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Feasibility Study of Inflatable Structures for a Lunar Base

Paul S. Nowak,* Willy Z. Sadeh,} and Jeffrey Janakus}
Colorado State University, Fort Collins, Colorado 80523

The design of a structure on the moon requires addressing a host of issues not encountered on Earth. A
modular inflatable structure consisting of thin membranes of composite material integrated with supporting
columns and arches is proposed. An initial linear analysis of the structure is briefly reviewed. The actual
response of an inflatable membrane is nonlinear and, hence, a nonlinear numerical analysis of the stresses and
displacements was undertaken. Results indicate that an inflatable structure is a feasible concept for a lunar

structure.
Nomenclature

E = modulus of elasticity, MPa
h = membrane thickness, cm
q = transverse (pressure) load, kPa
w = transverse membrane deflection, cm
x,y = Cartesian coordinates, cm
¢ = stress function, cm?
o1, 0; = membrane principal stresses, MPa
Oym = von Mises stress, MPa

Introduction

HUMAN-TENDED outpost on the moon that will

evolve into an operational base is a crucial stepping stone
in the expansion of humanity into space. A lunar base is one
of the prime objectives of the U.S. space program and has
been proposed in numerous studies in recent years. The estab-
lishment of a human-tended base on the moon was recom-
mended by the National Commission on Space Report! in
1986 as a national mission, by the Ride Report? in 1987 as one
of the four initiatives needed to ensure U.S. leadership in
space in the 21st century, and in the 1988 studies of the NASA
Office of Exploration® as the case study for human explo-
ration of space. On July 20, 1989, the 20th anniversary of the
first human landing on the moon (Apollo 11), President Bush
called for a permanent human return to the moon before 2010,
to be followed by a manned mission to Mars. A long-term
plan for human expansion into space and the establishment of
a lunar base was outlined in 1989 in the NASA 90-Day Re-
port,* and further recommended by the Augustine Report® in
1990. The Stafford Report® in 1991 proposed four space archi-
tectures, all of which include different levels of lunar base
development. )

The design of a lunar structure requires addressing a host of
issues that are not encountered on Earth. A structure on the
moon must protect its inhabitants from the harsh lunar envi-
ronment and as a result unconventional structural concepts
must be explored. The primary lunar environmental condi-

“tions to be considered for a structure include 1) an atmosphere
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that is essentially a vacuum; 2) no weather conditions; 3)
gravity of 1/6 g; 4) surface temperature variations from
— 173°C (— 279°F) during the lunar night to 127°C (261°F)
during the lunar day,’ resulting in a 300°C (540°F) tempera-
ture gradient; S) harmful solar flare protons and galactic
cosmic rays such as HZE particles (high charge-Z and high
energy-E particles); 6) meteoroid and micrometeoroid impact;
7) minimal seismic activity; and 8) specific regolith (lunar soil)
properties at the selected site. )

Several concepts for lunar structures have been proposed.
During the early stages of the Apollo program, cylindrical
vessels standing vertically were suggested.® In the late 1960s, a
concept involving buried cylindrical tanks connected together
to form a complete lunar colony was proposed.’ This was
followed by an approach that consisted of buried cylindrical
modules laid end to end.!® Post-Apollo designs include a
shielded shallow arch!! and a large spherical structure.!? Con-
cepts involving a fabric dome stiffened with a structural
foam!® and a multilevel concrete base!* have recently been
proposed. Interconnected modules made from lunar con-
crete’’ and a mobile habitat!é are another two recent ideas. A
discussion on the architectural attributes of pressurized vol-
umes for use in space can be found in Ref. 17, and a review of
several lunar base concepts is given in Ref. 18.

