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ABSTRACT

In many nations, coal mining plays an important role in energy and steel production, and provides
economic opportunities for workers. However, coal miners face substantial hazards that result in injuries
and fatalities each year. One such hazard is coal bursting: violent, dynamic failures that are di cult to
manage and poorly understood.

This work aims to advance the management of coal burst risks in longwall mines by improving
monitoring practices and understanding of coal burst mechanics through applied geophysics and numerical
modeling. The rst part demonstrates several novel strategies based on distributed acoustic sensing (DAS)
| a technology that uses laser pulses to measure dynamic strain in ber optic cables | for monitoring
seismicity in underground longwall coal mines. DAS cables deployed on the mine oor and in boreholes
constitute a general monitoring strategy to overcome many challenges inherent in traditional (non-DAS)
monitoring. Other DAS deployment approaches, such as seismoacoustic arrays near the mining face, show
promise for addressing speci ¢ ground control challenges. A new open-source framework is also presented
that facilitates DAS research by simplifying data processing and management.

The second part of this work focuses on understanding coal burst mechanics, particularly for coal bursts
occurring near the longwall mining face. Quasi-dynamic numerical modeling is used to quantify the e ects
of several parameters on coal burst severity. The length of the cantilever and the strength of the coal-rock
interface play the most critical roles. Similar models are used to examine the contributions of various
components to the coal burst seismic wave eld. In most cases, excavation deformation dominates other
source component contributions. In practice, this means far- eld seismic recordings are of limited value for
directly studying coal burst damage but may be useful for determining cantilever length and burst depth.
Moreover, moment tensors should be used cautiously when interpreting failure mechanisms since distinct
sources can produce similar moment tensors. The modeling results and geophysical data suggest that the
coal bursts studied in this work initiate near the mining face and are caused by cantilever loading, elastic

energy stored in the coal, and a strong coal-rock interface.
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CHAPTER 1
INTRODUCTION

Mining provides raw materials for tools, buildings, weapons, coinage, and many other necessary
components which make human civilization possible. For example, at its peak, the Roman Empire required
a mining industry so large that it left hemispherical environmental signals that are still observable today in
disparate sources such as lake bed sediment, Arctic ice, mussel shells, and even bones [1]. Although early
mining practices were crude and dangerous, the seminal work De Re Metallica [2] provides a snapshot of
the emerging science (and art) of prospecting, extraction, and processing of various metals. With the
advent of the industrial revolution, well-established mining sectors such as iron and precious metals
continued to expand to meet the ever increasing demands of nascent manufacturing focused societies. It
was also during this time a new resource experienced a precipitous rise in signi cance: coal.

Although coal has been used in relatively small quantities for thousands of years, it was not until the
early industrial revolution that its utility for heating buildings, powering steam engines, and generating
electricity spawned a sizable industry, beginning in England and later spreading to other countries [3].
Coal deposits are created through the descriptively named process of \coali cation" in which dead plant
matter entombed in oxygen-deprived environments undergoes a transformation rst to peat, then to
various ranks of coal depending on the depositional temperature, pressure, and age [4].

In the infancy of the coal mining industry many shallow deposits were easily accessible from the Earth's
surface but these were soon depleted. The exploitation of the remaining, deeper resources required the
development of rigorous mining methods. The rst established underground coal mining method is known
as room and pillar mining and entailed creating closely spaced tunnels to extract as much as possible from
a coal seam while avoiding, or controlling, the collapse of the roof. Initially, it was conducted with the
multi-step process of drilling, blasting, mucking, and hauling, but later was replaced with continuous
mining machines. Although room and pillar mining is still in use, the latter half of the 20th century saw

many mines migrate to the longwall mining method for its high production capacity and safety bene ts.
1.1 Longwall Mining

Mechanized longwall mining is a high-extraction mining method for exploiting thin-seam deposits.
Longwall mining is most commonly used in coal mines, but it has found uses in potash and soda ash mines
as well. Although more capital-intensive, the longwall method has yielded signi cant safety and

operational improvements over traditional room and pillar mining [5]. The main components of a longwall



are a (long) line of shields, a cutting device, and an armored conveyor belt with its associated drives
(Figure 1.1a-b). The shields support the roof and provide a protected travel way. They also incrementally
advance as extraction progresses, allowing the roof to cave behind the shield line forming a mined-out zone
known as the gob (or goaf). The cutting device, usually a rotating drum with attached carbide bits known
as a shearer, moves up and down the mining face breaking up the coal and knocking it on the face
conveyor. The face conveyor transports the coal to a larger conveyance system so it can be extracted from
the mine. The cables needed to operate the equipment are attached on the shield side of the conveyor
structure or placed in a cable tray (Figure 1.1b). A power center, which is essentially a high-voltage
transformer, supplies the electricity to power the longwall and is typically located several hundred meters
ahead of the face. The power center is periodically advanced as extraction progresses to maintain a safe
distance from mining activity.

