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To solve the problems of surface deformation and destruction of buildings caused by urban mining and realise the coordinated
development of mining cities, the solid backfilling method was used to extract coal resources beneath the buildings of Tangshan.
Based on surface deformation monitoring data of the continuously operating reference station (CORS) system for the past 5 years,
the surface deformation process caused by solid backfilling was analysed. The final results revealed a maximum surface subsidence
of 66 mm in the T'zone coal area and 31 mm in the F zone area. Furthermore, the surface control effects of the caving method and
the solid backfilling method were compared and analysed, and it was shown that solid backfilling could meet the surface building
setup requirements. Moreover, based on the probability integral method, the effects on surface deformation due to the surface
length of the F zone, compression ratio, and coal pillar width were analysed, and the effects on the prediction results due to the
subsidence factor, tangent of the major effective angle, and offset distance of the inflection point were studied. The results showed
that the compression ratio is the main factor controlling the surface deformation and that it should be kept above 80% for solid
backfilling of urban mines. The subsidence factor should be 0.82, and the tangent of the major effective angle should be 2.15 when
the surface subsidence of solid backfilling is to be predicted. This paper provides a technical reference for the realisation of urban
mining with solid backfilling.

1. Introduction

In recent years, the rapid development of China’s economy
has increased the demand for coal resources. In 2019 alone,
China’s coal production reached 3.85 billion tons, a year-on-
year increase of 4% [1, 2]. Such large-scale coal resource
development has brought exhaustion of conventional coal
resources, and some mines have had to explore coal re-
sources beneath buildings, railways, and water bodies, which
directly affects and restricts the harmonious development of
ecology and society around the mining area. China’s pro-
duction of coal resources from beneath buildings, railways,
and water bodies under unified allocation alone has reached
140 billion tons, with the amount of coal resources under

buildings accounting for 70% of the total amount [3, 4].
When such coal resources are mined, the surface defor-
mation causes buildings to be stretched, compressed, and
bent, thus causing various degrees of damage and collapse
hazards to the buildings. Mining is also accompanied by the
discharge of a large amount of solid waste gangue, which
pollutes the environment and encroaches on the land. All of
these problems cause serious conflicts in the development of
a mining city.

The coal industry has been actively exploring ways to
coordinate the development of coal mining and mining
cities and has done considerable research and practical work.
Solid backfill mining [5, 6], which uses backfill to control
rock movement and surface subsidence, has become the
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main technology to solve the conflicts between the devel-
opment of the mine and the city. This technology has existed
for some time and has been applied in more than 20 mines in
China, effectively solving the problem of redundant resource
extraction. However, the long-term practice has shown that
even the solid backfill mining method can cause large-scale
movement and deformation of the ground surface. Current
research on this problem has focused mainly on how the fill
body controls rock movement, monitoring of surface
movement and deformation, and analysis of disasters caused
by surface deformation.

Many scholars have researched these problems. Miao
et al. [7-9], Zhang et al. [10-12], and Qiang et al. [13, 14]
have advanced the equivalent mining height theory, key
layer control theory, main roof control theory, and imme-
diate roof control theory. These studies concluded that solid
backfill mining can be regarded as extremely thin coal seam
mining, allowing the surface subsidence to be controlled.
The control targets for solid backfilling in the rock are the
key layer, the main roof, and the immediate roof, with the
first being the most difficult target and the last being the
most precise target. Guo et al. [15-17], Cha et al. [18, 19], and
Yao etal. [20, 21] proposed the use of the probability integral
method to describe patterns of surface deformation,
established a prediction model parameter system for surface
subsidence with solid backfilling, and actually measured
surface subsidence results using an electronic total station.
Fei et al. [22] and Niu et al. [23] further analysed surface
deformation characteristics using the analytic hierarchy
process evaluation model and evaluation system.

