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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/cm2), 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 3.81 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 2^ 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 level  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 mln-Jte) 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-lb/in3) for Sioux Quartzite to 1215 joules/cc 
(14,685 ft-lb/in3) 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 mechanically aralsted fluid jet excavation 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 sines 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 
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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 
parameters 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 situ rock structures as well at, 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 system 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. 
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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 building 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 the evolution of efficient, cost effective, rapid excavation 
systems. Present tunneling methods are generally too slow, expensive 
and not versatile enough for uar.  In other than certain specific 
applications. 

The foremost problem of any mining or tunneling system Is 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 Is 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. 

i i 

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. Is In the early develop- 
ment stages and Is presently limited to medium hard rock applications. 
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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 diöadvantage of dust generation 
by the cutters, the rate of material removal by the 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 million 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 harJer or more abra- 
sive rock excavation applications rapid cutter wear occasioned by high 
loading and cutter bearing failures due to contamination by abrasive 
particles 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 development 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 
inveätigation 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 ^ot 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 'and is now being used extensively in the USSR. As materials 
and equipment improved, practical generation of higher pressures became 
possible pnd 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 a1 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 

i frop 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 and steady state surface pressures of 100,000 and 50,000 psi, 
respectively. Comparison of these valuep with the average ultimate 
compression strengths of some rock and earth materials indicates the 
merit of investigating high-velocity fluid jets as a means of cutting 

and fracturing. 

r 
i 

i 
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Advantages of the water jets for excavation of rock as opposed 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. 

8 

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 cocpany- 
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, rioth 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. 
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other program tasks were carried as far as possible ^n order to minimize 
schedule slippage due to the Intenslfler failure. After repairs were 
completed, the high pressure Intenslfler was returned to Bendlx. 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 flxtured 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 testin» 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 
psl, 900 Inches per minute, and 0.008 Inches respectively. Following 
determination of the minimum specific energy for single cuts, spac Jig 
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 ehe parameters which produced the minimum single-cut 
specific energy.  Specific energies for kerfing runs ranged from 6611 
joules/cc (79,900 ft-lb/in3) for Sioux Quartzite to 1215 joules/cc 
(14,685 ft-lb/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. 

1(3 
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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 ft^asi- 
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 the outlet check valves into a surge 
vessel mounted below the intensifier unit.  The surge 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 rui.'. The 
nozzles used in all testing were of proprietary 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 
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(a)    Starting Cut 

(b)     Partially Complete Cut 

Figure 4-A  - Cutting Test on Barre Granite 
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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 2^ 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) pl ■ 
50, ,000 - P o 

P2 
■ 65 ,000 

P3 - 80, ,000 - Pl 

Pressure was recorded directly from the system supply pressure gauge. 

Feed Rate (F) F. - 50 - f 
(inches/per minute) 

F0 - 100 

F3 " 150 " fl 

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

Standoff iS) (inches)      S- - 0.5 - s 
i        o 

s2 - 1.0 

S3 - 1.5 - gj 
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Standoff distance was determined by leveling the sample and mount- 
ing it at the desired distance relative to tht jet nozzle. 

Nozzle Diameter (N)        N, - 0.008 - n 
(inches) 1 o 

N2 - 0.012 

N3 - 0.0136 - n1 

The 0.0136-Inch diamj^er nozzle was sized to utilize maximum flow 
capacity of the Bendix hlän-pressure pumping system at 80,000 pel. 

In order to minimize the effects of extraneous or unknown vari- 
ables, the order of test runs as well as ehe 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, was 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 8x8x6 inches in most cases. 

• Charcoal Granite (Cold Springs, Minnesota) 

• Westerly Granite (Westerly, Rhode Island) 

• Barre Granite (Barre, Vermont) 

• Dresser Basalt (Dresser, Wisconsin) 

• Sioux Quartzlte (Jasper, Iowa) 

• Berea Sandstone (Amhurst, Ohio) 

• Tennessee Marble (Knoxville, Tennessee) 

• Salem Limestone (Bedford, Indiana) 

Contacts were made with operators of quarries recommended by the Con- 
tracting Agent as sources of the rock types listed above, and ptirchase 
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 
arc 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 
sauples w*re numbered during uncrating and randomly selected for each 
test run. 
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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 Uerflng, 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 Intenslfler used. 

Derivation of the specific energy equation is as follows: 

Specific Energy - —, pwer x Time  
•7  Volune of Material Removed u; 

The intenslfler power delivered to the nozzle is given as 

Power - 5 (Q x AP) (2) 

Where power is expressed in ft-lb/min 

Q - flo-, in3/sec 

AP - nozzle pressure drop, psi 

Since the system flow is governed by the notzle area 

where 

Q - flow,  in3/«ec 

g ■ gravitational constant - 386 in/sec2 

P ■ fluid density - 0.0361 lb/in3 for water 
(assumed incompressible) 
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ÄP - nozzle pressure drop, pal 

Cd - assumed discharge coefficient - 0.75 

2 
A - nozzle orifice area. In 

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 

^ *  <P " Pafflblent) " P (4) 

where 

P - nozzle supply pressure, pslg 

Pamblent ' 0 P81« 

Also, 

A - | (S)2 (5) 

where 

N - nozzle diameter. Inches 

By combining equations (3), (4), and (5) and substituting Into (2) 

M M n 
Power - 5 Z^  |x N'l | ^V I   (P) 

Substituting numerical values gives 

Power - 430.7 N2 p1,5 (6) 

ie 
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The time during which power is delivered is determined as follows: 

Time - i (7) 

where 

L - length of cut, inches 

P - feed rate, ipm 

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

N2 P1'5 

SE - A30.7 r 

F V 

where 

3 
SE - specific energy, ft-lb/in 

N - nozzle dianeter, inches 

P ■ nozzle supply pressure, psig 

L - length of cut, inches 

P - feedrate, ipm 

3 
V ■ volume of material removed, in 

The volume removed was determined by measuring the volume of mate- 
rial required to fill in the kerf.  Por the irregular kerf depths and 
widths obtained in the cutting tests, especially on rocks prone to 
spelling, measurement of the kerf dimensions and calculation of the 
voluoi would be grossly inaccurate ae 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 Pigure 5-1 for a sample 
of Dresser Basalt.  The ends of the kerf were blocked with tape or putty 
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(a)    Ends of Kerf Prepared for Measurement 

(b)    Filling Kerf With Powdered Query 

Figure 5-1 - Kerf Measurement Technique 

i      i 
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(a) depending upon the regularity of the kerf at the end of the rock. 
The emery 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 of 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 blocked 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 biased by sample stresses induced by the sawing or handling operations. 

Figure ,5-2 - Effect of Weakened Edge in Dresser Basalt 
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SECTION 6 

TEST SEQUENCE 

Fragmentation tests and analysis were conducted In the following 
sequence: 

f' • Testing was completed to perform 2**  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 runs. 

• Test data from the 2^ factorial experiments was processed 
using Tates algorithm and analysis of variance performed for 
each rock type to determine the relative significance of 
main effects and Interactions. 

• The 2^ factorial experiments were expanded Into 3^ factorial 
experiments for both Jasper quartzlte, which Is the hardest 
rock specified for the test program, and Barre Granite, which 
Is 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 1pm 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. 

• Kerflng 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 kerflng occurred between cuts. 
The kerflng 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. 

.z 



4 4 
2 factorial : 2 runs x 8 rocks x 2 replications = 256 

4 4   4 
3 factorial: (3 - 2 ) runs x 2 rocks x 2 replications - 260 

2 2   2 
3 factorial; (3 - 2 ) runs x 6 rocks x 2 replications - 60 

Additional: 

(2x2x3) 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 
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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 f.he test program, 
if further data analysis is required in future efforts. As mentioned 
previously, the present effort is devoted specifically co  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 performed on the rock 
test data. Analysis of the test data will be presented in detail for 
Barre Granite, which is illustrative of data trends prec.-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 f.o 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, 2^ 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 analyses of variance conducted on the 2^ 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 where 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 (F) 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 2 
Factorial Fragmentation Test Data 

Rock 
No. 

Rock Type 
a comp. 
(psi) 

MAIN EFFECTS 
(Decreasing Significance) 

6 Berea Sandstone 8600 -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 -S 

5 Sioux Quartzite 54000 +P    +N    -F -S S 
4 Dresser Basalt 50000 -F    +N    +S +P 

a. 

The 2^ factorial experimental design was expanded to a V*  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 detemined 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 ice  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 vas 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 
parallel 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 thret faces of the sample to insure impingement 
both parallel and perpendicular to the bedding plane. The average 
specific energy 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, it appears reasonable to conclude that the orientation of 
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the jet with respect to the rock bedding plane has no effect upon the 
specific energy values at the pressure levels used in the present test 
program. 

Of particular interest is the extremely high specific energy values 
associated 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-lb/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-lb/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 the 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 smaülpr 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 
2^ 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 it, the experimental range. 

Additional testing was completed upon Salem Limestone at pressures 
as low as 5000 psi in order to determine how well the specific energy 
data for that rock type matched that presented by McLain1. This data 
presented in Figure 7-5 closely matches at the lower pressures, with the 
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Figure 7-1 - Single Cut Run on Berea Sandstone 

Figure 7-2 - Maximum Single Cut Specific Energy Run 
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decreaaxng feedrate effect evident in the feet thet little additional 
decreace In specific energy is obtelned by Increasing feedrate from 900 
1pm to 1650 1pm. 

Dete le also presented In Figure 7-5 for Barre Granite, which the 
explored et pressures es low es 10,000 psl, end for Sioux Quartzite. 
The curve for Barre Grenlte indicates thet the minimum specific energy 
point for this rock occurs st approximately 30,000 pel. The pressure 
effect curve for Sioux Quartzite is positive, as ere the curves for other 
rock types. Indicating that the absolute minimum specific energy point 
occurs below 50,000 pel for most rock types.  Since the pressure effect 
was not among the two most significant mein effects for the majority 
of rocks, further investigation of specific energies at lower pressures 
was not pursued. 

The minimum specific energy vslues, within the experimental rsnges, 
determined es described above, were obtelned at the allowing process 
parameters. 

Pressure:      34.5 KN/cm2 (50,000 psl) 

Nozzle Die:     0.2 sn (0.008 Inch) 

Feedrate!      19 cm/sec (450 1pm) for Dresser Basalt 
38 cm/sec (900 1pm) for all others. 

Standoff: 3.81 en (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 determine the spscing between successive 
cuts for which kerfing, or exesvstion of the material between the cuts, 
wss observed, approximating the condition of minimum overell specific 
energy for fluid excavation at the test conditions employed. The kerfing 
tests wsre conducted for each rock type using the parameters listed above 
which produced the minimum single-cut specific energy. Specific energies 
for kerfing runs are presented in Tsble 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 Limestons 
and Barre Granite, respectively. 
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Figure 7-6 - Kerflng Effect on Salem Limestone 

Figure 7-7 - Kerflng Effect on Barre Granite 
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SECTION 6 

FLUID JET EXCAVATION SYSTEMS 

Eccnomlc comparison between fluid Jet excavation systems and con- 
ventional continuous excavation systems Is hampered by the fact that 
very little actual tunneling has been completed In hard rock structures 
for which the use of a fluid jet system Is proposed.  Bruce and Morrell2 

list a total of only twelve tunnels In the United States which have been 
machine bored since 1955 In rocks of over 20,000 psl compresslve strength. 
In half of these applications, the use of the continuous excavation ma- 
chine was discontinued In favor of conventional tunneling techniques. 
The present limit of economic boreablllty for most rocks using conven- 
tional systems appears to be 30,000 psl compresslve strength. 

Sufficient data exists from the above source, however, to determine 
the economic» of conventional tunneling systems in two specific hard rock 
applications, one in argillites having 35000 to A5000 psl compresslve 
strength, in the Dorchester Water Tunnel, Boston, Massachusetts, the 
second in a section of quartzite of 49000 psl compresslve 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 

Excavation System Power 
Required (hp) 

Excavation 

Rate (yd3/hr) 

Specific Energy 

(ft-lb/in3) (Joulea/cc) 

Arsillite« ( o - 35000 pal) 

Lawrence HRT-12 600 22.7 1122 93 

Fluid -let 51100 22.7 47901 3963 

Jat/Hachanlcal 16450 22.7 15409 1275 

Quartzite (i j - 50000 pal) 

lawrancc HRT-12 600 4.5 5608 464 

Fluid let 17100 4.5 79708 6611 

Jet/Mechanical 4096 4.5 19145 1584 
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jet specific energy for kerflng cuts In Sioux quartzlte and Charcoal 
granite were used to predict jet excavator performance In quartklte and 
argllllte, respectively. 

As Is evident from the comparative performance data, the pure fluid 
jet excavation system, utilizing fluid Induced kerflng 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 quartzlte, and 
43 times the value for operation In arglllltes. 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 quartzlte.  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 conventional 
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 on 
Inducing rock spallatlon due to localized loading of the rock In excess 
of Its compresslve strength. Due to the excellent compresslve proper- 
ties of rock in situ    extremely high cutter loadings are required, with 
attendant high wear. Also, the spelled material from the rock face1 

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 velues, without the need for excessive 
loading because the machine does not contact the 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, so that, in effect, 
only one jet excavated kerf wMl be required for each rib removed. The 
ribs 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 wate*, jet kerfs cut in Berea 
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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.^ 

i      (o  )2 

i.   ■*. - ,       max 
U" 18D SL E  

where 

ainax " maximum tensile strength of the beam material 

D - length of beam - depth of kerf 

S ■ depth of beam ■ spacing between cuts 

L - width of beam in direction of cut 

Since volume removed = V = D S L 

SE. U  (omax)2 

theo   V    18 E 

For Berea Sandstone, cJten8lle - 580 psi and E - 9.5 x 10
6 psi. Therefore 

SEtheo " ^ x 10"3 P8± " 1-6 x 10"4 ft-lb/in3 - 1.4 x 10'5 joules/cc 

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. 
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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, a  - 1300 psl, E - 9.67 x 10 psl 

SEtheo " 9'7 x 10~3 P8i - 8-1 x 10"4 ft-xb/ln3 - 6.69 x lO-5 joules/cc 

For Sioux QuartÄlte, a - 1300 psl, E - 8.5 x 10 psl 

SEtheo " 11, x 10~3 p81 " 9'2  x 10"4 tt-lb/in3 - 7.6 x 10"5 joules/cc 

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 spaclrg Is 
equal to the kerf depths. For Charcoal Granite: 

SE - 0.5 x ^^ x 10, - 2.39 joules/cc 
1.4 x 10"3 

For Sioux Quartette: 

SE - 0.5 x ^ x 10  - 2.71 joules/cc 
1.4 x lO-3 

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 Quartzlte. Cut depth generally Increased with Increasing 
supply pressure and nozzle diameter, and decreased with Increasing feed- 
rate and rock compresslve 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 v( lume 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 42A8.75 joules/cc was the average value 
obtained for the two test runs on the Granite conducted as combination 
number 373. Data file R0CKS6, 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 w '•d then remove two kerfs, having 
volumes of 0.875 cc each, by jet acti-a 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 volume 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 jcutes/cc, determined from the data for combination number 411, 
listed in data file R0CKS7, 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 energy 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 HR.T-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 Costa for 5000' Tunnel 

Excavation 
System 

Power 
(hp) 

Advance 
Rate 

(ft/hr) 

Cutter 
Cost 
$ 

Total Costs Grand 
Total Cutter Power 

Argillites (o - 35000 psl) 

Lawrence HRT-12 

Jet/Mechanical 

600 

16450 

5 

5 

$6.30/yd3 

$3.00/yd3 

$U3,171 

68,176 

$ 16,200 

444,139 

$159,371 

512,315 

Quartzlte (o - 50000 psi) 

Lawrence HRT-12 

Jet/Mechanical 

600 

A096 

1 

1 

$9.50/yd3 

$3.00/yd3 

215,893 

68,176 

81,000 

553,035 

296,893 

621,211 
<9 
? 

■ i I              I I | Q. 

Volume removed = ~  (12.5)2 x 5000 - 613,600 ft3 = 22,725 yd3  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, significant savings in cutter costs are 
gained by use of the hybrid Jet/mechanical excavator, however, overall 
operating costs re 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 d^pth 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 
Jet excavation energy constitutes the majority of the energy input to 
the rock, the maximum overall efficiency for a hybrid system mav 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 in eitu  rock structures due to 
the compressive stress field underground. Further testing will be 
required on in situ  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 mechanical 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 ßJ/cm2 (50,000 psl) 

Nozzle Dla:      0.2 nm (0.008 Inch) 

Feedratai       19 cm/sec (450 1pm) for Dresser Basalt 
38 cm/sec (900 1pm) for all others 

Standoff:       3.81 cm (1.5 Inch) for Charcoal Granite 
and Sioux Quartzlte 

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-lb/ln-» for Sioux 
Quartzlte to 2976 Joules/cc (35,977 ft-lb/ln3) for gerea 

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 kerfmg 
runs ranged from 6611 Joules/cc, (79,900 ft-lb/in3) for Sioux 
Quartzlte to 1215 joules/cc (14,685 ft-lb/in3) 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 quartzlte, end 
43 tines the value for operation in argil Utes. 

A much lower machine specific energy than that for a pure Jet 
sy'em 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 
nobility, reduced cutter costs, no dust generation and ease 
of integration with systems for muck removal by slurry 

transport. 

Optimization of 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 jec operating parameters 
required to maximise Jet kerf depth for a given energy Input. 
In general, kerf Jepth 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 constitutes 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 
fluid 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 eitu  rock structures rather than upon 
unstressed laboratory specimens. Tower specific energies of 
excavation can be expected for in eitu  rock since the com- 
presslve stress field underground favors rock fracturing by 
the jet kerflng mode. 

e Development of a mobile excavation test rig should be completed 
to facilitate in eitu  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 psl 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 urlng 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) 

Compresslve strengrh 35.1 x ID3 lb/In2 244 MN/m2 

Density (apparent) 170.5 lb/ft3 2.72 g/cm3 

Hardness (Shore sclerosccpe) 95 95 

Poisson's ratio (dynamic) 0.28 0.28 

Tensile strength (pull) 1300 lb/in2 9 MN/m2 

Tensile strength (Indirect) 1570 lb/In2 12.8 MN/m2 

Young's modulus (dynamic) 9.67 x 106 lb/In2 66.7 GN/m2 

Young'b modulus (static) 9.3 x 106 lb/In2 64.1 GN/m2 
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Property 

Density  (apparent) 

Polsson's ratio  (dynamic) 

Polsson's  ratio   (static) 

Shear modulus  (dynamic) 

Shear modulus  (static) 

Velocity (longitudinal pulse) 

Velocity (sheer) 

Young's modulus  (dynamic) 

Young's modulus  (static) 

WESTERLY GRANITE 

TYPE NO. 2 

Test Results Test Results 
(English Units) (SI Units) 

165 lb/ft3 2.64 g/cm3 

0.24 

0.20 

2.6-4.6 x 106 lb/in2 18-32 GN/m2 

3.83 x 106 lb/in2 26.4 GN/m2 

is)      1955 ft/sec xlO3 5930 m/sec x 103 

11,000 ft/sec x 103 3360 m/sec x 103 

5.8-11.6 x 106 lb/in2 39.9-80 GN/m2 

8.26 x 106 lb/in2 56.9 GN/m2 
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BARRE GRANITE 

TYPE NO. 3 

Property 

Compresslve strength 

Denalty  (spparei t) 

Shear modulus  (dynamic) 

Shear modulus  (static) 

Young's modulus  (dynamic) 

Young's modulus  (static) 

Test Results 
(English Units) 

23.9 x 103 lb/in2 

166 lb/ft3 

2.44 x 106 lb/in2 

2.2-2.4 x 106 lb/in2 

4.41 x 106 lb/in2 

3.96-6.41 x 106 lb/in2 

Test Results 
(SI Units) 

167 MN/m2 

2.66 g/cm 

16.8 GN/m2 

15.2-16.9 GN/n/ 

30.4 GN/m2 

27.3-44.2 GN/m2 
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i  I 

Property 

Compresslve strength 

Density (apparent) 

Hardness (Shore scleroscope) 

Polason'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) 

DRESSER BASALT ■ 

TYPE NO. 4 
! 

