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Underground mining in Karst Plateau landform area may cause the loss of support
for the upper rock stratum, resulting in rock collapse and large-scale subsidence
of the ground surface. Also, the formation of a large-scale goafs may further lead
to geo-hazards such as collapse, water gushing, slope instability and so on in the
area. To reduce the impact of goaf settlement on local strata stability, this paper
established a standardized safe mining detection model for goafs based on the
geological safety characteristics of mining goafs. With reference to the statistical
analysis of the geological conditions in the mining area, a numerical model with
358 goafs and the proposed mining area was established using FLAC3D numerical
software. The surface subsidence and variations of plastic zone in the mining area
were comprehensively analyzed. The results indicated that there was a correlation
between the stability of themining area and the geological occurrence conditions
of the goafs. By quantitatively taking the values from standardized safety mining
detection models, the standardized safety mining detection and warning
technique was finally established. The findings can provide technical guidance
for safety detection and early warning in the whole process of underground goaf
mining in Karst Plateau karst development zone.
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1 Introduction

Due to the historical reasons such as poor mine supervision and unstandardized mining,
many metal and non-metal mines in China have abandoned a large number of unprocessed
goafs of various sizes and shapes. Especially since the 1980s, indiscriminate mining under
chaotic mining order has created numerous unidentified goafs, which have emerged as one of
the most significant risk sources affecting the safe mining and the safety of the lives and
property of the inhabitants around the goafs (liao et al., 2008; He et al., 2020; Liu and Li,
2023). Elimination of threats to resource extraction requires surveying and mapping of the
goafs to identify their distribution, scale and risk levels.

Extensive studies on the goafs have been conducted by scholars worldwide from the
remote sensing and survey perspective to validate the reliability of the resistivity tomography
(ERT)method. (Martínez-Pagán et al., 2013) conducted experiments in the semiarid climatic
region of La Sierra Minera. Since the space of the cave was occupied by air, one might expect
a high electrical resistivity contrast between the cave itself and the host rock. (Yu et al., 2018)
utilized the large-loop transient electromagnetic approach to detect the water-rich goaf. The
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inversion results confirmed that the resistivity of water-rich goaf
often exhibited a very low resistivity, and the resistivity contour line
behaved as a sharp closed circle. (Chen et al., 2021) examined the
developmental characteristics of the goafs in the working zone
through the layout of the Transient Electromagnetic
Method(TEM) survey line. Subsequently, based on this working
zone, the magnetotelluric sounding method was adopted to verify
the delineated goafs by TEM, and the anomalous apparent resistivity
surface obtained by these two methods was basically constant. In
view of the problems of existing methods for solving the parameters
of goaf spatial features, (Wei et al., 2022) proposed a method of
identifying the spatial location of underground coal goafs by using
the minimum unit probability integration merging method and
optimized quantum annealing.

Regarding the studies on the goaf stability issues, (Ma, 2021)
investigated the creep failure law of coal pillars in the room pillar
goaf under overburden loading, where the critical instability state in
the dynamic instability process of coal pillars was determined, and
the pillar goaf stability evaluation system with multiple indices was
established based on the fuzzy exhaustive evaluation method. (Ning
et al., 2019). used Mathews stability diagram method to calculate the
allowable hydrological radius of rocks in the goaf of Huanggang iron
ore mining, and then determined the stability grade of the goaf.
Based on 110 goaf samples, (Huang and Chu, 2019) combined
random forest algorithmwith recursive feature elimination theory to
screen out the indexes that contribute more information to the
hazard grading of the goafs, and they realized the streamlined
dimensionality reduction of the evaluation index system of the
goaf. In addition, a large number of researchers also performed
computational analysis on goaf stability with the finite difference
method or the finite element method (Zhang et al., 2010; Sariandi
et al., 2018; Wang et al., 2018; Jia and Xue, 2021).

In terms of quarry area management, (Wang et al., 2023) dealt
with goaf-related hazards in advance at specific working faces by
enhancing continuous monitoring of water levels and volumes. The
most widely available approach for ground pressure management is
to use the waste rock, tailings sand, concrete and other materials to
fill the goafs (Deng et al., 2009; Feng and Huang, 2020; Liu et al.,
2022; Yu et al., 2022; Zu et al., 2023).

