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Abstract: Self-loosening of bolted joints can occur in a vibration environment, and it may induce bolt fatigue
fracture with catastrophic consequences. It is essential to clarify the self-loosening mechanism, based on which
novel anti-loosening thread structures can be developed. In this paper, we propose the concept of radial
slippage propagation and provide new insights into the self-loosening process. The new theory states that the
slippage along the radial direction of the thread surface induces more slippage areas (slippage propagation),
and self-loosening occurs due to the dynamic evolution and propagation of contact states on the thread and
bearing surfaces with an increase in the number of vibration cycles. Finite element analysis (FEA) was used to
validate the propagation process of slippage areas on the thread surface. A novel bolted joint with step thread
engagement was developed, which could prevent the occurrence of relative motion of the external and internal
threads in the radial direction and thus block slippage propagation. A three-dimensional (3D) finite element
model (FEM) of the novel thread structure was established, and a test specimen was manufactured using two
special tools. FEA and experiments validated its superior anti-loosening and anti-fatigue performances, and the
convenience of installation and removal. Experimental validation of the radial slippage propagation theory and
the performance optimisation of the step-thread structure should be performed in the future.
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1 Introduction

Bolted joints are widely applied to fasten two or
more separated components owing to the ease of
installation and dismantlement for repairment and
low cost [1]. Nevertheless, loosening can occur when
bolted joints are exposed to an external vibration and
impact environment [2, 3]. Loosening directly leads
to preload decrease and induces fatigue fracture of
bolts, thus initiating catastrophic safety accidents in
some circumstances. For example, in 2010, a collapse
accident at Space Lost [4], in an amusement park in
eastern Shenzhen, China, occurred due to loosening,
which triggered the fatigue fracture of bolts, resulting
in six deaths and 10 injuries. To increase the safety
and reliability of mechanical systems, the exploration
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of loosening mechanisms and anti-loosening methods
has never stopped.

Gong et al. [5] reviewed the research on loosening,
and it was concluded that loosening is divided into
non-rotational and rotational loosening. For the former,
the preload in a bolted joint is reduced with no relative
rotation of the nut and bolt. Stress redistribution,
cyclic plastic deformation, embedding loss, stress
relaxation, and creep and embedding loss are the main
factors that cause non-rotational loosening [6-12].
The latter, which is also called self-loosening, implies
a rotation of the nut and bolt along the loosening
direction. In comparison, self-loosening can result in
a consecutive preload decrease until the fatigue fracture
of bolt occurs, or there is no preload in the bolt, thus
generating greater harm. In 1969, the German engineer
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Junker [13] developed a machine and first applied
cyclic transversal vibration (vertical to the bolt axis)
to bolted joints in experiments. It was observed that
large-scale and continued self-loosening would occur
under cyclic transversal vibration, compared with
cyclic longitudinal vibration [14]. At that time, the
complete slippage theory was developed to illustrate
the loosening process, which will be introduced in
detail in Section 2. Owing to the lack of effective
methods for the actual observation of contact states on
the thread and bearing surfaces under transversal
vibration, the complete slippage theory was widely
accepted for a long time. In 2002, two American
scholars, Pai and Hess [15, 16] established a
three-dimensional (3D) finite element model (FEM)
of a bolted joint and simulated the cyclic transversal
vibration applied to a bolted joint. The contact states
on the thread and bearing surfaces at each vibration
moment were clearly observed. They challenged
the classical theory and proposed the local slippage
accumulation theory to illustrate the self-loosening
process. The details of the local slippage accumulation
theory are also presented in Section 2. Subsequently,
further research has validated the reliability of the
new theory explaining self-loosening [17, 18]. Gong
and Liu [19] and Dinger and Friedrich [20] defined a
parameter to quantitatively describe the self-loosening
due to the local slippage accumulation. Recently,
Gong et al. [21, 22] established the modified Iwan
models to represent the local slippage accumulation.
These developments increased the understanding
of self-loosening according to the local slippage
accumulation theory.