The longwall extracts a rectangular block of coal known as a panel. Typical panel widths (the mining
face dimension) range from 0.2 km to 0.4 km and panel lengths of 1 km to 4 km are common. Tunnels on
either side of the panel are known as gateroads. The gateroad adjacent to the previously mine panels is
known the trailgate, while the other gateroad is known as the headgate. The entries are purposefully
coated with several centimeters of rockdust, a non-combustible pulverized material, typically limestone,
which helps suppress explosions (Figure 1.1c). Often, longwall mines employ secondary support systems to
help maintain the integrity of highly stressed gateroads, especially the tailgates, to ensure multiple escape
routes are traversable and the panel remains properly ventilated. A popular support choice is steel
cylinders lled with cement known as \cans" (Figure 1.1d). A group of adjacent longwall panels separated
by gateroads is known as a district. After mining of all the panels in a district is complete, districts are

typically sealed with air-tight barriers after which they are no longer accessible or ventilated.
1.2 Coal Bursts

Longwall coal mines can experience many di erent ground control hazards which threaten operations
and endanger workers. One of the most challenging to address is that of coal bursts. Coal bursts are
dynamic failures of mine workings which occur suddenly and violently and are associated with a seismic
event. Much like earthquakes, coal bursts are very di cult to predict and manage. Attempts to categorize
coal bursts date back at least to the mid 1930s when Rice [9] recognized events which seemed to co-locate
with damage (\pressure bursts") and events which originate some distance from the mine workings but
whose seismic shock triggers damage at a distant location in the mine (\shockbursts"). Gibowicz and Kijko
[10] made a similar distinction between events occurring near the mine opening and those on distant

geological structures. lannacchione and Tadolini [11] posited a coal-centric taxonomy containing three



Figure 1.1 Longwall mining concept. (a) A conceptual diagram of the longwall (modi ed from Karacan [6]).
(b) A photograph of an actual mining face (modi ed from Einicke et al. [7]). (c) A miner applying rockdust
in a gateroad (photo in public domain) and (d) installed secondary support cans (modi ed from Mark [8]).



categories based on damage mechanism: excessive stress, seismic shock, and loss of con nement. Excessive
stress occurs when abutment loads caused by mineral extraction are shed onto intact coal blocks and
thereby push the coal into post-peak behavior. Seismic shock is the same as Rice's shockburst where a
remote source, such as slip on a fault or a cave event in the gob, subjects the workings to dynamic loading
which exceeds their strength. The loss of con nement mechanism occurs when mining rapidly reduces

con ning stress and thus reduces the strength of the coal, or the coal-rock interfaces, and thereby causes
violent failure. Coal burst categorization becomes more murky considering in-seam gas pressure can also
contribute signi cantly to the failure. The term \outburst" often, but not exclusively, refers to such

gas-driven failures [e.g., 12]. These distinctions, however, are imperfect and only describe end-members of
possible phenomena. Real-world events can be a combination of various types [13]. For example, a large
pillar burst may cause damage to the source location and other parts of the mine, making it both a
shockburst and a pressure burst depending on the vantage point. At the expense of precision, this work
uses the term \coal burst" to refer to any dynamic failure in a coal mine that causes damage to the
accessible mine workings, but the reader should keep in mind this umbrella term covers a broad range of
phenomena with di erent manifestations and mechanisms.

Coal bursts vary widely in severity, extent, and source nature, as demonstrated by the eclectic
experience of longwall mines in the western United States (US). Consider the 2007 catastrophic failure at
the Crandall Canyon mine which was a former longwall mine engaged in barrier pillar recovery. A regional
seismograph network recorded a magnitude 3.9 seismic event [14] and six miners lost their lives in the
disaster. Several days later, coal bursts caused by residual instability killed three rescue workers [15] and
ended recovery e orts. Large seismic events, however, are not necessarily indicative of mine disasters. In
2000 at a di erent western US longwall mine, a 4.2 magnitude event occurred when a thick strata member
failed in the overburden above the gob [16]. The event caused minimal damage to the mine but induced
rock slides which disrupted tra ¢ on a nearby highway and railroad. In contrast, small, localized failures
can be problematic when the damage occurs close to the workings. In yet another western US mine, coal
bursts on the longwall face caused two fatalities and several injuries from 1998 to 2006. Some of these coal
bursts were associated with low-magnitude seismic events (1.2 M), and others did not even produce
su ciently large seismic events for a regional seismic network to detect them [17]. Coal bursts can also
trigger secondary hazards, potentially coalescing into a disastrous sequence. For example, in 2005 a coal
burst liberated large quantities of methane which led to an explosion that killed 214 miners in Sunjiawan
coalmine in Fuxin city, China Li et al. [18].

Although the coal bursting phenomena is complex and remains poorly understood, there are several

\risk factors” including: seam depth (> 600 m); mining proximity to faults or intrusions; dipping coal



beds; multiple seam interaction; jointing; gas content; chemical composition of the coal; the presence and
mechanical properties of thick competent strata (TCS) in the immediate (< 15 m) roof or oor; and the
strength of the coal-rock interface [8, 19{22]. Face bursts (coal bursts occurring at or near the mining face)
have been particularly problematic for many deep mines in the western US. For instance, between 1983 and
2017 the majority of the 149 bursts reported to the Mine Safety and Health Administration (MSHA) from
mines in the state of Utah occurred on the longwall face [23]. Severe face bursting has resulted in fatal
injuries and even mine closures [8].

