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A B S T R A C T   

3D printing is a developing technology that has the ability to use different materials to produce 
concrete elements with complex shapes. The utilization of geopolymers or alkali-activated ma-
terials (AAMs) in 3D printing is receiving significant interest due to the environmental benefits of 
replacing ordinary Portland cement (OPC). The use of solid activators to produce a one-part 
geopolymer can help the broader use of geopolymers at large scales, as the corrosive, viscous, 
and hazardous liquid activators used in two-part geopolymers do not present a feasible large-scale 
solution for this technology. This paper reviews the 3D printable one-part geopolymers, their 
compositions, and the effect of different precursor compositions, activator content, and different 
admixtures on the fresh and hardened properties of the mixtures. The environmental impact and 
cost assessment of one-part geopolymers produced by conventional and 3D printing methods are 
also discussed and compared to OPC and two-part geopolymers. This review concluded that one- 
part geopolymers are easier to mix and use than two-part geopolymers and have a lower carbon 
footprint than two-part geopolymers and OPC concrete. However, one-part geopolymers may not 
be as strong as two-part geopolymers, but they are still better than OPC.   

1. Introduction 

3D printing technology has been widely researched and developed in many fields [1]. 3D printing technology has enabled fully 
automated processes in various disciplines, including manufacturing, art, medicine, and engineering [2]. Printing concrete starts with 
the 3D modelling of an element or a component, followed by the deposition of layers on top of each other until completion. To avoid 
cold joint, the deposited material should not harden immediately. Therefore, a thixotropic material that can be smoothly extruded and 
hold the weight of the subsequent layers to provide shape stability is the most suitable for 3D printing applications [3–6]. Pegna 
announced the first successful application of 3D-printed concrete in buildings in 1997, with a series of hollow concrete structures [7]. 
3D printing of concrete received significant interest in the past few years from industry practitioners and researchers due to its benefits 
in reducing construction time, workforce, cost, and waste materials during the removal of formwork [8,9]. It also enhances the 
freedom of architectural designs and the safety of conducted work compared with conventional construction approaches [9]. 
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The building industry is responsible for almost 40% of solid waste generation, 40% of energy consumption, 12% of water depletion, 
and 46% of anthropogenic and greenhouse gas emissions [10]. The sustainability of materials and construction processes is crucial due 
to the growing industrialization and large-scale construction projects planned worldwide, which will most likely increase negative 
environmental impacts [11]. Many researchers believe that 3D printing offers environmental benefits, reductions in costs, and effi-
ciency over conventional concrete structures [12,13]. However, using concrete mixtures compatible with this technology requires 1.5 
– 2 times more cement than conventional casting methods, which might lead to more CO2 being released into the atmosphere [14–16]. 
In addition, cement is considered the most energy-intensive component of concrete. Accordingly, various studies have been conducted 
on using supplementary cementitious materials (SCMs) as an alternative to OPC in the 3D printing of concrete [17–19]. When using 
SCMs in 3D printing to partially replace PC, it is essential to consider the fresh properties of the designed mix, such as the printability 
and setting time [20]. Moreover, the effect of SCMs on concrete properties depends on SCMs physiochemical characteristics [21]. At an 
early age, incorporating SCMs reduces strength due to the dilution effect of cement. However, the strength can be increased when using 
a highly reactive material such as silica fume and calcined clay [22–25]. 

More recently, researchers have been interested in the 3D printing of alkali-activated materials (AAMs), also known as geo-
polymers, due to their ability to reduce the CO2 footprint associated with traditional concrete production [26,27]. Geopolymer is a 
two-part mixture produced by mixing an alkaline solution with precursors composed of alumina- and/or aluminosilicate-rich materials 
such as fly ash and metakaolin. Most recently, a promising material called laterite was used as the precursor due to its high abundance 
and good performance [28]. The precursors are activated by alkaline activators such as alkali hydroxide, silicate, and aluminate 
[29–32]. Geopolymer has several advantages over traditional concrete, such as high compressive strength, fire resistance, rapid 
hardening, salt and acid resistance, and other environmental benefits [33–35]. Despite all the benefits of two-part geopolymer, some 
challenges regarding the viscosity and the handling of hazardous alkaline activator solutions for large-scale printing should be 
considered. Accordingly, using a solid activator to produce a one-part geopolymer can help solve some of the challenges [36–38]. In 
addition to water, only a dry combination is required to form one-part mixes, where a solid alkali-activator in powder form is combined 
with a solid aluminosilicate precursor. 

In the last few years, several studies have been conducted to investigate the efficiency and performance of using one-part geo-
polymers ‘’just add water’’ in 3D printing applications as a solution to the above-mentioned problem and results revealed encouraging 
performance data in various characteristics. Thus, making it a suitable material to use in industrial applications. Accordingly, this 
paper aims to comprehensively present the development of one-part geopolymers in 3D printing technology. Numerous review papers 
cover various aspects of the 3D printing of two-part geopolymers and conventional cast one-part geopolymers [38–40]. In light of the 
benefits of one-part geopolymers over two-part geopolymers, which include the elimination of handling, transporting and operating of 
the hazardous activator solution on-site and in the 3D printing process, this review has focused on different aspects of 3D printing of 
one-part geopolymers. To the best of the authors’ knowledge, 3D printing of one-part geopolymers has not been reviewed before. This 
paper reviews the constituents of one-part geopolymers and highlights the most commonly used precursors and solid activators. The 
most common techniques utilized for 3D printing geopolymer are introduced. The effect of different mix formulations and parameters 
(i.e., precursor type, activator types and dosages, admixtures and additives addition) on the fresh and hardened properties of 
3D-printed one-part geopolymers are discussed. The environmental and economic feasibility of one-part geopolymers and 3D printing 
technology is also discussed and reviewed compared to more traditional solutions. 

2. 3D printable concrete mixtures 

The printable mixtures for 3D printing contain a higher amount of binder and fine aggregates than conventional concrete to 
enhance the shape stability and yield stress [15]. The absence of coarse aggregates from the mixture decreases the segregation and 
blockage issues [41]. In order to facilitate pumping and extrusion, printable concrete mixes usually have low dynamic yield stress. 
However, after extrusion, the extruded mixture should exhibit high static yield stress to enable the concrete to support its own weight 
and the weight of the successive printed layers [42–45]. 

Geopolymers are composed of natural materials or waste products as a precursor, which is activated using alkali or acid reactions. 
The primary reason for using geopolymers as a construction material is to replace OPC to reduce the environmental impact of concrete. 
The most commonly used materials as the precursor of geopolymers are fly ash (FA), silica fume (SF), ground granulated blast furnace 
slag (GGBS), and metakaolin (MK) [46]. According to ASTM C-618 [47], FA is a by-product material produced from burning coal, and 
it is divided into two categories, depending on the chemical composition of coal, class F and class C. The chemical composition of class 
F should contain silicon dioxide (SiO2), aluminum oxide (Al2O3), and iron oxide (Fe2O3), which are equal to or greater than 70% of FA 
chemical composition, while for class C, they should be equal to or greater than 50% of FA chemical composition [5]. SF is a fine 
pozzolanic by-product that results from the production of ferrosilicon or silicon alloys in electric arc furnaces, and it is composed 
mainly of amorphous silica [48]. In contrast, GGBS is a glassy granular material produced by the quick chilling of molten blast furnace 
slag through immersion in water, with or without compositional modifications, while the blast furnace slag is hot [49]. Moreover, MK 
is produced by burning (calcining) kaolinite clay at high temperatures between 600 and 900 ̊C [50]. 

