
Sakarya University Journal of Science
SAUJS

e-ISSN 2147-835X | Period Bimonthly | Founded: 1997 | Publisher Sakarya University |
http://www.saujs.sakarya.edu.tr/en/

Title: An experimental and comparative study of the self-loosening of bolted-joints 
under cyclic transverse loading

Authors: Umut İNCE, Mustafa GÜDEN

Recieved: 2020-07-07 11:35:15

Accepted: 2021-03-16 12:52:00.995000

Article Type: Research Article

Volume: 25
Issue: 2
Month: April
Year: 2021
Pages: 498-512

How to cite
Umut İNCE, Mustafa GÜDEN; (2021), An experimental and comparative study of the 
self-loosening of bolted-joints under cyclic transverse loading. Sakarya
University Journal of Science, 25(2), 498-512, DOI:
https://doi.org/10.16984/saufenbilder.765481
Access link
http://www.saujs.sakarya.edu.tr/en/pub/issue/60672/765481

New submission to SAUJS
https://dergipark.org.tr/en/journal/1115/submission/step/manuscript/new



An Experimental and Comparative Study of the Self-Loosening of Bolted-

Joints Under Cyclic Transverse Loading 

 

Umut İNCE*1, Mustafa GÜDEN2 

 

Abstract 

The capabilities of analytic models in predicting the experimental critical displacements of the 

self-loosening of bolted-joints were investigated experimentally and numerically. The 

experimental loosening rates were determined in a Junker test bench at a constant transverse 

displacement amplitude (0.45 mm) and under varying initial clamp force and clamp length and 

controlled bearing and thread friction coefficients.  The analytic critical displacements were 

then calculated using experimental parameters. In addition, a three-dimensional accompanying 

finite element (FE) model was developed in order to calculate the ratio of spring constants 

engaging the thread to spring. The results showed relatively low capabilities of present analytic 

model in the prediction of the critical displacements of the self-loosening of bolted-joints.  The 

efforts to modify the nut reaction moment and the inclination compliance of bolt head portion 

in the investigated equations however resulted moderate increase in the appropriate predictions.   

On the other side, the use of the reaction moment determined by FE model increased the 

appropriate prediction from 58.3 to 73.4%. The accuracy of the equations was further increased 

by the use of an appropriate kw value, but the increase in this case was only ~4%.  

Keywords: bolted-joints, self-loosening, numerical simulation, Junker test, analytic model. 

 

 

1. INTRODUCTION 

Bolted-joints are widely used in engineering 

structures as they are relatively easy to 

implement, offer relatively low cost and generate 

comparatively high clamping forces. 

Nevertheless, they are prone to catastrophic 

failure, particularly at prolonged service 

durations, making them one of the most critical 
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structural parts. The well-known failure mode of 

bolted-joints is self-loosening which is primarily 

caused by vibrational forces. The gradual 

decrease of preload with the increase of dynamic 

load on a bolt leads to the initiation of self-

loosening. Self-loosening plays a pivotal role in 

the initiation of fatigue failure, causing not only 

material and financial losses but also fatal 

accidents. The crash of a Tupolev 154M type 

passenger jet in 1999, an example to fatal 
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accidents, resulted in the death of 61 persons.  The 

officially reported cause of the accident was the 

self-loosening of a self-locking nut connecting the 

pull rod and bell crank in the elevator control 

system [1]. A United States Air Force 

reconnaissance airplane caught fire in 2015 as a 

result of the self-loosening of a fastener, which 

led to damages in the aircraft control and mission-

related systems. The repair cost was declared 

$62.4 million [2]. A high-speed train derailed in 

the United Kingdom in 2007, resulted from the 

self-loosening of a fastener according to the report 

published by RAIB [3]. There have been many 

other reports on the causalities resulted from the 

self-loosening of bolts. The existent analytic 

equations developed for the self-loosening of 

bolted-joints under transverse vibrational loads 

were reviewed in section 2. The applicability of 

these equations to the experimental results of the 

self-loosening of bolted-joints, according to 

authors’ knowledge, has not been completely 

investigated so far. Hence, this study aimed at 

determining the capabilities of the existent self-

loosening analytic models in predicting the 

experimental critical displacements. For that 

purpose, extensive transverse vibration 

experiments were performed under varying initial 

clamp force and length, controlled bearing and 

thread friction coefficients and a constant 

transverse displacement amplitude of 0.45 mm. 

