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With the gradual depletion of shallow resources, deepmining has become an inevitable trend and has become an important part of
the world mining industry. )e high stress concentration caused by redistribution of original stress field will lead to stress-driven
failure of surrounding rock; conventional methods, such as point-location stress measurement, analytical analysis, numerical
simulation, and physical modeling, are not able to completely reflect the distribution and evolution characteristics of the mining-
induced stress field in real time and at mine scale, so it is difficult to fully understand, control, and prevent mining-induced injuries
and fatalities. In the past decades, microseismic monitoring technology, velocity tomography, numerical simulation, and lab-
oratory test technology have been successfully applied to better understand mining-induced stress and rock mass failures. )e
combination of these methods has led to innovative ways to investigate the mining-induced stress field, surrounding rock failure,
and hazard prevention. )is review focuses on the mining-induced stress and velocity tomography based on microseismic
monitoring data. Research progress in analysis and measurement methods of mining-induced stress, rock mechanics for mining,
and velocity tomography practices are presented.

1. Introduction

With the development and utilization of shallow mineral
resources, resulting in the decrease of shallow mineral re-
sources year by year, themining of resources is in the stage of
comprehensively advancing to greater depths. )ere are
many mines with a depth of more than 1000m, mostly
distributed in South Africa and Canada, but also in the
United States, India, Australia, Russia, Poland, Spain,
Zambia, and other regions [1–3]. )e depth of most gold
mines in South Africa is more than 2000m, among which
the depth of the Mponeng Gold Mine is 4350m, and the
deepest end of the ore body is more than 7500m.)emining
depths of Savuka and Tautona are more than 3700m, the
West Deep gold mine of Anglo Gold Co., Ltd., has a depth of
3700m, the ore body of West Driefontein gold mine occurs
in the underground of 600m and extends to below 6000m.

At present, the deepest South Deep Level gold mine has a
mining depth of 3500m. )e Creighton Mine in Sudbury,
Ontario, Canada, has a mining depth of 2420m, and the
Kidd copper zinc mine in Timmins has a mining depth of
2926m. In the Kolar Gold Fields of India, there are 3 gold
mines with a mining depth of more than 2400m, of which
the depth of the Champion Reef Gold Mine is up to 3260m.
In the Kryvyi Rih iron mine area of Ukraine, there are 8
mines with a development depth of 1570m, including
Jerrensky, Kirov, and Comintern, and it is expected to reach
2000–2500m in the future. )e mining depth of the Lucky
Friday Mine in the US is 2600m. In addition, the mining
depth of some nonferrous metal mines in China, Australia,
Poland, Brazil, etc., also exceeds 1000m. )e depths of 23
deepest mines around the globe are shown in Figure 1.

)e notable difference between deep mining and shallow
mining lies in the special engineering environment of deep
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mining. Under the complex environment of “high in situ
stress, high temperature, high water pressure, and mining
disturbance,” the structure, basic physical and mechanical
characteristics, and engineering response of the deep rock
mass are fundamentally different than that at more shallow
depths, as shown in Figure 2. )e mechanical characteristics
of the dynamic-static combination of rock mass, brittle-
ductile transformation, creep of hard rock, and large de-
formation are due to the sudden change in dynamic re-
sponse process. Moreover, the mining-induced stress in
deep mining has a significant effect on unexpected failures
which result in injuries and fatalities. With the increase of
mining depth year by year, the hazards caused by mining-
induced stress become more and more prominent.

)is paper summarizes the research progress in un-
derstanding mining-induced stress, rock mechanics related
with mining disturbance, and microseismic velocity to-
mography and its application in mining engineering. )e
aim of this review is to build the relationships among three
topics: mining-induced stress, rock mass response, and
microseismic velocity tomography; each topic is reviewed in
a separate section. In Section 2, the developments in mining-
induced stress are summarized, with the focus on stress
evolution characteristics and measurement methods. In
Section 3, we give a brief summary of the failure and de-
formation characteristics under the influence of mining
disturbance. In Section 4, we summarize the microseismic
and velocity tomography technology and their application in
mining engineering, with the focus on the velocity and stress
relation, theory of seismic velocity tomography and their
application in stress state imaging, hazard assessment, rock
mass characterization, and geology structure detection. At
the same time, this paper points out the limitation of current

microseismic tomography methods and applications and
puts forward some suggestions for the future research trend.

2. Mining-Induced Stress

Mining-induced stress refers to the redistribution of stress
induced by mining activities under the influence of the in
situ stress field. )e formation of mining-induced stress is
based on the in situ stress andmining activities; that is to say,
the mining-induced stress acts on the surrounding rock
mass of the stopes (roadways, shafts, etc.), causing various
types of damage to the surrounding rock mass and mine
openings [5]. )ree principal stresses (σ1, σ2, and σ3) in-
duced in an element of rock are shown in Figure 3. In a deep
longwall panel of an underground coal mine, there are zones
around the longwall panel or in pillars, where the vertical
stress exceeds the average overburden pressure before
mining [6]. )e above-average pressure is called the abut-
ment pressure, which can be divided into the front abutment
load and the side abutment load (Figure 4). To estimate the
induced stress more accurately, the in situ stresses should be
determined before mining.