The hardening of geopolymers takes place through the geopolymerization or polycondensation reaction after mixing alumina or 
silicate-rich materials with an alkaline activator [51]. Activators provide alkali cations that work on breaking the Si-O-Si and Al-O-Al 
bonds in the precursor to form the strength-giving binding phases [52,53]. Depending on the activation method, geopolymers can be 
divided into two-part and one-part geopolymers. A solid activator in a one-part geopolymer can be any material that elevates the pH of 
the reaction mixture, provides alkali cations and facilitates dissolution [52]. The most used solid activators are anhydrous sodium 
metasilicate and grade sodium silicate [40]. Solid activators have several benefits over liquid ones: they are easier to handle on-site, 
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free of hazardous highly alkaline liquids, and produced at lower cost with lower environmental impact. Incorporating a solid activator 
allows for easier mixing procedures similar to OPC, where the solid ingredients are dry mixed before adding the water (Fig. 1). For 
geopolymer 3D printing, fine aggregate with a particle size lower than 2 mm is mainly used due to the small diameter of the different 
nozzles used in extrusion-based 3D printing [54]. The incorporation of fine aggregate is limited, with an aggregate-to-binder ratio of 
1.2–1.9 for geopolymer 3D printing [44]. The addition of additives to the mixture allows for adjusting the printed mix’s rheological 
properties, affecting its fresh and hardened properties. The effect of different additives on the resultant mixture performance is dis-
cussed in Section 3. 

3. 3D printing methods for geopolymers 

During the last decade, various technological approaches have been developed for the additive manufacturing of geopolymers. 
There are two methods commonly used for 3D printing of geopolymer, which are (1) material extrusion and (2) powder-based 
technique, where the most used printing method is material extrusion [55]. The extrusion method builds the whole structure 
layer-by-layer by extruding materials using a hopper system with various nozzle sizes and shapes [56], as shown in Fig. 2a. The 
printers’ mechanical parts work through a kinematic method represented by a robotic arm or a gantry. The extrusion-based gan-
try-type 3D printers implement a method for shifting the print head in relation to the platform along the designated coordinate axes, as 
shown in Fig. 3a. Multi-axis robotic arm 3D printers can enable large printing areas, which makes it possible to print accurate free-form 
components (Fig. 3b). However, achieving smooth movement in a robotic arm-type extrusion system is challenging compared to the 
gantry systems [40]. Up-to-date, the most widely used method for small to large-scale applications on- or off-site is the extrusion-based 
method [57]. 

On the other hand, the powder-based method is mainly used to produce structures with complex geometry. The 3D structure is built 
by introducing liquid binder into a compacted and uniformly distributed aluminosilicate precursor powder layer using a roller along a 
chosen path, as shown in Fig. 2b [58]. After completing designing the component, the powder residue is blown away after drying the 
component, as shown in Fig. 3c. 

4. Fresh and hardened properties of geopolymers 

Several external and internal factors can affect the fresh and hardened properties of geopolymer mixtures: the external factors 
include the mixing method, temperature, humidity, and curing regime, while the internal factors include the water-to-solid ratio, and 
the type, proportion, shape, and fineness of materials used in the precursor. Moreover, the activator’s type, dosage, and molar ratio are 
also influential parameters. As shown in Table 1, the effect of using different mix designs on the fresh and hardened properties of 
printed and cast geopolymers was investigated by many researchers. Also, the effect of using different precursor types, varying pre-
cursor proportions, and incorporating retarders, superplasticizers, and other additives to obtain an optimum mixture was explored. It 
can be observed that the most commonly used materials in precursors were GGBS and FA. Moreover, changing the variables mentioned 
above influenced the fresh and hardened properties of the mixture, which are further discussed in this section. 

4.1. Fresh properties 

The printing requirements of a mixture are investigated by passing the mixture through the pumping, extrusion, and buildability 
stages. The fresh properties result and the optimal mix design of 3D printed one-part geopolymers obtained from different articles are 
collated in Table 2. 

Fig. 1. One-part geopolymer preparation for 3D printing application [38].  
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Fig. 2. Schematic illustration for (a) the extrusion-based 3D printing process [59] and (b) the powder-based printing process [58].  

Fig. 3. 3D printing technologies: (a) extrusion-based gantry-type 3D printers [60], (b) extrusion-based robotic arm-type 3D printers [61] and (c) 
powder-based 3D printer [62]. 
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Table 1 
Mix formulations of one-part geopolymer.  

Precursor Activator 
Type 

Activator 
percentage 
(%) 

Aggregates 
size 

W/b ratio S/b 
ratio 

Printing 
speed 

Additives Method Printer 
type 

Ref 

60–85% Fly ash, 15–40% GGBS K2SiO4 +KOH 10 – 20 < 2 mm 0.35 0.85 90 mm/s - 3D printed 4 -axis 
gantry 

[79] 

50% GGBS, 50% FA 
50% GGBS, 50% FA, 10% 
Act + 0.75% MAS + 1% 
sucrose 

Anhydrous sodium metasilicate 
(Na2SiO3) 

5 – 10 0.1–1 mm 0.36 1.5 10 mm/s 0.5 – 1.5% sucrose 
0.75% thixotropic enhancer 
Magnesium Alumina Silicate 
(MAS) 

3D printed Three-axis 
gantry 

[66] 

50% fly ash, 50% GGBS Anhydrous sodium metasilicate 
(Na2SiO3) 
Anhydrous sodium metasilicate 
+ GD grade sodium silicate 

8 
10 
0 – 7.5% 
+

2.5 – 10% 

0.1–1 mm 0.34 
0.36 
0.36 

1.5 35 mm/ s - 
- 
0.5% 
1% 
% 
0.5% 
Retarder 

Cast and 3D 
printed 

Gantry [77] 

80–90% GGBFS, 0 – 10% 
Porcelain ceramic (PC) 
85% GGBFS, 5 – 10% Raw 
ceramic (RC) 

Anhydrous sodium metasilicate 
Na2SiO3 

10 0.2–1.6 mm 0.35 2 - - Cast - [80] 

50 – 70% FA, 30 – 50% GGBS 
Cured at (20, 30, and 65 C) 

Anhydrous sodium metasilicate 
Na2SiO3 

8 – 10 0.1–2 mm 0.3 1 - 3 – 5% 
Sodium tetraborate decahydrate- 
Borax (retarder) 

Cast - [67] 

