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ABSTRACT

Existing theories of fracture and comminution of rock were
examined and applied to an idealized blasting configuration to
obtain the resulting particle size distribution. The results
were reasonable, but more development is required for practical
applications. BAn expioding wire apparatus was developed to
generate tensile fracture data in thick-walled cylinders of
Westerly granite. The experimental results were interpreted
with the aid of a finite~difference continuum mechanics computer
program. It is indicated that fracture initiation in Westerly
granite requires more than 600 bar hoop tension, but that crack
propagation is possible with less.
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SECTION 1
BACKGROUND ANG INTRODUCTICOM

A recent study by a committee of the National 2Academy of
Sciences points out the need for advances in the technology of
underground excavation (Reference 1). The need is niost acute for
hard rock tunneling and mining which are now done almost ex~
clusively by drill-and-blast methods. Although these methods
have improved steadily for many years, their inherently cyclic
nature imposes fundamental limitations on the excavation rates
attainable and on the means of reducing costs. To increase
speed and reduce costs significantly, it will be necessary to

develop equipment that operates continuously.

Both established and advanced excavation techniques consist
of breaking rock and moving the pieces. Ideally, the system for

rock breakage at the face should have minimal energy requirements.

Effective muck handling systems, however, require that the size
of the broken rock be controlled. Optimization of these two
elements requires improved capabilities for predicting rock
fracture. For example, two promising systems for muck handling-~
slurry pumping and pneumatic transport--require that the maximum
fragment size be controlled. Even for more conventional methkods
of muck removal, the production of relatively smali fragments in
the primary rock breaking process may be attractive since,
although more expensive, it may allow continuous removal by
conveyor rather than by batch, loader, and truck methods. For

DA e
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mining operations, a smaller fragment size may reduce the number
of crushing stages required in the mineral concentration and
refining processes. All of these examples indicate the desira-
bility of small fragment sizes. However, excessive production
of fines (the dust produced in the fragmentation process) can be
detrimental to health and safety. This dust, even if only consti-
tuting a small mass fraction of the total debris formed, can
create an explosion hazard, and its inhalation is potentially
injurious to health. Thus, finding ways to increase the overall
efficiency of rock fracture and comminution requires ways to
predict not only the average particle size but also the size
distribution.

The data base associated with the problem of rock fracture
and comminution largely derives from three sources: practical
field experience in excavation, impact and single~explosive-charge
cratering experience, and steady-state crushing and grinding
operations. Through practical f£ield experience, specific recom-
mendations for blast-hole drilling patterns, charge loads, and
firing sequences for particular geologies have emerged. Correla-
tions of crater size with explosive (or kinetic) energy have been
made over many decades of yield, ranging from smaller than gram-
sized charges in laboratory tests to impact craters caused by
meteors which had kinetic enexrgies equivalent to many megatons
of TNT (Reference 2). Additional correlations from cratering
events have‘baeaﬁgade which relate the size of the largest
fragment produced 2ﬁﬁtge source energy. Data from grinding and
crushing operations have Bag&ﬁused in correlations which relate
output particle size distribut&apf to the work done on the input

N
-,

size distribution. T
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To distill and understand this large body of seemingly
unrelated data requires a theoryv of the processes involved in
rock fracture and comminution. There exist computer codes
(References 3 and 4) which can, in principle, calculate physical
processes active in all three sources of fracture and comminution
data. Such computer codes, developed primarily foxr the study of
weapons effects, are capable of computing the response of ma-
terials to explosive detonations, prcjectile impact, and even
static stress fields for a wide variety of geometries and material
properties. These calculations are exact within the limitations
of the numerical approximations of finite zone sizes and within
uncertainties in the description of material behavior. To apply
these calculations to a field experiment, using them to predict
the production of small fragments directly, wculd require fine
zoning, in fact zones smaller in size than the smallest expected
fragment. Such direct computation of all particle sizes is not
feasible in any currently conceived computer system. Moreover,
such a deterministic method is unrealistic in light of the in-
herent variability of rock, the statistical distribution of
particle sizes produced at any location, and the variation in
stress histories produced in engineering operations under actual
field conditions as opposed to labcratory conditions. On the
other hand, many existing thecries of comminution have been used
to correlate data, but at times the simplifications that make
them useful results in their providing little insight into the
physical processes that occur.

A blend of these two approaches--calculating in detail
simplified loading conditions and materials in an effort to
understand these processes and testing the utility of simplified
theories in more complex situations--was the approach used in the

program reported here. As originally conceived, the program was
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to have extended three years. This report covers only the first
year's work. As a consequence, although specific information and
results have been obtained, a coherent body of information is
still lacking. The following summary section will place the
specific results obtained in this study into perspective. This
summary is followed by three sections presenting the specific
results and a final section of conclusions and recommendations.
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SECTION 2
PROGRAM SUMMARY AND RESULTS

The program consisted principally of two related activities:
the examir:ation of existing theories of fracture and comminution
and the experimental and computational study of tensile fracture
of Westerly granite. These activities are summarized below.

Existing theories of fracture and comminution range in their
designed application from frictional wear to rock ‘bursts. It
would be very desirable for such existing theories, which typical-
ly correlate the data for which they were designed, to be also
applicable to blasting. These theories generally require only a
few material descriptive parameters, and, as a consequence,
would adapt to the variability of properties present in any
practical application. A computer program was devised and
written to test promising theories with realistic blasting stress
histories without having to make detailed calculations. In
particular, the computer program was designed to be used in an
iterative way so that various theories and experimental data
could be checked. The preliminary results obtained seem to
indicate that, under dynam.c loading, reasonable particle size
distributions can be predicted by considering the conversion of
stored energy to surface energy. The model does, however,
require further development before practical application is
possible.
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e The second activity addressed the process of the tensile
fracture of Westerly granite. Iarge amounts of data exist for
Westerly granite, and detailed models of its nonlinear behavicr

under compressive loads have been formulated and are descriied

here. The fracture and comminution computer program, other
calculations, and blasting and cratering experimer.ts, however,

indicate that the largest mass of rock is broken in tension. 1In

field blasting the effect of nearby surfaces is quite pronounced.
The use of line drilling and pre-shearing techniques (Reference 5)
to obtzin smooth excavation lines are two clear examples. The

reflection of compressive waves from these surfaces results in

fracture in tensile stress. However, laboratory data on the
dynamic tensile fracture of rock are very limited. 1In this study

experimental techniques using an exploding wire to generate a low

7 mwrww T "

radial compressive stress and large hHoop tension in granite
‘blocks were established, and fracture data were obtained. A

3 model of hoop tension failure was developed that accounts for the
effeci of cracks opening in the radial direction. When this
model was applied to the experiments and the calculations using
this model were analyzed, the following results were indicated:

to initiate a fracture in Westerly granite requires more than
0.6-kbar hoop tension, but to propagate the fracture requires a
tensile stress field of oxsly about 0.3 kbar.

The fracture and comminution moalls and the computer program

»..%-_-«%'Zl"&q T

are discussed in the next section. Tn Secriou 4 details of an

; existiry compressive failure model and a tensile tailure model

4 for Westerly granite are discussed. Section 5 reports the ex-

SEePIy e T

perimeontal method and results of dynamic tensile rracturse of
Westerly graiiite, and their interpretatjon. The final section
summarizes the prograt and presents recommendations for further

study.
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SECTION 3
COMMINUTION MODEL DEVELCPMENT

3.1 TECHNICAL APPRCACH

Effore on model development has included examination of
different comminution theories and algorithms and selection of
the most promising ones for intensive analysis. 1In modeling
the time-dependent, sequential development of fracture and
comminution, the excavation geometry and the interaction of
compressive, shear, and tensile stresses all play a part. 1In
examining idealized comminution models, simplified stress
configurations and geometries were deliberately selected as an

initial approach to a complex problem.

Simplified versions of certain of the algorithms were
programmed and one-dimensional computations were performed.
Relevant material properties were determined and numerical
values selected for test computations. An analytical form of
stress profile was used to represent the incident shock. The
coefficients in this profile were varied in successive computa-
tions as part of the parametric study. Results of the initial
computations were used to guide revision of the model. Figure 1
is a schematic flow diagram of the development procedure that
was followed. The bottom line of the flow diagram shows a
procedure recommended for future, continued development of the
model.
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In the remainder of tnis section the literature on comminu-
tion laws is reviewed and the computer program used to examine
the various laws in idealized but dynamic conditions and geometries

is discussed.

3.2 REVIEW OF COMMINUTION LAWS

Various models of fracture and comminrution have been
proposed. Comminution in steady-state grinding has been
considered a chemical reaction whereby various kinds of atomic
and molecular bonds are broken and reformed (Reference 6). The
shock may be pictured as a grinding mill with the feed consisting
of the undisturbed rock. The grinding process, then, consists
of an energy-input, compression stage, followed by an energy-
transformation, stress-relief and fragmentation stage. In this
second stage, in certain geometries, a tensile wave arrives from
a free surface and spallation occurs. The energy released and
transformed may include not only the input energy, but, for
deep excavation, stored strain energy due to the overburden
(rock bursts are an example of release of such energy). Several
of the comminution models considered apply to spallation; these
include the wave theory of Hino (Reference 7), and the destruc-
tion-wave model of Galin (Reference 8).

Virtually all of the analytical comminution models studied
are based on the key physical concept of energy balance, the
energy absorbed being used to form particles with new surface
area and with kinetic and possibly thermal energy. These
comninution models can be classified as follows, in order of
increasing complexity:
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(a) Models dependent on material properties only. For
instance, according to the adhesive-wear model of Rabiniwicz
(Reference 9), average particle diameter is directly
proportional to specific surface snergy and inversely
proportional to penetration hairdness of the material.

(b) Models dependent also on a single stress-wave
parameter. Peak stress and energy deposited are two
such parameters. The grinding laws of Rittinger, Kick,
and Bond present three different reiations between
energy expended and particle size produces (References
10 and 11).

(c) Models dependent in addition on a second stress-wave -
parameter such as stress rate, or pulse shape. The
destruction-wave model of Galin and Cherepanov, for example,
involves surface energy, peak stress, and wave speed

(Reference 8).

Some of the models considered are briefly described below
and examples cf the corresponding algorithms are given. Figure 2

lists several of these models and their characteristics.

3.2.1 Adhesive-Wear Model of Rabinowicz (Reference 8). This

model describes the conditions under which an asperity (protrud-
ing element) on a surface, subjected to a sliding stress,
separates to become a particle. The separation or particle-
formation condition is that the elastic energy stored in the
element exceed the adhesional energy acting over the interface
between the element and the main body of the surface. The

diameter d of the (h2mispherical) particle size is then given by

10
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1. SURFACE ENERGY (RITTINGER)

NEW SURFACE AREA PROPORTIONAL TO AMOUNT OF
ENERGY ABSORBED

2. VOLUME THEORY (KICK)

EQUAL AMOUNTS OF ENERGY REQUIRED TO REDUCE
INPUT PARTIiCLE SIZE BY EQUAL RATIOS

3. THIRD THEORY (BOND)

USEFUL ENERGY INVERSELY PROPORTIONAL TO SQUARE
ROOT OF PARTICLE DIAMETER

4. SPALL FRACTURE - WAVE THECRY

SPALL THICKNESS PROPORTIONAL TO WAVELENGTH
AND TENSILE STRENGTH AND INVERSELY TO PEAK
PRESSURE

'\

ROCK-BURST THEORY (GALIN)

AVAILABLE ENERGY DEPENDS ON PRE-STRESS AND
ELASTIC CONSTANTS PARTICLE SIZE PROPORTIONAL
TO SURFACE ENERGY, INVERSE TO AVAILABLE ENERGY

CRACKING THEORY

RADIAL CRACKS RELIEVE HOOP STRESSES
CRACK SPACING DEPENDENT ON SOUND SPEED

.O\

Figure 2 Comminution theories.
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where E is Young's modulus, Wab the work of adhssion of the
contacting materials, v is Poisson's ratio, and oy is the yield
stress. Using typical values for material properties, the
average value 0.003 is taken for oy/E, v2 is assigned the value
0.1, and °y is assumed to equal one~third of the penetration
hardness p; these values are representative of many materials.
The result is

d = 60,000 W /p

where 60,000 is a dimensicnless number. For identical contacting
materials, Wab is twice the surface energy.2 If we take repre-
sentative values for silica, of 500 ergs/cm” surface energy and
800 kgf/mm2 (8 x 10lo

diameter of the order of 10 microns. This size is obviously

dyne/cmz) hardness, this leads to particle

too small to represent average debris from a blasting operation.
If, however, dynamic comminution is pictured as consisting of a
primary spall process accompanied and followed by a high-speed
friction between the ejected spall fragments, then the Rabinowicz
model may account for the tail of the size distribution produced

by this secondary process.

3.2.2 Rittingexr's Law (Reference 11). The energy expended

per unit volume to produce fragments, E, is proportional to the

new surface area produced, or

E = k(Sz-Sl)

where k is a dimensioned constant and S, and S, are the final

and initial surface areas per unit volume. The factor k includes
the effect of material properties and of the less than 100
percent efficiency in conversion of elastic energy to surface
energy. In fact, a 1 percent efficiency factor is representative

of comminution by grinding.

12
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3.2.3 Kick's Law {Refercnce 11): Expenditures of equal

amounts cf energy result in equal geometrical changes in particle

size, so that

E = k In (dl/dz)

where dl and 4. are input {(feed) and cutput (product) particle

sizes and k iszanother constant. The Kick theory does not
specify the value of the reduction ratio, dl/d2’ Furthermore,
in comminution of in situ rock the initial reduction ratio is
infinite unless a value of naturai fracture spacing is taken
as the feed size. Thus, the Kick theory is not directly

convertible into a fracture/comminution algorithm.

