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A novel prediction method for peak 
cutting force of curved picks 
considering lithological tolerances
Mingyu Duan 1,4, Lefei Shao 1,4, Yizhe Huang 1,2, Qibai Huang 1, Jiaqi Liu 1 & Zhifu Zhang 3*

This study presents a 3D pick-rock contact calculation method for conical picks, aiming to develop 
a predictive method with high accuracy and lithological tolerance for peak cutting force (PCF). The 
method is based on the projection profile method and D. L. Sikarskie stress distribution function. By 
integrating Griffith’s theory with rock damage constitutive model, the energy relationship between 
the rock fracturing process and crack propagation process is analyzed. Furthermore, in order to 
accurately correct the PCF, the energy correction function (C-Kf) is proposed to calculate the damage 
intensity index (Ke), which accounts for the relationship between rock brittleness and rock damage 
elastic–plastic energy. To validate the method, it is compared with full-scale cutting tests and three 
existing models, and statistical analysis confirms its high lithological tolerance and accuracy, the 
present model has the highest R2 of 0.90404, which is at least 12.5% higher relative to the mainstream 
models. Moreover, incorporating Ke into the method further enhances its predictive capability.

Keywords  3D pick-rock contact calculation method, The rock damage constitutive model, PCF correction 
method, The damage intensity index, Predictive capability

Abbreviations
PCF	� The peak cutting force
UCS	� The uniaxial compressive strength
BTS	� The Brazilian tensile strength
RMSE	� The root mean square error
SE	� The standard error
MSD	� The mean squared deviation
MAE	� The mean absolute error
RSS	� The residual sum of squares
α1	� The taper angle of pick body
r1	� The radius of alloy head
r1	� The radius of pick body
h1	� The vertical height of alloy head
h2	� The vertical height of pick body
l1	� The vertical height of point F
l2	� The vertical height of point G
l3	� The vertical height of point C
l4	� The vertical height of point D
γ	� The installation angle
d	� The cutting depth
a	� The long semi-axis
b	� The short semi-axis
θ	� The horizontal component angle of surface stress
θ1	� The position angle of point M
θ2	� The elliptic tangent angle
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ρS	� The surface energy density
U0	� The energy given by the truncation process
GS	� The energy for new surface
δ	� The initial crack size
μ	� The rock Poisson’s ratio
E	� The rock modulus of elasticity
εC	� The critical strain
KIc	� The rock type I fracture toughness
ϕ	� The angle between the surface stress and the cutting profile
Kf	� The elastic energy normalization factor
Ke	� The damage intensity index
σL	� The critical fracture stress
C	� The brittleness index

Conical picks are widely utilized tools in mining engineering for rock drilling, blasting, excavation, and quar-
rying operations. Cutters endure high compressive stress, shear stress, and impact loads while also facing cor-
rosion from the coal seam media. Consequently, they become vulnerable components of mining machinery. As 
rock mining depth and difficulty increase, mining machinery is progressively moving toward automation1. The 
theoretical PCF of conical picks offers high precision and high lithological tolerance. It enables efficient selection 
of cutters, evaluation of work efficiency, and prediction of operational performance. Consequently, it enhances 
mining efficiency and reduces costs.

The cutting process of cutters corresponds to the evolution of rock damage, including the compaction stage, 
linear elastic stage, plastic stage, fracture stage, and collapse stage. Various cracks, joints, and defects exist within 
the rock, leading to the unpredictable and unbalanced nature of the failure process2,3. Rock joints are natural 
fractures or planar structures formed during geological evolution, and can be classified into parallel and inter-
secting types. When subjected to external forces or internal stresses, stress within the rock mass concentrates on 
the joint surfaces. Due to the relatively weak strength of joint surfaces, crack propagation tends to preferentially 
occur along these surfaces4. Additionally, other defects in the rock, such as cracks, pores, and heterogeneities, 
can induce stress concentration under loading, promoting crack propagation. These defects may also result in 
water and gas permeation, further accelerating crack propagation. Therefore, in the study of the theoretical 
prediction of PCF for conical picks, it is essential to consider and analyze how these joints and defects affect 
rock failure and stability.

According to rock failure mechanisms described above, the cutting force (CF) during the cutting process 
exhibits dynamic variations. The CF corresponding to the generation of large block fractures in coal and rock is 
commonly referred to as the PCF, which is influenced by factors such as coal and rock properties, teeth geometry, 
cutting depth, and cutting angle. Many researchers have investigated the relationship between cutting perfor-
mance and efficiency of mining machines theoretically, empirically, and numerically.

Evans5 conducted a study on the vertical penetration of conical picks into rocks, suggesting that rocks ulti-
mately experience tensile failure. Then he devised a computational model for conical pick cutting forces, showing 
a strong connection between CF and pick angle, as well as a proportional relationship with the square of the cut-
ting depth and tensile strength of the rock. However, the cutting force was found to be inversely proportional to 
the rock’s brittleness index. Building upon the research findings of Evans, Roxborough and Liu6 as well as Goktan7 
considered the friction between the cutters and the rock and made adjustments to the model. They developed 
a CF calculation model that included the friction angle between the rock and the cutters. Goktan and Gunes8 
considered the influence of the cutting angle and proposed a semi-empirical formula for the CF of conical picks 
based on previous mathematical models. A comparison between calculated and experimental values showed that 
this model had good predictive performance. Fathipoue-Azar9 established a quantitative correlation between 
rock strength, cutters structural parameters, and average CF by utilizing a data-driven predictive model. This 
model was based on 157 datasets from 47 rock samples. By considering the nonlinear relationship between the 
predictor and response variables, an average CF prediction model was developed. Morshedlou et al.10 established 
a database of mean cutting forces (MCF) through full-scale testing and subsequently developed a model for 
predicting cutting forces utilizing regression methods and machine learning models. The results indicate that 
the model can reasonably predict cutting forces when the input parameters encompass the uniaxial compressive 
strength (UCS), spacing, Brazilian tensile strength (BTS), penetration depth, cutter tip radius, and tip angle.

Considering the poor stability in solving theoretical models, some researchers conducted extensive studies 
on the cutting performance of conical picks using experimental and simulation methods. Hekimoglu11 simulated 
the rock-cutting pattern of alloy heads and delved into the mechanism of teeth breaking. Ranman12 mathemati-
cally described the generation of chips during conical picks rock cutting, dividing the cutting process into three 
stages: contact, formation of a dense core, and crack propagation leading to rock failure. Copur et al.13 discovered 
a significant statistical relationship between the mechanical indices of rocks obtained from indentation tests 
and the CF of conical picks. They also observed a satisfactory statistical relationship between CF and the rock’s 
brittleness index.

