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Deep lunar drilling is an effective means of obtaining complete lunar profile sam-
ples and high quality exploration data, which is of great historical importance
in promoting the development of China s lunar exploration. In this work, a finite
element model of moonstone is constructed and a simulation study of drilled moon-
stone is carried out. In addition, the Drucker-Prager model to describe the in-
trinsic properties of moonstone is selected, based on the Abaqus finite element
software, to complete the numerical simulation of lunar rock cutting by setting
different drill feed rates to study their effects on the drill rock fracturing process.
The simulation results show that at constant speed, the drilling displacement in-
creases with increasing feed rate. To avoid a drill stop, it must be ensured that the
feed speed is at least above 1.6 mm per second. The simulation results show that
the drilling offset increases with increasing feed rate.
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Introduction

The Moon is the closest natural satellite to Earth with unique physical resources,
strategic location and unique environmental conditions, and has become the frontier for hu-
man space exploration [1-3]. It has been shown that the Moon’s mineral resources are mainly
concentrated in lunar rocks at a depth of 10-15 m below the lunar surface [4, 5]. However, the
deepest lunar samples to date have only reached a depth of 3.05 m and did not touch the deep
lunar rock [6]. Due to the high cost and difficulty of conducting lunar rock drilling experiments
under simulated extreme lunar environmental conditions, it is particularly necessary and im-
portant to perform numerical simulation calculations.

In recent years, scientists have conducted extensive research into drilling and coring
moonstones. Hao et al. [6] analyzed and selected the thermophysical properties of in situ pre-
served lunar rock analogue samples in the extreme lunar environment, and the results showed
that the samples can be used as Earth analogues of lunar rocks. Cui et al. [7] used a discrete
element method to thermally simulate the drilling of lunar rock simulants, and the simulation
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results showed that in the vacuum simulation, the lunar soil temperature during drilling was
much lower than that of the Iunar rock simulation, and the lunar soil simulation had less impact
on the heat dissipation of drilling tools. Tang et al. [8] used a discrete element method to sim-
ulate the cutting load characteristics of moonstone and confirmed the existence of a dense core
region in the cutting and crushing process of moonstone. Song [9] used the discrete element
method to build a simulation model for moonstone drilling, to analyze the influence of the
shape, position and size of moonstone on the performance in the drilling process, and to provide
a basis for real-time monitoring and control create the drilling process. Wang [10] simulated the
crushing of moonstone based on LS-DYNA carbide drill and studied the block size distribu-
tion of moonstone after crushing and the crushing area. Li [11] constructed a discrete element
simulation model for orthogonal/dimensional cutting and crushing of simulated moonstone,
and determined the crushing behavior of simulated moonstone and its loading characteristics
in rotary/percussion drilling mode. Zhou et al. [12] developed a new auxiliary method for rock
fracturing, laser rock fracturing, and experimentally found that this method can significantly
reduce the strength of lunar rocks and has obvious effects on improving the efficiency of lunar
rock fracturing and reducing in situ disturbance. Wu et al. [13] proposed a method for calibrat-
ing the parameters of lunar rock analogues in DEM, which is of great importance in providing a
basis for core drilling. For the area of terrestrial rocks, Gao et al. [14] developed a granite-based
discrete element model to reveal the mechanical behavior and fracture mechanism of granite
under microwave irradiation.

In summary, the special environment of the Moon, such as low temperature and mi-
crogravity, makes the test extremely difficult and expensive, and it is very important and nec-
essary to use numerical simulation study the process and parameters of lunar rock drilling.
However, most current studies use discrete elemental methods, and most experimental studies
are conducted for moonstone analogs, and the studies mainly deal with cutting loads and ther-
mal simulations. Because moonstone is a continuous medium, it is more appropriate to use the
finite element method to simulate its core drilling process, and feed rate is one of the key factors
in the success of moonstone drilling and core drilling. Therefore, in this paper, we chose the
large-scale non-linear finite element analysis software ABAQUS [15] to simulate the drilling
process in which the moonstone interacts with the drill bit and to study the influence of feed
rate on the drilling process.

Building simulation models

Diamond is an ideal material for drilling due to its excellent abrasion resistance
[16, 17]. Therefore, diamond is used as drilling material in this work. Considering the strength
theory and the damage criterion of moonstone, the Drucker-Prager criterion [18] is chosen as
the intrinsic model of moonstone. The parameters of its mechanical properties are shown in
tab. 1. Figure 1 shows the drill configuration.

