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Abstract

Mars is the most accessible planet in the solar system for habitation and could serve as a base for
exploring more distant planets. Space agencies and scientists worldwide continue exploring Mars
to gain more geologic and atmospheric information in preparation for constructing space habitats.
The harsh planetary conditions of Mars require the development of new or modified methods for
building infrastructure and formulating binders. Each type of concrete has advantages and

disadvantages, and we need to find the best binder for use in construction on Mars.

In this study, eight construction materials, including Ordinary Portland cement (OPC), sulfur
concrete, geopolymer, sintered material, polymer-bound regolith, products of geo-thermite
reactions, regolith-based magnesium oxychloride, and microbial-induced calcite precipitation, are
reviewed according to 14 criteria. The criteria are availability, shipping, water requirement,
technical working conditions, curing time, temperature, total required energy, strength, durability,
cosmic radiation shield (density and hydrogen content), additives needed, sustainability, safety,
and recyclability. We applied the Fuzzy Analytic Hierarchy Process (AHP) approach to assign a
weighting to each criterion. Finally, we used three multi-criteria decision-making (MCDM)

methods to determine the most suitable mortar for construction under the harsh conditions on Mars.

The results show that if the general conditions of Mars are considered uniform such as different
temperatures and geologies dependent on location, geopolymer concrete is the best material for
construction based on Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS),
VlseKriterijumska Optimizacija | Kompromisno Resenje (VIKOR), and Weighted Aggregates

Sum Product Assessment (WASPAS) methods, and sintered material concrete and sulfur concrete
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are equally ranked second. Correspondingly, five concretes of Portland cement, products of geo-
thermite reactions, regolith-based magnesium oxychloride, polymer-bound regolith, and
microbial-induced calcite precipitation are the most efficient construction materials, respectively.
In addition, using the Fuzzy AHP method, the criteria of shipping and sustainability have the
highest and lowest weighting, respectively, in the decision-making process. The use of MCDM
methods and inductive analysis provides a scientific approach that enables the comparison of the
potential of several space concrete materials for better decision making in future research and

construction within the next 10 to 20 years.

Keywords: building materials, space habitat construction, Martian concrete, MCDM.

1. Introduction

Space colonization has always been a subject of human interest, and about half a century after
man's journey into space, we are now thinking of a short-term and long-term stay there. Scientists
and investors believe that the Moon and then Mars would be an applicable base for humans' (semi-
)permanent presence. However, these activities require natural resources for construction, and due
to technical and economic limitations, it is impossible to send large quantities of materials from
Earth. In situ resource utilization (ISRU) becomes one of the requirements for long-term missions
on other planetary surfaces. The resources will be used to build shelters, launch and landing pads,
routes, and factories. In addition, conditions on the Moon and Mars are not comparable to those
on Earth. Therefore, researchers should use new methods and materials or modify traditional

construction approaches to adapt to harsh conditions.

The Martian gravity is 3.721 m/s?, and the average atmospheric pressure is 655 Pa. Moreover, its

surface is exposed to harmful radiation because its atmosphere is not dense, but the atmosphere
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still provides a reasonable protection against incoming meteorites, in contrast to the Moon [1, 2].
The temperature on Mars varies considerably depending on surface location, season, and time of

day. The temperature range of Mars is -153 to 20 [3-5].

The difference in daily and seasonal cycles between Earth and Mars is a factor that should be
considered in space habitat construction. Earth takes 24 hours to complete one spin and revolves
around the Sun in about 365 days. In contrast, Mars' rotation takes 24 hours, 39 minutes, and 35

seconds, and its orbit around the Sun takes 687 Earth days - or one Martian year [6, 7].

The harsh conditions in space need to be accounted for to reduce predictable and unpredictable
risks during and after habitat construction [8]. These extreme planetary conditions challenge
engineers to redefine the materials, additives, mixing processes, casting, compacting, and curing
conditions [9]. Accordingly, the space materials should meet specific conditions, including [10]:
e The material should have a low working temperature range due to the wide range of low
temperatures on Mars.
e The materials must have a good performance and be resistant to the major temperature
swings linked to exposure to solar radiation and distance from the Sun.
e The materials should be erosion and corrosion-resistant because of the mechanical erosive
(dust-blown wind) and chemical corrosive (CO2 and UV radiation) environment of Mars
[11]
e The material used should not be ferromagnetic because of the presence of magnetic dust
on Mars.
e Materials need to act as radiation shields.
The construction materials are usually tested under simulation conditions in a laboratory to
determine their shortcomings. One of the factors that significantly affects the results of the

4



89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

experiments is the soil of Mars because its metal oxides usually participate in reactions during
processing concrete mortar. However, Martian regolith has not yet been brought from Mars to

Earth.

Therefore, Martian regolith simulants are commonly used for space construction experimental
tests [12]. The main characteristics of these regoliths are mineralogical composition, morphology,

and particle size distribution (PSD).

Moreover, the construction technology is one of the effective parameters that influences the
selection of an appropriate concrete. The two main methods proposed for space construction
include 3D printing and using sulfur and sintered bricks [13, 14], as shown in Fig.1. Isachenkov,
Chugunov, Akhatov and Shishkovsky [15] presented a review comparing recent developments in
chemical and technological features of 3D printing using lunar regolith simulant. They formulated
the essential requirements and methods to adapt additive manufacturing methods for space
conditions. Generally, simple bricks can be easily built by casting in a mold, and additive
manufacturing (AM) methods can be customized with complex geometries [16, 17]. In addition to
3D printing and the use of bricks, some areas of space construction remain unexplored, for

example, underground and underwater (ice) construction [16, 18, 19].
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Fig. 1. (a) 3D printing and (b) solar sintering brick (b) [13, 14]

1.1 Binders for space habitat construction

In the construction industry, several types of concrete are made using different materials and
methods. These concretes need primary and secondary conditions to effectively maintain their
mechanical properties in the harsh environment of Mars. Primary conditions refer to the
construction method, the required temperature, pressure conditions during construction, and the
early curing stages. Secondary conditions should consider keeping the temperature and pressure
constant until complete curing. The general binders reported in the literature are Ordinary Portland
cement (OPC), alkali-activated cement (AAC), geopolymer cement (GC), elemental sulfur (ES),
Mg- and Si-based binder (MSBB), and water (by freezing).

Furthermore, many new materials are proposed for use in space construction, including sintered
material, polymer-bound regolith, products of geo-thermite reactions, microbial-induced calcite
precipitation, and regolith-based magnesium oxychloride. The synthesis of these binders needs
considerations regarding energy consumption and raw material availability [1, 8, 20-23]. This
study will not attempt to survey all possible material concepts but will scrutinize those that are
currently at an advanced stage of development.

1.2 Trade study

Applying state-of-the-art methods and tools for planning, management, information, cost, design
trade-off analysis, and simulation substantially enhances the effectiveness of the system design
process [24]. Trade studies are decision-making actions used to determine the most reasonable and
acceptable technical solution among a set of proposed options. All decisions are inherently
subjective and involve risks. Trade studies develop an effective means to address the subjectivity

and risks by documenting the decision-making process to provide traceability and repeatability
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[25, 26]. Hence, a trade study is an objective comparison taking into account the cost, performance,
risk, schedule, and all other criteria of all realistic alternative requirements [27].

