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ABSTRACT OF THE THESIS 

DESIGN OF A LUNAR SURFACE STRUCTURE 

by Sohrob Mottaghi 

Thesis Director: Prof. Haym Benaroya 

 

The next step for manned exploration and settlement is a return to the Moon. In such a 

return, the most challenging task is the construction of structures for habitation, 

considering the Moon’s hostile environment. Therefore the question is: What is the best 

way to erect habitable structures on the lunar surface?  

Given the cost associated with bringing material to the Moon, In-Situ Resource 

Utilization (ISRU) is viewed by most as the basis for a successful manned exploration 

and settlement of the Solar system. Along these lines, we propose an advanced concept 

where the use of freeform fabrication technologies by autonomous mini-robots can form 

the basis for habitable lunar structures. Also, locally-available magnesium is proposed as 

the structural material. While it is one of the most pervasive metals in the regolith, 

magnesium has been only suggested only briefly as a viable option in the past. Therefore, 

a study has been conducted on magnesium and its alloys, taking into account the 

availability of the alloying elements on the Moon. 
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An igloo-shaped magnesium structure, covered by sandbags of regolith shielding and 

supported on a sintered regolith foundation, is considered as a potential design of a lunar 

base, as well as the test bed for the proposed vision. Three studies are carried out:   

First a static analysis is conducted which proves the feasibility of the proposed material 

and method.   

Second, a thermal analysis is carried out to study the effect of the regolith shielding as 

well as the sensitivity of such designs to measurement uncertainties of regolith and 

sintered thermal properties. The lunar thermal environment is modeled for a potential site 

at 88º latitude in the lunar South Pole Region. Our analysis shows that the uncertainties 

are in an acceptable range where a three-meter thick shield is considered. Also, the 

required capacity of a thermal rejection system is estimated, choosing the thermal loads 

to be those of the Space Station modules.  

In the third study, a seismic model based on best available data has been developed and 

applied to our typical structure to assess the vulnerability of designs that ignore 

seismicity.  Using random vibration and modal superposition methods, the structural 

response to a lunar seismic event of 7 Richter magnitude indicates that the seismic risk is 

very low. However, it must be considered for certain types of structural designs. 
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Chapter 1. Introduction 

Lunar colonization is humanity’s long lasting aspiration. It can be traced back to as early 

as the second century when Lucian writes of a trip to the Moon. In 1638, Wilkins, 

an English clergyman and natural philosopher, mentions lunar colonization soon after 

Kepler’s earlier telescopic observations of the lunar surface. After Wilkins, there exist 

many science fiction stories that write of human activities on the Moon. An example is 

Jules Verne’s fictional novel “From the Earth to the Moon”. By the 20
th

 century, the 

literature takes a more scientific approach toward lunar exploration, and by mid-20
th

 

century, papers on different approaches to building lunar shelters come to exist (Johnson 

and Leonard 1985). In 1969, Neil Armstrong became the first human to set foot on the 

Moon in the Apollo 11 mission. During the Apollo missions, many experiments were 

carried out and data were transmitted back to Earth. As the understanding of the lunar 

environment increased, the literature on lunar bases became very detailed and many 

authors proposed different lunar structures and wrote of specifications that must be 

considered in the design of these structures. Unfortunately, by the mid-1990s the political 

climate turned against lunar exploration and Mars began to be viewed as the 

“appropriate” destination, essentially skipping the Moon (Benaroya et al. 2002). With the 

2004 declaration of the Bush vision for the manned return to the Moon by 2020, lunar 

literature gained some of the attention back from Mars, but this did not last long due to 

the 2010 Obama call for the end to NASA’s Moon program. Although during the past 

few decades, many hundreds of papers have been written on the subject, we review a few 
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of these that we believe to be representative of evolution of lunar base concepts up to the 

present day. 

Generally, the proposed lunar structures can be divided to three categories: (i) Inflatable, 

(ii) Rigid, and (iii) Hybrid (inflatable/rigid). The hybrid structures, as categorized here, 

are those consisting of inflatable sections (containing air), and rigid sections (bearing the 

loads). Other definitions exist in the literature for hybrid structures. In comparison with 

the other two types, very few efforts have been made to model hybrid structures and these 

are not considered here. A good example, however, is the work done by Land (1985).      

1.1 Inflatables 

Inflatable habitats are designed to minimize the transport of materials from the Earth to 

the Moon. A study was done during the Apollo program on a number of inflatable 

manned space systems by Goodyear Aerospace Corporation through NASA’s Langley 

Research Center (Roberts 1988). Ever since, many researchers have devoted their efforts 

to design and optimize these structures. Land (1985) proposed a pneumatic structure that 

permanently supports the regolith shielding layer. In his design, the deflated structure is 

initially laid on a leveled surface, then regolith is pushed over and the structure is 

inflated. The upper surface of the structure is ribbed to anchor into the regolith (Fig. 1.1).  

In another research work, Roberts (1988) proposed an inflatable habitat that consists of a 

spherical pneumatic envelope with an interior structural cage to support the floors, walls, 

and to hold up the envelope if the pressure is lost (Fig. 1.2).  
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Nowak et al. (1992) considered a pillow-shaped, modular inflatable lunar base. The 

structure is composed of several basic modules and each module consists of the following 

structural components: roof and floor membranes, four columns and footings, four arched 

ribs, and external wall membranes (Fig. 1.3). 

 

Figure 1.1. Base concept, low arch shield with pneumatic support structure (Land 1985, courtesy of 

NASA). (1) Deflated structure flat structure flat on ground. (2) Structure inflated, raising the regolith. (3) 

Plan showing the concept applied in sections for a continuous low arch shield. (4) Plan showing concept 

applied in a low, domed shield. 

 

Figure 1.2. Cross section of the inflatable Lunar Habitat (Roberts 1988, courtesy of NASA). 
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Figure 1.3. Physical model of inflatable lunar base (Nowak et al. 1992, with permission from ASCE). 

 

In 1996, NASA Johnson Space Center (JSC) started to conduct a study on a return 

mission to the lunar surface. They considered the habitat craft as an inflatable, 

deployable, cylindrical, composite structure with rigid endcaps that would sit atop a 

landing craft. The structure would expand to full volume when on the lunar surface (Fig. 

1.4) (Cadogan et al. 1999).   

In another study, Gruber et al. (2007) investigated bionic concepts that can be applied to 

deployable structures. They explained that such natural concepts are not translated into 

terrestrial application because of the scaling problem. They believed that the deadweight, 

that limit these concepts on Earth, can be overcome for lunar applications due to the 

Moon’s weaker gravity field. Their lunar habitat design was inspired by wing folding 

principles and geometry of ladybirds (Fig. 1.5), while five other designs were also 

considered for different lunar applications. 
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Figure 1.4. Stowed and deployed lunar habitat (Cadogan et al. 1999, with permission from Elsevier). 

 

 

Figure 1.5. Working model showing deployment process (Gruber et al. 2007, with permission from 

Elsevier). 

 

All of the lunar structures mentioned above use the regolith as a shielding layer except 

the JSC structure which utilizes a double layer composite fabric to protect the interior 

from the lunar environment. 

1.2 Rigid Structures 

Many research works have been devoted to rigid structures and numerous structural 

designs have been proposed. Kaplicky and Nixon (1985) investigated the use of direct 

derivatives of module types being developed for the Space Station. The structure is a 
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series of modules grouped into a complex under a regolith shielding envelope. The 

envelope is configured as a shallow, flat-topped mound of loose regolith supported by a 

continuous tension membrane that is connected to a regular grid of telescopic columns 

and supported by tapered beams (Fig. 1.6). In another study, King et al. (1990) proposed 

the concept of using the liquid oxygen tank portion of the space shuttle external tank that 

would be modified in low Earth orbit before transport to the Moon.   

In another study, Lin et al. (1989) proposed a precast, prestressed concrete lunar structure 

of 120 ft diameter and 72 ft height (Fig. 1.7). Their structure required 8000 tons of 

concrete, 110 tons of prestressing steel and 250 ton of rebars. Their preliminary analysis 

indicated the feasibility of concrete structures, yet an estimated 36 tons of hydrogen 

would have had to be transported to the Moon to make the concrete. Meyer and Toutanji 

(2007) also investigated the possibility of lunar concrete structures with the difference 

that their lunar concrete would not require water. They proposed an arched-panel habitat 

made out of a sulfur-lunar regolith concrete (Fig. 1.8). 

In another study, Aulesa (2000) proposed a dome shape shell structure made of cast 

basalt (regolith) that is to be covered by 5.4 meters of unconsolidated regolith in order to 

combat against radiation. The location of the conceptual base is selected at a mountain in 

the lunar South Polar Region at 0º longitude, 86º South latitude. This location is selected 

due to the fact that Sun never completely sets and the Earth is visible 100% of the time.   

An excellent study is the work done by Ruess et al. (2006). They outlined a structural 

engineer’s approach, having considered the lunar extreme environment and availability of 

the materials on the Moon. Having proposed their lunar base as a group of igloo-shaped 
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structures made of cast regolith (Figure 1.9), they present a very detailed design. They 

recommended a design volume (living and working areas) of 120 m
3
 per person for a 

lunar habitat based on research of long-term habitation and confined spaces. 

 

 

Figure 1.6. Cutaway illustration of superstructure envelope system (Kaplicky and Nixon 1985, courtesy of 

NASA): 1- regolith mass shielding; 2-main tapered beam; 3-grafite fiber mesh; 4-longtudinal struts; 5- 

longitudinal bracing; 6- telescopic tubular columns; 7- circular footpads; 8- linked 

habitat/laboratory/workshop modules; 9- module ground support cradles; 10- crest of slope; 11- base of 

slope. 

 

 

Figure 1.7. Three-level concrete lunar base proposed by Lin et al. (1989, with permission from ASCE). 
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Figure 1.8. Arched-panel habitat proposed by Meyers and Toutanji (2007, with permission from ASCE). 

 

 

Figure 1.9. Proposed lunar structure by Ruess et al. (2006), with permission from ASCE. 

 

1.3 Summary and Thesis Outline 

As mentioned earlier, hundreds of papers exist on the subject of lunar structures, many 

offering unique approaches. Taking into account the many factors that are needed to be 

considered in designing a lunar structure, it is very hard to favor one design over the 

others. However, the majority of the research is devoted to innovative designs that, in 
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principle, are able to overcome the challenges that the hostile lunar environment imposes. 

These detailed designs are mostly evaluated by considering the static analysis of the 

structures, while the other factors are just mentioned. For instance, although most of the 

concepts studied have considered regolith shielding layers to combat against radiation, 

extreme temperature fluctuations, and micrometeoroid bombardments, proposing 

thicknesses varying from 30 cm to 15 m, very few have carried out a basic analysis to 

justify these values. Even in these few studies, the uncertainties associated with regolith’s 

physical properties are often neglected. As we will see throughout this work, the 

differences between the estimated values of some physical properties in the literature are 

as large as an order of magnitude.  

There is no doubt that the existing literature is very valuable, however, there is a serious 

lack of computational studies. Returning to the Moon requires studies on redefining the 

NASA roadmaps, developing detailed information about the lunar environment, 

technological assessments, as well as computational studies that can assist in evaluating 

the feasibility of each design. 

Moreover, a review on the evolution of lunar structural concepts reveals that those 

designs, not surprisingly, have tried to adapt new technologies as they came to exist. 

Therefore, in Chapter Two, we review the relevant NASA roadmaps and we propose an 

advanced concept for autonomous construction of lunar surface structures. This advanced 

concept is based on current technologies as well as the ones we anticipate to mature in 

near future. In Chapter Three, we explore the materials on the Moon, propose magnesium 

as a feasible structural material, and review the properties of magnesium alloys, taking 

into account the availability of the alloying elements on the Moon. 
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In Chapter Four, we choose the recommended design dimensions by Ruess et al. (2006) 

and magnesium as the structural material, and carry out a static analysis to design our 

typical structure: (a) to prove the feasibility of using magnesium as structural material 

and (b) to obtain a test bed for the analysis in the remainder of this thesis. 

An extensive review of lunar temperature and regolith thermal properties is presented in 

Chapter Five, after which we conduct thermal analyses for a selected location on the 

lunar South Pole. Having examined the uncertainties in thermal properties of the sintered 

regolith, the needed thermal rejection system’s capacity is estimated for our typical lunar 

structure. 

Chapter Six presents a review of the lunar seismic literature. We develop a seismic model 

based on the best available data and apply it to our typical lunar structure to assess the 

vulnerability of designs that ignore seismicity. 

Finally, in Chapter Seven we conclude this research work and outline future work than 

can help to develop this work further and, wishfully, one day contribute to making the 

lunar base concept a reality.   
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Chapter 2. Advanced Systems Concept for Autonomous Construction 

and Self-Repair of Lunar Surface ISRU Structures 

Human exploration calls for a return to the Moon. Such a return requires construction of 

structures that can be used for habitation as well as other applications. Each offers unique 

challenges to the design engineers and the astronaut construction teams that must erect 

the structures.  Therefore the question is: What is the best way to erect habitable 

structures on the lunar surface? 

In this chapter, we begin by answering the above question. Exploring the current 

technologies that can meet the requirements needed to construct structures with minimal 

if any dependence to material transportation from the Earth, we propose an advanced 

concept. Then, we choose a conceptual design for a lunar structure as a test bed of our 

vision that will be the core for the rest of this thesis. This chapter is a short summary of 

the relevant discussions from our earlier work (Benaroya et al. 2012).  

2.1 ISRU for Manned Space Exploration and Settlement 

In-Situ Resource Utilization (ISRU) is viewed by most as the basis for a successful 

manned exploration and settlement of the solar system. It is as its name implies, the 

“living off the land” that is a necessity for any untethered manned activity. The goal of 

ISRU is to allow settlements on the Moon and Mars and beyond to live with minimal if 

any dependence on the shipment of raw materials from Earth. The existence of a broad 

spectrum of elements on the lunar surface and on Mars gives hope that, in principle, it is 
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possible to build a sustainable infrastructure on both these bodies that is based on local 

resources. 

Many technical reports and workshops have recommended the need of technologies to 

process the raw regolith to useful materials for future explorations. In a NASA report, 

Williams and Hubbard (1981) examined a methodology for the selection of potential 

lunar resource sites. They point to the major need for autonomous systems, capable of 

data collection and analysis upon which intelligent decisions can be made about the 

usefulness of a potential resource site. In the proceedings edited by Mendell (1985), there 

are many chapters on all aspects of the development of lunar bases and the anticipated 

space activities in the 21st century, including needed technologies for ISRU. A workshop 

report edited by Fairchild and Mendell (1988) investigated potential joint development of 

the key technologies and mechanisms required to enable the permanent habitation of 

space. The autonomous construction and ISRU were among the working groups’ 

recommendations. 

The workshop report edited by Duke (1998) had as its principal purpose the examination 

of high-priority, near-term applications of in situ planetary resources that could lower the 

construction costs of human outposts on the Moon and Mars. Of particular interest was 

the use of indigenous material for the initial stages of planetary outpost installation.  

With the 2004 declaration of the Bush vision for the manned return to the Moon by 2020, 

NASA embarked on an assessment of capabilities known as the capability roadmaps in 

key technical areas. One of these was the ISRU capability roadmap chaired by Sanders 

and Duke (2005). This report is an excellent and detailed overview of the ISRU 
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capability. It states that the early incorporation of ISRU into missions and architectures 

would lead to reduction in mass, cost, risk, increase mission flexibility and mission 

enhancement and general capabilities. Also identified in this report were critical 

interdependencies of ISRU with other roadmap capabilities.  In the paper by Duke et al. 

(2006), an excellent and substantial discussion was provided on all aspects of the manned 

return to the Moon. An extensive and detailed section was written on the development 

and use of lunar resources. 

Due to the importance of ISRU, many research efforts have been devoted to the 

processing of regolith simulant. For example,  

 prospecting strategies for lunar resources with some ideas as to where certain 

elements are located (Taylor and Martel 2003); 

 carbothermal reduction of oxides for elemental extraction and zone refining for 

obtaining high-purity metals (Sen et al. 2005, Balasubramaniam et al. 2010); 

 extraction systems and transportation (Siegfried and Santa 2000) as well as the 

discovery of water ice in significant quantities (Sridharan et al. 2010); 

 oxygen, metals, silicon and glass refining on the Moon (Landis 2007), extraction 

of magnesium and copper using a surfactant and water in supercritical carbon 

dioxide (Wang et al. 2008); 

 using a regolith-based substrate in the fabrication of solar cells directly on the 

lunar surface (Horton et al. 2005); 

 production of structural elements via a geothermite reaction in a mixture of lunar 

regolith simulant and aluminum powder (Faierson et al. 2010); 
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 growing plants – lunar and Martian agriculture (Kozyrovska et al. 2006, Davies et 

al. 2003); 

 ISRU technologies development for Mars (Moore 2010), for life support systems 

(Sridhar et al. 2000), propellant production (Hu et al. 2007, Holladay et al. 2007). 

Although these efforts had relative successes, ISRU technologies have not reached a 

satisfactory stage where a mission can be accomplished without any terrestrial support. 

However, the advancements are promising.   

2.2 Advanced Concept Description 

A return to the Moon requires the construction of structures for habitation as well as for 

manufacturing, farming, maintenance and science. The most challenging of these is the 

construction of structures that can be used for habitation, although the other mentioned 

applications each offer unique challenges to the design engineers and, initially, the 

astronaut construction teams that must erect the structures. 

The question is the following: Given the costs associated with bringing material to the 

Moon (assuming no Space Elevator exists before man returns to the Moon), how do we 

design and construct habitable structures on the lunar surface in a way that is feasible 

from mass and energy constraints and minimizes astronaut construction time and risk? 

What is needed is a small “machine” that can be sent to the Moon and can build 

structures utilizing primarily in-situ resources and can operate via solar power in 

conjunction with nuclear power as backup. Therefore, we propose that the use of 

freeform fabrication technologies by autonomous mini-robots can form the basis for the 

construction of habitable lunar structures using primarily in-situ resources and 
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solar/nuclear power. Over a six to twelve month period prior to the arrival of astronauts 

such a system can potentially erect a near-habitable structure. 

Every aspect of this concept and goal has serious technical challenges. Currently we do 

not have the suite of capabilities needed to autonomously erect structures on the Moon 

using local resources. We cannot even do this on Earth, where the challenges are less 

severe.   

2.3 The “Grand Vision” 

The “grand vision” is the design of freeform fabrication machines that operate almost 

completely under solar power. One can envision such machines doing most of their work 

during the lunar day – perhaps during the night as well if battery or nuclear technologies 

are also included in the equation. Another possibility is to select lunar locations with 

permanent sunlight. 

 To analyze this prospect a study is proposed comprising of the following aspects: 

1. select a benchmark lunar structure for analysis and which is to be built using the 

autonomous technologies proposed; 

2. establish structural strength of “blocks” built from in-situ/regolith material (what 

can be expected from such a process ideally and realistically, knowing the kind of 

efficiencies one can obtain on Earth); 

3. estimate if the benchmark lunar structure with the expected strength can combat 

against lunar environment.  
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2.4 The Benchmark Lunar Surface Structure 

Lunar structural design must be simple to allow the use of basic robot manipulators and 

control systems. Using teleoperated robots might be possible, but signal transmission 

delay between Earth and the Moon can pose many challenges to such systems as well.   

Moreover, structures for manned habitation must be designed to protect against the 

extreme lunar surface environment. Some argue that manned structures be buried – and 

they will be one day as the infrastructure is created on the Moon that is capable to 

engineer underground structures – but initial forays to the Moon will be modest given our 

limited capabilities to build on such a hostile environment. 

