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ABSTRACT

Many blasting applications in the mining industrgntand that the hard rock
being blasted remains structurally competent. é&@mple, pre-splitting is a common
technique to reduce fracturing, and operators mkdision stone quarries use this blasting
method to eliminate overbreak. When pre-split glesparameters are not applied
correctly, there will be a redistribution of stresswithin the rock, resulting in Blast
Induced Rock Damage (BID). Advances in geophysieahnology are enabling blast

technicians to monitor BID and then use the resaltorrectly design their blasts.

The Multichannel Analysis of Surface Waves (MASWJoghysical method is
new technology that is applied in many industresiétermine the structural integrity of
the subsurface. However, it has never been appbechonitor and quantify BID.
Nonetheless, the author of this research intendedetermine whether the MASW
geophysical method can be applied on a large staerface mining by quantifying the
amount of BID that is produced from pre-splittingdacomparing this BID to rock mass
competency, and high-wall stability. The authat sib by performing a series of pre-split
shots at a sandstone dimension stone quarry. riefeast blast MASW surveys were
gathered and compared to determine the extentutaanted damage was occurring

from the pre-split at specific depth intervals frtme split line.

The MASW method will produce high resolution datiaen it is used in optimal
conditions. However, geological anomalies thattgpecal at mine sites prevent accurate
MASW data to be processed with high resolutioner&fore, MASW is not applicable to
monitor BID produced from pre-splitting with preicis. However, MASW is capable of
collecting detailed information at mine sites wiieis performed on a large scale and this
research shows that it will identify zones where #tone has been disturbed from the
blast at depths several meters from the split Wech compromises the structural
integrity of the remaining rock mass and negativefijuences the outcome of later shots
performed in that area. This research generatmhmmendations for work that could be
done to further utilize the MASW method as it wakended for.
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1. INTRODUCTION

When applicable, the use of explosives allows th@ng industry to swiftly, and
effectively complete a job. When blasting techesjare properly used, the job becomes
more safe and economic than any other excavatidhaae In turn, engineers are able to

make a large net value of the product that is bthst

Occasionally in conventional blasting, the expleshas been misused in such a
way as to destroy the quality of the remaining rodle explosive energy penetrates far
into the rock, and the resulting systems of craeksilt in overbreak [Kihlstrom, 1978].
Though the competence of the stone depends onettleqy of the region -- free from
joints and intrusions -- the blaster does have soowdrol over fractures induced by
explosives. Many applications demand that the hackl being blasted remain competent
and keep its structural integrity. For example-gplitting and smooth-wall blasting are
common techniques to reduce fracturing, and operatbdimension stone quarries use
these blasting methods to eliminate overbreak. sfbee that is separated from the rock
mass in a dimension stone quarry is defined asfa Im order to gain saleable product,
the blast must not compromise the strength of thek.r The loaves that are being
extracted and the rock mass left behind (to betddiaat a later time) must have minimal
damage. Careful control of the loaf shot is vitalershooting can fracture the entire loaf

and ruin several thousand tons of product [Low2880].

To prevent unwanted damage in blasted stone, esleoy must be designed
correctly. To understand how the blasted rockfiscted by the explosives, engineers
and blast technicians have performed researchestudi obtain tomographic images of
the blasted material at specific depth intervatamnfrthe borehole location where the
explosives were placed. Tomography is imagingdxyisning, by using waves of energy
[Tomography, 2010]. Tomographic images are comsnabtained by performing
seismic wave field studies using geotechnical egeit. The tomographic images are
then processed and analyzed to obtain informatimutathe structural integrity of the

subsurface at specified depth intervals into theens.
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The author of this research project used the Mudtimel Analysis of Surface
Waves (MASW) geophysical method to obtain tomogm@pmages of the subsurface
before and after a pre-split shot in a sandstomenision stone quarry. This geophysical
method is commonly applied in the mining explomatiadustry, but it has never been
used to monitor and quantify unwanted damage istéthstone. The MASW data were
examined and compared to interpret the extent telwthe explosives had damaged the
stone from the split line at specific depth intésvaThe main objective of this research
experiment was to determine whether or not the MABMthod could be applied to
monitor the damage that explosives used in pretisigliinduce on the remaining stone
once the loaves have been extracted from the skat a’he tomographic data generated
from the MASW software would also quantify the dgmat specific depth intervals into

the rock mass from the borehole locations whereexpdosives were placed.

The MASW geophysical method is a relatively nevhtextogy, and applying it to
monitor and quantify Blast Induced Rock Damage (BHom pre-splitting in a
dimension stone quarry is “ground-breaking” worka addition, the set-up parameters
that are presented in this project have not beemated before this work. As such, no
published baseline data were available, so alhefibhformation had to be obtained by
performing tests. Fortunately, the author was &blkgo these tests on a large scale in an
operating sandstone dimension stone quarry. Tioenmation was gathered in a real
situation and saleable production stone was aadjaifter each blast. This made the field
work more interesting and applicable to the surfagging industry. However, because
geology is a major factor in blasting, the authad io make some adjustments in the
blast design and set-up parameters to both accoatmahd take advantage of the
geological variability present in the sandstonerguaThe author approached this work
with no preconceptions of outcomes, consideringuhigue nature of the experimental
location’s geology as well as sources of variatao error that were present in the
MASW process. From this study, the author developenclusions regarding the work
performed and generated recommendations for watkdbuld be done to further utilize
the MASW method as it was intended for.
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2. REVIEW OF THE LITERATURE

To better understand the direction of this thesgegt, the author conducted a
literature search for material related to pre-dghist design including shock wave theory
and velocity of detonation. The conventional hiastechniques that have been used in
pre-splitting applications and in the mining indysor many years were also reviewed.
Several recent experiments performed by Explosiugirteers to improve dimension
stone mining were also researched. This searche ntadvident to the author that
Explosive Engineers have dramatically improved tbtiessigns within the past several
decades, and that blasting has evolved from antart scientific discipline. In addition,
advancements in geophysical technology were inyatstd that enable Explosives
Engineers to mitigate Blast Induced Rock Damagdd)Bhat occurs during the shot
using seismic wave travel time. The MASW method wtudied to learn how it works,
its common applications, its field requirements aadipment, and its limitations. The

following review of relevant literature explainetbcience behind the work:

2.1. DIMENSION STONE BLASTING DESIGN

A typical quarry shot design has multiple rows ofds. Explosives are packed
into the holes and detonated in order to fracthee rock throughout and displace the
fragmented stone in a muck pile, away from itsiaagresting place. The detonation of
explosives produces shock pressures that radiateacdi and break the rock mass to a
more desirable size. In the case of dimensionesttire goal is not to fracture the rock
throughout, nor to throw it away from the deposiia muck pile. Dimension stone
qguarries aim to split the rock into manageabledsialcks without compromising the
integrity of the stone itself. Dimension stone @amies typically work with hard rock,
such as marble or granite, and are dedicated tdupnog aesthetically appealing stone
that is to be used in architecture and sculptuimension stone is not limited to granite
and marble, however. For example, sandstone caedigant to weathering, yet it is
easy to work with. These qualities makes sandstorm®mmon building material; to

acquire large blocks of sandstone by means of diimenstone blasting is not
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uncommon. Blast technicians use pre-splittinghiese quarries to create a smooth cut
where machines will be able to later enter the amel extract the loaf from the deposit.

