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Abstract 
 
Improving of the quality of the disc cutters’ plane layout design of the full-face rock tunnel boring machine (TBM) is the most effec-

tive way to improve the global performance of a TBM. The plane layout design of disc cutters contains multiple complex engineering 
technical requirements and belongs to a multi-objective optimization problem with multiple nonlinear constraints. Based on analysis of 
the technical requirements of the plane layout problem, an optimizing mathematical model was built. To obtain a set of design schemes 
for engineers to choose from, a multi-objective genetic algorithm (MOGA) was applied to carry out the optimization of the mathematical 
model. A constraint-domination principle was utilized to handle the constraints, and a nondominated sorting method was adopted to ob-
tain Pareto solutions. Simulation results showed that the proposed method was efficient and accurate in obtaining the Pareto layout solu-
tions. 
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1. Introduction 

With the mushrooming of tunneling projects for under-
ground space, the full face rock tunnel boring machine (TBM) 
has become more important. Today, the TBM has been widely 
applied to subways, railways, highways and water-electricity 
projects, etc. The layout design of disc cutters for the TBM is 
one of the key issues and contains key technologies in the 
TBM design [1]. It directly affects the boring performance, the 
service life, the main bearing of the cutter head, and the degree 
of vibration and noise of the TBM. 

In designing the layout of the disc cutters on the cutter head, 
a key issue is to study the process of the cutters’ penetration 
into rock and build a practical cutting force model. 
Researchers have studied and built various cutting force 
models that can be used to calculate the normal force and the 
rolling force. These models can be divided into semi-
theoretical models and empirical models. The semi-theoretical 
models are built based on the linear cutting machine (LCM) 
testing and the theoretical analysis, e.g., the Colorado School 
of Mines (CSM) model [1, 2]. The empirical models are built 

based on the historical field performance of the TBM, e.g., the 
Norwegian Institute of Technology (NTH) model [3]. Among 
all the cutting force models, those that consider the effects of 
ground conditions, the rock properties, the machine parame-
ters, and the operational and practical constraints are widely 
accepted and applied in engineering practice (e.g., the CSM 
and the NTH). 

The disc cutters layout design correlates with the disc 
cutters’ head force, the crushed rock’s mobility and the 
manufactural process of the cutter head. Improving the quality 
of the disc cutter’s layout scheme is the most effective way to 
improve the boring performance of the TBM [4]. Layout 
design of the disc cutters includes the spacing design and the 
plane (circumferential) layout of the disc cutters. In studying 
the spacing design of the disc cutters, many researchers 
adopted the numerical simulation method [5-7] and the linear 
cutting machine (LCM) experimental method [1, 4, 8-10]. 
After the spacing of the disc cutters is determined, the next 
step is to carry out the plane layout of the disc cutters on the 
cutter head. The CSM model can be used to perform this step. 
Rostami [11] studied the methods of the hard rock TBM cutter 
head modeling. The model they built was based on the estima-
tion of the cutting forces and it proved to be a successful tool 
for cutter head design optimization as well as for performance 
estimation. Zhang [12] studied the spiral layout rule of the disc 
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cutters and presented a simplified equation of the cutting force 
distribution on the cutter head. 

This study focused on the second step of the disc cutters’ 
layout design, which is the plane layout design. The plane 
layout design should meet multiple constraints including ge-
ometry constraints and other performance constraints. It be-
longs to a multi-objective engineering optimization design 
problem with multiple nonlinear constraints. A practical 
multi-objective optimization model is needed and advanced 
computational methods are to be studied for the disc cutters’ 
plane layout.  

In this study, a multi-objective optimization model with 
multiple constraints was built and the corresponding MOGA 
was applied to obtain a set of Pareto layout schemes for engi-
neers to choose from. An instance of a disc cutters’ plane lay-
out design is presented. 
 