The methods of surface deformation monitoring used in
the aforementioned studies are not continuous and cannot
show the surface deformation process caused by solid
backfill mining because only the control effect of solid
backfilling on the overlying rock layer was investigated. In
this paper, taking the Tangshan mine as an example, 5 years
of continuous surface subsidence data monitored by the
continuously operating reference station (CORS) system
were used to study the surface subsidence control effect of
solid backfill mining. The effects on surface deformation due
to surface length, compression ratio, and working surface
arrangement were analysed. The effects of the subsidence
factor, the tangent of a major effective angle, and offset
distance of the inflection point on the prediction results were
also studied. Finally, the ranges of the compression ratio
control index and the surface subsidence prediction pa-
rameters for solid backfill mining in urban mines were
obtained.

2. Research Area and Methods

2.1. Mining Geological Conditions. Tangshan mine, with a
field area of 37.28 km” and a mining area of 55km?, is lo-
cated in Lu'nan District, Tangshan City, Hebei Province. It is
the only state-owned mega coal mine in China located in a
city centre with convenient transportation access. Tangshan
mine uses the progressive mining area development method
of inclined shafts. At present, there are 7 vertical shafts,
which divide the mine into 10 production areas. There are no
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large-scale faults in the Tangshan minefield, and the main
coal seams are 5th, 8th, 9th, and 12th, with average thick-
nesses of 2.4, 3.7, 3.5, and 6.4 m, respectively. Among these,
the 5th coal seam has an immediate roof consisting of 4.8 m
thick fine sandstone and a bottom plate of 0.9m thick
mudstone, whereas the 9th coal seam has an immediate roof
consisting of 0.7 m thick mudstone and a bottom plate of
1.0 m thick sandy mudstone. The geographical location and
working face distribution of the Tangshan mine are shown in
Figure 1.

As shown in Figure 2, the production area of Tangshan
mine is located beneath the city. The main coal areas are the
T zone and the F zone. The T zone has an area of 2.01 km*
and 30.366 million tons of coal, of which 1.427 million tons
have been mined to date. There are 67 community and office
buildings on the surface. The F zone has an area of 1.27 km?
and 34.413 million tons of coal, of which 34.26 million tons
have been mined. Production and living facilities of the mine
itself and a park exist at the surface. Figure 2 shows a
comparison between the surface and subsurface structures.
Figure 3 shows the arrangement of surface deformation
observation points.

As examples, the T3292 working face and the F5001
working face of the Tangshan mine are shown schematically
in Figure 4. The T3292 working face has a length of 90 m, is
elevated at an angle, and was in operation from 1 March 2013
to 1 April 2017. The F5001 working face has a length of 66 m,
is also elevated at an angle, and was in operation from 1
January 2016 to 1 September 2017.

The T3292 working face has two surface observation
lines, that is, lines A and L (Figure 5), with 22 points online A
and 8 points online L. The F5001 working face has one
surface observation line, line F, with a total of 22 points. The
F5002 working face has four surface observation lines, N, S,
W, and E.

The test used the surface subsidence monitoring data
obtained from 1 January 2015 to 1 December 2019 as a
reference to analyse the surface subsidence after mining on
the T;292 working face, F5001 working face, and F5002
working face. The monitoring data span more than 5 years
and so can reflect the long-term surface deformation after
solid backfill mining.

2.2. Solid Backfilling Control Method. The solid backfill
mining method, which is carried out through integrated
mechanised mining operations on working faces, is used for
mining under urban buildings. In the solid backfill coal
mining system, the gangue is transported from the surface
feeding well and underground separation chamber to the
working faces, is then filled into the goaf using key equip-
ment such as the multihole bottom dump conveyor and
hydraulic support system for solid backfilling, and is finally
compacted by the ramming mechanism behind the hy-
draulic support system. From 2015 to 2019, the surface
feeding well accumulated 604,600 tons of gangue, and the
underground separation system accumulated 421,100 tons
of gangue. The backfilling system, shown in the basic
concept in Figure 4, is running well.
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FIGURE 2: Tangshan mine surface-subsurface comparison.

Inspection results of the surface buildings show that the
main structures of the surface buildings above Tangshan
mine are brick-concrete, brick-wood, and steel structures,
which meet the national requirements for Class II-III
protection. When mining the coal resources beneath the city,
the buildings must be kept below the Class I damage level
after mining, that is, horizontal deformation less than

2.0 mm/m, curvature less than 0.2 mm/m?, and inclination
less than 3.0 mm/m.

