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Abstract — The disc cutter is the main tool for Tunnel Boring Machine (TBM for short), both the rock breaking efficiency and 
service life of which are directly related to the project schedule and cost. On the basis of contact stress characteristic for disc cutter 
and its movement rules, the mechanical model of disc is established, together with the micro model of friction coefficient. By using 
the MMW-1 Vertical universal friction and wear testing machine, the dry friction test bench is designed to simulate friction 
counterparts between disc cutter and rock. By experiments, the changing rules of friction coefficient with time are separately 
analyzed between H13 steel and sandstone, H13 and marble as well as H13 and granite. Finally, the theoretical and experimental 
results of friction coefficient’s changing rules with 3 different rocks are obtained, which can provide a theoretical reference for the 
optimization design of disc cutter and improve the study of disc cutter rock breaking efficiency and service life. 
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I. INTRODUCTION 

Tunnel boring machine (TBM), which use rotating tool to 
tunnel and crush cave surrounding rock and boring at the 
same time to form a whole  tunnel section, is a new type of 
advanced tunnel construction machinery. Relative to the 
currently used methods, TBM integrated with drilling, 
boring, supporting. The use of electronic information, 
telemetry, remote control and other high-tech for guidance 
and monitoring of all operations. The tunneling process is 
always at its best. [1,2]At present, TBM has been widely 
used in water conservancy and hydro power, mining, 
transportation, municipal and national defense engineering 
etc.[3] There are high consumption, high cost and 
unreasonable use of lead time delay problem, has important 
significance to study the friction characteristics of disc cutter. 
As an important parts of the TBM cutter, the disc cutter  
directly affects the efficiency of tunneling engineering and 
excavation face stability. The disc cutter’s failure mainly 
includes hob broken blade, blade shedding and wear, and the 
wear is the main way to disc cutter failure, but it is still not 
fully grasp the law of friction and wear.[4,5,6] The main heat 
source shape change caused by TBM disc cutter temperature 
field for the disc friction heat cutter and rock excavation, the 
friction factor is an important factor affecting disc cutter of 
heat production, it has certain research value in the analysis 
of disc cutter breaking rock in the process of change. In this 
paper, we attempt to analyze the cutting characteristics of 
TBM disc cutter on the basis of force characteristics and 
movement rules when breaking rock. We also attempt to 
establish the reasonable mathematical force model for disc 
cutter.  At the same time, the mathematical model of friction 
coefficient has been establish from the microcosmic view. 
Through combining the theory with the experiment methods 

to analyze changing rules of friction coefficient, it provides 
some theoretical basis for optimization design of TBM disc 
cutter and improves the rock breaking efficiency and service 
life, so as to better guide engineering practice. 

 

II. THE ROCK BREAKING CHARACTERISTIC OF DISC 

CUTTER  

Schematic diagram of disc cutter is showed in Fig. 1. It 
can be seen that disc cutter is mainly composed of cutter 
body, cutter ring,  retaining ring, end cover, sealing 
ring, bearing, cutter shaft and other parts. When tunneling , 
the TBM disc cutter rolled on excavation surface under the 
rock friction effect, as cutter load exceeds rock strength, the 
rock will be fractured and separated from mother rock. The 
disc cutter was mainly affected by forces from three 
directions in the rock breaking process, i.e. (a) the vertical 
force(the radial force of cutter ring): that refers to the thrust 
force when disc cutter breaking rock and was perpendicular 
to plane of tunnel face; (b) the rolling force: that refers to the 
torque force required by cutter head to drive disc cutter 
rolling rock, which was in the tunnel face and tangential to 
the circular rove of cutter movement; (c) the lateral force: 
that refers to the partial load of disc cutter as breaking rock, 
which is parallel to the tunnel face and axis of cutter shaft.[7] 
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1. Cutter Body; 2. Retainer Ring; 3. Cutter Ring; 4. Bearing; 

5. Sealing Ring; 6. End Cover; 7. Cutter shaft 

Figure(1 ). Schematic Diagram of Disc Cutter. 

