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ACADEMIC ABSTRACT

This work focuses on the operational and safety issues associated with karst voids in large opening
underground mines. Issues include water inrush, structural instability, and engineering uncertainty in these
environments. Coupled with the fracturing prevalarfolded sedimentary rocks, karsts are complex and challenging
ground control risks.

Traditional methods of predicting kargvid locationssud as probalrilling are impeded by the inconsistent
spatial distribution and variable sizes of the featuresu@t@enetrating radar (GPR) is a geophysical technique that
transmits radio waves into a medium and subsequently detects reflected waves via a receiver. The travel time and
energy of received signals are then processed and interpreted. The differentegial praperties étween limestone
and open karst voidsauses strong reflections.

This work summarizes a series of 2D and 3D GPR surveys foniaggshapping within a mine pillar and within
sill pillars between mine levels in a large opening underground limestone mine. daskistudy mine, karst voids
are hazardous ground control risks that interact with geologic discontinuities, creating free valkbok the rock
mass. As tunnels are adwedl via blasting, unknown karst voidsy be exposed and pose risks to mining personnel.
The larst voidsalso form a hydrogeological network of water reservoirs with spatial locations throughout the rock
mass thiare difficult to predict with traditional methods such as drilling.

While GPR has been utilized throughout several industries for anomaly detection, mapping, and validating other
geophysical datasets, this technique has not seen the same prolifeiigiontive mining industry. Regarding
published literature, there is a lack of works that detail the applicability of GPR in underground mining scenarios. The
aim of this work is to expand on previous methodologies establishing GPR as a useful tool gnoundemining
applications, and to discuss the benefits and limitations GPR data in such scenarios.
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GENERAL AUDIENCEBBSTRACT

This work focuses on the operational and safety issues associated with karst voids in large opening
underground mineslypical issues include water flooding into the tunnels and rocks falling out from the roof and
walls, among other thingS.edirmentary rock structures sometimes geelogically complex, and karst voidsly add
to that complexity.

Engineers usually predict karatid locations with drilling or statistics, but gis often challenging as karst voids
have various shapes and origimtas. Ground penetrating radar (GPR) is a geophysical techniquedhds electric
signals into the rock; theségnals can reflect off of karst voidmd other anomalieShe travel time and energy of
signalsthat come back to the antenna® thenprocessed and interpreted. The difference in material properties
between limestone and open karst vaidsises strong reflections.

This workshowsa series of 2D and 3D GPR surveys forsk&oid mapping within a pillar in a stone mine and
also below theldor of mine tunnelsin this mine, karst voidsare very dangerous and the miners spsighificant
time and resources to ensure the tunnels walls are stabtannels arblasted hiddenkarst voidsmay be exposed
and posainpredictedisks tominers. e karst voids are also connected by cracks and discontinuities, providing a
path for water to travel along.

While GPR has beeunsed in various ways among the construgticivil engineering, and tunneling industries,
there is not enough literature pertaining to its benefits for mirfesgoalof this work is togrow the available literature
on GPR in mining and to talk about the best practices for GPR use as a meaapsoofrig health and safefor
miners underground
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PREFAE

Thisthesis is comprised of three chapters, each detailing a specifistadyewith its own unique use of ground
penetrating radar (GPR) in an underground stone mine.

Chapter 1 describes the benefits and limitations of GPR as the geophysical method of choice fmidkarst
detection and mapping in an underground mining scenario. In this chapter, a 2D GPR sumwayg ttaatied out by
the research team in 2018 is described, as well as the processing methods in software. The conclusions of this chapter
include proof of the concept of underground GPR surveys forilcargge (~20 meter) karsbid detection at the case
study mine. The outputs of the castidy survey serve as direct influences for the-saisdy in Chapter 2.

Chapter 2 translates the conclusions of Chapter 1 into design parameters and survey inputs for a 3D GPR survey
at the same location. The implicat®wnf karstvoid geometry on pillar strength estimations are discussed, with
references to how pillar strength estimations in similar environments have developed through empirical research. The
casestudyincludes novel GPR processing methods that had baeied out in the software (GPRLICE) for the
first time ever, according to the software developer. Finally, recommendations for future work using similar designs
as the casstudy are included in hopes that the benefits of these surveys may begingedbie the underground
stone mining industry.

Chapter 3 involves the use of the Terravision GPR cart, which was donated for research use by the National
Institute of Occupationabafety & Health (NIOSH). Using the cart, a casedy is performed in an underground
multi-level mine to inspect the sill pillar between levels for anomalies, before the sill pillar is eventually blasted out
and ultimately recovered. This work is the fiodtits kind © use the Terravisiom an underground mine, and the
results show both the successes and limitations that were observed.



Chapter 1: GRGQJND PENETRATING RADAR FOR KAR®ETECTION IN
UNDERGROUND STONE MINES

Jonathan Baggett, Virginia Techla@ksburg, VA
Amin Albasi Baghbadorani Virginia Tech, Blacksburg, VA
Juan Monsalve, Virginia Tech, Blacksburg, VA
Richard Bishop, Virginia Tech, Blacksburg, VA
Nino Ripepi, Virginia Tech, Blacksburg, VA
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Paper originally publisheds a preprinin the proceedings of the 2019 Society for Mining, Metallurgy, &
Exploration Conference, February-24, 2019.

Abstract

This workfocuses on theperational and safety issues associated with karst voids in large opening underground mines.
Issues include water inrush, structural instability, and engineering uncertainty in these environments. Coupled with the
fracturing prevalent in folded sedimentaocks, karst voidare complex and challenging ground control risks.

Traditional methods of predicting karsbid locations, such as probe drilling, are impeded by the inconsistent spatial
distribution and variable sizes of the features. Ground pemgtratdar (GPR) is a geophysical technique that transmits radio
waves into a medium and subsequently detects reflected waves via a receiver. The travel time and energy of received signals
are then processed and interpreted. The difference in materiattspetveen limestone and open karst voidsises strong
reflections.

GPR is frequently used as a geophysical surveying technique in several industries, however there is a lack of published
research on underground mining GPR applications. The purpdbis efork is to prove the viability of GPR in underground
stone mines for karsiid detection, and to discuss the importance of kaoit detection ahead of mining.

1. Introduction

The Mine Safety and Health Administration (MSHA) currently lists 116 adtivderground stone mines in the United
States, the vast majority of which extract limestone for crushed stone products. These limestone mines have the potential to
encounter karst voids at some point in their operation, as most karstic regions of gt S1ates develop in limestone rock
massegKuniansky, Weary, & Kaufmann, 2016arst voids the cavities formed by the dissolution of carbonate rock, have
long plagued the mining and tunneling industries, as well as beendahiance on t he Earthés surf a
ruining otherwise valuable land for construction gudblic use. The impact of karst voida the Gavarres tunnel in Spain is
well documented by Alija et al; constant instability conditions, matspidls into the tunnel, and unexpected cavities seriously
del ayed the project deadl i ne §Alija Todijo, & WQaniteeFermeimat 2018)Atrthe svadee n i n



supply project in Sohngua River, China, Bihal detail the presence of botlater and sediment filled karst voidaich are
sources of disastrous conditions at this tur{Béh, et al., 2017) A hydrological tunnel in Lebanon encountered numerous
massive karst voids the tunneling path which required remediation via friction anchors, rockbolts, welded wire fabric,
channel steel arch segments, invert steel beams, and shftemth, Jaoude, & Ghanem, 200Byom a design standpoint,
rock mass classification schemes, such as the RMR from Bieniawski andstyet&pn from Barton, are not able to represent
the true nature of a karstified carbonate rock mass, and therefore compley-case analyses of underground conditions are
necessaryAndriani & Parise, 2017)

Ground penetrating radar has been well understood and frequently employed in geophysical research studies since its first
uses in glacier studies by Stern in 1930ob, Sato, &0lhoeft, 2010) With applications ranging from rebar detection in
concrete structures to buried grave identificationied n hi s
and utilized(Slob, Sato, & Olheft, 2010) The first sophisticated GPR system was constructed by Geophysical Survey
Systems, Inc. and its benefit was demonstrated by surveyirupied hills in Tuktoyaktuk, CanaqAnnan & Davis, 1976)

Today in 2018a wealth of knowledge in the form of textbooks, scholarly articles, and case studies exist that have evolved the
straightforward radar technology into a wedkpected @limensional imaging tool and quantitative estimator of medium
propertieqSlob, Sato, & Olhoeft, 2010)

