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Abstract: The increasing use of high-voltage transmission wires requires more and more high-voltage
pylons, and sometimes, constructing pylons in mining areas is very urgent. To ensure the safe
operation of pylons, coal pillars with large side lengths are usually used to provide sufficient support;
however, this results in a huge waste of coal. Eight high-voltage pylons are arranged on the ground
surface corresponding to the location of working face 1110 of Sima Coal Mine in Shanxi Province,
China, which cannot be mined by traditional methods. Taking this as the engineering background,
the failure mode of high-voltage pylon is first analyzed. Using FLAC3D numerical simulations,
the influence of five different mining plans on ground surface deformation in working face 1110 is
evaluated, and the vertical settlement and horizontal deformation in different areas of the ground
surface, as well as the variation law of horizontal strain and slope are analyzed. According to the
numerical simulation results, the range of thickness-limiting mining or backfill mining in working
face 1110 is shown in scheme 3, and the key regions in the mining process are determined. Secondly,
the strengthening scheme of high-voltage pylons is designed, that is, the four foundations of high-
voltage pylons are connected as a whole with steel supports and steel connectors so as to improve
the structural strength of the high-voltage pylon. Finally, the position change in the foundation of
high-voltage pylons was monitored for 22 consecutive months. The results show that the maximum
settlement of the high-voltage tower foundation is 3.1 m, which is consistent with the actual mining
thickness; The high-voltage pylon was stably moved, and the change in transmission line tension and
total length was usually less than 1.0%. The combined mining scheme and foundation strengthening
scheme can ensure the safe operation of high-voltage pylons and provide a new method for the
stability control of ground buildings in coal mining subsidence area.

Keywords: high-voltage pylons; combined mining scheme; foundation strengthening; numerical
simulation and field monitoring

1. Introduction

Coal mining activities, especially in shallow coal mines are the main cause of geological
hazards, such as surface subsidence, surface cracking or surface movement [1–4], which
makes the surface buildings in mining areas more prone to losing their stability or even
failure [5–7]. With the increasingly used high-voltage transmission lines, high-voltage
pylons are currently becoming more and more popular. Because of the designed layout of
high-voltage transmission lines, sometimes, constructing high-voltage pylons in mining
areas is necessary. Protecting these high-voltage pylons from geological hazards caused by
mining disturbance is essential to ensure the normal operation of transmission wires along
the route [8]. Unlike other surface buildings, such as industrial workshops or residential
buildings, high-voltage pylons are columnar shaped, with relatively low bending stiffness,
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and their four bases are often independently arranged, with little force restraints between
each of them [9,10]; therefore, when they are disturbed, high-voltage pylons may potentially
not only settle as a whole, but may overturn or even become twisted because of their non-
uniform ground surface subsidence or ground surface movement [10,11].

To protect high-voltage pylons in mining areas [11,12], it is required that, on ground
surfaces, all areas extending outward 15 m from the base of high-voltage pylons should be
protected (as shown in Figure 1a). To achieve this, the geotechnical protection layers with
an isosceles trapezoidal section should be reserved under the protection areas. The base
angles of the protection layers in the soil layer and rock layer are 45◦ and 75◦, respectively
(Figure 1b) [12–14]. These protection layers form a pyramid-like foundation that provides
adequate support to high-voltage pylons [14,15]. However, considering the depth of the
coal seam is often at least 200 m, the designed geotechnical protection layers require much
wider coal pillars. For example, if the thickness of soil layer and rock layer is assumed
to be 180 m and 36 m, respectively, a coal pillar with a width of about 400 m is required
(Figure 1b), and it is about 8–10 times wider than normal coal pillars [16–18]. Once there are
too many high-voltage pylons, overly wide coal pillars would cause a great waste of coal
resource; therefore, developing a proper scheme that can reduce the width of coal pillars,
while ensuring the safe operation of high-voltage pylons, is of great economic significance.
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Figure 1. Schematic diagrams of the protection area and geotechnical protection layers designed for
high-voltage pylons constructed in mining areas. (a) Protection area on ground surface and (b) area
of the geotechnical protection layers. Based on requirements of the literature [12].