1 

Test Results Test Results 
(English Units) (SI Units) 

50 x 103 lb/In2 350 MN/m2 

187 lb/ft3 2.99 g/cm3 

90 90 
,        i •        1 

0.285 0.285 
! 

0.20 percent I 

5.85 x 106 lb/In2 A0 GN/m2 

2100 lb/In2 14 MN/m2 

2750 lb/In2 19 MN/m2 

19.1 ft/sec x 103 5.82 m/sec x 

21.7 ft/sec x 10 

11.9 ft/sec x 103 

14.5 x 106 lb/In2 

12.5 x 106 lb/In2 

io- 

6.62 m/sec x 10' 

3.63 m/sec x 

100 GN/m2 

86.2 GN/m2 

IO" 
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! 

SIOUX QUARTZITE      i 

TYPE NO. 5 

Test Results Test Results 
(English Units) (SI Units) 

54 x 103 lb/in2 
i 

350 MN/m2 

150 lb/ft3 2.39 g/cm3 

)      99 
i 

89 
1 

0.13-0.28 0.13-0.28 

<1 percent 

4.2-5.0 x 106 lb/in2 29-35 GN/m2 

1300 lb/in2 9 MN/m2 

2900 lb/in2 20 MN/m2 

14.6 ft/sec x 103 4.45 m/sec x 10 

Property' 

Compressive strength 

Density (apparent) 

Hardness (Shore scleroscope) 

Poisson's ratio (dynamic) 

Porosity ■' 

Shear modulus (dynamic) 

Tensile strength (pull) 

Tensile strength (indirect) 
i 

Velocity (longitudinal bar) 

Velocity (longitudinal pulse) 16.2 ft/sec x 103 4.9 m/sec x 103 

Velocity (shear) 11.0 ft/sec x 103 3.35 m/sec x 103 

Young's modulus (dynamic) 8.5 x 106 lb/in2 58 GN/m2 

Young's modulus (static) 10,1 x 106 lb/in2 69.6 GN/m2 

i 

i 
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BEREA SANDSTONE 

TYPE NO. 6 

Test Results Test Results 
Property                      (English Units) (SI Units) 

3     2 2 
Compressive strength             8.6 x 10 lb/in 59 MN/m 
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TENNESSEE MARBLE 

TYPE NO. 7 

Property 

Compresslve strength 

Density (apparent) 

Hardness (Shore scleroscope) 

Polsson's ratio (dynamic) 

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) 

Test Results 
(English Units) 

16.9 x 103 lb/in2 

167 lb/ft3 

56.5 

0.292 

4.2 x 106 lb/in2 

1300 lb/in2 

745 lb/in2 

16,850 ft/sec x 103 

20,050 ft/sec x 103 

10,600 ft/sec x 103 

10.6 x 106 lb/in2 

9.0 x 106 lb/in2 

Test Results 
(SI Units) 

118 MN/m2 

2.69 g/cm3 

56.5 

0.292 

28.8 GV./m2, 

9.2 MN/m2 

5.13 MN/m2 

5140 m/sec : 10" 

6100 m/sec x 10" 

3140 m/xec x 10" 

73.0 GN/m2 

62.0 GN/m2 
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Property 

SALEM LIMESTONE 

TYPE NO. 8 

Test Results 
(English Units) 

Compressive strength 

Density (app&rent) 

Hardness (Shore scleroscope) 

Poisson's ratio (dynamic) 

Shear modulus (dynamic) 

Tensile strength (pull) 

Velocity (longitudinal bar) 

Velocity (longitudinal pulse) 

Velocity (shear) 

Young's modulus (dynamic) 

Young's modulus (static) 

9.5 x 103 lb/in2 

K9 lb/ft3 

29.5 

0.299 

2.2 x 106 lb/in2 

580 lb/in2 

12B550 ft/sec x 10 

14,550 ft/sec x 10 

10,000 ft/sec x 10 

4.8 x 106 lb/in2 

3.92 x 106 lb/in2 

Test Results 
^SI Units) 

65.9 MN/m2 

2.39 g/cm3 

29.5 

0.299 

15.2 GN/m2 

3.9 MN/m2 

3800 m/sec x 103 

4447 m/sec x 103 

3000 m/sec x 103 

34.2 GN/m2 

27.2 GN/m2 
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APPENDIX B 

COMPUTER PROGRAMS AND DATA SUMMARY 
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ENERGY 

100  PR0GRAM  LANGUAGES   FORTRAN   (F0R> 
105   INPUT   FILE  FaRMATl   C0MBINATiaN   #«TEST   ## SAMPLE   ##PRESSURE 
110   (50000*-l«65000*0«80000-l>#FEEDRATE(S0«-l« 100=»0* ibO» 1 )* 
115   STAND3FF(*5*-1«1*0*0«1•5*1>«N0ZZLE(«OOS"-1««Oie^O«»0136*1>« 
120  LENGTH   0F   CUK IN. >« V0LUME  REM0VEDCCUBIC  CM.) 
125  SFILE   (LIST 0UTPUT  FILES  #1#....»#8#INPUT  FILES  #»#....> 
130  DIMENSI0NSE(1OO)«SJ(1OO)«SPC1OO>*SB(1OO> 
135  REAL  L 
140  25   F0RMAT<56H2»4  FACTORIAL   FRAGMENTATION   TEST   DATA.   ROCK   TT 
145     ♦PE  NUMBERt«l4> 
150   30   FORMAT«68HC0MB.        TEST     SAMPLE TREATMENT   COMBINATION 
155     ♦ SPECIFIC) 
160   35  F0RMAT(67M     § § • PRESSURE        RATE     STAND 
165     ♦OFF     NOZZLE ENERGY) 
170   36  F0RMAT(b3H P F S 
175     ♦ N) 
180   40   F0RMAT(I4«I8«I6«I1UI8*F8.1#F10.4«F15.2) 
185  50  F3RMAT(I29«I8#F8.1#F10.4«F15.2) 
190   60   F0RMAT<F11.2#F19.2#F19.2) 
195  N=0 
200  B«0 
205  J=l 
210 K«9 
215   1=0 
220  A»2 
225  CI'O 
230  90   READ   (K)J 
235   IF(J)410*410»95 
240  95  PRINT   25«J 
245  PRINT 
250  PRINT 
255  PRINT   30 
260  PRINT   35 
265  PRINT   36 
270  PRINT 
275   100   READ   (K)C 
280   IF   (C)410#340«105 
285   105   IF(C-CI)    112,112,106 
290   106   IF(A-1)107#107« 110 
295   107  B-BM 
300   SBCB) = SE(I) 
305   110   A«0 
310   112  READ   (K)   T»R«P«F« S«D«L« V 
315   IF<1-P)155 
320   IF(P)120#130*140 
325   120  P>50000 
330   GOTO 155 
335   130  P"65000 
340   GOTO 155 
345   140  P>80000 
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ENERGY   CONTINUED 

350   155  im-F)l95 
355   IMF) 160, 170« 180 
360   160  F*50 
365  0070195 
370  170 r>ioo 
375  G0T0195 
380   18OF-ISO 
385 195 ir(S)eoo#2io«2eo 
390  200  S**5 
395   0010230 
400  210   S"1*0 
405   G0T323O 
410  220   5=1.b 
415 230  IF(0>240«250#260 
420   240  0«*008 
425   G0T0285 
430  250  0**012 
435   G0T0285 
440  260  D«*0136 
445  285  1-I«1 
450  B«B*1 
455   SE( I >■7059.173«D442*P*S0RT< P)«L/F/V 
460   SB<B>«SECI> 
465  A«A*1 
470   1F<C-CI)300#290*300 
475  290  PRINT50#P#F#S#0#SE<1) 
480   G0T031O 
485  300  PRINT40#C*T#R«P#F#S#D«SE<I> 
490  310  CI*C 
495   00X3100 
500   340  PRINT 
505 PRINT 
510  PRINT 
515   IF(A-1>342«342«343 
320   342   B>B«1 
525   SB(B>>SE(I> 
530  343 PRINT** SPECIFIC  ENERGY** 
535  PRINT ocf( 
540  PRINT**FT.-LB./CU.1N. jaULES/CU-C«. P5I 
545  PRINT 
550  N«I 
555  D039OI«1«N 
560  SJ(I>-*082733*SE(1> 
565  SP(I>*I2*SE(I> 
570  390  PRINT60«SE<n«SJ<I>«SP<I> 
575  P«B 
580  REWINDJ 
585  00   395Bcl«P 
590  395   MRITE(J>SB(B> 
595  J«J*1 
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ENERGY   CONTINUED 

600  N-0 
60S  A«2 
610  1-0 
61S B«0 
620   CI»0 
685  PRINT 
630  PRINT 
635  PRINT 
640  PRINT 
645  IP  (EN0FILEK>405*400 
650   400  K«K«1 
655 405 091990 
660 410 END 
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ANaVA 

100   PROGRAM   LANGUAGE:   ADVANCED  BASIC   CXBA.' 
105  FILES  (LIST  INPUT  FILES  #ll....l«8> 
110 LET  Ql-1 
115 PRINT 
120   PRINT 
125  PRINT 
130  PRINT 
135   PRINT-ANALYSIS  0F   VARIANCE«   R0CK   TYPE  NUNBCRt"«01 
140  PRINT 
145  PRINT 
150  PRINT"                                              MEAN   SPECIFIC   ENERGY   VALUES" 
155  PRINT 
160  PRINT 
165  PRINTMCaMBINATI0N   #"#"MEAN   SPECIFIC   ENERGY   (FT.-LB./CU.IN. )" 
170  DIH X(100) 
175  DIM  0(100> 
180  DIM  SdOO) 
185  DIM  A(100) 
190  DIM  CdOO) 
195  DIM  U(IOO) 
200   DIM  P(100) 
205   DIM  Z(64#6> 
210 MAT  Z-   ZER 
215  LET N»(INPUTS   NUMBER   0F  VARIABLES) 
220 LET   R«(INPUTi   NUMBER   0F  REPLICATI0NS> 
225 LET  V«0 
230  LET   A(1)«0 
235 LET  A(2)>0 
240  F0R X   -   1   T02tN 
245 LET   W-0 
250  F0R K  *1   T0  R 
255  READ   #   Q1«X(K> 
260  LET   S(K>>X(K>*A(K> 
265 LET  A(K)«S(K> 
270 LET  W-X(X) + W 
275 LET. V"X(K)»2*V 
280 LET Z-X(K>«Z 
285  NEXT  K 
290 LET  C(X)«W 
295 LET   02«(INPUTl   STATEMENT  F0R  C0MBINATI0N  NUMBER) 
300  IF  R-l   THEN  310 
305 PRINT     Q2«C(X)/R 
310  NEXTX 
315   DEF  FNX(X>«(XM)/2 
320  DEF  FNY(X}»(X*l)/2*(2tN/2> 
325  F0R J  «1   T0  N 
330  F0RX-1   T0  2tN   STEP  2 
335  LET  P(FNXCX))=C(X)*C(X*I) 
340 LET  P(FNY(X)>»C(X*1)-C(X> 
345  NEXT  X 
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AN0VA     CONTINUED 

350   F0R   X-l   T02tN 
355  LET  C(X)-P(X) 
360  NEXT X 
365  NEXT J 
370 LET L-0 
375  F»h X*2  T0   2»N 
360 LET  U(X>-C(X)t2/(R*etN> 
385  LET  L=(C(X)T2/(R*2tN))*L 
390  NEXT X 
395   F0R  I   ■   1   T0   N 
A00  LET K-l-l 
405   F0R   S  -(2rK)-M   T0   2»N   STEP   2U 
410  F0R  J=S  T0   (S«(2tK-l)> 
415 LET Z(J«I>«1 
420  NEXT  J 
425  NEXT   S 
430  NEXT  I 
435   IF   R>1   THEN   460 
440  LET  B«<A<l)t2*A<2>t2>/2»N-<C<l>t2/<R*2»N)) 
445 LET   E»V-<C<l)t2/(R«2»N)>~L-B 
450 LET  0«<2»N*<R-1))-1 
455 LET H«E/D 
460  PRINT 
465  PRINT 
470  PRINT  " ANALYSIS  0F   VARIANCE   TABLE" 
475  PRINT 
480  PRINT 
485   IF   R=l   THEN   595 
490  PRINr'SaURCE  0F,'*,,SUMS  9r»»nDr*t»"F   RATI0,,#"TREATMENT" 
495  PRINT"VARIATI3NM#MS0UARESM#"   ,,*M  "# "EFFECTS" 
500   F0R X«2  T0   2tN 
505   G9SUB  645 
510 LET   0(X) = C(X)/«'R*2t(N-i)) 
515  PRINT  "  "#U(X)#"l"#U<X)/rt*0<X) 
520 NEXT X 
525  PRINT 
530   PRINT  "REPLICATE"#B#<R-1>#B/<M«<R-1)) 
535  PRINT 
040   PRINT  "ERRaR,,#E*D 
545  PRINT 
550  PRINT  "T0TAL"#V-(CCl)t2/(R«2tN)>#2tN*R-l 
555  PRINT 
560  PRINT  "ER'TOR  MEAN   SQUARE=,,*M 
565 LET   G=5QR(M)/SQR(R) 
570  PRINT 
575  PRINT   GI"IS  THE   SQUARE  R00T  0F  THE RATI0  0F   THE  MEAN" 
580  PRINT  "SQUARE   ERR0R   T0   THE  NUMBER  0F  REPLICATIONS  PER  CELL." 
590   G0  T0   625 
595 PRINT "S0URCE 0F">"SUMS 0F,, 

600 PRINT "VARIATI0N","SQUARES" 
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AN0VA     CONTINUED 

605  F0R  X=2   T0   2fH 
610   G3SUB   645 
61S  PRINT  "  "•U<X) 
620  NEXT X 
625  PRINT 
630 LET  0l«0m 
635   IFUNPUTI   CRITERIA  Fl 
640   ST0P 
645  IF  Z<X#I>«1 THEN 670 
650   IF  Z(X«2)»1 THEN 630 
655  IF  Z(X#3)«I THEN f,90 
660   IF  Z(X«4>-1 THEN 700 
665   60   T0   705 
670  PRINT  "P"l 
675  G0   T0  650 
680  PRINT  "F"! 
685   G0   T0   655 
690  PRINT "S"i 
695   G0  T0   660 
700  PRINT  MN"I 
705  RETURN 
710   ST0P 
715   DATA  0 
720   END 

N0T   ENDJNG PR0GRAM) THEN11 5 
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KERF 

100 
105 
no 
IIS 
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 
200 
285 
290 
295 
300 
305 
310 
315 
320 
325 
330 
335 
340 
345 

FORTRAN   (FOR) PRldGRAM  LANGUAGEt 
SFILE  R0CKS8 

DIMENSION   SE<4* 10),SM(4. 10)# SUM<4)# A<4)*DIF< 4)#0IFM(4> 
n c.AL   I« 

10  FaRMAT<50HKERFIN6 FRAGMENTATION   TEST   DATA*   MCK   TYPE 
♦   NUMBER:,14) 

PRESSURE  -#I6#6H   PSI   ■#F9.2*15H   NEWTSNS 

NOZZLE 
SPACING 

CUT  NUMBER 

15  F0RMAi(2O4 
»''SO* CM«) 
20   FJRMAT(20H 
25  F0RMAT(2OH 
30   F0RMAT(2OH 
35   F0RMAT(32H 
♦F5.3*4H   CM.) 
70  F0RMAT(56H 
♦PER  CUT) 
75   F0RMAT<57H 
♦J0ULES/CU*CM.) 
80   F0RMAT(I10#F24.2#F20.2) 
90   F0RMAT(14H AVERAGE*2f20.2) 
40   F0RMAT<56HC0MB. TEST        SAMPLE 
♦ECIFIC   ENERGY) 

45  F0RMAT(68H      # § § 
♦IN. J0ULES/CU.CM.) 
50   F0RMAT(I4#I9*I7#I8#F17.2#F2O.2) 
60  F0RMAT<I2O#I8#F17.2#F2O.2) 
95   REA0(1)J 
Xl»0 
I FCJ)300,300* 100 
100  READ<1)P,F*S*D*Q 
P1«.68966*P 
F1«.04233333*F 
Slafi*S4*S 
01*0*25.4 
Q1>2.54*Q 
PRINT10*J 
PRINT 
PRINT 
PRINT15#P#P1 
PRINT20*F,F1 
PRINT  25*S#S1 

30«D«01 

FEEDRATE  --#I6#6H   IPM   *»¥*.&,**   CM./SEC- 
STANOaFF  ■#F6.1#6H   IN.   «^6.3* 4M   CM.) 

■#F6.4#6H   IN.   ■#F6.5*4H  MM.) 
BETWEEN   CUTS  ■«F5.3«6H   IN.   m, 

AVERAGE   SPECIFIC   ENERGY 

FT.LB./CU.IN. 

NUMBER SP 

aF   CUTS       FT.LB./CU. 

PRINT 
PRINT 
PRINT   35*0*01 
PRINT 
PRINT 
PRINT  40 
PRINT   45 
PRINT 
120   READ(1)C 
IF<C>180«180*125 
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KERF        C0NT1NUED 

350 125   READ(1>T«R*L#V*X 
355 IF(X-XI>135«135«130 
360 130 Y-l 
365 135   SE(X#Y>>7059.173*D**2*P*S0RT<P)*X*L/r/V 
370 SmX«Y)-. 082733* SC<X«Y> 
375 IF      '.'XI) 150« 150« 140 
380 140  PRIN1   50«C«T«R«X«SE(X«Y>#SM(X«Y> 
385 Xl-X 
390 G0TJ16O 
395 150   1F(R-R1>160«160«155 
400 155  PRINT   60«R«X«SE(X«Y)«SM(X«Y) 
405 160  >(X)«Y 
410 Y-Y-H 
415 G8T012O 
420 180  PRINT 
425 PRINT 
430 00230 X«l«3 
435 SUM(X>>0 
440 Z*A(X> 
445 00   220Y=1.Z 
450 220   SUH(X)»SE(X«Y)^SUM(X> 
455 230   SUM(X>«SUM<X)/A<X) 
460 X«l 
465 PRINT   70 
470 0IF(X>«SUN(X) 
475 DIFM(X)>.082733*SUH(X> 
480 PRINT   75 
485 PRINT 
490 PRINT  80*X«DIF(X>«DIFM(X> 
495 O025OX-2«3 
500 DIF<X>»X/SUM<X)-<X-l)/SUM(X-l> 
505 DIF(X)«1/0IF(X> 
510 01FM(X>s.082733*01F(X> 
515 PRINT 
520 250  PRINT  80#X«DIF(X>*0IFM(X> 
525 PRINT 
530 DIFA=<DIFC2)*DIF<3))/2 
535 DIFB=(DlFMC2)*DlFM<3))/2 
540 PRINT   90,D1FA.,D1FB 
545 PRINT 
550 PRINT 
555 PRINT 
560 PRINT 
565 G0T095 
570 300   END 
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R0CKSI 

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  FACT0RIAL   FRAGMENTATION   TEST   INPUT   DATA* 
SDATA*CHARC0AL   GRANITE* 
I 

-U8.0 
»8*1«1 
1*8.0* 

1,8.0* 
*7.95# 
7.95*1 
8.0. .4 
1*8.*2 
*1*7.9 
*1*7.9 
1*7.9* 
*1.1*1 
*7.95* 
8.06*1 
*7.95* 
8** 1. 

