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TECHNICAL REPORT SUMMARY

The purpose of this project is to study, by means of theoretical
analysis, laboratory experimertation, and field testing, the effect of blow
energy, tool shape, single- and multiple-location impacts and spacing on
the fragmentation of rock, in-situ and for blocks. The overall primary goal
is to obtain a better understanding of mechanical rock breakage which can
provide a faster, more economical mecthod of excavation, tunneling, or
large-hole drilling in hard underground rock formations, and to examine
the potential special advantages with respect to noise and dust gencration
as well as remaining formatior. wbility that this method may enjoy.

During the first raeating on the High Energy Impact Excavation
Project, the utilization of the high-energy impact tool was visualized as
occurring in a two-step process. Firast, one must produce large cracks
in the rock mass and then, produce secondary fractures fragmenting the
rock into pieces. During the rast yeir both of these areas were studied,
analytically and experimentally, Excellent quantitative information was
obtained which will provide basic information for all future work on the
project,

The major conclusions reacted are summarized below.

1. A qualitative understanding has been reached regarding the
subsurface fracture produced by impact in rock.

2. Reproducible and coutrolled cracking is obtained with a
wedge-shaped indentor,

3. A quantitative relaticnship has been established between
blow energy and crack length for a wedge-shaped indentor.

4. Qualitative as well as juantitative understanding has been
reached in the case of edge fracture.

5. A critical level of blow energy exists at which a piece of
rock breaks out from the edge.

6. The volume of rock broken out in edge fracture is princi-
pally a function of edge distance and tool shape.



7. Hatenyi's analysis* scems to explain the nature of the edge
fracture. More rock testing will be needed to prove the
variation of critical blow energy as a function of rock ten-
sile strength and tool wedge angle,

8. Low specific energies demonstrated during the edge frac-
ture tests show promise for a tunneling system application,

* This will be explained in detail in Section II-B of this report.



I. OBJECTIVE AND SCOPE

The objective of this research program is to study the effect of factors
such as tool shape, blow energy, single- and multiple-locaticn impacts and
spacing on the fragmentation of hard rock samples, The primary goal of this
work will be to obtain a better quantitative understanding of mechanical rock
breakage which can provide a faster, more economical method of excavation,

tunneling, or drilling in hard underground rock formations.

The work is divided into three main activity areas; these are as
follows:

1. Analytical and experimental study of subsurface
cracking.

2. Analytical and experimental study of edge fracture
(or secondary breakage).

3. Field tests in various formations.
Each of these areas will be reported upon in the following sections of this re-
port. The purpose of each of these activity areas is as follows.

This work is aimed at providing a guide for the application of high-
blow energy impact tools in rock excavation. Through the mathematical
modeling of the rock impact process, utilizing existing and modifiea theories,
relationships were sought between impact tool parameters such as blow en-
ergy, tool shape, etc., and rock properties, which can be used in designing
and operating impact excavation equipment for tunneling into a solid face of
hard competent rock. Of principal concern is the relationship between tool 1
and rock properties in terms of the size and direction of subsurface cracks
which can be produced.

2. __Analyticaland Experimenta] Study of Edge Fracture (or Secondury Breakage).

This work is aimed at providing a quantitative description of this
pProcess which is visualized as breaking to an edge in the rock which either
pre-exists or is created in a massive formation by fractures produced as a
result of a sufficiently high-blow energy primary impact (see above). Through
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analytical investigations and laboratory testing utilizing our drop tower
facility, relationships were sought among blow encrgy, tool shape, edge
distance, and material removed (specific energy fracture) for Barre

granite,

3. Field Tests in Various Formations.

This work was aimed at providing preliminary experience in in-situ
rock remo.al for hard, massive formations. ‘"hrough thesc ficld tests, an
appreciation of the actual problems which would be encountered using the
impact rock removal process during tunneling by means of this method was
gained. To date, threc such trials have been carried out, one in a diabase
form=ation near Belle Mead, N.J. and two in a granite gneiss formation
near Mt, Hope, N.J. The ficld testing at Belle Mead was reported upon in
the Semiannual Report. Section II-C of this report covers the testing at
the Mt., Hope quarry.
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II. MAJOR ACCOMPLISHMENTS

A, Subsurface Cracking

1. Introduction

Cratcring phenomena related to indentation of rocks, have been
observed experimentally and studied analytically by several investigators
ircluding Fairhurst and Lacabannclf( Rcichmuthz, Paul and Sikarski3, and
Sikarski and Millcr4. They observed that when weuge-shaped and button-
shapad tools impact rock, the rock ahead of the tool is crushed, forming
a "crater, " and then, dcpending upon the impact energy, chips of rocks
may break out at the surface. In addition, they invaribly observed that
tensile czacks of rather large size compared to crater size were prescent
at the bottom of the crater., However, their ooservations on subsurface
cracking were essentially qualitative, From the start of the program on
High Fnorgy Impact Tunneling, it was recognized that this subsurface
cracking may play an important role inthis overall rock {ragrientation
process, and hence we set out to determine the quantitative relationships

irvolved in subsurface cracking,

Earlier workers showed thatfor impactvelocities encountered indrilling,
the dyramic effects may be ignored. Therefore, they modeled the wedge in-
dentation orocess by a line load on an elastic half-space and were puzzled by
finding that the stresses they calculated within the solid were everywhere com-
prc.ssive while the cracks indicated tensile stresses, At this point, Paul and
Gangals used 2 more realistic model by assuming a quasi-hydrostatic loading
on the c;-ater, and showed that around the crater, one component of the stresses

was indeed tensile with large cnough magnitude to allow tensile cracking.

Recent work of Aquin06 at Bell Labs appears to be the first study of
the quantitative aspects of the subsurface cracking phenomena of spherical
indentors, His work was reviewed in the semiannual7 report on this project.
From analytical expressions, he introduced an important concept, namely
the linear relationship between contact radius of the indentor and the crack
size. This observation :an be used with a modified interpretation to deter-

mine crack size in rock, as will be explained later.

%  Superscript Numbers indicate References in Section V,



In what follows, we will report first upon a semi-empirical model
used to study the cracking phenomena, then we will present the results of our

experiments, and finally we will state the conclusions,

2, Semi-Empirical Model

In this subsection, we will consider a semi-empirical model for an
indentor impacting a flat surface of rock. At the beginning of impact the in-
dentor and the rock surface are deformed elastically according to the Hertz
theory until the load exceeds the crushing strength of the rock. Above this
initial crushing point, the tool creates a zone of highly-pulverized rock which
we call a 'crater," The powdered rock material compacted batween the
crater surface and the tool is probably under a ""quasi-hydrostatic" state of
compression. Depending upon the rock pro;;erties one or more surface
chips may also be formed during the process of cratering. However, this
chipping (which is important in drilling) need not concern us here. In the
following discussion we will be interested in investigating the effecis ot the
quasi-hydrostatic loading on the crater.

Figure 1 shows schematically the tool indentation process, For a
spherical-tipped indentor, the crater will be idealized simply by a bemi-
spherical cavity under uniform pressure, bounded by a semi-infinite solid
(rock) as also shown in Fig. 1. Alternately, for a wedge-shaped tooi the
crater will be idealized by a pressurized hemicylindrical crater. Aithough
the idea.ized problems look simple no analytical solutions are available in
the literature. Therefore, it was decided to use the finite element method
to solve the idealized crater problem. The solution for the hemispherical
case was obtained using a computer programs developed for the stress
stress analysis of axisymmetric solids. Solution for the hemicylindrical
crater is taken from Paul and Gangals. Since all geometric dimensions can
be scaled in terms of the crater radius, R, unit crater radius was used in
the computation. To simulate the semi-infinite nature of the rock, the
outer boundary was chosen to have a radius which was cf the order of forty
times larger than the crater radius and a stress field consistant with the
theoretical point load and lire load soultions (for details sec Ref. 5).