2.1. Evolution Characteristics of Mining-Induced Stress.
)e mining-induced stress field has a certain spatial dis-
tribution range, and its magnitude and orientation change
with the development of mining activities and time. )e
distribution, magnitude, and orientation of mining-induced
stress are related with support method, panel shape, in situ
stress, physical and mechanical properties of rock mass,
mining methods, mining sequence, structure and quality of
rock mass, engineering geological conditions, and time
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Figure 1: Typical deep mining mines in the world.
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[7–11]. Jiang et al. [12] found that with the increase of
mining height, the stress reduction area adjacent to a coal
face expanded, the peak abutment pressure decreased, the
peak influence area moved forward, and the influence area

expanded. )e greater the bearing capacity of the gob, the
lower the load on the solid surrounding rock, and vice versa;
the gob will affect the concentration, range, and orientation
of the mining-induced stress in the surrounding rock and
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Figure 2: Geomechanical characteristics of deep rock mass [4].
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also affect the shape and size of the plastic zone of openings
in the coal or rock mass [13]. )e mining-induced stress
increases with reduced coal seam thickness [14]; the max-
imum vertical stress decreases with increased working
height during depillaring [15]. Geologic discontinuities,
especially faults and foliation as well as mining procedures,
also control the orientation and magnitude of stresses in
surrounding rock [6].

2.2. In Situ Measurement of Mining-Induced Stresses.
Research on stresses around mine openings can be divided
into three categories: (1) theoretical studies of a purely
mathematical or mechanical character, (2) physical simu-
lation tests intended to examine the stress conditions, and
(3) observation and measurement [16]. Examples of some of
these methods include theoretical analysis [17–25], nu-
merical simulation [26–28], and physical simulation
[29–31]. However, this review will focus on in situ mea-
surement of mining-induced stresses.

At present, many measurement methods have been
developed to measure the magnitude and orientation of in
situ stresses, such as flat jack method, hydraulic fracturing
method, acoustic emission method, and stress relief method.
On the other hand, monitoring of changes in the in situ
stress due to mining mainly includes borehole stress gauge
monitoring technology, electromagnetic radiation moni-
toring technology, and microseismic monitoring technology
[32, 33]. Previously published practices using these methods
are shown in Table 1.

)e suite of mining-induced stress measurement
methods can be divided into direct and indirect methods.
)e direct measurement methods can directly measure the
stress state induced by mining, including hydraulic frac-
turing method, stress relief method, and stress gauges. )e
indirect measurement methods measure the changes of
certain physical quantities related to stress, such as rock
electric resistance, electromagnetic radiation, and elastic
wave velocity, and then calculate the mining-induced stress
value according to the relationship between these physical
quantities and stress. )e direct measurement method in-
cludes point-location measurements and the monitoring
range is limited by the number of stress measurement
sensors or instruments. If these methods are used to monitor
the range and evolution law of mining-induced stress at a
large scale, then a large number of stress measurement
sensors need to be installed, and an interpolation method is
used to infer the continuous large-scale distribution of
mining-induced stress, all of which can be very expensive
and time-consuming to implement. )e indirect measure-
ment method shows a good prospect of the analysis of
mining-induced stress at a larger scale than point-mea-
surements and throughout the entire volume of a rock mass.

3. Rock Mechanics for Mining Engineering

Mining-induced stress is the fundamental cause of defor-
mation and instability for all underground mines and open-
pit mines. Without the disturbance from mining

excavations, the rock mass is in its initial equilibrium state.
)emining activities change the original equilibrium state of
the rock mass, causing deformation and movement of the
rock mass towards the excavation, resulting in the redis-
tribution of stress around mine openings [46]. )e defor-
mation and subsequent mining-induced stress
concentration within the surrounding rock can result in
local or overall instability and failure of the surrounding
rock (Figures 5(a) and 5(b)), including the possibility of rock
bursts (Figure 5(c)).

Martin et al. [47] analyzed the potential stress paths that
exist within a rock mass around underground mine open-
ings. In addition to the variation of magnitude of three
principal stresses, the orientation of these stresses is also
rotating at the same time [48]. )e paths of mining-induced
stress varied according to the mining activities (Figure 6),
which can instruct the laboratory rock mechanics tests.
According to the distribution of the abutment pressure of
the coal and rock mass in front of the working face under
different mining methods, Xie et al. [1] proposed stress paths
under the conditions of protected coal seam mining, top-
coal caving mining, and nonpillar mining for rock me-
chanics tests (Figure 7). According to the experimental
results of rock mechanics tests under mining-induced stress
paths, we can have a deeper understanding of the defor-
mation and failure characteristics of surrounding rock. )e
failure modes of the surrounding rock can be divided into
relaxation and stress-driven failures. )e most commonly
recognized modes are related to shear failure, which occurs
along block boundaries or through the rock mass (Figure 8).

