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A B S T R A C T   

Hybrid alkali cement (HAC) is regarded as a sustainable alternative to cementitious materials due to the use of 
more than 70 % of supplementary cementitious materials while the issues associated with geopolymers are 
avoided to a great extent. This paper proposes a new method of delivering HAC-based mixtures by a two-part 
printhead mixing process suited for 3D concrete printing (3DCP). The two-part mixing process addresses the 
conflicting rheological requirements in 3DCP by facilitating the rapid early-age strength development after 
placement while showing excellent pumpability prior to the extrusion. The proposed approach is based on 
introducing the Portland cement in a secondary mixing process to partially replace the fly ash or slag in the 
printable geopolymer mix. A series of experiments assessing the printability of fresh concrete following the two- 
part mixing process and the properties of hardened concrete were assessed. The results demonstrate that the 
replacement of FA with Portland cement (HAC-FA) yielded a more pronounced enhancement than slag-replaced 
mixes (HAC-S) with the increase in static yield stress (SYS) and modulus of elasticity by 17 times and 3.5 times 
respectively at 30 min, compared to the control mix. The hardened properties of printable mixes, namely 
compressive strength and interlayer bond strength at 28 days, revealed an enhancement for the HAC-25FA mix 
by 20 % and 64 %, respectively, again in comparison to the control mix. The apparent volume of permeable 
voids (AVPV) and microstructural analysis validated the hardened concrete properties, where the HAC-FA mixes 
showed the densest microstructure with a reduced apparent porosity, compared to other mixes.   

1. Introduction 

Digital construction methods using 3D concrete printing (3DCP) 
technology have significantly evolved in the past two decades, thanks to 
the dedicated research and development conducted by researchers and 
industrial practitioners around the world [1–3]. The driving forces for 
the significant development of this emerging technology are its auto
mated manufacturing process, formwork-free construction, architec
tural freedom allowing the construction of intricate structures and 
increased productivity [4]. The extrusion-based 3DCP is commonly 
referred to as a feasible method for large-scale digital construction, 
wherein the concrete is deposited as discrete layers extruded through a 
nozzle [5]. The nozzle shape and size determine the geometry of the 
filament and hence, the features of printed elements. As the 3DCP 
construction process largely differs from the traditional formwork 
casting technology, it comes with specific challenges for industrial 

implementation. The challenges of 3DCP, compared to traditional 
formwork casting method, are identified as anisotropic mechanical 
behaviour [6], poor interlayer adhesion [7], uneven surface quality [8], 
strict rheological requirements [9,10] and various modes of possible 
failure/collapse [11,12]. Among these challenges, the strict rheological 
requirements associated with the low viscosity and yield stress during 
the pumping and extrusion stages followed by a rapid transition to a 
pseudo-solid state after deposition remain a major one. 

The most commonly studied method to meet the above-stated 
rheological requirements is by a chemical intervention, where the set 
accelerators are introduced at the printhead followed by a short- 
duration mixing process [13]. Immediately after the mixing process, 
the accelerator would enable the fast stiffening and setting of printable 
cementitious materials, thus allowing the transition of printable mixes 
from a viscoelastic state to a pseudo-solid state. The concept of intro
ducing accelerators in printhead was studied by Esnault et al. [14] by 
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incorporating an alkali-free shotcrete accelerator in the extrusion 
nozzle. The authors found that the mixes containing the accelerator 
showed a failure stress of 82.7 kPa and 179 kPa at 15 min and 30 min 
respectively, compared to 13.1 kPa and 25.3 kPa for a mix incorporating 
viscosity modifying admixture (VMA). In another study [6,15], the 
accelerating additive injection at a dosage of 3 % and 6 % showed 
average strength and stiffness enhancement by 107 % and 108 % 
respectively for 3 % and 155 % and 177 % respectively for 6 %. The 
authors concluded that the accelerator injection is a feasible way to 
improve the design freedom of print objects. Gosselin et al. [16] 
demonstrated large-scale printing using ultra-high performance con
crete by introducing the accelerator at the printhead. The novel premix 
consisting of Portland cement, crystalline silica, silica fume and lime
stone powder showed the feasibility of producing large-scale printed 
structures without temporary supports. 