This study focuses on how to recover as many coal resources as possible under high-
voltage pylons, while ensuring the stability of the high-voltage pylon in mining subsidence
areas. By taking working face 1110 of Sima Coal Mine in China as an example, where there
are many high-voltage pylons, the authors designed a mining scheme that combined a fully
mechanized caving mining method, thickness-limiting mining method, backfill mining
method and a foundation strengthening scheme for the pylons to improve the mining
production while protecting the pylons. To be specific, according to the positions of pylons
on ground surface, some of the coal seams in working face 1110 were defined as key regions,
in which thickness-limiting mining or backfill mining was used, whereas fully mechanized
caving mining was used in the remaining regions. Meanwhile, steel beam connections were
added to the bases of pylons to provide additional reinforcement. A numerical simulation
study was conducted to determine the scope of key regions, and the actual deformation and
displacement of bases of some typical pylons were monitored on site during coal mining.
The results show that the mining scheme designed here could significantly increase coal
production, and the reinforcement method was helpful in maintaining the safe operation
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of pylons. These findings highlight new methods of lowering the failure risk of surface
buildings in areas where underground mining activities frequently occur.

2. Engineering Background

The chosen coal mine, Sima Coal Mine, with a total area of about 29.5 km2, is located
in Shangdang Region, Changzhi County, Shanxi Province, China (as shown in Figure 2).
The total coal reserves in this coal mine are about 9.66× 106 tons. There are three districts in
Sima Coal Mine, and the area of interest is working face 1110 within District #1 (Figure 2).
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Figure 2. Locations of the Sima Coal Mine and working face 1110.

As shown in Figure 3a, working face 1110 goes from west to east and it is about 1100 m
in x direction and 220 m in y direction. Over working face 1110, there are three high-
voltage wires—Lansu II line, Zhangsu Line and Changsu Line—that run from northwest to
southeast, and eight high-voltage pylons (36#, 37#, 49#, 50#, 53#, 96#, 102#, and 103#) are
found in this area. A picture of these high-voltage pylons is shown in Figure 3b, and their
total height is over 45 m (Figure 3c), depending on which kind of tower head is inserted.
The position coordinates of these pylons in the x-y plane are presented in Table 1.

Figure 3a and Table 1 show that the linear distances between any two adjacent pylons
are in the range of about 145 m (between 36# and 103#) to 400 m (between 50# and 53#).
The geological drilling exploration results (Figure 3a) show that the depth of coal seams is
about 210–240 m, and the thicknesses of the rock strata and soil layer above the coal seam
are about 160–180 m and 30–80 m, respectively. If the suggested method shown in Figure 1
is used to protect high-voltage pylons [11,12], the side length of coal pillars in working face
1110 should be about 365–380 m. As a result, all coal resource stored here would not be
mined, causing a direct economic loss of about CNY 1 billion; therefore, a proper mining
scheme and protection measures are required to overcome this issue, which ultimately
requires knowledge of the possible failure modes of pylons.

According to the commonly seen geological hazards caused by mining activity in
shallow coal mines [1,2,19] and the structural characteristics of high-voltage pylons [9,10],
the failure modes of pylons are identified as the twisting deformation, horizontal movement,
vertical settlement, bending deformation, base-stretching/compressing and overturn (as
shown in Figure 4).
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Table 1. Position coordinates of high-voltage pylons over working face 1110.

Pylon No. x/m y/m Pylon No. x/m y/m

36# 725 167 103# 858 109
37# 1054 123 49# 26 38
96# 173 172 50# 370 13

102# 478 144 53# 771 −15

For a pylon, the twisting deformation is mainly caused by the horizontal dislocation
of the ground surface (Figure 4a), and it may also move horizontally or settle vertically
as a whole along with the ground surface (Figure 4b,c). In some cases, coal mining may
result in the local subsidence or movement of ground [1], which may cause high-voltage
pylons to bend or overturn owing to their deviated center of mass [20]. Additionally,
the bases of a pylon may also be stretched or compressed when the local subsidence or
local movement of the ground surface occurs (Figure 4f). Both horizontal movement,
vertical settlement and the overturn of the pylons may not destroy their own structures,
but they may cause the transmission wires to be pulled or even broken. The twisting,
bending, and base-stretching/compressing of pylons can damage their structural strength,
ultimately resulting in the breaking of transmission wires. It should be noted that, due
to the complexity of the geological hazards [19,21], the above-mentioned failure modes
usually do not appear alone, but often simultaneously occur in two or more modes.
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3. Determination of the Scope of the Key Area: Based on Numerical Simulation Study

In this part, a three-dimensional finite difference program, FLAC3D, was used to
evaluate the influences of coal mining activity on the ground surface deformation of
working face 1110. Based on the numerical simulation results, the scope of key area
mentioned in Section 3.2 was determined.

