases, similar to the findings by focused beam reflectance measurement device 

[201]. Such agglomeration effect of NC is at origin of thixotropy and it’s consequence is 

demonstrated in this thesis for 3DCP application.  

In 3DCP, shearing of the material (time) depends on the distance between the delivery 

system (i.e pump) and printer, connected by the hose pipe. The obtained result shows 

that the thixotropic recovery properties of 5NC mix is hardly affected by different 

shearing time. However, without NC long shearing time led to delayed in viscosity 

recovery as shown in Figure 4.16. Two scenarios involving shearing of the control and 

5NC mixes were observed for 60 and 120 seconds at constant shear rate (300 s-1). 

Increasing the shearing time from 60 to 120 seconds did not cause any major influence 

over the 5NC mortar. However, in the case of the control sample despite quick recovery 

in 60 seconds, the recovery time was delayed for 120 seconds shearing. This delay in 

viscosity recovery is attributed to breakdown and re-growth of the internal structure in 

the absence of sufficient networking elements such as NC or PC. Based on these 

observations, it can be envisaged that for longer shearing FA based mixtures need more 

time gap between the layers to avoid any early age deformation whereas addition of small 

amount of NC can improve the buildability by enabling faster microstructure recovery. 

Note that, in 3DCP a second layer is usually deposited after the first layer recovers the 

initial viscosity. 
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Figure 4.16 Effect of shearing time on viscosity recovery of NC modified mix. Note that the 

number preceding Control or NC denotes the shearing time in second. 

 

4.3.4.3 Buildability (Structural build-up) 

 

Both control and 5NC were 3D printed to assess their buildability as shown in Figure 

4.17. It was clearly observed that the control sample started to deform after the placement 

of 10th layer and width of the bottom layer expanded from 30 to 65.1 mm as printing 

progressed. On the other hand, the 5NC mix was able to hold 20 layers without any issues 

of shape stability. The bottom layer expansion was also found to be limited even after 

the deposition of 20 layers. This behavior was attributed to the improved thixotropy of 

5NC mix.  
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Figure 4.17 Structural build up properties of (a) control and (b) 5NC mix 

 

The evolution of the static yield stress (structural build-up) of both the control and 5NC 

mix is shown in Figure 4.18 and their relevant parameters (Athix) are summarized in Table 

4.2. The Athix index is an indication of the rate of change of material stiffness related to 

load carrying capacity of the extruded layers. It is apparent from Figure 4.18 that the 
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yield stress of the prepared mixes increased linearly with time, though the 5NC mix has 

higher yield stress than control mix due to NC thixotropy effects. These nano-sized clay 

particles increased the yield stress by minimizing the space between cement grains, 

leading to a stronger flocculating network that increased the material buildability.  

 

It was pointed out in a previous study [202] that the yield stress of thixotropic fluids is a 

function of structure and time, gradually increasing in two folds. The first one of these is 

the dormant period, during which the yield stress increases slowly; and the second one is 

the accelerating stage, where it increases rapidly. However, in this study the 

measurements were only performed in the first 20 minutes of dormant period, where the 

Athix indexes were found to be similar for both control and 5NC mixes, thus indicating 

similar structural rebuilding rate. This agrees with previous findings [199], where NC 

was shown to have an immediate effect on thixotropy and little influence over time. 
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Figure 4.18 Buildability performance of (a) control and (b) 5NC mixes  
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Table 4.2 Build-up indices (Athix, Pa/s) of the control and NC modified mixes 

Sample 
Resting time (min) 

0-5 5-10 10-15 

Control 0.63 1.23 1.64 

5NC 0.74 1.27 1.54 

 

 

4.3.4.4 Mechanical strength and isothermal calorimetry 

 

The 28-day compressive strengths of the control and clay added mixtures (5NC) are 

shown in Figure 4.19. 48.5 MPa compressive strength was recorded in 28 days for the 

control mix, whereas the addition of NC led to a slight increase in strength.  
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Figure 4.19 28 days compressive strengths of the control and 5NC mixes  
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Figure 4.20 shows the hydration kinetics of the paste samples with and without NC. 

Compared with the control sample, the amount of heat released by 5NC mix was higher, 

as evident by the higher intensity of the initial hydration peak. This increased heat was 

an indication of the improved hydration mechanism in the presence of NC, which was 

associated with the nucleating effects of nanomaterials that have large specific surface 

areas [198]. Accordingly, the addition of NC increased the number of nucleation sites 

and thereby enhanced the hydration process. An opposite effect can be observed in the 

presence of high contents of NC, in which hydration can be negatively influenced via the 

agglomeration of NC particles, thereby hindering mobility inside the matrix [198]. 

Therefore, adjusting the NC content within HVFA mixes is important for achieving 

improved hydration without leading to the agglomeration of particles within the matrix. 

 

Figure 4.20 (a) Heat flow (b) cumulative heat flow curves of control and clay modified mixes 

 

4.3.4.5 Microstructure and XRD Quantification 

 

The XRD patterns of the control and 5NC samples at different curing ages are shown in 

Figure 4.21. All the patterns indicated the presence of C-(A)-S-H (2θ = ~29°; PDF #00-

033-0306), as Al2O3 from FA was also involved in the hydration process. Other than       

C-(A)-S-H, hydrate phases such as ettringite (2θ= ~16°; PDF #41-1451) and portlandite 

(Ca (OH)2, 2θ= ~17° and ~47°; PDF #04-0733) were also observed in the XRD patterns. 
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The presence of calcite (2θ = ~30°, ~38°, ~48°; PDF #02-0623) was also confirmed due 

to the carbonation of Ca-based hydrates (e.g. portlandite and C-S-H) over time. These 

were in line with the findings reported in [18, 38]. When mixes with and without NC 

were compared, it was seen that the incorporation of NC did not change the composition 

of the final mix by mainly acting as a filler, which could be associated with its low content 

(i.e. 0.5% of the binder) within the prepared mixes. For both mixes, most of the hydration 

took place within the first 7 days, as evident by the early formation of the hydrate phases, 

after which the composition did not drastically change at 14 or 28 days. 
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Figure 4.21 X-ray diffractograms of the control and clay modified pastes at 7, 14 and 28 days of 

curing  (E: Ettringite, P: Portlandite,  Q: Quartz,  G: Gaylussite,  C: Calcite,  A: C-(A)-S-H,  M: 

Mullite) 

 

 

In line with the XRD patterns presented earlier, the SEM image of the 5NC mix at 28 

days, shown in  Figure 4.22(a), indicated the presence of portlandite (Ca(OH)2), ettringite 

(Ca6Al2(SO4)3(OH)12∙26H2O) and C-(A)-S-H. Along with these hydrate phases, 



88 
 

spherical unreacted FA particles were also observed among the matrix. The selected area 

(black frame) was selected for EDX analysis, at the end of which the elemental spectra 

displayed in Figure 4.22(b) was obtained. The spectra showed the presence of C due to 

the formation of calcite (CaCO3). Within these mixes, calcite was intermixed with C-S-

H, showing that C-S-H was partially carbonated over time. The element Al was also 

observed in the spectra, indicating the formation of C-A-S-H with a Ca/Si ratio of 1.53, 

which is within the Ca/Si ratio of C-S-H (1.2-2.3) [203]. Besides these phases, the spectra 

also reported the presence of element S, confirming the identification of the fibrous 

phases shown in the SEM images as ettringite. 
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Figure 4.22 Microstructural analysis showing the (a) SEM micrograph and (b) EDX results 

(selected area) of the 5NC mix 

 

4.3.5 Effect of partial replacement of fly ash with silica fume 

In this section, the FA was partially replaced with SF to further enhance buildability of 

the 5NC mix for large-scale 3DCP application. Effect of SF on both rheological and 

mechanical properties were investigated while replacing the FA up to 5% (by mass of 

binder) without changing the water-to-binder ratio. 

4.3.5.1 Flow properties (yield stress, viscosity and thixotropy) 

 

Figure 4.23 presents the relationship between yield stress and flow ratio as a function of 

different SF dosage added to the 5NC mix. Both the flow parameters were noted to 

increase with increase in SF content which is in agreement with effects produced by SF 

due to very high surface area and propensity of silica fines to agglomerate [204].  
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Figure 4.23 Flowability and yield strength for SF modified HVFA mixtures 

 

The effects of increases in SSA on yield stress can be easily explained based on two 

major effects: (i) packing density and (ii) interparticle interactions. As the SSA increases, 

the interparticle spacing decreases and there is an increase in number of interparticle 

contacts and interparticle friction, which results in elevations in the yield stress [205]. 

Figure 4.24 shows the increasing surface areas by inclusion of SF at different 

percentages, which confirms the direct relationship between yield stress and SSA caused 

due to increased agglomeration at constant water-to-binder ratio. The influence of the 

calculated water film thickness (WFT) on the yield stress is shown in Figure 4.25. Since 

the WFF is inversely related to the SSA, the observed relationships of yield stress as a 

function of the film thickness are expected. An increasing thickness of water films around 

the particles then decreases the packing density and increases the interparticle spacing 

helping reduce the yield stress and increase the flow ratio. 
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Figure 4.24 The influence of the specific surface area on the rheological properties of SF added 

HVFA mortars 
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Figure 4.25 The influence of a calculated water film thickness on the rheological properties of 

cement pastes with 0, 2.5 and 5% added silica fume 
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Based on the above rheological observations, 2.5% added SF mortar was only considered 

for further rheology investigation, since 5% SF caused high pumping pressure and 

discontinuity in the filament during extrusion process. A shear thinning behaviour was 

observed for both the mixes, where apparent viscosity notably increases with SF 

inclusion and decreases with shear rate as shown in Figure 4.26. This is the most common 

behavior of non-Newtonian fluid that indicates smooth extrudability of SF added mixture 

with better rheological property than the 5NC mix.   
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Figure 4.26 Shear thinning properties of control and SF modified mixes  

 

Similar to NC, both structural break down and recovery protocol was applied to 

investigate thixotropy of the SF added mortar and obtained results are shown in Figure 

4.27. The structural parameter (𝜆) obtained from break down curves indicates an increase 

in thixotropy, though the recovery ability (Figure 4.28) was not significant like the NC. 

Such observations can be understood as saturation effect and lack of free water for 

effective flocculation. Due to high surface area of SF, water can easily absorb on its 

surface and the mix moves out of proper viscosity zone, that hinders the flocculation and 
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thus the thixotropy. Addition of extra water may enhance the performance, or 

alternatively, PCE based plasticizer can prevent this excessive loss of workability.  

 

Figure 4.27 Structural build up property of NC and SF modified optimum mix 
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Figure 4.28 Viscosity recovery property of NC and SF modified optimum mix 

 



94 
 

4.3.5.2 Buildability 

 

The effect of SF on buildability is shown in Figure 4.29 and it is very clear that addition 

of SF increased the stability of layers and the bottom layer deformation has been reduced 

compared to the 5NC mix. These observations are attributed to: higher yield stress and 

improved particle packing which are quantitatively described in the above sections.  

 

 

Figure 4.29 Buildability and layer deformation property of (a) 5NC (b) 5NC +2.5% SF mix 

 

It is interesting to note that structural build up rate was increased with SF addition, unlike 

the NC.  This increasing structuration rate can be reckoned by the accelerating effect of 

the SF on cement hydration [206]. It was found that the dissolution and precipitation 

processes of cement particles and hydrates were accelerated at the beginning of reaction 

by the silica particles, and thus the hardening rate was enhanced. The effect of this 

accelerated structural build up will be realized during a large-scale concrete printing test 

in Chapter 6 to demonstrate the improved fresh properties are suitable in practice.  
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Figure 4.30 The effects of SF on structural build up properties  

 

4.3.5.3 Mechanical strength and isothermal calorimetry 

 

The effect of SF inclusion on 28 days mechanical performance is shown in Figure 4.31. 

It is evident that the compressive strength development of the 5NC mixture containing 

SF 2.5% and 5% have increased 8% and 13% respectively. The difference in strength is 

attributed to the pozzolanic activity of SF, that react chemically with calcium hydroxide 

(CH) to form space-filling C-S-H gel. Such formation of C–S–H improves the paste’s 

microstructure, which in turn manifests as improvement in mechanical properties [207-

209].  
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Figure 4.31 The effect of SF on compressive strength of HVFA mortar 

 

SF contains of more than 90% amorphous silicon dioxide which is typically used to 

bolster the performance of cementitious materials. Literature reveals that SF enhances 

the cement hydration, by offering preferential nucleation sites at very early age (i.e., 

within a few hours of hydration) of the reaction. This is also known as filler effect, where 

the PC hydration product grows heterogeneously on the extra surfaces provided by the 

SF to form C-S-H and then it acts as seed to further enhance the hydration reaction. 

