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Abstract. Service life of main bearing represents the life of tunnel boring machine (TBM) system.
It is affected by the raceway load distribution which is related to the stiffness of supporting
structure, as the main bearing is not rigid. To improve the service life of main bearing, the
influences of key parameters of cutterhead system structure on the uniformity of load distribution
are revealed, and the structure is optimized based on that. A finite element method (FEM) model
of main structure is constructed to get the accurate load distribution in the main bearing for service
life calculation, and the springs with nonlinear stiffness are employed to simulate the relationships
between rock and cutters on the basis of Colorado School of Mines (CSM) method. Compared
with the original structure, it shows that the uniformity of axial force distribution on thrust raceway
increases obviously, and the service life of the main bearing is extended.

Keywords: main bearing, load distribution uniformity, nonlinear stiffness, standard deviation,
service life.

1. Introduction

Because of safety, efficiency and environmental protection, TBM is the widely used in large
diameter and long tunnel construction [1-3]. Main bearing is core component of TBM, with large
size, long manufacturing cycle and high cost. It is extremely hard to replace the main bearing in
the process of construction [4, 5]. Therefore, how to extend its service life becomes a long-term
concern problem in engineering research. In addition, in order to develop monitoring and
maintenance system in the construction process [6], load distribution of the main bearing should
be calculated.

With the advantages of load capacity and load rating of unit cost, three-row roller slewing
bearing has become the first choice of the main bearing. Currently, the life prediction of bearing
is based on the L-P theory [7]. It holds that fatigue crack begins in the contact subsurface area of
maximum alternating shear stress which is parallel to the rolling direction, and gradually spreads
to the contact surface till fatigue damage happen. Reliability S is the power function of subsurface
maximum shear stress amplitude 7, depth maximum shear stress z,, stressed volume V' and stress
cycles N. The constant coefficients e and h are determined by experiment [8]:

1 1,°NeV
ll’l§ OCT. (1)

According to the research by Coe and Zaretsky [9], the amplitude of maximum shear stress
Tmax Of raceway subsurface is directly proportional to the maximum hertz contact stress Sy, On
contact surface. For bearing steel with elastic modulus being 2.0x10° MPa and Poisson's ratio
being 0.3 at room temperature, Eq. (2) is given as:

Tmax = —0.30028S .. Q)

For the main bearing whose geometric parameters have been determined, if the maximum hertz
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contact stress in the raceway declines, its service life would be extended. In this paper, for the
open-type TBM cutterhead system, the influences of key parameters on load distribution of the
main bearing are studied based on quadratic moment, and the structure is optimized. A
FEM-model of the main structure is established to obtain contact stress accurately on the raceway
for service life calculation of main bearing. On the basis of the L-P theory and taking standard
deviations of macro and micro load distributions as the evaluations, load distributions of the main
bearing are compared, so do the service lives according to the measured loads in actual
construction. The results provide useful information for the structure design of TBM cutterhead
system and life calculation of the main bearing.

2. Influencing factors of load distribution in main bearing

In the process of tunnel construction, the main bearing bears thrust force, radial force and
moment, and thrust force is much larger than radial force. The rollers of supporting row don’t
carry any thrust force in excavation, only act when cutterhead is drawn back. In this case, the
rollers of thrust row have to bear thrust force and moment both, and the corresponding raceways
are damaged most likely. Therefore, the load distribution and contact stress are considered in
raceway of thrust row only in this paper.

outer ring #1 radial row  outerring#2  cutterhead support

supporting row

,,,,,,,,,

gear ring

:

SN

cutterhead inner ring %

adapter flange thrust row

Fig. 1. The Main bearing of TBM

There are many factors that have influences on the contact stress of raceway, including
magnitude of load, sizes of bearing rings and rollers, machining accuracy and assembly clearance
[10, 11]. When geological parameters, sizes and layout of cutters are known, thrust force, radial
force and moment carried by the main bearing could be predicted [12, 13]. For the bearing applied
misaligned loads, there are two ways to calculate the loading distribution and contact stress of
raceway usually. One of them assumes that inner and outer rings are rigid and deformation occurs
in rollers only, and calculates the load distribution by taking line contact as point contact, then
gets the contact stress based on the elastic contact theory [14, 15]. The other one gets the contact
stress iteratively on the basis of theories of Hertz contact and elastic contact by assuming that the
elastic approach has linear gradient [16-19]. Both methods above are based on the assumption that
all the loads are equivalent and applied in the center of bearing without the characteristics of
quadratic moment. To satisfy that assumption, bearing or its support must be rigid, or part of
rollers carry more amount of load. However, the main bearing is flexible with large diameter and
low spatial compactness, and the thrust force can be at level of kiloton. So the stiffness of support
structures must be considered to get the load distribution accurately.