Bilgin et al.14 conducted a study based on experimental data obtained from a linear cutting test apparatus. 
They investigated the relationship between CF, normal force, and rock properties by cutting 22 types of rocks 
and minerals using conical picks. The research findings indicated that the ratio of CF, normal force, and cutting 
depth is directly proportional to the compressive strength, tensile strength, and rebound hardness of the rocks. 
Tiryaki et al.15 developed a predictive model for average CF using multiple linear regression, multiple nonlinear 
regression, neural networks, and regression tree methods, based on experimental data from Biglin et al.14. Rojek 
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et al.16 used the discrete element method to establish uniaxial compressive and Brazilian splitting test models to 
calibrate the parameters of rocks. Based on this, they created a conical picks rock-breaking model in both two-
dimensional and three-dimensional environments. The results showed a good agreement between simulation 
results and experiments, with better performance in the three-dimensional simulations. Dong et al.17 utilized 
PFC2D to examine the characteristics of interparticle force chains in the rock cutting process and delved into 
the influence of contact state on the cutting force of a single cutter. The conclusion drawn is that the extension 
of the force chain network aligns with the point contact direction, which is associated with the cutting angle. Su 
and Akcin18 developed a discrete element model for cutting rocks with conical picks. The PCF obtained from 
the simulation presented a strong linear relationship with the measured values. Additionally, there was a good 
linear relationship between the measured average CF and the calculated values from the theoretical formulas of 
Evans5, Roxborough and Liu6, and Goktan7. Bao et al.19 conducted theoretical and experimental studies on the 
vertical wedging of rocks using conical picks, analyzing it from an energy perspective and employing linear elastic 
fracture mechanics. They formulated a theoretical model for the Cone Factor, revealing a power-law relation-
ship with an exponent of 4/3 between the CF and cutting depth. Additionally, they observed that approximately 
10% of the total work was utilized in the formation of large rock fragments, while the majority of the energy was 
consumed in the development of a dense core. Furthermore, the research findings suggested that the composi-
tion and anisotropy of diverse rock materials influence the propagation of microcracks. Kang et al.20 designed a 
small-scale rock linear cutting test apparatus that enabled more precise testing of CF. Copur et al.21 investigated 
the impact of various cutting patterns and speeds on the rock-breaking performance of conical picks. Their 
findings revealed that the double-spiral cutting pattern exhibited the highest efficiency, surpassing both the 
single-spiral and triple-spiral patterns, while the cutting speed had a minimal influence on the overall cutting 
performance. Hekimoglu22 proposed calculating the CF and normal force of the cutting tool using the effective 
area in the cutting diagram. Lu23 investigated the impact of cutting angle, cutting depth, and other factors on 
rock fragmentation effectiveness and PCF through LS-DYNA numerical simulations.

In existing cutting force theoretical models, scholars have established PCF calculation models based on 
specific rock fracture patterns, without systematically considering the influences of the actual shape of conical 
picks, unstable crack propagation, and rock heterogeneity on calculation performance. However, experimental 
and simulation results by Coper et al.21 indicate that internal rock defects and rock brittleness significantly affect 
crack propagation and cutting force.

Regarding the energy evolution law of rocks and the effects of external factors on energy evolution, in uniaxial 
compression conditions, most of the absorbed energy in the rock deformation process is transformed into elastic 
energy accumulated inside the rock. The energy evolution behavior of rocks exhibits distinct stages, where the 
accumulation rate of elastic energy increases and then decreases as loading progresses, while the dissipation rate 
of energy tends to gradually increase24. Zhang25 studied the influence of moisture content and rock properties 
on the energy evolution of rocks through uniaxial cyclic loading-unloading tests, and they pointed out that the 
saturation process of rocks reduces the limit of energy absorption and promotes energy dissipation behavior, 
which was further validated26. The research results on the rock property effect of energy evolution show that the 
larger the strength and stiffness of the rock, the greater the energy storage limit and the rate of elastic energy 
growth. The stronger the brittleness characteristic of the rock, the faster and more thorough the release of 
post-peak elastic energy27. Gao et al.24 studied the energy evolution law of rocks based on uniaxial cyclic load-
ing–unloading tests on rocks with different properties. They further categorized the energy evolution types of 
rocks into four categories and proposed the rock energy conservation coefficient to quantitatively characterize 
the energy storage and dissipation characteristics of rocks. The energy evolution characteristics of rocks under 
different bedding loading angles also exhibit significant differences28. Zhang et al.29 conducted triaxial loading and 
unloading tests on marble specimens under different stress paths to study the energy evolution characteristics of 
the rock deformation process, and the results show that the energy storage limit of the rock under triaxial loading 
is higher than that of uniaxial compression and triaxial unloading, and that bifurcation and chaotic phenomena 
occur in the energy evolution process in the near-unstable stage.

The current predictive theory of PCF for conical picks is limited by overly simplified calculation models for 
pick-rock contact, which fail to consider the influences of pick body and crack propagation on CF, as well as 
the instability of rock damage process, leading to low prediction accuracy and significant dependence on rock 
properties.

To establish a high lithological tolerance and high prediction accuracy method for PCF, the realistic pick-rock 
contact situation is considered to establish an accurate 3D model of conical picks by utilizing Box-Lucas curve 
and piecewise linear functions for alloy head, weld, and pick body profiles, and elliptical analysis for cutting 
profile determination. The contact surface between pick and rock is layer-integrated, while incorporating the D. 
L. Sikarskie stress distribution function and Hooke’s law, to establish a precise calculation method for the PCF. 
For the fracture process of rocks with different properties, the energy relationship during crack initiation and 
propagation is analyzed by using Griffith theory and rock damage constitutive theory, and the fracture stress 
and damage intensity index (Ke) of PCF are determined. Additionally, considering the relationship between rock 
brittleness (C) and the energy during the rock damage process, the elastic energy normalization factor (Kf) is 
introduced to improve the Griffith theory. Finally, to validate the proposed approaches, a comprehensive dataset 
consisting of 40 full-scale rock-cutting tests is introduced. Among these, 20 samples are designated as the experi-
mental dataset, while the remaining 20 samples are utilized for validation purposes. Based on the experimental 
dataset, the energy correction function is established between the C and Kf to modify the PCF. The reliability 
of these modifications is rigorously verified by assessing their performance against the experimental dataset.
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A 3D PCF analytical method for curved picks
Establishment of a 3D stress analysis model for curved picks
The actual conical pick consists of a curved profile tip, a weld seam, and a tooth body. In this section, the 3D 
stress analysis model of conical picks is developed based on the projection profile method30.

The contour equation is established by referring to the actual conical picks, and the parameters shown in 
Fig. 1 are cutting depth d, the vertical distance of the center of the elliptical section h, taper angle of pick body 
α1, radius of alloy head r1, the radius of pick body r2, installation angle γ and long axis of section ellipse 2a.