Because the blast expands in every direction, dasinicians must apply special
techniques to ensure the stone is split only ie Vinth the design while the rock’s interior
structural integrity is preserved. Certain “rules thumb” (Table 2.1) apply when
engineers design a pre-split or smooth wall bld$tough they cannot be applied in every

situation, these “rules” offer a good starting pland are quite reliable.

Table 2.1: Pre-split “rules of thumb” [Worsey, B)0

Maximum Depth 250 x hole diameter
Spacing 10 x hole diameter
Minimum Burden 30 x hole diameter
Specialist Pre-split Charge Diameter 1/4 x holenditer
Stemming 25 x hole diameter
(Changes when boreholes are drilled at a shallgshdle

Every design aspect is significant when creatingeasplit shot: hole diameter,
burden, spacing, timing, charge weight, and confiexet. Precision drilling and blasting
requires the blast holes to be closely spaced elatively small in diameter (3.18 cm (1
¥4")). Larger diameters allow wider spacing andp#genoles, but the resultant split will

not be as smooth and BID will radiate further itite stone [Worsey, 2006].

A standard explosive used in this type of blasttndetonating cord with nominal
charge weights of 1.5, 3.6, and 8 grams/meter @B5,and 40 grains/foot). This is a

significantly smaller amount of explosive than omeuld see in a typical quarry shot.
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Detonating cord fires at a high velocity of detaoatwhich causes high pressures within

the borehole during initiation. This pressure esuthe pre-split to propagate between
holes, and separate the loaf from the deposit. eMar, because detonating cord has a
small charge weight and diameter, it produceselithmage to the surrounding stone

when it is used correctly.

The charge weight of explosives used should beegtatepending on the geology
of the blast area. Some stone is more brittle,(grgnite) than others and will split away
from the rock mass very easily. However, someestsivery porous and the shock wave
and gas pressures created by the explosive arebablsloy the stone. In porous stone, the

desired split may not be achieved as easily.

Another blasting problem influenced by geology isew there are fractures or
joint sets in the shot area. The gas pressurekiped from the explosives will escape to
these void areas, the pressure in the blast hdlecieased considerably, and the split will

not be achieved.

The two geologically-influenced problems describgloove are common in
sandstone dimension stone quarries. This sedimyerdak is deposited in layers and
often has mud seams present throughout. In additids porous and very absorbent.
Joint sets, seams and fractures are charactemsi$andstone as well. Due to these
conditions, the blaster must pay close attentiothéocharge weight, loaf orientation, and

the hole diameter in order to achieve a good split.

These problems can be solved by following the €subf thumb” mentioned
above regarding charge weight diameter and/or asing the confinement in the blast
hole. This in turn will cause the pressure inhlest hole to be increased during the shot.
Crushed stone, sand, and water are common stenmmatgyials that are used in these
instances to increase the confinement. Stemmirajsis very important to reduce air

blasts and surface cratering [Worsey, 2006].

Stone deposits have compressive stresses puBbimgevery direction. The
correct spacing is needed for the split to propagat break the loaf free. Otherwise, the

explosives will not have the strength to split teek. In turn, all the energy will be
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wasted by blowing the stemming into the air rathen splitting the rock. To utilize the
energy created from the explosive, it is neces&aryhe row of holes to have relief in
order for the pre-split to be successful and gpktloaf away from the rock mass. The
blaster must locate the row of holes correctly sgaand in line with an existing split or

connect the row of holes perpendicular to a free fa

2.1.1. Sequential Timing Delays.Pre-splitting of rock in closely spaced holes
works best when the holes fire nearly simultangousligure 2.1 represents the different
results that occur when detonators are fired indegmetly versus instantaneously. When
the detonators were fired separately, a rough s@s produced and excessive radial
fracturing resulted around every hole at lengthpraxmately equal to the spacing
between detonators. When the detonators were $iradltaneously, the resultant split
was very straight and radial fracturing was minimiz This experiment was performed
in plexi-glass, and though the effects would béed#nt in rock, it is evident that firing

instantaneously is superior.

Figure 2.1: Blasting experiment in plexi-glassikstrom, 1978]: A) Independent shots;
B) instantaneous shots.
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Quick initiation allows the stress fields from athat holes to interact and makes
the cracks propagating parallel between the hdlesdbminant split. Moreover, radial
fracturing occurs as unwanted cracks propagate avdtw perpendicular to the desired
split line. The goal of pre-splitting is to minir@ radial fracturing to preserve the
structural integrity of the blasted material. Howe the stress fields take a finite time to
be established because the stress waves travdlmiteavelocity. Cracks from the first
hole fired cannot be influenced by the next hotediuntil the stress wave traveling
backwards from the second fired hole fired meetsehcracks. When this happens, the
cracks become one and tend to form a smooth sdlite with the row of holes [Lownds,
2000].

A study of sequential timing in pre-split design svperformed at a granite
dimension stone quarry by Lownds [2000]. At thisaqy, the normal spacing between
holes to achieve good splitting was 14 cm (5.5The velocity of crack propagation
through hard rock was not measured in Lownds’ tast,it was assumed to travel at 1
mm/ys.  With this information, it was determinedattithe best timing sequence the
granite quarry should use in their pre-split desigras 20 ps between holes. Figure 2.2

shows specifically why this timing sequence works.

The cracks from the first hole fired will propagat@formly in all directions until
the stress fields interact, after which the spigtcrack is dominant. During this time, the
severity of cracks that deviate away from the sp#pends on the pressure in the holes.
Higher pressures will cause more cracks to develdpally the explosive induced stress
should be just enough to propagate two cracks feach hole (forward and backward
with respect to the direction of the drilled rowladles). When the stress is too great in
the rock, there will be extra energy that will dricracks away from the split line and

compromise the integrity of the stone [Lownds, 2000

When an explosive detonates, the shock waves tetvepeeds specific to the
media through which they are traveling. Each tyderock has unique physical
characteristics. Compressive shock waves willeirat high speeds through competent
matter [Lownds, 2000]. Conversely, they will tragéower through fractured material.

To achieve smooth splitting, the velocity of thenpressive waves through the stone, the
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velocity of crack propagation, and the velocitydetonation should be incorporated into
the design if possible.