3.2.4 Bond's Law (Reference 11): Of the total energy

expended, the portion useful in breakage is inversely proportional

to the square root of particle diameter. Bond's law is usually
defined in terms of the work index, Wi, the work required to
crush material from infinite size to a 100-micron reference size.
In these terms, total work per unit mass, W, required to crush

material from feed size F to product size P is given by

o= (VAR - VAR

for both sizes measured in microns.

3.2.5 Wave Theoxry of Spall Fracture (Reference 7): For a

plane shock wave of length L arriving with peak pressure p at a

plane parallel free surface in a rock of tensile strength St'
the thickness 2 of each spalled slab is predicted to be
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g = L2
=3

s |

and the number of slabs spalled, N, is given by
N = L/29 = p/St

Because the value of p cannot exceed the compressive strength

Sc, it follows that

N < =
N < S_/S, B

The biastability coefficient B ranges from 13 to 16 for marble,

granite, and sandstone.

3.2.6 pestruction Wave Theory (Reference 8): According

to this model, stored elastic energy is converted to surface
energy and tc kinetic energy of the fragments as the destruction
wave propagates inward from a free surface. The energy parti-
tion is determined by the conservation equations. No allowance
is made for thermal energy {in the form of waste heat, for
example) in the partition. The model appears to have been

developed to describe rock bursts.

3.2.7 Cracking Model: 1In the tensile cracking model for

diverging geometries it is assumed that all failure is by hoop
tension. This model is discussed in detail in another section

of this report.

14
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Of the foregoing size prediction theories, laws, or moiels,
those of Rittinger, Bond, and Galin were selected for prgranming
and computation. As the project developed (sez Section 3.4) most
attention was devoted to use of the Rittinger a2lgoritimn amd
analysis of the corresponding results.

3.3 DEVELOPMENT OF THE CCMPUTATIONAL MODEL

The discussion is arranged in accordance with the schenatic
diagram of the comminution model shown in Figure 3. fThe figurne
represents both a task breakdown used in model development amd
a conceptual block diagram of computer-program strxucture. Blocks
A through D include the main body of anmalytical and computaticmal
work.

3.3.1 Block A, Initial Conditions
Rock Material Properties. The properties considered im the

fracture and comminution model can be divided into two classes:
(a) those properties associated with stress-wave propagation and
attenuation in the rock and (b) those properties directly aszo-
ciated with comminution.

The properties associated with stress-wave propagation
inclvde the elastic constants, the density, the P- and S-wave
speeds, and dynamic and static ccmpressive and tensile stremngths.
Another parameter that can be considered is the nondimensicnal
damping constant, Q. The fraction of elastic strain energy
dissipated per stress cycle is 27W/Q (Reference 12). Because the
interest is in the conversion of strain energy into surface
energy of a new surface area, some estimate of absorbed energy
is required as input to the comminution model. Although the D
concept was developed for low-amplitude, quasi-elastic wave
propagation, its apparent association with solid-friction and
grain-size concepts makes it attractive to apply at the stress
levels considered.

15
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A
Initial Conditions

- Rock Material
Prcperties and
Constitutive
Relations

- Excavation CGeometry
and Zone Definition

- Imitial Stress
conditions/Enerqgy
Source Definition

B
Prefailure Rock Behavior

. Stress History at
Interface

. Rock Response at
Interior Locations

|

C

Failure Tests and Particle
Prcduction

. Failvre/Fracture Tests

. Particle-Size
Determination

Experimental Data
. Particle Sizes
. Stress Eistory

D
Particle Size Analysis, e.q.,
. Particle Classification

. Analysis of Energy,
Surface Area

F

Comparison of Theoretical
and
Experimental Results

Figure 3 Schematic of fracture and comminution model structure.
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Rock properties directly associated with comminution include
specific surface energy, Bond work index, Wi, hardness,; repre-
sentative grain diameter, and natural fracture spacing and

orientation.

Table 1 is a list of material properties tnat are relevant
to cominution, with some representative numerical values typical
of Westerly granite or similar granitic rocks. Not all of these
properties were used in the program. The specific progperties
and valves used in the test computations with the fracture and
cominution program are tabulated later in this report.

Excavation and Specimen Geometry. In deciding on the

gesoetry for these investigations, consideration was given to
field-scale configurations of practical importance in fracture
and co—minution but of sufficient simplicity to lend themselves
easily to laboratory and numerical simulation. Configurations
considered included spherical and cylindrical cavities with and
without adiacent free surfaces. A plane geometry was also
considered; a small scctor of the shock front at a large distance
fron a single source or from an array of sources would be
approximately planar. Figure 4 shows several of these idealized
geonetries. Most of the computations were performed for the
cne—dirensional cylindrical borehole geometry. 1In some of the
later computations a paralliel free surface was introduced to
test the Galin spall model. For computation the rock was divided
into a specified number of discrete zones. The computer program
calculates the stress history and particle size produced for

each zone.

17
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pd
1-Dimensional

Buried Charge (Spherical)
1-D

U=

1-Dimensional
Borehole (Cylindrical)

e
y

1-Dimensional

Infinite Slab (Plane)
1-D

o=
e

2-Dimensional
Borehole With

Free Surface
(Cratering)

e

Ej

#
) /

Z-Dimensional

Borehole With Parallel
Free Surface (Spall)

il

3-Dimensional
Row or Array of
Boreholes

Figure 4 Material geometries.
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TABLE 1

MATERIAL PROPERTIES RELEVANT
TO COMMINUTION AND REPRESENTATIVE VALUES

Symbol Used
Property in Text Value
Density o} 2.65 g/cm3
Young's modulus E 7.5 x lOll dyne/cm2
Poisson's ratio v 0.25
Compressive strength Sc 2 x lO9 dyne/cm2
Tensile strength St 3.5 x 107 dyne/cm2
P-wave speed cp 5.0 x 10: cm/sec
S-wave speed Cg 3.0 x 10™ cm/sec
Damping constant Q 40
Specific surface energy T 500 erg/cm2
Bond work index Wi 10 kwhiéton X
Penetration hardness P 8 x 10 dvne/cm
Grain size - 0.075 cm
Natural fracture spacing - 70 cm

Rittinger efficiency factor K 0.01 (for grirding)
Crack propagation speed - 1.88 x 105 cm/sec
Protodyakonov hardness - 12 to 14 (kgf/cmz)/loo

Input Stress Conditions. The input stress condition corre-

sponding to an explosive source in a cavity was used in the
computations. The source was represented by an instantaneous
pressure rise followed by a gradual decay. Such a source was
simulated in the laboratory experiments by an exploding wire
configuration. The analytic form of the source is described
below.

19
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3.3.2 Block B, Pre-Failure Rock Behavior
Stress History at the Cavity-Rock Interface. The energy

input tc the rock was specified by an analytic pressure-time
history at the cavity-rock interface. The functional form of
the pressure history used was an instantaneous rise to peak
pressure, P_, followed by a decay given by the difference of
two exponentials. This form represents the stress-wave effect
of a high-explosive source. The explosive-~xock interface is
assumed to be at a distance r, from the origin of coordinates.
The interface pressure is then

_ -act _ ., -bat
P (ro,t) = P, [Ae Be J

where A, B, a, and b are nondimensional constants which may be
selected to generate the desired wave form. The quantity 1/a
has the dimension of time and is a measure of pulse duration.
Figure 5 is a graph of the input pulse shape (at r, = 1 cm) used
in most of the test computations. The figure also shows the

pulse at r = 10 cm.

Rock Response at Interior Locations. The elastic response

of the interior rock locations for a plane-wave geometry is
simply the forcing function p (ro,t) evaluated at some coordinate
r using the retarded time appropriate to finite wave speeds.
Thus,

where

20
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Figure 5 Pressure versus time at different distances (test 19).
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and cp is the P-wave speed. For other possible symmetries,
cylindrical and spherical, there is a geometric amplitude

attenuation so the final expression is
—_ 2t n
P(r,t) = P (ro,‘_) (ro/r)

where n is 0, 1/2, or 1 for plane, cylindrical, or spherical
symmetries. Figure 6 shows peak pressure versus distance in

the three geometries for typical computations.

A solid-friction model of rock response was used to model
energy absorption. In this model, peak stress attenuates
according to a damping or dissipation constant, Q. The solid-
friction model has been related to microfracturing and grain-size
effects (Reference 13). It has been found (Reference 12) that
a single crystal has a higher Q (lower dissipation) than an
aggregate of crystals of the same material, suggesting that the
dissipation depends on the surface or interfacial area of the
crystals. Thus, the solid friction model is of particular
interest .or a comminution model that emphasizes creation of
surface area. According to this solid-friction model, peak
stress attenuates with distance according to the factor
expl - (r - ro)/on] for a plane wave, where Q is the damping
constant of the material, and X is the wavelength of an
individual Fourier component. For the purpose of these computa-
tions, however, X, was taken to be acp; i.e., if the wave travels
a distance acp, it has attenuated by 1/Q. This is, of course,
over and above any geometric attenuation. While this model is
only an approximation of rock behavior, it reproduces some of
the theoretical and observed characteristics of stress-wave

propagation.
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Figure 6 Peak pressure versus distance.
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The values of the constants associated with the stress
pulse profile were chosen so that the pulse consisted of a short
compressive phase followed by a longer, lower—magnitude tensile
phase. 1In cylindrical geometry, a close-in compressive failure
is actually duve to radial compression, while the tensile failure

| further out is due to hoop (azimuthal) tension. Typically the
constants were chosen to produce both a region of compressive
failure and a regicn of tensile failure.

The pressure, (elastic) energy density, and the accumulated
j absorbed energy density are computed in each space zone in a
series of discrete time steps. The energy absorbed in compression

while pressure exceeds the compressive strength is considered

to be available for creation of surface area due to compressive
failure. In the case of the Rittinger algorithm, the available
energy is thus absorbed energy multiplied by the Rittinger

efficiency factor. The energy absorbed during the tensile phase

is treated similarly if the 2zone did not already fail in compres-
! sion.

3.3.3 Block C, Failure Tests ané¢ Particle Production. The
test for rock failure is a branch point in the procedural flow

through the fracture and comminuticn program (Figure 3). At

each time step, the pressure~energy conditions in each space

zone are computed. If the result of the test indicates that

the rock has failed, then the "comminution" subprograms of

Blocks C and D are entered. If the rock in a zone has not failed,
the pre-failure (Block B) computation continues. The failure

; criteria used in the program are the stress exceeding the

compressive strength and/or the (negative) stress exceeding the

WWV“"" '“m a2

TR
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tensile strength of the rock. Typically, in the cylindrical-
geometry computations, the compressive-strength criterion
determines failure in the close-in region around the borehole.
The tensile strength criterion determines failure in the more
distant region, and also near an assumed free surface in tests
of the Galin spall model.

Particle Size Determination. Once it has been determined

that the rock has failed, one of the candidate comminution
models is used to determine the particle size. The models
incorporated in the computer program are those of Rittinger,
Bond, and Galin. The formulations of the simplified versions
of these models used in the program are described below. Both
the physical description of the comminution rules and the
associated algorithms are givern.

Rittinger Surface-Energy (Reference 11):

Description: The energy required for crushing is propor-
tional to the new surface area formed.

Variables: fa’ fv area and volume shape factors
k efficiercy factor
AE increase in available energy per

unit volume

\Y zone volume
T specific surface enerxgy
d particle size
Particle size
algorithm:
d = 67T fa/kAE fv

25
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If the material consists of pre-existing particles of size do'
then the increase in energy is used to create only the additional

surface area; so the new size 4 is given by
a, = ag/(a+a)
i o / o
where d is as given above, so that dls; d. For in-situ comminu-
tion, an appropriate choice for the initial particle size do is

the pre-existing fracture spacing.

The number of particles of size d is given by
_ 3
N = v/@ £

since it is assumed that each zone contains particles of uniform

size.

Bond Third Theory (Reference 11):

Description: The energy required for crushing is propor-
tional to the square root of the new surface
area formed.

Variables: AE increment of available energy density
Wi Bond work index—--the specific energy
input regquired to crush a large sized

particie to 100 3

dO pre-existing paxticle size
d, mnew particle size
V zone voiuze

Particie
size algoritha:
W

= - g i,[:!.00 T
'# i " o ————
W /@ + H;/100 =

26
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The number of particles of size d is similarly given by

]
N = vaET g

Galin Destruction-Wave Theory (Reference 8):

Description: That part of the stored (potential) elastic
energy which is not kinetic is the energy
required tv Zcorm new surfaces.

For one-dimensional plane svmmetry:

Variables: T specific surface energy

G stress normal to free surface

tr

Young's modulus

]

densitv
c DP-wave velocity

V 2zone-volume

E 2

2 2
a = 5Ty}.[9—-— S _; 20]
pc

The ny=be: of particles of size d is given by

3.3.4 Blgcx D Particle-Size Analysis. The program struc-

ture 4described in Block D is intended to be capable of accepting

experimental stress—history and particle-size data as well as

input from Blocks A through C of the fracture and comminution
modeli.
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Particle Classification. The particle-size classification

program is in essence a set of mathematical sieves; that is, the
particle sizes calculated (Block C) or measured (Block E) are
reassigned to a set of discrete size intervals.

The classification algorithm used is that a particle in

Class j has a volume of vj given by v. = Rv. It is convenient

to take the ratio R = 2, for simpliciiy in go;putation of
agglomeration and of further comminution. (If R = 2, then when
a particle of Class j breaks in two, two particles of Class j-1
are cgigted.) In the test computations, however, the value
R=2

States sieve series, in which the openings of successive sieves

was used. This wvalue is used in the Tylexr and United
are in the ratio v/2. Once the set of sieve sizes has been
chosen, it is a simple matter to determine for a particle of
size d the sieve number j such that
v., < d3 £ < v,
i v j+1

that is, the particle passes sieve j+1, but not sieve j.