The equations describing the alloy head, weld seam, and generatrix of the pick body profile in the XZ plane 
are as follows, which are obtained by fitting the Sandvik S-35/80H conical pick with a tip angle of 80 degrees 
profile using the Box-Lucas model.

where m = 1.6, n = 0.18, k1 = 1, b1 = 9.62, b2 = -140.89.
The profile equation for the cutting depth of l can be expressed as:

By solving the generatrix equation and the profile equation simultaneously, the horizontal coordinate expres-
sions for points A1 and A2 at different cutting depths can be obtained. When l < l3, numerical methods are neces-
sary to solve for xA1 and xA2, while other ranges can be represented using the following equation:

where l1 = (-m + m·en∙r1-r1·tanγ)·cosγ, l2 = (k1·r2 + b1-r2·tanγ)·cosγ, l3 = (-m + m·en∙r1 + r1·tanγ)·cosγ, l4 = (k1·r2 + b1 
+ r2·tanγ)·cosγ.

The shape of cross-section A1-A2 varies with the cutting depth and is approximately elliptical, as shown in the 
profile outline in Fig. 2. The long semi-axis a of the approximate ellipse is defined as half the distance between 
the two intersection points A1 and A2. The short semi-axis b is determined using the following approach: when 
l < l1 or l > l4, the cross-section forms a standard ellipse, allowing for a direct calculation of the length of b. For 
the cases of l1 < l < l2, l2 < l < l3, and l3 < l < l4, by constructing a standard ellipse with B2, the midpoint of B2 and K2, 
and K2, the length of b can be obtained (Fig. 2a–c).

The long semi-axes and short semi-axes can be expressed using the following formulas:

(1)

{

zOC = −m+m · enx , 0 ≤ x ≤ r1
zCD = k1 · x + b1, r1 ≤ x < r2

zDE = k2 · x + b2, x ≥ r2

,

(2)zA1A2
= −cot(γ ) · x +

l

cos(γ )
.

(3)xA1 =

{

l−b1·cosγ
cosγ ·(−k1+cotγ )

, l1 < l < l2
l−b2·cosγ

cosγ ·(−k2+cotγ )
, l > l2

,

(4)xA2 =

{

l−b1·cosγ
cosγ ·(k1+cotγ )

, l3 < l < l4
l−b2·cosγ

cosγ ·(k2+cotγ )
, l > l4

,

(5)a =
xA2 − xA1

2 · cosγ
,

Figure 1.   Analysis of contact forces between the conical pick and rock.
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where, xA0 = (xA1 + xA2)/2, xB = (l/cosγ + m-m·en∙r1)/cotγ, xK = (l/cosγ + m-m·en∙r2)/cotγ, xM = (xB + xK)/2.
At the installation angle γ and cutting depth l, the cutting profile A1J1A2J2 is shown in Fig. 3.
A coordinate system is established with ellipse midpoint O as the origin for stress distribution analysis (Fig. 4). 

Within 0 < x < a range, each point on the elliptical arc experiences compressive stress from surrounding rocks, 
perpendicular to the cutting surface. As the pick undergoes a displacement of dδ along the direction of motion, 
the normal displacement of each point on the arc J1A2J2 decreases from A2 towards both sides. The normal 
displacement at any point M on the arc is given by dδ·cosθ, where cosθ is calculated based on the relationship 
between the horizontal coordinate of point M and the ellipse tangent.

The relationship between θ1 and θ2 can be derived based on the properties of the elliptical tangent, and it is 
expressed as follows:
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�
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2
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, l > l4
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Figure 2.   Simplified elliptical profile shape and schematic diagram of long and short axes: (a) for l1 < l < l2, (b) 
for l2 < l < l3, (c) for l3 < l < l4.

Figure 3.   Schematic diagram of cutting profile for conical picks.
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The relationship between tanθ1 and the abscissa x can be found as:

The expression for tanθ2 can be derived from the equation provided above as follows:

Based on Fig. 4, it is evident that θ2 and θ add up to 90°. By combining Eq. (7–9), cosθ at the point M on the 
cutting profile can be given by:

According to Hooke’s law, the normal stress on the arc J1A2J2 decreases from A2 towards both sides. Therefore, 
the normal stress at the point M on the cutting profile can be expressed as:

PCF calculation method
During the cutting process of conical picks, intermittent rock fragmentation occurs31. The stress distribution 
along the tip of the conical picks is shown in Fig. 1. Concentrated stress forms at the tip and intensifies as the 
cutter progresses. Once the concentrated stress exceeds the fracture strength of the rock, cracks initiate at the 
tip and propagate towards the free surface, resulting in fragmentation. The contact area between the conical 
picks and the rock exhibits non-uniform distribution across the cutting depth, with a larger contact area nearer 
to the rock surface. In accordance with D. L. Sikarskie theory32, the stress distribution function on the pick is 
represented as follows:

where l is the vertical distance from the stress point A2 to the tip, d is the cutting depth.
The stress direction on the surface of the conical picks is aligned with the surface normal (Fig. 1). The stress 

acting at the point A2 on the pick body is given by:

According to Griffith’s theory, the critical fracture stressσL can be determined using the following equation:

where E is the modulus of elasticity, ρS is the surface energy density, which can be determined as:

(7)tanθ1 · tan(−θ2) = −
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Figure 4.   Stress State of the Cutting Profile.
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where KIc is the fracture toughness of rock type I.
By utilizing the peak stresses obtained from Griffith’s theory, the stress at point M on the cutting profile, with 

a cutting depth of l, can be determined (See Fig. 4).

According to Eq. (16), it is apparent that the initiation fracture stress of the rock is inversely proportional to 
the crack size δ. In other words, as the initial crack length increases, the initial cutting stress decreases. During 
the cutting process, the initial crack undergoes unstable propagation within the rock, leading to fluctuating cut-
ting forces until it reaches a minimum when the rock mass fractures. By integrating the stresses on all cutting 
profiles within the cutting depth, the CF can be calculated using the following formula:

where φ represents the angle between the normal stress on the pick surface and the cutting profile.

According to the energy criterion of Griffith’s fracture theory, the energy given by the cutting process during 
crack extension must satisfy the surface energy required to form the new surface of the crack:

where U0 is the energy given by the cutting process, and GS is the surface energy.
Considering the crack as a semicircle with radius δ, the surface energy for the formation of the new surface 

can be determined as:

Before the rock is cracked, the energy generated by the cutting process is converted into elastic energy and 
stored in the rock. According to linear elasticity theory, the work done by the cutting process can be written as:

where Kf is the elastic energy normalization factor.
By substituting the values of U0 and GS into Eq. (19), the initial crack size at the moment of crack initiation 

can be obtained as follows:

Research findings have unequivocally established that the failure of brittle rocks primarily results in small 
strains, predominantly in the form of elastic strain33,34. In contrast, plastic deformation in rock leads to strain 
hardening and substantial plastic deformation. From an energy perspective, the fracturing process in brittle rock 
is distinguished by a higher allocation of elastic energy, whereas plastic rock exhibits a lower allocation of elastic 
energy. Notably, the value of Kf, which is intimately linked with rock brittleness, demonstrates an ascending trend 
as the rock’s brittleness escalates.