,. T (0)= Detonation i hole 1.
The shock wave creates
e cracks which travel forward
s and backward from hole 1.
,-"H" ﬁx_l-"“‘um . .
. T(20ps)= Detonation i hole 2.
pd The shock wave creates
yd O cracks which travel forward
s 1 and backward from hole 2.
T~ N Cracks from hole 1 have
X ™~ ;w advaced 20 mm
.p-"fiil B e
T (8018)= Cracks from hole 1 have
> traveled 80 mm and cracks
550 42 from hole 2 have traveled 60 mm.
T~ \/Jr*f, ,. The cracks meet each other and
~._ T yd break the loaf into the designed size.
. . -\.___\_.,-h _.-f""-. ..'.l'.,.
o - ii,{__.-"’.
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2.2. COMPARISON OF BLAST PRESSURES FROM HIGH \ELOCITY

DETONATING CORD THROUGH DIFFERENT COUPLING MEDIAS

During a pre-split shot, the severity of radiakttaing that deviate away from the
split depends on the pressure in the holes [LowB@60]. Cold Springs Granite is a
company in the Northwestern United States thatiajpees in dimension stone mining.
At the turn of the millennium, Explosive Engineexampleted several tests that studied
different technigques to characterize and quantifg shock pressure created by pre-
splitting, using detonating cord as the primarylegipe. The quarry’s standard blast
procedures were applied, but a second parallelafololes was drilled and commercial
tourmaline pressure gauges were suspended in wateach of them (Figure 2.3).
Pressure magnitude-duration graphs were then peddfrom the data acquired by the
instrumentation [Lownds, 2000].

Burden
i
Gauge Hole o o

o o
L =_Z Shot Hole
o o

=3
o
o
Stand-off [ KV

/

Computer

PCB

Under-
Depth Teer "

Water

Pressure -
auge
Gauge Hole

Figure 2.3: Cold Springs test set-up [Barkley, 200
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The Cold Springs’ study also tested five differgqes of coupling media in the
blast holes. The goal was to determine which medald allow the explosive to
adequately break the loaf away from the rock mhss.also absorb the pressure wave
enough to preserve the stone’s integrity. The fedia were air, sand, water, and two
B-Gel compositions developed by Viking Explosivess&pply, Inc. The pressure traces
within each group of replicates displayed significeariation, but they were nevertheless
reproducible enough to show important differenceswben the various explosive

charges and fill media in the holes [Lownds, 2000].

This experiment determined that a split will not dghieved in granite unless a
pressure of at least 1 MPa is maintained for tre# 80 microseconds. Pressures higher
than 2 MPa during the first 40 microseconds wereneeded, and contribute to blast
damage. Any significant pressure after 100 miaggosds was unnecessary and probably

would cause unwanted damage after the split wais\aah [Lownds, 2000].

2.3. COMPARISON OF BLAST PRESSURES FROM LOW VELOCITY
DETONATING CORD THROUGH DIFFERENT COUPLING MEDIAS

Unwanted damage is caused by the quick releasenarfye and pressure that
explosives produce. Cold Springs Granite belietteat by reducing the detonation
velocity of the cord, the pressure within the batehwould be reduced as well. A new
concept in detonating cord manufacturing has pexvid radically different performing
explosive. The explosive powder in the cord iseadixvith other low strength and inert
materials to reduce the detonation velocity [Proddanual, 2005]. This new Cord (LV
cord) has reduced the velocity of detonation byraximately 30% (Table 2.2). The LV
cord has a lower and longer sustained pressure.putsaddition, it develops more gas
than conventional cords. At the same time it nzans all of the handling and reliability
advantages of conventional detonating cord and bmymanufactured at the same
nominal charge weights as the high velocity (HVjdc{Barkley, 2001]. Cold Springs
decided to perform tests with an identical set tgeedure that they used previously with
HV cord, except that this second experiment wotddys LV cord in addition to HV cord
[Barkley, 2001].
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Table 2.2: Comparison of high velocity cord to leglocity cord [Barkley, 2001].

HV Cord

LV Cord

Velocity of Detonation

6,700 m/s (23,000 fps)

4,700 m/s (15,400 fps)

Detonation Pressure

9.19 x 16 kPa (1.33 x 10
psi)

4.19 x 16 kPa (608,000
psi)

Cold Springs examined the blocks of granite aftehlof these experiments. By

simply searching for surface cracks and measuhag tengths, Cold Springs concluded

which explosive and stemming combination worked pEable 2.3). No interior damage

was measured or analyzed.

Table 2.3: The cracks present on the surface loffausing LV cord compared to the
cracks present on the surface of a loaf using Hd ®arkley, 2001].

Maximum | Minimum | Average Number of Stickers [Cracks
Crack Crack Crack longer than 15.2 cm (67)]
Length Length Length per slab
(cm) (cm) (cm)

LV Cord 22.1(8.7) | 3.6(1.4" | 48@19) | 26

HV Cord |51.1(20.1")| 4.1(1.6") 12.2(4.8") 7.5

LV/HV 0.4 0.9 0.4 0.3

% Change | -60% -10% -60% -70%
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24. VELOCITY OF SEISMIC WAVES THROUGH FRACTURED AN D
UNFRACTURED STONE

Blast Induced Rock Damage (BID) is a concern iningrbecause it contributes
to a redistribution of stresses within rock, resgltin rock mass strength weakening from
resultant blasting fractures. Measurement of BdlD thus be a useful tool to help refine
blasting techniques for reduced rock fracturingefbon, 2009]. Tomography is imaging
by sectioning, using waves of energy to generdi@rmtion of a material at specific
depth intervals. The mining industry has been gistmographic imaging and seismic
data frequently for the past few decades to stiidys distribution and fracturing within
rock masses. Specifically, this process has beed igsmaintain safe working conditions
in underground mines [lverson, 2009]. BID may bstedmined by measuring the

velocity of seismic wave energy and to generateofgraphic images of blasted stone.

High resolution seismic methods have the potemtialssess the extent of BID by
analyzing P-wave velocity variation with depth intb rock mass. P-waves are
compression waves observed in elastic media. Theaw®- velocity increases with
increasing consolidation of material and decreag#s fracture density [lverson, 2009].
By measuring P-wave velocities in a single rocketypne should be able to determine
that specific rock’s consolidation and/or structunéegrity as a function of depth. These
waves recorded before a blast, compared to wavesded after a blast, will determine
the extent of the BID.

A group of engineers from the University of Montastadied seismic refraction
travel time tomography as an inversion method fstineating P-wave velocities to
ultimately quantify BID in a concrete block. Vaitn of P-wave first arrival times were
used to iteratively update a grid of velocities rotree surveyed area. Their approach was
to use seismic refraction travel time tomographydetermine P-wave velocity as a
function of depth into the concrete block [Ivers8809]. This survey was conducted on
the concrete block before and after a blast wasmiad. By comparison of the pre and
post blast P-wave velocities, the engineers wete #b quantify the amount of BID

produced from the shot. The explosive used wao\P emulsion.
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To collect the P-wave velocity data, a line of Isokeas drilled horizontally into
the concrete block to an equal and specific degngineers attached geophones and
strain gauges on the end of stud anchor boltswkat driven into the holes which were
then filled with an epoxy. A small hammer with @ectronic trigger was the source for
the seismic data. This trigger attached to therhamand the bolt completed a simple
circuit when the bolt was struck by the hammere Thpact on the end of the bolt sent a
signal to the system, which instructed it to begaording. The bolts also had an
aluminum wedge attached to them to hold an acaaleter in place for accurate data
collection. Other recording equipment consisted @eode seismograph and compatible
software to store the data on a laptop computesrglmn, 2009]. The drill hole and

instrumentation geometry is shown in Figure 2.4.

