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ABSTRACT

The Rinehart pellet technique was used to measure 
the stresses generated in Yule marble by unconfined 
cylindrical explosive charges. The peak stress was 
determined for various geometries of charges and various 
interface conditions between the explosive and the rock.
For a contact charge, the charge diameter was found to 
affect the peak stress, measured within marble 2.00 in. 
from the charge, much more strongly than the charge length. 
The angle between the axis of the charge and the surface 
of the marble had little effect on peak stress if the 
contact area between the explosive and the marble was 
held constant. The peak stress within the marble decayed 
from 271,000 psi 0.50 in. from the contact charge to 
15,200 psi 4.00 in. from the contact charge, the decay 
being slightly greater than a theoretical 1/r decay.
Partial confinement of the charge substantially increased 
the peak stress.
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The shock attenuation in a layer of dissimilar 
material between the explosive and the marble was found 
to be less for water than for marble itself and greatest 
for air. The attenuation rate in a layer of sand, cardboard, 
or foam rubber was also high, being almost equal to that of 
air.

The resulting fragmentation of the marble specimens 
correlated roughly with the magnitudes of the peak stresses 
as measured by the pellets. When the stresses were high, 
the fragmentation was great, and vice versa.

iv



T-1003

TABLE OF CONTENTS

Page
Introduction.........................   1

Statement of problem .......................... 1
Previous work..................................  2
Approach to the problem.......................  14

Dynamics of explosions. ,    16
Properties of materials . . . . .    35

Properties of Yule marble.....................  35
Properties of explosive.    40
Properties of magnesium alloy.................  41

Experimental procedure..............................  42
Theoretical considerations..........    48
Results of shock wave measurements.................  56

Effect of geometry of c h a r g e .................  56
Effect of charge length .................  57
Effect of charge diameter .    68
Effect of angle of incidence of detonation 
front with surface of rock...............  75

v



T-1003

Effect of interface conditions between
explosive and r o c k ............................ 85

Air gap experiments.....................  87
Experiments with layer of dissimilar 
material.  .......................... 93

Effect of partial confinement.................  98
Attenuation....................................... 102

Results of fracture studies ......................... 110
Effect of geometry of c h a r g e ....................Ill
Effect of partial confinement....................117
Effect of interface conditions ................  119

Applications........................................... 121
Conclusions .  ....................................... 124
Recommendations ...................................... 127
Appendix I Pellet data . . . . . .    128
Appendix II Determination of stresses............... 145
Bibliography........................................... 155

vi



T-1003

ILLUSTRATIONS

Figure Page
1 Decoupling model ..................... . . .  8
2 Reaction zone in explosive of infinite

e x t e n t.........................   18
3 Development of a stable detonation head. . . 22
4 (a) Explosion dynamics of an unconfined 

cylindrical charge in contact with a rigid
b o d y ..............................  24
(b) Pressure-time curves for three selected 
points on the surface of the rigid body. . . 24

5 Stable detonation head for partial
confinement.........................   26

6 Pressure induced in aluminum by detonation 
of Composition B as a function of angle e 
between surface of metal and detonation
front in explosive................... .. . . 28

7 Air shock waves produced at the end of an
unconfined cylindrical explosive charge. . . 29

8 Air shock pressure versus distance from
surface of spherical charge..............  30

9 Reflection Hugoniot curves for various
explosives. Hugoniot curve for marble . . .  33

vii



T-1003

Figure
10 Experimental setup for pellet experiments .
11 Method of supporting specimen . . . . . . .
12 Edge effects in a pellet...................
13 Experimental arrangement for determining 

effect of geometry of explosive charge. . .
14 Momentum per unit area versus thickness of 

equivalent marble pellets 2.00 in. from 
the explosive showing effect of charge 
length. . . . . . . ........................

15 Stress versus distance for marble 2.00 in. 
from the explosive showing effect of charge 
length. . . ................................

16 Stress-time relationships at center of 
explosive-rock contact area for 0.25- and 
1.50-in.-long charges.

17 Wave front shapes at various times near the 
ends of charges having different length-to- 
diameter ratios . . .......................

18 Momentum per unit area versus thickness of 
equivalent marble pellets 2.00 in. from the 
explosive for various charge diameters. . .

19 Stress versus distance for marble 2.00 in. 
from the explosive for various charge
diameters . . . . . . . . .  ........ .. . .

20 Shapes of shock wave fronts produced by 
0.27- and 0.75-in.-diarn charges ...........

21 Momentum per unit area versus contact area 
between explosive and rock for 0.37-in.- 
thick equivalent marble pellets 2.00 in. 
from the explosive. .......................

22 Charge inclined to surface of specimen. . .

Page
44
46
50

58

59 

61 

64 

67

69

70

73

74 
76

viii



T-1003

Figure
23 Momentum per unit area versus pellet thick

ness for marble 2.00 in. from the explosive 
for different angles of incidence of the 
detonation front with the surface of the 
rock...................... .. ..................

24 Stress versus distance for marble 2.00 in. 
from the explosive for different angles of 
incidence of the detonation front with the 
surface of the rock ..........................

25 Momentum per unit area versus explosive- 
marble contact area for different angles of 
incidence of detonation front with surface
of marble . . . . . . . . . ..................

26 Momentum per unit area versus pellet thick
ness for different angles of incidence of 
detonation front with surface of rock (equal 
contact area) . . . . . . .........  ........

27 Stress versus distance for different angles 
of incidence of detonation wave with surface 
of rock (equal contact area). . . .  ........

28 Experimental arrangements for determining 
effect of interface conditions between 
explosive and marble. .......................

29 Momentum per unit area versus thickness of 
equivalent marble pellet 2.00 in. from the 
air gap for various size air g a p s ........ ..

30 Stress versus distance for marble 2.00 in. 
from the air gap for various size air gaps. .

31 Momentum per unit area of 0.34-in.-thick 
equivalent marble pellets 2.00 in. from the 
air gap versus size of air gap..........   . .

32 Peak stress in marble 2.00 in. from the air 
gap versus size of air gap. .................

33 Geometry of confinement experiments . , . . .

ix

Page

78

79

80

83

84

86

88

89

91

92 
99



T-1003

Figure Page
34 Momentum per unit area versus pellet thick

ness for marble 2.00 in. from the ends of 
partially confined cylindrical charges. . . , 100

35 Stress versus distance for marble 2.00 in.
from the ends of partially confined explosive 
charges  ............. 101

36 Geometry of attenuation experiments ........  103
37 Momentum per unit area versus thickness of 

equivalent marble pellet at various distances
from the charges„ . . . . . . .    105

38 Momentum per unit area of 0.38-in.-thick
equivalent marble pellets versus specimen 
thickness . . . . . . . .    . 106

39 Stress versus distance behind shock front
showing attenuation effect. . .   107

40 Peak stress in marble versus distance from
charge. . . . . . . . . .    108

41 Cross section of specimen showing typical
fractures . . . . . . . . . . .     . Ill

42 Photograph showing variation of fragmentation
with charge diameter.......................... 114

43 Photograph showing variation of fragmentation 
with angle between axis of charge and surface 
of marble Specimen, 4 X 4 X 2-in.; charge,
1.50 in. long X 0.50-in. diameter . . . . . . 114

44 Photograph showing variation of fragmentation
with amount of confinement. Specimen, 4 X 4  
X 2-in.; charge, 1.50 in. long X 0.50-in. 
diameter.   118

45 Photograph showing variation of fragmentation
with type of 0.25-in.-thick layer between 
explosive and rock. Specimen, 4 X 4 X 2-in.; 
charge, 1.50 in. long X 0.50-in. diameter . . 118

x



T-1003

Table Page
1 Physical and mechanical properties of Yule

marble  ..............................  38
2 Dilatational wave velocity of Yule marble in

a direction perpendicular to the banding . . .  40
3 Momentum per unit area of 0.38-in.-thick

equivalent marble pellets 2.00 in. from 
material-marble interface for different 
materials between explosive and marble . . . .  95

4 Specifications for the different materials
placed between the explosive and the marble. . 96

xi



T-1003

ACKNOWLEDGEMENTS

The author wishes to express his sincere appreciation 
to the following persons and organizations :

Dr. John S. Rinehart, Director of the Mining Research 
Laboratory, for his assistance and guidance during the 
investigation and preparation of this dissertation.

Professors Edward G. Fisher, Niles E . Grosvenor,
John V. Kline, Donald C . Marsh, and John J* Reed for their 
cooperation and assistance throughout this investigation.

Donald Block, Dan Kappes, Thomas Kellet, Gerald Nix, 
and Stanley Smookler for their able assistance in obtaining 
the experimental results.

Kennecott Copper Corporation for a graduate fellowship 
and an additional grant which supported part of this 
investigation.

National Science Foundation for a grant which supported 
the remaining, part of this investigation.



T-1003

INTRODUCTION

A continuing study of the behavior of rocks under 
static and dynamic loading is under way at the Colorado 
School of Mines Mining Research Laboratory. The investiga
tion described here is one aspect of this overall study 
of rock behavior.

Statement of Problem
The efficiency of blasting in mines and quarries is 

dependent on several factors, which include the density 
and composition of the explosive, the condition and type 
of rock, the geometrical distribution of the explosive 
within or on the surface of the rock, and the coupling 
between the explosive and the rock. This investigation is 
concerned primarily with the last of these factors.

The common definition of coupling is the interaction 
between two systems or parts of the same system. The word 
coupling applied to blasting means the interaction between

1
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the two components, explosive and rock. The desired result 
of the interaction will depend upon the particular appli
cation. For example, it may be desired simply to break 
rock into pieces small enough to be handled by the available 
equipment, or to control the direction and extent of 
fracturing as in presplitting and smooth-wall blasting.
Or as in a ditching application, it may be desired to 
fracture rock and to throw the broken rock and overlying 
soil to the side.

The total interaction between an explosive and a rock 
involves two quite distinct phenomena. One of these is 
the compression pulse generated in the rock by the explosive 
charge. The other is the expansion of the detonation 
products, in other words the heaving or quasi-static effect 
of the explosion. A complete investigation of coupling 
would include studies of both phenomena because both are 
interactions between the explosive and the rock. The 
investigation described here is concerned with one of these 
phenomena, that involving the compression pulse. The 
heaving effect of the detonation products is not considered 
although its importance is clearly recognized.

Previous Work
Recent experimental studies of some aspects of 

coupling between explosives and rocks have been made both
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in the laboratory and in the field.
A laboratory study of the effect of material 

properties on coupling of explosion energy was made by 
United Research Services, Burlingame, California, for the 
Air Force Special Weapons Center, Kirtland Air Force Base 
(Kaplan, 1963). Cylinders of artificial rocks were 
subjected to the detonation of spherical charges both on 
the surface and beneath the surface. The sizes and 
geometries of the resulting craters were studied. The 
total impulse imparted into a specimen by an explosion was 
measured by observing the compression of large coil springs 
upon which the specimen rested.

The results indicated that Young’s modulus was perhaps 
the most important property of the material affecting 
impulse transmission, a high Young’s modulus resulting in 
a high impulse transmitted. It was also found that 30 or 
40 percent of the explosion energy from a surface burst is 
used to create the air shock wave. The size and shape of 
a crater formed by an explosion appeared to be a function 
of the product of shearing strength and bulk density, with 
the crater volume varying inversely with the product. Both 
the diameter and the depth of a crater were directly 
proportional to the cube root of the charge weight. It 
appears that no attempt was made to correlate total impulse



T-1003

to specific acoustic impedance of the material.
Another laboratory study of the coupling between

columns of explosive and artificial rocks was made by Haas
and Rinehart, (1962). In this study the Rinehart pellet
technique was used to measure the momenta of portions of
the shock waves generated in artificial rocks by detonating
fuses, the detonating fuses being cast along the axes of
large artificial rock cylinders. Attempts were made to
correlate the momenta of the pellets with the physical
properties of the various mixes. Some difficulty was
experienced because the shock wave in the very porous
mixes was attenuated so much that virtually no momentum
was transmitted to the pellet. However the best correlation
was found between the momenta of the pellets and both the

oquantities p c and p c , where p is the mass density and 
c is the dilatational wave velocity of the material.

It is the author’s belief that both of the previously 
discussed experiments in which the properties of artificial 
rocks are varied by varying the composition of the mix can 
give only an indication of the properties of the rock 
which govern the shock-wave parameters. Most likely many 
of the properties of the artificial rock are interdependent. 
For example, when one designs a mix with a higher Young’s 
modulus, he will usually obtain a higher compressive
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strength. Thus it becomes extremely difficult to separate 
the effects of each variable.

Extensive field studies of the strain pulses generated 
in rock by explosions have been made by the United States 
Bureau of Mines. Resistance strain gages are cemented to 
cores of the rock which are in turn placed in drill holes 
and cemented into place (Obert and Duvall, 1949). The 
tests are made with a few pounds of explosive, and the 
strain pulse is measured at points ranging from a few feet 
to about a hundred feet from the explosion.

Studies of the strain pulses generated by several 
different fully tamped explosive charges in two rock types 
have been made using the technique described above. Two 
reports deal with tests in the Lithonia granite gneiss: 
Atchison and Tournay (1959), and Fogelson, Duvall, and 
Atchison (1959). The results of the first report show 
that the peak amplitude of the strain pulse and volume 
of the crushed zone correlates best with the calculated 
detonation pressure of the explosive. The results of the 
second report show that the percentage of explosive energy 
transferred to the rock increases linearly as the ratio 
of the characteristic impedance of the explosive to that 
of the rock increases toward unity. From five to nine 
percent of the calculated total energy released by the
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explosive was transferred to the rock as radial strain 
energy.

Similar tests were performed in a dolomitic marble 
by Atchison and Roth (1961). In these tests the intercept

_ c * Rconstant (K in the equation € = (K/R) e ) correlated with 
the explosive detonation pressure. However, the correlation 
was better when the detonation pressure was replaced by the 
medium stress calculated from elastic wave theory and the 
ratio of characteristic impedance of the explosive to 
that of the rock. There was some indication that the 
impedance ratio of explosive to rock had an even greater 
effect upon the strain produced in the rock than would be 
expected from elastic theory.

Additional work has been done by the Bureau of :Mines 
to determine the effect that an air gap between the explosive 
and the rock has on the amplitude and shape of the strain 
pulse generated in the rock. This type of experiment is 
referred to as a decoupling experiment. Atchison (1961) 
found the peak strain in limestone to be approximately 
proportional to the 1.5 power of the ratio of the charge 
diameter to the hole diameter.

More extensive decoupling experiments in granite were 
performed by Atchison and Duvall (1963). They proposed a 
simple mathematical theory to explain the decoupling effect.
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Their mathematical model is illustrated in fig. 1, where 
Rc is the radius of the charge ; is the radius of the 
original hole ; R0 is the radius of the transition zone.
The radius R0 is considered to be the radius of the 
boundary between the inelastic and elastic regions. They 
assumed that the following laws govern the pressures and 
stresses in the three respective regions : in the cavity

t> -3 y P = P_(_g)
Rc

where Pc is the detonation pressure of the explosive and y 
is the ratio of the specific heats of the explosive gases ; 
in the transition zone

cr = â (̂ )R. -m
Ro

where <7̂  is the stress (pressure) exerted on the cavity 
wall by the explosion gases and m is a constant which 
describes the stress decay in the transition zone ; and in 
the elastic or seismic zone

or - cc(— ) 
k>
R> "n

° R,
where (T~ is the stress at the outer limit of the w o
transition zone and n is a constant which describes the

Vstress decay in the seismic zone„
The proposed theory provided a satisfactory explanation 

for the observed experimental results. It was found that
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for small cylindrical charges of high velocity gelatin 
dynamite detonated in granite, the value of the exponents 
m and n were 2.16 and 2.03, respectively. Also the strain
pulse amplitude was found to decay as the 1.36 power of the 
decoupling factor, where the decoupling factor is defined 
as the ratio of hole diameter to charge diameter.

Outer limit of
transition zone

Cavity
wall

Ï-C

\ x

Fig. 1 - Decoupling model. (After Atchison and 
Duvall, 1963, p. 314)

For the same decoupling, ratio of hole diameter to 
charge diameter held constant, it was found that the 
strain amplitudes resulting from two shots of different
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charge size, but otherwise identical, were equal at the 
same scaled distance. Scaled distance is defined as the 
distance between the charge and measuring station divided 
by the charge radius. Similarily, the scaled period of the 
strain pulses for two shots of different charge size, but 
otherwise identical, were equal at the same scaled distance. 
Scaled period is defined as the period divided by the 
radius of the charge.

In other work by the Bureau of Mines, Nicholls and 
Duvall (1963) discuss the effect of characteristic impedance 
on explosion-genera ted strain pulses in rock. Their 
mathematical premise is based on plane shock wave theory.
A plane incident shock wave in medium 1, presumably an 
explosive, strikes the surface of medium 2, presumably a 
rock, at normal incidence. Two new waves are generated at 
the interface: a transmitted wave and a reflected wave.
From considerations of the conservation of mass and 
conservation of momentum for the incident, transmitted, 
and reflected waves the following equation can be derived:

Medium stress = (detonation pressure)(1 + NR)
where R is the ratio of the characteristic impedance of 
the explosive to that of the rock and N is the ratio of 
the characteristic impedance of the reflected shock wave 
to that of the incident shock wave. If the latter ratio
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is unity, N = 1, the equation reduces to the acoustical 
law for the transmission of a wave across a boundary at 
norma1 i ne iden ce.

