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 22 

Abstract 23 

Mars is the most accessible planet in the solar system for habitation and could serve as a base for 24 

exploring more distant planets. Space agencies and scientists worldwide continue exploring Mars 25 

to gain more geologic and atmospheric information in preparation for constructing space habitats. 26 

The harsh planetary conditions of Mars require the development of new or modified methods for 27 

building infrastructure and formulating binders. Each type of concrete has advantages and 28 

disadvantages, and we need to find the best binder for use in construction on Mars. 29 

In this study, eight construction materials, including Ordinary Portland cement (OPC), sulfur 30 

concrete, geopolymer, sintered material, polymer-bound regolith, products of geo-thermite 31 

reactions, regolith-based magnesium oxychloride, and microbial-induced calcite precipitation, are 32 

reviewed according to 14 criteria. The criteria are availability, shipping, water requirement, 33 

technical working conditions, curing time, temperature, total required energy, strength, durability, 34 

cosmic radiation shield (density and hydrogen content), additives needed, sustainability, safety, 35 

and recyclability. We applied the Fuzzy Analytic Hierarchy Process (AHP) approach to assign a 36 

weighting to each criterion. Finally, we used three multi-criteria decision-making (MCDM) 37 

methods to determine the most suitable mortar for construction under the harsh conditions on Mars.  38 

The results show that if the general conditions of Mars are considered uniform such as different 39 

temperatures and geologies dependent on location, geopolymer concrete is the best material for 40 

construction based on Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS), 41 

VlseKriterijumska Optimizacija I Kompromisno Resenje (VIKOR), and Weighted Aggregates 42 

Sum Product Assessment (WASPAS) methods, and sintered material concrete and sulfur concrete 43 
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are equally ranked second. Correspondingly, five concretes of Portland cement, products of geo-44 

thermite reactions, regolith-based magnesium oxychloride, polymer-bound regolith, and 45 

microbial-induced calcite precipitation are the most efficient construction materials, respectively. 46 

In addition, using the Fuzzy AHP method, the criteria of shipping and sustainability have the 47 

highest and lowest weighting, respectively, in the decision-making process. The use of MCDM 48 

methods and inductive analysis provides a scientific approach that enables the comparison of the 49 

potential of several space concrete materials for better decision making in future research and 50 

construction within the next 10 to 20 years. 51 

Keywords: building materials, space habitat construction, Martian concrete, MCDM.   52 

1. Introduction 53 

Space colonization has always been a subject of human interest, and about half a century after 54 

man's journey into space, we are now thinking of a short-term and long-term stay there. Scientists 55 

and investors believe that the Moon and then Mars would be an applicable base for humans' (semi-56 

)permanent presence. However, these activities require natural resources for construction, and due 57 

to technical and economic limitations, it is impossible to send large quantities of materials from 58 

Earth. In situ resource utilization (ISRU) becomes one of the requirements for long-term missions 59 

on other planetary surfaces. The resources will be used to build shelters, launch and landing pads, 60 

routes, and factories. In addition, conditions on the Moon and Mars are not comparable to those 61 

on Earth. Therefore, researchers should use new methods and materials or modify traditional 62 

construction approaches to adapt to harsh conditions. 63 

The Martian gravity is 3.721 m/s², and the average atmospheric pressure is 655 Pa. Moreover, its 64 

surface is exposed to harmful radiation because its atmosphere is not dense, but the atmosphere 65 
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still provides a reasonable protection against incoming meteorites, in contrast to the Moon  [1, 2]. 66 

The temperature on Mars varies considerably depending on surface location, season, and time of 67 

day. The temperature range of Mars is -153 to 20 [3-5]. 68 

The difference in daily and seasonal cycles between Earth and Mars is a factor that should be 69 

considered in space habitat construction. Earth takes 24 hours to complete one spin and revolves 70 

around the Sun in about 365 days. In contrast, Mars' rotation takes 24 hours, 39 minutes, and 35 71 

seconds, and its orbit around the Sun takes 687 Earth days - or one Martian year [6, 7].  72 

The harsh conditions in space need to be accounted for to reduce predictable and unpredictable 73 

risks during and after habitat construction [8]. These extreme planetary conditions challenge 74 

engineers to redefine the materials, additives, mixing processes, casting, compacting, and curing 75 

conditions [9]. Accordingly, the space materials should meet specific conditions, including [10]: 76 

• The material should have a low working temperature range due to the wide range of low 77 

temperatures on Mars. 78 

• The materials must have a good performance and be resistant to the major temperature 79 

swings linked to exposure to solar radiation and distance from the Sun. 80 

• The materials should be erosion and corrosion-resistant because of the mechanical erosive 81 

(dust-blown wind) and chemical corrosive (CO2 and UV radiation) environment of Mars 82 

[11] 83 

• The material used should not be ferromagnetic because of the presence of magnetic dust 84 

on Mars. 85 

• Materials need to act as radiation shields. 86 

The construction materials are usually tested under simulation conditions in a laboratory to 87 

determine their shortcomings. One of the factors that significantly affects the results of the 88 

Jo
urn

al 
Pre-

pro
of



5 
 

experiments is the soil of Mars because its metal oxides usually participate in reactions during 89 

processing concrete mortar. However, Martian regolith has not yet been brought from Mars to 90 

Earth. 91 

Therefore, Martian regolith simulants are commonly used for space construction experimental 92 

tests [12]. The main characteristics of these regoliths are mineralogical composition, morphology, 93 

and particle size distribution (PSD). 94 

Moreover, the construction technology is one of the effective parameters that influences the 95 

selection of an appropriate concrete. The two main methods proposed for space construction 96 

include 3D printing and using sulfur and sintered bricks [13, 14], as shown in Fig.1. Isachenkov, 97 

Chugunov, Akhatov and Shishkovsky [15] presented a review comparing recent developments in 98 

chemical and technological features of 3D printing using lunar regolith simulant. They formulated 99 

the essential requirements and methods to adapt additive manufacturing methods for space 100 

conditions. Generally, simple bricks can be easily built by casting in a mold, and additive 101 

manufacturing (AM) methods can be customized with complex geometries [16, 17]. In addition to 102 

3D printing and the use of bricks, some areas of space construction remain unexplored, for 103 

example, underground and underwater (ice) construction [16, 18, 19]. 104 

 
   

a b 
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Fig. 1. (a) 3D printing and (b) solar sintering brick (b) [13, 14] 105 

1.1 Binders for space habitat construction 106 

In the construction industry, several types of concrete are made using different materials and 107 

methods. These concretes need primary and secondary conditions to effectively maintain their 108 

mechanical properties in the harsh environment of Mars. Primary conditions refer to the 109 

construction method, the required temperature, pressure conditions during construction, and the 110 

early curing stages. Secondary conditions should consider keeping the temperature and pressure 111 

constant until complete curing. The general binders reported in the literature are Ordinary Portland 112 

cement (OPC), alkali-activated cement (AAC), geopolymer cement (GC), elemental sulfur (ES), 113 

Mg- and Si-based binder (MSBB), and water (by freezing). 114 

Furthermore, many new materials are proposed for use in space construction, including sintered 115 

material, polymer-bound regolith, products of geo-thermite reactions, microbial-induced calcite 116 

precipitation, and regolith-based magnesium oxychloride. The synthesis of these binders needs 117 

considerations regarding energy consumption and raw material availability [1, 8, 20-23]. This 118 

study will not attempt to survey all possible material concepts but will scrutinize those that are 119 

currently at an advanced stage of development. 120 

1.2 Trade study 121 

Applying state-of-the-art methods and tools for planning, management, information, cost, design 122 

trade-off analysis, and simulation substantially enhances the effectiveness of the system design 123 

process [24]. Trade studies are decision-making actions used to determine the most reasonable and 124 

acceptable technical solution among a set of proposed options. All decisions are inherently 125 

subjective and involve risks. Trade studies develop an effective means to address the subjectivity 126 

and risks by documenting the decision-making process to provide traceability and repeatability 127 
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[25, 26]. Hence, a trade study is an objective comparison taking into account the cost, performance, 128 

risk, schedule, and all other criteria of all realistic alternative requirements [27].  129 

The simplest form of trade study comprises the following steps: (i) Defining the alternatives and 130 

criteria; (ii) Assessing the performance of each alternative for each criterion; (iii) Comparing the 131 

results and choosing the best option; and (iv) Documenting the trade study process and its 132 

outcomes. The comparison is generally made by considering two definitions, namely a measure of 133 

effectiveness (MOE) - A measure of how well mission goals are achieved (‘how well’ not ‘how’) 134 

and a measure of performance (MOP) - A quantitative measure that, when met by the design 135 

solution, will help ensure that a MOE for a product or system will be satisfied [28]. 136 

