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ARTICLE INFO ABSTRACT
Keywords: Water distribution uniformity is an important control criterion for icy lunar regolith samples during ground
Icy lunar regolith simulations and is easily influenced by the sample freezing process. However, the freezing process and char-

Sample preparation

Nuclear magnetic resonance
Unfrozen water

Soil freezing characteristic curve

acteristics of icy lunar regolith are rarely studied. Therefore, to address this issue, simulated samples of icy lunar
regolith with two raw material ratios, various water contents and dry densities were prepared in this study, and
the unfrozen water contents of samples at different freezing temperatures were tested by nuclear magnetic
resonance instrument. The freezing process of icy lunar regolith from 20 °C to —192.8 °C was analyzed based on
the variation of the T, spectrum, and the influence of initial water content and dry density of the samples on the
variation rules of unfrozen water content with temperature was discussed. The results show that the freezing
process includes the subcooling stage, the fast freezing stage, the slow freezing stage and the stable freezing
stage. Below —80 °C, the unfrozen water content in both unsaturated and saturated samples reaches a very small
order of magnitude. However, at —190 °C, unfrozen water is still present in the pores (<1 nm) of the samples.
Unfrozen water can be divided into bound water, capillary water and gravity water. Unfrozen water in samples
with the water content of 5 wt% and 10 wt% is mainly bound water, and water migration occurs during freezing.
The solid ice formed during the freezing process of saturated samples has similar adsorption or capillary effect on
unfrozen water to rock particles. A lower dry density of the sample means a higher initial freezing temperature
and can more significantly promote the formation of capillary and gravity water. Finally, a new freezing char-
acteristic model was constructed based on the linear relationship between particle and pore radii. The model well
predicts the four variation stages of unfrozen water content with temperature from room temperature (20 °C) to
extreme low temperature (—190 °C). And the applicability of the model was verified by quantifying the available
surface permafrost data.

frozen to the target temperature using liquid nitrogen or ultra-low

1. Introduction temperature refrigerators. However, the impact of the sample freezing
process on water homogeneity and evolution is neglected in these
Ground simulants are necessary for the physical analysis of icy lunar studies. According to the theory of permafrost physics, freezing of
regolith (ILR) and the ground test validation on the payload of lunar water-bearing soils is a typical multi-physical field coupling process
landing and exploration [1-12]. The ground-based preparation of ILR [17], accompanied by phase change, migration and freezing expansion
samples has been conducted by many researchers [6,13-16]. Most of of water, which significantly influence the homogeneity of both sample
these researchers recognized the importance of water homogeneity to structure and water distribution.
sample preparation and therefore adopted mechanical agitation [6, The soil freezing characteristic curve (SFCC, also known as the soil
13-15] or prolonged the sealing time [6,16] to ensure uniform distri- freezing characteristic model) is critical to analyzing the multi-field
bution of water before sample freezing. Subsequently, the samples were coupling effect of the freezing process and to further studying the
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Abbreviations

ILR icy lunar regolith

SECC soil freezing characteristic curve
NMR nuclear magnetic resonance
SWCC  soil-water characteristic curves
BCC bundle of cylindrical capillary
CPMG  Carr-Purcell-Meiboom-Gill

