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Abstract: Geopolymers have been considered as a promising alternative to cementitious materials
for 3D printing to enhance sustainability of the construction industry. This paper presents a critical
review of the state-of-the-art of 3D printing geopolymers from the perspectives of production process,
printability requirement, mix design, early-age material properties and sustainability, with a special
focus on the effects of different factors such as matrix composition, reinforcement type, curing regime
and printing configuration on the fresh and hardened properties of 3D printed geopolymers. The
relationship between key fresh properties and printability of geopolymers is discussed, based on
which the potential optimal mix proportions are obtained, containing the blended precursors of fly
ash, ground granulated blast-furnace slag and silica fume, liquid or solid activator, river sand with a
maximum size of 2 mm, thixotropic additives (e.g., nano clay), and retarder (e.g., sucrose). This paper
aims to summarise the recent advances in the development of 3D printing techniques suitable for
geopolymers and geopolymers feasible for 3D printing, and to identify the knowledge gap, remaining
challenges, and opportunities for future research.
Keywords: 3D concrete printing; Alkali-activated materials; Rheology; Mechanical properties;
Sustainability; Durability
1. Introduction
The primary impetus of developing 3D printing technology, also known as additive manufacturing,
in the realm of the construction industry is to increase the productivity of construction work [1].
Besides, it has a great potential to reduce construction wastes and enhance the shape freedom of
constructed objects [2, 3]. It was reported that utilising 3D printing in construction can help reduce
the fabrication waste, labour cost and production time by 30-60%, 50-80% and 50-70%, respectively
[4]. Thus, 3D concrete printing has attracted a considerable number of interests worldwide in recent
years while its evolving stage is slow compared to other industries.

Contour crafting developed in the mid-1990s is the first additive manufacturing technology in
construction [5] based on the technology of fused deposition modelling [2, 6]. Later on, particle bed
printing motivated by the technology of stereolithography [2, 7] came into view, which selectively
deposits the binder liquid into the powder bed to bind the powder particles [1]. Hitherto, extrusion-
based 3D printing is the most popular additive manufacturing method in the construction industry

where the object is constructed via the layer-by-layer deposition of the material extruded from the
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nozzle [1, 2, 8]. For most 3D printed concrete, Portland cement is the major binder material
accounting for about 15-45% of the total mix proportion [9]. Besides, the binder content of 3D printed
cementitious materials is typically higher than that of conventional mould-cast cementitious materials
[10]. However, the increasing usage of Portland cement may result in higher material cost along with
lower sustainability, given that the production of Portland cement contributes to around 8% of the
global CO2 emissions [11, 12]. Therefore, more studies have recently been focused on the feasibility
of adopting a greener binder, geopolymer, to develop sustainable 3D printed concrete using either
extrusion-based [13-15] or particle bed printing [16, 17] techniques.

Geopolymer, also known as alkali-activated material, is an inorganic polymer synthesised
through the reaction between aluminosilicate materials and alkaline activators [18]. In summary, the
current studies on 3D printing of geopolymers consider the effects of different factors including
matrix composition, reinforcement, curing condition, test configuration and printing configuration on
the fresh and hardened properties using a trial-and-error approach, as illustrated in Fig. 1. Up to now,
the mix design and properties of 3D printed cementitious materials especially at early ages have been
mix design and properties of geopolymers for 3D printing. As the material behaviour of geopolymers,
especially the rheology is significantly different from that of cementitious materials, and the
rheological behaviour has a conspicuous influence on its printability. Thus, a critical review is
urgently required to report the state-of-the-art of 3D printing geopolymers and identify some
remaining challenges to address for their potential applications.

This paper aims to comprehensively review the mix design, printability, fresh and hardened
properties of 3D printed geopolymers (3DPG) considering different factors shown in Fig. 1, as well
as the economic and environmental benefits. It is worth mentioning that only the studies focusing on
the extrusion-based 3DPG are reviewed here, while those [16, 17, 22, 23] concentrating on particle
bed printing are not considered as the relevant research is very limited and most of the existing
products produced by particle bed printing are not applicable for structural applications. Firstly, the
procedure of extrusion-based 3D printing is briefly introduced in terms of four main steps including
mixing, pumping, extruding, and building, which can highlight the difference between 3D printing of
cementitious materials and 3D printing of geopolymers in terms of equipment and technique. Then,
various parameters of characterising the printability of 3DPG along with the printability requirements
are given. Afterwards, the fresh and hardened properties and sustainability of 3DPG are critically
reviewed, with a special focus on the effects of matrix composition, reinforcement, curing condition,
test configuration and printing configuration, and the relationship between critical fresh properties
and printability for geopolymers. Lastly, the potential optimal mix proportions are summarised and

discussed in depth.
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Fig. 1. Schematic diagram of the trial-and-error method used for 3D printed geopolymers (3DPG)
(based on [9]).

2. 3D printing of geopolymers

2.1. General

At microscale, two main stages occur concurrently during the synthesis of geopolymer, i.e.,
dissolution and polycondensation [18, 24, 25]. When the alkaline activator is in contact with the
aluminosilicate binder, the dissolution stage is initiated to break the surface bonds of the binder (e.g.
Si-0-Si and Al-0-Al bonds in fly ash (FA)) dissolving the aluminate and silicate, which renders the
formation of reactive ionic species [26-28]. The concentration of alkaline activator has a distinct
effect on the dissolution degree [29]. The ionic species from the dissolution stage contain numerous
groups of Si-OH and Al-OH that would condense during the polycondensation stage to form the 3D
aluminosilicate gel [30, 31]. It should be pointed out that the above reactions are significantly
influenced by the characteristics of binders [32, 33].

Table 1 summarises the available literature included in this paper in terms of raw materials, curing
conditions and measured properties, indicating that the most commonly used binder type in 3DPG
was a combination of low calcium FA, ground granulated blast-furnace slag (GGBS) and silica fume
(SF) [13, 14, 34-42], while the other binder types such as limestone (LS) [43], metakaolin (MK) [44],
steel slag (SS) [45], and calcium carbonate (CC) [46] were adopted together with FA or GGBS.
Typically, the content of FA, GGBS and SF ranged from 60-95%, 1.67-30%, and 1.67-30% (by mass
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of the total binder), respectively. The alkaline activator was utilised in either liquid or solid state,
activator modulus (SiO2/Na20 (or K20)) employed by different studies ranged from 0.5 to 2.0.
Similar to 3D printed cementitious materials, only fine aggregates with relatively small sizes (less
than 2 mm) were employed for the development of 3DPG, while coarse aggregates are typically
inhibited since they are difficult to pass through most of the existing hoses and nozzles in the 3D
printing systems [48]. It should be noted that a limit is needed for the incorporated dosage of fine
aggregates [34] and the aggregate-to-binder ratio (Agg/b) of most 3DPG mixtures ranged from 1.2 to
1.9. Different kinds of additives were applied to tailor the fresh and hardened properties of
geopolymers, especially printability. For instance, the addition of attapulgite nano clay can help
improve the yield stress of 3DPG, leading to better buildability [49]. Regarding the extrusion-based
3DPG, the use of conventional steel reinforcement is a challenge due to the extrusion and deposition
processes [42]. Thus, randomly distributed short fibres including glass, steel, polypropylene (PP) and
polyvinyl alcohol (PVA) fibres with different lengths and diameters were added during the mixing of
3DPG to enhance the ductility [39-41, 47, 50]. For instance, 3D printed strain-hardening geopolymer
composites containing 2.0% PVA fibre were developed to mitigate the brittleness of plain 3DPG [51].
Apart from fibres, stainless steel cables with a diameter of 1000-2000 pm were utilised to improve
the mechanical properties of 3DPG [39, 41, 42]. Different from the incorporation of fibres during the
mixing, the above studies inserted the steel cables into the deposited geopolymers by a direct extruder
feeding system, which may reduce the risk of printing failure caused by reduced printability. As
illustrated in Table 1, most printed samples were cured under ambient temperature or standard curing
condition (20 + 1 °C and 95% =+ 5% relative humidity) until the ages for hardened properties testing.
Elevated temperature curing was also used. For instance, Muthukrishnan et al. [50] applied
microwave heating after printing to enhance the bond strength of 3DPG, as well as the mechanical
properties and durability. The measured properties of 3DPG presented in existing studies mainly
include flowability, setting time, yield stress, viscosity, structural build-up, thixotropy, printability,
density, porosity, drying shrinkage, compressive strength, flexural strength, flexural ductility, tensile
strength, and bond strength, which will be systemically discussed in Sections 3 and 4, considering

different influencing factors.



Table 1 Summary of raw materials, curing conditions and measured properties collected from studies on extrusion-based 3D printed geopolymers (3DPG).

Activator b b Aggregate Fibre
Ref. Binder SiO2/Na20 L/b (or Act/b or Additive Type (weight or Curing condition Measured properties
Type (or K20) W/s) Type Agg/b volume)

[g] FA85%+GGBS5%+SF10% KOH+K2 - L/b (0.51) Actigel+cellul  River 151 - - Evolution of thixotropy,

SiOs ose sand density, compressive strength,
(thixotropic flexural strength, tensile bond
additive) strength, microstructure

[@] GGBS90%+SS10% NaOH+N  0.5-1.0 W/s (0.33) Deformer+sup - - - - Evolution of dynamic yield

a2Si0Os3 erplasticiser+r stress, plastic viscosity,
edispersible evolution of specified
latex rebuilding energy

[M] FA100%, NaOH+N 1.8 L/b (0.46) - River 15 - Ambient temperature  Structural build-up behaviour®,
FA95%+GGBS5% or SF5%, a2Si03 sand (25 + 2°C) thixotropic behaviour, reaction
FA90%+GGBS10% or SF10%, kinetics, compressive strength
FA90%+GGBS5%+SF5%,

FA96.7%+GGBS1.67%+SF1.67%,
FA93.3%+GGBS3.3%+SF3.3%,

FA91.7%+GGBS6.67%+SF1.67%,
FA91.7%+GGBS1.67%+SF6.67%

[ﬂ FA87.7%+GGBS4.6%+SF7.7%, NaOH+K2 1.8 L/b (0.49) Attapulgite River  1.1- Glass (0.25% by - Static yield stress, structural
FAB83.1%+GGBS9.2%+SF7.7%, SiO3 nano clay sand 1.9 volume) build-up behaviour®, thixotropic
FAT78.5%+GGBS13.8%+SF7.7% Length: 4 mm behaviour, shape retention

ability, deformation under an
increment load

[@] FAB80.6%+GGBS5.0%+SF14.4% K2SiOs 2.0 L/b (0.4) Thixotropic River  1.72 - - Structural build-up behaviour®,

additive sand evolution of apparent viscosity,
density, compressive strength?,
flexural strength?, tensile
strength?, tensile bond strength

[Q] FA85%+GGBS15% KOH+K2 1.8, Act/b (0.35, Attapulgite River 15 - Ambient temperature  Static yield stress, apparent

SiOs 2.0 0.40), W/s nano clay sand curing (23 £ 2 °C) viscosity, structural build-up
(0.30, 0.35) behaviour®, thixotropic
behaviour, setting time, shape
retention ability, build rate,
compressive strength?, reaction
kinetics, microstructure

[@] FA85%+GGBS15%, KOH+K2 15 W/s (0.35) - River  0.85 - Ambient temperature  Static yield stress, apparent

FA70%+GGBS30%, SiO3 sand viscosity, thixotropic behaviour,



[54]

[43]

[36]

[37]

[55]

FAG0%+GGBS40%

FA80%+0OPC20%,
FAT7.5%+0PC20%+SF2.25%,
FA75%+0OPC20%+SF5%,
FAB65%+0PC35%,
FAB0%+0OPC35%+SF5%,
FA50%+0OPC50%,
FAA47.5%+0PC50%+SF2.5%,
FA45%+0PC50%+SF5%

FA85%+L.S15%,
FA70%+LS30%,
FA50%+0PC30%+LS20%,
FA50%+GGBS30%+LS20%,
FA50%+GGBS30%+LS19%+Al
powder1%

FA70%+GGBS15%+SF15%,
FAGB5%+GGBS20%+SF15%,
FAB0%+GGBS35%+SF5%,

FAB0%+GGBS30%+SF10%,
FAB0%+GGBS25%+SF15%

FA100%,
FA90%+GGBS10%,
FA80%+GGBS20%,
FA70%+GGBS30%,
FA80%+GGBS10%+SF10%,
FA70%+GGBS10%+SF20%,
FA60%+GGBS10%+SF30%

GGBS100%

Na2SO0a4

NaOH+N
2S04,
NaOH+N
a2S0s+Na
2Si03

NaOH+N
a2Si03

Naz2SiOs
(Anhydro
us)

Na2SiOz-5
H.O

14

W/s (0.44)

L/b (0.27, 0.30,
0.35)

L/b (0.18)

WI/s (0.27)

W/s (0.32, 0.36)

Nano-graphite
platelet

ATTAGEL-
50
(thixotropic
additive)

Attapulgite
nano clay,
Hydromagnesi
te seed
(nucleation
seed)

