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Abstract
The surface deformation and strata movement caused by underground mining in a metal mine often exceeds the designed 
range, which can destroy main shafts and other key structures, causing huge economic losses and affecting production safety. 
Here, the main shaft area of Chengchao Iron Mine affected by tectonic stress is analyzed. Detailed monitoring data from the 
past 11 years were used to analyze the surface deformation characteristics and the strata movement mechanism. The results 
show that the surface deformation in the main shaft area shows S-shaped curve characteristics comprising a stable deforma-
tion stage, a rapid deformation stage and a stable deformation stage. The surface horizontal displacement vector in the main 
shaft area points to the western mining area, indicating that the surface deformation in the main shaft area is mainly affected 
by underground mining in the western area. From December 2007 to December 2009, the expansion of the movement line 
( � = 2 mm/m) was small; in December 2009, the expansion of the movement line increased significantly. The expansion law 
of the break line ( � = 6 mm/m) was similar to that of the movement line. Furthermore, the movement angle decreased signifi-
cantly from December 2009 to December 2011, and the break angle sharply decreased from December 2010 to December 
2012. The cantilever beam mechanics model revealed that the fractured width of footwall in the direction of the main shaft 
area was 266 m. When exploitation reaches a horizontal depth of − 600 m, the fracture width is predicted to reach 402 m.

Keywords Metal mine · Underground mining · Main shaft · Field monitoring · Surface deformation · Strata movement 
mechanism

Introduction

Ground deformation and strata movement induced by under-
ground mining are influenced by many factors, such as the 
existence of ore bodies, in situ stress, geological structures, 
hydrogeological conditions, and the mining method (Brady 
and Brown 1985; Kalenchuk et al. 2008; Wu et al. 2009; 
Villegas et al. 2011; Villegas Barba and Nordlund 2013; Can 
et al. 2012; Zhao et al. 2012b, 2013; Li et al. 2013). Thus, 
when ground deformation exceeds the forecasted deforma-
tion, the shaft and related facilities around the mining area 
will be damaged. This process is common in mines around 

the world. For example, in the Tower Colliery mine in New 
South Wales, Australia, the extent of the mining-impacted 
area reaches over 1500 m from the mined-out area at a min-
ing depth of only 450 m (Reid 1998; Hebblewhite 2001). 
The excavation of Xiaoguanzhuang Iron Mine in Shandong, 
China caused the major deformation of the main and auxil-
iary shafts which are located approximately 600 m from the 
mined-out boundary; this seriously affected the normal use 
of the main and auxiliary shafts (Li et al. 2006, 2009). In 
the No. 14 ventilating shaft of the Jinchuan No. 2 Mine area, 
China, underground mining caused a large degree of rock 
movement and triggered a sudden fall accident, resulting in 
the filling of a ventilating shaft (Zhao et al. 2012a). In the 
eastern area of Chengchao Iron Mine, China, the movement 
angle and break angle of the footwall were both smaller than 
their designed values, resulting in the deformation and dam-
age of the eastern main shaft and other key buildings (Song 
et al. 2017).

The main shaft behaves like a throat to transport ore 
upward in underground mining areas. The stability of a shaft 

 * Kaizong Xia 
 xiakaizong1988@sina.com

1 State Key Laboratory of Geomechanics and Geotechnical 
Engineering, Institute of Rock and Soil Mechanics, Chinese 
Academy of Sciences, Wuhan 430071, China

2 University of Chinese Academy of Science, Beijing 100049, 
China

http://orcid.org/0000-0001-5103-3169
http://crossmark.crossref.org/dialog/?doi=10.1007/s12665-018-7507-2&domain=pdf


