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I N T R O D U C T I O N

The thesis has been divided into two separate sec
tions, both concerning experimental research:

Part I -- Air Blast Measurement
Part II -- Fundamental Crater Experiments

The purpose of the air blast measurements was to de
velop meters with which air blast pressure resulting from 
the detonation of explosives could be measured.

The crater experiments were conducted to obtain funda
mental data to verify a new crater theory. Since this theory 
of rock failure is very recent in origin, a great deal more 
experimentation must be performed before any conclusive re
sults can be reached.

Each part of the thesis has been written as an indi
vidual report and is presented with separate introductions 
and conclusions.
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A I R  B L A S T  M E A S U R E M E N T  

ITTTRODTTC TORY SUMMARY

This phase of the experimental work has been conducted, 
on the development of meters to measure air blast pressure 
resulting from the detonation of high explosives. The orig
inal purpose in developing these meters was for use in det- 
-ermlnlng how blast pressure varies for crater shots of various 
depths and charges.

'The general requirements for a blast meter that is to 
be used in field work are: (1) simplicity, (2) durability,
(3) inexpensiveness, and (4) sufficient limit of accuracy 
to justify using the meter. The meters that were selected 
for this work satisfy all four of these qualifications. The 
meter consists of two rectangular sections of plywood through 
which are drilled holes of various diameters. Aluminum foil 
is placed between the plywood sections and the foil forms a 
diaphragm at each of the openings.

The calibration of the meters is accomplished by fir
ing a series of standard calibrating charges of bare
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TNT. On the basis of the calibration data, it has been con
cluded that these meters will accurately measure pressures 
within the range from 1 to 10 psi. The equation that has 
been derived for the pressure— diaphragm-diameter relation
ships of these meters is:

0.981
P - 2.343 /  D 

where P is pressure in psi
D is diameter of ruptured diaphragm in in.

The original intention, as previously mentioned, in 
calibrating these meters was to measure air blast pressures 
developed in firing crater charges. This has since proved 
to be impractical because the pressures generated by the 
crater explosions were of insufficient intensity to be re
corded by the Foil Meters. Nevertheless, these meters may 
be uded for any other explosive tests that would develop 
pressures within the calibration limits. ( 1 to 10 psi ).

The development and calibration of these Foil Meters, 
as they shall be called throughout the paper, has been pre
sented in the following sequence :

1. INTRODUCTION
2. CALIBRATION RESULTS
3. PREVIOUS EXPERIMENTS
4. EXPERIMENTAL WORK

a. Equipment
b. Test Procedure
c. Air correlation Experiments
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5. DISCUSSION
a. Basis of Calibration
b. Mathematical Analysis
c. Sources of Error
d. Suggestions

6. CONCLUSIONS



INTRODUCTION

The purpose of this paper is to present the method 
and results of the calibration of Foil Meters, These met
ers are used in measuring air blast pressure produced by 
the detonation of an explosive.

Simple in construction, these meters consist essen
tially of two pieces of plywood through which have been drill 
ed ten holes of various diameter. A sheet of aluminum foil 
has been placed between the plywood sections* this foil forms 
a diaphragm at each of the openings. The meters are placed 
at different distances from the center of explosion. When 
the explosive is detonated, it propogates a shock wave which 
decreases in intensity as it progresses outward from the ex
plosion center. This shock wave, or pressure front, ruptures 
the various-sized foil diaphragms. The smaller the diaphragm 
the greater the pressure necessary to rupture it. Therefore 
as the distance of the meter from the center of explosion in
creases, the minimum diaphragm that will be ruptured becomes 
greater.

It is necessary to calibrate the Foil Meters so that 
they may be used individually to measure pressures at any 
given location. Calibration Is performed by a series of
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calibrating shots of bare TNT in 10-lb charges. With these 
calibration data, the pressures that must exist in order to 
just rupture each of the diaphragms was calculated.

Previously in experiments utilizing these blast meters, 
Rap-ln-Wax waxed paper approximately 0.001 in. thick has been 
used to form the diaphragms. This waxed paper has been re
placed by 0.00035-in. aluminum foil (fully annealed 2-SQ soft). 
It was felt that this foil would be more uniform in thickness 
and that the changes in relative humidity would cause less 
variation in the experimental results. This aluminum foil 
was used throughout the experimental work.

Most present-day structures are severely damaged by air 
blast pressures from 2 to 15 psi. It is within this range of 
pressures that these Foil Meters have been calibrated. There
fore it is very easy to understand why the increase of knowl
edge of this subject is fundamental in our present troubled 
world.
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CALIBRATION RESULTS

The results of the calibration of the Foil Meters are 
presented in Table I. Each of the meters contains ten ori
fices; but, only the seven smallest orifices have been cal
ibrated. This was done because the three largest diaphragms 
were ruptured over so large a range of distances that no acc
urate values of these lower pressures could be established. 
Since these pressures were less than 1 psi, the usefulness 
of the meters has not been decreased.

Table I.- Calibration data for the Foil Meters.

