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Abstract Bolted connections are widely used in various mechanical structures due
to their structural and strength advantages. However, the bolted connection will
fracture and lead to failure under the action of excessive load, which affects the service
reliability of the structure. In this work, the mechanical performance of single-lap
bolted connection under impact load was elaborated by finite element analysis. In
order to obtain a more reliable connection, different parameters were considered,
i.e. tightening torque, load amplitude, friction coefficients for the contact surfaces,
etc. In order to investigate the effect of various friction coefficients on the structural
slip under impact load, orthogonal tests were designed and carried out. The results
showed that the influence ranking of each friction coefficient on the structural slip
was as follows: contact friction coefficient, thread friction coefficient, head friction
coefficient, and bearing surface friction coefficient. The performance under impact
load was positively related to the magnitude of the tightening torque. Within a certain
impact load amplitude threshold, the structural performance was relatively stable.
The reference basis for the reliability design of bolted connections based on the
service and structural performance can be obtained from the finite element analysis
results.
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1 Introduction

Bolted joint is one of the most widely used connections in various mechanical struc-
tures. However, under external loads, threaded fasteners will be self-loosening and
lead to performance degradation of the connection structure during its entire service
life [1]. According to the mechanical performance requirements, bolted joints were
divided into different categories [2, 3]. For some applications, slippage between
bolted joints is prohibited, while, in other applications, it is considered to be failure
when fracture occurs. Therefore, the design and use of reasonable and reliable bolted
joints should be carried out according to the specific structural form and service
performance requirements.

Refs. [4-6] showed that the mechanical properties of bolted joints under transverse
loads exhibited staged characteristics. Furthermore, various mechanical properties of
bolted joints were exhibited under different load forms and influencing factors. Abd-
Elhady et al. [7] studied the effect of structural dimensions and tightening torque on
the performance of bolted joints. Jalali et al. [8] found that the surface roughness of
material also affected the tangential stiffness of the structure. Izumi et al. [9] found
that the transverse load threshold when large slip occurs was positively related to the
clamping force and friction coefficient. Subsequently, their finite element analysis
results showed that when the external load did not exceed a certain limit of the slip
threshold, the mechanical properties of the structure could remain relatively stable
[10].

Various service conditions of bolted joints lead to different kinds of loads and
failure modes. The form of load also inevitably affects the mechanical properties of
the connection. Under impact loads, larger amplitudes may sometimes be reached
in a short period of time, making the bolted joint more prone to failure. Herein,
finite element analysis method is adopted to investigate the mechanical properties
of bolted joints under impact load. Orthogonal tests are designed and carried out to
investigate the effect of various friction coefficients of bolted joint on structural slip
under transverse impact load. In addition, the displacement under different tightening
torques and load amplitudes is also investigated. The reliability design of bolted joint
can be carried out through the finite element analysis results under various influencing
factors.

2 Finite Element Analysis Setup

2.1 Load and Boundary Conditions

In the finite element analysis, two plates made of the same dimensions were joined
together by M16 bolts and nuts. The length and width of the connecting plate were
80 mm and 60 mm, respectively. The bolt hole diameter was 17 mm. There are
a total of three analysis steps that were set during the finite element analysis. In
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Fig. 1 Load and boundary conditions during loading step

the first analysis step, the tightening torque was applied to obtain the bolt preload.
Afterwards, in the second analysis step, the loads and boundary conditions of the
bolted connection were removed to simulate the service situation after tightening.
In the third analysis step, a transient impact load was applied to the right side of
the upper plate. Meanwhile, the left side of the lower plate was fully constrained.
The schematic diagram of the load and boundary conditions of the single-lap bolted
connection structure is shown in Fig. 1. The displacement at the loading point in
the third analysis step was monitored for analysis and evaluation of the mechanical
properties of the structure.

As shown in Fig. 1, the bolt connection consists of four parts. The hexahedral
element global mesh size of the two connecting plates was 2 mm. The local mesh
size was refined at the bolt hole locations. The hexahedral mesh element of the
threaded fastener had a global size of 1 mm. Among them, there are only tetrahedral
mesh elements at the thread, with which the local size was 0.5 mm. There were
a total of 25,325 hexahedral elements and 119,586 tetrahedral elements for bolted
joint. Six contact pairs are set for the four parts, namely: the contact between the
bolt head and the upper plate (head friction coefficient, w;), the contact between
the two connecting plates (contact friction coefficient, 1,,), the contact between the
lower plate and the nut (bearing friction coefficient, i), the contact surface between
threads (thread friction coefficient, u,), and the contact between the bolt hole in the
two plates and the outer surface of the bolt. In the first analysis step (tightening step),
different tightening torques were applied to analyze the mechanical properties under
different clamping forces, ranging from 150 to 210 Nm with 15 Nm intervals. In
addition, the magnitude of the instantaneous impact load was also considered. The
load amplitudes applied in the third analysis step (loading step) ranged from 5 to
25 kN at 5 kN intervals.
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2.2 Design of Orthogonal Analysis

