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Abstract: In order to overcome the limitation that rock mass instability warnings are caused by a lack of deep consideration of the
inherent mechanism of disaster formation, early warning signs of rock mass instability were detected and multi-field coupling was
analyzed. A multi-field coupling model of a damaged rock mass was established. The relationship between microseismic activity
parameters and rock mass stability was analyzed, and a multi-parameter early warning index system was established and its solution
program was compiled. Based on the D—S data fusion theory, an early warning model of rock mass instability combining multi-field
coupling analysis and microseismic monitoring was constructed. Taking an underground mine stope as an object, the multi-field
coupling model and its solution program were used to analyze mining response characteristics. The seismic field data were used to
verify the accuracy of the multi-field coupling analysis. The early warning model was used to predict the instability of stope rock
mass, and the early warning result is consistent with a real-world scenario.
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1 Introduction

Risk factors are associated with underground rock
engineering as resource exploitation depths increase.
These factors include the probability of roof collapse,
water bursts, and rock bursts, all of which pose a
significant threat to underground production operations.
Rock disasters in underground mines are mostly induced
by mining activities, and geological
environments that are composed of stress field, seepage
field, temperature field, and so on. In addition, rock
disasters show complex nonlinear deformation and
failure characteristics. From the analysis of the
mechanism of disaster inoculation and evolution, rock
disasters are developed from mesoscale (small-scale)
damage to macroscopic (large-scale) deformation and
failure. The occurrence of rock disasters is often
accompanied by certain precursory characteristics [1],
and it is very important to accurately grasp the law of
precursory characteristics in order to obtain reliable early
warning indicators, which aid in the control of rock mass

occur in

disasters.

When rock failure occurs (usually in the form of
rock burst, sheet support, roof collapse, etc), it will
release energy in the form of elastic waves. Microseismic
monitoring technology is the identification and analysis
technology of rock mass stability by releasing and
analyzing elastic waves released from rock failure.
Microseismic monitoring technology is real-time, full
range, and has a wide range within the microseismic
monitoring technique for the precise positioning of rock
failure events. By examining seismic characteristic
parameters and analyzing the variation of activity during
a rock failure process, we can provide effective support
that provides early warning indications that can be used
to prevent mass disasters from occurring. Based on
microseismic monitoring technology many researches on
the monitoring and early warning of rock mass instability
have been conducted by scholars at home and abroad.

By analyzing the characteristics of an explosion that
occurred before and after a microseismic signal of hard
mine rock was detected, LI [2] found that microseismic
characteristic parameters accumulated for a period of

Foundation item: Project (2017yfc0602901) supported by the National Key R&D Program of China during the Thirteenth Five-Year Plan Period; Project
(2017zzts204) supported by the Fundamental Research Funds for the Central Universities of Central South University, China
Corresponding author: Ya-guang QIN; Tel: +86-15574830243; E-mail: csuqyg@163.com

DOI: 10.1016/81003-6326(19)65035-1



1286 Zhou-quan LUO, et al/Trans. Nonferrous Met. Soc. China 29(2019) 1285-1293

time before the rock burst occurred, and decreased
rapidly before the rock burst approached. Thus, the
relation between the variation of action parameters and
the instability of rock mass was revealed. By using a
tomography method, LURKA [3] evaluated the hidden
danger area of the working face of a coal mine, and
found that the velocity of the first microseismic break is
proportional to the microseismic risk in the monitoring
area. By means of microseismic monitoring, SHEN
et al [4] obtained the precursor variation rule of
displacement and stress in a mine stope roof crossing,
and provided a way to predict roof crossing. According
to the theory of rock failure and seismology, TANG [5]
studied a time series of microseismic activity parameters
and the precursory features of a rock burst. LU et al [6]
revealed the mathematical relationship between the
quantitative characteristics of microseismic parameters
and the dynamic failure of rock through experiments, and
obtained prediction information of the destruction of
rock mass. YU et al [7] combined the distribution
characteristics of a microseismic and background stress
field and analyzed the accumulation and migration
process of stress in a mining rock mass. This analysis
was based on a high-performance large-scale scientific
computing platform, and a new method was established
for obtaining early warning indications of rock mass
instability.

At present, early warning indications of rock mass
disasters based on microseismic monitoring mainly rely
on microseismic parameters. We can explore and
establish the relationship between microseismic
characteristic parameters and the precursory rule of a
rock disaster. In essence, the intrinsic reason why rock
disasters occur is the multi-field coupling effect of stress,
seepage, and damage, and microseismic monitoring
is more external performance. Thus, early warning
indications based on microseismic monitoring lack a
comprehensive consideration of the inherent mechanism
of rock mass disasters. Based on the multi-field coupling
simulation analysis, in this study, we conducted research
on space-time monitoring and determined early warning
indications of rock mass disasters based on microseismic
monitoring and multi-field coupling analysis.