2. Problem statements 

As shown in Fig. 1, the discs are so arranged that they con-
tact the entire cutting face in concentric tracks when the cutter 
head turns. The rotating cutter head presses the discs with high 
pressure against the cutting face. The discs therefore make a 
slicing movement across the face. When the pressure at the 
cutting edge of the disc cutter exceeds the compressive 
strength of the rock, the rock will be crushed. The cutting edge 
of the disc cutter pushes the rolling into the rock, until the 
advance force and the anti-crush force of the rock are in bal-
ance. Through this displacement, described as a penetration, 
the cutter disc creates a high stress locally, which leads to long 
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Fig. 1. A disc cutter layout scheme [13]. 

flat pieces of rock (chips) breaking off. According to the rela-
tive reference [11, 12] and practical engineers’ experiences, 
technical requirements of disc cutters layout design are sum-
marized as follows: 
① The amount of the eccentric forces of the whole system 

are expected to be as small as possible; 
② The amount of the eccentric moments of the whole sys-

tem are expected to be as small as possible; 
③ All the adjacent disc cutters are to crush the rock suc-

cessively to keep the high cutting efficiency; 
④ All the disc cutters are to be contained within the cutter 

head, with no overlapping among each other; 
⑤ The position error of the centroid of the whole system is 

not to exceed an allowable value, and the smaller the better; 
⑥ All the disc cutters should not interfere with manholes 

or buckets. As shown in Fig. 1, uniform positioning of the 
muck buckets around the periphery of the cutter head may 
interfere with the allocation of the cutters. In those cases, posi-
tions of the buckets take priority, since the distances among 
the buckets have to be equal [11]. 
 

3. Mathematical model 

Suppose that the set of disc cutters to be located on the cut-
ter head is: 
 

CUTs={ Cut1, Cut2,…, Cuti,…,Cutn} 
 
where n is the total number of the disc cutters. In this study, as 
shown in Fig. 1, all the disc cutters are simplified as circles 
and regarded as rigid bodies with uniform mass distribution. 
So the ith cutter is denoted as i i i ( , )Cut p r , where 

T 3
i i i i=( , , )p Rρ θ γ ∈ is the position of a reference point (the 

centroid of the object in this paper) of the ith cutter in the co-
ordinate system oxyz; (0, )i Rρ ∈  is the radius of ith cutter 
measured from the center of the cutter head; [0,2 )iθ π∈ is the 
position angle of the ith cutter; [0,0.5 )iγ π∈ is the tilt angle of 
the ith cutter, ri is the radius of the cutter. Generally, the tilt 
angle of the normal cutter is zero, and the masses and dimen-
sions of all the disc cutters are given in advance, so pi are vari-
ables to be manipulated in the following procedure. Before the 
disc cutters plane layout design, the radius (0, )i Rρ ∈  of the 
cutters and the tilt angle [0,0.5 )iγ π∈  of the cutters have 
been determined. Thus, a general disc cutters plane layout 
scheme of a cutter head can be formulated as: 
 

1 2X { , , , }, 1,2, ,n i nθ θ θ= =   (1) 
 

Then based on the technical requirements of disc cutters 
plane layout design, the mathematical model of the disc cut-
ters plane layout problem can be formulated as follows:  

Find a layout scheme X∈R3n, such that 
 

1 2 3X D
min y = f( )= (f ( ), f ( ), f ( ))
=

X X X X   (2) 

s.t. 
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Overlapping constraints： 
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Static balance constraints： 
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Manholes and buckets constraints: 

 

4 (X) { {1, , }: }ig i n cut OP= ∀ ∈ ∩ ∈∅   (5) 
 
where D denotes the feasible region of variable X, 1f ( )X  
denotes the side force Fs of the cutter head. 2f ( )X  denotes the 
eccentric moments of the cutter head. 3f ( )X  denotes the un-
successive cutters’ number. In this paper, a semi-empirical 
cutting force model proposed by Rostami [11] was adopted to 
calculate the normal force. ijV∆ denotes the overlapping area 
between the Cuti and the Cutj. Om (xm, ym) is the real centroid 
of the whole system and Oe (xe, yee) is the expected position of 
Om. icut OP∩ ∈∅ denotes the ith cutter is not overlapped 
with the manholes and the buckets. 
 

4. A Pareto-based multi-objective genetic algorithm 
for the disc cutters plane layout design 

It can be seen from the mathematical model that the disc 
cutters plane layout problem belongs to a multi objective op-
timization problem with multiple performance constraints. To 
obtain a set of design schemes for engineers to choose from, 
this work studied a Pareto-based multi-objective genetic algo-
rithm to solve the problem and overcome the defects of the 
traditional methods. Traditional methods for solving the multi-
objective optimization problems (MOPs) are to scalarize the 
objective vector into a single objective. In those cases the ob-
tained solution is highly sensitive to the weight vector used in 
the scalarization process and demands the user to have knowl-
edge about the underlying problem. Moreover, in solving 
multi-objective problems, designers may be interested in a set 
of solutions instead of a single solution. The ability of the 
multi-objective optimization algorithm (MOAs) to find multi-
ple solutions at a single run and the fact that it can incorporate 
any number of objectives makes it well-suited to tackle the 
problem.  

