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Abstract. To investigate the mechanical behavior and load torque of the cutting head in the rock 
fragmentation process, a numerical model was developed based on fracture mechanics and finite 
element method. And then, rock fragmentation and factors influencing the force of cutting head 
were investigated. The good agreement of variation characteristics of cutting torque between 
experimental results and numerical values indicated that the numerical model was reliable and 
correct, and thus it could be a useful approach for simulating rock fragmentation. The cutting 
torque and its range of fluctuation increased with the feeding speed, but decreased with the slope 
of linear variation of slanting angle (SLVSA). Improving the rotation speed could reduce cutting 
torque, but its effect on torque fluctuation was inconspicuous. Regression equations between the 
characteristic index (CI) of cutting torque, feeding speed, rotation speed and SLVSA are given. 
Keywords: rock fragmentation, cutting head, numerical modeling, fracture mechanics. 

1. Introduction 

The roadheader, a key item of equipment for underground excavation, is widely used in rock 
fragmentation. The cutting head is the cutting mechanism of a roadheader, and its capacity directly 
influences the working performance and lifespan of the roadheader [1, 2]. Hence, the accurate 
prediction of cutting torque has an important significance for the design of cutting head and 
roadheader. As a conquence, many researchers have attempted to predicate the pick cutting force 
by means of experimental, theoretical, and numerical methods, and have use the predicated pick 
cutting force to provide some basis for cutting head design. On the basis of data from various 
rock-cutting experiments using a conical pick, the relationships between pick cutting force and 
rock compressive strength, tensile strength, dynamic and static modulus of elasticity, and brittle 
index have been published [3-6]. Tiryaki et al. [7] adopted multiple linear and non-linear 
regression, a regression tree model, and a neural networks method to set up empirical formulas 
for predicting the peak cutting force of concial pick. Several theoretical models have been 
developed to describe the relationships between the peak cutting force and cutting parameters such 
as cutting depth, cutting angle, rock properties, pick shape, and so on [8-12]. Several numerical 
methods have been introduced to reappear the rock cutting process for predicating pick cutting 
force, such as the finite element method and the discrete element method [13-18]. However, use 
of the pick cutting force to design or study cutting head possesses some limitations, such as cutting 
head performance and vibration characteristics. To overcome the difficulties of coal fragmentation 
experiments in underground coalmine, Liu et al. [19] used the similarity experiment method to 
investigate rock fragmentation by shearer drum under different cutting conditions, and the 
relationships between torque, specificenergy consumption, and cutting parameters were given. 
However, similarity experiments require a considerable manpower resources and cost. In recent 
years, several numerical methods have been introduced to model rock fragmentation by cutting 
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mechanisms. Based on elastic material and the shear failure criterion, Yu et al. [20, 21] used the 
finite element method to investigate coal fragmentation by a continuous miner, and their 
experimental and numerical results showed good agreement. Li et al. used the finite element 
method to simulate rock fragmentation under transverse cutting of a roadheader, and investigate 
the effect of rock strength on cutting forces [22]. So far, the above researches have promoted the 
development of the design of pick and cutting head to some extend, but numerical study of rock 
fragmentation by the cutting head of a roadheader is incomplete.  

In this research, a numerical model of rock fragmentation by the cutting head of a roadheader 
was developed based on fracture mechanics and the finite element method. The correctness and 
reliability of the numerical model were verified through experimental results, and then the effects 
of feeding speed, rotation speed and SLVSA on rock fragmentation were investigated. 

