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Abstract 

 

The Australian Space Agency’s roadmap aligns with NASA’s Artemis program to create sustainable lunar habitats 

using in-situ resource utilisation (ISRU). This study explores ISRU-based construction materials, including 

regolith–resin composite (RRC) and lunar geopolymer concrete (LGC). RRC was developed from lunar regolith 

simulant and epoxy resin, showing strong bonding, crystalline alignment, and good thermal stability through a 

number of tests, namely X-ray diffraction (XRD), scanning electron microscopy (SEM), and thermogravimetric 

analysis (TGA). The optimal mixture for manual compaction used 20 wt% resin, while mechanical compaction at 

20 MPa reduced this requirement to 10–12.5 wt%, achieving strengths comparable to high-performance concrete. 

The lunar geopolymer concrete was synthesised from lunar regolith simulant, with curing regimes and alkali 

activator compositions examined. Maximum strength was achieved at 93°C over 8 days, with higher NaOH 

molarity enhancing performance. Notably, a sodium silicate-only mix reached a compressive strength of 44 MPa. 

Adding 1 vol% basalt fibre improved tensile and flexural strength but slightly decreased compressive strength due 

to interface issues. Sodium-silicate-rich mixtures demonstrated superior mechanical properties, underlining their 

potential for lunar construction. This research also details the development of a fibre-reinforced polymer (FRP) 

panel capable of withstanding high-velocity projectile impacts. A multi-shock shield was constructed using four 

silica FRP plates in front of a basalt FRP plate, and its impact resistance was tested with a 12 mm steel projectile 

at 612 m/s using a single-stage light gas gun. The panel endured the projectile impact without perforating its rear 

wall. 
 

Keywords: In-situ resource utilisation (ISRU); Lunar regolith simulant; Regolith–resin composite (RRC); Lunar 

Geopolymer concrete; Micrometeoroid; Hypervelocity impact protective shield. 

 

1 Introduction 
 

Global space agencies are advocating for the creation of permanent habitats on celestial bodies like the Moon and 

Mars. Establishing sustainable habitats on the Moon requires the development of construction materials derived 

from locally available resources through in-situ resource utilisation (ISRU) (Hu et al., 2022). Lunar regolith, 

composed primarily of silicate minerals such as anorthite, olivine, and pyroxene (Tafsirojjaman et al., 2024), 

presents a viable raw material for such applications. However, its granular nature necessitates a suitable binder to 

form structural materials. Epoxy resin offers strong adhesion, low processing energy, and good thermal stability, 

making it a promising candidate for regolith-based composites (Hossain et al., 2024). This study investigates the 

development and optimisation of regolith–resin composites (RRC) using mechanical compaction to reduce binder 

demand while maintaining mechanical performance comparable to high- and ultra-high-strength concrete, thereby 

minimising the need for Earth-supplied materials in future lunar construction. 

The establishment of permanent human settlements on the lunar surface is a critical objective in future space 

exploration missions. However, one of the major challenges lies in the high cost of transporting conventional 

construction materials from Earth, which significantly hinders the feasibility of long-term lunar bases (Shao et al., 

2025). 

In this context, in-situ resource utilisation (ISRU) has emerged as a promising strategy to overcome these 

limitations. Considerable research efforts are currently directed towards harnessing lunar regolith—an abundant 

material on the Moon’s surface—as a feedstock for construction (Farries et al., 2021). Among the different 

approaches, geopolymerisation has shown particular potential. This process involves the activation of 

aluminosilicate precursors, such as lunar regolith, with an alkaline solution to form a geopolymer binder. The 

attractiveness of this technique lies in the fact that both the aluminosilicate source and the alkali activators can 

potentially be extracted from lunar resources (Zheng et al., 2024). Furthermore, the water required for dissolution 
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of aluminosilicates is theoretically recoverable, making the process especially suitable for the lunar environment, 

where accessible water sources are extremely limited (Wang et al., 2017). 

Despite its promise, research on lunar geopolymer concrete remains limited. The present study investigates the 

mechanical properties of geopolymer concrete prepared using the lunar regolith simulant LHS-1E. Key parameters 

examined include variations in NaOH molarity, partial and full substitution of NaOH with sodium silicate 

(Na2SiO3), and the incorporation of basalt fibre. The results aim to identify optimum mixture compositions and 

provide insight into the feasibility of geopolymer binders as a construction material for lunar infrastructure. 

Severe environmental conditions on lunar surface present substantial challenges to the longevity of structures. One 

of the most significant dangers to both habitats and spacecraft in outer space is the threat from micrometeoroid 

impacts, owing to their unpredictable nature and extremely high speeds (Baluch et al., 2013; Benaroya, 2017). 

