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Analysis and Application of Coal Seam Seismic Waves fottidatec
of Abandoned Mines

Daniel J. Yancey
ABSTRACT

It is not uncommon for underground coal mining to be conductkin the proximity of
abandoned underground mines that are prone to accumulate t@a methane or other toxic
gases, and are often either poorly mapped or without good suréasurvey control. Mining
into such abandoned voids poses a great safety risk to personngllipment, and production
from inundation or toxic/explosive gas release. Often, surfacor underground drilling is
employed to detect the mine void and evaluate the hazards, sotimes with disastrous
results. Guided waves within coal seams can be utilized to loeavoids, faults, and abrupt
seam thickness changes. Another application of guided waves igenplanning.

To demonstrate the feasibility of abandoned mine void detectn utilizing coal seam
seismic waves, two in-seam re°ection surveys and one transmission syrwere acquired at
an abandoned underground mine near Hurley, Virginia. The eld sueys were complemented
by numerical modeling. The dominant Airy phase was observed im¢ synthetic and eld
data. Dispersion analysis of the eld data shows reasonable agrestwith the dispersion
characteristics of the synthetic data. Using standard commonlyvailable seismic re°ection
processing tools, the well mapped demonstration mine was detedtand located with an
accuracy better than 50m from a distance of 400m.

Detection of the mine with both surveys indicates that \exploatory" drilling can be
replaced by noninvasive seismic methods. Location, however, yna@ot be good enough to
replace drilling entirely. We conclude that seismic methodsaa be used for detection, but
if a potential void is detected, focused drilling should be apied for accurate mapping and
circumvention of potentially hazardous areas.
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Chapter 1

Introduction

It is not uncommon for underground coal mining to be conductkin the proximity of aban-

doned underground mines, which are prone to accumulate watanethane or other toxic
gases. Often, they are either poorly mapped, or are without gdcsurface survey control.
Mining into such abandoned mine voids poses a great risk to persah safety, equipment,
and production from inundation or explosive gas release. Theimng disaster at Quecreek,
PA in 2002, is a prime example. While operating undergroundiine miners were trapped
by water underground when they accidentally cut into old mie workings. The old workings
had Tled with water that rushed through the gap and trapped theminers underground.
Fortunately these miners were rescued, but this may not alwayse the case.

The standard method for detecting abandoned voids utilizegitling over the selected area
with a speci ¢ grid pattern optimized to increase the probabity of intercepting a potential
void. However, room and pillar methods can only extract 30{4%6 of the coal, leaving
roughly 60 % of the coal underground to support the roof. Drilhg into one of these pillars
gives no indication that the area has been previously mined oot. Acoustic seam waves
trapped in the coal seam, however, can be utilized for void dattion. Seam waves can be
used to detect and locate perturbations in coal seams, such asltaupinchouts, or mined-out
underground voids (Buchanan et al., 1981; Mason et al., 1980)o test the In-Seam Seismic
(ISS) method for void detection, two ISS re°ection surveys andne transmission survey were
acquired at a temporarily abandoned mine near Hurley, Virgiai (Figure 1.1).

The Sassy No. 1 Mine, owned by TECO Energy, was selected to demoastr void
detection and location because it is well-mapped with knownudines. Furthermore, it has
both water and air- Tled sections which allows demonstration fodetection under di®erent
conditions. ISS methods were used because, unlike surface ggsighl methods, they are
independent of surface conditions such as rough topographydadirectly target the area of
interest.

Re°ected seam waves can be used to map the coal-void interfaceneTseam wave will
propagate through the coal seam, strike the void interface, drtravel back to the receiver
array at the coal face (Figure 1.2). Imaging of re°ected seam wes can not only be used for
void detection, but also for mine planning, such as fault and pchout detection.
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Figure 1.1: Location Map of Study Area. Shading indicates taggraphy.

Evison (1955) and Krey (1962) rst noted dispersed wavetrains oniseiograms recorded
in underground mines. They showed analytically that the low ipedance coal seam acts as
a waveguide, e®ectively trapping seismic energy with propagat predominantly within the
seam. Mason et al. (1980) used re°ection ISS to image a fault cuitj through a coal seam.
Buchanan et al. (1981) used both re°ection and transmission ISSrftault detection. The
data processing sequence for seam waves however, is less dewktbpa for re°ection surface
seismics. Mason et al. (1980) and Buchanan et al. (1981) proposed timaging methods:
dynamic trace gathering (DTG) and adaptive lag sums (ALS).

