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SECTION 1
SUMMARY

The objective of this program was to investigate the feasibility
of rapid excavation systems for hard rock using high-velocity continuous
fluid jets. Both single-cut and kerfing excavation modes were experi-
mentally investigated in order to minimize the specific energy (i.e.,
energy input per volume excavated) of jet fragmentation. Ranges of
variables were nozzle supply pressures from 50,000 to 80,000 psi (34.5
to 55.2 KN/cm?), feedrates from 50 to 900 inches per minute (2 to 38
cm/sec), standoff distances from 0.5 to 1.5 inches (1.27 to 3.8l cm),
and nozzle diameters of 0.008 to 0.0136 inch (0.20 to 0.35 mm). The rock
types used in fragmentation tests were Berea Sandstone, Salem Limestone,
Tennessee Marble, Westerly Granite, Barre Granite, Charcoal Granite,
Sioux Quartzite and Dresser Basalt.

Initial fragmentation tests, employing a 24 factorial design,
were completed on all rock types to perform screening of the four indep-
endent variables. Analyses of variance were completed upon the ?
factorial data to determine the two most significant main effe.cs for
each rock type, which were then investigated at a third leve). Random-
ization was applied to the sequence of test runs as well as the selection
of samples within each rock type. Additional testing was undertaken
at higher feedrates than those originally planned, up to a maximum of
38 cm/sec (900 inches per minute) based on predictions from the variance
analyses.

Within the experimental range, the minimum specific energies for
single cuts were obtained for most rock types at 50,000 psi (34.5
KN/cm2), at 900 inches per minute (38 cm/sec), using a 0.008 inch
(0.20 mm) diameter nozzle. Kerfing tests were conducted for each rock
type using the parameters which produced the minimum single-cut specific
energy. Minimum specific energies for kerfing runs ranged from 6611
joules/cc, (79,900 ft-1b/in3) for Sioux Quartzite to 1215 joules/cc
(14,685 ft-1b/1in3) for Berea Sandstone.

The kerfing specific energy was found to be too high to Justify
the use of an excavation system utilizing jet action alone instead of a
conventional tunnel excavator. Test data was utilized, however, in the
generation of a mechanicaliy araisted fluid jet excavatioa machine concept
having a significantly reduced overall. specific energy. The specific
energy calculated for the hybrid system does not, however, represent the
optimum specific energy for such a system since the jet operating para-
meters employed in the analysis were those which gave the minimum specific
energy for pure jet excavation. These parameters were also observed to
give the smallest kerf depths. As kerf depth is increased, the spacing



between kerfs can also be increased, thereby increasing the volume of
material removed by mechanical action. Since the jet excavation energy
constitutes the majority of the energy input to the rock, the maximum
overall efficiency for a hybrid system may be obtained at the operating
parareters which produce the deepest kerf, even though the jet excavation
portion of the process is not operating at its minimum specific energy.

Further investigation is indicated to determine specific energy for
excavation of in s8itu rock structures as well as for optimization of
jet operating parameters in combination with mechanical breakage methods.
Combination of the more favorable stress condition of in situ rock with
optimization of the specific energy of a mechanically assisted jet
excavator is expected to reduce the overall aystem specific energies to
levels comparable to those demonstrated by conventional excavation sys-
tems operating in hard rocks while preserving the major advantages of the
jet approach.



SECTION 2
INTRODUCTION

Increasing emphasis in both urban and defense systems planning
has focused upon the desirability of locating many utilities and trans-
portation systems underground. Such a location frees valuable land
space within city centers and allows greater flexibility in planning for
urban development. In many population centers, tunneling is the only
viable method of huilding mass transportation systems due to the high
degree of utilization of surface space, Underground location of facili-
ties has a great advantage from the military standpoint due to decreased
vulnerability to attack and sabotage. Additionally, underground systems
and structures are impervious to weather conditions and may be maintained.
in a controllec. environment which will reduce both construction and main-
tenance costs. Protection from weather is a basic requirement for planned
future high speed ground transportation systems.

Implementation of a large scale relocation of surface facilities
underground will require major advances in present tunneling technology,
resulting in thz evolution of efficient, cost effective, rapid excavation
systems. Present tunneling methods are generally too slow, expensive
and not versatile enough for usr. in other than certain specific
applicetions. ‘

The foremost problem of any mining or tunneling system 1s to break
the material out of the solid matrix at the cutting face of the tunnel !
and reduce it to a size suitable for removal. Presently, there are two
basic material removal methods, the cyclic drill-blast method and the
continuous cutting machine method.

The drill-blast method, in which the material is removed by the
detonation of explosives loaded into small diameter holes drilled in
the face, is the method most commonly used, as it can be used in any
rock from sedimentary to the hardest igneous. Disadvantages: of this
method include explosives hazards, generation of dust and fumes and weak-
ening of the rock strata due to concussion, with attendant overbreakage
and rock falls. Although the actual specific energy of the blasting pro-
cess 1s low, the fact that the process is cyclic, with the various opera-
tions of drilling, charging, blasting, clearing of fumes and muck removal
occurring sequentially instead of continuously, contributes to the dispro-
portionately high cost and low excavation rate of the overall operation
as compared with continuous excavation processes.

The continuous cutting machine method, wherein material removal
is effected by means of mechanical excavating machines with cutter bits

mounted on endless chains or rotary drill bits, 1s in the early develop-
ment stages and is presently limited to medium hard rock applications.,

i
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Within these applications, however, the continuous cutting machine method
is comparable to the drill-blast method in both cost and speed of tunnel-
ing and mining. In addition to the'disadvantage of dust generation

by the cutters,lthe rate of material removal by qhe continuous excavating
machine is limited by the thrust which must be developed in order to

push the bits against the work face, in many contemporary machines
exceeding one mjillion pounds. The machine structure required to generate
forces of this magnitude results in high capital cost, low maneuverability
and difficulties in performing maintenance. In the harder or more abra-
sive rock excavation applications rapid cutter wear occasioned by high
loading and cuttet bearing failures due to- contamination by abrasive
pérticles~make!the continuous excavation machine uneconomical in compari-
son with the drill-blast method, in spite of the advantages of continuous
operation and superior control of tunnel line, grade and size. It
appears, therefore, that the success of any efforts toward increasing

the speed with which tunnels or mines can be excavated will depend upon
the debelopment~of new methods of excavating material at a much faster
rate with less part wear. )

A novel method of material excavation which is presently under
investigation is the use of high pressure fluid jets, a process which,
in combination with certain areas of present tunneling and excavation
technology, has the potential of ‘producing higher excavation rates than
present methods, while simultaneously.eliminating or reducing many of
their major disadvantages.

The basic technique is not new, since jets of water at low pressures
were used for eroding terrain in placer maining in the California gold
fields as early as 1870. Within the past several years, hydraulic mining
of coal using water pressures of 3000 to 5000 psi has been successfully
developed land is now being used extensively in the USSR. As materials
and equipment improved, ﬁractical generation of higher pressures became
pdssible and investigations were begun into the drilling and breaking
of harder rocks. To date, only limited data was available on the use
of continuous water jets at pressures above 25,000 psi.

When a moving column of fluid is allowed to impinge on a solid
body, the surface of the body at the point of jet impingement is sub-
jected initially to a short-duration high-pressure transient resulting
from the water hammer effect; this is followed by decay to some steady-
state pressure level. The magnitude of the high-pressure transient is
a function of the jet velocity and fluid properties and can be twice
the nozzle supply pressure; the steady-state pressure may approach the

nozzle supply pressure. For example, a water jet produced by a nozzle
supplied at a pressure of 50,000 psi could theoretically generate water
hammer ahd steady state surface pressures of 100,000 and 50,000 psi,
.respectively. Comparison of these valueg with the average ultimate
compression sttengths of some rock and earth materials indicates the
merit of investigating high-velocity fluid jets as a means of cutting
and fracturing.

1
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Advantages of the water jets for excavation of rock as cpposed to
conventional tunneling methods are decreased tool wear and decreased
reaction forces against the work face. In addition, the fluid jet is
safer than conventional methods. The jet action does not weaken the
surrounding material, as does blasting, and eliminates the sparking and
attendant gas explosion dangers experienced with mechanical cutters.
The material and water slurry resulting from continuous jet action also
minimizes dust hazards to workers and opens possibilities for material
removal by pipeline transport. Establishing the feasibility of fluid
jet rock excavation is expected to provide a base for development of
efficient and economical systems for tunneling and excavation.

2-3



SECTION 3
PROGRAM BACKGROUND

As a part of the Advanced Research Projects Agency (ARPA) Military
Geophysics program, the Bendix Research Laboratories has conducted an
experimental study to determine the feasibility of a continuous jet
excavation system for hard rock using jet supply pressures of 20,000
to 80,000 psi. Efforts were performed under Contract No. H0210034,
which was administered by the U.S. Bureau of Mines. Project officers
at the Twin Cities Mining Research Center were initially Mr. John Chester
and, subsequently, Dr. Peter Lohn.

The primary objective of the program was to generate data in a sta-
tistically designed experiment to determine the most optimum operating
conditions for a continuous jet excavation system. Existing cowmpany-
owned high pressure pumping equipment and nozzles were utilized to permit
in-depth experimentation in a range of pressures and nozzle diameters be-
yond that of previous investigations utilizing continuous Jets. Included
in the present effort were purchase of samples, preparation of a test
plan, fracture tests, data compilation, analysis and presentation of re-
sults for eight different rock types. soth single cut and kerfing exca-
vation modes were investigated in order to minimize the specific energy
(i.e., energy input per volume excavated). Process parameters employed
were pressures from 50,000 to 80,000 psi, feedrates from 50 to 900 inches
per minute, standoff distances from 0.5 to 1.5 inches, and nozzle diam-
eters of 0.009 to 0.0136 inch. The rock specimens used in fragmentation
tests were Berea Sandstone, Salem Limestone, Tennessee Marble, Westerly
Granite, Barre Granite, Charcoal Granite, Sioux Quartzite and Dresser
Basalt. Compression strengths for the rock types ranged from 8,600 to
54,000 psi.

Early in the program, a specific test plan, described in Sections 5
and 6, was generated, purchase orders were placed for samples of the
rock types specified, and fragmentation testing scheduled to commence
following receipt of the rock samples. Delays were encountered in both
the procurement of rock test specimens and in maintenance of the BRL
high pressure intensifier. Due to late deliveries of samples from
several vendors, the initiation of fragmentation tests were delayed.

In addition, during periodic maintenance of the high pressure pumping
system to be used for the fracturing tests, severe scoring of the high
pressure pistons and cylinders was discovered. The intensifier was
removed from the high pressure facility and shipped to the manufacturer
for determination of both the severity of the damage and the length of
time required to complete repairs.

Since the repair and return of the intensifier unit was essential
to the continuation of the testing, the program was delayed by an amount
of time equal to that required for completion of repairs. In the interim,



other program tasks were carried as far as possible in order to ainimize
schedule slippage due to the intensifier failure. After repairs were
completed, the high pressure intensifier was returned to Bendix. Rock
samples were moved into the test area and initial runs were completed

on several rock samples for use in evaluating various methods of deter-
mining the material volume removed by the jet.

Fragmentation tests were begun in early January 1972, Samples
were fixtured to a traverse mechanism under a stationary fluid jet,
with supply pressure, traverse speed and standoff distance as recorded
variables. The equipment and test setup is described in Section 4.

Initial fragmentation tests employing a 2% factorial design were
completed on all rock types to perform screening of the four independent
variables. Analyses of variance were completed upon the 2% factorial
data to determine the most significant main effects, for each rock
type, which were then investigated at a third level. Randomization
was applied to the sequence of test runs as well as the selection of
samples within each rock type. Additional testing was undertaken at
higher feedrates than those originally planned, up to a maximum of 900
inches per minute, based on predictions from the variance analyses.
Although the variance analyses indicated that further reductions in
specific energy value could be obtained at lower pressures and nozzle
diameters than those used in the test program, full exploration of this
range was beyond the scope of the current contract.

Within experimental ranges, the minimum specific energies for
single cuts were obtained for most rock types at the lowest supply
pressure, highest feedrate, and smallest nozzle diameter, that is 50,000
psi, 900 inches per minute, and 0.008 inches respectively. Following
determination of the minimum specific energy for single cuts, spaciig
between successive cuts was decreased until kerfing, or excavation of
the material between the cuts, was observed, which indicates the condition
of minimum overall specific energy. Kerfing tests were conducted for
each rock type using che parameters which produced the minimum single-cut
specific energy. Specific energies for kerfing runs ranged from 6611
joules/cc (79,900 ft-1b/in3) for Sioux Quartzite to 1215 joules/cc
(14,685 ft-1b/in3) for Berea Sandstone.

Program test data was utilized in the generation of a mechanically
assisted fluid jet excavation machine concept, described in Section 8,
for use in an economic comparison with conventional excavation systems.
Conclusions and recommendations for further development are presented
in Section 9.

10
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SECTION 4
TEST SETUP

Equipment employed in conducting fragmentation testing included a
high pressure intensifier with its hydraulic power supply and control
system, and a calibrated traversing mechanism for moving the samples
under the stationary jet nozzle. All equipment is owned by Bendix
Research Laboratories and is employed in investigations of the feasi-
bility of using high pressure jets for cutting and machining of indus-
trial materials.

The high pressure intensifier, shown in Figure 4-1 and schematically
in Figure 4-2 is a commercially available double-acting device capable
of an output of 1.4 GPM at 80,000 psi, driven by a conventional hydraulic
power supply. The high pressure fluid, generally water or water with
soluble oil, is plumbed through .he outlet check valves into a surge
vessel mounted below the intensifier unit. The suige vessel acts as
an accumulator, using the compressibility of the water at high pressure
to minimize output pressure fluctuations during intensifier piston
reversals. The cycling reversals are controlled by a directional con-
trol valve, actuated by two limit switches which signal the end of each
stroke.

The high pressure fluid is plumbed from the surge vessel to the
nozzle assembly, shown projecting from the wall in Figure 4-3, which is
a view of the test cell in which the fragmentation tests were run. The
nozzles used in all testing were of proprierary Bendix design. The
traversing table is capable of moving samples below the nozzle assembly
through a 10 inch stroke at feedrates of up to 950 ipm. Feedrates were
controlled by means of a calibrated flow control valve in series with
the traverse table drive cylinder. The remaining system controls,
including the system output pressure gauge, are mounted in a control
console shown directly behind the traversing table. Figure 4-4 (a)
and (b) are pictures of a cutting test at 50,000 psi conducted upon a
sample of Barre Granite.

11
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Figure 4-1 - High Pressure Intensifier Pumping System
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Figure 4-2 - High Pressure Intensifier System Schematic




Figure 4-3 - Test Set Up
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(a) Starting Cut

(b) Partially Complete Cut

Figure 4-4 - Cutting Test on Barre Granite

14



SECTION 5
PROGRAM EXPERIMENTAL PLAN

Four major independent variables associated with the fluid jet
process were investigated, each at three levels. The two levels of the
variable used in 24 factorial design experiments for significance deter-
minations are denoted by lower case letters with upper case letters
used to denote the levels used for 32 and 3& factorial design experiments.

The following independent variables were investigated:

Pressure (P) (psi) P1 = 50,000 = Po

P2 = 65,000

P3 = 80,000 = P1

Pressure was recorded directly from the system supply pressure gauge.

Feed Rate (F) Fl = 50 = fo
(inches/per minute)

F, = 100

F3 = 150 = f1

Feed rate was set using a calibrated flow control valve to drive
the hydraulic cylinder which powers the specimen traversing table.
Additional tests were completec at higher feedrates up tc 900 ipm.

Standoff (S) (inches) =0,5= 8,

§

s, = 1.0

2

S,=1.5=g

15



Standoff distance was determined by leveling the sample and mount-
ing it at the desired distance relative to the jet nozzle.

Nozzle Diameter (N) N1 = 0.008 = n
o
(inches)
N2 = 0,012

N3 = 0.0136 = n,

The 0.0136-inch diam:‘er nczzle was sized to utilize maximum fiow
capacity of the Bendix hijn-pressure pumping system at 80,000 psi.

In order to minimize the effects of extraneous or unknown vari-
ables, the order of test runs as well as the order of rock type for
each run was randomized. Each test combination was accorded a combina-
tion number, which specified a particular set of test conditions. The
test number, indicating the order of completion of each test combina-
tion, ~as determined by selection of combination numbers from a random
number table, with the exception of the various levels of nozzle diameter,
which were run sequentially due to the greater ditficulty involved in
changing nozzle size as opposed to changing other operating parameters.

The following eight rock types were used in the experimental effort.
Sample size was approximately 8 x 8 x 6 inches in most cases.

Charcoal Granite (Cold Springs, Minnesota)
Westerly Granite (Westerly, Rhode Island)
Barre Granite (Barre, Vermont)

Dresser Basalt (Dresser, Wisconsin)

Sioux Quartzite (Jasper, Iowa)

Berea Sandstone (Amhurst, Ohio)

Tennessee Marble (Knoxville, Tennessee)

® Salem Limestone (Bedford, Indiana)

Contacts were made with operators of quarries recomnended by the Con-
tracting Agent as sources of the rock types listed above, and purchase
orders placed for samples in 20-piece lots for all rocks except Westerly
Granite, for which only five samples were ordered due to high cost, and
Dresser Basalt, which was acquired directly from the Bureau of Mines.
Tables of properties for each rock type have been obtained from either
the Bureau cf Mines or the quarry operators. Since no measurement of
rock properties was performed under this test program, rock properties
are presented in Appendix A for reference only. The effects of rock
property differences betveen specific samples within esch rock type was
minimized by randomizaticn of the selection of samples for use., The
sanples were numbered during uncrating and randomly selected for each
test run.



The dependent variable of the experiment was specific energy, the
amount of energy required to remove a unit volume of rock. Specific
energy was determined for both single cuts and for kerfing, wherein
interaction between successive cuts results in the excavation of the
material between.

Specific energy was calculated from system operating parameters,
sample size and material volume removed, based on the calculated actual
power level at the nozzle rather than hydraulic system input power, and
therefore is no* affected by the inefficiencies of the particular hydraulic
system and intensifier used.

Derivation of the specific energy equation is as follows:

Power x Time (1)
Volume of Material Removed

Specific Energy =

The intensifier power delivered to the nozzle is given as
Power = 5 (Q x AP) (2)

Where power is expressed in ft-1b/min

Q= flow, 1n3/sec
4P = nozzle pressure drop, psi
Since the system flow is governed by the nozzle area

2g (AP
Q-ch 3 (3)

where
Q = flow, 1n3/sec
g8 = gravitational constant = 386 1n/sec2

p = fluid density = 0.0361 lb/in3 for water
(assumed incompressible)



AP = nozzle pressur: drop, psi
Cd = assumed discharge coefficient = 0.75
A = nozzle orifice area, 1n2
Since the total pressure head of the high-pressure fluid is converted to

velocity head during its passage through the nozzle, the pressure drop
is given as

0P « (P - P ) =P (4)

ambient

whore
P = nozzle supply pressure, psig

Pambient = 0 psig

Also,
(5)

where
N = nozzle diameter, inches

By combining equations (3), (4), and (5) and substituting into (2)
/2
- ju 2g P
Power = 5 Cd (4 N ) ( 5 r (P)
Substituting numerical values gives

2 1.5

Power = 430.7 N* p° (6)
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The time during which power is delivered is determined as follows:
L
Time = ¢ (7)

where
L = length of cut, inches
F = feedrate, ipm

By substituting equations (6) and (7) into equation (1)

2 1.5
N L
SE = 430.7 "

where
SE = specific energy, ft-lb/in3
N = nozzle dianeter, inches
P = nozzle supply pressure, psig
L = length of cut, inches
F = feedrate, ipm

volume of material removed, 1n3

v

The volume removed was determined by measuring the volume of mate-
rial required to fill in the kerf. For the irregular kerf depths and
widths obtained in the cutting tests, especially on rocks prone to
spalling, measurement of the kerf dimensions and calculation of the
voluma would be grossly inaccurate as well as extremely time consuming.

A variety of materials were used in attempts to fill sample kerfs cut

in limestone but were rejected either because of handling difficulties
or, in the case of liquids, incomplete kerf filling due to excess surface
tension or absorption of the liquid by the rock. The material finally
used for the volume measurements was 120 grit emery (aluminum oxide)
powder, which has a maximum dimension of approximately 0.004 inch, allow-
ing it to penetrate to the bottom of deep narrow kerfs, but still having
sufficient size to permit the material to be poured without caking.

The kerf filling sequence is illustrated in Figure 5-1 for a sample
of Dresser Basalt. The ends of the kerf were blocked with tape or putty
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(b) Filling Kerf With Powdered Emery:

Figure 5-1 - Kerf Measurement Technique



] ; - : . '
(a) depending upon the regularity of the kerf at the end of the rock.
The smery material was poured from a graduated cylinder (b) into the
kerf in order to fill the kerf level with the top surface of the rock.
For deeper kerfs, the rock was agitated ‘to insure settling of the emery
material to the bottom of the kerf. Kerf volume was then equal to the
difference between the volume &f material in the graduated cylinder
before and after filling the kerf. In some cases interaction of the jet
with material at the sample edge which had been weakened during sawing
or handling resulted in splitting off of a large chunk of material, as
shown in Figure ;5-2' for a Dresser Basalt sample. In these cases, the
kerf was tlocked with putty at the ends of the undamaged portion of the
sample. ' Kerf volume and length measurements were taken for the central
portion only, eliminating the possibility of the data being influenced
or biaged by sample stresses jinduced by the sawing or handling operations.




SECTION 6
TEST SEQUENCE

Fragmentation tests and analysis were conducted in the following

sequence:

Testing was completed to perform 24 factorial experiments for
all eight rock types, using the high and low levels of the
variables listed previously. Randomization was applied to
both the selection of the rock samples and the sequence of
the 128 test runms.

Test data from the 24 factorial experiments was processed
using Yates algorithm and analysis of variance performed for
each rock type to determine the relative significance of
main effects and interactions.

The 24 factorial experiments were expanded into 34 factorial
experiments for both Jasper quartzite, which is the hardest
rock specified for the test program, and Barre Granite, which
1s a relatively common granite for which a variety of infor-
mation exists.

Testing was continued to perform, in randomized order, the
runs required to complete 32 factorial design experiments
for the remaining rock types, using the two most significant
factors as determined by previous analysis of variance. The
remaining two factors were set at the values for which mini-
mum specific energy was obtained.

Additional test runs were completed for all rock types at
higher feedrates up to 900 ipm in order to reduce the single
cut specific energy based upon the relatively large signifi-
cances of the negative feedrate effect as determined from
the analyses of variance.

Kerfing tests were conducted using the minimum specific energy
point obtained in the previous testing. Parallel runs across
the target face were completed, wich spacing between the cuts
successively decreased until kerfing occurred between cuts.
The kerfing tests were replicated on two additional samples

of the same rock type selected at random to minimize the
effects of variations in samples within each rock type.

