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Mars is increasingly considered for colonization by virtue of its Earth-like conditions and potential to harbor life.
Responding to challenges of the Martian environment and the complexity of transporting resources from Earth,
this study develops a novel geopolymer-based high-performance Martian concrete (HPMC) using Martian soil
simulant. The optimal simulant addition, ranging from 30% to 70% of the total mass of the binders, was explored
to optimize both the performance of HPMC and its cost-effectiveness. Additionally, the effects of temperature
(—20 °C-40 °C) and atmospheric (ambient and carbonated) curing conditions, as well as steel fibre addition,
were investigated on its long-term compressive and microstructural performance. Optimal results showed that
HPMC with 50% regolith simulant achieved the best 7-day compressive strength (62.8 MPa) and the remarkable
efficiency improvement, a result of ideal chemical ratios and effective geopolymerization reaction. Under various
temperature conditions, sub-zero temperatures (—20 °C and 0 °C) diminished strength due to reduced alumi-
nosilicate dissolution and gel formation. In contrast, specimens cured at 40 °C and 20 °C, respectively, showed
superior early and long-term strengths, with the 40 °C potential for moisture loss related shrinkage cracking and
reduced geopolymerization. Regarding the atmospheric environment, carbonation curing and steel fibre addition
both improved the matrix compactness and compressive strength, with carbon-cured fibre-reinforced HPMC
achieving 98.3 MPa after 60 days. However, long-term exposure to high levels of CO, eventually reduced the
fibres’ toughening effect and caused visible damages on steel fibres.

1. Introduction

The relentless pursuit of human space exploration has increasingly
targeted Mars, the closest planet with Earth-like conditions, as a pivotal
outpost for extending humanity’s reach beyond Earth. Given its prox-
imity and potential to support life, Mars is poised to become an ideal
destination for human colonization (Levchenko et al., 2021). Both global
public and private space agencies aim to establish a human settlement
on Mars by 2050 (Scott et al., 2017). This endeavour is driven not only
by the excitement of discovering new worlds but also by practical con-
siderations of long-term survival and scientific progress.

To facilitate further exploration and eventual colonization on Mars,
the establishment of a Martian base serves as a critical and foundational
step (Szocik et al., 2020; Neukart, 2024). This base provides a secure hub
for operations and a robust platform for conducting essential scientific

research, thereby underpinning sustainable human habitation on Mars.
However, constructing such a base poses notable challenges, including
the vast interplanetary distance, the thin Martian atmosphere, and
frequent dust storms on its surface. The elevated costs associated with
transporting materials from Earth to Mars underscore the urgent need
for innovative and sustainable solutions. Against this backdrop, the
strategy of in-situ resource utilization (ISRU) (Shao et al., 2024, 2025;
Wu et al., 2024a; Scott et al., 2020) becomes indispensable. ISRU
significantly mitigates the need to transport the terrestrial materials,
therefore reducing costs and enhancing the feasibility of sustainable,
self-sufficient operations on Mars, which are vital for prolonged colo-
nization efforts.

Concrete is a fundamental material in terrestrial construction, valued
for its exceptional compressive strength, high durability, and a wide
range of strength gradations. Recognizing the extensive use of concrete
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on Earth, McKay et al. (1996) introduced the concept of Martian con-
crete in 1996, suggesting that the acquisition of essential raw materials
for concrete production on Mars would be relatively straightforward.
This viewpoint therefore supported the feasibility of Martian concrete as
a practical building material for infrastructure on Mars. At present,
research on Martian concrete is becoming increasingly marked in the
field of extra-terrestrial construction, leading to the proposal of a variety
of concrete formulations and methodologies (Scott et al., 2020; Reches,
2019; Wan et al., 2016; Akono, 2023; Shahsavari et al., 2022; Mills et al.,
2022). For example, Scott et al. (2020) synthesized a Martian concrete
by combining a magnesium silica (MS) binder with various Martian soil
simulants sourced from New Zealand. Their study revealed that the MS
hydrate produced a mixture with high viscosity, which potentially
impeded the escape of entrapped air during compaction. This behaviour
led to increased porosity and reduced compressive strength. However,
despite these challenges, the air-cured method achieved a commendable
90-day compressive strength of around 35.5 MPa with a water-cement
ratio of 0.4. In their another research (Scott and Oze, 2018), it was
discovered that olivine, a mineral abundantly found on Mars, along with
its hydrolysis products (such as MgCO3) produced molecular hydrogen.
This reaction presented a potentially viable method for both concrete
and fuel production on Mars, requiring minimal energy expenditure and
primarily dependent on the availability of water. However, it is well
established that the production of MS concrete necessitates a substantial
volume of water (Goncalves et al., 2020; Tran and Scott, 2017).
Considering the scarcity of water on Mars, the alternatives such as
sulphur concrete, which eliminates the need for water during its prep-
aration, and geopolymer concrete, which exhibits almost zero reliance
on water resources, are garnering increased attention from researchers.

Wan et al. (2016) conducted a detailed study into the effect of molten
sulphur addition on the behaviour of Martian concrete, utilizing the soil
simulant JSC-Mars-1A as the matrix aggregate. Their findings indicated
that the aggregate size significantly affected the concrete final strength.
Notably, a mixture containing 50% each of sulphur and simulant yielded
the highest compressive and flexural strengths of more than 50.0 and
1.5 MPa, respectively. Additionally, the interaction between the rich
metallic elements in the simulant and sulphur during the hot mixing at
120 °C was identified as a vital factor enhancing the strength of Martian
concrete. Building on the optimum ratio of Martial simulant and sulphur
proposed by Wan et al. (2016), Akono (2023) studied the effect of three
simulants, designated as MGS-1. MGS-1S, and MMS-1, on the micro-
structure and fracture performance of Martian concrete. The results
showed that the basic matrix of concretes had a Young’s modulus
ranging from 18.8 to 25.2 GPa and featured a microporous structure
with 1-2 pm pitch sizes. In addition, these concretes exhibited a
nonlinear fracture response with toughness values of approximately
0.48 (MMS-1) and 0.75 MPa m?> (MGS-1 and MGS-1S). In terms of the
geopolymer-based Martian concrete, Mill et al. (Mills et al., 2022)
activated the soil simulant MGS-1C with an alkaline sodium silicate
solution under various conditions, including ambient curing and expo-
sure to temperatures of 600 and -80 °C. The findings revealed that the
7-day compressive strength of mixtures cured in ambient conditions
reached up to 13.6 MPa. However, this strength diminished to 1.5 and
12.2 MPa following sub-zero and extreme high temperature exposures,
respectively, likely due to the lower iron and magnesium content in the
simulant. Leveraging progresses in 3D printing technology, Ma et al.
(2022) developed a geopolymer ink composed of basalt fibre-reinforced
Martian simulant HIT-MRS-1 for use in direct ink writing. This ink
exhibited superior rheological properties, enabling the swift transition
from solid to liquid that improved the printability of geopolymers with
customizable biomimetic patterns. Notably, the helical pattern achieved
the highest compressive strength of 32.2 MPa, whereas the suture
pattern, with a lower strength of 9.3 MPa, showed high fracture ductility
suitable for deformation-resistant materials. Further contributions to
this field were made from Vitse et al. (2024) and Karacasulu et al.
(2023), who independently developed MGS-1-based geopolymer
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concrete with compressive strengths of approximately 30.5 and 42.5
MPa, respectively. Compared with the traditional sulphur concrete,
geopolymer composites present several advantages critical for Martian
applications. These include enhanced heat resistance, improved chem-
ical durability, superior resistance to temperature cycling, and increased
vacuum stability (Panda et al., 2024; Xu et al., 2023; Wang et al., 2016;
Yang et al., 2024). Besides, another significant benefit of geopolymer
concrete is its utilization of the abundant aluminosilicate-rich Martian
regolith (McSween and Keil, 2000; Fackrell et al., 2021). This is coupled
with the potential exploitation of water resources on Mars
(Nazari-Sharabian et al., 2020; Orosei et al., 2018), which are important
not only for the formation of geopolymer binders but also facilitate its
chemical synthesis processes. Unlike sulphur concrete, geopolymers do
not require high-temperature treatment, leading to a significant reduc-
tion in the energy consumption for construction activities on Mars.
Given these remarkable advantages, several researchers advocated for
the use of geopolymer-based concrete as the optimal material for con-
struction activities on Mars (Wu et al., 2024a; Iranfar et al., 2023;
Zamani et al., 2024).