In the studies by Metzger and Autry [29], Dias, Matijevic, Venkataraman, Smith, Lindemann and 137 

Levin [30], a trade study of construction methods of landing pads using cost metrics was 138 

introduced. They considered several parameters, including the cost of the transportation of 139 

materials from Earth to the lunar surface, the energy expenditure cost, the lifecycle cost of energy 140 

systems, and the time required by a construction method (program delay cost). They examined 141 

different landing pad construction approaches by focusing on economic analysis, and the physics-142 

based modeling of the construction techniques was not directly involved. In another study, 143 

Anderson [31] investigated different technologies of the integrated water recovery system used on 144 

the International Space Station (ISS) using a trade study. In addition, Cruz, Cianciolo, Powell, 145 

Simonsen and Tolson [32] conducted a trade study that compared various entry, descent, and 146 

landing technologies to place payloads on the surface of Mars. 147 

Such trade studies often use a weighted averaging method of several criteria involving both 148 

quantitative and qualitative criteria in an aerospace technical subject. However, there are more 149 

advanced methods available that provide more accurate results with more comprehensive 150 
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comparisons, such as multiple-criteria decision-making (MCDM). In addition, using these 151 

mathematical methods, comparisons with many options and criteria can be made. 152 

1.2.1 MCDM (Multiple-Criteria Decision-Making) 153 

MCDM is a part of operations research that explicitly considers multiple inconsistent decision-154 

making criteria. Some fields, such as medicine, government, and business, have inconsistent 155 

criteria that lead to the complexity of decision-making. This complexity originates from the 156 

different nature of the criteria; some are quantitative, whereas others are qualitative [33]. Different 157 

inconsistent criteria take part in the decision-making to find the best materials and concrete to build 158 

lunar and Martian habitats, and these methods can help space engineers. The criteria, such as 159 

technical and economic, are named inconsistent criteria, which are quantitative or qualitative. 160 

Qualitative criteria include limitations, shipping, sustainability, and safety in space habitat 161 

construction topics. Quantitative criteria include temperature, curing time, strength, and density. 162 

Solving an optimization problem by addressing inconsistent criteria is more reliable and precise 163 

than a decision considering only one factor. 164 

There are many different MCDM methods with different complexities and assumptions. These 165 

differences originate from various chosen score scales and weightings. As a consequence, there is 166 

a knowledge gap regarding the reliability of their results. The complexity of the MCDM 167 

approaches depends on the statistical features and the mathematical procedure. In these methods, 168 

the assumptions are criteria weighting, intensity, and explanation for comparing i rows with j 169 

columns in a matrix of pairwise comparisons [34-37]. 170 

MCDM methods consist of a wide range of approaches and are classified into three groups [38-171 

40]:  172 
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• Value evaluation approaches: A numerical rate is formed for each alternative. Furthermore, 173 

a weight (w) is determined for each criterion to demonstrate the influence of the criterion 174 

(e.g., AHP). 175 

• Reference level and goal models: These approaches estimate how suitable alternatives 176 

affect the achievement of specific targets (e.g., TOPSIS). 177 

• Dominating methods: These models compare the alternatives pairwise for each criterion 178 

and determine the superiority of preferring one over the other (e.g., PROMETHEE, 179 

ELECTRE). 180 

The ability of MCDM methods has been proven in various sciences such as the military, petroleum, 181 

and civil engineering, medical, and space exploration [41-44]. From an aerospace engineering 182 

perspective, Tavana [45] used the MCDM to define the risks and advantages associated with three 183 

optional mission architecture plans for Mars exploration. Gunaydin, Duvan and Ozceylan [46] 184 

defined the best habitable planet using the MCDM method. Nine habitable planets as well as the 185 

Moon were studied in their research. The criteria included gravity, mass, escape velocity, diameter 186 

density, rotation time, distance from the Sun, length of the day, perihelion, aphelion, orbital period, 187 

orbital inclination, orbital velocity, orbital eccentricity, mean temperature, obliquity to orbit, and 188 

the number of satellites. Furthermore, the Analytic Hierarchy Process (AHP) approach was applied 189 

to determine the optimal properties of a lunar construction habitat [47]. In addition, Higgins and 190 

Benaroya [47] used the AHP to define optimal lunar habitat construction. In addition, Sánchez-191 

Lozano, Moya and Rodríguez-Mozos [48] ranked and prioritized the exoplanets intending to seek 192 

biomarkers using MCDM methods. In another study, Eren and Katanalp [49] investigated the 193 

selection problem of Bike-Sharing Systems (BSSs) station sites based on transportation and 194 
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recreational land uses. Saraswat, Digalwar and Yadav [50] evaluated different energy sources for 195 

sustainable development in India by applying the fuzzy AHP and WASPAS methods. 196 

To the authors’ knowledge, there is no review yet of proposed space binder materials. Hence, this 197 

paper gathers and compares different concretes considering technical, availability, and operation 198 

parameters. The two main goals of this research are (i) to present a summary of space mortar 199 

concretes and compare them, and (ii) to determine the best material considering inconsistent 200 

criteria for the time frame of near-term construction within the next 10 to 20 years. Therefore, 201 

eight construction materials are reviewed along with 14 criteria. In this study, the Fuzzy AHP is 202 

applied to assign weightings and define the most determining criteria, and Multiple-Criteria 203 

Decision-Making (MCDM) methods are used to find the best concretes for Martian habitat 204 

construction. In total, three methods of MCDM are used in this study: the Technique for Order of 205 

Preference by Similarity to Ideal Solution (TOPSIS), the VlseKriterijumska Optimizacija I 206 

Kompromisno Resenje (VIKOR), and the Weighted Aggregates Sum Product Assessment 207 

(WASPAS). These models are based on estimations rather than direct measurements of mature 208 

construction systems because each of these technologies is still under development. 209 

2. Methodology 210 

In order to find the best concrete mortar for the construction of space habitats, the promising 211 

primary materials were first discussed, and their advantages and disadvantages were briefly 212 

presented. In addition, various effective criteria related to concrete mortars are explained, and 213 

finally, Fuzzy AHP, three MCDM methods of TOPSIS, VIKOR, and WASPAS are described. Fig. 214 

2 shows the procedure of applying MCDM methods to select the best space concrete mortar. 215 
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 216 

Fig. 2. The procedure of applying MCDM tools to select the best planetary concrete mortar. 217 

2.1 Construction materials 218 

The most important materials proposed for space habitat construction, including ordinary Portland 219 

cement, sulfur, geopolymer, sintered material, polymer-bound regolith, products of geo-thermite 220 

reactions, microbial-induced calcite precipitation, and regolith-based magnesium oxychloride, are 221 

reviewed. Their different main properties, advantages, and disadvantages are also presented. There 222 

are three other types of concrete plaster of Paris-based gypsum, water-based ice concretes [51], 223 

and cold sintering [52] but there is not enough data available on those that enables comparison 224 

with other concretes in this research. 225 

• Ordinary Portland cement (OPC) 226 

Ordinary Portland cement (OPC) is a hydraulic cement produced by mixing limestone (CaCO3) 227 

with Si-rich clay or shale and heating it at temperatures of approximately 1450 °C [53, 54]. Most 228 

research on space construction has been conducted on OPC terrestrial binders because of their high 229 

durability, strength, and simplicity [1, 55-59]. One of the disadvantages of the potential use of 230 

Portland cement mortar on Mars is the shortage of CaCO3 on Mars, which would not be sufficient 231 

for OPC production [8]. Another disadvantage of this cement is that it needs water for the 232 

production process, hydration, and curing [60]. Water is an essential requirement for the 233 

production of concrete. Liquid water is not thermodynamically stable on the surface of Mars, but 234 
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it can be found on the sub-surface or could be produced by melting ice [61]. Some ice-water 235 

inferred reserves, particularly near the poles, are more localized and less plentiful near the equator 236 

[62-64]. Water condensation from atmospheric humidity can be an option to acquire liquid water 237 

[8].  238 

The curing time of this cement is 28 Earth days (the pressure and temperature condition of Earth). 239 

Certain conditions should be prepared to prevent freezing and evaporation of water during 240 

hydration at low temperatures and vacuum pressure conditions [65, 66]. From the perspective of 241 

shielding against galactic cosmic rays (GCR) and occasional solar particle events (SPE), Portland 242 

cement can be a good option for shielding [67, 68]. 243 

• Sulfur concrete 244 

Sulfur binder has been studied as a potential cement for space concrete [57, 69-71]. It would be 245 

processed from sulfate minerals that are abundant on the Martian surface, such as ferric sulfate 246 