Many anti-loosening structures or products are used
to prevent self-loosening in engineering applications
[23]. Common anti-loosening structures can be divided
into two main forms: washers and nuts. The former
includes plain washers, spring washers, Belleville
washers, and wedge washers. It has been demonstrated
that plain washers and spring washers [24, 25] barely
have anti-loosening abilities. The former was designed
to protect the surfaces of the clamped plates, while the
latter was suggested to be moved from the national
standardisation. Belleville washers or wedge washers
installed in bolted joints show some degree of
anti-loosening ability [26, 27] but cannot completely
inhibit it. The latter mainly consists of wedge locking
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nuts, prevailing torque nuts, eccentric double nuts,
and double nuts. They have been demonstrated to
provide superior anti-loosening abilities [28-31]. In
the transversal vibration experiment or finite element
(FE) simulation, the preloads decrease very slowly
or remain almost unchanged with the increase in
vibration cycles. However, this type of anti-loosening
structure has an apparent disadvantage, that is,
higher tightening torque is required to obtain the
objective preload, compared with the normal bolted
joint. Furthermore, some novel anti-loosening structures
have been proposed. For example, Ranjan et al. [32]
changed the geometrical shape of the external thread
to be a cubic function of the rotation. The mismatch
between the novel bolt and normal nut resulted in
interference, and larger torque was needed to conquer
the interference. Sase et al. [33, 34] developed a new
bolt structure named “step-lock bolt” (SLB). The SLB
had several steps where the degree of lead angle was
zero at the circumference of the thread. Sun et al. [35]
proposed a novel bolt structure, which had a matched
spherical gasket. An increased preload would be
generated when the transversal loading increased.
The anti-loosening abilities and tightening performance
of these structures must be further validated before
widespread applications.

The above review summarises the research progress
on loosening mechanisms and anti-loosening methods.
The loosening mechanism based on the local slippage
accumulation theory has obtained mainstream
acceptance. However, this theory can only explain the
rotational loosening process in a simplified way. The
actual rotational loosening process is more complicated;
and thus, the slippage behaviour and its evolution
on the contact surfaces require further investigation.
Moreover, most of the anti-loosening structures applied
with excellent performance in preventing loosening
show inconvenience of installation and disassembly or
poor fatigue resistance. Novel anti-loosening structures
with convenient tightening and dismantlement, good
anti-loosening, and anti-fatigue performance require
further exploration. These were the motivations for this
study. In this paper, we propose the concept of radial
slippage propagation to further reveal the rotational
loosening process. Based on the new theory, it is found
that self-loosening is developed by the dynamical
evolution of contact states: from minor slippage
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propagation to local slippage accumulation, finally
developing to complete slippage. This provides new
insights into the mechanism of rotational loosening. In
addition, a novel anti-loosening structure is proposed.
The experimental and finite element analysis (FEA)
results validate its excellent anti-loosening and
fatigue resistance performance and convenience of
installation.

2 Classical slippage theories to explain
self-loosening

Slippage movements on the bearing and thread surfaces
form the basis of self-loosening. Two different slippage
modes (or slippage theories) have been developed to
reveal the process of self-loosening under transversal
vibration: the complete slippage theory and the local
slippage accumulation theory. This section introduces
in detail the two theories, which lay the foundation
for understanding the novel slippage theory in
Section 3.

Cyclic transversal vibration is usually applied to
a clamped plate, as shown in Fig. 1. Empirically,
transversal vibration with a larger amplitude will
cause more severe self-loosening. For example, in a
quarter-cycle, the transversal force F increases gradually
and reaches the maximum F, at the point 4, (or the dead
point). The slipping areas on the bearing and thread
surfaces also increase gradually as the transversal
force increases from the coordinate origin, as shown
in Fig. 2. It can be found that complete slippage on
the thread and bearing surfaces occurs when the
transversal force is larger than F; (at the point as). The

complete slippage theory states that self-loosening
cannot appear unless the vibration amplitude is greater
than F;. This is because all the contact areas will slip
when the transversal force reaches the extreme, fully
overcoming the bearing friction torque T}, and thread
friction torque T, The relative rotational movement
of the external and internal threads opposite the
assembly direction appears and continues owing to
the pitch torque T,. This is an early explanation of
self-loosening based on the classical friction law and
has been widely accepted for a long time.