The simplest form of trade study comprises the following steps: (i) Defining the alternatives and
criteria; (i) Assessing the performance of each alternative for each criterion; (iii) Comparing the
results and choosing the best option; and (iv) Documenting the trade study process and its
outcomes. The comparison is generally made by considering two definitions, namely a measure of
effectiveness (MOE) - A measure of how well mission goals are achieved (‘how well’ not ‘how?)
and a measure of performance (MOP) - A quantitative measure that, when met by the design

solution, will help ensure that a MOE for a product or system will be satisfied [28].

In the studies by Metzger and Autry [29], Dias, Matijevic, Venkataraman, Smith, Lindemann and
Levin [30], a trade study of construction methods of landing pads using cost metrics was
introduced. They considered several parameters, including the cost of the transportation of
materials from Earth to the lunar surface, the energy expenditure cost, the lifecycle cost of energy
systems, and the time required by a construction method (program delay cost). They examined
different landing pad construction approaches by focusing on economic analysis, and the physics-
based modeling of the construction techniques was not directly involved. In another study,
Anderson [31] investigated different technologies of the integrated water recovery system used on
the International Space Station (ISS) using a trade study. In addition, Cruz, Cianciolo, Powell,
Simonsen and Tolson [32] conducted a trade study that compared various entry, descent, and
landing technologies to place payloads on the surface of Mars.

Such trade studies often use a weighted averaging method of several criteria involving both
quantitative and qualitative criteria in an aerospace technical subject. However, there are more

advanced methods available that provide more accurate results with more comprehensive
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comparisons, such as multiple-criteria decision-making (MCDM). In addition, using these

mathematical methods, comparisons with many options and criteria can be made.

1.2.1 MCDM (Multiple-Criteria Decision-Making)

MCDM is a part of operations research that explicitly considers multiple inconsistent decision-
making criteria. Some fields, such as medicine, government, and business, have inconsistent
criteria that lead to the complexity of decision-making. This complexity originates from the
different nature of the criteria; some are quantitative, whereas others are qualitative [33]. Different
inconsistent criteria take part in the decision-making to find the best materials and concrete to build
lunar and Martian habitats, and these methods can help space engineers. The criteria, such as
technical and economic, are named inconsistent criteria, which are quantitative or qualitative.
Qualitative criteria include limitations, shipping, sustainability, and safety in space habitat
construction topics. Quantitative criteria include temperature, curing time, strength, and density.
Solving an optimization problem by addressing inconsistent criteria is more reliable and precise

than a decision considering only one factor.

There are many different MCDM methods with different complexities and assumptions. These
differences originate from various chosen score scales and weightings. As a consequence, there is
a knowledge gap regarding the reliability of their results. The complexity of the MCDM
approaches depends on the statistical features and the mathematical procedure. In these methods,
the assumptions are criteria weighting, intensity, and explanation for comparing i rows with j
columns in a matrix of pairwise comparisons [34-37].

MCDM methods consist of a wide range of approaches and are classified into three groups [38-

40]:
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e Value evaluation approaches: A numerical rate is formed for each alternative. Furthermore,
a weight (w) is determined for each criterion to demonstrate the influence of the criterion
(e.g., AHP).

o Reference level and goal models: These approaches estimate how suitable alternatives
affect the achievement of specific targets (e.g., TOPSIS).

e Dominating methods: These models compare the alternatives pairwise for each criterion
and determine the superiority of preferring one over the other (e.g., PROMETHEE,
ELECTRE).

The ability of MCDM methods has been proven in various sciences such as the military, petroleum,
and civil engineering, medical, and space exploration [41-44]. From an aerospace engineering
perspective, Tavana [45] used the MCDM to define the risks and advantages associated with three
optional mission architecture plans for Mars exploration. Gunaydin, Duvan and Ozceylan [46]
defined the best habitable planet using the MCDM method. Nine habitable planets as well as the
Moon were studied in their research. The criteria included gravity, mass, escape velocity, diameter
density, rotation time, distance from the Sun, length of the day, perihelion, aphelion, orbital period,
orbital inclination, orbital velocity, orbital eccentricity, mean temperature, obliquity to orbit, and
the number of satellites. Furthermore, the Analytic Hierarchy Process (AHP) approach was applied
to determine the optimal properties of a lunar construction habitat [47]. In addition, Higgins and
Benaroya [47] used the AHP to define optimal lunar habitat construction. In addition, Sanchez-
Lozano, Moya and Rodriguez-Mozos [48] ranked and prioritized the exoplanets intending to seek
biomarkers using MCDM methods. In another study, Eren and Katanalp [49] investigated the

selection problem of Bike-Sharing Systems (BSSs) station sites based on transportation and
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recreational land uses. Saraswat, Digalwar and Yadav [50] evaluated different energy sources for
sustainable development in India by applying the fuzzy AHP and WASPAS methods.

To the authors’ knowledge, there is no review yet of proposed space binder materials. Hence, this
paper gathers and compares different concretes considering technical, availability, and operation
parameters. The two main goals of this research are (i) to present a summary of space mortar
concretes and compare them, and (ii) to determine the best material considering inconsistent
criteria for the time frame of near-term construction within the next 10 to 20 years. Therefore,
eight construction materials are reviewed along with 14 criteria. In this study, the Fuzzy AHP is
applied to assign weightings and define the most determining criteria, and Multiple-Criteria
Decision-Making (MCDM) methods are used to find the best concretes for Martian habitat
construction. In total, three methods of MCDM are used in this study: the Technique for Order of
Preference by Similarity to Ideal Solution (TOPSIS), the VliseKriterijumska Optimizacija |
Kompromisno Resenje (VIKOR), and the Weighted Aggregates Sum Product Assessment
(WASPAS). These models are based on estimations rather than direct measurements of mature

construction systems because each of these technologies is still under development.

2. Methodology

In order to find the best concrete mortar for the construction of space habitats, the promising
primary materials were first discussed, and their advantages and disadvantages were briefly
presented. In addition, various effective criteria related to concrete mortars are explained, and
finally, Fuzzy AHP, three MCDM methods of TOPSIS, VIKOR, and WASPAS are described. Fig.

2 shows the procedure of applying MCDM methods to select the best space concrete mortar.

10
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Fig. 2. The procedure of applying MCDM tools to select the best planetary concrete mortar.

