Set-on-demand approaches for geopolymers in concrete 3D printing
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Abstract: Buildability in concrete 3D printing (C3DP) is governed by yield strength growth rate of the mix.
However, mix with high yield strength growth rate exhibits low pumpability and extrudability (discontinuous
extrusion or blockage). Set-on-demand printable mixes ensure smooth transportation of the mix to the print
head (pumpability) and rapid placement of the layers without failing (buildability). This enables long printing
time as well as faster construction rate which altogether increase the productivity of C3DP. Current
approaches to attain set-on-demand concrete for 3D printing applications are focused towards cementbased mixes, that are widely infamous for its negative environmental impacts. This study review approaches
investigated by the authors to attain on-demand setting of the geopolymer (cement-free) concrete for 3D
printing applications.
Keywords: Buildability, Alkali activated Binders; Yield strength; Digital fabrication; Additive manufacturing;
Rapid setting concrete.
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Introduction

Concrete 3D printing (C3DP) is an upcoming technique that drives construction automation and provides a
unique platform to integrate various fields such as architecture, material, civil, robotics etc. C3DP possess
many advantages over traditional construction in terms of cost, sustainability and work safety. It is reported
that C3DP increases productivity by 50 - 80% and reduce material usage by 30 - 60% when compared to
traditional construction practices [1, 2]. C3DP process can be divided into three major stages: (1) Mixing:
Concrete of required properties are prepared at this stage after precisely measuring the constituents. (2)
Pumping: Fresh concrete after mixing is transported to the print head for placement (3) Building: Sequential
placement of the concrete layers, one over the other until required height and shape is achieved. Failure
while building is caused due to plastic collapse, elastic buckling or a combination of both [3]. Plastic collapse
occurs when the placed layer/s fail to sustain the load from subsequent layers while printing. To avoid plastic
collapse, the strength gain of the concrete which is usually referred to as evolution of yield strength with
time should be sufficiently higher than the applied normal stress rate from the subsequent layers. It can be
achieved either by accelerating the yield strength growth rate of the mix or by reducing the printing rate. As
the latter method negatively affects the productivity of C3DP, approaches to accelerate the yield strength
growth rate of the mix is preferred. On the other hand, the buckling failure is related to the stiffness of the
concrete. Interestingly, a positive relationship can be derived between the stiffness and yield strength of the
concrete as reported by Muthukrishnan et al [3]. Therefore, it can be concluded that with the acceleration in
yield strength growth rate, the buildability and corresponding productivity of C3DP can be enhanced.
Mostly, the yield strength growth rate of the concrete is accelerated by using additives at the mixing stage
[4, 5]. However, rapid growth in the yield strength reduces the pumpability of the fresh concrete, thus limiting
the buildability enhancement one could achieve by this method. Therefore, researchers have developed a
new method where retarded concrete with relatively higher open time is pumped to the print head and gets
activated shortly before the placement. This method is termed as set-on-demand in C3DP and with this
approach, the productivity of the 3D printing can be enhanced without affecting the pumpability of the fresh
concrete [3]. Activation of the concrete shortly before the placement is usually achieved by injecting setaccelerators at the print head [6]. Here, the uniform dispersion of the accelerator to the fresh concrete within
the short residence time (inside the print head) is essential for the required buildability enhancement. This
is achieved by utilising static and dynamic mixers [7].
Meanwhile, a conventional 3D printable mix contains high cement content when compared to the
mixes used in other construction practices. Therefore, researchers have replaced cement with sustainable
material like fly ash, ground granulated blast furnaces lag, rice husk ash etc to develop an eco-friendly mix
[3-5, 8]. Geopolymer is one of such mixes that are prepared by completely replacing cement with sustainable
materials which are activated using alkaline compounds to provide properties like that of cement. Many
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studies have integrated geopolymers to 3D printing and have developed sustainable printable mixes [5, 9,
10]. Moreover, some of these mixes mimics the preparation as that of cement-based mixes (one-part
geopolymers) to provide easy implementation in large scale [5]. However, studies on attaining on demand
setting of geopolymer mixes for enhanced buildability is sparse in current literature. Most likely, it is due to
the incompatibility of the chemical admixtures towards geopolymer system which makes it difficult to
regulate the rheology of the mix, during pumping (retardation) and building (acceleration), required to attain
on demand setting. However, few studies have performed feasibility analysis on utilising microwave heating
to attain set-on-demand geopolymer concrete for 3D printing [11, 12]. This paper aims to report the key
outcomes of set-on-demand geopolymer printable concrete using microwave heating and other approaches
investigated by the authors. This includes details on the print head development, optimum operating
parameter and properties of the concrete after the placement.

