
Planetary and Space Science 226 (2023) 105630
Contents lists available at ScienceDirect

Planetary and Space Science

journal homepage: www.elsevier.com/locate/pss
Shear properties of LHS-1 and LMS-1 Lunar regolith simulants

Kexin Yin a,*, Zhichao Cheng b, Jiangxin Liu c, An Chen d

a Department of Civil and Airport Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing, 211106, China
b PowerChina Huadong Engineering Corporation Limited, Hangzhou, 311122, China
c Research Institute of Highway Ministry of Transport, Beijing, 100088, China
d Faculty of Land Resources Engineering, Kunming University of Science and Technology, Kunming, 650093, China
A R T I C L E I N F O

Handling Editor: Dr Witasse Witasse

Keywords:
Lunar regolith simulant
Lunar highlands simulant (LHS-1)
Lunar mare simulant (LMS-1)
Shear strength
Soil-structure interaction
* Corresponding author.
E-mail address: kexin.yin@nuaa.edu.cn (K. Yin).

https://doi.org/10.1016/j.pss.2022.105630
Received 8 November 2022; Received in revised fo
Available online 28 December 2022
0032-0633/© 2022 Elsevier Ltd. All rights reserved
A B S T R A C T

Lunar exploration and in-situ resource utilization (ISRU) activities need a better understanding of the geotechnical
properties of the Lunar regolith. However, due to the Lunar regolith specimens brought from the Moon are scarce
on the Earth, a lot of Lunar regolith simulants have been produced by using terrestrial-based materials for ex-
periments. This study reports the shear characterization of two new Lunar regolith simulants named LHS-1 and
LMS-1. Direct shear tests were carried out on the two simulants to characterize their shear properties, the results
show that the cohesion and internal friction angles of LHS-1 and LMS-1 are similar to actual Lunar regolith and
other existing simulants. Additionally, a series of direct shear tests were performed on the interface between LHS-
1/LMS-1 and steel plates. Surface roughness was varied to investigate the interfacial shear behavior of the two
Lunar simulants at both peak and residual conditions.
1. Introduction

Lunar exploration and in-situ resource utilization (ISRU) activities
demand well-constrained information about the geotechnical properties
of Lunar regolith. Shear properties especially the cohesion and friction
angle of lunar regolith are useful for exploration mission preparation,
hardware design, and infrastructure construction on the Moon (Frost and
Martinez, 2018; Iai and Luna, 2011; Long-Fox et al., 2021b, 2022; Mar-
zulli and Cafaro, 2019; Yin et al., 2021b). Lunar simulants with similar
chemical compositions as well as physical properties to Lunar regolith are
created with terrestrial materials for scientific testing on the Earth, due to
a large quantity of returned Lunar regolith being unavailable for
geotechnical experiments (Ryu et al., 2018; Zeng et al., 2010). Two
specific geological regions exist on the Moon, i.e., the Lunar highlands
and Lunar mare, which are characterized by different mineralogical
compositions and geotechnical properties. For instance, the Lunar south
pole is a highlands region mainly composed of anorthosite, while the
Lunar mare is rich in basalt (Lemelin et al., 2022; Long-Fox et al., 2021a,
2022). To represent the Lunar highlands and mare regolith and to satisfy
the needs of large quantities of Lunar regolith-like soils for Lunar
research, two high-fidelity simulants are developed and produced by the
CLASS Exolith Lab at the University of Central Florida, namely the Lunar
highlands simulant (LHS-1) and Lunar mare simulant (LMS-1). Since
rm 11 December 2022; Accepted
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LHS-1 and LMS-1 can accurately simulate the Lunar highlands and mare
regolith from the aspects of mineralogical composition, mechanical fea-
tures, particle size and shape distributions (Cannon and Britt, 2019;
Isachenkov et al., 2022; Long-Fox et al., 2022), they become appropriate
analogies for the geotechnical characterization of the regolith in the two
different Lunar regions. However, several important geotechnical prop-
erties of the two new Lunar regolith simulants are not well investigated
and understood, for example, the cohesion and friction angle. Moreover,
the shear response has often been monitored on the simulants themselves
(Iai and Luna, 2011; Long-Fox et al., 2022; Marzulli and Cafaro, 2019;
Ryu et al., 2018; Seehanam et al., 2021; Suescun-Florez et al., 2015), with
no consideration on the simulant-structure interfaces.