Deep space exploration and Martian base development represent
cutting-edge areas in the scientific research. A vital aspect of these en-
deavours involves utilizing indigenous resources, particularly for pro-
ducing Martian concrete. Despite the progress, current methodologies
for the prepared Martian concrete remain nascent, with materials
exhibiting suboptimal behaviour across several properties essential for
withstanding the harsh conditions of Mars. Given severe temperature
fluctuations and the predominantly carbon dioxide atmosphere, there is
a pressing need for concrete that possesses both enhanced strength and
durability (Hu et al., 2022). In response to these challenges, this study
introduces an innovative formulation for high-performance Martian
concrete (HPMC), focusing on the impacts of varying regolith simulant
proportions on its early-age performance and cost-efficiency. Besides,
this research explores a variety of temperature and atmospheric curing
methods, as well as the inclusion of steel fibre reinforcement, to assess
their effects on the long-term compression and microstructural charac-
teristics of the concrete. The advancements achieved herein are vital for
improving ISRU on Mars, thus supporting the long-term sustainability of
human activities on the Red Planet.

2. Experimental programs
2.1. Raw materials

Due to the unavailability of actual Martian soil for experimental
purposes, the Mars Global Simulant (MGS-1) was used in this study to
synthesize geopolymer-based HPMC. MGS-1 is a commercially available
synthetic compound procured from Space Resource Technologies (SRT)
and specifically designed to replicate the mineralogical composition of
Martian regolith, particularly the soil at Gale Crater Rocknest site
(Cannon et al., 2019). This design is based on analyses conducted by
various Mars missions and orbital studies. The simulant incorporates a
crystalline fraction, an amorphous fraction, oxychlorines, nitrates, and a
representative bulk chemistry.

The primary constituents of MGS-1 include silica, magnesium, iron,
aluminium, and calcium, which collectively constitute over 90% of its
oxide composition, as detailed in Table 1. The median particle size of
MGS-1 is recorded at 63 pm, and its angles of repose average at 38.9°
and peak at 43.6°. Fig. 1 shows the micromorphology and mineralogical
phases of MGS-1, revealing distinct morphologies: polyporous cylinder
olivine, angular bytownite, and smooth, irregular anorthosite. The
predominant mineral phases identified are anorthite, bytownite, albite
high, and olivine, all displaying significant hump intensity, consistent
with observations reported in the reference (Snehal et al., 2024). It is
noteworthy that the partial dissolution of feldspars phases in MGS-1,
such as anorthite and albite, under highly alkaline conditions, facili-
tates the release of reactive aluminosilicates contributing to geopolymer
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Table 1
Major bulk chemistry and physical attributes of aluminosilicate source materials.
Materials Chemical oxide composition (wt. %) Bulk density LOI PSR
kg/m> %
Si0, ALO; Ca0 Fe,03 MgO Na,0 TiO, (kg/m) %) (um)
MGS-1 43.9 12.8 7.9 10.6 14.8 1.5 0.4 1400 4.90 0.04-1000
Fly ash 65.2 24.7 1.6 4.3 1.2 0.3 0.9 1073 1.10 0.25-130
Silica fume 89.6 21 1.9 1.5 0.8 0.4 <0.1 625 3.80 0.03-0.20
GGBFS 35.4 10.8 43.6 0.4 8.1 0.2 0.5 1275 0.48 0.20-100
Note: “LOI” denotes loss on ignition and “PSR” denotes particle size range parameter.
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Fig. 1. (a) Micromorphology and (b) mineralogical phases of the incorporated MGS-1.

formation (Gonzalez-et al., 2017; Nana et al., 2019). MGS-1’s high fi-
delity as a basaltic soil simulant, combined with its robust character-
ization and proven ability to mimic the essential geopolymer precursors
(Mills et al., 2022), underscores its dual utility in formulating HPMC as
both a reactive binder component and a structural aggregate.

To augment the geopolymerization process and enhance the me-
chanical properties of the formulated geopolymers, an admixture of
calcium-aluminium-silicate-rich materials, including silica fume, fly
ash, and granulated blast-furnace slag (GGBFS), were incorporated. The
major oxide composition and physical properties of these materials are
also listed in Table 1, while their micromorphological patterns, observed
under a Scanning Electron Microscope (SEM) apparatus, are presented
in Fig. 2. An alkaline solution comprising sodium silicate (NazSiO3) and
sodium hydroxide (NaOH) was used to initiate the geopolymerization of
the aluminosilicate-bearing precursors. In addition, straight steel fibres,
10 mm in length and with a tensile strength exceeding 2500 MPa, were
integrated to reinforce the concrete matrix. The fibres incorporated in
HPMC mixtures possessed exceptional resistance to both alkaline and
acidic conditions, which renders them highly suitable for environments
prone to high corrosion.

In this experiment, geopolymer-based HPMC mixtures were formu-
lated both with and without steel fibres, designated as HPMC-SF and
HPMC-PL series, respectively. The constituents of these mixes are
detailed in Table 2. Specifically, within the HPMC-PL series, variants
MC-PL30, MC-PL50, and MC-PL70 corresponded to plain concrete

mixtures in which Martian simulant constituted 30%, 50%, and 70% of
the total mass of MGS-1, GGBFS, fly ash, and silica fume. Although
increasing MGS-1 content changed the overall mass of GGBFS, fly ash,
and silica fume, the ratios among these three supplementary precursor
materials remained fixed. This fixed ratio was derived from prior
research on developing the geopolymer-based ultra-high performance
concrete (UHPC), which identified the optimal mix proportions for
achieving robust mechanical properties (Xu et al., 2021). In contrast, the
MC-SFO0.6 variant within the HPMC-SF series involves a 0.6% steel fibre
dosage, selected based on previous work with lunar concrete (Shao
et al.,, 2025). Throughout all mixes, the mass of liquid components
(alkaline solution + water) was standardized to a fiducial value, main-
taining a solid-to-liquid mass ratio of 4.97:1.18. This design method
provides a consistent chemical framework for comparing performance
of HPMC across varying MGS-1 contents.