water homogeneity of samples [17,18]. The SFCC indicates the rela-
tionship between unfrozen water content and temperature during
sample freezing and can be obtained by various technical means, such as
differential scanning calorimetry [19,20], time-domain reflectometry
[21,22] and nuclear magnetic resonance (NMR) methods [23-26], etc.
Among them, the NMR method has become more popular with its fast
response, accurate signals and nondestructive measurement [27-32].
However, according to our knowledge, this technique has not been
applied in the ILR simulant research. In terrestrial permafrost, theoret-
ical prediction models have been successively proposed by domestic and
foreign scholars, which can be roughly divided into three categories. The
first category, empirical formulas summarized based on experimental
data, is represented by the power function model proposed by Anderson
and Tice [33]. In addition, some researchers modified the power func-
tion formulas or proposed new exponential function formulas and
segmented function formulas [34-37]. These formulas are simple in
form and widely applied. However, the fitted parameters of these
models often lack practical physical significance. In the second category,
the idea of analogy is utilized to approximate the equivalent SFCC using
soil-water characteristic curves (SWCC) [38-43]. This is because, for
water-bearing soils, freezing and drying are similar physical processes,
both of which can be viewed as replacing liquid water with another
phase [44]. However, Ma et al. measured SWCC and SFCC of silt and
clay and found no similarity [45]. Azmatch et al. found significant dif-
ferences between SWCC and SFCC of the specimen with salinity [46]. In
addition, Ren and Vanapalli suggested that the drying and freezing
processes may be fundamentally different [44]. For example, the way ice
replaces water may be different from the way air replaces water in soil
[47]. In the third category, the bundle of cylindrical capillary (BCC)
model is used to simplify porous media. The Gibbs-Thomson equation is
adopted to analyze the relationship between the capillary pore size and
the decreased value of melting point temperature of the pore fluid.
Subsequently, the pore characteristics of porous media were deter-
mined. For example, when studying the unfrozen water behavior during
the freeze-thaw of pulverized clay, medium sand, and fine sand with
different initial water contents and dry densities, Li et al. directly chose a
probability density distribution function of pore radius without giving
specific reason [17]. In a freezing characteristic model study of Tibetan
powdered clay and bentonite mixtures with different specific surface
areas, Liang referred to the research results of Wang et al. and chose the
Weibull function as the probability distribution model of pore radius,
without clarifying the reason of the choice based on the physical nature
[48,49]. The freezing characteristic models obtained by the above three
methods are for clay, sand or other categories of ground permafrost,
which are fundamentally different from ILR in terms of mineral
composition, particle morphology and particle size distribution. In
addition, the temperatures of interest for ground permafrost is often
around —30 °C, and the lowest is around —80 °C. This is much higher
than the stable existence temperature of ILR (about —160 °C). That is,
there is a lack of experimental and theoretical validation on the direct
application of freezing characteristic model associated with surface
permafrost to the ILR simulation samples.

In summary, the freezing pattern of liquid water and its effect on the
samples in the field of ILR simulant preparation are neglected, and there
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is a lack of special objects with extreme low temperatures similar to ILR
in the field of terrestrial permafrost for reference. Therefore, to prepare
the ILR simulated samples with higher homogeneity, we first prepared
simulated samples of ILR with different water content and dry densities
and conducted NMR tests on these samples under different temperature
conditions to analyze their freezing pattern based on the changes in T5
spectrum. The effects of water content and dry densities on the freezing
characteristics of the samples were analyzed based on the SFCC obtained
from the experiments. Subsequently, the ILR simulation samples were
simplified using the BCC model. The cumulative distribution function
describing the pore radius of the sample was given according to the
relationship between the particle size distribution and the pore radius
distribution of the sample. The relationship between freezing tempera-
ture and pore radius was established based on the Gibbs-Thomson
equation to construct a model of extreme low-temperature freezing
characteristics applicable to ILR. Finally, the applicability of the model
was verified using the data from this study and the existing permafrost
data.

2. Materials and methods
2.1. Sample preparation and nuclear magnetic resonance test method

Basalt simulated lunar soil and anorthosite simulated lunar soil were
selected as two basic raw materials, the former being the simulated lunar
soil for Chang’e 5 ground drilling and sampling and the latter being the
lunar highland simulant for Chang’e 7 ground testing. The ratio of the
mass of basalt simulated lunar soil to the total sample mass is called the
feedstock ratio C. The particle size distribution curves of the two feed-
stocks with different ratio factors are shown in Fig. 1.

The samples with different water contents and dry densities were
prepared using the preparation method of indoor remodeled soils.
Firstly, the raw materials were dried at 105-110 °C for 8 h to remove the
initial water. Secondly, the determined mass of industrial distilled water
was mixed with the dried simulated lunar soil according to the target
water content. During the mixing process, the water was spread evenly
in layers on the simulated lunar soil using a water spray bottle and
stirred evenly using a stirrer. The mixed samples were sealed in bags for
24 h to ensure water homogeneity. Then, they were compacted in Teflon
specimen tubes and wrapped with polyethylene film for sealing. Finally,
the compacted samples were frozen or put directly into the NMR ma-
chine for test.

The Ty curve obtained from the NMR test contains most of the
physical information of the porous media, so it is the main target of the
test. For porous media such as rocks and soils, there are mainly three
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Fig. 1. Particle size distribution curves.
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different relaxation mechanisms for fluids in their pores, and they exist
simultaneously, which can be expressed as:

F.

T 111 .
~ :/’27

() o
T, Ty To Tu To °\V pore

where T, is the transverse magnetization vector decay time in s. Taf, T2q
and Ty represent free relaxation, diffusive relaxation and surface
relaxation, respectively, in s. The first two are much smaller relative to
the latter and are often neglected [50-521; p, is the surface relaxation
rate corresponding to T in pm/s; S/V denotes the ratio of pore specific
surface area to pore volume in pm!; F; is the pore shape factor, and the
values corresponding to spherical, cylindrical and planar pores are 3, 2
and 1, respectively; r is the pore radius in pm. From Equation (1), it is
known that T is inversely proportional to the specific surface area and
directly proportional to the pore radius. When the sample is saturated,
the pores are filled with liquid water, and the distribution of T, responds
to that of liquid water in the pores of porous media.

