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Abstract: Loosening of threaded fasteners is a key failure mode, which is mainly caused by the slippage and
friction behaviors on the thread and bearing surfaces, and will affect the integrity and reliability of products.
Numerous scholars have conducted research on the loosening of threaded fasteners; however, comprehensive
reviews on the loosening of threaded fasteners have been scarce. In this review article, we define loosening as a
loss of preload and divide it into non-rotational and rotational loosening. The causes and mechanisms of
non-rotational and rotational loosening are summarised. Some essential topics regarding loosening under
transverse vibration have also attracted significant attention and have been investigated widely, including the
loosening curve, critical condition of loosening, and influencing factors of loosening. The research carried out
on these three topics is also summarised in this review. It is believed that our work will not only help new
researchers quickly understand the state-of-the-art research on loosening, but also increase the knowledge of
engineers on this critical subject. In the future, it is important to conduct more quantitative research on local
slippage accumulation, and the relationship between local slippage accumulation and rotational loosening,
which will have the potential to comprehensively unravel the loosening mechanism, and effectively guide the
anti-loosening design of threaded fasteners.
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1 Introduction induce the risk of loosening. Loosening is mainly

caused by the slippage and friction behaviors on the
Threaded fasteners, with the reputation of “industrial ~ thread and bearing surfaces. It results in the loss

rice” are standard fundamental components in the  of the intrinsic functions of threaded fasteners and

industry, providing the functions of connecting,
fastening, and sealing [1, 2]. They are applied widely in
mechanical, aerospace, civil, and marine engineering,
among others, owing to their low cost, good inter-
changeability, and ease of installation and disassembly.
Although threaded fasteners are usually small and
even inconspicuous, they play a significant role in
guaranteeing structural integrity and reliability in
service.

Loosening is a key issue facing the threaded fasteners.
In engineering applications, threaded fasteners may
be exposed to severe work-environments and are
subjected to periodic external loadings, which may
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affects the reliability of products. A survey of automobile
dealer service managers in the US indicated that 23%
of the service problems could be attributed to the
loosening of fasteners, and as many as 12% of all new
cars were found to have loose fasteners [3]. Occasional
loosening might cause a fateful consequence. Figure 1(a)
shows a railway accident caused by a high-speed
train derailment in the United Kingdom in 2007 [4].
This accident resulted from nuts detaching from their
bolts owing to loosening and allowing the switch rail
to be struck by the inner faces of the passing train
wheels. In 2010, an accident resulting from a collapse
at Space Lost, an amusement park in eastern Shenzhen,
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(b)

Fig. 1 Two severe accidents caused by loosening of threaded fasteners: (a) a high-speed train derailment, 2007, UK; (b) an accident at

the Space Lost amusement park, 2010, China.

China occurred as shown in Fig. 1(b), causing six
deaths and injuries to 10 people [5]. The main reason
was loosening, which triggered the fatigue fracture
of a bolt. Therefore, loosening failure is an important
factor that influences the reliability and safety of
products.

Loosening, in a strict sense, can be defined as the
rotation process of internal and external threads in a
direction opposite to the tightening direction; that is,
a reverse rotation appears and causes a decrease in
the preload. This is also called “self-loosening” [6].
The magnitude of the reverse rotation angle can be
an indicator of the loosening severity. Engineering
experience and scientific research have shown that
the retention of preload during service is the key to
maintaining the functions of threaded fasteners and
ensuring structural integrity and reliability. However,
the preload in threaded fasteners may decrease even
without a reverse rotation because of effect of plastic
deformation, creep, wear, etc., as shown in next chapter
[7]. Therefore, in this review, we have adopted a
broader definition, that is, loosening corresponding
to a loss of preload. The decay rate of preload is an
important parameter to quantify the loosening severity.
According to this definition, loosening can be classified
into two categories: non-rotational loosening and
rotational loosening. The former indicates that the
preload decreases slowly without a reverse rotation
between the internal and external threads, while the
latter indicates that the preload decreases rapidly
owing to the reverse rotation against the tightening
direction.

Over the past 80 years, the topic of loosening of
fasteners has attracted significant attention, and many
scholars have conducted numerous studies on the
loosening of threaded fasteners. Thus, different ways
of understanding the loosening process have been
developed. Although a few researchers did review the
existing work on loosening [8, 9], these reviews were
incomplete. In addition, the various issues involved
were not addressed in a systematic manner. Therefore,
a comprehensive review on the loosening of threaded
fasteners is still lacking, which is the motivation of
this study. Here, we have extensively reviewed the
literature on loosening published over the past 80 years,
summarised them systematically, and developed this
review article. We believe that our work will not
only help new researchers quickly understand the
current research status on the loosening of threaded
fasteners, but also increase the knowledge of the
engineers on this subject, and guide them in choosing
proper anti-loosening structures in engineering
applications.

Throughout the literature on loosening, researchers
have attempted to clarify the causes for loosening
and reveal the underlying mechanism. Some topics
regarding loosening under transverse vibration have
also been investigated widely, including the loosening
curve, critical condition of loosening, and influencing
factors of loosening. The framework of this review
article is shown in Fig. 2. Firstly, the available
research on the cause and mechanism of loosening
is reviewed from the aspects of non-rotational and
rotational loosening. Subsequently, the research status
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of loosening curve, critical condition of loosening, and
influencing factors of loosening under transversal
vibration is systematically summarised. Finally, some
perspectives and future research directions for
loosening are outlined.

2 Causes and mechanisms of non-rotational
loosening

Non-rotational loosening implies that the preload in
threaded fasteners is decreased even without a rotation
of the internal and external threads against the
tightening direction. The causes for this phenomenon
comprise, but are not limited to, embedding loss,
fretting wear, stress redistribution of the contact
interface, creep, stress relaxation, and cyclic plastic
deformation of bolts or nuts. The corresponding
mechanisms and progression of non-rotational loosening

are summarised in Table 1.

Embedding loss: Contact interfaces, including the
thread, joint, and bearing surfaces are usually not
perfect owing to the surface morphology. There can
be numerous protrusions, as shown in Fig. 3. Under
an external loading, these protrusions are easily
pressurised and deformed plastically. Over time,
surfaces may be flattened and cannot recover even
if the external loading is removed, which results in
a preload loss. This phenomenon is called the
embedding loss. As early as 1972, Meyer and Strelow
[10] found that approximately 80% of this type of
preload loss takes place when a bolted joint is first
loaded, while the remaining 20% is caused by further
loading. The German national standard VDI 2230
[11] highlights that the amount of embedding loss
increases with the clamping length ratio; however,
it is nearly independent of the number and surface
roughness of the contact interfaces. Therefore, a short
grip length should be avoided (i.e., clamping length
ratio should be larger than 3). The equation for the
embedding loss is given in VDI 2230. Recently,
Denkert et al. [12] experimentally found that the
embedding loss caused by a clamping length ratio
of 1 appeared to have an insignificant difference from
that caused by a clamping length ratio of 4, and
questioned the calculation equation in VDI 2230. The
embedding loss and its accurate equation require
further research in the future. For convenience, the
embedding loss can be approximated as 10% of the
preload in practical applications [7].

Table 1 Summary of causes, mechanisms, and progressions of non-rotational loosening.

Cause Mechanism Progression
. . . Accounts for approximately 10% of the initial preload; 80%
Embedding loss gggﬁﬂgldg points on a contact surface are plastically of the embedding loss appears after the first loading, while
’ the remaining 20% is caused by further loading.
Creep Chronic plastic strain accumulates over time owing  The softer the gasket and coating are, the larger the preload

Stress relaxation

Cyclic plastic
deformation

Stress redistri-
bution

Fretting wear

to a constant stress.

Stress decreases through time while strain remains
unchanged.

Cyclic external force makes local stress exceed the
yield point.

Friction behaviour of thread surface is irreversible
under shear force.

Repeated micro-slips cause wearing of surface
materials.

loss caused by creep.
High temperature accelerates the stress relaxation loss.

Ranges from 10% to 40% of the initial preload within 200
loading cycles, and then its effects on loosening will vanish.

Accounts for approximately 5% of the initial preload; the
preload loss and duration are affected by the transverse force.