The main structures of TBM cutterhead system are shown as Fig. 2. With the restrictions of
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weight, space and function, multiple radial stiffeners are placed in cutterhead and cutterhead
support to improve the ratio of structure rigidity-to-gravity. The number of stiffeners, restricted to
the layout of cutters or drives respectively, is difficult to change.

cutterhead  cutterhead support front main beam

Fig. 2. Structures of cutterhead system
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Fig. 3. Integral cutterhead with radial stiffeners

Taking cutterhead for example, all the thrust force F, and moment M,, transferred through the
flange would be applied to the main bearing as boundary conditions. Taking the stiffener thickness
B as unit length, the intermediate diameter Dy of the flange, approximately equal to the diameter
of main bearing, is discretized into N nodes and axial constraints are applied. Among them, n is
the number of stiffeners arranged evenly. Assuming that the front panel of cutterhead is rigid and
F, M, are loaded. Forany i € [1, N], axial force F; carried by node i could be got by FEM-model.
With the mean load F, /N as a scale, dimensionless P;, load proportionality coefficient (LPC) of
each node in the flange, can be defined as Eq. (3), and the standard deviation of P; is inversely
proportional to the uniformity of load distribution:

_NF,

’

P, =
Fy
Z P, i = N.
Due to the radial stiffeners which have changed the axial symmetry of structure stiffness, the
axial load distribution in cutterhead flange, as shown above, is not smooth, and has characteristics

of quadratic moment obviously. The maximum axial force is much larger than that of ideal ellipse
distribution desired, resulting in the increase of maximum contact stress and failure risk of

3
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raceway, and the service life of the main bearing is shortened. To avoid the increase of contact
stress caused by axial concentrated load, structures of TBM cutterhead system, as the associated

parts of the main bearing, should be properly designed to improve the uniformities of stiffness and
load distribution.
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Fig. 4. Axial LPC in cutterhead flange

2.1. Structure with radial stiffeners of cutterhead

The type of cutterhead is related to its diameter. If the diameter is less than 4 m, the cutterhead
is integral most likely, and the diameter ratio of main bearing to cutterhead is relatively big. Thrust
force is transmitted by conical ring plate and radial stiffener together. For its diameter is large,
about 8 m for example, the cutterhead is separated type to transport easily, and the diameter of
main bearing, substantially equal to the intermediate diameter of flange, is much smaller than that
of cutterhead.

For the integral cutterhead shown as Fig. 3, load distribution in flange is effected primarily by
conical ring plate and stiffeners. The stiffness uniformity would be improved by increasing the
stiffness of conical ring plate because of its axial symmetry, and the opposite effect would be

achieved if the thickness of stiffener is increased. Considering conical ring plate separately, its
stiffness K, is given as Eq. (4) [20]:

3 2rnEtsinacos?a
¢ Dy Ds ’ “)
In T - 11‘17

where, E is the elastic modulus of the material, t is the thickness, « is the half-cone angle, Dy and
D are the big diameter and small diameter of conical ring plate. Dg is equal to the diameter of
cutterhead D, and Dy is determined according to the front shield and main bearing. Taking both
of them as constants, K, increases with t, as will the weight of structure and the overturning
moment. Taking the partial derivation of K. with respect a, K, reaches the maximum when « is
equal to 35°. The other way to improve the stiffness uniformity is decreasing B, as thin as enough
if the structural strength is satisfied. In summary, if B is appropriate, the best way to improve the
uniformity of structure stiffness is changing a. For different a, LPC in cutterhead flange, as shown
in Fig. 4, could be calculated according to ANSYS Parametric Design Language (APDL) and
FEM-model, and the standard deviation is changed with & too, as shown in Fig. 5. As same as the

stiffness of conical ring plate, uniformity of load distribution in cutterhead flange reaches the

extremum also when « is about 35°.