The crater pressure, p, is very difficult to.mea,sure. it is a function
of overall tool shape, energy, and rock type. Let us non-dimensionalize the
stresses with respect to the pressure, p. For simplicity a unit normaliged
pressure was used in the finite element computation‘. In reality, the pressure
will alwavie b idfraatar B A4 e mso do Bf——te e m o AR S R g
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Figure 2 shows the distribution of the tangential stress, Oge plotted as
a function of radius. The figurc also shows a stress contour representation
of T * The tensile strength of the rock, Oy is usually small compared to its
compressive strength. The tensile stress at the bottom of the crater on the
othe: hand is of the order of the crater pressure which is larger thaa the
compressive strength of the rock. Thus one would expect a crack to form
and grow along the center line of the crater. In addition to this central crack

several smaller cracks can also be formed as shown in Ref, 5.

Figure 3 shows the distribution of the hocp strese for the hemispherical
crater. At the bottom of the crater, the hoop stress approaches to a value of
roughly half the crater pressure, Thus one would again expect cracking to
occur, Note, however, that in this casec thg tensile hoop stress field is axi-
symmetric and therefore does not have a preferred directicn to propagate a
crack, Thus one should expect in this case that the formation of a single
crack or multiple cracks, the directions etc., to be determiaed by rock
anisotropy, inhomogeniety, and the pressure of pPre-existing microcracks
rather tha: the stress ficld. Once initiated, these cracks may grow in the
tensile stress region to a length, say, 4, which can be scveral times larger
than crater radius,. R. Thus,

L = aR (1)
where a is a constant for a given material and tool shape to be evaluated
experimentally,

Aquino6 followed a somewhat different course. He usad the Hertz
theory to determine an equivalent of the pressurc, p. Then Le used Love's
analytical solution to obtain the tensile stress (hoop) distribution., At that
point hc departed from the above method and used an approximate Griffith's
approach to determine the crack size as a funcion of Hertz contact radius,
He then derived a relationship between "crack radius" and the equivalent of
crater radius, R, which is similar to the relationship (1) above, and evaluated
the constant experimentally.

From a more practical viewpoint, in a given rock the most important
relationship is between crack length and blow energy. In the literature on
craters, various investigators#* report widely different relationships between
crater depth (which equals our crater radius, R) and the blow energy. How-
ever, one may write a general expression of the form:

"#* gee references 1, 2, 3. !
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RaE" . (2)

where E = blow energy for the spherical indentor and blow ¢nergy per unit

length for the wedge-shaped indentor, and n = an emperical constant,

Thus, the crack length is also related to £ as shown below

L= K, E
The constant of proportionality and the exponent, n, are determined experi-

mentally,

3. Experimentil Verification

It was recognized quite curly in the program that quantitative measure-
ments on subsurface cracking t> eslablish all parametric relationships would
be very costly. A limited series of cxperiments were therefore planned to
study the most important parameters, namely .ke input energy and basic tool

shape, i.e., the spherical tool vs. the wedge-shaped too!,

The object of the experiment:] program was twofold: first, to sce if
reproducible subsurface cracking could be produced in the rock, and then,
if successful, to obtain a quantitative relationship between the crack length
and the tool-rock paramete=s., It was decided that the first objective could
be attained by static indentation tests while the second objective required im-
pact tests, These are described in turn below,

{a) Static Tests

For the purpose of the limited experimental program, eight 9 inch
Barre granite cubes were obtained. Two basic tool shapes were chosen, a
7/16 inch sphere and a 1 inch by 3/8 inch, 120° wedge. In an exploratory
phase of the work, a single block was indented on faces marked B, B', C,
and C' in Fig. 4 with the spherical-tipped tool. Then a dye penetrant was
applied to the crater and after waiting for about half an hour, the block was
split open to trace subsurface dye penetration into the crack. It was found
that the dye diffused into a large hemispherical zone under the crater. This
wiped out any distinction between cracked and solid rock. This technique
was therefore proven to be inapplicable,
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Next, an X-ray radiography technique was used. Here the rocks
were first radiographed to show the initial state. Then one of the rocks was
indented and x-rayed again and compared with the initial radiograph. It was
found that cracks could not be detected with this tcchnique either.

Finally, a rock iniented with the 7/16 inch spherical tipped tool was
cut with a diamond saw through the center of the craters, parallel to face
A It was found that the large cracks starting at the crater werc visible to
the eye. To increasc the contrast a special dye penetrant, P-135 made by
Trace Tech, was used. This dye penetrant is sensitive to ultraviolet light,
After dyc penetration, cach crack was photogranhed using ultraviolet light,
Plates 1 through 4 show the photographs of the four craters and the cracks
produced with the 7/16 inch spherical indentor.

Plates 1 through 4 yielded the ‘ollowing observations. bnly in
one case (Platc 1) was a central crack observed. In two cases (Plates 2 and
3) cracks smaller in size ana propzgating at different angles than that ob-
served in Plate 1 were detected, Firally there were cases such as shown in
Plate 4 where no single major crack was observed. It was therefore concluded
that with the spherical tip, the direction and size of the major crack could not
be controlled. Similar cxperiments with wedges showed rather good predicta-
bility, and therefore, all impact tests using spherical tips were abandoned.
(b) Impact Tests

The objective oi these tesis was to establish the important relation-
ship between blow energy and the crack length for a given wedge-shaped
tool. A 1 inch long, 3/8 inch wide, tungsten-carbide wedge (120° inclined
angle) shaped bit was cemented at the tip of an impacting moil, Our drop
tower facility* was used in the experiments. The 9 inch Barre granite cubes
were secured at the bottom, and the moil vas dropped on them from prede-
termined heights, Indcntations were made on faces B, B', C, and C'. The
blocks were then cut in half with a diamond saw in such a way that the cut
passed through the centers of each crater. Once again, Arace Tech F-135

* The drop tower facility and its operation has been described in the Semi-
annual Report., Further description of this facility is given later in this
report.



PLATE l: Subsuriace Crack

Tungsten Carbide
7/16" Spherical Indentor
Static Indeatation
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PLATE 3: Suhksuriace Crack #3

Tungsten Carbhide
7/16" Spherical Indentor
Static iInden%ation

PLATE <4: Subsur:ac: Crack =4

Tun~sscn Carsi
7/16" Sphuerical in



PLATE 5: Subsurface Crack #5

Tungsten Carbide
1" x 3/8", 120" Wedge Shaped Indentor
Blow Energy = 55 ft-lbs

PLATE 6: Subsur-ace Crack &6

1" x 3/8", 120 ‘*Laée Sizved Indentor

/3d



PLATE 7: Subsurface Crack #7

Tungsten Carbide
1" x 3/8", 120" Wedge Shazcd indentor
Blow Energy = 55 {t-lbs

PLATE €8: Sibauscace Craciy ==

Tungsten Carwide
1" x 3/8", 120" Vedae Snaced Indentor

/3



PLATE 9: Subsurrice Craci =9
Tunasten Coriide
1" x 3/8", 120 ‘eda. Bnese

Blow Creray 19 Zt-luns

PLATE 10: 3Isosy I o Iragy =2

.
Tuagecag C L
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k" x 318", 120 K oE 5
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dye was used to detect cracks., Plates 5 through 10 show the results, Each of
these plates shiows an indentation corresponding to a blow energy marked under
the plate. In every case a major crack was produced roughly following the
centerline of the crater. Crack lengths werce measured on the actual block,

In other experiments (at energics beyond 150 ft 1b) crack photographs could
not be obtiined because the blocks split open after two or morce blows, In

these cases crack length was determined by visual observation,

{c) Obscrvations

1. The techniques described above yield satisfactory measurement of
depth of crack penctration, Cracks observed are several tin.es

larger than the crater depth,

2, Atblow c¢nergy levels of the order of 330 ft 1b, the blocks split open

indicating crack lengths of the order of 4-1/2 in, (half the block size).