Diaphragm Number Diaphragm Diameter, Pressure,
inches psi

4 2.000 1.187
5 1.375 1.714
6 1.000 2.343
7 0.750 3.298
8 0.500 4.827
9 0.375 6.407

10 0.250 9.524

The results Indicate that the individual meters may 
be used to rpeasure pressures within the limits of 1 to 10 
psi. The pressures are determined by noting the minimum
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ruptured diaphragm on each meter. Then the pressure corr
esponding to this diaphragm is said to exist at that meter 
location. Such an assumption is not entirely valid; but, 
it is of sufficient accuracy for this work. This matter 
will be further discussed in the mathematical analysis 
section of the paper.
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PREVIOUS EXPERIMENTS

The original calibration of meters of this type was 
conducted in March 1946 at the Aberdeen Proving Grounds, 
Aberdeen, Maryland, Twenty-seven 100-lb bare TNT charges 
were fired at this time, 1/ Tourmaline piezoelectric

1/ Lasher, S,, and Sarmousakis, J.N., The calibration of 
Aberdeen paper blast meters: Ballistic Research Laboratories, 
Memorandum Report no, 430, Aberdeen Proving Ground, Maryland,
22 May, 1946._______________________________________________________

gages were used at three distances so that there would be 
accurate pressures against which to calibrate the meters#
These same reference pressures have been utilized in the cal
ibration of the meters In this report*

Similar meters were used and calibrated in a series of 
experiments conducted at the Naval Proving Ground, Arco, Idaho, 
2/ The diameters of the Arco diaphragms varied slightly from

2/ Igloo and Revetment Tests, Technical Paper No# 5, Army- 
Navy Explosives Safety Board, 2029 Tempo 2 Building, Wash,, 
D,C., Naval Proving Ground, Arco, Idaho, October, 1946#_______

those of the Aberdeen meters. The diaphragm diameters of the 
meters that were used in this report are identical with those 
of the Arco type.

To date no satisfactory complete theory of the formation
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and development of a blast wave has been advanced. Various approx
imations have been proposed; the correlation of these approximations 
with experimental results constitutes our present knowledge. One 
of the most recent discussions of the present status of the theory 
of shock waves may be found in the work of Courant and Friedrichs.
3/ Any discussion of this theory is beyond the scope of this

3/ Courant, R., and Friedrichs, K.O., Supersonic flow and shock 
waves, New York, Interscience Publishers, 1948___________________

paper.

In contrast, it is interesting to note the ideas on the sub
ject some 68 years ago when the French physicist Berthelot perform
ed his foree-material experiments. 4/ He proposed that explosive

Brunswig, Dr. H . , Explosives, 1st Ed., translated by: Munroe, 
C.E., Klbler, A.L., New York, Macmillan Co., 1912._______________

waves may be separated Into two different types of waves: a purely 
chemical percussion wave and a physical wave. Numerous scientists 
have contributed valuable concepts to the study of shock waves 
and other explosion phenomena.



10

EXPERIMENTAL WORK

Equipment

As compared to the Arco meter, the overall dimensions 
of the Foil Meter have been altered slightly. But the dia
phragm diameters are identical with those of the Arco. A face 
view of the Foil Meter is shown in Figure 1. The plywood 
sections are 3/4 in. thick and they are assembled using ten 
bolts and ten wing nuts.

The assembled meter after having been used in the field 
may be seen In Photograph A.

Photograph A.—  Assembled Foil Meter.
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Explosives

The standard charge used in this work was 10 lb of bare 
TNT. These charges were detonated in a manner that is unusual 
and worthy of description. The TNT was in the form of l/2-lb 
blocks ( 20 blocks per charge ) and they were stacked as indi
cated in Figure 2. Ten feet of Primacord was folded once and
a knot tied in the end. A small amount ( approximately 1/8 lb) 
of easily-molded C-2 military explosive was formed around this 
knot. This bomb was then placed in the center of the stacked 
TNT blocks. The final step was taping the components of the 
charge together and then taping an electric blasting cap be
tween the loose ends of the Primacord, which was looped around 
the charge of TNT.

The advantage of such a charge is twofold.(1) The TNT 
is almost certain to detonate with such a chain reaction.
The cap fires the Primacord, which explodes the C-2 and the 
TNT, in that order. (2) In ca3e of circuit difficulties, it
is extremely safe and simple to sever the Primacord above
the cap without touching the charge itself. Use of this meth
od in conjunction with electric blasting provides a safe and 
convenient manner of blasting.

Explosion Site

All the experiments were performed In a quarry on the 
summit of North Table Mountain, which is one mile north of
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Golden, Colorado, The charges were all fired at a point on 
the floor of the quarry around which there was no appreciable 
grade. The meters were alined in the quarry so that there 
would be a minimum of reflection of the shock waves. Photo
graph B is a view overlooking the quarry in the direction of 
Golden,

Photograph B,—  North Table Mountain Quarry.

