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Abstract: Rotor-stator rubbing and pedestal looseness are two of the most 
common faults in rotating machinery. Researchers have mostly studied the vi-
bration behavior of a rotor with single rotor-stator rubbing or pedestal looseness 
separately. However, once the pedestal looseness is developed in a rotor, the ro-
tor is more prone to make contact with stator under tight clearance conditions 
due to increased vibration level. The present research aims to study fault char-
acteristics of the rubbing rotor in the presence of other common rotor faults 
such as pedestal looseness. The numerical simulation for vibration response of 
the rubbing rotor system with pedestal looseness fault is carried out and steady-
state vibration analysis is presented based on the finite element method (FEM) 
and contact dynamic theory. The effects of the rotational speed and the stiffness 
of non-loosened bolts on the dynamic characteristics of the system are dis-
cussed. The study concludes that the system motions with both the rubbing and 
the pedestal looseness are different from those of the rubbing rotor system at 
some rotating speeds. When the pedestal vibration displacement becomes 
smaller than the looseness clearance, with the changes of the stiffness of non-
loosened bolts, multiple harmonic components such as 2×, 3×, 4×, etc, appear, 
the amplitude of 4× is second to that of 1× and the vibration displacement de-
creases at the rubbing location while vibration displacement increases at the 
pedestal looseness location at the first critical speed. When the pedestal vibra-
tion displacement is greater than the looseness clearance, the vibration charac-
teristic of the system is almost the same and the higher harmonics with continu-
ous spectra at looseness location can be observed at the first critical speed. 
These features can be exploited for the diagnosis of a rubbing rotor system with 
pedestal looseness fault. 
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1 Introduction 

In a rotor-bearing system, the loosened bolt on the pedestal will reduce the pedestal 
stiffness and the mechanical damping, and finally results in the violent vibration of 
the whole system. Especially, the serious looseness fault may induce other faults such 
as rub-impact fault between the rotor and the stator. It may even lead to disastrous 
accidents. Therefore, the research on the rubbing fault characteristics of the rotor 
system in the presence of pedestal looseness is significant in engineering practice for 
the safe operation of rotating machinery, the extension of its service life and the im-
provement of its work efficiency. 

In the last decades, dynamics of rotor systems with the pedestal looseness and the 
rotor-stator rubbing fault have attracted the attention of many researchers and many 
results have been obtained. With reference to the pedestal looseness fault, Muszynska 
[1,2]  presented an analytical, numerical, and experimental simulation of unbalanced 
rotor-bearing-stator systems with joint looseness or rubbing. Their numerical results 
contained the synchronous and subsynchronous fractional components of the re-
sponse, which were verified by experiments. In addition, Chu et al. [3] analyzed vibra-
tion characteristics of a rotor-bearing system with the pedestal looseness by establish-
ing a non-linear mathematical model. Stability of these periodic solutions was dis-
cussed by using the shooting method and the Floquet theory. When the rotational 
speed and imbalance of rotors varied, periodic, quasi-periodic and chaotic motions 
could be observed and three kinds of routes to or out of chaos were found. Using the 
nonlinear bearing pedestal model simulated by a non-linear spring and a linear damp-
ing, Ji et al. [4] analyzed the free and the forced vibration of a non-linear bearing sys-
tem to illustrate the non-linear effect on the free and forced vibrations by the method 
of multiple scales. Ma et al. [5] presented a finite element model of a rotor system with 
pedestal looseness stemming from a loosened bolt and analyzed the effects of the 
looseness parameters on its dynamic characteristics. 

With regards to the rotor-stator rubbing fault, Ehrich [6] found the 8th and 9th order 
subharmonic vibration responses considering the ideal collision conditions in a high 
speed rotor of aircraft gas turbine engine. Based on a Jeffcott model, Childs [7] ex-
plained 1/2 speed and 1/3 speed whirling motion occurring in rotors which were sub-
ject to periodic normal loose or normal-tight radial stiffness variations. Zhang et al. [8] 
presented a rub-impact micro-rotor model with scaling nonlinear rub-impact force and 
the nonlinear dynamic characteristics of micro-electro-mechanical systems (MEMS) 
were investigated when the rotational speed, imbalance, damping coefficient, scale 
length, and fractal dimension were regarded as the control parameters. Chu et al. [9] 
investigated periodic, quasi-periodic and chaotic motion of a Jeffcott rotor system 
with rub-impact fault based on chaos and bifurcation theories. Popprath et al. [10] pre-
sented a mathematical model to investigate the dynamics of a Jeffcott-rotor having 
intermittent contact with a stator. In this model, the nonlinear contact forces of the 
rotor and the stator are generated by a contact model consisting of contact stiffness, 
damping and friction. 

