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ABSTRACT: 3D concrete printing is gaining ground in the construction industry. In 
concrete printing, fresh concrete layers are deposited layer by layer manner like fused 
deposition modelling process following a computer-aided design (CAD) model. The 
structural capacity of the printed part mainly depends on the bond strength between the 
old substrate and new overlaid concrete. Hence, it is essential to measure the inter layer 
bond strength and its influencing parameters. In this paper, a novel geopolymer ink is 
considered as reference material, that exhibits thixotropic property, suitable for 3D 
printing application.  The said geopolymer thixotropic build up rate was altered by adding 
slag in two different percentages.  From the experimental outcomes, it was found that, 
rapid structural build-up and long delay time can cause poor bonding in the interface 
properties of the printed structure. This delay time depends strongly on the thixotropic 
behavior, the thickness of the layers and roughness of the interface between the two 
layers. 
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INTRODUCTION 
 
Geopolymer binder is considered as an emerging alternative to Portland cement (OPC) for making 
concrete. It is principally produced by activating industrial by-products such as fly ash, blast 
furnace slag, and other aluminosilicate materials with alkaline reagents of molar ratio (M2O:SiO2) 
less than 0.78 (Davidovits et al. 2005). The chemical composition of the source materials and 
alkaline reagents mostly govern the properties of the final products of geopolymerisation and it has 
been found that, compare to OPC, geopolymer products exhibits enhanced mechanical properties 
(Bakri et al. 2013), durability, thermal properties and lower environmental impacts. Despite of 
excellent performances, the drawbacks that limit their practical application are fast setting, high 
shrinkage (Deb et al. 2015) and the requirement of elevated curing temperatures. Approaches to 
avoid the disadvantages in individual systems were widely studied; among them, attention was 
paid to calcium enriched precursors and aluminosilicates, that can eliminate the need of oven 
curing and also can significantly improve the mechanical properties (Saha et al. 2017). Besides, 
the influences of key manufacturing factors on reaction kinetics, gel characteristics, mechanical 
properties and durability issues were also intensively investigated, in which the significance of 
activator type and dosage, raw materials’ composition, water content and curing conditions (Singh 
et al. 2015) were highlighted. This recent progress in understanding the fundamental chemistry 
indicates a promising future for the application of geopolymer materials. 
 
In recent years, interest in both academia and construction practice, towards large-scale three-
dimensional (3D) printing technologies has been increasing and resulted a manufacturing process 
that extrudes concrete, layer by layer until the whole structure is completed. A global over view of 
3D concrete printing evolution is shown in fig. 1. It can be inferred from this figure that, with past 
of time, the growth has become exponential and at the same time, it is believed that the progress 
will become more significant in the coming years.     
 
 
 

 
            Fig. 1 Evolution of 3D concrete printing over past decades (Source: Elstudio Amsterdam, 2016) 
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Literature reveals that OPC based binder has been listed among the most used material for 3D 
concrete printing, owing to its thixotropic property as mentioned in (Tay et al. 2017). In the 
meantime, it’s also worth interesting to explore other cementitious materials like geopolymer and 
its performance with respect to different printing parameters and mix designs. Therefore, this 
research aims to design printable geopolymer and study the bond strength phenomena for two 
different structuration rates.  Like other 3D printing processes, in concrete printing, the structure 
behaves anisotropic in nature depending on the layering effect and inter-bond strength. Le et al. 
(2012) show that the inter-bonding layer in the layer-wise structure has great influence on the 
overall structural performance. Panda et al. (2018) tested the bond strength with geopolymer and 
found similar results. However, for the 35-minutes time gap, the strength was found to be higher 
because a new batch of material was used, it is able to bind with the old geopolymer (Panda et al., 
2018).  
 
In this paper, we developed geopolymer material for 3D printing application by modifying the 
parent mix with nano-clays. Rheology of the fresh geopolymer was evaluated using rotational 
rheometer and then by adding different percentage of slag, the hardening process was accelerated.  
Finally, for the both the slag percentages, we measured the difference in bond strengths and 
reported in the following section (Panda et al. 2018). 
 
 MATERIALS AND METHODS 
 
The mix design was aimed to meet the requirement of pumpability during delivery through the 
hose and shape retention after extrusion. The material need to be delivered by means of pumping 
through a hose with a diameter of 2.54mm and the maximum allowable particle size by the pump 
is 2mm. Table 1 shows the mix design composition. The primary raw material used in this study 
was class F fly ash (FA) obtained from HeBei BaiSiTe Technology Co. Ltd. (PR China). Ground 
granulated blast-furnace slag (GGBS), supplied by Engro Ltd. (Singapore), was used together with 
FA in the preparation of geopolymer mixes. Un-densified micro silica fume G940 (SF), purchased 
from Elkem Ltd. (Singapore), with a specific surface area (SSA) of 15000-30000 m2/kg, was also 
included in some blends as a filler, together with FA (SSA = 285 m2/kg) and GGBS (SSA = 460 
m2/kg). 
 