In summary, previous studies on goaf detection methods and
stability evaluation have mostly focused on goaf detection timing
management. Currently, there are no scholars studying goaf
detection timing management. The geological conditions of
underground goaf in karst development zone are complex, the
changing morphology of the ore body, the historical legacy of
mining, the disorder and chaos of the early mining, the
intemperate mapping, the lack of detailed information and goaf
management and the collapse or closure of roadways and goafs in
some cases have made it difficult to verify the distributional status of
some goafs, resulting in the original hidden goafs becoming even
more mysterious (Chun et al., 2020; Li et al., 2021; Li et al., 2021).
Therefore, it is difficult to carry out surface subsidence stability
warning technology for safe mining in goaf. This article is the first to
apply the Eisenhower Rule, Priority Formula and Monte Carlo
method of operations research to the construction of a
standardized model for goaf safety detection. The simulation
results of the whole mining process using the FLAC3D were
applied to the standardized model, which realized the goaf

classification and efficient detection at different periods. The
findings can make the use of human and financial resources to
deal with goaf detection and safety hazards more reasonable,
scientific and proactive. The research results can provide useful
references for the subsequent monitoring and warning of goaf
disasters in mines, and provide guarantees for the safety
production of mines.

2 Standardized safety detection model

In the process of mine production and construction, the
safety problems brought by the potential hazards of the goafs
to the production and the surrounding environment should be
correctly addressed, while the safety management policy of
prevention oriented and comprehensive treatment should be
adhered to. In this paper, by adopting the Eisenhower Rule,
the Priority Formula and Monte Carlo method and combining
the safety characteristics of the goafs themselves, four safety
quadrants for goaf detection grading were classified, and
finally a standardized safety detection model for goaf was
developed, as shown in Figure 1.

The specific construction method of the standardized safety
detection model for goafs in Figure 1, as well as the adopted
Eisenhower Rule, Priority Formula and Monte Carlo method are
described in detail in Sections 3 and 4.

3 Eisenhower Rule time series
management

3.1 Eisenhower Rule

Eisenhower Rule, also known as ‘the Four Quadrant Rule’, was
introduced by Dwight David Eisenhower. The division of things to
be done into four quadrants based on the urgent, non-urgent,
important and unimportant arrangement helps us to gain a deep
understanding of time and efficient management (Henjewele et al.,
2013; Dai, 2019; Li et al., 2020; Luo et al., 2021).

Quadrant 1: this quadrant contains urgent and important
matters that should be addressed on a priority basis. The goaf in
this quadrant belongs to the high risk and susceptible category. On
the one hand, the goaf in this quadrant leads to the deterioration of
mining conditions, and directly threaten the production safety of
underground operations. On the other hand, it severely affects the
life and property safety of surrounding residents, while the degree of
detection directly determines the safety of the mine production and
the production cycle. Therefore, the level of exploration requires a
high level of over 90%.

Quadrant 2: this quadrant contains urgent but unimportant
events, so events in this quadrant are very deceptive and tend to take
up a lot of valuable time of many people. The goaf in this quadrant
falls into the category of low-risk and high-sensitivity. If the goaf is
close to the production zone but relatively spatially independent, it
will be in relative stable state. Detection work in this quadrant is
needed, but the degree of detection can be appropriately reduced,
above 50% is sufficient; while appropriate methods could be chosen
to categorize the goaf types.
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Quadrant 3: this quadrant contains events that are mostly trivial
tasks, with no time urgency and no importance. It is manifested by
the fact that the goaf in the quadrant is in the low-risk and low-
sensitivity category, where the goaf is far away from the production
zone, and has good stability and anti-interference. Even if the goaf is

destroyed, the safety of production will not be affected. The
detection of the goaf in this region is the icing on the cake, only
need to reach over 10%, and may favor the detection tasks.

Quadrant 4: this quadrant differs from Quadrant 1 in that the
events in this quadrant are not time-critical; however, they have

FIGURE 1
Standardized safety detection model for goaf.

FIGURE 2
Eisenhower diagram of managing the timing of goaf investigations and the degree of exploration.
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significant impacts. It is manifested by the fact that the goaf in this
region falls into the category of high-risk and low-sensitivity, while
the goaf is normally in a stable state. There are spatial overlap, denser
void areas, thin pinched walls of the endowment and high mining
disturbance, which can easily cause large-scale catastrophic
accidents. The extent and capacity of the next mine design can
be more strongly influenced by the area of the mine goaf. The goaf in
this region requires detection with a high degree, must reach over
70%, and they belong to the conservative object.

Based on the above elaboration of the four quadrants, the time
management of the goaf survey and the degree of detection of the
Eisenhower schematic diagram is drawn in Figure 2, and the goaf
detection sequence in the quadrant is shown in Figure 3.

3.2 Method of quantifying the temporal
sequence of goaf detection and
investigation

3.2.1 The degree of emergency
Based on the relationship between the goaf and the mine

engineering layout, and with respect to the urgency of the goaf
detection survey, the time of surface deformation and stabilization,
the accuracy of detection and the accumulation of water in the
former hole were evaluated, and the specific values were.

