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Highlights  Abstract  

▪ Connection characteristics of bolt screwing in 

the multi-exciting environment. 

▪ An equivalent stiffness model analyses the 

effect of stiffness loss of joint surface with bolt 

missing. 

▪ This method considers the influence of bolts at 

different locations on the stiffness loss. 

▪ Multi-period excitation vibration experiment. 

▪ Correlation coefficient evaluates the 

identification effect of different measuring 

points. 

 Individual bolt at key connection positions is prone to loose when the 

engine is cycle-operating under complex loads. A joint surface 

equivalent stiffness model is derived and developed based on the 

connection characteristics of bolt screwing in the multi-exciting 

environment of the high-pressure rotor. The model is used to analyse the 

effect of bolt missing at circumferential positions with the equivalent 

stiffness loss. Vibration experiments under both axial force and lateral 

impact were carried out to obtain the dynamic response feature of the 

multistage disk-drum simulated rotor with missing one bolt at different 

positions. The Spearman correlation coefficient was applied to evaluate 

the identification effect of different measuring points on the bolt 

loosening position. The study shows that the eigenfrequencies of 

experimental results have a consistent trend with the equivalent stiffness 

variation caused by single bolt missing model. This method also 

provides a theoretical basis for the detection of bolt deviation position 

with multi-exciting vibration detection. 
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1. Introduction 

Because of the simple structure and reliable performance, bolt 

flange joints are widely used as connection structures in rotary 

machines, such as aero-engine and gas turbine. The 

performance of the bolt connection not only determines the 

manufacturing quality, but also directly affects the reliability 

and stability of the multistage disk-drum rotor of aero-engine. 

Mechanical transfer characteristic of the bolt flange connection 

structure can present multiple complexities under dynamic 

loadings, which makes it difficult to detect the change of bolt 

fastening property. The joint surface assembly technology is 

still the bottleneck in industry. The accurate evaluation and 

prediction of the bolt assembly quality is the key breakthrough 

point to find the manufacturing problem. Furthermore, the 

influence research of the bolt loosening under operating 

multiload can provide an effective mean for bolt assembly 

inspection in advance. 

The joint surface becomes the main source of nonlinearity 

and uncertainty of the rotating structure due to the discontinuity 
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of mechanical contact and friction. Ibrahim A. Sever gave 

evidence of nonlinear vibration phenomena in aero engines 

from individual component to subsystems to the whole system 

[20]. It was shown that for bolt connection systems, it is very 

complex to capture the connection characteristics of each bolt. 

Subsequently, a large number of scholars analysed and 

modelled the nonlinear behaviour of bolt flange joint structures. 

They emphasized that the connection characteristics at the joint 

cannot be neglected in analysing the dynamic response of the 

system [6,7,8,11,18]. Luan et al. analysed the static mechanical 

properties of bolt flange joints for the piping structures, shows 

that the axial stiffness of bolt flange joints is different in tension 

and compression. In the analytical derivation, a special dynamic 

behaviour of coupled transverse and longitudinal vibrations was 

observed [10]. Wang et al. used an existing equivalent axial 

spring-bending beam model to describe the stiffness 

nonlinearity of a single bolt-flange joint section under tensile 

and compressive. Base on this, modelled the flexural stiffness 

of the entire bolt-flange joint, confirms that the stiffness loss of 

bolt flange joints is closely related to the load and assembly 

conditions [24]. Yu et al. used a new analytical model of bolt 

joints to describe nonlinearity under bending moments. It is 

shown that bolt joints produce stiffness loss and damping 

nonlinearity mainly in rotor systems [31]. Mir-Haidari et al. 

analysed the axial, normal, and radial stiffness of bolt flange 

joints with spigot. A novel and robust analytical formulation 

was proposed, and developed a general theoretical model to 

accurately characterize and capture the nonlinear dynamic 

response of aero-engine under various loading conditions [12]. 

All of the above studies have shown that the dynamic behaviour 

of bolt structures under different dynamic loads behaves in  

a complex manner. The essence is that the energy and damping 

dissipation at the bolt joints leads to nonlinear changes in the 

joint stiffness. 

