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Abstract: Studies to date have failed to consider gage disc cutters’ variable cutting depth and the constraints of 
cutter-head welds, and have ignored the coupling mechanism between the profile of the full-face rock tunnel-boring 
machine (TBM) cutter-head and the assembled radius layout of the disc cutters. To solve these problems, an adaptive 
design method for studying cutter layout was proposed. Taking the bearing stress of the outermost gage disc cutter as an 
index, the profile of the cutter-head was determined. Using a genetic algorithm and based on the principles of equal life 
and equal wear, the assembled radii of the cutters were optimally designed. Boundary conditions of non-interference 
between the cutters, manholes, muck buckets and welding lines were given when a star layout pattern was used on 
cutters. The cutter-head comprehensive evaluation model was established by adopting relative optimization 
improvement degree of evaluation indices to achieve dimensional consistency. Exemplifying the MB264-311-8030 mm 
tape TBM cutter-head, the calculations show that compared with the original layout scheme, among the 51 disc cutters, 
the largest gap of the cutters’ assembled radiuses is only 25.8 mm, which is 0.64% of the cutter-head’s radius and is 
negligible. The cutter-head’s unbalanced radial force decreases by 62.41%, the overturning moment decreases by 
33.22%, and the cutter group’s centroid shift increases by only 18.48%. Each index is better than or approximately 
equal to the original cutter-head layout scheme, and the equivalent stress and deformation are both smaller; these results 
fully verify the feasibility and effectiveness of the method. 
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1 Introduction 
 

The full face rock tunnel boring machine, 
abbreviated TBM, is the flagship product of China’s 
large-scale equipment manufacture sector. The 
cutter-head, located at the front of a TBM, directly 
contacts the tunnel face and is the key factor in 
whether it is efficient, reliable and stable during 
excavation [1, 2]. TBM cutter-head design 
primarily involves the structure design of disk body 

and the layout design of cutter group. Many 
researchers have studied cutters’ layout pattern, 
layout optimization methods and coupling 
arrangements between the cutters and the cutter- 
head structure [3–6]. 

The layout design of the disc cutters includes 
the design of the cutters’ spacing (in a radial 
direction) and their arrangement on the cutter-head 
(in a circumferential direction). Although some 
results have been achieved in the study of disc 
cutters’ layout, many aspects can be improved. For 
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instance, taking V-shaped cutters as the research 
object, this does not correspond with the present 
practical approximate constant cross section cutters; 
for gage disc cutters, the characteristics of variable 
cutting depth have not been considered. Most of the 
cutter-heads used in TBM have a plane layout. The 
size of the cutter-head is decided by the diameter of 
the tunnel, according to where the cutters are 
installed, and the profile of the cutter-head is 
divided into three zones: the center cutter zone, the 
normal cutter zone and the gage cutter zone. Among 
these zones, determining the transitional arc area is 
complicated, and it is the key issue in determining 
the cutter-head profile shape. At present, in radial 
layout design, researches on defining different 
regions of the cutter-head and designing the 
obliquity range for the transitional arc area are very 
scarce. Nonetheless, size determination of different 
regions of the cutter-head is prerequisite for 
practical cutter-head design and layout. Moreover, 
the major diameter cutter-heads usually adopt block 
design structure for easy transport. All blocks are 
welded together after being connected via bolts on 
site. Because the stiffness and strength of the 
cutter-head are low at weld sites, cutters cannot be 
arranged in these places. At present, the influence of 
cutter-head welds is not considered in the 
circumferential layout design of cutters, so there is 
still a long way to go in this field. 

According to the technical engineering 
requirements and corresponding cutter-head 
structural design requirements, a medium square 
five-section cutter-head was taken as a case; the 
radial and circumferential model of the cutter layout 
were established. GUO et al [7] has established the 
radial model. In the radial layout design of cutters, 
First, to leave the center cutters and normal cutters’ 
installed area unchanged in the TBM cutter-head’s 
original design scheme, a new method of 
determining the installed obliquity range for the 
gage cutters was proposed by taking the bearing 
stress of the outermost gage disc cutter as an 
evaluation index. Then the profile was determined 
according to the relationship between the size of the 
cutter-head’s transition zone, the fillet radius and 
the installed tilt angle. Next, the formulas for the 
rock-breaking amount for cutters with a constant 
cross section and for calculating wear extent for 
gage cutters were derived. On this basis, using a 
genetic algorithm, based on the principle of equal 

life, the assembled radiuses of the center cutters and 
normal cutters were optimally designed; based on 
the principle of equal wear, establishing a nonlinear 
mathematics model, the tilt angles of the gage 
cutters were also optimally designed. Based on 
these results, the circumferential model was 
established continuously for the circumferential 
layout design of cutters. The boundary conditions of 
non-interference between cutters, manholes, muck 
buckets and welding lines in the radial and 
circumferential direction were given when star 
layout pattern was used on cutters. Based on this, a 
comprehensive cutter-head evaluation model was 
established by taking the cutter-head’s unbalanced 
radial force, overturning moment and the cutter 
group’s centroid shift as evaluation indices. A new 
method for cutter layout was proposed accordingly. 
Finally, exemplifying the MB264-311-8030 mm 
type TBM cutter-head in the draw water tunnel 
project of Liaoning Dahuofang Reservoir, the 
feasibility and effectiveness of the model were 
verified by designing its transitional arc area and 
arranging its cutters in the radial and 
circumferential directions. 
 