While the chemical intervention with the introduction of set- 
accelerators at the printhead has undergone significant developments, 
these advancements do not address the sustainably issues related to the 
use of cement. Portland cement has been identified as a major contrib
utor to environmental pollution with approximately 8 % of global car
bon emissions being caused by its production [17–20]. To resolve this 
concern, alkali-activated cements and geopolymers have been identified 
as sustainable alternatives to Portland cement-based binders. For such 
materials, industrial by-products which are rich in alumina and silica are 
used as cement replacements. Their reactions with alkali activators 
result in the formation of 3-dimensional networks of SiO4 and AlO4 with 
excellent mechanical, thermal and durability properties [21]. Geo
polymers are reported to reduce the carbon emission of Portland 
cement-based concrete by up to 80 % [22]. Considering these sustain
ability merits, the geopolymer concretes for 3DCP applications have also 
been studied. In particular, the inline activation of geopolymers to meet 
the conflicting rheological requirements for 3DCP has been studied by 
researchers [10,23,24]. The geopolymers allow introducing the activa
tors to the precursor slurry at the printhead for immediate geo
polymerisation process. This is advantageous as the precursor slurry 
remains inactive for a long period without the use of any retarders. The 
authors have reported that the inline activation of geopolymer slurry at 
the printhead will reach the static yield stress (SYS) of 70 kPa in 20 min 
[24]. In addition, authors have demonstrated the feasibility of printing 
out of plane elements without the support. While the concept of inline 
activation of geopolymers is similar to the accelerator injection at the 
printhead, it significantly differs in terms of the mixing requirements. 
This is primarily due to the ratio of two parts in the printhead mixing 
process. For accelerator injection, a small dosage of accelerator is mixed 
at the printhead, while in geopolymer systems, the activators are of a 
comparably high amount, so that significantly higher mixing energy is 
required to attain a homogenous mixture. Moreover, uniform mixing of 
activators and precursors is crucial in geopolymers since inadequate 
mixing will lead to non-uniform distribution of alkali ions in the pre
cursors that could result in weak geopolymer matrix. The geopolymer 
printhead mixing is generally classified as two-part mixing process due 
to the comparable ratio of two parts of mixes (i.e., precursor slurry and 
activator slurry). Similar printhead mixing process was also conducted 
by Tao et al. [6,25] for cementitious systems, where the liquid accel
erator dosing was replaced by a carrier fluid containing the necessary 
admixtures. The authors claimed that the carrier fluid system has many 
benefits compared to the accelerator dosing process such as similar 
viscosity of two streams providing better mixing homogeneity. 
Furthermore, the carrier fluid dilutes the accelerator concentration at 
the inlet and the risk of inlet blockage due to rapid stiffening can be 
reduced [26]. This strategy is called a twin-pipe pumping process. The 
authors showed the feasibility of printing up to a height of 3 m of 
structure in 9 min using the twin-pipe pumping strategy [27]. 

Even though geopolymer concrete has significant sustainability 
merits and waste utilisation benefits, it also has many issues when it 
comes to industrial applications. The major issues are high shrinkage, 

efflorescence formation that could lead to an unpleasant appearance and 
the potential alkali-silica reactions [28]. In 3DCP applications, the 
absence of formwork could further exacerbate the shrinkage that could 
lead to surface cracking and affect the long-term durability perfor
mance. To solve these issues while retaining the sustainability and waste 
utilisation benefits, a novel binder material, namely hybrid alkali- 
activated cement (HAC) [29] – was recently proposed by introducing a 
small amount of OPC into alkali-activated supplementary cementitious 
materials. HAC has many merits over geopolymer binders such as more 
compact and denser microstructure due to the presence of both geo
polymer and C-S-H gels. The production of HAC is not difficult compared 
to geopolymers along with the evidence suggesting the commercial 
manufacture of hybrid cements, especially in a cement plant in America 
[30–33]. Apart from the significant merits of HAC for traditional con
struction practice, this binder possesses a special advantage for the 3DCP 
application which is inline activation of HAC to meet the conflicting 
rheological requirements. More precisely, the mixing of a small amount 
of OPC into the alkali activated supplementary cementitious materials 
(SCMs) will result in the rapid setting of concrete due to the reaction 
between calcium ions in OPC and alkali ions. This can be advantageous 
for 3DCP, where the OPC can be introduced at the printhead for a pre
mixed SCM-alkali activator slurry to attain rapid SYS development. 
Moreover, the dosage of OPC can be chosen to achieve the desired SYS 
growth rate as required for the applications. 

Considering the abovementioned benefits of HAC in emerging 3DCP 
applications, this study intends to develop 3D printable HAC by two-part 
printhead mixing strategy. Here, the two parts are considered as SCM- 
activator slurry and OPC slurry. As per the authors’ best knowledge, 
there are no known studies investigating the printhead mixing strategy 
of HAC for the on-demand setting of concrete. The HAC mixes are 
developed by partial replacement of fly ash and slag with OPC at the 
replacement levels of 12.5 % and 25 % by mass. The fresh rheological 
properties of printable mixes, including the static yield stress growth, 
elastic modulus, apparent viscosity recovery and flowability properties 
are assessed. The hardened properties of HAC-based 3DCP specimens 
are compared with the geopolymer printed specimens as well as mould- 
cast specimens. Finally, the microstructural analysis is conducted to 
better understand the variation in hardened properties of 3D printed 
concrete and to evaluate the effect of OPC on the microstructure of 
HACs. 

2. Experimental methodology 

2.1. Materials 

The general-purpose (Type GP) Portland cement, ground granulated 
blast furnace slag (hereafter called slag) and low-calcium fly ash (class F) 
were used to formulate the binder composition in this study. Both slag 
and fly ash comply with Australian standard AS 3582.1 [34] and OPC 
complies with Australian standard AS 3972 [35]. Two grades of silica 
sands, denoted as coarse sand and fine sand, were used. The median 
diameter (D50) of the fine sand and coarse sand were 172 µm and 
498 µm, respectively. Sodium metasilicate (Na2SiO3) anhydrous powder 
(SiO2/Na2O = 1.0), supplied by Redox Pty Ltd- Australia, was used as a 
solid activator for the geopolymer preparation. In addition, sucrose 
powder at 1 wt % of the binders was used as a retarder to increase the 
open time of geopolymer slurry. Sucrose has been widely used as a 
retarder in geopolymers 3D printing applications [36,37]. 