Numerous studies have shown that the nonlinear 

characteristics of the joint must be considered when analysing 

the dynamic response of a structure. The effect of bolt 

connections on the nonuniform distribution of the joint stiffness 

has also been verified by simulation models [1,3,25,28]. The 

time-varying stiffness at the joint interface during bolt missing 

was investigated using a three-dimensional nonlinear finite 

element model by Qin et al. The time-varying joint stiffness due 

to bolt missing in rotors with drums and its effect on the steady-

state response of the rotor were calculated. It provided a basis 

for studying the effect of bolt missing at the rotor joint interface 

on rotor dynamics [14,15]. Jie et al. discussed the effect of 

bending stiffness of aero-engine rotor joints under applied load. 

Taking a high-speed discontinuous rotor as an example, 

investigated the effect of joints on rotor dynamics by numerical 

and experimental research. [5]. Li et al. developed a bolt-

connected disc rotor system to analyse the dynamic behaviour 

of bolt joints at different transition points with tangential and 

bending stiffnesses. The effect of the bending stiffness of the 

bolt joint disc on the system response was investigated [9]. Liu 

et al. used finite element nonlinear simulation and experimental 

method to analyse the dynamic characteristics of joints in an 

aero-engine rotor system. It showed that the stiffness and 

contact state of the joints vary with external loads and geometry. 

It affected the operation of the rotor system [18,21]. 

Nizametdinov et al. proposed an alternative method for 

analysing the dynamic characteristics of rotors. They used  

a combination of a general-purpose FEM composite and  

a specialized one, demonstrating that the value of the bending 

stiffness does not depend essentially on the geometry of the 

flange joint, but on the tightening force of the bolts, the axial 

force, the tensile joint, and the contact strain on the flange 

surface [13]. All the above studies show that the quality of bolt 

assembly directly affects the stiffness of the joint surface, 

causing an unavoidable effect on the response of the rotor 

dynamical system. 

Bolt missing may cause a stiffness reduction [29].  

A vibration-based method was proposed to monitor the 

structural health of bolt connection. This study was centered on 

detecting the reduction in stiffness due to the missing of bolt 

connection. Sun et al. developed a finite element model of an 

aero-engine high-pressure rotor system and studied the dynamic 

characteristics of the rotor system under different preload 

conditions. The study showed that the bolt preload decreases or 

loosens in the in-service condition, leading to loss or periodic 

changes in connection stiffness, which eventually affects the 

vibration response at the rotor connection positions. It can be 

used as a detection method for rotor bolt missing in rotating 

machinery [22]. Mohamed et al. proposed a frequency-based 

detection technique that uses the first transverse natural 
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frequency to quantify the tension and estimate the tightness of 

the bolts. Demonstrated the potential of frequency-based 

techniques for estimating bolt tightness [17]. Yue et al. used the 

MAE-XGBoost algorithm to predict the bolt dehiscence 

location by vibration response characteristics [32]. He et al. 

developed a vibration-based damage detection algorithm that 

uses structural natural frequency variations to detect whether 

exists bolt missing in rigid tubes with bolt flange joints 

[4,26,27]. Esmaeel et al. decomposed the vibration signal by 

EMD, and proposed an effective damage detection method, 

which bases on the energy index of the decomposed signal IMF 

to assess the structural health state. Established a vibration-

based health monitoring strategy for detecting bolt missing in 

pipe bolt flange joints [2,16]. The change in stiffness directly 

affected the natural frequency of the system, and the above 

studies demonstrated the reliability of detecting bolt missing 

based on vibration signals. 

In general, a large number of scholars have studied the 

nonlinear analysis of the bolt connection structure and the 

mechanism of stiffness loss due to the nonlinear connection 

characteristics of the joint, but most of them analysed the overall 

assembly quality of all bolts on the joint surface without 

considering the influence of bolts at different locations on the 

stiffness of the joint surface. This also led to the fact that the 

vibration signal detection method based on stiffness loss can 

only locate the joint surface with loose bolts, but cannot locate 

the specific bolt missing position on the joint surface. 

In this paper, we analyse the quality detection of joint 

surface bolt assembly when the multistage disk-drum rotor is 

under great tension. In Section 2 analyses the connection 

stiffness of the single bolt equivalent action area when the whole 

multistage disk-drum rotor is under tension. A theoretical model 

of the equivalent stiffness of the joint surface is established to 

characterize the circumferential bolt position. Simulation 

results are also put forward to evaluate the circumferential 

distribution of the equivalent stiffness by the deviation state of 

bolt fastening at different directions. In Section 3, conducts  

a multi-exciting testing system to observe the vibration 

deviation of the single bolt missing at the key joint surface of 

multistage high-pressure rotor. Vibration resonance features 

under single bolt missing condition are obtained. In Section 4, 

the correlation of experimental data collected by each channel 

sensor through the Spearman correlation coefficient. The 

connection between the eigenfrequency and the equivalent 

stiffness using the Intra-group Correlation Coefficient (ICC) is 

verified. The proposed theoretical model of identifying the 

circumferential direction of a single bolt loosening with 

equivalent stiffness is verified. 