Therefore, a benchmark lunar structure is selected as igloo-shaped structures with the 

same interior space dimensions as proposed by Ruess et al. (2006). The structure is to be 

a metallic structure since rapid prototyping technologies have shown great capabilities in 

manufacturing metallic parts. The structure is envisioned to be protected using a regolith 

sandbags shielding and be supported on a sintered regolith or a concrete foundation. As it 

is discussed in the next chapter, sintered regolith in principle can possess material 

strength higher than lunar concrete. However, lunar concrete technologies are more ready 

to be used and might be more suitable for autonomous construction.  

2.5 Conclusions 

In this chapter, based on our previous work (Benaroya et al. 2012),  we have presented a 

conceptual overview of how an automated ISRU effort can create near-habitable 

structures in advance of the arrival of astronauts on the Moon and eventually Mars and 
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beyond. Clearly we have extrapolated from currently available technologies in three 

dimensional printing. These technologies offer the promise that they can be adapted to 

the hostile lunar environment and can be powered by solar and nuclear generation 

systems envisioned for the Moon. We have not much discussed the robotics needed for 

such an automated ISRU system. It appears to us that the printing technologies are further 

advanced than are the robotics.  

Also introduced was a possible design as an igloo-shaped metallic structure with sintered 

regolith foundation. The structure is to be covered by sandbags regolith shielding for 

protection against the harsh lunar environment.  

Serious challenges exist along the way to the types of systems proposed here. But there 

can be no settlement of the Moon and beyond without such systems.  
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Chapter 3. Materials Selection 

The construction of structures for long-term habitation, considering the current cost of 

shipping supplies to the Moon, requires designs that mainly utilize in situ resources and 

have the least dependency on the material transportation from Earth. Therefore, in this 

chapter we explore the materials on the Moon and carry out a feasibility study of a 

proposed material by reviewing the physical properties of it and its alloys.  

The proposed lunar structure will rest on a sintered regolith foundation and will be 

covered by regolith shielding. This chapter is based on our earlier work, Benaroya et al. 

(2013).  

3.1 Materials on the Moon 

Regolith has been defined as fragmental and unconsolidated layer of rock material that 

covers the underlying bedrock layer of the Moon. This fined-grain layer generally covers 

the upper 3 m to 20 m layer of the Moon (McKay, et al. 1991). Assuming that materials 

would mainly be refined from regolith, because of heavy machinery needed to mine the 

deeper layers, we only consider the mineralogy of the upper layer. Table 3.1 shows the 

average composition of the lunar surface, and Figure 3.1 shows the average composition 

of lunar regolith. It consists primarily of iron, calcium, aluminum, and magnesium 

silicates, with small amounts of chromium, titanium, and manganese (Landis, 2007).  

Using metal as the constructional material, a choice has to be made between iron, 

aluminum, and magnesium. Being the most available metal in the regolith, magnesium 

has not received the same attention as iron and aluminum for lunar applications. It was 
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suggested, albeit briefly, as viable option by Ruess et al. (2006). Therefore, in the 

following sections we examine the possibilities of processing and using the relatively 

abundant magnesium in the lunar regolith as that building material. In the following 

sections we discuss and summarize those properties of magnesium that add or detract to 

its use as a structural material on the lunar surface. 

 

Table 3.1. Average composition of major materials on the lunar surface (percent by weight) (adapted from 

Landis, 2007) 

Element O Si Mg Fe Ca Al Cr Ti Mn H 

Amount 

(wt%) 

43.4 20.3 19.3 10.6 3.22 3.17 0.42 0.18 0.12 (
a
) 

a
 Hydrogen: while hydrogen is present in surface soil at approximately 50 ppm by weight, it is a major soil 

component in high latitude (near polar) craters only. 

 

 

 

Figure 3.1. Composition of the lunar regolith (adapted from Landis, 2007) 
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3.2 Magnesium as Structural Material 

3.2.1 Advantages  

A particularly beneficial factor specific to high extraterrestrial magnesium alloy 

utilization is its high strength-to-weight ratio, especially in strong alloys such as AZ91, 

which even outperforms steel (Boby et al. 2011). Although aluminum alloys are typically 

proposed for such purposes, magnesium alloys have advanced greatly in recent decades 

and have been shown to have higher relative mechanical properties (property/density) 

and energy absorption than aluminum and steel (Liu and Taylor 2011). Because of these 

attributes, magnesium alloys have recently been used in the aerospace and automotive 

industries: many magnesium engine components are present in aircraft to reduce weight 

and retain strength. 

Magnesium exhibits strong electromagnetic shielding, the effectiveness of which is 

established by its conductivity and permeability. For example, relative to copper, an 

excellent conductor, the relative conductivities of the following three metals show 

magnesium to be a good conductor: Mg (0.36), Al (0.61), and Fe (0.17) (Cortes and 

Cantwell 2004; Neelakanta 1995). It has been considered, along with aluminum, as a 

radiation shield for space applications (Wilson et al. 1997; Heinbockel et al. 2011). Its 

neutron absorption cross-section value is given at 0.0636  0.004 barns/atom (1 barn = 

10
-24

 cm
2
) (Avedesian and Baker 1999). 

Magnesium also has 30 times the vibrational damping of aluminum (Cole 2003) and high 

impact resistance (Watarai 2006; Shu and Ahmad 2011). These traits of magnesium, one 
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of the most pervasive metals in lunar soil (Landis 2007), are useful on the Moon for 

combating moonquakes and meteoroids, respectively. 

The low melting temperature of magnesium metal, 650  2 ˚C, is well within the range of 

the furnace heated by solar concentrators used on Space Station Freedom and as such is 

achievable on the Moon (Landis 2007; Taylor and Carrier 1993). For comparison, 

aluminum’s melting point is 660 ˚C, that of iron is 1535 ˚C, and that of titanium is a 

nearly unfeasible 1795 ˚C. Coupled with a latent heat of fusion that is two-thirds and a 

specific heat that is three-quarters that of aluminum (Cole 2003), these traits allow 

magnesium to be produced and recycled quickly and with little energy expenditure 

compared with other metals (Table 3.2). 

Magnesium is the most easily machined metal used in engineering designs (Boby et al. 

2011; Jayalakshmi et al. 2002) and has excellent castability (Cole 2003; Kaneko and 

Suzuki 2003; Mordike and Ebert 2001). Thus, magnesium replacement parts could be 

fabricated from regolith and a CNC (Computer Numerical Control) milling machine, 

lending to decreased dependence on Earth-based manufacturing. 

Magnesium is a diamagnetic material, with a magnetic susceptibility of 1.2 × 10
-5

 that is 

close to aluminum’s magnetic susceptibility of 2.2 × 10
-5

, which equals zero if the 

material does not respond with any magnetization. Thus, having a slight magnetization 

can be useful in refining or processing. 
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Table 3.2. Comparison of Physical Properties of Magnesium with Other Pure Metals (Adapted from 

Watarai 2006). 

 Specific 

gravity 

Melting 

Point 

(˚C) 

Boiling 

point (˚C) 

Latent 

Heat of 

melting 

(kJ/kg, 

J/cm3) 

Specific 

heat 

(kJ/kg.K, 

J/cm3.K) 

Coefficient 

of linear 

expansion 

× 106 

Tensile 

strength 

(MPa) 

Elongation Hard-

ness 

(HB) 

Mg 1.74 650 1110 368, 640 1.05, 1.84 25.5 98 5 30 

Al 2.74 660 2486 398, 1088 0.88, 2.43 23.9 88 45 23 

Fe 7.86 1535 2754 272, 213 0.46, 3.68 11.7 265 45 67 

Ti 4.54 1795 3287  19,    0.5 ,    8.6 434 18 72 

 

3.2.2 Disadvantages 

One of the main deterrents to the widespread use of magnesium is its high reactivity with 

water and oxygen. However, because the surface pressure on the Moon is about 10
-12

 

Torr (1.0325 × 10
-7

 Pa) (Liu and Taylor 2011) and there is essentially no atmosphere on 

the Moon, this should not be a significant problem if the magnesium is only used 

externally on structures. Also, environmental corrosion in new nickel- and iron-free 

alloys is reportedly lower than that of steel (Cole 2003). These alloys may minimize 

environmental corrosion to within acceptable levels. 

Although its relative properties are advantageous, magnesium has a lower ultimate tensile 

strength and fatigue strength than aluminum and most structural metals (Cole 2003). This 

is ultimately made less important by the Moon’s gravity, which is one-sixth of the 

terrestrial value. Furthermore, these minor strength deficiencies can be effectively 

mitigated by the use of strong alloys (for example, those produced by Magnesium 
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Elektron Ltd.) and well-designed casts with surface features, cross sections, and ribbing. 

Postprocessing, which will be covered later, will also improve these qualities. 

Magnesium’s ignition safety risk is dissipated by the Moon’s nearly oxygen-free hard 

vacuum, yet some risk may linger as a result of oxygen’s presence during some stages of 

regolith refining. It may be possible to take advantage of magnesium’s thermal 

conductivity to quench a localized fire (Cole 2003). Furthermore, the National Institute of 

Advanced Industrial Science and Technology of Japan has shown that the ignition points 

of magnesium alloys can be raised 200-300 ˚C by adding calcium (Watarai 2006). 

Copper conductor rods may be packed in magnesium oxide to act as a seal and fireproof 

insulator (http://www.micable.com).  

Energy expenditure for the magnesium-refining process is large caused by the difficulty 

of separating MgO from the regolith. Some proposed methods (Landis 2007; Wang et al. 

2008; Seboldt et al. 1993, Taylor and Carrier 1993) exist, but researchers and 

practitioners may favor processes that produce multiple desired products from the lunar 

soil for increased efficiency. Meanwhile, no study has focused directly on magnesium 

refining on the Moon, as it is considered refractory. 

Although die-casting magnesium mandates costlier materials and more complex 

machinery with higher clamping pressures and ram speeds than those for aluminum, the 

average magnesium die life is two (or more) times that of aluminum dies (Cole 2003). As 

the current shipping cost to the Moon is about $10,000/kg using current rocket fuel (Duke 

et al. 2006), the additional costs and the higher power requirements of using magnesium 
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dies are possibly less than the long-term costs of shipments of building materials from 

Earth. Of course, the goal is to forgo as many shipments from Earth as possible. 

The use of magnesium requires, of course, that it be available in sufficient quantities and 

that an adequate infrastructure exists on the Moon for its extraction and processing. 

3.2.3 Availability  

Magnesium, overall, is an abundant metal in lunar regolith. The greatest proportions of 

Mg on the Moon have been observed in olivine in highlands troctolite Sample 76535 

(Papike et al. 1991; Duke et al. 2006), which contained up to 47.1 wt% magnesium oxide, 

the naturally occurring compound containing the metal in lunar soils and rocks. Whereas 

olivine as a whole is an excellent mineral source for magnesium oxide, with 32 wt%, on 

average (McCallumet al. 2006), this compound is also readily available in high 

proportions in several varieties of lunar regolith. In the highlands, magnesium is found in 

high concentrations in the aforementioned olivine, as well as in norite. To a lesser degree, 

it is also present in mare regions, especially in high-Ti and low-Ti regolith (Sen et al. 

2005). Such mare soils are well represented, in terms of magnesium concentrations, by 

the JSC-1, JSC-1A, CAS, FJS-2, FJS-3 (Liu and Taylor 2011), and NU-NHT-1 (Miller et 

al. 2009) regolith simulants, among others (Table 3.3). 

Although prospecting for rocks with above-average quantities of Mg is the most efficient 

method, magnesium concentration will not likely be a main concern when scientists 

decide the location of a lunar base. Additionally, whereas olivine contains high 

concentrations of magnesium, it is also a refractory mineral in that it is nearly unrefinable 

because of its limited reactivity and the high temperature at which it releases oxygen 
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(Seboldt et al. 1993). Fortunately, however, magnesium oxide usually composes 5 - 6 

wt% of bulk highland soils and 8 - 10 wt% of bulk mare soils in reactive minerals, so it is 

generally present in refinable quantities (Shu and Ahmad 2011; Senior 1993). 

Regions near the South Pole are high on the list of potential sites for lunar bases, and the 

recent discovery of water is a bonus, in addition to the pole’s accessibility to Earth, solar 

wind flux shielding, and minimal temperature variations (Duke et al. 2006). 

Unfortunately, no soil samples as of yet have been taken south of about 40.86˚ S, the site 

where Surveyor VII landed. Recently, however, researchers using gamma-ray 

spectroscopy (GRS) have surveyed the lunar South Pole, providing approximations for 

magnesium yield in different regions (Shkuratov et al. 2005). GRS  images reveal large 

concentrations of magnesium (up to 16 wt% Mg) in the southern region of the Aitkin 

Basin, in sites on the far side of the Moon that are within 10 miles from the South Pole 

170 – 175˚ W. This location is consistent with the Shackleton crater, which conveniently 

has been shown to have high concentrations of lunar ice (Campbell and Campbell 2006). 

3.2.4 Refining 

Any production method on the Moon must minimize the use of carbon and other 

elements that are nearly nonexistent on the Moon and use recycled reactants to conserve 

resources; thus, many terrestrial methods, such as carbothermal reduction, are not 

applicable. One approach to minimizing resource consumption is to use beneficiated soil 

or magnesium-rich minerals. If pure olivine can be reduced to a mixture of CaO and 

MgO (Landis 2007), it may not be necessary to do any further separation. Magnesium 
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may be produced from MgO via a reduction reaction with ferrosilicon (FeSi), the 

reactants of which are quite available on the Moon 

2 CaO(s) + 2MgO(s) + Si(s) → 2 Mg(g) + Ca2SiO4(s) 

This process can take place in the temperature range of 1200 -1500 ˚C in a vacuum. It is a 

highly endothermic reaction, and the products are gaseous magnesium and a slag of 

dicalcium silicate. 

However, assuming that regolith is to be used, it will be necessary to provide a method 

for separating out the magnesium from the mixture of elements. Many methods exist for 

attaining pure magnesium from regolith; reasonably, this usually occurs during the 

production of oxygen and other metals to conserve energy, using a method such as the 

caustic solution and electrolysis method proposed by Binder (1990) and Curreri et al. 

(2006). This process and other similar procedures have been ruled out by some 

researchers for involving high power requirements and overly complex schemes (Taylor 

and Carrier 1993). However, recent research on Joule-heated reactors appears to mitigate 

some of the aforementioned drawbacks of the direct electrolysis method (e.g., Vai et al. 

2010).  

A fluorination procedure proposed by Landis (2007) seems comparatively promising, 

notwithstanding its complexity or the terrestrially supplied reagents that must be 

recovered, as its feedstock does not require benefaction, and it thoroughly refines nearly 

every constituent of regolith. When regolith is heated in the presence of fluorine, oxygen 

is displaced in all of the metal oxides. After the removal of volatile fluorides and oxygen 

and the reduction of the potentially useful iron and aluminum from their fluoride salts, 
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MgF2 and CaF2 may be reacted back to their oxide salts with K2O. Subsequently, this 

mixture may react with FeSi in the above reaction. Needless to say, this is a complicated 

scheme; significant drawbacks to its feasibility are its considerable electrical power 

consumption and the risks associated with the transport and use of highly reactive 

fluorides.  

Table 3.3. Composition of Major Constituents in Lunar Regolith Samples, by wt% (Adapted and Compiled 

from Sen et al. 2005; Duke et al. 2006; and Papike et al. 1991 and the References Listed in the Notes 

Below). 
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MgO 9.24 8.78 9.19 5.96 7.8 9.7 6.0 8.5 19.1 12.9 30.1 47.1 

SiO2 47.93 41.70 45.40 44.94 39.7 45.8 46.0 46.4 42.9 51.1 35.4 39.9 

Al2O3 17.6 15.33 23.44 26.71 9.5 9.6 12.1 13.6 20.7 15.0 0.00 0.00 

CaO 11.19 12.50 13.38 15.57 11.2 10.2 11.6 11.2 11.4 8.8 0.36 < 0.02 

FeO 10.37 16.64 7.37 5.49 19.0 20.2 22.1 16.8 5.0 10.7 33.8 12.0 

TiO2 1.74 3.38 0.47 0.58 11.2 2.8 1.1 2.6 0.05 0.34 0.00 0.00 

Cr2O3         0.37 0.56 0.27 0.4 0.11 0.38 0.11 < 0.02 

Na2O         0.38 0.34 0.26 0.4 0.20 0.38     

References (1) (1) (1) (1) (2) (3) (4) (5) (6) (7) (8) (9) 

Note: (1) Compiled by Sen et al. 2005. (2) Average of Apollo 11 and 17 low-K high-Ti mare basalts 

(Haskin and Warren 1991). (3) Average of Apollo 12 and 15  low-Ti basalts (Haskin andWarren 1991). (4) 

Luna 24 rock fragment 24174, 7 (Taylor et al. 1991). (5) Apollo 14 aluminous mare basalt 14053; with Cr 

and Na from average of 14,321 Group 5 (Taylor et al. 1991). (6) Troctolite 76535 (Table A5.33 in Papike 

et al. 1998). (7) Typical norite 77075 (Table A5.33 in Papike et al. 1998). (8) Olivine in low-Ti mare basalt 

12035. (9) Olivine in highlands troctolite 76535. 
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Nevertheless, keeping with the goals of ISRU, the most desirable refinement process 

would have simple steps and would not require great quantities of electricity to run. 

Senior (1993), whose work details vapor pyrolysis, may have been on the right track 

toward such a procedure. The pyrolysis process involves heating bulk regolith to 

approximately 2000 - 2200 ˚K, which is acceptable in modern solar furnaces, and 

although it produces oxygen, it may be configured to isolate and remove Mg (or Na, Fe, 

or Si) by vacuum distillation onto a temperature-controlled condensing surface. There 

exist multiple obstacles in the process, such as a somewhat low efficiency and the need 

for further testing of the condensation subsystem, but further examination of this 

approach may be pivotal to self-sustainable lunar magnesium refining. 

3.2.5 Alloying and Grain Refining 

Magnesium alloys are significantly more useful than pure magnesium because of their 

vast benefits to both physical and chemical properties. In the casting process, fine grain 

size is important for service performance of cast products and the final properties of 

fabricated products. For casting Mg alloys, a choice between high pressure die casting 

(HPDC), sand casting, permanent mold casting, and direct chill billet casting must be 

made. In HPDC, as the rates of solidification are extremely high, there is usually no need 

to add a grain-refining agent. This is not true for other mentioned casting methods 

(StJohn et al. 2005). When designating an alloy to investigate further for lunar 

applications, the availability of its components on the Moon should first be determined 

and then an alloy with properties well suited for the required application should be 

chosen. 
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Magnesium alloys are generally classified into two broad groups: aluminum bearing and 

aluminum free. For aluminum-free alloys, zirconium (Zr) is usually added as a grain-

refining agent (StJohn et al. 2005; Qian and Das 2006). Although Zr is a trace element 

(trace minerals never exceed a few tenths of a percent) in the form of ZrSiO4 and ZrO4 

(Williams and Jadwick 1980), aluminum constitutes an average of 3.17% wt on the lunar 

surface (Landis 2007). Therefore, only aluminum-bearing alloys of magnesium are 

considered, thus eliminating the need to transport Zr to the Moon. 

One of the most promising magnesium alloys is AS41. This alloy has reasonable 

structural strength, good ductility, and retains its creep resistance at high temperatures 

(Boby et al. 2011). In addition, most of its components are available on the Moon, 

making it a viable candidate for lunar utilization. Other noteworthy alloys are Elektron 

675 and Elektron 21, which have mechanical properties comparable to steel and 

aluminum alloys used in aerospace structures, respectively (Magnesium Elektron Ltd. 

2011a, d; Ostrovsky and Henn 2007). Some common magnesium alloys and their 

mechanical properties and chemical composition are presented in Table 3.4. 

The following is a summary of possible alloying elements, considering their availability 

on the lunar surface. 

