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Highlights:

e Standardized specimen sizes were determined based on similar materials analysis.
e Systematic sintering experiments were conducted for the optimal test conditions.
e Aself-locking Afghan vault structure was designed based on mortarless masonry.
e Parametrical analysis was developed under both static and dynamic lunar loads.

Abstract: In-situ construction technology refers to the direct use of indigenous resources of celestial
bodies for construction and production activities in space exploration activities. Focusing on in-situ
construction technology aims to improve the sustainability and cost efficiency of lunar missions by
utilizing lunar indigenous resources. The research methodology involved sintering experiments using
simulated lunar soil, where cubic specimens (40 mm x40 mm > 40 mm) were prepared based on
material similarity analysis. Based on differences in pressure and temperature, three distinct sintering
conditions were designed for the experiments. The experimental results yielded essential material
properties, including density, compressive strength, and shrinkage rate. Based on these mechanical
properties and the characteristics of mortarless masonry, a self-locking Afghan vault structure was
developed. Designed as an external shielding shell to protect internal inflatable habitats from
radiation and meteorites, this structure functions under unpressurized conditions. Finite element
analysis was employed to develop a parametric model of the Afghan vault structure, enabling
comprehensive evaluation of its mechanical properties under both static and dynamic loading
conditions. The study specifically analyzed the optimal construction angles under two different
loading conditions: self-weight load and typical seismic load. Analysis revealed that structural
stability was optimized at inclination angles of o = 30°and & = 80 “for these respective conditions.
These research advancements have laid a theoretical foundation for the practical application of Afghan
vault structures in lunar construction engineering.
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1. Introduction

As the nearest natural satellite to the Earth, the Moon has long been regarded as an important target for
human space exploration and space resource utilization [1,2]. Recent advancements in international lunar
exploration initiatives, notably NASA’s Artemis Program [3] and the collaborative International Lunar
Research Station (ILRS) project by China and Russia [4,5], have significantly accelerated lunar
exploration efforts. This momentum is further reinforced by active participation from other space
agencies, including those of Europe, Japan, South Korea, and India [6-8]. Within this context, the
development of sustainable lunar base has emerged as a critical objective in contemporary space
exploration strategies [9,10]. Construction of a lunar base requires substantial material resources. Given
the prohibitive costs associated with Earth-Moon transportation, in-situ resource utilization (ISRU) has
become an essential technological approach [11]. This strategy offers a sustainable pathway for lunar
development by minimizing reliance on terrestrial materials, thereby addressing both economic and
logistical challenges in extraterrestrial construction.

Various structural concepts have been proposed for lunar base construction, including rigid structures,
deployable systems, inflatable modules, subsurface lava tube habitats, and hybrid configurations [12-16].
Inflatable structures are advantageous in terms of transportation, storage, construction, and reliability [13].
Rigid structures are resistant to meteorite particle impacts and have greater stability than inflatable
structures, but they are inflexible and heavy, making them cost-ineffective [17]. Lava tube structures are
located below the surface and offer better safety and reliability [14]. Hybrid structure designs can combine
the advantages of multiple types of structures, e.g., combining the safety of rigid structures with the size
and weight reduction advantages of inflatable structures [16]. Recent advancements in in-situ resource
utilization (ISRU) have further expanded construction possibilities through innovative approaches,
including 3D printing technologies, lunar soil-based concrete production, modular brick fabrication
and lunar bag technology [18-20]. These ISRU-based construction methods not only substantially
reduce Earth-launch material requirements by utilizing indigenous lunar resources but also enable
more adaptable architectural solutions for extraterrestrial habitats. Current research initiatives include
NASA’s SinterHab project, which integrates deployable membrane structures with pre-fabricated rigid
components and sintered regolith shells [20,21], and Foster + Partners’ design incorporating inflatable
modules with lunar soil shielding, utilizing D-Shape technology for on-site 3D printing of regolith
bricks [22-24].

Contemporary international research on lunar in-situ construction technologies has identified five
primary methodologies: stacking molding, sintering molding, fusion molding, compression molding,
and bonding molding [25-31]. Stacking and compression molding rely on physical interlocking or
mechanical compaction—simple and energy-efficient, but they produce low-strength, non-airtight
components, limiting them to shielding walls rather than load-bearing structures. Bonding molding
improves strength by adding chemical binders that cure the regolith, but the high cost of transporting
these binders from Earth undermines the benefits of ISRU. In contrast, thermal methods like fusion and
sintering bond regolith using heat alone, without Earth-sourced additives. Fusion fully melts the soil into
a strong, glass-like solid, but it demands very high energy and precise temperature control. Sintering
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heats the material below its melting point, forming particle necks that offer better mechanical
performance than compaction and lower energy use than fusion. For this reason, this study uses sintering
to fabricate structural components. This process can be implemented either through pressureless in-situ
sintering or enhanced with applied pressure within molds to improve material densification and
mechanical properties [32]. Additionally, the bag-regolith technique, which uses flexible woven bags
filled with lunar soil to form a structure, is also a method of forming lunar soil. This method offers
significant advantages, including low energy consumption, minimal launch mass requirements, and
compatibility with internal pressure-loading systems. Through optimized structural design and
innovative engineering processes that meet load-bearing requirements, the bag-regolith technology has
the potential to emerge as the most economically viable and operationally efficient construction method
for lunar surface applications [20].

