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Abstract

The establishment of secure earth-independent long-term lunar habitats has
been envisioned by numerous government agencies and private companies. Re-
cent advancements in assessing seismic hazards caused by shallow moonquakes
have highlighted the importance of incorporating this phenomenon into the design
of robust and resilient lunar structures. However, further research is required to
explore lunar habitat design that considers seismic loads. This paper proposes
assessing the structural response of a lunar habitat made of sulfur concrete covered
with a regolith layer. The numerical model of the structure is subjected to gravita-
tional, internal pressure and seismic loads. The seismic analysis of the structure is
carried out using spectral and nonlinear time history methods. Conditional mean
spectra for shallow moonquakes with return periods of 75, 475, 970 and 2475 years
are used in the seismic analysis. The records used for the temporal analyses were
ground motions that agree with a preliminary seismic hazard on the Moon. The
results of temporal analyses reveal that shallow moonquakes with return periods
greater than 475 years can lead to the loss of the global stability of the structure.
Consequently, the findings imply that seismic loads have the potential to impose
unacceptable demands on lunar structures constructed from in-situ materials like
sulfur concrete. Hence, it is imperative to incorporate seismic considerations in
the design process for developing resilient and long-term lunar habitats.
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1. Introduction and general context

As humanity’s interest in colonizing extraterrestrial bodies grows, engineers
face the challenge of designing economical, reliable and safe extraterrestrial habi-
tats. Among the celestial bodies considered for colonization, the Moon, being the
closest to Earth, is the primary candidate [1-3]. The national space agencies of
China, Russia, India, Canada, the United States and private companies are cur-
rently planning to establish a lasting human presence on the Moon [4]. An example
of this is NASA’s Moon to Mars Campaign, specifically through their Moon to
Mars Objectives, which prioritize the development of habitation systems for crew
members to live in deep space for extended periods of time [5]. A permanent lunar
base would serve as an outpost for exploration, facilitate space tourism and in-situ
resource utilization, enabling expeditions to other locations on the Moon’s surface
and beyond [6].

The design of future lunar bases must be adapted to the harsh environment
and its associated withstand extreme conditions. Hazards such as high radiation
levels, meteorite impacts, temperature variations and moonquakes pose a threat
to lunar habitats [2, 7, 8]. Moonquakes, in particular, have been recorded and
classified according to their depths and generation mechanisms [9, 10]. Shallow
moonquakes with moment magnitudes M,, greater than 4.0 and lasting up to three
hours have been identified as a significant hazard that must be considered in the
design of long-term lunar habitats [11-14].

Ruiz et al. [13] conducted a probabilistic seismic hazard assessment (PSHA)
at the Apollo 17 landing site and obtained hazard curves, uniform hazard spectra
(UHS) and conditional mean spectra (CMS). UHS and CMS can be used to
perform spectral and temporal seismic analyses. However, CMS provides a better
representation of most moonquake response spectra that can occur at a given
location [13, 15, 16]. The spectra obtained by Ruiz et al. [13] are initially
preliminary and subject to modification when updated hazard models incorporate
new information. Nevertheless, these spectra can still be used for purposes of
seismic vulnerability assessment until further hazard studies are conducted.

Various studies have proposed different structural concepts for the design of
long-term lunar habitats that can operate independently of Earth [2, 17, 18]. How-
ever, most studies have only considered loads generated by self-weight and internal
pressure in their analysis [17, 19, 20]. A few studies have investigated the effect of
meteorite impacts [21, 22] and thermal loads on structures [23—26]. Nevertheless,



research on evaluating the seismic behavior of lunar habitats has been limited [17].
Mottaghi and Benaroya [27] performed a seismic analysis of a magnesium structure
with a sintered regolith foundation and sandbagged regolith cover using spectral
methods and assuming elastic material behavior. More recently, Kalapodis et al.
[28] assessed the seismic behavior of two-dimensional arches built with laser-
sintered regolith using time history analysis. However, to the authors’ knowledge,
no studies have been conducted that perform nonlinear analysis of lunar habitats
exposed to seismic demands derived from probabilistic seismic hazard assessment
approaches.

This study aims to evaluate the seismic behavior of a lunar habitat made of
regolith-based concrete and covered with regolith, using spectral and nonlinear
time history analysis. A finite element model is developed to simulate the struc-
ture’s response to gravitational, internal pressure and seismic loads. To perform
the seismic analysis, the CMS obtained by Ruiz et al. [13] is employed. The
stresses and strains generated in the structure by the different load cases are evalu-
ated to assess its structural performance. This study provides valuable insight into
the seismic response of lunar habitats when subjected to seismic loads, obtained
from a probabilistic seismic hazard assessment approach.