The value of N was found to be 5 for several different 
explosives detonated in salt. The effect of the ratio of 
characteristic impedance of the explosive to that of the 
rock proves to be much greater than acoustic theory 
predicts, The value of N has not yet been determined for 
other rock types so it is not known if it is a function of 
rock type or independent of rock type.

Related work on the coupling between explosives and 
rocks has been done by geophysicists interested in seis- 
mological applications of underground nuclear explosions. 
Latter and others (1961) analyzed mathematically the 
seismic pulse generated by a nuclear or chemical explosion 
in the center of a large spherical underground cavity. The 
analysis showed that for a given explosive charge, with the 
cavity large enough that the rock at the cavity wall will 
behave elastically, no further decrease in the amplitude 
of the seismic pulse can be obtained by making the cavity 
larger. An estimate of the effectiveness of the method 
indicated that a yield of more than 300 kilotons (HE- 
equivalent) could be made toe look seismically like a yield 
of 1 kiloton. The test series known as Project Cowboy



T-1003 11

verified the above theory for chemical explosions (Herbst 
and others, 1961, and Murphey, 1961). Seismic signals 
from explosions in cavities so much larger than the 
explosive that they yield elastically were very small 
compared to those from cavities completely filled with 
explosive. An explosion in a sphere which is smaller than 
necessary to insure elasticity was still somewhat decoupled.

Brown (1956) discusses the action of an explosive in 
breaking rock. He believes that two effects must be 
considered : shock effects due to the sudden application of
the detonation pressure and "heaving” or expansion effects 
due to the expansion of the gaseous explosion products.
For large confined charges, the detonation pressure is of 
primary importance in the shock effects. For smaller 
unconfined charges, the shock effects depend more on the 
impulse I = AP(t)dt, where I is the impulse, P is the 
explosion pressure at time t, and A is the area on which 
the pressure acts. The acoustic impedance of the explosion 
gases is thought by Brown to be important in the transmission 
of the shock from the explosive into the medium. The 
expansion effects depend on the energy content of the 
explosion gases and on the law governing their expansion.

The interaction between an explosive and a surrounding 
material is intimately associated with the explosion
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phenomenon. The explosion process and its effect on the 
surrounding medium have been discussed in great detail by 
Cook (1958) and Rinehart and Pearson (1954 and 1963). Of 
particular significance in these three works are discussions 
of the detonation process, the formation of stable detonation 
heads in unconfined cylindrical explosive charges, and 
pressure-time relationships for points at the explosive- 
medium interface. A detonation head is the region directly 
behind the detonation wave front which has not yet been 
affected by rarefaction waves from the sides and rear. The 
nature of the detonation head determines to a great extent 
the shock effects imparted to the medium.

The action of an explosive detonation head on the 
surface of a rock is somewhat analogous to the impact of 
a high speed projectile against a rock surface. The 
mechanism of impact crater formation in rock has been 
investigated by Maurer and Rinehart (I960). Spherical 
steel projectiles of 3/16- and 9/32-in. diameter were 
fired into sandstone and granite at velocities up to 6000 
fps. It was found that the average stress over the projected 
area of the impacting sphere was directly proportional to 
the characteristic impedance of the particular rock. This 
is a very significant result because it indicates that the 
intensity of stress which can be generated in the rock
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depends on the ability of the rock to resist deformation.
Another relationship between the intensity of stress

generated and the properties of the rock was found by
Grine (1959). He found that the intensity of the shock
wave emerging from the crushed zone around an explosion
depends to a great extent on the porosity of the medium.
Grine states,

”A nonporous greywacke was not damaged by a 
compressive pulse with axial stress 6.7 times 
the static compressive strength of the rock.
The porous media were destroyed by pulses with 
axial stresses less than twice their static 
strengths. High porosity leads to fracture at 
low dynamic stresses. Maximum stress levels in 
pulses in porous media decreased about twice as 
rapidly as in nonporous media. Although porosity 
was not the only difference between the media 
with high and low attenuation, it was probably 
the controlling difference."
To summarize, a great deal of work has been done in 

connection with shock waves generated in rocks by explosives. 
In general, the nature of the detonation head determines to 
a great extent the shock effects imparted to the surrounding 
medium. It is believed that the energy transfer from the 
detonation head into the surrounding medium is dependent 
on the characteristic impedances of the explosive and of 
the medium. If the surrounding medium is air, as in a 
decoupled shot, the energy transmitted to the rock is 
drastically reduced because of the poor impedance matching 
between the explosion products and the air and between the
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air and the rock. When the extremely high compressive 
force of the explosion acts on the rock, the rock is 
crushed until the compressive force is attenuated to the 
dynamic compressive strength of the rock. Thus the maximum 
stress which can be propagated through the rock without 
crushing depends on the maximum resistance which the rock 
can offer to crushing.

Approach to the Problem
From the discussion of previous work, it is evident 

that much basic work is yet required for a thorough under
standing of rock behavior under explosive loading. The 
investigation described here was primarily a basic study of 
the shock effects imparted to a given rock by a given 
explosive.

More specifically, this investigation was concerned 
with the geometrical factors and interface conditions 
existing between explosive and rock that control the 
interactions or coupling which develop when a given 
explosive was detonated in contact, or nearly so, with a 
given rock. Unconfined and partially confined cylindrical 
explosive charges weighing several grams were used in the 
tests. The Rinehart pellet technique was used to determine 
the momentum-time and stress-time curves for the compression
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waves generated by the various explosive-rock configurations. 
The extent of the visible fracturing of the rock specimens 
was also studied.

The geometrical factors which were studied were the 
dimensions of the charge and angle which axis of charge 
made with surface of rock. The explosive was in direct 
contact with the rock in these tests. Other materials 
such as air, water, sand, and paper were placed between 
the explosive and the rock to investigate the effects of 
interface conditions existing between the explosive and 
the rock. Most of the materials placed between the 
explosive and the rock were selected so as to be represent
ative of blast hole conditions. The effect of partial 
confinement of the explosive charges and the attenuation 
of the shock wave as it traveled through the rock were 
also studied by the pellet technique.
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DYNAMICS OF EXPLOSIONS

An explosive is a substance or mixture of substances 
which, upon initiation of the reaction, produces a very 
large volume of gases at an extremely high temperature in 
a very short time.

On the basis of their reactions, explosives may be 
divided into two groups : low explosives and high 
explosives. The reaction in a low explosive takes place 
by burning from the surface inward. This type of reaction 
takes place relatively slowly; thus low explosives are 
used as propellants in guns and rockets. The reaction in 
a high explosive, called detonation, proceeds at a much 
higher velocity, the detonation velocity. The detonation 
velocity is, in a sense, the velocity of propagation of the 
front of a self-sustained shock which engulfs undetonated 
explosive and causes it to detonate. The explosive used 
in the tests described in this thesis was a high explosive, 
so the following discussion will be limited to high explosives.

16
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The explosion products of a high explosive in the 
region directly behind the detonation wave front are in a 
state of extremely high pressure and temperature. For 
most explosives the pressures are between 1,000,000 and 
4,000,000 psi, and the temperatures are between 3000 and 
5000° C. The explosion products in the region directly 
behind the detonation front have a streaming velocity 
which is parallel to, and in the same sense as, the
detonation velocity. The result is a considerable increase
in density of the explosion products over that of the 
undetonated explosive. The magnitude of the streaming 
velocity of the explosion products is approximately one- 
fourth that of the detonation velocity.

The chemical reaction in the detonation of a high 
explosive does not take place instantaneously as the 
detonation front moves through the explosive. The 
detonation front and reaction zone are shown in fig. 2.
A small but finite time is required for the reaction to 
take place. The reaction time varies with different
explosives. However, for PETN, which is the base of the
explosive used in these experiments, the length of the

!

reaction zone is 0.17 cm (Rinehart and Pearson, 1963, 
p. 16). This length corresponds to a reaction time of 
0. 22 /(sec.
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Detonation
front

Completely
reacted
explosive Unreacted

explosive

Reaction
zone

Fig. 2 - Reaction zone in explosive of infinite extent. 
(After Rinehart and Pearson, 1963, p. 15)

The importance of the dimensions of the reaction zone
in relation to the detonation velocity is discussed by
Rinehart and Pearson (1963, p. 17-18), They state,

"In an explosive of infinite extent, the dimensions 
of the reaction zone are not particularly important 
and have little influence on the velocity of 
propagation of the detonation front, the density 
and amount of energy released during the reaction 
being the controlling parameters. The situation 
is quite different for charges of finite extent.
The dimensions of the reaction zone are particularly 
important when they are commensurate with the 
dimensions of the explosive charge. Under these 
circumstances the explosion products can expand 
laterally, allowing the explosive to be literally 
blown apart before the reaction is complete, 
thereby preventing full utilization of the 
Inherent internal energy of the explosion. In the 
extreme case where the dimensions of the charge are 
small, as for thin sheets and narrow pencil shapes, 
the detonation may not propagate at all because 
of dissipation of energy through the mechanical 
dispersion of substantial quantities of unreacted 
explosive substances."
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Thus it is possible to explain the experimentally- 
noted dependence of detonation velocity on the diameter of 
unconf ined charges. Cook (1958, chapter 3) presents much 
experimental data illustrating this dependence. In general 
the detonation velocities are low for smal1-diameter 
charges and increase to some limiting value as the charge 
diameter increases, This limiting value of detonation 
velocity is referred to as the ”ideal detonation velocity” .
A detonation velocity which is less than ideal is termed 
”nonideal” . In addition, an unconfined cylindrical charge
will not detonate at all if its diameter is less than some 
critical value depending on the composition and density of 
the explosive.

In general, the detonation velocity of cylindrical 
charges increases with an increase in confinement. The 
critical diameter below which detonation does not take 
place also increases with increasing confinement.
Confinement created by the placing of a sheath of lead or 
steel around the charge deters lateral expansion of the 
explosion products, permitting the release of more energy 
and hence the development of the higher detonation velocity.

Explosive charges are generally initiated at a point, 
this usually being accomplished by an electric or a fuse- 
type detonator. A spherically expanding detonation wave
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will move out into the explosive from the point of 
initiation. The explosion products behind the detonation 
wave front will try to expand whenever possible because 
they are in a state of extremely high pressure. The 
magnitude of the detonation pressure P is given approxi
mately by the equation

.2 a, 0.45
p - D /°e p1 + 0.8 1®.

where D is the detonation velocity, is the initial
mass density of the explosive, is the mass density of 
water and the dimensions of these quantities are chosen 
consistently (Brown, 1956, p. 181).

The expansion of the explosion products of an un
conf ined explosive charge results in the formation of 
a detonation head, the region directly behind the 
detonation wave front which has not yet been affected by 
rarefaction waves from the sides and rear. It is the 
region of highest pressure and thus determines to a 
large extent the shock effects which the particular 
explosive charge is capable of producing.

The formation of a stable detonation head in an 
unconfined cylindrical explosive charge initiated at one 
end is of direct interest here because this is primarily
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the type of charge used in these experiments. The shape 
of the detonation head near the point of initiation changes 
as the detonation wave front moves along the cylinder for 
a distance of a few charge diameters. This change in shape 
is shown in fig. 3. Near the point of initiation the 
detonation wave front diverges spherically from the point 
of initiation. A rear rarefaction wave also spherically 
diverging from the point of initiation and propagating 
at from one-half to two-thirds of the detonation velocity 
follows the detonation wave front. Lateral rarefaction 
waves also propagating at from one-half to two-thirds of 
the detonation velocity come in from the sides and further 
reduce the size of the detonation head. The rear rare
faction wave becomes less and less significant as the 
detonation progresses until it finally disappears at about 
3.5 charge diameters. From this point on, the shape of 
the detonation head is controlled only by the rarefaction 
waves from the sides ; the shape ceases to change and the 
detonation head is said to be stable.

Figure 3 also shows a shock wave or blast contour in 
the air surrounding the charge. Rinehart and Pearson 
(1963, p. 21) state that the initial pressure of this air 
shock is only about 1/300 of the pressure in the detonation 
head. Thus the effect of the air shock on a solid placed
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Point of initiation

Undetonated
explosive

Shock front in air
r-/

Detonation 
wave front0.6d

Rear rarefaction
wave front

Side rarefaction 
wave front

i---

i____
2.0

detonation head

Fig, 3 - Development of a stable detonation head. 
(After Cook, 1958, p. 105)



T-1003 23

in contact with the explosive would be negligible compared 
to the effect of the detonation head.

From this discussion one might expect the shock effects 
imparted to a medium placed in contact with the end of a 
cylindrical charge to be dependent on the length-to-diameter 
ratio of the charge. Cook (1958, p. 97-99) presents 
experimental evidence verifying this contention. For 
example, the compression of a lead block produced by a 
given diameter explosive charge increases as the charge 
length is increased up to about 3.5 charge diameters. 
Increasing the length beyond 3.5 charge diameters does not 
result in a further increase in the deformation of the 
lead block. A somewhat smaller value of 2.5 charge diameters 
for the minimum length of charge for maximum impulse is 
given by Rinehart and Pearson (1963, p. 100).

The pressure-time relationships for points at the 
explosive-medium interface actually determine the impulse 
imparted to the medium. Figure 4 illustrates the action 
of the detonation head on a rigid medium and the pressure
time relationships for points at the interface. It is seen 
that the pressure is maintained for a relatively long time 
at the center of the detonation head and that it begins 
to decay immediately at the outside edge of the detonation 
head. Thus the impulse per unit area is maximum at the



Po
in
t 

of
 

in
it

ia
ti

on

T-1003 24

o CQ

•H

•H

•H

•H

•H

•H

9a an s sa Jd

V TJ 0)\ -H H
N  b û  CD
^  *

i—l

aanssaad

—  CQ—  —

CQ 'd
cd

0
G
0bfl <D CQ

u -G ^«d -P cd0o g a
H 0 'dcd CQ Go -P cd•H GÎH •H -PT3 0 Ufl a  cd•Hr—1 73 0▻> 0 GO -P -H
'd ü #  0<D H  Hti 0 0•H CQ -P«H CHC 0 <0 • 0 s_/U >> Pa Td Æd o P  •,D >»G U 73cd 'd 0 O•H 44 &CH bû O -H CQ TJ0 -HCQ > bûü cd P -H•H G PS Æ ücd -P 0G "H 0 rG •>> ̂ S P  /-s•H 00-p p  p  mG O i O0 cd 0•H -p p 0 aCQ G G ÜO 0 CQ cd ~h  g CQ P  ̂a 0 p lOX G P G 0)W  -H a  CQ i-4
z-s Z~Scd 42

i

bJO•H



T-1003

center and decreases with increasing distance from the 
center.

The time that the pressure of a detonation head, 
stable or not, acts on the medium is directly proportional 
to its length. However, the length of a stable detonation 
head is directly proportional to the charge diameter. Thus 
increasing the diameter of the charge while maintaining a 
stable detonation head not only increases the area subjected 
to the pressure but also increases the time that the 
pressure is applied. The total impulse is in fact 
approximately proportional to the volume occupied by the 
detonation head. The shape of a stable detonation head is 
that of a cone, so the volume it occupies is directly 
proportional to the cube of the charge diameter. Thus the 
total impulse for a given explosive is nearly proportional 
to the cube of the charge diameter.

The formation of a detonation head in a partially 
confined cylindrical explosive charge initiated at one end 
is similar to that in the unconfined case. The difference 
is that because the rarefaction waves which relieve the 
detonation pressure cannot do so as readily a larger 
detonation head is permitted to form. The larger detonation 
head allows the reaction to go more nearly to completion, 
and the consequent release of more energy at a higher
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detonation velocity results in a somewhat higher detonation 
pressure than in the unconf ined case. The approximate 
shape of the stable detonation head for partial confinement 
is shown in fig. 5. The action of the partially confined 
detonation head on a rigid medium placed at the end of the 
charge will be similar to that of the unconfined case 
shown in fig. 4. The total impulse for a given diameter 
of charge, however, will be greater for partial confinement 
because the volume occupied by the detonation head is 
greater, as is the pressure.

Undetonated
explosive

Shaded area = detonation head

Fig. 5 - Stable detonation head for partial confinement. 
(After Cook, 1958, p. 92)
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The explosion pressure acting on the surface of a 
medium in contact with the explosive depends in part on 
the angle & between the detonation wave front and the 
surface of the medium. Experimental data show that the 
pressure for oblique incidence is about half that for 
normal incidence (Duvall, 1961), the exact proportion 
depending on the material. As an example, the pressure 
induced in aluminum by the detonation of Composition B is 
shown as a function of the angle 6 in fig. 6. It is 
noted that the pressure varies but little for values of 6 
up to 60 degrees but decreases quite rapidly thereafter.

The qualitative shape of the air shock emanating from 
the end of an unconfined cylindrical explosive charge into 
air has been studied by Jones (1928). He found the shape 
to be that shown in fig. 7. Because the streaming 
velocity of the explosion products parallel to the axis 
of the charge causes the air shock to propagate at a some
what higher velocity parallel to the axis of the charge, 
a bell-shaped wave front results. The effect on a 
medium placed a short distance from the end of such a 
charge will be determined by the intensity and shape of 
this air shock at the various points along the front. No 
quantitative data were found concerning the intensity of 
the air shock generated at the end of a cylindrical charge.
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Data are available concerning the intensity of the air 
shock in a plane passing through the center of a cylindrical 
charge and perpendicular to the axis of the charge (Stoner 
and Bleakney, 1948).

