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Abstract 

The presented Ariadna study investigates the additive manufacture of geopolymer using lunar regolith 
binder as a potential in-situ lunar construction technique. A recipe for geopolymer binders based on 
lunar regolith simulant was formulated and optimized in order to gain material properties suitable for 
lunar construction, while minimizing the use of water, and avoiding ingredients not available in situ 
(i.e. on the surface of the Moon). The addition of basalt fibres and superplasticizers to the recipe was 
evaluated. Based on an initial screening process, selected recipes were chosen for further testing. The 
effect of curing under simulated lunar environmental conditions (extreme temperature oscillations, 
vacuum) was investigated. The samples were tested for resistance to simulated lunar freeze thaw 
cycles, their suitability for basalt fibre reinforcement (to improve the material's tensile properties), 
and their neutron (secondary radiation) shielding capability. The suitability of the geopolymer recipes 
for 3D printing was evaluated and tested. 
  



1. Introduction 

Manufacturing and construction of extra-terrestrial infrastructure is a necessary step towards the 
sustainable human exploration of our solar system and beyond. It is envisioned that establishing a 
habitat on the lunar surface will facilitate surveys beyond lunar orbit [1]. However, the extreme 
environment presented on the lunar surface poses several challenges to survival, such as galactic and 
cosmic radiation, extreme temperature fluctuation, vacuum, meteoroids and lunar dust [2]. It is thus 
necessary to manufacture lunar habitats that can withstand these conditions while simultaneously 
protecting occupants and contents from their effects. There is motivation to construct these habitats 
using methods of In-Situ Resource Utilisation (ISRU), whereby the necessary materials are sourced 
from the lunar environment itself rather than launching from Earth. This significantly reduces the 
launch costs of the mission and makes construction of large scale, heavily shielded habitats feasible. 

A number of ISRU construction techniques have been proposed previously. In particular, a 
number of techniques propose the manufacture of in-situ concretes and cementitious materials. 
Cesaretti et al. [3] proposed a D-shape 3D printing process with Sorel cement for construction on the 
lunar surface. Unfortunately, the process required substantial amounts of consumables (chemicals 
and water) to produce the binder. Buchner et al. [4] developed a rock-like material by using phosphoric 
acid as a liquid binder. For lunar applications, considerable amounts of water and phosphoric acid 
would have to be transported to the lunar surface. However, this material seems to be promising for 
use on the Martian surface, as phosphoric acid and water are available on Mars. Since water is a highly 
valuable resource on the lunar surface and not readily available [5], using building materials with high 
water demand is practically impossible. One alternative that requires no water to be produced is 
sulphur concrete, which could be manufactured on the lunar surface using sulphur extracted from 
troilite (FeS) [6]. However, sulphur concrete must be prepared under a narrow temperature range of 
130–140 °C, has a maximum service temperature of 115 °C, and is highly prone to cracking under 
temperature cycling, making it impractical for use in the lunar environment [7]. Furthermore, sulphur 
cement materials exhibit lower radiation shielding than plain regolith alone [8]. 

Geopolymers are a class of cement-like materials which consist of silico-aluminates in an 
amorphous to semi-crystalline three-dimensional structure. They exhibit excellent properties such as 
quick  controllable setting and hardening [9], [10], high compressive strength, freeze-thaw resistance 
[11], [12], excellent durability in sulfate environment and superior resistance to acid and salt attacks 
[13], [14], high fire resistance and low thermal conductivity [15], [16], low shrinkage [17] and adequate 
radiation shielding [18]. It has been proposed that lunar regolith be utilised as a precursor material to 
manufacture in-situ geopolymer, due to large amounts of aluminosilicates present in the regolith at a 
similar ratio to that of traditional geopolymer binders. Other materials required to produce 
geopolymers also have the potential to be sourced on the lunar surface: for example, alkali metals 
present in lunar regolith could be used as a source for the alkaline solution in the geopolymerisation 
reaction [19]. This means that, used in conjunction with large-scale 3D-printing technologies [20]–
[22], geopolymers could be used to directly construct habitats and infrastructure using minimal 
resources launched from Earth and little-to-no human labour, the latter of which is crucial to 
minimising astronaut exposure and unnecessary extra-vehicular activity (EVA) [2]. 

To achieve the workability, shape retention, early strength and setting time required for 3D-
printing [23], chemical admixtures can be added to the geopolymer mixture. Use of admixtures 
reduces the need to add additional water, which is less readily available on the moon [24] and reduces 
the compressive strength of the final material [25], in order to achieve desired workability. For 
terrestrial, fly ash-based geopolymers, a polycarboxylate-based superplasticizer is preferred when the 
calcium ion content is relatively high [26], while a naphthalene based superplasticizer is effective for 
low amounts of calcium [26], [27]. However, utilizing these superplasticizers in lunar geopolymers 
would involve transportation from the Earth at great cost. It is therefore preferable to find a 
superplasticizer that would be available on the moon. While the lunar surface is lacking in suitable 
materials for use as superplasticizers, we can also consider access to human waste materials if we 



assume human presence during construction. Human urine contains approximately 9.3–23.3 g/L urea 
[28]. It is well known that urea is capable of breaking hydrogen bonds, thereby reducing the viscosities 
of many aqueous mixtures [29]. Thus, it is reasonable to assume that urea might work as a 
superplasticizer to reduce the water demand of geopolymers. 

One method to maximise the mechanical properties of geopolymer structures is to reinforce with 
basalt fibre additions. Basalt fibres exhibit high strength and modulus, and excellent stability under 
high temperatures. Branston et al. [30] found that basalt fibre additions improved the first-cracking 
strength of Portland cement under flexural loading. Sufficient improvements, when applied to a lunar 
habitat scenario, would allow for more complex large geometries and structures. Basalt fibres could 
be produced in situ on the lunar surface by melting and extrusion of basalt rock, which has a melting 
point of approximately 1500 °C [31]. 

The objective of this study is fourfold: firstly, to develop a geopolymer recipe which effectively 
utilises urea as a chemical admixture to reduce water content while improving workability for 3D-
printing; secondly, to characterise urea geopolymers in comparison with recipes traditional 
admixtures (polycarboxylate and naphthalene) in terms of their pre- and post-curing mechanical 
properties and morphology; thirdly, to investigate the effects of basalt fibre additions on urea 
geopolymers, including mechanical and radiation shielding properties of reinforced geopolymers; 
lastly, to develop a vacuum chamber extrusion assembly in order to properly evaluate the effects of 
the vacuum environment on 3D-printing of lunar geopolymers. The aim is to develop and verify a lunar 
regolith geopolymer mixture that can be successfully 3D-printed while meeting the severe curing 
conditions on the lunar surface (extreme temperature cycles, little available water, and vacuum), 
without the extreme cost of importing any material components from the Earth. 

