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NOTICE

This report, Dynamic Rock Mechanics Investigations- Project
COWBOY, is presented in lieu of the two scheduled Applied
Physics Research Laboratory reports listed in the "Titles for
Final Project COWBOY Reports", given at end of this report.
The interdependence of the various parts of this investigation

_prompted the submission of this combined report,
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DYNAMIC ROCK MECHANICS INVESTIGA TIONS
Project COWBOY y

by .

1 1
Harry R. Nicholls—/, Verne Hooker—/ and Wilbur I. Duvallé-/

INTRODUCTION

This investigation was performed by APRL under Memorandum of
Understanding AT (29-2)-914, Schedule 4, Appendix A~ Rock Mechanics

Studies,

Item l,a (1) Dynamic Stress Investigations in Rock Mechanic

Studies in the Carey Salt Mine. This investigation included the following:

1,

2,

Strain gage instrumentation of three COWBOY shots to measure
the strain produced in salt by coupled and decoupled detonations.

Linear array tests to develop a propagation law for strain,
particle velocity and acceleration in salt; to compare explosives;
to determine the effect of impedance coupling between explosive
and rock; and to investigate other seismic effects.

Crater tests to determine the dynamic tensile brea.king strength
of salt.

Tests to measure in situ, longitudinal (P) and shear (S) wave
velocities and to calculate the dynamic elastic constants therefrom.

Laboratory tests on core to determine the dynamic compressive
and tensile breaking strength of salt.

Physical properties tests under laboratory conditions for com-
parison with dynamic results,

INSTRUMENTATION '

The APRL instrumentation used in the linear array and other tests
at Project COWBOY consisted of various gages, preamplifiers, a magnetic
tape recorder, and a direct playback oscillograph. Figure 1is a block
diagram of the overall seismic recording and readout system. Most of

l/ Geophysicist, Applied Physics Research Laboratory, Bureau of Mines,
Region V, College Park, Maryland.

2/ Supervisory Physicist, Applied Physics Research Laboratory, Bureau
of Mines, Region V, College Park, Maryland,



2,

this equiprhent was commercially available except the strain gages ahd
preamplifiers. The strain gages.and preamplifiers were designed and
fabricated by APRL. ' o

The APRL borehole strain gages used in the linear array consisted
of Baldwin-Lima Hamilton Type C-1 resistance strain gage elements
mounted on selected limestone cores (1)3/ . The limestone cores were
chosen to match the characteristic imf)-eda.nce of the salt because salt
cores were unavailable at the time the gages were prepared.

Type C-7 resistance strain gage elements were used in the dynamic
core studies. These elements were cemented along the cores at various
distances and were unshielded. ’

The strain gage output depends on the preamplifier input circuit,
the gage characteristics, and the gage current, Figure 2 is a schematic
diagram of the preamplifier input, The change in voltage, AE, generated
by the gage is given by the equation: ~

' (R_R,)

= f1ae .' | (1)
(R ¥R))

AE

where _ L
Rg-= gage resistance= 505 ohms

Ry= Shunt resistance= 3100 ohms
f= gage factor=3.24l ‘
I= gage current= 0,025 ampere

Ae= change in applied strain

For these circuit constants, the voltage generated by a type C-1
strain gage is 35.2 micro-volts per micro-inch per inch of strain..

i/ Underlined numbers in parentheses refer to items in the bibliography
. at the end of the publication.
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Particle velocity measurements were made with MB Type 124 gages
having a frequency response as shown in figure 3. The amplitude response
is linear from 0 to 0,4 inch depending upon frequency. The gages will
withstand accelerations to 50 g.

Endevco accelerometers Model 2215 were used. Figure 4 shows a
typical frequency response curve, The amplitude linearity of these accelero-
meters is within 1% and the maximum acceleration tolerable to 10,000 g.
These gages were chosen primarily because their high internal capacitance

- permits the use of long cable leads. In this gage, the Piezite crystal is not

mechanically isolated from the case.

Calibration of the velocity and acceleration gages were made on MB'

- Model C-11 vibration pickup calibration, Table 1 illustrates ty-pzcal

characteristics for the various gages.

| . TABLE I.- Typical gage characteristics

Gage type ~ Sensitivity | » Frequency range, cps
Borehole strain (APRL) 35p volts/pinch/inch ‘ 0-20, 000 i
Velocity (MB 124) © 96,000 p volts/ inch/sec., - 10-2000
Accelerometer

(Endevco 2215) - : 700 p volts/ g 0-10, 000
Strain gage C-7 32 u volts/ p inch/inch 0-40, 000

To match the accelerometer gage impedance and to provide gain,
Endevco Model 2607 amplifiers or Endevco Model 2608 M3 cathode followers
were used, These amplifiers provide high level outputs at low impedance.
At low g levels, the Model 2607 amplifier was used at an amplification of
10, 30, or 100. The Model 2608 M3 cathode follower was used where
seismic signals were large and additional amplification was unnecessary.
Figures 5 and 6 show typical frequency responses for the amplifier and
cathode follower, respectively,

Preamplifiers (APRL Model PHT) were designed to amplify signals
from strain or velocity gages, or from accelerometer amplifiers or
followers and to deliver up to 1 voltto the tape recording system. A maxi-
mum gain of 2000 was available. Gain control was accomplished by a
60 db switch attenuator (in two 30 db steps) and a 38 db attenuator (in two
db steps), providing a total attenuation of 98 db, Figure 7 shows the frequency
response of these preamplifiers at various gain settings.
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The output of the preamplifier was recorded with a Minneapolis-
Honeywell Series 3170 magnetic tape recorder. This recorder had been
modified by placing the tape transport and recording and playback amp-
lifiers in two separate cases for portability, The recorder includes both
FM and analog record and playback units,. The frequency response for
FM recording and playback was from DC to 10,000 cycles per second and
for AM recording and playback from 100 to 100, 000 cps.

' "Readout of signals from the tape was accomplished by using a direct
writing oscillograph (Visicorder). High frequency galvanometers were
used to prevent frequency limiting in the playback system.

