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Abstract 
 

The accurate evaluation of rock abrasion is essential for the estimation of cutter 
costs in rock cutting and drilling operations. In this study, a novel abrasion testing 
machine was developed for rock cutting tools such as pick cutters. The developed 
machine employs the pin-on-disk abrasion method of ASTM (American Society for 
Testing and Materials). The Archimedean spiral function was selected as the moving 
path for the pin on the rock surface. An approximation solution was adopted for the 
modeling of the inward and outward spiral motions under the constant velocity of the 
pin. After investigating the operating conditions of the pick cutter under actual cutting 
conditions, the specifications of the machine were set to simulate field conditions, and 
the testing apparatus was designed. A finite element analysis was conducted to 
investigate the structural stability of the machine. After the verification of the design 
through numerical modeling, the test unit was manufactured. Validation tests were 
conducted on various rock samples. The results confirmed that the abrasion testing 
machine effectively followed the designated pre-designed spiral path. This paper, 
therefore, proposes a pin-on-disk type abrasion testing method which can simulate the 
actual abrasion phenomenon on the real cutting conditions (i.e., force and velocity) of 
rock cutting tools. 
 

1. Introduction 

 

Mechanical rock excavation machines such as roadheaders and continuous 
miners, have been extensively applied in tunneling, surface and underground coal 
mining, and in the mining of other evaporites. The cutting tools are installed on the 
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cutterheads of various machines for the cutting of rock surfaces. Operators look for 
durable cutting tools for mining under abrasive rock conditions, and many pick types 
have been employed at various tunneling sites to match the ground conditions. The 
wear life of cutting tools is critical in the estimation of the operation cost with respect 
to the cutter cost and down-time (i.e., replacement time of tool) of the machines. 
Numerous cutter types, materials, and shapes have been proposed for improved wear 
performance and extended cutter life. Furthermore, although various laboratory tests 
have been proposed in the rock engineering field, abrasion testing methods that 
simulate the actual ranges of cutting forces and tool velocities are limited. 
In the mechanical engineering field, many abrasion testing methods have been 

proposed and implemented for the prediction of the wear of various parts under 
different conditions. Four typical configurations of abrasion tests are listed in the ASTM 
Standards. These methods recommend that the test specimen and reference material 
should be processed without failure or excessive flexure. Given that the abrasion 
testing methods used in mechanical engineering are suitable for abrasion tests 
between two metals, a tribo-system of two-body wear can be simulated, and not multi-
body wear, as is the case for rock cutting. A brief review of the literatures on tribology 
and wear revealed that the abrasion testing of metal tools and rock materials is limited. 
At present, the most reliable method for the assessment of tool wear is full-scale rock 
cutting tests in the tunneling or mining fields, given that limited tests under laboratory 
conditions do not consider critical operational factors. 
This paper proposes a pin-on-disk type abrasion testing machine that applies the 

same amount of force as in the field to picks, using actual cutting tools to cut the target 
specimens at the same cutting depths, spacing intervals, and velocities adopted in 
field applications.  
 
2. Materials and methods 
 

2.1 Abrasion testing methods 
The four ASTM abrasion testing along with testing configurations are illustrated 

in (Fig. 1). Of the four types, “pin-on-disk” and “pin-on-drum” are considered suitable 
for abrasion testing, given that the linear motion of the pin and its rotational speed (unit: 
rpm) on the disk or drum can be simultaneously controlled, and the tool movement 
can be selected to follow a pre-determined circular or spiral path at a constant velocity 
during the test. The “pin-on-disk” method is generally implemented for metal-to-metal 
abrasion tests in the mechanical engineering field. The “pin-on-drum” method has 
been used in the rock mechanics field. While this method allows for the improved 
control of a constant tool speed, the application of a large normal load is difficult due 
to the fragility of the specimen under tensile failure or buckling by a bending moment. 

Among the two configurations discussed above, the “pin-on-disk” type (Fig. 1(a)), 
which can accommodate a spiral track, was selected. 

The aim of this study was the development of a pin-on-disk type abrasion testing 
machine for the pick cutter of roadheaders. For quantitative measurements, the wear 
mass of the pick and cutting volume of the rock under certain conditions must be 
determined. The geometric parameters were as follows: cut spacing (s), cutting depth 
(di), total depth (dt), radius (R), inner radius (R0) of sample, and total cut volume (VT), 
as shown in (Fig. 2). To maintain a given velocity when the pick is close to the center 
point of sample, the rotational speed could be controlled. Thus, a threshold value of 
the inner radius was set to restrict the excessive rotational speed, which is defined as 
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R0. Moreover, to ensure a constant cut spacing, an Archimedean spiral function was 
selected as it has a regular spacing between the adjacent tracks.  

 
Fig. 1. Four configurations of pin abrasion testing machines (redrawn from [7]). 