Embedded Strain
sauges on Stud
Anchors

Geophone
_Accelerometer

“'\1\2\\ Boreholes
3

4
Scale (ft) S

Blast Hole

Figure 2.4: P-wave experiment drill hole and imstentation set-up [lverson, 2009].
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The Rayfract software was applied to produce tommgrwhich recorded P-wave
velocity within the concrete before (Figures 2.6)l after (Figure 2.6) a blast. The blast
destroyed a large portion of the concrete blockthedefore only half of the stud anchor
bolt and geophone detector units were used indselgast survey. In addition, the back
side of the concrete block was destroyed and tls¢ lplast survey could only generate
data to a depth of 0.2 meters (approximately 8'he engineers then identified the low
velocity zones related to BID by comparing the jred post blast tomograms and
determining the negative change in the P-wave ugl¢€igure 2.7). The areas that were
most affected by the explosives were highly fraatyrthus they had a larger negative
change in P-wave velocity at that depth.

Geophone Locations on surface of concrete block
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Figure 2.5: Tomographic imaging for a concretecklprior to a blast [Iverson, 2009].
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Geophone Locations on surface of concrete block =~
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Figure 2.6: Tomographic imaging for a concretecklpost blast [Iverson, 2009].
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Figure 2.7: Comparison analysis shows the zondkeotoncrete block that were most
affected by the blast due to the change in P-walecities [Iverson, 2009].
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2.5. GEOPHYSICAL METHODS

Geophysics, a major discipline of the Earth Science the study of the whole
Earth by the quantitative observation of its phgkiaroperties. Geophysical techniques
have been used by engineers since the mifl déntury, but recent advances in
technology have enabled geophysics to be a vesatikr science and have allowed it to
be applied to many different situations. As pregly emphasized, many mining
applications demand that the extracted stone restaircturally sound after the blast.
The stone that is left behind (often to be blasied later time to produce additional
saleable loaves, or to serve as a high-wall omperitry) must remain competent as well.
Iverson [2009] and the engineers at the Univexsitylontana used geotechnical methods
to quantify the BID that is produced by explositlest are commonly used in the mining
industry. The research performed by the authahisf report further investigates BID
that occurs when performing pre-split shots usirggnailar approach that was utilized at

the University of Montana.

The author of this research did not have accesgtier the tomographic imaging
software or the geophysical instrumentation thas wsed by the group of engineers at
the University of Montana. Therefore, the authesearched other geophysical methods
that would obtain seismic velocity profiles of thebsurface at specific depths to translate

the extent of BID in a pre-split shot.

2.5.1. Seismic Wave ResearchSeismic energy is produced by earthquakes or
by other sources of near-surface disturbance ssadmaexplosion, an automobile, or a
sledgehammer impacting the surface. Geophysic#iode can use this seismic energy
to generate information regarding the structuréégnty of the subsurface [Anderson,
2010]. Two types of seismic waves travel throulgé subsurface as a result of near-
surface impact: body waves and surface waves. n\Whterpreting geophysical data, one

must understand the difference between these pestyf seismic waves.

P-waves and Shear waves are the two types of bagigsy Each of these waves
propagates three-dimensionally into the subsurteceat is generated. P-waves travel

faster than Shear waves and disturb the mediumughrowhich they travel by
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compressing and extending the particles in thelsddwaves occur as vibrations parallel
to the travel direction of the wave energy. Cosebdr, Shear waves are body waves in
which the disturbance is an elastic deformatiorpg@edicular to the direction of motion

of the wave. The Shear waves that are generabed fine source radiate spherically

outward forming alternating compressions and ratefas [Anderson, 2010].

When seismic waves are generated at or near thie@seaurface, surface waves
are also generated. These waves propagate rattailyo dimensions away from the
source. Surface wave particle motion is confingskatially to the earth-air interface, so
the shallow subsurface can be interpreted by amgygurface waves. One type of
surface wave generated is referred to as a Rayle@yle. These waves are frequently
used in non destructive testing (NDT) for detectampmalies in the Earth’s subsurface

because they generally have high frequencies [RewyMave, 2010].

The frequencies of seismic waves travel throughsthesurface at different speeds
depending on the density of the material througitlwkhey are propagating. The speed
of waves in the Earth typically increases with diegtom the surface due to
consolidation. The low frequency waves typicatigvel faster than the high frequency
waves at the greatest depths. Similarly, interatedrequencies involve particle motions
at intermediate frequencies and depths. The higiheguencies travel slowest at the
shallowest depths [Rayleigh Wave, 2010]. Geoplaysquipment and software records
the frequency and the travel time of seismic wavageling through the subsurface and
can thus relate the frequencies recorded to a dépitterson, 2010]. Ultimately, the
seismic wave velocities with their associated fesgues can be transformed into a

tomographic image of the subsurface, profiling Hefst. seismic wave velocity.

Rayleigh waves have unique properties that alloemtiio be transformed into
near-surface Shear wave velocity profiles [SurS&006]. The speed of Rayleigh
waves is mostly a function of the Shear wave véjazi the medium through which they
are propagating [Rayleigh Wave, 2010], thus engsémnsform Rayleigh wave phase
velocities into Shear wave velocity profiles of thebsurface with simple conversion

calculations.
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2.5.2. Surface Wave Applications.Rayleigh waves in the ultrasonic frequency
range are used in NDT applications to help findcksaand other imperfections in
materials. There are many applications of surfaeges in geophysical engineering.
However, to determine the structural integrity bk tsubsurface material, it is only
necessary to discuss how engineers have used susMaees to generate Shear wave
velocity profiles. This is done by inverting Raigle wave phase velocity to generate

corresponding Shear wave data of the desired region

During the data acquisition phase, a seismic soiga@pplied onto the earth's
surface, and energy in the form of Rayleigh wavageis along the surface of the earth.
Seismographs connected to geophones coupled toedhth’'s surface record the
magnitude and arrival time of surface wave enerdssociated geophysical software
converts the recorded information into images (gfabhers) which can then be converted
into a dispersion curve. This curve maps the Rglylerave phase velocity as compared
to its frequency. Rayleigh wave phase velocitiesafunction of both the Shear wave
and the Compression wave velocities of the subsarfa he inter-relationships between
Rayleigh wave velocities @), Shear wave velocitiesp), and Compression wave

velocities @) in a uniform medium are expressed in EquatiorfRrterson, 2010]:

VR’ - 83°VR' + (24 - 16° [a®)B*VR*+ 16@%0° — 1)B° = 0 Equation 2.1.

