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Introduction: The mechanical properties of joints have a significant impact on the
dynamic response of transmission tower structures.

Methods: Considering bolt slip, the numerical model of the transmission tower
K-joint is established. The mechanical properties of K-joints are studied from three
aspects: failure mode, load-displacement hysteretic curve, and stiffness degradation
by numerical method. The effects of bolt preload, friction coefficient, and member
strength on the hysteretic properties of the K-joint are analyzed.

Results: The results show that due to the complexity of K-joints, bolt slip will lead to
the reduction of ultimate bearing capacity and the change of failure position. In order
to accurately obtain the mechanical properties of K-joints, the influence of bolt slip
should be considered in the research process; The plumpness of load-displacement
hysteretic curve is greatly affected by parameters; The stiffness of K-joints
degenerates with the increase of loading times.

Discussion: The results provide a reference for the mechanical analysis of the
transmission tower.
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1 Introduction

Transmission towers in service will be subjected to earthquakes, ice or wind loads and other loads,
which may lead to the destruction of the tower, affect the power supply and thus destroy the normal
operation of society (Li et al,, 2021). In order to prevent these disasters, it is necessary to obtain the
accurate response of transmission towers under loads (Li et al.,, 2022). As the main force bearing part of
the transmission tower, the mechanical properties of the joint have a significant impact on the dynamic
response of the whole structure. Angle steel transmission towers are mostly connected by bolts, and in
order to facilitate installation, the bolt hole diameter is usually larger than the bolt shank, in the process
of transmission tower vibration members will occur relative sliding, that is, bolt slippage. Bolt slip will
not only cause the difference of members failure mode but also lead to the change in joint stiffness (An
et al, 2019). Ungkurapinan et al. (2003) studied the bolt slip phenomenon through experiments and
proposed a mathematical model of bolt slip based on the test results. Through the combination of
experiment and simulation (Jiang et al,, 2011; Jiang et al., 2017), introduced bolt slip into the overall
analysis of the transmission tower, and found that bolt slip had an impact on the ultimate bearing
capacity, failure mode and displacement response of transmission tower. Wang et al. (2015) studied the
influence of bolt slip on the structural response of transmission tower under uneven foundation
settlement by numerical simulation. The results show that bolt slip not only increases the deformation
of the tower, but also causes the redistribution of internal forces. Jiang et al. (2016) studied the
influence of bolt slip uncertainty on the internal force of transmission tower by the LHS
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FIGURE 1
Finite element model of the K-joint.

(Latin hypercube sampling) method. Yang et al. (2017) analyzed the
influence of parameters such as initial torque and bolt hole diameter on
the load-deformation curve of the joint through the tension test and
numerical simulation of the bolt joint. The results show that when
analyzing the tower structure, if the joint slip effect is ignored, it will
cause higher axial stiffness. Ye et al. (2017) established an improved bolt slip
model and accurately analyzed the behavior of the tower under external
forces. The results show that the degree of influence of bolt slip is related to
load. de Souza et al. (2021) performed reliability assessment of existing
transmission line towers considering mechanical model uncertainties, their
results showed that the bolt slip could affect the failure of the tower. Gan
et al. (2021) performed monotonic tests to study the joint slip effect, and
proposed a simplified multilinear bolt slippage model.

However, the above studies only consider the one-way slip of bolts,
which is only applicable to the static analysis of transmission towers. In
reality, the joints of transmission towers are often subjected to repeated
loads during vibration, and the bolts will slip back and forth. The one-way
slip model cannot accurately reflect the dynamic response of the tower.
Yaghoobi and Shoddshtari. (2018) studied the influence of parameters
such as bolt arrangement and bolt diameter on the mechanical behavior of
joints under cyclic loading by conducting joint tests of 51 groups of wind
turbine lattice towers. The results show that the above parameters can
affect the hysteretic behavior of joints. Ma and Bocchini (2019) analyzed
the stress state of the joint at each stage under cyclic loading, and proposed
a hysteretic model of single bolted joints considering bolt slip. Considering
different bolt clearances, Jiang and Dong. (2020) established a finite
element model of double-limb lap joints and analyzed the hysteretic
characteristics of the joints. Li et al. (2020) studied the mechanical
properties of typical bolted joints under cyclic loading through
numerical simulation, and analyzed the influence of parameters such as
initial clearance and initial torque on the hysteretic behavior of joints. The
results show that the influence of bolt reciprocating slip should be
considered. Ebrahimi et al. (2022) performed test study to obtained the
load-deformation curves of joint under cycle loading, and then proposed a
mathematical formula to describe the load-deformation curves. Lu et al.
(2018) Studied the influence of the cycle loading on the joint slip by tests,
and the results showed that bolt-slip load decrease with the increase of the
cyclic loading.