4. Microseismic Monitoring and Seismic
Velocity Tomography

4.1. Microseismic Monitoring. Mining-induced stress con-
centration results in rock fracturing, fracture sliding, or even
fault-slip events. During these processes, seismic events with
different intensity will be generated. At present, routine
microseismic monitoring has become one of the most ef-
fective methods to help us understand the mining-induced
rock failure mechanism and hence the surrounding rock
stability. Microseismic monitoring also provides an effective
tool for rating seismic hazards and providing alerts to po-
tential rock mass instabilities in underground mines
[50–56]. Jiang et al. [57] introduced the microseismic
monitoring system developed by CSIRO for monitoring of
induced fractures in coal mines. Li et al. [58] installed the
first 16-channel full digital microseismic monitoring system
in Fankou Lead-Zinc Mine of China, which is used to
monitor the rock mass failure and evaluate rock burst
hazards. Yang et al. [59] studied the time and space dis-
tribution of seismic events in the first mining area of
Dongguashan Copper Mine, put forward a method to
identify the risk of underground engineering rock mass, and
established the working procedure of mining analysis in high
stress areas based on microseismic monitoring technology
which was verified by the actual events. Xia et al. [60] an-
alyzed the distribution characteristics of microseismic events
in front of a working face. Based on the engineering example
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of Shirengou Iron Mine, Zhang et al. [61] analyzed the
generation, accumulation, and evolution law of micro-
fractures in the surrounding rock during the formation of an
underground goaf and open-pit drainage in the area near
No. 15 exploration line of the mine. Wang et al. [62]
designed the double-roadway panel layout to install stress

gauges and microseismic monitoring systems in the outer
roadway and obtained the abutment pressure evolution
process and seismicity characteristics around the goaf. Based
on the KJ 768 coal mine microseismic monitoring system,
Ouyang et al. [63] carried out the prediction of the dynamic
load of the shallow coal seam using self-powered

Table 1: Frequently used mining-induced stress measurement methods.

Mine Mining method Ore type Mining depth
(m) Method Measuring

range Reference

- Longwall mining Coal 230 Hydraulic fracturing Point [34]

Lockerby Mine Open stope Nickel 1050–1110 Seismic tomography 34–36 sill
pillar [35]

- Longwall mining Coal 335.28 Seismic tomography Coal pillar [36]
Willow Creek
Mine Longwall mining Coal 213.36 Biaxial stressmeter Point [37, 38]

Zhangji Coal Mine Longwall mining Coal 617.2–664.2 Electromagnetic radiation Panel [39]
Nuodong Coal
Mine Longwall mining Coal 228–480 Electromagnetic radiation Panel [40]

Beiming Iron Mine Sublevel caving without sill
pillar Iron 265.76–679 Stress relief Point [41]

Liangbei Coal
Mine Longwall mining Coal 455.38–477.38 Borehole stress gauge Point [42]

Tangkou Coal
Mine Longwall mining Coal 1100 Borehole stress gauge Point [43]

Lazy Collieries and
CSM Mine Longwall mining Coal 690–980

Compact
conical-ended borehole

monitoring
Point [44]

Dariba Mine Vertical retreatmining
and blast hole stoping Lead-zinc 500–600 Hydraulic tests on

preexisting fracture Point [27]

Laohutai Coal
Mine Longwall mining Coal 410–911 Focal mechanism Mine [45]

(a) (b)

(c)

Figure 5: Spalling (a), roof fall (b), and rock burst (c) caused by mining-induced stress concentration.
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microseismic monitoring system. Based on the results of
FLAC3D stress analysis, Liu et al. [64] installed a 19-channel
microseismic system to monitor the stability of surrounding
rock of the hanging wall. Surface arrays can also be used in
mining-induced seismicity monitoring. Swanson et al. [65]
installed an array with ten triaxial strong-motion sensors on the

surface above two underground longwall coal mines in western
Colorado (USA); this array covers about 250 square kilometers
and can automatically process data. Boltz et al. [66] deployed
two temporary arrays above two underground longwall panels
and were successful in detecting mining-induced events.
Compared with the traditional mine microseismic monitoring
system, the surface monitoring array has the advantages of
convenient installation, flexible layout, versatility, no terrain
restrictions, and low cost. However, the monitoring period is
limited by the battery capacity of the sensors, but high-effi-
ciency solar power generation and high-capacity battery
technology can effectively overcome this problem.

To carry out a successful and high-quality microseismic
monitoring program, the system should be designed cor-
rectly. Ge [67] proposed five principles for the design of
mine microseismic monitoring system: (1) the monitoring
rock mass should be in three-dimensional space; (2) the
sensors should not only be arranged in the target area but
also be installed in the surrounding rock mass; (3) the sensor
layout should be balanced; (4) the appearance of a two-
dimensional array should be avoided because the accuracy in
the direction perpendicular to the plane is low; (5) special
sensor pairs should be designed to improve the coverage at
specify locations. A typical microseismic system is made up
of a number of unique components including sensors,
junction box, ethernet communication, acquisition PC, and
processing PC (Figure 9).