The overall systém was calibrated irnmedilateljr before each shot. A
1 millivolt signal was recorded simultaneously on each channel with pre-
amplifier gain setting at 16 db below maximum,

Figure 8 shows the recording system on site at Project COWBOY.
INSTRUMENTATION OF COWBOY COUPLED AND DECOUPLED SHOTS

Procedure

Shot 8, a 477.4 pound decoupled charge of Pelletol at Station 2.1 was

.. instrumented with two radial strain gages at Stations 2.1-13 and 2, 1-16, as
> shown in figure 9.

Shot 10, a 954 pound decoupled charge of Pelletol at Station 2.1 was
instrumented with four radial strain gages at Stations 2.1-13, 2.1-14,
2.1-15 and 2,1-16, as shown in figure 9,

Four radial strain gages were installed in slant holes to measure

‘radial strain from Shot 11, a 1,003 pound coupled charge of Pelletol at

Station 2.4. The strain gages are shown at Stations 2.4-9, 2.4-10, 2.4-11
and 2.4-12, in figure 9 (Plan and Section AA!'), '

In addition, two accelerometers, R-53A and R-53B, and two velocity
gages, R-53C, R-53D, were installed for Shot 11 in the main haulageway
to the shaft, Gages R-53A and R-53C were mounted on the floor and R-53B
and R-53D were wall mounted.

Data and Analysis

Table 2 presents the data from Shots 8, 10 and 11, Tracings of the
strain records from Shot 11 are given in figure 10.

i




FIGURE 8. - 14 Channel FM and Analog Recordiag Unit.
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SHOT No. 11 STATION 2.4
1,003 LB. PELLETOL

€.=174.6
2.49 ‘LD\_,
R=97.7 ft, < } -
€.=72.3
2410 —LJ\ _
R=140.4 ft. !
Ec =40.3
2411 o o
R=210.7 ft. !
2.4-12 €. =<13.7

R=276.9. 5m|illlseconds T ’

|
Time scale

€.. Peak compressive strain in microinches/ inch
R. Distance from shatpoint to gage
2.4-9. Gage No.

FIGURE 10.. - Typical Strain Records, Cowboy Shot 11.




TABLE 2.~ Data from COWBOY Shots 8, 10 and 11

Shot Gage Shot Scaled Peak com-  Peak Peak Fre- De-

No. No. to gage distance pression acceler- velo- quency coupling
distance ation  city ' factor
R R/W]'/3 € ' A v f € /¢
3 © ' P
ft. ft/lbll in/in. gls in/sec. cps
8 2.1-13  98.7 - e | 123%
2. 1'16 19-8 ind 10. 6* 86*

10 2.1-13 98.7 - 11,4 ' . 9,5%
2.1-14 68.1 - 21,5% : 8.9% .
2.1-15 36.9 - . 54,0% ' 9.3%
2.1-16 19.8 - 97.4% , 14

11 2.4-9 97.7 9.77 174.6 115
2.4-10 140.4 14,0 72,3 115
2.4-11 210.7 21,1 40,3 133
2.4-12 276.9 27,7 13,7% - :

R-53A 597 59.7 .1 ‘
R-53B 597 59,7 ° .01
R-53C 597 ~ 59.7 .39 133
‘R-53D 597 59.17 . .79
% Inferred

Although the equipment'worked satisfactorily, no strain records were
obtained for the decoupled Shots 8 and 10. This was due to setting the ampli-
fier gain at a level estimated on the basis of a decoupling factor of 100,
whereas the actual decoupling factor was greater than 100, The inferred
value of peak compression strain, €., given in table 2 indicates the minimum
value of the peak compressive strain, €., which would have produced a record.

An inferred decoupling factor is given in table 2 for Shots 8 and 10.
This decoupling factor was computed by taking the linear array results for
Pelletol (see figure 17) and calculating the strain, ep, that would have been
recorded from each strain gage, assuming Shots 8 and 10 to be coupled. This
calculated peak strain was then divided by €. in table 2 to give the inferred
decoupling factor, It can readily be seen that gain settings were too low to
evaluate the true decoupling factor. ‘

The velocity gages and accelerometers installed at R-53 were grouted

to the salt with Hydrostone. The linear array results presented later indicate




6.
that Hydrostone does not provide a satisfactory bond to the COWBOY salt,
see figure 26, Hence, the velocity and acceleratmn data from Shot 11

are considered que stionable.

Interpretation of Results

The peak strain data from coupled Shot 11 has been plotted with the
Pelletol strain data from the linear array test, see figure 17. The strain
data from Shot 11 is in good agreement with the data obtained from smaller
lmear array shots, A more detailed d1scu591on of this point is included
in a later section of the report.

LINEAR ARRAY STUDIES

Procedure

To effect the linear array test, a total of 16 gage holes (G 1to G 10
A lto A3, V1toV 3)and 8 shot holes (S 1-S 8) were drilled in Carey
Drift #4,. These holes were 3 inches in diameter, vertical, and approxi-
mately 25 feet deep. The depth of these holes was adjusted so that the
center' of each gage and the centers of gravity of the initial charge in each
shot hole were on a horizontal plane.

F1gure 11 shows the detail plan of the test area. Holes S 1 through
S 8 were used as shot holes. APRL borehole strain gages were cemented
in holes G 1 through G 10 and oriented to record radial strain waves from

- either end of the array. Accelerometers, mounted on the same cores,

were cemented in gage holes G 7 and G 10, and are referred to hereafter
as G 7A and G 10A. Gages in G 1 through G 6, G 9 and G 10, were
cemented in with the salt grout developed by Waterways Experiment Station
which was used by other Project COWBOY participants, Gages G 7 and .

G 8 were cemented in with Hydrostone for comparison.

Velocity gages were installed in V 1 and V 2. The V 1 gage was
mounted on a mechanical clamp, consisting of a segmented cylinder with

.a fixed cone on one end and a2 moveable cone on the other. Gage V 2 was

cemented in with salt grout.