Through electromagnetic wave propagation, GPR systems are capable of accomplishing the detection of dielectric
boundaries within a solid medium, such as a rock mass or concrete structure. Conductive mediums highly attenuate the GPR
wave energy, such as welays and soils, while dry, homogenous, resistive mediums are ideal for strong transmitted and
received signalAnnan & Davis, 1976Working in both ideal and problematic mediums, GPR has been demonstrated to map
fractures inornamental gneis&Grasmueck, 1996map soil stratigraphy and bedrock defibavis & Annan, 1989)and even
to determine surface electrical properties on Mars and the (8omons, 1972)The most common modern use of GPR is
in concrete and asphalt imaging for construction and civil engineering uses, detecting the locations of rebar andtoretal struc
as well as paving thickness and discontinuifiégsan & Yazdani, 2016)

There are many successful examples of GPR being used in tunnels to predict conditions ahead of the working face and
tunnel boring machine. Weidong et al demonstrate with a 100 MHz system the detection of loose othadtiag, broken
up rock 18 meters behind the working face, and fissure \fteidong, Fancheng, Renguo, Yonglei, & Zhengbo, 20&/2)ng
et al conducted a GPR survey on the walls of a tunnel to detect vertical shaftsfaligg®ang, Zhang, Ren, Wu, & Peng,
2012) NI OSH has conducted research demonstrating GPRO6s cap
a tunnel roof, a common ground control technique and hazard remediaactice in tunneling and minin@onaghan &
Trevits, 2004) In his extensive doctoral dissertation, Oleg N. Kovin details his uses of GPR in potash mines to map stratigraphy,
estimate the thickness of the overlying waiestective beds, characterize fractures, detect unstable roof rock, and evaluate the
integrity of supporting pillars in the potash rogtovin, 2010) These studies assert the viability of GPR as a monitoring and
investigativetool in underground excavations.

At this case study mine, management personnel indicated that it would be advantageous for their operation if they could
use GPR at an active face for geologic forecast. Their blasting design would benefit if voids cdetiecbed roughly-4.0
meters beyond the face. Part of this investigation examines the relationship between penetration depth of radar waves and
resolution of data received.



2. Methodology

2.1Case Study Mine

The casestudy mine for GPR surveying is anderground multievel room and pillar limestone mine. The ore body is
synclinal, dipping at 30°; at present, the deepest level of the mine is approximately at the bottom of the synclinestdhe lime
orebody is roughly 30 meters thick. The current tuimgedlesign allows for two tnheter wide, 8meter tall tunnels separated
by 24meter wide square pillars to safely extract as much of the seam as possible. As seen inli-ifperectk between the
hanging wall tunnel of an upper level and the foot walintel of the level below is eventually fully stopedt. This mining
method is appropriate for most of the upper levels of the mine, however adjustments to the number of tunnels and necessary
pillar orientations are obvious in the lower levels where tpeofithe orebody flattens and the syncline bottoms out.

Key

Pillar

All dimensions in meters or degrees.

Figure 1.1 - Mine Model

Karst voids are found throughout the rock mass with spatial frequency that varies from level féheselvoids range
in size from narrow andlosed to extensive, wide aperture caves. They are typically planar and perpendicular to the mine
tunneling direction; debris, consisting of residual clay and rock blocks, caves into the mining tunnel when production blasts
breach thevoid. Figurel.2 shovs a lasesscan taken within a mine tunnel around a pillar and directly underneath of a protected
karstvoid opening in the tunnel roof. The vertical extent of this void and the propensitytbibound material to cave into the
tunnel create a challengimgoundcontrol risk, which in this case forced a deviation in the tunneling geometry, as is the reason
for the triangular pillar.

Top View Right View

Isometric View . Front View

Figure 1.2 - Views of Case Study Pillar & KarstVoid



Karst void formation occurs as slightlgcidic water comes into contact with carbonate rock; the conduits for water flow
in this rock mass are the structural discontinuities present due to the folding of the sedimentary layers over geoliogic time;
the tunnel seem Figurel1.2, the discontinuities have been mapped and characterized via LiDAR and geotechnical software
programs in a previous wofkonsalve, Baggett, Bishop, & Ripepi, 201That study found four predominant joint set¢ha
tunnel, including one with a characteristic dip of 88° and a dip direction of 255°; the planawldnst-igurel.2 undoubtedly
formed along a fracture represented by that joint set. Fig3rés a picture taken on the hangiwgll tunnel side othe
triangular pillar; steel straps, rock bolts, and plastic mesh were installed in the roof to keep unwanted materiahfyantdalli
the tunnel. Figuré 4 is a picture taken on the featall tunnel side of the triangular pillar, where the only sighthe voidare
two closed discontinuities belonging to the previously mentioned joint set with excess residual clay coloring, charafcteristic
karstvoids in this mineFigures1.3 and1.4 suggest that these two closed discontinuities transition into an open void at some
location within the pillar, eventually merging into the massive open void on the hanglhginnel side of the pillar.

Figure 1.3 - Hanging-Wall Side of Triangular Pillar

Closed karst planes: o

Figure 1.4 - Foot-Wall Side of Triangular Pillar

The two closed planes can be seen and character-iSikeed fr
Studio 6.1software, the dip and dip direction of these planes can be found, as seen in Figure 5. As suspected, the planes steeply
dip at roughly 80°



Closed Karst Planes
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Closed Karst Planes

Figure 15 - Dip and Dip Direction of Karst Void Plane

The orientatiopaperture, and extent of the karstd within the pillar cannot be analyzed visually, and cannot be accurately
predicted due to the chaotic spatial variance of kamistsizes throughout the mine. These properties are the targets in the GPR
surveys which constitute this study.

2.2GPR Surveying Underground

A series of twadimensional GPR surveys were conducted around the triangular pillar at different antenna frequencies to
compare depth of penetration and resolution between surveys. The frequencies used were 200 MHz, 250 MHz, 500 MHz, and
1 GHz; all antenrgare from Sensors & Software, and all are shielded with the exception of the 200 MHz pulseEKKO antenna.
Lower frequency surveys offer deep penetration with low relative resolution, while higher frequency surveys offer high
resolution at shallow depths.iSel ded antennas have a conductive Oshiel dbo
electromagnetic waves from traveling backwards and to direct energy solely into the desired medium; the use of shielded
antennas in a mine tunnel is necessary fourate data collection, as the rock wall / roof opposite the survey wall / floor is a
strong, nearby reflector.

Traditionally, a GPR survey would traverse the ground surface in a straight line, and the shot locations of the survey would
be ascertained fra GPS systems or by dividing the survey line by the shot spacing of the GPR system. In thegalgase
surveys, the survey needed to traverse the pillar rib along a line projected onto the irregular pillar surface in areetivironm
with no realtime positoning systems. For the 200 MHz and 250 MHz survey, this was accomplished with a simple surveying
ribbon anchored to the rock face, as seen in FigureThe height of the survey was roughly one meter above the tunnel floor,
however there was a berm withrying heights of material at the foot of the pillar.



Figure 167 Low Frequency Survey Setup

The ribbon was marked every ten centimeters, which was the step size between signal pulses for both the 200 MHz and

250 MHz surveysThe survey traverse lines are seen in Fidure

Figure 1.77 200 MHz & 250 MHz Traverse Lines

Antennas were mounted into a harness apparatus that the researchers fabricated out of PVC. One researcher
positioned the two antennas perpendicular to the face along the survey ribbon while the second researcher would
manually trigger each radar pulse abelrt the first researcher when he could move on to the next mark on the survey
ribbon. The survey parameters for 200 MHz and 250 MHz can be seen inlTakded the GPR harness can be seen

in Figurel.8.
Table 1.1 - 200 MHz & 250 MHz Survey Parameters
Freq. (MHz) | Survey Length (m)| Traces | Points per Trace Antenna Spacing (m] Stacks
200 325 324 1875 0.5 32
250 43.3 397 2750 0.25 64




Figure 1.81 200 MHz Survey in Progress

The design for the 500 MHz and 1 GHz surveys was not the same as the 200 MHz and the 250 MHz, as the
higherfrequency antennas have smaller spacings along the survey line (five centimeters for 500 MHz, one centimeter
for 1 GHz) which make manu#iggering and positioning difficult and prone to operator error. To avoid these
inaccuracies, researchers opted for a wiragdier to accompany the higrequency antennas during surveying which
would automatically trigger the transmitting antenna based on anedeiorihe irregularity of the pillar face was not
an ideal track for the whe#ligger, so 2.4meter long wooden planks were fixed onto the pillar rib with small anchor
bolts and zigies, so that the antennas and wktéglger would have a smooth, consist surface to passver. The
total length of the 500 MHz and 1 GHz surveys was considerably shorter than the 200 MHz and 250 MHz survey
lengths because of the reduced penetration depth; the surveys were extended only as far as to encompass both of the
closed karsvoid planes. Also, both the 500 MHz and 1 GHz surveys were divided into multipree2et long lines,
starting and ending completely on each wooden plank.

