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A B S T R A C T   

Recent growth in additive manufacturing (AM) or 3D printing in the construction field has 
motivated the development of various materials that vary in its composition and properties. This 
paper introduces, characterizes, and evaluates the performance of a sustainable and environ-
mentally friendly geopolymer mixture composed of construction wastes. The geopolymer mixture 
has calcium hydroxide (Ca(OH)2) as the main alkaline activator and incorporates nanomaterials 
such as nano-silica and nano-clay to enhance its suitability for AM. The combined use of Ca(OH)2 
for alkali activation, and nanomaterials for tailoring the behavior of construction wastes for 3D 
printing, is novel and addresses the shortcomings of conventional alkaline activators. The paper 
includes the outcomes of the analysis of the mechanical properties, printability, and micro-
structure of the geopolymer mixture. The 28-day compressive strength of the mixture reached 42 
MPa with ambient temperature curing, which is comparable to traditional geopolymers. The 
inclusion of 1 wt % of nano-silica accelerated the geopolymerization process and led to the largest 
(35 %) reduction in the setting time. Similarly, incorporating 1 wt % of nano-clay led to reduction 
of the thermal conductivity from 0.709 W/mK to 0.505 W/mK, due to the introduction of thermal 
barriers. The printability of the studied waste-based geopolymer mixture was validated through 
the successful fabrication of a 3D-printed model.   

1. Introduction 

The construction sector is one of the most resource-intensive industries in the world, where it is responsible for 40 % of global 
energy utilized and 40 % of global material resources consumed [1,2]. This has presented the industry with numerous challenges in 
terms of managing the cost and environmental impact of construction materials and waste. It is estimated that more than 10 billion 
tons of construction waste is generated annually, which is approximately 25 % of total generated waste worldwide [3,4]. Concrete, 
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bricks, soil, and asphalt make up the non-hazardous portion of construction and demolition waste (CDW), which are usually disposed 
of through landfill. Recycling construction materials can reduce energy consumption and reduce demand for minable natural resources 
[4]. Moreover, the scarcity of materials required for concrete production in some locations, such as gravel and sand, means that 
identifying alternative aggregates is attractive [5,6]. 

The environmental impact of the construction industry extends further than the quantity of resources used, or the waste generated, 
with studies suggesting that the production of Portland cement contributes up to 8 % of global carbon dioxide (CO2) emissions [7]. 
Portland cement is the main component in traditional concrete, and due to its significant contribution to anthropogenic greenhouse gas 
emissions, efforts to find a replacement activator are ongoing [8]. Produced by combining aluminate and silicate materials (typically 
fly ash or slag) with an alkaline activator, geopolymer-based concrete has been proposed as a viable substitute for conventional 
concrete. Because the primary materials in geopolymers, are aluminosilicate-rich waste materials, geopolymer concrete offers a 
sustainable construction material [9]. Adopting geopolymers can reduce related greenhouse-gas emissions and energy consumption by 
up to 70 % and 40 %, respectively [10]. In addition, numerous studies have shown that geopolymers possess desirable properties when 
compared to standard concrete, such as corrosion and fire resistance, reduced shrinkage, lower thermal conductivity, and lower 
porosity [11–13]. Geopolymers can be manufactured from a wide range of materials, including waste materials like metakaolin, fly 
ash, and slag [14–16], reducing the need for landfill. 

Many studies, in recent years, have made efforts to use recycled materials within the domain of geopolymer technology, under-
pinning a move towards more sustainable and resilient material construction. Among these efforts is the incorporation of recycled 
Polyvinyl Chloride (PVC) and glass waste into the geopolymer matrix, an approach to enhance thermal resistance and increase energy 
absorption [17]. The research also investigated the use of recycled PVC and rubber to enhance other key properties. It was observed 
that PVC can improve both the compressive and flexural strength of geopolymers and rubber showed promise in reducing the thermal 
conductivity and decreasing the volume of permeable voids [18–20]. Other works also considered incorporation of poly-vinyl alcohol 
fibres, attapulgite nanoclay, and calcined halloysite clay as low-cost additives for 3D printable alkali-activated materials [21,22]. 
These advances collectively reflect a commendable commitment towards both environmental sustainability and performance 
enhancement of geopolymer technology. 

Additive manufacturing (AM) of concrete carries notable advantages over traditional concrete forming approaches, provide greater 
geometric flexibility in construction design, whilst potentially reducing total construction costs by 35–60 % [23,24]. Additionally, AM 
based concrete fabrication results in lower waste production when compared to traditional manufacturing methods. Therefore, as the 
implementation of AM in the construction industry grows, the environmental impact associated with concrete production and disposal 
can be significantly reduced. Furthermore, the need to reduce the cost and carbon footprint of projects over their operational lifespan 
has led to efforts to innovate towards more energy-efficient building designs [25]. Consequently, the development of thermally 
efficient materials represents a major challenge for the construction sector [26–28]. Hence, the present study aims to develop geo-
polymer materials suitable for concrete additive manufacturing, improving the sustainability of concrete construction whilst reducing 
waste. The study also aims to improve the thermal and mechanical properties of geopolymers using nano-material additives. 