3. Figure 5 shows thc plot of blow energy vs. crack length for the wedge
plotted on a log-log scale. This gives the following c¢xpression:

L= 0.093 267 (4)
for the particular ~ wedge and granite block combination used in

the experiment,

At this stage, thce information gencrated here is sufficient to allow
order of magnitude estimates needed in design studics of impact excavators,
However, more reliable values of K and n should be obtained by conducting ad-
ditional tests in the future, especially for different rocks,

4. Concluding Remarks on Subsurface Cracking

The work described in this section of the report shows the following:

(a) It confirms the existence of subsurface cracks which are several

times larger than the main crater dimensions,

(b) Spherical tipped tools do not produce repeatable results in that the

crack direction and sgize are quite variable and uncontrolled.

(:) Wedge-shaped tools produce consistent cracks. The major crack
starts at the bottom of the wedge and progresses approximately in
the plane of symmetry of the wedge.

(d) Tke limited sct of experiments indicates a linear relationship between
crack length and blow cnergy as (4) above.
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To illustrate the meaning of these results, if a tool with 10, 000 ft )b
of blow energy and an 8 inch long wedge were to be used, cracks as long as
10-1/2 inch in Barre granite could be produced. This i¢ a rcasonable size
for usc in impact tunneling devices., A bigger tool, of course, can produce a
larger crack and, thercforc, is more desirable, Alternativcly, reducing the
length of the wedge will produce deeper, but less wide, cracks, One must
also keep in mind the possible ivol wear which will limit the cnergy per unit leng
of the wedge. In the actual impactor and tool design work to be carried out next

year onc of the tasks will be to balance these two factors,

B. Edgc Fracturc

l. Introduction

In this section we will examine one of the irnportant modes of secondary

fracture; i.e,, the edge fracture mode (see Figurcs 6 and 7),

The problem of rock fraziure to in edge is similar to the indexing
problem in conventional percussive drill systems., The latter has becen
studied by numerous investigators, inciuding Simon, Cooper, and St:)'xcmans,

Hartma n9

, and Garncrm. In nvarticular, Garner useé the photoclastic model
technique and observed the tensile stress field which causes the cdge fracture,
Evans11 studied a morec closely ralated problem. He analyzed the two-dimen-.
sional equivalent of the edge fraciu~e problem, namely the action of a wedge
Producing breakage into a buttock of coal. An equilibrium approach such

as used by Evans for coal (Fig. 6) was not used here because hard rocks

such as granite tend to behave in a brittle manner. Once a crack is started

it can propagate rapidly in a suitable tensile stress field and thercfore

the stress along the parting surface necd not reach the tensile limit all

at once.

The analysis in this report will be based upon some recent work

done by Hatenyilz' JE

+ In the following scctions, the basic aspects of the
analysis will be explained first, and then the results will be correclated with

experimental data,



J
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R’- Wedge force

T - Equilibrium tensile force

S - Tip reaction

17

Figure 6.: Evans' Equilibrium Approach for Cutting Coal
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2. Edge Fracture for Pointed Indentors

In view of the previous considcrations, the stress field produced by
indentors is investigated with two specilic questions in rmind: (2) Docs the
stress ficld lead to crack initiation? and (b) can onc get some clues us to
the general shape of the final fracturc? In what follows it wilt B¢ shown
that Hatenyi's solution to the clastic quarter space sheds light on the two
Juestions for a pointed indentor and his quarter plane solution gives similar

information for a wedge shaped tool,

An impact by a pointed too! in the neighborhood of 2 large pielimi-
nary crack can be idcalized for the purpose of mathematical zaalysis by
what is called a quarter-space problem, as illustrated in Figurc 7. Re-
cently, Hatenyi presented the theoretical solution to the prechlem of a
point load applied at a distance, a, from the edge of such a quarter-space.
Here, Hatcnyi'slz solution will be used to study the cdge fracture problem.

Boussinesq sclved the problem of a point load acting on an elastic
half-space. Using Boussinesq's solution and a cl-.ver imaging technique,
Hatenyi derived the solution to the quarter-space problem ia the form of
a scries of integral equations., These integral cquations are too complicated
to be evaluated in the form of analytical expressions. He, therefore, ob-
tained the solutions numerically for four different values of the Poisscn's
ratio, v. Here we need not go into the mathematical details of Hatenyi's
work, but rather look directly at the results.

There is a mathematical singularity at the point of action of the force
(x=2a, y=2=0), However, the scheme of successive approximation used
by Hatenyi in evaluating the series of integral equations is based upon the
distributed load solution due to Love. This removes the singularity and
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produces smooth stress distributions. The action of the moil in reality
creates a small crater with some state of quasi-hydrostatic pressurc
loading. Thus the Love approximation used by Hatenyi probably repre-
sents the real loading better than the mathematically singular paint
loading. In our particular application, we are interested in o (Fig. 8).
When the maximum value of o, reaches the tensile strength of the rock,

a crack c¢2n be initiated as dcp:ctcu in I"ig. 7-a, This crack will then be
ablc to grow and reach the free surface, The stress distribution shown
in Fig, 8 i3 for a solid with Poisson's ratio, v= 1/2, As v changes,

the stress distributions also change. Table B-1 shows the stress ficlds
for various valucs of Poissons ralio. Oue can sec from the table that - 3
along the x axis assumes rather la: *ge value near the point of action of the
tool. For a truly point loading o, would become infinitely large under the
tool. However, in Hatenyi's solutwn (in which the load is smeared out),
the maximum of g, vccurs al x = 1,07a for Poissons ratios less than 1/3,

Table B3-2 gives thc pcak values of o s And the location at which they occur.

Iv: this particular casc, it turns out that the stresses are linear
functions of the Poisson's ratio. Figure 9 shows the plot of non-dimensional
maximum o, plotted against thc Poisson's ratio, v. Thus, onc can say
that when the stress maximounm,, Ux' which occurs at x as 1. 07a, exceceds the
tensile strength of the rock a crack can ‘nitiate as shown in Fig. 7. From

Figure 9 we can write that

P = A P
o = k = [7.2 - 14,154 V)] (5)
Xmax ;2' s ?
where P = applied load,
@ = distance from the edge, and,
k = 7.2 -14,154y

Equation (5) can now be used to predict the load 2t which the crack will
start under the load. The implicaiione of this are discussed in the next

section,

3. Parametric Rclationships

The anisotropic behavior of rocks is well known. Even in apparently
uniforn rocks like granite, the directionality of elastic and strength properties
has been obscrved. However, to keep things simple, the following discussion
is limited to homogeneous isotropic rocks. The effects of anisotropy are

discussed in somewhat more detail in Appendix C. (q.v.)
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TANLE 12-2
PIIAIL OY STRIZES AS PPLUR HATERY! SOLUTION

. . 2
Poisson's Ratio a“c /P YL
- - em—— .‘\‘

o e —

1/2 0.123 0.92
1/3 2.513 1.074
1/6 4.908 1.075

0 ' 7.2 1.073
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The indentation characteristics of moil: un rocks are quile
complex and should normally be obtained experimentally, Ilowcever, Paul
and Sikarskic obtained semi-cimpirical relations for wedge indentations,
and Sikarski and Miller obtaincd these for a splhicrical-tipped conical
indentor. In both cases, the details of chipping action of the tuol are
taken into account in arriving at the relationship between force and the
indentition, These studics were oriented toward the percussive drilling
problem, rather than impact fragmentation,

To arrive at a more simplified parametric relationship bebveen
the face, P, and blow energy, E, the {ollowing empirical expression

will be used, Lt the indentation be a function of the applivd load.