This study mainly investigates the shear properties of the LHS-1 and
LMS-1 simulants-steel interfaces regarding smooth and rough surface
conditions, thanks to a novel interface direct shear machine accompanied
with an accurate monitoring system. The differences in interface shear
strength parameters between regolith simulants LHS-1 and LMS-1 are
quantified and compared. This research aims to establish some baseline
geotechnical data for the two Lunar simulants as well.
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Table 1
Mineral composition of the two Lunar regolith simulants.

Component (wt.%) LHS-1 LMS-1

Anorthosite 74.4 19.8
Glass þ basalt 24.7 32.0
Ilmenite 0.4 4.3
Pyroxene 0.3 32.8
Olivine 0.2 11.1
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2. Materials and methods

2.1. Materials

Two novel Lunar simulants designed by the CLASS Exolith Lab were
used in the direct shear tests, i.e., the Lunar highlands simulant (LHS-1)
and Lunar mare simulant (LMS-1). The grain size distribution curves are
shown in Fig. 1a, presenting the data measured by both laser diffraction
and sieve analysis in Exolith Lab. All the particle size of the two simulants
is lower than 100 μm, and their mean particle diameter is about 60 μm.
The particles of the two Lunar simulants are characterized with angular
shape, providing enough similarity for actual Lunar regolith. Glass
spherules and agglutinates are absent in the morphology of the particles
(Isachenkov et al., 2022), which are typical space-weathering features of
Lunar regolith developed under conditions of proton sputtering, micro-
meteorite impact, and solar wind etching. The grain density (ρs) of LHS-1
and LMS-1 is 3.22 g/cm3 and 3.03 g/cm3, and their bulk density (ρa) is
1.30 g/cm3 and 1.56 g/cm3, respectively (measured by Exolith Lab). The
minimum (ρmin) and maximum (ρmax) density of LHS-1 measured in our
lab are 1.39 g/cm3 and 1.91 g/cm3, quite close to 1.24 g/cm3 and 1.95
g/cm3 tested by Exolith Lab. The minimum and maximum density of
LMS-1 are 1.56 g/cm3 and 2.06 g/cm3. The different particle size dis-
tribution by mass (Fig. 1a) and mineral component cause different
minimum and maximum density for the two simulants. The chemical and
mineral composition of LHS-1 and LMS-1measured by X-ray fluorescence
(XRF) and X-ray diffraction (XRD) techniques agree with data acquired
from corresponding genuine Lunar highlands and mare regolith, ac-
cording to the comparison in Isachenkov et al. (2022). The mineral
composition of the two Lunar regolith simulants is summarized in
Table 1. More information about the particles’morphology and chemical
components of LHS-1 and LMS-1 can be found in Fact sheets from the
Exolith Lab and Isachenkov et al. (2022).

Steel plates in a dimension of 140 mm � 100 mm � 11 mm with
different roughness (i.e., smooth and rough) were employed for the
simulant-structure interface direct shear tests. The investigated smooth
and rough surfaces aimed to simulate different interface roughness
encountered in engineering problems of ISRU (e.g., rover mobility,
wheel-regolith interaction, infrastructure construction, mineral explora-
tion, regolith transportation, and excavation tools). The shear response of
the Lunar soil-structure interface is affected by the interface roughness
and asperities of the regolith particles (Brisset et al., 2022; Frost and
Martinez, 2018; Prabu et al., 2021; Sun et al., 2022; Yin et al., 2021a).
Two kinds of roughness parameters of the two steel plates are measured,
i.e., the average arithmetic height (Ra) and the maximum peak-to-valley
height (Rmax). The Ra values are 1 μm and 45 μm, and the Rmax values are
8 μm and 277 μm, to define the smooth and rough plates. The steel plate
was installed in the bottom part of the interface shear box, see Fig. 1b.
Fig. 1. (a) Particle size distribution curves of LHS-1 and LMS-1 L
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Lunar simulant specimen was poured into the shear box, and then a
manual compaction was performed by a tamping tool to obtain a sample
density of 1.85 g/cm3 and 1.97 g/cm3 for LHS-1 and LMS-1, respectively.
The values of the relative density (Dr) of LHS-1 and LMS-1 are 86.0% and
85.0%, indicating dense Lunar simulant samples. Then the whole shear
box was installed in the interface direct shear machine for the shearing
test.
2.2. Direct shear device