Fretting wear changes the distribution and magnitude of
contact stress; preload loss is not constant.
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Fig.3 Contact interface and actual surface profile in a bolted
joint.

Creep: Creep is the phenomenon of plastic strain
accumulation owing to a constant stress. This is the
result of long-term exposure to high levels of stress
that is still below the yield strength of the material.
Creep will cause a chronic preload loss. This type of
preload loss should be a comprehensive outcome of
the creep of bolts, clamped joints, gaskets, and coatings
in bolted joints [13]. For a high-strength bolted joint
with a hardened washer and without coating, it was
found that the preload loss caused by creep ranged
from 3% to 5% of the initial preload, after the bolted
joint was tightened [14]. However, gaskets made of
soft materials and used in bolted joints for sealing
may exhibit a severe creep behaviour, and lead to a
large preload loss. Abboud and Nassar [15] used an
MTS10 machine for the creep test, where a relatively
soft gasket was compressed between two stiff steel
plates to a predetermined uniform stress level. Their
experimental results indicated that for two different
thicknesses, polytetrafluoroethylene (PTFE) gaskets
showed respective drops of 7% and 20% of the initial
preload, while red rubber gaskets exhibited respective
drops of 55% and 65% of the initial preload. In
addition, coatings, such as zine applied to protect steel
fasteners from corrosion could also result in a large
preload loss caused by creep. Yang et al. [16] found
that a loss of 20% of the initial preload occurred owing
to the coating creep. In summary, soft gaskets and
coatings may result in a comparatively severe creep
behaviour and dominate the preload loss, and should

be considered carefully in engineering applications.

Stress relaxation: Stress relaxation can also cause
a long-term preload loss, such as creep. However,
stress relaxation implies that the stress decreases
over time, while the strain remains unchanged. At
the ambient temperature, the stress relaxation loss is
relatively small. It was found that in a high-tension
bolted joint with a stainless-steel plate, the stress
decrease in the bolt was no more than 2% [17] and
the preload was almost unchanged. However, high
temperatures will accelerate this type of preload loss.
Guo et al. [18] performed stress relaxation tests on
1Cr10NiMoW2VNDN steel using a CS5-3900 creep
testing machine at 600 °C with initial stresses of 266,
300, and 350 MPa for 1,000 h. A large decrease in the
stress was found, which was more than 50% of the
initial stress. Apparently, the preload loss was severe.
Therefore, high temperature is a key factor influencing
the preload loos caused by stress relaxation, and
the standardised test method for the quantification
of stress relaxation should be applied at a specific
temperature and time [19].

Cyclic plastic deformation: Under cyclic external
loading, the local stress in threaded fasteners may
exceed the yield point, triggering cyclic plastic
deformation, which causes a decrease in and
redistribution of local stress, thereby resulting in a
preload loss. Jiang et al. [20] applied a homemade
Junker test apparatus to generate cyclic transversal
vibration to a threaded fastener, whose nut was
glued to the bolt using a strong thread locker. It was
experimentally observed that the preload loss ranged
from 10% to 40% of the initial preload within 200
loading cycles. After 200 vibration cycles, the preload
remained almost unchanged. Then they built a finite
element (FE) model of a bolted joint without a thread
lead angle to reveal that the local cyclic plasticity
occurring near the roots of the engaged threads
resulted in a cyclic strain ratcheting and caused a
preload loss. Subsequently, Hou and Liao [21] further
investigated the effects of various factors on the loss of
preload caused by cyclic plasticity deformation. The FE
model of the bolted joint also had no thread lead angle.
It was found that the magnitude of the transverse
force had the most significant effect on the preload
loss caused by cyclic plasticity deformation, which was
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also verified by other researchers [22]. In addition,
these researchers also demonstrated that the preload
loss by cyclic plastic deformation would soon end
after a specific number vibration cycles.

Stress redistribution: This is a recently proposed
cause for the preload loss. Gong et al. [22] built an
elastic finite element model of a bolted joint without
a thread lead angle and applied a cyclic transverse
force; however, a loss of approximately 5% of the
initial preload was still observed. It was found that
the contact stress on the thread surface changed to
a sinusoidal distribution from the initial uniform
distribution after a complete vibration cycle. The
integral of the contact stress is equivalent to the preload.
The results indicated that the integral of the contact
stress with a sinusoidal distribution was smaller than
that with a uniform distribution, which implied a
loosening behaviour. It also showed that the stress
redistribution was generally achieved after a specific
number of vibration cycles. Subsequently, Gong et al.
[23] further researched the effects of various factors on
the preload loss, caused by stress redistribution. It was
found that the larger the transverse force, the more
serious the preload loss, and the shorter the duration
of the stress redistribution.

Fretting wear: The threaded surface is generally
uneven owing to the surface morphology, as shown
in Fig. 3. After the preload is applied, the external
and internal threads are not in complete contact with
each other. The protruding points may be embedded
into the concave space. Under a cyclic external force,
repeated micro-slips occur at some local protruding
points, resulting in the surface material wearing
gradually and preload being decreased [24]. Liu et al.
[25, 26] clamped two testing fixtures using a bolt and
a nut. The bolt was made of a low-carbon steel and
coated with zinc to protect it from rust. One fixture
was fixed at one end and an axial excitation was
applied at the end of the other fixture to investigate
the fretting wear behaviour of the threaded surface
under cyclic axial loadings. Zhou et al. [27] and Zhang
et al. [28, 29] applied an electro-hydraulic servo fatigue
testing machine to investigate the fretting wear
behaviour of a threaded surface under cyclic transverse
loadings. The upper fixture was connected to the grip
of the fatigue testing machine, while the lower fixture

was fixed to the test stand. The upper and lower
fixtures were made of 1045 steel and clamped using
a bolt and nut. The fretting wear profiles and their
changes were clearly observed and measured using
scanning electron microscopy (SEM). It was found
that fretting wear changed the distribution and
magnitude of the contact stress on the threaded surface;
thus, the preload decreased with an increase in the
number of vibration cycles. After a certain number of
vibration cycles, the fretting wear did not continue.
The preload losses caused by fretting wear for different
bolted joints were not constant; they were influenced
by factors, such as the magnitude of preload, amplitude
of the axial or transverse loadings, and coating type.

From the above summaries, we can conclude that
when no external loading is applied, embedding loss,
creep, and stress relaxation dominate the preload loss,
which are all long-term loss behaviours. Among these
three causes, creep results in a larger preload loss if a
soft gasket and coating are employed, while stress
relaxation causes a larger preload loss if the working
temperature is high. In contrast, when an external
loading is employed cyclically to threaded fasteners,
cyclic plastic deformation, stress redistribution, and
fretting wear dominate the preload loss. The preload
does not always continue and end after a certain
number of vibrational cycles. Usually, the preload loss
resulting from the above six causes is unavoidable.
In practical applications, the addition of a tightening
torque to offset the potential preload loss is typically
employed as a solution.

3 Causes and mechanisms of rotational
loosening

Under an external loading, the frictional forces between
the internal and external threads may be overcome,
and a reverse rotation against the tightening direction
could occur. Compared with the non-rotational
loosening, this type of loosening modality can induce
a continuous preload loss until the bolt fractures
or the preload vanishes, resulting in a greater harm.
In fact, loosening accidents frequently begin with a
rotational loosening. Therefore, rotational loosening
is the main focus of loosening research over the years,
and some theories have been proposed to explain the

www.Springer.com/journal/40544 | Friction
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rotational loosening process and reveal its mechanism.
The causes initiating a rotational loosening include
axial, transverse, torsional, and bending vibration
loadings, as well as impact loading, as shown in Fig. 4.
Here, we provide a systematic summary of the research
work on the rotational loosening caused by different
external loadings.

3.1 Axial vibration loading

Axial vibration loading refers to the vibration parallel
to the bolt or nut axis. Whether axial vibration is capable
of causing rotational loosening has always been
controversial. Research on the effect of axial vibration
on rotational loosening dates back to the 1940s
and can be divided into two periods, based on the
research methods used, as listed in Table 2. The first

]

iy

period ranges from the 1940s to the late 1970s when
experimental methods were mainly applied to test
the rotational loosening behaviour caused by axial
vibration loading. The second period ranges from
1996 to the present when researchers mainly employed
a finite element analysis (FEA) or theoretical analyses
to demonstrate how axial vibration loading resulted in
rotational loosening; here, experiments were conducted
only for validation of the analytical or numerical
results.

