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Abstract: Water resources are essential to human exploration in deep space or the establishment
of long-term lunar habitation. Ice discovered on the Moon may be useful in future missions to
the lunar surface, necessitating the consideration of in situ resource utilization if it is present in
sufficient amounts. Extraction of ice can cause the regolith to settle, which can lead to unintended
structural damage. Therefore, any settlement resulting from ice extraction should be understood
from a geotechnical perspective. This work reports on experimental investigation of the potential
settlement caused by the extraction of ice from lunar regolith simulant containing different textures
of ice. The KLS-1 simulant was prepared with different water contents and ice textures. Significant
settlement occurred in simulant–ice mixtures with initial water contents of 5–10%.

Keywords: lunar ice; in situ resource utilization; regolith; water content; settlement; ice texture

1. Introduction

The concept of In Situ Resource Utilization (ISRU) was first extensively evaluated
and studied at the Working Group on Extraterrestrial Resources (WGER) nearly 60 years
ago, an informal organization of researchers and engineers interested in activities related
to space resource utilization [1]. In early concepts for space habitats, the goal was to use
water extracted on-site to sustain life or irrigate crops, and later as a source of energy for
producing rocket fuel. Although detailed knowledge of the composition of the lunar soil
was limited at the time, early concepts for the process of heating the regolith and extracting
water were already in place [2]. The establishment of a long-term human presence in space
must utilize extraterrestrial raw materials to reduce the need to transport resources from
Earth. By utilizing space resources to provide materials required for space exploration,
we can unleash the full potential of space exploration and greatly reduce the cost of space
exploration. Similar to the extraction and use of terrestrial resources, to begin with, a
given resource (e.g., oxygen, water ice) must be identified through prospecting and ground
truthing to increase certainty [3]. NASA’s report of the discovery of ice on the Moon in 1998
led to a later announcement in 2005 regarding the in situ utilization of lunar resources [4].
In recent research, the core concept of ISRU is using ice and volatile materials on the Moon
to produce oxygen and water for exploration crews and provide propellant (rocket fuel)
for deep space exploration [5–8]. This is consistent with earlier goals and patterns of ISRU.
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Lunar ice and regolith are potential resources for life support, propellants, and mineral raw
materials [9–13].

The Lunar Crater Observation and Sensing Satellite (LCROSS) found that the wa-
ter content of lunar regolith in certain areas can be up to (5.6 ± 2.9)% [14]. A space-
craft Smart Lander for Investigating Moon (SLIM) from the Japan Aerospace eXploration
Agency (JAXA) and the Indian Space Research Organization (ISRO) landed near the per-
manently shadowed regions (PSRs) at the lunar poles to conduct neutron, spectroscopic,
and subsurface studies of possible water ice locations [15]. NASA and the European
Space Agency (ESA) have also established and promoted ground exploration plans to
observe the occurrence of lunar ice [16,17]. The data obtained to date show that ice exists
at the Moon’s shadowed polar craters [18], not only in the craters, but also in the sur-
rounding cold traps [19–23]. International space agencies are preparing to explore lunar
ice [24–26] by conducting activities such as sampling, drilling, and the collection and use of
volatiles. While previous researchers have detected water ice on the Moon, the presence of
water-rich regions containing (5.6 ± 2.9)% water content remains uncertain, necessitating
quantitative investigations.

Lunar ice may manifest as small-grained water frost at the surface, as intricate mixtures
of ice and regolith grains, or as subsurface ice layers. Johnson et al. [27] reported that lunar
ice exists in various forms such as discrete ice, ice-coated or ice-cemented regolith, and ice
breccia. Discrete ice is a physically mixed form of lunar regolith and ice, whereas ice-coated
and ice-cemented regolith are physical combinations of lunar regolith and ice. Ice crystals
are also expected in the form of embedded breccia.