The above-mentioned research on rotor systems with the rubbing fault are all based 
on the lumped mass model of the rotor, which is useful for qualitative analyses. With 
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the development of the finite element (FE), many researchers have employed the FE 
method (FEM) to establish the rotor model [11-15]. In recent years, rotor-stator rubbing 
simulated by combining the FEM with the nonlinear contact theory has been investi-
gated widely. Based on the nonlinear FEM, Chen et al. [16] investigated the nonlinear 
transient response due to the rotor-stator contact using the FEM and developed a local 
contact element. The results demonstrated that four different motions appeared under 
different conditions; moreover, the rotating speed, friction coefficient and stator stiff-
ness had a great effect on system responses. Chavez et al. [17] adapted a rigid contact 
model to model the impact between rotor and auxiliary bearing. A unilateral contact is 
used to simulate the rubbing process and Poisson’s impact law to simulate the change 
of the velocity in the normal direction. By constraints between contact forces and 
relative kinematics, the evaluation of the mechanical impact dynamics is performed. 
Ginzinger et al. [18, 19] developed a simulation environment for rotor dynamical prob-
lems. Additionally, he simulated the contact between rotor and auxiliary bearing by 
using unilateral and bilateral constraints, and used Coulomb’s friction law to simulate 
tangential frictional contact. Sahinkaya et al. [20] utilized constrained Lagrangian equa-
tions of motion to develop a computationally efficient method to model contact dy-
namics. This method does not require a direct physical modeling of contact forces. It 
can be applied to multi-contact cases and is also capable of detecting and simulating 
the destructive backward whirl rolling motion. Roques et al. [21,22] presented a rotor-
stator model of a turbogenerator and investigated rotor-to-stator rubbing caused by an 
accidental blade-off imbalance. They model the rotor system using the FEM, simulate 
rotor-to-stator rubbing using the node-to-line contact and solve the highly nonlinear 
equations due to contact conditions through an explicit prediction-correction time-
marching procedure combined with the Lagrange multiplier approach. 

Researchers have frequently studied the vibration behavior of a rotor with single 
faults, such as pedestal looseness, rotor crack and rotor-stator rubbing, etc. However, 
once the pedestal looseness or rotor crack is developed in a rotor, the rotor is more 
likely to make contact with stator under tight clearance conditions due to increased 
vibration level. Patel et al. [23] analyzed the response characteristics of a rotor system 
with rubbing and crack. Chen et al. [24] established a detailed model of ball bearings in 
an aeroengine rotor system and analyzed nonlinear characteristics of this system with 
both imbalance and rub-impact faults. 

It is clear the studies on rubbing fault characteristics under the pedestal looseness 
condition are not sufficient based on the above literature review. In our study, based 
on the FEM, a pedestal looseness fault model and a rubbing model between the rotor 
and the stator are proposed firstly. The pedestal looseness fault is simulated by using 
piecewise linear stiffness and damping models and the rub-impact fault by a fixed 
point-point contact model. Then by applying the augmented Lagrangian method to 
deal with contact constraint conditions and the coulomb friction model to simulate 
rotor-stator frictional characteristics, the dynamics model of rotor system with two 
faults is established. And the fault characteristics of the rubbing rotor system in the 
presence of pedestal looseness are analyzed at different rotating speeds and the stiff-
ness of non-loosed bolts, respectively. 
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This paper consists of four sections. After this introduction, dynamic model of a 
rotor-bearing system with rubbing fault in the presence of pedestal looseness is estab-
lished in Section 2, including an equivalent stiffness model of a loosened pedestal in 
Section 2.1, a rotor-stator fixed-point rubbing model in Section 2.2, and finite element 
model of the rubbing rotor system in the presence of pedestal looseness in Section 
2.3. In Section 3, fault characteristics of the rotor system with rubbing fault in the 
presence of pedestal looseness are analyzed, and the effects of the rotating speed, the 
stiffness of non-loosened bolt are discussed in Sections 3.1, 3.2 and 3.3 respectively. 
Finally, conclusions are given in Section 4. 