2.2. Sample preparation and printing process 

The mix composition of control and HAC mixes are given in Table 1. 
Here, the HAC mixes are designated by slag and fly ash replacement with 
OPC with the maximum replacement levels of 25 wt % of the binders. 
The total water-to-precursor ratio was kept at 0.4 for the mixes G and 
HAC-12.5FA. For the remaining mixes, the water-to-precursor ratio was 
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adjusted to 0.42 to attain the required extrudability properties. Fine 
sand-to-binder and coarse sand-to-binder ratio were chosen as 0.5 and 1, 
respectively. The total amount of activator was kept constant for all 
mixes at 10 % of total precursor content. 

The mixing process was designed to represent a two-part mixing 
system with one part of the mix containing the geopolymer slurry and 
the second part being OPC slurry. The ideal two-part mixing process 
with an in-line dynamic mixer at the print head is schematically illus
trated in Fig. 1. However, for this study, the two-part mixing process was 
conducted by mixing two components in the Hobart mixer as described 
below. For the first part preparation, the dry ingredients of slag, fly ash, 
two types of sand and sodium metasilicate were mixed in a Hobart mixer 
at the slow speed of 61 RPM for 3 min. Following the homogenous dry 
mixing, 85 % of the necessary amounts of water and retarder were 
added, and the mixing process was continued for 10 min at a medium 
speed (121 RPM). Subsequently, the remaining water was added to the 
mixture, and the mixing was continued for another 5 min at the same 
speed. It is important to highlight that the wet mixing was conducted for 
a total of 15 min to allow sufficient time for the dissolution of sodium 
metasilicate, as reported previously [38]. The produced geopolymer wet 
mix represents the first of the two-part mixes. Meanwhile, the second 
part of the mix was prepared by mixing OPC and required water in 
another Hobart mixer for 3 min at a slow speed (61 RPM) to attain a 
pumpable OPC slurry. Thereafter, the two parts of the wet mixes were 
mixed for a short duration of 30 s to represent the printhead mixing 
process. 

Once both parts of the slurries are mixed for a short duration, the wet 
mix was immediately transferred to the extruder head of the 3D printer 
for printing purposes. The wet mix was also poured into 50 
×50×50 mm3 steel cubic moulds for the testing of mould-cast speci
mens. To conduct the 3D printing processes, a custom-made piston- 
mounted ram extruder with a length of 350 mm and a diameter of 
50 mm was used. A 40 mm (W) x 20 mm (H) rectangular nozzle was 
attached to the opening of the extruder. Soon after the two-part mixing 

process, the fresh printable mix was filled into the extruder and the 
extrusion was performed at the speed of 10 mm/s. The samples were 
printed with the dimensions of each layer at 40 mm (Width) × 20 mm 
(Height) × 300 mm (Length). The printed filaments were kept in the 
thermally controlled environmental chamber operated at 25◦C and 
50 % relative humidity until the fresh properties’ measurements. For 
hardened properties assessment, the printed and mould-cast specimens 
were covered by a plastic film for 24 h to avoid the surface moisture loss. 
After 24 h, the samples were transferred to a water bath curing until the 
test date. 

3. Experimental programme 

3.1. Evaluation of static yield stress development with time 

The purpose of the two-part mixing at the printhead is to attain rapid 
early-age strength development of concrete just after placement. The 
early age strength development can be experimentally assessed by using 
various methods such as uniaxial compression test of the extruded 
concrete, rheological tests, slow penetration test, conducting print trials 
until failure etc. Chang et al. [39] provide an extensive review of these 
methods for 3DCP. Among these test methods, the slow penetration 
method, proposed by Looten et al. [39], has been widely used for 
printable mixes due to the merits of continuous measurement of static 
yield stress with time, minimal disturbance to the sample, quasi-static 
measurement due to slow penetration and direct conversion to SYS. 
Therefore, this study uses a slow penetration test to assess the static yield 
stress (SYS) of printable mixes just after the two-part mixing process. 

The slow penetration test measures the resistance to the penetration 
of a conical head into the concrete mix at a slow rate. Fig. 2 illustrates 
the experimental setup of the test. The specification of the conical head 
is 30 mm in height and 20 mm in diameter, which is attached to a 
500 N-load cell and the mechanical testing system (MTS). The 

Table 1 
Mix compositions of HAC mixes for 3DCP.  

Group 
Details 

Geopolymer slurry OPC slurry  

Mix ID Slag 
(kg) 

Fly ash 
(kg) 

Coarse 
Sand 
(kg) 

Fine 
Sand 
(kg) 

Na2SiO3 

(kg) 
Water 
(kg) 

Retarder 
(% of 
binder) 

OPC 
(kg) 

Water 
(kg) 

Total water/ precursor 
ratio 

Control G  0.5  0.5  1  0.5  0.1  0.400  1  0  0  0.4 
HAC-FA HAC- 

12.5FA  
0.5  0.375  1  0.5  0.1  0.35  1  0.125  0.05  0.4 

HAC-25FA  0.5  0.25  1  0.5  0.1  0.315  1  0.25  0.105  0.42 
HAC-S HAC- 

12.5 S  
0.375  0.5  1  0.5  0.1  0.368  1  0.125  0.052  0.42 

HAC-25S  0.25  0.5  1  0.5  0.1  0.315  1  0.25  0.105  0.42  

Fig. 1. Schematic diagram of an ideal two-part printhead mixing process.  Fig. 2. Slow penetration test setup for SYS measurement.  

