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Abstract: To quantify the disturbance range of the metal ore caving method, a new method to predict the disturbance
range based on rock mechanics parameters is proposed. By combining the rock mechanics index with random medium
theory, the prediction correction formula of the disturbance range is established. Based on disturbance equivalent centre
and disturbance attenuation sphere, the two-dimensional safety criterion of mining disturbance in metal mines is derived.
The new method is applied to 6 mines and the Jianshan Iron Mine, and the numerical simulation of the Jianshan Iron
Mine by FLAC?*® model is performed. The posteriori error ratio between predicted value and measured value is 0.0357,
and the multi-factor cross analysis shows that the relative error of this method to the result is only 0.078. It is found that
the method has high prediction accuracy and does not significantly affect the security.
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1 Introduction

Large-scale mining under metal mines leads to
uneven settlement of surface buildings, which
results in huge losses. The advanced prediction
of the mining disturbance range can reduce
losses [1,2]. Existing mining disturbance subsidence
research can be divided into four categories.

(1) Fitting of the settlement curve [3-5].
According to the subsidence status of the mine
surface, a fitting curve that can explain the existing
subsidence law is obtained by fitting, and the
applicability of the fitting curve is proven to
evaluate the subsidence damage degree of the mine.

(2) Application of modern technology in
mining subsidence. Differential interferometric
synthetic aperture radar technology and GPS
technology have been widely studied in settlement
measurements [6—12]. The application of FALC?P

in mining simulation makes the study of mine
surface subsidence more intuitive.

(3) Prediction method based on mathematical
theory. The subsidence prediction model is
established based on Boltzmann—Knothe function,
the grey model and Markov process, which
provides different research perspectives to study the
mining subsidence [13,14].

(4) Application of an intelligent algorithm in
subsidence prediction. The rough set-BP neural
network, cellular mechanism and group genetic
algorithm are used to establish a subsidence
prediction model, which provides the possibility for
solving surface subsidence problems in special
metal mines [15—17].

Based on the above research, although there
are many studies on the surface subsidence of
metal mines, there is no simple and applicable
quantitative standard for the disturbance range of
metal mines. Most studies obtain a static influence
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circle from the mining termination boundary, and
few people consider the dynamic response of rock
mechanics during excavation.

Since the essence of mining subsidence is the
deformation and failure of rock and soil, a modified
formula for the mining disturbance range is
proposed by combining random medium theory
with rock mechanics parameters. To compensate for
the deficiency of the static prediction theory of
mining subsidence, the concepts of the disturbance
equivalent centre and disturbance attenuation
sphere are proposed. Based on the perturbation
equivalent centre and perturbation attenuation
sphere, the two-dimensional criterion of perturb-
bation safety for the metal ore caving method is
derived. The safe movement angle of the Jianshan
Iron Mine of China is studied through the new
prediction model to optimize its mining resources.
The disturbance ranges of six underground caving
mines are predicted and compared with the
measured values. The prediction accuracy of the
new model is higher. To verify the influence of the
new method on safety, a FLAC®P simulation of the
Jianshan excavation is performed. Finally, the
prediction results of the new model and numerical
simulation results are analyzed by the multi-factor
cross analysis, which proves that the relative error
caused by the new method can be ignored.

2 Corrected formula of disturbance
distance and acquisition mode of
correction factor

2.1 Correction of perturbation formula based on
random medium theory
An empirical formula is proposed for the
disturbance range of underground mining [18]:

r, =+4ndz (D
a2
A=lim— 2
a—0 8p ( )
b—0

where 7 is the mining disturbance distance, m; 4 is
the random medium walk coefficient, z is the height
difference between the mining level and surface, m;
a and b are the increments in the X-direction and
Z-direction in the random medium walk model,
respectively, m.

We substitute Formula (2) into Formula (1) to
obtain the empirical formula of the disturbance

range of underground mining based on the random
walk model.