Equation 2.1 might initially suggest that it woub@ difficult to extract Shear
wave velocity because the equation contains twonowks (Shear and Compression
wave velocities). Fortunately, this is not the chseause Rayleigh wave phase velocities
are influenced much less by changes in Compresgawve velocity than by changes in
Shear wave velocity. Rayleigh wave velocityg\and Shear wave velocity)(in a

uniform medium are related by Equation 2.2 [Anders®10]:

B=Vgr/C Equation 2.2.
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The variable C is a constant that changes sliglgpending on the Poisson’s ratio
of the material through which the seismic wavesdkra Even in extreme variations of
Poisson’s ratio, C only ranges from 0.874 to 0.p&%erson, 2010]. If a value for C is
assumed, and the frequencies with their respestiviace wave velocities are recorded,
then a Shear wave velocity profile can be developedugh analysis, and a velocity

image of the subsurface can be generated [Ande?28d10].

2.6. MULTICHANNEL ANALYSIS OF SURFACE WAVES

Multichannel Analysis of Surface Waves (MASW) is ralatively new
geophysical method that was introduced to the imgloy the Kansas Geological Survey
at the turn of this century. It applies the relathip between surface waves and Shear
waves as explained above to ultimately generatdemiSwave velocity profile of the
subsurface. It has been commonly applied in mieixgloration to determine the depths
and thicknesses of the geological strata at a patenine site. It may also be applied on
much smaller scales in the transportation industigentify damaged areas on asphalt or
concrete pavements with high resolution [Anders2@®l0]. A very similar method,
Spectral Analysis of Surface Waves (SASW), has mwaployed by geophysicists for
some time, but the MASW method has surpassed ustempart by giving increasingly
more accurate, and detailed information. While BA&ollects data using two detector
units, the MASW method uses an array of 24 geophtmeollect data. This array gives
geophysicists a more readily interpretable imagehef subsurface [Anderson, 2010].
Three types of MASW methods exist: Active, Pasgiamote, and Passive Roadside.
Each type of method has its advantages and limitstibut the general idea of all three is
the same [Surf-Seis, 2006]. The two passive methddize surface waves generated
from cultural (and natural) activities (e.g., treffthunder, tidal motion, atmospheric
pressure changes, etc.). The active method (Figi8eis the most common type of
MASW method. It is the conventional mode of surueing a sledge hammer, a dropping
weight, and in some instances a small explosiverdgion on the surface to generate an
active seismic source that will gather field deBarf-Seis, 2006]. This project uses the

general layout scheme of the active method andeihart discusses only its specifics.
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2.6.1. MASW Equipment. Typical seismic acquisition systems consist & th

following components:

« Sdsmic Source -- This is nothing more than an apparatus forveeiing seismic
energy into the ground. When conducting the sunregoft ground, a metallic or
rubber impact plate is recommended to help theceoumpact point become less
intrusive into soil. However if conducting the gey on stone ground, this is not
needed. Sources can vary greatly in their size camiplexity. All, however,
share the following characteristics:

o They must be repeatable. That is, the natureettiergy delivered into
the ground (its amount and the time duration oveiclv it is delivered)
should not change as the source is used in diffédoeations. Also, the
source should be able to generate a vibration engtiound that will be
able to be recorded by the resonant frequencyeotiilesen geophones.

o Time of delivery of the source must be controllabRBecause first time
arrivals of the surface waves are being recordexlehgineer must be able
to tell exactly when the source delivered its epengp the ground (“time
zero”). In some cases, the time of delivery méstdrorded manually by
the field technician. In others, an instrumentbrds the time the source
delivered its energy. This is typically controlleg a lap top computer
equipped with the appropriate software [Surf-S20£6].

« Geophones -- These are devices capable of measuring grousttbmgenerated
by the seismic source. These typically convertgimind motion into electrical
signals (voltages) that are recorded by a sepdmatiee. Through research, low-
frequency (e.g., 4.5 Hz) geophones have provenvi® the most accurate data
and are used when mapping to very deep zones (10eBérs (30’-100%)). The
effectiveness of somewhat higher-frequency phoeas,(100 Hz), however, is
often comparable to that of much lower-frequencgsoand are recommended
especially if one is acquiring information about tehallow subsurface (1-6
meters (3’-20)). Hence, the resonant frequencthefchosen geophones depends

on what depth the field study is attempting to mapertical (instead of
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horizontal) phones must be used to acquire accaia@i® This means that the
geophone must be placed vertically relative tosimdace on which the source is
discharged. The Kansas Geological Survey recomsnesthg spike-coupled
geophones because they generally obtain the higkesitivity in typical active
MASW field geometries [Surf-Seis, 2006].

+ Recording System -- This consists of a number of components. Iremss, this
entire system does nothing more than record thengranotion detected by the
array of geophones and stores the resulting dataddition to recording ground
motion, this system must also control the synclzation of the source. It
consists of not only the seismograph to store médion but also numerous
electrical connections to the geophones, and ysaallevice to select subsets of
the installed geophones to record [Surf-Seis, 2006]

2.6.2. MASW Field Geometry. Similar to the type of equipment chosen, how
the instrumentation is set up during a field stddpends on the application and the data

one is attempting to obtain from the study.

The maximum depth of investigation that can beeadd is usually in the 10-30
meters (30’-100’) range, but this can vary witlesjtequipment set-up parameters, and
types of active sources used. Field proceduresdata processing steps are briefly
explained below [Surf-Seis, 2006].

The length of the receiver spread (D) in Figurei2 8ommonly referred to as the
array. The array (Equation 2.3 [Surf-Seis, 2006])directly related to the longest
wavelength Xuax) that can be confidently analyzed, which in turetedmines the

maximum depth of investigationyzx):

D =Auax = Zvax Equation 2.3.
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In practice, the maximum depth of investigationaim active survey is usually
limited by the seismic source as it is the moduanitial factor. On the other hand, the
minimum receiver spacing (dx) is given in Equati4 [Surf-Seis, 2006]. It is related to
the shortest wavelengthi(n) and therefore the shallowest resolvable depth of

investigation (zn):

dx =AMIN = ZuIN Equation 2.4,

The source offsetx() controls the degree of contamination by the riietd-
effects. Equation 2.5 [Surf-Seis, 2006] suggeddts be a value of about 20% of D:

x1=0.2D Equation 2.5.

It is imperative to record clear and concise fialstes when conducting these
surveys. When the shot gathers are taken batletaboratory for analysis, the software
requires the interpreter to supply the source otisgation and distance away from the
array as well as the geophone spacing used ini¢het geometry. Without precise

information, the final velocity profiles will be aorrect and meaningless.