(Fe2(SO4)3) [72-74].  247 

Barkatt and Okutsu [75] surveyed different thermochemical and electrochemical methods that 248 

might be used to produce elemental sulfur from its compounds in Martian regolith. Two critical 249 

stages of producing this binder include synthesis by the ferric sulfate pyrolysis at ~900 °C and 250 

catalytic reduction of the evolved sulfur dioxide (SO2) gas [76-81]. A total of 22.5 g of hydrogen 251 

and 105 g of Carbon monoxide (CO) are required for one kilogram of ore synthesis, which can be 252 

synthesized on Mars from water and Carbon dioxide (CO2), respectively. The valuable products 253 

of this reaction would be 240 g of elemental sulfur, 203 g of water, and 120 g of Oxygen (O2). The 254 

waste products, including 400 g Iron oxide (Fe2O3), 165 g CO2 (gas), water, and carbon dioxide, 255 

could be reused to regenerate the hydrogen and CO components.  256 
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In order to use elemental sulfur as cement, the mixture of molten sulfur (>120 °C) and grains can 257 

be used in casting and printing; when the temperature decreases to 112.8 °C, the mortar sets and 258 

hardens rapidly into a solid body. This binder is an interesting cement for space construction 259 

because it uses accessible resources and does not need water for mixing and casting. In addition, 260 

this cement can be easily reused by heating and recasting. Moreover, this concrete is recyclable 261 

and can be easily remolded in new applications [82]. 262 

A potential drawback of sulfur concrete is that the structures constructed by sulfur concrete can 263 

reach temperatures that exceed that of molten sulfur (>120 °C), for instance, the high temperature 264 

of rocket motor plume, which would cause a sulfur concrete structure to fail if the structure is 265 

exposed to these conditions [83, 84]. This concrete has desirable mechanical and chemical 266 

properties for space applications, but its synthesis is the main challenge in using sulfur [8, 85, 86]. 267 

However, Wan, Wendner and Cusatis [70] have suggested the probability that elemental sulfur 268 

may be present on the Martian surface. In addition, it is assumed that sulfur sublimation under 269 

vacuum conditions could be one of the biggest challenges in the production of sulfur concrete in 270 

space [87]. However, Shahsavari, Karbala, Iranfar and Vandeginste [88] predicted that the 271 

sublimation rate under vacuum conditions at very low temperatures, -60◦C, can be decreased 272 

approximately 8000 times compared to 20◦C. 273 

• Geopolymer 274 

Generally, geopolymers are made from by-products such as fly ash and slag. They are green 275 

cement with high uniaxial and flexural strength, suitable durability, and low carbon emission [89-276 

92]. Geopolymers are composed of silico-aluminates in an amorphous to semi-crystalline 3D 277 

structure. This binder shows good efficiency, such as fast, controllable setting and hardening time, 278 

high compressive strength, freeze-thaw resistance, excellent durability in sulfate and acidic 279 
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environments, fire resistance with low thermal conductivity, low shrinkage, and adequate radiation 280 

shielding [93-98]. 281 

One of the disadvantages of this concrete is the need for water. However, a study by Wang, Tang, 282 

Cui, He and Liu [99] proposed a method to produce geopolymer concrete in which water is 283 

recovered after curing using tektite powder. The low operating temperature (70-90 °C) and one-284 

day curing time of the geopolymer are suitable for space construction. In contrast, Portland cement 285 

concrete needs a curing time of 28 Earth days, and sulfur cement and sintered material require a 286 

high temperature [100, 101]. 287 

• Products of thermal methods 288 

Thermally produced construction materials are divided into two common classes: sintered and 289 

melting-manufactured construction materials. The most common sintering methods are laser, 290 

radiant furnace sintering, and microwave sintering [102, 103]. 291 

Sintering is a thermal treatment method that attaches grains into an integrated solid because of 292 

mass transport at the atomic scale without completely melting the material [104]. It 293 

thermodynamically reduces the overall surface area of two or more grains by coalescing them 294 

together and leading to new interfaces between the particles [105]. During this process, regolith is 295 

transformed into sintered metal oxide material and a solid by heating under the temperature of the 296 

melting point, and it causes the surfaces of the particles to diffuse into each other [16, 106, 107]. 297 

Compared to the melting method, sintering needs less energy to produce a solid block and does 298 

not require additives or other processes [108]. Examples of sintered products are ancient ceramic 299 

clay pots and modern composites. In addition, solar sintering is the most promising space 300 

technology in this field, which has been proposed to construct lunar concrete [29, 109]. 301 
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In contrast to sintering, regolith is liquefied above the melting temperature in the melting and 302 

casting processes. These methods can build dense materials with high strength and wear resistance. 303 

Materials generated by melting and casting are categorized as glass, glass-ceramic, or cast, 304 

depending on the degree of crystallization of the end product [110]. The most critical drawback of 305 

these methods is the high temperature and high energy consumption, whereas the main advantage 306 

is that no additives are needed [111]. In addition, products of thermal methods production often 307 

requires a slow cool-down to prevent cracking from rapid cool-down due to thermal stresses 308 

induced from phase transformations during sintering [112]. 309 

• Polymer-bound regolith concrete 310 

Hintze, Curran and Back [105] used polymers for the first time to bind lunar regolith simulants 311 

and prepared a polymer/regolith composite with less than five mass percent polymer. The in situ 312 

required polymers may be extracted from volatiles ubiquitous on planetary objects or acquired on 313 

asteroids or moons with kerogen-like organic material [105, 113, 114]. Some researchers, such as 314 

Chen [115], studied polymer concrete and made a polymer with a high strength/weight ratio with 315 

high radiation resistance as a binder to cement together lunar regolith grains firmly. Johnson-316 

Freese [116] provided an overview of the role of polymers as a promising material. It can be used 317 

as a shield of radiation, chain scission, and crosslinking. The disadvantage of this concrete is its 318 

low strength. 319 

• Products of geo-thermite reactions 320 

The geo-thermite reaction is an oxidation-reduction reaction, including a mixture of minerals, 321 

glass, and aluminum. This phenomenon is a self-propagating and high-temperature synthesis 322 

(SHS) reaction. Chemical reactions between intact aggregates and a reducing agent, which show 323 
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thermite-type reaction behavior, are known as reactions of geothermite. The geothermite reaction 324 

is a method with high potential for ISRU applications in space construction. The heat generated 325 

during thermite reaction can melt at least one reactant and bind them together [117-119]. 326 

In a study by Delgado, Cordova and Shafirovich [120], the possibility of using Martian regolith 327 

has been explored to understand the effect of iron oxide and magnesium contents on reaction 328 

mechanisms. However, more research needs to be conducted on this cement. Furthermore, the two 329 

most significant barriers to using this method for space habitat construction are the energy-330 

intensive extraction and the large amount of metal needed for the powder [22]. 331 

• Regolith-based magnesium oxychloride 332 

Magnesium oxide (MgO) has been used on Earth for more than a century as Sorrel cement 333 

(magnesium oxychloride) [121]. The magnesium oxychlorides (MOCs), introduced in 1867 by 334 

Stanislas Sorel, are non-hydraulic binders. Chemically, they can be defined as various ingredients 335 

of the MgO–MgCl2–H2O synthesis [122]. Jiangxiong, Yimin and Yongxin [123] and Jin and Al-336 

Tabbaa [124] have illustrated that MgO can be combined with amorphous silica to form 337 

magnesium-silica-hydrate (MSH). This mixture is similar to calcium silicate hydrate (CSH) made 338 

by conventional Portland cement. Tran and Scott [125] investigated the potential of this cement 339 

for high-strength structural applications by building a MgO-silica fume mortar with 87 MPa 340 

compressive strength [126]. In another study, magnesium oxide, amorphous silica, and water were 341 

mixed with four Martian regolith simulants to produce mortar cube samples [127-129]. 342 

MOC cement has a fast setting time, high initial strength, and good rheological and workability 343 

properties. In addition, it does not require water for curing [126]. 344 

Magnesium is a ubiquitous element on the Martian surface, and there are no restrictions on in situ 345 

material utilization and availability. Furthermore, magnesium chloride (MgCl2) or monopotassium 346 
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phosphate (KH2PO4) must be involved in the reaction to complete the cementation process. On the 347 

Martian surface, chloride can be processed into brines and phases such as apatite and amphibole 348 