•H

in
r-H

cc 20

90600 30
Angle S (degrees)

Fig. 6 - Pressure induced in aluminum by detonation of 
Composition B as a function of angle <9 between 
surface of metal and detonation front in 
explosive. (After Rinehart and Pearson, 1963, 
p. 96)



T-1003

8 91 0 252015

Point of initiation
Numbers represent time after initiation in 
microseconds

Fig. 7 - Air shock waves produced at the end of an 
unconfined cylindrical explosive charge.
(After Jones, 1 9 2 8, p. 615)

The Ballistic Research Laboratories at Aberdeen 
Proving Ground, Maryland, have issued several reports on 
the air shock pressures produced at various distances from 
spherical pentoiite charges. However, no data of this 
type were available for cylindrical charges. As for the 
spherical J-lb pentolite charges (initial density 1.67 
g/cc and diameter 2.025 in.) the air shock pressure varied
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with distance from the charge as shown in fig. 8 (Sultanoff 
and McVey, 1954). The air shock pressure is seen to decay 
from 12,000 psi at the surface of the charge to 730 psi 
at a distance of 9.1 in. from the surface. The curve is 
concave upward and appears to approach the abscissa (zero 
pressure) asymptotically as the distance from the charge 
becomes greater and greater.

15
•H 0.25-lb spherical pentolite charges 

Initial density = 1.67 g/cc 
Charge diameter = 2.025 in.co

10

•M o —
0 42 6 8 10

Distance from surface of charge (in.)

Fig, 8 - Air shock pressure versus distance from 
surface of spherical charge (After 
Sultanoff and McVey, 1954, p. 18-19)
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The preceding discussion of the dynamics of explosions 
has been more qualitative than quantitative, with little 
emphasis given to the particular explosive and medium 
studied in this thesis. The remaining portion of this 
chapter will be concerned directly with the action of 
Du Pont EL-506A sheet explosive on marble, these being 
the explosive and rock used in the experiments.

The detonation pressure and particle velocity behind 
the detonation wave front are not available for the EL- 
506A sheet explosive used in these experiments, but they 
are available for various densities of PETN, the basic 
ingredient of the sheet explosive. From interpolation of 
data for PETN presented by Cook (1947, p. 523), the 
detonation pressure and particle velocity are found to 
be 193 kb (kilobars) and 1.75 mm/^ sec, respectively, for 
an initial density equal to that of the sheet explosive, 
1.48 g/cc. A kilobar is 1000 bars, a bar being defined 
as a pressure of '10® dynes/cm^ which is equivalent to 
14.504 psi or 0.98692 atmosphere. This pressure of 193 
kb and particle velocity of 1.75 mm//* sec are the steady 
state conditions of the explosion products, sometimes 
referred to as the Chapman-Jouguet state.

It is possible to obtain an approximation of the peak 
pressure induced in marble by the sheet explosive on the
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assumption that the Chapman-Jouguet conditions for Du Pont 
EL-506A sheet explosive are the same as those for PETN.
The approximation can be made by using the techniques and 
equation-of-state data presented by Duvall (1961). He 
gives the reflection Hugoniot curves for four explosives 
shown by the solid downward-sloping curves in fig. 9. The 
term ,THugoniot” is commonly used to denote curves of 
pressure versus particle velocity behind a shock front. 
Point A in fig. 9 is the interpolated Chapman-Jouguet 
state for PETN of density 1.48 g/cc. Through pount A, 
the dotted curve has been drawn parallel to the other 
curves in an attempt to approximate the reflection Hugoniot 
for PETN. Next, a Hugoniot curve for a light-gray marble 
having an initial density of 2.70 g/cc has been plotted 
from equation-of-state data presented by Dremin and 
Adadurov (1959, p. 971)„ The point of intersection of the 
Hugoniot for marble and the reflection Hugoniot for PETN 
gives the pressure and particle velocity at the explosive- 
marble interface. The pressure at the interface is found 
to be 225 kb or 3.26 x 10® psi and the corresponding 
particle velocity is 1.43 mm//*sec.

The physical significance of the curves in fig. 9 is 
as follows: the upward-sloping Hugoniot curve gives the
experimentally determined relationship between the pressure
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behind the shock front and the change in particle velocity 
across the shock front for a shock in marble. If, as in 
many instances, the initial particle velocity of the 
undisturbed marble is zero, then the particle velocity 
plotted on the Hugoniot curve is equal to that behind the 
shock. The downward-sloping reflection Hugoniot curve for 
a given explosive gives the experimentally determined 
relationship between the pressure and particle velocity in

600

M c t r b l e

200

PETN
TNT0

0 1.0 2.0 3.0 4.0 5.0
Particle velocity (mm/yx. sec)

Fig. 9 - Reflection Hugoniot curves for various
explosives. (After Duvall, 1961, p. 176) 
Hugoniot curve for marble. (After 
Dremin and Adadurov, 1959, p. 971)



T-1003

the region behind the shock reflected from the interface 
back into the explosion products, assuming that the 
undetonated explosive was initially at rest. There must 
be continuity of particle velocity and pressure across 
the interface. These conditions are satisfied only at the 
point of intersection of the Hugoniot curve for marble and 
the reflection Hugoniot curve for PETN» In general, the 
pressure and particle velocity at an explosive-material 
interface can be determined for any material and for any 
explosive if the Hugoniot curve for the material and the 
reflection Hugoniot curve for the explosive are known.
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PROPERTIES OF MATERIALS

Three principal materials were used in these 
experiments ; Yule marble, Du Pont sheet explosive, and 
a magnesium alloy. The relevant physical and mechanical 
properties of the three materials were determined and are 
presented in t his chapter :

Properties of Yule Marble
Yule marble was used in all of the tests described 

in this thesis. This particular rock was chosen for the 
tests because it was readily available and gave fairly 
consistent results when the specimens for a given test 
series were prepared from the same piece and oriented in 
the same direction.

The Yule marble comes from near Marble, a town in 
Gunnison County, Colorado. It is a recrystallized 
limestone, specifically, the Leadville limestone of 
Mississipian age. It has been quarried and marketed as a 
building stone in the past, but at present it cannot compete

35



T-1003

with other marbles for construction purposes.
The Yule marble is white with light-brown streaks 

or bands running through it. It consists of remarkably 
pure calcite, the white portion being 99.50 percent CaCOg 
and the streaks being 98.84 percent CaCOg (Vanderwilt,
1937). The light-brown color of the streaks is due chiefly 
to iron oxide. The grain size is generally between 0.03 mm 
and 1.00 mm, with a few grains reaching 2.0 mm. The grains 
are generally elongated, being about twice as long as they 
are wide.

Most of the calcite crystals are oriented with their 
e-axes perpendicular, or nearly so, to the light-brown bands 
in the marble. No preferred orientation of the a-axes has 
been observed. The preferred orientation of the e-axes 
of the calcite crystals gives rise to anisotropy in some 
of the mechanical properties of the Yule marble. Anisotropy 
has been observed in the dilatational wave velocity and 
tensile strength of marble. The dilatational wave velocity 
in a representative piece of marble was 10,700 fps in a 
direction perpendicular to the plane of the banding and 
approximately 16,300 fps in all directions parallel to the 
plane of the banding. Similarity, the tensile strength was 
found to be 290 psi when the axis of the tensile load was 
perpendicular to the plane of the banding, and 490 psi when
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it was parallel to the plane.
The relevant physical and mechanical properties of 

the Yule marble are given in table 1.
The tensile strengths in table 1 were obtained in the 

manner described by Grosvenor (1961). Circular steel 
plates were glued onto both ends of 2.14-in.-diam cores 
approximately 4 in. long. The steel plates were then 
fastened in the testing machine with universal joints to 
assure an axial load. The specimens were pulled until 
failure. Tensile strength was then computed by dividing 
the breaking load by the cross-sectional area of the core.

The compressive strengths given in table 1 were 
obtained from 2.14-in.-diam cores approximately 4 in. long 
in the manner described by Obert and others (1946) and 
Grosvenor (1963). Cores, 2.14-in. in diam and approximately 
4 in, long, were loaded in uniaxial compression in the 
testing machine until failure. The compressive strength 
was then calculated by dividing the load at failure by the 
cross-sectional area of the cores. The total axial defor
mation of the core was measured with a dial indicator as 
the compressive load was being applied. Stresses and 
corresponding strains were computed. Stress was then 
plotted versus strain , and Young * s modulus was obtained 
from the slope of the linear portion of the curve.
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Table 1 - Physical and mechanical 
Yule marble.

Grain size
Most grains 
A few grains 

Density
Apparent porosity
Hardness

Mohs scale
Shore Scleroscope

Young’s modulus
Tensile strength

Axis of load perpendicular 
to banding
Axis of load parallel to 
banding

Compressive strength
Axis of load perpendicular 
to banding
Axis of load parallel to 
banding

Dilatational wave velocity
Direction perpendicular 
to banding
Direction parallel to 
banding

properties of

0.03 to 1.0 mm 
2.0 mm 
2.67 g/cc 
0.2 percent

3
35
3 to 5 X 10® psi

290 psi 

490 psi

9400 psi 

9140 psi

10,700 fps 

16,300 fps
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The dilatational wave velocity was measured by a 
technique described by Birch (1960) in which piezoelectric 
crystals (barium titanate) were placed on opposite faces of 
a specimen large in cross section compared to length. The 
time delay between the beginning of an electrical pulse 
applied to one of the crystals and the beginning of the 
electrical pulse produced by the other crystal was measured 
on an oscilloscope. This time delay is the time required 
for the dilatational wave to propagate through the specimen. 
The dilatational wave velocity was then calculated, 
inasmuch as the thickness of the specimen and the delay 
time were known.

The marble was originally in the form of large slabs, 
their original positions in the quarry not being known.
The dilatational wave velocity was found to vary from 
slab to slab. The dilatational wave velocity in a 
direction perpendicular to the banding was measured and is 
given in table 2 for each slab. The dilatational wave 
velocities ranged from 10,400 to 14,400 fps for the 
different slabs. The value in table 2 for a given slab 
will be used in subsequent calculations concerning specimens 
prepared from that slab.
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Table 2 - Dilatational wave velocity of Yule 
marble in a direction perpendicular 
to the banding.

Slab No. Dilatational Wave 
Velocity 

( fps )
2 10,700,
3 10,400
4 13,900
5 12,700
6 14,400

Properties of Explosive
The explosive used in all of the experiments described 

in this thesis was Du Pont EL-506A sheet explosive. It is 
basically PETN (pentaerythritol tetranitrate) combined with 
various ingredients enabling it to be formed into flexible 
sheets. This explosive is very safe to use and has explosive 
characteristics very similar to PETN itself. The density of 
the sheet explosive is 1.48 g/cc. This explosive will 
detonate ideally at a velocity of 24,800 fps even in very 
small quantities. This property makes it useful in laboratory 
studies where stable detonation is desired and where the 
charge size is limited by the size and strength of the 
available blasting chamber.

EL-506A sheet explosive is available in 10 in. by 20



T-1003

in. sheets of various thicknesses. The thicknesses are
determined by the weight of explosive per square inch of
surface area. It is available in thicknesses varying from
0.084 to 0.328 in. (2 to 8 g/in.^). Two thicknesses were
used in these experiments, 0.084 and 0.165 in. (2 and 4 

og/in. ). Thicker layers can be obtained by simply combining 
the required number of thin sheets.

Sheet explosive can be cut to the desired shape 
safely by laying the sheet on a flat piece of non-sparking 
material, such as wood, and using a sharp knife, Any type 
of shearing action in the cutting and forming of sheet 
explosive is to be avoided.

The detonation of the sheet explosive was initiated 
by electric detonators, specifically, 01in Mathieson No. 6 
PIas-T-Caps. No misfires occurred in over 300 shots with 
these caps, although caps as large as the U. S. Engineer's 
Cap are recommended to initiate the detonation of sheet 
explosive.

Properties of Magnesium Alloy
The pellets used in the shock wave experiments were 

made from AZ31B-F magnesium alloy rod 0.50 in. in diameter. 
The only properties of this particular alloy of concern in 
these experiments are the density and dilatational wave 
velocity which Were found to be 1.78 g/cc and 18,800 fps, 
respectively.
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EXPERIMENTAL PROCEDURE

Specimens, usually 4 X 4 X 2 in., were cut from slabs 
of Yule marble with a diamond saw. The specimens were 
always oriented with the 4 X 4-in. faces parallel to the 
banding of the marble ; thus the ef fect of anisotropy in 
the marble was eliminated. The 4 X 4-in. faces were 
ground to - 0.005 in. of the desired thickness. The 
specimens were allowed to dry in air at least one day 
before they were used in the experiments.

The charges were prepared by cutting discs of the 
required diameter from sheets of EL—506A explosive. The 
discs were cut by using a short length of steel tubing 
with one end beveled and sharpened so that the diam of the 
disc was equal to the inside diam of the tubing. The discs 
were glued together to form a cylindrically shaped charge. 
Only a very small drop of Duco cement was used between the 
discs. The charges were pressed firmly along their axes 
to assure intimate contact between the discs. In effect,

42



T-1003

any size charge can be constructed by using a punch having 
the correct diameter and the correct number of discs. A 
small amount of Duco cement was also used to glue the 
charge to the marble and to glue the detonator to the 
charge.

The AZ31B-F magnesium alloy pellets were prepared 
from a 0.50-in.-diam rod. They were cut slightly oversize 
on a power hacksaw. A metal lathe was then used to finish 
the ends of the pellets to the desired thicknesses, 0.062, 
0.125, 0.250, and 0.500 in. The faces of the pellets were 
examined microscopically during the turning process to 
determine the proper placement of the cutting tool for the 
smoothest surface, since intimate contact between the 
pellet and the marble was desired. All surfaces of the 
pellet except the contact surface were painted with a thin 
coat of white paint and striped with a black marking pen 
to aid in seeing and identifying the pellets on the 
stroboscopic photograph. Many times it was difficult to 
distinguish the pellet in the photograph from small pieces 
of the marble also flying through the air.

The experimental setup for firing the charges and 
stroboscopically photographing the flying pellets is shown 
in fig. 10. The blast takes place in the blasting chamber 
with all of the delicate instruments and operator located
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outside. The camera and strobe lamp were protected from 
flying pieces of rock by Plexiglas shields. The specimen 
was close to the floor and wall, out of direct view of the 
camera; thus fogging of the film by the light from the 
explosion was reduced. An inclined pellet deflector was 
employed to prevent the pellets from bouncing directly 
from the ceiling and being photographed a second time on 
the way down.

The stroboscope was a Type 501 manufactured by 
Edgerton, Germeshausen & Grier, Inc. A timing mechanism 
is built into the unit for proper synchronization of the 
flashes with the event. The unit is capable of producing 
up to 6,000 high-intensity short-duration flashes per 
second. The flashing rate was regulated by a Hewlett 
Packard Model 200 AB Audio Oscillator.

Current for initiating the detonator was provided by 
a 12-v battery. The stroboscope timing unit was used to 
complete the firing circuit at the desired time. A safety 
micro-switch on the door of the blasting chamber (not 
shown in fig. 10) was employed to prevent accidental firing 
of the charge while the operator was inside the chamber.

The specimens were placed in a steel stand for firing 
as shown in fig. 11. The 1.00-in.-thick plate on the top 
of the stand prevented most of the pieces of broken marble
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7/8-in.-diam escapement hole

Pellet 1-in.-thick 
steel plate

Specimen
Support
arm Charge

Detonator

Angle-iron support

Fig o 11 - Method of supporting specimen.

from flying upward and being photographed. The pellet was 
placed in the center of the 0.825-in.-diam hole located 
in the center of the steel plate. Preliminary experiments 
showed that the size of this hole had no effect on the 
pellet velocities. A small drop of ”3 in 1” oil was placed 
at the marble-peTlet interface to improve shock transmission 
characteristics of the interface.
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Before the specimen was fired, a photograph was taken 
of a grid having 0.10-ft spacing placed directly over the 
pellet. Without advancing the film, the grid was removed, 
the specimen fired, and the pellet photographed under 
stroboscopic illumination. Thus the photograph shows 
several pellets superimposed on the grid so that the 
distance which the pellet traveled between successive flashes 
of the strobe lamp could be determined. The pellet velocity 
could then be calculated since the distance which the 
pellet traveled in a known time interval was known. Once 
the pellet velocity is determined, the calculations and 
analysis described in the following chapter can be made.
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THEORETICAL CONSIDERATIONS

The Rinehart pellet technique utilizes a pellet placed 
on a free surface of a material to measure the average 
momentum or average stress of a portion of a shock wave 
reaching the free surface. The compression wave enters 
the pellet and reflects from the free surface of the 
pellet as a tension wave. When this tension wave reaches 
the material-pellet interface, the pellet separates from 
the material, trapping within it a portion of the shock 
wave. The impulse imparted to the pellet, and hence the 
momentum which it acquires, is directly proportional to 
the area under the stress versus time curve for the 
portion of the wave trapped within the pellet.

Edge effects decrease the accuracy of the pellet 
technique when the pellets are thick compared to their 
diameters. These edge effects arise because of diffraction 
of the shock waves into regions not otherwise influenced. 
The maximum extent of the regions affected by diffraction
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can be determined by geometrical construction as in fig. 12. 
It is easily seen from fig. 12 that diffraction will 
influence a greater percentage of the pellet volume as the 
pellet becomes thicker. The diffraction effect will result 
in a greater pellet velocity than would otherwise be 
expected. The particle velocity behind the reflected 
tension wave is greater than in the region directly under 
the pellet because of the reflection from the free surface. 
In effect, some of the momentum behind the reflected wave 
front is transferred over beneath the pellet, finally 
becomes trapped in the pellet, and thus increases its 
velocity. Just how much the pellet velocity would be 
af f ected is not known ; thus an undetermined amount of error 
is introduced into the procedure. The lengths of the 
pellets were always equal to or less than their diameters 
so as to minimize this error.