2. Numerical model of rock fragmentation by cutting head 

2.1. Constitutive model of rock 

The brittle cracking model was adopted to describe rock macroscopic mechanical 
characteristics in the numerical model of rock fragmentation by a cutting head, which could 
simulate the failure and fracture behavior of brittle materials in tension, shear, or combined tension 
and shear, such as concrete decomposition or rock fragmentation [23]. The continuum element 
method was applied to the mechanical characteristics of brittle or quasi-brittle materials in the 
cracking constitutive model. That method does not track individual “macro” cracks, so 
constitutive calculations were performed independently at each material point. The presence of 
cracks was entered into these calculations by the way in which the cracks affected the stress and 
material stiffness associated with the material point. A simple Rankine criterion was used to detect 
crack initiation. This criterion stated that a crack formed when the maximum principal tensile 
stress exceeded the tensile strength of the brittle material. As soon as the Rankine criterion for 
crack formation was met, we assumed that a first crack has formed. The crack surface was taken 
to be normal to the direction of the maximum tensile principal stress. Fig. 1(a) shows the crack 
model based on mode I fracture, and Fig. 1(b) shows the change in material tension stress with 
crack length. An important feature of the cracking model was that, whereas the crack initiation 
was only based on Mode I fracture, the post-cracked behavior included Mode II as well as Mode I. 
Therefore, a shear retention model was adopted to describe crack shear behavior in which the 
post-cracked shear stiffness was defined as a function of the opening strain across the crack. 
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Fig. 1. Brittle cracking model 

For mode I fracture in the  direction, the crack tension stress could be described as: = ( ), (1)= ℎ. (2)

When cracks form, the material shear modulus  could be expressed as: 
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= ( ) , (3)( ) = 1 − , (4)

where  is the crack tension stress; ( ) is the tensile softening evolution function;  is the 
opened displacement of a crack;  is the opened strain of crack; ℎ is the characteristic length 
relevant to the finite element;  is the maximum opened displacement of the crack;  is 
the maximum opened strain of the crack; ( ) is the function of shear retention;  is the shear 
modulus relevant to the opened strain of the crack;  is the material shear modulus; and  is a 
parameter related to the function of shear retention. According to the mechanical properties of 
different brittle materials, the parameter  could be a natural number, and  is equaled to 2 in the 
numerical model for rock. 

To reproduce rock fragmentation by the cutting head of a roadheader actually, the failure 
criterion of the rock for  direction was defined as: ≥    or    ≥ , (5)

where  is the failure strain of a crack;  is the failure displacement of the crack. The failure 
strain and displacement are related to the characteristic length of finite elements;  is equal to 
0.2 mm in the model developed. 

When the opened displacement or strain of a crack satisfied Eq. (5), the integral points failed, 
and all their stress components would be equal to zero. When all integral points of an element 
failed, the element was considered as failure, and it was removed to reappear the rock 
fragmentation. 

2.2. Dynamic contact boundary 

A continuous state (CS), a sliding friction state (SFS) and a separated state (SS) could exist 
between cutting head and rock, and they occurred alternately in rock fragmentation by the cutting 
head of the roadheader. For the longitudinal contact problem, the contact state between cutting 
head and rock was obtained from iterative computation with a hybrid algorithm of the finite 
element method, and the contact state changed with time [24, 25]. For iterative computation at 
every moment, the convergence criterion required that the contact states of two iterations be 
consistent. The dynamic contact system is shown in Fig. 2, and there are two coordinate systems 
such as global coordinate system ( - ) and local coordinate system ( - ). The local 
coordinate system consists of the outward normal direction ( ) at the contact point, tangential 
directions (  and ) of the principal curvature of the surface perpendicular to the outward normal 
direction ( ).  

 
Fig. 2. Global and local coordinate system 
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Therefore, the variation of contact state could be determined according to the displacement 
and contact force between cutting head and rock: 

→  ∆ −  ∆ + ∆ > 0 → , ∆ −  ∆ + ∆ ≤ 0 → , (6)

→  ∆ > 0 → , ∆ ≤ 0,   ( ∆ ) + ( ∆ ) ≤ | ∆ | → , ∆ ≤ 0,   ( ∆ ) + ( ∆ ) > | ∆ | → , (7)

→  ∆ > 0 → , ∆ ≤ 0,   ∆ ≤ 0∆ , ∆ ≤ 0 → ,∆ ∆ ≤ 0,   ∆ ∆ ≤ 0 or ∆ ∆ > 0 → , (8)

where  ∆ ,  ∆ ,  ∆  were the contact force components in the , , and  directions 
of the local coordinate system of the cutting head, respectively;  ∆ ,  ∆ ,  ∆  were 
the contact force components the , , and  directions of the local coordinate system of the rock, 
respectively;  ∆ ,  ∆ ,  ∆  were the displacement components in the , , and  
directions of the local coordinate system of the cutting head, respectively;  ∆ ,  ∆ ,  ∆  were the displacement components in the , , and  directions of the local coordinate 
system of the rock, respectively;  ∆ ,  ∆ ,  ∆  were the relative gap components in the , 
, and  directions of the local coordinate system between cutting head and rock, respectively;  

was the relative friction coefficient;  was the angle of the relative sliding direction and  was the 
direction of the local coordinate system. 