The transverse vibration experiments were 

conducted in a Junker bench on the bolted-joints 

in conjunction with a Finite Element (FE) model. 

The critical transverse displacements were then 

calculated for each equation using the 

experimental parameters. Finally, the 

experimentally determined loosening rates were 

drawn as function of analytically calculated 

critical transverse displacements. The percentages 

of the correct or appropriate and wrong or 

inappropriate predictions of the critical 

displacement of self-loosening were shown in the 

graphs for each equation. In addition, a three-

dimensional simplified accompanying FE model 

of the bolted-joint was used to calculate the ratio 

of spring constants engaging the thread to spring 

which was used in the equations.  

2. PREVIOUS EXPERIMENTAL AND 

NUMERIC STUDIES ON THE SELF 

LOOSENING OF BOLTED-JOINTS 

Early studies on the self-loosening of bolted-

joints merely focused on the effect of axial 

dynamic loads along fastener.   

Goodier and Sweeney [4] developed an equation 

for the loosening of nuts caused by axial 

vibrational forces. In the same study, the radial 

micro slips under axial tension, both at the bolt-

nut thread interface and the bearing surface, were 

reported to vary with the radial contraction of bolt 

and the radial expansion of nut.  

Sauer [5] showed that when the ratio of the 

amplitude of axial dynamic load to mean bolt 

axial tension was less than 0.7, the axial 

vibrational forces resulted in no loosening.  

Gambrell [6] investigated the effect of fine and 

coarse thread size, lubrication and frequency on 

the loosening of fasteners under axial vibrational 

forces. No effect of fastener thread size and 

frequency was reported when the dynamic to 

static load ratio and frequency were less than 1 

and between 3.3 and 22 Hz, respectively. When 

the dynamic to static load ratio was above 1, the 

fine threaded bolts were shown to loosen less than 

the coarse threaded bolts. Also, lubrication was 

shown to be a critical factor in the loosening of 

coarse threaded bolts. 

Junker  [7] showed experimentally that the 

transverse vibrational forces were much more 

effective than the axial vibrational forces in the 

self-loosening. The loosening rate expressed as 

the loss of clamp load per cycle (N/cycle) 

increased with increasing the amplitude of 

transverse displacement and thread pitch. An 

experimental testing device used in the same 

study, called the Junker tester, was standardized 

as DIN 65151 in 2002 [8]. DIN 25201 superseded 

DIN 65151 was published in 2010 [9].  
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Finkelston [10] showed that the increase of 

friction and preload enhanced the loosening 

resistance of fastener. 

Yamamoto and Kasei [11, 12] introduced a 

parameter called the critical relative slippage (Scr) 

which determines the upper transverse 

displacement limit for the initiation of loosening. 

The schematic of threaded fastener deformation 

subjected to a transverse external force is shown 

in Figure 1(a).  In the same figure, the nut bearing 

surface is subjected to a shear force (Fs) and a nut 

reaction moment (Mt). The critical relative slip 

proposed by Yamamoto and Kasei [11, 12] is 

𝑆𝑐𝑟 = 2𝛿 =
2𝑙𝑛𝐹𝜇𝑏(𝑙𝑛

2 +3𝑘𝑤𝑙𝑛𝐸𝐼)

3𝐸𝐼
−

3𝑙𝑛𝑀𝑡(𝑙𝑛+2𝑘𝑤𝐸𝐼)

3𝐸𝐼
                                                                    

(1) 

In Eqn. 1, 𝛿 is the critical slip distance,  𝜇𝑏  is the 

friction coefficient of bearing surface, F is the 

clamping force, I is the moment of the inertia of 

the cross-sectional area of bolt, E is the 

longitudinal elastic modulus of bolt, kw, is the 

inclination compliance of bolt head portion and ln 

is the length of bolt.  