2. Structural design of a long-term lunar habitat

The habitat’s size and shape depend on the intended use and environmental
conditions. A lunar habitat’s design involves deciding on its geometry and the ma-
terial used for construction. The choice of construction material should carefully
consider factors such as availability, equipment requirements, construction costs
and constructability. A comprehensive assessment of these variables is essential
to ensure the successful realization of a robust and sustainable lunar habitat. Re-
golith is a readily available material with no transportation cost that may be used
to build structures with 3D printing technology [18]. Additionally, regolith has
the potential to yield materials with exceptional mechanical properties, serving
as a natural protective shield against meteorite impacts, radiation and extreme
temperature gradients.

2.1. Geometry definition

A lunar habitat must be pressurized to simulate earth-like atmospheric condi-
tions to sustain human life for extended periods [29, 30]. Structures such as aircraft
and gas tanks are engineered to withstand internal pressure, with their rounded
shape facilitating the even distribution of stresses across their walls [31, 32].



Many proposed structural designs for lunar habitats follow this concept and fea-
ture rounded shapes [22, 24, 33, 34].

Since the Moon lacks an atmosphere, structures on its surface must endure
extreme temperature fluctuations, significant amounts of radiation, abrasive dust
and meteorite impacts [21]. As a solution, several authors have proposed using a
layer of regolith to cover and protect habitats from these hazards [21, 27, 35]. This
study proposes a cylindrical structure with spherical caps covered by a regolith
layer as a potential lunar habitat design (Fig. 1).

Regolith / Structure /

Fig. 1. Proposed lunar habitat under regolith layer.

The habitat volume plays a crucial role in establishing the maximum occupancy
capacity for simultaneous inhabitants. The determination of both the habitat
volume and the thickness of its cylinder walls constitutes integral aspects in the
design process of the structure. Previous studies suggest that a design volume
of 120 m? per person is suitable for long-term habitation in confined spaces
[18, 29, 33]. In this study, we propose a structure designed to host ten astronauts,
as shown in Fig. 2. The suggested dimensions of the structure are similar to those
of other relevant studies and might be used as a two-story habitat [18, 33, 36, 37].
Since the structure is pressurized internally, it is possible to calculate the wall
thickness as

RxSF
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where p is the internal pressure, R is the radius of the cylinder, o7, is the tensile
strength of the lunar concrete and SF is a design safety factor [38]. The design
parameters used in the simulations are: p = 80 kPa, R = 5 m, o3, = 5.6 MPa
[39] and SF = 5 [24]. Hence, a wall thickness of 0.35 m is proposed. The
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wall thickness calculated using Eq. (1) might be decreased if additional metal or
composite membranes are used to withstand the tensile stresses exerted by the
internal pressure. Alternatives such as this should be evaluated in further research.

Protecting lunar structures from extreme temperature variations, meteorite
impacts and radiation is critical to habitat design [18]. A regolith layer of 2.5 m
and a structure’s wall thickness of 0.35 m should keep radiation doses below the
recommended limits [18, 40]. This regolith thickness protects the structure against
meteorite impacts of up to 800 g [22]. In addition, the regolith layer provides
thermal insulation to the structure by minimizing temperature fluctuations within
the soil layer to + 2.8°C [41]. The determination of the slope of the regolith shield
is based on the internal friction angle of the lunar soil, which is equal to 40° [42].
A slope angle of 25° is proposed, which corresponds to a safety factor of 1.8 [43].
The dimensions of the regolith shield are shown in Fig. 2(c and d).
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Fig. 2. Lunar structure plans. (a) Transversal and (b) longitudinal cross-section of the structure
without regolith layer. (c) Transversal and (d) longitudinal cross-section including the regolith
layer. The dimensions in the figure are given in meters.



Although the proposed soil thickness provides adequate protection against
meteorite impacts, radiation and extreme temperature variations, it involves sig-
nificant material movement and may be susceptible to displacement due to external
factors [44]. Reshaping the soil to its initial geometry may be time-consuming
and resource-intensive. Therefore, it would be worthwhile to assess protection
alternatives, such as incorporating additional polyethylene layers to reduce the
volume of soil required for the structure.

2.2. Construction material

The construction of lunar habitats can be achieved by using transported mate-
rials or in-situ resources [2]. However, transporting construction materials from
Earth is deemed infeasible due to high costs and limited spacecraft cargo capacity
[24, 28,45, 46]. Therefore, employing lunar resources for manufacturing materials
is an attractive option for constructing lunar settlements. Lunar regolith, a soil
layer formed by regular meteorite impacts on the lunar surface, is one of the most
abundant materials on the Moon [47]. Numerous authors have suggested using
lunar regolith for producing construction materials for lunar bases [22, 48, 49].