3.3.5 Output Summary. Additional output of the program

includes the cumulative size distribution in terms of mass,
area, or volume, and the comminution efficiency, defined as the

ratic of new surface energy to the input energy.
3.4 RESULTS OF COMPUTATION

A series of 24 test runs was made with the fracture and
comminution program. Most of the inputs shown in Figure 7 were

kept constant. (Figure 7 is taken from test 19.) The inputs

were varied as follows.
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7

INPUT DATA  F4#C TEST 19 DATA SAME AS 18 TEST FLAT & CWUL P WITH R — BO

GEOMETRY
6= J.
RMAX= 41, CM
RO= 1, ¢4
40 ZONES
PPRIN= 2.0
FREESU= 1.0

FORCIMG FUNCTION

PMAX = JBOGE-02 ME2R
ALPH = ,200E+00 PER HIC_,SEC
X0 = 4,70 CH
INPUT TIME STEP = 1.00 MICSEC
BETA = .100E+00 PER XIC SEC
A = .200€E+01
8 = .100E+01

MATERIAL PROPERTIES
DENSITY = 2.650 GH/CC
YOUNGS MODULUS = ,7505+00 H3aR
POISSONS RATIO = 250
DAMPING CONSTANT = _400E+02
ULTIMATE STRENGTH = .Z00E-02 MAAR
TENSILE STRENGTH = -_,3S50E-04 u43AR

COMIMNUTION PARAMETERS
SPECIFIC SURFACE ENERGY = .S00E-0G9
RITTIMGER EFFICIFNCY = .100
VOLUME SHAPE FACTOR =1,0000
B0MD WORK INDEX = .955E-~03
SHAPA=6,0000
DTAMIN= ,100E-02
SIZRAT= L283E+01
JMAX=50
NOTES FOR THE FOLLOWING COMPUTED DATA
R = POSITION (CM)
RMD = RITTINGER MEAN DIMENSION (CH)
BMD = BONWD MEAN BIMZNSION (CM)
SUFFIX P IMPLIES COMPRESSION
SUFFIX M IMPLIFS TENSION
PB = MEAN OVERSTRESS (MBAR)
TR = NURATION OF OVERSTRPESSING
ALL VARTABLES ARE SCALAR POINT FUNCTIONS

BULX MODULUS = .S00E+00 MBAR
SOUND SPEED = L583E+00 C4/MICSEC
COMPUTED TIME STEP = .1000E+01 HICSEC

Figure 7 Input data for fracture and comminution program.
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3.4.1 Geometry. Plane, cylindrical, and spherical geo-
petries were tested corresponding to G = 0, 1, 2, respectively.
PPRIN was used to print or omit certain outputs. FREESU was
used *o test the Galin spall model.

3.4.2 Porcing Function. Runs 1 to 14 were made with

PuMAX = 80 kbar, and the later runs with PMAX = 8 kbar, except
for 4 kbar in runs 16 and 23, and 2 kbar in run 20. Runs 1 to
10 were made with ALPH = 0.1 and BETA = 0.05. Runs 11 through
16, 18 through 20, and 22 through 24 were made with ALPH = 0.2
and BEETA = 0.1. Runs 17 and 21 were made with ALPH = 0.4 and
BETR = 0.2. Doubiing the values of ALPH and BETA results in
halving the length of the pressure pulse.

3.4.3 Material Propertities. The material properties were

taken as shown in Figure 7 for all runs except that compressive
and tensile strengths were doubled in runs 22 through 24.

In addition to numerical changes in inputs, the program
itgeif was revised during the series of test runs. Starting
with run 9, energy available for comminution in each zone was
taken as cumulated absorbed energy, while in earlier runs
available energy consisted only of energy absorbed in the time
step before fracture. Subroutine CLASIF was introduced starting
with run 12 and the Galin spall-model option was introduced

starting with run 18.

3.4.4 Representative Results. Figures 8 and 9 show the

calculated particle size versus distance in spherical and
cvlindrical symmetry, respectively. The peak pressure at the
cavity-rock interface (radius = 1 cm) was 80 kbar. The particle

sizes shown were computed by the Rittinger algorithm. The sizes
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computed according to the Bond work-index algorithm were several
orders of magnitude larger and are not considered realistic.
Consequently, little attention was devoted to examination of the
"Bond"” results in later computer runs although the program still
calculates and prints out both Bond and Rittinger sizes. Morxe
realistic Bond sizes could be obtained by choosing a much lower
value of the work index.

-

Part of the "tensile" curves in Figures 8 and 9 is given
- by a dashed line. This line corresponds to regions that also
failed in compression and the “compressive” curve is also shown.
The dashed tensile curve can be interpreted as the size that

would have been produced had the material not previously failed
in compression.

The later runs were made with peak pressures of 8 kbar or

1

less. Rouns made with these values in cylindrical symmetry show
both a close-in crushed regicn of fine particles and a farther-

out tensile-failure region of much coarser particles.

i 4 b SRR

The energy input to the wall in these later runs is of the
F same order of magnitude as that produced by the exploding wire
ﬁ experiments reported in Section 5. Run 15 used a peak pressure i
of 8 kbar. The elastic energy input, corresponding to the area
under the pressure-time curve at the cavity wall, r = 1 cm, was
about 6 joules/cmz, using a value of bulk modulus of 0.5 megabar.
The exploding wire experiments released about 650 joule/cm
corresponding to 80 joules/cm2 for a cavity diameter of 1 inch.
S For an air-filled cavity it was estimated that about 10 joules/cm2
were coupled into the rock. Thus, the computational and experi-
mental energy inputs were of nearly the same magnitudes.
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Figures 10 and 11 show the particle sizes for runs 15 and 16,
at peak pressures of 8 kbar and 4 kbar, respectively. Attention
is called to the dashed line in Figure 11 captioned "Diameter =
Distance."” It is suggested that at a given radial distance a
calculatad particle size greater than that distance is unrealistic.
Thus, at a radial distance of 20 cm a particle size greater than
about 20 cm should probably be interpreted as indicating an

unfractured region.

The size-classification subroutine CLASIF was first tested -
on run 12. PFigure 12 shows the cumulative surface-area and
volume distributions from run 15. The smoothed curves have been
faired through the computed data points, which present a more
irregular, zigzag appearance due to the coarse grid and size-
classification scheme. The size distribution is divided into a
fine component (less than 1 cm) from the compressive-failure
region and a coarse component (greater than 3 cm) from the

tensile-failure region. The "compressive" debris carries only

8 percent of the particle volume but 66 percent of the surface
area, illustrating that a disproportionate amount of explosion
energy is consumed in producing fines. The distribution is
plotted on log-probability (log-normal) coordinates. Some
distributions of explosively fractured material have been found
to be approximately log-normal, and certain hypotheses about the
grinding process result in a predicted size distribution that

tends asymptotically to log-normal.

The Galin rock-burst model (called "spall model" in the
figure) was tested on run 18 and later runs. Figure 13 shows
results from run 14. The input conditions were the same as for

run 15 except that the outer boundary, r = 41 cm, was assumed

to be a free surface. Consequently the "compressive" and "tensile"
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Figure 12 Test 15 cumulative particle size distribution,

37

e gt e R




PIFR-310

10
L0
0.1
e 001
o
o
N
-
0]
o 0001
~
J)
-
33
Y
s
[a¥
0.0001
3
Yigure 13

/

I 1 I
/(Pargle Size,
Tensile Fracture

Particle Size,
Compressive Fracture

Peak Compressive Stress

-

‘Peak Tensile Stress Compressive

Stress at
Arrival of

- ‘ Spall Wae _| 01
Particle Size,
SBaII Model

| ] i I
10 20 30 40

Distance, cm

Test 19 (P = 8 kbar) peak stress and (Rittinger)

particle size versus distance.

38

= SETL
-

kbar

Pressure,




FTTT

e

Lalania g

PIFR-310

sizes shown are the same as in Figure 10 although the coordinates
are different. The "spall® sizes are extremely small, ranging

up to a maximum of 0.001 cm at the point (r = 38 cm) where the
in-running destruction wave is cut off by arrival of the tensile
phase of the incident wave. 2An explanation for these unrealistic
sizes is that the Galin theory assumes that elastic energy oi
compression is converted entirely to surface energy and kinetic
energy of the fragments. It is likely that much of the energy

is dissipated as waste heat either by irreversible distortion
before spall occurs or by the dissipation of residual stress
reverberations in the spalled fragments.

3.5 COMPARISON OF COMPUTED AND EXPERIMENTAL PARTICLE SIZES

The level of effort on this project did not permit extended
comparison of computed and obsexrved particle size distributions.
Furthermore, the modeling effort emphasized development of a
functioning model and program, which could subsequently be made
more realistic. However, two measured particle-size distribu-
tions were available from PILEDRIVER, a nuclear explosion in
granite (Reference 14). These distributions are shown in Figure
14, together with the calculated sizes from our run 19. The
distributions show rather surprising and unpremeditated agreement.
What is physically significant is perhaps the similar shape of
the distributions. The distribution from run 19 consists of a
small (8 percent by volume) amount of fines produced by compres-
sive failure and a much larger amount of coarser, tensile-
failure material. The PILEDRIVER idistributions may be inter-
preted similarly. Since each PILEDRIVER sample was taken from
a single location, however, it may be that both compressive and
tensile processes operate successively at these locations. For
instance, the comminution process may have consisted of an
initial tensile failure, followed by frictional "grinding" move-
ments which produced the small percentage of fines.
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3.6 DISCUSSION OF RESULTS

The development of the model and the resulis of co=putation
have shown that maay uncertainties stand im the way of obtaining
Getailed accurate resulis from a co-minution model, if imndeed
such an cbjective is feasible. Sox2 of these umcertainties
relate to inherent variabili in rock material properties and
in the consequent rock response to a shock wave. These considera-
tions are shown schematically in Figure 15. The stress and size
curves shown are based, approximately, on run 19.

An upper limit on particle size is imposed by the natural
fracture spacing in the rock, This spacing is represented by
a horizontzl line at absut 70 cm in Figure i5. The portion, if
any, of a calculated size curve extending above this line should
be disregarded. For instance, if the "tensile" curve that is
shown ending at size 10 cm and distance 38 cm extended up to
size 70 cm, then it should be truncated at the 70 cm point.

A lower limit or at least a transition line on particle
size is imposed by the grain size of the rock. This size is
shown at 0.075 cm in Figure 15. The erergy required to create
a unit surface area is much areater when intra-granular
(especially intra-crystal) fracture is involved than for fracture
between adjoining grains. This is true even for a well-cemented
rock. Thus, moving to the left on the "compressive" size curve,
the curve should probably nearly level off at the grain-size
line unless the peak compressive stress far exceeds the compres-

sive strength.
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The compressive and tensile strengihs of rock wvary DeMtween
minimum "static” values and maximmm “dynemic” valuwes. The shortor
and sharper che stress pulse, the mvre closely the effective
strengths approach the “dynamic” valves. Im our conputaticss,
the "static" strengths were used. Thus, moving to the right ¢=
the "compressive" size curve, the curve emds at the distamoe
(13 cm in the figure) at which the peak-coxpressive-stress curee
intersects the horizontal, static-corpressive-strength Lime,
vhich is marked at 2 kbar {right scale). If &twice as large 2
value of compressive strength were used, as on the lime labeled
“dynamic compressive strength,” then a much smeller volume of
crushed material would be produced by the same stress wave. Im
the illustration only material within a 3-cm radivs wounld them

be crushed instead of material out to 13 cn, because the pesk
compressive stress curve intersects the dyramic cospressive
strength line at 3 cm. Similar considerations apply to the

value of tensile strength relative to the peak temsile stress.
The location of a free surface plays at least two partis

i
in the interactions shown in the figure. First, the free i
surface puts an obvious limit on the amount of material frac- }

tured. Second, the "spall” or rock-burst wave, in the Galimn

model, travels in from the free surface and material mear the

1 surface may have already failed before the tensile tail of the
3 incident wave arrives. In the figure the "tensile"” size curve
E is shown truncated by a vertical line at the distance where the

. tensile wave meets the returning "spall” wave. Finally, the

faerg

"size = distance" line discussed in reference to Figure 13 rust

be considered in relation to calculated particle size.
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The foregoing considerations inevitably limit the accuracy
of dataziled particle-size prediction. It is suggested that most
of the Iines on Figure 15 should be replaced by relatively broad
bands whose thickness is a measure of the variability of the
material properties.

In suzmary, a simplified one-dimensional model of the
dynanic comminution process has peen developed; the model is
clearly a long way from practical application. Any further
development of the model should allow for statistical variations
in material properties. Results should be compared with labora-
tory data on fracture and comminution under controlled conditions,
as well as with large-scale field data. The assumed input pulse
could be replaced by a calculated pulse form that is interactive
with the assumed comminution mechanisms. Hhulti-dimensional
stress effects must be allowed for. It is felt that the present
effort has at least suggested the feasibility and usefulness of
further development.
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SECTION 4
MODELS OF COMPRESSIVE AND TENSILE FAILURE

4.1 FRACTURE MODELS IN NONLINEAR WAVE PROPAGATION COMPUTER
PROGRAMS

In the previous section, the basic scheme for calculating
fracture and comminution were described as well as several
empirical schemes for determining particle sizes. However,
when the elements of this fracture and comminution model are
used in conjunction with a finite difference code, a different
and more accurate app;oach to modeling these processes is
possible. This approéch is to model or describe the processes
of fracture in suificient detail to enable the interaction of
fracture, an inherently nonlinear process, and the dynamic
stress and velocity field causing fracture to be examinecd.

