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A B S T R A C T

Loosening of threaded connection under impact loading is important in engineering structures such as the fuze
on a projectile. It is difficult to predict the loosening behavior of threaded connection under impact loading due
to their high nonlinearities introduced by friction and discontinuity. This paper investigated the loosening re-
sponse of a threaded connection under a series of impact loadings using Hopkinson bar experiments. The
loosening phase diagram was constructed by measuring the preload variation. The correlation between the
preload variation and the loosening rotation angle was established by using high speed camera and digital image
correlation technique. A 3D finite element model was developed to analyze the loosening mechanism of threaded
connection. The transient behavior of threaded connection shows a tightening-loosening alternation process.
This study provides an understanding of the loosening process of threaded connection under impact loading and
is helpful for optimizing structural design under extreme conditions.

1. Introduction

Due to their ease of assembly, disassembly and maintenance,
threaded connections have been widely applied to many components of
weapon system such as the fuze on a projectile. During the penetration
of a projectile into hard target, the fuze is used to control the explosion
of warhead based on the collected deceleration data so that a well rigid
connection with the projectile body is usually desired. However, due to
the existence of discontinuous interfaces and structural damping, the
threaded connection is never an absolutely rigid connection but shows a
complicated nonlinear behavior under dynamic loading [1,2]

Impact loading can lead to a nonlinear response of threaded con-
nection covering a wide range of frequencies, especially high-frequency
vibrations. Guo et al. [3] studied the force transmission and vibration
characteristics of bolted flange joints using Split Hopkinson Pressure
Bar (SHPB) technique and confirmed that the impact can result in the
vibration response coupled to a shock effect. Zhang et al. [4] found that
the gap between the threads on projectile and fuze changes its size and
direction alternately during the penetration and this high-frequency
collision process has very serious influence on the measured decelera-
tion. It has been well recognized that the threaded connection tends to
loosen under cyclic dynamic loading due to low-frequency vibration.
Threaded fastener loosening under several typical cyclic dynamic
loading conditions have been investigated, such as axial [5–7], shear

[8–11], and rotational [12]. Hence, from the engineering point of view,
it is necessary to have a better understanding of loosening caused by
high-frequency vibration due to impact loading and develop guidelines
for proper design of fuze-projectile connection.

The loosening mechanism of threaded connection under impact
loading was mainly studied theoretically. Daadbin and Chow [13] de-
veloped a mass-spring-dumping model to simulate the mechanism of
loosening and studied the effects of different parameters on the loos-
ening rate. They found that if the rebound distance of spring caused by
the impact load is large enough to exceed the compression caused by
the preload, the mass will experience a free flight path until it falls on
the inclined plane again. Koga and Isono [14] developed a theoretical
model to study the stress waves propagating inside the bolts when
subjected to axial impact. When the pressure wave reaches the free
surface of the bolt, it will reflect and transform into a tension wave.
Under the repeated action of the pull wave, the axial clamping force
will decrease. Moore et al. [15,16] proposed a reduced-order model for
the mechanics governing the loosening of axially threaded joints and
found that the loosening of threaded connection causes drastic differ-
ence in the harmonic content of dynamic response in an impulsively
forced split Hopkinson bar system.

The literature survey showed that the loosening of the threaded
connection under impact loading has not been systematically studied,
especially by using the experimental approach. In this work,
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experiments on the loosening of threaded connection similar to fuse-
projectile structure under impact loading were carried out using a
modified SHPB apparatus. The influences of impact stress and preload
of the threaded connection were mainly investigated with the geometry
of threaded connection fixed. A loosening phase diagram was estab-
lished based on the measurement of preload variation of threaded
connection and the amplitude of stress wave during the impact loading.
The loosening rotation angle evolution of the threaded connection
under typical impact loading conditions was recorded with a high-
speed camera system and analyzed using digital image correlation
technique. A 3D explicit numerical simulation of loosening process
under single impact pulse was conducted to investigate the loosening
mechanism of threaded connection under different impact stress am-
plitudes. This research offers an understanding of the loosening process
of threaded connection under impact loading and is helpful for the safe
and reliable design of fuze-projectile connection.

