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Abstract. The cutting head is a key component of a roadheader’s cutting function, and its design 
level directly determines the performance of the whole machine to a certain extent. Taking the 
installation angle of the pick-shaped cutter on the head of the roadheader as a research object, a 
conversion relationship model between the mounting angle of the cutter and the angle of the 
cutting function was established. The rock cutting process of the cutting head was simulated by 
the LS-DYNA finite element software. The simulation model reveals the influence of the angle of 
teeth on the cutting resistance, load fluctuation and cutting ratio energy consumption. The 
simulation results show that the cutting resistance decreases gradually with increasing cutting 
angle. When the cutting angle is greater than 50°, the cutting effect is better. The artificial rock 
cutting moment determined by the experiment is compared with the simulation results, and the 
correctness of the established simulation model is verified. This research presents a theoretical 
basis for the improvement of the cutting performance of the cutting head of a roadheader and 
provides a theoretical reference for the study of other cutting problems. 
Keywords: roadheader, cutting header, cutting performance, cutting angle. 

1. Introduction 

The cutting head is an important part of the rock-breaking function of a roadheader and the 
most vulnerable part in the whole machine [1, 2]. Its structure includes a head body, an internal 
spline sleeve, a pick-shaped cutter, a tooth seat, a feed guide plate and a water spray device [3]. 
The composition of the cutting head is shown in Fig. 1. The cutting head is mainly responsible for 
axial drilling and radial offset cutting. To ensure easier cutting, more cutting teeth should be 
involved in cutting at all times [4]. The service life of the pick-shaped cutter directly determines 
the MTBF (mean time between failures) of the roadheader. The service life of the picks is not 
simply related to the material of the picks and the model of the picks; the service life of the picks 
is also inseparable from the arrangement and installation angle of the picks on the cutting 
head [5, 6]. 

 
Fig. 1. Composition of the cutting head 

At present, domestic and foreign researchers have studied the force of the pick during the 
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cutting process and provided corresponding prediction and calculation methods. The most 
representative method is the calculation method of the cutting force proposed by foreign scholar 
Evans in 1961 [7]. The model is based on the ideal cutting conditions of single-tooth plane cutting 
and symmetrical groove cutting. Ogruoz et al. [8] carried out a comprehensive experimental test 
of the cutting process, studied the effects of different rock types on the cutting force and the wear 
of the cutting head, and evaluated the cutting head’s cutting using the specific energy consumption 
effectiveness. Restner et al. [9] established a finite element model of the cutting machine's cutting 
process and adjusted the mechanical structure of the machine based on rock properties, cutting 
speed, turning speed, and cutting depth. SU et al. [10] simulated the cutting process of rock in 
PFC3D, and the average cutting forces determined by theoretical models, numerical simulations 
and experiments are relatively close. 

Domestic scholars Li Xiaohuo, Liu Chunsheng and others established prediction formulas for 
cutting resistance based on experiments and theoretical research [11, 12]. At present, although 
most researchers have used theoretical analysis and experimental tests to analyze the mechanism 
and force of crushing rock, the consistency of results obtained by different methods is not good. 
To date, there is no accepted and unified calculation method for calculating the force of rocks [13]. 
Fu Lin et al. used the dynamic simulation software LS-DYNA to perform a finite element 
simulation of the cutting process for single-tooth drilling. The calculation results showed that the 
cutting tooth bears a large feed resistance during the cutting process and that the cutting resistance 
varies with the cutting. The increase in the angle decreases as a quadratic function [14]. 

This article takes the installation angle of the pick on the head of the roadheader as the research 
object and establishes a conversion relationship model between the mounting angle of the pick 
and the angle of the cutting function. The LS-DYNA finite element software is used to simulate 
how the cutting head cuts the rock. The process simulation model analyzes the effects of different 
cutting angles on cutting resistance, load fluctuations and cutting ratio energy consumption and 
verifies these results through experiments to provide a theoretical reference for selecting the 
optimal cutting angle for the cutting teeth. 

2. Definition of pick mounting angle 

2.1. Cutting function angle and installation technology angle 

There are 6 degrees of freedom in the pick space for the cutting head of the roadheader, and 
its position is determined by the coordinates of the tip point (𝑍, 𝑅, 𝜃) and the mounting angle of 
the pick. The tooth point is determined according to the circumferential difference angle Δ𝜃 of 
adjacent picks of the same helix and the helix rise angle 𝛼 of the helix. To facilitate the installation 
of the pick and the analysis of the force, the mounting angle of the pick is defined by the cutting 
function and the installation process, respectively. The cutting function angle is an angle defined 
for analyzing the forces and rotation of the cutting teeth during the cutting process, and it indicates 
whether the cutting teeth cut into the object to be cut with a good attitude. It is defined as the 
cutting angle 𝛿, rotation angle 𝜀, and installation angle 𝜏. The installation process angle is the 
angle used when the pick is welded on the cutting head and is defined by the elevation angle 𝛾, 
the rotation angle 𝛼, and the chamfer 𝛽, as shown in Fig. 2. 