1.1. Geopolymerization 

Geopolymerization comprises multiple stages: namely, destruction, coagulation, condensation and crystallization, all of which 

Fig. 1. Mechanism of geopolymerization reaction [31].  
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occur after mixing an alkaline activator with an inorganic aluminosilicate-rich material (e.g. slag / fly ash). During the destruction 
stage, the aluminate and silicate minerals in the inorganic material dissolve due to the high pH of the alkaline activator. The dissolution 
of Si-O-Si, Al-O-Al, and Al-O-Si bonds yields aluminate and silicate components, which act as free anionic monomers [29,30]. This 
dissolution of the bonds is attributed to the change in ionic strength of the medium, due to the electron donation from the alkaline 
activator. Consequently, the electronic density around the Si and Al atoms is redistributed, resulting in increased susceptibility of bond 
rupture [30]. Subsequently, the accumulation of monomers leads to the formation of a coagulated structure through polycondensation, 
which in turn precipitates into a gel. During this gelation process, a polymerization reaction begins to take place between the Al and Si 
monomers, forming secondary alternating tetrahedron bonds [30]. The three-dimensional tetrahedra matrix formed from poly-
condensation has an empirical formula of Mn[-(SiO2)z-AlO2]n.wH2O, where n is the polycondensation degree, z & w are balancing 
terms, and M is the cation from the alkaline activator, which balances the charges of the anionic monomers [31]. During the poly-
merization reaction, Al-O groups dissolve at a faster rate than the Si-O groups due to Al-O groups having weaker bonds. This results in 
the Si-O dissolution step being rate-controlling for the formation of polymeric networks that are characterized by a high content of Si in 
comparison to Al (Si/Al ≈2) [30]. As the polymerization reaction and generation of additional polymeric networks continue, the 
crystallization of the amorphous alkali aluminosilicate gel (M-A-S-H) structure initiates. The composition of the crystallized products is 
determined by the mineralogical composition of the initial phase, the alkaline component’s properties and curing conditions [30]. A 
visual representation of this geopolymeric reaction is illustrated in Fig. 1. 

As the alkaline activator provides the basicity for the geopolymerization reaction to occur, the selection of the alkaline activator for 
geopolymerization is critical. The most prominent alkaline activators are Sodium (Na)/Potassium (K)-based, such as Sodium Hy-
droxide (NaOH) and Potassium Hydroxide (KOH). NaOH causes high early-age strength gains in geopolymers, although it tends to 
exhibit lower long-term strength gains when compared to other alkaline activators, such as KOH [31]. This increased strength is a 
result of KOH’s greater potential for dissolution of aluminosilicates which is due to its high alkalinity when compared to NaOH [32]. 
Although Na/K-based activators are the most common alkaline activators, there have been rising safety concerns pertaining to their 
usage [32], due to their caustic nature which makes them corrosive and thus hazardous to handle. Moreover, Na/K-based activators 
are relatively expensive and require special preparation for use in geopolymers, potentially making them impractical for applications 
involving large-scale concrete fabrication. 

Though calcium hydroxide (Ca(OH)2) additives have been found to increase the compactness and compressive strength of geo-
polymers; scarce literature is available for utilizing it as the sole alkaline activator due to its low reactiveness in the polymerization 
process [33]. There have been recent efforts made towards the implementation of Ca(OH)2 along with sodium carbonate (Na2CO3) [34, 
35]. The use of Ca(OH)2 as the sole activator in geopolymers has the benefits of improving durability and eliminating the need for 
thermal treatments. Moreover, Ca(OH)2 has a lower pH than Na/K-based activators, making it more environmentally and 
storage-friendly. Additionally, it is less expensive, less toxic due to its lower leachability, and easier to use, as no special preparation is 
required, and can be used in the form of powders directly [36,37]. 

Some concerns may arise regarding the environmental impact of Ca(OH)2 production, which is accompanied by the release of 
carbon dioxide into the atmosphere during the calcination of Calcium Oxide (CaO), which is later hydrated to form Ca(OH)2. However, 
unlike Portland cement, lime-based materials (i.e. CaO & Ca(OH)2) have been found to be suitable for carbon dioxide capture from 
ambient air via carbonation process [38], with both calcium oxide and calcium hydroxide possessing high levels of carbonation 
reaching approximately 75 % from ambient air within practical time scales of weeks to months [38]. In [38], a process utilizing 
carbonation was presented which is economical and does not require the need for costly equipment or reactors. Moreover, [39] 
presented a combined process for heat, power, and CaO generation that achieves negative emissions. This process exploits revenues 
from the power, heat, and lime industries making it both competitive with standalone technologies and economically feasible [39]. 
Consequently, though the formation of Ca(OH)2 releases CO2, it also offers the possibility to remediate carbon dioxide emissions 
through carbonation, thus making it potentially less environmentally impactful than Portland cement. 

1.2. Nano-materials additives 

Integration of nanotechnology into the construction field has attracted considerable interest with specific nano-materials modu-
lating the properties of cement-based and cement-free materials. Nano-materials are used to address issues related to durability [40], 
physical structure [41], and thermal-mechanical properties [42]. Nano-materials, such as nano-silica [43,44], nano-clay [45–48], and 
titanium dioxide [49], could be introduced to cement-free materials, such as geopolymers, to improve their properties. For example, 
nano-clay was used as a replacement for lightweight aggregates (e.g., expanded perlite) to improve the thermal properties of geo-
polymers without sacrificing strength [50]. Typically, the incorporated percentage of nano-clay in geopolymers ranges between 1 and 
5 wt % [50–54], where the addition of >2 % wt % nano-clay offers measurable improvement in the flexural/compressive strength and 
hardness of geopolymers. Nano-clay has also been added in small dosages (1–1.5 wt %) to enhance the thermal properties of geo-
polymers, where the thermal conductivity of the geopolymer decreases with the addition of up to 1.5 wt % of nano-clay, with a 
noticeable increase occurring at fractions [53]. Conversely, nano-silica is used to increase the polymerization reaction rate, owing to its 
large surface area, which allows it to fill the smaller voids present in the geopolymer structure [55–57]. The addition of 1–5 wt % 
nano-silica has been found to decrease the initial and final setting time of geopolymers, as well as to increase the viscosity of geo-
polymer mixtures in their fresh state [36,55]. The decrease of the setting time of a material provides an advantage for AM technology 
since this would promote a faster rate of strength gain and better shape stability for the initially deposited layers. It also makes the 
printing material amenable to more recent commercially available 3D printers with simultaneous mixing and extrusion of materials 
that requires fast-setting cementitious materials. In addition to enhancing material properties, nano-materials have also been used to 
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modify geopolymer mixtures to improve printability characteristics, such as shape retention and buildability [58]. 
This study presents a novel geopolymer mixture, which uses Ca(OH)2 as the sole alkaline activator, with construction and de-