2.3. Analysis Method of Surface Deformation

2.3.1. Monitoring Method. Monitoring the subsidence and
deformation of the surface, buildings, and other structures is
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FIGURE 5: Surface subsidence values (a) on line A for each time period and (b) for each time period at measuring point A9.
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an important task in the process of mining beneath a city.
The conventional monitoring methods used for the Tang-
shan mine include mainly theodolite tracking, total station
monitoring, and water level monitoring. The main problems
faced in the monitoring process are addressed below. The
accuracy of the conventional monitoring methods is not very
high. Moreover, the detection process is easily affected by
rain, snow, and the mutual obstruction of the surface
buildings. In addition, conventional monitoring systems are
not capable of continuous monitoring.

The CORS system for intelligent monitoring of surface
subsidence can carry out continuous and uninterrupted
observation and achieve real-time collection, transmission,
calculation, and analysis of data within the subsidence range.
The CORS system applied in the Tangshan mine is equipped
with China’s Beidou Satellite Navigation System, which is
compatible with the United States’ GPS system and Russia’s
GLONASS system, to improve the accuracy of surface sub-
sidence deformation measurement. The CORS system basi-
cally consists of a data centre, a reference station, a data
communication subsystem, and a user application subsystem.
It achieves all-weather, fully automatic, and precise posi-
tioning through satellite positioning technology, the reference
station, and the Internet. The base station and Class I and II
measuring points of the Tangshan mine are shown in Figure 6.

2.3.2. Prediction Method. The probability integral method is
used to estimate the surface movement and deformation. Its
calculation principle is as follows.

The calculation of subsidence value at any point on the
surface is shown in equation (1). The calculation of the
inclination deformation value of any point on the surface is
shown in equation (2). The calculation of curvature defor-
mation value of any point on the surface is shown in
equation (3). The calculation of horizontal movement value
of any point on the surface is shown in equation (4). The
calculation of horizontal deformation at any point on the
surface is shown in equation (5).

-l )] w
i(x) = @e(‘”(“’”)), (2)
k(x) = —2ﬂ%xe_("(x2/rz)), (3)
U(x) = bWye ")), (4)
e(x) = —ZHb%xe(_”(xZ/rz)), (5)

where Wy =M.qg-cosa and r=H/tanf. M, is the equiva-
lent mining height of solid dense filling mining; q is the
surface subsidence coefficient of solid dense filling mining; b is
the horizontal moving coefficient; tanf is the tangent of the
main influence angle; and « is the dip angle of mining seam.

2.3.3. Test Scheme for the Cause of Surface Subsidence.
Taking the F zone as an example, under the mining geo-
logical conditions of the Tangshan mine, it is considered that
the surface subsidence above the F zone was influenced by
the face length, the compression ratio of the working face,
and the width of the coal pillar in the section. To analyse the
causes of surface subsidence, 15 sets of test plans were
designed, as shown in Table 1. Tests 1-5 analysed the effect of
face length on surface deformation parameters, tests 6-10
analysed the effect of compression ratio on surface defor-
mation parameters, and tests 11-15 analysed the effect of
coal pillar width on surface deformation parameters.

The surface deformation prediction uses the probability
integral method based on equivalent mining height. Due to
the presence of a large number of primary fissures, joints,
and strata in the subsiding rock, it is feasible to predict
surface movement and deformation by the probability in-
tegral method of the random medium.

In comparison with the caving method, when the
probability integral method is used to predict surface sub-
sidence for solid backfill mining, prediction parameters such
as the subsidence factor, tangent of a major effective angle,
and offset distance of the inflection point change greatly.
Therefore, these prediction parameters are considered to
have a relatively large influence on the prediction results.
Using a compression ratio of 0.8, 15 sets of test plans were
designed to analyse the prediction results of surface de-
formation, and the plans are shown in Table 2. Tests 1-5
analysed the influence of the subsidence factor on the
projected results, tests 6-10 analysed the influence of the
tangent of the major effective angle on the prediction results,
and tests 11-15 analysed the influence of the offset distance
of the inflection point on the surface deformation
parameters.

