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This research examines how ductility affects the durability of lunar surface structures against
recurring disturbances like moonquakes, micrometeorite impacts, and thermal cycles, over
an extended period. The structural performance at various levels of ductility was determined
by adjusting material parameters and thickness of a reference multilayered dome structure.
Moonquake and micrometeorite impact-induced lateral displacements were estimated using a
Reduced Order Model (ROM) under a Control-oriented Dynamic Computational Modeling
(CDCM) framework. The study considered the degradation of the metallic dome’s strength
properties over time due to thermal cycles. Fragility curves were generated by assessing
the likelihood of reaching three predefined damage levels as a result of multiple hazards.
Additionally, a discounted cash flow analysis was conducted to incorporate a financial aspect
in the performance comparison. The findings revealed that structures with sufficient ductility

capacity have a lower probability of sustaining severe damage or collapsing within a shorter
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time-frame. Hence, having ductile structures in lunar environments is advantageous as it allows
the postponement of maintenance and repair actions, thereby conserving scarce resources for
more urgent tasks. Moreover, the financial analysis demonstrated that lunar habitats with
higher ductile capacities result in larger net present values, offering a higher return on the

initial investment.

Nomenclature

= material constants for the strain-life curve

= ratio of dynamic to static strength under single time loading
= coefficient to account the influence of load change frequency on fatigue strength
= initial cost, $

= life-cycle cost, $

= cost of transportation, $/kg

= material constants for the strain-life curve

= design configuration

= modulus of elasticity, MPa

= expected net present value, $

= effective dose function, mSv/day

= compressive strength of regolith, MPa

= loading frequency, Hz

= fatigue strength of regolith under compression, MPa
= limit state function

= material constant for the strain-life curve

= total thickness of dome, cm

= lateral drift

= mass of material A, kg

= mean damage index of the ith damage state

= number of loading cycles

= net present value, $

= material constant for the strain-life curve

= internal pressure, Pa

= probability of passing damage state i



P, = external pressure, Pa

RNPV = standard deviation of net present value, $
R = radius of the dome, m

T; = internal temperature, K

T, = external temperature, K

t = time, day

tal = thickness of aluminum, m

tre = thickness of regolith, m

tss = thickness of steel, m

v = value of design configuration, $/hr

X; = state at time ¢

B = discount factor

A = roof displacement of the dome, m

Amax = maximum roof displacement of the dome, m
Ay = displacement at the elastic limit, m

Ea = strain amplitude

s'f = true fracture strain

A = annual discount rate

Pal = density of aluminum, kg/m?

e = cycle asymmetry coefficient

Ore = density of regolith, kg/m?

Dst = density of steel, kg/m?

o = stress amplitude, Pa

0'} = fracture strength, MPa

Ter = critical stress, MPa

o, = level of fracture initiating stress, MPa

Om = mean stress for cyclic loading, MPa

Omax = equivalent to the updated ultimate strength, MPa
ol* = maximum cyclic stresses resulting from o, MPa
gmin = minimum cyclic stresses resulting from o, MPa
oy = radial stress, MPa

oy = vyield stress of material, MPa
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I. Introduction

ECENT improvements in the launching of spacecraft increase the viability of transportation of humans to space
Rand their long-term presence on the Moon [1-4]. However, the structural requirements for lunar design concepts
are yet to be fully established [5—12]. At early stages of design, trade studies can become critical in identifying the
structural characteristics that lunar habitats should possess to resist the harsh environmental conditions in space [13-15].
In addition, it would be logical to leverage the knowledge and best practices acquired in designing Earth structures
resistant to extreme events, such as earthquakes and hurricanes.

Ductility is an important structural concept in seismic design for Earth structures, which describes their ability to
undergo large-amplitude deformations without collapsing [16—18]. The seismic design philosophy has been shaped
by the possibility of using the inelastic capacities of structures during seismic events, as it allows structures to resist
large lateral force demands while guaranteeing life safety. Structures are designed to have sufficient ductile capacity to
survive extreme loading event scenarios that can occur at the site during a specified return period [19, 20]. Although
ductility is a relevant concept for Earth structures, its influence on the structural performance of future lunar habitats is
unknown as the loading characteristics in space vary significantly from those on Earth.

During the Apollo program, the Apollo Passive Seismic Experiments (APSE) collected seismic activity from four
stations network [21]. The seismic data were accumulated and sent back to Earth from 1969 to 1977 [22]. According to
their source type, these seismic events were labeled as deep, thermal, and shallow moonquakes [22]. During this time,
more than 12,500 moonquakes were registered and 28 of them were labeled as shallow moonquakes with a moment
magnitudes close to 4.1 [23-25]. In a study conducted by Ruiz et al. [26], the seismic hazard on a lunar structure was
computed considering only shallow moonquakes, as these are the most likely to cause damage to a lunar habitat [27-29].