(1) The area close to the proposed project was characterized by a
concentration of personnel, equipment and frequent activities.
Therefore, the closer the midsection to the proposed goaf of
production resumption at this time, the greater the impact of
leftover goaf on production, therefore the investigation and
detection should be performed first with respect to temporal
urgency (Guo et al., 2014; Liu et al., 2023a; Liu et al., 2023b). We
denoted this urgency by J, which took the range of values [1 -
Number of middle sections from the proposed goaf] = [1 - n].

(2) In general, the impact of goaf on surface deformation can be
divided into three stages. The initial period was the occurrence
of subsidence of 10 mm in the main section of the surface

displacement basin. The surface subsidence rate was greater
than 50 mm/month (the dip angle of the ore body ɑ ≤ 45°) or the
surface subsidence rate was greater than 30 mm/month (the dip
angle of the ore body ɑ > 45°), which can be regarded as the
active period. In six consecutive months, the subsidence value
did not exceed 30 mmwas considered as the end of the period of
surface movement and as the recession period, i.e., the
stabilization period. This tightness is denoted by T, which
takes the values of [0 - the time needed for the surface
movement deformation to stabilize] = [0-n]. The
approximate continuation time of the surface deformation in
the project area can be deduced from Equation 1, if the surface
deformation of the mine is not monitored (Wang and Zhen,
2021):

Td � 1000 exp 1 − 400
H0

( ) (1)

where Td is the time taken to stabilize a region inside the moving
basin, d; H0 is the mining depth, m. By subtracting the time of the
formation of the goaf, the time needed to stabilize the surface
movement deformation can be gained. Subtracting Td from the
time of goaf formation can determine the remaining stable time for
surface movement and deformation.

(3) The detection depth has a great impact on the efficiency and
accuracy of goaf detection, a number of commonly used and
matured means of physical prospecting can be divided into
several levels: very shallow goaf (<40 m), shallow goaf
(50–150 m), medium-deep goaf (150–400 m), deep goaf
(>400 m). Tightness was denoted by S and took values in the
range of [very shallow, shallow, medium-deep, deep] = (liao et al.,
2008; He et al., 2020; Liu and Li, 2023; Martínez-Pagán et al., 2013).

(4) The water damage caused by the old holes in the goaf was
characterised by the strong suddenness, large volume of water in
initial stage and great difficulty in prevention and control. The
occurrence of water damage in the old holes of the same layer
usually causes great damages and enormous economic losses.
Therefore, there is a urgent need to utilize advanced sensing
means to identify the distribution and size of the goafs and to
obtain their water storage capacities (Gui et al., 2016; Qiu et al.,
2018). We denoted this tightness by W, which took the
following range of values:

3.2.2 Significance
To determine the significance of the goaf detection survey based on

the degree of deterioration in mining conditions caused by the goaf, the
impact of several aspects on mine production and safety was assessed.
These aspects involve the large-scale bubble fall and rock offset, surface
collapse, hazards endangering agricultural land and buildings, as well as
casualties and equipment damage in underground connectedworkplace
caused by high-speed air waves and shock waves of goaf sudden
collapse, etc. (Zhang et al., 2023; Zhang et al., 2023; Gao et al., 2023;
Li et al., 2023) Specific values were taken as follows:

1) The valuation of the risk level in case of an accident in the
extraction zone was indicated by P (Jiang et al., 2021; Pei et al., 2021).
The larger, more numerous and denser the midsection goafs were,
the more serious the consequences of destabilization damage would

FIGURE 3
The order of detection of each quadrant goaf.
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be. With reference to the internationally accepted risk evaluation
standard ‘System Safety Standard Practice’ (U.S. military standard
MIL-STD-882D), a four-level control relationship was established
based on the characteristics of the goafs, as shown in Table 1, which
was then utilized to estimate the occurrence level of accidents for
each midsection goaf assignment.

2) The possibility fraction of the accidents or hazardous events
occurring in the goafs was expressed by G. The value was selected
according to the displacement and deformation of the surrounding
rock in the goaf and the distribution of the plastic zone. If the
displacement in the middle section is small and there is no plastic
zone, it indicates that the goaf is relatively stable. Otherwise, it means
that the goafs were very prone to deformation damage. The range of
probability values is shown in Table 2.