2 Multi-field coupling model of rock mass

In order to simplify the expression of the formula,
this study adopts the abstract notation of a tensor. The
definitions of the rock stress tensor & sigma and strain
tensor &, based on the assumptions of small deformation,
equilibrium equations, and geometric equations of rock
mass are as follows:
{V e+F=0

e=(Vu+uV)/2 M

where V is the Laplace operator, F is the volume force
tensor, and # is the displacement tensor.

It is generally believed that the internal seepage of a
rock mass is incompressible and obeys Darcy’s law:

V'v:Qm
U

where v is seepage speed vector, Oy, is the source item, p
is seepage pressure, 4 is the dynamic viscosity
coefficient of the fluid, p is the fluid density, g is
gravitational acceleration, /4 is the velocity head, and K is
the permeability tensor.

The conventional multi-field coupling method is
mainly based on the Biot consolidation equation [8]; that
is, the coupling of stress and seepage through effective
stress principle and volume strain source term:

o'=C:c-ap
de, (3)
Qm - ot

where ¢’ is the effective stress tensor, C is the elastic
stiffness tensor of the rock mass, « is the effective stress
coefficient of Biot, and &, is the volumetric strain of rock
mass.

From the angle of conservation and the
transformation of energy [9], the damage variable, D, is
defined as follows:

p_Vs__Us

——d 4
U U,+U, @

where U; and U, are the dissipative energy and
releasable elastic strain energy during the deformation
and failure process of the rock mass, respectively.

Introducing the damage variable, D, in Formula (3),
the multi-field coupling model considering damage is
obtained as follows:

V-{C(D):(Mﬂ—ap+F:0

2
5
V.{_(vagh) ©
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In the improved multi-field coupling model, by
considering the damage elastic stiffness tensor and
permeability tensor, C(D) and K(D), we can express the
effect of stress and seepage damage. In addition, ap in
the rock constitutive equation expresses the effective
stress effect of seepage, and the bulk strain source, d&,/0t,
expresses the rock mass effect of deformation on seepage
continuity. The coupling action of stress, seepage, and
damage is taken into account in the improved model.

The improved multi-field coupling model is
constructed by using a set of differential equations that
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include multiple dependent variables while considering
the heterogeneity of rock mass strength parameters and
seepage anisotropy. The model is highly nonlinear and
the coupling relation is very complex. It is difficult to
obtain an analytic solution by means of series variation
or integration. Therefore, the improved multi-field
coupling model is solved using a numerical method.
COMSOL Multiphysics is a finite element numerical
analysis software program designed specifically to solve
multi-field coupling problems. It also provides powerful
programming functions. Based on the COMSOL
numerical platform, a program for improving the
multi-field coupling model is developed using the Matlab
M programming language.

3 Relationship between microseismic
parameters and rock stability

Seismology serves as the theoretical basis for the
quantitative analysis of microseismic events. According
to the analysis of microseismic events, the stability of a
rock mass can be evaluated. At present, the main
microseismic analysis parameters are the energy index,
EI, the Schmidt number, Sc,, and the apparent volume,
Va. The equations for these parameters are defined as
follows [10]:

El = E/E(M)
5]
AU AV AT)Y E
Sc, = i (6)
)
pX)? [ZM @/J
f
2
VA = M
2mE

where 7 is the average time between adjacent micro-
earthquakes, x4 is the shear stiffness of the rock mass, p
is the rock mass density, X is the average distance
between adjacent microearthquakes, M is the seismic
moment, £ is the microseismic event energy, and E(M)
is determined by the relation curve of lg £ and lg M in
space area AV.

According to the definition of Formula (6), the
energy index reflects the ratio of the energy to the
average energy of a microseismic event, and an increase
in the energy index indicates the storage and the
accumulation of energy. The apparent volume reflects the
degree of deformation of the rock mass, and the greater
the apparent volume is, the greater the deformation of the
rock mass is. The Schmidt number is essentially the ratio
of the kinematic viscosity to the diffusion rate, and it can

reflect the temporal and spatial complexity of the
rheology of the rock mass. In general, the variation of
microearthquake parameters can be analyzed with the
full stress—strain curve of the rock. The initial stage of
the strain of the rock is the strain hardening stage, which
corresponds to the slow increase in the energy index and
the apparent volume of the microearthquake. Before the
rock mass reaches its peak strength, the energy index and
the apparent volume show a steady growth trend. After
the peak strength of the rock mass is reached, the rock
bearing capacity decreases because of the deformation
and failure of rock mass, the stress inside the rock
decreases, and the deformation increases. This reaction
is illustrative of strain softening characteristics.
Correspondingly, the energy index drops, the apparent
volume rises, and the Schmidt number drops faster,
indicating that the deformation of the rock mass is more
unstable. According to the variation characteristics of
microseismic activity parameters, we can judge the
stability of rock mass, especially when these parameters
change abnormally.