(a)

(b)

Figure 1. (a) 9.5 meters tall and 640 m2 3D printed two story building constructed with 60% less
material wastage, 50% less workforce and 60% less construction cost [13]. (b) 2.7 m long
articulated columns constructed within 2.5 hours using set-on-demand 3D printed mix by ETH
Zurich [14]. Pictures were reproduced from [13, 14].

2 On demand setting by microwave heating
2.1 Overview
In this method, the microwave heating is applied shortly before the placement to accelerate hydration
reaction that in turn enhances the yield strength development of the fresh concrete. In contrast to
conventional heating (oven), microwave heated samples exhibit inverse temperature profile. That means,
the temperature is highest at the middle (core) and reduces as we move outwards. Moreover, during
volumetric heating, a temperature difference is obtained between the core and surface of the fresh concrete
cooled by convective heat transfer. This results in a dielectric loss that governs the conversion of
electromagnetic energy to thermal energy, to be higher in the hotter region (core) than in colder region
(surface). This in turn leads to faster heating at the core than at the surface of the fresh concrete. This effect
of microwave heating is beneficial of 3D printing application, as the core of 3D printed filament requires to
be strong to sustain the weight from subsequent layers, whereas the surface needs to be soft and malleable
for enhanced overlapping of the layers (interlayer bond strength).

2.2

Key outcomes

In this study, one-part geopolymer concrete after mixing was extruded into 1.5m long filaments with a cross
section of 25 mm (L) x 15 mm (W) using a lab scale 3D printer. After the extrusion, each layer was
transferred into a domestic microwave oven operating at a frequency of 2.45 GHz and a power of 1200 W.
The layer was then heated for a specific duration, i.e., from 0-20s and was removed from the oven and
placed on the print platform for 1 minute. During this time, another layer was printed and heated in the
microwave oven for the specific duration. The newly heated layer was then gently placed on top of the
previous layer on the print platform to build 3D printed specimens for testing. As expected, with the
increment in the microwaving duration, the strength of the filament increases thus the buildability. However,
the enhancement in the buildability was limited by the interlayer bond strength. It was found that, with the
increment in heating duration from 0 – 10s the interlayer bond strength of the 3D printed increases, however
further heating showed detrimental effect on its strength (Figure 2 (a)). Authors reported following reasons
for the drop-in bond strength, when the heating duration was > 10s [11]:

1. Rapid increment in the stiffness of the filament: During microwave heating, the stiffness of the
filament increases with the heating duration (Figure 2(b)). It was found that, for 20s of heating, the
filament was hardened and showed negligible deformation under the vertical load, which in turn,
resulted in inefficient overlapping between the filaments due to low malleability and produced
structures with low interlayer bond strength.
2. Reduction in surface moisture content: While high surface moisture results in porous interlayer due
to evaporation of water, very low surface moisture is also detrimental of the interlayer bond strength
due to the corresponding loss in the malleability. With an increment in heating duration from 10s to
20s, a significant reduction in the surface moisture content of the extruded filament was determined
by the authors. It was found that 71% of the initial moisture content (heating duration = 0s) was lost
during heating for 20s.
3. Total mass loss: Usually, loss in the weight of printed specimens with time is related to pore
formation that maligns the strength of the concrete. Here, the weight loss was related to interlayer
bond strength as the heat and mass transfer becomes prominent at the interlayer due to the heating
and construction technique (layer by layer). It was found that, printed specimens obtained by
sequential placement of microwave heated filaments for 20s showed fastest loss in the total weight
1 by the control (heating duration = 0s).
followed
In conclusion, a heating duration of 10s was found to provide optimised properties for enhanced buildability
and interlayer bond strength. Interestingly, at this duration the heat provided
by the microwave radiation
Weak bond
2CO3 deposit
was effectively used to accelerate polymerisation reactionNainstead
of the reducing the surface and total
moisture content [11].
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Figure 2. Effect of microwaving duration on (a) interlayer bond strength and (b) elastic modulus of
the printed filament. Microscopic images of the interlayer at (c) 10s and (d) 20s of heating. Images
were reproduced with permission from [3, 11].