Figure 4.32 shows the heat evolution profiles and calorimetric parameter, which indicates 

the enhancement in early age hydration rates by the SF (2.5%) compared to 5NC paste. 

The length of the induction period and the time of the main hydration peak found to 

decrease significantly with SF replacement level, thus confirming the SF accelerating 

nature, as reported in various previous studies [208]. Out of filler/seeding and pozzolanic 

effect, the latter is expected to be a secondary effect on early ages properties because of 

the slow dissolution of SF in the low alkaline condition of HVFA system. The early age 

improvements are most likely related to the provision of extra nucleation sites by the SF 

particles.  
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Figure 4.32 (a) Calorimeter heat flow curve (b) inverse of the time to the main hydration peak 

parameter from the calorimetry profiles 

 

4.3.5.4 Microstructure and XRD Quantification 

 

To gain quantitative information on the hydration product of NC and SF modified HVFA 

mortar (5NC +2.5% SF), XRD phase quantification was carried out at the age of 3 and 

28 days (Figure 4.33). Figure 4.34 illustrates the quantitative phase analysis of the 

compositions, which was done by the Rietveld method.  

The results show different crystalline phases associated with the mainly calcium silicates 

(C3S and C2S), portlandite, calcite, quartz, mullite along with the broad amorphous hump 

over the 2θ angle range. A broad hump was observed in the diffractogram between 2θ 

angles equal to 15o and 38o, which is the combination of the glassy phase of FA and the 

amorphous hydration product products in the FA-PC blended system. From 3 to 28 days, 

the depression in the amorphous hump at lower 2θ angles and a rightward shift of the 

entire hump in the diffraction pattern of the blended system, indicates a decrease in the 

glassy content of FA (centered on lower 2θ angles) and the formation of amorphous 

hydration products (centered on higher 2θ angles). 
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Figure 4.33 XRD signature of 5NC +2.5% SF paste at 3 and 28 days 

 

 

 

Figure 4.34 The different quantified phases of the 5NC +2.5% SF mix  

at the age of 3 and 28 days 

 

Based on the relative proportions (Figure 4.34), it can be proven that the amount of 

portlandite and glassy content decreases during the reaction and similarly the hydration 

product increases due to the pozzolanic effect of FA, especially in the later stage of 

reaction. The reduction of these contents is an indication of pozzolanic reaction and 
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related to the material strength development, depending on the amount of hydration 

product formed via the synergistic effect of binary cementitious materials [210]. The 

mullite and quartz content was not changed with age as these phases are contributed by 

the FA and inert in nature. The ettringite content was changing during the hydration 

reaction, which originate from the consumption of gypsum.  

 

 

Figure 4.35 SEM image of the optimum NC and SF modified HVFA mortar at 28 days 

 

Figure 4.35 shows the FESEM image of the hardened 5NC +2.5% SF mortar after 28 

days of reaction and from the smooth surface of FA, it can be deduced that some of the 

FA particles did not react during the hydration process and only serve as an inert filler. 

However, presence of sodium sulfate promoted pozzolanic reaction of the FA and 

therefore, dense amorphous gel was observed with much lower trace of CH crystals. It is 

considered that majority of CH content might have reacted with the amorphous silica of 

the FA to produce secondary C-S-H gel. The denser microstructure is most likely to be 

associated with these C-S-H gel and/or filler effect of the nano particles [210].  
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4.4 Conclusions 

 

This study investigated the material design of 3D printable HVFA binder systems. The 

key findings are as follows: 

 

1. HVFA mortar is a printable material that is easily extrudable and retains the shape of 

the filament. The addition of spherical FA particles increases the flowability without 

the need of superplasticizer. Due to the reduction in the amount of PC, the early age 

strength development is very slow, thereby limiting the buildability property. Higher 

PC contents improve the shape stability and provide higher buildability. 

 

2. During 3D printing, gradual deformation was observed due to the low green strength 

and stiffness of the extruded filament, which is reckoned as strength-based failure 

unlike structural (stability) failure. NC was added to improve the green strength via 

flocculation, which led to the printing of additional layers using the clay modified 

mix. Addition of small amount of NC significantly improved the thixotropy of the 

control mix, which was verified using both break down and recovery protocols. The 

recovery property was also found to be improved despite of the long time shearing 

and higher shear rate. 

 

3. The use of NC did not have a notable influence on the structural build-up property. 

Therefore, SF and sodium sulfate salt was further incorporated to enhance the buildup 

rate. SF reduced the open time and increased the compressive strength due to its filler 

effect. Presence of sodium salt also enhanced the reaction rate, which was illustrated 

in Chapter 6 in the large-scale concrete printing case study. 

 

4. In order to ensure a reliable long-term performance, the modified mix designs were 

characterized for their microstructure and reaction products, which were found to be 

similar to the conventional cement-based materials using FESEM and XRD 

techniques. 



101 
 

Chapter 5  Influence of material design on 3D Printability of 

fly ash based geopolymer mortar 

 

5.1 Introduction  

Advances in 3DCP rely heavily on the development of new cementitious binders that are 

both extrudable and buildable. High-performance concrete mixtures for 3D printing have 

been developed in the past while utilizing the PC as binder material. Due to negative 

environment impact of the PC, FA based geopolymer printing could be a sustainable 

option, especially in areas where waste/by-products are abundantly available. Previous 

studies [23,30,31] have elucidated some of the characteristics of powder bed geopolymer 

printing however, extrusion based geopolymer printing with detailed understanding of 

rheological property is still missing. Therefore, this chapter discusses the material design 

of ambient temperature cured geopolymer binder required for extrusion-based 3D 

printing. Special focus is given to: (1) characterizing the flow properties such as 

thixotropy, structural build-up in the dormant period, and (2) the use of SCMs and VMA 

including NC, SF that contributes to improved microstructural packing and flocculation. 

The influence of activator properties such as molar ratio (MR), viscosity and state 

(powder or solution) was also studied for 3DCP application.  

 

Due to different conclusions about the geopolymer binding mechanisms and their 

consequences, a systematic study was conducted to first formulate an ambient 

temperature cured geopolymer mortar (control specimen), considering the effects of raw 

materials and activators. Later, the control mix was improved with different additives 

and their flow properties were characterized using a rotational rheometer. Mechanical 

strength and microstructures of the modified geopolymers were also analyzed using 

XRD, FESEM and calorimetry techniques.     
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5.2 Material design 

The experimental procedure for printable geopolymer mortar starts with understanding 

the binder rheological behaviour that affects extrudability, shape retention and 

buildability properties. Following a traditional ambient temperature cured geopolymer 

mix design, FA and GGBS were used to formulate mixture proportions with reagent 

grade K-silicate solution. The FA was replaced with three different percentages of GGBS 

(Table 5.1), while the activator dosage and MR (1.8) kept constant according to the 

author’s previous findings [211].  The three geopolymer mixes were first tested for both 

rheological and mechanical performances and based on required properties for 3DCP 

further modification was carried out using different SCMs and VMA. 

 

Table 5.1 Geopolymer mortar mixture design 

 Binder Activator Aggregate Water 

FA GGBS activator/ binder sand/ binder water/binder 

 

F90G10 

 

90 

 

10 

 

0.35 

 

1.5 

 

0.30 

 

F80G20 

 

80 

 

20 

 

0.35 

 

1.5 

 

0.30 

 

F70G30 

 

70 

 

30 

 

0.35 

 

1.5 

 

0.30 

 

 

In this mix design study, the selection of sand-to-binder ratio was confirmed by a 

preliminary investigation similar to the yield strength-based criteria described in chapter 

4. As expected, addition of more sand increases the maximum torque (Figure 5.1) and 

therefore, 1.5 ratio was selected to produce extrudable geopolymer mortar.  
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Figure 5.1 Effect of sand-to-binder ratio on Torque-speed relationship. Note that the number 

preceding R denotes the ratio.  

 

5.3 Result and discussion   

In this section, the general flow behaviour of FA based geopolymer was described 

followed by series of improvements in the rheological property (thixotropy) as required 

for 3DCP application. NC and SF were introduced to modify the rheology as well as 

powder (one-part) geopolymer was investigated for print-in-situ applications. 

5.3.1 3D printability (Extrudability and buildability) 

5.3.1.1 Effects of binder  

 

Figure 5.2 presents the yield stress as a function of the GGBS content for the geopolymer 

mortars evaluated in this study. The yield stresses were found to increase with addition 

of GGBS, which is attributed to accelerated reaction and angular shape of the GGBS 

compared to spherical shape of FA particles [212]. The consequent effect of GGBS also 

depends on particle size and MR of the activator used to make the binder. However, the 
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activator was remained fixed during the experiment and the effect of GGBS for 20% 

replacement was appeared to be more pronounced compared to 30%.  

 

 

Figure 5.2 The effects of GGBS on yield stress of geopolymer mortar 

 

In terms of 3D printing, the increased yield stress by GGBS particle was found to be 

nominal as the maximum yield stress is still low for maintaining the shape of the extruded 

filaments according to [195]. As shown in Figure 5.3, none of the extruded geopolymers 

have excellent shape retention like HVFA mortars and these observations could be due 

to lack of thixotropy that stabilize the layers. The recovery graph (Figure 5.3) confirms 

this fact (low thixotropy: 20-35%) for the geopolymers used in 3DCP.    
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Figure 5.3 The effects of GGBS on viscosity recovery and shape retention of filaments 

 

5.3.1.2 Effects of activator molar ratio and (w/s) ratio 

 

Rheological studies of geopolymer mortars (FA: GGBS = 85: 15) were performed by 

varying the MRs of activator with 0.30 and 0.35 (w/s) ratio. K-silicate solution of MR 2 

was originally used and later modified to MR 1.8 by adding appropriate amount of KOH 

solution.  Figure 5.4 (a) and (b) show the influence of MR and (w/s) ratio on the yield 

stress and apparent viscosity of geopolymer mortars respectively. It can be noticed that 

increase in (w/s) ratio results in drastic decrease in the yield stress and plastic viscosity 

as would be expected. Increasing the amount of suspending fluid in a suspension 

increases the particle spacing, thereby increasing the fluid film thickness around the 

particles, thus decreasing yield stress and plastic viscosity. Increasing the water content 

also reduces the alkali ion concentration in the solution which reduces the viscosity of 

the activation solution, further contributing to a decrease in the values of the rheological 

parameters. However, increasing the MR of silicate increases the yield stress and 

apparent viscosity as observed. This observation is partially attributed to change in 
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activator solution viscosity with MR. Higher the MR, higher is the viscosity and this 

higher viscosity results in viscous geopolymer.   

 

Figure 5.4 The effect of MR and water-to-solid ratio on (a) yield stress and (b) viscosity of 

geopolymer mortar  

 

5.3.1.3 Effects of activator-to-binder  

 

Activator solution-to-binder ratio is a mass-based ratio of the activation solution to the 

binder, which is an appropriate proportioning parameter for practical application. 

Depending upon the volume of activating solution and its viscosity, rheology of the 

geopolymer mortar varies as previously reported by many authors [31,32]. In this study, 

Figure 5.5 (a) and (b) illustrates the influence of activator solution-to-binder ratio on 

yield stress and viscosity of geopolymer mortars at a constant (w/s) ratio of 0.30 

respectively.  In general, as expected the yield stress and the apparent viscosity decreases 

for all the mixtures when the solution-to-binder ratio increases, due to the reduction in 

particle concentration. It is further noticed that, with constant solution-to-binder ratio 

both the yield stress and plastic viscosity increases with increase in MR, as attributed to 

the increase in viscosity of activator solution as shown in Figure 5.6. While using the 

activating solution of MR 2.0, the decreases in yield stress and viscosity values were 

found to be more significant (compared to MR1.8), when solution-to-binder ratio 

increased from 0.35 to 0.40. The yield stress reduced to 70% of the original value and 
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the viscosities for both MR 2.0 and 1.8 merged into a single value when the solution-to-

binder ratio became 0.40. It indicates that the viscosity of the activating solution has 

dominant influence on the geopolymer viscosity whereas yield stress is more dominant 

by particle interaction and solid loading similar to findings of [84]. 