Dynamic trace gathering is a generalization of normal movab(NMO) corrections em-
ployed on surface seismic re°ection data. Because the re°ectingeiriace may not be nec-
essarily parallel to the source-receiver line, the assumption of°ection at the common
midpoint (CMP) cannot be made. Instead, a range of re°ector agntations are systemati-
cally tested. For each midpoint, traces with source-receiv@ombinations that satisfy angle
of incidence equals angle of re°ection with this particulara®ector orientation are selected,
moveout corrected and stacked. The moveout correction is noecessarily symmetric as it is
generally assumed for surface re°ection seismics. At each CMP anahdi, the stack from the
orientation that yields the largest magnitude is selected fahe image. This procedure is not
used for the processing of surface re°ection data, and hence, i$ imgluded in common data
processing packages. Buchanan et al. (1981) used the adaptivge am algorithm, which
is similar to conventional Kirchho® prestack depth migrationcurrently used routinely in
seismic data processing (Yilmaz, 1987). An additional complicati is the dispersive nature
of the seam waves, which demands that each frequency of the seaavevbe processed and
imaged separately. Mason et al. (1980) proposed the usage of ieveompressors to render
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Figure 1.2: Cross section example of void detection.

the dispersed wavetrains more pulse-like.

Instead of redeveloping specialized algorithms, we opted fosing tools contained in
common re°ection seismic processing packages. The wavetrainseveot compressed, but
instead, the amplitude traces were converted to envelope tres using the Hilbert transform
(Dombrowski et al., 1994). Lastly, we replaced dynamic traceathering or adaptive lag sums
with conventional Kirchho® prestack depth migration. Nevetieless, we obtained images
which allow not only detection of mine voids, but also estimatio of their locations.



Chapter 2

Theory

Channel or seam waves form in coal seams as a result of the physpraperties of coal and
the embedding country rock. Coal is typically a low-density ack (¥4 1300kg=n?) that is
sandwiched between denser formations, such as sandstone and shaledensities exceeding
2000kg=m?®. Moreover, the rocks directly above and below the seam ofterceed the seismic
P- and S- wave velocities in coal by a factor of two (Dombrowslet al., 1994). The P-wave
velocity of coal ranges from 160@n=s to 2400 m=s, while the S-wave velocity ranges from
700m=s to 1400m=s (Dombrowski et al., 1994). Hence, the acoustic impedance ratithe
product of velocity and density, can exceed four to one.

The low-velocity coal seam acts as a seismic waveguide with medrongly excited for
sources placed within the seam. The impedance contrast at thepgr and lower boundaries
of the coal seam causes strong re°ections. For a source in the seanre, ithsult is multiply
re°ected energy bouncing between the seam boundaries (Fig@.&). For near vertical prop-
agation, with angles of incidence smaller than the criticalragle, the re°ection is sub-critical,
and energy will be transmitted through the seam boundary intolte surrounding rock. These
are known as leaky modes. For near horizontal propagation Wwiaingle of incidence exceeding
the critical angle, the energy is re°ected with little transmsgsion into the surrounding rock
forming normal modes or seam waves. For every frequency, coastive interference occurs
at a di®erent horizontal wavenumber, and hence, seam waves &pically dispersive. In
practice, this model is complicated by the fact that seam wasgecan be formed by construc-
tive interference of P-, SV-, SH-, head, and interface waves. iBhconstructive interference
causes local minima and maxima for the group velocity and fosrlarge amplitude arrivals
known as Airy phases (Aki and Richards, 2002).

Two independent types of seam waves form when the critical deg at the seam boundary
are exceeded. The rsttype is a SH (or "Love-type") seam wave,sal referred to as arfEvison
wave 1955, whose particle motion is horizontal and transverse to thdirection of P-, SV-
propagation. The second type of seam wave iskxey wave (pseudo-Rayleigh wave Krey,
1962) that forms by interference of P- and SV- waves with pardie motion in the vertical-
longitudinal plane. Even pure P or S sources may excite seam wawlue to the coupling at
the boundaries. A coal seam face near the source furthers thenfation of seam waves by
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Figure 2.1: Development of guided coal seam waves

mode conversion.

Evison (1955) and Krey (1962) found that seam waves are dispeesivdi®erent frequen-
cies propagate at di®erent speeds. The result is the broadenirfgaa initially spiky signal
into an extended wavetrain. Dombrowski et al. (1994) showed &b Krey and Evison waves
have phase velocities bound between the shear wave velocitéshe coal and the surround-
ing rock. Regueiro (1990) demonstrated that the amplitudesfahe seam waves are large
inside coal but decay rapidly in the °oor and roof.

If a propagating seam wave encounters any perturbation in thevaveguide, it will be
re°ected predominantly as a seam wave, although some energy may scattered as body
waves. Such seam perturbations can be caused by voids, faults, brupt pinchouts. Hence,
re°ection of seam waves can be used to detect voids and potertiahap their location and
outline.