70 – 100% FA, 10 – 30% GGBS 
60 – 80% FA, 10% GGBS, 10 
– 30% SF 

Anhydrous sodium metasilicate 
Na2SiO3 

10 40 – 80 mesh 0.3 1.5 - 5% 
Commercially Attagel thixotropic 
thickener 

3D printed - [19] 

50% GGBS, 50% FA 
50% GGBS, 50% FA 

Anhydrous 
(AN) sodium metasilicate 
Na2SiO3 

GD grade sodium silicate 
Na2SiO3 

10 
10 

- 0.367 - - 1% 
Polycarboxylate (PC1, PC2, PC3) 
1% 
Naphthalene 
(N1, N2) 
retarders 
1% 
Sucrose (S) 
1% 
Borax (B) 
1% 
Commercially (RT) 

Cast - [76] 

(continued on next page) 
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Table 1 (continued ) 

Precursor Activator 
Type 

Activator 
percentage 
(%) 

Aggregates 
size 

W/b ratio S/b 
ratio 

Printing 
speed 

Additives Method Printer 
type 

Ref 

50% GGBS, 50% FA 
Microfibers will replace 
sand 

Anhydrous 
(AN) sodium metasilicate + GD 
Grade 
sodium silicate Na2SiO3 

(50:50) 

10 0.1–1 mm 0.36 
0.37 
0.377 
0.39 
0.4 
0.425 

1.5 30 mm/ s 0 
2.2% 
4.4% 
6.6% 
8.8% 
13.2% Wollastonite microfibers 

Cast and 3D 
printed 

Gantry [70] 

Sand replaced (S) 
50% GGBS, 50% FA 
Precursor replaced (GP) 
40 – 50% GGBS, 40 – 50% 
FA, 0 – 20% W 

Anhydrous 
(AN) sodium metasilicate 
Na2SiO3 

8 840 µm 0.43 
0.36 

1.5 
1.35 
1.2 
1.5 

- 0 
10% 
20% 
Wollastonite 
(W) 

Cast - [69] 

50% GGBS, 10 – 50% FA, 10 – 
40% Steel slag (SS) 

Na2SiO3 + flue gas 
desulfurization (FGD) 

8 + 8 40 – 80 mesh 0.44 1.5 50 mm/s - 3D printed 
and cast 

- [81] 

100% GGBS Sodium metasilicate 10% - Pastes 
0.35 
Mortars 
0.4 

0.83 60 – 
100 mm/s 

Nanoclay 
0 – 0.6% 
Hydromagnesite nucleation seeds 
1% and 2% 

3D printed 4-axis 
gantry 

[82] 

100% GGBS Sodium carbonate Na2CO3 

+ Calcium carbide residue 
(CCR) 

8 + 2.5 – 10% - 0.53 - - - cast - [83] 

100% GGBS Na2CO3 + CCR 4 + 2.5 – 10% 
8 + 2.5 – 10% 

- 0.53 – 
0.583 

- - - Cast - [84] 

100% GGBS Na2CO3 + calcined dolomite 
(CD) 

10% + 2 – 
10% 

- 0.42 - - - cast - [85] 

*Alkali modulus (nSiO2/nNa2O) for anhydrous sodium metasilicate (Na2SiO3):0.9, and GD grade sodium silicate (Na2SiO3):2 
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Table 2 
3D printed one-part geopolymers fresh properties.  

Optimum 
mixture 

Extrudability Printability Thixotropy Rheological 
parameters 

Buildability Ref 

70% FA, 30% 
GGBS, 10% 
activator 

-Extruded with no breakage 
or discontinuity  

-Increased with 
increasing GGBS 
content. 
-The thixotropy 
parameter increased 
with increasing 
activator content to 
15% and decreased 
beyond that. 

-Increased with 
increasing GGBS and 
activator level. 

- [79] 

50% GGBS, 
50% FA, 
0.75% 
(MAS) 
thixotropic 
enhancer, 
1.5% 
sucrose 

-Increasing the solid 
activator content caused a 
decrement in the 
flowability. 
-The mixture with a 10% 
activator could not be 
pumped. 
- The addition of sucrose 
increased the flowability of 
the mix, while MAS 
decreased it. 

-Increasing the 
activator dosage and 
incorporating MAS 
were found to reduce 
the open time of the 
mixture. 
-The addition of 
sucrose extended the 
open time. 

-It was improved with 
increasing activator 
level. 
-The addition of 
sucrose was found to 
decrease the 
thixotropic parameter. 
-The addition of MAS 
was found to increase 
thixotropy by 200%. 

-Increased with 
increasing activator 
dosage. 
-Yield stress was 
found to decrease 
with adding sucrose. 
-The incorporation of 
MAS increased the 
rheological 
parameters. 

-It was found that 
using the optimum 
mixture can build 
more than 120 layers 
without showing any 
failure. 

[66] 

50% GGBS, 
50% FA, 
(5 +5)% 
activator 
+ 0.5% 
retarder 

-The optimum mixture was 
extruded without any 
breakage or discontinuity. 

-Retarder had 
prolonged the setting 
and open time of the 
mixture. 
-The optimum 
mixture open time 
was 65 min 

-The optimum mixture 
had a strong thixotropy 
behavior. It could 
recover 72% of its 
initial apparent 
viscosity within 60 s 

- -94 layers were 
printed without 
observing any 
deformation. 
-More layers could be 
printed. 

[77] 

80% FA, 10% 
GGBS, 10% 
SF 

-Using more than 10% SF 
may result in decreasing the 
extrudability. 

-GGBS was found to 
decrease the initial 
and final setting 
time. Thus, limiting 
the open time for 
printing. 

-Incorporating GGBS 
and SF was found to 
improve geopolymer 
thixotropy. 
- Increasing both GGBS 
and SF content 
decreased the values. 

- The incorporation of 
GGBS and SF was 
found to increase both 
yield stress and plastic 
viscosity. 
-Increasing the 
replacement level of 
GGBS and SF 
decreased the results. 

- [19] 

50% GGBS, 
50% FA, 
10% micro- 
fibers 

-The control mix and the 
mixture containing micro- 
fibers were extruded 
without any blockage. 

- -The incorporation of 
microfibers increased 
the viscosity recovery, 
indicating the good 
thixotropy property of 
the mixture. 

-Replacing sand with 
10% microfibers 
increased static and 
dynamic yield 
strength while 
decreasing the plastic 
viscosity. 

-Both the control and 
optimum mixture 
were printed 
successfully without 
deformation in the 
bottom layers. 

[70] 

- -Increasing SS Improved 
extrude-ability due to the 
deceleration of the 
geopolymerization process 
by the presence of less 
reactive SS. 

-The open time 
increased with SS 
content up to 20% 
and decreased 
beyond that. 

-Increasing SS content 
improved the 
thixotropy property. 

-Plastic viscosity and 
static and dynamic 
yield stresses 
decreased with SS 
content. 

-The buildable height 
increased with SS 
content up to 10% and 
then decreased when 
printing free wall. 
-When printing square 
walls, the buildable 
height decreased with 
SS content. 

