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Abstract: The jumper wires of an extra-high voltage (EHV) transmission line in strong-wind areas 
in Northwest China frequently break down. We installed some acquisition devices to collect the 
data of the jumper wires and wind speed in the fault area of one 750-kV transmission line. We also 
developed a swing simulation machine based on the collected data. The machine could simulate 
the swing condition of the jumper wires under various wind speeds. We analyzed the broken 
aluminum wires obtained from the simulation experiment of jumper wires. Yield lines appeared on 
the surface of the broken aluminum wires in the simulation experiment. Proliferation of dislocation 
and grain deformation occurred in the broken aluminum wires using transmission electron 
microscopy observation. The results show that the aluminum wires in the experiment under a 
Level-6 wind and above were in a full yield state and demonstrated strain-fatigue failure condition. 
The fracture of the broken aluminum wires showed distinct strain-fatigue fracture characteristics 
using the scanning electron microscope fracture morphology analysis. From the combination of the 
abovementioned research, we conclude that the failure mechanism of the broken strands of the 
jumper wires of the EHV transmission line in the strong-wind area is mainly a strain-fatigue failure 
mechanism. 

Keywords: strong wind environment; extra-high voltage transmission line; broken jumper wires; 
simulation machine; strain-fatigue failure 

 

1. Introduction 

China’s West to East power transmission project has transmitted the abundant electric energy 
in the west to the developed areas in Eastern China. To improve transmission efficiency, many 
extra-high voltage (EHV) transmission lines have been built along the way [1], such as 750-kV 
transmission lines. These transmission lines pass through strong-wind areas in Northwest China. 
The transmission lines located in the strong-wind areas frequently break down, which cause large 
economic losses [2–4]. By considering the breakage of a 750-kV transmission line as an example, the 
economic loss can reach 9 million yuan daily. 

The common failure mechanisms of broken conductor strands caused by wind load include 
aeolian vibration [5–7], subspan oscillation [8,9], and ice coating galloping [10–12]. Ma and Fadel 
studied the fretting wear behaviors of aluminum cable steel reinforced under different conditions by 
making the special fatigue experiment machine; Qi et al. [7] put forward a scheme of using vibration 
damper and damping wires to eliminate the adverse effect of aeolian vibration. Matsumiya and 
Diana studied the oscillations of multi bundled conductors through wind tunnel simulation tests. Lu, 
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Zhang, [10] and Zhou [12] studied the characteristics of iced conductors galloping through carrying 
out wind tunnel tests and numerical simulation. These were instructive to the design of our research 
methods. Research on these mechanisms has been thorough, and relevant measures to prevent 
broken strand of conductors are relatively perfect. However, according to statistics, the jumper wires 
in strong-wind areas still frequently break down. Through analysis, we determined that the 
breakage of jumper wires does not belong to the conditions of the abovementioned 
conductor-failure mechanisms. The difference is that strong-wind condition is the main factor that 
causes the jumper wires to break. Therefore, we believe that the breakage of jumper wires in 
strong-wind areas may have been caused by another failure mechanism that has not yet been taken 
seriously. 

In the present study, we analyzed typical jumper-wire-breakage accidents, collected key data in 
the fault area, developed a simulation machine for simulation experiment of the jumper-wire swing, 
and conducted many characterization analyses on broken aluminum wires obtained from the 
simulation experiment. We finally determined the actual jumper-wire-failure mechanism of EHV 
transmission lines in strong-wind areas and put forward the corresponding control measures. 

The project involved in this paper is to research the failure mechanism of EHV transmission 
lines in strong-wind areas and propose control measures. The research works of the failure 
mechanism involve two parts: One is to build a simulation machine, mainly for simulation 
experiment; the other is to build a finite element model, mainly for numerical simulation. These two 
parts of research works are closely related, and their research results can be mutually corroborated. 
This paper mainly involves the first part of the research works. 

2. Materials and Methods 

2.1. Analysis of Typical Accidents 

Through image analysis of the fault areas, we find that the jumper wires have been swaying for 
a long time under the influence of strong winds. The jumper wire is a type of aluminum conductor 
steel reinforced (ACSR) composed of internal steel cores and external aluminum wires. Figure 1 
shows one typical case of broken strand of ACSR in strong-wind areas. Its real configuration is in the 
failure area within the dotted circle in Figure 2. The mid-phase jumpers and long-span wires are 
ACSR, which are connected by tension clamps. The breakage location (Figure 1) of the jumper wires 
is near the crimp joint between the ACSR and tension clamp. The breakage location here refers to the 
stress point of the ACSR. The broken strand of the jumper wires actually refers to the breakage of the 
ACSR aluminum wires. There is contact stress between the aluminum wires in ACSR. 