Accelerometers were placedin A 1, A 2 and A 3. Gage A 3 was
grouted in with salt grout. Gage A 1 was mounted on a mechanical clamp
as described for Gage V 1, and Gage A 2 was mounted on a rubber packer-
type clamp.
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Three shots were fired in each shot hole, making a total of 24 shots,
Two-pound charges were fired first. The cavity was cleaned with com-
pressed air, and the cavity volume measured by adding known increments
of sand and measuring the corresponding hole depth. The sand was then
cleaned from the hole and the cavity completely filled with explosive for
the second shot (2). This procedure was repeated for the third shot. The
explosives used were Red HL, Gelamite 2, and 60% high pressure gelatin
(60% HP), in 1-1/4 by 8 inch sticks in Hercules Tamp-tite cartridges and
granular Pelletol. Pelletol was used so that the linear array results could

- be compared with the large COWBOY shots. Red HL, Gelamite 2 and

60% HP were used to give a good spread in detonation pressure, velocities,
and densities., All shots were tamped to give loading densities equivalent
to the density calculated for a single stick of explosive. Second and third
shot charge sizes were calculated on the basis of the nominal den81t1es of
the explosives so as to completely fill the cavity.

The shots were detonated with No. 6 electric blasting caps. To in-
sure detonation of the Pelletol, a booster consisting of 1/4 stick of 60% HP
was used. The end holes in the array were fired first, then the next closer
hole to the center of the array was fired, etc, This technique avoids any
propagation through broken rock., The properties of the four explosives
are as shown in table 3,

TABLE 3. - Properties of explosivesl/

Explosive Weight Detonation Characteristic Impedance - Detonation

density velocity. impedance ratio pressure
P - C (pC), (pCle P
(pC)y |
1b/ £t3 ft/ sec lb-sec/ in3 1b/ in2x106

Red HL 41,2 10, 300 7.6 .22 .28
Pelletol 62.4 15, 000 16.8 .48 .76
Gelamite 2 69,9 15, 400 19,4 .55 .92
60% HP 89.9 17,850 28.6 .82 1.48

1/ The properties of Red HL, Gelamite 2, and 60% HP are based on previous
Bureau studies, The properties of Pelletol were furnished by the
Explosives Branch, Bureau of Mines, Pittsburgh, Pa,
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A factorial design was employed to randomize the effects of variations
in the salt, shot to gage distance, and repeated shooting in the same hole.
This design was modified as shown in table 4 to keep the third shot in each
hole at 40 pounds or less., In this table the type of explosive is noted, pre-
ceded by a number indicating the order in the sequence of shooting. Thus,
the second shot in hole S 4 was Red HL and this shot was the 21st shot in
the series,

TABLE 4. - Factorial design, linear array shooting

Hole . .
Shot\# S1 S2 S3 S 4 S5 S6 S7 S8

#

o * % &
1 1-Red.  7-Pel” 13-Gel 19-60% 20-Gel 14-Pel 8-Gel 2-60%
2 4-Pel 9-Gel 15-60% 21-Red 22-Pel 16-Gel 10-60% 3-Red
3 6-Red 11-Red 17-Red 23-60% 24-Pel 18-Red 12-Red 5-Pel

3¢

Red= Red HL, 60%= 60% HP, Gel= Gelamite 2, Pel= Pelletol

Seismic records were played back immediately after each shot and a
preliminary analysis made., This preliminary analysis permitted setting
the preamplifier attenuators at an appropriate level for the next shot,

Linear array datad and analysis

Figure 12 shows two typical strain records and indicates the quantities
that were measured. Figures 13, 14, 15 are tracings of strain records from
three different charge weights, Sever al interesting features appear on these
records. For a given charge weight, no large change in pulse duration with
increased shot-to-gage distance is evident. A definite increase in pulse
duration is indicated with increasing charge size. The strain pulse for large
shot-to-gage distances consists of a compressive phase followed by a ten-
sile phase, As the shot-to-gage distance decreases and/or charge size in-
creases, the relative amplitudes of the tensile phase with respect to the
compressive phase decreases until the strain pulse consists of only a com-
pressive phase., A secondary arrival is present on records from gages at
distances greater than 25 or 30 feet., As discussed later, these large amp- .
litude second arrivals are identified as reflections from the salt-air inter-
face. ‘
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SHOT No. 7-S2-1
EXPLOSIVE 2.0 LB. PELLETOL

. 6c=39
a1 | —
R=325ft
. @2 I €.=18
R=40.3ft.
G3 |
R=5501ft
G4 |
R=850ft.
G5 |
R=1000 ft. '
e
R=107.6 ft. '
1 millisecond
Time scale ~ €. Peak compressive strain in microinches/ inch .

R. Distance from shotpoint to gage
G1-G6. Gage numbers
A. Detonation of charge

S : A FIGURE 13. - Typical Strain Records.
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SHOT No. 15-S3-2
EXPLOSIVE 12.6 LB., 60% HP

R=25.3 ft.

G3

R=40.0 ft.

G4

R=70.0 ft.

G5

R=85.0 ft.

G6

R=92.6 ft.

1 millisecond

—

Time scale

€.. Peak compressive strain in micro-inches/ inch
R. Distance from shotpoint to gage

G1-G6. Gage number

A. Detonation of charge

FIGURE 14. - Typical Strain Records.
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SHOT No. 18-56-3
EXPOSIVE 30.1 LB. RED HL

R=92.5 ft.-

G2

R=84.7 ft.

G3

R=70.0 ft.

G4

R=40.0 ft.

G5

R=25.0ft. -

G6

R=17.4 ft.

1 millisecond €.. Peak compressive strain.in micro-inches/ inch
}’—’1 . R. Distance from shotpoint to gage
Time scale | G1-G6. Gage number

A. Detonation of charge

FIGURE 15. - Typical Strain Records.
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Tables 5a, b, c, d, present the linear array strain data grouped by
explosives. The first column gives the shot designation, for example,
Shot No. 18-S6-3 is the 18th shot in the series, fired in Hole S-6 and it
was the third shot in Hole S-6. The charge weight, W, is given under the
shot designation., In the second column, the gage number represents the
position of the gage noted in figure 11. The third column gives the shot-to-
gage distance, R. The scaled distance, R/ W1/3, is given.in the fourth
column. The quantities in the other columns are defined in figure 12.