Period I: Goodier and Sweeney [30] from Cornell
University were probably the first to investigate
rotational loosening under an axial vibration loading
in 1945. In their experiment, microscopes were used to
measure small nut rotation on a bolt. After 500 cycles,
a revolution of 0.0055 Rad was observed, which
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Fig. 4 Schematic diagram of various external loadings resulting in rotational loosening.
Table 2 Summary of research on rotational loosening caused by axial vibration loading.
Stages Method Ref. Occurrence Progress
Period T: [32] Yes Proposed elastic radial expansion theory.
ig‘;gs to late Experiment 36] No Conducted a novel axial vibration experiment, challenging the
s findings in Ref. [32].
[39-43] Yes Found that loosening, tightening, or no twist could occur in a
cap screw subjected to axial vibration.
Period II: FEA or . . . . .
1996 to the theoretical [44] Yes Clarified tha} the .relagve rotation was enhanced in the loading
. process and inhibited in the unloading process.
present analysis
Found that the initial preload loss was caused by plastic
[26-28, 46, 47] No p y P

deformation, fretting wear or others.
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corresponded to a loss of approximately 73% in the
preload. Then, a simple theory was proposed to explain
the rotational loosening caused by the axial vibration
loading. The theory surmised that under an axial
vibration, the elastic radial expansion of the nut
diameter and the elastic contraction of the bolt diameter
were governed by the Poisson ratio of the material.
This radial deformation would result in a circum-
ferential movement owing to the helix angle, which
accumulated with an increasing number of vibration
cycles, and finally caused a large rotational loosening.
However, Goodier and Sweeney’s experiment was
quasi-static, which did not agree with the practice.
Therefore, some researchers improved the original
experimental setting by applying a dynamic axial
loading and examined the effects of various factors
on rotational loosening. For example, Sauer et al. (1950)
[31] analysed the influences of number of vibration
cycles, dynamic to static load ratio, contact surface
condition, and misalignment on rotational loosening.
Paland (1966) [32] tested various types of threaded
fasteners subjected to axial loadings and arithmetically
determined the rule of loosening by measuring the
tangential strain on the surface of the nut. Gambrell
(1968) [33] examined how loosening was affected by
the bolt thread series (coarse or fine), initial preload,
lubrication, dynamic to static load ratio, frequency of
loading, and number of cycles.

Meanwhile, the above rotational loosening theory
was also challenged during this stage. In 1964, Hongo
[34] measured the relative rotation between a bolt
and nut by observing the oscillation of a beam of light
projected onto a mirror pasted on the bolt in his
experiment. The results showed that there was no
continuous rotation between the bolt and nut in the
loosening direction. Therefore, he disagreed with the
conclusion of Goodier and Sweeny [30] that the bolt
and nut underwent relative rotation in the direction
that would loosen the fastener, as long as there was a
variation in the axial tensile force of the bolt. In 1979,
Sakai [35] experimentally found that in the initial
vibration cycles (approximately 200 cycles), the preload
loss occurred mainly owing to plastic deformation.
In the following cycles, if the amplitude of the
axial vibration was not large, the preload remained
unchanged (i.e., rotational loosening did not occur).

Period II: Since Junker [36] found large-scale

loosening under transversal vibration in an experiment
in 1969, a few researchers have, subsequently, focused
on the rotational loosening by axial vibration loading.
Until 1996, Hess and his co-workers [37] continued
to conduct research on rotational loosening caused
by axial vibration loading. They initially performed a
kinematic analysis for the twisting of a cap screw in
a tapped hole, loaded by gravity (without preload)
and subjected to axial harmonic vibration. It was
shown theoretically that three types of motion could
occur: twist up, twist down, and no twist. In another
study, Hess and Davis [38] designed a test apparatus
consisting of a block, into which a threaded component
was inserted, and a shaker. The shaker provided
an axial excitation. The axial motions of both the
base and cap screw were measured with miniature
accelerometers and recorded with a multi-channel
dynamic signal analyser. The experimental results
agreed with the theoretical results. Then, an improved
dynamic model [39] loaded by gravity and a slight
preload (< 100 N) [40, 41] was analysed. This indicates
that loosening, tightening, or no twist might occur in
the cap screw subjected to axial vibration, which is
mainly governed by the amplitude and frequency of
axial vibration. Additionally, the preload would be
unchanged after a certain number of cycles, either in
loosening or tightening [41]. These studies provided
significant insight into the mechanism of rotational
loosening for threaded fasteners subjected to cyclic
axial vibration. However, in practice, the preload in a
threaded fastener is far greater than 100 N. Therefore,
the above theoretical model, mathematical analysis,
and corresponding conclusion must be further verified
under practical preloads.

Furthermore, for a threaded fastener loaded by a
practical preload, the rotational loosening behaviour
caused by an axial vibration was also investigated by
some researchers using FEA and theoretical analyses.
Izumi and Take [42] (2007) clarified the loosening
mechanism by three-dimensional FEA and found that
the rotational loosening was enhanced during the
loading process, while it was inhibited during the
unloading process, and that loosening was caused by
the slippage at the bearing surface induced by nut
deformation. The theoretical analysis of Sakai [43]
(2011) agreed with the above finding, that is, the
evolution of relative rotation in the loading and
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unloading processes was different. Moreover, the
critical condition for rotational loosening by axial
vibration was formulated, which explained why
rotational loosening rarely occurred in an actual use.

Subsequently, some researchers provided more
evidence to demonstrate that axial vibration hardly
resulted in rotational loosening, by analysing the
preload decline induced by an axial vibration. They
found that the initial preload loss was caused by
plastic deformation [44, 45], fretting wear [25, 26] or
other factors. After that, the preload did not change
with an increase in the number of vibration cycles,
which indicated no rotational loosening. In addition,
the authors also established an elastic finite element
model of a threaded fastener with an ideal contact
interface and applied cyclic axial vibration. It was
also found that the preload remained almost constant,
which meant no rotational loosening. From the above
research, we can see that a slight rotational loosening
caused by axial vibration was observed in the early
days when the measuring accuracy may not be
sufficiently high. Therefore, we speculate that the
rotational loosening and loosening angle under axial
vibration observed in the early research work, were
probably owing to plastic deformation and measuring
errors.

3.2 Transverse vibration loading

Transverse vibration loading refers to the vibrations
perpendicular to the bolt or nut axis. It was demon-
strated that transverse vibrations could result in a
large-scale rotational loosening; this attracted much
attention in earlier research work. Rotational loosening
was attributed to slippage behaviour between the
contact interfaces [46]. According to the difference in
the slippage modes, two typical theories, i.e., complete
slippage and local slippage accumulation theories were
proposed to explain the rotational loosening process
caused by a transverse vibration. In the following
subsection, we will systematically summarise the
relevant research work from both these perspectives
in a chronological order, as shown in Table 3.

3.2.1 Complete slippage theory

In 1969, a German engineer named Junker [36] designed
an experimental apparatus, by which a cyclic transverse

vibration was applied to threaded fasteners for the
first time. The Junker test apparatus consisted of a
fixed base, moving plate, and several sensors monitoring
the preload, shear load, and transverse displacement,
as shown in Fig. 5. A shear load was applied to the
joint through a transverse movement of the plate
between the nut and bolt. The transverse movement
was generated by an eccentric structure. Experimental
results showed that evident rotational loosening and
large preload loss occurred under a cyclic transverse
vibration. He proposed what is now a widely cited
theory to explain the rotational loosening of fasteners
under a transverse vibration loading. This can be
illustrated using a block on an incline system, as
shown in Fig. 6. Here, the frictional force between the
block and the incline is sufficient to prevent the block
from sliding down the incline in the absence of any
external vibration loading (see Fig. 6(a)). When the
block is subjected to a transverse vibration, large enough
to overcome the frictional force between the block
and the incline, the block not only slips in the transverse
direction, but also down the incline (see Fig. 6(b)). In
Junker’s theory, the entire internal thread of a nut is
assumed to be the block while the complete external
thread of the bolt is assumed to be the inclined surface.
Therefore, the classical theory indicates that rotational
loosening occurs when the frictional forces on a
threaded surface are overcome completely, which is
the so-called complete slippage theory.