3.1. Numerical Simulation Details

Based on the geological survey results (Figure 3a), a simplified numerical simulation
model, including the epipedon, clay layer, coal seam, and rock layer, was established
(Figure 5). The total number of nodes and grids of this model are 437,805 and 418,880,
respectively. This model has side lengths of 700 m, 300 m, and about 260 m in the x-, y-
and z-directions, respectively. It only contains part of working face 1110, but does contain
the Pylon 37#, Pylon 53#, Pylon 103# and Pylon 36#. The side lengths of working face
1110 included in this model in the x-, y- and z-direction are 500 m, 220 m and about 7 m,
respectively. The mechanical properties of the five different geology layers are listed in
Table 2, and the horizontal in situ stress coefficient is 0.5 [22,23].
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Table 2. Numerical model parameter.

Rock/Soil Layer Elasticity (Mpa) Poisson’s Ratio Cohesion (Mpa) Internal Friction Angle (◦) Compressive
Strength (Mpa) Tensile Strength (Mpa)

Epipedon 17.90 0.28 0.087 19.8 – –
Clay layer 20.68 0.31 0.073 32.0 4.28 0.15

Rock layer I 2020 0.32 14.0 25.8 8.22 1.07
Coal seam 3100 0.33 2.6 32.0 18.6 0.20

Rock layer II 3750 0.20 10.0 36.2 29.9 2.0

During simulations, the movement of the top surface was free in all directions, whereas
that of the surrounding and bottom faces in the z-direction was fixed. The total number of
numerical simulation steps was 200, and each step represented a 2.5 m mining distance.
During simulations, the displacement and settlement of the top surface were calculated
with the stochastic medium method (SMM) [24,25]. The mining thickness of the key area
was determined as 3.0 m and that of the fully mechanized caving mining area was 7.0 m.
The 3.0 m and 7.0 m mining thicknesses were designed according to the actual production
technical conditions of Sima Coal Mine and the real thickness of coal seam, respectively.

The designed scopes of key regions in the west–east direction (length) and north–south
direction (width) are listed in Table 3. The gravity line of each pylon crosses the diagonal
intersection of the rectangular key regions. Since Pylons 53# is close to the southern
boundary of working face 1110, only the coal seam in the northern part of this pylon was
designed as the key region; therefore, the scope of thickness-limiting mining area designed
for Pylons 53# was smaller than others.

Table 3. The designed scope of the key regions.

Key Regions
Plan 1 Plan 2 Plan 3 Plan 4 Plan 5

Length (m) Width (m) Length (m) Width (m) Length (m) Width (m) Length (m) Width (m) Length (m) Width (m)

36# 100 60 120 70 140 80 150 90 160 100
37# 100 60 120 70 140 80 150 90 160 100
53# 60 30 70 40 80 50 90 60 100 70
103# 100 60 120 70 140 80 150 90 160 100

Note: In this table, the length and width indicate the length of the key regions in the east–west direction and
north–south direction, respectively.

3.2. Influences of Coal Mining Activity on the Surface Deformation

In this section, to evaluate the effects of mining activity on surface deformation of
working face 1110, taking Plan 3 as an example, the evolution characteristics of the surface
deformation during mining (as shown in Figure 6) is discussed.

Figure 6a shows that with the increased mining distance, the vertical subsidence of
the ground surface over working face 1110 gradually increases. At a mining distance of
500 m, the topographic of the ground surface can be characterized as double basins, and the
maximum vertical subsidence was about 5.5 m, observed in areas where fully mechanized
caving mining method was used. Pylons were located near the boundary of the basins with
a maximum ground surface subsidence of less than 2.5 m. The area containing Pylon 53#
had a ground surface subsidence of less than 2.0 m. On the horizontal plane, the point at
which the maximum ground surface subsidence was reached was more than 70 m from
both Pylon 37# and Pylon 103#. Figure 6a also shows that the ground surface subsidence
lags behind with the advance of the working face. For example, at a mining distance of
300 m, even though coal was mined out, the ground surface settlement in the area around
Pylon 103# was still less than 0.5 m, and it increased to about 2.2 m at a mining distance of
400 m.