S. Ramakrishnan et al.                                                                                                                                                                                                                        



Construction and Building Materials 430 (2024) 136439

4

penetrometer was operated at a constant speed of 10 mm/h. Based on 
the resistance force derived from the penetration test, the static yield 
strength of concrete is calculated using Eq. (1) [39]: 

τ =
F

πR
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
R2 + h2

√ (1)  

where F is the penetration resistance force measured by the load cell (N), 
R is the cone radius (mm), and h is the cone height (mm). 

3.2. Determining the modulus of elasticity of fresh 3D-printed filaments 

While the SYS development demonstrates the buildability enhance
ment of the HAC mixes according to the plastic collapse failure criterion, 
the elastic buckling failure of printed elements is governed by the 
stiffness of the printed filaments. Therefore, the evolution of the 
modulus of elasticity was determined on a 3D-printed two-filament 
specimen at discrete time intervals of 10, 20, 30 and 40 min after 
printing. The specimens were printed with a piston-type extruder with a 
rectangular nozzle of 40 mm×20 mm. Length of the deposited filaments 
was 100 mm and the time interval between the layers was one minute. 
The printed specimens were kept in an environmentally controlled 
thermal chamber operated at 25℃ and 50 % RH until the test. 

The test was conducted by subjecting the 3D printed specimens to a 
compression loading at a displacement control mode as shown in Fig. 3. 
The loading was applied at 10 mm/min until the deformation reached 
1 mm to limit the strain to 5 %. The compression load was measured 
using a highly sensitive 500 N-load cell at the data acquisition rate of 
10 Hz. The modulus of elasticity of the printed specimen was deter
mined from the slope of the linear portion of the stress-strain curve. 

3.3. Setting time measurement of the fresh mix 

The initial and final setting times of the 3D printable mixes after the 
two-part mixing process were measured to assess the effect of OPC 
content on the setting of HAC mixes, compared to control geopolymer 
concrete. The setting times measurements were conducted using a Vicat 
needle apparatus as per ASTM C191 standard. For this test, the prepared 
HAC mixes were transferred to the Vicat mould and positioned on the 
apparatus. The needle was initially set to the standard height of the 
apparatus and quickly released by pushing the release plunger. The 
depth of needle penetration was measured for varying time intervals 
from initial mixing. The time required to meet the needle penetration 
depth of 25 mm and 0.5 mm were recorded as initial and final setting 
times, respectively. 

3.4. Rheological properties of the fresh mix 

The two-part mixing process at the printhead involves a short 
duration mixing of two slurry components with the purpose of attaining 
rapid setting and hardening after placement. However, the mixes should 

have sufficient extrudability and shape retention properties just after 
printhead mixing process. The mixing energy is a critical factor in 
printhead mixing process, where excessive mixing energy may break the 
immediate reaction products (i.e., C-S-H and C-A-S-H gels) that could 
hinder the stiffening process of HAC, consequently leading to low 
extrudability and buildability. The mixing energy is directly propor
tional to the mixing duration at a given mix speed and therefore, the 
mixing duration should be carefully chosen to prevent the above
mentioned issues. For this purpose, a viscosity recovery assessment by 
following the three stage shearing protocol shown in Fig. 4 was con
ducted. Here, once the two-part mixing process for the specified short 
duration mixing (i.e., 15 s) was completed, the material was subjected to 
further mixing to assess re-shearing effect on the extrudability properties 
of 3D printable mixes. By conducting secondary shearing and assessing 
the viscosity properties following the additional shearing effect, the ef
fects of excessive mixing at the printhead on the extrudability and shape 
retention of printable two-part mixes can be assessed. The proposed 
three stage shearing protocol to assess the viscosity recovery properties 
of printable mixes has been widely used in the past studies [40–42]. The 
three-stage shearing protocol follows a low shearing regime (0.01 s− 1) at 
the first stage to reflect the extrusion process followed by high shearing 
at 13 s− 1 to reflect the re-shearing of the printhead mixed and concludes 
with the low shearing rate (0.01 s− 1) to understand the effects of high 
shearing (stage 2) on the extrudability of printable mixes. 

For the viscosity recovery test, a rotational rheometer (Viskomat XL) 
with a six-blade vane probe accessory was employed. The radius and the 
height of each blade were equal to 39.5 mm and 69 mm, respectively. 
The radius of the vessel used for filling the fresh concrete was 82.5 mm. 

3.5. Compressive strength test 

The compressive strength properties of 3D printable HAC mixes were 
assessed to understand the effect of the cement content on the aniso
tropic strength development of HAC mixes. The compressive strength 
measurement was determined on the 3D printed samples in longitudi
nal, lateral, and perpendicular directions to assess the expected anisot
ropy. The schematic diagram of the compressive strength test of the 3D 
printed samples in three directions is shown in Fig. 5. To conduct the 
test, 40 × 40 × 40 mm3 size samples were extracted from the printed 
specimens and the compressive strength test was performed at the age of 
7 days and 28 days. The compressive strength of mould-cast specimens 
was conducted using 50 ×50 × 50 mm3 samples in accordance with 
ASTM C109. The compressive strength measurements were carried out 

Fig. 3. Experimental setup for measuring the modulus of elasticity.  
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using a Universal Mechanical Testing System (MTS) with a maximum 
load capacity and a precision of 300 kN and 0.01 kN, respectively. The 
loading rate during the test was maintained constant with 0.5 kN/s. 