Substituting δ into Eq. (16) yields the peak cutting force (PCF), which aligns with the cutting direction (as 
shown in Fig. 1):

PCF correction based on rock damage evolution model
Constitutive model for rock damage
The inherent intricate composition and structure of rock materials make them inherently susceptible entities35. 
Therefore, the utilization of damage mechanics and the development of appropriate damage constitutive models 

(15)ρS =
K2
Ic

2E
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have emerged as effective strategies for investigating rock deformation. In terms of micro-damage mechanics, 
the representation of the number of internal damage microelements within rocks during the loading process is 
denoted as Nd. To quantitatively measure this parameter, a statistical damage variable D is introduced, which is 
defined as the ratio of the number of damaged microelements to the total number of microelements N.

The failure of a microelement in rock occurs once its stress value reaches the fracture strength. Assuming a 
normal distribution for the strength of internal microelements in the rock, including the maximum stress values, 
the failure probability, denoted as p(σ), can be defined within a stress interval [σ, σ + dσ].

where the function p(σ) represents the probability density function that describes the strength of the microele-
ment, m denotes the mean value and n represents the standard deviation of the distribution.

When the external load reaches a stress level σ1, microelements within the rock that have a strength lower 
than this level will fail. The cumulative number of failed microelements, denoted as Nd, represents the sum of 
previously failed microelements in the preceding intervals.

with

where P(σ1) represents the statistical probability function that describes the strength of microelements, and Φ 
represents the standard normal distribution function.

The statistical damage variable D can be given by:

The aforementioned equations, derived from statistical strength theory, illustrates the progression of rock 
damage. With increasing stress level of σ, the corresponding function value P(σ) also increases gradually. Addi-
tionally, the statistical probability function P(σ) ranges from 0 to 1, reflecting the variation of the damage vari-
able (D).

The stress-strain relationship of brittle rocks follows a two-stage division, governed by the evolution law of 
rock damage36. Assuming ε0 represents the strain at the initiation of damage, the constitutive equation for rock 
damage, derived through the principle of strain equivalence, can be formulated as:

where the damage evolution model is given by:

Damage intensity index and PCF correction
The Griffith fracture theory is a fundamental explanation of material fracture behavior. It assumes that materials 
are homogeneous and isotropic, providing insights into crack initiation and suggesting that the critical stress 
for fracture is related to the initial crack length. However, this theory does not fully account for the direction of 
crack propagation. In reality, materials often exhibit microstructural variations, anisotropy, and multiple defects, 
which have a significant impact on fracture behavior. Moreover, the mode of crack propagation is influenced by 
various factors, including material properties, loading conditions, and stress concentration points37.

Crack propagation is an integral part of the rock failure process, and the evolution of rock damage can be 
divided into five distinct stages4,38. The rock damage evolution (blue curve) and the stress-strain relationship 
during the damage process (red curve) are presented in Fig. 5.

(1) Compaction stage (oa): Under compressive loads, microvoids and cracks within rocks undergo closure 
as a result of the applied pressure.
(2) Linear elastic stage (ab): During this stage, rocks display elastic deformation when subjected to external 
forces. Elastic deformation is reversible, causing the rocks to revert to their original shape and volume once 
the external force is removed. Rocks exhibit high rigidity and strength in this stage.
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(3) Plastic stage (bc): When the external force surpasses the strength limit of the rocks, plastic deformation 
takes place. In the plastic stage, rocks undergo volume contraction, yielding, and deformation without imme-
diate fracture. The rocks lose the ability for complete elastic recovery in this stage.
(4) Fracture stage (cd): As the external force continues to increase past the fracture strength of the rocks, 
cracks and damage begin to manifest. In this stage, cracks inside the rocks gradually expand and connect, 
forming distinguishable fracture surfaces.
(5) Collapse stage (de): Once the fractures and cracks in the rock propagate to a certain extent, the overall 
strength of the rock mass decreases, leading to rock collapse and failure. In the collapse stage, the stability 
of the rocks is entirely compromised, resulting in the loss of cohesion among rock blocks and substantial 
destruction and deformation.

The evolution law of rock damage encompasses various stages, starting from the initiation of cracks to their 
propagation, leading to rock instability and failure. Sustaining continuous crack expansion requires increased 
energy input due to surface energy requirements. Nevertheless, the unpredictable nature of crack propagation 
may result in a CF exceeding the crack initiation stage.

To provide a more precise understanding of rock failure behavior, based on the research on the rock damage 
constitutive model, this paper incorporates the concept of a damage intensity index (Ke). This index allows for 
the adjustment of the cutting force (CF) at the onset of crack formation in rocks, considering the energy input 
during the rock failure process and the prevailing conditions during unstable failure.

The area under the stress-strain curve represents the total work performed by external forces on the rock, 
encompassing both elastic and plastic deformations (See Fig. 5). Considering the influence of rock brittleness 
on the initial crack size, the elastic energy normalization factor Kf related to rock brittleness is introduced in 
this paper based on Griffith’s theory, which is used to correct the fracture stress. The corrected fracture stress 
(σL’) is incorporated into the damage constitutive equation of the rock in order to compute the damage intensity 
index Ke.

The damage intensity index Ke is defined as the ratio between the energy needed for crack initiation and the 
total energy necessary for rock failure, σ is characterized by a damage evolution model that satisfies a normal 
distribution:

In summary, the modified PCF can be represented by the following equation:

Based on the Griffith theory and rock damage evolution theory, there is a strong correlation between the 
rock brittleness index (C) and the elastic energy normalization factor (Kf). Taking the elastic modulus (E) and 
uniaxial compressive strength (UCS) of rocks as references, the relationship between C and Kf is fitted to 20 sets 
of experimental data of full-size rock cuts selected on the basis of the research results of Belgin. This relationship 
is then extended and applied to the correction of PCF.

A comprehensive overview of the crucial parameters pertaining to the rock samples, test conditions, and 
corresponding results observed across the selected 20 test cases is presented in Table 1. The tests are conducted 
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Figure 5.   Rock damage evolution process and stress-strain curve.
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using Sandvik S-35/80H conical pick with a tip angle of 80 degrees and an alloy head diameter of 20 mm. The 
cutting angle is set at 55 degrees, and the cutting speed is 12.7 cm/s14. In Table 1, E is the modulus of elasticity, 
UCS is the uniaxial compressive strength, BTS is the uniaxial tensile strength, KIc is the type I fracture toughness, 
εC is the critical strain, γ is the mounting angle, d is the cutting depth, PCF0 is the pre-correction peak cutting 
force, PCF is the corrected peak cutting force, PCFexp is the experimental value, Ke is the damage intensity index, 
Kf is the elastic energy normalization factor, C is the rock brittleness index.