Fig. 2 shows the Niumag MesoMR12-060H-1, the medium-size MRI
analyzer used in this study, mainly consisting of a vacuum pressurized
saturation unit, an industrial control computer, a magnet cabinet, a low-
temperature heat exchange circulation system and a refrigeration
heating circulation unit. The instrument can realize online regulation
and control of sample temperature, and the temperature control range is
—50 to 45 °C with an accuracy of +0.1 °C. The frequency of the magnet
was set at 12 MHz during the test, and the temperature was kept at 32 +
0.01 °C to ensure the uniformity and stability of the magnetic field. The
frequency control accuracy of the instrument is 0.1 Hz, and the pulse
accuracy is 100 ns. The ambient temperature is 25 + 3 °C during the test
to reduce the environment influence on the test accuracy. The T, spectra
of the samples at different temperatures were obtained in
Carr-Purcell-Meiboom-Gill (CPMG) sequence tests.

The 12 samples used in the NMR experiments of this study are shown
in Table 1 and are divided into three groups. The first group of samples
S; and Sp were unsaturated sample, and the temperature control unit of
the NMR instrument was used to cool down the samples online. After the
sample temperature was stabilized at the set value, the loading test
could be performed, and the T, relaxation curves of the samples at this
temperature condition could be obtained. The second group of samples
So-Sg were also unsaturated samples. Since the temperature control unit
that comes with the NMR instrument cannot reach —196 °C, a step-by-
step gradient cooling was used for these samples. First, the
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Table 1
Sample parameters.
Number  Raw material Water Dry density ~ Temperature
proportioning C content (wt (g/cm®) range
%)
S 0.3 10 1.39 room temperature
Sy 0.3 10 1.29 to —30 °C
S3 0.3 5 1.37 room temperature
S4 0.3 5 1.43 to —196 °C
Ss 0.3 5 1.55
Se 0.3 5 1.71
Sz 1 5 1.53
Sg 1 10 1.60
So 1 10 1.50
S31 0.3 29.9 1.37 room temperature
Sz 1 24.4 1.53 to —80 °C
So.1 1 23.5 1.50

temperatures of samples were lowered from room temperature to
—80 °C using an ultra-low temperature refrigerator, and then from
—80 °C to —196 °C using liquid nitrogen. Since the sample temperature
was far lower than the temperature control range of the instrument it-
self, constant control of the sample temperature was impossible. To
ensure the test accuracy as much as possible, a sample (calibration
sample) with a temperature sensor was prepared before the test, with its
size, raw material ratio, water content and dry density the same as the
sample under test. In addition, it was always kept at the same temper-
ature conditions. When the NMR test was performed on the sample, the
temperature of the companion on the sensor was read and used as the
actual test temperature of the sample under test. The accuracy of the
PT100 temperature sensor is £(0.15 + 0.002 |T|)°C, and T indicates the
temperature in °C. Since a single test could be completed within 10 s, the
sample temperature did not change much during the whole process, so it
is feasible to monitor and record the sample temperature under test
based on the companion. After Sy, Sg and Sg have been tested at all
temperature points and warmed up naturally to room temperature, the
three samples were then placed in the vacuum pressurized saturation
device in Fig. 3 for 24 h. The water-saturated samples were recorded as
So2.1, Se-1 and Sg.1, respectively, as the third group of samples. In this
way, the three samples with Sy, S¢ and Sg have corresponding dry den-
sities. When the effect of one freeze-thaw cycle on the internal pore
structure of the samples was ignored, Sy and Sy.1, S¢ and Se.1, and Sg and
Ss.1 could be regarded as having the same pore morphology, size and

Fig. 2. MesoMR12-060H-I medium-size MRI analyzer (1) vacuum pressurized saturation unit; (2) industrial control machine; (3) magnet cabinet; (4) low-
temperature heat exchange circulation system; (5) refrigeration heating circulation unit; (6) samples used in the test.
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Fig. 3. Unfrozen water content calculation correction.
spatial distribution, while only the initial water content was different.
2.2. Calibration of unfrozen water content

In this study, the T, spectral peak area was used to quantify the
unfrozen water content in the pores. Meanwhile, the effect of temper-
ature on the NMR signal intensity was considered. Curie’s law was
chosen to correct for the temperature, and the measured peak area in the
positive temperature interval was fitted using a linear function and
extended to the negative temperature interval to obtain a paramagnetic
linear regression line. The fitting equation is

y=a+pT (2)
where y denotes the sum of the peak areas and is a dimensionless value.
T denotes the temperature of the sample in °C. « is the intercept at 0 °C
and is a dimensionless value. f is the slope of the line in °c! [25].