The stress cr behind a shock front is given by the 
equation (Rinehart, 1960, p. 6):

cv ( 1 )
where f> is the initial mass density of the medium, c is 
the shock propagation velocity, and v is the particle 
velocity. This equation can be derived from considerations 
of conservation of mass across the shock front and Newton’s
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Compression wave
in pellet

Diffracted 
wave front Reflected 

tension waveMedium

Fig. 12 - Edge effects in a pellet.

second law of motion. The stress associated with the 
shock wave will be transmitted unchanged across the 
medium-pellet interface if the medium and the pellet are 
of the same material.

The situation is complicated by an acoustic mismatch 
if the medium and the pellet are of different materials, 
as in these experiments, where the medium was marble and 
the pellet was magnesium. Marble pellets could not be 
used because they broke apart because of the high stresses 
involved. Magnesium was chosen as the pellet material 
because it gave a closer acoustical match to marble than 
any other available material„ Preliminary experiments 
had shown that fairly close acoustic matching was required 
if the pellet momentum was to be accurately related to 
shock momentum in the marble. The stress transmitted
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across the marble-peTlet interface into the pellet, CT̂ , 
is related to the incident stress in the marble, 0~j, by 
the equation (Rinehart, 1960, p„ 15):

2 ^2C2 
+

where subscripts 1 and 2 refer to marble and magnesium, 
respectivelyi This equation can be derived from consider
ations of continuity of stress and particle velocity 
across the interface.
From equation 1

o~i =  P i V i  < 3 >

and

Or = /2C2V2 (4)

Substituting equations 3 and 4 into equation 2, we obtain
2 p-c

P2C2
/92C2V2 - — : ' 2 * ?LC1V1 ; (5)

simplifying,
2 /’ici (6)

and solving for v-̂  we obtain

v i . û ! l ^ V2

2 ^1C1
Equation 7 gives the theoretical relationship between the 
particle velocity behind the initial shock wave in the
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marble and the corresponding particle velocity induced
into the magnesium pellet. The constant of proportionality

A c ,  + A>coin equation 7, _ , also relates the velocity of
2 P1c1

a magnesium pellet vmg to the velocity of a marble pellet 
vmar as in equation 8;

V mar = ^  +p  ^  vmg ' (8)
À ^  1

with the restriction that the thicknesses of the two
pellets must be related by the equation

thickness of marble pellet = (c^/cg)(thickness of
magnesium pellet). (9)

This relationship in effect equates the times that the 
marble pellet and the magnesium pellet are subjected to 
the incident shock wave.

As an example, the calculations for shot No. 145 are 
shown. The 0.25-in.-thick magnesium pellet with a diameter 
of 0.50 in. had a velocity of 137 fps. The values of 
/*1 C 1 and ^2° 2 are 53,800 and 64,900 lb sec/ft^, respectively 
Substituting these values into equation 8, we obtain

_ 53,800 + 64,900vmar ------ ---------  A -LO1 y
2 X 53,800

vmar = 151 fPs -
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The velocity vmar is that of an equivalent thickness of
marble pellet. From equation 9 we can obtain the thickness
of the equivalent marble pellet:

thickness of marble pellet = (0, 250)18,800
= 0.138 in. = 0.01153 ft.

The mass of the marble pellet is given by
mass = volume X mass density
mass = (0.01153) X 5.17

4 X 144
mass = 0.813 X 10“4 lb sec2/ft.

The momentum of the marble pellet is given by
momentum = 0.813 X 10 4 X 151 = 123 X 10™4 lb sec.

The momentum per unit area is
= !23_X_102f _ 626 x 10-4 lb sec/in 2

area 0.1964

The value of momentum per unit area for the marble 
pellet is now plotted versus its thickness. A curve of 
momentum per unit area versus pellet thickness can thus 
be obtained by using several thicknesses of pellets.

The slope of the curve of momentum per unit area 
versus pellet thickness is related to the stress behind 
the shock front at a distance of two pellet thicknesses 
by the equation
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Stress in psi = 6c^ (slope of curve of momentum (10)
per unit area versus pellet 
thickness)

where c1 is given in fps and the slope is given in lb sec/ 
in.3 .

The pellet remains in contact with the specimen 
during the time interval (t^ - t0), where t0 is the time 
when the incident shock wave front first reaches the 
specimen-pellet interface and t^ is the time when the 
pellet leaves the surface of the specimen. The time 
interval (t^ - t0) is given by the equation

t - t ■= 2 (pellet thickness) ill)

C1

The slope of a curve of momentum per unit area versus the 
time interval (t^ - t0) would give stress directly, since 
the stress or force per unit area is proportional to the 
time rate of change of momentum per unit area. Equation 
10 incorporates equation 11 to eliminate the necessity 
of drawing the curves of momentum per unit area versus 
time interval (t^ - t0) .

Several factors may introduce errors into the 
experimental results obtained in this thesis. Errors 
involved in the measurements of the pellet velocities are 
less than 2 percent of the true velocity. The effects 
of air resistance and gravity on the flying pellets were
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assumed to be negligible in these experiments. The times 
involved were too short for gravity to influence the pellet 
velocity measurably. The effect of air resistance was 
assumed to be negligible because no measurable decrease 
in pellet velocity occurred in the 1.5 ft of the path 
photographed stroboscopically, the distance between 
successive pellets on the photograph being the same at 
the bottom and the top of the photograph. Inhomogeneities 
in the marble itself produce most of the spread in the 
values of pellet momenta, the spread being usually within 
- 5 percent of the average pellet momentum for a given 
set of conditions. The diffraction edge effect on the 
pellet may increase the pellet velocity but presumably 
not significantly for thin pellets. The shock propagation 
velocities in the marble and the magnesium alloy may be 
somewhat higher than the measured dilatational wave 
velocities. The magnitude of this error is not known, but 
it is doubtful if it is greater than 5 percent for the 
shock intensities reaching the pellet.
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RESULTS OF SHOCK WAVE MEASUREMENTS

The intensity of a shock in a rock some distance 
from the end of a cylindrical explosive charge depends on 
several factors such as: the composition and density of 
the explosive, the type of rock, the geometry of the 
charge, the interface conditions between the explosive 
and the rock, the amount of confinement of the charge, 
and the distance from the charge. The composition and 
density of the explosive and the type of rock were held 
constant in these experiments. The effects of the remain
ing factors on the shock intensity in Yule marble were 
investigated and the results are presented in this chapter.

Effect of Geometry of Charge
The momenta and stresses associated with shock waves 

generated by various geometries of unconfined cylindrical 
explosive charges placed in direct contact with Yule 
marble were studied. The stresses associated with shock 
waves were measured by the pellet technique at a free
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surface of the marble located 2.00 in. from the explosive- 
marble interface. The experimental arrangement is shown 
in fig. 13. The geometry of the charge was varied in 
three ways : vary ing the length with the diameter held 
constant ; varying the diameter with the length held constant 
and varying the angle between axis of charge and surface of 
rock. The specimens were always oriented such that the 
banding of the marble was parallel to the marble-pellet 
interfaces.

Effect of Charge Length
The effect of the length of cylindrical explosive 

charges on the shock wave produced in marble was determined 
by varying the length of the charge from 0.00 in. (cap 
only) to 3.00 in. while the diameter was held constant at 
0.50 in.

The velocities imparted to the respective magnesium 
pellets when the charges were detonated were measured.
The values of momenta of equivalent thicknesses of marble 
pellets were then calculated, reduced to a unit area basis, 
and plotted versus the respective equivalent marble pellet 
thicknesses in fig. 14. By equivalent thickness of marble 
pellet is meant a thickness such that the equivalent 
marble pellet would remain in contact with the specimen



T-1003

AZ31B-F Mg alloy pellet 
0.50-in. diam

Banding
2.00

Du Pont EL-506A sheet 
explosive

Yule marble 
specimen

01in Mathieson 
No. 6 Plas-T-Cap

Fig. 13 - Experimental arrangement for determining 
effect of geometry of explosive charge.

the same length of time as would a given thickness of
magnesium pellet. The relationship between the thicknesses
is given by the equation

thickness of equivalent marble pellet =
(c /c ) (thickness of magnesium pellet) mar mg

where c __ and c___ are the shock propagation velocities mai mg
in marble and magnesium, respectively. Curves of stress
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1400
Cap only Yule marble 

Slab No. 3

1.00 in. 
1.50 in.1200

t ’ = charge length 
Charge diam = 0.50 in.

o 800r—I

■P
a 6005 1.50 in. andCurves

3.00 in. coincideu0A
S
a 400
1
s

200

0.4
Pellet thickness (in.)

Fig. 14.- Momentum per unit area versus thickness 
of equivalent marble pellets 2.00 in. 
from the explosive showing effect of 
charge length.
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versus distance shown in fig. 15 have been obtained from 
the slopes of the curves of momentum per unit area versus 
pellet thickness in fig. 14.

From fig. 14 it is seen that the charge length affects 
the momentum of the shock wave in the marble to some extent, 
but the effect is not great. In fact the momentum of the 
first part of the shock wave as measured by the pellets 
is approximately three-fourths as great for a 0.25-in.- 
long charge as for a 3.00-in.-long charge. The fact that 
the curves continue to slope upward for the thick pellets 
indicates that the lengths of the shock waves were greater 
than twice the thickness of the thickest pellets. Therefore, 
the total momentum associated with the shock wave cannot 
be determined.

It is noted that the momentum for a given pellet 
thickness increases as the lengths of the explosive 
charges are increased up to length of 1.50 in. Increases 
in charge length above 1.50 in. do not result in further 
increases in shock-wave momentum. Note that in fig. 14 
the curve for 1.50-in.-long charges is coincident with 
that for 3.00-in.-long charges. Thus a charge length-to- 
diameter ratio L/d equal to or greater than 3.0, diameter 
held constant, results in the same momentum in the shock 
wave. This result agrees with that predicted by detonation



T-1003

50 — i-------------------— r
Yule marble 
Slab No. 3

40

• Cap only 
O t f = 0.25 in.
A  t 8 = 0.50 in.
Q t ’ = 1.00 in.
X t 8 = 1.50 & 3.00 in
t 8 = charge length 
Charge diam = 0.50 in.

a 30

m

0.2 0.4 0.6
Distance (in.)

0.8

Fig. 15 - Stress versus distance for marble 2.00 
in. from the explosive showing effect 
of charge length.

head theory. A stable detonation head is formed by the 
time the detonation wave front has traveled approximately
3.00 charge diameters, lying between Cook8s estimate of 
3.5 charge diameters and Rinehart and Pearson8s estimate
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of 2,5 charge diameters. Making the charge longer than 
this limiting value does not change the shape or size of 
the detonation head, and thus the momentum of the shock 
wave transmitted to the rock remains the same.

The stresses as plotted in fig. 15 are the stresses 
measured in the rock at a distance of 2.00 in. from the 
explosive. They also represent the average stresses over 
the contact area of the pellet, although the variation of 
the stress over this relatively small area is not expected 
to be great.

It is seen in fig. 15 that the peak stresses developed 
at a distance of 2.00 in. in the marble range in value 
from 26,500 psi for 0.25-in.-long charges to 34,300 psi for 
1.50- and 3.00-in.-long charges. The stress drops off , 
immediately behind the shock front, decaying on the 
average to about 54 percent of its peak value at a distance 
of 0,6 in. or the corresponding time of 4.8 yHsec. The 
values of the peak stresses generated in the marble 2.00 
in. from the explosion by the explosive charges are an 
order of magnitude greater than that produced by the 
detonator alone, the latter being 3,120 psi.

The stress-time relationships at a distance of 2,00 
in. from the explosive charges are of course dependent 
on the nature of the loads applied to the marble by the
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explosions. The most accurate determination of the 
pressure developed at the explosive-marble interface is 
that obtained from the available equation-of-state data 
for the particular explosive and marble. This determination 
has been made in the chapter on the dynamics of explosions, 
where the pressure was found to be approximately 3.26 X 
10® psi.

The length or duration of the shock wave is a function 
of the time that the detonation head acts on the rock, 
which in turn is a function of the length of the charge.
The length of time that the detonation head acts on the 
rock at the center of a 0,50-in.-diam charge is approxi
mately 0.95 /a sec for a 1.50-in.-long charge and 0.42 
ja sec for a 0.25-in.-long charge. The approximate stress
time relationships at the center of the explosive-rock 
contact area for 0.25- and 1.50-in.-long charges are 
shown in fig. 16. From fig. 16 it can be seen that the 
initial pulse generated in the rock is approximately twice 
as long for the 1.50-in.-long charge as it is for the 0.25- 
in. -long charge.

The pressure which the detonation head exerts on the 
surface of the rock is a few orders of magnitude greater 
than the strength of the rock ; thus the rock fails under 
the load. The rock continues to be crushed until the peak
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stress in the rock is diminished to the dynamic compressive 
strength of the rock. The decay of peak stress in the 
crushed region is quite rapid because much energy is 
expended in the crushing. As the peak stress diminishes 
in the crushed zone, the wave length will increase to the 
extent that momentum is conserved. Thus, a shock wave 
having a peak stress equal to the dynamic compressive 
strength of the rock and a wave length somewhat longer 
than the original pressure pulse will emerge from the
crushed zone.

Point of initiation

•H

5 3.26

.421 .945
time (/ a sec)

Fig. 16 - Stress-time relationships at center of 
explosive-rock contact area for 0.25- 
and 1.50-in.-long charges.
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The extent of the crushing of a given rock will depend 
on the intensity and duration of the applied pressure. An 
examination of the crushed zone reveals that its depth is 
greatest (0.86 in.) for the 1.50-in.-long charges and 
least (0.46 in.) for the 0.25-in.-long charges. Thus, the 
shock wave in the first case has a peak stress at a point 
0.86 in. from the explosive equal to the dynamic compressive 
strength of the rock. The same is true in the second case, 
except that the distance is 0.46 in.

Less rapid decay of the peak stress will take place 
between the outer limit of the crushed region and the rock- 
pellet interface. Ideally, the peak stress would decay as 
1/r beyond the crushed region if the shock wave diverged 
spherically and if it were elastic in nature. If the 
dynamic compressive strength of the rock is <T*C, and if 
the peak stress decayed as 1/r beyond the crushed region, 
then the following relationships would yield the stress GT 
at a distance r = 2.00 in. from the charge :
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where 0“i and 0~\X represent the peak stresses for 0.25-4 ■l2

and 1.50-in,-long charges, respectively. When these 
equations are combined, it is found that the peak stress 
at the marble-pellet interface should be increased 87 
percent by increasing the charge length from 0.25 in. to 
1.50 in.

Experimentally, the peak stresses at a distance of
2.00 in. were 26,500 psi for the 0.25-in.-long charges and 
34,300 psi for the 1.50-in.-long charges, an increase of 
approximately 30 percent.

The apparent discrepancy between the experimentally 
observed variation in peak stress and that predicted from 
considerations of the size of the crushed zone is probably 
due to the finite contact area between the explosive and 
the rock. Since the detonation head acts over a finite 
area of the rock surface, the shock wave front will not 
be spherical in the region near the charge. The shapes 
of the wave fronts for the short and the long charges are 
shown in fig. 17. It is seen that the central portion of 
the wave front is essentially flat near the charge. Thus, 
the decay of peak stress in the central portion of the wave 
beyond the crushed region would be somewhat less than 1/r, 
but ideally approaching 1/r as the wave propagates further 
into the rock. Thus, it is possible to explain why the
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Points of initiation

3.0 d

Detonation 
jwave fronts

Shock fronts 
in rock

Propagation velocity in rock = 1/2 detonation velocity

Fig„ 17 - Wave front shapes at various times near the 
ends of charges having different length-to- 
diameter ratios.

measured peak stresses for the different charge lengths 
varied less than was predicted by measurements of the 
depths of the crushed regions and the assumed 1/r decay.

It is also seen in fig. 17 that the shape of the shock 
wave front is somewhat more spherical when the length-to- 
diameter ratio of the charge is small. This difference 
is due to the greater curvature of the detonation wave 
front of the short charge compared to that of the long 
charge. The effect is diminished, however, because the 
propagation velocity in the rock is roughly half of the 
detonation velocity of the explosive. The difference in
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curvature in the region very near the charge does not 
affect significantly the shape of the wave front by the 
time the wave front has traveled 2.00 in. since the area 
over which the load is applied appears more as a point as 
the shock wave front propagates further into the rock.

Effect of Charge Diameter
Explosive charges all 1.00 in. long and having 

diameters of 0.27, 0.50, and 0.75 in. were used to deter
mine the effect of charge diameter on the shock waves 
generated in marble. The charge length in these experiments 
was limited by the maximum amount of explosive which could 
be detonated without fogging the stroboscopic photograph 
of the flying pellet. Fogging of the film resulted from 
both the bright flashes of the large explosions illuminating 
the background and the strobe light illuminating dust 
kicked up by the explosions. Stable detonation heads were 
not formed in the 0.50- and 0.75-in.-diam charges because 
of this limitation on charge length.