Manganese 

Mn is included mostly for decreasing the brittleness induced by iron in the alloy and 

increasing corrosion resistance in wet conditions (Polmear 1994). Also, it should be 

considered that Mg-Al alloys with low Fe and Mn content are less susceptible to 

superheating treatment than alloys with high Fe and Mn content (StJohn et al. 2005). 
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Thorium 

There are uncertainties regarding the abundance of Th on the lunar surface, ranging in 

trace quantities from 0.13 to 5.38 ppm, the South Pole Aitken Basin has average Th 

concentrations of 2 - 3 ppm with highs reaching 6 ppm (Lawrence et al. 2000; Hagerty et 

al. 2011), but thorium is still worth taking note of because it is the most effective alloying 

element known to significantly improve the high temperature properties of magnesium 

(Mordike 2002). Th percentage in the alloy might be of concern; for instance, in Britain, 

alloys containing more than 2% of thorium are classified as radioactive materials (Luo 

and Pekguleryuz 1994). 

Silicon 

Si constitutes on average 20.3% of the lunar surface (Landis 2007), and when added to 

magnesium with a low iron content, it favors grain refinement by superheating. 

Rare Earth Metals 

Addition of rare earth metals increases the strength of magnesium alloys at elevated 

temperatures. Their addition also reduces weld cracking and porosity during casting 

(Avedesian and Baker 1999).  

Considering the difficulties associated with sand casting with regolith, because of its low 

melting point, die-casting methods may be more favorable for lunar production. 

However, sand casting is possible with the addition of binders (Avedesian and Baker 

1999). 
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Regarding the major alloying elements in Table 3.4, aluminum, manganese, titanium, and 

silicon, constitute 3.17, 0.12, 0.18, and 20.3 wt% of the lunar surface (Landis 2007), 

whereas zinc, thorium, neodymium, gadolinium, zirconium, and copper are either 

nonexistent or are present as trace elements on the Moon. If needed, they should be 

transported from Earth. Some of the alloying elements included in Table 3.4 are used to 

allay terrestrial conditions that are not present on the Moon. 

Although as-cast alloys may be adequately sound for structural applications, 

postprocessing would further benefit components. Most notably, laser (Ng et al. 2011), 

thermal treatments, and spray coatings (Pokhmurska et al. 2008) of magnesium alloys 

may add to their mechanical properties while bolstering corrosion and wear resistance. 

Different approaches to obtain grain refinement are superheating, grain refinement by 

means of other additives, carbon inoculation, and grain refinement by FeCl3 (the Elfinel 

process) (StJohn et al. 2005). The last two methods can be ruled out because of the very 

low quantities of carbon and chlorine on the Moon. Superheating involves heating the 

melt to a temperature well above the liquidus of the alloy (often 180 – 300 ˚C) for a short 

time, followed by rapid cooling. Because there are  no  known  grain-refinement  agents  

for  alloys such  as  AM50,  AM60,  and AZ91, HPDC is the only option on Earth and on 

the lunar surface. 

Luo and Pekguleryuz (1994) discussed a 1960 Russian paper that reported the addition of 

calcium to sand cast Mg-A1-Zn alloys for improved tensile strength and creep resistance 

at elevated temperatures. Later, calcium was also found to be effective in improving the 

creep resistance of die-cast Mg-Zn-A1 alloys without adversely affecting corrosion 
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resistance. The resulting die-cast alloy, ZA102 (Mg-10%, Zn-2%, A1-0.7%, Mn-

0.3%,Ca),was claimed to be creep resistant at temperatures up to 177 ˚C. It is doubtful 

but unknown whether alloys of this type are being used outside Russia at the present 

time. A Ca-modified sand cast AS41 alloy might provide a cost-effective alternative to 

Zr-containing alloys. 

3.3 Regolith Bulk Densities 

Physical properties of lunar regolith are known with a high degree of confidence for the 

upper 3 m of the lunar surface (direct sampling was limited to 3 m). In situ measurements 

have been made at the five Surveyor landing sites, at Apollo 15 and 16 landing sites, and 

at the Luna 16, 20, and 24 landing sites. Also, additional information has been obtained 

from detailed studies of photographs and television coverage during Apollo missions 

(Williams and Jadwick, 1980). 

Bulk density is a property of granular solids and is defined as the mass of all the particles 

per unit occupied volume. Table 3.5 presents the best estimated average bulk densities of 

the regolith on lunar surface (Williams and Jadwick, 1980), although other densities have 

been estimated based on the data obtained by the Apollo Heat Flow Experiments (see 

“Thermal Control at Lunar Base”). 
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Table 3.4. Magnesium alloys and Their Properties. 

  

AZ31 B 

O 

 

AZ31B 

H24 

 

HM 21A 

T8 

 

Elektron 

21 

 

Mg-Al3Ti 

 

Mg/3.9Cu

p 

 

AS41 hp 

 

AZ91D 

Tensile 

Yield Stress 

(MPa) 

 

150 

 

220 

 

160-170 

 

145 

 

- 

 

3558 

 

140 

 

150 

Compressiv

e Yield 

Stress 

(MPa) 

 

110 

 

180 

 

130 

 

168 

 

- 

 

- 

 

- 

 

165 

Ultimate 

Tensile 

Stress 

(MPa) 

 

255 

 

290 

 

235-250 

 

248 

 

- 

 

3587 

 

215 

 

230 

Ultimate 

Compressiv

e Stress 

(MPa) 

 

- 

 

- 

 

- 

 

- 

 

319.34 

 

- 

 

- 

 

- 

Bearing 

Yield Stress 

(MPa) 

 

290 

 

325 

 

270 

 

- 

 

- 

 

- 

 

- 

 

- 

Shear 

Strength 

(MPa) 

 

145 

 

160 

 

125 

(ultimate) 

172 

 

- 

 

- 

 

- 

(ultimate) 

140 

Coefficient 

of Thermal 

Expansion 

(μm/m˚C) 

 

(20˚C) 26 

 

(20˚C) 26 

 

(20˚C) 

26.8 

 

25.3 

 

(40-

 00˚C) 

22.89 

 

27.0 

0.4 

 

26.1 

 

25 

 

Density 

(g/cm
3
) 

 

1.77 

 

1.77-1.83 

 

1.77-1.78 

 

1.78 

 

2.08610.

06 

 

2.076 

0.051 

 

1.77 

 

1.81 

 

Young’s 

Modulus, E 

(GPa) 

 

 

45 

 

 

45 

 

 

45 

 

 

44 

 

 

- 

 

 

471 

 

 

45 

 

 

45 

Shear 

Modulus, G 

(GPa) 

 

17 

 

17 

 

17 

 

- 

 

- 

 

- 

 

- 

 

16.5 

 

Poisson’s 

Ratio, ν 

 

0.35 

 

0.35 

 

0.35 

 

0.27 

 

- 

 

- 

 

0.35 

 

0.35 

Major 

Elements 

(wt% ) 

Al 2.5-3.5 

Zn 0.7-1.3 

Mn 0.2-1.0 

Mg Balance 

Al 2.5-3.5 

Zn 0.7-1.3 

Mn 0.2-1.0 

Mg Balance 

Al 3.3 

Mn 0.6 

Th 2.00 

Zn 0.2-0.5 

Nd 2.6-3.1 

Gd 1-1.7 

Zr saturated 

Mg Balance 

Al 

Ti 

Mg 

Cu 3.9 

Mg Balance 

Al 3.5-5.0 

Zn 0.2 max 

Mn 0.1 min 

Si 0.5-1.5 

Al 8.5-9.5 

Mn 0.17-0.3 

Zn 0.45-0.9 

Si 0.05 max 

Cu .025max 

Mg Balance 

References Alderlieste

n et al. 

2008; 
Superform 

Aluminum 

2010 

Alderlieste

n et al. 

2008; 
Superform 

Aluminum 

2010 

Alderlieste

n et al. 

2008;eFun
da 

Magnesium 

Elektron 

Ltd. 2011d 

Yang et al. 

2008 

Hassan et 

al. 2004 

Senf et 

al.2000; 

Int’l Mg 
Assoc 

Int’l Mg 

Assoc; 

Magnesiu
m Elektron 

Ltd. 2011e 
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Table 3.4 (Continues) 

  
AM50A 

 
AM60 B 

 
Elektron 

A8 

sand cast 

Elektron 
A8, sand 

cast, 

solution 
treated 

AS21 AE42 AE44 AM20-F Elektron 
675 

Tensile 

Yield 

Stress 

(MPa) 

120 130 85 80 

 

121 

3 

135 142 89.6 310 

Compressi

ve Yield 

Stress 

(MPa) 

- 130 75-90 75-90 - 135 - 89.6 - 

Ultimate 

Tensile 

Stress 

(MPa) 

220 220 140 200 
232 

6 
240 245 214 410 

Ultimate 

Compressi

ve Stress 

(MPa) 

- - - - 125 - - - - 

Bearing 

Yield 

Stress 

(MPa) 

- - - - - - - - - 

Shear 

Strength 

(MPa) 
- - - - - - - - - 

Coefficien

t of 

Thermal 

Expansion 

(μm/m˚C) 

26 25.6 27.2 27.2 26.1 26.1 25.2 26-27 27.4 

Density 

(g/cm
3
) 1.79 1.78 1.77 1.77 1.76 1.79 1.82 1.78 1.95 

Young’s 

Modulus, 

E 

(GPa) 

45 45 44 44 45 45 45 45 - 

Shear 

Modulus, 

G 

(GPa) 

- - - - - - - 17 - 

Poisson’s 

Ratio, ν - 0.35 0.35 0.35 - - - 0.35 - 

Major 

Elements 

(wt% ) 

Al 4.5-5.3 

Mn 0.28-

0.5 

Zn 0.20 

max 

Si 0.05 max 

Mg Balance 

Al 5.6-6.4 

Mn 0.26-

0.5 

Zn 0.20 

max 

Si 0.05 max 

Al 8.0 

Zn 0.5 

Mn 0.3 

Mg Balance 

Al 8.0 

Zn 0.5 

Mn 0.3 

Mg Balance 

Al 2 

Mn 0.4 

Si 1 

Mg Balance 

Al 4 

RE 2.5 

Mn 0.2 

Mg Balance 

- Al 2.1 

Mn 0.1 

 

Mg Balance 

- 

References Magnesium 

Elektron 

Ltd. 2011e 

Int’l Mg 

Assoc; 

Magnesium 

Elektron 

Ltd. 2011e 

Magnesium 

Elektron 

Ltd. 

2011b,c 

Magnesium 

Elektron 

Ltd. 2011b, 

c 

(1) (2) (3) Morgo Mg Magnesiu

m 

Elektron 

Ltd. 

2011e 
(1)

 Int’l Mg Assoc; Magnesium, Gupta and Sharon 2011; Meridian Technologies. 
(2)

 Int’l Mg 

Assoc; Magnesium, Gupta and Sharon 2011. 
(3)

 Meridian Technologies 
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Table 3.5. Best estimated average bulk densities of the regolith (adapted from Williams and Jadwick 1980). 

Depth Range, 

cm 

Bulk Density, 

g/cm
3
 

0 to 15 1.50  0.05 

0 to 30 1.58  0.05 

30 to 60 1.74  0.05 

0 to 60 1.66  0.05 

3.4 Foundation 

As mentioned earlier, our vision is a metallic structure supported on a sintered regolith 

foundation. However, very little satisfactory research has been carried out on this subject. 

Therefore, in addition to sintered regolith, we briefly review the characteristics of cast 

regolith and lunar concrete that may be suitable substitutes to sintered regolith.  

3.4.1 Sintered Regolith 

Loose regolith can be collected, placed into forms, compressed, and heated via 

microwaves or solar energy to sinter or fuse. The sintering temperature is usually several 

hundred degrees below the melting point. Lunar regolith sinters at 1000 - 1100 ˚C, but by 

adding suitable binding agent it can sinter at 150 – 500 ˚C. Sintered regolith simulant 

generally has low and highly variable mechanical strength. The material is highly 

heterogenous and the material properties are difficult to characterize exactly. Reported 

values for the modulus of rupture (flexural strength) vary from 9 – 18 MPa (1300 – 2600 

psi) (Happel 1993).  

Although the mechanical properties of sintered regolith are poorly understood and it was 

not considered as suitable material for a lunar structure (Happel 1993), recent 

advancements are promising. For instance, Hobosyan and Martirosyan (2012) have 
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shown that use of local lunar resources with low concentration of aluminum (about 12 wt 

%) will permit the utilization of more than 85 wt % of the regolith for the fabrication of 

dense and solid ceramic materials for building structures.  

3.4.2 Cast Regolith (Cast Basalt) 

Cast regolith has been suggested as a building material for the Moon. The use of cast 

regolith (basalt) is very similar to terrestrial cast basalt. The terms have been used 

interchangeably in the literature to refer to the same material. It has been suggested that 

cast regolith can be readily manufactured on the Moon by melting regolith and cooling it 

slowly so that the material crystallizes instead of turning into glass. Virtually no material 

preparation is needed. The casting operation is simple requiring only a furnace, ladle and 

molds. Vacuum melting and casting should enhance the quality of the end product. More 

importantly, there is terrestrial experience producing the material; but it has not been used 

for construction purposes yet (Happel 1993). 

Cast basalt has extremely high compressive and moderate tensile strength. It can easily be 

cast into structural elements for ready use in prefabricated construction. Feasible shapes 

include most of the basic structural elements like beams, columns, slabs, shells, arch 

segments, blocks and cylinders.  

Cast basalt has the disadvantage of being brittle. Tensile loads that are a significant 

fraction of the ultimate tensile strength need to be avoided. The fracture and fatigue 

properties need further research. One possibility is to reinforce it with high tensile 

strength materials such as locally manufactured magnesium or aluminum or with carbon 

nanotubes (Alford et al. 2006). 
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It should also be feasible to use cast regolith in many structural applications without any 

tensile reinforcement because of its moderately high tensile strength (Table 3.6). 

However, a minimum amount of tension reinforcement may be required to provide a safe 

structure. The reinforcement could be made with local materials as well. These local 

materials would also have to be derived from ISRU manufacturing and refining processes 

that have yet to be developed and tested. 

Since it is extremely hard, cast regolith has high abrasion resistance. This is an advantage 

for use in the dusty lunar environment. It may be the ideal material for paving lunar 

rocket launch sites and constructing debris shields surrounding landing pads. However, 

the hardness of cast basalt combined with its brittle nature makes it a difficult material to 

cut, drill or machine. Such operations should be avoided on the Moon. Production of cast 

regolith is energy intensive because of its high melting point. The estimated energy 

consumption is 360 kWh/MT. 

3.4.3 Lunar Concrete 

The basic material needed for the manufacturing of lunar concrete are aggregate, water, 

and cement (Happel 1993), however, sulfur (waterless) concrete has also been proposed 

by replacing cement and water with sulfur (Toutanji et al. 2012).  

Regarding water-containing concrete, properly screened and sized lunar regolith makes 

high quality concrete aggregate. Small quantities of actual lunar regolith have been used 

as aggregate in the preparation of concrete in the laboratory (Happel 1993). The 

mechanical properties of the resulting concrete are shown in Table 3.7. 



38 

 

 

Toujanji et al. (2012) measured compressive strength to be equal to 31.0 MPa for sulfur 

concrete consisted of JSC-1 Lunar Regolith Simulant (65%) and sulfur (35%).  

Table 3.6. Physical and mechanical properties of cast regolith (adapted from Happel 1993). 

Tensile Strength 

Compressive Strength  

Modulus of Elasticity, E 

Fracture Toughness, kIc 

Melting Point 

Poisson’s Ratio 

Mohr’s Hardness 

Mass Density 

34.5 MPa (5000 psi) 

538 MPa (78000 psi) 

100 GPa (14 × 10
6
 psi) 

2 MPa m
0.5

, 50% 

1300 ˚C 

0.28 

8 - 9 

3 g/cm
3
 

 

Table 3.7. Mechanical properties of the lunar concrete (adapted from Happel 1993). 

Modulus of Rupture 8.3 MPa (1200 psi) 

Compressive Strength 39 – 75.7 MPa (5.5 – 10.9 kpsi) 

Modulus of Elasticity, E 21.4 GPa (3.1 × 10
6
 psi) 

Specific Weight 2.6 

 

 

3.5 Summary 

We have outlined the material properties of several materials found on the Moon that 

may be suitable for construction of lunar surface structures. Specifically, we proposed the 

possibility of using magnesium as a structural material for lunar structures. Therefore, in 
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next chapter we choose magnesium to be the structural material for the benchmark 

structure suggested in Chapter Two and design our typical lunar habitat.  
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Chapter 4. Static Analysis and Design Configurations 

As mentioned earlier, the geometry of the lunar base considered here is based on the 

igloo-shaped lunar base proposed by Ruess et al. (2006). Considering this design with 

magnesium as the structural material, it is natural to assume that the wall thickness 

needed should be small in comparison with the radius of the structure. Since thin walls 

offer little resistance to bending, it can be assumed that the internal forces result in 

internal loads tangent to their surface. This method is referred to as membrane analysis in 

classical mechanics of materials. 

We begin with a simple model and an appropriate factor of safety to analytically estimate 

the wall thickness needed. Then we use a CAD model drawn in Solidworks and 

ANSYS® Academic Research Workbench, Release 13.0 to carry out a finite element 

analysis to verify the preliminary geometric values selected and to modify the design, if 

needed.   

4.1 Thin-walled Pressure Vessels 

Cylindrical or spherical thin-walled pressure vessels are those with ratios of inner radius, 

r, to wall thickness, t, greater than 10. Such pressure vessels can be analyzed as a plane 

stress problem (membrane analysis). Several assumptions are made: 

- Plane sections remain plane. 

- The ratio t/r ≤ 0.1 with t being uniform and constant. 

- Material is elastic, isotropic and homogenous. 

- The resultant stresses are less than the proportional limit. 
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- The applied pressure, P, is the gage pressure, i.e., the relative pressure of inner 

pressure with respect to outer pressure. 

- Stress distributions throughout the wall thickness are constant and equal to the 

average stress. 

- The cross section is selected so that it is far from geometric discontinuities. 

- The fluid/gas contained has negligible weight compared to the pressure. 

If these conditions can be satisfied, the stress distributions can be found by considering 

the free body diagram of an appropriate cut section and by using static equilibrium 

equations. More discussions on this topic can be found in any introductory mechanics of 

material books e.g., Beer et al. (2006) and Hibbeler (2011).  

4.2 Regolith Shielding Thickness 

We start the design procedure by specifying the thickness of regolith shielding. The 

shielding layer should be thick enough to protect the base from solar flare radiation, 

extreme temperature fluctuations, and meteoroid impacts. Duke et al. (1985) proposed 

that a 2 m thick regolith layer can protect the base against the solar flare radiation. Also, 

Vaniman et al. (1991) mentioned that an insulating blanket of about 30 cm of regolith is 

sufficient to dampen out about 280 ˚K lunar surface temperature fluctuations based on the 

data obtained during the Heat Flow Experiments of Apollo. Neither of these papers 

provide a detail calculation.  

Considering the thicknesses proposed and taking into account that the shielding layer 

should also protect the base against meteoroid impacts, we choose a 3 m thick regolith 

shielding as is generally accepted in the literature. 
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4.3 Estimating the Thickness of the Walls 

Although the proposed base structure contains geometric discontinuities, simple 

analytical calculations of the form used for pressure vessels provide us with a good 

estimate of the needed thickness. The value obtained for the thickness by this method is, 

however, more likely to be less than what is needed due the fact that this method does not 

consider stress concentrations, i.e., regions around the holes (doorways) and sharp edges, 

nor does it consider bending stresses. In order to correct the values of stress around the 

doorways we will use a stress-concentration factor. Also, we will neglect the stress 

concentrations about sharp edges, because we will use fillets to cancel those out. Also, 

we will consider a thicker wall to compensate for bending stresses. 