Table 1: Material mix design composition 

 Fly ash to 
binder ratio 

Slag to binder 
ratio 

Silica fume to 
binder ratio 

Sand to 
binder ratio 

Activator (1.8MR) 
to binder ratio 

G1 0.75 0.15 0.10 1.5 0.46 
G2 0.65 0.25 0.10 1.5 0.46 

 
 
We used a 4-axis gantry concrete printer, at a speed of 80 mm/sec, to print geopolymer mortar, for 
30 layers with pump flow rate of 0.5 l/min. A rectangular nozzle with dimension 30mm by 15mm 
was chosen to print rectangular cross-section filament for stability. Rectangle filament can achieve 
higher contact area in-between two filaments as compared to circular nozzle (Panda et al. 2017). 
 
In order to obtain rheology property of fresh geopolymer, we used Anton Par MCR 102 rheometer 
with following protocol: (i) low (0.01 s–1 for 60 sec) - high (300 s–1 for 30 sec) - low (0.01 s–1 for 
60 sec) shear rates (Panda et. al 2018).  
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Instron 5960 dual column tensile test machine was used to investigate the bond strength of the 
material. Both side of the samples were then glued to two mild steel plates using rapid hardening 
adhesive (X60) supplied by HBM Pvt. Ltd. and the tensile testing was carried out at a rate of 0.035 
± 0.015 MPa/s proposed by ASTM standards (ASTM C1583, 2013). The effective area of bonding 
and failure load were then used to calculate the bond strength for each specimen and the average 
bond strengths were reported and discussed in the following section. Fig. 2 shows printing of 
geopolymer and test setup used in this paper. 
 

 
 

Fig. 2 (a) 3D printing of geopolymer and (b) the tensile test setup 
 

 
RESULTS AND DISCUSSION 
 
Fig. 3 shows the viscosity recovery of geopolymer mortar obtained from rheometer. It is clear 
from the figure that geopolymer is able to recover its original viscosity after shearing in the 
rheometer. This process mimics the 3D printing process, where the material is initially at rest, 
followed by shear in pumping process and finally a resting stage after the extrusion on build 
platform. Refereeing to the three stages in the rheography, it can be concluded that, initially the 
developed material was having high viscosity. Then during extrusion the viscosity went down 
below 100 Pa.s which made it easier for smooth pipe flow and after the extrusion, the initial 
viscosity was recovered up to some extent in 60 secs, so that the subsequent layer can be added on 
top of it. This quick recovery behaviour in geopolymer may be attributed to flocculation properties 
of nano-clay, that was added to the parent geopolymer. The nano-clay carries a negative charge on 
the faces and a positive charge on the ends and so they tend to associate with each other by 
electrical attraction between positively charged edges and negatively charged surfaces. Hence, the 
resultant structure leads to a higher initial viscosity, while under strong pre-shearing the viscosity 
decreases as the structure breaks down. As the nanoclay particles progressively separate and align 
in the direction of flow (Ma et al. 2018), the electrical repulsion between the negatively charged 
surfaces keeps them separate and thus further enhances shear thinning behavior.  
 

Table 2: Bond strengths of G1 and G2 mixes 

Samples No./ Strength G1 G2 
Tensile bond strength* 0.2 0.8 

* Here the bond strength refers to bond strength difference between top and bottom layer (highlighted)  
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Fig. 3. Viscosity recovery of geopolymer under three different shear rates 
 
Results of bond strength (Table 2) indicates clearly that in case of G2 sample, the difference 
between top and bottom is more compare to G1. This difference can be attributed to the rapid 
hardening process of geopolymer (G2) with more slag. It is well-known that slag inclusion in the 
geopolymer accelerates the setting process, thus making the workable time less for 3D printing. 
So, in short open time period, the material will become very stiff quickly for the extrusion and clog 
the hose pipe. Even the moisture level on the surface of the material usually keep changing with 
progress of time. Bond strength, in concrete, mostly depends on surface condition and state of the 
materials in two layers. It can be assumed that due to lack of enough moisture on the surface of G2 
layer (top), the bond became very week. Roussel et al. (Rousel et. al 2012) also have found similar 
behaviour in case of multi-layer casting and referred it as a consequence of thixotropy build up 
with time. In case of geopolymer, the structural build up is not a reversible phenomenon, rather the 
poly-condensation process in one-way reaction. So, for a rapid hardening material, if the delay 
time between the layers is longer, then as per our experimental observation, a distinct layer can be 
formed with weak interface properties.  
 
 
CONCLUSION AND FUTURE WORK 
 
In this paper, we have developed a printable geopolymer with high yield stress and low viscosity 
properties by adding nano-clay with a judiciary ratio. In the first part, rheology of fresh 
geopolymer was investigated with viscosity recovery test. Following rheology, we conducted 
tensile bond strength of printed geopolymer with G1 and G2 mixes, formulated with lower and 
higher slag content respectively. It was found that, slag addition shortens the workable time period 
and the material becomes stiff with time. Additionally, it also caused low bind strength due to loss 
of moisture from the surface of the first layer, prior to deposition of second layer. Therefore, it is 
recommended to formulate the mix design according to printing time of the sample, in order to 
ensure, good mechanical bond strengths. In future work, other aspects of bond strength, such as 
shear bond strength can be tested with formulating model for critical delay time to get more 
uniform part structure.  
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