It is assumed that the fracture process influences the
propagation of stress and strain. It is further assumed that
certain aspects of asymmetric fracture can be modeled as a con-
tinuum process, thereby restoring symmetry and making it feasible
to ignore one or more additional spatial coordinates. The first
assumption is borne out by calculations using particular models
of fracture. The second assumption is justifiable to the extent
that experimental gauges, which typically subtend small angles
from the source, can be expected to be representative. Certainly
the influence of one major fault between source and measuving
point is not well represented by this approach. With mary frac-
tures or fault lines (pre—-existing fractures), however, reason-

able results should be obtained.
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There are three problems which can be addressed by the use
of fracture models in nonlinear wave propagation computer programs:

a. dynamic fracture criteria
b. particle-size distribution

c. effect of fracture on wave propagation

The usefulness of dynamic fractvre criteria is not limited
to their application wave propagation programs, for they can
point to relative efficiency of various fracturing techniques.
Particle size distribution is difficult to estirate precisely with
a one-dimensional program without certain assumptions as to the
process of fracture. In the tensile failure model described
below, it is assumed that the dynamic failure criterion is a
critical tensile stress. Further, tensile stress relief from an
open radial fracture is propagated normal to the fracture plane
at finite speed. In the compressive failure model, particle size
depends on mean stress at failure, as well as duration of applied
stress. Ductile failure at the plastic flow limit does not cause

fracture.

The effect of failure on subsequent wave propagation is
governed by the constitutive relation for the failed (or pre-
failed) material. For the tensile failure model, the material
properties are dominated by crack formation and crack volume
strain. The effect is to make the rock more easily compressible,
so that propagation velocities are slower. For the compressive
wave damage, the formation of microfractures as failure is ap-

proached slows velocities in a similar manner.
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4.2 RACQUISITION OF¥ CONSTITUTIVEZ RELATIONS DATAR

istorically, two types of experiments of geologic materials
have been performed to obtain data on the materials?® constitutive
relations. These are triaxial tests, where a cylinder of rock
endergoes end and side stxesses, and dynamic tests using diverg-
ing shock waves. Soz2 rs=cent exarples of the first tvpe include
tests cdone by Swamson (Reference 15) and Swanson and Brown (Ref-
erence 16); examples of the second type include Kuiter (Refer-
ence 17), ard Kutter and Pairhurst (Reference 18).

The data extracted fron these references show considerable
nonlirnear behavior cf these rock meterials. Figure 16, for
exarpie, shows the pressure-volume strain (or mean stress—total
strain) measured ip triaxial experiments on granite (Reference 15).
This is clearly monlinear volume behavior; further, the granite
pean stress is mot obviously a state property, in the sense of
path independence. Fracture is also a nonlinear process, and the
typical fracture patterns shown in Figure 3lc which occur in the
diwverging shock experiments discussed later show changes in the
rock structure. It has also besn known (Reference 19) that the
presence of randomly oriented cracks affects the bulk elastic
properties. It is concluded that the process of fracture is not
linear and also that fractured rock has different properties,

when viewed in the large, than competent rock.

The study of the édynamics of fracture, and the intimate
relationship of fracture and stress-wave propagation that is
appropriate to blasting, then becomes greatly complicated by
constitutive relations that would describe the material behavior.
Cne of the several possible approaches is to use a general pur-
pose, explicit, finite-difference computer program to solve the
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equation of motion of a compressible, nonlinear solid. In the
following paragraphs, models of material properties that approxi-
mate some of the effects shown previously will be described.

4.3 DILATANT MODEL FOR COMPRESSIVE FAILURE

A model has been formulated and used in calculations which
exhibit dilantancy--a superficial volume increase of competent
rock during compressive loading. It is assumed in this model
that failure is independent of ihe intermediate principal stress,
so that failure can be represented as a line on the plane whose
2"
In what follows the yield stress in simple tension, Y = 3J2, and
the mean stress P = 1/3 J

i coordinates are the first and second invariants of stress Jl' J

1 will be used.

Swanson's data (Reference 15) indicate that the failure
surface is independent of path and that there are two surfaces
Yfail @4 Yipitialc
a given path) is produced and where catastrophic failure occurs

The surface at which maximum dilatancy (for

is Yfail’ The surface below which no dilatancy osccurs is Yinitial'

A measure of the nearness to failure can be given by

x(7) = [J3J2 - Yinit(P{l/[Yfail(P) - Yinit(P)]

Thus %{P) is the fractional pznetration of ,,3J2 into the region

] . . i i is i strated in
between Yinit(P) and Yfall(P) This meaning is illu

Figure 17.
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3P

Figure 17 An illustration of the meaning of the parameter X (P)
used in the compressive failure model.
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It is assumed that the dilatancy is caused by the formation
of microcracks during loading. It is useful to imagine that the
number of microcracks produced on a given path is proportional to
the maximum of f (x) - g(P) on this path where f (x) and g(P) have
the properties:

f(x=10) =
f(x=1) =
gP<0) =
g > ) =

O H = O

Pplas

where PPlas is the pressure beyond which microcracks are not
formed during failure. This occurs at the von Mises limit where
anail/aP = 0. PFor this model, Pplas is an adjustable parameter.
The functional forms of f (x) and g(P) will be given later for a
fit to Swanson's Westerxly granite data.

; It is imagined that each microcrack has an associated volume
which is compressible according to AV(P) = AV(0)h(P), where

h(P)
h (P)

lat P<Q
0 at P >

P1imit

where the pressure Plimit is sufficient to close the microvolumes
; ‘ completely. Then the dilatant volumetric strain associated with
% ‘ a current pressure, P, and a past history value of

3 1 . I . .

- [f(x') - g(P )]max is given by

av {P,[f(x') - g(®"] = av(0,1) - h(P) « [f(x') * g(P")]

max}
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where dV(0,1) is a material constant and the pressurc, P, in the
presence of dilatancy is consistent with P(V - 4dV,E) where

P(V,E) is the corresponding pressure without dilatancy. Thus
pressure is computed on the basis of rock strain, not superficial
strain. This is similar to the way pressure is calculated in
models of porous materials (Reference 20).

The fit to Swanson's data for uncracked Westerly granite was
made with no regard to flow rule. 1In particular, the work-
hardened yield surface was made 2 function of total distortional
energy for coding convenience.

Work—-Hardened Yield Surface:

0.000414 (Mbar) ifz2<0

<
i

WH 0.000414 + 0.661 2 if 2 > 0

where Z/po = 2/2.65 is the total distortional energy in units of
lO12 exgs/gram consistent with the code standaxd Mbar-cm-usec
units.

The function f (x) was

0 for x <0
f(x) <{0.015 (0.015/1.015) T™¥) g 015 for 0 < x < 1

1.0 for x> 1

g(P) was
(1 for P <0
. P _ <

g(P) 1 0013 for 0 <P 0.013 Mbar

0 for P > 0.013 = Pplas
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h(F) was taken as

for p< ¢
for 0 < P < 0.030 Mbar
for P> 0.030 Mbar

h(p) =

0.030

s N

The maximum volumetric strain was
dv (0,1) = 0.015

The values of Dmax' x, and f in the region between Yfail and
Yinit are mapped in Figure 18. It can be seen that driving to
Yfail near P = 13 kbar will not result in dilatancy because

[f(x) - Dmax(P)] is small. Driving to Yc.;1 hear P = 0, however,
giv=s the maximum effect as [f (x) ° Dmax(P)] + 0.015. These
results are consistent with Swanson's data and form the basis of
the conceptual model. The various parameters were finely adjust-
ed to give reasonable agreement over the range of Swanson's data.

The extent of agreement is shown in Figure 17.
4.4 TENSILE CRACKING MODEL FOR DIVERGING GEOMETRIES

The basis for this model is a simplified picture of the
process of fracture in cylindrical geometry, and it is assumed
that all failure is by hoop tension. For example, at the inner
radius of a cavity, the local tensile étrength is exceeded and a
flat crack forms (Figure 19). A relief wave is propagated
normally from this crack, and during a time 8t it will have
progressed a distance 8% given by
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where Cp is the longitudinal (elastic) sound speed. The hoop
stress averaged over the circumference at a radius Ri’ then,

has decreased by a fractional amount proportional to Gz/nRi. At
some other location, then, if the tensile strength is still ex-

ceeded, another crack can form and relieve more of the circumfer-

ence.

In the process cf tensile stress relief, a crack opens and -
this void strain, although part of the superficial volume, is not
part of the rock strain for which elastic constants are appro- .
priate. This strain is assumed to be only in the 6-direction,
and is just the ratio of the stress relieved to the elastic
modulus (A + 2m). This hoop strain affects the other stresses,
however, so that although the rock retains a radial stiffness it

is weakened in the hoop direction.

For consideration of smooth changes in numerical solutions,
it is assumed that the hoop stress is relieved exponentially
with a time constant given by twice the propagation time (along

the circumference) between cracks. It is assumed that cracks

form symmetrically at the points farthest from the last cracks

to form, as long as the stress averaged over a circumference

exceeds the tensile strength. Thus for purposes of the computa-

tion, the time constant is given by the average spacing and the
exponential approach smooths out asymmetries as would be appro-

priate to the average response of many gauges spaced on a cir- -

cumference.

& Several calculations have been made with a one-dimensional

g Lagrangian finite difference code, PISCES™ 1p-I (Reference 4)
using this model of fracture. The first calculations were a
pre-experiment simulation to obtain reasonable size and spark

pulse requirements for the experimental part of this program.
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The results of one such particular calculation are shown. ‘The
simulation geometry was a one-inch-diameter cavity with a pressure
history on the wall given by

where PO = 1 kbar, T = 5 Bsec and a tensile strength of 280 bac
(1150 psi) was assumed. Calculated hoop stresses were recorded
at 1.6 and 4 cavity radii, and are shown in Figure 20. %he much
slower decay cf tensile hoop stress at the ocute:: radius is 2
result of much larger crack spacing. This spacing as a functicn

of radius is shown in Figure 21. i7hen no cracks are formed, the

spacing is recorded as the circumference (in centimeters).

Actual data on the tensile strength of rocks is very scarce.
To add to the existing data, a series of experiments was per—
formed in bore-hole geometry using an exploding wire to gemnerate
low compressive stress and thereby limit damage to the specimens .
to tensile fracture only. The experiments and their interpretae-
tion using the tensile crack model are described in the following

section.
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SECTION 5
EXPERIMENTS ON WESTERLY GRANITE

5.1 TECHNIQUE TO GENERATE TENSILE FRACTURE

The experimental effort on this program was directed toward
studying the dynamic tensile failure of rock. A divergent
(cylindrical) geometry was chosen because it corresponds to a
typical geometry used in blasting operations. An exploding
wire was used as a source to generate cylindrical stress waves
into rock samples, causing radial tensile failure. 1In a normal
blasting configuration, where high explosives are used as the
energy source, the region near the borehole is fractured in
compression by the high stresses. At larger radii, however, the
peak compressive stresses are not large enough to cause failure,
but rather fracture occurs because of hoop tensions generated by
the divergent material motion. Because the exploding wire tech-
nique is essentially a low-peak-stress energy source, the com-
pressive failure region can be eliminated, thus allowing one to
concentrate solely on the tensile failure behavior of the rock

material.

The technique employed here using the exploding wire to
study dynamic fracture behavior is similar to a technique used
extensively to study the material response of hollow cylindrical
samples to cylindrical stress waves (References 21, 22, and 23)

and the dynamic buckling of long cylindrical shells (Reference 24).

Preceding page blank

61

S B, N sl T I o S b S e P A e i S G St




PIFR-310

By placing a wire along the axis of a cylindrical cavity (Fig-
ure 22) and vaporizing it with energy released rapidly from a
capacitor storage system, an axisymmetric disturbance can be

generated which propagates through the medium surrounding the
wire to impinge uniformly on the cavity wall, thus inducing a

uniform cylindrical stress wave into the rock specimen.

A similar technique to study dynamic tensile fracture in
rock by an electrohydraulic effect was used in Reference 17. 1In
this work a wire was exploded underwater creating an electrical

reakdown between two electrodes to generate an electrohydraulic
disturbance that loaded the cavity wall of thin cylindrical disks.
i Although the experiments provided a great deal of qualitative

data on radial tensile fracture, the interpretation of the data
is quite difficult because the resulting deformation and subse-
quent fracture cannot be viewed in a one-dimensional manner. The
lateral release waves give rise to a complex state of stress and

train and undoubtedly had some influence on the resulting frac-

ture. The experiments carried out in the present program demon-

strate that this influence is quite significant where for the

same initial loading configuration and cavity size, but for

varying cavity lengths, a marked decrease in the extent of tensile
fracture damage is observed as the cavity length is decreased.

The success of using the exploding wire technique to study
the dynamic tensile failure of rock in a tractable manner is
dependent on several factors: the unidimensionality of the
generéted loading pulse, the ability to vary the loading pulse
so that only tensile failure caused by the divergent nature of
the wave occurs and not compressive failure caused by crushing,

and the ability to measure the pressure loading time history on

A R TITD IRTI T ST A S T R S

the cavity boundary.
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To high voltage
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\\\

Figure 22 Exploding wire as a cylindrical cavity loading |
source.
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The very nature of ar explecding wire is indicative that
radial syr—etry can be expected. The uniformity of the vajoriza-
tion along the lencgth cf the wire and the subsequent disturbance
imparted to the sample cavity has been effectively demonstrated
(Refexrences 21, 22, and 23). For this configuration then, the
motion is unidimensional, in the radial direction only, making
the observed effects easier to interpret and facilitating calcu-
lation of these effects.

