[bookmark: OLE_LINK94][bookmark: OLE_LINK95][bookmark: OLE_LINK96][bookmark: _GoBack]Self-loosening of bolted L-stub connections under a cyclic separating load
Jianhua Liu1, Huajiang Ouyang2, Zhiqiang Feng3, 
Zhenbing Cai1, Jinfang Peng1, Yongqiang Du1, Minhao Zhu1, [footnoteRef:1]* [1: * Corresponding author. Tel: +86 028 87600715; fax: +86 028 87600723
E-mail address: zhuminhao@swjtu.cn] 

1. Tribology Research Institute, Southwest Jiaotong University, Chengdu 610031, China
2. School of Engineering, University of Liverpool, Liverpool L69 3GH, UK
3. Université d’Évry-Val d’Essonne, LMEE, Évry, France
Abstract
This paper presents a combined experimental and numerical study on bolted L-stub connections under simultaneous bending and axial excitation from a cyclic separating load, which has not been reported in the open literatures. The reduction of the clamping force is found from experiments. Additionally, the thread damage is analysed using an optical microscope, a white light interferometer, a scanning electron microscope (SEM) and an energy dispersive X-ray (EDX). The effects of the eccentricity, the excitation level and the initial clamping force on the reduction of clamping force and the damage of threads are also studied in experiments. It is found from the experimental results that the degrees of the thread damage and self-loosening increase with the increases of the excitation level and the eccentricity, and they decrease with the increasing initial clamping force. A three-dimensional finite element model is created to analyse the contact stress and the relative slip between the threads of the bolt and the nut, and the finite element results agree with the experimental measurements.
Key words: Bolted L-stub connections; Fretting wear; Loosening; Relative slip; Frictional energy dissipation
1 Introduction
Many structures and machines are assembled from simpler components through bolted joints due to the ease of repair and disassembly. When the components are assembled, a clamping force is commonly applied by turning the nuts or the heads of the bolts, and an axial extension is produced in the bolts. The clamping force decreases slightly in a static environment, while it decreases more rapidly in a dynamic environment. The reduction of the clamping force leads to loosening, or even fatigue fracture of bolted joints [1]. Some researchers have studied the effect of the self-loosening of bolted joints on the performance of some structures [2-4]. In Addition, the mechanisms and controls of self-loosening of bolted joints have been investigated.
Many investigations showed that the relative rotation between bolts and nuts was one of the reasons why the bolted joint would loosen under dynamic loads. Goodier and Sweeney [5] showed in the 1940s that the relative slippage between the contact thread surfaces led to self-loosening under axial dynamic load, and the degree of self-loosening increased with the increasing amplitude of the dynamic load. Junker [6] and Sakai [7] developed a testing equipment used to reproduce the self-loosening process of bolted joints under shear excitation. It was also experimentally found in their studies that one of the reasons for self-loosening was the relative slip between the threads and between the clamped members and the bolt/nut. Moreover, they used the force and moment equilibrium equations to study the onset of self-loosening. Hess et al. [8-10] studied the relative motion of a single bolted joint excited by axial harmonic vibration and loaded by gravity, the nut was found from experiments to move down or up at varying frequencies and amplitudes of axial vibration. Jiang et al. [11], Zhang et al. [12] and Jiang et al. [13] found that the nut started to back off when the clamping force decreased below a certain critical value under dynamic shear load. This led to an obvious significant reduction of clamping force. Yokoyama et al. [14] developed a finite element model to investigate the dynamic behaviour of a bolted joint excited by a torsional load. It was found that the relative slippage between the threads would occur and the clamping force dropped quickly when the angle of twist reached a certain critical value. Ishimurar et al. [15] studied the effects of bolt locations, bolt preload, eccentric nut and washer on the self-loosening of bolted joints under repeated bending moments. It was found from their study that rotational displacement between the internal and the external threads was a reason of the self-loosening of bolted joints. Recently, Sawa et al. [16] and Hou [17] investigated the self-loosening behaviour of bolted joints under repeated temperature changes. Due to the difference between the clamped members and the bolts/nuts in the coefficient of thermal expansion, their deformations caused by the change of temperature were different. Relative slippage occurred between the contact surfaces, which led to loosening of bolted joints. 