2.2. Preparation and curing

To formulate the geopolymer-based HPMC, Martian simulant and
additional solid materials were initially dry blended utilizing a Hobart
mixer for 3-5 min. For the preparation of fibre-reinforced geopolymers,
steel fibres were uniformly dispersed into the dry mixture over a period
of 1-2 min. An alkaline solution was then gradually incorporated into
the mix over 3-4 min at a low blending speed. This was followed by the
addition of the remaining water, with the mixing continued for an

Fig. 2. Micromorphology of the incorporated precursor materials.
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Table 2
Mixture constituents of synthesized HPMC by weight.
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Group Specimen MGS-1 GGBFS Fly ash Silica fume AAS Water Fibre (vol. %)
HPMC-PL MC-PL30 1.49 2.76 0.44 0.28 1.00 0.18 0.0

MC-PL50 2.49 1.97 0.31 0.20 1.00 0.18 0.0

MC-PL70 3.48 1.18 0.19 0.12 1.00 0.18 0.0
HPMC-SF MC-SF0.6 2.49 1.97 0.31 0.20 1.00 0.18 0.6

Note: “AAS” denotes alkali activator solution and “vol. %” denotes volume fraction of fibre dosage.

additional 2-3 min at a higher speed to achieve a homogeneous con-
sistency. The mixtures were subsequently cast into plastic cubic moulds
with dimensions of 50 x 50 x 50 mm. The moulds were vibrated for
approximately 25 s to eliminate air pockets. Following this, the mixtures
within the moulds were covered with polyethylene films to prevent
water evaporation and were left to cure in ambient conditions for 24 h to
achieve initial strength.

After the specimens were demoulded 24 h post-casting, different
curing regimes were adopted for various concrete series as shown in
Table 2. Specifically, the HPMC-PL series was subjected to ambient
curing at 20 °C to establish the optimal MGS-1 addition for Martian
concrete. Subsequently, both plain and fibre-reinforced (HPMC-SF case)
Martian concrete specimens, based on this optimal simulant percentage,
were casted, demoulded, and subjected to diverse temperature and at-
mospheric conditions for 7, 28, and 60 days to evaluate their perfor-
mance within the Martian-like environments. The temperature
conditions tested included —20 °C, 0 °C, 20 °C, and 40 °C. The selection
of —20 °C and 40 °C was based on the lowest operational temperature of
the laboratory freezer and the highest temperature recorded near the
Martian equator (Snehal et al., 2024), respectively. Atmospheric con-
ditions examined were ambient air and a carbonation process. The latter
was specifically chosen due to the high CO, concentration (over 95%) in
the Martian atmosphere (Triaud et al., 2024). It is important to note that
the simulated carbonation environment in the laboratory did not ach-
ieve the identical CO5 concentrations as those of Mars. However, the use
of vacuum-sealed chambers with continuous CO» gas injection ensured
that the CO concentration within chambers consistently exceeded 90%.
The preparation and curing processes for the HPMC specimens are
schematically depicted in Fig. 3.

2.3. Testing methods

The flowability and setting time of the fresh HPMC mixture were
evaluated immediately following mixing, in accordance with ASTM
C1437 (ASTM (1437, 2013) and ASTM C191 (ASTM C191, 2013).
Mechanical properties of the resulting geopolymer pastes, specifically
the compressive strength, were evaluated at 1, 7, 28, and 60 days
post-curing employing diverse curing regimes. These tests were con-
ducted in compliance with ASTM C109/C109M (ASTM C109 et al.,
2013) utilizing a state-of-the-art servo-hydraulic universal testing ma-
chine (UTM UH-500, Australia). The loading rate was maintained at 0.1

mm/min to delineate the complete stress-strain relationships for the
specimens under examination.

Meanwhile, a Digital Image Correlation (DIC) system was opera-
tional, matching the data collection frequency of the UTM to monitor the
strain distribution and the progression of failure within HPMC speci-
mens. To ensure the reliability of the test outcomes, three identical
specimens were evaluated, and their average values were used to
represent the ultimate compressive strength. Furthermore, the hardened
density of each concrete mixture was determined via measuring the
cubic mass of batch-consistent HPMC specimens prior to the mechanical
testing.

Following the completion of the destructive mechanical tests, intact
pieces and the corresponding ground powder collected from the
damaged concrete fragments were subjected to detailed analyses. These
analyses aimed to characterize the phase identification, hydration
products, micromorphology, and element distribution across varying
mixture proportions under different curing conditions. The advanced
instrumentation, including a Zeiss EVO LS15 SEM paired with RaithEl-
phy Lithography Energy Dispersive Spectroscopy (EDS), and a Bruker
D8 Discover X-ray Diffraction (XRD) system, was employed.

3. Results and discussion
3.1. Effect of simulant content

3.1.1. Fresh mixture performance

The fresh performance of geopolymer-based HPMC is crucial for
ensuring its mechanical properties, structural performance, and dura-
bility. Fig. 4(a) displays the changes in slump flowability of HPMC with
varying MGS-1 contents. A linear increase in flow diameter from 30% to
70% MGS-1 content is prominent, with a strong correlation coefficient
(R? = 0.987). Specifically, flowability percentages rose from 92.2% to
110.8% and further to 133.3% with increasing MGS-1, highlighting
enhanced flowability performance of HPMC. Additionally, Fig. 4(b)
shows the impact of MGS-1 content on the setting time of HPMC,
assessed utilizing a Vicat needle. With 30% MGS-1, the initial and final
setting times were 21 and 29 min, respectively - an extension of 38.1%.
This extension increased to 53.1% for 50% MGS-1 content (32 min
initial, 49 min final), and further to 62.2% for 70% MGS-1 content (45
min initial, 73 min final). These setting time variations are primarily
attributable to the composition of the precursors, as detailed in Tables 1

Casting + Demoulding \
4

Casted Martian concrete specimens

Ikaline solutio
and water

STEP I
Martian soil simulant content
30%-70% of total mass
Ambient curing (20 °C) for 1 day
and 7 days

Ambient curing

Optimal MGS-1 addition STEP II

Ambient (20 °C) for 7-60 days (PL)
Low temp. (-20C, 0°C) for 7-60 days (PL) |
Medium temp. (40 °C) for 7-60 days (PL)
Ambient (20 °C) for 7-60days (SF)
Ambient (20 °C, CO,) for 7-60 days (PL, SF)

Fig. 3. Preparation and curing schematics of the HPMC specimens.
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Fig. 4. Effect of MGS-1 content on (a) slump flowability and (b) setting time of HPMC.

and 2 At 30% MGS-1 content, GGBFS, rich in CaO, predominates,
facilitating rapid formation of the calcium-associated gels during cal-
cium ion reactions with water - an exothermic process that accelerates
the geopolymer setting (Elyamany et al., 2018). In contrast, the higher
MGS-1 additions (50% and 70%) result in fewer calcium ions and an
increased presence of inert materials derived from the soil simulant,
raising Na™ and OH™ levels. This adjustment slows aluminosilicate
dissolution and reduces calcium leaching, delaying the geo-
polymerization processes relative to hydration reactions, and hence the
setting times are notably extended (Karakoc et al., 2014).