Nevertheless, the above studies are only for the lap bolt joints in
transmission towers. In the transmission tower structure, the K-joint is
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FIGURE 2
Constitutive relation of steel.

a very common form of joints, just like the lap joint, and compared
with the lap joint, the stress state of K-joint is more complex. Zhao
et al. (2014) deduced the initial rotational stiffness calculation model
of K-joints and modified the model according to the test results. Yang
etal. (2018) introduced the axial force coefficient of bolt joints into the
traditional unit load method, and verified the accuracy of the
improved method by experimental results. The results show that
reducing the bolt clearance can decrease the deformation of K-joint
of UHV cat-head transmission tower. Wang et al. (2019) studied the
detached tubular K-joints through experiments and the results show
that the separation distance of the gusset plate can affect the failure
mode of the joint. Li et al. (2021) studied the influence parameters of
the moment-rotation hysteresis curve of K-joints by establishing the
finite element model (FEM) of K-joints. The results show that the
failure mode of K-joints is related to the bolt grade and steel strength.

A review of the abovementioned works indicates that the existing
research on bolt slip is aimed at bolt lap joints, and there is still a lack of
research on bolt slip of K-joints, especially the mechanical properties
under cyclic loading. Therefore, the mechanical properties of K-joints
are studied by numerical method in this paper, and the effect of bolt
slip on the hysteretic properties of K-joints is emphatically discussed.
In Section 2, the numerical model and simulation schemes of K-joints
are introduced. In Section 3, the simulation results are analyzed from
the loading mode, load-displacement hysteresis curve and joint
stiffness. And finally, Section 4 concludes the study.

2 Numerical simulation of the K-joint

2.1 The FEM of the K-joint

In this paper, a large-scale commercial finite element software
ANSYS is used to simulate a K-joint of a transmission tower, and
the FEM of the K-joint was established by 3D 8-node solid element
SOLID185, as shown in Figure 1. There are five types of contact pairs in
the model, which are the contact between the main angle steel and the
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TABLE 1 Simulation scheme.

Case No. Pretension Friction

Eccentricity

10.3389/fmats.2022.1116490

Bolt hole Component

force (kN) coefficient (mm) diameter (mm) material (mm)
Al 100 03 50 215 Q345 6.8
A2 100 0.3 50 20 Q345 6.8
Bl 100 0.2 50 215 Q345 6.8
B2 100 0.4 50 215 Q345 6.8
B3 100 03 100 215 Q345 6.8
B4 100 0.3 50 20 Q345 6.8
B5 100 03 50 215 Q345 6.8
B6 125 0.3 50 215 Q345 6.8
B7 150 03 50 215 Q345 6.8
B8 100 0.3 50 215 Q420 48
BY 100 03 50 215 Q420 6.8
B10 100 03 50 215 Q420 8.8
A B
--{---O-----O-----O-----O---|-
FD
FIGURE 3
Loading mode of Group (A) and Group (B).

gusset plate, the contact between the branch angle steel and the gusset
plate, the contact between the nut and the steel member, the contact
between the bolt head and the steel member, and the contact between
the bolt shank and the bolt hole. The 3D surface-to-surface contact
element CONTA173 and the 3D target element TARGE170 are used as
the contact element and the target element, respectively. And the bolt
pretension force is applied by the preload element PRETS179.
Hexahedral mesh is adopted in the model, and refined division
operation is carried out at the contact part of steel members. The
elastoplastic model with a strengthened section is adopted for the
constitutive relationship of members and bolts, as shown in Figure 2.
In Figure 2, E is the elastic modulus, &, is the yield strain, &, is the
ultimate strain, fY is the yield stress; f, is the ultimate stress.

2.2 Simulated conditions
In this paper, simulations of twelve loading scenarios are carried out.

The thickness of each component in this model is 10 mm, in which the
main material is L160 x 10 angle steel and the branch member is L80 x
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10 angle steel. The effects of preload force, friction coefficient of the
component, eccentricity, bolt hole diameter, strength of connector and bolt
grade on the hysteretic performance of K-joints are studied, as listed in
Table 1. In order to study the effect of bolt slip of K-joint, different loading
modes were applied to Group A and Group B, respectively, in which
tension compression cyclic load is applied to single branch angle steel of
Group A, and tension compression cyclic load is applied to double branch
angle steels of Group B, as shown in Figure 3. According to the Chinese
code, the load is first loaded according to 25%, 50%, and 75% of the yield
load, and each stage is cycled once. After the yield is reached, it is gradually
increased according to 10% of the ultimate load, and each stage is cycled
three times (Zhang and Li, 2017).