Figure 1. Breakage location of ACSR (aluminum conductor steel reinforced). 

In this study, we researched the breakage of a mid-phase jumper to determine the failure 
mechanism of jumper wires in strong-wind areas. In 750-kV transmission lines, all lines consist of six 
multiple conductors composed of six ACSR wires. Figure 2 shows the installation diagram of the 
mid-phase jumper and long-span wire in one 750-kV transmission line. To prevent arcing between 
the wire and tower due to windage yaw, the mid-phase jumper is bent around the tower from one 
side [13]. We find that the mid-phase jumper and long-span wire form an approximate vertical 
relationship in space. 
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Figure 2. Installation diagram of the mid-phase jumper. (a) Three dimensional structure diagram of 
jumper; (b) Front view of jumper structure. 

The hardware string in the dotted circle shown in Figure 3 is composed of a hanging ring, a hook, 
and a hanging plate (Figure 4), which is equivalent to a hinge connection structure [13]. When the 
long-span wires substantially swing under the influence of a strong wind, the hinge structure can 
produce a relative rotation in the A–B direction. The rotation in the A–B direction can effectively buffer 
the stress concentration caused by the swing between the end of the long-span wires and tension 
clamp. 

 

Figure 3. Design of mid-phase jumper structure. 

However, the hinge structure suffers from the difficulty of producing a relative rotation in the 
C–D direction because of the large tension in the long-span wires. Therefore, the buffering effect in the 
C–D direction basically fails when the mid-phase jumper wire substantially swings. Therefore, the 
crimping joint between the mid-phase jumper and tension clamp suffers from a greater stress 
concentration. The special structural conditions lead to different stress conditions at the end of the 
mid-phase jumper and that of the long-span wires. As shown in Figure 4, the final result is that the 
jumper wires at ① break, whereas the long-span wires at ② do not break. 
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Figure 4. Breakage location of the mid-phase jumper wire. 

2.2. Verification Method 

According to the mechanics and motion analysis of the mid-phase-jumper fracture, we 
considered that the broken strand of the jumper wires in strong-wind areas could be due to a fatigue 
failure mechanism. However, the specific fatigue mechanism needs further research. Because of bad 
weather conditions and remote geographical location, we could not carry out long-term and 
effective experimental research in the fault site of the 750-kV transmission line. Therefore, we 
developed a swing-simulation machine to simulate the working conditions of the mid-phase jumper 
wires under various wind speeds to investigate the failure mechanism. 

2.2.1. Jumper-Swing Monitoring System 

To ensure the accuracy of the swing-simulation machine, we needed to collect some key data of 
the fault area. Therefore, we designed and installed a set of jumper-swing monitoring system. The 
system, which was installed in the fault area of the 750-kV transmission line, could collect data on 
wind speed, swing angle, and swing frequency of the jumper. 

The system (Figure 5) included the jumper-swing acquisition device, wind-speed acquisition 
device, and signal-transmission system [14–16]. The jumper-swing acquisition device was installed 
in the mid-phase jumper 20 cm from the tension clamp (Figure 6). The swing frequency and swing 
angle of the mid-phase jumper under different wind speeds were collected by the swing acquisition 
device. The core component of the swing acquisition device is the acceleration sensor. The maximum 
swing angle and time of each swing cycle are calculated by a specific algorithm. One swing cycle 
means that the ACSR wire starts to swing from the highest point on one side until it returns to the 
highest point on the same side again. The swing frequency is calculated according to the time of one 
swing cycle. Figure 6 shows the definition of the swing angle. 
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Figure 5. Jumper-swing monitoring system. 

 
Figure 6. Definition of swing angle. 

The inner part of the swing acquisition device is sealed, and the outer part is aluminum alloy 
shell, which can ensure that the device works normally in the harsh climate environment. Each 
measurement time of the swing acquisition device is 1 min. The measurement interval and 
frequency can be controlled remotely according to the wind speed. Its battery can supply power 
effectively for 12 months. The wind-speed acquisition device was installed at the iron tower near the 
mid-phase jumper, and the wind-speed data were collected. In addition, a terminal for receiving the 
data was also set up in the laboratory [17,18]. 