However, it was shown that self-loosening also
occurred without complete slippage when the
transversal force reaches its maximum. This means that
the self-loosening condition caused by complete slippage
is sufficiently strict. Subsequently, another slippage
theory named “local slippage accumulation theory”
was proposed by Pai and Hess [15, 16] to provide a
new explanation for self-loosening. The concept of
the local slippage has not been strictly defined in
previous research. In general, slipping occurred in
the partial contact areas (incomplete slippage) is
regarded as a local slippage. In the local slippage
accumulation theory, the vibration amplitude (the
maximum transversal force) is equal to F4 or F,, as
shown in Fig. 1. More than half of the contact areas
are in a slippage state, and the residual contact areas
are in a sticking state when the transversal force
reaches the maximum value in the +x direction, as
shown in Fig. 3(a). Within the other half of the
vibration cycle, more than half of the contact areas
are in the slippage state when the transversal force
reaches the maximum value in the —x direction, as

A Transversal
force

do Vibration
cycle

Fig. 1 Cyclic transversal vibration is employed to a bolted joint along x-axis (ao denotes the original point; a;—as denote transversal
vibrational points in a quarter-cycle, and F,—F, denote the corresponding transversal forces).
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Fig.2 Evolution of slipping areas on the bearing and thread
surfaces within a quarter vibration cycle.

shown in Fig. 3(b). Over a complete vibration cycle,
no constant-sticking area appears, and all the contact
areas slip, as shown in Fig. 3(c). Self-loosening proceeds
by this type of incomplete slippage containing no
constant-sticking area within a complete vibration cycle.
Herein, we define the local slippage as an incomplete
slippage containing no constant-sticking area within
a complete vibration cycle. Incomplete slippage
containing a constant-sticking area within a complete
vibration cycle is defined as minor slippage. According
to the local slippage accumulation theory, minor
slippage cannot cause continued self-loosening. The
critical amplitude corresponding to self-loosening
is the exact amplitude resulting in local slippage
accumulation on the bearing and thread surfaces.

3 Radial slippage propagation theory

The above two slippage theories are not contradictory;
and they explain the process of self-loosening at
different magnitudes of vibration amplitude. When

(a) Half of a vibration cycle along +x
direction

Fig.3 Local slippage accumulation theory.

(b) Half of a vibration cycle along —x
direction

the amplitude is sufficiently large to cause complete
slippage on the thread and bearing surfaces at the
positions of maximum transversal force, the complete
slippage theory explains the self-loosening process.
When the amplitude can cause local slippage on
the thread and bearing surfaces at the positions of
the maximum transversal force, the local slippage
accumulation theory clarifies the self-loosening process.
However, based on the modified Iwan model [21] and
FEA [22], we found that not all minor slippages can
initiate self-loosening. Minor slippage with a small
constant-sticking area within a complete vibration
cycle at the initial vibration cycles can also expand
to local slippage and complete slippage as the number
of vibration cycles is increased, finally resulting
in self-loosening. Therefore, the “radial slippage
propagation theory” is proposed to provide a new
insight into the self-loosening process under transversal
vibration. The relationship between the slippage theory
and other existing theories is shown in Fig. 4.
Similarly, a cyclic transversal vibration along the
x-axis was applied to the clamped plate, as shown in
Fig. 5(a). The thread surfaces of one pitch and bearing
surface are analysed. The radial and circumferential
directions of the bearing and thread surfaces are shown
in Fig. 5(b). When the transversal force is increased
and is at its maximum along the +x direction, the
minor thread contact areas slip first along the radial
direction of the thread surface. It has been demonstrated
that the radial slippage occurring periodically causes
the stored energy releasing and being transformed
to power such that slipping occurs along the spiral
direction (i.e. circumferential direction) [21, 22].
Consequently, more slipping areas appear in the

B
(c) No constant-sticking region over a
vibration cycle
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Fig. 4 Relationship between the new slippage theory and other
existing theories.

following vibration cycles. Moreover, the decrease in
preload owing to slippage behaviour on the thread
surface may further aggravate the slippage propagation.
For the bearing surface, thread slippage generates
torque between the thread and bearing surfaces. This
torque and the transversal force induce the release of
the stored internal energy on the bearing surface, and
the bearing contact areas propagate gradually. The
decrease in preload also exacerbates the slippage
propagation on the bearing surface. The above
slippage behaviour is defined as the “radial slippage
propagation theory”. From Fig. 5(b), we can observe
that minor slippage on the thread and bearing surfaces
will develop to local slippage by radial slippage
propagation as the transversal vibration proceeds.
Figure 6 shows the complete self-loosening process
of a bolted joint subjected to a medium vibration

