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With the rapid development of human lunar exploration projects, the lunar base establishment and
resource utilization are on the way, and hence it is urgent and significant to reasonably predict engineering
properties of the lunar regolith, which remains to be unclear due to limited lunar samples currently acces-
sible for geotechnical tests. In this contribution, we aim to address this outstanding challenge from the per-
spective of granular material mechanics. To this end, the 3D multi-aspect geometrical characteristics and
mechanical properties of Chang’e-5 lunar samples are for the first time evaluated with a series of non-
destructive microscopic tests. Based on the measured particle surface roughness and Young’s modulus,
the interparticle friction coefficients of lunar regolith particles are well predicted through an experimental
fitting approach using previously published data on terrestrial geomaterials or engineeringmaterials. Then
the residual friction angle of the lunar regolith under low confining pressure is predicted as 53� to 56�
according to the particle overall regularity and interparticle friction coefficients of Chang’e-5 lunar samples.
The presented results provide a novel cross-scale method to predict engineering properties of the lunar
regolith from particle scale information to serve for the future lunar surface engineering construction.

� 2023 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction the immense success of the China’s Lunar Exploration Program
TheMoon, being the only natural satellite of our beautiful planet,
has always attracted the human attention, and exploring the Moon
is the first step of humans to explore the vast space. During the US
Apollo and Soviet Luna periods (1960s and 1970s), a large amount
of lunar data had been returned back to the Earth, and important
studies had been performed to understand the physical, chemical
andmechanical properties of the lunar regolith [1–4]. Recently,with
(Chang’e project) and the start-up of the American Artemis Program
[5,6], a new round of ‘‘return to theMoon” boomhas risen, and space
agencies all around the world have been already working on the
future lunar manned expeditions and base establishment in order
to utilize the lunar resources and further explore other planets, tak-
ing the Moon as the transferring station. The successful implemen-
tation of these rather challenging projects relies heavily on the
exact evaluation of the in-situ performance of the lunar regolith
under external loads,which is far frombeingunderstood thoroughly
from previous limited lunar explorationmissions due to the hetero-
geneity of the lunar regolith at different sampling sites.
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In December 1, 2020 (Beijing time), China’s Chang’e-5 probe
landed on a young and flat mare area in the Northern Oceanus Pro-
cellarum of the Moon [7], and successfully returned to the Earth
with 1731 g lunar samples after completing drilling, shoveling,
packing of lunar samples and scientific exploration on the lunar
surface. These brand-new lunar samples had further improved
our understanding on the formation and evolution of the Earth-
Moon system, the chemical evolution history of the lunar surface
and also the basic physical properties like particle size, shape, and
mineralogical compositions of the lunar regolith [8–13]. Although
most current studies on Chang’e-5 lunar samples have been carried
out for purely scientific objectives, ongoing lunar surface engineer-
ing construction will also require engineering data with regards to
mechanical properties of the lunar regolith, which has not received
enough attention yet for current lunar sample studies.

The lunar regolith is mainly formed by the degeneration of the
bed rock due to the everlasting impact of micrometeorites/mete-
orites and constant radiation of the solar wind and cosmic rays
ever since the formation of the Moon [4]. Because of the unique
lunar surface environment (e.g., ultra-high vacuum and extreme
temperature), the lunar regolith can be actually considered as a
solid cohesive granular material, and primarily consists of crys-
talline rocks, mineral fragments, and secondary particles like brec-
cias, agglutinates, and glass grains, whose sizes range from a few
microns to a few millimeters [4,11,13]. Different types of lunar
regolith particles may exhibit different geometrical and mechani-
cal properties [4,13,14]. For instance, the agglutinates generally
present branched morphologies with intraparticle voids, giving
them a highly vesicular texture, while glass grains can be almost
spherical and attached with the agglomeration of other lunar rego-
lith grains [4]. Moreover, the lunar regolith covering the Moon is
naturally heterogeneous, which means that the weight percent-
ages of different types of lunar regolith particles are distinct at dif-
ferent sampling sites [15]. The complex particle property
characteristics have made engineering properties of the lunar rego-
lith rather complicated and spatially varying, which needs to be
scientifically explored based on limited lunar samples. From the
perspective of granular material mechanics, the macromechanical
behavior of the lunar regolith under external loads depends pre-
dominantly on the packing patterns and interactions of different
types of constituent particles, which are further correlated with
the particle basic properties (e.g., particle size, grading, shape, min-
eralogy) [16–21]. These particle properties comprise a solid basis
for the development of advanced constitutive modeling of geoma-
terials with broad implications in geophysical researches [22–25],
and make it possible to predict engineering properties of the lunar
regolith from the particle scale information.