The resulting graphs of momentum per unit area versus
pellet thickness and stress versus distance for equivalent 
thicknesses of marble pellets are shown in figs. 18 and 19,
respectively. It is evident from these graphs that the
momentum and stress immediately behind the resulting shock 
wave front in marble is very much dependent on the charge
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d ’ = charge diam 
Charge length = 1.00 in.2400

Yule marble 
Slab No. 4
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0
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Pellet thickness (in.)
Fig. 18 - Momentum per unit area versus thickness 

of equivalent marble pellets 2.00 in. 
from the explosive for various charge 
diameters.
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Slab No. 4
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Fig. 19 - Stress versus distance for marble 2.00 in. 
from the explosive for various charge 
diameters.
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diameter. The average momentum per unit area for 0.37-in.- 
thick equivalent marble pellets ranged from 0.0265 lb sec/ 
in.̂  for the 0.27-in.-diam charges to 0.211 lb sec/in.^ for 
the 0.75-in.-diam charges, an increase of 720 percent. 
Similarity, the peak stresses ranged from 8,010 psi for the 
0.27-in.-diam charges to 61,700 psi for the 0.75^in.-diam 
charges, an increase of 670 percent.

The approximate magnitude of the stress generated at 
the explosive-rock contact surface was found previously to 
be 3.26 X 10 psi from the available equation-of-state 
data for marble and this particular explosive. The s t r e s s  
is attenuated very rapidly as the shock wave crushes the 
rock near the charge. Additional, but less rapid, 
attenuation occurs beyond the crushed region due to 
divergence of the shock wave and dissipative losses.
Thus, the stress reaching the pellet 2.00 in. from the 
explosion is much less than that generated very near the 
explosion.

Both the peak stress and the momentum in a given 
portion of the shock wave are strongly dependent on the 
charge diameter. This dependence is due to two factors.
One factor is the increased duration of the applied 
pressure as the charge diameter is increased. The duration 
of the pressure ranges from 0.51 ja. see for the 0.27-in. -diam
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charges to 1,4 /a. sec for the 0.75-in.-diam charges. 
Increasing the duration of the applied pressure will 
increase the extent of the crushing near the charge so 
that the shock wave emerging from the crushed region has 
a peak stress equal to the dynamic compressive strength of 
the rock. Thus, the larger the crushed region is, the 
larger would be the peak stress at a given distance from 
the explosive. The second factor, probably more significant 
than the first, is the substantial increase in the contact 
area between the explosive and the rock as the diameter is 
increased. Increasing the contact area will decrease the 
curvature of a larger portion of the shock wave in the 
rock. This effect is illustrated in fig. 20. It is seen 
that this flattening of the central portion of the wave 
will be significant at greater distances into the rock for 
large charge diameters than small ones. The decay of the 
stress in this flattened region is less than if the curva
ture were greater since the decay is ideally inversely 
proportional to the radius of curvature of the wave front. 
Thus, the stresses measured at a distance of 2.00 in. from 
the charges are considerably greater for the large diameter 
charges because the decay due to spherical divergence is 
less for these charges.
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t=t

Explosive charge 
0.27-in. diam
1.00 in. long

Shock wave fronts 
at times t-i and t

t=t

t=t
Explosive charge 
0.75-in. diam
1.00 in. long

Fig„ 20 - Shapes of shock wave fronts produced by 
0.27- and 0.75-in.-diam charges.

The momentum of the portion of the shock wave measured 
by the pellets is linearly related to the explosive-rock 
contact area within the range of areas covered in these 
experiments. This linear relationship is evident from 
fig. 21, which is a plot of momentum per unit area of 
0,37-in.-thick equivalent marble pellets 2.00 in. from 
the explosive versus the explosive-rock contact area. The 
momentum per unit area for a given pellet is equal to the 
impulse per unit area I, which is given by

I crct) dt
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where (J~ is the stress at the marble-pellet Interf ace at 
time t, and t^ is the time for the shock wave to traverse 
the length of the pellet twice. It is not expected that 
the momentum per unit area would maintain its linear 
relationship to the explosive-rock contact area as the 
area is increased indefinitely.

3000

cd
2000

0
0 0.2 0,4

Area of contact (in.2)
0.80.6

Fig. 21 - Momentum per unit area versus contact 
area between explosive and rock for 
0.37-in.-thick equivalent marble 
pellets 2.00 in. from the explosive.
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The strong dependence of peak stress on the explosive- 
rock contact area indicates that the explosive-rock contact 
area is an important parameter of coupling. A comparison 
between these results and those of the previous section 
concerned with the charge length shows that the charge 
diameter governs the shock effect in the rock much more 
strongly than does the length of the charge.

Effect of Angle of Incidence of 
Detonation Front with Surface of Rock 

Two series of experiments were run to determine what 
effect the angle of incidence Q of the detonation front 
with the surface 0f the rock had on the shock wave 
generated in the rock. One end of the cylindrical charge 
was beveled so that the explosive was in direct contact 
with the rock as shown in fig. 22. In the first series 
the angle Q was varied from 0° to 67.5° with the charge 
diameter held constant at 0,50 in. In these experiments the 
contact area between the explosive and the rock increased 
as the angle Q was increased. In the second series the 
angle & was again varied from 0° to 67.5° while the charge 
diameters were adjusted to produce the same contact area 
between the explosive and the rock. In both series the 
charges were sufficiently long, 1.50 in., that stable
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detonation heads were developed.
The peak pressure developed at the explosive-marble 

interface has been shown previously to be 3.26 X 10® psi 
from the available equation-of-state data. This value was 
obtained from data in which there was normal incidence 
between the detonation front and the marble surface. The 
peak pressure at the explosive-marble interface is not 
believed to vary much with the angle of incidence of the 
detonation front for angles of incidence less than 60°. 
Beyond 60°, the peak pressure is expected to decay rather 
rapidly to about half the normal-incidence value for a 90° 
angle of incidence. These beliefs are based on the graph 
of pressure induced in aluminum by Composition B versus 
angle of incidence shown in fig. 6 on page 28.

Pellet

Specimen
2-00

Charge Banding
Cap

Fig, 22 - Charge inclined to surface of specimen.
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The resulting graphs of momentum per unit area versus 
thickness of equivalent marble pellet and stress versus 
distance for the first series in which the charge diameter 
was held constant at 0.50 in. are shown in figs. 23 and 24, 
respectively. It is seen in fig. 23 that the momentum for 
a given thickness of equivalent marble pellet 2.00 in. from 
the explosive increases considerably as the angle O is 
increased. For example, the momenta per unit area of 0.37- 
in.-long equivalent marble pellets vary from 0.0973 lb sec/ 
in.^ for 0 = 0 °  to 0.189 lb sec/in.^ for S = 67.5°, an 
increase of 94 percent.

It appears that perhaps the momentum for a given pellet 
thickness is more dependent on the contact area between the 
explosive and the marble than on the angle of incidence of 
the detonation front with the surface of the marble. The 
momenta per unit area of 0.37-in.-thick equivalent marble 
pellets are plotted versus the contact area between the 
explosive and the marble in fig. 25. A marked, but non
linear, dependence of momentum per unit area of the shock 
wave on the contact area is seen in fig. 25. The average 
momentum per unit area increases from 0.0973 lb s e c / i n . ^ 
for a contact area of 0.196 in.̂  to 0.189 lb sec/in.^ for 
a contact area of 0.513 in.̂ . This substantial increase 
in momenta of O.37-in.-thick equivalent marble pellets
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2800
6 = angle of incidence of 
detonation front with surface 
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Charge length = 1.50 in.2400
Yule marble 
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Fig. 23 - Momentum per unit area versus pellet 
thickness for marble 2.00 in. f r o m  
the explosive for different angles of 
incidence of the detonation front with 
the surface of the rock.
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Fig. 24 - Stress versus distance for marble 2.00 in.
from the explosive for different angles of 
incidence of the detonation front with the 
surface of the rock.
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2.00 in. from the explosive is due to a decrease in the 
attenuation of the shock wave when the explosive is in 
contact with a larger area of the marble. The effect is 
similar to that observed in the preceding experiments 
where the diameter of the charge was varied.

As mentioned previously, the peak stress in the marble 
attenuates rapidly near the explosion because of crushing 
of the marble, divergence of the wave, and other dissipative 
losses. In this instance, the peak stress decays from

2000

cdN£ J 1500

3 ti< ioooC I <D O  S H O w

Marble pellet 
0.37 in. thick
Charge diam = 0.50 in 

Charge length = 1.50 in

500
0.80.60.40 0.2

Area of contact (in.2)

Fig. 25 - Momentum per unit area versus explosive- 
marble contact area for different angles 
of incidence of detonation front with 
surface of marble.
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3.26 X 10® psi at the explosive-marble interface to
30,000 psi for Q = 0° and 58,500 psi for B = 67.5° at a 
distance of 2.00 in. from the explosion. The decay of 
the stress behind the shock front in the marble 2.00 in. 
from the explosion is more or less the same for all values 
of 0 , the stress decaying on the average to 42 percent 
of its peak value at a distance of 0.80 in. or a time of 
4.80 yW sec. As with the momenta of the 0.37-in.-thick 
equivalent marble pellets, the peak stress 2.00 in. from 
the explosive appears to be more dependent on the contact 
area between the explosive and the rock than on the angle 
of incidence of the detonation front with the surface of 
the marble.

A second series of experiments was run to determine 
what effect, if any, the angle of incidence 6 of the 
detonation front with the surface of the marble has on the 
shock wave in marble 2.00 in. from the explosion if the 
contact area between the explosive and the rock is held 
constant„ The diameters of the charges were decreased as 
the angle <9 was increased so that the contact area was 
always equal to the cross-sectional area of the 0.50-in.- 
diam charges, 0.196 in.̂ . The angle Q was varied from 0° 
to 67.5°. The resulting graphs of momentum per unit area 
versus thickness of equivalent marble pellet, and stress
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versus distance are shown in figs. 26 and 27, respectively.
The curves of fig. 26 show a slight dependence of 

momentum per unit area of equivalent marble pellet at a 
distance of 2.00 in. from the explosion on the angle of 
incidence & of the detonation front with the marble 
surface. As the angle & is increased, the momentum for 
a given pellet thickness decreases only slightly. For 
example, the average momentum per unit area of 0.092-in.- 
thick equivalent marble pellets decreases from 0.0322 
lb sec/in.2 for Ô .= 0° to 0.0273 lb sec/in.2 for 0 =  67.5°.

The peak stresses of fig. 27, being related to the 
slopes at the origin of the momentum curves of fig. 26, 
also show a slight dependence on the angle & . The peak 
stress 2.00 in. from the explosion is seen to decrease 
from a value of 30,000 psi for 6? = 0° to a value of 
26,400 psi for 0 = 67.5°.

The experimental error is probably a little greater 
in these experiments than in the previous experiments 
because the contact area between the explosive and the 
marble is very dependent on the angle for large angles of 
incidence. Some difficulty was experienced in mounting 
the charges so as to maintain nearly the same contact area. 
However, the error introduced in this manner is believed 
to be relatively small.
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Fig. 26 - Momentum per unit area versus pellet 
thickness for different angles of 
incidence of detonation front with 
surface of rock (equal contact area).
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detonation front with 
surface of rock45°
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Fig. 27 - Stress versus distance for different
angles of incidence of detonation wave 
with surface of rock (equal contact 
area).
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In summary, the peak stress and momentum of the front 
portion of a shock wave in marble 2.00 in.. from the end of 
a cylindrical charge decrease only slightly when the angle 
of incidence of the detonation front with the surface of 
the marble is increased up to 67.5°, provided the contact 
area between the explosive and the rock is held constant 
by varying the charge diameter. If the charge diameter is 
held constant, the peak stress and momentum of the front 
portion of the shock wave increase substantially as the 
angle of incidence is increased because of the larger 
contact area between the explosive and the marble.

Effect of Interface Conditions 
between Explosive and Rock

Experiments have been performed to determine the effect 
that the interface conditions existing between an explosive 
and a rock surface have on the shock wave induced in the 
rock. In general, a layer of inert material is placed 
between the explosive and the rock, and the shock wave 
parameters are determined at a point in the rock 2.00 in. 
from the material-rock interface. Figure 28 shows the 
experimental arrangements used for the various types of 
inert materials, coherent solid, liquid or noncoherent 
solid, and gaseous. The experiments are of two types : 
those having an air gap between the explosive and the
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marble, the size of the air gap being a variable ; and those 
having various other materials between the explosive and 
the marble, the thickness of the layer being held constant 
at 0.25 in.

Air Gap Experiments
In these experiments the size of the air gap was varied 

from no gap at all to 1.00 in. The charges were held the 
desired distance from the surface of the marble by three 
wooden match sticks glued to the sides of the charge and 
to the surface of the marble as shown in fig. 28 c. The 
confinement afforded to the charge by the match sticks is 
considered to be negligible. The air pressure was the 
atmospheric pressure at Golden, elevation 5750 ft. The 
diameters of the explosive charges were 0.50 in. and the 
lengths were 1.50 in. for all the tests. With these 
dimensions, stable detonation heads would have been formed. 
The thickness of the marble specimen through which the shock 
wave must travel before reaching the pellet was held constant 
at 2.00 in. The resulting graphs of momentum per unit area 
versus thickness of equivalent marble pellet and stress 
versus distance are shown in figs. 29 and 30, respectively.

The graph of fig. 29 shows a rather uniform drop in 
momentum per unit area of a given t h i c k n e s s  of pellet as
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1400
Yule marble 
Slab No. 5

O Direct Contact 
x 0.063-in. air gap 
A  0.125-in. air gap 
0 0.25-in. air gap 
• 0.50-in. air gap 
O 1.00-in. air gap

1200

Charge diam = 0.50 in. 
Charge length - 1.50 in.CM

1000

800

600

400

200 -

0 0.1 0 2 0.40.3 0.5
Pellet thickness (in.)

Fig. 29 - Momentum per unit area versus thickness
of equivalent marble pellet 2.00 in. from 
the air gap for various size air gaps.
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Fig. 30 - Stress versus distance for marble 2.00 
in. from the air gap for various size 
air gaps.
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the size of the air gap is increased. The dependence of 
shock momentum on the size of the air gap can best be seen 
in the plot of momentum per unit area of 0.34-in.-thick 
equivalent marble pellets versus size of air gap in fig. 31. 
The curve in fig. 31 shows a decrease in average momentum 
per unit area from 0.100 lb sec/in.^ for no air gap to 
0.0286 lb s e c / i n . ^ for a 1.00-in. air gap. The best curve 
through the experimental points is slightly concave upward 
approaching the abscissa (zero momentum) asymptotically 
as the air gap becomes larger and larger.

The curves of stress versus distance behind the shock 
front of fig. 30 show a decay from the peak value with 
increasing distance. The stress versus distance curves 
are of course those in marble 2.00 in. from the air gap.
On the average the stress decays to approximately 49 percent 
of its peak value at a distance of 0.80 in. or the corre
sponding time of 5.24 /< sec. This rate of decay of stress 
behind the shock front is approximately the same as that 
in the previous experiments in which the explosive was in 
direct contact with the rock. The peak stress in the marble
2.00 in. from the air gap is dependent on the size of the 
air gap, as is evident from the graph of peak stress versus 
size of air gap in fig. 32. The peak stress varies from 
33,800 psi for direct contact between explosive and marble
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1200

0„34-in.-thick marble pellets•H
Specimen thickness = 2.00 in.

A  900 Charge diam = 0.50 in. 
Charge length = 1.50 in.

S 600

300

4-3

0
0 1.00 1.0.50 0.750 25

Size of air gap (in.)

Fig. 31 - Momentum per unit area of 0.34-in.-thick 
equivalent marble pellets 2.00 in. from 
the air gap versus size of air gap.

to 12,200 psi for a 1.00-in. air gap. The best curve 
drawn through the experimental points in fig. 32 is 
concave upward much like the curve of air shock pressure 
versus distance from the surface of a 0.25-lb spherical 
pentolite charge shown in fig. 8 on page 30. It is noted 
that the peak stresses measured in the marble 2.00 in. 
from the air gap are approximately twice the air shock
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40

Yule marble - Slab No. 5

co

20 —

0 0.25 0.50 0.75 1.00 1.25
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Fig. 32 - Peak stress in marble 2.00 in. from 
the air gap versus size of air gap.

pressures at a distance equal to the size of the 
corresponding air gap. Of course this comparison is not 
strictly valid because the geometries of the charges and 
the explosive ingredients are different in the two instances. 
Nevertheless, one might expect a doubling of pressure or 
stress when an air shock is normally incident on a marble 
surface. If the transmission of the stress across the
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air-marble interface were acoustic in nature, the transmitted 
stress CHp would be related to the incident pressure Pj by 
the relationship

Or - Pi
2 2

PlCl + 2̂C2

where />1C1 and /̂ 2C2 are the characteristic impedances of 
the air and the marble, respectively. However, the 
magnitude of is negligible compared to the magnitude
of ^2°2 80 that as an approximation, the value of Pici 
may be considered to be zero. Thus

2 fis0-crT Pj = 2 P-
:>2C20 + P,c

Of course, additional attenuation of the peak stress will 
occur as the shock travels through the 2.00 in. of marble 
to the pellet so that the peak stress as measured by the 
pellets may be considerably less than that generated at 
the air-marble interface. The point is that the peak 
stress induced in the marble may be up to twice as great 
as the incident air shock pressure.

Experiments with Layer of Dissimilar Material 
In this series of experiments, 0.25-in.-thick layers 

of several different materials were placed between the 
explosive and the 2. 00-in-.-thick marble specimen . Thus,
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the shock wave produced by the explosion had to pass 
through 0.25 in. of the material and 2.00 in. of marble 
before reaching the pellet. It was desired to obtain an 
indication of how much shock wave attenuation resulted 
from these various materials placed between the explosive 
and the marble. One method of obtaining a comparative 
measure of the attenuation is to compare the momenta of 
0.38-in.-thick equivalent marble pellets placed 2.00 in. 
from the material-marble interface. This has been done, 
and the results are given in table 3 in order of decreasing 
momentum per unit area. The corresponding specifications 
for each of the materials are given in table 4.