2.6.3. Three Steps of MASW ProcessThe entire procedure for MASW usually
consists of three steps (Figure 2.9) [Surf-Sei€)620 First the engineer must acquire
multichannel records (shot gathers). These recanmeishen taken back to the lab and the
fundamental-mode dispersion curves are extractBuese curves represent the surface
wave phase velocity of the shot gather versus bguéncy generated from the impact
source. Finally, these curves are inverted toinliteo-dimensional profiles of the Shear

wave velocity related to depth.
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2.6.4. Velocity Profile Processing. The MASW geophysical method and its
analytical computer software, Surf-Seis (Versiof52,. were developed by the Kansas
Geological Survey. Surf-Seis automatically intetprshot gathers collected by the active
MASW method to develop a dispersion curve and acil profile related to each field
log [Surf-Seis, 2006]. It is relatively simple soére and displays results that are easily
interpreted by the engineer. To project a Shearewalocity profile from the uploaded
shot gathers, the engineer must input the fieldapaters used into the program.
Depending on these parameters and the first articeds of the Rayleigh waves, a
dispersion curve is then generated that maps thacsuwave phase velocity versus
associated frequencies created from the impacteourhe extraction of dispersion data
from field-recorded Rayleigh wave data is a statidastablished mathematical process
that does not require any interactive input frora ihterpreter [Anderson, 2010]. The
analysis of the output dispersion data and thecBefe of optimum phase velocities, in
contrast, requires qualitative input from the ipteter. Hence, there is potential for
human error [Anderson, 2010]. To minimize this guital, the interpreter must be

experienced with the MASW method and record aceurald notes.

The selection of optimum phase velocities from eéispn data is usually
straightforward if good quality Rayleigh wave data acquired in the field. Dispersion
data should be characterized by a narrow, wellr@efipeak. In this case, the interpreter
merely selects phase velocities that fall alongwe# defined peak [Anderson, 2010].
Figure 2.10 shows three phase velocity placements quality dispersion curve. Figure
2.10.B shows phase velocities that were properbseh along the smooth defined peak
while 2.10.A and 2.10.C show points that have bamplaced.

It is imperative for the interpreter to correctliage the chosen points so phase
velocities correspond to the correct frequencias iarturn display an accurate velocity
profile. Different frequencies travel through tbepths of the subsurface at different
speeds. When points are chosen on the dispersigr,dhe software associates a phase
velocity with a specific depth. Each depth intéigsghen assigned an average velocity as
it is plotted on the profile [Anderson, 2010].
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Figure 2.10: Chosen phase velocity placementsgaliie dispersion curve: A)
Misplaced points; B) correctly placed points; Cyptaced points [Anderson, 2010].
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Shear wave velocity is the dominant parameter émfting changes in Rayleigh
wave phase velocity. For the purposes of inversRwisson’s ratio and therefore the
constant C in Equation 2.2 can be assumed. Sisf{Sersion 2.05) is the software
package that the Missouri University of Science dmthnology utilizes with their
MASW equipment to generate velocity profiles of thésurface. Surf-Seis presets the
value of C to be 0.88. Based on multiple modeBhglies using realistic Compression
and Shear wave velocities, the Kansas Geologicalegiconfirmed that this assumption
introduces minimal error (generally <3%) into thatput Shear wave velocity data
[Anderson, 2010].

2.6.5. MASW Limitations. Soft, flat ground is best to set the MASW
instrumentation up on because it allows the geogfida have a strong coupling to the
soil without unnecessary anomalies present indpegraphy of the region (Figure 2.11).
Uneven surfaces act as potential planes for théeRRgayywaves to reflect off of and cause
errors in the data readouts that is referred tdnasse.” Any surface relief whose
dimension is greater than 10% of the receiver-gpieagth will cause a significant

hindrance to surface wave generation [Surf-Sei@6R0

Figure 2.11: Flat or gentle slopes are preferétmeactive MASW. Topography can
interfere with surface wave propagation: A) flaj;uheven ground [Surf-Seis, 2006].
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Surface waves generated by natural or cultural cesuoutside the intended
impact can skew the shot gathers acquired in #ld {Figure 2.12). If performing the
test in a quarry, it is best to do so in areas e/lieere is no operating machinery that will
add “noise” to the acquired data. If possible, onest make the proper accommodations

to eliminate all outside sources of “noise” at thst site before acquiring data.

Some of the waves generated by intended or outsideces are reflected and
scattered as they encounter shallow and surfacectsbye.g., building foundations,
culverts, ditches, boulders, and so forth) and trectnoise.” In the mining industry one
must pay close attention to the natural geologyhéregion where the instrumentation is
being set up. Clay seams, voids, or large joits 8ed fractures in the subsurface will act

as a plane for wave reflection and scattering [Asaoie, 2010].

In addition to surface waves, P-waves are genefaded impact sources as well.
These waves travel faster than surface waves dhbdenseen at the top of the shot gather
above the surface waves. The P-waves are als@esoof “noise” when interpreting
MASW data and must be removed from the shot gathgenerate a velocity profile that

will be easy to interpret [Anderson, 2010].
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3. PROBLEM STATEMENT

Mining Engineers have applied tomographic imaging itentify stress
distribution, consolidation, rock integrity and estgth, and to monitor damage or
disturbance that has resulted from different roxkagation techniques. Blast Induced
Rock Damage (BID) contributes to a redistributidrstvesses within stone such that the
rock mass weakens from resultant blasting fracturédvances in geophysical sciences
provide an opportunity for NDT methods to be reslead in an attempt to attain the BID
data more efficiently. The MASW geophysical metha$s many NDT applications in
the construction, transportation, and mining exgtion industries. It is a simple process
that generates tomographic images of the subsutfeteare easily interpreted by the
engineer. However, MASW has not been applied toitapand quantify BID produced
from pre-split shots that are commonly used totersafe high-wall working conditions

in surface mines or to produce saleable loavesrarsion stone quarries.

The goal of pre-splitting at a dimension stone guar to split stone and separate
it from the rest of the deposit while preserving #tructural integrity of the loaf extracted
as well as the rock mass left behind. Pre-spkigterequires explosives that fire nearly
simultaneously. Simultaneous initiation requirgplesives that possess a high velocity
of detonation and create high pressures withinbtbrehole during shot-firing. BID is
caused by the impulsive release of energy and ymesthat explosives produce.
Advances in explosive manufacturing provide thelitgbito reduce the detonation
velocity of the primary explosive (detonating cortiat is commonly used in pre-

splitting, so the pressure within the borehole Wdlreduced as well.

This experiment was divided into two phases. Tiib@ performed 19 pre-split
shots in an isolated portion of a sandstone dinsenstone quarry in phase 1 of the
experiment using a detonating cord with a low vigyoof detonation fired in sand-filled
boreholes. Phase 2 included 20 pre-split shotstwhathered information on blasts that
used a cord with a high velocity of detonation afsed in sand-filled boreholes.
Previous research discussed in the Review of tlexdture (see Sections 2.2 and 2.3)
indicated that using cord with a lower velocity agtonation in pre-splitting will yield
less BID than a cord with a high velocity of detbma The author used the MASW
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method to gather Shear wave velocity data on assane deposit before and after a pre-
split shot. The decrease in the Shear wave vglgeidtvided information on the BID
caused by the two strengths of 8 grams/meter (@dgffoot) detonating cord used in this

experiment.

