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In this paper, mining-induced deformation for haulage drifts of the hanging wall
at Jinshandian Iron Mine is investigated, based on 8 monitoring stations
adopted laser convergence meters. Monitoring results are analyzed to divide
deformation-time curves into three types: fluctuation type, partial folding type
and whole folding type. Moreover, it is found that tensile deformation is easy to
occur in the roadway section corresponding to no folding type and partial
folding type. And in the roadway section with folding type curve, it is obviously
affected by the steeply anti-inclined structural plane. Furthermore, the relative
position relationship between mining activities and a monitoring station is
established through local coordinate system. Mining effects on roadway
deformation are studied based on rectangular coordinate components and
polar coordinate components respectively. The critical value of coordinate
components that have a significant impact on roadway deformation have been
determined. At last, combined with results of mining impact analysis,
deformation mechanisms corresponding to the three deformation curves
are revealed. These results help determine the appropriate support time and
adopt targeted support schemes.

KEYWORDS

mining-induced deformation, roadway deformation, sublevel caving, mining effect,
deformation mechanism, laser convergence meter

1 Introduction

The mining method known as sublevel caving (SLC) is widely used underground in
steeply inclined metal mines, utilizing gravity to shift the blasted ore and waste rock
(Brady and Brown 2006; Brunton et al., 2010; Xia et al., 2019a; Pang et al., 2020; Wang
etal,, 2022). The mines that have adopted this mining method are characterized by a large
number of roadways excavated along and perpendicular to the body of the metal ore
strike. In general, the roadways with the shortest service cycles are arranged closer to the
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ore body, including haulage drifts, loading cross-cuts, etc. This type
of roadways is more vulnerable to mining-induced stress after
removal of ore and is more likely to suffer from ground
Haulage drifts
transporting the blasted ore from a whole sublevel range
(Abdellah et al,, 2011), and damage to this type of roadways will
seriously affect the routine production and increase the economic
loss of a metal mine (Zhang and Mitri. 2008; Abdellah et al., 2011;
Raju et al,, 2013; Abdellah et al,, 2014; Shnorhokian et al., 2016;
Johnson et al,, 2017; Shnorhokian et al.,, 2018).

In an SLC metal mine, the evaluation, prediction, and control of

deformation and failure. are utilized for

convergence deformation of haulage drifts is intimately connected to
the safety and efficiency of the production, which continues for the
whole lifespan of the mine. In general, as the footwall is more stable
than the hanging wall (Svartsjaern, 2018), haulage drifts are more
inclined to be arranged in footwalls (Svartsjaern, 2018). However, in
the case of two or more parallel ore bodies with short distances,
similar to the Jinshandian Iron Mine, haulage drifts arranged as
hanging walls can also be an alternative. In steeply inclined metal
mines, the ore bodies usually extend along the vertical direction with
the larger dimension, therefore the deformation of haulage drift
roadways in hanging walls is likely to have different characteristics
and mechanisms at different depth levels. The conditions for
stability depend on several factors, which can be classified into
two categories: naturally occurring factors and those arising from the
mining work itself. Because of the complexity of the factors
influencing roadway stability, empirical research has been a very
effective tool for revealing the convergence deformation mechanism.
In coal mines, empirical research on the relationship between
mining progress and roadway deformation has achieved good
results, which have been applied successfully in domestic and
foreign sectors (Wagner 1974; Bai et al, 2015; Tulu et al, 2016;
Gao et al,, 2017; Luan et al,, 2018). Also, much progress has been
made in the study of rock dynamics in coal mines (Dai et al., 2022;
Xu et al,, 2022). However, with regard to the use of haulage drifts in
metal mining, the level of empirical research has not kept pace.
To better understand the geomechanical behavior of the
roadways in a metal mine, it is necessary to analyze their
deformation under various conditions. A deformation model
needs to be developed with relationships linking rock mass data,
distance to undercut front, mining depth, relative position of the
mining activity and the type of researched roadway, geotechnical
indexing, support pattern, etc. (Fernandez et al,, 2012; Jones et al,
2019; Lai et al,, 2020). In the Malmberget mine, blast-instrument
vectors were established in a spherical coordinate system to
represent the spatial geometric relationship between mining blast
and monitoring instrument. The typical patterns of accumulated
deformation were revealed with respect to production-blast distance
and inclination angle (Jones et al,, 2019). However, in reality the
deformation patterns of roadways were investigated only when
situated at the same level or above the active mining level. In
most metal mines utilizing the SLC method, several levels are
mined at the same time. When the mining level extends under
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the haulage drift, the stability of the haulage drift will be significantly
degraded, and the problems of staff safety and sustainable utilization
of the roadway will be more serious. Therefore, it is particularly
important to consider the influence of mining activities on the
deformation of haulage drifts. This paper focused on the problem of
stability of haulage drifts in the hanging wall of the Jinshandian iron
mine, located at the same mining level or at lower levels. Based on
analysis of the deformation monitoring results of haulage drifts, we
described the deformation regulation of haulage drifts in the hanging
wall to reveal typical deformation patterns and failure modes of
haulage drifts at the Jinshandian Iron mine. Along with monitoring
the ore body mining progress, the influence of regulation of ore body
mining on roadway convergence deformation was also analyzed.
This paper provides guidance for the evaluation of deformation and
the prediction and control of deformation of the haulage drifts in a
hanging wall at an SLC metal mine.

2 Study project

The Jinshandian iron ore company (an SLC mine) is an
important ore production facility of the Wuhan iron and steel
group company, which is distributed between exploration line 3 and
exploration line 52 (Wang et al., 2012). The Jinshandian iron mine is
divided into eastern and western parts by exploration line 25. The
east part ranges from exploration line 25 to exploration line 43,
which is nearly 1000 m long from east to west, 990 m wide from
south to north and covers an area of about 0.9 km*. The main ore
bodies are No. 1 and No. 2, which strike from east to west. Ore body
No. 2 is located to the north of ore body No. 1, with a distance of
15-200 m. These two ore bodies are arranged in an imbricate shape
in side-view profile. Ore body No. 1 strikes approximately east to
west with an inclination of 48°-76" and an occurrence elevation
range of +16 m to about -1000 m. The ore body is simple and regular
in shape, layered, thin at the top and thick at the bottom, thick in the
east and thin in the west. Its thickness is generally 20-80 m. The
occurrence elevation range of ore body No. 2 is +70 to about -719 m.
The ore body is exposed to the surface between exploration lines
26 and 34. The shape of ore body 2 is more complex than that of ore
body 1, with a thickness range of 10-150 m.