2.3. Geometric model of rock fragmentation by cutting head 

The numerical model consisted of the geometric model establishment, definitions of elements 
and materials, mesh generation, boundary and load application, and so on. Generally, the cutting 
head consisted of cutting head body, pick, and pick holder [26]. The experimental and numerical 
cutting head is shown in Fig. 3. Twenty eight picks were installed in corresponding pick holders 
in a spiral pattern. Since the cutting head body and the pick holders did not participate in rock 
fragmentation, their geometrical features were ignored in the numerical modeling to save solution 
time and improve computational efficiency. According to the parameters given in Table 1, 
According to the parameters shown in Table 1, the cutting head and rock were established, and 
their boundaries were applied as shown in Fig. 4. 

 
Fig. 3. Cutting head 

 
Fig. 4. Numerical model 

The reputable commercial software ABAQUS 6.12 (SIMULIA, Providence, RI, USA) based 
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on the finite element method was chosen for its ability to model the dynamic contact problems in 
rock fragmentation by a cutting head. ABAQUS 6.12 was installed on an HP Z820 workstation, 
representing current technology (two six-core processors; 32 GB memory). Because the fully 
integrated first order solid elements exhibited shear locking, reduced integration with the second 
order solid elements was recommended to prevent the elements suffering from hourglassing and 
shear locking [27]. Twenty-node hexahedral reduced integrated elements (C3D20R) and ten-node 
modified quadratic tetrahedron elements (C3D10M) were used for rock and cutting head 
respectively. The total number of rock and pick elements was 4800000 and 60437, respectively, 
as shown in the mesh model (Fig. 4). The macroscopic mechanical characteristics of rock were 
described approximately by the brittle cracking model. Dynamic node-surface contact was used 
to deal with the contact problem between rock and picks, and that contact was redefined to realize 
the dynamic contact in rock fragmentation at the end of each time step in the numerical model. 

Table 1. Parameters of rock fragmentation model by cutting head 
Parameter (unit) Value 

Feeding speed  (m/min) 0.6, 0.9, 1.2, 1.5 
Semi-conical angle of carbide tip  (°) 40 
Diameter of carbide tip  (mm) 12 
Cutting angle of pick  (°) 50 
Rock length , height , and width  (mm) 700, 1000, 1000 
Rotation speed  (r/min) 40, 50, 60, 70 
Relative friction coefficient  0.3 

3. Experiment of rock fragmentation and verification of numerical model 

3.1. Experimental rock fragmentation by cutting head 

The experiment of rock fragmentation by cutting head as shown in Fig. 5 was carried out at 
the China University of Mining and Technology (Xuzhou) in the rock fragmentation test bed, and 
consisted mainly of inverter motor, feeding hydro-cylinder, gear-box, torque sensor, cutting head, 
control cabinet, and so on. A 30 kW inverter motor was used to simulate rock fragmentation 
experiments under different rotation speed conditions, and provided cutting torque to break rock. 
A feeding hydro-cylinder provided the axial force for rock fragmentation by the cutting head, and 
was able to realize the rock fragmentation experiments at different feeding speeds. A gearbox with 
a transmission ratio 10 was adopted to reduce the rotation speed of the motor, which could enlarge 
the power to break rock. A torque sensor with the range of 0-3000 N·m was selected to measure 
the torque of the cutting head in rock fragmentation. The control cabinet was designed to control 
and regulate the working parameters of the inverter motor, the feeding hydro-cylinder, and so on. 