2.3

Print head design

Once the optimized microwaving duration was determined, a print head as shown in (Figure 3) was
developed for large scale printing operation. The microwave attached to the print head can be divided into
two systems, (1) The large component consisting of transformer, cooling and control system that remains
stationary while printing and (2) Portable component consisting of magnetron, cooling system and
waveguide cavity which is attached to the moving print head to continuously heat the extruding concrete.
Both the components were connected using a flexible and highly conductive wire known as umbilical cord.
The microwaving zone was designed to ensure the residence time of the concrete is approximately 10 s.
Moreover, the inner surface of the quartz tube that transports the concrete through the microwaving zone
contains indents and baffles for uniform distribution of the applied heat.

Figure 3. Print head used to attain on demand setting of the printable concrete for enhanced
buildability. Image was reproduced from [3].

3 Activation of the geopolymer mix at the print head
3.1 Overview
In the case of microwave heating, the buildability of concrete is enhanced by thermal energy provided by
the microwave radiations. It is important to note that these radiations do not possess any intrinsic properties
to enhance concrete’s yield strength. For instance, microwave heating accelerates reaction kinetics, but it
does not initiate chemical reactions responsible for yield strength development. Therefore, for enhancing
buildability of concrete using microwave heating, it requires the geopolymer concrete to be activated before
reaching the print head. This could raise a serious issue for printing processes that require geopolymer
concrete to have long open time such as during intermediate stoppings or delays while printing. In addition,
the application of set-retards to extend the open time of geopolymer concrete is limited. Meanwhile, the
geopolymer mix without the activation exhibits significantly high open time and smooth pumping. Therefore,
attaining on-demand setting of the geopolymer concrete by activating the mix at the print head would allow
long printing operation with intermediate stoppings. This could be achieved in the following ways:
3.1.1

Activation of geopolymer slurry at the print head.

In this method, a slurry consisting of geopolymer precursors and water is activated at the print head with
alkaline solution to attain on demand setting of the extruded concrete. This is achieved by dissolving the
reactants from the geopolymer precursors to the pore solution, that remains inactive until it reaches the print
head. Ground Granulated Blast Furnace Slag (GGBS) is rich in calcium oxides that have good solubility in
water. These calcium oxides after dissolution remains as cations (Ca2+) in the pore solution that are
activated using alkaline solutions rich in silicate anions at the print head to form calcium silicate hydrate
(CSH) network. Rate of formation of CSH network governs the shape retention of the extruded geopolymer
concrete and its yield strength growth rate (buildability).
Previous studies have reported that a combination of GGBS and Fly Ash as binders enhances the strength
development of the geopolymer concrete [15, 16]. While Fly Ash provides nucleation sites for the CSH

formation, it also improves the rheology of the concrete for 3D printing [5, 15]. But excess fly ash reduces
the amount of GGBS in the geopolymer mix, that eventually results in lower supply of calcium ions to the
pore solution. Therefore, the amount of fly ash was varied from 0-50% to investigate the effect fly ash dosage
on yield strength development of geopolymer concrete. It was found that up to 20% replacement of GGBS
with FA, the yield strength development rate of the geopolymer concrete increased with the increment in FA
dosage. However, further increment in the fly ash dosage retarded the formation of CSH network and
reduced the yield strength development rate of the concrete (Figure 4(a)). Other parameters such as mixing
time of the geopolymer slurry, residence time of the slurry at the print head during activation and water
content were also investigated to obtain optimized mix design and operating conditions for set-on-demand
geopolymer concrete (Figure 4). Yield strength evolution of the geopolymer concrete was determined using
continuous penetrometer. The experimental setup and sample preparation is explained elsewhere [17].
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Figure 4. Effect of (a) Fly ash dosage (b) mixing time of geopolymer slurry (c) residence time of
geopolymer concrete at the print head during activation and (d) water to binder ratio on the yield
strength development of geopolymer concrete.