By comprehensively analyzing Figure 6a–c, one can also see that, once the subsidence
of ground surface around pylons reaches the maximum, the subsequent mining activity
has little impact on it, but the horizontal deformation continuously varied during the
whole mining process. This can be illustrated using pylons as characteristic points. For
example, at a mining distance of 200 m and 300 m, the point where Pylon 103# is located
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tended to move to the east, whereas it moved to the west when the mining distance was
400 m (Figure 6b). Another example is the point where Pylon 37# is located; it moved to
the southwest during the whole mining process, with a moving distance of about 2.0 m.
The information in Figure 6 tells us that reducing the mining thickness of the coal seam
is effective for declining ground surface deformation, and especially for declining the
vertical subsidence.
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3.3. Influences of Scope of Key Regions on the Surface Deformation

Figure 7 shows the average horizontal strain and tilt in different areas at mining
distance of 500 m. These areas are 7 m2, and they contain Pylon 37#, Pylon 36#, Pylon 53#
and Pylon 103#, respectively. From Figure 7, it can be seen that, when the scope of the key
regions varies, both the horizontal strain and tilt of these characteristic areas change, but
irregularly. For example, when the scope of the key regions increased, the area containing
Pylon 37# was stretched in both the east–west and north–south directions, and its horizontal
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strain was increased (Figure 7a); whereas the area containing Pylon 36# was compressed
in an east–west direction and its horizontal strain declined (Figure 7c). However, in a
north–south direction, when Plan 1 or Plan 2 was used, this area was compressed, and
when Plan 3 or Plan 4 or Plan 5 was used, this area was stretched. Another example
is the tilt of these areas. The area containing Pylon 37# was tilted toward an east-north
direction, and the tilt declined when the scope of the key regions increased, whereas the
area containing Pylon 36# was titled toward an east–south direction.
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Figure 7 also shows that the horizontal strain of these areas in the east–west direction is
often larger than that in north–south direction (except for the area that contains Pylon 53#),
corresponding well with the figures presented in Figure 6, and that the horizontal strain and
tilt of these areas can be over 20 mm/m. According to the classification of surface movement
and deformation [26], the pylons on the ground surface would maintain their stability, but
some additional reinforcement was required for the pylons just in case. Figure 7 also shows
that the variation in the horizontal strain and tilt of these areas caused by the varied scope
of key regions is less significant. Through the comprehensive consideration of the surface
deformation, coal production and real mining conditions of Sima Coal Mine, the scopes of
thickness-limiting mining and filling mining areas were designed as Plan 3.

4. The Mining Scheme and the Ground Surface Reinforcement Method
4.1. The Mining Scheme

The detailed mining process is as shown in Figure 8. In working face 1110, the length
of open-off cut was 220 m, and conventional mining with a thickness of 3 m was first carried
out by using a combination of a coal cutter and hydraulic support system (as shown in
Figure 8). During mining, in the area where a filling mining method was used, the roof was
supported by combining U-steel, bolt mesh, anchors and anchor cables; then, the goaf was
filled with a self-developed, high-water, fast-setting, cement-based material (JCT-516 Type)
as the hydraulic support moved forward. During mining, the roof in thickness-limiting
mining areas was protected using bolt mesh; as for the fully mechanized caving mining
areas, coal caving was carried out after every 0.8 m of mining, and the caving thickness
was 4.0 ± 0.1 m. To minimize the influences of coal caving process on the stability of
roof in thickness-limiting mining areas, the transition zones between thickness-limiting
mining area and the fully mechanized caving mining area were designed, and coals in
these zones were reserved, making the roofs in thickness-limiting mining areas show an
inverted trapezoidal shape cross section.
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Based on the above analysis and combined with the failure modes of pylons (Figure 4),
mining methods for different areas of working face 1110 were determined, as shown in
Figure 9. For the coal seam, in a certain area directly below the pylons (those highlighted as
yellow or light blue), thickness-limiting mining or backfill mining was used, while for the
coal seam in the remaining areas (highlighted as green), fully mechanized caving mining
method was used.
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The mining scheme can simultaneously make full use of the advantages of these three
mining methods, and, at least partially, overcome their disadvantages. On the one hand, by
using this mining scheme, disasters such as ground subsidence near high-voltage pylons
can be effectively restrained because thickness-limiting mining or backfill mining is used
in the key areas [27,28]. On the other hand, the overall mining progress of this working
face is expected to be accelerated, and coal production is improved by adopting a fully
mechanized caving mining method in the rest regions. The reason why thickness-limiting
mining and filling mining are used in the key regions, rather than simply using either
method, is that it may be too conservative to only use backfill mining, which may prolong
the mining duration and increase costs [29,30], and using thickness-limiting mining would
only be more risky [29,31].

