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Minimization of direct and indirect
losses from hazards through enhanced
resistance and robustness to extreme
events, as well as more effective
recovery strategies.

Characterized by four traits:

Robustness
Ability to maintain critical functions in
Crisis

Resourcefulness

Ability to effectively manage crisis as it
unfolds

Rapid Recovery

Reconstitute normal operations quickly
and effectively

Redundancy
Backup resources to support originals

Per: National Infrastructure Advisory Council, 2009



Hazard Sources & Potential Lunar Habitats

Potential Hazard Sources Avalilable Habitat Types
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Malla, et al. (1995)




Comparison of Surface Conditions

Mass and Gravity

Moon
Mass = 7.35x1022 kg

Diameter = 2,160 miles; 3,476 kilometers

Gravity = ~1.62 m/s2 (about 1/6th the
gravitational field of the Earth)
Mars
Mass = ~6.42 x 10 kg
Diameter = 4,222 miles; 6,787 km
Gravity = ~3.68 m/s2 (about 1/3rd the
gravitational field of the Earth)
Earth
Mass = ~5.98 x 10%* kg
Diameter = 7,926 miles; 12,756 km
Gravity = ~9.81 m/s2

Diurnal Cycle

Moon
Lunar day is 27.322 Earth days long
(27 days, 7 h, and 43 min. - the same
as its period of revolution around the
Earth)

Mars
Martian day is 24 hours, 37 minutes
(1.026 Earth days) long, known as
sol

Earth
24 hours

Temperature Extremes

Moon
-233° C10123° C ( -
387.4° F to 253.4° F;
40.15 K to 396.15 K)

Mars
-140° C to 20° C (-
220° F to 68° F;
133.15 K t0 293.15 K)

Earth
-89° Ct058° C ( -
128° F to 136.4° F;
184.15 K to 331.15 K)



Atmosphere Soil/Rock

Moon Moon
0.0000000101 kPa (Hard Vacuum, no atmosphere/no Very powdery and abrasive with high
weather) density at increased depth
Small to large rocks
Mars
0.7-0.9 kPa (Mostly carbon dioxide with small Mars
amounts of other gases ) Very find powder on surface
May have frozen soil at depth
Earth
101.325 kPa (14 psi)




Impact Analysis:
Hybrid Frame-
Membrane Habitat

Malla, R. B., & Gionet, T. G. (2013)

Large deformation non-linear finite
element frequency, static, and dynamic
analyses

Prestressing:

Internal Pressure (14 psi)

External Temperature Differential
(-233t0 133 °C)

Dynamic Analysis Results-

Dynamic response at or near point of
impact. Away from the point of
impact, the displacement and stress
results are primarily a cause of the
static loads (Regolith Shielding &
Internal Pressure).
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Figure 1. Proposed structure. @) Front view; b} Top view; ¢) Frame member cross-section with top and bottom of
cross section mavked: and d) Side view.
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Figure 4. Finite element model with key nodes and loading diagram. a) Finite element mesh model of the
structure with some key nodes identified. 5) Scheme used to apply pressurzation, added macs, and impact loadk.
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Effects of Temperature Gradients
on the Design of a Frame-
Membrane Lunar Habitat

K. Brown & R. B. Malla (2015)
1 meter thick regolith shield

Runge-Kutta method Shielding
Surface Temperature Determination
(-170.75 to0 113.95 °C)

(b
High daytime temperature = Nodal Figure 5. Rectangular habitat stress
expansion

Table 6. Habitat Stresses and Nodal Deflections with temperature effects

A Max Stress Safety Factor Max Displacement
Section | Chord | Yield Stress [ Nahi | Day | Nughi | Dy Nkt
Inner 269MPa | 290MPa | 187 | 173 | 2575mm | 2515mm
[ Diagomal | 503MPa [ 326MPa | 29MPa [ 154 [168 | 2623mm | 249mm
Outer
Membrane

Low nighttime temperature = Nodal
contraction

309MPa | 276 MPa | 163 | 182 | 274l mm | 2020 mm
292 GPa 368 MPa | 370MPa [ 793 | 789 | 5687 mm | 5622 mmm

reduced both the stress and deflection
magnitudes throughout the structure.

Inner 218 MPa | 239MPa | 230 | 210 | 1790mm | 1736 mm
Dragonal 503 MPa 314MPa | 292MPa | 160 | 1.72 | 1920 1742 mm
Outer 338MPa | 301MPa [ 149 | 167 | 2065mm | 1304 mm
411 MPa | 413MPa | 710 [ 707 | 56.10mm | 5472 mm

Added mass of regolith shield e
Airlock

Structure

|
;




Regolith Temperature Determination

Governing Thermodynamic Equation
e |f astructure radiates heat outward
with a defined heat input, a
thermodynamic differential equation
of heat flow through the structure
exists.
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M t(:Iout(X; t) — Qin (X, t) . Nomenclature

Qout Heat output

Qin  Heatinput

Mass of regolith
\olume of regolith
Temperature of regolith

Depth within regolith
Thermal conductivity
Specific heat of regolith
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radiation.
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Regolith Temperature Determination

Lunar Surface Temperature @

 General equation simplified to
400 F

; ! Ap(,;]l,High consider variation with time
Estimate onl Y.
_300F « Solved using 4% order Runge-
N Kutta techniques.
L]
5 T (t)
g 200} ==t —Mc = g t) — g (t
2 ib ot qout( ) Qm( )
; L . .
- < Gin(t) = qs + q;
100
Apollo Low . - '
Estimate Lunar Day Lunar Night out (t) = qnpp + 95
(1] r

Lunar Cycle Temperatures
» Mid-day: 387 K (Steady State)

_ e End of day: 186 K
 These results compare very well with id-night: 105 K
previous studies and with experimental ) M_' -y _t'_ 05
data from Apollo 15 and 17 missions. * Night Minimum: 102 K
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Frame-Membrane Habitat Design Concept
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Main
Habitat

Height 2.13m 2.13m
i A A 9
Width 5.75m 1.8m x
Length 100 m 54m PIN SUPPORT LOCATIONS
Floor Area 57.5 m? 9.72 m? WIDTH
\Volume 122.7 m3 20.7 m3




Future Habitat Design Considerations

O'Donnell and Malla (2017) » Hazard analysis on additional habitat
s == geometries
/B85 54.54, 54, ——?% ————— .. o Effect of extreme temperature variations
e e //// . on metallic truss members
iewe 7 Sem Credr b et s e o - Interfaced sensor equipment for system
failure detection
< > » Physical effects of secondary radiation
; on shielding material
T » Automated habitat construction
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