Implementing impact shields could be a viable solution to endure the hypervelocity impacts from micrometeoroids 

and orbital debris (MMOD). 

 

2 Development of Lunar Construction Materials 

 

2.1 Regolith–resin composites (RRC)  

2.1.1 Materials and methods 

 

Regolith–resin composites (RRC) were prepared using LHS-1E lunar regolith simulant and epoxy resin (R2600 ) 

with varying resin contents (2.5–15 wt%), as shown in Table 1. Specimens with the suffix “C” were mechanically 

compacted at 20 MPa, while others were manually compacted. The RRC specimens were subjected to 

compression, flexure, and tensile tests to determine mechanical properties following ASTM standards. They also 

underwent analytical testing, such as thermogravimetric analysis (TGA) and scanning electron microscopy (SEM), 

to determine their thermal and microstructural behaviour, respectively. 

 

Table 1. Specimen composition and testing. 

 

Specimen ID   Resin (%) by mass Regolith (%) by mass 

RRC-R15  5.0 95.0 

RRC-R20  7.5 92.5 

RRC-R25  15.0 85.0 

RRC-R15C  15.0 85.0 

RRC-R12.5C  12.5 87.5 

RRC-R10C  10.0 90.0 

RRC-R7.5C  7.5 92.5 

RRC-R5C  5.0 95.0 

RRC-R2.5C  2.5 97.5 

Note: RRC-R15 denotes a Regolith (R)-Resin (R)-Composite (C) -R15 (Resin 

content), RRC-R15C denotes a Regolith (R)-Resin (R)-Composite (C) - Resin 

content (R15) – Compaction (C)  

 

2.1.2 Behaviour of Regolith–resin composites (RRC)  

 

The compressive, flexural and tensile strengths of Regolith–resin composites are summarised in Figure 1. 

Manually compacted RRC specimens achieved compressive, flexural, and tensile strengths up to 98.3, 45.3, and 

25.4 MPa, respectively, with 20% resin identified as the optimum and 15% as the minimum required for formable 

materials. In contrast, mechanically compacted RRC (RRC–C) attained high to ultra-high strength with only 10–

12.5% resin, and even 2.5–5% resin was sufficient to produce lunar construction–grade materials, highlighting the 

effectiveness of mechanical compaction in minimising resin requirements. This demonstrates that mechanical 

compaction effectively enhances packing density and bonding efficiency, thereby minimising the need for resin 

transported from Earth. 
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Figure 1. Compressive, flexural and tensile strengths of Regolith–resin composites. 

 

SEM analysis (Figure 2) revealed that RRC samples possessed a relatively porous resin–regolith matrix surface, 

whereas mechanically compacted RRC samples exhibited improved particle packing, enhanced interfacial 

bonding, and stronger cross-linking due to the effect of compaction. Mechanically compacted RRC with 15% resin 

exhibited minimal surface porosity compared to the manually compacted RRC counterparts, indicating a uniform 

regolith-resin matrix. Thus, compaction pressure in mechanically compacted RRC enhances regolith-resin 

interaction, seals pores within the regolith-resin matrix and binds unreacted particles. 

 

   
(a) RRC-R15% (d) RRC-R2.5%C (g) RRC-R10%C 

   
(b) RRC-R20% (e) RRC-R5%C (h) RRC-R12.5%C 
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(c) RRC-R25% (f) RRC-R7.5%C (i) RRC-R15%C 

Figure 2. Scanning electron microscopy (SEM) image of manually compacted RRC [Figure 2 (a-c)] and 

mechanically compacted RRC [Figure 2 (d-i)]. 

Thermogravimetric analysis (TGA) was used to evaluate the thermal stability of LHS-1E, hardened resin and RRC 

samples by determining their weight loss as the temperature increased, as shown in Figure 3. No weight loss was 

observed for mechanically compacted RRC at 180 °C, while manually compacted RRC exhibited a slight 0.26% 

loss. These findings indicate that RRC remains thermally stable at the lunar maximum surface temperature, which 

is 123 °C. Furthermore, the ability of mechanically compacted RRC to achieve high thermal stability with a low 

binder content makes it a promising material for lunar construction. 

 

  

(a) Manually compacted RRC (b) Mechanically compacted RRC 

Figure 3. Comparison of percentage weight loss by thermogravimetric analysis (TGA) for RRC, highlighting 

the thermal stability differences among the materials. 

