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Abstract. Space exploration activities have long taken place to discover the shape of our solar
system and the way all of its components work together. The closest celestial bodies to the Earth
that are regarded by researchers as capable of becoming colonies are Moon and Mars. One challenge
for researchers is the mission of developing permanent infrastructures on both Moon and Mars. The
testing of casting technology on both Moon and Mars has been done in relation with the mission.
The material resources on both Moon and Mars have been developed for cement and casting
materials. Since the space mission for human colony development on both Moon and Mars is
considered extraordinary, a sociotechnological approach would be necessary in order to realize the
development. This approach will play its role in making people ready to accept the advancement of
sciences and technologies.
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1. Introduction

The closest celestial body in our solar system that resembles the Earth is Moon. Studies
of Moon were done using a telescope by Galileo in 1609 (Galileo, 1610), long before humans
and their technologies were able to directly touch the surface of Moon. Further observation
of Moon's rocky surface has indicated that it shares similar geological processes, such as
geochemistry and geophysics, with the Earth’s surface (Hiesinger and Head, 2006). In
addition, a lot of modern exploration has expanded to Mars, such as Mariner 4 in the early
1960s and its return in 1965 to capture the first close-up images, and Mariner 9 in 1971
(Martinez et al., 2017).

From the late 1950s through the 1960s, an agreement was made between countries on
the development of outer space—then between the US and the Soviet Union (U.S.-Soviet
Cooperation in Space, 1985). In that era, another country that conducted research in space
was Japan. Japan's space research activities began in 1969. From 1998 to 2007, Japan
developed a security sector policy in space (Kallender, 2016). The successful launch of
Sputnik in 1957 marked the beginning of the era of space exploration. The next stage of
space exploration, to send humans into outer space, as initiated through the Apollo project,
with its goal of landing human beings on Moon (Mendall, 1998; Launius, 2006). This goal
was also aimed to respond to Urey’s claim that Moon was an unidentified primitive object
in space (Urey, 1966). The claim was made before Apollo 11 managed to bring back the sam
samples resulting from the exploration on Moon.
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The space utilization program (mainly lunar program), as a resource, was also spurred
in Europe through the organization of the European Space Agency (ESA). The SMART-1
mission, launched in the early 2000s to examine lunar origins and evolution, indicated that
ESA was serious about space project activities (Foing et al., 2016). The next ESA exploration
concept, Moon Village project, was proposed with the aim of enabling both humans and
robots to perform activities on Moon on a sustainable basis. In order to realize the major
space project on Moon, the International Lunar Exploration Working Group (ILEWG),
founded in 1994, collaborated with the ESA project (Foing, 2017). With cooperation among
several countries, the basic ambition of the development of Moon Village project was to
establish a permanent Moon-based station. The science and technology playing a role in
Moon Village project was considered a means of education for the younger generation. The
structure, which combined automation, robotics, and humanity, was put forward in
designing the facility’s architecture for a civilization on Moon (Messina, 2016).

In 2003, India participated in designing a mission to Moon, whose implementation was
scheduled for 2008. The mission was equipped with X-ray spectrophotometer and
stereographic equipment to research Moon’s North and South Poles. The mission is part of
India’s 2020 vision; it is a vision for its Millennium era, where both the sectors of the
software industry and the space industry are expected to promote the growth of the
agriculture and manufacturing sectors (Dholakia, 2001). In the current century, suitable
supply chain management encourages the space logistics infrastructure for sustainable
exploration and to serve terrestrial life (Ishimatsu et al., 2016).

The construction of space resources on a large scale has been taking place not just on
Moon but also on Mars. At first, the establishments in space received imported material
hardware from Earth and then, little by little, the space industry began an expansion to
produce the infrastructure for their requirements (Metzger, 2016).The goal of exploration
on Mars is not much different from Moon exploration, that is, to create a permanent colony
by 2024 (Bizzari et al., 2017). To the present, research on risks for humans to travel in space
has been taking place, particularly with the purpose of expansion in the solar system (van
Allen, 2004; Mindell et al., 2008; Putman, 2015).

The space era has long since begun. Exploration of the farther reaches of the solar
system will continue to be pursued by humans. Geologically related investigations on the
surface of Moon and the environment of Mars are being conducted to identify the evolution
of Moon and Mars. Most of the minerals found in lunar and Martian soil and rocks (with a
few exceptions) are also available on Earth, such as silicon dioxide (SiO2), alumina (Al203),
sulfur (S), and iron (FeO). Another form of extrusive material from volcanic activity that is
common and widely found on Moon and Mars is basalt (Nazer, 2019). The field observation
about rocks on the surface of Moon and Mars was done for the infrastructure development
on both. One of the technologies that is being developed is concretion. A later idea was
whether both Moon and Mars are feasible for civilization. Durst et al. (2016) revealed that
to conduct space exploration, both high levels of science and technology and an
understanding of the culture and traditions of humanity are required.