The following number of test runs were completed for each portion

of the testing sequence.

2



24 factorial : 24 runs X 8 rocks x 2 replications = 256
34 factorial: (34 - 24) runs x 2 rocks x 2 replications = 260

32 factorial: (32 - 22) runs x 6 rocks x ? replications = 60

Additional:

(2 x 2 x 3) runs x 2 rocks x 2 replications = 48
2
2 runs x 6 rocks x 2 replications = 48

18 extra runs, 2 rocks = 18

Kerfing:

2 runs x 8 rocks x 3 replications = 48

Total number of runs = 738

23
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SECTION 7
DATA AND ANALYSIS

Due to the large amount of data collected for the 738 test runs
completed, extensive use was made of the time share computer for data
manipulation, calculation of specific energies for each test run and
completion of analyses of variance. Computer programs utilized in the
test program are listed in Appendix B. Data files are presented so that
input data can be retrieved for any run conducted under the test program,
if further data analysis is required in future efforts. As mentioned
previously, the present effort is devoted specifically to determining
for each rock type, the minimum specific energy associated with the jet
excavation process within the experimental ranges rather than determina-
tion of correlations between specific energy and rock properties. For
this reason, as well as the fact that the number of replications is
statistically small, regression analyses were not pcrformed on the rock
test data. Analysis of the test data will be presented in detail for
Barre Granite, which is illustrative of data trends pree-it in most of
the rock samples investigated. Due to the total volume of data gathered,
however, other rock types will be discussed only with regard to deviations
from the established trends. Summaries of process parameters, test
conditions, specific energies and analyses of variance are presented for
all rock types in Appendices C through J.

As described previously, 24 factorial experiments were completed
for all rock types for use as screening experiments to determine the
relative significances of the jet process independent variables. The
results of aralyses of variance conducted on the 24 factorial data are
presented in Table 7-1, with process parameter main effects listed for
each rock type in decreasing order of significance. A positive effect,
that is, one wuere the slope of the curve of specific energy versus an
independent variable is positive, is denoted by a plus sign before the
letter ascribed to the independent variable; a negative effect by a
minus. Letters indicating the independent variables are P for pressure,
F for feedrate, S for standoff distance and N for nozzle diameter.

The trend for all rock types was for negative feedrate (}) effect,
that is, decreasing specific energy with increasing feedrate and a posi-
tive nozzle (N) effect. Feedrate was one of the two most significant
effects for seven of the eight rock types.” The pressure effect was
positive for seven rock types, including the three rocks, Barre Granite,
Charcoal Granite and Sioux Quartzite, for which it was one of the most
significant effects. The standoff effect was positive for the majority
of rock types, but was of relatively minor significance compared with
the other main effects. Actual significance tests and effect values
are presented for each rock type, along with the 2% factorial experiment

data, in the Appendices.
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Table 7-1 - Relative Significances of Main Effects for 24
Factorial Fragmentation Test Data .

Rﬁﬁ% Rock Type 0(;:T§° (Decreggiggfgzgsfiicance)
6 Berea Sandstone 3600 -F +N -P +S
8 Salem Limestone 9500 -F +N +P +S
7 Tennessee Marble 16900 +N -F +P +S
2 Westerly Granite -—- +N -F +S +P
3 Barre Granite 23900 -F +P +S +N
1 Charcoal Granite 35100 +P +N -F -5
5 Sioux Quartzite 54000 +P +N -F -S g
4 Dresser Basalt 50000 -F +N +S +P %

The 24 factorial experimental design was expanded to a 34 design
for both Barre Granite and Sioux Quartzite, as specified in the test
sequence, and into a 32 factorial design for the remaining rock types,
investigating the two most significant main effects as determined by
the previous analyses of variance, in order to provide a better indica-
tion of the shape of the specific energy response curves.

Previous research by W. C. McLain et. a].,1 had indicated that
above a certain supply pressure, 12000 psi fcc Indiana Limestone, and
lower for Berea Sandstone, the specific energies became equal for jet
impingement both parallel and perpendicular to the specimen bedding
planes. Based upon this information, the sample bedding plate orienta-
tion was ignored in the current test program, since anticipated supply
pressure levels were well above 12000 psi. Berea Sandstone and Salem
Limestone samples were ordered with half cut perpendicular and half
paraliel to the bedding planes, and orientations were distributed among
the test sequence by the randomization of the order of sample usage.

In order to confirm the validity of this approach, a series of cuts

were completed for combination #192 on Indiana Limestone, with two
replications each for threec faces of the sample to insure impingement
both parallel and perpendicular to the bedding plane. The average
specific e¢nergy for the six tests was 19396 joules/cc and sample variance
was 1146 joules/cc. Because of the small differences in the specific
energy values obtained in this experiment for three orthogonal rock

- faces, 1t appears reasonable to conclude that the orientation of



the jet with respect to the rock bedding plane has no effect upon the
specific energy values at the pressure levels used in the preseat test
program.

Of particular interest is the extremelZ high sEecific energy values
agsociated with the tests conducted in the 2%, and 3% and 32 factorial
experiments. The minimum specific energy obtained with this series

was 5571 joules/cc (67,348 ft-1b/in3) for Berea Sandstone. A typical

cut is shown in Figure 7-1. The maximum value, however, was 386,191
joules/cc (4,667,923 ft-1b/in3) for Charcoal Granite, shown in Figure 7-2
Additional testing at different operating parameters was indicated in
order to bring the specific energy values down to a point where they
could be reasonably competitive with conventional processes. Since
nozzle diameter and feedrate had the greatest significances, investiga-
tion was begun upon methods of lowering tie specific energy by variation
of these parameters. The smallest nozzle size presently used and stocked
by Bendix is a 0.005 inch diameter, use of which would provide a 60 per-
cent area reduction, and a comparable specific energy decrease, providing
the volume excavated remained constant with the smaller nozzle. Previous
experience in cutting tests (but not data analysis) conducted for the
Bureau of Mines indicated, however, that a lower volume removed could

be expected when using the smaller nozzle, so consideration of use of a
smaller nozzle for the additional test runs was terminated. By increas-
ing the feedrate up to the practical limit of the sample traversing
table, 900 ipm, an 85 percent reduction in energy input to the rock

could be realized. A much smaller percentage decrease in excavated
volume was expected, since jet efficiency increases at higher feedrates,
due to reduced interference between the penetrating jet and the spent

jet rebounding from the bottom of the kerf. Additional tests were run

at increased feedrates, resulting in a decrease in single cut specific
energy to the values presented in Table 7-2,

Analyses of variance were performed upon data from the additional
test runs. All rock types exhibited main factor effects having the same
sense, but much lower magnitudes, than the effects determined from the
24 factorial analyses of variance, indicating that increasing feedrates
past 900 ipm will have a decreasing negative effect upon the specific
energy. This fact is evident from graphs of specific energy versus
feedrate, presented in Figure 7-3 for Barre Granite, with pressure effect
illustrated, and Figure 7-4 for Sioux Quartzite, with both pressure and
nozzle effects shown. Since feedrates higher than those shown would
be of limited utility for a continuous mining machine, it appears that
the data presented constitutes a practical minimum single cut specific
energy for fluid jet excavation in the experimental range.

Additional testing was comple:ed upon Salem Limestone at pressures
as low as 5000 psi in order to determine how well the spccific energy
data for that rock type matched that presented by McLain!. This data
presented in Figure 7-5 closely matches at the lower pressures, with the

Y8/
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Figure 7-1 - Single Cut Run on Berez Sandstone

Figure 7-2 - Maximum Single Cut Specific Energy Run
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Figure 7-3 - Specific Energy as a Function of Feedrate for Barre Granite
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Figure 7-4 - Specific Energy as a Fun.tion of Feedrate for Sioux Quartzite
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decreas.ng feedrate effect evident in the fact that little additional
decreace in specific energy is obtained by increasing feedrate from $00
ipm to 1650 ipm.

Data is also presented in Figure 7-5 for Barre Granite, which the
explored at pressures as low as 10,000 psi, and for Sioux Quartzite.
The curve for Barre Granite indicates that the minimum specific energy
point for this rock occurs at approximately 30,000 psi. The pressure
effect curve for Sioux Quartzite is positive, as are the curves for other
rock types, indicating that the absolute minimum specific energy point
occurs below 50,000 psi for most rock types. Since the pressure effect
was not among the two most significant main effects for the majority
of rocks, further investigation of specific energies at lower pressures
was not pursued.

The minimum specific energy values, within the experimental ranges,
determined as described above, were obtained at the following process
parameters.

Pressure: 34.5 KN/cm® (50,000 psi)

Nozzle Dia: 0.2 mm (0.008 inch)

Feedrate: 19 cm/sec (450 ipm) for Dresser Basalt
38 cm/sec (900 ipm) for all others.

Standoff: 3.81 cm (1.5 inch) for Charcoal Granite

and Sioux Quartzite, 1.27 cm (0.5 inch)
for all others.

Following determination of the minimum specific energy for single cuts
as above, tests were completed to datermine the spacing between successive
cuts for which kerfing, or excavation of the material between the cuts,
was observed, approximating the condition of minimum overall specific
energy for fluid excavation at the test conditions employed. The kerfing
tests were conducted for each rock type using the parameters list:d above
which produced the minimum single-cut specific energy. Specific energies
for kerfing runs are presented in Table 7-2, alcng with the maximum

cut spacing at which kerfing between :uts would occur. Figures 7-6

and 7-7 show the results of kerfing cuts conducted on Salem Limestone

and Barre Granite, respectively.
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Figure 7-6 - Kerfing Effect on Salem Limestone

Figure 7-7 - Kerfing Effect on Barre Granite
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SECTION 8
FLUID JET EXCAVATION SYSTEMS

Economic comparison between fluid jet excavation systems and con-
ventional continuous excavation systems is hampered by the fact that
very little acctual tunneling has been completed in hard rock scructures
for which the use nf a fluid jet system is proposed. Bruce and Morrell?
list a total of only twelve tunnels in the United States which have been
machine bored since 1955 in rocks of over 20,000 psi compressive strength.
In half of these applications, the use of the continuous excavation ma-
chine was discontinued in favor of coanventional tunneling techniques.
The present limit of economic boreability for most rocks using conven-
tional systems appears to be 30,000 psi compressive strength.

Suffic’ent data exists from the above source, however, to determine
the economic3 of conventional tunneling systems in two specific hard rock
applications, one in argillites having 35000 to 45000 psi compressive
strength, in the Dorchester Water Tunnel, Boston, Massachusetts, the
second in a section of quartzite of 49000 psi compressive strength in
the Magma Copper Mine, Superior, Arizona. Both tunnels were bored by
12.5-foot diameter Lawrence HRT-12 excavators of 600 horsepower
capacity with 1,500,000 pounds of thrust upon the tungsten carbide
cutters. System cost was approximately $600,000 in both cases. Com-
parative performance for both systems are presented in Table 8-1. The

Table 8-1 - Comparison of Performance of Various Excavation Systems

S ific E
Excavation System Power Excavation pecific Energy

Required (hp) Rate (ydjlhr) (ft-lb/1n3) (joules/cc)

Argillites (o = 35000 psi)

Lawrence HRT-12 600 22.7 1122 93
Fluid Jet 51100 22.7 47901 3963
Jet /Mechanical 16450 22.7 15409 1275

Quartzite (o = 50000 psi)

Lawrence HRT-12 600 4.5 5608 464
Fluid Jet 17100 4.5 79708 6611 'é
Jet/Mechanical 4096 4.5 19145 1584 g
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jet specific energy for kerfing cuts in Sioux quartzite and Charcoal

granite were used to predict jet excavator performance in quart:ite and
argillite, respectively.

As 1s evident from the comparative performance data, the pure fluid
Jet excavation system, utilizing fluid induced kerfing alone, is at an |
extreme disadvantage due to its higher specific energy, which is approxi-
mately 14 times that for the Lawrence miner operating in quartzite, and
43 times the value for operation in argillites. Assuming an overall
machine efficiency of 50 percent, a pure fluid jet excavator would re-
quire an installed horsepower of 17,100 to equal the performance of the
Lawrence miner in quartzite. Since generation and application of such
power levels is impractical in a mobile underground excavation system, , '
it is evident that the use of a hybrid system, combining jet kerf cutting
ability with some more efficient method of rock removal, will be required
to decrease the overall system specific energy.

The use of a hybrid system utilizing high pressure fluid jets for
kerf cutting, with removal of material between kerfs by mechanical means,
appears to offer advantages over both pure fluid jet and convéntional
excavation systems. Such a system, shown schematically in Figure 8-1,
will eliminate the high cutter loading and thrust requirements of
present conventional excavation systems, as well as minimizing the
effect of the high specific energy associated with the pure fluid Jet
cutting process. Present excavation systems for hard .rock use rely oén
inducing rock spallation due to localized loading of the rock in excess
of its compressive strength. Due to the excellent compressive proper-
ties ¢f rock in sttu extremely high cutter loadings are required, with
attendant high wear. Also, the spalled material from the rock face'
tends to contaminate the cutter bearings, resulting in reduced life for
these parts. The jet process on the other hand, can remove small kerfs,
albeit at high specific energy values, without the need for' excessive
loading because the machine does not contact theo work face. A mechani-
cal device can be inserted into a kerf, as shown, breaking off one rib
into the adjacent kerf, and the other rib into the kerf removed by pre-
vious passes of the jets and wheel. Although an additional jet kerf'
must be cut for the first pass in order to insure the removal of two
ribs, the extra energy required for the initiating kerf cut will be
small when averaged over many succeeding passes, 180 that, in effect,
only one jet excavated kerf w!ll be required for each rib removed. The.
rits left in the rock after scoring by the jets are unrestrained, as
shown in Figure 8-1, Section A. When loaded by the wheel, the ribs
will react similar to end loaded cantilever beams, with a tensile bend-
ing load resulting in fracture at the base of the rib, shown in Sec- .
tion B, where the bending moment is largest. Reduced loading and
specific energy are required to effect fracture of the rib due to the
low tensile strengths of most rocks. In tests to date, Summers and
Henry3 have reported specific energies as low as 0.05 joules/cc 'for
mechanical removal of ribs left between water jet kerfs cyt in Berea

oy i
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Sandstone. In the tests described, mechanical breakage energy values
were determined by dropping weights from a known height, and therefore,

a known specific energy, upon wedges set in the jet kerfs, and measuring
the material volume.

The strain energy, u, for breakage of a cantilever beam subjected
to end loading is given as follows.!

1
u=33 DSL —

o} = maximum tensile strength of the beam material

D = length of beam = depth of kerf

w
[ ]

depth of beam = spacing between cuts

L

width qf beam in direction of cut

Since volume removed = V= D S L

2
SE =3, (omax)
theo N 18 E
6
For Berea Sandstone, O ensile 580 psi and E = 9,5 x 10" psi. Therefore

3 4

s = 1.9 x 1077 psi = 1.6 x 10™% fe-1b/1n> = 1.4 x 10”> joules/cc

Etheo

for the mechanical breakage above.

The simplified case described is accurate for conditions where
kerfing cuts have been completed in two directions perpendicular to
each other, forming an array of free standing cantilever beams, and does
not take into account the more complicated stress condition present when
fracturing a rib which is fixed both at the bottom, between the cuts,
and in the direction of cut, as was the case for the tests by Summers
and Henry, described above. In addition, the mechanical wedge, due to
friction, imparts a compressive load to the rock which tends to combat
the bending load by reducing the tensile stress in the outer fiber of
the cantilever beam.

36
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A gross estimate of the actual mechanical specific energy of re-
moval for a specific rock can be made, however, by multiplying that
value recorded in the literature for Berea Sandstone by the ratio of
theoretical specific energies as determined above.

For Charcoal Granite, o = 1300 psi, E = 9,67 x 106 psi

-4

SE. = 9.7 x 10> pei = 8.1 x 10°% fet-1b/in> = 6.69 x 10™° joules/cc

theo
For Sioux Quartzite, ¢ = 1300 psi, E = 8,5 x 106 psi

4

SE =11, x 10—3 psi = 9.2 x 10 ft-lb/in3 = 7,6 x 10-5 joules/cc

theo

Data reported by Summers and Henry indicates that, for Berea Sandstone,
mechanical breakage specific energies of approximately 0.5 joule/cc
may be realized in removing ribs where the spacing between kerfs is
approximately equal to the depth of the kerf.

The following actual specific energies therefore may be realized
for mechanical breakage of other materials where the kerf spacirg is
equal to the kerf depths. For Charcoal Granite:

6.69 x 10°°
1.4 x 107

SE = 0.5 x = 2,39 joules/cc

For Sioux Quartiite:

7.6 x 10°°

SE = 0.5 x =5
1.4 x 10

= 2,71 joules/cc

Although a correlation between jet process parameters and kerf
depth was not within the scope of the present research, measurement of
several test samples has shown that, at the minimum specific points
used, a minimum cut depth of 0.125 inch was obtained for the hardest
material, Sioux Quartzite, Cut depth generally increased with increasing
supply pressure and nozzle diameter, and decrzased with increasing feed-
rate and rock compressive strength.
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A projected overall specific energy for a mechanically assisted
fluid jet excavation machine can be determined from specific energy
values for each process, the kerf depth and the jet kerf volume. Spe-
cific energy and kerf vclume for the jet cuts will be as determined
from the minimum specific energy runs for each rock type.

For comparison of Charcoal Granite with argillites, the minimum
single cut specific energy of 4248.75 joules/cc was the average value
obtained for the two test runs on the Granite conducted as combination
number 373. Data file ROCKS6, line 25 (presented in Appendix B) indi-
cates that the length of cut for both test runs was 8 inches, and that
kerf volumes of 0.85 and 0.9 cc, respectively, were removed. The ave-
rage volume removed, therefore, was 0.875 cc for a cut length of
8 inches. Kerf depth was approximately 0.125 inch, so that, assuming
a comparable spacing between kerfs, the rib volume for the 8.inch cut
would be 0.125 x 0.125 x 8 = 0,125 in3 = 2,048 cc. The two jets and
cutter wheel depicted in Figure 8-1 wr 1d then remove two kerfs, having
volumes of 0.875 cc each, by jet acti.. at a specific energy of 4248.75
joules/cc, and two ribs, having volumes of 2.048 cc each, by mechanical
action at 2.39 joules/cc. Total energy input would be 7444 joules to
remove a total wolume of 5.84 cc, therefore, the overall specific energy
would be 1275 joules/cc.

The minimum single cut specific energy for Sioux Quartzite was
10,384.32 jcules/cc, determined from the data for combination number 411,
listed in data file ROCKS7, line 225. Cut length for this combination
was 8 inches, and the average volume removed by the jet was 0.35 cc.

Kerf depth was also 0.125 inch. The hybrid system would, therefore,
remove 2 kerfs having volumes of 0.35 cc each by jet at 10,834.32 joules/
cc, and 2 ribs having volumes of 2.048 cc each mechanically at 2.71
joules/cc. Total cnergy input would be 7596 joules to remove 4,796 cc

of material for an overall specific energy of 1584 joules/cc.

These projected specific energy values are presented in Table 8-1
for comparison with those of the conventional and unassisted jet exca-
vators. Since no correlation of kerf depth with jet operating parameters
was completed in this program, further investigation will be required in
order to determine whether lower overall specific energies can be attained
by adjusting jet parameters to give greater kerf depth, thereby increasing
the percentage of total material which is removed by mechanical breaking.
For the jet operating parameters used, however, which were those required
for minimum jet specific energy, the above analysis indicates potential
minimum energy values for a hybrid jet/mechanical excavation system.

Using the predicted specific energies above, a comparison between the
hybrid system and a Lawrence HRT-12 excavator is presented in Table 8-2

for excavation of a 5000 foot tunnel. Horsepower for the hybrid system
(using a 50 percent overall efficiency) was determined in order to equalize
the penetration rates of the two systems, thereby equalizing their total
operating time, direct labor costs, machine amortization costs, and the
required muck removal equipment capacity. Comparisons are made on power
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Table 8-2 - Operating Costs for 5000' Tunnel

Excavation Power Cdygnce G Total Costs Grand
System (hp) (f%?ﬁi) C%?t Cutter Power Total
Argillites (o = 35000 psi)
Lawrence HRT-12 600 5 $6.30/yd> | $143,171 | § 16,200 | $159,371
Jet/Mechanical 16450 5 $3.00/yd3 68,176 444,139 512,315
Quartzite (¢ = 50000 psi)
Lawrence HRT-12 600 1 $9.50/yd> | 215,893 81,000 | 296,893 | g
Jet/Mechanical 4096 1 $3.00/yd3 1" 68,176 553,035 621,211 g

3 2 22,725 ya3

Volume removed = % (12.5)2 x 5000 = 613,600 ft Power @ $.02/KWHR = 0,027/ (hp-hr)
requirements and cutter costs alone. Machine purchase, indirect over-
head, roof support and material haulage costs are assumed to be equal.
In both of the cases described above, however, 1.5 cc of water is re-
quired to remove either 0.366 cc of granite or 0.296 cc of quartzite,
resulting in formation of a slurry of rock and water having a concen-
tration of 40 percent or 33 percent, respectively, by weight. These
concentrations are within ranges suitable for use in slurry transport
by pipeline, which indicates that this mode of muck removal will be
suitable for use with jet/mechanical excavators, resulting in cost
benefits over systems used with present excavators. Direct maintenance
costs of the excavation system itself are not considered, due to a lack
of information regarding maintenance of high pressure pumping equipment.
Cutter costs given are based on values given by Bruce and Morell.

As shown in Table 8-2, gignificant savings in cutter costs are
gained by use of the hybrid jet/mechanical excavator, however, overall
vperating costs are higher due to power charges occasioned by the hybrid
excavator's higher specific energy.

The specific energy obtained for the hybrid system does not, as
mentioned previously, represent the optimum specific energy for such a
system. The jet operating parameters employed in the analysis of the
hybrid system specific energy were those determined for the minimum
specific energy for pure jet excavation. Although no correlation between
specific energy and kerf depth were included within the scope of this
research, it was observed that kerf depth increased with increasing
supply pressure and nozzle diameter, and decreased with increasing feed-
rate. The jet parameters used to obtain the minimum specific energy,
therefore, also produce the smallest kerf depth.
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Optimization of the specific energy of excavation for a mechanical/
fluid jet excavator depends upon maximizing the proportion of material
removed by mechanical action. This will require further testing to deter-
mine the jet operating parameters required to maximize jet kerf drpth for
a given energy input. As karf depth is increased, the spacing between
kerfs can also be increased, so that the volume of material removed by
mechanical action increases with the square of the kerf depth. Since the
Jjet excavation energy constitutes the majority of the energy input to
the rock, the maximum overall efficiency for a hybrid system may be
obtained at the operating parameters which produce the deepest kerf,
even though the jet excavation portion of the process is not operating
at its minimum specific energy.

