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Abstract: Bolted connections are crucial in joining mechanical assemblies and ensuring
the integrity and reliability of structural components. This study proposes a method
for estimating bolt loosening life by practically applying material fatigue life prediction
methods. First, the study employed the linear cumulative damage rule to predict the
loosening life of single bolts under two-block loading conditions. Second, a test device
with two bolt attachment points on a single structure was fabricated to model the multi-
bolted structure, and tests were conducted. Finite element analysis (FEA) analysis was
employed to identify vulnerable points. The loosening life of single bolts predicted using
the linear cumulative damage rule exhibited enhanced accuracy within a +1.2x error band
compared with the experimental data despite variations in bolt types and test conditions.
The FEA results for the multi-bolt structure demonstrated that the loosening life could
be predicted by identifying vulnerable points and estimating the displacements. This
study effectively predicts the bolt loosening life, offering valuable data for the reliability
assessment of bolted structures.

Keywords: bolt loosening; bolt loosening life; multi-bolted structures; damage accumulation;
two-block loading

1. Introduction

Bolted connections are crucial in joining mechanical assemblies and ensuring the
integrity and reliability of structural components. They are widely utilized owing to their
advantages, such as ease of assembly, versatility, load distribution, cost-effectiveness, and
accessibility for maintenance. However, when the bolts are subjected to vibration, shock,
or cyclic loading, the original force equilibrium on a threaded surface can be disrupted,
leading to relative slippage and rotation between the bolt and nut [1,2]. This can decrease
the initial clamping force, leading to catastrophic failure [3-5].

Numerous studies have been conducted to examine bolt-loosening mechanisms and
effective prevention methods [6-8]. Pai and Hess [9,10] first identified that fasteners can
loosen under dynamic shear loading due to localized slip accumulation. Building on this,
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Izumi [11] and Dinger [12] further argued that localized slip leads to the gradual loosening
of bolted joints. Yang et al. [13] observed that bolt loosening generally precedes fatigue
fracture, whereas, under high axial loads, bolts may fail due to fatigue without significant
loosening. Jiang et al. [14] demonstrated that bolt loosening under transverse cyclic load-
ing follows a pattern similar to fatigue curves with an endurance limit. Yang et al. [15]
further analyzed the relationship between displacement amplitude and bolt loosening life,
revealing similarities to material fatigue S-N curves. Fan [16] and Zhang [17] demonstrated
that thread fretting wear under transverse cyclic loading leads to a gradual reduction in
clamping force in bolted joints. Liu et al. [18] studied coated bolts, showing they reduce
thread damage and improve clamping force retention, enhancing self-loosening resistance.
However, most studies have primarily focused on the bolt-loosening mechanism and have
been limited to single-bolt joints.

In real-world applications, bolted structures experience a complicated load history
rather than sinusoidal vibration loading, making laboratory-based findings difficult to
apply directly. However, studies on bolt loosening life under realistic service conditions
remain limited. To effectively address that issue, the vulnerability of bolt loosening in
real-life structures under variable amplitude loading must be identified to predict the bolt
loosening life in those identified vulnerable areas. Because bolt loosening life is a crucial
indicator for evaluating the structural capacity of bolted connections, bolt loosening life
assessment verification is essential [19,20].

This study aims to demonstrate the practical application of fatigue life prediction
methods for bolt loosening life prediction. The first is the prediction of bolt loosening life
under variable amplitude loading (VAL) using the linear cumulative damage rule (LDR).
The second is the prediction of bolt loosening lives in a multi-bolted structure simulating
real structures. Finite element analysis (FEA) was employed to identify areas vulnerable to
bolt loosening in multi-bolted structures. Subsequently, validation tests were conducted to
confirm the bolt loosening life in structures with multiple bolt connections based on the
FEA results.

2. Materials and Methods
2.1. Test Methods for Bolt Loosening Test of Two-Block Loading

Two types of bolts (M6 x 1.0 x 65 and M8 x 1.25 x 65) were used for the variable-
amplitude loading tests, as in our previous study [21]. Bolt loosening life tests of the
two-block loading were conducted using a Junker tester, as shown in Figure 1. Cumula-
tive fatigue damage theory [22-25] was applied to predict bolt loosening life, where the
bolt loosening damage D by constant amplitude loading after n; cycles can be expressed
as follows:

=Yy M)

where 7; denotes the number of constant amplitude loading cycles at i-th displacement
amplitude, and N; is the bolt loosening life for the corresponding constant amplitude load.
If the linear LDR is used for loosening life prediction, the bolt must be loosened when
damage D reaches unity. The initial clamping force, frequency, and sampling rate were
identical to those used in a previous study, as shown in Table 1 [21].