4 Early warning model of rock mass
instability

The microseismic monitoring parameters (energy
index, Schmidt number, and apparent volume), mining
stress index, and damage variable index were selected to
establish a multi-parameter early warning index system
of rock mass instability.

Based on the D—S evidence theory [11], a model for
multi-parameter monitoring and early warning of an
unstable rock mass is developed by combining the
microseismic monitoring index with the multi-field
coupling index. This method is executed as follows:

(1) Determining identification framework

Identify the risk identification framework in the
mining area, @={4, B, C}, where 4 indicates that the
object area is not dangerous, B indicates that the object
area is at medium risk, and C represents a high-risk
object region.

(2) Obtaining evidence

Different early-warning indicators are used as
evidence to carry out a basic credibility distribution. In
this study, 4, B, and C risk levels in the identification
framework are regarded as fuzzy sets, and the
membership functions of 4, B, and C are constructed as
follows:

1, S<a
U, (8) = a-i—b——ZS’aSS<a_+b (7)
b—a 2
0, S2a+b
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0, S<aorS=bh
Uy(8) =172y c5 < 4th (8)
b—a
2b—2S’ a+bSS<b
b—a 2
O,S<a+b
Lo (S) = M’ a+bgg<b )
b—a 2
1, S>bh

where S is the value of early warning indicators, a and b
are the critical values chosen by the fuzzy subset of the
early warning indicators in the divisions of medium and
high risk, respectively. According to the membership
function, we can obtain the membership degree of the
three risk grades corresponding to 4, B, and C, and take
the membership degree as the basic reliability of the
early warning index.

m;(A) = ()
m;(B) = pp(S) (10)
m,(C) = e (S)

Using the calculation of the membership function of
the evidence body, the results of the basic credibility of
the risk grade for the object area are shown in Table 1.

Table 1 Basic credibility assignment of risk grade for object

area
Energy Apparent  Schmidt Mining Damage
index volume number stress variable
my(A) my(A) m3(A) my(A) ms(A)
m(B) my(B) m3(B) my(B) ms(B)
my(C) my(C) m3(C) my(C) ms(C)

(3) DS evidence fusion

The process of applying the D—S theory for the
fusion of evidence is described as follows [12]: for
evidences E; and E, under identification framework O,
their basic reliability distribution functions are m; and m,,
and the focal elements are 4; and 4, respectively. The

calculation of the similarity coefficient between
evidences A and B is described as follows:

Y. m(4)my(B))
d = ANB; =4, (1n

C Nt B,)

dy, is used to describe the similarity between E; and
E,, and the value range of d,, is [0,1]. The greater the d|,
value is, the better the certainty is.

For the amount of evidence collected, n, Formula

(11) can calculate the similarity between E; and FE,,
which can be represented as the following similar matrix:

1 d12 dln
s=|@ L T (12)
dnl dn2 1

Adding each line of the similar matrix, we can
obtain the support of each evidence to E;:

Sup(m) = dy (i,j=1.2,.n) (13)
j=1
To normalize the support of the evidence, the
credibility of the evidence can be obtained.
Crd(m;) = —,S up(m;)

n

2 Sup(m;)

i=1

(i, j=L2,---n) (14)

The sum of each trustworthiness is 1, which is used
as the weight of the evidence, E;. The weighted average
reliability value of the identification frame index can be
calculated by the basic credibility of the evidence and the
corresponding weight.

h
m(A) =Y m(A)Crd(S;) (15)
i=l
(4) Early warning analysis
After using the D—S theory to obtain the credibility
of the early warning indicators, the results are judged by
the specified decision rules. In this study, a decision
method based on a probability assignment is used to
judge the risk grade of the object region.

