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In the paper an experimental study of the dynamic parameters of CAS-1 lunar regolith stimulant is carried out, and the 
law by which different void ratios and confining pressures influence the dynamic shear modulus G and the damping 
ratio λ  is analyzed. The test results show that, in the case of real lunar surface under very low stress levels and large 
void ratio, the dynamic shear modulus G is smaller, and the damping ratio λ  is larger; the dynamic shear modulus 
diminishes quickly and the damping ratio increases sharply along with the increase of dynamic shear strain γ . Using the 
Hardin-Drnevich Model, the paper comes to the average fitted curve of the normalized dynamic shear modulus G/Gmax 

and the normalized damping ratio λ / maxλ  changing with γ  on the conditions of different void ratios and confining 
pressures. The correlative equation between the maximum dynamic shear modulus Gmax, the maximum damping 
ratio maxλ , the dynamic parameters such as the reference shear strain rγ and the stress levelsσ are discussed. Based on 
this, the range intervals of Gmax, maxλ and rγ within the coring and sampling depth (0~3m) of lunar regolith, as well as 
the recommended values of G/Gmax and λ corresponding to various shear strain are presented. 
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INTRODUCTION 

As the key to the Lunar Exploration Phase 3 
Program, “Lunar soil sampling” aims to obtain 
lunar regolith samples of stratification quality. 
However, in the process of sampling, a key problem 
may be the dynamic response resulting from 
interactions between the coring device and lunar 
regolith under particular environmental conditions 
of the lunar surface. Lunar regolith samples are so 
precious that even the United States, which already 
have 381 kg of lunar regolith samples, are very 
strict and prudent in using them. It is for this reason 
that the paper carefully chooses a “lunar regolith 
simulant” [1] with similar mechanical properties to 
real lunar soil in order to carry out this basic 
mechanical experimental study. 

Scholars at home and abroad [1-12] have 
conducted relevant research on the physical and 
mechanical properties of different lunar regolith 
simulants. Zheng et al. [2] mainly studied the 
microwave dielectric property of CAS-1 lunar 
regolith simulant; Li et al. [7-8] discussed the basic 
physical and mechanical properties of the lunar 
regolith simulant made of volcanic ash in Jilin 
Province of China; Jiang et al. [9,10] explored the 
effects of grain grading and moisture content on the 
mechanical property of TJ-1 lunar regolith simulant, 
and carried out a relevant experimental study on the 
bearing characteristics of TJ-1 lunar regolith 
simulant. Haydar et al. [11] conducted experiments 
on the tensile property of JSC-1 lunar regolith 

simulant and discussed how the weight and 
thickness of the lunar regolith simulant influence 
the tensile strength. Robert et al. [12] observed and 
analyzed the micro structure of lunar regolith 
simulant and performed studies on the improvement 
of mechanical properties of lunar regolith simulant. 

All studies mentioned above are oriented to 
statics of lunar regolith simulant and focus mainly 
on its basic physical and mechanical properties. In 
contrast, few studies are about the dynamic 
properties or are relevant to lunar regolith coring. 
Therefore, the present paper will carry out a 
relevant basic dynamic experimental study by using 
the CAS-1 lunar regolith simulant (national 
standard sample) which is jointly developed by the 
Institute of Geochemistry and the National 
Astronomical Observatories, Chinese Academy of 
Sciences in replace of real lunar soil. The dynamic 
shear modulus and damping ratio are two primary 
parameters of the dynamic properties of soil and 
indispensable dynamic parameters for studying the 
dynamic properties of the soil layer. Consequently, 
carrying out a dynamic property analysis of 
dynamic shear modulus and damping ratio of lunar 
regolith simulant serves as a significant basis for 
studying the mutual effects between lunar regolith 
and sampling device.  

The lunar surface features a special environment 
of waterless dryness and weightlessness (1/6 g), and 
the compactness looseness of lunar soil is 
differently distributed in breadth and depth. Based 
on the facts, the paper will use GDS resonant 
column apparatus to carry out dynamic property 
tests of lunar regolith simulant with different void 
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ratios in a series of different low confining 
pressures and regular confining pressure of the 
ground. It tries to find out the varying pattern of 
dynamic shear modulus and damping ratio of lunar 
regolith simulant subjected to dynamic load, and 
then uses theoretical analysis to work out the 
average varying curves of G/Gmax- γ and λ / maxλ - γ  
and relevant dynamic parameter values. 
Furthermore, the paper quantitatively analyzes the 
law by which the confining pressure affects 
different test results, and finally, it presents the 
reference values of dynamic modulus and damping 
ratio within the strain range, resulting from change 
of confining pressure of lunar regolith simulant 
with different void ratios.  

