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Abstract
In order to make a reasonable evaluation of the effect of backfill mining on non-coal mines, the first phase of the Laixin 
iron ore mine project is taken as an example. First, a geomechanical model of iron ore mining was established according to 
geological theory; second, numerical simulation software FLAC3D was used to analyze the surface subsidence, horizontal 
displacement, plastic failure range of the surrounding rocks, and stress conditions of the surface and surrounding rocks under 
unfilled and filled conditions; finally, the observation data of surface subsidence in the open area were analyzed against the 
background of the Phase I mining project of Laixin iron ore mine. The results show that: (1) the amount of surface subsid-
ence increases with the increase of burial depth. As the mining depth increases, the amount of ground subsidence gradually 
increases. (2) Numerical simulation of the amount of surface subsidence and horizontal displacement in the unfilled condition 
is ten times that in the filled condition; the plastic zone of destruction in the unfilled condition extends to the surface, and the 
plastic destruction in the filled condition is mainly in the vicinity of the mining location, and the vertical stress in the unfilled 
condition is much larger than that in the filled condition; (3) the on-site measured results are basically consistent with the 
numerical simulation results, and the numerical simulation can be used to reasonably predict the amount of subsidence and 
horizontal displacement of the ground surface, and the force on the goaf.

Keywords Computational analysis · Numerical simulation · Ground subsidence · Horizontal displacement · Plastic failure · 
Field observation

Introduction

With the reduction of land resources, the government 
requires that protective measures should be adopted in the 
mining process. At present, the use of waste gangue to fill 
the mining area is a green mining method recognized by the 

world (Fu et al. 2014; Feng et al. 2015; Wang et al. 2018). 
The use of waste gangue to fill the goaf can effectively solve 
the problem of surface subsidence and movement (Villegas 
et al. 2011; Qi and Gao 2013; Strozzi et al. 2017). The filling 
effect is directly related to the quality of the project after fill-
ing. Therefore, how to effectively evaluate the filling effect 
need a lot of research work.

At present, the problem of mine filling is generally 
divided into coal mine filling and non-coal mine filling. 
Chen et al. (2017) conducted physicochemical evaluation, 
proportional strength test, and pumpability test to evaluate 
the feasibility of mixed construction waste and ultrafine tail-
ings (CW&UT) as underground mine filling aggregates (Dai 
et al. 2011; Fokker et al. 2012). Deng et al. (2017) used the 
practice of cemented filling technology of ultra-fine tailings 
in a gold mine as the background. A series of tests were car-
ried out on the performance of ultrafine filling materials (Li 
et al. 2015). Li et al. (2017) used an experimental approach 
to analyze the effect of material particle size on surface sedi-
mentation. Yin et al. (2018) used sulphide mine tailings as 

 * Lifu Pang 
 plf1715@163.com

1 College of Energy and Mining Engineering, Shandong 
University of Science and Technology, Qingdao 266590, 
Shandong, China

2 Shandong University of Science and Technology State 
Key Laboratory of Mine Disaster Prevention and Control, 
Qingdao 266590, Shandong, China

3 College of Safety and Environmental Engineering, Shandong 
University of Science and Technology, Qingdao 266590, 
Shandong, China