 Environmental Earth Sciences (2018) 77:335

1 3

335 Page 2 of 14

can be influenced by many factors (Novikov 1979; Rejeb and 
Bruel 2001; Bruneau et al. 2003a, b; Yao et al. 2003). Many 
scholars around the world have addressed the problems of 
surface deformation and shaft damage caused by under-
ground mining. Bruneau et al. (2003a, b) studied the influ-
ence of faults on the stability of the main shaft in the Monte 
Eesa mine in Australia using comprehensive numerical mod-
eling and theoretical analysis method and found that there 
was a compression zone resulting in vertical displacement 
around the shaft. Li et al. (2009) analyzed the reasons for the 
deformation of the main and auxiliary shafts located outside 
the traditional “movement angle” in Xiaoguanzhuang Iron 
Mine and found that the shaft damage is affected by regional 
horizontal displacement. Ma et al. (2013) and Zhao et al. 
(2012a) analyzed the damage mechanism of the ventilating 
shaft based on a comprehensive consideration of geological 
conditions, underground excavations, and numerical simula-
tions and found that the steep dip angle of the ore body and 
fault/fissures was responsible for the shaft damage.

Although the abovementioned studies have revealed 
some of the causes of shaft deformation and damage, 
most of these studies are based on theoretical analysis and 
numerical calculations, and they lack reliable monitoring 
data. In this study, based on the monitoring data of surface 
and deep rock mass deformation obtained over the past 11 
years, combined with the analysis of the mechanism of strata 
movement, the ground deformation characteristics and strata 
movement mechanism are analyzed in the main shaft area of 
Chengchao Iron Mine, China.

Description of the mine

Engineering geology and mining situations

Chengchao Iron Mine is located in Ezhou City, Hubei Prov-
ince, China. It is the third largest iron mine in China (after 
Meishan Iron Mine and Jingtieshan Iron Mine), with an 
annual output of over 3 million tons of ore. The ore body is 
approximately 3000 m long (E–W) and 1500 m wide (N–S). 
The topography of the ore district comprises hilly landforms, 
and the ridge extends to the NWW. The rock mass surround-
ing the footwall is granite, and the hanging wall near the ore 
body is diorite. Four main groups of joints in the footwall 
in the west area are found through field investigation, which 
strike NNW, NWW, NE, and NEE. The NNW-striking joints 
are the most developed, with a joint density of 3–10/m and 
an occurrence of 74∠82° (Song and Chen 2013; Chen et al. 
2017).

Metal mines may subject to frequent intensive tec-
tonic movements in the formation of their ore bodies. 
In such mines, their horizontal tectonic stress fields are 
greater than their vertical stress fields (Cai et al. 2000; 

Hebblewhite 2001; Li et al. 2004; Zhao et al. 2012b, 2013; 
Tan et al. 2014). As reported by Xia et al. (2016), a large 
horizontal tectonic stress field exists in the surrounding 
rock mass in the Chengchao Iron Mine. The direction of 
maximum principal stress ( �1 ) is N75°W–N85°W, which 
is consistent with the strike of the ore body, and the max-
imum principal stress of Chengchao Iron Mine is very 
high, approaching 2.8γ h (19.5 MPa) at − 270 m (Fig. 1). 
The direction of minimum principal stress ( �3 ) is approxi-
mately perpendicular to the strike of the ore body. The 
intermediate principal stress ( �2 ) corresponds to the self-
weight stress of the rock mass.

Chengchao Iron Mine is divided into eastern and western 
areas by the #15 exploration line. The I, II, and III ore bod-
ies are located in the eastern mining area, and the III, IV, 
V, VI, and VII ore bodies are located in the western min-
ing area (Fig. 2). The eastern mining area was mined from 
the − 16 m level in 1970, and the western mining area was 
mined from the − 290 m level in 2002. The mining method 
is sublevel caving without sill pillars. Descriptions of the 
mining situations in the western and eastern areas are listed 
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Fig. 1  Diagram of principal stress distribution in Chengchao iron 
mine
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in Tables 1 and 2. Currently, the − 430 and − 447.5 m levels 
are being mined.