Chapter 3

Data Acquisition & Processing

The Splashdam coal seam is a °at-lying seam in the Appalachian Pé&stu of Virginia with
an approximate thickness of 7&m and a thin shale parting of 4cm as shown in Figure 3.1.
The Sassy No. 1 mine is located near Hurley, Virginia and is owned hysubsidary of TECO
Energy. Mining operations began in November 2001, but were sesuled in December 2002.
Since then, the low-laying areas of the mine have been llingithh water. A map of the mine
is presented in Figure 3.2. Although the mine is undergroundhé coal seam outcrops in
nearby river valleys allowing access to test seismic detectiohtbe known mine. One in-seam
transmission survey was acquired, as well as two in-seam re°ectisurveys. Performing the
demonstration surveys in the open allowed easy access and wogkaonditions as opposed
to working in cramped underground spaces.

The objectives of the transmission survey were independent ideoation of seam waves
and the estimation of velocities and dispersion using a simple, ntlled geometry. The
objectives of the re°ection surveys were to demonstrate detémh and location of the mine
under di®erent conditions. Using a bulldozer and a bucket excaws an existing bench
and seam outcrop was cleared to allow for unrestricted access [itacement of the seismic
equipment. Along the outcrop, weathered country rock and cbavere removed to obtain a
clean face exposing fresh coal (Figure 3.3).

The transmission survey consisted of a Ik long receiver array with 30 geophones at 0.5
m spacing. We used 100 Hz vertical geophones, but mounted them pemdicular to the face
of the seam outcrop by drilling a hole with a Gnm diameter into the seam and driving the
geophone spike into it with a rubber hammer. Normally, verticageophones should not be
mounted horizontally, but the sti® springs in the high frequety geophones permit this usage.
For seismic sources, we used a sledgehammer striking a railroad sgkeced in the seam
inside the mine at two locations, located at distances of 148 and 220m from the receiver
array. The spike was struck ten times at each location. Each hiwas recorded separately
for later stacking to increase the signal to noise ratio. Transmissi survey parameters are
summarized in Table 3.1.

Two re°ection surveys were also acquired. Table 3.1 lists the &nparameters for each
re°ection survey. ISS Line 1 is located near the water- lled sdonh of the mine, while 1SS



Figure 3.1: Splashdam Seam, Hurley, Virginia.
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Figure 3.2: Sassy No. 1 Mine Layout.




Figure 3.3: Source/Receiver installation on coal outcrop.

Line 2 is near the air- lled section (Figure 3.2). For the seismisources, we used explosive
charges of 0.1%g placed in holes drilled 1 to 1.5n into the seam. The holes were drilled far

enough to prevent fracturing or cracking of the face. After jicing the charge, each hole was
carefully tamped with gravel to maximize coupling and raditon of seismic energy. Figure

3.3 shows the seam with source boreholes and receivers.

3.1 Data Processing: ISS Transmission Survey

The transmission data were analyzed to identify seam wave everdad to estimate their
velocity. Predictive deconvolution with a lag of 16.6ns was applied to remove pervasive 60
Hz powerline noise. The gathers of each source point were thencged to increase the signal
to noise ratio. Figure 3.4 presents transmission seismograms chgahowing seam waves.
The velocity of the Airy phase of the fundamental mode was deteined to be 490m=s.

3.2 Data Processing: ISS Re‘ection Surveys

The same processing sequence was applied for both in-seam re°ecsarveys using the
Promax processing software. First, a bandpass Iter was applied remove low frequency
groundroll and high frequency noise. True amplitude correidn was performed to account
for geometrical spreading. The data were badly contaminateby 60 Hz powerline noise
because coal mining equipment in nearby mines is operated deatric power. Predictive
deconvolution was used to remove this periodic powerline sei Figure 3.5 shows a shot
gather from ISS Line 1 after bandpass Itering, deconvolutioand true amplitude recovery
has been applied. The dispersed re°ected seam wave arrival i@digvisible at ¥4 0.8 seconds.
The strong airwaves were removed by automated surgical mutirand further manual mutes
were applied to remove direct body and surface waves. Automati@in control was then
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| Parameters | Transmission | ISS Line 1| ISS Line 2 |
Sources 2 37 47
Shot Spacing 50m 3.5m 6.0m
Usable Shots 20 36 39
Channels 30 (100 Hz) 60 (100 Hz)|| 60 (100 Hz)
Receiver Spacing 0.5m 3.5m 3.0m
Total Line Length 15m 210m 365m
Sample Rate 0.25ms 0.25ms 0.25ms
Recording Length 1.0s 5.0s 5.0s
Source Hole Depth 0.0m 1.0m 1.0m
Source Size hammer, 10 blows| 0.15kg 0.15kg
Target Distance 170 and 220m 380m 240m

Table 3.1: In-Seam Transmission and Re°ection Survey Parameser

applied to balance the remaining data and enhance higher admode arrivals. Instead

of dispersion compression (Masoat al., 1980), the amplitude traces were transformed to
envelope traces (Figure 3.6). Envelope formation ensuresathconstructive interference will

occur when the gathers are stacked, even with slightly wrong leeities. If the envelopes are
not used and no other measures are taken, destructive interfape can occur. The dispersive
wavetrains with a duration of %, 20 ms were thus transformed td/2 50 Hz wavelets exhibiting

positive amplitudes only. Given the low velocity, this redution in frequency and resolution

does not hamper the survey objectives.