2. Experimental program 

2.1. Materials 

2.1.1. Lunar regolith simulant 

In a lunar mission scenario, the lunar regolith is the most accessible and abundantly available 
in-situ resource. On Earth, geopolymer cements are commonly prepared using fly ash as a precursor, 
which bears a close compositional resemblance to lunar regolith as shown in Table 1. Accordingly, 
lunar regolith is the proposed geopolymer binder material for the preparation of lunar geopolymers. 
Due to the scarcity of real lunar material, investigations in this study were performed using a number 
of regolith simulants, namely DNA-1 and EAC-1A. JSC-1A was also initially chosen for investigation; 
however, due to limited availability this was not possible. The given simulants are formulated to 
imitate lunar soil samples retrieved in Apollo missions; their mineralogical compositions are also given 
in Table 1. Depending on the Si-Al ratio in a given precursor, the resultant geopolymer can take on 
different structures. Ratios > 3:1 create geopolymers that can be characterised as 2D networks, and 
ratios between 1:1 and 3:1 produce 3D polymeric networks. Lunar regolith exhibits the latter type Si-
Al ratio necessary to produce geopolymer, with mare regolith exhibiting an Si-Al ratio of 2.6:1 and 
Highland regolith exhibiting an Si-Al ratio of 1.6:1. 

 Figure 1 shows micrograph images of fly ash and lunar regolith simulant DNA-1 under a 
scanning electron microscope (SEM). Due to environmental factors such as meteorite bombardment 
and the lack of natural erosion processes [32], lunar soils are angular, sharp and have a large particle 
size distribution, qualities which are reflected in the simulant soils. Fly ash, on the other hand, is 
generally spherical in shape and exhibits a smaller particle size distribution. Around 30% of the 
cumulative volume of regolith simulant particles overlap with the size range of fly ash, as determined 
by low angle laser light scattering (Figure 2). The two materials also vary in crystallinity: regolith 
simulant contains 75% crystalline phase, whereas fly ash contains 37% crystalline phase. It is 
anticipated that these differences in particle size and phase composition, alongside other factors such 



as water content, could influence the geopolymerization reaction and final geopolymer structure. 
Accordingly, experimental work is required to optimise the lunar geopolymer recipe. 

 

 

Table 1. Chemical composition of the three lunar regolith simulants and fly ash class F, compared to the 
composition of lunar regolith samples (the highest and lowest values of each component from 19 analyzed 

lunar samples is shown). 

Chemical 
Lunar regolith 
simulant DNA-1  
(wt. %) 

Lunar regolith 
simulant EAC-
1A  
(wt. %) 

Lunar regolith 
simulant JSC-
1A  
(wt. %) 

Fly ash class F 
(wt. %) 

Lunar regolith 
soil samples 
range  
(wt. %)[33] 

SiO2 47.79 ± 0.05 37.90.1 41.20.1 50.83 ± 0.04 40.6 - 48.1 

Al2O3 19.16 ± 0.07 11.910.06 17.010.07 23.15 ± 0.06 12.0 - 28.0 

Fe2O3 8.75 ± 0.01 16.650.01 17.110.01 6.82 ± 0.01 4.7 - 19.8 

CaO 8.28 ± 0.03 12.920.03 12.660.03 6.87 ± 0.02 10.3 - 15.8 

K2O 3.52 ± 0.02 1.370.01 1.040.01 2.14 ± 0.01 0.04 - 0.55 

Na2O 4.38 ± 0.03 3.220.02 3.080.02 1.29 ± 0.01 0.31 - 0.70 

MgO 1.86 ± 0.01 8.890.02 3.990.02 1.70 ± 0.01 5.6 - 13.0 

TiO2 1.00 ± 0.01 2.580.02 2.320.01 1.01 ± 0.01 0.47 - 8.4 

 

 

Figure 1. SEM images of (a) lunar regolith simulant DNA-1 and (b) fly ash. 
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Figure 2. Particle size distributions of lunar regolith simulants and fly ash. 

2.1.2. Alkaline solution 

The alkaline solution used for the production of lunar geopolymer mixes consisted of a 12M 
NaOH solution. For this purpose, 480 g of NaOH pellets were dissolved in 1 L of distilled water. The 
solution was prepared one day in advance of making the mixes because the reaction between NaOH 
pellets and water is exothermic and releases heat. Therefore, the solution should be allowed to cool 
down before use. 

2.1.3. Basalt fibres  

Geopolymer can reach high compressive strength. However, as is the case with cementitious 
and ceramic materials in general, its flexural strength might be insufficient for large (tensile) structures 
[34]–[38]. To increase tensile capacity and ductility, the use of reinforcement fibres might be 
conducive. Ideally, these fibres would [31]: 

• improve ductile capacity/tensile strength 

• enhance resistance to fatigue and potential micrometeoroid impact 

• limit crack size 

• limit structural deformation 



• avoid brittle failure at cracking 

Building sizeable, fibre reinforced structures on the lunar surface calls for a fibre that is producible in 
situ. 

Basaltic regolith is readily available on the Moon [39], [40], hence basalt fibres might present 
a favourable ISRU option for lunar reinforcement fibres [31]. Basalt fibre reinforcement has been used 
to improve the structural properties of geopolymer composites in terrestrial applications, exhibiting 
superior mechanical characteristics compared to pure geopolymers [41]. 

The fibres have advantageous physiomechanical properties and could be sourced at the lunar 
surface by melting washed and crushed basalt rocks/regolith at approximately 1500 °C. Filaments 
would be produced by extruding the molten mass through nozzles. Such reinforcement fibres made 
from basalt could be shaped easily at will, spooled or chopped for further use. However, usually 
chopped strands of the basalt fibres are used for comparable terrestrial applications (i.e. concrete 
reinforcement). 

The material exhibits the following beneficial characteristics: 

• excellent stability 

• high strength and elastic modulus 

• high temperature resistance 

• reduced thermal and electrical conductivity 

• good chemical resistance (particularly in the presence of strong alkalis) 

• non-toxicity 

• comparatively easy manufacturing and handling 

In the presented study, chopped basalt fibre strands (Basaltex, Belgium) in two different lengths (6.35 
mm and 90 mm) were used in the production of lunar geopolymer samples. For comparative analysis, 
fibres with equal properties (e.g. diameter, density) were chosen. These properties are listed in Table 
2 as provided by the manufacturer. The provided fibres were coated with a silane sizing (KV 12, KV 13 
and KV 14). This organic polymer in water dispersion coating is necessary to stabilize the thread, 
secure flexible and resilient fibre properties and bonding between the basalt surface thread and the 
geopolymer matrix [42]. Due to polymer outgassing in ultra-high vacuum, the organic coating which 
is made for Earth applications is not suitable for use on the lunar surface [43]. Therefore, the fibre 
sizing was removed to increase the accuracy of the test results. Thermal treatment in a vacuum oven 
at 400°C was applied to the basalt threads for two hours. The recorded mass loss is 0.85 wt% for the 
6.35 mm, and 0.51 wt% for the 90 mm long chopped fibres. 

 

Table 2. Properties of basalt fibre [44]. 