There exist a few studies on the multi-objective algorithms, 
in which the Pareto algorithms [14-16] use the dominance 
relations among the individuals. Therefore many researchers 
study the Pareto algorithms that use the dominance relations 
among the individuals to evaluate the individuals. The Pareto 
algorithms include the nondominated sorting genetic algo-
rithm (NSGA) [15] and the NSGA-II [17]. These algorithms 
fully utilize the multi-objective optimization theory and the 
advantage of the evolutionary algorithm, and will be a promis-

ing way to solve complex multi-objective optimization prob-
lems. In this study, a Pareto-based multi-objective genetic 
algorithm was adopted to solve the disc cutters plane layout 
problem.  

 
4.1 Constraints handling of the multi-objective problems 

The most important works in the study of MOAs is the han-
dling of constraints that directly affects the MOAs’ efficiency. 
Considering the multi-objective optimization problems with 
constraints, the constraints divide the search space into several 
feasible spaces and several infeasible spaces; it will increase 
the complexity of the domination relation among the individu-
als. Many investigators study the handling of the constraints. 
Among all the methods, the most commonly used method is 
the penalty function approach [18-20], where a penalty that is 
proportional to the total constraint violation is added to all the 
objective functions. When applying this procedure, all the 
constraints and objective functions must be normalized, which 
is difficult for large-scale complex problems. Therefore, Deb 
[21] defines a constraint-domination principle, which differen-
tiates infeasible from feasible solutions during the nondomi-
nated sorting procedure. Vieira [22] proposes a method of 
treating constraints as objectives in a multi-objective optimiza-
tion problem, in which all the constraints are transformed into 
two new objectives: one is based on a penalty function and the 
other is made equal to the number of the violated constraints. 
To ensure the convergence to a feasible Pareto optimal front, 
the constrained individuals are eliminated during the elitist 
process. Inspired by the above-mentioned ideas, many re-
searchers study the method of transforming constraints into 
objectives and have achieved good results.  

As shown in Eqs. (3)-(5), the disc cutters’ plane layout 
problem contains the overlapping constraints, the static bal-
ance constraints and the manholes and buckets constraints. 
These constraints are very strict and should be first satisfied 
during the optimization process, so this study adopted the 
strategy of “constraint-domination first” when comparing the 
domination relations among the individuals.  
 
4.2 Nondominated comparison among the individuals 

A strategy of “constraint-domination first” was adopted in 
this paper. To denote the constraints violating degree of the 
solution iX , the constraint violation of a solution iX  can be 
defined as follows:  

2

1

( ) [ ( )]
n

i j i

j

j gϕ λ
=

=∑X X              (6) 

Where, ( )iϕ X  denotes the distance of the solution iX  to 
the feasible space. The greater its value is, the farther away it 
is from the feasible space. If ( )iϕ X =0, then iX  is a feasi-
ble solution. In practice, an infeasible threshold cϕ  usually is 
given. If ( )i cϕ ϕ≤X , then take the solution iX  as a feasible 
solution. jλ denotes the weight of the jth constraints. Differ-
ent constraints have different order of magnitude, so there is a 
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need to set different weights for each constraint to balance all 
the constraints in the same order of magnitude. 

A constraint-domination principle proposed by Deb [18] 
can be described as follows: A solution iX  is said to con-
straint-dominate another solution jX , if any of the following 
conditions is true: 

(1) Solution iX is feasible and solution jX is not; 
(2) Solution iX and jX are both infeasible, but solution iX  

has a smaller overall constraint violation; 
(3) Solution iX and jX are feasible and solution iX  domi-

nates solution jX . 
 