2. Experimental procedures

A modified SHPB apparatus was set up to study the loosening pro-
cess of threaded connection under impact loading as shown schemati-
cally in Fig. 1. The configuration consisted of three parts: a strike, an
incident bar and a threaded connection. The lengths of the striker and
incident bar were 0.3 m and 1.0 m respectively. Both of them had a
diameter of 23 mm. A M12 threaded bolt was connected to the other
end of the incident bar. The bolt had a total length of 90 mm including a
thread engagement length of 35 mm. Fine thread with pitch of 1.25 mm
was used in this study. The striker was driven by a compressed air gas-
gun to generate impact stress wave to the incident bar. The threaded
connection assembly could vibrate along the axial direction subject to
such a dynamic impact loading.

To study the loosening process of the preloaded threaded connec-
tion under dynamic impact loading, the impact wave, its propagation
and resulted force variation in the threaded connection assembly need
to be recorded. For this purpose, strain gauges (BE120–1AA) were
placed on the incident bar and the unthreaded shank of the bolt re-
specetively and aligned in axial direction as shown in Fig. 2. All of the
signals were measured as micro-strain and the sensitivity of the strain
gauge was 1000 micro-strains per volt. To ensure the stability and re-
peatability of the tightening preload, a digital display wrench was used
to tighten the threaded connection to the desired torque, which varied
from 2 to 10 N⋅m. With the threaded connection under the preload
condition, the pressure released by air gas gun pushed forward the
striker to impact the incident bar with a range of velocity from 7 to
15 m/s. Therefore, a series of rectangular impact waves with different
amplitudes were generated and propagated through the threaded con-
nection assembly under different initial preloads. To register the tran-
sient shock propagation, the signals from strain gauge A on incident bar
and strain gauge B on bolt shank were recorded using a Wheatstone
bridge circuit, a differential amplifiier (Tektronix 5A22N), and a digital

oscilloscope (Tektronix TDS 420). The acquisition time was set up to
1 ms at a sampling rate of 10 MHz. The signal from strain gauge C on
bolt shank was collected using a Wheatstone bridge circuit and a dy-
namic strain acquisition instrument (Imc32-SL40) with a sample rate of
100 Hz to record the change of tension in the fastener during the test.
For some representative impact loading conditions, a high-speed
camera system (Phantom v1612) was mounted next to the threaded
connection assembly to capture the loosening process subjected to im-
pact loading as shown in Fig. 3. The resolution of image was set to be
512 × 512 pixel and a sampling rate of 40k frames per second was
used.

3. Numerical simulation

A three-dimensional finite element model of the threaded connec-
tion assembly was developed using commercial software ABAQUS 6.14
to simulate the shock propagation and loosening process under single
shock wave. Similar to the experimental set up, the finite element
analysis model contained two basic components, i.e. an incident bar
and a threaded connection as shown in Fig. 4.

In order to simulate the loosening effect of shock wave passing the
threaded connection only once, it is necessary to avoid the shock wave
reflecting back into the threaded connection again from the incident
end, i.e. setting up a non-reflective boundary condition. A thin layer of
transmission region with a thickness of 3 mm was bonded to the impact
end of the incident bar. An infinite element type CIND8R was chosen so
that a non-reflective boundary can be established to prevent the re-
flected stress waves re-entering into the model.

The three-dimensional threaded connection model was created ac-
cording to the ISO standard for M12 × 1.25 mm metric screw threads.
The threads on the bolt and the incident bar were modeled separately
and tied with bolt shank and the cylinder region of incident bar re-
spectively. The engagement length of threaded connection was 35 mm.
The external thread on the bolt and internal thread on the incident bar
were refined and meshed elaborately. The characteristic mesh size of
the threads was approximately 0.1 mm which showed good results in a
reasonable runtime. 3D solid hexahedron meshes were employed to the
threads with a total of 154,902 nodes and 97,632 elements.