4 Laiwu Laixin Iron Ore Co., Ltd, Jinan 266590, Shandong, 
China

http://crossmark.crossref.org/dialog/?doi=10.1007/s12665-021-09844-8&domain=pdf


 Environmental Earth Sciences (2021) 80:505

1 3

505 Page 2 of 24

raw material to prepare a cement tailings backfill (CTB). 
They used numerical simulation and combined the backfill 
formulation (sulfur content, binder dosage, solids concentra-
tion) and curing time to analyze the expansion performance 
of the filler. Sun et al. (2018) used theoretical analysis and 
numerical simulation (FLAC 3D) to determine the coal pil-
lars and mining width in order to ensure the safety of the 
coal pillars and improve the recovery coefficient, and dis-
cussed the stress distribution and surface settlement of the 
coal pillars under different mining conditions. Chen et al. 
(2019) used modeling to evaluate the mechanical and opera-
tional properties of the filler. Ouattara et al. (2017) studied 
the rheological properties of cement paste backing (CPB) 
in the field, which influenced the flow characteristics of the 
filler during transportation in an open pit. Chaussard and 
Kerosky (2016) use optical satellite data to identify legal 
and illegal mining sites, monitor on-site black sand mining 
activities and characterize the direct impact of mining on 
the landscape (Lin et al. 2018; Juncosa et al. 2019). Strozzi 
et al. (2011) used ENVISAT ASAR data to detect significant 
deformations of 1–12 mm/year above the tunnels on vil-
lages and sparsely vegetated alpine slopes to simulate the 
expected surface deformation before and during construction 
(Lu et al. 2017). Lee et al. (2012) used field experiments to 
hydraulically fill fly ash by establishing an inclined well, 
and evaluated the filling effect (Emad et al. 2018). Li et al. 
(2020) used laboratory tests to evaluate the filling materials. 
The above scholars have all analyzed the filling effect from a 
single perspective (Cai et al. 2015; Ma et al. 2020). In order 
to evaluate the filling effect more reasonably and effectively, 
this paper evaluates the filling effect of the Laixin iron ore 
mine using a combination of model building, theoretical 
calculation, numerical simulation and field measurements.

Geomechanical model and calculation 
of subsidence

Geomechanical models

The main ore body of Laixin iron ore is buried at a depth 
of − 300 m to − 500 m, and the thickness of the ore body 
is 20 m. A geological model is established based on geo-
logical principles (Fig. 1). When the ore body is initially 
excavated, the original stress state of the surrounding rock 
is destroyed and a stress concentration zone appears at the 
initial location of the ore body excavation. As the ore body 
is continuously mined, the mining intensity increases, and 
the ground surface subsides above the goaf. When the ore 
body is excavated to the limit of full mining, the maximum 
value of surface subsidence occurs. Based on the knowl-
edge of elastic mechanics, the model of insufficient mining 
and full mining subsidence is established (Fig. 2).

Where H0 (°) is the mining depth, m; α is the full-min-
ing angle; L (m) is the directional mining dimension; w1 
(m) and w2 (m) are the maximum ground subsidence val-
ues under insufficient mining and full mining conditions, 
respectively.

Fig. 1  Geological model of mining

Fig. 2  Under-mining and fully mining subsidence models
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Prediction and calculation of surface subsidence

Surface subsidence prediction calculations using probabil-
istic integration method. For surface subsidence after iron 
ore mining, a sandbox model and a ball-fall model (Fig. 3) 
can be developed to illustrate the subsidence. The sinking 
curve presented by this model is similar to the probability 
distribution density curve of a normal distribution.

Regarding the mining method of iron ore, it can be 
regarded as unit mining. Unit mining will form a unit 
sinking basin (Fig. 4). The sinking curve of the unit sink-
ing basin is a normal distribution curve. The shape of the 
curve is consistent with the density curve of the probabil-
ity distribution of rock subsidence.

The stable unit sinking basin expression is obtained by 
derivation:

where h (m) is constant; We (m) is sinking distance; x (m) is 
the displacement of the basin along the X direction.

The surface subsidence model is established for the mining 
area of Laishin iron ore (Fig. 5). The Z-axis is located at the 
initial position of excavation, Z is the level of any height, and 
when it reaches the surface, it is the mining depth H. The ori-
gin O is the intersection of the vertical axis and the ore level. 
The X-axis, along the surface level, is the X-direction of the 
shifting basin at the surface.

Assuming that the ore is buried in depth H (m), the ore 
thickness is M (m), and the distance from the origin O is s 
in the ore body. The width of the extracted ore body is ds, 
above which a small subsidence basin dW is initially formed at 
level z. From the expression for the unit basin, the subsidence 
caused by ds is obtained:

(1)We =
h

√

�

⋅ e−h
2x2 ,

(2)dW = qM
H
√

�

e−H
2(x−s)2ds,

Fig. 3  Sinking model

Fig. 4  Unit sinking basin

Fig. 5  Rock settlement under 
the influence of arbitrary mining 
in Laixin Iron Mine
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where q is subsidence coefficient.
According to the superposition principle, when the min-

ing width is L, that is, under any mining conditions, the 
following formula is available:

For a semi-infinite basin, when L → ∞ , Eq. (4) is shown 
below:

According to Eq. (4), we can calculate the amount of 
subsidence of the ground surface or rock layer at any ini-
tial time. It is known that the mining depths of the Laixin 
iron ore are H = − 310  m, − 410  m, − 510  m, and the 
thickness of the mining bodies are 11 m, 10 m, and 12 m, 
respectively. According to the research of Li Hailiang et al. 
(2014), the subsidence coefficient q is 0.6, and the impact 
of mining cannot reach an infinite range. Therefore, L is 
2000 m, X is 500 m, and 0 < s < 50 m. MATLAB software 
is used to process the data, so the subsidence curve at dif-
ferent mining depths can be obtained (Fig. 6).

