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Abstract The gripper cylinder that provides braced force

for Tunnel Boring Machine (TBM) might fail due to severe

vibration when the TBM excavates in the tunnel. Early

fault diagnosis of the gripper cylinder is important for the

safety and efficiency of the whole tunneling project. In this

paper, an online condition monitoring system based on the

Empirical Mode Decomposition (EMD) method is estab-

lished for fault diagnosis of the gripper cylinder while

TBM is working. Firstly, the lumped mass parameter

model of the gripper cylinder is established considering the

influence of the variable stiffness at the rock interface, the

equivalent stiffness of the oil, the seals, and the copper

guide sleeve. The dynamic performance of the gripper

cylinder is investigated to provide basis for its health

condition evaluation. Then, the EMD method is applied to

identify the characteristic frequencies of the gripper

cylinder for fault diagnosis and a field test is used to verify

the accuracy of the EMD method for detection of the

characteristic frequencies. Furthermore, the contact stiff-

ness at the interface between the barrel and the rod is

calculated with Hertz theory and the relationship between

the natural frequency and the stiffness varying with the

health condition of the cylinder is simulated based on the

dynamic model. The simulation shows that the character-

istic frequencies decrease with the increasing clearance

between the barrel and the rod, thus the defects could be

indicated by monitoring the natural frequency. Finally, a

health condition management system of the gripper cylin-

der based on the vibration signal and the EMD method is

established, which could ensure the safety of TBM.

Keywords Fault diagnosis � Empirical mode

decomposition (EMD) � Condition Monitoring � Gripper
cylinder � TBM

1 Introduction

Tunnel boring machine (TBM) is widely used for under-

ground construction due to the higher efficiency and better

quality of the tunnel in recent decades. However, the TBM

suffers strong vibration that could cause failure of its main

components, such as fracture of the cutters, leakage of the

cylinders, and initiation of cracks on the main bearing. The

gripper cylinder providing braced force is used for keeping

the TBM stable and direction adjustment. The wear and

fracture of the seals or Copper Guide Sleeve (CGS) would

cause failure of the gripper cylinder, which result in shut-

down of the TBM for lacking sufficient braced force. It

takes long time to prepare and change the gripper cylinder,

thus early fault diagnosis of the gripper cylinder is

important for the safety and efficiency of the tunnel

construction.

The dynamic characteristics are the basement for fault

diagnosis of different mechanical systems by means of

vibration signals. The vibration performance has been

analysed for the strength estimation or life prediction of

TBM [1–3]. A multi-directional coupling dynamic model
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was established to analyse the dynamic characteristics of

the cutterhead system in TBM. Different working param-

eters were studied to find out the optimization scheme for

the cutterhead structure [1]. Zhang et al. [4] presented a

dynamic model for the TBM revolving system considering

the periodically varying mesh stiffness of the multiple

pinions and the speed-torque characteristics of the variable

frequency motor. The result showed the excavation torque

could run up to a critical value in the extremely adverse

excavation environments, which might result in an unex-

pected breakdown of TBM and even a failure of the drive

motor. A multi-freedom coupling dynamic model for the

cutterhead system was established to investigate its natural

frequencies and vibration modes [5]. The model laid the

foundation for the dynamic performance optimization and

fatigue life prediction for the cutterhead system. Zou et al.

[6] proposed a dynamic model for the main machine of

TBM that included the cutterhead, the driving system, the

thrust system, and the interaction between the TBM and the

surrounding rocks in terms of the lump parameter method.

Different researches show that vibration of TBM could

influence the efficiency and the fatigue life of different

components, especially the cutterhead and the main drive

motor. However, the gripper cylinder is also vulnerable to

the vibration which might be neglected. In this paper, the

dynamic model of the gripper cylinder is established to

analyse its vibration performance with degeneration of

health condition.

Vibration signals are the most common monitoring

parameters for health management of mechanical system.