1*25* 12*-1*-1*-1 
2*48*2*l*-l*-l*- 
3*38* 19*-|* 1*-1* 
4*28*5*1* l*-l*-l 
5* 15*13*-!*-l*l* 
6*46*15* l*-l*l*- 
7*I7*1*-1*1*1*-1 
8*32*14*1*1*1*-! 
9*77#20*-l*-l*-l 
10*104* 16*1*-1*- 
10*104* 16* 1*-1*- 
II* I02*6*-1* 1*-1 
102'3*1*1**1*1*8 
I 3* 70* 7* - 1 * - 1 * 1 * 
14*86*9*1*-!* 1*1 
15*87*11*-!* 1* 1* 
16* 105*8* 1* 1* 1* 1 
0 
SDATA*WESTERLY   GRANITE* 
2 
17*18*2*-1*-1*- 
18* 7*5* !*-!*-!* 
20*51*3*!*!*-!* 
21*3*1*-1*-1*1* 
22*5*3* !*-!* !*- 
23*23*5*-!* 1*1* 
24*20* 1*1*1*!*- 
25*96* 4*-!*-!*- 
26*92*2* !*-!*-! 
27*124* !*-!*!*- 
28*72*2*!*1*-1* 
29* 113* 3*-!«-!* 
30*91*4* !*-!* 1* 
31* 113*1*-1'1«1 
32* 121*5* 1*1*1* 
0 
SDATA*BARRE   GRAN 
3 

33* 11* 7*-!*-!*- 
♦ 34* 13* 17* !*-!*- 
♦ 35*22*!!*-!*!*- 
♦ 36*43* 10*1*1*-1 
♦ 37*50* 19*-!*-l* 
♦ 38*31* 1* 1*-!*!* 
♦ 39* 19*3*-!* 1*1* 
♦ 40*37*2* 1* !*!*- 
♦ 4!*81*6*-1*-!*- 

8.05*.95*4*28*5*1*! 

1.1*1*25*12* 
1*2*48*2*1*- 
.2*3*38* 19*- 

• !*5*!5*I3*- 
• 5*6*46*15*1 
• 7* 17*1*-!*! 
8*32*14*1*1* 
5*9*77*20*-! 
1*2 
1.0*11*102*6 
8*12*111*3'! 
*70*7*-!*-l* 
.9* 14*86*9*1 
6* 15*87*! !*• 
.*16*105*8*! 

I, 
* - 
* 1 
-1 
* - 
-1 
I* 
* ■ 

-1 

-1 
1* 
* 1 
-1 
* 1 
1* 

-!'-l*-l*8*0*1.0 
!*-!*8.1*1.2 
*",1*-1*8.*.8 
*-!*8.05*1.0 
1*!*-!*8.0*1*4 
*!*-!*7.95*!.3 
•1*7.95**9 
1*8** »3 
*-!*!'8.*2.3 

*1*-1*!*7.9*.6 
-1*1*8.* l.*12 
* 7.95*1.9 
*1* 1*8.06*1.5 
*!* 1*7.95*.8 
1*1*8.* 1.1 

-1*7.85* l.*17*18*2*-l* 
'7.9* 1.4* 19*8*4*-!* !*- 
* 8 . * 1 . // 20* 51 * 3* 1 * 1 * - 1' 
*7.9*.8*22* 5* 3* !*-!* 1* 
8** 1.4*23*23« 5'- !*!*!* 
* 7.95*.6*24* 20*1*1*1* 1 
6. *. 65* 25*96* 4*-!*-!*- 
1*8.!*1.1*26'92'2'1*-! 
*7.85* 1.9*27* 124*1*-1* 
1*8.*.5*28*72*2* 1*!*-1 
7.95*3.1*29* 123*3*-!*- 
1*8.*.8* 30*91*4* !*-!* 1 
8. 1* 1.5*31' 113'!*-!' 1« 
* 7.9*.5* 32* 121*5*1*1*1 
8.*1.! 

TE* 

*-!*8. 15*.8*33*11*7*- 
*-1*8.2* 1.3*34* 13*17* 
*-l*8.2*.9*35* 22*11*- 
-1*8.2* 1.35*36*43* 10* 
*-1* 8*2*.8* 37* 50*19*- 
1*8.2* 1.2*38*31* 1* I#T 
!'8.!5*.3*39*!9*3*-!* 
#8.1* 1.0*40*37*2*1*1* 
*!*7.95*2.6*4I*8!*6*- 

-l*-l*-!*7.85* 1. 
!*-!*8.!*.6 
-1*8.*1.! 
-1*8.* 1.4 
-!*7.95*.9 
* - 1 * 6. * . 8 
1*1*8.1*.8 
*-!* 1*7.85*2.0 
!*-l*1*8.*.5 
*!*7.95*3.2 
1*1* 1*8.*.95 
* 1*8. 1* 1.5 
1* 1*7.9*.8 
* 1*8.* 1« 

*-l*-l*-l*8.15*.8 
*-l*-!*-l*8.2* 1.3 
* 1*-1*-1*8.2*1.0 
* l*-!*-l*8.2* 1.0 
*-!* 1*-1*8.2*.9 
* !*-1*8.2* 1.2 
* 1*-1*8. 15* «5 
*-!*8.!*.95 
*-!*•!* 1*7.95*2.7 

62 
B-10 



R0CKS1 CONTINUED, 

350 
3S5 
360 
365 
370 
375 
380 
385 
390 
395 
400 
405 
410 
415 
420 
425 
430 
435 
440 
445 
450 
455 
460 
465 
470 
475 
480 
485 
490 
495 
500 
505 
510 
515 
520 
525 
530 
535 
540 
545 
550 
555 
560 
565 
570 
575 
SSO 
585 
590 
595 

♦ 42« 76«8« l«-!«-l«l«8.0«4a4«42«76«8«l«- 
♦ 43«89«16«-1«1«-1«1«7.9«.7 
♦ 43«89«16«-1«1«-1«1«7*9«.7 
•M4«68«20« 1« 1«-1« 1 «7» 5« 3*0« 44« 68«20« 1« 
♦ 45«82« 18«-1«-1«1«1«8<0«2«3«45«82«18«- 
♦ 46«85«4« l«-l«i«l«8*0«l*4«46«85«4«l«-l 
♦ 47«74«5«~1«1> 1«1«8*0«1*6«47«74«5«-1« 1 
♦ 48« 100« 14« 1«1«1«1«8*0« 1*0«48«100«14«1 
0 
SDATA»DRESSER  BASALT* 
4 

-1«-1«6«0«2»0 
1«-1«6*0«6*1«50«34«19«1 
«-1«6*0« 1*5«51«29«8«-1« 
-1« 5* 0« 8 • 0« 53« 57« 3« - 1« - 
• -1«6*0«5«8«55«9«20«*1« 
-l«6.0ä«l*0«56«35«5«l«l 
-I« 1*6.1» 1.6« 57« 94*1 3»- 

1«4*125«5*0«59«109«2«- 
« 1« 7.95«2. 7« 60« 106« 10« 
« 1« 5» 7« 3« 4« 61« 116« 15«- 
1« 1« 5* 6« 1 • 3« 62« 90« 16« 1 
1«4*5«.6«63«117«7«-1«1 
1«5.75«1*5«64«67«17«1« 

1«-1« l«8t0«4*4 

1«-1«1«7*5«2*8 
1«-1«1« 1*8.0*2.0 
«'l«l«8*0« 1*4 
«1«1«8«0«1*8 
«1«1« 1*8.0* 1.2 

49*54* 14*-1* 
50*34* 19* 1«- 
51*29*8*-!* L 
52«41«1«1«1« 
54« 58« 12« 1«- 
55*9*20*-l* It 
57«94«13«-i; 
58* 75*6* 1*-1 
59* I09*2*-1* 
60«106*10* 1* 
61« 116«15«-r 
62« 90« 16« 1«- 
63*117* 7*-!* 
0 
SDATA*SI0UX   QUARTZITE* 

«-l«-l«-l«6»0«3»6 
1*-1*-1*6.0*.8 
1« 
1* 
*1 
1« 
1« 
1« 
1* 
«- 
«1 
1« 

*-l*6.ü* 1*4 
*-l*6.05* 1.1 
-1*6. 15* 1.4 
l«-t« 1*6.1* 1.5 
«-1« 1*7.95*2.0 
«-1« 1*5.3*4.6 
1«1« 1*5.5* 1.22 
« 1« 1*4.55*.7 
US« 75« 1*8 
* 1*5.25*9.8 

! 

65*24* 10*-1*-1 
66*36*2* 1*-1 
67*21*20*-!* 
68« 42« 3« 1« 1« 
69*60*8*-!*- 
70« 26« 18« 1«- 
71*4*4*-!* 1* 
72* 16*7* 1* 1* 
73«65«5«-l«- 
74*88* 13* 1*- 
7f<«73«l«-I« 1 
76« 126« 12« 1« 
77«83«6«-l«- 
78«71«17«1«- 
79*93* I !*-l* 
80*98* 16* 1* 1 

-l*-!*9.6*.9*65*24* 10*- 
-1« 10.0* 1.8*66f 36*2* 1« 
«•1«9.S«1*2«67«21«20«- 
1 «9.25« 1.2« 68« 42« 3« 1« 1 
-1«7.9*.7«69«60«8«-1«- 
-1*9.5* 1.1*70*26*18* 1* 
« 10*0« .7« 71«4*4^-1« 1«1 
«11*8« 1.0*72* 16*7* 1* 1* 
« 1« 10.0*2.8* 73* 65*5*-! 
« 1« 10*0« 1.5* 74*88* 13* 1 
1«7.7«1.6«75«73«1«-1«1 
* 1*9.2* 1.3*76* 126* 12* 1 
1«8*4« 1*8« 7 7*83*6*- 1 •- 
1*9.0*3.25*78*71* 17«1« 
1* 10.8*.8* 79*93* 1 1«-1« 
* 10.8* 1.0*80*98* 16« 1*1 

1»-1«-1«-1«9.6»1.1 
-1«M«-1« 10.0* 1.5 
1« !*-l*-l*9.6* 1*1 
«M«-l« 10.2. 1*1 
1*1*-1*7.9*.8 
-1«1«-1«9*S« 1*25 
«l-l«ll*25«*8 
!*-!*11.8*.8 
*-!*-!*1*10.0*2.8 
«-1«-1«1*10.0*1.6 
• -1«1«9.7« 1.7 
«1«-1« 1*9.2* 1* 
1*1* 1*8.9*2.3 
-1«1« 1*9.0*3.25 
1«1« 1« 10-8*.9 
«1*1«10.8* 1.0 

0 
SDATA'BEREA  SANDST0NE* 
6 
81«6«9«-l«-l«-l«-l«7.9«2.6«81«6«9«-l«- 
82« 53« 13« l«-l«-l«-l«8*«7*8*S2«53« 13« 1« 
83« 55« 4«-1« !.-l*-!*8.*4.*83*55*4*- 1* 1« 
84« 14* 17* 1, I*-!*-1*8.* 5. 1*84* 14* 17* 1* 1 

1«-1«-1«7.9«2.9 
-1«-1«-1«8««7.6 
-1«-1«8*«4* 
♦ -1«-1»8»«5.3 
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R0CKS1   C0NTINUEO 

600 85« 1« 18#-l#-I#l#-l,8.*3.2#85#l#18#-l# 
60S 86#2* 14« 1*-1# li.-l#8.# 7. 5*86*2* 14*1*-1 
610 8 7* ID* 2*-I* 1*1*-1*8.05* 2. 5*87* 10*2*-1 
615 88*61*1* 1* 1* 1*-1*8.05* 4. 7*88*61* 1*1*1 
620 89*110* il*- 1*- I*-1*1*8.*3.2*89*110*11 
625 90*118*10*1*-1*-1*1*8** 7*2*90*118*10* 
630 9 1*103* 5*-1*1*-1*1*8**2.4*9 1*103* 5* -1 
635 92*80* 12* 1*1*-1* 1*8.05*20.7*92*80* 12* 
640 93« 107* 16«-1«-1« 1« 1«8.«3.4«93«107«16« 
645 94*97* 15* 1*-1* 1*1*7.95*5.5*94*97* 15*1 
650 95*99* 3*-1* 1* 1* 1*8.*2. 5*95*99* 3*-1* 1* 
655 96*84*6*1*1*1*1*8.* 17.9*96*84*6*1*1« 1 
660   0 

•1^1«-1«8.«3.8 
-1*8**7*8 
1*-1*8.05*2.7 
-1*8.05*4.5 
*-l«-l« 1*8.*3.6 

-l*-i* 1*8.*6.4 
-1*1*8.«2.6 
*-l* 1*8.05*18.1 
-1*1* 1*8.* 3.2 
* 1* 1*7.;5*5.4 
*8.«£.75 
8.«15.6 
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fj'?!'!'"1*"1'"1'"1'8,0'1,3'97'59'6'-1'-!'-!'-!^^,!^ 
98*47*20*l*-l,-I,-i,8.0*1.3*98#47#20*l*-l#-l#-I,8.0#I.3 
99*64*l|#-l,l,-U-i,8.0*.85*99*64*ll#-l,|,-l,-l,8.0#.85 

100>DATA,2t4 FACTORIAL  FRAGMENTATI0N  TEST  INPUT  DATA« 
IDS SDATA»TENNESSEE MARBLE» 
110   7 * 
115 
120 
125 

130   100*12#1#1, l*-l,-i,8.05#.8*100*12*i*"l*I^-l,-l#8lo5ri7l 

135 101#63#4*-l#-l,l,-l,8.0*1.9*101*63*4*-l#-l*l#-l,8.0*1.3 
140 102#49*7*l,-l,l,-l,8.0#.8*102*49#7#l*-l*i,-l,8.0#1.0 
145 103#39*3*-1*1*1,-W8.1#.8, 103*39*3*-1,1*1,-1,8.1*1.6 
150 104*62*18*1,1,1,-I,8.1*.9J.104#62*18#1*W1,-1,8.1#.7 
155 105#108*13.-1*-1,-1,1,8.0#.5*105*108*13*-1#-1*-1,1,8.0#1.0 
160   106#79*19*1*-1^-1,1,8.1*3.1#106#79#19*1#-1#-1,1,8.1*2.9 
165   107, 66,9,-I, 1,-1, 1,8. 1,1. 3* 107* 66*9*-1*1*-1*1*8. 1*1.8 
170   108*125*8*1*1*-1*1,8.0,.9, 108, 125,8, 1,1,-1, 1,8.0,.9 
175   109,112, 10,-1,-1,1, 1,8.0, 1.6, 109, 112, 10,-1,-1, 1,1,8.0,2.0 
180   HO, 119,17, 1,-1,1,1,7.9, 3.2, 110, 119,17, 1,-1,1,1,7.9, 1.1 
185   111*122,2,-1,1,1,1,7.95,1.5,111,122,2,-1,1,1,1,7.95,1.8 
190   112, 127, 15* 1*1* 1*1*8.1*. 7* 112* 127, 15, 1,1, 1,1,8.1,. 7 
195  0 
200   SDATA'SALEM LIMESTONE» 
205 8 

210 113,27, 13,-1,-1,-1,-1,8.1,2.5, 113*27* 13*-1*-1*-1*-1*8. 1*2.2 
215 114* 30* 3* 1* -1* -1*-1*8.1* 16.8* 114*30* 3*1*-1*-1*-1*8. 1*8.5 
220 115*44, 10,-1,1,-1,-1,8., 1.* 115* 44* 10*-1*1*-1*-1*8.* 1. I 
225 116*33*9*1*1*-1*-1,8.1,2.7, 116,33,9, 1,1,-1,-1,8.1,3.2 
230 11 7, 52, 4,-1,-1, 1,-1,8.*!.* 11 7* 52* 4*-!*-1*1*-1*8.*.9 
235 118*40* 11*1*-1*1*-1*8.*2.4* 118, 40, 11, 1,-1*1*-1*8.*2. 5 
240 119* 45*1*-1,1, 1,-1,8.,1.1, 119, 45, 1,-1* 1*1*-1*8.* 1.3 
245 120* 56* 15* 1* 1* 1*- 1*8.05* 1.6* 120*56* 15* 1, 1, 1,-1,8.05, 1.4 
250 121,69* 14*-1,-1,-1,1,8. 1,18.,121,69, 14*-!*-!*-1*1*8. 1*17. 4 
255 122*95* 1 7* 1*-1*-1*1* 7.95* 1.2* 122*95* 17* 1,-1,-1, I, 7.95,2.9 
260 123, 101,18,-1,1,-1,1,8.1,1.8, 123* 101* 18*-1*1*-1*1*8. 1*2.1 
265 124* 120*5* 1*1*-1* 1*8.* 3. 1* 124* 120*5* 1* 1* - 1* 1*8., 3. 
270 125,115,19,-1,-1,1,1,8.1,1.8,125,115,19,-1,-1,1,1,8.1,1.75 
275 126, 114,2, 1,-1, 1,1,8.,5.1* 126* 114*2*1*-1*1* 1*8.* 5.9 
280 127* 128* 6*-1*1* 1*1*8.09* 1.5* 127* 128* 6*-1*1* 1,1* 8.09* 1.6 
285 128*78*12*1*1,1,1,8.05,12.1,128,78,12,1,1,1,1,8.05, 13.7 
290  C 
295   -1 
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R0CKS3 

100 SDATA,3t2  FACT0RIAL  FRAGHENTATiaN  TEST  INPUT  DATA* 
105 SDATA*CHARC0AL   GRANITE* 
110 1 * 
115 140*38« 19*-1* 1*-1*-1«8**1*2# 140*38« 19*-1«1«-1'-1«8*'»S 
120 141« 144« 17*0* 1*-1*-1*8««*5«141«144«17«0«1«-1«-1«8*«*8 
125 142«28«5«1«1«-1«-1«8*05«*95«142«28«5«1«1«-1«-1«8*05«1* 
130 143* 150* 10*-1*1*-1*0*8. 1* 1.5* 143* 150* 10»-1« 1---1*0*8.1* 1-6 
135 144«149«18«0*1*-1*0*8.*1•5*144*149*18*0*1*-1*0*8.*1.65 
140 145« 152« 4« 1« 1*-1*0*8. 1*2. 3* 145« 152« 4« 1«1*-1*0*8. 1*2. 
145 146* 102* 6*-1* 1*-1*1* 7. 9«. 6« 146* 102* 6*-1* 1*-1* 1*7. 9*.8 
150 147* 166*13*0* 1*-1*1*8. 1*2. 3* 147*166* 13*0*1*-1* 1*8.1*2. 
155 148*111*3* 1*1*-1*1*8.* 1.* 148* 11 1*3* 1*1*-1*1*8** 1. 1 
160 0 
165 SDATA'WESTERLY   GRANITE* 
170 2 * 
175 149*7*5* 1*-1*-1*-1*7.9*1.4 
180 150*141*2« 1«0«-1«-1« 7.9« 1.2« 150« 141«2« 1*0*-1*-1*7.9* 1. 
185 151*51* 3» 1*1*-!*-1*8.*!.. 151*51* 3* 1*1*-1*-1*8.* 1.1 
190 152*151*3* 1*-1*-1*0*8.06*2.9* 152* 151*3*1*-1*-1*0*8.06*2. 7 
195 153* 161* 1* 1*0*-1*0*6. 1*2.6* 153« 161*1*1*0*-1*0*6.1*2.4 
200 154* 162*3* 1* 1*-1*0*8.06* 4*5* 154* 162*3* 1« 1*-1*0*8.06* 4.6 
205 155*92*2* 1*-1*-1* 1*7.85*2.* 155*92*2« 1#-1*-1* 1*7.85* 1.9 
210 156* 165*5* 1* 0*-1*1* 6. 1*3.1* 156* 165* 5*1*0*-1* 1*6. 1*2.6 
215 157*72*2* 1* 1*-1* 1* 7.95* 3.2* 157* 72*2* 1* 1* - 1* 1* 7.95* 3. 1 
220 0 
225 SDATA'DRESSER  BASALT* 
230 4 
235 158*34* 19*1*-1*"1*-1*6.*6. 1* 158*34* 19*l*-l*-l»-l*6.*3-6 
240 159* 143* 18* 1*0*-1*-1*4.* 3.* 159* 143* 18* 1*0*-1* - 1* 4. 6*2.9 
245 160*41* 1* 1* 1*-1*-1*5.*8. 
250 161* 153*4* 1*-1*-1*0*4. 7* 6.2* 161* 153*4*1*-!*-1*0* 4. 1*2.8 
255 162*148*9* 1*0*-1*0*4.*11.6 
260 163*156*20.- 1* 1*-1*0*6. 15* 4.5* 163* 156*20* 1* 1*-1*0* 6. 1 5* 5.9 
265 164*75*6* 1*-1*-1*1*4.125*5. 
270 165* 167* 19* 1*0*-1* 1*6.* 10.7* 165* 167* 19* 1*0*-1» 1* 5.9* 6. 7 
275 166*106*10*1*1*-1*1*5.3*4.6*166*106*10*1*1*-1*1*5.7* 3. 4 
280 0 
285 SDATA'BEREA   SANDST0NE' 1 
290 6 
295 167*53* 13* 1*-1*-1*-1*8.* 7.8* 167*53* 13*1*-1*-1*-1«8.*7.6 
300 168* 140*8* 1*0*-1*-1*8.*4.5* 168* 140*8* 1*0*-1*-1*8.* 4. 
305 169*14* 17* 1* 1*-1*-1*8.* 5. 1* 169* 14*17*1* 1*-1*-1*8.* 5.3 
310 170*163*7* 1*-1*-1*0*8.06* 1 6. 6* 1 70* 1 63* 7* 1*-1* - 1*0*8.06* 19. 
315 171* 158*20* 1*0*-1*0* 7.95* 17. 1* 171* 158*20* 1*0* - 1*0* 7.95* 1 7. 5 
320 172* 159* 19* 1* 1*-1*0* 7.95* 12. 1*1 72* 159*19* 1* 1*-1*0* 7.95* 10.4 
325 173* 118* 10* 1*-1*-1*1*8.* 7.2* 173*118* 10*1*-1*-1*1*8.*6.4 
330 174* 168* 18* 1*0*-1* 1*8.* 20. 9* 174* 168* 18* 1*0*-1* 1*8.* 18.9 
335 175*80* 12* 1* 1*-1* 1*8.05*20.7* 1 75*80* 12* 1* 1* • 1» 1*8.05* 18. 1 
340 0 
345 SDATA'TENNESSEE MARBLE' 
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R0CKS3  C0NTINUED 

350 7 
355 176*47*20* i*-l*-i#-1*8. # I. 3# 176» 47#20#1#-1#-1*-1# 8. # 1.3 
360 177* 142*5* 1*0* - 1* - 1* 7.9* . 7* 1 77* 142* 5* 1*0*-1*-1* 7*9« 1*2 
365 178* 12* 1* 1* 1*-1*-1*8.05*.8* 178* 12*1* 1* 1*-1*-1*8.05*.7 
370 179* 155*12* 1*-1*-1*0* 7. 6*2. 3* 179* 155*12* 1*-1*-1*0*8.* 2. 7 
375 180* 147* 16* 1*0* - 1*0*8.*2.1* 180* 147* 16* 1*0*- 1*0*8.* 1*7 
380 181* 146* 14* 1* 1*-1*0* 6.25* 1.8* 181* 146* 14* 1* 1*-1*0*8. 1*2. 