2 Coupling layout design between TBM 

cutter group and cutter-head structure 
 

The medium square five-section type of 
cutter-head was taken as a research object and the 
star layout pattern was adopted. Based on the 
principles of equal life and equal wear, related 
models were established; optimum designs of polar 
radii for the center cutters and normal cutters and 
tilt angles for the gage cutters were created; and an 
adaptive design method based on the profile of the 
cutter-head was proposed. The boundary conditions 
of non-interference between the cutters, manholes, 
muck buckets and welding lines in the radial and 
circumferential directions were given, and the 
cutter-head comprehensive evaluation model was 
established, putting forward a new method for 
cutter layout. The overall technical route of research 
is shown in Figure 1. 
 
3 Adaptive design of cutter-head profile 
 
3.1 Stress characteristic analysis of cutter 

bearing 
Bearings used in disc cutters for the TBM  
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Figure 1 Overall technical roadmap of study 

 
cutter-head are usually Timken single-row taper 
roller bearings; the structural diagram of the 
bearings installed in the gage cutters is shown in 
Figure 2(a). To determine the installed tilt angle 
range for the gage cutters, the bearing stress of the 
outermost gage disc cutter was chosen as the 
evaluation index. A pair of tapered roller bearings 
installed on the gage cutter share responsibility for 
radial and axial forces in the cutting process. The 
loads of the bearings were analyzed with reference 
to the research of SHEN [8]. The simplified force 
diagram is shown in Figure 2(b); the calculation 
formulas are shown in Eqs. (1) and (2). 
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where Frj is the radial force of the jth bearing, Faj is 
the axial force of the jth bearing, Pj is the equivalent 

 

 
Figure 2 Structure of bearings installed in gage cutters 

and a simplified force sketch: (a) Structural diagram;   

(b) Stress diagram 

 
dynamic load of the jth bearing; fpj is the loading 
coefficient of the jth bearing; Xj is the radial 
dynamic load coefficient of the jth bearing; Yj is the 
axial dynamic load coefficient of the jth bearing 
(j=1, 2); l is the distance between the two bearings; 
y is the derived axial force coefficient; and d is the 
diameter of the cutter. FN is the normal force of the 
cutter and FR is the rolling force of the cutter, both 
calculated by the CSM model [9]. FS is the side 
force of the cutter, considering the variable cutting 
depths of the gage cutters, and on the basis of   
Ref. [10], its side forces can be formulated as 
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where  is the contact angle between the disc cutter 
and the rock; τ is the shear strength of the rock; ρi is 
the assembled radius of the ith cutter, αi is the tilt 
angle of the ith cutter, and h′ is the penetration 
depth of the ith cutter. 
 
3.2 Determination of installed tilt angle range for 

cutters 
The profile of the cutter-head is divided into 

three zones according to the cutters’ different 
installed locations: the center cutter zone, the 
normal cutter zone and the gage cutter zone. The 
specific arrangement is shown in Figure 3, where Rf 
is the area range occupied by the center cutters and 
the normal cutters. 
 

 
Figure 3 Profile of cutter-head 

 
Figure 3 illustrates that the transition arc 

region is the key factor in determining the TBM 
cutter-head profile; the larger the fillet radius is, the 
gentler the transition area and the smaller the total 
tilt angle. The relationship between the cutter- 
head’s transition zone size, the fillet radius and the 
installed tilt angle can be formulated as 
 
r=L/sinα                                (4) 
 
where L is the size of the transition zone, r is the 
fillet radius, and α is the installed tilt angle range. 
 
4 Optimal designs of assembled radii of 

center cutters and normal cutters 
based on equal life principle 

 
4.1 Calculation of broken rock for normal 

cutters 
Among all cutters on the TBM cutter-head, the 

normal cutters are the main ones that break rock. 
They are installed in concentric circles centered on 
the cutter-head center; when the tunnels are 
excavated, the farther away the cutter is from the 

cutter-head center, the longer the path of the cutting 
rock and the more serious the cutter ring’s wear. 
Researches show that wear is proportional to the 
rock-breaking amount [11, 12]. To quantitatively 
describe wear differences between cutters, the 
rock-breaking amount is used to make calculations. 
To reduce differences in the rock-breaking amount, 
the cutters’ assembled radii should be unequally 
spaced: the farther away the cutter is from the 
cutter-head center, the smaller the cutter spacing. 
During driving, to ensure there is no rock ridge 
between the cutters, the breaking rock volume of 
adjacent cutters should be intersecting. 

Assume that the position numbers of three 
adjacent cutters are i–1, i and i+1 respectively; the 
cutter spaces are Si and Si+1. The breaking rock area 
of the ith cutter is the shaded part in Figure 4. 
 

 
Figure 4 Diagram of breaking rock volume for adjacent 

cutters 

 

As shown in Figure 4, assume that there are n 
center cutters and m normal cutters; the ith normal 
cutter’s breaking rock area can be formulated as 
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where i=1, 2, …, m–1, Si is cutter spacing between 
the ith cutter and the (i–1)th cutter, φ is half broken 
angle of the rock. 

Assume that the bilateral cutter spaces of the 
last normal cutter are equal, then 
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Therefore, when the cutter-head rotates one 

cycle, the breaking rock volume of the ith cutter 
driven by the cutter-head can be formulated as 
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where ρ1 is the assembled radius of the last center 
cutter. 

Assume that the center cutters’ cutter spacing 
is u, and the offset distance of the first center cutter 
is u1, then 
 

 1 1 1u n u                              (8) 

 
4.2 Optimization of polar radiuses for center 

cutters and normal cutters 
The offset distance of the first center cutter, the 

cutter space of the other center cutters and the cutter 
spaces of the normal cutters were taken as design 
variables; the minimum variance of the normal 
cutters’ breaking rock volume was taken as the 
optimization objective. Using a genetic algorithm to 
optimize the design, mathematical model 1 can be 
formulated as 
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5 Optimal designs of tilt angles of gage 

cutters based on equal wear principle 
 
5.1 Calculation of wear loss for gage cutters 

In the process of actual hard rock excavation, 
the cutter ring’s wear is the main cause of failure for 
the gage cutters. ZHANG et al [13] has studied the 
formula for the arc length of the gage cutter’s rock 
breakage point during a cutting depth process; SHU 
[14] has studied the wear volume calculation for the 
disc cutters based on abrasive wear. Making use of 
these two formulas, the formula of the wear volume 
for each gage cutter can be obtained after the 
cutter-head rotating one cycle. 