Several proposed geomechanical concepts attempt to explain the speci ¢ role TCS plays in coal bursts.
Perhaps the simplest concept is that intact TCS behind the longwall transfer stress to the coal ahead of the
mining face or gateroads. The elevated stress then contributes to coal bursting provided the system fails in
a brittle manner [24, 25]. Another explanation is that sparse jointing systems in TCS behave like faults
which can cause violent failures due to high stress di erentials and kinematic freedom [26, 27]. More exotic
explanations also exist. For instances, Han et al. [28] postulated the cantilevered TCS behind the longwall
creates a \seesaw" with a fulcrum near the longwall face and a zone of reduced normal stress further into
the un-mined panel. The reduced normal stress allows the coal to slide along the oor and roof interface
thereby providing the driving force for buckling-like failures seen at the coal face. Uplift observed ahead of
the longwall [e.g., 29] could corroborate this theory. Another explanation for coal bursting is that the
energy released by the breaking of TCS induces coal bursts [30], which ts into the shockburst concept
mentioned previously. Figure 1.2 illustrates some of these coal burst mechanisms in the context of a face
burst occurring in a longwall mine. Although each failure mechanism is possible, mine-scale evidence to
distinguish between failure mechanisms is limited, as most studies have focused on assessing mechanism
plausibility numerically.

Speci cally for western US mines, several studies have documented the importance of the coal-rock
interface. For example, Peng [31] observed interface slip in multiple western US coal bursts and several
rock bolts were sheared by pillar dislocation in the aftermath of the Crandall Canyon Mine Disaster [32].
Poeck et al. [33] modeled this catastrophic failure and found that the post-peak behavior of the coal and
interface properties are individually important, but when strain-softening coal and shear-weakening
interfaces are combined the energy output is signi cantly greater than either case in isolation. Likewise,
Chambers et al. [34] (herein Chapter 5) studied the strain-slip mechanism using simple dynamic models
and found the interface properties and loading related to un-caved overburden (i.e., cantilever length)
contribute signi cantly to burst severity.

It is di cult to estimate the global impact of dynamic failures in coal mines because terminology and

reporting criteria vary widely between countries. In the US, Mark [23] identi ed approximately 280



Figure 1.2 Proposed longwall coal burst mechanisms for mines with thick competent strata (TCS). Each

plot shows a cross section with TCS (brown), coal (black), and longwall shields (silver). The background
vertical stress (blue), and scenario-speci ¢ vertical stress (black) are superimposed on the top TCS. Red
stars indicate the location of initial failure and orange stars show the location of secondary damage. (a)
Base case showing simple loading conditions. (b) Coal burst due to excessive stress from abutment loading.
(c) Shockburst from failure in TCS above coal seam. (d) Shockburst from TCS cantilever breaking in the
gob. (e) Coal burst from TCS cantilever reducing normal stress and con nement in coal block, allowing

coal to burst into longwall face or roadway, possibly sliding along TCS coal interface. (f) Coal burst due to
uneven stress from a joint (discontinuity) in the TCS.



dynamic failures between 1983 and 2017, seven of which resulted in one or more fatalities. In China, 200
coal mines have reported dynamic failures which resulted in at least 100 fatalities and 1000 injuries in the
past decade [35]. Likewise, the Upper Silesian Coal Basin shared between Poland and the Czech Republic
has experienced over 100 \signi cant events", some of which resulted in injuries and fatalities [36]. Many
other countries with coal mines have reported dynamic failures, including Germany, Japan, Australia, and
Russia [37].

Signi cant progress has been made in long-term strategies for reducing coal bursting, particularly in the
selection of mining method and mine design [17, 38]. Using highly deformable support members, increasing
rock bolt density, installing mesh, destress drilling and blasting, and hydraulic fracturing have all been
explored, with varying levels of success, as tactical approaches to mitigate bursting [39]. However,
collecting reliable, quantitative data of bursting risk and occurrence to guide the use of tactical measures is
di cult and often incomplete when mines rely solely on manually documenting events and/or performing
test drilling. Seismic monitoring o ers the advantage of automatically collecting and localizing seismic
events, a subset of which are coal bursts, as well as improving understanding and interpretation of the

geomechanical system.
1.3 Seismic Monitoring in Coal Mines

A seismological study of coal-mine-related tremors began in the early 1900s when activity from
Germany's Ruhr Valley stimulated the installation of one of the rst seismological observatories [40]. In the
1970s, advances in technology and theory enabled early research of in-mine networks for ground-control
monitoring [41]. Since that time, various studies have demonstrated seismic monitoring's potential to:
detect precursory fracturing associated with many roof falls [42] and water in ows [43]; image high stress
areas associated with longwall abutment loads [44]; forecast coal burst risk [45]; identify the activation of
seismogenic geological features [46]; and monitor the e ect of extraction on thick strata in the overburden
[47.