For the separated type cutterhead shown as Fig. 6, conical ring plate is structurally distant from

the flange, and its stiffness has little effect to the load distribution uniformity in the flange.
Therefore, it can be considered that the radial stiffeners carry all the thrust force.
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Fig. 5. Relationship between standard deviation of LPC and half-cone angle

As shown in Fig. 4, the stiffener load consists of two parts. One is the axial force distributed
uniformly, and the other is caused by moment, which is proportional to the distance of stiffener
projected point in the flange diameter from the moment axis, L;. Based on the moment balance,
elastic deformation and the assumption that front panel of cutterhead is rigid, the forces carried by
stiffeners could be got also. Taking the stiffener of carrying maximal axial force as No. 1, its
neutral plate is coincided with the symmetry plane, and other stiffeners are clockwise sorted.
Considering n is an even number and the structural symmetry, the number of stiffeners whose
load is needed to be calculated is k = n/2 + 1. Given that load is evenly distributed in stiffener
thickness direction, then for anyi € [1, k], the amplitude of stiffener’s axial force 4; is obtained
by Eq. (5), and M, is the total moment caused by axial eccentric load, weight of cutterhead and
radial force:

F, M, 2m(i — 1)

A =—+ , <i<k.
{TwB T DB, L 2mGi-D] O n ! Q)
—5 | Dii=1 €OS* —————

1
Fig. 6. Separated type cutterhead with radial stiffeners

Opposite to the integral cutterhead, increasing stiffener thickness would have positive effect
on uniformity of load distribution in the main bearing, because the amplitude of the concentrated
load would decrease.

2.2. Adapter flange

As the connector of the cutterhead and inner ring of the main bearing, adapter flange is rotary
structure, and its stiffness is axisymmetric. Ignoring the parts of carrying no axial force, the flange
could be simplified as a cylindrical with approximately the same intermediate diameter as the

4168 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. NOV 2016, VOL. 18, ISSUE 7. ISSN 1392-8716



2187. INFLUENCE OF CUTTERHEAD SYSTEM STRUCTURE ON LOAD DISTRIBUTION AND LIFE OF MAIN BEARING.
CHUNGUANG ZHANG, FUZHENG Qu, L1 GUO, JUNZHOU HUO, ZHENGY! XIE

main bearing. Although the flange thickness is large, the ratio of it to intermediate diameter is
only about 0.05, and the adapter flange could be considered as shell. According to the geometric
equations, the equilibrium differential equations and the physical equations on the basis of shell
theory, the relationship between structure displacement, internal force and axial load can be
revealed.

The adapter flange is continuous and axisymmetric, and its deformation is small because of its
high stiffness. Even in extreme condition, its maximum stress is much less than the yield stress.
So the adapter flange could be simplified to a linear elastic structure, and it is suitable for
superposition principle. Moreover, no matter what type the load distribution in the flange of
cutterhead is, it meets Dirichlet principle. Taking it as external load applied in the intermediate
diameter of adapter flange, the Fourier series representation of it is shown as follows:

k[AY = ml
Fy= Y |5+ X Aicos (—) , 6)
i=1 2 m=1 R
where, Af, is the constant value of force that No. i enforcement loaded, A%, is the harmonic
amplitude of force that No. i enforcement loaded when the frequency of harmonic is m, R is the
intermediate radius of adapter flange, and [ is the arc length in intermediate diameter.
Using Levy method to solve, the displacement of adapter flange neutral plane Q(x, ¢) is the

function of axial direction x and ring direction ¢ in cylindrical coordinate system, and it can be
described as Eq. (7):

Qx, @) = E;Oq)m(x)COSAm(pr (7

where, 1, = m/R. Substituting the Eq. (7) into the basic differential equation of shell theory, if
it is satisfied, the following equation is required:

d? * ES d*®, (x)
92 Z Tmr 8
(dx2 A’”) Pm() + R?D  dx* 9, ®

where, D = E§3/12(1 — u?) is bending stiffness, u is Poisson’s ratio, and & is the wall thickness
of adapter flange.