Junker’s theory regards the external and internal
threads in their entirety. The rotational loosening under
a transverse vibration can be explained simply by
using Coulomb’s friction law. Junker’s theory is easy
to understand and hence, is widely popular. However,
the detailed rotational loosening process under a
transverse vibration is still not clearly understood.
Subsequently, many researchers have tried to clarify
the inherent mechanism of rotational loosening based
on the complete slippage theory.

In 1977, Yamamoto and Kasei [47] proposed a
rotational loosening process with two different stages.
In the first stage, a bolt thread was inclined in a
mating nut thread with slippage on the surface of
the nut thread, producing an elastic torsion of the
bolt shank. In the next stage, the washer face of the
nut slipped on the surface of the vibrating plate,
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Table 3 Summary of research on rotational loosening caused by transverse vibration loading.

Contribution

Proposed complete slippage theory; found that transverse vibration
was more likely to induce loosening than other forms of vibration;
invented a transverse vibration apparatus.

Proposed the rotational loosening process with two different
stages.

Analysed the frictional condition indicating the rotational
loosening.

Discussed the relationship between the axial tension and external
loading by applying a numerical method to calculate the stress
distribution on a threaded surface.

Explained the mechanism of rotational loosening caused by
transverse vibration loading in terms of accumulation and release
of potential energy owing to torsional bolt deformation.

Found that rotational loosening on a threaded surface could occur
even when a macroscopic slide was absent on the bearing surface.

Developed a dynamic model of a bolted joint to study rotational
loosening.

Found that the impact between a clamped mass and the clamping
bolt was the main cause of rotational loosening.

Slippage mode Year Ref. Method
1969 Junker [36] Experiment
1977 Yamamoto and  Theoretical
Kasei [47] analysis
1978 Sakai [48] Theoretical
analysis
1982  Tanakaetal. [49] FEA
Complete slippage
theory
1984 Yamamoto and  Theoretical
Kasei [50] analysis
1988 Kaseictal [51] Lheoretical
analysis
1989 Vinogradov Theoretical
and Huang [52]  analysis
1977 Zadoksetal [53] L heoretical
analysis
Pai and Hess FEA-1;
2002
[56, 57] Experiment
2005  Izumietal [58] FEA-1
2007  Izumietal. [59] FEA-1
2007 Kasei [60] Theoretical
analysis
Local slippage 2007 Zhangetal. [61] FEA-2
accumulation
theory
Yokoyama etal. Theoretical
2010 .
[62] analysis
Dinger and
2011 prcdrich[63]  TEA2
2016 Dingeretal. [64] FEA-2
2017 Chen et al. [65] FEA-2
2020 Gongetal. [66] | neoretical
analysis

Proposed that local slippage on contact interfaces contributed to
loosening, instead of complete slippage; found that loosening
occurred before the bearing surface slipped completely.

Found that rotational loosening was initiated when the thread
surface reached a complete slip state.

Introduced the micro-slip and found that rotational loosening could
proceed when either a micro-slip or complete slip occurred.

Presented a theoretical explanation for how rotational loosening
occurred and grew larger.

Found that both the micro-slippage on a threaded surface and
cyclic change of pressure on the threaded surface caused by
repeated bending torque initiated rotational loosening.

Found that the inclination of a bolt affected the reaction moment
during the local slippage on a threaded surface, and eventually
caused rotational loosening.

Introduced a parameter, i.e., the ratio of the slip to the total contact
area, to quantify rotational loosening.

Obtained the critical condition for loosening in a bolted joint
subjected to torsional and transverse vibration loadings.

Revealed that the phenomenon of creep slip existed on a contact
surface.

Found that the cyclic component force along the radial direction
dominated the local slippage accumulation of a threaded surface.

FEA-1: The finite element model of a bolted joint with a lead angle; the bottom plate is ignored.

FEA-2: The finite element model of a bolted joint with a lead angle; the upper and bottom plates are both built.

accompanied by the loosening rotation of the nut,
caused by the spring back of the elastic torsion of the
bolt shank. In 1978, Sakai [48] analysed the necessary
condition for rotational loosening by considering

the straight slippage on a threaded surface and arc
slippage on a bearing surface. It was also found that
the slippage of the bearing surface was a necessary
condition for rotational loosening, and the theoretical
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Fig. 5 Schematic of the Junker test apparatus.

Transversal
vibration

Fig. 6 Block on an incline analogy to a threaded fastener: (a) in the absence of any external vibration loading; (b) under a transverse

vibration loading.

equation of critical slippage was derived. In 1982,
Tanaka et al. [49] discussed the relationship between
the axial tension and external loading by applying a
numerical method to calculate the stress distribution
on a threaded surface. In 1984, Yamamoto and Kasei
[50] explained the mechanism of rotational loosening
caused by a transverse vibration loading in terms of
accumulation and release of potential energy owing
to the torsional bolt deformation. During one half-cycle
of vibration, the bolt threads first slid on the nut threads,
producing an elastic torsional deflection. Then, the
bearing surface was forced to slide on the moving
plate, by which the torsional deflection was released
and rotational loosening was produced. In 1988, Kasei
et al. [51] proposed a novel mechanism of rotational
loosening using a theoretical consideration. It was
considered that rotational loosening on the thread
surface could occur even when a macroscopic slide
was absent on the bearing surface. This opinion was
actually the beginning of the development of local
slippage theory; however, subsequently, further
attention was not paid to the same.

In 1989, Vinogradov and Huang [52] were the first
to develop a dynamic model of a bolted joint to study
rotational loosening. They performed numerical
simulations to investigate the effect of the frequency
of dynamic excitation on rotational loosening. It
was found that rotational loosening was triggered by

UANERSIA Pazss

a non-uniform distribution of the preload along the
threaded surface. In 1997, Zadoks et al. [53] presented
an extensive study on the mechanism of rotational
loosening by employing the theory of Hertz contact
stress and a two-degree-of-freedom dynamic model.
The main cause of rotational loosening was that the
impact between the clamped mass and clamping bolt.
In addition, the process of rotational loosening was
also predicted based on the theoretical model. From
the complete slippage theory, it was regarded that
rotational loosening did not occur unless the pitch
torque (denoted by Tp) was larger than the sum of the
friction torques of the bearing and threaded surfaces
(Tv and T, respectively). Nassar et al. proposed linear
[54] and nonlinear mathematical models [55] to
calculate the above torques and obtained the change
in the preload with increasing number of vibration
cycles.

3.2.2  Local slippage accumulation theory

In 2002, Pai and Hess [56, 57] challenged the classical
complete slippage theory. They observed the contact
state of thread and bearing surfaces by FEA, and the
hysteresis cycle experimentally. In the FEA, a bolted
joint with a lead angle was established and the bottom
plate was ignored for improving the calculation
efficiency. It was found that complete slippage was
not a necessary condition for rotational loosening.
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It was demonstrated that rotational loosening could
still occur even when there were only partial slippage
areas on the contact surfaces. The phenomenon, in
which only partial areas on the contact surface slip, is
referred to as the local slippage. They proposed that
local slippage could gradually accumulate with an
increase in the number of vibration cycles, as shown
in Fig. 7(a), which was also able to cause rotational
loosening and a large preload decrease, as shown in
Fig. 7(b).