8 max dt (6)
L E= [ Pa=[  PyydP
0 0

We assume the functional rclationship behveen I’m,‘x and E as Jollows:

L

P .= cE" )

where ¢ and n are constanis for a given pair of materiul aad irdentor,
The values of ¢ and n will depend on the mathematical meadel chosen

to rcepresent the indentative process, For example, consider the

following:
(a) Parabolic spring approximation for a wedge-shaped indentation
P « 62 (8a)
s P« g3 (8b)
(b) Cubic spring approximation for pointcd indentation,
Pa g (9a)
3/4

o Px E (9b)

Other mathematical models can be used in a similar manner,



Using the gencral expression for equation (7), one can derive the ex-
pression for maximum stress of equation (5) as follows:
.n
= - keld (10)
X Z

max a
A siagle blow dclivered at an encrgy level at which maximum O just
exceeds the tensile strength of the rock can cause a crack formaiion undcer the

indentor in a dircction norinal to the x axis, This critical energy level is

i by:
given by 2
E = ! —E'C—} 1b-in, (ll)
Once the crack is started, it will be assumed to grow in the tensile
stress region and reach the surface as shown in Figure 7a. Thus a roughly

tetrahedral shaped picce of rock is produced by applying a sirgle blow cf

energy ki to the rock, Furlher, it is reasonable to assumc (from Fig., 7a):
cr e
b = cpa (12a)

h

c,a (12b)
where <) and ¢, arc constants which must be determined experimentnlly,

The volume of roughly-tetrahcdral shaped rock pieces (as shewn in

the figure) brokcen out is given by:
A ha
v = 3(2b) > (13)

where ) is a shape factor. If one assumes 2 fracture curve approximating
a parabola in the x-z plane, A » 2. We will cxperimentally evzluate this
parameter., From equations (12) and (13), it is clear that:

N
V=K, (13-a)

For energy levels less than Ecr’ the tool simply iridénts the rock
and produces a small crater. The volume of rock crushed is very small
in comparison with the roughly tetrahedral shaped volume of the rock

fracturedat £E = E , '
cr
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If the blow encrgy is increansed beyond Ecr' the volurne removed is
not increasced at a given cdge distance, #,  Thercfore one obtiins a set of
volume and encergy chariactleristics for a given rock and tool as chown
schematically in Figure 10, One can now wrile un the basis of cquations (11)

and (13-a) that the minimum vadue of critical cnergy is given in

K
E . 3
& 1in = KEL) (13-b)

4. Wedgce-Shapod Moi)

So far the discussion pertained to a pointed indentor. In this section
we will examine wedge-shaped indentors. Figure 11 shows schematically
the action of the indenior., Under the wedpe a crater is forimed. A crack
which stirts from the two oppusite ends «f the crater grows until it rcaches
the free surface. The chunk of rock thus Lroken out can be divided into two
geometrical segments. Tie middle section is prisimatic, and the two cnd
portions similar to tetrahedra, If the width of the wedge becomes very
small, the two e¢nd portions in principle will not be much different than those
observed with pointed indentors {see Equation 13). This observation im-

mediately leads to the following expresrion for the volume of rock broken:

= 30) B4 Ywna = Ky a® + K, a%w (14)

where Vw volume of rock breken by wedge,

w = width of the wedga

b = b 7 = b -% = half width of the fractured rock (see Fig. 11)
h,a = havc the same meaning as beforc (as shown in Figure 7)

M u = constants to be determined experimentally

Another quantity one car obtain by simple comparison is the ratio of
volumes broken by a wedge and a spherical indentor, Using equations (13)

and (14), and re-arranging:

"
. |'-3- Zoha + (§) whal oo (15)
=V T '

[3' Zbha | Jsphere
One should not infer, at this stage, that the bigger volume produced leads
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Let P = g be the peak force applied per unit length of the wedge,
The action of the wedge produces a tangential wedging force Ft' which is
normal to P, This Iorce is far more effective in producing tensile
stress than Pitsclf, The sclution for the line load 'Ft is again singula.r.

However, we can write the simplified expression for the form of the stress
as follows:

F,

- t _,Ptanaqa
Oxmax-B-ja—- B - (16)

where a = half-wedge angle.

Using the energy relztionship P = ¢E™, one obtains the critical
energy in the following forn.:

o, wa .Il/m

E = [_'__..__
Cr-w .

cPtana . in, 1b (17)

The constant, B, will be determined ex¥perimentally,

Cuc must note that the two-dimensional approximation is valid for
W 2za. For w<<a, the distinction betwcen wedge and the pointed indentors
should vanish. For our application , however, w ~ a,

5. Experimental Verification

The IRRI droptower facility was described in the semiannual report;
a picture (Plate 11) is included here for reference. The experimental
work wae carried out by Messrs., C. Sliski and L. Yaros.:

For the experiments, 18 in. Barre granite cubes were used. Each
cube was suitably mounted under the droptower in such a way that the moil
would impact at a desired distance, a, from the edge, The moil, an
example of which is shown in Pl_ate 12, can be raised to any desired height
with the help of a hoist, After raising it to the desired height, it is relcased
by a pneumatically actuated release mechanism. Aluminum guide collars
and guide posts prevent side-to-side motion, tilting, and rotation of the
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Plate 12: Moil and Point
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Three sels of cuperinoents were conducted uaing o 5/8& in, diz o {er
spherical-tipped moil at edge dislances of 1/2 in., ) in., and 2 in., »--
spectively, Tables 1 through 3 in Appendix A show ihie blovw cocigy, @0 the
numker of hlows, N, requirced to fracturce the rock, the total blos cnevy
(E x N), and the weight of the rock removed., In addition, the dirmersiors bl'
bz, and h werc measured for cach broken piece of rock., It was observead
that'often bl and bz

"bedding planes'' Leing oblique to the edge, moil not hitting perfectly < ¢

would not be equal cdue to a varicty of reasons suci: as

right 2angie and inzherent flaws in the rock. Tests in which bl ] b2 v.ere
judged to be more meaningful than when b, # b,. To take this into account,
a statistical weighting paramcter was used in reducing the data, This
weighting paramcter, w, consisted of the ratio of the geomctric racan to
arithmetic mean, i.e.,

2 /5

(18)

when bl s bz. we: 1, and when lgl x bZ or bZ << bl' we O,

* The strength of rock in the direction normal to the bedding plancs is larger thz:
the other two directions. Thus on the average 1/3 of the times orne should ex-
pect the rock not to break., Thercfore we used 2 60-807% limit,
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In some instances, due to poor alignment, ctc., one side of the
fracturcs cxtended byond the block size, i.c,, bl » 9'%r hz 9. These

tests had to be discarded.

This statistical weight, w, was used to average bl’ bz, and h, and
the weight of the rock removed. The averages, mceans, and standard devia-
tions were calculated in cach case. Appendix B shows the results of statis-
tical evaluation. In each case 95% confidence limits are calculated for cach
variable, In Figurc 12 described below the mcuns are shownby a circle

and 95% confidence limit is shown Ly 3 bar.