2.1 Construction materials

The most important materials proposed for space habitat construction, including ordinary Portland
cement, sulfur, geopolymer, sintered material, polymer-bound regolith, products of geo-thermite
reactions, microbial-induced calcite precipitation, and regolith-based magnesium oxychloride, are
reviewed. Their different main properties, advantages, and disadvantages are also presented. There
are three other types of concrete plaster of Paris-based gypsum, water-based ice concretes [51],
and cold sintering [52] but there is not enough data available on those that enables comparison

with other concretes in this research.

e Ordinary Portland cement (OPC)

Ordinary Portland cement (OPC) is a hydraulic cement produced by mixing limestone (CaCOs3)
with Si-rich clay or shale and heating it at temperatures of approximately 1450 °C [53, 54]. Most
research on space construction has been conducted on OPC terrestrial binders because of their high
durability, strength, and simplicity [1, 55-59]. One of the disadvantages of the potential use of
Portland cement mortar on Mars is the shortage of CaCOs on Mars, which would not be sufficient
for OPC production [8]. Another disadvantage of this cement is that it needs water for the
production process, hydration, and curing [60]. Water is an essential requirement for the
production of concrete. Liquid water is not thermodynamically stable on the surface of Mars, but

11
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it can be found on the sub-surface or could be produced by melting ice [61]. Some ice-water
inferred reserves, particularly near the poles, are more localized and less plentiful near the equator

[62-64]. Water condensation from atmospheric humidity can be an option to acquire liquid water
[8].

The curing time of this cement is 28 Earth days (the pressure and temperature condition of Earth).
Certain conditions should be prepared to prevent freezing and evaporation of water during
hydration at low temperatures and vacuum pressure conditions [65, 66]. From the perspective of
shielding against galactic cosmic rays (GCR) and occasional solar particle events (SPE), Portland

cement can be a good option for shielding [67, 68].

e Sulfur concrete

Sulfur binder has been studied as a potential cement for space concrete [57, 69-71]. It would be
processed from sulfate minerals that are abundant on the Martian surface, such as ferric sulfate

(Fe2(SOa)s) [72-74].

Barkatt and Okutsu [75] surveyed different thermochemical and electrochemical methods that
might be used to produce elemental sulfur from its compounds in Martian regolith. Two critical
stages of producing this binder include synthesis by the ferric sulfate pyrolysis at ~900 °C and
catalytic reduction of the evolved sulfur dioxide (SO2) gas [76-81]. A total of 22.5 g of hydrogen
and 105 g of Carbon monoxide (CO) are required for one kilogram of ore synthesis, which can be
synthesized on Mars from water and Carbon dioxide (COz), respectively. The valuable products
of this reaction would be 240 g of elemental sulfur, 203 g of water, and 120 g of Oxygen (O2). The
waste products, including 400 g Iron oxide (Fez20s3), 165 g CO2 (gas), water, and carbon dioxide,

could be reused to regenerate the hydrogen and CO components.
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In order to use elemental sulfur as cement, the mixture of molten sulfur (>120 °C) and grains can
be used in casting and printing; when the temperature decreases to 112.8 °C, the mortar sets and
hardens rapidly into a solid body. This binder is an interesting cement for space construction
because it uses accessible resources and does not need water for mixing and casting. In addition,
this cement can be easily reused by heating and recasting. Moreover, this concrete is recyclable

and can be easily remolded in new applications [82].

A potential drawback of sulfur concrete is that the structures constructed by sulfur concrete can
reach temperatures that exceed that of molten sulfur (>120 °C), for instance, the high temperature
of rocket motor plume, which would cause a sulfur concrete structure to fail if the structure is
exposed to these conditions [83, 84]. This concrete has desirable mechanical and chemical
properties for space applications, but its synthesis is the main challenge in using sulfur [8, 85, 86].
However, Wan, Wendner and Cusatis [70] have suggested the probability that elemental sulfur
may be present on the Martian surface. In addition, it is assumed that sulfur sublimation under
vacuum conditions could be one of the biggest challenges in the production of sulfur concrete in
space [87]. However, Shahsavari, Karbala, Iranfar and Vandeginste [88] predicted that the
sublimation rate under vacuum conditions at very low temperatures, -60°C, can be decreased

approximately 8000 times compared to 20°C.

e Geopolymer

Generally, geopolymers are made from by-products such as fly ash and slag. They are green
cement with high uniaxial and flexural strength, suitable durability, and low carbon emission [89-
92]. Geopolymers are composed of silico-aluminates in an amorphous to semi-crystalline 3D
structure. This binder shows good efficiency, such as fast, controllable setting and hardening time,

high compressive strength, freeze-thaw resistance, excellent durability in sulfate and acidic
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environments, fire resistance with low thermal conductivity, low shrinkage, and adequate radiation

shielding [93-98].

One of the disadvantages of this concrete is the need for water. However, a study by Wang, Tang,
Cui, He and Liu [99] proposed a method to produce geopolymer concrete in which water is
recovered after curing using tektite powder. The low operating temperature (70-90 °C) and one-
day curing time of the geopolymer are suitable for space construction. In contrast, Portland cement
concrete needs a curing time of 28 Earth days, and sulfur cement and sintered material require a

high temperature [100, 101].

e Products of thermal methods

Thermally produced construction materials are divided into two common classes: sintered and
melting-manufactured construction materials. The most common sintering methods are laser,

radiant furnace sintering, and microwave sintering [102, 103].

Sintering is a thermal treatment method that attaches grains into an integrated solid because of
mass transport at the atomic scale without completely melting the material [104]. It
thermodynamically reduces the overall surface area of two or more grains by coalescing them
together and leading to new interfaces between the particles [105]. During this process, regolith is
transformed into sintered metal oxide material and a solid by heating under the temperature of the
melting point, and it causes the surfaces of the particles to diffuse into each other [16, 106, 107].
Compared to the melting method, sintering needs less energy to produce a solid block and does
not require additives or other processes [108]. Examples of sintered products are ancient ceramic
clay pots and modern composites. In addition, solar sintering is the most promising space

technology in this field, which has been proposed to construct lunar concrete [29, 109].
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In contrast to sintering, regolith is liquefied above the melting temperature in the melting and
casting processes. These methods can build dense materials with high strength and wear resistance.
Materials generated by melting and casting are categorized as glass, glass-ceramic, or cast,
depending on the degree of crystallization of the end product [110]. The most critical drawback of
these methods is the high temperature and high energy consumption, whereas the main advantage
is that no additives are needed [111]. In addition, products of thermal methods production often
requires a slow cool-down to prevent cracking from rapid cool-down due to thermal stresses

induced from phase transformations during sintering [112].

e Polymer-bound regolith concrete

Hintze, Curran and Back [105] used polymers for the first time to bind lunar regolith simulants
and prepared a polymer/regolith composite with less than five mass percent polymer. The in situ
required polymers may be extracted from volatiles ubiquitous on planetary objects or acquired on
asteroids or moons with kerogen-like organic material [105, 113, 114]. Some researchers, such as
Chen [115], studied polymer concrete and made a polymer with a high strength/weight ratio with
high radiation resistance as a binder to cement together lunar regolith grains firmly. Johnson-
Freese [116] provided an overview of the role of polymers as a promising material. It can be used
as a shield of radiation, chain scission, and crosslinking. The disadvantage of this concrete is its

low strength.

e Products of geo-thermite reactions

The geo-thermite reaction is an oxidation-reduction reaction, including a mixture of minerals,
glass, and aluminum. This phenomenon is a self-propagating and high-temperature synthesis

(SHS) reaction. Chemical reactions between intact aggregates and a reducing agent, which show

15
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thermite-type reaction behavior, are known as reactions of geothermite. The geothermite reaction
is a method with high potential for ISRU applications in space construction. The heat generated
during thermite reaction can melt at least one reactant and bind them together [117-119].