The main objective of this research experiment twadetermine whether or not
the MASW geophysical method could be applied to itoorthe damage that explosives
used in pre-splitting induce on the remaining storiehe tomographic data generated
from the MASW software would also quantify the dgmat specific depth intervals into
the rock mass from the borehole locations whereeposives were placed. Secondly,
the author wanted to confirm the previous resetraetermine that less BID is produced

from low velocity detonating cord as compared ighhvelocity detonating cord.

3.1. HYPOTHESIS

Cold Springs Granite Dimension Stone Quarry deteechian optimal blast design
by comparing the blast pressures induced from HY BY detonating cord through
different coupling medias (see Sections 2.2 angl. 2.Bhe studies conducted by Cold
Springs indicate that a low velocity of detonatfoed in sand-filled boreholes produce
the best results with very little BID. The authmelieved that a similar outcome would
result when performing both HV and LV pre-split shan a sandstone dimension stone

quarry.

The MASW method measures the seismic wave veladitiat travel through rock
to determine consolidation as a function of deftlkewise, this measurement shows the
structural integrity of the stone before any onergwcompromises its strength. These
waves recorded before a blast, compared to wavesrded after a blast, would
determine the extent of the BID. The author beléyhat the MASW geophysical
method would show slight decreases in the Sheae walocity at shallow depths within

the sandstone deposit, indicative of BID.
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3.2. APPLICATION/IMPORTANCE OF INVESTIGATION

Dimension stone quarrying requires its blast desighave a limited amount of
perpendicular damage to the finished cut line.sTéicritical to the economic recovery of
saleable stone. Smooth-wall blasting is performmesurface and underground quarries
as well as in construction to create safe high syalbrtal entries, tunnels, and pillar
supports. Large rock sculptures such as CrazyeHansl Mount Rushmore, require the
remaining rock to be unharmed as well. The Exp&ngineers at these mountains are
most concerned with preserving the structural integf the stone that is left behind
after each blast. In order for the sculpture tosbecessful, preserved, and able to
effectively support itself, careful drilling musike place prior to every engineered blast.
All of these applications demand that the rock ditasted as well as the rock mass left
behind remain competent and that it keeps its strakintegrity. Careful control of the
blast is vital. Overshooting, bad designs, exseskorehole pressures, and delay scatter
could potentially ruin several thousand tons ofahle product and/or create unsafe

working conditions.

If the research performed proves that the MASW oetinay be applied to
monitor and quantify BID at pre-splitting operatiprihe Explosive Engineers will then
be able to take this information to correctly destpeir blasts. The MASW method
should not be used on every blast. Rather thenergs may gather BID data in different
geological conditions and from different blast desi to then apply the correct blast
parameters in similar geologic conditions once é¢ngineers have determined which
designs produce a minimum amount of BID. Through tesearch, the author intended
to determine whether the MASW geophysical methadlmm applied on a large scale in
surface mining by quantifying the amount of BID ttieproduced from typical pre-split
applications and comparing this BID to mine requieats for saleable product, loaf

production, rock mass competency, and high-walliktya
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4. GEOLOGY OF THE EXPERIMENTAL LOCATION

The experimental location for this project was BiPardo Sandstone Quarry. It
is approximately 227 meters north of the MarametngpGeological Quadrant in Rosati,
Missouri (Figure 4.1). Approximately 290 meter&@) above sea level, the operating
qguarry consists primarily of the Roubidoux FormatioThis quarry is located South of
interstate Highway 44, on County Road 3630. Thia unique dimension stone quarry.
It is owned and operated primarily by one man, iRardo. Though the quarry
originally started producing dimension stone in 18€0s it had ceased to be in operation
until when DiPardo purchased the land and reopénfed production in 1983. For the
most part, he is the sole employee, although whgrobs come along he may have as

many as six people working part time.

Once common in the building trades, sandstoneotellof favor over the years.
This may reflect a common trait in sandstone; ib d@e very friable, making it
considerably less resistant to weathering and enabl support substantial loads.
However, the opposite can also be true. In that kgnditions, well-cemented sandstone

can be very strong and is ideal material for baggiand paving roads.

The sandstone at the DiPardo quarry varies in gineand nature within very
short distances. The overburden stone tends wetyeweathered and friable. However,
the deeper deposits show an increase in strengthtreerefore DiPardo must separate
each piece of stone according to his customersadelsy He has tests performed on the
stone to make sure it will hold up under a varietyuses. He mainly interacts with

architects, builders, and homeowners (Figure 4.2).

4.1. LOCAL GEOLOGY

The author researched three of Missouri’'s Geolddgadrangles to understand
the depositional origin, stratigraphy, lithologytrugture, and mineralization of the
regional geology and its specifics are discussedppendix H. In the 1980s, when

DiPardo restarted production at Rosati Sandstorer@uhe had the Missouri Division
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of Geology and Land Survey make a geological assasis of his land. Several
formations of the Paleozoic era are deposited e sinrrounding areas (including the
Ordovician age Gasconade, Roubidoux, and Jeffe@tnFormations, as well as the
Pennsylvanian age Formation), but the assessmergidts show that the dimension
stone quarry consists completely of Roubidoux simés In light of this information,

the author researched the Roubidoux Formation rexiensively and its characteristics

have been solely considered throughout the project.
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The Roubidoux sandstone at the quarry is ideal goyducing competent
architectural dimension stone. The stone extepgsoaimately 30 meters (100’) below
the bottom of the quarry pit with almost no evidemd interlaying beds of chert, shale,
clay, or dolomite. The mining progress shows thasy well. Approximately 10 meters
(30") has been excavated to date. The high-whbs$ tesulted from DiPardo’s mining
sequence show a cross section of the upper gedlogye quarry (Figure 4.3).

Sandstones of the Roubidoux Formation are prevé#ieotighout as one massive deposit

with many horizontal bedding planes and evidenosezthering.

Figure 4.3: The high-wall produced by DiPardo’sasation methods shows a cross
section of the sandstone being mined at the quarry.

4.1.1. Natural Seams, Bedding Planes, and Fractwge Sandstone deposits
characteristically possess definite horizontal lreglghlanes and vertical seams. Unlike
massive deposits such as granite, marble or limestbe extent to which the sand grains

in sandstone deposits are cemented together is fegshand this allows sandstone’s
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bedding planes to cleanly break free from the ofghe rock mass when the stone is
being mined. It is because of this that DiPard® lieen able to produce stone effectively

for more than 20 years without the use of explasive

Very little blasting has been performed at the Rogaarry. DiPardo hired
contract blasters in the past, but he has harvesiest of the stone himself using
“feathers and wedges” and a “darter-splitter.” &t carefully examines each rock and
then drills holes on natural seams, bedding plameBactures with an air drill. The
“darter-splitter” is a hydraulic splitter that isserted in the hole and used to "bump"” the
rock into 3-to-4-ton blocks. Though this methodetiable, the split created with this
method can be very unpredictable. The crackspiggiagate from the wedging method
follow the natural split by going to areas that k@st resistant to stress. This commonly
creates dimension stone that is awkward in sizeshage, unlike the blocks of stone that

can be produced from drilling and blasting.