The lithology of the rock mass surrounding the haulage drift in
the hanging wall mainly consists of hornstone and magmatic rock in
a fault-fracture zone. The hornstone is divided into two parts by the
magmatic rock layer, which has high strength, relatively high
completeness, and a low degree of alteration. The comprehensive
rating of rock mass quality is grade 2. Hornstone distributed close to
the ore body is strongly affected by tectonism and alteration, which
causes the rock mass to have poor quality and low strength. Fault
F4 strikes east to west across the eastern part with a dip range of
55°-857and average width of 35m. Along the strike and
F4 inclination fault, the main lithology is black skarn present as
the current waveform, and the dip angle decreases with increasing
depth. The rock mass in fault F4 is highly fissured, and the tensile
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FIGURE 1

Stereographic projection and observed characteristics for the discontinuities in the hanging wall. (A) Stereographic projection. (B) Group 1. (C)

Group 2.

fractures are well developed and filled with later calcite veins,
indicating that F4 has experienced tensional tectonism activity.
Based on the comprehensive rating of rock mass quality, fault
F4 is graded as 5, with average strength generally less than
55 MPa. Because the geological conditions of the strata in the
Jinshandian iron mine are characterized by variability, support
schemes of haulage drifts should be designed and conducted
according to the actual situation of rock mass exposed by
excavation of haulage drifts. The following principles must be
followed in the actual support designs: 1) stable haulage drifts
with small exposed area and hard surrounding rock mass should
be supported by shotcreting or shotcreting combined with bolts; 2) if
surrounding rock mass exposed by haulage drifts excavation has
large surface area, the support strength should be improved by one
level, within a radius of 5m around the exposed center; and 3)
unstable rock should be supported by double-layer shotcreting
combined with anchors and reinforcement mesh, and highly
fractured rock should be supported by steel I-beams.

The field investigation of the occurrence and properties of
structural joints was carried out in the haulage drift and roadways
near the ore body. The investigation sites mainly include the well-
developed geological outcrops of ground-surface, the roadways of the
-340, -354, -368, -382, and -396 m sublevels. The survey results
showed that the rock mass surrounding the haulage drift in the
hanging wall contained three groups of major joints. Most of the
joints were closed and smooth, showing obvious shear characteristics,
but a few joints had openings <3 mm. In addition, because of the fault
structure, there were cracks distributed in the rock mass surrounding
the roadways with small openings, most of which were filled with
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calcite. The specific information about the joints in hanging wall
obtained from geological exploration are shown in Figure 1 and
Table 1 (Ge et al.,, 1999; Chen 2006; Xia et al., 2019b). Due to the
cutting of these joints, the geological strength of the rock mass in the
hanging wall was greatly reduced (Xia et al., 2022).

In the eastern part of the Jinshandian mine, the activities of
production blasting, caving, and ore removal mainly occurred
primarily in the crosscuts. The rows of production blasting holes
were distributed along a crosscut at the same distance of 3 m, and
each row of blasting holes was arranged in a fan-shaped drilling
pattern upwards to the roof. The orebody fragmented by blasting was
allowed to cave in by gravity, then removed to the next destination in
the sublevel haulage drift. To facilitate transportation, the sublevel
haulage drifts were designed parallel to the orebody strike and
excavated outside of ore body No. 1 and No. 2 in the hanging
wall and footwall. This paper focused on the haulage drifts at different
sublevels in the hanging wall, which had a similar average distance
from ore body No. 1. In September 2005, the mine began to carry out
forced roof caving by blasting at the -270 m level as an essential
preparation before mining was begun. The sequence of forced roof
caving was from east to west in ore body No. 1 and from west to east
in ore body No. 2. Because of unresolved surface problems, the forced
roof caving was stopped and restricted many times, which postponed
operations. From April 2009 to February 2012, mining in the eastern
part was suspended. Production resumed in March 2012, with an
average annual decline rate of 12 m. In December 2015, the mining of
the sublevel at -354 m was started, which was the first sublevel of the
-410 m level. During this period, ore body No. 1 was divided into east
and west slopes for mining, of which the west slope was the main one,
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TABLE 1 Attitude of the major joints in the hanging wall.

No. Dip direction () Dip angle ()
1 176-185 63-73
2 215-218 65-74
3 105-106 75-81

10.3389/feart.2022.998759

Average orientation Spacing (m)

181°<66° 0.30
217°<70°

106°<78°

TABLE 2 Deformation situation of measurement lines in each monitoring station.

Monitoring Measurement line Measurement line

station with with
the first largest the second largest
deformation deformation

Ss2 — —

S3 Line 4 Line 2

S4 Line 2 Line 1

S7 Line 4 Line 2

S8 Line 1 Line 4

S9 Line 1 Line 3

S10 Line 2 Line 1

S11 Line 1 Line 2

with an area of about 11,700 m”. The crosscuts were arranged in a
north-south direction, and the mining sequence in the crosscut was
from north to south. Ore body No. 2 was also divided into east and
west slopes for mining, of which the east slope was the main one. The
crosscuts were excavated in the north-south direction, and the
mining sequence was from south to north. By May 2019, the
mining in the east part had been extended downward to the
-382m sublevel. The mining boundaries of each level and the
specific time schedule are shown in Figure 3.