(b)

e ———————
e —— in
- ————— vibration
. cycles

direction

causing minor slippage on the bearing and thread
surfaces with a small constant-sticking area within a
complete vibration cycle. When the local slippage
resulting from the propagation of minor slippage
occurs on the bearing and thread surfaces, small
rotational loosening will appear based on the local
slippage accumulation theory. The preload thus
decreases, providing a positive feedback to the
slippage behaviour on the contact interfaces. Thereby,
more contact areas will slip, and the self-loosening
will accelerate. Finally, local slippage will expand to
complete slippage when the vibration cycle increases
continuously, and large-scale self-loosening will occur.
Herein, a 3D FEM of a regular bolted joint was built,
as shown in Fig. 7(a). A periodic transversal vibration
applied to the bolted joint was simulated. The
nominal diameter and pitch of bolt and nut are 10
and 1.5 mm, respectively. The material is steel #1045
with the elastic modulus of 206 GPa and Poisson’s
ratio of 0.3. The friction coefficients of all the contact
interfaces were set to 0.15. The preload was tightened
to 30 kN. In the transversal vibration, the outer surface
of the upper plate (movable plate) was applied by a
transversal displacement of 0.05 mm. The contact states
were obtained when the transversal force approached
the extreme to the left at each cycle. Figure 7(b) shows
four contact states of thread surfaces at the position of
the maximum transversal force. We can find that minor
slippage propagates and develops to local slippage
with the increase in vibration cycles, demonstrating
the radial slippage propagation theory.

Minor
'\ Radial . Slippagc
direction

Increase

———————
LQ,J L x — slippage

Fig. 5 Schematic of the radial slippage propagation theory: (a) bolted joint subjected to cyclic transversal vibration; (b) slippage

propagation on the bearing and thread surfaces.
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Fig. 6 Complete self-loosening process.

3
Cyclic transversal vibration

Fig. 7 FE simulation of a bolted joint subjected to cyclic transversal
vibration: (a) 3D FEM of a regular bolted joint; (b) changes in
contact states with increasing vibration cycles.

4 Innovative anti-loosening structure and
performance evaluation

Based on the proposed radial slippage propagation
theory, it is found that the key to anti-loosening is to
prevent the occurrence of a relative motion of the
external and internal threads in the radial direction
under vibration, and thus to block slippage propagation.
In this section, an innovative anti-loosening structure

with step external and internal threads is proposed.
The profile of the engagement between the step
external and internal threads is presented in Fig. 8.
We can observe that the original thread surface is
divided into two sections by the step surface in the
novel thread structure. The angle between the step
surface and the original thread surface is defined as
the step angle, which is designed to be 120°. As
shown in Fig. 9(a), the occurrence of relative slippage
of the external and internal threads in the radial
direction becomes difficult owing to the step surface.
Even though the initial relative slippage occurs
under severe vibration, the negative feedback inhibits
further slippage propagation and improves the
anti-loosening ability. This is because the rise of the
step external thread caused by the relative slippage
will result in an increase of the preload and contact
between the non-stress thread surfaces, as shown
in Fig. 9(b).

In the novel thread structure, a proper step angle
is important to ensure the excellent anti-loosening
performance. Figure 10 shows the thread profiles for
the step angles of 90° and 150°. When the step angle is
90°, it is obvious that the step surface plays a better role
in preventing relative slippage between the external
and internal threads than that at 120°. However, the
stress concentration may be more remarkable, which
increases the risk of bolt fatigue failure under cyclic
vibration. Moreover, the processing of manufacturing
of such step thread is complicated. When the step
angle is 150°, the manufacturing process becomes
simple. However, it is possible that the relative slippage
on the step surfaces occurs more easily under cyclic
vibration, which causes the failure of the anti-loosening

Bolt q Nut

Step surface I

i
Step angle

Fig. 8 Profile of the engagement between step internal and
external threads.

i(f %f» fé it @ Springer | https://mc03.manuscriptcentral.com/friction

Tsinghua University Press



Friction 11(6): 865-880 (2023) 871

(a)

Fig. 9 Anti-loosening principle of innovative thread structure: (a) Relative slippage is difficult owing to step surface; (b) slippage
propagation is inhibited due to the contact of non-stress thread surfaces.

performance. In Section 4.1, we verify that a step angle
of 120° is a reasonable selection.