3.1.2. Hardened mixture performance

Matrix density significantly influences the performance characteris-
tics of concrete. Fig. 5(a) shows the density variations in hardened
HPMC mixtures integrated with varying contents of soil simulant prior
to mechanical testing. Notably, the density of the Martian concrete
increased correspondingly as the mass percentage of MGS-1 in the mix
was increased. Particularly, when the simulant addition was raised from
30% to 50%, the mean density experienced an evident increase of 6.2%,
escalating from 2003.9 to 2128.9 kg/m®. This enhancement is primarily
attributable to the improved flowability of the fresh mixture, fostering
enhanced compactness in the hardened state. Visibly, the diminished
flowability and rapid setting in the MC-PL30 mix led to the formation of
pronounced matrix defects in the fabricated concrete specimens, as
demarcated by red circles in the figure, adversely affecting the
compactness of the overall mixture. Furthermore, the intrinsically
higher bulk density of MGS-1, as compared to the other solid materials
as outlined in Table 1, also affected the hardened density of HPMC
mixtures containing various simulant additions.

Fig. 5(b) demonstrates the effect of MGS-1 on the early compressive
strength of Martian concrete. The depicted data are the averages from

2400
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-O0- Average density increment
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2
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g
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T E
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three cubic specimens cured for 1 and 7 days. A consistent increase in
strength with curing time was observed across all mixes, reflecting
substantial hydration and densification of binder materials. Strength
gains of 69.5%, 68.8%, and 96.4% were recorded for MC-PL30, MC-
PL50, and MC-PL70 mixes, respectively. The MC-PL50 mix achieved the
highest compressive strengths, with values reaching 37.2 MPa at 1 day
and 62.8 MPa at 7 days, exceeding the other mixes by 51.2% and 65.3%
at 1 day, and 50.6% and 42.1% at 7 days, respectively. Typically, higher
dosages of GGBFS benefited strength of geopolymer concrete by virtue
of its rich content of reactive calcium, silicon, and aluminium oxides.
These oxides, upon activation by an alkali activator, rapidly dissolved
and interacted with alkali metal ions, forming a multidimensional and
dense silico-aluminate framework (Xu et al., 2021). Besides, a high
concentration of Ca" was crucial in synthesizing various hydration
products, particularly the calcium silicate (C-S-H) gel, which acted as the
nucleation sites facilitating the formation of stable and robust cal-
cium/sodium aluminosilicate (C-A-S-H/(N)C-A-S-H) gels (Xie et al.,
2019). However, an excessively high dosage of GGBFS (in mix MC-PL30)
led to a relative deficiency of the alkali activator, surpassing its optimal
reactive capacity, resulting in fewer soluble amorphous aluminosilicates
and reduced total hydration products. Additionally, the poor flowability
and matrix compactness of the MC-PL30 mixture likewise diminished
the compressive strength of its specimens. When the MGS-1 addition was
increased to 70% of the total mass (in mix MC-PL70), the content of CaO
and active aluminosilicate components reduced, challenging the for-
mation of a uniform, high-strength polymeric gel framework, conse-
quently degrading the strength performance.

3.1.3. Microstructural performance
The SEM images of HPMC incorporating varying concentrations of
MGS-1 are displayed in Fig. 6. The compressive performance of the
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Fig. 5. (a) Hardened density and (b) compressive strength of HPMC with different contents of MGS-1.
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Fig. 6. SEM micrographs of HPMC mixtures incorporating 30%, 50%, and 70% of MGS-1.

formulated Martian concrete correlates with its microstructural char-
acteristics. At a 30% simulant concentration by total mass, the micro-
graph reveals a compact microstructure without visible porosity despite
the evident microcracks. In addition, the presence of substantial
unreacted fly ash (smooth and spherical shape) and GGBFS (irregular
and rough surface) particles, alongside immature amorphous gels, sug-
gested that the alkali activation was insufficient for complete polymer-
ization of the precursor materials. As the simulant content increased to
50%, a denser microstructure with fewer microcracks and a higher
prevalence of amorphous gels (spherical stacks formed by granular
particles (Zhou et al., 2021)) can be clearly observed. It is noteworthy
that the formation of abundant gels during the geopolymerization pro-
cess might partially mask or cover the unreacted or partially reacted
GGBFS, fly ash, and silica fume. This effect resulted in less pronounced
traces of these precursor particles within the binder phases, contributing
to the observed differences in their morphologies. At this content, the
alkali activation achieved the optimal effectiveness, as evidenced by the
highest compressive strength of its hardened mixture. However, raising
the simulant addition further to 70% deteriorated the microstructure,
characterized by extensive internal defects, including pores and micro-
cracks. The degradation is likely attributable to aluminosilicate precip-
itation, driven by the reduced availability of precursors and elevated
alkali concentrations (Lee and Van Deventer, 2002). Moreover, a large
quantity of unreacted MGS-1 particles (with specific morphologies
illustrated in Fig. 1) embedded within the geopolymer matrix indicated
an increased ratio of inert constituents of the simulant, which served as
the aggregates and contributed to pore filling within the matrix.

Fig. 7 displays the EDS spectra of HPMC specimens containing
various mass percentages of MGS-1, highlighting the identification of
chemical components in the reaction products. The visualization of
elemental distribution is enhanced by colour mapping the signal in-
tensities of individual elements. Predominantly, the spectral revealed
the presence of Si, Ca, Al, Na, Mg, and Fe across all specimens, corrob-
orating the formation of a sodium/calcium aluminosilicate frame char-
acteristic of geopolymer matrix. At a 30% mass inclusion of MGS-1, as
depicted in Fig. 7(a), despite high signal intensities for Si, Al, and Ca, the
reduced Na content hindered the adequate dissolution of the Si and Al in
the precursor materials and subsequent polymerization reactions.

Additionally, the elevated Ca levels impeded the effective formation of a
stable calcium aluminate silicate hydrate (C-A-S-H) gel (Zhang et al.,
2023a). The dispersed distribution of these elements within the colour
mappings further supports this finding. As illustrated in Fig. 7(b) and (c),
increasing the MGS-1 content to 50% and 70% led to a decline in atomic
percentages of Si and Ca. However, the enhanced Na content more
effectively facilitated the dissolution of Si and Al, promoting a more
complete polymerization reaction. This enhancement allowed for a
better interaction of Ca with the dissolved Si, Al, and other components
in the alkaline environment, hydrating a dense and mechanically
enhanced (N)C-A-S-H gel. The colour mappings indicate a more uniform
elemental distribution, suggesting a denser microstructure filled with
these gels. Nevertheless, it should be noted that in the mix MC-PL70, the
signal intensity of Ca displayed a significant reduction, indicating a
decrease in C-A-S-H gel content within the geopolymer matrix.
Conversely, the content of sodium aluminate silicate hydrate (N-A-S-H)
gel, structurally resembling zeolite, correspondingly increased. The
colour mappings in this mix also reveal a more pronounced distribution
of Fe and Mg elements, which can be attributed to the higher concen-
trations of iron and magnesium oxide in MGS-1 over other precursors.
Research (Wu et al., 2024b; Hu et al., 2019; Zhang et al., 2024) sug-
gested that while a suitable amount of iron silicate/magnesium silicate
hydrate (F-S-H/M-S-H) could densify the microstructure of geopolymer
concrete, an excessively high concentration of Fe and Mg may inhibit the
growth of long polymeric chains and retard the geopolymerization
process (M-S-H coating effect), increasing its porosity and consequently
reducing the overall mechanical performance of the geopolymers.