2.  Material and methods  

During the operation state of the multistage high pressure rotor 

system, the composite external forces including axial force and 

lateral vibration cause the partial deformation of each bolt at 

different circumferential directions. This section will analyse 

the stiffness characteristics of the flange sector acting on single 

bolt at the joint surface under integral tension. An equivalent 

stiffness model is established to introduce the stiffness loss 

caused by individual bolt missing at different directions. 

Numerical simulations show the influence of single bolt 

loosening at different circumferential directions. 

2.1 Analysis of single bolt connection characteristics 

The multistage disk-drum rotor system contains three main 

structural components: high-pressure pressurizer, combustion 

chamber and high-pressure turbine. As shown in Figure 1, the 

high-pressure simulated rotor test piece contains front shaft, 

three-stage pressurizer, turbine disk and rear shaft, with five 

joint surfaces. Each joint surface is symmetrically connected by 

M6 bolts, of which the first three joint surfaces contain 36 bolts, 

the fourth joint surface contains 24 bolts and the fifth joint 

surface contains 18 bolts, respectively. The fourth joint surface 

between the third stage compressor and turbine is the key 

structural joint position. 

The schematic of the working area of a single bolt is shown 

in Figure 2. As shown in Figure 2.(a), the spigot friction can 

balance the external load and the spigot is in a state of adhesion 

when a smaller tensile load is applied. The spigot is slipped 

under the tensile load applied to the bolt is greater than spigot 

friction while the flange is deformed, which is shown in Figure 

2.(b). When two flanges are tightened by bolt preload, the 

contact pressure exists only in a small area around the bolt. The 

angle 𝛼𝑐  corresponds to the flange pressure area, which is 

related to the material and structure but independent of load [29]. 

𝛼  indicates the circumferential angle of the individual bolt 

action area corresponding to the joint surface. 
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Fig. 1.structure cross-sectional view and left view of simulated rotor. 

 

Fig. 2.Schematic diagram of the connection area of the flange bolt: (a) Bolts subjected to small loads. (b) Bolts subjected to large 

loads. 

The angle 𝛼𝑐  of the pressurized area of single bolt action 

flange is given in the earlier theoretical study [23] as the 

calculation formula: 

1

𝑡𝑎𝑛 𝛼𝑐
= 3√(

𝐷𝑏

2ℎ𝑓
)

3

+ 0.613 + 0.53 −
𝐷𝑏

2ℎ𝑓
 (1) 

𝛼 can be calculated by the following equation: 

𝛼 =
𝐷𝑏+2ℎ𝑓 𝑡𝑎𝑛 𝛼𝑐

𝑅𝑏
   (2) 

the bolt action area corresponds to the inner and outer flange 

arc lengths can be calculated as follows: 

{
𝑟1 = 𝛼 × 𝑅𝑑

𝑟2 = 𝛼 × (𝑅𝑑 + 𝑙𝑓)
   (3) 

Figure 3 shows the flange beam model of single bolt action 

area in the flange joint surface, in which the bolt action is 

equated to the spring stiffness 𝑘𝑏. Point A is at the spigot, point 

B is at the bolt connection, and point C is at the flange separation, 

respectively. Thus, the internal relationship between the bolt 

connection and the bending stiffness of the entire flange 

position under axial tension can be obtained. 

 

Fig. 3.Equivalent airfoil beam model for the area of single bolt action under axial tension. 
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Only the axial deformation of the flange is considered but 

without radial displacement, the moment balance equation can 

be expressed as: 

𝐹𝐴𝑙𝐴𝐶 − 𝐹𝐵(𝑙𝐴𝐶 − 𝑙𝐴𝐵) = 0  (4) 

𝐹𝐴 + 𝐹𝐶 − 𝐹𝐵 = 0   (5) 

where 𝐹𝐴  is the axial tension force, 𝐹𝐵  is the bolt restraint 

force, 𝐹𝐶 is the contact force, 𝑙𝐴𝐵  is the distance from the flange 

spigot to the scenter of the bolt connection, and 𝑙𝐴𝐶   is the 

distance from the flange spigot to the flange separation point. 

