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SHEAR AND LONGITUDINAL WAVES FROM HE
DETONATIONS IN TUFF--Comparison of Tuff and Granite Data

by

Harry R. Nichollo—l-/ and Verne E, Hookerll

INTRODUC TION

The investigations described in this report were performed by APRL
as part of the VEILLA UNIFORM Point Source Research Program under
Contract No, 2939, ARPA Order No. 172-61, Project Code No. 8100.
The scope of the work as proposed to and authorized by the Defense
Atomic Support Agency were:

1, To conduct an experimental research program to investi-
gate the generation of shear and longitudinal waves., Tests
to be conducted in two media under varying geologic con-
ditions and using high explosives as a source.

2. To conduct an experimental research program to investi-
gate the effects of characteristic impedance matching in
two media using several types of high explosives.

Results obtained from field tests conducted in a granite-gneiss medium
as part of the program were reported previously (Nicholls and Hooker,
1962). This report presents the results from a series of field tests con-
ducted in tuff near Camp Verde, Arizona. This report also compares
the similarities and differences between data obtained in tuff and granite-

gneiss,

1/ Research Geophysicist.

Both authors are with the Applied Physics Research Laboratory,
Bureau of Mines, U, S. Department of the Interior, College Park, Md.

Work on manuscript completed August 1963

aew e w e

LN e

e e aa.




ACKNOWLEDGMENTS

These investigations were supported by the Defense Atomic Support
Agency under the direction of Mr, John Lewis and Major Bruce Carswell,
The authors wish to express their thanks to Messrs, F. N, Houser and
Robert Davis of the U, S. Geological Survey at Denver, Colorado and to
Messre, Murray Gardner and Jules Friedman of the U. S, Geological
Survey at Washington, D. C. and to the U, S. Department of Agriculture
Forest Service for permitting the use of land within the Coconino National
Forest., Thanks are also due to Mr, Don Scheuler of Lawrence

Radiation Laboratory at Mercury, Nevada, for providing tuff core from
the Nevada Test Site for gage manufacture,

INSTRUMENTATION

Strain gages and accelerometers were used, The strain gages consisted
of resistance-wire strain gage elements, mounted on short lengths of
2-1/8 inch diameter tuff core (Obert and Duvall, 1949). The tuff was ob-
‘ained from the Nevada Test Site to expedite the program, Commercially
available piezo-electric accelerometers were cemented to the cores with
an epoxy cement, Figure 1 shows a core with strain gage attached at
upper end and accelerometer mounted and sealed with neoprene cement.
Surface instrumentation was accomplished with accelerometers mounted
to solid steel gage mounts. Battery operated pre-amplifiers were used
in conjunction with the accelerometers to provide electrical impeaance
matching and to minimize signal reduction from line losses.

The output signals from the gages were carried by 500 feet long shielded
cables to a recording trailer. These signals were fed into a 14-channel
pre-amplifier system inside the trailer. These amplifiers provided the
necessary electrical impedance match between gage and recorder and
provided amplification or attenuation as needed to deliver proper input
voltages to the recorder. The recorder was a 14-channel FM magnetic
record-reproduce system. Readout of the data was accomplished by
playback from the tape recorder system into a direct-writing oscillograph,
The output of a timing oscillaior was played into the oscillograph during
playback to provide reference timing lines on each paper record. A
chronograph contactor or target was inserted into each charge when a
zero time was desired. The target and appropriate circuitry produced a
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steep-fronted pulse at the instant of charge detonation. The overall fre-
quency response of the system was considered to be flat (+ 12%) from
10-10, 000 cycles per second. -

Amplitude analysis was accomplished by calibrating the system, exclusive
of gages, with a known input signal prior to each shot, The known cali-
bration signal, the recorded earth motion pulse, pre-amplifier gain, and
gage sensitivity were then used to calculate the amplitude, Playback
records were made for analysis after each shot during the field program
to determine proper pre-amplifier gain settings for subsequent shots,
Additional playbacks were made for final analysis at the laboratory, All
acceleration data from the deep shots were integrated electronically to
yield particle velocity for comparison with strain data, The frequency
response of the integration system was {lat (+ 20%)from 40-10, 000 cycles

per second,

The instrumentation for rate of detonation measurement of each explosive
consisted of two chronograph contactors, a go-circuit, a stop-circuit, and
a microsecond interval counter. As the detonation of the explosive pro-
ceeded up the explosive column, the {irst chronograph contactor started
the counter, As the detonation wave arrived at the second contactor, at

a known distance from the first, the counter stopped, Interval times and
distances were recorded for rate of detonation calculations,

TEST SITE

All tests were conducted in a water-lain volcanic tuff deposit near Camp
Verde, Arizona, The specific location was the NE 1/4, SW 1/4, SE 1/4,
Section 19, T13N, R6E of the Gila and Salt River Base and Meridian.
The general area known as the Cottonwood Basin was located approxi-
mately ten miles southeast of Camp Verde between State Highway 9 and
the Verde River, The location constituted part of the Coconino National
Forest and was under the direct supervision of the Beaver Creek Forest

Ranger Station,

Lithologically, the Hackberry Mountain tuff is of recent origin, possibly
deposited as recently as 1,000 years ago. Many facies changes are evi-
dent in the several hundred feet of section exposed in outcrops, arroyos,
and road cuts, The deposit includes loosely-cemented tuff, tuff-breccia,
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and agglomerate. Large boulders of tuff are prevalent higher up in the
geologic section, Thin layers of sandstone are obvious lower in the section.
The area tested appeared to be a uniform non-welded tuff with soil cover
ranging from none to about five feet, The tuff is generally grey or buff in
color and becomes brown or pink when wet. Two 50 feet deep NX core
holes were drilled to inspect the tuff in the area of interest. Visual in-
spection of the recovered core indicated a rather uniform tuff section with
no breccia or agglomerate encountered, The tuff, however, was not uni-
form based upon laboratory mechanical property tests and upon subsequent
in situ velocity determinations. The longitudinal and shear velocities of
the core samples were determined in the laboratory by the resonant fre-
quency method. The elastic constants were calculated from the velocities
and the density of the tuff, As shown in table 1, the tuff samples could be
divided into two distinct types based on velocity and density measurements.
The shear and longitudinal velocities were also measured in situ, These
values, considered reliable within + 3%, are given in table 1 with the cal
culated elastic constants, '

SHEAR WAVE GENERATION

Test Purpose

A considerable amount of data concerning the generation and propagation
of shear waves has been obtained and reported from the tests in granite-
gneiss (Nicholls and Hooker, 1962). Conclusions previously stated from
the analysis of the granite-gneiss data were that the medium was probably
a prime mechanism of shear wave generation and that no shear wave en-
hancement due to shot hole geometry was discernible. The granite-gneiss,
due to the gneissic banding, may have contributed significantly to shear
wave generation and overshadowed such possible sources as cratering or
the radial cracking in the vicinity of the shot hole,

It was believed that the tuff would be a more homogeneous, isotropic
medium than the granite-gneiss. Thus, identification of shot hole con-
ditions and/or other source conditions which contributed significantly to
shear wave generation might be accomplished. In addition, coverage was
to be expanded so that data were recorded .round the circumference of a
large diameter circle from detonations at the center. Coverage would be
around a full 360° rather than about 170° as in previous work.
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Experimental Procedure

Preliminary surface testing in the tuff was designed to determine the
following: whether shear waves could be generated by detonating small
explosive charges, and if so, optimum charge size for shear wave gen-
eration; propagation laws for elastic waves traveling near the surface
of the tuff; shear and longitudinal propagation velocities in the medium;
verification of techniques and methods previously used,

To effect the study, a series of shallow vertical holes 1-1/2 inches in
diameter and 8 inches deep were drilled in the tuff, Soil cover at these
locations was removed. A plan view of the test holes is shown in
figure 2. Gage mounts consisted of solid steel blocks attached by press
fit to studs which were 6 inches long and 1/2 inch in diameter. The
studs were set in a hole as shown in figure 3. Grout was then poured
around the stud and’inside a cardboard form to a depth on the mount of
1/2 inch. The grout used had been developed for use in tuff by the
Concrete Division of the U, S, Army Engineer Waterways Experiment
Statior, at Jackson, Mississippi. The properties of the grout were as
shown in table 1,

Gages were attached by screws to each mount. Electrical isolation was
obtained by inserting a small insulating washer between the accelero-
meter and the mount, Two gages were used at each location, one
oriented to measure radial motion, and a second oriented to measure
horizontal transverse motion. Small charges of high explosives were
detonated, and earth motions were recorded at the gage locations with
shot-to-gage distances varying from 50 to 200 feet,

On the basis of the data from the surface linear array, a surface circular
array of gage locations was laid out with a radius of 100 feet as shown in
figure 4. A charge weight of .075 pounds of a 45 % bulk strength semi-
gelatin type of explosive was chosen for most of the succeeding shots,
Instrumentation limitations permitted the use of six pairs of gages on
each shot although there were 8 possible gage locations around the circle.
A total of ten shots were detonated with a pair of gages at each location
from southwest, clockwise, to east, inclusive. Figure 5 is an enlarged
view of the shot point locations. The gages were then moved to locations
ranging from east, clockwise, to northwest, inclusive and an additional
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ten shots were detonated with depths, etc., corresponding to those of the
first ten shots, Charges in shot holes 8 to 10, 12 to 15, 18 and 20 to 25,
were detonated at various depths to investigate the effect of charge depth
and/or cratering on the amplitudes of the generated shear waves. Charge
depths varied from 0.5 to 3.83 feet, The charges were 1-1/8 inches in
diameter, 1 to 2 inches long and tamped to completely fill the hole., A
seismic type electric blasting cap was used to initiate each charge deto-
nation. A chronograph contactor was inserted into each charge to pro-

vide a zero or detonation time,

Shots 11 and 19 were placed at a depth of 3,83 feet and the shot hole was
then filled to the surface with grout. The grout was permitted to harden
before detonating the explosive in an attempt to simulate a point source
type of charge. Shots 16 and 26 »ach consisted of a 1-foot long charge of
400 grain/foot detonating fuse. The charge was centered in the hole pro-
viding an annular air space 1/2 inch thick around the charge. The air
space decoupled the charge from the drill hole and reduced the amount
of cracking and crushing in the hole,

Shots 17 and 27 each consisted of two charges joined by detonating fuse,
These shots were based on the principle of pre-splitting (Paine, Holmes
and Clark, 1962). The purpose was to establish and propagate a crack
between the two holes ( 2 feet apart) and thereby enhance the amplitude
of the shear wave generated. Shot 27 was not useable, however, be-
cause the detonating fuse did not detonate the second charge and ampli-
tudes from the single charge were too small to be recorded.