Blasting Equipment

The blasting was done with electric blasting caps and 
a standard push-down blasting machine. The wiring was a sim
ple series circuit, since only one charge was fired at a time. 
No difficulties were encountered during the firing of these 
charges.



Test Procedure

This experiment was of necessity a trial and error 
procedure, since two factors in these experiments had been 
changed as compared to previous calibrations. 1/ - 2/ The

1/ - 2/ Op. clTT

present experiments were performed with aluminum foil re
placing waxed paper and a 10-lb charge of TNT replacing a 
100-lb charge•

The first shots were fired to establish the maximum 
and minimum pressure ranges of the meters. It was relatively 
simple to locate the point of maximum pressure for the meters 
this was found to be approximately 20 ft from the explosion 
center. The location of the minimum pressure range was not 
established until five shots had been fired; this distance 
was about 230 ft from the center of explosion.

By observing the data in Table II for the first five 
shots, it can be seen that the No, 2 diaphragm (4.00 in.dla.) 
was ruptured at distances varying from 90 to 200 ft. The nat
ure of the rupture was greatly different; at 90 ft, where the 

greater pressure existed, the foil was completely blown out; 
whereas the rupture at 200 ft was only a small slit.
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Table II—  Calibration Data

Shot 1 Shot 2
Distance, Minimum Diaphragm Distance, Minimum Diaphragm 

ft Ruptured ft Ruptured
20 10 25 9
30 8 50 6
40 7 75 4
50 6 100 2
60 6 125 2
80 4 150 2

Shot 3
Distance, Minimum Diaphragm 

ft Ruptured
25 9
50 7
75 4

125 2
175 2
200 2

Shot 4
Distance, Minimum Diaphragm 

ft Ruptured

22.5 10
57 6
91 2

125 2
159 1
226 1

Shot 5
Distance, Minimum Diaphragm 

ft Ruptured
23.5 9
57 6
91 3

125 2
159 2
235 0

Shot 7

Shot 6
Distance, Minimum Diaphragm 

ft Ruptured
23 10
27.5 9
35 8
48 7
60 6
70 5

Shot 8
Distance, Minimum Diaphragm 

ft Ruptured
23.25 10
28.75 9
37*5 7
52*0 5
62.5 4
71.0 4

Distance, Minimum Diaphragm 
ft Ruptured
23.5 10
29.5 9
36.25 7
52.00 6
60.00 6
70.50 4
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The final decision was to calibrate the meters within 
the pressure front that existed 75 ft from the explosion cen
ter, All pressures in this range would be greater than 1 psi 
and the seven smaller diaphragms were ruptured by these pres
sures, Three additional charges ( shots 6-7-8, Table II ) 
were fired to establish the distance at which each of the dia
phragms would just rupture. When this distance had been de
termined for each of the diaphragms, the meter distance from 
the center of explosion was held constant. The final proced
ure was the firing of five calibration shots with the distances 
remaining constant. These data are presented in Table III,

Table III—  Final Calibration Shots.

Minimum Diaphragm RupturedDistance, 
ft

24.00 10 9
30.00 9 9
36.00 7 7
48.00 6 7
60.00 4 6
70.00 4 4

Shot 3 Shot 4 Shot 5

10 10 10
9 9 8
7 7 8
7 7 7
5 6 5
4 4 3

Shot 1 Shot 2

This completed the field work on the calibration of the 
Foil Meters. The data obtained by firing these five calibra
tion charges was used to make a least-squares calculation of 
the calibration formula.



Air Correlation Experiment

The purpose of this laboratory work was to attempt to 
simulate explosion pressures by using rapidly-moving air cur
rents to rupture the foil diaphragms. Since the pressures 
and velocities of such a moving air system may be accurately 
measured, it was hoped that there would be some correlation 
between the laboratory work and the field results.

The results of these air experiments indicated that 
there is no direct comparison between pressures developed 
by the shock waves of an explosion and those pressures re
sulting from rapidly-moving air in a ventilation pipe* Un
doubtedly, there is a relation between these two pressures; 
but, within the limited scope of this project, such a relation 
has not been determined.

The laboratory procedure was very simple. A rectangular 
section of the Foil Meter was placed in the large end of a 
section of expanding pipe. This pipe was connected directly 
to a straight length of galvanized pipe through which was 
passed the moving air created by an exhaust fan. The pres
sures were measured by a pitot tube and an inclined manometer 
as designed by Weeks. 5/

5/ Weeks, W.S., The ventilation of Mines, New York,
McGraw-Hill Book Co,, 1926_______________________________________

It was originally thought that the pressures developed 
by the moving air would be sufficient to rupture at least one



of the ten diaphragms. The section of the Foil Meter was 
placed into position as shown by Photograph C,

Photograph C,—  Air Correlation Equipment

The meter was tested with the smallest diaphragm, and 
the pressure was not sufficient to rupture it. The size of 
the diaphragm was increased in increments until the diameter 
was 4 in. This was the maximum size that was tested and it 
did not break. In order to increase the pressure, this 4 in. 
diaphragm was also placed in a smaller.expanding chamber. The 
foil still did not rupture. The final step in the testing 
was to place the diaphragm in the galvanized pipe without the 
expanding member. No rupture occurred.