Pressure pulses of various shepes and ampiitudes can be
obtained from the exploding wire apparatus. This is accozplished
by changing the types or size of wire, varying the amcunt of enerxgy
to be discharged through the wire by using cyvlindrical cavities
with different inmer radii, or altering the confinement of the
wire itself or by a coobination of these methods. =e Oof the
different types of loadimng pulses that can be uvsed to exanine
fracture mechanisms are a) blast-wave loading where air serves as
the transmitting medivm, b) dynamic hydrauvlic loading where a
fivid such as water or oil is the medievm serrounding the wire,
and c¢) impact loading where a2 liper serrounding the wire and
initially separated £ron the cavity wall is accelerated and
driven against the wall. Detorable gaseous nixtures and explos-—
ives can be initiated by the exploding wire. Surrournding them
with varions energy absorbing buffer smateriuls can also provide
2 wide variety of puise shapes.

With these possible variations in loading configuratioms,

-

several aspects of fractuvre amd co==anuiion cam be investigated.
Ccopressive crushing along with the temsile failwre cam bz ob-
tainmed, or just temsile fracture can be obtaimred separately.

Por the irrediate cbjective of examining temsile fracture, blast

wave loading and hydraviic loading were Geemed the »ost suitable.
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The blast-wave loading pulse was generated by exploding a
bare wire in air at atmospheric pressure. This disturbance
produces a pulse with a very fast risetime followed by an ex-
ponential decay lasting for a few microseconds. The peak pres-—
sure and decay behavior is strongly dependent on the cavity size.
The diverging geometry dictates that the smaller cavity will
experience higher prassures and faster decay than a larger cavity
for the same wire and discharge conditions. The hydraulic load-
ing pulse was obtained by £illing the cavity with water. This
confinement offers considerably more restraint o the expansion
of the wire than air does. Because cf this, a much faster rate
of enexgy deposition through the wire is reguired o generate a
shock in the water than would be necessary to create a shock in
air.

¥easurements of the cavity pressure time-history in the
adverse environment created by the current discharge through the
wire is quite difficult for small cavities. For the present work,
pressure-time loading histories for samples with l-inch-diameter

avities were obtained with manganin gauges placed on the cavity.

0

Piezoeleciric prolbes were alsc used which provided a qualitative
n2asurement of the palse shapes that collaborated the guantitative
prlse obtained with the manganin gauges.

5.2 EXPLODING WIRE SYSTEM DESIGN

In the past decade, the exploding wire phenozenon has been
extensively studied and widely used in several diverse applica-
tions. An excellent account of much of the research during this

pericd is given in Volu—es 1 through 4 of Exploding Wires (Ref-

erence 25). One application is not concerned so much with the
phvsical behavior of the wire as it explcdes but, rather, makes
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use of the rapid release of energy imparted to the surrounding
medium: to use the exploding wire as a cylindrical strecss-wave
generator to study low-stress-level dynamic tensile fracture.

The apparatus is designed to release a fairly large amount
of energy in as short a period as possible. This is accomplished
by storing energy in lcow-inductance capacitors, using a suitable
switching mechanism o0 release the energy, and utilizing a low-
inductance, paralilel-plate transmission line to transmit this
energy through the wire.

5.2.1 Capacitor and Transmission-Line Arrangement. The

physical system is shown in Figure 23 and the electrical schemati
o

By

the discharge and safety interlock system is shown in Figure 24.
The system is designed to accommodate up to ten 14.6 pF Sangamo
high-erecrgy discharge capacitors arranged in rectangular geometry
and connected electrically in parallel. The capacitors axe
designed to operate at 20 kV which provides an energy storage
capability of 29,200 joules. The inductance of each capacitor

is 40 nY, giving a total inductance of 4 nH for the 10 parallel
connected capacitors. To obtain as fast a discharge as possible,
two parailel aluminum plates are uvsed for the transmission line
system to minimize inductance. The plates are 3/8 inch thick

and 12 inches wide between the capacitors and the test section.
The plates are insulated from each other by four to six layers of
10-mil Mylar sheet. The capacitors are mounted on a cart to

dly
attached to the table. This will prevent gross movement of the

Jods

provide £lexibility, while the transmission piates are rig

system caused by the large magnetic pressures generated as the
bank is discharged. The ground plate is connected directly to
the botton part of the test section, while the top plate is

-

separaied by 1 foot f£rom the capacitor bamnk for switching purposes.
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Figure 24 Electrical schematic of exploding wire system.
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5.2.2 Test Section. The test section is designed to allow

sufficient time for the middle portion of a test specimen to
experience true one-=dimensional deformation and fracture before
end effects invalidate this assumption. ‘The duration of one-
dimensional motion is the difference in time between the arrivel
of the incident radial wave and an unloading wave from either end
of the specimen., This period depends directly on the type of
material under investigation and the length-to-thickness ratio of
the specimen. The test section consists of a rectangular loop
initially rising from the end of the transmission line with
dimensions of approximately 12 by 13 inches. If.necessary, the
size of this 1loop can easily be changed by replacing the trans-
mission line riser and the top plate of the test section with
ones of different dimensions. The wire is fastened between two
brass electrodes, the top one mounted on an adjustable brass bar
which controls the length of wire. This allows wires of lengths
up to 11 inches to be used. The present configuration can ac-
commodate specimens as large as 24 inches in diameter by 11
inches in length.

5.3 SYSTEM DIAGNOSTICS

Current and voltage probes are used to monitor and evaluate
the discharge characteristics of the exploding wire system. The
current in the circuit is measured by a small pickup coil placed
between the plates in the transmission line. The voltage induced
in the coil by the time-varying magnetic field in the transmission
line is
dé

d
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where N is the number of turns of wire, ¢ is the magnetic flux,
B is thz magnetic field, A is the constant area of the coils.

The field in a parallel plate transmission line is given by

where w is the width of the transmission line and I is the
current. Combining these expressions, relation between the

voltage induced in the coil and the rate of change of current
in the circuit is

Vv = Nqu d_I
w at

The output of the coil dI/dt may be integrated electronically
to provide a current waveform. A schematic diagram of the

current probe circuitry is shown in Figure 25.

A voltage divider is used to measure the voltage waveform
across the wire. A schematic diagram of voltage probe circuit
is shown in Figure 26. The voltage measured across the wire by

a divider is a combination of resistive and inductive drops

a1 ()

vT = V_ + V = I(t)Rw(t) + LI It

R I
where Rw is the resistance of the wire sample and Ly is the sum
of Lw(t)‘ the inductance of the wire, and Lp, the inductance
associated with the divider's components and the pickup lead
from the wire to the divider. With proper shielding and orien-
tation of the pickup lead, the induced voltage caused by Lp is
usually very small and can be neglected.
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Figure 25 Schematic diagram of current probe circuitry.
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Figure 26 Schematic diagram of resistance voltage divider.
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The proper use of current and voltage probes can provige a
considerable amount of information conceraning the electrical
behavior of the wire as it explodes. Measurements of these two
parameters are made to check the discharge characterxistics as-
sociated with the wire and to correlate discharge corditiomns to
raak pressures and pulse shaepes. An example of the foregoimg
diagnostics recording discharge characteristics arc shown in the
oscilloscope tracez in Figure 27. Pigure 27 siicws the daoped
ringing behavior of tiie system through a direct short using six
capacitors charged to 20 %V. The pericd of 43 meec and the total
inductance of the system is (G.531 pH. The voltage and current
waveforms for a 51-mil diameter pinosphor-bronze wire, il incnes
long, is shown in Figure 27 for the samc discharxge conditions.

5.4 FRACTURE EXPERIMENTS

The experiments were carried out in three separate steps.
Initial tests were made with various types and sizes of wires to
determine suitable wire-discharge combinations for the fracture
tests. Next, fracture tests on samples of Westerly granite were
conducted using various wire-discharge combinations. The third
step, the most difficult, was directed toward measuring the
cavity boundary condition.

5.4.1 Wire Characterization. Several wire-discharge coobin-

ations were tried. These tests consisted mainiy of exploding a
wire in atmospheric air and monitoring the current and voltage
vaveforms. A typical current and voliage waveform for a 51-mil-
diameter phosphor-bronze wire, 11 inches long, was shown im
Figure 27b. The sudder spike in the voltage trace is mcstly due
to the inductive pickup by the voltage probe caused by the col-

lapsing electrical field. This inductive peak decreased when the
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a;  121.507 a=ps/cn
19 Lsec/cm

-

a. istharge current through shestin

atibpiN S ]

*

a. VYoltage 20,006 voits/ca
5 isec/cm

b. Currant 50,800 amps/cm
5 o

b. Dizlw.azgs tarsuzs 6.631

% o
ratnschor Loonoe wire in atmospheric air.

Ficure 27 Tyeical current ané voltage wave
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ire was erlzaded i» water and the ¢ing of aischarge increased
slightiy. 2Xlso, tne peak cecreass as tffe length of the waizes
column stcrouniing tme wire increas~d.

I% it pozsible to us2 only wechanical methxis te obtain
differer & pul o amplitndes gnd shages, maintaining a single
wire/discuarge combinciion thar reselis in the svster haing weil
matched. T
cone med in a single discharvge pulse. Th» maximum impiulss im-

his corresvonas to The tntal stored emeray heiny

-

parted to: tiiz currounding media 15 normzliy associatcd with the .
wira being well matched to the discharge systam, Hecause 2 large '
portion of ine stored energy is dissipate? by 3uanle keating co
vaporize the material. the remaining energ; is Gisgributed io the
surrounding media by radiaticik, ionization; and the rapid sx-
pansion cf the vaporized products. For a given wire «od x certain
combination of system parameters, i.e., <capacitance, charging
voltage, and inductaice, some of tr - chawrge enexgy c¢zn eithers be
left in the capacitox or, simetire after the initial Jischarge,
dissipated wxzih a restrike sccurs. With a restrike, a second

wave usually resulis whose “haracteristics are difficult to as-
certain. Care was taken £0 aveié using wires evhibiting re-
strike for tie fracture experiments.

Bfter a considexabZie amount of trial and erxor, testinc a
variety of wiis materials and sizes, the wir-~/discharge combina-
tions chosen as a line source for the fracture experiments were
2 51-mil-diameter, 1l-inch-long phospliorus-bronze wire exploded
arx 20 kV and 32-pil-diametex, ll~inch-long phosphorous~hronze
wire exploded at 20 and 15 kV. Figure 28 sh3us some ¢ata of
Jischarge time versus charging voitage :ux exploding wires ir
atmospheric air and in distilled water for a storage capacitance

of 88 uF. As previously indirated, the wat.. rentainment siightly
decreases the rate of discharge.
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Figure 28

Discharge voltage versus time of discharge for 1l-inch

Discharge time, ¥secC

loryg phosphor bronze wires.
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5.4.2 PFracture Tests in Westerly Graunite. The rock material
used in the fracture tests was Westerly granite which is a very
fine-~grained and homogeneous type of granite. Two main reasons
for using this granite were its homogeneity and the existence of
a considerable amount of material response data to characterize
its static and dynamic behavior.

The configuration used for the fracture experiments is shown
in Figure 29. The test samples were nominally 7-inch cubic blocks,
although several tests were made with shorter samples. The cylin-
drical cavity sizes were either nominal %~ or l-inch diameter and
were made with diamond core drills. Concentric end caps were
placed at ends of the sample with a hole drilled through the
center of each end cap to accommodate the wire. These served the
purpose of positioning the wire along the axis of the cavity and
of acting as a seal for retaining water in the cewvity. 2024-T4
aluminum plates were used as momentum-wave traps to eliminate the
effects of the reflected wave from the free surface. The mech-
anical impedance of the aluminum plates is nearly the same as
that of granite, thus providing an excellent means of absorbing
the incident compressive pulse.

A sunmary of the fracture experiments conducted on Westerly
granite is shown in Table 2. After a éample was subjected to the
blast wave or hydraulic-type loading, it was sectioned in half to
examine its midplane portion for fracture damage. The sectioned
surfaces were treated with a penetrating fluorescent dye to bring

out the very fine cracks. Samples with a l-inch cavity diameter

subjected to the blast wave loading (i.e., shots 001 and €02)
exhibited no evidence of fracture damage even after the sectioned
surface was treated with the penetrant and inspected with a micro-
scope. A sample with a %-inch-diameter cavity (i.e., shot 004)
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Aluminum wave High voltage plate
| trap pilates

C

Polyethylene end cap

\\7 la—— Brass electrode !
Medium:
air,
vater,
oil, etc

Wire +——— Ground electrode
Granite I ]
sample
Ground
block and plate
Figure 29 Cross section configuration of tensile fracture

experiment.
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tested with the wire-discharge combination of a 5l-mil-diameter
phosphorus—bronze wire expioded at 20 kV showed several cracks
between 1 to 3 cm in length. A picture of the midplane sectiorn
for shot 004 is shown in Figure 30.