There exist two pairs of surface-to-surface contact interfaces in the
threaded connection, i.e. one between the bolt head and incident bar
and the other between the internal and external threads. A hard contact
was used for the normal contact interaction while an isotropic Coulomb
friction formulation for the tangential contact interaction. The friction
coefficient was chosen to be 0.4 for both of the contact interfaces.
Considering the separation and rotation may occur between the bolt
and incident bar, the finite sliding formulation was used for these two
contact pairs.

The Johnson-Cook model has been shown to be effective for high
strain rate and high deformation problems [17]. The Johnson-Cook
constitutive relationship is expressed as

Fig. 1. Schematic diagram of the modified SHPB apparatus.
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= + + −σ A Bε C ε T( )(1 ln ˙*)(1 ( *) )n m (1)

where σ is the flow stress, ɛ is the equivalent plastic strain, ε̇*is the
dimensionless plastic strain rate, and = − −T T T T T* ( )/( )r m r is the
homologous temperature in which Tm and Tr are the melting and re-
ference temperature respectively. The Johnson-Cook parameters for 45
steel are used in this study and listed in Table 1 [18].

Simulations were performed using ABAQUS/explicit solver and data
were transferred between two different analysis processes. Firstly, a
tightening torque was exerted to the reference point which was coupled
with the six sides of bolt head to produce a preload stress in the
threaded connection. Then the stress state obtained by the first analysis

process was introduced as an initial condition of subsequent explicit
analysis through the Initial_Stress_Section card. An equilibrium step was
added before the second explicit analysis in order to compensate the
change of boundary conditions of threaded connection between two
solvers. The axial stress in the unthreaded shank of bolt was stabilized
after the equilibrium process. Finally, a rectangular shock wave was
applied to the incident bar and the loosening process of threaded
connection was simulated. The pulse duration of the rectangular shock
wave was fixed at 0.124 ms and the amplitude varied from 0 to
350 MPa. No boundary conditions were applied on the threaded con-
nection in the model so it was free to vibrate when subjected to the
impact loadings.

4. Results and discussion

4.1. Loosening phase diagram

When the striker hits the end surface of the incident bar at a certain
velocity under the driving of compressed gas, a rectangular stress wave
is generated and propagates in the incident bar. The typical stress wave
in the incident bar measured from strain gauge A when the impact
velocity is 14.8 m/s is shown in Fig. 5. The amplitude of first shock

Fig. 2. Layout of strain gauges for the bolt.

Fig. 3. High-speed camera system to capture the loosening process.

Fig. 4. Finite element model of the threaded connection assembly.

Table 1
Variables of the Johnson-Cook material model [18].

Parameter Value Parameter Value

A 507MPa m 1.06
B 320MPa Tr 293K
C 0.28 Tm 1513K
n 0.064
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wave is about 300 MPa. The transmission and reflection occur in the
threaded connection and the stress wave travels back to the impact end
of the incident bar where it reflects and propagates towards the
threaded connection again. Fig. 6 shows the dispersion effect of shock
wave during the process and we can see that the shock wave gradually
decreases during the first 25 ms where it starts to attenuate rapidly.
Therefore, the loosening process of threaded connection in our ex-
periments is the cumulative result of multiple shock waves with dis-
persion effects.