[81] 

100% GGBS, 
0.4% NC, 
2% seeds 

-Increasing the NC content 
to 0.6% led to the extrusion 
of discontinuous filaments. 
- 

-The optimum 
printing speed was 
set to 90 mm/s to 
print layers with the 
same width as the 
nozzle inlet. 

-NC improved the 
viscosity recovery 
behavior of the mix by 
25% due to its 
thixotropy property. 

-Although 0.6 resulted 
in the maximum yield 
stress, 0.4% was 
selected as the 
optimum. 
-NC inclusion resulted 
in three times higher 
yield stress without 
affecting the apparent 
viscosity. 
-The incorporation of 
the accelerator 
slightly affected the 
yield stress. 

-A 15 layers cylinder 
was printed using the 
mix with NC to 
investigate the 
efficiency of printing 
speed, and no 
deformation was 
observed. 
-Twisted column was 
printed without 
having any 
deformation in the 
bottom layer. 

[82]  
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4.1.1. Pumpability and extrudability 
Pumpability is the process that transports the workable mix through a pipe from the reservoir to the nozzle under pressure without 

affecting the materials` properties (workability and yield stress) for the entire transporting time [63]. At the same time, extrudability is 
defined as the ability of the mixture to be extruded from the nozzle smoothly under pressure in good quality without altering the 
mixture’s physical properties [64], where a good quality extrusion refers to filaments that have been extruded without any breakage or 
discontinuity [45]. The requirements of printable material are somewhat contradictory; the mixture must be workable enough to 
ensure ease of transportation prior to extrusion, and the extruded mixtures must retain their shape by being relatively stiff [65]. The 
rheological performance of materials and the mix design affect pumpability and extrudability, where the desired mixtures should have 
low viscosity and optimum yield stress for easy pumping and extrusion, as shown in Fig. 4 [6]. Muthukrishnan et al. [66] investigated 
the effect of increasing the activator content on the pumpability of GGBS and FA one-part geopolymer by measuring the static yield 
strength with time. It was found that increasing the activator content resulted in a faster evolution of yield stress, thus, increasing the 
pumping energy required. Different articles aimed to determine the effect of several precursor materials and found that enriching the 
mix with materials containing calcium, like GGBS, decreases the extrudability. Guo et al. [19] found that the incorporation of up to 
10% SF in FA-based one-part geopolymer improves the particle packing and enhances the viscosity, but due to its fine particle size, 
increasing the SF ratio results in decreasing the viscosity. Accordingly, using more than 10% of SF in the mixture may result in the 
decline of extrudability due to excessive viscosity loss. Shah et al. [67] found that increasing GGBS percentage in the mixture resulted 
in a decrease in flowability, which could be due to the presence of more nucleation sites at the early stage that additional calcium in 
GGBS provides, thus, resulting in the rapid hardening of the mixtures [67]. Additionally, the workability tends to decrease due to the 
GGBS’s angular shape [68]. 

Bong et al. [69] studied the effect of replacing precursor and aggregate separately with wollastonite powder on the workability of 
FA- and GGBS-based one-part geopolymers. The results showed that increasing the replacement level decreases the spread diameter by 
forming network structures that can resist the flow due to the needle-like shape of wollastonite. In another study, Bong et al. [70] 
investigated the effect of replacing fine natural sand with wollastonite microfiber on the extrudability of FA- and GGBS-based one-part 
geopolymers by printing five layers of square slabs with a total length of 4810 mm for each layer. The mixture with a 10% replacement 
level was found to have comparable workability with the reference mix, and the researcher successfully extruded the reference mix and 
the mixture with a 10% replacement level. On the other hand, the pumpability can be improved by increasing the water/binder ratio. 
However, increasing water content beyond a certain level may result in segregation and pipe blockage [71,72]. On a positive note, 
incorporating retarders can enhance extrudability by slowing the reactions [67]. In a recent study, Cheng et al. [73] investigated the 
effect of adding different types of superplasticizers (namely, polycarboxylate (PC), melamine (M), and naphthalene (N)) with different 
dosages on the flowability of calcium carbide residue–waste red brick powder-based one-part alkali-activated materials. The authors 
found that adding 1.5% PC among the different types significantly increased the flowability of the mixtures to a comparable level to the 
OPC mixture. Similarly, Alrefaei et al. [74] studied the effect of incorporating PC, M and N superplasticizers on the mini-slump 
performance of FA-GGBS-based one-part geopolymer and found that the flowability of the mixtures improved, where poly-
carboxylate showed the most significant improvement. 

4.1.2. Shape retention 
Shape retention is known as the ability of the extruded layer to resist deformation and maintain its cross-section compatible with 

the nozzle cross-section. The deformation of the deposited layer can result from three main factors: the weight of the layer itself, the 
weight of the succeeding layers, and the pressure applied during the extrusion process [75]. The shape retention of a mix can be 
improved by using materials that can enhance the thixotropy property of the mixture. For instance, Bong et al. [76] found that 
replacing sand with 10% wollastonite enhanced the shape retention ability of the mixture due to the enhancement in thixotropic 
behavior and yield stress. While Guo et al. [19] stated that incorporating GGBS in an FA-based one-part geopolymer can enhance the 
thixotropic behavior of the mix, thus, enabling the mix to maintain its shape. Additionally, the presence of fine SF particles improves 
the mixtures’ packing density, which results in better yield stress, where the higher yield stress helps maintain the shape of the printed 
layers. Muthukrishnan et al. [66] found that increasing the activator content enhances shape retention after extrusion by the rapid 
re-flocculation of the mix. Bong et al. [77] evaluated the shape retention ability of FA- and GGBS-based one-part geopolymer by adding 

Fig. 4. Materials properties required for the pumping and extrusion process [6].  
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a steel plate on top of a cylinder-shaped mixture and recording the deformation every 30 s before adding another steel plate. The 
mixture had a deformation of 3.9% in width and 10.4% in height immediately before collapse. Moreover, the results showed that the 
mixture had a good shape retention ability which collapsed after applying a load that equals around nine times its self-weight. The 
shape stability of the mixture can be enhanced by incorporating additives, such as MAS, Poly-vinyl Alcohol (PVA) fibers, attapulgite 
nano clay, and nano graphite platelets [60,66,78]. Further study is necessary to investigate the impact of different mixing times and 
speeds on the 3D-printed layers’ shape retention. 

4.1.3. Open time and setting time 
Open time is when the material is extrudable after adding water to the mixture; beyond that time, the material loses its extrud-

ability. The suitable open time of the material has to be sufficient to contain the period for which the material is to be deposited. 
Otherwise, the material will harden in the nozzle or container [60]. Open time and setting time depend mainly on the mix design. 
Depending on the type of precursors used, the open time and setting time of one-part geopolymers changes according to the rate of the 
mixture reaction mechanisms. One of the main differences between precursors rich in GGBS and other precursors is their setting time, 
where the presence of rich-calcium material results in the faster setting of the mix [68,86,87]. Shah et al. [67] reported that increasing 
GGBS shortens the setting time of the mix because of the rapid hardening due to the additional reactions that GGBS imposes at the early 
stage. In addition, Panda et al. [79] stated that the amount of GGBS in the precursor should be controlled because it can change the 
flow properties, thus, significantly affecting the open time of the mix. 