In addition, the specific energy data determined in this program
for fluid jet excavation was obtained through testing conducted upon
unstressed laboratory samples. Further reduction in excavation specific
energy can be expected in testing upon i7m gitu cock structures due to
the compressive stress field underground. Further testing will be
required on in gitu rock either in a tunnel or a quarry in order to
further minimize the specific energy both for the jet excavation and
the mechanical breakage processes.

Further investigation both of mechanicel breakage, maximization
of jet kerf depth, and interaction between the two processes both in
the laboratory and in situ is expected to lead to the evolution of hybrid
rapid excavation systems having comparable or lower specific energies
than those exhibited by conventional excavators working in hard rock,
with the additional advantages of reduced machine and cutter loading,
increased mobility, reduced cutter costs, no dust generation ard ease
of integration with systems for muck removal by slurry transport,
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SECTION 9
CONCLUSIONS AND RECOMMENDATIONS

® Within the experimental range employed, the minimum specific
energies for single cuts were obtained at the following jet
process parameters:

Pressure: 34.5 Kﬂ/cmz (50,000 psi)

Nozzle Dia: 0.2 mm (0.008 inch)

Feedrate: 19 cm/sec (450 ipm) for Dresser Basalt
38 cm/sec (900 ipm) for all others

Standoff: 3.81 cm (1.5 inch) for Charcoal Granite

and Sioux Quartzite
1.27 cm (0.5 inch) for all others

Minimum single cut specific energies, listed in Table 7-2,
ranged from 10,834 joules/cc (130,955 ft-1b/ind for Sioux
Quartzite to 2976 joules/cc (35,977 ft-1b/in3) for Berea
Sandstone.

Kerfing tests were conducted for each rock type using the para-
meters within the experimental range which produced the minimum
single-cut specific energy. Specific energies for kerfing

runs ranged from 6611 joules/cc, (79,900 ft-1b/in3) for Sioux
Quartzite to 1215 joules/cc (14,685 ft-1b/1n3) for Berea
Sandstone, and are presented in Table 7-2.

The kerfing run specific energies described above were found
to be higher than those exhibited by conventional tunnel
excavation systems described in the literature (2). The jet
excavation specific energy was approximately 14 times that
for a Lawrence HRT-12 excavator operating in quartzite, end
43 times the value for operation in argillites.

A much lower machine specific energy than that for a pure jet
syrtem can be obtained in a system utilizing both jet action

to cut kerfs in the rock face and mechanical devices to break
the material out between the kerfs. Such a system would have
the advantages of reduced machine and cutter loading, increased
mobility, reduced cutter costs, no dust generation and ease

of integration with systems for muck removal by slurry
transport.

Optimization nf the specific energy of excavation for a mechani-
cal/ fluid jet excavator depends upon maximizing the proportion
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of material removed by mechanical action. This will require
further testing to determine the jet operating parameters
required to maximize jet kerf depth for a given energy input.
In general, kerf cdepth increases with increasing nozzle dia-
meter and supply pressure, and the volume of material removed
by mechanical action increases with the square of the kerf
depth. Since the jet excavation energy conatitutes the major-
ity of the energy input to the rock, the maximum overall
efficiency for a hybrid system may be obtained at the operat-
ing parameters which produce the deepest kerf, even though
the jet excavation portion of the process is not operating

at its minimum specific energy.

Mechanical breakage energies should be determined for harder
rock structures both in the laboratory and in situ for
eventual incorporation in the design of a mechanically assisted
fluia jet excavator. Relationships between specific energy,
kerf depth and spacing between kerfs should be explored in
detail.

Further investigation is recommended to determine jet excavator
performance upon in 8itu rock structures rather than upon
unstressed laboratory specimens. Jower specific energies of
excavation can be expected for in situ rock since the com-
pressive stress field underground favors rock fracturing by

the jet kerfing mode.

Development of a mobile excavation test rig should be completed
to facilitate in 8itu testing both in tunnels and quarries.
The device should include both jet and mechanical modes of
rock fracturing, allowing it to be used for investigation of
operating parameters required for a hybrid jet/mechanical
excavation system. Pressure and flow capabilities of the

jet excavation portion should be comparable to those used in
the present test program, that is, 80,000 psi and 1.4 GPM,
allowing the device to be used for investigations regarding
specific energy minimization or kerf depth maximization; pro-
vision should also be included for mounting various mechanical
frar uring devices to determine relative effectiveness of
each.
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APPENDIX A

SUMMARY OF ROCK PROPERTIES
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CHARCOAL GRANITE

TYPE NO. 1

Test Results Test Results
Property (English Units) (SI Units)
Compressive strength 35.1 x 10° 1b/in> 244 WN/m
Density (apparent) 170.5 1b/ft> 2.72 g/cm’
Hardness (Shore sclerosccpe) 95 95
Poisson's ratio (dynamic) 0.28 0.28
Tensile strength (pull) 1300 1b/1n2 9 HN/mz
Tensile strength (indirect) 1570 lb/:ln2 12.8 MN/m2
Young's modulus (dynamic) 9.67 x 106 lb,’in2 66.7 GN/m2
Young'y modulus (static) 9.3 x 106 1b/1n2 64.1 GN/m2
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WESTERLY GRANITE

TYPE NO, 2

Test Results Test Results
Property (English Units) (SI Units)
Density (apparent) 165 lb/ft3 2,64 g/cm3
Poisson's ratio (dynamic) 0.24
Poisson's ratio (static) 0.20
Shear modulus (dynamic) 2.6-4.6 x 10° 1b/1n? 18-32 GN/m’
Shear modulus (static) 3.83 x 10° 1b/1n? 26.4 GN/m’
Velocity (longitudinal pulse) 1955 fi/sec xlO3 5930 m/sec x 103
Velocity (shear) 11,000 ft/sec x 103 3360 m/sec x 103
Young's modulus (dynamic) 5.8-11.6 x 10° 1b/1n? 19.9-80 GN/m’
Young's modulus (static) 8.26 x 106 lblin2 56.9 GN/m2
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BARRE GRANITE

TYPE NO. 3
Test Results Test Results
Property (English Units) (SI Units)
Compressive strength 23.9 x 103 lb/1n2 167 MN/m2
Density (apparei't) 166 lb/ft3 2.66 g/cm3
Shear modulus (dynamic) 2.44 x 106 lb/in2 16.8 GN/m2
Shear modulus (static) 2.2-2.4 x 10° 1b/1n?  15.2-16.9 GN/a?
Young's modulus (dynamic) 4.41 x 108 1b/1n? 30.4 GN/m?
Young's modulus (static) 3.96-6.41 x 106 lb/in2 27.3-44.2 GN/m2
47



DRESSER BASALT

Property

Compressive strength
Density (apparent)

Hardness (Shore scleroscope)
Poiason's ratio (dynamic)
Porosity

Shear modulus (dynamic)
Tensile strength (pull)
Tensile strength (indirect)
Velocity (longitudinal bar)
Velocity (longitudinal pulse)
Velocity (shear)

Young's modulus (dynamic)

Young's modulus (static)

48

TYPE NO 1] 4:

Test Results

(Eng}%gh Units)
50 x 10% 1b/1n?
187 1b/fe>

90

0.285

0.2¢ perceht

6 2

5.85 x 10 1b/in
2100 1b/in?
2750 1b/1n>

|
19.1 ft/sec x 103

21,7 ft/sec x 103

11.9 ft/sec x 103
14.5 x 10% 1b/1n?

12.5 x 105 1b/1n?

Tgst Results
(ST Units)

350 MN/m?
. 2.99 g/Cm3
90

0.285

40 GN/m?

14 MN/m?

19 HN/m2

5.82 m/sec x 103
6.62 m/;ec x 103
3.63 m/sec x 10°
100 GN/um?

' 86,2 GN/m® |
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H

SIOUX QUARTZITE

TYPE NO. 5

N

Test Results

Property: (English Units)
Compressive Jtrength , 54 x 103 lb/in2
Density (apparent) 150'1b/ft:3
Hardness (Shore sclero;cope) -99

Poisson's ;at;o (dynamic) | 0.13-0.28

Porosity

Shear modulus (dynamic)
Tensile strength :(pull)

Tensile strength (indjrect)

| :

Velocity (longitudinal bar)

Velocity (longitudinal pulse)

Velocity (shear)

Young's modulus (dynamic)

[
Young's modulus (static)

<l percent
4.2-5.0 x 10° 1b/1n?
1300 1b/1n2

2900 1b/1in>

i 14,6 fé/sec x 103

16.2 ft/sec x 103

! 11.0 ft/sec x 10°

8.5 x 10° 1b/1n?

10,1 x 10° 1b/1n

Test Results
- (SI Units)

350 MN/m?
2.39 g/cm3
89

0.13-0.28

29-35 GN/m>
9 MN/m2
20 MN/m2

4.45 m/sec x 103

4.9 m/sec x 103
3.35 m/sec x 103
58 GN/m2

69.6 GN/m’



BEREA SANDSTONE

TYPE NO. 6
Test Results Test Results
Property (English Units) (SI Units)
Compressive strength 8.6 x 103 lb/in2 59 MN/m2
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TENNESSEE MARBLE

TYPE NO. 7
Test Results Test Results
Eroperty (English Units) (SI Units)
Compressive strength 16.9 x 103 lb/in2 118 MN/m2
Density (apparent) 167 1b/fe> 2.69 g/cm3
Hardness (Shore scleroscope) 56.5 56.5
Poisson's ratio {dynamic) 0.292 0.292
Shear modulus (dynamic) 4.2 x 108 lb/in2 28.8 Gr.'/m2
Tensile strength (pull) 1300 lb/in2 9.2 MN/m2
Tensile strength (indirect) 745 lb/in2 5.13 MN/m2
Velocity (longitudinal bar) 16,850 ft/sec x 10° 5140 m/sec : 10°
Velocity (longitudinal pulse) 20,050 ft/sec x 103 6100 m/sec x 103
Velocity (shear) 10,600 ft/sec x 103 3140 m/xec x 103
Young's modulus (dynamic) 10.6 x 106 1b/in2 73.0 GN/mz
Young's modulus (static) 9.0 x'106 lb/in2 62.0 GN/m2
21



SALEM LIMESTONE

TYPE NO. 8
Test Results Test Results
Property (English Units) (SI Units)
Compressive strength 9.5 x 103 lb/:ln2 65.9 MN/m2
Density (apparent) 149 lb/ft3 2.39 g/cm3
Hardness (Shore scleroscope) 29.5 29.5
Poisson's ratio (dynamic) 0.299 0.299
Shear modulus (dynamic) 2.2 x 10° 1b/1n? 15.2 GN/m?
Tensile strength (pull) 580 lb/:ln2 3.9 MN/m2
Velocity (longitudinal bar) 12,550 ft/sec x 10> 3800 m/sec x 10°

Velocity (longitudinal pulse) 14,550 ft/sec x 103 4447 m/sec x 103

Velocity (shear) 10,000 ft/sec x 103 3000 m/sec x 103
Young's modulus (dynamic) 4.8 x 106 1b/1n2 34,2 GN/m2
Young's modulus (static) 3.92 x 106 1b/1n2 27.2 GN/m2



APPENDIX B

COMPUTER PROGRAMS AND DATA SUMMARY
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ENERGY

100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255
260
265
270
2175
280
285
290
295
300
305
310
315
320
325
330
335
340
345

PROGRAM LANGUAGES FORTRAN (FOR)

INPUT FILE SORMAT: COMBINATION #, TEST #, SAMPLE #,PRESSURE
¢S0000=~1, 65000=0,80000=1), FEEDRATE(S50=~-1,100%0,150=1),
STAND2FF(+58=1,1+020,1+5%1),N0ZZLEC.0085~1,+01220,.0136=1),

LENGTH OF CUTCIN.)»VOLUME REMOVEDC(CUBIC CM.)

SFILE CLIST QUTPUT FILES #lsceees #8,INPUT FILES #9scce)

DIMENSIONSEC100),SJ¢100),SP(100), SBC100)

REAL L

25 FORMAT(S6H2ta FACTORIAL FRAGMENTATION TEST DATA, ROCK TY
+PE NUMBERt,14)

30 FORMAT(6BHCOMB. TEST SAMPLE TREATMENT CIMBINATION
+ SPECIFIO)

35 FORMAT(67H # ’ 0 PRESSURE RATE  STAND
+0FF NOZZLE ENERGY)

36 FORMAT(S3H P F S

+ N)

40 FORMAT(14,18,16,111,18,F8¢1,F10¢4,F15.2)
SO FIRMATCI29,18,F8¢1,F10:4,F15.2)
60 FORMAT(F11:2,F19.2,F19+2)
N=zQ

B=0Q

J=|

K=s9

I=0

A=2

Cl=0

90 READ (K)J
IFC(J) 410, 410,95

95 PRINT 25,J

PRINT

PRINT

PRINT 30

PRINT 35

PRINT 36

PRINT

100 READ (KO C

IF (C>a410,340,105

105 IFCC-CI) 112,112,106
106 IFCA=1)107,107,110

107 B=B+|]

SB(BY=SE(])

110 AsQ

112 READ (K) T»R»PsFs»S»DsL»V
IFCI-P) 1SS

IF(P)> 120,130,140

120 P=50000

GOTA15S

130 P=65000

GOT2155

140 P=80000



ENERGY CONTINUED

350
KER)
360
365
370
375
380
38s
390
395
400
405
410
415
420
425
430
435
440
445
450
455
460
465
470
475
480
485
490
495
$00
S05
510
S15
520
525
530
$35
540
545
550
555
560
565
570
S715
580
S85
590
595

155 1FC1-F)195
1FCF)160,170,180

160 F=50

G8TO195

170 F=100

GOTO195S

1860F= 150

195 1F(SY200,210,220

200 S=.5

GOTOR230

210 S=1.0

G3T12230

220 S=1.5

230 IF(DY240,250,260

240 D=.008

GIY9285

250 D=.012

GOTO285S

260 D=.0136

285 I=le+])

B=B+1
SEC1)=7059.173¢D¢e2¢P#SQRT(P)SL/F/V
SB(B)=SE(I])

Ampe]

1F¢C~C1)300,290,300

290 PRINTS50,P»F» S»D»SEC])
GaTa310

300 PRINTA40,C»ToRsP»FsS»Ds SECL)
310 CI=C

G3Ta21G0

340 PRINT

PRINT

PRINT

1FCA-1) 342,342,343

342 B=Be¢|

sSB(BY=SE(]1)

343 PRINT" SPECIFIC ENERGY"
PRINT

PRINT"FTe-LBe/CUsINe JOULES/CU.CM.
PRINT

N=]

DA390I=1,N
SJ(1)=.082733¢SE(]1)
SPC1)=12+SE(])

390 PRINT 60, SEC1),SJC(1),»SP(I)
P=B

REWINDJ

DO 395B=1,FP

395 WRITE(J)SB(B)

JuJe]

59
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ENERGY CONTINUED

600
605
610
615
620
625
630
635
640
645
650
655
660

N=O

A=2

I=0

B=0

Cl=0

PRINT
PRINT
PRINT
PRINT

IF CENDFILEK) 405, 400
400 KaKe]
405 GOTO90
410 END
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ANBVA

100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255
260
265
270
275
280
285
290
295
300
305
310
315
320
325
330
335
340
345

PROGRAM LANGUAGES ADVANCED BASIC (XBAJS)

FILES C(LIST INPUT FILES #15¢s04308)

LET Qi1=1

PRINT

PRINT

PRINT

PRINT

PRINT"ANALYSIS OF VARIANCE, ROCK TYPE NUMBER:*»Ql
PRINT

PRINT

PRINT*" MEAN SPECIFIC ENERGY VALUES"
PRINT

PRINT

PRINT"COMBINATION #°*,'*"MEAN SPECIFIC ENERGY (FTe=~LBe/CU+INe)*
DPIM XC100)

cIM QC100)

DIM SC100)

bIM AC100)

DIM CC100)

0IM UC100)

DIM PC100)

DIM Z(64,6)

MAT Z= ZER

LET NsCINPUT: NUMBER OF VARIABLES)

LET R=CINPUT: NUMBER OF REPLICATIONS)

LET vs=0

LET AC1)=0

LET AC2)=0

FOR X = | TOZ2*N

LET ws0

FOR K =1 TO R

READ ¢ Q1,X(K)

LET S(K)=X(K)+A(K)

LET A(K)=S(K)

LET wsX(K)+W

LET. vaX(K)t2¢V

LET ZaX(K)+Z

NEXT K

LET C(X)=Ww .
LET Q2= (INPUT: STATEMENT FOR COMBINATION NUMBER)
IF R=1 THEN 310

PRINT Q2,C(X)/R

NEXTX

DEF FNX(X)=(X+1)/2

DEF FNY(X)=(X+1)/2+4(2¢N/2)

FOR J =1 TO N

FORX=1 T® 2¢N STEF 2

LET PC(FNX(X))=C(X)+C(X+1)

LET PC(FNY(X))=C(X+1)~C(X)

NEXT X ' '
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ANOVA CONTINUED

350 FOR X=] TO2*N

355 LET C(X)=P¢(X)

360 NEXT X

365 NEXT J

370 LET L=0

375 FOR X=22 TO 2N

380 LET U(X)=C(X)*2/(R*2tN)

385 LET L=(C(X)?2/C(R#2tN))+L

390 NEXT X

39S FOR 1 = | TO N

400 LET K=1-1)

405 FOR S =(2tK)+] TO 2¢N STEF 2l

410 FOR J=S TO (S+(2tK-1))

415 LET Z(J,1)=}

420 NEXT J

425 NEXT S

430 NEXT 1

435 IF R=1 THEN 460

440 LET B=CAC(1)12+A(2)22)/2¢tN~(CC1)*2/(R®2¢N))
445 LET sav-cccn)vzxcntavu)> ~L-B

450 LET D=(2tN%*(R-1))-1

455 LET M=E/D

46\) PRINT

465 PRINT

470 PRINT " ANALYSIS OF VARIANCE TABLE"
475 PRINT ‘

480 PRINT

485 IF R=] THEN 595

490 PRINT"SAURCE OF','SUMS GF*,"DF'","F RATIO",'"TREATMENT"
495 PRINT"VARIATION',"SQUARES'",'" '"»" ", “EFFECTS"
S00 FOR X=2 T2 2¢N

SO0S GISUB 645

SIQ LET Q<(X)=C(X)/{R%2¢(N=-1))

SIS PRINT ** ", UCX),»*1",U(X)/M,QCX)

520 NEXT X

525 PRINT

530 PRINT “REPLICATE'»,Bs(R-1),B/(M%*(R-1))

S35 PRINT

540 PRINT "ERRJR',E»D

545 PRINT

SSO PRINT "TITAL",V=-CCC1)*2/C(R%2tN)),2¢tN*R-]

SSS PRINT

S60 PRINT "ERRIR MEAN SQUARE='",M

S65 LET G=SQR(M)/ SQR(R)

S70 PRINT

575 PRINT G3"1S THE SQUARE ROJT OF THE RATIQO OF THE MEAN"
S80 PRINT *“SQUARE ERROR T@ THE NUMBER OF REPLICATIONS PER CELL."
590 G3 T@ 625

595 PRINT "SOURCE OF*,*"SUMS OF"

600 PRINT *"VARIATION',*"SQUARES"
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AN3VA CONTINUED

605
610
615
620
625
630
635
640
645
650
655
660
665
670
675
680
685
690
695
700
705
710
715
720

FOR X=2 Td 2¢N

GIasSuB 645

PRINT * "> U(X)

NEXT X

PRINT

LET Q1=2Q1+]
IFCINPUTS CRITERIA FOR NOT ENDING PROGRAM) THEN115
STOP

IF Z(X»1)=1 THEN 670
IF Z(X,2)31 THEN 680
IF 2(X»3)=1 THEN ¢90
IF Z(X,»4)=]1 THEN 700
G8 TO 705

PRINT *P''3

GO TO 650

PRINT *'F'";

G@ TO 655

PRINT **5'3

GO TA 660

PRINT "N'

RETURN

STOP

DATA O

END



KERF

100 PROGRAM LANGUAGES FORTRAN (FOR)

105 SFILE ROCKSS

110 DIMENSION 55(40lO)oS”(‘oIO)JSU"(d)oA(‘)oDIF(‘):DIFM(d)
115 REAL L .

120 10 FORMAT(SOHKERFING FRAGMENTATION TEST DATA» RACK TYPE
125 + NUMBER:,14)

130 1S FORMA (204 PRESSURE =,16,6H PSI 2,F9.2,15H NEWTANS
135 +./5Q«CM.)

140 20 FORMATC(20H FEEDRATE =,1606H IPM 3,5 6¢2,9H CM./SEC.)
145 25 FORMAT(20H STANDAFF =2,F6¢1,6H INe 3,F6¢3s4H CMe)
150 30 FORMAT(20H NOZZLE Z2yF6e4s6H INe 2,F6e5, 4H MM.)
155 35 FORMAT(32H SPACING BETWEEN CUTS =,FS5¢3,6H IN. =,
160 +F5+3,4H CM.) .

165 70 FORMAT(S6H CUT NUMBEK AVERAGE SPECIFIC ENERGY
170 +PER CUT)

175 75 FORMAT(SH FTeLBe/CU«INo®

180 +JOULES/CU.CM.)
185 80 FORMAT(I10,F24+2,F20.2)

190 90 FORMAT(14H AVERAGE, 2F20.2)

195 40 FORMATC(SG6HCOMB. TEST SAMPLE NUMBEKR SP
200 +ECIFIC ENERGY)

205 45 FORMAT(68H ¢ ’ ’ IF CLTS FTeLB«/CU.
210 +IN. JOULES/CU.CM.)