The loosening process of the preloaded threaded connection under
impact loading was characterized with the in-situ measurement of axial

tension in the unthreaded bolt shank during the test. Fig. 7 shows the
typcial results of measured axial stress vs. time history for the preloaded
threaded connection subjected to the impact loading with different
amplitudes. As shown in Fig. 7(a), a tightening torque of 4 N⋅m was
firstly applied to the threaded connection by a digital display wrench to
generate a preload stress at about 2 s. It can be seen that the axial stress
in the shank stabilized at a value of 23 MPa, which is resulted from the
extension of the shank under the applied tightening torque. Upon the
imapct of the strike to the incident bar at about 85 s, the shock wave
propagates towards the thread connection and causes the various extent
of loosening, which results in the drop of the axial stress in the shank.
Fig. 7(b) shows the detailed stress decrease during the impact process.
We can see that the decline of the axial stress in the threaded connec-
tion increases with the increase of the impact stress amplitude. For the
impact loading of 260 MPa, the preloaded tension drops to almost zero
which indicates the threaded connection is completely loosened after
the impact loading.

The loosening phase diagram is constructed as follows. If the pre-
load axial stress of the threaded connection decreases by 20% or less,
the threaded connection is considered to remain unchanged and no
loosening occurs (area I). If the preload axial stress of the threaded
connection decreases by 20–85%, it is considered to be partially loos-
ening (area II). Otherwise if the preload axial stress drops by 85% or
above, the threaded connection is considered to be completely loos-
ening (area III). The initial axial stress, the amplitude of first shock
wave and the loosening results were determined for each test and
plotted in Fig. 8. We can see that the boundary line between each
loosening phase is approximately linear. The threaded connection will
not loosen until the amplitude of shock wave reaches approximately 10
times of the initial axial stress.

4.2. Loosening process

The relative rotation between the bolt and the incident bar is the
direct characteristic of the loosening process. A high-speed camera
system was employed to capture the transient behavior of the threaded
connection during the impact loading. Three typical cases were chosen
for this study, i.e. case A, B and C corresponding to point 9, 31 and 44 in
the loosening phase diagram as shown in Fig. 8 respectively. For those
three cases, the initial preload torques were 3, 5 and 6 N⋅m respectively
and the impact velocity was fixed at 12.2 m/s. A line marker was drawn
along the ridge of bolt head and across the interface with the incident
bar before the test. Fig. 9 shows the typical images of three cases cap-
tured with high-speed camera during the impact loading. We can
clearly see that the line marker on the bolt head changes its position
relatively to that on the incident bar for case A, while for case B and
case C, it is difficult to observe the position change of the line marker
visually. To identify the relative rotation quantitatively, the relative

Fig. 5. Stress wave in the incident bar (impact velocity: 14.8 m/s).

Fig. 6. Dispersion effect of shock wave.

Fig. 7. The variation of axial stress in the shank under the impact loading.
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displacement of two line markers on bolt head and incident bar was
determined with digital image correlation technique and then con-
verted to the relative rotation. The relative rotations for three cases are
shown in Fig. 10 along with the variation of axial stresses measured on
the unthreaded shank. With the increase the rotation, the stress in the
threaded fastener decreases. For case A, the stress is released totally
which indicates the threaded connection is completely loosened. The
complete loosening status is also implied by the evolution of the rota-
tion angle. The initial tightening angle of about 11° is completely loo-
sened within 40 ms after impact loading. For case B, the initial tigh-
tening angle is partially released and the stress in the threaded
connection drops to approximately 12 MPa. There is no any loosening
in case C. During the loosening process, both the rotation angle and

axial stress change linearly with time which indicates there is a linear
dependence between these two variables.

4.3. Loosening mechanism

In order to better reveal the loosening mechanism of threaded
connection subjected to impact loading, the dynamic behavior of
threaded connection assembly under single shock wave was simulated
numerically. Fig. 11-13 show the numerical results for the threaded
connection preloaded with the tightening torque of 5 N⋅m (result in
initial axial stress of 30.2 MPa after the equilibrium step) and subjected
to a rectangular shock wave of 300 MPa. We keyed eight representative

Fig. 8. The loosening phase diagram.

Fig. 9. The high-speed camera images of threaded connections (imapct velocity: 12.2 m/s).