Based on an FE analysis, Izumi et. al. [13] refined 

the Yamamoto and Kasei’s equation as  

𝑆𝑐𝑟 = 2𝐹 [𝜇𝑏 (
𝑙𝑔

3

3𝐸𝐼𝑔
+

𝑙𝑠
3

3𝐸𝐼𝑠
+

𝑙𝑔𝑙𝑠𝑙𝑛

𝐸𝐼𝑔
+ 𝑘𝑤𝑙𝑛

2) −

𝑚

4

𝜇𝑡

𝐶𝑜𝑠2𝛼
(

𝑙𝑔
2

2𝐸𝐼𝑔
+

𝑙𝑠
2

2𝐸𝐼𝑠
+

𝑙𝑔𝑙𝑠

𝐸𝐼𝑔
+ 𝑘𝑤𝑙𝑛)]                (2) 

where,  lg and ls are sequentially the length of bolt 

and bolt thread and  Ig  and Is are the moment of 

inertia of cross-sectional area of bolt and bolt 

thread, respectively (Figure 1(b)). The reaction 

moment on the thread is given as 

𝑀𝑡 = (
𝑚

4
) (

𝜇𝑡𝐹

𝐶𝑜𝑠2𝛼
)                  (3) 

where,  m is the height of nut,  𝜇𝑡 is the friction 

coefficient of threaded interface and 𝛼 is the half-

thread angle.  Nakamura et. al [14] proposed an 

equation for the inclination compliance of bolt 

head portion (kw) as 

𝑘𝑤 = 0.168 (
1

𝑑
)

3

[
1

𝑘𝑁 𝑚𝑚
]       (4) 

where d is the bolt diameter.  

Blume and Illgner [15] proposed the following 

equation for the critical slip distance based on a 

beam model fixed on both sides, 

𝛿 =
𝐹𝜇𝑏𝑙𝑛

3

12𝐸𝐼
           (5) 

Friede and Lange [16] performed experiments on 

the critical slip distance of transversely loaded 

fasteners including M16 and M24. Comparison of 

test results with the Blume and Illgner’s equation 

[15] showed conservative results. They proposed 

an equation for the critical slip distance as 

𝛿 = 𝐹𝜇𝑏 (
𝑙𝑛

3

12𝐸𝐼
+

𝑙𝑛
2

2𝐶𝜑
)                                         (6)                

where 𝐶𝜑 (kNm/rad) is rotational stiffness of bolt. 

Nassar and Housari [17-20] investigated the self-

loosing of fasters and proposed a mathematical 

model for the loosening under cyclic transverse 

loads. The loosening rate was shown to be 

sensitive to the thread and bearing friction 

coefficients of fasteners. In the same study, the 

loosening rate of fine threaded fasteners 

decreased with the initiation of loosening; a larger 

clearance between bolt and pilot increased the 

loosening rate almost exponentially and the 

number of cycles for complete loosening was 

directly proportional to initial clamp force.  

Yokoyama et. al [21] presented an analytic model 

for the bolts subjected to transverse loads. The 

model well agreed with the FE modelling results. 

In the same study Mt was proposed as  

∆𝑀𝑡 =
𝐾𝑡

𝐾𝑏+𝐾𝑡
∆𝐹𝑠𝑙𝑛                             (7) 

where 𝐾𝑡 and 𝐾𝑏 are the spring constant of 

engaged thread and the spring constant of bolt 

head, respectively. The spring constant of bolt 

head is given as 

𝐾𝑏 =
𝐸𝐼

0.6𝑑
                               (8) 

where d is the nominal thread diameter.  
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Although the use of numerical simulation method 

for the investigation of the loosening behavior of 

bolt-nut joints with the development of computer 

and allowing comprehensive analysis in a short 

time, the number of studies combining 

experimental - analytical and numerical 

simulation methods is quite few [22-25]. 