1) Calculation formula of the wear volume Wp 
after one rotation was established based on a plastic 
removal mechanism 

The wear volume of the front point of the disc 
cutter in the contact region after one rotation can be 
formulated as 
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where s is the arc length taken by the rock breakage 
point of the gage cutter during a cutting depth 
process; ρi is the assembled radius of the ith gage 
cutter, ρi=Rf +r·sinαi; pw  is the wear rate of this 
point; K is the abrasive wear coefficient; H is the 
material hardness of the cutter ring; and p0 is the 
base contact stress. 

The wear volume of the front of the disc cutter 
ring after one rotation can be formulated as 
 

P p2πW R T w                            (12) 
 

2) Calculation formula of the wear volume Wq 
after one rotation was established based on 
toughness removal mechanism 

The wear volume of the front point of the disc 
cutter in the contact region after one rotation can be 
formulated as 
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where qw  is the wear rate of this point; K1 denotes 
the abrasive shape and the distribution coefficient; 
d´ is the average diameter of the abrasion; and Kc is 
the fracture toughness of the material. 

The wear volume of the front of the disc cutter 
ring after one rotation can be formulated as 
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q q2πW R T w                            (14) 
 

Coupling these two material removal 
mechanisms, the wear volume of the front of the 
disc cutter ring after one rotation can be formulated 
as [14] 
 

P qrW a W b W                            (15) 
 
where a=0.857; b=0.167. 

The wear volume of each gage cutter after the 
cutter-head rotating one cycle can be formulated as 
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5.2 Optimization of tilt angles for gage cutters 

The tilt angle differences between adjacent 
gage cutters were taken as design variables; the 
minimum variance of the gage cutters’ wear volume 
was taken as the optimization objective, using a 
genetic algorithm to optimize design. Assuming that 
there are z gage cutters, the nonlinear mathematical 
model 2 can be formulated as 
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6 Solution of boundary conditions 
 

Locations of the cutters on the cutter-head are 
represented in the form of polar coordinates. 
Cutters thus have two degrees of freedom—the 
assembled radius ρ and the polar angle θ. At present, 
there are three layout patterns: multi-spiral, star and 
stochastic, as shown in Figure 5 [15]. The degrees 
of freedom and parameters of these three layout 
patterns are shown in Table 1. No matter which 
layout pattern is adopted, once these two 
parameters are determined, the layout of the cutters 
is fixed. 

At the same time, the major diameter 
cutter-heads usually adopt block design structure 
for easy manufacture and convenient transportation 

 

 
Figure 5 Different layout patterns of disc cutters [15]:  

(a) Multi-spiral layout pattern; (b) Star layout pattern;  

(c) Stochastic layout pattern 

 

Table 1 Number of degrees of freedom and parameters 

of different layout patterns 
Layout pattern Degree of freedom Parameter

Multi-spiral layout pattern 0 None 

Star layout pattern 1 ρ 

Stochastic layout pattern 2 ρ, θ 

 
to the construction site. At present, there are four 
main types of subdivided cutter-head structure, as 
shown in Figure 6. The layout of split type cutter-  
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Figure 6 Subdivision forms of cutter-head structure: (a) Central symmetry; (b) Side-part; (c) Medium square and five 

fractions; (d) Medium hexagonal and seven fractions 

 
heads has more restrictions because of the existence 
of welds. 

The medium square five-section cutter-head 
was taken as a research object and the star layout 
pattern was adopted; Figures 5(b) and 6(c) show 
that when the cutters are arranged on the cutter- 
head in a circumferential direction, they are 
restricted by many constraints. According to the 
different constraint directions, they can be divided 
into two categories: radial and circumferential 
constraints. With radial constraint, cutters must not 
interfere with horizontal and vertical welds; the 
circumferential constraint requires there to be no 
interference between cutters, and the cutters cannot 
interfere with the muck buckets, manholes and 45° 
welds. 
 
6.1 Non-interference criterion in radial direction 

Set each group with four star lines, with the 
groups uniformly distributed around the cutter-head 
center; the tilt angle of the star line in the first 
quadrant was defined as the tilt angle of the group, 
as shown in Figure 7. Because star line groups and 
the cutter-head welds are both centrally 
symmetrical, it is only necessary to give the 
boundary conditions of non-interference between 
the cutters and welding seams in the first quadrant. 
Assume that D is the diameter of the cutter-head, 
∆T is the side length of the central block, and ∆L is 
the length and ∆W is the width of the cutter holes. 
Figure 7 shows that the boundary condition consists 
of two parts, the center block area and the edge 
block area. 