Data Analysis

A typical set of particle acceleration versus time records from the
surface linear array is shown in figure 6. The arrivals of the longi-
tudinal and shear waves are noted as P and S respectively. The re-
sponse of the radial gages indicates one difficulty encountered through-
out the test series. The first peak (downward for these records) was
generally much smaller in amplitude than the second peak. This is not
typical of most other rock types investigated. It was impossible to
achieve optimum gain settings for both the first and second peaks, so
the amplitude of most first peaks as recorded is small., The first
arrival of the pulse and the subsequent propagation velocity was there-
fore subject to more error than normal, However, because of large
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R=95ft

16

R=95ft

RG

R=147 ft

RG

R =1965 ft

16

R=196.5

N

—

Time scale, 10 milliseconds

RG = Radial gage

TG = Transverse gage
R = Shot-to-gage distance
P = P wave arrival
S = S wave arrival

Tig. 6 - Typical Particle Motion Recordings.
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travel times, the error was not excessive. The limitation of " picking'
the first arrival time precisely, precludes the use of this early portion
of the pulse for period or pulse width study.

Figure 7 shows an enlargement of radial and transverse recordings and
the measurements made. The quality of both tracings shown is con-
sidered good. The radial gage tracing is representative of all radial
data. About 50% of the transverse data are of this quality and the bal-
ance vary from poor to no recognizable shear wave arrival.

Table 2 gives the data from shots 2 through 7 of the surface linear
array. Shear wave arrivals were not identifiable at shot-to-gage dis-
tances less than 95 feet. No useable information was recorded at

250 feet because of lack of sensitivity in recording.

The calculated longitudinal and shear wave propagation velocities were
5,560 and 3,230 feet/second, respectively.

Figure 8 includes plots of scaled particle acceleration versus scaled
distance for data from the first and second peaks. Most of the data is
from the radial gages. The second peak data are about a factor of four
larger than the first peak data, and have a slightly lower slope, The
transverse or shear wave data are shown with solid symbols. The first
peak shear wave data are not cons dered reliable because of the limita-
tions in picking the first portion of the pulse. The second peak shear
wave amplitude data agree with the corresponding radial motion ampli-
tudes both in slope and magnitude.

Scaled period data have been plotted versus scaled distance as shown in
figure 9. The period data may be interpreted in either of two ways,

At a given distance, the period of a pulse generated by a small charge
will be substantially smaller than the period from a large charge. For
a given charge size, the period of a pulse recorded at a small distance
will be substantially less than the period recorded at large distances,
Both interpretations are substantially correct, If frequency, the re-
ciprocal of period, is considered, the irequency from small charges is
higher than from large charges and frequency decreases with distance
traveled as would be expected. The few data points from shear waves
indicate that somewhat shorter periods or higher frequencies might be
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Tracing of record from radial gage

Tracing of record from transverse gage

TA = Arrival of Por S wave
A or A'= Ist peak amplitude
B or B'= 2nd peak amplitude
C or C'= One-half puise width
D or D'= Record base line
Fig. 7 - Typical Data Measurements- Surface Studies.
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TABLE 2. - Surface linear array test data

Shot No., Gage 1/ Distance Scaled Acceleration
charge weight,é orientation— distance 18t peak
charge volume ft R ,vi A
ft/ft s' s

2 R 51 455 . 0658
W=.1011b R 103 920 - 00482
V*:. 112 ft
3 R 49 345 2 eeee--
W=,207 1b R _ 101 711 00759
V*:. 142 ft R 150.5 1060 .00183
4 R 47 290 .204
W=.303 b R 99 611 . 0158

3 R 148.5 917 . 00435
Vi=.162 ft R 197.5 1219 .00181
5 R 99 798 . 0247
wW=.1351b T 151 1218 - 00400

i_ - R 208.5 1617 - 000900
Vs loane T 200.5 1617 .00962
6 R 97 M2 W eccee--
W=.1351 T 97 782 .0249

3 R 149 1202 .00190
Vi=.124 ft R 198.5 1601 .000900

T 198.5 1601 .00231

7 R 95 963 . 00254
W=.068 1b T 95 963 .0143

3 R 147 1491 .00222
V7=.0986 ft R 196.5 1993 .000571

T 196.5 1993 .00299

1/ R = Radial gage; T = Transverse gage, measured values are shear motion.
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TABLE 2. - Surface linear array test data
Scaled Acceleration Scaled Period Scaled Arrival Arrival
acceleration 2nd peak acceleration period time time
1st peak 2

3 pe m; peak T IV}’. P wave S wave
AV©, g-ft A, g‘ s AV°©, g-ft T, ms ms/ft ms ms
-00737 0165 -0185 2065 23.7 - - e
. 000540 .289 .0324 4,22 37,7 ----
----- <395 .0561 2.65 18.7 8.76
.00108 .0493 .00700 4,54 32,0 17,01
. 000260 .0183 .00260 3.91 27.5 28.04
.0330 .663 . 107 2.71 16.7 8.25
.00256 .111 .0180 3.91 24.1 17.51
. 000705 0275 . 00446 4.28 26.4 27.66
.000293 .00726 .00118 6.30 38.9 36.04
.00307 . 0494 .00612 2.71 21.8 18.27
. 000496 .0105 .00130 3.15 25.4 52.35
.000112 .00360 . 000446 5.67 45,7 36.47
. 000573 .00782 .000970 3.65 29.4 62.56
----- .0512 .00635 1.89 15,2 18.27
.00309 . 0497 .00616 2.27 18.3 29.30
. 000236 .0114 .00141 3.02 24.3 26.52
.000112 .00234 . 000290 5.92 47.7 34.02
.000286 .00480 . 000595 3.59 28.9 59.85
.000250 .0355 .00350 2.58 26.1 17.58
.00141 .0374 . 00369 2.39 24.1 28.85
. 000219 .0104 .00103 4,50 46.5 24.95
. 0000563 .00228 .000225 4,54 45.9 35.78
. 000295 . 00359 .000354 4.73 4.8 58.46
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expected from shear waves than from longitudinal waves. However, the
period data as read from shear and longitudinal waves may not be directly
comparable. Furthermore, the small differences noted would not provide
sufficient separation for the use of electronic filtering as a2 routine tool for
identification of shear waves.

Data from the surface circular array are given in table 3. The range of
scaled distances (672 feet/feet to 1140 feet/feet) does not permit a com-
parison of accelerations directly. Scaled accelerations vary by more than
a factor of five over these scaled distances if the regression slope, -3.15,
is comsidered valid for these data. All values were therefore adjusted or
normalized to the values which would have been obtained had all the gages
been placed at a scaled distance of 1000 feet/feet. Also, the data from
shots 16, 17, and 26, have been adjusted for the difference in charge sizes.
The adjusted radial or longitudinal values are given in table 4. The data
are rearramged by shot depth, shot hole conditiom and direction. The data
appear to be quite random at first glance. Usual statistical analysis
methods are too rigorous considering the number of unfilled blanks in the
table. Also, from the surface linear array, scatter by a factor of about
2.5 times would be within one standard deviation of a least square deter-
mination. If direction or shot is considered separately, most values in
the table would fall within plus or minus one standard deviaticn from the
mean for the set of data. General conclusiens can be drawn as follows:

1. Values obtained im morth, northeast, or east direction are
higher than values obtaimed in the other directions.

2. Values obtained in the south direction are lower than values
obtained in other directions.

3. The most scatter occurs in the north direction and the least
im the south direction,

4. The largest amplitudes are generally associated with
shots 8, 9, 12, 17, and 18, which are at shallow depths.

5. The values from the decoupled shots 16 and 26 are smaller
than coupled shot data as expected,

| B
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6. The values from shots 11, 14, and 23, are smaller in general,
and are from the deepest shots. However, shot 19 does not fit
this pattern.

7. On the basis of statement 4 and 6, a slight trend of decreasing
longitudinal amplitude with increasing shot hole depth may be
implied.