Property Reported value Note 

Diameter 17 μm  

Density  2.67 kg.dm-3  

Moisture content  < 0.1 %  

Melting Temperature  1350 °C  

Tenacity (dry fibre)  > 600 mN/tex ASTM D3822 

Tensile Strength (impregnated fibre)  2.900 MPa ASTM D2343 

E-Modulus (impregnated fibre)  85 GPa ASTM D2343 

Melting Point  1350 °C  

Operating temperature  -260 °C to 600 °C  



Short term max. operation temperature  700 °C  

Fire blocker  Up to 1200 °C  

Coefficient of Thermal Expansion  1.4 x10-6 / °C  

Specific heat capacity 0.86 J.g-1.K-1 (22 °C) 

2.2. Geopolymer mixture design 

2.2.1. Mix design and specimen preparation of geopolymer mixes made with different admixture types 

A mixture design study was undertaken to determine an effective recipe for producing lunar 
geopolymer with superplasticiser additions. For lunar construction, it is necessary to develop a recipe 
which maximises desired material properties whilst minimising water content, due to scarcity, and 
chemical additions from Earth. Parameters investigated include alkaline solution chemistry, solution 
to binder ratio, admixture type, admixture percentage, setting temperature and binder particle size. 

Regolith simulant DNA-1 was used as the geopolymer binder for the design of lunar 
geopolymer mixtures. The two alkaline solutions investigated were Na2SiO3 and NaOH. Initial tests 
with the Na2SiO3 solution found that a higher solution/binder ratio was required to achieve a workable 
mixture, due to high solution viscosity. Furthermore, recipes using Na2SiO3 did not set under room 
temperature during the 24h precuring time, which is attributed to not enough content of Na+ ions 
present in the solution to effectively contribute to geopolymerization. 

NaOH solution provides a logistically better alternative for manufacturing geopolymer on the 
Moon, as the solution can be prepared from pellets using recycled water in-situ. A 12M NaOH solution 
was used to prepare lunar geopolymers with simulant and three different admixtures: naphthalene-
based admixture FLUBE CR 100 F (henceforth referred to as N); polycarboxylate-based admixture 
SUPLA PDR 2 SA (henceforth referred to as C); and urea (henceforth referred to as U). A workable 
mixture was achievable using a NaOH/regolith binder ratio of 0.45 without admixture, or a ratio of 0.4 
when 1 wt.% admixture (N, C or U) was added (where wt.% refers to weight percentage in relation to 
the regolith binder). The fresh mixtures exhibited too high viscosity and low workability required for 
3D printing. It was also found that 24h setting time at room temperature was not sufficient for the 
samples to set properly; however, after being transferred to an 80°C incubator for 24h the samples 
were set and could be demoulded. Accordingly, a high temperature setting stage is desirable for these 
materials. Considering the temperature variations on the moon (Figure 3), this suggest that the lunar 
day-time is best suited for 3D-printing the geopolymers. 

To address the problem of high mixture viscosity, the admixture content was increased to 2 
wt.% to increase workability while avoiding additional water content. The same NaOH/regolith binder 
ratio (0.4) was kept and mixtures were prepared using 3 wt.% N, C and U admixtures, as well as mixture 
without. Better workability and lower porosity were achieved with increased admixture for all recipes. 
However, after precuring for 24h at 80°C samples with N additions were still soft and prone to 
breakage during demoulding. Some U samples exhibited cracking during the precuring stage itself, 
attributed to gas generated at high temperature unable to escape the rigid mould. The C mixture 
proved the most viscous of the three, and produced precured samples with the highest strength and 
most uniform structure. However, samples are too stiff for casting and printing, causing the formation 
of heterogeneous and fractured structures.  

The final part of the mixture design stage investigated the effect of regolith particle size on 
workability, water content requirement and setting time. DNA-1 regolith was sieved to separate fine 
and coarse particles, with fine being considered the ≤ 75 µm fraction and all larger particles being 
considered the coarse fraction. Based on the previous result, polycarboxylate (C) type admixture was 
chosen to be added in 2 wt.% quantity. Varying ratios of coarse/fine regolith were investigated to find 
the required NaOH/regolith ratio. Samples made with fine regolith alone required a solution/binder 



ratio of 0.4, as did samples made with 50% fine and 50% coarse regolith. Samples with 35% fine 
regolith (65% coarse) required 0.35 solution/binder ratio, as did samples with 30% fine regolith (70% 
coarse). Thus, increasing coarse regolith content reduces the solution/binder ratio, and therefore 
reduces the required water content. However, after 24h precuring at 80°C the samples with higher 
coarse content exhibited greater numbers of air voids and higher porosity, due to lack of infill from 
finer particles. The ideal fine/coarse ratio was selected to be 50/50 – this is a reduced number of 
coarse particles compared to the as-received simulant, which showed a 40/60 fine to coarse ratio. 

From all above investigations and laboratory trials of workability and buildability, it has been 
shown that an alkaline solution to regolith ratio of 0.35 and a chemical admixture dosage 
corresponding to 3% of the lunar regolith mass were optimal. Table 3 lists the final mixtures selected 
to be viable. For mixing, the regolith, alkaline solution, and admixture in each case were mixed for 10 
min and then cast into 3 × 3 × 3 cm3 moulds. Vibration was used for 1 min to remove trapped air before 
precuring specimens at 80 °C for 6 h. Once demoulded, samples were exposed to freeze-thaw cycles. 
A heating chamber was used to exposed them to temperatures of 80 ± 2 °C for 48h, followed by being 
placed in a freezer at −80 ± 2 °C for 48h. 

 

Table 3. Mix design of lunar geopolymer mixes made with different chemical admixtures. 

Mix Alkaline solution/Regolith Chemical admixture 

W/O 0.35 –  

U 0.35 Urea – 3% 

C 0.35 polycarboxylate based (SUPLA PDP 2 SA) - 3% 

N 0.35 naphthalene based (FLUBE CR 100 F) - 3% 
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Figure 3. Estimated lunar temperature variation [45], and the experimental lunar cycle utilized in this work 

(limited due to lack of sub −80 C freezer). 

 



2.2.2. Mix design and specimen preparation of geopolymer mixes made with different dosages of urea 

In order to evaluate the effect of different contents of urea on the performance of lunar 
geopolymer mixes under severe lunar conditions, three different urea dosages including 0%, 3%, and 
5% of the binder content were selected. Note that these mixes were prepared with the optimal 
alkaline solution to regolith ratio of 0.35. Furthermore, mixes with the same workability were 
produced by adjusting the alkaline solution to regolith ratio in order to gain insights into the water 
reduction achieved by using urea as superplasticizer. The mix proportioning is shown in Table 4. 

 

Table 4. Mix design of lunar geopolymer mixes with different urea content. 

Mix 
Lunar 
regolith (g) 

Water (g) 
NaOH 
pellets (g) 

Urea (g) 
Alkaline 
solution/Regolith 
ratio 

Water/Solid 
ratio 

LG0W 1000 288 162 0 0.45 0.25 

LG3W 1000 224 126 30 0.35 0.19 

LG5W 1000 205 115 50 0.32 0.17 

LG0 1000 224 126 0 0.35 0.2 

LG3 1000 224 126 30 0.35 0.19 

LG5 1000 224 126 50 0.35 0.19 

For specimen preparation, regolith and alkaline solution were mixed with urea together for 8 
min to obtain a homogenous mix. Afterwards, the fresh paste was poured into cube samples with side 
length of 40 mm. The compaction of samples was done by using a vibration machine for 1 min. After 
that, samples were divided into two groups: one group was pre-cured in a vacuum thermal chamber 
(Binder VD23 Vacuum Oven) at 0.01 mbar at 80 °C for 3 h, while the other group was pre-cured in an 
ambient thermal chamber at 80 °C for 3 h. Then, the samples were demolded and subjected to a lunar 
cycle in vacuum environment as shown in Figure 3. 

