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Abstract. As China's power state grid continues to expand, transmission line
towers are significantly affected by the threat of mining activities. In order to
deeply understand the effect of ground deformation induced by coal mine goug-
ing collapse on the vulnerability of transmission towers, the transmission line
towers within the coal mine area of Liupanshui City and Bijie City in Guizhou
Province in southwestern China were studied as the research objects, and the
transmission line towers around Hongxing Coal Mine were taken as an example,
and the vertical settlement amount at the tower was obtained using SBAS-InSAR
technology. Through on-site investigation, the damage classification level of the
transmission tower in the coal mine gouging area was constructed. By introduc-
ing a log-normal distribution function, a nonlinear functional relationship be-
tween the accumulated vertical settlement amount of the tower and the tower
damage probability is established, and the equivalent damage probability of the
tower is calculated. The vulnerability of the tower is divided into five levels: ex-
tremely high, high, medium, low and extremely low. The vulnerability of the
towers at 15 transmission towers within the surrounding area of the Hongxing
Coal Mine was finally evaluated, and the evaluation results were consistent with
the on-site investigation. This research results can provide a scientific basis for
the construction of the power grid disaster prevention system and risk control in
coal mine goaf area.
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1 Introduction

As China's state power grid continues to expand, high-voltage transmission lines, as the
aorta of energy transmission, must pass through mountains and rivers, and pass through
areas with undulating terrain, complex geological conditions and harsh environment.
As an important part of connecting this grid, overhead transmission line towers often
pass through coal mine mining areas for various reasons, and there is a risk of being
affected by human engineering activities ¥, Mining subsidence formed in coal mine
goafs are prone to cause structural deformation and failure such as tower foundation
settlement and tower body inclination, resulting in chain reactions such as abnormal
line spacing and failure of insulation devices. In severe cases, it may cause major acci-
dents such as transmission line breakage and tower collapse [*). In recent years, many
cases of tower instability have occurred in coal mining areas such as Ningxia, Shanxi,
and Guizhou in China 71, Therefore, the risk assessment of the damage of overhead
transmission line tower in coal mine goaf is very urgent (591,

The risk assessment of overhead transmission lines mainly consists of two parts: the
probability of tower failure and the vulnerability of towers. According to the definition
of risk, Risk = Hazard x Vulnerability of the affected object. Assessment of the hazard
of overhead transmission line towers due to natural disasters at home and abroad, multi-
source data is used as evaluation factors, and comprehensive evaluation models are
established using machine learning, GIS or numerical simulation technologies. The
technology is relatively mature. At present, there are not many literatures on the vul-
nerability of power transmission towers. Zhu Yichuan et al. % proposed a two-dimen-
sional assessment framework for power grid vulnerability, integrating the structural
properties of the towers (internal causes) and geological environmental stress (external
causes) to form a grading map of geological disaster vulnerability at the municipal
power grid in Yunnan Province in China. Zhang Yanyan [''l established a dynamic
evaluation model for vulnerability of transmission towers based on the analysis of the
spatiotemporal characteristics of landslide disaster historical data, and realized risk it-
erative calculation in engineering scenarios through the quantification of safety risk
entropy value. In addition, scholars from some Western and Central Asian countries >
BThave conducted research on the evaluation of the vulnerability of transmission line
towers in natural disasters such as ground subsidence, wind disasters, ice disasters, and
fires. However, there is a lack of in-depth research on the vulnerability evaluation of
tower deformation and overturning damage during coal mine goaf mining process.

This paper selects the western coal mine area of Guizhou Province, China as the
research scope, and takes the overhead transmission line towers within the impact range
of the gouged mining in Hongxing Coal Mine as an example. The vulnerability of a
single transmission line towers was evaluated using InSAR technology and probability
function. The research results can provide a scientific basis for the construction of the
power grid disaster prevention system and risk control in the coal mine gouged mining
area.
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2 Overview of the Study Area

Liupanshui City and Bijie City in Guizhou Province are adjacent to each other. They
are located in the southwest of China and are one of the most important coal production
bases in southern China. Long-term coal mining has formed a large area of coal mine
goaf. The movement and deformation of the goaf ground (sinking, tilting, horizontal
displacement, etc.) pose a direct threat to the stability of the transmission lines tower
foundation. At the same time, as an important hub of China's "West-to-East Power
Transmission" project, there are high-density ultra-high voltage transmission lines in
Liupanshui City and Bijie City. The safe operation of transmission lines is crucial to
regional energy transmission and economic development. The location of the study area
is shown in Figure 1.
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Fig. 1. Geographical location map of the study area.