Some studies showed that plastic deformation was a reason of the self-loosening of bolted joints in a dynamic environment [11, 17-22]. Hou [17] suggested that plastic deformation caused by material creep was a major cause of the loss of clamping force. Liu et al. [18, 19] found that clamping force decreased quickly because of the plastic deformation in the early stage when the bolted joints were subjected to axial dynamic load. Yang et al. [20, 21] and Nassar et al. [22] theoretically and experimentally explored the self-loosening mechanism. The results indicated that if the cyclic axial loading was large enough to lead to plastic deformation of the bolt, the length of the bolt should increase and the compression of clamped members should decrease. This led to reduction of clamping force. 
Additionally, some studies showed that stress relaxation caused the loss of clamping force [23-26]. Jin and Sun [27] provided the mathematical expressions to simulate the stress relaxation process of several materials, and explored the computational method of the residual stress for varying initial clamping forces. Caccese et al. [28] studied the change of clamping force in hybrid composite-to-metal bolted joints. The experimental results showed that stress relaxation was affected by temperature, stress distribution and moisture, which caused the reduction of clamping force. Ishimura et al. [29] and Hou [17] theoretically and experimentally studied the effect of stress relaxation on self-loosening of bolted joints under varying environmental temperature.
In the past, the mechanisms and the effects of fretting wear between the contact surfaces have been extensively studied [30-34]. Recently, some investigators started to notice the effect of fretting wear on loosening of bolted joints under cyclic loading [18, 19, 35-40]. Liu et al. [19] and Zhou et al. [37] studied the anti-loosening performance of three different coatings on bolts. The experimental results showed that the MoS2 coated bolts had a good anti-loosening performance because of their excellent self-lubrication properties. Schmitt et al. [38], Horn et al. [39] and Ibrahim et al. [40] suggested that clamping force decreased slowly because of fretting wear, which caused the friction between the contact threads to gradually decrease. The nut would start to back off and clamping force dropped obviously when the friction decreased below a certain critical value. 
[bookmark: _Hlk522610515]In summary, the causes for the loss of clamping force are relative slippage, plastic deformation of bolted joints, relaxation of the materials, fretting wear and embedding of the contact surfaces [41]. In this paper, the effects of eccentricity, the amplitude of cyclic separating loading and the initial clamping force on the thread damage and the self-loosening behaviour are studied. In order to explain the experimental findings in the tests, a finite element model is created, and the relative slippage and the frictional energy dissipation on the thread surface are analysed. To the authors' best knowledge, this work is the first attempt to study self-loosening of a bolted joint under a combined axial and bending excitation.
2 Experimental method
The equipment used in the tests is shown in Fig. 1. Two flanges made of high strength steel are clamped with a bolt and a nut. The thickness of the two flanges is 15 mm, and a rectangular groove is located in the centre of each flange. The bolts can move freely in the groove. The end of one flange is fixed on the test platform, and a cyclic separating load is applied at the end of the other flange. A washer-type load cell with a thickness of 15 mm is placed between the two flanges to measure the clamping force. As a result, the length of the testing bolts is 60 mm. 
Eccentricity, denoted as L0, is the distance between the axis of the testing bolt and the loading position of the cyclic separating load. Three levels of eccentricity are selected in the experiments. They are 40 mm, 60mm and 80mm. The amplitude of cyclic separating load, denoted as AF, ranges from 2 kN to 4 kN. M12-1.75×60 mm Class 8.8 bolts coated with zinc are used in the experiments. According to some studies [42, 43], the axial stress on the section of bolt caused by the initial clamping force should be made to be 50-60% of the yield strength of the bolt material, so the initial clamping force for the testing bolts ranges from 27.0 kN to 32.4 kN. Based on this, five levels of the initial clamping force are selected in the experiments: 26 kN, 28 kN, 30 kN, 32 kN and 34 kN.