Local slippage accumulation theory has fundamentally
changed the original understanding of the mechanism
of rotational loosening and attracted the attention of
numerous researchers. Subsequently, many scholars
applied FEA method and theoretical analysis method
to further research local slippage accumulation. In
the FEA, two types of FE models were used. The
former is the simplified FE model of a bolted joint
without the bottom plate while the latter is the
complete FE model made up of a bolt, nut, upper and
bottom plates. In 2005, Izumi et al. [58] established a
simplified FE model and found that local slippage
accumulation could result in rotational loosening and
inferred that rotational loosening was initiated when

Ist cycle 50th cycle 300th cycle
L | I
FarOpen NearContact Slipping Sticking

(a) Variation of contact states with increase in the number of vibration cycles

propaIg

Vibration cycle
(b) Variation of preload with increase in the number of vibration cycles
Fig. 7 Schematic of local slippage accumulation and preload
decrease under a transverse vibration.

the thread surface reached a complete slip state,
regardless of the slip state at the bearing surface. In
another work, Izumi et al. [59] introduced the concept
of micro-slip, which involves a no-constant-sticking
region over a vibration cycle. They built a complete
FE model and found that rotational loosening could
proceed when either a micro-slip or a complete slip
occurred. In 2007, Kasei [60] employed a theoretical
analysis to study the rotational loosening caused by
micro-slippage accumulation on a bearing surface.
A theoretical explanation was presented on how
rotational loosening occurred and grew larger. Zhang
et al. [61] built a complete three-dimensional FE model
of a bolted joint, simulated cyclic transverse vibration,
and found that both the micro-slippage on the thread
surface and cyclic change of the pressure on the
thread surface initiated rotational loosening. In
2010, Yokoyama et al. [62] theoretically formulated
an analytical model for describing the mechanical
behaviour of a bolted joint subjected to a transverse
loading. Based on the model, it was found that the
inclination of the bolt affected the reaction moment
during the local slippage on the thread surface, and
finally caused rotational loosening. In 2011, Dinger
and Friedrich [63] introduced a parameter, namely the
ratio of the slip to the total contact area, to quantify
the rotational loosening in their FEA (complete FE
model) for analysing the local slippage and rotational
loosening. In 2016, Dinger [64] employed complete FE
model and an experimental method to study the local
slippage of a bolted joint subjected to both torsional
and transverse vibration loadings and obtained the
critical condition for the rotational loosening caused
by local slippage accumulation. In 2017, Chen et al.
[65] conducted a complete three-dimensional elastic
FEA to describe the slip states in greater detail, aiming
to explore the mechanism of rotational loosening.
The results revealed that the phenomenon of creep
slip existed at the contact surface, which caused the
loosening to occur even when some contact facets
were stuck.

Recently, the authors proposed a modified Iwan
model (2020) [66] to represent nonlinear local slippage
behaviour. The acting forces on the internal thread
were decomposed into three component forces along
different directions. Fr, Fs, and Fr denote the three
components along the x-, y-, and z-axes, respectively.
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The effect of each component on the local slippage
accumulation was analysed theoretically based on
the modified Iwan model. It was found that the cyclic
component force along the radial direction dominated
the local slippage accumulation of the thread surface,
and the other two cyclic component forces had no
effect on the local slippage accumulation. Then, the
local slippage accumulation on the bearing surface was
also analysed. Finally, a thorough understanding of
the rotational loosening mechanism was developed.

3.3 Torsional vibration loading

Torsional vibration refers to the cyclic torque loading
parallel to a nut or bolt axis. Clark and Cook [67] were,
probably, the first to experimentally investigate the
effect of fluctuating torque on rotational loosening.
They studied the effect by conducting a series of tests
on a bolt tightened into a tapped hole in a bar. A
cyclic angular displacement could then be applied to
the bar. A strain gauge was used to measure the bolt
preload, while the test was being conducted. The results
showed that rotational loosening was a function of
both the oscillatory torque amplitude and bolt initial
shank stress; accidental overloads contributed to more
rotational loosening than did the repetitive oscillatory
torques with small amplitude. Later, Sakai [68] further
studied the mechanism of rotational loosening caused
by torsional vibration loading through an experiment,
and found that rotational loosening occurred only
when loosening, tightening, and bearing torques
satisfied a certain condition. This conclusion was
validated recently by Yokoyama et al. [69] using an
FEA. In addition, some researchers [70] also employed
FEA to study the rotational loosening of a bolted joint
subjected to translational and rotational vibration
loadings. These studies indicated that the relationship
between the radius of the pitch circle and that of the
screw threads determines the magnitude of rotational
loosening.

3.4 Bending vibration loading

Bending vibration refers to the cyclic torque loading
perpendicular to a nut or bolt axis. The earliest research
on the effect of bending vibration loading on rotational
loosening was conducted by Haviland [71, 72] from
Loctite Corporation. In this experiment, a simple

composite cantilever beam comprising two steel blades
bolted together was used to apply the bending loading.
Side-sliding was proposed to explain the rotational
loosening caused by bending loading, and it was
found that the net effect, each time the nut was cycled
sideways, was a ratcheting rotational loosening. The
above experimental setting was also applied by other
researchers to investigate the rotational loosening
resulting from bending vibration loading. For example,
Dong and Hess [73] studied the effect of thread
dimensional conformance on loosening under bending
vibration loading. The test apparatus used in these
tests consisted of a compound beam mounted on a test
fixture. The compound beam consisted of two pieces
of 316L stainless steel, a test bolt and a test nut; two
spacers were attached to the compound beam through
a hole. The results showed that unqualified engaging
threads would aggravate the rotational loosening. In
another example using the same apparatus, Pai and
Hess [74] studied the influence of fastener placement
on bending-vibration-induced loosening and found
that a fastener placed in certain regions of the assemblies
was subjected to a higher shear force. Therefore, by
avoiding fastener placement in such regions, the
likelihood of fastener loosening was reduced. Du et al.
[75] exploited an eccentric loading method to apply a
bending vibration loading to a bolted joint. Their
results indicated that plastic deformation and fretting
wear primarily caused a preload loss; however no
evident rotational loosening occurred. Moreover,
Ishimura et al. [76] also conducted research on the
loosening behaviour of a bolted flange structure
subjected to cyclic bending vibration, and illuminated
the loosening mechanism. The mechanism reported
that external bending loading triggered slippage on the
bearing surface of the flange structure and repeated
slippage caused rotational loosening.

3.5 Impactloading

Impact represents the load acting on threaded fasteners
at very high speeds within a very short period of
time. The earliest reports documenting the research
on rotational loosening of a bolted joint subjected to
impact loading were the experiments conducted by
Baubles et al. [77] and Faroni [78] from Elastic Stop Nut
Corporation of the United States. The test apparatus
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consisted of spool-like arbours reciprocating within
a slotted fixture. The arbours were held together by
test nuts and bolts. The slotted fixture was vibrated
at 30 Hz with a modified Sonntag universal fatigue
testing machine, and at 60 Hz with an electromagnetic
shaker. The results indicated that the number and
magnitude of impact were the main factors that
induced loosening failure; the frequency and direction
(i.e., perpendicular or parallel to the bolt axis) of
impact had no significant effect on the loosening. A
theory on impact-induced loosening proposed that
the impact acting on a bolted joint would cause the
components to resonate and hence, loosening would
occur. Subsequently, Koga [79] experimentally studied
the loosening of threaded fasteners subjected to
repeated impact loadings. In the experiment, a ball
thrust bearing was inserted between the nut and a
compression cylinder to eliminate the effect of friction
on the nut base. The threads were lubricated with
machine oil for all the tests. Four sash cords were
used to lift and drop the bolt assembly along a guide
cylinder, and an impact piece of the assembly struck
a fixed stopper. The results indicated that the stress
waves could change into tensile waves and decrease
the shearing stress at the surface of the thread. The
decrease in the shearing stress resulted in the slippage
of the surface of the thread, and eventually, rotational
loosening occurred. In another study, Koga [80] built a
three-dimensional analytical geometry to quantitatively
demonstrate the effect of thread angle on the loosening
caused by impact. It was found that a comparatively
strong loosening action was obtained when the thread
angle was 60° or less. Kasei and Matsuoka [81] further
researched the mechanism of rotational loosening
caused by impact loading. It was proposed that the
elastic torsion of the bolt rod owing to a slippage
between the internal and external threads was the
main cause of rotational loosening. Dong and Hess [82]
also conducted a significant experiment to analyse
shock-induced rotational loosening of dimensionally
non-conforming threaded fasteners.

In addition, some researchers employed a theoretical
model or FEA to reveal the rotational loosening process
caused by impact loading. For example, Daabin
and Chow [83] developed a dynamic model to study
impact-induced rotational loosening and investigate
the influence of different parameters. It was concluded

that the duration of the applied loading, leading angle,
and surface friction played an important role in the
loosening process. Shoji and Sawa [84] established a
three-dimensional finite element model and simulated
a bolted joint subjected to impact loading. The
analytical results showed that the effect of impact on
rotational loosening was evidently not different from
that of vibration loading.

