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To understand the crack propagation and chip formation mechanism caused by a PDC bit for various 
gravity values, a numerical study using particle flow code in 2 dimensions (PFC 2D) is performed. The 
numerical results indicate that the cracks, caused by stress concentrations, are responsible for chip 
formation. In addition, the fracture area and cutting efficiency first increase and then decrease with 
the increase in gravity. The dynamic analysis of stress evolution in the cutting process indicates that 
the input energy per step curve consists of many fluctuations, accompanying with crack propagation 
and stress concentration-dissipation cycles. Moreover, the theoretical analysis using the maximum 
circumferential stress theory successfully explains the reason why the increase in gravity first increases 
and then decreases the fracture area and cutting efficiency.
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Extraterrestrial planets may harbor abundant mineral resources, including silicates, oxides, sulfides, and native 
metals1. In addition, the terrestrial mineral resources gradually deplete. Thus, the exploitation of extraterrestrial 
planets resources is a promising frontier and a new research focus with the rapid development of human 
technology2. To successfully utilize these mineral resources, the efficient breakage of these extraterrestrial rocks 
is fundamental. Polycrystalline diamond compact (PDC) bits and disc cutters are common rock breakage tools. 
Especially, PDC bits have been widely used in resource exploration process3. For instance, resource exploration 
with PDC bit has been used since 1970’s4. In addition, PDC bits can be used to break different kinds of hard-to-
drill lithologies5. Thus, PDC bits may be efficient rock cutting tools at the early exploration stage of extraterrestrial 
planets. In the cutting process of PDC bits, stress concentrations firstly form in the rock. Then, when these 
stresses exceed critical values, cracks initiate and propagate. The crack propagation directly determines rock 
chip formation and further affects the cutting efficiency. Previous studies indicated that many factors including 
cutter shape6,7, cutting rate8, cutting depth9, etc., significantly influence this rock chip process. For example, 
the cross sectional area of groove, correlated to the bit shape, directly influences the cutting force6. In addition, 
torsional impact cutting instead of steady loading frequently results in smaller cutting forces7. Moreover, the 
cutting distance promotes the cutting depth of the PDC cutter9.

The vacuum environment, large temperature change, radiation and gravity variation of the extraterrestrial 
planets may may result in the differences in mechanical properties of the extraterrestrial particle media including 
soils and rocks10–12. Especially, the gravity directly affects the formation of the particle media and further 
determines the stress distribution in the particle media13. Previous studies indicated that gravity significantly 
affects the mechanical response of the extraterrestrial soil to the external loads14,15. However, the effects of 
gravity on rock breakages lack detailed studies.

To generate extraterrestrial conditions on the earth may be costly and unavailable for most researchers16. 
Instead, the discrete element method (DEM) is more efficient in simulating extraterrestrial conditions14–16. Thus, 
in the present study, particle flow code in two dimensions (PFC 2D) is applied to study the influence of gravity 
on dynamic fracture process of extraterrestrial rock. The load transition law and the energy consumption in the 
cutting process are also discussed.
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Numerical model
Introduction to PFC 2D
Previous studies indicated that the discrete element method is applicable to simulate the mechanical properties 
of extraterrestrial media19,20. In PFC 2D models, parallel bonds connect adjacent particles (widely used to 
simulate rock materials)21,22 are adopted. In addition, this contact bond model has been successfully used to 
simulate extraterrestrial rock specimens19. External loads may cause shear or tensile stress concentrations in 
these bonds (Fig. 1a). When either of these stresses exceeds the bond strength, including the shear strength (τc) 
and the tensile strength (σc), a micro crack generates (Fig. 1b). The accumulation of these micro cracks can 
result in the macro failure of the specimen.

Numerical model
Before simulating the cutting process of PDC bits, the calibration of rock samples is essential. In PFC simulations, 
the uniaxial compressive stress-strain curve is frequently calibrated23. The previous study indicated that the 
penetration hardness of a typical extraterrestrial rock is 1080 MPa24. According to the previous study on the 
relation between the uniaxial compression strength and the penetration hardness25, the unixial compressive 
strength in the present study is 85.7 MPa. Figure 2a shows the calibrated uniaxial compressive strength and the 
failure sample when the gravity is 9.8 m/s2. Clearly, the uniaxial compressive strength is close to the reported 
value. Table 1 lists the micro parameters of the rock specimen.