215 S0 FORMAT(14,19,17,18,F17.2,F20.2)
220 60 FORMAT(120,18,F17.2,F20.2)
225 95 KREADC1)J

230 X1=0

235 1F(J) 300, 300, 100

240 100 READC1)P,F»SsD»0
245 P1=.68966*P

250 F12.04233333#*F

255 S1=2.54*S

260 D1=D*25. 4

265 Q1=2.54*Q

270 PRINT10,J

275 PRINT

280 PRINT

285 PRINTI1S,P,P1

290 PRINT20,F,F])

295 PRINT 25,85, 51

300 PRINT 30,D,D1}

305 PRINT

310 PRINT 35,Q,0Q1

315 PRINT

320 PRINT

325 PRINT 40

330 PRINT 45

335 PRINT

340 120 READ(1)C

345 IF(C) 180,180,125

60



KERF CONTINUED

350 125 READC1)Ts»RsLsVL X

355 IF(X-X1)135,135,130

360 130 Y=)

365 135 SE(X,Y)=705%9¢173%D*%2¢PsSQRT(PIeXsL/F/V
370 SM(X,Y)=.082733%SE(X,Y)

375 IF "“-X1)150,150,140

380 140 PRINT 5S0,CrToRsXs SECXoY)s SM(X2Y)
385 Xi=X

390 GATA160

395 150 IFCR-R1)160,160,155

400 155 PRINT 60,RsXsSECXsY)s SM(X,Y)
405 160 A(X)=Y

410 Y=Y+]

415 GOTO120

420 180 PRINT

425 PRINT

430 DJI230 X=1,3

435 SUM(X)>=0

440 Z=A(X)

445 DO 220Y=),2

450 220 SUMCX)=SE(X,Y)+SUM(X)

455 2230 SUM(X)=SUMCX)ZA(X)

460 X=1

465 PRINT 70

470 DIF(X)=SUMCX)

475 DIFM(X)=.082733%SUMCX)

480 PRINT 115

485 PRINT

490 PRINT 80,X,DIF(X),DIFM(X)

495 DO250X=2,3

SO0 DIFC(X)=X/SUMCX)I=C(X=1)/SUMCX~1)
S0S DIF(X)=1/DIF(X)

S10 DIFM(X)=+082733%DIF(X)

S1S PRINT

S20 250 PRINT BOsXsDIFC(X)»DIFMC(X)
525 PRINT

S30 DIFA=(DIF(2)+DIFC(3))/2

S35 DIFB=(DIFM(2)+DIFM(3))/2

540 PRINT 90,DIFA,DIFB

545 PRINT

5SSO0 PRINT

SS5 PRINT

560 PRINT

S65 GOTO9S

570 300 END
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ROCKS!1

100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255
260
265
270
275
280
285
290
295
300
305
310
315
320
325
330
335
340
345

SDATA'2t4 FACTORIAL FRAGMENTATION TEST INPUT DATA'
SDATA'CHARCOAL GRANITE'

15255125=15=15=15=158¢051¢1515255125=15=15=15=1,8+051+0

248525 15-15-15-158¢151¢1,2,48,2,

fr=lo=1s=1s8¢151.2

3538519515 15-15-158:001¢253s385195s=1515=10-1s8¢5+8
4285551515 =15=158¢055,¢95,45285551515-15-15,8¢05,1+0

5915513020 =1515-158¢051:105,15,135~

65465155 15-1515=15T7¢9551¢556,46515515~

To17510=101515°157¢95516075 1701515151515 T70955¢9
108¢05¢4585325145101515-158¢5¢3

8,32,1451,1,1,-
957752050=15=15=15158¢52¢559577520s=15=15-151,8¢523

10,104,165 15=15-15157¢9,51.2
1051045165 15=15=15157¢95 1. Ool1010206o°lolo°lolo709006

115102560=1515=1515T7095¢851251115351515=15158¢514,12

1025350151515 158¢51¢1513570575=15=1515157¢955149

130700 70=15=151515T7¢95516951458659515=1515158¢06515
14s8659515=1515158¢065106515s875115=1515151567¢95,+8

1503701lo'lolololo70950|-0l6ol°508010|ololoaool 1

16,0105,8s15151»
0

1s8e¢0s 10

SDATA*‘WESTERLY GRANITE'

2

1o=1515-1,8¢0s144
161o=157¢9551.3

1761852012 15=15=157¢8551¢51751852s=15=15=15=15T7:855 1.

180795510=10=10-157¢951¢4,19,8,4, "

1s51s=10=158el506

2055153s1515=15=158¢5161205515351515=15=158:51.1
21535 15°15=1515=157¢95¢85225553510=1515=1s8¢s104
225553515=1515=158B¢51¢G023523555=151510=157955¢9
23523555=151515-15709550602452051515151515645+8
240200lolololo'1060006502509604o°lo°lo°lo108 15.8
25596045=15=1015158015101526:92+2515=15=15157¢85,2.0

2609252515115 157¢8551:09+275124515=1515-15158¢54¢5

2751245151515 15108¢5¢528572+251510=1515T7¢95532

285725251515 15157¢9553¢15295,123535=15=1515158¢5:95

29,143030=15"1515158¢2¢853009154515=1515158¢151¢5
3059154515151 158e¢151¢55315113515=151515157+95.8
315113010=151515157¢95¢5532,121552151515158¢05 10

32,1215551515 1,
0

1s8¢51e]}

SDATA 'BARRE GRANITE'

3

3351107915 15=15=1s8¢155¢8,335115T0=12=15=15=158¢15:¢8
3450351791515 =15=158¢2,1¢3,345135170 1015151582513

435,225110=1515=1,"

108¢25:9535,225110=1515=15=1,8¢2,140

3624351001510 15-158¢251¢3553604351051515=15-158¢251.0
©375505195=15=1515-158¢25¢8537550519s=15s=1515=158:2,¢9

©38,3151515°1515-158¢2512,385315151571015-158¢2,1.2
©39519530151510-158015,03539519,30=151515-1,8 15545

040537920 151515=1582151:0,40,37525151515-158015.95

*41s81560=15-1>

be

©1015709552¢6541081560=1515=1515T7¢95,2¢7
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RACKS! CONTINUED,
) I

350 042076080lo"o'lo10800040404207608010'10'10108900404
335 +43,89,160=1512=10157e95¢7
360 +43:,892165=1510=1015T70%5¢7 '
365 ’440680200lolo'lo1070503000440680200lolo'lo1070502.8
370 +45,82,18,-15-1,151,8:0,2+3,45,82,185-15-151,1,8.0,2:0
375 +46585,4515=1515158¢00104546585s4015-1515158:051.4
380 +47,74s5+~1515151,8. 00‘.6047074050'1010101030001 8
'g:g +48,100,14,1,1,1,1,8+0,1¢0,48,100,145151512158:0,1+2

0
395 SDATA'DRESSER BASALT® ' !
400 4 - \ ) .
405 49,54,14,-15-15-15-156+0,2.0 ]
410 505340195 10-1515=1560006¢1550534519515=15=15-156¢0s3¢6
415 51529+85-1515-15-15600,10555102958s=1515=15-1+6¢0,.8
420 52,415151515=15-155000800553,57s3s=1s-1s15-15640s 144
425 S54,58512,15,=1015-1560005¢8:5559+,200=1512515=156+0551.1
430 55/9,205°151515-1560059,1¢0056035s5s15151s-156+155144
435 $57594513515-15=15156015106s572942130=1s=12=151560121¢5
440 58, 75,6015=15°151040125,5005,59,109220=1515-15157:95,2.0
445 595,1095,2,=1515=15157¢9552¢72605,10651051512-12155:3,4¢6
QSO 6001060100lolo'lo10507030406101160150'10'10loloS 5,1.22
455 6lbll6ol$o'la 1515155065103562590516015=1215154055507
460 625905160 15=15151540550606351175T0=121515155075,1+8
465 6321170 70=2512151050755105064+6721T5101515155+25+9+8
470 0O
475 SDATA'SIOUX QUARTZITE®
480 5 ' i ' y
485 655245100 =1s=15"15159¢65¢9565,24510s=10=15"15=1s9 60101
490 66036020Io'}o'lo'lo10000103066f36;2olo'!o'lo'lo10000105
495 67921520015 15=15=159¢5512,679215205=1515=15=1590601¢1
500 68,425351515-15-159¢25,1:2,68542,351512=15-1510¢251. |
S0S 69,60,8,- lp'lolo'lo? 09507+69,60,8s=15=1515"157095.8
510 70,26,18515=15}15=159¢ Ssle 156700265185 15=1515=159¢55125
S$515 7154,45=151515=1510000¢757104s45=151515=1511025,48
520 725165751212 15=1511085100,725165T2121215=15110 8,8
525 73065050 10=15=1515100052:8573065,5s=15=1s=-121510+0,2.8
$30 74s88,13515-15-1515100051+5,74,8851321,=15-15,1510:001+6
535 7597321515 10=151070726106075573010=1212"15159:T5 1017
S40 76512601201515%15159¢25103576512651251512-12129251
545 77983560 =15=101515804518577583060=10-15151s8:9,2+3
SS0 785 71517+12=15151590,3. 05,78571217912=1515159¢0,3.25
555 790930]]0'1010]01010 85085795935115=1512151510-8,¢9
560 80,98,1651515151510085,1:0,80,9851651215151510851.0
565 0 ) .
570 SDATA'BEREA SANDSTONE'
575 6 : ’
S50 8106090'lo'lo'lo'lo709020608106090'lo'lo'lo'lo7-902-9
S85 82553513515 =15=15-158057¢8-82553213012s=15-15-158¢5746
590 83,55,4,=1515-15=158¢,40,83,55,45-1s15=1s=1580, 4
595 BAsr14,1791510=15=158¢5501,8451451751515-15=158055+3

1 | 63
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ROCKS1 CONTINUED

600

605
610
615
620
625
630
635
640
645
650
655
660

855,150185-10-1510-1,8¢53¢2585,1518s-15"1515-158¢53+8
8602,14015-1510=1580570558602514015=1:15-158¢57¢8
87010025-151015-158¢05,2¢5587510520-1,1510-158¢05,2¢7
88s61015151515-1,800504¢7,88,61515151515-1,8¢05,4.5
89,110,i1,=15-15-151s8¢23¢258951105115-15-15-15158¢53¢6
905,118510515=15-15158¢57¢2590,118,1051,-15-15158¢56:4
915103550=1515-15158052045,915103,551515=1,108:52+6
92,8051251515-15158¢05520¢7,925,80,1251515=15158+05,18.1
9301075 165=15=1515158053¢459351075160=15=15151580532
945975155 15=1515157¢69555¢5594097515215=151515T0755504
95599535=151515158052¢559559953s=151515158e52.°15
965845651515151580517¢9596584565151515158051506

o]

b4
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RACKs2

100

105
110 7

115
120
125
130
135
140
145
150
155
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
2as
240
245
250
255
260
265
270
2175
280
285
290
295

SDATA '2t4 FACTORIAL FRAGMENTATION TEST INPUT DATA'
SDATA:TENNESSEE MARBL.E ' -

97.59060'10'10'1:'103-0:lo3a97o59060'10‘10'10‘108900102
98047020010;10;10;108000103098047020510‘10;10'108000103
990640llo‘lilo;10;1080000850990640llo‘li10'10‘108000085
1000120101030'10‘10800500801000120101510‘10‘108005007
101063040'10'10li‘luSOOJ1090101063:4p'lo‘lofo‘108000103
10204907010‘1010'10800008010204907010'1010‘108000100
103939030'101010'108010030103039030'101010'108010106
l040620183lolo10‘1080100931040620180101010‘10801007
105.108.13.-1.-1;-1.1.8-0.-5.105.108.13.-1.-1.-1.1.8-0.1-0
106079019910'13'101080103010106079019010‘10'101080§o2o9
107066090'1010‘101080101030107066090'1010'10108010108
10851255851515=15158¢05¢9,1085125,851515-15 158005 «9
10901120100‘10‘1010108000106010901120100‘10'1010108000200
llOo119017010'101010709010201100119017010‘2011107091101
1110122020‘10101010709501-501110122020‘11lo101070951108
1120|27115010lololoBoloo?illZolZ?olSolo101010801007

0

$DATA *SALEM LIMESTONE®

8 N .

113,27, 13,-15=15-15-158¢152¢5, 113,275 13s=1s~1s~1s=1s80 15202
11403003010'1;'13'1080101608011403003010‘10'10'108010805
1150440100'101;'10'108001001150440100'10lo‘lo‘losooIOI
11613309010lo'l;‘108010207o1160330901010‘10‘108010302
1175525 4s=15-1515=158¢2105117252s4s15=15 1515805 9
118,40511515-1515-158¢52¢45118,40511515=1515s-15805205
119.45.1.-1.1.1.-1.8-.1-1.119.45.1.-1.1.1:-1:8-:1-3
1205565 155151515=158005510651205565155151515158¢055144
1210690l4o‘lo'la‘lo10801018001210690140'10‘10'101080101704
122095017015‘10‘1010709501020122095017010‘10'10107095:209 '
1230lOlalSo‘lo15‘101080101080lZSolOlalSo'lolo'lo108510201
12451205551515-15158¢53¢1512451205551515=15128¢» 30
125}1150190‘10‘1010108010108012501150190'10'10101080111075
126511452515=1515158¢55015126011452515=151515805509

1275 128560=151515158¢0951¢5,1275128565=151515158¢092 146
9280780120101010108005012010128078012010101010800501307

C

-1
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ROCKS3

100 .

105
110
115
120
125
130
i35
140
145
150
155
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255
260
265
270
275
280
285
290
295
300
305
310
315
320
325
330
335
340
345

SDATA'3t2 FACTORIAL FRAGMENTATION TEST INPUT DATA'

$DATA *CHARCOAL GRANITE® . ’

1 - -

1405385 195=1515=15=158¢51025140538,195~1515=15=158¢5 8
1415144517505 15-15=15802¢5,141,14451750015=15=1580¢,¢8
14252855515 15=15-1580055¢955,142,285551512=15-158¢055 1.
143,1505105-1515-150,8¢151¢5,143,1505105-151--150,8+151.6
1445149518505 15=15008¢5105,144514951850515=1505805 1065
1450152545 1515=150s8¢152¢3514551525451515-150,8+152¢
14651025 60=1515=151570920651465102565-1515=15157¢95 8
1475166513505 15=15158¢152¢3,147,166513,0515-15158.1,2.
1485111535 1515151580512 14851115351515=151,8¢51¢1

o .
$DATA'WESTERLY GRANITE® -

2 - ,

1495 765+ 15=15=15"157¢95 14
15051415251505=15=157¢9512515051415251500=15=157e95 10
15155153515 15=15=158¢51¢51515515351515=15~1,8¢5 101
152515153515-15=15058¢0652¢95,152515153,515=15-1,058¢06,2+7
153,1615151505-15006¢152¢6515351615151500-15056¢15204
1545162+ 3»51515-15058¢06540¢55,15451625321515-15008¢0654+6
155592525 15=15=15157¢8552¢5155,9252515=15=15157¢855 149
15651655551505=151560153¢1515651655551505=1515601,2¢6
15757252515 1515157955 3¢25157» 72525 151515157955 3¢ 1

o

SDATA 'DRESSER BASALT'

4

1585345 19515=15-15-156056015158534519515=15=15-156¢53-6
1595,14351851500-15=154¢53¢51595,14351851505=15=15406,52.9
160,415151515=15=155¢,8¢

1615153540 15=15=15054¢T726¢2,161515354515-15-1,5054.1,2:8
16251485951505=150s4051146
1633156:20:1313'130:6015:405:163:156’2031013'110:6015:5 9
164575565 15=15=15154:12555.
1655616751951500=151560210675165216751951505-15155¢92647
16651065100 1515=15155¢324060166510651051515-15155+72304

0

$DATA 'BEREA SANDSTONE*

6 . . .

1675535 13515=15=15=158¢5 7851672535135 15=15=15-158Be05T¢6
16851405,851505=15-158¢54¢5,1685140585150,=1,-1,8., 4.
169514517515 15=15=158¢55¢1516951451T51515-15=15,8¢55+3
1705163, T515=15-15058¢06+16060170516357515-12-1-0,8.06,19.
17151585205 150515057955 17¢151715158,2051505=1505 79551705
17251592195 1515-15007¢95512¢15172515951951515-1505 795,104
1733113310:13'15'1313801702:1733118a10:13'13'11138}:604
174516851851505=15158¢520095174516851851505-15158¢,18.9
17528051251515=15158¢05520075175s8051251515-151,8.05, 18 1

0 " )
$DATA'TENNESSEE MARBLE'

66
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ROCKS3 CONTINUED

350
355
360
365
370
375
380
385
390
395
400
405
410
415
420
425
430
435
440
445
450
455
460
4455
470
475

T

1760475200 15=15=15=158¢51035176547520515-15"15=-1580513
177561425551505=15=157¢9507517751425551505=15=157¢95 142
178512515135 15=15=158¢05,08,1785125151515-15-158¢055¢7
1795155512515=15=1505706+2¢3,1795155512515"15"15058¢,2¢7
180,14751651500-15058¢52¢1518051475165150,-150,8¢51¢7
181514651451515=1,056¢25,1¢8,1815,146,1451515~150,8.1,2.
1825 79+19515=15-15158¢153¢15182579519515-15=1515801,2.9
183,1695151500=15158052¢51835169515150,-1515805242
1845125585 1515715158¢50951845125+851515-1515805¢9

0 [

SDATA*SALEM LIMESTONE'®

8 . .
18553003215=15"15=158¢15,16¢8,185,30,3512=15-15-158¢158+5
18651455165 1505-15-158¢1,4¢5,1865145,1651,05-15-158:153¢7
1875335951515=15-108¢152¢751875335951515=15-158¢1,3.2
188,154 7515=15-150,8¢1513¢,188,15457515-15-1,0581511¢
189,16051351505-15058059¢62189,16051351505-15058059¢5
1905,1575851515-15058055045190,1575851515-150s8054.7
1915950 17515=15=15157¢955125191595517215=15=15157695,249
19251645951505-15158¢511¢1,19251645951505=15158¢2104+6
19251645951505-15158¢5105192,1645,951505"15158¢59+8
192,1645951505-1515605609519251645951505=15156057+5
19351205551515"15108¢53¢151935,1205551515-151584,3.

0 .

-1
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ROCKS4

100 SDATA'3t4 FACTORIAL FRAGMENTATION TEST INPUT DATA®

10S SDATA'BARRE GRANITE®

110 3 ' )

1195 201:lI:7:'1:‘1:'1:'1:8015308:2013ll:7:‘l:‘lo'l:'lr8015308
120 202523158505=15=15=157¢951052025231s850s=15=15=15T¢9» 1o
1295 203:13:17:13‘13'13'138023103:203:13317:13'13‘13'138023103
130 2045235545-1505-15"158¢5¢5,204,235,45=150s12~158e505
135 2055,2125750505-15-158¢5¢8,205,21257+050s=15=15805 8

140 206:229:5:130:‘13‘13803103206:229:5:130:‘11‘1380309

145 2075225115=1515=15-158¢2+¢95207+22s 1151511015825 1o
150 2085224519500 15=15-158¢1,¢85,208,22451950015=15-15755 6
155 209,435,105 1515-15-158¢2516355209543,1051510=15=156¢25 10
160 210,233,185-15-1,05,-1,805¢75521052335185=15-150s=1580¢5 8
165 2115216211505-1505=158¢25¢952115216511505=1500=158¢25 1+
170 2125236216215 =1505=157¢85102212,236516515=150s=15802 101
175 213,221525-150505=158¢2,065213,221525-15000s=15705204
180 214,223,5105,05,0505-158¢2,¢8:,2145223510,050500=158¢2547
185 215,2105125150505555¢55¢752155210512515050,~155¢55 ¢4
190 2165,2255205-151505=15749506021652255205=151505=157¢9245
195 217+21450175051505-158¢2,¢5:,21752145175051505=158+25475
200 2185,2095135151500-157¢95¢752185209513515150s=157:9, 8
205 2195505195=15-1515=1,8¢2,¢852195505195 *15=1s15=158¢2549
210 220523226505 =1515=157¢9+¢72220523256500=1515=15T79s 10
215 22153151515=1515=158¢251¢2,22153151515=1515=158¢25142
220 222,2085155-150515,-1s8¢5¢5,222,2085155, 150015153428
225 2235s217515000515=156¢85¢55223s217215050515=156¢25504

230 2245215535150515=158¢15¢8,224,215535150515-158.1509

235 225519535=151515=158¢15503,225519+3s=151515=158015545
240 226+,205595051515=1570955¢5,226520559505 1515157695545
245 227537525 151515-158¢15105227537925191012=158¢1595

250 0

255 3

260 228:290:12:-13‘13‘130:507:108:228:290:12:‘11‘11'110:5-7:l-5
265 229,278516000=15-150560102¢052295278516500=15=15056¢15201
270 23052505175 15-15-1505603:s2¢4,2305250517515=15-15056¢5246
275 23152475125-1505=150,6¢22104523152475125=1505=15056025 14
280 232,2415950505-1505,6252¢3:,232+2415920505=1505 60518

285 2335273+621505-150560152¢2523352735651505"150s6015243
290 2345245513,=1515-150560151¢523422455135=215-150560151¢
295 2355,27951450515-1,056¢51040235527951450515=15056051-4
300 2362267020515 15=150560251060236526722051515=150560251.8
30552375,261925=15-1505056¢25103,2375261525-15-1505056+251.35
310 238,266+19500-1505055¢451+7+238+266519505-1505055+551+8
315 2395239514015-1505057495303s2395239514515-1500007¢95 3
320 2405,272,82-150505056¢151¢2,2405272585=1505050s601» 10

325 241:291:7:0:0:0:0:603:106:241329137:0:0:0:0:6031los

330 242,2605151505050,602,1¢9,242,260515150505055¢5515

335 243,252535,=1515050560351095243,252,35=15100000663519
340 244527754505150:056015103524402775425051505056015101

345 245,285515-1515050560151¢42245,2855155151500056010107

o~ 8 B-16



ROCKS4 CONTINUED

350 246+2435155=15=15150060151¢1,246,243515+-15-15150s6¢1,.,9
355 247,248, 7505-1515056¢3s2¢15247+24757500=151505 603,20
360 248,274518515-1515006¢152¢6,248,274518515-15150:60152¢7
365 249,283095-1505150060285249,28359+-15051500605.9.