 

 

Figure 5.5 The effect of activator-to-binder ratio on (a) yield stress and (b) viscosity of 

geopolymer mortar 

Water 1.8 2

0

1

2

3

4

5

V
is

c
s
o
it
y
 (

m
P

a
.s

)

Molar ratio (MR)
 

Figure 5.6 Influence of MR of K-silicate solutions on its viscosity in comparison with water 
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Figure 5.7 (a) and (b) shows the shape retention ability of the geopolymer made using 

MR 2 and 1.8 activator respectively. It is apparent that due to higher viscosity of MR 2 

silicate (Figure 5.6) better shape retention property was observed than MR 1.8.  However, 

as the printability of geopolymers could not be accurately concluded based on a single 

line extrusion, which only revealed the extrudability aspect, the 3D printing of a cylinder 

structure was also carried out to assess the buildability of this binder at a MR of 2, as 

shown in Figure 5.8. 

 

 

Figure 5.7 Demonstration of shape stability of extruded filaments made with MR (a) 2.0 (b) 1.80 
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Figure 5.8 Buildability of the geopolymer mortar using MR 2.0 activator 

 

Within this demonstration, an increase in the slump value was observed with additional 

layers which is reflected by the large standoff distance. This standoff distance signifies 

the low yield stress (stiffness) of the geopolymer, which could easily collapse under the 

loading imposed by the subsequent layers. Thus, it is confirmed that 3D printing of 

geopolymer is a challenging task due to very low yield stress caused by viscosity of the 

alkaline activator. Following sections will therefore focus on improving rheological 

properties of the geopolymers (based on a control mix) with an acceptable strength for 

non-structural application.   

5.3.2 Mechanical strength, setting and isothermal calorimetry 

Over rheology, strength and setting are the two most commonly known properties of any 

building materials. For many practical application, good workability related to rheology 

evolution and high compressive strength are desirable to produce reliable building 

components. Figure 5.9 shows the 28 days strength and setting time of geopolymer 

mixtures and it was noticed that with GGBS inclusion the setting time decreases, and the 

strength increases. Secondly, higher MR silicate improved the strength, which is in 

accordance with the previous findings that describes positive effect of high activator MR 

on effective dissolution of silicon, aluminum, calcium ions and formation of 

aluminosilicate gels [90]. Out of FA and GGBS, glassy phases of the GGBS is more 

vulnerable to alkaline attack under room temperature and it has a higher content of 
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reactive phase than FA. Thus, for high GGBS content higher amount of Si and Ca will 

dissolve, and more amorphous gels will be formed which explains the increase in 

compressive strength. In addition to higher compressive strength, GGBS also decreases 

the setting time due to its faster reaction in alkaline medium to form the reaction products. 

Similar results are also reported in the literature relating the role of GGBS in the 

hardening behaviour of geopolymers [213]. 

The results of the isothermal calorimetric analysis (Figure 5.10) shows higher content of 

GGBS resulted in higher dissolution heat flow, which demonstrates the fact that GGBS 

is easier to dissolve than FA. It was also noticed that as the activator MR decreases, the 

induction period decreases (curves representing induction period become narrower and 

sharper), resulting shorter setting time geopolymer samples. Literature reveals decrease 

in MR leads to a higher alkali concentration, that enhances the dissolution rate and 

reaction degree [214]. It should be noted that the rate of reaction also depends on binder 

formulation, for e.g. GGBS-to-binder ratio that possess a synergetic influence on setting 

time. Setting in geopolymer occurs when the silicate ions begin to attach with the 

previously released 4-to-6 coordinated aluminum to form aluminosilicate oligomers that 

further grows in the process of polycondensation. This release of aluminum ion and 

condensation speed are mostly controlled by binder as well as the activator 

characteristics. Thus, in order to achieve a desired setting time these two parameters (MR 

and binder mix design) need to be considered simultaneously. 
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Figure 5.9 The effects of slag replacement on compressive strength and setting time of 

geopolymers 
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Figure 5.10 The effects of slag and activator MR on heat flow curves of geopolymer paste 
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In the light of above discussion, FA85G15 mix design was finally selected as “control” 

mix for further rheological improvement due to satisfactory strength (> 30 MPa) and 

setting time. Despite higher strength, G20 and G30 mixes were not opted for their lack 

of acceptable setting time (min 30 minutes) needed for 3DCP. The activator MR was also 

fixed at 1.8, whereas the activator-to-binder ratio was remained as variable since during 

material design the PV need to be adjusted depending on additives dosages and their 

physical properties. The following sections will focus on improving the geopolymer 

shape retention and buildability properties using potential admixtures, necessary for 3D 

printable concrete. 

5.3.3 Effect of nanoclay as thixotropy modifier 

The importance of NC originates from the low yield stress property of geopolymer which 

need to be improved for 3DCP application. NC has been found to be an effective additive 

for improving 3D printability of various cementitious materials and in this study, for the 

first time NC was added in the geopolymer binder and results were discussed in terms of 

both fresh and hardened properties.   

  

5.3.3.1 Flow properties (yield stress, viscosity) 

Like HVFA mixture, different amount of NC was added to the control geopolymer 

mortar and their respective flow properties were displayed in Figure 5.11. Since 0.5% 

NC exhibited highest yield strength, this dosage was used to investigate the geopolymer 

performance with different activator-to-binder ratio and water-to-solid (w/s) ratio. 
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Figure 5.11 The effect of NC dosage on yield stress of control geopolymer for 0.35  

activator-to-binder ratio 

 

Figure 5.12 (a) and (b) shows yield stress and viscosity of geopolymer mortars with two 

(w/s) ratios of 0.30 and 0.35 respectively at constant activator-to-binder of 0.35. It can 

be noted from figure 5.12 (a) that a small amount of clay addition can significantly 

improve the yield stress of geopolymer, though the yield stress decreased to 82% with 

increase in (w/s) ratio. The NC used in this research are opposite charged ends and they 

flocculate to form a colloidal network [199]. This flocculation is at origin of increased 

yield stress and it is believed that the flocculation is more effective when there is some 

extra free water available in mix design, otherwise the clay cannot disperse properly in 

low (w/s) ratio. Unlike PC, the viscosity and pH of silicate activator can affect the 

performance of NC dispersion as previously reported in few scientific studies [215], 

however such insight mechanism is not covered in the scope of this thesis. 
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Figure 5.12 Influence of (w/s) ratio and NC on (a) yield stress (b) viscosity of geopolymer 

mortar. Note that the activator molar ratio was kept constant at 1.8. (w/o = without) 

 

Figure 5.13 (a) and (b) illustrates the effect of clay on yield strength and viscosity of 

geopolymer mortar for different activator-to-binder ratios respectively while (w/s) ratio 

was fixed at 0.30. As expected, both yield stress and viscosity decrease with increase in 

activator dosages, even in the presence of NC. The activator dosages and viscosity seem 

to dominate the overall yield stress, when the dosage increased from 0.35 to 0.40. An 

interesting fact to be noted that the clay has minimal impact on viscosity of the 

geopolymer compared to the effect on yield stress. This is attributed to a fact that yield 

stress is more controlled by particle-to-particle interaction, whereas the viscosity is 

mainly regulated by the activator viscosity. 

 

 

 

 

 



115 
 

 

 

Figure 5.13 Influence of activator-to-binder ratio and NC on (a) yield stress (b) viscosity of 

geopolymer mortar. Note that the activator molar ratio was kept constant at 1.8. (w/o = without) 

 

5.3.3.2 Shape retention and buildability 

 

The effect of improved yield stress of clay modified geopolymer can be seen in Figure 

5.14 where the extruded layers of geopolymer ((w/s) ratio = 0.30 and activator-to-binder 

ratio = 0.35) are more stable after continuous loading of 18 layers. The printed layers led 

to no visible standoff distance during the printing process. This was an indication of the 

zero-slump behaviour of the designed geopolymer mix, thus confirming it as an ideal 

material to be used in 3DCP applications. 

 

 



116 
 

 

Figure 5.14 3D printing of clay modified geopolymer showing excellent buildability (no visible 

standoff distance) 

 

The stability of the extruded geopolymer filament also depends on viscosity recovery 

property that determines the material rheology before and after the printing. Figure 5.15 

compares recovery ability of the geopolymers made using two different MRs i.e. 2.0 and 

1.8 (represented as GEO 2.0 and 1.8) along with the clay added formulation (GEO 

1.8+0.5% clay). Two important observations can be marked from this graph: (1) none of 

the mix is able to recover 100% of their initial viscosity after printing (2) addition of clay 

improved the yield stress and recover ability, within 60 seconds of extrusion. Due to high 

viscosity of MR 2 activator, GEO 2.0 exhibited higher viscosity than GEO 1.8 and with 

NC addition, the buildability improvement of GEO 1.80 is believed due to flocculation 

effect, similar to the findings of [187]. 

   
Figure 5.15 Comparison of (a) structural break down and (b) viscosity recovery properties of 

geopolymer mortars 
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Unlike PC, geopolymer lacks thixotropy property and therefore, despite high initial 

viscosity final viscosity after extrusion is too low for shape stability of the layers [216]. 

Therefore, in this research, NC was used to enhance the thixotropy which is now 

confirmed from the viscosity recovery plot.  Moreover, the structural parameter (𝜆) 

displayed in figure 5.15 (a) also supports the fact that the clay can modify the shear 

thinning behaviour of geopolymer, indicated by higher 𝜆 value. This is probably because 

the stiffening mechanism of NC that makes the microstructure bonding stronger leading 

to higher equilibrium stress and thus higher the λ value. 

 

Figure 5.16 Influence of nanoclay on (a) setting and (b) green strength development behaviour 

of printable geopolymer mortar 

 

Like structural recovery, structural build-up is an important parameter of 3DCP process 

that characterize the material behaviour before its initial setting and represents the early-

age load bearing capacity. It is well understood from Figure 5.16 that both the 

geopolymer mixtures are gaining strength with time, though the clay added mix has a 

higher initial yield stress. A close look into the graph reveals that the clay has minimal 

effect on the strength development rate, rather the rate is more controlled by the 



118 
 

geopolymer reaction. Thus, the presence of NC seems to be not effective for accelerating 

the strength development rate, which is also in line with findings of past studies 

[187,199].      

  

5.3.3.3 Mechanical properties and microstructure analysis 

 

Figure 5.17(a) shows notably reduction in compressive strength of the geopolymer 

mortar, when NC was added to improve the thixotropy. Past studies have found an 

improvement in mechanical properties (i.e flexural strength) with different NCs due to 

the space filling ability of the nano size clay that densifies the geopolymer microstructure 

[217]. In another study, Joshi et al. [218] used NC to improve the rheology of 

geopolymer, by coating FA microparticles which in return decreased the compressive 

strength similar to findings of the present study. The clay used in this study is hydrophilic 

in nature, so there might be some water adsorption by the clay, which slow down the 

geopolymer reaction as reported earlier in [219]. Since geopolymer is not a water-based 

reaction, presence of too much water can cause poor mechanical strength by increasing 

the porosity level which may or may not be fulfilled by small amount of NC. However, 

the difference in strength was not reflected in the heat release responses as observed in 

Figure 5.17(b). 
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Figure 5.17 Influence of NC on (a) compressive strength (b) calorimetry curves of geopolymer 

 

To further investigate the influence of NC, the FESEM images of the geopolymer 

samples taken at the age of 28 days are displayed in Figure 5.18.  A heterogeneous 

aluminosilicate gel matrix accompanied with unreacted or partially reacted FA particles 

was observed in the geopolymer mix containing NC. These unreacted FA particles were 

separated from the geopolymer binder, thus indicating a weak adhesion between them 

and the surrounding gel, and this could be linked with the reduction in the compressive 

strength of this sample, as observed in Figure 5.17(a). Further study is therefore needed 

to explore the exact mechanism of the clay modified geopolymer.  

 

Figure 5.18 FESEM images geopolymer paste samples of (a) 1.8 GEO+0.5% clay (b) 1.8 Geo  
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5.3.4 Effect of silica fume as alternative thixotropy modifier 

In this section, SF was incorporated in to the geopolymer mix design ((w/s) ratio = 0.30 

and activator-to-binder ratio = 0.35) to enhance the rheological properties required for 

3DCP. Yield stress, viscosity, structural break down, recovery and build-up properties 

were characterized with different SF replacement percentages. Effects of the optimum 

SF dosage in terms of strength and microstructure were also described in the end of this 

section.  