Despite many promising studies, the coal mining industry has been slow to adopt seismic monitoring.
Swanson et al. [48] highlighted some of the challenges that impede longwall mines from routinely operating
the same types of in-mine networks used successfully in hardrock mining [e.g., 49{51]: the tendency of coal
mines to be much larger and mine much more quickly than typical hardrock mines; regulations restricting
the use of electronics in coal mines due to potentially explosive atmospheres; and di culty locating events
in the complex, time-varying media associated with coal extraction in faulted sedimentary environments.
Although surface seismic networks may be useful to coal mines for some ground control objectives, they

typically lack the event detection sensitivity and location accuracy of in-mine networks. One notable



exception where coal mines commonly employ in-mine seismic networks is that of the burst-prone Chinese
coal mines which are required to implement \monitoring and forewarning" plans [52]. However, the lack of
voluntary adoption among a large portion of deep coal mines indicates that improvements to monitoring
strategies and technologies are needed before more mines can fully realize the potential safety bene ts.

Distributed ber optic sensing (DFOS) may represent one such technological improvement.
1.4 Distributed Fiber Optic Sensing

Distributed ber optic sensing (DFOS) is a family of technologies which exploits the optical scattering
in silica to detect and quantify physical changes in ber optic cable [53]. When a laser pulse travels
through an optical ber, small portions of the photon pulse are scattered back towards the source. Most of
the scattered energy retains the initial wavelength (Rayleigh scattering) of the pulse (o), but some
experiences an increase (Stokes) or decrease (Anti-Stokes) in wavelength (Figure 1.3). There are two such
types of scattering: Raman and Brillouin. The frequency shift associated with Brillouin scattering is
proportional to ber strain, both due to mechanical strain and thermal expansion. The ratio of the Stokes

and Anti-Stokes amplitude of Raman scattering is only sensitive to temperature change.

Figure 1.3 Types of optical scattering used for DFOS. Adapted from Ferdinand [54].

The main categories of distributed ber optic sensing, excluding quasi-distributed methods such as
Fiber Bragg Gratings, are distributed strain sensing (DSS), distributed temperature sensing (DTS), and
distributed acoustic sensing (DAS). Each uses a device known as an interrogator unit (IU) to both generate
laser pulses and measure backscattered light. DSS typically refers to measurements of very low frequency,

or quasi-static, strain and often utilizes Brillouin scattering to achieve its measurements, but some strain



measuring systems use Rayleigh scattering. Although both DSS and DAS are sensitive to strain caused by
thermal expansion, DTS uses Raman scattering to measure changes solely related to temperature. Like
DSS, DAS uses Rayleigh scattering to make strain-related measurements but focuses primarily on
frequency ranges in the seismic and acoustic ranges (e.g., 0.01 to 10,000 Hz but lower frequencies are
possible). Although DSS and DTS systems have signi cant bene ts to o er the mining industry, this work

focuses exclusively on DAS.
1.5 DAS for Microseismic Monitoring

The DAS IU measures strain, strain rate, or less commonly, deformation rate along the ber optic
cable. High sampling rates are supported, easily in the kHz range, so data are often Itered and
subsampled to reduce storage demands. Assuming a homogeneous isotropic medium and long wavelengths
relative to the gauge length (L), DAS strain rate measurements () are equivalent to a spatial low-order
nite-di erence approximation of particle velocities (_u), as would be measured by two ber-aligned

geophones separated by [55]:

u(x + L=2;t) u(x L=2t).

(xt)= 3 (1.1)

For some DAS interrogators, L, which can be thought of as the length over which strain is averaged, is
xed while others allow setting a custom value at acquisition or in post-processing. Compared to the
conventional sensors often used in mines, DAS o ers a much broader frequency response [56] although the
exact performance depends on the choice of interrogator antl setting. To avoid signal distortions, the
smallest apparent wavelength of the recorded signal of interest should be several multiples bf, but smaller
values ofL also lead to a lower signal-to-noise ratio. This trade-o should be considered in deployment
design when an IU with a xed gauge length is used [57].

Another aspect that a ects the ability of DAS to monitor seismicity is the phase and orientation
dependent sensitivity, which stems from recording strain rather than particle motion as recorded by
geophones (Equation 1.1). Figure 1.4 shows the amplitude factor for in-plane P (compressional) and SH
(horizontally polarized shear) plane waves for a horizontal geophone (a) and a DAS ber with the same
alignment (i.e., 0 ), assuming the apparent wavelength is several multiples of (b). Neither sensor directly
records horizontally propagating SV (vertically polarized shear) waves. The P-wave sensitivities are similar
for both sensor types; however, DAS P-wave sensitivity is governed by a c¢&6 ) term, whereas the
geophone response is governed by cod( where is the ray path angle in the X-Y plane measured from
the X axis. DAS S-wave sensitivities, however, are signi cantly di erent with the response being controlled

by a %sin(z ) term and the geophone response by a sin{ term. The somewhat surprising result is that