Heating the lunar regolith appears to be a theoretically feasible means of extracting
water [28,29]. Extracting water from ice under the lunar surface would leave a void,
which is expected to lead to settlement owing to loads that include the weight of material
above the void. Settlement represents a hazard, as it could overturn rovers or destabilize
structures required for future ISRU. Therefore, thawing of icy layers near the surface can
have substantial effects on lunar operations. Mechanical discontinuities in the substrate
arising from water extraction on a slope may cause potentially destructive slides, flows,
and slumps [30]. Establishing how much settlement to expect could aid the selection of
resource extraction sites and the transport of resources across the lunar surface. Overall,
designing structures and instruments that are resilient against expected settlement is crucial
to ensure the safety and integrity of research and other activities on the Moon.

Despite the importance of engineering in withstanding settlement, no previous stud-
ies have investigated settlement due to ice extraction. Therefore, this work reports the
investigation of settlement and behavior changes in regolith resulting from its alteration by
compression and the heating of water ice in the regolith. Specimens of regolith simulant
with varying water contents, ice textures, and loading conditions were compared. Extract-
ing lunar water ice resources involves the phase transition of solid water ice to water vapor.
However, conducting ice extraction in a vacuum environment to simulate lunar conditions
poses experimental challenges. If the extraction occurs in a gaseous state rather than as
water, it is anticipated that settlement resulting from ice extraction may be comparable to
or even greater than that in atmospheric conditions due to an increase in void volume. In
addition, during the experiment, the change in water content during the heating process
was insignificant. This provides a more conservative estimation of settlement behavior, due
to the expected increase in void volume if the ice water runs in the form of a gaseous state.
The results are expected to help estimate settlement caused by ice extraction on the Moon.

2. Materials and Methods
2.1. Material

Simulant materials are required for the physical analysis of icy lunar regolith and the
ground testing of payloads designed to be sent to the surface [31]. Lunar simulants are
materials that simulate the physical, chemical, and mechanical properties of lunar regolith,
which essentially comprises a layer of loose, heterogeneous, unconsolidated debris [32].
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Given the scarcity of lunar regolith on Earth, studies must employ simulants with similar
properties to real regolith [33,34]. The Korean Lunar Simulant (KLS-1) developed in
2015 was used in this study. KLS-1 validated the similarity of chemical, physical, and
mechanical properties through comparative analysis with Apollo samples and common
lunar simulants [35]. It has a similar mineral composition and particle size distribution
to sampled lunar regolith (sample number 14163) [36] as well as other simulants, such as
the Johnson Space Center simulant (JSC-1) and Fuji Japan Simulant (FJS-1), as shown in
Figure 1. It also has similar physical and mechanical properties to JSC-1 and FJS-1 [35]
(Table 1).
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Figure 1. Particle size distributions of real lunar regolith and lunar simulants JSC-1, FJS-1, and
KLS-1 [34].

Table 1. Mechanical properties of JSC-1, FJS-1, and KLS-1 lunar simulants.

lunar Simulant Cohesion
(kPa) Friction Angle (◦) Specific

Gravity (−) Remarks

JSC-1
1.00 45.00 2.90 [37]
1.65 45.00 2.92 [35]

FJS-1
3–8 32.5–39.4 2.94 [38]
8.13 39.40 2.90 [35]

KLS-1 1.85 44.90 2.94 [35]