3 Monitoring method and
deformation data

3.1 Structure of monitoring station and in
situ monitoring

Measurement of roadway convergence is widely conducted
in a mine and can assist in evaluating the stability of the roadway.
To ensure that the measurement job does not interfere with
production, the measurement method must be easy to
implement. Usually, the roadway convergence deformation is
obtained by measuring the distance of a detachable steel wire
between two measuring points arranged on the roadway surface
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with

the third largest

deformation

— All six lines are in fluctuating state

Line 1

Line 4

Line 1

Line 2/5 The monitoring data of December 2018 are taken for
analysis

Line 4 Line 1 has the same cumulative deformation with line
3 and line 4

Line 6 The cumulative deformation of line6 is 4 mm larger
than line4

Line 4

< Towards the mined-out zone @
b

FIGURE 2
Measurement line layout of the laser convergence meter
monitoring stations (ML means measurement line).

(Liu et al., 2011; Meng et al., 2013; Yi et al., 2014; Yao et al., 2016;
Lu et al, 2019). However, this measurement method has the
disadvantage of large manual error. In order to monitor roadway
deformation both conveniently and accurately, a method based
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on optical measurement principles was developed. Specifically, a
monitoring station included two devices for fixing and rotating
the laser rangefinder and five measuring points made of reflective
materials. Two of the devices were positioned at the bottom
corners of the two sidewalls, respectively, and the five measuring
points were evenly distributed around the roadway section, as
shown in Figure 2. The fixing and rotating device of the laser
rangefinder consisted of an anchoring part, a part for adjusting
direction, and a base. Since the field construction method cannot
ensure that the five measuring points and two fixing devices are
completely within the same section, the direction adjusting part
of the laser rangefinder is made to rotate 360° to allow smooth
implementation of the measurement, which is vital for the in-situ
application.

The on-site measurement process of the monitoring station
of the laser convergence meter can be summarized as follows: 1)
The laser rangefinder is fixed on the base of the fixing and
rotating device anchored to the northern sidewall closer to the
mined-out zone. 2) The beam from the laser rangefinder is aimed
at the three measuring points on the opposite sidewall from
bottom to top, and the distances are recorded in sequence (line 1,
line 2, and line 3, respectively). 3) The laser rangefinder is fixed
on the base of the fixing and rotating device anchored to the
opposite sidewall and step (2) is repeated. The results obtained
are the lengths of lines 4, 5, and 6, respectively. Each line is
measured three times, and the results are averaged. The
measurement accuracy is 1 mm, and the included angles
between the six measurement lines and the x-axis are 5°, 30°,
65°,115°,150°, and 175°. Monitoring data were acquired manually
approximately once amonth. The difference between the
measured values of two adjacent months is how the
convergence deformation rate is calculated for each month. A
negative value represents convergence deformation of the
roadway, while a positive value represents tensile deformation
of the roadway. Through the analysis of monitoring data, the
deformation characteristics of a roadway section can be
determined (Shen et al., 2018).

3.2 Monitoring station layouts

In order to comprehensively and systematically study the
deformation regulation of haulage drift in a hanging wall during
mining, a monitoring network composed of laser convergence
meter monitoring stations has been gradually installed beginning
February 2018 at the -354 and -368 m sublevels. Due to the
proximate distance between each haulage drift and the boundary
of the mined-out zone along the strike direction of the ore body,
the evenly distributed data from the monitoring stations in each
haulage drift are helpful for comparative analysis of the different
haulage drifts; a comparison of the deformation regulations of a
haulage drift could also be made along the strike. Based on the
mining schedule of the ore body at the -410 m level, eight groups
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of monitoring stations were installed in the haulage drift at the
-354 and -368 m sublevels, with the serial numbers of S2, S3, $4,
S7, S8, 89, S10, and S11, respectively (Figure 3).

In February 2018, all eight groups of laser convergence meter
monitoring stations at the -354 and -368 m levels were in
operation, and the first deformation data was acquired in
February. In March 2018, because of the steel pipe suspended
on the side wall, the deformation data of measurement line 6 of
§10 and S11 could not be acquired. The location of roof
measurement points was redesigned in early May 2018. At the
beginning of May 2018, monitoring station S4 was damaged by
an on-site operation and could not be used until it was repaired in
June 2018.

3.3 Deformation data

For analysis of the deformation regulation and mode of the
roadway, the deformation mechanism of the roadway where each
monitoring station was located was inferred through the
cumulative deformation relationships of the six measurement
lines at each monitoring station. To directly compare the
influence of mining laws at different roadway sections, we
selected the measurement line with the largest cumulative
deformation among the six measurement lines for most of the
analysis and determined the cumulative deformation. In a mine
with a horizontally stratified ore body, the deformation of the
roadways near the mined-out zone was mainly affected by
mining at the same level. For studies on the regulatory
the

individual monitoring instruments and the location of mining

influence of mining, horizontal ~distance between
activity were sufficient to determine the simple relative position
relationships. In a steeply inclined metal mine, however, the
roadways were affected by multi-level mining activities. In order
to quantitatively analyze the influence of mining on roadway
deformation, we selected the four variables, distance, inclination
angle, horizontal distance and vertical distance to describe the
geometric relationship between each individual instrument, and
the location of mining activity. It should be noted that in this
study we only considered the two working conditions in which
the monitoring stations were at the same level or above the active

mining level.

4 Investigation of roadway
deformation

4.1 Cumulative deformation character
Monitoring stations S2 and S7 were installed at the -354 and
-368 m sublevels, respectively, between exploration lines 32-

1 and 34, and the deformation curves are shown in Figure 4.
Because of the high rock quality of the rock mass surrounding
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FIGURE 3

Planar projection of the laser convergence meter monitoring stations and the mined-out areas. (A) Sublevel -354 m. (B) Sublevel -368 m. (C)

Sublevel -382 m.