The traditional signal processing methods, such as Fast

Fourier Transformation (FFT) and spectrum analysis, are

merely able to obtain the basic frequency of the stationary

signal. However, the vibration signals acquired from the

working machines that contain complex noises are usually

non-stationary and nonlinear. Hence, the frequencies are

commonly mixed and the fault features are difficult to be

identified from the raw signals. The time–frequency domain

analysis methods, such as Short Time Fourier Transform

(STFT), Wigner–Ville Distribution (WVD) and Wavelet

Transform Analysis (WTA), are proposed to deal with the

non-stationary signals [7–9]. In recent years, the Empirical

Mode Decomposition (EMD) [10] method has been widely

used for fault diagnosis of mechanical systems because it is

self-adaptive and no basis is required in advance. Lei et al.

[11] concluded that the EMD method was applicable for

condition monitoring of numerous rotational components,

such as gears, bearings,and motors. The instantaneous fre-

quency could be calculated for fault characteristic frequency

detection when the vibration signals are decomposed into a

series of Intrinsic Mode Functions (IMFs). The traditional

EMD algorithm has several disadvantages, such as the

mixing mode, the end effect, and the physical meanings of

IMFs are not clear. Thus, researchers proposed several new

algorithms to overcome these feedbacks [12–15]. Yan et al.

[16] presented a weak signal detection method based on the

improved Hilbert-Huang Transform (HHT) by restraining

the end effect of the traditional EMDmethod. The improved

HHT method combined with the wavelet analysis had a

satisfactory performance for weak signal analysis and it

could diagnose the incipient rotor imbalance of the Bently

test-rig. An improved Extended EMD (EEMD) method was

used for analysing the short hydraulic impact signals besides

the application of EMD method in vibration signals. The

fault diagnosis approach combining with the improved

EEMD method and the Support Vector Machine (SVM)

classification algorithm was proved to be propitious for fault

diagnosis in hydraulic system [17]. Saidi et al. [18] proposed

aBi-Spectrum based EMD (BSEMD)method to improve the

fault diagnosis performance of the traditional EMDmethod.

The outer race bearing defects could be detected with the bi-

spectrum analysis of the decomposed IMFs and the health

condition of the bearing could be assessed. The studies show

that the EMD method is powerful for fault diagnosis in the

mechanical system, thus it is chosen to indicate the failure of

the gripper cylinder in TBM.

The gripper cylinder is important for balancing the

external loads from the cutterhead and keeping the main

machine stable. Thus, early fault diagnosis for the gripper

cylinder is significant. In this paper, an online condition

monitoring system for the gripper cylinder is proposed with

the application of the EMD method, which is based on the

dynamic model. The remainder of this paper is shown as

follows. A lumped mass parameter model of the gripper

cylinder is established and the characteristic frequencies

are calculated in Section 2. Section 3 illustrates the prin-

ciple of the EMD method and verifies the accuracy of the

algorithm. In Section 4, the EMD method is applied for

analysing the nonlinear and non-stationary signal acquired

from one type of TBM to indicate the characteristic fre-

quencies. Moreover, the relationship between the equiva-

lent stiffness and the characteristic frequency is simulated.

Finally, an online condition monitoring system is estab-

lished for health condition evaluation of gripper cylinder.

The conclusions are drawn in Section 5.

2 Dynamic Analysis of the Gripper Cylinder
in TBM

2.1 Dynamic Model of the Gripper Cylinder

in TBM

Figure 1 shows that the main machine of TBM is con-

sisted of the cutterhead system, the main drive containing

the bearings and the motors, the thrust cylinders, the
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gripper cylinder and the other auxiliary components. The

working flow illustrating the boring loops of TBM is

shown in Figure 2. Firstly, the gripper cylinder (6)

extends to support the gripper shoes (8) onto the rock for

providing braced force and keeping the main machine

stable. The gripper cylinder is connected with the main

girder (7) with four torque cylinders (5). The gripper

cylinder and the torque cylinder are used for balancing

the tunneling loads. Then, the thrust cylinder would

propel the cutterhead system to cut and crush the rocks.