5.3.4.1 Flow properties (yield stress and extrudability)  

 

Figure 5.19 shows the effect of SF addition on the yield stress of geopolymer mortar and 

for a fixed binder content, addition of SF was noticed to increase the static yield stress 

significantly. The evolution of the yield stress follows the same trends noted in the case 

of HVFA mixtures in Chapter 4.  Since the SF particles have large effective surface area 

[209], they can rapidly absorb water and thus reduce the workability of the geopolymer 

mortar, which has been reported in the literature, similar to the perceived effects of SF in 

this experiment.  
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Figure 5.19 The effect of SF replacement on yield strength of geopolymer mortar 
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Figure 5.20 represents the increasing yield stress as a function of the SSA and as the 

surface area increases (by the addition of SF), the interparticle spacing decreases and 

there is an increase in the number of interparticle contacts and friction, that results 

increase in yield stress. Increase in packing density by the micro SF particles can also be 

regarded as one of the reasons, that explain the gradual increase in the yield stress of 

geopolymer mortars. To facilitate a better understanding of the SF influence, paste film 

thickness was used similar to an approach described in [220]. The influence of the 

calculated film thickness on the yield stress is shown in Figure 5.21. Since the film 

thickness is inversely related to the SSA, the observed relationships of yield stress as a 

function of the film thickness are expected. A decrease in film thickness around the 

particles increases the packing density and decrease the interparticle spacing that 

ultimately helps to increase the respective yield stresses.  

Based on required rheological properties for 3DCP, a favorable limit diagram is shown 

in  Figure 5.22 considering yield stress based extrudability criteria. It is noted that only 

10% SF mix fits in to the target zone, whereas other combinations either due to lack of 

minimum yield strength or too high yield strength are not suitable for extrusion based 

3DCP. The selection of mix design also depends on the pump type and its pressure limit 

which can be subject of future research to determine the most appropriate method for 

quantifying the 3D printable mortars.  
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Figure 5.20 The influence of the specific surface area on the rheological properties of pastes 

with different silica fume replacement percentages 
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Figure 5.21 The influence of a paste film thickness on the rheological properties of cement 

pastes 
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Figure 5.22 Flowability and yield strength of geopolymer mortars modified with silica fume 

 

The effect of improved yield stress by the SF particles is shown in Figure 5.23, where 

the conventional geopolymer due to lack thixotropy property exhibited too low SRF for 

addition of a second layer. However, addition of 10% SF found to be an effective 

alternative by increasing the yield stress 36% higher and the extruded filament has better 

SRF.  
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Figure 5.23 Extrudability and shape stability of geopolymer mortars (a) without and  

(b) with SF (10%) 

 

5.3.4.2 Shape retention and buildability  

 

This section harmonizes the thixotropy property of SF added geopolymer mortar 

responsible for the shape retention and buildability attributes.  The SF addition increased 

the SRF of the geopolymer mixes which is evident from Figure 5.23. The shape retention 

as discussed before depends on yield stress and viscosity recovery ability of the material 

and as seen from Figure 5.25, the influence of increasing SF content on original viscosity 

at rest is obviously visible, however after shearing the rise in the viscosity is still limited 

to certain extent. Compared to the control sample, 10 and 15% SF added geopolymer 

exhibit a little higher recovery which is reflected in the deformation images of the cross-

section area shown in Figure 5.24. 
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Figure 5.24 Deformation images of cross section area of geopolymer (a) without SF  

(b) with SF (10%) 
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Figure 5.25 The effects of SF on viscosity recovery of geopolymer mortars 

 

Considering the structural break down curves shown in Figure 5.26, a higher value 

structural parameter (𝜆) was obtained for 5 and 10% SF addition which confirms easiness 

of breakdown of the SF modified mix due to improved thixotropy property. SF has been 

used in the past studies as a promising thixotropy modifier for cementitious material 

application and as cited by Mehdipour and Khayat [221], particle packing and 
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interparticle links are responsible for flocculation, that affect thixotropy in cement-based 

system. However, the flocculation force also depends on the properties of suspending 

medium viscosity, pH, consistency etc. and in this study, the effect of viscous activator 

seems to worthy of investigation since the recovery property of SF added geopolymer 

was not as expected.  
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Figure 5.26 Structural break down curves of SF modified geopolymers 

 

To further investigate these mixtures, only tap water was used to make geopolymer 

mortar instead of the silicate activator and thereby, disconnecting the influence of 

activator on the rheological parameters. The viscosity recovery results shown in  Figure 

5.27 confirms the slight improvement in the recovery properties of SF, which was 

missing in silicate based geopolymer (named as Control) probably due to viscous and 

higher pH effect of the K-silicate activator.  The flocculation state of thixotropy 

suspensions are highly sensitive to pH values, and in this study pH of the activator may 

be thought of one possible reason to modify the SF behaviour by dissolution mechanism 

at early stage of geopolymer reaction. Comparing recovery performance of the water 
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based control geopolymer, liquid activator is thus confirmed to be responsible for 

significantly affecting the thixotropy of the FA based geopolymers. 
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Figure 5.27 The effect of SF (10%) on viscosity recovery properties of geopolymer mortars 

 

In an attempt to compare the effect two rheology modifiers i.e SF and NC for a longer 

shearing period scenario, the stage (II) of structural recovery test was extended to 120 

seconds from 30 seconds. It is quite evident from Figure 5.28 that NC performed better 

than the SF, which can recover 27% of original viscosity within 60 seconds of deposition. 

In contrast, the SF modified geopolymer is not able to recover the original viscosity (only 

14%) despite having higher yield strength. Consumption of the SF during early age 

geopolymer reaction may be reasoned for this, which corresponds to the loss of 

thixotropy in a highly alkaline medium. 
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Figure 5.28 Comparison of viscosity recovery properties of geopolymer modified with  

SF (10%) and NC (0.05%) 

 
 

In addition to thixotropy, the chemical reaction of geopolymer also plays an important 

role in determining the buildability since it controls the stiffening/structural build-up rate 

of the extruded filaments. Figure 5.29 shows the structural build-up rate of the 

geopolymer mortar modified with SF. It can be observed that compared to conventional 

geopolymer, addition of SF accelerates the hardening behaviour of geopolymer and the 

resultant material became no more workable after 25 minutes of mixing with activator.   

In geopolymer the setting mechanism is controlled by the rate of formation of 

aluminosilicate gel and this is linked to Si/Al ratio as well as (if any) presence of calcium 

containing compound in the mix design [94].  Calcium interacts with Si to form C-A-S-

H and in this study, increase in Si concentration by adding the SF, might provide an 

insight of the acceleration effects compared to the control mix. The exact nature of this 

correlation is not fully understood and probably requires additional work due to rich in 

significance. 
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Figure 5.29 Structural build up properties of SF (10%) modified geopolymer mix 

 

5.3.4.3 Mechanical properties and microstructure analysis 

Figure 5.30 demonstrates that the SF addition accelerated geopolymer reactions by 

shifting the heat release curves to earlier times. The calorimetric response of the paste 

incorporating SF also demonstrates increasing the magnitude of initial heat release peak 

which may be due to the dissolution of fine particle size and high surface area of SF. 

However, the total cumulative heat was found to be lower for the SF added mix and it’s 

influence was noticed on 28 days compressive strength as shown in Table 5.2. The 

decrease (6%) in compresive strength can be related to some observations found in nano 

silica containing geopolymer system [222]. Early age dissolution of SF possibly lead to 

an increment of the initial silica content in the solution, which delays the reaction of 

GGBS and FA by retarding the dissolution of Si from FA-GGBS to some extent. This 

can be indirectly noted during in the heat flow pattern from 10 to 30 hours of the reaction.  
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Figure 5.30 Influence of SF on (a) heat flow and (b) cumulative heat release rate 

 

Table 5.2 Quantities of phases within unreacted and reacted geopolymer mix with and without 

SF at 28 days 

 (a) Unreacted 

Without SF 

(b) Reacted 

without SF 

(C) Unreacted 

with SF 

(d) Reacted 

with SF 

Quartz 16.68 14.14 14.15 12.34 

Mullite 29.64 23.13 23.65 19.85 

Hematite 0.41 0.58 0.65 0.26 

Magnetite 0.42 0.71 1.41 0.5 

Calcite 0.52 0.42 0.35 0.24 

Gehlenite 0.93 1.62 1.16 1.15 

Glassy Content/ 

Reaction Product 

51.4 59.4 58.63 65.66 

Avg. compressive 

strength 

 32.45   28.32  

 

 

The retarding effect of SF in terms of delayed reaction product formation was also 

noticed by the quantities of the different phases listed in Table 5.2 (obtained from XRD 

signatures, Figure 5.31). The combined amorphous reaction products and unreacted 

glassy content present in the SF system was slightly lower in content than the one without 

SF. The incorporation of SF leads to a decrease of effective slag content in the system, 
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which leads to the decrease of the reaction intensity. Further in-depth analysis are needed 

to be carried out to clarify the actual mechanism of SF in detail. 

 

Figure 5.31  XRD patterns of unreacted and reacted geopolymer mix with and without SF  

at 28 days 
 

5.3.5 Effect of powder activator 

Processing conventional geopolymer mixes, in which alkaline solutions are used for 

activation could be troublesome in 3DCP due to the high viscosity of the alkaline 

solution. One-part geopolymers offer one possible solution to this challenge as they 

involve the use of a powder activator with solid aluminosilicates precursors [223]. 

Therefore, in this work a printable one-part geopolymer mix was developed using powder 

silicates, while comparing rheological and mechanical performances with the 

geopolymers activated by liquid silicate. 
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5.3.3.1 Material design 

Five geopolymer mortars with a constant (w/s) (i.e. solid component (s) consisting of FA 

(F), GGBS (G) and anhydrous activator (A)) ratio of 0.35 were prepared by varying the 

GGBS and activator (MR =1.80) contents, as shown in Table 5.3. Accordingly, the 

GGBS ranged between 15-40% of the overall source materials content within samples 

F85G15A15, F70G30A15 and F60G40A15, in which the activator content was kept 

constant at 15% (i.e. by mass) of the binder. Furthermore, the FA and GGBS contents 

remained constant, whereas the activator dosage varied at 10, 15 and 20% in samples 

F70G30A10, F70G30A15 and F70G30A20, respectively. These activator dosages in the 

powder form were selected to maintain the same K2O-to-binder ratio used in liquid 

activator.    

 

Table 5.3 One-part geopolymer mortar mixture design 

Mix name 
Binder composition (wt.%)  

Activator content (%) FA GGBS 

F85G15A15 85 15 
 

15 
F70G30A15 70 30 

F60G40A15 60 40 

F70G30A10 70 30 10 

F70G30A20 70 30 20 

 

 

5.3.3.2 Extrudability, shape retention and buildability 

Figure 5.32 shows the static yield stress and apparent viscosity of the five mixes 

containing different GGBS and activator contents. An increase in the GGBS content led 

to an increase in both the yield stress and viscosity, which could be due to the chemical 

composition (i.e. presence of calcium) in GGBS and its angular particle shape. Angular 

particles can provide an interlocking effect, which can increase the yield stress. A similar 
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outcome on the effect of the angular morphology of GGBS on concrete workability was 

reported in previous studies [86, 224]. Therefore, the partial replacement of 40% of FA 

with GGBS resulted in 125% increment in the yield stress, which can be useful in the 

shape fidelity and buildability of the printed layers. As the addition of GGBS was 

reported to decrease the setting time of alkali-activated materials, it can significantly 

affect the workability time (i.e. open time) by changing the flow properties. Therefore, 

the amount of GGBS included in these mixes are carefully controlled with proper 

activator dosage for the 3DCP. Similarly, increasing the activator content from 10 to 20% 

in mix F70G30A20 led to a higher yield stress, in line with the findings of [225]. 

Accordingly, a higher dosage of the activator induced higher pH and ionic strength of 

surface charges, which can be related to the increase in the yield stress. The viscosities 

of geopolymer mortars, irrespective of different slag and activator contents was found to 

be substantially low (< 10 Pa·s) under high shearing rate of 300 s-1. This decrease in 

viscosity can be attributed to deflocculating phenomena in the early stages of the alkali-

activation process and due to high yield stress combined with low viscosity property, it 

can be directly used in the 3DCP application with some additional attention on thixotropy 

and structural build-up. 
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Figure 5.32 The effect of mix design on yield stress and viscosity of geopolymer mortars 

 

 

Figure 5.33 Extrudability test of one-part geopolymer mixture  

 

The impact of improved yield stress on extrudability and shape retention is clearly visible 

in Figure 5.33 in terms of continues filament and excellent shape retention property.  

However, thixotropy is believed to affect these properties similar to the previous 

rheological investigations and therefore, thixotropy, referring to the reversible structural 

breakdown and build-up was again studied for one-part geopolymers. 
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Figure 5.34 The effects of mix design on (a) viscosity recovery and (b) structural break down 

performance 

 

From the above recovery graph (Figure 5.34), it is clearly observed that the one-part 

geopolymers can recover 50-60% of their initial viscosities, unlike liquid silicate 

activated geopolymers. To gain more insights on the rheological effects of the two 

activators (liquid and powder), a comparison study of yield stress, break down and 

recovery properties was conducted, including a plain mix without any activator. Tap 

water was only used in the plain mix to reveal the activator impact, while binder (FA + 

GGBS) formulation was remaining the same. Similar activator-to-binder ratios (0.30; 

0.35) and water-to-binder ratios (0.35, 0.40) were used to formulate one-part 

geopolymers and their yield stress analysis were presented in Figure 5.35. It is important 

to note that the activating solution-to-binder ratio 0.30 and 0.35 corresponds to 15 and 

17% powder activator-to-binder ratio used in this one-part geopolymer study.  