For the size and material of structure, the value of D is pretty small. Taking the TBM made by
China Railway Construction Corporation (CRCC) as example, it is about 8.066x10"!! and can be
ignored. According to its characteristic equation, two real number quadruple roots are got, they
are, 1, = *4,,. Based on the boundary conditions of loading and constraints, the general solution
of @, (x) can be obtained. On the basis of superposition principle, the expression of Q(x, @)
under any axial load can be got. Considering the relationship between displacement and load, the
internal axial force F can be determined as:

-, dPn(2)
Fp = —ES Z)/lfn?cos/lmcp. ©)
m=

As a result of above, A,, increases with the raising of the harmonic frequency m on
intermediate diameter of the adapter flange. The axial force transmitted from the adapter flange to
the main bearing is constituted by various harmonic loads with those amplitudes attenuated. The
amplitudes of various frequencies change with axial length of flange, as shown in Fig. 7.

Higher the frequency is, faster the amplitude attenuates. If the axial length of the adapter flange
increases, the amplitude of quadratic moment load would obviously decrease and the uniformity
of load distribution in the main bearing would be improved, although the overturning moment

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. NOV 2016, VOL. 18, ISSUE 7. ISSN 1392-8716 4169



2187. INFLUENCE OF CUTTERHEAD SYSTEM STRUCTURE ON LOAD DISTRIBUTION AND LIFE OF MAIN BEARING.
CHUNGUANG ZHANG, FUZHENG Qu, L1 GUO, JUNZHOU HUO, ZHENGY! XIE

would increase by moving of the cutterhead center of gravity.
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Fig. 7. Harmonic amplitude of internal force in dependence on axial length of flange
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Fig. 8. Effect of adapter flange on load distribution

FEM could be introduced to validate the analytical model above. Considering that the result
of FEM is dispersed, the integral result of analytical method should be calculated within the length
of element. With the same boundary conditions and parameters, results of both methods are shown
in Fig. 8. When 140 terms of Fourier series are employed, the analytical result agrees well with
the FEM’s. Compared the input step load defined as Eq. (5), the output load distribution is
smoother although the characteristic of quadratic moment is still significant.

As axisymmetric component has the effect of filtering the peak of quadratic moment load to
improve the load distribution in the main bearing, increasing the length of the cutterhead flange,
which is also axisymmetric, would have the same effect as the adapter flange. As the cutterhead
support is structural similar to the cutterhead with the radial stiffeners arranged, increasing the
axial length of its flange connected to the inner ring of the main bearing would also improve the
load distribution in the main bearing, if the structure weigh is allowed.

2.3. Cutterhead support and front main beam

Cutterhead support is also called reduction box. As mentioned previously, the radial stiffeners
are arranged. Number of them is associated with the number of driving units, and hardly changed.
According to the analysis above, the stiffener thickness would be as thin as possible to increase
the uniformity of stiffness with the structural strength satisfied. The outer ring plate, with no taper,
is near to the intermediate diameter of main bearing, and increase of its stiffness would improve
the uniformity of load distribution in main bearing.

For the open-type TBM, most of front main beams have a hollow rectangular cross-section to
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get the affiliated equipment installation platform. The stiffness uniformity of cutterhead support
is reduced significantly as the section is changed abrupt both in size and shape. Compared with
other factors mentioned above, it influences the load distribution most. To improve the situation
and extend the service life of main bearing, either increasing the structural bending stiffness or
changing the contact surface between front main beam and cutterhead support is needed. For the
first option, achieving it needs to increase the plate thickness with the restrictions of drive units
mounting dimensions and structure type, and weigh will increase obviously while the bending
stiffness increases few. For the second option, cross-sectional form of front main beam should be
changed to be circular, so do the corresponded stiffeners in the cutterhead support. Keeping a
certain length, its section could be transitioned to a rectangle. The diameter should be as large as
possible to close the dimension of main bearing in order to increase the uniformity of load
distribution in the roller contact line.

3. FEM-model of cutterhead system structure

To obtain the accurate load distribution on the thrust raceway of main bearing and calculate
the service life, three-dimensional (3D) FEM-model of the main structure should be built with
load, stiffness characteristic and boundary conditions considered comprehensively. Rated thrust
force will be applied in the model to simulate the extreme working condition. According to
Newton’s third law, there are two cases of load and constrain for the analysis model. If cutters are
constrained and the front beam is loaded, part of them will carry tension because of the cutterhead
deformation, and this is obviously inconsistent with the fact. For the other case, if the front main
beam is constrained, the rated forces are applied to cutters or cutter seats according to their sizes
and types.

