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High-strength mining has the characteristics of shallow buried depth, large mining height,
and fast mining speed. Under the condition of high-strengthmining, the overburdenmoves
violently and the surface damage is serious. It has caused serious ecological security
problems in the mining area. In order to solve this problem, it is necessary to adopt the
technology of restoration while mining. The key to the effective implementation of this
technology is to clarify the real-time distribution law and generation mechanism of surface
damage. In this paper, field investigation and the theoretical analysis method are used for
related research. The results show that the surface strenuous move duration is long, the
strenuous move area is large, and the surface discontinuous deformation is fully
developed. With the characteristics of stepped crack lags behind the location of the
working face, the stepped crack spacing and periodic weighting interval are equivalent.
Through discussion and analysis, it is found that the cause of serious damage is the strata
movement mode of high-strength mining in “two zones” mode. Under the “two zones”
mode, the roof has easy-to-slip instability, the bedrock is completely broken along the
direction of the bedrock breaking angle, and the weak anti-disturbance ability of the loose
layer leads to the surface becoming severely damaged. The research results can provide
reference for the formulation of follow-up ecological real-time restoration measures in
similar mines.
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1 INTRODUCTION

China is the largest coal producer and coal consumer in the world. Coal accounted for about 60% of
China’s primary energy structure in 2019. The mining of a large number of underground coal
resources brings about large-scale overburden movement and surface subsidence, which badly
disturbs the original ecology and environment, and seriously affects the safe use of buildings,
railways, and highways in the subsidence area. A series of economic, ecological, and environmental
problems caused by mining have attracted many people’s attention (Figure 1).

At present, surface ecological restoration technology is mainly used for the treatment of surface
ecological damage in the mining area, but it is usually repaired after mining. There are problems such
as poor repair timeliness and low repair rate in this repair mode. In order to solve those problems, the
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technology of “restoration while mining” has been put forward in
recent years. This technology emphasizes the timeliness and
accuracy of repair, and has good application and promotion.
The key to the effective implementation of this technology is to
grasp the real-time distribution law of surface damage. This is also
the content of this paper.

According to the mining subsidence theory (He et al., 1991;
Peng, 1992; National Bureau of Coal Industry, 2017), when the
ratio of mining depth to mining height is large and mining
velocity is fast, the surface subsidence is generally continuous
and regular in time and space. For this continuous surface
subsidence, many scholars have undertaken a lot of research
on its distribution law (Zhang and Chong, 2012; Cui et al., 2014;
Thongprapha et al., 2015; Vervoort, 2016; Yan et al., 2018; Bai
et al., 2020), generation mechanism (Wang et al., 1999; Ma et al.,
2013; Yu et al., 2015; Suchowerska Iwanec et al., 2016; Salmi et al.,
2017; Lian et al., 2020), prediction method (Ren et al., 1989;
Ramesh and Ram, 1995; Luo and Cheng, 2009; Yan et al., 2019),
and the mining-induced social and ecological problem (Bell et al.,
2000; Sinha et al., 2007; Tang, 2009; Saha et al., 2011; Sasaoka
et al., 2015). An abundance of research results have been obtained
and some important results have been extended to the
engineering application. But when the ratio of mining depth
to mining height is small and the mining velocity is slow, the
surface subsidence will often be accompanied by discontinuous
movement, and the surface will often produce tensile cracks,
stepped cracks, collapse pits, and other disasters (Fan et al., 2011;
Ju and Xu, 2013; Fan et al., 2015; Yan et al., 2018; Chen et al.,
2019), which will destroy the soil construction, lower the
underground aquifer, reduce agricultural production, and
endanger the safety of residents in the subsidence area. This
highly destructive mining mode is called high-strength mining.
The adverse phenomenon induced by high-strength mining can
be divided into two kinds, static and dynamic. The static damage
distribution law has been fully studied, and related achievements
have been obtained and included in textbooks (He et al., 1991;
Peng, 1992). But at present, the research results on the dynamic
damage distribution law are still few and insufficient.

Under high-strength mining, the ratio of mining depth
to mining height is small, the mining velocity is fast, and the

above-mentioned adverse phenomenon is more serious. To deeply
study the dynamic law of severe surface damage induced by high-
strength mining, this paper selected working face 22,407 in the
Shendong coal field, a typical high-strength mining working face,
as the sample. By collecting the relevant information of working
face 22,407, we studied the dynamic severe damage distribution law
and analyzed its subsidence mechanism.