While numerous processing techniques have been developed for lunar regolith molding, the field
currently lacks standardized specimen dimensions for mechanical property testing of lunar bricks, and
existing designs for lunar surface construction exhibit limited structural diversity. This study
systematically addressed the limitations of lunar in-situ construction by selecting appropriate
dimensions for simulated lunar soil specimens through comparative analysis of material testing
standards in Section 2. The specimens underwent mechanical property testing to derive material
parameters for finite-element modeling. Focusing on mortarless masonry to address bonding material
scarcity, a self-locking Afghan vault structure was designed as an unpressurized protective shell and
parametrically modeled in Section 3. This design strategy avoids internal atmospheric loads, which is
essential given the limited tensile capacity of the mortarless masonry. Consequently, its structural
performance was analyzed under static loads and simulated lunar seismic activity, evaluating
deformation patterns and stress-strain distributions to identify optimal construction angles. The
conclusions are summarized in Section 4.

2. Simulated lunar soil specimens
2.1. Specimen size determination

The determination of appropriate specimen dimensions represents a critical step in measuring
various material mechanical properties, as the specimen size significantly influences the test
outcomes. Key factors affecting the size selection for simulated lunar soil specimens include the
particle size distribution (both pre- and post-treatment), magnitude of mechanical properties,
standardization practices, specimen fabrication complexity, and mechanical property stability [28].
To establish optimal specimen dimensions for simulated lunar soil, a comparative analysis with
reference materials was conducted, leveraging established size-determination methodologies from
related material studies.

Table 1 presents a comparative analysis of the particle size distribution (both pre- and post-molding),
key mechanical properties, and specimen dimensions used in mechanical testing across different materials.
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Table 1. Comparison of test specimen sizes for different material mechanical properties.

Material type Ez;ttllc;zs::/zlenl;lefore Particle size after treatment/mm ?:;icclzgi_c:l performance Specimen size/mm
Cylinders or square columns
Metal [33] Same particle size 0.015-0.25(Grain after Compressive strength 300-1000 Mpa ~ Compressive strength
as after treatment crystallization of metal) Elastic modulus around 200 GPa L=@2.5-35)dor(1-2)d

Elastic modulus L= (5-8) d

Compressive strength

: P. 70.7 x 70.7 x 70.7
<0.9
Cement < 0. 5 Gr le<5 Compresswe strength 10-50 MPa

Sand <5 Elastic modulus 30-50 GPa Elastic modulus
70.7 x 70.7 x (210-230)

Mortar [34]

Split tensile test ~ Other tests Minimum cross-section size
Concrete [35] Same particle size <19.0 <315 Compressive strength 15-50 MPa 100 > 100
as after treatment <375 <375 Elastic modulus 25-40 GPa 150 x 150
- <63.0 200 x 200
Bricks (red
bricks, hollow <3 (Brick factory screen size) Compressive strength 10-30 MPa Approximate size is about
bricks) [36] 100 x 100 x 100
Cylinder diameter of
common ceramic materials
0.005-0.05 Dehydration, redox, ALO; and 20 mm, high 20 mm
Ceramics [37] (Clay, will be Si0; to form AL,O5°SiO, (vitrified ~ Compressive strength 20-60 MPa Cylinder diameter of coarse
processed again) porcelain) ceramic material 50 mm,
high 50 mm
Simulated <01 50%-52%
lunar soil ' .
. 0.1-1 48%-50% Compressive strength around 50 MPa
(sintered) 1 0.5%-1.0%
[22,23] ’ '

The data reveals a correlation between particle size and specimen dimensions, demonstrating a
positive proportionality. The pretreatment particle size ranges are 0.9-5 mm for mortar and 0.005-0.05 mm
for ceramic materials, while simulated lunar regolith particles predominantly measure approximately
1 mm [38,39]. This intermediate particle size distribution suggests that appropriate specimen dimensions
for simulated lunar soil should fall between those established for mortar and ceramic materials, that is,
the side of the 70 mm cube and the diameter of 20 mm diameter cylindrical samples. To further validate
the rigor of this selection, the ratio of specimen size (L) to the maximum particle size (dmax) was evaluated
to ensure material representativeness. As shown in Table 1, the L/d max ratios for standard mortar and
concrete specimens are approximately 14 and 3-5, respectively. For the CUG-1A simulant with a
maximum particle size of approximately 1 mm, the selected 40 mm cubic specimen yields an L/d max
ratio of 40. This ratio is substantially higher than those of the reference materials in Table 1,
confirming that the 40 mm dimension is sufficient to eliminate boundary effects and provide stable,
representative mechanical properties. Considering the practical testing constraints, a cubic specimen
size of 40 mm x40 mm x40 mm was selected for this study.

2.2. Sintering test

The simulated lunar regolith material used in this study, CUG-1A, was sourced from the Qian Xuesen
Space Technology Laboratory. To evaluate its geological representativeness, the chemical composition
of CUG-1A is compared with the average composition of lunar regolith samples returned from the
Apollo missions, as presented in Table 2. The comparative data demonstrates that CUG-1A exhibits a
high degree of similarity to the Apollo 14 samples, which were collected from a highland region, thereby
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positioning it as a representative simulant for lunar highland regions [40]. This specific correlation
ensures the reliability of using CUG-1A to simulate construction activities in lunar highland
environments. Particle size distribution analysis revealed the following gradation: > 0.9 mm (5%),
0.2-0.9 mm (15%), 0.15-0.20 mm (20%), 0.074-0.15 mm (30%), and < 0.074 mm (30%) [41]. The
elemental composition of CUG-1A is detailed in Table 2, with SiO, as its primary component,
accounting for 48.32% by mass.