2.2. Experimental Apparatus

Figure 2 outlines the apparatus generally used in frozen ground engineering to test
one-dimensional freezing and thawing. The mold had a height of 200 mm and an inner
diameter of 200 mm; it comprised a 10 mm-thick acrylic material with low thermal con-
ductivity. The outer area was covered with 400 mm-thick insulating extruded polystyrene.
Ten temperature sensors (T-type thermocouples) ensured the reliability of temperature
measurements inside the specimen. They were installed symmetrically at 20 mm intervals
on the inner wall of the mold to allow observation of the vertical temperature distribution
from 0 to 80 mm up the specimen. A linear variable displacement transducer (LVDT) with
an accuracy of ±0.001 mm measured vertical displacement. Compression of the specimen
(settlement) gave negative displacement values, and elevation of the sample (heaving)
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led to positive displacement values. The bottom temperature of the mold was controlled
by a separate cooling pump. The upper part of the specimen was continually drained,
with water extracted through the top surface, and an adjustable valve connected at the
bottom of the mold allowed excess water to drain from the specimen. The experiment was
carried out in a large refrigerated room to control atmospheric temperature, and the internal
temperature of the specimen was carefully controlled using a temperature controller at
the bottom.
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2.3. Specimen Preparation and Testing Method

A standard heating procedure (110 ◦C for 24 h) first removed any initial moisture
from KLS-1 [39]. The dried regolith simulant was then used to prepare unsaturated frozen
specimens with target initial water contents of 1%, 5%, and 10%. Gravimetric analysis
confirmed the actual water content: a sample of each mixture was weighed before and after
drying in an oven at 110 ◦C for 24 h, and the mass loss was calculated. Three different types
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of frozen samples were prepared to reproduce unsaturated lunar permafrost with different
physical textures; NASA reports that the surface gravity of the Moon is approximately
1.62 m/s2, which is roughly one-sixth of Earth’s. To simulate human weight on the Moon,
a pressure of 4.2 kPa is required for a mass of 13.5 kg on Earth and 80 kg on the Moon.
Similarly, a pressure of 10.2 kPa is required to simulate a lunar rover with a mass of
200 kg. According to the Apollo 17 mission, each Lunar Roving Vehicle (LRV) has a mass
of 210 kg without payload [40]. For engineering safety purposes, a more conservative
pressure is adopted. Therefore, the samples were classified into two groups for testing
using two different overburden pressures (Table 2). In addition, porosity serves as a crucial
indicator for representing soil structure; however, testing specimens in an unsaturated state
poses challenges in directly measuring porosity. Instead, dry unit weight can be directly
measured, which is a reliable indicator of porosity. As dry unit weight increases, porosity
decreases. In this case, Table 2 records the dry unit weight of the sample.

Table 2. Specimen initial conditions.

CASE

Overburden
Pressure

(kPa)

Specimen
Mass

(g)

Water
Content

(%)

Height
(mm)

Soil Mass
(g)

Water Mass
(g)

Dry Unit Mass
(kN/m3)

P Wt wi H0 Hi Ws Ww Gd

I-1-1

4.2

4927.3 11.3 120.7 119.1 4415.1 498.9 11.6
I-1-2 5468.0 4.9 112.3 111.3 5212.6 255.4 14.6
I-1-3 5585.0 1.3 106.3 106.1 5513.3 71.67 16.2

II-1-1 4350.0 10.6 115.3 114.2 3933.1 416.9 10.8
II-1-2 4288.3 10.6 118.7 116.1 3887.9 412.1 10.5

III-1 4941.5 10.0 110.7 110.9 4496.4 449.6 12.7

I-2-1

10.4

4936.1 11.3 119.0 116.5 4415.1 498.9 11.9
I-2-2 5482.2 4.9 114.0 111.9 5221.2 255.8 14.6
I-2-3 5751.0 1.3 109.0 106.7 5677.2 73.8 16.6