3.1.2

Near nozzle (print head) mixing of rapid setting geopolymer concrete

From the previous method, it was found that the preparation of cohesive geopolymer slurry requires at least
0.45 kg water per kg of binder. Moreover, it requires liquid activator to binder ratio of 0.35 to achieve rapid
setting of geopolymer concrete after the deposition. Therefore, during activation, the total water content of
the geopolymer concrete reaches around 0.7 kg per kg of the binder. A study has reported slag based
geopolymer concrete to show negligible compressive strength at 28 days due to high water to binder ratio
(>0.55) [18]. Therefore, a new method was studied, where dry ingredients (binders, aggregates etc.) were
transferred to the print head and activated using liquid activators (Figure 5) [17]. With this method, a rapid

setting geopolymer concrete was obtained with a water to binder ratio of 0.4 and compressive strength of
~60 MPa at 28 days.
This study was conducted in three stages:
1) Identification of optimized mix design for rapid setting geopolymer concrete: It is known that silicate
modulus of the activator solution governs the strength development rate of the geopolymer
concrete. Therefore, in this stage, silicate modulus was varied from 0.34 to 2.15 to investigate its
effect on the yield strength development of the fresh geopolymer concrete. It is important to note
that the mixing duration after the addition of activator solution was kept identical for all the mixes at
1 minute. It was found that up to a silicate modulus of 0.54, the yield strength growth rate decreased
with the increment in silicate modulus. However, further increment in the silicate modulus
exponentially increased the yield strength development rate (Figure 5 (c)). Finally, it was concluded
that a mix with a silicate modulus of 2.15 exhibited properties in the fresh and hardened state that
are suitable for set-on-demand geopolymer concrete for 3D printing application.
2) Selection of mixing regime: While sodium hydroxide is highly soluble in water, it also evolves heat
during dissolution. This heat can be used to further enhance the yield strength development of the
geopolymer concrete. Therefore, two mixing regimes were tested in this study. In this first mixing
regime, dry ingredients (binders, aggregates etc.) were activated at the print head using a
combination of liquid sodium hydroxide and sodium silicate solution. In the second regime, solid
sodium hydroxide was pre-mixed with the dry ingredients and the binders were activated at the print
head using liquid sodium silicate solution. It was found that although the heat evolved during the
dissolution of sodium hydroxide enhanced the yield strength growth rate, it reduced the compressive
strength of the geopolymer concrete at 7 and 28 days.
3) Operating parameters of the inline dynamic mixer: With the optimum mix design and mixing regime
identified for set-on-demand geopolymer concrete. The feasibility of the proposed method was
evaluated using a customized in-line dynamic mixer as shown in Figure 5(b). The effect of mixing
speed and time of the dynamic mixer was evaluated on the yield strength development rate of the
geopolymer concrete as shown in Figure 5(d). It was found that mixing energy a function of mixing
speed and time showed a linear relationship with the yield strength growth rate of the mix. However,
beyond mixing energy of ~ 750 KJ, the yield strength was reduced due to excessive shearing
(Figure 5(e)).
Print head unit integrated with the in-line dynamic mixer as shown in Figure 5(a) was proposed to attain seton-demand geopolymer concrete for large scale construction. In this system, pre-blended dry ingredients
were transferred to the customized print-head for wet-mixing (activation). Simultaneously, activator solution
with silicate modulus of 2.15 at a dosage of 0.35 g/g of binder was pumped to the print head for the
activation. To obtain geopolymer concrete with the fastest yield strength development rate the mixing time
and speed was adjusted at 45s and 750 rpm respectively.
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Figure 5. (a&b) Proposed 3D printing system to attain set-on-demand geopolymer concrete. Effect
of (c) silicate modulus, (d) in-line dynamic mixer’s operating parameters (mixing speed and time)
and (e) mixing energy on yield strength development rate of the mix [17].

4

Conclusions

This study reports the key observation made by authors while investigating various approaches to obtain
set-on-demand geopolymer concrete for 3D printing. Authors have used thermal means and chemical
activation of geopolymer precursors at the print head to accelerate yield strength development of the mix.
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