In order to estimate the required thickness, we consider the sectioned volumes (see Figure 

4.1) of the base and write the equilibrium equations. 

From mechanics of materials, we know that for pressure vessels, the hoop stresses are 

more significant than longitudinal stresses. Writing the static equilibrium equation for the 

free-body diagram of Fig. 4.1b, we obtain, 

            ,                (4.1) 

where A is the cross-sectional area under air pressure, At is area of the wall of uniform 

thickness t, P is the gauge pressure, and σallow is the allowable stress, defined as the 

ultimate tensile strength of the material (σu) divided by an appropriate factor of safety 

(F.S.),  
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Figure 4.1. Sectioned areas and acting forces. 

       
  

    
 .                                                                                                               ( .2) 

While writing Equation 4.1 we assumed the structure contains no geometric 

discontinuities, we expect high localized stresses about the doorways of the structure. In 

order to account for such stress concentrations, the allowable stress must be corrected by 

a stress-concentration factor (K), defined as the ratio of maximum stress to the average 

stress computed in the section of discontinuity, 

  
    

      
 .                                                                                                                   ( .3) 

Therefore, by substituting Equations 4.2 and 4.3 into 4.1, we obtain, 

     

 

 

  

    
 .                                                                                                             ( . ) 

The stress-concentration factor is obtained experimentally through the use of a 

photoelastic method (Beer et al. 2006). In order to estimate this factor, we used the values 

obtained for flat bars with a hole under axial loading (see Fig. 4.2). 
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Figure 4.2: Stress concentration factors for flat bars with hole under axial loading (adapted from Beer et al. 

2006). 

Considering the cross-sectional area like that in Fig. 4.1b in the vicinity of the floor and 

by subtracting the doorway holes (see Fig. 4.3), values of A and At are obtained equal to 

150, 50 × t m
2
, respectively. Using Fig. 4.2 for a wall of diameter 3 m for the calculation 

of the stress concentration factor, r/d is equal to 1/(10-2) = 0.125, therefore, K is 

estimated to be 2.65. The low gravitational acceleration of the Moon (about one sixth of 

Earth) allows us to neglect the weight of the sandbags by simply considering the gauge 

pressure, P, equal to the internal pressure of 1 atm (1.01325×10
5
 Pa). The factor of safety 

is chosen to be very high, of the order 4 or 5, even though such a structure can be 

adequately designed with a much smaller factor of safety. Substituting these values in 

Equation 4.4, where the ultimate tensile strength of pure magnesium is 21 MPa, the 

required thickness of the shell is 0.192 m for a factor of safety of 5.  
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Figure 4.3: Cross-sectional areas in vicinity of the base’s floor 

 

4.4 The Design 

The approximate wall thickness of equal to 0.192 m (7.56 in) was obtained by using the 

equilibrium equations and moderating the stress concentrations at the sharp edges by 

using fillets at the corners. Note that the approximated value is more likely 

underestimating the thickness because: First, the walls are subjected not only to tensile 

forces but also to transverse loads (that causes bending stresses). Second, the location of 

the hole must be far from geometrical discontinuities, which is violated here. Choosing 

the value of the thickness, t = 0.229 m (9 in) and the inside dimensions as shown in 

Figure 4.3, the computer aided design (CAD) model of the lunar base is presented in Fig. 

4.4. It can be observed in the figure that the sharp edges have been smoothed. The 

engineering drawing of the base can be viewed in Fig. 4.5. 
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Figure 4.4: The lunar base CAD model (Drawn in Solidworks). 

4.5 Finite Element Analysis 

4.5.1 The Problem Setup 

The structure is considered to be fixed to a foundation. A uniform pressure of 1 atm 

(1.01325×10
5
 Pa) is acting on all interior surfaces. In order to account for the forces 

applied by the regolith shielding, the bulk density of the regolith is estimated to be 1650 

kg/m
3
. The bulk densities of the regolith ranges from about 1500 to 1740 kg/m

3
 within 

the upper 1 m layer of the Moon (Williams and Jadwick 1980). The weight results in a 

uniform downward pressure of 8096 Pa (density × thickness) (see Fig. 4.6).   

The physical properties of the magnesium structure is considered to be the same as for 

sand cast magnesium (Avedesian and Baker 1999), i.e., Young’s modulus =  0 GPa, 

tensile (compressive) yield strength = 21 MPa, Poisson’s ratio = 0.35, and density = 1738 
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kg/m
3
. Also, the lunar gravitational acceleration is taken as one sixth terrestrial, 1.64 

m/s
2
, and results in a body force on the structure. 

4.5.2 Numerical Results 

ANSYS Academic Research Workbench, Release 14 has been used for the finite element 

analysis. The ANSYS defaults “Mechanical” have been used to generate the mesh which 

resulted in 141,554 nodes and 86,531 elements. The generated elements are SOLID187 

type (see Appendix 1, Section A1.5.1).The results for maximum principal stress, total 

deformation, factor of safety, and stress intensity are presented in Figures 4.7, 4.8, 4.9, 

and 4.10, respectively. Also, structural error, which indicates inadequacies in the 

generated mesh, is presented in Figure 4.11. 

4.6 Discussions and Conclusions 

As we expected from the analytical calculations, a uniform structural thickness of 0.229 

m (9 in) leads to the factor of safety greater than 5 (Fig. 4.9). Naturally, we expect to 

have higher factors of safety for most parts of the structure, because the chosen thickness 

for the structure was based on the stress concentration about the doorway. Considering 

Figure 4.9, it is obvious that such a structure with the same thickness, modified by adding 

few extra supports can easily achieve higher safety factors. For example, adding a few 

ribs on the walls containing the exterior doors will increase the section properties by 

lessening the stress concentration and will result in a safety factor equal to 6 or higher 

(see Fig. 4.12). We did not modify or optimize the structural design since the purpose of 

this research work is to show the feasibility of considering this type of structure for a 

lunar base utilizing magnesium as a structural material.  
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Also, we have selected the physical properties of sand-cast pure magnesium, which 

possesses the lowest strength among unalloyed processed magnesium (using other 

methods, i.e., extrusion, hard rolled sheets, and annealed sheet). This was due to the fact 

that rapid prototyping techniques generally result in structures with less strength when 

compared with other methods of manufacturing, and also mechanical properties of rapid 

prototyped magnesium could not be found.  

Naturally, when designing such structures, an alloy will be selected. Most magnesium 

alloys possess an ultimate tensile strength of about 5 times larger than the sand-cast 

magnesium considered here. This affords us the possibility of designing much thinner-

walled structures, saving material and time. 

In the next chapter, we use the structural design obtained in this chapter to carry out the 

thermal analysis in order to evaluate the effectiveness of the three-meter-thick regolith 

shielding in protecting the structure from temperature fluctuations. Also, the effect of 

uncertainties associated with the regolith thermal properties is studied. 
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Figure 4.5: Engineering drawings of the final design (All dimensions are in meters).  
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Figure 4.6: Loading conditions, where P and q are the internal air pressurization and regolith weight per 

unit area, respectively.  

 

 

Figure 4.7: Maximum principal stresses.  
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Figure 4.8: Total deformation. 

 

Figure 4.9: Factor of safety. 



52 

 

 

 

Figure 4.10: Stress intensity. 

 

Figure 4.11: Structural error. 
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Figure 4.12: Section containing the max principal stress. 
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Chapter 5. Thermal Control at the Lunar Base 

In this chapter we model the thermal lunar environment, explore the thermal properties of 

regolith and measure the effects of the uncertainties of those properties. We derive an 

analytical model that can be used to estimate the radiational heat loads of the 

environment on the structure, so that we can use ANSYS® Academic Research 

Workbench, Release 13.0 “steady-state thermal” solver for our analysis. Then, numerical 

simulations are carried out for a selected site at lunar South Pole and used to estimate the 

capacity requirement of the heat rejecting system based on the thermal loads of the Space 

Station.  

Thermal control at a lunar structure is a challenging problem. The temperature of the 

lunar surface swings in a large range during the long lunar day and night and differently 

from location to location. Having essentially no atmosphere on the Moon, the heat 

exchange between the base and lunar environment are in the form of radiation and 

conduction. The outer surface of the base exchanges radiative heat with lunar surface, 

space, and the sun, while the foundation exchanges conductive heat with the Moon. 

Convective heat transfer takes place inside the base between the air and the walls and 

also in the air conditioning unit.  

Protecting the structure from the radioactive environment and from meteoroid impacts 

requires a thick regolith shield, but a thicker shield acts as a thermal insulator. It prevents 

the rejection of heat generated inside by astronauts and instruments. Therefore, heat 

rejection radiators (HRR), e.g., of the space station type, will be needed to maintain the 

base temperature in a habitable range.  
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In order to design the HRR, one needs to know the heat gain/loss of the base and the heat 

loads, as well as the environment in which the radiators will be placed. Therefore, a 

thermal analysis of the proposed base is carried out for the lunar South Pole (latitude 

88º). The design of the HHR is beyond the scope of this work. The interested reader can 

refer to Dallas et al. (1971) and Simonsen et al. (1992). 

5.1 Temperature on the Lunar Surface 

The lunar day lasts approximately 28 Earth days with 14 days of sunlight and 14 days of 

darkness. At the e uatorial latitude temperature ranges from 37    K during the lunar noon 

to about 120   K at lunar night. The temperature variation decreases as the latitudes 

increase to the Polar Regions, where it varies from about 160   K to 120   K (Simonsen et 

al. 1992). It should be noted that the temperatures mentioned here are the mean 

temperatures estimated for those latitudes, and they can vary significantly due to the 

characteristics of the region, e.g., recently, the  iviner Lunar Radiometer Experiment 

measured subsurface temperatures as low as 38   K in some polar regions (Paige et al. 

2010).  

These extreme temperature variations, considering the very low global mean heat flow of 

the Moon
1
, 12 ~ 21 mW/m

2
 (3.8215 × 10

-3
 ~ 6.6877 × 10

-3
 Btu/hft

2
) (Warren and 

Rasmussen 1987, Langseth et al. 1976), are essentially due to the solar flux.   

Grafton and Nordwall (in Mackay 1963) used some approximate values for the lunar 

albedo, thermal conductivity, and thickness of the lunar dust layer, and showed that the 

                                                 
1
 The global mean heat flow is the average energy the Moon interior loses to Space. 
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diurnal temperature on the Moon can be estimated by considering the Moon to be a 

smooth sphere, and the temperature at equator can be obtained by using the equation 

                 
   

 
 ,                                                                                           (5.1) 

where d is the Earth days past lunar sunrise. Simonsen et al. (1992) extended Equation 

5.1 for different latitudes by considering the temperature only as a function of the angle 

between the sun’s rays and the normal outward vector of the lunar surface at a specific 

location, resulting in 

                                 ,               (5.2) 

where ϕ is the latitude (deg.) of the base position, selected here as 88º for the South Pole.  

  is the sun’s angle above lunar horizon (deg.).  

During the Apollo experiments, a rapid cooling of surface temperature up to 15º phase 

past sunset
2
 was observed (Keihm et al. 1973), after which a temperature drop of only 

few degrees during the night was measured. We will assume that cooling after the sunset 

is extremely fast and that the temperature during the night is constant. Therefore, by 

using the Equation 5.2, the surface temperature for latitude 88˚ is modeled by 

   {
                                 ⁄                          
                                                                                              

 ,                (5.3) 

where   is the Earth day past lunar sunrise (also see Fig. 5.1). 

 

                                                 
2
 One Earth day and four hours past sunset. 
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Figure 5.1. Surface temperature (K˚) at 88˚ latitude for one lunation.
3
 

 

5.2 Thermal Properties of Lunar Regolith 

Most of our knowledge of the regolith’s thermal properties comes from the Apollo era. 

During the Apollo missions, Heat Flow Experiments were carried out in addition to the 

experiments on the collected lunar samples.  

During the Apollo 15, 16, and 17 missions, heat-flow probes were placed in the holes left 

after extracting cores from the regolith. Successful measurements were made at the 

Apollo 15 and 17 landing sites, while Apollo 16 experiments failed due to a broken cable 

(Heiken et al. 1991). Ever since, many research efforts have been devoted to interpreting 

these measurements, and to understanding the thermal properties of our Moon, e.g., lunar 

heat flow and the thermal conductivity of the regolith. 

                                                 
3
Lunation is defined as the period until the next new moon, or one lunar day and night. 



58 

 

 

5.2.1 Conductivity 

Transfer of thermal energy from the more energetic particles of a substance to the 

adjacent less energetic ones is called thermal conduction. Therefore, thermal conductivity 

is defined as a material property, and represents the rate of heat transfer through a unit 

thickness of the material per unit area per unit temperature difference. It is a 

measurement of the ability of a material to conduct heat, as is determined through 

experiments on material samples.  

Keihm et al. (1973) investigated data from the Apollo 15 Hadley Rille landing site, and 

compared it to surface temperature measurements made during the umbral
4
 stage of the 

August 6, 1971 lunar eclipse. They estimated the theoretical maximum surface 

temperature to be about 372 ˚K (210 ˚F) at lunar noon and a minimum of about 93 ˚K       

(-292 ˚F) at lunar morning, with the mean temperature about 207 ˚K (86.8 ˚F). Thermal 

conductivity of the regolith was estimated to be between 0.9 × 10
-5

 and 1.6 × 10
-5

 W/cm 

ºK (5.2011 × 10
-4

 and 9.2464 × 10
-4

 Btu/ft h ºF) for the upper 2 cm (0.79 in), increasing 

with depth as the density increases, reaching 1.4 × 10
-4

 W/cm ºK (8.0906 ×  10
-3

 Btu/ft h 

ºF) at 49 cm (19.3 in). Lunar infrared emissivity
5
 of 1.0 and solar absorptivity

6
 of 0.93 

was used in their calculations.  

In another study, Keihm and Langseth (1973) analyzed Apollo 17 data. They found the 

maximum surface temperature to be about 28    K (51.5 ˚F) at lunar noon which cools 

down to a minimum about 102 ˚K (-276.1 ˚F) at the end of lunar night, with the mean 

                                                 
4
 Umbra is the inner most of a shadow, i.e., the darkest part. 

5
 Emissivity indicates the ability of a surface to emit and radiate energy relative to a black body. Emissivity 

of 1.0 used here implying that the lunar surface is a black body (see Section 5.2.3). 
6
 If a body is subjected to radiative heat, absorptivity indicates the fraction of the energy the body absorbs 

in comparison with energy that a black body could have absorbed (see Section 5.2.3).  
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surface temperature about 216 ˚K. They estimated the conductivity at between 0.9 × 10
-5

 

and 1.5 × 10
-5

 W/cm ºK (5.2011 × 10
-4

 and 8.6685 × 10
-4

 Btu/ft h ºF) for the upper thin 

layer, reaching 1.0 – 1.4 × 10
-4

 W/cm ºK (5.779 × 10
-3

 and 8.0906 × 10
-3

 Btu/ft h ºF)  at 

layers deeper than 10 cm (3.94 in). 

In both studies the temperatures were found to reach constant values within the first 

meter of the surface that were higher than the mean surface temperatures. A higher  value 

of equal to 45 ºK at depth of 83 cm at Apollo 15 site and a higher value of equal to 40 ºK 

at depth of 130 cm at 17 site were measured (Recall the 12 ~ 21 mW/m
2
 global mean heat 

flow of the Moon). Conclusions were made that a strong temperature-dependent 

conductive layer should be present in the upper few centimeters. In the other words, the 

lunar surface absorbs more heat during the lunar day than it rejects during the night. This 

requires the upper few centimeters to have very low density which increases with depth. 

This causes the upper few centimeters to have a large temperature gradient, which dies 

down at deeper levels and the temperature reaches a steady-state at some point less than a 

meter below the surface. 

In another effort, Langseth et al. (1976) revisited the Apollo data, and estimated that for 

all four stations conductivity is in the range of 0.9 – 1.3 × 10
-4

 W/cm ºK (5.2011 – 7.5127 

× 10
-3

 Btu/ft h ºF). They assumed the specific heat to be equal to 0.67 kJ/Kg ºK 

(0.160063 Btu/lbmºF) for conductivity calculations. They also estimated densities in range 

of 1.75 – 1.90 g/cm
3
 (109.2 – 118.56 lb/ft

3
), and 1.83 – 2.09 g/cm

3
 (114.192 – 130.416 

lb/ft
3
) for Apollo 15 and Apollo 17 landing sites, respectively. 
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5.2.2 Specific Heat (at Constant Pressure) 

The specific heat, Cp, is the amount of heat per unit mass required to raise the 

temperature by one degree Kelvin. Specific heats of the regolith were determined by 

Hemingway et al. (1973). They examined the samples obtained from Apollo 14, 15, and 

16 missions for temperatures ranging from 90 to 350 °K (-297.7 to 170 °F). The results 

for lunar soil at a density of 1300 kg/m
3
 (81.12 lb/ft

3
) were obtained and are summarized 

in Table 5.1 below. 

 

Table 5.1. Specific heat vs. temperature for regolith density of 1300 kg⁄m
3
 (Hemingway et al. 1973). 

Temperature 100 °K 

(-279.7 °F) 

150 °K 

(-189.7 °F) 

250 °K 

(-9.7 °F) 

300 °K 

(80.3 °F) 

350 °K 

(170 °F) 

Cp (J/kg ºK) 

(2.389 × 10
-4

 Btu/lbf ºF) 
275.7 433.9 672.4 758.1 848.9 

Thermal conductivity 

(W/m ºK) 

(0.5779 Btu/ft h ºF) 

0.0007 0.0008 0.0011 0.0014 0.0017 

 

5.2.3 Radiative (Optical) Properties 

Radiation may be envisioned as energy being transported either by electromagnetic 

waves or by photons. The radiative heat transfer from a surface is governed by four 

material properties: emissivity, absorptivity, reflectivity, and transmissivity (Siegel and 

Howell 1992). 

The emissivity of a surface represents the ratio of the radiation emitted by the surface at a 

given temperature to the radiation emitted by a blackbody at the same temperature.  

Absorptivity is defined as the fraction of the radiation flux incident on a surface that is 

http://hyperphysics.phy-astr.gsu.edu/hbase/thermo/heat.html#c1
http://hyperphysics.phy-astr.gsu.edu/hbase/thermo/temper.html#c1
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absorbed by the surface, while the fraction reflected away is called the reflectivity. The 

fraction transmitted through the body is the transmissivity of that body (which is 

estimated to be equal to zero for the Moon).        

5.2.3.1 Lunar Albedo 

The albedo is defined as the fraction of light or electromagnetic radiation reflected by a 

body or particular surface, typically that of a planet (reflectivity). The Moon has an 

average albedo of 0.09 (very low). The normal albedo value of the lunar near and far 

sides is summarized in Table 5.2. 

             

          Table 5.2.  Normal Albedo Values of the Moon (Eckart, 2006). 

Region Minimum Maximum Average 

Near side 

   

   

    Mare 0.06 0.09 0.07 

    Highland 0.11 0.20 0.15 

    Entire face 0.07 0.10 0.09 

    

Far side - - 0.22 

 

  

5.2.3.2 Emissivity of Regolith 

Logan et al. (1972) measured the mid-infrared spectral behavior of Apollo 14 and 15 

regolith and compared them to ground-based and balloon-borne measurements. They 

estimated the infrared emissivity to be in the range of 0.90-0.95, confirming the fact that 

the Moon does not emit as a black body. 
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5.3 Modeling Considerations for the Base Structure 

In order to calculate the thermal status of the base, we start by assuming that the inside 

temperature of the base is controlled and constant. Therefore, the concern is to model the 

heat exchanged between the exterior and lunar environment. In the following, we will 

utilize our understanding from the Apollo data, and other discussions presented so far, to 

have a good estimation of the thermal environment to which the base will be exposed. In 

other words, boundary conditions will be modeled and simplified so that they can be used 

for numerical calculations. 