In addition, the boring direction can be adjusted by

changing the inlet pressures of different chambers in the

gripper cylinder. Hence, the TBM cannot work if the

gripper cylinder has defects because it fails to obtain

enough braced force and change boring direction.

The gripper cylinder contains two asymmetrical single

rod cylinders and the chambers without piston rods are

connected with each other by pipelines. The structure of

the asymmetrical single rod cylinder is shown in Figure 3

and it is consisted of the barrel, the piston rod, the CGS, the

seals, the gland and the other accessories.

A six-degree lumped mass parameter model of gripper

cylinder can be obtained as illustrated in Fig. 4 because the

CGS and the seals have the same velocity with the piston

rod. Set the origin of the coordinate system at the centre of

the rod. The axial displacements of the barrel and the rod

are represented by x1 and x2, the radial displacements of the

barrel and rod are denoted as y1 and y2, meanwhile the

bending angles are h1 and h2, respectively. The cylinder

barrel and the rod are equivalent as rigid beams with the

barycenter in their middle and they are represented with mb

and mr. The lengths of the barrel and the rod are Lb and Lr.

Their bending moments are Ib ¼ 1=2mbL
2
b and

Ir ¼ 1=2mrL
2
r , respectively. The seals and the CGS are

regarded as point masses at the end of the piston rod that

are denoted as ms and mc. Moreover, a1 represents the

distance between the centre of the barrel and the seals, and

a2 is the distance between the centre of the rod and the

CGS. The interaction between the gripper boots and the

rocks is considered as the equivalent stiffness of the rock

represented by kr that is combined with the normal contact

stiffness and the tangential contact stiffness. In addition,

the equivalent stiffness of the seals, the CGS, the oil, and
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1.Cutterhead System; 2. Forward Shield; 3. Main drive; 4. Thrust 
cylinder; 5.Torque Cylinder；6. Gripper Cylinder; 7. Main Girder; 
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5

Figure 1 Structure of the main machine for TBM
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Figure 2 Workflow for tunneling Figure 3 Structure of the gripper cylinder
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the bending stiffness of gripper are regarded as ks, kc, ko
and kg, respectively. The external axial forces are repre-

sented by F1, F2, the radial forces are denoted as F3, F4 and

the torque of the barrel and the rod are M1, M2,

respectively.

Based on the lumped mass parameter model of the

gripper cylinder, the kinetic energy T of the system is

T ¼ 1

2
mb _y

2
1þ

1

2
mb _x

2
1 þ

1

2
Ib _h

2
1

þ 1

2
mc _y2 þ

Lr

2
_h2

� �2

þ _x22

" #
þ 1

2
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2
2
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2
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2
2 þ
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" #
;

ð1Þ

and the potential energy V of the system is

V ¼ 1

2
ks ðy1 � a1h1Þ � y2 �

Lr

2
h2

� �� �2
þðx1 � x2Þ2

( )

þ 1

2
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2
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Suppose q ¼ ½x1; y1; h1; x2; y2; h2�T is a vector

containing the system coordinates, in which qi are the

generalized coordinates of the systems and _qi are the

generalized velocities, Qi is the total generalized forces

that are not related to the potential energy of the

system.

According to dy=dtðoL=o _qiÞ � oL=oqi ¼ Qi, where

L ¼ T � V , the vibration equations of the gripper cylinder

system can be expressed as Eq. (3) under the circumstance

that the damping behaviour is neglected.