2.2.3. Mix design and specimen preparation of geopolymer mixes reinforced with basalt fibre 

The effect of basalt fibre addition on the performance of lunar geopolymer mixes was 
investigated by applying 1% basalt fibre (by total mass of the mix) with two different lengths. The short 
basalt fibre, here forth referred to as SBF, had a length of 6.35 mm and the long basalt fibre, here forth 
referred to as LBF, had a length of 90 mm. The alkaline solution to regolith (EAC type) ratio and urea 
content were kept constant at 0.3 and 2% of regolith weight, respectively, for all mixes. 

A mixing process similar to that presented in the previous sections was adopted for making 
basalt-fibre reinforced geopolymer mixes. The fibers was added to the dry materials before mixing 
with alkaline solution.  

The fresh mix was poured into cube samples with side length of 50 mm and beam samples with 
160 mm × 40 mm × 40 mm. The samples were pre-cured in both ambient and vacuum conditions for 
24 h at 80 °C. Then, the samples were demolded and cured in lunar conditions described earlier. 

2.3. Testing methods 

The following experiments were carried out to characterise the properties of the lunar 
geopolymer both before and after curing. These characterisations were performed to compare the 
effects of each admixture addition, i.e. polycarboxylate (C), naphthalene (N), urea (U) and without 



admixture (W/O). Unless otherwise stated, only these additions differed between samples and all 
other casting/curing parameters remained the same. 

2.3.1. Setting time 

Initial and final setting time were characterised for all lunar geopolymer samples after mixing 
and casting into moulds. A Vicat needle test was performed with a manual Vicat needle apparatus in 
accordance with EN 196-3. Setting time measurements were carried out during the precuring stage at 
80°C with an interval of 15 min. The initial setting time was given to be the time at which needle 
penetration is less than 39 mm, whereas final setting time was given to be the time at which needle 
penetration depth is 0.5 mm. 

2.3.2. Shape deformation and layer-by-layer buildability 

 Shape deformation is a measure of the shape retention of the geopolymer after demoulding 
and before pre-curing. This is a particularly important attribute of the material during extrusion 3D 
printing. Fresh samples were prepared for each geopolymer/admixture combination using 200 g of 
mixture in a conical mould. Immediately after demoulding, 1 kg and 2 kg weights were placed atop 
the fresh samples. The percentage shape deformation under pressure was calculated as follows: 

𝑆ℎ𝑎𝑝𝑒 𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 =  
𝐷𝑎𝑓𝑡𝑒𝑟− 𝐷𝑏𝑒𝑓𝑜𝑟𝑒

𝐷𝑏𝑒𝑓𝑜𝑟𝑒
 × 100    ( 1 ) 

where Dbefore and Dafter are the bottom diameter of the sample before and after demoulding, 
respectively. The value of Dbefore is set by the internal diameter of the bottom of the mould and is given 
to be 70 mm for all samples. 

After evaluating shape deformation, mixtures with the highest shape retention and usable 
workability were selected to be tested for layer-by-layer buildability. A high-pressure syringe pump 
(Fusion 6000, Chemyx Inc.) with constant pump rate of 20 ml/min was used to extrude multiple layers 
of fresh geopolymer mixture (Figure 4). The buildability was assessed by visual inspection. 

 

Figure 4. A high-pressure syringe pump is utilized for 3D-printing the samples. 

2.3.3. Compressive strength 

The compressive strength tests for lunar geopolymer specimens after 0, 2, 4 and 8 freeze-
thaw cycles were performed at 20 °C in accordance with EN 12190, using a digital compressive 
strength test machine (Form Test Machine). 



2.3.4. Flexural strength 

A three-point flexural test was conducted on beam specimens with dimensions of 160 mm × 
40 mm × 40 mm at 20 °C based on the guidelines of EN 12390 by using a digital flexural strength test 
machine. 

2.3.5. FTIR 

Lunar geopolymer specimens were characterized via Fourier-Transform Infrared Spectroscopy 
(FTIR) after 0, 4 and 8 freeze-thaw cycles. FTIR analysis was conducted with a spectrometer 
(PerkinElmer Spectrum BX) in transmittance mode from 4000 to 500 cm-1. Samples were dried before 
measurement by placing in a heating chamber at 80 °C for 12 h. 

2.3.6. X-ray tomography 

X-ray microtomography (XCT) was used to characterise the effect of different admixtures on 
specimen porosity and micro-crack formation under freeze-thaw cycling. Scans were performed on 
drill cores of samples before and after exposure to four freeze-thaw cycles. The cylindrical cored 
samples had a diameter of 10 mm and a height of approximately 20 mm. Analyses were performed 
using a Skyscan 1172 XCT scanner, with an energy of 100 kV, 0.9 s acquisition time and 0.3 rotation 
step. Tomographic reconstruction was performed using the FDK algorithm [46]. The reconstructed 
images consist of 1200 vertically stacked cross-sections, with a linear pixel size of 6.5 mm. Image 
processing, including binary segmentation and particle analysis, was performed using the ImageJ 
software [47], by which the size of non-interconnected pores was measured. In order to estimate the 
accuracy and error associated with the image processing procedure, a random distribution of spherical 
pores with known particle size was generated. After addition of gaussian noise, the image was 
binarized and the total porosity and sphere radius was compared with those relative to the original 
image. The average errors associated with porosity and pore radius were 4% and 15% respectively. 

2.3.7. Radiation testing - Neutron Irradiation 

The radiation shielding properties of geopolymer are an important point of interest in the context of 
space infrastructure. In the lunar environment, the lack of atmospheric shielding means surface 
missions experience high-level exposure to ionising radiation from galactic cosmic rays and solar 
particle events. This represents a major hazard of human lunar exploration, due to the negative 
medical effects of radiation exposure. Moreover, scientific equipment employed on the lunar surface 
is also vulnerable to radiation, as ionising particles can cause computational errors or accelerated 
material degradation. The presence of significant shielding material can prevent these radiation 
effects and reduce the radiation level to within the permissible daily dose.  

Neutron irradiation experiments were carried out to compare the shielding efficiency of lunar 
geopolymers with previous studies on sintered lunar regolith [48], [49]. The experiments were carried 
out at the ChipIR facility at the STFC ISIS Neutron and Muon Source, Harwell, UK. Geopolymer samples 
for irradiation were prepared from DNA-1 lunar regolith simulant, sodium hydroxide and urea, as 30 
× 30 × 30 mm3 cubes. The cubes were wrapped in foil to prevent spread of contaminated particles 
post-irradiation. The effects of aluminium foil, with thickness approximately 0.025 mm, on neutron 
transmission were considered negligible. 