5.3.1 Foundation of the Structure 

As mentioned earlier, heat exchange at the foundation is governed by conduction. From 

the Apollo heat flow experiments, a constant subsurface temperature is expected. A 

natural guess is that the regolith in vicinity of the base will be altered due to construction 

and later on by the astronauts’ activities. This will densify the top layer of the surface, 

resulting in less difference between mean surface temperature and steady subsurface 

temperature. Also, the polar regions experience milder exposures to the solar flux. 

Therefore, a conclusion can be made that the temperature at some depth should be 

considered the same as, or a value fairly close to, the mean surface temperature. 

On the other hand, the subsurface temperature in the vicinity of the base would be 

affected by the heat conducted through the foundation. Therefore, it is safe to assume that 

at some depth under the base, the temperature is constant, i.e., heat flux at that depth 

would be the same as lunar global mean heat flow.  
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5.3.2 Outside Surface of the Structure 

Assuming uniform lunar temperatures in the vicinity of the base, the general heat transfer 

equation governing the thermal exchanges between a thermal shield and its environs at 

the lunar surface is (Mackay 1963): 

 

 
             

           
    

             ,                                          (5. ) 

where q is the heat flux passing through area A, Fbm is the configuration factor, ϵb and ϵm 

are the non-dimensional emissivity factors, σ is the Stefan-Boltzmann constant, Tb is the 

temperature of the outside surface of the shield, Tm is the lunar surface temperature, Sc is 

the solar constant (heat from the sun),    is the absorptivity of the outside surface of the 

shield, and finally    is the angle between incident solar rays and the normal to the 

outside surface of the shield.   

The incident solar radiation reflected from the lunar surface and hitting the structure is 

neglected due to very low lunar albedo. Also, it is assumed that the heat radiated from the 

structure that hits the lunar surface is not reflected back to the structure (due to the same 

reason). The first term on the right hand side of Equation 5.4 is the heat per unit area that 

radiates from the structure into space. The second term represents the heat per unit area 

exchanged between the structure and the lunar surface. The third term is the heat per unit 

area absorbed by the structure from the Sun. Assuming the lunar surface to be rough 

enough (very close to black body) so that it does not allow the heat radiated from the 

structure to be reflected back to it, ϵb and ϵm will be the same. Therefore, Equation 5.4 

will be simplified to 
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                                                                                       (5.5) 

In Equations 5.4 and 5.5, the coefficient Fbm only depends on the shape of the structure 

and its surrounding environment and it represents the fraction of heat radiating from the 

structure that impact the lunar surface. In other words 1– Fbm is the percentage of the heat 

radiating from the base that escapes into space.   

5.3.2.1 Configuration (view) Factor 

 One of the complexities in the calculation of radiative heat transfer between surfaces is 

the determination of how the surfaces view each other. Therefore, it is customary to use a 

quantity called the configuration factor to account for the geometry.  

Generally, a configuration factor is obtained by considering differential area elements on 

the surfaces involved and then integrating over the domains of the surfaces. The radiative 

heat transfer from a diffused differential element to another element is modeled in Figure 

5.2. The fraction of energy leaving surface element dA1 that arrives at element dA2 is 

defined as the geometric configuration factor dF1-2, or dF12. It can be shown that F12 only 

depends on position vector, S, and the angles between S and the normal surface vectors 

of the differential area elements dA1 and dA2, θ1 and θ2, respectively (Siegel and Howell 

1992). The relation is 

     
          

 | | 
                                                                                                     (5.6) 
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Figure 5.2. Radiative interchange between two diffuse differential area elements (adapted from Siegel and 

Howell 1992). 

 

The inverse differential configuration factor can be obtained by using the following 

reciprocity rule, 

                
          

 | | 
        .                                                              (5.7) 

For two finite areas the reciprocity rule will be 

             .              (5.8) 

Therefore, the configuration factor is obtained by considering two differential elements 

on the two bodies and integrating Equation 5.7 over the domain of the areas involved, 

and takes the form 

    
 

  
∫∫

          

 | | 
       .                                                                                     (5.9) 
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Generally, numerical evaluation of Equation 5.9 requires great effort, and is 

computationally expensive even for very simple geometries. Thus, there exist shortcuts 

that take advantage of the definition of configuration factor as the fraction of energy 

received by the surface, and that utilize the reciprocity relation and conservation of 

energy to estimate this factor. Therefore, one can use the known configuration factors for 

simple shapes as good approximations for more complicated configurations. Interested 

readers can refer to Siegel and Howell (1992) and Sparrow and Cess (1978). Also, many 

computer programs have been written for numerical calculation of configuration factors, 

although they can be computationally very expensive. 

5.4 Numerical Modeling 

In order to estimate the effectiveness of shielding (thermal gain or loss), it is assumed that 

the inside air temperature is controlled at a constant uniform temperature of 23 °C 

(296.15 °K, 73.4 °F) with the film
7
 coefficient of 10 W/m

2
 ºK (1.7622 Btu/h ft

2
 ºF). 

Therefore, the boundary conditions to which the regolith shield and sintered regolith 

foundation is exposed need to be modeled. 

5.4.1 Lunar Surface 

The slow variation of lunar temperature (see Fig. 5.1) allows the thermal behavior of the 

base to be very close to steady state. Also, in order to design the thermal control system 

the extreme conditions are needed to be evaluated. Therefore, we investigated the thermal 

behavior of the base for two steady state conditions, lunar night and lunar noon. The 

                                                 
7
 Film coefficient is also called convection coefficient. It is called film coefficient since ANSYS uses this 

terminology. 
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surface temperatures for these cases are 120 °K and 161.61 °K (-243.7 °F and -168.8 °F), 

respectively. Recall that these temperatures were estimated for the base position selected 

to be at 88º latitude at South Polar Regions.    

As was mentioned earlier, the temperature at some depth can be considered to have a 

constant value. Therefore, the heat flux at depth of 3 m (9.84 ft) is considered to be 

uniform and equal to the lunar heat flow and is selected as 16 mW/m
2
 (5.0954 × 10

-3
 

Btu/h ft
2
) based on our discussion in Sec. 5.3.1.  

Also for numerical simulation, a finite section of the lunar surface is needed. Therefore, 

we assume that the lunar surface at 13.5 m (44.3 ft) away from the magnesium base (10.5 

m away from the shield) is in thermal equilibrium with surfaces in its vicinity, i.e., no 

heat flux through the cut-section (Fig. 5.3). The distances in the Figure 5.3 is selected 

with a little difference, just to give us a sense if these are selected large enough by 

comparing the thermal flux at 10.5 meters away from the shield. The surface is modeled 

as isotropic with a thermal conductivity of 0.009 W/m ºK (5.2011 × 10
-3

 Btu/ft h ºF) (see 

Sec. 5.2.1), and radiative properties of 0.93 are assumed for both absorptivity and 

emissivity (see Sec. 5.2.3). 

5.4.2 Foundation 

The base is on a foundation of thickness 0.5 m of sintered regolith. Although some 

experiments have been carried out on the sintering of regolith (see Sec. 3.4.1), no value is 

reported for its thermal conductivity. Therefore, two values for the conductivity of 

sintered regolith are considered, 0.009 and 1.5 W/m °K (5.2011×10
-3

 and 0.8669 Btu/ft
2
 h 

°F). The first one is the same value as that for the lunar surface, and second one is a value 
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in the range of conductivity coefficients for cast basalt ceramic, where an assumption is 

made that the thermal conductivity of the sintered regolith should be close to that of the 

cast basalt ceramic, which ranges from 1.1 to 1.6 W/m °K (0.6357 and 0.9246 Btu/ft
2
 h 

°F) (ITW Densit, Data Sheet).   

 

 

Figure 5.3. Cut-section of lunar surface used for numerical simulations. In left figure the distances of the 

base to the edges are 11 m.  

 

5.4.3 Sandbags of Regolith Shielding  

The thermal properties and density of the sandbags used to contain the regolith shielding 

will be determined based on the material of the bags and the method of filling them. 

Here, we assumed that they have the same conductivity as the lunar soil. Moreover, we 

consider perfect contact (no gaps) between the bags and the magnesium structure. Also, 

the emissivity and absorptivity of the shield is considered to be the same as that of the 
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lunar surface, 0.93, since, with time the shield would be covered by dust due to dust 

migration. Therefore, it is probable that its radiative properties, regardless of the material 

used for the bags, will be very close to those of the lunar surface. 

5.4.4 Radiative Boundary Conditions 

Configuration factor, as mentioned earlier, is a crucial consideration in modeling the 

radiative surfaces. Therefore, we start by estimating this property, and later will use it to 

define the radiative boundaries in such a way that can be used in the ANSYS steady-state 

thermal solver. 

5.4.4.1 Configuration factor 

In order to follow the same assumption we made regarding the surface temperature, we 

consider that the base rests on an infinitely large smooth surface, i.e., there is no crater or 

hill close to the base. Avoiding the cumbersome integration of Equation 5.9, we start by 

considering two cases for which the configuration factors are known. The factor between 

a vertical surface and an infinitely large horizontal plane, shown in Fig. 5.4a, and the 

factor between a cylinder and a plate parallel to the axis of the cylinder, shown in Fig. 4b, 

are considered next. 

Mackay (1963) showed that for the case of Figure 5.4a, the configuration factor is 0.5. 

For the case of Figure 5.4b the configuration factor can be obtained by using the graph 

represented in Figure 5.5 (Sparrow and Cess 1978). 
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Figure 5.4. (a) A vertical surface and an infinitely large horizontal plane. (b) A cylinder and a plate parallel 

to the symmetrical axes of the cylinder (adapted from Sparrow and Cess 1978). 

 

 

Figure 5.5. Configuration factors for system of Figure 5.4.b (Sparrow and Cess 1978, with permission of 

CRC Press). 
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We assume that the lunar structure consists of one large semi-cylinder that is connected at 

both ends to smaller semi-cylinders. In order to have an estimation of the view factor, 

imagine each of these semi-cylinders are embedded in a box with faces tangential with 

respect to the cylinders (see Fig. 5.6). Using Figure 5. b with the plate’s width e ual to 

the diameter of the cylinder, and of equal length, setting a=r, we obtain the configuration 

factor of the plate to cylinder and by using reciprocity law the inverse factor. Then, we 

can use the Figure 5.4a, to estimate the radiative energy heating the ground. We assume 

the following: 

- A small portion of the radiative heat leaving any surface of the larger cylinder is 

received by the smaller ones, and can be neglected. 

- Radiative energy leaving the smaller cylinders cannot pass through the vertical 

surface of imaginary box facing the larger semi-cylinder. 

- 50% of the energy passing through the vertical surfaces facing the lunar surface 

escape to empty space (Fig. 5.4a). 

Considering these assumptions, and the definition of configuration factor as the fraction 

of energy leaving the base and received by lunar surface, the factor for the larger semi-

cylinder to lunar surface is approximated to be about 0.365, and about 0.356 for the 

smaller sections. Therefore in numerical calculations we select 0.36 for all semi-

cylinders. This factor for vertical surfaces is 0.5 (Figure 5.4a). 

The factors obtained are for the cases where the surface temperature in the vicinity of the 

base is uniform. To estimate this factor for the surfaces facing the shadow during noon, 

some of the radiative heat is received by the shadow area, some by the area exposed to 
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the sunlight, and the rest would escape to space. So, we need another known 

configuration to account for this case. We used the configuration factor of rectangles 

having a common edge and forming an arbitrary angle, where one rectangle is semi-

infinite long (Howell 2012). The configuration is shown in Figure 7, and the factors 

associated with Ф = 90º are presented in Table 5.3. 

 

 

Figure 5.6. Simplified configuration of the base and imaginary boxes containing the base. 

 

Figure 5.7. Rectangles having a common edge and forming an arbitrary angle, where one rectangle is semi-

infinitely long (adapted from Howell 2012). 
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Table 5.3: Configuration factors associated with Ф = 90˚ of Figure 5.6 
(a)

 (adapted from Howell 2012). 

ab/ 0.02 0.05 0.10 0.20 0.40 0.60 

90º 0.482773 0.464222 0.439467 0.400918 0.345351 0.305299 

ab/ 1.00 2.00 4.00 6.00 10.00 20.00 

90º 0.250000 0.176107 0.115047 0.087378 0.060533 0.035778 
a 
For the configuration factors associated with different Ф please refer to the reference. These values are not 

presented here since we did not need them for our calculations.  

 

Using these values for the surfaces facing the shadow, Fbm for the shadowed area is 

0.2448, and for the lighted area is 0.1152. Fbm for the vertical surfaces facing the shadow 

is found to be 0.34 for the shadowed area and 0.16 for the lighted area. 

5.4.4.2  Ambient Temperature (  ) 

Heat exchange through radiation between the base and the lunar environment can be 

modeled using Equation 5.5, and can be written in the form, 

 
 

 
       

       
  

  

   
        .                                                                    (5.10) 

Also, for surface radiation problems, Stefan-Boltzmann law states that 

 

 
       

    
   .                                                                                                     (5.11) 

Therefore, the ambient temperature is 

         
  

  

   
        

 
 ⁄  .                                                                                       (5.12) 

The ambient temperature can be obtained by Equation 5.12 for a surface and be input into 

ANSYS steady-state thermal solver. As is obvious from Equation 5.12, during the lunar 



74 

 

 

day the ambient temperature is affected by the relative position of the sun to the surface 

by the value of S. Therefore, the orientation of the base on the lunar surface is of 

importance. As we are interested in the extreme case, the lunar base orientation should be 

east to west, i.e., one entrance facing the east while the other one looking at west. This 

configuration allows the base to receive maximum heat from the sun, at lunar noon.  

For simplicity, we replaced the term Sc cos S by the equivalent mean solar flux on the 

surfaces exposed to the sun. This was done by finding the trajectory of the surface in the 

plane perpendicular to the solar flux at noon (about 190 m
2
), and by considering the solar 

flux to be 1370 W/m
2
 (Eckart 2006) with the absorptivity of 0.93, the total solar heat was 

calculated and divided by the actual surface area facing the sun (about 337.2 m
2
).  

Regarding the lunar noon, for the surfaces of the shield facing the shadowed area, it is 

assumed that the temperature of the shadow area is uniform and equal to 120 °K. As was 

discussed earlier, a rapid cooling was observed during the Apollo experiments (Sec. 5.1). 

Therefore, we assumed that most of the shadowed area is at the nighttime temperature, 

using the earlier assumption that the Moon’s surface is smooth. 

Therefore, based on the discussion and values above, the ambient temperatures are 

calculated and are shown in Figure 5.8. Other boundary conditions are summarized in 

this figure as well. 

 

 



75 

 

 

 

 

 

Figure 5.8. Boundary conditions for (a) lunar noon, (b) lunar night. 
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5.5 Numerical Results 

ANSYS® Academic Research Workbench, Release 13.0 software is used for numerical 

simulations. Regarding the heat gain/loss of the base, all the cases studied exhibit heat 

loss.  

Considering the case with foundation conductivity of 0.009 W/m ºK (Case 1), the rate of 

heat loss is estimated to be 142 W at the lunar noon and 331 W at night. For the case with 

foundation conductivity of 1.5 W/m ºK (Case 2), heat loss is found to be about 145 W at 

noon and 336 W at night. The temperature distributions are shown in Fig. 5.9 and Fig. 

5.10, for case 1 and 2, respectively, while the heat fluxes for cases 1 and 2 are presented 

in Figures 5.11 and 5.12.  

Considering Figures 5.11 and 5.12, there are regions where the heat flux is larger, and 

can be seen in those figures by yellow and red arrows. These are due to inadequacies in 

the generated mesh. It can be better observed by calculating the thermal error. As an 

example, the thermal error for the case 1, for lunar noon, is presented in Figure 5.13, and 

discussed next.  

The continuity assumption results in a continuous temperature field from element to 

element, but a discontinuous thermal flux field. In order to obtain more acceptable fluxes, 

thermal flux is calculated using the averaged nodal thermal fluxes for each element, from 

which the thermal flux is subtracted for each node. This value is then used to calculate 

the energy error for each element (ANSYS 14.0 Help
a
). These calculations are presented 

in more detail in Appendix 1, Sec. A1.1. Therefore, the “Thermal Error” can be used to 
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indicate the mesh adequacy. Obviously, a finer mesh will result in a smaller thermal 

error.  

The errors observed in our calculations occurred at locations where there are 

discontinuities, as expected. We were unable to refine the mesh to obtain less error due to 

software and hardware limitations. It is clear from Figure 5.13 and the figures presented 

in Appendix 2, the error happened in very few minor elements and their contributions to 

the final results can be neglected. Moreover, considering the accuracy of the data for 

lunar environment and material properties, we are confident that the results presented are 

in an acceptable range.    

5.6 Discussion and Conclusions 

Now that we have estimated the heat loss at a lunar base, a rough calculation of other heat 

loads that need to be rejected are worth noting. The heat loads (per unit volume) for 

different modules, e.g., habitat, laboratory, etc., are selected to be the same as for the 

space station (Simonsen et al. 1992), and are summarized in Table 5.4. 

Using the values presented in Table 5.4, and the values obtained for the lunar base at 

noon and night, we can obtain the minimum and maximum heat that needs to be rejected 

by thermal control systems, e.g. HRR. These values are summarized in Table 5.5. 

 

Table 5.4. Selected heat loads in habitable areas. 

Module (W/m
3
) 23 ˚C 

Habitation 70.91 

Laboratory 70.91 

Node 104.79 

Airlock 377.05 
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Table 5.5. Minimum and maximum heat load that needs to be rejected by HRR. 

Module Minimum (kW) Maximum (kW) 

Habitation/Laboratory, Case 1 50.114 50.303 

Habitation/Laboratory, Case 2 50.109 50.300 

 

Considering these values and the discussion presented in this chapter, the following are 

some notes and conclusions worth mentioning: 

1. Although the conductivity coefficient for sintered regolith is not known, the heat 

loss of the structure did not vary significantly for different values for this 

property. 

2. The heat load that needs to be rejected, for both case 1 and case 2, showed small 

variations for the lunar noon and lunar night time, that is, the base can be assumed 

to be perfectly insulated for the HRR design process. 

3. We have discussed the regolith’s conductivity coefficient estimated from Apollo 

Heat Flow Experiments in Section 5.2.1, which differs to a great extent from the 

values obtained by experiments on lunar soil samples presented in Table 5.1. The 

Apollo conclusions were made (Table 5.1) for the upper few centimeters of 

regolith, after which in deeper layers the conductivity reaches the values in the 

range of 0.9 – 1.3  10
-4

 W/cm ºK. Still there exist debates on how accurate were 

the Apollo measurements. Possible sources of inaccuracy include: 

a) Uncertainties in the surface emissivity value selected in conductivity 

calculations (Keihm et al., 1973). 
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b)  Lunar soil in vicinity of the instruments was disturbed due to drilling and 

astronaut activity. Keihm et al. (1973) considered this factor to be negligible 

because of the agreements between astronomical observation and results. 

While later Langseth et al. (1976) suggest that the transient effects due to 

these activities were present during the measurements and proposed a 5-7 year 

period to reach the steady-state regime. 

c)  Daytime measurement error due to cable orientations (Keihm and Langseth, 

1973). 

While these uncertainties will affect the heat loss of the base, they will not change 

the results dramatically. The base can still be considered to be perfectly insulated 

(by comparing the heat loss and heat load). 

4. The calculations here were carried out for the average solar flux, and in the final 

design of an actual structure solar storms need to be taken into account. 