As a cross-scale study on engineering properties of the lunar
regolith, we firstly conduct a series of non-destructive microscopic
tests on Chang’e-5 lunar samples to acquire their geometrical, tri-
bological, and mechanical properties. Based on the particle basic
properties, the residual friction angle of the lunar regolith under
low confining pressure, a key indicator for the shear resistance
strength of the soil at the critical state, is reasonably predicted.
Besides, different effects of surface processes of the Earth and
Moon on 3D multi-aspect shape characteristics of terrestrial and
lunar soils have been discussed.
2. Materials and methods

2.1. Chang’e-5 lunar samples

One polished section sample of lunar breccia clast (sample ID:
CE5C0800YJYX001GP, named BYX001GP for short, Fig. 1a) and
two natural lunar basalt clasts (sample IDs: CE5Z0906YJYX005
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and CE5Z0709YJYX002, named BYX005 and BYX002, respectively
for short, Fig. 1b, c) returned by China’s Chang’e-5 mission were
used to conduct non-destructive microscopic tests to acquire their
geometrical and mechanical properties. The BYX001GP is a
scooped sample while the BYX005 and BYX002 are drilled samples.
According to the lunar sample naming rules of Chang’e-5 ground
application system and previous analysis on Chang’e-5 lunar core
drilling process [26], both drilled samples are speculated to be
beneath the lunar surface of 0–40 cm. The particle equivalent size
of BYX002 (i.e., �2040 lm) is larger than that of BYX005 (i.e.,
�1695 lm). In order to quantify the overall shape characteristic
of lunar regolith particles, 222 extra lunar regolith particles cover-
ing different types of mineral fragments, basalt and breccia clasts,
agglutinates, and glass grains were randomly selected from the
scooped bulk sample (sample ID: CE5C0600YJFM00306) to acquire
their 3D multi-aspect particle morphology indices, and their equiv-
alent sizes range from �102 to �2704 lm.
2.2. Microscopic tests

The X-ray lCT scanning and 3D white light interferometry tech-
niqueswere adopted to quantify 3Dmulti-aspect shape indices (i.e.,
global form, local roundness, and surface roughness in Fig. S1 (on-
line), reference to [27,28]) of lunar regolith particles aided with a
series of image processing methods. Among which, the HeliScan
lCT scanning apparatus (Fig. 1d)was employed to analyze 3D parti-
cle shape features at the former two large scales for a total of 224
natural lunar regolith particles, while the ZYGO NexView 3D white
light interferometry apparatus (Fig. 1g) was used to determine the
particle surface roughness. For 3D white light interferometry tests,
three different sized fields of view (i.e., 20 lm � 20 lm,
40lm�40lm,and84lm�84lm)were chosen to acquire the cor-
responding 3D flattened surface roughness profiles (Fig. 1h, i) of
BYX005 and BYX002 and further discuss its possible effect on the
determined particle surface roughness. For each sized field of view,
15–60 local surface areas were randomlymeasured to acquire their
average value as the representative particle surface roughness.