2 ENGINEERING BACKGROUNDOF STUDY
AREA

The Halagou coal mine is located in Daliuta Town, Shenmu
county, Shaanxi Province, at the junction of Mu Us Desert and
Loess Plateau, with an annual output of 10 million tons of coal.
Working face 22,407, which belongs to the Halagou coal mine is
located in the middle of panel 4. The northwest is the central
return air roadway of coal seam 22, the northeast is the designed
working face 22,408, the southeast is working face 22,610
designed by the Daliuta coal mine, and the southwest is the
goaf of working face 22,406. The ground surface of working face
22,407 has little fluctuation and is covered by aeolian sand.
Working face 407 mainly mines coal seam 22.

The coal seam within the mining range of working face 22,407
has a simple structure and is a stable coal seam. The coal seam
minability index is 1. The geological structure within the minable
range of the working face is simple, without the occurrence of large
geological events and the existence of large geological structures.

The working face is mainly affected by the water of the
Quaternary loose aquifer. The Quaternary loose aquifer is
mainly composed of aeolian sand. The aquifer is 10–24 m
thick and has a strong water yield. The normal water inflow of
the working face is 75 m3/h.

The size of working face 22,407 is 3224 m × 284 m. The
bedrock thickness is 73 m, alluvium thickness is 57 m, and the
aquifer thickness is 10–24 m. The average thickness, depth, and
dip angle are 5.2 m, 130 m and 1°, respectively. According to the
geo-mining conditions and borehole histogram of working face
22,407 (Figure 2), the lithology of the overlying strata in this
working face is evaluated as medium hard. The comprehensive

FIGURE 1 | Surface ecological damage in mining area.
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mechanized coal mining method is used for mining and the all
caving method is used to manage the roof. The average mining
velocity of working face 22,407 is 15 m/d.

From the above conditions, we can see that the ratio of mining
depth tomining height of working face 22,407 is small and themining
velocity is fast. It is a typical high-strength mining face. Therefore, we
chose the data of working face 22,407 to analyze the dynamic damage
distribution law and reveal its generation mechanism.

3 MONITORING METHODS AND DATA
ACQUISITION

In order to obtain surface movement data, a surface movement
observation station was set up on one side of the stoping line of
working face 22,407 according to the mine survey regulations. The
observation station included one strike surface movement

observation line. The total length of the strike observation line
was 350m, with 24 monitoring points in total, and the density of
monitoring points was 15m. The point layout is shown in Figure 3.

After the monitoring points were arranged, the following
monitoring methods were used for data collection (Table 1).

4 RESULTS

4.1 Surface Damage Range
After the exploitation of underground coal resources, the area of
surface mining damage was much larger than that of
underground mining. According to the knowledge of mining
subsidence, the angle of the damage boundary is often used to
characterize the range of ground surface movement, and the angle
of break is used to characterize the distribution range of surface
damage, as shown in Figure 4.

The angle of the damage boundary value can be calculated
with Formula (1).

FIGURE 2 | The borehole log of working face 22407.

FIGURE 3 | Layout and distribution of monitoring points.

FIGURE 4 | Angle of braek and damage boundary.
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β � arctan
H

L1
(1)

Where β is the angle of damage boundary;H is the mining depth;
and L1 is the horizontal distance from the boundary of goaf to the
boundary point of 10 mm subsidence. Generally, the value of the
boundary angle is approximately 50–60°. The angle of the break
value can be calculated with Formula (2).

δ � arctan
H

L2
(2)

Where δ is the angle of the break and L2 is the horizontal distance
from the boundary of goaf to the surface critical deformation
point. The surface critical deformation point is determined from
the outermost point with the inclination of 3 mm/m, curvature of
0.2 mm/m2, and horizontal movement of 2 mm/m. Generally, the
value of boundary angle is approximately 75°.

The inclination, curvature, and horizontal movement value
can be calculated with Formula (3).

i12 � w2 − w1

l12

K123 � i23 − i12
1
2
(l12 + l23)

ε12 � u2 − u1

l12

(3)

Where w is the subsidence value; i is the inclination value; ε is the
horizontal movement value; and u is the horizontal
displacement value.