An interface direct shear machine (see Yin (2021)) was used to
investigate the shear behavior of the LHS-1 and LMS-1 Lunar simulants.
The upper part of the shear box is 100 mm � 100 mm � 50 mm for
accommodating a Lunar simulant specimen, while the dimension of the
groove in the bottom part is 140mm� 100mm� 11mm for containing a
steel plate (Fig. 1b). The vertical/horizontal loads applied to the spec-
imen are measured by accurate load cells. Horizontal/vertical displace-
ments are recorded by two Linear Voltage Displacement Transformers
(LVDTs). The data logging system of the direct shear machine offers a
minimum acquisition rate of 0.001 s. More details about the interface
machine can be referred to Vasilescu (2019) and Yin (2021).
2.3. Experimental setup

Direct shear tests with the displacement-controlled mode were per-
formed on dry LHS-1 and LMS-1 simulants as a first part of the present
experiment setup to estimate the cohesion and angle of internal friction.
The normal stresses employed were 25 kPa, 50 kPa and 75 kPa. A series
of displacement-controlled interface direct shear tests were conducted on
dry Lunar simulants-steel under four constant normal stresses of 25 kPa,
50 kPa, 75 kPa, and 100 kPa to characterize the shear properties at both
smooth and rough steel surface conditions. When the vertical deforma-
tion was stable after the normal stress was applied, all the direct and
interface direct shearing tests were performed with a rate of 0.5 mm/
min, reaching a maximum horizontal displacement of 10 mm.
unar simulants; (b) sketch of the interface direct shear box.



Table 2
Residual cohesion and internal friction angles of LHS-1 and LMS-1 compared to
values for Lunar regolith and other Lunar simulants.

Cohesion (kPa) Internal friction angle (�)

LHS-1 1.7 40.3
LMS-1 3.9 40.5
BP-1a 0.0–2.0 39–51
JSC-1Ab 2.0–5.0 37–48
KLS-1c 1.85 44.9
JSC-1c 1.65 45.0
JSC-1d �1.0 45.0
FJS-1e 3–8.4 32.5–39.4
LHS-1f 0.301 � 0.013 31.7 � 2.4
LMS-1g 0.341 � 0.022 49.6 � 3.9
DNA-1Ah 0.0 44–47
TLS-01i 6.5 33.9
FJS-1c 8.13 39.4
Lunar regolithj 0.26-1.80 25–50
Lunar regolithk 0.3-2.1 35–47

a Suescun-Florez et al. (2015).
b Alshibli and Hasan (2009).
c Ryu et al. (2018).
d Willman et al. (1995).
e Kanamori et al. (1998).
f Dried LHS-1 data from Long-Fox et al. (2022).
g Long-Fox et al. (2021b).
h Marzulli and Cafaro (2019).
i Seehanam et al. (2021).
j Carrier et al. (1973)
k Apollo 11, Apollo 12, and Apollo 14 data from Mitchell et al. (1972).

K. Yin et al. Planetary and Space Science 226 (2023) 105630
3. Experimental data

The shear stress versus horizontal displacement of the direct shear
tests is compared in Fig. 2a. LHS-1 is mobilized with larger peak shear
stress (τp) at the normal stress of 50 kPa and 75 kPa than LMS-1. Whereas
similar residual shear stresses (τcv) are observed for the two Lunar sim-
ulants under the three normal stresses studied. Direct shear data is pro-
cessed by linear regression according to the Mohr-Coulomb relationship
between shear stress and normal stress to obtain the cohesion and in-
ternal friction angle. The peak/residual cohesion (cp, ccv) values are 0/
1.7 kPa and 5.3/3.9 kPa for LHS-1 and LMS-1, respectively (Fig. 2b). The
estimated peak/residual angles of internal friction (φp, φcv) are 45.1�/
40.3� and 40.9�/40.5� for LHS-1 and LMS-1, respectively. There are
obvious differences on the peak internal friction angles between LHS-1
and LMS-1, this can be attributed to the different initial sample density
and mineralogical composition (Table 1). Since the two simulants have a
same particle size distribution by volume (see Fig. 1a), they exhibit
nearly the same residual friction angles. In other words, the granulometry
controls the residual friction angle, with respect to other compositional
factors, such as mineralogy.