Nanoindentation tests were conducted to determine the
mechanical properties (e.g., Young’s modulus and hardness) of
lunar regolith particles. Among which, the Hysitron TI 980 Tribol-
ndenter (Bruker) nanoindentation apparatus (Fig. 1j) was used for
the polished section sample (i.e., BYX001GP) while the Bruker
(Icon) atomic force microscopy (AFM) (Fig. 1m) was employed for
the rugged and rough lunar samples (i.e., BYX005 and BYX002).
During nanoindentation tests for BYX001GP, four representative
measurement areas (MAs) (i.e., MA1–MA4 in Fig. 1k) corresponding
to differentmineral phases or areas were analyzed. For eachMA, six
different indented spots were randomlymeasured to probe into the
heterogeneity of lunar regolith materials under three different
combinations of maximum applied force Fmax and creep time tc
(i.e., Fmax = 10 mN and tc = 5 s, Fmax = 10 mN and tc = 20 s, Fmax = 50
mN and tc = 5 s) (Fig. 1l). For nanoindentation tests on BYX005 and
BYX002 by AFM, at least 30 different indented spots were chosen
randomly to acquire their corresponding material Young’s modulus
under two different maximum applied forces (i.e., Fmax = 7.5 and
15 lN) (Fig. 1o). The specific experimental implementation details
and determination of relevant physical quantities can be referenced
to the Supplementary materials (online).
3. Results and discussion

3.1. 3D multi-aspect shape characteristics

Based on the already reconstructed surface morphology of total
224 lunar regolith particles aided with the X-ray lCT scanning and



Fig. 1. Chang’e-5 lunar samples and microscopic test apparatus accompanied with the corresponding schematic diagrams. (a) Scooped sample CE5C0800YJYX001GP; (b)
drilled sample CE5Z0906YJYX005; (c) drilled sample CE5Z0709YJYX002; (d) HeliScan X-ray lCT scanning apparatus; (e) interior view of X-ray lCT scanning apparatus; (f)
slice of raw lCT image; (g) ZYGO NexView 3D white light interferometry apparatus; (h) 3D flattened surface roughness profile of CE5Z0709YJYX002 with 84 lm � 84 lm
field of view (Sq: particle surface roughness); (i) 3D flattened surface roughness profile of CE5Z0906YJYX005 with 84 lm � 84 lm field of view; (j) Hysitron TI 980
Tribolndenter (Bruker) nanoindentation apparatus; (k) four chosen measurement areas (i.e., MA1–MA4) within the CE5C0800YJYX001GP for the nanoindentation test; (l)
illustrative applied force F-penetration depth h curve for the nanoindentation test using nanoindentor (Fmax: maximum applied force; hmax: maximum penetration depth; hf:
unloading residual depth; S: contact stiffness); (m) Bruker (Icon) AFM apparatus; (n) schematic representation of the AFM operation; (o) illustrative applied force F-
penetration depth h curve for the nanoindentation test using AFM.
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image processing techniques, their aspect ratio AR, sphericity S,
convexity C and roundness R were determined according to the
previous literature (e.g., [27–29]). The specific definitions of these
shape indices can be referenced to Fig. S1 (online). Fig. 2 gives the
cumulative distribution function curves of these shape parameters
accompanied with the corresponding ones for 106 Leighton Buz-
zard sand (LBS) particles and 78 highly decomposed granite
(HDG) particles published in the previous literature (e.g.,
[30,31]). LBS is a typical hydraulically transported soil exploited
from the town of Leighton Buzzard in southeast England while
HDG is a representative granite residual soil widely distributed
in Hong Kong. Both two types of soils can capture the particle
shape variation of terrestrial soils to some extent. It can be seen
from Fig. 2 that the average values of AR, S, C, and R of Chang’e-5
lunar samples are obviously smaller than those of HDG and LBS
particles, suggesting that lunar regolith particles are more irregular
and angular than terrestrial soil particles. Meanwhile, Table S1 (on-
line) presents the particle average roughness values of BYX002 and
BYX005 evaluated with different sized fields of view, which shows
that the particle surface roughness depends on the actual size of
field of view and generally increases with the view size. In order
to reasonably compare the surface topological feature of lunar
regolith particles with that of terrestrial geomaterial particles,
Table S1 (online) summarizes the particle surface roughness of
common terrestrial geomaterial particles at similar sized fields of
Fig. 2. Cumulative distribution functions (CDFs) of particle shape indices of Chang’e-5 lu
sand; HDG: highly decomposed granite) in terms of global form and local roundness as
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view (i.e., 20 lm � 20 lm or 30 lm � 30 lm). It presents that
the BYX002 exhibits larger particle surface roughness (i.e.,
1.75 lm) than most of terrestrial geomaterials including the CDG
particles (i.e., 1.34 lm, after Ref. [32]) and DNA-1A lunar soil sim-
ulant (i.e., 1.48 lm, after Ref. [33]), except for the pumice particles
(i.e., 2.39 lm, after Ref. [34]) andMMS-1 Martian soil simulant par-
ticles (i.e., 2.09 lm, after Ref. [35]), while the BYX005 owns the lar-
gest surface roughness (i.e., 3.11 lm).