River
sand

River
sand

Quartz
sand

Sand

1.35

0.55

0.83

23 + 1 °C and >98%
RH,

70 °C for 24 h,

70 °C for 48 h

60 °C for 24 h, then
ambient temperature
(20°C)

extrudability, buildability,
compressive strength,
microstructure

Static yield stress, structural
build-up behaviour®, thixotropic
behaviour, buildability

Mini-slump, evolution of
dynamic yield stress, plastic
viscosity, setting time, open
time, extensional rheology,
extrusion rheology,
compressive strength, flexural
strength, porosity

Evolution of slump flow,
dynamic yield stress, plastic
viscosity, apparent viscosity,
setting time, open time, shape
retention ability, buildability,
density, compressive strength,
flexural strength, microstructure

Dynamic yield stress, plastic
viscosity, apparent viscosity,
thixotropy, setting time,
microstructure

Static yield stress, structural
build-up behaviour®, thixotropic
behaviour, extrudability,
buildability, microstructure



[46]

[15]

[56]

[44]
[27]

[57]

GGBS50%+CC50%

FA50%+GGBS50%

FA50%+GGBS50%

MK100%

FA100%

FA75%+GGBS25%

NaOH+N 1.7
a2Si03

Wis (0.28)

NazSiOs -
(GD
grade),
Na2SiOs
(Anhydro
us),
NazSiO3
(GD
grade)+Na
2Si03
(Anhydro
us)

W/s (0.32-0.35)

NazSiOs 0.92
(Anhydro
us)

W/s (0.327,
0.335,0.343)

NaOH+N -
a2Si03

W/s (0.40-0.48)

NaOH+N -
a2Si03

L/b (0.51-0.93)

NaOH+N -
a:Si0s3 (D
grade),
NaOH+N
a2Si0s3 (N
grade),

L/b (0.4)

Sodium
carboxymethy
| starch
(viscosity
modifying
admixture)

Sucrose
(retarder)

Highly
purified
Magnesium
Alumino
Silicate
(thixotropic
additive),
Sucrose
(retarder)

Anhydrous
borax
(retarder),
Sodium
carboxymethy
I cellulose

23 °C and 90% RH

Silica 15 - 60 °C for 24 h, then

sand ambient temperature,
Ambient temperature
(23+£3°C)

Sand 15 - Water

Quartz 1.5 - -

sand

Sand 15 - Ambient temperature

Slump flow, dynamic yield
stress, plastic viscosity, water
retention rate, setting time,
compressive strength?, flexural
strength?, drying shrinkage?,
porosity, microstructure

Slump flow, dynamic yield
stress, plastic viscosity,
structural build-up behaviour®,
thixotropic behaviour, setting
time, open time, extrudability,
shape retention ability,
buildability, density,
compressive strength, flexural
strength, porosity

Apparent viscosity, structural
build-up behaviour®, thixotropic
behaviour, elastic behaviour
during printing, failure height of
printed object, reaction kinetics

Structural build-up behaviour®,
setting time, buildability

Structural build-up behaviour®,
setting time, open time,
printability, interior structure
using Xray pu-CT technique

Extrudability, open time, shape
retention ability, compressive
strength



[58]

[38]

[39]

[50]

[40]

[47]

[41]

FA50%+GGBS50%

FA75%+GGBS15%+SF10%

FA80%+GGBS15%+SF5%

FA50%+GGBS50%

FA74%+GGBS16%+SF10%

FA100%

FA64%+GGBS25%+SF11%

KOH+K:
SiOs
(KASIL
2040)

NazSiOs
(Anhydro
us)

NaOH+N
a2Si03

K2SiOs

NazSiOs
(Anhydro
us)

K2SiO3

NaOH+N
a2Si0s (D
grade)

NazSiOz-5
H20

0.90

1.6, 1.85,

1.18

1.0

2.0

W/s (0.32)

L/b (0.46)

L/b (0.45)

WI/s (0.40)

L/b (0.65)

L/b (0.52)

Wis (0.31)

(viscosity
modifying
admixture)

Attapulgite
nano clay

Magnesium
aluminium
silicate nano
clay
(thixotropic
additive)

Hydroxypropy
|

methylcellulos
e (thixotropic
additive)

Hydroxyethyl
cellulose
(viscosity

Sand

River
sand

River
sand

Silica
sand

River
sand

Sand

Silica
sand

15

15

151

1.5

1.0

PVA (0.5% by weight)
Length: 8 mm
Diameter: 1.4 pm
Stainless steel cable
Diameter: 1000, 1500,
2000 pm

PVA (1.0% by weight)
Length: 6 mm
Diameter: 26 pm

Glass (0.25-1.0% by
volume)
Length: 3, 6, 8 mm

Hooked-end steel (1.0%
by volume)

Length: 40 mm
Diameter: 615 pm

PP (0.5% by volume)
Length: 5 mm
Diameter: 22 pm

PP (0.56% by weight)
Stainless steel cable
Diameter: 1200 pm

60 °C for 24 h, then
ambient temperature
(231 3°C)

Ambient temperature

Microwave, then 25
°C and 50% RH

Ambient temperature

70 °C for 2 h, then
ambient temperature

Compressive strength, flexural
strength, inter-layer strength

Thixotropic behaviour,
structural build-up behaviour®,
tensile bond strength

Thixotropic behaviour, flexural
behaviour, microstructure

Structural build-up behaviour®,
thixotropic behaviour, inter-
layer strength, inter-layer
temperature, lateral deformation
and stiffness, moisture content,
microstructure, reaction Kinetics

Compressive strength, flexural
strength, tensile strength

Slump flow, flexural behaviour®

Flexural behaviour



modifying

admixture)
[Q] FA64%+GGBS25%+SF11% Na:SiO3-5 - W/s (0.31) - Silica 1.2 Stainless steel cable 20+ 1°Cand95% +  Compressive behaviour, tensile
H.O sand Diameter: 1200 pm 5% RH behaviour, shear behaviour,
pull-out behaviour
[ﬂ] FA50%+GGBS50% NazSiOs 0.9 W/s (0.28) Sodium Sand 0.05 PVA (2.0% by volume) 23 + 3°C for 24 h, Density, compressive strength,
(Anhydro carboxymethy Length: 8 mm then 60 °C for 24 h, flexural behaviour, porosity
us) I cellulose Diameter: 40 pm then ambient
(viscosity temperature
modifying
admixture),
Sucrose
(retarder)

Note: FA — fly ash; GGBS — ground granulated blast-furnace slag; SF — silica fume; MK — metakaolin; SS — steel slag; LS — limestone; CC — calcium
carbonate; Al — alumina; L/b — liquid-to-binder ratio (the mass ratio of total liquid over the mass of solid from the binder); Act/b — activator-to-binder
ratio (the mass ratio of liquid alkaline activator over the mass of solid from the binder); W/s — water-to-solid ratio (the mass ratio of total water over the
mass of solids from the binder and alkaline activator); Agg/b — aggregate-to-binder ratio

% Tests on mould-cast specimens only
b: By static yield stress test
¢. By small amplitude oscillatory shear (SAOS) test



2.2. Processing steps

Fig. 2 presents the main printing process for extrusion-based 3DPG, which can be divided into mixing,
pumping, extruding, and building. In general, the mixed material is transferred to the extruder via the
pumping system to deposit the material layer by layer until the desired shape is achieved. To
successfully print a geopolymer mixture on site, it is essential to control the quality of every process.
As the processes are similar to those for 3D printed cementitious materials [5, 59, 60], only a brief
overview of the extrusion-based processing steps for 3DPG is given here. Compared to robotic-based
[13] and small-scale custom-made [51, 57] 3D printing systems, gantry-based 3D printing system [14,
15, 34, 35, 39] is widely used for geopolymers but often limited to vertical extrusion [5]. Robotic-
based systems have more freedom in designing objects with various structures [20].

Printing process

Mixing |——| Pumping |——| Extruding |——| Building

Fig. 2. Typical printing process for extrusion-based 3DPG [60, 61].

Batch mixing has been mainly used for 3DPG, where geopolymers are produced using either one-
part or two-part mixing approach. Among them, one-part mixing system for geopolymers is more
suitable for the in-situ work, where the solid alkaline activator is used during mixing instead of the
prepared alkaline activator solution for the two-part mixing approach [12]. Handling a large quantity
of alkaline solutions would reduce the safety of the construction working site and hence, two-part
mixing system is now more preferred for precast application [62]. There is no consistent mixing
protocol for 3DPG, and most studies started with mixing dry materials followed by the addition of
liquid materials such as activator solution and water (if any). The adopted total mixing time of all
existing studies ranged from 5 min to 15 min. It was reported that the solid alkaline activator was
difficult to be completely dissolved if the total mixing time was less than 15 min [56]. To improve
the dissolution of anhydrous Na2SiOg, after mixing all dry materials, Muthukrishnan et al. [56] added
the water to the mixer at two different times with changing mixing speeds. To ensure an effective
dispersion of some additives such as nano clay [55] and nano-graphite platelet [36], they were
normally mixed with water before incorporating into the geopolymer matrix. Regarding 3DPG

composites, short fibres were either mixed with the dry material [47, 56] or added after a homogenous
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geopolymer matrix was reached [51]. It is worth noting that the sequence of fibre incorporation has
a considerable effect on the fibre dispersion and orientation that would strongly affect the properties
of resultant composites [63]. Until now, several studies [64-66] concluded that a longer mixing time
can improve the flowability, mechanical properties, and durability of geopolymers. Alrefaei et al. [62]
designed a new mixing method called “hybrid-mixing” that part of the mixing water is used to
dissolve the solid activator while the rest is to dilute the chemical additive. They found that it can
effectively enhance the flowability and compressive strength of FA-GGBS based geopolymers.
However, to the best of the authors’ knowledge, no research has been performed to explore the
influence of mixing parameters on the engineering properties of 3DPG. These parameters would
significantly affect the fresh and hardened properties, in particular printability. Thus, more studies
are required to develop a consistent and effective mixing protocol for geopolymers used for 3D
printing applications.

Pumping is an indispensable step in the delivery or transportation phase of 3D printing. Enough
pressure is needed to transport the mixed material to the extruder. For small-scale applications or
laboratory studies, the mixed material is always transported using a single pump with a short pumping
distance [67]. This requires the material to undergo a fast structuration after the deposition. Large-
scale printing work typically has a longer pumping distance and the print-head has extra space for the
chemical additive (e.g., accelerator) to input prior to the extrusion [67, 68]. For 3DPG, different kinds
of pumping systems have been utilised such as grout pump [13, 39], PFT swing M pump [15] and
progressive cavity pump [40]. However, some issues may occur between pumping and material,
which have been reported during the production process of 3D printed cementitious composites. For

example, it was found that polymer fibres with a relatively long length may block the pump if the

which system is fully compatible for geopolymers without affecting the printing process and material
properties, and thus further research is needed.

After the delivery or transportation phase, the material is ready for extrusion using the end part
of the print-head known as nozzle that has different shapes such as circular, square, and rectangular.
The shape, size, properties and fibre distribution of the extruded objects are largely influenced by the
nozzle [60, 69]. The employed nozzle moving speed for 3DPG ranged from 3-120 mm/s, depending
on the type and size of 3D printer and nozzle.

The extruded materials are deposited layer by layer until the final structure is built while the final
printed object is susceptible to either plastic or elastic bulking failure (or a combination of both) due
to the absence of mould or formwork [59, 60]. The deposited layer would experience the self-weight

and process-induced forces from the upper layers, which may lead to plastic failure governed by the
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yield strength (rheological parameter) of the extruded material [70, 71]. Moreover, another in-print
failure mode (elastic bulking failure) can be triggered by the low yield strength (or stiffness) of the
extruded material, the eccentric placement of the extruded layer, and a combination of both [72].
2.3. Printability requirements

As discussed in Section 2.2, each step during the 3D printing process can represent an aspect of
printability which can be mainly divided into pumpability (delivery phase), extrudability (extrusion
phase), open time (delivery and extrusion phases), buildability, and shape retention ability (building
phase) [8, 60, 73]. These properties are governed by the fresh behaviour of 3DPG notably rheological
behaviour. The general information on various printability properties is briefly discussed below as
they have been widely reported by other existing review papers [2, 9, 59]. To date, there are still no
standard methods for characterising the printability of 3DPG. Table 2 presents a summary of various
parameters for characterising the extrusion-based 3DPG. The printability requirements of 3DPG will
be discussed later.

Pumpability is defined as the ability of mixed material to go through the pumping system to the
extruder without any blockage and negative impact on material properties [9, 73]. Ideally, when the
mixed material is transported through the pumping pipe, a lubrication layer is formed on the pipe wall
to improve the pumpability [74]. As indicated in Table 2, the existing studies characterised the
pumpability of 3DPG using both yield stress and viscosity [15, 56]. Bong et al. [15] quantified the
pumpability of 3DPG using the dynamic yield stress and plastic viscosity, which can be adopted as
inputs to determine the required pressure for pumping the material based on the equation given in
[75]. A better pumpability can be expected if the required pumping pressure was lower than the
maximum conveying pressure for the used pump. Muthukrishnan et al. [56] applied the apparent
viscosity of fresh geopolymers to determine the pumpability as the viscosity at the bulk can be used
to evaluate the condition in the lubrication layer [76]. The static yield stress of fresh geopolymers
was also used to estimate the pumpability of 3DPG [56]. As mentioned earlier, except for the rheology
of bulk geopolymers, the properties of the lubrication layer cannot be ignored [2]. However, the
rheological properties of the lubrication layer for 3DPG have not been studied and thus further studies
are required to better characterise the pumping behaviour of 3DPG.