 
Fig. 5. Test bed for rock fragmentation by roadheader 

As a result of the limited ability of the rock fragmentation test bed and the difficulty of 
acquiring large natural rock, artificial rock was used as an appropriate substitute. Cement, sand, 
pulverized coal, and water were mixed for preparation of the artificial rock, and its mechanical 
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characteristics were measured by a SANS universal material testing machine (MTS, China). The 
uniaxial comprehensive strength of the artificial rock (cement: sand: pulverized coal = 1:2:7) was 
3.8 MPa, and its corresponding tensile strength, elasticity modulus, and density were 0.3 MPa, 
1.1 GPa and 1987 kg/m3, respectively. With feeding speed of 1200 mm/min and a rotation speed 
of 60 r/min, torque variation of the cutting head during rock fragmentation was obtained (Fig. 6). 
The value of the cutting torque increased with depth of penetration, and its fluctuation range 
increased with the number of picks participating in rock fragmentation. In addition, an impact and 
unloading effect appeared when the cutting head first contacted the rock, and the torque value 
equaled to 200 N·m at that moment. To better estimate the torque characteristics in rock 
fragmentation, the cutting time and torque were seen as an independent and dependent variables, 
respectively, and the torque variation was regressed using the least square method. According to 
the regression line ( = 87.8 + 168.8) in Fig. 6, the torque increased linearly with the cutting 
time, and the regression coefficient of 0.987 showed that the fitting line described the torque 
variation characteristics reliably and correctly. Furthermore, the slope of the regression line could 
be regarded as a characteristic index of torque variation in rock fragmentation. 

 
Fig. 6. Experimental torque 

3.2. Verification of numerical model 

The process of rock fragmentation by the cutting head of roadheader was simulated based on 
the numerical model developed, and the rock properties as well as the cutting parameters of the 
cutting head were consistent with those of the experiment. The torque of rock fragmentation 
obtained by the numerical model developed is shown in Fig. 7. The simulated torque increased 
with rock penetration depthand, its variation was consistent with the experimental torque. In 
particular, the torque fluctuation range increased with the rock penetration depth by the numerical 
method, and the torque value sometimes suddenly dropped close to zero during rock  
fragmentation. The reason was that the elements possessed failure and deletion features to 
simulate the rock fragmentation process. When the displacement or strain of element integral 
points reached failure displacement or strain, the element was deleted from the rock, and it did not 
obstruct the feeding movement of cutting head. Therefore, the force acting on some picks of the 
cutting head was close to zero for a short period of time until the cutting head re-contacted rock. 
After deletion of elements, some contacts failed between picks and rock, which caused the cutting 
torque to drop suddenly. Therefore, peak values were chosen to model the numerical cutting torque 
for comparison with the experimental torque. A rectangle with width of 3 % of cutting time was 
adopted to find the peak points, and the minimum value was 5 % of maximum cutting torque using 
the original software [28, 29]. Then, the peak values of the torque obtained by the numerical 
method were selected as shown in Fig. 7. The variation curve consisting of those points is shown 
in Fig. 8, which could be regarded as the torque in the rock fragmentation process [17, 30]. The 
regenerated torque variation corresponded well with the experimental torque, and the two torque 
value only had a small difference in the same penetration depth. In addition, the regenerated torque 
values had only small differences at the same penetration depth. Moreover, the regenerated torque 
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was linearly regressed by the least square method, and the regression coefficient of 0.945 showed 
that the fitting line ( = 82.5 − 34.5) describing the variation of peak values of cutting torque 
was feasible. When the regression slopes of torque obtained by the numerical and experimental 
methods were compared, the difference was only 6 % indicated that the torque variation 
characteristics determined by these two methods were similar, and also verified the correctness of 
the numerical model developed in this research. Fig. 9(a) shows the experimental kerf shape of 
artificial rock, and Fig. 9(b) and Fig. 9(c) show the kerf shape in different views by the numerical 
method. The similar morphology of rock kerf shapes from the two different methods also indicated 
that the numerical model could effectively predict the rock fragmentation process by cutting head. 