Description of the main shaft area

The main shaft of Chengchao Iron Mine is located in the #15 
exploration line of the footwall (Fig. 2), which is the divid-
ing line between the eastern and western areas of Chengchao 
Iron Mine. Operation of the main shaft began in 1989 with a 
total investment of ¥36.99 million (CNY) (currently equiva-
lent to approximately ¥370 million or 56 million dollars). 
The depth of the main shaft is 635 m, the bottom elevation is 
− 550 m, and the tower height is 71.2 m (Fig. 3). The trans-
portation capacity of the main shaft is to upgrade 1.5 million 
tons of ore and 275,000 tons of waste rock each year. This 
project won second place in the Sixth Excellent Engineering 
Design competition of the Chinese Ministry of Metallurgy 
in 1992. After its completion, it became the most important 
main shaft in Chengchao Iron Mine. The main facilities of 

the main shaft area include not only the main shaft, but also 
the western ventilating shaft, railway, mine road, and trans-
portation tunnel (Fig. 4).

Due to the effects of underground mining, the ground of 
the main shaft area, the wall, and the machine room became 
cracked in 2012 (Fig. 5a–c), and the main shaft had to stop 
being used in 2015. The total service life of the main shaft 
was only 26 years; the loss of the main shaft before its 
designed time caused huge losses to Chengchao Iron Mine.

Investigation of ground deformation

Monitoring method and implementation process

Underground mining will lead to the deformation of the sur-
face and the deep rock mass first, resulting in the destruction 
of the building and facilities. To assess the surface defor-
mation induced by underground mining, the global posi-
tioning system (GPS) monitoring technique was applied to 
the mining-influenced area in 2006 after the collapse pits 
occurred in western mining area, and the monitoring net-
work was established using Topcon Hiper-II GPS receivers 
with accuracy in the horizontal direction to 5 and 20 mm in 
the vertical direction. To improve the monitoring accuracy, 
the vertical displacement was monitored by a Leica Auto-
matic Level. A total of 130 GPS monitoring points and 103 
level monitoring points were obtained. Among these moni-
toring points, 13 GPS monitoring points and 21 level points 
were located in the main shaft area, as shown in Table 3. The 
locations of these monitoring points are shown in Figs. 10 
and 11. After the ground of the main shaft area experienced 
the rapid deformation stage, cracks were generated in the 
walls and the machine room. The expansion of the cracks 
was monitored. The locations of the monitoring points are 
shown in Fig. 3; numbers S4–S7 are wall cracks and S4–S7 
are machine room cracks. Meanwhile, to assess the deforma-
tion of the deep rock mass, the horizontal displacement of 
the deep rock mass in the main shaft area has been moni-
tored since August 2011. The monitoring instrument utilizes 
a 50325-M drilling inclinometer from the SINCO Corpora-
tion of the United States. The location of the drill hole is 
shown in Fig. 4.

Monitoring results

By analyzing monitoring data collected over nearly 11 years 
(from 2006 to 2017), the deformation law of the surface 
and deep rock masses is revealed in the main shaft area of 
Chengchao Iron Mine.

1. Based on GPS and level monitoring data, the moni-
toring results of the typical monitoring points in the main 
shaft area are listed in Tables 4 and 5, and the horizontal 

Table 1  Mining situations in western mining area

Mining level (m) Mining date Min-
ing ore 
bodyBeginning End

− 290.0 2002–07 2004–07 #III
− 307.5 2002–11 2004–07 #III
− 325.0 2003–05 2004–12 #III
− 342.5 2004–07 2006–12 #III
− 358.0 2005–10 2008–09 #III
− 375.5 2007–07 2012–06 #III
− 393.0 2009–05 2015–01 #III
− 410.5 2012–03 2017–01 #III
− 430.0 2014–07 #III
− 447.5 2017–05 #III

Table 2  Mining situations in eastern mining area

Mining level (m) Mining date Mining ore body

Beginning End

− 16.0 1970–01 1978–01 #I and #II
− 106.0 1979–01 1984–01 #II
− 160.0 1984–01 1990–01 #II
− 218.0 1990–01 1997–01 #II
− 260.0 1998–01 2002–01 #II
302.0 2002–01 2007–07 #II
− 375.5 2007–07 2012–06 #III
− 393.0 2009–05 2013–12 #III
− 410.5 2013–03 2017–01 #III
− 430.0 2014–07 #III
− 447.5 2016–06 #III
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Fig. 3  Current situations in 
main shaft area of Chengchao 
iron mine took by UAV

Fig. 4  Horizontal projection of mined-out boundaries and location of the main shaft
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displacement curves of the monitoring points from August 
2007 to July 2017 and the vertical displacement curves from 
August 2007 to October 2015 in the main shaft area are plot-
ted in Fig. 6. Based on the monitoring results of the cracks 
in the wall and the machine room, the curves of crack expan-
sion over time are plotted in Fig. 7. The curve of the ratio of 
the horizontal displacement to the vertical displacement of 
typical monitoring points is plotted in Fig. 8.