5. We did not consider the effects that nearby structures can have on the base heat 

loss. Also, the lunar surface was assumed to be smooth. In a final design these 

effects need to be considered as they can have a large impact on the configuration 

factor. 

6. We assumed there to be no gaps between the structure and the sandbags, even 

though they will be present. Therefore, a lesser heat loss should be expected. 

All in all, our understanding of the lunar environment is sufficient for modeling the 

thermal environment to which the base will be exposed. Also, by considering an 

appropriate factor of safety when designing the HRR, the uncertainties can be overcome. 
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More importantly, the 3 meter regolith thickness seems to be sufficient to stabilize the 

thermal variation of the lunar day and night.    

 

 

 

Figure 5.9. Case 1, temperature distribution at (a) lunar noon and (b) lunar night. 
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Figure 5.10. Case 2, temperature distribution at (a) lunar noon and (b) lunar night. 
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Figure 5.11. Case 1, heat flux at (a) lunar noon and (b) lunar night. 
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Figure 5.12. Case 2, heat flux at (a) lunar noon and (b) lunar night. 
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Figure 5.13. Thermal error for case 1 at lunar noon, full configuration and cross-section view. 
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Chapter 6. Seismic Analysis 

Despite the available literature on lunar seismicity, seismic risk has not been studied for a 

lunar surface structure. We begin by exploring the literature on moonquakes. Then, we 

develop a seismic model based on best available data and apply it to our typical structure. 

Two different solvers of ANSYS® Academic Research Workbench, release 14.0 

software, random vibration and mode-superposition transient dynamic, are used to obtain 

the seismic structural response and the results are compared. The chapter ends with a 

discussion on the vulnerability of lunar structural designs that ignore seismicity. 

Before we begin reviewing the literature, we first need to define the ground supports of 

our typical structure. Having modified the structure, some definitions are presented for 

readers who are not familiar with the jargon used in seismology and seismic engineering. 

Afterwards, we summarize the theories based on which the solutions are obtained 

(Section 6.3).  

6.1 Lunar Structure 

In Chapters Two and Three, we proposed our conceptual lunar base as a magnesium 

structure, covered with regolith sandbagged shielding on a sintered regolith foundation. 

Also, we saw that cast regolith possesses an ultimate strength that is an order of 

magnitude higher than lunar concrete. We assume the foundation to be built out of lunar 

concrete since the properties of sintered regolith could not be found. This is conservative, 

because higher mechanical properties are expected from sintered regolith compared to 

those of lunar concrete. 



86 

 

 

Although the technologies for sintering regolith have not matured yet, they are promising. 

When these technologies advance, the sintered regolith could have properties, if not 

comparable to cast regolith, better than lunar concrete. 

We have added six supporting columns to the magnesium structure, as depicted in Fig. 

6.1, of the lunar structure of Chapter Five. The engineering drawing of the structure can 

be found in Appendix 3. 

 

 

Figure 6.1. Lunar structure. 

 

6.2 Some Definitions 

The following are definitions of the jargon being used extensively in seismology. 
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6.2.1 Body Wave 

Seismic waves are divided into two classical types, P or compressional waves (also called 

primary waves), and S or shear waves (also called secondary waves). P waves are the 

first arriving waves, having travelled a direct path from the focus of seismic disturbance 

to the structure (or seismometer), which cause the medium to move back and forth in the 

direction of propagation. Afterwards, a pulse pP that traveled from the focus, reflected 

off the surface, and arrived at the structure. Second to P waves are S waves, which cause 

the medium to move perpendicular to the direction of propagation. Analogous to P 

waves, sS waves are the reflected shear waves. 

P and S waves, including their subcategories, are known as body waves since they travel 

through the Earth’s, or the Moon’s, interior. P and S waves are divided into more 

categories than discussed here. An interested reader can refer to Stein and Wysession 

(2003) for more information.     

6.2.2 Surface Waves 

After the arrival of the body waves, for terrestrial cases, seismograms are dominated by 

larger longer-period waves. These waves are called surface waves, as these are trapped 

near the surface of the Earth. In other words, their energy is concentrated near the Earth’s 

surface. These are subcategorized into two types, Love waves and Rayleigh waves. Love 

waves result from SH waves (shear waves polarized in the horizontal plane) trapped near 

the surface, while  Rayleigh waves are a combination of P and SV (shear waves polarized 

in the vertical plane) waves that can exist at the top of a homogeneous half-space (Stein 

and Wysession 2003). 
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6.2.3 Seismic Coda 

In the continental crust, which has many small layers and reflectors, scattering is 

especially important. These structures cause some of the energy to be scattered and arrive 

at a receiver later than the initial pulse. The scattered energy arrives from various 

directions and shows little or no preferred particle motion. Therefore, this scattered 

energy causes an arrival to have a coda, a trail of incoherent energy that decays over 

seconds or minutes (Stein and Wysession 2003). 

6.2.4 Intraplate Earthquakes  

Intraplate earthquakes occur within plate interiors when they are not perfectly rigid. In 

some cases these earthquakes are associated with intraplate volcanism, for example, 

Hawaii. These are studied, generally, to provide data about where and how the plate 

tectonic model does not fully describe tectonic processes (Stein and Wysession 2003). 

6.3 Modal Analysis (Mode Superposition Method) 

As mentioned earlier, random vibration and mode-superposition transient dynamic 

solvers of ANSYS® software are used for our analyses, both based on the modal 

superposition method. Therefore, a short summary of modal analysis and theories used 

are presented to provide the reader a general understanding of these methods (ANSYS 

Theory Reference 2011, Benaroya and Nagurka 2010, Dill 2012). 

Modal analysis (Mode Superposition Method) is a procedure by which the equations of 

motion (EOM) are transformed from a physical coordinate system to a principal 

coordinate system where the EOM are decoupled. Each of the decoupled equations 
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represents a single oscillator. Then, the total response of the system is the linear 

superposition of the obtained solutions of the decoupled equations. This procedure is 

valid for undamped systems as well as certain damped systems known as proportionally 

damped systems.
8
  

For an N degree-of-freedom (DOF) system, the general equation of motion (EOM) is 

expressed as 

   { ̈}     { ̇}     { }  { } ,                            (6.1) 

where [M] is mass matrix, [C] is the damping matrix, [K] is the stiffness matrix, {D} is 

the nodal displacement vector, and {F} is the nodal external force vector.  

6.3.1 Free Vibration 

Consider an undamped structure displaced a certain amount and then released to oscillate. 

Since no external forces are exerted, the oscillation is called a free vibration, and the 

EOM becomes 

   { ̈}     { }  { }.            (6.2) 

The modes of vibration and the natural frequencies of vibration are found by solving 

Equation 6.2 and by assuming a solution of the form {D(t)}={Dn exp(iωnt)}, where t is 

                                                 
8
 For an N degree-of-freedom system with general damping, the same procedure as explained in this section 

results in coupled equations of motion in physical space. These equations can be decoupled in a 2N 

dimension state space, where the complex eigenvalues and vectors can be obtained directly (Bottega 2006). 

Although simulations that utilize this approach require large computational power, there exist recent efforts 

to minimize the needed computation power for specific cases by using different approximation methods 

(Stringer et al. 2010). However, these efforts seem to result in large errors when the damping matrix is not 

symmetric. Regarding the current study, while ANSYS software can obtain the complex modes of 

vibration, it does not include the imaginary parts in modal superposition calculations (ANSYS Theory 

Reference 2011). 
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time and n is the mode number. The resulting equation is the fundamental eigenvalue 

problem,  

       
     { }   ,             (6.3) 

where ωn are the natural circular frequencies (eigenvalues) and {D}n are the modes of 

vibration (eigenvectors). 

Each eigenvector can be normalized with respect to [M], 

{ } 
    { }   .              (6.4) 

And, therefore, 

{ } 
    { }    

 ,             (6.5) 

where {Φ} denotes the normalized mode.  

Assuming that the N solutions of Eq. 6.3 have been obtained, the modal vectors satisfy 

the orthogonality conditions: 

{ } 
    { }   ,             (6.6) 

{ } 
    { }   ,                   (6.7) 

for n  m. The solution {D(t)} of Eq. 6.2 can be expressed as a linear combination 

(superposition) of the mode shapes, 
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{    }  ∑{ }      

 

    {     },                                                                         (6.8) 

where [P] is a square matrix whose columns are the mode shape vectors, and qn(t) are 

known modal displacements that are found in the modal analysis solution. Therefore, the 

equations are decoupled and can be solved using the initial conditions. 

6.3.2 Forced Vibration (Transient Analysis) 

The EOM for an undamped forced system is 

   { ̈}     { }  {    }.            (6.9) 

Substituting Equation 6.8 and its second derivative into Equation 6.9 and using the 

normalization Equations 6.6 and 6.7 leads to  

   { ̈    }     {     }      {    }         (6.10) 

where [I] is the identity matrix and [Ω] is a diagonal matrix whose elements are the 

natural frequencies such that Ωii = ωi
2
. The decoupled Equations 6.18 can be solved using 

the Duhamel integral and by considering the initial conditions. 

In ANSYS Workbench “transient structural” solver, the ground excitation option is 

nonexistent. Therefore, when using this method, we will apply the ground acceleration to 

the entire structure.  
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6.3.3 Forced Vibration (Random Vibration) 

Here a summary of the method used by ANSYS random vibration solver is presented 

(ANSYS Theory Reference 2011). The equations are modified for an undamped system.  

The EOM for a forced undamped system can be partitioned into the free and the 

restrained (support) degrees-of-freedom (DOFs) as 

[
[   ] [   ]

[   ]      
] {

{ ̈ }

{ ̈ }
}  [

[   ] [   ]

[   ]      
] {

{  }

{  }
}  {

{ }

{ }
}                       (6.11) 

where {Df} are the free DOFs and {Df} are the  restrained DOFs that are excited by 

random loading (note that the restrained DOFs that are not excited are not included). {F} 

is the nodal force excitation activated by a nonzero force. 

The free displacements are decomposed into pseudo-static, {Ds}, and dynamic, {Dd}, 

parts, 

{  }  {  }  {  }.             (6.12) 

The pseudo-static displacements are obtained from Equation 6.11 by excluding the 

acceleration of the equation and by replacing {Df} by {Ds}, therefore, 

{  }   [   ]
  

[   ]{  }     {  },        (6.13) 

where [A] = – [Kff] 
–1

[Kfr]. Physically, the elements along the i
th

 column of [A] are the 

pseudo-static displacements due to a unit displacement of the support DOFs excited by 

the i
th

 base PSD. Substituting Equations 6.12 and 6.13 into 6.11 results in 
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[   ]{ ̈ }   [   ]{  }  { }  ([   ]    [   ]){ ̈ },       (6.14) 

where the second term on the right-hand side are the equivalent forces due to support 

excitation. Modal superposition can be used to decouple the simultaneous ordinary EOMs 

in Equation 6.14 as follows. Assuming 

{     }      {    },           (6.15) 

the decoupled Equation 6.14 becomes 

   { ̈    }     {     }  {  },           (6.16) 

where Gn are defined by 

   {  }{ ̈ }    ,           (6.17) 

and where {Гn} are the modal participation factors corresponding to support excitation 

and γn are those for nodal excitation, given by 

{  }   ([   ]    [   ])
 
{ },         (6.18) 

   { } { }.           (6.19) 

From the theories of random vibration and linear systems it is known that the input 

spectral density, SFF (ω), and the system frequency response of a single DOF system,      

SDD (ω), can be related using  

                      ,                            (6.20) 
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(Benaroya and Han 2005) where 
*
 denotes complex conjugate and H(ω) is the transfer 

function. When the input is force or acceleration, the transfer function is 

         
     ⁄ ,          (6.21)  

where ωn is the natural frequency.  

Using mode superposition techniques, Equation 6.20 for the i
th

 DOF becomes 

   
    ∑ ∑    (∑ ∑         

               

  

   

  

   

 

   

 

   

 

                   ∑ ∑         
               

  

   

  

   

) ,                                                       (6.22) 

   
    ∑ ∑       (

 

  
      )

  

   

  

   

,                                                                               (6.23) 

and, 

    
   

 ∑∑ ∑      ( 
 

  
              )

  

   

  

   

 

   

,                                                (6.2 ) 

for the dynamic, pseudo-static, and covariance parts, respectively. n is the number of 

mode shapes chosen. r1 is the number of nodes away from support which are excited by 

an external load. r2 is the number of the nodes excited by an external load.  

The external load can be the power spectrum of ground displacement, velocity, or 

acceleration. Subsequently, the variances can be calculated, and stresses can be obtained 
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using similar approaches. For a more detailed analysis the reader may refer to ANSYS 

Theory Reference (2011). 

6.4 Introduction to Lunar Seismicity     

As a part of the Apollo missions, the Apollo Passive Seismic Experiments (APSE) were 

carried out. These experiments revealed that the Moon is by no means a seismically dead 

planet. During the operation period of the APSE data were collected and processed by 

many researchers. It has been estimated that the largest moonquakes observed could have 

had a body-wave magnitude greater than 5.5 Richter. However, due to dissimilarities 

between the internal structures of the Moon and the Earth, the effect of the moonquake is 

expected to be quite different from what would be expected for an earthquake of equal 

magnitude. These differences do not necessarily eliminate the danger posed by lunar 

seismic activities. Therefore, a response analysis of the proposed lunar structure under 

seismic excitation is necessary. 

6.5 Apollo Passive Seismic Experiments  

The APSE, a network of four seismometers, was installed on the surface of the Moon as a 

part of the Apollo Lunar Surface Experiments Package (ALSP). Data were collected and 

transmitted back to the Earth from 1969 to 1977 (Nakamura et al. 1982). The term 

“passive” was used because the principal objective of the experiment was to detect 

naturally occurring seismic events on the surface of the Moon (Latham et al. 1969).   

The passive seismic experiment package sensor unit contained three orthogonally-aligned 

long-period seismometers to measure surface motion in the vertical and two horizontal 
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directions, and a single-axis short-period seismometer sensitive to vertical motion at 

higher frequencies. The long-period seismometers were designed with resonant 

frequencies of 1/15 Hz, and the short-period seismometer with a resonant frequency of 1 

Hz (Latham et al. 1970). The PSEP and its component of the low-frequency 

seismometers are shown schematically in Fig. 6.2 and Fig. 6.3, respectively.  

6.6 Lunar Seismicity  

During the eight years of network operations, more than 12,000 seismic events were 

detected. Four distinct types of natural seismic sources have been identified: deep 

moonquakes, thermal moonquakes, meteoroid impacts, and shallow moonquakes 

(Nakamura et al. 1982).  

6.6.1 Deep Moonquakes 

These are the most abundant type of moonquakes, with 973 confirmed events (Vaniman 

et al. 1991). Most of their foci occured within a clearly defined region between the depths 

of 800 km to 1000 km. Their occurrence is strongly correlated with the tidal forces on the 

Moon due to the Earth and the Sun (Nakamura et al. 1982). These are low frequency, low 

magnitude events and are unlikely to pose a potential danger to a lunar structure. A body 

wave magnitude of 1.3 to 3.0 Richter is estimated for a large deep moonquake (Goins et 

al. 1981). 

6.6.2 Thermal Moonquakes 

These are very unlikely to pose any threat to a lunar structure, as they are very small 

seismic events caused by temperature variations at or near the lunar surface. Although 
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their exact cause is unknown, it is believed that they originate in young craters and large 

rocks (Nakamura et al. 1982).  

6.6.3 Meteoroid Impacts 

A total of 1734 meteoroid impacts have been distinguished from the APSE data 

(Vaniman et al. 1991) – while the actual number is much greater – the long period 

seismographs were capable of detecting mainly the signals from objects of mass 0.1 kg 

and higher. The largest meteoroid mass has been estimated at about 2000 kg based on an 

assumed impact velocity of 22.5 km/s (Dorman et al. 1978). 

6.6.4 Shallow Moonquakes 

Shallow moonquakes, also called high-frequency teleseismic (HFT) events, are the most 

energetic and also the rarest seismic sources that have been observed on the Moon. A 

total number of 32 events have been distinguished (Vaniman et al. 1991). The name HFT 

is used for these events due to their unusually high frequency content and great distance 

at which they were observed (Nakamura et al. 1979). Body wave magnitude estimates are 

in the range of about 5 Richter (Goins et al. 1981, Oberst and Nakamura 1992) to 5.5 

Richter (Oberst 1987) for the largest shallow moonquake. The epicenters of all the 

detected HFT events were located outside the Apollo seismic array, and the number of 

recorded events was small, thus limiting our understanding of these events (see Fig. 6.4). 

The actual depths of the HTF events are undetermined, but are estimated at less than 200 

km (Nakamura et al. 1979). The cause of these events is yet unknown, although theories 

have been proposed:  
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(a) the result of a lasting tectonic influence of impact basins long after their formation, 

comparable to shallow intraplate earthquakes that occur on Earth (Nakamura et al. 1979), 

 

Figure 6.2. Diagram of the fully erected PSEP (Latham et al. 1970, courtesy of NASA and Lunar and 

Planetary Institute). 



99 

 

 

 

Figure 6.3: Schematic diagrams of the elements of the low-frequency seismometers (Latham et al. 1970, 

courtesy of NASA and Lunar and Planetary Institute). 

 

Figure 6.4. Distributions of shallow moonquake epicenters and impact basins. N represents the north pole 

and S the south pole. The “+” signs are the PSEP locations (Nakamura et al. 1979, courtesy of NASA and 

Lunar and Planetary Institute). 
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(b) associated with young thrust fault scarps in the lunar highland (Oberst and Nakamura 

1992). A different suggestion is that these events are caused by a high-energy object from 

a fixed source outside the Solar System (Frohlich and Nakamura 2006). 

6.7 Seismic Risks for Lunar Structures 

The last two of the categories above, meteoroid impacts and shallow moonquakes, pose 

the greatest threats to a potential lunar base. The two-ton meteoroid mentioned above 

contains a linear momentum of 4.5e7 Ns, and could destroy any manmade structure. 

Moreover, meteoroids of any size can cause life-threatening injuries to the astronauts. 

These rare events are beyond the current study, which is focused on the seismic risks 

associated with shallow moonquakes. 

As mentioned earlier, shallow moonquakes with estimated magnitudes as large as 5.5 

Richter were recorded by ASEP. While the terrestrial equivalent can be fatal, causing 

moderate damage to buildings, their effects on the lunar base is not the same since the 

lunar interior structure is very different than that of the Earth. The seismic coda, defined 

as the seismic energy delayed by scattering, has been observed both on the Moon and the 

Earth. On the Moon the seismic coda is very large compared to that of Earth (Dainty and 

Toksoz 1981), which reduces the potential damage to a lunar structure since the seismic 

energy is scattered over tens of minutes (Dainty and Toksoz 1981, Goins et al. 1981, 

Oberst and Nakamura 1992).  



101 

 

 

Even though we have much more knowledge about the Earth, we still face many 

challenges in predicting earthquakes and their effect. Moonquake, due to minimal data 

and limited knowledge of the Moon’s interior, are studied with a realization that any 

results are, at best, very approximate. 

6.8 Shallow Moonquakes Seismograms 

The lunar seismograms associated with shallow moonquakes are of very long duration, 

even over an hour. These large seismic codas were first observed as coherent trains of 

surface waves, having been compared to the terrestrial seismic events (Dainty et al. 

1974). However, surface wave particle motion and dispersion in the seismic coda were 

not identified, thus questioning the assumption of surface waves scattering (Goins et al. 

1981). Figures 6.5 and 6.6 show typical seismographs recorded for shallow moonquakes. 

Although different types of seismic waves could not be identified throughout the seismic 

coda, the following common features were observed: 

 The amplitude builds up to a maximum during the first 10 min (known as the rise 

time), depending on the epicentral distance and focal depth, then decays very 

gradually with time. Body waves are present in the first minute of the 

seismogram, but these are very small. (Dainty and Toksoz 1981, Nakamura and 

Koyama 1982). 

