GeoScienceWorld

Lithosphere

Volume 2022, Article ID 4061650, 12 pages
https://doi.org/10.2113/2022/4061650

Research Article

Lithosphere

Passive Tomographic Study on Velocity Changes in Underground

Mines Using Tabular Mesh Grids

Xu Ma®,"? Erik Westman,” Kai Guo,’ Enji Sun,* and Tao Yang (>’

'Division State Key Laboratory of Earthquake Dynamics, Institute of Geology, China Earthquake Administration, Beijing, China
°Department of Mining and Minerals Engineering, Virginia Tech, Blacksburg, VA 24060, USA

China Earthquake Networks Center, Beijing 100045, China

*China Academy of Safety Science and Technology, Beijing 100012, China

°North China Institute of Science and Technology, Hebei 06521, China

Correspondence should be addressed to Tao Yang; yangtao585@163.com
Received 28 March 2022; Accepted 8 July 2022; Published 16 August 2022
Academic Editor: Wenzhuo Cao

Copyright © 2022 Xu Ma et al. Exclusive Licensee GeoScienceWorld. Distributed under a Creative Commons Attribution License
(CC BY 4.0).

Double difference tomographic inversion on measurements of travelling time and location are performed to analyze the velocity
structure within rock mass in underground mining. Residuals of each iteration are estimated to evaluate the conversion of
computation. Average wave propagation velocities in tabular areas are assessed to compare the velocity change affected by
mainshocks. It is summarized that velocity increases before mainshocks and then reduces with temporal evolution after them.
Possible explanations include static stress buildup that enhances the wave propagation before mainshocks and static stress
reduction that weakens the waveform propagation. Additionally, wave propagation is attenuated by the dynamic-shaking
induced fractures and ruptures within rock masses. Velocity change is shown to be of importance in assessing the stress
redistribution and stability of rock masses. It is found that P-wave velocity increased by 1% ~5% before the occurrence of
mainshocks. After the mainshocks, the velocity turned into decreasing and eventually dropped to a level that was even lower
than the average level before the mainshocks. It can be inferred that stress increased and formed a stress concentration region
before the mainshocks. The occurrence of mainshocks caused damage and stress relaxation in the rock mass, leading to a

significant velocity decrease.

1. Introduction

Passive tomographic model is widely used to characterize
the structure of earth crust by minimizing difference
between simulated and observed seismic waveforms [1, 2].
Iterative inversions on both locations of seismic events
and the velocity structure are performed till achieving
the minimal error [3, 4]. Analyses of velocity change asso-
ciated with earthquakes provide evidence that velocity
tends to significantly decrease after earthquakes [5]. It is
revealed that P- and S-wave velocities decrease with dam-
aged rock in the earthquakes and velocity recovered due to
the healing effect [6-8]. Seismic imaging and microseismic
monitoring are used to detect highly stressed and failed
regions of underground mines, especially in hard rock
mines [9-14].

In Situ stress redistribution influenced by mining excava-
tion can be analyzed by numerical modeling, InSar monitor-
ing, and seismic monitoring in association with tomography
to show velocity anomalies [15, 16]. Studies suggested that
reliable microseismic monitoring systems are playing a key
role for mining safety [17-19]. The ability of forecasting
mainshocks in mine management is crucial for establishing
and effectively employing a protocol for seismic hazards mit-
igation [20]. However, completing the knowledge of how to
forecast rock bursts using microseismic events still needs
more investigation [21]. It is found that velocity structure
of rock masses can reveal the fracture-induced anisotropy
and burst-prone regions in mining [10, 14, 22, 23].

The aim of this paper is to investigate the velocity change
affected by the occurrence of mainshocks (Mn>1) in under-
ground mining. A three-dimensional tomographic model of
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FIGURE 1: The seismic monitoring system and production drifts of Creighton Mine in (a) top view and (b) lateral view. (c) The spatial
distribution of mainshocks and (d) the depth range of microseismic events of Creighton Mine.

the mining region is established to display the velocity
change due to the occurrence of mainshocks.