3) The grade of the part where the mining goafs were located that
was affected by the mining movement of the proposed mining area
was expressed by I. Its value was selected based on the deformation
results of the rock masses in each midsection of the ore body quarry
from the numerical simulation calculation described above. The value
range [critical impact area, less impact area] = [1, 0]. If the midsection
of the rock movement did not change with the increase of the mining
depth, the midsection was considered to be less disturbed by the lower
ore body mining. The value of 0 was taken where it was in the less
affected part, and the value of 1 was taken in the opposite case.

Considering the importance of the parameters, it is expressed as
Equation 2, which is called the ‘Priority Formula’.

X � 0.6
P

+ 0.3
G

+ 0.1I

Y � 0.4
J

+ 0.2Td + 0.15
S

+ 0.25
W

⎧⎪⎪⎪⎨⎪⎪⎪⎩ (2)

The Eisenhower Rule is a direct expression of Operations
Research and is effective in improving efficiency. However, its
shortcomings are also more obvious, whereas it is not possible to
plan quantitatively and finely for many complicated matters. In this
paper, the Eisenhower Rule and Priority Formula were adopted, and
the end point was taken as the origin of the "十" quadrant. The upper
right quadrant was for important and urgent events, the upper left
quadrant was for unimportant but urgent events, the lower right
quadrant was for important but not urgent events, and the lower left
quadrant was for unimportant and not urgent events. The orders of
priority were: upper right, upper left, lower right, lower left. If there
were fewer hidden problems in the same quadrant, it can be simplified
to prioritize the problems from largest to smallest using the

�������
X2 + Y2

√
.

However, if the Eisenhower Rule was skipped and the priority of

TABLE 1 Estimation of hazard level for accidents in goafs.

Harmful consequences 1 2 3 4

The level and value of
accidents in goaf

Extraordinary
accident

Major
accidents

Larger
accidents

General
accidents

Serious injury
accidents

Minor injury
accidents

Maximum potential
casualties

Deaths
(people)

Over 30 10–29 9–3 2–1 0 0

Injured
(people)

Over 100 99–50 10–49 9–2 1 0

Maximum potential
economic loss

(Million
yuan)

10,000 or more 10,000–5,000 5,000–1,000 1,000–100 100–1 Below 1

MIL-STD-882D System Safety
Program Requirements

I II III IV

Disaster Danger Vigilance Ignore

TABLE 2 The probability value of accidents or dangerous events occurring in the goaf.

Value Displacement of surrounding rock in goaf and distribution of plastic zone

1 Large deformation occurs, with plastic zones appearing and penetrating

2 Large displacement, partially connected plastic zone

3 The displacement is small, with a small amount of plastic zone appearing and not penetrating

4 Small displacement, no plastic zone

FIGURE 4
Distribution of empty areas in Baiyang mine section.
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hidden problems was measured only by
�������
X2 + Y2

√
, there may be a

single influence of X or Y, which may lead to unreasonable planning.
Therefore, according to the Eisenhower Rule and the ‘Priority

Formula’ derived from quantitative values of urgency and
importance, a new perspective on the detection management of
the goaf was proposed. Not all goafs must be detected, and those that
were left over from history and were not verified in a short period of
time can be classified as the category of ‘black box’. For those goafs
that had no impact on production safety and the surrounding
environment, there was no need to make great efforts to perform
the detection and investigation, whereas the risk control could be
conducted based on the past information.

4 Monte Carlo method duration
estimation

The calculation of project duration using the traditional critical
path (CPM) and plan review technique (PERT) in the planning stage
will be affected by various uncertainties, so the calculated duration is

bound to have some errors. In this paper, the Monte Carlo method
and computer programming were utilized to realize the multiple
cycles of the duration of the goaf exploration and investigation.

Monte Carlo method is also known as computerized stochastic
simulation method (Niu et al., 2020). Using a random number
generator to generate the cumulative probability value of a variable,
the corresponding variable value can be calculated through the
cumulative probability, which is equivalent to a randomly
generated variable value. The random benefit index is then
calculated by the randomly generated variable. Repeating this
process N times yields N sets of benefit indexes. When the
number of repetitions N is large enough, the probability
distribution of the benefit index can be obtained.

Following the operational idea, the procedures of the Monte
Carlo simulation method in project time management in this paper
are as follows.

(1) Determine the type of probability distribution of the random
variable, which can be assumed to be a modified triangular
distribution.

FIGURE 5
Distribution map of the goafs in the Duimenshan section.

FIGURE 6
Displacement distribution nephogram of Baiyang mine Section induced by the current mining (Unit: m).
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(2) Generation of random numbers. The Rand function was
adopted to generate random numbers between 0 and 1.