2.2.2. Analysis of the Collected Data 

The collected data were analyzed. Figure 7 shows that we obtained the wind-speed distribution 
in each quarter. We found that wind speed below Level 5 accounted for the highest proportion, but 
wind speed of Level 6 and above accounted for 32%, which was much higher than that in other wind 
areas. 

 
Figure 7. Wind-speed distribution. 

Combined with the data of the swing acquisition device, we obtained the condition of the swing 
angle and swing frequency of the mid-phase jumper under various wind speeds, as shown in Figure 
8. For example, the swing frequency (SF) is 12 cycles per minute and the swing angle (SA) is 2.31° 
when the wind speed (WS) is 9.4 m/s. These data are used for the parameter setting in the simulation 
experiment. 
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Figure 8. Swing angle and swing frequency of the jumper under different wind speeds. 

2.2.3. Simulation Machine of the Jumper Swing 

The simulation experiment for simulating the jumper swing is equivalent to a fatigue 
experiment. Thus, the simulation machine is, in essence, a fatigue machine. This fatigue machine 
considers the actual prototype structure of broken jumper wires (ACSR) as the direct experimental 
object, which is different from the conventional fatigue machine that does not consider the structural 
effects [19–23]. 

Figure 9 shows the main function template of the simulation machine. The combination fixture 
can fix one 1.8-m ACSR on the simulation machine. The suspension adjustment mechanism can 
adjust the transition angle between the ACSR and tension clamp. The pretension adjustment 
mechanism can apply pretension force to the ACSR in accordance with the requirements of site 
construction standards. The transverse swing device uses the principle of the crank slider and can 
make the ACSR move back and forth in the X direction at different amplitudes by adjusting the 
eccentricity to simulate the swing of the jumper wire under different wind speeds. The 
program-controlled motor can output power based on the predetermined experimental parameters. 

Figure 9. Design drawing of jumper-wire swing simulation machine. 

Figure 10 shows the schematic diagram of the simulation machine. Under the influence of wind 
speed 1, the jumper swings to a certain extent, and the swing acquisition device measures the 
determined swing angle 1. First, we install a crank slider mechanism with adjustable eccentricity on 
the simulation machine. By adjusting the eccentricity 1 of the mechanism, the jumper wires on the 
simulation machine is made to swing to a certain extent. Thus, the jumper wire has the same swing 
angle 1. Therefore, by generating the same swing angle, the machine can reproduce the swing 
condition of the jumper under the same wind speed [24,25]. 
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The same wind angle can produce very different stress conditions, depending on the wire 
pretension and on the span between constraints. We believe that the influence of wire pretension 
and span on the breakage location of wire is mainly reflected in the effective tension. Therefore, we 
established a finite element model to calculate the effective tension of the breakage location. As 
shown in Figure 11, the sizes and constraints of the finite element model are consistent with the 
actual configuration of the mid-phase jumper. Therefore, the effective tension of the wire calculated 
by the finite element method can be applied to the simulation machine. According to the calculation 
results, the effective tension value of the ACSR wire applied to the simulation machine is 250 N [26]. 

 

Figure 10. Simulated schematic diagram of simulation machine 

 

Figure 11. Effective tension calculation by the finite element model. 

2.2.4. Experimental Parameters 

According to the actual situation, we designed four experimental schemes. Each experimental 
scheme was performed three times. The relevant experimental parameters are listed in Table 1. 

Table 1. Key experimental parameters. 

Simulated Wind-Speed Level 5 6 7 8 
Simulated wind-speed value (m/s) 9.4 12.3 15.5 19.0 

Swing angle (°) 2.3 2.9 3.6 4.3 
Eccentricity (mm) 34.0 42.0 50.0 59.0 

Swing frequency (cycle/min) 12.0 10.0 9.0 8.0 

3. Results and Discussion 
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3.1. Results of Simulation Experiment 

The simulation experiment yielded the broken ACSR under various wind speeds. In the 
experiment, the state of the ACSR surface was observed and recorded by an endoscope. The state of 
the ACSR surface in the simulation experiments using wind speed of Levels 5 and 8 are shown in 
Figure 12, which clearly shows the whole process of crack initiation, propagation, and fracture. 