Shear wave acceleration amplitudes have been tabulated in table 5. The
values have been adjusted for a scaled distance of 1000 feet/feet and for a
scaled charge size of . 102 feet. No values are given for the gage in the
northeast direction because of the " ringing" or oscillatory character of
data from this location which obscured shear wave arrivals. Shear waves
were identified on about 84% of the records where "ringing" did not exist,
Shear wave generation, transmission, and identification are generally good.
Shear wave amplitudes are usually less than the corresponding longitudinal
wave amplitades. General conclusions can be drawn as follows:

1. Shear wave amplitudes were greater in the east and northwest
directions.

2. Shear wave amplitudes were smaller in the north and south-
east directions.

3. The most scatter occurs in the west direction and the least
in the north direction.

4. Shear wave amplitudes appear to be considerably larger from
the charges which were cemented in place.

An analysis technique used in the granite report (Nicholls and Hooker, 1961)
was again used in analyzing the data from tuff. A certain amount of ran-
domness existed in the longitudinal wave amplitude from point to point
around the circle, Additional variations were noted at the same gage lo-
cations from two shots at different positions but at the same depth. These
variations are attributed to variations in the rock either at the shothale

or over the propagation path, or both. The variations evident in the longi-
tudinal wave amplitudes might also be expected to appear in the recorded
amplitudes of the shear waves. In an attempt to remove the variations,

s i..__! E
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the shear amplitudes were expressed as a ratio of the longitudinal ampli-
tudes and are given in table 6. General conclusions can be drawn as
follows:

1. Largest values for the ratio of amplitudes were obtained in
the south and northwest directions.

2. Smallest ratio values were obtained in the north direction.

3. Largest values of the ratio of amplitude were obtained from
shots 11, 14, 19, 23, 24, and 25, which were the deepest
shots.

4. A few high values for the ratio were obtained from shots 16
and 26 which were the decoupled shots,

All period data were converted to frequency so that the predominant fre-
quencies obtained from shear and longitudinal waves could be compared.
The average frequency of the longitudinal waves was 335 1 37 cycles per
second. The average frequency for the shear waves was 358 + 69 cycles
per second, The average of the ratios of longitudinal frequency to shear
frequency was 1,06 + .17. These data verify that no real differences exist
in the frequencies of the two waves as recorded. Filtering techniques
under these conditions would have added nothing to identification of the
shear waves.

Table 7 gives a summary of the data obtained from the circular array.
The velocities and amplitudes are averaged for each direction. The
elastic constants are calculated assuming the density of tuff to be 106
pounds per cubic foot. No real correlation between the elastic constants
and shear wave amplitude was discernible. The amplitude of the shear
wave was strongly affected by direction of propagation. For many indi-
vidual pairs of records, a correlation exists between the shear and longi-
tudinal wave amplitudes. The shear amplitude is usually larger if the
longitudinal amplitude is small and vice versa,

A strong velocity gradient exists in the test area increasing in the south
and southwest directions. Additionally, shot point location has a strong
effect on propagation velocities. Those shot points east of a north-south
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line through the center of the area yield velocities up to 400 feet per
second faster, measured in any radial direction, than shot points west

of the center line. Most of these shot points are less than 10 feet apart,
On the basis of the in situ velocity changes noted and the laboratory de-
termined values, the tuff appears to be a very inhomogeneous mass with
many stringers, lenses, boulders, etc. The medium changes drastically
Jaterally and with depth and these variations are not visually detectable,

Discussion of Results

No unique physical mechanism was determined as the source of generated
shear waves, Charge depth, maximum crater formation, minimum shot
hole fracturing through decoupled shots did not have strong effects on the

amplitude of the shear wave generated. The amplitude of both longitudinal .

and shear waves was dependent upon the direction of propagation. The
ratio of shear to longitudinal amplitudes also varied with azimuth,

The period of frequency of both wave types varied slightly with azimuth.
However, no significant differences existed between the predominant fre-
quencies of either wave due to depth, shothole condition, or direction.

The results generally compare with those obtained from similar tests in
granite (Nicholls and Hooker, 1962). Similar results have also been re-

ported from large chemical explosive tests and from nuclear tests,

Conclusions

The primary purpose of this portion of the program was to study the
generation and propagation of shear waves from an explosive source and
to compare these results to theory and to longitudinal waves propagated
in the same media. It was believed that a better understanding of shear
waves might assist in the identification of the type of earth motion which
generated particular seismic waves. That is, some distinction between
man-made and naturally-induced seismic waves might provide a positive

nuclear detection system.,

The study of shear waves appeared to offer a simple solution since a
point source theoretically should not generate shear waves, Studies in
two rock types, granite and tuff, indicate that under the test conditions

. ‘
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imposed, shear waves are always present., The presence or absence of
shear waves does not appear to be adequate to delineate between explo-
sive and natural seismic sources,

In both rock types, it is assumed that conditions approaching a point
source were never met sufficiently to preclude shear wave generation,
Additionally, the inhomogeneity and isotropy of both rock types may
have contributed greatly to the shear wave generation. Any departure
from symmetry at the source or from a uniform medi2 generates shear
waves or converts other waves to shear waves. The amount of fractur-
ing and crushing of rock at the source appears to have little bearing on
the amplitude of shear waves,

A directional effect was noted in both granite and tuff with shear wave
enhar~ement in preferred directions in both rock types. The directional
effect undoubtedly varies from one site to another and probably within a
site if the medium is not uniform.

Shear waves are probably generated by all explosive sources because
of non-symmetry and ‘enharced by conversion during propagation,
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37.
CHARACTERISTIC IMPEDANCE COUPLING

Test Purpose

The primary purpose of the linear array test series in tuff was to study
the effects of characteristic impedance matching in the tuff medium, The
characteristic impedance of a rock is defined as the product of rock
density and longitudinal propagation velocity. Similarly, for an explo-
sive, characteristic impedance is the product of explosive density and
detonation velocity, The ratio of the characteristic impedance of the
explosive to the characteristic impedance of the rock is defined as the
characteristic impedance ratio. It has been shown that if this ratio is
nearly 1,0, the pressure or stress transmitted to the medium is approxi-
mately the pressure generated by the explosion and that the energy trans-
ferred to the rock is a maximum (Nicholls and Hooker, 1962). If the
ratio is much less than 1,0, the stress in the medium is greater than
that predicted by acoustic theory but the amount of energy transferred is
considerably less, Shock wave theory indicates that pressure enhance-
ment may be greater than the factor of 2,0 predicted by acoustic theory
(Courant and Friedricks, 1948; Nicholls and Duvall, 1963).

The test was designed to provide data for a study of the effects of char-
acteristic impedance on explosion-generated strain, acceleration, and
particle velocity and strain energy. The tests in granite covered a
range of characteristic impedance ratios from .16 to .52, The tests in
tuff as planned would provide data cver a range of ratios from ,40 to
1,90. This range was not accomplished in the tuff however.

Experimental Procedure

The linear array test area was prepared by air drilling 6-inch diameter
shotholes and 3-inch diameter gage holes vertically to a depth so that
the center of gravity of the explosive charges and the recording gages
would be on a common horizontal plane at an average depth of 26 feet.
In the process of drilling, air blast caused considerable erosion on the
walls of the holes., Subsequently, all gage holes were reamed to 3-1/4
inches in diameter to insure easier and more reliable placement of the
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A core of rock with a strain gage and accelerometer attached, as pre-
viously described in this report, was cemented into each gage hole. The
cores were tuff, obtained from the Nevada Test Site. On the basis of
laboratory determined mechanical properties of the tuff core (table 1),
the tuff could be divided into two types. The distinction between types
was not as great as for the Hackberry Mountain tuff and did not signi-
ficantly affect the results, The properties of the grout used to cement
these gages in were given in table 1. These gage units were placed with
sufficient accuracy so that shot-to-gage distances were known within

0.2 feet and were oriented to measure radial strains and particle motions,
A plan view of the test area is shown in figure 10, Two parallel sets of
drillholes are shown, The Bl-B4 series of holes were used for small
charges detonated as calibration shots. Holes S1-S8 were shotholes and
holes A¢l thru A¢l2 were gage holes.

The shooting sequence in each of the two arrays was from the outermost
hole toward the gage holes so that no broken rock was between the shot
and the gages. Strain and particle acceleration were recorded from each
shot at six different shot-to-gage distances, No data were obtained from
one accelerometer because of a broken lead wire down in the hole which
could not be reached for repair.

The explosive charges were single, rigid packed cartridges 5-1/2 inches
in diameter and 30 inches in length. Physical properties of the four ex-
plosives used are given in table 8, Each charge was primed at the bottom
with a No. 6 seismic electric blasting cap and a 50-gram PETN booster.
Detonation rates of the explosives were measured by inserting a pair of
targets 2 feet apart in the cylindrical charge and recording the time for
the detonation wave to travel from one target to the other on a micro-
second chronograph counter. Three feet of sand stemming was sufficient
to contain three of the explosives and yet permit the hole to blow so that re-
entry could be made for cavity measurements. However, the first two
shots of SG 45 did not blow, and after unsuccessful attempts at cavity re-
entry, the sand stemming was reduced to 2 feet for the remaining SG 45
shots.

.
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Data Analysis

A set of typical records obtained in tuff is shown in figure 11. Trace 2
represents the radial particle velocity at gage AS as electrenically inte-
grated from the recorded acceleration. At the shot-to-gage distances
of the test series, the pulse shapes of radial strain and radial particle
velocity should be identical as is evident in comparing the early parts
of traces 1 and 2. In later portions of the traces, agreement is not ex-
pected because of reflections from the air-tuff surface. The time and
amplitude measurements made on each recorded pulse for detailed
study are shown in figure 12,

Strain

The primary purpose of the analysis of the strain pulse data was to de-
termine how radial strain was propagated in tuff and how it was affected

by different explosives. Also, the arrival times of the strain pulses were '

used in the determination of the subsurface propagation velocity, An
attempt was made to record a zero or detonation time for the first few
shots but extreme shot noise which deteriorated the quality of these
records forced abandonment of the procedure, As a result, interval
arrival times, using the closest gage to the shotas a reference, were
used for propagation velocity measurements. Velocity variations were
noted at depth as in the surface studies. However, an additional con-
tributing factor to the variations in the subsurface data may have been
that propagation velocity varied with stress level., The average propa-
gation velocity for all 16 shots was 6, 080 + 460 {eet per second.