Figure  6 shows that no subsidence occurred at the 
beginning of mining, and the surface began to be affected 
when the mining length was about 25 m. As the face length 
advanced, the surface subsidence increased. In addition, 
the amount of subsidence on the surface increases. As the 
mining depth increased, the amount of subsidence at the 
surface gradually increased, and the maximum subsidence 
at the − 300 m, − 400 m, and − 500 m levels at about 70 m 
was 75 mm, 70 mm, and 60 mm, respectively.

(3)W(S) = qM
H
√

�
∫

L

0

e−H
2(x−s)2ds.

(4)W(S) = qM
H
√

�
∫

∞

0

e−H
2(x−s)2ds.

Numerical simulation

Engineering background

Laiwu Laixin Iron Mine is located in Niuquan Town, 
Laiwu City, Shandong Province, which is 12 km away 
from Laiwu City in the east and 7.5 km away from Xintai 
Railway Linjialou Station in the north, with convenient 
transportation. The region has a warm temperate conti-
nental climate with an extreme maximum temperature 
of 39.2  °C and an extreme minimum temperature of 
− 21.8 °C. The average annual precipitation is 766.4 mm, 
the average annual wind speed is 3.0 m/s, and the predomi-
nant wind direction is northeast throughout the year. The 
seismic intensity is 7°. The mine site is covered with farm-
land, with Ji Jia Zhuang and Xi Shang Zhuang to the south 
and west, respectively (the nearest distance between the 
mine site and the village is 500–600 m). The environmen-
tal quality is good, as there are almost no other industries 
in the area except for the Laixin iron ore mine. There is 
no nature reserve or cultural relic reserve in the vicinity.

Laixin Iron Mine is a limited liability company con-
trolled by Luzhong Metallurgical Mining Group. The mine 
has six ore belts and 16 ore bodies, with a total resource of 
44.09 million tons submitted in the geological investiga-
tion report, of which 8.98 million t of geological reserves 
are mined in the first phase. The second phase of the pro-
ject is planned to mine three ore bodies above − 305 m in 
the eastern ore zone IV, V, and three ore bodies between 
− 305 m and − 505 m in the western ore zone (Fig. 7).

Model establishment

In order to verify the calculated surface subsidence results 
from the theoretical analysis, we analyze the subsidence 
displacements, horizontal displacements, and stress condi-
tions of the surface and surrounding rocks in the plastic 
failure range of the surrounding rocks after filling and min-
ing, and reasonably evaluate the filling effect. This paper 
uses the finite difference simulation software FLAC3D 
to perform numerical simulation of ore body excavation. 
FLAC 3D (Fast Lagrangian Analysis of Continua) simula-
tion computing software developed by American ITASCA.

According to the actual geological conditions and min-
ing parameters of Laixin iron ore mine and the charac-
teristics of the roof and floor rocks, the height range (Z 
direction) of the model is from − 100 to − 500 m, and the 
length and width are 400 m, respectively. The strength 
reduction method is used to simplify the relevant param-
eters and establish the model. The scale in the figure is 
all 1:6000, that is, 1 cm in the figure is roughly equal to 

Fig. 6  Subsidence curves for mining at different depths
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60 m in reality. The model is divided into 67,200 hexahe-
dral units and 72,283 nodes. The boundaries of the model 
are horizontally constrained, the upper boundary is free, 
and the bottom boundary is fully constrained. Two simu-
lation scenarios are carried out, without filling and with 
filling. The excavation is 20 m at each step along the strike 
length, and 15 steps are excavated, totaling 300 m. For the 
geological conditions of the Laishin Mine, the numeri-
cal simulation treats the media with different mechanical 
properties, such as the filling body, ore body and surround-
ing rock, as isotropic elasto-plastic continuous media, and 
the yield conditions adopt the Moore–Cullen criterion. 
The mechanical parameters of the selected ore body, fill-
ing body and surrounding rock are shown in Table 1. A 
three-dimensional numerical analysis model of FLAC3D 
(Fig. 8) was established based on the above conditions. 
The mining scheme under unfilled conditions was used as 
a comparison.