2
ma z
r. =lim 3
z a—0 2b ( )
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Obviously, Formula (3) cannot be directly
applied to metal mines. According to fractal
geometry and approximate similarity theory, the
loose ellipsoid of the mine is mined by the caving
method to replace the small ball in the random
swimming model [19,20]. There is a certain error
between the micromotion model and the
macrodrawing unit, so a disturbance prediction
correction formula suitable for caving mining is
proposed [21].

o[

4

where rq is the modified disturbance radius of
underground metal ore caving mining, m; R is the
maximum radius of the discharge funnel, m; Hs is
the height of the loose ellipsoid, m; Hg is the
average elevation of the research object, m; Hkc is
the elevation of the section being mined, m; & is the
correction factor.

The random medium theory describes the
exponential relationship between the surface micro
settlement and the square of the X coordinate of the
mining unit [22]. Similar to random medium theory,
there is an exponential relationship between the
disturbance correction coefficient and a certain
factor. However, the displacement variable in the
Z-direction is the focus of random medium theory.
The proposed disturbance in this work is the
direction where the weak surface of the rock and
soil mass is the most prone to damage, and it has a
certain angle with the Z-direction [23]. If the
Z-direction is taken as the axial direction, then the
maximum perturbation direction is the shear strain
direction. Referring to the definition of the shear
modulus, the correction coefficient is defined as
follows [24]:

e/—l
=3 (1+v) )
where v is Poisson ratio and u is the correction
factor. For rock and soil mass objects with various
lithologies, x is recommended to perform the
weight estimation and obtain the correction factor
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for the mining disturbance formula. The mechanical
properties of ore and rock play an important role in
surface collapse [25]. Therefore, this study obtains
the disturbance correction factor based on the
mechanics viewpoint.

2.2 Determination of simplified correction factor

based on rock strength

In most of the existing prediction methods and
models, the mining influence is mostly predicted
from the perspective of geometry and pure
mathematics, but the influence of rock mechanical
properties on surface deformation cannot be
ignored.

Upper plate progressive theory notes that once
tensile failure occurs in the upper plate area of
mining, the tension instability will increase with
increasing mining depth, which results in new
tensile fractures on the surface [12]. To fully
consider the influence of the mechanical properties
of the rock mass on the prediction of the
disturbance distance, the modified formula is also
optimized based on the principle of simple
application. The disturbance correction factor is
approximated by the ratio of the smaller value to
the larger value in the mean value and the median
value in the rock strength test, which is named as
the median ratio.

Based on some viewpoints in the Hoek—Brown
strength criterion and the upper panel asymptotic
theory, the prediction formula of surface disturbance
caused by caving mining is closely related to the
uniaxial tensile and compressive strengths of the
rock mass [26]. Therefore, these two strength errors
are used to approximate the correction factor, i.e.,
the correction factor of the disturbance range can be
characterized as

1| min(X,

cz?

2| max(X,

cz?

)?C) N min(XtZ,)?m)
X,) max(X,,X,)

(6)

where X, is the median of the uniaxial compressive
strength of multiple samples; X, is the expected
uniaxial compressive strength of a group of
specimens; X;, is the median uniaxial tensile
strength of multiple specimens; X, is the expected

uniaxial tensile strength of a group of specimens.

2.3 Parameter adjustment of multi-boundary
constraints in metal mines
In the actual production of metal mines, due

to various forms of deposit occurrence and the
level of mining technology and equipment, these
restrictions are studied as boundary problems of
disturbance distance prediction [27,28].
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where E: is the error function; AH is the elevation
difference; r. is the disturbance distance of
measured surface subsidence, m; A; is Lagrange
multiplier; G; is the function in the function cluster
of multivariate constraints; x, y, and z are the spatial
coordinates and geometric fractal constraints; ¢ is
time, the failure of rock mass has rheology and
creep, so time is also taken as the boundary
constraint variable; o1 and o3 are the first and third
principal stresses, respectively; ¢ is the internal
friction angle; A4; is the value in the boundary
domain.