4.1 Numerical analysis of step thread structure

In this section, FEMs of bolted joints with step threads
and normal threads are established, as shown in Fig. 11.

Fig. 10 Thread profiles for the step angels with 90° and 150°. In the models, 3D meshes of external and internal
(a) Regular thread (b) Step thread (120°)
Moving plate
Z]_)
x
(c) Step thread (90°) (d) Step thread (150°)

Fig. 11 FEMs of bolted joints with step threads and normal threads.
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threads were built by rotating a two-dimensional
cross-section of a thread spirally around the axis.
Most of the 3D meshes were hexahedral, and the
remaining meshes were triangular prisms. For the
bolt model, a small hole appeared unavoidably, which
was validated to have little influence on the result [22].
Additionally, the nut and bolt head were built
to cylinders instead of hexagonal prisms for the
convenience of meshing. The above meshing process
was conducted by HyperMesh 12.0°, while the
subsequent FEA was conducted by Ansys 16.0%. The
FE model parameters are presented in Table 1.
Plasticity is not considered in the present study. We
only considered two pairs of contact interfaces: the
contact surface of the external and internal threads
and the bearing surface between the moving plate and
the nut. One pair of contact interfaces were divided
into target and contact surfaces, meshed by the TARGE
170 and CONTA 173 elements. The contact analysis
used the augmented Lagrange method. The friction
coefficients of all the contact interfaces were set to 0.15.

The preload was generated using the PRETS 179
pretension element [10, 19]. Bolted joints with grade
10.9 were applied, and the maximum preload achieving
the yield limit of the material was approximately 50 kN.
Three different preloads, 30, 35, and 40 kN, equalled
60%, 70%, and 80% of the maximum preload,
respectively. A transversal displacement of 0.3 mm
was employed to the outer surface of the movable
plate. The vibrational cycle was set to 30. The bolt head
surface was completely restrained, and the bottom of
the movable plate was free and constrained in the y
and z directions. Figure 12(a) shows the changes of
preload as the number of vibration cycles is increased
for bolted joints with normal threads and step
threads (step angle = 120°). It can be observed that
the preloads in the regular bolted joints decrease
gradually, while those in the bolted joints with novel
threads remain almost unchanged. This demonstrates
the superior anti-loosening performance of the step

Table 1 FEM parameters.

Item Value
Element type Solid 185
Young’s modulus 206 GPa
Poisson’s ratio 0.3
Friction coefficient 0.15
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Fig. 12 Changes of preload as the number of vibration cycles
is increased for bolted joints with normal threads and step threads:
(a) different preloads; (b) different step angles.

thread structure compared to the normal one. A
preload of 35 kN was also applied to the novel bolted
joint with step angles of 90° and 150°, and a cyclic
transversal vibration was simulated. Figure 12(b)
presents the changes in the preloads in the bolted
joints with different step angles. It can be observed
that the bolted joints with step angles of 90° and 120°
have unchanged tightening states (the preloads are
not reduced) as the number of vibration cycles is
increased, whereas the preload in the bolted joint
with a step angle of 150° decreased gradually.

It has been reported that the bolt thread root
located within one pitch of the nut-loaded surface
has the maximum stress, where the fatigue fracture
occurs most easily [36]. The root points (shown in Fig. 13)
in the regular bolt and three novel bolts with different
step threads were extracted, and their average stresses
within a complete vibration cycle were analysed,
presented in Fig. 14. From the hysteresis curves, we can
find that the average stresses in the novel bolts with
step angles of 120° and 150° range from 421 to 3,404 N
and from 403 to 3,351 N, respectively, within a
vibration cycle, whereas the average stress in the bolt
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1 ] |
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Fig. 13 Root points of the first engaged thread in the regular bolt and novel bolts with different step threads.

——Normal thread

—»—Step angle = 90°
=@==Step angle = 120°

—e— Step angle = 150°

Transversal force (N)

—0.25 —0.15 —0.05 0.05 0.15 0.25

Transversal displacement (mm)

Fig. 14 Relationships between the transversal forces and
transversal displacements in the normal bolt and novel bolts with
different step threads.

with a step angle of 90° ranges between 335 and 3,794 N
within a vibration cycle. Therefore, the novel bolts with
step angles of 120° and 150° have higher anti-fatigue
performance than that with a step angle of 90°. The
average stresses in the regular bolt are between 570
and 2,846 N within a vibration cycle; however, the
preload decreases due to loosen, which may aggravate
the fatigue failure.