The conversion formula for the cutting function angle and the installation process angle can 
be derived from Fig. 1. The specific formula is as follows: 

The cutting function angle formula is derived from the installation process angle: 

ቐ𝜏 = 𝛽,𝛿 = arccosሺcos𝛼cos𝛾ሻ,𝜀 = arcsinሺsin𝛽sin𝛾 + cos𝛽cos𝛾sin𝛼ሻ. (1)

The formula for the installation process angle is derived from the cutting function angle: 
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⎩⎪⎨
⎪⎧𝛽 = 𝜏,𝛾 = arcsin ቀsin𝜏sin𝜀 + cos𝜏ඥsinଶ𝛿 − sinଶ𝜀ቁ ,𝛼 = arccosቌ cos𝛿ට1 − (sin𝜏sin𝜀 + cos𝜏√sinଶ𝛿 − sinଶ𝜀)ଶቍ . (2)

 

  
Fig. 2. Schematic diagram of the mounting angle of the pick 

2.2. Selection of cutting angle analysis range 

Fig. 3 shows the force diagram of the pick cutting force, where 𝑅ଵ is the support force of the 
rock mass to the pick, 𝑅ଵ𝑓 is the friction generated by 𝑅ଵ, 𝑅ଶ is the pressure on one side of the 
pick, 𝑅ଶ𝑓 is the friction generated by 𝑅ଶ, 𝛿 is the cutting angle of the pick and 𝜃 is the half cone 
angle of the pick tip. 

 
Fig. 3. Force diagram of picks 

According to the geometric relationships, the expression for the cutting resistance can be 
obtained: 𝐹௫ = 𝑅ଵ𝑓 + 𝑅ଶsin(𝛿 + 𝜃 + 𝜑). (3)

The cutting angle 𝛿 ranges from 40° to 60°, the half-taper angle 𝜃 of the pick is approximately 
40°, and the friction angle Φ is approximately 30°. According to the sine increase and decrease, 
the cutting resistance decreases as the cutting angle increases.  
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In the pick arrangement, the selection of the cutting angle should meet two conditions: 1) The 
tip of the pick tooth should contact the rock formation first; 2) The pick holder should not rub 
against the rock formation during cutting. 

The tip of the tooth cuts into the rock formation first. Due to the high hardness of the pick teeth, 
the tip of the alloy head is relatively sharp. When cutting the rock layer, the tip of the pick teeth 
should be sure to cut into the rock layer first. If the teeth of the pick teeth cut first, this situation 
inevitably leads to serious wear of the teeth, which reduces the life of the pick. The first entry of 
the alloy head into the rock must meet 𝑂𝐴 > 𝑂𝐵. The tip of the tooth of the pick alloy head is 
shown in Fig. 4, and the upper limit of the cutting angle 𝛿 can be obtained: 

𝛿 < 90∘ − 𝜑 + arccosቆℎcos(𝜑)𝐻 ቇ, (4)

where: OA – alloy head bus length; ℎ – cutting thickness OB; 𝐻 – alloy head extended pick length 
OD; ∠DOA – pick half cone angle 𝜑, ∠COB = 𝛿 + 𝜑 − 90°. 

 
Fig. 4. Schematic diagram of the cusp point of the pick-tipped alloy head contacting the rock 

 
Fig. 5. Schematic diagram of picking tooth seat and cutting groove 

The tooth seat does not rub against the rock formation. A schematic diagram of the tooth base 
and the trough is shown in Fig. 5. To avoid friction between the tooth base and the rock formation, 
it is necessary to ensure that point B on the tooth base does not penetrate the trough. It is known 
that the rotation radius of the tooth tip point 𝐴 is 𝑅, the distance from the tooth seat to the tooth 
tip point is 𝐴𝐶 = 𝐻, and the radius of the round face of the tooth seat is 𝐵𝐶 = 𝑟. To avoid friction 
between the tooth seat and the rock formation, then 𝑥஻ଶ + 𝑦஻ଶ < 𝑅, which yields the following 
formula: 
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𝛿 < arcsinቆ 𝐻2𝑅 + 𝑟√4𝑅ଶ − 𝐻ଶ − 𝑟ଶ2𝑅√𝐻ଶ + 𝑟ଶ ቇ. (5)

The range of cutting angles can be obtained by calculating the size of the pick and the seat 
34° < 𝛿 < 56°, and the actual value should be slightly smaller than this value. 