Similarly, the activator content has an inverse relationship with open time. Muthukrishnan et al. [66] reported that the increment 
in activator percentage limits the open time of the mix due to the rapid evolution of yield strength. To extend the open time, they 
investigated the effect of incorporating a retarder and found it to slow the yield strength development, which increases the open time. 
Ma et al. [81] studied the effect of replacing up to 40% of FA with steel slag and found an increment in open time, which could be due to 
the deceleration of the geopolymerization process caused by the presence of steel slag. However, it was found that using more than 
20% replacement level decreased the flowability of the mixture, consequently decreasing the open time, as shown in Fig. 5. 

The studies on the open time of one-part geopolymers are limited. Further research is required to understand the effect of different 
precursor types, mix designs, additives and retarders on the open time of one-part geopolymers. 

4.1.4. Rheological properties 
The main rheological properties are plastic viscosity, yield stress, and thixotropy. Yield stress is divided into static and dynamic 

yield stress. Static yield stress is the shear stress needed to start the mixture’s flow. After the flow starts, the needed shear stress for 
maintaining that flow is called dynamic yield stress. 3D printable concrete flows when applying external shear stress [88,89], where 
the mix stop flowing after removing the external force, and thixotropy occurs. Thixotropy is a phenomenon where the mix restores 
static yield stress by initiating flocculation of the particles due to inter-particle interaction [90]. Rheological properties mainly depend 

Fig. 5. Effect of replacing FA with different steel slag content on open time of one-part [81].  
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on the mix design of the fresh geopolymer and the shape of the solid ingredients of the mixture. Panda et al. [79] observed that 
increasing GGBS content in FA-based one-part geopolymer increased yield stress, plastic viscosity, and viscosity recovery, which is due 
to the chemical composition of GGBS that is rich with calcium. Due to the angular morphology of GGBS particles, the packing density 
increases, enhancing the mix’s thixotropic property. 

Kaze et al. [91] compared the rheological behavior of lateritic clay (LAC)- and iron-rich laterite clay (LAI)-based geopolymers. The 
results revealed that LAI possesses significantly higher yield stress than LAC, which is justified by the higher deformation that LAI 
exhibited due to the higher interaction rate between its different constituents since iron (Fe) possesses a higher reaction rate than Si 
and Al. Thus, iron species quickly precipitate in an alkaline medium to form iron hydroxide gel, accelerating the polycondensation 
process and producing a more rigid structure. In another study, Kaze et al. [92] studied the effect of different calcination temperatures 
on the rheology of meta-halloysite-based geopolymer and found that increasing the calcination temperature improved the rheological 
behavior of the geopolymer due to the increase of the reactive phases. Ma et al. [81] found that replacing FA up to 100% with steel slag 
in FA- and GGBS-based one-part geopolymer decreased the rheological properties of the mix. The decrement could be due to the steel 
slag’s low reactivity, which prevented FA and GGBS from reacting with the activator and producing the hydration gels. Moreover, 
Bong et al. [70] found that replacing 10% of fine sand with wollastonite microfiber in FA and GGBS-based one-part geopolymer 
increased yield stress and decreased the plastic viscosity of the mix. The increased yield stress could be due to physical interlock and 
overlap between wollastonite acicular particles. At the same time, the plastic viscosity decrement could be due to the more elongated 
particle shape of wollastonite compared to the mixture’s other solid particles. Moreover, it was found that substituting sand with 10% 
fibers had slightly enhanced the thixotropic property and resulted in recovering 80% of the viscosity. Besides the effect of different 
precursor materials, activator content has an evident effect on the rheological behavior of the mix. Muthukrishnan et al. [66] found 
that increasing the activator content significantly increased yield stress and viscosity and improved the thixotropy of the mixture [66]. 
However, using higher activator percentages may decrease the plastic viscosity of the mix [79]. The activator composition (i.e., alkali 
modulus) also plays a crucial role in influencing the rheological properties of the geopolymer. According to [93,94], increasing the 
SiO2/Na2O ratio increased the viscosity and yield stress of the geopolymer mixture. 

4.1.5. Buildability 
Buildability is the ability of 3D-printed filaments to retain their shape and resist distortion induced by both their weight and the 

weight of the succeeding layers after it has been extracted from the nozzle [88]. As stated in section 3.1, the mixture must possess 
high-yield stress after extrusion to retain its shape. In order for the first layer to withstand the weight of the subsequent layers, the 
mixture should have enough early strength. The buildability mainly depends on the mixture’s rheological properties and object design, 
including geometry, size, and process parameters [95]. Muthukrishnan et al. [66] investigated the effect of different activator per-
centages on the buildability of FA- and GGBS-based one-part geopolymer by evaluating the static yield stress development over time 
when changing activator content. They validated the results by conducting a 3D printing test to determine the maximum number of 
layers that can be printed before the collapse of the structure or the deformation of bottom layers to 0.5 of the layer’s initial width. It 
was found that increasing the activator content resulted in a faster yield stress growth over time, which improved the retention of the 
mix and allowed for more layers to be printed. They also investigated the effect of incorporating nano-clay and sucrose and found that 
adjusting and balancing these additives can allow printing more layers (as shown in Fig. 6). Although adding 1% sucrose increased the 
open time, the yield stress development rate and thixotropy were decreased and resulted in limiting the number of layers that could be 
printed (Fig. 6c). Furthermore, incorporating 0.75% nano-clay resulted in a better yield strength development and thixotropic 
behavior for the mix with sucrose. At the same time, it limited the open time of the mix. Adjusting sucrose to 1.5% resulted in pro-
ducing a mix with comparable properties to the control mix with adequate open time, which allowed the printing of 120 layers for one 
patch without failing (Fig. 6d). Chougan et al. [60] proposed incorporating nano-graphite to enhance the buildability of 3D printed 
geopolymer. 

Bong et al. [77] studied the buildability of FA- and GGBS-based one-part geopolymer when combining 5% anhydrous sodium 
metasilicate and 5% GD grade sodium silicate activator by printing a rectangular column and found that the mixture had excellent 

Fig. 6. Buildability test of a) 5%ACT (activator), b) 7.5%ACT, c) 10%ACT-1%S (sucrose), and d) 10%activator-1.5%S-0.75% thixotropic enhancer 
one-part geopolymer mixes [66]. 
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Table 3 
One-part geopolymer hardened properties.  

Optimum mixture Compressive strength Flexural strength Ref 

70% FA, 30% GGBS, 10% 
activator 

-Increased with increasing GGBS and activator. 
-Strength at the printing direction was the highest. 

- [79] 

50% GGBS, 50% FA, 0.75% 
(MAS) thixotropic 
enhancer, 1.5% sucrose 

- The compressive strength results in all directions were 
higher than printed geopolymer in other studies at 7 and 28 
days. 

-A higher strength was obtained at 7 and 28 days 
compared with similar geopolymers from other studies. 