Figure 13 shows that under the Level 5 wind, the crack in the wires basically propagated in the 
direction perpendicular to the axial direction. Under the Level 8 wind, the crack initially propagated 
perpendicular to the axis and then along the direction 45° to the axis for a long time. Finally, it 
slightly changed at the moment of instantaneous break [27–29]. 

 

Figure 12. Crack growth process at the ACSR surface. 

 

Figure 13. Schematic diagram of the crack-growth process. 

In addition, the micro finite element model of wires was established. This model is a section of 
200-mm ACSR, and its structure and material are consistent with the actual ACSR wires. We fixed 
one end of the model and applied the equivalent Level 7 wind load to calculate the stress condition. 
Figure 14 shows that the maximum equivalent stress at the fixed end of the model is up to 94 MPa, 
which has exceeded the yield limit of the aluminum wires. We found that the location of the 
maximum stress in finite element model is exactly the actual breakage location of the ACSR wires in 
the simulation experiments [26]. 
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Figure 14. The location of the maximum equivalent stress and the actual breakage. 

3.2. Surface Yield Line of Aluminum Wires 

Figure 15a,b shows that some macroscopic persistent slip lines occur on the surface of the 
broken aluminum wires in the simulation experiment under a Level-6 wind. There are persistent slip 
marks and persistent slip bands on the surface when fatigue damage accumulates. These slip lines 
tend to widen with the increase in the level of simulated wind speed, indicating that the yield degree 
of the aluminum-wire surface increases [21,24]. From the 3D profilometer measurement shown in 
Figure 15c,d, the depth difference in the yield line is up to 5–10 μm, and the width is up to 30–50 μm, 
which is way above the 1-μm scale of normal roughness of a new aluminum-wire surface. 

  

  
Figure 15. Macroscopic persistent slip lines of the aluminum wires. (a) Physical drawing of the 
macroscopic slip lines; (b) Enlarged drawing of the slip lines; (c) Three-dimensional outline drawing 
of the slip lines; (d) Outline size of the slip lines. 
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3.3. TEM Observation and Analysis of Aluminum Wires 

Figure 16 shows the transmission electron microscope (TEM) photographs of the possible 
broken position of the new aluminum wires that have only been crimped. The grains of the new 
aluminum wires are basically equiaxed with no large deformation and dislocation in most areas, as 
shown in Figure 16a. A small number of short dislocations are shown in Figure 16b. Figure 16c,d 
shows that the grain boundaries of the new aluminum wire are clear. From the shape of the 
micro-grains and the number of dislocations, we can see that the new aluminum wires exhibit slight 
plastic deformation but no distinct yield. 

  

  
Figure 16. TEM (transmission electron microscope) photographs of new aluminum wires. (a) No 
dislocation; (b) A few short dislocations; (c) Clear grain boundary; (d) Clear grain boundary. 

Figure 17 shows the TEM photographs of the aluminum wire near the fracture position in the 
Level 6 wind simulation experiment. Figure 17a,b shows the presence of a pronounced short 
dislocation plug in the grain interior and boundary in this group of aluminum wires. Figure 17c,d 
shows that the grains are not only basically equiaxed, but also deformed to some extent, which 
implies that the grains inside the aluminum wires had undergone plastic deformation in the 
simulation experiment under Level 6 wind. 
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Figure 17. TEM photographs of the simulated Level 6 wind. (a) Dislocations in grains interior; (b) 
Dislocations at grain boundary; (c) Non equiaxed grains; (d) Deformed grains. 

Figure 18 shows the TEM photographs of the aluminum wire near the fracture position in the 
Level 8 wind simulation experiment. Figure 18a,b shows the presence of a large number of 
dislocation-plug groups among the grains, and the grains are seriously deformed. The dislocation 
proliferation occurs inside the grain and begins to migrate to the grain boundary, as shown in Figure 
18c. Figure 18d shows that the grain deformations are profoundly serious, and a large number of 
dislocations have accumulated. The abovementioned characteristics agree with the change pattern of 
the crystal shape during the plastic deformation. 

  

  
Figure 18. TEM photographs of the simulated Level 8 wind. (a) A large number of dislocation-plug 
groups; (b) Dislocations at the grain boundary; (c) Dislocations migration to the grain boundary; (d) 
Serious deformation in grains interior. 

