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Abstract: Bolted joints are widely used in timber structures, and the loosening of bolt connections will
reduce the structural performance. In this paper, a mechanical model of bolt connection for timber
structures is established, and the process of bolt loosening under a transverse load is investigated.
By using the finite element method to construct an accurate thread model with a helix angle, the thread
contact state during the bolt loosening procedure was analyzed in detail, and the factors such as load
amplitude, load frequency, load location, and different timber materials on bolt loosening are also
studied. In the timber structure, the load amplitude is the main factor affecting the bolt loosening,
the decay rate of the preload in the bolted joint is positively correlated with the amplitude of the
cyclic transverse load. The frequency of the loading has a smaller effect on the looseness, the preload
decreases as the frequency increases. When the load is applied to the smooth rod part of the bolt,
the preload force will decrease rapidly, and the distance between the load position and the bolt has no
effect on the change in looseness. The decreasing range of the preload is different with different timber
material, but the decreasing law is the same. The model can be applied to analyze the loosening rule
of bolted connections in timber structures.

Keywords: timber structure; bolted joint; loosening of thread; transverse load; contact analysis

1. Introduction

Bolted connections have been widely applied to timber structures due to their advantages of a
reliable connection and convenient operation. When a timber structure is subjected to continuous
vibration load, the reduction of the reliability of the bolted connection may lead to the failure of
the structure, and the loosening of the bolted joint is a key factor. Therefore, the loosening analysis
of bolted connections in timber structures is of great significance in improving the performance of
timber structures.

Investigations on loosening of bolted connection include experimental, theoretical, and numerical
methods. Most of the test methods for the loosening problem were based on the classical Junker test
device, Junker [1] proposed that the dynamic transverse load is more likely to cause loosening of the
threaded connection than the axial load. The test results showed that when the transverse load is
applied, the resultant force along the thread contact ramp may exceed the friction, which causes the
relative movement of the fastener and causes the loosening of the bolt, Junker’s test has been widely
recognized as the effective experimental method. Zhou [2] studied the effect of load amplitude and
material under shear load, and the results showed that the amplitude of shear load at a critical point
below which the bolt will not be completely loose. Ksentini [3] studied the related values of bolt
assembly loosening under the transverse load. Jiang [4] analyzed the loosening performance of bolts in
the connection structure of super-elastic shape memory alloy material. Yang [5] used a fatigue testing
machine to detect the degree of bolt loosening under different amplitude conditions, obtained a bolt
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displacement-loose life curve, and established a linear cumulative model of bolt loosening, which can
predict the bolt loosening life. Gong [6] studied the reduction mechanism of bolt preload under the
transverse vibration and found a new reason for the reduction of preload, which is denoted as stress
release and redistribution.

For the detection of bolt loosening, a bolt connection model based on fractal contact theory was
constructed by Huo [7], piezoelectric transducers were adopted to monitor bolt loosening waves.
Zhao [8] proposed a method to monitor the pretension of bolted connections in timber structures by
pasting lead zirconate titanate (PZT) patches to reflect the looseness of bolts. Wang [9] compared the
antiloosening effect of different composite bolted forms under high temperature vibration environment
through a random vibration test. Xu [10] proposed a bolt loosening identification method based
on a system nonlinear price reduction model and the experimental results showed that the model
response solution could give a reliable and sensitive indication of bolt loosening. Zhang [11] collected
quantitative audio of bolt loosening and used support vector machines to train and test the data to
obtain quantitative detection of bolt loosening. Li [12] systematically studied the characteristics of
the second-order output spectral transmittance along the physical structure of the sensor chain with
bolts, and proposed a novel method based on the second-order output spectrum to detect multiple
bolt loosening. Xu [13] modified the traditional time reversal method to detect bolt loosening, which
improved the accuracy and sensitivity of the detection. Du [14] proposed a guided wave method
based on a virtual time inversion (VIR) and tightness index representing refocusing capability for
the monitoring of preload of single and multiple bolts. However, most bolt looseness detections are
based on the fact that the bolted structure has been set up, which provides little help to the design and
construction process of the bolted structure.