In shots 005 through 01, water was used in the cavity instead
of air. Extensive fracture damage was obtained with the 51-mil-
diameter phosphor-bronze wire at 20 kV. A comparison of the
fracture damage in shct 008 with momentum plates (Figure 3la) and
shot 007 without them (Figure 31b) shows the effect of the free
surfaces. The difference is not very pronounced because the in-
cident pulse length was longer than 10 usec, which was the length
of pulse the momentum plates could trap. Measurements of this
pulse indicated its total duration was 20 usec and parabolic in
shape having a peak of 1.6 kbar. The same wire-discharge combin-
ation applied to a sample having a shorter cavity length (2 inches)
shot 005, showed significantly less damage (Figure 31lc) than that
for the cavity lengths of 6.5 inches (Figure 3la and b). This
demonstrates that the hydraulic loading pulse is greatly altered
by the influence of the top and bottom surfaces of the shorter
sample which undoubtedly attenuates the peak and shortens its
duration. For the short cavity leingth, the iresponse of the mid-
plane is not truly one-dimensional, in the sense of cylindrical
plane strain, beyond 4 usec, but is more like the response
associated with the work cf (Reference 17) of cylindrical plane
stress. These experimental results are consistent with elastic
theory which predicts that the maximum hoop tension for cylin-
drical plane stress is less than that for cylindrical plane
straian for the same loading. Thus, for the shorter length
samples the loading pulse can be altered significantly. This,
along with the change in the state of stress from plane strain
to a more complex state approaching plane stress, results in a
pronounced decrease in the damage imparted to the rock.
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In shots 009, 010, and 011, a 32-mil-diameter phosphor-bronze
wire exploded at 15 kV in water was used. This provided about
56 percent of the energy of that used in the previous shots and
resulted in considerably less damage imparted to the sample. The
loading pulse was about 15 psec duration with a peak of 1.36 kbar.
Pictures of the fracture damage for short (2.5-inch cavity length)
samples with and without momentum plates are shown in Figures 32a
and b, respectively. The sample in shot 009 still experienced
cracks that intersected with the outer surfaces, but it remained
intact. Figure 32c shows the damage for shot 010, a sample with
a 6-inch cavity length. The damage patterns in shots 009 and 011
were affected by a hairline fault running from the upper left
corner of the sample down toward the cavity and from the cavity
toward the bottom right side. Here again the damage is consider-
ably less than for shot 010 in which the sample had a longer
cavity length.

For the water loading tests, the influence of the free
surface, even for shots with momentum plates, is quite apparent.
There are four major cracks that intersect perpendicularly the
samples' outer surfaces. This is most probably caused, as ex-
hibited in shot 009 (see Figure 32a), by that portion of the
reflected wave not trapped in the aluminum plates. For this
case, the cracks not perpendicular to the sample boundaries
extend out to radii less than the perpendicular radius to the :
surface. This, however, is not the case for shots 007 and 008,
which indicate that cracking would have extended to the sample
surfaces even if the entire pulse was trapped in the momentum
plates.

The reason that the momentum plates were not sufficient to

entrap the incident pulse was that the long pulse durations were
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not anticipated. A successful measuremeant of the loading pulses
was not obtained until after the fracture tests were completed.
The difficulty encountered in obtaining a reliable measurement of
the loading pulse is discussed below. The use of samples with
larger lateral dimensions would have helped to allaviate the
effects of the free surfaces, but none were available.

5.4.3 Measurements of Cavity Loading Conditions. As
previously noted, the adverse environment created by the exploding
wire makes the measurement of the cavity pressure-time history

very difficult, especially for small cavities. A review of tech-
niques that have yielded varying degrees of success appears :in
Reference 26. The methods that proved most successful were those
from which the pressure-time history had to be deduced indirectly
from measurements of the shock wave speed or the elastic free-
surface response of a cylindrical sample. These irdirect tech-
niques are quite tedious to apply and very time-consuming. Also,
they are not well suited for the problem in this work. For these
reasons, a more direct method for measuring the cavity condition
using piezoresistive gauges was pursued.

The use of manganin piezoresistive gauges for shock wave
measurements has been extensively studied and well documented
(References 27, 28, and 29). The manganin gauge exhibits a
fractional change in resistance that is proportional to tie normal
stress component, ¢, acting on its active element. This is
expressed by

Q

i
A=
'JUI(>
i

g

where Rg is the initial value of the resistance of the gauge and
K = 0.0027 9/Q/kbar for the gauges employed here.
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A 50-chm photo—-etched manganin foil gauge* was bcnded to the

3 cavity of an aluminum block (Figure 33a). The gauge is bonded to

; tire cavity with a thin layer of Furane Epocast 202 epoxy so that

i it blends in smootnly with the curvature of the cavity. The total
~ thickness of the gauge package is S5 mils. The assembled gauge-~
E ! aluminum block is shown in Figure 33b. Because of the excellent

impedance match of aluainum with granite, the cavity pressuvre
measured by the manganin gauge for both the airblast wave loading
and hyéraulic water loading is very close to that experienced by

3 § the granite samples.

The power supply used w*th the above gatge was a Piezo-
resistive Gage Pulse Power Supply** which utilizes a Wneatstone
bridge circuit shown in Fiqure 34. Briefly, the gauge forms one
arm of the bridge. The bridge is initially balanced, V = 0, with
the capacitor-pulse type power supply charged to a voltage, V6.
Several microseconds prior to the arrival of the stress wave at
the gauge, the capacitor is discharged. When the gauge is com-
pressed by the pressure loading, the bridge becomes unbalanced

and the resultant voltage, V, across the null indicator is
A circuit analysis gives the

i L

T NPT

monitored on an oscilloscope.
change in resistance, AR, of the gauge element as

v (R +R R
_— 3 % 4 )5 +
Vb (R + R3) R3 R | Rx Rz
bR = g RFR)(R +RJ R +R -
s v_ 3 3 s 4 12 2
R v R R R+ R
o 3 3
*Micro-Measurements Ccompany, Romulus, Michigan, Manganin Gauge

IM-SS~-210AW-048.
**Metro Physics, Incorporated, Model 50-75C.
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Gl A

106.62

e,

R+AR
B=502 (cauge)

Figere 34 Bridge circuit for manganin gauge measurements.
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where values of Rl, Rz, Rs, and R~ are defined in Figure 13 and
g -
cable resistance in the gauge arm. The use of this expression,

together with the gauge constant K, provides c¢(t) for a known v,
and the measured V(t).

R=R_ + Rx is the total resistance in the gauge arm, with Rx the

Three different pressure profiles were measured on a 1.620-
inch-diameter cavity using the manganin-gatge aluminum-block
configuration. A blast-type loading pulse in atmospheric air
created by a 51-mil-diameter phosphor-bronze wire and exploded
at a voltage of 20 dvV, a hydravlic loading pulse in water created
by the same wire and voltage conditions, and a hydraulic loading
pulse in water createZ by a 32-mil diameter phosphcr-bronze wire
and exploded at 15 kV are all shown in Figure 35. Although the
peak pressure of the blast wave pulse is higner than both thie
water pulses, its impulse is significantly less. Sazmples loaded

with this pulse (e.qg., fracture shot 003) showed no fracture
damage.

The success of these measurements depended on the pressure-
loading pulse arriving at the cavity after the onset of dwell
witen current had ceased to flow througn the wire, (e.g., Fig-
ure 27b). The reason for this is that the manganixz gauge acts
as a search coil and picks up voltage, induced by the rapidly
changing magnetic field, which is fed back into the bridge
circuitry. The amplitude of this voltage increases the closer
the gauge is to the exploding wire and exceeds the signal voltage
from the gauge. Shielding the gauge from this field would be
quite difficult and impractical, since it would physically inter-
fere with the response of the gauge to the pressure pualse. How-
ever, the manganin-gauge power supplv was capable of recovering
from the effect of this induced signal about 2 psec after current

shutoff, and measurements of the pressure pulse could be obtained
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after this time. The arrival of the pulse in air and water for a
1.020-inch-diameter car.ty was about 3 and 4 psec, respectively,
after current shutoff. However, the arrival of the pressurz
pulses for the X%-inch-diameter cavity preceded the current dwell
and measurements could not be obtained.

Another mcasurement of the pressure pulse was obtained with
small (0.0937-inch diameter) barium titanite probes inserted in
holes drilled in the radial direction of plexiglass samples.
Although the response of these probes could rot be quantitatively
deduced, they did provide a qualitative measurerent of the pres-
sure pulse shapes which was similar to that obtained by the
manganin gauges. This helped to substantiate the authenticity
of the measurements made bv tiic manganin gaugess.

As mentioned previously, the gradual-rise, long-duration
character of the pressure pulse created by the exploding wire in
water (Figure 35) was not initially anticipated. However, these
pulses are not so surprising when considering the analogy of a
simple moving piston for the expansion prccess of the wire.
Several different mechanisms have been proposed to explain the
vaporization or expansion process of the wire (e.g., Muller,
Bennet and Webb, and Chace in Reference 25). These niechanisms
are quite complex and a discussion of them is beyond the scope
of the present work. The following discussion is offered simply
as a possible intuitive explanation for the different pressure
profiles obtained.

The whole process of meiting and vaporizing the wire occurs
in only a few microseconds. Prior to the vaporization. the
physical shape of the wire is maintained by inertia and magnetic

pressure. As time proceeds, the magnetic pressure drops with the
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coliapse of the current and the kinetic pressure becomes dominant
and expansion of the vaporized material begins. Now consider

this expanding material to act as a cylindrical piston compressing
the surrounding medium. For a given wire and rate of energy
deposition, the environmental containment of wire strongly affects
the rate of expansion. An air envirorment allows little restraint
to the expansion of the wire in comparison with the restraint
afforded by a water environment. The distance required for a
shock to develop in front of a moving piston in a hydrodynamic
medium is proportional to the square of the sound speed and
inversely proportional to the acceleration of the piston. There-
fore, since the cylinirical piston can expand more rapidly in air
than in water, a shock wave will be formed in air in less distance
than would be required in water. A steeper wave iront in water
would result sooner if the rate of energy deposition is increased.
This would increase the kinetic pressure, and hence, the accelera-
tion of the cylindrical piston. The steeper rise of the pressure
pulse for the 32-mil wire at 15 kV in Figure 35 is an indication
of this where the rate of energy per unit mass is about 1.9 times
that for 51-mil wire at 20 kV.

5.5 INTERPRETATION OF EXPERIMENTAL RESULTS

Calculations were made of the experimental geometry and
loading conditions using both the linear-elastic description of
granite and the tensile fracture model described in Section 4.4.
As a result of this analysis, a deeper understanding of the
process of tensile fracture in this geometry can be obtained.

Experimental shots 002 and 004 were especialliy interesting,

as they give the possibility of bracketing the tensile strength.
The first calculation used a perfectly elastic model to compute
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shot 002. The validity of the purely elastic assumpticn can be

checked by noting the trajectory in Kﬁg_ » J, space--Figure 36,
trajectory 002--and comparing to compressional fracture data.
Within tahe experimental scatter, the trajectcry is inside the
proporticn:al limit data of Reference 15. The calculated maximum
hoop tensile stress is shown in Figure 37 for shots 002 and 004.

For the rest cf the discussion it is assumed that tensile
failure is determined by just the peak tensile stress.*

From Figure 37, the tensile strength of granits= is at least
0.6 kXbar, since the l-inch bore hole shot did not fracture. The

¥-inch bore-hole shot did fracture, so that the tensile strength

is nov more than 1.5 kbar. When the calculation was repeated

using the tensile crack model with a tensile strangth of 1 kbar,
the model indicated fractures ou% to nearly 0.8 cm radius, where
the elastic calculation chowed slightly more than 1 kbar peak
tension. The water buffer calculation used an 0.8-kbar teansile
limit, and the calculated extent cof cracking was about 1.5 cm,
where an elastic calculation showed about ().8-kbar peak tension.
The experiments, however, showed that those cracks which did noct
intersect (and so were not obviously influenced by) the free
surface, extended to locations where elastic calculations show
the peak tensile stress to be about 0.3 kbar for both the water
buffer (Figure 38) and the %-inch air buffer (Figure 37).

From these observations, it is concluded that it requires
less tensile stress to propagate a crack than it does to initiate
one. That the effect of opening a void takes some energy from
the stress wave is concluded from the peak tensile stress being

a few percent lower at a given range when the tensile crack model
is used than an elastic calculation shows.

*It may be that this is not a sufficient criterion, but it is
simple and convenient. Since the air pulses have similar tensile
stress histories, the peak value or the integral of (say) stress
time are equivalent criteria. Further, the cracks extend to about
the same p2ak tensile stress value for both the water and air
buffers (compare Figures 37 and 38).
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SECTION 6
CONCLUSIONS AND RECOMMENDATIONS

Two parallel paths were followed in this investigation of

f fracture and comminution of rock. Tie first path was the study
of existing analytical models of fracture and ccmminution and

the application of these models to the dynamic stress fields
appropriate for blasting. From this study a method was developed

to test the theories in various idealized gecometries and loading

oo
e e
L}

conditions. T.2 second path was a more fundamental investigation
of the process of tensile fracture in rock. Experimental data
and finite-difference calculations were used to obtain the
dynamic tensile strength of Westerly granite. In addition, it
was discovered that cracks can propagate in a tensile stress
field more easily (with less stress) than they are initiated.

Some specific recommendations can be made for extending the
results presented here. The model for rock failure in hoop |
tension is inadequate. Provision must be made so that a crack
can extend more easilv than it can be started, perhaps through
an ad hoc stress concentration factor. The experiments using
the water buffer should be refined, and additional air buffer

shots at intermediate cavity radii should be done to try to pin

down the tensile strength a little more accurately. The fracture
and comminution program should allow for variable material
propertins, and additional models should be tested.
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More generally, as these future results begin to show a
clearer picture of dynamic fractuvre, the two approaches can
blend--results on dynamic fracture can be used to refine, say,
the Galin spall model, and particle size distributioas from the
‘ fracture and comminution program can be used in more detailed
calculations of the interaction of stress waves and the effects
of fractured material during blasting.
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APPENDIX A

THE FRACTURE AND COMMINUTION COMPUTER PROGRAM
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1 The fracture and comminution program coasists of one main
E program together with fomction PRESS and suroutine CLASIF.
PEESS caiculates the pressure at each time step in each sgace

zome. CLASIF performs the particle-sieving and size arnalysis
described im Block D (Figure 3).

b

The program listing anC¢ input instructions follow. Figure 7
is a printout of typical imput data to the program. All Jdata
are in centimeter—gram-microsecond units. These inmputs are
3 discussed below.

Geometry. G = 0, 1, 2 selects plane, cylindricai, or
spherical geometry. RO and RMAX are imner and cuter boumdaries
of the rock. PPRIN is a control or printirg of certzin optional
{ outputs as described at lines 214 and 243 of the main program.