Fig. 8 depicts the atomic ratios of key chemical elements crucial for
the geopolymerization process in HPMC, derived from elemental anal-
ysis utilizing EDS data. Notably, the Si/Al ratio exhibited a decreasing
trend as the inclusion of MGS-1 increased from 30% to 70%. This
observation suggested enhanced dissolution of aluminium within the
alkaline environment, facilitating the substitution of silicon by
aluminium in the Si-O network, and promoting the formation of a more
cohesive Si-Al tetrahedral framework (Kriiger et al., 2023). The
measured Si/Al ratios of 2.56 and 2.53 in the MC-PL50 and MC-PL70
mixtures, respectively, approached the optimal ratio (~2.50) identi-
fied by Xu et al. (2021) for the geopolymer-based UHPC (G-UHPC).
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Fig. 7. SEM-EDS patterns of HPMC incorporating (a) 30%, (b) 50%, and (c) 70% of MGS-1.

Furthermore, the progressive reduction in the Si/Na ratios from 4.49 to
1.77 indicated an increase in sodium’s role in the dissolution of the
aluminosilicates. Nevertheless, the excessive sodium levels could pre-
cipitate premature efflorescence and obstruct the polycondensation in
geopolymers by accelerating the coagulation of the dissolved species at
an early reaction stage, potentially undermining the mechanical integ-
rity (Nath and Kumar, 2019). In terms of Si/Ca ratios across three
Martian concrete mixes, the inclusion of MGS-1 correlated with
increased ratios, suggesting a decreased participation of Ca ions in the
geopolymerization. This reduction in calcium involvement likely
diminished the formation of C-A-S-H gels and the creation of Si-O-Ca
bonds, which were typically more robust than those formed by sodium
(Wang et al., 2024; Chitsaz and Tarighat, 2021).

XRD analysis is a highly effective method for identifying crystalline
phases in the concrete matrix and assessing the degree of reactions
(Trivedi et al., 2023). The phase compositions of HPMC synthesized with
different MGS-1 dosages are shown in Fig. 9. Here, the principal
mineralogical phases are identified following the standard Power
Diffraction File (PDF) card. Notably, a broad peak ranging between 20°
and 40° in diffraction angle highlights the formation of C-A-S-H and
N-A-S-H gels within the HPMC matrix, consequent to the alkaline acti-
vation of aluminosilicate binders (Thakur and Ghosh, 2011). However,
this broad feature may also encompass the amorphous contributions
from unreacted precursor materials, which coexist with the reaction
products in the alkali-activated system. The prominent mineralogical
phase in the MC-PL30 mixture was identified as calcite at a 20 of 29.4°.
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This peak more likely arises from two factors: (i) the presence of calcite
impurities within GGBFS that persist when the material is insufficiently

MC-PL50 and MC-PL70 mixtures correlates with a higher rate of
amorphous gel formation and enhanced consumption of GGBFS in the
geopolymerization reaction. Additionally, the intensities corresponding
to forsterite and olivine peaks (at around 22.9°, 32.3°, 35.7°, and 36.5°
for forsterite, and 17.3°, 22.8°, 32.3°, 39.6°, and 62.6° for olivine) were
notably higher in MC-PL70, reflecting increased magnesium and iron
content from the elevated MGS-1 concentrations.

3.1.4. Mass-strength efficiency

Given the prohibitive cost of transporting raw materials from Earth
to Mars, Martian concrete should optimize ISRU while maintaining
requisite strength properties. In this context, the concept of “mass-
strength efficiency” (Zhou et al., 2021) was introduced to evaluate the
potential for mass savings while achieving specified strength levels in
HPMC containing various contents of MGS-1. Previous studies, such as
those by Hadnott et al. (2017), have demonstrated the feasibility of
producing an alkaline solution in-situ using alkali metals found on Mars.
Thus, the efficiency calculations were performed comparing scenarios
where the alkali activator sourced from Earth versus Mars. The respec-
tive efficiencies are detailed in Equations (1) and (2):

-1
Nmsg = [(mGGBFS + Milica fume + mﬂy ash + maclivator) x 100 / (mMGS—l + mwater) X fc] (1)

-1
Nmsm = [(mGGBFS + Milica fume 1 Mmyy ash) x 100 / (mMGS-l + Mactivator + mwater) X fc} (2)

activated (Yu et al., 2023), and (ii) carbonation reactions involving the
excessive amount of Ca®" dissolved from GGBFS that reacts with OH~
and CO3 in the open environment (Aziz et al., 2020). As the use of MGS-1
increased to 50% and 70%, the predominant phases identified were
bytownite, albite high, and anorthite (major mineral constituents of
MGS-1) at a 20 of 28.1°, with a corresponding reduction in calcite in-
tensity. This change suggests enhanced GGBFS participation in the
geopolymerization reaction and reduced carbonation at lower Ca®*
concentrations. Furthermore, the proportion of inert components in
MGS-1, serving as an aggregate filler, notably increased. It is particularly
significant that albite might transition into combined C-A-S-H/(N)
C-A-S-H gel structures in environments rich in Ca?" ions Xu et al.,
2021), which further underscored the dual role of MGS-1 as both reac-
tive precursors and aggregates. Moreover, the simultaneous reduction in
quartz diffraction peaks at 20 values of 20.8°, 26.6°, and 50.1° in the

where nmsg and nmsm represent the mass-strength efficiency of HPMC
with alkali activator sourced from Earth and Mars, respectively (MPa),
my denotes the mass of various components, and f, is the compressive
strength of HPMC (MPa). Fig. 10 illustrates the variations in
mass-strength efficiency of HPMC following curing periods of 1 and 7
days. Observations indicate that both scenarios exhibit enhanced
compression efficiency with curing time and MGS-1 content, particu-
larly in mixes MC-PL50 and MC-PL70, where efficiency markedly
improved from day 1 to day 7. Notably, producing the alkali activator
on-site on Mars enabled a 92.7%-112.9% increase in compression effi-
ciency. For instance, in the MC-PL70 mixture, the significant increase in
7-day efficiency from 0.650 MPa to 1.382 MPa suggested that for each
unit mass of Mars-sourced ISRU converted into 1.0 MPa of compressive
strength, the in-situ activator could potentially reduce costs by 81.5%.
Importantly, the efficiency showed a more marked increase from 30% to
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Fig. 10. Mass-strength efficiency in compression with alkali activator sourced from (a) Earth and (b) Mars.