Observations: Figure 12 shows the plots of the averages of b (it is the com-

bincd average of bl and bz) and h. Itis clear that except for a small offset,
b and h are lincar functions of a as expected by equations (12a and 12b), Our
indentor was not a true pointed indentor but had a 5/16 in, radius, this
probably causecd the offset. The small offset in b and h leads to an error of
0.67 cu.in, in voluine, When corrccted for this error (by subtracting 0, 67

cu.in. from measured volume), the averaged volummes of rock removed
vary approximately as a cubic. function of a as shown in Figure 13,

Figure 14 shows the log-log plot of the critical energics vs. edge
distance. From the slope of the line passing through expcrimental data points,

. g _1,84%
it was estimated that Ecr « a .

Finally, Figure 15 shows the plot of specific energies in in. lb/in.3,
(psi). 1he slope of the curve clearly shows that the specific energy varies
inversely as a, as one would expect from equation (13-b). In conventional
tunnel boring practice, the specific enexrgy is a sizable fraction of the com-
pressive strength. In the case ol edge fracture the specific energy is orders

of magnitude smaller than the compressive and even the tensile strengths,

(b) Wedge-Shaped Moil

The experimental procedures used herewere the sameas above, The effec
of wedge angle, although important, was beyond the scope of this work. It
was, therefore, decided to drop the variation of the wedge angle and limit
this year's experimental program to the determination of the important

2,14

* The first two points gave Ecr x a or na0,94. This variation is

probably due to the spherical radius at the tip of the pointed indentor,
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relationships belween eritical energy, volume of rock removed, and the edge
distance, a. Inal) tests, a wedge of 90° included angle was used. The

weighting functions used are the following:

- 2./ |',1=:= by
TThR T mar
bt s

w= 0 when hl >0, or b‘2 >0,

e

where bl’?— = bl - -
N = - ll
L =ih, =y

Once again fiactnres breaking into one of the corners were discarded. How-
ever, it was found that even wher the [ractores progres: ed closc to the
corner (say within 1 to 2 in.) somownat Jarger picces were brohen out than
usual. In Figure )6 the plote of b 7s a and h vs a are shown for the wedge.
Notice in the plot of b vs & the point «la = 2 in, is well above what would be
expecied because of the prusivaiiy of (hc fiacture to the corners. We there-
fore consider the dotted line pussing through the three points erroneovs and
the solid line passing through (e {irst two points to be the correct onc.

The weighted averages, means, standard deviations, confidence limits, etc.
are obtained in the samme manner «s ahove (fce Appendix B), Tables 4, 5,

and 6 (Appcendix A) show the smminacy of obscrvations,

Figuses 13, 14, 15, and 1§ show the various relationships between

the variuables for the edge fracture problier.

6. Edge Fracturc Conclusions

It is clear from the text that an understanding has been reached in

the area of sccondary fracture, Thc principal conclusions are as follows:

1. There cxists a critical level of single blow energy at which a picce

of rock breaks out from th2 edge.

2. The volume of rock broken out is principally a function of ¢dge distance

and tool ghape.

3. Hatenyi's analysis can provide a basis for the crack initiation in edge
fracture. More rock testing will be needed to prove the variation of
critical energy as a function of tensile strength and tool wedge angle.
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Basic geometricitl relationships between b, 1, V, and a derived in
the text have been confirmed experimentally,

The 2 in. wedge-shaped tool proved tu have lower specific energy

than the pointed tool,

Low specific encrgies achicved during the teste hold a promisce for

tunneling system application.

Sumimary Regulls of the Fdpe Frocture Tests

The numerical relationships oblained for the sct of tools and rock used

during testing are given below:

Pointed tool: b ss 1.84a; Va5, 30" '%; Specific Encrgy = 9620+ 88
he2.7a; E__ a2, 52l 84
cr
] S 2.43
2 In.,90° wedge tool: b =2,251, h~ 3,3a; V™12, 5a
E =~ IO:‘.l“n; Specific Erergy :g67a-°' 90

cr
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C. Ficld Lests

1. Introduction and Hivst Fioll ey

The purposc of the field Lot Goeviod cat oo ving thin prog s ves
to pain expericnce with in=sita oo ot vock ernovation dn hhrd et sive
formations, utilizing ovailable couipsocr @ Po B0, thiee fidld 00 ts
totaling ein wecks duration have bevn corrvied ovts I ciore eiodbte of
delivering 1000 ft 1b/blow and 4000 £t Ju/bDlov oo re avoitlle for all thred
ficld fosts, while a 13,000 fu ib/Llow o W cies v aveab e for the

third test, The varicss motls usedare che b DVetes beand BT,

The fivat fiel teatwas dopoeted fa b Homnae W Report. At e
tiine o! ‘Lo test, Lwo impactors v T N P AR T IR B V) [UREE O OV APY TS
’ 1
impactosr, the Hobgoblin 1000, caving od witl vioveens cnnod modl podets, and

an experimental 3003 s Ib/blow dinpoctor, the Doreor ten, cauipped wilh o
blupt Lot The ficld test was conducie? &) O Shicit vio nvae tie ialiow i,
okFacrvntione:
(1) This test demonstraled thet o wodpge-sbonea moil s
morce productive than i blest or conic -0 bped moi)
(2) T'he 3000 ft Ib/blow imn:clor wis mose productive they
the 1000 ft 15/blow imjuctor,
(3)  Duc to the high strength (cornpressive strengtn = 40,000
psi) diabase formatic: tound «t the quirry used, aveilable
tools could obtain only a limiited amount of ruck breulkage

. off the facc.

2. The Sccond Field Test

A second field test was conducted by C, Sliski during the period
October 13-19, 1971 at the Shahmoon Industrics Quarry in Mt, Hopce, New
Jerscy. There is a granite gneiss formation in the guarry with rock
properties as shown in Table C-1. Testing was douce at a rock face which
had a layered structure with a large number of small cracks aloug the rock

layers. The following equipment was used: a standard Unihoe 117, & 1000

* TM-7111: "High Energy Impact Rock Breakage Rescarch Program --
Semi-Annual Report,' Octlober 1971, p. 23.
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ft 1b/blow impactor with a stellite-conted wedge L0o), a carbide butte:
weadge tool, and a spade tool, and a 3000 ft 1b/blow impactor cquipped with

a blunt point,

TAY LI C-1

Compressive Strength = 36, 000 psi

Density 3.05 8.,

Granite gneiss, having a
major mineral constituent
of Hornblende

Minerals

Harduess 5 - 6 Moh

The bricl experience with the several tools gave an indicatio:: 2s which
too! would be better in terms of effective rock rermoval and longer wear, A
blunt tool on the 3000 ft 1b/blow impaclor was not very effective in removing
rock, We did not obscrve any subsurface cracks by visual inspectior., The
stellite-coated 'vedge tool Jasts approximately twice as long as the basic
wedze tool used previously., It, too, however, soon blunted and became incf-
fective. The carbide buttons on the carbide button tool broke quickly, and
again the tool blunted to a large ineffecctive radius. The spade¢-shapec tcol
gave the most promising results. This tool has ) in. thick blade , a2nd
thercfore, as the tool wears the tip radius does not change much, anc the
shape of the tool is retained. (sce Plate 13) This tool was the more cifec-
tive of the tools and lasted through the tests.