DAS is insensitive to SV plane waves propagating in a direction perpendicular to the ber, whereas the
geophone's maximum sensitivity is in this exact orientation. Martin et al. [58] provide further details of
DAS sensitivities to surface-wave phases, directionality, and gauge lengths. One of the simplest methods
for locating seismicity recorded by linear DAS cables is to assume that the ber is embedded in a
homogeneous, isotropic whole space with a seismic velocity (either P or S) of When the event is located
within the volume de ned by the length of the cable, the observed arrival time (t5) for some distance along
the ber ( x) is related to the event origin time (tg), the shortest distance to the ber line (d), and the ber

distance closest to the event Xo) by the following hyperbolic curve:

P
d? +(x xo)2+

ta(x) = v

to: (1.2)

Any of the unknowns in Equation 1.2 can be solved using phase-arrival estimates and common
optimization techniques, such as the curve- t implementation in the SciPy library [59]. An important
implication of Equation 1.2 is that the event position in 3D space cannot be resolved, only the distance
from the ber and the part of the ber closest to the event. This results in a circle of possible event
locations around the ber which all t the data equally well. However, if multiple linear ber segments are
available and favorably oriented in relation to a seismic event, DAS data can constrain the absolute event

location [60].
1.6 DAS in Coal Mining

DAS could play a role in making seismic monitoring in underground coal mines more feasible for the
following reasons. First, DAS-compatible cable is already widely used for data transfer in such
environments. Unlike the electronics associated with traditional seismic systems, these cables pose no risk
to initiating an explosion and can be placed anywhere in a coal mine, provided the device acquiring the
recordings, known as a DAS interrogator unit (IU), is located in an intake air. Second, because DAS
systems can monitor tens of kilometers of cable (hundreds of kilometers with some new systems),
monitoring large areas and rapid mining rates becomes much less of an issue than with traditional sensors.
Moreover, more densely sensed seismic wave elds can be used to better constrain event location than
separated point measurements due to improved data sampling and (potentially) much closer source
proximity.

Published studies have used DAS for monitoring induced seismicity related to hydrocarbon extraction
[63], recording regional and global earthquakes [64], determining seismic site characteristics for earthquake
hazard assessment [65], and several other geophysical applications [66]. A few recent works have

documented DAS deployments in underground mines, such as in the Sanford Underground Research
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Figure 1.4 DAS response and example event recording. (a) Sensitivity to P (red) and S (blue) waves for a
geophone and (b) the sensitivity for a linear DAS ber oriented along the X axis (0 ), assuming apparent
wavelengths that are several multiples of the gauge lengtt. [61]. (c) An example of tting Equation 1.2
(dotted lines) to manual phase picks (dots) in order to estimate the location of a seismic event recorded by

ber in a borehole [62].
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Facility [67], an active room and pillar limestone and dolomite mine [68], and an underground hardrock
mine [69]. Examples of DAS deployments in or above coal mines are more limited. Other than the studies
detailed by this work, at the time of writing the only other published example is that of Luo and Duan [70]
who used DAS on a cable installed in a borehole and trenched above a mine to monitor caving associated

with longwall coal mining.
1.7 Obijectives and Outlines

As demonstrated by the examples mentioned in Section 1.6, DAS has potential to overcome some of the
weakness associated with traditional seismic monitoring in coal mines. Due to its distributed nature, DAS
may also help improve event location and elucidate some of the poorly understood aspects of coal bursts.
To that end, the two objectives of this work are to: (1) help longwall mines realize the safety bene ts of
DAS; and (2) use geophysical data and numerical modeling to improve understanding of coal burst
mechanisms, particularly face bursts occurring in longwall mines.

Chapter 2 addresses the rst objective by demonstrating several DAS deployment strategies such as
deploying ber on the mine oor, in boreholes drilled from the surface and from mine level, on the longwall
mining equipment, and wrapped around secondary support cans. This chapter also discusses the strengths,
weaknesses, and applicable ground control objectives of each deployment strategy before highlighting
future advancements needed so that DAS monitoring can become common practice in longwall mines.
Because DAS applications in coal mines are just now emerging, this chapter's ndings will help guide
future DAS deployment designs in these environments.

Chapter 3 also addresses the rst objective by providing additional details about one of the deployment
strategies mentioned in Chapter 2: the DAS seismoacoustic array. This chapter details the array's
development and deployment on a longwall to monitor coal bursts. The array records both seismic
vibrations propagating through the longwall, which can help constrain source location, and the sounds
produced by coal bursts, which are useful for estimating damage location and extent. The use of sound
recordings for studying burst damage shows promise to better quantify seismic risk and related damage
over using seismic data alone. Moreover, the developed DAS-based seismoacoustic monitoring approach
may be useful for other geophysical applications apart from coal burst monitoring.