(3) Obtain statistical data. Considering that the plan review
technique used the three-time estimation to calculate the
process time, the triangular distribution formula was
introduced and coded into the program, After running the
program, the value of the duration Xi for each process
would be randomly generated as the duration of this process,
so that the total duration of the project can be calculated. The
triangular distribution formula is as follows:

Bi � ci − ai
bi − ai

Xi � ai +
���������������
Ri ci − ai( ) bi − ai( )√

Ri <Bi

Xi � bi −
��������������������
1 − Ri( ) bi − ci( ) bi − ai( )√

Ri ≥Bi

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
(3)

where Bi is the random critical value; Ri is a uniformly distributed
random number between 0 and 1, generated by the Rand function;
Xi is the duration of each process; and ai, bi, ci are the three time
parameters in the three-time estimation table, which are the most
optimistic duration, the most pessimistic duration and the most
likely duration, respectively.

FIGURE 7
Nephogram of surface subsidence due to current mining in
Baiyang mine section (unit: cm).

FIGURE 9
The change trend of surface subsidence.

FIGURE 8
The change tend of the rock mass in goaf.

FIGURE 10
The distribution of the plastic zone in the current goafs in the
Baiyang mine section.
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(4) Determine the type of probability distribution. Once enough
statistical data were obtained, a probability statistical chart can
be plotted using Excel to make a qualitative assumption about
the probability distribution of the activity.

(5) Determine the distribution parameters for the project duration.

5 Engineering applications

After decades of mining in Baiyang and Duimenshan mine
sections of Bainiuchang mining area in Mengzi City, Yunnan
Province, there are many hidden dangers in safety production.
The priority task of mine recovery is to analyse the stability of the

current goafs and to investigate the relationship between the
mining of the lower ore body and the original goafs, so as to
ensure the safe exploitation of the mine resources. However, the
disorderly mining activities within the mining area under the
influence of historical reasons did not yet form a more
complete graph data for the scope of exploration/mining, and
also there was a lack of systematic planning for exploration/mining
activities. There is a lack of comprehensive research on exploration
projects. The ‘shape’ (the morphological characteristics of the ore
body), ‘quality’ (the distribution characteristics and the change law
of the mine grade) and the ‘symbiosis’ (ore type, the law of mineral
symbiosis) was not clear. The large proportion of low-grade
mineral reserves, the serious imbalance of tertiary ore quantity
as well as the serious blindness of project construction had resulted
in a large number of goafs left in the mining (exploration)
midsection at various elevations, with different sizes and shapes.
Some of the roadways and goafs collapsed and were inaccessible to
personnel, bringing greater difficulties to the survey and detection
of the goafs.

5.1 Detection survey timing management

On the basis of the preliminary results of the mine engineering
geology and goaf investigation, the FLAC3D was utilized to develop
a three-dimensional numerical model to compute and analyze the
mining process. For the scientific and reasonable survey of goafs and
the detection level classification, the stress-strain laws of the rock
masses in both the Baiyang and Duimenshan mine sections were
investigated, which realized the purpose of highlighting the key
goafs, graded detection and comprehensive processing, and guided
the resumption of mining work and production. The model size of
the two ore sections is the same. The X direction is perpendicular to
the ore body and the length is 3500 m. Direction Y is the ore body
trend, 4000 m long; The Z direction is vertical, the bottom elevation

FIGURE 11
Volume variations of the plastic zone in quarry rock masses in
two mining sections.

FIGURE 13
The impact range on two sections in vertical direction.

FIGURE 12
The impact range on two sections in horizontal direction.
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of the model is 900 m, and the top elevation simulates the actual
terrain of the mine.

5.1.1 Numerical modeling of the goaf
The twomining sections are far away from each other, and are in

no interactive influence. Therefore, the two mining sections were
modeled separately, where the distributions of goafs are presented in
Figures 4, 5.

5.1.2 Analysis of the current situation
The site survey shows that the mining time of the goafs

between the 1,480 m and 1730 m midsections in the Baiyang
mine section were from year 2003–2012, and those between the
1,500 m and 1830 m midsections in the Duimenshan mine
section were from year 2006–2012. Under the comprehensive

consideration of the accuracy of the computational results and
computational workload, the actual back-mining steps were
simplified to facilitate numerical analysis of the entire
excavated goafs during the simulation computation. The
mining site in the same mining time was excavated and
finished at one time, while each goaf at midsection was
sequentially excavated from top to bottom. Due to the large
number of nephograms of the calculation results, some of the
calculation results of the Baiyang mine section are selected for
presentation, and the rest of the calculation results are displayed
in graphs.