3.6. Interlayer bond strength test 

The two-part mixing of geopolymer and OPC slurries to produce the 
so-called HAC mixes will have a rapid setting and hardening process, 
which may affect the malleability and surface moisture content of the 
printed layers. The poor malleability and low surface moisture content 
can lead to reduced interlayer bond strength, which is a major concern 
in 3D printed specimens. Therefore, the interlayer bond strength of 3D 
printed specimens was determined to assess the effect of rapid early 
setting and hardening in the HAC mixes. 

To conduct the interlayer bond strength, the samples were prepared 
with the dimensions of 40 ×40×40 mm3 cubes extracted from the 3D 
printed specimens. The samples were first prepared by creating a 
triangular notch at interlayer of the specimen as shown in Fig. 6(b). A 
custom-made test rig, containing two metallic clamps with adjustable 
spacing of the clamp, is attached at the interlayer of the specimen on top 
and bottom layers. The clamps were connected to the universal me
chanical testing system (MTS) to conduct a direct tensile strength test. 
The test was conducted at the displacement control mode with the rate 
of 0.5 mm/min. The accuracy of the MTS machine is 0.1 kN. The bond 
strength was determined by measuring the maximum tensile load and 
the effective bond area. This test method has been widely used in the 
past to determine the interlayer bond strength of 3D printing elements 
[24,43]. Three specimens were tested for each mix design and the 
average interlayer bond strength along with the standard deviation of 
the results were derived. 

3.7. Apparent volume of permeable void (AVPV) measurements 

The apparent volume of permeable voids (AVPV) of 3D printed, and 
mould-cast HAC mixes were determined in accordance with ASTM C642 
standard to assess the porosity variation among the different HAC mixes. 
To perform the test, three specimens from each 3D printed mix groups 
with the size of 40 × 40 × 40 mm3 and three mould-cast specimens with 
the size of 50 × 50× 50 mm3 were used. The experimental procedure 
was as follows. Initially, all samples were subjected to oven-drying 
process at a temperature of 105◦C for 24 h, and the oven-dried mass 
were measured and recorded as ’A’ in g. Subsequently, the samples were 
immersed in water for 24 h to ensure their saturation, after which they 
were boiled for a duration of 5 h. The mass of the boiled samples was 
measured and recorded as ’B’ in g. After that, the suspended mass of the 
samples was determined as ’C’ in g. The accuracy of the balance used for 
the measurements was 0.01 g. The AVPV (V %) was calculated using Eq. 
(2): 

V =
B − A
B − C

× 100% (2)  

3.8. Micro-morphology analysis 

The microstructural analysis of the 3D printed HAC specimens was 
assessed by a Scanning Electron Microscopy (SEM ZEISS Supra 40 VP). 
To perform the test, a 10 mm size sample was extracted from the printed 
specimens after 28 days. The sample was first gold coated for a thickness 
of 15 nm using the K975X vacuum coating system. The gold-coated 
specimen was then transferred to the SEM chamber operated at an 
accelerating voltage of 5 kV with a working distance (WD) of ~ 20 mm. 
One sample was tested for each mix design group. 

4. Results and discussion 

4.1. Static yield stress development with time 

Fig. 7 shows the SYS development of control and various HAC mixes 
determined using the slow penetration test. Here, the SYS measurements 
were taken at a frequency of 4 Hz. Among the mixes considered, the 
control geopolymer mix (G) showed the lowest yield stress throughout 
the test duration. For instance, the measured static yield stress of G at 
10 min and 30 min was 4.6 kPa and 10.2 kPa, respectively. The signif
icantly low yield strength of this mix is due to the retarder in the mix 
which inhibits the geopolymerisation process. On the other hand, the 
HAC mixes containing OPC as a replacement for slag or FA showed rapid 

Fig. 5. Schematic diagram of samples extracted from printed samples and 
testing directions for compressive strength tests. 

Fig. 6. Experimental setup for interlayer bond strength measurement of 3D 
printed samples (a) experimental set up (b) schematic diagram of the test. 

0 5 10 15 20 25 30
0

50

100

150

200

)a
Pk(

sserts
dlei

Y

Time (Minutes)

 G
 HAC-12.5FA
 HAC-25FA
 HAC-12.5S
 HAC-25S

Fig. 7. SYS development of various HAC mixes with time.  
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yield stress development in the short period even in the presence of 
retarder. For example, the SYS of HAC-12.5FA, HAC-25FA, HAC-12.5 S 
and HAC-25S were determined as 15.4 kPa, 34.6 kPa, 9.7 kPa and 18.5 
kPa at 10 min, while the corresponding SYS at 30 min were determined 
as 104.4 kPa, 168.9 kPa, 25.2 kPa and 66.0 kPa, respectively. The rapid 
development of SYS in these mixes demonstrates the significant 
enhancement in buildability, which is beneficial for 3D printing. 