In a study by Delgado, Cordova and Shafirovich [120], the possibility of using Martian regolith
has been explored to understand the effect of iron oxide and magnesium contents on reaction
mechanisms. However, more research needs to be conducted on this cement. Furthermore, the two
most significant barriers to using this method for space habitat construction are the energy-
intensive extraction and the large amount of metal needed for the powder [22].

e Regolith-based magnesium oxychloride

Magnesium oxide (MgO) has been used on Earth for more than a century as Sorrel cement
(magnesium oxychloride) [121]. The magnesium oxychlorides (MOCSs), introduced in 1867 by
Stanislas Sorel, are non-hydraulic binders. Chemically, they can be defined as various ingredients
of the MgO-MgCl2—H20 synthesis [122]. Jiangxiong, Yimin and Yongxin [123] and Jin and Al-
Tabbaa [124] have illustrated that MgO can be combined with amorphous silica to form
magnesium-silica-hydrate (MSH). This mixture is similar to calcium silicate hydrate (CSH) made
by conventional Portland cement. Tran and Scott [125] investigated the potential of this cement
for high-strength structural applications by building a MgO-silica fume mortar with 87 MPa
compressive strength [126]. In another study, magnesium oxide, amorphous silica, and water were

mixed with four Martian regolith simulants to produce mortar cube samples [127-129].

MOC cement has a fast setting time, high initial strength, and good rheological and workability

properties. In addition, it does not require water for curing [126].

Magnesium is a ubiquitous element on the Martian surface, and there are no restrictions on in situ

material utilization and availability. Furthermore, magnesium chloride (MgClz2) or monopotassium
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phosphate (KH2PO4) must be involved in the reaction to complete the cementation process. On the
Martian surface, chloride can be processed into brines and phases such as apatite and amphibole
[57, 130, 131]. In addition, potassium is present in jarosite, some clays, and micas; these phases

have been identified in Meridiani Planum and near Nili Fossae [132, 133].

e Microbially induced calcite precipitation

Biocementation, known as microbially induced carbonate precipitation (MICP), involves the use
of microorganisms to precipitate calcium carbonate (CaCQOs3) as a cementing agent [134-137]. This
binder is generally used to repair damaged concrete structures, stabilize soil, and replace

conventional Portland cement [138, 139].

Many researchers have focused on understanding how in situ construction using MICP can be an
interesting option for building Martian habitats. In this method, a urease-producing bacteria favors
the precipitation of calcium carbonate between loose aggregates. In addition to the grains and
bacteria, a calcium source and urea must be present. The urea reacts with water to produce
ammonia and carbonate. In this process, the calcium carbonate formed by the carbonate and
calcium ions precipitates because of supersaturation and binds the grains together [140]. Calcium
can be extracted by chemical analysis from minerals such as limestone, and the required urea can
be obtained from the urine of humans and animals in the space environment. The only substance
that needs to be sent to space is the bacteria, the growth media, the setups, and water if there is no
access to it in place. Due to the temperature dependence of bacteria, it is also important to provide

the proper temperature conditions [141-143].
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e New materials

Roberts, Whittall, Breitling, Takano, Blaker, Hay and Scrutton [144] studied male and female
serum albumin (HSA), a general protein acquired from blood plasma, as cement for Lunar and
Martian regolith simulants to create regolith biocomposites. Their samples had a compressive
strength of over 25.0 MPa. They also investigated urea, which could be obtained from astronauts'
sweat, tears, or urine, and observed that compressive strength increased by more than 300% in
some instances. In addition, some new additives were also introduced, such as urine as an
accessible superplasticizer on the Moon for lunar geopolymer mixtures. Although new materials
and additives are sometimes very attractive in this research area, it is unclear whether they will be

practical and valuable in the long term.

2.2 Criteria of construction materials

Fourteen criteria, including availability, shipping, water requirements, technical working
conditions, curing time, temperature, total required energy, strength, durability, cosmic radiation
shield (density and hydrogen content), additives needed, sustainability, safety, and recyclability,
are selected to determine the best concrete mortar for space habitat construction. There are many

other parameters, but this study deals with construction materials from a mechanical point of view.

The cost criterion is very important in every decision-making, and it has several parts, namely,
shipping, non-recurring engineering (aka development cost), recurring engineering (producing
replacement parts), and operations [145]. However, this criterion was not considered here since
the different construction methods for Martian conditions have not been finalized for space
construction, and their needs have not been studied [146]. In addition, the distribution of mineral

resources on Mars is not uniform. For instance, the map of the sulfur concentrations in the upper
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few tens of centimeters of the Martian surface is shown in Fig. 3 [147]. In this study, it is assumed
that the necessary raw materials are uniformly distributed on the surface of Mars, and a discussion

based on non-uniform distribution is beyond the scope of this study.

S (Wt%)

-180° -120° -60° 0° 60° 120° 180°

Fig. 3. Map of the sulfur concentrations in the upper few tens of centimeters of the Martian

surface [147]
e Availability

The construction of permanent planetary habitats is limited by the efficiency of building materials
and the availability of in-situ resources [148]. Building with locally available materials reduces
transportation costs, equipment costs, etc. The issue of resource availability is a question that
engineers and economists have addressed over the past decades [149]. Martian soil, for instance,
is abundant, but substances such as water are not ubiquitous. Organic materials such as polymers
have also not yet been discovered on Mars. Some materials, such as silicon oxide, iron oxide, and
aluminum oxide, are abundant on Mars [150]. On the other hand, some minerals, such as
carbonates, are scarce [151]. This parameter strongly affects the construction and type of mortar,

and researchers are trying to use in situ materials [152].
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Finally, construction methods using resources that are available on the surface of Mars and that do

not need extraction or much processing are superior such as the sintering method to other methods.

e Shipping

The shipping parameter is an essential factor because the cost of shipping to Mars is very high,
about US$10 k to US$200 k per kilogram [29, 153]. Some proposed habitat construction materials
require the shipping of specialized reagents such as polymers or bacteria [116, 143, 154]. Due to
the high cost of shipping resources from the Earth to Mars, the construction of civil infrastructure
from in-situ materials is favored, and the types of concrete that do not require the transfer of
resources from Earth are more attractive to researchers, such as concrete produced by the sintering
method [145, 155]. One of the major challenges of early ISRU is that feedstocks preferably should
require minimum processing and direct application without energy intensive homogenization or
transformation steps [112]. However, in the near future, the shipping costs will decrease by new
developments such as Starship and propellant production/refueling, which will help the application
of new materials with unique properties on Mars [156, 157]. In this manuscript, only the materials
that require shipping to Mars are considered and mechanically compared. Any production method

may also require specific equipment, but this is beyond the scope of this study.

e Water requirement

Water is one of the most significant components that play a decisive role in selecting materials for
space habitat construction [51]. Some materials, such as Portland cement, require much water to
hydrate, while materials, such as sulfur concrete, do not require water [158]. Although water has

been discovered on Mars, it is found as ice beneath rock layers and must be extracted and melted,
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and hydrated minerals are a likely source of water for future explorers [153, 159]. In general,

selected materials that do not require water have an advantage over others.