2. The horizontal displacement vector diagram of the 
main shaft area from June 2006 to July 2017 was drawn with 
Surfer (Fig. 9); this diagram accurately reflects the direction 
of ground deformation in the main shaft area.

3. According to the definitions of the movement line 
(defined as a horizontal strain at the surface of � = 2 mm/m) 
and the break line (defined as a horizontal strain at the sur-
face of � = 6 mm/m), the maps of the movement line and 
break line in the main shaft area from December 2007 to 
July 2017 are plotted in Figs. 10 and 11, and the histograms 
of the annual expansion of the movement line and break 
line are shown in Figs. 12 and 13, respectively. According 

Fig. 5  Ground and structure 
damage in main shaft area

Table 3  Monitoring situations

Monitoring 
period

The total 
number of 
GPS points 
(located in 
main shaft 
area)

The total number of level 
points (located in main 
shaft area)

Monitoring 
frequency

2006–Pre-
sent

130 (13) 103 (21) Once a month

Table 4  Ratio of cumulative horizontal-to-vertical displacement from 
September 2007 to September 2015 (unit: cm)

Monitoring points DC25 DC24 DS02 DS01

Cumulative horizontal displacement 24.9 30.1 20.4 19.8
Cumulative vertical displacement − 24.0 − 16.6 − 9.4 − 10.9
Ratio of cumulative horizontal 

displacement to cumulative vertical 
displacement

1.04 1.81 2.17 1.82

Table 5  Cumulative 
displacement of representative 
monitoring points from 
September 2007 to July 2017 in 
main shaft area (unit: cm)

Monitoring points N E H V Deformation 
direction

E/N

DC24 − 10.0 − 40.1 41.4 − 20.4 SW 4.0
DC25 − 6.1 − 36.5 37.0 − 29.0 SW 6.0
DS01 − 6.0 − 19.9 20.7 − 4.9 SW 3.3
DS02 − 2.6 − 23.5 23.6 − 9.9 SW 9.0



 Environmental Earth Sciences (2018) 77:335

1 3

335 Page 6 of 14

to the definition of the movement angle (defined as the 
angle between the line connecting the movement line to the 
boundary of the mined-out area and a horizontal line) and 
the break angle (defined as the angle between the line con-
necting the break line to the boundary of the mined-out area 
and a horizontal line), the extension of the movement angle 
of the #I profile in the main shaft area from December 2007 
to July 2017 and the break angle from December 2010 to 
July 2017 is plotted in Figs. 14 and 15, respectively.

4. The cumulative horizontal displacement of the deep rock 
mass from August 2011–July 2017, based on the results of 
deep rock monitoring, is plotted in Fig. 16.
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Analysis of ground deformation 
and building damage characteristics 
in the main shaft area

The cumulative displacement curves of the monitor-
ing points in the main shaft area over time (Fig. 6) are 
S-shaped curves. The curves first increase in a stable man-
ner, then enter a rapid growth phase, and finally increase 
in a stable manner again. The rapid deformation stage 
of vertical displacement lasted from December 2009 
to December 2010, and the rapid deformation stage of 