The two-block loading tests were designed based on previous constant amplitude
bolt loosening tests [21]. As shown in Figure 2, the applied load sequence consisted of
an initial displacement-controlled cycle, utilizing 50% of the expected bolt loosening life
at the given displacement amplitude, followed by additional cyclic loading at a different
amplitude until loosening occurred. For example, in Test 1, a displacement amplitude
of 0.3 mm was applied for 12,000 cycles, followed by cycles at 0.65 mm until loosening. A
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similar procedure was followed for other test conditions. Table 2 illustrates the detailed
procedures for the tests, including the bolt size, two-block loading, and number of tests.

Test bolt

'

Moving

Roller oobﬁ oo P

bearing
5 ] Load cell

(b)

Figure 1. Junker tester: (a) test machine and (b) schematic. (Reprinted with permission from
International Journal of Precision Engineering and Manufacturing) [21].

Table 1. Bolt loosening test conditions.

Bolt Size M8 Me
Initial clamping force 14.3 kN 11 kN
Frequency 10 Hz
Data sampling rate 1Hz
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Figure 2. Two-block loadings: (a) Lo-Hi and (b) Hi-Lo.

Table 2. Bolt loosening life tests under two-block loading.

Test No. Bolt Size Two-Block Loading Sequence Displacement Amplitude

1 M8 Lo-Hi +0.3 mm, £0.65 mm
2 M8 Lo-Hi +0.3 mm, £0.5 mm

3 M8 Lo-Hi +0.25 mm, £0.65 mm
4 M8 Hi-Lo +0.65 mm, +0.3 mm
5 M8 Hi-Lo +0.5 mm, 0.3 mm

6 M8 Hi-Lo +0.65 mm, +0.25 mm
7 M6 Lo-Hi +0.3 mm, +0.65 mm
8 M6 Lo-Hi +0.3 mm, 0.5 mm

9 M6 Lo-Hi +0.25 mm, +0.65 mm
10 M6 Hi-Lo +0.65 mm, £0.3 mm
11 M6 Hi-Lo +0.5 mm, £0.3 mm

12 M6 Hi-Lo +0.65 mm, +0.25 mm
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2.2. Prediction of Bolt Loosening Life for Multi-Bolted Structures

This section discusses the finite element (FE) model construction and testing method
for bolt loosening life prediction of multi-bolted structures. The geometry of the FE model
was constructed to simulate multi-bolted structures. To verify the FE results, a test fixture
was fabricated using the FE model.

2.2.1. FE Model Construction for the Multi-Bolted Structure

Three-dimensional FE models were constructed to identify the most vulnerable regions
in the bolt structure regarding the displacement amplitudes. Accurately determining the
relative displacement at the bolt connection is crucial for predicting the bolt loosening life.

An FE model was constructed based on the test fixture (Figure 3a). In the FE model,
8-noded 3D solid elements (13,798 elements) with reduced integration and 6-noded 3D solid
elements (6-node linear triangular prism elements) for the plates in the bolt structure were
used. The material of the plates was SCM440, modeled using an elastic-plastic hardening
model [26,27] with an elastic modulus of 200 GPa and a Poisson’s ratio of 0.3. A bolt
connection element was used as the connector element.

vz

Test bolt (A) | Test bolt (B) ||

(b)

Figure 3. Test device installed on the vibration durability test machine. (a) test fixture (b) test setup.
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To optimize computational efficiency, a simplified single equivalent element model
(CONN3D2 in ABAQUS 2023 notation) was employed instead of a detailed FE model of the
bolt geometry. This equivalent element integrates an isotropic hardening plasticity model
to capture the bolt’s cyclic behavior while significantly reducing the computational cost.

At the bolt connection, when the bolt is subjected to transverse cyclic loading, bending
moments occur under the bolt head and on the threaded surface, which is crucial for
analyzing the mechanical behavior of the bolt. When applying this theory to a cantilever
subjected to bending loads, the Timoshenko beam theory [28-30], which accounts for shear
deformation, was implemented in the FEA model.