50% MGS-1 content, especially after 1 day of curing. Following
comprehensive evaluation of the strength and microstructural perfor-
mance as reported above, the MC-PL50 mix has been identified as the
optimal choice for Martian construction, offering the highest early
strength and rapid efficiency increase. Further study will explore the
effect of diverse temperature and atmospheric conditions on this optimal
Martian concrete mixture.

3.2. Effect of diverse temperatures

3.2.1. Hardened mixture performance

The optimized Martian concrete mixtures MC-PL50 were cast and
subjected to initial consolidation for 24 h. Subsequently, the specimens
were exposed to a range of curing temperatures of 40 °C, 20 °C, 0 °C, and
—20 °C up to the testing period. As depicted in Fig. 11(a), a clear
gradation in colour lightning of the specimens was observed with
increasing curing temperatures. Notably, the colour variation intensified
as the curing period extended from 7 to 60 days. This change may stem
from the accelerated migration of alkali ions at 40 °C, resulting in the
formation of visible white carbonate deposits on the concrete surface.
Conversely, at sub-zero temperatures (0 °C and —20 °C), the rate of
geopolymerization reactions was reduced, inhibiting the conversion of

dark-coloured materials such as fly ash, silica fume, and MGS-1. This
slowdown also curtailed the migration of alkaline ions and carbonation
reactions, preserving the darker surface colouration. It is noteworthy
that an evident development of microcracks was observed in specimens
cured at 40 °C, which became increasingly visible with prolonged
curing. This phenomenon is mainly attributed to the accelerated evap-
oration of water at elevated temperatures, leading to disparate rates of
drying shrinkage between the surface layer and the internal matrix.

Fig. 11(b) illustrates the density variations in hardened HPMC mix-
tures subjected to different curing temperatures prior to mechanical
testing. The data indicates that all mixtures, except MC50PL40C,
maintained similar hardening densities across varying ages. However, at
40 °C, there was an evident decrease in specimen density from 2128.8 to
1973.2 kg/m3 (reduced by 7.3%) over time, which was attributed to the
progressive water loss as well as the reduction in matrix compactness
exacerbated by cracking phenomena.

Fig. 11(c) presents the effects of curing temperature on the
compressive strength of HPMC over a period of 60 days. The data clearly
indicates that the specimens cured at 40 °C exhibited the highest initial
compressive strength, yielding 71.8 MPa, which substantially exceeded
the strength observed in specimens cured at other three temperatures
(62.8, 47.4, and 50.3 MPa). This enhancement can be ascribed to the
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accelerated geopolymerization process at elevated temperatures, which
facilitated more rapid polymerization and crosslinking of the alumino-
silicate tetrahedron, leading to extensive gel phase formation
(Nurruddin et al., 2018). However, the specimens cured at 20 °C dis-
played a remarkable increase in strength development, exhibiting an
18.3% increase at 28 days and achieving the highest 60-day strength of
80.2 MPa. This strength gain outpaced increments of 5.0%, 31.5%, and
35.0% observed in the other groups, respectively. The reduced rate of
strength development in specimens labelled as MC50PL40C can be
attributed to decreased hardening density associated with continual
water loss, which significantly slowed the rate of geopolymerization in
later stages, while shrinkage cracking further impaired the load-bearing
capacity of the geopolymers. For specimens cured at 0 °C and —20 °C,
the observed lower strengths across all testing ages could primarily be
due to the increased viscosity of the alkali activation solution in cold
conditions or the markedly reduced dissolution rate of the aluminosili-
cate compounds and gel formation, a result of partial freezing (Zhang
et al., 2023b). It is noteworthy that the 7-day compressive strength of
the MC50PL-20C specimen was slightly higher than that of the
MC50PLOC specimen, although at 60 days, the latter exhibited superior
performance. This may be linked to the state of water within the geo-
polymer matrix. As noted by Huo et al. (2022), the freezing points of
different states of water within the concrete matrix varied significantly:
free water at about 0 °C, capillary water at —10 to —30 °C, gel water at
—43 °C, and absorbed water at —60 to —130 °C. Therefore, at —20 °C, a
higher proportion of water was likely to freeze, initially filling the mi-
cropores within the geopolymer and forming a denser matrix. Never-
theless, over longer periods under lower-temperature curing, the greater
proportion of frozen water impeded the geopolymerization reaction
rate, delaying or even preventing complete curing and thus slowing
strength development in HPMC.

The modulus of elasticity (MOE) serves as a critical metric for
assessing the capacity of concrete to withstand elastic deformation
under applied stress. Fig. 12(a) illustrates the variations in MOE for
HPMC after 28 and 60 days under different curing temperature condi-
tions. These values represent the mean of three cubic specimens derived
from compression tests, where the stress increment was divided by the
corresponding axial strain variation. These measurements were facili-
tated by the DIC system, which accurately recorded the real-time strain
data on the surface of each specimen. Results revealed that the MOE
notably enhanced with an extended curing period. Furthermore, the
trend in MOE variations mirrored the changes observed in compressive
strength under analogous conditions. This correlation likely stems from
the MOE being primarily derived from the elastic portion of the
compressive stress-strain relationship in concrete, wherein the MOE
generally fluctuates in response to variations in compressive strength. It
is particularly noteworthy that the mixtures cured at 20 °C exhibited the
highest MOE values at both tested ages: 29.4 GPa after 28 days and 30.3
GPa after 60 days. Conversely, the mixtures cured at sub-zero temper-
atures (0 °C and —20 °C) displayed the lowest MOE values, with
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reductions of 14.5% and 13.9% at 60 days in comparison with the
MC50PL20C mixture, respectively. Moreover, when examining the
compressive strength, mixtures cured at these sub-zero temperatures
demonstrated reductions of 23.9% and 25.9% under the same conditions
(as illustrated in Fig. 11(c)). This discrepancy suggests that the MOE
may be less sensitive to the low temperatures as compared to
compressive strength of geopolymer-based Martian concrete. Fig. 12(b)
delineates the correlation between the compressive strength and the
MOE of HPMC across different curing temperatures and periods. This
scatter plot indicates a robust power relationship between the strength
and MOE, as confirmed by the derived regression model MOE =
3172.1-/5 + 1453.1 with a coefficient of determination of 0.941, for
compressive strengths ranging from 55 MPa to 80 MPa.

3.2.2. Microstructural performance

Fig. 13 shows representative SEM images of HPMC samples con-
taining fly ash particles, examined under various curing temperatures.
In MC50PL-20C mix, cured at —20 °C, the spherical morphology of the
fly ash particle was largely maintained, with minimal adhesion of
amorphous gel on its surface. This observation suggests that the geo-
polymerization reaction is substantially hindered at such low tempera-
tures, with limited particle dissolution and subsequent geopolymer
formation. At a slightly higher curing temperature of 0 °C (MC50PLOC
mix), the image reveals an increased envelopment of the fly ash particles
by more amorphous gel, blurring their distinct outlines and indicating a
partial advancement in the reaction process. Progressing to 20 °C
(MC50PL20C mix), it becomes difficult to identify the individual fly ash
particles within the SEM micrographs, pointing to a more complete
geopolymerization reaction and the formation of a dense, uniform
geopolymer matrix. However, at 40 °C (MC50PL40C mix), despite the
formation of a denser matrix, the rapid moisture evaporation and
accelerated reaction rate associated with this elevated temperature
prevented some fly ash from fully reacting, as evidenced by their visi-
bility within the matrix. This incomplete reaction adversely influences
the long-term strength development of the material. The depicted mi-
crographs provide a detailed microstructural explanation for the
observed variations in mechanical properties of HPMC across a curing
temperature range from —20 °C to 40 °C, offering crucial insights for the
design and optimization of concrete suitable for Martian environments.