Four types of sample were prepared: two sets were cured under ambient conditions, and two 
sets were cured under vacuum. Within each set, half were prepared with 1% chopped basalt fibre 
reinforcement, and half were prepared without. Samples were placed in a sample holder to align them 
with the beam in such a way that multiple cubes of the same type could be stacked, as shown in Figure 
5.Figure 5. Experimental setup for ChipIR experiments. Four samples are arranged in a dedicated 
sample holder, courtesy of A. Meurisse. The green laser light indicates the path of the neutron beam. 
Detectors to measure transmission are placed before (not shown) and after (visible on the right-hand 
side panel) the samples. By stacking 30 mm cubes in succession, transmission measurements were 
taken at a series of thicknesses, i.e., 30 mm, 60 mm, 90 mm and 120 mm. Silicon detectors were placed 
before and after the sample holder to determine transmission through the sample, and each 
experiment ran for 1 hour. Measurements were also taken with no sample present as a control. Table 
5 shows the test schedule for irradiation experiments, including the four types of sample prepared for 
irradiation. 

 

Table 5. Sample test schedule for basalt fibre reinforced geopolymer samples. 

Test 
No. 

Sample 
Chopped basalt fibre 
reinforcement 

Curing conditions Thickness 

0 Blank measurement No. 1 

1 

V0 0 % Vacuum 

30 mm 

2 60 mm 

3 90 mm 

4 120 mm 

5 V1 1 % Vacuum 30 mm 

Figure 5. Experimental setup for ChipIR experiments. Four samples are arranged in a dedicated sample holder, 
courtesy of A. Meurisse. The green laser light indicates the path of the neutron beam. Detectors to measure 

transmission are placed before (not shown) and after (visible on the right-hand side panel) the samples. 



6 60 mm 

7 90 mm 

8 120 mm 

9 Blank measurement No. 2 

10 

A0 0 % Ambient 

30 mm 

11 60 mm 

12 90 mm 

13 120 mm 

14 

A1 1 % Ambient 

30 mm 

15 60 mm 

16 90 mm 

17 120 mm 

2.4. Vacuum 3D printing 

In order to simulate 3D printing on the surface of the moon, a vacuum chamber was designed 
and included in the 3D printer model used for concrete printing. The chamber is placed in frame, which 
is shown in Error! Reference source not found.Error! Reference source not found.. The dimensions an

d the information about the different parts of the 
frame is shown in Figure 7. Within the chamber, 
the printer features actuators which control 
the positioning of the extruder nozzle in three 
dimensions – these can be seen in Figure 8Error! 
Reference source not found.. 

Figure 6. Frame supporting the vacuum chamber. 



  

 

 

 

Figure 7. Part list and dimensions of the frame. 

 



 

Figure 8. Internal view of the chamber frame with two pneumatic actuators visible. 

3. Results and discussion 

3.1. Setting time 

Figure 9 shows the effect of different superplasticizers on the initial and final setting times of 

lunar geopolymer at 80 C. The three superplasticizers influence the setting times in different ways. 
Incorporating 3% urea (U) postpones both initial and final setting times in comparison with the sample 
without any chemical admixture (W/O). For both mixtures containing 3% polycarboxylate-based 
admixture (C) and naphthalene-based admixture (N), there is a moderate delay of the initial setting 
time, while a much longer final setting time was observed for the N mixture. In 3D printing, the time 
after mixing until the fresh material loses the workability for extruding is called the open time. The 
open time is always earlier than the initial setting time [50]. Therefore, a longer initial setting time will 
help maintain a continuous flow during pumping, and prevent the material from becoming too hard 
in the 3D printer. For good shape retention during layer-wise construction, the fresh geopolymer 
mixture should gain high early strength after extrusion to tolerate subsequent layers resting on top 
[22]. Acceptable final setting time is therefore an advantage to allow the LG layers to be loaded onto 
the previous layers without shape deformation. Accordingly, the mixture containing urea exhibits the 
best initial and final setting times for 3D printing. 
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Figure 9. The initial and final setting times of W/O (without any admixture), U (urea), C (polycarboxylate-based 
admixture) and N (naphthalene-based admixture) lunar geopolymer mixtures. 

3.2. Shape deformation and layer-by-layer buildability 

One of the greater challenges in 3D concrete printing is that the materials should be able to 
retain their shape after extruding. Error! Reference source not found. depicts shape deformation of f
resh mixtures after placing a 1 kg weight on top of the samples. As can be seen from Error! Reference 
source not found.a and c, fresh W/O and C samples retain a stable shape after loading with a 1 kg 
weight. However, there are many fractures in the samples, due to the stiffness of the mixtures during 
mixing and moulding. To have a low shape deformation, a mixture should have a good workability and 
high viscosity. However, the W/O and C samples are too stiff for casting, causing the formation of 
heterogeneous and fractured structures. It has previously been shown that a polycarboxylate-based 
superplasticizer (such as the one used in sample C) is often the best choice for fly ash class C, due to 
the strong bonds between the positively charged calcium and the negatively charged polycarboxylate 
[26]. Since the lunar regolith simulant is similar to fly ash class F, this superplasticizer is not optimal 
for improving the workability and flowability of the mixture. From Error! Reference source not f
ound.b and d it is evident that fresh U and N mixtures are castable after moulding and exhibit smooth 
surfaces with none (U sample) or few (N sample) fractures. These samples also retain their shape 
under a 1 kg external load. Accordingly, mixture U and N were selected for further studies.  

In the next step, a 2 kg weight was placed on top of the fresh U and N mixtures for shape 
deformation evaluation (Figure 11). The percentage of shape deformation was 11.4% and 13% for the 
U and N mixtures, respectively. Thus, the sample containing urea retains its shape better than the 
other specimens investigated after loading with a weight that is 10 times that of the 200 g sample. 

In Figure 12, layer-by-layer buildability was measured by means of a syringe pump for selected 
mixtures (U and N) to see how many layers is possible to stack without any deformation of the layers 
or collapse of the structure, and without utilizing a rest time between layers. Due to the narrow 
extruding tube (10 mm in diameter), only 4 and 5 layers of filament were built up for the U and N 
samples, respectively. As can be seen from Figure 12, there are slight changes of the thickness of each 
layer. However, all the layers are nicely vertically stacked, and remain steady without any obvious 



deformation and collapse. Accordingly, urea and the naphthalene-based admixture can contribute 
positively to the buildability of the lunar geopolymer. Furthermore, Error! Reference source not f
ound. shows the layer-by-layer buildability of geopolymer mixes with urea content of 3% and 5%. 
Similarly, the layers were made by a syringe pump, and it is seen that mix with urea content of 3% 
showed a superior buildability compared to mix with 5% urea content. It confirms that the optimum 
amount of urea to be used in the production of 3D printed geopolymer mixes is 3%. 

 

Figure 10. Sample retention after loading a 1 kg weight over (a) mixture without any admixture (W/O sample), 
(b) mixture containing 3% urea (U sample), (c) mixture containing 3% polycarboxylate-based admixture (C 
sample), and (d) and mixture containing 3% naphthalene-based admixture (N sample). The arrows show 

fractures and disruptions formed during molding. 