The transverse displacement, w(x), against transverse load, P, is determined as follows:

w(x) = P(L—x) Px <L2 x2> pL?

kAG  2EI 5 ) T 3Er @

At x = L, the Equation (2) becomes the following:

L L3

The stiffness in each Cartesian direction was calculated based on the applied force and
resulting displacement. The stiffness values ky and ky, of the bolt can be expressed using
the following relationships:

P, 1
kx = = (4)
L 3
w(l) Lo+ L
P, 1
S — (5)
4 L 13
w(l) Lo L

where L is the bolt length, A is the effective cross-sectional area of the bolt, E is the elastic
modulus of the bolt, I is the second moment of the cross-sectional area, and G is the shear
modulus of the bolt. x is the Timoshenko shear coefficient, which varies depending on the
shape, and in this study, Equation (3) was applied for the circular cross-sectional shape of
the bolt. 6(1+0)
v
T T 60 ©)

where v is the Poisson’s ratio. The following is for a structural steel with v = 0.3:
x = 0.886

Stiffness k; in the axial direction of the bolt can be calculated using the following
equation:
AE
k; = e @)
Table 3 illustrates the stiffness values calculated in the k, ky, and k; directions using
Equations (4), (5) and (7), respectively. Moreover, the bolt is represented as a connector
element, essential for accurately capturing the mechanical behavior of the bolted con-
nection. The analysis was conducted using the specific stiffness values defined for the
connector element.
Figure 4 compares the cyclic behavior obtained from the FEA using the detailed
FE model and that obtained from the analysis using a single equivalent element. The
hysteresis curves of the M8 bolts were compared, with each color representing a differ-
ent displacement amplitude. The dotted lines represent the hysteresis curves between
the reaction force and displacement obtained in a previous study [21], and the symbols
represent the equivalent element calculations of these curves. However, no slip occurred
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under a displacement amplitude of 0.15 mm. Moreover, the hysteresis loops expanded
with increasing transverse displacement. Under the conditions that exceeded the 0.15 mm
displacement amplitude, complete slip occurred in the zero-slope regions, leading to the
reaction forces of the initial clamping force of the M8 bolt (14.3 kN) multiplied by the
friction coefficient (0.15) specified in the FE model.

Table 3. Stiffness values of the bolt.

Direction Stiffness (N/mm)
kx 12,550
ky 12,550
k, 502,665
H 0.65mm equivalent elements — 0.65mm detailed geometries
® 0.50mm equivalent elements — 0.50mm detailed geometries
3000 - 4 0.30mm equivalent elements — 0.30mm detailed geometries
—_ ¥ 0.15mm equivalent elements — 0.15mm detailed geometries
Z 2000}
)]
=t
o 1000 |
(1
c
o 0
=
%
@ -1000 |
(14
-2000
_3000 1 1 1 ]

1 1 1 1 1
1.0 -08 -06 -04 02 00 02 04 06 08 1.0
Displacement (mm)

Figure 4. Comparison of the mechanical behavior of bolts of equivalent elements and detailed
geometry models: M8 bolt.

As the difference in the reaction forces between the two FE models of the hysteresis
curves is insignificant, the description of the cyclic behavior using the equivalent bolt
element was successful. The two FE models showed 7.1% and 8.0% differences in stiffness
and peak reaction force, respectively. In addition, its computational efficiency is obviously
beneficial, especially for the FE analysis of structures having a lot of bolt connections.

Because the test fixture in Figure 3a was designed to provide additional stiffness
on one bolt-jointed side, a pad made of urethane rubber (15 t), natural rubber (15 t),
or a combination of steel/urethane (12 t/3 t) was placed. The mechanical properties
of each rubber material were obtained from additional compression tests, as specified
in the ASTM D575 standard [31]. The neo-Hookean model was employed to model the
mechanical behavior of the rubber material [32]:

W=Ci(L —3) (8)

where W is the strain energy function, C; is the nonlinear material constant determined by
the stress—strain behavior obtained from the rubber material tests, and I; is the principal
strain invariant.

In the static analysis, all the degrees of freedom on the top and bottom surfaces of the
text fixture were restrained except in the vertical direction of the top surface. A vertical
displacement of 1 mm was applied to the top surface of the text fixtures.
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2.2.2. Test Methods for Multi-Bolted Structures

To simulate the multi-bolted structures, a test fixture was fabricated with two bolt
attachment points on a single structure to generate different displacement amplitudes,
as shown in Figure 3a. Figure 3a illustrates that one of the two bolt attachment points
(TEST bolt (A)) was fixed to the bottom plate using urethane rubber to induce a physically
smaller displacement than the other attachment points (TEST bolt (B)). Two parts made of
SCM440 steel were designed to enhance the mechanical durability of specimens subjected
to Q/T (tempering after quenching). Two parts with 10 mm diameter holes were used for
MS8 bolt tests and transverse displacement movement.