The criterion of water requirement represents in this work only the water needed in the mixture
itself (i.e., for hydraulic binders). However, it is possible that >99% of the water used in concrete
is not used in the mixture itself; for instance, the amount of water needed to operate machinery,

wash facilities, in the quarry, cement kiln, concrete batch plant, etc. [160].

e Technical working conditions

Each construction mortar needs some pre-determined conditions to be used effectively. Technical
working conditions include processing raw materials, storage, and transportation to the desired
location, and conditions during and after construction. These conditions include printing and
curing conditions. For instance, the condition of Portland cement mortar should be controlled
during printing to prevent the water in the mortar from freezing at low temperatures and from
evaporating at the very low atmospheric pressure. In addition, this type of cement has a curing

time of 28 Earth days, and these conditions must be maintained until the full strength of the cement.

Furthermore, this cement needs lengthy processing to turn raw materials into cement [161]. On the
other hand, sulfur concrete requires the condition to remain above 120 °C for the material to be
melted, but it freezes quickly after printing, and no curing condition is required [158]. Some
materials that do not have complex printing and curing conditions, such as the sintered material
and most straightforward approaches without specific facilities during printing, are more

acceptable to engineers [14].
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e Curing time

Curing time is one of the critical limiting factors in selecting construction mortar [162]. The curing
time is important because once the 3D printer pours the mortar, it needs to cure quickly to prepare
the next layer and support the structure [163]. This time should not be too short to allow the grout
to cure in the pipes before it leaves the nozzle. The optimization of this time is related to the
rheology of the mortar and, for some mortars, can be modified by using retarders and accelerators.
For instance, Portland cement mortar needs 28 Earth days to reach its final strength, but sulfur
cement and sintered materials reach their maximum strength immediately after decreasing the
temperature [8, 164-166]. Generally, materials with a shorter curing time after printing require less

and simpler equipment.

e Temperature

The temperature issue can be subdivided into the temperature required to process the material,
e.g., 1400 °C to produce Portland cement or 900 °C to extract sulfur from Martian regolith [8,

166], and the working temperature during printing [9].

Portland cement mortar must be maintained at a temperature higher than the freezing point of
water, and sulfur cement also has a working temperature of 120 °C to keep it molten [71]. On the
other hand, some concretes, such as sintered materials, do not require raw material processing, and

only a temperature of 1400 °C is used to melt the regolith [102, 112].

Methods with high temperatures require special devices such as nuclear energy or newer
technologies, while solar cells are adequate for low temperatures [167]. This study considers the

maximum temperature to compare the materials in the decision matrix.
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e Total required energy

The final amount of energy per unit volume is critical in building a structure [168]. Some mortars
must be processed before printing and maintained under the required conditions during curing.
Portland cement mortar requires high energy during processing (1400 °C) and 28 Earth days of
maintenance at a temperature higher than the freezing point of water for complete hydration [8,

58, 166].

e Strength

It can be said that concrete strength is one of the most determining issues in constructing space
habitats. The strength of these concretes should support the structure's weight. In addition,
resistance to Martian storms is a matter of debate. Gravity on Mars is lower than on Earth; this
helps engineers construct taller buildings. These materials' impact and flexural strength are vital

because they must also be resistant to most meteorites [78, 112, 162, 169].

e Durability

This parameter is essential in the long term, as some materials may degrade under vacuum pressure
or severe temperature fluctuations. For example, sulfur concrete is sublimed at temperatures above
zero degrees Celsius. This parameter is also related to flexibility and changes in internal and

external pressure, temperature changes [87, 170, 171].

e Cosmic radiation shield (Density and Hydrogen content)

Shielding humans and equipment against primary radiation, including steady galactic cosmic rays
(GCR) and occasional solar particle events (SPE), is an essential concern in space exploration.

This radiation is very harmful to the human body, animals, and plants, causing the malfunction of

23



493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

electronic devices and destruction [172, 173]. The dominant radiation in the space environment
consists of protons and other ions. The GCR comprises ions with a broad energy range, and SPE

generally consists of high-energy protons with gamma and X-rays [174].

In addition, secondary radiation is created when a high-energy particle impacts a material, such as
the concrete and the content of Martian and lunar habitats. Nuclear interactions can generate
secondary radiation in the form of charged particles, neutrons, and gamma rays. Based on the type
of incoming radiation and the shielding materials, secondary radiation can produce a lower or
higher dose equivalent to primary radiation [175]. The SEP usually contains particles with lower

energy than the GCR and can be easily shielded by the Martian atmosphere [176].

The most crucial factor in shielding is the amount of hydrogen and the density of the material
(g/cm?®) [177, 178]. Studies have shown that the composition of lunar regolith does not affect
shielding; the most important factors are material compaction and hydrogen content [166, 175,
179-183]. Concretes that contain water and generally have a high hydrogen content, such as

polymers, are suitable materials for shielding [116, 184-186].
e Additives needed

Cement mortar additives are materials added to cement to optimize its properties. These materials
include accelerators, retarders, dispersants, extenders, weighting agents, and foaming agents.
Some concrete materials, such as Portland cement, have been developed with dozens of additives
to modify the rheological properties of the mortar and increase its final strength. On the other hand,
there are no specific additives for some mortars, such as sulfur concrete, or they have not been

studied enough.
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e Environmental sustainability

Sustainability is the ability to remain relatively steady in various aspects of life [187]. In recent
decades, this has meant the capability of Earth's biosphere and human habitat to coexist [188, 189].
In the space community, sustainability is used for several meanings - from running space programs
with a fixed annual budget to be able to sustain humans in space indefinitely, equitable use of and
access to space, maintenance of the space environment, and environmental sustainability. It is also
a way to use only renewable and natural resources to allow people to continue their existence in

the long term [15, 190, 191].

According to these definitions, some of these concretes are more environmentally friendly,
produce fewer pollutants during processing and printing, and have less waste. In addition, from an
economic point of view, some concretes require continuous repairs and maintenance at the time of
construction (near-term space construction) [79, 192]. However, from a social point of view, these

concretes have not yet been studied.

o Safety

The safety of concrete includes its effects at different phases of production and utilization [193-
195]. Safety is one of the few criteria that has been less studied, but generally, conventional
materials that have been used for a long time, such as Portland cement, have a high level of safety.
However, the effects of the new materials in the long term are not yet known [196]. Some
materials, such as sulfur concrete, have known hazards. The temperature of molten sulfur above
154 °C leads to hydrogen sulfide and sulfur dioxide [79]. In addition, using a highly alkaline
Sodium hydroxide (NaOH) concentration in geopolymer concrete is unhealthy, and the preparation

needs safety precautions [197]. Furthermore, some concretes, such as sintered materials and
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products of geo-thermite reactions, experience outgassing during their preparation and should be

evaluated for safety.