It is interesting to compare the positions of marble 
in table 3 with respect to the other materials, representing 
as it does the condition in which the explosive is in 
direct contact with the rock. That is, the layer of 
dissimilar material is replaced by layer of marble of 
equal thickness, this layer of marble being an integral 
part of the specimen instead of an attached 0.25-in. thick 
slab.

The momenta per unit area of the pellets is seen to 
be greater for layers of water and drilling mud than for 
marble. Thus the shock pressures actually decay less 
rapidly in the water and drilling mud than in the marble
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Table 3 - Momentum per unit area of 0.38-in.-thick 
equivalent marble pellets 2.00 in. from 
material-marble interface for different 
materials between explosive and marble.

Material 
(J-in. thick)

' Momentum per 
unit area
10“4 lb sec

Average Momentum 
per unit area

lO~4 lb sec
in.2 in.2

Water
1220
1240

1230

Drilling mud
1180
931

1060

Marble
944

1070
1010

Aluminum
958

1010
984

Plexiglas
951
889

920

Vermiculite
824
859

841

Sand
751
890

820

Cardboard
824
739

781

Foam rubber
751
696

723

Air
679
751

715



T-1003

Table 4 - Specifications for the different materials
placed between the explosive and the marble.

Material Specifications
Water Ordinary tap water
Drilling mud Proportions of mix

17.5 g barite
17.5 g bentonite 

190. g water
Resulting specific gravity - 1.12

Marble Marble specimen made 0.25-in. thicker 
(final thickness 2.25 in.)

Aluminum 0.25-in.-thick
2024 Aluminum alloy plate

Plexiglas 0.25-in.-thick sheet
Vermiculite -20 mesh (U.S. Standard sieves) 

+30 mesh
Sand Sieve size % Retained 

(U.S. Standard)
No. 30 0.48 
No. 50 70.11 
No. 100 27.53 
Pan 1.88

Cardboard Casing from Hercules 2j X 5 lb 
Vibrogel 3, Spirolok, 60% Strength, 
0.25-in. thick

Foam rubber 0.25-in.-thick sponge rubber rug 
cushion

Air 0.25-in. air gap
Atmospheric pressure at Golden,
elevation 5750 ft
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itself, at least in the region very near the explosion. 
Vermiculite, an expanded mica, very fluffy and compressible, 
is higher than to be expected from its structure. Sand, 
on the other hand, being very incompressible, is lower 
than was intuitively expected. The sand was very fine and 
quite uniform in size so that there was a considerable 
amount of air space between the grains. Rapid attenuation 
would occur because of crushing of the grains, since the 
small contact area between grains will withstand 
relatively little force. This fact could account for the 
rather high attenuation of the sand layer. The cardboard 
material was the casing of Hercules 5-lb Spirolok 
cartridges. It is quite dense and hard and is impregnated 
with a water repellent. The momentum per unit area for 
the cardboard in table 3 is lower than was expected, 
indicating that there is a high rate of attenuation in the 
cardboard. Thus, the efficiency of explosive cartridges may 
be reduced considerably by the thick cardboard casing 
surrounding the explosive.

The experimental error was rather high in this set of 
experiments as is evident from the variation of the 
individual values of momentum per unit area in table 3.
Some difficulty was experienced in obtaining uniform 
layers of the various materials and in obtaining good
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contact between the explosive and the material and between 
the material and the marble. However, the average momenta 
per unit area will still be accurate enough for comparison 
purposes.

Effect of Partial Confinement
The effect of partial confinement of a cylindrical 

charge on the shock wave induced in marble was studied. 
Partial confinement of the charge was achieved by placing 
one end of the charge into a hole drilled slightly oversize 
into the marble. The bottom of the hole drilled into the 
marble was finished with an end mill to obtain a flat, 
square bottom surface. The geometry of the experiments 
can be seen best from the illustration in fig. 33. The 
amount of confinement as defined here refers to the depth 
of the hole into which the charge is placed. The distance 
from the end of the charge to the marble-pellet interface 
was held constant at 2.00 in., with the amount of confinement 
varied from zero to 1.00 in. One inch of confinement was 
the maximum which could be obtained with the available 
equipment because of difficulty in squaring the bottom of 
the holes. The resulting graphs of momentum per unit area 
versus thickness of equivalent marble pellet, and stress 
versus distance are shown in figs. 34 and 35, respectively.
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AZ31B-F Mg alloy
0.50-in. diam pellet

Yule marble 
specimen

2.00

Banding

Amount of 
confinement Du Pont EL-506A sheet 

explosive 
0.50-in. diam 
1.50 in. long

01in Mathieson 
No. 6 Plas-T-Cap

Fig. 33 - Geometry of confinement experiments.

The momentum curves of fig. 34 indicate that the 
momentum in the front portion of the shock wave as 
measured by the pellets increases as the amount of confine 
ment is increased. For example, the average momenta of 
0.38-in.-thick equivalent marble pellets increased from 
0.113 lb sec/in.2 for no confinement to 0.301 lb sec/in.2 
for 1.00 in. confinement, an increase of 166 percent.

The graph of stress versus distance in fig. 35 like
wise shows a dependence of stress in the front portion of
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&  0.25-in. confinement 
0 0.50-in. confinement 
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Charge diam = 0.50 in. 
Charge length = 1.50 in.

3000

Yule marble 
Slab No. 62500

2000

1500

1000

500
*//

0
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Pellet thickness (in.)
Fig. 34 - Momentum per unit area versus pellet 

thickness for marble 2.00 in. from 
the ends of partially confined 
cylindrical charges.
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105
O Zero confinement 
&  0.25-in. confinement 
□ 0.50-in. confinement 
X 1.00-in. confinement90
Charge diam = 0.50 in. 
Charge length = 1.50 in.
Yule marble 
Slab No. 675

60

30

15

0 0.2 0.4 0.6 0.8 1.0Distance (in.)
Fig. 35 - Stress versus distance for marble 2.00 in.

from the ends of partially confined explosive 
charges.
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the shock wave on the amount of confinement. The peak 
stress in marble 2.00 in. from the end of the charge 
increases from 33,900 psi for no confinement to 67,500 
psi for 1.00-in. confinement, an increase of nearly 100 
percent.

The influence of confinement on the momentum and 
stress of the front portion of the shock wave as measured 
by the pellets is due to the less rapid expansion of the 
explosion products as the amount of confinement is increased. 
Confinement of a charge increases the length of time during 
which the detonation pressure acts on the surrounding 
medium, and thus increases the length of the shock wave 
induced into the medium. Thus, the lack of decay of 
stress with distance up to 0.8 in. for 1.00-in. confinement 
(fig. 35) can be explained. The detonation pressure is not 
relieved for some time because of the confinement, so the 
resulting shock wave may not decay appreciably immediately 
behind the shock front.

Attenuation
A series of experiments was performed to determine 

the rate at which explosively generated shock waves attenuate 
in marble in the region close to the charges. The geometry 
of the experiments is illustrated in fig. 36. The explosive 
charges were 0.50 in. in diameter and 1.50 in. long with
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one end in direct contact with the marble surfaces for all 
of the tests. Pellets placed on the free surfaces of the 
marble specimens opposite the charges were used to determine 
shock momentum at points ranging from 0.50 in. to 4.00 in. 
from the ends of the charges.

AZ31B-F Mg alloy
0.50-1n .-diam pellet

Yule
marble
specimen

Thickness varied 
from 0.50 in. to 
4.00 in.

Banding
Du Pont EL-506A sheet 
explosive 
0.50-in. diam 
1.50 in. long

01in Mathieson " 
No. 6 Plas-T-Cap

Fig. 36 - Geometry of attenuation experiments.
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The experimental results are shown in the graph of 
momentum per unit area versus thickness of equivalent 
marble pellet in fig. 37. These curves are upward sloping 
for all pellet thicknesses, indicating that the lengths 
of the shock waves are more than twice the thickness of 
the thickest pellet or 0.76 in. It is seen in fig. 37 
that the momentum for a given pellet thickness increases 
as the specimen thickness decreases. A plot of the 
average momenta of 0.38-in.-thick marble pellets versus 
specimen thicknesses is shown in fig. 38. A theoretical 
1/r decay curve has been drawn through one of the 
experimental points for comparison. It is seen that the 
momentum in the front 0.76-in. of the shock wave (two 
pellet thicknesses) decays slightly faster than the ideal 
1/r decay. The theoretical 1/r decay of the momentum in 
a portion of a shock wave presupposes that the shock wave 
was generated at a point and that the length of the shock 
wave does not change. In these experiments the shock 
wave was generated over a finite area of the marble rather 
than at a point. Also, shock waves tend to lengthen as 
they propagate farther into the medium, which, in effect, 
decreases the momentum in a given portion of the wave.
Thus one would not necessarily expect the experimentally 
determined momentum of a portion of the shock wave to 
decay exactly as 1/r.
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7000
T = 0.50 in 
T = 1.00 in 
T = 2.00 in

Charge diam = 0.50 in. 
Charge length = 1.50 in

6000 T = 4.00 in. 
specimen thickness

Yule marble 
Slab No. 6

5000

4000

3000

2000

1000

0.40.3 (0.2
Pellet thickness (in.)thickness

Fig. 37 - Momentum per unit area versus thickness 
of equivalent marble pellet at various 
distances from the charges.
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6000
Experimental curve 
1/r decay curve

h  -h  4000

SI1 2000 -
a o
0  i—4S s-z

40 1 2 53
Specimen thickness (in.)

Fig. 38 - Momentum per unit area of 0.38-in.-thick 
equivalent marble pellets versus specimen 
thickness.

Curves of stress versus distance behind the shock 
front, shown in fig. 39, have been obtained from the slopes 
of the curves of momentum per unit area versus pellet 
thickness of fig. 37. It is seen from fig. 39 that the 
peak stress and the stress at a given distance behind the 
shock front are strongly dependent on the distance which 
the wave has traveled from the source. The peak stress 
in the marble varied from 271,000 psi 0.50 in. from the 
charge to 15,200 psi 4.00 in. from the charge. The peak 
stress has been plotted versus specimen thickness in fig. 
40, along with the ideal 1/r decay curve passing through
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280
Charge diam = 0.50 in. 
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Slab No. 6240
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—  0

0 0.4 0.80.6 1.0
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Fig. 39 - Stress versus distance behind shock 
front showing attenuation effect.



T-1003 108

300
  Experimental curve

1/r decay curve•H

n 200
iH

CO 1 00

42 530 1
Specimen thickness (in.)

Fig. 40 - Peak stress in marble 
versus distance from 
charge.

one of the experimental points. The two curves are roughly 
parallel ; the observed decay of peak stress is somewhat 
greater than the ideal 1/r decay. Similar to the decay 
of momentum of the front portion of the shock wave, the 
decay of the peak stress is not necessarily expected to 
conform exactly to the ideal 1/r decay because the shock 
was generated at a point and the length of a shock wave 
generally increases as it propagates further into the 
medium. A comparison of the decay curves in figs. 38 and 
40 indicates that the momentum of the front portion of the
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shock wave as measured by the pellets decays more nearly as 
1/r than does the peak stress.
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RESULTS OF FRACTURE STUDIES

The fractures produced in marble by cylindrical 
explosive charges was studied in relation to the geometries 
of the charges and to the interface conditions existing 
between the ends of the charges and the surfaces of the 
marble specimens. The fracture study was usually performed 
on the fragments recovered after the previously described 
pellet measurements had been made. However, sometimes 
the fragmentation in the pellet experiments was very severe 
and larger specimens were prepared and shot for the fracture 
study. The extent of the fractures has been determined by 
visual examination of the specimens, low magnification 
being used to define the limits of the fractures in some 
specimens. The extent of the fractures was often poorly 
defined, and therefore only general remarks may be made 
concerning such fractures.

In general, the fracture patterns are those shown in 
fig. 41. The following types of fractures have been

110
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observed: spalls, craters, crushed region, and radial 
fractures. One or more of the types of fractures may be 
absent for a particular explosive-marble configuration.

Radial
fractures

Explosive
charge

Spall_ j__

Crater Crushed region

Multiple spalls

Fig. 41 - Cross section of specimen showing 
typica1 fra ctures.

Effect of Qeometry of Charge
The effect that the length of a cylindrical explosive 

charge has on the fractures produced in marble was studied. 
Specimens, 6 X 6 X 3 in. were used in these experiments 
because the 4 X 4 X 2-in. specimens used in the pellet 
experiments were too badly fractured for the basic 
fracture patterns to be seen. A 6 X 6 X 3-in. specimen
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generally broke into two parts along a plane passing through 
the axis of the charge.

The lengths of the cylindrical charges affected the 
fractures produced in the marble. Craters produced in the 
region n e a r e s t  the charges were approximately 2.0 -in. in 
diam and 0.25-in. in depth for 0.25-in.-long charges 0.50- 
in. in diam. For charges of the same diameter, but 1.50-in. 
long, the crater diameters were approximately 2.3 in. and 
their depths were approximately 0.40 in.

From three to four well-developed spalls were formed 
by reflection of the compression waves from the free 
surfaces 3.00 in. from the ends of the 1.50-in.-long 
charges. Only one poorly developed spall was produced 
when the charge length was decreased to 0.25 in.

Radial fractures appear on the surfaces of the 6 X 6 
X 3-in. specimens on which the charges rested. These 
fractures extend approximately 2.0 in. from the center of 
the charge for a charge length of 0.25 in. and approximately 
3.0 in. for a charge length of 1.50 in. The radial fractures 
appeared to extend down into the marble about 1.0 in.

Crushing of the marble occurred in the regions 
immediately below the craters. The depth of the crushing, 
measured from the surface of the marble, ranged from 
approximately 0.46 in. for 0.25-in,-long charges to 0.86 in. 
for 1.50 in.-long charges.
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The amount of fragmentation of 4 X 4 X 2-in. specimens 
used in the pellet experiments was the same for both 1.50- 
and 3.00-in -long charges having diameters of 0.5-in. In 
other words, no further fragmentation results when the 
charge length-to-diameter ratio is increased beyond 3.0.

One can conclude from these comparisons of fracturing 
produced by charges of different lengths that the charge 
length affects the extent of the fracturing when the length- 
to-diameter ratios of the charges are less than 3.0. The 
effect is not great, however, considering that the 1.50- 
in. -long charges contained six times as much explosive as 
the 0.25-in.-long ones.

The diameter of a cylindrical charge with one end 
placed in contact with marble has a significant effect on 
the fractures produced in the specimen. The photograph in 
fig. 42 shows the differences in fragmentation resulting 
from the different charge diameters. The charge diameters 
ranged from 0.27 in. to 0.75 in., with the charge lengths 
being at least 3.0 charge diameters. Thus, stable detonation 
heads were formed for each size charge. The dimensions of 
the specimens were purposely increased as the charge 
diameters were increased because, for example, the 0.75-in. 
-diam charges completely pulverized 4 X 4 X 2-in. specimens 
while the 0.27-in.-diam charges produced only small craters
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SPECIMEN 
6 e* 6 * 3

0 .5 < rd io . 
1.50" long

s p e c im e n

CHARSE073'#o.
2.25" long

SPECIMEN4:4,2
CHARGE

1.0 0 *  long

Fig. 42 - Photograph showing variation of fragmentation 
with charge diameter.

Fig. 43 - Photograph showing variation of fragmentation 
with angle between axis of charge and surface 
of marble. Specimen, 4 X 4 X 2-in.; charge, 
1.50 in. long X 0.50-in. diameter.
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in the 4 X 4 X 2-in. specimens. It is seen in fig. 42 
that the 0.75-in.-diam charge punched a hole completely 
through the center of a 9 X 9 X 3-in. specimen and broke 
the remaining part of the specimen into four pieces. The 
diameter of the resulting crater is 3.6 in. Spalling 
occurred to a distance of at least 1.2 in. from the free 
surface with at least six well-developed parallel spalls 
being formed. On the other hand, the 0.27-in.-diam charge 
acting on a small 4 X 4 X 2-in. specimen produced a small 
crater, having a diameter of 0.9 in. and a depth of 0.19 in., 
no evidence of spalling being noted.

These experiments show quite conclusively that the 
diameter of a cylindrical charge with one end in contact 
with a rock determines to a large extent how much fracturing 
is produced. The diameter of a charge governs the extent 
of the fracturing more strongly than does its length. This 
same relationship was found in the previous chapter, where 
the pellet momentum was more strongly influenced by the 
diameter of the charge than by its length.

The fragmentation is essentially the same in each of 
the experiments in which the angle between the axis of 
the charge and the surface of the marble is varied if the 
contact area between the explosive and the marble is held 
constant by decreasing the charge diameter the correct
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amount as the axis of the charge became more oblique to the 
marble surface. However, if the charge diameter is held 
constant as the angle is varied, the contact area between 
the explosive and the marble will also vary. A comparison 
of the fragmentation of 4 X 4 X 2-in. marble specimens for 
normally and obliquely oriented charges may be made from 
the photograph in fig. 43. An increase in fragmentation 
is observed in fig. 43 when the axis of the charge is very 
oblique to the surface of the rock. This increase in 
fragmentation is attributed to the larger area of contact 
between the explosive and the marble for obliquely oriented 
charges than for normally oriented charges of the same 
diameter.