I 385 182*79* 19* 1*-1*"1* 1*8.1*3.1* 182*79* 19* 1*-1*-1* 1*8. 1*2.9 
390 183*169*1« l*0*-i*l*8.*2.* 183* 169* 1* 1*0*-I* 1*8.* 2. 2 

■ 395 184*125*8*1* 1*-1* 1*8.*.9* 184*125*8*1* 1»-1*1*8.*.9 
i 400 0 

405 SDATA*SALEM LIMESTONE* 
410 8    • 
415 185*30*3* 1*-1*-1*-1*8.1* 16.8* 185*30*3* 1*-1*-1*-1*8. 1*8.5 
420 186*145* 16* 1*0*-1*-1*8. 1*4. 5* 186* 145* 16*1*0*-!*-1*8. 1*3. 7 
425 187*33*9* 1* 1*-1*-1*8.1*2. 7* 187* 33*9* 1*1*-1*-1*8. 1*3.2 
430 188*154*7* 1*-1*-1*0*8* 1* 13«* 188* 154* 7* 1*-1*-1*0*8.1*11. 
435 189*160*13* 1*0*-1*0*8.*9.6* 189* 160* 13* 1*0*-1*0*8.*9.5 
440 190*157*8* 1* 1* - 1*0*8.* 5. 4* 190* 157*8* 1* 1*-1*0*8** 4*7 
445 191*95* 17*1*-1*-1*1*7.95*1*2*19I*95*17*1*-1*-1* 1*7*95*2*9 
450 192* 1 64*9* 1*Ö*-1* 1*8.* 11. 1*192* 164*9* 1*0*-1*1*8.* 10.6 
455 192*164*9*1*0*-1*1*8**10**192*164*9*1*0*-1*1*8**9*8 
460 192* 164*9* 1*0*-1*1* 6** 6*9* 192* 164*9* 1*0*-1*1* 6** 7* 5 
465 193* 120* 5* 1*1*-1*1*8** 3* 1*193* 120*5* 1* 1* - 1* 1*8** 3* 
470 0 
475 -1 

v 
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R0CKS4 

100 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 
160 
165 
170 
175 
ISO 
185 
190 
195 
200 
205 
210 
215 
220 
225 
230 
235 
240 
245 
250 
255 
260 
265 
270 
275 
280 
285 
290 
295 
300 

8 

SDATA,3»4 FACT0RIAL FRAGMENTATI UN TEST INPUT DATA' 
SDATA«BARRE GRANITE' 
3 

201# 11*7*-1#-1#-1,-1,8.15*.8* 201# II* 7#-l*-l*-1,-1,8. I 5#.8 
202* 231*8* 0*-l*-l*-l*7.9*1.* 202* 231 * 8* 0* - 1 * - 1 * - 1 * 7. 9* 1. 
203*13*17* I*-!*-!*-1*8.2* 1.3*203* 13* 17* 1* - 1* - 1* - 1*8.2* 1. 3 
204*235* 4* - 1*0* - 1* - 1*8.*. 5* 204*235*4*-1,0*-1*-1*8.*. 5 
205. 212* 7* 0* 0* - 1* -1*8.*.8* 205*212, 7* 0*0*-1*-1*8.*.8 
206* 229* 5*1 * 0*- 1* - 1 * 8.* I.*206* 229* 5*1,0*- 1,- 1,8.,.9 
207,22, 11,-1,1,-1,-1,8.2, .9,207,22, 11, - 1, 1*-1* - 1*8.2* 1. 
208*224*19*0* 1* - 1* - 1*8. 1* .85*208*224* 19*0* 1* - 1*-1* 7. 5* . 6 
209*43* 10* 1*1*-1*-1*8.2* 1.35*209*43* 10* 1* 1* - 1* - 1*8.2* 1. 
210*233* 18*-!*-1*0*-1*8.*. 75*210*233* 18*-1,-1,0,-1,8., 
211,216, 11,0,-1,0,-1,8.2, .9,211,216, 11,0,-1,0,-1,8.2, 1. 
212,236, 16* 1*-1*0*-1*7.8* 1.*212*236* 1 6* 1* - 1*0*-1,8.* 1. 1 
21 3* 221 *2* - 1 * 0* 0* - 1 * 8.2* . 6* 21 3* 221 * 2* - 1 * 0*0* - 1 * 7. 5.. . 4 
214* 223* 10* 0* 0* 0* - 1 * 8.2* .8* 21 4* 223* 10*0* 0* 0* - 1 *8.2* . 7 
215* 210* 12* 1 * 0* 0* - i > 5.5* . 7* 215* 210* 12* 1 * 0* 0* - 1 * 5. 5* . 4 
21 6*225* 20*-1* 1*0*-1*^.9*. 6*21 6*225*20*-1*1*0*-1*7.9*. 5 
217*214* 17*0* 1*0*-1*8.2*. 5*21 7*214* 17*0, 1,0,-1,8« 2*. 75 
218*209*13* 1* 1*0*-1*7.9*. 7*213*209* 13* 1* 1*0* - 1* 7.9* .8 
219*50*19*-1*-1*1*-1*8.2*.8*219*50*19* •1*-1*1*-1*8.2*.9 
220*232* 6*0*-1* 1*-1* 7.9* . 7*220*232* 6*0*-1* 1,-1*7.9* 1. 
221*31* 1* 1*-1* 1*-1*8.2* 1.2*221*31* 1*1*-1*1*-1*8.2* 1.2 
222*208* 15*-1*0* 1*-1*8.* .5*222*208* 15* - 1 *0* l*-l,dl.*.8 
223*217*1*0*0* 1*-1*6.8*. 5*223* 21 7* 1*0*0* 1*-1* 6.25* . 4 
224*215*3* 1*0* 1*-1,8.1,.8,224,215,3* 1*0* 1,-1*8. 1*.9 
225* 19*3*-1* 1* 1*-1*8. 15*. 3* 225* 19* 3*-1* 1*1*-1*8.15*.5 
226*205*9*0*1*1*-!* 7.95*.5*226*205*9*0* 1* 1*-1* 7.95, . 5 
22 7,37,2, 1* 1* 1*-1*8.1*1.*227* 37*2*1* 1*1*-1*8.1,.95 
0 
3 
228*290* 12*-1*-1*-1*0*5. 7* 1.8* 228*290* 12, - 1* - 1* - 1*0* 5. 7* I 
229*278* 16* 0*-l*-1*0* 6. 1*2.0*229*2 78*16*0,-1,-1,0,6.1,2.1 
230,250, 17, 1*-1*-1*0* 6. 3*2. 4*230*250* 1 7* 1*-1* - 1*0* 6.*2. 6 
231*247* 12*-l*0*-l*0*6.i:* 1.4*231*247* 12* - 1,0, - 1,0, 6.2, 1. 
232,241,9, 0,0,-1,0, 6*, 2. 3,232,241,9,0*0,-1,0, 6., 1.8 
233*2 73*6*1*0*-1*0*6.1*2.2.»233*2 73*6* 1*0* - 1,0, 6. I* 2. 3 
234*245* 13*-1* 1*-1*0*6. 1* 1 .*234*245* 1 3* - 1* 1* - 1,0, 6. 1, 1. 
235,2 79,14,0, 1,-1,0,6.,1.4,235,279, 14,0,1,-1,0, 6., 1-4 
236,267,20,1, 1* - 1*0* 6.2* 1 .6*236*267*20* 1* 1* - 1*0* 6.2* 1 .8 

305*237*261*2*-1*-1*0*0* 6.2* 1.3*237*261,2,-1,-1,0*0, 6.2, 1.35 
310  238* 266* 19*0*-1*0*0* 5.4* 1.7*238*266* 19*0*-1*0*0* 5. 5* 1.8 
315  239*239* 14*1*-1*0*0* 7.9* 3. 3*239*239* 14* 1* - 1*0*0* 7.9* 3. 
320  240* 272* 8*-1*0* 0*0* 6. 1*1.2*240,272*8*-1*0*0*0* 6. 1*1. 
325  241 * 29 1 * 7* 0* 0* 0, 0* 6. 3* 1. 6*241 * 291 * 7* 0*0,0* 0* 6. 3* 1. 5 
330  242*260* 1* 1*0*0*0* 6.2* 1.9*242*260* 1* 1*0*0*0* 5. 5* 1. 5 
335  243*252* 3*-1* 1*0*0* 6.3* 1 .9*243*252* 3* - 1* 1*0*0*6.3*1.9 
340  244*277*4*0* 1*0,0*6.1*1.3*244*277*4,0*1*0*0*6.1* LI 
345  245*285* 15* 1* 1*0*0*6.1*1.4*245*285* 15* 1* 1*0*0* 6. 1* 1. 7 
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350 246*243* 15*-W-l* 
355 247*248« 7«0«- 1« 1« 
360 248*274*18* I*-1* 1 
365 249*283*9*-l*0* 1* 
370 250*286*13*0*0*1* 
375 251*292* 17* 1*0* 1* 
380 252*263* 10*-1* I* 1 
385 253*268*5*0* 1* 1*0 
390 254*259* 1 1* 1* 1* 1* 
395 0 
400   3 
405 255*81*6*-1*-1*-1 
410 256*304*8*0*-l*-l 
415 257*76*6. 1#-1«*1« 
420 258* 31 5* 4*-1*0*-1 
425 259*328*7*0*0*-!* 
430 260*299* 10* 1*0*-1 
435 261*89*16*-1*l#-l 
440 262*321*9*0* 1*-1* 
445 263* 68« 20« 1« 1«-1« 
450 264*298* 2*-1*-1*0 
455 265*316» 16*0*-1*0 
460 266*302*5* 1*-1*0* 
465 267*313« 18«-1*0*0 
470 268*324*12*0*0*0* 
475 269*322*15*1*0*0* 
480 270*319« 14*-1* 1*0 
485 271*300* 19*0* 1*0* 
490 2 72*323*13*1*1*0* 
495 273*82* 18*-1«-1«1 
500 274*301«20«0«-1«1 
505 275*85*4« 1*-1« 1« 1 
510 276*295* 3*-l*0* 1* 
515 277*296* 1 1*0*0* 1* 
520 278*31 1*6*1*0*1* 1 
525 279* 74* 5*-1* 1* 1* 1 
530 280*29 7* 1*0* 1* 1* 1 
535 281*100* 14* 1* 1* 1* 
540  0 

1*0*6.1* 1.1*246*243* 15*-!*-1* 1*0*6*1* '9 
0*6.3*2.1*247*247*7*0*-!* 1*0*6.3*2. 
*0*6. 1*2.6*248*274* 18* !*-!* 1*0. 6. 1*2.7 
0*6.*. 8* 249*28 3* 9*-1*0* 1*0* 6«*. 9 
0*6. 1* 1.4*250*286* 13*0*0* 1*0*6. I* 1-3 
0*6.3* 1.5*251*292* 17* 1*0* 1*0*6.3* 1.6 
* 0*6. 2*. 95*252*263* 10*-!* 1* !*0*6.2*.H 
* 6.2* 1.1*253*268*5*0* 1* 1 * 0* 6. 2* 1 . 3 
0*6.2* 1.6*254*259* 1 1* 1* 1* 1*0*6.2* Lb 

1«7.95«2»6*255*81*6*-1*-1*-1* 1*7.95*2. / 
1*6. 1*2.* 256* 304*8*0*-1*- 1* 1*6* 1*2*1 
*8.*4.4*25 7* 76*8* 1*-!*-!* 1*8. *4. 4 
1*6.1* 1.1*258* 3 15* 4*-1*0*-!* 1«6*1« 1* 
* 6.2* 1.5*259*328*7*0*0*-!* 1*6*2* 1*6 
1*6.2*2.3*260*299* 10* 1*0« - 1« 1« 6*2*2* 3 
1*7.9*.7*261*89*!6*-1* !*-!* 1*7.9*.7 
* 6.* 1.5*262*321*9*0*!*-!* 1*6**1*6 
*7.5*3.*263*68*20*!* !*-!* 1*7. 5«2*8 
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215 423*423*16*7.9* 1.7*2*423*423* 14*7.9*1.3*2*423*423*3*8.* 1.3*2 
220 423*423* 16* 7.9*2.6* 3*423* 423* 14* 7*9*2*6* 3* 423* 423*3*8**2*2* 3 
225   J 
250   SDATA»DRESSER  BASALT* 
255  4*50000*450**5**008**125 
260  379*385* 1*5*7**5* 1*379*385* 1*6***65*1 
265   424*424*18*6**1*8*2*424*424*4*6**1*6*2*424*424*20*5*8*2*7*2 
270   424* 424» 18*6** 3* 6* 3* 424* 424* 4* 6**2* )» 3* 424* 424* 20* 5*8* 4* * 3 
275  0 
30C   SDATA*SI0UX   QUARTZITE' 
305   5*50000*900*1*5**008**125 
310   411*401*26*8***3*1*41 1*401*26*8***4*1 
315   425*425*22*8*3*1**2*425*425* 15*7*7*1**2*425*425*21*7*1* 1**2 
320   425*425*22*8*3* 1*5*3*425*425* 15*7*7* 1*3*3*425*425*21*7* 1* 1*6*3 

325  0 
350   SDATA*BEREA  SANDST0NE* 
355   6*50000*900*«5**008**093 
360  385*393* 14*8**1*2* 1*385*393* 14*8**1*3*1 
365   426*426*2*7*8*3*9*2*426*426*8*7*9*4*4*2*426*426*20*7*9*3*7*2 
370   426*426*2*7*8*7*3*3*426*426*8*7*9*7*6*3*426*426*20*7*9*7*0*3 
375  0 
400   SDATA*TENNESSEE MARBLE* 
405   7*50000*900**5**008**125 
410   389*400*20*8***75* 1*389*400*20*8***7*1 
415   427*427*5*7*8*1*9*2*427*427*14*8**2**2*427*427*16*8** 1*9*2 
420   427*427*5*7*8*3**3*427*427* 14*8**2*9*3*427*427* 16*8**2*8*3 
425 0 
450 SDATA*SALEM  LIMESTONE* 
455 8*50000*900**5**008**093 
460 393*373* 11*8***8* 1*393*373* 11*8***5* 1 
465 428* 428* 16*8* * 3* 5* 2* 428* 428* 7* 7*9* 2*4* 2* 428* 428* 8* 7* 9* 1 *2* 2 
470 428* 428* 16*8** 5. 6* 3* 428* 428* 7* 7*9* 5** 3* 428* 428* 8* 7* 9* 2*2* 3 
475   0 
500   -1 

74 B"?2 
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• 4   »ALI.IKIAL rRAOHCNTATIM   TEST DATA.   RUCK TTPE NWIEMI 1 

WB.          TlSf SAMPLE TNEATHENT  CMBINATIW Sf 
«                       * PRESSURf. RATE      STANOiFr     HHtLt 

P r S                   M FT.-LS./CU. 

1          s» 12 SOOOO SO •S              -0080 734710.89 
SOOOO so .S           .OOSO 808181.87 

a          4« • 0000 so •1              -0080 1S0SS3S.*0 
80000 so .S            -OOSO 1380074. SO 

3              3« 1» SOOOO ISO •1        .ooso 884494.80 
SOOOO ISO •1              -0080 336748.80 

4         e« •0000 ISO .5              .0010 5774*7.08 
•oooc ISO ■S              -0080 548688.88 

s            IS 13 SOOOO SO            1 •S             .0080 734710.89 
SOOOO SO             1 .s        -ooso 977878.34 

4               4« IS • 0000 SO            1 .9           .OCSO 108 3614.10 
80000 SO            1 •1         -oosu 1850 383. »0 

7                17 Sbooo ISO             1 ••              -0080 867710.05 
SOOOO ISO            1 •»        .ooso 8*7455.61 

•              3t 14 «0000 ISO            1 •s        .ooso 1363036. *C 
SOOOO ISO            1 ••            .0080 IBiTMB.U 

♦                 77 20 SOOOO so ••             .013* 834257. S» 
SOOOO so .S            .0136 10154*7.^0 

10              104 1* •0000 Sf» ••           .0136 388**36.00 
SOOOO so .%            .0136 4667*83.80 

II               102 SOOOO ISO •»           .0136 18813*0.20 
SOOOO ISO .»           .013* 861080.15 

It              111 •0000 ISO •i           .0136 1579670.30 
•0000 ISO •1           .0136 1432427.50 

13                70 SOOOO SO            1 .S            .0136 1221603.20 
SOOOO SO            1 • •            .0136 1221603.20 

14                86 •0000 SO            1 ••           .0136 3174*75.60 
SOOOO SO            1 .5            .0136 29 7653*. 70 

IS                87 II SOOOO ISO            1 .S               0136 »»7102.55 
SOOOO ISO            1 .S            .0136 773*88.04 

1*            I0S SOOOO ISO            1 .S            .0136 1432487.50 
SOOOO ISO            1 .9           .0136 1579670.30 

3>2  FACTSRIAL   rRAGMCNTATISN  TEST  0A1 

SPECiriC  ENERGY 

JBULES/CU.CH. 

60784 7« 
66863 8* 

124557 SO 
114177 71 

18573 i s 
ITS 5* *» 
(7778 07 
4538* 16 
^0784 7« 
4775* 47 
8*650 64 

103443 OS 
88148 46 
8460* 3» 

112768 II 
150357 47 
778*3 »3 
84015 14 

381886 08 
3861*1 2» 
106010 77 
7*508 08 

13035* »3 
11850« 03 
101066 »0 
101066 90 
262675 26 
24*258 06 
soon 8» 
6400» 04 

II8509 03 
13035* »3 

MMB. TEST SAMPLE TREATMENT 
• f PRESSURE       RA1 

•   P           r 

140 3» IV SOOOO            19 
50000             1 i 

141 144 17 *sooo        i: 
*5000            19 

142 88 noooo        i: 
•oooo        i: 

143 150 10 50000             li 
50000             19 

144 14» IS *S000            1! 