For the center block area, set θx1 as the tilt 
angle of the star line, and set ρx1 as the critical 
interference polar radius between the cutter hole 
and the weld on the star line, then: 

 

  
Figure 7 Critical interference between cutters and welds 

in radial direction: (a) Center block area; (b) Edge block 

area 
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For the edge block area, set θx2 as the tilt angle 
of the star line, and set ρx2 as the critical 
interference polar radius between the cutter hole 
and the weld on the star line, then: 
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(21) 
 

The non-interference criterion between the 
cutters and welds can be summarized as follows: 
for the center block area, when the cutter’s 
assembled radius ρ<ρx1, it can be arranged on a star 
line group with the tilt angle θx1; for the edge block 
area, when the cutter’s assembled radius ρ>ρx2, it 
can be arranged on a star line group with the tilt 
angle θx2. 
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6.2 Non-interference criterion in circumferential 
direction 

There are two possible design methods 
involving non-interference between the cutters, 
muck buckets, manholes and 45° welds: in the first, 
the locations of the muck buckets, manholes and 
45° welds are known, and the locations of the star 
line groups are determined by avoiding these areas; 
in the second, the star line groups are fixed and the 
other three features are determined accordingly. 
This paper adopts the first design method, namely 
studying the non-interference criterion between the 
cutters without changing the locations of the muck 
buckets, manholes and 45° welds of the 
MB264-311-8030 mm tape TBM cutter-head. 

For the center block area, the nearer the cutters 
are to the cutter-head center, the more limited the 
area of the cutter layout and the greater the chance 
of interference between the cutters. There are four 
manholes on the cutter-head and they are uniformly 
distributed around the cutter-head center. The 
location parameter θr of the manhole in the first 
quadrant meets the condition 45°<θr<90°. 
Considering the location of the manhole, the tilt 
angle of the star line group θx1 should meet the 
condition 0°≤θx1≤45°, as shown in Figure 8. Thus, 
for the star line group with the tilt angle θx1, the 
critical interference polar radius ρ′x between the 
cutters can be formulated as 
 

 1 1

1

cos 1 sin

2sin
x x

x
x

L W 



   

               (22) 

 
For the edge block area, there are eight muck 

buckets on the cutter-head, which are uniformly  
 

 
Figure 8 Critical interference between cutters in 

circumferential direction for center block area 

distributed around the cutter-head center; long and 
short muck buckets are arranged alternately. There 
are two kinds of muck bucket: θc1 is the tilt angle of 
the No. 1 muck bucket; its length is denoted by ∆L′ 
and its width is denoted by ∆W′; θc2 is the tilt angle 
of the No. 2 muck bucket; its length is denoted by 
∆L″ and its width is denoted by ∆W″; ∆W″=∆W′. 
Assume that θx2 meets the condition 0°＜θx2≤45°; 
when interference occurs between the cutters, the 
critical tilt angle of the star line group is θx1′; when 
interference occurs between the cutters and the  
No. 1 muck bucket, the critical tilt angle of the star 
line group is θx1″, as shown in Figure 9. Assume 
that θx2 meets the condition 45°<θx2≤90°, when 
interference occurs between the cutters and the 45° 
welds, the critical tilt angle of the star line group is 
θx2′; when interference occurs between the cutters 
and the No. 2 muck bucket, the critical tilt angle of 
the star line group is θx2″, as shown in Figure 10. 
Then:  

1

1 1

2arctan

arctan
2

x

x c

L

T

W L

D L



 

        
            

              (23) 
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             (24) 

 

 
Figure 9 Critical interference in circumferential direction 

for edge block area within range 0°–45° 

 

The non-interference criterion in the 
circumferential direction can be summarized as 
follows: for the center block area, the tilt angle of 
the star line group θx1 should meet the condition 
0°≤θx1≤45°, and when the cutter’s assembled radius 
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Figure 10 Critical interference in circumferential 

direction for edge block area within the range 45°–90° 

 

ρx>ρ′x, it can be arranged on a star line group with 
the tilt angle θx1; for the edge block area, when θx2 
is within the range 0°–45°, θx2 should meet the 
condition θx1'<θx2<θx1″; when θx2 is within the range 
45°–90°, θx2 should meet the condition θx1″<θx2 

<θx2″. 
 
7 Comprehensive evaluation model of 

TBM cutter-head 
 
7.1 Forces acting on disc cutter 

As shown in Figure 11, the cutting forces on a 
disc cutter mainly involve the normal force FN, the 
rolling force FR and the side force FS. Figure 11 
illustrates these three forces exerted on the tip of the 
disc cutter during excavation; in addition, the 
inertial forces caused by the movement of a disc 
cutter include the relative motion inertial force, the 
Coriolis inertial force FG and the Convected inertial 
force Fe. Among these three, the relative motion 
inertia force is self-balanced. 

The Coriolis inertial force FG affects the force 
balance of the TBM cutter-head in the form of a 
couple. The ith cutter’s moment of couple can be 
formulated as 
 

2

2i i
m r

M
                             (25) 

 
where m is the mass of the cutter, ω is the rotational 
speed of the cutter-head, r is the radius of the cutter, 
and ρi is the assembled radiuses of the ith cutter. 

The Convected inertial forces converge at the 
gyration center of the cutter-head along the normal  

 

 
Figure 11 Individual forces acting on a normal cutter and 

a gage cutter [16] 

 
direction of the cutters’ locus circles, and constitute 
a system of plane intercrossing forces. The ith 
cutter’s Convected inertial force Fei can be 
formulated as 
 

2
ei iF m                              (26) 

 
7.2 Evaluation indices of cutter layout 

When the constraint conditions for 
non-interference between the cutters, muck buckets, 
manholes and welds are satisfied, the cutter-head 
has three comprehensive evaluation indices, namely 
the unbalanced radial force, the overturning 
moment of the cutter-head and the centroid shift of 
the cutter group, and these three indicators should 
be as small as possible. Set the cutter-head to 
anticlockwise rotation and according to Figure 11, 
then the calculation formulas of these three 
indicators can be formulated as follows. 