2. Data and Methods

2.1. Site Description. Two underground mines, Creighton
Mine and Kidd Mine, are investigated in this study and they
have been seismically active due to the great depths of mining
operations in hard-rock metal mines. Both mines are installed
with high resolution seismic monitoring systems provided by
ESG Solutions. Both seismic monitoring systems consist of a
microseismic monitoring system and a strong ground motion
system. Stations of the microseismic monitoring system are
installed in subsurface. The microseismic monitoring system
is mainly responsible for monitoring and recording microseis-
micity. In contrast, the strong ground motion system is

installed on the surface above the ground and is used for mon-
itoring seismic events with higher magnitude (>1.0), which are
also called major events.

In Creighton Mine, the extraction rate is nearly 2200
tons per day and the deepest operations are around a depth
of 2500 m. A variety of mining methods including blastholes,
cut-and-fill, and vertical retreat mining have been used in
the upper region of Creighton Mine. The large-diameter
blasthole method is currently used in depth from 1800 to
2500 m. The microseismic monitoring system of the local
seismic network includes 10 triaxial stations and 52 uniaxial
stations. Figures 1(a) and 1(b) show the location of stations
of the microseismic monitoring system, which provides a
good coverage of the microseismic events.

The operations of Kidd Mine are around 2930 m below
the earth’s surface and Kidd Mine uses the blasthole

Downloaded from http://pubs.geoscienceworld.org/gsallithosphere/article-pdf/doi/10.2113/2022/4061650/5676540/4061650.pdf

bv auest



Lithosphere 3
A 500
1950 600
] 700
1700 —
1 800
T 1450 - g 0
5 b <= 1000
oy - oy
O i O
2 1200 - 2 1100
] 1200
950 7 1300
] == 1400
700 e 3
TT T T [T T T T [ T T T T [T TT |> 1500 T T T T T T T
65300 65500 65700 65900 66100 0 500 1000 1500 2000 2500 3000 3500
Easting (m) Seismicity count
() (b)
o Seismic event
4 Uniaxial stations
4 Triaxial stations
FIGURE 2: (a) The distribution of stations and seismic events of Kidd Mine. (b) The depth range of seismic events of Kidd Mine.
TaBLE 1: Times, Locations, and Magnitude of mainshocks in Creighton Mine.
Events Time North (m) East (m) Depth (m) Magnitude
1 716/2011 8:41 1927 1399 2333 3.1
2 716/2011 8:46 1915 1478 2332 1.2
3 716/2011 8:47 1885 1458 2284 1.3
4 7/10/2011 2:44 1861 1383 2391 14

stopping with cement backfill mining method. More than
7000 tons per day are produced in Kidd Mine. Three ore
types including massive, banded, and bedded ores are found
in the orebody of Kidd Mine. The microseismic monitoring
system in Kidd Mine includes 8 triaxial stations and 23 uni-
axial stations (Figure 2(a)).

2.2. Mainshocks and Microseismic Events. In the under-
ground mines, seismic stations of microseismic monitoring
systems are installed at a great depth to ensure accurate
monitoring of microseismic events. Referring to the record
of seismic events in the data set of Creighton Mine, a consid-
erable number of seismic events occurred from April, 2011
to March, 2012. It exhibits that the seismic events at the
depth of 7000 - 8000 ft take up over 90% of all the seismic
events (Figure 1(d)). Creighton Mine experienced four
mainshocks in July, 2011 (Table 1). The location of micro-
seismic events and mainshocks provided the reference to
the dimension and spatial location for the velocity model.
Velocity distribution prior to mainshocks and redistri-
bution following them are compared to discuss the velocity
change affected by mainshocks. The seismic network of
Creighton Mine provides a good quality seismic dataset for

high resolution tomographic inversion. Velocity profile
within a certain spatial and temporal scale is accomplished
based on waveform propagation from seismicity to receivers.
The period from July 6th to July 10th, 2011 is emphasized
because the knowledge on whether some pronounced
changes exhibit around the occurrences of four mainshocks
would benefit seismic hazard assessment in underground
mines. The long-term and short-term temporal distribution
of Creighton Mine is shown in Figure 3(a).