{m(Al) =max (m(4;), 4; < 0)

16
m(A4,) =max (m(4;), 4, c © and 4; # 4,) (16)

Set the thresholds & and &, if they meet the
conditions:

& <m(4)—m(4,)
m@)< &, (17)
m(@) <m(4,)

A, is the result of the risk grade.
5 Engineering application

5.1 Engineering situation

An underground mining area is located between
—400 m level and —360 m level sections. The stope ore
reserves are approximately 22200 t, the lower ore
average angle is 55°, and the ore grade (Pb + Zn) is 14%.
The regional strata is D3ta, and the main lithology is
deep gray, thick-bedded limestone. A total of six blasting
schemes are planned for the stope. The mining method is
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the column back lateral caving method without a bottom
hole, which is composed of the upper hole down a
drilling formation, the stope is composed of hollow holes
as the initial compensation space, which is formed layer
by layer by a ring groove blasting area, and the
remaining ore body is mined by lateral cave blasting.
The lower part is a non-pillar mining flat type chamber.
The ore is transported by remote LHD, and the mined out
area is subsequently backfilled.

5.2 Numerical simulation analysis of mining under
multi-field coupling

The multi-field coupled mathematical model and its
solution program are used to simulate the mining process,
and the response characteristics of rock mass, such as
mechanics, seepage, and damage, are analyzed.

(1) Stress distribution characteristics

The stope is perpendicular to the direction of the ore
body (north—south strike). The east and west sides of the
ore body are the ore rock interfaces, and the two northern
and southern ore bodies are adjacent to the ore body
to be mined. The mechanical response and failure
characteristics of stope will directly affect the stoping of
the adjacent stope. Therefore, a typical profile of the
maximum and minimum principal stress in the trend
direction is intercepted, and the stress distribution
characteristics are analyzed (the tensile stress is positive
and the compressive stress is negative).

As shown in Fig. 1, because of the homogeneity
of rock mass strength parameters, the stress field
distribution obtained by numerical simulation is also
heterogeneous. The excavation causes the redistribution
of stress around the stope, mainly due to the stress drop
and stress concentration caused by unloading in some
areas. The stress concentration area is mainly located at
the top and bottom of the stope, and the maximum
principal stress is 30.2 MPa. The unloading area is
mainly located on the stope side, and the maximum
principal stress is 5.81 MPa. Owning to unloading and
blasting, a certain range of tensile stress is formed and
the maximum tensile stress value is 3.03 MPa (Fig. 1),
which exceeds the tensile strength (2.35 MPa) of the
surrounding rock. This causes a tensile failure to occur.

(2) Seepage distribution characteristics

A typical seepage characteristic profile is extracted
from the strike direction, as shown in Fig. 2. In Fig. 2,
the arrow represents the direction of fluid flow, and the
digital label corresponds to the seepage contour. The
redistribution of seepage pressure around a stope is
caused by excavation unloading. The water pressure
decreases rapidly and tends to be zero close to the goaf.
Under the action of water head pressure difference, the
flow is obviously flowing toward the goaf, the isoline of
seepage pressure bends toward the goaf, and finally

presents a distribution similar to the precipitation funnel

type.

Fig. 1 Distribution characteristics of principal stress (unit:
MPa): (a) Maximum principal stress; (b) Minimum principal
stress

350

300
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Fig. 2 Seepage pressure distribution and flow path (unit: kPa)

(3) Damage effect analysis

According to the analysis results for stress and
seepage, the characteristic points in the direction of
mining influence in the strike direction (Fig. 3) are
selected, and the changes in their elastic modulus
characteristics during excavation are monitored.
Deterioration of elastic modulus with damage evolution
of monitoring points is shown in Fig. 4, where the
deformation strength of the surrounding rock shows a
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Fig. 3 Three-dimensional display of characteristic monitoring

points
—_-1 —3 —5 —7 —9
301 —2 —4 —6 —8 —10
[+
-
S
225+
= —11 —13
=] —15 —17
2 201
8
m
15—%

0 10 20 30 40 50
Record step

Fig. 4 Deterioration of elastic modulus with damage evolution

downward trend because of the damage caused by
excavation. Because of the heterogeneity of the strength
parameters, the initial values of the elastic modulus
of the monitoring points are different. After excavation,

the elastic modulus of the measuring points decreases by
8.7%, with an average decrease of 6.4%. The results of
the numerical analysis and field test performed by ZHU
et al [13] and JI [14] (excavation area of elastic modulus
damage decreasing by an average of 4%—14%) are
consistent, which means that the rationality of damage on
the strength parameters of rock mass deterioration and
damage variable is defined.