3. Results and Interpretation
3.1. Monitoring and Analysis of Filling Surface Deformation

3.1.1. Surface Monitoring Results in Area T. The T3292
working face was put into production in March 2013 and
stopped being used in April 2017. Line A, measuring surface
subsidence in the T zone, crosses the middle of the T5292
working face, and the projected positions of the selected
measuring points below the working face are located at a
distance of 340 m from the open-off cut of the working face.
The surface subsidence data of each measuring point online
A were obtained by processing the monitoring data, as
shown in Figure 5(a). The surface subsidence data of each
time period at the A9 measuring point are shown in
Figure 5(b).

As shown in Figure 5(b), the surface subsidence in-
creased slowly from the start of mining on the working face
to June 2015, with the subsidence value lower than 25 mm.
Between June 2017 and August 2017, after the working face
was pushed 90 m beyond measuring point A9, the surface
subsidence value increased significantly, with its maximum
value reaching 41 mm at measuring point F16. In April
2017, the working face had been mined completely. By
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FIGURE 6: CORS base station and measuring points at Tangshan mine.

TaBLE 1: Description of test plans.
Factor Face length Compression ratio Coal pillar width
Test 1 40 0.8 5
Test 2 50 0.8 5
Test 3 60 0.8 5
Test 4 70 0.8 5
Test 5 80 0.8 5
Test 6 60 0.3 5
Test 7 60 0.6 5
Test 8 60 0.7 5
Test 9 60 0.8 5
Test 10 60 0.9 5
Test 11 60 0.8 0
Test 12 60 0.8 5
Test 13 60 0.8 10
Test 14 60 0.8 15
Test 15 60 0.8 20

TABLE 2: Description of test plans.
Factor Subsidence factor Tangent of major effective angle Offset distance of the inflection point
Test 1 0.78 2.15 0.086
Test 2 0.80 2.15 0.086
Test 3 0.82 2.15 0.086
Test 4 0.84 2.15 0.086
Test 5 0.86 2.15 0.086
Test 6 0.82 1.75 0.086
Test 7 0.82 1.95 0.086
Test 8 0.82 2.15 0.086
Test 9 0.82 2.35 0.086
Test 10 0.82 2.55 0.086
Test 11 0.82 2.15 0.006
Test 12 0.82 2.15 0.046
Test 13 0.82 2.15 0.086
Test 14 0.82 2.15 0.126
Test 15 0.82 2.15 0.166

December 2019, the T;292 working face had reached full
mining impact, and its maximum subsidence had increased
to 66 mm. From the time of sudden subsidence to full
mining impact, the subsidence value increased by ap-
proximately 37.8%.

The CORS monitoring system indicated a final maxi-
mum surface tilt deformation of 0.76 mm/m, a maximum
curvature deformation of 0.064 mm/m?, and a maximum
horizontal deformation of 50.6 mm, or 1.53 mm/m, which
meets the surface building protection requirements.
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3.1.2. Surface Monitoring Results in Area F

(1) F5001 Working Face. The F5001 working face was put
into production in October 2016 and stopped being used in
September 2017. Line F, measuring surface subsidence in the
Fzone, crosses the middle of the F5001 working face, and the
projected positions of the selected measuring points under
the working face are located at 400 m from the open-off cut
of the working face. The monitoring data were processed to
obtain the surface subsidence data of each measuring point
online F, as shown in Figure 7(a). The surface subsidence
data of each time period of measuring point F9 are shown in
Figure 7(b).

As shown in Figure 7(b), the surface subsidence in-
creased slowly, with subsidence values lower than 10 mm,
from the start of the mining on the working face to May
2017. Between June 2017 and July 2017, after the working
face had pushed through 66 m from measuring point F9,
the surface subsidence increased significantly, with a
maximum value of 19 mm at measuring point F16. In
November 2017, the working face was mined completely,
and by April 2018, the F5001 working face had reached full
mining impact, and its maximum subsidence had in-
creased to 31 mm. From sudden subsidence to full mining
impact, the time elapsed was approximately 8 months, and
the subsidence value had increased by approximately
38.7%.