Seismic events are picked and compiled to groups of
event-receiver pairs based on whether they occurred prior
to or after the mainshocks. Velocity inversion results are
compared to evaluate the change between velocity distribu-
tions before and after mainshocks. Each group includes
2000 events. Events in all groups are arranged sequentially
in time. A double difference tomography method is used to
invert simultaneously the location of seismicity and distribu-
tion of velocity. The comprehensive description of the tomo-
graphic method and software package manual is given by
Zhang [3, 4].

Unlike all mainshocks of Creighton Mine occurring
within a short period range, the two mainshocks in Kidd
Mine were induced in January and June. As a result of two
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F1gURE 3: Cumulative number of events in temporal distribution and mainshocks distribution of (a) Creighton Mine and (b) Kidd Mine.

TaBLE 2: Events Grouped for tomographic studies in Creighton Mine.

Group From To Number of events
First group before mainshocks 6/29/2011 6:23:17 7/1/2011 16:58:54 2000
Second group before mainshocks 7/1/2011 17:18:11 7/6/2011 8:40:32 2000
First group after mainshocks 7/10/2011 2:44:58 7/12/2011 2:58:59 2000
Second group after mainshocks 7/12/2011 21:08:51 7/19/2011 16:11:40 2000
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TaBLE 3: Events grouped for tomographic studies in Kidd Mine.

Events Groups

From

To

Number of Events

First group before mainshock 1 10/07/2008 19:20:20 11/20/2008 04:23:44 500
Second group before mainshock 1 11/20/2008 05:56:53 01/06/2009 04:07:31 500
First group after mainshock 1 01/06/2009 04:57:40 02/05/2009 09:06:37 500
Second group after mainshock 1 02/05/2009 15:06:36 03/21/2009 03:50:20 500
First group before mainshock 2 05/10/2009 05:58:16 05/28/2009 16:44:05 500
Second group before mainshock 2 05/28/2009 21:18:27 06/15/2009 17:40:13 500
First group after mainshock 2 06/15/2009 19:19:49 08/10/2009 06:46:51 500
Second group after mainshock 2 08/10/2009 06:57:17 08/24/2009 16:53:46 500
TaBLE 4: Times, locations, and magnitude of mainshocks in Kidd Mine.

Events Date Time North (m) East (m) Depth (m) Magnitude
1 January, 6™ 2009 4:40 AM 65733 65686 1150 3.8
2 June, 15" 2009 7:01 PM 65861 65737 1035 3.1

(a)

FIGURE 4: Mesh grids (40 x 40 x 40) of velocity model in (a) isometric view and (b) top view. The tomographic imaging is unified and shown

in the delineated cube (5 x5 x 5).
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FIGURE 6: The examples of monitoring residual with iterations of velocity inversion of (a) Creighton Mine and (b) Kidd Mine.

different periods including mainshocks, 2000 events are split
into four groups. Each group of Creighton Mine consists of
2000 microseismic events (Table 2), while 500 events are
included in each group of Kidd Mine (Table 3). Two main
factors are considered to determine the number of events
in each group. First, the events could provide enough ray-
paths traveling through the target areas. Then, periods based
on the choice of the number of events should be in reason-
able ranges in this tomographic study. Monitoring of seis-
micity at Kidd Mine shows that two mainshocks occurred,
respectively, in January and June, 2009 (Table 4). As shown
in Figure 3(b) for temporal distribution of mainshocks, the
occurrence of mainshocks is correlated with a significant
increase of cumulative number of microseismic events

within a short period of time. The number of events distri-
butions on corresponding depth is shown in Figure 2.

