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Abstract—The welding seam of the split cutterhead of tunnel 
boring(TBM) machine is easy to generate cracks in the working 
process, which affects the construction process and increases the 
cost. The double box structure is extracted from TBM cutterhead. 
The effects of high-strength bolts and welding speeds on the bolt-
welding connection were investigated by finite element method. 
The results show that the area near the weld is subjected to 
residual tensile stress and the area far from the weld is subjected 
to residual compressive stress. The distribution of welding residual 
stress was strongly affected by welding speeds and high-strength 
bolts. 

Keywords—TBM split cutterhead; bolt-welding joint; welding 
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I. INTRODUCTION 

The cutterhead of tunnel boring machine(TBM) is huge. To 
facilitate the processing and transportation, the manufacture of 
cutterhead is divided into parts fixed by bolt-welding connection. 
Welding will change the stress state inside the cutterhead, and it 
is prone to generate cracks and other defects, which have a 
serious impact on the overall strength. Cracking at the welding 
is one of the main causes of failure, which affects the 
construction progress [1-3]. Therefore, it is important to study 
the welding residual stress characteristics of the split cutterhead 
joint to improve the fatigue resistance. 

In recent years, many scholars carried out a lot of research 
works on TBM cutterhead. Sun [4-5] studied the failure area of 
TBM cutterhead, and obtained the split joint is one of the most 
dangerous areas. Welding defects are the main reason of crack 
formation. This may result in the cutterhead excessive 
deformation or failure. Li [6] and Qi [7] found the strong 
vibration is the main reason of TBM cutterhead short life due to 
the complex random load of the cutterhead. Zhang [8] and 
Samuel [9] reported the failure modes of TBM cutterhead and 
many testing works were done during the cutterhead driving 
process. Huo [10-11] and Zhu [12] also investigated the effects 
of welding crack on the fatigue of TBM cutterhead. Wang [13] 
and Zhang [14] analyzed the energy consumption performance 
index of the shield machine. 

In welding residual stress research, Chen [15-16] compared 
the numerical simulation heat source models of welding 
processes. Lu [17] and Nguyen [18] analyzed the simulation 
technology of the welding. Dong [19] simulated the welding 
process using different welding sequences, and quantitatively 
described the influence of welding sequence on welding residual 
stress and deformation. Teng [20] and Deng [21] developed 

relevant research on the thermophysical properties of Q345 and 
its adjacent steel, providing reasonable parameters in the process 
of welding simulation. 

In summary, many works have been done on the 
investigation of welding residual stresses of TBM cutterhead. 
However, the bolt-welding residual stress characteristics of the 
TBM split cutterhead joint are still unclear. This paper focus on 
the research of bolt-welding residual stress characteristics based 
on finite element method. A double box structure simulation 
model is established. The welding temperature and stress fields 
are calculated by thermo-elastic-plastic theory. Then the effects 
of bolting on the distribution of welding residual stress are 
obtained. 

II. STRUCTURAL MODEL 

A. Equivalent Model of the Cutterhead Joint 

The TBM cutterhead model was built by Solidworks. The 
cutterhead model consists of a center block and four side blocks. 
The tool holders are distributed on the cutterhead. Due to the 
large size and high manufacturing cost of TBM cutterhead, a 
double box structure was extracted. It is connected by six 8.8-
class M12 high-strength bolts and welding. The structure size is 
150×100×150 mm, the plate thickness is 10 mm, and the weld 
seam is opened at 60° groove, as shown in Figure I. In finite 
element analysis, the high-strength bolts were simplified and the 
axial force was equivalent to a surface pressure. The contact pair 
of the two plates was established by the contact manager module 
of ANSYS.  