F{gures 16, 17, 18 and 19 show, on log-log coordinates, the peak
compressive strain versus scaled distance. The straight lines through
the data were determined by using standard methods of regression analysis.
Peak compressive strain can be expressed as a function of a scaled dis-
tance through the following equation: '

1/3.n

¢ = K(R/W ) R C(2)

where
€= peak compressive strain

K= strain intercept constant at a scaled
distance of 1.

R/W1/3= scaled distance
n= exponent or slope of regression curve

The standard deviations of the data about the straight lines were cal-
culated and are shown as vertical lines near the center for each set of data.

Two conclusions are immediately evident. First, the peak strain de-
pends on the type of explosive; and second, for each explosive the slope of
the propagation curve becomes steeper for scaled distances where thc peak
strain is greater than 60 micro-inches per inch. The slopes and inter-
cepts (n and K), and the standard error in each (S, and S ) are shown in
table 6. There are two sets of constants for each explosive representing
peak strain propagation at the two different strain levels.

In most rock types the pulse duration increases with increasing shot-
to-gage distance because the rock absorbs the higher frequencies in the
pulse., In the COWBOY salt the change in the pulse duration with increasing
distance was small, indicating a very low absorption (see figures 13, 14, 15).
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TABIE 5a.- Linear array,strain'dat.;a

2

Explosive-Red HL -
Shot desig- Gage Shot-to-gage Scaled " Peak Fall - Rise Fall Compression Tension Arrival Reflection
nation and . No. distance distance compressive strain time time " time time time time
charge weight ) . strain . ' .
’ . 1 : .
Ry fl:ﬁb{;a e ‘¢ Yt % te b T Tr
in/in. in/in. sec. sec. sec. sec. sec. sec.
x1070 x106  x1073 x10-3 x10-3 103 x10°3  x0-3
G1 ¥7.5 - 37.7 No record . i N
1-s1-1 G2 55.3 L3.9 13 1T .25 .34 .38 ST - 2.96
G3 70.0 55.6 8.5 12 .25 .35 .37 64 1.03 3.99
W= 2 1b. G h 100.0 9.4 2.7 3.8 .26 .30.. .38 .61 3.05 5.94
' v1/3 1/3 C5 115.0 91.3 b7 7 .23 .30 .36 7L ks 6.95
' =1.26 1b G 6 122.6 97.3 3 .y .24 .31 .37 .65 k.63 T.-44
G 7 85.0 67.5 2.3 2.9 | - - - - 2.07 -
G8 85.0 67.5 7.1 10 .26 .30 .38 .70, 2.07 5.03
G 10 85.0 67.5. No time break G 2 is reference for arrival times '
: Gl 122.5 67.4 9.9 15 .28 .38 b5 .83 8.47 11.25
3-58-2 G2 1.7 63.1 6.8 11 21 N .72 T.91 10.64
G 3 100.0 55.0 12 18 .27 .38 RIH .83 6.89 9.69
W= 6.0 1b. Gk T70.0 38.5 13 20 .27 4o b5 .83 L.81 T.65
- 1/3 /3 6% 55.0 30.3 19 28 27 .38 43 L 3.82 6.73
w32 182 11 G 6 7.4 26.1. 33 L8 .27 -39 b5 .76 3.29 6.28
: GT 85 46.8 2.8 6 - - - - - -
G9 85 46.8 10 16 .25 b 43 T 5.87 8.71
G1 32.5 1.2 78 90 .51 .63 .90 .86 2.39 -
11-82-3 G2 0.3 13.9 36 43 .bo 65 . .89 1.QL. 2.86 5.96 -
o G3 . 55.0 19.0 ko 52 - .kg .65 .79 1.1k 3.89 6.86
W= 24.5 1b. G L4 85.0 29.3 1T 2k - 45 .65 .76 1.20 6.07 8.86
G5 100.0 345 | 14 19 Y .67 . .76 1.14 T.13. 9.80
w3290 Y3 ¢ 6 107. 37.1 Y17 P A48 62 .76 1.4 T.60 10.30
G 10 T70.0 24.1 23 31 . .48 .66 T 1.04 4.95 7.85