[57, 130, 131]. In addition, potassium is present in jarosite, some clays, and micas; these phases 349 

have been identified in Meridiani Planum and near Nili Fossae [132, 133]. 350 

• Microbially induced calcite precipitation 351 

Biocementation, known as microbially induced carbonate precipitation (MICP), involves the use 352 

of microorganisms to precipitate calcium carbonate (CaCO3) as a cementing agent [134-137]. This 353 

binder is generally used to repair damaged concrete structures, stabilize soil, and replace 354 

conventional Portland cement [138, 139]. 355 

Many researchers have focused on understanding how in situ construction using MICP can be an 356 

interesting option for building Martian habitats. In this method, a urease-producing bacteria favors 357 

the precipitation of calcium carbonate between loose aggregates. In addition to the grains and 358 

bacteria, a calcium source and urea must be present. The urea reacts with water to produce 359 

ammonia and carbonate. In this process, the calcium carbonate formed by the carbonate and 360 

calcium ions precipitates because of supersaturation and binds the grains together  [140]. Calcium 361 

can be extracted by chemical analysis from minerals such as limestone, and the required urea can 362 

be obtained from the urine of humans and animals in the space environment. The only substance 363 

that needs to be sent to space is the bacteria, the growth media, the setups, and water if there is no 364 

access to it in place. Due to the temperature dependence of bacteria, it is also important to provide 365 

the proper temperature conditions [141-143]. 366 

 367 

 368 
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• New materials 369 

Roberts, Whittall, Breitling, Takano, Blaker, Hay and Scrutton [144] studied male and female 370 

serum albumin (HSA), a general protein acquired from blood plasma, as cement for Lunar and 371 

Martian regolith simulants to create regolith biocomposites. Their samples had a compressive 372 

strength of over 25.0 MPa. They also investigated urea, which could be obtained from astronauts' 373 

sweat, tears, or urine, and observed that compressive strength increased by more than 300% in 374 

some instances. In addition, some new additives were also introduced, such as urine as an 375 

accessible superplasticizer on the Moon for lunar geopolymer mixtures. Although new materials 376 

and additives are sometimes very attractive in this research area, it is unclear whether they will be 377 

practical and valuable in the long term. 378 

2.2 Criteria of construction materials 379 

Fourteen criteria, including availability, shipping, water requirements, technical working 380 

conditions, curing time, temperature, total required energy, strength, durability, cosmic radiation 381 

shield (density and hydrogen content), additives needed, sustainability, safety, and recyclability, 382 

are selected to determine the best concrete mortar for space habitat construction. There are many 383 

other parameters, but this study deals with construction materials from a mechanical point of view.  384 

The cost criterion is very important in every decision-making, and it has several parts, namely, 385 

shipping, non-recurring engineering (aka development cost), recurring engineering (producing 386 

replacement parts), and operations [145]. However, this criterion was not considered here since 387 

the different construction methods for Martian conditions have not been finalized for space 388 

construction, and their needs have not been studied [146]. In addition, the distribution of mineral 389 

resources on Mars is not uniform. For instance, the map of the sulfur concentrations in the upper 390 
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few tens of centimeters of the Martian surface is shown in Fig. 3 [147]. In this study, it is assumed 391 

that the necessary raw materials are uniformly distributed on the surface of Mars, and a  discussion 392 

based on non-uniform distribution is beyond the scope of this study. 393 

 394 

Fig. 3. Map of the sulfur concentrations in the upper few tens of centimeters of the Martian 395 

surface [147] 396 

• Availability 397 

The construction of permanent planetary habitats is limited by the efficiency of building materials 398 

and the availability of in-situ resources [148]. Building with locally available materials reduces 399 

transportation costs, equipment costs, etc. The issue of resource availability is a question that 400 

engineers and economists have addressed over the past decades [149]. Martian soil, for instance, 401 

is abundant, but substances such as water are not ubiquitous. Organic materials such as polymers 402 

have also not yet been discovered on Mars. Some materials, such as silicon oxide, iron oxide, and 403 

aluminum oxide, are abundant on Mars [150]. On the other hand, some minerals, such as 404 

carbonates, are scarce [151]. This parameter strongly affects the construction and type of mortar, 405 

and researchers are trying to use in situ materials [152]. 406 
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Finally, construction methods using resources that are available on the surface of Mars and that do 407 

not need extraction or much processing are superior such as the sintering method to other methods. 408 

• Shipping 409 

The shipping parameter is an essential factor because the cost of shipping to Mars is very high, 410 

about US$10 k to US$200 k per kilogram [29, 153]. Some proposed habitat construction materials 411 

require the shipping of specialized reagents such as polymers or bacteria [116, 143, 154]. Due to 412 

the high cost of shipping resources from the Earth to Mars, the construction of civil infrastructure 413 

from in-situ materials is favored, and the types of concrete that do not require the transfer of 414 

resources from Earth are more attractive to researchers, such as concrete produced by the sintering 415 

method [145, 155]. One of the major challenges of early ISRU is that feedstocks preferably should 416 

require minimum processing and direct application without energy intensive homogenization or 417 

transformation steps [112]. However, in the near future, the shipping costs will decrease by new 418 

developments such as Starship and propellant production/refueling, which will help the application 419 

of new materials with unique properties on Mars [156, 157]. In this manuscript, only the materials 420 

that require shipping to Mars are considered and mechanically compared. Any production method 421 

may also require specific equipment, but this is beyond the scope of this study. 422 

• Water requirement 423 

Water is one of the most significant components that play a decisive role in selecting materials for 424 

space habitat construction [51]. Some materials, such as Portland cement, require much water to 425 

hydrate, while materials, such as sulfur concrete, do not require water [158]. Although water has 426 

been discovered on Mars, it is found as ice beneath rock layers and must be extracted and melted, 427 
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and hydrated minerals are a likely source of water for future explorers [153, 159]. In general, 428 

selected materials that do not require water have an advantage over others. 429 

The criterion of water requirement represents in this work only the water needed in the mixture 430 

itself (i.e., for hydraulic binders). However, it is possible that >99% of the water used in concrete 431 

is not used in the mixture itself; for instance, the amount of water needed to operate machinery, 432 

wash facilities, in the quarry, cement kiln, concrete batch plant, etc. [160].  433 

• Technical working conditions 434 

Each construction mortar needs some pre-determined conditions to be used effectively. Technical 435 

working conditions include processing raw materials, storage, and transportation to the desired 436 

location, and conditions during and after construction. These conditions include printing and 437 

curing conditions. For instance, the condition of Portland cement mortar should be controlled 438 

during printing to prevent the water in the mortar from freezing at low temperatures and from 439 

evaporating at the very low atmospheric pressure. In addition, this type of cement has a curing 440 

time of 28 Earth days, and these conditions must be maintained until the full strength of the cement. 441 

Furthermore, this cement needs lengthy processing to turn raw materials into cement [161]. On the 442 

other hand, sulfur concrete requires the condition to remain above 120 °C for the material to be 443 

melted, but it freezes quickly after printing, and no curing condition is required [158]. Some 444 

materials that do not have complex printing and curing conditions, such as the sintered material 445 

and most straightforward approaches without specific facilities during printing, are more 446 

acceptable to engineers [14]. 447 

 448 

 449 
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• Curing time 450 

Curing time is one of the critical limiting factors in selecting construction mortar [162]. The curing 451 

time is important because once the 3D printer pours the mortar, it needs to cure quickly to prepare 452 

the next layer and support the structure [163]. This time should not be too short to allow the grout 453 

to cure in the pipes before it leaves the nozzle. The optimization of this time is related to the 454 

rheology of the mortar and, for some mortars, can be modified by using retarders and accelerators. 455 

For instance, Portland cement mortar needs 28 Earth days to reach its final strength, but sulfur 456 

cement and sintered materials reach their maximum strength immediately after decreasing the 457 

temperature [8, 164-166]. Generally, materials with a shorter curing time after printing require less 458 

and simpler equipment. 459 

• Temperature 460 

The temperature issue can be subdivided into the temperature required to process the material, 461 

e.g., 1400 °C to produce Portland cement or 900 °C to extract sulfur from Martian regolith [8, 462 

166], and the working temperature during printing [9]. 463 

Portland cement mortar must be maintained at a temperature higher than the freezing point of 464 

water, and sulfur cement also has a working temperature of 120 °C to keep it molten [71]. On the 465 

other hand, some concretes, such as sintered materials, do not require raw material processing, and 466 

only a temperature of 1400 °C is used to melt the regolith [102, 112].  467 

Methods with high temperatures require special devices such as nuclear energy or newer 468 

technologies, while solar cells are adequate for low temperatures [167]. This study considers the 469 

maximum temperature to compare the materials in the decision matrix. 470 

 471 
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• Total required energy 472 