The essential reason accounting for distinct 3D multi-aspect
shape characteristics for lunar regolith and terrestrial geomaterial
particles is their distinct formation and evolution mechanisms,
which further reflects dissimilar Earth and Moon surface processes.
Specifically, terrestrial soil particles are generally created from
rocks through a series of Earth weathering processes related with
the water, air and biology, and then may experience the long-
term transportation and depositing processes dominated by the
water or wind, during which the particles would be smoothed
and polished for transported soils (e.g., LBS). While for lunar rego-
lith particles, they are primarily generated by the everlasting
impacts of micrometeorites/meteorites, which has given it a final
average AR of 0.751, more close to the 2D silver ratio (0.707) that
represents the AR value of fragments produced by hypervelocity
impact experiments (e.g., [36,37]). The slight deviation herein
may be due to the mechanical abrasion of lunar regolith particles
during the impact gardening, resulting in a slightly larger average
nar samples and two representative terrestrial soil particles (LBS: Leighton Buzzard
pects. (a) Aspect ratio AR; (b) sphericity S; (c) convexity C; (d) roundness R.
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value of AR than that of hypervelocity impact fragments, but still
smaller than those of LBS and HDG particles. In addition, the con-
stant space weathering has altered surface microstructures of
lunar regolith particles especially at the micro- or nano-scales, thus
giving them larger surface roughness compared with the DNA-1A
lunar soil simulant. This observation suggests that the particle
roughness needs to be taken as an additional index for evaluating
the fidelity of lunar soil simulants although their particle shape
characteristics can be similar with those of real lunar regolith at
large scales through mechanical crushing and abrasion.

3.2. Young’s modulus and hardness

Fig. 3 gives nanoindentation test curves of four MAs in
BYX001GP under different combinations of maximum applied
force Fmax and creep time tc, while Fig. 4 presents the statistics of
relevant physical quantities. From Fig. 4a, we can see that given
Fmax and tc, MA3 shows the greatest mean maximum penetration
depth hmax while MA1 exhibits the smallest one, which indicates
that the reduced modulus and hardness of MA1 and MA3 are the
largest and smallest values, respectively, among four MAs, as
shown in Fig. 4e, f. MA2 has the second largest reduced modulus
and hardness followed by MA4. Note that the indentation stiffness
of four MAs does not strictly follow the same pattern with the
reduced modulus and hardness due to the contact area effect. For
Fig. 3. Nanoindentation applied force F-penetration depth h curves of four different m
maximum applied force Fmax and creep time tc. (a) Fmax = 10 mN and tc = 5 s; (b) Fmax =
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instance, Fig. 4d illustrates that MA3 has a slightly larger indenta-
tion stiffness than MA4 because of the greater penetration depth
and hence the larger contact area. In addition, the creep displace-
ments in Fig. 4c for four MAs follow the similar pattern as the max-
imum penetration depth, indicating that the lunar sample surface
material with less Young’s modulus or hardness is more likely to
expand under the indenter when subjected to unloading. Fig. 4b,
d presents that the variation of indentation stiffness and elastic
fraction of four MAs follows an opposite trend, that is, the indented
area with a larger indentation stiffness has a smaller elastic
fraction.