‘01



Linear array strain data
Explosive- Red HL (Continued) -

~ Shot desig- Gage Shct-to-gage  Scaled Peak Fall Rise Fail Compression Tension Arrival Reflection
nation and No.- distance distance compressive strain time time time time time time
charge weight R R/wl / 3 strain t t ¢ t T T
. £t. ft51b1/3 ec . ef T b g c t A R
in/in. in/in. sec. sec. sec. sec. see. sec.
x10™ x10° x03 x03 x1073 x1073  x1073 x1073
12-87-3 G1l 107.5 33.6 19 27 .65 .80 .97 . 1.07 7.48 10.23
: G2 93.7 3.2 13 : 18 .63 .82 .98 .96 6.98 9.69
W=.32.9 1b. G 3 85.0 26.6 25 37 .65 .82 .97 - 1.0 5.93 8.64
/3 1/3 G U4 55.0 17.2 34 hy .62 1.00 1.01 1.08 3.88 6.78
wt/ 32 3.20 1b G5 4.0 12.5 50 61 .62 .91 .99 1.10 2.85 6.06
: . G 6 32.4 10.1 90 104 .62 .92 1.0k 1.00 2.33 5.76
G 10 70,0 21.9 25 34 .65 .84 1.0L 1.10 L.g2 -
G1 17.5 5.35 283 221 A7 .91 - - 1.32 -
17-83-3 G2 25.3 7-Th 93 97 b7 .88 - - 1.86 -
G 3 ho.0 12.2 T 105 .bo -T9 .90 - 2.84 6.05
W= 34.9 1b. G U "~ 70.0 21.h4 30 43 it .72 .84 1.19 4.89 7.69
: G5 85.0 26.0 23 35 .48 .78 .82 1.17 - 5.91 8.73
wl/3- 3.1 /3 ¢ 6 92.6 28.3 26 39 AT TS .82 1.08  6.4o 8.98
G 7 55.0 16.8 T.4 10 - - - - - 3.83 -
G 10 5.0 16.8 L 60 ) .72 .84 1.32 3.88
18-86-3 G 1 9z.5 29.6 22 31 .52 NE) .81 1.1% 6.542 -
G2 8u.7 27.1 17 24 .52 .78 .82 1.07 5.94 8.70
W= 30.1 1b. G 3 7¢.0 22.4 34 18 .52 .82 .87 1.21 4.88 T.64
ch kc.o 12.8 - 52 62 . .52 .83 .92 1.13 2.87 5.99
wi/3- 3.2 1/3 ¢ 25.0 8.a 112 19 .51 .81 - - 1.93 -
G 6 17.4 5.58 237 17k .52 .99 - - 1.37 -
G 10 55.0 17.6 38 L9 .50 . .93 .85 1.20 3.82 6.78
21-8h-2 G1 2.5 1.39 1920 240 .21 cuab - - .26 -
G2 - 10. 5.72 88 79 .29 .35 .63 - .79 -
W= 5.8 1b. G 3. 25.0 13.9 63 86 . .29 A7 .50 .69 1.82 5.48
/3 1/ G & 55.0 30.6 18 26 .27 b7 .48 17 3.80 6.88
w32 1.80 /3 ¢ 5 70.0 38.9 16 23 .27 .ho L1 (! 4.89 7-78
G 6 77.6 43.1 6.7 um .26 .38 .38 .76 5.40 8.33
G 10 Lo.0 22.2 31 L6 .27 .49 .48 .78 2.87 6.00

‘11



TABLE 5b.- Linear array strain data

Explosive~ Pelletol ™
Shot desig- Zage Shot-to-gage  Scaled Peak Fall Rise Fall  Compression Tension Arrival Reflection
pation and No. distance distance compressive strain time time time time time - time
charge weight 1 /3 strain
R R/W e ep te  te te ty Ty TR
ft. f‘t/lbl/3 . in/in. 1n/in. sec. sec. sec. sec. . sec. sec.
: x1076 - 106 03 x1073 x10-3 x10"3  x10-3 x10-3
L-s1-2 G 1l 47.5. . 23.8 Lo 52 .35 .hs .53 .72 3.24 6.13
G2 55.3 27.7 21 29 34 kY .61 .85 3.74 6.55
W= 8.0 1b. G 3 . T0.0 35.0 21 31 .35 .48 .53 1.01 L.70 71-55
G b 100.0 50.0 11 16 .35 b .51 .89 6.62 9.36
wi/3= 2.0 11/3 G5 115.0 57.5 9.1 13 .33 .44 .51 1T 7.64 10.25
G 6 122.6 61.3 11 16 RN 52 -75. 8.12 10.7h
G 7 85.0 ha.s 3.6 k.g - - - - 5.7h -
G 9 85.0 42.5 12 16 .32 .45 .52 .76 5.65 8.39
5-58-3 G 1 122.5 40.0 25 32 .51 .76 .88 1.00L 4.89 7.55
G2 11k.7 . 37.5 17 23 .53 .75 .88 .69 4.38 T7.00
W= 28.8 1b. G 3 '1.00.0 32.7 31 L3 .51 .88 -.88 .88 3.40 5.98
G b 70.0° 22.9 37 51 .52 .87 .92 .97 1.50 4.18
W3- 3.06 /3 G5 55.0 18.0 52 68 .50 .88 .89 1.12 .52 3.31
G 6 L7.4% 15.5 80 102 .53 .79 .97 1.30 - 2.86
G 7 85.0 27.8 2.8 L.g .38 .4 - - - -
G 8 85.0 27.8 3.3 6.6 - - - - - -
G9 85.0 27.8 25 35 .51 .9 .85 .89 2.58 5.33
G 1 85.0 27.8 31 43 .50 .89 .88 1.14 2.58 5.33
No time break, Gb is reference for arrival times
T-82-1 Gl 32.5 "25.8 39 52 26 .36 .36 .56 2.28 5.64
. G2 40.3 32.0 18 24 .25 .31 .36 .60 - 2.82 6.02
W= 2.0 1b. G 3 55.0 43.7 21 29 .26 .28 .36 .60 3.83 6.92
G L 85.0 67.5 9.8 14 .26 .28 .34 .5k 5.82 8.68
w32 1.6 18/3 ¢ 5 100.0 79.14 7.8 11 .23 .28 .3k .57 6.88" 9.71
G 6 107.6 85.4 9.4 14 .25 .28 .36 .60 7.38 10.21




Linear array strad.ﬁ data
Explosive- Pelletol (Continued)

‘Shot desig- ' Gage Shot-to-gage Scaled Peak Fall Rise Fall . Compression Temsion Arrival Reflection