For a bolted joint, Eq. (1) presents the typical torque—
tension relationship:

p ‘thrt
T=F| ur. +—+—— 1
['ubb 21 cosﬂj @

where F is the preload, T is the tightening torque,
is the friction coefficient between threads, u, is the
friction coefficient between the bolt head/nut and its
bearing surface, § is the half of the thread profile
angle, r, is the effective thread contact radius, 7, is the
effective bearing contact radius, and p is the pitch
of the threads. The MPC 184 element method was
applied to simulate the tightening processes of the
regular and three novel bolted joints [19]. The torque—
tension relationship curves were obtained by FEM
and Eq. (1), as shown in Fig. 15. It can be observed that
the discrete points obtained from the regular bolted
joint, and the novel bolted joints with step angles of
120° and 150° are almost on the curve depicted by Eq.
(1). However, the discrete points obtained from the
novel bolted joint with a step angle of 90° were
slightly above the curve. This indicates that the novel
bolted joint with a step angle of 90° is more difficult
to tighten compared with the other step-thread
structures. In conclusion, the FEA demonstrates that
our proposed novel bolted joint with a step angle
of 120° is advantageous in terms of anti-loosening,
anti-fatigue, and tightening convenience.

In the previous study [22], we designed two types
of thread structures, as shown in Fig. 16. Their
anti-loosening and tightening performances were
compared with those of several typical anti-loosening
products using FEA. It was demonstrated that the

www.Springer.com/journal/40544 | Friction
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Fig. 15 Comparison of torque—tension relationships by FEM
with Eq. (1).
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Fig. 16 Two thread connections designed in the previous
paper [22]: (a) trapezoidal thread; (b) hook thread.

designed thread structures could be installed and
removed conveniently, and they showed excellent anti-
loosening performance. However, their anti-fatigue
performances were not analysed. Herein, we applied
the same method to compare the anti-fatigue
performance of the thread structures designed in
the previous paper with our proposed step thread
structure by FEA. Figure 17 presents the results. The
average stress within a cycle in the trapezoidal
thread ranges from 207.34 to 4,085.99 N, whereas
that in the hook thread is between 223.79 and
3,783.95 N. Obviously, the maximum stresses and
variation ranges were both larger than those in the
step thread. In other words, our proposed step thread
has a better anti-fatigue performance.

4.2 Experimental study of step thread structure

To further validate the superior anti-loosening and
anti-fatigue performance of bolted joints with step

=@=Step thread
—+—Trapezoidal thread
—o—Hook thread

Transversal force (N)

-0.25 -0.15 —0.05 0.05 0.15 0.25
Transversal displacement (mm)

Fig. 17 Relationships between transversal forces and transversal
displacements under different thread structures.

thread, and its convenience in installing and removing,
vibration and tightening experiments were conducted.
Figure 18 shows the design drawing of the step
external and internal threads. The nominal diameter
and pitch of the bolt and nut were 16 and 2 mm,
respectively. Steel #1045 was used as the material. It is
difficult for the existing tools to machine step internal
and external threads. Two new tools with special
angles were first manufactured, with which the novel
bolted joint with a step thread could be produced.
The surfaces of the bolt and nut require a blackening
treatment after machining. We also manufactured
regular bolts and nuts based on the same technology
and materials for comparison. Figure 19(a) shows the
novel bolted joint machined based on the design
drawing and the regular bolted joint. Figure 19(b) shows
the section profile of the step external and internal
threads, while Fig. 19(c) shows the section profile of
normal external and internal threads.

First, the tightening performance of a normal bolted
joint and the novel bolted joint with a step thread
was compared experimentally. A test equipment (a
torque—tension machine (QBN-CN 500-500, Qianbang
Test Equipment Co., Ltd., China)) was used to tighten
various bolted joints and evaluate their tightening
difficulties, as shown in Fig. 20. The tightening speed
was maintained as a constant. A detailed experimental
process can be found in the literature [22]. Each bolted
joint was retightened three times, and the averages
were calculated. The relationship curves between the
input torque and preload are depicted in Fig. 21 based
on the discrete testing data. From the figure, we can
observe that the curve of the step thread is slightly
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M 16 Standard thread
o ‘ Pitch: /. (red dotted line)
© 2 mm
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7.359" > ?:,F =
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Standard thread
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Fig. 18 Design drawing of step internal and external threads.