The distinct mechanical properties illustrated by varying
nanoindentation curves in Fig. 3 for four MAs at the same Fmax

and tc mainly result from their different mineral compositions
and microstructural features. With the aid of scanning electron
microscopy (SEM) equipped with the energy-dispersive X-ray
spectroscopy (EDS), the elemental compositions and surface fab-
rics of four MAs are determined, and analysis results are presented
in Figs. S2 and S3 (online), respectively. It can be seen from Fig. S2
(online) that elemental compositions are distinct for four MAs, and
MA1, MA2, and MA4 are predicted as olivine, ilmenite, and pyrox-
ene, respectively, according to the weight percentages of elements.
The relative sizes of hardness values for three predicted mineral
phases are basically consistent with those of measured average
values herein (Fig. 4f). For MA3, Fig. S3 (online) shows that it has
easurement areas (i.e., MA1–MA4) for BYX001GP under different combinations of
10 mN and tc = 20 s; (c) Fmax = 50 mN and tc = 5 s.



Fig. 4. Statistics of relevant physical quantities of four different measurement areas (i.e., MA1–MA4) for BYX001GP derived from nanoindentation tests under different
combinations of Fmax and tc. (a) Maximum penetration depth hmax; (b) elastic fraction ee; (c) creep displacement dc; (d) indentation contact stiffness S; (e) reduced Young’s
modulus Er; (f) hardness H. The standard deviation of each data set is shown on the respective column as error bar, and the corresponding mean value is labeled at the top of
each column.
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a visibly discontinuous surface matrix with relatively larger pore
structures compared with highly dense and compacted fabrics of
other three MAs. This surface microstructure difference has led
MA3 own a smaller average hardness or average reduced modulus
and larger variability of mechanical properties, which is high-
lighted by the more significant dispersion of nanoindentation
curves for MA3 in Fig. 3. The relatively pure mineral compositions
and compacted surface fabrics of MA1, MA2, and MA4 have made
nanoindentation curves of different indented spots within these
MAs basically collapsed with each other, in spite of with a certain
variability due to the inherent heterogeneity of lunar sample mate-
rials. One exception for MA4 under Fmax = 50 mN and tc = 5 s in
Fig. 3c is mainly ascribed to two special indentation spots (i.e.,
red triangle marks in Fig. S3d online) that locate at or near the
pores between different mineral phases. In addition, typical
‘‘pop-in” and ‘‘elbow” events have been observed from nanoinden-
tation curves (e.g., Fig. 3c), which are mainly caused by the creation
of micro-cracking (red circle marks in Fig. S3 online) or encoun-
tered in the pores or micro-defects (red triangle marks in Fig. S3
online) and material expansion due to the phase transformation,
respectively.

Furthermore, from Fig. 4, we can see that the creep time tc has a
negligible influence on mechanical properties of BYX001GP within
the studied range, while with the increase of the maximum applied
force Fmax, the pressure-related maximum penetration depth hmax,
creep displacement dc and indentation stiffness S increase. Consid-
ering that the Fmax and tc have relatively limited influences on the
reduced Young’s modulus and hardness, the Young’s modulus and
hardness of four MAs under all cases are averaged as the final par-
ticle Young’s modulus (i.e., 81.89 GPa) and hardness (i.e., 8.27 GPa)
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of BYX001GP, respectively. Interestingly, the particle hardness and
Young’s modulus of BYX001GP are strikingly comparable with
those of particles returned from the surface of the asteroid 25143
Itokawa (i.e., with the Young’s modulus of 76.44–94.66 GPa and
hardness of 8.50–12.00 GPa, see Table S1 online) [38], which are
mainly attributed to their similar mineral compositions (e.g., oli-
vine and pyroxene) for both extra-terrestrial soil particles.