 The frequency of the signals is predominantly in the 2 Hz to 4 Hz range 

(Nakamura et al. 1979). 

 For frequencies higher than 5 Hz most of the energy is lost because of attenuation 

in the scattering layer (Oberst 1987). 
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The much larger amplitude (compared to direct phases
9
) and much longer coda, when 

compared to terrestrial ones, suggests more intense scattering as well as much lower 

attenuation on the Moon than on the Earth. Various theories were put forward to 

explain this phenomenon, and of these the diffusion scattering model seems to be the 

best fit for the frequency range of 0.5 to 10 Hz (Dainty and Toksoz 1981). It worth 

noting that efforts to identify lunar seismic phases and use them to study the Moon’s 

internal structure have been generally unsuccessful (Stein and Wysession 2003), but 

yet diffusion scattering is the best available model. 

6.9 Diffusion Formalism 

An elastic pulse propagates without change in shape in an ideal, infinite, homogeneous, 

non-dispersive, and elastic medium. However, in heterogeneous media, a single seismic 

pulse is rapidly converted into a long train of pulses. The gross feature of a seismogram, 

as mentioned earlier, is the result of body and surface waves, which travel with different 

speeds. Therefore, the number of possible ray paths becomes quite large and the overall 

process takes a diffusive form. The seismic energy, E, per unit volume within a unit 

frequency band can be approximated by the diffusion equation (Wesley 1965), 

 

                                                 
9
 Direct phases are the seismic waves that have not been scattered. 
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Figure 6.5. Typical seismogram recorded by the short-period vertical instruments at stations 14, 15, and 16 

from the March 12, 1973 shallow moonquake (Goins et al. 1981, with permission from John Wiley and 

Sons). 

 

 

Figure 6.6: Representative lunar seismograms in compressed time scale (Nakamura et al. 1982, with 

permission from John Wiley and Sons). 

    ⁄       ,                       (6.25) 

where D is the diffusivity, and t is the time the seismic wave traveled. The diffusion 

equation does not consider the anelastic
10

 conversion of the seismic energy to heat. 

                                                 
10

 Anelasticity, also called intrinsic attenuation, is a process where the kinetic energy of elastic wave 

motion is converted to heat. This is due to the permanent deformation of the medium (Stein and Wysession 

2003). 



104 

 

 

Therefore, considering the anelastic loss and conservation of energy leads to a modified 

diffusion Equation 6.26 for a three-dimensional, strong, isotropic scattering medium (Aki 

and Chouet 1975, Dainty and Tokoz 1981),  

             ⁄   ⁄ ,          (6.26) 

     ⁄ ,                (6.27) 

where Q is the non-dimensional intrinsic quality factor due to anelastic conversion of 

seismic energy to heat, and does not include the loss by scattering. V is the velocity of 

seismic waves in the medium and is considered to be the shear wave velocity since most 

scattered energy is expected to be via shear waves. L is known as the mean free path and 

is the average distance seismic energy travels before it is scattered.   

Aki and Chouet (1975) and Dainty and Tokoz (1981) presented a solution to Equation 

6.26 by using the Green’s function for a point source, 

         
     

        ⁄
𝑒𝑥𝑝 (

   

   
 

  

 
) ,                                                                (6.28) 

where E0(ω) is the total seismic energy generated by the seismic events within a unit 

frequency band around ω at t = 0 and R = 0, where R is the distance from the focus.  

For large t and very small distance, Equation 6.28 becomes a function of time only. Also, 

the seismic energy per unit volume is twice the kinetic energy for propagating waves or 

stationary vibration. Therefore, the coda power spectrum of the ground displacement, 

Sxx(ω,t), can be obtained as (Aki and Chouet 1975), 
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                   ,           (6.29) 

where f  is the average soil density at the focus. 

Next, we assume that the location of our lunar surface structure is known, as is the 

moonquake focus. Therefore, the distance R is no longer a variable. Using the same 

approach as above, the coda power spectrum at the base will be 

                      ,            (6.30) 

where ρ is the average density of regolith in vicinity of the base. By substituting Equation 

6.30 into 6.28, the coda power at the base is obtained as 

         
     

           ⁄
𝑒𝑥𝑝 (

   

   
 

  

 
) ,                 for t   t   ,                             (6.31) 

where ti is the time after the start of the seismic event when the first seismic waves reach 

the base. 

We know that acceleration is the second derivative of displacement with respect to time 

and that   ̈ ̈ ω,t  = ω
     ω,t . Therefore, the power spectrum of ground acceleration is 

  ̈ ̈      
       

         ⁄
𝑒𝑥𝑝 (

   

   
 

  

 
) ,                for t   ti .                                (6.32) 
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6.10  Parameters and Material Properties 

In order to investigate the seismic structural response of our typical lunar structure, 

numerical values must be assigned to Equation 6.8 and material properties must be 

specified. 

6.10.1 Power Spectral Density of Ground Acceleration 

Many researchers have devoted their efforts to model moonquakes using the modified 

diffusion equation, yet there exist many uncertainties associated with each of the 

parameters in Equation 6.32. 

Regarding the diffusivity, D, different values have been proposed and used in the 

literature. Nakamura (1976) applied a two-dimensional scattering model to the seismic 

signals generated by movement of the lunar rovers and obtained diffusivities from 0.018 

km
2
/s to 0.033 km

2
/s for ranges of about 1 km. Toksoz et al. (1974) studied the near 

impacts received at the Alsep 12 site and obtained a horizontal diffusivity of 2 km
2
/s for 

ranges less than 150 km. Also, they expected that the diffusivity would be a strong 

function of frequency, and the effective diffusivity would be different for vertical and 

horizontal planes. Dainty et al. (1974) explained this by the fact that all types of waves 

propagate horizontally, whereas only compressional and shear waves propagate 

vertically. Also, they discussed that the diffusivity cannot be the same for different types 

of seismic waves, as they propagate at different speeds (see Equation 6.27). However, 

lunar seismograms demonstrate the same energy envelopes for the horizontal and vertical 

components of displacement, i.e., different waves cannot diffuse independently. 
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Nakamura and Koyama (1982) investigated the frequency dependency of anelastic 

attenuation for both P and S waves in the upper mantle of the Moon for the frequency 

range of roughly 3 Hz to 8 Hz. They estimated that the intrinsic quality factor, Q, is 

almost constant across the frequency range and is equal to 4000 for the P waves in the 

upper mantle of the Moon, while Q for S waves increases from at least 4000 at 3 Hz to at 

least 7000 at 8 Hz. They could not overcome the uncertainties in the absolute value of Q 

due to the unknown velocity structure
11

 of the Moon. 

For our analysis we choose the focus distance to the base to be R = 25 km and the density 

ρ = 1740 kg/m
3
 (Williams and Jadwick 1980). While body wave magnitudes of 5.5 

Richter have been estimated for the largest lunar events, for our analysis we consider a 

very conservative event of magnitude 7 Richter. We calculate the energy release at the 

source, mb, in the same way as Oberst and Nakamura (1992) (mb = (log E +1.2) / 2.4), and 

find it to be 10
15.6

 J. The frequency range is selected to be 0.5 Hz to 10 Hz, since the 

diffuse scattering model is reported to be well-suited for this range (Dainty and Toksoz 

1981).  

For different values of D and Q in the literature, a normally distributed E0(ω) seems to 

satisfy the general characteristics of the lunar seismic coda mentioned in Section 6.5. 

Therefore, the amplitude of the source is assumed to be Gaussian-distributed over the 

above frequency range with mean located at 3 Hz and a standard deviation of 1 Hz. 

Considering the selected magnitude of the event as 7 Richter, the source becomes: 

                                                 
11

 Velocity structure of the Earth can be viewed as a geological map that depicts how different types of 

seismic waves travel in the interior of the Earth. Here the same concept is meant for the Moon. 
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) ,                                                     (6.33) 

The number 0.99379 in the denominator is obtained by normalizing over the frequency 

range of 0.5 Hz to 10 Hz. Therefore, 100.0000 percent of magnitude remains in the 

frequency range.   

Then, D = 0.22 km
2
/s and Q = 8000 are chosen for Equation 6.32 in such a way so as to 

obtain the most intense power spectrum for the selected distance R. The resulting PSD is 

shown in Figure 6.7.  

6.10.2 A Realization of the Seismic Signal  

In order to carry out the transient response, the ground acceleration power spectrum, 

  ̈ ̈ ω  needs to be converted into an equivalent time history. The power spectrum can be 

represented as a sum of many sinusoidal functions with different angular frequencies and 

random phase angle (Benaroya and Han 2005), resulting in the time history 

 

Figure 6.7. Power spectral density of ground acceleration. 
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 ,                                                                         (6.3 ) 

where i is a uniformly distributed random number between 0 and 2, ωi  are discrete 

sampling frequencies, ωi = ωi  ωi-1, and N is the number of partitions.   

The power spectrum presented by Equation 6.8 is a non-stationary (time-dependent) 

spectrum, while the spectrum in E uation 6.3  is a stationary one. The “uncertainty 

principle” proposed by Priestley (1967) states that “in the empirical determination of 

time-varying spectra, we cannot obtain simultaneously an arbitrary high degree of 

resolution in both the time domain and the fre uency domain.” That is also true for the 

inverse problem in hand. Having this in mind, the spectrum presented by Equation 6.8 

and depicted in Figure 6.7 can be assumed to be a weakly stationary process.  

Therefore, we assume that the time domain is divided to intervals of one minute duration, 

where the power spectrum is estimated by stationary spectra equal to the wave elevations 

at the mid-points of each time interval. Therefore, a realization of the ground acceleration 

signal is obtained by considering these stationary spectra for their assigned time intervals 

and ωi = 2/250. A representative signal is generated using Matlab software and is 

depicted in Figure 6.8. 

In evaluating this result (Fig. 6.8) the wave elevations at frequencies higher than 5 Hz are 

neglected in order to reduce the computational power. As it is well-known by the 

Nyquist-Shannon sampling theorem, if a function contains no frequencies higher than f0 

Hz, a series of sampling point with highest time step of 1/2 f0 seconds is needed to avoid 
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aliasing. Therefore, neglecting frequencies higher than 5 Hz allows simulations of longer 

duration with a good accuracy, because the neglected part of the spectrum contains only 

four percent of the total energy of the complete spectrum Figure 6.7. 

 

 

Figure 6.8. A realization of seismic ground acceleration. 

 

6.10.3 Material Models and Properties 

Having obtained a representative PSD and seismic signal, we wish to carry out a modal 

analysis. While magnesium and concrete can be considered as isotropic media, sandbag 

dynamics are very complicated. Although using nonlinear models such as the Mohr-

Coulomb model seem to give a good prediction of the sandbag dynamics (Ansari et al. 

2011), they cannot be used in a modal analysis which is based on linear superposition. 
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Considering nonlinear models for transient dynamic simulations require very large 

computational power. Therefore, to simplify our computational analysis, an assumption is 

made that the sandbags are designed in a way that they retain their general configuration 

during moonquakes and therefore an elastic model can be considered. In modal analysis, 

generally the first few modes contribute the most to the final results. Therefore, the 

assumption made here implies that the small local plastic deformations would only affect 

modes higher than those considered.  

For our analysis, the magnesium (Mg) physical properties selected are the same as those 

of pure sand cast magnesium (Avedesian and Baker 1999), the foundation is taken to be 

made of lunar regolith (Happel 1993), and the properties of the sandbags are taken to be 

those of the typical sandbag of Ansari et al. (2011). These are summarized in Table 6.1, 

where the tensile yield strength of the foundation is assumed to be the same as for regular 

cements. 

 

            Table 6.1. Physical Properties Selected. 

 Mg Foundation Sandbags 

 ensity (ρ), kg/m3 1738 2500 1650 

Young’s Modulus (E), GPa 
40 (Static) 

44 (Dynamic) 
21.4 0.06 

Poisson’s Ratio (υ) 0.35 0.21 0.3 

Tensile Yield Strength, MPa 21 5 - 

Compressive Yield Strength, MPa 21 7.07 - 
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6.11 Numerical Analysis and Results 

In both random vibration and transient analyses, ANSYS® Academic Research 

Workbench, Release 14.0 software is used for the numerical simulations.  

6.11.1 Random Vibration Analysis 

A total of 225,088 nodes and 179610 elements (consisting of 2100 SOLID186, 138960 

SOLID187, 13808 CONTA174, 13808 TARGE170, 10934 SURF154 elements) are 

generated. A static analysis and a prestressed
12

 undamped modal analysis are performed. 

In our static analysis, the boundary and loading conditions are selected as a fixed support 

applied to the bottom surface of the foundation, internal air pressure of 1 atm acting on 

all the interior surfaces, and 1.63 m/s
2
 gravitational acceleration. All the contact surfaces 

are assumed to be bonded. The stresses and strains are calculated and included in the 

modal analysis. 

Modal analysis is performed using the sparse (direct) solver. This solver (including the 

Block Lanczos method for modal and buckling analyses) is based on a direct elimination 

of equations, as opposed to the iterative solver (ANSYS 14.0 Help
c
). In order to be 

conservative damping is not included, even though concretes have damping ratios of 

about 2% (Amik and Monteiro 2005) and terrestrial granular soils can exhibit damping 

ratios of 1-34% under seismic loading (Ishibashi and Zhang 1993).  

                                                 
12

 Prestress analysis modal analysis is where the static analysis is performed first, and then the resulting 

stresses and strains are included in evaluating the structural modes.  
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The first 20 modes are obtained and the first 12 modes are selected and included in a 

random vibration analysis such that the ratio of the cumulative effective mass to total 

mass (M) reaches a minimum of 90%
13

 for all x, y and z directions. However, fewer 

modes would suffice since the fundamental frequency associated with a movement in the 

x-direction, which is the direction with the lowest stiffness, is the selected direction for 

seismic loads in our analysis. The natural frequencies associated with the first 12 modes 

and the ratios of the cumulative effective mass to total mass for the x, y and z directions 

(Mx, My, and Mz, respectively) are given in Table 6.2. The details on how the cumulative 

effective mass ratio is calculated can be found in Appendix 1, Section A1.3. 

Random vibration analysis (in ANSYS) is used to obtain the response to seismic 

excitation. Lunar excitations are of very long codas (see Figure 6.7) and in a time 

window of several minutes it can be assumed to be a stationary process. Therefore, we 

make another conservative assumption and choose the spectrum at the time with highest 

value (at 5.9 min) as the stationary PSD. This PSD of ground acceleration, as shown in 

Figure 6.9, is applied to the fixed support of the static analysis, that is, only the nodes at 

the fixed support are excited by the ground acceleration. 

The resulting static stress is shown in Figure 6.10. Also, Figures 6.11, 6.12 and 6.13 

depict the normal stresses in x, y and z directions, respectively, where a scale factor of 3 

Sigma (99.737% of the time) has been used to obtain these normal stresses. Note that the 

stress directions cannot be combined in the usual way, as these are statistical in nature. A 

meaningful equivalent stress is obtained using a special algorithm proposed by Segalman 

                                                 
13

 According to ACI 371R-08 for each model, the selected number of modes must have the cumulative 

mass ratio of at least 90% in the direction of seismic loading for water tanks (Moslemi et al. 2011). Note 

the similarity between water tanks and the thin-walled structure consider here. 
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and Fulcher (ANSYS 14.0 Help
b
). A short summary of this method is presented in 

Appendix 1, Sec. A1.4.    

Table 6.2. The first 12 modes, natural frequencies, and cumulative mass ratios. 

Mode Frequency 

(Hz) 

Mx My Mz 

1 7.12318 0.921916 0.3259E-07 0.1037E-05 

2 7.48658 0.921916 0.4435E-07 0.2880E-04 

3 7.57750 0.921917 0.4443E-07 0.765552 

4 8.12391 0.962620 0.6908E-06 0.765552 

5 8.43596 0.962621 0.9521E-01 0.765552 

6 9.01120 0.962621 0.9521E-01 0.765552 

7 9.79641 0.962621 0.743113 0.765552 

8 10.1445 0.962621 0.743113 0.973952 

9 10.2687 0.962621 0.743113 0.973952 

10 10.3165 0.962621 0.743113 0.999763 

11 10.5421 0.979402 0.743114 0.999763 

12 10.6966 0.979402 0.905534 0.999764 

 

 

Figure 6.9. PSD of ground acceleration at 5.9 minutes. 
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Choosing the Segalman and Fulcher algorithm, the maximum stress in the magnesium 

structure is of magnitude 3.9313 MPa, as shown in Figure 6.14. Note that the stress 

distribution is obtained by using a probability distribution that is not Gaussian and its 

mean value is not zero. The stress values are just conservative estimates of the upper 

bound of the equivalent stresses, where the distribution of principal stress is set to zero 

(ANSYS Theory Reference).  However, in order to estimate the total stress, we obtain a 

rough estimation of the maximum stress by linear superposition of the maximum of static 

and dynamic stresses, assuming these could occur at the same location. Therefore, the 

estimated maximum stress is 7.92 MPa, where the maximum principal static stress 

(Figure 6.10) and maximum equivalent (dynamic) stress (Figure 6.15) are added.  

In calculating the maximum stress above, we have used the maximum principal stress of 

our static analysis, while von Mises equivalent stress is commonly used to predict 

yielding in ductile materials.
14

 The reason is that maximum principal stress result is a 

slightly larger result. Instead, using von Mises stress from static analysis results in a 

maximum value equal to 7.41 MPa.    

Since the correlation between static and dynamic stresses is unknown, node by node 

superposion of the static and dynamic stresses cannot be justified. However, if the 

stresses and their corresponding nodes are extracted from the solution of our static 

analysis (Figure 6.10) and added to the stresses from the random vibration analysis 

(Figure 6.15) for the same nodes, the maximum total stress is 5.81 MPa. 

                                                 
14

 In order to estimate the yield of ductile materials, maximum equivalent stress failure theory is commonly 

used. This theory is also called, von Mises-Hencky theory, octahedral shear stress theory, or maximum 

distortion (or shear) energy theory. In this method, the energy of distortion is compared with the distortion 

energy for yield in uniaxial tension. Therefore, in order to obtain the factor of safety, one can obtain the 

von Mises stress and compare it to the tensile yield strength. The von Mises stress, e, is obtained as         

e = (½ [(1 – 2)
2
 + (2 – 3)

2
 + (3 – 1)

2
])

1/2
, where 1, 2, and 3 are the principal stresses. 
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Figure 6.10. Maximum principal stress for static analysis (maximum stress = 3.9898e6 Pa). 

 

Figure 6.11. Equivalent (von-Mises) stress for the static analysis, maximum = 3.4297e6 Pa. 
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Figure 6.12.Maximum normal stress (X Axis), maximum = 2.5089e6 Pa. 

 

Figure 6.13. Maximum normal stress (Y Axis), maximum = 3.8954e6 Pa. 
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Figure 6.14. Normal stress (Z Axis), maximum = 1.4511e6 Pa. 

 

Figure 6.15. Equivalent stress, maximum = 3.9313e6 Pa. 
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6.11.2 Transient Analysis 

A total number of 140153 nodes and 116023 elements (consisting of 2892 SOLID186, 

68597 SOLID187, 16275 CONTA174, 16275 TARGE170, and 11984 SURF154) are 

generated, and an undamped modal analysis is performed using the sparse (direct) solver. 

Natural frequencies for the first 12 modes and their corresponding cumulative mass ratios 

are given in Table 6.3. The prestress modal analysis is not allowed for this analysis. 