M€qþ Kq ¼ 0; ð3Þ

where M, K and F stand for mass matrix, stiffness matrix

and force vector, respectively. The details of the mass

matrix, the stiffness matrix and force vector are presented

as follows:

M ¼ M11 M12

M21 M22

� �
; K ¼ K11 K12

K21 K22

� �
; ð4Þ

F ¼ F1;F2;M1;F3;F4;M2½ �T; ð5Þ
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2
4

3
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kr þ ko þ kc þ ks 0 0
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2
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0 �Lrks

2
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4

2
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2.2 Simulation of the Dynamic Model

The values of different equivalent stiffness in the dynamic

model and the parameters of the gripper cylinder in the

TBM used for field test are illustrated in Table 1. The

vibration displacements of the gripper cylinder are calcu-

lated and they are shown in Figure 5. The radial dis-

placements amplitudes of the barrel and rod are near to

0.04 mm and 0.03 mm, respectively. Moreover, the

amplitudes of the axial displacements of the barrel and the

rod are 0.08 mm and 0.03 mm, respectively. The bending

displacement of the barrel is 0.1 rad and the bending dis-

placement of the rod is almost 0 rad since the gripper is

against to the rock and the bending stiffness prevents the

rod from bending too much.
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Figure 4 The lumped parameter model of gripper cylinder
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The characteristic frequencies of the gripper cylinder are

calculated and the results are illustrated in Figure 6. The

natural frequencies of the barrel the rod are 51.3 Hz and

214.8 Hz for the axial vibration, respectively. The natural

frequencies of the barrel the rod are 39.3 Hz and 214.8 Hz

for the axial vibration, respectively. The frequencies of the

bending vibration of the barrel are 39.3 Hz and 60.9 Hz

and the bending vibration of the rod are more complex with

the frequencies of 39.3 Hz, 60.9 Hz, 78.3 Hz and

214.8 Hz. The results show that the radial vibration and the

bending vibration of the barrel are coupled with each other.

In addition, the radial, the axial vibration and the bending

vibration of the rod are mixed.

3 Principle of EMD Method

The EMD method is powerful for time–frequency analysis

and it iswidely used in signal processing [19–21].A signal can

be decomposed into a series of IMFs that represent basic

oscillatory modes imbedded in the signal by EMD method

[10].The steps of the originalEMDalgorithmare illustrated in

Figure 7. Firstly, the local maxima and minimum of the sig-

nal, xðtÞ, are calculated, then the cubic spline interpolation is
used to obtain the maxima and minima envelope. The mean

value of the maxima and minima envelope is defined as m1.

Consequently, the first component h1 could be obtained by

subtracting m1 from xðtÞ and h1 could be an IMF in the ideal

condition. However, the signal is usually complicated,

therefore, a ‘‘sieve’’ is always used to get rid of mixed waves

and tomake thewavesmore symmetrical toget the true IMF in

the actual practice [22].

Assuming h1 is the original signal, a temporary IMF

represented with h11 could be obtained with a cyclic of the

mentioned steps,

h1 � m11 ¼ h11; ð11Þ

then the true intrinsic mode function (IMF) denoted as h1k
could be calculated by repeating the steps k times,

h1ðk�1Þ � m1k ¼ h1k: ð12Þ

The standard deviation (SD) that is in a range of 0.2–0.3

between two ‘‘sieves’’ is calculated to stop the loop and the

SD is expressed as

SD ¼
XT
t¼0

h1ðk�1ÞðtÞ � h1kðtÞ
�� ��2

h2
1ðk�1ÞðtÞ

" #
: ð13Þ

The first IMF h1k that includes the minima scale or the

shortest period of the original signal is separated from the

signal until SD reaches the set value and it could be

expressed as

c1 ¼ h1k: ð14Þ
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Figure 5 Dynamic performance of gripper cylinder

Table 1 Parameters of masses and equivalent stiffness

Equivalent stiffness Value (GN/m) Mass Value (kg)