The CORS monitoring system indicated a final maxi-
mum surface tilt deformation of 1.65 mm/m, a maximum
curvature deformation of 0.094 mm/m? and a maximum
horizontal deformation of 16.1 mm, or 1.25 mm/m, which
meets the surface building protection requirements.

(2) F5002 Working Face. The F5002 working face was put
into production in November 2017 and stopped being used
in December 2018. Line E, measuring surface subsidence in
the F zone, crosses the middle of the F5002 working face,
and the projected positions of the selected measuring
points below the working face are located at 400 m from the
open-off cut of the working face. The monitoring data were
processed to obtain the surface subsidence data of each
measuring point online E, as shown in Figure 8(a). The
surface subsidence data of each time period of measuring
point E3 are shown in Figure 8(b). There was almost no
increase in surface subsidence from the start of mining on
the working face to September 2018. Mining on the
working face was fully stopped in December 2018, and by
July 2019, the surface subsidence of the F5002 working face
had reached 17mm. By December 2019, the full mining
impact had been reached, and the maximum increase in
subsidence was 25mm. From sudden subsidence to full
mining impact, the time elapsed was approximately 5
months, and there was an increase in subsidence value of
approximately 47.1%.

The CORS monitoring system indicated a final maxi-
mum surface tilt deformation of 0.29 mm/m, a maximum
curvature deformation of 0.012mm/m?* and a maximum
horizontal deformation of 7.84 mm, or 0.81 mm/m, which
meets the surface building protection requirements.

3.2. Analysis of Surface Deformation Monitoring by Caving
Method. Observation of the surface movement and de-
formation caused by mining on the F5009 working face
started in February 2018, and a total of 27 observations
were made until August 2020. Line N, measuring the
surface subsidence in the caving area, crosses the middle of
the F5009 working face, and the projected positions of the
selected measurement points below the working face are
located 400 m from the open-oft cut of the working face.
The surface subsidence data of each measurement point
online N are shown in Figure 9(a). The surface subsidence
data of each time period of measuring point n4 are shown
in Figure 9(b).

As shown in Figure 9(b), in comparison with solid
backfill mining, the initial value of surface subsidence of
the caving method was larger, reaching 60 mm. As mining
on the working face continued, the value of surface
subsidence increased gradually without any sudden in-
crease. The maximum value of subsidence of measuring
point n4 reached 210 mm by August 2020, when all of the
mining operations on the working face had been
completed.

The CORS monitoring system indicated a final maxi-
mum surface tilt deformation of 6.65mm/m, a maximum
curvature deformation of 0.59 mm/m? and a maximum
horizontal deformation of 168.1 mm, or 4.25 mm/m, which
does not meet the surface building protection requirements.

3.3. Comparative Analysis on Control Effect of Different
Mining Methods. A comparison of surface deformation
parameters between the solid backfill mining method and
the caving method is shown in Table 3.

In addition, the relationship between surface subsidence
values and monitoring time was analysed for T5292, F5001,
and F5002. The monitoring data were acquired at the time
points of the goaf square period, end of mining, 3 months
after mining, 1 year after mining, and 2 years after mining.
The analysis results showed that the surface subsidence of
backfill mining was significantly affected by monitoring
time. Although the surface did not show large subsidence
during the mining, surface subsidence increased signifi-
cantly from 3 months to 1 year after mining. The time of 2
years after backfill mining can be regarded as the time when
mining was completed, and the surface subsidence above the
working face did not increase further at this time.

3.4. Determination of Surface Prediction Parameters in
Tangshan Mine. According to the surface subsidence
monitoring results of the Tangshan mine of previous years,
the subsidence factor of the Tangshan mine with the caving
method was determined to be between 0.55 and 0.85; the
tangent of the major effective angle was between 1.92 and
2.40; and the offset distance of the inflection point was 0.
Through parameter inversion of the surface subsidence in
the F zone, the subsidence factor of backfill mining was
determined to be 0.028, and the tangent of the major ef-
fective angle was 1.20, as shown in Table 4.
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As shown in Table 4, the surface subsidence prediction
parameters currently obtained from monitoring one to two
working faces are not accurate, as the subsidence factor is
extremely low. The prediction with these parameters is thus
not representative of the surface subsidence after mining in
the area. Therefore, by comparing the predicted results of
surface subsidence, considering multiple factors in the F
zone, the subsidence factor appropriate for the predicted
subsidence with solid backfill mining of underground coal in
the Tangshan mine was determined to be 0.82, and the
tangent of the major effective angle is 2.15. At this time, the
predicted result of surface subsidence is 152 mm, which can
be regarded as the final amount of surface subsidence after
the end of mining in the F zone.