As seen in Figure 5.35, for any water-to-binder ratio the yield stress of liquid geopolymer 

is much lower than the one-part geopolymers and by replacing the activator with pure 

water the yield stress was found to be similar to one-part system. This indicates the 

important role of activator physical state i.e powder (dry) or liquid in determining flow 

properties of the geopolymer binders. To corroborate this effect, zeta potential 
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measurement was used to monitor the changes in electric double layer forces under 

different activator environments, which determine their resultant yield stresses [28]. 

 

 

Figure 5.35 The effects of physical state of suspension medium on yield stress of geopolymers 

at (w/s) ratio of (a) 0.30 (b) 0.35 

 

Figure 5.36 shows the zeta potential of geopolymers for both the activators while using 

two different dosages. Addition of liquid silicate resulted in negative zeta potential, as 

negatively charged silicate species from the suspension can adsorb or precipitate on the 

slag surfaces, which results in more negative values of zeta potential with higher dosage 

of silicate. Such higher value of zeta potential signifies the increase in repulsive force, 

that resulted particle separation and therefore lower yield stress [224]. Conversely, for 

one-part geopolymer, although the increase in zeta potential is a sign of repulsive electric 

double layer forces which could reduce the yield stress, the fast geopolymer reaction (see 

calorimeter curves) seem to be more influential in determining yield stress changes.  
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Figure 5.36 The effects of activator type and dosage on Zeta potential  
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Figure 5.37 Effects of activator type on viscosity recovery properties of geopolymer mortar. 

Note that 0.30 activator solution-to-binder ratio and 0.35 (w/s) ratio used here for all the mixes.   

 



138 
 

Following the yield stress, viscosity recovery (Figure 5.37) was also found to follow the 

same trend, as the recover ability for one-part geopolymer was around 20-25% higher 

than liquid silicate activated geopolymers. The benefit of higher recovery is represented 

by excellent shape retention of the extruded geopolymer filaments (Figure 5.30) and it is 

interesting to note that the SRF was similar to HVFA mortars, developed in Chapter 4.  

Similar recovery behaviour also observed between the HVFA and one-part geopolymer, 

which confirms the shape retention observations due to strong vender wall attraction 

force and higher thixotropy. In contrast, the liquid silicate activated geopolymer lacks 

thixotropy property and is not suitable in it’s current form for 3DCP application.  

 

Figure 5.38 (a) Structural build up and (b) setting time of one-part geopolymer mixture using 

0.30 activator-to binder ratio and 0.35 (w/s) ratio which corresponds to 15% powder activator  

 

Figure 5.38 shows the structural build-up of one-part geopolymer mortar which describes 

the time-dependent hardening behaviour starting from mixing to initial setting. Unlike 

conventional geopolymer, one-part mixture has a longer open time which is also 

confirmed from vicat setting time measurement. The open time is around 60-90 minutes 

and it is much earlier than the setting time of geopolymer paste. Due to minimum strength 

requirement (i.e 30 MPa), only the selected mix was evaluated for structural build-up 

test.  
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5.3.3.3 Mechanical strength and isothermal calorimetry 

 

The 28 days compressive strengths of one-part geopolymer mortars were shown in Figure 

5.39, which reveals highest activator dosage led to highest compressive strength. This 

increase in strength could be due to the early formation of C–(A)-S–H gel in the matrix 

and presence of a higher amount of Si ions available for geopolymerisation reaction 

[226,227]. GGBS addition also increases the strength, which is attribute to the early 

formation of C–S–H gel like conventional geopolymer. However, comparing the strength 

of liquid silicate based geopolymer (for same binder: F85G15), powder silicate exhibited 

20% less compressive strength in line with findings of [229]. To explain this observation, 

both activators characteristics were accessed using FTIR analysis and results were shown 

in Figure 5.40. The plots labeled “liquid” and “powder” show the spectra of the 

supernatant solutions and both these spectra look identical irrespective of the difference 

in activator type. Bands that appear in these spectra are the stretching and bending modes 

of OH− in water at around 3450–3500 cm−1 and around 1600 cm−1 respectively. A quick 

comparison between the two spectra, reveals that the dominant Si-O-Si peak (that 

typically appears in the 970–1050 cm−1 range [228]) is missing in the powder activator 

and it indicates that the silica from the powder silicate is unable to dissolve in water, thus 

resulting low strength geopolymer products. The contribution of powder activator seems 

to have same effect as NaOH or KOH activated slag system, where the high concentration 

of OH− ions present aids in the breaking of Si-O and Al-O bonds in addition to the Ca-O 

bonds. Release of CaO occurs very fast and stops quickly after an early reaction resulting 

in a single-peak calorimetric curve (see Figure 5.41). In contrary, the CaO continues to 

release for much longer time in case of liquid activator [229], resulting in an extended 

induction period and a two-peak calorimetric curve. 
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Figure 5.39 The effects of mix design on compressive strength of one-part geopolymers 

 

 

Figure 5.40 FTIR spectra of dry and liquid activator solutions  
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Figure 5.41 The effects of powder and liquid activator on (a) heat flow and (b) cumulative heat 

flow curves   

 

5.3.3.4 Microstructure and X-ray diffraction quantification 

 

The microstructural analysis of mix F70G30A10 after 28 days of curing revealed the 

presence of aluminosilicate gel and unreacted FA and GGBS particles, as shown in 

Figure 5.42. In both cured and uncured systems, a broad hump was observed. In the 

unreacted system, the hump located at around 15-40° 2θ represented the glassy portion 

contributed by FA and GGBS. Alternatively, in the case of the reacted sample, the 

position of the hump slightly moved from lower to higher 2θ angles, as shown in Figure 

4.33. This change in the location of the hump indicated the formation of amorphous 

reaction products and presence of unreacted glassy content. The amorphous reaction 

products partially overlapped with the unreacted glassy content at higher 2θ angles. As 

shown in previous studies [230], the amorphous reaction product usually formed at 

higher 2θ angles (e.g. 29o), which could be attributed to potassium alumino-silicate gel 

(K-A-S-H), when potassium was used as an alkaline activator. As shown by the quantities 

of the different phases listed in Table 5.4, the presence of amorphous reaction products 

directly influenced the mechanical performance of the prepared mixes. The combined 

amorphous reaction products and unreacted glassy content present in the reacted system 

(F70G30A10) was slightly lower in content than the glassy content present in the 
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unreacted FA-GGBS system. This could be because the glassy content involved the 

formation of zeolites in the system. 

 

 

Figure 5.42 FESEM image of one-part geopolymer sample at 28 days  

 

Zeolites K (PDF# 022-0793) and G (PDF# 019-0092) were identified as the secondary 

reaction products in mix F70G30A10, along with major crystalline phases such as quartz, 

mullite and gehlenite. The formation of zeolites could explain the initial hardening of 

geopolymer mixes, which can be linked with the buildability property of 3DCP process.  
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Figure 5.43 XRD patterns of unreacted binder and one-part geopolymer sample  

 

 

Table 5.4 Quantities of phases within unreacted binder and one-part geopolymer at 28 days 

Compound 
Unreacted FA-

GGBS 

Reacted FA-GGBS 

(F70G30A10) 

Quartz 13.3 11.2 

Mullite 25.0 10.2 

Hematite 0.4 0.9 

Magnetite 0.2 0.9 

Rutile 0.2 0.2 

Calcite 0.2 0.6 

Gehlenite 1.2 0.1 

Zeolite K - 9.9 

Zeolite G - 13.9 

Amorphous reaction product / 

unreacted glassy content 
59.6 52.1 
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5.4 Conclusions 

This study investigated the material design and evaluation of 3D-printable binders based 

on fly ash-based geopolymers. The key findings are as follows: 

 

• Using FA as the major ingredient, geopolymer mixtures were proportioned to be 

extrudable and buildable for extrusion based 3DCP application. When alkaline 

activators were used in lieu of water, the yield stress of the fresh pastes decreased, 

and the cohesiveness increased, similar to the effect of superplasticizers in 

conventional PC systems. 

 

• Structural break down and recovery tests were used to characterize the thixotropy 

of geopolymer mixtures. Due to the lack of shape stability, NC was used to 

improve the printability of the geopolymer mortars. Despite of the alkaline 

environment, the NC was able to flocculate when the activators were used in an 

appropriate amount together with extra water. NC modified geopolymers 

demonstrated an improved buildability, though 20% reduction in strength was 

observed due to the higher content of unreacted FA and less dense microstructure. 

XRD, FESEM and calorimetry tests confirmed the mechanical consequence of 

the modified geopolymer. 

 

• SF was also used to improve the rheological properties of geopolymer. Inclusion 

of 10% SF led to improved extrudability and shape stability without significantly 

affecting the mechanical strength. The structural build-up was accelerated, which 

could increase the buildability, if the layer deposition speed and build-up rate 

were optimized together. When compared to the performance of samples 

containing SF, NC modified geopolymers exhibited better thixotropy properties, 

although their strength development rate was similar to the control. 
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• The influence of powder potassium silicate activator, instead of liquid silicate 

was investigated in terms of yield stress and thixotropy properties of the 

geopolymer. Powder activators caused a significant increase in the yield stress 

and better recovery properties reflected by improved buildability, like HVFA 

mortars.  However, the compressive strength of powder geopolymers were not as 

strong as liquid silicate based geopolymers due to the lack of silica released in 

the reaction. FTIR spectra and calorimetry results were used to confirm these 

observations. 

 

In light of above results, it can be concluded that 3D printing of geopolymer mortars 

requires very careful material design to ensure robust rheological and mechanical 

performances. Since out of the three different approaches, powder silicate activated 

geopolymers exhibited excellent thixotropy and acceptable strength characteristics, 

further directional mechanical tests will be carried out to realise the suitability of the 

proposed mix design for a large-scale printing case study. 
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Chapter 6 Mechanical properties of 3D Printed mortars 

6.1 Introduction 

This chapter will discuss the mechanical performance of 3D printed mortars in addition 

to the influence of process parameter related to design of printable structures. Process 

parameters such as print speed, flow rate, time gap etc. were studied to understand their 

effects on printability using a custom made 4-axis gantry printer. The whole process of 

3DCP depends on various tangible and intangible parameters which defines the 

dimensions of the printed filament, curvature of the printed geometry, buildability and 

so on. In this regard, before investigating mechanical properties of 3D printed parts, the 

effect of printing parameters are described in sub-sections 6.2 and 6.3  followed by a case 

study of large-scale 3DCP.  

 

6.2 Effect of printing parameters on mechanical properties of fly ash-

cement mortar 

 

6.2.1 Understanding and selection of optimum printing parameter 

Figure 6.1 displays the important machine parameters of 3DCP process. These 

parameters are interrelated with each other and therefore, their individual effects were 

studied in this section using a slow hardening material to eliminate the material stiffening 

behaviour on the final decision.  

 

Figure 6.1 Process key parameters of 3DCP 
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Figure 6.2 The effects of print speed on filament thickness at constant flow rate (arrow 

indicates the speed in mm/s) 

 

The effect of different printing speeds (50-100 mm/sec) on the extruded filament width 

is shown in Figure 6.2 and its evident that the width is getting thinner with increasing 

speed, while the flow rate was constant. The flow rate of concrete in conjunction with 

the print speed controls the diameter of the deposited filaments. The diameter is directly 

proportional to the flow rate of the deposition at a constant velocity and indirectly 

proportional to the print speed at a constant flow rate deposition. However, there is an 

optimum velocity range where the filament width can be equals to the nozzle diameter. 

The print speed (V) can be approximately determined based on the deposition volume 

equality according to Eq. (2).  

                                                          𝑉 =  
4𝑄

𝜋𝐷2
                                                                 (2) 

Where Q is material flow rate and D is nozzle diameter 

The experimental observations revealed that if the print speed is greater than V then the 

width is usually smaller than the nozzle diameter (case I), and if the print speed is smaller 
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than V, the width is usually larger than the nozzle diameter (Case III). This relationship 

is schematically illustrated in Figure 6.3. 