The multi-bolt structure tests were conducted by assembling the test fixture manufac-
tured on the vibration durability equipment, as shown in Figure 3b. The test bolt used was
M8 x 1.25 x 65, and the initial clamping force was set to 14.3 kN using a torque wrench. A
washer-type load cell (HBMKMR-60 kN, Darmstadt, Germany) was used to measure the
bolt clamping force, as shown in Figure 5a. A washer-type load cell was inserted between
the two washers to achieve real-time and uniform measurement of the bolt clamping force
during the bolt loosening experiments, as shown in Figure 5b. Contact-type linear variable
displacement transducer (LVDT) sensors were used to measure the transverse relative
displacement of the test bolts, as shown in Figure 3a. All data were recorded using a
DAQ system (HBM® QuantumX MX840, Darmstadt, Germany).

(®)

Figure 5. Sensor for measuring bolt clamping force: (a) washer-type load cell and (b) two washers.
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Bolt loosening life tests for multi-bolted structures were performed under various
conditions, as illustrated in Table 4, with displacement amplitudes of 0.5 mm, 0.4 mm, and
0.3 mm. Each experiment was repeated twice. The tests were concluded when the bolt
fractured or its clamping force reached the point whereby the initial preload decreased
by 20%, whichever occurred first.

Table 4. Bolt loosening life prediction test conditions for multi-bolted structures.

Bolt Size M8
Initial clamping force 14.3 kN
Case 1 £0.3 mm
Displacement Case 2 +0.4 mm
Case 3 +0.5 mm
Frequency 10 Hz
Data sampling rate 10Hz

3. Results and Discussion
3.1. Results of the Bolt Loosening Life Prediction Under Two-Block Loading

This section discusses the results of the life prediction of bolt loosening under two-
block loading, demonstrating the feasibility of applying the linear LDR to predict bolt-
loosening lives. The experimental life refers to the life obtained from the tests. However, the
predicted life is calculated based on the LDR and D-N curve [21], as discussed in Section 2.1.
This defines the relationship between the displacement amplitude and bolt loosening
life obtained through experiments by applying a constant displacement amplitude to
individual bolts in previous studies. This D-N curve can be considered a characteristic
curve for individual bolts, analogous to the material properties.

Figure 6a,b compare the test lives and predicted ones for M8 bolts and M6, respectively.
The abscissa and ordinate represent the bolt loosening life under the two-block loading
and predicted bolt loosening life based on the bolt loosening properties (D-N curve) [21],
respectively. The black dashed lines represent the upper and lower bounds within the
£1.2x error band.

Figure 7 shows all the loosening life test lives under the two-block loading for the
M8 and M6 bolts. Damage D in linear LDR [22] ranged from 0.8 to 1.2, as determined
by the VAL test results and expressed by Equation (1). These findings confirm that the
proposed approach provides a reliable and accurate prediction of bolt loosening lives
under variable amplitude loading (VAL). Consequently, bolt loosening life prediction
using LDR provides excellent results that show promise as a valuable prediction method
for this VAL. However, as bolt loosening can be influenced by various factors such as
temperature fluctuations, lubrication, and corrosion, the applicability may vary, or perhaps
new D-N curves considering those may be required. Additionally, accuracy can be affected
if the displacement amplitude becomes larger than considered here or the loading sequence
effect becomes significant.
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Figure 6. Comparisons between experimental and calculated loosening predicted life using the linear

damage rule: (a) M8 and (b) M6 bolts.
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Figure 7. Application of linear cumulative damage rule using VAL test results of M8 and M6 bolts.
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3.2. Prediction of Bolt Loosening Life of Multi-Bolted Structures

This section discusses the expected bolt loosening life of multi-bolted structures from
two perspectives. First, FEA was employed to identify the regions susceptible to bolt
loosening. Next, we compared the predicted bolt loosening life with the experimentally
measured loosening life using a previously established D-N curve, which indicates the
relationship between the displacement amplitude and bolt loosening life. This curve was
determined through experiments in previous studies characterizing loosening behavior.

3.2.1. Identification of Vulnerable Regions Using FEA

Figure 8 illustrates the simulation results for the relative displacement amplitudes of
the multi-bolted structures. When a vertical displacement of 1.0 mm was applied down-
wards, the bolt connection without pads experienced a physical displacement amplitude
of Ad = £1.0 mm. However, the displacement amplitudes of the other connections were
Ad = 0.7 mm, 0.96 mm, and 0.55 mm when urethane rubber (15 t), natural rubber (15 t),
and a combination of steel plate/urethane (12 t/3 t) were placed, respectively. A point with
a larger relative displacement in the bolt connection was more vulnerable to loosening,
indicating that the bolt in the connection loosened first. Thus, bolt connections without
pads would be more susceptible to loosening because the displacement amplitude at the
connection was larger.