The residual cohesion and internal friction angles are compared to the
data from Lunar regolith and other Lunar simulants in the literature, as
presented in Table 2. The cohesion (c) and internal friction angle (φ) of
genuine lunar regolith are in the range of 0.26–2.1 kPa and 25–50�

(Carrier et al., 1973; Mitchell et al., 1972), the ccv and φcv of LHS-1 and
LMS-1 are successfully fitting within this range. The cohesion values of
LHS-1 and LMS-1 obtained in this study are in accordance with other
simulants like BP-1 (Suescun-Florez et al., 2015), JSC-1A (Alshibli and
Hasan, 2009), KLS-1 (Ryu et al., 2018), JSC-1 (Ryu et al., 2018), higher
than LHS-1 (Long-Fox et al., 2022) and DNA-1A (Marzulli and Cafaro,
2019), but lower than the results of LMS-1 (Long-Fox et al., 2021b),
TLS-01 (Seehanam et al., 2021) and FJS-1 (Ryu et al., 2018). The residual
internal friction angles of LHS-1 and LMS-1 have similar values with
reported results of the simulants in Table 2, except for the LHS-1, LMS-1
tested by Exolith Lab and TLS-01 tested by Seehanam et al. (2021). This is
mainly due to the tested sample density of dried LHS-1 and LMS-1 in
Long-Fox et al. (2022) and Long-Fox et al. (2021b) is lower, and the
TLS-01 from Seehanam et al. (2021) was produced with grinding ma-
chine rather than conventional jaw crusher or hammer mill.

So far, there is no data about the interface shear response between
LHS-1/LMS-1 Lunar simulants and structures typically characterized by
direct shear test. The changes in shear stress with respect to horizontal
displacement of the two simulants-steel plate under smooth surface
conditions are presented in Fig. 3. Prominent curve peaks appear at
higher normal stress (i.e., 75 kPa and 100 kPa), which agrees with the
findings presented by Frost and Martinez (2018) for two Lunar simulants
(JSC-1A and GRC-3). Comparable trends are exhibited in both curves,
Fig. 2. Direct shear test results of LHS-1 and LMS-1: (a) shear stress as a functi
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however LMS-1 needs less horizontal displacement to reach peak shear
stress (τp) than LHS-1. The mineral composition, particle size and shape,
as well as the sample density are attributed to this difference (Long-Fox
et al., 2021b). Similar peak (τp) and residual (τcv) shear stress values are
observed on LHS-1 and LMS-1 (Fig. 3), giving quite close peak and re-
sidual interface friction angles with a small difference of 0.7�

–1.0�. The
peak adhesion (cp) obtained from the intercept of Mohr-Coulomb enve-
lopes on shear stress axis is 2.8 kPa and 2.3 kPa for LHS-1 and LMS-1,
respectively. The residual adhesion (ccv) values of them are 2.4 kPa
and 2.2 kPa (Fig. 3b).

Data from all tests of rough interface shearing are presented in terms
of shear stress-horizontal displacement and Mohr-Coulomb failure en-
velopes (Fig. 4). There are distinct peaks on all the shear stress-horizontal
displacement curves of both LHS-1 and LMS-1 in the case of rough steel
surface. Peak shear stresses are generated at a horizontal displacement
smaller than 2 mm (Fig. 4a). Although there exist differences (1.42–4.25
kPa) on the peak shear strength for LHS-1 and LMS-1, similar residual
shear strength is mobilized with a small magnitude of 0.37–2.33 kPa
on of horizontal displacement, and (b) peak and residual failure envelopes.



Fig. 3. Smooth interface direct shear test results of LHS-1 and LMS-1: (a) shear stress as a function of horizontal displacement, and (b) peak and residual fail-
ure envelopes.