 

Figure 11. Sample deformation after loading a 2 kg weight over (a) mixture containing 3% urea (U sample), (b) 
mixture containing 3% naphthalene-based admixture (N sample). 

      

Figure 12. Layer-by-layer buildability of (a) mixture containing 3% urea (U sample), (b) mixture containing 3% 
naphthalene-based admixture (N sample). 

 
Figure 13. Buildability of (a) mixture containing 3% urea (LG3) and (b) mixture containing 5% urea (LG5) at 

ambient conditions. Extruded through a 1 cm tube. 



3.3. Water reduction 

 Due to the limited access of water on the moon, it is essential to keep the water content in 
the LG mixture as low as possible while retaining sufficient workability and strength. Mini slump 
experiments were utilized to quantify the reduced amount of water needed to retain the same 
workability in the presence of urea. A flow table with a cone (diameter of 10.16 cm at the base and 
6.09 cm at the top) was utilized, and each sample was dropped 25 times before measuring the 
sample diameter as illustrated in Figure 14. The reduced water demand in the presence of urea was 
determined by comparing the amount of water needed to reach a fixed diameter deviation of 0.5 cm 
between the diameter of the sample and the base diameter of the cone. 

 The water to geopolymer solids ratio needed to reach the same diameter deviation (0.5 cm) 
of the mini slump experiments for mixtures containing 0 (LG0W), 3 (LG3W), and 5 (LG5W) wt. % 
urea, is shown in Figure 15a. Increasing the amount of urea from 0 to 5 wt. %, reduced the water 
demand by 32 % (Figure 15b). As can be seen from Figure 14, LG0 has visible cracks and low 
consistency, although the flowability was the same as the other samples. Urea can break hydrogen 
bonds [51]. The addition of urea to the geopolymers can therefore reduce the amount of water 
needed to achieve a good workability of the samples [52], which is critical for construction on the 
moon. 

 

Figure 14. Mini slump measurements of the flowability of the geopolymers. To retain the same 
workability in all mixtures, the water to solids ratio has been varied. a) Without urea, water to solid 
ratio = 0.25, b) 3 % urea with respect to regolith, water to solid ratio = 0.19, c) 5 % urea with respect 

to regolith, water to solid ratio = 0.17. 
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Figure 15. (a) The water to geopolymer solids ratio needed to obtain a constant mini slump at different urea 
concentrations, (b) reduced water content compared to the sample without urea. 

3.4. Compressive strength of lunar geopolymer mixes made with different admixture types 

The compressive strength of the samples after 0, 2, 4 and 8 freeze-thaw cycles is shown in 
Figure 16. The sample without any chemical admixture exhibits the highest compressive strength after 
8 freeze-thaw cycles (32 MPa). As mentioned previously, 3D printing requires high early strength after 
extrusion to tolerate the weight of subsequent layers loaded on top of the sample. The C and N 
samples show a low early strength of about 1.7 MPa, which is not optimal for 3D printing.  
Interestingly, the U sample exhibited a relatively high initial compressive strength (13 MPa) after 
precuring at 80 °C.  

During the freeze-thaw cycles, two opposing mechanisms are affecting the compressive 
strength. The freeze thaw cycles are expected to reduce the compressive strength due to expansion 
of water within the samples when it freezes, which may cause fractures within the specimen. At the 
same time, the geopolymerization reaction within the samples continues, which will increase the 
compressive strength. This results in a continuous slight increase in compressive strength for the U 
sample. For the three other samples the competing mechanisms causes a variation in compressive 
strength over the freeze thaw cycles, but with an overall strong increase from 0 to 8 cycles. The 
compressive strength requirement for lunar construction is 1/6 of the requirement of a similar 
structure on Earth [18], which is normally around 25—40 MPa [53]. Except for the C and N samples 
before the freeze-thaw cycles, all samples are well above this limit (>7 MPa).  

After 8 freeze-thaw cycles, the U and N samples have approximately the same compressive 
strength, while the sample without superplasticizer has a much higher compressive strength. The C 
sample has a large variation between the three tested cubes, but seems to have a strength somewhere 
between the other samples. Interestingly, the samples with the lowest compressive strength after 8 



freeze-thaw cycles (U and N) are the same ones that are best suited for 3D printing (Error! Reference s
ource not found., Figure 12). In order to explore the mechanisms behind the differences, FTIR and X-
ray microtomography experiments have been performed. 
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Figure 16. Compressive strength of lunar geopolymer versus the number of freeze-thaw cycles containing 0 
wt.% of superplasticizer (W/O) and 3 wt.% of urea (U), 3% polycarboxylate-based admixture (C), and 3% 

naphthalene-based admixture (N). The samples were pre-cured for 6 h at 80 °C before starting the freeze-thaw 
cycles. 

3.5. FTIR 

Figure 17 presents the FTIR spectra of the four different geopolymers after 0, 4, and 8 freeze-
thaw cycles. The main band is centered around 975 cm-1 and corresponds to asymmetric stretching 
vibration of Si—O—T (where T = Si or Al) [13-15]. This peak indicates the degree of amorphous 
aluminosilicate gel phase due to dissolution of the regolith in the alkaline solution [54]. After 0 freeze-
thaw cycles, this peak is strongest for the W/O and U samples, which is in agreement with the higher 
compressive strengths of these samples at this stage (Figure 16). After 4 freeze-thaw cycles (Figure 
17b), the C sample exhibited the highest amount of geopolymer gel formation resulting in a broader 
and deeper peak. In contrast, the sample containing urea (U) exhibited the smallest amount of gel 
which resulted in the lowest compressive strength after 4 freeze-thaw cycles (Figure 16). Interestingly, 
after 8 freeze-thaw cycles, the U sample revealed similar intensity and depth of this peak as the C 
sample, which indicates a continuing formation of geopolymeric products after 8 freeze-thaw cycles.  

The broad IR band at around 2358 cm-1 (after 4 and 8  freeze thaw cycles) is related to the 
bending vibration of H—O—H bonds from weakly bound water molecules [54]. Since this peak is not 
evident before the freeze-thaw cycles, this is probably from water adsorbed onto the samples during 
the freeze-thaw process. 

The small peaks at 1428 cm-1 have been attributed to stretching vibrations of O—C—O bonds, 
which suggests that sodium bicarbonate has been formed due to atmospheric carbonation of the high 
alkaline NaOH solution [54]. There are a number of smaller peaks in the 630-760 cm-1 region, which 
are attributed to aluminosilicate ring and cage structures [55], [56]. 
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Figure 17. FTIR spectra of lunar Geopolymer specimens containing 0 wt.% superplasticizer (W/O) and 3 wt.% of 
urea (U), 3% polycarboxylate-based admixture (C), and 3% naphthalene-based admixture (F)(a) after 0 freeze-

thaw cycles and (b) after 4 freeze-thaw cycles, and (c) after 8 freeze-thaw cycles. 