Figure 2b shows the cutting model of the PDC bit. The width and height of the rock specimen are close 
to the previous study8. The inclination angle of the PDC bit is 20°26. The adopted values of the gravity in the 
present study are 1.6 m/s2, 5.7 m/s2, 9.8m/s2 and 12.9 m/s2. The cutting depths are 1 mm, 2 mm and 3mm. To 
save the calculation time, the advance rate of the bit and the advance distance are 2 m/s8 and 2.4 mm. In the 
cutting process, the right and bottom boundaries are fixed. Simultaneously, the input boundary energy (Eq. 2) 
is dynamically recorded27.

Fig. 2.  Calibration and cutting model (a) calibration of uniaxial compression strength; (b) cutting model of 
the PDC bit.

 

Fig. 1.  Elements in PFC 2D: (a) particles and parallel bonds; (b) failure criteria.
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Eb = 0.5 ∗
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Fwall
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Where Eb, Fwall and xwall are the boundary work, bit force and bit displacement, respectively.
To investigate the relation between input energy and crack propagation in the cutting process, measure circle 

logic is applied. 5100 overlapping measure circles with a radius of 0.3 mm entirely cover the rock specimen (Fig. 
2b). These measure circles can record the horizontal stress, σxx, the vertical stress, σyy and the shear stress, τxy

28. 
T﻿hus, the principal stresses (σmax and σmin ) can be calculated:

	 σmax
min = (σxx + σyy) /2 ±

√
τ2

xy + (σxx − σyy)2 /2� (2)

Results
To evaluate cutting efficiency, specific energy (SE), widely used in previous studies, is a critical index29,30.

	 SE = W/A� (3)

Where E and A are the consumed energy and the fracture area, respectively.
The SE value represents the the energy for breaking unit rock. Clearly, a lower SE represents the higher 

cutting efficiency. The following sections mainly focus on rock fracture and the consumed energy.

Rock fractures
Figure 3 shows the rock fractures for different gravity values and cutting depths. When the gravity and the 
cutting depth are 1.6 m/s2 and 1 mm, respectively, Fig. 3a1 clearly shows that the fracture area is limited. A crack 
failing to from rock chips generates. When the cutting depth increases to 2 mm, the fractured area expands Fig. 
3a2. With the further increase in cutting depth to 3 mm, Fig. 3a3 shows that the fracture area further expands. 
Similarly, a crack failing to from rock chips appears. For the other gravity values, we may infer that the increase 
in cutting depth increases the fracture area, as shown in Fig. 3. This inference can be firmly confirmed by Fig. 
4 and the previous studies26,31. When the gravity increases to 5.7 m/s2, Fig. 3b1 shows that the fracture area 
expands. The crack propagating to the top surface is responsible for this rock chip. As represented in Fig. 3c1,a 
smaller rock chip forms for the gravity of 9.8 m/s2 However, rock chips fail to form when the gravity increase to 
12. 9 m/s2. Thus, the fracture area decreases. For the other cutting depths, referring to Figs. 3 and 4, it is evident 
that the fracture area also first increases and then decreases with the increase in gravity. The above analysis 
indicate that rock fractures are commonly caused by cracks propagating to the top surface. In addition, the effect 
of gravity on crack propagation is significant and needs further study.

Input energy
Figure 5 depict the input energy per step for various gravity values. Figure 5a clearly shows that the input energy 
per step fluctuates with the increase in cutting distance for the gravity value of 1.6 m/s2. This phenomenon 
agrees well with the previous cutting force-distance curves19,26. More importantly, the average and peak values 
of the input energy per step increases with the increase in cutting depth. Thus, Fig. 6 shows that the increase in 
cutting depth results in the promoted consumed energy, obtained by accumulating the input energy per step. 
Figure 5b–d indicate that similar results are observed for the other gravity values. Thus, we can conclude that the 
increase in cutting depth promotes the consumed energy for various gravity values. However, the effect of gravity 
on the consumed energy for the same cutting depth is unclear (Fig. 6). In addition, the input energy curve per 
step consists of many fluctuations. These fluctuations may correlate with rock fractures and are discussed in the 
following section.