Micrometeorites are another important hazard of the lunar environment that could introduce lateral displacements to
future habitat structures [12, 30, 31]. On average, the Earth’s path intersects with 33 tons of meteoritic material daily,
most of which are micrometeorites that vanish at the Earth’s atmospheric layer [32, 33]. Unlike Earth, the Moon cannot

stop these micrometeorites from impacting the lunar surface. The Lunar flux model developed by Grun [14] estimates

that a particle with a mass equal to 1 ug could interact with the lunar surface at an average of 2 — ly — - The Grun Lunar
flux model shows that the estimated Lunar flux reduces rapidly when increasing the micrometeorite mass, indicating
that smaller micrometeorites are more likely to impact the lunar surface than larger micrometeorites. These particles

range between 1-3 mm in size and can impact the lunar surface with an average velocity of 20 km/s; however, their

velocity could reach up to 70 km/s [33].



Moreover, the high-temperature fluctuations on the lunar surface introduce cyclic thermal stresses, resulting in the
long-term degradation of the utilized materials for lunar habitats. The temperature changes recorded during the Apollo
landing sites varied from -171 Cto 111 C [1]. A future lunar habitat will also interact with the thermal and pressure
control systems that create a suitable living environment for humans, but also provide loading demands on the structure
[34]. The interior temperature and pressure are expected to be adjusted during the crewed and dormant periods of the
habitat.

Due to the characteristics of the loads in space, an evaluation of potential structure alternatives for lunar habitats
requires conducting dynamic, multi-physics simulations that are inherently computationally expensive. Moreover, the
loading inputs of these models are uncertain and have dependencies. Trade studies can ease the initial-decision making
process and narrow down different system configurations for further in-detail analysis [35]. NASA has used trade studies
as an initial decision-making tool to assess different system configurations for several missions [36—40]. Traditionally,
they have had two approaches [41]: (i) comparing the advantages and disadvantages of a variety of alternatives; and (ii)
using ranking systems based on different criteria and a weighting system. However, these two approaches do not capture
essential elements for the evaluation of space habitats, as they do not account for (i) the physics of the problems; (ii)
evolution of the system through time; (iii) interconnected systems; and (iv) uncertainties.

Recently, the CDCM framework was proposed as an alternative approach for conducting trade studies. The CDCM is
a modular and computational efficient network for modeling system of systems, such as deep space habitats [42—44]. The
framework was developed to provide the ability to run simulations that incorporate multiple disruptions and disturbances,
experience damage and degradation, capture consequences over extended periods, and model repair and recovery
efforts. Behjat et al. [43] used the CDCM to determine an appropriate maintenance period for a building experiencing
both corrosion degradation and random moonquake events over its lifetime and selecting the most appropriate power
generation and storage configuration for a lunar habitat exposed to solar radiation, dust, micrometeorite strikes, and
exterior temperature fluctuations. The illustrative examples demonstrated that the CDCM can effectively address
fundamental research questions related to the design of lunar habitats and their initial decision-making processes,
particularly in the context of interconnected systems of systems with complex dynamics.

In the literature review performed for this paper, it was found that there is a lack of studies investigating the effects
of moonquakes, and there is a notable absence of research exploring the combined and interactive effects of thermal
fatigue, moonquakes, and micrometeorites on a lunar habitat throughout its lifespan. Thus, this paper employed the
CDCM [42] to determine the influence of ductility on the performance of lunar habitat structures subjected to multiple
disturbances, including moonquakes, micrometeorite impacts, and high thermal fluctuations. Following the systems of
systems modeling approach of the CDCM, a structural subsystem was allowed to deform and deteriorate based on inputs
received from the disturbance and interior environment subsystems of the habitat. The modeled structures were based

on a simple two-layer design concept consisting of a metallic dome covered by a structural protective layer assumed to



be located as the same location where the Apollo 17 program was performed. The design provides adequate protection
against radiation and prevents breaching of the structure due to micrometeorite impact. This design concept was selected
due to its flexibility of adjusting its ductile capacity with minor modifications, which facilitates assessing if the ability of
withstanding large plastic deformations before collapsing could provide potential benefits to the crew safety, daily space
habitat operations, and maintenance activities.

The remainder of this paper is organized as follows. Section 2 provides the methodology followed to assess the
performance of structures with varying ductility, including a description of the development of the structural model
embedded within the CDCM. Section 3 describes the list of structures and performance metrics that were considered in
the study. Section 4 contains the results of the trade study, including accumulated plastic deformation, fragility curves,
and net present value for each of the structures. Section 5 discusses the potential impact of the results and the limitations

of the study. Finally, Section 6 concludes with a summary of the lessons learned.

I1. Methodology

Evaluating the influence of ductility on the performance of lunar structures requires estimating the damage due
to recurrent disturbances over an extended period, defined as 20 years in this study. Due to the random nature of the
disturbances, the loads applied to the structure should be probabilistic and capture the amplitude and recurrence intervals
of the typical loads on the lunar surface, i.e., moonquakes and micrometeorite impacts. A long-term evaluation requires
accounting for the degradation mechanism of materials exposed to large thermal cycles. In addition, since the trade
study requires the evaluation of multiple structures with varying ductility capacities, the damage estimates must be
obtained efliciently by running mechanics-based models that can provide rational damage approximations at a low
computational cost. This section describes the tools and techniques employed in this research work.