From strain record measurements, peak strain versus scaled distance
was plotted on log-log coordinates for each of the 16 shots. Study of
these plots revealed that nominal gage sensitivities were not proper and
to some extent, gage corrections would be needed. Probable causes of
such differences in sensitivity are either in the elastic properties of the
cement or the degree of bonding between the gage and rock. To obtain
the amplitude corrections, a least-square line was determined for each
shot and an analysis of variance made for the total number of shots. The
statistical analysis indicated that a common slope could be used for allof
the data. A standard gage was selected from each array and ratios of the

1



2
34.6—1F
I. Strain (4 in/in) recorded -
at gage «5
25—
2. Velocity (in/sec) integrated '
from gage AS
3. Acceleration (¢'s) recorded -2
at gage 5

6.250 milliseconds

—

Shot no. 17-S6
Explosive-266 Ib ADIO

Distance = 30 f1

Fig. 11 - Typical Pulse Shapes.
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brackd
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A B CD
L‘M—Li;l-lr‘
A. Detonation of charge t.. Rise time
8. Start of pulse 14. Fall time
C. First peak amplitude .. Compression or positive time
D. End of fall time .. Peak positive amplitude
TA. Arrival time for ¢,. Tensile or negative amplitude

Fig. 12 - Bulse Record Measuresments.
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recorded strain to the strain value on the common slope line at each cf the
other gage positions for each array were obtained for each shot. The
average ratio obtained for each gage was as follows: €1-1.51, €2-2.44,
€3-3.09, €4-2.06, ¢5-2.91, ¢b- standard, €7-1.53, 8-3.01, «9-standard,
€10-1.23, €11-3.55, ¢€l2-1.35,and these ratios were applied as a multi-
plying correction factor to the compressive and tensile amplitudes of each
strain recording. The strain data, with adjusted amplitndes, are given

in tables 9 to 12.

Plots of adjusted strain data versus scaled distance for each explosive are
given in figures 13 to 16 and show that strain can be represented as a
function of distance by the equation:

e =K IRV )n (§1)

where
€ = peak compressive straim,
K = straim intercept comstant at a scaled
distance of 1,

R = shot-to-gage distance,

Vizcﬁermdnhchxgevol-ne. scaling
factor,

RIV& scaled distamce,
and m = exponent or slope of the regressiom curve.

The tensile phase of the strain pulses was found to be comparatively larger
than the compressive phase ower most of the scaled distance ramge covered
in these tests. This presemted problems in determiming gain settimgs for
obtaiming optimum records during the field program. Log-log coordinate
plots of the adiusted tensile strain versus scaled distamce are showm in
figures 17 to 20. The tensile strain data were represemted by the same
function given by eguation {1). Omnly the data represemted by circles om
each plot were used for the regressiomn analysis.

The straim data represented by triangles imdicates that the temsile phase
of the strain pulse reaches a maxirnum at a scaled distamce of about
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40 ft/ft and then decreases with decreased shot-to-gage distance. At a
scaled distance of less than 6.7 ft/ft, no tensile phase exists within the
first 80 milliseconds after the arrival of the strain pulse. Similar results
have been noted in salt (Nicholls and Hooker, 1962a)., Duvall (1953) has
shown that this phenomena is theoretically predicted., He stated ''as the
distance from the cavity decreases, the oscillatory nature of the pulse de-
creases' . In Duvall' s paper, the strain-wave pulse becomes one-sided
(compression only) at a distance of from 2 to 5 times the cavity radius.
The cavity is the resultant cavity after detonatior. of the explosive charge,
Both compressive and tensile strain propagation law constants and their
standard deviations are given in table 13,

The radial strain energy radiated outward per unit area is given by the
equation:

3
L et

E =B [ <at )
where . . .

Ea = total radial strain energy per unit area,

p = rock density,

¢ = longitudinal propagation velocity of the rock,

¢ = radial compressive strain,
and x

t = time.

The method used for obtaining the integral portion of the energy equation
was to plot the square of the radial compressive strain as a function of
time and then evaluate the area under the curve by the trapezoidal rule
of approximation. The energy, Ea’ the distance, R, and the scaled
quantities for each are summarized by explosive in tables 14 to 17, For
those records obtained over small shot-to-gage distances, where long
term compressive yielding or permanent deformation occurred (see the
upper trace of figure 12), no energy data could be calculated. Plots of
scaled energy versus scaled distance were made on log-log coordinate
paper as shown in figures 21 to 24, The linear grouping of the data indi-
cates that the propagation of scaled radial strain energy per unit area may
be represented by the equation:
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TABLE 14, - Strain energy data- Explosive AD 10

51.

Shot designation, Shot-to-gage Scaled Energy per

Scaled energy

charge weight, distance distance unit area per unit area
charge volume, ? : ?
volume R R/V Ea 2 Ea, v
ft fe/fe ft-1b/ft ft-1b/62 /1t
x 103 x 107>
5- S10 35 47.0 613 822
W=26.6 1b 45 60.4 233 313
V=.412 cu ft 55 73.8 132 177
vi: .us e 70 93.9 61.7 82.8
80 107 24.8 33.2
90 121 ‘ 45.6 61.2
9- S13 ’ 60 80.5 147 197
W=26.6 1b 50 67.1 124 166
V=.412 cu ft 40 53.7 605 812
= ,745 ft 25 33.6 1409 1891
15 20.1 5364 7200
5 6.71 * *
12- S1 50 67.1 489 657
W=26.6 1b 60 80.5 273 366
V=.412 cu ft 70 93.9 101 136
vi= 745 ft 85 114 35.6 471.7
95 127 - *
105 141 13.2 17.8
17- S6 5 101 70.9 ‘95,1
W=26.6 Ib 65 87.2 157 210
Vz=.412 cu ft 55 73.8 187 251
v§= . 745 ft 40 53.7 638 857
30 40.3 1444 1938
20 26.8 2968 3984
*= no data
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TABLE 15, - Strain energy data- Explosive AD 20A

Shot designation, Shot-to-gage Scaled Energy per Scaled energy

charge weight, distance distance unit area per unit area
charge volume, R R/ V% E E IV%
volume a a 2
ft ft/ft ft-1b/ft ft-1b/ft /1t
x 1072 x 1073
4- Sl6 105 141 16.3 21.9
wW=21.71b 95 127 20.2 27.1
Vz.412 cu ft 85 114 26.6 35.7
= ., 745 ft 70 93.9 130 174
60 80.5 269 361
50 67.1 686 921
8- S11 20 26.8 1949 2616
wW=21.71 30 40.3 361 484
V=.412 cu ft 40 53.7 688 924
vi- (145 10 55 73.8 188 252
65 87.2 135 182
75 101 72.3 97.1
16- S7 90 121 32.8 44.0
wW=21.7b 80 107 47.2 63.3
=.412 cu ft 70 93.9 67.8 91.0
= 745 ft 55 73.8 297 398
45 60.4 563 755
35 47.0 1688 2266
19- S4 S 6.71 * e
wW=21.71b 15 20.1 7165 9618
V=.412 cu ft 25 33.6 1642 2204
Viz 7145 ft 40 53.7 839 1126
50 67.1 394 529
60 80.5 155 208

#* No data
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l TABLE 16. - Strain energy data- Explosive AD-P
' Shot designation, Shot-to-gage Scaled Energy per Scaled energy
charge weight, distance distance unit area per unit area
cha
rge volume, R R IV% E E IV%
volume a 2 a 2
ft ft/ft ft-1b/ft ft-1b/ft /ft
l x 10-3 x .10-3
6- S15 90 121 33.5 45.0
l w=19.6 Ib 80 107 146 197
Vz.412 cu ft 70 93.9 88.7 119
Vi 745 ft 55 73.8 269 361
l 45 60.4 * *
35 47.0 2539 3408
' 10- S12 5 6.71 68, 070 91, 400
w=19.6 1b 15 20.1 8836 11,860
l v;.uz cu ft 25 33.6 1290 1732
Vo= ,745 ft 40 53.7 183 246
l 50 67.1 * *
) 60 80.5 39.8 53.4
l 14-58 105 141 17.8 23.9
w=19.6 Ib 95 127 49.0 65.8
V§.412 cu ft 85 114 25.5 34.2
l V=, 745 12 70 93.9 100 134
60 80.5 165 221
I 50 67.1 283 380
18- S3 20 26.8 3521 4726
g ' W=19.6 Ib 30 40.3 1487 1996
‘ Vs.412 cu ft 40 53.7 729 979
| = 745 ft (13 73.8 292 392
65 87.2 133 179
' r L3 101 45.0 60.4
% No data
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TABLE 17.- Strain energy data- Explosive 5G 45

Shot designation, Shot-to-gage Scaled Energy per Scaled energy
charge weight, distance distance unitarea per unit area
charge volume, :
volume R R/ Vi 'Ea , Ea] Vﬁ
ft ftift ft-1bjft ft-1bjft [ft
x 107> x107
2-59 50 67.1 515 691
w=29.2 1b 60 80.5 264 354
V;. 412 cu ft .70 93.9 143 192
V3= 745 £ 85 114 67.2 90.2
95 127 65.8 88.3
105 141 75.1 101
7- Sl4 75 101 119 160
w=29.2 b 65 87.2 120 162
=.412 cu ft 535 73.8 533 717
vi:- 16500 40 53.7 1109 1489
30 40.3 1963 2635
20 26.8 2937 3942
15- S2 35 47.0 2995 4020
w=29.2 b 445 60.4 1209 1623
V=42 cu ft 55 3.3 551 740
vi- 1458 70 93.9 202 21
80 107 9.9 125
90 121 45.7 61.4
20- S5 60 80.5 156 210
w=29.2 b 50 67.1 255 342
Vi.412 ca it 40 53.7 1012 1358
V§= . 745 ft 25 33.6 1843 2474
15 20.1 12,176 16,340
5 6.71 * *

%* No data
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b
E vi Kk rivH " (3)
where
K = strain energy intercept constant,
and n = strain energy decay exponent or slope.