Some new methods were also used to detect the loosening of bolts. Wang [15] used a virtual
material method and layering theory to equivalently simulate bolted connections as laminates, and can
obtain the sound pressure level through acoustic radiation pattern methods to identify bolt loosening.
Tuan-Cuong and Thanh-Canh [16,17] used image processing technology to identify the degree of bolt
loosening by identifying the rotation angle of the nut from the picture through the Hough transform.
Ramana [18] proposed a fully automated vision-based method for detecting loosened civil structural
bolts using the Viola—Jones algorithm and support vector machines. Zhao [19] combined image
processing with deep learning technology and after a large number of training models, the accuracy
of bolt loosening angle recognition was improved. However, the contact state and force state of the
contact surface between the bolt and the structure cannot be identified and detected.

The theoretical model of bolt loosening is often based on strong idealization assumptions. Yin [20]
used a mathematical model to model and detect bolts loosening on periodically supported beam-type
structures endowed with bolted flange joints by using measured modal parameters. Nassar [21] used
sector division to calculate bending torque, thread contact pressure and friction, and rotational speed
acceleration, then integrated to obtain the loosening process, and established a mathematical model for
loosening, but most models ignored the area change of the thread contact portion and the corresponding
pressure change, so accurate agreement with actual experimental results was not guaranteed. The finite
element model of bolted connections has been constructed from a non-threaded bare rod model to an
axisymmetric model, taken into account the rising angle of the thread. The establishment of the model
was gradually approaching the reality, and the results of the simulation analysis have also evolved from
the analysis of the change of the force to the analysis of the state changes of the various values of the
bolt connection loosening process. Leite Vilela [22] has established a finite element analysis model of
bolted connections that connects two or three plates, and was suitable for most bolted types. Jiang [23]
used the thin-layer element method to identify the mechanical properties of the contact surface of
the bolted structure, but cannot express the mechanical characteristics during loosening. Wi [24]
has studied the self-loosening phenomenon of 3D printed bolts under transverse vibration through
finite element analysis and experiments. Zhang [25] proposed a finite element model that considers
the evolution of the wear profile of the thread surface to simulate self-loosening of the bolt under
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transverse load. Jiang [26] used the finite element analysis to study the bolt self-loosening mechanism
in curvic coupling caused by the structural ratcheting under cyclic loading. Baek [27] determined the
loosening mechanism of threaded fasteners for complex structures through finite element analysis and
experiments. Gong [28] has studied the key factors that affect the loosening of the bolted connection in
the finite element analysis. The bolt model with the thread rise angle provided more detailed data
for the analysis of the process of the loosened bolted connection, but the huge calculation caused by
this can easily lead to the phenomenon of non-convergence in the analysis, which makes the finite
element simulation analysis slightly insufficient in practical applications. The establishment of a finite
element model was usually a simplification of the actual situation, and the constraints on components
such as nuts and screw heads vary from person to person. However, the bolt loosening phenomenon
mainly occurs in the thread part. The establishment of the finite element model is relatively difficult.
In addition, many factors that affect the bolt loosening need to be analyzed and determined. Most of
the bolt loosening studies were based on the overlapping of steel structures, and few attempts have
been made to investigate the bolt loosening analysis of structures facing anisotropic materials such
as wood.

Aiming at the failure of bolted connections of timber structures, Zhang [29] studied the tensile
properties of bolted connections of wood plywood with initial cracks through a three-dimensional
model, and the results showed that the initial cracks can lead to a reduction in bearing capacity
and stiffness. Kaliyanda [30] numerically simulated the deformation behavior of the wood-steel
single-bolt connection structure under a double shear load, and provided a relevant reference basis.
Shu [31] studied the rotational properties of glulam bolted connections, including the dispersion of
joint performance, joint mechanical properties, and failure modes. Most of the failure studies of bolted
connections in timber structures were based on the strength properties of timber structures, and few
studies on the performance of bolted connections in timber structures under vibration loads [32,33].

In this paper, the loosening process of the bolted connection in the timber structure under the
periodic transverse load was investigated. The change of the state of the surface between bolt and
wood and the change of preload force were analyzed, and the effects of transverse load amplitude,
frequency, position, and material on loosening were compared.