Regolith samples collected during the Apollo 11 and 17 missions indicated high
sulfur content of up to 2000 ppm [47]. Melting sulfur in regolith and combining it
with fine and coarse regolith has been demonstrated in experiments to produce lunar
sulfuric concrete [39, 40, 50]. While continuous research efforts are being made
to enhance its performance in vacuum and low-gravity conditions, sulfur concrete
remains an attractive option for the development of lunar structures owing to its
availability, notable strength and enduring properties [40, 50-52]. The use of this
material has been explored in the construction of some elements, such as bricks
and plates, for extraterrestrial structures [53, 54]. Although some researchers
[55, 56] have shown that glass fibers might be obtained from regolith for use as
reinforcement in lunar sulfuric concrete, this study proposes using unreinforced
sulfur concrete as the primary building material for the lunar habitat structure. Our
research suggests using concrete made entirely of in-situ material and therefore
has no transported reinforcement. As a result, the material is in charge of resisting
compressive and tensile stresses. Table 1 summarizes the current understanding of
the mechanical properties of the regolith and sulfur concrete. It is important to note
that the lunar sulfur concrete has not been tested at scale for structural applications.
Therefore, its mechanical properties may vary considerably when this material is
used in large-scale structures. The manufacturing process, composition and curing
process might generate high variations in the material’s mechanical properties.
Hence, future research may perform a parametric study to evaluate the variations
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in the structural response as a function of changes in the mechanical property
values. Thus, the proposed structure is notional and the material properties at
scale are assumed for purposes of this analysis.

Table 1. Mechanical properties of regolith and lunar sulfur concrete.

Parameter Regolith Reference Sulfur concrete Reference
Density (kg-m~?) 1500 [57] 2330 [58]
Angle of repose (°) 40 [42] - -
Young modulus (MPa) 4.6 [59] 20700 [39]
Poisson ratio 0.17 [60] 0.31 [61]
Compressive strength (MPa) - - 31 [40]
Mean tensile strength (MPa) - - 5.6 [39]

While the elastic mechanical properties presented in Table 1 are suitable for
conducting a spectral analysis of the lunar habitat, additional information on the
elastoplastic behavior of lunar sulfuric concrete is needed to perform a nonlinear
seismic analysis. However, research on the plastic phase behavior of this material
is currently lacking. To approximate its nonlinear behavior under compression,
the Eurocode provides a suitable definition [62], as

kn—n*
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where o is the compression stress, o, is the maximum compression stress, €, is
the compression strain, €., is the strain at the peak compression stress and E is
Young’s modulus. In this study a typical value for plain concrete of €., = 2x1073
is used [63], the values for E and o, are taken from Table 1.

The assumed linear elastoplastic nature of lunar sulfur concrete in tension
can be accounted for as follows. Micro-cracks appear in the material leading to
plastification at around 50% to 85% of its maximum tensile strength o, [64, 65].
This study assumes that the material reaches 0.50%, when the initial micro-cracks
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appear, producing plastification i.e. the material remains elastic until it reaches
a total tensile strain €, = 1.35x10™ or is subjected to a tensile stress oy = 2.8
MPa. At this point, the appearance of micro-cracks leads to a degradation in the
stiffness of the lunar sulfuric concrete. As no data on the material’s stiffness in the
plastic range is available, it is assumed that the material’s stiffness in this range is
90% of the elastic stiffness. Therefore, when o; = 07y, the total and plastic strain
are € = 2.85 x107* and € = 1.5x107>, respectively. Once the concrete reaches
its maximum tensile strength, macro-cracking occurs and there is an immediate
loss of strength. The stress-strain curve of the lunar sulfuric concrete used in this
study is shown in Fig. 3. It is important to note that the mechanical behavior of
lunar sulfur concrete may differ significantly from that of plain concrete due to its
unique properties, and further research is required to fully understand its behavior
under lunar conditions.
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Fig. 3. Constitutive curve for lunar sulfur concrete.

2.3. Lifetime of the structure

Defining the expected lifespan of a structure is an important factor in its design.
The structure’s lifespan is affected, among other factors, by extreme temperature
gradients and permanent radiation [66]. The aging in the structures is caused by
changes and degradation of the mechanical properties of its materials. This issue is



caused by material fatigue from repetitive cycles of expansion and contraction [67,
68] and intense exposure to ionizing radiation [1, 2, 69]. However, due to the focus
and scope of this study, we will not consider the potential impact of the structure’s
interaction with these environmental agents on its lifetime. Lunar structures are
expected to have a comparable lifespan to their terrestrial counterparts, typically
ranging from 30 to 100 years, due to their high initial costs [70]. Therefore, this
study considers a lunar structure with an anticipated lifespan of 50 years.

3. Methods

3.1. Numerical modelling

A 3D numerical model is developed using the Abaqus software [71] to conduct
numerical analyses of the lunar structure and regolith layer (Fig. 4). To discretize
the continuous problem domain, a mesh of tetrahedral elements with ten nodes
each is chosen for their ability to accommodate curved and complex geometries.
This element type was also chosen for its ability to represent the structure’s dy-
namic characteristics and to enable automatic meshing of the model geometry. To
ensure the accuracy and efficiency of the simulation, a convergence analysis to
determine the appropriate mesh size is performed. We found that a mesh com-
prising 12274 elements for the structure and 28528 for the regolith layer provided
mesh-independent results.