2 Dynamic model of a rotor-bearing system with rubbing fault 
in the presence of pedestal looseness 

In order to efficiently research this system, FE model of rotor-bearing system is 
simplified according to the following assumptions: 

(a) The shaft and discs can be simulated by a Timoshenko beam and the element 
model is shown in Fig. 1. In the figure, x, y, z and θx, θy, θz denote displacements in 
translation directions and angular displacements in rotation directions, subscripts A 
and B denote nodes A and B respectively; 

(b) For the sliding bearing, the oil-film commonly provides nonlinear elastic and 
damping forces, but in most cases, the oil-film force can be simplified as linear elastic 
and damping forces when the journal is apart from the balance position slightly. In 
such a case, the bearing can be modelled as a stiffness-damping form; stiffness, cross 
stiffness and damping and cross damping coefficients in horizontal (z-coordinate) and 
vertical (y-coordinate) directions should be considered. In this paper, in order to sim-
plify the modelling process of the rotor-bearing system and shorten the FE simulation 
time, the cross terms are neglected, and the left and right bearings are simulated ideal-
ly by identical linear stiffness and damping in y and z directions; 

(c) The pedestal looseness is located in the right bearing position and the stiffness 
and damping between the pedestal and the base are only considered in y direction, 
namely preload direction of the bolts. Furthermore, only vibration characteristics of 
the rotor system in pedestal looseness direction are analysed; 

(d) The early rubbing is a fixed-point rotor-stator contact and the contact time is 
very short, thermal effects and friction torque during the rubbing between the rotor 
and the stator are not considered, and only transverse motion of the rotor is considered. 

 
 

 

Fig. 1. Finite element model of shaft section element 
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Neglecting axial displacement and corresponding torsional deformation, the gen-
eral displacement vector of a beam element for the shaft or discs is given as 

 T

BBAA zyBBzyAAs zyzy u                                               (1) 

 
2.1 Equivalent stiffness and damping models of a loosened pedestal 

When one or a few bolts become loosened and vibration increases seriously, the 
pedestal and the base may be separated partially. Assuming that the right pedestal is 
loosened in a vertical direction, yp is pedestal displacement and δ1 is the looseness 
clearance, as is shown in Fig. 2. The right side of Fig. 2 displays the simplified 

spring-mass-damping model of the loosened pedestal, where r
yk , r

yc  are stiffness and 

damping of the right bearing, r
pm  is right pedestal mass and r

bk , r
bc  are equivalent 

stiffness and damping of the pedestal, respectively. When 0p y , the pedestal is in 

contact with the base. 0p y  means that the pedestal and the base are in compression 

state and the impact is considered elastic, here r

bk  is the base stiffness kb. Non-

loosened bolts will be in a state of elastic deformation due to the pulling force and r

bk  

is the stiffness of non-loosened bolts kb1 when 1p0  y . 1p y  describes the ex-

tension of the loosened bolts and non-loosened bolts, the deformation of the bolts are 

assumed as elastic, here r

bk  is 
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  (kb2 is the stiffness of loosened bolts). 

From the above analysis, it is clear that r

bk  is a piecewise function related to py  and 

its expression [3] can be written as follows  
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Assuming that base stiffness is approximately equal to tensile stiffness of the bolts, 

namely, 
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 , then Eq. (2) can be simplified as 
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The equivalent damping of the right pedestal r

bc  is similar to r

bk , and its expression 

is as follows 
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 Fig. 2. Bolt looseness schematic diagram 

2.2 The rotor-stator fixed-point rubbing model 

The rotor-stator rubbing can be regarded as a contact problem with friction and an 
initial gap. It is assumed that the rotor-stator rubbing appears between two fixed 
points in the rotor and a stator (fixed limiting stop), as is shown in Fig. 3. In the fig-
ure, o is the whirl center of the rotor, or the geometric center of the rotor and ω the 
rotating speed. In order to simplify the modeling process and shorten the FE simula-
tion time, the contact form is treated as a point-point contact. The master body is set 
as the rotor and the slave one is the stator. It is assumed that the cross-section of the 
disc remains in the yoz plane and contact only occurs in a positive y-axis direction. 
Point c in the disc and point d in the stator are selected as a contact pair shown in Fig. 
3, so the gap function g is equal to the distance. 

  

Fig. 3. fixed-point rubbing model scheme 

Thermal effects and friction torque are ignored during the rubbing process, and on-
ly normal and tangential rubbing forces (FN and FT) are considered. Generally, nor-
mal contact force FN can be expressed as the product of a non-negative scalar FN and 
the unit outward vector n. Based on contact dynamic theory [25-27], two contact points 
c and d must satisfy the following Kuhn-Tucker impenetrability conditions: 
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Eq. (5) implies vanishing of NF  in the case of separation or the vanishing of g in the 

case of contact. 
Friction is often an essential consideration for a contact problem. Although various 

friction schemes have been proposed, the Coulomb friction law is still one of the most 
widely accepted models to describe the friction phenomenon. The Kuhn-Tucker con-
ditions for Coulomb friction are as follows: 

0NfT  F F ,.                                                               (6) 
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where  denotes L2 norm, f  is the friction coefficient and Tg  is the tangential 

gap. According to Eqs. (7) and (8), it is clear that perfect stick contact occurs when 
0  and slip contact occurs when 0 .  