Chapter 4 similarly addresses the rst objective. It discusses the creation of an open-source python
library that facilitates the analysis, management, and visualization of DAS data. In addition to enabling
the analysis and visualization in this work, well-tested open-source software facilitates future DAS
experimentation by easing data processing and management challenges. Moreover, the software is currently

used by many researchers for a wide variety of geophysical tasks, demonstrating community impact beyond
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the objectives listed above.

Chapter 5 addresses the second objective by using numerical modeling to quantify the e ects of various
geomechanical parameters on coal bursts occurring near a longwall face such as those as observed in
Chapter 3. Emphasis is placed on the TCS and interface properties which are thought to contribute to coal
bursting. The pseudo-2D models assume a strain-burst on the mining face, the simplest of the failure
mechanisms depicted in Figure 1.2. This chapter also details a pseudo-dynamic modeling approach for
identifying and comparing bursts severity between models. The modeling shows that the undermined
length of un-caved TCS and properties of the coal-rock interface have the greatest e ects on a model's
burst severity. Interface slip initiated by coal yielding and driven by stored strain energy is the primary
failure mechanism. Although real coal bursts are probably more complex, these results provide insight into
a plausible burst mechanism and contributing factors.

Chapter 6 builds on Chapter 5 by using similar FLAC3D models to humerically calculate moment
tensors from hypothetical coal bursts occurring near the mining face. This approach allows for the di erent
event components to be studied in isolation, which makes it possible to determine which aspects of the
complex failure mechanisms make the greatest contribution to the overall moment tensor. In most cases,
the convergence of the mine opening dominates the seismic response, making it di cult in practice to
distinguish between co-seismic excavation convergence, which is generally harmless unless excessive
convergence occurs in the active workings, from the inelastic deformation directly associated with burst
damage. Moreover, several distinct event triggers can produce nearly identical moment tensors. In
practice, this means moment tensors are of limited value for directly studying coal burst damage and
should be used cautiously when interpreting failure mechanisms. However, the excavation response is
related to cantilever length, elastic material properties, depth of failure of the coal face, and signi cant
dislocations in the overburden but disentangling these e ects requires additional study. Using data from a
nodal geophone array deployed on the surface during the DAS deployment of Chapter 3, event locations,
magnitude distribution, polarities and moment tensors are estimated. The determined moment tensors and
cumulative seismic moment are largely consistent with those predicted by the modeling.

Chapter 7 summarizes the ndings from other chapters and comments on the failure mechanisms that
are consistent with the studied coal bursts. It also outlines potential avenues for future studies.

Appendix A lists the contributions of co-authors, chapter publication venue (where applicable),
copyright information, etc. Appendix B provides some background on FLAC3D, the modeling software
used in some of this work.

Although coal production is declining in many countries due to its contribution to global warming and

a variety of negative health conditions, it continues to grow in large developing nations such as China and
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India and will likely play a signi cant role in United States for several decades [4]. Moreover, a sizable
portion of the industry produces coal used in metallurgical processes, which will presumably continue even
after the transition to more sustainable energy sources. It is my hope this work will help reduce injuries

and fatalities among the world's coal miners.
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CHAPTER 2
DISTRIBUTED ACOUSTIC SENSING FOR LONGWALL COAL MINES

Derrick Chambers, Alexander Ankamah, Ahmad Tourei, Eileen R Martin, Tim Dean, Je rey Shragge,

John A Hole, Rafal Czarny, Gareth Goldswain, Jako du Toit, M. Shawn Boltz, James McGuiness
2.1 Introduction

Distributed acoustic sensing (DAS) shows potential to overcome several major challenges the coal mine
environment poses for traditional in-mine microseismic sensors. These include restricted use of electronics
due to potentially explosive atmospheres, the need to frequently relocate sensors as rapid mining
progresses, and source parameter errors associated with complex time-dependent velocity structure. This
chapter motivates much of the work covered in this thesis by presenting the results from eld trials of
several types of DAS deployments in active longwall coal mines and describing seven experiments:
deploying cable on the mine oor, in a vertical and directional borehole drilled from the surface, in a
near-horizontal borehole drilled from mine level, a seismoacoustic array deployed on the longwall face, ber
deployed in the longwall cable tray, and ber wrapped around support cans. A discussion of the strengths
and shortcomings of each deployment type, as well as the monitoring objectives they could meet, is also
o ered. Finally, key challenges that need to be overcome and research directions that could help accelerate

adoption of DFOS technology in coal mines are highlighted.
2.2 Gateroad Deployment

In-mine sensors close to seismic events are valuable for optimizing location accuracy and network
sensitivity. Typically, accelerometers or geophones are installed in shallow boreholes drilled from the mine
workings. However, it may be possible to gain similar bene ts from the dense recordings of a DAS cable
distributed throughout mine workings. To test this type of deployment, a ber optic cable was installed in
a deep US coal mine which has a history of problematic seismicity caused by thick competent strata (TCS)
failing in the overburden [71]. The DAS IU was placed in a climate-controlled shelter at the top of a
ventilation shaft. Several ber optic cables were connected from the shaft, through the mains, and to the
active panel with a total ber length of approximately 7 km. Due to access restrictions, a single cable was
placed in the headgate and two bers in the same cable were spliced together at the end to allow optical
signals to travel down and back the entire length of the cable (Figure 2.1a). A 1,280 m section of the cable

was placed on the oor and covered with rockdust (Figure 1.1c), where available, to improve coupling,
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which demonstrably provided better signal than ber zip-tied to the roof, ribs, or hung from cable hooks.
Unfortunately, a faulty splice connecting the headgate cable to the tailgate cable made the tailgate ber
unusable for recording event waveforms.