3 Result analysis
3.1 Influence of loading mode

When the single branch angle steel of the K-joint is subjected to
cyclic loading, the stress state of the K-joint is equivalent to the bolt lap
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FIGURE 4

Load-displacement curves of the K-joints. (A) Case Al. (B) Case B5.
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FIGURE 5

Bolt plastic strain of Case Al. (A) the bolt of branch angle steel, (B) the bolt of main angle steel.

joint. However, when double branch angle steels are subjected to cyclic
loading because the resultant force of branch angle members bearing
the load does not pass through the centroid of the bolt group on the
main angle steel, the moment will be generated at the centroid of the
bolt group, resulting in the sliding of the branch angle steel.
Meanwhile, the gusset plate will rotate by eccentric force. In this
state, the stress state of the K-joint is more complicated and it is also
more consistent with the actual stress state of the K-joint. The load-
displacement hysteresis curves under two different loading conditions
are shown in Figure 4. The curve takes the displacement of the loaded
branch angle steel as the horizontal axis and the load as the vertical
axis. It can be seen that the ultimate load and failure position of Group
B are different from those of Group A.

The ultimate load of Case Al is 371.25 kN, the ultimate load of
Case B5 is 300 kN, and the ultimate load is reduced by 23.75%. The
reason for this phenomenon is that when the single branch angle steel
of the K-joint bears the load F0, the resultant force at the centroid is
only Fy/ /2. At this time, the shear force of the bolt of the branch angle
steel is greater than that of the bolt of the main member. Figure 5
shows the strain nephogram of the bolt. In Figure 5, the maximum
plastic strain of the bolt of the main member is 0.153, while the
maximum plastic strain of the bolt of the branch angle steel is 0.64,
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which indicates that the bolt of the branch angle steel is damaged
before the bolt of the main member.

When branch angle steels on both sides of the K-joint are
subjected to a load F, of one tension and one compression at the
same time, the resultant force at the centroid is v/2F,, the moment is
larger, the rotation angle of the gusset plate is larger. And the bolt of
the main member is subjected to a greater load, which will be failure
before the bolt of the branch member, as shown in Figure 6, that is, the
most unfavorable load condition for the K-joint is one side of the
branch member is tensioned and one side of the branch member is
compressed. At this time, the maximum plastic strain of the bolt of the
main member is 0.216, while the maximum plastic strain of the bolt of
the branch angle steel is 0.122.

However, when the bolt slip is not considered, the ultimate load of
K-joints under the two loading methods is 375kN and 373.8 kN,
respectively, with a difference of 0.32%. At this time, the loading
method has little effect on the ultimate load. Therefore, the main
difference between Case Al and Case B5 is due to the influence of bolt
slip on the K-joint. Figure 7 shows the load-displacement hysteresis curve
without considering the bolt slip. It can be seen that when the bolt gap is
not considered, the hysteresis curve is fusiform and full in shape, which also
shows that it is necessary to consider the bolt slip of the K-joint.
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FIGURE 6

Bolt plastic strain of Case B5. (A) the bolt of branch angle steel, (B) the bolt of main angle steel.

A 450
300
150
Z o
-
150
300
-450
-2 -1 0 1 2 3
D(mm)
Case A2

FIGURE 7
Load-displacement curves of the K-joints. (A) Case A2, (B) Case B4.

3.2 Load-displacement hysteresis curves

The trend of structural stiffness variation under cyclic loading can
be obtained from the hysteretic curve. It can be seen from Section 3.1
that the bearing capacity of double branch angle steel loading is lower
than that of single branch angle steel loading, and the K-joint is in the
most unfavorable stress state. Therefore, this section mainly analyzes
the hysteresis curve of double branch angle steel loading.

The hysteresis curve of each working condition is shown in
Figure 8. It can be seen that the fullness of the hysteresis curve is
affected by the parameters such as bolt preload, friction coefficient,
eccentricity and other parameters. Compared with Figures 8D-F, it
can be seen that with the increase of bolt preload, the shape of the
hysteresis curve is plumper. This trend is the same as Figures 8A, B, D.
The reason for this phenomenon is that increasing the preload of the
bolt can make the components of the bolt connection area more
closely fit, to a certain extent, the effect of increasing the friction force
is achieved, so more energy is dissipated during the cycle. Figures 8C,
D show the hysteretic curves of the joints with different eccentricities.
When the eccentricity increases from 50 mm to 100 mm, the ultimate
load decreases from 300 kN to 275.4 kN. This is because the same load
can produce greater moment when the eccentricity increases, and the
rotation angle of the gusset plate will also increase, resulting in the
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failure of the joint. However, it has little effect on the shape of the
hysteresis curve, because the load-displacement curve analysis focuses
on the deformation of the branch angle steel rather than the rotation of
the gusset plate. Compared with Figures 8G-I, the bolt grade is
increased from 4.8 to 8.8, and the ultimate load is 239.25, 350 and
425 kN, respectively, which shows that increasing the bolt grade can
effectively improve the bearing capacity of the joint, and meanwhile,
the curve becomes more full.