4.3 Nondominated sorting among the individuals 

The selection operator of the MOGAs differs from that of 
the simple genetic algorithms. Before the selection is per-
formed, the nondomination sorting method is used to rank the 
population. In this study, the nondominated sorting mecha-
nism proposed by Srinivas and Deb [14] is adopted to ensure 
the population converge to the Pareto-optimal front and keep 
the diversity of the population. All the individuals are decom-
posed into different fronts according to the nondominated 
sorting mechanism. Srinivas and Deb adopted an excluding 
distance method to compare the individuals in the same front 
to obtain the more uniform distributed Pareto set. For the disc 
cutters’ layout problem, to get a set of Pareto optimal solutions, 
the differences among the individuals were used as the sub-
evaluation criteria. The greater the differences are, the more 
outstanding the individuals are. The difference of a solu-
tion kiX from other solutions in the kth front can be defined as 
follows: select r solutions randomly from the kth front, calcu-
late the sum of the distance ( )kiD X between the solution kiX  
and the r solutions, and take the ( )kiD X as the difference of the 
solution kiX . 

In this study, the sorting rule is as follows: Sort the indi-
viduals in the same front by the difference value of each indi-
vidual, and then assign each individual a fitness value accord-
ing to the sorting result. Suppose p denotes the sorting posi-
tion of an individual kiX  in the kth front, Nf  denotes the 
number of the fronts, N denotes the population size, kN de-
notes the number of individuals in the kth front, then the fit-
ness value of kiX  can be formulated as follows: 

 
( ) ( )( ) k

k

Nf k N N pFitness X Sp
Nf N
− × −

= + ×  (7) 

 
where, Sp  denotes the selection pressure. In this study 

0.5Sp = . 
 
4.4 Procedure of the MOGA 

The procedure of the MOGA as shown in Fig. 2 can be de-
scribed as follows:  

N
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Fig. 2. Flowchart of the MOGA. 

 
Step 1. Input the rock physical properties, the cutter head 

geometry parameters, the whole technical requirements and 
the operator parameters of the MOGA, initialize the popula-
tion, clear the Pareto set, set count i=0; 

Step 2. Operate the crossover and mutation operators.  
Step 3. Compute the objectives and constraints of all indi-

viduals. 
Step 4. Combine the current population with the parent 

population, and sort the combined population by using the 
nondominated sorting method; 

Step 5. Update the Pareto set; 
Step 6. Calculate the fitness values of the individuals ac-

cording to the sorting result; 
Step 7. Select the next population based on the fitness value 

of the individuals；  
Step 8. Judge whether the termination criterion is satisfied: 

if yes, go to Step 9；if not，go to Step 2； 
Step 9. Output the Pareto set. 

 

5. Application instance 

Taking the disc cutters layout design of a full face rock 
TBM for a water tunnel project as a background, forty-one 
disc cutters are to be located on the cutter head surface shown 
in. Fig. 1. The relative parameters are listed in Table 1. The 
rock is mainly in granite-based geology. According to the 
engineering requirements, there are four manholes and eight 
symmetrically distributed buckets on the cutter head. The 
locations of the manholes and the buckets are listed in Table 2 
and Table 3, respectively. The basic problem is to optimize the 
objective function formulated by Eq. (2) while satisfying the 
technical constraints given by Eqs. (3)-(5). 

The numerical experiments were run on an AT-compatible 
PC, Intel processor of 1700MHz and memory of 512M. Pa-
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rameters set in the FEM calculation are: the calculated FEM 
platform is ANSYS (R) Release 10.0, unit Shell63 was 
adopted, the number of units is 63369, the number of nodes is 
62193, the density is 7850Kg/m3, the elastic modulus E=2.06
×105MPa, and Poisson's ratio is 0.3. 

An MOGA was used to solve the disc cutters plane layout 
problem. The performance indices of the obtained optimal 
layout scheme are listed in Table 4. The original disc cutters 
Layout scheme used in the project is illustrated as Fig. 3. The 
obtained optimal scheme of this study is illustrated as Fig. 4. 
The differences of the Pareto solutions are illustrated in Fig. 5. 
The obtained maximum stresses and deformations of the cut-
ter head under two different loading conditions (the normal 
loading condition and the full loading condition) are listed in 
Table 5. For the normal loading condition, forces exerted on 
the tip of the cutters were calculated by a semi-empirical cut-
ting force model proposed by Rostami [11]. For the full load-
ing condition, forces exerted on the tip of the cutters were 
determined by the maximum normal force of the cutter. The 
obtained stress distribution and deformation distribution of the 
cutter head under two loading conditions are shown in Fig. 8.  