Inengineering applications, various manufacturing parameters of bolted joints lead to
different surface quality. Moreover, the friction coefficient of each contact surface of
the bolted connection is also an important factor affecting its resistance to external
loads. Orthogonal tests on the friction coefficients of each contact surface were
designed to explore the mechanical properties of the bolted joints under transverse
impact loads under different friction coefficients. Corresponding orthogonal table are
shown in Table 1. There were four friction coefficients to be considered: head friction
coefficient, contact friction coefficient, bearing friction coefficient, and thread friction
coefficient. Among them, four levels were selected for each friction coefficient,
ranging from 0.10, 014, 0.18, and 0.22. The orthogonal test category was L16, with
four factors and four levels. Therefore, a total of 16 tests of finite element analysis
were carried out. Since under large transverse loads, the plate where the load was
applied may come into contact with the bolt, the contact of the bolts with the bolt
holes of the two plates was set with a friction coefficient of 0.15.

Table 1 Orthogonal experimental design table

S. No. Friction coefficients of the structure
Mh Mm “b 13

1 0.10 0.10 0.10 0.10
2 0.10 0.14 0.14 0.14
3 0.10 0.18 0.18 0.18
4 0.10 0.22 0.22 0.22
5 0.14 0.10 0.14 0.18
6 0.14 0.14 0.10 0.22
7 0.14 0.18 0.22 0.10
8 0.14 0.22 0.18 0.14
9 0.18 0.10 0.18 0.22
10 0.18 0.14 0.22 0.18
11 0.18 0.18 0.10 0.14
12 0.18 0.22 0.14 0.10
13 0.22 0.10 0.22 0.14
14 0.22 0.14 0.18 0.10
15 0.22 0.18 0.14 0.22
16 0.22 0.22 0.10 0.18
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Fig. 2 Slip distance of bolted connection under impact load with different tightening torque

3 Finite Element Analysis Results

3.1 Tightening Torque

The finite element analysis results obtained under different tightening torques are
shown in Fig. 2. The magnitude of the impact load applied was 15 kN. In the
loading step, the transverse impact load reached the pre-set value at the moment of
initial application, and the corresponding acceleration was generated. Therefore, the
maximum slip distance could only be reached within a certain period of time after the
load was applied. It can be seen from the figure that the displacement amplitude under
impact load was negatively correlated with the tightening torque. At lower tightening
torques, a certain drop occurred after the maximum slip distance. However, under the
larger tightening torque, the displacement after reaching the maximum displacement
amplitude remained relatively stable. It showed that the ability to resist transverse
impact load could be improved by means of increased tightening torque.

3.2 Load Amplitude

To investigate the effect of transverse impact load amplitude on the mechanical prop-
erties of bolted connections, different load amplitudes were used in this work. The
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Fig. 3 Slip distance of bolted connection under impact load with different load amplitude

same tightening torque of 180 Nm was selected in the finite element analysis. Simi-
larly, after reaching the maximum slip distance under heavier loads, it subsequently
decreased. When the load did not exceed 15 kN, it remains relatively stable after
reaching the maximum slip distance. The slip distance did not exceed 0.3 mm under
the action of the load amplitude of 10 kN. When the load was reduced to 5 kN, the
corresponding slip distance was almost negligible. It should be noted that when the
load amplitude was increased from 10 to 15 kN, the generated slip distance rapidly
increased to a larger amplitude. It showed that there was a certain threshold value
below which the external impact load can remain stable (Fig. 3).

3.3 Orthogonal Test Results

The finite element analysis was carried out according to the orthogonal series in Table
1. The results obtained were shown in Fig. 4. In order to avoid the influence of the
clamping force amplitude on the analysis results, the clamping force was controlled.
The average clamping force was 55.44 kN (the error does not exceed +1.1%). It
could be seen from the figure that the largest slip distance was in the first group of
tests, in which the friction coefficient of each contact surface was at alow level (0.10).
This was consistent with the expected result that a smaller coefficient of friction is
detrimental to transverse load resistance. The first four groups of tests with larger slip
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Fig. 4 Orthogonal test results under impact load

distance in the figure were when the friction coefficient of the contact surface was
smaller. It showed that the friction coefficient of the contact surface had the greatest
influence on the slip distance of the structure.