For nanoindentation results of BYX002 and BYX005 with the
AFM, Fig. 5a, b presents the corresponding test curves under two
different Fmax, while Fig. 5c summarizes the corresponding statis-
tics of Young’s modulus derived from these curves. It can be seen
that at the given Fmax the Young’s modulus of each lunar basalt
particle exhibits very large variabilities for different indented
spots, while the average value changes insignificantly under two
loading cases. Hence, the Young’s modulus values of all cases are
averaged as the particle Young’s modulus of two lunar basalt
clasts. The Young’s modulus values of BYX002 and BYX005 are
determined as 24.64 and 4.49 GPa, respectively, as summarized
in Table S1 (online). We have noticed that both two lunar basalt
clasts exhibit totally distinct Young’s modulus and particle surface
roughness, which may because they have experienced different
lunar surface exposure times and meteorite collision processes.
According to the previous analysis on basic stratigraphy of the
shallow regolith at Chang’e-5 sampling site and the possible ejecta
source [39,40], and also the relationship between the drilling dis-
placement and sample dissected position in the soft tube esti-
mated by sample IDs [26], both two lunar basalt clasts were
sampled in different depths, and the ejecta including top lunar
basalt clast BYX002 might undergo more meteorite impacts and
space weathering, which had changed its surface microstructure



Fig. 5. Nanoindentation results for two lunar basalt clasts using the AFM. (a) Applied force F-penetration depth h curves for BYX002 and BYX005 under Fmax = 7.5 lN; (b)
applied force F-penetration depth h curves for BYX002 and BYX005 under Fmax = 15 lN; (c) statistics of reduced modulus of BYX002 and BYX005.
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and mineral compositions, thus exhibiting distinct tribological and
mechanical properties with the bottom lunar basalt clast BYX005.
This observation suggests that it may be possible to understand the
shallow stratigraphic information of Chang’e-5 sampling site by
comparing particle property differences of drilled samples at dif-
ferent depths for future lunar sample studies.
3.3. Predicted interparticle friction coefficient

The interparticle friction coefficient lp is an important property
to characterize the influence of particle roughness on sliding resis-
tance between granular particles, and can be directly measured by
micromechanical slip tests for terrestrial geomaterials. This
approach is currently not applicable for valuable lunar regolith
samples due to the possible damage or contamination. Herein we
adopt an indirect experimental fitting method to predict lp values
of lunar regolith particles. Fig. 6a–c presents correlations between
lp and particle roughness Sq, particle Young’s modulus Ep, and
hardness Hp based on the already published experimental data
on more than ten different types of terrestrial geomaterials or engi-
neering materials [32–35,42–44] (summarized in Table S1 online).
It can be obviously seen that lp relates to these three quantities
significantly. Among which, lp increases with Sq while decreases
with Ep and Hp with different power functions, and the variation
trend of lp with Sq is also consistent with that presented in Ref.
[41], where influence of particle roughness on the interface friction
coefficient was solely investigated through glass specimens with
different roughness. Considering that Hp also has a power law rela-
736
tionship with Ep, as shown in Fig. 6d, and in order to avoid the
more complex and redundant fitting relating lp with Sq, Ep, and
Hp together based on the limited experimental data, a relatively
simple and robust spatial fitting between lp and Sq and Ep has been
constructed in Fig. 6e to predict lp values of two lunar basalt clasts
(i.e., 0.48 for BYX002 and 0.76 for BYX005, summarized in Table S1
online). The predicted lp values of the lunar regolith particles are
basically larger than most of terrestrial geomaterials and engineer-
ing materials, except for the pumice and MMS-1 particles.
3.4. Prediction of residual friction angle of lunar regolith

Due to the limited amount of lunar samples currently available
for geotechnical engineers, it is not very practical to conduct
geomechanical experiments to acquire engineering properties of
the lunar regolith, which are key to the future lunar base establish-
ment and resource utilization. Herein, we attempt to predict the
residual friction angle uc of lunar regolith from the already deter-
mined geometrical and tribological properties of Chang’e-5 lunar
samples. Many experimental or numerical studies have shown that
the particle shape and interparticle friction play more significant
roles in the residual friction angle of granular soils than the particle
grading (e.g., [45–48]), although the studied particle grading range
is still relatively narrow compared with that of lunar regolith. In
addition, Modenese [49] had pointed out that very little cohesion
was recorded for lunar regolith at the residual state, and the sur-
face energy force hardly affected the residual friction angle of lunar
regolith. Hence, according to our previous discrete element mod-