 

2.2 Lunar Geopolymer Concrete 

2.2.1 Mix Design and Specimen Preparation 

 

LHS-1E-based geopolymer concretes were prepared with varying NaOH concentrations, Na2SiO3/NaOH ratios, 

and 1 vol% basalt fibre. The fresh pastes were cast into 50 mm cubes, 40 × 40 × 160 mm flexural prisms, and 

ASTM C307-18 dog-bone moulds, with each mixture yielding nine specimens, as illustrated in Figure 4a. All 

specimens were marked to indicate the intended strain-gauge or measurement positions, and Figure 4b presents a 

representative example of this marking scheme. After demoulding, strain gauges were attached to the designated 

surfaces to facilitate direct deformation measurements during compressive loading, as shown in Figure 4c. All 

mixtures were cured at 93 °C for eight days to ensure consistent polymerisation across different activator 

concentrations and fibre inclusions before mechanical testing. The proportions of all mixtures are summarised in 

Table 2.  
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Table 2. Mixture proportions of LHS-1E based geopolymer concrete  

Varying 

parameter 

 Mixture 

Serial 
Extended Mixture Id 

Water/ 

Regolith 

(wt. 

basis) 

NaOH 

molarity 

Na2SiO3 

/NaOH 

(wt. basis) 

Fibre 

% 

(Voln) 

Concentration 

of NaOH 

M1 NHM14 

0.234 

14 - - 

M2 NHM11 11 - - 

M3 NHM8 8 - - 

Ratio of 

Na2SiO3 

 

M4 NHM14NSR2 

0.234 14 

2 - 

M5 NHM14NSR4 4 - 

M6 NHM14NSR6 6 - 

M7 NS 0.234 - Na2SiO3 only  - 

Basalt fibre 

M8 NHM14, fb1 
0.234 14 

- 1 

M9 NHM14, NSR6, fb1 6  

M10 NS, fb1 0.234 - Na2SiO3 only  1 

Note: NH=Sodium hydroxide, M14/11/8= NH molarity of 14/11/8; NS=Sodium silicate, R2, R3 and R6 =ratio of 

Na2SiO3 and NaOH (wt. basis) as 2, 4 and 6, respectively; fb1 = Basalt fibre as 1% of specimen 

volume, “-” means the information is irrelevant for that particular mixture  

 

(a) 
 

(b) 
 

(c) 

Figure 4. (a) Total number of specimens prepared from each mixture (nine per mix); (b) marking on cube 

specimens for strain gauge placement; and (c) representative specimens with strain gauges. 

2.2.2 Mechanical Testing Setup 

All mechanical tests were performed using a 300 kN Instron universal testing machine, with strain gauges used to 

capture the stress–strain behaviour on the surfaces of interest, as shown in Figure 5. Compressive strength was 

measured on 50 mm cubes following ASTM C109 at a loading rate of 0.5 mm/min, with strain recorded from the 

attached gauges. Flexural strength was determined on 40 × 40 × 160 mm prisms using a three-point bending setup 

(ASTM C348) at a loading rate of 0.05 mm/min, with gauges placed on the tension face. Tensile strength was 

evaluated on ASTM C307 briquette specimens at a loading rate of 0.05 mm/min, with strain measured at the narrow 

mid-section of each sample. 

 

(a) (b) (c) 

Figure 5. Mechanical testing setup for (a) Compression (b) Flexural, and (c) Tensile specimens 
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2.2.3 Behaviour of Lunar Geopolymer Concrete 

The combined trends for compressive, flexural, and tensile strengths across all mixtures are summarised in Figure 

6. The mechanical performance of LHS-1E-based geopolymer concretes showed clear variations with changes in 

NaOH concentration, Na2SiO3/NaOH ratio, and basalt fibre incorporation. Increasing the NaOH molarity from 8 

M to 14 M consistently improved compressive, flexural, and tensile strengths, reflecting greater dissolution of 

aluminosilicate phases and enhanced gel development. Substituting NaOH with sodium silicate produced even 

more pronounced strength gains, with the Na₂SiO₃-only mix achieving the highest compressive, flexural, and 

tensile strengths due to the additional soluble silica and the resulting increase in the Si/Al ratio. Unlike compressive 

behaviour, the incorporation of 1 vol% basalt fibre reduced compressive strength but increased both flexural and 

tensile performance through effective crack bridging. 

 

 
 

Figure 6. Variations in Compressive, flexural and tensile strength of LHS-1E-based geopolymer concretes 

resulting from changes in NaOH concentration, Na2SiO3/NaOH ratio, and the incorporation of basalt fibres. 