The approximate differential equation for the deflection curve 

is obtained from Equation (4): 

𝐹𝐴𝑙𝐴𝐶
2

2𝐸𝐼𝐹
−

𝐹𝐵(𝑙𝐴𝐶−𝑙𝐴𝐵)2

2𝐸𝐼𝐹
= 0  (6) 

where 𝐸 is the Young's modulus of the flange and 𝐼𝐹  is the 

equivalent moment of inertia of the bolt area. 𝐼𝐹   can be 

calculated by the following equation [9]. 

𝐼𝐹 =
ℎ𝑓

3

12
(

16
4

3𝑟1+𝑟2
+

4

𝑟1+𝑟2
+

36

𝑟1+3𝑟2
+

4

𝑟2

) (7) 

Meanwhile, the displacement and deflection of each position 

in the beam can be obtained. The displacement 𝛿𝐵 at point B can 

be expressed as: 

𝛿𝐵 =
𝐹𝐴(𝑙𝐴𝐶−𝑙𝐴𝐵)2[3𝑙𝐴𝐶−(𝑙𝐴𝐶−𝑙𝐴𝐵)]

6𝐸𝐼𝐹
−

𝐹𝐵(𝑙𝐴𝐶−𝑙𝐴𝐵)3

3𝐸𝐼𝐹
  (8) 

Deflection 𝜔𝐵 of point B is shown as Equation (9): 

𝜔𝐵 =
(𝐹𝐵−𝐹0)ℎ𝑓

𝐸𝐵𝑑𝐵
    (9) 

where 𝐹0  indicates the bolt preload force, 𝐸𝐵  indicates the 

Young's modulus of the bolt material, and 𝑑𝐵  indicates the 

nominal diameter of the bolt. 

𝛿𝐵 = 𝜔𝐵               (10) 

the 𝑙𝐴𝐶 , 𝐹𝐵 and 𝐹𝐶 can be found by Equation (4), Equation 

(5) and Equation (10). the displacement 𝛿𝐴  of point A can be 

calculated as: 

𝛿𝐴 =
𝐹𝐴𝑙𝐴𝐶

3

3𝐸𝐼𝐹
−

𝐹𝐵(𝑙𝐴𝐶−𝑙𝐴𝐵)2[3𝑙𝐴𝐶−(𝑙𝐴𝐶−𝑙𝐴𝐵)]

6𝐸𝐼𝐹
 (11) 

the axial stiffness 𝑘𝐴 of the flange in the area of a single bolt 

connection under axial tension is calculated as: 

𝑘𝐴 =
𝐹𝐴

2𝛿𝐴
         (12) 

2.2 Equivalent stiffness model of joint surface 

There is a stretch deformation in the bolted joint surface because 

of the axial tensile caused by cycle operation. As a result, the 

bending moment is generated for the uneven distribution of 

axial force, in which the lower tensile deformation is large and 

the upper deformation is relatively small. Figure 4 illustrates the 

distribution of different circumferential positions at the bolted 

joint surface subjected to different degrees of axial tension. 

Therefore, bolts in different directions will suffer different 

degrees of connection stiffness loss. 

 

 

 

Fig. 4. Sketch of the joint surface’s deformation under the action of bending moment. 

The top bolt is marked with the initial serial number, and the 

remaining bolts are marked clockwise according to the intended 

course. 𝛽𝑖 indicates the circumferential angle of bolt 𝑖, as shown 

in Figure 5. 
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Fig. 5.Diagram of bolt numbering. 

As the joint surface has 𝑛  bolts for connection, 𝛽𝑖  is 

expressed as: 

𝛽𝑖 = 2𝜋
(𝑖−1)

𝑛
   (13) 

the bolt 𝑖 shape variable 𝛿𝐴 can be calculated as: 

𝛿𝑖 =
𝛿𝑎−𝛿𝑏

2𝑅𝑑
(𝑅𝑑 + 𝑅𝑑 𝑐𝑜𝑠 𝛽𝑖) + 𝛿𝑏          (14) 

the moment balance equation for the entire joint surface is 

as follows: 