4 Loosening curve under transverse
vibration

In the Sections 2 and 3, we have summarised different
causes and mechanisms of the non-rotational and
rotational loosening, respectively. Their comprehensive
effects on loosening can be represented by loosening
curve. The loosening curve denotes the relationship
between the preload in a bolted joint and the service
time. Most of the loosening curves are depicted
under transverse vibrations; thus, the service time
is represented by the number of vibration cycles. It
is challenging to distinguish different causes and
mechanisms in the loosening curve. This is also one
purpose of investigating loosening curve. In addition,
the loosening curve can be also employed to evaluate
the fatigue life of threaded fasteners as well as compare
the anti-loosening abilities of different threaded
structures. Therefore, the research on the loosening
curve is significant and has attracted much attention
in the published literature.

41 Loosening curve and cause analysis

Early research on loosening curves was conducted by
Jiang et al. [85]. In their experiment, it was observed
that loosening started with a gradual relaxation of
the initial preload without a reverse rotation between
the internal and external threads. When the preload
was reduced to below a certain critical value, the nut
actually started to back off. Based on the observation,
a typical sequence curve for preload decrease, including
two distinct stages, was described as shown in Fig. 8(a).
In the first stage [20], there was no relative rotation
between the nut and bolt. This preload loss resulted
from the local cyclic plasticity deformation occurring
near the roots of the engaged threads. In the second
stage [61], the local cyclic plasticity deformation will
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Fig. 8 Three loosening curves obtained from different sources
in the literature.

no longer cause preload loss. The preload decreased
rapidly, attributed to a significant rotation between
the bolt and nut; there was a possible transition
between the two stages.

The research of Jiang et al. only considered the
non-rotational loosening caused by the change of
material properties at the Stage 1. The explanation of
the causes for the first loosening stage may not be
sufficient. Zhang et al. [86] experimentally found that
when the transversal displacement was smaller than
0.5 mm, the rotational loosening would not occur.
Therefore, the cyclic transversal displacement was set
to be 0.25 mm in the vibration experiment and the
curve of the non-rotational loosening was acquired as

shown in Fig. 8(b). They further analyzed this curve
and the corresponding causes. It can be seen clearly
that the curve contains two different stages. Via SEM
analysis, it was found that the preload loss at the first
stage was caused by plasticity deformation, while
that at the second stage resulted from a fretting wear
on the thread surface. We guess that the preload will
keep unchanged after enough vibration cycles.

Recently, Gong et al. [22, 23] established FE models
of bolted joints with and without the helix angle. By
comparison, they found a new important factor causing
preload decrease at the stage of the non-rotational
loosening and named it stress redistribution. Finally,
a complete loosening curve comprising three different
stages was depicted, as shown in Fig. 8(c). In Fig. 8(c),
the influencing factors resulting in loosening at each
stage were also analysed systematically. The complete
loosening curve is made up of three stages. In Stage 1,
the preload decreased nonlinearly owing to plastic
deformation, stress redistribution, and rotational
loosening. In Stage 2, the effects of plastic deformation
and stress redistribution on the loosening were absent
and the preload decreased linearly with rotational
loosening. In Stage 3, the preload was decreased
sharply owing to a fatigue fracture.

In Ref. [57], four different loosening processes have
been proposed that are characterized by either complete
or localized slip at the head and thread contacts.
Therefore, different contact states will lead to different
loosening processes and change the loosening curve.
However, the previous research has not investigated
this issue systematically. In the future, the nonlinear
curve of the rotational loosening in Stage 2 due to the
complete or localized slip at the head and thread
contacts should be researched further.

4.2 Numerical fitting of loosening curve

One function of the loosening curve is to predict
the fatigue life of threaded fasteners. Therefore, it is
significant to quantify the loosening curve, especially
the nonlinear stage of the non-rotational loosening.
For this purpose, a numerical fitting of the loosening
curve was conducted by researchers. Li et al. [87]
found that the relationship between the preload and
the vibration cycle at the initial stage conformed to a
double-exponential equation:
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where F is the preload; N is the vibration cycle; and
A, B, C, D, 11, and 1, are the practical parameters of
threaded fasteners. However, the above parameters
had no clear meanings and are difficult to apply
directly to engineering applications. Subsequently,
Wu et al. [88] adopted the FE model to investigate
the loosening behaviour of threaded fasteners. They
proposed a novel prediction scheme based on the
rotational loosening stiffness, comprehensively con-
sidering the influence of the preload, lateral force,
and friction coefficient, as given in Eq. (2):

. {huced*‘ L9 +b), £, 2

0, f<f,

where k is the stiffness of rotational loosening; u is
the friction coefficient of the threaded surface; f is the
transversal force; fo is the critical transverse force; & is
the influence coefficient of preload; a and b are the
influence coefficients of transversal force; and ¢, d,
and g are the influence coefficients of the friction
coefficient.

Currently, only the loosening curve at the nonlinear
stage has been fitted numerically; the universality of
the fitted equation requires to be validated further.
In addition, the numerical fitting of the complete
loosening curve is also an unsolved issue due to
containing abundant unknown parameters.

5 Critical condition of loosening

The seriousness of the damage caused by loosening
is self-evident. To avoid loosening in practical
engineering applications and improve the reliability
of products, research on the critical condition of
loosening has attracted the attention of numerous
researchers. It is widely recognized that transverse
vibration is the main loading form that results in
loosening. Therefore, existing studies on the critical
condition of loosening have been mainly based on
transverse vibration loading. The stage of non-rotational
loosening is usually temporary and will disappear
after a certain vibration cycles. Therefore, the critical
condition of loosening refers to the critical condition
where the stage of rotational loosening will not appear.

According to two different theories (i.e., complete
slippage and local slippage accumulation theories),
we have divided these studies into two categories,
which are summarised in Table 4.

5.1 Based on complete slippage theory

Back in 1969, Junker [36], who was a pioneer in this
area, proposed that loosening originated from a
complete slippage on the bearing and thread surfaces
(i.e., complete bearing and thread slippages) and the
complete bearing slippage was the critical condition
for loosening because it followed the complete thread
slippage. The German national standard VDI 2230 [11]
adopted this view and suggested that the working
loading should not cause the bearing surface to
completely slip when designing bolted joints. In
addition, the critical transversal displacement (i.e., the
vibration amplitude) corresponding to the complete
bearing slippage was used as a criterion indicating
the occurrence of loosening. Nishimura et al. [89, 90]
proposed the critical relative slippage (Scr), below
which threaded fasteners would remain fastened. This
Scr was estimated according to a theoretical equation,
considering the bolt bending and the geometrical
constraint condition. In other studies, the nonlinearity
of inclination compliance (kw) with respect to the bolt
axial tension was also considered [90, 91]. Additionally,
Hattori et al. [92] developed a more accurate equation
for calculating Scr by presenting a new prediction
equation for the reaction moment Mn.

Nassar’s group investigated the critical condition
of loosening theoretically when the frictional forces
on the bearing and thread surfaces were overcome
simultaneously. Nassar and Housari [54] assumed the
threaded fastener to be a free body and established
linear and angular equations of motion for a
mathematical model for threaded fasteners. It was
found that a threshold level of preload under a known
excitation amplitude existed, below which loosening
would begin. The critical preload value was higher
for a fine thread than for a coarse thread. In another
paper, they [93] demonstrated that a combination of
thresholds of thread and bearing friction coefficients
existed, below which loosening started. Nassar and
Yang [55] established more effective mathematical
models for describing the bearing and thread torques
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Table 4 Summary of research work on critical condition of loosening.

Theoretical basis  Scholars and Ref. Method

Progress

Junker [36] Experiment

Nishimura et al.

(89, 90] Theoretical model

Loosening originates from a complete bearing slippage.

Proposed the theoretical equation of critical relative slippage.