The commercial Hobgoblin 1000 ft 1b/blow impactor did not develop
any operating problems while the experimental 3000 ft 1b/blow impac:or
crackcd at one of its welds. It produced only a large crushed rock zcne
beneath the blunt tool with which it was originally equipped. It was observed
that this rock broke out more readily than the hard diabasc rock of tre first
ficld test. C, Sliski estimated lhat 150 blows removed 158 pounds o: rock
from the face for a ruughly-estimated specific energy of 142 psi. Tkis
removal was achieved by edge fracture usi;mg existing surface cracks.
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Plate 13: 1luvu ft. 1lb. Impactor
Muil Puints

(tiom left to right: cone, carbide wall
tipped cone, spade, carbide ball tipped wedye,
and stecel wedue with 12 ia. ruler shown on spadge)
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Several large boulders (approxiinately 4'sx4'x1') were also used {o test
the iimpacting method, The boulders were solid and anweathered,  The
boulders were split with blows, both parallel and perpendicular to the
favorable divections, With the {obgublin tool placed atthe center of the rock, it
wits possible to split the rock with albout 150 blows, A 1 in, deep crushed zone
would form Licefore splitting wouid occur, Once split, the rock could be

broken further with more case,

Some problems were encoonteraod during the scecond field teut, The
Demon 1C0 hydritulic impulse brealor cracked at a weld before testing
could be complceted, The standavd Uaihoe 117 Loom did not prove to be a
good mounting for these impiactors.  The reflective shock from the blows
resulted in broken hoses and lines, Also the rock removal rate was impeded
by the awkwird positioning of the impactor. Futnre impactor mountings should
Provide for turning the impacter 2bour ity axis and changing its direction at

a pivot point closer fo the imp:ctor,

3. The Third Field Test
A third ticld test was conducted by Lee Yaros during the period January

10 to February 14, 1972, The time speunt in the {icld totalled about two weeks.
During this time the weather wss bad. On two occasions there were snow and ice
storms preventing accessibilily to the working face. The equipment consisted

of a standard Unihoe 117 with the Demon 100 and Demon 300 impactors. These
impactors were of 3000 ft 1b/blow and 10,000 ft 1b/blow cnergy respectively.

The Demon 100 was equipped with a stcel spade-shaped tool with a wedge-shaped
point. Likewise the Demon 30C was cquipped with a steel tool of the same shape
as the previosusly-mentioned tonl. The Demon 300 was also equipped with a

carbide insert tipped tool with a wedge-shaped point (Plate 14).

The new spade-.and wedge-shaped tuols were more effective than the
blunt tools previously used on the 3000 ft 1b/blow impactor. The tools pro-
duced smaller crushed rock zones, large pieces of rock were removed,
and the crack direction could be determined by the operator, The steel

points made of AISI 4340 steel showed minimal signs of wear, The carbide



Plate 14: 3uuu and luvue 1L lo. Impactor ana Tocls.

From top lert to right:  3uuu 14, lo. 1mpacto: with
steel spade -weage pointed tuol; luveu tt. 1. ampactor
with carbide tippcd weduye tool, two blunt tools; and a

steel spade -wedye pointea tool.

e
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poiut o1 the 10,000 ft 1b/blov. impactor shawed no signs of wear, chipping,

or cracking after delivering 30 blows, ‘Jhe 10,000 ft 1b/Llow mpactor was
much more effective than the 3000 £t 1h/blow impactor with ehips of rock flying
off with cauch blow, The operator had to protect himsclf from these flying
chips. As a rough cstiiante, the 10,000 fi IL/blow Lmpactor could clfectively
remove from a ledge in the fece (in the =ceconda ry brealage mode), 2 10 to

20 pouad rock with «a s'ngle blow indicating a specific energy of 71 to 112 psi.

This urivis shown in Plate 15,

Scme obscrvations could be 1nzde from the third ficld test, The 10,000
ft Ib/blow impactor was much more cficetive than the 3000 £t 1L/5L}ow impactor
in proarcing secondary brenlaae, A mmovie scequence of the impactors opera-
ting in the secondary breakige mode has Leen made and forwarded to TCMRC,
The tests were inconclusive in demonstea ting the impactor's abilily to produce
primarvy cracks in this competent granite gneiss rock, The ability to sce
there crieks veas hindered by the dirt, dust, mud, andg water present on the
reck fare.  The ability to induce crack intcraction by geometric gpacing of

the blow & was, likewise, inconclusive,

Several problems of a practical nature were cncountered during the
tnizrd ficld test. The four bolts used to hold the tool point onto the piston on
the 10, 900 £t 1b/blow impactor broke. These four bolts were replaced by
cight socket head bolts which lasted for the remainder of the tests. The
Unihoe 117 boom could barely support the 10, 000 ft 1b/blow impactor due
to its weight. To keep the machine from tipping over backwards, weight
had to be added to the front bucket, The greatest problem c¢ncountercd was
the dural;ility of the impactors, Both impactors cracked at various welds

during the tests, stopping further tests.

4, Lab Field Tests - Five Foot Granite Cube

During carly March, 1972, high energy impact rock breakage tests
were carried out by L. Yaros on a five-foot Barre granite cube, The
equipment used consisted of the Unihoe 117, the 3000 ft 1b/blow impactor
equipped with a spade tool, and the 1000 ft 1b/blow impactor equipped with
a blunted wedge moil and a carb.idc-tippcd cone moil.
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Test one consisted of some wdpe fraclure tests using the 3000

ft Ib/blow nupactor,  The results are given in Teble -2 bolow,

TABLE C-2

S:aquence Numbaory Weipht of
i Ry  POAmN Rock Kemoved  Spucilic Lnergy
1 <3 } 7 1b, 494.0 psi
2 3" 1 13 1b. 265.0 psi
3 >3 2 162 1b, 52,5 psi
4 5" 4 13) 1b. 105, 0 psi

Figure 17 shows the posilion of the picces of rock removed during
the test, This tes! guve confidence thet the data obhtuined on the drop tower
yields reasonable quantitative cstimaies, No cfforl was made to defermine

critical encrgy and specific dimensions of breakage,

Test two was to deternune the eficcet of closely spaced blows at

3000 ft Ib. blow cncrgy (sce Figure 1),

Blows of 3000 ft 1b wesre delivered at the center of the block within
the two (oot circle in a random fashion. Some of the blows were delivered

parallel to side A, others were delivered purallel to side B,

TABLE C-3
Blow Parallel
Sequence Number Number of Blows to Face
5 7 A
6 8 A
7 10 .B
8 10 B
9 20 B

After cach sequence of blows, the rock surface was cleaned with a
wire brush, and an attempt was made to find some cracks. Although no
visible primary cracks were observed, a crater 2 ft in diameter and approximatel
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FIGURE 18: SECONDARY FRACTURE TESTS - 5 }.-"I‘ BARRE GRANITE CUBE
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lin, deep was formed in the cube by the removal of 1/2 in, to 1 in, chips
of rock, I'rom these rough cstimates, @ specific encrgy removal rate of

4370 psi was estimated,

Duriug the last scquence of tests, the 3000 ft Ib/ulow impactor

cracked ot its welds,

With the experimental 3000 ft 1b/blow and 10,000 ft 1b/blow im-
pactcrs bhoth damaged, an atternpt was made to usc the commercial
1000 ft )b/blow impitctor to impact a five-foot cube granite block with
carbide-tipped cone and wedge mnoils. At this low energy the moils
pulverized the rock instead of removing chips andwere therefore ineffective.
(A roughly cstimated specific energy removal rate of 32,000 psi was
obtaincd 'when the 1000 ft Ib/blow impactos was operated for on:-half hour

with Llows randomly spaced within the two foot circle.)
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Field Teout Conc_l_us fons

A spadc-shaped tool is better than other shapes because the crie's
direction can be contrelled by the operstor, ind its veav charac-

teristics are betler than other shapes,

Sccondary breakage rock remeval could be done effcctively with

the cquipiment available,

Primary cracks could not be readily obscerved during the field tests,
and proof of our ability to induce them with the field test cquipinant

available is inconclusive.