Magnitude of displacement(mm)
+1.003e+00

Magnitude of displacement (mm)

+1.067e+00
+9.779e-01
+8.890e-01
+8.001e-01

+2.667e-01
+1.778e-01
+8.890e-02
+0.000e+00

(b)
Magnitude of displacement (mm)

+1.004e+00
+9.202e-01
+8.366e-01
+7.529e-01
+6.693e-01
+5.856e-01
+5.020e-01
+4.183e-01
+3.346e-01
+2.510e-01
+1.673e-01
+8.366e-02
+0.000e+00

(o)

Figure 8. Contour of the magnitude of displacement when one of the following is inserted between
the upper and lower parts: (a) urethane rubber (15 t), (b) natural rubber (15 t), and (c) combination of
urethane/steel plate (3 t/12 t).
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In summary, FEA is an effective tool for identifying loosely vulnerable regions in engi-
neering structures under different displacement amplitudes. By combining this with the
individual bolt loosening life database (i.e., D-N curves), the first loosening site and its cor-
responding loosening life can be estimated because FEA provides the largest displacement
amplitude and location information.

3.2.2. Estimation of Bolt Loosening Life in a Multi-Bolted Structure

This subsection discusses the predicted loosening life at vulnerable connections
identified using FEA and compares them with the experimental results. Table 5 lists
the relative displacement values of each bolt connection when the displacement ampli-
tude conditions for the three cases in Table 4 were applied using the vibration durability
equipment (Figure 3b). In the multi-bolted structure experiment, test bolt (B) without the
pad exhibited a larger displacement than test bolt (A), consistent with the FEA results, as
illustrated in Table 5. Test bolt (B) without the pad nearly matched the amplitude displace-
ment values applied by the durability equipment. However, the test bolt (A) with the pad
exhibited a relatively smaller displacement amplitude (£0.2 to £0.25 mm) compared to the
test bolt (B). Thus, the test bolt without pad (B) loosened first, owing to its larger relative
displacement, making it more susceptible to loosening.

Table 5. Measured amplitude displacement of bolted joints for multi-bolted structures.

Input Displacement Measured Displacement Amplitude
Case 1 Test bolt (A) +0.1 mm/Test bolt (B) + 0.3 mm
Case 2 Test bolt (A) £0.2 mm/Test bolt (B) £+ 0.4 mm
Case 3 Test bolt (A) +0.25 mm/Test bolt (B) + 0.5 mm

We conducted the tests under high-cycle loosening conditions (10* and 10° cycles)
because small amplitude displacements contribute to bolt loosening. The bolt loosening life
fell within the range of approximately 10* and 10° cycles in all tests, as shown in Figure 9.
In Cases 1 and 2, the clamping force of test bolt B initially decreased by approximately 10%
at a constant rate, followed by a more rapid decrease. Subsequently, bolt loosening was
observable, as shown in Figure 10a. In Case 3 (Ad = 0.5 mm), the clamping force decreased
by 5-7% during the first approximately 100 cycles, followed by a stable decline before
sharply dropping again, resulting in bolt fracture, as illustrated in Figure 10b. Despite
the stable decrease in the clamping force, no visual rotational loosening occurred in the
loosening test of the multi-bolt structure. These observations are similar to the single-
bolt loosening behavior (when obtaining the D-N parameters) and loosening mechanism
discussed in our previous study [21].

Figure 9 compares the predicted and test lives of the multi-bolted structure, with
black square symbols representing the test lives at the vulnerable points. Consequently,
the predicted results are within the +1.2x error band, demonstrating the good prediction
accuracy of this conventional approach for bolt loosening life prediction.

Moreover, bolt loosening was first observed in the more vulnerable regions (test bolt
B), as identified by the finite element analysis (FEA) under all test conditions. This further
supports the applicability of conventional fatigue life prediction methods for estimating bolt
loosening life in structural components. The FEA successfully simulated these vulnerable
regions and predicted the loosening life of the complex structures with a high degree of
accuracy, showing a strong correlation with the experimental data.

Thus, the study confirms that conventional fatigue life prediction methods are effective
for predicting bolt loosening life in bolt-based structures.
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Figure 9. Comparison of real structure bolt loosening life test and loosening life prediction.

Figure 10. Bolt loosening phenomenon examination: (a) bolt loosening (Ad = +0.3 mm) and
(b) fatigue fracture (Ad = +0.5 mm).

4. Conclusions

This study proposed a bolt loosening life prediction method by employing material

fatigue principles and life prediction techniques under service loading conditions for

multi-bolted connections. The following conclusions were drawn:

@

@)

®)

LDR can be employed to examine bolt loosening life under a two-block loading.
The results show that all the loosening test lives for M8 and M6 bolts fall within
the £1.2x error band, which is the accuracy of our method for bolt loosening
life calculations.