Additionally, during mining, on the ground, the stability of some typical pylons was
monitored in real time. Because of the mining direction of working face 1110 is from east
to west, pylons 37#, 53#, 103# and 36# are affected by almost the whole mining process;
hence, the monitoring sensors were installed on the bases of these four pylons to record
their position change. Monitoring began on 15 February 2018, and monitoring data were
recorded every 10 days for a total of 22 months. The base at the northeast corner was
numbered T1, and the rest bases were numbered T2, T3 and T4, in a clockwise direction.

4.2. Reinforcement Scheme on Ground Surface for Pylons

The possible failure modes of high-voltage pylons suggest that their own structural
strength, especially the base strength, also needs to be reinforced. Inspired by common
reinforcement methods for steel structures [32], some steel supports and steel connections
could be added to the bases of pylons to provide additional reinforcement.

As shown in Figure 10, at an embedded depth of 1.5 m, 20 steel connection beams
were added to the concrete bases of the high-voltage pylon. Sixteen of these connection
beams (Beam I) were arranged along the sides of the square with four bases as vertices, and
the other four (Beam II) were diagonally arranged. Between the upper and lower beams
of Beam I, four steel support beams (Beam III) were added to form a X-shaped structure
to provide additional enhancement. Both the connection beams and support beams were
bolted to the bases, which were commercially available hot-rolled steel channels. The
section sizes of Beam I, Beam II and Beam III are shown in Table 4. The technical parameters
of this reinforcement scheme were more conservatively designed because of its low cost
and in order to achieve the best reinforcing effect possible.
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Table 4. Section sizes of the steel beams used to reinforce the pylons.

Section Shape Type of Beam Type of Steel
Section Sizes (mm)

Theoretical Weight (kg/m)
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Beam I 16b 160 65 8.5 19.74

Beam II 18b 180 70 9 22.99

Beam III 14b 140 60 8 16.73

The schematic diagram of the reinforced bases is shown in Figure 11. After reinforce-
ment, the pylon legs, which were considered as cantilever beams [9,10], were transformed
into an integral structure; therefore, the deformation of the bottom of the pylons would
mainly be caused by the combination of tension deformation and bending deformation.
This can reduce the risk of occurrence of twisting or bending deformation of pylons and
the base-stretching/compressing deformations. On the other hand, the added steel beams
increased the weight of the bottom part of the pylons, and thus the center of gravity of
the pylons was lowered [33]. According to the geometric parameters of the bases of the
pylons and the technical parameters of the steel beams, it was estimated that the center of
gravity of the pylons had been reduced by about 12–22% in height, and this would make
the pylons more resistant to overturning [34].
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5. The Stability of High-Voltage Pylons and Its Influence on Transmission Wires:
Based on the Field Monitoring Results

In this section, the stability of the typical high-voltage pylons is evaluated according
to the deformation of their bases and then its influence on transmission wires.

5.1. The Stability of High-Voltage Pylons

Taking Pylon 37# as an example, based on the monitoring results, the influence of
coal mining procedure on the variations of spatial position coordinates of its four bases is
discussed (Figure 12), and then the stability of pylons after mining will be evaluated.
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and (d) Base T4 of Pylon 37#. The top view figures show the position of the bases in the horizontal
plane. Vs and Hd represent the vertical settlement and displacement in east–west and north–south
direction, respectively.