(@)

Step thread Normal thread

(b)

Fig. 19 Manufactured novel and regular bolted joints, and
section profiles of the engagement threads: (a) novel and regular
bolted joint; (b) section profile of step external and internal
threads; (c) section profile of the normal external and internal
threads.

(red dotted line)

Notice: The tolerance of bolt and nut is 6g/6H.

DC motor Torque-angle transducer

Fixed base

Fig. 20 Torque-tension test machine. Reproduced with permission
from Ref. [22], © Elsevier Ltd. 2020.
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Fig. 21 Relationship curves between the input torque and preload.

steeper than that of the normal thread. The slopes
of the fitted lines for the two curves are calculated to
be 4.524 mm and 4.305 mm. The difference between
these values is only 5%. Therefore, it can be concluded
that the novel bolted joint with a step thread has a
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tightening difficulty similar to that of the normal joint.
Compared with other existing anti-loosening structures,
such as wedge self-locking nuts and eccentric double
nuts, the proposed thread structure can be installed
and disassembled with great convenience.

Further, a transversal vibration equipment (the
Junker test machine shown in Fig. 22) was applied
to generate the cyclic vibration to the bolted joints
and evaluate the anti-loosening and anti-fatigue
performances of various bolted joints. The detailed
experimental process can be found in the international
standard [37]. The nut was tightened to the target
preload of 50 kN. A small shear force of 2,500 N,
produced by an eccentric structure, was first employed
to the plate between the bolt and nut. The changes of
preloads with an increase of vibration cycles can be

DC motor

}Load cell for

Fixed base

Load cell for preload

Fig. 22 Junker test machine. Reproduced with permission from
Ref. [22], © Elsevier Ltd. 2020.
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=
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Fig. 23
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¥ Tsinghua University Press

obtained based on the measured data, as shown in
Fig. 23(a). We can clearly see that the preload in the
novel bolted joint is reduced slowly (almost unchanged),
whereas that in the normal bolted joint decreases
sharply. This demonstrates that our proposed bolted
joint with a step thread has excellent anti-loosening
ability. Furthermore, a large shear force of 6,000 N
was employed to the plate. Figure 23(b) shows the
changes of the preloads as the number of vibration
cycles is increased. It can also be observed that the
preload in the normal bolted joint decreases initially
and vanishes (drops to 0) owing to bolt fatigue fracture
after 7,500 vibration cycles. However, the novel
bolted joint with a step thread is fractured owing to
fatigue failure after 13,500 vibration cycles. Therefore,
the novel bolted joint has advantages in terms of
improving the anti-fatigue performance. It should
be noted that the novel bolted joint loosens under
large transversal vibrations. This may be because the
thread wear and plastic deformation due to violent
vibration cause the step thread to lose its ability to
prevent radial slippage.

5 Comparison with Spiralock thread

Spiralock thread form as an anti-loosening structure
has a modified thread profile including a 30° wedge
ramp, as shown in Fig. 24 [30]. After the Spiralock
nut is tightened, the tip of the regular bolt will be
embedded into the wedge ramp. Essentially, this
embedment will block the relative slippage between
internal and external threads along the radial direction,
and thus to prevent radial slippage propagation and

(b)

—— Step thread

Preload (kN)

———Normal thread

0 2,500 5,000 7,500 10,000

Vlbration cycle

12,500 15,000

Changes in preload with the increase in vibration cycles: (a) small amplitude; (b) large amplitude.
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Regular thread in bolt

Spiralock thread in nut

Fig. 24 Schematic of engagement between regular thread in bolt
and Spiralock thread in nut.

loosening proceeding. In addition, the load distribution
amongst engaged threads is more uniform, which is
also helpful to improve the resistance to loosening.
Subsequently, the tightening and anti-loosening
performances of Spiralock thread form are compared
with those of the step thread.

