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Introduction: A future lunar settlement, as envi-
sioned in the Moon-to-Mars architecture [1], with a
thriving economy will require reusable and durable
launching and landing pads (LLPs). A durable LLP
will likely be among the first infrastructure elements to
be constructed. Due to its size and expected operation-
al demands, in this paper we explore the design option
using ISRU materials. The indigenous materials to be
processed to manufacture structural materials and
structural elements are expected to exhibit brittle be-
havior. Based on experience with commonly used in-
digenous construction materials, such materials often
exhibit inherent variability and therefore produce di-
verse mechanical responses. Civil engineers have
learned important lessons on how to design reliable
and long-lasting structures using brittle materials on
Earth. These lessons must be leveraged and adapted to
address the challenges of this extreme and largely un-
known environment. Adopting a build-observe-test-
learn approach to gather the experience required for
designing and constructing durable, reusable infra-
structure in extraterrestrial environments.

Background: On Earth, engineers have developed
methods to analyze soils and design structures that
prevent harmful interactions between the ground and
the structure. Reliable construction is possible due to:
(1) decades of accumulated knowledge of soil behavior
and structural mechanics, (ii) the use of standardized
tests to verify strength and durability, and (iii) the abil-
ity to investigate site conditions both at and below the
surface before construction. These observations can
then be compared with previously documented failure
modes and known performance limits.

In extraterrestrial environments, however, the lack
of direct experience in situ requires that many current
structural and geotechnical design practices be revisit-
ed. Specifically, there is a need to return to first princi-
ples to understand how such environments and materi-
al properties may influence structural and geotechnical
formulations. Although multi-physics finite-element
methods are powerful tools, reliance on these models
without proper validation may obscure potential failure
modes and interactions that are critical to achieving
safe and efficient designs.

Like typical construction practices on Earth, the fi-
nal structural and geotechnical design will depend on
transportation constraints, construction methods, and
the required functionality of the LLP, all of which are
part of a broader mission design. For instance, sintered

regolith has been proposed as one class of potential
construction materials for manufacturing LLPs [2].
However, consistent manufacturing and performance
of these classes of materials must still be demonstrated
to ensure that they will be effective at large scales and
under in-situ Lunar conditions [3].

Design philosophy: When a structure falls outside
the range of standard engineering practice, the applica-
tion of first principles is essential to reliably design and
analyze that structural system. Materials, environ-
ments, and loadings that are not characterized suffi-
ciently require this treatment. As these structures are
realized, in-situ observations and testing will then be
critical to validate design assumptions and improve
future lunar infrastructure, while also gathering the
information needed for better characterization.

Significant knowledge gaps remain that may hinder
the design of reliable and reusable Lunar LLPs, and
those on other extraterrestrial bodies. Among the most
critical information needed are the reliability of mate-
rials for structural applications both short and long-
term, the geotechnical characterization of the ground
below the LLP. Solicitations associated with spacecraft
loads, extreme temperature variations, and plume—
structure interactions need to be considered. The fric-
tional interaction between the sintered regolith pad and
the underlying subbase must also be considered in the
structural design.

It is reasonable to assume that these brittle structur-
al materials will exhibit significantly lower tensile
strength than compressive strength. Consequently, both
the mechanical properties of the LLP material and the
characteristics of the supporting subsurface must also
be well understood. Thermal effects may also play an
important role. For example, temperature variations
through the thickness of the slab may occur, where the
exposed top surface contracts more rapidly than the
bottom during a sudden temperature drop, potentially
inducing upward curling of the slab.

Finally, appropriate soil constitutive models are re-
quired to represent ground response. An important
question remains regarding how sensitive the design is
to the selection and complexity of these models.

Due to the current state with very limited engineer-
ing knowledge of lunar soil conditions, and the lack of
practical experience with various classes of manufac-
tured regolith slabs, any design approach should ex-
plicitly account for uncertainty in the soil-structure
interaction. In terrestrial slab and pavement design, the
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modulus of subgrade reaction (k) is often estimated
and adjusted based on experience, expected environ-
mental variations, and construction conditions, and the
supporting system may be improved through compac-
tion, stabilization, or the introduction of base layers.
However, such experience does not yet exist for lunar
conditions. As a result, the procedure used to deter-
mine slab thickness may be highly sensitive to assump-

tions regarding subgrade stiffness and soil behavior.
Designers must therefore evaluate the sensitivity of the
LLP design to these parameters while considering the
relevant hazards, expected loads and serviceability
demands, and acceptable probabilities of failure. To
mitigate these uncertainties, early LLP structures could
be intentionally designed to reduce sensitivity to varia-
bility in native soil support.

Figure 1. Envisioned LLP design and construction with a build-observe-test-learn approach.

Path Forward: These challenges are not new to
civil engineers. Structural engineers have the expertise
to build safe and reusable structures that can perform
as needed on the Lunar surface. Given the significant
uncertainties associated with extraterrestrial construc-
tion, conservative designs will be required until the
necessary data is available for refined designs. Early
infrastructure may be designed with a limited service-
life while enabling critical steps related to observation
and testing. These should be performed both during
construction and while in operation. We recommend
prioritizing the collection of information that is most
critical for developing an initial safe and functional
structure.

A robust build-observe-test-learn approach is
therefore recommended to progressively develop the
experience required for constructing infrastructure in
extraterrestrial environments. In addition, a dedicated
structural and durability testing facility for ISRU-
based construction materials should be established on
the Moon [2, 3]. Such a facility would support the de-
velopment of engineering knowledge, enable the char-
acterization of variability in manufactured regolith
materials, and contribute to the establishment of con-

struction standards necessary for future lunar infra-
structure.

Closing: Although many unknowns remain regard-
ing the construction of ISRU-based structures, similar
challenges have historically been addressed within the
field of structural engineering. Terrestrial construction
materials also exhibit significant variability, and design
loads are frequently estimated using simplified and
imperfect models. Nevertheless, civil engineers have
successfully developed safe and reliable structures
under such conditions and will continue to do so.
These challenges will be addressed gradually as
knowledge and experience are accumulated.
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