Instead of redeveloping the earlier imaging methods (Buchan et al., 1981), conventional
2-D Kirchho® prestack depth migration was used for imaging. Miiation is assumed to be
in depth. The ISS Re’ection surveys, however, require laterainaging. To reduce imaging
artifacts, the geometry was rotated 90 degrees along a honieal axis chosen to approximate
the crooked geometry best. Traditional 2-D depth was repladeby the plane of the coal seam
and inline distances, while topography was replaced by the a@ture around the contour
of the seam outcrop. The velocity model for the migration was eonstant velocity of 490
m=s as determined from the transmission survey. To examine the e®eofsvelocity model
errors, models with constant velocities in the range of 448=s and 540m=s (8 10%) were
tested. These tests all showed the same mine re°ectors with compale sharpness, albeit
with slightly di®erent distances from the outcrop. The migratd shot gathers were stacked
to obtain a nal image.

Figure 3.7 shows the stacked image for Line 1. According to the mai plans, the true
distance from the seam face to the void is 38D. The strongest re°ection is observed at a
distance close to 380n. Similar results were obtained for Line 2 presented in Figure.&8
According to the mine plans, the true distance to the void is betaen 210m and 310m
because the outcrop and mine boundary are at an angle. A cohatrevent is seen in Figure
3.8 at the expected location. While location is not as good rfd.ine 2, detection of the
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Figure 3.6: Shot gather shown in Figure 3.5 after envelope foation to convert the dispersed
wavetrains into simpler events suitable for migration.
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abandoned mine is still straightforward.

Figures 3.9 and 3.10 show plan views of the mine site with intelgted horizontal seismic
sections from Figures 3.7 and 3.8 overlaid and scaled to the sidethe map. Figure 3.9
shows that while the ISS Re°ection Line 1 seismic projection is ndirectly in-line with the
mine, an event can still be seen near the correct location of tmeine. The abandoned mine
for Line 1 has numerous di®ractors (labeled A, B and C) and yet kaoherent re°ectivity.
Figure 3.10 shows the same view for ISS Re’ection Line 2. The westedge departs slightly
from the correct location of the mine. A large number of mis re®ccurred near this area
and resulted in a loss of shots, and thus, near-o®set traces whichddn contain the best
and strongest seam wave events as demonstrated in Figure 3.5. ff@ge dipping re°ectors,
a large migration aperture is required. The survey line woultheed to extend farther to
the northwest. However, from the eastern edge of the section toetlmiddle portion, the
interpreted line is at the correct location of the mine-voidnterface. No shots were lost, data
coverage was better, and hence, migration worked better.
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Figure 3.9: Results of overlaying ISS Re°ection Line 1 on the mpa The projection shows
that the location of the seismic event is very close to the actuahine-void boundary. Yellow
line is the interpreted portion of the seismic section in Figur8.7.
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Figure 3.10: Results of overlaying ISS Re°ection Line 2 on theap. Location towards the
eastern edge of the mine is good while departure is seen towatius western end as a result
of poor aperture. Green line denotes the interpreted portioof the seismic section in Figure

3.8.



Chapter 4

Numerical Modeling & Dispersion
Analysis

Numerical modeling of the transmission survey geometry was parited for comparison be-
tween synthetic data and the recorded eld data. Lacking in-sit measurements, values for
Vp, Vs, and Yawere estimated from published data (Dombrowski et al., 1994). Atomputa-
tions were performed using the Computer Programs in SeismojoCPS) modeling package
(Herrmann, 2004). First, analytical solutions for the phase androup velocities of the Love
and pseudo-Rayleigh type seam waves were computed using an wimedl root nder (Her-
rmann's sdisp96 program). Second, synthetic seismograms werenpated by numerical
wavenumber integration where the hammer source was modeleg & horizontal force (Her-
rmann's hspec96 program). Appendix C gives sample °owcharts fbioth the analytical
solution and wavenumber integration. Three simple 1-D layeratk models were created to
approximate the conditions at the demonstration site.