The augmented Lagrangian method is adopted to deal with contact constraint con-
ditions. The augmented Lagrangian statement of the friction law is expressed as fol-
lows: 
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where 0N   is the penalty parameter in the normal direction (normal contact stiff-

ness) and N  is the Lagrange multiplier. The tangential traction FT contains the pen-

alty part and the Lagrange multiplier part wherein Tλ  denotes the tangential Lagrange 

multiplier of FT, and T  is the tangent penalty parameter. Assuming that system re-

sponse at nTt   is known, the complete augmentation equations for the contact trac-

tions are listed as follows: 
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where 
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2.3 The finite element model of a rubbing rotor system in the presence of the 
pedestal looseness 

Considering the effects of the pedestal looseness, the fixed-point rubbing and the 
external forces on the system vibration, the equation of motion of the system can be 
written as follows: 
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where M, G, C, K and u respectively denote the mass matrix, the gyroscopic matrix, 
the damping matrix (including the bearing damping, the equivalent damping of the 
loosened pedestal and viscous damping) and the stiffness matrix (including the rotor 
stiffness, the bearing stiffness and the equivalent stiffness of the loosened pedestal) 
matrixes and the displacement vector of the global system respectively λ  is a vector 
about the Lagrange multiplier, B is the contact constraint matrix in the normal and 
tangential directions, 0g  is the initial normal gap vector, Fu is the external load vec-

tor. In this paper, Rayleigh damping form is applied to determine the viscous part 
( sC ) of the total damping matrix ( C ) and it can be obtained by the following formu-

la [28]: 
KMC  s ,.                                          (13) 
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herein 1n  and 2n  respectively stand for the first and second critical speeds (r/min) 

of the rotor system, 1  and 2  are corresponding modal damping ratios, respectively. 

The FE model of a rubbing rotor system with one pedestal looseness is shown in Fig. 
4. In the figure, node 19 denotes the position of disc 2, rub-impact occurs at node 23 
and the right bearing is located at node 26. Nonlinear differential equations consider-
ing both rotor-stator rubbing and pedestal looseness, Eq. (12), is solved by using 
Newmark-β method combined with Newton-Raphson iteration.  
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Fig. 4. The FE model of rotor system with the pedestal looseness coupled rub-impact fault 

3 Fault characteristic analysis of the rotor system with rubbing 
fault in the presence of the pedestal looseness 

The geometric dimensions of the rotor system can be found in literature [29], other 
model parameters of the rotor system with rubbing in the presence of pedestal loose-
ness are listed in Table 1. The first and second critical speeds (ωn1 and ωn2) of the 
rotor system without faults are 1680 r/min and 6450 r/min based on the parameters in 
Table 1. The influences of the rotating speed and the stiffness of non-loosened bolts 
on the dynamics of the rotor system with rubbing fault in the presence of pedestal 
looseness will be discussed in the following sections and descriptions about the fig-
ures and their corresponding model parameters are shown in Table 2. 

Table 1. Model parameters of the rotor system 

Material pa-
rameters 

Elastic mod-
ulus E (GPa) 

Poisson's ra-
tio υ 

Density ρ 
(kg/m3) 

The first and 
second modal 
damping ratios 

(ξ1= ξ2) 
207 0.3 7850 0.04 

Bearing pa-
rameters 

Horizontal 
stiffness 

r
z

l
z kk   

(MN/m) 

Vertical stiff-

ness 
r
y

l
y kk   

(MN/m) 

Horizontal 
damping 

r
z

l
z cc   

(kN·s/m) 

Vertical 
damping 

r
y

l
y cc   

(kN·s/m) 
200 500 2 2 

Pedestal 
parameters 

without 
loosenss 

The base 
stiffness kb 

(MN/m) 

Pedestal 
damping cb 

(kN·s/m) 

Right 
Pedestal mass 

r

pm  (kg) ---- 

200 0.2 1.256 

Residual 
unbalance 

Eccentricity 
of unbalance 

mass of disc 1  
mr (g·m) 

Eccentric 
phase angle of 

unbalance mass 
at disc 1 (°) 

Eccentricity 
of unbalance 

mass of disc 2  
mr (kg·m) 

Eccentric 
phase angle of 

unbalance mass 
at disc 2 (°) 

0.156 0 0.156 0 
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Parameters 
about rubbing 

Normal con-
tact stiffness εN 

(MN/m) 

Contact 
damping crub 

(N·s/m) 

the friction 
coefficient μf ---- 

80 0 0.3 

Note: superscripts l and r denote left and right bearings respectively. 