A nonlinear equation system is constructed based on the UCS, εC, and the damage evolution model (See 
Eq. 30) of the rock samples’ parameters from the 20 cutting tests. By solving for the distribution coefficients (m 
and n) of the normal distribution, both the stress–strain curve during the rock damage process and the evolution 
curve of the damage variable (Fig. 5) are established. Through the integration of Eqs. (31, 32), and the obtained 
damage evolution model, the corrected PCF can be determined.

For the Griffith theory and rock damage evolution theory, Kf is only related to the rock type and independ-
ent of the cutting depth. Based on the strong correlation between Kf and C, there exists an optimal Kf and Ke 
that accurately reflect the rock’s failure characteristics under different rock brittleness conditions, leading to the 
precise correction of PCF. By solving Eqs. (14, 15, 22), an expression for fracture stress incorporating Kf can be 
derived.

The fracture stress (σL’) corrected in relation to Kf should not surpass the UCS of the rock. To ensure this, 
the Ke is determined within a suitable range of Kf for each rock sample, resulting in the correction of PCF. The 
theoretical PCF values derived from the 20 experimental sets showed the highest accuracy compared to the 
experimental PCF values. The corresponding data are meticulously recorded in Table 1, facilitating a compre-
hensive evaluation of the fitting accuracy.

The brittleness index considered in this study incorporates the elastic modulus, uniaxial compressive strength, 
and tensile strength as contributing factors in Eq. (34). A lower value of the brittleness index indicates a higher 
degree of brittleness in the rock. The relationship between C and Kf can be determined using Allometric func-
tion fitting (See Fig. 6).

where σt represents the tensile strength of the rock, σc refers to the uniaxial compressive strength of the rock.
The elastic energy normalization factor can be expressed in terms of the brittleness index C as follows:

(33)
σL′ =

2KIc
√

π
3

√

2
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0
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Table 1.   Rock characteristic parameters in cutting tests and calculation results of PCF.

No Rock Type E(GPa) UCS(MPa) BTS(MPa) KIc εC γ d PCF0 PCF PCFexp Ke Kf C

1 Chromite-1 3.5 32 3.7 0.64 0.0135 35 5 3.13 8.14 7.16 2.60 0.4497 0.8231

2 Copper-1 4.2 33 3.4 0.62 0.0130 35 5 3.48 7.87 4.40 2.26 0.1958 0.8458

3 Copper-2 4.96 41 5.7 0.85 0.0129 35 5 3.64 12.37 7.33 3.39 0.9874 0.8043

4 Anhydrite 11 82 5.5 1.13 0.0103 35 5 9.73 14.24 12.52 1.46 0.0150 0.9255

5 Sandstone-1 17 114 6.6 1.41 0.0076 35 5 13.46 18.14 19.69 1.35 0.0081 0.9517

6 Sandstone-2 28 174 11.6 2.15 0.0095 35 5 20.55 31.60 23.25 1.54 0.0080 0.9677

7 Tuff2 1.4 11 1.2 0.25 0.0138 35 5 1.07 3.11 7.08 2.91 0.9987 0.8154

8 L chromite 2.9 46 3.7 0.74 0.0175 35 5 4.53 8.90 8.71 1.96 0.1167 0.8699

9 Harsburgite 2.1 58 5.5 0.97 0.0314 35 5 4.54 14.88 14.97 3.28 0.5864 0.8427

10 Limestone 57 121 7.8 1.55 0.0029 35 5 14.25 21.22 21.51 1.49 0.0101 0.9926

11 Chromite-1 3.5 32 3.7 0.64 0.0135 35 9 6.43 14.30 14.83 2.22 0.4512 0.8231

12 Copper-1 4.2 33 3.4 0.62 0.0130 35 9 7.16 13.44 15.07 1.88 0.1963 0.8458

13 Copper-2 4.96 41 5.7 0.85 0.0129 35 9 7.49 21.92 25.82 2.92 0.9919 0.8043

14 Anhydrite 11 82 5.5 1.13 0.0103 35 9 20.04 20.04 16.30 1.00 0.0150 0.9255

15 Sandstone-1 17 114 6.6 1.41 0.0076 35 9 27.71 29.81 29.52 1.08 0.0081 0.9517

16 Sandstone-2 28 174 11.6 2.15 0.0095 35 9 42.29 47.17 48.10 1.12 0.0080 0.9677

17 Tuff2 1.4 11 1.2 0.25 0.0138 35 9 2.20 5.40 11.84 2.45 0.9985 0.8154

18 L chromite 2.9 46 3.7 0.74 0.0175 35 9 9.32 16.10 16.24 1.73 0.1166 0.8699

19 Harsburgite 2.1 58 5.5 0.97 0.0314 35 9 9.33 27.01 26.91 2.89 0.5873 0.8427

20 Limestone 57 121 7.8 1.55 0.0029 35 9 29.33 33.07 32.85 1.13 0.0101 0.9926



11

Vol.:(0123456789)

Scientific Reports |        (2024) 14:18615  | https://doi.org/10.1038/s41598-024-69569-z

www.nature.com/scientificreports/

Through the correlation analysis, the determination coefficient is 0.89, indicating a strong predictive capability 
of the independent variable C in the regression model for the dependent variable Kf. Furthermore, a two-tailed 
t-test is performed on the two parameters with a confidence level of 0.05, as presented in Table 2. The degree of 
freedom of the sample is 8 and the level of significance is 0.05. The critical value tL is determined to be 2.306 based 
on the t-test critical value table. Significantly, both the absolute values of the t-statistics for the two parameters 
exceed tL, while the corresponding probability (p-value) for the larger absolute t-value is considerably smaller 
than 0.025. These findings suggest that both parameters are crucial in the model, playing significant roles in 
interpreting and fitting the data. In Table 2, SE is the standard error.

The energy correction function, obtained from the relationship between C and Kf, along with the determina-
tion coefficient and t-test results, clearly demonstrate the strong correlation exhibited by the C and the Kf. For 
rocks with known lithological parameters, the brittleness index can be solved to characterize the rock’s brittle-
ness, and the elastic energy normalization factor Kf can be calculated through this function. In further analysis, 
in conjunction with the rock’s constitutive equation, the damage intensity index Ke can be used to modify the 
theoretical PCF. The solutions for C, Kf, and Ke for each rock sample are listed in Table 1.