3.6. X-Ray tomography 

Typical 2D X-ray micro-tomography cross-sectional slices obtained from the W/O, U, C, and N 
samples after 0 and 4 freeze-thaw cycles are shown in Error! Reference source not found., where c
racks and air voids are displayed in dark colour (low or no X-ray attenuation). More microcracks are 
evident in the U matrix after exposure to freeze-thaw cycles. This indicates that the microcracks 
generated by the freeze-thaw cycles can contribute to the deterioration of the U sample. This is 
probably a contributing factor to the lower compressive strength of this sample after the freeze thaw 
cycles (Figure 16). 



Error! Reference source not found. illustrates the air voids (in red color) in the 3D images of t
he samples. In order to quantify the differences, pore diameter distributions are plotted in Error! 
Reference source not found. and the volume fraction, mean diameter, and number of air voids per 
mm3 is shown in Figure 21. Error! Reference source not found. and Figure 21a illustrate that before 
the freeze-thaw cycles the inclusion of urea (U) and the polycarboxylate-based admixture (C) led to a 
substantial increase of porosity in comparison with the sample without any admixture (W/O). This is 
expected to affect the mechanical performance of the materials, and might be contributing to the 
lower compressive strength of the U and C samples compared to the W/O sample (Figure 16). A lower 
flowability or higher viscosity is expected to increase the air content of the mixtures [57]. Accordingly, 
before the freeze-thaw cycles the better workability of the N sample leads to smaller (Error! Reference s
ource not found., Figure 21 b) and lower amounts (Figure 21a) of air voids compared to the C sample. 
When aqueous solutions of urea are heated up to 80 °C, NH3 and H2 gases can be released [58]. These 
gases might contribute to creating more voids in the U sample compared to the other samples, as 
observed in Error! Reference source not found. and Figure 21a. Despite its poor workability, the W/O 
sample has a low amount of air voids before the freeze-thaw cycles compared to the other samples 
(Error! Reference source not found., Figure 21a). This might indicate that the inclusion of 
superplasticizers enhances air void formation which provide durability for the sample in freezing-
thawing situations [59]. In addition, the mean diameter (Figure 21b) and pore size distribution (Error! 
Reference source not found.) illustrates that larger air voids are formed before the freeze-thaw cycles 
for the W/O and C samples compared to the N sample. This might suggest that poorer workability of 
the samples causes the formation of larger air voids [57], [60]. 

After 4 freeze-thaw cycles, the total volume of air voids increases significantly for the W/O 
and C samples while there is little change for the U and N samples (Error! Reference source not found., 
Figure 21a). Accordingly, the differences in compressive strength after the freeze-thaw process (Figure 
16) does not seem to be directly correlated with the volume of new air voids formed. This suggests 
that the effect of the superplasticizers on the geopolymerisation reaction plays a larger role than the 
formation of additional air voids after the freeze-thaw cycles. As can be seen from Error! Reference 
source not found., the freeze-thaw cycles seem to shift the size distributions towards larger air voids. 
This can both be due to an enlargement of existing voids by expansion of entrapped water, and several 
smaller voids expanding into a common much larger void. The latter effect seems to be dominant for 
the N-sample, which has significantly fewer voids after the freeze-thaw cycles (Figure 21c). 
  



 

 

 

 

Figure 18. 2D X-ray tomography images of (a) W/O sample – 0 cycles, (A) W/O sample – 4 cycles, (b) U 
sample – 0 cycles, (B) U sample – 4 cycles, (c) C sample – 0 cycles, (C) C sample – 4 cycles, (d) N sample – 0 

cycles, and (D) N sample – 4 cycles. The arrows show the microcracks in the sample matrix. The field of 
view is approximately 1 cm. 



 

Figure 19. 3D X-ray-tomography rendering of samples containing 0 wt.% superplasticizer (W/O) and 3 wt.% 
urea (U), 3 wt.% polycarboxylate-based admixture (C), and 3 wt.% naphthalene-based admixture (N) after 0 

and 4 freeze-thaw cycles. 
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Figure 20. Differential size distributions of air voids inside the W/O, U, C and N samples, obtained from 
image analyses of the X-ray-tomography images after 0 freeze-thaw cycles  and 4 freeze-thaw cycles. 

https://www.sciencedirect.com/topics/engineering/air-void
https://www.sciencedirect.com/topics/engineering/x-ray-tomography
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Figure 21. (a) Volume % of air voids, (b) mean diameter of air voids, and (c) number of air voids per mm3 for 
the W/O, U, C and N samples obtained from image analyses of the X-ray-tomography images after 0 freeze-

thaw cycles  and 4 freeze-thaw cycles. 

3.7. Compressive strength of basalt fibre-reinforced mixes 

The average compressive strength of cube samples cured in vacuum condition is shown in Figure 22. 
It can be observed that the addition of basalt fibre had a negative effect on the compressive strength 
of lunar geopolymer mixes. Based on the test results, adding 1% short basalt fibres reduced the 
compressive strength by about 34% compared to that of the control mix. The adverse effect of fibre 
reinforcement on the compressive strength was more pronounced in mix with 1% long basalt fibres. 
As observed in the figure, the compressive strength of mix LG-LBF-V was negligible, which indicates 
that long basalt fibres can weaken the geopolymer matrix significantly. The inferior compressive 
strength of fibre-reinforced mixes compared to that of the control mix can be related to the lower 
workability caused by the friction between fibres and geopolymer paste, which prevented proper 
compaction of the samples. As a result, a less dense geopolymer matrix was formed and the 
compressive strength was reduced. Furthermore, long basalt fibres can reduce the mobility of the 

https://www.sciencedirect.com/topics/engineering/x-ray-tomography


fresh mix more than short basalt fibres due to their larger aspect ratio, which can be the reason 
behind the lower compressive strength of LG-LBF-V compared to that of LG-SBF-V. 

 

Figure 22. Compressive strength of lunar geopolymer samples cured in vacuum condition. 

3.8. Flexural strength of basalt fibre-reinforced mixes 

Figure 23 shows the average flexural load-deformation curves of lunar geopolymer mixes. According 
to this figure, applying 1% basalt fibre enhanced the flexural behavior of mixes significantly. As it can 
be observed, the control mix demonstrated a brittle behavior and the specimen showed a sudden 
failure once the maximum flexural strength was achieved. On the other hand, fibre-reinforced mixes 
showed a ductile behavior and the ultimate deformation was significantly higher than that of the 
control mix for both LG-SBF-V and LG-LBF-V mixes. Furthermore, the load-bearing capacity of the 
fibre-reinforced mixes was also higher than that of the control mix. According to Table 6, the 
average ultimate load sustained by the specimens made with 1% short basalt fibre and 1% long 
basalt fibre was approximately 16% and 69% higher than that of the control mix, respectively. Basalt 
fibres could bridge over the micro-cracks, and thereby contributed to the flexural strength of lunar 
geopolymer mixes. Furthermore, the additional strength provided by the fibre-matrix bond could be 
another reason behind the superior flexural behavior of fibre-reinforced mixes compared to that of 
the control mix. The higher load bearing capacity of LG-LBF-V compared to LG-SBF-V could be 
attributed to the higher friction force provided by the longer basalt fibres compared to short basalt 
fibres. However, the short basalt fibres could disperse more uniformly in the mixture, and therefore 
could sew more micro-cracks throughout the specimen. This may justify the higher deformation 
capacity of mix with short basalt fibres compared to mix with long basalt fibres. Moreover, the area 
under the load-deformation curve indicates the amount of the absorbed energy. Although the 
ultimate load resisted by mix LG-SBF-V was lower than that of LG-LBF-V, it absorbed a higher amount 
of energy, which is due its higher deformation capacity. As presented in Table 6, the average energy 
absorbed by mix LG-SBF-V was 2.42, while that of mix LG-LBF-V was 2.04. 
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Figure 23. Flexural load-deformation curves of lunar geopolymer mixes cured in vacuum condition. 