The higher the blow encrgy aveiluble, the more effective the

impactor from the standpeint of rock removal rate.



AU, FIELD TEST PRONMLEMS

—— . s G 5 e o e e cm——

The problems generally encounter ed throughout the tesle wore
mainly concerned with the mancuverability and ducability of the cquipment
used. As has been mentioned previously, the boom on the sbondird Uni-
hoe 117 does not readily allow accurate and casy posilioning of the impictors,
nor car it handle the shock of the impacting blows, 1o cver, duravility of
the experimental impuctors wis the major problem encounterdad, !ad the
3000 ft 1b/blow and 10, 000 {1 1H/blow irapactor s been able Lo vithtind () ¢
punishment of the tests longer, a srmall tunnuel could hz2ve beon mzde in
the quarry face at Mt. llope, N.J. This would have aliowed us o mithe
overall specific encrgy measurements and would bave indicated {hat

pPrimary cracks were being induced in the 1 ock.




IV, FUTURE PULANE

At the end of the first year the followii & comnents may be rmiade
with the view of applyine high encrgy impact toels to a practical tunneling
system,

() Rulher substantic] blow erergy is requived te ereate large subsarince
cracks. For cxmnple, the theoretical worid indicates that o 10, 000
ft ib tool (8 in. Jong, wedgesshaved) would ercate a erick 10 iu, to 12
in. deep in granite, This is probably just iuto the lov.er end of the
praciical rance of application, In harder rocks larger unpact ton!s

wil)l be necded.

The tests also shoveed that & wedge-shaped tool was betier than a

pointed or blunt tool.

() Scrovcary fracture showed the promise of high encergy impact breakage
to attein Jow specific’ energy in tunneling. Here #lso the wedge-shaped

tyoi was found to be better than the spherical-tipped pointed indentor.

(c) The ficld testing showed a need for a more rcliable impactor ard a
hetter mounting to obtain mancuverability for the high blow energy

tools.

Plans for the Second Year

The second year as planned ends in December 1972, and thus has a
duration.of cight months. To utilize the time most effectively, it is

planned to concentrate work in three basic areas, namely:

(a) to re-design the 10,000 ft 1b impact tool,
(b) to perform pertinent ruck testing with rcbuilt equipment as necded,
(c) to examine some interactive considerations of strategy and
mountings in order to design the tool,
Field testing with available tools, although useful, is not contemplated
for this year due to lack of a reliable tool in the useful blow energy range.
However brief tests may be cartied out to gain design information,



It i sugpcsted, therclore, thit the worlk s houvld be divided roughly os
follows:

,
Tiem o of Renouregn

10,000 5t 1h tool, ro-design

anel rebuild 60%
Sizing 50 000 fL b (ool 209,
Roclk teating and tool-chape 20%

tes: iy

The design effort chouwd include consideration such as whether to
t
nae impactivg piston {vpe or hurled-hit type device, whet slructnre weiot
be vsed Lo supnort the toa), and the biasic hydo wlics ol the system, Voeak
i y
links® observed in the sveiom during fie)d tosUinmet be eliminated,  The
ool cesian work will be done in eoncullation with lnpulse Products

Corporation, and Prol, Voltscekbeveky in the U, S50 R,

Rock testing shovld be doae in & diltervernt rock ten aranite, Suitable
rock wil) be chosen, &nd after approval of the Burcau of Mines, 30 blocks
of 1-1/2 ft cuhe will be obtained,  Ten blocks will be used to determise sub-

gucface fracture, and tweuty blocks will be uscd for edge fracture,

Firslly some thought would be given to available mountings and
secondary systems. In particular, the availible crawler mountings will
be studied to estimate changes necded in these for future ficld trials ol
10, 000 ft 1b tools.

The ontline of this proposal cifort has been forwarded to TCMRC

for apprcoval,

%* These include (1) welded joint failures at the side restraint duc to

side loads. (2) automatic recycling, (3) bending and transverse load
failure of the tool point,
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APPENDIX A

Tables 1 through 6 give the summary of
observations made during the drop tower testi 1 for
edge fracture., DBlow energy is in ft 1b and the weight

of the rock removed is in pounds,

Table a Tool
1 % i, Spherical, 7/16" die,
2 ' 1 in..  Sphericaly 7/16 " 3ia.
3 2 in, Spherical, 7/16" &ia,
4 -Zl-in. 90° Wedge, 2 in, long
5 1 in, 90° Wedge, 2 in, lung
6 2 in, 90° Wedge, 2 in, long

Quantitics b, h, and volume, and the statistical
evaluation can be found in Appendix B, Determination of
tha critical energy has been explained in the test in
subsection 5 of the chapter on Edge Fracture.

S0



TABLIE 1

SUSMARY (1" DRO?_wOLED TiaLE 2

oY

WEICHT OF

B1OW no0. CF TOVAL BLOW ROCK
RUII KO " !,‘_"‘_RS s RIOULS _____._.__E"‘ ___;Y l‘d?f-‘.-l)'.,_' BN
163 7.92 2 15.84 0.113
164 3 23.76 0.194
165 2 15.54 0.163
167 2 15.¢84 0.152
163 2 15.04 0.0953
170 11.9 2 19,872 0.245
17 2 23.8 0.155
174 2 1.9 0.0707
172 1 11.¢ 0.145
162 )| 11.9 0.0705
154 47.5 1 47.5 0.157
155 1 47.5 0.258
156 )| 47.5 0.181
157 1 47.5 0.121
158 1 47.5 0.197

* Smaller Second Blow,
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SUITARY, OF TROR PG wBErt 1T

WOTESD
BLCV NG, O TOIAT, LLOW ROCK

R v, amwey | wlows o pmeeey IR

150 3.7
1h
144
154
lau
LON 47.5
141
140
14
14
13x 95.0
TR
134
137
13c
13a
130

31,4
31.4
62.8
62.8 0.50
62.8 0.70
47.5 0.7
47.5 0.50
47.5 0.65
95.0 0.60
47.5 0.75
95.0 . 0.35
95.0 1.00
95.0 1.50
95.0 0.25
95.0 0.50
95.0 0.25
95.0 0.35
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TALLL °
SUIINRY OF 5D TGS YITE o

WLIGHT OF

BLOV KO, O TOAT 2oy 1RO
R RO, BuengY O RIGES  eanaoey ~ s b
9 1045 ) 1045 4.0
10 1045 1 1625 11.0
12 238 ) 235} 3.0
13 238 9 1711.5 24.0
41 234 y 238 5.5
42 150 1 190 4.0
13 143 ) 143 ).0
44 143 4 572 7.0
45 143 ) 143 2.5
46 143 ] )43 1.5
a7 143 ) 143 2.0
48 190 9 428 12.0
49 95 g 285 - 6.5
50 95 5 475 3.5
5) 95 3 285 6.5
52 95 2 190 1.5
54 238 1 238 1.2
55 : 238 2 476 12.0
56 238 2 476 1.15
57 238 1 23e 8.5
58 238 3 574 3.5
59 238 1 238 2.75
60 574 3 238 1.75
61 520 1 520 4.5
62 . 520 1 520 0.465
63 520 1 520 3.0
64 520 1 520 8.5