 

Figure 6.3 Schematic of the printing speed effect on extruded filament diameter  

 

Considering the effect of print speed, it is understood that there exists a favorable velocity 

range for extruding filaments with their width equals to the nozzle diameter. This is 

highlighted (blue colour) in the following figure, whereas the red areas are not suggested 

due to lack of filament continuity, voids and weak mechanical properties. Based on 

obtained experimental results, 80 mm/sec was selected as optimum speed for further 

investigating the effect of part design in 3DCP.   

 

 

Figure 6.4 The relationship between flow rate and printing speed in 3DCP 
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Figure 6.5 shows one of the corner designs of the large-scale printing (described in 

section 6.5) and different radius of curvatures were attempted to find the best 

combination with 80 mm/sec printing speed. Keeping the print speed constant with flow 

rate, 40 to 80 mm radius was printed to see the effect of curvature on filament properties. 

 

 

Figure 6.5 The effect of radius of curvature on filament surface property 

 

As depicted in Figure 6.5, for a 40 mm radius there is a tearing and/or cracking of outer 

edge and this effect seems to be similar on many aspects to the “sharkskin” instability as 

described in [136]. The speed at the exit of the extruder is reported to cause a such 

cracking by inducing tensile stresses and this can be avoided by using a thicker nozzle 

with reduced print speed [136]. Alternatively, if the radius can be made bigger a smooth 

surface will be observed as seen for 60, 70 and 80 mm radius. Such effect also depends 

in layer height, material thixotropy and speed of the nozzle when passing through the 

corner. Sometimes, if the curvature of the toolpath is too steep the rotational axis of the 

printer cannot keep up with the translational axes and it causes jerky movements that 
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likely to affect the filament quality. Figure 6.6 shows the consequence of printing a sharp 

90-degree corner of a regular square pattern using 40×10 mm nozzle.   It is clearly visible 

that the material deposited in the smaller inner curve tend to pile up, while on the outer 

curve tends to expand which caused tilting of the filaments and with addition of more 

layers, it can cause failure of the printed elements. These problems can be solved by 

reducing the linear print speed, preferably in combination with scaling down the 

dimensions of the printed filament as done by University of Loughborough, U.K. [114]. 

 

 

Figure 6.6 Example of layer stacking at the corner due to sharp turn curvature and       

small layer width 

 

6.2.2 Effect of printing direction 

In the light of process parameters effect in 3DCP, mechanical strengths were conducted 

on the 3D printed mortars in different loading directions and the obtained results are 

discussed below.   

Figure 6.7 shows the average compressive strengths of 3D printed HVFA mortar (NC 

and SF modified) and from this graph it can be concluded that the layer direction has 

almost no influence on the compressive strength. The only noticeably difference is that 

if the layer direction is parallel to the print direction (F1) is approximately 8-10% 

stronger than the other two-layer directions at 28 days after printing. It is not possible to 

state that this effect is due to the layer direction because the layer direction in test 
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direction F1 and F3 is the same. The difference in strength could be imposed to the way 

of motion of the material through the print system. The movement of the material through 

the system is in the direction of test direction F1. It could be possible that in the direction 

of movement the particles are placed and compacted better than the other directions and 

provides a higher compressive strength. Comparing the results of the printed samples 

with the casted control samples, there is a larger difference visible. The maximum 

compressive strength of printed concrete is 35.15 MPa and is only 16% higher than the 

average strength of the casted control samples. The fractured images of 3D printed 

samples are shown in Figure 6.8. 
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Figure 6.7 Directional compressive strength of 3D printed HVFA mortar 
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Figure 6.8 Failure pattern of 3D printed sample (a) F2, (b) F3, (c) F1 after compression 

 

The results of directional flexural strength test were shown in Figure 6.9. The printed 

specimens showed the weakest bending resistance F1 loading direction, which is similar 

to the results obtained by Feng et al. [150]. The flexural strengths corresponding to 

samples F2 and F3 are 56.1% and 20.6% higher respectively than the mold cast samples. 

The anisotropic flexural bending behavior of printed samples may be explained on basis 

of laminate theory of the composite material i.e when the printed sample was loaded in 

F1 direction, the tensile stress at the bottom occurs directly perpendicular to the weak 

interface layer joints and so, the cracks initiated easily causing the premature failure. 

Therefore, the samples exposed to F1 loading direction performs the worst bending 

capacity. However, it may be appreciated that the samples F2 and F3 show higher 

flexural strength than the mold cast samples, even though the layer wise nature of 3DCP 

likely to weaken the integrity of printed samples. 
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Figure 6.9 Directional flexural strength of 3D printed HVFA mortar 
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Figure 6.10 Directional tensile strength of HVFA mortar 
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The results of directional tensile strength test were shown in Figure 6.10. Test direction 

F2 is the weakest, because in this direction the layers are pulled off each other and the 

samples failed on the interface. The other two directions are loaded parallel to layer 

direction, so the samples failed in the concrete. The deviation in the results could also be 

caused by inclination in the top or bottom where there is not only tensile load in the 

samples but also a bending moment. These bending moments could have provided 

addition stresses causing the sample to fail at lower load.  

6.2.3 Effect of time gap between layers 

Besides layer direction, time interval is also a test variable that can significantly affect 

the hardened property especially, the tensile bond strength. In the first attempt, the 

control HVFA (without NC) mix was used to envisage the effect of delay time between 

the layers. 0, 5, 10- and 15-minutes time gap was allowed in between two layers of the 

extruded mortar followed by their tensile tests as described in the methodology section. 

As shown in Figure 6.11, the bond strength decreases with increase in time gap which 

can be explained based on material structural build-up properties.  
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Figure 6.11 The effects of time gap on bond strength of HVFA mortar 
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When the filament is extruded, it’s yield stress increases with time due to thixotropy 

property as shown in Figure 4.18. This behaviour is known as structural build up at rest, 

which incurs high stiffness in the material and could be the cause of loss of bond strength 

with longer time gap. Only the first deposited layer structural evolution is responsible for 

such phenomena as it is accepted that the second layer build up can be destroyed during 

pumping and it will be always in the flowable condition before its initial setting.   

Therefore, it can be concluded that structural build-up of the first layer is one of the main 

causes of poor bond strength and the experimental results were in agreement with 

findings of Le et al. [114], that describes the similar effect. According to Sanjayan et. al. 

[153], loss of surface moisture is one of the major factors affecting the inter-layer 

strength, in addition to process parameters, evaporation rate and bleeding rate. Nicolas 

Roussel [136] also confirmed this effect of moisture while comparing the bond strength 

for an interface protected from drying and exposed to drying. The interface strength was 

found to be 90% higher than the reference strength, when the material was protected from 

drying.   

 

Figure 6.12 The fracture surface of tensile bond strength samples whereby (a) specimen failed 

on the bulk material and interface (b) specimen failed on the interface 
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The fractured surface of printed HVFA mortar with two different time gaps (0 and 15 

min) is shown in Figure 6.12 and it is very clear that the delay in deposition has caused 

failure at the interface, while in time deposition resulted a mixed (adhesive+ cohesive) 

failure.   

Since material structural build-up is found to be the main cause of weak interface bond 

strength, it is thus important to measure the bond strength of the NC modified HVFA 

mixture (5NC +2.5% SF) designed for large scale 3DCP.  As seen in Figure 6.13, the 

modified mix has 20% lower bond strength compared to the control mix for 15 mins time 

gap. This behaviour can be explained based on higher thixotropy and yield stress of the 

mix caused by addition of NC (Figure 4.18). Due to higher yield stress, the interface 

became too stiff to mix well with the subsequent layer. This is an interesting challenge 

in 3DCP, where there is a need of thixotropic material and with rise in thixotropy (with 

time) the bond strength found to be weaker in the printed structure. 
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Figure 6.13 Effect of standoff distance on tensile bond strength of control and modified HVFA 

mortar (5NC +2.5% SF) 
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In order to overcome this issue, the nozzle height or standoff distance (SD) was reduced 

during printing as shown in Figure 6.14 and after 28 days of curing, the strength was 

measured following the similar tensile strength test protocol. The SD is defined as the 

distance from tip of the nozzle to the build plate.  

 

 

Figure 6.14 Experimental plan for tensile bond strength with different standoff distances 

 

It is well notable from the Figure 6.13 that the two SDs, i.e. 20 and 15 mm have a little 

or negligible effect on bond strengths of the control mix, however for 15 mm SD notably 

increased in the bond strength of modified mix was observed compared to 20 mm.  A 

close look at the interface conditions revealed that, presence of micro pores resulted the 

strength loss which is clearly visible in the interface zone, as shown in  Figure 6.15 (a). 

The bond strength of the concrete-to-concrete interface is mostly influenced by adhesion 

including substrate condition, overlay compaction and curing procedures [231-233]. 

Overlay compaction, which was achieved by decreasing the SD from 20 to 15 mm, was 

found to be improve 33% bond strength for the higher yield stress and thixotropic 

material i.e. the modified mix. The improved bond strength of the modified mix can be 

explained in terms of reduced micro-pores as shown in Figure 6.15 (b). It is also believed 

that the stresses generated by the flow of the overlay layer was sufficient to initiate flow 

in substrate layer, that allows the two layers to intermix together more or less, as no sharp 

interface was spotted between the layers. On the other hand, we did not notice any 
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notably impact of SDs in case of the control mix, which is attributed to its low yield stress 

property. Moreover, there was no visible difference in the micro images (Figure 6.15(c) 

and (d)) of control mix interface, when printed with lower SD.  

 

Figure 6.15 Interface microstructure of modified mix printed with (a) 20 mm SD (b) 15 mm SD; 

Control mix printed with (c) 20 mm SD (d) 15 mm SD 

 

In light of above results, it is thus confirmed that high yield stress materials can improve 

the buildability, but they may result weak interfaces for SD equals to nozzle width. The 

physical origin of bond strength is related to the structural build-up property of the 

substrate and keep on increasing with time gap and this could cause the interface too stiff 

(less moisture) and prevent intermixing with the subsequent layer. A decrease in SD can 

significantly improve the interface strength or alternatively, a rapid hardening low yield 

stress material can be used for 3DCP (see section 7.4). 
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6.3 Effect of printing parameters on properties of geopolymer mortar 

In this section, directional property of one-part geopolymer mortar (F70G30A10) was 

investigated similar to the HVFA mortar. Since one-part geopolymer possess better 

rheological properties than both NC and SF modified mixtures, it was considered for 

strength investigations followed by large scale 3DCP. However, for interfacial bond test, 

a comparison between one-part and SF modified liquid silicate activated geopolymer was 

made due to uniqueness of 3DCP process.      

6.3.1 Effect of print speed 

The effect of print speed on filament width was investigated by varying the speed from 

50 mm/sec to 100 mm/sec and based on visual observation (Figure 6.16) and filament 

width-to-nozzle width ratio, 90 mm/sec was selected the optimum printing speed for a 

constant pump flow rate.  

 

Figure 6.16 (a) Extrudability test and (b) effect of print speed on filament width of one-part 

geopolymer mortar  

 

As described earlier, there exist a range of printing speed where the filament width can 

be almost same as nozzle width. There are no general guidelines for such mutual selection 

as it is subjected to the available pump type and maximum flow limit. Results shown in  
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Figure 6.16(b) demonstrated that 90 mm/sec is the optimum print speed for one-part 

geopolymer mortar as the filament and nozzle width are almost equal. The selection of 

print speed is highly dependent on material viscosity and it’s effect is significantly visible 

in sharp corners of print path, if the print speed is not optimized as per material flow rate.  

6.3.2 Effect of printing direction 

The obtained result of directional compression test is shown in Figure 6.17 and compared 

with a mold casted one-part geopolymer mortar. It is apparent that the strength in F1 

direction is approximately 5-8% stronger than the other two-layer directions which could 

be due to the way of motion of the material through the nozzle. It is not possible to state 

that this effect is due to the layer direction because the layer direction in test direction F2 

and F3 are the same. The overall results indicate that the print directions have very less 

influence on the compressive strengths of the geopolymer mortars. 
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Figure 6.17 The effect of loading directions on compressive strength of geopolymer mortar 

 

Le et al. [114] have also observed similar orthogonal mechanical properties while 3D 

printing high-performance concrete. The authors commented on effect of filament 
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compaction that not only affects the printed part density, but also the final strength 

properties. Figure 6.18 shows a comparison between good and bad printed geopolymer 

mortar, which also affects their hardened properties significantly.  

 

Figure 6.18 Illustration of good and poor 3D printing process 

 

Figure 6.19 shows the average flexural strengths of 3D printed (one-part) geopolymer 

mortar and similar to HVFA, the weakest bending resistance was noticed in F1 loading 

direction. The anisotropic bending behaviour is in line with findings of Ma et. al. [159] 

and can be explained as follows, when the printed samples are subject to F1 direction, 

the tensile stress at the bottom of the prism is perpendicular to the weak joints between 

adjacent layers and this is where the material is weakest, so cracks are prone to initiate. 