The extent of fracturing shows the same relationship 
to the angle which the charge axis makes with the surface 
of the marble as does the peak stress and momentum in the 
front portion of the shock wave as discussed in the preceding 
chapter. There, the peak stress and momentum as measured 
by the pellets were influenced only slightly by the angle 
between the charge axis and the marble surface if the 
contact area between the explosive and the marble was 
held constant. The peak stress and momentum as measured 
by the pellets increased, however, as the axis of the 
charge became more oblique with the surface of the marble 
when the charge diameter was held constant.
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Effect of Partial Confinement
Partial confinement of a cylindrical explosive charge 

was accomplished by placing one end of the charge into a 
hole drilled slightly oversize into the marble specimen.
The amount of confinement as defined here refers to the 
depth of the hole into which the end of the charge is placed. 
The charges were 0.50-in. in diam and 1.50 in. long. The 
4 X 4 X 2-in. specimens recovered from the pellet experi
ments concerned with confinement showed a drastic variation 
of fragmentation with the amount of confinement. Figure 44 
shows the fragmentation resulting from no confinement and 
1.00-in. confinement. No confinement resulted in considerable 
fragmentation with only the corners of the specimens remain
ing more or less intact. One inch of confinement, however, 
resulted in complete pulverization of the specimen to a 
fine sand, some of the particles being as small as minus 
100 mesh. The conclusion is that partial confinement of 
a charge results in a much better utilization of the 
energy of the explosive toward the fracturing of rock 
because energy is expended in producing the additional 
fracture-surface area noted in these experiments.
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NO C O NF IN EM E NT

Fig. 44 - Photograph showing variation of fragmentation 
with amount of confinement. Specimen,
4 X 4 X 2-in.; charge, 1.50 in. long X 0.50- 
in. diameter.

1/4" CARDBOARD 
LAYER

Fig. 45 - Photograph showing variation of fragmentation 
with type of 0.25-in.-thick layer between 
explosive and rock. Specimen, 4 X 4 X 2-in.; 
charge, 1.50 in. long X 0.50-in. diameter.
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Effect of Interface Conditions
The size of an air gap between the end of a cylindrical 

charge and the surface of a 4 X 4 X 2-in. marble specimen 
affected the fracturing of the specimen. The charges used 
were 0.50 in. in diameter and 1.50 in. long. As would 
be expected, the fragmentation decreases as the air gap is 
made larger. For no air gap (direct contact), the frag
mentation is severe, with only the corners of the specimens 
remaining more or less intact. For a 0.50-in. air gap 
there is a slight indentation and pitting of the marble 
surface directly under the charge, the indentation being 
only a few thousandths of an inch deep. Several radial 
cracks extend from the indented region to the edge of 
thé specimen; however the specimen remains intact. One 
spall also formed on the surface opposite the charge.
Only some pitting of the surface directly under the charge 
results when the air gap is increased to 1.00 in. No 
measurable indentation under the charge and no spalls or 
radial fractures were produced with the 1.00-in. air gap.

The amount of fragmentation of a 4 X 4 X 2-in. marble 
specimen recovered from the pellet experiments was found 
to vary with the type of material placed in the 0.25-in.- 
thick layer between the explosive and the marble surface.
The charges used were 0.50 in. in diam and 1.50 in. long.
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The resulting fragmentation for a water layer, marble layer 
(direct contact with specimen), and cardboard layer can be 
seen in the photograph in fig. 45. It was found that 
maximum fragmentation occurred for layers of water and 
drilling mud. An intermediate amount of fragmentation 
occurred when the charge was in direct contact with the 
marble. The least amount of fragmentation occurred when 
layers of cardboard or foam rubber were used. The frag
mentation varied from almost pulverizing the specimen for 
the water layer to just cracking the specimen, the specimen 
remaining intact, for the cardboard and foam rubber layers. 
The conclusion is that the fragmentation of a piece of 
rock by an explosive charge is influenced considerably by 
a layer of dissimilar material placed between the explosive 
and the rock. By proper selection of the dissimilar 
material one may be able to increase or decrease the extent 
of fracturing as desired in a particular application.
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APPLICATIONS

This investigation has been fundamental and thus the 
number of direct applications are rathér limited. However, 
some of the ideas discussed may point the way to better 
blasting efficiency in the future.

It has been shown that the shock intensity near the 
explosion and the resulting fragmentation are strongly 
influenced by the area of contact between the explosive 
and the rock. The area of contact is, in fact, more 
important than the depth or thickness of the explosive, 
although the thickness also has some effect. This fact 
can have application in boulder popping where an explosive 
charge is placed on the surface of the boulder. The amount 
of explosive may well be redûbed if the explosive is spread 
over a larger area and not so thick in any one place. More 
experiments should be performed to determine more exactly 
the proportions of such a charge for maximum fragmentation. 
There may be some limitation as to how thin such a charge
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may be made, assuming for the moment that the charge will 
detonate ideally for such thicknesses.

Even though it was intuitively expected, an air gap 
between the explosive and the rock has been shown to decrease 
the intensity of the shock wave and to decrease the resulting 
fragmentation of the rock. This result may be applied in 
the use of "pencil’1 charges (small-diameter charges encased 
in cardboard) placed in the trim holes along the perimeter 
of a tunnel. Here it is desired to reduce the amount of 
explosive per foot of hole to prevent excessive overbreak 
and other fractures from forming in the surrounding rock.
The placement of "pencil" charges along the side of the 
drill hole towards the center of the tunnel would direct 
a greater percentage of the explosive energy towards the 
center of the tunnel and less into the surrounding rock.
Thus, it may be possible to reduce further the extent 
of fractures in the surrounding rock.

The experiments with layers of dissimilar materials 
between the explosive and the rock showed that both the 
intensity of the shock and the fragmentation of the rock 
were significantly affected by such layers. Essentially, 
these experiments gave a relative indication of the rates 
of attenuation of the shock wave in the various materials.
The attenuation was found to be less in water than in the
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marble itself, at least in the region very near the charge. 
Thus, water in a blast hole may aid in the fragment^tion, 
even though the inherent problem of waterproofing the 
explosive still exists. A relatively high rate of attenua
tion was found in the thick waterproofed cardboard casing 
material sometimes used to contain an explosive. Of course 
any such casing material would have to be inexpensive 
relative to the value of the explosive contained, except 
perhaps in certain applications where costs are relatively 
unimportant. Perhaps an inexpensive plastic casing could 
be developed and used in place of cardboard in order to 
decrease the attenuation of the shock. Of all the materials 
tested, the highest rate of attenuation was found to be 
that in air. Thus, it appears that any material placed 
between an explosive charge and a rock will increase the 
shock intensity and fragmentation over and above that 
produced with an air gap of the same size.
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CONCLUSIONS

The effect of the geometry of an unconfined cylindrical 
charge on the shock intensity and fracturing produced in 
Yule marble was investigated and the following conclusions 
were drawn :

The area of contact (or the diameter) of a cylindrical 
explosive charge with a piece of Yule marble has a much 
stronger effect on the shock intensity and fragmentation 
than does the length of the charge. For example, the peak 
stress in marble 2.00 in. from the end of a 1.00-in.-long 
charge varies from 8,010 psi for a charge diameter of 0.27 
in. to 61,700 psi for a charge diameter of 0.75 in., an 
increase of 670 percent. On the other hand, the peak 
stress at the same point in the marble varies from 26,500 
psi for a 0.25-in.-long charge to 34,300 psi for a 1.50-in.- 
long charge, the charge diameter being held constant at 
0.50 in. The latter represents an increase in peak stress 
of approximately 30 percent, considerably less than that
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observed when the diameter is increased. The peak stress 
and resulting fragmentation do not increase further as the 
charge length is increased beyond 3.0 charge diameters.
The resulting fragmentation shows the same relationships to 
charge diameter and charge length as does the peak stress.

The angle which the axis of a cylindrical charge makes 
with the surface of the rock has little effect on either 
peak stress or fragmentation if the charge diameters are 
adjusted to produce the same contact area between the 
explosive and the rock as the angle is varied. The contact 
area between the explosive and the rock will increase as 
the axis of the charge becomes more oblique to the surface 
of the rock if the charge diameter is held constant. In 
this case the peak stress 2.00 in. from the charge varies 
from 30,000 psi for a normally oriented charge to 58,500 
psi for a charge oriented 67.5° from normal, the charges 
being 0.50 in. in diam and 1.50 in. long. Similarity, an 
increase in fragmentation of the specimens is observed.

Partial confinement of the charge results in a great 
increase in peak stress and fragmentation. The peak stress 
in marble 2.00 in. from the end of a 0.50-in -diam and 
1.50-in.-long charge varies from 33,900 psi for no confine
ment to 67,500 psi when 1.00 in. of the charge is confined 
by the surrounding marble.
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The peak stress generated in marble by charges 0.50 
in. in diameter and 1.50 in. long vary from 271,000 psi
0.50 in. from the charge to 15,200 psi 4.00 in. from the 
charge. The peak stress and momentum of a 0.38-in.-thick 
equivalent marble pellet decay with distance from the charge 
slightly faster than the ideal 1/r decay.

An air gap between the end of a cylindrical charge and 
the surface of the marble greatly decreases the shock 
intensity and fragmentation induced in the marble. The 
peak stress transmitted through a 2.00-in.-thick marble 
specimen varies from 33,800 psi for direct contact between 
explosive and marble to 12,200 psi for a 1.00-in. air gap.

Layers of dissimilar materials placed between the 
explosive and the marble surface may increase or decrease 
the shock momentum as measured by 0.38-in.-thick equivalent 
marble pellets, depending on what material is used. In 
effect, the relative shock-attenuation rates in the various 
materials have been compared. The attenuation rate in 
water is least, being even less than that in marble itself. 
The attenuation rate is comparatively high in materials 
such as sand, cardboard, and foam rubber. The attenuation 
rate is higher in air than in any of the other materials 
tested.
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RECOMMENDATIONS

Four areas in which further study is warranted are:
1. Expansion of the fracture study to include larger 
specimens, so that crater dimensions, extent of spalling, 
and size of crushed zone could be better related to 
geometry of charge.
2. Investigation of the effect of water content in porous 
rock on shock intensity and fragmentation.
3. Similar experiments with small confined charges.
4. Similar experiments on other rock types.
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APPENDIX I

Pellet Data
Effect of Charge Length 

(Charge diam held constant at 0.50 in.)
Slab No. 3 - Specimen thickness = 2.00 in.

Specimen Magnesium Magnesium Equiv Marble pellet
No. pellet pellet marble momentum per

thickness velocity pellet unit area
(in.) (fps) thickness /10”

(in.) f

Charge length = 0.00 in. (cap only)
119 0. 500 ——- 0. 277 ---
120 0. 500 11. 0 0. 277 102 ,
121 0. 250 13. 5 0.,138 61,.7
122 0. 250 10.,9 0. 138 49,.7
123 0. 125 15., 5 0. 069 35.,4
124 0. 125 12. 3 0.,069 28.,1
125 0. 062 12.,0 0.,035 13.,6
126 0. 062 8, 1 0.,035 9.,23

4 lb seej 
in.2 /
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Specimen Magnesium Magnesium 
No. pellet pellet

thickness velocity 
(in. )

Equiv 
marble 
pellet 
thickness 

(in. )

Marble pellet 
momentum per 

unit area
/IQ-4 lb sec)
I in.2 J

127
128
129
130
131
132
133
134

135
136
137
138
139
140
141
142

Charge length = 0.50 in.
0. 500 102. 0.277 935.
0.500 100. 0.277 910.
0. 250 118. 0.138 538 .
0.250 120. 0.138 546.
0.125 113. 0.069 258.
0.125 118. 0.069 267.
0.062 108. 0.035 123.
0.062 106. 0.035 121.

Charge length = 1.00 in.
0.500 102. 0.277 935.
0.500 105. 0.277 960.
0.250 127. 0.138 579.
0.250 125. 0.138 571.
0.125 120. 0.069 273.
0.125 125. 0.069 285.
0.062 —— — 0.035 — —

0.062 117. 0.035 133.
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Specimen Magnesium Magnesium 
No. pellet pellet

thickness velocity 
(in.) (fps)

Equiv 
marble 
pellet 
thickness 

(in. )

Marble pellet 
momentum per 

unit area
10~4 lb sec 

in. ̂  .
Charge length = 1.50 in.

143 0.500 117. 0.277 1070.
144 0.500 117. 0.277 1070.
145 0.250 137. 0.138 626.
146 0.250 132. 0.138 604.
147 0.125 130. 0.069 296.
148 0.125 128. 0.069 292.
149 0.062 ———— 0.035 --— —

150 0.062 110. 0.035 125.

Charge length = 0.25 in.
151 0.500 83.3 0.277 760.
152 0.500 84.0 0.277 767.
153 0.250 100. 0.138 455.
154 0.250 96.0 0.138 439.
155 0.125 100. 0.069 227.
156 0.125 96.0 0.069 219.
157 0.062 96.7 0.035 111.
158 0.062 100. 0.035 114.
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Specimen Magnesium Magnesium 
No. pellet pellet

thickness velocity 
(in. )

Equiv
marble
thickness

(in.)

Marble pellet 
momentum per 

unit area
lO-

in.
lb secj

Charge length = 3.00 in,.
181 0.500 117. 0.277 1067 .
182 0.250 133. 0.138 608.
183 0,125 130. 0.069 296.

^ Effect of Charge Diameter 
(Charge length held constant at 1.00 in.)

Slab No. 4 - Specimen thickness = 2.00 in.
Charge diameter = 0.27 in.

159 0.500 ^27.0 0.370 284.
160 0.500 23.3 0.370 246.
161 0.250 27.5 0.185 145.
162 0.250 30.6 0.185 161.
163 0.125 32.5 0. 092 85.4
164 0.125 31.3 0.092 82.4
165 0,062 31.3 0.046 41.2
166 ° 0.062 29.4 0.046 38.7

Charge diameter - 0.50 in.
167 0.500 0 100. 0.370 1050.
168 0.500 102. 0.370 1070.
169 0.250 114. 0.185 597.c?



T-1003 132

Specimen Magnesium Magnesium Equiv Marble pellet
No. pellet pellet marble momentum per

thickness velocity pellet unit area
(in.) (fps) thickness /lO'4 lb sec)

(ln-> ( rsts /

Charge diameter = 0.50 in.
170 0.250 114. 0.185 597.
171 0.125 115. 0.092 301.
172 0.125 120. 0.092 315.
173 0.062 130. 0.046 171.
174 0.062 120. 0.046 158.

Charge diameter = 0.75 in.
175 0.500 195. 0.370 2060.
176 0.500 205. 0.370 2160.
177 0.250 232. 0.185 1220.
178 0.250 225. 0.185 1180.
179 0.125 225. 0.092 591.
180 0.125 240. 0.092 630.
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Effect of Air Gap 
Slab No. 5 - Specimen thickness = 2.00 in. 

Charge length = 1.50 in. Charge diameter = 0.50 in.

Specimen Magnesium Magnesium Equiv Marble pellet
No. pellet 

thickness 
(in. )

pellet
velocity
(fps)

marble 
pellet 

thickness 
(in . )

momentum per 
unit area

(10”4 lb sec 
[ in.2 J

0.062-in. Air gap
192 0.500 95.0 0.336 951.
193 0.500 93 . 4 0.336 934.
194 0.250 118. 0.168 589.
195 0.250 112. 0.168 559 .
196 0.125 115. 0.084 287 .
197 0.125 110. 0.084 274.
198 0.062 104. 0.042 128 .

Direct contact
200 0.500 104. 0.336 1040.
201 0.500 96.7 0.336 968.
202 0.250 125. 0.168 624.
203 0.250 124. 0.168 619.
204 0.125 135. 0.084 338.
205 0.125 130. 0.084 325.
206 0.062 130. 0.042 163.
207 0.062 143. 0.042 179.
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icim
No.

208
209
211
212
213
214\

215

216
217
218
219
220
221
222

134

Magnesium Magnesium Equiv
pellet pellet marble

thickness velocity pellet
(in.) (fps) t h ickness

(in. )

Marble pellet 
momentum per 

unit area
/ICr4 lb sec)
I in, 2 /

0.125-in. Air gap
0,500 83.3 0.336 834.
0.500 88.3 0.336 884.
0.250 100. 0.168 500.
0.125 98.0 0,084 245.
0.125 112. 0.084 279.
0.062 96.7 0.042 121.
0.062 112. 0.042 140.

0.25-in. Air gap
0.500 75.0 0.336 750.
0.500 75.0 0.336 750.
0.250 92.5 0.168 462.
0.250 86.7 0.168 434.
0.125 77.1 0.084 193.
0.125 83.3 0.084 208.
0. 062 61.7 0.042 77.2
0.062 77.1 0.042 96.5
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Specimen Magnesium Magnesium 
No. pellet pellet

thickness velocity 
(in.) (fps)

Equiv 
marble 
pellet 
thickness 

(in. )

Marble pellet 
momentum per 

unit area
10-4 lb sec

in.

0.50-in. Air gap
224 0.500 50.0 0.336 500.
225 0.500 56.7 0.336 568 .
226 0.250 66.7 0.168 334.
227 0.250 60.0 0.168 300.
228 0.125 51.0 0.084 128.
229 0.125 56.2 0.084 141.
230 0.062 65.0 0.042 81.4
231 0.062 57.5 0.042 71.9

1.00-in. Air gap
232 0.500 29.6 0.336 296.
233 0.500 27.7 0.336 277.
234 0.250 31.3 0.168 157.
235 0.250 37.6 0.168 188.
236 0.125 34.5 0.084 86.3
237 0.125 50.1 0.084 125.
238 0.062 52.0 0.042 65.3
239 0.062 46.8 0.042 58.6
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Effect of Dissimilar Materials 
Slab No. 6 - Specimen thickness = 2.00 in. 