monitoring station S2, the cumulative deformation-time curves
of monitoring station S2 with six measurement lines showed a
fluctuating state, but without an increasing trend. Specifically, the
lower and upper limits of fluctuation were -4 and 2 mm,
respectively. In contrast to monitoring station S2, the
cumulative deformation of measurement lines 1, 2, and 4 of
monitoring station S7 increased slowly from March 2018 to May
2019 and had positive values that represented tensile
deformation of the roadway. There were several lapses in the
general increase of the curves. For example, the cumulative
deformation of measurement line 4 decreased by 1 mm in
October 2018 and measurement line 2 decreased by 3 mm in
November 2018, while the other measurement lines were in a
fluctuating state without clear deformation. The maximum
cumulative deformation of station S7 was 6 mm, which
appeared on measurement line 4. It should be noted that the
research for this paper focused on the mining-induced
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deformation of haulage drift in a mine that had adopted SLC,
wherein the mining was done at the same level as the haulage
drift or below it. The deformation of this kind of roadway is not
only affected by mining stress, lithology, and the structural plane
but also by movement of the hanging wall. It is not difficult to
understand why tensile deformation appeared on measurement
lines 1, 2, and 4. Considering that one end of these three
measurement lines was located at the bottom corner of the
northern sidewall closer to the mined-out zone, it was proved
that this area was the first part of the roadway section affected by
movement of the hanging wall toward the mined-out zone. The
appearance of interruptions in the data trends which implies
convergence deformation of the roadway could be caused by
changes in mining-induced stress. Because the horizontal mining
sequence of ore body 1 is from west to east, monitoring station
S7 should be the most affected by mining activities. During the
monitoring period, the mining near monitoring station S7 was
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extended to the level of -396 m. However, the tensile deformation
in this area was very small and still in the stage of elastic
deformation. It corresponded to the geological engineering
situation of the surrounding rock in this area, which was
characterized by hardness and high strength. The field rock-
hitting test also reflected that the rock was strongly resistant to
impact.

Monitoring stations S8 and S9 were operated at the
-368 m sublevel, between exploration lines 34 and 34-1. Six
measurement lines at station S8 had convergent deformation
toward the inner roadway space. Before March 2019, these six
measurement lines were in the process of slow and stable
deformation, as shown in Figure 5. The deformation of
measurement line 4 began to accelerate in March 2019.
Overall, the cumulative deformation of station S8 was small,
as the cumulative deformation of measurement line 4 was only
2 cm. It should be noted that in December 2018, linesl, 2, and
3 were damaged, because an error by the staff caused the fixing
device of the laser rangefinder on the sidewall near the mined-out
zone to be covered by shotcrete. Therefore, in order to analyze the
deformation mode of the roadway section near station
S8 through the six measurement lines, the data of December
2018 were used. Among the six measurement lines, 1 and 4 were
the highest in cumulative deformation range in descending order
followed by lines 2 and 5, with 3 and 6 coming in last. This
implies that the convergent deformation of the roadway section
had good symmetry. Although the joints were more developed
compared with S2, there was no asymmetric deformation caused
by the action of dominant joints. Even though the distance
between stations S8 and S9 was small, the six measurement
lines of station S9 fluctuated from March 2018 to January 2019,
which proved that the deformation modulus of the surrounding
rock was larger. Since January 2019, the four measurement lines,
1, 3, 4, and 6, began to show accelerated deformation, but the
trends were different. Specifically, tensile deformation occurred
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on lines 1 and 4 in January 2019, which were similar to lines 1, 2,
and 4 of station S7. This indicated that the bottom corner of the
northern sidewall moved toward the mined-out zone. However,
1 and 2 months later, convergent deformation occurred on lines
3 and 6. The convergence value of line 3 was greater than that of
survey line 6, which implied that the roof of the roadway sank
toward the mined-out zone. Then, a month later in April 2019, a
roof collapse occurred in the area of S9, and the station was
damaged. After this disaster, an I-beam support was installed at
the site. The deformation rate of measurement lines 1, 4, 3, and
6 increased significantly before the roof collapse. In particular,
the deformation rate of line 3 (one end was located on the roof)
reached 8 mm/month, which served as a good early warning of
the roof collapse. The maximum cumulative deformation of
station S9 before the failure was only 1 cm, which represented
a typical elastic brittle failure. The contrary growth trend of lines
1, 3, 4, and 6 of station S9 provided a good basis for revealing the
mechanism of the roof collapse, which is explained in Chapter 6.

Monitoring stations S3, S4, S10, and SI1 were located
between exploration lines 34-1 and 36-1. The deformation of
all measurement lines of S3, S4, S10, and S11 decreased
monotonically with time, which meant that the deformation
could be attributed to the convergence of the roadway caused by
mining-induced stress (Figure 6). The deformation of these four
monitoring stations showed similar characteristics. The top three
measurement lines of largest deformation at S3, S4, and S11 were
lines 1, 2, and 4 (not in order). Although line 6 ranked third in
section S10, the cumulative deformation was only 4 mm larger
than line 4. Therefore, generally the deformation regulation and
mode was consistent with those of sections S3, S4, and S11. The
on-site damage investigation of the surrounding rock showed
that in these areas, the roadway section deformations were
mainly concentrated in the bottom corner of the northern
sidewall and the shoulder position of the southern sidewall.
Combined with the distribution characteristics of the on-site
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structural planes, it is not difficult to see that the most developed
group of structural planes was the steep anti-inclined structural
plane that resulted in the buckling deformation of the bottom
corner of the northern sidewall, and the bending and toppling
deformation of the southern sidewall. Structural planes and
mining-induced stresses were the main reasons for the
deformation mode in this area. Except for the station S10, the
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minimum deformation of all other monitoring stations occurred
in the direction of measurement line 6, connecting the roof and
the bottom corner of the northern sidewall. Compared to the roof
developed with horizontal structural planes, the roof with more
developed steep structural planes had significantly better
stability, which is also the main reason for the minimum
deformation of line 6.
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4.2 Curve types for cumulative
deformation