 
Table 1. Parameters setting. 
 

Content Value 

Punch shear strength of rock (MPa) 7~13 

Uniaxial compressive strength of rock (MPa) 50~93.6 

Brazilian tensile strength (MPa) 2.14~4 

Cutter head radius (m) 4.015 

Rotational speed of cutter head ( rad/s) 0.6283  

Mass of each cutter (kg) 200 

Diameter of each cutter (mm) 483 

Cutter tip width (mm) 10 

Cutter penetration (mm) 7 

Cutter edge angle ( rad) 1.5708  

Number of the center cutter  8 

Number of the gage cutter  10 

Number of the normal cutter 33 

xe 0 Expected centroid position of a 
cutter head (mm) ye 0 

δxe 5 Allowable centroid error of the 
whole system (mm) δye 5 

Number of manholes 4 

Number of the buckets 8 

Radius of the manholes (mm) 200 

 
Table 2. Locations of the manholes. 
 

No. ρ /mm θ /rad 

1 2700.000 1.2217 

2 2700.000 2.793 

3 2700.000 4.363 

4 2700.000 5.934 

Table 3. Dimensions and locations of the buckets. 
 

No. ρ /mm θ /rad Length/mm Width/mm

1 3700.000 0.611 700.000 300.000 

2 3500.000 1.396 900.000 300.000 

3 3700.000 2.182 700.000 300.000 

4 3500.000 2.967 900.000 300.000 

5 3700.000 3.753 700.000 300.000 

6 3500.000 4.538 900.000 300.000 

7 3700.000 5.323 700.000 300.000 

8 3500.000 6.109 900.000 300.000 

 
Table 4. Performance indices of the optimal layout scheme and the 
original scheme. 
 

The optimal scheme 
Indexes Original layout 

scheme Best Average 

vM / KN.m 154.840 0.05 4.74 

sF /KN 11.558 0.12 5.35 

mx /mm -2.135 0.28 -0.13 

my /mm -0.221 -0.35 -0.55 

Overlapping area 0.000 0.000 0.000 
Unsuccessive disc 
cutters’ number 4 0 3 

time/S Unknown 1512 1543 

 
Table 5. The maximum stresses and deformations of the cutter head of 
the optimal scheme. 
 

Loading conditions Value 

Max 93.62 
Normal loading

average 41.36 

Max 315.23 
Von Mises 
Stress/MPa 

Full loading 
average 105.07 

Max 0.40 
Normal loading

average 0.22 

Max 1.28 
Max Deforma-

tion/mm 
Full loading 

average 0.71 

 

 

1 Normal cutters and gage cutters； 2 Manholes；3 Buckets；4 Center cutters

4
2

3
1 

 
 
Fig. 3. The original disc cutters Layout scheme. 
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Fig. 4. The optimal disc cutters layout scheme obtained by the pro-
posed method. 

 

 
 
Fig. 5. Pareto solutions differences of the Pareto set obtained by the 
proposed method. 

 
The geometry parameters of cutter head are shown in. Fig. 7. 

The unit of the geometry parameters of the cutter head is the 
millimeter. 

The data in Table 4 show that, compared with the original 
disc cutters layout scheme, the scheme obtained by the 
MOGA is more superior in that:  
① The side force and the eccentric moment of the cutter 

head of the optimal scheme are smaller than those of the 
original scheme.  
② As shown in Figs. 3 and 4, the optimal scheme can 

make all the adjacent cutters more successively into rock with 
a relatively larger position angle difference;  
③ The static balance value of the cutter head of the optimal 

scheme is lower than that of the original disc cutters layout 
scheme; 
④ As shown in Fig. 5 after one running time, MOGA can 

provide a set of various layout schemes for the engineers to 
choose from. 

For the optimal scheme obtained by the proposed method, 
data in Table 5 and Fig. 8 show that both the distributions of  

 

 

 
 
Fig. 6. Geometry parameters of the cutter head. 
 
the stress and deformation of the cutter head under the normal 
and full loading conditions are uniform and meet the technical 
requirements. The maximum stress values of the normal and 
full loading conditions are about 93Mpa and 315Mpa, respec-
tively. The maximum deformation values of the normal and 
full loading conditions are about 0.4mm and 1.28mm, respec-
tively. 
 