Table 2. Descriptions about the figures and their corresponding model parameters 

Chang-
ing 

parame-
ters 

Fault 
types 

δ1(m
m) 

κ=log(kb1/2) 
cb1(N·s/

m) 

g0 

(μ
m) 

γ=ω/ωn1 
Figures con-

cerned 

The 
influ-

ence of 
the 

rotating 
speeds 
in Sec-
tion 3.1 

Rub-
bing 

---- ---- ---- 80 

0.5,1,1.5,2,2.
5,3, 

3.5,4,4.5,5,5.
5,6 

Figs. 5(a),6 

Pedes-
tal 

loose-
ness 

A 
value 

at 
δ1>yp 

4 125 ---- 

0.5,1,1.5,2,2.
5,3, 

3.5,4,4.5,5,5.
5,6 

Figs. 7(a),8 

Fault 
cou-
pling  

A 
value 

at 
δ1>yp 

4 125 80 

0.5,1,1.5,2,2.
5,3, 

3.5,4,4.5,5,5.
5,6 

Figs.5(b),6,7(
b),8 

kb1  

when 
yp≤δ1 in 
Section 

3.2 

Rub-
bing 

---- ---- ---- 50 1 Fig. 11 

Pedes-
tal 

loose-
ness 

A 
value 

at 
δ1>yp 

0,1,2,3,4,5,6
,7,8 

Table 3 ---- 1 
Figs 

9(a),10(a) 

Fault 
cou-
pling  

A 
value 

at 
δ1>yp 

0,1,2,3,4,5,6
,7,8 

Table 3 50 1 
Figs 

9(b),10(b),11 

kb1  

when 
yp>δ1 in 
section 

3.3 

Rub-
bing 

---- ---- ---- 50 1 Fig. 15 

Pedes-
tal 

loose-
ness 

1 0,1,2,3,4 Table 3 ---- 1 
Fig. 

12(a),13,14(a
) 

Fault 
cou-
pling 

0.25 0,1,2,3,4 Table 3 50 1 
Figs. 

12(b),13,14(b
),15 

Note: Fault coupling denotes rubbing in the presence of pedestal looseness; the unit of kb1 is N/m 
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3.1 The influence of rotating speeds when yp≤δ1 

According to reference [5], the vibration of the rotor system with pedestal loose-
ness is violent and its fault features are more complicated when yp≤δ1. So in this sec-
tion, the influence of rotating speed is discussed only under the condition of yp≤δ1. 
This condition indicates that the stiffness changes only when the pedestal contacts the 
base. Spectrum cascades of the rotor system (node 23) are shown in Fig. 5 under sin-
gle rubbing and fault coupling between the rubbing and the pedestal looseness. For 
the spectrum cascade, the right-hand abscissa is ratio of the rotating speed to the first 
critical speed (γ=ω/ωn1), the left-hand abscissa is frequency (Hz) and the ordinate is 
the dimensionless amplitude in y direction. The dimensionless amplitude is deter-
mined by the original amplitude divided by the biggest amplitude among all the fre-
quency components in Fig. 5. In this paper, the amplitude of 1×/2 at γ=2.5 in Fig. 5(b) 
is the biggest and selected as denominator to obtain the dimensionless amplitude. 

  

 
(a) Spectrum cascades of node 23 under the single rubbing condition 

  

1×

Frequency (Hz)
γ

 
(b) Spectrum cascades of node 23 under the rubbing condition in the presence of pedestal 

looseness 

Fig. 5. Spectrum cascades of node 23 under two fault conditions 

For the single rubbing fault, spectrum cascades of node 23 are shown in Fig. 5(a). 
The figure displays that no rubbing appears at γ=0.5 in the rotor system. The multiple 
harmonic components (n×, n=1, 2…) can be observed at γ=1,1.5,2. The 1/2 fractional 
harmonic components such as 1×/2, 3×/2, etc. appear at γ=2.5,3, so the rotor motion is 
period-two (P2). Particularly, the amplitude of 1×/2 is larger than that of 1× at γ=2.5. 
The 1/3 fractional harmonic components such as 1×/3, 4×/3, etc. exist, which means 
that system motion is period-three (P3) at γ=3.5. Multiple harmonic components with 
small amplitudes appear again at γ=4, here the rotor has a period-one motion (P1). 
Combination frequency components related to 1× appear, and the system motion is 
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quasi-period at γ=4.5. There are 1/4 fractional harmonic components such as 1×/4, 
3×/4, etc in spectrum cascades at γ=5, which shows the system motion is period-four 
(P4). However, quasi-period motions appear again at γ=5.5,6. The amplitudes of low 
combination frequency components are all larger at γ=5.5. 