E If FREESU is nom-zero, the outer boumdary is assumed to be 2
free surface ond the Galin spall model is tested.

™
por—

3 Forcing Function. The corresponderce between the variables
3 iisted in the table arnd those given im Block B (Section 3.3.2)
is as follows:

PMAX is p o

RIPHE is aa

TITTRA T SR &
[}

- BETA is Da

il

X0 1is xo

Ris A

TR T T A R B A

B is B
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Net all the nine slots on each data card are now used. The
remaining slots are available to read in additional data if the
program is revised.

Input data format is iisted in Table Al.

Program Listing. A listing of the FORTRAN program follows.

o/
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Carxd
Type No.

TABLE Al

FRACTURE AND COMMINUTION PROGRAM—Ii:PUT DATA

Entxy No.
on Card

1

(i -2 - - BN |

Name in

Program Symbol in Writeup

s 2n
RO ro
RMAX o
NZON
PPRIN
FREESU
PMAX Py
ALPH aa
X0 xo
DTI
A A
B B
A~-4

Geometry factor, G=0,1,2 for
plane, cylindrical, spherical

Inner radius, must be non—-zero
1ifGis 1 ox 2

Outer raiius
Number of space (inass) zones

Centrols printout of certain
quantities. See text.

If FREESU > 2. RM2X is free

surface and G&.:: spall model
is computed

Initial, maximum pressure at
r, in forcing function

Coefficient of exponent in
forcing function

Proportional to wavelength of
forcing function

Time ster

Coefiicient of exponential in
forcing function

Coefficient of exponential in
forcing function

(1]

[

1]
B A A B ] B MM A A Sl st
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TABLE Al (cont.)

Card Entry No. Name in

F Type No. on Card Program Symbol in Writeup
; 7 BETA bag Coefficient of exponentiél in
] forcing function
: 5
- 9
1 - 3 1 RHC 1] Density of the rock ,
1 2 YMOD E Young's modulus
i 3 PRAT v Poisson's iatic

4 Q Q Solid-friction coefficient

5 SCOMP Sc Compressive strength coefficient

6 STENS St Tensile strength coefficient

7

8

9

4 1 CEFR X Rittinger comminution efficiency i

2 SSE T Spvecific surface energy ;
3 3 SHAPV f, Volume shape factor ’
; - 4 BWI W, Bond work index
;v 5 SHAPA fa Area shape factor
3 ) 6 DIAMIN vi/3 Minimum size-class diameter
; 7 STZRAT R Ratic of volumes of successive
- size classes
% 8 JMAX Number of size classes

9

o T AT AT

.
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FORTRAN PROGRAM

A LT N SRR SN RN

PROGRAM HEUB(INPUT.OUTPUT’TAPES=INPUToTAPEéﬁbuTPUT)

COMMON PNAXOALPHQBEYAoAOGQOQXOQROQDRQQ7QCPQB

COMMON IGs Re MZONo DIAMINs SIZRAT, SHAPAes SHAPVs JUMAX
DIMENSION P(‘ls-OO’9E(419100)1R(41)9K(4I)QRNDP(41)QB“DP(bl)'
1 PBP(‘I)OIBPQQI)9“"0”(41)¢9"DM(41)oPB”in)918"(4])’
2 T(IO)QTITLE(IO)QC‘RD(Q)OUIRRY(QIQIO“’O
3
1

HACUNP(élolOO)vHACUMH(4lleO)’DIAM(kl)
s TAR(41) sGAL (41) +PAR(41])

INTEGER PNTR,CRDR

DATA CPDRISIQPNTR/6/,PPRIN/0./cERR/O./
C

COMMENCE QPERATION
READ(CRDR+1000) (TITLE(I;.T
WRITE(PNTR21002) (TITLE(S; >

101 READ(ZRDR+1001) NTYP, (CAR{!
IF (EOF (CRDR)) 1034102

102 GO TO (110+12001304140) oNTYP

102 60 T0 (110+4120¢13041240) yNTYP

s s v e

C
CAPD TYPE 1 - GFOMETRY
110 6 = CARD (1)
: I6 IFIX(G + 1,1)
IG IFIX(5 « 1,1)
RO CARD (2)
RMAX = CARD?2)
NZON CARD (%)
PPRIN = CARD(5)
FREESU = CARD(6)
C ENTRY 6 ON CARD TYPE 1, POSITIVE IF RMAX IS FREE SURFACE
[F (PMAX o{ £eRO.ORNZONLLE SO ) GO 70 210

[F(RO.FN,.0..AND,G.NE.O.) GO TO 210
GO To 10y

C
CARD TYPE 2 - FORCING FUNCTION
120 PMAX = CARDI(1)
ALPH = CARD(2)

X0 = CAPD(3) -
NTI = CARD (4!
A = CARD(5)

FRTIR WEV S KON WA )

o
PR . SN

1
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8 = CARD(6) :
BETA = CARD(7) 3
IF (X0.LE.0..0RNTILLE,0.) GO TO 220 :
60 TO 101
C
CARD TYPE 3 ~ MATERIAL PROPERTIES
130 RHO = CARD(1)
YMOD = CARD(2)
PRAT = CARD(3)
- Q0 = CARD(4)
SCOMP = CARD(S)
STENS = CAWD(6) :
- IF (RHOWLE .00 sOR.O.LEcO+s0RPRAT LE.=1,,0R.PRAT.GE 425160 TO 230 H

GO TO 101 '
C
CARD TYPE 4 = COMINUTION PARAMETERS :
140 CEFR = CARD(1) §
SSE = CARD(2)
SHAPV = CARD(3)
BYI = CARD (4}
. SHAPA = CARD(5) . p
3 DIAMIN = CARD(6) 3
- STZRAT = CARD{(7) .
3 JMAX = IFIX(CARD(8) + .1)
3 IF(CEFR.LE«04.OR.SHAPV.LE.0.) GO TO 240
GO TO 10)
C
103 WRITE(PNTR+1003) GsRMAX9RO9NZONsPPRINSFREESU ;
WRITE(PNTR.1004) PMAXsALPHeX09DTIsBETA,AsB ¥
WRITE(PNTR,1005) RHO 9 YMOD +PRAT Q9 SCOMP,STENS :
WRITE(PNTR+1006) SSE+sCEFR9SHAPV +BWI 9 SHAPASDIAMINSSTIZRAT o JMAX ’
IF(ERR.NE.O.) GO TO 29 :
C
COMPUTE BULKMODULUSs SOUND SPEED AND PROPER TIME STEP
C
BMOD = YMOD/(3e%(1,~2.%PRAT))
- CSQ = 3,4BMOD*(1,~PRAT)/(1.+PRAT)
CP = SQRT(CSQ/RHO)
NCYC = ((RMAX=R0)/CP + 3,/ALPH)/DTI + ]
* DT = DTI
IF(NCYC.LE.100) GO TO 104
NCYC = 100
IT = ({(RMAX = RO)/CP + 3,/ALPH)/NCYC
104 HRITE (PNTRs1007) 8MODCPoDT
NPOST = NZON + )
OR =(RMAX-R0)/NZON
3 G = 6/2.
b c
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CALCULATE PRESSURE (R+T) AND ENERGY(RsT) GRINS
Cc
DO 1 J = 1+NPOST
DELTR = (J-1)#®DR
R(J}) = RO + DELTR
DO 2 1T = 1+NCYC
TIME = (I-1)#DT
PlJs 1) PRESS (DELTReTIME)
E(Je]) 0.5*P (Jse I)#ABS(P(Je]))/8MOD
2 CONTINUE
1 CONTINUE

C
COMINUTION INITIALIZATION
Cc
DN 4 J = 1eNPOST
WACUMP (J¢1)=0,
WACUMM(Je1)=0.
RMDP () = 1.E+10
RMDM(J) = RMDP(J)
BMDP (J) = RMDP (J)
4 BMDM(J) = RMDF (J)
Cc
COMTINUTION CALCULATIONS
C
DO 8 J = 2«NPOST
PP 0.
PM 0.
TP
™
DO

~ i in
(=]
.

T = 1+NCYC
TIME = (I-1)#DT - DR/CP
RAD = (J=2)#DR
PG = PRESS(RADTIME)
FEL = 0.5%PG*ABS(PG)/BMOD
WCOM EEL® (1. = DR/R(J))##(2,%#G) = E(Js D)
WARRY (Jo 1) WwCOM
IF(P(Je1) ,GToSTENS,ANDLP(Je 1), LE,SCOMP) GO TO 7
IF(WCOML.EQ.0.) GO TO 7
IF(P(Js 1) LE.STENS) GO TO €

——
-
-—
-

COMPRESSIVE COMINUTION

o060

IF (WCOM.LT.0.) GO TO 7
IF(1.EQ.1) GO TO 51
WACUMP (Je1) = WACUMP(J9I-1) + WCOM
51 CONTINUE
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PP PP ¢+ 0.5%(P(JsI=-1) ¢ P(Js1))*DT
TP TP + DT
RIT = 6.%#SSE/ (WCOM®CEFR*SHAPV)
C CUMULATE COMMINUTION STEPS
PUDP (J) =AMIN]1 (RIT+RMDP (J))
BND = 01%(BWI/WCOM)#&2

DEL = 1./SQRT(BND) « 1./SGRT (BMDP (J))
BND = 1,/(DEL)##2
BMDP (J) =AMIN1 {AND+BMDP (J))
GO TO 7
C
C TENSILE COMINUTION
C
6 IF (WCOM.GT.0.) GO TO 7

IF(1.EQ.1) GO TO 61
WACUMM(JeT) = WACUMM(JsTI~1) + WCOM
61 CONTINUE
PM = PM & 0.5%(P(JsI~1) + P(Je1))*DT
TM = TM « DT
RIT = =6,#SSE/ (WCOM#CEFR*SKAPV)

C CUMULATE COMMINUTION STEPS

RIT = 1./(14/RIT + 1,/RMDM(J))
RMDM (J) =AMIN1(RIT9RMDM(J))
BND = 01#(BWI/WCOM)#&?
1./SQRT(BND) + 1,/SQRT(BMDM (J))
lo/(DEL) ##2
BMDM (J) =AMIN1 (RND+BMDM (J})
7 CONTINUE

IF(TP.LE.O.) GO TO 5

PRP(J) = PP/TP -SCOMP

TRP(J) = TP
5 IF(TM,LE.0.) GO TO 8

PBM(J) = PM/TM - STENS

TAM(J) = T™
8 CONTINUE

DEL
BND

C ENTER GALIN SPALL MODEL

IF(FREESULLELO0.) GO TO 11

C INITIALIZE SPALL PARTICLE SIZE

DO 82 J=1s NPOST
82 GAL(J)=1.F+10
TRAT = (RMAX = RO)/CP
D0 81 L=1sNZON
J = NPOST + 1 -
RAD = R(J)
TIME = TRAT + (RMAX = RAD)/CP

C ARR] VAL TIME OF WAVE FROM FREF SURFACE

RADO = RAD - RO

;ﬂa--ﬂ»w :7.."“, h;]

e g
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PG = PRESS(PADOTIME)

TAR{J) = TIME
PAR(J) = PG
IF(PG JLE.O0) GO TO 81
C IF ZONE IS TN TENSION IT CANNOT SPALL
IF (RMDP (J) .LT, 1.E+10) GO TO 8]
C IF ZONE HAS CRUSHED IT CANNOT SPALL
EEL = 0,S*PG*PG/BM0OD
EELM =EEL / RHO
X = PG/{RHO*CP)
XX = X%X
SURENG = EELM={(.5% (XX~2.#*PG/RHO)
GAL(J) = S.% SSE /(RHO ®* SURENG)
81 CONTINUE
11 CONTINUE

READY TO DETFERMINE SIZE DISTRIBUTICN
OUTPUT SECTTON

WRITE(PNTR+1008) (TITLE(I)9I=1+10)
DO 12 J = 1+NPOST

RAL NS A L D S\ "
OO0

11

1 TBP () +PBM(J) o TEM ()

oSl s i R S

IF (FREESH.LE.0) GO TO 18

WRITE (PNTR+1026) (TITLE(I)sI=1910)

DO 48 J=1+NPOST
48 WRITE(PNTR+1025) JsR(J) «GAL(J) 2 TAR(J) sPAR(.))
18 CONTINUE

TR IO

15 WRITE(PNTR«1012) R(J) s (P(JsN) sN=MZ oML )
13 CONTINUE
IF(NCYC.LE.10#IND) GO TO 30

o
E C IF PPRIN GT ZERO AND LT 3. PRINT P(RsT) GRID
§ If (PPRIN.EQ.0.) GO TO 20
3 IF (PPRIN. GEe 3.) GO TO 30
IND = NCYC/10
DO 13 M=1,IND
MI = 10%(M-1)
M7 = MI + 1
~ ML = 10%M
3 WRITE(PNTR«1010) (TITLE(I)sI=1410)
4 D0 14 N=1+10
1 14 T(N) = (MI ¢« N = 1)#DV
: WRITE (PNTRe1011) (T(N)eN=1,10)
3 WRITE (PNTR+1013)
3 DO 1S J = 14NPOST

A-10

C INCIDENT PRESSURE WHEN REFLECTED WAVE ARRIVES

12 WRITE(PNTR+1009) R(J) +RMDP (J) +BMDP (J) yRMDM (J) + BMDM (J) +PBP (J)

C SKIP GALJIN SPALL PRINTOUT IF NO FREE SURFACE
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2R e Crmmaty g S G

WRITE (PNTR+1020) (TITLE(I)»1=1+10)

MI = 10%IND

ML = NCYC - M]

DO 16 N = 1.Mp
16 TIN) = (K] « N - 1)*pT

WRITE(PNTR9e1011) (T(N)9sN=]oML)