(1) Rock mass displacement

The Baiyang mine section after 10 years of mining formed the
current situation of the goafs. Numerical simulation results of the
displacement nephogram of the current mining are shown in
Figure 6, where the maximum displacement was 21.5 cm. The
subsidence of the goaf roof was basically proportional to the
exposed area of the goaf, whereas a larger exposed area of the
goaf led to a greater roof subsidence. Some of the goafs were in a
continuous state with an overall poor stability. Due to the large
exposed area, the roof falling, pillar destabilization and other
hazards may occur in some individual goafs.

Figure 7 illustrates the nephogram of surface subsidence caused
by the current mining. The range and value of the subsidence were
both small, with a maximum value of 12.2 mm, which indicated that
the current surface was in a stable state.

With the increase of the mining age, the trends of surface
subsidence and rock mass displacement of the quarry in the
Baiyang and Duimenshan mine sections are shown in Figures 8,
9. When the midsections at 1,640 m and 1,620 m of Baiyang mine
section were mined in 2007, the slope of the displacement curve was
steeper, indicating a greater impact on rock mass displacement and
surface subsidence of the quarry.

When the midsections at 1,660 m and 1,680 m of Duimenshan
mine section were mined in 2008, the surface subsidence curve
became steeper, which indicated that the mining had a greater
impact on surface subsidence. When the ore body below 1,600 m
was mined in 2010, the displacement curve became steeper,
indicating that mining of the lower ore body had a more
significant impact on the movement and deformation of the rock
masses.

(2) Plastic zone

Figure 10 shows the distribution of the plastic zone in the rock
mass of the goafs that obtained by the numerical simulation after
10 years of mining in the Baiyang mine section. In the region where
the exposed area was large and the goafs were densely packed, a large
area of plastic zone occurred, and the rock mass may be deformed
and damaged.

Figure 11 shows the variations of the plastic zone volume in the
quarry rock mass in the Baiyang and Duimenshan mine sections
with the increasing mining age. When the midsections at 1,640 m
and 1,620 m of the Baiyang mine section as well as the ore body
below 1,600 m of the Duimenshan mine section were mined in 2007,
the volume curve of the plastic zone steepened, which indicated that

FIGURE 14
Schematic diagram of pillar bearing mechanism.

FIGURE 15
Maximum plastic radius of overlying surrounding rock at each
mining level stope.
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the stability of the goafs formed by the mining in these midsections
was relatively poor.

5.1.3 Analysis of the impact of mining on the
proposed goaf

The proposed mining areas in the Baiyang and Duimenshan
mine sections were between 1,560 m and 1,580 m midsections, as
well as 1,660 m and 1760 m midsections, respectively. The regions

with the mining deformation values greater than 1 cm, greater than
0.1 cm and smaller than 1 cm and less than 0.1 cm were defined as
the regions of greater impact, less impact and no impact,
respectively. The degree and range of impacts on these two
sections of the mine are circled as presented in Figures 12, 13 in
both the horizontal and vertical directions.

As indicated in the circled range of the impact, after the
proposed goaf of the Baiyang mine section was mined, the range

TABLE 3 Quantification of urgency and importance.