molition waste utilized as a sustainably sourced aggregate. It also assesses the impact of nano-silica and nano-clay additives for 
improving geopolymer setting time and thermal properties. The combined use of Ca(OH)2 for alkali activation, and nanomaterials for 
tailoring the behavior of construction wastes for 3D printing, is novel and addresses the shortcomings of conventional alkaline acti-
vators. Further, the ability to modify the setting time of the geopolymer would make it a more suitable candidate for AM applications 
irrespective of the changing material requirements of each print. Moreover, the improvement of the thermal properties, through the 
reduction of the thermal conductivity, would enhance the overall energy efficacy of a geopolymer structure during its life cycle. 
Finally, the printability of this eco-sustainable geopolymer is assessed for its feasibility to be used in AM. 

2. Materials and methods 

2.1. Materials 

Ca(OH)2 was utilized as the alkaline activator for the geopolymer mixture investigated herein. Ground granulated blast-furnace 
slag (GGBFS) is a silica-rich by-product from the metallurgical industry, which is utilized as the aluminosilicate-rich precursor. 
Gypsum was used as a dehydrating agent to absorb excess water and improve the strength of the geopolymer mixture. Moreover, clay 
brick and concrete waste generated from construction and demolition were integrated into the geopolymer material design. Aggre-
gates from both waste material sources were introduced to improve the strength, durability, and thermal properties of the geopolymer. 
The clay brick was also used in powder form as an additional aluminosilicate source for the formation of the geopolymer binder. 
Superplasticizer Hyperplast-ES910i (H-ES910i) was added to the water to reduce the water–cement ratio, improving the mechanical 
properties and flowability of the geopolymer mixture. 

Several mixtures with different waste content percentages were investigated to determine the maximum waste that can be 
incorporated whilst maintaining acceptable mechanical properties under ambient curing conditions. Table 1 lists the constituents and 
the corresponding proportions for each of the investigated mixtures. The optimum geopolymer mixes were found to be the ones with 1 
% nano-clay (NC) (identified as the lowest thermal conductivity in Sections 3.1.2) and 1 % nano-silica (NS) (identified as the fastest 
setting time in Section 3.2.1). 

The GGBFS was grounded into a fine powder, then sieved through a 75-μm diameter aperture sieve. Concrete and brick wastes were 
obtained from three randomly selected demolishing sites within Qatar. The wastes were then crushed and separated into two aggregate 
sizes via sieving. These were denoted as aggregate group A with particle sizes <500 μm, and aggregate group B with particle sizes in the 
range, 500–2000μ m. The particle size distribution for aggregate group A and B can be seen in Fig. 2. Ca(OH)2 and H-ES910i were 
sourced by Don Construction Products Qatar. Kaolin NC and NS were obtained from Nanoshel, LLC (India). The particle size for NC and 
NS ranged from 40 to 80 nm and 15–20 nm respectively. Gypsum was sourced locally from Qgyps Gypsum Board Factory (Qatar). 

2.2. Sample preparation 

Aggregates A were initially mixed together before being ground for two minutes. The grinding step was introduced in order to 
increase the surface area of the cementitious powders to enhance the compressive strength of the resultant geopolymer [32,59]. To 
assess the impact of aggregate comminution on geopolymer properties, base mixtures (0 % nanomaterial) were prepared with and 
without grinding. A particle size analyzer (using ASTM C204) was used to measure the specific surface area of these base mixtures, 
which increased from 3827 to 5103 cm2/g after grinding. Moreover, the grinding process was found to improve the strength of the 
slag-based geopolymers by around 5 MPa at 7 days post-curing. In mixtures incorporating nano-material (NM) additives, NMs were 
added after the grinding of the group A aggregates, and an additional one minute of grinding was performed. Subsequently, all ag-
gregates were placed in the Hobart N50 5-quart (4.7 L) mixer at the low-speed setting, with water and superplasticizer added. The 
mixing speed was then increased to the medium setting for one minute. After this period, the mixer was stopped, and the sides of the 

Table 1 
Geopolymer mixture proportions.  

Material Mixture Composition 
(kg/m3) 

Geopolymer Mixtures 

0 % 
NM 

1 % NC 2 % NC 3 % NC 1 % NS 2 % NS 3 % NS 

Aggregates A (<500 µm) Gypsum  60  60  60  60  60  60  60 
Calcium hydroxide  378  378  378  378  378  378  378 
GGBFS  490  490  490  490  490  490  490 
Solid brick powder  60  60  60  60  60  60  60 

Aggregates B (500–2000 µm) Concrete aggregate  872  872  872  872  872  872  872 
Solid brick aggregate  132  132  132  132  132  132  132 

Liquids Water  290  290  290  290  290  290  290 
H-ES910i  8  8  8  8  8  8  8 

Nanomaterials Nano-silica (NS)  0  0  0  0  5.3  10.6  15.9 
Nano-clay (NC)  0  5.3  10.6  15.9  5.3  5.3  5.3  
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mixer bowl were scrapped manually for 30 s to ensure that all the material adhering to its sides were fully incorporated, followed by an 
additional one minute of mixing us at the medium-speed setting. Finally, the material was extracted from the mixer to either be placed 
in molds for testing or used in 3D printing. Fig. 3 summarizes the sample preparation process. 