Hydraulic Oil 0.3 Barrel 5374

Contact stiffness of CGS 0.2 Rod 2810

Contact stiffness of seals 0.1 Seals 0.02

Contact stiffness of rock 20 CGS 5.01

Bending stiffness 3/rad
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Subtract c1 from the original signal xðtÞ for further

decomposition as

xðtÞ � c1 ¼ r1; ð15Þ

where r1 is the residual. Repeat the above steps until the

residual rn or the IMF cn is small enough to less than a

threshold, or rn is a monotone function. Sum all the IMFs

and the residual together to reconstitute the signal,

xðtÞ ¼
Xn
i¼1

ci þ rn: ð16Þ

A test signal with random noise is used to verify the

ability of EMD method for time–frequency analysis. Sup-

pose the test signal x with variable frequencies at different

time is
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x ¼ 2 sinð40ptÞ þ 0:5 sinð60ptÞ þ noise; t 2 ½0; 2:5�;
x ¼ 2 sinð30ptÞ þ 0:5 sinð20ptÞ þ noise; t 2 ð2:5; 5�;

�

ð17Þ

where noise is the random noise in the signal. The signal

is decomposed into 7 IMFs with the EMD method and

the results are shown in Figure 8(a). The original signal,

the reconstructed signal and the reconstructed error are

shown in Figure 8(b). The results show that the error

between the original signal and the reconstructed signal

is near to zero, which means that the IMFs obtained

from the EMD method contains the most essence of the

signal.

The frequencies in the signal could be detected by

calculating the single-side spectrum of the decomposed

IMFs with FFT and the result of every IMF is shown in

Figure 9. The first IMF contains the main frequencies of

the original signal that are 15 Hz, 20 Hz and 30 Hz and

the lowest frequency 10 Hz of the signal could be found

in the second IMF. The frequencies could be obviously

indicated with the application of EMD method although

the noise in the signal makes the frequencies mixed with

each other.
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4 Design of the Condition Monitoring System

4.1 Signal Processing on the Field Data

4.1.1 Frequency Analysis with FFT

A field test was conducted on one type of TBM working at

normal condition to verify the lumped mass parameter

model of the gripper cylinder. The tri-axial accelerators

were mounted on the barrel of the gripper cylinder to

measure the axial and transverse vibration signals of the

cylinder. Meanwhile, the third axial was used to measure

the vibration in the tunneling direction of TBM. The sig-

nals acquired from the accelerators settled on the gripper

cylinder of TBM in the three directions were primarily

analyzed with FFT to obtain the vibration frequencies of

the gripper cylinder. The vibration signals in the time

domain are shown in Figure 10(a) and the obtained fre-

quencies are shown in Figure 10(b). The frequencies

obtained from FFT are concentrated in the low frequency

domain and the higher frequencies are buried in the signal

that are hard to be detected. The result of the third channel

that acquired the acceleration in the tunneling direction

shows a frequency of 205.5 Hz that is near to theoretical

natural frequency of the bending vibration of the piston rod

of the gripper cylinder, however, the frequencies are mixed

together and difficult to be indicated. The characteristic

frequencies of the gripper cylinder are buried in the
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complex vibration signals and they are hard to be detected

with the FFT method. Hence, the EMD method was

applied to indicate the characteristic frequencies of the

gripper cylinder.

4.1.2 Frequency Analysis with EMD Method

The EMD method was used to decompose the vibration

signals into IMFs to obtain the essence of the signal. Then

the natural dynamic characteristics could be analyzed with

the IMFs decomposed from the original signals. According

to the algorithm of EMD method, the acceleration signals

were decomposed into a serious of IMFs. There are 25

IMFs decomposed from the original signal with the

designed threshold and the first 10 IMFs are shown in

Figure 11(a) and the reconstructed signal can be obtained

that is shown in Figure 11(b). The error between the

original signal and the reconstructed signal is so small that

could be neglected.