145 
*S000            19 

158 80000             13 
80000             ii 

146 108 50000             19 
50000            19 

147 1*«, 13 65000            19 
6500U             19 

148 III 80000             19 
BOOOO             19 

AOOITIJNAL   FRAGMENTATION   TEST   DATA« 

ANALYSIS   BP   VARIANCE   TABLE 

suns JF DP 
SOUARES 

1.000*4 13     1 
4.31037 12     1 
1.74281 12     1 
4.05308 '0     1 
1.39*90 10     1 
5.6501* II     1 
1.04131 12     1 
7.59949 12     1 
1.44*98 12     1 
1.30472 12     1 
2.5871* 12     1 
4.25534 II     1 
S.32457 II     1 
«.38599 10     1 
3.31*82 10     1 

1.41017 10        1 

5.49278 11        IS 

F   RATI8 

273.2* 
117.71 
47.593* 
1.10*84 
.381473 
15.4298 
28.43*8 
207.5-1 
39.SIS 
35.63 
70.6518 
11.620 7 
14.5407 
1.74392 
.905778 

.38 5098 

TREATMENT 
EFFECTS 

1.11839   E 
-734028. 
-4**745. 
-71178.3 
-4178*.* 
2*5758. 
36078 3- 
974*47 
42."'">■. 

-403844. 
-5*8*79. 
-230*33. 
-257987. 
-89344.8 

64389.7 

C8MB. TEST SAMPLE TREATMENT 
f f 

1 
PRESSURE 

P 
RAT 

F 

371 38» 18 SOOOO 
50000 

372 390 12 80000 
80000 

373 378, 1 50000 
50000 »0 

374 377 1      ' 80000 
80000 

»0 
90 

ANALYSIS  *F   VARIAI* 

ft». 3.22771   £13        31 

IR8R  MEAN   SOUARE« 3.66185   E   10 

MURCE ap 
VARIATI8N 
P 
F 
PF 

suns BF 
SQUARES 
4.4*523 E   10 
4.24360   E   10 
5.S4180   E  » 

OF 

1 
1 
1 

REPLICATE *.29398   E   » 1 

ERROR 7.00101   E   9 3 

T8TAL 1.0*025 E  II 7 

EHMtR MEAN SQUARE« 2.33: 



ST  DATA.   MCK   IVPC  NUNRCNl 
, I 

THCNT  C4MBINATKN 
HATE     STANDiFr     milLt 

F S N 

SPECIFIC  CNCNGT 

FT.-LB./CU.IN. JiULES/CU.CM. 

IbO .0080 8844«4.B0 I8S73.i3 
ISO .ooao 336748.80 878S9.69 
ISO ,0080 T9860S.9T 66071.07 
ISO .0080 499188.73 |   41894.48 
ISO .0080 S 7749 7.08 47778.07 

!S .0080 S48688.88 4S389.I6 
.0180 409 14 1.77 33849.S3 

ISO             t .0120 383070.41 31733.93 
ISO .0180 S»avi4.48 49SS3.30 
ISO .0180 S44S04.07 4S048.46 
ISO .0180 540029.17 44678.83 
ISO .0180 681033.S4 SI379.97 
ISO .011* 2813*0.20 106010.77 
ISO .013« »61080.IS T9S08.08 
ISO .0136 S08004.ss 48088.74 
ISO • 0136 S8480S.83 48333.OS 
ISO .0136 ISTS670.30 I303S9.93 
ISO .0136 1438 487.SO II8S09.03 

APPENDIX C 

TEST RESULTS -  CHARCOAL GRANITE   (NO. 

DATA«: MCK  TYPE NUHBEHi        I 
KERFING   FRAGMENIAII3N   TIST   DATA.   RJCK   TYPE   «UMBEh! 

THENT   CVHBINATiaN 
RATE STANOSFF NUZZLE 

F s N 

4S0 .0080 
4S0 ,0080 
4S0 .0080 
4S0 .0080 
900 .0080 
900 .0080 
900 .0080 
900 .0080 

SPECIFIC  ENERGY 

VARIANCE   TABLE 

I 
I 
I 

I 

3 

■ 7 

8.33367  E  9 

F   RATI8 

i 19.1339 
18.1842 
8.4I7S6 

8.69703 

KT.-LB./CU.IN. 

138150.45 
149663.20 
878607.38 
480869.61 
52822.31 
4988 7.73 

II35S6.38 
181738.81 

i TREATMENT 
EFFECTS 

149419. 
-I4S664. 
-sans, i 

i 

JBULES/CU.CH. 

11489.68 
18388.09 
22553.62 
34770.17 
4370.:s 
4187.36 
939 7.34 

IS03S.7S 

; i 

PRESSURE  • 50000 PS1 
FEEDRATE  ■ 900 1PW 
STANOaFF   • 1.5 IN. 
NdZZLE       « .0080 IN. 

34483.00  NEWT3NS/S0.CH. 
38. 10  Cn./SEC 
3.810  CM. 
.20320  MM. 

SPACING BETWEEN   CUTS   - . 2 >   IN.   -   .3 7   CM. 

CJMB. 
• 

TEST 
t 

SAMPLE 
t 

.NUMBER 
JF   CUTS 

SPECIFIC   ENENGT 
FT.LB./CU.IN.                    JJULES/Cl 

373 

421 

421 

378 

49 1 

421 

1 
1 
5 

1» 
10 

5 
18 
10 

1 
) 
2 
2 
2 
3 
3 
3 

52822.31 
498'j7.73 
46671.29 
44337.72 
43776.49 
49264.14 
51158.9 1 
43776.49 

4370. 
4127.; 
3861.£ 
3668. 
3621.- 
4075.- 
4232.; 
3621.' 

CUT NUMBER AVERAGE   SPECIFIC   ENERGT   PER   CUT 
FT.LB./CU.IN.                  J3ULES/CU.CM. 

1 51355. 02 4248. 7 5 

2 39931. 51 3303. 65 

3 558 71. 10 4622. 38 

AVERAGE 47901. 30 3963. 02 

76 
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ACTSRIAl.  FF(AGMENTATI0N  TEST  DATA»   RiiCK   TYPE  NUHUEKI 3f£   FACTlJRIAL   FRAGMENTATI8N   TEST   DATA»   K 

TEST SAHPLE TREATMENT   CBMBINATlaN SI • « PRESSURE RATE STAND1FF N8ZZL1- 
F F s N FT^-LB^/CU^) 

18 2 soooo SO • 0080 793027.88 
soooo SO • 0080 793027.88 

7 5 80000 50 • 0080 1153713.10 
8 4 SOOOO ISO • 0080 454601.97 

SI 3 80000 ISO • 0080 545214.63 
80000 ISO • 0080 495649.67 

3 1 SOOOO so • 0080 99 7598.76 
5 3 80000 50 • 0080 1168317.10 

80000 so • 0080 1168317. IT 
23 5 SOOOO I5C • 0080 297455.6' 

50000 ISO • 0080 446183.«■ 
eo 1 80000 ISO • 0080 511138.72 

80000 ISO .0080 629093.81 »& 4 50000 50 • 0136 2956049.30 
50000 50 • 0i'36 2149854.00 

»a 2 80000 so • 0136 2319189.70 
80000 50 .0136 2441252.30 

it« 1 SOOOO ISO .0136 1S5709S.90 
50000 ISO .0136 1557095.90 

78 2 80000 ISO .0136 489319.49 
80000 ISO • 0136 505103.99 

123 3 50000 so .0136 2458572.SO 
50000 so .0136 2919554.90 

»1 4 80000 so .0136 3190732.30 
80000 so .0136 3190732.30 

113 1 50000 ISO .0136 961020.15 
SOOOO ISO • 0136 1537632.20 

121 5 80000 ISO • 0136 1575670.30 
SOOOO ISO • 0136 1432427.50 

SPECIFIC  ENERGY 

J9Ul.ES/CU. CM. 

6560».5b 
65609.58 
95450.15 
37610.58 
45107.24 
41006.58 
82534.34 
96658.38 
96658.38 
24609.39 
36914.09 
42288.04 
52046.82 

244562.83 
177863.87 
191873.52 
201972.13 
128823.22 
128823.22 
40482.8 7 
41788.77 

203405.08 
241543.53 
263978.86 
263978.86 

79508.08 
127212*93 
130359.93 
118509.03 

C8MB.       TEST     SAMPLE TREATMENT  C0ME 
§ 0 t PRESSURE        RATE     S 

P F 

149 
ISO 

7 
141 

S 
2 

151 SI 3 

152 151 3 

153 161 1 

154 162 3 

155 92 2 

156 165 5 

157 72 2 

80000 50 
80000 100 
80000 100 
80000 ISO 
80000 ISO 
60000 50 
80000 50 
80000 too 
80000 100 
80000 I5U 
80000 ISO 
80000 50 
80000 SO 
80000 100 
80000 100 
80000 iso 
80000 ISO 

A0D.TI8NAU   FRAGHENTATI8N   TEST   DATA.   RACK. 

COMB.        TEST     SAMPLE 
* f # 

ANALYSIS  llF   VARIANCE   TABLE 

t  «F SUMS  8F OF F   RATI0 TREATMENT 
ri«N SQUARES EFFECTS 

t.27446 10 .30421 399 1 3. 4 
»•40697 12 200.672 -1.02512  1 
2.45483 11 5.85961 -175172. 
4.19421 11 10.0115 228971. 
4.66346 II 11.1315 241440. 
3.12295 10 • 745439 -62479.5 
1.15835 11 2.76494 120330. 
1.14985 13 •    274.465 1.19888  1 
2.02170 11 4.82573 -158969. 
1.81412 12 43.3025 -476198. 
9.39236 10 2.24193 -108353. 
2.66304 11 6.:i566l 182450. 
5.23524 II 12.4«64 255813. 
2.78782 6 6.65444   E-S 590.32 
1.26,235 ■ 0 .301319 39723.2 

ATE 6.13587 9 1 .146462 

6.28412 11 IS 

2.47437 13 31 

MEAN SQUARE» 4.18941   E   10 

E 6 

E 6 

TREATMENT C0HBI 
PRESSURE   RATE  SI 

P        F 

375 381 2 SOOOO 
50000 

450 
450 

076 382 2 80000 
80000 

450 
450 

377 379 A 50000 
50000 

900 
900 

378 380 A 80000 
80000 

900 
900 

ANALYSIS 0F VARIANCE Tl 

S8URCE 0F 
VARIATI0N 
P 
F 
PF 

SUMS 0F 
SOUARES 
2.08075   E 
2.13647  E 
1.25317 E 

10 
10 
9 

OF 

1 
1 
1 

REPLICATE 2.30223  E 9 1 

ERR0R 4.75837  E 9 3 

TBTAL 5.04863  E 10 7 

ERR0R MEAN SQUARE* 1 58612  E 



TEST  OATA<   RUCK   TTfE NUMBERS 

REATHENT   C0MBINATI3N Si 
URE RATE STANDOFF NdZZLE 

F s N FT.-LB./CU^ 

00 SO .5 • 0080 1153713.10 
00 100 .5 ■ 0080 6729990I 
00 100 .5 • 0080 807599.17 
00 ISO • 5 • OOSO 545214.63 
00 ISO .5 • 0080 495649.67 
00 50 .5 • 0120 1278 551.80 
00 so .5 • 0120 1373259.40 
00 100 .5 .0120 539644.53 
00 100 .5 • 0120 584614.91 
00 ISO • 5 • 0120 274651.87 
00 150 • 5 • 0120 268681.18 
00 50 • 5 • 0136 2319189.70 
00 so .5 • 0136 2441252.30 
00 100 .5 • 0136 581346.10 
00 loo .5 .0136 693143.42 
00 ISO .5 • 0136 489319.49 
CO ISO • a .0136 S0SIO3.99 

SPECIFIC  ENERGY 

jeULES/CU.CM. 

95450.15 
55679.25 
66815.10 
45107.24 
41006.58 

105778.43 
113613.87 
44646.41 
48366.95 
22722.77 
22228.80 

191873.52 
201972.13 

48096.51 
S7345>83 
40482.B7 
41788.7? 

APPENDIX   D 

TEST RESULTS - WESTERLY GRANITE   (N 

ST   DATA.   ROCK   TYPE  NUMBER« 
KERFING   FfcAUMENTATIJN   TEST   DATA.   kJCK   TYPE   .MUtlbtk! 

REATMENT   C0MBINATII9N 
URE       RATE     STANO0FF     NUZZLE 

F S N 

SPECIFIC  ENERGY 

90 450 
00 450 
00 450 
00 450 
00 900 
00 900 
00 900 
DO 900 

5 .0080 
5 .0080 
5 .0080 
5 .0080 
5 .0080 
5 .0080 
5 .0080 
5 .0080 

It   VARIANCE   TABLE 

OF 

1 
I 
1 

I 

3 

7 

1.58612   E   9 

F   KATia 

13.1187 
13.4697 
.79008 I 

I.45148 

FT.-LB-/CU.IN. 

152157.59 
171177.28 
230953.98 
346438.46 

75766.99 
90920.39 

I 6728 I.76 
153341.62 

TREATMENT 
EFFECTS 
102000. 

-103355. 
-25031.6 

jaULES/CU.CM. 

12588.45 
14162.01 
19107.93 
28661. 79 
6268.43 
7522.12 

13839.72 
12686.41 

PRESSURE ■ 50000   PSI 
FEEDRATE = 900   IPM 
STANDOFF = .5  IN. 
H3ZZLE ■ .0060   IN. 

344b3.00  NEWTJNi/SO.CM. 
3». 1U   Crt./btC 
1.270   CM. 
.203?0   MM. 

254   CM. SPACING BETWEEN  CUTS = .100   IN.   ■    .1 

C3MB. TEST SAMPLE NUMBER SPEC 
t f « OF   CUTS FT.LB./CU. 

377 3 7V 4 
4 [ 75766.»V 

9092Ü.3V 
422 422 2 2 b41B5.5b 

4 
1 

2 
2 

741)31.60 
56123.70 

422 422 V. 3 56123.70 
4 3 

3 
59*25.UV 
56123.70 

62< 
7b< 
6»< 
b\-. 
46' 
46- 
49 1 
46' 

CUT   NUMBER 

2 

3 

AVERAGE 

AVERAGE   SPECIFIC   ENERGY   PEh   C"T 
FT.LB./CU.IN. JOULES/CU.CM. 

63343.69 

62931.68 

4Ü755.2» 

51643.56 

6695.27 

52U6.54 

3371.61 

4269.I 7 

77 
D-l 



«   KACT9RIAL   FRAGMENTATION   TEST   DATA.   K9CK   TYPE  NUHBERI AODITUNAL   FRAeMENTAfl3N   TEST   DATAJ    R 

IB- TEST SAMPLE TREATMENT   COHBINATION SPECIFIC ENERGY CMB. TEST SAMPL E TREATMENT   C 
» * PRESSURE RATE STANDUFF NSZZLE 1 • » PRESSURE        RATE 

P r s N FT.-LB./CU.IN. J8ULES/CU.CM. P                     F 

iJ II soooo so .5 • 0080 1029168.30 8SI46.18 39 i 405 1 4 SOOOO             300 
soooo so .5 • 0080 1029168.30 85146.18 SOOOO             300 

34 13 80000 50 • 5 • 0080 1289642.30 106695.98 39 6 402 4 80000              300 
80000 30 .5 • fTfO 1289642.30 106695.98 80000              300 

JS ee soooo ISO • 5 • 0080 306809.56 ? .,383. 28 39 7 406 9 SOOOO              600 
30000 ISO • 5 • 0080 276128.60 22844.95 SOOOO,            600 

36 43 80000 ISO • 5 • 0080 413959.26 34248.09 398 384 6 80000             600 
80000 ISO • 5 • 0080 558845.00 46234.92 eoooo         600 

n so soooo 50 1-5 .0080 1035482.30 SS66S.SS 399 403 16 SOOOO            900 
scooo so US • 0080 920428.67 76149.83 SOOOO              900 

38 31 80000 50 US • 0080 1397112.50 115587.31 400 39 7 18 80000             900 
80000 50 us • 0080 1397112.50 115587.31 80000             900 

3» 1» soooo ISO us .0080 »14816.30 75685.50 401 412 14 50000             300 
soooo ISO us • 0080 548889.78 45411.30 50000             300 

«0 37 80000 IK us .0080 552029.81 45671.08 402 409 18 80000             300 
80000 ISO us .0080 581084.02 48074.82 80000             300 

«1 81 soooo so • 5 .0136 892710.04 73856.58 403 411 16 SOOOO             600 
soooo so • s .0136 859646.71 71121.15 SOOOO             600 

«2 76 80000 so • 3 .0136 1074320. 70 88881.77 404 410 4 80000             600 
80000 so • 5 .0136 1074320.70 88881.77 80000             600 

»3 b» soooo ISO • 5 • 0136 1098308.70 90866.38 405 417 9 50000            900 
50000 ISO • 5 .0136 1098308.70 90866.38 50000            900 

14 68 20 80000 ISO • 5 .0136 492396.97 40737.48 406 407 6 80000            900 
80000 ISO • S .0136 527568.18 43647.30 80000             900 

IS 82 SOOOO so US .0136 1015497.30 84015.14 431 434 14 10000             900 
soooo so US .0136 1167821.90 96617.41 10000            900 

16 8S soooo so US 0136 3376436.40 279342.71 432 437 3 20000             900 
60000 so US .0136 3376436.40 279342.71 20000              900 

IT 74 soooo ISO US .0136 486592.48 40257.26 433 431 16 35000            900 
soooo ISO US .0136 432526.65 35784.23 35000             900 

IS ICO 14 80000 
soooo 

ISO 
ISO 

US 
US 

.0136 

.0136 
1575670.30 
1313058.60 

130359.93 
108633.28 

ANALYSIS   3F   VARIANCE«   R3CK   TYPE   NUMBEI 

ANALYSIS SF   VARIANCE  TABLE MEAN   SPECIFIC   ENERG1 

MICE •F SUMS «F 0 
IATHN SQUARES 

1.60981 E 12 
3.81429 E 12 
9.36008 E II 
U43654 E 12 
U49492 E 12 
3.86182 E II 

i 1.33236 E 11 
I.24S72 E 12 
5.88687 E 11 
U04248 E 10 
2.57925 E II 
6.25208 E 11 
1.86372 E 12 
9.0I99S E I i 

H 3.65760 E 6 

..I GATE 7.81140 E 9 

3R 1.25856 E 11 

AL U54413 E 13 

BR  MEAN SttJARE« 

I 

IS 

31 

8.39040  E  9 

F  RAT1* 

19U864 
454.601 
111.557 
171.212 
178.17 
46.0267 
15.8796 
148.827 
70.1619 
1.24247 
30.7405 
74.5147 
222.125 
107.503 
4.35927  E-4 

.930992 

TREATMENT 
EFFECTS 

448583. 
-690497. 
-342054. 
423753. 
432278. 

-219711. 
-129053. 

395083. 
271267. 

-36098.S 
-179557. 
279555. 
482664. 

-335782. 
676.166 

CJMBINATION   #     MEAN   SPECIFIC   ENERGY   tl 
395 
39 6 
399 
400 
401 
402 
405 
406 

224495. 
340759. 
84425.4 
I893IU 
331447. 
909041. 
96249.1 
656529. 

ANALYSIS  3F   VARIANCi 

S3URCE  3F S'JMS   3F OF 
VARIATION 'jQUARES 
P 4.61736   E 11 
F 1.51799   E II 
PF 205813129 
N 3.33088   E II 
PN 2.10096   E 1 1 
FN 9.62276  £ 9 
PFN 8.80356  E 6 

REPLICATE l6899fM8 1 

ERR3R 3.29421   E 9 7 

T0TAL U17002   E 12 15 

ERR3R   MEAN   S8UARE= 



r   DATA*   R3CK   TYPE   NUMUEKI 

CATMENT   C3MBINATIJM 
<E RATE SIAND3FF N3ZZLC 

F S N 

30Ü • b .O0BO 
30Ü • b .0080 
300 • 8 .0080 
300 • b .0080 
600 .b .0080 
600 .b .0080 
600 .b .0080 
600 .b .0080 
900 • b .0080 
900 .b .0080 
900 .b .0080 
900 • b .0080 
300 .b .0136 
300 • b .0156 
300 • b .0136 
300 • b .0136 
600 • b .0136 

J 600 .b .0136 

3 600 • b .0136 

D 600 • b .0136 

3 900 • b .0136 

3 9 00 • b .0136 

0 900 .5 .0136 
3 900 • b .0136 
3 900 .5 .0080 
0 900 .b .0080 
3 900 • b .0080 
3 900 • b .0080 
3 900 • b .0080 
D 900 • b .0080 

PE NUMBER: 3 

■ic ENERGY VALUES 

ENERGY tFT .-LB./CU- IN.] 