When the error function takes the minimum
value, it is most reasonable to take some values
in the prediction formula. Therefore, partial
derivatives can be obtained for each parameter from
Formula (7):
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By solving Formula (8), the corresponding
parameters can be obtained to fine-tune the
parameter values in Formula (4). Moreover, some
useful boundary parameters can be obtained, which
provides the basis for the ground pressure
management of the mine and the reference for the
efficient and coordinated convergence in time.

2.4 Dimension reduction and formula derivation
of disturbance safety criterion

In this study, as long as the actual distance is

greater than the disturbance radius, it indicates that

underground mining has no effect (or is safe) on
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highways, which is characterized as
rs>rd )

where r; is the sphere radius from the disturbance
centre to the surface under different rock stratum
movement angles.

To investigate the three-dimensional safety
disturbance criterion from an analytical viewpoint,
based on the premise that the same subsection is
fully mined (the ore volume outside the security
pillar) and the rock stratum is homogeneous and
isotropic, an equivalent center that radiates the
influence of mining in the form of a sphere is
equivalent [29,30]. The influence surface of mining
disturbance is called the disturbance attenuation
sphere, i.e., the disturbance effect gradually
decreases with increasing distance because the
disturbance energy is firstly released on the ground
closest to the equivalent disturbance center.
According to the second law of thermodynamics,
other energy radiated from the disturbance center
has not been released, and there is a trend of energy
diffusion to this position [31]. Therefore, the
surface firstly affected by the disturbance
attenuation sphere is the most prone to collapse
failure and forms a collapse circle [32—35]. Based
on these ideal conditions, the spatial geometric
relationship of the three-dimensional criterion of
Jianshan underground iron ore is shown in Fig. 1.

The rock types of the same mine generally
show diverse characteristics, and the development
of faults, joints and fissures greatly affects the study
of rock movement angles. The heterogeneity of the
rock mass also makes it difficult to study the rock
movement angle, so the observed value is different

/

Fig. 1 Disturbance criterion of metal collapse method:
1-Equivalent disturbance center of
2— Energy attenuation sphere of excavation disturbance;

excavation;

3— Disturbance boundary line

from the real angle. In this study, it is assumed that
the observed moving angle is representative of the
entire rock mass, and the error between the
observed moving angle and the actual moving
angle was acceptable. Therefore, the time-
dependent working condition function of the
moving angle was introduced.

0(0) = i%ﬂ”(z 1) (10)
n=0 .

where 6(¢) is the working condition function of the
moving angle, » is the a sequence variable, and £ is
the initial time node with significant surface
disturbance.

To be more applicable, the Taylor series
second-order expansion of Formula (10) was
obtained:

O1) = 0(t0) + 0/ (o)t 1) + %9”00)(: EPRCENET)

Formula (9) can be more specifically
expressed as
2
AH 2 2
+L +(AH) >r 12
[ tan 0(¢) ke J ( ) ¢ (12)

where Lxc is the distance from the boundary of the
security pillar that is vertically near the road side to
the stope center.

The disturbance of underground caving mining
radiates around in the form of an energy attenuation
sphere, so Lxc can be expressed as

LKC%(&—@Z) (13)

where ok is the total thickness of the ore body,
which is a constant for a mine with a preliminary
development scheme, and J. is the average
thickness of the left security pillar.

Substituting Formula (13) into Formula (12)

yields
) ’

AH kTO: )
7tan0(t)+ 5 +(AH) > (14)

There are two unknown parameters ox and AH
(6(¢) is known) in Formula (14), which creates some
difficulties for engineering applications. However,
in-depth research has found a relationship between
these two variables. A conservatively estimated
rock movement angle J,. links the two variable
parameters, and Formula (14) is transformed into:
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where J,. is the shrinkage thickness under the
condition of conservative estimation of the rock
displacement angle, and Ax is the horizontal
disturbance difference at different rock movement
angles, so there is

Ax=AH( 1 j (16)
tand” tan6(t,)

ox has been computed. For the effective
cumulative thickness of approximately parallel ore
belts, the weight ratio can be determined:

5,=25, (17)
i=1

where J; is the average thickness of ore belt i, and n
is the number of ore belts.