To succeed with the development of concrete or casting material that can be applied to
make infrastructure on both Moon and Mars, sociotechnology is needed. New technological
designs cannot achieve maximum results on their own, even though they are separate from
the human component that has to understand them. It is important to view the technology
and the people who work with it as combined within a system; they cannot be maximized as
separate entities. Through this rationale, the essential principle of a joint operation emerges,
in which it is the role of engineers to act as technological, natural, societal and cultural
mediators, otherwise known as a sociotechnological approach (Trist and Bamforth, 1951;
Trist et al, 1963; Bell et al,, 2012). In a sociotechnological perspective, engineering is
presumed to be a sociotechnical activity that leads to development more successfully than
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modern engineering, which speaks in terms of a strictly technological undertaking (Bell et
al, 2012).

The sociotechnological approach is important to be used as a parameter in
infrastructure development on Moon or Mars. It is important to consider that infrastructure
development will not only be conducted on Earth; but if it is to be carried out in space, it is
necessary to review the social relations between humans and technology in the future. The
use of sociotechnology in general can be done by first testing for similarities of soil on Moon
and Mars and then comparing them with the materials found on Earth as raw materials for
building infrastructure. This will be important in order to minimize failures when this
project is carried out in outer space. This paper will now move to a discussion of the role of
sociotechnological approaches in relation to concrete casting materials taken from Moon
and Mars.

2. Analysis of Concrete Material Resources

The technology of concrete casting has evolved since 1824, and it has become even
more sophisticated today. According to the social paradigm, the quality of concrete material
lies not only in its strength but also in the mechanical force it generates. The evolution of
concrete casting technology cannot be separated from the claim that the weak point of the
technology comes from the results of the concrete casting technology itself, called the
interfacial zone. This weakness can be well controlled through the "transport mechanism"
assessment on the pores of concrete casting media.

The presence of indications that have arisen during the ongoing process of the
evolution of concrete casting technology, leading to a thorough knowledge of the possibility
of the materials of either Moon or the Mars being impacted by infrastructure loads is
required (Lin et al., 1998). Loads may possibly be borne by either Moon’s or Mars’s surface,
such as solar winds, small meteors, and extreme weather. The solidification of the
geological structure of the surfaces of both Moon and Mars has resulted from their
adaptation to their extreme environmental aspects. The availability of materials from Moon
and Mars is a resource that can be utilized for the development of space exploration
missions.

In solving the energy problems on both Moon and Mars, NASA has conceived an idea to
produce energy. The focus of the conception is to engineer oxygen from carbon dioxide by
using zirconia electrolysis cells and solid oxide electrolysis, which is part of the In Situ
Propellant Production (ISPP) program. In space, mass is an important component of
spaceflight and spacecraft. According to Sanders and Larson (2011), In-Situ Resource
Utilization (ISRU) has the capability to extract and process resources at the site of
exploration into useful products and infrastructure.

Although such conceptions, including various loads and the microgravity of the
environment conditions has been available, the knowledge of the geological structure of
Moon and Mars along with detailed characteristics of their materials must also be known
for the purpose of making cast concrete. In principle, the materials of both Moon and Mars
can be classified into rock, regolith, and breccia when observed from their formations and
sizes resulting from either evolution or the impact of meteors (Hartmann, 2019). In general,
on Moon, the amount of CaO is low and less suitable for producing Portland cement.
However, research shows that the CaO levels in anorthosite rocks is around 17% and in
basalts, is around 12%, which means that the materials can still be utilized as raw materials
for cement production in steamy conditions. Furthermore, in the process where a high
evaporation temperature is applied, CaO levels can also be produced from the rock’s
materials through the unneeded oxide outages until they reach their melting point. An
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illustration of the lunar surface can be seen in Figure 1. The composition of the surface
materials of both Moon and Mars based on observations from various missions and times

are shown in Tables 1, 2, and 3.