FEA can be used to identify areas vulnerable to loosening in complex bolted connec-
tions. Because the bolt loosening life is significantly dependent on the transverse
displacement amplitude, the bolt connection with the largest displacement amplitude
is the weakest among the bolted connections of a structure. When multiple loads are
applied, various load cases can expectedly find the points of the largest transverse
displacement amplitude similar to that in high-cycle fatigue life predictions.

The deformation of bolts in multi-bolted structures is well approximated by the pro-
posed equivalent model. The model, considering both bending and shear deformation,
is developed based on Timoshenko beam theory. A comparison with a previously
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developed FE model incorporating detailed bolt geometry showed a good agreement
in hysteresis curves. There are 7.1% and 8.0% differences in stiffness and peak reaction
forces, respectively. The structural approximation with computational efficiency can
be achieved by the equivalent model.

(4) Anexperimental setup is configured for the loosening life of multi-bolt structures. The
fixture manipulates a displacement amplitude at each bolt connection by providing
additional stiffness. Compared with the displacement amplitude at a connection with
no additional stiffness, the displacement amplitudes at the other connection, if either
of urethane rubber pad, natural rubber pad, or a combination of steel plate/urethan
pad (12 t/3 t) are placed, are calculated to be 70%, 96%, 55%, respectively. In the test
using the urethan pad, the displacement amplitude at the connection was about 50%
of the displacement amplitude at the connection without additional stiffness. The
intentional discrepancies of displacement amplitudes are successfully realized through
the experimental setup.

(5) The bolt loosening life prediction for the multi-bolt assembly agreed well with the test
results. The predicted bolt loosening life was derived by combining the displacement
amplitude calculations of the individual bolt with the corresponding D-N curves, and
the validation confirmed D (bolt loosening life) = 0.8~1.2. Therefore, our proposed
method can predict the bolt loosening life in real structures in a high-cycle fatigue
regime (approximately 10* cycles).

(6) These findings provide a good example, demonstrating that stress-based life predic-
tion in traditional fatigue analysis is valid for bolt loosening, and we believe that this
fundamental principle (e.g., D-N curves, Miner’s rule) can still be applied to other
bolt sizes and geometries.

The proposed method provides a practical approach to predicting bolt loosening
life. It offers significant potential for industrial applications, particularly in the structural
maintenance of bridges, construction equipment, and mechanical assemblies where bolt
loosening is a critical concern. Moreover, recently developed self-loosening detection
technologies can establish a more reliable maintenance strategy [33-36].

Author Contributions: M.Y.: Conceptualization, Methodology, Validation, Investigation, Writing—
original draft. S.-M.].: Validation, Investigation. S.-G.H.: Supervision, Writing—review and editing.
J.-Y.L.: Conceptualization, Methodology, Writing—review and editing, Supervision, Funding acquisi-
tion. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korean Government (MSIT) (No. 2021R1F1A1052053).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Zadoksa, R.I; Yu, X. An Investigation of the Self-Loosening Behavior of Bolts Under Transverse Vibration. J. Sound Vib. 1997, 208,

189-209. [CrossRef]

2. Zhang, J.; Li, W,; Feng, J.; Liao, R. Critical Load Determination for Preventing Rotational Loosening in Bolted Joints Under
Dynamic Transverse Loads. Eng. Fail. Anal. 2024, 160, 8217. [CrossRef]

3. Fort, V,; Bouzid, A.; Gratton, M. Analytical Modeling of Self-Loosening of Bolted Joints Subjected to Transverse Loading. J. Press.
Vessel Technol. 2019, 141, 031205. [CrossRef]


https://doi.org/10.1006/jsvi.1997.1173
https://doi.org/10.1016/j.engfailanal.2024.108217
https://doi.org/10.1115/1.4042798

Materials 2025, 18, 1069 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.
27.

28.

29.

30.
31.

32.
33.