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Fig. 1 Experimental setup: (a) Experimental equipment; (b) Geometry of the flange (mm)
[bookmark: OLE_LINK92][bookmark: OLE_LINK93]The test is repeated for three separate times under each set of test parameters, and conducted at a frequency of 20 Hz in air at room temperature. After the tests, all bolts are cleaned using an ultrasonic cleaner. Firstly, the damage of the bolt surfaces is examined using an optical microscope (OM). Secondly, the bolts are cut by wire electrical-discharge machining (WEDM), and then the threads are also cleaned using an ultrasonic cleaner. Lastly, the thread damage is further analysed by a white light interferometer and a scanning electron microscope (SEM), and an energy dispersive x-ray system (EDS).
3 Experimental results
3.1 Damage analysis of thread surfaces
In order to facilitate the description of the thread damage, Side A and Side B are respectively defined as the side of the bolt near and further away from the loading position of the cyclic separating load (see Fig. 1). It can be observed from Fig. 2 that the damage is serious near the crest of the first thread. Additionally, the thread damage on Side A is more serious than that on Side B. 
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Fig. 2 OM images of thread surfaces (P0=30kN, AF=3kN, L0=60mm): (a) Side A; (b) Side B
[bookmark: _Hlk522268325]SEM and EDS are used to further analyse the damage of the first thread’s surface. As shown in Fig. 3, delamination and ploughing are the main damage characteristics. The damage characteristics show that the abrasive dust come off from the thread surface in the area denoted by I. Ploughing with plastic deformation, caused by adhesive wear because the material of the bolt and nut is identical, can be observed in area II. EDS analyses show that the contents of oxygen are low and little difference in different damage areas. This illustrates that the damage area is not oxidized and oxidation wear does not occur on the thread surface. Therefore, adhesive wear and delamination are the main wear mechanisms on the first thread’s surface.
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Fig. 3 Damage appearance and chemical composition of the first thread
(P0=30 kN, AF=3 kN, L0=60 mm)
3.2 Effects on thread damage and clamping force loss
3.2.1 Effect of eccentricity
Fig. 4 shows OM images of thread surfaces at different eccentricity values. The thread damage is slight under small eccentricity, while it is serious under large eccentricity. The degree of thread damage on Side A is the same as that on Side B when the eccentricity is 40 mm. The damage on Side A of the first three threads is serious at the eccentricity of 80 mm. Due to the large eccentricity, the bending moment is high, and the relative slippage between the threads is large, which leads to serious thread damage.
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[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK111][bookmark: OLE_LINK112][bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK201][bookmark: OLE_LINK202]Fig. 4 OM images of thread surfaces at different eccentricity levels (AF=3 kN, P0=30 kN):
(a) Side A (L0=40 mm); (b) Side B (L0=40 mm); (c) Side A (L0=80 mm); (d) Side B (L0=80 mm)
[bookmark: OLE_LINK89][bookmark: OLE_LINK90][bookmark: OLE_LINK91][bookmark: OLE_LINK98][bookmark: OLE_LINK99][bookmark: OLE_LINK100][bookmark: OLE_LINK101][bookmark: OLE_LINK102][bookmark: OLE_LINK103][bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK249][bookmark: OLE_LINK250][bookmark: OLE_LINK251][bookmark: OLE_LINK247][bookmark: OLE_LINK248]A white light interferometer is used to study the damage of the first thread quantitatively. As shown in Fig. 5(a), a path on the first thread surface is defined in the radial direction. Fig. 5(b) shows the depth profile of the first thread at different eccentricity levels. It can be found that the depth and the width of the damaged area increase with the increase of eccentricity. Compared with the eccentricity level of 40 mm, the depth and the width increase by about 3 m and 0.2 mm respectively at the eccentricity level of 80 mm.