Fig. 3 shows the relationship between the sum of peak areas and
temperature. Among them, the total peak area is directly measured by
the instrument, and the maximum relative standard deviation is 3%. In
the positive temperature interval, the sum of peak areas increases with
decreasing temperature. When the temperature is near 0 °C, it starts to
decrease, indicating that the water in the sample starts to freeze into ice.
In the negative temperature region, the unfrozen water content is solved
using a proportional calculation [53]. That is, the ratio of the measured
value of the peak area at a certain negative temperature (value a) to the
fitted value on the paramagnetic linear regression line at that temper-
ature (value b) is used as a coefficient and then multiplied by the initial
water content, as shown in Equation (3).

a
0, =0
b 0

3
where 6, is the unfrozen water content in wt%. 0 is the initial water
content in wt%. Further, the accuracy of the measurements and the
possible deviation of the experimental points need to be assessed [54].
In indirect measurement, the function of the measurement result is
generally a multivariate function, and the equation is

U=f(ur,uz, -+ u,) 4

where uy, uy, -+, up, is the directly measured value of each variable, and U
is the value obtained by indirect measurement.
The error transfer equation is [55].

of Au,

AU_ o A
ou, U

AU I Au

= 5
U 6141 U 6142 U ()

Therefore, substituting Equation (3) into Equation (5), the total error
of unfrozen water content can be obtained as
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where the first term on the right side of Equation (6) is provided by the
NMR measurement instrument. The numerator of the second term in-
dicates the error introduced by the manual sample preparation with a
maximum of 0.2 wt%. The third and fourth terms indicate the error
introduced by the fitting parameters. The last term is the error intro-
duced by the temperature sensor measurements.

3. Results and discussion
3.1. Ty spectrum analysis

The T, relaxation times of the samples at different temperatures are
the direct data obtained from the NMR tests. When the pores of the
porous medium are assumed to be cylindrical, the pore value can be
obtained from Equation (1)

@)

In other words, Ty is only related to the surface relaxation rate and
the radius r of the capillary. When the surface relaxation rate is assumed
to be constant, the T, distribution of the sample during the freezing
process reflects liquid water variations in the sample pores at different
scales with temperature. Therefore, to investigate how water freezes
during the freezing process of the ILR simulation sample and the final
freezing state, the effects of temperature, initial water content and
density on the freezing process were analyzed qualitatively. This study
draws on the results of Dunn et al. [56]: the surface relaxation rate of
sand ranges from 0.3 to 46 pm/s, and that of the ILR simulation sample is
assumed to be 50 pm/s. This assumption has been applied in the study of
Kong et al. [34].

To investigate the effects of temperature, initial water content and
dry density on the freezing process of the samples, typical samples S3, S3.
1, S7, S7.1, Sg and Sg were selected for T, spectrum analysis as shown in
Fig. 4. The T, cutoff values are widely used to distinguish bound fluids
from free fluids in research fields such as petroleum reservoirs, coal
reservoirs and NMR logging. According to Sondergeld et al. [57], the
interval of T, greater than 33 ms corresponds to gravity water, the in-
terval of T, less than 3 ms means bound water, and the interval between
3 ms and 33 ms indicates capillary water. The combination of these two
cutoff values and Equation (7) showed that most liquid water in the
unsaturated samples (Ss, Sy, Sg, and So) is bound water in pores smaller
than ~0.3 pm, and the remaining small amount of water is capillary
water and gravity water. The percentage of capillary and gravity water
in sample Sg is significantly higher than that of the remaining three
unsaturated samples, which can be attributed to the smaller dry density
of S3. Thus, the porosity and pore size of Sg is relatively larger, and the
generation of capillary and gravity water is promoted. This phenomenon
is more evident in the comparison of saturated samples S3.; and Sy.1.

From the overall view of Fig. 4(a)-(f), the NMR signal intensity
gradually decreases with the decrease of temperature in the negative
temperature interval, reflecting the gradual freezing of water in the
pores. In addition, it can be seen from Fig. 4(b) that the content of bound
water, capillary water and gravity water all decreased during the cooling
process, and did not show the characteristic of freezing in the order of
gravity water, capillary water and bound water. Equation (8) is the
Gibbs-Thomson equation, which describes the relationship between
pore radius and pore water freezing temperature and can be used to
explain the above phenomenon [17,58].