As planks were constantly being taken down and put up in the next surveying locaticem@errecord keeping
of plank location and orientation with respect to the pillar rib was required to later ascertain the precise shot locations
for the highfrequency surveys. To accomplish this goal, laser scans of the planks were conducted, sgiethed to
and finally referenced and automaticatbgistered in-Site Studio 6.0 via reference points to the tunnel point cloud
seen in Figurd 5. The merged tunnel and plank point clouds can be seen in Bi§ure

Figure 1.9 - Planks Merged with Tunnel

After researchers previewed the 500 MHz data, the 1 GHz survey was designed with two additional plank
locations following the final plank location of the 500 MHz survey; this was to try and better image an interesting
reflecion region seen near the end of the 500 MHz data. The survey traverse lines are seen ifi. Figaned .11.
Corresponding survey parameters for the higheguency antennas are seen in Tdlie



Table 1.27 500 MHz & 1 GHz Survey Parameters

Freq. (MHz) | Survey Length (m)| Traces| Points per Trace | Antenna Spacing (m) Stacks
500 19.2 398 3300 0.155 16
1000 24.0 2421 2200 0.075 16

Figure 1.107 500 MHz Traverse Lines

Figure 1.117 1 GHz Traverse Lines

Data processing was carried out using GFIRCE Ground Penetrating Imaging Software. Before any
processing or interpretation could occur, point locations for each GPR shot had to be recorded and iGBRR int
SLICE along with the raw reflection data. Shot locations were determined by dividing the traverse lines seen in Figures
1.7,1.10, andl.11 by the total number of traces, then exporting the nodes of the divided traverse lines as points in an
XYZ format. Pitch and yaw of the antennas were intentionally avoided as much as possible by aligning the antenna
faces perpendicular to the survey line, and therefore were not incorporated into the input location files. Raw

3. Results and Discussion

radargrams were produced, as seen infeigl.12 throughl.14.




Figure 1.12- 200 MHz Raw Radargram

Figure 1.137 250 MHz Raw Radargram

o adarling1.6t1 radariine?.dt1 uadarine3.di1 radarlined.dt1 radarlline5 dt 1 \radarilinef dt1 \radariine df vadarlineB g1

Figure 1.14- 500 MHz Raw Radargram
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Figure 1.1571 GHz Raw Radargrams

The radargrams in Figurdsl4 and1.15 are the merged individual radargrams for each of thefhégiuency
wooden plank survey lines. Theaxis on all radargrams is time/distance (time is converted to distance with wave
velocity in imestone). Speed of the radar wave in a medium is indirectly proportional to the square root of the
dielectric constanbf the medium via the equation:

Vema'l | «
mT T > VeE <

The dielectric constans the ratio of the permittivity of a material to the permittivity of free space; limestone has
a dielectric constant range of abot fParkhomenko, 1967Rather than conduct tirmnsuming permittivity tests
on representate core samples, a simple commpansmitter survey on the-gitu rock gives a plot of the direatave
arrival time versus distance. The design of a comtrexms mitter survey at the triangular pillar is seen in Figuté.

Cm¥° T

Figure 1.16- Common Transmitter Survey

The transmitter remained fixed at the indicated | ocat
l ined point towards the corner of antehnatrgvdlelt diractly.fronfthee f i r s
transmitter in a straight line, and the distance from the transmitter to every receiver position is known, therefore the
velocity of the wave in the pillar can be easily determined. No processing is required for tipietaton, so the
radargram displayed by the GPR control console is shown in Figufenith the direct wave indicated.
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Figure 1.17- Common Transmitter Survey Radargram

The velocity of the radar waves in the casady pillarwas determined to be roughly 0.10 m/ns, which implies a
dielectric constant of 9, higher than expected for limestone. Jdasyof the reflection radargrams is converted to
distance with the value of 0.10 m/ns.

As can be seen in Figurésl 2 throughl.15, the raw radargrams showed no discernible reflection horizons and
for the most part showed nothing; several processing steps were required to correct the time/depth of the data, filter
out unwanted frequency responses, apply gain to the signal whichaa&envith depth, and filter out other unwanted
effects that arise during the surveys. The processing flow applied to these surveys is:

Time-zero Correction
Background Filters
Bandpass Filters
Regain (as necessary)

oD

The raw radargrams show a gap from time@ ¢own towards the consistent horizontal reflection boundary; this
boundary is where the radar wave encounters the pillar surface. Within this time range, the radar wave is actually
traveling through air at the speed of light, therefore the plotted distainaccurate by a factor of 3 (actually travelling
at 0.30 m/ns, plotted as 0.10 m/nAjlditionally, there is a buiin time delay before the receiving antenna begins
recording reflections, which produces an exaggerated gap in the radafgrédmermore, the desired reflection data
lies within the pillar, so the radargrams should be corrected so that time = 0 occurs at the pillar surface reflection
boundary. The timero corrected radargrams look nearly identical to the raw radargrams,itinbflwdata shifted
upwards.

Next, a background filter is applied to each radargram to remove horizontal banding which commonly appears in
GPR data as noise from sources such as cellphones or communication néMisdan & EiBaz, 2007) The
effect of the background filter is largely unnoticeable until gain has been applied. Following the background filter, a
bandpass filter is applied to filter out the reflected signal responses with frequencies outside of the opedading ban
each antenna. The reported frequency for a GPR antenna is actually a central frequency in a bandwidth sent out by the
system; the frequency ranges for the four antenna systems used in this case study are sedn3n Table

11



Table 1.3 - Antenna Bandwidths

Central Frequency (MHz] Low-End Frequency (MHz)| High-End Frequency (MHz
200 100 300
250 125 375
500 250 750
1000 500 1500

Processing gain is applied to the radargrams during the bandpass filtering pfbeegain amplifies signals
which have otherwise lost energy due to attenuation into the rock mass, and spherical si@easdiagt gain can be
applied to the entire depth of the radargram, however it is more appropriate to apply more gain to thelsignals
have attenuated more (deeper signals). In-GRKE, a linear, exponential, or custom gain curve can be constructed
depending on the expected target depth and attenuation behavior of the radar waves. -Zke ticoerected,
background filtered, baipass filtered, and gain applied radargrams can be seen in Figl8ds21

Figure 1.19- 250 MHz Time-Zeroed, Background Filtered, Bandpass Filtered, and Gained
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Figure 1.21- 1 GHz Time-Zeroed, Backgrownd Filtered, Bandpass Filtered, and Gained

Once the radar data had been fully processed, reflection boundaries became clearly visible in each profile. Across
all four frequencies, a dipping reflector towards the end of the radargram was visible; t@intéspronsistency and
to compare these surveys, they were plotted in their true spatial positions in reference to the pillar geometry. These
plots are seen in Figuré22-1.25.
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Figure 1.22- 200 MHz in Pillar

Figure 1.23- 250 MHz in Pillar

Figure 1.24- 500 MHz in Pillar
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Figure 1.25- 1 GHz in Pillar

The previous figures depict how penetration depth reduces as frequency increases; while the 200 MHz and 250
MHz surveys received strong reflection data throughout the pillar (around 11 meters depth for good signal), the 500
MHz survey became oversaturatgith noise (bad signal) beyond 2.2 meters, and the 1 GHz survey encountered the
same issue around 1.7 meters depth into the pillar. Due to this limitation, neither the 500 MHz nor the 1 GHz surveys
were able to detect a consistent linear reflection reptatiee of the karstoid planes. Fortunately, both the 200 MHz
and 250 MHz surveys show strong reflection boundaries off of two linear features within the pillar. The relevance of
these boundaries becomes more obvious when the spatially plotted radiargtatted with the pillar laser scan in
the same view; this depiction is seen in Figlui26

15



Closed Karst Void Planes

Reflection Boundaries

Open Void in Tunnel

0 4dm

Figure 1.26 - Radargram Spatially In Reference to Pillar Point Cloud(Top View)

The planes suspected to connect to the open kaidtclearly propagate through the pillar in Figut26.
Additionally, the reflection boundaries widen at depth and multiple clustered hyperbolae are seen before the
boundaries terminate into the pillar wall. Somewhere in this clustering, the closesl fpkargition into open fractures
and eventually into the open void. Unfortunately, the iggolution survey quality needed to ascertain these transition
locations was not attainable due to the limited depth of penetration for the 500 MHz and 1 GHanAlddiflection
boundaries are visible in the 200 MHz and 250 MHz surveys, one which appears to be a planengaiheetstio
closed karstoid planes.