Complete
slippage theory ~ Nassar’s group . Proposed the criterion for preventing loosening and evaluated the
[54, 55, 93-98] Theoretical model criterion of loosening under different factors.
Sun et al. [99] Theoretical model frop.osed an analytical method for calculating the critical transverse
oading.
. Loosening was initiated when the transversal displacement reached
Paiand Hess [56,57]  FEA approximately 46%—66% of Scr.
. Loosening was initiated when the thread surface reached a complete
Tzumi et al. [58] FEA slip state regardless of the slip state at the bearing surface.
p g p g
Tzumi et al. [59] FEA ii(i);)soecncls;gr égtatlon can proceed when either a micro-slip or complete
ic?ccl?élilllgggrgle The transverse displacement causing loosening could be as low as
theory Dinger et al. [63] FEA 0.55 mm, whereas the value of Scr corresponding to complete bearing

Dinger [64] FEA and experiment

Zhang et al. [100]  Theoretical model

Gong et al. [101] FEA

slip was 0.86 mm.

Used the critical loosening gradient of a screw head, i.e., 0.01°%/cycle,
to evaluate whether a bolted joint was loosening.

Obtained a numerical formula for critical loading for bolt loosening.

Developed a novel simulation method, including two stages to clearly
monitor the real rotation-induced loosening.

and obtained more accurate analytical results. This
indicated that both the bearing and thread torques
were able to reach zero, when the transversal
amplitudes were sufficiently large, which laid the
foundation for the critical condition of loosening. Based
on the above mathematical models, Yang and Nassar
[94] obtained a theoretical equation of preload change
per cycle under transverse vibration. The loosening
curves were depicted and they showed that for a
certain vibration amplitude, the preload could remain
unchanged when the preload was large, while it
decreased sharply when the preload was small.
Subsequently, Yang et al. [95] proposed a criterion for
preventing loosening. In addition, Zaki et al. [96-98]
also established a mathematical model of preloaded
countersunk head bolts under a periodic transverse
excitation and investigated the critical condition for
loosening under different parameters. Based on the
mathematical models proposed by Nassar et al., Sun
et al. [99] established an improved mathematical model
representing the mechanical behaviour of a bolted
joint. An analytical method for calculating the critical
transverse load was proposed, which improved the
calculation efficiency and precision.

TSINGHUA
UNIVERSITY PRESS

5.2 Based on local slippage accumulation theory

In the early 21t century, Pai and Hess [56, 57] found
that loosening could occur prior to a complete bearing
slip (i.e., there are only some local slip areas on the
bearing and thread surfaces) and proposed the
local slippage accumulation theory. This means that
loosening can still occur when the transverse
displacement is less than Scr. It was observed
experimentally that loosening was initiated when
the transverse displacement reached approximately
46%—66% of Scr. Izumi et al. [58] found that loosening
was initiated when the thread surface reached a
complete slip state regardless of the slip state at the
bearing surface. In another study, Izumi et al. [59]
introduced the concept of micro-slip, which involves
no constant-sticking region over a vibration cycle.
They found that loosening rotation could proceed
when either a micro-slip or complete slip occurred. In
addition, it was calculated by FEA that a small degree
of loosening was initiated when the vibration force
reached approximately 50%—60% of the critical loading
necessary for complete bearing slippage. Dinger et al.
[63] found that for a specific threaded fastener, the
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transverse displacement causing loosening could
be as low as 0.55 mm, whereas the value of Scr
corresponding to a complete bearing slip was 0.86 mm.
Dinger [64] used the critical loosening gradient of a
screw head, i.e., 0.01°/cycle, to evaluate whether a
bolted joint was loosening.

Recently, Zhang et al. [100] regarded inhibiting the
localised thread slip as the condition for avoiding
loosening and obtained a numerical formula for critical
loading for loosening through a force analysis in
different circumferential positions of the thread. The
theoretical results were proved by experiments. Gong
et al. [22, 23] found that it was difficult to identify the
critical transverse force for initiating loosening using
a traditional finite element simulation owing to stress
redistribution. Therefore, they developed a novel
simulation method that included two stages to clearly
monitor the real rotation-induced loosening [101]. In
the first stage, a large transverse force was initially
applied to accelerate the stress release/redistribution.

In the second stage, a small force was used to identify
the critical features of loosening. A new loosening
criterion was also proposed.

In summary, rotational loosening was initially
regarded as originating from both a complete slippage
on both the bearing and thread surfaces. Accordingly,
a complete bearing slippage was the critical con-
dition for loosening because it generally followed the
complete thread slippage. Therefore, the preload
should be large enough to avoid a complete slippage
of the bearing surface caused by external loadings
during the design of a bolted joint as per the German
standard VDI 2230. A theoretical equation for
calculating the critical transversal displacement or
force was developed based on the complete slippage
theory. However, it was found that a small transversal
displacement or force could also induce loosening
owing to the local slippage accumulation of the
bearing and threaded surfaces. Therefore, the critical
transverse displacement or force based on the local

Table 5 Summary of research work on influencing factors of loosening.

Method Scholars and Ref. Influencing factors
Finkelston [105] Amplitudes, thread pitches, initial preloads, and bearing surface conditions
Walker [106] Preload, prevallmg torque, ‘thread pitch, surface coating, thread pitch diameter
clearance, and their combinations
) Sancl dH 107 Preload, elastic modulus, nominal diameter, thread pitch, hole fit, lubrication, and
Experiments ~ Sanclemente and Hess [107] . &% (oo cions
Zhang et al. [108] Loading direction and clamped length
Marshall et al. [109] Stress distribution
Noda et al. [110] Fit clearance of thread
Zhu et al. [112] Transverse frequency, amplitude, friction coefficient, and initial preload
Wang et al. [113, 114] Pitch, hole clearance, vibration amplitude, initial preload, and friction coefficients
Hou and Liao [115] Increment step !quth, 1n1t1a1_ clamping force, amplitude of the shear load, thread
tolerance, and friction coefficients
FEA Gong et al. [101] Initial preload, frictional coefficients at the thread and bearing surfaces, clamped
& ) length, nominal diameter of the bolted joint, material type, and fit tolerance
Xuetal. [116] Preload, vibration amplitude, and friction coefficient
Liu [117] load amplitude, initial preload, and friction coefficient
Sawa and Ishimura [118] Inclination angle of the bearing surface
Thread pitch, initial preload, friction coefficients on the bearing and thread surfaces,
Nassar et al. . :
hole clearance, thread fitting clearance, non-parallel contact of the bearing surface,
[54, 55,97, 119-124]
and thread profile angle
Theoretical o o )
models Chen et al. [125] Thread lead angle, initial preload, vibration frequency, and nature of material

Fernando [126]
Fort et al. [127]

Various thread parameters

Clamping length
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slippage accumulation theory is more accurate.
Vibration experiments and finite element simulations
can be applied to accurately determine the same for a
given bolted joint. However, an analytical solution for
the same, based on local slippage accumulation could
not be developed because it was difficult to quantify
the local slippage accumulation.

6 Influencing factors of loosening

Numerous studies have been conducted to evaluate the
effects of various factors on loosening under transverse
vibrations to seek a good anti-loosening strategy. The
loosening discussed in this section refers to the whole
loosening behavior of a bolted joint (i.e., the whole
preload decrease). Scholars did not analyze the effects
of various factors on preload decrease for different
stages. Common research methods include experiments,
FEA, and theoretical modelling. The existing literature
on the above methods is summarised in Table 5.

6.1 Experimental work

The Junker transversal vibration test is a standard
experimental method to assess the loosening behaviour
or the anti-loosening ability of a bolted joint, which is
illustrated in detail in both national [102, 103] and
international [104] standards. Some researchers applied
the Junker machine to analyse the effects of various
factors on loosening. Specifically, Finkelston [105]
systematically assessed the abilities of different
amplitudes, thread pitches, initial preloads, and bearing
surface conditions with regard to resistance to
loosening. It was found that reducing the amplitude
and thread pitch, increasing the initial preload, and
employing a hard material could decrease the loosening.
Walker [106] used a fractional factorial experiment
design to investigate the influence of several factors on
vibration-induced loosening. The evaluated factors
were preload, prevailing torque, thread pitch, surface
coating, thread pitch diameter clearance, and their
combinations. The results showed that thread pitch
had the largest influence on loosening, followed by
prevailing torque, interaction of thread pitch and
prevailing torque, thread pitch diameter clearance,
preload, and surface coating. Sanclemente and
Hess [107] performed sixty-four tests as a part of a

nested-factorial design and applied statistical analysis
techniques to identify the influence level of preload,
elastic modulus, nominal diameter, thread pitch, hole
fit, lubrication, and their interactions. It was found
that the optimum conditions to reduce loosening were
a high preload, low elasticity modulus, large diameter,
lubrication, tight fit, and fine threads. Zhang et al.
[108] experimentally studied the effects of the loading
direction and clamped length on loosening. Their
results showed that increasing the clamped length
and angle of the external load with the pure shearing
direction could reduce loosening.