2.3. Geopolymers properties 

2.3.1. Compressive strength 
Compressive strength tests were conducted using the MTS 810 material test system, equipped with the MTS 609 alignment fixture 

Fig. 2. particle size distribution for (a) aggregate group A and (b) aggregate group B.  

Fig. 3. Flowchart of material preparation.  

Y. Mortada et al.                                                                                                                                                                                                       



Case Studies in Construction Materials 19 (2023) e02258

6

and MTS 643 compression platen. Compressive tests were conducted on geopolymer samples cured for 7 days and 28 days using the 
ASTM C109/C109M standard with a loading rate of 0.9 kN/s [60]. Compressive strength tests were conducted three times for each 
material. 

2.3.2. Thermal conductivity 
Thermal analysis for the geopolymer mixtures was conducted using the Thermtest transient line source and its standard 50-mm 

sensor. The test was conducted on 50 mm diameter, 70 mm long cylindrical samples. After a 50-mm-deep hole was drilled in each 
of the samples using a 4-mm drill bit, thermal grease was applied to enhance the contact between the sample and the sensing probe. 
Over the test’s duration (three minutes), a thermal gradient was induced in the specimen by passing heat in a uniaxial path through the 
test specimen [61]. Three thermal conductivity samples were tested for each of the mixtures according to the ASTM D5334 standard 
test method [62]. 

2.3.3. Microstructure analysis 

2.3.3.1. Scanning electron microscope (SEM) analysis. Scanning electron microscope (SEM) analysis was carried out to capture the 
microstructural images of the specimens 28 days after preparation. Thermo-Fisher Lumis SEM operated in electron backscatter 
diffraction (EBSD) mode was used along with a T2 detector using a metal-oxide semiconductor sensor. The probe was set to the 
’Immersion‘ use case at 3.00 kV, 6.3 pA, and X80k magnification. The concrete samples were coated with a 15-nm lining of platinum to 
prevent charging of the samples, which can lead to thermal damage and charging artifacts within the resultant images. 

2.3.3.2. X-ray micro-computed tomography (X-ray μCT) analysis. X-ray μCT images of the geopolymer samples were captured using a 
Thermo-Fisher HeliScan μCT scanner to evaluate the macro-porosity of each sample. The test was carried out on three different cy-
lindrical samples per mixture (48 mm × 24 mm⌀). Images were captured using a space-filling protocol and large spot size, with x-ray 
tube voltage set to 120-kV and a current of 55-mA. A 100-μm steel filter in front of the x-ray source was used to reduce beam hardening. 

2.3.3.3. ASTM porosity analysis. The porosity of the geopolymer samples was also measured following the ASTM C642–21 method. 
Each sample was heated in an oven at 110 ◦C for 24 h and then soaked in water for 48 h. The difference between the oven-dry mass and 
the saturated mass after immersion represents the porosity of the sample (maximum water absorption) [63]. The test was carried out 
on three different cylindrical samples per mixture (48 mm × 24 mm⌀). 

2.4. Printability analysis 

Printability in additive manufacturing refers to the material properties required successful printing. Mortada et al. [64] proposed a 
set of standardized and nonconventional tests in an attempt to assess the printability of concrete mixtures in terms of three attributes: 
setting time, flowability, and buildability. 

Setting time is defined as the duration that elapses from the initial contact between water and cementitious materials to the point at 
which the concrete has formed sufficient hydration products to become a solid material. Flowability is defined as the ease with which 
the material can be poured or pumped without any breakage or disruptions in the deposited layers. Flowability is defined in terms of the 
shear yield strength profile measured in a rheology test over time. In this regard, two bounds are defined, with the lower bound of the 
shear stress being a function of the desired layer thickness, and the upper bound being defined as the shear stress at the time when flaws 
(e.g., cracks and gaps) start to appear in the deposited layers. The final printability attribute of a printable mixture is its buildability, 
which is the ability of the layers of material that are deposited during the printing process to gain sufficient strength to support the 
weight of subsequent layers without collapsing. As buildability is a material-specific property that varies with the selected print 
settings, in this work it was determined by measuring the early-age compressive strength of the mixture. In this section, test methods 

Fig. 4. Evolution of the UPV of cementitious material as a function of time [65].  
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discussed by Mortada et al. [64] are used to characterize the fundamental printability of the proposed geopolymer mixtures; while 
taking into consideration that other factors (print time, size, geometry, etc.) should be accounted for when large-scale prints are 
targeted. 

2.4.1. Setting time analysis 

2.4.1.1. Ultrasonic pulse velocity test. An earlier study utilized ultrasonic pulse velocity (UPV) tests for measuring and assessing the 
setting time of concrete mixtures [64]. The UPV test is a nondestructive method used to continuously monitor the hydration reaction of 
concrete and assess setting times [64]. The UPV test uses a transducer and receiver module placed in direct contact with a fresh 
geopolymer concrete sample. The transducer emits a longitudinal pulse wave, which is transmitted through the concrete sample until it 
reaches the receiver on the opposing end of the sample. The evolution of wave velocity is recorded and plotted. Fig. 4 shows an 
idealized UPV evolution with time, where the inflection point A represents the setting time of the concrete sample [64]. 