Mine section Midsection elevation/m Tightness Importance X Y
�������
X2 + Y2

√

J T S W P G I

Baiyang mine section 1730 9 0 3 3 4 4 0 0.23 0.18 0.29

1710 8 0 3 3 4 4 0 0.23 0.18 0.29

1700 7 0 3 3 4 4 0 0.23 0.19 0.29

1,680 6 0 3 3 4 3 0 0.25 0.20 0.32

1,660 5 0 3 3 3 2 0 0.35 0.21 0.41

1,640 4 0 3 2 4 1 0 0.45 0.28 0.53

1,620 3 0 3 2 3 1 0 0.50 0.31 0.59

1,600 2 0 4 2 2 1 1 0.70 0.36 0.79

1,580 1 0 4 2 1 1 1 1.00 0.56 1.15

1,560 1 0 4 1 1 1 1 1.00 0.69 1.21

1,540 2 0 4 1 2 2 1 0.55 0.49 0.73

1,520 3 0 4 1 2 2 0 0.45 0.42 0.62

1,500 4 0 4 2 3 2 0 0.35 0.26 0.44

1,480 5 0 4 1 4 2 0 0.30 0.37 0.47

Duimenshan mine section 1830 4 0 3 3 4 4 0 0.23 0.23 0.32

1800 3 0 3 3 4 4 0 0.23 0.27 0.35

1780 2 0 3 2 4 4 1 0.33 0.38 0.50

1760 1 0 3 2 3 4 1 0.38 0.58 0.69

1740 1 0 3 2 2 3 1 0.50 0.58 0.76

1720 1 0 3 2 2 2 1 0.55 0.58 0.80

1700 1 0 3 2 1 2 1 0.85 0.58 1.03

1,680 1 0 3 1 1 1 1 1.00 0.70 1.22

1,675 1 0 3 1 1 1 1 1.00 0.70 1.22

1,660 1 0 3 2 2 1 1 0.70 0.58 0.91

1,640 2 0 3 2 3 1 1 0.60 0.38 0.71

1,620 3 0 3 1 3 1 1 0.60 0.43 0.74

1,600 4 0 4 1 3 2 1 0.45 0.39 0.59

1,580 5 0 4 2 4 2 0 0.30 0.24 0.39

1,560 6 0 4 1 4 1 0 0.45 0.35 0.57

1,550 7 0 4 2 4 1 0 0.45 0.22 0.50

1,500 8 0 4 1 4 1 0 0.45 0.34 0.56
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of the greatest impact was 6–8 m in horizontal direction while that
was about 20 m in vertical direction, i.e., from the midsection of
1,540 m to the midsection of 1,600 m. After the proposed goaf of
Duimenshan mine section was mined, the range of the greatest
impact was 100 m in horizontal direction while that was
approximately 180 m in vertical direction, i.e., the 1,600 m
midsection to the 1780 m midsection.

5.1.4 Theoretical calculation of plastic zone radius
Modern ground pressure theory believes that the load

borne by the support is the total gravity of the rock in the
upper plastic zone, independent of the overlying rock layer.
Therefore, as long as the pillar can withstand the gravity of the
rock in the plastic zone of the roof surrounding rock after

mining, the long-term stability of the roof and pillar system can
be ensured. The bearing mechanism of the pillar is shown in
Figure 14.

After mining the ore block, ignoring the influence of the pillar on
the range of plastic zone in the roof surrounding rock, solving the
Kastner formula can obtain the radius of the plastic zone in the roof
surrounding rock, which is:

Rp � R0
P0 + c cotφ( ) 1 − sinφ( )

c cotφ
[ ] 1−sinφ( )

2 sin φ (4)

Where Rp is radius of the plastic zone at the excavation site,
m; R0 is excavation radius, m; P0 is the vertical self weight stress
of the overlying rock layer at the excavation site, MPa; c is
cohesive force of rock mass, MPa; φ is internal friction angle
of rock mass, °.

Practice has shown that the radius of the plastic zone is less
affected by the shape of the excavation section, and can be
approximated as the equivalent excavation radius, which is
replaced by the outer circle radius of different shapes in
calculation. For ore blocks, the equivalent excavation radius
R0 is:

R0 �

������������
L′
2

( )2

+ h

2
( )2

√√
(5)

Where L′ is the mining space span, m; h is the height of the
mining space, m.

The vertical self weight stress at the excavation site is:

P0 � γH (6)
Where γ is the unit weight of the overlying rock layer, N/m3; H

is the thickness of the overlying rock layer, m.
The bulk density γ � 27.6KN/m3, cohesion c � 0.79MPa,

internal friction angle φ � 36.69°. Based on the detailed

FIGURE 16
Survey time sequence management chart.

TABLE 4 The urgency of water damage detection in the goaf is taken.

Value Water status in goaf

4 Dried without water or with a small amount of water entrained by water vapour

3 Drenching, seepage and drainage are smooth, and there is no obvious water

2 Long term drenching, drainage blockage, local flooding

1 With high water storage and good mobile water recharge

FIGURE 17
Time series network diagram of goaf detection survey.
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survey of the size of the goaf and the results of drone scanning
detection, the maximum plastic zone radius of the overlying
surrounding rock of each mining level can be obtained by
calculating equations (4) to 6). The calculation results are
shown in Figure 15.

From Figure 15, it can be seen that during the mining of 1640 m
in the Baiyang ore section, the radius of the plastic zone is the largest,
at 26.9 m. However, during the mining of 1600 m in Damenshan,
the radius of the plastic zone is the largest, at 28.2 m, which is in
good agreement with the numerical simulation results.

FIGURE 18
Block diagram of the calculation program.

TABLE 5 Estimation of the operation 3.