The CDCM [42] was used as the framework to conduct the trade study. The CDCM’s architecture provides the
opportunity to conduct rapid simulations involving systems of systems models. The habitat system was assumed to
include a core set of crucial subsystems, shown in Figure 1, to perform the structural assessment required in this study.
This compact simulator included a structural subsystem and an interior environment subsystem.

The interior environment subsystem simulates the temperature and pressure inside the habitat. The habitat was
assumed to be susceptible to different disturbances: (i) solar radiation; (i) moonquakes; (iii) micrometeorite impacts;
(iv) and exterior temperature fluctuations. The structural subsystem received the input from these blocks and estimated
the response and damage due to the applied load. Additional details about the structural subsystem can be found in the
subsequent section.

The CDCM integrated probabilistic models devised by by SanSoucie et al. [45] and Zook [46] to assess
micrometeorite mass, diameter, and velocity within a given area. By establishing selected probabilities of exceedance

and return periods, the expected characteristics of micrometeorites over a designated time frame were determined.
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Fig. 1 Diagram of the lunar habitat system showing interactions between subsystems in the CDCM.

Moreover, the frequency of occurrence of moonquakes and their magnitudes were computed by the CDCM using

probabilistic equations provided by Ruiz et al. [26].

A. Structural subsystem

1. Conceptual Design

The lunar habitat was assumed to be a monolithic dome structure covered by a regolith protective layer. This design
concept was selected as the ductile capacity of the structure can be easily varied by adjusting the dome material and
its thickness. All the dome structures under consideration had a thickness that ensured adequate protection against
radiation and prevented full penetration of a micrometeorite impact.

According to Valentin [47], a human’s body should not receive more than 50 mSv of radiation for extended exposures.

NASA plans for astronauts to stay on the lunar surface for 2 months [48]. Thus, under a 2-month stay duration, an



astronaut can receive 0.83 mSv/day. NASA has released an On-Line Tool for the Assessment of Radiation in Space
(OLTARIS) that allows users to download information on the radiation dose as a function of thickness for different
materials [49-54]. OLTARIS was used to generate the curve shown in Figure 2 for lunar regolith. This tool provides
radiation dose predictions using nuclear transport methods based on the HZETRN2005 dose equivalent algorithm
[55, 56], which has been validated against measurements taken at the International Space Station (ISS) and the Space
Shuttle program . It can be observed from Figure 2 that the overall trend is that the effective dose decays as a function of
thickness, but it increases when the thickness ranges between 500 and 2,000 kg/m?. This peak radiation phenomenon
has also been observed in the Earth’s atmosphere, and it is known as the Regener-Pfotzer maximum. This behavior
indicates that secondary particles and photons produced due to cosmic rays are more intense at the entrance of the
atmosphere. In accordance with Slaba [52], beyond 2,000 kg/m?, exposure is primarily influenced by nucleons, pions,

muons, and electromagnetic components.
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Fig. 2 Effective dose versus shielding thickness on the lunar surface [49-54].

In this study, the regolith protective layer was assumed to shield the structure against radiation. Thus, to receive a

radiation dose of less than 0.83 mSv/day, the regolith layer must satisfy the following criterion in Eq. (1).

F(pretre) < 0.83 (1)

where function f is the lunar regolith curve shown in Figure 2, p,.. is the density of the regolith shielding and ¢, is the
thickness of the regolith shielding.

Micrometeorite impacts also play an important role in the initial design of lunar habitats. As discussed previously,
these particles range between 1-3 mm in size, and their velocity could reach up to 70 km/s [33]. Additionally, as stated
by Allende [57], the perforation of the regolith shielding could reach up to 30 cm. Hence, if regolith is utilized as the

exterior shielding, the initial design of a lunar habitat must also satisfy the following criteria.



tre > 0.3 (2)

2. ROM system

The performance of the lunar habitat structures was predicted using an ROM to allow efficient modeling of their
response due to moonquakes, micrometeorite impacts, and thermal stresses. A Finite Element (FE) model was developed
in OpenSees [58, 59] to allow rapid estimates of the response of the structures of interest within the CDCM platform. In
this study, the ROM should capture the behavior at the lateral displacement of a multilayered dome due to moonquakes
and micrometeriote impacts, as shown in Figure 3. The model should also account for the multiple layers of the dome
shown in Figure 4. To capture the behavior at the tip of the dome, it was concluded that the dome structure could be
represented as a single cantilever column carrying a mass equal to the weight of the structure, as shown in Figure 5. The
model included 3 beam-column elements and 4 nodes and the mass was placed at node 3. Each node had 3 degrees of
freedom, i.e., two translations in the xy plane and the rotation about the plane’s normal. The location of the mass was
determined by calculating the center of mass of a hollow hemisphere, which is at a distance equivalent to Ry, /2 from

its base, where Rg;, is the radius of the dome.
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Fig. 3 Two layer dome structure: a) before lateral displacement applied; and (b) after lateral displacement
applied.