It is worth mentioning that the structures are likely to be built by robots. Even when humans are
present, they will be wearing space suits. However, in some instances, humans may come into

direct contact with the finished structure or be exposed to the source materials out of a space suit.

e Recyclability

Recyclability is an influential factor in selecting these construction concretes for Mars since many
energy and raw materials must be expended to produce each gram of these binders. This parameter
should be considered in future research. Literally, concrete recycling consists of crushing and
removing it from an old location and then creating a new construction [198, 199]. In general,
Portland cement is hardly recyclable because the hydration process of the cement is irreversible.
On the other hand, sulfur concrete and sintered materials are recyclable because new concrete can

be produced again by melting the previous cement [81, 200, 201].

2.3 MCDM (multiple-criteria-decision-making)

Fuzzy AHP, TOPSIS, VIKOR, and WASPAS methods were selected based on expert experience
and literature studies because they are applicable in space and civil engineering. Besides, the
following factors were considered for each method: The number of alternatives and criteria,
computational complexity, agility during the decision process, and uncertainty modeling [202].
The objective of this problem is to rank the alternatives. Therefore, an MCDM method is needed
to produce a complete ranking of alternatives. In addition, the method must be able to take into
account both advantages and disadvantages and those of a quantitative and qualitative nature [203].

In a fuzzy AHP approach, all pairwise matrices are incorporated using a predefined weight
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aggregation, and then a single weight vector is calculated [204]. The TOPSIS evaluates how good
options reach the defined goals. The VIKOR method is applied to solve decision optimization,
considering that compromise is allowed for conflict resolution. It ranks the alternatives, assesses
the solution called a compromise and is closest to the ideal [205]. The WASPAS method is highly
pragmatic and is heavily based on the concept of ranking accuracy. This method takes advantage
of the weighted sum model (WSM) and the weighted product model (WPM). The combination of
different aspects of the MCDM methods enhances the ranking accuracy [206-208].

Using the MCDM methods to select the best concrete mortar requires the decision matrix to be
developed from different criteria and alternatives. Table 1 displays the decision matrix and Au,
Ao....... An are the possible options that the decision-makers select. C1, Cz, ...Cn are the criteria
for selecting options, and Xij is the ratio of Ai to Cj. Wi is the weight of C;. The weight value can

be calculated either via a direct way or from a pairwise comparison.

Table 1 Decision matrix

C1 C, Cn
At X1 X2 .. Xn
Ay Xa X v Xon
Am Xml Xm2 an
W W:. W W,
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2.3.1 Fuzzy Analytical Hierarchy Process (Fuzzy AHP)

2.3.1.1 Linguistic variables

Variables that can be expressed linguistically are called linguistic variables. This variable is very
useful in ambiguous situations. In this study, the linguistic variables used in the fuzzy AHP process

are described in Table 2.

Table 2 The numerical value of the linguistic variables

linguistic variable Fuzzy numbers for AHP
Indifference (1,1,1)
Very low Importance (1,1,3)
Low Importance (1,3,5)
High Importance (3,5,7)
Very high Importance (5,7,9)

2.3.1.2 Analytical Hierarchy Process (AHP)

The AHP was proposed by Saaty [209] to help decision-makers in a multi-criteria decision
environment to deal with absolute or unambiguous answers. The fuzzy AHP approach helps solve
the ambiguity of decision problems [210, 211]. Applying the fuzzy theory of AHP leads to more
efficient and effective results than AHP [212]. The fuzzy AHP is widely used in various fields,

including supply chain management, reverse logistics, and project selection [211].
The fuzzy AHP steps are as follows:

Step 1: The matrix of triangular fuzzy pairwise comparisons is expressed as follows:

_ (1,1,1) P12:G12:712)  P1ns 1o T1n)
zZ = (Zij)n * 1| (P21, 21, T21) (1,1,1) (P2ns G2 T2n) 1)
(pnb qnl: rnl) (anJ anJ rnz) (1;1;1)

Where z;; = (pij: qij'rij)
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If X = {xq, x,,x3, ..., x,,} is considered as a data set and T = {t,, t,, t5, ..., t,,} as a target set, each
data is taken, and then the value analysis is performed. Therefore, the values of the analysis for

each data are obtained according to the following signs.

M}, M2, . MIi=12,.,n

Where M;i(j = 1,2, ..., m) is triangular fuzzy numbers.

Step 2: The value of the fuzzy combination value relative to the it object is determined as follows:
S = By M+ [Ty Ty MG @

Where Y724 Mtji is obtained as follows:

= (X1 i 275 45,275 1) 3)
And also, it X7ty My = = (XL, pj, 2L, q;, 2L, 17) which inverse vector is calculated as
follows:
n ym Tt _ ( 1 1 1 )
[ =1 &J=1 Mti] B ?17'] 21=1Qj'21i1=1p1' (4)

Step 3: The degree of probability of M, (p,, g5, 15) = M;(p,, q1,1,) is defined as follows:

V(M > M) = SUP[min(Hml(x)'ﬂMl (3’)] (%)
Which can be defined as follows:
1 ifq, =2 q,

V(M; = M) = hgt(M; N M;) = py,(d) = 0 ifp, 27, (6)

—r .
— P Gtherwise
(az-12)-(q1-p1)
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Where d is the length of the highest common denominator between p,, and py,,. For comparison

between M;and M, both V(M; = M,) and V(M, = M, ) values are required.

Step 4: The possibility degree for a convex fuzzy number higher than k convex fuzzy M;(i =

1,2, ..., k) numbers are determined by the following equations.
V(M = M, M,,....M,) =V[(M = M,),(M = M,), (M = M,),...,and (M = M,)]
=minV(M = M;),i =1,2,3,...,k @)

If we assume: fork =i and, k =1,2,...,n,d(4;) = m V(S; = S;) the weight vector is then

obtained as follows:

! ! ! T
W = (d'(A,),d'(Ay), ..., d" (A1) (8)
Sothat A;(i = 1,2, ...,n) and n is the number of members.

Step 5: By normalizing (scaling), the normalized weight vector is defined as follows:

W = (d(4y),d(Ay), ..., d(4;))" ©)
2.3.2 TOPSIS

The TOPSIS method is a kind of multi-criteria decision-making method introduced by Hwang and
Yoon [213]. TOPSIS can be easily used to solve a problem with various criteria. Compared to
other approaches, TOPSIS represents a more realistic form of modeling that includes or excludes

other solutions [214, 215].

The reasoning behind the TOPSIS method is that the selected option should gain the longest
geometric distance from the negative ideal solution (NIS) and the shortest geometric distance from
the positive ideal solution (PIS) [216]. TOPSIS considers that the criteria are consistently
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increasing or decreasing. Since the parameters or criteria in this method are in opposite

dimensions, normalization is generally required [213, 217].
The TOPSIS method consists of the following steps:

1) Determine the alternatives and criteria in the decision matrix.
2) Define qualitative and quantitative criteria.
3) Change the qualitative criteria to quantitative ones by bipolar reference space.