[66] 

50% GGBS, 50% FA, (5 +5)% 
activator, 0.5% retarder 

-Cast specimens had higher strength values compared with 
the printed one. 
-The X-direction had the highest value among the other 
directions. 
(X-direction load was in the plane of the interfaces between 
layers). Y-direction was the printing direction, and Z was 
perpendicular to it. 

-Y and Z-direction had higher strength values compared 
with x-direction and the cast specimen. 
-Y-direction had the highest value, followed by Z, cast 
specimen, and x-direction, respectively. 

[77] 

85% GGBFS, 10% PC -Sealing specimens in plastic bags were found to have the 
highest strength values compared with submerging and 
ambient curing methods. 
-The highest compressive strength was obtained when 
replacing slag with fired ceramics by 10%. 
-All the values were lower than the control specimen. 

-Specimens sealed in plastic bags had the highest 
strength. 
-All values of specimens sealed in plastic bags were 
slightly lower than the reference mix. 

[80] 

60% FA, 40% GGBS, 10% 
activator, 4% retarder 

-The strength values increased with increasing slag and 
activator content. 
-Using more or less retarder content than 4% decreases the 
strength values. 
-Compressive values increased with increasing curing 
temperature at early ages. 
-At 28 days, the curing temperature did not affect strength 
values. 

-Increasing slag and activator content resulted in a drop in 
the flexural values. 
- Flexural results were found to be decreased when using 
retarder content other than 4%. 
-At an early age, flexural strength increased with 
increasing curing temperature. 
-At 28 days, flexural strength was not affected by curing 
temperature. 

[67] 

50% GGBS, 50% FA, PC1 
50% GGBS, 50% FA, S 

-GD Grade sodium silicate was found to have higher 
strength values than the anhydrous activator. 
-The incorporation of superplasticizer (SP) did not affect 
the mixtures activated with AN, while it reduced the 
strength values of mixes activated with GD-grade sodium 
silicate 
-The incorporation of (R) retarders did not affect the mixes 
activated with anhydrous sodium silicate (AN), while 
decreased strength of mixes activated with GD. 
-The combination of SP and R decreased the compressive 
strength values compared to using them separately. 

- [76] 

50% GGBS, 50% FA, 10% 
microfibers 

-Comparable strength values were obtained with increasing 
sand replacement levels with microfibers for cast 
specimens. 
-For printed specimens, adding wollastonite did not affect 
the compression performance, where both mixtures 
exhibited similar strength values. 
-The highest strength values were obtained in the X- 
direction (Printing direction) 

-For cast samples, flexural strength values increased in the 
presence of microfibers compared with the control 
specimen, where the highest value was obtained when 
replacing 10% sand. 
-The strength results were comparable to the control 
specimen for printed specimens. The strength values of 
the mixture containing wollastonite in the Y and Z 
directions were slightly higher than the control specimen. 
-The highest strength values were obtained in Z-direction. 

[70] 

GP + 10% wollastonite (W) -Higher compressive values were achieved in mixtures that 
replaced precursor (GP) with wollastonite (W) than 
mixtures that replaced sand (S) due to the lower water 
content in GP. 
-The highest values for S and GP mixtures were obtained 
using 10% wollastonite. 

-GP had higher flexural strength than S due to the lower 
water content. 
-The incorporation of W increased strength in S mixtures 
while not affecting GP mixtures. 
-For S mixtures, the highest flexural value was obtained 
when replacing 20% of sand. While for GP, all the results 
were comparable. 

[69] 

- -At 7 days, the compressive strength increased with 
increasing SS to 30%. While the 28-day compressive 
strength decreased with SS content, the highest value was 
obtained when adding 10% SS. 
- The results of all directions were higher than the casted 
specimen, where Y-direction had the highest results among 
all directions. 

-The flexural results for 3D printed specimens in all 
directions were lower than the casted sample. 

[81] 

- -Increasing the CCR ratio (i.e., 7.5% and 10%) decreased 
the compressive strength of the samples in the different 
curing methods when immersed in water and aggressive 
ambient (i.e., Na2SO4 and MgSO4). 
-Compressive strength values significantly decreased when 
immersing samples in MgSO4 

-Compressive strength loss at 84 days increased with 
increasing CCR ratio when exposing mixtures to Na2SO4. 

- [83] 

(continued on next page) 
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buildability. Moreover, Panda et al. [79] estimated the buildability of a one-part geopolymer by determining its load-carrying capacity 
in the dormant period. The dormant period before the mix setting was found to be less than 30 min, referring to the fast development of 
early strength, which could be due to the initial stage reaction that produced aluminosilicate gel. 

4.2. Hardened properties of one-part geopolymers 

Mechanical strength tests on 3D printed specimens were assessed by applying load in three directions; longitudinal, lateral, and 
perpendicular to the printing direction, which are called X, Y, and Z, respectively. Specimens have been extracted with different di-
mensions from printed blocks depending on the type of test to be conducted. The effect of using different mix designs on the hardened 
properties of printed and cast geopolymers was investigated by different researchers, as shown in Table 1. The effect of using different 
precursor types, varying precursor proportions, and incorporating retarders, superplasticizers, and other additives to obtain an op-
timum mixture was explored. The mechanical performance along with the optimal mix design obtained from different articles for 3D 
printed and cast one-part geopolymers are shown in Table 3. 

4.2.1. Compressive strength 
Several studies have shown that comparable strength values can still be obtained by controlling the printing parameters and mix 

design [3,60]. Depending on the mix design, the strength of a one-part geopolymer is often higher when using a calcium-rich precursor. 
That is in good agreement with the results obtained from different articles shown in Table 3. The more incorporation of GGBS, the 
higher the compressive strength [60,96]. However, increasing GGBS beyond a certain limit causes a decrement in the compressive 
strength, which could be due to the loss of workability, as illustrated in Fig. 7(a). Panda et al. [79] found that increasing GGBS content 
from 15% to 40% significantly increased the compressive strength values of FA-based one-part geopolymer due to the early formation 
of C-S-H. They also found that strength values tend to increase when rising activator dosage from 10% to 20% due to the more Si ions 
available for geopolyermization. Determining the optimum precursor proportion for a specific activator percentage and water amount 
may lead to optimized compressive strength [97]. Dong et al. [97] found that the fineness of the materials plays a significant role in 
improving the mechanical strength of the geopolymer, where using a finer activator significantly increases the compressive values of 

Table 3 (continued ) 

Optimum mixture Compressive strength Flexural strength Ref 

100% GGBS, 8% Na2CO3, 
2.5% CCR 

-The compressive strength significantly increased with 
increasing the activator ratio from 4% to 8%. 
-For the 4% activator ratio, the incorporation of 5% CCR 
had the highest development in compressive strength at 
early ages. However, 2.5% possessed the highest 
compressive strength at later ages. 
-For the 8% activator ratio, 2.5% and 5% exhibited the 
highest compressive strength, while 2.5% had the highest 
results at 28 days. 