The values of K and n are given in table 13,
Particle Acceleration

Particle acceleration data are given in tables 18 to 21. Amplitude and
time measurements were the same as the measurements of strain re-
cords. Positive acceleration is defined as motion radially outward from
the shotpoint and negative acceleration as radial motion toward the shot-

point.

Scaled peak positive acceleration distance was plotted versus scaled
distance as shown in figures 25 to 28, Plots of scaled peak negative
acceleration data versus scaled distance are shown in figures 29 to 32,
The vertical line through each set of data represents one standard
deviation unit about the mean of the data. Because the plots are linear
on log-log coordinate plots, particle acceleration can be represented
by the following equation:

avik mivH " (4)
where

A = peak acceleration,

Av%z scaled acceleration,

K = intercept at scaled distance of 1,

h Y

R/V3= scaled distance,

and

n = slope or decay exponent,

Statistical methods were used to calculate the value of n and four values
of K (one for each explosive) for positive acceleration and corresponding
values for negative acceleration. The values of K and n and the standard
deviations are given in table 22,
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TABLE 18. - Linear array particle acceleration data-Explosive AD 10

+

‘.
P
.

Shot designation, Gage No. Shot-to-gage Scaled Peak Scaled

charge weight, distance distance positive positive
charge golume. accele- accele-
volume ration ration
R R/vE A Av?
ft ft/1t g's g's xft
5- S10 A7 35 47.0 * *
W=26.6 1b A8 45 60.4 * *
V=.412 cu ft A9 55 73.8 * *
vi 745 1t Alo 70 93.9 * *
All 80 - 107 * *
Al2 90 121 * *
9-S13 Al 60 80.5 - 498 .371
W=26.61b A8 50 67,1 . 992 .739
Vz.412 cu 1t A9 40 53.7 1.74 1.30
V3x 745 ft Al0 25 33,6 8.12 6.05
All 15 20,1 22.6 16.8
Al2 5 6.71 300 224
12- S1 Al 50 67.1 1.55 1.15
W=26.6 1b A2 60 80.5 1.11 .827
V=,.412 cu ft Al 70 93.9 1.12 .834
v8: .45 1t A4 85 114 .305 .227
A5 95 127 .286 .213
A6 105 141 * *
17- S6 Al 75 101 .312 .232
W=26.6 Ib A2 65 87.2 .264 .197
=,412 cu ft Al 55 73.8 . 127 .542
v8: .745 ¢ A4 40 53,7 2.13 1.59
AS 30 40.3 4,52 3.37
Ab 20 26,8 * *®
* No data
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TABLE 18. - Linear array particle acceleration data-Explosive AD 10

Negative Peak Negative Acceleration Acceleration Velocity Velocity

accele- positive velocity rise time fall time rise fall
ration velocity time time

A v v tr tI tr tI
g's in/sec in/sec sec sec sec sec

3 3 -3 -3
x 10 x 10 x 10 x 10

* * * * * * *

* * * * * * *

* * * * * * *

* * * * * * *

* * * * * * *

* * * * * * *
2.99 . 144 .803 2,625 2,625 3.000 2.625
3.97 .267 1.01 2,399 2,336 2.588 2,588
5.84 .433 1.58 2.020 2.525 2.336 2,652

14.9 1.38 3.46 1.136 2.146 1.389 2.399
24.0 2.97 5.76 .568 e.210 1.199 2.146
244 37.6 51.5 1.389 1.515 1.452 1,957
4.64 <337 1.19 1.894 2.588 2,273 2,904
3.54 * * 2,375 2.125 * *
1.53 .343 .363 2,125 2,250 2.688 2.188
1.48 . 0664 .365 3.078 2,638 2,827 3.015
1.18 . 0857 .366 3.455 2,827 3.329 3.078

* * * * * * *®
1.87 .0789 .502 3.598 2.336 3.788 2,525
2.00 .0839 .558 3.266 2,575 3.329 2.764
2.59 .228 .836 2,827 2,387 3.141 2,387
5.33 544 1.46 2.146 2.210 2,210 2,336
10.1 .925 2,65 1.389 2,146 1.515 2,146

* * ® * * *

* No data
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TABLE 19. - Linear array particle acceleration data-Explosive AD 20A l
Shot designation, Gage No. Shot-to-gage Scaled Peak Scaled l
charge weight, distance distance positive positive
charge :olume. accele- accele- l
volume ration ration »
R RIV* A A Vi
ft ft/ft g's g's x ft l
4- Sl6 A7 ' 105 141 .261 . 194 I
w=21.71 A8 95 127 .263 . 196
V=.412 cu ft A9 85 114 «297 221 ‘
v8: (745 2 Alo 70 93.9 .642 .48 l
All 60 80.5 . 938 .669
Al2 50 67.1 .14  .849 l
8- Sl1 A7 20 26.8 11.3 8.42
w=21.71b A8 30 40,3 5.56 4,14 l
V=.412 cu ft A9 40 53,7 2. 13 1.59
vh (745 ft Al0 55 73.8 <929  .692 [
All 65 87.2 .924 «390 "
Al2 75 101 422 34 |
16- S7 Al 90 121 172 . 128 I
wW=21,71b A2 80 107 .20% . 153 ~‘
V=.412 cu ft Al 70 93.9 .312 <232 i
v 745 £t A4 55 3.8 .689 .513
A5 45 60.4 1,40 1,04 !
A6 35 47.0 *® *
19- S4 Al 5 6.71 194 145 i
w=21.71b A2 15 20.1 26.7 19.9
V=.412 cu ft Al 25 33.6 7.56 5,63 E
vE (745 £t A4 40 53.7 2.31 LT
AS 50 67.1 .698 520
Ab 60 80.5 * . H
* No data ;;
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TABLE 19.- Linear array particle acceleration data-Explosive AD 20A

Negative Peak Negative Acceleration Acceleration Velocity Velocity
accele- positive velocity rise time fall time rise fall
ration velocity time time
t t t t
A v v r 1 r 1
g's in/sec in/sec sec sec sec 3 sec
x107 x 10~ x107 x107
1.17 . 0560 -296 4.711 2.261 5.025 2.387
1.43 0530 -374 3.313 2.313 3.750 2.387
1.91 .0714 -479 3.157 2.399 3.472 2.336
2.82 205 .643 3.769 2.450 3.957 2,701
4.07 224 .983 2.638 2.513 2.952 2.198
4.57 271 1.21 2.638 2,701 2.638 2.638
19.3 2.17 4.62 .879 2.513 1.193 2,450
13.3 1.29 3.43 1.068 2.513 1.382 2,513
6.56 .600 1.84 1.884 2.513 2.261 2,575
3.13 .324 -991 2.638 2,701 3.078 2.889
2.10 . 142 .610 3.266 2.638 3.580 2.827
1.44 . 0909 374 3.141 2.701 3.643 2.638
1.23 .0541 -295 4.083 2.827 3.392 2,952
1.20 .0797 .260 2.953 3.015 3.141 3.015
1.99 . 0850 . 457 3.141 2.952 3.141 3.015
3.14 . 192 . 752 3.015 2.387 3.015 2.513
5.08 .334 1.18 2.513 2.198 2.701 2.324
* * * * * *
101 39.5 * 1.094 .781 1.382 .691
25.1 3.17 5.18 .500 2.188 1,000 2.188
137 1.43 3.03 1.250 2.250 1,563 2.313
6.35 .541 1.67 2.500 2.500. 2,625 2.750
3.63 -190 1.04 2.688 2.500 2.688 2.938
& ® & & * * *
* No data
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TABLE 20.- Linear array particle acceleration data-Explosive AD-P

Shot designation, Gage No. Shot-to-gage Scaled Peak Scaled
charge weight, distance distance positive positive
charge volume, accele- accele-
volume' ration  ration
R rv: A Av?
ft ft/1t g's g's x ft
6- S15 A7 90 121 .258 .192
W=19.6 1b A8 80 107 .409 .305
V=.412Z cu ft A9 70 93.9 .543 .405
vi= (745 8¢ Al0 55 73.8 .906 .675
All 45 60.< 1.84 1.37
Al2 35 47.0 3.16 2.35
10- S12 A7 5 6.71 153 114
WwW=19.6 Ib A8 15 20.1 10.2 7.60
V=.412 cu ft A9 25 33.6 5.86 4,37
<745 ft Al0 40 53.7 * *
All 50 67.1 .570 .425
Al2 60 80.5 * *
14- S8 Al 105 141 .0928 .0691
W=19.6 1b Az 95 127 .121  ,0901
Vz.412 cu ft A3 85 114 .158 118
Ve 745 ft Ad 70 93.9 .386 .228
AS 60 80.5 .603 .449
A6 50 67.1 * *
18- S3 Al 20 26.8 12.1 9.01
W=19.6 1b A2 30 40.3 5.37 4,00
Vz.412 cu f2 A3 40 53.7 2.34 1,74
V== . 745 ft A4 55 3.8 1.08 .805
AS 65 87.2 <466 347
Ab 5 101 * *