4) Normalize the decision matrix by the norm method, as shown in equation 10.

1
[Z72,
5) Assess individual criterion weight using Shannon maximum entropy
For this purpose, these steps should be applied:

1. Suppose the decision matrix as in Table 1.

2. Define Pij by using the following equation:

.. aij
Pl] — frd v
Yt aij t

J (11)
3. The entropy of the jth criteria is calculated as follows:

i (12)

Next, calculate the degree of deviation dj and unreliability of j criteria to indicate how much the

criteria related to j offers essential information to the decision-maker.
v; (13)

4. Compute weight wj using the following equation:
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__4% . _
Wj = Y. dj ’ VJ (14)

6) Calculate the balanced normalized matrix. For this purpose, multiply the normalized matrix
by a square matrix (Wn*n) whose main diagonal elements are the criterion weights and

whose other elements are zero.
V=NXWuyn, (15)

7) Determine the negative ideal solution (NIS) and the positive ideal solution (PIS) and
calculate the geometric distances from the positive ideal and the geometric distance from

the negative ideal.
Therefore, determine the following indices:

Positive ideal solution (V;*) = [vector of the best value of each criterion]
Negative ideal solution (Vj) = [vector of the worst value of each criterion]

And next, calculate;

dr = JZ?zl(vij —vut?,  i=12,..,m (16)

4 = (B =), i=12.m (17)

di* and di-are geometric distance from the positive ideal and negative ideal, respectively.

8) Calculate relative proximity (CL) with the following equation:

CL = -4 (18)

LT ar+a}

The highest amount of CL shows the best method.
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2.3.3 VIKOR

The VIKOR method is another multi-criteria decision-making technique introduced by Opricovic
and Tzeng [205] and used to solve decision problems with conflicting criteria. This method

includes the following steps [205, 218]:
Step 1: Creation of a decision matrix with m options and n criteria (mxn matrix)
Step 2: Normalization of the matrix using the vector norm.

Normalization or scaling is done with the help of vector normalization. The following equation is

used for this type of normalization.

(19)

n..:

Step 3: Calculate the weight of the criteria

Step 4: Calculate the normal weight matrix

Using the following equation, the scaleless weighted matrix (V) is calculated:
V=N X Wy, (20)
Where N is a scaleless matrix by vector norming, and W is a weights matrix of indexes.

Step 5: Define the positive ideal point and the negative ideal point

The best (V;*)and worst (V;~) of all options are determined for each criterion. If in criterion is a

positive one, we will have:

Vit = maxV; (21)
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For the negative criterion, the inverse of the above expression occurs.

Step 6: Calculate the utility (Si) and regret (Ri) values using the following equation:

oy Wilvy)
5i = Lui = Bt {5 (23)

Ri=Ls,; =m [Z?:l WJ(V}* - Vij)/(Vj* - V}_)] 24)

Which for positive criteria, V;" = maxV;;, V;~ = maxV;;, and Wjis the criterion weight of j.

j
Step 7: Calculate the VIKOR index for each option

VIKOR index for each option (Q;) is calculated through the following equation:

(§i=57)
(§*-57)

(Ri—R7)
+tA-MXG%m (25)

Qi=Vx
Where S~ = minS; ; S* = maxS; and R~ = minR;; R* = maxR;

Step 8: Ranking of options

The final ranking of each option is done in the VIKOR method according to the values S, R, and

Q. The best option has the lowest value for these three parameters.
Step 9: The best option for the parameter Q has the following two conditions:

First condition: establish the following relationship:
Q(A2) — Q(Ay) = = (26)

Where A, and A, are the first and second best options among all alternatives and N is the number

of criteria.
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Second condition: The option that ranks first according to parameter Q must also rank first for at

least one of parameters S and R. If the second condition is not met, the ranking will be as follows

Ay, A,, ..., A, Which A,, is determined by the following relation:

1
(4n) —Q(4) <= (27)
If the first condition is not met, A, and A, are selected as the best option.

2.3.4 WASPAS

The WASPAS method was first introduced by Zavadskas, Turskis, Antucheviciene and
Zakarevicius [219]. This technique was obtained by combining two weighted sum models (WSM)
and a weighted product model (WPM). Studies performed using this method show the high
accuracy of this method. This method has a unique ability in simple and multiple optimization
problems. Its simple mathematics is fully applicable in the real world and can be successfully used

in decision problems [197].
The steps of this method are:
Step 1: Form the status quo matrix based on the designed indicators.

Step 2: Standardize the status quo matrix. In this research, the status quo matrices have positive

and negative directions, and the functions (28) and (29) were used to standardize.

T = all BN vVi=12,..,n (28)
m x?
i=1"*ij
S
Xj i .

rij = m” =-Vj=1.,n (29)
i=1,2
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Step 3: Calculate the weight of each index

Step 4: Estimation of variance of the standardized values according to the following relation
— —\2
O'Z(xij) = (OOSXU) (30)

Step 5: Calculation of variance of az(ai(l)) and az(ai(z)) by the following functions

o) = B g0 - o) @D
0.2(0_(2)) e | G .0%(xy)) (32)
i e (D) Y

Step 6: Calculate the values of (L) and Qi to rank the options using the following functions:

az(ai(z))
A = 0-2(0":(1))-'1-0'2(0":(2)) (33)
n wi
=1y w1 =D (5)74=0,.1 (34)
Jj=

Any alternative with more Qi will be a better option.

3. Results and discussion

Figure 4 displays the criteria and alternatives considered for this study to select the best space

concrete mortar using MCDM methods.
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738 Fig. 4. Considered criteria and options for selecting the best planetary concrete mortar using

739 MCDM methods.

740 Table 3 shows the alternatives and criteria data for space habitat construction based on the
741 literature review. The negative and positive criteria are shown in red and green, respectively. The
742  positive criteria mean the system gains and improves, whereas the negative criteria decrease

743 efficiency [220].
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744 Table 3 Decision matrix for selecting the best concrete for space habitat construction
. Watgr Techn_ical Curi T Tot_al
Concrete Y™ e G me (o)
Q) s() O
Portland . . . . ) . very  modera very
cement none high  high high 1450  high low 15-35 high  2.40 low high e high low
None mod
Sulfur none  none moder  very  900- high (As 20-65 mode 224 none W high erat  high
ate low 120 elemental rate low
sulfur) €
mode moder 20-  mode . . . modera . mode
Geopolymer  none rate ate low 90 rate high 16-36 high  2.46 low high e high rate
Sintered moder very  900-  very very i mode very . .
materials none — none ate low 1400 high  high 2-60 rate 2.1 none low high high  high
Polymer- -100 mod
mode moder mode mode 20-  mode . .
rl;gglr;ijh rate  "one ate rate 4t(())0 e "% 100 rate 1.40  high high low ereat low
Products of
geo-thermite low  none moder low 900- high mode 10-18  low 1.7 none moder very high mode
reactions ate 1900 rate ate high rate
Regolith-
based very  very . 20- . mode . moder . .
magnesium low low high high 800 high rate 20-80  high 2.5 low ate high  high low
oxychloride
Microbial mod
mduc_:ed mode low V&Y mode  -20 to low  none 1-5 low 1.56 low low low erat mode
calcite rate high rate +50 e rate
precipitation
745