- [84] 

100% GGBS, 10% CD -Increasing CD content increased the compressive strength 
performance of the mixtures, where 10% achieved the 
highest values. 
-All mixtures with the different CD ratios exhibited 
noticeably higher strength values than NaOH solution- 
activated slag and less compressive strength than Na2SiO3 

solution-activated slag. 

- [85]  

Fig. 7. Compressive strength of one-part geopolymers with (a) cast specimens when precursor partially replaced with different materials [67,69,79, 
81] and (b) different directions on 3D printed optimum mixtures [77]. 
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one-part geopolymer. Moreover, the compressive strength is affected by the used activator type, where the most effective and used 
solid activator is sodium silicate. Ma et al. [98] found that partially replacing Na2SiO3 with Na2CO3 decreased the compressive strength 
of one-part geopolymers due to the decrease in the geopolymerization degree in the presence of Na2CO3. The incorporation of retarders 
and rheology-modifying admixtures can result in decreasing the compressive strength value. Sun et al. [99] studied the influence of 
using up to 8% viscosity modifying admixture on the mechanical properties of one-part geopolymer and found that the compressive 
strength decreases with increasing the additive dosage. The decline in the strength values in the presence of a modifier was attributed 
to the aeration effect and the creation of a dense polymer film that hinders the contact of silicate powder with the activator [99]. 

On the other hand, various researchers studied the effect of using waste material to replace aggregates or part of a precursor. 
Abdollahnejad et al. [100] found that replacing up to 30% of GGBS with fired and unfired ceramic reduced strength values in 
GGBS-based one-part geopolymer. While replacing natural aggregate may increase or decrease the strength depending on the type of 
aggregate used [101]. 

Fig. 7b shows the anisotropic compressive strength behavior in different testing directions. Some studies found that printed 
specimens exhibit higher compressive strength values when tested longitudinally (X-direction) to the print direction compared to cast 
specimens and the other directions. This can be due to the movement patterns, as the materials move in the direction of printing, 
allowing for more compaction after placing the particles compared to the other direction [79]. The characteristics of the printing 
process result in an anisotropy behavior dependent on the direction of testing [102,103]. This anisotropic nature of printed structures 
may be explained by the heterogeneity created by the interaction between layers. Due to the intense pressure during the extrusion, the 
3D-printed object has a denser microstructure than cast concrete. Nevertheless, the printed object has higher porosity with weaker 
connections at the layer interface [104]. Other studies [70,77] reported higher compressive strength values for cast specimens than 
that of 3D-printed one-part geopolymers, which could be due to the higher porosity of printed samples compared to the cast ones. 

4.2.2. Flexural strength 
Like compressive strength, flexural strength was found to increase with increasing the activator content and Ca-rich materials 

[105]. While Shah et al. [67] observed a decrement in the flexural strength when increasing GGBS content, as shown in Fig. 8a, due to 
the low water content used in the mix. Moreover, Fig. 8a presents the effect of replacing precursors with different materials on the 
flexural strength of cast specimens. Flexural strength was also found to follow an anisotropic behavior dependent on the testing di-
rection, as shown in Fig. 8b. Most studies revealed that 3D printed specimens had a slightly higher flexural strength when the load was 
applied lateral (Y) and perpendicular (Z) to the printing direction. The lowest flexural values are observed when the load is applied in 
the X-direction, which can be due to the weak interface between layers [57,106,107]. In 3D printed elements, two different interfaces 
are produced: a horizontal interface is produced by extruding the subsequent layer on top of the previous layer, and a vertical interface 
is formed between two layers when the subsequent layer is placed next to the previous layer at the same level. The strength at the 
center of the extruded concrete is greater than that at the layer interfaces [57,104]. Different researchers investigated the effect of 
using fibers to enhance the flexural strength of 3D-printed concrete. They found that incorporating fiber enhanced the printed fila-
ments in perpendicular and lateral directions while not changing the observed anisotropy trend [108,109]. Bong et al. [70] studied the 
effect of replacing the finest sand with up to 30% wollastonite microfibers on the flexural strength of 3D-printed one-part geopolymer 
and found that replacing 10% of sand resulted in the highest flexural strength values. The strength was around 4 MPa higher than the 
reference mix for cast specimens and 1.5 MPa, and 0.5 MPa higher for 3D printed specimens in Z- and Y-directions, respectively. The 
enhancement can be due to the connection of wollastonite particles to the geopolymer matrix after being partially dissolved in the 
mixture. The presence of these particles in the mixture is supposed to be helpful in crack bridging and crack blocking through the 
fraction deflection and fiber rupture, which increases the load needed to rupture [75]. Ma et al. [81] found that the lower flexural 
strength values of 3D printed one-part geopolymers in all directions than the cast specimens are due to the presence of extra air voids 
during the printing process and the generation of weak interlayers in the bottom. 

Fig. 8. Flexural strength of one-part geopolymers with (a) cast specimens when precursor partially replaced with different materials [67,69,81] and 
(b) different directions on 3D printed optimum mixtures. 
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5. Economic assessment of one-part geopolymers 

One of the main benefits of using 3D printing technology could be the reduction in the overall cost. The involvement of 3D printing 
provides more economical solutions in terms of material saving, required effort, and energy. Concrete 3D printing (3DCP) does not 
require formwork, which accounts for 10% of the overall cost. Due to the elimination of formwork, the formwork labor will be no 
longer needed, reducing the overall cost by 50% or more, as highlighted in [21]. Batikha et al. [110] compared different building 
techniques and showed that 3DCP is more economical than other construction techniques. According to the study, construction cost is 
responsible for 55% of the total cost and the material cost for 45% (see Fig. 9). Other researchers found that the construction cost 
consumes 70% of the total cost when using a robotic arm for 3DCP [13,111]. 

The total cost of construction when using 3DPC can also be decreased by employing different approaches, including printing hollow 
structures and using AAMs to reduce the cost of printing materials [44,112]. Using recycled aggregate, coarse aggregate, and industrial 
by-product materials can also reduce the total cost [113]. However, Abbas et al. [114] found that producing 1 m3 concrete with 
metakaolin geopolymer is three times higher than the total cost of producing it with OPC. This is due to the high cost of geopolymer 
materials, where sodium hydroxide contributed to 41% of the total cost, metakaolin by about 31%, and sodium silicate by about 19%. 
Yang et al. [115] showed that the type and content of alkali activators affect the production cost of alkali-activated GGBS. They found 
that the cost of one-part alkali-activated blast furnace slag foamed concrete was slightly higher than that of OPC concrete. Ma et al. 
[116] compared the cost of producing 1 m3 one-part geopolymers prepared with different sodium metasilicate types and 1 m3 OPC 
concrete and found that one-part geopolymers had higher costs than OPC concrete. In contrast, Habert and Ouellet-Plamondon [117] 
compared the economic allocation of one-part geopolymers with OPC and found the possibility of reducing costs by 80% compared 
with OPC. Vinai et al. [32] compared the costs of production and raw materials of one-part alkali-activated concrete (AAC), Portland 
cement concrete (PCC), and two-part alkali-activated concrete. The results showed that two-part had the highest cost, while one-part 
AAC had a slightly lower cost than PCC at all concrete strengths. The low overall cost of one-part AAC is due to the low price of sodium 
silicate powder, which is four times lower than sodium silicate solution. Based on the above-presented articles, the implementation of 
solid activators can reduce the overall cost of the one-part geopolymers to a comparable level and even lower than OPC, depending on 
the used precursor. 