370 250,286+13,0505,1500601514,250,286513,050515056¢151.3
375 2515,2925175150010056¢351¢5525152925176150515056¢3516
B0 25252635100-1515150560250955252,2635100=151515056025.8
385 253,2685550515150560251015253,2685550515150s602,1¢3

390 25452595110 151515056¢251060254,2595115151515006¢251¢5
395 0

400 3

405 255581560=10=15=1515TeP552065255+81262=1s-15-15157095+24 i
410 256030458505 =15=151560152¢2256530458,05=15=15106¢152¢1
415 25757658, 101515 108¢54¢4s257576s8515=15=151s805404

420 25853155 40=1500=15156¢1510152585315,40s=150s=151564¢151-
425 25953285 790005~15156¢251¢5,259532857,05,0s=15156025146
430 26052995105 1500=1515602+2¢35260529951001505-15156¢2,23
435 261589516015 15=1510T70900722615895160=1015=1515T095¢7
440 262532159505 10-15126051¢5,26253215950515=1515605146

445 2630685200 1515=1515T0593¢226356852051515=15157¢5,2.8
450 2645298520 =15=1500156¢151¢55264+298,2,=15=150s156¢15145
455 2655316516000 =1000156015105,2655316+1600s-150:1560151.3
460 2665302555 15=120510602+2¢952665030255515-1500158¢2,2.8
465 26753135185-150005156¢1509+2672313,18+s=15050s10601510
470 268,324512,05050515602518,2685324512,050505156025147
475 26953225155 1505001560102¢55269+3225155150000156¢1,201
480 2705319+ 145-15150515605103,27053195140=151505 1560512
485 271,3005,195051505156¢251¢552715300519505150515602515
490 2725323513515 10001560151069527253230130151500156015146
495 2730825 18s=15=1515158¢52¢35273s82:18s=1s-1515158¢,20
500 2745301520, 00-151515602+2¢3s2745301520:05=1515126¢2523
S0S 275585545 15-1515108¢5104,275:85,4515=1515158¢5104

510 2760295530-1505151060251¢852765295530=150s15156¢2515
S15 277529651150505151562251670627752965115050515156¢251¢6
S20 27853115651505151562152¢2,278,311565150515156¢152¢3

S25 2795745 55=151515108¢51¢602795T4555s=151515158¢51+8

530 280529751500 15151560251045280,297515051515156025146

535 281,1005145151515158051052815100,145151515158051.2

540 0

69
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RACKSS

100 SDATA3t4 FACTORIAL FrAGMENTATION TEST INPUT DATA'

105 SDATA'SIQUX CUARTZITE®

110 S - .

115 282,524,100 -15=15=15-1+906+¢95282524510s=10=1s=10-159e6s 10 1
120 283,237515505=10=15-157¢3s07+283237515+00=10=15=15T03007
125 284536025 15=15=15-1510051¢8,28453652515=1s=15=1510es1+5
130 285,2025179=1505=15=157065+6+28552025175=1000=1s=15Te6s46
135 2860204:9:0:0:'1:'1{8-40-70286020409:0000'10'198-4:-85
140 2875,21152151505=15-15707+092287521152151500=12=15707595
145 288,215200~1515=15-159¢55102+288+215200=1s10=15=129065 101
150 2895206519505 15=15=158¢25¢5+2895206519s0510-T5=1582+46
155 290,425351515-15-159¢25,1¢252905425351515=15=151025 101
160 2915207515+ =15=1500=157¢7206+29122075155=15=150s=157¢T207
165 292,2035,14505-1505=1,8015+8,292,2035,14505-150s=158¢25+75
170 293,22605515=1505=157¢2508+2930226:5515=1500=1571s07

175 294,218+235-150500=157495¢5+2945218523,-150s0s-1s8¢1505
180 2955,2345,195050505=1:8¢25¢8+,295,2145195050500=1584+25 8

185 2965201955 150500=15704+¢652965201555150500=15705s07

190 29752195225-151505=158¢1504229722195225-151505=158¢25+5
195 298.5230595051505=1s8¢45¢65,2985,230595051500=158¢ 4546

200 299,238+215151500=157¢8507229952385215151200=19 70627
20S 3005,6058s=15=1515-157¢95¢7»300560s8s=1s=1510-15709» 8
210 3015220526200~1515=158¢5¢853015220526505=1510=158¢5065
215 302,26518515=1515=159¢55 16177 26518515=1015=159¢5,1.25
220 3035227+175-150015=157¢8507530352275172=150s 1215 Te8s07
225 304,222,245050515=357855¢453045222524,050s15=15T07245
230 305-,2285145150515-158¢2,¢8,30552285145150515=-1,8:2+465
235 30604+45=15151,-15100507530604540=151510=1211¢255 48

240 3075213+255051515-157¢9206030722135255001515=157¢9200

245 3085160 72151515=1511e85105308,16075151510=1511:8548

250 0

255 5

260 309,2545145-15-15-15057¢951¢553095254514s-15-15=150s80151:7
265 3105257015500 =15-15057¢651¢55+310025791500s=12=150070T0107
270 3115256019515 =15=15058¢753¢7s3115256519515-15-15058:723.2
275 312,255595=1505=15008¢151:25312,259595-150s=150s8151¢
280 313,265+,2250005-15058¢5105,313,26552250005=150s8e01¢7

285 3145275+1721505-15058¢452¢3,314527551751500-1505804,2.2
290 315,2585215-1515-15058¢51045315,2585215=1515=15058¢2142
295 316+28151950015-15058¢251060316528151%50015=15158¢2,201
300 31752495245 1535150578551 45317524952451515=15055+2510
305 318,240,25,-15-15000s8:251+45318,240,25,-15,-150,0s8¢25144
310 319,244,22505-1505057¢25205319+244522505s=1505007¢95247
315 3205276014515 -1505057065+206+320027621451515050577552+5
320 321,288+235,-1505,050,8¢2,1:2,321+,2885235s-1505,050s8+2+"10¢1
325 3225251555050505007¢51065322+25155+050500057¢251+55

330 323,2645235150505008:151¢75323+s26452351500050s8¢51¢6

335 32452695265=151500008¢35,1¢353240269526+-1515050s8+251.4
340 325527155505 150005,7-251¢35,32552715550015000s705144

345 3265287525510 1500008¢651:8,3260287+2521215050580651.95
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ROCKSS CONTINUED

350 387,262:s255=15-1515058¢251¢2,3270262s25s=15-1515058¢351.3
355 328,246026500-1515058¢3,109,328,246526505-151505,8¢3,185
360 329,28059515-15150,8¢252¢3,329,28009515-15150s802,246
365 330,2825155~150515057¢55¢92330,2825155-15051505 75,85
370 33152535,175050:15058¢151¢3,3315253,1720,05,1,0,8¢151.2
375 332,2705245150515057¢721¢75332,2705,24515051505 Te8Bs106
380 333,242523+-1515150,8.251¢5333,2425235-1515150s8¢3,-9
385 334,2845,215051515057¢55102533452845210001512057¢35104
390 3355289222515 1515058¢51¢60335:28952251515150s8051¢65
395 0

400 S

405 336565s5+s=-15s=1s-121520es5.6

410 3375326017505 =10=15157¢302¢353372326517500=15=1515606+2¢
415 338,88513515-15-151510e51¢5,338,88513515~15~151510es146
420 33953125255=1500=15158¢7510453395,312:255-1505-15155¢210
425 340,29452450005=12157¢551¢4,3405,29452450505-1512T301:4
430 34215317+2251505-15158¢152¢55,3415317+5225150s-1512801,246
435 3425735 15=1515=1515TeT51065342573515=15120=1515F¢Ts1e7
440 3435320524505 15=1515T7¢7212,343,32052450515-1515T7¢5513
445 3445126012515 =15=15159¢2013,344,126512515~15=15129¢2s510
450 34552935260 ~15=1005157c¢951¢455,345+2935265=15~150515T¢b6s14
455 346,318,26505-1505128¢15244

460 3465318526205 ~150,158¢52¢4

465 347530759515=15051580452¢85347530729515=150s1s804527
470 348,3065145-150505158¢25104,348,3065145-150505158¢2+15
475 349.:327+14,000000157e8551¢5534953275145050505157¢8551435
480 35053105215150000157¢152¢53505310+21515050515 725201

485 35153055175 =151500158¢151¢3,3515305,175~15150,15801512
490 352,30851950515051560251¢5,352,308519+051505156¢3515
495 3535330519515150515825205353,3305195151,051,8¢2,2¢

S00 354,83560=15=15151,8¢451¢85354583060=15-15151s8¢95243
S05 355030355500 =1515156¢951¢85355,303,5505=1515156¢951.8
S10 3560715170 15=15151518e56¢5 '

S1S 35753095150 -150015157¢821¢50357203095152=10001515Tebs1le
520 3585,3145235050515158¢351¢3,35853145,23,000015157¢s1¢

525 3595325555150515157¢21¢55359532555515051515T2s146

S30 3605935115=1515151510e85¢853605935115~1515151510¢8549
S35 3615329595051515108¢45103,36153295,950515121,8:.4,1.4

540 362598516515151515106851¢2362+98516215125121510851.

545 O

550 -1

71
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ROCKS6

100 SDATA'ADDITIONAL FRAGMENTATION TEST INPUT DATA'

105 SCATACHARCOAL GRANITE' '

110 1

115 37153895:25-15450515-158¢5¢6553715389512,-1,450s15=158e5¢6

120 37253905125 1545001515 7025 ¢653725390512515450510-15704004

125 373,37851,-15900515=158¢5¢855373s378515=15900515=158054+9

130 37453775:1912900015=158¢5¢85374537751515900515=158¢5+5

135 0

140 SDATA'WESTERLY GRANITE®

145 2 ' i

150 3755381520=154500=15=156015045-3755381525=15450s"15=15601s44
155 376+382525154505=15=156¢150653765382+2+154500=1s=156¢1s04

160 3775379545 =15900s=15=158:150653775379545=15900s=15=15s8¢15¢5
165 3785380,4515,9005°15°158¢15¢55,3785380545159005=15=1,8¢1546

170 O

175 SDATA'DRESSER BASALT'

180 4 ‘

185 3795385515=154505=15=155¢70¢5,379s385515=154500=15=15605465
190 3805,386515154500=15=156¢2+2¢453805386515154500=15-1,642s106
195 381537155+s=159000-15=156¢525s38153715655=15900s=1s=15605¢4

200 3825372555 109000=10=156¢5¢553825372059515900s=15=15605¢9

205 0

210 SDATA'BEREA SANDSTONE®

215 6 ’ '

220 3830396595-1,4505=15=1,8¢52+5383539659:=15450s=15=158¢51¢5

225 3845395595 154505=15=1s8¢22¢55,38453955,9515450s=15=1584+53.9

230 38553935145-159005=15=1,8¢51¢2538553932145-159000=15=158¢51¢3
239 38623925145 159005=15-158¢52¢5386539:5145159000-15=158¢51.8

240 0

245 SDATA'TENNESSEE MARBLE'

250 7

255 387+388530=154500=15=15T707550 7155875388530 =15450s=1»=15%e5155
260 388s387535154500=15=158¢505553885387535154500=15=15%0s¢3

265 3895,4000200=159005=15=158054¢7553895,4005s205-15900s-15-1580507
270 39053995205 1590050-15=15825065539053995,205159005=15-158¢5¢5

275 0

280 SDATA'SALEM LIMESTONE®

285 8

290 391537556100 =154500=15-15805275639153755105=15450s=15=158es¢6
295 39253765100 154500=15=158051¢15539253765105154500-15-158¢5495
300 393,3735115=15900s-15"128¢5¢85,39353735115=15900s=15=15845¢5
305 39453745115159000=15=158¢5¢853945374511515900s=15-1584549

310 4345,433.7950000900s=15=1560508,434,43357550005900s=12=156¢5¢05
315 4355435585 10000s9005=10=155e85005+4355435585100005900s=15-155+8,5¢1
320 4365436516,2000059000=25=15602015043654365165200005900s=15-1,6¢5+25
325 437+»43251653500059000-15=15605065437+4325165350005900s-12=1s60s4¢6
330 O

335 -1

12
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ROCKS?

100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255
260
265
20

SDATA'ADDITIONAL FRAGMENTATION TEST INPUT DATA®

$DATA 'BARRE GRANITE®

3 . .
39554055145-153005=15"1,8¢5¢6+395,4055)485=15300s=15=158¢s46
39654025451:300,-15-158¢5¢8,396,402,45153005-1s=158¢5¢8
3975406595,=15%56005=15=158¢5¢753975406595=1,6005=1,-158¢,¢65
3985384565156005-15155¢55¢0453985,384,6,15,600s=15=156¢15045
399,403,165715900,=15~128¢5¢45,3995,403,165=15900,=15-15805¢65
40053975185159005=15=156¢5¢45,400,39751851,9000=15=15605¢3
4015412,145-153005=15158¢51¢2,4015,4125145-15300,-15158¢51¢15
402,4095185153005=1515605¢655402,409,18,515300s-15 15605465
403,4115160=156005-1515805¢85,403,423516,-15600s=151585101
40454105,4515,6005=1,158¢51¢3,4045,41004515600s=15158¢5101
4055417595=159005=15158¢51¢3,405,417595=-159005=15158¢51.4
40604075 650159000=151560503,40654075,65159005-1. 156053
4315,4345145100005,9000=15=1,602¢01543154345145100005,9005=15=156024+0%
43254375 3,2000059005-15=156¢15¢2,432,43753,20000,900s-15=1+6015.2
433,4315,16535000,9000=15"126¢5¢5,433,4315165,350005900s=15=15605¢5
0

$SDATA'SIOUX QUARTZITE®

S

407, 404,24, -15300515-157¢52¢554075404,245=15300515157¢5543
4085 383515515300, 15=157¢85¢55,4085383015515300515=157¢85¢5
4095,3915215-1,600015=158¢5¢45,409,39'5215-15,60051,=1584¢54
4105394525515600515=158¢55,¢454105394525515600515-158¢5,4+65
41154015265:°15900515-153¢5¢3541154015265-15900515=158¢544
4125398522515900515-1584¢755¢554125398522515900515-158¢7551¢1
A13,418524,=15300515157¢551¢15,413-,4185245-15300515157¢554+9
414,415522515300515108¢251¢154145415,225153005151,8¢25+8
415,4135215-15600515158¢75154155413,215~=15« 051515848, .8
41654145155 15600010157072095416541451551560051515707246
41754165265=15900515128¢51¢45:4175416s265-1590051515%.:162
418, 4085155259005 15157350 75418540851551590051-157-"9s¢3

0

-1
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ROCKSSH

100 SDATA 'KERFING FRAGMENTATION TEST INPUT DATA'

105 SDATA'CHARCOAAL GRANITE' ’

110 155000059005 1055008, ¢ 125

115 373,3785158¢5¢85515373,378s1,8050951 .

120 42!:4210507090109:20421342131807090200204213421310070832002
125 421:42105:709320733342134210183709:2063334230421010070833003
130 0

150 SDATA'WESTERLY GRANITE'

155 2,50000,90054¢5,.008,100

160 37793795458¢15¢62153175637954+s8¢154551

165 4225422022605 08525 42204225 4060209520422, 4225156221252

170 4225422520600 1085 354225422040 60010T753254225422s 1560514853

175 0

200 SDATA 'BARRE GRANITE'

205 35,50000,9005¢55,¢0085.093

210 399,40351608¢5045515399540351628¢246551

215 4230423:16070901070234230423314:7090103020423042303380010332
220 42354235160 7099266235423542351457+92246535»4235 423» 358020253
225 9

250 $SDATA'DRESSER BASALT'

255 4550000, 4505 ¢ 5,008,125

260 37953855155¢7505+153795385515602¢6551

245 4240424:180603108023424:424040603l060204241424020:508020702
270 424:424:lBo60330603:4240424:4:60320)030424:424020:50304003
275 0

300 SDATA 'SIVUX QUARTZITE®

305 5»500005,900s1¢5,¢008s¢125

310 41154015260805¢351541154015262805¢451

315 4255 825522,8¢ 35102254250 4255 155 Te 75100254255, 4255215 7010152
320 425:425:22:8033105030425:425:1507070103:3:425:425:21070lo10633
325 0

350 S$DATA 'BEREA SANDSTONE®

355 655000059005 ¢«55 008,093

360 3855393514s8051¢25153655393514s80514301

365 426:426:2:70803093204263426380709:4040204261426020:7-9:30702
370 426:42602:708370303042614263807093706130426:4260201709:700:3
375 0

400 SDATA'TENNESSEE MARBLE'

405 755000059005 ¢ 550085125

410 389, 40052058054 7551238954005205805¢751

415 4270427:507083109020427:427014080320n234270427:16380310902
420 427:427:5:7-8:3003:427:4270140803209030427:427016:80020803
425 0

450 SDATA 'SALEM LIMESTONE'

455 8,50000,9005¢55.008,.093

460 3935373511080508515393,037321158050551

465 428042801638013050204283428:70709020402:4280428080709010232
470 4280428:16380350603:428:42807:7-9:5033342834280807-9020203
475 0 .

SQ00 -1
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APPENDICES C THROUGH J

TEST RESULTS
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)
*4 FACTIRIAL FRAGMENTATIIN TEST OATA, RUCK TYPE NUMBER: | 312 FACTORIAL FRAGMENTATION TEST OAI

M8, TEST SAMPLE TREATMENT CJMBINATISN SPECIFIC ENERGY canB.  TEST SAMPLE TREATMENT
’ ’ . PRESSURE  RATE STANOJFF NIZILE ! 0 ] [ 7n:s:um: RA1
r F s N FTe=LB¢/CUs IN. JOULES/CU-CH. L4 4
1 25 12 50000 S0 ) «0080 734710.2% 60784.78 140 36 19 50000 1
50000 50 x ] «0080 S08181.27 66863.26 50000 18
2 a8 2 80000 s0 .S <0080 1505535:90 124557.50 141 144 17 65000 18
80000 50 .5 » 0080 1380074, 50 114177 7. . 65000 T
3 38 19 30000 150 ) +0080 224494.80 185873413 142 28 5 60000 T
$0000 150 S «0080 336742.£0 278594 69 , 80000 18
a 28 s 80000 150 o5 +0080 $77497.08 AT778.07 143 150 10 50000 T
80000 150 ) . 0080 Saseee. 22 45389.16 . . 50000 T
L) 13 13 50000 50 1.8 +0080 734710.28 20784.78 144 149 18 65000 T
50000 50 1.5 »0080 $77272. 34 47759. 47 ! 65000 18
6 a6 1% 80000 50 1.8 +0080 1083614.10 89650464 145 152 4 80000 )
80000 S0 1.8 +0080 1250323.90 103443. 05 80000 E
7 17 1 30000 150 1.9 +0080 267710.0% 22148, 46 146 102 6 50000 3
50000 150 1.9 +0080 297455 61 24609.39 50000 19
s 32 14 80000 150 1.8 + 0080 1363036. 60 112768411 147 166, 13 65000 1
80000 150 1.8 +0080 18373820 11 150357.47 i 65000 15
] 77 20 50000 50 .S «0136 934257 77293.93 148 " 3 80000 15
50000 50 .3 +0136 1015497.50 8401514 80000 1
10 104 16 80000 L] ) +0136 388993600 321826.08
80000 50 3] «0136 4667923.20 386191.29 i .
11 102 6 $0000 150 5 «0136 1281360. 20 106010+ 77 , .
$0000 150 .5 +0136 961020.1% 79508.08 :
12 1" 3 80000 150 .5 «0136 1573670 30 130359.93 i
80000 150 S «0136 1432427. 50 118509.03
13 70 7 50000 50 1.3 «0136 1221 603, 20 101066490
50000 50 1.8 +0136 1221603.20 10196690
14 86 ’ 80000 50 1.9 +0136 31749 75. 60 262675%.26
80000 50 1.5 +0136 2976539.70 246258.06 :
13 87 1" 30000 130 1.5 0136 967102, 5% 80011.29 !
50000 150 13 «0136 773682.04 6400%.04 .
16 108 ] 80000 150 15 «0136 143242750 118509.03 ADOITIINAL FRAGMENTATIIN TEST OATA,
80000 150 1.5 «0136 1575670. 30 130359.93 !
i
Cang. TEST SAMPLE TREATMENT
’ ’ . PRESSURE  RAT
' P r
ANALYS1S 3F VARIANCE TABLE 3an 389 12 50000 Py
50000 a3
) 3712 90 12 0
PURCE OF SUMS JF oF F RATIO TREATMENT ! ? :Oggg ::
ARIATION SQUARES EFFECTS 373 378 1 50000 90
1.00064 E 13 1 273.26 1.11839 E 6 ! $0000 90
4.31037 € 12 1 117. N -734028. 374 377 1 | soooo 90
3 1.74281 E 12 1 47-5936 - 466745, : 80000 90
4.05308 E 10 1 1010684 “71178.3
5 1.39690 E 10 1 +381473 -41786.6 ; .
5 $.65016 E 11 1 15. 4298 265758, \
S 1.0413) E 12 1 28. 4368 360783 ,
7.59949 € 12 1 207.571 974647 ANALYSIS 9F VARIAN
] 1.44698 E 12 1 39.515 a2."9. . ;
‘ 1.30472 E 12 1 35.63 -403844. | i
N 2.58716 € 12 1 7006518 -568679. ISOURCE @F SUMS BF oF
' 4.23534 E 11 1 11.6207 -230633« VARIATION SQUARES
SN $.32437 E 11 1 14. 5407 -257987. P 4.46%23 E 10 1
N 6+38599 € 10 1 1.74392 -89344.8 F 4:24360 E 10 |
SN 3.31682 E 10 1 +905778 64389, 7 PF 5.64180 E9 1
PLICATE 1.41017 E 10 1 « 385098 REPL1CATE 6+29398 E 9 1
IROR S.49278 € 11 15 , ERROR 7.00101 E 9 3
,
ITAL 3.22771 E 13 N TOTAL 106025 E 11 7

IROR MEAN SQUARE= 3.66183% E 10 ' ERROR MEAN SRUARE= -2 Kk
i i



ST OATA» ROCK TYPE NUMRER:
[
|
'

TMENT COMBINATION
RATE STANOFF NIZILE
N

F [ |

I 150 .5 + 0080
150 .5 » 0080
150 .5 10080
150 .5 <0080
150 .5 +0080
15 .5 +0080
15 Y- <0120

150 kS #0120
150 .5 «0120
150 .5 <0120
150 .5 .0120
150 .5 .0120
150 .5 <0136
150 .5 «0136
150 .5 <0136
150 45 +0136
150 .5 <0136
150 .5

<0136

OATA»; RICK TYPE NUMBER!?

TMENT COMBINATION
RATE STANDOFF NOZZLE

F s . N

450 1.5 +0080
450 1.5 40080
450 1.5 $0080
450 15 « G080,
900 1.5 +0080°
900 1.5 +0080
900 1.5 .0080
900 1.5 ' .0080

VARIANCE TABLE

oF F RATIQ
1 : | 1901339
1 S 18.1842 -
1 2.41756

1 2.69703

3

"

2.33367 € 9

SPECIFIC ENERGY

FTe-LBe/CUIN. L JamEssCu.cme

22449 4.80 18573.:3

: 336742.20 27859.69
79860597 66071.07
499128.73 ) 41294, 42
577497.08 ' 47778.07
5e8622.22 45389.16
409141.77 33849.53
383570 41 31733.93
598% 34. 48 .\ 49553.30

| 54450407 45048+ 46
540029.17 44676.23
621033.54 51379.97
128136020 10601077
961020415 . 19508.b8
508004+ 55 42028. 74
584205.23 48333.05
1575670 30 130359.93
143242750 118509.03

!

b
FTe=LBe/CU.IN.

SPECIFIC ENERGY

JRULES/CUpCHNe
138150465 11429.62
149663+ 20 12382.09
27260732 22553.62
420269+ 61 , 3477017
52822.31 437035
49887.73 4127.36
113586038 ' 9397.34
181738.21 15035.75
i

]

' TREATMENT

EFFECTS .
149419,

- 145664,

-53112.1

APPENDIX C

TEST RESULTS - CHARCOAL GRANITE (NO.

KERFING FRAGMENTATION TIST OATA»

CoMB.

b

373

421

42)

‘PRESSURE
FEEORATE
STANQIFF
NIZILE

50000 PS)
900 1PM
1.5 INe

+«00BO IN.

SPACING BETWEEN CUTS =

RJICK TYPE NUMBEK: ]

3448300 NEWTINS/ 5QCM.
3B+10 CMe./SEC.

Je810 CM.

+20320 MM.