T:To<1 — )
piLar

where Ty is the melting point of water, 273.15 K, y is the free energy at
the solid ice-liquid water interface, 0.0818 J /m2, L, is the latent heat of

r= 2/72 T,

(3
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the solid per unit mass, 334.56 kJ/kg, p; is the density of ice, 917 kg/m?,
ris the pore radius and T is the freezing temperature of water in a pore of
radius r in K.

Fig. 5 shows the freezing temperature variation with pore radius,
which is plotted according to the Gibbs-Thomson equation. It can be
seen that when the pore radius r > 3.3um, the freezing temperature of
gravity water in the pore is basically unaffected by the pore; when the
pore radius 0.3 < r < 3.3um, the freezing temperature of capillary water
in the pore is less affected by the pore radius, and the temperature value
reduction is within 0.5 °C. For bound water (r < 0.3um), the freezing
temperature reduction effect of nanoscale pores is strong, but that of
0.1-0.3 pm scale pores is insignificant (<1 °C). That is when the sample
temperature decreases to —1 °C, the bound, capillary, and gravity water
in pores larger than 0.1 pm all freeze, which explains the non-sequential
freezing of the three kinds of unfrozen water in Fig. 4(b). If sequential
freezing is desired, the smaller temperature control gradients should be
adopted, which is often difficult in practice applications. It can be seen
from Fig. 4(b) and (d) that when the temperature is reduced to —15 °C,
the water in the sample is basically unfrozen bound water. At this time,
the first peak of the Ty spectrum is located exactly on the left side of
T> = 3ms, which also indicates that the choice of 3 ms as the cut-off
value to distinguish bound water from capillary water is reasonable.

By comparison, only the initial water content of the two samples in
Fig. 4(a) and (b) is different, and their dry density is 1.37 g/cm?’, which
is smaller than that of other samples. The water saturation behavior not
only significantly increased the amplitude of the NMR signal intensity,
but also increased the proportion and content of capillary and gravi-
metric water in the samples. During the freezing process, the charac-
teristics of the two samples are significantly different: first, on the whole,
the peaks of the T, curves of both saturated sample S3.; and unsaturated
sample Sg gradually decrease as the temperature decreases (negative
temperature interval). The first peak of the T, spectral curve of the
saturated sample Sg shifts to the left, while that of unsaturated sample
S3 shows a left-right oscillation. This feature is also evident in the rest of
the samples. In this study, the reason is that the water in the unsaturated
sample may not have wetted each rock particle sufficiently and local
water migration occurred during the freezing process. The Ty distribu-
tion curve of saturated sample S3.; in the positive temperature interval
should reflect all the pore distribution characteristics of these two
samples when the effect of one freeze-thaw cycle on the pore state of the
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samples is ignored. According to the T distribution curve of Ss., the
pores in the S3 sample were not completely filled, but capillary water
and gravity water existed in the large local pores of S3, which indicated
that the water did not make all particles in the sample uniformly and
completely wetted. According to the theory of thin-film water migration,
unfrozen water in the sample pores will migrate toward the cold front
during the freezing process, and this dynamic feature will also lead to a
non-directional transverse shift of the first peak of the T5 spectral curve.
Second, the local zoomed-in plots in Fig. 4(a) and (b) contain only the Ty
distributions in the negative temperature interval. The comparative
analysis shows that the T, distribution of saturated sample Ss.; variates
regularly, while that of the unsaturated sample S3 showed irregular
changes, which is possibly caused by water migration. However,
because of the low NMR signal intensity of free water (capillary and
gravity water) in the local amplification region, the humidity of the test
environment may possibly play a role. To determine the real reason of
this phenomena, a Teflon specimen tube (without sample) was wrapped
with the same polyethylene film and placed in liquid nitrogen for
frozenness. The test tube was tested after the temperature of the spec-
imen tube was lowered to —190 °C. The entire test process and test
parameters were kept consistent with those of the sample, and the test
results are shown in Fig. 6. According to this figure, the effect of ambient
humidity on the test is small and mainly occurs in the interval of Ty < 3
ms, corresponding to the T interval of capillary water and gravity water
basically does not affect this phenomenon. Therefore, this study attri-
butes this difference to the localized water migration that occurred in
the unsaturated samples.