nation and No. distance distance compressive strain time time time time time time
charge weight . N strain ' A . .
R R/WL/3 €c €g  tp tgp te ty Ty Tx
fe. - ft/lbl/3 in/in. in/in. sec. sec. sec. sec. " sec. ‘sec.
. _ ' x10-6 x166 x10-3 x10-3 x10-3 x10"3  x1073 x10-3
14-86-1 G1 -92.5 CT3.h 9.5 15 .23 .39 .38 .61 6.4%0 . 9.24
G2 84.7 67.2 6.6 10 .25 .35 .38 .61 5.85 8.70
W= 2.0 1b. G3 70-0 55.6 13 20 .26 .32 .39 .56 4.85 7.71
G U ko.0 3.7 19 27 .25 .38 .39 .54 2.82 6.03
wi/3- 1.26 w1/3 G5 25.0 19.8 34 b1 .25 .38 .39 .56 - 1.78 5.42
G6 . 17.4 - 13.8 69 91 .23 1 43 .58 1.27 5.25
G 10 55.0 43.7 15 22 .23 .39 .38 .61 3.79 6.85
22.85-2 G1 T1.5 39.1 5.8 8.8 .34 .39 A2 .81 5.39 8.29
- : G2 69.7 35.2 2.7 © 3.9 - - - - - b8 -
W= 7.8 1b. G 3 55.0 27.8 18 25 .32 .bo .51 : .82 3.84 6.83
/3 1/3 G L 25.0 12.6 3N . 31 .32 .39 .5k .60 1.78 5.36
w3 1.98 1v G5 10.0 5.05 138 90 .21 .38 - - .78 -
‘ G 6 2. 1.21 1050 - .27 - - - .25 -
G 7 ko.0 20.2 1.7 3.4 - - - - 2.99 -
¢ 8 ko.o 20.2 3.5 51 - - - - - - 2.83 -
G9 ka.o 20.2 18 : 2l .30 RN .53 .66 2.83 6.06
G 10 Lo.o 20.2 21 28 .29 RV .52 .68 2.83 6.08
2k-85-3 G 3 55.0 18.8 54 70 .57 .60 8.91 1.ko 3.87 6.97
Gk 25.0 8.56 113 m .5k .62 1.1 - 1.91 -
W=.24.8 1b. ] 2 10.;3 3.42 L34 250 .39 .67 - - .80 -
G 2.4 . .82 15000 - - - - . - .32 -
/3. 2.92 101/3 G 7 40.0 13.7 5.8, 5 - - - - 2.58 -
. G 10 Lo.0 13.7 61 : Th .58 .65 .92 .93 2.85 6.13

€1




TABLE Sc.- Linea.i' array strain data

~ Explosive- Gelamite 2 ' ol
Shot desig- Gage Shot-to-gage Scaled Peak "Fall Rise Fall  Compression Tension Arrival Reflection
nation and No. distance distance compressive strain- time . time time time time ‘time
charge weight ’ strain
R R/w-/3 € - e€p ty tp te  ty T Tp
ft. ft/lbl/ 3 in/in. in/in. sec. sec. sec sec. - sec. sec.
4 : x10-6 %06 x10°3 x10-3 x1.0-3 x10-3  x10-3 x10-3
6-51-3 G1 "47.5 13.9 103 115 .59 - 1.0L- - 3.28 -
c2 55.3 16.2 48 55 .59 - 1.01 - 3.78 -
W= L0 1b. G3 70.0 20.5 kg 61 .59 - 1.03 1.65 4.83 -
/ 1/ G A 100.0 29.2 . 25 30 .59 - 1.07 1.68 6.84 -
W3- 3. /3 ¢ 115.0 33.6 20 25 .59 - 1.00 1.55 7.88 -
c6 122.6 35.8 26 33 .62 - 1.08 1.68 8.39 11.10
G7 85.0 2k.9 56 10 - - - - 6.05 -
¢ 10 85.0 2k.9 33 o @ .62 - 1.08 1.65 5.84 -
5-57-1 G1 107.5 85.3 . n 17 26, .30 .37 .65 7.40 10.13
G2 99.7 79-1 - 7.8 12 .26 .34 .36 .62 6.88 9.60
W= 2.0 1b. G g 85.0 57.5 13 22 22 30 .36 .'6(0 5.81 2.59
G 5.0 3. B T : .26 . . .78 .78
w32 106 w1/3 G5 zo.o 31.:{( 28 ﬂ .23 33 3—7( .6?) %;—, 5.;{2
G 6 32.4 25.7 LY 64 .23 35 .37 .TL 2.24 5.57
9-82-2 c1 32.5 15.6 84 . 103 .33 .4k .61 1.08 2.28 -
G 2 40.3 19.3 by 51 .36 43 .61 1.10 2.80 6.02
W= 9.1 1b. -G 3 95.0 §6.3 43 61 .37 hhg .62 1.28 3.80 6.91
; c L 85.0 o. 19 . 27 - 7T . .60 . 1.01 5.83 8.77
W3 2.0 /3 ¢ 100.0 lq.g 16 22 7 k6 .55 .91 6.89 -
‘ c 6 107.6 ‘51.5 19 - 26 46 .58 1.00 T.35 10.33
GT 70.0 33.5 6.4 9.2 - - - - L.86 -
G 8 70.0 33.5 L7 7.8 = - - - k.86 -
G9 70.0 33.5 21 29 .37 46 .60 1.06 4.85 T.79
G 10 T70.0 33.5 - 24 3 . .33 .45 .56 1.20 4.86 7.92




-Linear array strain data
Explosive- Gelamite 2 (Continued)
Shot desig- " Gage Shot-to-gage  Scaled Peak Fall Rise Fall Compression Tension Arrival Reflection
nation and No. distance distance compressive strain time time time time time time
charge weight strain -
‘ R R/wl/3 . .
£t. £t/101/3 € e b ty te ty TaA TR
. . 1n/in. in/in. sec. sec. sec. sec. sec. sec.
x076 0% x03 x03 x1073 v x1073  x1073 x1073
13-53-1 G1l 17.5 13.9 100 129 .25 .38 37 .67 1.28
G2 25.3 20.1 38 51 .23 .39 37 .66" 1.77 -
W= 2.0 1b. G 3 40.0 3.7 35 50 .23 .34 37 .66 2.80 5.99
/3 1/3 G b4 T70.0 55.6 1k 21 .25 .34 37 .63 4.8 7-65
w3z 1,26 143 g5 85.0 67.5 12 17 .25 .3 37 .58 5.85 8.66
c 6 952.6 T3.5 13 19 .25 . .34 38 .57 6.34 9.18
G 10 55.0 43.7 20 31 .22 .36 34 .61 3.79 6.85
16-86-2 G1l 32.5 k2.6 22 31 .35 .6k 54 1.01 6.47 9.45
G2 3.7 39.0 17 23 .36 .54 .57 1.05 5.92 8.79
W= 10.2 1b. G 3 70.0 32.3 32 46 .36 .5k .5k 1.17 4.85 T-T1
/3 1/3 G h 40.0 18.L ko 63 - .38 .5k .61 1.13 - 2.90 6.04
w32 2.17 1/ G S 25.0 11.5 9l 110 .38 .59 69 .92 1.84
G 6 17.% 8.0 219 202 .35 .66 - - 1.29 -
G 7 55.0 25.3 2 b - - - - 3.91
G 10 55.0 25.3 37 48 .38 .54 57 1.02 3.87 3.86
20-585-1 Gl 77.5 60.5 . 14 22 .20 .38 33 .63 5.40 8.33
G2 69.7 5k.5 13 18 .20 . 38 .76 4.82 7-T1
W= 2.1 1b. G 3 55.0 43.0 25 35 .24 ko 38 .76 "~ 3.79 6.75
L 1/3 1/3 - G L 25.0 19.5 52 65 .23 Jda o 38 .76 1.80 5.46
w32 1.8 w13 g5 10.0 7.80 208 202 .20 .43 - - .6 -
G 6 2.4 1.88 1830 839 .13 .35 - - .22 -
¢ 10 L0.0 31.3 30 Li .25 .39 38 7 2.81 6.10