125 INe = <317 CM.

TEST SAMPLE NUMHEK SPECIFIC ENEKGY
’ ’ 3F CUTS FT«LB+/CU-IN. JIULES/CL
378 | ] 52822+ 31 4370, 1
1 1 49837.73 4127 ;
421 5 2 46671429 Ju6led
18 2 4433772 3664, |
10 2 437176+ 49 3621.°
421 5 3 4926414 4075
18 3 511586.91 4232,
10 3 43776449 3621
|
CUT NUMBER AVERAGE SPECIFIC ENEKGY PEk CUT
FT«LBe«/CUsIN. JIULES/CU.CM.
1 51355.02 4248+ 75
2 3993151 3303. 65
3 5567110 4622.38
AVERAGE 47901.30 3963.02
c-1



ACTORIAL FRAGMENTATION TEST OATA» R3CK TYPE NUMBERS

TEST SAMPLE

-y

23
20
96
e
124
72
123
921
113

E OF
T1ON

ATE

’ PRESSURE

TREATMENT COMBINATION
RATE STANOJFF N3ZZL(:

2 50000
50000
-] 80000
4 50000
3 80000
80000
1 50000
3 80000
80000
L] 50000
50000
1 80000
800090
4 50000
50000
2 80000
80000
|} 50000
50000
2 80000
80000
3 50000
50000
4 80000
80000
|} 50000
50000
L] 80000
80000
ANALYSI S OF
SUMS BF
SQUARES
127446 E 10
6.40697 E 12
2.45483 E 11
4.19421 E 11
4.66346 E 11
3.12295 E 10
1.15835 E 11
1.14985 E 13
2.02170 £ 11
1.81412 E 12
9.39236 E 10
2.66304 E 11
5.23524 E 11
2.7€782 E 6
1.26235 E 10
6013587 E 9
6.28412 E 11
2447437 E 13

MEAN SQUARE®

F

50
50
50
150
150
150
50
50
50
15C
150
150
150
50
50
50
50
150
150
150
150
50
50
50
50
150
150
150
150

H

5
S
[
5
[3-]
Lx-1
15
15
15
15
15
1.5
15
03]
5
5
5
5
5

15
1.5
1.5
15
15

VARIANCE TABLE

OF

1
15

31

4.18941 E 10

+0080
«0080
«0080
«0080
«0080
+0080
+0080
«0080
«0080
«0080
«0080
«(080
«(1080
«0136
<0036
0126
«0136
«0136
<0136
«0136
«0136
«0136
<0136
0136
«0136
«0136
«0136
« 0136
«0136

F RATIO

«30421
200+ 672
5.85961
10.0115
111315
+ 745439
2476494
274.465
4.82573
43.3025
2424193
6415661
1202964
6065444 E-5
«301319

146462

SPECIFIC ENERGY

FTe=LBe/CUIN.

193027.88
793027.88
1153713.10
454601.97
545214463
495649+ 67
997598+ 76
1168317.10
1168317.1C
297455.6'
446183. 4!
511138.72
629093.81
2956049.30
2149854.00
2319189.70
2441252 30
1557095.90
1557095.90
489 319+ 49
505103.99
2458572.50
291955490
3190732. 30
3190732.30
96102015
1537632.20
1575670+ 30
1432427.50

TREATMENT
EFFECTS
39913- 4
=1.02512 E
=175172.
2289171,
241440.
~62479.5
120330-
1.19888 E
~158969.
-476198.
~108353.
182450,
255813.
590. 32
39723.2

]

JOULES/CU-CM.

65609 .58
6560958
95450415
37610.58
45107.24
41006-58
8253434
96658.238
96658. 38
24609.39
36914409
42288.04
52046.82
244562.83
177863.87
1918173.52
201972413
128823.22
126823.22
40482.87
48788.77
203405.08
241543.53
263978.8¢
263978.86
79508.08
127212.93
130359.93
118509.03

3t2 FACTORIAL FRAGMENTATION TEST OATA, F

CoM8. TEST SAMPLE

4
149
150
151
152
153
154
AF-1
156

157

’

141
51
151
161
162
92
165
72

TREATMENT COME
’ PRESSURE RATE §
P

80000
80000
80000
80000
80000
80000
80000
80000
80000
80000
80000
80000
80000
80000
80000
80000
80000

F

50
100
100
150
150

S0

50
100
100
150
150

S0

S0
100
100
150
150

ADO.TIONAL FRAGMENTATION TEST OATA» RICK

CoMg. TEST SAMPLE
’ ’ PRESSURE

375
376
377

378

SBURCE oF
VARIATION
P

F

PF

REPLICATE
ERR3R
TOTAL

381

379

380

TREATMENT COM8|

P

50000
50000
80000
80000
50000
50000
80000
80000

RATE S
F

450
450
450
450
900
900
900
900

ANALYS1 S OF VARIANCE T/

SuMS oF
SQUARE S
2.0807
2. 13647
1.25317

2. 30223
4.75837

5.04863

ERROR MEAN SQUARE=

E 10
E 10
E9
E9
E9
E

10

OF
1

1 58612 E



TEST OATA:s

R3CK TYPE NUMBER:

REATMENT COMBINATIAN
RATE STANOOFF NOZILE

URE
F

00 50
00 100
00 100
00 150
00 150
00 50
00 50
00 100
00 100
00 150
00 150
00 50
00 50
00 100
00 100
00 150
00 150
ST

H

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
L]

0080
« 0080
« 0080
« 0080
+ 0080
«0120
0120
0120
0120
0120
«0l20
0136
«01236
+0136
«0136
0136
+0136

OATA» ROCK TYPE NUMBER:

REATMENT COMBINATION
RATE STANOOFF NOZZILE

URE

00
N0
00
00
00
00
00
00

F

450
450
450
450
900
900
900
900

¥ VARIANCE TABLE

OF

1.58612 E 9

S N
5 0080
) 0080
5 +« 0080
] + 0030
5 + 0080
5 0080
5 0080
5 « 0080
F RATIO
13.1187
13. 4697
+ 790081
1.45148

2

SPECIFIC ENERGY

FTe=LBe/CU. IN.

1153713.10
672999. 31
807599.17
545214.63
49564967
1278551.80
1373259. 40
539644.53
584614.91
274651.87
268681.18
2319189.70
2441252. 30
58134610
693143, 42
4892319. 49
505103.99

APPENDIX D

JOUWLES/CU.CM.

95450¢15
55679.25
66815.10
45107.24
41006.58
105778.43
113613.87
446 46. A
48366495
227224717
22228.80
191873.52
20197213
48096.51
57345.83
40482.87
41788.77

KERFING FKAGMENTATION TEST OATAs, RICK TYPE ~NUMBEK: 2

SPECIFIC ENERGY

FT«~LB-/CUsIN.

152157.59
171177.28
230953.98
J46438. 46
15766+99
90920. 39
167281.76
1532341.62

TREATMENT
EFFECTS
102000«
=103355.
-25031.6

TEST RESULTS ~ WESTERLY GRANITE (N

PRESSURE = 50000 PSI = 34453.00 NEWIJINS/SGeCM.
FEEORATE = 900 IPM = 35410 CMs/SECe
JULES/ .
RlEsZcUzes STANOJFF = e5 INe = 1.270 CM.
— N2ZZLE = .00B0 IN. = .20320 MM.
14162.01 ‘ _
19107.93 SPACING BETWEEN CUTS = +100 IN. = .254 CM.
-28661.39
9,_5,;2:,‘2 CamB. TEST  SAMPLE  NUMBER SPECIFIC ENEKGY
s ’ ’ » oF CUTS  FTeLB./CUsIN. JIULE:
ISe6hn 377 3w 4 1 7576699 62
a 1 90920, 3¥ 75
a22 az2 2 2 64155055 69
4 2 74531660 61
1 2 56123+ 70 a6+
422 422 2 3 56123. 70 464
4 3 59425+ 07 a9
1 3 56123470 464
CUT NUMBER AVEKAGE SPECIFIC ENEKGY PER CHT
FTeLBe/CUelIN. JAULES/CUs Mo
1 83343+ 69 6895.27
2 62931.58 52060 54
3 AUTSS.28 3371.51
AVERAGE S1843.58 4289.17

77



¢ FACTORIAL FRAGMENTATION TEST OATA» ROCK TYPE NUMBER! 3 ADOITIONAL FRAGMENTATIIN TEST DATA, R

1Be TEST SAMPLE TREATMENT CeMBINATION SPECIFIC ENERGY CIMB. TEST SAMPLE TREATMENT C
p ’ ’ PRESSURE RATE STANOJFF NIZZLE ’ ¥ ’ PRESSURE RATE
P F S N FTs=LB8+/CUsIN. JOULES/CU«CM. P F
K} 11 7 50000 50 5 +0080 10291 68. 30 85146418 395 405 14 50000 300
50000 50 5 +0080 1029168+ 30 85146-18 50000 300
)4 13 17 80000 S0 5 0080 1289642+ 30 106695+98 396 402 4 80000 300
80000 50 5 72D 1289642. 30 106595.98 8C000 300
35 22 11 50000 150 5 +0080 306809« 56 25383.28 397 406 9 50000 600
50000 150 5 +0080 276128+ 60 22844.95 . 50000. 600
)6 43 10 80000 . 150 5 +0080 413959.26 34248.09 398 384 [] 80000 6G0
80000 150 5 0080 558845.00 46234.92 80000 600
37 50 19 50000 50 145 +0080 1035482. 30 85668455 399 403 16 50000 200
56000 50 15 «0080 920428.67 7614%9.83 50000 900
L] 31 1 80000 S0 1+5 0080 1397112.50 11558731 400 397 18 80000 9200
80000 50 1.5 0080 1397112.50 115587.31 80000 9200
)9 19 3 50000 150 15 +«0080 914816430 75685+ 50 401 4:2 14 50000 300
50000 150 145 0080 548889. 78 45411.30 50000 300
"0 37 2 80000 15¢ 15 +«0080 552029.81 45671.08 402 409 18 80000 300
80000 150 ie5 +0080 581084.02 48074.82 80000 300
11 81 6 50000 50 5 «0136 892710.04 73856458 403 411 16 50000 600
50000 50 5 «0136 859646+ 71 7112115 50000 600
2 76 8 80000 50 5 «0136 1074320. 70 88881.77 404 410 4 80000 600
80000 50 5 «0136 1074320. 70 88881.77 80000 600
3 69 16 50000 150 [ +0136 1098308« 70 90866+ 38 405 417 9 50000 9200
50000 150 5 «0136 1098308. 70 90866+ 38 50000 900
4 68 20 80000 150 o5 «0136 49239697 40737. 48 406 407 [] 80000 900
80000 150 5 «013¢& 527568.18 43647.30 80000 9200
5 82 18 50000 50 1.5 «0136 101549 7. 30 84015+14 431 434 14 10000 900
50000 50 145 «0136 116782190 926617.4) 10000 900
13 85 4 80000 50 1.5 ~0136 3376436+ 40 27934271 432 437 3 20000 900
60000 50 145 «0136 3376436+ 40 279342.71 20000 900
'7 74 5 50000 150 15 «0136 486592. 48 40257.26 433 431 16 35000 900
50000 150 1.5 0136 4325264 65 35784.23 35000 900
s 1co 14 80000 150 145 «0136 1575670+ 30 . 130359.93
80000 150 15 «0136 1313058. 60 108633.28

ANALYSIS 3F VARIANCE» RICK TYPE NUMBEI

ANALYSIS OF VARIANCE TABLE MEAN SPECIFIC ENERG
JRCE OF SUNS OF OF F RATI1J TREATMENT CIMBINATIIN # MEAN SPECIFIC ENERGY (1
IATION SQUARES EFFECTS 395 224495.
1.60981 E 12 1 191.864 448583, 396 340759
381429 E 12 ) 454+ 601 - 690497, 399 84425.4
9.36008 E 11 ) 111557 -342054. 400 189311«
1443654 E 12 ) 171.212 423753, 401 331447,
1:49492 E 12 1 178417 432278, 402 909041,
3.86182 E 11 1 46.0267 -219711. 405 9624941
] 133236 E 11 1 158796 -129053. 406 656529,
124872 E 12 148.827 29508 3+
S+88687 E 11 ) 7041619 271267,
1.04248 E 10 1 1.24247 -36098.5 ANALYSIS 3F VARIANCI
| 2.57925 E 11 1 30. 7405 =179557. .
6.25208 E 11 1 74.5147 279555.
» 1486372 E 12 1 222.125 482664+ S3URCE 2F SUMS aF OF
» 9+01995 E 11 ) 107.503 ~335782. VARIAT10ON 5QUARES
N 3.65760 E 6 1 4. 35927 E-a 6764166 P 4461736 E 11 1
F 1.51799 E 11
«ICATE 7+81140 E 9 1 +930992 PF 205813129 ° 1
N 3.33088 E 11 1
IR 1+25856 E 11 15 PN 2.10096 E 11 1
FN 9.62276 E 9 1
AL 1.54413 E 13 31 PFN 8.80356 E 6 1
@R MEAN SOQUAREs 8439040 E 9 REPLICATE 168992748 1
ERRIR 3.29421 E 9 7
TOTAL 117002 E 12 15

ERRAR MEAN SQUARE= 44 7060:



' OATA» RJICK TYPE NUMBEK!

ATMENT CAMBINATIIN
E RATE STANQJFF NJAZZLE

F

300
300
300
300
600
600
600
600
900
900
900
900
300
300
300
300
600
600
600
600
900
900
900
900
900
900
900
900
900
900

o e W W W W W WV W W WY W W W W W W e e e W e e e

'PE NUMBER:

"1C ENMERGY VALUES

ENERGY [FTe=LBe/CUsIN.)

" VARIANCE TABLE

OF

— e -

15

4.70602 E 8

S N
«5 «0080
«5 « 0080
5 «0080
5 « 0080
5 « 0080
5 « 0080
5 «0080
«5 « 0080
5 « 0080
«5 « 0080
5 « 0080
5 «00a0
5 «0136
5 <0136
«3 «0136
5 «0136
5 <0136
5 «0136
5 <0136
5 «0136
«5 «0136
«5 «0136
S «0136
«5 <0136
5 «0080
5 «0080
«S «0080
5 « 0080
5 «Q080
5 <0080
3
F fATII
931.16
322.563
«43734
707. 192
446444
20+ 4478
«018707
« 359099

3

SPECIFIC ENERGY

FTe=LBe/CUIN.

22449480
224494.80
34075915
34075915
96212.06
103612.98
234271.91
230958.98
991775.47
69075. 32
151448.51
227172. 76
324394.99
336499.12
909040.55
909040.55
24329624
1769424 72
303013.52
358106.89
99813.84
92684.28
656529.29
656529.29
301191.38
6023B.28
43304.81
43304.81
39 443. 42
39443. 42

TREATMENT
EFFECTS
339756.
194807,
=7173.09
288569«
229181.
=49047.8
~1483.54

JAULES/CU«CM.

1857313
18573.13
26192.03
28192.03
7959.91
8572.21
19382.02
19107.93
8254.72
5714.81
12529+ 79
1879468
26838+17
28005.05
75207+ 65
75207. 65
20126.63
14639.00
25069.22
29627.26
8257.90
7668.05
543160 64
54316+ 64
249168. 47
4983. 69
3582. 74
3582. 74
3263.27
3263.27

APPENDIX E

TEST RESULTS - BARRE GRANITE (NO

KERFING FRAGMENTATIJIN TEST OATA» RJCK TYFPE NUMBER:? 3

PRESSU
FEEORA
STANOJ
NJZZLE

KE =
TE =
FF =

50000 PSI
900 IPM™M
«5 INe
Q060 IN.

270 CM.

344683 UV wEWTINS/ SWeCie
Jde10 CMe/SEC.

1
«20320 MM.

SPACING BETWEEN CUTS = «093 INe = «236 CM.

comM8. TEST
# *
399 403
423 423
423 423
CUT NUMBER
1
2
3
AVERAGE

SAMPLE NUMBER

]

16
16
16
14

3
16
14

3

JF CULTS

WWWRKON -

SFECIFIC ENEAGY

FTeLBe/CU-IN. JYULES/ZC
99775+ 47 BS54
69075432 5714
52162.03 4315,
682118y D643
69075.32 Sl a.
5115891 4e3¢e
51158.91 4232.
61225485 S0 65.

AVEKRAGE SPECIFIC ENERGY PEk CUT

FTelLBe/CUeINe

64425+ 39
50436 .88
42807 .46

46623417

78

JIULES/CL«Cr..

695 de i
4172496
3541.59

3857.27



3t4 FACTIRIAL FRAGMENTATIAN TEST DATA,

CiMB.

”

201
202
203
204
205
206
207
20s
209
210

211

218
219
220
221

e22

228
229
230
231
232
233
234
235
236
237
238
239
240

241

TEST SAM
[} [}
11 7

231 8
13 17

235 4

212 '

229 S
22 11

224 19
43 10

233 18

216 11

236 16

221 2

223 10
210 12
225 20
214 17
209 13

50 19
232 6

31 1
208 15

&17 1

215 3
19 3

205 9
37 2

290 12

278 16

250 17

247 12

241 9

273 []

245 13

279 14

2617 20

261 2

266 19

239 14

272 8

291 7

PLE

TREATMENT CIMBINATLIIN

PRESSURE RATE STANOJFF

P

50000
50000
65000
65000
80000
80000
50000V
50000
65000
65000
80000
80000
50000
50000
65000
65000
80000
8OUoU
50000
50000
6500U
65000
80000
800UV
50000
5G000
65000
65000
80000
80000
50000
50000
65000
65000
80000
80000
50000
50000
65000
65000
80000
80000
50000
50000
65000
65000
80000
80000
50000
50000
65000
65000
80000
80000
50000
50000
65000
65000
80000
80000
50000
50000
65000
65000
80000

80000

50000
50000
65000
65000
80000
80000
50000
50000
65000
65000
80000
80000
50000
50000
65000
65000

F

50
50
50
50
S50
50
100
100
100
100
100
100
150
150
150

100

150
150
50
50
50
50
50
50
100
100
100
100

RJICK TYPE NUMBEK:S

S

[3-1
(31
-1
L33
)
L33
«d
S5
D
-1
L33
-1
5
5
5
-}
£33
5
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

NIZLLE
N

«0080
« 0080
« 0080
« 0080
« 0080
« 0080
« Q080
« 0030
«00sU
<0080
« 0080
«0080
« 0080
«0080
«00BY
« 0080
« 0080
« 0080
«0UB0
« 0080
«0UBO
<0080
«0U80
« 0080
«0080
+«0USV
«0080
«LOBU
« Q080
+0080
«0080
« 0080
«0080
«L0B0
« 0080
«0080
«0080
«0080
» 0080
«0080
« 0080
«0080
« Q080
+ 0080
«NOBO
«0080
«0080
«0080
«0080
« Q080
+ 0080
<0080
+ 0080
« 0080
«0120
«0120
<0120
«0120
«0120
«0120
«0120
«0120
«0120
«0120
«0120
«0120
<0120
«0120
«0120
«0120
«0120
«0120
+0120
0120
«0120
«0120
«0120
+»0120
+0120
+0120
«0120
«0120

3

SPECIFIC ENERGY

FTe=LBe/CUeIN.

1029168. 30
1029168+ 30
1182935. 10
1182935.10
1289642. 30
1269 642.30
808181.27
808181.27
74869 3. 10
748693+ 10
817821.95
908691.06
306809.56
276128.60
475640. 32
623910.92
413959.26
558845.00
1077575+ 00
1010226+ 60
1364285.20
1227856. 70
1594752.80
1486949 .00
69032151
947087.43
767410443
877040. 49
803217.99
1405631.50
443377.23
532052.67
818571.12
£45714.08
769 142.07
672999. 31
1035482. 30
920428.67
1689907+ 30
1182935. 10
1397112.50
1397112.50
808181.27
505113.30
1018222.60
1169833.00
1035055.90
920049 .69
9148106430
548889. 78
793614.69
793614.69
552029.81
581084.C2
71978 6. 45
863743+ 74
1027581. 30
978648.84
1207565.20
1061595.80
503309. 52
704633.05
439 450. 30
561519.83
637761+ 72
610032.95
462178.67
4621178.67
481302. 71
481302. 71
594198. 76
528176+ 68
1084050.80
1043%900.80
1070190- 70
1029453.00
1101271.60
1211398.80
$77723.33
693268.00
663295.29
707514.98

JAULES/CU.CMe

8514618
85146.18
9186777
978617+77
106695.98
106695.98
66863.26
6686326
61941.63
6194563
6766086
75178.74
25383.28
22844.95
39351+ 15
51618.02
34248.09
4623492
89151.02
83579.08
112871.41
101584.27
131938.68
123019.75
5711237
7835538
6349017
725604 19
66452.63
116292.11
36681.93
44018.31
67722.84
45148456
63633.43
5567925
85668455
76149 .83
139811.10
91867+ 77
11558 7. 31
115587.31
66863+26
4178954
84240.61
961783+ 79
85633.28
76118.47
75685.50
45411.30
65658.12
65658.12
45671.08
48074.82
59550409
71460-11
85014.88
80966455
99905. 49
87829.01
41640.29
58296.41
36357.04
46456.22
52763.94
50469.86
38237+ 43
38237. 43
39819.62
39819.62
49159 .85
4369764
89686.78
8636505
88540.09
8516974
9111150
100222.65
47796+ 78
5735614
54876+ 41
58534.84

3r4 FACTO

COMB. T
’

242 ‘
243 I
244 5
245 1
246 ﬁ
247 i
248 1
249 1
250 I
251 1
252 1
253 i
254 1
255
256 :
257
258
259 :
260 1
261
262
263
264
265
266
267
268
269

270

2172
273
274
275
276
277
218
279
280
281



314 FACTORIAL FRAGMENTATION TEST OATA» ROCK TYPE NUMBER: 3

CoMB. TEST SAMPLE TREATMENT COMBINATION SPECIFIC ENERGY
(] ’ ’ PRESSURE RATE STANOJFF NIZZILE
P F s N FTe=LBe/CU:IN> JOULES/CU.CM.

242 260 1 80000 100 1.0 «0120 750566486 62096+ 65
80000 100 1.0 0120 843378.89 6977527

243 252 3 50000 150 1.0 «0120 251227.40 20784.80
50000 150 1.0 <0120 251227.40 2078480

244 271 4 65000 150 1.0 «0120 526964+ 76 43597.38
65000 150 1.0 <0120 62277653 5152417

245 285 15 80000 150 1.0 «0120 668131+33 5527651
80000 150 1.0 «0120 550225.80 45521.83

246 243 15 50000 50 15 -0120 126048 7. 30 104283.89
50000 50 1¢5 «0120 1540595¢ 60 127458.09

247 248 7 65000 50 1-5 <0120 1010735+ 70 83621.20
65900 50 1+5 «0120 1061272+ 50 87802.26

248 274 18 8000 50 15 «0120 1079289.10 89292.82
80000 50 1.5 <0120 1039315.40 85985.68

249 283 9 50000 100 1.5 «0120 852378, 69 70519 .85
50000 100 145 <0120 757669+95 62684. 31

250 286 13 65000 100 1+5 « Q120 733986463 60724.92
65000 100 145 <0120 790447+ 14 65396006 .