2.3. Average Velocity Analysis in Tabular Areas. It has been
proved that the velocity of wave propagation in rock masses
is correlated with the effective stresses [14, 24, 25]. Stress dis-
tribution significantly affects the P-wave velocity travelling
in rocks. The quantitative relationship between these ele-
ments is summarized as

K+4/3u
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FiGURrk 7: Temporal velocity evolution with mainshock 1, 2, and 4 of Creighton Mine in depth range 2300-2420 m: (a) the first group (June
29 - July 1) before mainshocks; (b) the second group (July 1 - July 6) before mainshocks; (c) the first group (July 10 - July 12) after
mainshocks; (d) the second group (July 12 - July 19) after mainshocks.

where V7, is the P-wave velocity, p is the density of rock, K is
the bulk modulus, and y is the shear modulus [25].

We used a double-difference package tomoDD |[3, 4],
which was developed based on a series of double-difference
algorithms including hypoDD ([26]. This double-difference
tomographic tool implements the velocity inversion along
with relocating seismic events to obtain the optimal velocity
structures [27]. The double-difference residual is quantified
by extracting the catalog of arrival time,

ar) = (4-1)" - (.-4)" @)

where (t} - t{{)m
times between events i and j, and (i — t{()aZZ is the difference
of the computed arrival times between events i and j.

To analyze the influence on velocity posted by main-
shocks, velocity results computed by double difference
tomography are visualized in tabular areas. tomoDD is used

is the difference of the observed arrival

to perform velocity inversion on 3D nodes, which consists
of 40x40x40 nodes (Figure 4). All nodes are assigned
with a same initial velocity value (Creighton Mine
6000 m/s; Kidd Mine 6025 m/s). The initial velocities are
estimated by linear fit on travel time and travel distance
of raypaths traveling through the rock mass. As shown
in Figure 5, linear regression was performed for Creighton
Mine to determine the optimal value of initial velocity
assigned for the velocity model. In the same manner, lin-
ear regression is performed for Kidd Mine based on the
travel distance and travel time. Velocity inversion is per-
formed at each node. All nodes are divided by 5x5x5
mesh grids cubes, as shown in Figure 4. Average velocity
of each unit cube is computed by all the velocity of nodes
in the same unit cube. This velocity model is developed to
spatially cover the mainshocks so that abundant raypaths
travel through the velocity model, ensuring the resolution
of velocity inversion.

The accuracy of tomographic studies for seismic events
was determined by the density of raypaths traveling through
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F1GURE 8: Temporal velocity evolution with mainshocks of Creighton Mine in depth range 2180-2300 m: (a) the first group (June 29 - July 1)
before mainshocks; (b) the second group (July 1 - July 6) before mainshocks; (c) the first group (July 10 - July 12) after mainshocks; (d) the

second group (July 12 - July 19) after mainshocks.

the geometry of velocity model. Travel time measurement
and locations of seismic events are combined using double
difference tomographic inversion to compute updated veloc-
ity models and relocations of seismic events at each iteration
by LSQR algorithm [3, 4]. The conversion of the velocity
models is validated by quantifying the residual of each itera-
tion in the inversion. It is indicated that the residuals of
travel time estimation keep decreasing with more iterations
and converge after a series of iterations for tomographical
studies of both Creighton Mine and Kidd Mine (Figure 6).
The residual of Creighton Mine was smaller than that of
Kidd Mine in average because the events quantity of every
group of Creighton Mine is large than Kidd Mine. This
proved that a better raypath coverage can decrease the resid-
ual of the inversions. More accurate velocity distributions
are generated interacting with ultimate relocations of seismic
events.

3. Results and Discussion

We examined the evolution of stress distribution by refer-
ring from the temporal velocity anomalies distribution using
tomographic studies on historical seismicity data from two
mines. The results of Creighton Mine and Kidd Mine are
interpreted as follows.