2. Problem Description

At present, most of the loosening studies of bolted connections were based on the steel connection
structure. The standard test in the existing research was that the scholar Junker built a bolt loosening
experimental device, as shown in Figure 1a. The bolt loosening test curve based on this is shown
in Figure 1b [24]. P represents preload and 6 represents the angle of nut rotation. When there is no
relative motion between the nut and the bolt, the preload drop curve is in stage I. Once the bolt starts
to rotate, the preload will drop rapidly (stage II curve), resulting in structural failure.
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Figure 1. Experimental equipment of bolt loosening (a) and bolt loosening curves (b).
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Vibration load is an important cause of loosening failure of bolted connections. Analysis of the
loosening process of bolted connections of timber structures under vibration load is of great significance
to the safety performance of bolted connections. Due to the difference in the material of wood and steel
bolts, when the bolts are rotated, it often means that the wood has deformed and failed. Therefore,
the study of the looseness of bolted connections of wooden structures was based on the loosening
curve of stage I, and did not consider the plastic deformation of the wood. Based on this condition,
the loosening behavior of the bolted connection of the wooden structure under the transverse vibration
load was analyzed to provide some reference for the design of the bolted connection of the wooden
structure. The research process of this paper is shown in Figure 2.
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Figure 2. Loosening analysis of timber structures under transverse loading.

3. Materials and Methods

3.1. Single-Lap Bolted Joint in Timber Structure

In order to study the bolt loosening phenomenon in timber structures, a timber structure bolt
connection model was set up for analysis. The model design refers to the classic Junker experimental
model. As shown in Figure 3, it consisted of two wooden plate, one bolt and a nut. The size of the
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wooden plate was 160 mm X 80 mm X 20 mm. The bolt was an M10 bolt in the ASTM A194/A194M
standard. The key parameters of the bolts were: the thread diameter was 10 mm, and the pitch was
1.5 mm, total bolt length was 58 mm, and thread length was 26 mm.

Fixed
Bolt \ll _!
Wood Plate 1
S
—
Wood Plate2 —T 17 =
%U_‘ Cyclic vibration load
Nut

Figure 3. Model schematic.

Due to the concentrated effect of local stress, the screw thread part of the bolt may be plastically
deformed, which reduced the preload force. Gong's research showed that the decrease in preload force
caused by the shaping of the material is more obvious in the first few cycles of loading, and the effect
of the shaping of the material afterwards is small, that is, after the ratchet effect caused by the plastic
deformation of the material in the loosening period is stabilized, the material shaping has little effect
on the loosening rate. Therefore, regardless of the influence of material shaping, an elastic model of
the timber plate and bolt and nut was established. The bolt and nut were made of steel, and elastic
modulus: E = 210 Gpa and Poisson ratio: v = 0.3. The material of the timber plate was beech with
high strength, and the elastic constant is shown in Table 1.

Table 1. Elastic constant of timber.

Parameter Value

Ep 13,700 Mpa
Er 2240 Mpa
Et 1140 Mpa
GLT 1060 Mpa
Gir 1610 Mpa
GTR 460 Mpa
HRT 0.75
HLR 0.45
KT 0.51

3.2. Modeling of the Thread

In the finite element analysis of bolted connections, the threaded part was simplified to an
axisymmetric model, and the main analysis was the stress state, and the analysis time was relatively
short. However, in the study of the loosening process of the bolt, the feature of the thread rising
angle cannot be ignored in the connection structure, so the thread part must be accurately modeled.
Fukuoka [34] proposed a hexahedral finite element modeling method that can accurately construct the
geometry of bolt threads. This method expressed the external contour of the thread by equation (1),

where 61 = }171, 0, = %71, p< 1i2§P' H :gp, d is the nominal diameter of the external thread, P is the
pitch of the external thread, and p is the radius of the bottom circle of the external thread. The outline
drawn is shown in Figure 4. The KL line segment represents the thread bottom line segment, the
LM line segment represents the thread side line segment, and the MN line segment represents the
thread top line segment. The threaded solid can be viewed as the profile section rising and rotating
at the same time. One pitch d of the thread can be divided into n parts. In the Hypermesh software
(www.altair.com/hypermesh), the thread cross section was first meshed, and then the cross section was
rotated 360/n degrees every d/n distance along the bolt axis, then formed a thread entity with a pitch
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length, and then a full-length thread was formed. The nut threads were created in the same way. For
ease of analysis, the shape of the screw head and nut was set to cylindrical. The overall finite element
model is shown in Figure 5.