 
FIGURE I.  TBM CUTTER HEAD AND DOUBLE BOX STRUCTURE 

B. Welding Process Parameters 

The structural material is Q345, and the welding method is 
CO2 gas shielded welding. During welding process, the changes 
of material properties are non-linear with the continuous change 
of temperature. So, reasonable material properties parameters 
are needed in the simulation calculation, and the parameters are 
shown in Table I and Table II. 
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TABLE I.  PHYSICAL PARAMETER VALUES OF TEMPERATURE 
FIELD 

Temperature 
( )℃  

Density 
(kg/m3) 

Specific heat capacity 
(J/kg. )℃  

Heat conduction
(W/m. )℃  

25 
100 
300 
500 
700 
900 

1100 
1300 
1500 

7900 
7880 
7790 
7660 
7660 
7550 
7410 
7370 
7320 

470 
490 
550 
645 
860 
680 
680 
650 
650 

50.7 
48.2 
41.5 
39.2 
31.8 
60.0 
200 
350 
500 

TABLE II.  PHYSICAL PARAMETER VALUES OF STRESS FIELD  

Temperature 
( )℃  

Poisson's 
ratio 

Elastic 
modulus 
(×e10/Pa) 

Linear expansion 
coefficient 
(W/m.℃) 

25 
100 
300 
500 
700 
900 

1100 
1300 
1500 

0.28 
0.28 
0.29 
0.29 
0.31 
0.35 
0.38 
0.38 
0.38 

20.5 
19.7 
17.5 
15.0 
11.5 
2.0 
0.7 
0.5 
0.1 

10.6 
10.6 
10.6 
10.6 
10.6 
10.6 
10.6 
10.6 
10.6 

C. Simulation Model 

The double box structure was established through APDL 
programming and the grid are arranged reasonably. The 8-node 
hexahedral thermal unit Solid70 was used in temperature field, 
then the Solid70 was replaced with the structural unit Solid185 
to further study the stress field. Figure II shows the finite element 
model. 

 
FIGURE II.  FINITE ELEMENT MODEL 

III. CHARACTERISTICS OF TEMPERATURE FIELD 

DISTRIBUTION 

The weld filling process is simulated by birth-death element 
method. All the elements in the weld are active and then deactive 
when the simulated weld is filled. While the elements are 
activated, the heat generation rate is applied. The heat generation 
rate is: 

HGEN=(K×U×I)/(A×V×DT)                       (1) 

K-welding heat source thermal efficiency, U-welding 
voltage, I-welding current, A-weld cross-sectional area, V-
welding speed, DT-time of each load step. In this paper, K=0.75, 
U=25 V, I=200 A, A=0.01×0.01×tan(30)/3 m2, DT=0.2 s. 

Figure III depicts the temperature distribution of the second 
weld during filling process. It can be concluded that the welding 

is a process that changes with time, the material melts when the 
heat source passes by. 

 
FIGURE III.  FILLING PROCESS OF SECOND WELD 

Three nodes (n1, n2, n3) are selected to form the PATH1 
along the parallel second weld direction, four nodes (n4, n5, n6, 
n7) are selected to form the PATH2 along the vertical second 
weld direction, as shown in Figure IV. 

 
FIGURE IV.  PATH1 AND PATH2 

A. Characteristics of Temperature Field Along Parallel Weld 
Direction 

Figure V(A) is the temperature-position curve of the second 
weld at 30 s and 35 s. and When T=30 s, the heat source moves 
to 100 mm, the temperature reaches the highest. Although there 
is no heat source in the latter part, the temperature also rises due 
to the heat transfer. When T=35 s, the heat source moves to 150 
mm, the filling is finished. Figure V(B) shows the temperature-
time curve of n1, n2 and n3 at 20-40 s. When the heat source 
passes, the temperature will rise to the melting point of materials. 
The welding heat source input from n1 and the temperature peak 
is low. The temperature peak at n2 and n3 increased because of 
the preheating effect. After the heat source leaves, the welding 
pool is cooled rapidly. 