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[bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK4][bookmark: OLE_LINK5]Fig. 5 Depth profile of the first thread at different eccentricity levels (AF=3 kN, P0=30 kN): 
(a) Definition of the path on the first thread; (b) Depth profile of the first thread
[bookmark: _Hlk523043659][bookmark: _Hlk522908954]As shown in Fig. 6, the main damage characteristic is ploughing with slight plastic deformation when the eccentricity is 40 mm. In addition, abrasive debris is found to be on the thread surface. EDS analyses show that the contents of oxygen are low and show little difference in different damage areas. Consequently, adhesive wear and abrasive wear are the main wear mechanisms. The thread damage shows ploughing characteristic in area I and delamination characteristic in area II when the eccentricity is 80 mm. EDS analyses show that the content of oxygen at point E is higher than that in other areas. As discussed earlier, the amplitude of relative slippage is large because of the high bending moment, the damage area is oxidized in air and oxidation wear occurs on the thread surface. Therefore, oxidation wear, adhesive wear and delamination are the main wear mechanisms.
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[bookmark: _Hlk520799195]Fig. 6 Damage appearance and chemical composition of the first thread at different eccentricity levels (P0=30 kN, AF=3 kN): (a) L0=40 mm; (b) L0=80 mm
[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK11]Function RF is defined as the percentage of the residual clamping force to the initial clamping force, and it is referred to as RF(105) after 105 loading cycles. Function RT(105) is defined as the percentage of the loosening torque to the tightening torque after 105 loading cycles. As shown in Fig. 7, the degree of self-loosening increases with the increase of eccentricity. The earlier study [44] showed that plastic deformation was the main reason in the early stage of self-loosening of bolted joints subjected to eccentric excitation. With the increasing eccentricity, the plastic deformation and the degree of self-loosening increase in the first 100 loading cycles. Under low eccentricity, the scatter of experimental results is small. It is noted that the theoretical tightening torque is larger than the theoretical loosening torque under the same clamping force [45]. This means that RT(105) is always smaller than 100 percent. While RT(105) is found to be larger than 100 percent in experiments. In other words, the loosening torque may be larger than the tightening torque because of non-uniform damage of thread surface [18]. Additionally, the scatter of RT(105) is larger than that of RF(105) under the same experimental parameters. 
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Fig. 7 Effect of eccentricity on self-loosening (P0=30 kN, AF=3 kN): 
(a) Clamping force versus cycles; (b) Losses of torque and clamping force
3.2.2 Effect of amplitude of cyclic separating load
[bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK25][bookmark: OLE_LINK26][bookmark: OLE_LINK27][bookmark: OLE_LINK255][bookmark: OLE_LINK256][bookmark: OLE_LINK257][bookmark: OLE_LINK252][bookmark: OLE_LINK253][bookmark: OLE_LINK254]Fig. 8 shows the OM images of thread surfaces at different amplitudes of cyclic separating load. Compared with Fig. 2, the slippage magnitude between the contact threads increases and the thread damage gets serious with the increasing amplitude of cyclic separating load. Similarly, the thread damage on Side A is more serious than that on Side B. It can be found from Fig. 9 that the depth and the width of the damaged area increase with the increase of loading amplitude. Compared with the loading amplitude of 2 kN, the depth and the width increase about by 2 m and 0.28 mm respectively at the loading amplitude of 4 kN.
As shown in Fig. 10, the thread damage is slight at the loading amplitude of 2 kN, and ploughing with slight plastic deformation is the main damage characteristic. According to the EDS analyses, there is no oxidative wear on the thread surface. The main wear mechanism is adhesive wear. When the amplitude of the cyclic separating load is 4 kN, the damage characteristics are delamination and ploughing. As discussed earlier, the bending moment is large because of the high loading amplitude, separation between the contacting threads occurs, which causes the damage area to be oxidized in air. Oxidative wear occurs in the damage area, and the content of oxygen is higher than that on the undamaged area. Therefore, oxidative wear, delamination and adhesive wear are the main wear mechanisms. 