The plastic deformation in domes typically occurs in areas nearer to the fixed base; thus, it was assumed that element
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Fig. 4 The bottom cross section of the ROM system (A-A).

1 would behave as a nonlinear beam-column undergoing plastic deformation. The length of this element was chosen
based on the recommendations provided by Ruangrassamee and Kawashima [60]. The nonlinear element was modeled
using fiber-based nonlinear elements, as shown in Figure 5. The fiber section consists of divided patches of materials A
and B, which were modeled using predefined materials Steel02 and Concrete02 [58], respectively. Elements 2 and 3

were assigned rigid beam-column to capture the general stiff behavior of the dome.

x y Node 4 2Rty
Element 3
0.5Rg:
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y ~ 0.3Rgr Element 2
| —— Node?2
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Element 1: Nonlinear beam-column
Element 2: Rigid beam-column
Element 3: Rigid beam-column

Fig. 5 Equivalent ROM cantilever column.

The verification of the ROM model was conducted by comparing the force-displacement curve obtained from a
pushover analysis against the results of the same analysis performed on a high-fidelity model. A three-dimensional FE
model of a multilayered dome composed of a 3 cm thick structural layer made out of steel with a yield stress of 248

MPa covered by a 120 cm structural protective layer made out of regolith with a compressive strength of 25 MPa was

10



analyzed using the commercial FE software ABAQUS [61]. The analysis was conducted using two steps: (i) in the first
step, reduced gravity (1/6 g) was applied to the structure; and (ii) in the second step, a lateral displacement was applied
to the tip of the dome. The structure was discretized using 8-noded linear brick elements with reduced-integration
(C3D8R), which had dimensions smaller than 0.2 m. The lateral displacement of the 3D dome model is illustrated in
Figure 6. A reasonable agreement was observed between the ROM and 3D model, as shown in Figure 7. This accuracy

level is sufficient to perform a comparison between the performance of structures with different levels of ductility.
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Fig.7 Pushover curve comparison between a 3D Model and an ROM.
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The displacement in the x-direction resulting from a moonquake on the ROM system was estimated using the
algorithm provided by Fajfar [62]. This algorithm combines the pushover analysis of an ROM system with its response
spectrum analysis. Moreover, in this method, the inelastic spectra with equivalent damping and period are utilized.
Additional details for extracting the displacement demands are given in Appendix A.

To further proceed with this algorithm, the main frequency of the structures were extracted using the three-
dimensional shallow spherical formulations provided by Kang [63]. This formulation can be employed to estimate the

domes’ frequencies as the structures meet the thick-walled spherical bodies criterion defined below, [64]:

0.2 < h/Ry:r<0.5 3)

where 7 is the total thickness of the dome.
The displacement of the ROM system due to micrometeorite impact was captured by matching the kinetic area of
the impact with the area underneath the pushover curve. The kinetic energy of a micrometeorite impact is dependent on

the horizontal velocity and the size of the particle.

B. Thermo-mechanical stresses in a multilayered composite

The temperature gradient through the depth of the two layers of the structure was captured in the analysis. This
temperature gradient introduces thermo-mechanical stresses to the structure that contribute to the performance of the
structure under external disturbances. An analytical solution based on thermo-elasticity theory [65] was utilized for
estimating the stress distribution of the two-layered dome subjected to an internal pressure and a thermal load. The
analytical solution takes the internal temperature (7;), external temperature (75 ), internal pressure (P;,;) and external
pressure (P,) into account and the resulting outputs are the radial stress (o7-), hoop stress (o) and axial stress (07;), as
shown in Figure 8. In this study, it was assumed that o and 0y are negligible; therefore, the variation of o, as a result
of high temperature fluctuations was the only source for material degradation. The equations provided in the following

section, take o, as an input for cyclic stresses.

C. Material degradation

The cyclic temperature fluctuations in the design of a lunar habitat degrade the structural materials. Thus, the
long-term performance of these structures must consider potential fatigue failure of the structural materials. The ultimate
strength of the implemented materials were updated annually in the CDCM (structural subsystem) based on the cyclic
thermal stresses (07,) as discussed in the previous section. Therefore, strength reduction was applied to the utilized
materials in element 1 of the equivalent ROM models which also created updated pushover curves by the end of each
year. In this case, the lateral displacements caused by moonquakes and micrometeorite impacts were computed based

on the updated pushover curves. The following assumption enabled the CDCM to be computationally efficient while

12
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Fig. 8 Sketch of stress distribution for a two layer dome.

also taking the material degradation into account. The ultimate strength of the implemented materials were updated
based on the following formulations.
Regolith [66]:

The fatigue strength of regolith was based on the formulations provided by Hola [67].

£ 1o = CN=A(1+ Bp! log N)Cy @

where ff is the fatigue strength of regolith under compression, f; is the compressive strength of regolith [68], C is
the ratio of dynamic to static strength under single time loading, N is the number of loading cycles, p/ is the cycle
asymmetry coefficient, 0" and o"“* are the minimum and maximum cyclic stresses resulting from o, Crisa
coefficient to account the influence of load change frequency on fatigue strength, and A and B are coeflicients.