3
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175
184
185
1te
189

i
179
1.3C
162
1¢2
183
176
190
191
192
193

38.0
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NO, O TOX~AY, BRLOW
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O e e N

2 0 gmlIs 007
LK
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8.0
3e.0
1¢.0
95.0
3.0
50.8
127.0
25.4
25.4
25.4
50.8
38.0
38.0
38.0
38.0
38.0

WhIic'.
LOTH

Ryt

L]

W
[
™

o C
L]
N
(S
2

0.05%
0.125
0.324
0.115
0.23¢
0.152
0.177
0.17¢4
0.10¢
0...30C
0.:.87
0.422
0.186
0.161
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SUHEARY_OF DROP JOLIT RGCTR Y

L - -

WRICGI OR

B).CW RO, O TOTAY, BLGY RO
RUN KO, _E3ERCY  yewn e EBBRGY  BmAOvI)
127 39.6 6 316.8 1.75
128 5 237.6 1.25
130 2 79.2 0.8
126 7 316.8 0.5
125 3 118.8 0.6
107 48.5 1 48.5 1.0
109 2 97.0 2.0
1.0 52,8 3 184.8 1.25
124 79.2 1 79.2 1.40
123 2 214,2 1.30
122 1 79.2 .8
121 ). 79.2 0.8
120 1 79.2 1.25
113 2 158.4 2.25
112 4 316.8 1.0
129 1 79.2 0.6
214 118.8 1 118.8 1.2
115 2 237.6 0.7
116 1 118.8 2.0
117 1 118.8 1.0
118 1 118.8 1.2
119 1 118.8 1.0
131 316.8 1 316.8 1.25
© 134 1 316.8 1.5

o
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JA Fouls 6
SUMEARY OV NEED G005 WrETs vl
WEICcHE™ (Ot
RBI.C Ko, OF TOTLY RLOW ROCK
RUN NO. _}_: an Y _IZ__; J.(:‘)l'.' & I"“ '__"_' 24 }:’:’v'.._'_)_‘:_‘_‘ _3_3_
95 145.5 1 145.5 6.0
83 2 194.G* 7.25
82 2 194.0 6.0
79 2 1¢4.0 11.0
86 3 339.5 9.5
85 3 339.5 8.25
80 2 194.0 8.5
81 194.0 b} 194.0 ' 6.7%
76 1 194.0 €.5
76 1 194.0 6.5
75 1 194.0 8.0
74 1 194.0 6.5
87 2 242.0 6.25
77 1 194.0 6.5
88 238.0 1 238.0 ’ 4.5
89 1 238.90 8.5
90 1 238.0 10.0
91 1 238.0 10.0
92 1 238.0 10.0
o3 1 238.0 9.0
94 1 238.0 10.0
73 1 238.0 7.0

* Multiple blows: each blow of the set of blows is rnot
necessarily of equal magnitude.

5%



AlriENn:

[y
e

A short competer pro rom wirs writion to determine
averisges, medos, studianvd devictions of he gqnuntiti; I.»], b.!'
b, h, and w using the weighing functions described in the tex:,

The outpul ficat Hats o 1 tha niet sured vidues of b].
bZ' h, and weight of rock vemwovesd dering each tent with the
puinted and wedge- shoped indentors i then shows (he stati-tics
s-i.e., averages, r1acrng, #ad st od devisriions in each
vaviable. Imterpret 7} oos bl' W2 l'Z’ 1T 2s hin the
printout,  The 95% coniidence Hhinite irmply that one las
2 959 confidence that the truc iverave of the globed
sampling will fall within these limvits ebtained from the

sperimental data,  Theae liaits ore not shown in the
atiached priufout but vere calculated and used in pre-
paring Fi wures 12 and 16 in the text (plots of band h

vs a),
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We have iguored in Lo carlice analysis any anisotropy present in
the roclt, Uhe analytica) problems cheianisotropy is included becoro
coraplicated, nd on the experimenizl side, the number of tests requirad to

obtiin stutistically meaningful dita becomens astronomical,

A simplifying, issumition can be introduced in that the clastic
prepartics (I2 and v) can be assumed to b isolropic, This assumption,
although it cannot be defeaded too virorously, lets one usge the available
solution o vield some estimiatc of volume veimoved cad critical enervics
required to initiate the fractuice, Lol us farther assume that the clusiie
axcs arc prrallel to the edges of the block, Finally, in view of the layercd
arteve of granite® we can azsume strenpgth properties in directions 1 and

2 (sce Figure C-1) to be the raine. Thus,

otl = 0, > Oty

wherce gubscripts 1, 2, and 3 represcnt the directions shown in Figure

A total of six cdge fracture combinations are poseible as shown in
Table C-1. Of these six (refer to Fig, C -1), numbers | and 3 (now labeled
Mode M-1) are identical, numbers 2 and 4 (labcled M-2) are identical, and
numrbers 5 and 6 (M-3) are identical,

Now, as before, when o = ¢, » the fracture initiates. Thus, in genera.
Xmax

there will be three different critical energies but since o, is the same in
two of the directions, two of the energies will be identical., Let us use
subscript "i'' to designate these energy levels as follows:

o az . |

t -
- i n
Ecri- [ 2kc ]

* Wagner & Brown. 'Laycred Igneous Rocks.," Freeman & Co.
(San Francisco, 1967). 43
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tool norrial ///?racturing Mode
to su .“—15.1:7;“:?.1_:}—(1“.‘:11.’_‘78(:0 B

1 A-D . M=1
B-2 M-2

3 A-C -1
4 C-A M-2
5 B-C ‘ M-3
6 C-B l M-3

TABLE C-I

FRACTUFE MOLES

Example: A-B means Llool is normal to the fuce A, and
the breakout is to the face B as illustrated by M-1 in
Figure C-1,

-
=




The feactare o, e wae doea iecd b done dnatrapie case by b
ane h, Tvone Lo e Cutat: L Cote and oL jrar o) s,
hi ' bi - b, o Tor Made T2 0 gn Pable C -1

Also, the volurmes are pivea by

)
I = 2 ab.h
\i- 5 '\li).)

i=itodaccording to Made nuamher #-1 o M-%, DPiate C-1 Jiearly

shows ihe three distinet volumie., conzipgned to the three weatles. Thue,
thice aifferent velume: shoald alzo bo expectied,  In spite of the test 1o
test variation in rocky such distineting in the volenes voas indecd obze rved,
When fracture occurs in Modas M-1 cnd M- 3, one uses 0, =
1
ond for Ni-2, nye WAL Thua, the fractare encrgy for Mode 2 is lorper
3
tian LAt for Medes NM-1 and M-3. Since L end b odepend on peak leads
and tensile sivengths, tivec distinet fracture volumes will, in generd?, be

oLserved, PlateC.-1 shows typical fractures,

In practice the zligmnent between geometric and clastic axes is
difficult L achieve, although the mining and cutting operations tend to pro-,
duce somc alignment, The effects of mis-alighment can be reduced some-
-what by selective averaging technique. On Figurc C-2 we show the experi-
mential data from Table 3, Appendix A, It is estimited that in two of the
directiona the critical energy is of the order of 95 ft 1b while in the third
direction it may be as high as 238 ft Ib, In breaking out at a single tlow at the
lewer energy the rock volume is smaller than that when breaking out at higher
blow energy. Thus in one of the directions the critical encrgy is hicher
and the breakout volume is larger while in the other two directions critical
energy is smaller and there are two different volumes that breakout at this

level. The available data seems to be consistent with the above concepts.

However, the total number of tests is too small to allow any positive (or

¥

negative) conclusions.
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Plate C-1: Typical three-mode fractures
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