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[bookmark: OLE_LINK21][bookmark: OLE_LINK22]Fig. 8 OM images of thread surfaces at different amplitudes of cyclic separating load 
[bookmark: OLE_LINK23][bookmark: OLE_LINK24](P0=30 kN, L0=60 mm):
(a) Side A (AF=2 kN); (b) Side B (AF=2 kN); (c) Side A (AF=4 kN); (d) Side B (AF=4 kN)
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[bookmark: OLE_LINK28][bookmark: OLE_LINK29]Fig. 9 Depth profile of the first thread at different amplitudes of cyclic separating load 
(P0=30 kN, L0=60 mm)
Fig. 11 shows the effect of initial excitation amplitude on self-loosening. With the increase of the amplitude of the cyclic separating load, the plastic deformation caused by the cyclic separating load increases in the early stage, the damage of threads gets serious, and the degree of self-loosening increases. In addition, the loss of torque is small under a low amplitude of cyclic separating load, while the reduction of torque is large at the loading amplitude of 4 kN. Similarly, the scatter of RT(105) is larger than that of RF(105).
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Fig. 10 Damage appearance and chemical composition of the first thread at different amplitudes of cyclic separating load (P0=30 kN, L0=60 mm): (a) AF=2 kN; (b) AF=4 kN
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Fig. 11 Effect of initial excitation amplitude on self-loosening (P0=30 kN, L0=60 mm): 
(a) Clamping force versus cycles; (b) Losses of torque and clamping force
3.2.3 Effect of initial clamping force
[bookmark: OLE_LINK258][bookmark: OLE_LINK259][bookmark: OLE_LINK260]Fig. 12 shows the OM images of thread surfaces at different initial clamping forces. The damage of threads gets slight with the increasing initial clamping force. This is because the relative slippage between the contacting threads is not likely to occur under high initial clamping force, so the damage of threads is slight. Similarly, the damage of threads on Side A is more serious than that on Side B. It can be found from Fig. 13 that the depth and the width of the damaged area decrease with the increase of initial clamping force. Compared with the initial clamping force of 26 kN, the depth and the width decrease by about 2 m and 0.29 mm respectively at the initial clamping force of 34 kN.
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[bookmark: OLE_LINK30][bookmark: OLE_LINK31]Fig. 12 OM images of thread surfaces at different initial clamping forces (AF=3 kN, L0=60 mm):
(a) Side A (P0=26 kN); (b) Side B (P0=26 kN); (c) Side A (P0=34 kN); (d) Side B (P0=34 kN)
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Fig.13 Depth profile of the first thread at different initial clamping forces (AF=3 kN, L0=60 mm)
As shown in Fig. 14, delamination is the damage characteristic in areas I and II when the initial clamping force is 26 kN. As discussed earlier, the relative separation between the contact edges of threads is likely to occur under a low initial clamping force, and the damage area is oxidized in air. EDS analyses show that the content of oxygen in damage area is higher than that in undamaged area. Therefore, the main wear mechanisms are delamination and oxidative wear. When the initial clamping force is 34 kN, the damage is characteristic of delamination phenomenon in areas I and II. According to EDS analyses, the contents of oxygen are low and are almost the same across areas I and II. Therefore, the main wear mechanism is delamination.
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Fig. 14 Damage appearance and chemical composition of the first thread at different initial clamping forces (AF=3 kN, L0=60 mm): (a) P0=26 kN; (b) P0=34 kN
The effect of initial clamping force on the self-loosening are shown in Fig. 15. With the increase of the initial clamping force, plastic deformation of bolted joints decreases under the same cyclic separating load, and the thread damage gets slight. For the two reasons, the degree of self-loosening decreases with the increasing initial clamping force. Moreover, the change of clamping force at the initial preload of 26 kN is three times as that at the initial preload of 34 kN, while the change of torque is not obvious.