The Pundit Pl-200 with a 54-kHz transducer/receiver system by Proceq SA of Schwerzenbach, Switzerland, was used to measure 
and monitor the evolution of the UPV for the studied geopolymer samples. Fresh concrete was poured into the mold, where it came in 
direct contact with the transducer and receiver modules. Upon initiation of the test, UPV values were recorded every five seconds.  
Fig. 5 shows the corresponding experimental setup. 

2.4.1.2. Vicat needle test. The Vicat needle test is an ASTM standard test for the setting time of concrete. This is a discrete and 
destructive test, where the setting time is determined following the ASTM C-191 standard [66]. In this work, the standard testing 
procedure was modified to find the penetration depth of the needle after every 30-second interval after leaving the geopolymer sample 
in the mold undisturbed for three minutes. Fig. 5 shows the Humbodlt Manufacturing Vicat needle used to conduct this test. 

2.4.1.3. Thermal energy analysis. Concrete hydration is an exothermic reaction that can be monitored through thermal sensors to 
assess concrete setting time. Thermal energy release during the exothermic reaction was assessed using a thermal camera, which 
carries the advantage of being nondestructive and non-contact. The thermal camera detects the change in temperature throughout the 
geopolymerization process. Exothermic peaks in geopolymers are present at the initial stages of geopolymer setting [65], meaning that 
thermal energy analysis can be used for assessing the setting dynamics of geopolymers. In this study, an FLIR SC640 IR camera was 
used to monitor the thermal energy generated by hydration the sample, with thermal images captured at eight seconds. Thermal 
imaging was conducted in conjunction with the UPV test, enabling comparative analysis. 

2.4.2. Flowability test 
Rheological assessment of the geopolymer material was done using the Anton Paar MCR302 rheometer, equipped with a CC27/ 

T200/SS/P measuring cell and ST22–4V-40/113 stirrer. The evolution of the shear strength of the material was assessed, assuming that 
the material follows the Bingham material model. Rheology tests were conducted at a constant speed of 1200 rpm, in order to imitate 
the mixing speed of the Putzmeister P-12 cavity concrete pump that was used to print the material. Tests of three samples were 
conducted for each mix in order to determine the arithmetic mean and standard deviation of shear yield strength. 

The mixes were 3D printed to determine their shear strength-printability limits. The laboratory-scale concrete 3D printer setup was 
used in conjunction with a six-axis ABB IRB-140 robotic arm and Putzmeister P-12 cavity pump (Fig. 6). The 3D printing test entailed 
continuously printing single-layer filaments and assessing the thickness of these filaments. Moreover, the theoretical layer thickness 
was calculated, and tolerances were accounted for in order to determine the lower and upper limits of the acceptable printed layer. 

3D printing parameters were the same as those used in Mortada et al. [64], with a volumetric flow rate of 112.5 cm3/s, print speed 

Fig. 5. Experimental setup used to measure the setting time [65].  
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of 18.5 cm/s, nozzle height of 2 cm, and theoretical layer thickness of 3 cm. A user-defined layer thickness tolerance of 0.5 cm was 
selected; with the print test’s lower limit being defined as a maximum layer thickness of 3.5 cm. The upper limit of the acceptable 
printed layer was defined as the point at which discontinuities and/or cracks become visible within the printed layer [64]. 

2.4.3. Buildability test 
The buildability assessment of geopolymer material conducted herein focuses on failure through plastic collapse. Thus, early-stage 

compressive strength is the key property that was evaluated in this regard. The MTS 810 material test system equipped with an MTS 
609 alignment fixture and MTS 643 compression platen was used to determine the early-age compressive strength of the studied 
samples by using the ASTM C109/C109M standard with a loading rate of 0.9 kN/s [60]. The time of testing was changed such that the 
compressive strength tests were conducted at 9, 10.5, 15, 20, 30, 40, 45, 50, and 60 min after mixing, in order to monitor the early-age 
compressive strength gain in an accurate manner. Three separate trials were conducted for each testing time, with the arithmetic mean 
and standard deviation calculated for each test. 

3. Results and discussion 

3.1. Geopolymers properties 

3.1.1. Compressive strength 
Compressive strength was assessed at 7 and 28 days and was found to be 26 MPa and 42 MPa, respectively. Compressive strength 

values are comparable to other sodium-based geopolymer mixes in the literature, where the 28-day strength ranges from 40 to 80 MPa 
[67–69]. Additionally, the 7-day strength is comparable to waste aggregate-based geopolymers found in literature where the strength 
ranges from 5 to 36 MPa [17,18,70]. 

3.1.2. Thermal conductivity 
The thermal conductivity of the geopolymer mixture (0 wt % NM) was optimized by incorporating NC from 1 wt % to 3 wt %. Three 

samples were tested for each of the four mixes according to the ASTM D5334 test, and Table 2 lists the average thermal conductivity 
values of each mix. The addition of 1 wt % NC resulted in the greatest reduction in thermal conductivity (29 %) relative to the control 
mix, while 2 wt % and 3 wt % reduced the thermal conductivity by 10 % and 8 %, respectively. The lowest recorded thermal con-
ductivity was 0.505 W/mK at 1 wt % NC, a value that aligns with Na- activated geopolymers. Typically, Na-activated geopolymers 
display a thermal conductivity within the range of 0.65–0.95 W/mK, which can dip to 0.4–0.6 when lightweight aggregates, fibers or 
NC are introduced properly [71,72]. 