The two samples in Fig. 4(c) and (d) have the same raw material ratio
and dry density but different initial water content. On the whole, the
same differential characteristics as the two samples S3 and S3; are
exhibited. However, Sy.; has a lower capillary to gravimetric water ratio
than Ss3.; because of the greater dry density of sample Sy.;, which also
results in the smaller pore size of sample Sy.1. The comparison of samples
Sg and Sg shows that they have the same raw material ratio and water
content and different dry densities. Their NMR signal intensity is
significantly reduced at —0.9 °C, but the decreasing effect of Sg is more
pronounced because of its smaller density and larger pore scale. Ac-
cording to the Gibbs-Thomson equation, a larger pore size corresponds
to a higher freezing temperature. Therefore, the Sg sample would also
have a more pronounced NMR signal intensity decrease at —0.9 °C.

3.2. Variation of total unfrozen water content with temperature

According to Equation (3) and Equation (6), some typical samples
were selected to plot Fig. 7 to analyze the variation pattern of unfrozen
water content with temperature, and factors such as dry density and
initial water content were introduced for consideration. Fig. 7(a) shows
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Fig. 6. Analysis of the effect of humidity on the test environment.
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two samples under continuous cooling using the temperature control
unit of the NMR instrument. Fig. 7(b) shows four unsaturated samples
that are only different in dry densities. Fig. 7(c) exhibited the compar-
ison of the effect of different initial water contents on the variation of
unfrozen water content with temperature.

According to Fig. 7(a), the samples underwent three stages during
the freezing process: I. Subcooling stage; II. Rapid freezing stage; IIL
Stable freezing stage, which is generally consented by the scholars in the
field of permafrost. In stage II (this stage starts at the sample’s starting
freezing temperature Tf, which is equal to or slightly lower than the
freezing temperature of pure water), the unfrozen water content of
sample S; is overall higher than that of sample S5, and the temperature
where the unfrozen water content of S; is suddenly dropped is signifi-
cantly lower than that of Sy. This is because sample S; has a larger dry
density. This means that the smaller the size of the pores, the lower the
freezing temperature required. In Stage III, the unfrozen water content
of samples S; and S, were essentially comparable and did not change
significantly as the temperature decreased. However, during the
freezing of the ILR simulated samples to —196 °C by liquid nitrogen in
this study, it was found that the samples underwent four stages: I.
Subcooling section; II. Fast freezing section; III. Slow freezing section;
IV. Stable freezing section (or non-freezable section), which is shown in
Fig. 7(b) and (c).

The four samples in Fig. 7(b) have the same water content and raw
material ratio and different dry densities. On the whole, the trend of
unfrozen water content with temperature is the same for these four
samples. However, as the dry density increased, the starting freezing
temperatures of the four samples S3, S4, Ss, and Sg, decreased sequen-
tially. In addition, another remarkable feature is that the unfrozen water
content of these four samples is all slightly greater than 0 below —80 °C,
which is possibly because of two reasons: first, it can be seen from Fig. 5
that pores <1 nm at —190 °C can still provide for the presence of liquid
water, even though the content of pore water may be very low; second, it
can be seen from Fig. 6 that water vapor in the surrounding environment
influences the total unfrozen water content of the test.

From Fig. 7(c), it can be seen that the freezing processes of saturated
and unsaturated samples are also characterized by four stages, but they
are significantly different, mainly in that the end temperature of the fast-
declining section II of the former is much lower than that of the latter. In
addition, the total unfrozen water content of the two types of samples at
—15 °C was not significantly different. Moreover, the SFCC of the two
samples is more convergent as the temperature decreases. This is
because the capillary and gravimetric water in the saturated samples at
—15 °C can be considered as completely frozen, and the remaining
amount of unfrozen bound water is comparable to that of the unsatu-
rated samples. In other words, regardless of the initial water content,
their SFCC will not be affected by the initial water content when the
sample temperature is reduced to a certain negative value.

3.3. Content variation of each type of unfrozen water with temperature

The unfrozen water in the samples can be classified into bound
water, capillary water and gravity water using the T, cutoff value, and
the freezing patterns of these unfrozen water within the samples can be
obtained based on the T5 distribution curves during freezing, as shown
in Fig. 8. As a whole: first, the unfrozen water in the unsaturated samples
S3 and Sy is essentially in the form of bound water, with a little capillary
and gravity water; second, although bound water still occupies a sig-
nificant proportion in the saturated samples S3.; and Sg_1, the increase in
capillary water content in S3; is particularly pronounced, and the
gravity water content in S3.; and capillary water content in Sq.; also are
also increased. In addition, there is more capillary and gravimetric water
in sample Sz than in sample Sg, and even the capillary and bound
water contents in S3; were comparable. This phenomenon can be
attributed to the fact that samples with a smaller dry density will have a
larger pore structure, promoting the formation of capillary and gravity
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water; third, the freezing of the three kinds of unfrozen water occurred
almost simultaneously, without sequential freezing. This can be
explained by the relationship between freezing temperature and pore-
scale in Fig. 5: when the temperature decreases to —1 °C, the tempera-
ture of bound water, capillary water and gravity water in the pore with a
radius r > 73 nm all reach the freezing value. Therefore, the conclusion
that the pore water freezes sequentially should be correct, except that
the sample temperatures are set over too large a span to show this
feature.