The unbalanced radial force of the cutter-head 
 

   22
1 x yC F F                     (27) 

 
where for the center cutters and the normal cutters, 
 

 
1
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 
1

cos sin
Q

y Ri i Si ei i
i

F F F F 


       

 
For the edge cutters, 
 

cos sinbi ei si i Ni iF F F F     
 

 
1

sin cos
Q

x Ri i bi i
i

F F F 


   

 

 
1

cos sin
Q

y Ri i bi i
i

F F F 


    

 
where Fx is the component in the x direction of the 
unbalanced radial force, Fy is the component in the 
y direction of the unbalanced radial force, FNi is the 
normal force of the ith cutter, FRi is the rolling force 
of the ith cutter, Fbi is the radial component of the 
ith cutter force, Fei is the Convected inertial force of 
the ith cutter, FSi is the side force of the ith cutter, θi 
is the polar angle of the ith cutter. 

The overturning moment of the cutter-head 
 

   22
2 x yC M M                       (28) 

 

where  
1

sin sin sin ,
Q

x Ni i i i i ei i
i
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
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 
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cos cos cos ,
Q

y Ni i i i i ei i
i

M F M F r   


     Mx is 

the component in the x direction of the overturning 
moment, and My is the component in the y direction 
of the overturning moment. 

The centroid shift of the cutter group 
 

2 2
3 m mC x y                            (29) 
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where (xm, ym) is the centroid position of all cutters; 
(xi, yi) is the centroid position of the ith cutter; mi is 
the mass of the ith cutter, mi=m; and Q is the 
number of cutters. 

To quantitatively analyze the multi-objective 
problem, a linear weighting method is adopted to 
construct the synthetic evaluation function EV of 
the cutter-head. The corresponding weights of three 

indices (C1, C2 and C3) are a1, a2 and a3, 
respectively, and the EV can be formulated as  

3

1
i i

i

EV a C


                              (30) 

 
Because the dimension of these three indices is 

not unified, the improvement degree of their 
relative optimization was adopted to achieve 
dimensional consistency. Assume that sumF1, sumM1 
and sumL1 are the unbalanced radial force, 
overturning moment and centroid shift of the initial 
cutter arrangement, respectively; then for the kth 
(k≥2) cutter arrangement, the dimensional 
consistency of each index can be expressed as the 
ratio between the cumulative calculation result for 
each index in the (k–1)th cutter arrangement and the 
difference value of the cumulative calculation result 
for each index in the kth and (k–1)th cutter 
arrangement.  
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                  (31) 

 
GENG [17] pointed out that the main 

consideration in the project is minimizing the 
overturning moment; this is followed by the 
unbalanced radial force, and lastly the centroid shift 
of the cutter group, so that C2>C1>C3 in importance. 
According to AHP, the judgment matrix A should be 
formulated as  

1 1/ 2 3

2 1 5

1/ 3 1/ 5 1

A

 
   
  

 

 
The greatest eigenvalue λ and the greatest 

eigenvector W can be formulated as  

3.018,   
0.32

0.557

0.123

 
   
  

W  

 
The concordance index CI=0.009, the random 

consistency index RI=0.58 (lookup table), and the 
consistency ratio CR=0.016<0.1 pass the 
consistency check. 

The characteristic vector W can thus be used as 
a weight vector; the synthetic evaluation function in 
the kth cutter arrangement can be formulated as 



J. Cent. South Univ. (2018) 25: 812–830 

 

822

 

 
1

1 2 3 2 1 2

3

0.32 0.557k k k k k kEV C C C C C





 
     
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30.123 kC                            (32) 

 
7.3 Method for determining circumferential 

layout of cutters 
The number of cutters and the tilt angles of the 

star line groups are known; set every V (V can be 1, 
2 or 4) cutters as a group. When determining the 
layout for each group of cutters, according to the 
critical interference polar radii determining an 
optimal star line group and arranging the cutters on 
it along the reverse of the cutter-head rotation 
direction. Thus, there are four alternative solutions 
in each arrangement. Assuming that V=4 in a layout, 
the four layout schemes are shown in Figure 12. To 
determine the optimal layout scheme, the synthetic 
evaluation function values of the cutter-head under 
different layout schemes should be calculated and 
compared. Then the minimum value is selected as 
the result of the layout, and subsequent cutters can 
be arranged on this basis until all cutters are 
completed. 
 

 
Figure 12 Different layout schemes for each group of 

cutters 

 
8 Application 
 

Exemplifying the TMB264-311-8030 mm tape 
TBM cutter-head used in the draw water tunnel 
project of Liaoning Dahuofang Reservoir; the 
cutter-head structure is shown in Figure 13. The 
main structural parameters, geological parameters 

and excavation parameters are as follows [18]: for 
the medium square, five-section cutter-head type, 
the diameter D is 8030 mm and the side length ∆T 
of the central block is 4775 mm. It uses 51 19-inch 
cutters on the cutter-head, including 8 center cutters, 
32 normal cutters and 11 gage cutters; the length ∆L 
and the width ∆W of the cutter holes are 495 mm 
and 360 mm, respectively; the length ∆L′, the width 
∆W′ and the tilt angle θc1 of the No. 1 muck bucket 
are 700 mm, 300 mm and 35°, respectively; the 
length ∆L″, the width ∆W″ and the tilt angle θc2 of 
the No. 2 muck bucket are 900 mm, 300 mm and 
80°, respectively. The tunnel is mainly through 
Grade II and Grade III rock mass; the stratigraphic 
lithology is mainly mixed rock and belongs to 
middle hard rock. The uniaxial compressive 
strength of rock is between 19–120 MPa; in 
consideration of safety, the upper limit value 120 
MPa is selected, the Brazilian tensile strength is 12 
MPa, the punch shear strength is 20 MPa, and the 
half broken angle of the rock is 1.32 rad; the 
rotational speed of the cutter-head is 6.32 r/min, and 
the cutter penetration is 10.8 mm/r. 
 