Simulation scenario design

After the model is established, in order to monitor and 
record the subsidence and horizontal displacement of each 
layer of the surface and roof strata in the simulation process, 
the coordinate points in Table 2 are selected for monitoring.

In Z = 250, Z = 300, Z = 350, Z = 400 layers, respectively, 
5 coordinates are selected for every 50 m height, and 20 
coordinates are taken for 4 layers. The schematic diagram 
of selecting points is shown in Fig. 9. In the simulation pro-
cess, the 101–120 point subsidence displacement and hori-
zontal displacement were recorded separately. In order to 
distinguish from the subsidence count, the coordinates of the 
101–120 point recorded by the horizontal displacement were 
named 121–140. Consider the displacement along the X 
direction during the simulation as horizontal displacement.

Results analysis

Analysis of subsidence

When an ore body is excavated at different distances, the 
subsidence of the stratum directly affects the stability of the 
surface environment. Numerical simulation is used to moni-
tor and record the subsidence of different strata in order to 
effectively predict the impact of ore body mining on the 

Fig. 7  Location map

Table 1  Material performance parameters

Parameter Surrounding rock Mineral Filling body

Gravity (t/m3) 2.8 3 2.5
Bond strength (MPa) 1.8 1.8 0.7
Internal friction angle (°) 39 38 36
Tensile strength (MPa) 1.1 0.7 0.6
Elastic modulus (MPa) 16,000 14,000 7000
Poisson’s ratio 0.17 0.32 0.19

Fig. 8  Three-dimensional numerical analysis model
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environment. Because the Laixin iron ore mine adopts the 
mining method of tailings filling, statistical analysis of the 
subsidence amount after filling can be used to evaluate the 
filling effect. For comparison, it is necessary to predict the 
amount of subsidence during filling as well.

Analysis of the amount of subsidence without filling

The finite difference software FLAC3D was used to simu-
late the excavation of the ore body without tailings filling, 
and the subsidence curves at points 101–120 were obtained 
(Fig. 10). When Fig. 10 was analyzed separately, it was 

found that the law of subsidence is consistent in different 
horizons, and the subsidence increases continuously as the 
working face advances. The curves in Fig. 10 all show a 
tendency for the adjacent peaks to gradually increase. The 
subsidence is negligible in the 50 m range of the excavated 
ore body, and after 50 m it starts to show a regular increase. 
Comparing Fig. 10(1)–(4), it can be found that the maximum 
value of subsidence increases with the increase of burial 
depth, which is consistent with the results of the theoretical 
calculation. For the curves within each figure in Fig. 10, it 
can be found that within the same layer, the peak becomes 
larger as the value of X increases.

When the mining distance is the same, the amount of sub-
sidence in different layers is also of interest. It is necessary 
to analyze the amount of subsidence at different layers when 
the mining distance is the same. The subsidence curves are 
plotted according to the data obtained from numerical simu-
lations at each point (Fig. 11). According to Fig. 11, it can 
be seen that the greater the depth of burial, the greater the 
amount of subsidence under the same advancing distance 
conditions. Similarly, each of the curves conforms to the 
pattern of smaller subsidence in the first 50 m of mining, 
as shown in Fig. 11. As the working face advances, it can 
be seen that the closer the point to the mining location, the 
greater the amount of subsidence.

Comprehensive analysis of Figs. 10 and 11, it can be 
found that the peak values of the maximum subsidence at 
different depths all exceed 0.3 m. Basically, they all show a 
broken line state of increasing trend.

Analysis of subsidence during filling

The finite difference software FLAC3D was used to simulate 
the excavation of the ore body under the tailings filling con-
dition, and the subsidence curves of points 101–120 under 
the filling condition were obtained (Fig. 12).