Through field measurement, it is found that the angle of
damage boundary of working face 22,407 is 46°, and the angle
of break is 70°. Compared with the angular parameters under
general conditions, the corresponding angular parameters under
high-strength mining conditions are small and the influence
range is large.

TABLE 2 | Duration of each movement period.

Initial period(d) Active period(d) Weakening period(d)

Halagou 22407 9 150 200

FIGURE 5 | Zoning map of surface strenuous moving.

TABLE 1 | Monitoring items and means.

Numbers Monitoring items Monitoring means Corresponding measured photos

1 Subsidence Leveling

2 Horizontal displacement Differential GPS real-time kinematic positioning

3 Crack Tape measurement
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4.2 Surface Damage Degree
The damage degree of the ground surface above the gob can be
reflected by the magnitude of surface subsidence velocity. The
surface subsidence velocity can be calculated by the following
formula.

vn � wi+1 − wi

t
(4)

Where vn is the subsidence velocity of point n; wi+1, wi is the
subsidence value of point n measured at i + 1 and i times, mm;
and t is the interval between two measurements, d.

The maximum subsidence velocity of working face 22,407 is
700 mm/d, so the surface has undergone strenuous movement
and violent deformation during the mining process under the
condition of high-strength mining. To analyze the dynamic
distribution laws of ground surface severe damage, we
evaluated two aspects: the temporal and spatial distribution

characteristics of severe surface damage and the dynamic
distribution laws of surface cracks.

4.2.1 Temporal Distribution of Surface Single Point
Severe Damage
The surface point in the subsidence trough experiences the
process from when it begins to move to the end of movement.
The movement process of a surface point can be described by the
subsidence velocity. The whole movement duration, according to
the subsidence velocity, can be divided into three periods: initial
period, active period, and weakening period (He et al., 1991; Peng,
1992; National Bureau of Coal Industry, 2017).

Initial period. From the beginning of the movement of the
surface to the time when subsidence velocity reaches 1.67 mm/d
or 50 mm/month.

Active period. Time interval when subsidence velocity is
greater than 1.67 mm/d.

Weakening period. From the time when the movement of the
surface decreases to 1.67 mm/d to the time when subsidence ends.

During these three periods, the surface points in the active
period had the largest subsidence velocity and suffered the most
damage. The longer the active period lasts, the more severe the
damage to the surface points. The movement duration of working
face 22,407 is shown in Table 2.

As can be seen from Table 2, the whole movement duration
was 359 days, and the initial period, active period, and
weakening period accounted for 2.5, 41.8, and 55.7% of the
whole movement duration, respectively. The initial period was
very short. The surface point entered the active period soon
after it was affected by mining activities. The duration of the
active period and weakening period was close to half of the
whole movement duration. Compared with the traditional law
(He et al., 1991; Peng, 1992; National Bureau of Coal Industry,
2017), it can be seen that under high-strength mining
conditions, the active period was longer, and the severe
damage to the surface point was more serious.

4.2.2 Spatial Distribution Law of Severe Surface
Damage
At a certain time, the subsidence velocity differed for each point
on the major section of the subsidence trough. According to the
subsidence velocity, its strenuous movement degree can be

TABLE 3 | Width of strenuous moving area.

Width of
strenuous

moving area/m

Mining
depth/m

Ratio of the
strenuous moving

area
width to mining

depth

2014-
01-06

197 130 1.52

2014-
01-08

205 130 1.58

2014-
01-10

203 130 1.56

Average 201.7 130 1.55

FIGURE 6 | Surface dynamic severemoving area of working face 22407.

TABLE 4 | Location of strenuous moving area.

Date Distance between the
advanced position of
the working face

and the left
boundary of the

strenuous moving area/L
(m)

Width of strenuous
moving area/LS (m)

L/LS

2014-01-06 40 191 0.209
2014-01-08 38 198 0.192
2014-01-10 38 202 0.188
Average 38.67 197 0.196
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described by partition. A subsidence velocity of 18 mm/d was
given as the critical value to define level IV damage to buildings.
This paper also uses it to divide the dynamic subsidence trough
into two zones (Figure 5).