For the rubbing fault in the presence of pedestal looseness, the responses of node 
23 (the rubbing position) possess different dynamic features compared with those 
under the single rubbing condition. At γ=0.5, multiple harmonic components (n×, 
n=1, 2…) exist in the spectrum cascade, which indicates that the rubbing occurs. The 
system motion in both cases is P1 at γ=1,1.5. The system is P2 at γ=2,2.5,3, however 
the system is P1 at γ=2 for the single rubbing case. For the rubbing fault in the pres-
ence of pedestal looseness, the system motion is P1 at 4  but the system motion is 

P3 at γ=3.5 and quasi-periodic at 4 for the single rub-impact fault. The system 

motion is quasi-periodic at γ=4.5,5,5.5,6 for both cases. 
Some typical vibration responses at node 23 are shown in Fig. 6 under single rub-

bing and rubbing in the presence of pedestal looseness conditions. From left to right, 
the figure shows time domain waveform, rotor orbit, normal contact force and contact 
state, respectively. In the figures, the red lines and points denote single rubbing and 
the blue lines and dot lines denote rubbing in the presence of pedestal looseness. The 
contact state is presented by three numbers; “1” denotes non-contact of the rotor and 
the stator, “2” sliding contact and “3” sticking contact (no sliding).  

The vibration responses of the system at γ=2 are shown in Fig. 6(a). It can be seen 
from the figure that the time waveform shows the existence of two periods, rotor orbit 
indicates two circles and the contact state changes from sliding contact state to alter-
nate sliding and sticking contact states under the condition of rubbing with pedestal 
looseness. These vibration characteristics are different from those of the single rub-
bing indicating the effect of the fault coupling. System motion for the fault coupling 
and the single fault conditions shows a greater difference at γ=3.5, as is shown in Fig. 
6(b). From the figure, it is clear that the collision rebound is serious, collision times 
less and contact state shows alternate sliding and sticking contacts for single rubbing 
compared with the fault coupling. The results also imply that the sticking contact 
appears under the condition of larger normal rubbing force. For rubbing and rubbing 
with pedestal looseness conditions, when γ=4, the waveforms and rotor orbits are all 
similar, while the normal contact forces and states show a little difference. For the 
same system motion under both fault conditions, the vibration responses are much the 
same at γ=5. 
 

 

(a) γ=2 
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(b) γ=3.5 
 

 

(c) γ=4 
 

 

(d) γ=5 

Fig. 6. Vibration response of the rotor system under single rubbing and rubbing in the presence 
of pedestal looseness conditions (node 23) 

  

 
(a) Spectrum cascades of node 26 under the single pedestal looseness condition 
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(b) Spectrum cascades of node 26 under the rubbing condition in the presence of pedestal 

looseness 

Fig. 7. Spectrum cascades of node 26 under two fault conditions 

Spectrum cascades of the rotor system (node 26 at pedestal position) are shown in 
Fig. 7 under single pedestal looseness and fault coupling of rubbing and pedestal 
looseness conditions. It can be observed clearly from Fig. 7(a) that when only pedes-
tal looseness fault occurs, system response shows multiple harmonic components (n×, 
n=1, 2, 3…) at γ=0.5,1,1.5,2 indicating that the system motion is P1; 1×/γ factional 
harmonic components can be observed at γ=3,4,5, which shows the system motion is 
period-γ ; at γ=2.5,3.5,4.5,5.5, the system motion is quasi-periodic because the fre-
quency spectrum shows the combination frequency components of the rotating fre-
quency and the first natural frequency fr1 (fr1=ωn1/60).  

The responses of node 26 under the fault coupling condition are shown in Fig. 7(b). 
n×( n=1, 2…) appears for both cases at γ=0.5,1,1.5, however, the amplitudes of 2× 
and 3× are greater than that of 1× for the fault coupling condition at γ=1,1.5. System 
motion is only P2 at γ=2,2.5,3, while P1, quasi-periodic and P3 respectively for the 
single fault. At γ=3.5, n×(n=1, 2…) and combination frequency components with 
complicated low frequency exist for both cases. System motion is P3 for the fault 
coupling case, but P4 for the single pedestal at γ=4. System motions are both quasi-
periodic at γ=4.5. However, only low combination frequency components appear for 
the single pedestal looseness fault while many high combination frequency compo-
nents exist for the fault coupling case. System motions are P4 and P5 at γ=5 for the 
fault coupling and single fault cases respectively. For the fault coupling case, system 
motions at γ=5.5,6 are both quasi-periodic and the amplitudes of many combination 
frequency components are greater than that of 1×, however, they are quasi-periodic 
and P6 respectively for the single pedestal looseness case. 