Therefore, the obtained natural frequencies are slightly different than those of the 

previous analysis (see Tables 6.2 and 6.3). Also, the difference is partially due to the fact 

that we selected 12 modes to be extracted, as opposed to the 20 modes extracted in the 

previous analysis. Recall that in the previous analysis, 20 modes were extracted and the 

first 12 modes were included in the random vibration analysis. In the transient analysis, 

the software does not allow the user to choose a different number of modes than the ones 

extracted in modal analysis. Therefore, we chose 12 modes to be extracted in modal 

analysis.     

 

Table 6.3. The first 12 modes, natural frequencies, and cumulative mass ratios. 

Mode Frequency 

(Hz) 

Mx My Mz 

1 7.21089 0.94635 0.164678E-08 0.127920E-06 

2 7.54061 0.94635 0.826832E-08 0.588595E-05 

3 7.67209 0.94635 0.826832E-08 0.768843 

4 8.18808 0.98333 0.124824E-06 0.768843 

5 8.53126 0.98333 0.107168 0.768843 

6 9.06663 0.98333 0.107168 0.768843 

7 9.93901 0.98333 0.823614 0.768843 

8 10.20238 0.98333 0.823614 0.968253 

9 10.30783 0.98333 0.823614 0.968253 

10 10.37801 0.98333 0.823615 1.00000 

11 10.60309 1.00000 0.823615 1.00000 

12 10.76313 1.00000 1.00000 1.00000 
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The transient simulation has been carried out for 2 minutes duration, from 294 s to 414 s, 

of the seismic signal of Figure 6.8, which includes the ground acceleration peak at 354 s. 

Figure 6.16 depicts the selected interval of the seismic signal. The seismic acceleration is 

then applied to the entire structure (the ground excitation cannot be used in this solver). 

This resulted in a different loading condition of that in our random vibration analysis (see 

6.11.3). The static loads are the lunar gravitational force (acting on the whole structure) 

and the air pressure of 1 atm (acting on all the interior surfaces).   

Time steps (load steps) are selected as 0.1 second and three sub-steps are chosen for each 

time step. Time steps are times at which the load is specified. The sub-step number 

specifies the number of intervals in each time step that is used for the numerical 

integration. 

The maximum principal stresses obtained are depicted in Figure 6.17, and the equivalent 

von Mises stresses are shown in Figure 6.18. In both figures the results are compared to 

the same results from random vibration analysis. 

Figure 6.19 depicts the maximum structural error for each sub-step. However, these 

errors did not occur at the same locations as the maximum stresses. As an example, the 

stresses at time 28.8 s (pick of Figure 6.17) are shown in Figures 6.17 and the errors 

associated with these stresses are depicted in Figure 6.18. As it is obvious from these 

figures, the error associated with maximum stress at this time step is about 8  10
-13

 J. 

This is the case for other times as well, and therefore, the accuracy of the results are 

acceptable. As mentioned earlier, the errors are due to inadequacies in the generated 

mesh. The continuity assumption results in a continuous displacement field from element 
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to element, but a discontinuous stress (ANSYS 14.0 Help
a
). Therefore, a finer mesh can 

reduce these errors. However, we could not use a finer mesh due to software license 

limitation on the number of allowed nodes. 

The maximum stresses in most of the time steps occurred in the vicinity of the interior 

doorways. As an illustration, Figure 6.20 depicts the stress distribution at 28.8 s, when 

the maximum principal stress occurred (peak of Figure 6.17). Also, the corresponding 

structural error is shown in Figure 6.21. 

 

 

 

Figure 6.16. Ground acceleration signal used in transient analysis. 
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Figure 6.17. Maximum principal stresses obtained from transient modal analysis (solid lines) and random 

vibration (*). 

 

 

Figure 6.18. Maximum equivalent (von Mises) stresses obtained from transient modal analysis (solid lines) 

and random vibration (*). 
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Figure 6.19. Maximum structural error in transient analysis. 

 

6.11.3 Discussion 

The results from the random vibration analysis and transient modal superposition are in 

reasonable agreement, considering the differences in the setups of the problem.  

In random vibration analysis, as mentioned in Sections 6.3.3 and 6.11.1, the ground 

excitation is applied to the nodes at the fixed support (the bottom layer of the foundation), 

while the ground acceleration is applied to the whole body in our transient analysis. Of 

course, the total mass of the structure is considered in the calculations of both methods. 

However, in transient analysis the acceleration imposed on nodes located elsewhere than 

the fix support results in higher momentums and, therefore, higher stresses.  



124 

 

 

 

Figure 6.20. The maximum stress at the vicinity of the interior doorways at time 28.8 s. 

 

Figure 6.21. Structural error at time 28.8 s. 
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Selecting the maximum stress from the transient analysis (10.03 MPa) and comparing it 

to the yield strength of magnesium (21 MPa), we can roughly estimate that a factor of 

safety of the order of 3 would had sufficed. Note that the initial factor of safety in our 

analysis was 5. 

As mentioned earlier (Chapter Four), our structural design was not optimized. The 

maximum stresses occurred in the vicinity of the doorways where the stress concentration 

is expected. In an optimized design, a more uniform stress distribution is anticipated that 

could result in smaller maximum stresses.   

6.11.4 Computational Considerations 

We did not consider a finer mesh, longer durations of the seismic excitation, or an 

adaptive meshing for the transient analysis due to software and hard drive storage 

constraints. Simulations usually took between 12 – 20 hours depending on the number of 

nodes and the duration of the seismic signal. We have used a Dell Precision T7600 

Workstation, with an Intel® Xeon® CPU E5-2630 0, 2.30 GHz, 7.20 GT/s Intel® QPI 

processor and 36.0 GB of memory (RAM). 

The software allowed between 1 core to 4 cores to be used for different solvers. The 

current transient simulation occupied about 1 TB of memory for two minutes of seismic 

loads. We could not perform longer simulation due to the unavailability free space on the 

hard drive of our workstation. Moreover, the software allows a maximum of 10000 time 

steps, out of which our simulation is using 3630. However, a longer simulation seems 

unnecessary since the results from transient and random vibration studies are very 

similar.     
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6.12 Conclusions 

A seismic model based on the best available data is presented and is applied to our typical 

lunar surface structure. The structural response to a lunar seismic event of Richter 

magnitude 7 revealed that risk associated with designs that neglect seismic effects is very 

low since these structures are designed using relatively high factors of safety. This low 

risk seems reasonable especially considering the fact that lunar surface is covered with a 

layer of regolith and granular soil is proven to have excellent damping quality. Moreover, 

it is very unlikely that a moonquake of such magnitude would occur at a 25 km distance 

or less.  

It is worth noting that Oberst and Nakamura (1992) have estimated that a lunar structure 

at a randomly chosen site could experience a shallow moonquake of greater than 4.5 

within a range of 100 km about once in 400 years.  

Our vision of first generation lunar habitats is a thin-walled structure that is covered with 

a thick layer of regolith shielding. These structures are expected to have fundamental 

frequencies higher than seismic loading frequencies, reducing the damage due to seismic 

events. Also, it is envisioned that these structures will be highly damped. The same 

statement might not stand for tall or flexible structures. Moreover, for the same type of 

structures with considerably thicker regolith shielding than selected here, the seismic 

response can be higher, since an increase in mass results in larger exerted forces to the 

structure by the regolith. In a modal sense, an increase of mass reduces the fundamental 

frequency of the total system. Also, the fundamental frequencies would be closer to 

excitation frequencies, magnifying the response. 
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Having assumed that the foundation remains intact during seismic events, the stability of 

the structure is not studied. It may be worthwhile to perform a foundation analysis.   

Moreover, we expect second generation lunar habitats to be sub-surface structures. These 

types of structures will require a more detailed analysis since the effect of regolith-

structure coupling become more important. Thin walled structures will unlikely be used 

in sub-surface structures. The seismic effects, also, should be considered in the design of 

vibration-sensitive instruments. 

Due to minimal data and limited knowledge of the Moon’s interior, the results presented 

are, at best, very approximate. We are hopeful that by the time the technologies are ready 

to construct such lunar structures, seismic experiments like the seismic package of 

SELENE-2 (Japanese 1
st
 Moon lander) would shed more light on lunar seismicity. A 

three stations global seismic network on the moon is one of the objectives of this mission 

(Tanaka et al. 2008).  

It is believed that shallow moonquakes are similar to intraplate earthquakes on Earth. 

These earthquakes reoccur after such long intervals that their occurrences are unexpected 

(Oberst and Nakamura 1992). If this is the case for the Moon, analyses similar to what 

has been presented here might be the only way to estimate the seismic response of lunar 

structures. 

Impact structural analysis is beyond the scope of the current study, and requires separate 

consideration. In comparison with the lunar seismicity, meteoroid impacts can pose 

higher threats to a lunar structure.   
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Chapter 7. Conclusions and Future Work 

Our literature review on lunar surface structures (Chapter One) and on the roadmaps for 

space exploration (Chapter Two) revealed that in-situ resource utilization is viewed by 

most as the best approach for successful manned exploration and settlement of the Moon 

and beyond. In line with these roadmaps, we proposed an advanced concept where the 

use of rapid prototyping technologies by mini-robots can form the basis for habitable 

lunar structures. Explained was our vision that mini-robots are sent to the Moon where 

they extract the needed lunar resources and use rapid prototyping technologies to 

construct lunar structures. Afterwards, these structures could become functional by small 

modifications with the astronauts upon their arrival. 

Every aspect of this concept and goal has serious technical challenges. We mentioned 

that currently the capabilities needed to autonomously erect structures on the Moon is 

nonexistent. It is nonexistent on Earth. 

Having considered the requirements of our advance concept, we proposed magnesium as 

a feasible structural material in Chapter Three. Then, we studied magnesium and its 

alloys considering the availability of alloying elements on the Moon. Our static analysis 

(Chapter Four) of our typical lunar structure proved that magnesium is a suitable 

structural material. However, at the time this study was conducted, the authors noted the 

lack of the literature on: 

 lunar magnesium extraction; magnesium was the surplus in proposed lunar 

material extraction methods, and 

 rapid manufacturing of magnesium and its alloys. 
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A lunar precursor mission would add to our knowledge of these topics. 

We mentioned that few numerical studies have been carried out to model the lunar hostile 

environment. The extreme temperatures and temperature fluctuations, radioactivity, 

seismic activity, and constant meteoroid bombardments each impose threats that need 

special consideration in designing a lunar structure. 

In Chapter Five, we considered thermal control at a lunar structure. We saw that average 

lunar surface temperatures at the equator swing from about 120 ºK at night to about 374 

ºK at noon. Also, we observed milder temperature fluctuations at the lunar Polar Regions. 

Therefore, we selected a site at 88º latitude in the lunar South Pole Region and modeled 

the lunar thermal environment there. The requirements for a heat rejection radiator were 

estimated by selecting the heat loads (per unit volume) to be the same as those for the 

space station. Also studied was the effects of uncertainties in regolith thermal properties 

and those of sintered regolith. What we have not studied was the effect of these thermal 

loads during the construction phase. A study can be conducted considering following 

scenarios: 

 when the structure is being manufactured and is not shielded 

 when the structure is shielded during the manufacturing phase. 

It is known that magnesium alloys not containing rare Earth metals lose their mechanical 

properties when exposed to fluctuating temperatures. However, experiments suggesting 

this are conducted in temperatures very much higher than what is found on the lunar 

surface. Nevertheless, no study could be found on the effect of very low temperature on 
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the properties of magnesium, or in fact many other metals. As mentioned earlier, 

temperatures as low as 37 ºK were measured on lunar surface. 

Despite the existence of literature on moonquakes, a seismic structural analysis of a lunar 

base has not been previously conducted. Therefore, in Chapter Six we presented a 

seismic model based on the best available data and applied it to our typical lunar 

structure. We chose a seismic event of Richter 7 magnitude for our analysis. Although 

Oberst and Nakamura (1992) presented an approximation method for estimating the 

occurrence of seismic events of different magnitudes for a randomly selected area of 10
6
 

km
2
, the figure presented by them has an upper limit of 6 Richter (Figure 7.1). Using the 

same figure, we roughly estimated that a moonquake of magnitude 7 in the 

aforementioned area could occur once per few thousands of years. 

 

 

Figure 7.1. Magnitude-frequency relationships of shallow moonquakes (open circles) and intraplate 

earthquakes (line) (Oberst and Nakamura 1992, courtesy of NASA). 
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As mentioned, our analysis is, at best, very approximate due to severe lack of data. There 

are hopes that future experiments, like the Japanese Selene II, will help to increase our 

understanding of lunar seismicity. However, there is a theory that compares shallow 

moonquakes with intraplate earthquakes. These earthquakes are surprising events because 

of the long duration between their occurrences. If this theory holds, analyses similar to 

the one presented in Chapter Six could be the only way to evaluate the risk associated 

with these events. Even in this case, further experiments are necessary to understand the 

unknown velocity structure of the Moon. 

Having considered the discussion above, our analysis estimated the seismic risk to be 

very low for our typical structure. The same might not be true for other types of structure 

or for similar structures with a substantially thicker shield. 

As mentioned earlier, a meteoroid impact large enough to destroy any manmade structure 

was estimated during the Apollo experiments (see 6.6.3). No literature could be found on 

numerically investigating the risk associated with these rare events. Therefore, a study 

comprising of the following stages seems necessary: 

 A global map of meteoroid impacts must be gathered that can be used to estimate 

the risk of impacts for different potential sites.  

 An impact design code similar to terrestrial seismic codes needs to be developed. 

What is the biggest impact magnitude that a lunar structure must stand against? 

 Lunar structural defense against large impacts – what are the options available to 

avoid destruction by a large impact? Perhaps a planetary defense system is 

needed. 
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 What measures would be taken to mitigate the damage if a large impact could not 

be avoided? 

Another environmental factor that requires a separate consideration is radioactivity 

and is beyond the focus of our study. However, a relatively larger literature exists on 

the lunar radiative environment than other environmental factors. A good example is 

the work done by Wilson et al. (1997). 

All in all, many challenges exist along the way to the design and construction of the types 

of systems proposed here. But there can be no settlement of the Moon and beyond 

without such systems. We have proved that we can travel to the Moon. Our 

understanding of the Moon is sufficient to engineer such a return. The main constraint 

will be the robotic aspects of it. The authors are optimistic that if we start today, the 

challenges can be resolved within the next two decades. 
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Appendix 1.  ANSYS Definitions and Methods 

Appendix 1 is a summary of the methods used by ANSYS® Academic Research 

Workbench, Release 14.0 software. The aim of this section is to provide the reader a 

basic understanding of the concepts as defined by ANSYS.  

A1.1 Thermal Error 

The assumption of a continuous temperature field results in a discontinuous thermal flux 

field. In order to obtain more acceptable fluxes, thermal flux is calculated using the 

averaged nodal thermal fluxes for each element, from which the thermal flux is 

subtracted for each node. This value is then used to calculate the energy error for each 

element. Therefore, the thermal fluxes error at node n of element i,   
 

 , is obtained by 

(ANSYS 14.0 Help
a
)  

{   
 }  {  

 }  {  
 } ,                                                                                                             (A1.1) 

where q is the thermal flux, and  
 
  is the average thermal flux vector at node n, given by 

{  
 }  

 

 
∑{  

 }

 

   

 ,                                                                                                                (A1.2) 

where N is the number of elements connecting to node n. The energy error for element i, 

ei, can be calculated by 

𝑒  
 

 
 ∫{  }      {  }  ,                                                                                               (A1.3) 

where V is the Volume, [D] is the conductive matrix evaluated at a reference temperature, 

and {q} is the thermal flux error vector as previously defined. The error can be 

normalized as well. 
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A1.2 Stress Error 

Similar to the “Thermal Error”, it is an assumption that the displacement field is 

continuous and results in a discontinuous stress field from element to element. Therefore, 

the stress error vector, { σ 
 } , can be obtained by (ANSYS 14.0 Help

a
) 

{   
 }  {  

 }  {  
 } ,                                                                                                            (A . ) 

where  is the stress, and   
  is the average stress vector at node n, given by 

{  
 }  

 

 
∑{  

 }

 

   

 ,                                                                                                                (A1.5) 

where N is the number of elements connecting to node n. The energy error for element i, 

ei, can be calculated by 

𝑒  
 

 
 ∫{  }      {  }  ,                                                                                              (A1.6) 

where V is the Volume, [D] is the stress-strain matrix evaluated at a reference 

temperature, and {} is the stress error vector as previously defined. The error can be 

normalized as well. 

A1.3 Effective Mass Ratio 

Assuming that Equation 6.3 is solved for eigenvalues, ωi, and eigenvectors, {Φ}, the 

participation factor for the i
th

 mode, γi, is defined as (ANSYS Theory Reference, 2011) 

   { } 
 { } ,                                                                                                                           (A1.7) 

where {F} is the external force vector. If the modes are normalized with respect to the 

mass matrix, the effective mass for the i
th

 mode is 
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  .                                                                                                                      (A1.8) 

Then the cumulative mass ratio, Me, for the i
th

 mode is 

   
∑           

 
   

∑           
 
   

 ,                                                                                                           (A1.9) 

where N is the total number of modes and the subscript e is a unit vector specifying the 

direction for which M is calculated. 

A1.4 Equivalent Stress 

The equivalent stress mean square response is computed using a special algorithm 

proposed by Segalman and Fulcher as (In: ANSYS Theory Reference 2011) 

   
     ∑ ∑(  )  

 
            

 

   

 

   

 ,                                                                          (A1.10) 

where (Ψj)nd is the vector component “stress shapes” for mode j at node nd, [A] is a 

quadratic operator, and Qjk, are the components of the nodal covariance matrices. 

A1.5 ANSYS Elements 

ANSYS elements presented in this section are applicable for general finite strain 

deformation. Their formulations (that are not presented here) are based on the principle of 

virtual work (ANSYS Theory Reference, 2011). 

A1.5.1 SOLID187 

SOLID187 is a 3D, 10-node, tetrahedral structural element, which has a quadratic 

displacement behavior and is suitable for modeling of irregular meshes. This element is 
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well capable for modeling elasticity, plasticity, hyperelasticity, creep, stress stiffening, 

large deflection, and large strain. 

A1.5.2 SOLID186 

SOLID187 is a 3D, 20-node, tetrahedral structural element, which has a quadratic 

displacement behavior and is suitable for modeling of irregular meshes. It has the similar 

capabilities to SOLID187 element. 

A1.5.3 TARGE170 

It describes the boundary of a deformable body and is used with solid, shell, or line 

elements. 

A1.5.4 CONTA174 

This element is used to represent contact and sliding between 3D target surface and a 

deformable surface, and has the same geometries as of the solid or shell elements to 

which it is connected. It can be used for isotropic contact regions as well as orthotropic 

Coulomb frictional ones.  

A1.5.5. SURF154  

It is used when various loads and surface effects are presents on a boundary surface. 

  



137 

 

 

Appendix 2. Additional Figures 

Here are some additional figures from Chapter Five, Thermal Control at the Lunar Base. 

 

Figure A2. 1. Temperature distribution at lunar noon (max: 353.78 ºK, min: 105.97 ºK). 

 

 

Figure A2. 2. Temperature distribution at lunar night (max: 296.12 ºK, min: 93.863 ºK). 
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Figure A2. 3. Thermal error for case 2 at noon. 

 

 

Figure A2. 4. Thermal error for case 2 at noon, cross-section view. 
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Figure A2. 5. A representative figure of the thermal flux at the foundation (case 2 at lunar noon, view from 

below). Max= 1.8678 W/m
2
 and min= 0.0040219 W/m

2
. 
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Appendix 3. Engineering Drawings 

The engineering drawings of our typical lunar structure used for the seismic analysis are 

presented. 

 

 

 

Figure A3. 1. Engineering drawing of the foundation. All dimensions are in meters. 
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Figure A3. 2. Engineering drawing of the magnesium structure. All the dimensions are in meters. 
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Figure A3. 3. Engineering drawing of the regolith shield. All the dimensions are in meters. 
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