During the 47 days of recording, many events with varying magnitudes were visible in the raw
(un ltered) DAS data (Figure 2.1b and c). For the largest magnitude event recorded during the
deployment (referred to as event 1M = 1:2), the simple procedure described in Section 1.4 applied to
P-wave arrivals indicates a distance from the closest point on the cabled), the center channel distance
(Xo), and velocity (v) of d =0:45 km, xo =0:9 km, v =4:8 km/s. The estimate of d is close to the
horizontal distance of approximately 0.41 m estimated from a catalog created with data from a surface
seismic network. The location discrepancy could be recti ed if the event occurred some distance into the
roof, and is acceptable considering that horizontal errors of a few tens of meters are typical for locations
derived from surface networks. For a much smaller event occurring on the headgate side of the panel
(example event 2,M = 0:3) phases are also clearly visible (Figure 2.1c) and the hyperbolic curve t
yields d = 0:09 km, xo =0:63 km, v =4:7 km/s.

Although the tailgate ber was not usable for recording event waveforms, a strong re ection at the end
of the cable was useful to determine the time and location of cable breaks related to longwall position.
Most cable breaks occurred near the active longwall, but ranged from nearly 100 m ahead of the face to
about 60 m behind it (Figure 2.2).

There are several challenges associated with gateroad deployments, namely the need for multiple splices
which can compromise the ber, the susceptibility of the cable to caving or operations-related damage, and
potentially lower sensitivity due to less-than-ideal coupling and the rugosity of the damaged excavation
surface on which the cable rests. Although du Toit et al. [69] found ber tied to mesh was of limited use for
recording small (M < 0) seismic events in a hardrock mine, Figure 2.1 demonstrates that ber deployed on
the mine oor and covered with rockdust is useful for detecting and locating both larger events M > 1)
several hundred meters from the ber, and smaller events i1 < 0) originating closer to the ber.

While some progress has been made on this dataset, additional work is needed to develop and re ne
pre-processing work ows to improve signal-to-noise ratios of body wave phases. Additionally, determining
best practices to optimize cable survival, which may simply involve appropriate cable selection and
deployment locations which will not interfere with operations, will be important before mines can routinely
and robustly use this deployment strategy. Moreover, if durable ber can be distributed throughout the
mine gateroads it could not only match or exceed the event detection and location capabilities of
traditional in-mine microseismic systems, but may also be useful for other DFOS-related safety

applications such as detecting thermal events in mined out areas [72].
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Figure 2.1 Gateroad deployment and example data. (a) A simpli ed version of the deployment geometry,
truncated panel outlines, the area mined during the deployment, and several other features. (b) The

un ltered strain-rate DAS data for example event 1 located on the tailgate side of the active panel

(M =1:2) as well P-phase picks and a hyperbolic best- t curve (dashed line). (c) The same as (b) but for
example event 2 M = 0:3) located on the headgate side of the active panel.
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Figure 2.2 Relative position of the longwall (blue) and tailgate ber end (orange) with discrete ber breaks
represented by vertical segments in the orange line.

2.3 Surface Borehole Deployment

When seismic sensors are installed from mine workings in a single seam, or exclusively on the surface,
accurately estimating the depths of seismic events is challenging because the sensor geometry is nearly
planar. To address this limitation, seismic sensors can be positioned both near the seam and on the surface
and/or in a borehole [73]. DAS shows promise to densely probe the seismic wave eld in horizontally
strati ed layers typically found in coal mines. This section presents two examples of DAS deployments
which help constrain the vertical coordinates of seismic events in the vicinity of underground coal
exploitation.

The rst example shows a ber optic cable grouted in a vertical borehole drilled from the surface over a
gateroad of an active panel. The DAS data and geophones installed in the same borehole were used to
locate induced seismicity. Figure 2.3a shows an event recorded by this con guration. In this case, a more
sophisticated location scheme than the one presented in Section 1.4 was employed. The DAS strain-rate
data were transformed into a probability grid using matched eld processing techniques [74]. This grid
served as a prior in the location algorithm, which incorporated P- and S-wave rst arrivals from the
geophones, to better vertically constrain the event depth (Figure 2.3b). We apply this work ow to a set of
events, all of which shift above the seam from their original locations determined with only geophone data.
Their vertical locations correspond to DAS waveforms that focus within the strata above the seam. Using
only a sparse geophone array leads to a mirroring e ect, i.e., locations above and below the seam can result
in similar residuals in the location algorithm.