*a1




~ TABLE 5d.- Linear array strain data

Explosive- 60% High Pressure Selatin o
Shot desig- Gage Shot-to-gage  Scaled Peak Fall Rise Fall Compression Tension Arrival Reflection
nation and No. distance distance compressive strain time time time time time time '
charge weight : strain ’ .
R R/wL/ 3 /5 ce €r  t.  tp tg ty Ta Tq
ft. £t/1v in/in. in/in. sec. sec. sec. ~ sec. sec. sec.
x1076 x106 x10"3 x10-3 x10-3 x103  x10-3 ~ x10-3
2-58-1 G 1 122.5 95.6 9 13 .26 -~ .30 .35 .69 8.39 ~11.18
, G2 11h4.7 - 89.5 6.4 10 .26 .30 .34 .71 7.86 ©10.58
W= 2.1 1b.. G 3 100.0 78.1 12 18 .25 .30 . .3 76~ 6.81 9.57
/3 1/3 G h 70.0 54.6 12 18 .26 .35 - .35 .72 k.79 7.70
w =1.28 172 G5 55.0 42.9 17 25 .26 .29 .37 .69 3.70 6.71
G 6 k7.4 37.0 27 ko .25 .27 37 .69 3.22 6. 28
G T 85.0 66.4 2.1 L1 - - - - ' 5.95
G8 - 85.0 66.4 1.4 2.5 .25 - ) - - 5.95 -
G9 85.0 . 66.4 9 13 .25 .29 .37 .71 5.81 8.73
G 10 '85.0 66.4 11 17 .25 .30 .37 .76 5.81 8.73
10-87-2 G1l 107.5 k7.6 2 | 30 .38 .53 .57 4 96 7.47 10.22
G2 99.7 L1 14 20 .34 .57 .57 .98 . 6.94 9.61
W= 11.6 1b. G 3 85.0 37.6 29 ko .38 .56 .57 1.02 5.94 8.66
G b4 55.0 24.3 35 L6 .32 .49 .57 1.21 3.88 6.77
W3- 0.6 /3 g5 - ko.0 17.7 Lh 66 .34 .53 .59 .88 2.86 5.91
G 6 32.4 14.3 101 119 .38 .51 6L 1.02 2.29 5.60 .
G8 70.0 31.0 6.5 7.9 - - - - k.ol 775 .
G9 . 70.0 31.0 26 36 37 .5k .58 1.13 4.8 °  T7.68
G 10 70.0 31.0 30 L1 .36 .52 .59  1.08 k.98 T7-75
15-83-2 G1l 17.5 . 1.5 322 277 .33 .67 - - 1.27 -
G2 25.3 10.9 97 104 .38 .66 T7 - 1.80 -
W="12.6 1b. G 3 ko.o 17.2 76 ~ loe .38 .56 .66 .99 2.82 6.06
1/3 1/3 © 4 70.0 30.0 28 Lo .39 .56 .65 1.13 L.80 T.7h4
W' =2.33 1b G5 85.0 36.5 23 .33 .38 . .63 .63 1.1k 5.90 8.75
G 6 92.6 39.7 26 : 37 .39 .54 .62 1.09 6.37 9.20
GT 55.0 23.6 (f 11 - - - - 3.87 -
G 10 55.0 23.6 6.67

Il 56 Lo L52 .63 © .95 3.87




Explosive~ 60% High Pressure Gelatin (Continued)

Linear array strain data

Shotr desig- Gage Shot-to-gage Séaled Peak Fell Rise:- Fall Compression Tension Arrival Reflection
nation and No. distance distance compressive strain time time time time time tine
charge weight : o i strain : >
R R/wl/i/3 €. ¢ tp  tg te ty Ty Tp
ft. - £t/1p in/in. in/in. sec.  sec. sec. sec. sec. sec.
x10-6 x10"® x10"3 x0-3 x10-3 a0-3  x10-3 x10-3
19-84-1 G1 £.5 1.95 2039 1037 14 .2k - - .19 -
G2 1G.3 8.0 160 141 .23 A - - .76 -
W= 2.1 1b. G 3 25.0 19.5 65 90 .25 .39 .38 .67 1.7k 5.50
G4 55.0 43.0 20 28 .23 .34 .38 .63 3.83 6.82
w32 1.8 16./3 ¢ 5 70.0 5h.T 15 22 .25  .3b .36 .66 .86 7.85
G 6 7.6 60.6 14 21 .25 .35 .37 .76 5.38 8.38
G 10 40.0 31.3 30 Ly .25 .35 .37 77 2.82 -
23-84-3 G 1 2.5 .79 Gage failed .22
G 3 25.0 7.89 281 263 .50 .9k - - 1.77 -
W= 31.9 1b. G U 55.0 17.4 63 63 .52 - .90 1.16 3.83 -
_ G5 70.0 22.1 46 63 .54 .91 .89 1.27 4.87 7.86
wl/3- 317 10.1/3 g6 . 77.6 2.5 21 27 g - .76 1.27 5.36 -
G 7 Lo.o 12.6 13 19 .84 .94 1.12 1.0k 2.92 -
G 10- Lo.o .12.6 103 122 .52 .91 1.01 1.32 2.85 -
' ‘ 3