horizontal displacement lasted from December 2009 to 
May 2012. The horizontal displacement continued to rap-
idly increase for some time after the vertical displacement 
resumed its stable stage. From August 2007 to December 
2009, the deformation of the ground increased steadily, 
and the monthly deformation was small. For example, the 
DS02 monitoring point had a total horizontal displace-
ment of 43.5  mm and a cumulative vertical displace-
ment of − 9.0 mm in December 2009, with an average 
monthly horizontal displacement of 1.6 mm and an aver-
age monthly vertical displacement of only − 0.3 mm. In 
December 2009, there was a phase of rapid surface defor-
mation. For example, the accumulated horizontal displace-
ment of the DS02 monitoring point reached 241.0 mm in 
May 2012, and the average monthly horizontal displace-
ment was 6.8 mm from December 2009 to December 2010; 
this value was 4.3 times larger than the average monthly 
horizontal displacement from August 2007 to December 
2009. The cumulative vertical displacement in December 
2010 was − 47.5 mm and the average monthly vertical 
displacement from December 2009 to December 2010 
was − 3.2 mm, which was 10.7 times larger than the aver-
age monthly vertical displacement from August 2007 
to December 2009. After the rapid deformation stage, 
the deformation returned to a stable deformation stage, 
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Fig. 9  Horizontal displacement vector diagram from June 2006 to July 2017 of the main shaft area
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indicating that in the main shaft area, the deep rock mass 
was fractured during the rapid deformation stage and the 
horizontal tectonic stress at the rock mass was released. 
Due to the influence of tectonic stress, the duration of 
the horizontal rapid deformation stage lasted until May 
2012, which was longer than the vertical rapid deforma-
tion stage.

Figure 7 demonstrates that the expansion speed of cracks 
in key buildings is stable. The width of the fastest expanding 
crack, S6, expanded by 20.94 mm from March 2013 to July 
2017, with an average expansion of 0.57 mm per month. The 
slowest expanding crack is S4, which had an accumulated 
expansion width of 0.94 mm and an average monthly expan-
sion width of only 0.02 mm. Figure 6 shows that the surface 
deformation was stable from March 2013 to July 2017, cor-
responding to the stable expansion of cracks, indicating that 
there is consistency between surface deformation and the 
expansion of cracks in the main shaft area.

Table 4 shows that the cumulative horizontal displace-
ment in the main shaft area is greater than the vertical 
displacement. The ratio of the cumulative horizontal dis-
placement to the vertical displacement of DC25, which is 

closest to the western mined-out area, is 1.04. The ratio of 
the cumulative horizontal displacement to the vertical dis-
placement of DC24, which is slightly farther from the west-
ern mined-out area, is 1.81. In addition, the ratios at DS02 
and DS01 are 2.17 and 1.82, respectively. Figure 8 shows 
that over time, the ratio of horizontal displacement to verti-
cal displacement first increases and then decreases, reach-
ing its maximum value in May 2012. The reason for this 
phenomenon is that the vertical deformation stabilized in 
2010, whereas the period of horizontal displacement accel-
eration lasted until May 2012. This timing difference results 
from the large horizontal tectonic stress in the footwall of 
Chengchao Iron Mine (Fig. 1).

Figure 9 shows that the horizontal displacement vec-
tor of the main shaft area points to the western mining 
area of Chengchao Iron Mine, indicating that the surface 
deformation in the main shaft area is mainly affected by 
the underground mining in the western area. Table 5 shows 
that the horizontal displacement in the E direction is much 
larger than that in the N direction. For example, at moni-
toring point DC24, the deformation of the cumulative hori-
zontal deformation from September 2007 to July 2017 is 

Fig. 10  Map of movement line in the main shaft area from December 2007 to July 2017 (all the red numbers refer to GPS monitoring points)
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− 40.1 cm in the E direction (the negative sign indicates 
the westward displacement) and the deformation in the 
N direction is − 10.0 cm (the negative sign indicates the 

southward displacement). Hence, the deformation in the 
E direction is 4.0 times greater than that in the N direc-
tion, which demonstrates that the main shaft area is less 

Fig. 11  Map of break line in the main shaft area from December 2007 to July 2017 (all the red and blue numbers refer to level monitoring 
points)
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affected by the underground mining of the eastern mining 
area (which is located south of the main shaft).