Charge length = 1.50 in. Charge diameter = 0.50 in

Specimen Magnesium Magnesium 
No. pellet pellet

t hi ckness velocity
(in.) (fps)

240
241

Equiv 
marble 
pellet 

thickness 
(in . )

Marble pellet 
momentum per 

unit area
10“ lb sec

Water layer, 0.25-in. thick 
0.500 113. 0.383
0.500 115. 0.383

in. *

1220. 

1240.

248
249

0.25-in. Air gap 
0,500 63.3 0.383
0.500 70.0 0.383

679
751

256
257

264
265
266
267
268

Sand layer, 0.25-in. thick 
0.500 70.0 0.383
0.500 82.9 0.383

751
890

2.00-in.-thick specimen - Direct contact
0.500
0.500
0.250
0.250
0.125

96.7
114.
112.

140.
143.

0.383
0.383
0.192
0.192
0.096

1040.
1230. 
601. 
750. 
384.
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Specimen
No.

2
269
270

2
272
273

375
376

377
378

379
380

Magnesium Magnesium Equiv Marble pellet
pellet pellet marble momentum per

thickness velocity pellet unit area
(in.) (fps) thickness m 0"4 lb sec\

(i„.) ( - — 2— j

00-in.-thick specimen - Direct contact 
0.125 140. 0.096 375.
0.062 130. 0.048 17 5.

25-in.-thick specimen - Direct contact 
0.500 88.0 0.383 944.
0.500 100. 0.383 1070.

Cardboard la yer, 0.25-in. t hi ck 
0.500 76.7 0.383 824.
0.500 68.8 0.383 739.

Drilling mud layer, 0.25-in. thick 
0.500 110. 0.383 1180.
0.500 86.7 0.383 931.

Vermiculite layer, 0.25. thick
0.500 76.7 0.383 824
0.500 80.0 0.383 859
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Specimen 
No.

381
382

383
384

385
386

Magnesium Magnesium Equiv Marble pellet
pellet pellet marble momentum per

thickness velocity pellet unit area
(in.) (fps) thickness /io"4 lb sec(in. )

in.2

Aluminum layer, 0.25 in. thick
0.500 89.1 0.383 958
0.500 93.8 0.383 1010

Foam rubber layer, 0.25 in. thick 
0.500 70.0 0.383 751
0.500 65.0 0.383 696

Plexiglas layer, 0.25 in. thick
0.500 88.6 0.383 951
0.500 82.9 0.383 889
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Effect of Angle of Incidence <9 
of Detonation Front 

with Surface of Marble
Slab No. 4 - Specimen thickness = 2.GO in.

length = 1.50 in. Charge diameter = 0.50 in.

Specimen Magnesium Magnes ium
No. pellet

thickness
(in.)

pellet
velocity
(fps)

Equiv 
marble 
pellet 

thickness 
( in . )

Marble pellet 
momentum per 

unit area
10 ^ lb sec)t m .

e = 0 0

280 0. 500 91.7 0.370 964.
281 0. 500 93.3 0.370 982.
282 0.250 120. 0.185 630.
283 0.250 116. 0.183 608.
284 0.125 125. 0.092 329.
285 0.125 120. 0. 092 315.
286 0.062 150. 0.046 198.
287 0. 062 133. 0.046 176.

e = 22.5°
288 0.500 105. 0*370 1100.
289 0. 500 105. 0.370 1100.
290 0.250 125. 0.185 658.
291 0.250 132. 0.185 697.
292 0.125 0.092
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Specimen Magnesium Magnesium
No.

293
294
295

pellet
thickness

(in.)

0.125 
0.062 
0.062

pellet
velocity
(fps)

Equiv 
marble 
pellet 
thickness 

(in. )

a = 22.50
143. 0.092
150. 0.046
120. 0.046

Marble pellet 
momentum per 

unit area
/10-4 lb sec\
V in.2 )

376.
198.
158.

296
297
298
299
300
301
302
303

0.500 
0.500 
0.250 
0.250 
0.125 
0.125 
0.062 
0.062

9

135.
137,
150.
150.
180.
165.
115.
122.

= 45°
0.370
0.370
0.185
0.185
0.092
0.092
0.046
0.046

1420
1440
791
791
473
434
151
160

304
305
306
307

0.500 
0.250 
0.125 
0.062

a = 67.50 
180. 0.370
191. 0.185
240. 0.092
240. 0.046

1890, 
1010 
83 0 
315
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Specimen Magnesium Magnesium Equiv Marble pellet
'•No. pellet pellet marble momentum per

thickness velocity pellet unit area
(in.) (fps) thickness /10-4 ib seel

<*«•> ( -  .-.- a '  '  -

<9 = 2 2 . 5 0  - Equal contact area
308 0.500 102. 0.370 1070.

e == 45° - Equal contact area
310 0.500 88.3 0.370 929.
311 0.125 122. 0.092 323.
312 0.062 110. 0.046 145.

e = 67.5° - Equal contact area
313 0.500 91.7 0.370 964.
314 0.125 104. 0.092 0 273.
315 0.062 94.0 0.046 124.

Effect of Partial Confinement
Slab No. 6

Charge length == 1.50 in. Charge diameter = 0.50 in.
i. 25-in. confinement - Specimen thickness = 2.25 in.
316 0.500 . 190. ^ 0.383 2040.
317 0.500 205. 0.383 2200.
318 0.250 225. 0.192 1210.
319 0.250 214. 0.192 1150.
320 0.125 207. 0.096 556.
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Specimen
No.

Magnesium Magnesium 
pellet pellet 

thickness velocity 
(in.) (fps)

Equiv
marble
pellet
thickness

(in.)

Marble pellet 
momentum per 

unit area
f10~4 lb sec] 
V in,2 J

0.25- in. conf inement - Specimen thickness = 2.25 in.
321 0.125 232. 0.096 625,
322 0.062 210. 0.048 281.
323 0.062 225. 0.048 302.

1.00- in. confinement - Specimen thickness = 3.00 in.
324 0.500 275. 0.383 2950.
325 0.500 286. 0.383 3070.
326 0.250 285. 0.192 1530.
327 0.250 ---- 0.192 ————
328 0.125 250. 0.096 670.
329 0.125 250. 0.096 670.
330 0.062 294. 0.048 394,

© Ol 0 1 in. conf inement — Specimen thickness = 2.50 in.
339 0.500 225. 0.383 2520.
340 0.500 230. 0.383 2570.
341 0.250 259. 0.192 1390.
342 0.250 255. 0.192 1370.
343 0.125 0.096
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Attenuation 
Slab No. 6

Charge length = 1.50 in. Charge diameter - 0.50 in.

Specimen Magnesium Magnesium Equiv Marble pellet
No. pellet pellet marble momentum per

thickness velocity pellet unit area
(in.) (fps) thickness ,10-4 lb sec,

— ;

Specimen thickness = 3.00 in.
331 0.500 60.0 0.383 665.
332 0.500 58.0 0.383 645.
333 0.250 64.4 0.192 345.
334 0.250 74.3 0.192 398.
335 0.125 70.0 0.096 188 .
336 0.125 88.3 0.096 23 7.
337 0.062 72.9 0.048 97.7

Specimen thickness = 1.00 in.
347 0.500 263. 0.383 2820.
348 0. 500 240. 0.383 2580 .
349 0.250 300. 0.192 1610.
350 0.2 50 300. 0.192 1610.
351 0,125 240. 0.096 645.
352 0.125 210. 0.096 562 .



icim
No.

355
356
357
358
359
360
361

363
364
365
366
367
368
369
370

144

Ma gnesium Ma g nesi um Equiv
pellet pellet marble

thickness velocity pellet
(in.) (fps) thickness

( in . )

Marble pellet 
momentum per 

unit area
10 lb sec

in
Specimen thickness = 0„50 in

0.500 510. 0.383 5470.
0.500 560. 0.383 6010.
0.250 640. 0.192 3430.
0.250 680. 0.192 3640.
0.125 750. 0.096 2010.
0.125 735. 0.096 1970.
0.062 1020. 0.048 1370.

Specimen thickness 4. 00 in.
0.500 41.7 0.383 447.
0.500 40.0 0.383 429.
0.2 50 39.3 0.192 211.
0.250 49.0 0.192 262 .
0.125 63.8 0.096 171.
0.125 62.5 0.096 168.
0.062 odt> 0.048 93.8
0.062 57.0 0.048 76 .3
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APPENDIX II

Determination of Stresses 
The stresses given in this table have been obtained 

from the slopes of the corresponding curves of momentum 
per unit area versus pellet thickness.

Effect of Charge Length 
(Charge diameter held constant at 0.50 in.)

Slab No. 3 - Dilatational wave velocity = 10,400 fps
Specimen thickness = 2,00 in.

Marble pellet Slope Stress Time
thickness (lb sec/in. ) (psi) Çttsec)

(in.)
Charge length - 0.00 in. (Cap only)

0.00 0.050 3,120 0.00
0.10 0.040 2, 500 1.60
0.20 0.030 1,870 3.21
0.30 0.018 1,120 4.81

145



T-1003 146

Marble pellet Slope Stress Time
thickness (lb sec/in.3) (psi) (#sec)

(in.)
Charge length = 0.25 in.

0.00 0.425 26,500 0.00
0.10 0.276 17,200 1.60
0.20 0.254 15,800 3.21
0.30 0.236 14,700 4.81

Charge length = 0. 50 in.
0.00 0.429 26,800 0.00
0.10 0.376 23,500 1.60
0.20 0.276 17,200 3.21
0.30 0.250 15,600 4.81

Charge length = 1.00 in.
0.00 0.500 31,200 0.00
0.10 0.386 24,000 1.60
0.20 0.275 17,200 3.21
0.30 0.240 15,000 4.81

Charge length - 1.50 in.
0.00 0.550 34,300 0.00
0.10 0.433 27,000 1.60
0.20 0.325 20,300 3.21
0.30 0.300 18,700 4.81
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Marble pellet Slope Stress
thickness (lb sec/in. ) (psi)

(in. )
Charge length = 3.00 in.

0.00 0.550 34,300
0.10 0.433 27,000
0.20 0.325 20,300
0.30 0.300 18,700

I
Effect of Charge Diameter 

(Charge length held constant at 1.00 in
Slab No. 4 - Dilatational wave velocity = 13

Specimen thickness = 2.00 in.
Charge diameter - 0.75 in.

0.00 0.740 61,700
0.10 0.680 56,700
0.20 0.525 43,800
0.30 0.464 38,700
0.40 0.429 35,800

Charge diameter - 0.50 in. 
0.00 0.429 35,800
0.10 0.320 26,700
0.20 0.277 23,100
0.30 0.243 20,300
0.40 0.225 18,800

Time
(/(sec)

0.00
1.60
3.21
4.81

.)
,900 fps

0 . 00 
1.20
2.40
3.60
4.80

0.00
1.20
2.40
3.60
4.80
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Marble pellet Slope Stress Time
thickness (lb sec/in.3) (psi) (Atsec)

(in. )
Charge diameter /= 0.27 in.

0.00 0.096 8,010 0.00
0.10 0.070 5,840 1.20
0.20 0.067 5,560 2.40
0.30 0.060 5 , 000 3.60
0.40 0.050 4,170 4.80

Effect of Air Gap 
Charge length = 1.50 in. - Charge diameter = 0.50 in 
Slab No. 5 - Dilatational wave velocity = 12,700 fps 

Specimen thickness = 2.00 in.
Air gap = 0.00 in. (Direct contact)
0.00 0.444 33,800 0.00
0.10 0.366 27,700 1.31
0.20 0.267 20,300 2.62
0.30 0.232 17,700 3.93
0.40 0.220 16,800 5.24

Air gap = 0.062 in.
0.00 0.346 26,400 0.00
0.10 0.341 26,000 1.31
0.20 0.248 18,900 2.62
0.30 0.230 17,500 3.93
0.40 0,191 14,600 5.24
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Marble pellet Slope Stress Time
thickness (lb sec/in.3) (psi) ^<sec)

(in.)
Air gap = 0.125 in.

0.00 0.320 24,400 0.00
0.10 0.304 23,200 1.31
0.20 0.222 16,900 2.62
0.30 0.200 15,200 3.93
0.40 0.193 14,700 5.24

Air gap = 0.25 in.
0.00 0.258 19,700 0.00
0.10 0.258 19,700 1.31
0.20 0.223 17,000 2.62
0.30 0.153 11,700 3.93
0.40 0.139 10,600 5.24

Air gap = 0.50 in.
0.00 0.211 16,100 0.00
0.10 0.187 14,300 1.31
0.20 0.168 12,800 2.62
0.30 0.097 7,400 3.93
0.40 0.081 6,180 5.24
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Marble pellet Slope 
thickness (lb sec/in. 

(in.)
3)

Stress
(psi)

Time
(Ksec

Air gap = 1.00 in.
0.00 0.160 12,200 0.00
0.10 0.086 6,530 1.31
0.20 0.071 5,380 2.62
0.30 0.063 4,790 3.93
0.40 0.057 4,350 5.24

Effect of 
of : 

with
Angle of 
Detonation 
Surface of

Incidence & 
Front 
Marble

Charge length = 1.50 in. - Charge diameter = 0.50
Slab No. 4 — Dilatational wave velocity = 13,900 :

Specimen thickness
e = o°

= 2 .00 in.

0.00 0.360 30,000 0.00
0.10 0.334 27,800 1.20
0.20 0.228 19,000 2.40
0.30 0.184 15,400 3.60
0.40 0.148

e = 2 2 .5°

12,300 4.80

0.00 0.385 32,100 0.00
0.10 0.357 29,800 1.20
0.20 0.262 21,900 2 * 40
0.30 0.244 20,300 3.60
0.40 0.200 16,700 4.80
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Marble pellet Slope Stress Time
thickness (lb sec/in. ) (psi) (Msec)

(in. )
9 = 45°

0.00 0.467 38,900 0.00
0.10 0.453 37,800 1.20
0.20 0.381 31,800 2.40
0.30 0.348 29,000 3.60
0.40 0.327 27,300 4.80

& = 67.5°
0.00 0.700 58,500 0.00
0.10 0.625 52,100 1.20
0.20 0.484 40,400 2.40
0.30 0.443 36,900 3.60
0.40 0.433 36,100 4.80

9 = 45° - Equal contract area 
0.00 0.364 30,400 0.00
0.10 0.282 ° 23,500 1.20
0.20 0.232 19,300 2.40
0.30 0.207 17,300 3.60
0.40 0.200 16,700 4.80
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Marble pellet Slope Stress Time
thickness (lb sec/in.3) (psi) Onsec)

(in . )
6 = 67.5° - Equal contact area 

0.00 0.316 26,400 0.00
0.10 0.275 23,000 1.20
0.20 0.255 21,300 2.40
0.30 0.240 20,000 3.60
0.40 0.220 18,300 4.80

Effect of Partial Confinement 
Charge length = 1.50 in. - Charge diameter = 0.50 in 
Slab No. 6 - Dilatational wave velocity = 14,400 fps 
0,00-in. confinement — Specimen thickness - 2.00 in 

0.00 0.392 33,900 0.00
0.10 0.357 30,900 1.16
0.20 0.286 24,700 2.32
0.30 0.239 20,700 3.47
0.40 0.227 19,600 4.63

0.25-in. confinement - Specimen thickness = 2.25 in. 
0.00 0.656 56,800 0.00
0.10 0.658 56,800 1.16
0.20 0.531 45,900 2.32
0.30 0.488 42,200 3.47
0.40 0.460 39,800 4.63



T-1003 153

Marble pellet
thickness (lb 

(in . )
Slope 
sec/in.J)

Stress
(psi)

Time
Çusec)

0.50-in. confinement - Specimen thickness == 2.50 in.
0.00 0.737 63,700 0.00
0.10 0.679 58,700 1.16
0.20 0.633 54,700 2.32
0.30 0.583 50,400 3.47
0.40 0.523 45,200 4.63

1.00-in. confinement — Specimen thickness = 3.00 in.
0.00 0.781 67,500 0.00
0.10 0.781 67,500 1.16
0.20 0.781 67,500 2.32
0.30 0.781 67,500 3.47
0.40 0.781 67,500 4.63

Attenuation
Charge length = 1.50 in. - Charge diameter = 0.50 in
Slab No. 6 - Dilatational wave velocity = 14,400 fps

0.50-in. thick specimen .
0.00 3.14 271,000 0.00
0.10 1.56 135,000 1.16
0.20 1.43 123,000 2.32
0.30 0.972 84,000 3.47
0.40 0.833 72,000 4.63
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Marble pellet Slope Stress Time
Thickness (lb sec/in^) (psi) (/4sec)

(in. )
1.00 in. thick specimen

0.00 0.929 80,100 0.00
0.10 0.762 65,700 1.16
0.20 0.706 61,000 2.32
0.30 0.609 52,500 3.47
0.40 0.528 45,600 4.63

2.00 in. thick specimen - same as 0.00 in. confinement

3.00 in. thick specimen
0.00 0.294 25,400 0.00
0.10 0.190 16,400 1.16
0.20 0.158 13,600 2.32
0.30 0.133 11,500 3.47
0.40 0.118 10,200 4.63

4.00 in. thick specimen
0.00 0.176 15,200 0.00
0.10 0.158 13,600 1.16
0.20 0.095 8,220 2.32
0.30 0.074 6,400 3.47
0.40 0.057 4,940 4.63
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