The dimension stone that DiPardo typically markatgges from 1-3 cubic meters
(2-6 tons). Any stone produced larger than thisas manageable for the excavation
equipment that he owns and has to be broken intallempieces before moving it.

Anything smaller has limited use and often it insidered waste.

Because of the desired size of blocks, the nas@amns and bedding planes were
incorporated into the blast design for this redegmoject, in order to achieve the product
and to mine safely. The seams and bedding plasted as natural pre-splits, and during
the shot, the stone would mostly break perfectbnglthese lines in addition to splitting
along the designed row of drill holes (Figure 4.4he proper application of blasting
design greatly increased the efficiency and pradigtof this quarry by allowing the
area to be safely mined in a series of benchesmeithhced waste, by harvesting stone of

appropriate shape and size for DiPardo to markpt@duct.

Natural seams and fractures could also cause #ispghit to propagate away from
its intended path. The gas pressure escaped twatheal joints and fractures during the

blast, and as a result, the rock split in the dioacof jointed and fractured areas in
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addition to the line of drilled holes. This caussne of the stone produced from some

shots to be small and in most cases had to begdisted (Figure 4.5).

Figure 4.4. Seams and bedding planes acted amhpte-splits. During the shots, the
stone broke along these lines in addition to spdjtalong the row of drill holes.

Figure 4.5: Fractures present in the shot areaechgsome of the stone to break into
small rocks during the blast and had to be regasdedaste.
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In twenty years of operation, DiPardo has nevelliegblasting applications at
his quarry by himself, but on several occasionh&e a crew of blasters extract small
portions of the pit. The experimental location wagctly adjacent to a portion of the pit
that DiPardo contracted out to a local drill andstihg company. The blast designs that
were used by the contract company are unknowngwdence remains on the high-walls
from drill marks and radial fracturing that was guced from the shots (Figure 4.6). It
appears that the boreholes were overloaded duéetoexcessive amount of radial
fracturing surrounding the drill holes. In additjoone drill hole was practically in
contact with the experimental section in the namiad of the pit. The north end of the

experimental location was very fractured at evexyel during the project’'s mining

sequence (Figure 4.7).

Figure 4.6: The drill hole markings are evidenédoomer blasting operations. Radial
fracturing and excessive cracking surround the ldolles where the charge was placed.
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4.1.2. Virgin Deposit. To best control the data being gathered, the testded
to be completed in a virgin deposit — an area ef it that had not been used as a
production zone before. Had explosives been usedtly on the site location in the
past, there would have been a chance that radiefufing damaged the deposit (as the
example in Figure 4.6 shows) to an unknown depthaddition, because any previous
implemented design and techniques that were usedarexactly the same as those that
were being tested, an extra variable would be dhiced to the experiment and the
produced data would not be as accurate or meaninghis type of variation could not

be controlled, and an attempt to make sense afdteewould potentially be difficult.

Fortunately the experimental location was a virdeposit. The location had
never before been directly exposed to blastingher ather extraction methods that
DiPardo used on a regular basis. However, sevactufing was prevalent in the north
section of the pit from an adjacent blast as wawipusly discussed. Nonetheless, the
virgin deposit enabled the author to interpret aathpare the data confidently because
he was aware of the strength of the explosivestiamdblast design parameters that were

implemented while blasting each shot area.

4.1.3. Weathered and Unweathered SandstoneBecause the experimental
location was a virgin deposit, the top of the stares exposed to constant weathering
(Figure 4.8). Trees, shrubbery, grass and moss gretop of the grayish surface of the
sandstone mass. This is evidence that the seadrfsaatures are conduits for fluid flow
and the weathered stone was prevalent within tis¢ 2.13 meters (7’) of the surface.
Several series of blasts had to be completed betfollg competent unweathered
sandstone was completely uncovered. The unwealttstome is typically white with
bands of orange and brown that comes from minaralhe soil such as iron and
manganese. Sandstone is not homogeneous, butskomles one can determine how
the region has changed slightly through short dista. To determine the elastic
properties of the stone, the density was found dryopming a submersion test of rock
samples from each shot area. Two rock samples takea from each shot location, and
the average density was calculated from the resfilssibmersion tests. The results of

the submersion tests may be found in Appendix Hhe density of the stone changed
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slightly throughout the experimental test locatisanging from 2.05-2.58 grams per

cubic centimeter.

Figure 4.8: A view of the experimental blast lagatprior to any shots or data gathering.
The area was a virgin deposit and was exposednstaat weathering.
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5. EXPERIMENTAL APPROACHES AND PROCEDURES

The main objective of this experiment was to deteemwhether or not the
MASW geophysical method could be used to monitad goantify the BID that is
produced from pre-splitting applications by measgithe Shear wave velocity at specific
shallow depth intervals into the stone from thetdiple. Secondly, the author wanted to
confirm that an explosive with a lower velocity aétonation would yield less BID than
an explosive with a higher velocity of detonatiofio accomplish both of these goals, it
was necessary for the author to follow a scientifethod to obtain an adequate statistical
sample on shots that were performed when usingval&onation velocity as well as on

shots that were performed when using a high detmmaelocity.

Due to the unique nature of the test site and ththods that were used in this
project, the experimental approach and procedudetdnde carefully prepared. Quality
planning and maintained equipment ensured thateprolasting techniques were applied
to create the desired product while generating @ogimwall that would give meaningful
MASW data for all of the shots performed in the @xment. Also, to minimize variation

in the process, the same procedure was followeevery blast and MASW set-up.

5.1. PRE-SPLIT APPROACH, BLAST CONSTANTS AND VARIABLES

Though the strength of the stone changed withimtshstances at the quarry, the
rock being blasted was consistent in geologic dépaslithology, and stratigraphy and
this was originally considered to be a constanthe Btemming used to confine the
explosives within the borehole was also constantefeery shot; sand was the chosen
stemming material. The blast hole design parametmained constant for all of the
shots. The pre-split “rules of thumb” that wersatissed in the Review of the Literature

(see Table 2.1) were applied to the procedures.

Detonating cord is a common explosive used in ptigtieg due to its small
charge weight and high velocity of detonation. wer, a high velocity of detonation

will yield high pressures in the borehole during tilast. This condition is the cause of
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BID. Decreasing the pressure within in the holerdudetonation will in turn decrease
the BID. The variable in this project was the e@sple used to create the split. Both
detona