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Fig. 15 Effect of initial clamping force on self-loosening (AF=3 kN, L0=60 mm):
(a) Clamping force versus cycles; (b) Losses of torque and clamping force
4 The finite element model
[bookmark: OLE_LINK32][bookmark: OLE_LINK33][bookmark: OLE_LINK34][bookmark: OLE_LINK35][bookmark: OLE_LINK189][bookmark: OLE_LINK178][bookmark: OLE_LINK179][bookmark: OLE_LINK245][bookmark: OLE_LINK246][bookmark: OLE_LINK175][bookmark: OLE_LINK176][bookmark: OLE_LINK177][bookmark: OLE_LINK173][bookmark: OLE_LINK174][bookmark: OLE_LINK183][bookmark: OLE_LINK184][bookmark: OLE_LINK185]Fig. 16 shows the finite element model for a bolted joint subjected to a cyclic separating load. A bolt passes through a washer, the upper flange, a load cell, the lower flange and the other washer in turn, and finally is connected with a nut. The material of the two flanges, load cell and washers is considered to be elastic to improve the computational efficiency, and its Young's modules and Poisson's ratio are 200 GPa and 0.3 respectively. The material of the bolt and the nut is assumed to be elasto-plastic with linear strain-hardening and the constitutive equation can be written as[18]:

 	(1)
where the Young's modules E=200 GPa, the strain-hardening parameter H=1.3 GPa, and yield stress σs=640 MPa. 
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Fig. 16 Finite element model and definition of the six paths
[bookmark: OLE_LINK39][bookmark: OLE_LINK40][bookmark: OLE_LINK41][bookmark: OLE_LINK168][bookmark: OLE_LINK169][bookmark: OLE_LINK135][bookmark: OLE_LINK136][bookmark: OLE_LINK147][bookmark: OLE_LINK148][bookmark: OLE_LINK149][bookmark: OLE_LINK142][bookmark: OLE_LINK143][bookmark: OLE_LINK144]To ensure the accuracy and convergence, binding constraints are used between the two washers and flanges. Five contact pairs are defined in this finite element model: the contact between the washer and the bolt, the contacts between the two flanges and the load cell, the contact between the nut and the washer and the contact between the threads. The Lagrange method and the penalty method are commonly used to solve contact problems in ABAQUS/Standard. The Lagrange method can be used to obtain an accurate solution, but it incurs heavier computational cost because of additional degrees of freedom and often an increasing number of iterations in this method. Without changing the positive definiteness and the order of the element stiffness matrix, approximate solutions can be obtained in a reasonable amount of analysis time using the penalty method. Considering the complexity of the contact between the threads, the penalty method with a friction coefficient of 0.15 is used for the five contact pairs. Eight-node linear reduced-integration hexahedral elements (C3D8R) are used in this finite element model. There are 753469 nodes and 458448 elements in total.
[bookmark: OLE_LINK86][bookmark: OLE_LINK87][bookmark: OLE_LINK88][bookmark: OLE_LINK152][bookmark: OLE_LINK153][bookmark: OLE_LINK154]The lower flange is fixed in the initial step. Additionally, three analysis step are defined. To establish contact gradually, the upper flange is fixed and a small clamping force is applied on the cross section of the bolt in the first step. The constraints of the upper flange are released and an actual initial clamping force is applied in the second step. To simulate the change of clamping force, the method of applying the clamping force in the third step in ABAQUS is changed from "Applying force" to "Fix at current length". In addition, a cyclic separating load is applied to the end of the upper flange in this step. 
[bookmark: OLE_LINK83][bookmark: OLE_LINK84][bookmark: OLE_LINK85]The amplitudes of the cyclic separating load, denoted as AF, are 2 kN, 3 kN and 4 kN. The initial clamping force, denoted as P0, is applied on the cross section perpendicular to the axis of the bolt. The values of the initial clamping force are 26 kN, 30 kN and 34 kN. There are three levels of eccentricity denoted by L0 between the bolt axis and the loading position of the cyclic separating load: 40 mm, 60 mm and 80mm.