In a metal mine, the classification of deformation curve based
on an apparent folding point which signifies the onset of rapid
increases, can effectively help in determining the deformation
and failure mechanism (Xia et al, 2016). According to the
cumulative deformation characteristics of the six measurement
lines in the monitoring stations, the cumulative deformation
curves of the haulage drifts in hanging walls could be divided into
three types: no folding, partial folding and whole folding. For
example, the deformation curve of station S2 was in a fluctuating
state, and the cumulative deformation of lines 1, 2, and 4 of
station S3 increased slowly and linearly with time. There was no
folding point followed by deformation acceleration in the
deformation curve, and the largest cumulative deformation
value in the two monitoring stations did not exceed 10 mm,
meaning that the surrounding rock stability was good. In stations
S8 and S9, parts of the measurement lines have folding points,
including line 4 of station S8 and lines 1 and 4 of station S9. In
these areas the joints were relatively developed, resulting in
accelerating deformation without convergence at the part of
the roadway section under the influence of mining-induced
stress. It should be noted that, in the roadway sections of
stations S3, S4, S10, and S11, the cumulative deformation
curve belonged to the whole folding type. The six
measurement lines had entered the accelerating deformation
stage without convergence after appearance of the folding
points. The maximum cumulative deformation at these four
stations occurred on line 2 in station S4, and exceeded
280 mm. It was found that tensile deformation occurred more
easily in roadway sections of the no-folding and the partial-
folding types, because in these areas, most of the rocks
surrounding the roadway had elastic and brittle characteristics
and were little affected by mining stress. Generally, when the
mining activity was below the roadway, the northern sidewall of
the roadway moved toward the mined-out zone under the
influence of the movement of the hanging wall. Roadway
sections with folding type curves were more obviously affected
by the steely anti-inclined structural planes under the influence of
mining-induced stress. Therefore, the surrounding rock of the
roadway showed great ductility and obvious convergent
deformation, which was dominated by the buckling
deformation of the bottom corner of the northern sidewall
and the bending and toppling deformation of the southern
sidewall.

5 Mining effect on roadway
deformation regulation

At the Jinshandian iron mine, three or four crosscuts form a
mining unit with a width of 48 or 64 m. These crosscuts almost
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maintain consistent mining progress (Figure 3C). During the
mining period of the nearest mining unit, the deformation at the
monitoring station increased rapidly. To determine the effects of
mining on roadway deformation, it was necessary to establish the
relationship between the position of the mining activities and the
monitoring stations. Since this distance was sufficiently large,
only the excavation of the mining unit nearest to the monitoring
station had a significant impact on rock mass deformation.
Therefore, vertical to the strike direction of the ore body, the
geological profiles were drawn through eight monitoring stations.
Eight local coordinate systems were established with the eight
monitoring stations as the origins. Monitoring station S2 was
taken as an example to illustrate the establishment rules of local
coordinate system (Figure 7). The local coordinate systems
stipulated that the north direction was the positive direction
of the x-axis and the vertical upward direction was the positive
direction of the y-axis. Manual reading of the measured data was
done at the end of each month. The mining progress at the end of
each month was also updated in the geological section in time. In
this way, we could conveniently quantitate the relative positions
of the mining progress and the monitoring stations monthly. It
can be seen in Figure 7 that the relative positions can be
characterized by four variables, namely, x (x-coordinate of
withdrawal line position), y (y-coordinate of withdrawal line
position), » (length of connecting line between withdrawal line
and monitoring stations), and ¢ (angle between the connecting
line of withdrawal line and survey station and x-axis), where x
and y are rectangular coordinate components, and r and ¢ are
polar coordinates components.

Polar coordinates or rectangular coordinates can be applied
to the above eight local coordinate systems. In order to illustrate
the applicability of the two coordinate systems, the mining effects
under the two coordinate systems are analyzed below. Using only
a single coordinate system alone cannot accurately explain the
impact of mining, and could even cause confusion. For example,
in a rectangular coordinate system, when the ore body at the
same level as the monitoring station is mined toward the hanging
wall, the deformation amount and deformation rate increase
continuously as mining activity moves toward the monitoring
station. However, when mining extends to the next level below,
the activity will begin at the southern end of the mining unit,
which causes the coordinate component x to rapidly increase.
The increase in deformation rate of the monitoring station would
be difficult to explain under these conditions, unless the increase
in coordinate component y was also considered. The same
phenomenon exists with polar coordinates. Therefore, we
employed a tool that included both coordinate components
and deformation information in a graph at the same time.
The influence of mining on roadway deformation was
analyzed comprehensively through the graphs. It should be
noted that the deformation curve of the monitoring station in
the graph selects the measurement line with the largest
cumulative deformation among the six monitoring lines. The
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deformation of this type of measurement line is the most
sensitive to the influence of mining and can accurately
analyze the influence of mining on the deformation measured
at the monitoring station.

5.1 Mining effects under the polar
coordination system

Figures 8A, 9A, 10A show the relationship between the
cumulative deformation at each monitoring station and the
distance between the mining activity and each monitoring
8B, 9B, 10B the
deformation at each monitoring station and the inclination

station.  Figures reflect cumulative
angle of the connection between the mining activity and each
monitoring station. In all figures, the left coordinate axis
represents the cumulative deformation of the monitoring
station. In part A of figures 8, 9 and 10 the distance of the
mining activity is plotted on the right coordinate axis, and in part
B of figure 8, 9 and 10 the inclination angle of the connection
between the mining activity and each monitoring station is
plotted on the right coordinate axis.

Some situations need to be explained in advance before
determining the effects of mining on the deformation of
haulage drifts. In some figures, the mining activity distance
(part A) or the inclination angle (part B) does not change with
date in some periods, indicating that the ore body near the
monitoring station was not being mined during that period. In
general, as mining continues, the mining activity distance
gradually decreases and the inclination angle increases with
time. However, in some situations, the two variables show a
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sudden change. Taking monitoring station S10 as an example,
the mining activity distance suddenly increased 42.6 m and the
inclination angle suddenly increased 13.13° in February 2019.
This is because the mining operation was moved to the next
sublevel, and at each sublevel, the mining starts from the north
end of the ore body.