4.2. /e Relationship between Wave Velocity and Stress.
)ere are three basic types of seismic waves: surface waves,
P-waves, and S-waves (Figure 10). Rayleigh and Love waves
are called surface waves, which propagate along the Earth’s
surface [70]. )e P-wave, also known as the longitudinal
wave or first arrival wave, propagates through the rock mass
causing expansion and compression of the rock. )e P-wave
is the fastest wave and, hence, is the first wave to arrive at a
sensor. S-waves, also called shear waves, propagate in the
medium causing the particles in the medium to move
perpendicular to the direction of wave propagation direc-
tion. )e calculation formulae for P-wave and S-wave ve-
locity are as follows:

VP �

��������������
(1 − v)E

(1 + v)(1 − 2v)ρ



,

VS �

��������
E

2(1 + v)ρ



,

(1)

where E is the elastic modulus of medium (Pa), ] is the
Poisson’s ratio of medium, and ρ is the density of medium
(kg/m3).

Rock types, texture, density, porosity, anisotropy,
stresses, and water content have an impact on the propa-
gation of elastic waves in intact rocks [71]. With the increase
of confining stresses, the cracks and pores in the rocks tend
to close, which will lead to the increase of Young’s modulus
and thereby affect the velocity of both P- and S-waves. In the
field of seismic tomography in undergroundmines, the wave
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velocity variation has often been used as an indicator of
stress level changes [72, 73].

To accurately estimate the stress level, the relationship
between stress and velocity has been studied by many re-
searchers. In the early research, the studies mainly focused
on the change of seismic wave velocity in the deep earth with
the stress field at different depths, especially the relation
between P-wave velocity and stress [74]. After the 1960s, the
studies transformed to laboratory and in situ experiments to
examine the relationship between stress and wave velocity.
When the stresses increase, the wave velocities will increase
in varying magnitudes, which depends on the angle between
the stress loading direction and the wave velocity propa-
gation direction [75]. Engelder and Plumb [76] found that
the P-wave velocity in granite and sandstone is related with
the loading direction of maximum compression stress.
Sayers and Kachanov [77] used second-order and fourth-

order crack density tensors to characterize rock anisotropy
and found that the wave velocity parallel to and perpen-
dicular to the maximum compression stress is a function of
the difference of the maximum compressive stress and
confining pressure. Huang et al. [78] compared acous-
toelastic theory with the microcrack model, the error be-
tween these two models was within 2%, and the theory of
acoustoelasticity can be seen as a macroscopic description of
the microcrack model. Many empirical formulae were also
proposed (Table 2).

4.3./eoryBasis of SeismicVelocityTomography. )emethod
for tomography was developed by [85]. By stimulating physical
signal outside the object and receiving the signal which is
carrying the internal information passing through the object,
the distribution of physical parameters inside the object is
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Figure 9: Typical microseismic monitoring system [68].
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(c) (d)

S waves

Love waves

Rayleigh waves

Direction of wave propagation

Figure 10: Types of seismic waves (modified from [69]).

Table 2: Relation between stresses and elastic wave velocity.

Formulae Parameters References
V(P) � A(P/100)a + B(1 − e− bP) A, a, B, and b are fitting coefficients P is the confining pressure for dry

samples (effective stress for saturated
samples), V is the P- or

S-wave velocity

[79]
V2 � A1 + B1P + C1e

(− (P/τ1))

V � A2 + B2P + C2e
(− P/τ2) A, B, C, and τ are fitting coefficients [80]

V � A + KP − Be− DP A, K, B, and D are fitting coefficients [81]
V � A − Be− DP A, B, and D are fitting coefficients [82]

VP � ϕ(T33)
ψ

VP is the P-wave velocity, T33 is the
compression stress, ϕ and ψ are fitting

coefficients
— [83]

V � aσ + b a and b are fitting coefficients V is the P- or S-wave velocity [84]
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inversed according to certain physical and mathematical re-
lations, and the two-dimensional or three-dimensional image
inside the object is reconstructed by using computer image
reconstruction technology. )is theory also applies to three-
dimensional problems and corresponds to many physical
experiments in fields such as medicine and geophysical im-
aging. Deans [86] reviewed the transformation and its appli-
cations, and the transformation was named after Radon. For
velocity tomography in deep mines, the probe is the mining-
induced seismic waves, the velocity distribution in the rock
mass is the unknown function, and the velocity profile function
can be determined by probing the rock mass with the mining-
induced seismic waves [87].

Velocity tomography relies on the relationship between
time, distance, and velocity of a ray traveling through rock
mass, where the rock mass is divided into discrete units
termed “voxels.” According to this relationship, the travel
times between events and sensors can be calculated as
follows:

v �
l

t
⟶ vt � l,

t � 
R

S

1
v
dl � 

R

S
pdl,

ti � 
M

j�1
pjlij, (i � 1, ..., N),

p �
1
v
,

(2)

where v is the wave velocity (m/s), l is the distance between
events and sensors (m), t is the travel time (s), p is the
slowness (s/m), N is the number of rays, and M is the
number of voxels [88]. If the travel time, travel distance, and
voxel’s slowness are assigned to corresponding matrices, the
velocity can be determined by using the following equation
[89]:

T � DP⟶ P � D− 1T, (3)

where T is the travel time matrix (1×N), D is the travel
distance matrix (N×M), and P is the slowness matrix
(1×M). As the inverse problems are either underdetermined
(more voxels than rays) or overdetermined (more rays than
voxels), so the most effective way to solve the inverse
problem is using the iterationmethods.)e iteration process
will stop when the residual time is less than the preset value.
)e algorithms developed to solve the inverse equation
include least squares, damped least squares, and singular
value decomposition (SVD) [87].