3. EXPERIMENTAL STUDY 

M8x1.25 8.8 ISO 4017 [26] carbon steel bolts and 

M8x1.25 8 DIN 934 [27] carbon steel nuts were 

selected for the Junker tests. The thread forming 

and heat-treatment of bolts and nuts were 

performed sequentially according to ISO 898-1 

[28] and ISO 898-2  [29]. Before testing, the bolts 

and nuts were coated with Delta Protekt® KL100 

+ VH301 GZ zinc flake by a dip-spin process in a 

single batch. Delta Protekt® KL100 + VH301 GZ 

zinc flake coating induces a friction coefficient 

between 0.09 and 0.14 and widely preferred by 

the automotive industry. Thread and bearing 

friction coefficients of five bolt/nut specimens 

were measured according to ISO 16047 [30] using 

SCHATZ® friction coefficient tester. Transverse 

vibration tests were performed in a Junker test 

bench shown in Figure 2(a) and Figure 2(c).  

In a typical test, the test bench applies a transverse 

dynamic vibrational force with variable frequency 

and amplitude on a glider plate. The glider top 

plate is driven by an eccentric cam. The bolted 

joint being tested is clamped together the glider 

plate and fixed plate as shown in Figure 2(b). The 

clamp force is measured by means of load cells as 

function of time. The clamp force-cycle data are 

then exported for the analysis.  

The parameters used in transverse vibration tests 

are tabulated in Table 1. The tests were performed 

at three different initial clamp forces, six different 

clamp lengths, four different bearing-thread 

friction coefficients and a constant transverse 

displacement amplitude of 0.45 mm and a 

frequency of 5 Hz.  Total 360 vibration tests were 

performed for 72 test conditions and at least five 

tests were performed for each test condition. In 

order to improve the reliability of data, maximum 

allowable standard deviation of loosening rates 

was accepted as %20 of average loosening rate 

value of five test results.  If the standard deviation 

is bigger than the allowed, additional tests 

performed until the allowable standard deviation 

value was reached.  

An average value for loosening rate for each test 

condition was the calculated using 5 tests. The 

loosening rate (kN/cycle) was determined from 

the slope of a linear fit to the average clamping 

force–cycle curve. For the experimental test 

conditions resulting in self-loosening, the critical 

transverse displacements were then calculated 

using the analytic equations elaborated in section 

2.  These equations are also listed in Table 2 and 

numbered from 1 to 3 as equation sets numbers. 

The corresponding parameters and the equations 

(section 2) used to calculate the critical transverse 

displacements are also listed in the same table. 

For example, for the equation set number 1 (Eqn. 

Set Nr-1) of Table 2, the critical transverse 

displacement () was calculated using Eqn.1 

(Yamamoto and Kasei, 1977) and kw was 

calculated using Eqn. 4 (Nakamura et. al, 2001) 

given in section 2.  

Finally, the experimentally determined loosening 

rates were drawn as function analytically 

calculated critical transverse displacements for 

comparison.   
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(a)                                                                              (b)                                                                       

Figure 1 (a) Deflection of a bolt caused by a transverse external force and (b) deflection of multi sectioned bolt 

caused by transverse external force 
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(c) 

Figure 2 (a) Transverse vibration experimental set-up and (b) cross-section view of A-A showing the fixture used 

in the experimental setup (c) image of Junker test bench 

 

Table 1  

Parameters used in the transverse vibration tests 

 

 

 

 

Table 2  

Equation set numbers used to calculate the critical displacement (Eqn. Set Nr-1 through Eqn. Set Nr-3) 
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4. NUMERICAL STUDY 

A three-dimensional simplified FE model of the 

bolted-joint shown in Figure 3 was used to 

determine the proportion of Mt to Fsln to find the 

ratio of spring constant ratio in Eqn. 7. The finite 

element simulation was performed in commercial 

simulation software Simufact®. The elastic 

modulus and Poisson’s ratio were taken 210 GPa 

and 0.3, respectively, for all deformable steel 

parts. All geometrical properties of bolt and nut 

joint model including helical thread (comply with 

DIN 13 [31]) and the tolerances given for 6h/6H, 

were kept the same as the experiments.  The 

clamping force was applied by moving up “rigid 

nut washer” element in z-direction (Figure 3). 

After creating clamping force, the transverse 

excitation with 5 Hz frequency and 0.45 mm 

transverse displacement amplitude was applied to 

the moving “rigid nut washer” element through Y 

direction for 10 cycles (Figure 3). The numerical 

simulation was implemented with 23 mm clamp 

length and 17.6 kN initial clamping force. 0.121 

bearing friction coefficient and 0.113 thread 

friction coefficient. Coulomb friction model was 

used and friction coefficients assigned to bearing 

and thread sides as 0.121 and 0.113 respectively. 