Therefore, the samples exposed to F1 direction loadings performs the worst bending 

capacity. The fracture status of a printed sample is shown in Figure 6.20 , which indicate 

brittle failure of the layers and such fracture properties can be improved by adding micro 

fibers in the mixture design as demonstrated in [234].    
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Figure 6.19 The effect of loading direction on flexural strength of geopolymer mortar 

 

 

Figure 6.20 The failure status of geopolymer mortar 

 

The results of directional tensile strengths of one-part geopolymer were averaged and 

shown in Figure 6.21. Unlike compression test, the layer direction has a significant effect 
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on the 28 days strength. Test direction F2 is the weakest among all since in this direction 

the layers are pulled off each other and depending on the inter-layer bond strength, the 

samples failed on the interface.  
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Figure 6.21 The effect of loading direction on tensile bond strength of geopolymer mortar 

 

It is important to point out that few studies in the past have investigated directional 

mechanical strengths of 3D printed samples and these results are difficult to compare at 

this moment due to lack of standard measurement procedure. Some researchers used    

cylindrical shape instead of cube and most interestingly, due to change is sample size the 

complete process of 3D printing the sample changes. In some cases, 40 mm width layers 

were printed, and some reported the strength by extruding two 20 mm layers next to each 

other for producing the 40 mm width. Therefore, the standardization should be subject 

of research to determine the most appropriate approach of testing 3D printed concrete. 
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6.3.3 Effect of time gap between layers 

Similar to the time gap study in section 6.2.3, one-part geopolymers were subjected to 

different time delay such as 0, 5,10 and 15 minutes before placing the second layer. The 

results obtained from the time interval test (Figure 6.22) indicate that the average bond 

strength decreases with increase in time gap and the standard deviation is quite variable, 

as expected for layered extrusion process.  
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Figure 6.22 The effect of time gap on tensile bond strength of geopolymer mortar 

 

All specimens with a time gap 15 minutes failed at the interface owing to lack of adhesion 

which can be explained by their structural build-up rates obtained from yield stress. The 

lack of adhesion was understood by adhesive failure, whereas the strong interface was 

dictated by a mixed (adhesion + cohesion) failure. Tay et al. [151] has recently reported 

increase in elastic modulus of first deposited layer is the origin of poor adhesion as 

increase in stiffness prohibits the inter mixing of the layers and sometimes, pressing of 

layers might be useful depending on extruded concrete rheological properties.   
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To envisage the effect of nozzle SD on inter layer bond strength of geopolymer, one-part 

geopolymer and (SF modified) liquid silicate activated geopolymer were printed as per 

the experimental plan shown in Figure 6.14.  The main findings from the results confirms 

37.5% increase in bond strength only for one-part geopolymer but SF modified 

geopolymer did not show any improvement when the second layer was added after 10 

minutes time gap. 
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Figure 6.23 The effect of nozzle standoff distance on bond strength of geopolymer mortars 

  

One-part geopolymer, as mentioned in the previous chapter has highest thixotropy among 

all modifications of the geopolymer and therefore pressing of layer by reducing the SD 

(20 to 15 mm) is improving the compaction and inter-mixing the layers, similar to 

distinct-layer casting of SCC [235].  However, in case of liquid silicate activated 

geopolymer negligible or almost no impact was observed except spreading of layer width 

due to viscous nature of liquid silicates. Usually geopolymers activated by liquid silicate 

behaves as soft material, which can be easily deform when extruded on the print bed. 

Therefore, effect of pressing has minimal impact on inter layer bond strength. Pressing 
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of layers or reducing the SD has another advantage which was recently addresses by 

Nerella et. al. [154]. The authors have claimed that the smaller interface pores can be 

easily filled with hydration products as shown in Figure 6.24. This self-healing is not 

always helpful, and it depends on the reactivity of the material that controls growth of 

the reaction products. Despite material property, the pores at the interface can be reduced 

by pressing the layer and the bond will be stronger with hydration products. 

 

Figure 6.24 Examples of a) partial self-healing and b) only partial filling of large separation 

with hydration products [154] 

 

6.4 Early age mechanical properties and large-scale printing of fly 

ash-cement mortar 

 

In this section, a case study of large-scale 3DCP was demonstrated while understanding 

the effects both process parameters and material early age mechanical properties. 

Alternative to static yield stress, compressive green strength and young’s modulus 

(stiffness) were used to study the deformation behaviour of fresh concrete and 

accordingly build height was limited. Based on maximum allowable height, the part 

design was splitted and later the printed parts are assembled together to form a larger 

object.  
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6.4.1 Material green strength evolution  

In order to study the deformation behaviour of fresh concrete, compressive green strength 

test was carried out using the control HVFA mortar and subsequently, the material 

stiffness was compared with the developed SF and NC modified mix (5NC +2.5% SF). 

Figure 6.25 shows the force-displacement (F-d) curves for concrete age t = 5 to 150 mins. 

It is clearly noticed that the load initially increases approximately linearly as the vertical 

displacement increases. After this initial path, the increment of loading decreases as 

deformations grow. The younger specimens (i.e. t = 5, 30, and 60 min) show an increment 

in load with increasing deformations, up to a certain plateau. The older specimens (i.e. t 

= 120 and 150 min), on the other hand, show a load decrease after the initial peak, again 

to a certain limit. This difference in behaviour is attributed different material failure for 

e.g. a distinct failure plane is observed for older samples whereas younger samples fail 

by barrelling effect as shown in Figure 6.26 [148,236].  
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Figure 6.25 Load - deformation (F-d) diagram of fresh cement mortar age t=0 to 150 min 
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Figure 6.26 Typical failure modes of fresh cement mortar at (a) t = 30 min (b) 150 min 

 

The compressive green strength was defined for each test as the maximum occurring 

stress after area correction and later, it was compared with yield stress of control mix 

obtained from the rheology test. Figure 6.27 shows the comparative results of green 

strength and static yield strength of control mix mortar at different time intervals ranging 

from 0-150 mins. It is clear that the yield stress evolution with time can be considered as 

linear for initial 30-40 mins and then it exponentially increases which can be explained 

based on Roussel linear model and Perrot et al. model [181]. In the early age (dormant 

period), yield stress of cementitious material increases linearly with time due to 

flocculation and C-S-H bridging [136], however after the dormant period, hydration 

occurs at faster rate due to ongoing chemical reaction which is reflected in terms of 

exponential rise of static yield stresses. Similar to yield strength evolution, green strength 

also increased with time, which was as expected for thixotropic fluids.  
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Figure 6.27 Co-relation between yield stress and green strength of the control mix 

 

6.4.2 Strength based stability of the layers 

Following the green strength measurement, the F-d curve was translated into stress-strain 

curve to obtain the young’s modulus. An optics-based method was used to measure 

vertical and lateral deformation (See Chapter 3), since the fresh concrete was very 

sensitive to deformation by any kind of physical attachment of measuring devices. The 

newly measured deformation was used to calculate true stress and strain and the outcome 

is shown in Figure 6.28. Figure 6.28 (a) shows the load vs deformation curves for both 

control and modified HVFA mixes which were converted to stress-strain diagram in  

Figure 6.28(b) after cross section area correction as described in section 3.3.4. The slope 

of the curve represents stiffness (Young's modulus “E”) of material, indicating the 

modified mix (E = 0.06 MPa) has higher stiffness compare to control mix (E = 0.03 MPa) 

and therefore, it is expected resist more deformation by the loads of layers on top of it.  
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Figure 6.28 (a) Load-deformation (b) stress-strain curves of control and modified HVFA mixes  

 

The effect of high stiffness property of modified mix is reflected in Figure 6.29, and it is 

very clear that the control mix material under goes elastic deformation after deposition 

of few layers and suddenly the bottom layer experienced plastic deformation which 

caused the entire structure to collapse before placing of the 10th layer. On the other hand, 
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the modified mix printed successfully up to 20 layers with very slow elastic deformation 

and on the placement of 21st layer, the whole structure started to collapse due to similar 

plastic deformation of the bottom layer.  

 

Figure 6.29 Progressive buildability performance of control (left) and  

modified HVFA mixes (right) 

 

In light of above results, it is thus conformed that the layer deformation during concrete 

printing is an indication of low stiffness of material, which has been improved in this 

study by adding NC and SF to the control HVFA mortar. Two competing time dependent 

processes determine structural failure of a printed object: (1) the increasing green 

strength and (2) stiffness by thixotropy. The role of NC for improving the early age 

mechanical properties can be thought of due to flocculation or thixotropy effect, which 

has been already discussed in Chapter 4.  
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6.4.3 Design and demonstration of 3D printed portable toilet unit 

In order to print 3DCP structure, a portable toilet was designed and manufactured in this 

study using the 3D printing facility of the NTU, Singapore. Despite the capability to print 

large scale structures, design of the toilet unit was challenging due to maximum height 

limit of the 3D printer. The first conceptual design of the toilet is shown in Figure 6.30, 

which spans 1030 mm long and 1800 mm tall. The total build height was out of the print 

box and therefore, it was decided to print the full structure in multiple sections that can 

be later assembled on the construction site.  

 

 

Figure 6.30 Initial design of portable toilet using modified HVFA mortar 

 

The modified HVFA mortar was used to print the toilet and a small calculation was done 

using Eq. (3) to find the allowable buckling limit [136] the structure.  
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                                             HC = √
2𝐸𝑤2

3𝜌𝑔

3
                                            (3) 

where E is the elastic modulus of the material, 𝜌 is the density of fresh mortar and w is 

the width of the extruded filament. To verify the estimated limit, the toilet was printed 

up to 22 layers, but unfortunately, no buckling effect was observed which underestimates 

the results reported in another study [136]. This observation can be explained because of 

geometry/shape effect of the toilet that allows higher inertia for same material volume. 

An example supporting this fact is shown in Figure 6.31, which was originally designed 

by contour crafting systems and now mostly used in 3D printing wall elements.  

 

Figure 6.31 The shape adopted by (a) conprint3D and (b) contour crafting to enhance the 

 buckling effect [154,7] 

 

After deposition of 48 layers, the vertical wall found to be collapsed side wise and such 

failure was initially thought to be a structural failure. However, a close look at the bottom 

layer cross section area revealed small deformation (squeezed layer) which could be due 

to the insufficient green strength of the material.  Due to lack of required strength, the 

bottom layer might have supressed causing instability in the structure and when more 

layers were deposited it collapsed in buckling. It was very difficult to identify the proper 

failure mechanism as the phenomena was instantaneous and was not recorded for 
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analysis.  Therefore, the toilet was divided in to three parts, each consisting 48-50 layers 

(approx. 600 mm each) while understanding the maximum build height limit. The corner 

radius was maintained at 60 mm as it was found to be smooth and crack free in the 

previous section. Print speed and pump flow rate was maintained at 80 mm/sec and 0.83 

lit/sec.  

With these above settings, finally the three parts of the toilet were successfully printed 

and assembled as shown in Figure 6.32. However, for the ease of logistics, there was no 

material in the interface between the three parts for adhesion. Only after installation, 

cement grout was used to join it, with additional decoration features such as solar lamp, 

roof and the door.  The cement grout was made by mixing PC with 40% tap water and 

injected into the joints using a grout gun. After 24 hours of ambient curing, steel frames 

carrying PVC roof system were inserted from top of the toilet. A semi flexible solar panel 

(30W,12V) was installed on the roof top by fastener and bolts for providing lighting 

facility in remote rural areas.  

 

 

Figure 6.32 Snapshots of 3D concrete printed modular toilet unit 
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6.5 Early age mechanical properties and large-scale printing of 

geopolymer mortar 

 

The early age mechanical strength of one-part geopolymer was analysed for concrete age 

t = 5 to 60 mins and results are shown in Figure 6.33(a). Due to rapid hardening 

properties, a distinct shear failure was noted to be around 60 minutes which is confirmed 

from the deformation image under uniaxial compression test (Figure 6.33(b)).  