Double-difference tomography was developed by
[90, 91], which jointly inverts the three-dimensional wave
velocity structures and the relative and absolute position of
seismic source. )e input data include both absolute and
differential travel times. )e absolute travel time data are
mainly used to determine the velocity structure outside the
source area, and the differential time data are primarily used
to determine the fine structure of the source area. Waveform

cross-correlation was used to calculate the differential travel
times. Results have shown that the double-difference to-
mography can generate high-quality tomograms of the
seismic zone structure [90, 91]. )e standard double-dif-
ference tomography method can be described by equations
(5) and (6). Equation (5) is used for absolute data, while
equation (6) is used for differential data.

T
i
k � τi

+ 
k

i
δuds, (4)

r
i
k � 

3

m�1

zT
i
k

zx
i
m

∆x
i
m + ∆τi

+ 
k

i
δuds, (5)

r
i
k − r

j

k � 
3

l�1

zT
i
k

zx
i
l

∆x
i
l + ∆τi

+ 
k

i
δuds

− 
3

l�1

zT
j

k

zx
j

l

∆x
j

l + ∆τj
+ 

k

i
δuds⎛⎝ ⎞⎠,

(6)

where Ti
k is the observed arrival time from event i to sensor

k, τi is the occurrence time of event i, ri
k is the difference

between theoretical arrival time and observed arrival time
(event i to sensor k), ds is the element of path integral, τi is
the event time perturbation (event i), xi

1, xi
2, xi

3 are the event
location perturbations (event i), and δu is the slowness
perturbation.

)e general procedure for tomography follows a similar
approach regardless of the precise inversion method used.
)e travel times between events and sensors are plotted to
indicate the quality of the input data, the appropriate extents
of the voxels and voxel size are selected based on the number
and distribution of rays which are available, and then an
initial velocity is corrected based on the measured travel
times on an iterative basis. )e velocity model is iteratively
corrected until the difference between the measured travel
times and the calculated travel times reaches an acceptable
level. Westman et al. [92] provided an example of the typical
calculation approach.

For time-lapse tomography, the traditional approach
contains three steps: (1) divide the data into different time
intervals; (2) conduct seismic tomography in each time
interval; (3) calculate the temporal velocity changes by
subtracting velocity models for two adjacent time intervals.
Qian et al. [93] proposed an advanced time-lapse tomog-
raphy scheme by using double-difference tomography
method. In this new scheme, event i and event j are seismic
events in two different time intervals. Supposing that event i
happens in time interval 1 and event j happens in time
interval 2, equation (6) will be transformed into equation (7).
)is method overcomes the difference of seismic ray dis-
tribution in different time periods to a certain degree.

r
i
k − r

j

k � 
3

l�1

zT
i
k

zx
i
l

∆x
i
l + ∆τi

+ 
k

i
δu1ds

− 
3

l�1

zT
j

k

zx
j

l

∆x
j

l + ∆τj
+ 

k

j
δu2ds⎛⎝ ⎞⎠.

(7)
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4.4. /e Applications of Velocity Tomography in Mining
Engineering. Velocity tomography has been used for im-
aging the rock mass conditions or stress state with seismic
waves produced by mining-induced microseismic events or
explosions, and it is solved as an inverse problem [94]. )ere
are many factors which affect the quality of velocity to-
mography results, such as high-resolution source location
methods, accurate arrival time picking, efficient inversion
algorithms, and ray tracing methods. In the field of mining
engineering, tomographic imaging is mainly used in ex-
ploration and ore body delineation, geological structure and
discontinuity detection, rock mass stability monitoring, and
rock burst hazard prevention.

According to the source types, velocity tomography can
be divided into controlled source and passive velocity to-
mography [95, 96]. Controlled source velocity tomography
is the technology that inverts arrival times into a velocity
distribution field using seismic energy from artificial sources
(blasting (Figure 11) or hammering). )e advantage of this
method is that the location of the sources is known, and the
arrangement of the sources and sensors can be optimized
manually to achieve the optimal ray coverage, and hence
images, of velocity tomography [83]; its disadvantage is that
it is more difficult to realize long-term continuous moni-
toring. Passive velocity tomography is the technology that
uses microseismic events or natural earthquakes as the
sources for inverting the velocity field. Microseismic events
with different magnitudes will be generated in the process of
mining-induced rock mass fracturing, and the elastic wave
will be excited in the surrounding rock (Figure 12). )e
advantages of this technology are as follows: (1) wide
monitoring range, that is, velocity tomography at mine scale
or regional scale can be realized by reasonably designing the
location and quantity of sensors; (2) it has the ability to carry
out long-term continuous passive velocity tomography
analysis in the study area. However, it also has disadvan-
tages: (1) due to the limitation of time picking and source
location algorithms, the calculated event location may de-
viate from its actual position; (2) the mined-out area formed
by mining activities leads to less ray coverage in many areas,
resulting in low reliability of the tomography results in those
areas with limited ray coverage.