Formulas (16) and (17) are substituted into
Formula (15). Simultaneously, let 8(¢0)=60, 0(t)=6;
we perform the square and simple transformation,
and the more general judgment formula can be
obtained:

AH ;5"_‘” | [ 1 1 j
+ >

tan @ 2 5 tang, tang,

(18)

where 0, is the rock displacement angle selected
according to experience.

To facilitate calculation and understanding, a
simple substitution transformation is performed so
that the left side of Formula (18) is equal to x;.
Obviously, under the condition of determining the
parameters and mean elevation of the predicted
formula, the right side of Formula (18) is a constant,
and let it be M. Thus, formula (18) is expressed as

x>M (19)

i (ai)

where x; is the horizontal perturbation distance of
different moving angles; M is the lower limit of
plane safety distance for complete mining at z level.

The criterion for successfully transforming
the three-dimensional safety distance into two-
dimensional state has the advantages of simplicity
and strong applicability, and brings convenience to
the advance prediction of the influence range of
underground mining on the surface.

2.5 Application of correction formula and
criterion
2.5.1 Application of rock movement angle selection
in Jianshan Iron Mine

The Jianshan Underground Mine in Panzhihua
Iron Mine (Jianshan Iron Mine) is an important
source of iron ore in Panzhihua Iron and Steel
Group. The upper wall rock of the Jianshan Iron
Mine is mainly iron-bearing gabbro. There are five
ore belts in the mining area, of which IV is
scattered, and V—VIII appear approximately parallel
in the vertical direction with large thicknesses.
The ore body strikes from east to west with an
inclination of 55°.

The mine has a road near the surface above the
ore body, which is a traffic lane in Renhe District of
Panzhihua City and needs key protection. To ensure
highway safety, the problem of how to mine more
ore is urgent to solve.

(1) Acquisition of correction factors

Based on the definition of rock strength on the
correction factor, some mechanical parameters
were required. Therefore, uniaxial compression
and Brazilian splitting experiments on the rock
samples drilled in the mine were performed.
Through uniaxial compression test, the mechanical
parameters of iron-bearing gabbro can be obtained,
as shown in Table 1.

The tensile strength of iron-bearing gabbro can

Table 1 Uniaxial compressive test results of iron-bearing gabbro

Sample D/ L/

Uniaxial compressive strength, o./MPa  Elastic modulus, £./GPa

Poisson ratio, v

No. mm mm  Actual measurement  Mean value Actual Mean Actual Mean
measurement value  measurement value
D1 49.68 100.34 190.186 76.125 0.20
D2 49.73 100.56 219.659 77.966 0.22
197.04 76.77 0.22
D3 49.83 100.33 181.061 76.608 0.23
D4 49.76  100.72 197.245 76.372 0.23

D and L are the diameter and axial length of the rock specimen, respectively
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be obtained through the Brazilian splitting test. The
results are shown in Table 2.

Table 2 Brazilian splitting test results of iron bearing
gabbro

Uniaxial tensile

Sample D/ L/ Peakload, strength, 6/MPa
No. mm  mm P/kN Actual Mean
measurement value
DL1  49.78 25.89 21.601 11.00
DL2  49.60 2592 23.204 11.82
DL3 4999 2591 21.640 11.02 1216
DL4 49.68 25.72 29.036 14.79

The designed sectional height of the mine is
20 m. When the height of the ore drawing layer is
20 m, the height of the loose ellipsoid and the
maximum radius of the discharge funnel are 54.99
and 9.60 m, respectively.

(2) Calculation of highway mean elevation

This study focuses on the influence of
underground mining on the corner of the road
heading northeastward. The mean elevation at the
corner of the highway is required in subsequent
theoretical calculations. The points are randomly
marked (unequal density) according to the weight,
and the range of points is 3 times greater than the
turning radius of the highway.