2
%—§H+2g—./92—4%62 (0<6<6)
r=1Hg d_ 7y (8, <0 <6,) @
d (6, <0 <m)
Thread

Figure 4. Thread external contour.

Figure 5. Overall finite element model.

3.3. Analytical Method

In order to accurately simulate the tightening state of the bolts during assembly, Gong [35]
compared the four methods of loading the bolts” preloading force to obtain a conclusion that the
preloading force unit can better consider the accuracy and cost of the calculation. The model was
analyzed by ABAQUS software (www.3ds.com/products-services/simulia/products/abaqus), and the
bolt preload force was applied by the bolt load application method. The loading method was divided
into four steps. The first analysis step restricted the rigid body displacement of the screw head and the
nut, and applied a small force to make it into stable contact. The second analysis step hid the extra
constraints and applied the bolt preload to the set value. The third analysis step was set to be fixed at
the current length, so that the preload was applied to achieve the bolt tightening effect, and the fourth
analysis step applied a transverse load on the outside of the plate.

The contact surface between the bolt and the wood and the contact surface between wood were
set as the frictional contact, and the form of friction action was set as the limited slip. As shown in
Figure 6, the friction coefficient of the contact surface between the bolt and the nut was set to 0.15,
and the friction coefficient of the remaining contact surfaces was set to 0.1. The tangential behavior of
friction was set to penalize friction, and the normal behavior of friction was set to hard contact.
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Figure 6. Contact surface settings.

To simulate the classic Junker experiment, the transverse load was applied in the form of forced
displacement, and its displacement function was u = uosin(2nft), o showed the magnitude of
the load, that is, the displacement, and f was the frequency. It can be seen from the displacement
function formula that the load amplitude and frequency as variables may affect the looseness of the
bolt connection, so the bolt connection looseness under different load amplitudes and frequencies was
analyzed. In addition, the effect of the load acting position was studied. Depending on the load acting
position, the force change of the bolt may be different. When a force is applied to the timber plate in
contact with the pressure-bearing surface of the bolt head, the bolt head first moved, which then causes
the threaded part to move; when a force was applied to the wooden board in contact with the thread,
the threaded part of the bolt first moved, which in turn caused the overall movement of the bolt.

4. Results and Discussion

4.1. Analysis of the Loosening Process of Bolted Connections

In the analysis setting of the ABAQUS software, the transverse load amplitude was set to 0.8 mm
and the action position was on the end face of the lower plate, and then the change of the contact state
of the contact surface between the bolt head and the upper plate and the contact surface between the
thread during a load cycle was observed. The one-cycle load curve and contact status of bolt head are
shown in Figure 7.

0.8 1
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’g 0.4 4
£ 02!
g J
£ 0.0-
8 i
S -0.2 1
% J
S -0.4-
-0.6
-0.8 1
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Time(s)

Figure 7. Load curve and contact state.
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Figure 8 shows the contact state change process, where blue indicates contact and green indicates
slip. The thread contact surface and the bolt head contact surface had a local slip at the same time.
With the increase of the load, the slip area gradually increased. The thread contact surface was fully
slipped from 0.15 to 0.25 s, and a small part of the contact surface of the bolt head was still in contact.
The load started to decrease after reaching the peak value at 0.25 s, and the slippage between the
thread contact surface and the bolt head contact surface stopped instantly (0.30 s). During the gradual
reduction of the load, the thread contact surface partially slipped (0.45 s), and the bolt head contact
surface did not slip. The load started to reverse in 0.50 s. During the process of reaching 0.75 s,
the sliding area of the thread contact surface gradually increased (0.50 s) and gradually reached the full
slip state (0.60 s), while the sliding area of the contact surface of the bolt head gradually increased but
did not reach the full slip. When the load began to decrease, the sliding of the thread contact surface
and the bolt head contact surface stopped immediately (0.90 s), but during the process of gradually
decreasing the load, the thread contact surface appeared to have local slippage (0.95 s).