Fig. 4. Finite element model of the structure under regolith layer. The mesh of the structure and the
regolith shield are composed of 12274 and 28528 tetrahedral second-order elements, respectively.

This study assumes that the regolith and the structure will be simply supported
on bedrock. Therefore, translational constraints are applied to the structure’s base
and the regolith layer’s lower part as boundary conditions. The interface’s tangen-
tial and normal properties are defined to simulate the contact between the concrete
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and regolith layers. The tangential behavior is modeled using a friction coeflicient
(u) of 0.3, which is a typical value for the interaction between concrete and soil.
In this study, it is assumed that the friction between the soil and the structure
follows the Coulomb friction model. A hard contact condition is employed for the
normal behavior of the contact. The model considers that the regolith acts in the
linear elastic regime, while the sulfuric concrete has an elastoplastic behavior as
described above.

The model is subjected to three specific load cases to account for the different
loading conditions the structure may experience during its operational life. These
load cases represent the initial state of the structure (self-weight only), the pressur-
ized state (self-weight and internal pressure) and the normal operating conditions
subjected to seismic excitation (self-weight, internal pressure and seismic load-
ing). Dynamic modal spectral analysis and nonlinear time history analyses are
performed to examine the seismic behavior of the structure.

3.2. Gravitational and internal pressure loads definition

Before conducting the seismic analysis, the structural model needs to be
preloaded with the gravity load and internal pressure. To consider the effects
of gravity, the model is subjected to lunar acceleration, which is equivalent to
one-sixth of earth’s gravity, corresponding to 1.62 m-s~> [2]. Additionally, the
structure is pressurized to reach pressure levels similar to those experienced on
Earth’s surface, typically ranging from 70 to 100 kPa [41, 72]. In this study, an
internal pressure of 80 kPa is applied to the structure, under this level of pressure
the structures can support life [72].

3.3. Seismic analysis

The Apollo Seismic Network (ASN) detected, digitized and transmitted ap-
proximately 13000 seismic events on the Moon, which were then recorded by
one of the Deep Space Network ground stations on earth [73]. The ASN was
composed of long and short-period sensors with sampling rates of 7 Hz and 53
Hz, respectively. The long-period sensors could capture both vertical and horizon-
tal motions, while the short-period sensors were sensitive only to vertical motions
[74]. Tt should be noted that due to the low sampling rate of the long-period sensors,
the seismic information captured is very limited. The seismic stations recorded
diverse seismic vibrations originating from various sources, encompassing both
internal lunar events and external environmental phenomena [9, 75]. By analyzing
the seismograms, different seismic signals were classified based on characteristics
such as hypocentral location, generation mechanism and magnitude, among others
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[76]. Based on this analysis, researchers have categorized lunar seismic activity
into five types of moonquakes: deep, thermal, shallow, meteorite impacts and
unclassified events [10, 77-79].

The most energetic and rare type of event detected on the Moon are shallow
moonquakes, also referred to as High-frequency Teleseisms (HFT) [27, 76]. Dur-
ing the Passive Seismic Experiment (PSE) a total of 28 HFT events with focal
depths between 50 and 200 km were detected [76, 80]. The recorded shallow
moonquakes have been determined to reach M,, up to 4.1 [11-13, 81]. Although
the ASN recorded few events during its operation, geological evidence indicates
that shallow moonquakes are relatively frequent events on the Moon [82]. The
generation mechanisms of these events are unknown; however, recent findings by
Watters et al. [83] suggest that they are associated with young thrust fault scarps.
According to its magnitude, shallow moonquakes can be as strong as intermedi-
ate magnitude earthquakes or the strongest marsquakes recorded by the InSight
[13, 84]. Typical shallow moonquakes last several hours, which is much longer
than terrestrial or Martian quakes [27, 84]. These characteristics make this hazard
capable of inflicting significant damage to future long-term lunar bases. Conse-
quently, it is necessary to incorporate these factors into the design considerations
of such structures [12, 13, 85]. Despite the limitations on our understanding of
lunar seismology, we aim to realistically assess the seismic risk of a structure on
the lunar surface by using the limited available information.