Simple-side spectra of the IMFs were used to calculate

the frequencies of the acceleration signals. The first IMF

includes the signal feature with the highest frequency of the

signal and the following IMFs contain the lower frequen-

cies with further decomposing in terms of the EMD algo-

rithm. The first 10 IMFs were chosen to investigate the

dynamic characteristics of the gripper cylinder because the

frequencies of the further decomposed IMFs were near to

zero and the results are illustrated in Figure 12. The fre-

quencies of the IMFs obtained from the acceleration sig-

nals are from 21.83 Hz to 1346 Hz. The 51.46 Hz and

211.3 Hz could be found in IMF8 and IMF6 that are near to

the theoretical natural frequencies of the axial vibration of

the barrel and the bending vibration of the piston rod of the

gripper cylinder, respectively. It means that the axial

vibration of the barrel and the bending vibration of the

piston rod of the gripper cylinder are the most intense

vibration mode when the TBM works. The higher fre-

quencies buried in the acceleration signals might be the

natural frequencies induced by the rotor, the bearings, etc.,

or just the noises in the signal. The characteristic fre-

quencies of the gripper cylinder could be indicated from

the vibration signals acquired while TBM is working with

application of EMD method, which proves the accuracy of

the dynamic model and EMD method. Therefore, the

online condition monitoring system based on the vibration

signals could be performed.

(a) 

(b)

Figure 11 Reconstruction signal of IMFs by EMD method and

original signal

Figure 12 Frequencies of the IMFs
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4.2 Fault Diagnosis Based on the Dynamic

Performance

4.2.1 The Equivalent Stiffness for the Contact Elements

The interaction between the barrel and CGS of gripper

cylinder is equivalent as contact stiffness with the inner

cylinder as shown in Figure 13, which can be calculated

with the Hertz theory [23].

According to Hertz theory, the equivalent contact

radius,R�, of the curvature is defined as [24]

1

R� ¼
1

R1

þ 1

R2

; ð18Þ

where R1 and R2 are the radii of the barrel and CGS,

respectively. The semi width, a, at the contact area could

be expressed as [25]

a ¼ 4PR1R2

plE�DR

� �1
2

; ð19Þ

where DR is the difference of the deformation of the two

contact components. E* is the equivalent modulus of the

elasticity of the two different materials, which is expressed

as

E� ¼ 1

ð1� m2c
�
EcÞþð1� m2c

�
EbÞ

; ð20Þ

where Ec, mc and Eb, mb are Young’s modulus, Poisson’s

rate of the CGS and the barrel, respectively. The relation-

ship between the total deformation d of the CGS and the

barrel could be calculated with

d ¼ P

pEc

2 ln
4R1

a

� �
� 1

� �
þ P

pEb

2 ln
4R2

a

� �
� 1

� �
:

ð21Þ

Then the stiffness at the interface between the CGS and

the barrel could be expressed as [26]

ks ¼
dP

dd
¼ pE

2 lnðpE�DR=PÞ � 1½ � ; ð22Þ

where P is the normal load. In addition, the equivalent

stiffness between the seals and the barrel could be calcu-

lated with the same method.

The clearance at the contact interface would increase

when the seals or the CGS have defects, thus the equivalent

contact stiffness would change. The equivalent stiffness

has negative correlation with the clearance as shown in

Figure 14. Therefore, the equivalent stiffness would

decrease when there are defects on seals or CGS in the

cylinder.

4.2.2 Simulation of the Dynamic Performance

with Different Equivalent Stiffness

The clearance at the contact interface would increase that

would reduce their equivalent stiffness when the seals or

the CGS has defects. Therefore, the dynamic performance

of the gripper cylinder with variable stiffness is simulated.

Moreover, the equivalent stiffness of the rock, the

hydraulic oil, the seals and the CGS of the gripper cylinder

varies in a range and the influences of the changing stiff-

ness are investigated. The equivalent stiffness of the oil, the

rock, the seals and CGS are varying in different ranges that

are not in the same order of magnitudes. Hence, they are

discretized as dimensionless equivalent stiffness to com-

pare their influences on the natural frequency. The first

order characteristic frequency of the gripper cylinder

varying with the different equivalent stiffness is shown in

Figure 15.