0.05s 0.10s 0.15s 0.25s 0.30s 0.45s 0.50s 0.60s 0.75s 0.90s 0.95s

Figure 8. Changes in contact status in a single cycle.

Pai and Hess [36,37] applied the finite element analysis to simulate transverse vibration conditions
and first proposed the theory of local slip. Based on this theory, Izumi [38] found that regardless of the
sliding state of the bearing surface, when the thread surface reached the full sliding state, it would start
to loosen. Therefore, the contact and slip state of the bolt connection was analyzed firstly. When the
transverse load was applied, the bending deformation of the screw generated a shear force F, and there
was also frictional force at the contact surface of the screw head and a loosening moment due to the
helix angle. The contact surface was divided into several parts, that is, Fs was divided into equal parts,
each part was dF;, the direction was along the load direction, the loosening moment was expressed as
dF;, and the direction was tangential, as shown in Figure 9. At different positions of the contact surface,
the angles of dFs and dF; were different, and the magnitude of friction was also different. Take three
typical parts A, B, and C. In part A, dFs and dF; were in the same direction. As the load increased,
the combined force of the two first exceeded the static friction. At this time, part A entered a slip state.
As the load continued to increase, the slip zone gradually expanded from part A to both sides, and the
whole rotates around part C, which was the most difficult to enter the slip state. If part C also enters
the slip zone, the bearing surface will completely slip, otherwise, partial slip will occur. When the load
changed direction, the positions of part A and part C were interchanged, so that they swing back and
forth around part A and part C to gradually turn the bolt out.

Figure 9. Force analysis of the contact surface of the bolt head.
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The threaded part of the bolt was subjected to the contact force Fs and the frictional force F;
between the threads perpendicular to the thread surface. These two forces were resolved in the axial,
radial, and tangential directions. The component forces in the axial and radial directions did not
generate a moment around the shaft of the rod, and the component forces in the tangential direction
generated torque. If the direction of the sum of the two torques is the same as the tightening direction,
a tightening effect will be produced. If the direction of the sum of the two torques is the opposite, a
loosening torque T; will be generated and transmitted to the bolt head along the bolt.

By extracting the relationship curve between transverse displacement and shear load, the change
law of shear stiffness under cyclic load can be analyzed. The shear hysteresis curve is shown in
Figure 10.

Shear Load(N)

— T T T ' T T T T T
-08 -06 -04 -02 00 02 04 06 08

Lateral Displacement(mm)

Figure 10. Shear hysteresis curve.

In the BC stage, the transverse load was forwardly applied to the peak value, and the sliding area
of the contact surface of the bolt head gradually increased, but the rate of increase was small, so the
slope of the curve was small and the shear stiffness was minimal. In the CD stage, the transverse load
gradually decreased, and the sliding contact between the thread contact surface and the bolt head
contact surface stopped, so the curve slope was large and the shear stiffness was the largest. During
the DE phase, the transverse load gradually dropped to zero, the thread contact surface slipped locally,
and the bolt head contact surface did not slip, and the slope of the curve was slightly larger than the
BC segment. The slope of the curve between the BC segment and DE segment was not much different,
which indicated that the sliding state of the contact surface of the bolt head had an influence on the
shear stiffness of the bolt connection, but it had little effect. What is more, the slope of the CD segment
was very large, which indicates that the sliding state of the thread contact surface had a great influence
on the shear stiffness of the bolt connection.

Figure 11 shows the change of the preload force of the bolt. The curve shows a downward trend as
a whole during the loosening process, but alternately rose and fell during a single load cycle, indicating
that the bolts alternately tightened and loosened during a transverse load cycle. Since the tightening
torque of the bolt itself was always greater than the loosening torque, when the loosening torque
generated by the transverse load was greater than the loosening torque of the bolt itself, the loosening
value must be greater than the tightening value, as a result, the nut slightly rotated after a single load
cycle and was accompanied by a decrease in preload.
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Figure 11. Preload drop curve.