3.3.1. Site selection

The structure’s location must be determined to define the hazard generated
by shallow moonquakes. The South Pole of the Moon offers several advantages
for establishing a sustainable long-term human base on the lunar surface, leading
numerous researchers to propose it as the site for the first lunar habitats [86—88].
However, despite its potential, there is currently no probabilistic seismic hazard
study specifically conducted for this location [85], resulting in a lack of available
seismic spectra for designing future bases in this area. In contrast, Ruiz et al. [13]
conducted a seismic hazard assessment for the Taurus-Littrow Valley, the landing
site of the Apollo 17 mission (20.19° N and 30.76° E). The primary seismic activity
in this region is associated with the Lee Lincoln lobate scarp, a fault that spans
approximately 14 km and has been identified as seismically active [83]. Based
on the estimates provided by Ruiz et al. [13], the Lee-Lincoln fault is capable of
generating shallow moonquakes with a magnitude of 6.4 M,,. These findings are
utilized in this study to select the Apollo 17 Moon landing site as the designated
location for the lunar habitat.
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3.3.2. Modal spectral analysis

The dynamic characteristics of the structure and the spectra that will be used as
seismic demand are necessary features to perform a dynamic modal spectral analy-
sis (DMSA) of the structure. The modes and frequencies of vibration represent the
dynamic properties of the structure, while the spectra are obtained from the hazard
analysis conducted at the specific site where the structure will be located. This
information enables the assessment of the structure’s response for each vibration
mode, which can then be combined to obtain the overall structural response.

The study utilizes the Lanczos algorithm available in the Abaqus libraries
[71, 89], to calculate the model’s natural frequencies and mode shapes of vibration.
Fig. 5 displays the first six vibration modes with associated frequencies ranging
from 1.20 Hz to 1.49 Hz. Although the modal analysis considers the structure
with regolith, this layer is excluded from the graphical representation in Fig. 5
to provide a more precise visualization of the mode shapes of the structure. The
spectral modal dynamic analysis focuses on the first six vibration modes, as they
contribute to over 90% of the mass participation in the seismic response of the
structure. In traditional structural design, this modal truncation is allowed because
the residual modal mass of the high-order modes is small compared to the total
mass of the structure. Although our analysis only considers the modes mentioned
above, the mesh is able to capture high-frequency modes.

The first PSHA on the Moon was performed by Ruiz et al. [13]. PSHA
techniques were used to obtain hazard curves, hazard deaggregation, UHS and
CMS for the Apollo 17 landing site. Although both UHS and CMS may be used for
structural seismic analysis, CMS provides a better representation of most response
spectra of quakes at a location. Therefore, CMS is used in the seismic analysis of
the proposed lunar habitat [13, 15, 16]. To assess the structure’s response due to
moonquakes with different intensities, this study generates four CMS for shallow
moonquakes with return periods (7}.) of 75, 475, 970 and 2475 years (exceedance
probabilities of 50%, 10%, 5% and 2% in 50 years, respectively), corresponding
to frequent, rare, very rare and extremely rare quakes [90]. The CMS for the
fundamental vibration period of the structure 7° = 0.83 s and different return
periods generated for this study are shown in Fig. 6. These spectra are used as
seismic demand in the DMSA of the structure.

The complete quadratic combination (CQC) method is employed in this paper
to combine the responses and determine the total structural response to seismic
loads. The multiple direction square root of the sum of squares (SRSS) method is
utilized to implement the directional combination of the seismic demand.
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Fig. 5. Mode shapes of vibration with related frequencies of (a) 1.20 Hz, (b) 1.24 Hz, (c) 1.26 Hz,
(d) 1.39 Hz, (e) 1.40 Hz and (f) 1.49 Hz.

3.3.3. Nonlinear response history analysis

In nonlinear response history seismic analysis (NRHA), ground motions (GM)
representing the seismic demand are applied to the structure. This section syn-
thesizes the literature on GM selection methods and delineates the outcomes de-
rived from a nonlinear response analysis conducted on the proposed lunar habitat.
The GM may be historical seismic records of events representative of the hazard
at the study site with similar generation mechanisms, magnitudes and distances
[91]. However, if such records are unavailable, artificial seismograms or modified
records that match the seismic hazard at the study site are often used [92]. In this
study, the seismic analysis utilizes the modification of existing GM. Specifically,
seven pairs of horizontal acceleration records from the 28 shallow moonquakes
recorded by the ASN are arbitrarily selected and modified. Record modification is
a widely used method for obtaining hazard-compatible seismic signals for temporal
seismic analysis [93, 94]. Table 2 presents the modified GM along with their cor-
responding date of occurrence, recording station, peak ground acceleration (PGA)
and distance to the seismic stations. The response spectra of these modified GM
are calculated and shown in Fig. 7.
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Fig. 6. Conditional mean spectra for shallow moonquakes with T, of 75, 475, 970 and 2475 years.

Table 2. Selected unscaled GM to be used in NRHA. Distance to stations taken from [11].

GM Date Station (component) PGA (m-s™2)x1078 Distance (km)
1 1971/04/17 12 (x) 3.52
2 1971/04/17 12 (y) 2.80
3 1971/04/17 14 (x) 7.51 1970
4 1971/04/17 14 (y) 9.50
5 1973/03/13 12 (x) 5.28
6  1973/03/13 12 (y) 6.87
7 1973/03/13 16 (x) 14.94 2380
8 1973/03/13 16 (y) 17.69
9 1975/01/03 14 (x) 12.5 2320
10 1975/01/03 14 (y) 12.0
11 1975/01/03 16 (x) 234 2930
12 1975/01/03 16 (y) 39.6
13 1976/03/06 14 (x) 3.95 490
14 1976/03/06 14 (y) 7.10
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Fig. 7. Five percent damped elastic response spectra of the unscaled records (x-component in
continuous and y-component in dashed line) of the seven selected shallow moonquakes.