Table 1. Mechanical parameters of drills and lunar rock [19]

Drucker-Prager guidelines

Material Modulus of Poisson’s Density — :
elasticity [MPa] ratio [tonne per mm?] Friction | Flow stress | Expansion
angle ratio angle
Diamond 1000000 0.2 3.5-10% -

Moonstone 41400 0.29 33-10% 48° 0.8 48°
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Figure 2 shows the geometric model, fi-
nite element model, and meshing of the drill
bit and lunar rock created in this paper. Among
them: the drilling network is divided into tet-
rahedral cells, the cell type is C3D4 and the
number of cells is 155772. The moonstone is a
cylinder with dimensions R40 mm x H50 mm,
which is divided into ortho-hexahedral cells, the
cell type of which is C3D8R and the number of ~ Figure 1. Drill configuration;
cells is 53750. During the drilling process, the  (2) front view and (b) top view
drill drills vertically into the rock, limiting its
displacement in the X- and Y-directions and its rotation in the X- and Y-axes, but can still
move in the Z-direction and rotate around the Z-axis.
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Figure 2. Drills, lunar rock modelling and networking;
(a) modelling the interaction between drill and rock, (b) meshing of the drill, and
(¢) moonstone grid

Analysis of the simulation results

Assuming that the drilling rotation speed is 110 rpm, four different feed speeds of
0.8 mm per second, 1.2 mm per second, 1.6 mm per second, and 2.2 mm per second are set to
achieve the analyzed obtain results such as drill displacement and display the associated curves.
and to derive the influence law of different feed rates on drilling moonstone.

At the same time of analysis (15 seconds), the results of the drilling displacement
analysis with a diamond core bit are shown in fig. 3. It can be seen that the maximum drilling
displacements are 12.16 mm, 18.55 mm, 25.01 mm, and 32.96 mm under four feed speeds.
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Figure 3. Diamond bit drilling displacement analysis results; (a) feed rate of 0.8 mm per second,
(b) feed rate of 1.2 mm per second, (c) feed rate of 1.6 mm per second, and
(d) feed rate of 2.2 mm per second

Figure 4 shows the curves of diamond bit supporting reaction force and supporting
reaction moment vs. time, and it can be seen that:
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— Ata given speed of 110 rpm, both the bit supporting reaction force and supporting moment
The reactionrque decreases gradually increases with increasing feed speed.
— When the feed rate is unchanged, the rule of time change of the support reaction force and
support reaction moment can be divided into two-stages: unstable stage and stable stage.
For the unstable stage: the support reaction force and support reaction moment change
drastically and the value increases rapidly. The reason is: when the drill touches the surface
of the moonstone, it creates a large impact force. At this time, the branch reaction force and
branch reaction moment increase rapidly in a short time when the two achieve a stable contact
relationship. At this time, the branch reaction force and branch reaction moment are in a stable
state. At this time, the drill penetrates the moonstone and the moonstone resistance to the drill
remains stable, which is in line with the results of scientists’ previous research [20]. At the stage
when the values of support reaction force and support reaction moment are stable, the combined
effect of feed speed and rotation speed is not enough to drill through the lunar rock, at this time
the drill will stop feed, and the following may happen see: when the feed speed is lower than
1.6 mm per second, the diamond drill will stop drilling at a certain time.
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Figure 4. Course of the support reaction force and the support reaction moment
over time during the drilling process; (a) curve of support reaction force vs. time and
(b) variation curve of support moment vs. time

Conclusion

In this paper, for the main influencing factors of force loading when drilling deep
lunar rocks in the complex environment of the Moon, a numerical simulation analysis of the
process of crushing lunar rocks with a diamond drill is carried out based on the finite element
software ABAQUS and the influence law The influence of the Feed rate on the branch reac-
tion force, branch reactionrque and drilling displacement is studied, and the conclusions of the
study are at constant speed, the drilling displacement increases with increasing feed speed and
drilling efficiency also improves with increasing feed speed. In moonstone drilling, the inter-
action between drill and moonstone is divided into an unstable phase and a stable phase, the
former being the fluctuating phase in which the interaction between the two has just begun, and
the latter being the stable phase, the drilling phase in which the two have a stable phase have
established a contact relationship. The support reaction force and the support reaction moment
increase as the feed rate increases. For the drill type selected in this paper, it should be ensured
that the feed speed is not less than 1.6 mm per second to avoid drilling stop during the drilling
process in lunar rock.
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