The numbers of tetrahedral 134 elements that are 

used at bolt and nut models, were 31041 and 

25911 respectively. Segment to segment contact 

algorithm, mixed-direct iterative solver and 

adaptive time stepping based on automatic 

displacement change parameters were used.  

5. RESULTS AND DISCUSSION 

The variations of experimentally measured thread 

and bearing friction coefficient as function of the 

number of tightening-loosening (1st, 3rd, 5th, and 

7th tightening-loosening) are shown given in 

Figure 4. All thread and bearing friction 

coefficients were measured according to ISO 

16047 Fasteners-Torque/clamp force testing. At 

least 5 friction coefficient measurements were 

taken and the values were then averaged for each 

tightening-loosening number. The average 

friction coefficients of 1st, 3rd, 5th, and 7th 

tightening-loosening are sequentially 0.121, 

0.153, 0.172 and 0.204 for bearing friction 

coefficient and 0.113, 0.125, 0.137 and 0.146 for 

friction thread coefficient. As the tightening-

loosening number increases the friction 

coefficients increase as seen in Figure 4. Note in 

the same figure that the increase of bearing 

friction coefficient with the tightening-loosening 

number is higher than that of thread friction 

coefficient. The increase in friction coefficients 

with the increase of tightening-loosening number 

is also noted to show nearly a linear dependence. 

Hence, the experimental bearing and threat 

friction coefficients tabulated in Table 1 were 

average values of these measurements and 

determined by applying tightening-loosening 

prior to the transverse vibration experiments.  

The critical transverse displacement prediction 

was taken correct or appropriate if the calculated 

critical transverse displacement of the equation 

sets numbered from 1 to 3 in Table 2 was less than 

0.45 mm in the experimentally self-loosened bolts 

or if the calculated critical transverse 

displacement was higher than 0.45 mm in the 

experimentally no self-loosened bolts. Otherwise, 

the prediction was taken wrong or inappropriate. 

Figures 5(a-c) show the experimentally measured 

loosening rates as function of calculated critical 

displacement of the equation sets listed in Table 

2. The experimental displacement amplitude 

(0.45 mm) is also shown as a vertical dotted line 

in Figures 5(a-c). As noted in Figures 5(a) and (c), 

the appropriate predictions of critical 

displacements of the Eqn. Set Nr-1 and Eqn. Set 

Nr-3 of Table 2 are 50 and 36.1%, respectively.  

The highest appropriate predictions of critical 

displacements are found in the Eqn Set Nr-2 of 

Table 2 as seen in Figures 5(b). This equation set 

predicts appropriately 58.3% of the critical 

displacements. The value of kw is reduced from 

3.28x10-4 to 1x10-8 in order to determine its effect 

on the correctness of the critical displacement 

prediction of  Eqn. Set Nr-1. Note that Eqn. Set 

Nr-2 and Eqn. Set Nr-3 do not use the inclination 
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compliance of bolt head portion. The results of the 

calculations are shown in Figure 6 as the 

appropriate prediction percentage versus log kw 

curve. As seen in Figure 6, the reduction of kW is 

effective in increasing the appropriate prediction 

of the critical displacements down to 1x10-5 and 

further reduction is noted to have no significant 

effect on the appropriate prediction percentages of 

the equations investigated. Until this critical kw 

value, 1x10-5, the appropriate prediction 

percentages increase to ~57% for the Eqn. Set Nr-

1 (Figure 6). This critical value of kw ,1x10-5, is 

noted to be much smaller than kw values specified 

by Nishumira [32]. The finite element model 

variations of Mt and Fs with transverse 

displacement are shown in Figures 7(a) and (b), 

respectively. The ratio of spring constant (
𝐾𝑡

𝐾𝑏+𝐾𝑡
)  