Distinguishing the equidistant point, treating
the point density differently, and allocating the
artificial weight yield:
Hs=Y ¢.H, (20)

i=1
where ¢ is the manually set weight coefficient of
each section, and H; is the expected elevation of all
sample points in each section.

The elevation of 21 points is obtained in the
three-dimensional model, which is divided into left,

Table 3 Main geometric parameters of Jianshan ore belt

middle and right sections. Because of nonuniform
points, the average weight is obtained firstly. The
minimum mining level of the mine is +900 m, and
the allowable relative error of elevation calculation
is 0.0358, so the elevation weight of the important
turning radius area is 0.36, and the weight
coefficient of the influence of the two wings is 0.32.
Then, the average elevation of the road corner
is +1678.93 m. The mine has been mined to the
level of +1300 m, so the height difference of the
disturbed lead hammer is 378.93 m.

(3) Security verification of different moving
angle schemes

According to the design scheme of the original
security pillar, the thickness of the reserved security
pillar at the 60° movement angle is 49.23 m, i.e.,
de0, as mentioned in Section 2.4. According to the
geological exploration data of the mine, the
geometric parameter information of the four ore
zones can be obtained, as shown in Table 3 (The
thickness of ore belt IV is extremely thin, and its
contribution to the overall thickness is negligible),
as shown in Table 3.

To verify the feasibility of optimizing the
range of security pillars by increasing the rock
movement angle, 60°, 61°, 62°, 63°, 64° and 65°
were used as alternative rock movement angles, and
the selected rock movement angles have the
greatest disturbance impact under their respective
working conditions. The safety prediction was
performed using Formula (19). After substituting
the data into the above formula, the judgment
results are shown in Table 4.

Through the modified formula and two-
dimensional safety criterion, it can be concluded
that the maximum rock movement angle can be
taken as 64° only considering the road corner in
the northeast direction, which best optimizes the
range of security pillars and improves the ore
recovery rate.

Ore belt code
Geometric parameter
v VI VIl VII
Minimum thickness/m 24.94 - 32.41 19.04
Maximum thickness/m 56.56 - 86.65 49.78
Average thickness/m 42.05 51.77 59.27 34.53
Thickness stability Stable Stable Relatively stable Relatively stable
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Table 4 Safety evaluation of rock movement angle based
on two-dimensional safety criterion

Two-dimensional criterion parameter

Rock Criterion
movement . ) Safet
angle/(°) X/m M/m re(lﬁa;g;)/tll\?il;p (Yes /N};)
60 287.97 267.78 Yes Yes
61 283.61 267.78 Yes Yes
62 279.32 267.78 Yes Yes
63 273.59 267.78 Yes Yes
64 270.99 267.78 Yes Yes
65 266.94 267.78 No No

2.5.2 Application of mining disturbance range
prediction by caving method

The mining disturbance ranges of the
Dahongshan Iron Mine, Chengchao Iron Mine,
Shizishan Copper Mine, Jinshandian Iron Mine,
Xishimen Iron Mine and Gongchangling Iron Mine
are predicted by the new modified formula. Field
monitoring data of these six mines in different
periods were also collected. The prediction results
are shown in Table 5.

Table 5 Prediction results of disturbance range of 6
caving mines

Name of mine  Date Measured Predicted Relative

value/m  value/m error/%
Do DS s a9 ox
Qoo i s s o
e D w0 w0 om
Gongchangling July, 270 279 333

Iron Mine 2017

Generally, the pros and cons of the prediction
model can be tested according to the posteriori error
method, and the test indices are the posteriori error
ratio and small probability error. According to the
posteriori error test theory and Table 5, it is
calculated that the posteriori error ratio is 0.0357,
and the small probability error is greater than
0.95 [36]. In the posteriori error method test, when

the posterior ratio is 0.35 and the small probability
error is greater than 0.95, the prediction effect of
the model is excellent, so the prediction accuracy of
the new method is high.