The pores of saturated samples S3.; and Sg.; are filled with bound
water, capillary water and gravity water. During the rapid freezing
stage, the gravity water in the saturated samples was almost completely
frozen, while the capillary water content started to decrease only after a
slight increase. In this study, it is believed that the frozen solid ice
changed the original pore structure, causing the original unfrozen water
to change its category and properties, such as unfrozen gravity water to
capillary water. In other words, the frozen formed ice has a similar
adsorption and capillary effect on unfrozen water as rock particles. This
leads to the increase of capillary water content in saturated samples
during the rapid freezing phase.

4. Freezing characteristics model construction and verification
4.1. Model construction

The BCC model is chosen to simplify the simulated sample of ILR
with porous media characteristics, as shown in Fig. 9, which have size
and distribution characteristics. The sample shown in Fig. 9 is an un-
saturated sample, and the radius of the pore surrounded by several
particle walls in the actual sample is noted as r1, and the pore is partially
filled by water and air. During the freezing process, the liquid water
freezes from the pore center towards the pore wall surface. At a certain
freezing temperature T, the distance between the front surface of the
frozen ice and the center of the pore is ry, and the radius of the pore
occupied by air is r3. When r3 = 0 pm, Fig. 9 can be used to represent
saturated samples. At this time, the thickness of the unfrozen water film
is d.

9

At the freezing temperature T, the samples were tested by NMR, and
the pore size occupied by unfrozen liquid water can be obtained ac-
cording to Equation (1) using T, which means that the water film
thickness d is replaced by r equivalently. According to the Gibbs-
Thomson equation, the freezing temperature and the pore radius have
a one-to-one correspondence. Moreover, as the pore size decreases, the
freezing temperature of pore water in porous media also decreases.

When T > T, the

d:rl — I

gu = 00 (10)
where Tt is the starting freezing temperature of the sample in K. 6, is the
initial water content of the sample in wt%.

When T < T¢, only the water in the pores from ry;, to r does not
freeze, and the content of unfrozen water 6, can be expressed as

0u(r)= 0y / " o(r) dr = Bo[G(r) — Glram)] an

where g(r) is the probability density function of pore radius and G(r)
denotes the cumulative distribution function of pore radius. Numerous
researchers have demonstrated [18,59,60] that there is a linear pro-
portional relationship between the pore radius of permafrost-like porous

media and the radius of rock particles, as shown in Equation (12).
r;=0.3R; (12)

Where R; is the average particle radius of the i-th fraction, and r; is the
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corresponding equivalent pore radius. Therefore, the two-parameter
Rosin-Rammler function describing the particle size distribution can
be used in this study to represent the cumulative distribution of the
sample pore radii, as shown in Equation (13).

G(r)=1- exp{ - (ri)}

Where G(r) denotes the negative mass accumulation rate, r. represents
the characteristic radius of the pores in pm, and its size is the radius of
the pores at the time of G(r) = 63.2%, and m is the distribution modulus.
When ryj, is equal to 0, the value of G(ryp) is equal to 0. Therefore, once
m and r. are determined, the distribution characteristics of the pore
radius of the sample are ascertained. Combining Equations (8), (10),
(11) and (13), the functional relationship between the unfrozen water
content of the ILR simulation sample and temperature can be obtained
as:

13

90

-0l - Gatiin) |}

where the unit of temperature T is K.

60u(T) 14)

4.2. Model validation

The constructed freezing characteristic model, Equation (14), was
used to validate the 12 samples of this study. The results are shown in
Fig. 10 and Table 2. From Fig. 10, it is found that the calculated results
are consistent with the experimental data. It can well show the freezing
process characteristics of the samples at four stages and also reflect the
differences caused by different densities.