To study the contact stress, the relative slippage between the threads and the frictional energy dissipation per square millimetre, three paths, denoted as A1, A2 and A3, are defined on Side A of the bolt thread surfaces. Similarly, three paths, denoted as B1, B2 and B3, are defined on Side B.
5 Finite element results
[bookmark: OLE_LINK224][bookmark: OLE_LINK225][bookmark: OLE_LINK226][bookmark: _Hlk531794255][bookmark: OLE_LINK220][bookmark: OLE_LINK221][bookmark: OLE_LINK80][bookmark: OLE_LINK81][bookmark: OLE_LINK82][bookmark: OLE_LINK229][bookmark: OLE_LINK230][bookmark: OLE_LINK227][bookmark: OLE_LINK228]Two finite element meshes are presented to reveal the effect of mesh refinement of the bolt and the nut models: (1) Case I: each pitch of the thread is divided into 16 layers along the axis of bolt/nut and 144 segments along the circumferential direction; (2) Case II: each pitch of the thread is divided into 24 layers along the axis of bolt/nut and 192 segments along the circumferential direction. When the initial clamping force of 30 kN is applied on the cross section perpendicular to the axis of the bolt, the contact stress and slippage along path A1 are shown in Fig. 17. For the two cases, there is a noticeable difference in the contact stress and slippage at the same distance away from the thread crests but this difference is not big. Consequently, Case I is used to mesh the bolt and the nut models to improve the computational efficiency.
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Fig. 17 Contact stress and slippage along path A1 (P0=30 kN, L0=60 mm)
[bookmark: OLE_LINK233][bookmark: OLE_LINK234]Fig. 18 shows the contact stress, the slippage amplitude and the frictional energy dissipation per square millimetre along path Ai and Bi (i=1, 2 and 3) on thread surfaces. It can be found from Fig. 18(a) that the contact stress, denoted as n, along path Ai and Bi firstly increases, then decreases with the increase of the distance from Point O, and it is largest at 0.30 mm away from the thread crests. As shown in Fig. 18(b), the slippage amplitude denoted by A is slightly larger near the crests and roots of threads. It can be observed from Fig. 18(c) that the frictional energy dissipation per square millimetre denoted by Edf is largest at 0.15 mm away from the thread crests. This illustrates that the thread damage is serious near the thread crests, which is in agreement with the experimental observations shown in Fig. 2. The contact stress, the slippage amplitude and the frictional energy dissipation per square millimetre on path Ai are about 1.3 times as large as those at the same distance away from point O along path Bi, and they decrease with the increase of the number of the threads denoted by i. The maximum of the frictional energy dissipation per square millimetre on path A3 is about half as large as that on path A1. This indicates that the thread damage gets slight with the increasing number of the threads, which also agrees with the experimental observations shown in Fig. 2.
[bookmark: OLE_LINK231][bookmark: OLE_LINK232][bookmark: OLE_LINK238][bookmark: OLE_LINK239][bookmark: OLE_LINK240][bookmark: OLE_LINK241][bookmark: OLE_LINK261][bookmark: OLE_LINK242][bookmark: OLE_LINK243][bookmark: OLE_LINK244][bookmark: OLE_LINK236][bookmark: OLE_LINK237][bookmark: OLE_LINK235]Fig .19 shows the contact stress, the slippage amplitude and the frictional energy dissipation per square millimetre along path A1 and B1 on the first thread’s surface at different eccentricity levels. When the eccentricity levels are 60 mm and 80 mm, the contact stress shows less difference at the same nodes, and it is larger than that at the eccentricity of 40 mm. Moreover, the slippage amplitude and the frictional energy dissipation per square millimetre increase with the increase of the eccentricity. Compared with the eccentricity level of 40mm, the maximum of the frictional energy dissipation per square millimetre on paths A1 and B1 increases by about 2.5 times at the eccentricity of 80 mm. This suggests that the thread damage increases with the increase of eccentricity, and it agrees with the experimental observations shown in Fig. 4.