The comparison of SYS development between different HAC mix 
groups reveals that the replacement of FA with OPC results in a rapid 
SYS growth in comparison to the corresponding slag replacement 
counterparts. The replacement of 12.5 % and 25 % FA showed an early 
SYS of 64 kPa and 120 kPa at 25 min compared to 20 kPa and 52.5 kPa 
for the similar slag replacement levels, respectively. The mechanisms for 
accelerated SYS development in different mix compositions can be 
explained as follows. In HAC mixes, the hydrated products formed at the 
first stage are a mixture of C-S-H gel, C-A-S-H gel and N-A-S-H gel as a 
result of the hydration reaction of OPC and geopolymerisation of slag 
and FA [44,45]. Moreover, the composition of different gels depends on 
the proportion of precursors and alkali activator concentrations. In the 
next stage, given that enough Ca and Al are present in the dissolved mix 
and the pH of the environment is higher than 12, the above formed 
initial gels transform into three-dimensional structural gels of C-A-S-H 
and (N, C)-A-S-H with high degree of polymerisation and increased Si 
cross-linking [44]. Among the two supplementary cementitious mate
rials of FA and slag, slag has higher degree of dissolution in alkali 
environment than FA at the ambient temperature [46] and therefore, the 
presence of high amounts of slag accelerates the early dissolution of 
CaO, silica and alumina from the precursors, thus showing faster SYS 
development in comparison to the mixtures containing FA. This is the 
primary reason for rapid early SYS development in HAC mixes replacing 
FA compared to the HAC mixes in which slag was replaced. On the other 
hand, the faster SYS development with the OPC content can be explained 
by the proportionally increased heat of hydration of OPC, which accel
erates the alkali activation of SCMs [32,45]. 

4.2. Modulus of elasticity of 3D printed specimens at early age 

The buildability enhancement in 3D printable mixes must show 
adequate SYS to overcome the plastic collapse, and high stiffness to 
prevent the elastic buckling failure. Therefore, the modulus of elasticity 
of 3D printed HAC mixes was determined with varying time as shown in  
Fig. 8. It is worth mentioning here that the test was started 10 min after 

the printing of specimens to allow sufficient time for arranging the 
experimental setup. The control mix (G) showed steady growth in the 
elastic modulus due to the geopolymerisation process. The HAC mixes, 
on the other hand, showed significantly higher elastic modulus at 
10 min followed by its significant increase for HAC-FA mixes and a 
gradual increase for HAC-S mixes, respectively. For instance, the elastic 
modulus measured at 10 min for G, HAC-12.5FA, HAC-25FA, HAC- 
12.5 S and HAC-25S was 154 kPa, 490 kPa, 638 kPa, 532 kPa and 624 
kPa, respectively. At 20 min, these mixes showed the elastic modulus of 
257 kPa, 854 kPa, 1123 kPa, 797 kPa and 941 kPa, respectively. The 
elastic modulus for HAC-12.5FA and HAC-25FA mixes at 40 min were 
1363 kPa and 1797 kPa, respectively, which is much higher than the 
elastic modulus reported for other mix groups as well as reported in 
previous studies [47–50]. The high elastic modulus of HAC-FA mixes 
along with the rapid SYS development can be beneficial in 3DCP for 
preventing the elastic buckling and plastic collapse failures, respec
tively, thus enabling the printing of large structures at a high print speed 
without intermediate stoppings. 

4.3. Setting times of HAC mixes 

The initial and final setting of different mix groups, measured by a 
Vicat apparatus, is depicted in Fig. 9. The setting time measurements 
provide a direct comparison of the setting rate of HAC mixes, compared 
to geopolymer concrete. As can be seen from Fig. 9, the control 3D 
printable mix showed initial and final setting times of 45 min and 
62 min respectively, which suggests adequate open time of the mix for 
pumping and extrusion before placement. On the other hand, all HAC 
mixes showed the initial setting time of 10–20 min and the final setting 
times of 19–36 min. It must be underlined that the short setting times of 
HAC mixes are caused by the reaction of OPC with the alkaline activa
tors, which occurs after printhead mixing. Therefore, the short setting 
times of these mixes will not interfere with the open time required for 
pumping and extrusion purposes. Among the different HAC mixes, HAC- 
12.5FA and HAC-25FA mixes showed comparably short initial setting 
times of 12 min and 10 min, respectively. This is in good agreement with 
the SYS measured for all mixes, where these two mixes showed more 
rapid SYS development compared to other mixes. 

In HAC mixes, the introduction of OPC in the alkali activators ac
celerates the reaction rates of Ca2+ ions that are readily available in OPC 
[51,52]. Furthermore, the exothermic reaction of OPC generates heat 
which simultaneously accelerates the geopolymerisation process. It was 
also reported that the reaction rates can be further accelerated by 
increasing the OPC content in the HAC mixes [53]. This is clearly 
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evident in the studied mixes such that the 25 % OPC replacement levels 
(HAC-25FA and HAC-25S) showed further reduction in initial and final 
setting times, compared to their 12.5 % replacement counterparts 
respectively (HAC-12.5FA and HAC-12.5 S). The short setting times can 
be beneficial in printhead mixing process to rapidly enhance the SYS and 
stiffness due to accelerated reaction rates. However, significantly high 
reaction rates associated with the flash setting of OPC can lead to weak 
interlayer bond strength if the print cycle time is higher than setting 
times. In this regard, the hydration setting behaviour of HAC can be 
delayed by using the retarders such as glucose, sucrose, borax, sodium 
gluconate, etc. [33,54]. The dosage of the retarders can be chosen to 
increase the setting time above the cycle time of printing process while 
showing an adequate SYS development for buildability. 