Based on parts A and B of the figures, the correlation
between mining activity distance, inclination angle, and
deformation at the monitoring station can be determined.
The deformation curve at S2 basically fluctuated around
0 mm, and thus had no obvious correlation with mining
activity distance and inclination angle, which was mainly
due to the high quality of the rock mass surrounding
the
magnitude of most monitoring stations was negatively

station S2. However, on the whole, deformation
correlated with mining activity distance and positively
correlated with inclination angle. From an engineering
perspective, the decrease in the distance between the
mining activity and the monitoring station and the increase
in the inclination angle will reduce the distance between the
monitoring station and the mined-out zone, which is not
conducive to roadway stability. Acceleration occurs in the
cumulative deformation curve of most monitoring stations
following the folding point, which is marked by the arrow in
Figures 8-10. According to statistics, in several stations with
deformation acceleration, a deformation rate of 85% of the
measurement lines exceeds 5 mm/day after acceleration, and
they all entered the accelerating deformation stage without
convergence. Therefore, a deformation rate of 5 mm/day was
established as the threshold for the haulage drift in the
hanging wall to enter the accelerating deformation stage
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without convergence, and the folding point before accelerated
deformation of reaching this threshold of deformation rate
was particularly noteworthy. Here, the inclination angle and
the mining activity distance corresponding to date for this
type of folding point were defined as the critical inclination
angle and the critical mining activity distance respectively.
The critical initiation angle and critical mining activity
distance of each monitoring station are shown in Table 3.
Most of the reasons for this difference of critical initiation
angle and critical mining activity distance were related to the
rock mass structure and alteration degree of the monitoring
stations. Although the lithology remained unchanged from
west to east along the strike of the ore body, the rock mass
structure was gradually broken and the alteration degree
gradually increased. Therefore, from another perspective,
the change in rock mass structure and alteration degree
along the strike can be reflected in the relationship between
the position of a monitoring station along the strike direction
of the ore body and the critical inclination angle or critical
mining activity distance of each monitoring station.
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5.2 Mining effects under the rectangular
coordinate system

During the deformation-monitoring period, the deepest
mining level of the ore body near stations S2 and S7 was the
second sublevel, 28 m below. Although the horizontal distance
from the monitoring station S2 to the mining activity changed
continuously, the deformation at the six measurement lines of
station S2 fluctuated throughout the entire monitoring period
(Figure 11). During the monitoring period of S7, the main
mining activity was at the -382 m sublevel. In the later stage
of the monitoring period (March 2019-May 2019) a small
amount of ore body at the -396 m level was also mined.
However, regardless of the mining level, station S7 had always
been in a state of slow elastic deformation without creep
deformation.

The deepest mining level experienced by the other six
monitoring stations during the monitoring period was the first
level below. During the monitoring period of S8 and S9, the
nearby ore body at the -368 m sublevel was mined out, and the
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main mining activity was changed to -382 m. Obviously, the
deformation at the two monitoring stations was in an elastic
state at the beginning of mining at the -382m sublevel.
S8 showed a slow elastic deformation rate (<2 mm/month),
and S9 showed no clear deformation (Figure 12). When the
horizontal distance between mining activity and monitoring
station reached a certain threshold, the stress of the rock
mass surrounding the station exceeded the compressive
strength and entered an accelerating stage of deformation
without convergence or brittle failure. For example, in April
2019, when station S8 was 12 m away horizontally from the
mining activity at sublevel -382 m, the deformation began to
accelerate, exceeding 5 mm/month. At station S9, when the
mining activity at sublevel -382 m was moved to a position
the
rapidly destroyed. The analysis above shows that the

15m away, deformation accelerated and S9 was
deformation acceleration without convergence of S8 and
S9 occurred at the moment when the horizontal distance
between the mining activity and the monitoring station was
less than 12-15m at -382m (the first sublevel below the
monitoring station).
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The other stations S3, S4, S10 and S11 belong to the whole
folding type, and the deformation curves of the six
all
(Figure 13). The folding points of S3 and S10 appeared

measurement lines have obvious folding points
during mining one sublevel below, while the folding points
of S4 and S11 occurred during mining at the same sublevel as
the monitoring stations. Although the deformation modes of
the four stations were similar, the folding points at S4 and
S11 appeared earlier than at the other two. This can be
attributed to the more broken rock mass surrounding S4 and
S11, which was located to the east of S3 and S10. It should be
noted that S4 did not show a true folding point, because the
initial deformation rate reached nearly 50 mm/month.
Obviously, the folding point had appeared before the initial
deformation value. It can be seen from Figure 13 that in the
month when the folding points occurred at S3 and S10, the
horizontal distance from the mining activity to the monitoring
station was 36 and 57 m, respectively. While the folding point of
S4 was not monitored, it can be inferred that it occurred before
March 2018, which was the first month of the monitoring

period.
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TABLE 3 Critical initiation angles and critical mining activity distances at different positions in the haulage drift.

Position coordinate 578585

Monitoring station number S8 S9
Critical initiation angle/’ 22.8 35.8
Critical mining activity distance/m 37.9 23.0

6 Deformation mechanism of a
haulage drift in a hanging wall

Three types of deformation curves of a haulage drift in a
hanging wall were proposed above, the no-folding type, the
partial-folding type and the whole-folding type from west to
east along the ore body strike. Combined with the influence of
mining on deformation, the lithology and rock mass structure
of the three

conditions, the deformation mechanisms

deformation types are analyzed below.
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6.1 Roadway with no folding type curve

Although several groups of dominant structural planes with
occurrence of 181°<66°, 217°<70° and 106°<78° exist in the
Jinshandian iron mine, the distribution regularity of structural
planes is not clear. For example, the rock mass surrounding a
roadway with the no-folding type of deformation mode is more
stable, leading to less exposure of rock mass from destruction of the
roadway spray layer. Based on only one exposure of surrounding
rock at the -354 m sublevel, the geological survey results showed that
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the exposed lithology was breccia and the rock mass was relatively
complete and dense with high strength. A structural plane with an
attitude of 227°<14" was found, which had high strength and was
tightly closed without filling. To analyze the deformation
mechanism of the roadway with no folding type under the
influence of mining, profile A-A was chosen along a direction
perpendicular to the strike of the ore body through station S7
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(Figure 14). During mining at the same sublevel and the first sublevel
below the roadway, it maintained good stability and there was no
clear deformation in the rock mass despite the mining stress.
Compared with the steeply inclined structural plane, the
structure plane with a small dip angle had less influence on
roadway stability under mining conditions. The deformation of
the roadway with no folding began at the stage when the mining
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level extends to 28 m below. Affected by the overall movement of the
hanging wall, the rock mass surrounding the roadway also moved
toward the mined-out zone. Because of the smaller distance between
the bottom corner of the northern sidewall and the mined-out zone,
its displacement was the largest, while the displacement of the other
parts of the roadway section decreased gradually with increasing
distance from the mined-out zone (Figure 14). There was an
abnormal tension deformation phenomenon in the roadway as a
result of the difference in overall displacement movement of the
roadway section.