The final amount of energy per unit volume is critical in building a structure [168]. Some mortars 473 

must be processed before printing and maintained under the required conditions during curing. 474 

Portland cement mortar requires high energy during processing (1400 °C) and  28 Earth days of 475 

maintenance at a temperature higher than the freezing point of water for complete hydration [8, 476 

58, 166]. 477 

• Strength 478 

It can be said that concrete strength is one of the most determining issues in constructing space 479 

habitats. The strength of these concretes should support the structure's weight. In addition, 480 

resistance to Martian storms is a matter of debate. Gravity on Mars is lower than on Earth; this 481 

helps engineers construct taller buildings. These materials' impact and flexural strength are vital 482 

because they must also be resistant to most meteorites [78, 112, 162, 169]. 483 

• Durability 484 

This parameter is essential in the long term, as some materials may degrade under vacuum pressure 485 

or severe temperature fluctuations. For example, sulfur concrete is sublimed at temperatures above 486 

zero degrees Celsius. This parameter is also related to flexibility and changes in internal and 487 

external pressure, temperature changes [87, 170, 171]. 488 

• Cosmic radiation shield (Density and Hydrogen content) 489 

Shielding humans and equipment against primary radiation, including steady galactic cosmic rays 490 

(GCR) and occasional solar particle events (SPE), is an essential concern in space exploration. 491 

This radiation is very harmful to the human body, animals, and plants, causing the malfunction of 492 
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electronic devices and destruction [172, 173]. The dominant radiation in the space environment 493 

consists of protons and other ions. The GCR comprises ions with a broad energy range, and SPE 494 

generally consists of high-energy protons with gamma and X-rays [174]. 495 

In addition, secondary radiation is created when a high-energy particle impacts a material, such as 496 

the concrete and the content of Martian and lunar habitats. Nuclear interactions can generate 497 

secondary radiation in the form of charged particles, neutrons, and gamma rays. Based on the type 498 

of incoming radiation and the shielding materials, secondary radiation can produce a lower or 499 

higher dose equivalent to primary radiation [175]. The SEP usually contains particles with lower 500 

energy than the GCR and can be easily shielded by the Martian atmosphere [176]. 501 

The most crucial factor in shielding is the amount of hydrogen and the density of the material 502 

(g/cm3) [177, 178]. Studies have shown that the composition of lunar regolith does not affect 503 

shielding; the most important factors are material compaction and hydrogen content [166, 175, 504 

179-183]. Concretes that contain water and generally have a high hydrogen content, such as 505 

polymers, are suitable materials for shielding [116, 184-186]. 506 

• Additives needed 507 

Cement mortar additives are materials added to cement to optimize its properties. These materials 508 

include accelerators, retarders, dispersants, extenders, weighting agents, and foaming agents. 509 

Some concrete materials, such as Portland cement, have been developed with dozens of additives 510 

to modify the rheological properties of the mortar and increase its final strength. On the other hand, 511 

there are no specific additives for some mortars, such as sulfur concrete, or they have not been 512 

studied enough. 513 

 514 
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• Environmental sustainability 515 

Sustainability is the ability to remain relatively steady in various aspects of life [187]. In recent 516 

decades, this has meant the capability of Earth's biosphere and human habitat to coexist [188, 189]. 517 

In the space community, sustainability is used for several meanings - from running space programs 518 

with a fixed annual budget to be able to sustain humans in space indefinitely, equitable use of and 519 

access to space, maintenance of the space environment, and environmental sustainability. It is also 520 

a way to use only renewable and natural resources to allow people to continue their existence in 521 

the long term [15, 190, 191]. 522 

According to these definitions, some of these concretes are more environmentally friendly, 523 

produce fewer pollutants during processing and printing, and have less waste. In addition, from an 524 

economic point of view, some concretes require continuous repairs and maintenance at the time of 525 

construction (near-term space construction) [79, 192]. However, from a social point of view, these 526 

concretes have not yet been studied. 527 

• Safety 528 

The safety of concrete includes its effects at different phases of production and utilization [193-529 

195]. Safety is one of the few criteria that has been less studied, but generally, conventional 530 

materials that have been used for a long time, such as Portland cement, have a high level of safety. 531 

However, the effects of the new materials in the long term are not yet known [196]. Some 532 

materials, such as sulfur concrete, have known hazards. The temperature of molten sulfur above 533 

154 °C leads to hydrogen sulfide and sulfur dioxide [79]. In addition, using a highly alkaline 534 

Sodium hydroxide (NaOH) concentration in geopolymer concrete is unhealthy, and the preparation 535 

needs safety precautions [197]. Furthermore, some concretes, such as sintered materials and 536 
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products of geo-thermite reactions, experience outgassing during their preparation and should be 537 

evaluated for safety. 538 

It is worth mentioning that the structures are likely to be built by robots. Even when humans are 539 

present, they will be wearing space suits. However, in some instances, humans may come into 540 

direct contact with the finished structure or be exposed to the source materials out of a space suit.  541 

• Recyclability 542 

Recyclability is an influential factor in selecting these construction concretes for Mars since many 543 

energy and raw materials must be expended to produce each gram of these binders. This parameter 544 

should be considered in future research. Literally, concrete recycling consists of crushing and 545 

removing it from an old location and then creating a new construction [198, 199]. In general, 546 

Portland cement is hardly recyclable because the hydration process of the cement is irreversible. 547 

On the other hand, sulfur concrete and sintered materials are recyclable because new concrete can 548 

be produced again by melting the previous cement [81, 200, 201]. 549 

2.3 MCDM (multiple-criteria-decision-making) 550 

Fuzzy AHP, TOPSIS, VIKOR, and WASPAS methods were selected based on expert experience 551 

and literature studies because they are applicable in space and civil engineering. Besides, the 552 

following factors were considered for each method: The number of alternatives and criteria, 553 

computational complexity, agility during the decision process, and uncertainty modeling [202]. 554 

The objective of this problem is to rank the alternatives. Therefore, an MCDM method is needed 555 

to produce a complete ranking of alternatives. In addition, the method must be able to take into 556 

account both advantages and disadvantages and those of a quantitative and qualitative nature [203]. 557 

In a fuzzy AHP approach, all pairwise matrices are incorporated using a predefined weight 558 
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aggregation, and then a single weight vector is calculated [204]. The TOPSIS evaluates how good 559 

options reach the defined goals. The VIKOR method is applied to solve decision optimization, 560 

considering that compromise is allowed for conflict resolution. It ranks the alternatives, assesses 561 

the solution called a compromise and is closest to the ideal [205]. The WASPAS method is highly 562 

pragmatic and is heavily based on the concept of ranking accuracy. This method takes advantage 563 

of the weighted sum model (WSM) and the weighted product model (WPM). The combination of 564 

different aspects of the MCDM methods enhances the ranking accuracy [206-208]. 565 

Using the MCDM methods to select the best concrete mortar requires the decision matrix to be 566 

developed from different criteria and alternatives. Table 1 displays the decision matrix and A1, 567 

A2……. An are the possible options that the decision-makers select. C1, C2, …Cn are the criteria 568 

for selecting options, and Xij is the ratio of Ai to Cj. Wj is the weight of Cj. The weight value can 569 

be calculated either via a direct way or from a pairwise comparison. 570 

Table 1 Decision matrix 571 

 572 

 573 

 574 

 575 

 576 

 577 

 578 

 C1 C2 … Cn 

A1 X11 X12 … X11 

A2 X21 X22 … X2n 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

Am Xm1 Xm2 … Xmn 

W W1 W1 … W1 
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2.3.1 Fuzzy Analytical Hierarchy Process (Fuzzy AHP) 579 

2.3.1.1 Linguistic variables 580 

Variables that can be expressed linguistically are called linguistic variables. This variable is very 581 

useful in ambiguous situations. In this study, the linguistic variables used in the fuzzy AHP process 582 

are described in Table 2. 583 

Table 2 The numerical value of the linguistic variables 584 

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) 

 585 

2.3.1.2 Analytical Hierarchy Process (AHP) 586 

The AHP was proposed by Saaty [209] to help decision-makers in a multi-criteria decision 587 

environment to deal with absolute or unambiguous answers. The fuzzy AHP approach helps solve 588 

the ambiguity of decision problems [210, 211]. Applying the fuzzy theory of AHP leads to more 589 

efficient and effective results than AHP [212]. The fuzzy AHP is widely used in various fields, 590 

including supply chain management, reverse logistics, and project selection [211]. 591 