𝑀 = ∑ 𝐹𝑖
𝑛
𝑖=1 (1 + 𝑐𝑜𝑠 𝛽𝑖)𝑅𝑑  (15) 

𝐹𝑖 indicates the magnitude of the axial tension on a single 

bolt, which can be expressed as: 

𝐹𝑖 = 𝑘𝐴𝛿𝑖   (16) 

where 𝑘𝐴 is calculated by Equation (11), Equation (12), and 

the bolt missing position of 𝐹𝐵 is 0, causing 𝑘𝐴 to decrease, the 

bolt connection area will have a loss of stiffness, 𝜃  is the 

bending angle, which can be expressed as: 

𝜃 =
𝛿𝑎−𝛿𝑏

2𝑅𝑑
   (17) 

𝛿𝑎 is the top tensile deformation and 𝛿𝑏 is the bottom tensile 

deformation. In summary, the equivalent stiffness of the joint 

surface can be expressed as follows: 

𝑘𝑀 =
2𝑀𝑅𝑑

𝛿𝑎−𝛿𝑏
=

2𝑅𝑏 ∑ 𝑘𝐴
𝑛
𝑖=1 𝛿𝑖(1+𝑐𝑜𝑠 𝛽𝑖)𝑅𝑑

𝛿𝑎−𝛿𝑏
         (18) 

2.3 Numerical simulation analysis 

The rotor is subjected to a large axial draw force so that each 

joint surface is under tension. For the multistage disk-drum 

rotor in Figure 1, the 4th joint surface is the key force surface. 

In this part, the equivalent radial stiffness distribution in the 4th 

joint surface is simulated numerically to study the effect of the 

single bolt missing at different directions. 

The simulated rotor material and dimensional parameters 

are shown in Table 1. 

Table 1. Material and dimensional parameters of simulated rotor 

system. 

Parameters Symbols Unit Value 

Flange thickness ℎ𝑓 mm 4.5 

Young's modulus of flange material 𝐸 GPa 211 

Drum radius 𝑅𝑑 mm 100 

Young's modulus of bolt material 𝐸𝐵  GPa 115 

Length from the bolt connection to the spigot 𝑙𝐴𝐵  mm 8.75 

Bolt joint surface radius 𝑅𝑏 mm 108.75 

Bolt head diameter 𝐷𝑏  mm 9.5 

Nominal diameter of bolt 𝑑𝐵  mm 6 

The above parameters are algebraized into Equation (14) 

and Equation (18) for numerical simulation calculation. 

Considering the overall tension state of all bolts on the joint 

surface, the numerical simulation of variation tendency of the 

flange deformation 𝛿𝑖  by different bolt actions is shown in 

Figure 6.(a), and the normalized variation tendency for the 

equivalent stiffness at joint surface with single bolt missing at 

different positions is shown in Figure 6.(b). 

 

a)          b)  

Fig. 6. Simulation diagram of connection surface characteristics change by single bolt missing at different positions: (a)Flange 

deformation. (b)Normalized equivalent stiffness of joint surface. 
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The uneven force on the rotor under axial tension causes 

different deformation variables at different locations [14]. In 

addition, the simulated rotor placed transversely, the uneven 

axial tension makes the centre of gravity of the rotor shift 

slightly downward. Thus, the lower tensile deformation of the 

joint surface becomes large, and the upper deformation is 

relatively small.  As shown in Figure 6, the flange deformation 

in the bolt connection area at different positions is distributed 

symmetrically on the left and right sides, and the downward 

deformation reaches the maximum. The equivalent radial 

stiffness of joint surface demonstrates the maximum value and 

horizontal symmetry by single bolt missing at different 

locations. 

3. Experimental process and Data 

In order to verify the validity of the proposed theoretical model, 

a single bolt loosening experiment under the compound 

excitation of axial tension and lateral impact was carried out. 

This section introduces the experimental loading system, the 

experimental process and the extraction method of vibration 

characteristics, respectively. 

The experimental equipment consists of a simulated rotor 

test bench, acceleration sensors, force hammer and digital 

extraction equipment, shown in Figure 7. Handheld force 

hammer is used to excite the system, and the acceleration 

sensors acquire vibration responses at different joint surfaces 

and key positions. The force hammer excitation position and 

sensor arrangement are shown in Figure 8. The digital 

acquisition instrument is used to acquire the vibration response 

signal of the rotor system. It is connected with DASP software 

to form a high-performance data acquisition and signal 

processing system with more than one hundred advanced 

technologies, and the resolution can reach 16kHz, which makes 

the experimental data reliable [32]. 

 
a)     b) 

 

                c)                d) 

Fig. 7. Experimental equipment:(a)Rotor stiffness test bench. (b)Acceleration sensor. (c)Force hammer. (d)INV3062A model digital 

acquisition instrument. 