 

 

Figure 6.33 (a) Load - deformation relationship of fresh geopolymer mortar (b) Shear failure of 

fresh geopolymer mortar at age t= 60 mins 

 

For stiffness (E) calculation, the 5-minutes load-deformation graph was first converted 

in to stress-strain plot (Figure 6.34) that indicates the material resistance to deformation 

in the fresh stage. The E-value of the one-part mix was found to be 1.06 MPa, which is 

17 times higher than the modified HVFA mortar. Such significant increase in stiffness 

will allow more layers during 3DCP without deforming the bottom layers. Since one-

part geopolymer contains higher amount of angular GGBS particles, it seems that internal 

friction or cohesion of the material mostly influences the green strength via interlocking 

of the particles. Similar phenomenon was also observed in another study by Hüsken and 
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Brouwers, where angular quartz flour lead to maximum green strength due to 

interlocking effect when compared with spherical FA particles. The study also concluded 

that the green-strength of a fresh concrete is a result of internal friction and adhesive 

forces, among which internal friction has a larger impact than adhesive forces.  
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Figure 6.34 Stress-strain relationship of fresh geopolymer mortar for t = 5 mins 

 

Despite higher E value, rapid structural build-up of geopolymer limited the material 

usages for large scale printing. The use of batch mixing leads us to re-design the part 

possible 3D printing within 60 minutes from mixing geopolymer with the activator. The 

modified part design is shown in Figure 6.35, where the total height remains same (i.e 

1800 mm) except the changes in length and width of the part.  

Unlike HVFA mortar, structural build-up of the geopolymer was noted to be much faster 

and therefore, the full height was divided into two parts only: each 900 mm length based 

on maximum height of the 3D printer. The decision of splitting was never based on 

material buildable limit since the one-part geopolymer exhibits much higher stiffens 
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compared to HVFA mortar and due to rapid chemical reaction, it can harden faster thus 

eliminating the fear of buckling (structural) failure as reported in few recent publications.    

 

 

Figure 6.35 Re-design sketch of the toilet unit for geopolymer 3D printing 

 

Finally, as a word of caution before generalizing the results of the present study, it is 

important to note that the suitability of the proposed part design for large-scale 3D 

printing and test methods to understand material early age behaviour are strongly 

dependent on the chemical composition of the mixture and equipment (material delivery 

system, 3D printer build volume) used to measure the properties. Any change in either 

of these may result in different conclusions and accordingly, material design can be 

benchmarked for the target application. 
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6.6 Conclusions 

This study investigated the effects of process parameters and directional mechanical 

properties of 3D-printed mortars. The key findings are as follows: 

• Although 3D printing seems to imply that any digital design can be produced independent 

of process planning, this does not apply for extrusion based 3DCP. There are several 

limitations in terms of manufacturing constraints (i.e. due to material behavior) that are 

not included in commercial CAD software. An interdependent relationship between 

process parameters, material and part design was found, which was even more 

pronounced for different material formulations. 

 

• The filament thickness was influenced by the proper selection of print speed and flow 

rate, whereas there was a need for minimum radius of curvature with proper speed and 

layer height to avoid the outer edge cracking or excess material deposition at the corners.  

 

 

• The 3D printed samples exhibited anisotropic mechanical properties due to the layer wise 

deposition of concrete filaments.  This layering effect was found to be more significant 

in flexure and tension, however in compression, the final strength was almost equal to 

the strength of cast samples. The printed samples were also affected by the time gap 

allowed between each layer.  

 

• Observations on the large scale 3DCP indicated that depending on material properties, 

the design of each part needs to be tailored for maximizing the benefits of 3D printing. 

A low viscous (thixotropic) and fast-setting printable concrete would be an ideal choice 

for large-scale concrete printing projects. 
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Chapter 7 Conclusions and suggestions for future work 

7.1 Conclusions 

The overall aim of this research was to design and evaluate 3D-printable fly ash (FA) 

based sustainable binders through a detailed investigation of rheological responses that 

are influential in ensuring extrudability and buildability. This was performed via 

formulating two different binders involving fly ash-cement and geopolymers; and 

investigating the effects of key parameters such as mix design, process parameter and 

part design. The conventional mix designs were amenable to extrusion‐based 3D printing 

via the modification of their rheology through the use of viscosity modifying agent 

(VMA) or a combination of VMA and supplementary cementing materials (SCMs). The 

prepared mixtures were proportioned to improve the thixotropy (i.e. structural 

breakdown and recovery) and structural build-up rates essential for large scale 3D 

concrete printing (3DCP). The hydration process was analyzed via the use of isothermal 

calorimetry. The compressive, flexural and tensile strength measurements were executed 

to assess the mechanical performance of the modified mix designs. Additionally, 

microstructural analysis was performed via XRD and FESEM to study the changes in 

sample structure and composition. 

The main conclusions drawn from the performed study are elaborated in the following 

sections: 

 

7.1.1 Rheological requirements for 3D printable fly ash-cement mortar 

(a) Based on experimental findings reported in the Chapter 4, the high-volume fly 

ash-cement (HVFA) mortar is a printable material. Due to thixotropic property of 

Portland cement (PC), the resultant mixture of FA and PC is easily extrudable 

with high shape retention property. In fact, the use of high-volume of FA makes 

the material more flowable without the need of any superplasticizer.  
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(b) The main challenge of the HVFA material was the slow (early-age) strength 

development that limits the buildability of the printed structures. Therefore, a 

very small amount (< 1%) of nanoclay (NC) was added to improve the early-age 

mechanical properties via enhancing the thixotropy at microstructure level. The 

effects of NC on thixotropy was tested for the first time with different shear rates 

and shearing time and it was found that compared to the control, the NC added 

mix has the potential to stabilize the viscosity recovery even after strong shearing 

for a longer time.  Nevertheless, the effect of NC was not significant in increasing 

the strength gain rate (structural build-up), which is more controlled by the 

hydration reaction.  

 

(c) To increase structural build up rate and avoid strength-based part failure, silica 

fume (SF) was further added to the NC modified mixture by replacing 0-5% of 

the FA while keeping the water-to-binder ratio constant. The addition of SF 

accelerates cement hydration attributed to the enhanced heterogeneous nucleation 

of the main hydration product, i.e. C−S−H, on the extra surfaces provided by SF. 

The synergetic effects of the NC and SF were found to be improve both early age 

mechanical properties and strength development rate, which is one of the required 

properties of 3D printable materials.  

 

(d) In order to demonstrate the proposed criteria and mix design are suitable in 

practice, a large-scale printing was carried out using the final modified HVFA 

mortar. The mechanical property of the modified mix was found to be notably 

higher than the control mix, due to formation of pozzolanic C−S−H by SF 

reaction with portlandite present in the system. 

 

 

 

 



181 
 

7.1.2 Rheological requirements for 3D printable geopolymer mortar 

(a) Unlike HVFA mortar, FA based geopolymer does not possess thixotropic 

behaviour due to lack to colloidal interactions and the rheological response was 

found to be very complex. Therefore, a series of mixtures that are amenable for 

3D printing were developed through the use of SCMs and VMA including slag, 

SF and NC.  

 

(b) When alkaline activators were used in lieu of water, the yield stress of the 

geopolymer mortar decreased, and the cohesiveness increased, similar to the use 

of a superplasticizer in conventional PC systems. The yield stress and viscosity 

was observed to increase with molar ratio (MR) following the change in activator 

viscosity with MR. Experiments on activator-to-solids ratio shows that the 

resultant viscosity of geopolymer is strongly influenced by the viscosity of 

activator solution whereas yield stress is more controlled by particle packing and 

in this regard, addition of SF was found to increase the yield stress which is 

reflected in the improved shape retention of the extruded filaments. SF can 

improve the flow properties by improving the particle packing of the constituents 

due to finer size and 10% SF was noted to be the optimum dosage to satisfy 

extrudability. 

 

(c) Due to limited buildability of the SF modified geopolymer, NC was introduced 

in the mix design for the first time to improve the thixotropic property. The effect 

of clay addition changed significantly, based on water-to-solid ratio and 

activator-to-binder ratio used to produce geopolymer binders. Increasing the 

activator dosage was found to nullify the thixotropy effect of the clay, and in this 

regard, activator-to-binder ratio 0.35 and water-to-solid ratio 0.30 were found to 

be an optimum combination at 0.5% (mass of binder) clay addition.  
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(d) Powder-based activator was also used in this study for the first time to formulate 

printable geopolymer, so called one-part geopolymer. The rheological 

performance of one-part geopolymer was similar to HVFA mortar, which is 

completely different from conventional (liquid based) geopolymer. Therefore, 

this mix design was used in large scale printing with some modification in the 

part design. The modification was done in accordance with structural build rate 

of the geopolymer which is much faster than HVFA mortar. However, due to 

incomplete dissolution of silica from the powder silicate, the 28 days compressive 

strength was found to be reduced, which is further confirmed by FTIR analysis. 

 

7.1.3 Mechanical properties of 3D printed mortars 

(a) The mechanical property of the 3D printed mortar is not only an outcome of 

material used but also affected by the printing parameters. A well printed 

structure with proper nozzle size, print speed and material selection can result 

compressive strength similar to casted specimens. However, the influence of 

loading direction is more significant in flexural and tensile test.  

 

(b) Inter-layer bond properties which is unique of 3DCP, was found to be notably 

affected by thixotropy of the material and the time gap between the layers. The 

average bond strength of printed samples was noted ~80% of the casted strength 

depending on the material build up rate and viscosity of interstitial fluid, that 

control the moisture loss from the surface. Due to viscous nature of liquid silicate, 

higher bond strength was observed in geopolymer compared to the HVFA mortar.  

 

Finally, as a word of caution before generalizing the results of the present study, it is 

important to note that the suitability of the proposed test methods to characterize printable 

materials depend on the chemical composition of the mixture and equipment used to 
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measure the properties. Any change in either of these may result in different conclusions 

and accordingly, the material design can be tailored for 3DCP application. 

 

 7.2 Recommendations 

 

The civil engineering is facing today a digital transformation linked to the 

implementation of different digital technologies including 3DCP. Despite the continuous 

progress, there are still no official standards for the assessment of 3D printed structures. 

This will certainly hinder the widespread application at a larger scale and hopefully; the 

findings and recommendations of this work will able to solve some of the important 

issues of 3DCP that need to be addressed in the future work. 

(a) Many of the previous studies focuses on PC based binder while formulating 

printable mixtures and only a few recent journal articles involve the use of 

geopolymer in their mix compositions. The research direction of future studies 

should be towards the utilization of more sustainable materials (printable) in 

building applications. To maximize the benefit of rapid hardening like 

geopolymer, an in-line or continuous delivery system should be used instead of 

batch mixing, where the material can be mixed and deposit simultaneously. This 

will eliminate the difficulties in pumping due to change in material stiffness with 

time.  

 

(b) Despite the need of high thixotropic material in 3DCP, pumping was found to be 

challenging for highly thixotropic NC and SF modified mix design. Therefore, 

the current mix design (blue line) can be further improved with addition of 

polycarboxylate ether superplasticizer (PCE), which will help in pumping via 

decreasing the dynamic yield stress and after deposition, the NC can effectively 

increase the yield stress by agglomerating the microstructure (flocculation). A 

schematic diagram for such material modification (red line) is shown in Figure 
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7.1. The thixotropy of such modified formulation can be analysis with 

“characteristic time” parameter, which is not considered in this thesis.   

 

 

Figure 7.1 Schematic of material modification for extrusion-based 3DCP. Note that the shaded 

area is favorable for 3DCP after filament deposition.   

 

(c) Since the time gap between the layers is a critical parameter in 3DCP process, 

there is a need of estimating a “critical time gap” considering thixotropy and 

thickness of the deposited layers. The critical time gap will allow to deposit the 

layers without causing cold joint problems which is reported in many published 

and unpublished literatures. Moreover, the effects of material compositions can 

be studied in future with different time gap and curing ages to reveal more 

information on the interface properties.  

 

(d) Compared to the liquid activator, 3D printing of powder based geopolymer had 

reduced mechanical strength due to incomplete dissolution of silicate in ambient 

temperature. Future work can be carried out to enhance the solubility of powder 

activator by pre-heating it just before mixing with the binders. In addition, the 

anisotropic mechanical property of the printed concrete can be modelled to 
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understand the deformation and fracture properties under different loading 

conditions and able to optimize where necessary.  

 

 

(e) The findings presented in this study have shown that the 3D printed mortars are 

not suitable for structural applications due to lack of ductile failure behaviour. 

Despite of recent approaches to increase the ductility of printed concrete by the 

use of microfiber, metal cable, post-tensioning rebars, the future application 

could be producing different fiber distribution in different layers, following the 

principle of functionally graded materials (FGM). 3D printing of FGMs would 

optimize the material usage and provide multi-functionally features for structural 

applications in building construction. 

 

The obtained results so far have established a pathway towards understanding the 3D 

printability of fly ash based sustainable materials and continuation of this research in the 

directions listed above will enable the end users to adopt a new digital technology, so 

called 3D concrete printing, with lower environmental impacts and better productivity.  
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