To verify the reliability of the damage intensity index Ke, the discrete element method is used to perform 
microparameter matching with each lithological parameter under the same cutting conditions. Subsequently, 
discrete element simulations (PFC2D) are performed using conical picks with linear cutting (Fig. 7). During each 
cutting cycle, the cutting force acting on the pick at the point of first crack initiation is considered as the fracture 
CF. Furthermore, the highest CF observed within one cycle of rock failure is regarded as the PCF. Over 5 cutting 

(35)Kf = a · Cb = 0.00747 ·

(

e
E

20000 · σc − σt

e
E

20000 · σc + σt

)−22.75684

.

Figure 6.   Energy correction function fitted by C and Kf.

Table 2.   t-value test of energy correction function.

Parameters Value SE t-value p-value >|t| tL

A 0.00747 0.00138 5.41 0.00063836
2.306

b  − 22.75684 5.20751 -4.37 0.0023805

Figure 7.   Simulation of conical pick linear cutting test using PFC.
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cycles, the fracture CF, PCF, and their averages are recorded. Finally, the value of Ke is determined based on the 
simulations results.

For each cutting stage of the simulation process, as the conical pick compresses the rock, the CF increases 
linearly while the number of cracks remains constant, corresponding to the elastic stage. By detecting the change 
in the number of cracks, the CF corresponding to the initial stage of continuous crack growth is identified as 
the fracture CF, which coincides with the computed fracture stress in this work. The PCF during the process of 
crack propagation and rock block detachment inside the rock is recorded as illustrated in Fig. 8. The ratio of 
the average PCF to the average fracture CF over 5 cycles is then calculated as the corresponding Ke for the rock 
sample, consistent with the calculation process of the theoretical method. Based on the PFC simulation results 
for 20 different cutting conditions, it can be observed that for cutting depths of 5 and 9 mm, the simulated results 
of the damage intensity index exhibit the same trend as the theoretical solutions, with a maximum error of less 
than 15%, as depicted in Fig. 9. This finding demonstrates the agreement between simulation and theoretical 
calculations, providing initial validation for the reliability of employing the energy correction function (C- Kf) 
to modify the PCF method.

In order to investigate the effect of C, Kf and Ke on the prediction accuracy of PCF, the sensitivity of PCF 
to the three parameters is calculated numerically by combining Eqs. (31,32,34,35). C, Kf and Ke are varied up 
and down by 10%, and the corresponding PCF values are calculated, and the sensitivity results are recorded in 
Table 3 and Fig. 10.

Drawing upon the aforementioned findings, a significant influence of increased rock brittleness (C) on the 
PCF is observed, leading to a considerable surge in its values. Furthermore, the impact of Ke on PCF calculations 
appears to be comparatively minor. Additionally, Eq. (32) and Fig. 10 suggest that Ke serves as a proportional 
correction factor for PCF. In summary, rock brittleness (C) has the utmost significance on PCF prediction out-
comes, followed by Ke, whereas Kf exerts the least influence on PCF prediction results.

The correlation between the theoretical uncorrected and corrected PCF values and the experimental PCF 
values is illustrated in Fig. 11. To evaluate the predictive capabilities of the method proposed in this study 
against existing models, this paper introduce the Evans model Eq. (36), Roxborough model Eq. (37), and Goktan 

Figure 8.   Variation of cutting force with cutting distance.

Figure 9.   Comparison between theoretical and simulated calculation of Ke.
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semi-empirical model Eq. (38) and the corresponding PCF values for the samples based on these models are 
calculated. The correlations between the predicted values of each model and the experimental values are pre-
sented in Table 4.

(36)PCF =
16πσt

2 · d2

cos2α · σc
,

Table 3.   Sensitivity analysis of PCF to C, Kf and Ke.

Type C Kf Ke PCF ΔPCF/PCF Sensitivity

Original 0.8231 0.4497 2.6 8.14 0 0

 + ΔC 0.9054 0.4497 2.6 7.72  − 0.052  − 0.52

 − ΔC 0.7408 0.4497 2.6 9.37 0.214  − 2.14

 + ΔKf 0.8231 0.4947 2.6 9.77 0.042 0.42

 − ΔKf 0.8231 0.4047 2.6 8.86  − 0.093 0.93

 + ΔKe 0.8231 0.4497 2.86 9.75 0.100 1.00

 − ΔKe 0.8231 0.4497 2.34 8.77  − 0.100 1.00

Figure 10.   Comparison between theoreticsal and simulated calculation of C, Kf and Ke.

Figure 11.   Results of correlative analysis between theoretical model calculation results and experimental 
results. (a) the uncorrected method of this paper, (b) the corrected method of this paper, (c) Evans model, (d) 
Roxborough model, (e) Goktan Semi-empirical model.
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where σt represents the tensile strength of the rock, d denotes the cutting depth, and σc refers to the uniaxial 
compressive strength of the rock.

where f denotes the friction angle between the pick and the rock.  

Based on the data presented in Table 4, the uncorrected method proposed in this paper shows superior per-
formance in terms of R2, RMSE, and RSS when compared to other models. Furthermore, the corrected method 
demonstrates a significant improvement over the uncorrected method. The specific analysis is as follows:

(1). Coefficient of determination (R2): The uncorrected method in this study has a coefficient of determina-
tion of 0.88776, which increased to 0.91104 after correction. The corrected method demonstrates superior 
performance compared to the uncorrected one, exhibiting a 2.6% increase in the coefficient of determination. 
This implies that the corrected method is capable of explaining a higher proportion of the variance in the 
dependent variable.
(2). Root mean square error (RMSE): The initial method had an RMSE of 3.67451, which decreased to 3.27134 
after correction. The corrected method has a smaller RMSE compared to the uncorrected method, indicating 
higher predictive accuracy and reduced differences between the predicted and actual values.
(3). Residual sum of squares (RSS): The initial method had an RSS of 243.03676, which decreased to 192.63038 
after correction. This reduction of 20.7% in the RSS implies an improved model fit and decreased prediction 
errors in the corrected method.

The corrected method exhibits an increase in R2 and a decrease in both RMSE and RSS, indicating enhanced 
accuracy and effectiveness in predicting and explaining the data. Overall, the corrected method demonstrates 
superior performance compared to other models.

To further validate the validity of the linear relationship between the theoretical calculation results obtained 
from the regression analysis and the experimental values, a variance analysis was conducted at a 95% confidence 
level. In the analysis, the experimental results and theoretical calculation values are treated as the dependent and 
independent variables, respectively. The analysis results, presented in Table 5, demonstrate that the P-value in the 
F-test for the linear relationship between the calculation results of the five models and the experimental results 

(37)PCF =
16πσcd

2σ 2
t

(2σt + (σccosα/[(1+ tanf )/tanα]))2
,

(38)PCF =
4πσtd

2sin2(α + f )

cos(α + f )
.

Table 4.   Comparison of prediction accuracy among different models. Significant values are in bold.