3.3. Effect of atmospheric environment

3.3.1. Hardened mixture performance

To evaluate the impact of different atmospheric conditions on the
performance of HPMC with and without steel fibre reinforcement, two
variants named MCSF and MCPL were synthesized based on the opti-
mized MC-PL50 mixture. Initially, these specimens underwent the
consolidation for 24 h and were subsequently subjected to either
ambient or COy-rich environments for curing until testing ages. As
illustrated in Fig. 14(a), the specimens exposed to the carbonated curing
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Fig. 13. Typical SEM images of HPMC focusing on fly ash particles with various curing temperatures.
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reinforcement.

displayed a notable increase in brightness, a manifestation of the
carbonation process wherein the calcium phases in the binder reacted
with CO5 to form calcium carbonate (CaCO3) (Sai Trivedi et al., 2023).
The brightening effect intensified as the curing extended from 28 to 60
days, indicating progressive and more extensive carbonation.
Conversely, the specimens cured in ambient conditions exhibited
consistent colouration throughout the period, suggesting a stable yet less
chemically interactive environment. Notably, these
ambient-conditioned samples showed minor surface microcracking,
while those in the COy-rich atmosphere maintained a smooth surface.
This implies that the carbonate layer formed during carbonation serves a
protective role, potentially shielding the Martian concrete by reducing
moisture loss and impeding pollutant penetration.

11

Fig. 14(b) showcases a comparison of the hardening density of HPMC
with and without steel fibre reinforcement at three curing periods under
two atmospheric conditions. The inclusion of steel fibres consistently
resulted in a denser matrix across all the measured intervals and envi-
ronmental settings. Notably, the use of fibres elevated the average
density from 2140.6 to 2169.8 kg/m® in specimens cured under ambient
conditions. This improvement was largely attributable to the fibres
enhancing the microstructure by reducing porosity and increasing
compactness within the matrix. The superior inherent density of steel
fibres over other constituent materials also contributed significantly to
this density enhancement. Additionally, the atmospheric condition
further affected the curing dynamics of HPMC. Specimens exposed to a
COy-rich atmosphere showed an increase in density as compared to
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those cured in ambient air. For instance, after 60 days, the density of
MCPL mixtures rose from 2150 to 2161.3 kg/m?, and from 2183.2 to
2203.3 kg/m® in MCSF mixtures. This effect was likely due to the
carbonation reaction within the geopolymer matrix, where COy expo-
sure led to carbonate crystallization, filling micro-voids and thereby
augmenting matrix densification (Bang et al., 2023).

Fig. 14(c) shows the compressive strength development of HPMC
under two atmospheric conditions over a period of up to 60 days. In the
ambient environment, MCPL specimens consistently exhibited lower
strength values at all measured intervals as compared to MCSF coun-
terparts. This discrepancy underscores the crucial role of steel fibres in
enhancing the mechanical properties of HPMC through improved crack
resistance and more effective load distribution within the geopolymer
matrix. As an illustration, at 28 and 60 days, the compressive strengths
of MCSF specimens reached 87.5 and 95.0 MPa, respectively, marking
increases of 17.8% and 18.5% over the MCPL cases. When subjected to
carbonation curing, both Martian concrete variants demonstrated
enhanced compressive strength relative to those cured in ambient air,
with the increase being more pronounced in the geopolymers without
fibres. Specifically, MCPL specimens displayed increases in strength of
17.1% and 13.6% at 28 and 60 days, respectively, while MCSF coun-
terparts showed increases of 8.5% and 3.5% for the same ages. This
trend can be attributed to the higher contents of calcium and silicon
within the matrix (refer to Fig. 7(b)), which, under the influence of CO,
exposure, facilitated the precipitation of CaCO3 polymorphs within void
spaces adjacent to the calcium-rich phases, as well as potentially
amorphous SiOy gels resulting from decalcification processes (Lamaa
et al., 2023). Moreover, the decalcification of C-A-S-H gels, where CO:
penetrated the concrete matrix and reacted with calcium ions in the gel
structure, further contributes to the formation of CaCOs and silica-rich
phases (Bernal et al., 2013). These reactions were beneficial to a more
cohesive and denser matrix, significantly improving the integrity of
HPMC. Nevertheless, extended exposure to high concentrations of CO5
may induce micro-defects or initial cracking within the matrix, and
compromised the alkaline environments essential for gel formation of
the geopolymers (Bernal et al., 2011). The reduction of alkalinity could
accelerate the corrosion of the embedded steel fibres, especially at lo-
cations of cracks or voids, thus weakening their toughening effect within
the fibre-reinforced Martian concrete.

Fig. 15(a) illustrates the typical compressive stress-strain responses
of HPMC (MCPL and MCSF specimens) under two atmospheric condi-
tions after 60 days of curing. The graphical representation was gener-
ated using real-time data, which was obtained from the compressive
loads measured by a testing apparatus and the axial strain changes
detected by a DIC system. The data clearly shows that the inclusion of
steel fibres signally enhanced both the compression capacity and the
deformability of the concrete matrix up to the point of softening.
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Notably, in ambient environments, the peak stress for the HPMC
increased from 78.8 MPa at a strain of 0.00301 (MCPL mix) to 95.6 MPa
at a strain of 0.00334 (MCSF mix). Additionally, the inclusion of fibres
notably reduced the brittleness of the concrete matrix post-peak, as
evidenced by a less pronounced drop in stress and a broader area under
the curves at the same strain levels. However, under prolonged exposure
to a CO, environment, the beneficial effects of fibre incorporation were
markedly diminished. Furthermore, carbonation curing positively
affected the compression capacity and peak strain of HPMC without
fibre reinforcement, as observed in the comparative analysis of stress-
strain characteristics.

Fig. 15(b) displays the failure modes of HPMC samples subjected to
ambient and carbonation curing conditions. The visual representation
clearly highlights the differential effects of fibre reinforcement and
environmental conditions on the integrity of the specimens. Under both
curing conditions, the MCPL specimens exhibited a brittle failure mode
characterized by the conical fracturing. In contrast, the fibre-reinforced
MCSF specimens demonstrated enhanced matrix integrity with reduced
surface spalling, indicating significantly improved ductility and tough-
ness. However, it is important to note that specimens carbon-cured for
60 days exhibited more pronounced structural damage as compared to
those cured for 28 days, suggesting a considerable weakening in the
fibres’ effectiveness at aiding the geopolymers in resisting crack for-
mation and propagation.