This analysis required building a layerstack of the coal seam s&mce, source and receiver
descriptors, as well as source-receiver o®sets. The work°ow can beegalized as follows:

Each model has a di®erent stacking pattern (Figures 4.1-4.3pck;=coal=rock (symmet-
ric), rock;=coal=rock (asymmetric) and rock;=coal=dirtband=coal=rock (embedded dirt-
band). P- and S- wave velocities are denoted by the subscrippsand s respectively, the
impedance by | and the density by2 The subscripts r1, r2, ¢, and d denote values fobck,,
rock,, coal and dirtband respectively. The parameter values for each of these model® ar
given in Table 4.1.

1. A layerstack model consisting of P- and S- wave velocities, d#tines and thicknesses is
de ned by the user for all layers.

2. A numerical root nder solves the dispersion equation to detetine group and phase
velocities.

3. The Green's functions for the layerstack model are calctwéal for the desired source
and receiver locations.

18
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rock; rock; rock;
coal coal coal=dirt=coal
rock; rock, rock;
Vor1 (M=9) 2000 2000 2000
Ver1 (M=9) 1400 1400 1400
Yo, (Kg=nT) 2200 2200 2200

lor1 (Kg=sn?) | 4400000 4400000 4400000
l¢1 (kg=sn?) | 3080000 3080000 3080000

Vor2 (M=) - 1600 -
Var2 (M=9) - 900 -
Yo, (kg=nT) - 1900 -
lor2 (kg=sn?) - 3040000 -
lsro (kg=snT) - 1710000 -
Vpe (M=9) 1200 1200 1200
Vsc (M=9) 700 700 700
Ya (kg=nv) 1300 1300 1300

I e (kg=sn?) | 1560000 1560000 1560000
lsc (kg=sn¥?) | 910000 910000 910000

Vpa (M=9) - - 1300
Vsq (M=9) - - 900
Ya (kg=n7) - - 1600
| oa (kg=sn?) - - 2080000
lsq (kg=snT) - - 1440000

Table 4.1: P and S wave velocities (denoted by subscrigtsand s), impedances and densities
for the three layerstack models. Subscripts r1, r2, ¢ and d demovalues forrocky, rock,,
coal and dirtband respectively. Velocities and densities obtained from Dombnski et al.
(1994).

4. The source spectrum and the Green's function are multiplieid the frequency domain
and converted into the time domain by the Fourier transform.

4.1 Dispersion Analysis of the Wavenumber Integra-
tion Technique Results

For the wavenumber integration, the synthetic trace that mostaccurately described our
transmission survey setup was the transverse component for a hontal point force (THF)

(Radial components for all seam models can be found in Append®. Figure 4.4 shows
all synthetic THF traces for the three types of coal seam sequemsceA very well developed
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Figure 4.1: Layerstack model for symmetric Figure 4.2: Layerstack model for asymmetric
coal seam sequence. coal seam sequence.

Figure 4.3: Layerstack model for embedded dirtband coal seangsence.
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Figure 4.4: Synthetic traces for symmetric (top), asymmetri¢middle) and embedded dirt-
band coal seam sequences (bottom).

dispersed wavetrain starts to arrive at about 0.15 seconds foralsymmetric and embedded

dirt band sequences. The dispersed wavetrain arrives later fohng asymmetric case. In

addition, near 0.35 seconds, an arrival with a very large amplide is seen for all three cases
which is interpreted as the Airy phase (Aki and Richards, 2002). Ay phases are associated
with extrema, typically minima, of the group velocity. Dispesion analysis of these events
support this interpretation.

Figures 4.5, 4.6 and 4.7 show the results of the multiple Tter thnique (MFT) applied
to the synthetic seam waves in Figure 4.4. The programn It by Snoke was used for this
analysis (Snoke and James, 1997). This program is based on Dzegki et al. (1969), but
incorporates enhancements including instantaneous frequy and the display enhancing
“Tter by Nyman and Landisman (1977).

Contours on each of the dispersion plots indicate the highest 20 amplitude values. As
described above, the long periodic portion of the dispersed veais seen earlier in the seismic
trace, and hence has a faster group velocity. For all seam seqces, the large amplitude
Airy phase is seen arriving last with frequencies of 700{1000 Hzcamwith a group velocity
range of 500{600m=s.

4.2 Analytical Solutions for Coal Seam Waves

Analytical solutions for the Love and pseudo-Rayleigh coal seawaves were also computed
using a numerical root solver to solve the dispersion equation fphase and group velocities
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Figure 4.5: Dispersion Analysis of synthetic Figure 4.6: Dispersion Analysis of synthetic
trace for symmetric coal seam sequence. Con-trace for asymmetric coal seam sequence.
tours indicate the top 20 % of amplitude val- Contours indicate the top 20 % of amplitude
ues. values.