From Figure 12, one can see that, in the first three months, Vs, the vertical settlements
of these bases, were lower than about 0.25 m, whereas they gradually increased over the
next 17 months, indicating that the following mining activity had greater influence on
the stability of Pylon 37#. The maximum Vs were around 2.7 m, 2.7 m, 3.0 m and 3.1 m,
respectively, and the average Vs was about 2.87 m, almost the same as the real mining
thickness. Figure 12 also shows that, although Hd of Base T1, Base T2, Base T3, and Base
T4 irregularly varied, they showed an increasing trend overall, and they were often lower
than Vs. For these four bases, their maximum Hd in west–east direction were about 50–80%
lower than that in north–south direction.

Figure 12 also shows that, although the spatial position coordinate variation of the
pylon bases in the early stage was disordered, after a certain period, the spatial position
coordinate variation tended to become stable; therefore, it is hard to evaluate the stability of
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pylons during the whole monitoring procedure, and only the spatial positions of the bases
of these monitored pylons before and after coal mining were considered for evaluating the
stability of pylons.

Figure 13a shows that, for Pylon 37#, after 20 months of mining, in the east–west
direction, Base T1 and Base T2 were shifted to west, whereas Base T4 and T3 were shifted to
east; in the north–south direction, Base T1, Base T2, and Base T4 were shifted to the north,
whereas Base T3 was shifted to the south. Due to the changed spatial positions of bases, the
distance between them was also changed. To be specific, the distance between Base T2 and
Base T3 declined by about 3.4 m, and the distance between Base T1 and Base T4 declined
to about 4.8 m. On the contrary, the distance between Base T3 and Base T4 increased to
about 6.7 m. As for the distance between Base T1 and Base T2, it was almost unchanged.
Figure 13a also shows that the plane that contains four bases tended to slope to the west–
south direction and the normal vector of this plane deviated from the vertical direction
at an angle of about 5.5◦, and the center point of this plane was shifted to east–south at a
distance of about 0.46 m. This means that if the four bases are considered as a whole, the
position of the center of mass would change when the relative positions of the four bases
changed, which was helpful for preventing the overturn failure of Pylon 37#.
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Figure 13. The spatial positions of four bases of: (a) Pylon 37#, (b) Pylon 36#, (c) Pylon 53# and
(d) Pylon 103# before coal mining and after 20 months of coal mining.

Figure 13b,c show that the vertical settlement of each base of different pylons is in the
range of 1.1–3.8 m (more details are included in Table 5), and the average settlements of
Pylon 36#, Pylon 53# and Pylon 103# are about 1.33 m, 1.60 m and 3.48 m, respectively. The
distance between every two neighboring bases of Pylon 36#, Pylon 53# and Pylon 103# was
also changed, and the specific data are included in Table 5. According to Table 5, it can be
induced that the local bending deformation caused by the compressing or stretching of two
neighboring bases is reduced. The plane that consists of four bases of both Pylon 36#, Pylon
103# and Pylon 53# tended toward the north–west, south–east and north–east direction,
respectively, and the normal vector of these three planes deviated from the vertical at an
angle of about 6.5, 5.1 and 6.6◦, respectively.

Table 5. The vertical settlement of four bases and distance between two neighboring bases of Pylon
36#, Pylon 53# and Pylon 103# after 20 months of mining (m).

No. of Pylons
Vertical Settlement Distance between Two Neighboring Bases

T1 T2 T3 T4 T1-T2 T2-T3 T3-T4 T4-T1

36# 1.5 1.1 1.2 1.5 8.07 9.18 9.42 9.51

53# 1.5 1.7 1.6 1.6 4.50 3.22 4.31 3.54

103# 3.8 3.5 3.2 3.4 5.12 5.59 5.52 3.05

The monitoring results show that the coal mining activity in working face 1110 caused
the deformation and movement of pylons on the ground, but the actual pylons are still in
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stable service. This information reveals that the combined mining scheme in working face
1110 and ground surface reinforcements designed here are effective in maintaining the safe
operation of pylons. However, it is also necessary to evaluate the influence of the already
moved or settled pylons on the transmission wires [35].