Fig. 10. The loosening rotation angle and preload variation of threaded con-
nection (imapct velocity: 12.2 m/s).
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statuses at various moments during the single impact process, indexed
as A to G, to explain the loosening process in more details. Fig. 11
shows the shock wave propagation in the threaded connection and in-
cident bar with the contours of S33 stress (along the axial direction).
Fig. 12 shows the change process of gaps on the interface of the first two
sets of engaged threads and the contact stress on the bolt thread during
shock loading. A pair of feature points on the second engaged thread is
chosen as shown in Fig. 12(a) and the relative axial displacement be-
tween them is shown in Fig. 12(c). Fig. 13 shows the total contact force
of thread connection, the relative axial displacement of conjunction
faces of the bolt head and incident bar, and the relative rotation angle
of chosen feature points on the thread respectively. The dynamic be-
havior of the threaded connection under single shock loading is mainly
in elastic except some points at the threaded region may experience
plastic deformation.

Before point A, the stress wave travels from the impact end of the
incident bar and has not reached the threaded connection, so the de-
formation progress is still in the linear elastic. At this stage, due to the
applied torque, the threads are under pressed and the spotty contact
stress is produced on the thread surface.

During the A-B stage, the compressive stress wave arrives and gra-
dually transmits into the interior of threaded connection as shown in
Fig. 11. The stress wave causes the incident bar to move forward in the
axial direction, but the bolt has the inertia effect and retains its original
state. Therefore, the gap starts to appear on the left contact surface of
the first two sets of threads as shown in Fig. 12(a) and a relative dis-
placement of approximately 0.02 mm is induced between two chosen
feature points as shown in Fig. 12(c). As a result, the total contact force
of threads arises during this stage and reaches a peak value at moment
B when the head of stress wave arrives at the interface between the bolt
head and incident bar, see Fig. 11.

During the B-C stage, the stress wave reflects at the interface be-
tween the bolt head and incident bar and superimposes with the rest of
stress wave as shown in Fig. 11. The first two sets of threads remain
contact at their right contact surfaces but the total contact force starts to
decrease. At this stage, the bolt tends to be slightly tightened relative to
the incident bar, as shown in Fig. 13(c).

During the C-D stage, due to the interaction between the input and
reflected stress waves, the gap starts to appear on the right side as
shown in Fig. 12(a). The total contact force oscillates around its pre-
loaded state. At this stage, the tightening process of the bolt stops as
shown in Fig. 13(c).

As shown in Fig. 11, at the moment D, when the tail of stress wave is
transmitted to the interface between the incident bar and the bolt head,
the main stress wave reflects and results in a tensile stress wave in the
threaded connection. The tensile stress wave sweeps across the bolt and

causes the contact stress on the thread of bolt as shown in Fig. 12(b).
The total contact force of threads arises during this stage, see Fig. 13(a).
In the meantime, the unthreaded shank of bolt is elongated under the
action of tensile shock wave and the bolt head loses the contact with
incident bar, which can be seen in Fig. 13(b) that the relative dis-
placement between the bolt head and incident bar deviates from zero
and has a positive value. The elastic energy stored in the unthreaded
shank tends to release and results in a loosening during the D-E stage.

During the D-E stage, the main stress wave gradually leaves the
threaded connection and transmits toward the end of the incident bar.
However, the stress contour at the moment E in Fig. 11 shows that even
though the main stress wave is leaving, there are still residual stress
waves oscillating inside the threaded connection. Because the threaded
connection has multiple discontinuous interfaces, the stress wave will
reflect and interact with each other leading to a complicated stress
state. At this moment, the gap between threads changes its direction
again and consequently the bolt starts to show a tightening trend as
shown in Fig. 13(c).