Figure 4.7: Dispersion Analysis of synthetic trace for embeddedtband coal seam sequence.
Contours indicate the top 20 % of amplitude values.
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Figure 4.8: Analytical solution for the Love Figure 4.9: Analytical solution for the pseudo-
type seam wave phase velocity for rst three Rayleigh type seam wave phase velocity for
modes. Phase velocities are bound between rst three modes. Phase velocities are bound
shear wave velocities of the coal\{.) and between shear wave velocities of the coals)
surrounding rock (Vs1)(dark horizontal lines and surrounding rock s 1)(dark horizontal
shown in plot). lines).

(Herrmann, 2004). The same layerstack models were used as forwaenumber integration.

Figures 4.8 and 4.9 show the phase velocities for the rst three ahes for the Love and
pseudo-Rayleigh seam waves. Dombrowski et al. (1994) showed ttie phase velocities for
the coal seam waves are bound between the shear velocities eftbal and surrounding rock.
Figures 4.8 and 4.9 con rm these bounds. Both the Love and pseuBayleigh seam waves
have phase velocities for all three modes that are bound be®vethe shear velocities of the
surrounding rock and coal.

Seismic events, however, propagate with the group velocityptithe phase velocity. Fig-
ures 4.10 and 4.11 show the group velocities for the Love and pde-Rayleigh seam waves.
The Airy phase arrivals (denoted by A) for the Love type seam waverdp below the shear
wave velocity of the coal. Similar results are obtained for # pseudo-Rayleigh seam wave.
There are many present for the pseudo-Rayleigh seam wave thataabove or below the
shear wave velocity of the coal.

4.3 Dispersion Analysis of Transmission Survey

Figure 3.4 showed four traces extracted from the transmission sey at a distance of 220
m. Very nicely developed arrivals are seen at 0.46 seconds (fantental mode arrival), and
at 0.50, 0.52 and 0.58 seconds (higher order mode mode arsyal
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Figure 4.10: Analytical solution for the Love Figure 4.11: Analytical solution for the
type seam wave group velocity for rst three pseudo-Rayleigh seam wave group velocity for
modes with interpreted Airy phases. “rst three modes with interpreted Airy phases.

Dispersion analysis of the traces were carried out for companmsavith the synthetic
results. Figure 4.12 shows the dispersion analysis for one seledtade. Contours indicate
the highest 20 % of amplitude values. The initial longer periad portion of the seam wave
is observed, followed by a large amplitude arrival. The freguncy range for the interpreted
Airy phase is between 700{1100 Hz with a group velocity range 00@&550 m=s. These
results agree reasonably well with analytic solutions and wawvember integration techniques
for Airy phase arrivals.

4.4 Discussion of Dispersion Analysis of Field Data
and Numerical Models

With the geometry of geophones mounted perpendicular to tHace of the coal seam, the Love
seam wave is expected to be recorded more so than the pseudo-8gyl seam wave because
the seam outcrop where the geophones were placed is subparsdl¢he line of sight from the
source locations (Figure 3.2). If the geophones were mountatdan angle, one would obtain
recordings for both the Love and pseudo-Rayleigh seam wavestehestingly, the fundamental
mode arrival seen for all traces in Figure 3.4 shows a very shomration, higher frequency
arrival, followed immediately by a lower frequency arrivalover a time interval of ¥ 0.02
seconds. The group velocity analytical solution for the Love seawave shows three Airy
phases with comparable group velocities and frequencies thiaasonably correspond to the
observed data. Also present in the eld data are higher modes witimdreasing frequency
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Figure 4.12: Dispersion Analysis of record data at Hurley, VA. Conours indicate the highest
20 % amplitudes.

content for each Airy phase arrival and a slower group velocity.These observations are
consistent with the analytical solutions for either the Love ompseudo-Rayleigh seam wave
group velocities. The fundamental mode arrivals and subsequdngher order mode arrivals
for both the Love and pseudo-Rayleigh seam waves have very cargble group velocities.
Hence, it is quite possible to have both the Love and pseudo-Ragle seam wave arrivals in
the same data, although enhancement of the Love type seam waseekpected. ISS Line 1
should contain predominantly the pseudo-Rayleigh seam wave’egtions, while ISS Line 2
should have re°ections from both types of seam waves due to thegdebetween the coal seam
outcrop and the mine-void interface. Since both the Love angseudo-Rayleigh seam waves
have comparable group velocities, imaging with either typesing a small range of velocities
(8 10% of 500m=s) should be reasonable. In fact, we may have migrated a combimat of
both types.