 
(A) TEMPERATURE-POSITION CURVE OF PATH1 
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(B) TEMPERATURE-TIME CURVE OF N1- N3 

FIGURE V.  TEMPERATURE OF PATH1 

B. Characteristics of Temperature Field Along Vertical 
Welding Direction 

Figure VI(A) shows the temperature-position curve at 30 s 
and 35 s. When T=30 s, the heat source is closer to PATH2, so 
the temperature is higher. When T=35 s, the heat source moves 
to the end of the welding far away from PATH2, So the 
temperature is lower. Figure VI(B) shows the temperature-time 
curve of n4, n5, n6 and n7 at 20-40 s. When the heat source 
passes through n4, the temperature reaches the melting point of 
the material in a short time. N5 is close to it, and the temperature 
rises to about 850 °C. While, the N6 and n7 are far away from 
the weld, and the heat exchange is not carried out. 

 
(A) TEMPERATURE-POSITION CURVE OF PATH2 

 
(B) TEMPERATURE-TIME CURVE OF N4- N7 

FIGURE VI.  TEMPERATURE OF PATH2 

IV. CHARACTERISTICS OF RESIDUAL STRESS 

The simulation results of temperature field are applied to the 
stress field. The corner points of the model are constrained 
avoiding rigid body displacement and stress release affected by 
the constraints. The residual stress of welding is analyzed from 
three aspects: longitudinal residual stress in Z direction, parallel 
to the axis of the weld; transverse residual stress in X direction, 
perpendicular to the axis of the weld; transverse residual stress 
in Y direction, along the thickness of the plate. In the three 

directions of X, Y and Z, except for the weld, the whole model 
is in the state of compressive stress, and the tensile stress peak 
appears at the junction of the two welds, as shown in Figure VII. 

 
(A) Z  (Mpa) 

 

(B) X  (Mpa) 

 

(C) Y  (Mpa) 

FIGURE VII.  WELDING RESIDUAL STRESS DISTRIBUTION 

A. Effects of Welding Speed on Residual Stress 

The welding speeds produces the changes of heat input 
leading to the change of residual stress distribution. The results 
are shown in Table III. When the welding speed is small, the 
stress peak appears in the direction of the plate thickness. 
However, when the welding speed is large, the stress peak 
appears in the direction parallel to the weld  

TABLE III.  STRESS VALUES AT DIFFERENT WELDING SPEEDS 

Welding 
speed 

(mm/s) 
Z  (MPa) X  (MPa) Y  (MPa) 

6 
8 
10 
12 
14 

373 
317 
303 
284 
241 

234 
127 
151 
155 
138 

505 
367 
239 
192 
190 

B. Effects of High-Strength Bolts on Residual Stress 

The effects of high-strength bolts on the residual stress 
characteristics of bolt-welding joint were investigated at 
different welding speeds. The results are shown in Table IV. The 
existence of high-strength bolts changes the distribution of 
welding residual stress: the longitudinal residual stress in Z 
direction is increasing, the transverse residual stress in X 
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direction is decreasing, and the transverse residual stress in Y 
direction is not changed. 

TABLE IV.  STRESS VALUES OF PURE WELDED/ BOLTED-WELDED 
STRUCTURES 

Welding 
speed 

(mm/s). 

Pure 
welded/ 
bolted 
welded 

Z  (MPa) 

Pure 
welded/ 
bolted 
welded 

X  (MPa) 

Pure welded/ 
bolted welded 

Y  (MPa) 

8 
10 
12 

258/317 
269/303 
249/284 

154/127 
171/151 
174/155 

368/367 
235/239 
188/192 

V. CONCLUSION 

The characteristics of temperature field shows that, with the 
movement of welding heat source, the material near welding 
seam is melted firstly, and then solidified. The characteristics 
of stress field results show that the cooled and solidified first 
welding metal limits the shrinkage of back welding metal. The 
residual tensile stress of two adjacent welds is large, and the 
area far from the welding is subjected to residual compressive 
stress. The characteristics of residual stress are affected by high-
strength bolts and welding speeds. So, the high-strength bolts 
and welding speeds is necessary to be considered during the 
processing of TBM split cutterhead bolt-welding joint. 
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