3. Simulation analysis 

3.1. Specific energy consumption 

The specific energy consumption is the energy consumed by the cutting head to cut a unit 
volume of coal and rock. Its size reflects the cutting efficiency of the roadheader and is one of the 
indicators to measure the performance of the roadheader. The specific energy consumption is 
defined as the cutting head cutting energy consumed per unit volume of rock. The calculation 
formula is as follows: 

Assuming that the rock density 𝜌 involved in cutting is the same, we can obtain [15]: 

𝐻௪ = 𝐹௝௚𝑙𝑉 = 𝜌 𝐹௝௚𝑙𝑀 , (6)

where 𝑀 – cutting rock mass, g; 𝐻௪  – specific energy consumption, MJ/m3; 𝜌 – rock density, 
kg/m3; 𝑉 – cut rock volume, mm3; 𝑙 – picks cut unit length, mm. 

3.2. Coefficient of variation of pick cutting resistance 

The cutting conditions of the roadheader are complicated, resulting in violent vibration and 
high decibel noise during the work. In severe cases, the whole machine can be immobilized and 
unable to work normally. Therefore, it is proposed to use the load variation coefficient to reflect 
the fluctuations in the force of the cutting teeth during work. The cutting resistance variation 
coefficient is the ratio of the standard deviation of the cutting resistance to the average value of 
the cutting resistance. The calculation formula for the cutting force fluctuations is [15]: 

𝛿(𝑍) = 1𝑍ି ඨ 1𝑛 − 1෍ (𝑍௜ − 𝑍̅)ଶ௡௜ୀଵ . (7)

3.3. Simulation analysis 

In the simulation analysis, the rock thickness is 50 mm, the width is 120 mm, the installation 
parameter of the pick is the axis distance 𝑍 = 0, the cutting radius 𝑟 = 480, the circumferential 
angle 𝜃 = 0°, the rotation angle 𝜀 = 12.3°, and the mounting angle 𝜏 = 12°. The cutting angle 
simulation analysis is shown in Fig. 6, and the material properties of the rocks are shown in 
Table 1. 

Table 1. Mechanical parameters of rock materials 

Name Density / 
(g/mm3) 

Elastic 
modulus / 

MPa 

Poisson’s 
ratio 

Expansion 
angle / rad 

Friction 
angle / 

rad 

Cohesion 
/ MPa 

Compressive 
strength 
/ MPa 

Tensile 
strength 
/ MPa 

rock 2.06e-3 8038 0.28 0 0.49 27 97 9.9 

Solving and postprocessing: A pick-cut analysis model is established. The LS-DYNA software 
is used to solve the problem, and the simulation results of the truncated rock formation are 
obtained. The stress cloud of the truncated rock formation is shown in Fig. 6. 
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To obtain the cutting resistance of the pick cutting rock layer, the contact force and the total 
combined contact force of the pick in the 𝑋-axis, 𝑌-axis, and 𝑍-axis directions of the rock layer 
are extracted in the simulation cutting result file, as shown in Fig. 7. 

  
Fig. 6. Stress cloud diagrams of the cut rock layer 

The cutting resistance 𝐹௝௚, traction resistance 𝐹௤௬ and lateral force 𝐹௖௫ can be transformed by 
the following relationships: 

ቐ𝐹௝௚ = 𝑓௫sin𝜃 + 𝑓௬cos𝜃,𝐹௤௬ = 𝑓௫cos𝜃 − 𝑓௬sin𝜃,𝐹௖௫ = 𝑓௭.  
In the formula, 𝜃 is the angle between the tip of the pick and the 𝑋 axis. 

  

  
Fig. 7. Contact force on the pick 

4. Analysis of simulation results 

4.1. Single tooth cutting simulation 

By changing the value of the cutting angle 𝛿 of the cutting head, the changes in the load on the 
cutting head, the coefficient of load variation, and the energy consumption of the cutting ratio with 
the cutting angle are analyzed. The range of cutting angle 𝛿 and the calculation results for the 
cutting resistance, variation coefficient of cutting resistance, and cutting ratio energy consumption 
are shown in Table 2. 

Fig. 8 shows the change in the mean cutting resistance with the cutting angle. The following 
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conclusions can be obtained. 
The average cutting resistance of the picks gradually decreases with increasing cutting angle, 

which changes greatly. When 𝛿 is in the range of 51°-53°, the change in the cutting resistance of 
the pick is small, and it basically stabilizes. When 𝛿 < 53°, the cutting resistance gradually 
decreases with increasing cutting angle 𝛿. Therefore, under the condition of ensuring that the tooth 
seat does not rub against the rock, the larger the cutting angle is, the smaller the cutting resistance, 
and the better the rock cutting effect. 