II-2-1 4346.1 10.6 115.7 112.5 3933.9 416.9 10.9
II-2-2 4262.4 10.6 119.7 116.7 3864.4 409.6 10.3

III-2 5293.9 9.9 121.0 120.8 4821.5 477.3 12.5

Samples for cases I and II were prepared in a large refrigerated room maintained at
−10 ◦C. The case I samples comprised KLS-1 and fine ice particles (up to 0.225 mm) that
were physically mixed as discrete ice. The ice used in the experiments was prepared using
distilled water in another small freezer in a separate laboratory. The small freezer isolated
the area surrounding the ice, minimizing the influence of outside temperature, and induced
one-dimensional freezing from bottom to top. Ice was generated by slow one-dimensional
freezing for about 48 h to remove as many dissolved air bubbles as possible from the
distilled water during its phase transition to ice [41]. Finally, the ice was crushed, and a
sieve was used to select particles up to 0.225 mm. The case II samples comprised physical
combinations of lunar regolith and ice (ice-coated or ice-cemented regolith). Therefore,
after mixing distilled water with dried KLS-1 and then freezing in the large refrigerated
room for 24 h, the mixture was pulverized and sieved to collect particles of up to 0.850 mm.
After preparing the case I and II samples, they were poured into the undrained mold based
on the calculated weight, and the height (Ho) was obtained. After each experiment was set
up, the temperature inside each specimen was conditioned using the bottom temperature
controller set to −5 ◦C. During the initial temperature conditioning, the specimen was
consolidated by simultaneously applying an overburden pressure (P). Settlement caused by
the consolidation was measured and was considered complete when the LVDT readings no
longer changed significantly (the consolidation rate was <0.01 mm per 1 h) after standing
the sample for at least 4 h. The initial temperature condition at −5 ◦C and the height (Hi)
of the fully consolidated specimen were set as initial conditions.
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The case III samples, comprising KLS-1 mixed with distilled water, were poured into
the mold and consolidated in the large refrigerated room maintained at 10 ◦C. When the
consolidation was completed, the temperature of the room was decreased to −10 ◦C, and
the bottom temperature controller was also set to −10 ◦C. As each specimen froze, a small
degree of frost heave occurred. This was completed when the internal temperature of the
specimen was below 0 ◦C. The temperature and specimen height (Hi) in this state were
regarded as the initial conditions.

After completing specimen conditioning, both the temperature in the large refrigerated
room and the bottom temperature controller increased simultaneously to facilitate the
melting of ice, and the bottom valve was opened. The settlement caused by the ice thawing
was measured, and the test was considered complete when the LVDT readings no longer
changed significantly (i.e., the consolidation rate of the specimen was <0.01 mm per 1 h).

3. Results

The experimental results are grouped by overburden pressure (4.2 or 10.4 kPa). In
total, there are 12 experimental results for the tested pressures and specimen types. This
division is intended to facilitate discussion of the results.

3.1. Initial Water Content and Overburden Pressure

Case I specimens with varying water contents were tested under differing overburden
pressures. The results in Figure 3 include the temperature change of the upper (80 mm),
middle (40 mm), and bottom (0 mm) section of each specimen. Initial settlement occurred
owing to the applied overburden pressure, and it increased with increasing overburden
pressure. Thawing began after consolidation caused by the overburden pressure, and
the settlement increased with increasing initial water content and overburden pressure.
Settlement was relatively small at an initial water content of 1.3%, but significant settlement
occurred when the water content was greater than 5%.

The settlement ratio (SR) is the ratio of the total change in height (∆H = Hi − Hf )
to the initial specimen height (Hi), calculated as ∆H/Hi (Table 3), and increased with
increasing initial water content (Figure 4). When the initial water content exceeded 5%,
SR became significant and increased with increasing overburden pressure. The settlement
ratio reached 6.68% for an overburden pressure of 4.2 kPa, whereas 10.39% was obtained at
10.4 kPa. Figure 5 shows that the dry unit weight of specimens with 5% initial water content
changed little after testing. Specimens with 11% initial water content showed a pronounced
change in dry unit weight. In contrast, water content did not differ significantly after the
experiment, regardless of the test conditions (Figure 6). After each experiment, the bottom
drainage was checked, and no water was collected.
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Figure 3. Measured settlement and temperature profiles for case I specimens: (a) I-1-1, (b) I-2-1,
(c) I-1-2, (d) I-2-2, (e) I-1-3, and (f) Case I-2-3.