Requirements for the design of a lunar structure are 1) a low
ratio of volume to usable floor area, 2) light transportation
weight, 3) expandability, 4) small stowage volume, 5) modu-
larity, 6) durability, 7) safety, 8) reliability, and 9) short con-
struction time with minimal extravehicular activity. Con-
straints on the cost of transportation, materials, construction
time, construction equipment, and architectural requirements
must also be accounted for. :

Inflatable structures are suited for a lunar base in view of
their unique features. The primary loading on the membranes
of an inflatable structure in the lunar environment is the
internal pressure. This pressure induces only tensile stresses
for properly designed structures. These stresses make the most
efficient use of material strength since there are no stability
problems associated with tension. Membrane materials typi-
cally have a low density and are flexible and, therefore, trans-
portation costs (i.e., low stowage volume and weight), con-
struction time, and the amount of construction equipment
required are reduced when compared with traditional Earth-
bound construction materials (e.g., concrete, .metals, or
wood). Attributes of expandability, low ratio of volume to
usable floor area, and modularity can be incorporated into the
design of an inflatable structure. In addition, the structure can
be tested for constructability and pressure containment on
Earth prior to the actual construction on the moon.

The loads applied on the membranes of an inflatable struc-
ture consist of 1) the pressure of an internal atmosphere,
selected to be 69 kPa (10 psi); 2) the dead load (gravity load)
induced by the structural material weight; and 3) a gravity
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load of 7.8 kPa (1.1 psi) [regolith density = 1.75 g/cm? (3.39
slug/ft?)’] from a layer of regolith of 2.74 m (9 ft) for radia-
tion shielding,'” micrometeoroid protection,’” and thermal in-
sulation.”

Initial Analysis

A concept for an inflatable structure in a lunar habitat was
initially set forth in 1988 by Vanderbilt et al.?° and refined in
1990 by Nowak et al.?! This concept is based on a structure
comprised of identical inflatable modules. A module consists
of the following structural components: 1) four wall mem-
branes, 2) a roof and a floor membrane, 3) four inflatable
columns with footings, and 4) four solid arches. A photograph
of a physical model (scale 1:80) of this inflatable structure
concept, including a simulated regolith cover and a cutaway, is
shown in Fig. 1.

A module of 6.1 X 6.1 Xx3.0m (20 x 20 x 10 ft; I X w X h)
was selected based on the size of a typical office and/or living

room in terrestrial structures. A radius of curvature of the

roof membrane of 6.1 m (20 ft) was chosen based on a com-
promise between reducing wasted internal volume (a low ra-
dius) and lowering the induced stresses (a higher radius). This
approach meets requirements 1-5. It also has the attributes of
a minimal number of structural components to facilitate man-
ufacturing and the ability to isolate a pressure loss within a
module with the use of interior pressure sealing partitions.

Columns with a radius of 30.5 ¢cm (12 in.) are assumed
based on typical radii of cylindrical columns in terrestrial
structures. The membrane material in these columns holds the
roof down and acts in tension when the structure is pressur-
ized. In the event of a pressure loss, the inflated columns
support the solid arches and act in compression.

Solid arches are integrated with the roof membranes to
stabilize the structure, limit the roof deformations, and sup-
port the gravity loads in the event of a pressure loss. One
method for rigidizing the arches is to fill a membrane sleeve
with a structural foam that solidifies after mixing two chemi-
cal compounds. The tensile and compressive strengths of this
solid foam are 10.9 MPa (1.6 ksi) and 19.7 MPa (2.9 ksi),
respectively.?

Kevlar 49, a material widely used in space applications,
which can be woven into a membrane with a tensile yield
strength of 690 MPa (100 ksi),?* was chosen as the membrane
material for the case study. Initial calculations for the thick-
nesses of the roof and column membranes were conducted
based upon the linear elastic response of a pressurized sphere
and cylinder, respectively.

Thicknesses of 0.30 mm (0.012 in.) for the roof membrane
and 1.93 mm (0.076 in.) for the column membrane were found
to be structurally adequate.?! Closed-form solutions for the
stresses in the wall membrane, whose geometry is nonspherical
with a varying radius of curvature, have not yet been devel-
oped. Initially, the wall membrane thickness is assumed to be
the same as the roof membrane since the geometries and

Fig.1 Physical mode! (scale 1:80) of the proposed inflatable struc-
ture.

loadings are similar for both membranes. Since closed-form
solutions for the arches have not yet been developed, the arch
radius and membrane sleeve thickness are assumed to be the
same as those of the column. These initial results indicate that
thin membranes can contain the internal pressure in an inflat-
able structure on the moon.