WRITE (PNTR.1013)

MI = KI + 1}

00 I7 J=1,NPOST
F - 17 WRITE(PNTR<1012) R(J), (P(JoN) sN=M]+NCYC)
3 60 To 30
. 39 CONTINUE

C IF PPRIN LT 2. PRINT ENERGY AHSORBED TN EACH TINE STEP

» IF (PPRIN.GE.2,) GO T0O 40
ID = NCYC/10
00 23 M=1,]IND

MI = 10%(M-])
MZ = M1 « 1
ML = 10*"M

WRITF (PNTR+1018) (TITLE(I) »T=1410)

- DO 24 N=1.10

f 24 TIN) = (MI « N - 1)#pT

. WRITE(PNTR91011) (T(N)sN=1+10)

1 WRITE(PNTR+1013)
E 00 25 J = 1+NPOST

F 25 WRITE (PNTR91012) R{J) » (WARRY (JsN) +N=MZ oML}
| 23 CONTINUE 2

1 TIF(NCYC.LE.10%IND) GO TO 20

4 WEITE(PNTRs1018) (TITLE(I)+I=1+16)

' MT = 10%IND

ML = NCYC - MI
DO 26 N = 1ML
26 TIN) = (MI « N - ])#pT
WRITE (PNTR<1011) (T (N) oN=] oML )
WRITE (PNTR+1013)
ML = MI + ]
DO 27 J=1.NPOST
27 WRITE (PNTR<1012) R(J) o (WARRY (JsN) oN=MI .NCYC)
«0 CONTINUE
IND = NCYC/10
g DO 33 M=} .IND

i ioobizail

inc 2 T i

] MT = 10%(M-])
: . MZ = MI « 1]
3 ML = 10%M

i WRITE(PNTR91019) (TITLE(I)sI=1+10)
u DO 34 N=1,10
. 34 TIN) = (MI « N -~ 1)#DT

WRITE(PNTRe1011) (T(N)9N=1+12)

A-11
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, WRITE iPNTR,1013)
‘ CO 35 J = 1sNPIST
35 WRITE(PNTR«1012) R{J) s (WACUMP (J9N) +N=MZs ML)
23 CONTINUE
IFI(NCYC.LE.10*IND) GO TO 30
WRITFLPNTR91019) (TITLE(I)»I=1x0)
MY = 10%IND
M. = NCYC -~ Mi
D 36 N = leM
36 Ti(N) = iMI - N -1)%DT
WRITE(P*"TR»1011) {(T(N)+N=1.ML)
MRITF (PNTR»1013)
41 = M] + 1
DO 37 o=1+NPOST
37 WRITE(PNTR»1012) R(J) o (WACUMP (JeN) sN=R]+NCYC)
IND = NCYC/10
00 43 M=1,IND

Lot

¥T = 10%(M-])
HZ =mnI + 1
M. = 10%M

X3 TE(PNTR1020) (TITLE(I)2I=1+70)
00 44 N=l.10
&<, TIN) = (KT « N - 1)*DT
WRITE (PNTE«10%:) (T(MN)sN=1+10)
NRITE (PNTR+10131
DO 45 J = 1+NFOST
45 WRITE(PNTR21012* R{J) 9 (WACUHMM(JsN) oH=MZ oML )
43 CONTINUE
IF (NCYCJ.LE.10%IND) GO TO 20
WRITE (PHTR21020) (TITLE(Y;+1=1+10)
M1 = 10%#IND
ML = NCYC - MI
DD 46 N = 1.ML
46 T(N) = M1 +«+ N - 1)®DT
ARTITE (PNTR91011) (T (N)sN=]1sHL)
WRITE (PNTR+1013)
MI = MY + 1
DQ 47 J=1sNPOST
47 MRITE(PNTR+1012} R{.) ¢ (HACUMM(JoN) sN=MT NCY()
| G0 TO 20
: C
CERROR SECTION
C

Lt e e e s o B
L]

AT

210 WRITF (PNTRs1014)
ERR = 1,
GO TO 101

220 WRITE(PNTR.1015}
ERR = 1.,

S

a-12
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6n 70 101

230 WOITE{PNTR.3016)
egen =T,
6% TO 101

2%0 WRITEIPHTR«I01T)
o = 1,
G TO 161

20 CONTINUE

C PITTINGER COMPRESSIVE MODE

WOTTE(PNTR. 1021)
WRITE (PNTRe 1022)
CALL CLASTF (RMDP)

C RITTINGER TENSILE MODE

WRITF (PNTR«. 1021)
WRITE (PNTRs 1023)
CTALL CLASTF (kMDM)

C RITTINGER MIXED MODE

D9 21 I=1s MPOST
21 DIAM(I) = AMIN] (RMDP(T)RMDM(I))
WPITE (PNTR. 1021)
WRITF IPNTRe 1024)
CALL CLASIF(DIAM)
CALL EXIT

c
C

1000 FNRAMAT(]1CAR)

1601 FORMAY IIR.9E£8.0)

1002 FORMAT (13111 THPUT DATA«10X<10A8 /7))

1003 FOQRMAT(SXe 9H GEOMETRY/15Xs3H G=eF3.0/12Xe6H PHAX=9FS5,0+3H CM/
1 14Xs4B RO=9FS.0e3H CH/20XeI3+6H Z0NES/
210X+TH PPRIN=9F5,1/10Xe8H FREESU=eFS,1//)

C

Cc

<

1004 FORMAT(SX+17H FORCING FUNCTION/20Xe7TH PMAX =eF10.3s5H HBAR/
1 26Xs7H ALPH =9£10.3912H PER MIT_,SEC/23X94HX0 =+F5.2+3H CM/
Vs 19X918H INPUT TIME STEP =+F10.2. TH MICSEC/20X»7H BETA =,
3 E£10.3+12H PER MIC SEC/23Xe4H A = E10.,3/23X94H R = E10.377/)

1065 FORMAT (Sx+20H MATERTAL PROPERTIES/15Xe10H DENSITY =¢F6.3+ 6H GM/CC
1 /15Xs17H YOUNGS MODULUS =+FE10.3, SH MBAR/16Xs16HPOTSSONS RA
2T10 =+F7,3/15X919H DAMPING CONSTANT =4F10.3715X«20H ULTIMATE STREN
3GTH =+E10.39 SH MBAR/15X+19H TENSILE STRENGTH =+E10.3+s SH MPAR//)

1606 FORMAT(SX922H COMINUTION PARAMETERS/15X926H SPECIFIC SURFACE ENERG
1Y =+E£10,3/15X«23H RITTINGER EFFICIENCY = FG.3s/15X+22H VOLUME SHAPE
2 FACTOR = F6.4/15X518H BOND WORK INDEX = F10.3/
315XeTH SHAPA=+F6,49/15X98H DIAMIN=9E]1C.39/15Xe8H SIZRAT=»F10.3/

315Xe6H JMAZX=9 ]2 /38BH NOTFS FOR THE
I COLLOWING COMPUTED DATA/SXe18H R = POSTTION (CM)/SX<36H itup = QY

a-13
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LTEINFY WEAN DIMFNSTIN (CM)1/5X31F BM0 = BOND »EAN DINENSION (OW)/
55% <37 SUFFIX P IMPLIES COWPRESSION  /SXe32¢ SUFFIX N IMPLIES TEW 1
SS10% /75X«Z28H PB = WMEAN OVERSTRESS (MEAR)/SXe31H T8 = DURATIO
TN OF OVERSTPESSING/&1H ALL VARTABLES AFPE SCALAR POINT FUNCTYIONS//)
c -
1007 FORMATI1ISH PULK MODULUS =+E10.3+ SH MRAR/I4H SOUND SPEED = F10.3«
i 108 OF/MICSEC/21H COWPUTED TIME STEP = E10.4« 7H MICSEC)

-

100% FORMAT(INI/Z16H COMINUTION DATA»10A8//7X921HhR2 13X« &4HRMOP » ] 0X « LHONDP «
] IxSH RWDMHy IXSH BMOIM 10X eIEPEP 9 11 Xe TP 9 1 1 X e IHPFM1]1Xe
el 3HTEM)

; c

E 1009 FORMATI9F14%.4)

] 1010 FORPAT(1HL/33H PRESSURE (POSITIONSTINE)  (MYAR) o 10AB//S0Xe14H TINE
3 1 (MICSEC))

- c

| 1011 FOOMAT (10X+10E21.3)

‘ 1012 FORHUAY(F7.233X210FE11.3)

3 1013 FORMAT(SH  R)

# 1014 FOSMAT(18H ERKOR IN GEOMETRY)

1015 FORPMAT (26H ERROR IN FSRCING FIMCTION)

1016 FORMAT(29H ERZOR IN MATERIAL PROFERTIES)

1017 FORMAT(31H EEROR IN COMINUTION PARAMETERS)

1018 FORMAT{1H1/314 ABSORBED ENERGY PERSITY (MBAR)10A8//50X216H TIME
1 (MICSEC))

1019 FORMAT(1H1/% CUMUL ENERGY DENS ABSORBED IN CO¥PRESS *.1028
17/750X+*TIME (MICSEC) = )

1920 FORPMAT (1m1/% CUMUL ENERGY DENS ABSORBED IN TENSIOM *510A8
1775GX«+* TIME (MICSEC)*®)

1021 FORMAT (=)=;

.

Y

é 1022 FORMAT(* RITTINGER COMPRESSIVE MCDE SIZE CLASSIFICATION®/)
f 1023 FORMAT(®= RITTINGER TENSILE MOCE SIZE CLASSIFICAYION =/) =
- 1024 FORMAT(® RITTINGER MIXED MODE SIZE CLASSIFICATION #=/)
1925 FORMAT(1H +12e3Xs4E11.3)
1026 FORMAT (1H1/17H GALIN SPALL DATA-1MA8//2Xe1HJI9s7Xe4HR (J) «SXe6HGAL () -
1+SX26HTAR () o SXo6HPAR(J) )
FMD

Gkt . i
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FNCTION PRESSIReT)

C
COMON PUAXw AL PHoAETAw A9 GeQe X0nR0«DR« DT« (P2
C
1 DELT = T - R/CP
PLESS = 0.
: - !F(WLT.I,T.Q.) mm
e = 1,
- FAC = PHAX*EXP{-R/i{X0*Q))

! POESS = FACSTORS® (ASEXP (~ALPHODELT) -~ R*EXP(-BFTA*DELT))
F R TURN

: 50

SUSHECUTINE CLASTFIDIAW)

COMON PMAX«ALPHBETA2AeGrQeX0eRE«DRaNT 2 CF B

COMMON JGe Re NZOMNe DIAMINNe SIZRAT e SHAPA. SHAPVe JWAX
DIMENSION ZVOL(&41)e ZSURF (&1)e DIAM(1). R(&1)e SIZ(50).
1IFCVOL (50)« FCSP(5D)

INTECER PMTRCRDR

PuTR = 6

NOQST = NZO0N+«1

C INITIZLYZE RELATIVE FRACTURED VOLUME AND PARTICLE SURFACE AREA

cutar iy ca CIHN S b i

LU aad i

-

3 VOLF = O,
o FSUR = O,
‘ WPITE (PNTR92003)

D9 10 1=2+ NPOST
C CALCULATE RFLATIVE VOLUME OF EACH ZCKE
ZYOLT = R(I)*®]IG-R(I-1)%*]IG
ZVOL(I) = ZVOLI
C HAS Z0NE FRACTURED
IF(DIAM(T) .GE. 1.E10) ZO TO 10
C 1IF SO ADD ITS VOLUME AND PARTICLE SURFACE TO FRACTURED TOTALS
VOLF=VOLF+ZVOLI
ZSURF (1) =(ZVOL I#SHAPA) /7 (SHAPV*DTAM(])}
FSUR=FSUR+ZSURF (1)

¥RITE(PNTR+2001) Is R(I)s ZVOL(I)e VOIFe ZSURF(I)» FSUR
10 CONTINUE

3

‘,;:.....;.. Yo

S
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C TLFInE SIZE CLASSES

DIARAT =(SIZRAT)**_3333

DO 20 J=]eJMAX

20 SIZ(JI=DIAMIN® (DIARAT)**(S-1)
L C IMITIALIZE CIWMMLATIVE VOLUME AND SURFACE
; oL = 0.
i CSIR = 0, .
z W2ITE (PNTR#2002)
WO L TF (PNTR+2004)

DO 40 J=1 e MAX

C IMITIALYZE VOLUME NG SURFACE IN CLASS J

d voLJ = 0.

3 SRy = 0,

: SIZE = SIZ(J)-

3 C FIND ZONES THAT PASS SIEVE J

DD 30 I=2« NPOST
IF (DIAv(I) .GY. SIZE) GO TO 20
C ADD VOLGHE aND SURFACF TO CLASS J
VOLJ = VOLJ + ZYOLZT)
SUR) = SURJ + ZSURF(I)
30 CONTIMUE
C CUMULATF VOLUME AND SURFACE
cyoL = VoLl
CSUR = SURJ
C NORQMAL IZF {'MVOL AND SURFACE
FCVOL(.5) = CVOL/VOLF
FCSUR(J) = CSUR/FSUR
WOITE (PNTRs 2001) J»SIZE+CVOL »CSURSFCVOL (J) sFCSUR(J)
40 CONTINUE
2001 FORMAT(3Xs I2¢ S(3X+1P1E10.3)) .
2002 FORNAT (#]1%) '
2003 FOUMAT( = ZONE RADIUS RVOLUME CUM VO. RSURFACE CUMSURF#,/)

2004 TrORMAT( = CLASS SI2S CUMRVYOL CUMRSURF FCUMVOL FCUMSURF#®,/.
RFTURN ¥

END

Laiea aadl foos o ad
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