The PGA and spectral acceleration (SA) of the analyzed ground motions are
found to be significantly low, mainly due to the long distance between the epicenters
and the seismic stations where these events were recorded. However, previous
studies by Ruiz et al. [13], Mohanty et al. [82] and Mishra and Kumar [85]
have demonstrated that the seismic hazard is considerably high at the study site
and other locations on the Moon. Therefore, the original seismograms used for
temporal analyses have been scaled to represent the hazard levels determined in
the study by Ruiz et al. [13]. In this study, the scaling process involves iteratively
modifying the original signal’s Fourier spectrum until the modified moonquakes’
response spectrum matches the target spectrum, as determined in Section 3.3.2.
This procedure is valid regardless of the model’s nonlinearity because it affects
only the input signals. This iterative process, similar to that performed by Ferreira
et al. [92], ensures that the modified GM exhibits a shallow moonquake’s time and
frequency characteristics from the analyzed seismogenic source. Fig. 8 illustrates
an example of the outcome achieved through the modification process of a GM
to ensure its compatibility with a shallow moonquake event with 7, of a 475-year
return period. The CMS and scaled response spectra for different seismic intensity
levels are depicted in Fig. 9. The adjustment interval of the spectra ranges from
0.2T* to 1.5T*, covering the period range where the structural response of the
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lunar habitat is most sensitive. The iterative process is continued until the spectral
ordinates of the response spectrum within the interval of interest reach at least 90%
of the target spectrum. A similar fitting criterion is also required in the NRHA of
highly complex terrestrial structures, such as nuclear power plants [95].
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Fig. 8. Sieismograms (a) recorded and (b) modified of the x-component of the shallow moonquake
event registered on 1975/01/03 by the Apollo 14 station.

The NRHA method enables the assessment of the plastic behavior of materials,
the degradation of material strength and the identification of damage locations
within a structure. This study utilizes a constitutive model for concrete that
incorporates plastic behavior and degradation of mechanical properties. The
proposed model, initially introduced by Lubliner et al. [96], subsequently modified
by Lee and Fenves [97], has been adapted for implementation in Abaqus [71]. The
concrete damage plasticity model (CDPM) effectively accounts for irreversible
damage resulting from various failure mechanisms in concrete structures with
low confinement levels [71]. The CDPM comprises a stress-strain relationship, a
stiffness degradation law, a yield condition and a flow rule [97]. The following
equation defines the stress-strain relationship within the CDPM:

0'=(1—d)D81 c(e—e’y =D : (e—e€Ph)y =D : ! (5)
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Fig. 9. Scaled Response Spectra (RS) and CMS of 7. of 75, 475, 970 and 2475 years.

where o is the Cauchy stress tensor, € = €’ + €P! is the deformation tensor, €¢ is

the elastic part of the deformation tensor, e”’ is the plastic part of the deformation
tensor, Dgl is the elastic stiffness of the material (before damage), D¢ = (1 — d )Dgl
is the degraded elastic stiffness and d is an elastic stiffness degradation parameter
[71]. The CDPM assumes that the stiffness degradation is isotropic, thus, it is
characterized only through the damage variable d. We assume that the damage
in lunar sulfuric concrete, a granular constituted solid, is stochastically isotropic.
The effective stress tensor is defined by

T =D (e—eM. (6)

The effective stress tensor is related to the damage variable by the following
expression:
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where €/ (€', ") represents the hardening and softening variables for com-
pression €.”! and tension &7/, respectively.

In this study, typical values reported in the literature are employed to model
the plastic behavior of concrete. The dilation angle, eccentricity and viscosity
parameters are set to 35°, 0.1 and 0.0005, respectively, as reported by [98]. The
parameter K. has an assigned value of 2/3 and the ratio of f;o/ f.o is setto 1.16, as
reported by Xiao et al. [99]. These values are typically used for concrete [98—101].
These parameter values are incorporated into the CDPM to accurately capture the
effects of irreversible damage on the mechanical properties of concrete.

4. Results and discussion

4.1. Initial structural analysis of the habitat subjected to static loads

This study examines two load cases to assess the behavior of the proposed
habitat under sustained loads. The first load case considers the gravitational effect
from the structure’s self-weight and the regolith layer, while the second load case
adds an internal pressure of 80 kPa on the internal walls.