3 Numerical simulation based on
FLAC3? model

Most studies show that the simulation results
of surface subsidence based on FLAC?P basically
agree with the actual situation [12,37,38]. Since the
selection of the moving angle of the Jianshan Iron
Mine is a scheme study and the field monitoring
data cannot be obtained, FLAC?® model was used
to simulate the mining to verify the reliability of the
new method in Jianshan Iron Mine.

3.1 Establishment of model

To simulate the mining process, rock
movement angles of 60°, 61°, 62°, 63°, 64° and 65°
were also selected as five independent working
conditions. Parameter reduction of rock and soil
mass is a necessary method to ensure the reliability
of finite element simulation results [39]. The
mechanical parameters assigned to each group in
the mine model were reduced based on the Hoek—
Brown strength criterion in RocData. The reduced
mechanical parameters are shown in Table 6.

To ensure the accuracy of simulating the
impact of excavation, the influence area of the
underground pit was determined to be 3—5 times
its excavation range according to Saint—Venant’s
principle [40]. The numerical model was built to
simulate the excavation affected zone with three
times the size of the open pit in the length and
width directions. Taking the model of 60° rock
movement angle of the security pillar as an example,
the model length is 4038 m, the width is 3783 m,
and the height is 1594 m. The boundary constraint
of the model adopts displacement constraint.
Due to the limited mining range, the rock mass
displacement far away from the stope is very small,
so the boundary model displacement can be
regarded as 0. The model is constrained by X-, Y-
and Z-directions, respectively. The left and right (X-
direction) boundary, the front and rear (Y-direction)
boundary and the bottom (Z-direction) boundary of
the model are subjected to displacement constraints,
and the upper boundary is a free boundary. The
numerical model can be mainly divided into the
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Table 6 Mechanical parameters of FLAC?P model for rock masses

Mechanical parameter Rock type
Fel Fe2 Fe3 Ferrogabbro Marble
Tensile strength/MPa 0.027 0.046 0.052 0.154 0.308
Elastic modulus/GPa 3.786 5.048 5.046 10.001 10.001
Poisson ratio 0.270 0.280 0.260 0.220 0.260
Angle of internal friction/(°) 34.260 38.350 40.390 49.200 37.790
Density/(g-cm™) 4.420 4.020 3.510 3.150 2.870
Bulk modulus/GPa 2.743 3.824 3.504 5.953 6.945
Shear modulus/GPa 1.491 1.972 2.002 4.099 3.969
upper wall rock, lower wall rock, ore body, and According to TB 10001 —2016, the post-
open pit. The solid model of 60° rock movement construction settlement control limit of the
angle is shown in Fig. 2. transition section of the high-speed railway

The ore body is subdivided into five ore zones.
The ore zone is excavated to the 1300 m level. The
surface and curved surface formed by the influence
line at the 1300 m level are determined according to
the rock movement angle, and the ore body is
divided into a security pillar and a mining area

(Fig. 3).

Fig. 2 Solid model of 60° rock movement angle

Since the comner of the highway is near the
open pit slope, the exposed sky slope is an
ultra-high and steep slope, and the corner cannot be
simply monitored according to relevant standards
of the highway. The research is performed here
according to the relevant railway standards.
According to the railway safety management
regulations, the protected area of high-speed
railways is 20 m away from the outside of the
railway. Therefore, in this study, monitoring points
are set at the position extending 20 m away from
the highway to monitor the impact of mining at
different moving angles on the surface highway.

subgrade is 50 mm [41]. Therefore, in the numerical
simulation of the mine, when the displacement
subsidence or floor heave exceeds 50 mm, the
determined rock engineering structure may be
unstable.

3.2 Analysis of calculation results

To analyze the influence of mining at different
strata movement angles on surface roads, the
excavation process is divided into the initial stage
(mining zone VIII), the middle stage (mining zone
VI) and the late stage (mining zone IV), among
which the mining range in the late stage is the
largest and most significant mining influence period.
Each period is used as an excavation step for the
simulation calculation. The direction near the slope
of the open pit is the direction most likely to
cause failure of the rock and soil mass, which is
defined as the Y-direction in the model. Therefore,
the maximum tensile stress, plastic zone and
displacement cloud map in the Y-direction of the
same monitoring point in the mine at different
angles in the late stage of excavation are obtained.
The cloud pattern of each angle is the same, and
there are differences in values. Therefore, only
the cloud pattern and Y-direction displacement
curve at the late stage of excavation with a rock
displacement angle of 60° are given in Fig. 4.