The experimental procedure, as illustrated in Figure la, commenced with the preparation of
simulated lunar soil specimens. The lunar soil was initially placed in a mold and subjected to vibration
compaction, followed by pressurization at 1.6 MPa using a pressure-testing apparatus to form specimens
measuring 50.0 x50.0 x75.0 mm?®. The specimens were then sintered in a muffle furnace under varying
conditions, and the pressure was determined by the specific sintering conditions. Subsequently, the sintered
specimens were demolded and precisely cut to standardized dimensions of 40 mm x40 mm > 40 mm
using a waterjet cutting machine. Following a drying process, the specimens were subjected to
compressive performance evaluation using a compressive-flexural testing machine.

Table 2. Chemical Composition of Apollo 14 and CUG-1A Regolith. (wg/%) [40,41].

Samples SiO: ALO3 FeOr CaO MgO TiO: KO0 P>0s other
Apollol14 48.10 17.40 10.40 10.70 9.40 1.70 0.55 0.51 1.24
CUG-1A 48.32 16.01 12.50 7.39 6.95 2.38 2.12 0.54 3.79

Considering the high-temperature requirements of the sintering experiments, material reactivity at
test temperatures, and mold fabrication costs, 310s stainless steel was selected for mold construction.
The mold design, illustrated in Figure 1b, incorporates a separable liner with an internal cross-section of
50 mm x50 mm to accommodate material shrinkage while maintaining specimen integrity during the
sintering process.

Both the preliminary sintering experiments and formal tests on simulated lunar soil specimens were
conducted under identical pressure conditions. The specimens, constrained within the mold, were
subjected to a pressure of 4 kN (equivalent to 1.6 MPa) prior to sintering, as illustrated in Figure 1c. For
the preliminary experiments, a temperature range of 850 T to 1100 T was employed with a controlled
heating rate of 8 <T/min [42,43]. After reaching the target temperature, the specimens were maintained
at the designated temperature for 1 hour. Complete specimen formation was achieved at both 1050 <C
and 1100 <C, as demonstrated in Figure 1d. Based on the preliminary sintering results, three distinct
experimental conditions were selected for further investigation: (1) 1050 < with constraint but without
applied pressure, (2) 1100 < with constraint but without applied pressure, and (3) 1050 <T with both
constraint and applied pressure.

The specimens sintered under different conditions were systematically designated as follows:
“1050-n” and “1100-n” for those processed under unpressurized conditions, and “1050-Y-n" for the
specimen sintered under pressurized conditions. To ensure experimental reliability, four to five
replicates were prepared for each sintering condition. Following the quality assessment, three specimens
exhibiting optimal structural integrity with minimal surface cracks were selected from each group for
mechanical property testing after being precisely cut to the target dimensions. A representative sample
of the sintered specimens is presented in Figure le.
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To achieve the specified dimensions of the simulated lunar soil specimens, sanding and smoothing
process was required prior to waterjet cutting. However, a proportion of specimens, particularly those
sintered at 1050 < and 1100 °C under unpressurized conditions, fractured during the sanding process,
rendering them unsuitable for further testing. In contrast, the specimens sintered under pressurized
conditions at 1050 ‘C demonstrated superior structural integrity, exhibiting minimal ring cracks due to
the beneficial effects of pressure during sintering. This pressure application resulted in higher quality
sintered specimens. Figure 1f illustrates representative specimens following the waterjet cutting process.

Put into mold counterweights
. . L Muffle Waterjet Standard
Simulated moon soil Pressurization . . .
‘ sintering cutting specimen

| Vibration compaction ‘

(2)

Upper base

Indenter

External model

Gasket

Lower base

(H

Figure 1. Test procedure and specimens. (a) Specimen production process; (b) Mold; (c) Pressurization;
(d) Specimen; (e) Sintered specimens; (f) Standard specimens.

2.3. Test results

Sintered simulated lunar soil specimens, serving as fundamental components for in situ lunar surface
construction, require comprehensive performance evaluation through parameters analogous to those
used for terrestrial ceramics and red bricks. These evaluation metrics include density, compressive
strength, compressive stress-strain characteristics, elastic modulus, and Poisson’s ratio. Additionally,
post-sintering dimensional shrinkage is a critical performance parameter in the evaluation process.

The sintering experiments of simulated lunar soil specimens revealed distinct morphological
characteristics under different conditions. Specimens sintered at 1050 <C exhibited annular cracks
measuring 1-1.5 mm in width, located 13-24 mm from the upper edge, accompanied by lower section
shrinkage and minimal color variation. In contrast, the specimens processed at 1100 <C demonstrated
smaller annular cracks in the upper region, more pronounced longitudinal cracks, and significant bulging
in the lower section, with a notable color transformation from brick-red to dark grey, accompanied by
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substantial dimensional changes in the bulged areas. The 1050-Y series specimens, sintered under
pressure, displayed superior mechanical properties characterized by reduced crack formation, uniform
coloration, and lower shrinkage rates. However, specimen 1050-Y-4 exhibited inferior sintering quality,
manifested through increased crack density and significant dimensional variations. This degradation is
primarily attributed to non-uniform pressurization during the fabrication process. Specifically, stress
concentrations occurred at the seams of the mold liner, leading to the formation of substantial
longitudinal cracks and localized defects during sintering.

The shrinkage characteristics of the simulated lunar soil are presented in Figure 2a. The 1050-n
specimens exhibit average transverse and longitudinal shrinkage rates of 8.1% and 5.7%, respectively,
with greater contraction observed in the transverse direction. Elevated sintering temperatures
significantly increase shrinkage, as demonstrated by the 1100-n specimens, which show average
transverse and longitudinal shrinkage rates of 14.2% and 18.3%, respectively, with longitudinal
shrinkage exceeding transverse values. The 1050-Y-n specimens display intermediate behavior, with
average transverse shrinkage of 9.1% and longitudinal shrinkage of 15.1%, exhibiting the most
pronounced anisotropy among the three groups.