4. Conclusions

Karst voids may present ground control risks and hazards associated with water ancheseiiady The chaotic
spatial randomness of kanatid formation is a challenge for detecting, mapping, and predicting the size of voids. In
this work, ground penetrating radar has been shown to detect karst features within a limestone pillar atdbpth, an
processed data offers inferences into the locations where these karst features expand into a large open veid. The two
dimensional reflection survey has limitations in describing how the karst features are oriented at different heights
within the pillar, therefore multiple surveys are needed to properly describe thevikatsn 3D. Sophisticated
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analyses, such as gridded 3D surveys on the pillar face, may offer inference into the volume of void space within the
pillar.

Using the lower frequency anteais (200 MHz and 250 MHz) the karst voids were detected as far as about 11
meters from the pillar face. This depth of penetration
forecast at an active face of around® meters. While some rdation in the reflected radar waves is not imaged
with lower frequency surveys, the strong dielectric boundary between the limestone pillar and the void space was
clearly visible in the 200 MHz and 250 MHz data at deptilling into the pillar at the mesured reflection locations
could be a useful confirmation method.
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Chapter 2: A 3D GROUND PENETRATING RADAR SURVEYKHRST VOIDSN AN
UNDERGROUND LIMESTONE MINE PILLAR

Jonathan Baggett, Virginia Tech, Blacksburg, VA
Amin Albasi Baghbadorani Virginia Tech Blacksburg, VA
Nino Ripepi, Virginia Tech, Blacksburg, VA
John Hole, Virginia Tech, Blacksburg, VA

Abstract

This work summarizes a series of 3D ground penetrating radar (GPR) surveys faolcareapping within a
mine pillar in a largeopening underground limestone mine.this case study mine, karst featuegs hazardous
ground control risks that interact with geologic discontinuities, creating free blocks within the rock mass. As tunnels
are advaoed via blasting, unknown karst voidsy be exposed and pose risks to mining personnelvdidsalso
form a hydrogeological network of water reservoirs with spatial locations throughout the rock mass that are difficult
to predict with traditional methods such as drilling.

Karstvoid detetion at a fixed height in this pillar was carried out in a previous Bdggett J. G., et al., 2019)
as a proof of concept for future works to utilize similar GPR methodologies; this work expands on that concept and
further investigates theurface shape of the same karst woala dense grid of 3D GPR data. As has been established
in that previous workthe homogenous limestone at the case study mine is an ideal medium for GPR, with negligible
attenuation characteristics, little conductivity, and significant contrast in material properties between open karst voids
and solid limestone rock.

While GPR ha®een utilized throughout several industries for anomaly detection, mapping, and validating other
geophysical datasets, this technique has not seen the same proliferation within the mining industry. Regarding
published literature, there is a lack of wotkat detail the applicability of GPR in underground mining scenarios. The
aim of this work is to expand on previous methodologies establishing GPR as a useful tool in underground mining
applications, and to discuss the benefits and limitations ofdhegisty 3D data in such scenarios.
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1. Introduction

The underground stone mining industry in the United States provides crucial resources for the construction,
agricultural, and environmental industrig@iss, Hayes, & Orris, 2008)The sedimentary carbonate rock masses in
which underground stone mines are excavated are prone to geologic folding and faulting, resulting in discontinuous
structural conditions that may lead to roof falls during tunnglitgerhuizen G. S., Dolinar, Ellenberger, Prosser, &
lannacchione, 2012 hese discontinuities also may serve as hydrogeological conduits and consequently channels for
karstification, the dissolution of carbonate rqBlarise, @brovsek, Kaufmann, & Ravbar, Recent advances in karst
research: from theory to fieldwork and applications, 2018he interactions between karst voids and geologic
discontinuities create complex and hazardous conditions for underground excawatibrisaditional rock mass
characterization schemes may not adequately incorporate these conditions that are specific to carbonate rock masses;
in recent years, attention has been focused on amending these classification schemes (i.esy3&irR))@o bedr
represent the isitu conditions of complex carbonate environmdéAisdriani & Parise, 2017)Waltham & Fookes,

2003)

For a roormandpillar underground stone mine, karst voids may hinder eegatetunnel design, pillar layout,
and excavation sequences. The ultimate stability of a mine section depends primarily on the strength of its pillars;
empirical formulas for stone pillar strength based solely on the pillar width (w), height (h), anlucoaxpressive
strength (UCS) have been suggested, such as the foll¢Robgrts, Tolfree, & Mcintyre, 2007)
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To take into account the presence of angular discontinuities that intersect pillaBd{ Nif@ulated discontinuities
at several different dip angles that cut through a pillar usingdiwensional discrete element method numerical
analysis (UDEC) and analyzed the implications for pillar stallisterhuizen, Dolinar, & Ellenberger, 201)was
observed that in scenarios where a large discontinuity dipping less thamef8ected a mine pillar, the empirical
formula above overestimated the pillar strength. An amendment to the formula was suggested, incorporating a
discontinuity correlab n f act or call ed the Al arge discontinuity fact
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Furthermore, supplementary adjustments to these formulas have been recommended in scenarios involving
rectangular pillargWagner, 1992)Limitations to these formulas have been discussed for scenarios involving weak
bedding planes and moistuf&sterhuizen G. S., AN EVALUATION OF THE STRENGTH OF SLENDER
PILLARS, 2007) Additionally, in the case study nenfor these GPR surveys, individual pillar shapes and tunnel
layouts were observed to be irregular and often dependent on the presence of voids, and representative widths could
be difficult to ascertain. A truly representative estimation of pillar strenigtlsuch an environment requires a better
understanding of the structural discontinuities within the pillar, the geomechanical characteristics of the rock and the
discontinuities, the true geometry of the pillar, and karst voids that may be hidden é&wm vi
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In recent years, terrestrial LIDAR has been utilized for comprehensive geotechnical analyses in underground
mining scenarios, assisting engineers in rock mass characterization and allowing for comprehensive summaries of
discontinuity characteristicsysh as location, orientation, spacing, persistence, and varigBiétyeny & Donovan,
2005)(Mah, 2012)YMonsalve, Baggett, Bishop, & Ripepi, 201Furthermore, thisnformation may be summarized
as discrete fracture networks (DFNO&6s), which can reprod
purposes, including numerical simulations of underground mining scenédmsg, Darcel, Damjanac, Pierce, &

Billaux, 2015) Karst features alsbave been studied using LIDAR to accurately detail their surfaces as a means of
predicting their initial formation and overall developmé@tio, et al., 2018)

In scenarios where karst voids are visible on mine pillar surfaces, a sophisticated geometrical model incorporating
joint sets and kardeaturegeometry can be obtained via technologies like LIDAR and DFN generation software, but
i f the vob dwiitshidnhitdhdee nr oc k, the true geometry of the p
methods alone. Geophysical methods have seen great proliferation for anomaly detection within mediums, and GPR
specifically has been proven useful especialhkiarstvoid detection and mappin@allard, Cuenod, & Jenni, 1982)
While GPR may be limited in applicability due to the dielectric material properties in the medium through which the
electromagnetic waves propagate, limestangeneral is resistive and an ideal material to survey with BRRan
A. P., 2002) A resistive medium results in low attenuation and relatively little energy absorption into the medium,
resulting in greater depths of penetration and strong reflected signal amplitudes. Typical GPR systems for geologic
anomaly detection have central faecies ranging from 125 MHz1 GHz(GPR Systems & Surveying Equipment,
2019)

2. Methodology

2.1Survey Area

All GPR surveys were carried out in a laxggening underground stone mine which utilizes the raoch
pillar tunnel design method on multiple mine levels. The case study mine has been described in previous works
(Monsalve, BaggetBishop, & Ripepi, 2017{Baggett J. G., et al., 2019nd the surveys described in this work
were performed on the rib of one pillar at the mine. A karst void can be seen visibly intersecting through the pillar,
anda® GPRsurveywas ar ri ed out t o Idcatiorewittin the piler akadheighttof 1vmeter drdims
the tunnel floor. Figurél shows a pl an view of the pillar as well as
of the previous studgBaggett J. G., et al., 2019)he pillar is roughly 8.5 meters tall.
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Figure 2.1 - Plan View of Surveyed Pillar
2.2Survey Design

3D surveying requires a set of gridded lines with shot locations that can be accuratelg amappeferenced,
but the pillar rib had a highly irregular surface that could not be smoothly surveyed for either horizontal or vertical
directions. This limitation implied that a separate surface overlaid onto the rib was needed to have survey lines that
could be accurately mapped. The authors decided to useedeB square tarp marked with survey lines and shot
locations, to hang the tarp from the top corner grommets onto anchor bolts drilled into the rib, and to map the survey
lines and shot locatioria a 3D space by laser scanning each tarp position; a total of 8 tarp positions were surveyed.
The anchor bolts were later surveyed and used asef@@ncing objects. A picture of the tarp hung up on the rib is
seen in Figur@.2.