In the second example, a ber cable was grouted into a directional borehole drilled from the surface and

more than 100 nodes (portable, self-contained geophone stations [75]) were deployed on the surface
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Figure 2.3 Vertical borehole DAS data. (a) An example event recorded on a ber in a vertical borehole. (b)
Changes in event locations using only a geophone data and including DAS data.

(Figure 2.4 a). The goals of the experiment were to explore the utility of the DAS data in locating
seismicity, and to assess and calibrate an event location procedure using the node data. Figure 2.4 b shows
a small, in-seam calibration shot recorded by the DAS IU.

These two examples demonstrate that DAS deployments in surface boreholes can provide a clear
picture of event induced strain elds which can help improve event location estimates, particularly in
depth. The borehole cable also has the advantage of being isolated from mine operations, which reduces
noise contamination and risk of damage associated with operating equipment. However, in both cases,
extraction-induced ground motions were severe, and the cable was sheared several times as the longwall
advanced. For example, Figure 2.5 shows the position of the longwall as various breaks occurred in the
DAS cable. Other disadvantages of this deployment type include the requirements of a borehole and
infrastructure for protecting, powering, and communicating with the DAS IU. Of course, these
disadvantages are mitigated if suitably located boreholes already exist (e.g., exploration or de-gasing holes)
and surface infrastructure or ber lines to other structures are readily available. Moreover, vertical
boreholes instrumented with DAS ber are useful in vertical seismic pro ling (VSP [76]), which could be
used to build a velocity model for other surface-based seismic deployments or monitor time-dependent

changes in the near- ber geological structure.
2.4 In-mine Borehole Deployment

DAS can also be deployed in boreholes drilled from mine level. One objective of such a deployment is to

monitor the mechanical behavior of undermined massive strata which can cause myriad ground control
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Figure 2.4 Directional borehole DAS data. (a) Deployment map (top) and pro le view (bottom) where the
blue triangles are the surface nodes, the red star indicates the location of a calibration blast, the orange
line is the ber, and the gray horizontal bar indicates the location of the coal seam. (b) DAS recording of
the calibration blast.

Figure 2.5 Horizontal and vertical position of the longwall and associated ber breaks in the directional
borehole. All but 2 of the 28 breaks occurred between 30m behind and 30m ahead of the longwall.
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issues if proper caving is not achieved [77]. In this experiment a DAS cable was installed in a
near-horizontal borehole drilled from mine level into a thick competent sandstone (Figure 2.6a and b). The
mine experienced coal bursts on the mining face (i.e., face bursts) with contributing factors being thickness
and strength of the near-seam TCS, high-strength brittle coal, signi cant depth of cover (0.65 km), and a
seam dip greater than 12 [8]. The DAS IU was located at the longwall's power center several hundred
meters from the mining face. The cable included three coupling con gurations involving ber: suspended
from the roof by cable hooks, zip-tied to metal mesh on the roof, and inserted into the borehole. The ber
was inserted by attaching it to threaded sections of polyvinyl chloride (PVC) rods and manually pushing
the rods into the hole. Unlike the deployments detailed in Section 2.3, the ber was not grouted in the
borehole which likely resulted in a lower delity measurements of rock strain due to loose coupling.

The experiment lasted for about 10 days as the longwall advanced from approximately 20 m behind the
borehole to 20 m ahead of it. During the deployment a regional seismic network located 50 events near the
mining area which ranged in magnitude from 1.12 to 2.17 (Figure 2.6c). A temporary increase in the
background noise level of the borehole ber was observed when the shearer was operating and a permanent
increase (on day 9) as the cable sustained damaged due to large deformations in the TCS. These
phenomena are easily observed by averaging the root mean square (RMS) strain rate of all borehole
channels for two minute increments (Figure 2.6c). Locations and times of breaks in the ber, and
presumably the surrounding rock, were identi ed by rst low-pass Itering, decimating, and concatenating
many hours of DAS data. The Iter-induced Gibbs e ects at the end of the cable de ne the farthest point
the ber remains able to transmit light (Figure 2.6d). Interestingly, both the borehole and zip-tied ber
acquired high-amplitude signals with identi able apices for events occurring on the headgate side of the
panel (Figure 2.6e).

This type of deployment could provide several types of useful geomechanical information. First, the
mechanisms of coal bursts are not well understood and vary from mine to mine. For example, some of the
proposed face bursts mechanisms involve a sudden failure of TCS above the gob which then causes a rapid
redistribution of stress on the face while others propose that the primary failure occurs entirely in or near
the coal seam without any signi cant dynamic contribution of the TCS [9, 11]. Direct measurements in the
TCS as these failures occur could shed additional light on these physical processes, which, in turn, could
enable more informed, site-speci ¢, coal burst mitigation strategies. Second, it may be possible to
characterize crack initiation crack damage stress thresholds by identifying and tracking acoustic emissions
occurring near the ber, perhaps similar to the laboratory procedure outlined by Zafar et al. [78]. Third,
interferometric techniques [79] may be able to identify time-dependent seismic velocity or attenuation

changes indicative of progressive TCS failure.
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