Extrudability is regarded as the ability of the material to extrude smoothly via the nozzle while
retaining the original shape of the filament without apparent deformation, splitting and tearing [8, 9].
As shown in Table 2, the extrudability of 3DPG can be characterised by flowability, yield stress and
viscosity [34, 43, 45]. When the static yield stress of fresh geopolymers was in the range of 600-1000
Pa, a smooth extrusion can be expected and the used rheometers could not offer enough torque for
the measurement (i.e., poor extrudability) if the static yield stress exceeded this range [34]. Alghamdi

et al. [43] printed the fresh geopolymers to assess the extrudability of 3DPG and revealed that
12



geopolymers had good extrudability when the printed samples exhibited little or no deformation. In
addition, the flowability and dynamic yield stress of these mixtures were measured to determine the
limits for these parameters. Within these limits, a smooth extrusion could be achieved. The
extrudability of 3DPG is associated with the structure rebuilding ability determined using rheometers
and a higher extrudability can be found if the geopolymers process a higher structure rebuilding
ability [45]. Apart from the above parameters, the extrudability can also be evaluated through visual
observation of the extrusion process of filament [53, 57] and the shape of extruded structure [15, 43],
or by measuring the width of extruded filament [55].

In the delivery and extrusion phases, open time is another critical factor for 3D printing, which is
defined as the time window that the material must be extruded [77, 78]. Beyond the open time, the
material cannot be printed anymore. As seen in Table 2, the open time of 3DPG is normally
determined by extruding the material at different times while the time that the material cannot be
rheological parameters can be also used to reflect the open time [13, 34, 35, 52].

During the deposition and building phases, buildability is the governing factor that is defined as
the ability of deposited material to retain the shape and resist the load and deformation [9]. Aside
from keeping the deposited shape, the bonding between the layers can also indicate buildability.
Different parameters have been applied to characterise the buildability of 3DPG, while the commonly
used ones are the recovery ability of apparent viscosity after subjected to a high shear rate, the
evolution rate of static yield stress, and the integrity of final printed objects (Table 2). Panda et al.
[34] simulated the printing process by applying different shear rates (0.1 s* and 100 s™) to the fresh
geopolymers whilst the rheological test. The recovery ability of apparent viscosity after varying the
shear rate from a high value (100 s?) to a low value (0.1 s) was used to assess the buildability of
3DPG and a better buildability could be obtained when the recovery ability was higher. Similar
approaches were adopted by other studies [50, 54, 56]. It was observed that the buildability of 3DPG
was higher when the growth rate of static yield stress was larger [44, 55, 56]. Bong et al. [15] printed
a column with a height of 940 mm (94 layers) to evaluate the buildability of 3DPG and observed very
high integrity for the printed column, implying a higher buildability. Similar methods (but with
different printed structures) were applied by other studies and other parameters (e.g., failure height
of the printed structure) were used [36, 43, 56]. The shape retention ability listed in Table 2 can be
considered as another important aspect of buildability for 3DPG, which can be quantified using a
dimensionless number, called shape retention factor. For instance, Panda et al. [34] compared the
cross-sectional area of fresh geopolymers inside a mould and the cross-sectional area after removing
the mould. The difference between them was noted as the shape retention factor. Other parameters of

characterising the shape retention ability are summarised in Table 2.
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Although many different parameters with similar intrinsic origins have been utilised to
characterise the printability of 3DPG, which are strongly related to the rheology of fresh geopolymers,
especially yield stress and viscosity. For instance, when the integrity of the printed objects is used to
assess the buildability, the key factors including initial yield stress and initial viscosity as well as the
evolution of them can be considered. Prior to the assessment of buildability, sufficient pumpability,
extrudability and open time should be achieved. It should be noted that most of the approaches
mentioned above for characterising the printability of 3DPG are empirical, which cannot provide a
comprehensive understanding of the intrinsic properties of 3DPG. Some studies only estimated
certain rheological parameters of fresh geopolymers, while the samples were not printed. The results
can only indirectly reflect the printability of geopolymers and thus it is vital to develop unified and
standard test methods for each aspect of printability along with useful guidelines to improve the
reliability of the test results and reduce the potential errors during each test.

In general, to successfully print an object, the pumpability, extrudability, open time, buildability,
and shape retention ability should be adequate. The yield stress and viscosity should be as low as
possible (i.e., high flowability) to ensure the mixed material can be easily transported to the extruder
(good pumpability). Fresh geopolymers should possess moderate yield stress with low viscosity (i.e.,
adequate flowability) for acceptable extrudability to ensure a smooth extrusion process without
dramatic damages to the extruded materials. Open time must be controlled to ensure there is enough
time to complete the extrusion (i.e., sufficient setting time). Geopolymers should possess high static
yield stress after the deposition to avoid potential failures mentioned in Section 2.2 (plastic and elastic
bulking failures). Fig. 3a shows a typical evolution trend of yield stress for 3DPG, which can be
mainly divided into four steps. Step 1 includes all processing steps before the extrusion like mixing
and pumping and thus, the structuration of materials at this stage is very low or negligible. This can
be attributed to the several rounds of high shearing with various magnitudes included in this stage,
leading to a broken down of structuration [79]. Step 2 can be regarded as the deposition phase of
materials and the initial static yield stress must be higher than pgh where p and h are the density and
thickness of the extruded filament, and g is the gravity of Earth [19]. During this stage, there exits
primarily colloidal interactions between particles, leading to the formation of some early reaction
products [79]. In step 3, a linear structural build-up (or green strength improvement) occurs due to
the formation of bridges connecting the particles [79-81]. At this stage, most bridges between the
particles are still weak and hence, the structural build-up is reversible if sufficient mixing is provided
[19]. As the rigidification of percolated network of particles proceeds (step 4), the strength of printed
materials evolves rapidly with an almost irreversible trend [19, 27]. According to [19], the static yield

stress in the bottom layer should be higher than pgH /+/3 (where H is the height of final printed object)

to avoid the plastic failure shown in Fig. 3b. As mentioned earlier, the elastic bulking failure (Fig. 3c)
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could occur due to the low yield strength of deposited material associated with low stiffness [71].
Thus, the risk of experiencing both failure modes can be reduced if the early-age yield strength of
fresh geopolymers is high enough [71]. Moreover, printing configurations such as printing speed and
printing layer cycle time also need to be controlled. Apart from these key printing requirements, other
factors still need to be concerned. All these factors are related to and would affect each other during
the printing procedure.

Table 2 Summary of parameters for characterising the printability of extrusion-based 3DPG.

Printability Characterisation parameters Remarks

Pumpability ~ Dynamic yield stress and plastic viscosity ~ Better pumpability is found when
[15], static yield stress and apparent the dynamic yield stress and plastic
viscosity [56] viscosity are lower [15] or when the

apparent viscosity is in the range of
10-100 Pa-s and the static yield
stress is below 5 kPa after the
mixing of 45 min [56]

Extrudability  Specified rebuilding energy i.e., area Better extrudability is found when
between up-curve of each hysteresis loop  the specified rebuilding energy is
and the corresponding equilibrium line higher [45] or when the static yield

[45], static yield stress [34], integrity of stress is in the range of 600-1000
printed element during extrusion process Pa [34] or when no breakage or

or after extrusion [15, 43, 53, 57], mini- discontinuity of the extruded
slump and dynamic yield stress [43], width  filament during the extrusion [53,
of extruded filament [55] 57] or when the printed element has

an acceptable shape [15, 43] or
when the maximum mini-slump
and maximum dynamic yield stress
are 9 mm and 700 Pa, respectively
[43] or when the width of the
extruded filament is close to the
length of the nozzle [55]

Open time Change of thixotropy over time i.e., area Longer open time is found when
under the curve of torque against rotational the growth rate of static yield stress
speed [13], growth rate of static yield is lower [34] or when the initial
stress [34], growth rates of static yield setting time is higher [52]

stress and apparent viscosity [35], initial
setting time [52], extrusion time after

Buildability ~ Recovery ability of apparent viscosity after Better buildability is found when

a high shear rate [34, 50, 54, 56], the recovery ability of apparent
deformation after an incremental load of viscosity is higher [34, 50, 54, 56]
0.1 N/s [34], observation of nozzle or when the deformation of the
standoff distance of printed cylindrical printed object after an incremental
structure [52], green strength [53], load is lower [34] or when the

deformation of the bottom layer of printed  nozzle standoff distance of the
cylindrical structure [54, 55], Integrity of printed object is lower [52] or when
printed structure [15, 36, 43, 44], growth the green strength is higher [53] or
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Shape

retention

ability

rate of static yield stress [44, 55, 56],

elastic behaviour during printing [56],
measured failure height of printed structure
[56], lateral deformation under vertical

load [50]

Shape retention factor i.e., ratio of cross
sectional area before and after demoulding
(or extruding) [34, 52] or ratio of top width
to bottom width of printed sample [57],

extrusion yield stress i.e. predicted by
Benbow-Bridgewater model [43],

measured height of each printed layer after
60 min (6 layers in total) [36], deformation

of the sample under steel plates [15]

when the deformation of the bottom
layer is lower [54, 55] or when the
printed structure has higher
integrity without obvious distortion
[15, 36, 43, 44] or when the growth
rate of static yield stress is higher
[44, 55, 56] or when the elastic
modulus of the object during the
printing is higher [56] or when the
measured failure height of the
printed object is higher [56] or
when the lateral deformation of the
printed object under the vertical
load is lower [50]

Better shape retention ability is
found when the shape retention
factor is higher [34, 52, 57] or
when the extrusion yield stress is
higher than 20 kPa [43] or when the
deformation of the sample under
steel plates is lower [15]

—_—

Yield stress

Step 1

> ng/\/§

Before extrusion

After extrusion

Fig. 3. Buildability requirements and failure modes: (a) required yield stress (based on [19, 27, 80]),
(b) plastic failure mode [70], and (c) elastic bulking failure mode [70].
3. Fresh properties of 3D printed geopolymers

3.1. Flowability and its relation to printability
Sufficient flowability is crucial for the applicability of geopolymers as poor flowability can lead to

poor compaction, excessive void formation and reduced hardened properties. Regarding 3D printing,

geopolymers could be easily transported via the pumping system to the extruder if they exhibit
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relatively high flowability. Flowability can be measured using either mini-slump test [43] or flow
table test [15]. The effects of different factors such as replacement binder, activator, and additive on
the flowability of 3DPG have been increasingly studied, the results of which are illustrated in Fig. 4.

Fig. 4a presents the effects of different alternative binders including LS, GGBS, SF, OPC and
alumina (Al) powder on the flowability of geopolymers for 3D printing. The limited data shown in
Fig. 4a shows that the presence of LS, SF and Al powder can increase the flowability of geopolymers
[36, 43], while the incorporation of GGBS adversely affected the flowability [36]. For instance, the
mini-slump of FA-LS based geopolymers slightly went up with the increasing LS dosage from 15%
to 30% [43], mainly due to the reduced contact between the reactive particles [82]. However, the
effect of replacing FA with LS on the flowability of geopolymers cannot be confirmed as the activator
content was not constant when the LS dosage changed. Similarly, although it was reported that
replacing SF with 1% Al powder can improve the mini-slump of geopolymers, such improvement
could be caused by the combined effect of Al powder and activator [43]. As shown in Table 2, the
mini-slump can be used to reflect the extrudability and Alghamdi et al. [43] found that a smooth
extrusion was found when the mini-slump of fresh geopolymers was less than 9 mm. Due to the
accelerated reaction and increased number of angular particles [83, 84], it was found that the slump
flow of geopolymers can be reduced by 6.3% if replacing FA with GGBS while keeping the SF
content constant (Fig. 4a) [36]. By contrast, replacing GGBS with SF led to an increased slump flow
(4.1-7.3%) [36]. Previous studies observed that when the added SF content is lower than the critical
dosage, SF would act as a lubricator to improve the flowability of geopolymers, while an opposite
effect occurs if the dosage is beyond the critical dosage [85-87]. The ‘resting time=5 min’ in Fig. 4a
means that the slump flow was obtained by conducting the flow table test 5 min after the first test and
the slump flow of geopolymers slightly increased as the resting time rises (0-15 min), which
contradicts the fact that the flowability should be smaller as the reaction proceeds [36]. Thus, to
further explain this phenomenon, repetitive tests are required.