&

Fig. 9. Arrangement of S-type weight sensors and  Fig. 10. Loading experiment system: 1 — reaction
aluminum columns: 1-10 — S-type weight sensors, frame, 2 — hydraulic jack, 3 — 20 t weight
11 — aluminum columns, 12 — guide columns, sensor, 4 — conical structure, 5 — cutterhead,
13 — mounting plate 6 — electric hydraulic pump, 7 — PC

Cutters with same sizes and types carry different loads because the cutterhead is not rigid. To
reveal the effect of the cutterhead stiffness on cutters loads, the loading experiment is conducted
on the basis of the similitude theory. A cutterhead has been machined based on the TBM
manufactured by CRCC, and its diameter is 1m. Taking S-type weigh sensors and aluminum
columns with equivalent stiffness as the sensor to simulate the cutters, as shown in Fig. 9, we built
the loading system consisting of reaction frame, hydraulic jack, conical structure, cutterhead and
workbench shown in Fig. 10. When electric hydraulic pump is working, the piston of hydraulic
jack is out and thrust force increases, then forces of sensors are recorded, as shown in Fig. 11. As
the thrust force of hydraulic jack is 0, all the sensors carry equal load because of the weight of
structures. With the thrust force increases, forces of sensors change with different gradients.
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According to the experiment result, taking rated forces as boundary condition will get the
imprecise load distribution in main bearing. Forces of cutters are affected by layout of cutters,
mounting angle, stiffness of cutterhead and properties of rock. It is the key that how to simulate
the relationship between the cutter and rock in the FEM-model. To take these characteristics into
account and consider the computational efficiency, springs with nonlinear stiffness are employed
on the basis of CSM method [21], to simulate the relationship between cutter and rock. One end
of the spring is connected to cutter seat, and the other end is constrained when the front main beam
is loaded. The stiffness K of the spring can be described as Eq. (10):

16r,.1 1 16
K = DgZtan [ZPZO'C +1 (P 25 — 6P2tan§>], (10)

where, D, is the cutter diameter, P is the penetration, S is cutter pinch, 6 is cutting edge, o, is the
rock uniaxial compressive strength, 7 is the unconfined shear strength. Critical stress of cutter
increases with its mounting angle ¢ [22], and this influence could be equivalently converted to
the change of uniaxial compressive strength, namely, o.(¢).

1000

900 —e—No.l —+—No2 —e—No3 —@-Nod

——No.5 —#-No6 -8-No7 —*Nos

Force of sensorkg

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

Thrust force of hydraulic jack/kg

Fig. 11. Relationship between thrust force of hydraulic jack and forces of sensors

On the basis of the structure and construction geological parameters of CRCC TBM,
FEM-model is built, as shown in Fig. 12. To get the contact stress in thrust raceway, contact
algorithm is employed to simulate the relationship between roller and raceway. Parameters and
assumptions are listed as follow.

a) Structures of cutterhead system b) Main bearing
Fig. 12. Finite element models of TBM main structures

(1) The diameter of the cutterhead, D, is 7930 mm. There are 47 cutters installed at different
radius of the cutterhead, including 4 double-edged center cutters (17 inches), 32 face cutters
(19 inches) and 11 gage cutters (19 inches).
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(2) The intermediate diameter of the main bearing, Dy, is 4730 mm. the number of rollers, Z,
is 90, and they were arranged in thrust row averagely. The diameter of thrust roller, D,,, is 110 mm,
and the length of thrust roller, [, is 240 mm. The rollers of supporting row are ignored in the model.

(3) The weights of driving units are relatively small, so they are ignored. However, the impact
of those assemble holes on stiffness is considered. The bolt holes, the chamfers and the corners in
the structures are deleted to improve the effectiveness of calculation.

(4) K is axial only, and the thrust force of TBM is 15330 kN applied to hydro-cylinder hinge
point averagely on both sides of the front main beam. The overturning moment is caused by weight

of cutterhead only. Surrounding rock is granite and o.(0) is set to be 160 MPa, 7 is set to be
30 MPa.

4. Load distribution and structure optimization

By getting contact stresses in contact line of each roller and then converting them into forces,
axial force distribution on thrust row and standard deviation of contact forces on roller can be
obtained, and the relationships between them and the phase angle of thrust roller are shown in
Fig. 13 and Fig. 14. In a macro perspective, the load is concentrated seriously about 270° in thrust
raceway, and this is the result caused by the characteristics of stiffness and boundary condition of
the cutterhead support almost. The axial force of roller reaches the peak value where the radial
stiffeners arranged. In a micro perspective, the load distribution in contact line of thrust roller is
also affected. It fluctuates sharply and edge-effect is taken place most likely where phase angle is
about 90° or 270°.