These results indicate that both elevated temperatures and pressurization contribute to increased
shrinkage in simulated lunar soil, with temperature variations exerting a more pronounced influence on
specimen characteristics. Morphological analysis of the sintered specimens suggests that applied
pressure during sintering enhances the compaction of simulated lunar soil, effectively reducing
transverse crack formation and improving overall sintering quality.
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Figure 2. Performance of sintered lunar soil specimens. (a) Specimen shrinkage; (b) Specimen
density, compressive strength.

Figure 2b presents the density and compressive strength distributions of simulated lunar soil
specimens through bar graphs. The 1050-n specimens exhibit an average density of 1.80 g/cm3while
the 1100-4 specimen, under identical unpressurized conditions, demonstrates a significant increase in
average density to 2.44 g/cm3Additionally, the average density of the 1050-Y-n specimens increases
to 2.01 g/cm=3These experimental results demonstrate that both elevated sintering temperatures and
applied pressure significantly enhance material densification, with temperature exerting a more
pronounced influence under the tested conditions.

The 1050-n specimens exhibit an average compressive strength of 41.07 MPa, while the 1100-4
specimen demonstrates significantly higher strength, averaging 101.87 MPa. Similarly, the average
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compressive strength of the 1050-Y-n specimens is 97.85 MPa. Notably, the compressive strength
achieved through pressurized sintering at 1050 <C is comparable to that obtained via unpressurized
sintering at 1100 <C. These experimental results demonstrate that both elevated sintering temperatures
and applied pressure significantly enhance the mechanical strength of the sintered specimens.

The stress-strain characteristics of simulated lunar soil specimens are presented in Figure 3. Under
unpressurized sintering conditions at 1050 <C, the specimens demonstrate a linear stress-strain relationship
until reaching their compressive limit, at which point sudden failure occurs, exhibiting an average
compressive strength of 41.07 MPa and an elastic modulus of 13.48 GPa. In contrast, the 1050-Y-n
specimens display distinct mechanical behavior, characterized by less smooth stress-strain curves and a
significantly higher stress limit of approximately 90 MPa. These pressurized specimens exhibit brittle failure
with an average elastic modulus of 31.25 GPa, indicating that applied pressure during sintering enhances
the material’s elastic modulus while reducing longitudinal deformation under compressive loading.
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Figure 3. Stress-strain curves of simulated sintered lunar soil specimens.
3. Mechanical study of Afghan vault integral structure
3.1. Structural design

Mortarless masonry construction emerges as a preferred solution for lunar surface construction,
effectively addressing the challenge of bonding material scarcity. Drawing inspiration from the
vernacular architecture of Afghanistan, this study adopts the Afghan vault configuration. As illustrated
in Figure 4a, this system is uniquely characterized by its woodless construction technique [44]. Unlike
conventional radial arches that necessitate timber centering, the Afghan vault enables construction
without the need for formwork. Consequently, this structural system is highly suitable for lunar
environments where auxiliary construction resources are limited. The Afghan vault, a self-locking
structural system, employs a unique construction methodology: initiating from the base edges or corners
of opposing squares, bricks are systematically stacked inward at predetermined inclination angles. The
structural integrity is achieved through an interlocking mechanism, where bricks from opposing sides
intersect and stagger, culminating in a stable, mortar-free configuration upon placement of the final
keystone brick. This design philosophy is the key enabler for mortarless masonry. By ensuring that the
stresses within the structure remain compressive, the need for mortar, which traditionally serves to bind
bricks and resist tensile forces, is eliminated. The sintered bricks are essentially pushed together by the
geometry of the vault, relying on their own compressive strength and the interlocking nature of their
placement to maintain structural integrity.
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The Afghan vault structure composed of sintered lunar soil bricks inherently provides the necessary
radiation and meteorite protection, eliminating the need for an additional regolith covering layer. Therefore,
the self-weight analyzed in this study represents the primary static load. Since the structure functions as a
protective cover over a pressurized core, it does not bear internal atmospheric loads. For computational
efficiency in modeling and finite element analysis, this study adopts the Afghan vault configuration illustrates
in Figure 4b, with the detailed construction process schematically presents in Figure 4c.

(d) (e)
Figure 4. Afghan vault. (a) Traditional Afghan vaulting method; (b) Type of construction;
(c) Construction process; (d) Components; (e) Geometric sketch.

The Afghan vault structure comprises three primary components: bilateral inclined slopes
converging inward at specific angles, and a central keystone section that facilitates structural
conjunction. Based on practical construction considerations [45,46], the base dimension of the vault was
established at 4000 mm. The wall thickness, corresponding to the width of individual construction
bricks, was modeled at 115 mm, as illustrated in Figure 4d to clarify the structural composition, the
correlation between the material testing and the structural design was established. The 40 <40 <40 mm
cubic specimens (Section 2) were used to determine the constitutive material properties, which were
then assigned to the full-scale bricks in the Afghan vault model. The individual bricks were designed
with standard dimensions of 240 <115 <53 mm. Regarding the construction parameters, a mortarless
dry-stacking method was adopted with a negligible gap (assumed to be 0 mm) to simulate tight contact.
The detailed construction sequence of the Afghan vault is illustrated in Figure 5. A strict 1/2 staggered
overlap (running bond) was implemented between adjacent layers. This construction design significantly
enhances the self-locking performance: the staggered overlap ensures the continuity of shear transfer
paths and prevents the formation of through-vertical cracks, while the specific inclination angles convert
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the gravitational component of the bricks into normal pressure on the contact surfaces, thereby
maximizing static friction to resist sliding and maintain structural equilibrium.