%* No data
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TABLE 20.- Linear array particle acceleration data-Explosive AD-P

Negative Peak Negative

Acceleration Acceleration Velocity Velocity

accele- ©positive velocity rise time fall time rise fall
ration velocity ‘time time
A v v tr ti tr tif
g's in/sec in/sec sec sec sec sec
w .10-3 x 10'.'3 x ,14.0'-3 x 1’0_'3
1.55 . 0552 <455 4,063 2.500 4,063 2.750
1.87 .0929 . 502 3.750 2.188 3.688 2.500
2,51 - 105 -681 3.625 2.250 3.688 2.500
3.86 199 1,13 2.813 2,500 3.125 2.500
5.53 .511 1.40 2.438 2.250 2.625 2.500
9.30 .761 2,33 1.840 2.221 2.010 2.387
69 38.2 38.2 1.319 1.696 1.633 1.822
30.7 3.00 7.67 -503 1.884 1.256 2.010
14,5 1.21 3.88 1.256 2,261 1.319 2.450
5.15 * * * *® * *
4,63 . 144 1.20 2.375 2.313 2.938 2.438
5.65 * 1.53 * * * *
1.04 - 0152 262 3.769 2.889 4,397 2.450
1.11 - 0395 276 3.141 2.952 3.140 3.015
1.66 « 0450 <415 3.141 2. 764 3,140 3.015
2.26 «0903 « 591 3,141 2.513 3,141 2.827
2.58 -~173 «637 2.827 2.324 3.14]1 2.450
* * * *® * * *
20.6 2.51 4,41 - 884 2,273 1.452 2.336
11.1 1.11 2.74 1.578 2.146 1.578 2.336
6.67 .570 1.68 1.957 2.020 2,083 2.525
3.36 .285 - B89 3.141 2.136 3.141 3.078
2.08 « 159 «530 3.346 2,588 3.409 2.967
; * * *® "> * *
* No data
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TABLE 21, - Linear array particle acceleration data-Explosive SG 45

Shot designation, Gage No. Shot-to-gage Scaled Peak Scalled

charge weight, distance distance positive positive
charnge volume, accele- accele-
W&’ ration ration
R waé A AVY
£t B/t gs g'sxft
2- 59 AT 50 67.1 1.98 1.48
W=29.2 Ib AB 60 80.5 .15 857
V=412 cu #t A 70 93.9 607 452
v (745 Bt Al0 85 114 383 .285
All 9% 7 379 .282
Al2 105 141 242 .180
- S14 A7 5 101 .385 287
W=29.2 Ib AB 65 87.2 <439 327
V= 412 cu #t A9 5% 73.8 63 568
<745 £t Alo 40 53,7 2.25 1.63
an 30 490.3 5.62 4.19
A2 20 26.3 14.6 10,9
15- 52 Al 3% 47.0 4.18 3.11
W=29.2 b A2 5 60.4 2.10 1.%6
V=.412 cu fit A3 55 73.8 1.50 1.12
45 & A4 70 93.9 <710 529
A% 80 107 46 3R
Ab 90 121 * *
20- S5 Al 60 80.5 .460 . 313
W=29.2 Ib A2 50 67.1 J527 393
V=.412 cu fit A3 40 53,7 1.59 118
Vi 745 £t A4q 25 33,6 6.55 4.38
A3 15 20,1 24.5 13,3
Ak 5 6.7 * *
#* No data
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TABLE 21, - Linear array particle acceleration data-Expiosive SG 45

Negative Peak Negative Acceleration Acceleration Velocity Velocity
accele- positive vwelocity rise time fall time rise fall
ration wvelocity time time

A v v t K Y Y
in/sec in/sec sec sec sec sec
x 10-3 x 10~ x l().3 x 10-3
4.96 - 488 1.42 2.778 2.904 2,841 2.841
3.29 -335 « 740 2.500 2.688 2.375 2.841
2.23 .121 . 127 3.266 2.764 3.266 3.266
1.80 - 110 <509 4.040 3.030 4,040 3.535
1.78 - 0875 =525 4.648 3.015 4.648 3.015
1.38 -0978 <349 4.585 2.764 4.585 3.015
2.62 < 12¢€ - 728 3.329 2.952 3.329 3.015
3.51 <167 925 3.438 2.5688 3.750 2.625
4.88 .210 1.36 2.827 2.764 3.204 2.764
8.34 646 2.16 2.500 2.625 2.688 2.875
14.1 1.16 3.97 1.375 2.438 1.438 2.563
21.2 2.41 5.47 .879 2.513 1.068 2.701
11.1 <947 2.81 1.822 2.575 1.947 2.952
6.01 -490 1.52 <. 0713 2.638 2.324 2.952
4.4 I3 1.17 2.513 2.575 2.638 2,952
2.53 179 <712 3. 141 2.701 3.266 3.141
1.68 138 <459 3.141 3.141 3.266 3.141
® * ® * * * *
2.9 <154 . 731 2.513 3.015 2.764 3.455
3.9 <161 <IN 2.375 3.250 1.938 3.313
6.08 ~4 1.54 2.387 2.7¢4 2.638 2.575
1.6 1.38 3.21 1.445 2.450 1.759 2.450
26.8 3.45 5.95 <150 2. 438 1.125 2.625
® * * ® ® ®
* No data
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TABLE 22. - Particle motion propagation law constants and standard

deviations.

Explosive Scaled positive Scaled negative Rise time Fall time

acceleration acceleration

Y, 2/

K sE K SE K SE K E

g'sxft % g's xft % sec % sec %

x 10% x 104 x 1072 x 102
AD 10 1.99 40,5 .321 21.9 .081! 14,6 2,03 8.4
AD 20A 1.87 39.7 .324 21,7 0860 14.8 2.13 8.2
AD-P 1.83 40.1 .354 21,5 .0868 15.0 2,01 8.1
SG 45 2,22 39.9 «394 21.8 .0887 14.9 2.34 8.1
Slope, n  -2.39 -1,67 .86 0.11

Sn 19 t.03 1.04 +.02

Explosive - Positive velocity Negative velocity Rise time Fall time

K SE K SE K SE K SE

in/sec % in/sec % sec % sec %

x10’ x10 x 1072 x 107
AD 10 2.62 39.9 1.03 23.5 .146 14,3 2.16 9.6
AD 20A 2.7 39.8 1,04 23.4 .156 14,1 2,15 9.3
AD-P 2.62 39.6 1,14 23.0 .155 14,1 2,18 9.5
SG 45 3.22 39.8 1.29 22.6 .154 14,2 2.47 9.4
Slope, n -2.18 -1.65 0.74 0.11

S’l 1.06 1.04 A 04 AQ 174

1/ K = intercept at RIV‘: 1.0,

2/ SE= The standard deviation about the mean .
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Particle Velocity

The particle velocity data were obtained by electronically integrating the
acceleration records. A study of the acceleration records and the velo-
city indicates that the integration process was reliable, Furthermore,
over most of the propagation distances in the test serics, the shape of
particle velocity and strain pulses should be identical if the direct, radial

" portion of each pulse is considered. Comparison of the pulses verified

that the early portions were of the same shape, However, little corre-
lation was expected or evidenced beyond the calculated time of arrival of
surface reflected waves.

Peak positive velocity, negative velocity, and the associated rise and
fall times as obtained from the integrated records are given in tables
18 to 21, Again, positive defines radial outward particle motion and
negative defines radial inward particle motion, Positive and negative
particle velocity have both been plotted as a function of scaled distance
for each explosive. The plots on log-log coordinates are shown in
figures 33 to 40, Particle velocity data have been fitted to the following
equation:

v=K (Rlv!‘) n (5)
where
v = particle velocity.

The values of n and K and the standard deviations are given in table 22,
Period Data

Rise and fall times were read from all records, These times for strain
data are given in tables 9 to 12 and for acceleration and particle velocity
in tables 18 to 21, The period data were scaled and plotted versus scaled
distance on log-log coordinates as shown in figures 41 to 64. Rise and fall
times were treated separately for each type of particle motion and for each
explosive. The scaled data are represented by the following equation:

uviz=x (Rlv* " (6)
where
t = time, either rise time, t , or
fall time, t . r
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The values of K and nifor accélerdtion and velocity data.axe giveniin
‘table 22, and for strain data in table '13,

Beverdl facts about the period ddta sets: tuiff apart from other roxls, or
.at'least from granite((Nicholls and Hookex, 11962). Inttiffrthe detonation
itime of the explosive was only a smadllifradtion of the ziseitime, Rise
'time was strongly dependent on travel distance, increasing with in-
‘creased travel distance., Fallitimes were very nearly independent of
'travel distance. For a symmetricdl milse, risetime shorldibe one-
thalf the fall time., The asymmetrical milse inrtuff yielded rise times
iless than fall times for scdled distances lessithan50 to80ft/fft. For
-scdled distances gredter than50 to80ift/ft, rise times were gredter
‘taan:fallitimes, The modtpowerfiil explosive, 5G-45H, genendllyyyidlded
'longer zise and fdllttimes: thanithe other cexplosives did.