3.1.3. Microstructure analysis 

3.1.3.1. Scanning electron microscope (SEM) analysis. The limited reduction of geopolymer thermal conductivity between mixtures 
incorporating 2 wt % and 3 wt % nano-clay was investigated further using SEM. EBSD SEM analysis of the different samples was 
conducted after 28 days of mixing (Fig. 7). NC particles were detected in all of the studied samples, with the quantity of clay particles 
present increasing from 1 wt % to 3 wt %. Flocculation of the NC particles can be observed, with some clay clusters exceeded 1 µm in 
size. SEM microstructural analysis showed that clay particles act as nucleation sites, with hydration products visibly extending from 
the matrix onto the particles themselves. The ability of the clay particles to promote nucleation and further growth of the hydration 
products is believed to result in a denser and more interconnected microstructure of the geopolymer mix (Fig. 7), causing reduction in 
porosity. Similar behavior was observed in Na/K activated geopolymers at NC dosages between 3 and 5 wt % [45–49]. 

Fig. 6. Laboratory-scale concrete 3D printing setup.  
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3.1.3.2. X-ray micro-computed tomography (X-ray μCT) analysis. X-ray micro-computed tomography (μCT) images of the studied the 
samples were captured and analyzed using the Thermo-Fisher Scientific Avizo™ software. For each sample, images were filtered using 
non-local means denoising [73] and an unsharp mask prior to segmentation of the pore system using adaptive thresholding. The 
segmented pores were then cleaned using morphological operations (morphological opening, hole filling, small spot removal). Fig. 8 
presents an orthoslice for one of the μCT images for the sample with NC before and after segmentation and cleaning. 

The filtered pores had a minimum and maximum equivalent diameter of 93.6 µm, and 4.09 mm, respectively. The minimum 
diameter (i.e. pore size) represents the detection limit for the scanned pores, which equates to the feature resolution of the scanned 
samples. The distribution of the pore diameters for one of the samples (3 % NC) is presented in Fig. 9, highlighting the minimum 
equivalent diameter. The pores were accordingly split based on the achieved feature resolution into macro pores (i.e. pores with an 
equivalent diameter larger than or equal to 93.6 µm) and sub-macro (SM) pores (i.e. pores with an equivalent diameter smaller than 
93.6 µm). 

Table 2 
Thermal conductivity values for the mixtures with nano-clay additives.  

Mixes Thermal Conductivity (W/mK) Percent Reduction from Base Mix 

0 % NM 0.709 ± 0.002 — 
1 % NC 0.505 ± 0.003 28.8 % 
2 % NC 0.635 ± 0.008 10.4 % 
3 % NC 0.661 ± 0.009 7.8 %  

Fig. 7. SEM analysis for geopolymer with (a) 1 % NC, (b) 2 % NC, and (c) 3 % NC.  
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3.1.3.3. ASTM porosity analysis. The porosity that is contributed by the SM pores (with a diameter less than 93.6 µm) was calculated 
by finding the difference between the total and macro porosity. Table 3 provides the total porosity and microporosity of the studied 
samples. 

Fig. 10 plots the porosity contributed by the macro-pores and sub-macro pores, showing a decrease in the fraction of porosity 
contributed by SM pores with increasing nano-clay content, with the relative contribution of the macro-porosity being constant for all 
samples. The decrease in the sub-macro-pore void fraction relates to NC additives predominantly acting on the walls of smaller pores, 
leading to the growth of hydrate products within these voids, thus promoting a more interconnected microstructure. The total porosity 
observed across all specimens varied from 9.60 % to 11.77 %, a figure that falls beneath the 13–17 % porosity typically seen in Na- 
activated geopolymers [74]. 

The observed increase of the thermal conductivity after the addition of > 1 wt % nano-clay could relate to the enhanced micro-
structural interconnectivity induced by the nucleation of hydrate products within smaller pores. As illustrated by Fig. 11, the nano-clay 
particles act as ‘islands’ that occlude sub-macro pores and act as insulation barriers due to the lower thermal conductivity of the clay 
particles, resulting in improved thermal properties. Conversely, introducing excess amounts of NC particles fills up more SM pores, 
leading to a more interconnected microstructure and a commensurate decrease in the porosity of the samples. Consequently, as the 
sample becomes more interconnected there are fewer pores present to disturb thermal energy flow, promoting thermal conductivity. 
The optimum NC dosage (1 wt %) was incorporated to the remaining mixes throughout this study. 

3.2. Printability measurements 

3.2.1. Setting time measurements 

3.2.1.1. UPV and vicat needle test. The UPV and Vicat needle tests were employed to measure the average setting time for the base mix 
(0 % NM – with the addition of the optimum 1 % NC) and the three mixes with nano-silica (1 % NS, 2 % NS, and 3 % NS. For each mix, 
the average setting time was determined as the mean duration of three mix trials. For each trial, the evolution of the UPV with time was 

Fig. 8. Two-dimensional orthoslice rendering for the nano-clay specimen: (a) scanned image, (b) segmented air pores before filtering, and (c) 
macro-pores after filtering. 

Fig. 9. The pore diameter distribution for the 3 % NC sample (ranging from 93.6 µm to 400 µm).  
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monitored and plotted, where the setting time was determined by the inflection point on the graph (Fig. 12). All UPV tests were 
initiated 3 min after the initial contact with water to allow for sufficient mixing and specimen molding. 

Table 4 presents the average setting time, measured using UPV and Vicat needle tests, for each mix. Notably, the addition of nano- 
silica reduced the setting time of the geopolymer mix. The addition of 1 wt % of NS induced the biggest reduction (35 %), whilst 2 wt % 
and 3 wt % reduced setting times by 22.5 % and 12.5 % respectively. The decrement of 35 % is similar to the reduction seen in the 
setting time of Na/K-activated geopolymers, which could potentially be as significant as 30–42 %. [43]. The reduction of the setting 
time is due to the increased surface area of the solid phase and the ability of the nano-sized silica particles to fill voids within the 
geopolymer matrix, accelerating the polymerization reaction(e.g. Aggarwal et al. [55]; Roviello et al. [57]). The increase in the setting 
time from 1 wt % of NS to 2 wt % and 3 wt % is attributed to the oversaturation of the mixture with silica particles. This oversaturation 
delays the polymerization process, with NS acting as an unreacted precursor, reducing the efficacy of the NS additives in reducing 
setting time. 