251 292 17 80000 100 1.5 «0120 966052.18 79924.39
8+ 700 100 1.5 «0120 905673.92 74929.12

252 263 10 50000 150 1.5 . 0120 494479.33 40909+ 76
50000 150 1.5 «0120 587194.21 48580. 34

253 268 5 65000 150 1.5 <0120 63298599 5236883
65000 150 1.5 <0120 535603+53 44312.09

254 259 11 80000 150 1.5 0120 594198. 76 4915985
80000 150 1.5 ~0120 633812.01 52437417

255 81 6 50000 50 5 «0136 892710.04 73856458
50000 50 ) <0136 859646+ 71 7112115

256 304 8 65000 50 5 <0136 131987110 10919689
65000 50 *5" «0136 1257020410 10399 7.04

257 76 8 80000 50 e5 «0136 1074320+ 70 88881.77
80000 50 5 +0136 1074320+ 70 88881.77

258 315 4 50000 100 5 «0136 809512.94 6697343
50000 100 5 «0136 89046423 73670.78

259 328 7 65000 100 ] <0126 894338.87 73991.34
65000 100 .5 «0136 838442.69 69366.88

260 299 10 80000 100 .5 «0136 . 79639857 65888+ 44
80000 100 ) «0136 79639857 65868.44

261 89 16 50000 150 o5 «0136 1098308. 70 90866+ 38
50000 150 *5 «0136 1098 308. 70 90866+ 38

262 321 9 65000 150 5 «0136 576992.82 4773635
65000 150 *5 «0136 54093077 44752.83

263 68 20 80000 150 5 <0136 4922396497 40737+ 48
80000 150 .5 +0136 527568+18 43647+ 30

264 298 2 50000 50 1.0 +0136 1187285. 60 98227. 70
50000 50 1.0 0136 1187285-60 98227+ 70

265 316 16 65000 50 1.0 «0136 1759828.10 14559586
65000 50 1.0 +0136 2030570490 167995.22

266 302 5 80000 50 1.0 «0136 1263252.90 104512+ 70
80000 50 1.0 <0136 1308369+ 10 108245.30

2617 313 18 $0000 100 1.0 <0136 989 404+ 70 81856+ 42
52000 100 1.0 «0136 890464.23 73670+ 78

268 324 12 65000 100 1.0 -0136 74528239 61659+ 45
65000 100 1.0 «0136 78912253 6528647

269 322 15 80000 100 1.0 +0136 72086916 5963967
80000 100 1.0 «0136 85817757 70999 « 60

270 319 14 50000 150 1.0 «0136 449162+ 29 37160+54
* 50000 150 1.0 «0136 486592+ 48 40257.26

271 300 19 65000 150 1.0 «0136 59 6225+91 4932756
65000 150 1.0 «0136 596225.91 4932756

272 323 13 80000 150 1.0 <0136 6323416 37 52315.50
80000 150 1.0 <0136 750905+ 37 62124465

273 82 18 50000 50 1.5 «0136 1015497+ 30 84015+14
50000 50 1.5 «0136 1167821.90 9661741

274 301 20 65000 50 1+5 «0136 1166529+00 96510+ 44
65000 50 1.5 «0136 1166529.00 965100 44

275 85 4 80000 50 ie5 «0136 3376436.40 279342 71
80000 50 1.5 «0136 3376436+ 40 279342 71

276 295 3 50000 100 15 «0136 502812.23 4159916
50000 100 1.5 «0136 60337467 49919.00

2117 296 11 65000 100 15 <0136 78912253 6528647
. 65000 100 15 +0136 838442.69 6936688

278 311 6 80000 100 1.5 +0136 81916950 6777235
80000 100 15 «0136 783553. 44 6482573

279 74 5 50000 150 1.5 «0136 486592+ 48 4025726
50000 150 15 «0136 432526465 35784.23

280 2917 |} 65000 150 15 «0136 6388123, 48 52850496
65000 150 15 «0136 558961 79 46244.59

281 100 14 80000 150 1.5 <0136 1575670+ 30 130359.93
80000 150 15 -0136 131305860 108633.28
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ORIAL FRAGMENTATION TEST OATA» RICK TYPE NUMBERS 4 312 FACTORIAL FRAGMENTATION TEST OATA» RUCK

TEST SAMPLE TREATMENT COMBINATION SPECIFIC ENERGY COMBs  TEST SAMPLE TREATMENT COMBINA
¢ ¢ PRESSURE RATE STANOJFF NOZZLE ’ ’ ’ PRESSURE RATE STAN
P F 5 N FTe=LBe/CUsINe JOULES/CUs CM» P F
54 14 50000 S0 .5 +0080 303067.98 25073. 72 158 34 19 80000 50
34 19 80000 50 .5 «0080 201103.76 166317.92 80000 50
80000 50 .5 +0089 340759415 28192.03 159 143 18 80000 100
29 8 50000 150 .5 +0080 134696.88 11143.88 80000 100
50000 150 .5 +00FD 252556+ 65 20894. 77 160 41 1 80000 150
a1 1 80000 150 .5 + 0180 42594489 3524.00 161 153 a 80000 50
57 3 50000 S0 1.5 080 432954+ 25 35819.60 80000 50
58 12 80000 50 1.5 + Y080 211595. 68 17498 50 162 148 ? 80000 100
9 20 50000 150 1.5 +0080 185208.21 15322.83 163 156 20 80000 150
50000 150 1.5 +0080 203729.03 16855+ 11 80000 150
3s s 80000 150 1.5 +0080 29938125 24768.71 164 75 6 80000 50
94 13 S0000 50 .5 +0136 1113080, 30 92088+ 47 165 167 19 80000 100
50000 50 .5 «0136 1187285+ 60 98227. 70 80000 100
75 6 80000 S0 .5 +0136 487473.00 40330-10 166 106 10 30000 150
109 2 . 50000 150 .5 +0136 386841.02 3200452 60000 150
50000 150 .5 «0136 286548.90 23707+05
106 10 80000 150 .5 +0136 226930. 18 18774+ 66
80000 150 .5 +0136 330195. 61 21318.07
116 15 50000 50 1.5 +0136 1316192.89 108892, 58
50000 S0 1.5 +0136 lzi;ssa-ao 104049, 52
90 16 80000 S0 1.5 +0136 384069 60 30 317752.33
= 2 e oA pot et o Nagaan o AOOITIONAL FRAGMENTATION TEST 0ATA» RACK T
117 U 50000 150 145 +0136 310878453 25719.91
50000 150 15 +0136 373054423 30863.90 . .
67 17 80000 150 15 +0136 105513 64 8729. 46 co:a TEfT SA":LE PRES;ZSQT"E::Tgangixﬂ:
P F .
3719 385 1 50000 450
50000 450 .
ANALY SIS @F VARIANCE TABLE 80 386 . 50000 250 ‘
80000 450 '
) SUMS 9F oF F RATIO TREATMENT E30 w 5 e b
N SQUARES . EFFECTS 382 3172 5 80000 900 '
3.16893 E 11 1} 26. 3894 199027, 80000 900
5.25911 E 12 ) 437.954 ~810795. ‘
6.46169 E 11 1 5348099 -284203-
1.94608 E 12 3 162.06 493213
1.44520 E 12 1 120. 35 425030. MEAN SPECIFIC ENERGY VALU
1.77285 E 12 1} 147-635 -470751+
1.31625 E 12 1 109.611 ~405624s
4-76621 E 12 1 3962907 771865, COMBINATION # MEAN SPECIFIC ENERGY C(FT.-LB
6400401 E 33 ) 4949986 273953. 379 115788,
3. 79444 E 12 315.983 -688698. . 380 73357.9
9.03540 E 11 ) 75.2425 ~336069. 381 109241+
1.35263 E 12 1} 11264 411191 382 10601 4.
1:33414 E 12 1 111.101 408372,
2.14280 E 12 1 178+ 443 ~517543.
2013780 E 12 1 178.026 ~516938. ANALYSIS OF VARIANCE TABL
'E 2.80681 E 10 1 2.33738
SAURCE OF SUMS OF OF
1.80125 E 11 15 : VARIATI2N SQUARES
P 1051427455 1
2-92427 E 13 31 F 3.46103 E 8 1
PF 760592865 1
AN SQUARE= 1.20084 E 10
REPL3CATE 1+ 40706 E 9 1
ERROR 2043052 E 9 3
TOTAL 5.99570 E 9 7

. ERROR MEAN SQUARE= 810171908



- 0ATA» ROCK TYPE NUMBERT 4 APPENDIX F

ENT COMBINATIAN SPECIFIC ENERGY ;
RATE  STANOOFF N@ZZLE TEST RESULTS - DRESSER BASALT (NO. 4
F 5 N FTe=L8+/CUs1Ne JOULES/CU-CH.
50 .5 0080 201103. 76 16637.92
S0 .S <0089 34075915 28192.03
100 .5 <0080 136303. 66 11276481
100 .5 0080 162154, 35 13415.52
150 .5 +0080 42594489 3524.00
50 .5 +0120 348728.51 28851+ 36
50 .5 0120 673607.81 55729. 60
100 .5 0120 79314+ 63 6561.94
150 .5 0120 209566+87 1733810
150 .5 0120 159839+ 14 132£3.97
50 .5 <0136 487473.00 4033010
100 .5 0136 165666:27 1370607
100 .5 0136 260161+98 21523.98
150 .5 0136 226930+ 78 1877466

150 5 0136 330195. 61 27318.07

ATA» R3CK TYPE NUMBER? 4

IENT COMBINATION SPF.CIFIC ENERGY
RATE STANOOFF MOZZLE
F 5 N FTe-LB./CUIN. JOULES/CU.CHM.
450 .5 - 0080 127962.04 1058568
450 , 5 +0080 103612.98 8572.21
450 .5 +0080 58686+ 30 4855.29 . o
'S o ¥5050 e TEaas Mo KERFING FRAGMENTATIAN TEST DATAs RICK TYPE NUMBER: 4
900 .S +0080 13469688 11143.88
900 .5 <0080 841854 55 6964.92
200 .5 - 0080 136303+ 66 11276.81 PRESSURE = 50000 PSI = 34483.00 NEWTINS/SQeCM-
900 .5 - 0080 75724, 25 iS55 5. 59 FEEDRATE = 450 IPM = 19.05 CM./SECe
STANOJFF = +S INe = 1.270 CM.
NOZZLE = 0080 INe 3 <20320 MM.
ENERGY VALUES SPACING SETWEEN CUTS = +125 INe = .317 CM.
ERGY [FTe-LB+/CU+IN.] caMs. TEST  SAMPLE  NUMBER SPECIFIC ENEKGY
’ ’ ] @F CUTS  FTeLBe/CUcINe JIWES/CU
379 385 1 1 127962.04 10586 68
1 ] 10361298 8572.21
424 424 18 2 7483160 6191.04
4 2 84185455 6964.92
ARIANCE TABLE 20 2 43224481 3989+ T8
424 424 18 3 56123. 70 4643.28
4 3 69670480 5764.07
F F RATIO TREATMENT 20 3 a3B27. 62 4039 66
EFFECTS
1.29778 -22928. 4
+427196 131549 CUT NUMBER AVERAGE SPECIFIC ENERGY PEk CUT
+938804 19501.2 FTeLB./CUs INe JIULES/CU«Cte
1 1473675 1 115787+ 51 9579+ 45
3 2 49224433 4072+48
7 3 44270491 3662467
810171908 AVEPAGE 2674762 3867457
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FACTORIAL FRAGMENTATI@N TEST OATA» ROCK TYPE NUMBERS 5 AOQOITIONAL FRAGMENTATI3N TEST OATA, R2

8« TEST SAMPLE TREATMENT COMBINATION SPECIFIC ENERGY COMB. TEST SAMPLE TREATMENT C3
] ¢  PRESJURE RATE STANDOFF NOZZLE ] ] #  PRESSURE  RATE
P F S N FTs=LE«/CUsIN. JOULES/CU.CH. P F
5 2a 10 50000 50 5 0080 1077575+ 00 89151.02 407 404 24 50000 300
50000 S0 .S -0080 881652+ 30 72941.74 50000 300
6 36 2 80000 50 .5 0080 1135863.80 93973. 42 408 383 15 80000 300
80000 S0 .S « 0080 1363036+ 60 112768411 80000 300
7 21 20 50000 150 .S +0080 26658 7.57 22055.59 409 391 21 50000 600
50000 150 .5 . 0080 293884. 10 . 242313.91 50000 600
8 a2 3 80000 150 .S +0080 52533702 4346271 410 94 25 80000 600
80000 150 .S +0080 631953. 32 52263.39 80000 600
9 60 8 50000 S0 1.5 0080 1140112.90 94324.96 an 401 26 50000 900
50000 S0 1.5 +0080 99 7598. 76 82534+ 34 50000 900
0 26 18 80000 S0 1.5 .0080 176575190 146085.95 a12 398 22 80000 900
80000 S0 1.5 0080 1553861+ 70 128555064 80000 900
1 4 a 50000 150 1.5 «0080 481060428 39799.56 a13 a18 24 50300 300
50000 150 1.5 0080 473543. 712 39177+ 69 50000 300
2 16 7 80000 150 1.5 0080 804191.58 66533418 a14 a1s 22 80000 3oc
80000 150 1.5 +0080 1005239+ 50 83166+ 48 80000 300
a 65 s 50000 S0 .S «0136 104269820 86265.55 a1s a3 21 50000 600
50000 50 .5 +0136 1042698 20 86265+55 50000 600
. 88 13 80000 50 .S <0136 3939175. 0 325899.83 a6 a1a 15 80000 600
80000 50 .5 +0136 36929 77.20 305531 .09 80000 600
5 73 1 50000 150 .S +0136 468345+ 26 3874761 a7 ale 26 50060 900
50000 150 .S .0136 55528 7.89 45940.63 50000 900
6 126 12 80000 150 .5 .0136 1393862+ 20 115318.40 a18 208 15 80000 900
80000 150 .S .0136 181202080 149913.92 80000 900
7 83 6 50000 50 1.5 «0136 136245890 112720.32
50000 50 1.5 +0136 1129 740.80 93465.85
g 7 17 80000 50 1.5 .0136 1636273.00 135373+ 77
80000 S0 1.5 +0126 1636273.00 135373, 77 ANALYSIS OF VARIANCE, RICK TYPE NUMBER
9 93 11 50000 150 1.5 .0136 1313789+ 70 108694, 59
50000 150 1.5 .0136 1167821.90 96617+41
0 98 16 80000 150 1.5 +0136 212715490 175985491 MEAN SPECIFIC ENERGY
80000 150 1.5 .0136 2127154.90 175985.91
COMBINATION # MEAN SPECIFIC ENERGY (F
407 336742
408 507421.
ANALYSIS OF VARIANCE TABLE 411 130955,
412 144564,
] a13 361418.
RCE OF Si'®s @F OF F RATI® TREATMENT ala 871765,
IATION SHJARES EFFECTS a17 98610,
5.65761 E 12 1 323,009 840953, a18 595175,
3.0941S E 12 | 176+ 654 ~621908 «
2.18146 E 11 1 12. 4546 -165131.
1.12143 E 10 1 + 640255 37440. 4 ANALYSIS @F VARIANCE
Se71312 E 11 1 32.6178 -267234.
1.32088 E 12 1 755269 406645+
4.93181 E 11 1 2841571 248289, SIURCE 9F SUMS aF oF
4.53794 E 12 1 259.084 753155+ VARIATI 2N SQUARES
157923 E 12 1 9Q. 1624 4443010 . P 3+54620 E 11 1
2.62656 E 10 1 1.49957 57299.2 F 3.06828 E 11 |
1.38108 E 11 1 7.88498 -131391. : PF 7.31462 E 9 1
3.81037 E 11 1 2147545 -218242 N 1.63008 £ 11 |
115377 E 12 1 658718 ~379764. PN 1.69095 E 11 |
1.28486 E 12 1 7303563 400759, FN 2.16765 E 8 ]
] 7.02432 E 11 1 40,1038 296317, PFN 5.11860 E 9 |
.ICATE 4168 74496 1 2.38005 E~2 REPLICATE 5.74353 E 10 1
R 2.62730 E 11 1S ERR3R 1.34294 E 11 7
L 2.14353 E 13 3l TOTAL 119793 E 12 15

JR MEAN SQUARE" 175153 E 10 ERR3R MEAN SQUARE= 1.91849



TAs RBCK TYPE NUMBER: S APPENDIX G

ENT CIMBINATIAN SPECIFIC ENERGY
RATE STANGIFF NAZZLE TEST RESULTS - SIOUX QUARTZITE (NO. 5
F S N FTe-L8e/CUsIN« JOULES/CUsCM.
300 1.5 «0080 25255665 20894. 77
300 1.5 « 0080 420927+ 15 34824. 62
300 1.5 «0080 483258« 42 39981.42
300 1.5 «0080 531584.27 43979.56
600 1.5 «0080 149663.20 12382.09
600 1.5 « 0080 168371.10 13929.85
600 1.5 « 0080 362056¢59 29954.03
600 15 «0080 222804.06 18433.25
900 1.5 «0080 149663.20 12382.09
900 1.5 +0080 112247. 40 928656
900 1.5 « 0080 198776417 1644535
900 15 +0080 90352.80 7475416
300 1.5 <0136 317342.92 26254.73
300 1.5 «0136 405493. 73 33547. 71
300 1.5 «0136 734119.11 60735.88
300 1.5 «0136 1009 413.80 83511.83
600 1.5 «0136 211667. 73 17511491
600 1.5 <0136 267605.86 22141.49
600 15 <0136 421272.96 34853.18
600 1e8 <0136 631909, 44 52279.76
900 1.5 <0136 89488.27 7403. 63
900 1.5 <0136 10813166 8946.05
900 1.5 <0136 342333.13 28322.25
909 1.5 «0136 84801 7. 00 7015899
NUMBER? 5
ENERGY VALUES KERFING FRAGMEMTATIAN TEST DATA» RICK TYPE NUMBLK! 5
RGY (FTe~LBe/CUsINe] PRESSURE = 50000 P51 = 344583.00 NEWTJINS/50.CMe
FEEORATE = Y00 IPM = 38.10 CMe/SEC.
STANQJFF = 1¢S5 INe = 3.810 CMe
NJZZLE = 0080 INe = .20320 MM.
SPACING BETWEEN CUTS = «125 INe = 317 Ch.
comg. TEST  SAMPLE  NUMBER SPECIFIC ENEKGY
’ ’ ’ OF CUTS FTeLBe/CUcIN. JIULES/CU. CM.
<IANCE TABLE a1l 401 26 1 1496 63.20 123582.09
26 1 112247. 40 9286456
425 425 22 2 9316534 7707.85
F RATIZ TREATMENT 15 2 86430450 7150. 65
EFFECTS 21 2 79695.65 659 3+ 46
18+ 4843 297750 425 425 22 3 93165+ 34 770785
15.9932 -276960. 15 3 99727+ 50 8250+ 76
« 38127 ~42762.8 21 3 74714. 68 6181.37
849668 201871,
8481396 205606,
1.12988 E-2 7361.48 CUT NUMBER AVERAGE SPECIFIC ENEKRGY PEK CUT
«266804 35772.2 : FTeLBe/CUs INs JIULES/CUeCMe
2.99378 1 130955+ 30 108 34: 32
2 64500437 5336431
] 3 95316450 788 5.82
91849 E 10 AVERAGE 79908, 44 6611.06
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314 FACTSRIAL FRAGMENTATION TEST DATA. RICK TYPE NUMDERS

CoIMB.
*

282
283
284
285
286
287
288
289
290
291
292
293

294

296
2917
298
299
300
301
302
303
304
305
306
307

309
310
311
312
313
314
315
316
317
318
319
320

21

TEST SAMPLE

24
237

36
202
204
211

21
206

42
207
203
226
218
234
201
219
230
238

60

220

227
222

228

213
16
254
257
256
255
265
275
258
281}
249

240

276

288

v

10
:5
2
17
9
21

20

15

14

23

19

22

21

26
18
17
24

14

25

i4

15

22
17
21
19
24
25
22
14

23

TREATMENT COMBINATION
PRESSURE

P

50000
50000
65000
65000
80000
80000
50000
50000
65000
65000
80000
80000
50000
50000
65000
65000
80000
80000
50000
50000
65000
65000
80000
80000
50000
50000
65000
65000
80000
80000
50000
50000
65000
65000
89000
80000
50000
50000
65000
65000
80000
80000
50000
50000
65000
65000
80000
80000
50000
50000
65000
65000
80000
80000
50000
50000
65000
65000
80000
80000
50000
50000
65000
65000
80000
80000
50000
50000
65000
65000
80000
80000
50000
50000
65000
65000
80000
80000
50000
50000

RATE
F

STANDIFF NIZZLE

$

S
5
5
*5
5
5
5
S
5
5
S
5
*5
*5
5
5

[ R N R Y R RN N R N NN R RN Y]

N

«0080
«0080
«0080
«0080
« 0080
« 0080
«0080
«0080
«0080
«0080
» 0080
« 0080
+0080
+0080
«0080
+« 0080
«0080
«0080
«0080
«0080
«0080
«0080
« 0080
« 0080
<0080
« 0080
+ 0080
«0080
«0080
«0080
« 0080
+ 0080
« 0080
«0080
«0080
«0080
« 0080
«0060
«0080
« 0080
« QU8B0
«0080
« 0080
+0080
«0080
- 0080
« 0080
« 0080
«0080
«0080
« 0080
« 0080
« 0080
0080
«0120
<0120
+0120
<0120
«0120
«C120
<0120
«0120
«0120
«0120
«0120
«0120
«0120
«0120
«0120
«0136¢
+0120
«0120
«0120
«0120
«0:i20
«0120
«0120
<0120
«0120
«0120

5

SPECIFIC ENERGY

FTe=LBe/CUcIN.

1077575.00
881652.30
1561559.90
1561559.90
113586380
136303660
639810. 18
639810. 18
898431, 72
7398684.94
874615.14
828582+ 77
266587.57
293884.10
818571.12
682142.60
525337.02
631953, 32
1296457. 50
1111249+ 30
151610350
1637142.20
1840099+ 40
2073762.80
798079.01
818283.54
767410+43
76741043
1260808.80
109529 7. 30
681902.95
552257.20
698 780.22
698 780.22
73993415
739934.15
114011290
997598+ 76
149738620
1842936+90
1765751.90
1553861. 71
562640+53
562640.53
1469310.20
115298 7+40
1047834. 40
1289642. 30
481060.28
473543 72
657186+16
65718616
804191.58
1005239+ 50
119711850
1083022. 30
165195510
1526012. 70
1081680.00
1250692+ 50
767140.82
920568.98
898431. 72
792733+817
840045+ 37
878229.25
432954.26
505113. 30
575557.82
563254.89
859808. 35
797376+ 40
1331334.30
1331334. 30
1212882.80
985779.25
135353460
1426077+ 00
776611469
847212476

JBULES/CU. CM.