4, Discussion

Surface subsidence is greatly affected by mining areas; it is
necessary to analyse the influencing factors of surface
subsidence. At the same time, the parameters of surface
subsidence prediction will change accordingly. An analysis
software was used for coal mining subsidence prediction,
and the results are shown in Table 5. The surface subsidence,
horizontal deformation, curvature, and tilt deformation
under different influencing factors were analysed and
compared. The test results obtained are shown in Figure 10.

As shown by the analysis in Figure 10, the subsidence,
horizontal deformation, curvature, and tilt deformation
increase gradually as the face length increases gradually. The
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TaBLE 3: Comparison of surface deformation parameters between infill mining and collapse mining.

. . . Maximum
. Maximum Maximum tilt . . . .
Mining . . . curvature Maximum horizontal Maximum horizontal
Working face  subsidence deformation . . .
method deformation deformation value (mm) deformation (mm/m)
(mm) (mm/m) 2
(mm/m~)

T3292 66 0.76 0.064 50.6 1.53
r‘;ftﬁl}i F5001 31 1.65 0.094 16.1 1.25

F5002 25 0.29 0.012 7.84 0.81
Caving F5009 210 6.65 0.59 168.1 4.25
method

TaBLE 4: Calibration of projected surface parameters for the Tangshan mine.
Subsidence Tangent of Offset distance of Horizontal Minine impact propagation
Item P major effective the inflection movement § tmpact propag
actor . : angle
angle point coeficient

Caving method 0.55-0.85 1.92-2.4 0 0.33 82
Backfilling method 0.85-0.89 1.62-2.20 0.05-0.240 0.33 82
(experience)
Backfilling method 0.028 1.20 0 0.33 82
(measured)
Backfilling method 0.82 2.15 0 0.33 82
(simulated)

subsidence, horizontal deformation, curvature, and tilt de-
formation decrease gradually as the compression ratio in-
creases gradually, and the subsidence, horizontal
deformation, curvature, and tilt deformation do not change
much with an increase in coal pillar width.

In particular, when the compression ratio is 0.3, that is,
the caving method is used to deal with the hollow area, the
surface deformation exceeds the set damage level; thus, the
compression ratio is the main influencing factor of surface
deformation. From the predictive analysis of surface de-
formation, it is apparent that the compression ratio should
be 0.6 or more to ensure the safety of surface buildings. In
consideration of the influence due to early subsidence of the

roof of the mining area, the compression ratio should be at
least 0.8 in an actual backfilling operation.

An analysis software was used for coal mining subsi-
dence prediction, and the results are shown in Table 6. The
surface subsidence, horizontal deformation, curvature, and
tilt deformation under different influencing factors were
analysed and compared. The test results obtained are shown
in Figure 11.

From the analysis shown in Figure 11, as the subsidence
factor increases gradually, the subsidence increases gradually
while the horizontal deformation, curvature, and tilt de-
formation tend to stabilise. As the tangent of the major
effective angle increases, the subsidence, horizontal
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TABLE 5: Predicted results.