5.2. Influence of Stability of Pylons on Transmission Wires

As shown in Figure 14a, it can be assumed that, between two neighboring pylons, the
transition wire is fixed by tension F1 and tension F2. Assuming that the places of application
of F1 and F2 are at the same level (Figure 14b), the shape of the sagging transmission wire
can be considered as symmetrical and thus F1 is equal to F2; therefore, the following
equation can be obtained:

F1 = F2 =
W

2 sin θ
(1)

where W represents the gravity, and θ is the angel between F1 and horizontal direction
(Figure 14c):
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Figure 14. Simplified schematic diagrams of: (a) pylon transmission wire system, (b) deformation of
transmission wire caused by the settling pylons, and (c) forces on the transmission wire.

According to Equation (1), one can see that when the relative position of two neigh-
boring pylon is changed, θ will change, which can influence the tension force sustained by
the transmission wire.

The sagging transmission wires are often considered as catenary elements [26], and
their shape can be described as upward parabolas. Before coal mining, for a transmis-
sion wire, assuming its lowest point to be the origin (the black dashed line, as shown in
Figure 14b), its shape function can be simplified as the following:

z =
4H
L2 ·x

2 (2)

where L and H represent the span and sag of the transmission wire (Figure 14a).
After coal mining, once the overall settlement of two adjacent pylons is inconsistent,

the shape of transmission wire will be changed (the red dashed line, as shown in Figure 14b),
and Equation (2) should be modified to the following:

z =
4H
L2 ·x

2 +
∆h− ∆h′

L
·x− ∆h + ∆h′

2
(3)

where ∆h and ∆h′ represent the vertical settlement of two pylons.
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Since the vertical settlement of two pylons is often much smaller than L, the change in
the size of the parabolic opening will be so small that it is negligible, and thus the coefficient
of the quadratic term in Equation (3) stays the same.

θ1 and θ2 presented in Figure 14c can be calculated as the following:{
tan θ1 = dz

dx (x = − L
2 )

tan θ2 = dz
dx (x = L

2 )
(4)

Substituting Equation (3) into Equation (4), the following equation can be obtained:{
tan θ1 = − 4H

L + ∆h−∆h′
L

tan θ2 = 4H
L + ∆h−∆h′

L
(5)

According to the static equilibrium condition [36], the following equation can
be obtained: {

F′1· sin θ1 + F′2· sin θ2 = W
F′1· cos θ1 − F′2· cos θ2 = 0

(6)

The monitoring results presented in Section 4 showed that the average settlement of
Pylon 37# was lower than 3 m. This can result in deformation in the transmission wire
between Pylon 37# and Pylon 38#. L and H of the transmission wire between these two
pylons are 350 m and 8 m, respectively. Accordingly, F1

′ and F2
′ can be calculated as

the following: {
F′1 = 5.4875W
F′2 = 5.4960W

(7)

Before coal mining, according to Equation (1), F1 and F2 can be calculated as
the following:

F1 = F2 = 5.4916W (8)

By comparing Equations (7) and (8), it can be seen that the vertical settlement of
Pylon 37# leads to little change in the tension sustained by the transmission wire (with
a maximum change of less than 0.1%); therefore, there must be a small amount of strain
in the transmission wire. This can also be illustrated by calculating the total length of
transmission wire after coal mining. The total length of transmission wire, l, can be
calculated as the following:

l =
∫ L/2

−L/2

√
1 +

(
dz
dx

)2
·dx (9)

Substituting Equations (2) and (3) into Equation (9), l values before and after the coal
mining area were about 350.6966 m and 350.6967 m, respectively. This is inconsistent with
the above findings. However, the center of gravity of this part of the transmission wire was
shifted to the lower right.

Similarly, the deformation of transmission wires between Pylons 36# and 37#, Pylons
102 # and 103#, and Pylons 53# and 50# was also calculated based on the monitoring results,
and the calculated results illustrate that changes in the tension force and total length of the
transmission wires are often lower than 1.0%. All in all, the deformation and movement of
pylons on the ground surface of working face 1110 in Sima Coal Mine have little influence
on the operation of transmission wires.