Baek, K.; Jeong, N.T.; Hong, H.R.; Choi, S.B.; Lee, E.S.; Kim, H.M.; Kwon, ].W.; Song, S.Y.; Jang, H.S.; Lee, H.Y,; et al. Loosening
Mechanism of Threaded Fastener for Complex Structures. J. Mech. Sci. Technol. 2019, 33, 1689-1702. [CrossRef]

Gong, H.; Liu, J.; Hong, H.; Ding, X. Study on the mechanism of preload decrease of bolted joints subjected to transversal
vibration loading. Proc. Inst. Mech. Eng. Part B ]. Eng. Manuf. 2019, 233, 2320-2329. [CrossRef]

Nikravesh, SM.Y.; Goudarzi, M. A Review Paper on Looseness Detection Methods in Bolted Structures. Lat. Am. J. Solids Struct.
2017, 14, 2153-2176. [CrossRef]

Gong, H.; Ding, X,; Liu, ].; Feng, H. Review of Research on Loosening of Threaded Fasteners. Friction 2022, 10, 335-359. [CrossRef]
Li, Z.; Chen, Y,; Sun, W,; Jiang, P; Pan, J.; Guan, Z. Study on Self-Loosening Mechanism of Bolted Joint Under Rotational Vibration.
Tribol. Int. 2021, 161, 107074. [CrossRef]

Pai, N.G.; Hess, D.P. Experimental Study of Loosening of Threaded Fasteners Due to Dynamic Shear Loads. J. Sound Vib. 2002,
253, 585-602. [CrossRef]

Pai, N.G.; Hess, D.P. Three-Dimensional Finite Element Analysis of Threaded Fastener Loosening Due to Dynamic Shear Load.
Eng. Fail. Anal. 2002, 9, 383—402. [CrossRef]

Izumi, S.; Kimura, M.; Sakai, S. Small Loosening of Bolt-Nut Fastener Due to Micro Bearing-Surface Slip: A Finite Element
Method Study. J. Solid Mech. Mater. Eng. 2007, 1, 1374-1384. [CrossRef]

Dinger, G.; Friedrich, C. Avoiding Self-Loosening Failure of Bolted Joints with Numerical Assessment of Local Contact State. Eng.
Fail. Anal. 2011, 18, 2188-2200. [CrossRef]

Yang, L.; Yang, B.; Yang, G.; Xu, Y.; Xiao, S.; Jiang, S. Analysis of Competitive Failure Life of Bolt Loosening and Fatigue. Eng. Fail.
Anal. 2021, 129, 105697. [CrossRef]

Jiang, Y.; Zhang, M.; Park, T.; Lee, C. An experimental study of self-loosening of bolted joints. J. Mech. Des. 2004, 126, 925-931.
[CrossRef]

Yang, G.W,; Che, C.J.; Xiao, S.N.; Yang, B.; Zhu, T.; Jiang, S.L. Experimental study and life prediction of bolt loosening life under
variable amplitude vibration. Shock Vib. 2019, 2019, 2036509. [CrossRef]

Fan, J.; Li, H; Zhang, Y.; Li, T.; Liu, J.; Peng, J.; Zhu, M. Failure Behaviour of Bolted Structures Under Cyclic Transverse
Displacement. Tribol. Int. 2023, 178, 108030. [CrossRef]

Zhang, M.; Lu, L.; Wang, W.; Zeng, D. The Roles of Thread Wear on Self-Loosening Behavior of Bolted Joints Under Transverse
Cyclic Loading. Wear 2018, 394-395, 30-39. [CrossRef]

Liu, J.; Ouyang, H.; Feng, Z.; Cai, Z.; Liu, X.; Zhu, M. Study on Self-Loosening of Bolted Joints Excited by Dynamic Axial Load.
Tribol. Int. 2017, 115, 432-451. [CrossRef]

Zheng, Z.; Miao, X.; Huang, X.; Ding, P. Fastening reliability analysis of bolted joint anti-self-loosening. J. Constr. Steel Res. 2023,
202, 107776. [CrossRef]

Lin, Q.; Zhao, Y.; Sun, Q.; Chen, K. Reliability evaluation method of anti-loosening performance of bolted joints. Mech. Syst.
Signal Process. 2022, 162, 108067. [CrossRef]

Yang, M.; Jeong, S.M.; Lim, ].Y. A phenomenological model for bolt loosening characteristics in bolted joints under cyclic loading.
Int. ]. Precis. Eng. Manuf. 2023, 24, 825-835. [CrossRef]

Miner, M.A. Cumulative damage in fatigue. J. Appl. Mech. 1945, 12, A159-A164. [CrossRef]

Subramanyan, S. A cumulative damage rule based on the knee point of the S-N curve. J. Eng. Mater. Technol. 1976, 98, 316-321.
[CrossRef]

Manson, S.S.; Halford, G.R. Re-examination of cumulative fatigue damage analysis—An engineering perspective. Eng. Fract.
Mech. 1986, 25, 539-571. [CrossRef]

Fatemi, A.; Yang, L. Cumulative fatigue damage and life prediction theories: A survey of the state of the art for homogeneous
materials. Int. J. Fatigue 1998, 20, 9-34. [CrossRef]

Abaqus Scripting User’s Manual, Version 6.11; Dassault Systemes: Providence, RI, USA, 2012.