To further verify the applicability of the model proposed in this
study, the available experimental data were used for discussion and
analysis. Table 3 shows the parameter information and fitting results for
the six samples used. The first three samples had the same soil type and
dry density p,, and differed only in initial water content. Based on the
fitted curves in Fig. 11(a) and the fitted results in Table 3, it can be seen
that the proposed model has an ideal fit for loess with different initial
water contents. Similarly, the proposed model has a good fit for the last
three samples with different soil types and similar water contents. In
summary, the model proposed in this study is applicable to both the
analysis of freezing characteristics of ILR simulants and provides a new
reference for the related research on Earth’s permafrost.

5. Conclusion

In this paper, simulated icy lunar regolith samples with different
ratios, dry densities and initial water contents were prepared using
basalt simulated lunar soil and anorthosite simulated lunar soil. The
freezing process of liquid water in the samples was investigated from
room temperature to extreme low-temperature freezing using nuclear
magnetic resonance technique. The effects of sample dry density and
initial water content on the soil freezing characteristic curve of the icy
lunar regolith simulated samples were compared and analyzed, and a
new freezing characteristic model was proposed. This paper studies the
effect of freezing during icy lunar regolith simulant preparation, which
provides a theoretical basis for preparing samples with higher homo-
geneity. At the same time, the application of the freezing characteristics
model is extended from terrestrial permafrost to lunar water detection,
especially the temperature applicability range of the model. The
following conclusions are drawn:

(1) The changes in unfrozen water content of the icy lunar regolith
simulation samples from room temperature to extreme low-
temperature freezing can be divided into the subcooling stage,
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Fig. 10. Fitting results of the model proposed in this study.

Table 2

The fitted parameters and results of the model proposed in this study.
Number Te (pm) m Adjusted R?
S1 0.033 12.272 0.973
So 0.070 2.316 0.984
S3 0.892 0.343 0.953
S4 0.436 0.433 0.988
Ss 0.196 0.578 0.977
Se 0.166 0.689 0.973
S; 0.084 0.466 0.942
Sg 0.058 0.554 0.975
So 0.134 0.665 0.966
S31 0.013 1.714 0.965
S74 0.011 1.973 0.988
So.1 0.010 2.199 0.980

fast freezing stage, slow freezing stage, and stable freezing stage.
In the fast freezing stage, the starting freezing temperature
decreased as the dry density of the sample increased. Moreover,
the end temperature of the fast-falling phase for saturated

Table 3
Parameters and fitting results of the six samples used for model applicability assessment.

(2)

3

samples was much lower than that of unsaturated samples, but
the soil freezing characteristic curve of both types of samples
converged with the decrease in temperature. For the slow
freezing stage, the unfrozen water content of both saturated and
unsaturated samples reached the same small value below —80 °C.
During the stable freezing stage, the unfrozen water content of
the samples showed insignificant changes. Although the amount
of unfrozen water in the sample is very small when the sample
temperature is —190 °C, the <1 nm pores can still provide con-
ditions for the presence of liquid water.

Unfrozen water in the icy lunar regolith simulation samples
include bound water, capillary water, and gravity water. In the
simulated samples with the initial water content of 5 wt% and 10
wt%, the unfrozen water was mainly bound water, with a little
capillary water and gravity water. Moreover, the smaller dry
density of the samples with the same initial water content could
better promote the formation of capillary and gravity water.
The solid ice formed during freezing of saturated samples has an
adsorption and capillary effect on liquid water, a property similar
to the effect of rock particles on unfrozen water. This causes the

No. Soil type Soil parameters Source Fitting parameters and results
pq (g/cm®) 8o (Wt%) T (°C) Te (um) m Adjusted R?

T-1 Loess 1.63 25.0 - Tang et al. [61] 0.084 0.899 0.998
T-2 20.0 - 0.055 0.768 0.994
T-3 5.0 - 0.009 0.481 0.967
T-4 70% sand and 30% bentonite 1.7 19.0 -0.29 Kong et al. [34] 0.027 13.728 0.994
T-5 30% sand and 70%bentonite 21.0 -1.35 0.018 1.927 0.982
T-6 Pure bentonite 20.0 -1.86 0.011 1.389 0.992
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Fig. 11. Validation results of ground permafrost samples.

capillary water content in the saturated sample to show a slight
increase during the rapid freezing stage. However, when the
samples were frozen to a certain negative temperature, their soil
freezing characteristic curve will be unaffected by the initial
water content.

(4) The cumulative distribution function of the pore radius of the icy
lunar regolith simulation sample was given based on the linear
relationship between the particle radius and the pore radius, and
then a new freezing characteristic model was constructed, which
could fit all the measured data well. At the same time, it could
show the freezing process characteristics of the samples at the
four stages. Finally, the applicability of the model proposed in
this study was verified using data from existing surface
permafrost.
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