The Airy phase for the fundamental mode of the coal seam wave issaved in both
synthetic modeling and recorded data. The synthetic coal seamavwes computed by wave
number integration show well developed dispersion for the erdilength of the trace with
the Airy phase in a frequency range of 700{1000 Hz and a group &ty of 500{600 m=s.
The analytical solutions for the Love and pseudo-Rayleigh seawaves indicate existence of
multiple Airy phases, and modes, with a comparable group velogitand frequency range
for the fundamental mode as seen in the recorded data. Compdreo the wavenumber
integration results, the eld data do not show an equally well disprsed wavetrain for the
coal seam wave, although the large amplitude Airy phase is obsedvwith a similar range
of frequencies (700{1100 Hz) and with a comparable group veity (400{550 m=s) for both
types of seam waves.



Chapter 5

Discussion

The presented results demonstrate that in-seam seismic methodsdze used for detection
of abandoned mines. Standard and widely available seismic te@nd software can be used
for data acquisition and processing. The acquisition parameteof in-seam surveys have a
signi cant impact on the detectability and imaging of mined-ait areas. Long lines allow
mapping of greater portions of the mine boundary. Dense seisnairays will result in better
detectability and mapping of voids. Single-component higfrequency vertical geophones
can be mounted perpendicular to the face of the coal seam. Altlgh not demonstrated,
multicomponent geophones might improve the results and alloutilization of both Rayleigh
and Love seam waves for void location and detection. Di®erentpes of sources can be
used. For distances up to at least 200n, a hammer source proved to be adequate for
generating detectable one-way transmission seam waves. For distas up to 500m, charges
of 0.15kg were suzxcient for generating seam waves used for re°ection detect and imaging.
Although not tested, other sources, such as a shotgun or piezoetecsource, should perform
equally well. The seam outcrop needs to be clean and ideallyegent a fresh surface with
no signi cant cracking or fracturing for good coupling. This @monstration survey was
performed at a surface outcrop, but the approach should allowtnsion to void detection in
the advance of mining in underground seam faces. If no surfaceaop of the seam exists,
then underground usage would be ideal.

If reasonable estimates of compressional and shear wave velesitior the site can be
obtained beforehand, reliable estimates of the Airy phase gnowelocity of both the Love
and pseudo-Rayleigh seam waves can be calculated for multipi@des. Otherwise, a trans-
mission survey is needed. The transmission survey could have souncé geceiver geometries
consisting of face-face, face-borehole, or borehole-boilehmombinations inside the mine or
at an outcrop. The distance between source and receiver should karge enough to allow
the development of the Airy phase and separation from other awals. A short distance of
150 m was tested, but less could possibly suxce. The seam waves were easydémtify on
seismic data.

The processing sequence for in-seam re°ection surveys is summadripeTable 5.1. Re-
moval of powerline noise was accomplished by predictive dewolution. The bandpass lter
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should pass all frequencies associated with the anticipated flamental and higher order
mode arrivals (typically 400{1200 Hz). High amplitude air blat and other undesired phases
are removed by automated and surgical muting. Cylindrical dergence associated with geo-
metric spreading of the wavefront can be corrected by true artifude recovery. The wavelet
compression used by Buchanan et al. (1981) and Mason et al. (198@n be replaced with
envelope formation without substantial loss of spatial resoludn. Previously used custom
imaging techniques can be replaced with 2-D Kirchho® prestadepth migration now com-
monly available in standard seismic data processing toolboxes.

\ In-Seam Seismic Re°ection Work°ow \

Load Geometry

Trace Edit

Bandpass Filter

Predictive Deconvolution (60 Hz removal)
True Amplitude Recovery

Air Blast Mute

Mute direct energy

Automatic Gain Control

Envelope Formation

Kirchho® Prestack Depth Migration
Stack migrated gathers

Table 5.1: ISS Re’ection Processing Work°ow

The detectability of voids also depends on data coverage angeature. The location
accuracy of the detected void depends upon the velocity este of the Airy phase arrival.
The location accuracy along the survey line depends both onleeity and data coverage. An
often used rule of thumb is that the lateral location uncertaity is on the order of a Fresnel
zone after migration. With a velocity estimate of 49(n=s, the Fresnel zone is about 5éh at
a distance of 305m and 70m at a distance of 610m. The detection of voids is independent
of the type of mine 1l, as both air and water- Tled sections weredetected. Fault detection
and location was performed by Buchanan et al. (1981) and Mas@t al. (1980). Although
not tested, collapsed roof (gob) can also potentially be detesd.