PCF model This method (uncorrected) This method (corrected) Evans Roxborough Goktan

R2 0.88776 0.91104 0.60716 0.7912 0.85163

RMSE 3.67451 3.27134 6.87439 5.01181 4.112

RSS 243.03676 192.63038 850.6294 452.12875 304.3541

Table 5.   Analysis of variance for models.

Model DF Sum of squares MSD F-value P-value

This method (uncorrected)

Model 1 1922.28814 1922.28814 142.37017 5.53044 × 10−10

Error 18 243.03676 13.50204

Sum 19 2165.3249

This method (corrected)

Model 1 1972.69452 1972.69452 184.3349 6.74877 × 10−11

Error 18 192.63038 10.70169

Sum 19 2165.3249

Evans

Model 1 1314.6955 1314.6955 27.82001 5.14552 × 10−5

Error 18 850.6294 47.25719

Sum 19 2165.3249

Roxborough

Model 1 1713.19615 1713.19615 68.2052 1.55315 × 10−7

Error 18 452.12875 25.11826

Sum 19 2165.3249

Goktan

Model 1 1860.9708 1860.9708 110.06086 4.24994 × 10−9

Error 18 304.3541 16.90856

Sum 19 2165.3249
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is significantly less than 0.05. This indicates that the linear correlations obtained from the regression analysis are 
all valid. In Table 5, MSD is the mean squared deviation.

According to the aforementioned results, the corrected method demonstrates superior predictive performance 
compared to other models, as it exhibits closer alignment with actual data. Moreover, the corrected method shows 
significant improvement over the uncorrected one.

The improvement is mainly caused by the following factors:

(1). Refinement of fracture conditions: Existing theories assume specific bedding structures or follow specific 
rock fragmentation patterns, and only consider one or two rock parameters to differentiate rock properties. 
This limited approach results in a lack of universality in predictive theories of PCF. In contrast, the Griffith 
theory used in this study determines the crack initiation length for rocks of different types from an energy 
perspective. It incorporates multiple rock parameters such as elastic modulus, KIc, and UCS to consider the 
influence of rock properties on elastic energy and surface energy. As a result, it exhibits enhanced adaptability 
to rocks with diverse bedding structures and fragmentation forms.
(2). Accurate modeling of conical picks: The conical pick consists of a pick tip, a weld, and a pick body, with 
the pick tip having a curved profile and the pick body having a straight profile. Existing theories simplify the 
conical pick as a two-dimensional pick tip model within a plane, primarily considering the cutting stresses 
between the tip and the rock. In contrast, the model in this study is based on the projection contour method 
combined with a simplified elliptical profile. It comprehensively analyzes the stress distribution in both the 
axial and radial directions of the pick, thereby accurately reproducing the cutting stresses on the conical 
surface of the pick to the greatest extent.
(3). Realistic stress distribution function: Based on the research results of D. L. Sikarskie stress-optical experi-
ments on the pick surface, the D. L. Sikarskie stress distribution function is the closest match to the experi-
mental results. The method in this study relies on this theory when analyzing the axial forces on the pick 
teeth, while the theories proposed by Evans, et al., assume a linear decrease in teeth tip forces, which is an 
idealized hypothesis lacking experimental evidence.
(4). Energy-based crack propagation law: The rock fragmentation process varies significantly for different 
rock types and bedding structures, and the crack propagation process is highly unstable. Existing theories 
founded on specific fragmentation laws, resulting in the instability of predictive outcomes. In contrast, the 
method in this study evaluates the energy relationship between rock crack initiation and propagation stages 
based on the Griffith theory and the destruction intensity index, grounded in physical principles. Therefore, 
it can accurately describe the rock crack initiation and propagation processes.

Based on the above analysis, rocks with varying lithologies and bedding structures demonstrate substantial 
distinctions in the fracturing process, characterized by highly unstable crack propagation. Existing theories 
proposed by Evans et al., with their reliance on specific fragmentation patterns, exhibit significant inaccuracies. 
In contrast, the energy relationship governing the onset of rock fracture and subsequent crack propagation stages 
can be more accurately described by utilizing the Griffith theory and damage intensity index.

Reliability verification of energy correction function
Based on the research in Sect. “Damage intensity index and PCF correction”, the elastic energy normalization 
factor can be mathematically expressed by utilizing the brittleness index (See Eq. 35).

This section presents the verification of the reliability of the correction process based on 20 data sets. Table 6 
lists the rock sample parameters, test conditions, and experimental results used, where rock numbers 1–12 are 
quoted from the Belgin study and rock numbers 13–20 are obtained by rock mechanical properties test and 
single-tooth cutting tests, see Figs. 12, 13.

Figure 12 shows the material performance test of gritstone, which is carried out on the TENSON concrete 
pressure test machine. Figure 12b shows the uniaxial compression test of red gritstone with loading speed of 
0.2 mm/min and specimen size of Φ50 × 100 mm. Figure 12c conducts the Brazilian splitting test under axial 
loading of disc-shaped specimen with specimen size of Φ50 × 25 mm. The single-tooth cutting test is shown in 
Fig. 13. Single-tooth cutting experimental bench with hydraulic drive unit, drive the rock body to do straight-line 
movement, while the tool is fixed mounted on the gantry, to achieve a fixed depth of linear cutting. The tests are 
conducted using AID-U95-25 conical pick with a tip angle of 90 degrees and an alloy head diameter of 15.5 mm. 
The cutting angle is set at 40 degrees, and the cutting speed is 12.7 cm/s.

For each rock sample, the damage evolution model, which follows a normal distribution, is derived using 
UCS and critical strain (εC). The elastic energy normalization factor (Kf) is calculated using Eq. (35), while the 
damage intensity index (Ke) is determined by Eq. (31). The results of the calculations are summarized in Table 6.

To assess the accuracy and performance of the regression model, correlation analysis is conducted on five 
models. The mean absolute error (MAE) and root mean square error (RMSE) are computed to measure the 
disparity between the calculated values and experimental values. Results are presented in Table 7. Among the 
validation set, the current method demonstrates superior predictive ability compared to other models. The uncor-
rected method in this study achieves a coefficient of determination (R2) of 0.81591. After applying the correction 
function derived in Sect. “Damage intensity index and PCF correction”, the R2 increases to 0.90404, indicating 
a 10.8% improvement over the initial value. Besides, the mean absolute error (MAE) decreases by 34.8%, and 
the root mean square error (RMSE) decreases by 20.8%, indicating a better model fit to the experimental data.

In conclusion, based on statistical analysis and evaluation metrics, it is evident that the current method sur-
passes other models in terms of its predictive capability for the validation set. Moreover, the corrected method 
exhibits enhanced performance, characterized by smaller prediction errors and better fitting, consequently 
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Table 6.   Rock characteristic parameters in the validation set and calculation results of PCF.