■■■■■Hi



DISCUSSION

Basis of Calibration

The calibration of the Foil Meters has been based on 
peak pressures recorded by tourmaline piezoelectric gages. 
These gages were used in the calibration tests performed 
at the Aberdeen Proving Ground in May, 1946. 1/ The standard

1/ Op. clt»

pressures have been obtained by firing twenty-one 100-lb bare 
TNT charges* therefore, this should be a very reliable source 
for calibration. The piezoelectric gages were placed at 50, 
65, and 90 ft from the center of explosion. The average peak 
pressures that were recorded at these distances were: 9.14 psi 
at 50 ft, 5.71 psi at 65 ft, and 2.82 psi at 95 ft* When 
these pressures were plotted versus distance on logarithm pap
er, the relation was a straight line. This has been plotted 
and is shown as Curve Z of Figure 3.

Mathematical Analysis

The Curve Z may be expressed by the equation:
b

P * a S

where P is peak pressure in psi
S is distance from explosion center in ft 
a and b are constants
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To find the actual equation for Curve Z it is necessary
to solve for the constants, a and b.

b
P * a S

similarly: Log P - Log a + b Log S

By substituting actual values of pressure and distance 
obtained from any two points on Cjirve Z, two equations are
established which may be solved simultaneously.

Equation 1, Log 9,14 * Log a + b Log 50
Equation 2* Log 2,82 » Log a + b Log 95

Solving simultaneously:
0*960946 « Log a + b 1.698970
0.450249 « Log a + b 1.977724
0*510697 « - b 0.278754

therefore : b = -1.852-

Then solving for a by substituting into equation 1:

0*960946 - Log a + (-1.832) (1.698970) 
Log a * 4.073459 

a - 11,840

The equation for the Curve Z is:
-1.83

Equation 3. P “ 11,840 S
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Equation 3 is the reference for the peak blast pres
sure; this relationship is only valid when a 100-lb charge 
of bare TNT is used for the calibration shots. In this ex
perimental work a 10-lb charge of bare TNT has been used; 
so, it is necessary to derive a similar reference equation 
for this smaller charge.

By utilizing the explosive scaling laws 5/, it is poss-

5/ The effects of atomic weapons, rev„ed., pp. 55-56, 456 ppV, 
Washington. P.O.. U.S. Government Printing Office, 1950._______

ible to determine at what relative distances similar pressures 
exist for the 100-lb and the 10-lb charge of TNT. Mathemat
ically, this relation may be expressed:

1/3
Sn / S q - (Wh /'W,))

where: is the new distance from the explosion
So is the original distance from the explosion
WN is the new weight of explosive
W q is the original weight of explosive

therefore, in this case:
1/3

SH = S0 (10/100)

SN « S0 (0.464)

These scaling laws were used in calculating the new 
distances at which similar pressures exist for both the 10-lb 
and the 100-lb charges.



24

substituting: " (50) (0.464) a 25.2 ft

SN • (95) (0.464) ® 44.08 ft

Re-solving for equations 1 and 2 with the new distances:

Equation 1. Log 9.14 38 Log a + b Log 23*2 
Equation 2. Log 2.82 Log a ^ b Log 44.08

solving simultaneously for b:

0.960946 * Log a + b (1.365488)
0.450249 » Log a + b (1.644242)
0.510697 * b (-0.278754)

b * -1.832

Substituting into equation 1 and solving for a:

0.960946* Log a + (-1.832) (1.365488)
Log a * 3.462520

a * 2900.8 

Thus the new equation is:
1.83

Equation 4. P * 2900.8 / S

The curve for this new equation is shown as Curve X 
in Figure 3.

The five calibration shots were fired with the six Foil 
Meters located at the distances shown in Table III. The known
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blast pressure was calculated for these given distances by- 
using the derived equation 4.

1.83
P = 2S00.8 / S 

where P is blast pressure in psi
S is the distance from the explosion in ft

In Table IV all the calibration data have been present
ed. The numbers that are listed in the Minimum Diaphragm 
Ruptured columns of Table IV represent the smallest diaphragm 
that have been ruptured at each of the established distances. 
The Average Diameter column is a numerical average of the five 
shots, since the results varied slightly with each shot. This 
mean diameter is considered to be that size of diaphragm which 
would just rupture at each of the distances.

Table IV.-- Calibration Calculations

Distance, Known blast Minimum diaphragm Average dia., 
ft pressure,psi ruptured in.