(Crushed Zone Measuremernts

{In the granite Teport, it was shown! thit the size ofithe cavity crmedtediyy
an explosion in rock was directly reldated to the amount of strdin,gen-
cerated, Similar measurements were conducted in! tuff, After anvexplo-
‘sion in a2 shothdle, 2 supply of compressed air was diredtediintottive
thole, '‘Material which had/been crusted was ejected fromitreihdle, Thhe
-size and shape of the cavitywasthenmeasured by addingldmowniinore-
ments of sand and measuring thelbuildup inttvehobke. SShdbhdlkes Yaand 114
could: mot be measured because! the ‘sand $temmingiin! theeivd ke Haald ccom-
pacted so tightly during deétondtion thit re-entrywas impossible. Andtiver
problem in d¢leaning thelholes wasthdt of ppossibbecenlargenment oft tive
cavity. An over supply df compressed air or wotking'the dithosertoo
vigorously inithe cavity, was sufficient! tolbreddesyp and g gedtaumtbrdicen
oT uncrushed tuff. The vilume 6fithe crusived zowe has Hveen cexpressed
as a patio of the origindl ¢harge wolumeiinitdabie 23, Trive rndtiovwatied
from 20.'1: to 35,3 which TepTesents cavity wolumes 648 .23naxkd 114 55 onibic
feet credted by tharges with a volunve ¢f 0. 4loaibictfedt.

The cTushed zone Tepresents a. 2 0fodt dianvdter cavity appttosh 0ifeetiin
‘eeight as compared tol the origindl thargethdlbe dinvensions 4{00 S5tfodtiin
diameter and 2.5 long. The modt powezfill explosive, BG 45, Hhastbee
largest average vdiwe of arudived zowe volumed [dhayge vdiunve rratio s ceoe-
rpected, 'Howevoy, wonly two ~adtwes: o f cTusived ;zome vwiolunve 'weere obl ta iveeld

ifor! the "8G 45 explosive.
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Callbarattion and Qther Mate

Foonr othages off S8 45 wwane diatomattet] e callozetioon sihotts,.  THrese ohmmges
weate 60995 mrauntss eeacth antl weene ussad] tto digttammiine amgilitutie Levsdls ffor tthe
Leggar sdhots,. The data foom St U338 weess Tlost hacausee anygliifiar gaiin

s tiings weane than low.  Aaadkaration dleta from thhese shotes sone giivem iin
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temaille pealis were subijrctiezd to reflected energy interference at scaled
distances greater than 40 fit,/f and 80 ft/f, respectively. Although the
appesrance of the records was greatily affected by surface reflections
(... 65)),, no appreciable effiect was noted in plots of amplitnde or rise
and ! ol trmes . wersus. scalied distamce..

Three zones of propagatiion may e mplied from tihe analysis of strain
diita,. These three zomes are directly comparable to those suggested by
Chabhat,, et @l (UH2)., The bountaries of the zones are arbitrary bat
eammmgfinll, Chaliei dwvides tie area surrousding an explosive into five
zmnes w5 folliows:  Zome [, acoustic; Zome 1L, semiacoustic or reversible;
Ziomee T, coach zones,, A and' By, Zone TV, crushing; and Zone V, hpdro-
iwmen Zones T wod! 0, TR, and I, aod between I and IV. As shown
i figume 6%, Zones 1and Iare grouped), as ave Zones IV and V, be-
canse experimental data do not provide adeguatie identiffication of sepa-—
raittion..  Thie: Houndamy: lettween: Zones 1 and' A is the outer Limit of
crmciting in e rock. As discnssed by Chabai, the cracking considered)
i tmt camnsed) iy teensilie " hoog®' stresses., " These cracks will appear:
it il chmomamiiementiall temsion (" boop" stress) of a2 wave first ex—
el e teneor mesullimnt of thie anmibent (compressive)) stress,. plas

e thimomei e st vermypgithi: coffi e romeedtiitemit., "Traff is considered to iave a:
veghjgiRile. teemwiillie: sitrengtii., e amityient: stress i

By =pghow By .

Iﬂfm = altbexolinite amminent pressare;,

@ = diemwiity o medimmm,,

i = acoelenation die to grawiliy,.

T = il att witiich, wawe is propagatiod,

B’}B; atmospheTic Pressure.,

e femsor charadien of P, s been igrored. The valne of P, as cal-
coniittientt Frrvomm, & ettt demsaitty of 106 [//cw fit: amd @ depth af Zﬁnﬂb was
appresimmnitelly. 34 pei., Notemsile stress jgreater thamn 34 pei woald then
e Ersgpettied iin, eximst ecmmse femaile fmiilre wroald occar and’ relieve the
s, e mmtmmos, tensile: strmin walme recorded was TG Vi
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The maximum calculated tensile stress was 34 psi based on a value of

Young' 58 modulus of 0.6 x 106 psi. The theoretical permissible tensile
stress and the observed maximum tensile stress are in agreement and
indicate that the outer limit of Zone IIIA, for the test series, about 30

feet from the center of the explosive charge,

In the discussion of Zone IIIB, Chabai points out that in this region, the
"shock propagation velocity, U, decreases as pressure increases. This
results in the well known ! elastic precursor' *. A change in the pulse
shape, particularly in the rise time portion of the pulse, could be ex-
pected under these conditions. The scaled rise time versus scaled dis-

" tance plots from strain data (figures 41 to 44) show a marked change at

a scaled distance of 25 ft/ft or a distance of 18,6 feet. A minimum
value of rise time, t., occurs at this point with larger values of rise
time occurring at both smaller and larger distances, This indication
is proposed as the boundary between Zones IIIA and IIIB as shown in
figure 66.

A third limit or boundary can be implied from the tensile strain data.
This limit is between the crushed Zone IV and crack Zone ILIB. If the
material being crushed is assumed to be permanently deforming in com-
pression, no tensile strain would be expected to exist. An examination
of the tensile strain versus scaled distance plots (figures 17 to 20) shows
that tensile strain becomes zero at a distance somewhere between 5 and
15 feet from the charge. Additionally, period data may be used to esti-
mate the limit of crushing. Assuming that the period of the pulse is
controlled by the size of the cavity created, the following equation would
be expected to hold: (Duvall, Atchison, 1950).

2Ct

2 — (8)
n
where
a = radius of cavity, limit of crushing,
C = longitudinal propagation velocity,
and t_ = fall time of strain pulse.

f
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The calculated cavity radius was about 10 feet which compares favorably
with the estimated limit of crushing from zero tensile strain,

The estimated stresses as calculated from strain values and a Young's
modulus of 6 x 106 psi were:

o at Zone II, IIIA boundary = 34 psi
o at Zone IIIA, IIIB boundary 50 psi
o at Zone IIIB, IV boundary = 150 psi

The average static compressive strength of four 2-1/2 inch long,

2-1/8 inch diameter tuff cores was 840 + 155 psi, quite different from
the 150 psi calculated at the limit of cru—shing. However, the value of
Young' s modulus is undoubtedly incorrect when measured in the acoustic
zone and applied in the crushed zone,

Plots of scaled rise time versus scaled distance for acceleration and
particle velocity data show the same minimum and change of slope that
the plots from strain data do. However, the acceleration and particle
velocity data do not show the maximum negative phase that tensile strain
does. Nor do they show a negative phase approaching zero as tensile
strain does, This is because of the nature of particle motion, motion
and gage must both come to rest.

The slopes for the positive phase of strain, acceleration, and particle
velocity are respectively -2.03, -2.,39, and -2.18. Radial strain and
particle velocity should attenuate the same and there is no significant
difference in the data. Based upon Ricker' s theory (1940), the slopes
should be -(1 + 3b), -(1 + 4b) and -(1 + 3b), respectively. Numerically,
the slopes would then be -2.03, -2,37, ard -2,03, assuming that
1+3b=2,03, The observcd slopes are not significantly different than
those predicted by Ricker., The presence of reflected waves undoubtedly
has some effect on the slopes because the positive phase is subject to
interference from reflections at scaled distances greater than about

60 ft/ft,

The slopes for the negative phase of strain, acceleration, and particle
velocity are -1.83, -1,67, and -1.65, respectively, This relationship
indicates that reflected waves do have a greater influence on velocity

and acceleration amplitudes than on strain amplitudes,
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The slope of the strain energy propagation law should be twice the slope of
the strain propagation law if there is no broadening of the pulse with dis-
tance. The fact that the strain energy slope of -2.98 is much less than
twice the strain slope of -2,03, indicates that there has been considerable
absorption and broadening of the pulse as it traveled outward., Table 25
provides a comparison of strain and strain energy slopes and the absorp-
tion and broadening of the pulse in tuff, granite and salt,

TABLE 25. - Comparison of absorption- tuff, salt and granite

Rock Strain slope Energy slope Zx strain slope Relative
absorption
Ne NE 2 Ne ZNe'NEIZNe
Tuff -2.03 -2.98 -4.06 .266
Granite -1.80 -3.24 -3.60 . 100
Salt -1.25 -2.34 -2.50 .064

The column headed 2N _ is the energy slope which theoretically would exist

in the absence of broadening and absorption. The column headed 2N -Np/2N,
provides a comparison of the relative broadening and absorption in the three
rock types which is obviously greatest in tuff and least in salt,

Although strain and particle velocity pulses have sirmilar shapes as expected,
and the decay exponent is not significantly different for their respective
propagation laws, their relative amplitudes do not agree with theory. At
relatively large distances, several charge radii, strain and particle velo-
city are related:

<=2 9
where R

¢ = strain,

v = particle velocity,
and

C = longitudinal propagation velocity.
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Table 26 provides a comparison of observed compressive strain values
versus compressive strain calculated from observed particle velocity

and C = 6080 ft/sec. Values are from explosive SG 45,

TABLE 26. - Strain and particle velocity

Scaled Observed particle Calculated Observed
distance velocity strain strain
in/sec win/in M in/in
10 20 | 274 680
40 1 14 40
100 . 135 1.9 6.2

Strain and particle velocity amplitudes differ by about a factor of three,
If the propagation velocity were 2000 ft/sec, fair agreement would exist.