Using Eq. 4 and the data in Figs. 4, 6 and 7 shows the specific energy for various gravity values. The fitted 
curves clearly shows that the SE first decreased and then increased with the increase in gravity. In other words, 
the increase in gravity first promotes and then restrains the cutting efficiency for the specific cutting depth. The 
effect of gravity on rock fractures is responsible for this result (Fig. 4). However, for the same gravity, the effect 
of cutting depth on cutting efficiency is irregular.

Micro parameters Value

Particle radius range (mm) 0.35~0.6

Particle contact modulus (GPa) 22.1

Particle normal/shear stiffness 1.5

Friction coefficient 0.3

Parallel bond modulus (GPa) 22.1

Parallel bond normal strength 25.0

Parallel bond shear strength 30.0

Table 1.  Mechanical parameters.
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Discussions
The above analysis show that the fracture area determines the cutting efficiency. The rock fracture (crack 
propagation) strongly correlates with cutting load (input energy)32,33, thus, the following section discusses 
dynamic crack propagation process and the effect of gravity on crack propagation.

Fig. 4.  Fractured area.

 

Fig. 3.  Rock fractures (a1–d1) are rock fractures when the cutting depth is 1 mm for the gravity of 1.6 m/s2, 
5.7 m/s2, 9.8 m/s2 and 12.9 m/s2; (a2–d2) are rock fractures when the cutting depth is 2 mm for the gravity of 
1.6 m/s2, 5.7 m/s2, 9.8 m/s2 and 12.9 m/s2; (a3–d3) are rock fractures when the cutting depth is 3 mm for the 
gravity of 1.6 m/s2, 5.7 m/s2, 9.8 m/s2 and 12.9 m/s2.
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The dynamic fracture process
Figure 8 depicts the typical input energy curve for the gravity and cutting depth of 9.8 m/s2 and 3 mm, respectively. 
This curve consists of many fluctuations. In the present study, two typical fluctuations (P1-B1 and P2-B2) are 
investigated. At P1 point, a peak value of input energy per step appears. Figure 9a indicates that small fractures 
near the contact point between the rock and the PDC bit form. A highly shear stress concentrated zone covers 
this fracture area. In addition, a tensile stress concentration zone appears beneath this shear stress concentration 
zone. When the cutting distance increases to about 0.32 mm, a bottom point (B1) appears. At this point, the 
fracture area expands. More importantly, shear and tensile stress concentrations simultaneously dissipate (Fig. 
9b). Clearly, the stress concentrations are responsible for the fracture area expansion. Similar fracture expansion 
by stress concentrations has been reported in the previous study28. Similarly, the fluctuations before P1-B1 
fluctuation may be responsible for the formation of the small fracture area in Fig. 9a. For the P2-B2 fluctuation, 

Fig. 6.  Consumed energy and cutting efficiency: (a) the consumed energy; (b) the specific energy.

 

Fig. 5.  Input energy (a–d) are the input energy for the gravity values of 1.6 m/s2, 5.7 m/s2, 9.8 m/s2 and 
12.9 m/s2, respectively.
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the PDC bit advance results in tensile and shear stress concentrations. Especially, tensile stress concentrates at 
crack tips (Fig. 10a). When the cutting distance reaches about 1.05 mm, shear stress concentrations disappear. 
In addition, tensile stress concentrations at crack tips significantly dissipate(Fig. 10b). The above analysis clearly 
indicates that the advance of the PDC bit first cause stress concentrations in rock. When the stresses reach 
critical values, cracks, causing fractures, propagate. Simultaneously, these stress concentrations dissipate. For 
the other fluctuations, similar crack propagations accompanying with stress concentration-dissipation are also 
observed (figures not shown). Thus, we can conclude that the fluctuations of the input energy per step frequently 
accompany with crack propagation and stress concentration-dissipation cycles.

The effect of gravity on fracture propagation
The above sections show that crack propagation is critical for chip formation. In addition, the stress concentrations 
are responsible for crack propagation causing rock fractures. Moreover, crack propagation path also directly 
influences the rock fracture degree. Therefore, the following section mainly discuss the effect of gravity on crack 
propagation direction, using the maximum circumferential stress theory.

Fig. 8.  Typical input energy curve.