The expansion of the movement line can be seen in 
Figs. 10 and 12. The movement line expanded slightly in 
the direction of the main shaft area from December 2007 
to December 2009, with a cumulative expansion distance 
of only 16.0 m. Since 2009, the movement line of the west-
ern area expanded rapidly in the direction of the main shaft 
area. By December 2010, the movement line had reached the 
machine room of the main shaft but had not yet reached the 
tower of the main shaft. From December 2009 to Decem-
ber 2010, the expansion distance was 156.4 m, which is 9.8 
times the total expansion distance from December 2007 
to December 2009. By December 2011, almost the entire 
main shaft area had entered the movement area (i.e., the 

area within the movement line). The cumulative expan-
sion distance from December 2010 to December 2011 was 
68.2 m, and the expansion distance from December 2009 
to December 2011 was 14.0 times the expansion distance 
from December 2007 to December 2009. After December 
2011, the expansion of the movement lines resumed its sta-
bility. From December 2011 to July 2017, the cumulative 
expansion distance was only 36.9 m, with an average annual 
expansion of 7.4 m.

The expansion of the break line can be seen from Figs. 11 
and 13. The break line from December 2008 to December 
2009 expanded by only approximately 11.5 m. From Decem-
ber 2009 to December 2010, the expansion of the break line 
was approximately 52.1 m, which is 4.5 times the expan-
sion distance from December 2008 to December 2009. From 
December 2010 to December 2011, the expansion of the 
break line was 112.3 m, which is 9.8 times the expansion 
distance from December 2008 to December 2009. From 
December 2011 to December 2012, the monthly expansion 
distance was 110.2 m, which is 9.6 times the total expan-
sion distance from December 2008 to December 2009. After 
December 2011, the expansion of the break line returned to 
a stable level but continued expanding. By December 2015, 
the machine room entered the break area (the area within 
the break line). In December 2016, the shaft entered the 
break area. From December 2012 to July 2017, the expan-
sion distance of the break line was 69.5 m, with an average 
expansion of 17.4 m per year.

From 2012 to 2015, the maintenance costs of the build-
ings in the main shaft area (including the transportation tun-
nel, the machine room, the mine road and wall) amounted to 
more than ¥30 million (CNY) (equivalent to approximately 
4.5 million dollars) (Chen et al. 2016). Figure 10 shows that 
the main shaft area entered the movement area in December 
2011. When the main shaft area enters the movement area, 
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the normal use of buildings will be affected, but they can 
continue to be used after maintenance. In December 2015, 
the machine room of the main shaft entered the break area, 
and the minimum distance between the shaft tower and the 
break line was only 5.8 m, indicating that buildings could 
not continue to be used after entering the break area.

Strata movement mechanism

Deformation and movement characteristics 
of the rock mass in the main shaft area

1. Figure 14 shows that from December 2007 to December 
2009, the movement angle basically remained unchanged. 
From December 2009 to December 2010, the movement 
angle sharply decreased from 75.90° to 59.62°, represent-
ing a decrease of 16.28°. From December 2010 to December 
2011, the movement angle decreased by 4.50° to 55.12°. 
This value is less than the designed value of 62° (Song and 
Chen 2013). From Fig. 14, we can see that main shaft is 
outside the designed range of the movement angle. When 
the actual movement angle becomes less than the designed 
value, buildings and facilities originally arranged outside the 
movement area enter the movement area, leading to cracks 
in the main shaft and other facilities. After December 2011, 
although the movement line continued to expand slowly, the 
movement angle essentially did not change from December 
2011 to July 2017 due to the continuous deepening of the 
mining.

2. From December 2010 to December 2011, the break 
angle changed from 87.94° to 74.76°, decreasing by 13.18°. 
From December 2011 to December 2012, the break angle 
changed from 74.76° to 64.62°, decreasing by 10.14°. After 
December 2012, the decrease rate of the break angle slowed. 
The designed value of the break angle of the footwall in 
the western mining area was 70°, which is based on the 
experience of the eastern mining area. In July 2017, the 
break angle of the footwall in the western area was 61.05°, 
which is 9.95° smaller than the designed value. As shown 
in Fig. 15, the main shaft is outside the designed range of 
the break angle. When the actual break angle becomes less 
than the designed value, buildings and facilities originally 
located outside the break area enter the break area, leading 
to the abandonment of the main shaft and other facilities.