Figure 2.2 - GPR Surveying Tarp

23



Line spacing was 0.5 meters in both horizontal and vertical directions. A 250 MHz antenna was selected
based off of the previous study, as this frequency showed a penetration depth of greater than 20 meters and resolution
was favorale; for 250 MHz, the recommended step size between shots for the 250 MHz Noggin GPR system from
Sensors & Software used for these surveys was Q3aftware, 2019)While sevenvertical survey lines could be
accurately surveykon the tarp, onlgix horizontal lines could fit, as the grommets at the top edge of the tarp prevented
the authors fronpre-marking the necessary shasitions.

Furthermore, the entire length of each horizontal could be surveyed for all 31 shatrzositiile the vertical
lines could only be surveyed up to the first 28 shot positions due to the same issue. For a set of 6 horizontal and 7
vertical lines with 31 and 28 shots each respectively, 382 shots were required to full survey each tarp position.
Researchers used a manlift to access the tarp, as seen in E&yurbe position of all 8 tarps with respect to the
anticipated karstoid location can be seen in Figuze!.

Figure 2.371 Manlift

Figure 2.4 - All Tarps with Respect to Pillar
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To properly map shot locations, attempts were made with both siagtera photogrammetry and terrestrial
laser scanning to digitally record the tarp position when on the pillar. Both technologies are well established and
demonstrated methods for 3D sudanapping, and for this study photogrammetry point clouds were constructed in
Agisoft Photoscan, while laser scanned point clouds were imported-8ite Studio 6.1 from Maptek. Figug&5
shows a tarp surface reconstructed via photogrammetry, and Bigsteows the same tarp as seen from a laser scan.

Figure 25 - Tarp Surface via Photogrammetry

Figure 2.6 - Tarp Surface via Laser Scanning

The laser scanner did not collect color information for each point in the resultant point cloud, however the
photogrammetrically constructed point cloud for the tarp retained the color and light information seen in the camera
images; this gave the photogrammetric point cloud a considerable advantage, as shot location markers must be
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identified by hand. The photogmmetric point cloud unfortunately had many errors due to the number of photos taken
and the lighting underground; this resulted in an inaccurate representation of the tarp surface, makingtaa feskr
point cloud better for picking shot markers. \Whée tarp was illuminated with handheld LED lights underground,
the laser scanner was able to capture reflectivity along with point positions; in Riguteoth the horizontal and
vertical premarked survey lines are clearly seen in the fasanned piat cloud. The hangicked surveying points

are also seen in Figuge7 in the image on the right.

Figure 2.7 - Reflectivity in Laser Scan, Hand Picked Points

2.3Surveying

3D surveying was conducted on May 21, 2018 through May 25, 2018. Antenna parameters used include 2750
points per trace, a time window of 1100 nanoseconds, and 64 stacks for each trace. Shots were manually triggered at
10 centimeter spacings, and all taigsipions were surveyed by two researchers using alifhamhe Noggin 250
MHz system used for all surveying was shielded, implying that all the radar energy was directed, as intended, into the
pillar. Alaser scan was taken of each tarp position befertatip was surveyed. Tarp positions were named A through
H, corresponding to the beginning and ending position. Horizontal lines were named 1 through 6, from bottom to top,
and vertical lines were named 1 through 7, from left to right. For example, tldtirizontal line on tarp G and the
fifth vertical line on tarp B would be named GH3 and BV5, respectively. This effort was a collaboration between the
Mining Engineering and Geosciences departments at Virginia Tech. A picture of a survey in progessgisigure
28.
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Figure 2.8 - 3D Surveying in Progress

3. Results and Discussion

3.1Processing Flow

Raw data was organized by tarp position, and map files were generated from the npckedly laser
scanned shot locations. Pitch and yaw ofahtennas were considered negligible. GRRCE Ground Penetrating
Imaging Software was used for all data processing, radargram imaging, interpolation, and isosurface generation. Data
processing included (1) timeero correction, (2) background filterin@) bandpass filtering, (4) gain, and (5) Hilbert
transform. As the antenna surface is not directly couple to the mine pillar surface, there is some period of time during
which the radar wave travels through air, and this time is canceled out via theetimeorrectionThe timezero
corrections also corrects for the system time delay before the receiving antenna begins recording rdfldutians.
is a consistent source of noise in the data, such as external frequencies from communication sighelsffents
of this noise is seen throughout all traces in a survey line, this constant noise can be removed with a background filter.
I f there are isolated sources of noise in the data at
can be removed with a bandpass filter. As the radar waves travel through the rock mass, energy attenuates throughout
the medium and the received signals are much weaker than the incidentdigntaspherical spreadingp gain is
app!l i ed ®sgnd dnmplitudetfrom dedp reflections. The sinusoidal response signals received by the antenna
may have both positive and negative frequency components, so to consider only the amplitude of these components
and disregard the sign, the Hilbert transfasrapplied. A visual example of processing is seen in FigiGre
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Figure 2.9 - Processing Flow Visual

As each tarp grid was processed individually, it was important to determine the plotting direction and
orientation of radargrams. In a typical surfamenario, a GPR survey is conducted on a mostly flat surface and
antennas are assumed to be mostly perpendicular to the surface of the surveyed medium; for rough surveying surfaces
with non-negligible topography, corrections must be carried out to actyEte the location of reflections as seen
in the radargram. The consequences of neglecting surface topography have been well d{Susdedn,
Nishimura, Hongo, & Higashi, 200§pojack, 2012)(Zhang, Zhong, Li, & Zeng, 2014and there are correction
techniques built into popular processing programs like SRECE to automatically address these concerns.

For these surveys, a simple static correction was performdd,oas a | 6t opographicd roughn
enough scale not to cause pitch and yaw of antennas. For each tarp position, horizontal and vertical lines of best fit
were plotted through the middle of the tarp, and the direction normal to these linesavas teprojection direction
for radargrams; in general the projection angle across
was accounted for by carrying out tireero correction with a tradey-trace routine. By projecting allrias at a 52°
angle and plotting horizontal lines for each tarp at similar locations, horizontal cross sections of the pillar at different
heights are observed, as in Figar&0.
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Figure 2.10- Horizontal Cross Sections

3.2Isosurface Generation and Mappg

While the true size and location of reflectors is not precise for FRjlifeas all tarps are projected at the
same angle, noticeable changes can be seen developing th Sieand &' horizontal lines compared to th& 2,
and ¥ lines. To better generalize each tarp grid, 35 interpolations were made between horizontal and vertical lines
and then a 3D volume based on the processed data and interpolated data was compiled. A view of the 3D volume for
Tarp A with some horizontal anckrtical lines removed is seen in Fig@&l.

Figure 2.11- 3D Volume from Interpolated Grid Lines; Some Horizontal and Vertical Lines Removed for Visibility

To extract reflection events from these volumes, it was useful to consider some threshold amplitude value to
constitute a likely reflection. When this threshold was determined, it was then necessary to extract those reflection
events above the thresholdwaas either points or isosurfaces. GBRCE allows for automatic isosurface extraction
based on a threshold value that can be expressed as a percentage of the highest amplitude signal within a dataset. For

29



instance, a 0% threshold would generate isesed at all points within a data volume while an 80% threshold would
generate isosurfaces only at reflection events with amplitudes that are 80% or more of the highest amplitude recorded
in the volume. The rendering of these surfaces relies on the Mar&hbgs algorithm(Goodman, GPR
SLICE_Software_Manual40495.pdf, 201@#nderson, 2019)Using a cutoff threshold of 75% for the volume in
Figure2.11 produces the isosurfaces seen in yellow in Figur2.