3.1. Creighton Mine. Results of velocity distribution for mesh
grids are exhibited in Figures 7 and 8. In Creighton Mine,
Events 1, 2 and 4 are located in cubes on the level that ranges
from 7546 ft (2300 m) to 7940 ft (2420 m) (Figure 7). Event 3
is located in cubes on the level ranges from 7152 ft (2180 m)
to 7546 ft (2300 m) (Figure 8). The most conspicuous feature
is that significant velocity changes around the mainshocks.
It is observed in Figure 7 that the velocities within the
objective region surrounding Event 1, Event 2 and Event 4
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FiGure 9: Temporal velocity evolution with mainshock 1 of Kidd Mine.

are higher than the background velocity for all the results
from all event groups. High velocity anomalies are identified
around Events 1, 2, and 4 before the mainshocks periods and
the velocity increases significantly with the closer period to
the occurrence of mainshocks (Figures 7(a) and 7(b)). How-
ever, velocity trend changes along with the occurrence of
mainshocks. The velocity of the tabulation area especially
including high velocities with events 1, 2 and 4 experienced
a pronounced drop of velocity in the postseismic periods
(Figures 7(b) and 7(c)). Eventually, the area with events 1,
2 and 4 continues to decrease to the level of background
velocity. In addition to the fact that the region with events
1, 2, and 4 indicates the most striking velocity change,
increasing before the seismic periods and decreasing in the
coseismic and postseismic periods, other adjacent areas
experienced similar velocity changes and reaches low veloc-
ities as well. Similarly, a significant velocity rising is mani-
fested in the vicinity of Event 3 before the period ranges of

large moment magnitude (Figures 8(a) and 8(b)). The region
including Event 3 is identified by reductions in average wave
speed comparing the velocity distribution before the main-
shocks with that after the mainshocks, forming a slow veloc-
ity anomaly (Figures 8(b) and 8(c)). Two possible causes,
including static stresses concentration and shaking damage,
could be responsible for the velocity change. Static stress
change can explain why the velocity anomalies are located
nearby the mainshocks. The areas with static stress concen-
tration are likely to cause the mainshocks. The high velocity
areas before mainshocks suggest that a rock mass might be
compacted due to the load force. A rock mass with a greater
density is easier for waveform propagation. The most likely
explanation for the vicinity of mainshocks appearing close
to high velocity anomalies is that stress concentration
enhances density of the rock mass. Bulk modulus of a rock
mass is capable of increasing with volume decrease under
the pressure. Volumetric hardening is likely to be invoked
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F1GUrEe 10: Temporal velocity evolution with mainshock 2 of Kidd Mine.

if the isotropic pressure causes irreversible volumetric com-
paction. Production blast activities are performed before
the occurrence of mainshocks. It is inferred that production
blast activities cause static stress change. As a result of static
stress change, the stress field fails to keep the originally bal-
anced state. Static stress change leads to uneven distribution
in some regions. Abrupt energy release might be triggered to
form the source of mainshocks.

After the mainshocks, velocities in the vicinity of main-
shocks experienced a significant reduction associated with
decreasing in varying extent of the other areas. A reasonable
explanation is that the shaking effect by the mainshocks
leads to ruptures and damage in nearby regions of rock
mass. Opening of fractures by the shaking-induced damage
impedes the propagation of waveform in rock mass.
Shaking-induced damage is inversely correlated with the dis-
tance between its location and the hypocenter of main-
shocks. This explains why the velocity drop is more

evident on the regions that are closer to the location of
mainshocks. The velocity around Event 3 changed more evi-
dently than the region of the mainshock 1, 2, and 4 during
the whole process. The coexistence of stress concentration
and stress relaxation in a larger spatial scale implies that
energy distribution tends to be in an overall equilibrium
state. The region including Event 3 especially achieves a
low velocity level right after the mainshocks in postseismic
period.