The system responses with some typical motion patterns are shown in Fig. 8 under 
single pedestal looseness and rubbing in the presence of pedestal looseness condi-
tions. From top to bottom, the figures in the upper line and lower line shows the time 
domain waveform and the rotor orbit at γ=1,2.5,3.5,5.5, respectively. From the varia-
tion of the waveform and the rotor orbit, it can be seen that pedestal looseness has a 
greater influence on local vibration of looseness end, namely vibration is more vio-
lent. Time domain waveform of node 26 is asymmetric in looseness direction and the 
vibration in positive y direction is obviously greater than that in negative y direction. 
This is because the equivalent pedestal stiffness decrease causes constraint decline of 
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rotor motion when the pedestal separates from the base; while the looseness disap-
pears when the pedestal contacts the base. The smaller vibration amplitude of node 26 
in y negative direction can be considered as a typical symptom of pedestal looseness. 
The contact time can be determined by the clipping length and contact times by the 
trough numbers of the waveform whose displacement is close to zero. Based on the 
above-mentioned features, it can be concluded that the contact time between the ped-
estal and the base is the longest at 1 , the contact bounce becomes aggravated and 
collision times decrease with the increase of the rotating speed. For the fault coupling 
condition, the vibration of node 26 is limited due to the rubbing, and the vibration 
amplitude sharply decreases at γ=1,2.5,3.5. 

 

Fig. 8. Vibration response of the rotor system under single pedestal looseness and rubbing in 
the presence of pedestal looseness conditions (node 26) 

3.2 The influence of the stiffness of non-loosened bolts when yp≤δ1 

In this section, it is assumed that pedestal displacement is less than or equal to 
looseness clearance (yp≤δ1), the rotating speed is equal to the first critical speed 1680 
r/min (ω=ωn1), g0 is adjusted as g0=50 μm to study the rubbing under pedestal loose-
ness condition and the pedestal equivalent damping changes with different stiffnesses 
of non-loosened bolts, as is shown in Table 3. Other parameters are the same as those 
in Section 3.1.  

Table 3. Stiffness and damping parameters of non-loosened bolts- 

Stiffness of non-loosened 
bolts kb1/(N/m) κlog(kb1/2) Damping of non-loosened 

bolts cb1/(N·s/m) 
2108 8 2 000 
2107 7 1 000 
2106 6 500 
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2105 5 250 
2104 4 125 
2103 3 62.5 
2102 2 31.25 
2101 1 15.63 

2 0 7.81 

System vibration responses of node 23 under single pedestal looseness and rubbing 
in the presence of pedestal looseness conditions are shown in Fig. 9. For the spectrum 
cascade, the right-hand abscissa is the pedestal equivalent stiffness (κ=log(kb1/2)); the 
left-hand abscissa and the ordinate are the same as those in Fig. 7 . For the single 
pedestal looseness, some low frequency components appear, such as 1×/2 at κ=3, as is 
shown in Fig. 9(a). For the fault coupling condition, it can be observed that frequency 
components are mainly multiple components (n×, n=1, 2…) at different stiffnesses of 
non-loosened bolts, the amplitude of 4× is always second to that of 1× because 4× is 
close to the second natural frequency, as is shown in Fig. 9(b). 

System vibration responses of node 26 under single pedestal looseness and rubbing 
in the presence of pedestal looseness conditions are shown in Fig. 10. For the single 
looseness fault case, high-order super-harmonics only appear at the larger stiffness of 
non-loosened bolts and lower frequency components appear with decrease of the 
stiffness of non-loosened bolts, as is shown in Fig. 10(a). For the fault coupling condi-
tion, diverse multiple frequency components can be observed, which are similar to 
those of node 23. It is clear that the features of the rubbing appear while the features 
of the pedestal disappear, namely, the rubbing is dominant under the fault coupling 
condition due to its severity and the range of its potential influence. 

Frequency (Hz)

κ

 
(a) The single pedestal looseness (b) Rubbing in the presence of pedestal looseness yp≤δ1 

Fig. 9. Spectrum cascades of node 23 under two conditions  

 
(a) Single pedestal looseness  
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Frequency (Hz)
κ

 
(b) Rubbing in the presence of pedestal looseness   

Fig. 10. Spectrum cascades of node 26 under two conditions  

The vibration responses of node 23 are shown in Fig. 11 at κ=2,4. The red lines 
(points) show the responses under single rubbing fault case and the blue lines (dot 
line) show the responses under fault coupling case. The vibration under the single 
rubbing condition is much more violent than that under the rubbing with pedestal 
looseness condition at κ=2 while the vibration intensity under both case are slightly 
different at κ=4. These results also imply that the pedestal looseness can reduce the 
rubbing intensity under some stiffness of non-loosened bolts conditions, such as κ=2. 