Oy

(a)

000

Figure 5. Construction process of the Afghan vault.

Given the absence of explicit geometric curves in traditional Afghan vault construction, the
modeling process incorporates simplifications to facilitate computational analysis. The bilateral slopes
are represented as truncated conical sections, formed by intersecting a conical surface with a cutting
plane, as illustrated in Figure 4e. The blue regions depict the removed conical surfaces post-intersection,
while the gray sections define three critical angular parameters: slope angle («), ground angle (5), and
their composite angle (6 = a + f). The top section of the Afghan vault is generated through the rotational
transformation of the red dashed cross-section about the axis connecting the vertices of two £ angles.
The structural height parameters include the slope apex height (h), and the total vault height (H).

The finite element analysis primarily examines the stress distribution patterns, structural deformation
characteristics, and geometric parametric influences on the mechanical performance of Afghan vault
models under both static loading and moonquake conditions. Nine distinct parametric configurations were
systematically designed, employing a standardized nomenclature system (SPa-6) for model identification.
The detailed geometric parameters corresponding to each model configuration are presented in Table 3.
The selection of these geometric parameter ranges is grounded in physical constructability constraints
specific to mortarless masonry. Specifically, the inclination angle « is strictly limited by the static friction
coefficient between the sintered bricks. Angles exceeding 40=would risk immediate sliding failure during
the stacking process without binders, while angles below 20 <reduce spatial efficiency. These ranges ensure
the validity of the self-locking mechanism during the critical construction phase.

Table 3. Finite element model parameters of Afghan vault.

Number a B 0 Height at the top of the slope #/mm Total height H/mm
SP20-70 20° 50° 70° 788.41 1029.46
SP20-80 20° 60° 80° 850.69 982.3
SP20-90 20° 70° 90° 909.02 967.38
SP30-70 30° 40° 70° 967.38 1504.97
SP30-80 30° 50° 80° 1100.06 1436.02
SP30-90 30° 60° 90° 1224.73 1414.21
SP40-70 40° 30° 70° 967.35 1934.76
SP40-80 40° 40° 80° 1186.65 1846.12
SP40-90 40° 50° 90° 1392.69 1818.08
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3.2. Finite element modeling

The primary objective of the modeling is to investigate the overall stress distribution within the finite element
model and determine optimal model parameters. The Afghan vault entity model is constructed using
SolidWorks, with each component built separately and then assembled. The assembled model is imported
into ABAQUIS for finite element simulation analysis using the Standard module. The component type is
defined as a 3D deformable body. To simplify the contact settings of the finite element model and avoid
unnecessary computational resource consumption, the model is not divided into block entities. Instead,
the three parts of the Afghan vault are directly bound together face-to-face after modeling. This tied contact
approach serves as a first-level approximation for evaluating the structure’s global behavior. The validity of
this monolithic model is grounded in the vault’s compression-dominant state, which is confirmed by two
key points. First, the subsequent Finite Element Analysis (FEA) results reveal negligible tensile stresses.
Second, a separate theoretical equilibrium analysis verifies the frictional self-locking mechanism of the
mortarless joints. This analytical check confirms that the geometric configuration satisfies the stability
criterion x > tang €osy (assuming a friction coefficient x = 0.6), ensuring the joints remain stable under
gravitational loads. Consequently, these physical justifications confirm that the continuous model
effectively captures the macroscopic performance of the structure. The bottom of the model is then subjected
to a fully fixed constraint. Given the irregular three-dimensional geometry of the model, a 10-node
quadratic tetrahedral element (C3D10) is selected.

The material constitutive model for the Afghan vault is based on the simplified mechanical
properties of simulated lunar soil sintered at 1050 <T under pressurized conditions. The material
properties are as follows: density p = 2.0 g/cm3elastic modulus E = 31.25 GPa, Poisson ratio » = 0.30,
and compressive strength onc = 97.85 MPa. The material constitutive behavior is modeled as linear
elastic. This approach is supported by the experimental stress-strain curves (Figure 3), which
demonstrate a linear response up to the point of brittle failure. Furthermore, as the finite element analysis
indicates that the structure’s operational stresses are significantly lower than the material’s failure
threshold, the structure remains well within the elastic region, making the linear elastic model
appropriate for this design phase.

3.3. Static analysis

Given that the gravitational acceleration on the Moon is only 1/6 of that on Earth, a value of g = 1.633 m/s?
is adopted for the self-weight analysis.

(1) Vertical displacement

Figure 6 presents the vertical displacement distribution of the parametric model under self-weight
conditions, demonstrating that significant displacement values are predominantly localized in the upper
region of the Afghan vault. For 8 = 70< the maximum vertical displacements corresponding to slope
angles a of 20 30< and 40<are 1.06 mm, 0.65 mm, and 0.58 mm, respectively. These displacements
represent 0.10%, 0.043%, and 0.030% of the total height of the Afghan vault. Similarly, for 8 = 80< the
maximum vertical displacements for slope angles « of 20< 30< and 40“are 0.96 mm, 0.66 mm, and
0.58 mm, accounting for 0.097%, 0.046%, and 0.031% of the total height, respectively. When 6 = 90<
the maximum vertical displacements for slope angles o of 20< 30< and 40 “are 0.93 mm, 0.69 mm, and
0.60 mm, representing 0.096%, 0.049%, and 0.033% of the total height, respectively.
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The data indicates a consistent trend: as both 8 and « increase, the maximum vertical displacement
values and their proportions relative to the total height of the vault progressively decrease. These results
imply that optimal structural design of the Afghan vault should incorporate relatively larger « and 4
values within their respective feasible ranges.