3.2.1.2. Thermal energy analysis. The effect of the thermal energy released during the geopolymerization process was assessed to 
affirm the reduction of the setting time. The change in the temperature of each mix was monitored to capture the exothermic reaction 
that takes place during the hardening process. The FLIR SC640 thermal camera was used simultaneously during the UPV tests to record 
the temperature change. Consequently, these measurements were also obtained three minutes after initial contact with water. Fig. 13 
shows the evolution of samples temperatures, where the error clouds represent the standard deviation. The time needed to reach the 
maximum temperature during the hydration process for each mix was recorded (Table 5), ranging between 63 % and 75 % of the 

Table 3 
Total porosity and macro-porosity percentage for mixtures with nano-clay additives.  

Mixes Macro-pore Porosity (%) Total Porosity (%) 

0 % NM  3.15  11.77 
1 % NC  3.27  10.75 
2 % NC  3.34  10.10 
3 % NC  3.56  9.60  

Fig. 10. Volumetric porosity percentage for the macro- and sub macro-pores for the mixtures with nano-clay additives.  

Fig. 11. Visual representation of the effect of adding nano-clay to geopolymer samples.  
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setting time indicating that energy released during the exothermic reaction takes place within the aforementioned window. This 
observed behavior corroborates results from the UPV and Vicat needle tests, which indicate that nano-silica tends to increase the 
hydration rate of the geopolymer mix. Moreover, as the setting time decreases (i.e., the rate of polymerization increases), the maximum 
temperature reached is higher because the exothermic energy release is concentrated within a shorter period. Temperature evolution 
due to the exothermic hydration reaction had been used to monitor the geopolymerization process, breaking down the kinetics of 
geopolymer synthesis into three distinct stages: dissolution, polymerization, and transformation [75]. Fast setting Na-activated geo-
polymers display two well-defined peaks of dissolution and polymerization, which occur approximately between 3 and 5 min and 
15–20 min, respectively [76]. For the mixtures evaluated in this study, these two peaks appear to converge and coincide with a similar 
timeframe for the heat discharge process, concluding after about 15–20 min. Although these thermal patterns align, there is a 
noticeable scarcity of data regarding the temperature profile evolution for Na/K-activated geopolymers. This data could be crucial in 
identifying excessive heat and potential dehydration and cracking within the geopolymer matrix. 

3.2.2. Flowability measurements 
The optimized geopolymer mix of 1 % NS determined from the above tests was assessed for printability using flowability tests. 

Initially, the shear stress evolution of 1 % NS with time was found at a constant speed of 1200 rpm (Fig. 14). The printing tests were 
conducted for the same mix in order to determine the upper and lower bounds of the shear-strength-based printability range according 

Fig. 12. The evolution of UPV as a function of time for mixes (a) 0 % NM, (b) 1 % NS, (c) 2 % NS, and (d) 3 % NS.  

Table 4 
Times for the UPV and Vicat needle tests for the four mixes.  

Mixes UPV Time (Minutes) Vicat Needle Time (Minutes) 

0 % NM 20.0 ± 0.8 19.4 ± 0.9 
1 % NS 13.0 ± 0.4 13.2 ± 0.5 
2 % NS 15.5 ± 0.6 15.0 ± 0.7 
3 % NS 17.5 ± 0.3 18.0 ± 0.4  
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Fig. 13. Evolution of temperature as a function of time for mixes with (a) 0 % NM, (b) 1 % NS, (c) 2 % NS, and (d) 3 % NS.  

Table 5 
Summary of the thermal energy analysis for mixtures with nano-silica additives.  

Mixes Maximum Temperature during Hydration (◦C) Time to Maximum Temperature (Minutes) Percentage of Setting Time 

0 % NM 22.20 ± 0.03 15.0 ± 0.8  75.0 % 
1 % NS 23.12 ± 0.07 8.5 ± 0.3  65.4 % 
2 % NS 22.90 ± 0.09 10.0 ± 0.5  64.5 % 
3 % NS 22.39 ± 0.05 11.0 ± 0.5  62.9 %  

Fig. 14. Shear evolution as a function of time for 1 % NS at a constant speed of 1200 rpm.  
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to the test presented in Mortada et al. [64]. Whilst the lower bound is a function of the desired layer thickness, the upper bound is 
defined as the shear stress that would induce cracks or gaps within the printed layers. Initial conditions of the rheological test were 
replicated, with three minutes of mixing undertaken before initiating pumping of the geopolymer mix. Single-layer filaments were 
then deposited, with the thickness of filaments measured continuously. The onset of the acceptable layer thickness for the lower bound 
of printability was 3.5 cm, with the onset of the upper bound corresponding with the occurrence of breakages and gaps in the printed 
filament. The time corresponding to each of the bounds was correlated with its corresponding shear strength value (Fig. 14). Fig. 15 
presents examples of the filaments below the lower bound, within the printability range, and above the upper bound, with their 
corresponding layer thicknesses. The pattern seen in Fig. 14 is consistent with the anticipated evolution of shear stress in a setting 
material. The initial drop in shear stress (up to 240 s) can be attributed to the mixing process that occurs before dissolution begins, as 
indicated by the initial temperature rise shown in Fig. 13. The following increase in shear stress results from the dissolution and 
polymerization process of the geopolymer, which leads to material hardening. This process persists until the material solidifies, leading 
to a steady shear rate that mirrors the torque needed to mix the solid geopolymer aggregates. Geopolymers and solidifying polymers 
typically exhibit a similar pattern of stress evolution [77]. 