Apart from binders, activator type also has a strong influence on the flowability of geopolymers.
The slump flow of FA-GGBS based geopolymers was found to be only 105 mm when the anhydrous
Na2SiOs with a modulus (SiO2/Na20) of 0.9 was used as the activator (Fig. 4b), which can be ascribed
to the rapid reaction kinetics of anhydrous Na2SiOs [15]. To address this issue, the GD grade Na2SiO3
was used to partially replace the anhydrous Na2SiOs, indicating that replacing 25% anhydrous
Na2SiOs with GD grade Na2SiOs can improve the slump flow by 25.8% due to the increased modulus
of the activator, resulting in a reduction in yield stress while such effect becomes more pronounced
when the activator modulus is below 1.2 [15]. However, taking the pumpability into account, they
suggested that the highest replacement ratio of anhydrous Na2SiOs should be limited to 50% as
beyond this ratio, the synthesised FA-GGBS based geopolymers were difficult to pump [15].
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As mentioned in Section 2.1, different kinds of additives were utilised to tailor the printability of
geopolymers via changing their fresh properties such as flowability. As shown in Fig. 4c, it can be
found that the incorporation of sodium carboxymethyl starch (viscosity modifying admixture) can
considerably reduce the slump flow of FA-CC based geopolymers [46], where the reduced flowability
was found to help mitigate the deformation of geopolymers after the extrusion, improving the
buildability. Bong et al. [15] revealed that the incorporation of 0.5% sucrose (retarder) can increase
the slump flow from 105 mm to 120 mm mainly due to the delayed reaction process of geopolymers
after the usage of sucrose, while further addition of sucrose (1.0%) did not show any positive
influences.

Regarding the effect of fibre type on the flowability of geopolymers for 3D printing, there is only
one study [47] available which indicated that adding 0.5% (by volume) polypropylene (PP) fibre led
to a lower flowability of geopolymers than the incorporation of 1.0% steel fibre. Due to the contact
network between fibres and matrix, the flowability is generally decreased after the addition of fibres
[88], and the reduction degree of flowability is strongly affected by the critical fibre dosage,
depending on the fibre properties [63]. The critical fibre dosage of PP fibre may be lower than that of
steel fibre [89] and hence, the flowability of geopolymers containing PP fibres is smaller.
Nevertheless, the printability related properties of these fibre reinforced geopolymer composites were
not assessed in [47], and thus the feasibility of using these fibres for 3D printing applications is still
unclear.
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Fig. 4. Flowability of fresh geopolymers for 3D printing: (a) effects of binder type and content, (b)
effect of activator type, and (c) effect of additive content (adapted from [15, 36, 43, 46]).

3.2. Setting time and its relation to printability

Setting time can reflect the hardening evolution of geopolymers, which is usually evaluated using
Vicat needle test and also can be determined through rheological measurement [90]. Based on the
penetration depth during the Vicat needle test, setting time can be categorised as initial and final
setting time. If the setting time is not well controlled, it may adversely affect the delivery, extrusion
and building phases, especially open time. Based on the existing research (Table 1), the effects of
replacement binder (GGBS, SF, OPC, Al powder), activator and additive (nano clay, sodium
carboxymethyl starch and sucrose) on the setting time of geopolymers were estimated, the results of
which are depicted in Fig. 5.

As seen in Fig. 5a, the initial setting time of geopolymers prolonged as the increase of either LS
or Al powder content, or as the decrease of GGBS dosage. For instance, the initial setting time of
geopolymers was reduced from 151 min to 18 min with the increase of GGBS content from 0% to
30% [37], due to the high calcium content of GGBS that accelerates the reaction to form C-A-S-H
and N-C-A-S-H gels (if in association with FA) [91, 92]. Besides, the combined effect of LS (or Al
powder) and activator led to an obvious increase in the initial setting time of geopolymers, which
accordingly prolonged the open time from 60 min to 180 min [43]. It can be suggested that to ensure
a satisfactory open time for 3DPG, it is crucial to select an appropriate binder proportion.

It was reported that combining two different kinds of activators (anhydrous Na2SiOs and GD
grade Na2SiO3) can not only improve the flowability but also address the issue of short setting time
for geopolymers activated with sole anhydrous Na2SiOs [15]. As indicated in Fig. 5b, when anhydrous
Na2SiOs was used to activate FA-GGBS based geopolymers, the initial and final setting time were
only 65 min and 96 min, respectively, which could not meet the requirement for 3D printing [15].

When another NazSiOs (GD grade) with a higher modulus was incorporated, the setting time was
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increased considerably. For instance, the setting time of geopolymers activated by only GD grade
Na2SiOs exceeded 480 min. Fig. 5¢ shows that the setting time of FA-based geopolymers increased
with the rising L/b [27]. A comparison between the open time determined from the extruded samples
with different L/b and its initial setting time suggests that the open time was extremely shorter than
the initial setting time [27]. Fig. 6 shows some images of the extruded samples taken by digital camera
and X-ray micro-CT. As observed, when the open time was exceeded, the samples were difficult to
extrude with poorly formed shapes (Fig. 6a), and many defects can be observed inside the non-
extrudable samples, as illustrated in Fig. 6b.

Fig. 5d shows that the use of sucrose can improve the setting time, as reported in [15]. Besides,
as seen in Fig. 5d, incorporating sodium carboxymethyl starch can help prolong the setting time of
geopolymers due to the delayed reaction process through the attachment on the surface of binder
particles [46]. This effect was found to be more apparent when the surrounding temperature was
lower. On the other hand, Panda et al. [52] found that the incorporation of nano clay had a trivial
impact on the setting time of geopolymers that the initial setting time was increased from 19 min to
22 min only when 1.5% nano clay was added (see Fig. 5d)

Based on the above results and discussion, it suggests that the initial setting time could be used
to tailor the printability window (open time), while a limit should be set to maintain adequate
flowability for pumping. However, a longer setting time may lead to a higher flowability for mixtures
and thus, segregation may happen which weakens the lubrication layer during the pumping. It is
helpful to evaluate the empirical relationships between initial setting time and open time for getting

more insights into the control of printability window.
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Fig. 5. Setting time of fresh geopolymers for 3D printing: (a) effects of binder type and content, (b)
effects of activator type, (c) effect of quuid-to-binder ratio (L/b), and (d) effect of additive content
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Fig. 6. Examples of some extruded geopolymers [27].
3.3. Yield stress and viscosity and their relations to printability

As aforementioned, yield stress and viscosity of fresh geopolymers have strong effects on their
printability, which can be determined by a rotational rheometer (Fig. 7a). Fig. 7b and c display the
testing protocols for measuring the above parameters. Static yield stress is defined as the minimum
shear stress to initiate the flow of materials, which can be generally determined by applying a constant
shear rate (0.01-0.5 s [14, 44, 52-55]) to the test specimens (Fig. 7b) [93]. It is worth noting that a
pre-shear stage with an extremely high shear rate (e.g. 60 s™) is normally required to remove the
shearing history and bring the test specimens back to the reference state [94, 95]. Dynamic yield stress

is regarded as the required shear stress to maintain the flow of materials while plastic viscosity is
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noted as the resistance of materials to the flow, which can be evaluated using the testing protocol
shown in Fig. 7c. Afterwards, a rheological model (e.g., Bingham model) is used to fit the flow data
and thus, the dynamic yield stress and plastic viscosity can be obtained.

As stated in Section 2.3, to ensure smooth delivery and extrusion processes, the yield stress and
viscosity before the deposition should be as low as possible. For different 3D printing systems, the
limits of yield stress and viscosity can vary. Fig. 8a shows the effect of replacement binder content
on the static yield stress and apparent viscosity of geopolymers for 3D printing. Generally, as seen,
increasing either GGBS or OPC content raised both static yield stress and apparent viscosity of
geopolymers, while increasing the FA dosage caused opposite changing trends [53, 54]. Besides,
replacing 10% FA with SF increased the static yield stress by about 103.3% without affecting the
extrudability of geopolymers, and the shape retention ability was improved in the presence of SF, as
reported by [14].

Both Act/b (or W/s) and activator modulus have dramatic influences on the static yield stress and
apparent viscosity of geopolymers (Fig. 8b). If the solid activator is used, the activator dosage and
water content need to be carefully selected to ensure the mixture is pumpable and extrudable. Panda
et al. [53] found that when the activator dosage of solid KOH and K2SiOs changed from 10% to 15%
(by mass of the total binder) while keeping W/s as 0.35, the static yield stress of FA-GGBS based
geopolymer exhibited a negligible change, while an approximately 25.4% increase in static yield
stress can be observed when the activator dosage went up to 20%. In this study, W/s was kept constant
and the total water content in the mixture reduced with the increasing activator dosage. Thus, with
the increase of activator dosage, a higher pH and ionic strength of surface charges can be formed,
leading to an increased static yield stress [53]. A consistent finding was reported in [56] that adjusting
the dosage of anhydrous Na2SiOs from 7.5% to 10% (by mass of the total binder) while keeping the
total water content constant, the static yield stress of FA-GGBS based geopolymer was enhanced by
18.5 times due to the rapid dissolution of the solid activator [15, 96]. It should be noted that the water
content in this study was not altered as the increase of activator dosage and thus, W/s of the mixture
reduced accordingly, which can be seen in Fig. 8b that the static yield stress of geopolymers increased
with the decreasing W/s [56]. Therefore, the critical dosage of anhydrous Na2SiOz can be regarded as
7.5% as exceeding this dosage may make the mixture difficult to extrude due to the extremely high
static yield stress immediately after the mixing [56]. However, when the dosage of anhydrous
Naz2SiOzwas 7.5% (equivalent to W/s of 0.335), the static yield stress of fresh geopolymers was only
94 Pa and the corresponding buildability was very low [56]. Muthukrishnan et al. [56] used the failure
height of printed samples to reflect the buildability (Fig. 9). When the static yield stress of
geopolymers was less than 100 Pa, the printed samples failed at the height of 6 layers. On the other
hand, as displayed in Fig. 8b, increasing the Act/b of geopolymers activated by liquid KOH and
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K2SiOsdeclined both static yield stress and apparent viscosity of FA-GGBS based geopolymers [52],
which can be ascribed to the delayed saturation-polycondensation stage and reduced hardening speed
[97]. Similar results were reported in [98, 99] that the static yield stress of fresh geopolymers increases
with the reducing W/s or Act/b, independent of the solid or liquid activator used. Moreover, regardless
of Act/b, it was observed that the static yield stress of geopolymers was increased by 4.8-6.8 times
with the increase of activator modulus from 1.8 to 2.0 [52] (Fig. 8b). As explained in Section 3.1, the
activator with a modulus below 1.2 can bring plasticising effect to reduce the yield stress while this
effect vanishes when the modulus is over 1.4 [85]. Fig. 8b shows that the apparent viscosity of
geopolymers also raised with the increasing activator modulus, due to the increasing number of
colloidal clusters [52, 85]. Given the increased static yield stress and apparent viscosity, the shape
retention factor was found to be increased by 2.71 times, leading to a better shape retention ability
for geopolymers [52]. Even so, this result was obtained based on the extrusion of a single filament,
which cannot reflect the true buildability of geopolymers. Hence, Panda et al. [52] assessed the nozzle
standoff distance (i.e. distance between the upper part of the extruded layer and the nozzle) to
characterise the buildability of geopolymers and found that when the activator modulus was 2, the
nozzle standoff distance of the mixtures increased with the increasing printing layer. This can be
attributed to the slow structural build-up, implying that the static yield stress of the bottom layers was
not sufficient to withstand the stresses from the upper layers and the printing processes.

Several types of additives were applied to adjust the yield stress and viscosity for improving the
printability of geopolymers (Fig. 8c). The commonly used one was nano clay (0.2-0.6%) that had an
apparent effect on the static yield stress [52, 55]. For instance, Panda et al. [55] revealed that the
addition of 0.6% nano clay increased the static yield stress of geopolymers by 6.7 times, which could
be due to the dense internal network induced by the edge to face interaction of nano clay particles
[49, 100]. With the inclusion of 0.5% nano clay, the buildability of geopolymers was found to be
improved as no visible nozzle standoff distance was observed [52]. However, as seen in Fig. 8c, the
increment effect in static yield stress by nano clay was not pronounced when the Act/b of the mixture
was higher owing to the reduced interaction of nano clay under high pH solution [52, 101]. Compared
with its influence on static yield stress, the effect of nano clay on the apparent viscosity of
geopolymers was less conspicuous (Fig. 8c), which can be associated with the reduced viscosity of
nano clay under high shearing [49]. Panda et al. [55] applied both nano clay and hydromagnesite seed
to tailor the printability of geopolymers and found that the addition of 2% hydromagnesite seed led
to a 36.5% rise in the static yield stress of geopolymers compared to geopolymers containing solely
nano clay. A slender column without any apparent deformations that was made of the mixtures
incorporating 0.4% nano clay and 2% hydromagnesite seed was successfully printed [55]. It was

indicated that using the printing speed of 90 mm/s can achieve the highest extrudability based on the
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width of extruded filaments, and the buildability was acceptable when using this printing speed [55].
To improve the extrudability of the anhydrous Na2SiOs activated geopolymer mixtures by lowering
the static yield stress, 1.0% sucrose was added in [56]. However, the buildability was still
unacceptable as the printed samples failed at the height of 58 layers, as displayed in Fig. 9. By
combining another thixotropic additive (highly purified Magnesium Alumino Silicate) and 1.5%
sucrose, the buildability of geopolymers was significantly improved as the printed samples did not
fail up to 120 layers [56]. Although the initial static yield stress of this mixture was comparable to
that containing 1.0% sucrose (approximately 730 Pa), the buildability was significantly improved.
This implies the importance of assessing the structural build-up of 3DPG which will be discussed

further in Section 3.4.
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> 120 layers

58 layers

Fig. 9. Examples of some buildability assessments for 3DPG [56].