According to the analysis above, load distribution in the main bearing changes with the
structure parameters, such as half cone angle of conical ring plate in cutterhead, stiffener number
and thickness, adapter flange length and cross-sectional form of front main beam. On the basis of
that, cutterhead system structure can be optimized to improve the service life of main bearing with
some structural limitations.

(1) The half cone angle of conical ring plate is changed to be 35° to increase its stiffness
although the cutterhead is separated type.

(2) The number of stiffeners is limited by the layout of cutters, and the thickness is increased
by 20mm with the structure size and function considered.

(3) The flange length of cutterhead support is increased by 60 mm, and the total mass is about
70 tons which is limited by transport conditions.

(4) The cross-sectional form of front main beam is changed to be circular, so do the
corresponded ribs in the cutterhead support. The diameter of the section is 3320 mm which is as
large as possible and has non-interference with the drive units.

400 1 —Optimized structure —Original structure

300

200 A

Axial force on roller/kN

100 A

0 30 60 90 120 150 180 210 240 270 300 330 360
Phase angle of roller/°
Fig. 13. Axial force distribution on thrust row raceway

Compared with the original, load distribution on thrust row raceway is much smoother, and it
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still fluctuates slightly in the positions of stiffeners arranged which means the flange length of
cutterhead support should increase more if weight allows. The standard deviation of axial force
distribution on thrust raceway decreases by 71.5 %. The key reason for that is the structure changes
both in the front main beam and cutterhead support. For the contact lines of rollers, the maximum
of contact force standard deviation decreases, so do the maximum contact stress in raceway by
31 %. It is very helpful to extend the service life of main bearing.

6 —Optimized structure  —Original structure

5

roller/kN
[9%) ES

[N}

Standard deviation of contact force on

0 30 60 90 120 150 180 210 240 270 300 330 360
Phase angle of roller/®
Fig. 14. Standard deviation of contact forces on roller of thrust row

5. Life calculation of main bearing

There are three common methods used to calculate the life of the main bearing, L-P, ISO, and
I-H. All of them are based on the L-P theory with mainly differences in the basic rated dynamic
load Qjk, equivalent load @ and constant e. Both L-P and ISO method reflect uneven load
distributions in raceway and contact line with correction coefficients. If bearing support is stable
and uniform, they are efficient in calculation. For the main bearing with uneven load distributions
in raceway and contact line both, I-H method would be more appropriate because the results are
obtained by taking their effects in account. In I-H method, contact line of roller is divided into
several pieces, and the basic rated dynamic load on each one is defined as follow:

2 7
9 9
Quje = 552 (D_W> <L) 77ip, 5, (11

Dy my,

where, Qjy is the basic rated dynamic load, D, is the diameter of roller, D,,, is the diameter of
raceway, [ is the length of roller, m,, is the number of pieces, and Z is the number of rollers.

For each piece, Q is equivalent with the contact force which could be obtained in the result of
FEM-model. Assuming that fatigue damage occurs only in the thrust raceway, life of the main
bearing L, (10° revolutions) is determined as Eq. (12) in I-H method:

_e] e

Y&

14

z
Lo =
j=1
where, € and e are constant. For line contact, € is 4 and e is 9/8.
According Eq. (11) and Eq. (12), for different thrust forces, service life of the main bearing is
changed with the equivalent load. The influence of thrust force on life of the main bearing for
rectangular front main beam is shows as Fig. 15.
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Fig. 15. Relationship between TBM thrust force and TBM main bearing life

Record the thrust force when TBM is working, and number of the payload is C. Divide the
maximum thrust force into Ny intervals, and statistics are carried on payloads to obtain the
frequency f; in each interval. Then life L,,; can be calculated respectively if considering that the
recorded thrust forces are replaced with the median of the interval. According to Eq. (11), Eq. (12),
thrust force distribution and the relationship between median of force interval and life of the main
bearing, life could be calculated based on Eq. (12).
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Fig. 16. Thrust force distribution recorded in 10 days
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o

For CRCC TBM, thrust force distribution recorded in 10 days is shown in Fig. 16, and life of
the main bearing is about 16867 hours when transfer efficiency is considered to be 0.9. Compared
to the desired life, 15000 hours, it is just satisfied and has a little stall margin. Once the rock is
harder and thrust force increases, fatigue damage may happen in raceway. For the optimized
structure, the contact stress of raceway decreases a lot, and the service life of the main bearing is
extended to 24744 hours which is 46.7 % higher than the original.