Figures 4(a) and (b) show that in the late stage
of mining, the iron-bearing gabbro in the hanging
wall is mainly characterized by tensile stress, and
the peak value of tensile stress is much greater than
the reduced tensile strength of iron-bearing gabbro.
The tensile failure is further expanded, and the
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Open pit
Ore body

Fig. 3 Mesh refinement grouping for 60° model
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Fig. 4 Results of late excavation at 60° rock shift angle: (a) Maximum principal stress; (b) Plastic zone; (c) Y-direction

displacement cloud map; (d) Y-direction displacement

plastic zone is basically penetrated, but the

protective belt of the highway has not been affected.

Figures 4(c) and (d) show that the Y-direction has
negative displacement, and the direction is vertical
to the north of the ore body trend. Simultaneously,
the Y-direction displacement shows a trend of
first rapidly increasing and subsequently slowly
increasing.

The displacement of 6 rock displacement
angles in the Y-direction gradually increases with
the excavation progress, which is consistent with
the actual situation. The variation law between the
maximum displacement in this direction and
the number of excavation steps is shown in Fig. 5.
In Fig. 5, 1, 2 and 3 correspond to the initial, middle

/

w
S

N
W
T

Y-direction displacement/mm
N
S

35
—a—60° ——6]°
——62° —— 63°
301 e 64° o 65°
—— Safety boundary
2504 1 L
1 2 3

Excavation stage

Fig. 5 Relationship between displacement peak in Y-
direction and excavation stage
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and late excavation stages of the entire ore body,
respectively. The figure shows that in the late
excavation with a rock displacement angle of 65°,
the displacement in the Y-direction is greater than
the control limit value.

The peak tensile stress curves of different
angles and excavation stages are obtained through
simulation, as shown in Fig. 6. As shown in Fig. 6,
the “0” in the transverse coordinate indicates that
the mining stage has not started. In this figure,
when the same rock displacement angle is taken,
the peak tensile stress at the early stage of
excavation is the largest; then, it rapidly decreases;
finally, it slowly decreases. The peak tensile stress
at all excavation stages is greater than the tensile
strength. The peak law of tensile stress is similar to
the strength curve of a rock mass, which proves that
the self-similarity of fractal theory is applicable to
the study of rock masses.

Peak tensile stress/10° Pa
(98]
1(

T
2_
1k —e—g(1°
—o—H3°
65°
(U . . .
0 1 2 3

Excavation stage

Fig. 6 Relationship between maximum tensile stress and
excavation stage

From the simulation results of these six angles,
it can be concluded that when the rock movement
angle is 65°, the displacement in the Y-direction is
greater than the control limit value, so the working
condition with a rock movement angle of 65°
affects the safety of the highway. Therefore, to
protect the highway, the maximum rock movement
angle of the mine is 64°. Through numerical
simulation, the correctness of the correction
formula based on mechanical parameters in
Jianshan Iron Mine is verified.

For the Jianshan Underground Iron Mine, the
modified formula and numerical simulation have
the same conclusion, but it is necessary to verify

whether different methods will produce singular
phenomena (the degree of influence of the method
on the results). Therefore, it is necessary to conduct
contingency table analysis on the two methods.

4 Contingency table analysis of two
methods

4.1 Contingency table theory

The contingency table is a frequency table
listed by the cross-analysis of the observed data
with two or more attributes. Here, the contingency
table with the measurement of cxw is taken as
an example for the cross-analysis of the data
correlation degree [42]. Table 7 shows a
contingency table that verifies the correlation
between methods and results.