Velocity tomography has been shown to be an efficient
method to analyze the mining-induced stress distribution
in both coal and hard rock underground mines [35, 36, 99,
100]. High mining-induced stress will result in the closing
of fractures, cracks, voids, and pores, thereby increasing the
elastic wave velocity. When the mining-induced stress
continues to increase, the elastic wave velocity will be
reduced due to the formation of new cracks. )rough
comparing the velocity field with mining activities, we can
better understand the mining-induced stress distribution

and evolution characteristics. When the mining-induced
stress distribution was imagined with P-wave, SV-wave,
and SH-wave travel time tomography, the SV tomograms
can clearly reflect the vertical stresses within panels and has
a good correlation with the predicted stress by theory [101].
Luxbacher et al. [88] studied the velocity distribution
characteristics of a longwall panel using time-lapse to-
mography technology. )ey found that the high-velocity
zones are located at places where high abutment stress is
expected, and the result compared well to the numerical
modeling simulation results (using the LAMODEL mod-
eling software). Figure 13 shows an example of mining-
induced stress and the velocity distribution in a longwall
panel and the LAMODEL plots for Day 18 of the study and
the tomogram also in the same day. Seismic tomography
has also been used in underground hard rock mining, and
the mining-induced stress evolution has been estimated by
using passive seismic tomography [102–104]. Usually, the
low-velocity zones may indicate excavations or sur-
rounding rock fracturing caused by mining-induced stress,
whereas the high-velocity zones are likely caused by
mining-induced stress concentration or anomalous geol-
ogy structures. By using seismic tomography, Ma et al.
[105] found that high-velocity zones variation agree well
with seismicity rates (Figure 14), which indicates that
seismicity rates are positively correlated with the mining-
induced stress concentration.

Seismic tomography is a promising way for mining-
induced hazard evaluation and prediction [106–109].
Dubinski and Dworak [110] proposed a seismic criterion
for detecting of seismic hazard zones by using the extent
and position of the mining-induced velocity anomaly
zones, the velocity anomaly (A), and the background ve-
locity (V0):

A �
Vmax − V0

V0
. (8)

)e magnitude of stress increase can be estimated from
parameters given in Table 3. )e table was given based on
laboratory and in situ measurement at Upper Silesian Coal
Field, and only applicable to the mining and geological
conditions of this coal field. When the velocity anomaly
zones are located near mining excavations, it will have large
influence on the occurrence of rock burst accident. In the
study of [111], they found that the zone of high velocity, high
seismic anomaly, and high gradient velocity has been ob-
served very clearly near 2Jd gateroad, and the passive to-
mographic velocity images turned out to be very useful as
long-term precursors of seismic-prone areas. Gong [83]
proposed an assessment model of seismic hazard in his
model consisting of two equations:
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An �
Vp − V

a
p

V
a
p

, (9)

An �
VG − VGa

VGa , (10)

VG(i, j) � V(i, j)Grad(i, j), for point (i, j), (11)
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Figure 11: Ray path geometries of controlled source velocity tomography (blasts ( ))[97].
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Figure 14: Tomograms of Period C1 to Period C8 at Creighton Mine [105].

Table 3: )e degree of mining-induced stress evaluation [11].

Degree of stress Characteristics of stress increase Velocity anomaly for P-wave in coal, A (%) Probable stress increase, p/p0(%)

1 None <5 <10
2 Low 5–15 10–50
3 Medium 15–25 50–100
4 High >25 >100
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where Vp is the P-wave velocity, Va
p is the average P-wave

velocity, VG is the variation degree of velocity gradient,
which can be calculated by equation (11), Grad(i, j) is the
P-wave velocity gradient, V(i, j) is the P-wave velocity, and
VGa is the average VG. Table 4 shows the relation between
positive anomaly of P-wave velocity and seismic risk, and
Table 5 shows the relation between VG anomaly and seismic
risk. Gong et al. [112] also developed an adaptive-grid
passive seismic tomography method to identify rock burst
risk. Li et al. [113] proposed spatio-temporal assessment
method to evaluate rock burst hazard potential for under-
ground coal mining, which combines b-value and seismic
tomography (Figure 15). Afrouz et al. [114] developed an
innovative concept of hazardous thresholds, which was
integrated from the catalog of underground mine blast rate,
energy index, b-value, and P-wave velocity. )e velocity
increased in the nearby rock mass of high magnitude mi-
croseismic events before they were triggered, and then stress
decreased in the relaxation process after the high magnitude
microseismic events [98].