The cycle asymmetry coefficient p/ is defined by the following equation:

pf — O_min/o_énax (5)

c

Coeficient Cy is described by:

Cy=1+0.07(1 - p)log foy (6)

where f is the loading frequency (Hz) and A and B are calculated as below:

13



A =0.008 -0.118log(c/ f.) (7

B=0.118(0¢Joi = 1) ®

where o7 is the level of fracture initiating stress and o, is the critical stress.
Aluminum and steel:
The fatigue strengths of aluminum and steel were based on the modified Morrow approach [69]. To obtain the strain

amplitude g, the following equation was utilized:

’

O-f Om b ’ c
£a= (1= ) (2Np) +£,(2N) ©)
o
f
where b and ¢ are material constants for the strain-life curve [70], E is the modulus of elasticity, a'} is the true fracture
strength, o, is the mean stress for cyclic loading (estimated from o, in the previous section), s/f is the true fracture
strain and N is the number of load cycles. The stress amplitude, (o7,), can be derived by solving Eq. (9),
Oa

= Ja  (Tayum 10
£q E+(H,) (10)

where H’ and n’ are material constants for the strain-life curve [71]. Finally, the maximum stress endured in the cyclic

loading can be obtained,

Omax = Om +0q (11)

where 07,4 1S equivalent to the updated ultimate strength of the degraded metallic alloy.

D. Damage levels

The ROM will provide displacement approximations of the lunar habitat under micrometeorite impacts and
moonquakes. A criteria must be established to determine the damage levels as a function of the deformations experienced
due to the applied disturbances. Hence, the Lateral Drift (L D) was evaluated during the loading of the structures. LD is

defined as below:

A
Rstr

LD = 12)

where A is the displacement of the roof of the structure, as shown in Figure 3, and Rj;, is the radius of the dome.

This study leveraged the damage states defined by FEMA 356 [72] to assess the impact of the loading on the integrity of

14



the structure [73]. FEMA 356 defines 3 different damage levels along the force-LLD curve as shown in Figure 9, which
are:
e Immediate Occupancy (IO): Structure is considered safe to occupy after event but likely not useful until
rehabilitation performed.
« Life Safety (LS): Structure is safe during event but possibly not afterwards.

* Collapse Prevention (CP): Structure is on the verge of collapse and possibly total loss.

>

Operational

LD

Fig. 9 Damage levels defined by FEMA 356 [72].

In the IO state, the structure has experienced minor cracks on non-structural instances. In the LS level, the structure
has moderate damage and residual strength with permanent drift. While in the CP level, the structure has experienced
severe damage, but has a minimal strength remaining in it [74]. Based on the various drift limits provided by FEMA

356, the performance of a structure is presented in Table 1.

Table 1 Drift limits at various performance levels [72].

Performance level LD limit (%)

10 1.0

LS 2.0

CP 4.0
II1. Trade study

The trade study analyzed eighteen structures with different configurations and ductile capacities. Table 2 shows the
six types of metallic alloys that were considered for the first layer and the lunar regolith assigned to the outer layer. The

thickness of the inner layer varied from 1 to 10 cm, whereas the thickness of the outer layer was kept constant (120

15



cm) for all cases. All eighteen structural designs satisfied the conditions defined by Egs. (1) and (2). These design
A

considerations control the depth of the layers and alter their ductility. Moreover, the ductility factor (u = Zl;“‘) in Table
2 is defined by dividing the total displacement at the maximum load level (A,;,,) by the displacement at the elastic limit
(Ay) [75]. To determine the yield displacement (A, ), the nonlinear pushover curve is approximated with an idealized
bilinear curve, as described in FEMA 356 [72].

The structures were labeled using the notation S-74-M-c-y, where 4 is the thickness of the metallic alloy, M is either
steel (S) or aluminum (AL), and oy, is the yielding strength of the metallic alloy. For instance, SIOAL95 represents a
two-layer lunar habitat in which the inner layer is made of aluminum with a thickness of 10 cm and a yielding strength

of 95 MPa. Fragility curves and net present values were obtained for each structure to compare their performance over

20 years of service.

Table 2 Comparison between different system configurations

Ductility Material A . Mat.erial B .

Structure (No.) factor T Yield stress  Thickness T Compression strength ~ Thickness