Fig. 16(a) delineates the variations in the static MOE of HPMC sub-
jected to both atmospheric curing conditions at 28 and 60 days. Derived
from the slope of the linear-elastic region on the stress-strain curves, as
illustrated in Fig. 15(a), the MOE results indicated a discernible increase
with extended curing periods. Notably, the addition of steel fibres
prominently enhanced the MOE, particularly in specimens cured in
ambient air, where the 60-day MOE observed a 7.3% increase from 30.3
to 32.5 GPa. In carbon-cured specimens, the increment was 4.4%, from
31.7 to 33.1 GPa. When combining fibre reinforcement and carbonation
curing, the increments in 28- and 60-day MOE reached 11.9% and 9.2%,
respectively, suggesting that both methods effectively improved the
matrix microstructure and stiffness. However, the efficacy of fibre
reinforcement diminished with prolonged exposure in high CO,
environments.

The regression equation MOE = 3172.1-f25 + 1453.1, derived from
the analysis of various curing temperatures in Section 3.2.1., is
employed to investigate the interdependency between compressive
strength and MOE for the HPMC under varied atmospheric conditions,
as illustrated in Fig. 16(b). By extending the initial compressive strength
range from 55-80 MPa to 55-100 MPa, the updated regression model
exhibited improved predictability of MOE across different compressive
strength behaviours under ambient and carbonation conditions (high-
lighted by the green cubic points). This adjustment yielded an enhanced

Reinforced
60 days

®)

Reinforced

Fig. 15. (a) Typical 60-day compressive stress-strain curves and (b) failure patterns of HPMC with and without fibre reinforcement after ambient and carbon-

ation curing.
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Fig. 16. (a) Static MOE and (b) its correlation with compressive strength of HPMC cured with various atmospheric conditions.

PN

Fig. 17. SEM micrographs of HPMC matrix with steel fibre reinforcement under (a-b) ambient and (c) carbonation curing conditions.

R? value of 0.974, up from 0.941, underscoring the model’s robust
predictive reliability across diverse temperature and atmospheric curing
environments.

3.3.2. Microstructural performance

Fig. 17 presents the typical SEM images of HPMC reinforced with
steel fibres in varied atmospheric environments. Fig. 17(a) and (b) de-
pict the matrix under ambient curing conditions, where steel fibres were
clearly embedded within the geopolymer matrix. Upon loading, the fi-
bres were observed to gradually detach from the matrix, demonstrating
notable fibre surface abrasion and the formation of pull-out trails. These
phenomena are indicative of the mechanical interlocking provided by
the steel fibres, which is important for inhibiting the rapid propagation
of macro-cracks and bolstering the structural integrity of HPMC matrix.
This interaction underscores the effective adhesion quality of the matrix
and the critical function of mechanical anchorage in enhancing energy
absorption of the concrete. Fig. 17(c) examines the matrix under
carbonation curing conditions, revealing distinct microstructural alter-
ations. The carbonation process, characterized by the reaction of CO5
with the geopolymer components, results in carbonate crystallization in
the geopolymer matrix. This reaction typically engenders a denser
microstructure as carbonate precipitates occlude micro-voids, evident
from the more compact interfacial transition zones (ITZs) between the
steel fibre and the matrix, in contrast to those observed in Fig. 17(b). It is
crucial to note, however, that the steel fibre exhibited pronounced
matrix cracking and damage. This damage is mainly ascribed to the
prolonged exposure to elevated COz concentrations, which disrupts the
alkaline environment, therefore precipitating the corrosion of the steel
fibres.

4. Conclusions
In this research, a high-performance Martian concrete (HPMC) was

synthesized utilizing a synthetic Martian regolith simulant, MGS-1. The
prepared Martian geopolymers were examined with varying amounts of
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simulant content, and the impact of curing regimes, comprising various
temperature and atmospheric conditions over different curing periods,
was systematically investigated. The findings from this research are
summarized as follows.

1) HPMC shows extended setting times and improved matrix
compactness with increased MGS-1 contents. A mixture containing
50% MGS-1 demonstrates the highest compressive strength of 62.8
MPa at 7 days, compared with 44.2 and 41.7 MPa for 70% and 30%
MGS-1 contents, respectively.

2) The mixture with 50% MGS-1 shows ideal Si/Al, Si/Na, and Si/Ca
ratios, promoting efficient geopolymerization and prolific formation
of C-S-H, C-A-S-H, and N-A-S-H gel. The dual role of MGS-1 as both a
precursor and aggregate is highlighted through XRD analysis.
The mass-strength efficiency of HPMC improves with longer curing
and higher MGS-1 content. Overall, the mixture with 50% MGS-1
provides the best balance of early strength and efficiency, making
it the optimal choice for Martian construction.
HPMC cured at 0 °C and —20 °C consistently achieves the lowest
compressive strengths due to the reduced dissolution rate of alumi-
nosilicate compounds and limited gel formation. In contrast, curing
at 40 °C and 20 °C, respectively, shows superior early and long-term
strength. The higher temperature accelerates moisture loss, slows the
geopolymerization rate, and induces shrinkage cracking in the
matrix.

5) Carbonation curing and steel fibre inclusion both markedly improves
the matrix compactness and compressive behaviour of HPMC, with a
peak strength of 98.3 MPa observed in the fibre-reinforced specimen
after 60 days of carbonation curing. However, the prolonged CO,
exposure reduces the fibres’ toughening effect, as indicated by
visible matrix cracking and damage to the steel fibres.

3)

4)

. Limitations

Despite the encouraging results presented in this study, several
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limitations warrant consideration for future research and practical
implementation, particularly in the context of off-Earth construction:

1) This study employed GGBEFS, silica fume, and fly ash, which are not
realistically available on Mars. Although these precursors served as
performance benchmarks, future research will focus on developing
and testing high/ultra-high performance Martian geopolymers,
relying solely on Martian regolith or locally synthesized materials.
A relatively high AAS dosage was adopted to ensure rapid and
complete geopolymerization. While this dosage improves mechani-
cal performance, it raises concerns regarding logistical challenges of
transporting or synthesizing large quantities of activators on Mars.
Lowering the activator dosage through optimizing mix design or
developing ISRU-derived activators remains a priority for sustain-
able off-Earth construction.

While steel fibres notably enhance the mechanical properties of
HPMG, the mass and energy costs of transporting steel from Earth are
prohibitive for large-scale use on Mars. Moreover, the capricious
conditions on Mars may pose further challenges to steel durability.
Alternative materials, such as basalt fibres derived from Martian
minerals, could offer a more practical route for reinforcement under
off-Earth conditions.

While the study examines the behaviour of Martian concrete be-
tween —20 °C and 40 °C, this temperature range does not fully
capture the actual —63 °C Martian average (Reches, 2019). Future
work will explore testing at lower temperatures to gain a more ac-
curate evaluation of how Martian concrete performs in true Mar-
tian-like environments.

2

—

3

—

4

—

Addressing these limitations is crucial for advancing the concept of
in-situ Martian constructions. Building on these findings, a more robust
experimental framework emphasizing lower operational temperatures,
increased use of Martian soil, and minimized reliance on external raw
materials will significantly enhance the feasibility of developing sus-
tainable, self-sufficient construction methods for future extra-terrestrial
habitats.
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