Figure 1 The appearance of regolith and breccia from Luna 24 mission (Diaz et al,, 2015)

Table 1 Chemical content of Martian Soil (Lin et al., 1998)

Oxide

A-2, Soil % Weight A-4, Soil % Weight A-5, Soil % Weight

Si0Oz
Al;03
FeO
Ca0
MgO
SO3
Nazo
K20
TiO;
MnO

8.7
4.3
4.3
0.6
6.3
0.5

43.3
10.4
14.5
4.8
9.0
6.2
5.1
0.7
1.1
0.5

43.8
10.1
17.5

5.3
8.6
5.4
3.6
0.7
0.7
0.6

Table 2 Chemical content of Martian Rock (location from Viking-Chryse & Utopia 1976;

Pathfinder 1997) (Lin et al, 1998)

Oxide

A-3, “Barnacle Bill” % Weight

A-7, Rock “Yogi” % Weight

SiO;
Al;03
FeO
Ca0
MgO
SO3
NazO
K20
TiO;
MnO

55.0
12.4
12.7
4.6
3.1
2.2
4.2
1.4
0.7
0.9

50.3
11.4
13.3
5.8
6.3
4.2
2.5
1.1
0.8
0.5




Munaf & Piliang

591

Table 3 Chemical compositions (wt.%) of Lunar and Martian Soil samples (Toulmin et al.,
1977; Greeley et al., 1981; Khitab et al,, 2015)

Constituent Lunar Sample Martian Sample Cement
SiO; 37.79 44.7 20.13
Al03 19.66 - -
FeO 6.44 8.3 1.19
Fe;03 10.74 5.6 64.01
MgO 8.85 5.7 5.98
Cao 12.97 0.9 0.37
K20 0.05 <03 0.77
TiO> - 18.2 2.35
SO3 - 7.7 -

In addition, an important thing that needs to be learned in cast concrete production is
the distribution of the size of the existing particles. Another possibility is to mix and place
the materials for the concrete production (Chandwani et al.,, 2015, Yadav et al., 2018).
Although the samples from both Moon and Mars consist of some dust and a few rocks, their
usage is comparable with the materials of Earth’s rock. Another important thing to know in
the field of concrete production is the distribution of the sizes of the existing particles
because it is necessary for the purpose of surface-dry material mixing (Niken et al., 2017).
Even though there are very few samples of sand and rocks from both Moon and Mars,
analogous comparisons with Earth’s rocks have been made since 1999. Below are examples
of these analogies.

e The sand and rocks from the surface of Mars are analogous to the sand and rocks from
Hawaii (Phillips, 2012).

e The sand and rocks from Moon’s surface are analogous to the sand and rocks from San
Francisco (T.D. Lin, personal communication, October 14, 1995)—volcanic sand, shiny dark
basalt.

Table 4 shows the compositional particle trends of the distributions of sizes in lunar
and Martian soil samples. Lunar soil sample trends in the composition were identified with
maturity, which means that a large number of meteoroids crashed into the lunar surface
and is related to grain size (McKay et al.,, 1991). Compositional patterns of particle size in
lunar soil, according to Colwell etal. (2007), are summarized in Table 7.

Table 4 Distribution of Lunar and Martian Particle sizes (T.D. Lin, personal communication,
February 1995; Lin et al.,, 1998)

Size (mm) Lunar Weight (%) Martlzt{)l/o\;Velght
0.5-1.0 22.0 211
0.25-0.5 29.5
0.15-0.25 20.8
0.09-0.15 12.9
0.05-0.09 9.2
0.02-0.05 5.4
0.1-0.5 30.5
0.05-0.1 25.8
<0.02 21.7 1.3
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Table 5 Volume abundances of particles by particle size in Lunar Soil (McKay, cited in
Colwell et al., 2007)

Size (um) Weight (%)
250-500 11.91
150-250 13.13
90-150 15.99

75-90 5.48
45-75 14.45
20-45 17.37

3. Experimentation with Fabricating the Concrete

The production process for cast concrete samples for both Moon and Mars was based
on the known chemical composition and particle size distributions. The testing for the
limited materials of the cast concrete sample was performed with cubic specimens 5x5x5
cm in size for dimensional analysis by applying two combined methods to ensure the
coherence of the experiments. At present, there are only two methods:

e Method 1: DMSI (Dry Mix Steam Injection), which was created by T.D. Lin
e Method 2: PAC (Prepacked Aggregate), which was created by Mohammad Sahari Besari

The diagram containing the comparison of the two methods can be seen in Figure 2,
which shows the most suitable methods for the development of lunar concrete production
(Kanamori et al. cited in Matsumoto et al., 1998). This comparison could happen because
most of the materials were processed in pressurized air so that the quality of concrete was
easily produced as if it had been manufactured on Earth. The amounts of hydrogen and pre-
processing ilmenite required to produce one ton of prepacked aggregate concrete are
estimated to be 8 kg and 598 kg, respectively. To ensure good concrete, other materials
should be added, such as water, in order to produce grout cement to make a prepacked
aggregate concrete.