Fig. 4. Rough interface direct shear test results of LHS-1 and LMS-1: (a) shear stress as a function of horizontal displacement, and (b) peak and residual fail-
ure envelopes.
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(Fig. 4). Like the smooth interface shear tests, the shear stress curves get
to a constant volume state at a horizontal displacement of 6 mm–10 mm.
Since surface roughness is an influence factor on the shear behavior
(Frost and Martinez, 2018; Yin et al., 2021a), higher residual shear
strength is observed on rough interface than the smooth one (see Figs. 3
and 4).

The peak adhesion (cp) values under the rough interface condition are
6.2 kPa and 4.2 kPa for LHS-1 and LMS-1, as shown in Fig. 4b. While the
residual adhesion (ccv) is much lower than the peak one, 2.0 kPa for LHS-
1 and 1.2 kPa for LMS-1. In general, the cohesion of the soil-structure
interface is lower than the cohesion of soils (Yin et al., 2021a), howev-
er in this study the interface adhesion values of both smooth and rough
plates are quite close to the cohesion values of the simulants (see Figs. 2,
Figs. 3 and 4), this may be due to the Lunar simulants are low cohesive
materials and the direct shear test is not an optimal method to determine
the cohesion or adhesion of granular materials. When the steel plate
surface is rough, LHS-1 is characterized with a little bit lower peak and
residual interface friction angles than LMS-1 (Fig. 4), a similar trend is
also observed in the smooth plate surface tests in Fig. 3. As presented in
Fig. 4b, the δp of LHS-1 is 36.5�, only 0.6� lower than LMS-1; the δcv of
LHS-1 is 32.1� while the one of LMS-1 is 33.1�. The difference of initial
specimen density, particle size distribution (by mass), mineral composi-
tion and particle geometry are the main reasons for that LHS-1 has lower
interface friction angles than LMS-1.
4

The peak and residual interface friction angles of LHS-1 and LMS-1
increase with interface roughness, but still lower than the internal fric-
tion angles of the simulants at the studied interface roughness range (Ra
< 50 μm and Rmax < 300 μm). This finding agrees with the previously
published results of interface shear tests on other Lunar simulants, e.g.,
JSC-1A and GRC-3 in Frost and Martinez (2018).

4. Conclusions

Direct shear tests were conducted on LHS-1 and LMS-1 Lunar simu-
lants, as well as the simulant-steel interface, to investigate the corre-
sponding shear properties under different surface roughness. The two
new Lunar simulants are suitable for Earth-based experiments to study
the geotechnical properties of the regolith on Lunar highlands and Lunar
mare. The conclusions are summarized as follows.

1. Direct shear: the peak/residual cohesion (cp, ccv) values are 0/1.7 kPa
and 5.3/3.9 kPa for LHS-1 and LMS-1, respectively. The peak/resid-
ual internal friction angles (φp, φcv) are 45.1�/40.3� and 40.9�/40.5�

for LHS-1 and LMS-1. The ccv and φcv of LHS-1 and LMS-1 measured in
this study are consistent with genuine Lunar regolith and other major
Lunar simulants in the literature.

2. Smooth interface: the peak and residual adhesion values of LHS-1 and
LMS-1 are<3.0 kPa; the difference of peak interface friction angles of



K. Yin et al. Planetary and Space Science 226 (2023) 105630
LHS-1 (18.6�) and LMS-1 (19.6�) is 1.0�, and the residual interface
friction angle difference of LHS-1 (16.0�) and LMS-1 (16.7�) is only
0.7�.

3. Rough interface: the peak and residual adhesion values of LHS-1 and
LMS-1 are <6.5 kPa; the peak interface friction angles of them are
36.5� and 37.1�, and the residual values are 32.1� and 33.1�, for LHS-
1 and LMS-1, respectively.

4. The interface friction angles of LHS-1 are lower than LMS-1, mainly
due to their different initial specimen density, particle size distribu-
tion, mineral composition and particle geometry.

5. The peak and residual interface friction angles of LHS-1 and LMS-1
increase with surface roughness, but still smaller than the internal
friction angles of the two simulants at the studied roughness range of
Ra < 50 μm and Rmax < 300 μm.

6. The mechanical parameters of the two Lunar simulants-steel interface
can provide information for future human construction on the Moon.

However, more geotechnical properties of the two Lunar simulants
require further and intensive investigation across various conditions.
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