SPECIFIC   ENEKGY 

FT.-LB./CU.IN. jaULES/CU.C«. 

224494.80 
224494.80 
340759.15 
340759.15 
96212.06 

103612.98 
234271.91 
230958.98 
99775.47 
69075.32 

151448.51 
227172. 76 
324394.99 
338499.12 
909040.55 
909040.55 
243296.24 
176942.72 
303013.52 
358106.89 
99813.84 
92684.28 

656529.29 
656529.29 
301191.38 
60238.28 
43304.81 
43304.81 
39 443.42 
39 443.42 

18573.13 
18573.13 
28192.03 
28192.03 

7959.91 
8572.21 

19382.02 
19107.93 
8254.72 
5714.81 

12529.79 
18794.68 
26838.17 
28005.05 
75207.65 
75207.65 
20128.63 
14639.00 
25069.22 
29627.26 
8257.90 
7668.05 

54316.64 
54316.64 
24918.47 

4983.69 
3582.74 
3582.74 
3263.27 
3263.27 

APPENDIX E 

TEST RESULTS - BARRE GRMITE   (NO 

KERFINt   FRAGMENTATIJN   TEST   DATA.   RJCK   TYPE   f«UMBEhI 

PRESSURE - 50000   PS1 " 344B3.UU   «tUTdwb/Sti. tn. 
FEEDRATE • 900   IPM » 38.10   CM./SEC 
STANDJFF = .5   IN. = 1.270   CM. 
N<UZLE ■> .0080   IN. s .20320  MM. 

SPACING   BETUEEN   CUTS  =   .093   IN. .236 CM. 

VARIANCE TABLE 

DF 

1 

7 

15 

4.70602  E  8 

F   r.rtTI3 

931.16 
322.563 
.43734 
707.792 
446.44 
20.4478 
.018707 

.359099 

TREATMENT 
EFFECTS 

339756. 
-194807. 
-7173.09 
288569. 
229181 

-49047.8 
-1483.54 

COMB. 

399 

423 

423 

TEST SAMPLE        NUMBER SPECIFIC   ENERf.Y 
# # «)F   CUTS        FT.LB./CU.IN. JJULES/C 

403 16 
16 

423 16 
14 
3 

423 16 
14 
3 

CUT NUMBER 

1 

2 

3 

AVERAGE 

99775.47 
69075.32 
52162.03 
68211.88 
69075.32 
bl150.9 1 
51158.9 1 
61<i2b.85 

825«. 
5714. 
4315. 
■.>643. 
5714. 
4K32. 
4232. 
5U6b. 

AVERAGE   SPECIFIC   ENERGY   PER   CUT 
FT.tb./CU.IN. JJULES/CU.Cf. 

84425.39 

50438.88 

42807.46 

46623.17 

69« 4. Ti 

4172.96 

3541.59 

3857.27 

78 E-l 



3*A   FACTdhIAL   FftAGMENTATI d.M   TEST   DATA.   RJCK   TYPE  NUMBEkl 

CJMB. TEST SAMPLE TREATMENT   WMBINAn iN SPECIF IC   ENERGY 
« 1 * PRESSUKE RATE STA.MU.aFF INMZZLE 

P F S N FT.-LB./CU.IN. J.aULES/CU.W 

201 1 1 7 50000 50 .5 .0060 1029168.30 85146.18 

50000 t>0 .5 • 0080 1029168.30 85146.18 

202 231 B 65000 50 • b .0080 1182935.10 97867.77 

65000 50 • b .0080 1182935.10 97867.77 

203 13 n äOOOO bU • b .0080 1289642.30 106695.98 

80000 50 • b .ÜÜöO 1289648.30 106695.98 

SO A 23b 4 500UQ 100 .5 .0080 808181.27 66863.26 

50000 100 • b .0080 808181.27 66863.26 

20 b 212 7 65000 100 • b .0080 748693.10 61941.63 

65000 100 • b .0080 748693.10 61941.63 

206 229 5 »ÜOUO 100 .5 .0080 817821.95 67660.86 

bOOOO 100 • b .0080 908691.06 75178.74 

207 88 II 50000 IbO .b .0080 306809.56 25383.28 

50000 150 • b .0080 876128.60 22844.95 

20a 224 iv 65000 150 • b .0080 475640.32 39351.15 

b5000 150 • b .0080 623910.92 51618.02 

209 43 10 80000 150 • b .0080 413959.26 34248.09 

80000 150 • b .0080 558845.00 46234.92 

210 233 la 50000 50 1.0 .0080 1077575.00 89151.02 

50000 bü i.O .0080 1010826.60 83579.08 

21 1 216 11 65ÜÜ0 bU 1.0 . 0080 1364285.20 112871.41 

65000 bO 1.0 .0080 122 7856.70 101584.27 

212 236 16 80000 bü 1.0 .0080 1594758.80 131938.68 

80000 bU 1.0 .0080 1466949.00 123019.75 

213 221 2 50000 100 1.0 .0080 690321.51 57112.37 

50000 100 1.0 .0080 9 4 708 7.43 78355.38 

214 223 10 65000 1UÜ 1.0 .0080 767410.43 63490.17 

65000 100 1.0 .0080 8 77040.49 72560.19 

215 210 12 80000 100 1.0 .0080 803217.99 66452.63 

80000 100 1.0 .0080 1405631.50 116292.11 

216 225 20 50000 IbO 1.0 .0080 443377.23 36681.93 

50000 150 1.0 .0080 532052.67 44018.31 

21 7 214 n 65000 150 1.0 .0080 818571.12 67722.84 

65000 150 1 .0 .0080 545714.08 45148.56 

21» 209 13 80000 150 1.0 .0080 769142.07 63633.43 

80000 150 1.0 .0080 672999.31 55679.25 

219 50 19 50000 50 1.5 .0080 1035482.30 85668.55 

50000 50 1.5 .0080 920428.67 76149.83 

220 232 6 65000 50 1.5 .0080 1689907.30 139811.10 

65000 50 1.5 .0080 1182935.10 97867.77 

221 31 1 80000 50 1.5 .0080 1397112.50 115587.31 

80000 50 1.5 .0080 1397112.50 115587.31 

222 208 15 50000 100 1.5 .0080 808181.87 66863.26 

50000 100 1.5 .0080 505113.30 41739.54 

223 t;17 1 65000 100 1.5 .0080 1018222.60 84240.61 

65000 100 1.5 .0080 1169833.00 96783.79 

224 215 3 80000 100 1.5 .0080 1035055.90 85633.28 

80000 100 1.5 .0080 920049.69 76118.47 

225 19 3 50000 150 1.5 .0080 9148 lb. 30 75685.50 
50000 150 1.5 .0080 548889.78 45411.30 

226 205 9 65000 150 1.5 .0080 793614.69 65658.12 

65000 150 1.5 .0080 793614.69 65658.12 

22 7 37 2 80000 150 1.5 .0080 552029.81 45671.08 

8 0000 150 1.5 .0080 581084.C? 48074.82 

228 290 12 50000 50 .5 .0120 719786.45 59550.09 

50000 50 .b .0120 863743.74 71460.11 

229 278 16 65000 SO ?b .0120 1027581.30 85014.88 

65000 50 .b .0120 973648.84 80966.55 

230 250 n 80000 50 .5 .0120 1207565.20 99905.49 

80000 bO .5 .0120 1061595.80 8 7829.01 

»31 247 12 50000 100 .5 .0120 503309..%2 41640.29 

50000 100 .5 .0120 704633.05 53296.41 

232 241 9 65000 100 .5 .0120 439450.30 36357.04 

6S000 100 .5 .0120 561519.33 46456.22 

233 273 6 80000 too .5 .0120 637761.78 52763.94 

BOOOO 100 .5 .0120 610032.95 50469.86 

234 245 13 50000 150 .5 • 0120 462178.67 38237.13 

50000 ISO .5 .0120 462178.67 38237.43 

235 279 14 65000 ISO • 5 • 0120 481302.71 39819.62 

65000 ISO .5 .0180 481302.71 39819.62 

236 267 20 80000 150 .5 .0120 594198.76 49159.85 

BOOOO ISO .5 .0180 528176.68 43697.64 

237 261 2 50000 50 1.0 .0180 1084050.BO 89686.78 

50000 50 ■ •0 .0180 1043900.80 36365.05 

238 266 19 65000 50 1.0 .0120 1070190.70 88540.09 

6S000 50 1.0 .0120 1029 453.00 85169.74 

239 839 14 BOOOO 50 1.0 .0180 1101871.60 9 11 11.50 

BOOOO SO 1.0 .0180 1811398.80 100288.65 

240 872 8 50000 100 WO .0180 577723.33 47796.78 

50000 100 1.0 .0180 693868.00 57356.14 

241 891 7 65000 100 1.0 .0180 663295.89 54376.41 

6S000 100 1.0 .0180 707514.98 58534.84 

COMB. 
« 

848 

843 

844 

245 

246 

247 

248 

249 

850 

251 

252 

253 

854 

255 

256 

257 

258 

259 

260 

261 

268 

863 

264 

865 

266 

267 

268 

269 

270 

271 

272 

273 

874 

275 

276 

877 

8 78 

879 

8B0 

881 



3,4  FACMRIAL   FRAeMENTAT19N   TEST   DATA.   RaCK   UPt  NUMBER. 

OJMB. 
# 

242 

243 

244 

245 

246 

247 

248 

249 

250 

251 

252 

253 

254 

255 

256 

257 

258 

259 

260 

261 

262 

263 

264 

265 

266 

267 

268 

269 

270 

271 

272 

273 

274 

275 

276 

277 

278 

279 

280 

281 

TEST     SAMPLE 
* I 

260 I 

252 3 

277 4 

285 15 

243 15 

248 7 

274 18 

283 9 

286 13 

292 17 

263 10 

268 5 

259 II 

81 6 

304 8 

76 8 

315 4 

328 7 

299 10 

89 16 

321 9 

68 20 

298 2 

316 16 

302 5 

313 IB 

324 12 

322 15 

319 14 

300 19 

323 13 

82 18 

301 80 

85 4 

295 3 

296 11 

311 6 

74 5 

89 7 I 

100 14 

TREATMENT   MMBINATliJN 
PRESSURE       RATE     STANDOFF 

P F S 

SPECIFIC   ENERGY 
HWZZUE 

N FT.-LB./CU.INo jaULES/CU.CM. 

80000 
80000 
50000 
50000 
65000 
65000 
80000 
80000 
50000 
50000 
65000 
6i100 
80000 
80000 
50000 
50000 
65000 
65000 
80000 
8' 100 
50C00 
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 
80000 
80000 
50000 
50000 
65000 
65000 
80000 
80000 

100 
100 
150 
150 
150 
150 
150 
150 

50 
50 
50 
50 
50 
50 

100 
100 
100 
100 
100 
100 
150 
150 
150 
150 
150 
150 

50 
50 
50 
50 
50 
50 

100 
100 
100 
100 
too 
100 
150 
ISO 
150 
150 
150 
150 

SO 
50 
50 
50 
50 
50 

100 
100 
100 
100 
too 
100 
150 
150 
150 
ISO 
150 
150 

50 
50 
50 
50 
50 
50 

100 
100 
100 
100 
100 
100 
150 
150 
150 
150 
ISO 
150 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
.5 
.5 
.5 
.5 
.5 
.5 
.5 
.5 
.5 
.5 
.5 
.5 
.5 
.5 
.5 
.5 
.5 
.5 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.Ü 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.5 
1.5 
1.5 
1.5 
■ .5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 

.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 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.OIU 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
.0136 
• 0136 

.10 
.10 

750566.86 
843378.89 
251227.40 
251227.40 
526964.76 
622776.53 
668131*33 
550225.80 

126048 7.30 
1540595.60 
1010735.70 
1061272.50 
1079289.10 
1039315.40 
852378.69 
757669.95 
733986.63 
790447.14 
966052.18 
905673.92 
494479.33 
587194.21 
632985.99 
535603.53 
594198.76 
633812.01 
892710.04 
859 646.71 

1319871. 
1257020. 
1074320.70 
1074320.70 
809512.94 
890464.23 
894338.87 
838442.69 
796398.57 
796398.57 

1098308.70 
1098308.70 
576992.82 
540930.77 
492396.97 
52 7568.18 

1187285.60 
1187281-60 
1759828.10 
2030570.90 
1263252.90 
1308369.10 
989404.70 
890464.23 
745282.39 
789122.53 
720869.16 
858177.57 
449162.29 
486592.48 
596225.91 
596225.91 
632341. J7 
750905.37 

101549 7.30 
1167821.90 
1166529.00 
1166529.00 
3376436.40 
3376436.40 

502812.23 
603374.67 
789122.53 
838442.69 
819169.50 
783553.44 
486592.48 
432526.65 
638813.48 
558961.79 

1575670.30 
1313058.60 

62096.65 
69775.27 
20784.80 
20784.80 
4359 7.38 
51524.17 
55276.51 
45521.83 

104283.89 
127458.09 
83621.20 
87802.26 
89292.82 
85985.68 
70519.85 
62684.31 
60724.92 
& .396.06 
79924.39 
74929.12 
40909.76 
48580.34 
52368.83 
44312.09 
49159.85 
52437.17 
73856.58 
71121.15 

109196.89 
103997.OJS 
88881.77 
88881.77 
66973.43 
73670.78 
73991.34 
69366.88 
65888.44 
6S8B8.44 
90866.38 
90866.38 
47736.35 
44752.83 
40737.48 
43647.30 
98227.70 
98227.70 

145595.86 
167995.22 
104512.70 
108245.30 
81856.42 
73670.78 
61659.45 
65286.47 
59639.67 
70999.60 
37160.54 
40257.26 
49327.56 
49327.56 
52315.50 
62124.65 
84015.14 
96617.41 
96510.44 
96510.44 

279342.71 
279342.71 

41599.16 
49919.00 
65286.47 
69366.88 
67772.35 
64825.73 
40257.26 
35784.23 
^2850.96 
46244.59 

130359.93 
108633.28 

E-2 

79 



»RIAL  FRAGHENTATISN  TEST  DATA«   MOK   TYPE NUMBER« 3ta  FACT8R1AL  FRAGMENTATiaN  TEST  DATA»   RUCK 

TEST     SAMPLE TREATMENT COMBINATiaN 
f # PRESSURE       RATE     STAND8FF    NSZZLE 

P F S N 

54 14 50000 50 0080 303067.98 
34 19 BOOOO 50 0080 201103-76 

80000 50 0080 340759.15 
29 8 50000 150 OCBO 134696.8B 

50000 150 OOP? 252556. 65 
41 1 BOOOO 150 0080 42594.89 
51 3 50000 50 roso 432954.25 
58 12 80000 50 0080 211505.68 

9 20 50000 ISO 0080 185208.21 
50000 ISO 0080 203729.03 

35 5 BOOOO ISO 0080 299381.25 
94 13 50000 50 0136 1113080.30 

50000 50 0136 1187285.60 
75 6 80000 50 0136 487473.00 

109 2     . 50000 ISO 0136 386841.02 
50000 ISO • 0136 286548.90 

106 10 BOOOO ISO 0136 226930. 78 
BOOOO ISO 0136 330195.61 

116 15 50000 SO 0136 1316192.30 
50000 50 0136 1257654.40 

90 16 80000 50 0136 3840696.30 
80000 50 0136 4431572.70 

117 7 50000 ISO 0136 310878.53 
50000 ISO • 0136 373054.23 

67 17 80000 ISO .0136 105513.64 

ANALYSIS  0F   VARIANCE  TABLE 

SPECIFIC  ENERGY 

FT.-LB./CU.IN. J8ULES/CU.CM. 

25073.72 
16637.92 
28192.03 
11143.88 
20894.77 

3524.00 
35819.60 
17498  50 
15322.83 
16855.11 
24768.71 
92088.4T 
98227.70 
40330.10 
32004.52 
23707.05 
18774.66 
27318.07 

108892.58 
104049.52 
317752.33 
366637.30 
25719.91 
30863.90 
8729.46 

IF SUMS  0F OF F  RATIO TREATMENT 
IN SQUARES EFFECTS 

3.16893 E II 26.3894 199027. 
5.25911 E 12 437.954 -810795. 
6.46169 E 11 53.8099 -284203. 
1.94608 E 12 162.06 493213. 
1.44520 E 12 120.35 425030. 
1.7 7285 E 12 147.635 -470751. 
1.31625 E 12 109.611 -405624. 
4.76621 E 12 396.907 771865. 
6.00401 E II 49.9986 273953. 
3.79444 E 12 315.983 -688698. 
9.03540 E 11 75.2425 -336069. 
1.35263 E 12 112.64 411191. 
1.33414 E 12 III.101 408372. 
2.14280 E 12 178.443 -517543. 
2.13780 E 12 178.026 -516938. 

n 2.80681 E 10 1 2.33738 

1.80125 E 11 IS 

£-•9427 E 13 31 

JkM SOUARE« 1.20084  E   10 

caMB. TEST SOMPLE TREATMENT   CBMBINA 
f « f PRESSURE 

P 
RATE     SVAN 

F 

158 34 19 80000 
80000 

50 
50 

159 143 18 80000 
80000 

100 
100 

160 41 1 80000 150 
161 153 4 BOOOO 

80000 
50 
50 

162 148 9 80000 100 
163 156 20 80000 

80000 
150 
150 

164 75 6 80000 50 
165 167 19 80000 

80000 
100 
100 

166 106 10 «50000 
80000 

150 
ISO 

ADDITI0NAL   FRAGMENTATI3N  TEST  DATA.   RdCK   TYI 

STANI 
C0MB. TEST SAMPLE TREATMENT   C 

§ * f PRESSURE       RATE 
P                    F 

379 385 1 50000            450 
50000           450 

:»80 386 1 80000           450 
80000            450 

381 371 5 50000            900 
5UO00            900 

382 372 5 80000            900 
80000            900 

MEAN   SPECIFIC  ENERGY   VALU 

C0MBINATI8N #     MEAN   SPECIFIC   ENERGY   CFT.-LB 
379 115788. 
380 73357.9 
381 109441. 
382 106014. 

ANALYSIS 3F VARIANCE TABL 

S0URCE  0F 
VARIATION 
P 
F 
PF 

SUMS  3F 
SQUARES 

1051427455 
3.46103  E 8 
760592865 

OF 

1 
1 
1 

REPLICATE i.40706  E  9 1 

ERR0R 2.43052   E  9 3 

T8TAL 5.99570  E  9 7 

ERRBR MEAN SQUARE' 810171908 



DATA.   R9CK   TYPE   NUMBERI 

IENT   CUMBINATIJN SI 

RATE STANDUFF NUZZLE 
F S N FT.-LB./CU.l 

SO .5 .0080 201103.76 

50 • 5 .0080 340759.IS 
100 .5 .0080 136303.66 

100 • 5 .0080 162154. 35 

ISO .5 .0080 42594.89 

SO • S .0120 348 728.51 

50 • S .0120 673607.81 

100 • S .0120 79314.63 
ISO • S .012C 209566.87 

ISO .5 .0120 159839.14 
50 • S .0136 487473*00 

100 .5 .0136 165666.37 
100 .5 • 0136 260161.98 
ISO • 5 .0136 226930.78 

ISO .5 .0136 330195.61 

SPECIFIC   ENERGY 

jauLES/cu.c*. 