 

The effect of NaOH concentration, Na2SiO3/NaOH ratio, and basalt fibre addition on the compressive, flexural, 

and tensile modulus of elasticity (MOE) of LHS-1E-based geopolymer concretes is summarises in Figure 7. The 

modulus of elasticity (MOE) of the LHS-1E-based geopolymer concretes increased with higher NaOH molarity 

and further improved with increasing Na2SiO3/NaOH ratios for all loading cases. The Na2SiO-only mix (NS) 

showed the greatest stiffness across flexural and tensile responses, demonstrating the strong influence of soluble 

silica in strengthening the aluminosilicate network. Fibre incorporation consistently reduced the MOE in all 

loading modes. 
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Figure 7. Effect of NaOH concentration, Na2SiO3/NaOH ratio, and basalt fibre addition on the compressive, 

flexural, and tensile strength–derived modulus of elasticity (MOE) of LHS-1E-based geopolymer concretes. 

 

3.2 Development of Hypervelocity Impact Protective Shield 

 

3.2.1 Design of Shield 

In this study, a structural composite panel is designed to endure hypervelocity impacts from micrometeoroids and 

orbital debris. The multi-shock shield is composed of several FRP bumpers, which are followed by a rear wall 

made of either aluminium or FRP. For this research, four bumpers were constructed from silica FRP (SFRP), while 

the rear wall was constructed from basalt FRP (BFRP). The ballistic limit equation was used to design the panel. 

The equation is given by- 

 

 
(1) 

 

where, dc is the critical diameter of the projectile (cm), KL-MS = 2.7 (g0.5 km2/3 cm-3/2 s-2/3), Cw is the coefficient of 

the rear wall = 0.5 (cm3/g), CL = 0.37 (cm3/g); mb = total bumper areal density (g/cm2), Vp is the projectile velocity, 

θ is the impact angle (degree). The aerial density of each bumper was 1.92 g/cm2, while the aerial density of the 

rear wall was 1.44 g/cm2. The overall size of the panel was 150 mm × 150 mm. A schematic diagram of the panel 

is shown in Figure 8.  

 

                                                        
 

Figure 8. Schematic diagram of the panel 
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3.2.2 Experimental Setup 
 

A single stage gas gun was utilized to test the panel with a 12 mm diameter steel sphere as projectile. A high-speed 

camera was used to capture images of the panel side profile during the impact test. Figure 9 shows the impact test 

setup. 

 

 

                                   
 

Figure 9. Impact test setup  

 

3.2.3 Behaviour of Hypervelocity Impact Protective Shield 

 

The SFRP bumpers of the panel were penetrated upon the impact with a 12 mm projectile at a velocity of 612 m/s. 

The rear wall sustained no perforations, but a crater emerged on the impact face and a bulge appeared on the non-

impact face. When the projectile struck the first bumper, a debris cloud moved along the direction of impact, while 

a secondary ejecta traveled in the opposite direction, as illustrated in Figure 10 (a). The debris cloud was composed 

of fine particles and flakes that were expelled from the back face of the bumper. The projectile remained within 

the debris cloud, as depicted in Figure 10 (b), and moved at the same velocity as the debris. The residual velocity 

of projectile after impacting each layer is shown in Figure 11. 

 

 
Figure 10. Response of panel during impact test 

 

 
Figure 11. Residual velocity of projectile after impacting each layer 
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4 Conclusion 
 

Mechanical compaction enhanced RRC performance, achieving high strengths with lower resin content. While 

manually compacted specimens required 15–20% resin to reach 62.7-98.3 MPa (compressive), 37.6-45.3 MPa 

(flexural), and 20.9-25.4 MPa (tensile), mechanically compacted RRC attained similar or higher strengths with 

only 10–12.5% resin, and 2.5–5% resin produced lunar construction–grade materials. SEM and TGA analyses 

confirmed denser packing, stronger bonding, and improved thermal stability, highlighting the effectiveness of 

mechanical compaction in minimising resin requirement. 
 

The mechanical and elastic responses of LHS-1E-based geopolymer concretes were strongly influenced by 

activator composition and fibre addition. Increasing NaOH concentration and partial or full replacement with 

sodium silicate (Na₂SiO₃) significantly enhanced compressive, flexural, and tensile strengths, along with 

corresponding MOE values. The Na₂SiO₃-only mix (NS) exhibited the highest performance, achieving 

compressive, flexural, and tensile strengths of 44, 7.6, and 3.9 MPa, respectively, with MOE values up to 24.7 GPa 

in flexure. Incorporating 1 vol% basalt fibre further improved flexural and tensile stiffness through crack-bridging 

and load transfer, particularly for NS, fb₁ and NHM₁₄NSR₆, fb₁ mixes. However, minor reductions in compressive 

strength and MOE were observed due to potential fibre–matrix interfacial gaps. 

 

The effectiveness of a multi-shock shield made from SFRP and BFRP was assessed when subjected to projectile 

impacts. The findings showed that the panel withstood the projectile's impact without causing any perforation to 

the back wall. The use of several SFRP bumpers decreased the impact velocity of the projectile and debris cloud 

prior to striking the rear wall. 
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