Figure 2.12 - 3D Volume with Isosurfaces [75%)]

Using 75% as a firgbass threshold value for each tarp volume, the isosurfaces were exported as both mesh
files and point files of vertices. In Rtoceros 5.0, the point files of vertices were mapped with respect to the tarp
surfaces and isosurface locations were compared to the pillar geometry. At this point, some noise from bad traces was
filtered out manually, as bad traces tend to show repetiigha mp|l i t ude O6ringingd signals
the radargram. These repetitive signals would satisfy the 75% threshold and appear in the isosurface files along with
the useful surfaces. Once the noise was filtered, the surfaces from altarftigeids were plotted together to identify
commonalities and surface trends, as seen in FRjli8e

Figure 2.13 - Plotted Isosurface Vertex Points
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Any isosurface points beyond the opposite edge of the pillar were also filtered out and considered likely to
be processing noise and/or multiples. The pillar image seen in Figure 13 is@ainpriew of a lasescanned point
cloud of the pillar; a singlenage was used for mapping due to the computational demand involved with manipulating
millions of points. Encouragingly, when the filtered isosurface vertex points for each tarp grid were plotted with
respect to the tarp shot locations, reflections atearly at the pillar boundary as seen in the lasan image were
observed for each tarp grid. This implied that the projection angles used as simple static corrections for each tarp grid
were likely adequate. A tegpown view of the points in Figur213 is seen in Figurg.14.

Figure 2.14 - Isosurface Vertex Points, TopDown

The continuity among points between tarps observed in Figuidrk followed the expected trends based on
previous 2D surveys of the pillar. The isosurface areas characterized byllisteses of points likely indicated actual
void volumes within the pillar; looking back at Figu2d.0, there were dense clusters of high amplitude signals that
arose once the radar waves traveled beyond the pillar boundary and were traveling in aisahihesclustering
signatures were seen within the pillar at certain heights, and may have occurred as the radar waves refracted into a
void space and then reflected between the sides of the void, causing multiple reflections at short delays from one
anothe from the same reflector. Assuming that the dense ¢
of these clusters represented the surfaces of the probable voids. Meshing through the front and back of these clusters
produced representativarfaces. These surfaces were generated from isosurface points by highlighting a thin layer
of the 6frontd and O6back6é of -SitdhStudic 6.1 shiclehasa campldx sefaggor t i n
generation from points functigMaptek, 2019)In this function, first a simple surface is generated as a reference, and
from this reference a complex surface is generated which more closely fits all of the input points. A visual example
of the two surfaces is seen in Fig@r&5.
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Complex Meshes

Input Point Cloud

Simple Meshes

Figure 2.15- Complex & Simple Surfaces from FSite Studio 6.1

While the complex meshes more accurately represent the input point cloud, the simple meshes better
represent the likely reflector surface in reality, smoother and more of an approximation compared tethegsgg
of the complex meshes. Once all of the surfaces had been generated for each of the identified clusters in the isosurface
data, the surfaces were plotted, as seen in FRjuée

Figure 2.16 - Representative Meshes at Assumed Void Boundaries
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The location of the voids based off of the representative surfaces in Bigjaragreed well with the
predicted karsvoid positioning in Figure.1l. Adjusting the threshold value for isosurface generation was not tested,
as the produced isosurfaces andss equent representative void surfaces ex
agreed with the original predicted kavsid shape/position. The isosurface reflections at the pillar boundaries were
not characterized with representative surfaces.

4. Conclusions & Future Work

In this work, representative kargbid surfaces at depths up to 20 meters were constructed from 3D GPR
data. An artificial surveying surface (smooth tarp) was required to properly survey alemaued survey lines.
LIDAR scans ofshot locations were necessary to accurately record map files. The pillar boundaries were useful
reference markers for mapping identified in the processed GPR radargrams, and such references would not be present
in typical GPR surveysAdditional data may & used to confirm reflection positions, such as targeted drilling or
borehole scoping.

The constructed karsbid surfaces are useful indicators for mine engineers regarding the ultimate stability
of the mine pillar. These surfaces may be imported imionaerical model during the geometrical design of the model,
and their interaction with a discrete fracture network will comprehensively represent aesital geological
conditions. Additionally, karst featurd¢isat are seen in common positions but défé depths associated with mine
tunnels in a multlevel layout can be extensively mapped and studied with this technique. These efforts would result
in advantageous considerations for hydrogeological studies to identify sources of water intrusionerttomngls.

The |l ogical 6next step6 in verification of this met
active face. For this style of geophysical surveying to be adopted practically by industry, its merits must be established
and the tine frame for data collection must fit into a cyclic production schedule without causing unnecessary delay.
This case study achieved reliable results from these proposed surveying techniques, establishing the benefit of GPR
as an aid to geotechnical studi4th the right equipment, software, and expertise, these methodologies can be simply
and quickly employed in an underground reandpillar mining scheme.
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Chapter 3: A GROUND PENETRATING RADAR SURVEY OF A SILL PILLAR IN ATMUL
LEVEL STEEPLY DIPPING UNDERGROUND STONE MINE

Jonathan Baggett, Virginia Tech, Blacksburg, VA
Alexandra Menza, Virginia Tech, Blacksburg, VA
Dr. Nino Ripepi, Virginia Tech, Blacksburg, VA

Abstract

This work summarizes a campaign of groynahetrating radar surveys in a steeply dipping underground limestone mine
to detect and map unknown geologic structures within sill pillars between mine levels. By identifying the structurahsonditio
and any irregular voids in the sill pillar, roof insiity in the tunnel below the sill pillar may be better addressed, and issues
such as dilution and blast inefficiency may be mitigated when the sill pillar is eventually blasted to recover the ore. These
efforts are motivated by the need to ensure minetwweer 6s heal t h and safety in these en
funded project for this purpose.

While borehole scoping and pattern drilling are traditional tools currently used to identify geologic, structural, aiad irregu
conditions in tunel roofs, these techniques offer inference limited to the holes in which they are applied, and interpolation
between hole data is unavoidable. Additionally, previous studies on roof falls in underground stone mines are predominantly
focused on relativelflat deposits. Ground penetrating radar (GPR) is a nondestructive geophysical method that is used to
detect electrical interfaces in resistive mediums at depth. Due to the advantageous geometry for surveying -atudg case
mine and the applicability o6GPR in resistive rocks, this geophysical method was seléBs®@rhuizen G. S., Dolinar,
Ellenberger, Prosser, & lannacchione, 2007)

1. Introduction

In all underground mining operations, much focus is emphasized on monitodlugigeconditions as mine tunnels are
advanced. This monitoring is essential for excavation design, hazard detection, blast optimization, and maximizing economical
ore recovery. Monitoring the geological, structural, hydrogeological, and irregular cosdifiothe roof is especially critical
for preventing rock falls and designing roof bolting schemes. One hazardous condition that may also be encountered in
limestone mining operations is the presence of karst voids; not only do these voids providaeeffee fock blocks, they
often are formed along a hydrogeological network where preexisting discontinuities and othénteoads. Unfortunately,
karst voidsare spatially chaotic and difficult to predict ahead of tunneling without detailed hydrogablagd geologic studies
of a rock mass. Due to the potential situation of karst voids and structural discontinuities interacting above the funnel roo
ground control schemes in underground stone mines may need to be updated regularly based on ehangjicanditions
(Vrkljan, 2009;Parise,Gabrovsek, Kaufmann, & Ravbar, 2028llaescusa, 1998)

Additionally, in multilevel mines that initially leave sill pillars in place and later k&cathe ore via benching, karst
featuresand discontinuities belowhe floors of tunnels may prove problematic when blast holes are drilled and fired. As a
consequence of these hazards, blasts may be inefficient, previously stable sill pillars may be prone to instabilitych#nttpe be
stages are carried out, and sigraht dilution of recoverable ore may occur. Mining engineers traditionally make adjustments
to blasting patterns based off of information collected by the drillers as production holes are drilled, however thesusefulne
and clarity of that information caot always be guaranteed.