No Rock E(GPa) UCS(MPa) BTS(MPa) KIc εC γ d C Kf Ke PCF0 PCF PCFexp

1 Trona 3.4 30 2.2 0.49 0.0134 35 5 0.8835 0.0725 2.02 3.25 6.57 3.88

2 Sandstone-3 33.3 87 8.3 1.38 0.0036 35 5 0.9645 0.0348 1.46 10.33 15.13 9.09

3 Tuff1 1.1 10 0.9 0.21 0.0139 35 5 0.8430 0.3679 2.14 1.06 2.27 2.05

4 Tuff3 2.4 27 2.6 0.51 0.0139 35 5 0.8426 0.1021 1.42 3.19 4.54 3.77

5 Tuff4 1.6 14 1.5 0.30 0.0138 35 5 0.8200 0.8094 2.91 1.33 3.87 2.83

6 Tuff6 0.4 6 0.2 0.09 0.0187 35 5 0.9367 0.0573 2.03 0.62 1.26 1.33

7 Trona 3.4 30 2.2 0.49 0.0134 35 9 0.8835 0.0727 1.68 6.68 11.19 12.26

8 Sandstone-3 33.3 87 8.3 1.38 0.0036 35 9 0.9645 0.0348 1.00 21.26 21.26 15.92

9 Tuff1 1.1 10 0.9 0.21 0.0139 35 9 0.8430 0.3683 1.79 2.18 3.90 4.02

10 Tuff3 2.4 27 2.6 0.51 0.0139 35 9 0.8426 0.1022 1.09 6.57 7.13 7.22

11 Tuff4 1.6 14 1.5 0.30 0.0138 35 9 0.8200 0.8125 2.48 2.73 6.79 7.30

12 Tuff6 0.4 6 0.2 0.09 0.0187 35 9 0.9367 0.0572 1.74 1.28 2.23 2.18

13 Siltstone 8.4 75 4.0 0.95 0.0101 50 10 0.8988 0.0848 1.62 3.47 5.63 5.32

14 Gritstone 4.8 32 1.5 0.42 0.0086 50 10 0.9120 0.0608 1.31 0.53 0.69 0.72

15 Limestone 0.7 10 1.0 0.22 0.0139 50 10 0.8047 1.0476 1.56 0.66 1.03 0.92

16 Mortar 0.3 2 0.2 0.06 0.0091 50 10 0.8197 0.6882 1.00 0.51 0.51 0.45

17 Siltstone 8.4 75 4.0 0.95 0.0101 50 15 0.8988 0.0848 1.22 7.80 9.51 10.46

18 Gritstone 4.8 32 1.5 0.42 0.0086 50 15 0.9120 0.0608 1.34 1.21 1.62 1.70

19 Limestone 0.7 10 1.0 0.22 0.0139 50 15 0.8047 1.0476 1.43 0.53 0.76 0.65

20 Mortar 0.3 2 0.2 0.06 0.0091 50 15 0.8197 0.6882 1.03 0.25 0.26 0.30

Figure 12.   Rock mechanical properties test. (a) the TENSON concrete pressure testing machine, (b) the 
uniaxial compression test of gritstone, (c) the brazilian splitting test of gritstone.

Figure 13.   Single-tooth cutting test. (a) the Single-tooth cutting experimental bench, (b) the gritstone cutting 
test.
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improving the predictive accuracy. This result further validates the reliability of the PCF correction method 
using the energy correction function with the damage intensity index described in Sect. “Damage intensity 
index and PCF correction”.

Conclusion
This study deeply investigates the existing problems in the prediction theory of PCF of the conical picks. Dur-
ing the interaction between the pick and rock, the PCF is influenced by the uncertain rock bedding structures 
and internal defects. The existing prediction theories assume specific bedding structures or follow specific rock 
fragmentation patterns, leading to issues such as low prediction accuracy, high sensitivity to rock properties, and 
neglecting the effects of pick body and crack propagation on cutting force. To address these issues, this study inte-
grates Griffith theory, rock damage constitutive models, and the damage intensity index to consider the energy 
aspects of rock fracture and damage evolution. A three-dimensional pick-rock contact model is established, and 
an innovative calculation method for the conical picks is proposed. The superiority of this model is validated 
through statistical analysis. The following are the main advantages:

(1) Development of a 3D pick-rock PCF calculation method: This study employs the projection contour 
method, Box-Lucas function, and piecewise linear function to accurately determine the profiles of actual 
pick tip, weld seam, and pick body. By simplifying the stress ellipsoid and incorporating the D. L. Sikarskie 
stress distribution function and stress triangle transformation, the stress on the pick-rock contact surface is 
effectively integrated, yielding precise equations for the PCF.
(2) Incorporating brittleness as a fracture energy criterion for rocks: Conventional fracture theories based 
on tensile, compressive, and shear strengths are inadequate for the complex and variable properties of rocks 
due to internal bedding and defects. This study introduces the Griffith fracture theory, which incorporates 
the compensation of crack surface energy mechanism based on the elastic energy exerted during pick-rock 
contact from an energy perspective. This effectively addresses the low lithological tolerance of other theoretical 
approaches. Moreover, the fracture model incorporates rock brittleness as an evaluation criterion by intro-
ducing the elastic energy normalization factor Kf, further enhancing the applicability of the Griffith theory.
(3) Energy correction function fitting and PCF correction: This study combines the energy laws of elastic–
plastic energy laws during rock damage evolution with rock brittleness. Using a dataset of 20 rock samples, 
an energy correction function is established to modify the PCF, utilizing the damage strength index (Ke). 
Through correlation and t-test analyses of fitted parameters, strong correlation between the brittleness index 
and the normalized elastic modulus is confirmed. Furthermore, the application of this expression for cor-
recting PCF in a validation set of 20 rock samples demonstrates improved predictive accuracy through error 
analysis, thus establishing the universality of the PCF correction algorithm.

In summary, this study investigates the energy relationship involved in the process of fracturing and damage 
evolution in rocks. By employing a 3D pick-rock contact model and incorporating Griffith’s fracture theory and 
the constitutive theory of rock damage, this paper introduces an energy correction function to determine the 
damage intensity index (Ke) and correct the PCF. Statistical analysis demonstrates that the uncorrected method 
proposed in this paper exhibits superior fitting performance compared to other models, with a 20% increase 
in the coefficient of determination. Moreover, the inclusion of the energy correction function accounting for 
lithological tolerance further enhances the predictive accuracy of the current method, leading to increased values 
of R2 and decreased values of MSE and RMSE. The validation through statistical analysis of a validation dataset 
confirms that the proposed energy correction function is equally effective in optimizing PCF predictions for 
other rock samples. In conclusion, the PCF and correction algorithm proposed in this study demonstrate optimal 
predictive accuracy and high lithological tolerance towards variations in rock properties, thus establishing their 
reliability for applications in other research endeavors.

Data availability
All data generated or analyzed during this study are included in this published article.
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