4.4. Viscosity recovery of HAC mixes 

The viscosity recovery of printable mixes after the printhead mixing 
process is depicted in Fig. 10. As can be seen, the apparent viscosity of 
printable mixes after re-shearing process is reduced to a minor extent, 
compared to the apparent viscosity prior to the high shear mixing pro
cess (i.e., stage 2 mixing). For instance, the apparent viscosity of G, HAC- 
12.5FA, HAC-12.5 S and HAC-25S measured prior to the re-shearing was 
~2.3×105, ~1.6×105, ~8.7×104, ~4.3×104, respectively. The corre
sponding apparent viscosity after the re-shearing process was ~2.3 
×104, ~1.5 ×104, ~8.1×104 and ~4.8×104, respectively. The com
parison of apparent viscosity before and after re-shearing process in
dicates that the mixes subjected to the re-shearing process will not 
significantly change the apparent viscosity. Therefore, the extrudability 
of the studied mixes were not affected by re-shearing process. This 
observation guarantees that the excessive mixing in the printhead will 
not significantly change the extrudability and shape retention properties 
of concrete. On the other hand, the comparison of apparent viscosity 
between different mix groups indicates that the mixes replacing FA 
(HAC-12.5FA and HAC-25FA) have higher apparent viscosity than the 
mixes replacing slag (HAC-12.5 S and HAC-25S). The control mix 
showed lowest apparent viscosity in comparison to all other mix groups. 
This is in good agreement with the SYS development of printable mixes, 
where HAC-FA group mixes showed rapid early SYS development 
compared to other mix groups. It should be noted that the apparent 
viscosity of HAC-25FA mix could not be measured since the apparent 
viscosity of this mix exceeded the limit of the Viskomat rheometer. The 
maximum torque of a Viskomat XL rheometer is 5000 Nm and the HAC- 
25FA mix requires more torque to shear the sample and therefore, the 
rheometer cannot be used. 

4.5. Compressive strength of 3D printed concrete 

The compressive strength of mould-cast and 3DCP specimens at three 
orthogonal directions at the age of 7 and 28 days are presented in  
Fig. 11. The comparison of mould-cast specimens suggests that the HAC 
mixes with the slag replacement (HAC-12.5S and HAC-25S) have lower 
compressive strength than the control geopolymer mix. The reduction in 
compressive strength for these mixes could be attributed to the higher 
water-to-binder ratio than control mix group, thus reducing the 
compressive strength at both ages. The high water-to-binder ratio was 
chosen to attain the printability properties of concrete. In addition, these 
two mix groups contain higher proportion of fly ash than slag compared 
to the control mix. FA is a low calcium content precursor compared to 
slag that leads to lower reactivity than the calcium rich precursor of slag 
and forms products which are Ca deficient such as N-A-S-H and C-A-S-H. 

On the other hand, the HAC mixes formulated by replacing fly ash 
(HAC-12.5FA and HAC-25FA) showed higher compressive strength than 
the control mix even at high water-to-binder ratio. The compressive 
strength determined for G, HAC-12.5FA and HAC-25FA mix groups for 
mould-cast specimens were 44.45 MPa, 47.61 MPa and 50.67 MPa at 7 
days followed by further strength development at 28 days to 58.83 MPa, 
63.17 MPa and 70.6 MPa, respectively. The significant strength 
enhancement at both ages for HAC mixes replacing the FA with OPC can 
be explained as the comparably high Ca/Si ratio that leads to the for
mation of C-S-H and C-A-S-H at a larger proportion. They assist in filling 
the voids in the microstructures leading to a more refined and densified 
microstructure. This is more pronounced in the HAC-25FA mix, where 
the compressive strength is even higher at a higher water-to-binder ratio 
compared to control mix and HAC-12.5FA mix. 

It is interesting to note that the 3D printed specimens showed a lower 
compressive strength than the corresponding mould-cast specimens 
along with anisotropic behaviour of compressive strength properties. 
The anisotropic behaviour of 3D printed specimens, demonstrating the 
highest compressive strength in the longitudinal direction and least 
compressive strength in lateral direction, is primarily due to the extru
sion pressure in the longitudinal direction leading to highest compaction 
and the existence of interlayer in the failure plane of lateral direction 
causing least strength properties, respectively. This trend agrees with 
the past studies, where the anisotropic compressive strength properties 
were reported for 3D printed specimens with the strength values in the 
decreasing order for longitudinal, perpendicular, and lateral directions 
[55,56]. 