ype (MPa) (cm) ype (MPa) (cm)
STAL95 (1) 1.40 Aluminum alloy 1100-H14 95.0 1.0 Regolith 25.0 120.0
S1AL230 (2) 1.42 Aluminum alloy 5456-H116 230.0 1.0 Regolith 25.0 120.0
S1ALS500 (3) 1.79 Aluminum alloy 7075-T6 500.0 1.0 Regolith 25.0 120.0
S15248 (4) 1.55 Steel A36 248.0 1.0 Regolith 25.0 120.0
S15345 (5) 1.67 Steel A1085 345.0 1.0 Regolith 25.0 120.0
S15483 (6) 1.91 Steel A913-70 483.0 1.0 Regolith 25.0 120.0
S3AL9S5 (7) 2.61 Aluminum alloy 1100-H14 95.0 3.0 Regolith 25.0 120.0
S3AL230 (8) 2.73 Aluminum alloy 5456-H116 230.0 3.0 Regolith 25.0 120.0
S3AL500 (9) 3.18 Aluminum alloy 7075-T6 500.0 3.0 Regolith 25.0 120.0
$35248 (10) 3.06 Steel A36 248.0 3.0 Regolith 25.0 120.0
$38345 (11) 3.62 Steel A1085 345.0 3.0 Regolith 25.0 120.0
S35483 (12) 2.95 Steel A913-70 483.0 3.0 Regolith 25.0 120.0
S10AL95 (13)  2.11 Aluminum alloy 1100-H14 95.0 10.0 Regolith 25.0 120.0
S10AL230 (14) 2.02 Aluminum alloy 5456-H116 230.0 10.0 Regolith 25.0 120.0
S10AL500 (15) 2.49 Aluminum alloy 7075-T6 500.0 10.0 Regolith 25.0 120.0
S10S248 (16) 2.26 Steel A36 248.0 10.0 Regolith 25.0 120.0
S10S345 (17) 2.38 Steel A1085 345.0 10.0 Regolith 25.0 120.0
S$10S483 (18) 2.61 Steel A913-70 483.0 10.0 Regolith 25.0 120.0

A. Fragility curves
Fragility curves were developed to estimate the probability of the structures experiencing failure or exceeding a
damaged state over time. According to the conventional notion used in reliability theory [76], the limit state function

was defined as:

8(t,A) =C = A1) 13)

where C indicates one of the LD limits and A is the lateral displacement of the structure due to external disturbances at
any time, 7. A structure exceeds or attains a performance level when [g (¢, A) < 0]. The fragility of the structural design

is defined as:
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F(1) = P{[g(t,A) < 0]t} (14)

where P{ [g(z, A) < 0] denotes the conditional probability of reaching or exceeding a performance level, i.e., IO, LS, or
CP, at a given time ¢.

The CDCM simulations are run at discrete time intervals (in the study, 24 hr time increments). Thus, to obtain
continuous fragility estimates, a variety of well-known distribution functions (normal, lognormal, exponentiated Weibull,
Weibull max, Weibull min, Pareto and beta) [77-79] were implemented to capture continuous fragility curves over
t. The parameters for each distribution function were determined by fitting them on F(¢). The Kolmogorov-Smirnov
goodness of fit test [80, 81] was applied to each distribution, and the p-value representing the likelihood of having two
samples coming from the same distribution was computed. The distribution function with the highest p-value was

chosen for computing each fragility curve.

B. Net Present Value (NPV)
To further illustrate the utility of having a habitat on the lunar surface, the NPV of various configurations are
approximated. This was done by assuming that a functional lunar habitat is worth v(X;) = $130, 000/hr of research

when at state X; [82]. The NPV of a design configuration (d) is estimated as below:

Ly
NPV(d) = )" B'(v(X,) = Crc(d)) - Cr(d) (15)

t=1
where £ is the discount factor computed according to the annual discount rate, A, assumed as 5% in this study, Cj is the
initial cost and Cy ¢ is the life-cycle cost.
The initial cost for lunar habitat construction was estimated by computing the cost of sending metallic alloys from

Earth to the lunar surface for every structure shown in Table 2. The initial cost estimates were calculated as follows,

Cr = MACirans (16)

where M 4 stands for the mass of material A (structural layer) transported to the lunar surface and Cy, 4, is the unit cost

of sending mass to the Moon ($14,100/kg) via Falcon heavy [83—85]. The mass of material A was calculated as,

My =27R2,, tApa a7

where 74 and p 4 are the thickness and density of material A; and Rg;, is the radius of the dome.
The life-cycle cost, Crc, was defined as the damage and repair cost resulting from micrometeorite impacts and

moonquakes during the lifetime of the dome. This cost includes the resources used to repair damaged habitat components,
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including structural and non-structural elements, and loss of contents [86]. This study estimated Cr ¢ following Wen

and Kang [87, 88] formulation, which approximates the life cycle cost as a percentage of Cy,

7

1

Cre = (1~ e~y Z C;.MDI;.P” (18)
i=1

where M D1I; is the mean damage index of the ith damage state as shown in Table 3; A is the annual discount rate (5% in

this study); Pf is the probability of passing damage state i, which is computed as

Table 3 Mean damage index and LD ratio for different damage states

Level Damage Lateral drift ratio (%) Mean damage index (MDI)

No. state [89] [90]

1 None LD,4x<0.1 0.0

2 Slight 0.1 < LD;;ux<0.2 0.005
3 Light 0.2 < LDy0x<04 0.05

4 Moderate 0.4 < LD,,,,<1.0 0.2

5 Heavy 1.0 < LD;;,ax<1.8 0.45

6 Major 1.8 < LD;;4x<3.0 0.80

7 Collapse 3.0 < LD qx 1.0

P;D = P(LDmax > LDmax,i) - P(LDmaX > LDmax,i+l) (19)

where P(LD,qx > LD pax,i) is the violation probability of the designated LD at damage state i.
As the damage will vary for every realization conducted in the CDCM, the life cycle cost and the NPV will differ for
every realization. Hence, the Expected Net Present Value (ENPV) and standard deviation (STD) of the NPV, RNPV,

were also computed in the analysis.