According to the obtained orthogonal test results, the analysis results of each
influencing factor and its level are shown in Fig. 5. Similar to the results in Fig. 4, the
slip distance is negatively correlated with the contact friction coefficient. The results
showed that when the friction coefficient of the bearing surface was increased, the
slip distance can be significantly reduced. While for the friction coefficients of other
contact surfaces, when the friction coefficient was at a low level (0.10), the slip
distance is larger. However, when the coefficient of friction is increased, the slip
distance obtained is somewhat reduced. As it increases further, the slip distance
remains relatively stable. It showed that when the friction coefficient was lower than
a certain limit, the slip distance would be greatly improved. The results showed that
the excessively small friction coefficient should be avoided in the design and use to
improve the mechanical properties of the bolted connection.

Under the same load amplitude, the influence ranking of various factors on the
slip distance is shown in Table 2. It can be seen from the table that the contact friction
coefficient had the greatest influence on the slip distance. The second is the thread
friction coefficient. The head friction coefficient and the bearing surface friction
coefficient have less influence and are almost identical. It is because the relative
rotation of the bolt will be driven when the plate on which the load is applied slips
greatly. As the weak link of the structure, the threaded part will be more prone to
slip.
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Fig. 5 Orthogonal test analysis results, a head friction coefficient, b contact friction coefficient, ¢
bearing friction coefficient, d thread friction coefficient
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Table 2 Orthogonal test results for friction coefficients

Conditions Wh Mm 1223 1%
Delta 0.1296 0.4607 0.1193 0.1444
Rank 3 1 4 2

4 Conclusions

Through the designed finite element analysis orthogonal test, the influence of the
slip distance of each contact surface of the bolted joint was obtained, followed by,
contact friction coefficient, thread friction coefficient, head friction coefficient, and
bearing friction coefficient. Increasing the tightening torque improved the resistance
to transverse impact loads. Under certain service conditions, when the load did not
exceed a certain threshold, the slip distance was relatively stable. The finite element
analysis results carried out herein can provide reference values for the reliability
design of single-lap bolted joints.

Acknowledgements The authors gratefully acknowledge the financial support provided by the
National Natural Science Foundation of China (No. 51975019).

References

1. Bickford JH (2007) Introduction to the design and behavior of bolted joints, 4th edn. Marcel
Dekker, New York

2. BS EN 1993-1-8 (2005) Eurocode 3: design of steel structures—Part 1-8: design of joints

3. BS EN 1990 (2002) Eurocode—basis of structural design

4. Khashaba UA, Sallam HEM, Al-Shorbagy AE, Seif MA (2006) Effect of washer size and
tightening torque on the performance of bolted joints in composite structures. Compos Struct
73(3):310-317

5. Al-Nassar YN, Khurshid H, Arif AFM (2012) The effect of clearance and pre-tension on the
performance of a bolted-joint using 3D FEA. Arab J Sci Eng 37(3):749-763

6. Zhifeng L, Mingpo Z, Jinfei G, Hongyan C, Xing Y, Ying L (2021) Experimental study
on performance characterization of bolted joint under transverse loading. Measurement
2021(182):109608

7. Abd-Elhady A, Abu-Sinna A, Atta M, Sallam HEDM (2020) Identification of damage stages
in bolted metallic joints for different joint geometries and tightening torques using statistical
analysis. Adv Struct Eng 23(5):911-923

8. Jalali H, Khodaparast HH, Friswell MI (2019) The effect of preload and surface roughness
quality on linear joint model parameters. J Sound Vib 447:186-204

9. Izumi S, Yokoyama T, Iwasaki A, Sakai S (2005) Three-dimensional finite element analysis of
tightening and loosening mechanism of threaded fastener. Eng Fail Anal 12(4):604-615

10. Izumi S, Kimura M, Sakai S (2007) Small loosening of bolt-nut fastener due to micro bearing-

surface slip: A finite element method study. J. Solid Mech. Mater. Eng. 1(11):1374-1384



	 Finite Element Failure Analysis of Single-Lap Bolted Connection Under Impact Load
	1 Introduction
	2 Finite Element Analysis Setup
	2.1 Load and Boundary Conditions
	2.2 Design of Orthogonal Analysis

	3 Finite Element Analysis Results
	3.1 Tightening Torque
	3.2 Load Amplitude
	3.3 Orthogonal Test Results

	4 Conclusions
	References