Table 3. Measured initial and final results for case I specimens.

Case

Overburden
Pressure

(kPa)

Water Content
(%)

Specimen Height
(mm)

Measured
Settlement

(mm)

Settlement
Ratio
(%)

Dry Unit Weight
Gd (kN/m3)

P wi wf Hi Hf s SR Initial Final

I-1-1
4.2

11.3 11.6 119.1 111.2 7.95 6.68 11.6 12.4
I-1-2 4.90 4.80 111.3 110.3 1.00 0.90 14.6 14.8
I-1-3 1.30 1.20 106.1 106.0 0.10 0.09 16.2 16.2

I-2-1
10.4

11.3 11.8 116.5 104.4 12.10 10.39 11.8 13.2
I-2-2 4.90 5.00 111.9 109.5 2.40 2.14 14.6 14.9
I-2-3 1.30 1.30 106.7 106.3 0.40 0.37 16.6 16.7
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Figure 6. Change in water content for all cases.

3.2. Ice Texture

Table 4 lists the experimental conditions and results for all specimens. The case II
specimens showed the largest total settlement, under both tested overburden pressures:
settlement reached 14.8 and 20.3 mm at 4.2 and 10.4 kPa, respectively (Figure 7a,b), leading
to settlement ratios of 12.8% and 17.4%, respectively. In contrast, the case III specimens
had minimal settlement, with 0.2 and 1.6 mm at 4.2 and 10.4 kPa, respectively, yielding
settlement ratios of 0.18% and 1.33%, respectively (Figure 7c,d).

Table 4. Measured initial and final results with estimated settlement for case I, II, and III specimens.

Case

Overburden
Pressure

(KPa)

Water Content
(%)

Specimen
Height
(mm)

Measured
Settlement

(mm)

Settlement
Ratio
(%)

Calculated
Settlement 1

(mm)

Dry Unit Weight
Gd (kN/m3)

P wi wf Hi Hf s SR Initial Final

I-1-1

4.2

11.3 11.6 119.1 111.2 7.95 6.68 1.43 11.6 12.4
II-1-1 10.6 10.6 114.2 101.6 12.60 11.03 1.19 10.8 12.1
II-1-2 10.6 10.3 116.1 101.3 14.80 12.75 1.18 10.5 12.0
III-1 10.0 9.90 110.7 110.7 0.17 0.09 1.29 12.7 12.7

I-2-1

10.4

11.3 11.8 116.5 104.4 12.10 11.03 1.43 11.8 13.2
II-2-2 10.6 10.5 112.5 95.5 17.00 15.11 1.19 10.9 12.9
II-2-2 10.6 10.3 116.7 96.4 20.30 17.40 1.17 10.3 12.5
III-2 9.90 9.80 120.8 119.2 1.60 1.32 1.37 12.5 12.6

1 Calculated using Equation (1).
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Frost heave might have occurred during freezing of the case III specimens (Figure 7c,d),
but this is likely to have been minimal (~0.2 mm). This frost heave was attributed to
volume expansion during the phase change of pore water to ice. Afterwards, the bottom
temperature controller was raised to 10 ◦C. The resulting settlement was insignificant and
similar to the heave amount.

4. Discussion
4.1. Ice Content and Overburden Pressure

The settlement ratio was positively related to the initial ice content (i.e., water content),
as shown in Figure 4. Even when only considering the range of ice contents of lunar
regolith (5.6 ± 2.9)%, non-negligible settlement ratios (>3%) occurred under a relatively
small overburden pressure of 4.2 kPa. Figure 5 shows that 5% ice content is a threshold
at which there is a noticeable change in dry unit weight, which is similar to the trend
in Figure 4. When the initial water content exceeded 5%, the settlement ratio became
significant, and even reached 10% under 10.4 kPa. This represents a serious engineering
consideration when planning works in ice-rich areas of the Moon. Figures 4 and 5 show
that when the dry unit weight changed significantly, the settlement ratio also increased
rapidly. However, Figure 6 shows that the initial and final moisture contents were similar.
This indicates that the increase in settlement is not related to drainage conditions when the
initial water content is below 10%.
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4.2. Settlement Caused by Structural Change