I II III IV V
24.00 8.65 10 9 10 10 10 0.276
30.00 5.56 9 9 9 9 8 0.400
36.00 4.09 7 7 7 7 8 0.675
48.00 2.41 6 7 7 7 7 0.800
60.00 1.60 4 6 5 6 5 1.350
70.00 1.21 4 4 4 4 3 2.165

When plotted on logarithmic paper, the known bias t
sure versus average diameter was in the form of a straight line. 
This line may be expressed by the equation:

b
P = a D
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where P is peak blast pressure in psi
D is diameter of the diaphragm in in* 
a and b are constants

The values of the constants were calculated using the 
method of least squares*

b
The equation P * a D may be expressed in several

Ways*

Equation 1. Log P s Log a+ b (Log D)
Equation 2. £ Log P * Log &(N) + b£(Log D)

multiplying equation 1 by Log D and summing:
2Equation 3* £(Log D Log P) * (Log a) t (Log D)+ b £(Log D) 

Equation 2* £(Log P) « Log a(N) + b£Log D___________________

To solve these equations 2 and 3 simultaneously,equation 
2 was multiplied by if Log D / N and the equations were solved 
for the constant b . This was done by substituting the least 
squares values.

Equation 3. -0.907436 * Log a £ (Log D) + b (0.638986)
Equation 2. 0.374709 « Log a £ (Log D) - b (0.095974)

-0.532727 - b (0.543012)

b « -0.981

The constant a was determined by substituting into equation
3.

-0.907436 * Log a (-0.758845) + (-0.981)(0.638986) 
a * 2.343
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Therefore the final equation is:
0.98

P - 2.343/ D

On the basis of this equation the calibration pressures 
in Table I have been calculated. In measuring pressures at 
any distance with an individual Foil Meter, the pressure corre 
sponding to the minimum diaphragm ruptured is assumed to exist 
at that distance. This assumption is not entirely valid; yet, 
it is well within the limit of accuracy of most ordinary pres
sure measurements.

When these meters are used, the pressures that have been 
calculated for each broken diaphragm (Table I) may be plotted 
versus distance. From this an average straight line may be 
drawn which will give the pressure at any distance within the 
experimental limits.
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Sources of Error

Several sources of error may have affected the accuracy 
of these experiments, A short discussion of these errors 
should he helpful.

In calibrating the meters, the assumption has been made 
that the scaling laws for explosives are valid for the 10-lb 
and the 100-lb charges of TNT, 5/ It is very possible that

5/ 0p» clt.

for small oharges, such as have been used, there is a different 
relation among the variables that are involved. Nevertheless, 
until additional scaling-law experiments are conducted, this 
assumption appears to be justified.

All the calibration work has been performed using six 
Foil Meters. A greater accuracy of calibration would be ob
tainable utilizing more meters, preferably twelve or more. 
Unfortunately in work of this academic nature, experimentation 
is limited by time, funds, and help available.

Another source of error could be the changes in atmo
spheric conditions when the meters are used for different 
tests. Recalibration would certainly be necessary for new 
test work. If the meters were to be used over an extended 
period, it would be simplest to determine a correlation factor 
which could be applied for varying conditions of the atmosphere.
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Sugge s tions

Several recommendations have been offered for future 
investigators in air blast measurement.

1. A thorough study of the validity of the explosive 
scaling laws should be conducted.

2. The current atomic literature should be extensively 
reviewed to determine the progress in the development of a 
complete theory of shock waves.

3. Piezoelectric pressure measurements should be per
formed in conjunction with meter experiments so that there 
will be accurate reference pressures for calibration.

4. Work of this nature should always be done with 
adequate equipment and help.

5. If the meters are to be used for lower-pressure 
measurements (less than 10 psi), the Foil Meters should be 
re-designed in a manner similar to Figure 4.
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CONCLUSIONS

The Foil Meters that were calibrated by these exper
iments may be used to measure air blast pressures within the 
limits of 1 to 10 psi. The calibration equation that has been 
determined for these specific Foil Meters is:

0.91
P = 2.343 / D 

where P is peak pressure In psi
D Is diameter of minimum diaphragm ruptured In in.

The design of the Foil Meters has been Improved by the 
substitution of aluminum foil for waxed paper; the foil thick
ness Is more constant and the foil is less affected by changes 
In relative humidity.

It has been learned that only the ssven smallest dia
phragms of each meter will give accurate Indications of pres
sure. The larger diaphragms were ruptured over such a large 
range of distances that no accurate relation between pressure 
and diaphragm ruptured could be established.

Within the limits of the experiments performed, there 
appears to be no correlation between pressures generated by 
an explosion and pressures developed by an enclosed system 
of rapidly moving air.
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INTFODT.TC TORY fUMMARY

The purpose of this experimental work has been the veri
fication of a proposed theory of crater blasting. This new 
theory directly contradicts the present crater theory. The 
field work consisted of the detonation of 20 crater charges 
that had been placed in drill holes at various depths. The 
breakage pattern was determined by profiling the craters be
fore and after the blasts.

The conclusion of the paper is that the proposed theory 
of crater blasting is valid; although, much experimental work 
must be performed in the future.

The crater experiments were conducted in a basalt lava 
flow; the jointing pattern of this flow determined the shape 
of the craters.

