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What is Structural Resiliency?

 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



Potential Hazard SourcesPotential Hazard Sources Available Habitat TypesAvailable Habitat Types

 Impact (Micrometeorite, Debris)
 Hard Vacuum
 Extreme Temperature
 Seismic Activity
 Low Gravity
 Radiation
 Galactic Cosmic Rays (GCR)
 Solar-Emitted Particles (SEP)

 Inflatable 
Membrane

 Rigid-Frame 
Structure

 Hybrid Frame-
Membrane 
Structure

 Subsurface 
Variants

Hazard Sources & Potential Lunar Habitats

“Bessel Crater” -
https://www.lpi.usra.edu/science/kiefer/Education/SSRG2-

Craters/craterstructure.html

Malla, et al. (1995)



Mass and Gravity

Comparison of Surface Conditions

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 1023 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 1024 kg

Diameter = 7,926 miles; 12,756 km 
Gravity = ~9.81 m/s2

Diurna l  Cyc l e Temperature Extremes

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

Moon
-233° C to 123° 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 to 293.15 K)

Earth
-89° C to 58° C ( -
128° F to 136.4° F; 

184.15 K to 331.15 K)



Comparison of Surface Conditions

Atmosphere

Moon
0.0000000101 kPa  (Hard Vacuum, no atmosphere/no 

weather)

Mars
0.7-0.9 kPa (Mostly carbon dioxide with small 

amounts of other gases )

Earth
101.325 kPa (14 psi)

So i l /Rock

Moon
Very powdery and abrasive with high 

density at increased depth
Small to large rocks

Mars
Very find powder on surface

May have frozen soil at depth



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   

(-233 to 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).



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 to 113.95 °C)

 High daytime temperature = Nodal 
expansion

 Low nighttime temperature = Nodal 
contraction

 Added mass of regolith shield 
reduced both the stress and deflection 
magnitudes throughout the structure. 



Regolith Temperature Determination

• If a structure radiates heat outward 
with a defined heat input, a 
thermodynamic differential equation 
of heat flow through the structure 
exists.

G o v e r n i n g  T h e r m o d y n a m i c  E q u a t i o n  

Nomenclature
Heat output

Depth within regolith
Temperature of regolith

Specific heat of regolith

Heat input
Mass of regolith
Volume of regolith

Thermal conductivity

Steady  S ta te  Tempera ture

• Equat ing  input  and  ou tpu t  
rad ia t ion .



Regolith Temperature Determination

Lunar Cycle Temperatures
• Mid-day: 387 K (Steady State)
• End of day: 186 K
• Mid-night: 105 K
• Night Minimum: 102 K

Lunar Sur face  Tempera ture • General equation simplified to 
consider variation with time 
only.

• Solved using 4th order Runge-
Kutta techniques.

• These results compare very well with 
previous studies and with experimental 
data from Apollo 15 and 17 missions.



Frame-Membrane Habitat Design Concept

Airlock 
Structure

Main 
Habitat

Interior 
Dimensions

Main Habitat Airlock

Height 2.13 m 2.13 m
Width 5.75 m 1.8 m
Length 10.0 m 5.4 m

Floor Area 57.5 m2 9.72 m2

Volume 122.7 m3 20.7 m3

Malla, R. B., & Brown, K. M. (2015)



Future Habitat Design Considerations

 Hazard analysis on additional habitat 
geometries

 Effect of extreme temperature variations 
on metallic truss members

 Interfaced sensor equipment for system 
failure detection

 Physical effects of secondary radiation 
on shielding material

 Automated habitat construction

O'Donnell and Malla (2017)
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