The effect of various binders (LS, Al powder, OPC, GGBS and SF) on the dynamic yield stress
and plastic viscosity of geopolymers for 3D printing are shown in Fig. 10a. As seen, the dynamic
yield stress and plastic viscosity of geopolymers were reduced by 69.6% and 54.7%, respectively
when the LS replacement dosage changed from 15% to 30% [43], which can be ascribed to the filling
role and water retention ability of LS, and the plasticising effect of activator [43, 85, 104]. Replacing
FA with LS improved the buildability of geopolymers and at the 30% replacement, the printed
samples with hollow structures did not show any layer deformations [43]. They also found that the
mixtures containing 1% Al powder possess adequate printability without significantly changing the
dynamic yield stress and plastic viscosity. Guo et al. [37] explored the effects of replacing FA with
GGBS or SF on the dynamic yield stress and plastic viscosity of geopolymers using two rheological
models, i.e., Bingham model and Herschel-Bulkley model. Regardless of binder type, both models
can fit the flow behaviour well with R? over 0.99. Besides, they concluded that replacing 10% FA
with SF can achieve an optimal printability as this mixture exhibited high dynamic yield stress
(103.97-106.97 Pa) and adequate plastic viscosity (8-8.12 Pa-s) to have sufficient extrudability and
ability to retain the printed shape (Fig. 10a). However, the bonding condition of printed samples was
still a concern based on SEM micrographs, which may negatively affect the hardened properties.
Zhang et al. [45] found that the dynamic yield stress of geopolymers increased with the decrease of
activator modulus (1.0-0.5), which can be seen in Fig. 10b. The authors attributed this increase to the
accelerated reaction of aluminosilicate material due to the increasing number of Na ions [105].

Fig. 10c illustrates the dynamic yield stress and plastic viscosity of geopolymers in relation to
additives. As seen, increasing the nano-graphite platelet did not have a consistent effect on both
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dynamic yield stress and plastic viscosity, and using 0.5% nano-graphite platelet can lead to the
highest values and thus the best buildability for 3DPG [36]. On the other hand, Sun et al. [46] reported
that the addition of sodium carboxymethyl starch can increase both dynamic yield stress and plastic
viscosity of GGBS-CC based geopolymers, where the improved plastic viscosity can help avoid the
segregation during the pumping and the enhanced dynamic yield stress can prevent the printed
samples from collapsing.

As discussed above, the initial yield stress and viscosity can strongly influence the pumpability
and extrudability of geopolymers, while the suitable ranges for them have been rarely explored. Thus,
for future research, the applicable ranges of initial yield stress and viscosity should be determined for

different mix proportions and 3D printing systems.
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Fig. 10. Dynamic yield stress and plastic viscosity of fresh geopolymers for 3D printing: (a) effects
of binder type and content, (b) effect of activator modulus, and (c) effect of additive content
(adapted from [36, 37, 43, 45, 46]).

3.4. Structural build-up and its relation to printability
The structural build-up is an imperative parameter for 3D printing of materials especially during the

building phase that can be determined using either the static yield stress test or small amplitude
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oscillatory shear (SAOS) test [93]. Regarding the former one, it measures the static yield stress after
specific intervals of time (resting time). For the SAOS test, the tested sample is typically subjected to
a continuous shear strain to monitor the rheological properties (e.g., storage modulus and loss
modulus) within the linear viscoelastic domain [93, 106]. The current research has been mainly
focused on the effects of binder and additive on the structural build-up behaviour of geopolymers for
3D printing, the results of which are presented in Fig. 11.

Fig. 11a demonstrates the structural build-up behaviour (increase rate of static yield stress) of
geopolymers considering different types of binders. It can be observed that replacing FA with GGBS
improved the structural build-up behaviour of geopolymers (square and rhombic symbols in Fig. 11a)
because of the faster chemical reaction rates [14, 34]. Panda et al. [34] related the growth of static
yield stress to the open time of geopolymers that the open time of mixtures containing 15% GGBS
was around 20 min, while 30 min was found for mixtures incorporating 10% or 5% GGBS (rhombic
symbols). Similarly, the development of static yield stress was also used to evaluate the open time in
[35]. Asseenin Fig. 11a, the static yield stress of the mixture (circular symbols) changed considerably
after 20 min, where this time was regarded as open time by [35]. Panda et al. [14] observed that
replacing FA with SF did not change the increase rate of static yield stress (circular symbols), while
the structural build-up behaviour of geopolymers reduced with the increasing FA dosage due to the
slow chemical reaction rate and micro-filling influence of FA (triangular symbols) [34, 54, 93].

As discussed in Section 3.3, increasing the content of anhydrous NazSiOs (5%-10%) led to an
increased initial static yield stress for FA-GGBS based geopolymers [56]. Similar effects have been
captured for structural build-up behaviour. It was found by the same study [56] that the mixtures with
an activator content of 10% had static yield stress of over 5000 Pa after 10 min resting time, which
cannot be extruded anymore. Contrarily, the increase rates of static yield stress for mixtures with an
activator dosage of 5% and 7.5% were much lower, where the static yield stress values were in the
range of 1000-2500 Pa after 45 min resting time. However, as mentioned earlier, poor buildability
was observed for these mixtures (Fig. 9).

As seen in Fig. 11b, independent of binder type, the addition of nano clay (0.4%-0.5%) did not
lead to a higher increase rate of static yield stress, while the evolution was more stable compared to
that without nano clay [52, 55]. It was found that the increase in static yield stress induced by the
incorporated nano clay appears at the very beginning (i.e. resting time is zero), implying that the
influence of nano clay on the structural build-up behaviour is strongly associated with the colloidal
interaction between particles [49, 79, 107, 108]. It is worth mentioning that the risk of encountering
pumping and extrusion issues may be lower if the growth of static yield stress is stable for printing
materials. Bong et al. [15] applied 0.5% sucrose to reach a stable growth rate of static yield stress

(triangular symbols), which offered sufficient extrudability and open time for the printing work, as
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well as adequate static yield stress to withstand the stress from up to 120 deposited layers. Similarly,
to ensure a sufficient open time while maintaining the buildability, Muthrkrishnan et al. [56]
incorporated 1.5% sucrose to reduce the growth rate of static yield stress caused by the presence of
highly purified Magnesium Alumino Silicate. This explains why this mixture performed best during
the buildability test (Fig. 9), primarily because of the more stable structural build-up (Fig. 11b).

As aforementioned, the SAOS test is another method to characterise the structural build-up
behaviour of geopolymers. Panda et al. [38] reported that the storage modulus of geopolymers
declined with the increasing activator modulus (NaOH+Na2SiO3) from 1.6 to 2.0, implying a slower
structural build-up behaviour. The open time of geopolymers with a higher structural build-up was
shorter, which may affect the hardened properties, especially bond strength. As stated in Section 3.3,
during the rheological tests, pre-shearing is needed to eliminate the shearing history of tested samples,
while this has been challenged by Feys et al. [109] that pre-shearing may create different rheological
properties for the tested samples. Thus, Ranjbar et al. [27] studied the effects of different pre-shearing
conditions on the rheological properties of FA-based geopolymers to develop a reliable and accurate
rheological testing protocol for 3DPG. They reported that whilst the SAQOS test, the applied pre-
shearing magnitude should be larger than the critical strain of breaking the internal structure of tested
samples to remove all the shearing history. Besides, they found that the static yield stress can be
predicted using the storage modulus, which can be used to quantify the printability of FA-based
geopolymers.

Structural build-up behaviour is important for deposited geopolymer samples after extrusion.
However, it may affect other aspects of printability, e.g., open time. To obtain satisfactory
pumpability, extrudability and open time while keeping enough buildability, the growth rate of static
yield stress (or storage modulus evolution rate) should be lower during the delivery and extrusion
phases but must be higher during the building phase. It is worth noting that most existing studies on
3DPG tailored the structural build-up behaviour by adjusting the mix design during the mixing stage,
especially through the addition of additives (Fig. 11b). However, in this way, it is difficult to
accurately and timely obtain the required rheological properties in different printing steps. Thus, an
increasing number of studies have attempted to develop effective set-on-demand approaches for
3DPG. Unlike the conventional method, the so-called set-on-demand retards the mixture at the initial
mixing stage (increased setting time) and improves its structural build-up behaviour at the print-head
using a certain type of accelerator, e.g., shotcrete accelerator [71, 110, 111]. As such, the required
yield strength can be well achieved just after the deposition, which helps enhance the buildability of
3DPG [71]. A new print-head design for set-on-demand geopolymers via adding the activator in
multiple stages was proposed in [71], as illustrated in Fig. 12. Given the limited relevant studies,

further research is required to develop some effective set-on-demand approaches for 3DPG. To
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characterise the structural build-up behaviour, most of the existing studies on 3DPG applied the
growth test of static yield stress. SAOS test can provide a better understanding of the early-age
structural build-up behaviour [112, 113], while different results can be obtained from the growth test
of static yield stress and the SAOS test [93]. Given the importance of structural build-up behaviour
for 3DPG, a combination of these two tests would a better choice for the characterisation to
understand the underlying mechanism of structural build-up and thus, it could be tailored more

effectively during the printing process.
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3.5. Thixotropy and its relation to printability

Thixotropy typifies the reduction of viscosity after subjecting to shear stress while the loss of viscosity
recovers following the removal of the applied shear stress [114, 115], which can be characterised
using the thixotropy index or viscosity recovery performance. The protocol shown in Fig. 7b can be
used to determine the thixotropy index that is calculated as the ratio of the difference between static
and dynamic yield stress to dynamic yield stress [53]. On the other hand, the protocol demonstrated
in Fig. 7d can give the viscosity recovery ability of test specimens, where different stages during the
test are to mimic the delivery and extrusion phases of 3D printing. The higher the thixotropy index
or the viscosity recovery ability, the better the thixotropy. The degree of thixotropy can be also
estimated with the measured hysteresis loop using the protocol illustrated in Fig. 7c (ramp up and
ramp down) [13, 37]. Fig. 13a shows an example of the viscosity recovery test results using the test
protocol described in Fig. 7d, and the corresponding viscosity recovery ratio calculated as the ratio
of final apparent viscosity to initial apparent viscosity is displayed in Fig. 13b and c.

Guo et al. [37] quantified the thixotropy using the hysteresis area evaluated from the hysteresis
loop considering the effects of FA replacements with GGBS and SF. They found that replacing 10%
FA with GGBS achieved the highest hysteresis area (higher thixotropy) among other replacements
(20% and 30%). Besides, it was observed that using 10% SF to replace FA can increase the hysteresis
area of geopolymers by 2.93 times, which can enhance the printability and stacking behaviour of
3DPG [52]. Similar effects were reported for the thixotropic index when the GGBS and SF contents
changed [53, 54], as illustrated in Fig. 13b. By contrast, Panda et al. [54] observed that the change of
OPC dosage did not exhibit an apparent influence on the thixotropy (Fig. 13b). They also pointed out
that because of the improved thixotropy caused by SF, the buildability of printed samples was
improved considerably compared to those without SF [54].

Regarding the effect of activator content on the thixotropy of geopolymers, it was found that
increasing the activator dosage from 10% to 15% raised the thixotropic index from 1.09 to 1.50, while
the further increment to 20% reduced the thixotropic index to 1.27 [53]. This can be ascribed to the
plasticising effect of silicates and thus, the bonding between the colloidal particles is weakened. The
change in the content of anhydrous NazSiOs (5-10%) did not lead to a consistent changing trend in
the viscosity recovery ratio of geopolymers, which was in the range of 95.9-101.6% [56]. It should
be noted that although the mixture activated by 7.5% anhydrous NazSiOs exhibited a viscosity
recovery ratio of 101.6%, the printed structure made from this mixture still failed at the height of 6
layers (see Fig. 9).

As seen in Fig. 13c, the presence of 0.5% nano clay improved the thixotropic index by 1.37 times
compared to that without nano clay, owing to the flocculation effect of nano clay particles [52]. The

viscosity recovery ratio of geopolymers slightly went up when the nano clay content increased from
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0.2% to 0.6% [55], while it almost remained unchanged when 0.5% nano clay was present [52]. It
was reported in [56] that the content of sucrose (0.5-1.5%) has an insignificant influence on the
viscosity recovery ratio of geopolymers and the incorporation of 0.75% highly purified magnesium
aluminium silicate reduced the viscosity recovery ratio of geopolymers by 6.82%, which is
inconsistent with the change of static yield stress discussed in Section 3.3.

Muthurkrishnan et al. [56] reported that applying microwave heating can help recover 100% of
the initial viscosity for the geopolymers after the extrusion, while geopolymers without microwave
heating can only restore up to 25% of the initial viscosity. When microwave heating is used, a network
between the reactive particles can be formed to resist the flow or deformation leading to increased
viscosity recovery. Besides, implementing the microwave heating at the print-head of the 3D printer
can be considered as one of the potential set-on-demand methods for 3DPG [71].