The fuzzy AHP steps are as follows: 592 

Step 1: The matrix of triangular fuzzy pairwise comparisons is expressed as follows: 593 

𝑍̃ = (𝑍𝑖𝑗)𝑛 ∗ 𝑛 [

(1,1,1) (𝑝12, 𝑞12, 𝑟12) (𝑝1𝑛, 𝑞1𝑛, 𝑟1𝑛)

(𝑝21, 𝑞21, 𝑟21) (1,1,1) (𝑝2𝑛, 𝑞2𝑛, 𝑟2𝑛)

(𝑝𝑛1, 𝑞𝑛1, 𝑟𝑛1) (𝑝𝑛2, 𝑞𝑛2, 𝑟𝑛2) (1,1,1)
]                                                    (1) 594 

Where 𝑧𝑖𝑗 = (𝑝𝑖𝑗 , 𝑞𝑖𝑗 , 𝑟𝑖𝑗) 595 
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If 𝑋 = {𝑥1, 𝑥2, 𝑥3, … , 𝑥𝑛} is considered as a data set and 𝑇 = {𝑡1, 𝑡2, 𝑡3, … , 𝑡𝑛} as a target set, each 596 

data is taken, and then the value analysis is performed. Therefore, the values of the analysis for 597 

each data are obtained according to the following signs. 598 

𝑀𝑔𝑖
1 , 𝑀𝑔𝑖

2 , … , 𝑀𝑔𝑖
𝑚, 𝑖 = 1,2, … , 𝑛 599 

Where 𝑀𝑔𝑖

𝑗
(𝑗 = 1,2, … , 𝑚) is triangular fuzzy numbers. 600 

Step 2: The value of the fuzzy combination value relative to the ith object is determined as follows: 601 

𝑆𝑖 = ∑  𝑚
𝑗=1 𝑀𝑡𝑖

𝑗
∗ [∑  𝑛

𝑖=1 ∑  𝑚
𝑗=1 𝑀𝑡𝑖

𝑗
]

−1
                                                                                             (2) 602 

Where ∑  𝑚
𝑗=1 𝑀𝑡𝑖

𝑗
 is obtained as follows: 603 

∑  𝑚
𝑗=1 𝑀𝑡𝑖

𝑗
= (∑  𝑚

𝑗=1 𝑝𝑗 , ∑  𝑚
𝑗=1 𝑞𝑗 , ∑  𝑚

𝑗=1 𝑟𝑗)                                                                                     (3) 604 

And also, ∑  𝑛
𝑖=1 ∑  𝑚

𝑗−1 𝑀𝑡𝑖
𝑗

= (∑  𝑛
𝑖=1 𝑝𝑗 , ∑  𝑛

𝑖=1 𝑞𝑗 , ∑  𝑛
𝑖=1 𝑟𝑗) which inverse vector is calculated as 605 

follows: 606 

[∑  𝑛
𝑖=1 ∑  𝑚

𝑗=1 𝑀𝑡𝑖
𝑗

]
−1

= (
1

∑  𝑛
𝑖=1 𝑟𝑗

,
1

∑  𝑛
𝑖=1 𝑞𝑗

,
1

∑  𝑛
𝑖=1 𝑝𝑗

)                                                                               (4) 607 

Step 3: The degree of probability of 𝑀2(𝑝2, 𝑞2, 𝑟2) ≥ 𝑀1(𝑝1, 𝑞1, 𝑟1) is defined as follows: 608 

𝑉(𝑀2 ≥ 𝑀1) = 𝑠𝑢𝑝[𝑚𝑖𝑛(𝜇𝑀1
(𝑥), 𝜇𝑀1

(𝑦)]                                                                                  (5) 609 

Which can be defined as follows: 610 

𝑉(𝑀2 ≥ 𝑀1) = hgt(𝑀1 ∩ 𝑀2) = 𝜇𝑀2
(𝑑) = {

1  if 𝑞2 ≥ 𝑞1

0  if 𝑝2 ≥ 𝑟2
𝑝1−𝑟2

(𝑞2−𝑟2)−(𝑞1−𝑝1)
 otherwise 

                                     (6) 611 
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Where d is the length of the highest common denominator between 𝜇𝑀1
 𝑎𝑛𝑑 𝜇𝑀2

. For comparison 612 

between  𝑀1and 𝑀2 both 𝑉(𝑀1 ≥ 𝑀2) and 𝑉(𝑀2 ≥ 𝑀1) values are required. 613 

Step 4: The possibility degree for a convex fuzzy number higher than k convex fuzzy 𝑀𝑖(𝑖 =614 

1,2, … , 𝑘) numbers are determined by the following equations. 615 

𝑉(𝑀 ≥ 𝑀1, 𝑀2, … , 𝑀𝑘) = 𝑉[(𝑀 ≥ 𝑀1), (𝑀 ≥ 𝑀2), (𝑀 ≥ 𝑀3), … , and (𝑀 ≥ 𝑀1)] 616 

= 𝑚𝑖𝑛𝑉(𝑀 ≥ 𝑀𝑖), 𝑖 = 1,2,3, … , 𝑘                                                                                                (7) 617 

If we assume: for 𝑘 ≠ 𝑖 and, 𝑘 = 1,2, … , 𝑛, 𝑑(𝐴𝑖) = m  𝑉(𝑆𝑖 ≥ 𝑆𝑘) the weight vector is then 618 

obtained as follows: 619 

𝑊 = (𝑑′(𝐴1), 𝑑′(𝐴1), … , 𝑑′(𝐴1))
𝑇
                                                                                               (8) 620 

So that 𝐴𝑖(𝑖 = 1,2, … , 𝑛) and n is the number of members. 621 

Step 5: By normalizing (scaling), the normalized weight vector is defined as follows: 622 

𝑊 = (𝑑(𝐴1), 𝑑(𝐴1), … , 𝑑(𝐴1))
𝑇
                                                                                                   (9) 623 

2.3.2 TOPSIS 624 

The TOPSIS method is a kind of multi-criteria decision-making method introduced by Hwang and 625 

Yoon [213]. TOPSIS can be easily used to solve a problem with various criteria. Compared to 626 

other approaches, TOPSIS represents a more realistic form of modeling that includes or excludes 627 

other solutions [214, 215].  628 

The reasoning behind the TOPSIS method is that the selected option should gain the longest 629 

geometric distance from the negative ideal solution (NIS) and the shortest geometric distance from 630 

the positive ideal solution (PIS) [216]. TOPSIS considers that the criteria are consistently 631 
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increasing or decreasing. Since the parameters or criteria in this method are in opposite 632 

dimensions, normalization is generally required [213, 217]. 633 

The TOPSIS method consists of the following steps: 634 

1) Determine the alternatives and criteria in the decision matrix. 635 

2) Define qualitative and quantitative criteria. 636 

3) Change the qualitative criteria to quantitative ones by bipolar reference space. 637 

4) Normalize the decision matrix by the norm method, as shown in equation 10. 638 

𝑁 = [𝑛𝑖𝑗] , 𝑛𝑖𝑗 =
𝑎𝑖𝑗

[∑ 𝑎𝑖𝑗
2𝑚

𝑖=1 ]

1
2

                                                                                                           (10) 639 

5) Assess individual criterion weight using Shannon maximum entropy  640 

For this purpose, these steps should be applied: 641 

1. Suppose the decision matrix as in Table 1. 642 

2. Define  Pij  by using the following equation: 643 

𝑃𝑖𝑗 =
𝑎𝑖𝑗

∑ 𝑎𝑖𝑗
𝑛
𝑖=1

     =       ∀𝑖,𝑗                                                                                                             (11)                                                                                                     644 

3. The entropy of the jth criteria is calculated as follows: 645 

𝐸𝑗 = −𝑘 ∑ [𝑃𝑖𝑗 ln 𝑃𝑖𝑗]𝑚
𝑖=1        ;         ∀𝑗                                                                                               (12) 646 

Next, calculate the degree of deviation dj and unreliability of j criteria to indicate how much the 647 

criteria related to j offers essential information to the decision-maker. 648 

𝑑𝑗 = 1 − 𝐸𝑗        ;        ∀𝑗                                                                                                                (13)                        649 

4. Compute weight wj using the following equation: 650 
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𝑤𝑗 =
𝑑𝑗

∑ 𝑑𝑗
𝑛
𝑖=1

       ;       ∀𝑗                                                                                                                   (14) 651 