TEST SCHEME 

Experimental equipment  

The experimental apparatus to be used in the 
study is the Stokoe-type resonant column apparatus 
(RCA) produced by the British GDS Instruments 
Company. Its principle is elaborated in Bai’s studies 
[13,14]. 

Experimental material 
The experimental material is CAS-1 lunar 

regolith simulant (national standard sample) [2] 
successfully developed by the Institute of 
Geochemistry and the National Astronomical 
Observatories, Chinese Academy of Sciences. The 
particles of CAS-1 lunar regolith simulant are typical 
grinded particles in angular shape [2], similar to the 
particle morphology of the world famous JSC-1 
lunar regolith simulant [3] which also has 
conspicuous grinding vestiges. 

Through the specific gravity bottle test, the 
relative density Gs is worked out to be 2.66, which 
falls into the category of relative density (2.3～3.2) 
[15] of real soil particles. The gradation of particles 
of CAS-1 lunar regolith simulant is between the 
upper and lower limits of parts of real lunar soil. 

Test method  
In advance of the experiment, the test samples of 

lunar regolith simulant were oven-dried and cooled 
to room temperature. By controlling the void ratio 
of lunar regolith simulant, the void ratio e of lunar 
regolith simulant in two different degrees of 
looseness was set to be 1.0 and 0.8, respectively. 
According to the specific gravity, their 
corresponding initial dry density dρ was 1.33 g/cm3 
and 1.48 g/cm3. 

During the test, the confining pressure was set at 
two stress levels: low confining pressure (25, 50, 75, 
100 kPa) and regular confining pressure (150, 200, 
250, 300 kPa). The excitation voltage applies to 
CAS-1 lunar regolith simulant. Prior to the 

confining pressure test at each level, stabilize for 30 
minutes and do not conduct the tests until the 
LVDT sensor placed on the rotary plate detects the 
stability of axial settlement amount of the test 
samples. 

TEST RESULTS 

Under different stable confining pressures, the 
relation curves between dynamic shear modulus G 
and shear strain γ of lunar regolith simulant of 
different compactness are presented in Figure 1. As 
can be seen, G gradually diminishes with the 
increase of γ . When the shear strain is smaller, G 
diminishes more slowly, and when shear strain 
increases to a certain extent, the dynamic shear 
modulus begins to diminish quickly. The change of 
dynamic shear modulus along with shear strain 
reflects the non-linear and hysteretic law of the 
dynamic stress-strain relationship of the soil [16].  

By comparing the test results under different 
confining pressures, it can be seen that G decreases 
with the decrease of confining pressure. On the 
condition of the same excitation voltage, the shear 
strain is larger and the trend of dynamic shear 
modulus diminishing with the increase of shear 
strain is even more conspicuous. 

By comparing the test curves of different void 
ratios it can be seen that the larger the void ratio, 
the smaller is the dynamic shear modulus G. On the 
condition of the same excitation voltage, the shear 
strain is larger, and the dynamic shear modulus-
shear strain curve is steeper. This means that G 
diminishes rapidly with the increase of shear strain 
and there is no obvious flatness. 

Figure 2 shows the relation curves between 
damping ratioλ  and shear strain γ  of lunar regolith 
simulant with different compactness under the 
condition of different confining pressures. It can be 
seen from the diagram that the damping ratio 
increases with the increase of shear strain, and 
when shear strain increases to a certain extent, the 
damping ratio increases sharply. By comparing 
Figure 1 with Figure 2, it is seen that the stage 
during which the dynamic shear modulus 
diminishes quickly is exactly the stage where the 
damping ratio increases rapidly. By comparing the 
test results of different confining pressures, it can 
be seen that the smaller the confining pressure, the 
larger is the damping ratio. On the condition of a 
small shear strain, the effect of confining pressure 
on damping ratio is small, but with the increase of 
shear strain, the effect of confining pressure on 
damping ratio is dramatically enlarged.  
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(a) e=1.0 

 
(b) e=0.8 

Fig. 1. Relationships between dynamic modulus G 
and shear strain γ of lunar regolith simulant. 