Chunguang Zhang contributed to analysis and manuscript preparation. Fuzheng Qu
contributed to the conception of the study. Li Guo helped the translation and language polishing.
Junzhou Huo helped the analysis with constructive discussions. Zhengyi Xie performed the
experiments and relative devices.

6. Conclusions

Structure stiffness of TBM cutterhead system has great influence on uniformity of load
distribution in the main bearing. The structural mutations of size and shape decrease the axial
symmetry of stiffness at the load path, then load concentrate inside bearing. By adjusting the half
cone angle, the number and thickness of stiffener, the length of adapter flange, and the
cross-sectional form of front main beam and corresponded ribs of cutterhead support, uniformity
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of load distribution in main bearing can be improved, contact stress of raceway will decrease and
the service life of the main bearing will be extended.

A 3D FEM-model of the main structure is present in order to obtain the accurate load
distribution on the thrust raceway of the main bearing. For better consistent with the actual
situation, springs with nonlinear stiffness are employed to simulate the rock-cutters relationship
on the basis of CSM method. Load distributions and standard deviations in macro and micro
perspectives are considered as standards to evaluate the uniformity of structure stiffness.

The structure is optimized based on the influence of stiffness on load distribution. Compared
to the original, it increases the uniformity of load distribution by 71.5 % and decreases the
maximum contact stress by 31 %, and the service life of main bearing is extended by 46.7 %.

Acknowledgement

This work is supported by Grant 2013CB035402 of the National Basic Research Program of
China and 51275070 of the National Natural Science Foundation of China.

References

[1] Han Meidong, Cai Zongxi, Qu Chuanyong, Chen Kui Tunneling Simulation and Strength Analysis
of Cutterhead System of TBM. Intelligent Robotics and Applications. Springer International
Publishing, 2015, p. 445-455.

[2] Xia Yimin, Luo Dezhi, Zhou Xiwen Study on the law of geology adaptability cutter selection for
shield. Journal of China Coal Society, Vol. 36, Issue 7, 2011, p. 1232-1236.

[31 Hassanpour J., Rostami J., Zhao J. A new hard rock TBM performance prediction model for project
planning. Tunnelling and Underground Space Technology, Vol. 26, Issue 5, 2011, p. 595-603.

[4] Wang Yanbo Failure types of main bearing of TBM and analysis on faults of main bearing of TBM
applied in construction of West Qinling Tunnel. Tunnel Construction, Vol. 34, Issue 10, 2014,
p- 1011-1018, (in Chinese).

[5] Tang Yu, Wu Qingshan, Han Zhiyuan Main bearing replacement and treatment in tunnel processing.
Modern Tunnelling Technology, Vol. 46, Issue 1, 2009, p. 64-70, (in Chinese).

[6] Du Yanliang, Xu Mingxin, Zhi Xiaohui Full Face Hard Rock Tunnel Boring Machine-Monitoring
and Maintenance. Huazhong University of Science and Technology Press, Wuhan, 2011, (in Chinese).

[71 Lundberg G., Palmgren A. Dynamic capacity of rolling bearings. Journal of Applied Mechanics —
Transactions of the ASME, Vol. 16, Issue 2, 1949, p. 165-172.

[8] Palmgren A. Ball and Roller Bearing Engineering. Third Edition, SKF Industries Inc., Philadelphia,
1959.

[9] Coe Harold H., Zaretsky Erwin V. Effect of interference fits on roller bearing fatigue life. Tribology
Transactions, Vol. 30, Issue 2, 1987, p. 131-140.

[10] Goncz P., Potofinik R., GlodeZ S. Load capacity of a three-row roller slewing bearing raceway.
Procedia Engineering, Vol. 10, 2011, p. 1196-1201.

[11] Goncz P., Drobne M., Glodez S. Computational model for determination of dynamic load capacity
of large three-row roller slewing bearings. Engineering Failure Analysis, Vol. 32, 2013, p. 44-53.

[12] Zhang Zhaohuang, Zhou Jilei, Liu Ruihua Force analysis of TBM Main Bearing. Journal of Basic
Science and Engineering, Vol. 1, Issue 2010, 2010, p. 225-232, (in Chinese).