16637.92 
£8192.03 
11276.81 
13415.52 
3524.00 

28851.36 
55729.60 
6561.94 

17338.10 
13223.97 
40330.10 
13706.07 
21523.98 
18774.66 
27318.07 

APPENDIX F 

TEST RESULTS - DRESSER BASALT   (NO.   ^ 

VTA.   RaCK  TYPE  NUMBER« 

IENT   C3HBINATI0N SPECIFIC  ENFRGY 

RATE STAND9FF M8ZZLE 
F S N FT.-LB./CU.IN. J0ULES/CU.CM 

450 .5 .0080 127962.04 10586-68 

450 .5 .0080 103612.98 8572.21 

450 .5 .0080 58686.30 4855.29 

450 .5 .0080 88029.45 7282.94 

900 .5 .0080 134696.88 11143.88 

900 .5 .0080 84185.55 6964.92 

900 .5 .0080 136303.66 11276.81 

900 .5 .0080 75724.25 6264.89 

ENERGY VALUES 

ERGY   IFT.-LB./CU. IN.l 

ARIANCE  TABLE 

1 

3 

7 

810171908 

F   RATia 

1.29778 
.427196 
.938804 

1.73675 

TREATMENT 
EFFECTS 
-22928.4 

13154.9 
19501.2 

KERrTNG  FKAGMENTATIUN   TEST   DATA.   RJCK   TYPE  NUMBEK: 

PRESSURE  • 50000 PSI = 34483.00 NEHT3NS/S0. CM. 
FEEDRATE   " 450 1PM = 19.05   CM./SEC 
STAN03FF   = .5 IN. » 1.270   CM. 
NaZZLE        - .0080 IN. > .20320  MM. 

SPACING   BETWEEN   CL'TS .125   IN. .317   CM. 

casiB. 
# 

379 

424 

424 

TEST SAMPLE        NUMBER SPECIFIC   ENEKGY 
# # aF   CUTS        FT.LB./CU.IN. JJULES/CU.I 

385 

424 

424 

I 
1 

IB 
4 

20 
18 

4 
20 

CUT   NUMBER 

1 

2 

3 

AVERAGE 

127962.04 
103612.91* 
74*31.60 
»4185.55 
4tf224.8l 
56123.70 
69670.80 
4882 7.62 

10586.68 
8572.21 
6191.04 
6964.92 
3989.7b 
4643.28 
5764.07 
«039.66 

AVERAGE   SPECIFIC   ENERGY   PEK   CUT 
FT.LB./CU.IN. JJULES/CU.CM. 

115787.51 

49224.33 

442 70.91 

46747.62 

9579.45 

4072.48 

3662.67 

3867.57 

80 
F-l 



FACT9RIAL   FRAGHENTATI >N   TEST   DATA»   R9CK   TYPE   NUMBER I AODITI0NAL   FRAGMENTATIiaN  TEST  DATA.   M 

B. TEST SAMPLE TREATMENT   C8HBINATI8N SPECIFIC ENERGY cans. TEST SAMPLE TREATMENT  C.S 
f * PRESJURE RATE STAN09FF     NOZZLE # * « PRESSURE RATE 

P f s N FT.-Lt./CU.IN. J9ULES/CU.CM. P F 

5 -4 10 50000 50 .5 008 0 1077575.00 89151.02 40 7 404 24 50000 300 
50000 SO • 5 0080 881652.30 72941.74 50000 300 

6 36 2 80000 50 .5 0080 1135863*80 939 73.42 408 383 15 80000 300 
80000 SO .5 0080 1363036.60 112768.11 80000 300 

7 ei 20 50000 ISO • 5 • 0080 26656 7.57 i:055.59 409 391 21 50000 600 
SOOOO ISO • S 0080 293884.10 24313.91 50000 600 

8 42 3 80000 ISO .5 0080 525337.02 43462.71 410 39 4 25 80000 600 
80000 ISO • 5 0080 631953.32 52283.39 80000 600 

9 60 8 50000 50 1.5 0080 1140112.90 94324.96 41 1 401 Zi 50000 900 
50000 50 US 0080 99 7598.76 82534.34 50000 900 

0 Si 18 80000 50 I'S 0080 1765751.90 146085.95 412 398 22 80000 900 
80000 SO l>5 0080 1553861.70 128555.64 80000 900 

1 4 4 SOOOO ISO 1.5 0080 481060.28 39799.56 413 418 24 50 000 300 
50000 ISO 1.5 0080 473543.72 39177.69 50000 300 

e 16 7 80000 ISO 1.5 0080 804191.58 66533.18 414 415 22 80000 300 
80000 ISO 1.5 0080 1005239.50 83166.48 80000 300 

3 65 5 SOOOO 50 .5 0136 1042698.20 86265.55 415 413 21 SOOOO 600 
50000 50 • 5 0136 1042698.20 86265.55 50000 600 

* 88 13 80000 SO .5 0136 3939175.70 325899.83 416 414 15 80000 600 
80000 SO .5 0136 36929 77.20 305531.09 80000 600 

S 73 1 50000 ISO .5 0136 468345.26 38747.61 417 416 26 5OOC0 900 
50000 ISO .5 0136 555287.89 45940.63 50000 900 

6 126 12 80000 ISO .5 0136 1393862.20 115318.40 418 408 15 80000 900 
80000 ISO .5 0136 1812020.80 149913.92 80000 900 

7 83 6 50000 
50000 

so 
so 

1.5 
1.5 

0136 
0136 

1362458.90 
1129 740.80 

112720.32 
9346J.85 

8 71 17 80000 
80000 

so 
50 

1.5 
1.5 

0136 
0136 

1636273.00 
1636273.00 

135373.77 
135373.77 ANALYSIS 8F   VARIANCE» RäCK   TYPE NUMBER 

9 »3 II 50000 ISO 1.5 0136 1313799.70 108694.59 

0 98 16 
50000 
80000 

ISO 
ISO 

1.5            • 
1.5            . 

0136 
0136 

1167821.90 
2127154.90 

96617.41 
175985.91 MEAN   SPECIFIC ENERGY 

80000 ISO 1.5 0136 2127154.90 175985.91 

ANALYSIS 0F  VARIANCE TABLE 

RCE »F Sl^i 9F OF F   RATIO TREATMENT 
lATIBN S'JARES EFFECTS 

S.6S761 E 12 323.009 840953. 
3.09415 E 12 176.654 •621908. 
2.18146 E 11 12.4546 -165131. 
1.12143 E 10 .640255 37440.4 
5.71312 E 11 32.6178 -267234. 
1.32288 E 12 75.5269 406645. 
4.93181 E II 28.1571 248289. 
4.53794 E 12 259.084 753155. 
1.57923 E 12 90.1624 444301. 
2.62656 E 10 1.499S7 57299.2 
t.38108 E 11 7.88498 -131391. 
3.81037 E 1 | 21.7545 -218242. 
1.15377 E 12 65.8718 -379764. 
1.28486 E 12 73.3563 40J759. 

I 7.02432 E 11 40.1038 296317. 

.ICATE 416874496 1 2.38005  E-2 

IR 2.62730 E 11 IS 

IL 2.14353 E 13 31 

IR MEAN SOUARE- 1.75153  E   10 

C9MBINATI9N   *     MEAN   SPECIFIC   ENERGY   IF 
407 
408 
411 
412 
413 
414 
417 
418 

336742. 
507421. 
130955. 
144564. 
361418. 
8 71765. 
»8810. 
595175. 

ANALYSIS  OF   VARIANCE 

S9URCE   9F SUMS 3F OF 
VARIATiaN SQUARES 
P 3.54620 E 11 
F 3.06828 E II 
PF 7.31462 E 9 
N 1.63008 E 1 1 
PN 1.69095 E 1 1 
FN 2.16765 E 8 
PFN 5.1 I860 E 9 

REPLICATE 5.74353 E 10 1 

ERR9R 1.34294 E II 7 

T9TAL 1.19793 E IS lb 

ERR3R  MEAN   SQUARE» 1.91849 



TA. RaCK TYPE NUMBER: 

ENT  C3MBINATIJN SPECIFIC ENERGY 
RATE STAND3FF NUZZLE 

F f N FT.-LB./CU.IN. jaULES/CU.CM. 

300 I.S ■ 0080 858556.65 20894.77 
300 1*5 .0080 480927.75 34824.62 
300 I.S .0080 48 3258.42 39981.42 
30C l.S .0080 S3IS84.27 439 79.S6 
600 I.S .0080 149663.20 12382.09 
600 l.S .0080 168371.10 13929.85 
600 l.S .0080 362056. SV 29954.03 
600 1.5 .0080 222804.06 18433.25 
900 l.S .0080 149663.20 12382.09 
900 l.S .0080 112247.40 9286.56 
900 1.5 .0080 198 776.17 16445.35 
900 l.S .0080 903S2.80 747S.16 
300 1.5 .0136 317342.92 26254.73 
300 1.5 .0136 40S493.73 33547.71 
300 l.S .0136 734119.11 60735.88 
300 l.S .0136 1009413.80 83511.83 
600 l.S .0136 211667.73 I7SII.9I 
600 l.S .0136 2676CS.86 22141.49 
600 l.S .0136 421272.96 348S3.18 
600 l.S .0136 631909.44 52279.76 
900 l.S .0136 89488.27 7403.63 
900 l.S .0136 108131.66 8946.06 
900 1.5 .0136 342333.13 28322.23 
900 l.S .0136 848017.00 70158.99 

; 

MUMBEKI 5 

ENERGY VALUES 
I 

K 

SGY   tFT .-LB./CU. IN.] 

APPENDIX G 

TEST RESULTS - SIOUX QUARTZITE  (NO.   5 

KERFING   FRAGMEMTATI3N   TEST   DATA.   WCK   TYPE   iMUMbEM 

PRESSURE  -   SOOOO  PS1 • 344b3.00  NEWTJNS/SU.CM. 
FEEDRATE   =        VÜO   1PM = 38.10   CM./SEC. 
STANOaFF  •        l.S   IN. ■ 3.810   CM. 
NaZZLE       •   .0080   IN. ■ .20320  MM. 

SPACING  BETWEEN   CUTS = -125   IN.   »   .317   C«. 

FIANCE   TABLE 

F   KATia 

18.4843 
15.99 32 
•38127 
8*49668 
8.81396 
I.12988 
.266804 

2.99378 

TREATMENT 
EFFECTS 
297750. 

-276960. 
-42762.8 

201871. 
205606. 
7361.48 
35772.2 

canB- 
I 

411 

425 

425 

TEST 
t 

401 

425 

425 

SAMPLE 
0 

26 
26 
22 
15 
21 
22 
15 
21 

91849   E   10 

CUT  NUMBEli 

I 

2 

3 

AVERAGE 

NUMBER 
aF   CUTS 

SPECIFIC   ENEKfcY 
FT.LB./CU.IN. JJULES/CU.CM. 

149663.20 
)12247.40 
93165.34 
86430.SO 
79695.65 
93165.34 
99 72 7.50 
74714.68 

12382.09 
9286.56 
7707.bS 
7150.65 
6by3.46 
77U7.B5 
8250.76 
6181.37 

AVERAGE   SPECIFIC   ENERGY   PER   CUT 
FT.LB./CU.IN. JJULEi/CU.CM. 

1309 55.30 

64500.37 

95316.50 

79908.44 

10834-32 

5336.31 

7bb5.b2 

6611.06 

81 

G-l 



3»4 FACTllRIAL fRAGMENTATiaN TEST DATA. RSGK TYPE NUMDERI 

CaMB. TEST SAMPLE TREATMENT   MMBlNATiaN SPECIFIC ENERGY 
* # » PRESSURE RATE STANDaFF NaZZLE 

P F S N FT.-LB«/CU.IN. jaULES/CU.C 

282 24 10 50000 50 • 5 .0080 1077575.00 89151.02 
50000 50 .5 .0080 881652.30 72941.74 

28 3 237 .5 65000 50 •5 .0080 1561559.90 129192.53 
65000 50 • 5 .0080 1561559.90 129192.53 

284 36 2 80000 50 .5 • 0080 1135863.80 939 73.42 
80000 50 .5 .0080 1363036.60 112768.11 

28 S 202 17 50000 100 .5 .0080 639810.18 52933.42 
50000 100 • 5 .0080 639810.18 52933.42 

286 204 9 65000 100 .5 .0080 898431.72 74329.9 5 
65000 100 .5 .0080 739884.94 61212.90 

287 211 21 80000 100 • 5 .0080 tn4615.14 72359.53 
80000 100 • 5 .0080 828582.77 68551.14 

288 21 20 50000 150 .5 .0080 266587.57 22055.59 
50000 150 • 5 .0080 293884.10 24313.91 

289 206 19 65000 150 • 5 .0080 818571.12 67722.84 
65000 150 •5 .0080 682142.60 56435.70 

290 42 3 80000 150 .5 .0080 525337.02 43462.71 
80000 ISO .5 .0080 631953.32 52283.39 

29 1 207 IS 50000 50 1.0 .0080 1296457.50 107259.81 
50000 50 1.0 .0080 1111249.30 91936.98 

292 203 14 65000 50 1.0 .0080 1516103.50 125431.79 
65000 50 1.0 .0080 1637142.20 135445.69 

29 3 226 5 80000 50 1.0 .0080 1840099.40 152236.94 
80000 50 1.0 .0080 Ü073762.80 171568.62 

294 218 23 50000 100 1.0 .0080 798079.01 66027.47 
50000 100 1.0 .0080 818283.54 67699.05 

£9 5 234 19 65000 100 1.0 .0080 767410.43 63490.17 
65000 100 i.il .0080 767410.43 63490.17 

296 201 b 80000 100 1.0 .0080 1260808.80 104310.50 
80000 100 1.0 .0080 109529 7.30 90617.23 

29 7 219 22 50000 150 1.0 .0080 681902.95 56415.88 
50000 150 1.0 .0080 552257.20 45689.90 

298 230 9 65000 150 1.0 .0080 698 780.22 57812.18 
65000 150 1.0 .0080 698 780.22 57812.18 

299 238 21 80000 ISO 1.0 .0080 739934.15 61216.97 
80000 150 1.0 .0080 739934.15 61216.97 

300 60 8 50000 50 1.5 .0080 ll<0<12.90 94324.96 
50000 50 l.S .0080 997598.76 82534.34 

301 220 26 65000 50 1.5 .0080 149 7386.20 123883.25 
65000 50 1.5 .0080 1842936.90 152471.69 

302 Si 18 80000 50 1.5 .0ü80 1765751.90 146085.95 
80000 50 1.5 .0080 1553861.71 128535.64 

303 227 17 50000 100 1.5 .0080 562840.53 46565.49 
50000 100 1.5 • 0080 562840.53 46565.49 

304 222 24 65000 100 1.5 .0080 1469310.20 121560.44 
65000 100 1.5 -0080 115298 7.40 95390.10 

305 228 14 80000 100 1.5 .0080 1047834.40 86690.48 
80000 100 l.S .0080 1289642.30 106695.98 

306 4 4 50000 150 1.5 .0080 481060.28 39799.56 
50000 150 1.5 .0080 473543.72 39177.69 

307 213 25 65000 150 1<5 .0080 657186-16 54370.98 
65000 150 l.S .0080 657186.16 54370.98 

308 16 7 80000 150 1.5 .0080 804191.58 66533.18 
80000 150 1.5 .0080 1005239.50 83166.48 

309 254 14 50000 50 .5 .0120 1197118.50 99041.21 
50000 50 •5 .0120 1083022.30 89601.69 

310 25 7 15 65000 50 .5 .0120 1^51955.10 136671.20 
65000 50 • 5 • 0120 )'.26012. 70 126251.61 

311 es« 19 80000 50 .5 .0120 1081680.00 89490.63 
80000 50 .5 .0120 1250692.50 103473.55 

312 255 » 50000 100 .5 .0120 767140.82 63467.86 
50000 100 .5 .0120 920568.98 76161.43 

313 265 22 65000 100 .5 .0120 898431.72 74329.95 
65000 100 .5 .0120 792733.87 65585.25 

314 275 17 80000 100 •5 .0120 840045.37 69499.47 
80000 100 • 5 .0120 8 78229.25 72658.54 

315 258 21 50000 150 .5 .0120 432954.26 35819.60 
50000 150 .5 .0120 SOS II3.30 41789.54 

316 281 19 65000 150 .5 .0120 575557.82 47617.63 
65000 150 .5 .0136« 563254.89 46599.77 

317 249 24 80000 150 .5 .0120 859808.35 71134.52 
80000 ISO • 5 .0120 797376.40 65969.34 

318 240 25 50000 50 1.0 .0120 1331334.30 110145.28 
50000 50 1.0 .0120 1331334.30 110145.28 

319 2 22 65000 50 1.0 .0120 1212882.80 100345.43 
65000 50 1.0 .0120 985779.25 81556.47 

320 276 14 80000 50 1.0 .0120 1353534.60 111981.98 
80000 SO 1-0 .0120 1426077.00 117983.63 

321 288 23 50000 100 1.0 • 0120 776611.69 64251.42 
50000 100 1.0 .0120 847212.76 70092.45 

CSMB. 
i 

322 

323 

324 

325 

3S!6 

327 

328 

329 

330 

331 

332 

333 

334 

335 

336 
337 

338 

339 

340 

341 

342 

343 

344 

345 

346 

317 

348 

349 

350 

351 

352 

353 

354 

355 

356 
357 

358 

359 

360 

361 

362 



3f4  FACTORIAL   FRAGMENTATIAN  TEST   OATAP   R8CK   TYPE  NUMBER!        5 

C0MB. 

3108 

'JZ3 

3SA 

325 

326 

32 7 

328 

329 

330 

331 

332 

333 

334 

335 

336 
337 

338 

339 

340 

341 

342 

343 

344 

345 

346 

347 

343 

349 

350 

351 

352 

353 

354 

355 

356 
357 

358 

359 

360 

361 

362 

TEST 
f 

251 

264 

269 

271 

287 

262 

246 

280 

282 

253 

270 

242 

284 

289 

65 
326 

88 

312 

294 

317 

73 

320 

126 

293 

,,, 

307 

306 

327 

310 

305 

308 

330 

83 

303 

71 
309 

314 

325 

93 

329 

98 

SAMPLE 
f 

5 

23 

26 

5 

2b 

25 

26 

9 

15 

17 

24 

23 

21 

22 

5 
17 

13 

25 

2< 

22 

1 

24 

12 

2t 

26 

9 

14 

14 

21 

17 

19 

19 

6 

5 

17 
15 

23 

5 

II 

9 

16 

TREATMENT   CdMBINATIBN 
PRESSURE        RATE     STANOflFF 

P F S 

SPECIFIC   ENERGY 

65000 
65000 
SOOOO 
80000 
50000 
50000 
65000 
65000 
80U00 
80000 
50000 
50000 
6S000 
65000 
80000 
80000 
50000 
50000 
65000 
65000 
80000 
80000 
50000 
50000 
65000 
65000 
80000 
80000 
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 
60000 
80000 
50000 
50000 
65000 
65000 
80000 
50000 
50000 
65000 
65000 
80000 
80000 
50000 
50000 
65000 
65000 
80000 
80000 

100 
100 
100 
100 
150 
150 
150 
150 
150 
150 

50 
50 
50 
50 
50 
50 

100 
100 
100 
100 
100 
100 
150 
150 
150 
150 
150 
150 
50 
50 
SO 
50 
50 

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

100 
100 
100 
100 
100 
too 
150 
150 
i 50 
ISO 
150 
150 

50 
50 
50 
50 
SO 

100 
100 
100 
100 
100 
100 
150 
150 
ISO 
ISO 
150 
ISO 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
.5 
.5 
.5 
.5 
.5 
• 5 
.5 
.5 
.5 
.5 
.5 
.5 
.5 
.5 
.5 
.5 
• 5 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
.0 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
I.5 
1.5 
I.5 
1.5 
1-5 
1.5 

N0ZZLE 
N 

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 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 
0136 

FT.-LB./CU.IN. 