 

Fig. 7.  Specific energy.
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In the present study, the crack propagation caused by PDC bit is the Mode I-II combined crack propagation. 
Figure 11a shows the stresses at the internal crack tip33,34:

	
σ rr = 1

2
√

2π r

(
KIcos

θ

2

(
3 − cosθ ) + KIIsin

θ

2 (3cosθ − 1 ))� (4)

	
σ θ θ = 1

2
√

2π r
cos

θ

2 (KI( 1 + cosθ ) − 3KIIsinθ )� (5)

Fig. 11.  Stress field for a crack (a) stress field around the crack tip; (b) principal stresses on an element.

 

Fig. 10.  Stress evolution for the P2-B2 fluctuation.

 

Fig. 9.  Stress evolution for the P1-B1 fluctuation.
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2
√

2π r
cos
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Where σθθ, r, θ, τrθ, KI and KII are the radial stress, the expansion radius, the fracture angle, the circumferential 
stress, the shear stress, the Mode I stress intensity and the Mode II stress intensity, respectively. According to the 
maximum circumferential stress theory, cracks initiate when:

	 ∂ σ θ θ /∂ θ = 0, ∂ 2σ θ θ /∂ 2θ < 0� (7)

In addition, the direction of the minimum principal stress indicates the crack propagation direction. In the 
present study, the angle between the minimum principal stress and the X axis (α) is defined as the crack angle 
(Fig. 11b). If the minimum principal stress direction rotates with a counterclockwise angle to overlap with X axis, 
the value of α (Eq. 8) is positive. On the contrary, the value of α is negative33.

	
α = π

2 sin−1 −τ xy√
(σ xx − σ min)2 − τ 2

xy
� (8)

Using the recorded stresses in measure circles and Eq. 8, Fig. 12a1 shows three monitor points (#1 P, #2 P and 
#3 P) at P2 point (Fig. 8). According to the maximum circumferential stress theory, as illustrated in Fig. 12a2 
,it shows that the predicted crack angle at these points are − 19.4°, -4.5°and 39.7°.Clearly, these data predicted 
crack angle are close to the measured crack angles in Fig. 12b1. Figure 12b2 shows that the predicted crack 
angles are − 2.4°and − 3.8°at #4P and #5P. These predicted crack angles are also close to the following measured 
crack angles, as depicted in Fig. 3c3. The irregularly distributed particles are responsible for the small differences 
between the predicted and the measured crack angles. The above comparison between the predicted crack angles 
and the measured crack angles firmly indicate that the crack propagation caused by PDC bit obeys the maximum 
circumferential stress criterion.

To investigate the influence of gravity on crack propagation, Fig. 13a plots the average crack angles for different 
gravity values and cutting depth. Clearly, the effect of cutting depth on crack angle is irregular. However, the 
increase in gravity values obviously promotes the crack angle. For the small gravity value, according to Fig. 13b, 
the negative crack angles frequently form small rock chips at the shallow part. With the increase in crack angle, 
larger chips may form. However, with the further increase in crack angle, the crack may fail to form rock chips. 
Thus, the increase in crack angle first promotes and then restrains rock fractures. In accordance with Fig. 4, this 
phenomenon can properly verify why the increase in gravity first increases and the decreases the fracture area 
for the same cutting depth. In addition, the reason why the cutting efficiency first increases and then decreases 
with the increase in gravity can also be explained (Fig. 7).

Conclusions
To study the effect of gravity on rock fracture by PDC bit, a 2D numerical study based on discrete element 
method is performed. The numerical simulation indicates that the increase in gravity first increase and then 

Fig. 12.  Crack propagation direction (a1) and (b1) are the monitor points and the measured crack 
propagation direction; (a2) and (b2) are the predicted crack propagation direction.
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decrease the fracture area. However, the effect of gravity on the consumed energy for the same cutting depth is 
limited. Thus, the cutting efficiency first increases and then decreases with the increase in gravity, ranging from 
1.6 m/s2 to 12.9 m/s2. In addition, the dynamic monitoring of the stress field in the cutting process shows that 
the increase in input energy per step frequently cause stress concentrations. When the stress reaches critical 
values, cracks propagate and form rock fractures. In the crack propagation process, stresses dissipate. Moreover, 
the crack propagation obeys the maximum principal stress criterion. The predicted crack angles indicate that the 
increase in gravity frequently promotes crack angles. This increase in crack angle first increase and then decrease 
the rock fracture area.

Data availability
Data sets generated during the current study are available from the corresponding author on reasonable request.
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