 
(a) e=1.0 

 
(b) e=0.8 

Fig. 2. Relationships between damping ratio λ and 
shear strain γ of lunar regolith simulant. 

By comparing the test results of different void 
ratios, it can be seen that the larger the void ratio, 
the larger is the damping ratio, and the steeper is the 

damping ratio-shear strain curve. 
The above test results show that: the stress levels 

and compactness exert a significant influence on the 
dynamic shear modulus G and the damping ratioλ  
of lunar regolith simulant; under circumstances of 
real lunar surface, when the stress level is very low 
and the void ratio is large, the touch points between 
lunar soil particles are few, resulting in slow 
transmission of tress wave in lunar soil and are 
represented by a smaller G and a larger λ ; and with 
the increase of shear strain, the dynamic shear 
modulus diminishes rapidly whereas the damping 
ratio sharply increases. Such a property has 
significant effects on the lunar soil coring rate and 
completeness of the sample. 

ANALYSIS OF TEST RESULTS 

Analysis of test data 

As is shown by the test results, the test curves 
are of good regularity. By using the famous Hardin-
Drnevich [17] Hyperbolic Model, the dynamic 
stress-strain relationships can be described as 
follows:  
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In the equation, τ and rγ  are dynamic shear 
stress and reference shear strain respectively; maxG , 

maxλ  and maxτ  are the maximum dynamic shear 
modulus, the maximum damping ratio and the 
maximum dynamic shear stress, respectively. maxG  
and maxλ can be measured by the resonant column 
test, with the results shown in Table 2.  

The relationships between dynamic shear 
modulus, damping ratio and shear strain were 
experimentally measured. Conduct regression 
analysis of them by using (1) ~ (5) and the least 
square method, and make equalization [18,19] of 
the results from different test regressions. The 
results are presented in Figure 4. 

It follows from Figure 4 that the Hardin-
Drnevich Hyperbolic Model is suitable for 
describing the dynamic constitutive relationship of 
lunar regolith simulant.  
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(a) e=1.0 (low confining pressure) 

 
(b) e=1.0 (regular confining pressure) 

(c) 
(c) e=0.8 (low confining pressure) 

 
 (d) e=0.8 (regular confining pressure) 

Fig. 4. G/Gmax-γ and λ /λ max-γ experimental curves of 
different pore ratios of lunar regolith simulant under 
different confining pressures. 

Varying pattern of Gmax 
Figure 5 shows that Gmax is in a good linear 

relationship with the confining pressure σ (25～

300kPa) and increases with the increase of 
confining pressureσ . The expression is as follows: 

max 1 1G A B σ= +            (6) 
In the equation, A1 is the intercept of the straight 

lines; and B1 is the slope of the straight lines. The 
values of A1 and B1 are listed in Table 3.  

Therefore, in combination with Equation (6) and 
parameter values in Table 3, when the confining 
pressure ranges between 0～25 kPa, the values of 
Gmax of the test samples with void ratios of 1.0 and 
0.8 are derived reversely to be 21.908～27.583MPa 
and 38.518～47.006MPa, respectively. 

Table 3. Fitting results of Gmax and confining 
pressure σ. 
Void ratio e A1 B1 
1.0 0.227 21.908 
0.8 0.340 38.518 

 
Fig. 5. Relationships between Gmax and confining pressure 
σ. 

Varying pattern of λmax 

Figure 6 shows the relationship between 
maxλ and confining pressure σ  of CAS-1 lunar 

regolith simulant. Within the range of lower 
confining pressures (0～25kPa), maxλ  diminishes 
rapidly with the increase of σ . Furthermore, it can 
be seen from the diagram that the two are in a linear 
relationship and maxλ  diminishes faster in a linear 
way when the void ratio e of the test samples is 1.0; 
within the range of regular confining pressures 
(100 ～ 300kPa), the relationship between the 
maximum equivalent hysteretic viscoelastic 
damping ratio maxλ  and σ of CAS-1 lunar regolith 
simulant undergoes obvious transitions. That is, 

maxλ shows a pattern of slow decrease with the 
increase ofσ . Describe the pattern of how maxλ  at 
these two stages varies with σ  in a linear 
relationship, and the uniform expression is:  

max 2 2A Bλ σ= +            (7) 
The values of A2 and B2 under low and regular 

confining pressures are listed in Table 4. In 
combination with Equation (7) and parameter 
values in Table 4, when the confining pressure 
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ranges between 0～25 kPa, the values of maxλ of the 
test samples with void ratio of 1.0 and 0.8 are 
derived reversely to be 11.240×10-2～9.415×10-2 
and 6.530×10-2～5.520× 10-2 , respectively. 