5.3 Verification of multi-field coupling simulation

results by microseismic monitoring

The damage evolution of a rock mass is an
irreversible process of energy dissipation. One part of the
input energy of the rock mass is transferred to the elastic
strain energy storage of the rock mass; the other part of
the input energy dissipates because of the development
of internal microcrack rock mass behavior, and spreads
out through acoustic emission [15,16]. The multi-field
coupling model built in this study is intended to define
and consider the impact of damage on rock mass
deformation and failure from the perspective of energy.
Therefore, in the multi-field coupling analysis, the
accumulation of damage corresponds to the occurrence
of microseismic events (to a certain extent). Here, the
seismic monitoring results are compared with the results
obtained by a multi-field coupling simulation. On the one
hand, we can use the measured results to further examine
multi-field coupling in the model. On the other hand, a
multi-field coupling simulation of the stress field,
seepage field, or damage response characteristics can be
obtained to reveal the precursor law of the disaster. In the
multi-field coupling simulation, the damage area of the
stope is filtered, and the standard is that the energy
dissipated in the damaged area can reach the collection
range of the microseismic sensor. As shown in Fig. 5,
the distribution of microseismic events in the stope is
compared with the damage distribution (microseismic

Fig. 5 Comparison of microseismic event distribution (a) and multi-field coupling damage simulation distribution (b)
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energy standard) obtained by the multi-field coupling
simulation.

As shown in Fig. 5, the distribution of microseismic
events is in good agreement with the damage distribution
obtained by multi-field coupled simulation, which further
verifies the reliability of the multi-field coupling
simulation. The multi-field coupling simulation can
provide indicators for the mechanism of rock mass
disasters, such as mining stress, seepage, and damage
response characteristics. Combined with high-precision
microseismic monitoring, we can further reveal the
precursory rules and characteristics of rock mass
instability.

1291

5.4 Early warning application of rock mass instability

The advance warning indices selected in the
previous article include the energy index, apparent
volume, Schmidt number, mining stress, and the damage
variable. According to Table 1, the corresponding basic
trustworthiness assignments are m,(4, B, C), my(4, B, C),
ms(4, B, C), my4, B, C), and ms(4, B, C). The
microseismic data from April 8 to April 29, 2017 were
selected as the object of study. According to the
calculation method of the D—S evidence fusion theory,
the variation of the basic credibility of the five early
warning bodies of evidence is shown in Fig. 6.

The basic credibility assignment of each index in
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Fig. 6 is weighted together, and a basic probability
assignment of evidence fusion is made so as to obtain the
early warning results of stope rock mass instability risk,
as shown in Fig. 7.

The stope was conducted during the fourth blasting
on April 22nd, as shown in Fig. 8. On April 23rd and
24th, the early warning results showed that the rock mass
failure probability of the mining area was at medium
risk, while on April 25th and 26th, the disaster
probability changed to zero risk. On April 27th, the
disaster risk increased to a medium risk, and on April
28th and 29th, the disaster risk increased to a high risk
level. Based on the early warning results, we can
determine that the disaster probability in the adjacent

11 22 No risk
B8 Medium risk
0.9} Bl High risk

e
=
T

Warming results
=3 =3
W (9]

4-23 4-24 4-25 4-26 4-27 4-28 4-29
Date

Fig. 7 Early warning results of rock mass instability risk

~

Fig. 8 Scene photographs of roadway damage in object area:
(a) Falling; (b) Roof rupture

area of the stope was very high after April 27th. The
actual situation in the field is as follows: on April 28th,
the roof of the roadway in the area fell, there were fresh
cracks on the roof of the roadway, and the surrounding
workers felt the earthquake. The scene is shown in Fig. 8.
Meanwhile, on April 28th, a 0.1 magnitude event was
also monitored in the microseismic system. The focal
center coordinate is (x: 2606.2 m, y: 8125.6 m, z:
—369.5 m), which is located near the caving location.
The maximum speed of rock vibration is 7.79 mm/s,
which exceeds the threshold of human perception (1
mm/s), and is consistent with the situation observed by
field personnel, which detected obvious signs of an
earthquake. The field condition and microseismic
monitoring indicate that rock mass instability occurs in
the stope area, which validates the effectiveness of the
early warning model based on multi-field coupling
analysis and microseismic monitoring.

6 Conclusions

(1) A multi-field coupling model of damaged rock
mass was established and its calculation program was
compiled. The mine rock mass characteristics under the
multi-field coupling simulation were compared with the
microseismic monitoring results, and they were
determined to have a good consistency. This verified the
validity of the coupling model and showed that the
multi-field coupling analysis for rock instability warning
is feasible.

(2) Combining a multi-field coupled numerical
simulation with high-precision microseismic monitoring,
we revealed the mining failure mechanism and precursor
rule from a deep level, and established a multi-parameter
early warning index system. Based on D—S data fusion
theory, an early warning model of rock mass instability
was established based on multi-field coupled simulation
and microseismic monitoring. The model was used to
predict the rock mass instability during the mining
process. The early warning result is consistent with the
actual situation of the site, which proves the validity of
the early warning method.
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