6) Calculate the balanced normalized matrix. For this purpose, multiply the normalized matrix 652 

by a square matrix (Wn*n) whose main diagonal elements are the criterion weights and 653 

whose other elements are zero. 654 

𝑉 = 𝑁 × 𝑊𝑛×𝑛                                                                                                                        (15) 655 

7) Determine the negative ideal solution (NIS) and the positive ideal solution (PIS) and 656 

calculate the geometric distances from the positive ideal and the geometric distance from 657 

the negative ideal. 658 

Therefore, determine the following indices: 659 

Positive ideal solution (Vj
+) = [vector of the best value of each criterion] 660 

Negative ideal solution (Vj
-) = [vector of the worst value of each criterion] 661 

And next, calculate; 662 

𝑑𝑖
+ = √∑ (𝑣𝑖𝑗 − 𝑣𝑗

+)2𝑛
𝑗=1  ,        𝑖 = 1,2, … , 𝑚                                                                 (16) 663 

𝑑𝑖
− = √∑ (𝑣𝑖𝑗 − 𝑣𝑗

−)2𝑛
𝑗=1  ,        𝑖 = 1,2, … , 𝑚                                                                 (17) 664 

di
+ and di

- are geometric distance from the positive ideal and negative ideal, respectively. 665 

8)  Calculate relative proximity (CL) with the following equation: 666 

𝐶𝐿𝑖
∗ =

𝑑𝑖
−

𝑑𝑖
−+𝑑𝑖

+                                                                                                                                (18) 667 

The highest amount of CL shows the best method. 668 

 669 
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2.3.3 VIKOR 670 

The VIKOR method is another multi-criteria decision-making technique introduced by Opricovic 671 

and Tzeng [205] and used to solve decision problems with conflicting criteria. This method 672 

includes the following steps [205, 218]: 673 

Step 1:  Creation of a decision matrix with m options and n criteria (mn matrix) 674 

Step 2:  Normalization of the matrix using the vector norm. 675 

Normalization or scaling is done with the help of vector normalization. The following equation is 676 

used for this type of normalization. 677 

𝑛𝑖𝑗 =
𝑎𝑖𝑗

√∑  𝑖 𝑎𝑖𝑗
2

                                                                                                                                  (19) 678 

Step 3: Calculate the weight of the criteria 679 

Step 4: Calculate the normal weight matrix 680 

Using the following equation, the scaleless weighted matrix (V) is calculated:  681 

𝑉 = 𝑁 × 𝑊𝑛×𝑛                                                                                                                              (20) 682 

Where N is a scaleless matrix by vector norming, and W is a weights matrix of indexes. 683 

Step 5: Define the positive ideal point and the negative ideal point 684 

The best (𝑉𝑗
+)and worst (𝑉𝑗

−) of all options are determined for each criterion. If ith criterion is a 685 

positive one, we will have: 686 

𝑉𝑗
+ = 𝑚𝑎𝑥𝑉𝑖𝑗                                                                                                                                   (21) 687 
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𝑉𝑗
− = 𝑚𝑖𝑛𝑉𝑖𝑗                                                                                                                                  (22) 688 

For the negative criterion, the inverse of the above expression occurs. 689 

Step 6: Calculate the utility (Si) and regret (Ri) values using the following equation: 690 

𝑆𝑖 = 𝐿1,𝑖 = ∑  𝑛
𝑖=1  

𝑊𝑗(𝑉𝑗
∗−𝑉𝑖𝑗)

(𝑉𝑗
∗−𝑉𝑗

−)
                                                                                                         (23) 691 

𝑅𝑖 = 𝐿∞,𝑖 = m  [∑  𝑛
𝑖=1  𝑊𝑗(𝑉𝑗

∗ − 𝑉𝑖𝑗)/(𝑉𝑗
∗ − 𝑉𝑗

−)]                                                                       (24) 692 

Which for positive criteria, 𝑉𝑗
∗ = 𝑚𝑎𝑥𝑉𝑖𝑗 , 𝑉𝑗

− = max𝑉𝑖𝑗 , and 𝑊𝑗is the criterion weight of j. 693 

Step 7: Calculate the VIKOR index for each option 694 

VIKOR index for each option (𝑄𝑖)  is calculated through the following equation: 695 

𝑄𝑖 = 𝑉 ×
(𝑆𝑖−𝑆−)

(𝑆∗−𝑆−)
+ (1 − 𝑉) ×

(𝑅𝑖−𝑅−)

(𝑅∗−𝑅−)
                                                                                           (25) 696 

Where 𝑆− = 𝑚𝑖𝑛𝑆𝑖 ; 𝑆∗ = 𝑚𝑎𝑥𝑆𝑖 and  𝑅− = 𝑚𝑖𝑛𝑅𝑖 ; 𝑅∗ = 𝑚𝑎𝑥𝑅𝑖 697 

Step 8: Ranking of options 698 

The final ranking of each option is done in the VIKOR method according to the values S, R, and 699 

Q. The best option has the lowest value for these three parameters. 700 

Step 9: The best option for the parameter Q has the following two conditions: 701 

First condition: establish the following relationship: 702 

𝑄(𝐴2) − 𝑄(𝐴1) ≥
1

𝑁−1
                                                                                                                  (26) 703 

Where 𝐴1 and 𝐴2 are the first and second best options among all alternatives and N is the number 704 

of criteria. 705 
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Second condition: The option that ranks first according to parameter Q must also rank first for at 706 

least one of parameters S and R. If the second condition is not met, the ranking will be as follows 707 

 𝐴1, 𝐴2, … , 𝐴𝑚Which 𝐴𝑚 is determined by the following relation: 708 

 (𝐴𝑚) − 𝑄(𝐴1) <
1

𝑁−1
                                                                                                                  (27) 709 

If the first condition is not met, 𝐴1 and 𝐴2 are selected as the best option. 710 

2.3.4 WASPAS 711 

The WASPAS method was first introduced by Zavadskas, Turskis, Antucheviciene and 712 

Zakarevicius [219]. This technique was obtained by combining two weighted sum models (WSM) 713 

and a weighted product model (WPM). Studies performed using this method show the high 714 

accuracy of this method. This method has a unique ability in simple and multiple optimization 715 

problems.  Its simple mathematics is fully applicable in the real world and can be successfully used 716 

in decision problems [197]. 717 

The steps of this method are: 718 

Step 1: Form the status quo matrix based on the designed indicators. 719 

Step 2: Standardize the status quo matrix. In this research, the status quo matrices have positive 720 

and negative directions, and the functions (28) and (29) were used to standardize. 721 

𝑟𝑖𝑗 =
𝑥𝑖𝑗

√∑  𝑚
𝑖=1 𝑥𝑖𝑗

2
→ ∀j = 1,2, … , n                                                                                                    (28) 722 

𝑟𝑖𝑗 =

1

𝑥𝑖𝑗

√∑  𝑚
𝑖=1

1

𝑥𝑖𝑗
2

→ ∀j = 1, … , n                                                                                                     (29) 723 
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Step 3: Calculate the weight of each index 724 

Step 4: Estimation of variance of the standardized values according to the following relation 725 

𝜎2(𝑥𝑖𝑗

___
) = (0.05𝑥𝑖𝑗

___
)

2
                                                                                                                  (30) 726 

Step 5: Calculation of variance of 𝜎2(𝜎𝑖
(1)

) and 𝜎2(𝜎𝑖
(2)

) by the following functions 727 

𝜎2(𝜎𝑖
(1)

) = ∑  𝑛
𝑗=1 𝑥𝑖𝑗

___
𝑤𝑗

2 ⋅ 𝜎2(𝑥𝑖𝑗

___
)                                                                                               (31) 728 

  𝜎2(𝜎𝑖
(2)

) = ∑  𝑛
𝑗=1 [

∏  𝑛
𝑗=1 (𝑥𝑖𝑗

___
)

𝑤𝑗
×𝑤𝑖𝑗

(𝑥𝑖𝑗)
𝑤𝑗

(𝑥𝑖𝑗

___
)

1−𝑤𝑗 ] ⋅ 𝜎2(𝑥𝑖𝑗)                                                                            (32) 729 

Step 6: Calculate the values of (λ) and Qi to rank the options using the following functions: 730 

𝜆 =
𝜎2(𝜎𝑖

(2)
)

𝜎2(𝜎𝑖
(1)

)+𝜎2(𝜎𝑖
(2)

)
                                                                                                                    (33) 731 

𝑄𝑖 = 𝜆 ∑ 𝑥𝑖𝑗

___
 

𝑛

𝑗=1
𝑤𝑗 + (1 − 𝜆) ∏  𝑛

𝑗=1 (𝑥𝑖𝑗

___
)

𝑤𝑗
, 𝜆 = 0, … ,1                                                         (34) 732 