An FEM of engagement between regular bolt
and Spiralock nut was built based on the method
proposed by Liu et al. [30], as shown in Fig. 25. The
model parameters are the same with those in
Section 4.1. The MPC 184 element method was also
used to simulate the tightening processes of nuts. The
values of preloads and torques were extracted during
the tightening process, and Fig. 26 presents the
result. We can see that our proposed step thread almost
has the same slope with the regular bolted joint while
the Spiralock thread has a larger slope. It indicates
that Spiralock nut is hard to be tightened, i.e., an

ISR NEEEENEEENEERENENNSNNEAEEEEEEEARER)
NN NEE NN EEEENNESNEENEERNEEEEEER:

B - A

Fig. 25 FEM of engagement between regular bolt and Spiralock
nut.
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0 5 10 15 20 25

Preload (kN)

Fig. 26 Relationship curves between the input torque and preload
in three types of threaded connections.

additional torque will be required for a Spiralock nut
to obtain the same preload.

To evaluate the anti-loosening performance, a cyclic
transversal vibration with the amplitude of 0.3 mm
was simulated. The vibrational cycle was set to 30. In
the simulation, the initial preloads were set to 3 and
30 kN. Figure 27 shows the changes of preloads with
the increase of vibrational cycles. We can see from
Fig. 27(a) that when the initial preload is large (30 kN),
there is little change in preloads under transversal
vibration, i.e., Spiralock and step threades both have
great anti-loosening abilities. When the initial preload

Z
&
= 29
<
B 285
& 7 —— Spiralock thread
28 ——Regular thread
27.5 ——Step thread
27
0 5 10 15 20 25 30
Vibration cycle
(b) 3.1
3
Z 29
)
=1
3 28
g2
[y

~——— Spiralock thread
—— Step thread
——Regular thread

0 5 10 15 20 25 30
Vibration cycle

Fig. 27 Changes in preload with the increase in vibration cycles
for Spiralock and step threads: (a) large initial preload; (b) small
initial preload.
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is small (3 kN), the result is different. It can be found
clearly from Fig. 27(b) that the preload in Spiralock
thread is reduced quickly, whereas that in step thread
is almost unchanged. Therefore, Spiralock thread may
lose anti-loosening ability when the initial preload is
small, which has been validated by Liu et al. [30].
However, our proposed step thread shows excellent
resistance to loosen.

In summary, Spiralock thread form is harder to be
tightened for the same preload and will lose the
anti-loosening performance when the initial preload
is small compared with our proposed step thread. It
indicates that our step thread shows more excellent
tightening and anti-loosening performances.

6 Future research work

This paper proposes a radial slippage propagation
theory that triggers self-loosening. The reliability of the
novel theory is validated using FEA. However, effective
experimental validation is lack. In the future, it is
essential to apply advanced measurement methods
to observe the actual contact states on the bearing
and thread surfaces, especially when the bolted
joint is subjected to the cyclic transversal vibration.
Consequently, the evolution of the contact states on the
contact surfaces can be revealed for the experimental
validation of the radial slippage propagation theory.
For the proposed novel bolted joint with step thread,
the experimental results indicate that large vibrations
may cause material wear on the thread surface, and
thus decrease the anti-loosening ability. Therefore,
the material, shape, angle, size, and tolerance of the
step-thread structure need to be optimised and further
investigated in future research. Many experiments
should be conducted to evaluate their performance
before practical applications. Moreover, the development
of a simple method to machine the step internal and
external threads is also a key issue worthy of future
research.

7 Conclusions

This paper proposes a radial slippage propagation
theory to reveal the self-loosening process of a bolted
joint subjected to cyclic transversal vibration. In contrast

v
ua Univer:

to the traditional complete slippage theory and local
slippage accumulation theory, the new theory states
that slippage along the radial direction of the thread
surface can induce more slippage areas (slippage
propagation) on the thread surfaces, and self-loosening
occurs owing to the dynamic evolution and propagation
of contact states on the bearing and thread surfaces
with the increase of the vibration cycles. It was found
that minor slippage with a small constant-sticking
area within a complete vibration cycle at the initial
vibration cycles can expand to local slippage and
complete slippage with an increase of vibration cycles,
and finally result in continuous self-loosening. A
novel anti-loosening structure with step internal
and external threads was developed, with which
slippage propagation on the thread surface could be
prevented. Its excellent anti-loosening and anti-fatigue
performances, as well as the convenience of installation
and removal, were validated by FEA and experiments.
In the future, advanced measurement methods
should be explored to observe the actual contact
states on the bearing and thread surfaces to validate
the radial slippage propagation theory experimentally.
Furthermore, the step thread structure requires
further optimisation, including the shape, angle, size,
and tolerance.
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