The crater experimental work has been presented in the 
following order:

1. INTRODUCTION
2. EXPERIMENTAL WORK
3. DISCUSSION

a. Theoretical Background
b. Discussion of the Data
c. Sources of Error

4. CONCLUSIONS
5. APPENDIX



Part II

INTRODUCTION

These experiments have been conducted to determine 
fundamental data for the verification of a new theory of 
crater formation. Because of the disparity of data on this 
subject, the experiments were of necessity trial and error 
in na ture.

This theory of crater formation being investigated 
has been formulated by Professor Clifton ’//. Livingston of 
the Colorado School of Mines as a result of observation of 
over 600 crater blasts. These blasts were not directly con
cerned with the development of a crater theory;rather, the 
theory was an outgrowth of the study of the crater experi
mental results.

Among all mining subjects, the theory and mechanics 
of rock failure are the least understood. This lack of 
understanding is quite explainable. The study of the sub
ject of rock failure requires complete familiarity with 
the fundamentals of stress analysis and related fields of 
study. Very few mining men have the time or Inclination 
for work of this type. Consequently, the field of rock 
failure has remained virtually untouched, despite our rap
id progress in almost all other phases of mining.



Since no adequate theories of rock failure have been 
advanced, In the past all the improvements In drill rounds 
and quarry blasting have resulted from methodical trial and 
error procedure. If it were ultimately possible to prove 
this proposed crater theory, a host of uses could be found 
for It In the mining industries throughout the world.

The crater theory proposes that a definite type of 
crater is formed and that the type depends on the weight- 
depth relationships. Terminology has been developed which 
greatly aids in the description of craters. This basic term 
inology has been presented in detail In the theoretical por
tion of the paper. This theory has been based on the ideal 
situation, blasting with a spherical charge of powder in a 
homogeneous body of rock that has been neither weathered nor 
faulted. Obviously such a condition Is practically unobtain 
able in practice, since geologic factors play an extremely 
important role. The 20 craters that were blasted on North 
Table Mountain for the research of this thesis were placed 
in a basalt, and failure along the tension joints was pre
sent in every crater that was fired.
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EXPERIMENTAL WORK

Equipment

Of the 20 holes that were drilled, five were drilled 
using a standard 50-lb Gardner-Denver jackhammer; the drill 
steel was 1 l/4-in. hexagonal steel and the bits were 1 3/4- 
in. jackbits. The 15 larger drill holes were drilled using 
special large steel bits having a starting diameter of 3 1/4 
in. These larger holes were placed with a wagon drill; this 
drill was moved by hand,and the air was supplied by a port
able Worthington compressor. Before being placed in the drill 
holes, all pov/der charges were weighed on a Detecto Scale hav
ing a 1-to 20-lb range. The craters were profiled in north- 
south and east-west lines on 1-ft intervals; these profile 
lines were established with a Brunton compass. The actual 
profiling was done with a plane table, an alidade, and a 
level rod divided into 1/100 ft. A sample profile sheet is 
illustrated in Figure 1.

Ma terials

The explosive used for these tests was 45 percent Gelex 
dynamite manufactured by E.I. du Pont de Nemours & Co. This 
type of explosive is classified as a commercial explosive 
and is in general use in many mines. The cartridges were



Figure 1. - Sample profile

E

outline
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1 1/8- x 8-in. and each stick weighs approximately 0.339 lb. 
Fine overburden was used as stemming in all the holes. All 
blasting was performed with fuse and No. 6 blasting caps.

Procedure

The first portion of the procedure was the drilling 
of the 20 drill holes in the floor of the quarry. These 
holes were so spaced that there would be no chance of one 
blast’s affecting the area of another blast. It was nec
essary to clean the overburden from all the craters so that 
the actual bedrock could be profiled. When all the over
burden was removed, each crater was profiled along the lines 
that had been established by the Erunton survey.

The next step was the actual shooting of the crater 
charges. Each drill hole was cleaned free of dirt and wa
ter. The pre-determined quantity of explosive was weighed 
in bulk on the scales; the primer was formed from a small 
length of cartridge and a blasting cap. In each hole the 
primer was placed in the center of the charge. Bulk Gelex 
was tamped both above and below the primer. A small amount 
of paper was placed directly above the charge; fine dirt was 
used a s . the stemming to fill the upper section of the drill 
hole. The explosive was then fired using ordinary fuse.

After the blast, the loose rock was cleaned from the 
crater area so that the actual depth of rock fracture could
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be measured and the type of rock fracture studied. The cra
ter was photographed and was then re-profiled to determine the 
amount of breakage for the crater. This entire process was 
repeated for each of the craters. Naturally, variations in 
procedure occurred; but, in general the error due to experi
mental technique was slight.

Da ta

The profiles and outlines of all the craters have been 
included in the appendix of this paper and have been presented 
as shown in Figure 1. Photographs of all the craters have also 
been included in the appendix.
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DISCUSSION

Theoretical Background

The present crater theory of blasting 1/ may be stated

1/ Peele, Robert, Mining engineers’ handbook, 3rd ed.,
sec.5 - p. 11, New York, John Wiley & Sons, 1941__________

very simply. If a charge is placed in a mass of rock with a 
horizontal surface, the explosion will form a funnel-shaped 
crater. The sides of the crater will be at an angle of 45 
degrees with the free face; this means that the ratio be
tween the radius and depth of the crater will be one to one. 
As stated, this theory is very inadequate. It makes no at
tempt to explain the theory of rock failure or to give any 
details pertaining to the numerous factors that must be con
sidered in crater blasting.