IV. Results

Figure 10 shows the tip displacements for S3AL95 due to moonquakes and micrometeorite impacts during a life
span of 20 years for a single realization. The residual displacement magnitudes over time are shown in Figure 11, where
the curve jumps indicate those points in time in which the loading exceeded the yield strength of the material at time ¢
and consequently induced additional plastic (unrecoverable) deformation to the structure. Following these instances,
subsequent deformations are added to the residual displacement resulting from the previous time increment. Both
plots show the influence of considering degradation due to temperature fluctuations. For this structural design, the
residual displacement observed in the material-degraded structure was more than three times larger than that of the
non-degraded structure. In addition, more jumps in plastic deformation were exhibited in the simulations considering
material degradation.

To find the expected behavior of a structure, the simulations were repeated and the statistics of the realizations

were computed until the STD and expected displacement converged to constant values. Figure 12 shows the tip
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Fig. 11 Residual displacement of the structure as a result of moonquakes and micrometeorite impacts.

displacement for S3AL95 at 20 years for 100, 300, 500 and 600 realizations, showing that convergence was achieved at
600 realizations. Thus, all the structures described in Table 2 were subjected to 600 loading realizations to determine
the average displacement behavior and its uncertainty.

The average maximum tip displacement curves for the eighteen structures are shown in Figure 13, where the
band indicates one standard deviation above and below the mean value. S1AL500 experienced the highest average
displacement, while S3S345 showed the lowest displacement after 20 years of sustained loading. The average and
uncertainty of the residual displacement for each structure are also shown in Figure 13. S3S345 and S1AL500
were the structures with the highest and lowest average residual displacement, respectively. These results reveal that
stiffer structures, such as SIAL9S5, tend to accumulate less plastic deformation but become unstable and show high

displacements under sustained loading as time progresses. On the other hand, ductile structures, such as S35S345, tend
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to accumulate more plastic deformation. However, as plastic deformation accumulates over time, the structures develop
a damping mechanism that dissipates energy more efficiently than stiffer structures, as shown in Figure 13.

Fragility curves were obtained by evaluating the probability of reaching three predefined damage state levels (IO,
LS, and CP) due to recurrent disturbances. Figure 14 illustrates the fragility curves for all 18 assembled lunar habitats.
S3S345 has the lowest probability of collapse compared to the other structures; however, the IO has reached a probability
of about 65% , indicating a high chance of requiring some rehabilitation after 20 years. The fragility curves illustrate that
most structures are likely to experience damage that exceeds the 10 level and, thus, require some kind of rehabilitation
after 10 years of construction. The highest probability of reaching the CP state was observed in STAL500 (94%),
whereas S3S345 appeared to have a 6% chance of being on the verge of collapse after averaging the results of all
conducted realizations. Another structure that showed a small probability of collapse was S3AL500. However, this
structure exhibited a 77% possibility of reaching damage at the 1O level at a 20-year lifespan.

Even though structures 13-18 were constructed out of metallic alloys with the highest thickness among all other
structures, their performance did not significantly improve compared to thinner structures. This behavior was attributed
to the introduction of unnecessary mass, which increased the force applied to these structures. In other words, increasing
the thickness of the structures increased the structure’s stiffness, which lowered its ductile capacity and ability to resist
loading over extended periods.

The behavior of the stiff and ductile structures varies over time, as illustrated through the short and long-term
performance comparison of ST0AL95 and S3S345 in Figure 15. The structure with higher ductility, S35345, with a
ductility ratio of 3.6, has a higher slope than SI0AL95, a structure with a ductility ratio 2.1, during the initial years of
service. However, as time progresses, the less ductile structure (S10AL95 with a ductility ratio of 2.1) has a higher

probability of reaching the LS and CP states. This behavior indicates that at the initial stages of service, the stiffer
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structures deform less, but as the damping mechanism due to plastic deformation develops within the ductile structures,
they will deform more and have a higher risk of damage. The ductile structure shows higher resiliency in the long-term
(for instance, 20 years), as they are more likely to reach the maximum allowed accumulated damage due to sustained
loading over an extended period, minimizing major rehabilitation efforts.