 

 

Fig. 2. Testing concept and geometry definition of a sample: (a) rock sample, (b) 
depth and spacing, and (c) total depth and volume. 

 
2.2Archimedean spiral function 
 
2.2.1 Spiral function expression 
The Archimedean spiral function was selected, as it provides a constant spacing 

between the two adjacent tracks. The spiral can be expressed in polar coordinates as 
Eq. 1:  
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 ( ) ( )r t a b t= +  (1) 

 ( ) ( ) cos( ( )), ( ) ( ) sin( ( ))x t r t t y t r t t =  =   (1-1) 

where ( )r t  and ( )t  are the spiral radius and rotation angle, respectively, and a and 

b are the spiral parameters of the real numbers. In particular, a determines the starting 
position of the spiral and b determines the spacing between the successive tracks.  
 

2.2.2 Constant velocity of spiral 
As shown in (Fig. 1(a)), the pin (i.e., cutting tool) linearly moves along the radial 

direction during the rotation of the disk. This indicates that the two orthogonal 
components of velocity should be controlled to maintain a constant velocity. The first 

is the linear velocity of the pin in the radial direction ( rav ), and the other is rotational 

speed that acts on the pin in the tangential direction ( tav  ) (see Fig. 3). Thus, the 

resultant moving velocity ( Rev ) can be calculated using the vector summation (Eq. (2)). 

 
2 2

Re ra ta ra tav v v v v c=  = + =
 (2) 

 
( / )

60
ta

RPM
v m s r= 

 (2-1) 

 

Fig. 3. Schematic diagram of velocity vectors. 

 
2.3 Motion design 
 
2.3.1 Spiral paths 
There are three methods for the modeling of abrasion testing spirals. The first is 

the outward spiral (Fig. 4(a)), the second is the inward spiral (Fig. 4(b)), and the third 
is a combination of the first two. The third path allows for continuous contact and the 
minimization of the non-contact (unloading) time between the tool and rock. 
 

2.3.2 Practical limitations 
With respect to the continuous cutting of the rock sample by the pick, there are 

several practical limitations. The first one is the cutting depth control. The cutting 
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mechanism is similar to that of a rotary milling machine; thus, the milling depth is 
generally set on the outside of the reference material prior to the operation. For the 
outward spiral path on a solid-type specimen (Fig. 4(a)), the tool was forcibly indented 
into the rock using a vertical motor. However, the power of motor is limited; thus, a 
targeted cutting depth may not be accurately adjusted. 

A further limitation is the rotational speed. Since the constant moving velocity is a 
set value, the rotational speed proportionally increases in accordance with a decrease 
in r (radial position of tool), and is zero at the center point. The approximation solution 
contains a small error zone near the center point.  
Hence, a hollow-type rock specimen should be used for the continuous abrasion 

testing of rock cutting tools. 

 

Fig. 4. Testing paths: (a) outward and (b) inward spiral. 

 
2.3.3 Technical limitations 
The technical limitations to the design of the rotating motion are detailed in this 

sub-section. There are two methods for the continuous generation of the inward and 
outward spirals. The first involves the use of a single path for the inward and outward 
spirals, and the second involves the use of two different paths for the inward and 
outward spirals.  

In the first method (i.e., single spiral function), the inward and outward spirals share 
the same path, as shown in Fig. 5. The spin direction of the inward spiral is opposite 
to that of the outward spiral; thus, the motor is required to rapidly change the spin 
direction at every finishing point. 

 

3. Design of propose abrasion testing machine 

 
3.1 Conceptual design 
3.1.1 Specifications of testing machine 
With reference to the literature, the required information of the pick (i.e., force, 

torque, rotational speed, and radial velocity) was obtained. The specifications of the 
abrasion testing machine are listed in Table 1, based on which the measuring 
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instruments (i.e., loadcell, torque meter, and LVDT) and operating parts (i.e., main 
motor, radial motor and drive, and inverter) were designed. 

 

 

Fig. 5. Same paths and opposite spin directions for inward and outward spirals. 

 

Table 1. Requirements and specifications of testing machine. 

Type Requirements of tool 
Var

. 
unit 

Valu

e 

Specifications of 

machine 
unit 

Valu

e 

Measureme

nt 

Normal force Fn kN 15.0 3D load cell kN 30.0 

Cutting force Fc kN 10.0 Torque meter 
kN-

m 
5.0 

Rotation 

Radius of specimen Rs m 0.3 Main motor power kW 37 

Required Torque Tq 
kN-

m 
3.0 Torque max. 

kN-

m 
4.0 

Moving velocity v m/s 2.5 Reduction gear ratio - 1:20 

Required rps rps - 1.3 Main motor rps rps 2 

Required rpm 
rp

m 
- 79.6 Main motor rpm rpm 120 

Radial 

Max. cut spacing s mm 10.0 Radial motor power kW 37 

Required radial 

velocity 
vRa 

mm/

s 
13.3 Max. velocity 

mm/

s 
20 
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Reduction gear ratio - 1:30 

Vertical 

Cut depth (/step) D mm 10.0 Radial motor power kW 0.5 

Total cut depth Dt mm 
150.