U, u2

-5.310e-01
-5.803e-01

i ot
-9.666e-01
-1.055¢+00

(b)

u, uz2

-8.500e-01 -6.022e-01
-9.601e-01 -6.570e-01

=

-6.045¢-01

(9) (h) (i)
Figure 6. Vertical displacements of models with different parameters under self-weight(mm).
(a) SP20-70; (b) SP30-70; (c) SP40-70; (d) SP20-80; (e) SP30-80; (f) SP40-80; (g) SP20-90; (h) SP30-90;
(i) SP40-90.

(2) Stress distribution

Figure 7 illustrates the overall stress distribution of the Afghan vault for varying angles of a and 6.
The analysis reveals that stress concentrations predominantly occur on the left and right sides of the
slope. At 8 =70< the maximum stresses corresponding to slope angles o of 20< 30< and 40are 0.01473
MPa, 0.026 MPa, and 0.012 MPa, respectively. For 8 = 80< the maximum stresses at the same slope
angles are 0.013 MPa, 0.0093 MPa, and 0.0113 MPa, respectively. When 8 = 90< the maximum stresses
for slope angles a of 20< 30< and 40<are 0.013 MPa, 0.00931 MPa, and 0.011 MPa, respectively.

The results demonstrate distinct trends in stress behavior. For 8 = 70°and ¢ = 80 the maximum
stress decreases as o increases. However, at 8 = 90< the maximum stress initially decreases and then
increases with increasing a. Additionally, when « = 20< the maximum stress decreases initially and then
increases with increasing 6. For o = 30°and a = 40< the maximum stress exhibits an inverse
proportionality with 6. These findings indicate that the maximum stress of the Afghan vault model does
not follow a purely positive or negative correlation with « and 8. Among the nine models analyzed,
SP30-80 demonstrates superior mechanical properties, characterized by the smallest maximum stress. It
is noteworthy that the maximum stresses across all configurations remain far below the compressive
strength of the sintered lunar soil. This indicates that the Afghan vault is significantly over-designed for
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lunar gravity conditions, offering an extreme safety margin that ensures structural reliability even under
unforeseen localized defects.

S, Mises S, Mises

(F49: 75%)
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+7.014e-03
+6.112e-03
+5.211e-03
+4.309e-03

+1.604e-03

+4,432¢-05 +7.020e-04

S, Mises
(PH: 75%)
+1.288¢-02

S, Mises
(P 75%)
+9.474e-03

+6,385¢-03
+5.613e-03
+4.841e-03
+5.389¢-03
+4.319e-03
+3.250e-03
+2.180e-03
+1.110e-03
+4,090e-05

+2.075e-04

S, Mises

P19 75%)
+1.1452-02

+1.0632-02

+7.3606-03
+6.542e-03
+5.725e-03

(9) (h) (1)
Figure 7. Stress distribution of models with different parameters under self-weight (MPa).
(a) SP20-70; (b) SP30-70; (c) SP40-70; (d) SP20-80; (e) SP30-80; (f) SP40-80; (g) SP20-90;
(h) SP30-90; (i) SP40-90.

(3) Tensile and compressive stresses

Table 4 summarizes the maximum tensile and compressive stresses for each modeled structure,
along with their corresponding stress ratios. The results indicate that the maximum compressive stresses
in the structures are significantly lower than the compressive strength of the simulated lunar soil sintered
specimens. By optimizing the geometric parameters o and 9, the tensile stresses within the Afghan vault
model are substantially reduced, resulting in a stress state dominated by compressive forces. For
instance, the SP30-80 model exhibits the lowest maximum tensile stress of 0.0011 MPa among all
configurations, with a tensile-to-compressive stress ratio of 0.104. This behavior aligns closely with the
stress distribution observed in traditional Afghan vault construction, where structural stability is achieved
through compressive forces between bricks, enabling the implementation of mortar-free masonry systems.
Although the specific tensile strength of the simulated lunar soil was not characterized in this study, the
maximum tensile stress observed in the finite element analysis is extremely low (only 0.0255 MPa).
This value is several orders of magnitude lower than the measured compressive strength (97.85 MPa).
Given that the structure is designed to be compression-dominant, such minute tensile stresses are
negligible and fall well within the safety margins of sintered ceramic-like materials, indicating no risk
of tensile failure.
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Table 4. Maximum tensile and compressive stresses of models under self-weight.

Number Maximum tensile stress/MPa Maximum compressive stress/MPa Stress ratio
SP20-70 0.0176 0.0203 0.867
SP20-80 0.0055 0.0147 0.374
SP20-90 0.0060 0.0178 0.227
SP30-70 0.0255 0.0320 0.797
SP30-80 0.0011 0.0106 0.104
SP30-90 0.0020 0.0105 0.190
SP40-70 0.0057 0.0170 0.335
SP40-80 0.0068 0.0166 0.410
SP40-90 0.0048 0.017 0.282

3.4. Dynamic performance analysis

3.4.1. Angle of the moonquake waves

The Chalfant Valley-02 wave is selected to simulate the moonquake effect, with a duration of 40
seconds. Although moonquakes on the lunar surface are typically of low magnitude [47], a conservative
design strategy is essential given the high reliability requirements for inhabited lunar bases where
structural repair is extremely difficult. Considering the strict safety requirements for lunar habitats and
the necessity of exploring potential applications on other planetary bodies with varying seismic
activities, a peak ground acceleration (PGA) of 0.2 g (corresponding to seismic intensity VIII) was
selected. This intensity serves to simulate a rare but high-risk shallow moonguake scenario, thereby
providing a reliable safety margin. The amplitude-adjusted acceleration time-history curve of the
Chalfant Valley-02 wave is illustrated in Figure 8a.