Chapter 6

Conclusions

The in-seam seismic method is very applicable for detecting neinvoids or other geologic
perturbations in a coal seam. Both acquisition and processingrche executed using standard
tools used for surface seismic surveys. A processing work°ow was dgwetl which replaces
custom processing algorithms with ones now contained in virtlg all commercial or public
domain seismic data processing systems. Voids in a seam are relayivedsy to detect, but
location is not accurate enough to be used as the sole means ohenplanning. The in-
seam method should be accurate enough, however, to replacelesaiory drilling for mine
void detection with drilling targeted speci cally to areas wkere mine voids were seismically
detected ideally reducing the cost of drilling.
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Appendix A

Radial components for synthetic seam
models

In addition to the transverse component discussed in Chapter 4,&hP- and SV- components
(pseudo-Rayleigh seam wave) at a distance of 220 were also computed. The pseudo-
Rayleigh seam wave dispersion characteristics are much more plinated than those for the
Love seam wave (refer to the gures below and Figures 4.9 and B.1

rock; rock; rocky

coal coal coal=dirt=coal

rock; rocks rocky
Vpr1 (M=s) | 2000 2000 2000
Verr (M=S) | 1400 1400 1400
Yo, (kg=n?) | 2200 2200 2200
Vor2 (M=9) - 1600 -
Vsr2 (M=9) - 900 -
Yo, (Kg=nT) - 1900 -
Vpe (M=9) 1200 1200 1200
Vsc (M=9) 700 700 700
Ya (kg=n?) || 1300 1300 1300
Vpa (M=9) - - 1300
Vsq (M=9) - - 900
Ya (kg=n7) - - 1600

Table A.1: P and S (denoted by subscripte and s) wave velocities and densities for the
three tested layerstack models. Subscripts rl, r2, ¢ and d denai@ues forrock, rock,, coal
and dirtband respectively. Velocities and densities obtained from Dombaski et al. (1994).
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Figure A.1: Layerstack model for symmetric Figure A.2: Radial component for a dip-slip
coal seam sequence. event.

Figure A.3: Radial component for an explo- Figure A.4: Radial component for a horizontal
sion event. point force.
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Figure A.5: Layerstack model for asymmetric Figure A.6: Radial component for a dip-slip
coal seam sequence. event.

Figure A.7: Radial component for an explo- Figure A.8: Radial component for a horizontal
sion event. point force.
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Figure A.9: Layerstack model for embedded Figure A.10: Radial component for a dip-slip
dirband coal seam sequence. event.

Figure A.11: Radial component for an explo- Figure A.12: Radial component for a horizon-
sion event. tal point force.



Appendix B

Increasing seam wave thickness
dispersion analysis

To gain understanding into frequency content and seam wave aml times for seam models of
varying thicknesses, synthetic traces for four symmetric modelsing the velocity and density
values shown in the table below were computed by wavenumbertégration. The seam

models show a general trend of decreasing Airy phase frequenckivat as seam thickness
increases (Table B.2).

rocky
coal
rock;
Vpr1 (M=9) 2000
Ver1 (M=9) 1400
Yo, (kg=nT) 2200
I or1 (kg=sn?) | 4400000
lsr1 (kg=sn?) | 3080000
Vpe (M=9) 1200
Vsc (M=9) 700
Ya (kg=nv) 1300
I oc (kg=sn¥) || 1560000
lsc (kg=sn?) | 910000

Table B.1: P and S (denoted by subscriptp and s) wave velocities, impedances, and densities
for the symmetric coal seam layerstack model. Subscripts r1 anddenote values forock;
and coal respectively. Velocities and densities obtained from Dombsski et al. (1994).
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Figure B.1: Love seam wave dispersion for 1 Figure B.2: Love seam wave dispersion for 2
m thick coal seam (data derived). Airy phase m thick coal seam (data derived). Airy phase
frequency 600{1100 Hz. frequency 400{800 Hz

Figure B.3: Love seam wave dispersion for 3 Figure B.4: Love seam wave dispersion for 4
m thick coal seam (theoretical). Airy phase m thick coal seam (data derived). Airy phase
frequency 100{500 Hz. frequency 50{300 Hz.
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Seam Frequency Seam Wave
Thickness fn) || Range (Hz) Velocity (m=s)
1 600-1100 500-700
2 400-800 500-700
3 100-500 500-800
4 50-300 500-800

Table B.2: Seam wave velocity and frequency content of Appalaian coal seams for di®erent
thicknesses



Appendix C

CPS modeling programs used for
synthetic seismogram generation

All synthetic modeling was performed using the CPS modeling pleargye created by Herrmann
(2004).

| Wavenumber integration work°ow |
hprep96 -M model.01 -d dist. e -HS 0.0001 -FHR rec.dep -ALL -TH -B
hspec96

hpulse96 -V -p -l 2j fprof96

Table C.1: Wavenumber integration work°ow

[ Analytic solution work°ow |
sprep96 -M model.01 -d dist. Te -HS 0.0001 -FHR rec.dep -NMOD 3 -L -R
sdisp96
slegn96
sregn96
sdpegn96 -L -R -U -C (note: specify one type at a time e.g. -L -U)

Table C.2: Analytic solution work°ow
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