3. The above analyses indicate that the deformation and 
failure of the main shaft area were closely related to the 
sharp decreases of the movement and break angles that 
occurred from December 2009 to December 2012. As 
shown in Fig. 1, there is a large horizontal tectonic stress 
in Chengchao Iron Mine, and the NNW-striking joints are 
very developed in main shaft area. The main reasons causing 
the movement and break angles to become smaller than the 

designed value are the larger horizontal tectonic stresses and 
the developed joints. Therefore, when planning and design-
ing other similar metal mines in the future, the influence of 
joints and tectonic stresses should be fully considered. The 
key structures should not be located in the areas where the 
joints are developed. If this cannot be avoided, the designed 
values of the movement and break angles should be reduced 
correspondingly so that the key buildings can be located 
outside the movement and break areas.

4. Figure 16 demonstrates that no obvious sliding failure 
was observed in the deep rock mass in the main shaft area, 
indicating that the failure mode of the deep rock mass in the 
main shaft area was not a type of shear slip.

Strata movement mechanism in the main shaft area

Aydan and Kawamoto (1992), Adhikary et al. (1997) and 
Adhikary and Dyskin (2007) studied the stress conditions 
and critical failure conditions of cantilever beams of rock 
mass, and Pinheiro et al. (2015) used the distinct element 
method to study the flexural toppling failure. Xia et al. 
(2017) and Cheng et al. (2017) introduced the cantilever 
beam stress conditions and critical failure conditions into the 
analysis of the strata movement mechanism of Chengchao 
Iron Mine. It is considered that the rock mass of the footwall 
of the western area of Chengchao Iron Mine is cut into can-
tilever beams by the NNW-striking joints and that toppling 
failure has occurred (Figs. 17, 18, 19). The main shaft area 
is located at the junction of the eastern and western areas of 
Chengchao Iron Mine. Previous analyses have shown that 
the deformation of the surface and rock mass in the main 
shaft area is mainly affected by underground mining in the 
western mining area under the combined effects of joints and 
horizontal tectonic stress. Therefore, the strata movement 
mechanism in the main shaft area can be analyzed using the 
cantilever beam toppling failure theory.

Tensile crack

Toppling failure

Fig. 17  Schematic diagram of toppling failure
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Based on the free-body diagram of the cantilever beam 
limit equilibrium model (Fig. 20), Aydan and Kawamoto 
(1992) derived the following equation:

where W
i
= 𝛾t

i
h̄
i
 , I

i
= t

i
3∕12 , R

i
= W

i
sin � , N

i
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i
cos � , 

�
i
= tan�

i
 , and h

i
= 0.5(h

i
+ h

i−1) ; Ri
 is the component of 

gravity perpendicular to the cantilever beam, N
i
 is that in the 

axial direction, � is the inclination of the cantilever beam, 
t
i
 is the thickness of the layer, � is the weight of the material, 
�
i
 is the frictional angle, and A

i
 is the area of the bottom 

surface of the cantilever beam, which is equal to t
i
 in the per 

unit length condition.
For the first cantilever beam, P(i+1) = K�h2∕2 . K is the 

lateral pressure coefficient, and P(i−1) is the lateral pressure 
near the side of the mined-out area. After surface collapse 
occurs, P(i−1) = 0. Let h

i
= h

i
= h

i−1 = h ( h is the height of 
the cantilever beam). Equation 1 can then be rewritten as 
follows:

Based on the previously mentioned tectonic stress test 
results, the direction of the main shaft is the direction of 
minimum principal stress, which can be expressed as 
�3 = 0.4�h ; thus, K = 0.4. Because the rock mass of the 
main shaft area is granite, according to the test results of 
the Institute of Rock and Soil Mechanics, Chinese Academy 
of Sciences (Chen et al. 2014), � = 25 KN/m3 and �

i
 = 38.9°, 

and the tensile strength of the granite �t= 1 MP. The incli-
nation of the cantilever beam is 82°; thus, a= 90° − 82°=8°. 
According to Aydan and Kawamoto (1992), � = 1/3; thus, 
Eq. 2 can be simplified as follows:

This equation can be solved using MATLAB, and the 
resulting curve is shown in Fig. 21. By December 2009, 
most of the ore at the level of − 375.5 m in the western 
area of Chengchao Iron Mine had been mined. At the level 
of − 393 m, only a few ore bodies had been mined in the 
southern part of the western area (as the mining progressed 
from south to north). With a mining depth of − 375.5 m 
and an elevation of the ground surface in the main shaft 
area of 85 m, the calculated height of the cantilever beam 
is 460.5 m. Figure 21 shows that to prevent the cantilever 
beam from fracturing, the width of the cantilever should be 
266 m, but the actual joint density is 3–10/m. Hence, the 
toppling failure of the cantilever beam can be considered to 
have occurred within a distance of at least 266 m from the 
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Fig. 18  Toppling failure in the footwall of west area

Fig. 19  Tensile crack around main shaft area

Fig. 20  Free-body diagram of cantilever beam limiting equilibrium 
model
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mined-out area. The actual distance from the main shaft area 
to the western mined-out area is approximately 270 m. This 
also means that the accelerated deformation of the ground 
in December 2009 and the sharp decrease of the movement 
and break angles during 2010–2012 in the main shaft area 
were due to the fracturing and toppling failure of the deep 
rock mass, which resulted in the release of tectonic stress.

When the underground mining depth reaches − 600 m, 
the height of the cantilever beam will reach 685 m, and the 
width of the toppling failure of the cantilever beam will 
reach 402 m (Fig. 21).

Conclusions

By analyzing monitoring data in the main shaft area, the 
deformation characteristics and the strata movement mecha-
nism are revealed as follows:

1. The surface deformation curves in the main shaft area 
were deemed to be S-shaped curves comprising a stable 
deformation stage, a rapid deformation stage and a stable 
deformation stage. The rapid deformation stage of horizontal 
displacement lasted longer than that of vertical displace-
ment due to the tectonic stress conditions of Chengchao Iron 
Mine.

2. The horizontal displacement vector of the main shaft 
area points to the western area of Chengchao Iron Mine. The 
horizontal displacement in the E direction is 3.3–9.0 times 
that in the N direction, indicating that the surface deforma-
tion in the main shaft area is mainly affected by the under-
ground mining in the western mining area.

3. By December 2011, almost the entire main shaft area 
had entered the movement area (the area within the move-
ment line) after the rapid expansion stage. By December 
2015, the machine room of the main shaft area entered the 
break area (the area within the break line), and the main 

shaft had to be abandoned. When the main shaft area enters 
the movement area, the normal use of the main shaft and 
other facilities will be affected but can continue to be used 
after maintenance. However, when the break area expanded 
to encompass the main shaft area, the main shaft and other 
facilities could no longer be used.

4. From December 2009 to December 2011, the move-
ment angle decreased significantly from 75.90° to 55.12°, 
thus becoming smaller than the designed value of 62°. 
From December 2010 to December 2012, the break angle 
changed from 87.94° to 64.62°, thus becoming smaller than 
the designed value of 70°. Movement and break angles are 
smaller than the designed values in main shaft area, resulting 
in cracking and abandonment of the main shaft and other 
facilities. The main reasons that led to the movement and 
break angles becoming smaller than their designed values 
were the larger horizontal tectonic stress and the NNW-strik-
ing joints. Therefore, in the planning and design of other 
metal mines, the influence of joints and tectonic stresses 
should be fully considered, and key buildings and facilities 
must be located outside the movement and break areas.

5. The rock mass in the main shaft area is cut into can-
tilever beams by NNW-striking joints. Toppling failure 
occurred in the cantilever beams due to the tectonic stress 
and underground mining in the western area. The cantilever 
beam mechanics model revealed that the rapid deforma-
tion stage of the ground in the main shaft area in December 
2009 and the significant changes of the movement and break 
angles in 2010–2012 were due to the fracturing and toppling 
failure of the deep rock mass, resulting in the release of 
tectonic stress. Furthermore, when the exploitation reaches 
− 600 m, the fracture width is predicted to reach 402 m.
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