Acceleration/(m-s™)

1.0
0.8
0.6
0.4
0.2
0.0
-0.2
-0.4
-0.6
-0.8
-1.0

0 5 10 15 20 25 30 35 40
Time/s

(@)

(b)

Figure 8. Moonquake wave. (a) Acceleration time-history course curve; (b) Direction of
moonquake wave imposition.

To evaluate the dynamic response efficiently, a two-stage analysis was adopted. A dynamic time-course
analysis was conducted on the Afghan vault model under combined loading conditions, including self-weight
and seismic excitation from the Chalfant Valley-02 wave. In the first stage, four wave propagation angles
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(0530 60 and 909 relative to the x-axis were investigated. As illustrated in Figure 8b, these angles
were applied to three representative configurations (SP20-80, SP30-80, and SP40-80) to identify the
most critical loading direction while minimizing computational costs. In the second stage, the identified
critical angle was applied to all nine parametric models to determine the optimal geometric configuration
under seismic excitation.

(1) Vertical displacement

Figure 9 presents the deformation patterns of the three selected models (SP20-80, SP30-80, and
SP40-80) under the moonquake wave with varying loading angles. The results reveal that models with
different o values exhibit distinct deformation behaviors even under identical loading angles. Table 5
summarizes the maximum vertical displacements under different loading angles of the moonquake wave.
The analysis reveals that the most unfavorable loading angles for the three models are 90< 0< and 30<
respectively. This suggests that there is no clear or consistent relationship between the maximum vertical
displacement and the loading angle for a given model subjected to moonquake waves from different
directions. Consequently, further investigation is necessary to evaluate the influence of moonquake
waves at varying angles on the tensile stress index, with the aim of identifying the most critical loading
scenario for structural stability.

(d)

()

@ U]

Figure 9. Vertical displacements at different moonquake wave loading angles (mm). (a)SP20-80, 0<
(b) SP30-80, 0< (c) SP40-80, 0< (d) SP20-80, 30< (e) SP30-80, 30< (f) SP40-80, 30< (g) SP20-80, 60<
(h) SP30-80, 60< (i) SP40-80, 60< (j) SP20-80, 90 (k) SP30-80, 90< (1) SP40-80, 90<
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Table 5. Maximum vertical displacements for different moonquake wave loading angles.

Loading angle SP20-80 SP30-80 SP40-80
0< 1.023 1.310 0.620
30° 1.031 0.741 0.653
60° 1.049 0.815 0.588
90° 1.100 0.736 0.625

(2) Tensile stress

Given that compressive stress has a relatively minor impact on the structural integrity of the Afghan
vault, while tensile stress poses a more significant threat to its stability, the tensile stress distributions of the
three selected models (SP20-80, SP30-80, and SP40-80) under varying loading angles of moonquake waves
are presented in Figure 10. Table 6 summarizes the maximum tensile stresses under these conditions. A
comparative analysis reveals that the maximum tensile stresses for the three models occur at a loading angle
of 30 measuring 0.0065 MPa, 0.0026 MPa, and 0.0105 MPa, respectively. These results indicate that a
loading angle of 30 “represents the most critical condition influencing the stability of the models. The failure
mechanism is attributed to the asymmetry of the dynamic loading relative to the structure’s geometry. Unlike
0<=or 90=waves that align with the symmetry axes, the 30 <oblique wave generates significant torsional
effects and asymmetric shear stresses along the brick interfaces. This specific loading direction maximizes
the disruption of the frictional self-locking mechanism, leading to the peak vertical displacements and tensile
stresses observed. Consequently, subsequent dynamic time-course analyses focus on this loading angle to
evaluate the structural response under the most unfavorable conditions.

0) (k) M
Figure 10. Tensile stress cloud at different loading angles of the moonquake wave (MPa). (a) SP20-80,
0< (b) SP30-80, 0< (c) SP40-80, 0< (d) SP20-80, 30< (e) SP30-80, 30 (f) SP40-80, 30< (g) SP20-80,
60< (h) SP30-80, 60< (i) SP40-80, 60< (j) SP20-80, 90< (k) SP30-80, 90< (I) SP40-80, 90<
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Table 6 Maximum tensile stresses at different moonquake wave loading angles.

Maximum tensile stresssMPa SP20-80 SP30-80 SP40-80
0° 0.0060 0.0012 0.0084
30° 0.0065 0.0026 0.0105
60° 0.0057 0.0021 0.0077
90° 0.0060 0.0018 0.0068

3.4.2. Dynamic performance analysis results

(1) Vertical displacement

Figure 11 illustrates the vertical displacements of models with varying geometric parameters under
the moonquake wave loading angle of 30< The results indicate that the maximum vertical displacements
of individual models exhibit inconsistent trends under seismic excitation, with no discernible pattern.
Through comparative analysis, the SP30-80 model demonstrates the smallest range of vertical
displacement variation among all configurations, with a maximum upward deformation of 0.022 mm and
a maximum downward deformation of 0.741 mm. These findings indicate that the model with « = 30°
and 6 = 80 “achieves optimal structural performance under lunar shock wave loading conditions.