6. Conclusions 

Considering the complex engineering technical requirements, 
a mathematical model of the plane layout design of the disc 
cutter was built. To provide a set of disc cutters layout 
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schemes for engineers to choose from, the MOGA was 
adopted to solve the disc cutters’ plane layout problem. The 
computational results show that by using the mathematical 
model and the MOGA, a set of Pareto layout schemes with 
better technical indices than the scheme obtained by the tradi-
tional method can be obtained efficiently and accurately. 
 

 

 

Stree distribution under normal load condition 

Deformation distribution under normal load condition 

Stree distribution under full load condition 

Deformation distribution under full load condition  
 
Fig. 7. Stress and deformation distributions of the cutter head under 
two loading conditions of the optimal scheme. 

 
Acknowledgments 

This work was supported by the Major State Basic Research 
Development Program of China (the 973 Program) (Granted 
No.2007CB714006), the National Key Technology R&D 
Program (Granted No.2007BAF09B01), the Liaoning Key 
Science and Technology Project (Granted No.2008220017), 
and China Postdoctoral Science Foundation (Granted 
No.20080431136). 
 

References 

[1] R. Gertsch, L. Gertsch and J. Rostami, Disc cutting tests in 
Colorado Red Granite: implications for TBM performance 
prediction, International Journal of Rock Mechanics and 
Mining Sciences, 44 (2007) 238-246. 

[2] J. Rostami, Development of a force estimation model for 
rock fragmentation with disc cutters through theoretical 
modeling and physical measurement of crushed zone pres-
sure [Doctor Dissertation], Golden, Colorado, USA: Dept of 
Mining Engineering. Colorado School of Mines, (1997). 

[3] J. Rostami, L. Ozdemir and B. Nilson, Comparison between 
CSM and NTH hard rock TBM performance prediction 
models, Proc. of Institute of Shaft Drilling Technology 
(ISDT) annual Technical Conference'96, Las Vegas (1996) 11. 

[4] J. Rostami and L. Ozdemir, Computer modeling of me-
chanical excavators cutterhead, Proc. of the World Rock 
Boring Association Conference, Ontario (1996). 

[5] Q. M. Gong, J. Zhao and A. M. Hefny, Numerical Simula-
tion of Rock Fragmentation Process Induced by Two TBM 
Cutters and Cutter Spacing Optimization, AITES-ITA 2006 
 congress, Seoul, South Korea (2006) 263-270. 

[6] Q. M. Gong, Y. Y. Jiao and J. Zhao, Numerical modeling of 
the effects of joint orientation on rock fragmentation by 
TBM cutters, Tunnelling and Underground Spacing Tech-
nology, 20 (1) (2005) 183-191. 

[7] Q. M. Gong, Y. Y. Jiao and J. Zhao, Numerical modeling of 
the effects of joint spacing on rock fragmentation by TBM 
cutters. Tunnelling and Underground Spacing Technology, 
21 (1) (2006) 46-55. 

[8] L. Ozdemir and F. D. Wang, Mechanical tunnel boring pre-
diction and machine design. Washington, USA, (1979).  

[9] R. A. Snowdon, M. D. Ryley and J. Temporal, A study of 
disc cutting in selected British rocks, Journal of Rock Me-
chanics and Mining Sciences and Geomechanics Abstracts, 
19 (1982) 107-121. 

[10]   CSM, computer model for TBM performance prediction. 
www.mines.edu.emipaperscomputer_modeling_for_mechani
cal_excavatorstbm_performance_prediction.pdf, (2003). 

[11]   J. Rostami, Hard Rock TBM Cutterhead Modeling for 
Design and Performance Prediction, DOI:10.1002/geot. 
200800002, (2008). 

[12]   Z. H. Zhang, An Investigation in the Cutter Arrangement 
Rules for Tunneler Disk, Construction Machinery and 
Equipment, 7 (1996) 24-25. 



528 J. Huo et al. / Journal of Mechanical Science and Technology 24 (2) (2010) 521~528 
 

 

[13]   S. S. Qiao, C. J. Mao and C. Liu, Full-face Rock Tunnel 
Boring Machine. Petroleum industry press，Beijing, China, 
(2005). 