Furthermore, the reduced compressive strength of 3D printed spec
imens, compared to mould-cast specimens, can be explained by the large 
void volume content in 3D printed specimens due to the nature of 
fabrication. The 3D printing process is a layer-wise material deposition, 
where the interlayer porosity is unavoidable in addition to the intra- 
layer porosity. In the mould-cast fabrication, the monolithic cast pro
cess eliminates the large amount of void content primarily due to the 
compaction and the absence of discrete layers. This can be validated by 
comparing the void volume percentage determined by the AVPV test as 
shown in Fig. 12. Regardless of the mix group, 3D printed samples 
showed higher permeable void volume than the mould-cast specimens. 
For example, the AVPV determined for control geopolymer mix (G) was 
14.7 % and 18.0 % for mould-cast and 3D printed specimens, respec
tively, whereas the corresponding AVPV for HAC-25FA mix were 
10.6 % and 14.5 %, respectively. It is also noted that the AVPV trend 
follows the compressive strength results. The highest AVPV was 
observed for HAC-12.5 S and the lowest one was for HAC-25FA. These 
results support the formation of compact and densified microstructure in 
HAC-25FA mixes that resulted in the highest compressive strength 
properties, whereas the HAC-12.5 S has a less densified microstructure 
causing the lowest compressive strength. 0 20 40 60 80 100 120 140
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4.6. Interlayer bond strength of 3D printed concrete 

Fig. 13 shows the interlayer bond strength of 3D printed specimens 
determined at 28 days of age by following a direct tensile test for 
interlayer bond. The interlayer bond strength follows a similar trend to 
the compressive strength test results, where significantly higher bond 
strength was observed for the HAC mixes replacing FA with OPC (HAC- 
12.5FA and HAC-25FA) and the lowest bond strength values were 
determined for HAC mixes with slag replacement (HAC-12.5 S and HAC- 
25S). Moreover, as the OPC replacement level increases, the interlayer 
bond strength increases for the HAC mixes replacing the FA. This is quite 
an interesting observation since the interlayer bond strength is primarily 
governed by the malleability of printed filaments and the surface 
moisture content. The printable mixes with extended setting time would 
have enhanced malleability and high surface moisture content 
compared to rapid setting printable mixes. In this regard, all HAC mixes 
have rapid setting behaviour with short setting time compared to the 
control mix. However, the HAC-12.5FA and HAC-25FA mixes showed 

significantly higher bond strength than other mixes. This can be 
attributed to the increased matrix strength of these two mixes, compared 
to other mixes, which led to enhanced physical interlocking at the 
interlayer due to refined and densified microstructure. Further investi
gation is necessary to validate the proposed reasons. Nevertheless, the 
HAC mixes with FA replacement showed enhanced interlayer bond 
strength properties that can be beneficial for increasing the lateral load 
carrying capacity of building elements. 

4.7. Microstructural analysis of 3D printed concrete 

The micromorphology of different HAC mixes, observed through an 
SEM, after 28 days curing age is shown in Fig. 14. The SEM images show 
that the control specimen (Fig. 14a) has a large number of voids along 
with the microcracks on the observed surface. The HAC-FA mixes 
(Fig. 14b and Fig. 14c), on the other hand, have a dense microstructure 
with least amount of any visible voids and microcracks. Furthermore, 
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Fig. 12. Apparent volume of permeable voids (AVPV) of mould casting and 3D 
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the formation of deep microcracks and voids is evident in the HAC-S 
specimens (Fig. 14d and Fig. 14e). This reveals that the control and 
HAC-S groups have a less dense microstructure along with the formation 
of microcracks compared to the HAC-FA mix groups. This observation 
well agrees with the AVPV test results presented in Section 4.5, where 
the apparent volume of permeable voids of HAC-FA mixes was lower 
than other mix groups. 

5. Conclusions 

This study investigated the printhead mixing of two-part components 
to develop a printable hybrid alkali activated cement (HAC) mixes for 
the emerging concrete 3D printing applications. The two-part slurry 
blends containing geopolymer slurry and OPC slurry as two components 
were subjected to short duration printhead mixing process. The fresh 

and hardened properties of resultant printable mixes were studied. 
Based on the results obtained, the following conclusions can be drawn:  

1. The HAC mixes replacing FA with OPC at 12.5 % and 25 % showed 
significantly faster early age static yield strength (SYS) development 
and higher modulus of elasticity compared to the HAC mixes with 
similar replacement levels of slag.  

2. The measured SYS and modulus of elasticity for HAC-25FA mix were 
17 times and 3.5 times higher than the respective properties 
observed for control specimens at 30 min, demonstrating its signif
icantly enhanced buildability. 

3. The extrudability of the printable mixes assessed by a viscosity re
covery test indicates that all mix groups have fully recovered the 
apparent viscosity after the re-shearing process. This suggests that 

Fig. 14. SEM images of HAC mixes: (a) G; (b) HAC-12.5FA; (c) HAC-25FA; (d) HAC-12.5 S; (e) HAC-25S.  
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the secondary mixing at the print head will not affect the extrud
ability and shape retention of the printed layers.  

4. The hardened properties of compressive strength and interlayer bond 
strength of 3D printed specimens showed that the HAC-FA mixes 
yielded higher strength values while the HAC-S mixes showed 
reduced strengths. The strength reduction in HAC-S mixes can be 
attributed to high water-to-binder ratio as well as the formation of a 
large amounts of N-A-S-H gels compared to C-A-S-H and C-S-H gels 
primarily formed in other mix groups.  

5. The microstructural analysis reveals that the control and HAC-S 
mixes have a less dense microstructure with large void content and 
microcracks compared to HAC-FA mixes where these defects were 
least present. 
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