The cost of structures 1-18 during a life-span of 20 years for a single realization are shown in Figure 16. The
structures are listed in descending order with respect to ductility (ranging from 3.6 to 1.4). It is clear that the expected
NPV for structures with lower ductility is less, which indicates that ductility plays an important role in the life cycle costs
of a structure and, thus, in its NPV. This can also be observed in Figure 17, where the ENPV decreases in structures
with lower ductility. Structures with a higher ductility factor have a lower RNPV, which indicates less variability in the
structure’s performance over time. Additionally, the probability of collapse for each structure versus their ENPV is

depicted in Figure 18, in which structures with a lower probability of collapse in 20 years offer a higher ENPV.
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V. Discussion

The trade study indicates that ductility is important in keeping the habitat functional over a few decades. Ductility is
also an important structural characteristic of Earth structures; however, it serves a different function. Structures with
adequate ductility capacity on Earth survive extreme loading event scenarios with tolerable inelastic deformations.
Buildings on Earth are always designed to save the lives of the occupants to stand after an extreme event, but most are
not designed to still be used after that event. There are design codes established from decades of observations and
experimental tests to protect lives. Decades of knowledge are used to design structures that withstand extreme lateral
loads due to earthquakes, gust winds, or wave impacts. However, the structure might exploit its ductile capacity only
once or twice during its lifetime.

On the other hand, lunar structures might experience smaller lateral loads, but some of these events, such as
moonquakes, will last about 100 times longer because they do not dampen out. Micrometeorites will also hit the
habitat and cause lateral deflections. Although more data collection is needed to characterize these loading scenarios
fully, lunar habitats are anticipated to be subjected to recurrent disturbances from different loading sources. Ideally,
preventive and corrective maintenance should be spaced out over time as resources will be limited in space. Ductile
structures are able to keep damage within tolerable levels due to sustained loading for extended periods, reducing the
probability of collapse. This behavior is attributed to the accumulation of permanent damage, which creates a damping
mechanism that helps dissipate energy. In the case of metals, this damping mechanism is associated with the oscillation
of dislocations. The energy from dislocations results in internal friction, which opposes lateral forces [91].

This trade study identifies an important structural characteristic that lunar habitats should possess; it is not the
intent of this study to evaluate alternative designs available in the literature. The structural design was selected as it

offered the flexibility of adjusting the ductile capacity of the conceptual design by varying its material and geometric
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parameters. This design also facilitated developing an ROM that approximates the behavior of the structure within
reasonable accuracy and executing multiple realizations using the CDCM. Within this paper, the model assumed fixed
boundary conditions between the structure and lunar surface, which conditions the deflections of the structure; however,
different types of structure-foundation connections have shown to alter the overall performance of the lunar habitat by
altering the magnitude of stresses applied to the structure. Therefore, further analysis is required to determine potential

connections between the structure and the lunar surface and ways to model it within the CDCM.

VI. Conclusion

In this study, a structural trade study using the CDCM and involving a variety of structures with different ductile
capacities was performed to determine the influence of ductility on the performance of lunar habitats. The ductility of
the structures was altered by varying the material properties and thickness of a monolithic dome structure covered by
a regolith protective layer. The lunar habitat was assumed to have been constructed as the same location where the
Apollo 17 program was performed. An ROM system representing the lateral behavior of a dome was modeled to capture
the deflections caused as a result of moonquakes and micrometeorites impacts. High temperature fluctuations were
assumed to degrade the material properties of the structural layer. Although the structural model has its own limitations,
it provides a rapid and reasonable approximation of the long-term performance of lunar habitats. The displacement
response due to the disturbances experienced over a life span of 20 years were used to assess the probability of each
structure to reach the three damage states defined by FEMA 356. In addition, the ENPV for each of the 18 structures
were computed to include a financial metrics that can be used to evaluate the use of resources invested in space habitats.

The trade study results revealed that at initial stages of the lunar habitat’s lifespan, when high temperature fluctuations
have not caused any significant material degradation, stiffer structures are less likely to suffer significant damage due
to moonquake and micrometeorite impacts. However, under extended loading and under the presence of material
degradation, ductile structures accumulate plastic deformation that generates a damping mechanism that provides better
resistance against lateral deflections. According to these observations, ductility should become an important element in
the design of space habitats, as it is likely that the maximum allowable damage will be experienced at a later stage in the
service life of the structure. Hence, structural maintenance/repair actions can be delayed and limited resources can be
utilized in other essential activities. In addition, according to the study, ductile structures had a higher ENPV and higher
NPV/risk, providing a higher return on the initial investment.

The CDCM was a valuable tool for identifying features that would make structures resilient to disruptions and
help guide space habitat design decisions. These insights are based on the limited understanding of the conditions
and disturbances these habitats will face over an extended period of service in space. The analysis can be refined as
more data is collected in space, and trade studies incorporate details related to surface characteristics, improve the

characterization of the loading associated with moonquakes, micrometeorite impacts, and launch loads, and enhance the
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material degradation mechanisms in space environments, among others.

Appendix
The displacement demand as a result of moonquakes on the structures were estimated by implementing the following
steps:
a) Determine elastic spectra in Acceleration-Displacement (AD) format.

T2

msae (20)

Sde =

where T is the period of the structure and S, is the value from the elastic acceleration spectrum, corresponding to the
period T.

b) Determine inelastic spectra for constant ductilities.

(u—-1)+E+1 T <Tc
R, = ‘ @n
M T>Tc

Sa=—Sae (22)

where T¢ is the characteristic period of the ground motion, u is the ductility factor which is estimated using the pushover

curve and Sy is the displacement demand. The above-mentioned estimations are shown in Figure 19.
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