Hongxing Coal Mine is located in Lemin Town, Pan County, Liupanshui City (see
Figure 1. and Figure 2.). The Permian Longtan Formation in Lopingian is a coal-con-
taining formation in the area, with a total of 12 coal seams that can be mined. At present,
the coal seams have been mined are the 3rd, 5, 7,9, 12, and 17 layers of coal. The coal
mining method is to move towards a long wall backward type, and the mining technol-
ogy is to comprehensive mechanized coal mining, and the entire collapse method man-
ages the roof. There are currently 15 high-voltage transmission line towers around the
coal mine area, of which 5 towers are located on the ground directly above the goaf
area. 5 towers are located within the mine rights scope and directly above the coal mine
tunnel, but outside the existing goaf area. 5 towers are located outside the mine rights
scope. This study evaluates the vulnerability of these 15 towers under the current con-
ditions of coal mines.
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Fig. 2. Overview of the Hongxing Coal Mine Region. (In the legend, “7m” represents the 7th
coal seam, and other values also represent the coal seam numbers. In Figure 4 and Figure 6, the
same meaning is also shown)

3 Extraction of Ground Deformation Information Based
on Insar Technology

The vulnerability mainly evaluates the degree of deformation and damage of the trans-
mission line tower. In the hole collapse area, the foundation of the transmission line
tower is mainly based on vertical settlement deformation. The tower tilts due to the
uneven settlement of the tower foundation. According to the industry standards of Chi-
na's power grid, the inclination of the tower is an important indicator for judging the
degree of damage to the tower. The calculation formula for tower inclination is:

=2
l

)

In the formula, / is the horizontal distance of the tower foundation, and d represents
the vertical settlement difference at the center point of the tower.

According to formula (1), the horizontal distance of the tower foundation is generally
a constant value, and the inclination value of the tower can be calculated by knowing
that d. Therefore, the evaluation of deformation and failure vulnerability of towers in
the coal mine goaf transmission line can be determined by establishing a quantitative
relationship between the degree of tower damage and the amount of ground settlement.
There are many methods to determine the vertical settlement value of a tower, such as
through manual measurement and automated monitoring equipment, but these methods
can only measure a single tower separately, which has high labor intensity, low work
efficiency and high cost. InSAR technology is currently widely used in coal mine goaf
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ground deformation monitoring !'¢181, so this study chose InSAR technology with lower
cost and better universality to obtain the vertical settlement value of the tower.

3.1 Data source of SAR Images

The SAR data obtained in this study are from the European Space Agency Sentinel-1A
satellite, Interferometric Wide Swath mode (IW) Single Look Complex data (SLC).
The polarization method adopts VV+VH, which is more suitable for the extraction of
vertical deformation signals on the ground than multipolarization data. The data is ob-
tained from the Alaska Satellite Facility (ASF) distributed archive center, using As-
cending Track data, and supplemented with Precise Orbit Ephemerides (POD) for orbit
error correction, effectively eliminating the impact of satellite platform position devia-
tion on interference phase. This data combination ensures continuous surface observa-
tion capabilities through TOPS (Terrain Observation by Progressive Scans) orientation
scanning technology, providing a data basis for regional scale deformation monitoring
that combines high spatiotemporal consistency and millimeter-level measurement ac-
curacy. The research period was from January 12, 2023 to July 29, 2024, and 128 track
data were selected. The Sentinel-1A data-related parameters and SAR image coverage
range in the study area are as follows Table 1.

3.2 InSAR Data Processing Method

Considering that SBAS-InSAR can analyze both linear deformation and nonlinear de-
formation in modeling, it is more suitable for deformation monitoring in mountainous
areas than other InSAR technologies. Therefore, in this study, SBAS-InSAR method is
used to monitor the ground deformation in the area where transmission lines and towers
are located. The basic data processing steps are as follows:

1)SAR data preprocessing: geocoding and image registration are carried out by using
precise orbit data file and DEM data to eliminate orbit error, unify data coordinates and
ensure the accuracy of interference phase. DEM uses Japanese ALOS satellite data with
a resolution of 12.5m, and the registration accuracy of DEM is required to be <0.5
pixels.

2) Determine the spatiotemporal baseline threshold and select the interference pair,
with the temporal baseline threshold <60 days and the spatial baseline threshold <300m
m.

3) Carry out differential interference processing, mainly including terrain phase re-
moval, filtering, coherence calculation and phase unwrapping. Based on the Minimum-
Cost Flow Algorithm, the global phase unwrapping is performed, and the coherence
threshold of 0.55 is set to screen the effective unwrapping area.