The nut rotation was obtained by calculating the relative rotational displacement between the
nut and the bolt. Figure 12 shows the changes in nut rotation and clamping force with the number of
loading cycles. In the figure, the horizon axis represents the number of loading cycles in the logarithmic
scale. The nut rotation was plotted on the right-sided vertical axis while the relative clamping force,
P/P0, was plotted on the left-sided vertical axis.
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Figure 12. Finite element results.

4.2. Influence of Transverse Load Amplitude on Looseness

Under the conditions of load amplitudes of 0.8 mm, 0.7 mm, 0.6 mm, and 0.5 mm, the changes in
the preload force were compared. The analysis results are shown in Figure 13a. As the magnitude
of the load increased, the magnitude of the decrease in preload became larger. Figure 13b shows the
preload data curve at the same cycle point. The minimum values of the preload force drop at different
amplitudes were 7783 N, 7834 N, 7874 N, and 7942 N, and preload reduction rates were 2.7%, 2.1%,
1.5%, and 0.7%. As a whole, with the increase of loading time, the overall decline of the preload force
tended to stabilize, and the slope of the curve approached zero.
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Figure 13. Curves of the preload force decrease with different amplitudes (a) and the preload data
curve at the same cycle point (b).

Figure 14 shows the curve of the shear load hysteresis curve at different amplitudes. When the
transverse load amplitude was relatively small, such as 0.5 mm and 0.6 mm, the decrease in the preload
force was relatively small, and the slope of the shear load curve of the AB and BC sections changed
little. When the transverse load amplitude increased, the slopes of the AB and BC sections changed.
The CD segment was the stage of load reduction, while the thread contact surface and the bolt head
contact surface did not slip, and the shear stiffness at this time was approximately the normal state.

1500

1000 -

Figure 14. Shear hysteresis curves of different amplitudes.
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4.3. Influence of the Transverse Load Position on Looseness

The effects of transverse loads on the outside of the top plate, the outside of the bottom plate, and
the side of the bottom plate were studied. The position of the load is shown in Figure 15. The load
amplitude was 0.8 mm. Consider the effect of force on the side to compare the effect of the distance of
action. Figure 16a shows the curve of the preload reduction and Figure 16b shows the preload force
curve at the same loading cycle point. When time = 12 s, the values of the preload force at the three
positions were 7722 N, 7792 N, and 7809 N, and the declines were 3.4%, 2.6%, and 2.3%. It can be seen
that when the load was applied to the unthreaded position of the bolt, the reduction of the preload was
relatively large, and when the load action distance was shortened, the decrease of the preload was only
0.3%. It can be obtained that the distance between the load position and the bolt had little effect on the
looseness. On the whole, the preload drop curves at different positions had different stable values at
the same loading time. It can be seen that when the transverse load was applied at different positions,
although the direction of force transfer was different, the reduction rate of pretightening force was
almost the same.

Fixed

ottom Plate
/l( /l:: /+ Top Plate
Bott Plat 1
Bottom PlateLE:ll_I Load ottom Hate LEJJ Fixed Lom

Figure 15. Load location.

: Top Plat
,{/Top Plate 33 + op Plate

E Fixed Load 1

T le—»

8000
79504 '}
7900 -
§ ]
S 7850
[}
S ]
A~ 7800 -
7750
7700 T T T T T T T T
0 2 4 6 8 0 12 14
Time (s)
8000
] —a&— bottom
7950 —o—top
1 —&— bottom-side
7900

Preload(N)
2
3

7800

7750
7700 T T T T T T T T T T
0 2 4 6 8 10 12
Time (s)

Figure 16. Curve of decreasing preload force at different positions (a) and the preload data curve at the
same cycle point (b).
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4.4. Influence of Transverse Load Frequency and Timber Properties on Looseness

The loading frequency was 1 Hz, 3 Hz, and 5 Hz, and the loading amplitude was 0.8 mm.
The change curve of the preload force is shown in Figure 17a. When the time was 8 s, the preload
force values were 7810 N, 7729 N, and 7744 N, respectively, with a decrease of 2.3%, 3.3%, and 3.2%,
respectively. Figure 17b shows the variation curve of the average values of the adjacent maximum
and minimum values in each cycle. With the increase of frequency, the decrease of the preload force
increased slightly, but the decrease curve of preload force of 3 Hz and 5 Hz almost coincided. It could
be considered that in the low frequency region, the increase of load frequency had little effect on the
change of preload force in the process of bolt loosening.