Nonlinear Analysis

A nonlinear analysis of the module was undertaken to verify
the initial results and/or modify the structure accordingly.
Required results from this analysis are the displacements of
the members to ensure that there are no excessive deforma-
tions, and the von Mises stresses in the material to verify that
thg4 material does not yield. The von Mises stresses are defined
as

Ovm = Vgi — 0102 + 03 4y

Membranes are thin sheets of material formed into the desired
geometry of the structure. They only transmit loads in the
plane of the material. Any resistance through transverse bend-
ing and shear is negligible. The structural behavior of mem-
branes is governed by the following set of coupled partial
differential equations®
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To perform a structural analysis for the actual stresses and
deformations, these equations must be solved. Very few
closed-form solutions exist for the response of membrane
structures due to the nonlinearity of Eq. (2). Iterative numeri-
cal solution techniques are employed to overcome this diffi-
culty. It is important to note that the solutions for the defor-
mations and stresses are nonlinear even if the material remains
linear and elastic under the applied loads.?*

Two approaches that involve specifying the geometry of the
structure can be applied to perform a numerical analysis of
membrane structures. The first approach is to describe the
initial or unstressed geometry and then to proceed with the
analysis. This approach is desirable from a fabrication view-
point. A second approach is to define the final or stressed
geometry before conducting the analysis. In this case, the
initial shape for fabrication is found from the analysis, but
may be impractical to fabricate. Consequently, the first ap-
proach is utilized.

Solution Technique

The finite element method (FEM) was chosen as the numer-
ical technique since it is the most developed and offers the best
tools for analyzing a nonlinear structure. A finite element
software package, ABAQUS,* capable of analyzing nonlinear
membrane structures with 3- and 4-node membrane elements
and solids with 8-node solid elements was utilized.

The FEM requires the geometry of the discretized structure
(a FEM mesh) as input. Results from a structural analysis are
only as accurate as the description of the FEM mesh since
errors accumulate during the incremental solutions. To mini-
mize these errors, a computer program (GEOMM) was written
to generate the FEM mesh of the structure for a wide variety
of shapes as input to ABAQUS.

An analysis was performed on one isolated module to deter-
mine the induced stresses and deformations from the induced
loads. The effects of the stresses and deformations caused by
an adjacent module, as occur in an internal module, are not
yet addressed. As a result, the computational effort is greatly
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Fig. 2 FEM mesh and displaced shape (magnified 3x) of one-quarter
of a module.

reduced when compared to an analysis of “several intercon-
nected modules. One-fourth of a module was analyzed due its
symmetry. The FEM mesh of the quarter-module is shown as
dashed lines in Fig. 2.

Results

Input for the nonlinear structural analysis consisted of the
same loadings, geometries, and material properties used in the
initial analysis. Data for FEM meshes were generated using
the GEOMM code.

Roof Membrane

The maximum tensile stress in the roof membrane was 9%
lower than that obtained in the linear analysis. A contour plot
of the von Mises stresses shown in Fig. 3 displays stress varia-
tions within the quarter-roof membrane. At the center of the
roof, stresses reached a maximum value of 627 MPa (91 ksi) or
91% of the tensile yield stress. At the corner of the roof, the
membrane is not allowed to deform due to the intersecting
arches and, therefore, stresses are reduced there. This is ad-
vantageous since connection detailing is complicated if high
stresses exist.

Floor-Wall Intersection

Excessive stresses and deformations were revealed with the
original concept at the intersection of the floor and wall mem-
branes since there were no arches there. Solid arches similar to
those at the roof were incorporated to alleviate these prob-
lems.