As can be seen from Figure 8, the slope of the load-displacement
curve decreases gradually during each cycle, indicating that the
stiffness of the joint is degraded and the residual deformation is
accumulated. The reason for this phenomenon is the yielding of
members and bolts and the slipping of bolts. In addition, in the
process of repeated loading, due to the existence of bolt clearance, both
the bolt of the main angle steel and the bolt of the branch angle steel
will slip a certain distance, which leads to the occurrence of the
pinching phenomenon, making the hysteresis curve a pinched anti-S
shape. If the clearance between the bolt and the screw hole is
eliminated, a welding-like effect will be produced, and the
hysteresis curve will also be in a full spindle shape, as shown in
Figure 7. This shows that reducing the clearance and avoiding bolt
slippage can improve the seismic performance and energy dissipation
capacity of the K-joint.

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.1116490

10.3389/fmats.2022.1116490

Zhang et al.
150
Z,
-150
3 2 -1 0 1 2 3
D(mm)
Case B1 Case B2 Case B3
D E F
200 200 200
g 0 % 0 g 0
= = =4
-200 200 200
4003 N 0 1 2 R S e— 0 i 5 3 I Kl 0 1 2 3
D(mm) D(mm) D(mm)
Case B5 Case B6 Case B7
150 200
Z o Z o
-150! 200
7M—Z 1 0 1 2 o -3 2 0 1 3 4 -3 2 0 1 3 4
D(mm) D(mm) D(mm)
Case B8 Case B9 Case B10
FIGURE 8

Load-displacement curves of the K-joints. (A) Case B1, (B) Case B2, (C) Case B3, (D) Case B5, (E) Case B6, (F) Case B7, (G) Case B8, (H) Case B9, ()

Case B10.

3.3 Rigidity degeneration

According to the Chinese code (China Academy of Building
Research, 2015), the secant stiffness K; under each cycle is
calculated by Eq. 1.

_ |+Fil +|-Fil

= 1
[+Xi| + |-Xil M

where + F; and -F, are the load values of the ith forward and reverse
peak points; +X; and -X; are the displacement values of the ith forward
and reverse peak points.

The secant stiffness K; of the load-displacement curve of each cycle
is shown in Figure 9. It can be seen from the figure that the secant
stiffness of Case B4 and Case B8 suddenly decreases. As grade
4.8 ordinary bolts are used in Case B8, the shear strength is very
low, and the bolts yield earlier, resulting in the early stage of the cycle
joint stiffness decreased. Case B4 is similar to welding because there is
no clearance. It can be seen from the shape of the hysteresis curve that
there is an obvious yield point. When the component reaches yield, the
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Stiffness degradation
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TABLE 2 Initial stiffness of K-joint.

Initial stiffness (kN/mm)

10.3389/fmats.2022.1116490

Initial stiffness (kN/mm)

Bl 398.66 B6 422.49
B2 438.86 B7 426.10
B3 337.22 B8 407.27
B4 502.23 B9 422.29
B5 422.29 B10 422.31

stiffness of the joint will suddenly decrease first and then decrease
slowly, while the stiffness degradation of other cases is generally gentle.

The stiffness of K-joints with larger eccentricity for the same material is
generally lower. At the same time, the overall stiffness of the joint can be
improved by increasing the strength of the component and upgrading the
bolt grade.

In addition, Table 2 shows the initial stiffness K of K-joints under
different conditions. It can be seen from the table that the initial
stiffness of the K-joints in the elastic state has little different.

4 Conclusion

In this paper, the influence of bolt slip on the hysteretic
characteristics of K-joints under cyclic loading is mainly studied.
The following conclusions are obtained from the analysis of failure
mode, hysteretic curve and stiffness degradation:

(1) The stress state significantly impacts the bearing capacity of
K-joints. The ultimate bearing capacity of K-joints under single
branch member loading is much higher than that under double
branch members loading. The most unfavorable load condition of
K-joints is that one branch member bears tension and the other
branch member bears compression.

(2) The loading method affects the failure position of the K-joint.
Under single branch angle steel cyclic loading, the bolt of the
branch angle steel is first destroyed, while under double branch
angle steel cyclic loading, the bolt of the main angle steel is
destroyed earlier than the bolt of the branch angle steel due to
the greater resultant force.

(3) The existence of clearance not only leads to the decrease of bearing
capacity of joints, but also affects the hysteretic performance.

(4) The plumpness of the hysteresis curve can be increased by
increasing the preload of the bolt, increasing the strength of
the component or reducing the clearance.
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