Fallah, A.S.; Louca, L.A. Pressure-impulse diagrams for elastic-plastic-hardening and softening single-degree-of-freedom models
subjected to blast loading. Int. J. Impact Eng. 2007, 34, 823-842. [CrossRef]

Nassar, S.A.; Yang, X. A mathematical model for vibration-induced loosening of preloaded threaded fasteners. J. Vib. Acoust.
2009, 131, 021009. [CrossRef]

Yokoyama, T.; Izumi, S.; Sakai, S. Analytical modelling of the mechanical behavior of bolted joint subjected to transverse loading.
J. Solid Mech. Mater. Eng. 2010, 4, 1427-1443. [CrossRef]

Selig, ] M.; Ding, X. A screw theory of Timoshenko beams. J. Appl. Mech. 2009, 76, 031003. [CrossRef]

ASTM D575 standard; Standard Test Method for Rubber Property-Durometer Hardness. ASTM International: West Conshohocken,
PA, USA, 2010.

Treloar, L.R.G. The Physics of Rubber Elasticity, 3rd ed.; Clarendon Press: Oxford, UK, 1975.

Huang, J.; Liu, ].; Gong, H.; Deng, X. A comprehensive review of loosening detection methods for threaded fasteners. Mech. Syst.
Signal Process. 2022, 168, 108652. [CrossRef]


https://doi.org/10.1007/s12206-019-0321-2
https://doi.org/10.1177/0954405419838675
https://doi.org/10.1590/1679-78254231
https://doi.org/10.1007/s40544-021-0497-1
https://doi.org/10.1016/j.triboint.2021.107074
https://doi.org/10.1006/jsvi.2001.4006
https://doi.org/10.1016/S1350-6307(01)00024-3
https://doi.org/10.1299/jmmp.1.1374
https://doi.org/10.1016/j.engfailanal.2011.07.012
https://doi.org/10.1016/j.engfailanal.2021.105697
https://doi.org/10.1115/1.1767814
https://doi.org/10.1155/2019/2036509
https://doi.org/10.1016/j.triboint.2022.108030
https://doi.org/10.1016/j.wear.2017.10.006
https://doi.org/10.1016/j.triboint.2017.05.037
https://doi.org/10.1016/j.jcsr.2023.107776
https://doi.org/10.1016/j.ymssp.2021.108067
https://doi.org/10.1007/s12541-023-00783-x
https://doi.org/10.1115/1.4009458
https://doi.org/10.1115/1.3443383
https://doi.org/10.1016/0013-7944(86)90022-6
https://doi.org/10.1016/S0142-1123(97)00081-9
https://doi.org/10.1016/j.ijimpeng.2006.01.007
https://doi.org/10.1115/1.2981165
https://doi.org/10.1299/jmmp.4.1427
https://doi.org/10.1115/1.3063630
https://doi.org/10.1016/j.ymssp.2021.108652

Materials 2025, 18, 1069 15 of 15

34. Huang, J; Liu, J.; Gong, H.; Deng, X. A novel active sensing method for loosening detection of globe-cone joint considering
assembly uncertainties. Mech. Syst. Signal Process. 2023, 184, 109738. [CrossRef]

35. Zhang, X.; Zhang, L.; Liu, L.; Huo, L. Prestress Monitoring of a Steel Strand in an Anchorage Connection Using Piezoceramic
Transducers and Time Reversal Method. Sensors 2018, 18, 4018. [CrossRef] [PubMed]

36. Zhang, K,; Ku, H.; Wang, S.; Zhang, M.; He, X.; Lu, H. Distributed Acoustic Sensing: A Promising Tool for Finger-Band Anomaly
Detection. Photonics 2024, 11, 896. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ymssp.2022.109738
https://doi.org/10.3390/s18114018
https://www.ncbi.nlm.nih.gov/pubmed/30453673
https://doi.org/10.3390/photonics11100896

	Introduction 
	Materials and Methods 
	Test Methods for Bolt Loosening Test of Two-Block Loading 
	Prediction of Bolt Loosening Life for Multi-Bolted Structures 
	FE Model Construction for the Multi-Bolted Structure 
	Test Methods for Multi-Bolted Structures 


	Results and Discussion 
	Results of the Bolt Loosening Life Prediction Under Two-Block Loading 
	Prediction of Bolt Loosening Life of Multi-Bolted Structures 
	Identification of Vulnerable Regions Using FEA 
	Estimation of Bolt Loosening Life in a Multi-Bolted Structure 


	Conclusions 
	References