3.2.3. Buildability test 
The optimized mixture (1 % NS) was assessed for its buildability by measuring its early-age compressive strength. Early age is 

characterized by the time period immediately after layer deposition in order to assess the evolving mechanical properties during 
printing. In this study, the initial time of testing was 9 min after mixing, which corresponded to the onset of the lower bound of the 
printable region found in the flowability tests (see Fig. 14). A second test was conducted at 11.5 min after mixing, corresponding to the 
onset of the upper bound of the printability range (see Fig. 14). Subsequent tests were performed at 5-minute and 10-minute intervals, 
to map the evolution of the material’s compressive strength post-deposition. Nine 50-mm cubic specimens were prepared and tested 
based on the ASTM C109/109 M standard. Three different trials were conducted, with compressive strength for each time interval 
determined as the mean of each of the three corresponding tests (Table 6). 

Further analysis was conducted to assess the plastic stability of the material during printing. The stress exerted per meter of a 

printed layer was calculated, according to σ =
m×9.8 m

s2
A and by taking into consideration the parameters shown in Table 6. The stress 

Fig. 15. Examples of filaments below, within, and above the upper bound of printing with the corresponding layer thickness.  

Table 6 
Average early age compressive strength values.  

Time (Minutes) Compressive Strength (MPa) 

9 0.23 ± 0.05 
11.5 0.38 ± 0.03 
15 0.41 ± 0.01 
20 0.44 ± 0.02 
30 0.50 ± 0.03 
40 0.54 ± 0.03 
45 0.57 ± 0.04 
50 0.61 ± 0.02 
60 0.64 ± 0.01  
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applied by a deposited layer of a 1-m length was 0.00039 MPa, suggesting that 589 layers can be applied before the minimum 
compressive strength of 0.23 MPa is reached. Therefore, given that the strength of the geopolymer concrete continuously increases and 
that the minimum compressive strength was taken into consideration in this analysis, it can be surmised that plastic failure over the 
print life cycle with the selected geopolymer mixture is unlikely with the tested print parameters (Table 7). 

Finally, the printability assessment of the geopolymer mix was completed by printing an 80-cm by 40-cm rectangular wall section 
(Fig. 16). This was successfully completed as the material was extruded continuously without any defects. Moreover, the deposited 
layers were able to withstand the load exerted on them without any collapse and buckling taking place, highlighting the suitability of 
the material to achieve successful prints. However, only seven layers of the model were printed due to the limitation of the quantity of 
material that could be stored in the batch mixer used. Further improvements to the print can be made by optimizing the print process 
parameters, such as eliminating the slight pause that is exhibited at the corners which led to excess material deposition. 

4. Conclusions 

In this study, a geopolymer mixture containing construction waste materials, slag, and a Ca(OH)2 alkaline activator was developed 
and investigated as a sustainable material for additive manufacturing (AM). Additionally, the impact of nano-materials on geopolymer 
material properties, and the printability of an optimized nano-material modulated geopolymer mixture evaluated. The following 
conclusions are derived from this study:  

• The geopolymer mixture had a 28-day compressive strength of 42 MPa, thus making it comparable to commonly used Na/K-based 
geopolymers mixtures.  

• The addition of 1 wt % nano-clay (NC) had the largest effect in reducing thermal conductivity of the geopolymer mixture by 28 %, 
which was reduced from 0.709 W/mK to 0.505 W/mK. The addition of larger doses of NC resulted in an increased interconnectivity 
of the microstructure (i.e. fewer pores are present to disturb the thermal energy flow throughout the sample), and caused an in-
crease of thermal conductivity.  

• The addition of 1 wt % nano-silica (NS) had the largest effect in reducing of the setting time of the geopolymer mixture (35 %), 
reducing setting times from 20 to 13 min. The addition of larger doses of NS resulted in oversaturation of the matrix which reduced 
the efficacy of the additives and increased the setting time of the samples.  

• An optimized mixture, 1 wt % NS and 1 wt % NC, encompassing the largest reductions in setting time and thermal conductivity was 
assessed for use in additive manufacturing (AM). Printability assessments were conducted using the flowability and buildability 
parameters, with optimized parameters used to successfully fabricate a test model using concrete 3D printing. 

Notably, the use of Ca(OH)2 as a sole alkaline activator is novel within the geopolymer literature, addressing many of the major 
disadvantages of existing geopolymer mixtures. The use of nano-materials resulted in enhanced printing and thermal properties (i.e. 
reduced setting time and thermal conductivity) to achieve an energy-efficient material suitable for utilization in AM applications. 

Table 7 
Parameters for assessing the stress applied by a 1-m printed layer.  

Parameter Measurement 

Density 2000 kg/m3 

Layer height 2 cm 
Maximum layer thickness 3.5 cm 
Layer length 100 cm 
Layer volume 0.0007 m3 

Mass per layer (m) 1.4 kg 
Area of contact (A) 0.035 m2 

Stress per deposited layer 0.00039 MPa  

Fig. 16. The printed model of the geopolymer mixture.  
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Future work will focus on enhancing the mechanical properties, such as compressive strength, durability, and shrinkage, of the 
geopolymer mixture. The addition of fiber reinforcement to this mixture could help achieve this enhancement in mechanical properties 
and could extend the utility of the mixture to structural load-bearing members. 
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