The first load case represents the initial conditions after construction. Tensile
stresses are examined in Fig. 10 (a) and (b), where it is observed that the maximum
tensile stress (o;) occurs at the connection between the main structure and its
supports, reaching 1.0 MPa, which corresponds to approximately 17.68% of the
maximum tensile stress of sulfur concrete (o7,). Stresses near 0.1507, are observed
on the outer surfaces of the cylindrical structure’s lateral walls, indicating the
habitat’s ability to withstand lunar gravity effectively. These findings demonstrate
the structural performance and integrity of the proposed habitat.

The second load case, which represents the serviceability conditions of the
structure without lunar hazards, exhibits a different distribution of tensile stresses
compared to the first load case. Tensile stresses are more uniformly distributed
throughout the walls of the structure. Fig. 11 (a) and (b) illustrate the spatial
distribution of tensile stresses outside and inside the structure, respectively. The
load case reveals that the maximum tensile stress is localized on the interior
side of the joint between the cylindrical portion of the main structure and the
supports, reaching a magnitude of 2.22 MPa, equivalent to approximately 0.4007,,.
These findings suggest that internal pressure influences the structural design more
than gravitational loads. The maximum stresses are concentrated in the junction
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Fig. 10. Tensile stresses distribution generated by the gravitational load. (a) External view and (b)
transversal cut view.

zones between the supports and the main cylindrical structure due to the abrupt
change in geometry, leading to stress concentration zones. However, the structure’s
weight and the regolith layer mitigate the stresses induced by the internal pressure,
reducing tensile stresses throughout the structure. Notably, the regolith layer is
crucial in minimizing the adverse effects of radiation, meteorite impact and internal
pressure on the structure’s integrity. These results provide valuable insights for
designing and evaluating the proposed habitat under normal operational conditions.

S, Max. Principal
(Avg: 75%)
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Fig. 11. Tensile stresses generated by internal pressure load. (a) External view and (b) transversal
cut view.
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4.2. Seismic analysis

The seismic response of the proposed lunar habitat is evaluated using the
DMSA and NRHA methods. The spectral analysis provided a straightforward and
efficient means of obtaining the structural response under seismic loads. Addition-
ally, temporal analyses are performed to consider the influence of inertial forces,
dynamic characteristics of the seismic loading and temporal variations in material
properties. The seismic analyses accounted for both gravity and internal pressure
loads. The findings of these analyses are detailed in the subsequent sections.

4.2.1. Modal spectral analysis

The structural responses of a lunar habitat due to shallow moonquakes with
varying intensities are analyzed using the DMSA. Four load cases corresponding
to 7, of 75, 475, 970 and 2475 years are considered and the stress distributions
are obtained as shown in Fig. 12 (a) to (d). As anticipated, the tensile stresses are
not uniformly distributed along the structure’s walls, with the maximum values
occurring at the connection between the main structure and the support. The o
and its respective percentage of o7, for each seismic case are summarized in Table
3. The stresses shown in Table 3 from the linear spectral analysis are compared
with the material’s maximum tensile stress. The results indicate that none of the
four cases produced tensile stresses exceeding oy,. However, it is evident from
the DMSA findings that shallow moonquakes with 7, greater than 75 years could
generate stresses exceeding 0.507,. At this stress level, the concrete could undergo
plastic deformation and experience a degradation of its mechanical properties
over time. To further investigate this phenomenon, it is necessary to evaluate the
temporal response of the structure using the NRHA method.

Table 3. Maximum tensile stresses obtained from DMSA with CMS of frequent, rare, very rare
and extremely rare shallow moonquakes.

T, (years) o; (MPa) Yo o3y

75 2.55 45.54
475 3.53 63.04
970 4.03 71.96
2475 4.97 88.75

4.2.2. Nonlinear response history seismic analysis
A comprehensive analysis comprising 28 simulations is conducted to examine
the response of the lunar habitat under seven pairs (x and y components) of ground
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Fig. 12. Spatial distribution of tensile stresses generated by shallow moonquakes with a return
period of: (a) 75, (b) 475, (c) 970 and (d) 2475 years, produced by DMSA.

motions. These ground motion pairs are scaled to four distinct intensity levels,
with temporal and frequency characteristic adjustments to align with the study
site’s seismic hazard. The results of the simulations with GM scaled to represent
shallow moonquakes with 7, of 75 years are presented in Table 4. Among the
various connections within the structure, the interface between the main structure
and the base exhibited the most significant plastic deformations in most cases. Itis
important to note that when the plastic strain exceeds 1.5x107> in the cylindrical
structure, the structure’s ability to withstand the stresses induced by internal pres-
sure is compromised, resulting in structural failure. However, in the remaining
cases where plastic deformation exceeded this threshold, the stability of the struc-
ture remains unaffected. The duration of the GMs significantly impacts the results
of the temporal analyses due to the increasing deformations as the structure’s stift-
ness degraded over time, especially during periods of high seismic displacements.
A typical distribution of plastic deformations, depicted in Fig. 13, illustrates the
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maximum deformation occurring at the connection between the base and the main
structure, with regions exhibiting tensile plastic strains exceeding 1.5x107> are
highlighted in red.