38



There are several geophysical methods that may be employed for mapping voids and irregularities in the subsurface, and
these methods are well established for several industries. Methods include resistivity anomaly analyseseBaistion,
magnetic resistance sensors, and others. GPR transmits radio waves at a set frequency into a medium, and these waves trav
until they reflect at conductivity interfaces within the medium, such as andkirinterface, a wateock interface or a clay
rock interface. The twavay travel time of the radar waves is measured and converted to depth using the velocity of the radar
waves within the medium. As limestone is predominantly resistive, thestag mine is free of clay seams, and theassary
depthof-penetration was within 10 meters, GPR was the ideal geophysical method for this cg@paidtiu, Chen, & Meng,
2012)(Riddle, Hickey, & Schmitt, 2007)

2. Methodology
2.1 Case Stugt Mine

The casestudy mineresides in a synclinal Ordovician limestone which has been subjected to regional thrusting and hosts
an interconnected system of karstd reservoirs. The orebody dips at approximately 30° towards southeast as visible from the
outcrop and portal but flattens to approximately 18° in the deeper levels of the mine where GPR surveying was conducted,
about halfway between the mine entrance and the bottom of the mine. The mine is multilevel, with levels connected by a spiral
ramp whichalso acts as the primary escapay. Each level has agast and west section branching off of speal ramp; at
present, each branch contains a footwall and hanging wall tunnel separated by 24 meter square pillars, and tunnels are
approximately 8.5 meters tall and 14 meters wide. Figurehows a sketched cross section of the orebody with the mine plan
superimposed, as well as a plan view of an east branch on one mingheeet, 1986)

Foot Wall

Figure 3.1 - Mine Plan Sketch and Plan View

Figure3.1 shows that sequential tunnels will besjtioned so that the footwall tunnel of a deeper level is directly beneath
the hanging wall tunnel of the next shallowest tunnel; the volume of rock between these tunnels forms a sill pillar &glgroxima
8.5 to 11 meters thick. According to the miningml once the overlapping mine tunnels have reached their furthest extents,
the sill pillar is stoped via several blasts to recover the ore. Along with the predominant joint sets naturally oc¢berisig in
pillar, there may be inconspicuous voids betwéhe mine tunnels that could potentially effect blast design, blast efficiency,
and the stability of pillar walls in the fully stoped entry.

In a previous workMonsalve, Baggett, Bishop, & Ripepi, 201Karstvoid formationalong a predominant joint set within
the orebody was described. The voids are typically vertically planar, aligned almost North to South (255°), and are thus
encountered roughly perpendicular to the mine tunnels. The size of voids ranges from minisasigive such that one void
may be continuous through several mine levels. Figdi®and3.3 show a point cloud obtained via LiDAR of an upper and a
lower mine level; points highlighted in red represent visually identified karst voids. The voids seen in these figuativelre re
narrow and pose minimal risk for roof fall, whereas expansiddange voids found within the mine require extensive ground
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control support; some tunnels have bed#andoned due to massive karst featatmsve the tunnel that simply cannot be
controlled via feasible measures.

Key
Karst void [l

Figure 3.3 - Isometric View of Karst Voids through Two Mine Levels

While mapping the continuation of a kavstid seen on an upper level into a lower level may offer inference into the size
and positbn of the karswoid within the sill pillar, this prediction can only be confirmed with supporting data, such as GPR
reflections.

2.2 Terravision Surveying Underground

A series of sill pillar GPR surveys in the tunnels seen in Fig®aevere conducted using a cadsed system called the
Terravision, originally produced by Underground Imaging Technologies. The Terravision containsraefiebide antenna
bank with 14pairs of 400 MHz central frequency bistatic GPR antennas. The antenna bank is housed in an aluminum frame
for towing and there is a control unit also connected to the frame through which survey parameters are adjusted manually and
data acquisition is perfmed. Two flatfree wheels were needed on each side of the unit to adequately traverse the rough mine
tunnel roadways. The Temigion is pictured in Figur8.4.

Primarily designed for utility mapping in neamnrface applications, the Terravisiand its ompanion softwareollect 2D
data for each of the 14 antenna pairs and then interpolate between them to create a 3D volume of GPR reflection data. The
system can collect data while being towed at a maximum speHilofioetersper hour; with a width of 55 meters and an
approximate deptiof-penetration of 4.5 meters, the Terravision is capable of collecting roughly 950 cubic meters of GPR data
per minute.
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GPR surveying was planned in mine tunnels that had significant sill pillar surface area (as atfjustenerade to the
mine plan, this mayhange) as well as visible karst voithst have a mapped continuatitetween mine levels. Deptf-
penetration of radar waves depends on input power, wavelength (frequency), level of attenuation within the mediym (e
loss), and proper surveying techniques; based off of previous works;afgpéhetration for this rock mass was expected to
be great enough to possibly imagdections off of the rochair interface (roof) of the tunnel below the survey. Three mine
levels that at present are being actively developed were identified as candidates for surveying based off of the pegetbusly s
criteria, and a plan view of these tunnels is seen in FigiGréBaggett J. , et al., 2019)

Figure 34 - The Terravision
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Figure 35 - Plan View of GPR Candidate Tunnels

Corresponding to labels in Figugbh, surveys in theipperand middle elevation levels were conducted primarily in the
highlighted areas of overlap. Survey swaths are as wide as the antenna bank (1.55 meters) and 30 meters long. Additional
surveys in karsteaturezones beyond the sill pillar overlap areas wenggrmed. A survey map is included in Fig®:é; areas
of the tunnel with standing water present in the floor had to be avoided, as radar energy is completely attenuatechfly water a
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the sill pillar beneath could not be surveyed. Line 9 in the higheatevtunnel was cut short at 15 meters due to mechanical
problems with towing, however the data represented is accurately mapped.
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Figure 3.6 - Map of Surveys

As the cart is towed, an odometer triggers the transmittingt enna and a 6éshotdé is fired.
diesel powered UTV was ideal for towing and surveys were performed by one to three people. Based off of previous works
(Baggett J. , et al., 201@)nd published valuggdacob & Urban, 2016}he estimated radar velocity through the limestone is
approximately 0.11 meters per nanosecond, about a third of the speed of light (0.3 m/ns). The travel time of radar waves from
the transmitting antenna to the reflector in the sill pillar and back to the receiving antenna is converted to depth using the

estimated velocity. In total, nine survey swaths were performed between the higher and middle elevation levels, selien of whic
wereon the middle elevation level.

2.3Data Processing

Data processing begins by constructing a map file for each survey swath details the start and end Xéordinates

of the Terravision. The O6topogr aphy 6forand cotrdtted; whilerthe aupneld s u
roadwayso6 roughness had an i mpact o n andBlevatidgnelanga was sonsierddls whk

negligible. The raw data is then loaded in RADAN, a wealbwn GPR processing program from GSBIL.RADAN, the
processing flow is constructed and applied to correct for unavoidable surveying consequences such as travel time of the radar
wave in air and energy attenuation at depth, among other things. The flow for this surveying campaign is:

1. Time-zerocorrection
2. Bandpass filters
3. Signal Gain
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While the Terravision antenna bank is mostly coupled to the ground surface during surveying, air gaps are encountered as
the two surfaces are not perfectly parallel. For this reason, the radar waves travelris@indcshort time and some energy
reflects off of the ground surface while some energy is transferred into the floor; this short time contains no usafial idata,
therefore subtracted out via the thzero correctionThe timezero corrections also ceets for the system time delay before
the receiving antenna begins recording reflectidssthe sill pillar is not purely homogenous isotropic limestone, some
inhomogeneities in the rock scatter radar waves and produce signals outside of the frequertcgnbamiied by the
Terravision. These signals are filtered out with the bandpass filtering operation. Finally, to amplify the deeper réfi¢iotions
rock mass that have traveled farther and thus lost more ederigy attenuation and due to sphergateadinga gain curve
is applied to the bandpass filtered désreflectors were expected to be predominantly planar and continuous, antenna spacing
was negligible, and reflector depth was relatively shalloigration was not used for this datasetvi@w of the raw data and
fully processed data in RADAN is seen in Fig3ré; reflections have been highlighté@zdemir, Demirci, Yigit, & Yilmaz,

2014)

==

Processed Data

Figure 3.7 - Raw Data and Processed Data, RADAN

Once processed completely in RADAN, refl ect customizddddra i s
interpretation This softwaredisplays the processed radargrams in a 3D space as well as the interpolations between each
radargram.The softwareis primarily used for mapping, analyzing, and detecting reflection surfaces from various viewing
angles. Corresponding to the map of surveys in Figifrea map of the data is seen in FigBi&
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Figure 381 Fully Processed Data irCustom Interpretation Software; Plan View