 
Figure 13 TMB264-311-8030 mm tape TBM cutter-head 
 
8.1 Determination of profile for cutter-head 

The size of the area occupied by the center 
cutters and the normal cutters on the actual 
cutter-head is 3458 mm; by calculation, L=557 mm. 
To determine the profile of the cutter-head, the key 
is to determine the fillet radius r and installed tilt 
angle α. 

The HH224335/10 tape bearing is usually used 
on TBM cutters, so this bearing was chosen as the 
research object. The corresponding parameters are 
as follows: l=128.7 mm, y=1.84, e=0.33, fp=2.65. 
According to Eqs. (1) and (2), the dynamic load of 
the No. 2 bearing is larger, so the mechanical 
calculation on the No. 2 bearing was carried out. 
The α-P graph is shown in Figure 14. 
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Figure 14 α–P graph 

 
The graph illustrates that when the installed tilt 

angle α<50°, the equivalent dynamic load P 
increases with the increase of the installed angle 
range α; when α≥50°, the result is the reverse. The 
installed angle range of the gage cutters should thus 
be larger than 50°. This also shows that the 
equivalent dynamic load increases with the increase 
of the fillet radius r under the condition of r≥L; the 
fillet radius design should thus not be too large. 

When the installed tilt angle α=74.5°, the fillet 
radius r=578 mm was calculated by Eq. (4). 
 
8.2 Optimal designs of assembled radii for center 

cutters and normal cutters 
Based on the genetic algorithm, the cutter 

spacing was optimized according to model 1. 
Parameters set in the GA are as follows: the 
population sizes are 50, the crossover probability is 
0.8, the mutation probability is 0.2, and iteration 
times are 100; the rest of the parameters are left at 
default values. Changing curves of the best fitness 
value and the best individual in the global search 
process are shown in Figure 15. This illustrates that 
when the program is iterated to roughly 50 
generations; the optimal solution is gained, 
verifying the accuracy of the model. The optimal 
cutter spacing is shown in Table 2. 
 
8.3 Optimal design of installed tilt angle of gage 

cutters 
Based on the genetic algorithm, the installed 

tilt angle was optimized according to model 2. The 
parameters set in the GA are as follows: the 
population sizes are 100, the crossover probability 
is 0.8, the mutation probability is 0.2, and iteration 
times are 50, TolCon and TolFun are both 1×10–7.  

 

 
Figure 15 Changing curves of fitness function value for 

best individual and best individual (model 1): (a) Fitness 

function value; (b) Best individuals 

 

Table 2 Calculation results for optimal cutter spacing 
No. 1 2–8 9–32 33 34–36 37–38 39 40

Space/mm 62.3 104.2 83.5 83.4 83.3 82.7 81.8 81.5

 
The rest of the parameters are set to default values. 
Changing curves of the best fitness value and the 
best individual in the global search process are 
shown in Figure 16. 

Figure 16 illustrates that when the number of 
iterations reached seven generations, the program 
terminated because there is no improvement in the 
fitness value. This is to say, the program reached 
the optimal solution. The accuracy of the model is 
fully verified. The optimal tilt angle differences and 
installed tilt angles are shown in Table 3. 

The optimized results and the comparison with 
the original assembled radiuses are shown in  
Table 4. This illustrates that when the original 
cutter-head size and its transition arc area are left 
unchanged, the optimized radius of the No. 12 
cutter has the greatest difference from the original: 
25.8 mm, only 0.64% of the cutter-head radius size. 
Similarly, the optimized radius of the No. 51 cutter  
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Figure 16 Changing curves of fitness function value for 

best individual and best individual (model 2): (a) Fitness 

function value; (b) Best individuals 

 

Table 3 Calculated results of optimal tilt angle difference 

No. Tilt angle difference/(°) Tilt angle/(°) 

41 10.2 10.2 

42 9.2 19.3 

43 8.3 27.7 

44 7.6 35.2 

45 7.2 42.4 

46 6.4 48.9 

47 6.1 54.9 

48 5.8 60.8 

49 5.1 65.9 

50 4.5 70.4 

51 4.0 74.5 

 
has the smallest difference from the original, which 
is 0 mm; this is consistent with the precondition. 
Therefore, the established optimization model has 
evident feasibility and validity. 

The redesigned result of the cutter-head profile 
and the disc cutters’ spacing layout pattern for the 
MB264-311-8030 mm type TBM cutter-head are 
shown in Figure 17. 