Understanding the thixotropy can only partially reflect the printing performance of investigated
mixtures. For instance, conducting the viscosity recovery test can provide information about the
buildability of mixtures immediately after extrusion. However, depending on the properties of final
printed samples (e.g., shape and height), the real buildability performance can be significantly
disparate. Up to now, only a few of the above studies have conducted the buildability tests and
correlated the results with thixotropy. The very limited data available in the literature cannot give a
clear picture of the intrinsic thixotropic behaviour of geopolymers for 3D printing. Hence, future
research is required to investigate the influences of these factors on the thixotropic behaviour and
gain a reliable correlation between thixotropy and printability. In addition, other factors (e.g.,

aggregate and fibre should also be considered.
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Fig. 13. Viscosity recovery ability and thixotropic index: (a) example of the viscosity recovery test
result, (b) effects of binder type and content, and (c) effect of additive content (adapted from [15,
52-56]).

4. Hardened properties of 3D printed geopolymers compared to that of mould-cast geopolymers

4.1. Density

Due to different production techniques, the hardened properties of 3DPG would be different from
those of mould-cast geopolymers. A comparison of density of 3DPG and mould-cast geopolymer is
presented in Table 3. Regardless of binder type, the density of 3DPG was found to be 4.65-7.89%
higher than that of mould-cast geopolymers, which can be attributed to the extra pressure exerted on
the samples during the extrusion process [13, 35]. The density of 3DPG would be lower than that of
mould-cast geopolymers if the extruded mixtures had a lower flowability and setting time and when
the SF contents were 5% and 10%, the density of 3DPG was approximately 2.68-2.87% smaller than
that of mould-cast geopolymers [36]. This can be explained by the increased porosity during the
extrusion process if the extruded mixture exhibits a short setting time [36]. Thus, the bonding between
the layers may be weaker along with more pores between them. Differently, other 3DPG mixtures
presented in [36] exhibited a higher density compared to mould-cast geopolymers, which is consistent
with that reported in [13, 35].

4.2. Porosity

Given the different fresh properties and extrusion configurations, the porosity inside the printed
samples can be either high or low. The porosity of 3DPG in different layers was studied in [43], the
results of which are shown in Fig. 14, indicating that the bottom layer had a 1.5-9.73% higher porosity
than the top layer. This can be attributed to the potential bleeding issue and non-uniform extrusion
pressure, which increased the degree of inhomogeneity inside the printed specimens. This large
difference in porosity inside the specimens may lead to variation in mechanical properties along with
different loading directions, i.e., anisotropy. Bong et al. [15] also reported that the porosity of 3DPG
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was approximately 47.6% higher than that of mould-cast geopolymers owing to the entrapped voids
during the layer by layer extrusion [116], which may weaken the mechanical properties. Therefore,
to avoid the printing-induced increased porosity, it is crucial to understand the effects of various
printing configurations (e.g., printing speed) on the porosity of 3DPG.

4.3. Drying shrinkage

Because of the absence of formwork and the use of aggregates with relatively small sizes, 3D printed
concrete is more vulnerable to shrinkage cracking. For geopolymers, the drying shrinkage due to the
formation of high capillary pressure between the network of micropores is found to be higher than
that of cementitious materials [117], implying that the drying shrinkage issue could be more serious
for 3DPG. Thus far, only one study [46] has attempted to reduce the drying shrinkage of 3DPG using
sodium carboxymethyl starch, indicating that sodium carboxymethyl starch was effective in reducing
the drying shrinkage of geopolymers (Fig. 15). For instance, at 28 d, an approximately 21.92% drop
in drying shrinkage can be observed when 8% sodium carboxymethyl starch was present in
geopolymers, which can be mainly ascribed to the delayed reaction kinetics, resulting in increased
free water content and thus reduced drying shrinkage [46]. Further research on finding more effective
measures to mitigate the shrinkage of 3DPG is still required.

Table 3. Comparison of density of 3DPG and mould-cast geopolymers.

_ Density (kg/m?®)

Ref.  Binder 3DPG g/elgl;g;,cniztrs
FA70%+GGBS15%+SF15% 2186 2080.6
FA65%+GGBS20%+SF15% 2210 2064.6

[36] FA60%+GGBS35%+SF5% 2061 2121.8
FA60%+GGBS30%+SF10% 2041 2097.4
FA60%+GGBS25%+SF15% 2275 2113.4

[13] FA85%+GGBS5%+SF10% 2250 2150

[35] FAB80.6%+GGBS5.0%+SF14.4% 2050 1900
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Fig. 14. Porosity of 3DPG in different layers [43].
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Fig. 15. Effect of sodium carboxymethyl starch content on drying shrinkage of 3DPG [46].

4.4. Compressive strength

Regarding the specimens used for compressive strength tests, most studies listed in Table 1 extracted
cubic specimens with various dimensions from the large printed beams. Similar to 3D printed
cementitious materials, 3DPG also exhibits an anisotropic performance under compressive loading.
Fig. 16a illustrates the loading directions used by existing studies to explore the anisotropic
mechanical properties of 3DPG (left image). The measured compressive strength in relation to
different variables is presented in Fig. 17, where the symbols of ‘x-direction’, ‘y-direction’ and ‘z-

direction’ represent the loading directions parallel, lateral, and perpendicular to the printing direction,
respectively.
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Fig. 16. Loading directions for measuring compressive strength, flexural strength, tensile strength,
and tensile bond strength.

Despite meeting the printability requirements, the printed samples should also have acceptable
compressive strength for potential engineering applications [21]. Fig. 17a shows the effects of
different replacement binder types, curing ages and used loading directions (if the samples are printed)
on the compressive strength of geopolymers (3D printed and mould-cast). Regardless of production
technique, raising the GGBS content constantly improved the compressive strength of geopolymers
because of the increased formation of gels [36, 53]. By contrast, the compressive strength of mould-
cast geopolymers showed a consistent decreasing trend when SF was used to replace GGBS, while
there did not exist a consistent changing trend regarding the influence of SF for 3DPG [36]. Alghamdi
et al. [43] observed that when FA was replaced with LS (15-30%), the compressive strength enhanced
but only ranged from 4.2 MPa to 6.5 MPa under a standard curing condition (23 + 1 °C and >98%
RH), which is not applicable for engineering applications. By changing the curing regime to heat
curing at 70 °C, the compressive strength was increased by up to 221.5% (7.0-20.9 MPa). In addition,
the authors found that replacing LS fully with OPC can enhance the compressive strength from 6.5
MPa to 31.2 MPa under standard curing. Besides, the presence of Al powder can help increase the
compressive strength of 3DPG by 79.23-193.62%, while this improvement could be primarily
associated with the use of Na2SiOs solution (faster dissolution) instead of the addition of Al powder
[43].

Fig. 17b illustrates the effect of activator type on the compressive strength of geopolymers,
indicating that replacing 50% anhydrous Naz2SiOs with GD grade Na2SiOs can achieve an acceptable
compressive strength (52.6 MPa) compared to other replacements [15]. Besides, when more NazSiO3
solutions were combined with the NaOH solution, more silicates can be dissolved, resulting in higher

reaction rates between particles. Thus, the compressive strength of 3DPG with a higher ratio of
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Na2SiOsto NaOH (75:25) was about 19.29-28.70% higher than that with a smaller ratio (60:40) [57].
A similar phenomenon was observed for geopolymers activated by K2SiOs and KOH [57].

Fig. 17c shows the influences of different additives on the compressive strength of geopolymers,
which were mostly obtained by conducting the tests on mould-cast geopolymer samples. As discussed
earlier, nano clay was useful for improving certain aspects of printability of geopolymers, while it did
not benefit the compressive strength. The addition of 0.5% nano clay was found to cause a 27.90%
drop in compressive strength compared to the specimens without nano clay [52], which can be
ascribed to the increased porosity induced by the poor dispersion of nano clay particles [49]. Similar
effects on compressive strength were reported when sucrose and sodium carboxymethyl starch were
present [15, 46]. By contrast, because of the crack bridging behaviour, it was reported that utilising
0.1% nano-graphite platelet can improve the compressive strength by 17.8% but further addition
weakened the compressive strength [36, 118].

Fig. 17d presents the anisotropic compressive behaviour of 3D printed glass fibre reinforced
geopolymer composites. Regardless of loading direction, glass fibres had a negative influence on
compressive strength. It can be seen from Fig. 17 d that the incorporation of 1.0% glass fibre led to a
10.96-16.92% lower compressive strength than that with 0.25% glass fibre [40], which can be
attributed to the poor fibre orientation caused by the extrusion, resulting in more voids around the
fibres. Li et al. [42] studied the effect of printing path on the compressive strength of 3DPG reinforced
with steel cables and the results along with the used printing paths are depicted in Fig. 17e. It can be
observed that applying path B to print the geopolymer composites can achieve the highest strength of
around 41.5 MPa. Besides, the ductility and energy absorption ability of geopolymers under
compressive loading can be improved by adding steel cables. For instance, as displayed in Fig. 18,
without the cable reinforcement, the specimen was damaged significantly with oblique cracks, while
the specimens reinforced with steel cables remained the original cubic shape [42].

Some studies [15, 36] found that the compressive strength of mould-cast geopolymers was higher
than that of 3DPG due to the increased porosity between the layers for 3DPG, while depending on
the 3D printing process, the compressive strength of 3DPG could be either higher or lower as
compared with mould-cast geopolymers [13]. Regarding the anisotropic behaviour, the compressive
strength of 3DPG in x-direction was generally 2.35-23.04% higher than that in y- and z-direction [13,
15, 40], which can be attributed to the better compaction in x-direction because of the high pressure
induced by the extrusion [15]. Applying the load in x-direction can lead to a more uniform stress
distribution while the layers started to slip from each other when the load was imposed in y-direction
[13]. Besides, the bonding strength between the layers plays a critical role in the anisotropic behaviour
of 3DPG, which can be influenced by both fresh properties (especially structural build-up) of

geopolymers and printing configurations (especially printing layer cycle time) of 3D printing. As
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mentioned in Section 3.4, if the materials process a stable structural build-up behaviour, the risk of
encountering pumping and extrusion problems may be reduced. A stable structural build-up may also
provide sufficient time for the layers to bond. However, different construction rates of printed objects
may require different rates of structural build-up for the materials. It could be assumed that the
printing speed should be quick enough if the material has a higher structural build-up to avoid any
bonding problems, while the printing speed should be slow if the material has a slower structural
build-up to ensure a sufficient yield strength can be achieved for the deposited layer. As illustrated in
Fig. 19, if the bond between layers is not well, there may exist large voids, leading to an increased
heterogeneity and thereby, the compressive strength would be lower. As the 3D printing process can
affect the compressive strength of 3DPG, the effect of printing layer cycle time was studied and
reported in [58], indicating that there was no significant influence on compressive strength when the
printing layer cycle time was changed from 2 min to 15 min.

Unlike mould-cast geopolymers, the compressive strength of 3DPG can be strongly affected by
the production process, e.g., extrusion. Moreover, a significant variation in compressive strength can
be observed when different loading directions are applied, which may hinder the wide application of
3DPG. To improve the compressive strength of printed samples while avoiding the considerable
anisotropic behaviour, the effect of various printing configurations on the compressive strength needs
to be estimated, which has been rarely explored to date. A better 3D printing production of
geopolymers can be achieved by selecting suitable printing configurations. Besides, the analysis of
the material’s structural build-up behaviour should be included during the optimisation of 3D printing
configurations. Special attention should be paid to the 3DPG reinforced with short fibres as the fibre
orientation can be affected by the 3D printing process as well. Lastly, it is essential to find a balance
between printability and compressive strength of 3DPG as the incorporation of some additives can

significantly improve its printability but weakens the compressive strength.
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Fig. 17. Compressive strength of 3DPG: (a) effects of binder type and content, (b) effect of
activator type, (c) effect of additive content, (d) effects of glass fibre content and loading direction,

(b)

. & ."-Qs.

Fig. 18. Compressive failure pattern: (a) without cable reinforcement and (b) with cable
reinforcement [42].

Fig. 19. Microstructure of 3DPG [37].
4.5. Flexural strength and ductility

Three different loading directions (Fig. 16a and b) were used to characterise the flexural strength of
3DPG, the results of which are presented in Fig. 20. Regarding the relevant notations, ‘y1-direction’,
‘y2-direction’ and ‘z-direction’ represent the loading direction lateral, parallel, and perpendicular to
the printing direction, respectively. Similar to that of compressive strength, it was found that
increasing either LS or Al powder dosage improved the flexural strength of 3DPG by 2.38%-145.45%
under various curing regimes (Fig. 20a) [43]. It is worth noting that although replacing LS with OPC
can enhance the compressive strength (Fig. 17a), the flexural strength was about 52.38% lower when
the OPC was present due to the lower interfacial strength [43]. As seen in Fig. 20a, the flexural
strength of mould-cast geopolymers increased with the increase of GGBS content, while the flexural
strength of 3DPG reduced with the increasing GGBS dosage, which can be ascribed to the poor
microstructure and weak bond between each layer of 3DPG [36]. Similarly, different changing trends
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were observed for the flexural strength of 3DPG and mould-cast geopolymers against SF content [36].
Thus, more tests are required to confirm these findings.