89151.02
72941.74
129192.53
129192.53
93973.42
112768-11
52933, 42
52933. 42
74329.95
61212.90
7235953
6855114
22055.59
24313.91
67722.84
56435.70
43462. 71
52283. 39
107259 .81
91936.98
125431. 79
135445.69
152236+94
17156862
66027.47
67699.05
63490.17
6349017
104310.50
90617.23
56415.88
45689.90
57812.18
57812.18
61216497
6121697
94324.96
82534.34
123883.25
152471.69
146085.95
128555+64
46565+ 49
46565+ 49
121560+ 44
95370.10
86690.48
106695.98
39799.56
3917769
54370.98
54370.98
66533+ 18
83166+ 48
99043.21
89601.69
13667120
12625161
89490.63
103473.55
6346786
7616143
7432995
65585.25
69499.47
72658.54
35819.60
4178954
4761763
4659977
71134.52
65969434
110145.28
110145.28
100345.43)
81556.47
111981.98
117983.63
64251 .42
70092. 45

3r4q FACTO

COMB.
[ 4

322
323
324
325
3.6
327
328
329
330
331
332
333
334
335

336
337

338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355

356
357

358
359
360
361

362

T



3t4 FACTORIAL FRAGMENTATION TEST OATA: ROCK TYPE NUMBER: 5

. EST SAMPLE TREATMENT COMBINATION SPECIFIC ENERGY
caga T ’ ’ PRESSURE RATE STANOOFF NOZZILE

P F s N FTe=LBe/CUcIN. JOULES/CU+CM.

s2e 251 5 65000 100 1.0 «0120 736994+ 717 60973.79

65000 100 1.0 «0120 782505.05 64738.99

323 264 23 20000 100 1.0 -0120 1095941+ 50 9067053

80000 100 1.0 «0120 1150062+ 16 95148.09

324 269 26 50000 150 1.0 «0120 483743.12 40021.52

$0000 150 1.0 «0120 4431778411 3671509

325 271 5 65000 150 1.0 «0120 598954. 48 49553+ 30

65000 150 1.0 «0120 561519.83 4645622

326 287 25 80000 150 1.0 «0120 73263216 60612.86

80000 150 1.0 0120 676275.84 55950. 33

327 262 25 50000 50 1+5 20120 1553223+ 40 128502.83

50000 50 1+5 «0120 1451229.40 120064456

328 246 26 65000 S0 145 «0120 1471773.00 121764.20

65000 50 15 «0120 1511550. 70 125055+12

329 280 9 80000 50 15 <0120 1640088. 6C 13568945

80000 50 1.5 «0120 1450847 60 120032.97

330 282 15 50000 100 15 *e0120 947067.43 78355.38

50000 100 1.5 «0120 1002798. 50 82964.52

331 253 17 65000 100 15 «0120 1049 610.10 86837.39

65000 100 1.5 «0120 1137077.60 94073.84

332 270 24 80000 100 15 «0120 1041821. 09 86192.97

80000 100 15 «0120 1121310+ €0 92769 « 39

333 242 23 50000 150 15 <0120 621289, 3% 51401413

50000 150 15 «0120 698740.06 57808.86

334 284 21 65000 150 15 «0120 701899.78 58070.27

65000 150 15 «0120 585584.9¢ 48447.20

335 289 22 80060 150 15 <0120 766708075 63432.06

80000 150 15 «0120 T434744 %0 61509 .88

336 65 5 50000 50 5 0136 1042698 .20 86265455

337 326 17 65000 50 .5 «0136 1373493.80 113633.26

65000 50 5 «0136 14280%57.20 118147.46

338 88 13 80000 50 .5 «0136 323917570 325899.83

80000 50 .5 «0136 3692977.20 305531.09

339 312 25 50000 100 .5 «0136 907147+ 41 75051.03

50000 100 *5 «0136 729888+ 72 60385.88

340 294 2¢ 65000 100 5 «0136 1159137. 40 95898.91

65000 100 .5 »0136 1128227.00 93341.61

34l 317 22 80000 100 .5 «0136 957219. 70 79193+ 66

80000 100 .5 «0136 920403.56 7614775

342 73 1 50000 150 .5 0136 468345.26 . 38747.61

50000 150 .5 «0136 55528 7. 89 45940461

343 320 24 * 65000 150 .5 «0136 925592.64 7657706

65000 150 5 «0136 832201. 18 68850 50

344 126 12 80000 50 .5 «0136 4181586+ 60 345955.20

80000 50 5 «0136 543606250 44974176

345 293 2¢ S0000 50 1.0 «0136 1590654.00 1315%99.58

50000 50 1.0 «0136 1584901.20 13112363

346 il ] 26 65000 50 1.0 «0136 1460513.10 120832+ 63

65000 S0 1.0 «0136 1442482.00 119340.87

347 307 9 80000 S0 1.0 «0136 177262910 14665492

80000 50 1.0 «0136 1838282.00 152086.59

348 306 14 50000 100 1.0 «0136 85501250 70737.75

50000 100 ) «0136 798011+ 66 66021.90

349 327 14 65000 100 1.0 «0136 1132348. 40 9368258

65000 100 1.0 «0136 1258164+90 104091.76

350 310 21 80000 100 1.0 «0136 1048805+ 50 86770.83

. 80000 100 1.0 «0136 1012930.90 83802.81

351 305 17 $0000 152 1.0 «0136 606369.09 5016673

50000 150 1.0 «0136 656899 .84 54347.29

352 308 19 65000 i50 1.0 0136 59 6225.91 49327.56

65000 150 1.0 «0136 605842 46 50123.16

353 330 19 80000 150 1.0 «0136 807531.03 66809+ 46

80000 150 1.0 «0136 807531.03 66809. 46

354 83 [ 50000 S0 1.5 0136 1362458.90 112720. 32

50000 50 15 «0136 1129740.80 93466.85

355 303 S 65000 50 1.5 «0136 1658854.40 137242.00

65000 50 15 «0136 1658854, 40 137242.00

356 n 17 80000 50 15 «0136 1636273.00 13537377

357 309 15 50000 100 15 «0138 1138626 40 94201.98

50000 100 145 0136 1109430.80 91786.54

358 314 23 65000 100 15 0136 1381454.00 114291.83

65000 100 1+5 0136 1514606410 125307.91

359 325 5 80000 100 15 «0136 1378711.50 114064.94

80000 100 15 «0136 1292542. 00 106935.88

360 93 11 50000 150 1.5 «0136 1313799.70 108694.59

50000 150 15 «0136 1167821.90 96617. 41

361 329 9 65000 150 15 «0136 932065. 32 7711256

65000 150 1+5 «0136 865489.2¢2 71604.52

362 98 16 80000 150 1.5 «0136 2127154.90 175985.91

80000 150 15 «0136 2127154.90 175985.91

Qo



PRIAL FRAGMENTATION TEST DATA, ROCK TYPE NUMBER? 6 312 FACTORIAL FRAGMENTATION TEST OATA» ROC

TEST SAMPLE TREATMENT COMBINATION SPECIFIC ENERGY ' COMB.  TEST SAMPLE TREATMENT COMBI!
) ¢  PRESSURE RATE STANOOFF NOZILE [ ’ #  PRESSURE RATE 5T/
P F s N FTe=LBe/CUs IN. JOULES/CU.CMe . P F
6 9 50000 50 o5 »0080 306953 47 25395.18 . 167 53 13 80000 50
50000 50 .5 + 0080 275199466 22768 09 80000 50
53 13 80000 $0 5 <0080 209697.94 1734894 168 140 8 80000 100
80000 50 S +0080 215216036 1780549 : 80000 100
55 a 50000 150 5 +0080 67348+44 557194 169 14 17 80000 ' 150
50000 150 5 +0080 67348. 44 5571494 ] 80000 150 |
14 17 80000 150 .5 0080 10690483 8844.56 170 163 7 80000 50
80000 150 S +0080 1028 70+ 69 851080 80000 50
) 18 50000 50 1.5 +0080 252556+ 65 20894771 . 17 156 ! 20 80000 100
50000 50 15 <0080 212679.28 1759560 80000 . 100
2 14 80000 50 1+5 +0080 218085.85 18042490 L 159 19 80000 150
80000 50 1.5 0080 209697.94 17348494 ! : 80000 150
10 2 50000 150 145 0080 108430. 99 8970.82 173 118 10 80000 50
50000 150 105 <0080 100399.06 §306.32 80000 | S0
61 ) 80000 150 1.5 <0080 116728413 9657.27 174 168 181 80000 100
80000 150 145 « 080 121916405 10086+ 48 i 80000 100
110 1" 50000) 50 .S «L136 129888, 712 60385.88 175 80 12 80000 150 |
50000 50 o5 <0136 64878997 53676434 80000 150
118 10 80000 50 5 -0136 65652929 5431664
80000 50 .5 <0136 738595 45 £1106.22
103 s 50000 150 .5 <0136 32439 4.99 26838+ 17 |
$0000 150 .5 +0136 29944152 2471370
80 12 80000 150 .5 <0136 7659508 6336094
80000 150 .5 <0136 87597.69 7247.22 ADDITIBNAL FRAGMENTATION TEST DATA, ROCK T
107 16 50000 50 1.5 <0136 68695409 56833+ 77
50000 S0 15 <0136 729888+ 72 60385.88
97 15 80000 50 1.5 «0136 654084.92 7066101 CoMB.  TEST SAMPLE TREATMENT COMBIN
80000 50 15 <0136 869901 .31 71969 54 N ’ #  PRESSURE RATE ST/
99 3 50000 150 15 <0136 31141919 25764464 P F
50000 150 1+5 <0136 283108+ 35 2342240 i ' !
8a 6 80000 150 1.5 <0136 88026.27 7282. 68 383 396 9 50000 ' 450
80000 150 1.5 <0136 101004.51 8356.41 - 50000 450
384 395 9 80000 ' 450
80000 450
s 393 . 14 50000 | 900
! 50000 900
ANALYSI5 OF VARIANCE TABLE : ol s 1a 0000 00
80000 "900
F SUMS oF DF F RATI® TREATMENT ) !
N SQUARES EFFECTS ) ' '
124563 E 10 I 18.9077 -39459.3 : .
9.28607 € 11 1 1409455 -340699 HEAY SFECIRIC ENERGYVIVAL
2.47057 € 10 ) 37.5012 -555714¢, l
3.86120 E9 | 5.86099 21969.3 .
hansrlels | ooy cLa g cg:glNATION ’ ngggsgrfclrlc ENERGY (FT.-L
745434495 ) 1413151 -9652.94 384 589347
5.04012 E 9 1 746505 -25100. ) 385 ey
7.18257 E 11 1 1090.26 299637, 386 : s
6:37T752 € 9 ! 968056 -28234.5
3.27019 € 11 1 496. 388 -202182. ,
6+92212 £ 10 1 105.072 -93019+6 , :
43619 EP 1 6462085 23350, o ANALYSLS OF VARIANCE TAf
2.28356 E 9 | 3.46627 16895. 1
1408246 € 10 1 160 4308 3678401
SOURCE OF 5UMS OF . DF
159753947 1 «2424%94 2468+ 7 VARIATION SQUARES H :
P 1.71765 E 8 1 ‘
3 81092608 ) «123092 u oAt the 1
9.88195 E9 15 FF 1547390 EI’ !
s oiEl B REPLICATE 7094880 .
AN SOUARE™ 658796407 ERROR 426097850 3
TOTAL 994567456 7

|
ERROR MEAN SQUARE= 1242033 E ¢



1
TA» ROCK TYPE NUMBER:

' COMBINATIAN '
TE STANDOFF NOZZLE
, [ N
50 o5 +0080
S0 o5 .0080
00 5 +0080
00 +5 | 0080
50 | 5 +0080
S0 5 «0080
50 .5 .0120
50 .5 «0120
100 o5 +0120
00 .5 . 0120
50 . 5 «0120
S0~ 5 «0120
50 5 ' «0136
50 .5 <0136
100 | 5 «0136
00 ° 5 «0136
150 .5 .0136
150 .5 +0136
’

! |

, ROCK TYPE NUMBER: 6

T COMBINATION
ATE STANOAFF NOLZLE

F S N
450 o5 +«0080
450 5 «0080
450 5 + 0080
450 S + 0080
900 | o5 «0080
900 5 +0080
900 £33 +«0080
900 5 0080

I !
ERGY VALUES

Y (FT+~LB+/CU+IN.1]

ANCE TABLE
i
F RATIO
1.209233
2.63933
+103772
R
12033 E 8

g !
!

, SPECIFIC ENERGY
FTe~LBe/CU-INs, JOULES/CU«CM.
20969794 1734894
215216430 17805, 49
181738.21 15035.75
204455 49 16915.22
106904.83 8844.56
102870. 69 8510.80
223361+ 44 18479.36
195147, 38 16145413
106935 60 8847.10 '
10449136 8644.88
100749.24 8335.29
117217.87 9697179
65652929 5431 0e 64
738595+ 45 61106.22 '

| 113086.38 9355.98
125053.20 10346.03
76595.08 6336+94
8759 7+ 69 7247.¢c
!
|
SPECIFIC ENERGY |
| FTe=LBe/CUsIN. JAULES/CUCM.
H
44898.96 ! 3714.63
59865.28 4952.83
71269.89 5896.37'
46599.54 3855.32
37415.80 3095+52
34537. 66 2857, 40
45434.55 3758.94
£0482.84 | 4176460
)
|
)
' 1
TREATMENT
EFFECTS
9267.28
-13690.7
2714.69 !

KERFING FRAGMENTATI AN TEST DATA»

CamMB.

385

426

426

APPENDIX H

TEST RESULTS - BEREA SANDSTONE

PRESSURE
FEEDRATE
STANDIFF
PIZILE

SPACING
TEST SA
’

3¥3

426

426

CUT NUMBEN

1
2
3

AVERAGE

RICK TYPE NUMBEK: 6

= 50000 PSI = 34483¢0U NEWTJIWS/ SL.CM.
= 900 IPM = 38e10 Cie/5EC.

= «5 INs = 16270 CiMe

= 0080 IN. = 20320 MM.
BETWEEN CUTS = .0%3 INs & «236 Cvie

MPLE NUMBER SPECIF1C ENERGY
L 4F CUTS FTeLBs/ClLelINe

14 1 3741580

14 1 34537166

2 2 22449 .40

-} 2 2015351
20 2 23966434

2 3 17997034

8 3 17501.73
20 3 19001 o8

AVERAGE SPECIFIC EwErGY PER CUT
FTeLBe/CUsIN. JIULE S/ CuUeCime

! 35976+ 73 2976.46
1604213 132721
13329.01 1142475
14685057 121 4.98

83

(NO. 6)

JIULESZCUe L

3UY 5. 52
2857.40
1857, 31
1667+ 36
1952.081
1438439
144797
1572.08



CTORIAL FIAGMENTATION TEST OATA, ROCK TYPE NUMBER: 7 3t2 FACTORIAL FRAGMENTATION TEST OATA» R

TEST SAMPLE TREATMENT COMBINATION SPECIF1C ENERGY caMs8.  TEST SAMPLE TREATMENT COMB
’ ’ PRESSURE RATE STANOOFF WN@ZZLE ’ ’ ’ PRESSURE RATE S
P [ N FTe-LBe/CUsINe JOULES/CU.CMe P F
S9 6 50000 50 5 «0080 $21677.90 51433.28 176 417 20 80000 50
$0000 50 o5 +0080 673484. 40 $5719.38 80000 50
A7 20 80000 50 .5 +0080 1258187. 60 104093.64 1717 142 5 80000 100
80000 50 .5 «0080 1258187460 10409364 80000 100
64 11 50000 150 S5 «0080 316933.83 26220.89 178 12 1 80000 150
$0000 150 .S <0080 316933.83 26220.89 60000 150
12 1 80000 150 5 +0080 685777+ 78 56736445 179 155 12 80000 50
80000 150 .5 +0080 783746.03 64841.66 80000 50
63 A 50000 50 1.5 +0080 425358.57 35191.19 180 147 16 80000 100
$0000 50 1.5 + 0080 621677.90 $1433.28 80000 100
49 7 80000 50 1.5 «0080 2044554, 90 16915216 181 146 14 80000 150
80000 50 1% + 0080 1635643+90 135321+ 73 80000 150
a9 3 $0000 159 1.5 +0080 340951.47 28207.94 182 79 19 1’0000 50
50000 150 1.5 « 0080 170475. 74 14103.97 1,0000 50
62 18 80000 150 1.5 «0080 613366- 46 50745.65 183 169 1 80000 100
80000 150 1.5 +0080 788614.02 65244.40 80000 100
108 13 $0000 50 .5 «0136 4671287.80 38646965 184 125 8 80000 150
$0000 50 -5 «0136 2335643.90 193234.83 80000 150
79 19 80000 $0 .5 «0136 1543902. 70 127731, 71
80000 S0 .5 «0136 1650378.80 136540. 79
66 9 $0000 150 .5 «0136 606369+ 09 50166.73
$0000 150 .5 «0136 437933.23 36231.53
125 8 80000 150 .5 <0136 175074480 144844037
80000 150 .5 «0136 1750744.80 14484437
e - <0000 0 1vs Jolh% 1459777 40 NBoTIT ADDITIONAL FRAGMENTATION TEST DATA» ROCK
$0000 $0 1.5 <0136 1167821.90 966170 41
119 17 80000 50 1.5 «0136 3889936.00 321826.08 .
80000 S0 1.5 «0136 42435664 60 351082.99 CG:B IEfT SA":LE PRES}S&Q’"‘:{,@“"?
122 2 $0000 150 1.5 «0136 515788.03 4267269 4 F A
$0000 150 1s% «0136 429823. 36 35560.58
127 15 80000 150 1.3 «0136 2279094, 50 188556.53
80000 150 1.5 <0136 227909 4. 50 188556.33 5 288 3 :gggg 223
288 87 ' 3 80000 450
80000 450
389 400 20 50000 900
50000 900
ANALYSIS OF VARIANCE TABLE 390 399 20 80000 900
80000 900
. OF SuMS OF DF F RATIO TREATMENT
10N SQUARES EFFECTS
5.56410 E 12 1 29.7754 833974
7044470 E 12 1 39.8391 -964670¢ NEAN SRECIRICHENERGY "\
1.57968 E 11 1 +845328 140520.
1.57306 E 11 1 +841796 140226, ' .
4:45570 E 12 1 22.8439 746299+ G AN & e T CNCERGYSE T
156450 E 10 1 8037216 E-2  -44222¢4 388 346955,
2.83232 E 12 1 15.1567 -595013. 289 Pooaa
1.06449 E 13 1 5609643 1.15352 E 6 390 160768+
1.48843 E 11 1 « 79651 136402,
1.27631 E 12 1 6482998 -399424.
1.32220 E 12 1 7.07555 406541,
196123 E 10 1 - + 104952 49513. ANALYSLS @F VARIANCE 1
2.53526 E 12 1 13.567 562945
7.06670 E 10 1 +378163 939864 1
1.44761 E 12 1 774663 -425383. 32:?25:3: 2332n3§ oF
; P 6043538 E 10 1
ATE 1.92191 E 11 1 1.028 48 F S=ssolelic h
2.80304 E 12 15 PF 1.29973 E 10 1
410683 E 13 31 REPL1CATE 56201984 1
MEAN SQUAREs 1.86869 E 11 EAR peSoEERy 3
. TATAL 1.02762 E 11 7

ERROR MEAN SQUARE= 102117230



EST DATA» RICK TYPE NUMBER:

ATMENT COMBINATION
E RATE STANDOFF NOQZZLE

F

S0
50
100
100
150
150
50
S0
100
100
150
150
S0
S0
100
100
150
15¢

s

5
.5
5
5
5
5
5
.5
5
5
5
5
5
5
5
5
5
5

N

+0080
«0080
«0080
+0080
+0080
«0030
«0120
«0120
0120
«0120
«0120
0120
0136
«0136
0136
*0136
0136
+ Q136

OATA» RACK TYPE NUMBERS

ATMENT CUMBINATION
E RATE STANDOFF NOZZLE

F

450
450
450
450
900
900
900
900

s

5
5
5
5
o5
5
5
5

N

«0080
« 0080
«0080
«0080
-0080
+0080
+ 0080
- 0080

1C ENERGY VALUES

ENERGY (FT+<L8+/CUsIN.)

VARIANCE TABLE

1021172309

F RATIQ

630195
21.8289
12. 7278

5¢50367 E-2

7

SPECIFIC ENERGY

FTe=L8+/CU’IN.

1258187+60
125818 7. 60
1153713.10
672999431
685777.78
783746.03
1520082+ 10
1363036.60
876237.81
1082411.4C
532436-17
621033. 54
1543902+ 70
1650378.80
1181752. 70
1074320. 70
1750744.80
1750744.80

JOULES/CU-CM.

10409364
104093.64
95450415
55679.25
56736.45
6484166
125760.95
112768.11
72493.78
89551.14
44050.04
51379.97
12773171
136540. 79
9776995
88881.77
144844.37
144844.37

SPECIFIC ENERGY

FTe=LB8+/CL.IN.

115988.98
57934. ) ¢
330433.!"
363476, -

59865.28
6414137
139 798.62
181738.21

TREATMENT
EFFECTS
179379.
-105572.
-80614.1

APPENDIX 1

JAULES/CU.s CMe
959612
4793.07
27337, 72
322;;‘33 KERFING FRAGMENTATION TEST DATA, RICK TYFL WUYBER: 7
5306461
11565.96 PRESSUKE = 50000 P51 = 34483.00 NEWTJINS/SeCre
150332413 FEEOKATE = 900 IPM = 3310 CM+/SEC-
STANDIFF = o5 INe = 14270 Cits
NJZZLE = «0080 INe = +20320 MM.

SPACING BETWEEN CUTS = +125 kNe = o317 CMe

CamMB. TEST SAMPLE INUMBEK
’ ” ’ JF CUTS
389 400 20 1
0 20 1
427 427 s 2
N 14 2
16 2
427 421 1 3
14 3
16 3
CUT NUMBER

1
2
3

AVERAGE

SPECIFIC ENERLY

FTeLB«/CU«LN.

S%865e20o
6alale37
4608U« 51
4489896
a7262+06
43776449
46447.20
A8 106403

AVERAGE SPECIFIC ENERGY PER CUT
JIULES/CU«CM.

FTeLBe/ClieliNe

62003- 33

36664 78

46168 80

41416079

”

Slgv.7e

3033. 39

351968

34260 54

TEST RESULTS - TENNESSEE MARBLE (NO

JIULE S/

ay 52
5306
Js12
3714
30
J62
3842
v 1y