 

Fig. 8. Diagram of compound excitation and measuring point arrangement. 
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The fourth joint surface is the axial location of bolt 

loosening, and the bolt missing totally has 24 different 

circumferential positions. The single bolt missing vibration test 

is conducted under axial tension of 30kN and 25kN. The testing 

procedure is carried out by removing a single bolt in order while 

the other bolts are tightened with 8Nm. The experimental 

procedure is shown in Figure 9. The axial force variation is 

within ±0.03kN to ensure that the vibration response variation 

is mainly from bolt loosening at different circumferential 

positions. The lateral impact provided by the hammering 

method also needs to be repeated three times to ensure stability 

and effectiveness. The sampling frequency of the acceleration 

sensor is 16kHz. 

 

Fig. 9. Flow chart of the experiment process. 

4. Results and Discussion 

Due to the structural characteristics of the multistage rotor 

system and the loading mode oriented to compound load in 

operation, it is difficult to obtain the response difference of 

different measuring points directly. In this section, the 

correlation of vibration characteristics will be used to select the 

most appropriate measuring point position. The consistency of 

characteristic frequency and equivalent stiffness are verified. 

4.1 Measuring point evaluation 

The eigenfrequency of different vibration signals is collected by 

seven sensors along the axial direction. Figure 10 shows the 3D 

diagram of frequency characteristics of different measuring 

points under axial forces of 25kN and 30kN, respectively. The 

response variation trend of different measuring points is similar 

under the same working condition, and the eigenfrequency 

value under different coaxial forces has a certain distinction. 

 

a) 

 

b) 

Fig. 10. Three-dimensional diagram of vibration 

characteristics under different conditions: (a) 25kN axial 

tension. (b) 30kN axial tension. 

The axial arrangement of sensors makes different structural 

positions from the key joint surface, which may cause the 
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vibration response deviation by other joint surfaces. Correlation 

analysis can obtain the most relevant measuring points, which 

can indicate the most stability and reliability of the measured 

data to analyse the changes of response characteristics by single 

bolt loosening. In addition, Spearman correlation coefficient has 

a high adaptability when the data is non-continuous and 

abnormally distributed. 

The heat map performance analysis of characteristic 

frequency correlation of each sensor is shown in Figure 11. The 

result shows that the sensor 4# and the sensor 5# have the 

strongest correlation coefficient, which reach 95.68% and 99.32% 

under the axial tension force of 25kN and 30kN, respectively. It 

seems that the transmission path of multistage drum structure 

affects the vibration response of connection deviation. 

 

a) 

 

b) 

Fig. 10. Correlation analysis of each sensor under different 

tension forces: (a) 25kN axial tensile force. (b) 30kN axial 

tensile force. 

Figure 12 shows the frequency response curves of different 

bolt loosening conditions by the same sensor, in which the 

vibration response is in the range of 0-1000Hz under the same 

loading condition. In general, the response curves are less 

differentiated. However, relatively obvious differences can be 

found in the resonance frequency peak of 470Hz from the rotor 

system. As a result, the peak value near 470Hz is extracted as 

the characteristic frequency because of not only the resonant 

frequency but also the obvious differences of different bolt 

loosening. 

 

Fig. 11. Frequency response of one bolt missing at different 

circumferential positions under 30kN of Sensor 4#. 

The eigenfrequency of sensor 4# and sensor 5# under two 

tension forces are shown in Figure 13. It can be observed that 

the eigenfrequency is greater when the joint surface maintains 

stable connection performance. Meanwhile, although the 

validity of experimental results is improved by controlling the 

fluctuation range of axial force and repeated impact force, the 

distribution of frequency peak still fluctuates at some bolt 

loosen positions. 

 

a) 



Eksploatacja i Niezawodność – Maintenance and Reliability Vol. 25, No. 2, 2023 

 

 

b) 

Fig. 12. Eigenfrequency of different seniors under axial 

tension forces: (a)Sensor 4#. (b)Sensor 5#. 