The production process of material formation was performed on a trial scale at
National Chiao-Tung University, Taiwan. The test results on the materials’ attractive force
are shown in Table 6. Wan (2015) reported the results of some physical properties of lunar
and Martian concrete measurements, which are found in Table 7.

Table 6 Results of simulated compression strength of Lunar Concrete (Lin et al, 1998)

e e WG
LF 5.300 0.81
LA 5.833 0.81
LC 5.775 0.81

Notes:
1) LF =Lunar soil stimulant <0.8 mm
LA = Lunar soil as received
LC = Lunar soil stimulant >0.8 mm
2) Cement/Sand Ratio =i2-5
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PREPACKED AGGREGATE

Lunar Soil/rock

hydrogen (8kg)

Pre-processing ilmenite g Water Plant
Plant (6.6 ton) (598 kg) water (64 kg)
Grout ;
Cement Plant s Batching
(170 kg) Plant
Prepacked
Aggregatesconcrete
(766 kg)

plant (1 ton)

Concrete
Products

PREPACKED AGGREGATE

Lunar Soil/Rock Earth
hydrogen (8 kg)
Pre-processing Water Plant ‘
Plant (66ton) (598 kg)
water (4 kg)
—_——
l— Concrete g
Aggregates
(766) Batching
Plant — '
Cement Plant Precast Concrete
(170 kg) Plant (4 kg)

Concrete Products

Figure 2 Comparison of DMSI and PAC Methods (Matsumoto et al., 1998)

Table 7 Properties of Lunar and Martian Concrete (Wan, 2015)

Property Lunar Concrete Martian Concrete
Compressive Strength (MPa) 39-75.7 20-63
Tensile Strength (MPa) 8.3 2.7-3.6
Density (kg/m3) 2600 -

Young’s modulus (GPa) 21.4 6.5-10
Coefficient of thermal

-6 -
expansion (1/°C) >4x10
Bending strength (MPa) — 1.65

Although the two methods have shown that the test results of compression strength
are close to equivalent, an assessment of energy production remains to be done. The
intensive work on the PAC method was performed by using the calculations from the
gravity analysis of the mixed materials of Coutte flow and from the analysis of ground
excavation by Poisseule. As a result, the analysis shows that the PAC method uses 33% less
energy than the DMSI method does to produce 1 m3 of both the lunar and the Martian cast
concrete. The scale of value for the PAC method is 3.4 GJ, whereas it is 5 GJ for DMSI. This is
important to consider when starting the production of cast concrete on both Moon and
Mars because energy is required to meet the needs of fuel for the development activities.
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Due to the limited energy availability on both Moon and Mars, efficient utilization of energy
is required.

Reis and Ferreira (2004) researched another kind of polymer concrete, epoxy concrete,
which is reinforced with synthetic fibers. The composition of this concrete is 80% sand and
20% epoxy resin. Another study of polymer-based concrete was conducted by Lee et al.
(2014), who used 90% lunar artificial soil and 10% polymer in their concrete mixture.

4. Living on Moon and Mars with the Sociotechnological Approach

The sociotechnological model has become one of the most widely accepted approaches
to research and has been extensively used in the social sciences. The sociotechnological
system is explained as an open system with strict roles that must be interrelated and benefit
the external world. However, the environment is always dynamic (Emery and Trist, 1973).
Sociotechnology has a dual responsibility for managing intra-organizational priorities
related to an external product and for adjusting, controlling, and monitoring the research
impact on the environment. However, it should also be viewed as a single concept
(sociotechnological concepts and environmental factors) to be a good model.

Related to space exploration, it is true enough that the technological instruments to
support human life on Moon have been developed in such a way. The decades of exploration
have made people increasingly aware of the opportunity to build civilizations beyond the
Earth. Within NASA, the ISRU Technology Development Project is currently aimed to
increase the human scale for lunar and Martian application. ISRU expansion efforts refer to
developing the scale for meeting human mission needs and life support applications
(Sanders, 2018). Moreover, ISRU encourages obtaining and using local materials in space
when exploring or living on Moon and Mars (or other bodies in the solar system) (Lai and
Gertsch, 2013). A survey related to human and robot exploration on Mars was conducted
by Holler (2013) through a random sample of 1.101 Americans 18 years and over. The
results of the survey showed that as many as 72% of the respondents agreed that the US
government should fund NASA's technological research to send humans to Mars; 84% of
the respondents suggested that NASA establish stronger cooperation with private parties;
and 71% of them were confident that humans could land on Mars by 2033.