Additionally, some non-standard experimental
methods were also employed to conduct a factorial
analysis of loosening. For example, Marshall et al. [109]
made use of an ultrasonic equipment to design a simple
apparatus to investigate the loosening behaviour
under different stress distributions. Noda et al. [110]
also designed an experimental setting to investigate the
effect of fit clearance of internal and external threads
on loosening.

6.2 FEA

With the improvement of computing power, it is now
possible to establish an accurate finite element model
of threaded fasteners and simulate the cyclic transversal
vibration, based on which some influencing factors
can be analysed. Some researchers adopted Fukuoka
and Nomura’s method [111] to generate an orderly
three-dimensional hexahedral mesh for bolted joints.
Based on an accurate finite element model, Zhu et al.
[112] discussed the influences of transverse frequency,
amplitude, friction coefficient, and initial preload on
the residual preload within a specific amount of time.
Wang et al. [113, 114] considered five influencing factors,
namely, pitch, hole clearance, vibration amplitude,
initial preload, and friction coefficients. It was found
that loosening was more difficult to occur under a fine
thread, small excitation amplitude and initial preload,
and large thread and bearing friction coefficients. Hou
and Liao [115] investigated the effect of increment
step size, initial clamping force, amplitude of the shear
load, thread tolerance, and friction coefficients on the
loosening process. An important finding was related
to the friction coefficients, which indicated that the
bolted joint would not loosen when the two coefficients
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were significantly different from each other. In addition,
Gong et al. [101] evaluated various influencing factors,
such as initial preload, frictional coefficients at the
thread and bearing surfaces, clamped length, nominal
diameter of the bolted joint, material type, and fit
tolerance from the perspective of critical transverse
force. The results indicated that the preload, frictional
coefficients at the thread and bearing surfaces, clamped
length, and fit tolerance were the prominent factors
that affected loosening. When the preload and friction
coefficients were increased, and the clamped length and
fit tolerance were reduced, loosening was inhibited.

Accurate hexahedral meshes for thread structures
generally entail a large computing cost. Therefore, some
researchers have employed free meshes to divide the
thread structures with high efficiency. Xu et al. [116]
analysed the effects of preload, vibration amplitude,
and friction coefficient on loosening. Liu [117]
established an FE model of the threaded fasteners
of a 12 kV vacuum circuit breaker, used in power
systems. The relationship between the loosening and
load amplitude, the initial preload, and the friction
coefficient was discussed. In addition, Sawa and
Ishimura [118] studied the effects of the inclination
angle of the bearing surface on loosening.

6.3 Theoretical model

As stated in Section 5.1, Nassar’s group established
both linear and nonlinear mathematical models to
describe the relationship between the tightening force
and torques applied to a bolted joint. Using their
models, they systematically investigated the effects of
thread pitch [54], initial preload [54], friction coefficients
on the bearing and thread surfaces [97], hole clearance
[119], thread fitting clearance [119], non-parallel contact
of bearing surface [120], and thread profile angle [121]
on loosening. It was found that under a known
excitation amplitude, the bolted joint with the coarse
thread, small preload and friction coefficients, large
hole clearance, and loose thread fitting clearance
would loosen at a higher rate. The analytical results
also demonstrated that increasing the contact wedge
angle and thread profile would improve the loosening
resistance. Additionally, they built a mathematical
model [98] to describe the mechanical behaviour of
countersunk head screws and investigated the influence

of cone angle [96], pitch [96], and friction coefficients
of bearing and thread surfaces [97] on loosening.

For example, Chen et al. [122] derived static and
dynamic models for threaded fasteners to find the
static and dynamic interior forces, respectively. The
threaded fastener looseness model was constructed
by combining the above models with a Karnopp
frictional model to study the effects of thread lead
angle, initial preload, vibration frequency, and the
nature of the material on the bolt looseness. Fernando
[123] established a mathematical model to reveal the
influence of various thread parameters on loosening
and connection integrity. Recently, Fort et al. [124]
improved the theoretical models proposed by Nassar
et al. [55] and studied the influence of clamping length
on the loosening of threaded fasteners.

In summary, it can be concluded from above
research work that an increase in the preload, friction
coefficients of the bearing and thread surfaces [125],
or clamped length; and a decrease in the hole clearance,
thread fitting clearance, thread pitch, or elastic modulus
contribute to an improved resistance to loosening.
In addition, for a known external vibration load, the
axial direction of the threaded fasteners should
be designed to be parallel to the vibration direction
to the extent possible to enhance the anti-loosening
performance. However, the previous research mainly
focused on the effects of various factors on the whole
preload decrease. The influencing factors for different
loosening stages or loosening mechanisms have not
been analyzed systematically, which deserves to be
researched further in the future.

7 Conclusions and prospects

In this review, we have systematically summarised
the research status on the loosening of threaded
fasteners. From the existing literature, we can conclude
that loosening is attributed to the change of material
properties and the effect of external vibration loading.
The loosening mechanism has been clarified qualitatively.
Briefly, when threaded fasteners are in a static state,
embedding loss, creep, and stress relaxation contribute
to non-rotational loosening. When threaded fasteners
are subjected to cyclic dynamic loadings, both non-
rotational and rotational loosening could occur at the
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same time. Specifically, plastic deformation, fretting
wear, and stress redistribution dominate the non-
rotational loosening, while periodic transverse vibration
mainly results in large-scale rotational loosening. With
regard to rotational loosening under a transverse
vibration, the existing research has shown that local
slippage accumulation is the primary mode to generate
this type of loosening. In addition, a complete loosening
process under transverse vibration, comprising three
different stages has also been revealed.

In the future, more quantitative research work should
be conducted. For example, the question of how we can
mathematically describe and represent the accumulation
and evolution of the local slippage on a threaded surface
should be answered. Efforts should be expended
to build a model that quantitatively depicts the
relationship between the local slippage accumulation
and preload loss to report the loosening mechanism
absolutely. These studies will provide a quantitative
foundation for the anti-loosening design of threaded
fasteners.

Furthermore, measuring, analysing, and predicting
the loosening behaviour of threaded fasteners in an
actual service environment is another research direction,
to which more attention should be paid in the future.
On the one hand, the actual service environment is
complicated, containing various coupled and nonlinear
loadings, and not a pure or sinusoidal transverse
vibration loading. On the other hand, more accurate
and quantitative results reflecting the actual loosening
process are lacking. Therefore, the key issue to be
addressed is to mimic various coupled and nonlinear
loadings, based on which, quantitative research on
loosening using experiments and FEA can be conducted.
It is believed that quantitative measurements and
predictions of loosening in an actual service environment
will be crucial for improving the service reliability of
threaded fasteners.

Finally, the critical condition for loosening has been
assessed qualitatively and some factors influencing
the same have been investigated. In general, the ratio
of the critical transverse force causing a loosening
to the transverse force causing a complete bearing
slippage is a quantitative index for the critical condition
for loosening. The larger the index, the better the
anti-loosening performance. Existing research has found
that the index will be reduced when the friction

coefficients on the thread and bearing surfaces decrease
significantly. When the fit tolerance between the
internal and external threads becomes small, especially
the interference fit, the index may apparently increase.
However, accurate critical conditions still require
to be determined because research on the effects of
coupled factors on loosening is still lacking. Currently,
it is a big challenge to establish a theoretical model to
accurately and quantitatively represent the preload
decrease or rotation angle caused by local slippage
accumulation. A large number of experiments and
simulations, considering various parameters and
their interactions may provide a solution. In this way,
the actual design and assembly of threaded fasteners
can be properly guided for a strong anti-loosening
performance.
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