Consistent with the results of compressive strength (Fig. 17c), Fig. 20b indicates a decreasing
trend in flexural strength at different curing ages when the sodium carboxymethyl starch was added
with a more apparent reduction at 28 d [46]. As mentioned earlier, nano-graphite platelet can
effectively inhibit and bridge the cracks during the loading and hence, the flexural strength of
geopolymers was improved by 47.1% after incorporating 1.0% nano-graphite platelet, as reported by
[36]. However, it is necessary to verify these improvements by testing 3DPG samples.

Fig. 20c presents the effects of glass fibre content and length on the flexural strength of 3DPG,
where ‘L3’, ‘L6°, and ‘L8’ denote the length of glass fibre, i.e., 3 mm, 6 mm and 8 mm. Different
from compressive strength, it can be seen from Fig. 20c that the flexural strength of 3DPG is generally
enhanced with the increasing glass fibre dosage and glass fibre length [40], which can be ascribed to
the fibre bridging effect [63]. Ma et al. [41] explored the effects of printing paths and steel cable
reinforcement on the flexural strength of 3DPG, the results of which are demonstrated in Fig. 20d. It
should be noted that the printing paths they adopted were the same as those shown in Fig. 17e. The
authors revealed that reinforcing 3DPG with steel cables exhibited a higher flexural strength as
compared with plain 3DPG, and combing path C and steel cable reinforcement can achieve a flexural
strength of about 28.5 MPa for 3DPG composites (Fig. 20d). Similar positive effects of using steel
cables were reported by Lim et al. [39], who investigated the effect of steel cable diameter on the
flexural strength of 3DPG. The results are also summarised in Fig. 20d, where ‘D1°, ‘D1.5’, and ‘D2’
represent that the diameter of the used steel cable is 1 mm, 1.5 mm and 2 mm, respectively. It is
indicated that increasing the diameter of steel cable can lead to a consistently increasing trend in
flexural strength of 3DPG. Given the better fibre bridging behaviour, Al-Qutaifi et al. [47] pointed
out that the geopolymer mixtures containing 1.0% steel fibre can outperform the mixtures reinforced
with 0.5% PP fibre, regardless of loading direction (Fig. 20e).

Chougan et al. [36] suggested that the flexural strength of most investigated 3DPG mixtures was
lower than that of mould-cast geopolymers due to the weak bonding condition between layers. For
instance, the flexural strength of mould-cast geopolymer containing 5% SF was about 38.3% higher
than that of 3DPG (Fig. 20a). However, a conclusion cannot be drawn based on just one relevant
study. Like compressive strength, the flexural strength of 3DPG also exhibits anisotropic behaviour.
As mentioned in Section 4.4, when fibres are not included, the bonding strength between layers is the
key factor to cause the anisotropic behaviour, which can be influenced by the fresh properties of
materials and printing configurations. However, the anisotropic behaviour can be quite distinct when
fibres are added as the fibre orientation would be affected by 3D printing [60]. The flexural strength

of a printed element can be even higher than that of a mould-cast specimen if the maximum bending
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stress is induced at the bulk material rather than the interface [2]. As reported in [58] that the flexural
strength of 3DPG in z-direction was about 51.43-64.86% higher than that in y1-direction, which can
be attributed to the induced location of the maximum bending stress. Similarly, for 3DPG composites,
the flexural strength in z-direction was found to be higher than those in y1- and y2-direction when
the length of glass fibre was 8 mm as the fibres were mostly orientated perpendicular to the loading
direction, resulting in better crack-bridging behaviour [40]. The weak bond between layers in y1- and
y2-direction may lead to flexural failure before the action of fibres. However, the higher flexural
strength in z-direction did not exist when the length of glass fibres was 3 mm and 6 mm (Fig. 20c).
Al-Qutaifi et al. [47] demonstrated that the flexural strength of plain geopolymers and geopolymer
composites with 0.5% PP fibre in y1-direction was higher than that in z-direction (Fig. 20e), where
the geopolymers were cast into the mould layer by layer rather than 3D printing. Thus, the bonding
and fibre orientation could be considerably different. As discussed earlier, printing layer cycle time
can significantly affect the bond strength of 3DPG and therefore, its effect on the flexural strength is
also summarised in Fig. 20e. The flexural strength reduced with the increase of printing layer cycle
time, suggesting the importance of the bonding between each layer [47, 58]. Moreover, the number
of printing layer can affect the flexural behaviour of 3DPG composites containing 2.0% PVA fibre
[51]. As seen in Fig. 21, the specimen with only one printing layer seems to have a better flexural
strength as the inter-layer bonding strength does not exist for one layer printing. Nevertheless, two
curves with large deviations are not adequate to conclude this effect. Although several studies have
attempted to understand the anisotropic behaviour of the flexural strength of 3DPG, a clear conclusion
is difficult to be made given the different trends and limited database. Therefore, it is vital to
systematically investigate the effects of various printing configurations on the anisotropic behaviour,
especially when fibres are incorporated. In addition, the fibre bridging behaviour crossing the layer
has still not been investigated, which may play an essential role in the flexural behaviour. Furthermore,
other fibre types such as hybrid fibre reinforcement (e.g., hybrid steel and PP fibres) can be considered
to better improve the flexural strength of 3DPG.

Typically, the flexural deflection at the highest applied load or the end of loading can be used to
indirectly reflect the ductility behaviour. Fig. 22a shows the effects of glass fibre content and length
at various loading directions on the flexural deflection of 3DPG composites, where the notations in
the legend are consistent with those in Fig. 20c. It can be found that except for y1-direction, the
flexural deflection of 3DPG composites was improved as the glass fibre content increased [40]. For
instance, with the increase of glass fibre content from 0.25% to 1.0%, the flexural ductility in z-
direction was increased by 16.67-135.29%, which can be ascribed to the fibre-matrix interaction after
crack initiation [63]. There would be more effective fibres with the increasing fibre content, which

can resist the crack propagation [119]. The bridging fibres would experience slippage/sliding during
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the fibre pull-out and thus the ductility of the whole composites would be enhanced [120]. As seen in
Fig. 22a, the influence of glass fibre length was less sensitive as compared with the effect of glass
fibre content [40]. For instance, only the flexural deflection of 3DPG composites was increased with
the increasing glass fibre length when the fibre content was 0.25% with loading in z-direction. In y1-
direction, some negative influences (a reduction of 8-30%) can even be observed with the change of
fibre length. Similar to flexural strength, the flexural deflection of 3DPG composites with glass fibres
in y1-direction was lower compared to those in other directions [40]. Therefore, as mentioned earlier,
if the bonding between layers is not well, the contribution of fibres to the flexural behaviour of 3DPG
would be diminished, which suggests the importance of assessing the fibre condition across the layers.
Fig. 22b depicts the effects of printing path and steel cable diameter on the flexural deflection of
3DPG composites (notations in the legend are consistent with those in Fig. 20d), which indicates that
the flexural deflection can be improved the most when path C was used to print the samples [41].
Besides, increasing the steel cable diameter led to increased flexural deflection for 3DPG composites
[39]. These results are consistent with the findings for flexural strength. The failure patterns shown
in Fig. 22c and d can prove that utilising steel cables can transform the brittle behaviour of 3DPG
into the ductile behaviour along with multiple micro-cracks [41].

Overall, very limited experimental data are available on the ductility of 3DPG composites, while
flexural deflection is an indirect parameter for characterising ductility. Conducting uniaxial tension
tests to monitor the strain changes during the tensile loadings can better characterise the ductility of

3DPG, which is discussed in detail below.
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Fig. 20. Flexural strength of 3DPG: (a) effects of binder type and content, (b) effect of additive
content, (c) effects of glass fibre content, glass fibre length and loading direction, (d) effects of

printing path and steel cable diameter, and (e) effect of printing layer cycle time (adapted from [15,
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Fig. 21. Effect of printing layer number on flexural behaviour of 3DPG composites [51].
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Fig. 22. Flexural deflection of 3DPG: (a) effects of glass fibre content, glass fibre length and
loading direction, (b) effects of printing path and steel cable diameter, and flexural failure patterns
of samples with (c) and without (d) cable reinforcement [39-41].

4.7. Tensile strength

Fig. 23 demonstrates the tensile strength and tensile strain capacity of 3DPG composites. As observed
from Fig. 23a, irrespective of loading direction, with the increase of glass fibre content from 0.25%
to 1.0%, the tensile strength of 3DPG composites was enhanced by 81-96.1% [40]. When the loading
was parallel to the printing direction, the tensile strength of 3DPG was higher as compared with the
loading direction perpendicular to the printing direction. As mentioned previously, most fibres are
ideally aligned along the printing direction and thus, the cracks induced by the tensile loading can be
resisted and bridged by the fibres. Contrarily, the tensile strength would be affected by the bonding
condition between each layer if the loading perpendicular to the printing direction is applied. The
fibre crossing the layer is a concern, which has not been studied [40]. The used printing paths shown
in Fig. 23b are consistent with those in Fig. 17e. It shows that different from the compressive strength
and flexural strength, when using path A or path B as the printing path, the tensile strength can be
improved and applying path A to print the geopolymer composites can achieve the highest tensile
strength of 4.7 MPa [42]. Plain 3DPG without any reinforcing materials is very brittle with a tensile
strain of only 0.03%-0.05%. By contrast, incorporating the steel cables can strongly enhance the
tensile strain of 3DPG by 22.2-46.3 times. It is interesting to note that the tensile strength was more
sensitive to the applied printing path as it can result in different fibre orientations. As seen in Fig. 23c,
the steel cable was pulled out when it was oriented perpendicular to the loading direction, which
would improve the ductility of the whole composites [42]. By contrast, the authors observed a broken

steel cable when it was parallel to the loading direction along with several parallel flaws.
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Although the above results showed certain improvements when glass fibres or steel cables are
incorporated, corrosions or fractures of these fibres may happen under highly alkaline environments.
These may affect the long-term behaviour of these 3DPG composites if used for engineering
applications. To avoid these issues while improving the tensile behaviour, polymeric fibres such as
PVA or polyethylene fibres can be used for developing 3D printed strain hardening geopolymer
composites. So far, strain hardening cementitious composites have been successfully developed for
3D printing applications [121-123], while no comprehensive research is found for geopolymers.
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Fig. 23. Tensile strength of 3DPG composites: (a) effects of glass fibre content and loading
direction, (b) effects of printing path and steel cable reinforcement, and (c) an image showing the
cracking interface [40, 42].

4.8. Bond strength

Bond strength plays a critical role in the hardened properties for 3D printed concrete, which is usually
determined using the testing protocols shown in Fig. 16c. Panda et al. [38] investigated the effect of
different activator moduli (1.6-2.0) on the tensile bond strength of 3DPG and found that it tended to
be higher when the activator with a higher modulus was used, mainly due to a slower increase rate of
structural build-up. They found that the bonding surface for 3DPG with an activator modulus of 2.0
had a higher roughness as compared with the 3DPG with an activator modulus of 1.6. As reported in

[50], applying microwave heating can improve the viscosity recovery ability and thereby, enhancing
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the buildability and bond strength at both 7 d and 28 d of 3DPG. For instance, an 87.5% rise in bond
strength of 3DPG composites was found after microwave heating of 10 s, while the bond strength
reduced if the heating lasted over 10 s due to the fast hardening rate. Therefore, it is crucial to find a
suitable microwave heating time.

As aforementioned, the printing configurations can also considerably impact the bond strength
of 3DPG. Fig. 24 depicts the effects of different printing configurations including printing layer cycle
time, printing speed and nozzle standoff distance on the tensile bond strength of 3DPG. As expected,
the tensile bond strength showed a reducing trend when the printing layer cycle time increased [13,
35, 58]. For instance, the tensile bond strength of 3DPG was declined by about 76.4% when the
printing layer cycle time changed from 0 min to 20 min [13]. With the increase of printing layer cycle
time, the stiffening condition of the deposited layer would be difficult to bond with the upcoming
extruded layer, resulting in reduced bond strength. Besides, increasing the printing speed and nozzle
standoff distance also negatively affect the bond strength and thus, these parameters need to be
carefully selected [35]. All these suggest the importance of controlling printing configurations as the
use of inappropriate printing parameters could significantly weaken the bond strength, leading to poor
mechanical properties and durability. As mentioned in Section 4.4, the material’s structural build-up
should be included during the optimisation of printing configurations, as for different structural build-
up behaviours, the optimal printing configurations could alter. To this end, more comprehensive
evaluations are still needed to obtain a solid conclusion for the optimal printing configurations in
terms of the bond strength. Besides, more other factors such as binder types and fibre types should

be considered.
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Fig. 24. Effects of printing configurations (printing layer cycle time, printing speed, nozzle standoff
distance) on tensile bond strength of 3DPG [13, 35, 58].