U, L
2

% -6.074¢-01
-6.774e-01

(2)
(d)
(9)

(b)
(e)
(h)
Figure 11. Vertical displacements of models with different parameters under the effect of

moongquake waves (mm). (a) SP20-70; (b) SP30-70; (c) SP40-70; (d) SP20-80; () SP30-80; (f)
SP40-80; (g) SP20-90; (h) SP30-90; (i) SP40-90.

(i)

(2) Tensile and compressive stresses
Table 7 presents the tensile and compressive stress distributions of models with varying geometric
parameters under a 30°moonquake wave. The data indicate that the SP40-70 model experiences the
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highest compressive stress among all configurations, with a maximum value of 0.025 MPa. This stress
level remains significantly below the compressive strength of sintered simulated lunar soil specimens
processed at 1050 <C under applied pressure, confirming the structural adequacy of the Afghan vault
configuration under compressive loading conditions. Given the critical influence of tensile stress on
structural stability, particular attention is given to the maximum tensile stress values. The SP30-80 model
demonstrates the lowest maximum tensile stress at 0.005 MPa, indicating optimal dynamic load-bearing
performance when a = 30and 0 = 80<

Table 7 Tensile and compressive stresses in models under the action of 30 °moonquake waves.

Tensile to compressive

Number Maximum tensile stress/MPa Maximum compressive stress/MPa stress ratio
SP20-70 0.006 0.02 0.3
SP20-80 0.006 0.016 0.375
SP20-90 0.009 0.019 0.474
SP30-70 0.006 0.021 0.286
SP30-80 0.005 0.013 0.384
SP30-90 0.007 0.014 0.5
SP40-70 0.013 0.025 0.52
SP40-80 0.011 0.02 0.55
SP40-90 0.01 0.02 0.5

3.5. Discussion

The extremely low stress values obtained in the simulations (0.01-0.03 MPa), compared to the 97.85 MPa
compressive strength of the sintered lunar soil, indicate a massive safety margin. In the context of lunar
construction feasibility, this suggests that the Afghan vault is highly tolerant of potential material defects
or inconsistencies in the sintering process. By serving as a protective cover over a pressurized core, the
structure effectively shields internal habitats from radiation and meteorites, making it a robust candidate
for early lunar base shielding. Compared to the rigid domes or radial arches mentioned in Introduction,
which typically require complex formwork or temporary supports during construction, the Afghan
vault’s self-locking, mortarless design offers a significant advantage for in-situ resource utilization by
eliminating the need for terrestrial-sourced auxiliary materials.

Furthermore, the identification of optimal construction angles (o = 30°and 6 = 80 provides critical
geometric parameters for autonomous robotic systems. These angles can serve as the baseline for robotic
path planning and block-laying sequences, ensuring structural stability is maintained throughout the
construction process without human intervention. However, it is important to acknowledge the
limitations of this study. The current finite element analysis employs simplified linear constitutive
models and tied contact interfaces, which may not fully capture the complex frictional sliding behavior
of mortarless masonry. Additionally, the lack of a physical scale model and the use of simplified seismic
waves necessitate future experimental validation to confirm the structural response under more complex,
non-linear loading scenarios.
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4. Conclusions

This study investigates the application of in-situ construction techniques for lunar surface buildings
through an integrated approach combining material characterization, structural design, and numerical
analysis. The research methodology commenced with sintering experiments on simulated lunar soil to
determine its fundamental mechanical properties, which were subsequently implemented in the design of
a mortarless masonry structure based on the Afghan Vault configuration. These material properties were
then incorporated into finite element parametric modeling, enabling comprehensive numerical simulations
to evaluate the structural integrity and construction feasibility of the proposed lunar building system.

In accordance with Chinese specifications for material mechanical property testing and considering
practical experimental constraints, the sintering tests of simulated lunar soil were conducted using cubic
specimens with 40 mm side lengths. This study systematically analyzed the specimens’ post-sintering
morphological characteristics and evaluated key mechanical properties, including density, elastic
modulus, and shrinkage, under controlled temperature and pressure conditions. The experimental results
demonstrate that specimens sintered at 1050 °C under pressurized conditions exhibit optimal mechanical
performance, characterized by superior processing quality and enhanced mechanical stability compared
to other test conditions.

Given the absence of bonding materials for in-situ lunar surface construction, this study adopts the
self-locking structural concept of the ancient Afghan vault as a reference model. Through parametric
modeling using finite element analysis software, the structural performance was evaluated by comparing
deformation patterns and stress-strain distributions under both static loading and simulated moonguake
conditions. Numerical simulation results indicate that the configuration with a = 30°and 6 = 80°
demonstrates optimal stability, exhibiting minimized stress and strain under identical loading conditions.

This research integrates experimental material characterization with parametric finite element
analysis to optimize the lunar Afghan vault. While the current scope focuses on numerical verification,
the structural feasibility is intrinsically supported by the precedent of traditional Afghan vaults, whose
self-locking mechanism has been successfully validated in terrestrial construction practices. The stability
and mortarless nature of this typology make it an ideal candidate for an unpressurized external shielding
shell to protect lunar habitats from radiation and meteorites. By grounding the simulation in
experimentally derived material properties and proven geometric typologies, this study identifies the
optimal configuration. These findings establish a rigorous theoretical foundation and essential design
parameters for the next phase of research. Subsequent efforts will advance toward physical fabrication
and experimental validation to assess real-world construction tolerances, while further refining the
characterization of frictional contact behavior between modular components.
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