Table 2. Cutting angle and analytical results 
Cutting angle  36° 40° 44° 46° 48° 50° 51° 52° 53° 54° 55° 56° 

Cutting resistance / N 3752 3503 2766 2801 2559 2310 2028 1990 1990 2026 1795 1685 
Coefficient of variation 4.53 4.26 3.63 3.09 3.22 2.84 2.7 2.46 2.62 2.44 2.04 1.61 

Specific energy 
consumption 2.88 3.21 2.67 2.93 2.80 2.66 2.21 2.35 2.17 2.28 2.21 2.11 

Fig. 9 shows the variations in the cutting resistance variation coefficient and cutting ratio 
energy consumption with cutting angle. The following conclusions can be obtained. 

As the cutting angle 𝛿 increases, the variation coefficient of the cutting resistance gradually 
decreases. When 𝛿 > 51°, as the cutting angle 𝛿  increases, the cutting resistance variation 
coefficient gradually decreases; when the cutting angle 𝛿 is in the range of 51°-56°, the difference 
in the cutting resistance variation coefficient values is small. The cutting specific energy 
consumption gradually decreases with increasing cutting angle. When 𝛿 > 50°, the cutting 
specific energy consumption fluctuates up and down with little change. 

 
Fig. 8. Change curve of the mean  

cutting resistance 
Fig. 9. Variation curve of the variation  

coefficient of the cutting resistance 

4.2. Cutting head overall simulation 

The cutting head of the roadheader machine is in the cutting state of drilling. The analytical 
results for the cutting angle are shown in Table 3. It can be seen from the table that the cutting 
torque gradually decreases with increasing cutting angle and that the fluctuation coefficient of the 
cutting torque does not change. The quality of the cut rock gradually increases, and the specific 
energy consumption of cutting gradually decreases. 

Table 3. Analytical results for cutting angle 
Cutting angle 46° 50° 54° 

Cutting moment 𝑀௭ / N·m 31835 30310 28712 
Cutting moment 𝑀௭ fluctuation coefficient 0.31 0.33 0.27 

Cutting rock mass / g 16661 19222 21462 
Cut specific energy / MJ·m-3 3.8 3.2 2.7 

36° 40° 44° 46° 48° 50° 51° 52° 53° 54° 55° 56°
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5. Cutting performance test 

Experimental bench: An EBZ200 roadheader. 
Cutting angle of picks: 50°. 
Concrete rock: 8×2×3 m cuboid, compressive strength of 63 MPa. 
Measuring equipment: torque sensor, data collector. 
Experimental process: The cutting head of the roadheader performs the cutting test. The cutting 

process of the cutting head and the measured torque are shown in Fig. 10. 
Measurement results and analysis: The cutting moment and load fluctuation coefficient are 

extracted, and the effect of the cutting angle on the cutting head's rock cutting performance is 
analyzed through the cutting ratio energy consumption; the results provide guidance and 
verification for the simulation analysis. The cutting performance measurement and calculation 
results of the test are shown in Table 4. 

Fig. 10. Cutting head cutting process and measuring moment 

Table 4. Experimental results 
Cutting 
angle (°) 

Cutting average 
moment (N.m) 

Cutting moment Mz 
fluctuation coefficient 

Specific energy consumption 
of cutting head (MJ/m3) 

Single tooth 
cutting force (N) 

50 1.5x104 0.33 2.7 2596 

It can be seen from Fig. 10 that the time domain curves of the cutting torque determined by 
the simulation and the test are relatively close. The cutting torque measured by the test and the 
simulated cutting torque are on the same order of magnitude, which verifies the correctness of the 
established finite element model. Table 3 shows that the error between the cutting force of a single 
tooth and the cutting force of the simulation analysis is approximately 11 %. The torque 
fluctuation coefficient in the test is similar to the simulated torque fluctuation coefficient. 

6. Conclusions 

1) The installation angle of the pick is established, and the relationship between the cutting 
function angle and the installation process angle is determined. The optional range of the cutting 
angle is analyzed as 34° < 𝛿 < 56°, providing theoretical support for the design and installation 
of cutting head teeth of a roadheader.  

2) A simulation model for analysis of the cutting process of the cutting head of the roadheader 
is established, and the influence of the cutting angle on the cutting resistance, the coefficient of 
variation and the energy consumption of the cutting ratio during the rock cutting process is 
analyzed. 

3) The time history curves of the cutting torque are close in the simulation and the experimental 
measurement, and the average cutting torque is nearly doubled, mainly because the simulation 
uses full-tooth simulation cutting, and the result is double the experimental measurement value, 
but it is actually one-half. The cutting teeth of a cutting head participate in cutting; the relative 
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error of the cutting torque fluctuation coefficient is 19 %, the relative error of the cutting specific 
energy consumption is 16 %, and the average error of the single tooth cutting force is 11 %. 

4) In this paper, artificial rocks are used instead of real rocks for simulation and experimental 
research. If conditions permit, real rocks can be tested to further verify the correctness of the 
conclusions in this paper. 
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