According to Fig. 12, under the same stratigraphic con-
ditions, points 105, 110, 115, and 120 all show the law of 
increasing subsidence with the advancement of the working 
surface. All other points show a tendency of increasing sub-
sidence before the face advances to 150 m and decreasing 
subsidence in the range of 150–300 m. This is because the 
role of the filler is limited in the early stage of mining, and 
as the fill area increases, the role of the filler in stabilizing 
the stratum and controlling subsidence becomes greater and 
greater. Points 105, 110, 115, and 120 are all later stages 
of mining and are, therefore, affected by mining for longer 
periods of time and less by the role of the fill body. When 
the ore body was mined and filled, the amount of subsidence 
was reduced by a factor of about ten compared to the unfilled 
level, so it can be considered that the filling effect is good 
and effectively reduces the amount of subsidence.

Table 2  Data table of different layers

Stratum Coordinate 
point

X (m) Y (m) Z (m)

Z = 250 m 101 100 200 400
102 150 200 400
103 200 200 400
104 250 200 400
105 300 200 400

Z = 300 m 106 100 200 350
107 150 200 350
108 200 200 350
109 250 200 350
110 300 200 350

Z = 350 m 111 100 200 300
112 150 200 300
113 200 200 300
114 250 200 300
115 300 200 300

Z = 400 m 116 100 200 250
117 150 200 250
118 200 200 250
119 250 200 250
120 300 200 250

Fig. 9  Schematic diagram of each layer
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The analysis curves (Fig. 13) of the subsidence amount in 
different layers with the same value of mining X during min-
ing and filling are shown below. According to Fig. 13, when 
the value of X is the same, the subsidence at the X mining 
location is the largest; the closer the mining location is to the 
sink volume, the larger the sink volume will be, and the sink 
volume will gradually increase as the burial depth increases.

Horizontal displacement analysis

According to some experts and scholars, the impact of 
horizontal displacements on the earth’s surface cannot be 
ignored. The rupture of surface structures is largely caused 
by excessive horizontal displacements. According to the 
finite difference software FLAC3D, an excavation simula-
tion of the ore body without tailings filling was performed, 

and the subsidence curves at points 121–140 were obtained 
(Fig. 14).

According to Fig. 14(1), the displacement at each point 
in the horizontal direction gradually increases as the work-
ing surface advances. The increase in horizontal displace-
ment is larger in the negative direction and slower in the 
positive direction along the horizontal plane. At points 
121–125 on the surface, the horizontal displacement near 
the mining position is larger as the mining progresses. The 
horizontal displacement is greatest at the point, where the 
face advances to about 250 m. According to Fig. 14(2), 
at Z = 350 m, the horizontal displacement in the negative 
direction occurs when the face advances to about 150 m, 
and the horizontal displacement first increases and then 
decreases as the face advances. In the working surface 
range of 150–300 m, the horizontal displacement in the 

Fig. 10  Different stratum subsidence amounts as the working face advances when unfilled
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Fig. 11  Amount of subsidence at different advancing distances when unfilled
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positive direction gradually increases and almost no hori-
zontal displacement in the negative direction occurs. This 
is because points 126–128 are located on the left side of 
the working face at 150 m, and points 129 and 130 are 
located on the right side of the working face at 150 m. 
In the mining process, points 126–128 are closer to the 
surface and points 129–130 are farther away from the sur-
face, so they have less influence on points 129–130. By 
the same token, after advancing to 150 m, the influence 
on points 129–130 is greater.

According to Fig.  14(3), the displacement along the 
horizontal positive direction is larger at Z = 300 m, and the 
maximum displacement occurs when the working surface 
is advanced to 150 m. According to Fig. 14(4), it can be 
observed that the horizontal displacement is generally larger 
at closer to the mining position.

Based on the horizontal displacement data obtained for 
points 121–140, the horizontal displacement curves for 
different levels with the same horizontal coordinates are 
analyzed.