 
 Fig. 2 shows the rock fragmentation process under the 

action of single TBM disc cutter. It can be seen from this 
figure that: firstly the disc cutter rolled intrusive rock, with a 
high stress crushed zone and radial cracks were formed just 
under the cutting edge of disc cutter; then the cutter head 
drive disc cutter to break tunneling face of rock and failure 
region is enlarged, and the crack in the rock will extend to 
the surrounding as well as the deep of rock; finally massive 
rock waste will appear when cracks intersected through the 
free surface or cracks among disc cutter connected with each 
other .[8]. 

 

 
Figure(2). Rock Fragmentation Process under the Action of Single TBM 

Disc Cutter. 

III. ANALYSIS OF FRICTION CHARACTERISTICS FOR DISC 

CUTTER  

A. Force Analysis for Disc Cutter  

As shown in Fig. 3,  disc cutter will be subjected by 3 
cutting forces—vertical force FN,  rolling force FR and 
lateral force FS, all 2 of which are interacting and 
perpendicular each other. The vertical force is provided by 
thrust force from cutter head; tolling force is provided by 
torque from head; lateral force is produced by squeeze force 
of disc cutter to rock and centrifugal force from its 
revolution. According to the contact pressure distribution 
between disc to rock, the stress area can be divided into 3 
zones: the front load-less zone, the real load zone and the 
back load-less zone. Real load zone is less than contact area 
and its pressure approximately behave normal distribution. 
So, the maximum pressure is greater than the theoretical 
contact pressure, which as  shown in Fig. 4. [9]. 

 

 
Figure(3).  The Force Diagram of Disc Cutter.  

          

 
Figure(4). The Pressure Distribution between Disc and Rock. 

 
Rostami prediction formula is used for calculating 

resultant force of vertical force and rolling force in the 
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process of cutter force vertical force in the process of rock 
and roll force, i.e. 

0
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where, R is the radius of disc cutter; T is the width of 

cutter blade;ψ is the distribution coefficient of blade pressure 
which decreases with blade width,ψ= -0.2～0.2; φ is the 
contact angle of disc cutter and rock; P′is the pressure of 
crushed zone; P0 is the basic pressure of crushed zone. By 
logistic regression analysis and dimensional analysis of a 
large number of experimental data, the calculated pressure 
for basic crushed zone is : 
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where,σc is the compressive strength of rock, s is the 

distance between the adjacent disc cutter; C is a 
dimensionless coefficient, C≈2.12.Therefore, the vertical 
force and rolling force can be obtained as Eq. (5): 
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where,γ is the angle between the resultant of vertical and 

rolling force and the vertical center line of disc cutter. 
  Cutting coefficient can be expressed as Eq. (6): 
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For the  disc cutter of constant cross section,  it is 
assumed that the load is approximate linear distributed in this 
paper,ψ=0,then 
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Finally, the vertical force and rolling force of constant 
cross section can be obtained as Eq. (5): 
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B. The Micro Model of Friction Coefficient for Disc 
Cutter  

Rock breaking is the interacting contribution of disc 
cutter intrusion and rolling on rock. Where, the former 
expresses as disc cutter intrude into rock along axial TBM; 
while the latter expresses as disc cutter roll onto rock  with 
its revolution along the cutter head axis and rotation along 
own axis. When breaking rock, the total friction coefficient 

resulted from disc cutter is mainly composed of two parts: 
(a) one part is the friction caused by abrasive plough; (b) the 
other part is interaction of the micro convex body between 
two contact surfaces. There are 4 kinds of abrasive plough 
friction models for calculating micro convex body or 
embedded abrasive: respectively are hard sphere, cone and 
prostrate, erect the subject. In this paper,  the hard sphere 
model is introduced. 

Assumed that rock surface is composed of many identical 
conical hard particles or micro convex bodies. Meanwhile, 

its impact angle is  and contact with the disc surface. Take 
model as shown in Fig. 5 to consider a rigid particles. When 
sliding friction occurs, the hard particles  contact with disc 
cutter material just by its front moving part. [10] So the 
vertical and horizontal projection area respectively are: 

 

 
Figure(5). The Plough Model. 
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HA =rh                                                         (10)  
It is assumed that the material properties is of isotropic, 

thus the vertical force is: 
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The friction force is the force needed  by the front cutter 

material to produce plastic deformation, i.e. 