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Fig. 18 Contact stress, slippage amplitude and frictional energy dissipation along path Ai and Bi
(i=1, 2 and 3, P0=30 kN, AF=3 kN, L0=60 mm):
(a) Contact stress; (b) Slippage amplitude; (c) Frictional energy dissipation per square millimetre
[image: ]
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Fig. 19 Contact stress, slippage amplitude and frictional energy dissipation along path A1 and B1 at different eccentricity levels (P0=30 kN, AF=3 kN):
(a) Contact stress; (b) Slippage amplitude; (c) Frictional energy dissipation per square millimetre
[bookmark: OLE_LINK265][bookmark: OLE_LINK266][bookmark: OLE_LINK267][bookmark: OLE_LINK262][bookmark: OLE_LINK263][bookmark: OLE_LINK264]As shown in Fig. 20, the contact stresses have a small difference at the same nodes when the amplitudes of cyclic separating load are 2 kN and 3 kN. In addition, the slippage amplitude is very small at the excitation amplitude of 2 kN. The slippage amplitude and the frictional energy dissipation per square millimetre increase with the increasing amplitude of cyclic separating load. Compared with the loading amplitude of 2 kN, the maximum of the frictional energy dissipation per square millimetre on paths A1 and B1 increases by about 10 times at the loading amplitude of 4 kN. This indicates that the thread damage becomes serious with the increasing amplitude of cyclic separating load, which agrees with the experimental observations shown in Fig. 8.
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Fig. 20 Contact stress, slippage amplitude and frictional energy dissipation along path A1 and B1 at different amplitudes of cyclic separating load (P0=30 kN, L0=60 mm):
(a) Contact stress; (b) Slippage amplitude; (c) Frictional energy dissipation per square millimetre

[bookmark: OLE_LINK268][bookmark: OLE_LINK269][bookmark: OLE_LINK270]The contact stress, the slippage amplitude and the frictional energy dissipation per square millimetre along paths A1 and B1 on the first thread’s surface decrease proportionally with the increase of the initial clamping force (Fig. 21). Compared with the initial clamping force of 34 kN, the maximum of the frictional energy dissipation per square millimetre on paths A1 and B1 increases by about 1.3 times at the initial clamping force of 26 kN. This suggests that the degree of the thread damage decrease with the increase of the initial clamping force, which also agrees with the experimental observations shown in Fig. 12.
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Fig. 21 Contact stress, slippage amplitude and frictional energy dissipation along path A1 and B1 at different initial clamping forces (AF=3 kN, L0=60 mm):
(a) Contact stress; (b) Slippage amplitude; (c) Frictional energy dissipation per square millimetre
6 Conclusions
Experimental and numerical investigations of a bolted joint in bending as a result of a cyclic separating load are presented in this paper. The thread damage and the self-loosening process are analysed. From this study, the following conclusions can be made:
1. Under low bending moment (low eccentricity level and/or low excitation amplitude) and high initial clamping force, relative slippage between the threads is small, oxidation wear does not occur on the thread surface. Adhesive wear and delamination are the main wear mechanisms. While under high bending moment and low initial clamping force, adhesive wear, delamination and oxidation wear are the main wear mechanisms.
2. With the increases of the eccentricity and the excitation amplitude, the frictional energy dissipation per square millimetre on thread surfaces increases under the same initial clamping force, which results in more serious damage of thread surfaces. In addition, the plastic deformation of the bolted joint increases because of the increasing bending moment. Therefore, the degree of self-loosening increases with the increases of eccentricity and excitation amplitude.
3. With the increase of initial clamping force, the relative slippage between the threads is small, and the frictional energy dissipation per square millimetre on thread surfaces decreases under the same eccentricity and excitation amplitude. Moreover, the plastic deformation of the bolted joint caused by cyclic separating load is small under high initial clamping force. Therefore, a large initial clamping force will result in a good self-loosening resistance. It is noted that failure of bolted joints will occur when the initial clamping force is large enough and thus should be avoided.
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