Process Argument

a b c

A (1, 3) 4 12 5

B (2, 4) 3 11 7

C (3, 5) 2 8 4

D (4, 6) 4 13 8

E (5, 7) 7 15 10

F (6, 8) 2 9 5

G (8, 10) 6 14 10

H (7, 9) 5 14 9

I (10, 12) 4 9 6

J (9, 11) 2 10 6

K (12, 14) 2 7 5

L (11, 13) 3 12 5
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5.1.5 Timing management
The indicators of importance and urgency proposed in the

previous section were quantified based on the results of the
investigation and numerical simulation of the goafs in the
Baiyang and Duimenshan mine sections of the Mengzi mine. The
impact of the current goafs on the surface subsidence was
determined by Equation 2, and the maximum duration of surface
displacement was 3.5 years. Considering that it has been more than
10 years since the mine ceased production in 2012, the urgency value
T was therefore set to be 0, and the values of the rest parameters are
shown in Table 3.

The results are plotted in a four-quadrant Eisenhower Rule
diagram, where the midpoint of the four quadrant division is the
average of the calculated results of urgency X and importance Y in
Table 3, as illustrated in Figure 16.

It can be seen from the figure above that, prior to the resumption
of production activities in the mine, the most primary and core
detection areas for the goafs were as follows: midsections of the
1,540 m, 1,560 m and 1,580 m of the Baiyang mine section,
midsections of the 1,620 m, 1,660 m, 1,675 m, 1,680 m, 1710 m
and 1720 m of the Duimenshan mine section. The results of this
study are presented in Table 4, it can be seen that there was a higher
requirement for the degree of investigation and detection of the
goafs. The secondary ones were the midsections of the 1,520 m,
1740 m, and 1760 m of the Duimenshanmine section. The final ones
were 1,600 m midsection of Baiyang mine section and 1,640 m
midsection of Duimenshan mine section. Except for the above-
mentioned goaf, all other goaf areas belong to the “black box”
category, with a total of 18 midsections. These goaf areas will be
supplemented with exploration in the remaining time after the
above investigation is completed.

5.2 Duration estimation

Section 5.1 specifies the scope and priority of the detection
survey that must be carried out before the resumption of work and

production in the mine, in addition to the goafs within the scope of
the ‘black box’. Two groups of personnel were arranged to carry out
the detection survey at the same time, the detection work is mainly
carried out using TEM, the network diagram is shown in Figure 17.

5.2.1 Monte Carlo simulation process
The 14 investigation processes in the network diagram were

distributed over 2 paths Lm and Ln, each of which had
7 investigation processes. The serial numbers on path Lm were 1, 3,
5, 7, 9, 11 and 13, while these on the path Ln were 2, 4, 6, 8, 10, 12 and 14.
The calculation procedure is represented by the programblock diagram,
which was cycled n times to get the process duration and then to
calculate the duration of each path. The duration of the path with the
longest was the total duration. The more cycles, the closer the total
duration was to the actual value. One of the cycles is shown in Figure 18.

The time parameters of each investigated process with specific
three-time estimation data are shown in Table 5.

5.2.2 Simulation results
Statistical analysis of the 1,000 sets of calculation results after

1,000 cycles of the Monte Carlo calculation program was performed
to obtain a probability distribution graph about the survey duration
for goaf detection, as indicated in Figure 19. By connecting the
histogram into a smooth curve, it can be qualitatively determined
that the construction duration of the project fully conformed to the
Normal distribution. There was a 90% probability that the
construction duration was between 43 and 56 d, and it can be
determined that the most probable construction duration of the
project was 48 d.

6 Discussion

There are many factors that affect the stability of goaf and the
safety of production areas. The construction of a standardized safety
mining detection model for goaf in this article considers a total of
7 factors in terms of urgency and importance, which may not be
comprehensive enough. In terms of detection, different detection
methods have different advantages, disadvantages, and applicable
conditions, which requires a lot of space to discuss. The construction
of the model is only based on the analysis of conventional detection
methods, without fully considering the impact of various methods.

The construction of the model in this article is applicable to mines
that use open pit mining. During the analysis process, it is necessary to
quantify the various parameters of urgency and importance. Therefore,
it is necessary to have some basic data on the remaining goaf of the
mine. In the early stage, it is necessary to conduct a review of production
design data and the actual situation on site.

7 Conclusion

(1) This article is the first to apply the three important theories of
operational research, Eisenhower Rule, Priority Formula and
Monte Carlo method, to the construction of a standardized
model for goaf safety detection, which can provide technical
guidance for the entire process of safety detection and early
warning in underground goaf mining.

FIGURE 19
Probability distribution chart.
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(2) Quantifying the urgency and importance of goaf detection and
investigation, achieving hierarchical, phased, and time series
management, can highlight key goaf areas and drive
comprehensive goaf detection work in mines.

(3) Applying the FLAC3D numerical simulation results of the mine
to the model saves a lot of manpower and material resources in
the exploration work, and accelerates the pace of resuming work
and production.
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