According to the overall analysis of Fig. 15, the fol-
lowing law was found. At X = 100 m, when the working 
surface advances to 150 m, the horizontal displacement of 
each level does not change much. When the working sur-
face advances to 150 m, the displacement in the positive 
horizontal direction gradually increases. When X = 150 m, 
the displacement in the negative horizontal direction first 
increases and then decreases in front of the working sur-
face advancing to 150 m. After advancing to 150 m, the 
displacement in the positive horizontal direction gradually 
increases. At X = 200 m, the horizontal displacement in the 
negative horizontal direction increases and then decreases 

Fig. 12  Subsidence of each layer advanced with the working face during filling



 Environmental Earth Sciences (2021) 80:505

1 3

505 Page 10 of 24

Fig. 13  Subsidence curve during filling
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as the working surface advances, and the maximum dis-
placement occurs when the working surface advances to 
near 175 m. At X = 250 m and X = 300 m, the law of dis-
placement curve is similar to that at X = 200 m. In sum-
mary, it can be concluded that with the change of X, the 
maximum displacement gradually approaches to the value 
of X. The maximum displacement of the working surface 
is increased and then decreased.

The finite difference software FLAC3D was used to 
simulate the excavation of the ore body under mining-and-
filling conditions, and the horizontal displacement curves 
at 121–140 points were obtained (Figs. 16, 17). According 
to Figs. 16 and 17, the horizontal displacement is reduced 
by about 10 times after the filling. The law of the horizontal 
displacement is similar to the unfilled one, but the trend of 
the curve tends to be flat. It can be concluded that the filling 

effectively reduces the damage of the horizontal displace-
ment, and the filling effect is good.

The horizontal displacement curve of different horizons 
under the same filling conditions.

Plastic failure analysis

Plastic failure analysis without filling

The finite difference software FLAC3D was used to simu-
late the excavation of the ore body under unfilled condi-
tions, and the plastic zone failure cloud map was obtained 
(Fig. 18). According to the simulated plan design, one step 
is excavated every 20 m, for a total of 15 steps of 300 m. 
In order to fully observe and analyze the extent of plastic 
zone damage during the mining process, the plastic failure 

Fig. 14  Horizontal displacement of each layer when unfilled
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Fig. 15  Horizontal displacement curves of different horizons when unfilled
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map of the whole process is displayed. Figure 18 shows 
that in the original rock state, the stratum is in equilib-
rium and no plastic failure is thought to have occurred. 
When the excavation is performed for 20 m, the plastic 
failure zone begins to appear. The main forms of plastic 
failure are compressional and tensile shear failure. As the 
face advances up to 180 m, the plastic failure reaches the 
surface, and as the face advances, the zone of plastic fail-
ure at the surface gradually increases. As the ore body is 
extracted, the plastic failure area increases rapidly, and a 
symmetrical “saddle-shaped” failure area appears directly 
above the mining part. When the ore body is mined up to 
200 m, a “conical” damage zone appears directly under-
neath the mining site.

Plastic failure analysis during filling

The finite difference software FLAC3D was used to simulate 
the excavation of the ore body under filling conditions, and 
the plastic zone damage cloud map was obtained (Fig. 19). 
According to Fig. 19, the plastic damage in the mined area 
after filling is mainly concentrated in the vicinity of the min-
ing location and has almost no effect on the surface. There-
fore, it can be concluded that the filling effectively reduces 
the plastic damage range.

Vertical stress analysis

The finite difference software FLAC3D was used to per-
form excavation simulation of the ore body under unfilled 

Fig. 16  Horizontal displacement curves of different layers
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Fig. 17  Horizontal displacement curve after filling
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Fig. 18  Plastic failure cloud 
diagram without filling
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Fig. 19  Plastic failure cloud 
diagram during filling
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Fig. 20  Vertical stress cloud 
diagram without filling
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Fig. 20  (continued)
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conditions to obtain the vertical stress curve (Fig. 20), and 
the excavation simulation of the ore body under filled condi-
tions to obtain the vertical stress curve (Fig. 21).

Figure 20 shows that the maximum and minimum vertical 
stresses on the surrounding rock increase slowly after min-
ing with tailings fill. The range of stress concentration in the 
vicinity of the cut hole decreases. As mining progresses, the 
vertical stress zone around the mining site increases slowly. 
The stress concentration zones in the mining area and in the 
attachment of the cutting eye change less. The vertical stress 
distribution around the mining site showed an irregular sym-
metrical pattern. The maximum vertical stress was 36 MPa, 
and the minimum vertical stress was 0.65 MPa.