Fig. 6. Prediction of interparticle friction coefficient lp for lunar basalt clasts and residual friction angle uc for lunar regolith. Correlations between lp and particle roughness
Sq (a) [41], particle Young’s modulus Ep (b), and particle hardness Hp (c); (d) correlation between Hp and Ep; (e) predicted lp of two lunar basalt clasts BYX002 and BYX005
according to the spatial fitting plane based on Sq and Ep; (f) predicted uc of lunar regolith based on particle overall regularity (OR) and lp. Blue circle points represent our
discrete element method (DEM) triaxial shearing test results of uniformly graded sands with different combinations of OR and lp under the low confining pressure of 10 kPa.
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elling considering realistic particle shape [29,47], a series of triaxial
shearing tests on uniformly graded samples of different particle
overall regularity (OR) (0.835, 0.876, 0.918, 0.958, and 1.000) and
lp (0.001, 0.01, 0.05, and 0.10–1.00 with an interval of 0.10) have
been conducted under low confining pressure (i.e., 10 kPa) to
acquire the corresponding uc values considering of the low gravity
level on the Moon. Based on these numerical results (blue sphere
points in Fig. 6f), uc of lunar regolith is predicted in the range of
53� to 56� (red star points in Fig. 6f) through the data fitting
method. Herein the OR is defined as the mean value of average
AR, S, C, and R of Chang’e-5 lunar samples and is determined as
0.686 from previous 3D multi-aspect shape indices. The predicted
lp of 0.48 for BYX002 and 0.76 for BYX005 are adopted as upper
737
and lower bounds to estimate the range of uc considering of the
uncertainty when predicting the representative lp of lunar regolith
particles from currently limited particle property data. It is inter-
esting to see that the range of uc for the lunar regolith simulant
DNA-1A (e.g., 47�–56� in Ref. [50]) under similar low confining
pressure is consistent with our predicted range. Note that micro-
scopic tests presented in this study should be conducted on more
lunar regolith particles in following studies to further reduce the
prediction uncertainty. In addition, indoor tests on the lunar soil
simulant with similar particle mechanical, geometrical and tribo-
logical properties as Chang’e-5 lunar samples need to be conducted
to further improve the prediction of residual friction angle of lunar
regolith by considering the possible effect of particle grading.
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4. Conclusion

In this contribution, we for the first time quantified 3D multi-
aspect shape characteristics, and mechanical and tribological prop-
erties of Chang’e-5 lunar samples using a series of non-destructive
microscopic tests. Based on that, the residual friction angle of lunar
regolith under low confining pressure was reasonably predicted.
The presented results provide a new idea for cross-scale estimating
engineering properties of lunar regolith under limited lunar sam-
ples. Some primary conclusions are summarized as follows.

(1) The average particle aspect ratio, sphericity, convexity, and
roundness of lunar samples are apparently smaller in magni-
tude than those of typical hydraulically transported soil and
igneous saprolitic rock, while their surface roughness values
are obviously larger than those of most of terrestrial geoma-
terials or engineering materials including DNA-1A lunar
regolith simulant. These 3D multi-aspect shape differences
indicate that the lunar regolith particles are more irregular,
angular and rough than most of terrestrial soil particles
due to their unique formation and evolution processes.

(2) A simple relationship between the interparticle friction coef-
ficient and particle Young’s modulus and particle roughness
has been well proposed to predict interparticle friction coeffi-
cients of lunar regolith particles to avoid the possible damage
or contamination on valuable lunar samples when directly
measuring this quantity using micromechanical slip tests.

(3) The residual friction angle of lunar regolith is predicted
within the range of 53� to 56� according to the measured
particle overall regularity and interparticle friction coeffi-
cient of Chang’e-5 lunar samples, and the residual friction
angle of DNA-1A lunar regolith simulant is within the pre-
dicted range under the similar low confining pressure.
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