Cross sections of these radar swaths show the true nature of reflections at dejpth castbm softwarallows for cross
sections at any parallel, perpendicular, or oblique angle to the survey direction to be queried as the entire datesletéslinte
Additionally, horizontal cross sections through the data volumes may be viewed at any depth dowattorthef the dataset.
Parallel and perpendicular cross sections can be seen in Bigure

Figure 3.9 - Parallel and Perpendicular Cross Sections

In the custom interpretation softwaepoint picking tool allows the user to place representative nodes along visible
reflection surfaces; these nodes retain XYZ coordinates that correspond to the cross section position and the depth of the
reflector as seen in the cross section. To chaniaetreflection surfaces in this work, first a cross section perpendicular to the

44



surveying direction at the east extent of a radar swath was queried and points along any visible reflectors were picked. A
second perpendicular cross section 5 scans towzedsest was then queried, and the picking process was repeated
iteratively, moving forward 5 scans at a time. Next, a cross section parallel to the survey direction was queriedat the sout
east extent of the radar swath and nodes were drawn alongaefledaces. The parallel cross sections were moved forward
3 scans at a time iteratively, as to best characterize the narrovn&tgb width of the swath. Once the entire volume had

been analyzed parallel and perpendicular and several thousand noesmailven XYZ coordinates, the nodes were then
exported as a comngeparatedialue file to be imported into mapping software.

As the mapped nodes represegitecting geologic anomalies in a 3D spatey are better represented by surfaces. The
nodes \th apparent relations to one another, such as several nodes forming a dipping plane or hyperbola were then meshed
together to create representative reflection surfaces. Meshes are useful for interpolating between points, but are limited in
applicability die to the chaativariation of karst feature§Vhile a set of interpolated surfaces may not be the most accurate
way to represent a karst void, this method is the most logical way to represent features seen in this dataset and processed
using the softwareols employed in this campaign. The picked nodes from one swath and the meshes generated through
those points may be seen in FigG8t&0.

Figure 3.10- Picked Nodes and Representative Meshes

For mapping, LIDAR scans of eadl the three overlapping tunnels were performed to create a 3D point cloud of the
survey space, as seen in Figug® and3.3. |-Site Studio 6.1 from Maptek was used to display these point clouds. The
representative reflection meshes fréme custom intgretation softwaravere imported into-Bite to view reflections with
respect to the tunnel geometries. A view of the reflection surfaces analyzed from the first two radar swaths mappegtwith resp
to the tunnel point clouds is shown in Fig8tgl. Dueto the water in the tunnel floor, the swaths in this section end just before
passing over / under the karst void. FiguBd®,3.13, and3.14 show the other reflection sections.
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Figure 3.12 - Section 2, Reflection Surfaces
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Figure 3.13 - Section 3, Reflection Surfaces
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Figure 3.14 - Section 4, Reflection Surfaces
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In Figures3.11 and3.12, or Section 1 and Section 2, a continuous reflector dipping in the same direction as the dip of the
orebody is pictured. Neither Section 1 nor Section 2 include reflections from karst voids, however the same continugus dippin
reflector is seen in botbections. In Figure3.13 and3.14, or Section 3 and Section 4, both a continuous dipping reflector and
karstvoid reflections are seen, however it should be noted that Section 3 is a view of the middle elevation tunnel while Section
4 is a view of theéhighest elevation tunnel.

3. Results and Discussion

3.1 Continuous Dipping Reflector Analysis

Within I-Site Studio 6.1, the strike and dip of points or planes may be analyzed. This function proves useful when analyzing
the continuous dipping reflector. Areabthe visible reflector in each section were queried to best characterize the strike and
dip of the mesh as generated from data processing. View of queried reflector areas are seen3iFifjureach section.

Sixteen areas were queried on the cardirs dipping reflector seen in all four sections.

20° 24' 50.808" 15° 52 44.566"

‘ s5° oo-oz_ﬁv"’ 55° 51'05.193‘%,5@ 54' 13.771"
18° 57' 22.175"

Figure 3.15- Analyzing Strike and Dip of GPR Reflector

The process of querying dipping areas was repeated on the laser scanned point clouds of the mine tunnels where the
bedding plane was visible. Thepdif the GPR data reflecting surface was in the range of 15° to 22°, approximately the known
dip of the bedding plane at this depth of the mine. Views of the queried bedding plane areas in all three tunnel§igu®en in
3.16. In total, 33 areas on theedding planes were queried for strike and dip. A stereonet summarizing the GPR reflection
surface and one to summarize the visible bedding plane are seen in Bigjdrand3.18 respectively. Tabl8.1 summarizes
the values of strike and dip for each.
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owest Elevation Level

Figure 3.16 - Bedding Plane Strike and Dip

GPR REFLECTOR

Figure 3.171 Stereonet of Continuous, Dipping Reflection Surface

49



BEDDING PLANE

Figure 3.18 - Stereonet of Visible Bedding Plane

Table 3.1 - Strike and Dip of Reflection Surface and Bedding Plane

Bedding Plane | GPR Reflector | % Difference
Dip (°) 19.7 19.8 0.6%
Strike (°) 54.1 55.8 3.0%
# of Queries 33 16

From the similarity in strike and dip of the continuous dipping reflector and the visible bedding plane, it is concluded that
reflections were in fact coming from spaced discontinuity surfaces in the sill pillar that are part of the bedding plane
characteristic family. Furthermore, inspecting this dipping reflector in Section 4 indicates that this reflection waaratthe
depthas the roof of the middle elevation tunnehich was not the case for all the other Sectignsloser look is seen in

Figure3.19.
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Figure 3.19- Section 4 Closer Look
3.2Karst FeatureReflection Analysis

Interpretation of karsteaturereflections is not straightforward, as the karsid surface is not perpendicularly
planar to the travel direction of the radar energy. On the contrary, the radar waves travel nearly parallel to the
gener al i z e dostkapt vaichirethis nonke. With this limitation in mind, the kafeaturereflections seen in
Figures3.13 and3.14 (Section 3 and 4, respectively) require discussion. In Section 3, irregular reflections are detected
at positions coinciding with the giilighted voids seen in the tunnel roof. The irregular signals extend down to the
extents of the useful GPR data in these swaths, and there seems to be interaction with the bedding plane reflector. Of
the two karstvoid positions, the left karstoid in Figure 3.13 shows more irregularity, with several strong signals
appearing in small clusters at depth around the kaidtposition. There is no clear indication of size or shape of the
karstfeaturefrom these clusters, however their presence may indicadeapertures throughout the sill pillar ranging
as deep as the useful GPR data.

In Sedion 4, in which two open karst voidse visible in the roof, reflections from the right void were clearly
visible and pronounced, while there were no reflections saeater beneath the left void. In fact, the continuous
dipping reflector below the left void was clearly imaged much deeper in the sill pillar, below where hypothetical karst
featurereflections would be expected. The kdesturereflections that were ingeed beneath the right void show a
clear vertical profile beginning at the bottom of the GPR data and extending more than halfway through the sill pillar.
Because the surfaceds shape is stildl i rr egegardmgthe( and t h
shape and size of the kafsttureare limited, however its aperture and depth can be assumed from the surfaces
pictured in Figure8.14 and3.19.

If the generalized plane of these karst voids was perpendicular to the travel directiomanfatheaves, there
would be significantly greater surface area for waves to reflect off of, and that desirable geometry has been achieved
in similar surveying campaigns in a previous work. Figgig0 shows an example of the consequences of survey
geomety (Baggett J. , et al., 2019)
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Figure 3.20 - Survey Geometry Consequence

4. Conclusions

In this GPR surveying campaign, discontinuities and karst voids hidden in the sill pillar between levels in a
dipping limestone roorandpillar mine were successfully imaged and mapped. The high resolution of data and large
area surveyed would not have bestainable with traditional methods of geologic prediction. Reflection data for the
karst voids offers limited implications due to the undesirdalest geometry, however assumptions regarding the
aperture and extent of the kafsttureat depth can benade. The Terravision GPR cart, operating at a central
frequency of 400 MHz, was able to image radar wave reflections off of the ddledébedding plane discontinuities
that have apertures no larger than 2 millimetassconfirmed by local investigahs

The results of this study may inform future endeavors for similar surveys, and the reflection data in this work
serves as design inputs for sill pillar benching for mine personnel. Furthermore, the mappdidoasitnuity
interactions may be used aputs for numerical models to evaluate the stability of the lower tunnel roof and the sill
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