736994 
782505 

1095941 
1150062 
483743 
443778 
598954 
561519 
732632 
676875 

1553223 
1451229 
1471773 
1511550 
1640088 
1450847 
9470E7 

1002798 
1049610 
1137077 
1041821 
1121310 
631289 
698 740 
701899 
585584 
766708 
743474 

1042698 
13 7349 J 
1428007 
39 3y I 75 
36929 77 
9071^7 
729888 

1159137 
1128227 
957219 
920403 
468345 
555287 
925592 
832201 

4181586 
5436062 
1590654 
1584901 
1460513 
1442482 
1772629 
1838282 
855012 
798011 

1132348 
1258164 
104880S 
1012930 
606369 
656899 
596225 
605842 
807531 
B07S31 

1362458 
1129 740 
1658854 
I6S88S4 
1636273 
1138626 
1109430 
1381454 
1514606 
1378711 
1292542 
1313799 
1167821 
932065 
865489 

2127154 
2127154 

.77 

.05 

.50 
• 10 
.12 
.11 
.48 
.83 
.16 
.84 
.40 
.40 
.00 
.70 
• 6C 
.60 
.43 
.50 
.10 
.60 
.0 i 
• to 
• 3l> 
.06 
.78 
.9f 
.O'i 
.'JO 
.20 
.80 
.20 
.70 
.20 
.41 
.72 
.40 
.00 
.70 
.56 
.26 
.89 
.64 
.18 
.60 
.50 
.00 
.20 
.10 
.00 
.10 
.00 
.50 
• 66 
.40 
.90 
.50 
.90 
.09 
.84 
.91 
.46 
.03 
.03 
.90 
.80 
.40 
.40 
.00 
.40 
.80 
.00 
.10 
.50 
.00 
.70 
.90 
.32 
.28 
.90 
.90 

J0ULES/CU.CM. 

60973.79 
64738.99 
90670.53 
95148.09 
40021.52 
36715.09 
49553.30 
46456.22 
60612.86 
55950.33 

128502.83 
120064.56 
)21764.20 
125055.12 
135689.45 
120032.97 
78355.38 
82964.52 
86837.39 
94073.84 
86192.97 
92769.39 
51401.13 
57808.86 
58070.87 
48447.80 
63438.06 
61509.88 
86865.50 

113633.26 
118147.46 
325899.83 
305531.09 

75051.03 
60385.88 
95898.91 
93341.61 
79193.66 
76147.75 
38747.61 
45940.61 
76577.06 
688 50.50 

345955.20 
449741.76 
131599.58 
131123.63 
120832.£3 
119340.87 
146654.92 
152086.59 
70737.75 
66021.90 
93682.58 

104091.76 
86770.83 
83802.81 
50166.73 
54347.29 
49327.56 
50123.16 
66809.46 
66809.46 

112720.32 
93466.85 

137242.00 
137848.00 
135373.77 
94801.98 
91786.54 

114891.83 
185307.91 
114064.94 
106935.88 
108694.59 
96617.41 
77118.56 
71604.58 

175985.91 
175985.91 

fio 
G-2 



»RIAL  FRAOHENTATION  TEST OATA>   RBCK  TYPE NUHBERi 3<e  FACT0RIAL  FiRAGMENTATIHN  TEST  DATA»   Rac 

TEST SAMPLE TREATMENT  C« KBINATISN w 
f 1 PRESSURE RATE STANDUFF NBZZLE 

P F S N FT.-LB./CU.I 

6 9 50000 50 .0080 306953.47 
50000 50 .0080 275199.66 

S3 13 80000 SO .0080 20969 7.94 
80000 50 .0080 215216.31. 

55 4 50000 ISO .0080 67348.44 
50000 ISO .0080 67348.44 

14 17 80000 ISO .0080 106904.83 
80000 ISO .0080 1028 70.69 

1 18 50000 SO .0080 852556.65 
50000 50 .0080 212679.28 

8 14 80000 50 .0080 21808-i.85 
80000 50 .0080 20969V.94 

10 2 50000 150 .0080 108430.09 
50000 ISO .0080 100399.06 

61 1 80000 ISO .0080 116728.13 
80000 150 • VMO 121916.05 

110 11 50001) SO .0136 729888.72 
50000 50 .0136 648 789.97 

118 10 80000 50 .0136 656529.29 
80000 50 .0136 738595.45 

103 5 50000 ISO .0136 324394.99 
50000 ISO .0136 299441.52 

80 IS 80000 150 .0136 7659 S. 08 
BOOOO 150 .0136 8759 7.69 

107 16 50000 50 .0136 686954.09 
50000 50 .0136 729888.72 

»7 15 80000 50 .0136 854064.92 
80000 50 .0136 869901.31 

99 3 50000 150 .0136 311419.19 
50000 150 .0136 283108.35 

84 6 80000 ISO .0136 88026.27 
80000 ISO .0136 101004.51 

SPECIFIC  ENERCT 

JBU.ES/CU.CH. 

25395.18 
22768.09 
17348.94 
I 7805.49 
5571.94 
5571.94 
8844.56 
8510.80 

20894.77 
17595.60 
18042.90 
17348.94 
8970.82 
8306.32 
9657.27 

10086.48 
60385.88 
53676.34 
543)6.64 
61106.22 
26838.17 
24773.70 

6336.94 
7247.22 

56833.77 
60385.88 
70661.01 
71969.54 
2S764.64 
23422.40 

7282.68 
8356.41 

CBMB. TEST SAMPLE TREATMENT   CaMBIN 
i # « PRESSURE 

,      P 
RATE     STA 

F        l 

167 53 13 80000 
80000 

50 
50 

168 140 8 80000 
80000 

100 
100 

169 14 17 80000 
80000 

1    150 
150 i 

170 163 7 80000 
80000 

5U 
50 

171 158 :   20 80000 
BOOOO 

100 
. 100 

172 159 19 80000 
80000 

ISO 
150 

173 118 :o 80000 
80000 

SO 
,     SO 

174 168 
i 

is i 80000 
80000 

100 
100 

175 80 12 80000 
80000 

150 
150 

ADDITIUNAL   FRAGMkNTATIBN   TEST' DATA.   RBCK   T 

CBMB.        TEST     SAMPLE TREATMENT  CaMBIN 
, « f I PRESSURE       RATE     STA 

P F 

ANALYSIS 0F  VARIANCE  TABLE 

383 396 9 50000 
50000 

450 
450 

384 395 9 80000 
80000 

450 
,   450 

385 393  • 14 50000 
50000 

900 
900 

386 392 14 80000 
80000 

900 
900 

F SUMS ap OF 
N SQUARES 

1.24563 E 10     1 
9.28607  E II     1 
8.47057 E 10     1 
3.86120  E 9        1 
5.49589  E 9        1 
74543449S 
5.04012  E 9        1 
7. I82S7  E II     1 
6.37752 E 9        I 
3.27019  E II     1 
6.98PI8  E 10     1 
4.36179   E 9        1 
2.28356  E 9        1 
1.08246 E 10     1 
159753947 

E 81(192608 1 

9.88195  E 9          15 

2.12938   E   12        31 

AN   SSUARE* 658796407 

F  RATI0 

18.9077 
1409.55 
37.5012 
5.86099 
8.34231 
1.13151 
7.6505 
1090.26 
9.68056 
496.388 
105.072 
6.62085 
3.46687 
I 6. 4308 
.242494 

.123092 

TREATMENT 
EFFECTS 
-39459.3 
-340699. 
-55571.f 
21969.3 
26210.4 

-9652.94 
-25100.1 
299637. 

-28234.5 
-202182. 
-93019.6 
23350. 
16895.1 

-36784.1 
-•468.7 

MEAN   SPECIFIC   ENERGY  VA1 

CBMBINATIBN *     MEAN   SPECIFIC  ENERGY   (FT.-I 
383 52382.1 
384 58934.7 
385 , 3S976.7 
386 ' 47958. 7 

ANALYSIS 3F   VARIANCE   TAI 

S0URCE BF 
VARIATI0N 
P 
F 
PF 

SUMS  BF 
SOUARES 

1.71765  E 
3.74871   E 
1.47390   E 

8 
8 
7 

OF 

1 
1 

REPLICATE 7094880 1 

ERR3R 426097850 3 

TOTAL 994567456 7 

ERR9R   MEAN SQUARE* 1.42033 Ei 



iTA.   R9CK   TYPE NUHBERI 

CaMBINATiaN 
ITE     STANDSFF     N0ZZLE 

S N 

50 • 0080 80969 7.94 
50 .0080 815216-30 

100 • 0080 181738.21 
00 • 0080 2044SS.49 

ISO            g .0080 106904.83 
50 • 0080 102870.69 
50 .0120 223361.44 
50 .0120 195147.38 

100 .0120 106935.60 
100 .0120 104491.36 
150 .0120 100749.24 
ISO • oieo 117217.87 
50 • 0136 656529.29 
50 • 0136 738595.45 

100 .!0I36 1   113086.38 
100 .0136 125053.20 
150 .0136 76595.08 
ISO .0136 8759 7.69 

SPECIFIC   ENERGt 
I 

FT.-LB./CU.IN., J9W.ES/CU.CM. 

17348.94 
17805.49 
15035.75 
16915.22 
8844.56 
8510.80 

18479.36 
16145.13 
8847.10 '■ 
8644.88 
8335.29 
9697.79 

5431^.64 
61106.22 
9355.98 

10346.03 
6336.94 
7247.at 

APPENDIX H 

TEST RESULTS - BEREA SANDSTONE  (NO.   6) 

R9CK   TYPE NUHBERI 

Y   CaMBINATIUN 
ATE STANDOFF NiaZZLE 
F   ' S N 

450 .51 .0080 
450 .5 .0080 

.0080 450 • 5 
450 .5 .0080 
900 1 -5 .0080 
900 .5 .0080 
900 .5 .0080 
900 .5 .0080 

t 

1ERGY VALUES 

SPECIFIC   ENERGY 

FT.-LB./CU.IN. 

44898.96 
59845.28 
71269.89 
46599.54 
37415.80 
34537.66 
45434.55 
£0482.84 

J3ULES/CU.CM. 
i 

3714.63 
4952.83. 
5896.37' 
3855.32 
3095.52 
^857.40 
3758.94 
4176.60 

KERFINfc   FHAfcMENTATiJ.M   TEiT   DATA.   RJCK   TYPE   MU'iBEM 

PRESSURE   = 50000 PS1 « 34*63.OU   .MtWT JNb/bl.. CM. 
FEEDRATE   = 90U IPM = 30.10   Cil./SEC. 
STAND4FF   = .5 IN. = 1.270   CM. 
i-JZZLE        = .0080 IN. = .20320   MM. 

SPACING   BETWEEN   CUTS   =   .Oyj   IN. .2 36   Crt. 

IY   [FT.-LB./CU.IN.3 

ANCE  TABLE 

F   RATI9 

1.20933 
2.639 33 
.103772 

4.99*25  E-2 

TREATMENT 
EFFECTS 
9267.28 

-1P690.7 
2714.69   i 

«2093  E  8 

WMB. TEST        1 iAMPl 
f * # 

3»b ays 1 A 
14 

426 426 2 
a 

2Ü 
426 

1 

! 

426 

COT  NUMBEh 

2 

3 

AVERAGE 

2 
8 

20 

i'JUMBtri SPtCIKli;   ENtnGY 
if   CUTS        FT.Lb./CL.IN. JJULtS/GU.C". 

374IS.aU 
34S3'(.66 
22449.48 
20153.51 
239 66.34 
1 79;<Ü.34 
175U1.73 
I9ÜÜ1.88 

3Uyb.52 
2bb7.40 
1857.31 
1667.35 
1982.81 
1433.39 
1447.97 
1572.08 

AVEhAGE   SPECIFIC   ENEhG»   PKK   CUT 
FT.LB./CU.IN. JlULtS/CU.Cv. 

35976.73 

16042.13 

13329.Cl 

14685.57 

2y76.46 

1327.Kl 

1102.75 

1214.98 

83 H-l 



CTBRIAL  F^AGHENTATISN TEST  DATA«   MCK   TYPE NUHBERi 3t2  FACTaRIAL  FRAGHENTATiaN  TEST DATA«  R 

TEST     SAMPLE TREATMENT  C9MeiNATI»N 
« # PRESSURE       RATE     STANDOFF    MUZZLE 

P F S N 

SPECIFIC ENERGY 

FT.-LB./CU.IN^ 

5» 6 soooo 50 .0080 621677.90 
50000 SO • 0080 673484.40 

47 20 BOOOO 50 .0080 1258187.60 
80000 SO .0030 1258187.60 

64 II SOOOO ISO .0080 316933.83 
50000 ISO • 0080 316933.83 

12 I 80000 150 .0080 685777.78 
80000 ISO .0080 783746.03 

63 4 SOOOO 50 .0080 425358.57 
50000 SO .0080 6216*7.90 

49 7 80000 SO .0080 2044554.90 
80000 SO .0080 1635643.90 

39 3 50000 ISO .0080 340951.47 
SOOOO 150 .0080 170475.74 

62 18 BOOOO ISO .0080 613366.46 
BOOOO ISO .0080 788614^02 

108 13 SOOOO SO .0136 4671287^80 
50000 SO .0136 2335643.90 

79 19 80000 SO .0136 IS43902.TO 
80000 50 .0136 1650378.80 

66 9 50000 ISO .0136 606369.09 
SOOOO 150 .0136 437933.23 

125 8 BOOOO ISO .0136 1750744.80 
80000 ISO .0136 1750744.80 

112 10 50000 SO .0136 1459777.40 
SOOOO 50 .0136 1167821.90 

119 17 80000 SO • 0136 3889936.00 
BOOOO SO • 0136 4243566.60 

122 2 SOOOO ISO • 0136 SIS7BB.03 
SOOOO 150 .0136 429823.36 

127 IS 80000 ISO .0136 2279094.50 
80000 ISO .0136 2279094.50 

J0ULES/CU.CM. 

51433.28 
55719.38 

104093.64 
104093.64 
26220.89 
26220.89 
56736.4$ 
64841.66 
35191.19 
51433.28 

169152.16 
135321.73 
28207.94 
14103.97 
50745.65 
65244.40 

386469.65 
193234.83 
127731.71 
136540.79 
50166.73 
36231.53 

144844.37 
144844.37 
120771.77 
96617.41 

321826.08 
351082.99 
42672.69 
35560.SB 

188556.03 
188556.33 

COMB. TEST SAMPLE TREATMENT  C0HB 
i f « PRESSURE 

P 
RATE     S 

F 

176 47 £0 80000 
80000 

50 
SO 

177 142 5 80000 
80000 

100 
too 

178 12 1 BOOOO 
BOOOO 

ISO 
ISO 

179 IbS 12 80000 
BOOOO 

50 
50 

ISO 147 16 BOOOO 
80000 

100 
100 

IB1 146 14 BOOOO 
80000 

ISO 
ISO 

182 79 19 1 0000 
roooo 

so 
so 

183 169 ' BOOOO 
80000 

100 
100 

184 185 8 30000 
80000 

150 
150 

ADDITIONAL   FRAGMENTATION   TEST   DATA,   ROCK 

COMB. TEST      SAMPLE 
f f f 

TREATMENT   COMB 
PRESSURE       RATE     S 

P F 

ANALYSIS OF  VARIANCE TABLE 

387 388 3 50000 
50000 

450 
450 

383 387    ■ 3 80000 
BOOOO 

450 
450 

389 400 20 SOOOO 
50000 

900 
900 

390 399 20 80000 
80000 

900 
900 

SUMS IF DF 
S8UARES 
5.S64I0 E 12     1 
7.44470 E 12     1 
1.57968 E II     1 
1.57306 E 11     1 
4.45570 E 12     1 
1.56450 E 10     1 
2.83232 E 12     1 
1.06449 E 13     1 
1.48843 E 11      1 
1.27631 E 12     1 
1.32220 E 12     1 
1.96123 E 10     1 
2.53526 E 12     1 
7.06670 E 10     1 
1.44761 E 12     1 

1.92191 E 11        1 

2.80304 E 12       IS 

4.108B3  E   13        31 

MEAN   SSUARE- 1.86869   E   II 

F  RATIO 

29.7754 
39.8391 
.845338 
.841796 
23.8439 
3.37216  E-2 
15.1567 
56.9643 
.79651 
6.32993 
7-07555 
.104952 
13.567 
.3781 63 
7.74663 

1.02843 

TREATMENT 
EFFECTS 
333974. 

-964670. 
I40S20. 
140226» 
746299• 

-44222•4 
-595013. 

1.15352 
136402. 

-399424. 
406541. 
49513. 
562945* 
93936.1 

-425383. 

E   6 

MEAN   SPECIFIC   ENERGY   V 

COMBINATION   I     MEAN   SPECIFIC  ENERGY   IFT. 
367 86961.6 
388 346955. 
389 62003.3 
390 160763. 

ANALYSIS  OF   VARIANCE   T 

SOURCE OF 
VARIATION 
P 
F 
PF 

SUMS OF 
SQUARES 
6.43r38   E 
2.22910   E 
■•29973  E 

10 
10 
10 

DF 

1 
■ 
1 

REPLICATE 56201984 1 

ERROR 3.06352  E 9 3 

TOTAL 1.02762   E 11 7 

ERROR MEAN SQUARE« 102117230 



EST DATA.   RI9CK   TYPE NUMBERI 

ATMENT  C0HBINATI0N SPECIFIC ENERGY 
E       RATE STAN09FF N0ZZLE 

F s N FT«-LB./CU.IN. J0U1.ES/CU.CI 

50 .5 • 0080 185318/.60 104093.64 
bO • S • 0080 1258187.60 104093.64 

100 .5 .0080 1153713.10 95450.15 
100 • 5 • 0080 672999.31 55679.85 
ISO .5 .0080 68S777^78 56736.45 
150 • 5 .0030 783746.03 64841.66 

SO • 5 .oieo 1580088.10 125760.95 
SO .5 .0180 1363036.60 118768.11 

100 • 5 .0180 876237.81 72493.78 
100 .5 .0130 108841I.4C 89551.14 
ISO .5 .0180 538436.17 44050.04 
liO • 5 .0180 681033.54 51379.97 
so .5 .0136 1543908.70 187731.71 
so .5 .0136 1650378.80 136540.79 

100 • 5 .0136 1181758.70 9 7769.95 
100 • 5 .0136 1074380.70 88881.77 
150 • 5 .0136 1750744.80 144844.37 
150 • 5 . 0 i 36 1750744.80 144844.37 

APPENDIX I 

TEST RESULTS - TENNESSEE MARBLE (NO 

DATA»   R8CK   TYPE   NUMBER: 

WIENT   CBMBINATlaN SPECIF) iC   ENERGY 
E        RATE STAN08FF NaZZLE 

F S N FT.-LB./CU.IN. J3ULES/CU.CI 

450 .5 .0080 115988.98 9596.18 
450 .5 .0080 57934.14 4793.07 
450 .5 .0080 3J0433.!« 27337.78 
450 .5 .0080 363476. 30071.49 
900 .5 .0080 59865.28 4958.83 
900 .5 .0080 64141.37 5306.61 
900 .5 .0080 139 798.68 11565.96 
900 .5 .0080 181738.21 15035.75 

KERFING   FRAW1ENTATI«)N   TtST   DATA.   hsJCK   Tlft   NU.'.BEh! 

PRESSUhE   = 50000 HS1   •   34433.0Ü   «EWTJNS/Si.Ch 
FEEORATE   = 900 IP«   •   33.10   CM./SEC 
STANOJFF   = .5 IN.   ■    I.Ü7U   CM. 
NJZÜLE        = .0030 IN.   =   .8U38U   MM. 

IC   ENERGY   VALUES SFACINt   BETWEEN   CUTS .125   1«.   =    .317   ti'i 

ENERGY   CFT.-LB./CU.IN.] 

VARIANCE   TABLE 

DF 

1 
1 
1 

1 

3 

7 

1081178309 

F   RATI8 

63.0195 
21.8889 
18.7278 

5.50367  E-2 

TREATMENT 
EFFECTS 

179379. 
-105578. 
-80614.1 

C3MB. 
0 

42 7 

TEST 

«2 7 

• r 

SAMPLE 
« 

20 
20 

5 
I« 
16 

5 
14 
16 

CUT   NUMBER 

1 

2 

3 

AVERAGE 

NÜMBEK 
JF   CUTS 

I 
1 
2 
2 
2 
3 
a 
3 

SPECIFIC   E.VF.KGY 

FT.LB./CU.IN. JJULEt/l 

SV36b.2a 
64141.37 
4603Ü.51 
44393.V6 
47262.U6 
43776.49 
46447.20 
43106.U3 

4V52 
5306 
3d I 2 
3714 
31110 
36.; 1 
33 42 
397y 

AVERAGE   SPECIFIC   ENERGY   PER   CUT 
f T.LB./C ;.!«- JJULES/CU.CM. 

68003 33 

36664 78 

46168 80 

41416. 79 

5129.78 

3033-39 

33 19.63 

3426.54 

8 i-i 
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