4
—

L]

However, this appears completely unrealistic. A more realistic approach
suggests that strain amplitudes are not absolute because they are dependent
upon the grout and the core on which they are mounted and could not there-
fore be considered as absolute values, If the Young's modulus of the core-
grout inclusion is less than for the surrounding medium, the strain ob-
served by the gage would be greater than the strain transmitted in the
medium. Particle velocity amplitudes are considered to be more abso-

lute than strain amplitudes,
Energy Transfer

The total radial strain energy, H, at any distance may be calculated from
the scaled radial strain energy per unit area:

H= [Ea/v'ﬁ 4 n[RIV*]z (10)

where
H = total radial strain energy,

E / v& radial strain energy radiating outward per
a unit area,

4T [RI\I*]z = surface area of a sphere with scaled

PP

radius of R/V
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The total energy of an explosive may be estimated from NRT/(y - 1), where
N is the moles of gaseous products of detonation per unit volume of explo-
sive; R, the gas constant; T, the detonation temperature; and y is the
ratio of the specific heats, The percentage of the calculated explosive
energy transferred to the rock as strain energy can then be expressed as
the ratio of H to NRT/(y - 1) times 100%,

Table 27 gives the values of total radial strain energy and relative energy
transferred to the rock for the four explosives used. The data are dif-
ferent in two respects than those reported from granite. First, the rela-
tive energy transferred in tuff was about 1.,5% and ranged from 12 to 32%
in granite, However, the percentages for granite were probably too large
because of an apparent decrease in the slope of strain and strain energy
propagation laws at small scaled distances which was not considered.
Second, a threefold change in the percentages of relative strain energy
transferred was observed in granite for six explosives covering a char-
acteristic impedance ratio range from 0,16 to 0,52, Only about a 10%
change was observed in tuff for the four explosives with characteristic
impedance ratios ranging from 0.76 to 1.92. It had been shown previously
in the granite report and from salt (Nicholls and Duvall, 1962), that ex-
plosives having characteristic impedances which closely matched the im-
pedance of the rock, impedance ratio approaching 1.0, transfer a greater
percentage of the available energy to the rock. The amount of energy
transferred decreases rapidly as the value of the characteristic impedance
ratio decreases from 0.7 to 0.0. For the characteristic impedance ratios
in tuff, only a 5% change in the values of the percentage of relative strain
energy transferred is predicted from acoustic theory.

Characteristic Impedance and Particle Motion

For tuff the plot of peak strain intercept versus detonation pressure for
each of the explosives was a curved line, as in granite, indicating that the
detonation pressures were not directly proportional to the stress trans-
ferred to the medium (figure 67). Thus, elastic theory was inadequate

in tuff, as it was in granite, to reconcile the results. The transfer of
pressure across a plane boundary due to a plane elastic wave striking at
normal incidence is:
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TABLE 27, - .Ener‘y transfer

Explosive Total energy Relative strain energy
H _1 / transferred to the rock
H
_T_-NRT T l)x 100
It-lbl£t3x106 percent
AD 10 1.04 1.48
AD 20A 1.20 1.48
AD-P 1.15 1.56
SG 45 2,01 1.62

1 H=[E VY] 4 n @V where RIVE < Lo,

Pm 2
P "1+ 2Z an
where Pm = pressure in the medium,

P = detonation pressure,

Z=(p C)el (o C)r= ratio of characteristic
impedances,

p = density of explosive or rock,

C = detonation or propagation velocity of
explosive or rock,

(o C)e = characterstic impedance of explosive,
and (¢ C)r= characteristic impedance of rock,

Assuming that stress in the medium is directly proportional to strain in the

medium, equation (11) can be rewritten:
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10

8|0 Detonation Pressure e Medium Stress

EXPLOSIVE

o AD 10
g AD 20A
a AD-P
2 v SG 45

PEAK STRAIN INTERCEPT-K, i in/in x 10*

| | | . | 1

0 0.2 0.4 0.6 0.8 1.0
PRESSURE-P, 1bs/in’ x 10°
Fig. 67 - Peak Strain vs. Detonation Pressure and Medium Stress.
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r

K/P=A(7177) (12)
where

K = peak strain intercept,
and

A = proportionality constant,

Figure 68 is a log-log plot of the values of K/P versus Z for the data from
four explosives in tuff. The dashed line represents equation (12) and ob-
viously does not fit the data, The solid line is the statistically determined
straight line fitted to the data:

K/P=15.7 x 10'2 z'l°33

(13)
The value of the constant A in equation (12) was chosen to be the same as
the statistically determined constant at Z = 1.0, It appears that shock
wave transmission across the explosive-tuff boundary has occurred and
elastic theory is inadequate to describe the observed data, If the pressure
enhancement, PmIP, is considered, equation (13) conveniently reduces to:

-1.33
PmIP =2 (14)

The stress in the medium may then be calculated and plotted versus the
peak strain intercept for each explosive resulting in a straight line as ex-
pected and as shown in figure 67,

The results from four explosives in tuff are not drastically different than
those reported from granite and salt (Nicholls and Hooker, 1962). The
same analysis was made for values of K/P versus Z for four explosives
in salt and six explosives in granite, The calculated values of Pml P and
Z for all three rock types are given in table 28 and plotted in figure 69.
These are derived values, obtained from K/P versus Z curves for each

rock type. All curves are of the type:

P /P=2"" (15)

and must therefore intersect at Z = 1,0,
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RATIO OF CHARACTERISTIC IMPEDANCES- Z

Fig. 69 - Peak Strain/Detonation Pressure vs. Ratio of Characteristic
Impedances for Tuff, Granite and Salt,
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TABLE 28, - Pressure enhancement- tuff, lranite and salt

Explosive Medium stress Detonation pressure P /P Z
and P . 1b/inZ x 10° L2 .6 m

rock type m’ in x 10 P, 1b/in"'x 10

Tuff

AD 10 .288 - .20 1.44 .76

AD 20A .403 .32 1.26 .84

AD-P . 445 .32 1.39 .78

SG 45 .473 1,11 . 426 1,92

Granite

AD-P 1. 06 .36 z. 94 017

AD 20 1.26 .50 2,52 .22

SG 30 1,48 .69 2.14 .28

Comp. B 1.91 .97 1,97 .32

SG 60 1.95 1.24 1.57 .47

HVG 80 2.43 1.65 1.47 .52

Salt

AD-P .663 .23 2.74 .21

TNT 1.21 .75 1.61 .48

SG 45 1.24 .83 1.49 .54

HVG 60 1.73 1.65 1.05 .92

The results from salt and granite are very similar,

The results from tuff

are different because of the larger value of n, For all three sets of data,

the effect of characteristic impedance appears to be greater than the effect

predicted by acoustic theory.

The difference between the value of n for tuff and n from salt and granite
may have been due to two causes. Shock-wave propagation would be much
more prevalent in tuff, Some evidence of a propagation velocity increase
was noticed with an increase in stress level although not definite enough
for a detailed analysis. The presence of shock waves indicates that the
shock wave velocity should be used in the characteristic impedance ratio.
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However, the shock wave velocity is not sufficiently well known to justify
its use, An additional contributing factor may have been the measured
detonation velocities for the explosives used in tuff, The values given in
table 8 from which the detonation pressure and characteristic impedance
values were calculated, are based upon one detonation rate measurement
for each explosive. Electrical "noise”" problems prohibited taking
additional measurements,

The peak intercepts for particle velocity and acceleration were scaled
by the appropriate detonation pressure for each explosive in tuff. These
values were then plotted versus the proper characteristic impedance
ratio as shown in figures 70 and 71. An equation in the form of a power
law function was calculated for each by standard regression analysis
methods. The plane wave acoustic law for each is shown as a dashed
line intersecting the power law function at Z = 1,0, These curves show
again a stronger effect than that predicted by simple acoustic theory.

Particle Acceleration

Particle acceleration data from small surface shots (table 2); from cali-
bration shots (table 24); and from the linear array tests (table 21); were
scaled and plotted versus scaled distance (figure 72). The dataare from
SG 45 explosive shots only, in order to eliminate impedance effects,
These were all in the Hackberry Mountain tuff. For comparison, data
(table 24) from Rainier, a 1.7 Kiloton nuclear shot in *-: Oak Springs
tuft are shown in figure 72, Though the data are at different amplitude
levels, they are sufficiently close for prediction purposes. Tests in
both rock types were designed so that seismic waves originated in,
propagated through, and were recorded in the same tuff medium. The
difference in amplitude level may be due to difference in rock type.

Conclusions

Pulse shapes in grarnite and tuff each have their own characteristics.
Absorption and dispersion are much greater in tuff than in granite. The
effect of characteristic impedance on explosion-generated strain or par-
ticle motion pulses is similar in tuff, granite and salt, although not
identical. In all three rock types, the effect is stronger than that pre-
dicted by acoustic theory,
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Ricker' s relationship between the decay exponents for particle velocity
and acceleration propagation laws are equally valid for tuff and granite.
His theoretical pulse shapes derived in shale are similar to those ob-
served in tuff.

Additional investigations are needed to explain the change in slope of
pressure enhancement versus impedance ratio as observed in tuff and
granite., Tests should be conducted in a soft homogeneous sandstone or
a similar medium,
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