5. Sustainability

The embodied carbon and embodied energy are normally used for sustainability assessment since the
other parameters (e.g., cost) can vary with time and location [21, 119, 124]. Besides, the most relevant
system boundary for 3D printing technology would be cradle-to-gate [21]. Hence, to assess the
sustainability of 3DPG, the environmental impacts (embodied carbon and embodied energy) in the
cradle-to-gate phase (all processes before the production of 3DPG) are considered. Two optimal
3DPG mix proportions presented in [15, 34] were chosen for the sustainability analysis here while
other relevant studies from 3D cementitious materials [125, 126] were also considered for comparison.
Depending on the mix compositions, their embodied carbon and embodied energy can be calculated
using the life cycle inventory data in Table 4, which were mainly collected from the literature [124,
127-132]. The functional indicators (typically, compressive strength or durability-related property)
need to be considered for sustainability analysis [21, 133-135]. As the initial static yield stress can
significantly affect the printability of 3DPG, it was also included as one of the functional indicators
here in addition to the compressive strength. The results of sustainability assessment are presented in
Table 5 and Fig. 25.

As seen in Table 5, the mixture containing 80% OPC and 20% FA exhibited the highest embodied
carbon and embodied energy of 555.51 kg CO2.eq/m> and 3173.6 MJ/m?, respectively [125], which
would drop when the OPC content reduced. For instance, the mixture containing 50% OPC and 50%
GGBS exhibited the same initial static yield stress as compared with that incorporating 80% OPC and
20% FA, the embodied carbon and embodied energy of which were found to be 19.39-32.329% lower.
When OPC, FA and SF were combined as the binder, the embodied carbon and embodied energy can
be significantly reduced [126]. The embodied carbon of 3DPG mixtures ranged from 107.48 to 133.75
kg CO2.eq/m® [15, 34], which was much lower than that of 3D printed cementitious materials. For
instance, under a similar range of 28-d compressive strength, the 3DPG mixture (50%FA+50%GGBS)
showed a 58.97% lower embodied carbon than 3D printed cementitious mixture
(OPC41%+FA39%+SF20%). Regarding the embodied energy, the 3DPG mixtures had a higher value
than the mixture containing FA, GGBS and SF but a lower value than the other two mixtures. As seen
in Fig. 25, OPC, GGBS and superplasticiser had substantial contributions to the total embodied
carbon and embodied energy of cementitious materials, while for 3DPG, the activator accounted for
the biggest proportion of the total embodied carbon and embodied energy, which was confirmed by
Yang et al. [136] that the embodied carbon of geopolymers was highly dependent on the type and
dosage of the used activator.
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The results above suggest that utilising 3DPG as a substitute for 3D printed cementitious
materials can improve sustainability by mainly reducing carbon dioxide emissions, considering the
phases before the concrete production. However, more phases (cradle-to-grave) as well as more
printability-related properties (besides initial static yield stress) need to be considered for accurate
assessment of sustainability of a specific type of structure.

Table 4. Life cycle inventory data of the ingredients collected from literature.

Material type Embodied carbon (kg CO2.eq/kg) Embodied energy (MJ/kg)
OPC [127] 0.83 4.6

FA [127] 0.01 0.1

GGBS [127] 0.07 1.33

SF [128] 0.014 0.1

Sand [127] 0.005 0.1

Water 0 0

Superplasticiser [129, 130] 1.48 36.76

Sucrose [131] 0.307 0.822

Anhydrous Na:SiOs[132]  0.93 17.9

NaOH pellet [124] 0.43 4.6

Naz2SiO3 [132] 0.86 18
Table 5. Calculated embodied carbon and embodied energy.

Embodied  Embodied Initial 28-d
Ref. Binder carbon (kg  energy static yield compressive
CO2.e9/m®) (MJ/ m®  stress (Pa) strength (MPa)

[125] OPC80%+FA20% 555.51 3173.6 1600 -

[125] OPC50%+GGBS50% 375.95 2558.13 1600 -

[126] OPC41%+FA39%+SF20% 261.93 1754.72 13800 47.3-57.0
[15] FA50%+GGBS50% 107.48 1933.31 870 44.7-61.2
[34] FA78.5%+GGBS13.8%+SF7.7% 133.75 1930.92 800 -
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Fig. 25. Sustainability of 3D printed cementitious materials and 3DPG (based on Table 2).
6. Optimisation of mix design for 3D printed geopolymers
As mentioned in Section 1, the trial-and-error approach was adopted by the existing studies to
determine the optimal mix design for 3DPG (Fig. 1). Table 6 lists a summary of potential optimal
mix proportions of 3DPG, most of which were determined based on the fresh properties, especially
one aspect of printability. For instance, Panda et al. [55] investigated the effects of two different

additives (nano clay and hydromagnesite seed) on the fresh properties and microstructure of FA-
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GGBS-SF based geopolymers and concluded that the mixture containing 0.4% nano clay and 2%
hydromagnesite seed was the optimal one mainly considering the static yield stress, viscosity
recovery ability, extrudability and buildability. As seen in Table 6, GGBS and SF were commonly
used to replace FA at a replacement level of 5-50% and 2.5-15%, respectively. As discussed in
Section 3.1, the presence of FA can provide high flowability and a long setting time for 3DPG, but
lower buildability. Incorporating a certain amount of GGBS and SF can result in better buildability
through increasing the rheological properties, including yield stress, viscosity, structural build-up and
thixotropy. However, their contents should be carefully controlled as the extrudability and open time
can be weakened if the incorporated dosages of them are too high. Both liquid and solid activators
with different contents and moduli were used during the optimisation. Previous studies [15, 56]
reported that the rapid dissolution of solid activator (e.g. anhydrous Naz2SiOs) can lead to very high
static yield stress after the mixing and its increase rate was also found to be significantly high. These
can considerably reduce the pumpability, extrudability and particularly open time. To mitigate these
issues, the content of the solid activator should be limited [53, 56] or replacing the anhydrous NazSiOs
with another activator with a higher modulus [15] or utilising additives, e.g., sucrose [15, 56]. As a
kind of retarder, the incorporation of sucrose can help limit the structural build-up of geopolymers,
which can result in sufficient extrudability and open time. The content of used sucrose was either 0.5%
or 1.5% if combined with other thixotropic additives. Other additives such as nano clay and
hydromagnesite seed were also used to improve the printability of 3DPG. River sand with relatively
small sizes was usually utilised as fine aggregates and its incorporated content was normally higher
than that of binder (Agg/b: 1.5). It was reported that this content should be limited to ensure sufficient
printability for 3DPG [34]. As indicated in Table 6, only one study [34] considered the incorporation
of fibres during the optimisation of the mix design to improve the buildability of 3DPG. Depending
on the mix design, production technique and curing regime, the compressive strength of 3DPG was
in the range of 18.4-61.2 MPa. Most of the existing studies did not consider hardened properties, e.g.,
shrinkage, mechanical properties and durability for the optimisation of mix proportions, which are
crucial for engineering applications. Regarding sustainability, the use of FA and GGBS as alternatives
to OPC can reduce the carbon footprint, while the production of activators for 3DPG can emit a
certain amount of carbon dioxide emissions (Fig. 25). For instance, Na2SiO3 was regarded as the
highest contributor of carbon dioxide emissions compared to other raw materials for geopolymers
[137, 138]. Moreover, the high alkalinity of NaOH solution can bring some handling issues during
the production of geopolymers [139, 140]. Hence, to optimise the mix design for 3DPG, safer and
more sustainable and cost-effective activators should be considered. Table 6 provides some general
information on the potentially suitable mix proportions for developing 3DPG, while the ranges of

them are still wide and rough due to the limited data available in the literature to date, which can be

52



further refined after more experimental data are obtained from future studies and included for
practical applications.

7. Conclusions

Due to the demand for improving the sustainability of construction industry, geopolymers have been
increasingly implemented in various applications, particularly in 3D printing construction lately. This
paper comprehensively reviews recent advances in the development of extrusion-based 3D printed
geopolymers (3DPG), mainly focusing on the matrix composition, reinforcement type, curing
condition and printing configuration as well as their effects on fresh and hardened properties of 3DPG.
The relationship between key fresh properties and printability related properties are well summarised
and discussed.

Printable geopolymers should possess adequate printability including pumpability, extrudability,
open time, buildability, and shape retention ability, which are governed by the fresh properties of
geopolymers especially rheology. To achieve optimal printability, a balance between different types
of fresh properties should be met, which can be tailored by altering the mix design of geopolymers
mainly using the trial-and-error approach. Moreover, it is also essential to consider the mechanical
properties and durability of 3DPG. Although utilising some additives (e.g., nano clay) can effectively
improve the printability of geopolymers, the mechanical properties could be weakened when the
threshold content of the incorporated additive is exceeded. Due to the unique process of 3D printing,
the size of aggregate and the type of fibre are often limited, which may lower the shrinkage resistance
and restrain the improvement of tensile properties for 3DPG. The hardened properties of 3DPG are
related to the properties of the matrix and the bond behaviour between layers, which are governed by
fresh properties of printed materials (e.g., structural build-up) and printing configurations (e.g.,
printing speed and printing layer cycle time). Besides, applying microwave heating after the
deposition can enhance the bond strength of 3DPG, where this heating system implemented at the
print-head can be considered as a potential set-on-demand method for geopolymers. The
sustainability of 3D printed concrete can be significantly improved when geopolymer binders are
used to replace Portland cement, considering mainly the carbon dioxide emissions. For instance, the
use of fly ash and slag as the binder leads to a 58.97-80.65% reduction in embodied carbon as
compared with some printable cementitious mixtures. For 3DPG, the potential optimal mixtures are
suggested to contain a large amount of fly ash, a small amount of ground granulated blast-furnace
slag and silica fume, liquid or solid activator (e.g., anhydrous Naz2SiOz), river sand with size less than
2 mm, thixotropic additive (e.g., nano clay) and retarder (e.g., sucrose). Further experimental studies
are required to enrich the data for optimising the mix proportions of 3DPG for practical engineering

applications.
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Although several types of 3DPG have been successfully developed, some remaining challenges
need to be addressed for future research. It is important to study the effect of different mixing
parameters such as adding sequence and mixing speed on the fresh and hardened properties of 3DPG,
and thus a consistent mixing protocol can be developed when a similar mix design is implemented.
The buildability of geopolymers is usually modified by adjusting the parameters in mix design, which
IS not so effective. To ensure the buildability requirements can be fulfilled accurately and timely after
the extrusion, some set-on-demand methods are required. For better enhancing the mechanical
properties while eliminating the anisotropic features for 3DPG, more studies should be conducted
considering the effects of printing configuration, fibre reinforcement (e.g., hybrid fibres) and loading
type (e.g., dynamic loading). It is necessary to consider the fresh properties of materials (especially
structural build-up) for the optimisation of printing configuration and mitigation of anisotropic
behaviour. To further promote the engineering applications, drying shrinkage, and durability of 3DPG
need to be investigated. The sustainability assessment of 3DPG in the cradle-to-grave phase is
required, including more relevant functional indicators (e.g., buildability) in the analysis. Each aspect
of printability and some key hardened properties should be considered for the optimisation of mix
proportions for 3DPG, selecting safer and more eco-friendly activators and certain reinforcements.
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Table 6. Summary of potential optimal mix proportions for 3DPG.

i . Aggregate Additive Fibre . . Compressive
Ref. Binder Activator L/b (or WIs) (Aga/h) (Add/b) (volume, %) Curing condition strength
[14] FA:GGBS:SF NaOH+Naz2SiOs L/b (0.46) River sand (1.5) - - Ambient temperature 7 d: 18.4 MPa
(0.9:0.05:0.05) (25 +2°C)
[34] FA:GGBS:SF NaOH+Na2SiO3  L/b (0.49) River sand (1.5) Nanoclay (0.012)  Glass fibre - -
(0.785:0.138:0.077) (0.25)
[53] FA:GGBS (0.7:0.3) KOH+K:2SiOs W/s (0.35) River sand - - Ambient temperature 28 d: 24.4-28.3
(0.85) MPa
[54] FA:GGBS:SF Na2S04 - River sand - - - -
(0.775:0.2:0.025) (1.35)
[36] FA:GGBS:SF NaOH+Na2SiO3 L/b (0.18) River sand - - 60 °C for 24 h, then 7d: 43.9-50.1
(0.6:0.25:0.15) (0.55) ambient temperature MPa
(20 °C)
[37] FA:GGBS:SF Anhydrous W/s (0.27) Quartz sand Thixotropic - - -
(0.8:0.1:0.1) Naz2SiO3 (1.5) additive (0.01)
[55] GGBS(1.0) Na2SiO3-5H20 - Sand (0.83) Nano clay - - -
(0.004)+Hydromag
nesite seed (0.02)
[15] FA:GGBS (0.5:0.5) GD grade W/s (0.34) Sand (1.5) Sucrose (0.005) - 60 °C for 24 h, then 28 d: 44.7-61.2
Naz2SiOs+Anhyd ambient temperature, MPa
rous NazSiO3 Ambient temperature
(23+£3°C)
[56] FA:GGBS (0.5:0.5)  Anhydrous W/s (0.327) Sand (1.5) Sucrose (0.015)+ - Water 7 d: 22-35 MPa
Naz2SiO3 Highly purified 28 d: 35.8-45.0
Magnesium MPa

Alumino Silicate
(0.0075)

Note: Add/b: Additive-to-binder ratio.
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