Table 4. Maximum plastic strains €, in the cylindrical structure (cs) and junction zone (jz)
between the cylindrical structure and base generated by GM scaled to CMS of 75 years return
period.

GM  €pmax INCS  €pmax 1IN jZ
1 1.30x10™>  2.07x107°
2 1.10x107°  2.07x107°
3 1.19x107  2.07x107°

4 1.50x107°* 3.08x107°

5

6

0 1.90x107°
1.35x107°  2.10x107°
7  7.61x1077 0

* In this simulation, the model experiences a complete loss of its ability to withstand
internal pressure, resulting in an explosive failure.
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(Avg: 75%)
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-4.905e-08

(a) (b)

Fig. 13. Typical tensile plastic strains distribution generated by GM scaled to CMS of 75 years.
(a) External view and (b) internal view.

The analysis of the lunar habitat under seven shallow moonquakes with 7,
ranging from 475 to 2475 years reveals that the structural model experiences
plastic deformations exceeding the material limit. When these deformations exceed
a critical threshold, the structure loses its ability to withstand the loads induced
by internal pressure, leading to catastrophic failure. The results from the NRHA
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emphasize the significance of considering strength degradation when lunar habitats
are exposed to ground motions with the intensity and duration characteristic of
shallow moonquakes, even with shorter 7,.. The prolonged seismic activity might
progressively damage the structural materials, resulting in a complete loss of
the structure’s capacity to resist internal pressure loads. This phenomenon is
not evident in the DMSA, emphasizing the importance of utilizing methods that
directly capture the temporal behavior and account for all complexities that real
structures may exhibit when designing seismic-resistant structures on the Moon.

This research addresses the significant seismic potential observed in various
lunar regions, as highlighted in previous studies [12, 13, 82, 85]. Unique to this
study is the utilization of seismograms that align with representative lunar seis-
mic hazard spectra. In contrast with the work done by Mottaghi and Benaroya
[24], our research incorporates a temporal seismic analysis that considers material
non-linearity and the interaction between the structure and the regolith shield. By
employing these advanced seismic analysis methods, this study provides a more re-
alistic understanding of how a lunar habitat performs under seismic loads. Notably,
these analysis techniques have also been recently applied to the seismic design of
plain arches constructed from lunar materials [28]. The findings presented in this
research emphasize the necessity of a detailed and comprehensive design approach
to ensure the safety and resilience of lunar habitats subjected to seismic loads.

5. Conclusion

In this study, a seismic analysis of a lunar habitat constructed with lunar sulfur
concrete is conducted. This study represents a pioneering effort in the seismic
assessment of a long-term lunar habitat built with in situ resources using spectra
generated specifically through probabilistic seismic hazard analysis of the Moon.
Spectral- and time-domain methodologies were employed to analyze the seismic
response of the lunar habitat. The spectral analysis provided an initial understand-
ing of the habitat’s behavior under seismic loading. However, the results of the
temporal analysis revealed the importance of considering the degradation of me-
chanical properties over time when lunar habitats are subjected to extended seismic
loading cycles. It was observed that a lunar habitat, which demonstrated satisfac-
tory performance under gravity and internal pressure loading, might experience
damage or even collapse when exposed to seismic loading. Hence, including
seismic effects in the design of long-term lunar habitats is essential.

Based on the findings of this study regarding the structure’s performance under
seismic loading, it is recommended to incorporate lightweight and easily trans-

23



portable materials, such as Kevlar membranes, in conjunction with the structural
concrete. This collaborative approach may effectively enhance the structure’s abil-
ity to withstand the tensile stresses exerted by internal pressure. This study serves
as a crucial first step towards implementing a performance-based design approach
for lunar structures, laying the foundation for future research that will integrate
updated seismic information obtained from ongoing and forthcoming seismic in-
vestigations on the Moon. With adequate seismic hazard studies and information
on the necessary materials’ mechanical properties, the methodology of this study
can be applied to other extraterrestrial bodies, such as Mars. For future research,
we recommend using a constitutive model obtained directly from experimental
tests of sulfur concrete. Further studies should include the viscoelastic and ag-
ing behavior of the materials. It is worth mentioning that during the structure’s
lifetime, seismic loads and other types of hazards, such as meteorite impacts and
radiation, may generate progressive deterioration in the structural materials of the
proposed habitat. Hence, forthcoming research should assess the degradation of
the structural material properties responsible for withstanding the loads generated
by internal pressure. The decision-makers who will guide the planning and con-
struction of future lunar bases should also consider this degradation of properties
over time. Additionally, it is suggested that future investigations incorporate the
site effects generated by soil layers on which the structure is located. Similarly,
the seismic behavior of lunar structures subjected to moonquakes generated by
meteorite impacts should be further evaluated in the future. Finally, it is suggested
to complement the results of the numerical models with experimental setups of
the full-scale structures.
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