3.2. Kidd Mine. According to the mainshocks of Kidd Mine,
events group before and after the first mainshock (Event 1)
and the second mainshock (Event 2) are analyzed, respec-
tively. Analyses on microseismic events triggered before
and after the seismic period in Kidd Mine are conducted
to further illustrate the velocity change associated with the
mainshocks. There is a strong similarity of velocity change
pattern between Creighton Mine and Kidd Mine. It
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demonstrates that velocity around Event 1 grows and forms
a high velocity anomaly in the region before its occurrence
(Figures 9(a) and 9(b).). It is inferred that the stress in the
vicinity of mainshocks increases to a higher level and the
waveform propagation of seismic events is strengthened
before Event 1. The average velocity in the tabulation region
of Event 1 also experiences a significant drop after Event 1
(Figures 9(b) and 9(c)). The average velocity of the region
of Event 2 keeps higher than the background velocity
(6.3km/s) all the time. No pronounced velocity change is
found in the region of Event 2. However, the total high
velocity areas expand before the seismic period
(Figures 10(a) and 10(b)) and then they diminish signifi-
cantly in the postseismic periods (Figures 10(c) and
10(d).). It might be because the static stress is released and
the propagation of dynamic shaking-induced fractures
impair the waveform propagation after the occurrence of
either Event 1 or Event 2.

The most noticeable difference between the velocity
change with Event 1 and Event 2 is that the velocity change
with Event 1 is strongly concentrated and is intense in com-
parison of the region of Event 2. The velocity changes with
Event 2 are smoother and spread over larger areas. The rea-
sonable explanation is that the magnitude of Event 1 is
greater than the magnitude of Event 2. The hypothesis is that
the dynamic-shaking induced effect from Event 1 is stronger
than that from Event 2 is supported by the fact that the seis-
mic energy of Event 1 is larger than Event 2.

4. Conclusions

This study investigated that the velocity of waveform propa-
gation experienced changes within rock masses caused by
mainshocks in underground mining. It is useful to have a
simplified model that allows prediction of seismic risks in
terms of mainshocks. Data sets from two hard rock under-
ground mines are recorded and investigated. High seismic
rates of each mine provide a good raypath coverage for
objective regions. Groupings, comprised of one thousand
events each, underwent velocity inversion in a double differ-
ence tomographic model to produce the velocity structures.
In the comparison of velocity distribution of multiple
periods close to mainshocks, some findings are summarized.

The waveform propagation is enhanced in the
rockburst-prone (mainshocks) regions before their occur-
rence. It is inferred that high velocity anomalies are caused
by the accumulation of static stress in the regions including
potential mainshocks of the rock mass.

Velocity reduction after the mainshocks in the vicinity of
them implies that static stress drop and dynamic-shaking
induced fractures mutually lead to the weakness of wave-
form propagation. The rate and magnitude of velocity
change seems related to the depth of occurrence and magni-
tude of events. It is found that P-wave velocity increased by
1% ~5% before the occurrence of mainshocks. After the
mainshocks, the velocity turned into the state of decrease
and eventually dropped to a level that was even lower than
the average level before the occurrence of mainshocks. In
the whole periods around the mainshocks, the difference
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between the lowest velocity and the highest velocity can be
as high as 5%. It can be inferred that stress increased and
formed a stress concentration region before the mainshocks.
The occurrence of mainshocks caused damage and stress
relaxation in the rock mass, leading to a significant velocity
decrease.

Double-difference tomographic studies benefit the devel-
opment of seismic hazard assessment in underground min-
ing. The results presented in this study indicate that
velocity anomalies within rock mass in underground mining
are associated with the occurrence of mainshocks. It is pos-
sible to predict the mainshocks by detecting whether the
wave speed changes in a relatively large amplitude compared
with the historical data set. To explore the application of
passive tomographic studies for seismic hazard assessment,
tomographic investigation on microseismic data set during
a long-term period would be attempted to accurately com-
pute the ranges of velocity anomalies. Crucial thresholds of
secure average velocity for a mine can be derived from mul-
tiple data sets of mining-induced seismicity. Seismic hazards
in terms of mainshocks can be alerted when a velocity
anomaly exceeds the threshold of secular velocity to improve
the safety of underground mines.

Data Availability

The data can be available upon request.

Additional Points

Highlights. (i) Perform double-difference tomographic inver-
sion to monitoring the velocity evolution of regions around
mainshocks. (ii) Use tabular mesh grids to calculate the aver-
age velocity within specific time periods. (iii) Infer stress
redistribution before and after the occurrence of mainshocks.
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