Slow moving area: the surface subsidence velocity in this area
is not greater than 18 mm/d; Strenuous moving area: the surface
subsidence velocity in this area is larger than 18 mm/d.

When the face advances a sufficient distance, the width of
strenuous moving area reaches its maximum possible value. The
field-measured width of the strenuous moving area is shown in
Table 3.

It can be seen from the above table that the strenuous
moving area width was approximately 1.55 times the mining
depth. That is, under high-strength mining conditions, the
scope of the ground surface point moved violently and sever
damages were generally large. The development of the
strenuous moving area as the face advanced is shown in
Figure 6.

The distance between the advanced position of the
working face and the left boundary of the strenuous
moving area under various advance positions of the
working face measured in the Halagou coal mine are
shown in Table 4.

From Table 3, the distance between the advanced position of
the working face and the left boundary of the strenuous moving
area for all three periods were equal to 1/5 of the strenuous
moving area width. That is, the advanced position of working face
was located at the left 1/5 of the strenuous moving area width.

In summary, under high-strength mining conditions, the time
duration of severe damage to the surface points was relatively
long, and the area where the surface was severely damaged was
relatively wide. The severely damaged area was a dynamic area,
which continuously moved forward as the working face
advanced.

4.2.3 Surface Dynamic Crack and Its Development
Rules
The ratio of mining depth to mining thickness of the high-
strength mining working face was small and the dynamic
crack was fully developed. The dynamic crack mainly had
tensile cracks and stepped cracks as shown in Figure 7. The
development of tensile crack had high density and small width. In
addition, a stepped crack appeared in cycles.

The development of dynamic crack has the following
characteristics:

1) A stepped crack lags behind the advanced position of
working faces.

The overburden layer failure is developed along the direction
of the bedrock fracture angle in the bedrock and along the similar
vertical direction in the loose layer. The failure directly reaches to
the surface and forms a stepped crack. A stepped crack lags
behind the advanced position of the working face. The lag
distance is called the lag distance of the stepped crack (Eq. 5),
the corresponding angle is called the lag angle of the stepped
crack (Eq. 6).

Lt � Hj × cot γ (5)
φ � arctan( Lt

HO
) (6)

Where Lt is the lag distance of the stepped crack (m), φ is the lag
angle of the stepped crack (°),Hj is the thickness of bedrock (m),
H0 is the average mining depth (m), and γ is the bedrock fracture
angle (°).

A bedrock fracture angle of 52–57° at the side of the working
face was measured (Yan et al., 2018). An average angle value of 55°

was used as the bedrock fracture angle value. According to Eqs 2,
3, the lag distance of the stepped crack is 62.3 m and the lag angle
of the stepped crack is 64.6°.

The field-measured lag distance of the stepped crack under
various advanced positions of the working face are shown in
Table 5. It can be seen from Table 5 that the calculation results
are basically consistent with the field measurement results.

2) Stepped crack spacing and periodic weighting interval fairly.

The measured spacing between stepped cracks is 8–11 m
along the advance direction of the working face. The periodic
weighting interval is 10 m, which is basically the same as the
former.

5 DISCUSSION

In the vertical direction, under the condition of general
geological mining, after rock strata movement, the
overlying strata can be divided into three different mining
influence areas: caving zone, fractured zone, and sagging zone.
Because the caving zone and fractured zone easily conduct
water, they are jointly called the water conducting fractured

FIGURE 7 | Surface crack and its position distribution.
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zone. However, under special geological and mining
conditions, the movement law of overlying strata is
different, and the three mining influence zones in
overburden strata do not exist at the same time. Which can
be summarized as four types, as shown in Figure 8.

Type one: The “three zones” of overlying rock are fully
developed. The caving zone, fractured zone, and sagging zone
exist at the same time (Figure 8A).

Type two: The fracture zones directly reach the top surface of
the bedrock, but do not reach the ground surface (Figure 8B).

TABLE 5 | Relative position of the stepped crack and the working face.

Date Horizontal distance between
the working face

and terminal line/m

Horizontal distance between
the outside stepped
crack and terminal

line/m

Horizontal distance between
the outside stepped
crack and working

face/m

6 January 2014 77–94 146 52–69
8 January 2014 40–60 117 57–77
10 January 2014 3–19 78 59–75

FIGURE 8 | Develop types of overlying strata.