[14]   C. M. Fonseca and P. J. Fleming, An overview of evolu-
tionary algorithms in multiobjective optimization,. Evolu-
tionary Computation, 3 (1) (1995) 1-16. 

[15]   N. Srinivas and K. Deb, Multiobjective Optimization Using 
Nondominated Sorting in Genetic Algorithms,. Evolutionary 
Computation, 3 (2) (1994) 221-248. 

[16]   T. Lan, S. R. Liu and X. S. Gu, Multi-objective Optimiza-
tion Approaches Based on the Evolutionary Algorithms, 
Control and Decision Making, 21 (6) (2006) 601-605. 

[17]   K. Deb, A. Pratap and S. Agarwal, A Fast and Elitist Mul-
tiobjective Genetic Algorithm: NSGA-II, IEEE Transactions 
on Evolutionary Computation, 6 (2) (2002) 182-197. 

[18]   C. A. Coello, A Comprehensive Survey of Evolutionary 
Based Multi-objective Optimization Techniques, Knowledge 
and Information Systems, 1 (3) (1999) 269-308. 

[19]   W. Jakob, Application of Genetic Algorithms to Task Plan-
ning and Learning, Parallel Problem solving from Nature. 
2nd workshop, lecture notes in computer science, Amster-
dam, North-Holland Publishing Company, In: Manner R and 
Manderick B, (1992) 291-300. 

[20]   P. B. Wienke, Multicriteria Target Optimization of Ana-
lytical Procedures Using a Genetic Algorithm, Analytical 
Chimica Acta, 265 (2) (1992) 211-225. 

[21]   K. Deb, A. Pratap and T. Meyarivan, Constrained Test 
Problems for Multi-objective Evolutionary Optimization. 
Proceedings of the First International Conference on Evolu-
tionary Multi-Criterion Optimization (EMO-2001), (2001) 
284-298. 

[22]   D. A. G. Vieira, R. L. S. Adriano and J. A. Vasconcelos, 
Treating Constraints as Objectives in Multiobjective Opti-
mization Problems Using Niched Pareto Genetic Algorithm, 
IEEE Transaction on Magnetics, 40 (2) (2004) 1188-1191. 

 
 

Jun-Zhou Huo received his B.S. in Me-
chanical Engineering from Henan Uni-
versity of Science and Technology, 
China, in 2001. He then received his M.S. 
and Ph.D. degrees from Dalian Univer-
sity of Technology in 2003 and 2007, 
respectively. Dr. Huo is currently a post-
doctor at the School of Mechanical Engi-

neering at Dalian University of Technology in Dalian, China. 
His research interests include layout optimization and TBM 
cutter head design. 

Wei Sun received his B.S. in Mechani-
cal Engineering from Dalian University 
of Technology, China, in 1988. He then 
received his M.S. and Ph.D. degrees 
from Dalian University of Technology 
in 1993 and 2000, respectively. Dr. Sun 
is currently a professor & doctoral super-
visor at the School of Mechanical Engi-

neering at Dalian University of Technology in Dalian, China. 
His research interests include knowledge-based product digital 
design, design and optimization of complex mechanical equipment. 
 

Jing Chen received her B.S. in Me-
chanical Engineering from Henan Uni-
versity of Science and Technology, 
China, in 2000. She then received her 
M.S. degree from Dalian University of 
Technology in 2006. Chen is currently a 
PHD candidate at the School of Naval 
Architecture Engineering at Dalian Uni-

versity of Technology in Dalian, China. Her research interests 
include optimization design and CAD. 
 

Peng-Cheng Su received his B.S. de-
gree from Dalian University of Technol-
ogy, China, in 1982. He then received 
his M.S. degree from Shenyang Univer-
sity of Technology in 1988. Su is cur-
rently a chief engineer of Nhi Group 
Tunnel Broing Machine Company in 
Shenyang, China. His research interests 

include TBM design, large bucket-wheel excavator design and 
MW-class wind turbine design. 
 

Li-Ying Deng received his B.S. degree 
from Shengyang Institute of Tech-
nology, China, in 1998. He then re-
ceived his M.S. degree from North-
eastern University in 2006. Deng is cur-
rently an engineer of Nhi Group Tunnel 
Broing Machine Company in Shenyang, 
China. His research interests include 

TBM design. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /DetectCurves 0.100000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