[13] Ramoni M., Anagnostou G. Thrust force requirements for TBMs in squeezing ground. Tunnelling
and Underground Space Technology, Vol. 25, Issue 4, 2010, p. 433-455.

[14] Wei Wenming, Lii Dun, Zhang Jun, Zhao Wanhua Static stiffness of three-row cylindrical roller
bearing for rotary table. Journal of Xi’an Jiaotong University, Vol. 48, Issue 12, 2014, p. 8-14, (in
Chinese).

[15] Deng Sier, Jia Qunyi, Xue Jinxue Ball Rolling Design Principles. Second Edition, Standards Press
of China, Beijing, 2014, (in Chinese).

[16] Heydari M., Gohar R. The influence of axial profile on pressure distribution in radially loaded rollers.
Journal of Mechanical Engineering Science, Vol. 21, Issue 6, 1979, p. 381-388.

[17] Fujiwara H., Kawase T. Logarithmic profiles of rollers in roller bearings and optimization of the
profiles. NTN Technical Review, Vol. 75, 2007, p. 140-148.

4176 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. NOV 2016, VOL. 18, ISSUE 7. ISSN 1392-8716



[18]

[19]

[20]

[21]

[22]

2187. INFLUENCE OF CUTTERHEAD SYSTEM STRUCTURE ON LOAD DISTRIBUTION AND LIFE OF MAIN BEARING.
CHUNGUANG ZHANG, FUZHENG Qu, L1 GUO, JUNZHOU HUO, ZHENGY! XIE

Wang W.-Z., Wang H., Liu Y.-C., Hu Y.-Z., Zhu D. A comparative study of the methods for
calculation of surface elastic deformation. Proceedings of the Institution of Mechanical Engineers, Part
J: Journal of Engineering Tribology, Vol. 217, Issue 2, 2003, p. 145-154.

Horng T. L. Analyses of stress components for a circular crowned roller compressed between two flat
plates. Proceedings of the Institution of Mechanical Engineers, Part J: Journal of Engineering
Tribology, Vol. 221, Issue 5, 2007, p. 581-589.

Lian Yongzheng, Wang Mingyu, Pan Zhongwen Axial stiffness of conical shell structures. Missiles
and Space Vehicles, Vol. 5, 2011, p. 47-49, (in Chinese).

Rostami J., Ozdemir L., Nilson B. Comparison between CSM and NTH hard rock TBM performance
prediction models. Proceedings of Annual Technical Meeting of the Institute of Shaft Drilling
Technology, Las Vegas, 1996, p. 1-10.

Xia Yimin, Wu Yuan, Guo Jincheng, Tian Yanchao, Lin Laikuang Numerical simulation of
rock-breaking mechanism by gage disc cutter of TBM. Journal of China Coal Society, Vol. 39, Issue 1,
2014, p. 172-178, (in Chinese).

Chunguang Zhang Ph.D. candidate in School of Mechanical Engineering from Dalian
University of Technology, Dalian, China. His current research interests include structure
design and optimization.

Fuzheng Qu received Ph.D. degree in School of Mechanical Engineering from Dalian
University of Technology, Dalian, China, in 1990. Dr. Qu works at the School of
Mechanical Engineering from Dalian University of Technology. His current research
interests include mechanical system design, analysis and optimization, and innovative
design.

Li Guo received Master degree in Industrial Engineering from Hong Kong University of
Science and Technology, Hong Kong, China, in 2005. Now she works at Dalian University
of Technology. Her current research interests include cutting tool design, digital design
and structure optimization.

Junzhou Huo received his B.S. in Mechanical Engineering from Henan University of
Science and Technology, China, in 2001. He then received his M.S. and Ph.D. degrees
from Dalian University of Technology in 2003 and 2007, respectively. Dr. Huo is currently
a postdoctor at the School of Mechanical Engineering at Dalian University of Technology
in Dalian, China. His research interests include layout optimization and TBM cutter head
design.

Zhengyi Xie Ph.D. candidate in School of Mechanical Engineering from Dalian University
of Technology, Dalian, China. He works at Shenyang Jianzhu University. His current
research interests include mechanical system design and hydraulic system analysis.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. NOV 2016, VOL. 18, ISSUE 7. ISSN 1392-8716 4177




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /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 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /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
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /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 true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