6.2 Roadways with partial-folding type
curves

The section of haulage drift with a partial folding deformation
curve was located between the types of section with no folding and
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those with whole folding, which is known as the transition zone.
Breccia with variable rock mass structure was exposed through
geological investigation on several rock outcrops, and the residual
structure was found locally. The tension fracture of the rock mass
filled and cemented again by the later calcite vein was well
developed. The deformation mechanisms of this area were
complex because of the diversity of the rock mass structure, and
were analyzed using typical examples from monitoring stations
S8 and S9.

The section perpendicular to the strike of the ore body was
drawn through station S8 (profile B-B), as shown in Figure 14. Due
to the cataclastic structure in this area, the strength and stiffness of
the rock mass was significantly lower than in the area with the no-
folding type. Thus, the roadway deformation was more sensitive to
mining-induced stress. According to the analysis of the mining effect
on deformation, the monitoring station had entered the deformation
stage at a deformation rate of around 1 mm/month from the date of

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.998759

10.3389/feart.2022.998759

Yang et al.

5100

5000

4900

V//, Rock slice of surface|

[Toppling  deformation Iayer after bending
outhern side wall failure

4800

4700 %
- 32 3-1) , 34) 34-1), 36[] 361) 38 ) 381 | )

8400 8500 8600 8700 8800 8900
FIGURE 14

Deformation mechanism of each part of the haulage drift in hanging wall.

initial monitoring, when mining in the first sublevel below had just
started. It is likely that the roadway deformation had begun to be
affected by the mining stress field caused by mining at the same
sublevel as the monitoring station. Then, when the mining activity at
the first sublevel below moved to the position at a distance of 17 m
away from S8, the roadway deformation began to accelerate and
entered the stage of rapid deformation. Production water
accumulating on the floor over a long time, especially in areas
with poor drainage aggravated the progress of weakening and
disintegration of the rock mass near the floor. Thus, the process
of roadway deformation to failure was accelerated. The previous
analysis of the deformation influenced by the rock mass surrounding
S8 showed that the deformation mode of the roadway section had
good symmetry. Although the joints were more developed than at
S2, there was no asymmetric deformation caused by the action of
dominant joints. The deformation mode conformed to the typical
deformation mode of a roadway section with this type of shape. The
deformation of the bottom corner was more serious than that of the
arch foot, which has a higher position compared to the roof in the
deformation ranking.

The roadway section perpendicular to the strike of the ore
body through station S9 (profile C-C) is shown in Figure 14. The
structure of the rock mass surrounding S9 was similar to that of S8,
but the degree of fracture development was lower than that of
S8 and the rock mass stiffness was higher than that of S8; thus,
there was no roadway deformation at the early stages of
monitoring. In January 2019, the deformation of measurement
lines 1 and 4 suddenly began to accelerate, when the mining
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activity of the ore body was located at the first sublevel below and
the horizontal distance from the monitoring station to the mining
activity was 27 m. As the mining continued to move toward the
monitoring station in February 2019, the deformation of lines
3 and 6 also began to accelerate. The rapid deformation lasted for
2 months, and the roof near S9 collapsed in April 2019, damaging
the station. I-beam support was afterwards installed at the site. The
deformation mechanism of station 9 can be well analyzed from the
deformation influence at each measurement line. In January 2019,
tension deformation began to occur on lines 1 and 4 connected
between the bottom corners of the two sides, which was caused by
the whole movement of the roadway toward the mined-out zone-
the same cause as that at the S7 measuring point. However, unlike
S7, the rock mass surrounding S9 was cut by joints and relatively
broken. Because of the tension deformation of the bottom corners
of the two sides, the shear and tensile strength of the joints in the
roof were reduced, so that as the mining advanced, the
deterioration in strength became worse. The subsidence and
of the the
deformation of survey lines 3 and 6 in February 2019, and the

deformation roof accelerated compression

roof collapse accident occurred in April 2019.

6.3 Roadways with whole-folding type
curves

A group of structural planes with strikes parallel to the
roadway were developed in the rock mass surrounding the
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monitoring stations with whole-folding type roadways. This
group of dominant structural planes with an occurrence of
181°<66" was well developed, dividing the rock mass into a
thin stratified shape. Affected by this group of structural
planes, the two sidewalls of the roadway in this area
modes. A buckling
deformation occurred at the bottom corner of the northern

developed  different  deformation
sidewall, while a toppling deformation occurred on the other
side (profile D-D, Figure 14).

6.3.1 Toppling deformation in the southern
sidewall

In the southern sidewall with whole folding type of roadway,
the rock mass was cut into a stratified shape parallel to the strike
of the roadway by a group of structural planes with a stratum of
181°<66°. The inclination of the stratified rock mass pointed
south, away from the roadway, which led to the toppling
deformation of the stratified rock mass and it’s collapse into
the roadway space. The simplified mechanical model of the
southern sidewall is shown as profile D-D in Figure 14. Any
particular rock layer is subject to the normal pressure and
tangential shear force of two adjacent rock layers as well as its
own gravity, W. The rock layer was under the influence of the
deformation force and the moment balance before the mining
disturbance, then the normal stress and shear-force of deep
adjacent rock layer (Pj.;, Tj.;) changed first under the
influence of mining. At the same time, in order to keep the
rock layer in balance, the normal pressure and shear-force of the
shallow adjacent rock layer (Pj.;, Tj.;) changed accordingly.
When mining is continued to the point at which the mining
disturbance increases enough to make the internal tension
between the rock layers exceed its own tensile strength,
bending and toppling failure will occur. Because of the
influence of the roadway free space, the rock layer adjacent to
it was the first to be bent and damaged. In terms of specific
damage, the first rock layer was relaxed and cracked at the
outcrop, and then the tensile crack extended along the steep
joint to the bottom corner of the roadway side. Under the
compression of the deep rock layer, the tensile stress in the
thin rock body exceeded its bending stiffness, and bending and
breaking occurred at the bottom corner. The second rock layer
was destroyed after the first layer, and the damage of the rock
layer decreased gradually with the increase in depth of the
surrounding rock.