4) Deformation inversion and post-processing: the linear model is used to remove
the atmospheric phase, and the deformation rate matrix is solved by singular value de-
composition (SVD) to obtain the deformation rate field.
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3.3  Obtaining the Vertical Deformation of the Ground Ground in
Hongxing Coal Mine Area

SBAS-InSAR technology was used to invert the ground deformation around the
Hongxing Coal Mine area, and its annual average vertical settlement rate map was ob-
tained (see Figure 3). From Figure 3, it can be seen that the ground settlement in the
coal mine goafis distributed in a funnel-like manner. The settlement rate in the central
area is relatively high and the degree of settlement is relatively large. The settlement
rate in the edge area extending outward gradually decreases. Two settlement funnels
are mainly formed. The center of the largest settlement funnel is the mining area on the
south side of the coal mine area. According to the collected coal mine data, the coal
seams have been mined in this area are 5 layers, and the maximum settlement rate is -
0.06m/a. The two settlement centers are about to connect to form a settlement funnel,
and the deformation extends northward and gradually decreases. The settlement rate at
the tower in the study area can be obtained through Figure 3. The ground of the towers
outside the mining area has basically not shown any obvious deformation, while the
ground of the towers inside the mining area has undergone large deformation. The
ground of the towers No. 1, No. 2 ,No. 3 and No. 15 above the coal mine goaf arca
has the greatest deformation, with the settlement rates being -0.053m/a, -0.041m/a, -
0.057m/a, and -0.036m/a, respectively.

Table 1. Basic parameters of Sentinel-1A satellite SAR imagery

parameters Sentinel-1A
ascending/descending orbit ascending
orbit 128
incident angle(®) 30.9-46
azimuth (°) -12.47
band C
Resolution (azimuthx distance) 9.32x13.97
scanning mode w
polarization mode VV+VH
number of images 87
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Fig. 3. Annual average vertical settlement rate chart of the ground of the Hongxing Coal Mine
Area.
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Fig. 4. Cumulative vertical deformation diagram of ground of the Hongxing Coal Mine.

The cumulative vertical settlement amount of the ground during the research period
of coal mines obtained by SBAS-InSAR technology is shown in Figure 4. The maxi-
mum cumulative vertical settlement is 0.156m. The settlement amount in the goaf area
shows a linear increase over time, and the ground deformation amount and range in-
crease in deformation over time, especially after entering 2024. The time-sequential
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deformation curves at 15 towers were extracted (see Figure 5). The results show that
the deformation of the tower located directly above the goaf is much greater than that
of other towers. Judging from the curve pattern, the tower has experienced two defor-
mation accelerations, two time periods in September 2023 and early 2024 respectively.
The towers with the largest deformation are towers No. 1, No. 2, No. 3 and No. 4, with
cumulative deformations of 0.10m, 0.125m, 0.124m, and 0.07m respectively, followed
by towers No. 11, No. 13 and No. 14, with a small amount of deformation, and the
cumulative deformation is about 0.04m. The other towers were relatively stable and did
not show significant deformation.
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Fig. 5. The timing deformation diagram of the transmission line towers.

4 Evaluation of Vulnerability of Transmission
Transmission Line Towers

4.1 Grading Damage Degree of Transmission Line Towers

The vulnerability of overhead transmission line towers in this study refers to the prob-
ability or degree of tower damage, failure or even collapse under the action of mine
goaf collapse. It reflects the ability of tower structure to resist external disasters, and is
one of the core indexes to evaluate the safety and reliability of power system.

In order to obtain the on-site damage data of the towers, field investigations were
conducted on 34 towers in the 12 transmission lines passing through the coal mine goaf
in the study area in Figure 1. At present, there is no recognized classification method
for tower damage classification under the influence of coal mine gouging. This article
combines on-site investigation. The damage level is divided into 4 levels: no obvious
damage, minor damage, moderate damage, and serious damage, see Table 2.

Table 2. Grading table of damage degree of tower in coal mine goaf transmission line

Degree of | Inclination of Inclination ground deformation around the tower

damage tower % value at the foundation
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base of the
tower
There is no obvious ground defor-
Co <1% <3 mation or cracking around the base of
the tower
A small number of cracks and small
Cl1 1%-1.5% 3-6 collapses appeared on the ground
around the tower
Large hole collapses around the
2 15%-2.0% 610 tower, and many developmental ten-

sion cracks (but does not affect the
stable operation of the tower)

The ground deformation of the tower
is obvious, collapse, wide cracks ap-
C3 >2.0% >10 pearing (which poses a threat to the
stable operation of the tower and the
tower needs to be reinforced )

4.2  Vulnerability Probability Function and Equivalent Damage
Probability of Tower

Although Table 2 gives the damage classification table for the towers, there may be
cases where the tower base inclination value is the same but the tower inclination degree
is different. This is due to the extremely complex ground deformation process caused
by the mining subsidence, and the damage to the tower has a certain probability. There-
fore, this paper introduces a probability method to evaluate the probability function of
the tower damage during different vertical settlements on the ground, that is, the prob-
ability of the tower vulnerability.