The low-cycle strain fatigue demonstrates a typical feature in which plastic deformation occurs 
before the fatigue failure of metallic materials. However, the high-cycle stress fatigue usually results 
in elastic deformation, and the dislocation density does not significantly increase [30–32]. 

3.4. SEM Observation and Analysis of Aluminum Wires 
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Figure 19 shows the scanning electron microscope (SEM) photographs of the fracture of the 
broken aluminum wire in the Level 6 wind simulation experiment. Figure 19a shows that cracks 
sprout at the lower right part and extend to the upper left region. The crack-propagation direction 
changes with the constantly changing maximum stress of the aluminum wire. The crack is gradually 
deflected to the upper right and is finally broken at the upper right region. The area in Figure 19b is 
located at the lower right part of the fracture in Figure 19a, which is the crack-source area of the 
fracture. The crack starts from the aluminum-wire surface and gradually expands to the core during 
the swing process in the simulation. Figure 19b shows the fatigue band displaying the characteristics 
of fatigue fracture, which indicates that this area is essentially the fatigue source area [33,34]. 

Figure 19c shows the tear characteristics observed in the second half in the crack-growth region, 
which indicate that the effective-force area decreases, and the local tensile stress increases to exceed 
its yield limit when the crack extends to the later stage. Dimple characteristics are observed in the 
same area in Figure 19d, which coincide with the aluminum-wire characteristics as plastic materials. 

  

  
Figure 19. SEM (scanning electron microscope) photographs of the simulated Level 6 wind. (a) 
Macroscopic fracture of the broken aluminum wire; (b) Crack-source area; (c) Tear characteristics; (d) 
Dimple characteristics. 

Figure 20 shows the fatigue band with a wavy-line feature observed in most fractures. These 
fatigue bands are short, deep, wide, and discontinuous, which clearly accord with the characteristics 
of the low-cycle strain-fatigue fracture bands. In contrast, the high-cycle stress-fatigue bands are 
usually thin, dense, continuous, long, and shallow [35–37]. 

According to the SEM results for all fractures in the broken aluminum wires, pronounced 
fatigue bands can be observed in the experimental group in the simulation under Level 6 wind or 
above. Moreover, the fatigue bands are short, deep, wide, and discontinuous, which conform to the 
characteristics of strain-fatigue fracture. 
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Figure 20. Characteristics of fatigue bands with a wavy line. (a) A large number of fatigue bands; (b) 
Short fatigue bands; (c) Discontinuous fatigue bands; (d) Deep fatigue bands. 

4. Conclusion 

In this study, the typical jumper-wire-breakage accident of UHV transmission lines in 
strong-wind areas was analyzed. We preliminarily concluded that the cause of the broken strand of 
the jumper wires is related to their reciprocating motion under strong winds. We installed a 
monitoring system for the jumper swing on the fault site of a 750-kV transmission line and 
developed a simulation machine for the jumper-wire swing. According to the analysis of the broken 
aluminum wires obtained from the simulation experiment, the failure mechanism of the jumper 
wires was obtained. 
1. According to the key data obtained from the monitoring system of the jumper swing, a 

simulation machine for the jumper wire swing was developed. The simulation machine can 
simulate the swing condition of the jumper wire under different wind speeds. The fractured 
aluminum wire under different wind speeds was obtained through simulation experiment. 

2. According to the analysis of all broken aluminum wires, we found that the aluminum wires 
under a Level 6 wind and above were in the full-yield state. Their plastic deformation 
characteristics were evident, and the dislocations were concentrated in the grains. These 
phenomena fully illustrated the characteristics of strain-fatigue failure. Further fracture analysis 
showed that the fracture of the aluminum wire under a simulated Level 6 wind and above 
exhibited the fracture characteristics of a low-cycle strain fatigue. 

3. The broken jumper wires exhibited pronounced strain-fatigue characteristics under Level 6 
wind and above. At the same time, the proportion of the Level 6 wind speed and above in 
strong-wind areas was much higher than that in other wind areas. Therefore, the failure 
mechanism of the jumper wires in strong-wind areas was a fatigue failure mechanism mainly 
based on the strain fatigue. 

4. When an ultra-high-voltage transmission line is set up in a strong-wind area, we need to pay 
attention to the role of the hinge structure of the hardware to buffer the wind load, avoid large 
stress concentration due to jumper-wire swing in strong-wind areas, and reduce the probability 
of strain-fatigue fracture in the jumper wire. 
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