Table 7 Contingency table model for verifying method

security
Result Total
Method
X1 X X number
» Suoo S S 7l
» S St fow )
Ve f1 Jfa et few P
Total number s $2 see Sw n

In Table 7, the total count of row (column)
observation values constitutes the row (column)
edge distribution, and the calculation formula of the
total count is as follows:

rk=kaj, 1<k<c
v/:.I (21)
s; =2 fur 1S1<w
i=1

Based on the edge distribution generated by
the contingency table, an expected frequency matrix
can be obtained:

€11 €12 Elw
€21 €22 - Ee2w

E- (22)
€cl €c2 -+ Ecw

If x and y are independent of each other, the
probability and expected frequency of an actual
frequency falling on i rows and j columns can
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be calculated according to the probability multi-
plication formula.

e, =4 (23)

where f; is the actual frequency; 7; is the total of
row i; s; is the total of column j; # is the sum of all
data; e; is the expected frequency.

To test the independence between multiple
variables, the Pearson y?, a statistic with degrees
of freedom (c—1)(w—1), is introduced, and its
calculation formula is

c w _ 2
p=yy sl 24)

i=1 j=1 €;

Based on the Pearson consistent test statistics,
the more suitable correlation coefficients for
contingency tables are obtained. There are three
commonly used measurement coefficients, which
have their own use conditions. The numbers of
rows and columns of the contingency table formed
in this study are obviously unequal. Therefore, the v
coefficient is used as the measurement index to
cross-analyze the correctness of the method. The
coefficient v is defined as

v:\/nmin[(cfl),(w—l)] (5)

4.2 Analysis of security retention rate based on

continuity table

Both methods give the upper limit value of
safety, and there is a difference between the index
given by each angle and the limit value of the
corresponding index. Therefore, to verify the
impact of the two methods on the correctness of the
rock movement angle results (mainly verify
whether different methods will change the safety
degree of different angles), the safety retention rate
1s introduced, and its calculation formula is as
follows:

el

9 (26)

u
where 4 is the security retention rate; u is the safety
upper limit that corresponds to the two methods; uy
is the corresponding calculated value under each
angle working condition.

Assuming that matrix B obtains a new matrix
through finite elementary transformation, the two
matrices before and after transformation are

equivalent matrices, so B~kB. If the contingency
table only retains all actual frequencies, it can form
a matrix [43]. Therefore, for the convenience of
research, the retention rate of each unit is multiplied
by 1000, and the value at this time is called the safe
space. For the mine, the relevant data of the safe
rock movement angle are obtained, and the
contingency table in Table 8 is generated.

Table 8 Column data in secure space for two methods

Rock movement angle/(°)

60 61 62 63

Correction formula 75 59 42 22 12 211
FLAC®® model 260 220 160 100 20 760
335 279 202 122 32 971

Total
64 number

Method

Total number

The data in Table 8 are substituted into
Formula (22) and Formula (23) to obtain the
expected frequency matrix. The v factor calculated
by Formula (25) is 0.078, which proves that the
new method does not significantly affect the
security. Therefore, the new method predicts that
the disturbance range of underground mining on the
surface is applicable.

Compared with FLAC?® model and some
existing prediction methods, the new method has
certain advantages in cost and operation difficulty,
and it is more convenient for mine engineers to
apply. Therefore, the new method has a broad
application prospect in mining collapse prediction,
and we will also apply the new method to more
metal caving mines.

5 Conclusions

(1) A new method to predict the mining
disturbance range of metal mines based on
mechanical parameters is established, and the
disturbance safety criterion is derived based on the
equivalent disturbance center and disturbance
attenuation sphere.

(2) In the comparison of the predicted value
and measured value, the posterior error ratio is
0.0357. The correlation coefficient between the
Johanshan prediction results and FLAC®P
simulation results is only 0.078. Therefore, the new
method has high prediction accuracy and no
significant influence on the safety degree.
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assumptions and is the

Ke-ping ZHOU, et al/Trans. Nonferrous Met

(3) The new method is based on some ideal
first attempt of the

multi-boundary constraint parameter adjustment
theory, which requires further study.
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