Rock mass quality and depth of fractured zones are
important parameters for the evaluation of the stability of
roadways, stopes, shafts, etc. As there is a close relationship
between seismic parameters and mechanical properties, the
seismic tomography is useful for fracture-mapping and also
for evaluation of rock mass quality [115, 116]. Meglis et al.
[117] conducted ultrasonic velocity tomography of a mine-
by tunnel. When compared with induced stress distribution
characteristics, they found that wave velocities and ampli-
tudes in the tensile stress region are lower than that in the
compressive stress region; the tensile stress region shows
significant anisotropy, which indicates the rock cracking
phenomenon in the tensile stress region. )e inferred
fractured zone depth is 1m, which is consistent with the
microseismic activity before and after excavation. Westman
et al. [92] conducted time-lapse tomography using double-
difference tomography for an underground hard rock mine;
the aim is to monitor the spatial evolution of a block cave;
the data were retrieved from microseismic monitoring
system from September through March 2010; the tomog-
raphy results clearly show the high stress zone during the

caving process and the caved height can be inferred com-
bined with the distribution of microseismic events. Melni-
kov et al. [118] imaged the shallow surface of the Zhelezny
open-pit mine and then estimated Poisson’s ratio and
Young’s modulus by using VP/VS values. Poisson’s ratios
can be used to detect induced fractures or weathering
processes in the stepped walls.

Tomographic imaging also can be used in mineral and
geology structure exploration in mines. Authors of [119, 120]
applied seismic tomography to detect the geologic structures in
the 1310 longwall panel of Xinji No. 1 coal mine; the results
showed that the blind faults have evident linearity, which was
validated by the practice; the tomography images also clearly
show the coal seam variation and mining-induced fractured
zone. Luo et al. [121] designed an experiment to evaluate the
application of seismic tomography in the delineation of ore
boundaries and characterization of the rock mass; they found
that the variations of the mapped velocities along the sides
generally coincided with the variations of lithologies already
known; the “fast” pyrite mineralization was discriminated from
“slow” host lithology from the tomograms (Figure 16). Mal-
ehmir et al. [122] depicted a major discontinuity (R8) and a
weak zone in the tomograms combined with reflection seismic
results and also observed the qualitative corresponding rela-
tionship between the P-wave velocity and RQD (Figure 17).

Although velocity tomography has been successfully
applied in many practices of mining engineering, there are
still deficiencies:

(1) Rock type, tectonic distribution, in situ stress, and
other factors all have effect on the background ve-
locity, so it is necessary to understand the regional
background velocity distribution characteristics to
obtain high-quality tomography results

(2) )e relationship between wave velocity and stress is
currently only a qualitative relationship which
cannot accurately reflect the absolute stress level by
tomography results

(3) Tomography results can approximately indicate the
stress distribution and evolution characteristics, but
it is more difficult to determine the distribution and

Table 4: )e seismic risk index and mining-induced stress concentration degree based on the positive velocity anomaly [83].

Seismic risk index Degree of stress concentration Velocity anomaly (positive), An (%)
0 None <5
1 Weak 5–15
2 Middle 15–25
3 Strong >25

Table 5: )e seismic risk index and mining-induced stress difference degree based on VG anomaly [83].

Seismic risk index Degree of stress difference VG anomaly, An (%)
0 None <5
1 Weak 5–15
2 Middle 15–25
3 Strong >25
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evolution characteristics of mining-induced rock
mass fractures as the seismic energy tends to refract
around these low-velocity zones

5. Concluding Remarks

Under the combination of in situ stress field and mining
activities, mining-induced stress concentrations caused by
the redistribution of surrounding rock stress will lead to rock
burst, spalling, and other failure types, which seriously
hinders the safe and efficient ore production from deep
mines. With the increase of mining depth year by year,
injuries and fatalities caused by mining-induced stress in

deep deposits are becoming more prominent. )is review
summarized the research in mining-induced stress, rock
mechanics for mining engineering, and microseismic ve-
locity tomography and its application in mining
engineering.

Mining excavation activities will cause stress concen-
tration during the stress redistribution process. )e mag-
nitude and orientation of stresses change depending on
mining methods, geologic structures, advance rate, etc.
)eory analysis, physical simulation, numerical simulation,
and in situ measurement methods can be used to estimate or
measure the mining-induced stresses. In situ measurement
methods are divided into direct and indirect methods.

3200

3400

3400 3600 3800 4000 4200 4400

3000

2800

V
el

oc
ity

 (k
m

.s-
1)

5.60
5.70
5.80
5.90
6.00

4.90
4.80
4.70
4.60
4.50
4.40
4.30
4.20
4.10

5.50
5.40
5.30
5.20
5.10
5.00

(a)

3200

3400

3400 3600 3800 4000 4200 4400

3000

2800

-0.00
-0.02
-0.04
-0.06
-0.08
-0.10
-0.12
-0.14
-0.16
-0.18
-0.20
-0.22

0.02
0.04
0.06
0.08
0.10
0.12
0.14

V
el

oc
ity

 an
om

al
y 

va
lu

e

(b)

3200

3400

3400 3600 3800 4000 4200 4400

3000

2800

-0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.11
0.12
0.13

V
G

 an
om

al
y 

va
lu

e

(c)

Figure 15: Tomography results at #9 coal seam (microseismic events of January 2015) [113].
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Figure 17: Comparison of (a) RQD model and (b) P-wave velocity model in three-dimensional views [122].
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Compared with these two methods, indirect methods show
better potential in analysis of mining-induced stress in large
scale. Due to the mining-induced stress redistribution, the
surrounding rock will have differing failure modes, such as
spalling, rock burst, and roof fall. )ese failure modes can be
divided into relaxation and stress-driven failures. Rock
mechanics under different stress paths can be used to analyze
the mining-induced rock failure characteristics.