Any alternative with more Qi will be a better option. 733 

3. Results and discussion 734 

Figure 4 displays the criteria and alternatives considered for this study to select the best space 735 

concrete mortar using MCDM methods. 736 
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 737 

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

MCDM methods. 739 

Table 3 shows the alternatives and criteria data for space habitat construction based on the 740 

literature review. The negative and positive criteria are shown in red and green, respectively. The 741 

positive criteria mean the system gains and improves, whereas the negative criteria decrease 742 

efficiency [220].743 
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Table 3 Decision matrix for selecting the best concrete for space habitat construction 744 

Concrete 
Shippin

g (-) 

Water 

require

ment 

 (-) 

Technical 

working 

condition

s (-) 

Curing 

time 

(-) 

Tempera

ture (°C) 

 (-) 

Total 

required 

energy  

(-) 

Availabil

ity 

(+) 

Strength 

(MPa) 

(+) 

Durabilit

y (+) 

Cosmic radiation 

shield (+) 
Additives 

needed 

(+) 

Sustainabil

ity (+) 

Safety 

(+) 

Recycla

bility 

(+) 
Density 

(gr/cm3) 

(+) 

Hydrog

en 

content 

(+) 

Portland 

cement 
none high high high 1450 high low 15-35 high 2.40 low 

very 

high 

modera

te 

very 

high 
low 

Sulfur none none 
moder

ate 

very 

low 

900-

120 
high 

None 
(As 

elemental 

sulfur) 

20-65 
mode

rate 
2.24 none 

very 

low 
high 

mod

erat

e 

high 

Geopolymer none 
mode

rate 

moder

ate 
low 

20- 

90 

mode

rate 
high 16-36 high 2.46 low high 

modera

te 
high 

mode

rate 

Sintered 

materials 
none none 

moder

ate 

very 

low 

900-

1400 

very 

high 

very 

high 
2-60 

mode

rate 
2.1 none low 

very 

high 
high high 

Polymer-

bound 

regolith 

mode

rate 
none 

moder

ate 

mode

rate 

-100 

to 

400 

mode

rate 
none 

20-

100 

mode

rate 
 1.40  high high low 

mod

erat

e 

low 

Products of 

geo-thermite 

reactions 

low none 
moder

ate 
low 

900-

1900 
high 

mode

rate 
10-18 low 1.7 none 

moder

ate 

very 

high 
high 

mode

rate 

Regolith-

based 

magnesium 

oxychloride 

low 
very 

low 

very 

high 
high 

20-

800 
high 

mode

rate 
20-80 high 2.5 low 

moder

ate 
high high low 

Microbial 

induced 

calcite 

precipitation 

mode

rate 
low 

very 

high 

mode

rate 

-20 to 

+50 
low none 1-5 low 1.56 low low low 

mod

erat

e 

mode

rate 

745 
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3.1 AHP for planetary concrete selection 746 

Sustainability has the lowest weight, and shipping has the highest weight (Fig. 5), as shown by the 747 

numerical values of the linguistic variables and the fuzzy AHP. These weights indicate the 748 

importance of each criterion. They were determined based on the judgments between the criteria 749 

and the number of studies conducted on a criterion. 750 

 751 

Fig.5. Weights obtained from the Fuzzy AHP method for different criteria 752 

3.2 TOPSIS for planetary concrete selection 753 

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

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

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

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

Concretes TOPSIS 

Portland cement 6 

Sulfur 2 

Geopolymer 3 

Sintered materials 1 

Polymer-bound regolith 7 

Products of geo-thermite reactions 5 

Regolith-based magnesium oxychloride 4 

Microbial-induced calcite precipitation 8 

 759 

3.3 VIKOR for planetary concrete selection 760 

In the VIKOR method, the final ranking of each option is gained according to the values of S, R, 761 

and Q. Since the first condition is not met, according to the VIKOR instructions and conditions, 762 

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

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

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 769 

In WASPAS logic, any alternative with a higher Qi value is a better option. The best and worst 770 

mortars for space habitat construction are geopolymer and regolith-based magnesium oxychloride, 771 

respectively (Table 6). 772 

Table 6 The results of the ranking of the WASPAS method. 773 

Concretes WASPAS 

Portland cement 4 

Sulfur 3 

Geopolymer 1 

Sintered materials 2 

Polymer-bound regolith 5 

Products of geo-thermite reactions 6 

Regolith-based magnesium oxychloride 8 

Microbial-induced calcite precipitation 7 

3.5 Average rating method 774 

The three MCDM approaches of TOPSIS, VIKOR, and WASPAS show slightly different results. 775 

The discrepancies are due to different score scales, weightings, and distributions of scores. This 776 

study used the average rating method to select the best concrete mortar for Mars based on the 777 

average scores. 778 

The results of the three different MCDM approaches and the average score of the different 779 

concretes are shown in Table 7. Based on this method, geopolymer is the best concrete for the 780 

harsh conditions of Mars. The sulfur and sintered materials are ranked equally second, and it can 781 

be seen that the microbial induced calcite precipitation method is the last option for habitat 782 

construction. 783 

 784 

 785 
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Table 7 The results of the three different MCDM approaches and the average score of the 786 

different concretes 787 

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 

 788 

Considering almost all effective parameters in construction by concrete on Mars' harsh conditions, 789 

the geopolymer, sulfur, and sintered concretes were selected as the best types for space habitat 790 

construction. Many papers have addressed space concrete but have only compared different 791 

materials [8, 166] or focused on two or three effective parameters of concrete construction. Each 792 

concrete may have an outstanding feature with a specific application, but an optimal choice can be 793 

used in different situations. In addition, due to high costs and investment risks in space researches, 794 

all parameters must be considered in decision-making [221]. Nevertheless, laboratory tests in 795 

versatile simulation conditions are more acceptable to determine the best concrete. When the 796 

empirical analysis is feasible and makes economic sense, it should be preferred [222]. 797 

According to the previous literature, it is expected that Portland cement should be a lower rank 798 

due to material unavailability. Nevertheless, other parameters of this concrete, such as strength, 799 

are suitable for construction and can be considered as a method to be used in the distant future. 800 

Furthermore, by considering the regolith properties, sulfur concretes can be applied for places on 801 

the surface of Mars with higher sulfur content. On the other hand, the sintered material could be 802 

used anywhere on the surface of Mars regardless of the distribution of a particular substance since 803 

they do not require any binder and are produced by the fusion of mineral particles. 804 
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Considering the requirements to produce geopolymer concrete, it is known that glassy particles 805 

with a high aluminum content are needed to prepare this concrete [223]. The glass content in the 806 

regolith of Mars is not high enough and Martian regolith is 70 to 80% crystalline and unsuitable 807 

for geopolymers. Alexiadis, Alberini and Meyer [224] experimentally investigated the 808 

geopolymers made from Lunar and Martian regolith simulants. They showed that the concrete 809 

made from the Martian regolith lacked sufficient strength. 810 

The results of this study may change in the future depending on further research on the 811 

aforementioned concretes and can be revised by re-tuning weights and subjective probabilities. In 812 

addition, applying uncertainty, probability, and neural networks in MCDM studies can improve 813 

decision-making accuracy [225]. Furthermore, other effective criteria can also be added to the 814 

decision matrix, such as costs. However, more economic studies are needed in this area [226].  815 

The results of this research can be used as input for feasibility studies such as research done by 816 

Metzger and Autry [29].  817 

4. Conclusion 818 

The objective of the current study was to determine the best concrete mortar for the construction 819 

of Martian habitats based on 14 technical criteria. The cost criterion was not considered in this 820 

study due to a lack of data for the different materials. For this purpose, three types of MCDM 821 

methods were used: TOPSIS, VIKOR, and WASPAS. These MCDM methods had similar ranking 822 

results. The geopolymer was selected as the best construction material by using the average rating 823 

method. In addition, the sintered concrete and sulfur concrete ranked equally second. The highest 824 

priority of other concretes is Portland cement, products of geo-thermite reactions, regolith-based 825 

magnesium oxychloride, polymer-bound regolith, and microbial-induced calcite precipitation, 826 

respectively. In addition, the Fuzzy AHP method was used to determine that the shipping and 827 
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sustainability criteria had the highest and lowest weightings in the decision-making process. This 828 

study presented a scientific method for the comparison of concretes in order to increase the 829 

accuracy of decisions about space concrete selection. The decision-making methods presented in 830 

this paper can also be used to make decisions regarding other complex space technologies. 831 
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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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