Solid Arches

The solid arches were modeled with the properties of the
solid foam,?? but neglected the strength of the membrane
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Fig.3 Stress contours of the quarter-roof membrane.

sleeve. The resulting stresses were approximately 50% below
the material strength of the foam. To make more efficient use
of the material, the radius of the arches was reduced from 30.5
cm (12 in.) to 22.9 cm (9 in.). Subsequent computations indi-
cated no stress concentrations, a maximum tensile stress of 7.2
MPa (1.1 ksi), and a maximum compressive stress of 6.3 MPa
(0.9 ksi). These stresses are less than the strengths of the foam.
Hence, solid foam arches with a smaller radius have adequate
strength under the induced loads.

Columns

Results for the columns revealed excessive localized stresses
and deformations. These are caused by the wall membrane
tensile forces acting on the column, which changed the column
cross section from circular to oval. In view of these excessive
stresses and deformations, the inflatable column concept is
not feasible. One solution is to replace the inflated columns
with solid foam columns similar to the solid arches. This
modification was introduced since the solid arches had no
excessive deformations under loading conditions similar to the
columns.

An analysis with a solid column with the same radius as the
solid arch yielded maximum tensile and compressive stresses
of 2.7 MPa (0.4 ksi) and 8.3 MPa (1.2 ksi), respectively. These
stresses, which are less than the capacity of the solid foam, are
caused by the bending of the column from the wall membrane
tensile loads. It should be pointed out that the buckling capac-
ity of the column is 717 kN (163 kip) which is much higher
than the 88 kN (20 kip) induced compressive column load.
Hence, a solid foam column can resist the induced loads.
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% of yield | MPa (ksi)
1 30 207 (30.0)
2 38 262 (38.0)
3 46 317 (46.0)
4 54 373 (54.0)
5 62 428 (62.0)
6 70 483 (70.0)
7 78 538 (78.0)
8 86 593 (86.0)
9 94 649 (94.0)
10 102 704 (102.0)

Fig. 4 Stress contours of the half-wall membrane.

Wall Membrane

Compressive stresses were revealed at two locations where
“wrinkles’’ developed since membranes cannot resist these
stresses. To eliminate these wrinkles, tensile stresses must be
induced. Higher tensile stresses can be obtained by stiffening
the membrane. This membrane stiffening was achieved by
increasing the radius of curvature at the locations of the
wrinkles.

A subsequent analysis revealed that the material was over-
stressed by 50%. To decrease these stresses, the wall mem-
brane thickness was increased by 50% to 0.45 mm (0.018 in.).
Further computation resulted in the stress contours shown in
Fig. 4. The maximum stress, occurring at the center of the wall
membrane, had a magnitude of 690 MPa (100 ksi) or 100% of
the yield stress. Thus, a wall membrane with an increased
thickness and modified geometry is adequate for the induced
loads.

Displacements

The displaced shape of the pressurized module is shown as
solid lines in Fig. 2. These displacements are magnified by a
factor of 3 for clarity. A maximum displacement of 14.4 cm
(5.7 in.) occurred outward at the center of the wall membrane.
Upward displacements of 2.8 cm (1.1 in.) were found at the
center of the roof membrane. At the center of the roof arch
there was a downward displacement of 4.3 cm (1.7 in.) caused
by the wall membrane pulling on the arch. The floor mem-
brane displaced 5.6 cm (2.2 in.) downward at the center. All
displacements occur only during the pressurization of the
module and remain constant when the structure is in use, thus,
they are considered acceptable.

Concluding Remarks

An initial linear analysis indicated that an inflatable struc-
ture for a lunar base can be made from thin membranes. To
account for the actual behavior of membrane structures, a
nonlinear analysis was conducted. Results from this nonlinear
analysis revealed that several significant modifications to the
initial structure were necessary. These modifications included
a stiffened wall membrane to eliminate wrinkles, a thicker wall
membrane to reduce stresses, a floor arch to eliminate exces-
sive deformations, a solid column to reduce localized stresses
and deformations induced in an inflatable column, and
smaller arch and column radii to make more efficient use of
material. Subsequent results indicate that the induced stresses
are below the strength of currently available materials and
resulting displacements were within tolerable limits. An inflat-
able structure thus appears to be feasible for use in the lunar
environment.
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