 

 
(a) κ=2 

 
(b) κ=4 

Fig. 11. Vibration responses under different stiffnesses of non-loosened bolts (node 23) 

3.3 The influence of the stiffness of non-loosened bolts when yb>δ1 

If the vibration displacement of the pedestal yb is greater than the looseness clear-
ance δ1 under the rotor-stator rubbing condition, namely yb>δ1, here the looseness 
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condition is similar to the constraint of a double face. The rotor-stator gap g0, loose-
ness clearance δ1 and other model parameters are shown in Table 2. The vibration 
responses of node 23 are shown in Fig. 12 under the single pedestal looseness and 
fault coupling of rubbing and pedestal looseness conditions. 

For the single pedestal looseness, loosened bolts limit the pedestal upward dis-
placement and the bilateral collision appears when yb>δ1 (δ1=1mm) at κ=0,1,2,3, as is 
shown in Fig. 12(a). The frequency components of the system include 1×, the second 
natural frequency fr2 (fr2=ωn2/60). and their combination frequencies, so the system 
motion is quasi-periodic. The system motion is P1 when the pedestal displacement is 
less than the looseness clearance at κ=4. The vibration waveforms and rotor orbits of 
node 23 at κ=2,4 are shown in Fig. 13. From the figure, it is clear that the waveform 
caused by the bilateral collision (yb>δ1) at κ=2 is irregular compared with that caused 
by the unilateral collision at κ=4 where yb<δ1.  

For the rubbing in the presence of pedestal looseness, the system responses show 
multiple harmonic components (n×, n=1, 2…) under different κ. For the response at 
node 23, the amplitude of 4× is second to that of 1× because 4× is close to the second 
natural frequency. However, for the response of node 26, high frequency components 
are more dominant because their amplitudes are very large with respect to that of 1×; 
the amplitude of 3× is largest, that of 2× is second and both of them are greater than 
that of 1×. The system vibration response under bilateral constraint condition is close 
to that under single constraint condition with larger κ.  
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(a) The single pedestal looseness (b) Rubbing in the presence of pedestal looseness when yb≥δ1 

Fig. 12. Spectrum cascades of node 23 under two conditions 

 

Fig. 13. Vibration responses of node 23 at κ=2,4 
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(a) The single pedestal looseness (b) Rubbing in the presence of pedestal looseness when 

yb≥δ1 

Fig. 14. Spectrum cascades of node 26 under two conditions 

Fig. 15 shows vibration responses of node 23 under single rubbing and fault cou-
pling of rubbing and pedestal looseness conditions. From the figure, it can be seen 
that the waveform, rotor orbit, contact force and contact state are similar, which im-
plies that the bilateral constraint caused by the small looseness clearance can restrain 
pedestal vibration to some extent. 

 

Fig. 15. Vibration responses of node 23 under single rubbing and fault coupling of rubbing and 
pedestal looseness conditions  

4 Conclusions 

In this study, a finite element model of a rubbing rotor system in the presence of 
pedestal looseness is established; system fault characteristics are investigated based 
on contact dynamics considering the effects of the rotating speeds and the stiffness of 
non-loosened bolts. The results show that the rubbing fault plays a dominant role in 
the rubbing rotor system in the presence of pedestal looseness and the pedestal loose-
ness only affects the local scope of loosened pedestal. The system motion is from P1 
through P2, P1 and P3 successively to quasi-periodic motion with the increase of 
rotating speeds. The change of the motion patterns is different from that under the 
single rubbing conditions when the rotating speeds are 2,3.5 and 4 times of the first 
critical speed, and the system motion is the same at other rotating speeds under two 
fault conditions.  
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With the decrease of the stiffness of the non-loosened bolts, the vibration dis-
placement decreases at the rub-impact location; however, vibration displacement 
increases at the pedestal looseness location when the pedestal displacement is less 
than the looseness clearance. The rubbing intensity can be weakened under some 
stiffnesses of the non-loosened bolts. Multiple harmonic components, especially 4× 
with larger amplitude can be viewed as typical fault features. When the stiffness of 
the non-loosened bolts changes, the vibration characteristics of the system are almost 
the same and the higher harmonics with continuous spectra at looseness location can 
be observed when the pedestal displacement is greater than the looseness clearance 
condition. Under this condition, the fault coupling features are similar to those of the 
single rubbing. 
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