Test Subsidence Horizontal deformation Curvature Tilt
1 108 -0.7 -0.01 +0.5
2 131 -0.9 -0.01 +0.6
3 152 -1.0 -0.01 +0.7
4 173 -1.1 0 +0.8
5 194 -1.2 -0.01 0.9
6 533 -34 -0.03 2.5
7 304 -2.0 -0.02 1.5
8 228 -1.5 +0.01 1.1
9 152 -1.0 -0.01 +0.7
10 76 -0.5 0 0.4
11 153 -1.0 -0.01 +0.7
12 152 -1.0 -0.01 +0.7
13 152 -1.0 -0.01 +0.7
14 151 -1.0 -0.01 +0.7
15 150 -0.9 -0.01 +0.7
600 155
200 ¢ . (0.3,533) .
S (80.199) é 500 é 154
= 180 + = =
3 g 400 | g 1531 {0.153)
geor (60,152) < 300 | 06,309 =R o
_§ ’ _é _é (5,152)
2 140 | 2 (0.7,228) 2
s 3 200 08,152 | § 151 ¢ (15, 151)
< < <
5 120 | (40,108) = 100 | S 150 | (20, 150)
@ @ (0.9, 76) @
100 N N N N N 0 N N N N N N N 149 N N N N N
40 50 60 70 80 03 04 05 06 0.7 08 09 0 5 10 15 20
length of working face (m) compressed ratio width of coal pillar (m)
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FiGure 10: Experimental results: (a) surface subsidence values, (b) horizontal deformation, and (c) tilt.
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TaBLE 6: Predicted results.
Test Subsidence Horizontal deformation Curvature Tilt
1 145 -0.9 -0.01 +0.7
2 148 -1.0 -0.01 +0.7
3 152 -1.0 -0.01 +0.7
4 156 -1.0 -0.01 +0.7
5 159 -1.0 -0.01 0.8
6 121 -0.6 0 0.5
7 137 -0.8 -0.01 +0.6
8 152 -1.0 -0.01 +0.7
9 167 -1.2 -0.01 0.9
10 181 -1.3 +0.01 +1.0
11 152 -1.0 -0.01 +0.7
12 152 -1.0 -0.01 +0.7
13 152 -1.0 -0.01 +0.7
14 152 -1.0 -0.01 +0.7
15 152 -1.0 -0.01 +0.7
160 154
180 + (2.55, 181)
g 156 (0.84, 156) § g 3
> — 165 ¢ (2.35,167) =15
i i3 Sl Q
Q 53 o
b 152 + (0.82,152) 5 g (0.006, 152) (0.086, 152) (0.166, 150)
g 2150 | 3 152
_oé —?’, -5 (0.046, 152) (0.126, 151)
@ 148 I (1.95,137) ©
:é (0.80, 148) u§ 135 + % 151 b
2 144 | (0.78,145) 2 2
o 120 | (175, 121)
1 1 1 1 1 1 150 1 1 1 1
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subsidence factor tangent of major effective angle offset distance of the inflection point
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= ~ 255,13) m |~
1 I |
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FiGure 11: Predicted results: (a) surface subsidence values, (b) horizontal deformation, and (¢) tilt.
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deformation, curvature, and tilt deformation increase
gradually. As the offset distance of the inflection point in-
creases, the subsidence, horizontal deformation, curvature,
and tilt deformation do not change.

It can be seen that the subsidence factor is the main
influencing factor of the surface subsidence prediction re-
sults and that the tangent of the major effective angle is the
main factor affecting the prediction results of surface hor-
izontal deformation and tilt.

5. Conclusion

(1) The CORS system was used to monitor the surface
subsidence of coal mining under Tangshan city,
which spanned more than 5 years and covered the T
zone and the F zone, corresponding to a mining area
of 150,000 m”. The monitoring results showed that
the surface protection requirements of urban mining
were met by solid backfill mining, which had gentler
surface deformation than caving mining. The max-
imum subsidence in the T zone after 32 months of
working face mining was 66 mm, and the maximum
subsidence in the F zone after 6 months of working
face mining was 31 mm.

(2) Through the multifactor surface subsidence pre-
diction based on the probability integral method, it
was concluded that surface subsidence is strongly
influenced by the working face length and the
compression ratio. The surface deformation in-
creases gradually as the face length increases and the
compression ratio decreases. To ensure the safety of
surface buildings, the compression ratio must be at
least 0.8.

(3) By comparing the actual measurement data in the
field with the quality simulation data, the subsidence
factor suitable for the Tangshan mine was finally
determined to be 0.82, and the tangent of major
effective angle was determined to be 2.15, at which
time the predicted results are close to the subsidence
results after extensive backfill mining in the mining
area.
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