0 
Max. displacement mm 

180.

0 

Constant cut depth 

condition (Max. 

normal force) 

Fn kN 15.0 Lead screw fixation kN 25.0 

 
3.1.2 Preliminary design 
A draft of the proposed abrasion testing machine was developed as shown in 

Fig. 6. The machine has three modules: frames, a rotation module, and a tool guide 
module. Four frames were designed to support all the forces and moments induced 
by the abrasion process. From the side view, the frames are triangular, to effectively 
withstand the cutting force and vibration on the upper structure. The horizontal frames 
were designed for the radial motion of cutting tools. 

s 

Fig. 6. Draft of proposed abrasion testing machine: (a) schematic drawing, (b) frame, 

(c) rotation modules and (d) tool guide module. 

 

3.2 Structural analysis 
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3.2.1 Finite element model 
Prior to the manufacture of the machine, a finite element (FE) model was 

developed for the numerical analysis of the structural stability. (Fig. 7) presents the 
numerical model of the main frame, linear guide device, and supporting frames for the 
rotating shaft. For the simulation, the normal and cutting (drag) forces (Fn, Fd) on the 
end tip of the pick model were considered. Among the three directional force 
components, the side force (Fs) was not considered owing to it being relatively small.  

 

Fig. 7. FE model of abrasion testing machine. 

 

4. Results and discussion 
 

4.1 Accuracy validation 
A rock-like sample was prepared as the reference material for the validation tests. 

The specimen was made of industrial gypsum (Diastone MR-150, Samwoo Chemical 
Co., Ltd.) with a water to weight ratio of 2.5:1 (see Fig. 8(a)). At this mixing ratio, the 
uniaxial compressive strength (UCS) of the sample was 23.4 MPa, and the inner and 
outer diameters are shown in Fig. 8(b). 

Six tests were conducted, each using an outward and inward spiral. The relative 
error (Eq. 3) was calculated by comparing the input and output values of the radial 
velocity (vra) and rotational speed. To simulate the actual cutting load, the actual 
operating conditions (i.e., cutting depth and spacing conditions) of a typical 
roadheader were applied to the sample. The results for each test case are shown in 
Fig. 9. The mean relative error values of radial velocity (vra) and rpm were under 1.5%, 
and the maximum of peak error values ranged from 4.0%–9.5%. Thus, the control 
accuracy of the machine was concluded to be sufficient. 

 

Relative error (%) 100%
Input Output

Input

−
= 

 (3) 
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Fig. 8. Gypsum sample for validation tests: (a) specimen production and (b) size of 

specimens. 

 

 
Fig. 9. Real-time cutting force measurement: (a) load measurement direction of 

3-axis load cell and (b) cutting force of case 1 
 

4.2 Spiral accuracy validation 
For the further validation of the spiral path accuracy, the x- and y-coordinates 

were measured using a 3D scanning machine (see Fig. 10(a)). 20 points were selected 
at increments of 90°; the input spiral path, spiral groove, and measurement points are 
shown in Fig. 10(b). 

For the validation test, the mean relative errors of the radial velocity were 0.95%, 
and the average relative errors of the radial velocity were 1.1%. For the spiral path 
validation, the mean and maximum values of the relative errors were 1.6% and 3.1%, 
respectively. Based on these results, the machine demonstrates a sufficiently high 
accuracy, and it can be used to conduct abrasion tests on pick cutters. Moreover, 
further adjustments and tuning processes are required to reduce the error level. 
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Fig. 10 Validation test results for Cases 1–2 

 
5. Conclusions 
 
This study developed a pin-on disk-type abrasion testing machine following the 
Archimedean spiral path. The procedure and results were discussed in this paper. To 
overcome the practical limitations, several solutions were considered. For continuous 
testing, a hollow-type rock sample was recommended as a reference material. To 
maintain the direction of rotation, two spiral functions with different paths were 
proposed for inward and outward motion. The optimal ranges of the spacing and 
sample radius were determined to ensure a smooth transition between the inward and 
outward motion.  

Several validation tests were conducted to establish the accuracy of the proposed 
testing system. The mean relative error value was less than 1.5%, thereby validating 
the accuracy of the proposed system. Furthermore, the relative error of the spiral 
accuracy calculated by the 3D scanning machine was less than 5%.  

As such, the proposed abrasion testing machine and method can be employed for 
the accurate investigation of the wear phenomenon and quantitative evaluation of the 
amount of tool wear with respect to the rock cutting volume. Future studies will include 
additional testing in different rock types to verify reliability of proposed testing method. 
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