The comparison between Figs. 20 and 21 shows that the 
vertical stress is greater in the open area before filling, and it 
tends to expand symmetrically with the excavation of the ore 
body. After filling the tailings, the maximum vertical stress 
is reduced from 43.7 to 36 MPa, and the vertical stress shows 
a slow increasing trend. Therefore, it is believed that the 
selected filling material can effectively reduce the stress con-
centration range and strength according to the ratio of tail-
ings, material particle size, slump, lime–sand ratio and tail-
ings settlement characteristics obtained from the experiment.

Mobile observatory analysis

In order to accurately monitor the surface settlement of t he 
mined-out area of Laixin iron ore mine, a mobile observa-
tion station was used to measure the surface settlement in the 
mining area, which spanned the period from June 2017 to 
June 2018. According to the design principle of the mobile 
observatory, it was decided to set up two observation lines 
along the inclination of the ore body and one observation 
line towards the ore body, with 19 observation points on the 
inclination line 1, 19 observation points on the inclination 
line 2, and 25 observation points on the trend line (Fig. 22).

Points 1, 9, and 18 of the tendency line 1 were selected to 
draw a surface subsidence map (Fig. 23), points 5, 14, and 
19 of the tendency line 2 were selected to draw a surface 
subsidence map (Fig. 24), and points 4, 14, and 21 of the 
tendency line 3 were selected to draw a surface subsidence 
map (Fig. 25).

From Fig. 23, we can see that the observation points on 
both sides of the mining site have less subsidence. The maxi-
mum subsidence at the beginning of mining is 35 mm, and 
the subsidence at the end of mining is larger than at the 
beginning. This means that the amount of subsidence at the 
surface will increase due to the effects of mining action. The 
maximum displacement subsidence of the observation point 
located at the center of mining is 75 mm, which indicates 
that the center of the surface movement basin is nearby.

From Fig. 24, we can see that in the new mining area, the 
surface subsidence pattern is consistent with Fig. 19, and the 
maximum surface subsidence amount does not change much.

From Fig. 25, the subsidence at the trend observation 
point is larger than that at the tendency observation point, 
which is caused by the larger distance in the trend direction.

Discussion

The construction of a geological model of surface subsid-
ence is useful for the analysis of post-mining surface move-
ment in mining areas, but it cannot be replicated on a large 
scale, because the model is built for specific geological con-
ditions. The finite-difference software FLAC3D is used to 
simulate mining under filled and unfilled conditions, and 
the filling effect is reasonably evaluated with the amount of 
surface subsidence, horizontal displacement, plastic failure 
range of the surrounding rocks, and stress conditions on the 
surface and surrounding rocks as evaluation options. Based 
on the comparison between the simulation results and the 
actual observation results, the two basically fit together. 
However, it should be noted that due to the mechanical 
nature of the numerical simulation, it should be combined 
with the actual measurement in the actual application. The 
oscillation of the surface displacement curve in the thesis is 
caused by the limited selection of points and random errors.

Conclusion

1. Based on the knowledge of elastic mechanics, we estab-
lished a subsidence model for insufficient mining and 
full mining, and predicted that the maximum subsid-
ence value of the surface affected by mining occurs in 
the middle of the upper part of the emptied area. As the 
burial depth increases, the subsidence amount increases 
continuously.

2. Based on the finite difference software FLAC3D, a sim-
plified three-dimensional numerical analysis model of 
Laixin Iron Mine was established, and numerical simu-
lation was carried out by converting the tailings to fill 
the goaf and unfilled goaf. By analyzing the amount 
of subsidence, the amount of horizontal displacement, 
the plastic failure range of the surrounding rock, and 
the stress status of the surface and surrounding rock, 
it is found that the use of tailings filling can effectively 
reduce the amount of surface subsidence, the damage of 
the surrounding rock and the stress concentration.

3. The on-site mobile observation station is used to observe 
the surface subsidence, and the observation results are 
matched with the numerical simulation results, which 
verifies that the filling material data obtained from the 



 Environmental Earth Sciences (2021) 80:505

1 3

505 Page 20 of 24

Fig. 21  Vertical stress cloud 
diagram during filling
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Fig. 21  (continued)
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experiment is reliable, and also shows that the numeri-
cal simulation method can be used to predict the surface 
subsidence and displacement.

Fig. 22  Observation map of mining area

Fig. 23  Observation line 1 of 
inclined surface subsidence
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Fig. 24  Observation line 2 of 
inclined surface subsidence
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