 

Table 6. Properties of geopolymer mixes under flexural loading. 

Mix 
Average ultimate load 
(N) 

Average ultimate 
deformation (μm) 

Average energy (J) 

LG-V 1128 941 0.287 

LG-SBF-V 1310 3461 2.045 

LG-LBF-V 1904 2021 2.42 

3.9. Radiation experiments 

Radiation experiments were carried out remotely due to the COVID-19 pandemic over a 
period of 3 days. Experiments were run for one hour per test and a neutron count was measured 
before and after transmission through the sample. A high threshold was applied to each detector 
count to reduce noise. Transmission is given as the ratio of neutrons detected after and before the 
sample. As global count varies between experiments, and to account for environmental attenuation 
between the two detectors, the transmission is normalised to the neutron count of a blank 
measurement, i.e., when no sample is present. In order to represent all samples on the same graph, 
transmission is plotted against interaction depth. The interaction depth is calculated by integrating 
the density of the shielding material by the sample thickness. 

The results in Figure 24 show that the neutron transmission through the shielding material exhibits 
exponential decay with increasing sample thickness. The dispersion of data points is low, suggesting 
that there is very little difference in the neutron shielding properties of each sample type. This is to be 
expected as the shielding property is primarily affected by the chemistry of the shielding material. In 
the case of reinforced material, the elemental makeup of basalt fibre is highly similar to lunar regolith, 
which makes up a primary constituent of geopolymer. This, paired with the low volumetric percentage 
of basalt fibre reinforcement in the material, means that the fibre additions do not provide any 
changes to shielding effectiveness. 
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Figure 24. Neutron transmission plotted against interaction depth for the four sample types investigated in this 
radiation study. 

 

Figure 25. Neutron transmission plotted against interaction depth for the four geopolymer types, compared 
with three additional materials as investigated by Meurisse et al [49]: loose JSC-2A simulant powder, 

traditionally sintered simulant and solar sintered simulant. 



Meurisse et al. [49] also investigated the neutron shielding properties of lunar regolith materials using 
a similar experimental setup. The study utilised regolith simulant JSC-2A, which has the same 
composition as JSC-1A simulant and is similar in composition to DNA-1A simulant (Table 1), and 
investigated three simulant-based materials: solar sintered regolith, regolith sintered under vacuum 
using traditional (i.e. non-solar) methods, and loose regolith powder. Figure 25 compares the results 
of the investigation by Meurisse et al. with the results from the current study. It is clear that the 
neutron transmission in geopolymer materials is much lower than that of the consolidated or loose 
regolith. This can be attributed to the increased presence of low atomic number elements in 
geopolymer, from urea and sodium hydroxide additives. These elements have a high scattering cross 
section and incident neutrons are more likely to interact with them [61]. Thus, both reinforced and 
unreinforced geopolymers exhibit greater neutron radiation shielding, irrespective of curing 
condition, than sintered regolith or loose regolith alone. 

 

4. Conclusions 

Future long-term missions to the lunar surface rely on the construction of habitat structures capable 
of shielding astronauts and equipment from the environment of space. Developing an ISRU-based 
method to produce such infrastructure will provide immense cost benefits to lunar missions, and thus 
it is crucial to understand the influence of lunar material and the effects of the space environment on 
the construction process. This study assessed the feasibility of in-situ lunar geopolymer, first by 
optimising the geopolymer recipe for use with urea admixture, then comparing the properties of lunar 
geopolymer cured under ambient conditions to samples cured under simulated lunar conditions 
(temperature cycling and vacuum). The study also investigated the radiation shielding properties of 
the material, and assessed the impact of basalt fibre additions on material properties. 

 

• Geopolymers were successfully created using lunar regolith simulant as the geopolymer 
binder. An optimal recipe was designed for in-situ 3D-printing applications, balancing 
sufficient workability, low viscosity and minimal water content. This was found to be a NaOH 
solution to regolith ratio of 0.35, with 3 wt.% superplasticiser (where wt.% is in relation to the 
binder weight). Samples prepared with urea exhibited greater shape retention under loading 
and superior buildability pre-curing over sample prepared with traditional superplasticisers, 
or with no superplasticiser. Urea additions also reduced water demand in the recipe by up to 
32%. 
 

• During freeze-thaw cycles, two opposing mechanisms are affecting the compressive strength 
of geopolymer samples: expansion of water during freezing reduces compressive strength due 
to fracturing, whilst the continuing geopolymerisation reaction within the samples increases 
the compressive strength. This resulted in a continuous slight net increase in compressive 
strength for urea geopolymers, and a final compression strength above the structural 
requirements for lunar construction (>7 MPa)  
 

• 1% basalt fibre additions enhanced the flexural behaviour of the geopolymer samples 
significantly. Fibre-reinforced geopolymer mixes showed a ductile behaviour, and showed 
higher load-bearing capacity and significantly higher ultimate deformation than that of the 
control mix without fibres for both short and long chopped fibre mixes. The average ultimate 
load sustained by the specimens made with 1% short basalt fibre and 1% long basalt fibre was 
approximately 16% and 69% higher than that of the control mix, respectively. Superior flexural 
performance is associated with microcrack bridging and fibre-matrix bonding. Higher load 
bearing capacity is associated with friction of fibre pull-out, coupled with high distribution of 



fibres for short fibre samples in particular. However, fibre additions were shown to reduce 
compressive strength by approximately 34% compared to control mixtures.  
 
Radiation tests of the neutron transmission through the geopolymer material show 
exponential decay with increasing sample thickness. The dispersion of data points is low, 
suggesting that there is very little difference in the neutron shielding properties of each 
sample type (i.e. samples with and without fibre addition, samples cured under different 
environmental conditions). The fibre additions do not provide any changes to shielding 
effectiveness. The neutron transmission in geopolymer materials is much lower than that of 
consolidated (sintered) or loose regolith. This can be attributed to the increased presence of 
low atomic number elements in geopolymer, from urea and sodium hydroxide additives. Thus, 
both reinforced and unreinforced geopolymers exhibit greater neutron radiation shielding, 
irrespective of curing condition, than sintered regolith or loose regolith alone. 

4.1. Future Work 

A 3D-extrusion assembly to test additive manufacturing of the lunar geopolymer in a vacuum chamber 
was constructed and is currently in the verification stage (Section 2.4). The aim is to use this assembly 
to investigate the effects of the lunar environment, in particular vacuum, on 3D-printing of 
geopolymer structures on the surface of the Moon. In addition, further experiments on radiation 
shielding properties of lunar regolith geopolymers are planned for the near future. 
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