Therefore, the fundamental concepts of the proposed 
crater theory will be presented. All these definitions 
have been advanced by Prof. Livingston in his Rock Excava
tion course at the Colorado School of Mines. 2/ For any

2/ Livingston, C.W., Lectures in Rock Excavation course,
Mining Dept., Colorado School of Mines, Golden, Colo. 1951

given amount of explosives there is a certain depth at which
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this quantity of explosives is insufficient to damage the 
surface. This depth is termed the critical depth. In this 
case, the rock has the capacity of absorbing all the energy 
exerted by the explosive. At this depth, if the weight of 
explosive is increased, the surface will be damaged because 
the ultimate tensile strength of the rock has been exceeded.

When the charge is sufficient to damage the surrounding 
rock, fracturing will occur. This fracturing will be of two 
distinct types: tension fracture and radial fracture. Tension 
fractures form at or near the surface, and tension slabs may 
form a considerable number of layers. Radial fractures form 
at the borehole and progress outward and upward to meet the 
tension slabs. It is in the area of radial fractures that 
extreme fragmentation of the rock occurs. The radial and 
tension fractures never cross one another; they merely ad
vance upward and downward until they meet.

The term similitude ratlo ( S.R. ) has been originated 
as a means of comparing craters of various sizes. The simil
itude ratio has been defined as: the distance from the center
of gravity of the charge to the apex of the crater divided 
by the distance from the center of gravity of the charge to 
the surface. Mathematically, this ratio may vary from unity 
to zero. The value will be unity at the point of critical 
depth and zero when the crater is broken completely to the 
center of gravity of the charge. Another term that is useful 
in crater description is the R / D ra tlo ; this is defined
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as the ratio between the radius and depth of the crater.
To clarify these terras, they have all been presented in 
Figure 2.

For any given depth the size and shape of the crater 
may be controlled by varying the explosive weight. As the 
explosive is increased, the crater will pass from an S.R. 
of unity through to one of zero. During this transition 
the R / D ratio will also change considerably. At an S.R. 
of unity there will be no R / D ratio, since the surface 
has not been damaged. As the charge is increased, the R / D 
ratio will reach an approximate maximum of 3.0 when the S.R. 
is zero. In practice, the ultimate value of the R / D ratio 
will vary considerably, depending on the rock type. Graph
ically, these terms may be combined by plotting the S.R. 
values for various depths and weights of explosives. These 
curves will vary with each type of rock. Individual experi
ments must be performed on each rock type to determine the 
characteristic curves of the rock. Figure 3 illustrates 
a set of curves that has been established for the Idaho 
Springs Gneiss.

In Figure 3 the entire area above the curve with an
S.R. of unity is named the "no-damage area" because at those 
depths and charges, the surface will not be damaged. All 
values along the curve for S.R. equals zero are the points 
where the explosives are being utilized most efficiently.



Figure 2. - Crater terms
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When these amounts, given by the S.R. equals zero curve, 
are exceeded for any given depth, the fragmentation is in
creased with very little additional breakage. Thus this 
extra energy is wasted unless the extreme fragmentation is 
des ired.

Among the most important factors that must be consid
ered in crater blasting are geologic structures, primarily 
the attitude of the jointing planes. This factor has been 
vividly illustrated by the experimental work on North Table 
Mountain. The capping of this mountain consists of several 
basalt lava flows in which tension fractures have been form
ed because of the decrease in volume when cooling occurred.
The basalt has solidified into the typical columnar structure 
with vertical jointing planes. Practically every crater that 
was blasted tended to break along these vertical jointing 
plane s .

In summary, this proposed crater theory states that 
if a charge of explosive is placed in a drill hole and det
onated, the resultant crater is dependent on various factors: 
the depth of the charge, the weight and shape of the charge, 
the type of charge, the type of rock, and the geologic struc
ture. For every given weight of explosive there is a corres
ponding value of critical depth in crater blasting. Then the 
critical-depth weight of explosive is exceeded, craters of 
increasing R / D ratios and decreasing S.R. values will be 
formed.
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Craters having an S.R. value of zero are utilizing the avail
able energy most efficiently. Craters formed above this S.R. 
equals zero have insufficient breakage and those formed below 
S.R equals zero waste the explosive energy in additional frag 
mentation. ( See Figure 3.)



Experimental Difficulties

The conduct of this research work was handicapped by a con- 
derable number of factors, which are here listed so that this in
formation may be available to future investigators in the field of 
crater blasting:

1. The selection of a blasting site that was covered with over
burden, The removal of this overburden required many hours 
of unnecessary labor.