 
Fig. 7. Numerical torque and peaks 

 
Fig. 8. Fitting line of torque peaks 

 
a) Experimental result 

 
b) Numerical result 

 
c) Cut view of numerical result 

Fig. 9. Rock morphology after rock fragmentation by roadheader 

4. Discussion 

The cutting head torque was affected by the combined action of rock on picks as well as by 
the factors influencing the pick cutting force. Therefore, investigation of the factors influencing 
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the pick cutting force was the basis for the study of rock fragmentation by the cutting head. 
Researchers have set up some theoretical models for rock fragmentation by pick, and the model 
developed by Goktan [10], based on Evans’ theoretical models [8], described the relationship 
between theoretical and experimental pick cutting force well. By introducing motion parameters 
to express cutting depth, a new model was proposed in this study to illustrate the relationships 
between pick cutting force and cutting parameters, as follows: 

= 4 sin ( + )cos , (9)

where  was the pick cutting force;  was the feeding speed of cutting head;  was the rotation 
speed of cutting head;  was the number of spiral lines;  was the rock tensile strength;  was 
the semi-conical angle of the carbide tip;  was the friction angle between rock and cutting head. 

The relationships between pick cutting force and cutting parameters are shown in Fig. 10. The 
pick cutting force increased with the feeding speed of cutting head, rock tensile strength, and 
semi-conical angle of carbide tip, but decreased as the rotation speed of cutting head. The 
semi-conical angle of the carbide tip has generally been close to 45°, but considerable differences 
in rock properties have been reported with different tensile strengths. Therefore, in this study, rock 
fragmentation by cutting head with different feeding speeds, rotation speeds, and SLVSAs were 
investigated. In particular, pick slanting angle was an important parameter for the design of  
cutting head.  

 
a) Variation of  with  and  

 
b) Variation of  with  and  

Fig. 10. Relationship between pick cutting force and cutting parameters 

4.1. Feeding speed of cutting head 

For the drilling condition of the cutting head, the volume of rock fragmentation increased with 
feeding speed in unit time for a given rotation speed, and the cutting depth of the pick increased 
correspondingly. To simulate rock fragmentation by the cutting head, the object broken was 
natural limestone rock [31], whose mechanical properties are shown in Table 2. It was regarded 
as a broken object in the following simulations. With the rotation speed of 60 r/min, rock 
fragmentation by the cutting head was simulated with feeding speeds of 600 mm/min, 
900 mm/min, 1200 mm/min and 1500 mm/min. Fig. 11 shown the variation curves of peak torque 
points and the corresponding regression line with different feeding speeds. It can be seen that the 
torque increased with feeding speed. The volume of rock fragmentation increased with feeding 
speed in unit time, such that the torque increased more quickly with higher feeding speeds. 
Meanwhile, the range of fluctuation increased with high feeding speed. To better estimate the 
influence of feeding speed on cutting torque, the corresponding peak torque points were regressed 
by the least square method. The slopes of fitting lines were 651, 761, 845, and 961, respectively. 
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The relationship between the characteristic index of cutting torque and the feeding speed is shown 
in Fig. 12. The characteristic index increased with feeding speed according to quadraticfunction 
in a certain range, indicating that the rate of variation of cutting torque increased with feeding 
speed by a the quadratic law ( = 0.0001 + 0.51 + 384.6). 

Fig. 11. Torque under different feeding speed 
 

Fig. 12. Relationship between CI and feeding speed 

Table 2. Mechanical properties of a natural limestone 
Property Value 

Uniaxial compressive strength (MPa) 31.9 
Brazilian tensile strength (MPa) 3.9 
Elastic modulus (GPa) 7.6 
Poisson’s ratio 0.3 
Density (kg/m3) 2410 

4.2. Rotation speed of cutting head 

For the drilling condition of the cutting head, the volume of rock fragmentation decreased with 
rotation speed in unit time for a given feeding speed, and the cutting depth of pick decreased 
correspondingly. With a feeding speed of 1200 mm/min, the rock fragmentation was simulated 
with rotation speeds of 40 r/min, 50 r/min, 60 r/min and 70 r/min. The peak torque points and their 
fitting lines are shown in Fig. 13.  