By referring to the methods put forward by many scholars!!*-2!, they established a
vulnerability curve for buildings threatened by natural disasters. They all combine the
data of the damage degree of buildings with the corresponding specific strength param-
eters (such as equivalent cumulative displacement or differential settlement of build-
ings) to derive the probability. Under the condition of given strength parameter (A),
the probability calculation method of tower reaching or exceeding a certain equivalent
damage (C;) is shown in Formula (2).

P(Damage > C; | 4) = & (“24)

; @)

In the formula, P represents the probability that the transmission tower damage de-
gree reaches or exceeds C; under the vertical settlement amount A; @ is a standard nor-
mal cumulative distribution function. A is the cumulative vertical settlement (mm); A;
is the median settlement with the tower damage degree C;, and f is the standard devia-
tion parameter.
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Since ground settlement continues to develop, the vertical ground displacement of a
tower changes from small to large, and the damage degree of the tower may cover mul-
tiple levels. Therefore, in order to reflect the overall damage situation of the transmis-
sion line tower, the damage probability at each level is calculated and weighted aver-
aged, and normalized, and the equivalent damage probability (C,,) is obtained.

3
_ Zi=1 Pix4;

“ T e ®

In the formula, P; is the probability of level i damage in the tower, and A; is the
median settlement amount with the damage level i.

A field survey of 34 towers in the 12 transmission lines passing through the coal
mine goaf in the study area of Figure 1 and the SBAS-InSAR timing ground defor-
mation inversion can be obtained by obtaining the vertical cumulative deformation val-
ues and corresponding damage levels of 34 towers. From the survey data of these 34
towers, the calculation parameters in formula (2) are obtained: the values of A, A,, and
As are 25, 44.2, and 72 mm, respectively. According to formula (2), the logarithmic
normal distribution probability function can be calculated under each damage level,
such as formula (4):

P(Damage = c1]4) = &(=In())

P(Damage = c2|4) = @‘D(ﬁ ln(M%)) 4)
P(Damage = c3|4) = CP(ﬁ ln(;‘—z))

Taking the No. 2 tower of the Hongxing Coal Mine as an example, the cumulative
vertical settlement A=34.95mm is substituted into formula (4) to calculate the proba-
bility of damage at each level of the tower of No. 2:

1 A
> =d|—1In[—))=
P(Damage = c1|A) = @ <0.15 In (25)) 0.987

1 A
> =&d(— In(—))=0.
P(Damage = c2|A) = @ (0.10 In (442» 0.009
1

P(Damage > c3|A) = CD(O 10

1 - =0
n()-
The equivalent damage probability of tower No.2 is calculated by formula (3):

2 PX A,

i=1"1 i_

W= 01747
=151

The same method can be used to calculate the equivalent damage probability values
of 34 towers within the survey range. The natural breakpoint method in Arcgis software
is used to divide the equivalent damage probability values of 34 towers into 5 levels,

namely extremely low, low, medium, high and extremely high, and the vulnerability
evaluation of a single coal mine goaf transmission line tower can be completed. The
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results of the vulnerability evaluation of the towers of transmission lines within the
Hongxing Coal Mine are shown in Figure 6.

Vulnerability
Level

¥ A Very high
High

/ \\ Very Low

A Moderate

boundary Low

Fig. 6. Distribution of vulnerability of power transmission line towers within the Hongxing
Coal Mine range.

From the Figure 6, it can be seen that the closer the tower in the Hongxing Coal Mine
area is to the goaf, the higher the vulnerability, and the evaluation results are consistent
with the on-site investigation.

5 Conclusions

(1) This paper takes the transmission line towers above the coal mine goaf in
Liupanshui City and Bijie City in southwestern China as the research object, and com-
bines SBAS-InSAR high-precision deformation monitoring and on-site investigation
data to establish a four-level damage division method for the transmission towers in the
mine.

(2) By introducing a log-normal distribution function, the damage probability value
of the tower under different vertical settlement levels of tower foundations is realized,
and the equivalent damage probability is proposed. The vulnerability of the tower is
divided into five levels: extremely high, high, medium, low, and extremely low, realiz-
ing the vulnerability evaluation of the tower of the transmission line when the coal mine
is mining causes ground settlement. The evaluation results are consistent with the on-
site investigation.

(3) This research result can lay the research foundation for the risk assessment of
overhead transmission line towers in coal mine goaf.
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