The approximately 9% volume change of water as it changes phase must also be
considered as a factor affecting the settlement ratio [42]. Based on the initial water content,
the amount of settlement (Sm, mm) due to ice melting was calculated using Equation (1):

Sm = (Vw/A) × 0.09, (1)

where Vw is the initial volume of water (mm3) in the specimen, and A is the cross-sectional
area (mm2). As a result, the predicted settlement amount induced by ice melting for all
cases was approximately 1.18 to 1.43 mm. These amounts are insignificant compared
with the measured settlements. Therefore, the total thawing settlement was dominated by
changes in the soil structure, rather than the phase change of ice melting or the escape of
meltwater. In particular, the case III specimens showed insignificant frost heave during
freezing and insignificant settlement during thawing. This was because the pore spaces
could accommodate any volume change during phase changes in the unsaturated specimen.
Therefore, even during thawing, the framing structure of soil particles showed minimal
change, leading to insignificant settlement. This phenomenon is well represented by the
insignificant change in dry unit weight before and after the test (Table 4), despite the
specimen undergoing freezing and thawing. This means that the structure of the soil
remained unchanged.

4.3. Ice Texture

The case II specimens, which comprised lunar simulant particles coated with ice,
yielded the poorest results. The settlement ratios were approximately 40% higher than
those of the case I specimens. The measured dry unit weights (Gd) of the case II specimens
were lower than those of the case I specimens with similar initial water content (wi). This
could have been caused by the particles being composed of both lunar regolith simulant
and ice. That is, the physically ice-bonded particles had a relatively large volume at a given
weight, and ice particles played a role similar to soil particles, so the dry unit weight was
low. Therefore, during thawing process, the ice covering the simulant particles melted,
leading to an increase in sample porosity. This, in turn, contributed to settlement, resulting
in a relatively large settlement. This was demonstrated by the similar dry unit weights of
the case I and II specimens after the completion of the final thawing settlement. Even after
the completion of thawing, the change in water content in the sample was negligible, and
no water was collected in the bottom drainage after each heating. Therefore, settlement
due to pore water escape was not significant.

5. Conclusions

Lunar ice will be an important resource for deep space exploration and long-term
extraterrestrial presence. Various space agencies are planning extraterrestrial missions,
which could be greatly aided by ISRU. Lunar ice is expected to facilitate the operation of
a manned lunar base. However, ground settlement following ice extraction is a potential
geotechnical hazard and has not been evaluated in a lunar context. The experiments
conducted here assessed settlement following the thawing of ice in lunar regolith and led
to the following conclusions.

(1) At the same pressure level, an initial water content of approximately 5% appears
to be a critical threshold. Beyond this threshold, when the water content reaches
approximately 10%, even a relatively small overburden pressure of 4.2 kPa can lead
to settlement ratios ranging from 6.68% to 12.75%. For the water contents of lunar
regolith (5.6 ± 2.9)%, the settlement ratio may reach around 5%. Therefore, care must
be taken when extracting ice from water-rich unsaturated lunar regolith ice layers.

(2) Based on existing research and assumptions, this study reproduced three structures
of ice-bearing lunar regolith and examined the amount of settlement due to extraction
of the ice. Ice-coated or ice-cemented regolith (case II) showed the greatest settlement.
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The smallest initial dry unit weight of case II explains this phenomenon. When
relatively large ice-regolith agglomerates melt, porosity increases along with void
volume, leading to the largest settlement and the largest change in dry unit weight
under pressure. However, if lunar ice exists as ice breccia containing ice crystals, the
amount of settlement due to its extraction is expected to be insignificant.
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