F= HA S = rh S                                                        (12)  
Therefore, the friction coefficient resulted from hard 

particles acting on the cutter surface shall be expressed as 
Eq.(13) 

  = W

F

=
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2

                                                    (13)                        
where: r is the projection radius; h is the intrude depth of 

hard particles; S  is the material strength. For the majority 
of engineering surface asperities, the impact angle of relative 
horizontal for micro convex body is very small, so the 
plough force caused by micro convex body is also relatively 
small. 
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       In the friction process, the temperature of friction 
pair will increase. This is because that most of the energy 
will be converted into heat energy from the deformation and 
destruction of surface material. The thermal effect and 
mechanical effect of friction will occur within the contact 
area, such as friction heat generation, heat deformation 
phenomena and so on.[11] Based on the principle of 
tribology, sliding friction power is equal to the product of the 
friction force to relative sliding distance. Then the friction 
power can be expressed as Eq.(14): 

   W = Fl                                                                (14) 
where, l is the relative sliding distance; F is the normal 

pressure. 
The friction power can be expressed as Eq.(15):  

     P = Fv                                                               (15)  
Where, v is the relative sliding speed. In this paper, In 

this paper, it is assumed that all of the disc friction power 
will be converted into friction heat, so the friction heat power 
of disc cutter can be  calculated as Eq.(15). 

IV. THE EXPERIMENTAL STUDY OF FRICTION COEFFICIENT 

BY DISC CUTTER  

The friction coefficient is an important parameter to 
consider cutting tool friction, which is often obtained by 
experiment. So in different conditions, the friction between 
the disc specimens with different rock samples has been 
carried out, finally the change law of friction factor would be 
given. 

A. Experimental Equipment  

  In this paper, the MMW-1 vertical universal friction and 
wear testing machine (as shown in Fig.6) was used as the 
experimental equipment in this paper. MMW-1 is a multi-
specimen friction and wear testing machine. It is designed 
for simulating, evaluating and testing almost all kinds of oil ( 
high-class serial hydraulic oil, lubricant, combustion oil and 
gear oil ) and material ( metal, plastic, coating, rubber, 
ceramic etc.). It is widely used in tribology field, petrol 
chemical industry, mechanical, energy resource, metallurgy, 
space flight, engineering areas, college and institute etc. This 
machine meets SH/T 0189-1992 Lubricant Anti-wear 
performance Evaluation Method (Four-ball tester method) 
and conforms to ASTM D4172-94 and ASTM D 5183-95. 
All experimental parameters (rotational speed, load, test 
time) can input and display in the digital display device and 
computer screen, meanwhile recording the curves 
respectively for friction force-time, temperature-time, 
friction coefficient-time. The main technical parameters of 
testing machine are: (a) Axial test force working range: 
10~1000 N (stepless); (b) Error of indicating value lower 
than 200 N: not bigger than ± 2 N; (c) 
Measuring maximum friction moment: 2.5N.m; (d) the time 
control range: 10s ~ 9999min; (e) relative error value test 
force: + 1%. 

   

Figure(6). MMW-1 Vertical Universal Friction and Wear Testing Machine. 

 

       Fig.7 shows the test specimen and its loading device. 
Experimental samples: (a) the H13 specimens steel of disc 
cutter, the hardness is 50-55HRC and size is 
5mm*5mm*15mm without special surface machining; (b) 
the rock specimen: sandstone, marble and granite, the size is 
12mm*30mm*30mm. 

 

Figure(7). Test Specimen and its Loading Device. 

B. Experimental Process  

Fig.8 The schematic diagram of experimental principle 
for testing machine. Two groups of experiments were carried 
out for every kind of rocks: sandstone, marble, granite. (a) 
The hydraulic cylinder press the specimen plate at 200N and 
the main shaft turn rock tray at 100 rpm with water 
lubrication; (b) The hydraulic cylinder press the specimen 
plate at 400N and the main shaft turn rock tray at 200 rpm 
with water lubrication. 