38



746 3.1 AHP for planetary concrete selection

747  Sustainability has the lowest weight, and shipping has the highest weight (Fig. 5), as shown by the
748  numerical values of the linguistic variables and the fuzzy AHP. These weights indicate the
749  importance of each criterion. They were determined based on the judgments between the criteria

750 and the number of studies conducted on a criterion.
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751
752 Fig.5. Weights obtained from the Fuzzy AHP method for different criteria

753 3.2 TOPSIS for planetary concrete selection

754  The result of TOPSIS according to relative proximity (CL) is shown in Table 4. The results show

755  that sintered materials, sulfur, geopolymer, regolith-based magnesium oxychloride, products of
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756  geo-thermite reactions, Portland cement, polymer-bound regolith, and microbial induced calcite

757  precipitation are the best alternatives for space construction concrete, respectively.

758 Table 4 The results of the ranking of the TOPSIS method

Concretes TOPSIS
Portland cement 6
Sulfur 2
Geopolymer 3
Sintered materials 1
Polymer-bound regolith 7
5
4
8

Products of geo-thermite reactions
Regolith-based magnesium oxychloride
Microbial-induced calcite precipitation

759

760 3.3 VIKOR for planetary concrete selection

761  Inthe VIKOR method, the final ranking of each option is gained according to the values of S, R,
762  and Q. Since the first condition is not met, according to the VIKOR instructions and conditions,

763  both the sulfur and geopolymer concretes are the best options (Table 5).

764 Table 5 The results of the ranking of the VIKOR method.
Concretes VIKOR

Portland cement 4

Sulfur 1

Geopolymer 1

Sintered materials 3

Polymer-bound regolith 7

Products of geo-thermite reactions 6

Regolith-based magnesium oxychloride 5

Microbial-induced calcite precipitation 8
765
766
767
768
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3.4 WASPAS for planetary concrete selection

In WASPAS logic, any alternative with a higher Qi value is a better option. The best and worst
mortars for space habitat construction are geopolymer and regolith-based magnesium oxychloride,

respectively (Table 6).

Table 6 The results of the ranking of the WASPAS method.

Concretes WASPAS
Portland cement 4
Sulfur
Geopolymer
Sintered materials
Polymer-bound regolith
Products of geo-thermite reactions
Regolith-based magnesium oxychloride
Microbial-induced calcite precipitation
3.5 Average rating method

~N0oO OO NP, W

The three MCDM approaches of TOPSIS, VIKOR, and WASPAS show slightly different results.
The discrepancies are due to different score scales, weightings, and distributions of scores. This
study used the average rating method to select the best concrete mortar for Mars based on the

average scores.

The results of the three different MCDM approaches and the average score of the different
concretes are shown in Table 7. Based on this method, geopolymer is the best concrete for the
harsh conditions of Mars. The sulfur and sintered materials are ranked equally second, and it can
be seen that the microbial induced calcite precipitation method is the last option for habitat

construction.
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Table 7 The results of the three different MCDM approaches and the average score of the

different concretes

Concretes VIKOR WASPAS TOPSIS Final Rank
Portland cement 4 4 6 3
Sulfur 1 3 2 2
Geopolymer 1 1 3 1
Sintered materials 3 2 1 2
Polymer-bound regolith 7 5 7 5
Products of geo-thermite reactions 6 6 5 4
Regolith-based magnesium oxychloride 5 8 4 4
Microbial-induced calcite precipitation 8 7 8 6

Considering almost all effective parameters in construction by concrete on Mars' harsh conditions,
the geopolymer, sulfur, and sintered concretes were selected as the best types for space habitat
construction. Many papers have addressed space concrete but have only compared different
materials [8, 166] or focused on two or three effective parameters of concrete construction. Each
concrete may have an outstanding feature with a specific application, but an optimal choice can be
used in different situations. In addition, due to high costs and investment risks in space researches,
all parameters must be considered in decision-making [221]. Nevertheless, laboratory tests in
versatile simulation conditions are more acceptable to determine the best concrete. When the

empirical analysis is feasible and makes economic sense, it should be preferred [222].

According to the previous literature, it is expected that Portland cement should be a lower rank
due to material unavailability. Nevertheless, other parameters of this concrete, such as strength,
are suitable for construction and can be considered as a method to be used in the distant future.
Furthermore, by considering the regolith properties, sulfur concretes can be applied for places on
the surface of Mars with higher sulfur content. On the other hand, the sintered material could be
used anywhere on the surface of Mars regardless of the distribution of a particular substance since

they do not require any binder and are produced by the fusion of mineral particles.
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Considering the requirements to produce geopolymer concrete, it is known that glassy particles
with a high aluminum content are needed to prepare this concrete [223]. The glass content in the
regolith of Mars is not high enough and Martian regolith is 70 to 80% crystalline and unsuitable
for geopolymers. Alexiadis, Alberini and Meyer [224] experimentally investigated the
geopolymers made from Lunar and Martian regolith simulants. They showed that the concrete

made from the Martian regolith lacked sufficient strength.

The results of this study may change in the future depending on further research on the
aforementioned concretes and can be revised by re-tuning weights and subjective probabilities. In
addition, applying uncertainty, probability, and neural networks in MCDM studies can improve
decision-making accuracy [225]. Furthermore, other effective criteria can also be added to the
decision matrix, such as costs. However, more economic studies are needed in this area [226].

The results of this research can be used as input for feasibility studies such as research done by

Metzger and Autry [29].

4. Conclusion

The objective of the current study was to determine the best concrete mortar for the construction
of Martian habitats based on 14 technical criteria. The cost criterion was not considered in this
study due to a lack of data for the different materials. For this purpose, three types of MCDM
methods were used: TOPSIS, VIKOR, and WASPAS. These MCDM methods had similar ranking
results. The geopolymer was selected as the best construction material by using the average rating
method. In addition, the sintered concrete and sulfur concrete ranked equally second. The highest
priority of other concretes is Portland cement, products of geo-thermite reactions, regolith-based
magnesium oxychloride, polymer-bound regolith, and microbial-induced calcite precipitation,
respectively. In addition, the Fuzzy AHP method was used to determine that the shipping and
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sustainability criteria had the highest and lowest weightings in the decision-making process. This
study presented a scientific method for the comparison of concretes in order to increase the
accuracy of decisions about space concrete selection. The decision-making methods presented in

this paper can also be used to make decisions regarding other complex space technologies.
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MCDM is used to review 8 building materials based on 14 criteria
Geopolymer concrete is the best material for construction on Mars
Sintered material and sulphur concrete are equally ranked second
Using Fuzzy AHP, shipping has the highest weighting

Using Fuzzy AHP, sustainability has the lowest weighting
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