8000

7950

7900 +

7850

Preload(N)

7800

7750+

7700

8000 ~

7950 ~

7900 ~

7850 ~

Preload(N)

7800 ~

7750

Figure 17. Curves of preload force reduction at different frequencies (a) and the variation curve of the
average values of the adjacent maximum and minimum values in each cycle (b).

In the finite element analysis of bolt loosening of steel connection structures, Gong [35] set the
preload force to 10 KN and the load amplitude to 0.3 mm. After 50 loading cycles, the preload force
decreased to about 9400 N, a decrease of about 6%, and when the loading cycle is 14 s, the decrease is
about 2.5%. As can be seen from Figure 13, in the wooden structure, when the amplitude was 0.5 mm,
the preload force decreased only by 0.7% when the loading cycle was 14 s. It could be inferred that
due to the material difference between wood and steel, if the preload of the bolted connection in the
wooden structure is to be significantly reduced, the amplitude of the vibration of the applied load is
slightly larger than that of the steel.

In addition, in order to compare the looseness of bolted connections in different timber structures,
ash was selected for finite element analysis. Material performance values are shown in Table 2 and the
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analysis results are shown in Figure 18. The initial preload was 6000 N. When time = 15 s, the value of
Ash’s preload was 5905 N, and the rate of decline was 1.5%. The value of Ash’s preload was 5778 N,
and the rate of decline was 3.7%. Since wood is a kind of anisotropic material, the decrease range of
the preload force was different due to the different strength of wood, but the law of the preload force
decreasing curve was about the same. The corresponding relationship between wood properties and
pretightening force needs to be analyzed for a large number of different timber structures.

Table 2. Elastic constant.

Material Parameter Ash Value
Ep 15,790 Mpa
Er 1516 Mpa
Et 827 Mpa
GLT 896 Mpa
GLR 1310 Mpa
GTR 269 Mpa
HURT 0.71
HLR 0.46
KT 0.51
60004
S Beech
: ,"‘ 0w,  |T====- ASh
50504 [+ PV e
L T L T L PO L R S
> i s b
Z , ‘.,".,:",'.;:,t‘:‘-,::."::,'v:':;‘,:;j:;
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0123456 7 8 9101112131415
Time (s)

Figure 18. Influence of materials.

5. Conclusions

The connection state had a significant influence on the failure of the bolted timber structure.
The loosening procedure of bolted connections of timber structures under transverse loads was
investigated in this paper, without a loss of generality, a detailed finite element model of single bolted
connections of timber structures was constructed, and analyzed the state changes of the contact surface
between bolts and timber structures. In addition, the influence of the amplitude, frequency, position,
distance, and material properties of the load on the looseness was studied. Results show that under
the action of the cyclic transverse load, the preload force alternated with rising and falling. The thread
contact surface was more prone to a slip than the bolt head contact surface, and the slip state of the
thread contact surface was the main factor affecting the shear stiffness. In timber structures, the load
amplitude was still an important factor that caused the bolts to loosen. As the amplitude increased,
the looseness became more obvious, but as the loading time increased, the value of the preload force
gradually stabilized. In the lower load frequency region, the increase in load frequency had little effect
on bolt loosening. The position and distance of the transverse load had little effect on the looseness.
Compared with the bolt connection in steel connection structures, loosening bolts in wooden structures
required a larger load amplitude.
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The next step is to study the loosening behavior of bolts under different structural forms, such as
using laminated timber or adding connecting steel plates into timber structures. Finally, the agreement
between the results of the finite element analysis and the actual working environment results will be
verified through experiments.
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