When experiments are to be made, the three H13 steel 
specimens of disc cutter were respectively inserted into three 
sockets of specimen plate and rock specimen was fixed on 
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rock tray. When hydraulic system driving, the specimen 
plate press down until H13 steel specimen contact with rock 
specimen  under the action of force. The servo motor of main 
shaft drive rock tray to rotate at a certain speed,  rock 
specimen and disc cutter specimen produce sliding friction  
similar to pin plate on pin. Pressure is measured and feed-
backed by the load sensor. The determination of friction 
torque is accomplished by friction force between up-and-
down specimens transmitted to an water box integrated with 
rock tray together, and then through the force of steel wire 
rope is fixed on the water at the bottom of the box directly on 
a force measuring sensor measured. Finally, by collecting 
data, the internal procedures of testing machine will 
automatically calculate the friction force and friction 
coefficient etc. and display on the LCD screen. In the inlet 
and outlet of water box water,  the specimen can be 
lubricated and cooled. In the actual TBM tunneling, the 
cutter is arranged on the nozzle and water sprayed directly on 
the face of rock to achieve effects of lubrication, unloading 
and cooling , so it is suitable for disc cutter to use water 
lubrication in this experiment. 

 

 

 Figure(8). The Schematic Diagram of Experimental Principle for Testing 
Machine. 

C. Analysis of Experimental Results  

Fig. 9, Fig.10, Fig.11 respectively shows the friction 
coefficient curves of H13 steel of disc cutter material to 
different rocks under different experimental conditions. As 
can be seen from the figures, the friction coefficient  values 
at the earlier time are bigger than the later time, and the 
curves fluctuates greatly. This is because there are small 
differences between the three H13 steel specimens’ height. 
This moment, the disc is driven to rotate and the contact 
stress of rock will be relatively vibrated. On the other hand,  
the rock surface often behave rough and uneven at the earlier 
time of experiment. With the experiments go on, the H13 
steel specimen integrated with  rock, so the friction 
coefficient curve are relative of stability at earlier experiment 
time. 

The friction coefficient of sandstone to H13 steel is 
relatively large fluctuations, this is because the sandstone is a 
sedimentary rock mainly composed of sand, cement and 
sand, the content is greater than 50%. At the process of H13 
steel by disc cutter interacting  with sandstone, the friction 
force between the cutter specimen and sandstone will 
fluctuate greatly for that there are  some differences between 
strength for bond parts. So the friction coefficient collected 
also appear larger fluctuation. 

As can be seen, the friction coefficient is basically the 
same size of H13 steel with the rock under different 
experimental conditions. Thus explains that normally friction 
coefficient is entirely unrelated to relative velocity. By the 
analysis of experimental data available: the friction 
coefficient of H13 steel to sandstone is 0.4~0.55, the friction 
coefficient of H13 steel to marble is 0.45~0.5, and the 
friction coefficient of H13 steel to granite is 0 5~0.55. 

 

 
(a) 100N，200rpm. 

 

 
(b) 200N，400rpm 

Figure(9). The Friction Coefficient Curves of H13 Steel to Sandstone. 
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 (a)100N，200rpm. 

 

 
(b) 200N，400rpm. 

 
Figure(10). The Friction Coefficient Curves of H13 Steel to Marble. 

 
           

 
(a)100N，200rpm. 

 
(b) 200N，400rpm 

Figure(11). The Friction Coefficient Curves of H13 Steel to Granite. 
 

V. CONCLUSION 

(a)In this paper, a comprehensive analysis of 
the structure and force and friction characteristics for 
disc cutter has been studied. The rock-breaking characteristic 
of disc cutter was detailed analyzed by method of the 
Newtons Mechanical Law. After its friction characteristics 
researching, the micro model of friction coefficient for disc 
cutter have been established,  In some cases the friction 
behavior of these analyzing research results are of great 
significance  to reveal the friction and wear law and to 
predict the abrasion loss and use life for disc cutter.  

(b) The combination of other scholars' research 
results and 3D depth scanning observation of disc cutter 
surface characteristics,  the friction mechanism was obtained 
for disc cutter. From two aspects of theory and experiment, 
the friction coefficient of disc cutter to rock was studied 
comprehensively. At last,  we respectively obtained 
the variation law of friction coefficient for disc 
cutter material H13 steel to sandstone, marble and granite. 
So the friction coefficient is basically the same size of H13 
steel with the rock under different experimental conditions.  
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