in Eqn. 7 was then calculated using numerical Mt 

and Fs values revealing pure bolt bending 

behavior during transverse loading.  The ratio was 

determined 0.628. In order to compare the 

loosening rate of numerical simulation with those 

of experiments, the loosening rate of numerical 

simulation was numerically extended to higher 

cycles.  Initially a linear fit lto the FE model clamp 

force-cycle curve was applied within 100 cycles; 

then, using the slope of this linear fitting the FE 

model clamp force-cycle curve was extended to 

850 cycles. Figure 7(c) shows the variation of the 

extended FE model clamp force with the number 

of cycle at an initial clamp force of 17.6 kN.  In 

the same figure, the variations of experimental 

clamp forces of five tests with the number of cycle 

at an initial clamp force of 17.6 kN are shown 

together with the variation of the experimental 

average clamp force. Note that the average 

experimental clamp force-cycle curve shows well 

agreements with the FE model clamp force-cycle 

curve especially at low cycles.  The slope of the 

experimental average clamp force-cycle curve 

shown in Figure 7(c) yields a loosening rate of 

approximately 0.01256 kN/cycle. Finally, a new 

set of equations was developed using the FE 

model Mt values. This new equation is coded as 

Eqn. Set Nr-4 and tabulated in Table 3. Using the 

numerically calculated spring constant ratio and 

reaction moment, the critical transverse 

displacement amplitude was calculated for Eqn. 

Set Nr-4. Initially, the effect of value of kw on the 

critical transverse displacement predictions of 

Eqn. Set Nr-4 was determined. The variation of 

the appropriate prediction percentage of Eqn. Set 

Nr-4 of Table 3 with the value of kw is shown in 

Figure 8(a). The appropriate prediction 

percentage increases from 73.4 to 77.7% with the 

increase of kw from 7.5x10-5 to 5x10-5 thereafter 

the appropriate percentage values saturate. Figure 

8(b) shows the experimentally measured 

loosening rate as function of calculated critical 

displacement amplitudes with kw value of 5x10-5. 

The use of FE model determined reaction moment 

increases the accuracy from 50.0 to 73.4%. The 

accuracy of the equations further increased with 

the use of appropriate kw value, while the increase 

is only ~4%. The total increase in the appropriate 

prediction percentage is 27.7%.  

6. CONCLUSIONS 

The capabilities of the analytic models in 

predicting experimental self-loosening of bolted-

joints was investigated both experimentally and 

numerically. The experimental loosening rates 

were determined in a Junker test bench at a 

constant transverse displacement amplitude (0.45 

mm) and under controlled thread and bearing 

friction coefficient. The experimental test 

parameters were then used to calculate the critical 

displacement for self-loosening for each equation 

investigated. In addition, a three-dimensional 

accompanying FE model of bolted-joint was 

developed to calculate the ratio of spring 

constants engaging the thread to spring. The 

results indicated relative low capabilities of 

present analytical models in the prediction of the 

critical displacements of bolted-joint for self-

loosening.  The efforts to modify the nut reaction 

moment and the inclination compliance of bolt 

head portion in the equations investigated 

however resulted in moderate increase in the 

predictions of the critical displacements for self-

loosening. On the other side, the use of the 
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reaction moment determined through the FE 

model was found to increase the prediction 

capabilities of the equations significantly.

 

 

Figure 3 Finite element model of bolted-joint and applied transverse displacement versus time curve 

 

Figure 4 The variations of the thread and bearing friction coefficients with the number of tightening-loosening 
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(c) 

Figure 5 Comparison of experimental and analytical results of Eqn. Set Nr (a) 1, (b) 2, (c) 3 of Table 2 

 

Figure 6 Change of appropriate prediction percentage with kw for Eqn. Set Nr-1 of Table 2 
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(a) 

 

(b) 

 

(c) 

Figure 7 The curves of numerical simulation results of (a) Mt versus transverse displacement and (b) Fs versus 

transverse displacement and (c) the experimental and FE model clamp force versus cycle 

 

Table 3  

Equation set for Eqn Set Nr-4 for the critical displacement 
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(a) 

 

(b) 

Figure 8 (a) variation of appropriate prediction percentage with kw and (b) comparison of experimental and 

analytical results of Eqn. Set Nr-4 of Table 3
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