4.2 Equivalent stiffness model verification 

In order to locate the loose circumferential direction of the bolt, 

the eigenfrequencies of sensor 4# and sensor 5# under 30kN 

axial tension force loading are associated with the equivalent 

stiffness in the calculation model. Figure 14 illustrates the 

normalized eigenfrequency and equivalent stiffness in the same 

condition of 30kN axial force and bolt loosening. It can observe 

that the eigenfrequencies at the bolt positions numbered 12-14 

have a small tendency to become larger, which may be related 

to the structural stiffness loss weaken by friction and viscous 

damping. The ICC is used to evaluate the consistency of these 

two data groups, and Table 2 demonstrates the test results. The 

correlation coefficient reached 0.889, which indicates that there 

is a strong consistency between equivalent stiffness and 

characteristic frequency. (ICC greater than 0.75 indicates strong 

consistency of the data.) 

From above analysis, the distribution of equivalent bending 

stiffness of bolt tension connection has a strong consistency 

with the eigenfrequency of system vibration, and the stiffness 

loss by bolt loosening can be illustrated by detecting the 

eigenfrequency. The equivalent stiffness loss by bolt missing at 

different locations has circumferential symmetry, and the 

corresponding eigenfrequency also varies accordingly. In the 

circumferential tensile state, the possibility that the specific 

location of bolt loosening deviation can be quickly analysed and 

located by the characteristic frequency of a specific measuring 

point is verified by the equivalent model and experiment. 

 

a) 

 

 

b) 

Fig. 13. Comparison diagram of Normalized equivalent 

stiffness and eigenfrequency: (a) Sensor 4#. (b) Sensor 5#. 

Table 2. ICC analysis between equivalent stiffness and 

characteristic frequency. 

 ICC 95% confidence interval P value 

ICC(1,k) 0.889 0.747-0.952 10. 000***  

1*** represents 1% significance level 

From above analysis, the distribution of equivalent bending 

stiffness of bolt tension connection has a strong consistency 

with the eigenfrequency of system vibration, and the stiffness 

loss by bolt loosening can be illustrated by detecting the 

eigenfrequency. The equivalent stiffness loss by bolt missing at 
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different locations has circumferential symmetry, and the 

corresponding eigenfrequency also varies accordingly. In the 

circumferential tensile state, the possibility that the specific 

location of bolt loosening deviation can be quickly analysed and 

located by the characteristic frequency of a specific measuring 

point is verified by the equivalent model and experiment. 

In summary, the equivalent bending stiffness model can be 

used to determine the influence of bolt deviation degree on the 

overall bending stiffness of joint surface. Vibration and axial 

loading experiment of multistage rotor with bolt missing can be 

used in engineering to inspect the quality of bolt assembly, and 

the influence of service performance on bolt joint surface 

effectively. 

5. Conclusions  

In this paper, based on the bolting characteristics of a 

multistage disk-drum rotor system, an equivalent bending 

stiffness model for the stiffness loss caused by bolt connection 

deviation under axial tension force was established. The 

vibration experiment of single bolt missing by axial tension 

force and impact load was carried out to obtain the dynamic 

response. The experimental results were used to analyse the 

correspondence between the equivalent bending stiffness of 

joint surface and the vibration characteristics for single bolt 

missing. The effectiveness of the proposed method was verified. 

The conclusions are as follows: 

1. The equivalent bending stiffness model single bolt missing 

takes the axial tensile load into account. This model is used 

to detect the relationship between connection deviation of 

bolt preload and the Joint stiffness of joint surface; 

2. The multi-axis excitation experiment of single bolt missing 

controls the axial tension up to 25kN and 30kN within 

±0.03kN fluctuation. The effective resonant frequency and 

vibration characteristics are obtained by controlling the 

accuracy and stability of the experimental load; 

3. ICC of normalized eigenfrequencies and equivalent 

stiffness reaches 88.9%, which indicates that the equivalent 

stiffness and the eigenfrequency have a high consistency 

with the influence trend of bolt missing at different 

circumferential positions. It is verified that the established 

equivalent model can reflect the main vibration 

characteristics with the bolt loosening under axial tension. 

The current study was conducted to analyse the stiffness loss 

caused by single bolt loosening at the critical joint surface when 

the aero-engine rotor is in operation. Research and verification 

of the joint surface stiffness loss caused by different degrees of 

bolt assembly deviations under different axial forces will be 

further considered later. 
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