The threaded connection experiences a large relative rotation
during the F-G stage. Under the action of oscillating residual stress
wave, the gaps appear on both sides of the thread of bolt as shown at
the moment F in Fig. 12(a). In the meantime, there is also no contact
between the bolt head and incident bar. Under this condition of nearly
no constraint, the release of the elastic energy stored in the threaded
connection causes a large relative rotation in the loosening direction.
The loosening angle reaches the maximum at the moment G. Since the
infinite elements were added at the end of incident bar, the stress wave
is transmitted in one-way direction and will not be reflected back. The
loosening will not stand and the rotation would be partially recovered
during the G-H stage once the contact between threads is established
again due to the oscillating residual stress wave.

The above results indicate that the threaded connection experiences
a process of tightening-loosening alternation under a single shock wave
and finally the initial state of threaded connection is partially restored.
At the moment G, the main stress wave has completely left the threaded
connection, therefore the maximum relative rotation angle between
moment A and moment G is selected and plotted against the shock
stress amplitude in Fig. 14(a). We normalized this curve with the
tightening rotation angle and the initial axial stress amplitude and the
resulted curve is shown in Fig. 14(b). Under the given preload, the
rotation angle of the threaded connection increases with the increase of
the stress wave amplitude. The curve is in sigmoidal shape and contains
three distinct regions analogous to the Paris law of fatigue crack growth
behavior. When the amplitude of shock wave is less than the initial
axial stress, the loosening rotation is very limited. When the amplitude
of shock wave is approximately 10 times of the initial axial stress, the

Fig. 11. Shock wave propagation in the threaded connection and incident bar.
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rotation increases rapidly. At intermediate shock stress amplitude, the
rotation angle is moderate and gradually increases with the shock stress
amplitude.

As discussed in Section 4.1, the loosening process of threaded con-
nection in our experiments is the result of multiple impact pulses with
dispersion effects. Depending on the initial axial stress and impact stress
amplitude, the loosening response of the threaded connection can be

divided into three phases, i.e. remain unchanged, partially loosening or
completely loosening. As shown in Fig. 8, the threaded connection will
not loosen until the amplitude of shock wave reaches approximately 10
times of the initial axial stress. This phenomenon is consistent with the
three distinct regions in the simulation as shown in Fig. 14. The loos-
ening process of each individual shock loading can be accumulated to
result in a final inevitable loosening of the threaded connection.

Fig. 12. (a) The gaps on the interface of the first two sets of engaged threads; (b) The contact stress on the thread of bolt; (c) Relative axial displacement of a pair of
points on the second engaged thread.
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5. Conclusion

The purpose of this research is to study the loosening of the
threaded connection similar to fuse-projectile structure under impact
loading. A modified SHPB apparatus was used to apply the impact
loading to the threaded connection. A loosening phase diagram was
established based on the measurement of preload variation of threaded
connection during the impact loading. The rotational behaviors of bolt
were captured by high-speed camera system. A 3D finite element nu-
merical simulation model was established with infinite elements to si-
mulate the evolution of contact state of thread interface and loosening
process of threaded connection under single shock wave. The following
conclusions can be drawn.

1 The loosening of threaded connection under the impact loading of
rectangular stress wave depends both on the initial preload and the
amplitude of stress wave. The phase diagram obtained from the
experiments can be divided into three regions, i.e. completely
loosening, partially loosening and no loosening. The boundary be-
tween each region is approximately linear. The variation of tension
in the unthread shank correlates linearly with the rotation angle of
the bolt head.

2 Under single shock wave, the transient behavior of threaded con-
nection shows a tightening-loosening alternation process. It can be
mainly attributed to the change process of gaps between the threads
and the oscillating residual stress wave. The relation between the
maximum rotation angle and the amplitude of shock stress wave is
in sigmoidal shape and contains three distinct regions.

3 The loosening of threaded connection under impact loading is
usually the result of multiple shock waves with dispersion effects.
The loosening process of each individual shock loading could be
accumulated to result in a final loosening of the threaded connec-
tion.
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