With the development of the science of seismology,
microseismic monitoring technology has become a mature
method for monitoring the failure of surrounding rock
during mining. Parameters, such as energy index, b-values,
and events rate, help us to understand the process of mining-
induced stress accumulation, migration, surrounding rock
fracturing or fault-slip, and rock mass structure instability,
which can also be used for early warning and control for
potential mining-induced hazards.

)e application of microseismic monitoring technol-
ogy, especially passive velocity tomography, can help to
understand the instability process and response of mining-
disturbed surrounding rock, which can be used for early
warning of hazards and also improved ground control.
Seismic tomography has been effective in detecting un-
derground structures. According to the relationship be-
tween stress and velocity, it can be a better indicator of
mining-induced stress variation. In recent decades, active
and passive velocity tomographies have been successfully
used in the field of mining engineering, which are validated
by in situ stress measurement and numerical simulation.
When comparing these two methods, microseismic passive
velocity tomography shows good potential for studying the
evolution of mining-induced stress, rock mass failure
analysis, and mining-induced hazards at deep, large-scale
mines. Ore body delineation and rock mass characteriza-
tion can be carried out at the same time. However, mi-
croseismic passive velocity tomography result is not always
successful and effective, so the accuracy and timeliness
must be improved. Early warning of hazards based on
microseismic passive velocity tomography should be im-
proved accordingly. In recent years, artificial intelligence
technology is growing vigorously, and it shows better
potential in microseismic monitoring data analysis. )e
artificial intelligence technology can be used to pick events
with low signal to noise ratio or buried in large events,
which also can be used to improve the accuracy of arrival
time picking. High-resolution event location methods and
efficient inversion method should be developed. Com-
prehensive methods considering focal mechanism, b-value,
energy index, events clustering characteristics, and to-
mography results also need to be developed at the same
time. Characterizing of mining-induced fractures at a large
scale is always a challenging problem. Traditional methods,
such as borehole camera and borehole acoustic televiewer,
can only observe the mining-induced fractures in small
scale. As attenuation tomography is sensitive to the degree
of fracture in the rock mass, so this technology will be a
promising way to detect mining-induced fractures in
mining engineering and other underground rock
engineering.
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[99] A. Körmendi, T. Bodoky, L. Hermann, L. Dianiska, and
T. Kalman, Geophysical Prospecting, vol. 34, no. 7,
pp. 1022–1037, 1986.

[100] X. Ma, E. C. Westman, B. P. Fahrman, and D. )ibodeau,
“Imaging of temporal stress redistribution due to triggered
seismicity at a deep nickel mine,” Geomechanics for Energy
and the Environment, vol. 5, pp. 55–64, 2016.

[101] E. C.Westman,M.M. Foss, and E.M.Williams, “Comparison of
stress distribution images generated with P, SH, and SV velocity
tomograms,” in Proceedings of the 1994 SEG Annual Meeting,
pp. 544–546, Los Angeles, CA, USA, October 1994.

[102] M. J. Friedel, M. J. Jackson, D. F. Scott, T. J. Williams, and
M. S. Olson, “3-D tomographic imaging of anomalous
conditions in a deep silver mine,” Journal of Applied Geo-
physics, vol. 34, no. 1, pp. 1–21, 1995.

[103] X. Ma, Passive Seismic Tomography and Seismicity Hazard
Analysis in Deep Underground Mines, Virginia Polytechnic
Institute and State University, Blacksburg, VA, USA, 2014.

[104] Z. Wang, X. Li, D. Zhao, X. Shang, and L. Dong, “Time-lapse
seismic tomography of an underground mining zone,” In-
ternational Journal of Rock Mechanics and Mining Sciences,
vol. 107, pp. 136–149, 2018b.

[105] X. Ma, E. Westman, D. Counter, F. Malek, and B. Slaker,
“Passive seismic imaging of stress evolution with mining-in-
duced seismicity at hard-rock deepmines,” RockMechanics and
Rock Engineering, vol. 53, no. 6, pp. 2789–2804, 2020.

[106] E. C. Westman and K. Y. Haramy, “Seismic tomography to
map hazards ahead of the longwall face,”Mining Engineering,
vol. 48, 1996.

[107] A. Lurka, “Location of high seismic activity zones and
seismic hazard assessment in Zabrze Bielszowice coal mine
using passive tomography,” Journal of China University of
Mining and Technology, vol. 18, no. 2, pp. 177–181, 2008.

[108] E. Westman and K. Luxbacher, “Seismic tomography, an
ideal but immature tool for coal bump prediction,” in
Proceedings of the 27th International Conference on Ground
Control in Mining, pp. 87–90, Morgantown, WV, USA, 2008.

[109] L. M. Dou, W. Cai, S. Y. Gong, R. J. Han, and J. Liu,
“Dynamic risk assessment of rock burst based on the
technology of seismic computed tomography detection,”
Journal of China Coal Society, vol. 39, pp. 238–244, 2014.
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