Table 4 Results for assembled radius layout of disc 

cutters 

No.  
Original 

assembled 
radius/mm 

Optimized 
assembled 
radius/mm 

Difference/mm

1 68.6 62.3 6.3 

2 170.2 166.5 3.7 

3 271.8 270.7 1.1 

4 373.4 374.9 1.5 

5 475 479.1 4.1 

6 576.6 583.3 6.7 

7 678.2 687.5 9.3 

8 779.8 791.7 11.9 

9 878.9 875.2 3.7 

10 974.8 958.7 16.1 

11 1065.7 1042.2 23.5 

12 1151.5 1125.7 25.8 

13 1234 1209.2 24.8 

14 1316.4 1292.7 23.7 

15 1398.8 1376.2 22.6 

16 1481.1 1459.7 21.4 

17 1563.5 1543.2 20.3 

18 1645.9 1626.7 19.2 

19 1728.2 1710.2 18 

20 1810.6 1793.7 16.9 

21 1893 1877.2 15.8 

22 1975.3 1960.7 14.6 

23 2057.7 2044.2 13.5 

24 2140.1 2127.7 12.4 

25 2222.4 2211.2 11.2 

26 2304.8 2294.7 10.1 

27 2387.2 2378.2 9 

28 2469.5 2461.7 7.8 

29 2551.9 2545.2 6.7 

30 2634.3 2628.7 5.6 

31 2716.6 2712.2 4.4 

32 2799 2795.7 3.3 

33 2881.4 2879.1 2.3 

34 2963.7 2962.4 1.3 

35 3046.1 3045.7 0.4 

36 3128.4 3129 0.6 

37 3210.8 3211.7 0.9 

38 3293.2 3294.4 1.2 

39 3375.6 3376.2 0.6 

40 3457.8 3457.7 0.1 

41 3547.3 3560.4 13.2 

to be continued 
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Continued 

No.  
Original 

assembled 
radius/mm 

Optimized 
assembled 
radius/mm 

Difference/mm

42 3627.2 3649.4 22.2 

43 3704.5 3727.3 22.9 

44 3776.6 3792 15.4 

45 3841.3 3848.8 7.5 

46 3896.8 3894.8 2 

47 3941.2 3932.2 9 

48 3974.4 3964 10.4 

49 3997 3987.1 9.8 

50 4010 4004.1 5.9 

51 4015 4015 0 

 
8.4 Determination of tilt angles of star line 

groups and solution of non-interference 
boundary conditions 
For the center block area, there are three star 

line groups, namely 0°, 22.5° and 45°. For different 
star line groups, the critical interference polar radius 
ρx′ and ρx1 are shown in Table 5. 

For the edge block area, it can be calculated 
that θx1'=11.84°, θx2'=28.16°, θx1″=47.82°, θx2″= 
72.73° by using Eqs. (23) and (24). Therefore, θx1 
must meet the condition 11.84°<θx1<28.16° or 
47.82°<θx1<72.73°. Based on this, five star line 
groups are created, namely 0°, 13°, 25°, 54° and 
68°. For different star line groups, the critical 
interference polar radius ρx2 is shown in Table 6. 

The critical interference radiuses are shown in 
Figure 18. 
 
8.5 Layout design of cutters in circumferential 

direction 
The arrangement of the cutters on the cutter- 

head consists of the radial and circumferential 
arrangement. GENG et al [17] have established 

related models: the optimum designs of the polar 
radii for the center cutters and normal cutters were 
created based on the principle of equal life; the 
optimum design of the tilt angles for the gage 
cutters were established based on the principle of 
equal wear; and an adaptive design method based 
on the profile of the cutter-head was proposed. On 
this basis, the polar angles were optimized by using 
the cutter circumferential layout method and the 
cutter-head comprehensive evaluation model, and 
the resulting cutter layouts are shown in Figure 19. 

As shown in Figure 19, there was a total of 13 
times arrangement until all cutters were finished. 
There was no change in the arrangement of the 
center cutters. For the cutters from No. 9 to No. 51, 
No. 25 and No. 26 cutters form a group, No. 51 
cutter was arranged singly, and every four cutters 
form a group for the remaining cutters. The 
grouping situation of the cutters and the 
optimization result of the polar angles are shown in 
Table 7. The cumulative calculation result of each 
index and the comparison with the original 
cutter-head are shown in Figure 20. 

As shown in Figure 20, the cutter-head’s 
unbalanced radial force in the new cutter layout is 
1041.27 kN, an increase of 161.5%, compared with 
398.17 kN in the original layout. Similarly, the 
overturning moment in the new cutter layout is 
114.7 kN·m, a decrease of 68.94%, compared with 
369.27 kN·m in the original layout. The cutter 
group’s centroid shift in the new cutter layout is 
77.18 mm, an increase of 10.34% compared with 
69.95 mm in the original layout. Because the 
minimization of overturning moment is the key 
factor in engineering practice, the results prove that 
the model has feasibility and validity. Nonetheless, 
considering the unbalanced radial force increases by 
161.5%, the new layout is not an optimal result. 

 

 
Figure 17 Redesign of cutter-head profile and disc cutters’ spacing layout pattern 
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Table 5 Solution of critical interference polar radius (ρx′ 

and ρx1) 

θx1/(°) ρx′/mm ρx1/mm 

0 — 2207.5 

22.5 1424.27 2301.69 

45 777.52 2948.93 

 
Table 6 Solution of critical interference polar radius (ρx2) 

θx2/(°) ρx2/mm 

0 2567.5 

13 2687.44 

25 2929.73 

54 3310.93 

68 2855 

 

  
Figure 18 Critical interference radii (Unit: mm):      

(a) Center block area; (b) Edge block area 

 

To make each index better than or 
approximately equal to the original cutter-head 
layout result, the appropriate improvement needs to 
be made in the above layout. As shown in Figure 20, 
the cutter-head’s unbalanced radial force increases 

 

  
Figure 19 Layout scheme for disc cutters: (a) Original 

layout; (b) New design 

 
rapidly from the tenth cutter arrangement in the 
new layout. Therefore, the appropriate adjustments 
were made for the arrangement of cutters No. 39 to 
No. 51. The improved layout result is shown in 
Figure 21 and the calculation results of each index 
are shown in Figure 22. 