Guarino (2017) even wrote to Stephen Hawking, saying that human beings should
leave the Earth one day and initiate a space exodus. Stephen Hawking suggested that the
world's nations should collaborate and unite in a colony-building project on Moon within
30 years, and he predicted that humans could reach Mars in the next 15 years. That humans
basically understand how to survive on Moon is demonstrated by the fact that astronauts
can live for many years at the international space station, and future projects for building
colonies on both Moon and Mars have long been established. Juarez (2013) mentioned as
many as 100,000 people who are eager to live on another planet. Moreover, 30,000 people
did not question the cost or survival abilities of living on other planets, especially Mars, as
a colony project. The latest news explains why NASA is focusing more on Mars projects than
on Moon projects for the 2030s. However, McKay, a NASA astrobiologist, confirms that
humans cannot survive on Mars if they are incapable of learning how to live on Moon. This
can be interpreted as indicating that Moon is the blueprint for the initiative-driven, habitat,
communication, and life support systems for Mars (Fecht, 2016). Apart from that, as stated
by Williams (2009), research on human life in outer space, based on psychological and
medical approaches, is required since astronauts are humans with a normal psychology
who live in an abnormal environment. Bizzari et al. (2017) explained that astronauts could
lose 25% of their muscle mass during the long-term flights. Besides, their disorientation in
microgravity would have an effect on the sensors that exist in their body. Therefore, it is
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necessary to conduct research on minimizing the risks to both the human body and human
psychology. It can be concluded that even though there are several studies that say it is
possible for humans to live on Mars or Moon, a better model is still needed to plan for and
reduce failure, and the best model to be used is the sociotechnological approach.

This is so because the sociotechnological model can operate at the meso level of
organizations, and it also works at the macro level of community. At the organizational
level, the sociotechnological model can be used to optimize the social and technical needs.
For instance, if the idea to live on Moon and Mars were to be realized, then the technology
would be designed to encourage employees to achieve a balance in the optimum level of
quality assurance between intra-organizational considerations and the needs of the
external community for safety. In other words, the sociotechnological approach can become
a safety standard. This can be done through competence training and by creating an
appropriate decentralization of decision-making, combined with “failsafe” technical
devices. The sociotechnological approach can become a bridge between technology and
human beings since sociotechnology can be used to describe how one factor or variable is
related to another factor or variable. This sociotechnical approach can also be used for
research as amodel or standard operational procedure for safety precautions when relating
technology and human beings, and, therefore, we assume that the idea of building
infrastructure on Moon and the planet Mars can no doubt be realized in the future.

5. Conclusions

The program of space utilization was initiated by NASA in 1994, and some nations have
participated in its international collaboration projects since then. The program has
challenged civil engineering. The challenge not only relates to the establishment of
settlements on both Moon and Mars but also relates to the sociotechnological aspects,
mainly their technological spin-offs and methods for infrastructure development.

For the first time ever, the production of concrete on Moon and Mars will be realized
soon. This can happen since a sample of Martian rocks arrived on the Earth in 2005. In
addition, NASA's upcoming Mars 2020 Perseverance rover mission will collect the first
samples from Mars by subsequent missions. Therefore, it can be said that the infrastructure
engineering on Moon and Mars is very promising to be done in the future.

However, there are still a lot of problems that have to be solved. Not only does the
concrete casting technology need special attention but previous studies related to civil
engineering. It also requires further research either in the lunar or Martian environments.
The sociotechnological aspects are expected to be able to resolve these problems. In
relation to the material casting system on both Moon and Mars sociotechnological aspects
can particularly help in the following areas:

e the utilization of the resources of both Moon and Mars in producing cement;

e the application of solar energy for the oxide evaporation process, which is not
required in casting;

e the development of production procedures and casting systems in microgravity
environments;

e the analysis of required energy and casting technologies for the casting of building
structures by applying either the DMSI or the PAC method;

e the performance of microscopic tests of casting results by using either the DMSI or
the PAC method to determine the integration of forces in the cast structure;

e the designing of automatic robot control systems for the infrastructure development
process on Moon and the Mars;
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e the designing of a concept for Moon’s colony stations, whether an inflatable structure
or box structure, which includes its ergonomic aspects.
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