Fig. 13. Torque under different rotation speed 
 

Fig. 14. Relationship between CI and rotation speed 

The torque decreased with the rotation speed in in unit time, such that the torque increased 
more quickly with lower rotation speed. In theory, the torque fluctuation range increased with the 
rock fragmentation volume of the cutting head in unit time, but there were no obvious differences 
with different rotating speeds, indicating that not only was the torque fluctuation range influenced 
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by the cutting depth, but also the impact was influenced by rotation speed. The least square method 
was also adopted to fit the peak torque points at different rotation speeds, and the slopes of the 
regression lines were 987, 921, 845, and 713, respectively. The relationship between torque 
characteristic index and rotation speed is shown in Fig. 14, where the characteristic  
index decreased with the rotation speed according to a quadratic function  
( = –0.17 + 9.45 + 874.4). 

4.3. Pick slanting angle 

Pick slanting angle was an important parameter for cutting head design, and has a significant 
affect on the cutting head’s drilling performance. The pick slanting angle is defined by the 
included angle (< 90°) between a plane including the pick center line, a tangent line of pick motion 
trajectory, and a plane perpendicular to the axis of the cutting head. A new coordinate system 

 was set up as shown in Fig. 15, which was parallel to the reference coordinate system 
of the cutting head shown in Fig. 4, and its origin and pick root were in the same position.  
belonged to the pick center line, and  was the tangent line along the pick motion trajectory. 

 was a plane including lines  and , and  was a plane perpendicular to the 
cutting head axis. Therefore, the pick slanting angle was equal to ∠  as shown in Fig. 15. 

Fig. 15. Geometrical relations of slanting angle 
 

Fig. 16. Variation of slanting angle 
 

Fig. 17. Torque under different type of slanting angle
 

Fig. 18. Relationship between CI and SLVSA 

To ensure the drilling performance of the cutting head, the pick slanting angle was different in 
various positions, it generally increased along with the spiral angle. With the feeding speed of 
1200 mm/min and a rotation speed of 60 r/min, rock fragmentation by the cutting head was 
simulated for four different combinations of pick slanting angles. And variation curves of the 
slanting angle of different combinations are shown in Fig. 16. Meanwhile, Fig. 17 shows the 
variation curves of peak torque points and their regression lines for four different combinations of 
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pick slanting angle, indicating that the torque decreased with decrease of the pick slanting angle. 
Moreover, the drilling performance was enhanced with a large slanting angle, the reason being 
that the rock breaking performance improved in the axis direction of cutting head. With a small 
slanting angle, the pick holder easily compressed the rock, generating a high pick cutting force. 
The least square method was adopted to fit the peak torque points with four different combinations 
of pick slanting angle, and the slopes of the regression lines were 1039, 965, 846, and 604, 
respectively. The relationship between the torque characteristic index and SLVSA is shown in 
Fig. 18, where the characteristic index decreased with SLVSA according to the exponential 
function ( = 0.8 / . + 1135.1). 

5. Conclusions 

Using a brittle cracking model for rock, the finite element method was adopted to develop a 
numerical model of rock fragmentation by cutting head. Experimental and numerical torque 
variations were evaluated. Then, a series of rock fragmentations were simulated with different 
cutting parameters. From the experimental and numerical results, some conclusions can be 
obtained as follows: 

1) A rock fragmentation test bed was developed for the rock cutting experiments by the cutting 
head of a roadheader. An artificial rock, consisting of cement, river sand, pulverized coal and 
water, was fragmented by a scaled cutting head. The cutting torque increased with an increase in 
penetration depth, and its fluctuation range increased with an increase in number of picks 
participating in rock fragmentation. 

2) The torque variation regenerated from the numerical result was consistent with the 
experimental torque, and the two torque values showed little difference in penetration depth. The 
difference between the slope of the fitting line of the regenerated torque and that of experimental 
torque was 6 %, and the morphologies of the rock kerf shape from experiment and numerical 
simulation were similar. 

3) Based on our investigation of factors influencing pick cutting force, the rock fragmentation 
by a cutting head with cutting parameters was investigated. The torque characteristic index was a 
quadratic function, that increased with an increase of feeding speed but decreased with an increase 
of rotation speed. With the increase of the slope of linear variation of slanting angel, the torque 
characteristic index decreased according to an exponential function. 
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