As shown in Figure 22, the cutter-head’s 
unbalanced radial force, the overturning moment 
and the cutter group’s centroid shift in the improved 
cutters’ layout are 149.68 kN, 246.61 kN·m and 
82.88 mm, respectively. Compared with the original 
layout, the cutter-head’s unbalanced radial force 
decreases by 62.41%, the overturning moment 
decreases by 33.22%, and the cutter group’s 
centroid shift only increases by 18.48%. This shows 
that the improved cutter layout is better and has a 
high value for engineering applications. 
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Table 7 Grouping of cutters and determination of their polar angles 

Group number 1 2 3 4 5 6 7 

Cutter number 1–8 9–12 13–16 17–20 21–24 25, 26 27–30

Polar angles of star line groups/(°) 
(9–51, except 25, 26 and 51) 

decussate
type 

45 0 22.5 0 
202.5 
22.5 

45 

Group number 8 9 10 11 12 13 

Cutter number 31–34 35–38 39–42 43–46 47–50 51 

Polar angles of star line groups/(°) 
(9–51, except 25, 26 and 51) 

0 25 68 13 54 180 

 

  
Figure 20 Cumulative calculation result of each index:  

(a) Unbalanced radial force; (b) Overturning moment;  

(c) Cutter groups centroid shift 

 
8.6 Finite element analysis of cutter-head 

The optimal layout scheme was analyzed by 

 
Figure 21 Disc cutter layout scheme (improvement) 

 

means of FEM. The parameters of the FEM 
calculation are as follows: the calculated FEM 
platform is ABAQUS 6.11-1, quadratic tetrahedral 
elements of type C3D10M is adopted, the density is 
7850 kg/m3, the elastic modulus is 2×108 MPa, the 
Poisson ratio is 0.3, and the yield stress is 345 MPa. 
For the original layout, the total number of nodes is 
90613 and the total number of elements is 47756; 
for the approved layout, the total number of nodes 
is 88002 and the total number of elements is 46599. 
Only the layout pattern has an effect on the 
cutter-head, regardless of the connecting bodies 
behind the cutter-head; the full constraints were 
applied to the reverse side of the cutter-head. In 
addition, the four faces of each cutter hole were 
coupled to the center point by the rigid coupling 
method. The equivalent stress and deformation 
distribution are shown in Figures 23 and 24 when 
the vertical force, the rolling force and the lateral 
force act on the centers of the cutter holes. 

As shown in Figure 23, the maximum 
equivalent stress in the original layout is    
228.908 MPa, and in the approved layout is 
206.371 MPa; the latter is smaller, because the 
distribution of the cutters in the approved layout is 
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Figure 22 Cumulative calculation result of each index 

(improvement): (a) Unbalanced radial force;         

(b) Overturning moment; (c) Cutter groups centroid shift 

 
more uniform and scattered, avoiding excessive 
stress concentration of the cutter-head. 

As shown in Figure 24, the deformations 
decrease gradually from the center to the edge of 
the cutter-head and the deformation contours are 
concentric in both layouts. The maximum 
deformation in the original layout is 0.699 mm and 
in the approved layout is 0.526 mm; the approved 
layout gives the cutter-head greater structural 
stiffness. 

The deformation on the positive of the X axis 
is shown in Figure 25. The deformation is smaller  

 

 
Figure 23 Equivalent stress distribution of cutter-head 

 

  
Figure 24 Deformation distribution of cutter-head 

 
and changes more gently along the radial direction 
of the cutter-head in the approved layout than in the 
original layout. 
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Figure 25 Deformation on positive of X axis 

 
9 Conclusions 
 

1) Based on the bearing stress of the outermost 
gage disc cutter, and according to the relationship 
between the size of the transition zone, the fillet 
radius and the installed tilt angle of the cutter-head, 
an adaptive design method for the profile of the 
cutter-head was determined. 

2) Using a genetic algorithm, based on the 
principle of equal life, the assembled radiuses of the 
center cutters and the normal cutters were optimally 
designed; based on the principle of equal wear, the 
tilt angles of the gage cutters were optimally 
designed. 

3) The non-interference criteria between the 
cutters, manholes, muck buckets and welding lines 
in the radial and circumferential directions were 
given; the cutter-head comprehensive evaluation 
model was established by taking the cutter-head’s 
unbalanced radial force and overturning moment 
and the cutter group’s centroid shift as evaluation 
indices, and the plane layout of the cutters was 
completed; the strength and stiffness of the 
cutter-head were checked using FEM. 

4) The layout results of the cutters show that 
when the main structure parameters, geological 
parameters and boring parameters are known, and 
within a permissible range of error, the design 
method of this paper has reference value, and can 
adaptively arrange cutter groups for split type 
cutter-heads. 
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中文导读 
 

基于 TBM 刀盘结构分析的滚刀布局设计 
 
摘要：目前，滚刀布局设计研究中存在许多不足，如边滚刀变切深的特性，刀盘焊缝的约束条件，刀

盘剖面轮廓与滚刀极径布置的耦合机制问题等均未被考虑和重视。为解决这些问题，笔者提出了一种

基于刀盘剖面轮廓和焊缝约束条件的刀具布局的适应性设计方法。以最外侧刀具的轴承受力为评价准

则，给出平面刀盘的剖面轮廓设计方法；采用 GA 算法，基于等寿命原则和等磨损原则，对边刀的倾

斜角进行了优化设计；给出了对滚刀进行星型布置时，滚刀与滚刀、人孔、出渣槽以及焊缝之间不干

涉的边界条件；采用各指标在邻近两次布局中的相对优化提高度进行量纲的一致性处理，建立了刀盘

的综合评价模型，完成刀具的周向布置。以 MB264-311-8030 mm 型 TBM 刀盘为案例，计算结果表明，

与原始滚刀的布局相比，51 把滚刀中，极径的最大差距仅有 25.8 mm，相对于刀盘的半径大小为 0.64%，

极小；刀盘的径向不平衡力减少了 62.41%，倾覆力矩减少了 33.22%，质心偏斜量仅增加了 18.48%，

各指标都优于或近似等于原始刀盘布局结果；刀盘的应力和变形均小于原始刀盘，有效地验证了模型

的可行性。 
 
关键词：分体式刀盘；滚刀布局；遗传算法；等寿命；等磨损；星型布置 