Along the strike direction of the ore body, the toppling
deformation influence of whole-folding type roadways was not
exactly the same. Based on the deformation curves at S3, S4,
§10 and S11, we found that the bending and toppling
deformation of the southern sidewall between exploration
lines 36 and 38 was more serious. In addition, the mining in
this area lagged behind the area between lines 34-1 and 36, and
acceleration in the deformation of the surrounding rock of the
roadway occurred later. The damage to the rock layer was
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obviously more serious than that between lines 34-1 and 36 ,
mainly because of the thinner rock layer cut by the group
structure planes at 181°<66° between lines 36 and 38. Even
before the influence of mining stress, the several rock layers of
the southern sidewall adjacent to the roadway space experienced
bending and fracture along the structure planes under the
influence of redistribution stress of the roadway excavation

over time.

6.3.2 Buckling deformation in the northern
sidewall

Because it was affected by a group of dominant structural
planes with 181°<66°, a layered rock mass structure with
inclination toward the roadway space was formed in the
northern sidewall by a whole-folding type roadway.
Roadway excavation led to a release of stress on the two
sidewalls, causing the surface rock layer of the northern
sidewall to move toward the roadway space. Because of the
thinness of the surface layer near the bottom corner, this part
was more likely to separate from the deep rock mass along the
structure plane and release a free end. As the deformation
increased, the surface layer near the bottom corner was
subjected to bending failure, resulting in rock slices on the
floor and exposure of the bottom end of the deep rock layer
fixed in the floor. The trend of sliding movement of the deep
rock layer toward the floor was generated by the concentrated
vertical stress induced by mining, leading to concentrated
principal stress distributed along the layer (Li et al., 2018), and
the part close to the bottom corner buckling and deforming to
the roadway space (Figure 14, encircled by a red ellipse). After
mining near the roadway, it is especially likely that the
northern sidewall will be subjected to the concentrated
vertical stress caused by mining, resulting in more serious
buckling deformation of the bottom corner under downward
compression. Based on analysis of data gathered from all the
stations in this area, the top three measurement lines showing
large deformations at nearly all monitoring stations were
lines 1, 2 and 4 (not in order), because one end of these
measurement lines was located at the bottom corner of the
northern sidewall. Moreover, the bottom corner buckling
from the roadway deformation produced in this area before
and after deformation acceleration was significantly greater
than that from roadways in other areas. The maximum
deformation rate after deformation acceleration reache
(S4). The of
deformation acceleration was earlier than that at other

98 mm/month time non-convergent

zones.

7 Conclusion

To guarantee the annual production in an SLC mine, the

mining activities at several sublevels were always
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implemented at the same time. Therefore, besides the mining
stress itself, the deformation of a haulage drift in a hanging
wall will be affected by the overall movement of the hanging
wall after mining at sublevels below the haulage drift. The data
in this study was obtained by on-site monitoring at stations
using laser convergence meters. The deformation data of
the
influence of deformation of a haulage drift on a hanging

roadways was recorded and analyzed, revealing
wall. Combined with the on-site mining results of the test
engineering, the effects of mining on deformation of a haulage
drift in a hanging wall under both a rectangular coordinate
system and a polar coordinate system were analyzed. The

major results were as follows:

(1) The cumulative deformation curve of the haulage drifts in
a hanging wall comprised three types: no folding, partial
folding and whole folding type. Among them, the no-
folding type of deformation was in a fluctuating state or
was increasing linearly with time at a very slow
deformation rate. However, the curves of the partial-
folding type and the whole-folding type showed
apparent folding points that signified the onset of

without

rapid increases

deformation. If folding points occurred on some of the

convergence in roadway
measurement lines of a monitoring station, it was
concluded that part of the roadway section had entered
the rapid deformation stage. Usually, the bottom corner
of the roadway was the most likely part to suffer

deformation. If folding points occurred on all
measurement lines of a monitoring station, the
accelerated deformation occurred in the whole

roadway section. As it extended eastward along the
strike of ore body I, the roadway deformation was
more severe, accompanied by larger distribution
density and stronger regularity of structural planes.
(2) Utilizing rectangular coordinate and polar coordinate
systems, the spatial geometric relationship between
mining activity and a monitoring station were
investigated to determine the effect of mining on
deformation of a haulage drift on a hanging wall. On
the whole, the deformation magnitude of a monitoring
station with partial-folding or whole-folding types was
negatively correlated with distance from mining activity
and positively correlated with inclination angle. When an
apparent folding point which marked the onset of a rapid
in the the

corresponding inclination angle was defined as the

increase deformation curve occurred,
critical inclination angle. Along the strike of ore body
I, the critical inclination angle from west to east
decreased linearly with the coordinate. With regard to
the influence of the deformation of the haulage drift on
the hanging wall, the time of the apparent folding point
which marked the onset of a rapid increase in the
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deformation curve shifted from west to east earlier.
This could be attributed to the difference in geological
structure, which meant that compared to the eastern part
of a haulage drift, the western part had a larger
distribution density and stronger regularity of
structure planes.
(3) Based on the deformation regulation of monitoring
stations and mining effect analysis, the deformation
mechanisms corresponding to the three deformation
curves were revealed. In a monitoring station with no
folding type, the bottom corner of the northern wall side
showed more obvious overall movement toward the
mined-out zone than other part of the roadway
section, which cause abnormal tension deformation
phenomenon in the roadway section. In a monitoring
station with whole-folding type, the deformation of the
two sidewalls had larger values and occurred earlier,
which could be attributed to the occurrence of buckling
deformation in the northern sidewall, and toppling
in the

combined effect of the mining-induced stress and the

deformation southern sidewall under the
group of structure planes at 181°<66°. The haulage drift
with whole-folding type belongs to a transition region
between whole-folding type and no-folding type, and

the deformation mechanism is more complex.
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