2. The choice of a crater blasting location that was fractured 
from previous blasting.

3. An experimental zone located in a basalt lava flow that 
was crisscrossed by jointing planes.

Discussion of the Data

All data from the 20 craters have been presented in Table 1.
The results that were obtained for the first two groups ( Groups 1 
and 2 ) are not reliable. The jointing planes were the controlling 
factors at these depths. The results of the deeper charges ( Groups 
3 and U ) were far more satisfactory. The characteristic curves 
have been plotted for this basalt lava flow; these curves are pre
sented in Figure U.
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Table 1.- Compiled crater data

Crater No. Depth, Similitude ratio Explosives,
ft lb

1-A 1.0 0.23 0.063
1-B 1.0 0.00 0.094
1-C 1.0 0.00 0.125
1-D 1.0 -(x) 0.250
1-E 1.0 -(x) 0.500

2-A 1.9 0.49 0.125
2-B 1.4 0.00 0.250
2-C 1.8 0.00 0.250
2-D 1.5 0.00 0.333
2-E 2.1 0.00 0.500

3-A 3.0 1.00 0.250
3-B 3.0 -- 0.375
3-C 3.1 0.55 0.500
3-D 2.9 0.07 1.000
3-E 3.0 -(x) 1.500

4-A 3.65 1.00 0.375
4-B 4.00 0.85 0.500
4-C 3.53 0.37 0.750
4-D 4.00 0.56 1.000
4-E 4.00 0.28 2.000

* Depth in feet to the center of gravity of the charge
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It must be understood that these curves are applicable only to this par
ticular formation. Each rock type will have its own definite set of char
acteristic corves. The basalt is a friable rock that fractures easily; 
breaking of the basalt requires much less energy than would be needed to 
fracture a similar amount of the Idaho Springs gneiss. A comparison of 
the curves in Figures 3 and k will clearly illustrate these energy re
lationships.

The curves that are shown in Figure h have been derived from an ab
solute minimum of data. The validity of these curves is therefore quest
ionable. Many additional tests would have to be conducted before any 
final conclusions could be reached.

Sources of Error

Presentation of the possible errors will be a partial repetition of 
the "Experimental Difficulties" section. First and foremost among the 
errors was the presence of a multitude of jointing planes. Each of the 
planes provide an area in which the stresses formed by the explosion seek 
relief. Fracturing will always occur along these planes. Every crater 
that was blasted exhibits this breakage along the joints. This may be 
seen in the profile patterns of all the craters (Refer to appendix.)
Another possible source of error would be that in several instances the 
drill holes were slightly inclined. This would alter the vertical dis
tance to the center of gravity of the charge. In several crater locations, 
the rock surface was fractured and weathered which definitely affected the 
structure of the crater. Also the thick overburden obscured the true bed
rock location. Much of this overburden was removed;but, lack of sufficient 
time prevented complete removal.
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Recommendations

This initial experimental work has merely scratched the surface 
of crater blasting. Many years of hard work will be necessary before 
the proposed crater theory will be conclusively proved. In any future 
experimentation, great care should be taken in the selection of a test 
area.



CONCLUSIONS

The experiments conducted for this paper have shown that the pre
sent theory of crater blasting, which states that all craters formed 
will have an approximate ratio between radius and depth of one to one, 
is antiquated and invalid.

The proposed theory of crater blasting has not been conclusively 
proved; nevertheless, the results of this work are sufficiently encour
aging to justify additional research on the subject.

Geologic factors, such as jointing planes, are extremely important 
in crater blasting.

Every rock type has its own particular crater characteristic curves 
these curves must be determined by individual experiments.

The subject of rock failure is in its infancy. The mining industry 
would benefit greatly by performing full scale research in this little 
touched field of rock failure.



52

APPENDIX

The profiles and photographs of all the craters have been placed 
in the appendix. They have been arranged so that the profiles and photos 
of each crater are as near to one another as is possible,for convenient 
reference.
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View before mucking crater
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View after mucking crater
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Crater 1-A
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Closeup showing radial fractures in the drill hole
Crater 1-B

View before mucking crater
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Crater 1-B

View after mucking out crater 
Crater 1-C

View after mucking out crater
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Crater 1-D
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Crater 2-A
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Crater 2-A

View looking directly down on the radial fractures 
Crater 2-B

View after mucking out crater
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Crater 2-C

View after mucking out crater 
Crater 2-D

Closeup showing radial fractures around 
the drill hole
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View after mucking out crater
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View in opposite direction
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Crater 2-E
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Longitudinal view after mucking out the crater

Transverse view after mucking the crater
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of 1.0View showing crater having an approximate S.R.
Crater 3-B

View after mucking the crater
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View after mucking the crater 
Crater 3-D

View showing fragmentation zone around explosive center
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Crater U-A

Crater with an approximate S.R. of 1,0 - note the tension 
slabs indicated by the arrow in the photograph

Crater U-B

View after mucking the crater
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View after mucking the crater- note the large 
piece of rock in place but completely broken loose

Crater U-D
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Crater 4-S
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Crater I4-E

View before mucking out the crater

View to show the extreme fragmentation of the rock
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