FIGURE 9 | Failure mode and mechanics model of overlying strata.
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Type three: The fracture zone directly reaches the ground
surface (Figure 8C).

Type four: The caving zone directly reaches the top surface of
bedrock (Figure 8D).

Under high-strength mining, the calculation formula of the
height of caving zone and fracture zone is as follows (Yan et al.,
2018).

Hc � (6.94M − 17.3) ± 4.7 (7)
Hf � (2.62M + 53.77) ± 8.7 (8)

WhereHc is the height of the caving zone;Hf is the height of the
fracture zone; and M is the mining thickness.

Through calculation, it was found that the fracture zone height
of working face 22,407 was greater than the bedrock thickness.
The fractured zone directly reached the surface of bedrock.
Therefore, the type of overlying strata movement of the
working face conformed to type two. That is to say, the type
of overlying strata movement of high-strength mining was the
“two zones” mode.

Under the “two zones” mode, the migration of the roof is
shown in Figure 9.

According to the moment equilibrium, Formulas 9–12 can be
derived.

QA + QB � P1 (9)
T � lP1

2(h − a − w) �
P1

i − 2 sin θmax + sin θ
(10)

QB � T sin θ2 (11)
a � 0.5(h − l sin θ) (12)

Where Q is the shear force; P is the suffered load; T is the
horizontal thrust; l is the length of rock block; h is the height of
rock block; θ is the rotation angle of rock block; and i is the rock
fragmental size, i = l/h.

Since θ2 is very small, QB can be ignored, so QA � p1.
According to a previous study (Qian et al., 2012), the
maximum value of θ in this area is 8–12°, i is greater than 1,
and the tangent value of the friction angle is 0.5. When these

values are brought into the above formula, the following
relationship can be obtained:

i − 2 sin θmax + sin θ > 0.584 (13)
Therefore, the relationship between the shear force and

friction force of the arch foot is calculated as follows.

T tanφ � P1

i − 2 sin θmax + sin θ

tanφ � 0.5P1

i − 2 sin θmax + sin θ
< 0.5P1

0.584
<P1 � QA (14)

It can be seen that the sliding instability easily occurs in the
“two zones” mode. The sliding instability of the roof can easily
lead to the stepped subsidence of strata and induce the
overburden to break in full thickness. As seen in Figure 10,
because the loose layer is prone to shear failure, the stepped
subsidence of strata easily leads to the formation of stepped cracks
on the ground surface.

Besides, the loose layer above working face 22,407 is thick, up to
55m. And the cohesion between particles in the loose layer such as
aeolian sand is small. This will lead to the following two situations.

1) The thick loose layer is equivalent to softening of the rock
stratum, which increases the influence range and degree of
surface mining.

2) Due to the weak anti-disturbance ability of the loose layer, the
ground surface will be seriously damaged by underground
high-strength mining, and it is easy for many small irregular
tension cracks to appear on the ground surface between
stepped cracks (Figure 7).

6 CONCLUSION

Through analysis of field-measured data, the characteristics of
severe surface damage induced by high-strength mining were
summarized. The main conclusions are as follows:

FIGURE 10 | Diagram of overburden failure under "two zones" mode .

Frontiers in Earth Science | www.frontiersin.org April 2022 | Volume 10 | Article 8278268

Yan et al. Ground Severe Damage Law

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


1) Severe surface damage lasts for a long time and has a wide range.
The duration of the active period is close to half of the whole
movement duration. The width of the strenuous moving area is
equal to 1.55 times the mining depth. The advanced position of
the working face is located at the left 1/5 of the strenuousmoving
area width. The strenuous moving area is a dynamic area, which
continuously moves forward as the working face advances.

2) The dynamic crack types of surface and their periodic
distribution laws induced by high-strength mining are
summarized. The development of tensile cracks has high
density and small width. In addition, stepped cracks appear in
cycles, and the step crack spacing and the periodic weighting
interval is consistent. The surface dynamic tensile cracks reflect
the surface tension process between the two roof breakages.

3) The overburden strata failure in the “step beam” model and the
strata move in the “two zones” mode. The sliding instability of
the roof results in stepped subsidence of rock strata and further
stepped cracks on the ground surface. In addition, rock strata are
completely broken, resulting in severe surface damage.
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