Table 4. Fitting results of λmax and confining pressure 
σ. 

Void 
ratio e 

Low confining 
pressure  

(25～100 kPa)  

Regular confining 
pressure  

(100～300 kPa) 
A2 B2 A2 B2 

1.0 -0.073 11.240 -0.008 4.749 
0.8 -0.040  6.530 -0.006 3.197 

 
Fig. 6. Relationships between λmax and confining 

pressure σ. 

Varying pattern of the reference shear strain γr 

Figure 7 shows that the reference shear strain 
rγ (fitting parameter) is in good linear relationship 

with the confining pressure σ and increases with 
the increase of confining pressureσ . The uniform 
expression is as follows:  

r 3 3A Bγ σ= +              (8) 
The values of A3 and B3 are listed in Table 5.  

 
Fig. 7. Relationships between γ r and confining 

pressure σ. 

Table 5. Fitting results of γ r and confining pressure σ. 
Void ratio e A3 B3 

1.0 0.003 1.407 
0.8 0.006 1.685 

When the confining pressure ranges between 
0～25 kPa, the values of rγ  of the test samples with 
void ratio of 1.0 and 0.8 are derived reversely to be 
1.407% ～ 1.489% and 1.685% ～ 1.822%, 
respectively.  

Recommended values of G/Gmax and λ of lunar 
regolith simulant  

In the process of sampling, with the gradual 
increase of the depth of lunar soil layer, the 
surrounding stress levels will be higher and higher. 
In this sense, the range values of confining pressure, 
to some extent reflect the sampling depth of lunar 
soil. In combination with the test results and fitting 
curves, in Table 6 relevant test results of test 
samples with void ratio being 1.0 and 0.8 
respectively are listed as recommended values. 
Such test results are within the range of strain and 
are obtained from the change of confining pressure. 
This is of certain reference value for lunar soil 
sampling. 

Table 6. Recommended values of G/Gmax, λ and γ of 
the lunar regolith simulant (0-100 kPa). 

CONCLUSIONS 

(1) By conducting a comparative study of CAS-
1 lunar regolith simulant and real lunar soil it was 
found out that the particle morphology and 
composition of CAS-1 lunar regolith simulant fall 
into the category of the particles of real lunar soil 
and is applicable to dynamic experimental research; 
by carrying out GDS resonant column experiments, 
the law by which different void ratios and confining 
pressures influence the dynamic shear modulus G 
and damping ratioγ is found out. 

(2) The stress level and the compactness exert a 
significant effect on the dynamic G and λ . Under 
the conditions of real lunar surface, lower stress 
levels and larger void ratio, there will be smaller G 
and largerλ , and with the increase of shear strain, 
the dynamic shear modulus decreases rapidly 
whereas the damping ratio increases sharply. This 
property significantly affects the coring rate of 
lunar regolith and the completeness of the sample.  
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(3) By analyzing the test data using the Hardin-
Drnevich Hyperbolic Model, the paper works out, 
for CAS-1 lunar regolith simulant with void ratios 
of 1.0 and 0.8 respectively, the average fitting 
curves between G/Gmax and max/λ λ with the change 
of γ  under low and regular confining pressures, 
and relevant dynamic parameters.  

(4) The paper quantitatively analyzes the 
correlative equation between the maximum 
dynamic shear modulus Gmax, maximum damping 
ratio maxλ , reference shear strain rγ and the 
confining pressure σ when the void ratio is 1.0 and 
0.8, respectively, and accordingly, the values of 
Gmax, maxλ and rγ when the lunar regolith sampling 
depth ranges between 3～5m and the stress level is 
between 0 ～ 25kPa. To be specific, Gmax is 
21.908 ～ 27.583MPa and 38.518 ～ 47.006MPa, 
respectively; maxλ is 11.240× 10-2～9.415× 10-2 and 
6.530 × 10-2～5.520× 10-2 , respectively; and rγ  is 
1.407% ～ 1.489% and 1.685% ～ 1.822%, 
respectively.  

The reference values of the dynamic parameters 
related to CAS-1 lunar regolith simulant given in 
the above research are of great reference for the 
ground model test and numerical simulation 
research in the process of lunar soil sampling.  
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