* 3DPC: 3D concrete printing, PMC: prefabricated modular construction, CFS: cold-formed steel, and HRS: hot-rolled steel. 

6. Environmental impact of one-part geopolymers 

3D concrete printing is the most sustainable construction method, which produces a lower amount of CO2 compared with other 
types of construction [110]. Mohammad et al. [118] compared reinforced concrete (conventional method) with 3D concrete printing 
and found that 3D printing concrete produced around 22% less carbon dioxide emissions. Due to the higher amount of cementitious 
binder in 3D concrete printing technology than in conventional concrete [119], the researchers have focused on finding more envi-
ronmentally friendly materials instead of cement due to the consumption of around 4% of greenhouse gas (GHG) and to the release of 
around 8% of the total global CO2 emissions associated with cement production [120]. 

Yoa et al. [121] found that using geopolymer in 3D printing decreases the overall CO2 footprint of concrete production. However, 
an increase in the use of abiotic resources and depletion of stratospheric ozone was observed. Moreover, Liu et al. [122] found that cast 
geopolymers had lower environmental impacts than the cast OPC sample, while it did not outperform OPC when printed due to the 
higher activator content in the mixture. However, when constructing a wall, the environmental impact of the casting technique varied 
depending on the shape complexity while remaining constant for the 3D printing method [122]. 

According to the literature, most of the articles used the combination of sodium hydroxide (NaOH) with sodium silicate (Na2SiO3) 
to produce the liquid activator used in two-part geopolymers because the use of NaOH only cannot enhance the strength significantly 

Fig. 9. The relative percentage of the material cost (USD) and construction activity of total cost (USD/m2)* [110].  
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[123]. Using one-part geopolymers eliminated the need for combining them, resulting in a more environmentally friendly mix than 
two-part geopolymers. The environmental impact key contributor to geopolymers is the production of alkali activators, as reported in 
[124] and [125]. The CO2 emissions produced by activators vary depending on the type of activator, where the CO2 inventory of 
Na2SiO3 was found to be higher than that of Ca(OH)2 [115]. Furthermore, one-part alkali-activated slag foamed concrete had 85 – 93% 
lower CO2 emissions, depending on the type of activator used, compared to that of OPC [115]. The production of 3D printable one-part 
geopolymer mixes prepared with a solid activator can reduce up to 70% of the carbon emissions and 15% of embodied energy 
compared with 3D printable OPC having a similar compressive strength value [126]. Panda et al. [79] found that a one-part geo-
polymer sample had lower CO2 emissions of around 78%, and the embodied energy accounted for about 15% of that for the OPC-based 
specimen. Moreover, they revealed that the activator had around 81% of the total energy of the overall mix [79]. Ma et al. [116] 
calculated the embodied CO2 index of one-part geopolymers prepared with various types of sodium metasilicate with and without 
water in their chemical compositions. It was found that one-part geopolymer mixes prepared with different types of sodium meta-
silicate had lower CO2 emissions per MPa for 1 m3 compared to OPC. Although sodium metasilicate with water had the highest CO2 
emission among the other types, it was found to have the lowest embodied CO2 index when used in the mix [116]. Luukkonen et al. 
[38] calculated the average environmental impact obtained from different studies and showed that the environmental impact of 
one-part geopolymers was 24% less than that of OPC, which is lower than the environmental impact of two-part geopolymers, which 
was 60% of the environmental impact of OPC. It is evident from the different results that using a solid activator to produce a one-part 
geopolymer is assumed to be an excellent solution to decrease the environmental impacts due to the benefits it presents compared with 
OPC and two-part geopolymers. 

Incorporating a one-part geopolymer in construction applications can be a potential and feasible solution to meet the goals, of the 
European Cement Association, of decreasing the carbon footprint of cement to more than half by 2030 [127] due to the use of 
low-carbon materials in the mix. In addition, using one-part geopolymers is comparable and even more economical than OPC in in-
dustrial applications. 

7. Conclusions and future directions 

Implementing a one-part geopolymer in 3D printing technology offers several advantages over conventional geopolymer and 
concrete. The focus of this paper was mainly on the fresh and hardened properties of different mix designs of 3D printed one-part 
geopolymers, their environmental impact, and their cost assessment. From this review, the following conclusions can be drawn:  

1. Utilizing GGBS in one-part geopolymers can enhance the mix’s properties. However, it decreases the open time and extrudability.  
2. Increasing activator content can improve the rheological properties and mechanical strength of one-part geopolymers while 

decreasing the open time and flowability, thus, limiting the printability of the mix.  
3. Retarders and superplasticizers can be used to extend the open time and increase the flowability of a mix, but they will decrease 

yield stress, thixotropy, and mechanical strength of the mix.  
4. One-part geopolymers have slightly lower mechanical strength than two-part geopolymers but are still stronger than OPC.  
5. Depending on the type of materials used in the precursor, one-part geopolymer can result in reduced costs compared to OPC-based 

concrete samples. The most expensive material in OPC is cement, while for the geopolymers, it is the activator.  
6. Incorporating a solid activator leads to around half of the environmental impact produced by a liquid activator, making one-part 

geopolymers a more environmentally friendly mix. It also allows for practical use on a large scale due to eliminating the liquid 
activator risk. 

Based on the presented review, besides the successfully developed one-part geopolymer mixtures for 3D printing, some challenges 
need further consideration in future research. Despite the good mechanical behavior of one-part geopolymers, further research is 
needed to eliminate the mechanical anisotropic behavior of 3D printed filaments by conducting more studies on the effect of different 
printing parameters and the incorporation of fiber reinforcement. Moreover, the durability of 3D-printed one-part geopolymers needs 
to be investigated since most studies focus on evaluating the mechanical properties, mainly compressive strength. The effect of 
incorporating different nano-particles on the fresh and hardened properties can also be investigated. Most researchers focused on 
investigating the effect of different mix designs on the mechanical and rheological properties of 3D printed one-part geopolymer. Its 
good performance and similar preparation procedures to OPC make it a suitable alternative in 3D printing for different industrial 
applications, including prefabrication and onsite construction. While open time had rarely been investigated and mostly had a narrow 
window when a solid activator is presented due to the rapid yield stress development, which restricts the use of one-part geopolymers 
in the 3D printing application. Therefore, the effect of different parameters on the open time is to be investigated to develop a one-part 
geopolymer mixture with an adequate printing window to address this problem and to be used in building applications. Furthermore, 
the problem of limited open time for printing needs to be solved by investigating the effect of different types and dosages of retarders 
and superplasticizers, incorporating various materials in precursors, and changing the preparation parameters. 
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