The natural frequency has positive correlation with the

equivalent stiffness of the hydraulic oil, the seals, the CGS

and the rock. Moreover, the relationships between the

natural frequency and the variable equivalent stiffness are

nonlinear because the different stiffness is coupled with

Figure 14 Relation between the deformation and the equivalent

stiffness

y

xO

R

R1

R2

a

P

Figure 13 Scheme of two cylindrical surfaces in contact
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each other. The natural frequency increases 33.3% with the

equivalent stiffness of the seals changing from 0.01 GN/m

to 0.15 GN/m and it also increases 33.3% when the

equivalent stiffness of the oil changes from 0.3 GN/m to

1.2 GN/m. While the frequency increases 12.8% with the

equivalent stiffness of the CGS changing from 0.2 GN/m to

6 GN/m. The nature frequency changes 1.1% when the

equivalent stiffness of the rock varies from 20 GN/m to 120

GN/m. It can be concluded that the equivalent of the seals

and the oil are the most effective parameters that influence

the frequency of the gripper cylinder. The natural fre-

quency of the cylinder that would change when the stiff-

ness varies could be an indicator for fault diagnosis.

The natural frequency of the gripper cylinder would

decrease with the degradation of the equivalent stiffness

of the seals or the CGS according to the simulation of

the lumped mass parameter model with different equiv-

alent stiffness. It means that the natural frequency of the

gripper cylinder would reflect the defects of the seals or

the CGS. The EMD method could be used for data

analysis of the monitoring vibration signals for evalu-

ating the changes of the frequency as it is verified with

the test signal. Therefore, failure could be indicated if a

decrease of the natural frequency is detected and the

online monitoring system based on vibration signals with

EMD method could be established for health evaluation

of the gripper cylinder.

4.3 Online Condition Monitoring System

Condition monitoring system is essential for complex

mechanical systems [27]. The online condition moni-

toring system that consists of accelerators settled on the

TBM, the data acquisition system and computer is

shown in Figure 16. Several tri-axial accelerators are

mounted on the barrel of the gripper cylinder to measure

the acceleration in three directions. The x axial of the

accelerator measures the acceleration in the axial direc-

tion of the cylinder, y axial is used to monitor the

transverse vibration signal of the cylinder and z axial is

defined as the tunneling direction. The vibration signals

could be acquired through the data acquisition system

and stored in computer.

The working flowchart of the monitoring system is

shown in Figure 17. The acquired vibration data would be

sent to the computer for data processing. The signal pro-

cessing would be performed every propelling cycle and an

alarm would be sent to the monitoring center when a fault

occurs based on the dynamic model and the data analysis

result.

M

Data Acquiring System ComputerSensors on TBM

Figure 16 Condition monitoring system
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Figure 17 Flow chart of condition monitoring
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Figure 15 Nature frequency of the gripper cylinder changing with
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piston
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5 Conclusions

Online condition monitoring for the gripper cylinder with

application of EMDmethod is the main concern of this paper

because the gripper cylinder is vulnerable to the vibration. A

lumped mass parameter model with variable stiffness is

established to investigate the vibration performance of the

gripper cylinder in TBM. The stiffness at the interface

between the CGS and barrel are calculated with the Hertz

theory and it decreases with the increment of the clearance

according to the simulation. Thus, the natural frequency

would decrease if the seals or theCGShas defects based on the

simulation of the dynamic performance with the decreased

stiffness. The EMD method could indicate the characteristic

frequencies from the complex vibration signals acquired from

the working TBM. Consequently, an online condition moni-

toring system for the gripper cylinder of TBM based on the

EMD method and the vibration signals is established. The

failure could timely be detected that could ensure the safety of

the TBM project.
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