6. Result and Discussion

There is a large number of high-voltage pylons on the ground surface of working face
1110 of Sima Coal Mine. Using traditional mining methods, a large number of protective
coal pillars needs to be reserved, which will lead to the failure of the normal mining of
this working face. According to the engineering geological conditions of working face
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1110 and the location of eight high-voltage pylons on the ground, a combined mining
scheme including thickness-limiting mining, backfill mining and top-coal-caving mining
is designed. The core of the scheme design is to accurately divide the key mining region.
According to the position of key mining regions and the possible failure mode of the
high-voltage pylon, the thickness-limiting mining or filling mining method is designed
for the key region. In addition, strengthening the foundation of high-voltage pylons is
also a key measure to ensure their stability. This article proposes the use of steel beams
to strengthen the foundation of high-voltage pylons. On the one hand, it can connect the
four foundations of a high-voltage pylon as a whole, which is conducive to the uniform
settlement of the high-voltage pylon. On the other hand, it reduces the center of gravity of
the high-voltage pylon and the risk of high-voltage pylon toppling.

The field monitoring results of the position change of high-voltage-pylon foundations
show that high-voltage pylons move with the surface subsidence after mining, but their
movement process is stable. At the same time, the calculation results show that the tension
of transmission wires between adjacent pylons hardly changes, and the change in the
total length is basically less than 1.0%. This shows that the combined mining scheme and
foundation strengthening scheme can effectively control the stability of high-voltage pylons
in coal mining subsidence areas.

In the past, some scholars have studied the coal mining scheme under high-voltage
pylons or other buildings [37–41], but its limitations are reflected in two aspects. First, the
number of high-voltage pylons or buildings involved is very small: only 1~2. In this case,
no matter which scheme is adopted, its economic implications are not clear. Second, the
mentioned mining scheme is the only one that is use. Only thickness-limiting mining is
adopted, which could lead to wasting a large amount of coal resources; or only backfill
mining, which could lead to very high mining cost.

The combined mining scheme proposed in this article has remarkable economic
benefits. The strike length of working face 1110 is 1100 m, the inclined length is 220 m,
the total thickness of the coal seam is 7 m, and the total area limiting the mining of 3 m
coal seam thickness is 71,200 m2 (Figure 9). If the protective coal pillar of the stopping line
is reserved according to the width of 50 m, the total area of top coal caving mining and
backfill mining is 220 × 1050 − 71,200 = 159,800 m2. The recovery rate of coal resources is
calculated as 85%, and the average bulk density of coal is 1.5 t/m3, so the total recovered
coal resources are (159,800 × 7 + 71,200 × 3) × 0.85 × 1.5 = 1.699 million T. Based on the
coal price of 800 CNY/t in the Chinese market, the total economic value of recovered coal
resources is about CNY 1.36 billion.

In addition, the scheme proposed in this article is also applicable to the mining of coal
resources under radio and television signal towers, chimneys, houses and other buildings
or structures, which has important theoretical value and practical significance.

7. Conclusions

(1) The failure modes of high-voltage pylons include twisting deformation, horizontal
movement, vertical settlement, bending, overturn and base-stretching/compressing,
and usually these failure modes do not occur alone; two or more modes can occur at
the same time.

(2) According to the geological conditions of working face 1110 of Sima Coal Mine and
the location of eight high-voltage pylons on the ground surface, five mining plans
were designed. FLAC3D was used to analyze the influence of mining on vertical
settlement, horizontal deformation, horizontal strain and slope in different regions
of the ground surface. According to the numerical simulation results, a range of
thickness-limiting mining and backfill mining in the working face was carried out,
that is, backfill mining was adopted under Pylon #37, and thickness-limiting mining
was adopted under the other pylons. The combined mining scheme can make the
most of the advantages of various mining methods and greatly recover coal resources
underneath high-voltage pylons.
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(3) The reinforcement scheme of high-voltage pylons is designed, that is, the four founda-
tions of high-voltage pylons are connected as a whole with steel supports and steel
connectors. On the one hand, this can connect the four foundations of a high-voltage
pylon as a whole, which is conducive to the uniform settlement of a high-voltage
pylon; On the other hand, it reduces the center of gravity of the high-voltage pylon
and reduces the risk of it toppling.

(4) The position change of high-voltage-pylon foundation was monitored for 22 consecu-
tive months. The results show that the maximum settlement of the high-voltage pylon
foundation is 3.1 m, which is consistent with the actual mining thickness. The high-
voltage pylons moved in a stable way, and the change in transmission line tension
and total length was usually less than 1.0%.

(5) The combined mining scheme and foundation strengthening scheme can ensure the
safe operation of high-voltage pylons.
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