TABLE 6.‘- Strain propagation law cornstants and standard deviations

R

Explosive Range of

5 | Exponent ' | Intercept
1/3
R/ W L n Sn K Sk
Red HL 1-11 -1.58 . +4.092 2840 +1356
- : - - 924
: + 323
- . =1.2 .035 i
11-100 5 4.0 1360 ' e
. 3 1
Pelletol 3.11 -1.58 +.092 3980~
11-100 - -1.25 +.035 1810 + 569
— - 425
Gelamite 2 1-16 -1.58 +.092 5430 +1260
= -1016
16-100 -1,25 +.035 . 2160 . + 574
— - 459,
60% H. P. 1-18 _1.58 . +.092 5710 +2092
. | - -1524
18-100 . -1.25 +.035 2190 + 747
N — - 552

1/ Intercept estimated because of insufficient data,

st o e e oo b S A .
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SHOT No. 24-5-5-3
 EXPLOSIVE 24.8 LB. PELLETOL

. €c =54

A,
G3 |
R=55.0ft !
G4 ~
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G5 ’
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€.=15,500
G6
R=24 ft. ' €.. Peak compressive strain in micro-inches / inch
1 millisecond R. Distance from shotpoint to gage
i G3-G6. Gage number o
Time scale A. Detonation of charge

FIGURE 25. - Pulse Shape Near Shot Point. .




Pulse duration may be considered in any of several ways. For a symmetric
pulse, the rise time should represent one quarter of the pulse duration;

the fall, compressive, and tensile times should each represent half the
pulse duration, However, in most rock types the pulse is not symmetric;
the fall time is more than twice the rise time and the tensile time is greater
than the compressive time. Scaled rise time and fall time data are shown
graphically in figures 20, 21, 22 and 23. These data show that the scaled
fall times are not twice the rise times. Also there is no general increase
in scaled rise or fall times with increased distance. Pulse duration, or
period, is the reciprocal of frequency. Over the range of distances in
these tests, the pulse duration (or frequency) was independent of distance

in the COWBOY salt. These results indicate a minimum attenuation of

high frequency components and a low rate of absorption. '

Because no frequency change with distance was evident, an
average frequency was calculated for each shot. Figure 24 shows the re-
lationship between the frequency, f, and the charge weight to be:

¢= 1700 w0+ 32 | (3)

where
f

frequency

1700= frequency intercept constant at W=1
W= charge weight |

-0.32= exponent or slope of regression curve

The results for frequency versus charge weight show the de-
pendence of frequency on cube root scaling and indicate that this type of
scaling is valid for the salt medium and the type of wave propagated.

Fignure 25 illustrates the change in pulse shape which occurs
with changing shot-to-gage distance. The strain record from Gage 3 (shot-
to-gage distance of 55 feet) shows an initial compressive pulse followed
by a tensile phase which in turn is followed by a reflected pulse, At
Gage 4 (shot-to-gage distance of 25 feet), only the compressive phase of
the initial pulse is present. At a distance of 10 feet from the shotpoint,
Gage 5 experiences an apparent long period, gradual deformation or
yielding in compression resulting in a permanent compressive strain,
At Gage 6, at a distance of 2.4 feet, a definite yield occurs with the ‘
arrival of the strain wave. Thus, salt appears to behave plastically above
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certain stress levels, This strain record (from Gage 6 in Shot 24) may
contain some distortion because the strain level for this recording is at
the point where distortion begins to occur in the recording equipment.

Strain Gages 7 and 8 were cemented in place with Hydrostone and
Strain Gages 9 and 10 were cemented with salt grout. As these gages
were always at the same distance from a given shot, the pulse shapes
and amplitudes from these gages should be approximately the same.

The data from Gages 7 and 8 (Hydrostone) showed that strain amplitudes
were only one-fifth as large as those from Gages 9 and 10 (salt grout). .
Also, the wave forms obtained from Gages 7 and 10 or 8 and 9 (see

figure 26) show no resemblance. Subsequent laboratory tests indicate
that the bond between the COWBOY salt and Hydrostone is unsatisfactory.
It is presumed that Hydrostone did not provide a satisfactory bond at the
COWBOY site. :

Table 7 lists the particle velocity data. The initial recorded peak
is called the peak positive velocity and the following trough is called
peak negative velocity. By this definition and the relationship between
particle velocity and strain, the peak positive particle velocity com-
pares with the peak compressive strain, Figure 27 shows a comparison
of velocity and strain records. All time measurements correspond to
those used for strain pulses (see figure 12). ‘

Gage V 1 was used to record one shot and then was abandoned be-
cause of ringing in the mechanical clamp.

The velocity data from Gage V 2 is presented graphically in
figure 28. No regression analysis was made because of the limited
number of points for each explosive., The particle velocity and strain
data vary with explosive type in the same manner, i.e., the highest
peak amplitudes were obtained for 60% high pressure gelatin, etc., The
recorded particle velocity amplitudes are in good agreement with ampli-
tudes calculated from strain data by a procedure described in a later
section of the report. The particle velocity rise and fall times show the
same lack of dependence on distance as noted for the strain data.

Table 8 gives the acceleration data from gage A 2. The accelero-
meters at G7A, Gl0A, and A 3,  did not function properly. These accel-
erometers were crystal type and the case and crystal are pre-stressed,
with no isolation between case and crystal. In grouting the gages in
place, an additional stress was applied to the case and crystal which
changed the gage sensitivity and response. Accelerometer A 1 was
mounted on a mechanical clamp and gave unreliable results because of
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TABLE T7.- Linear array particle velocity data

Shot Explo-'j “harge Scaled " Dis=- Scaled Peak posi- Nega- Rise TFall Posi- Nega- Arrival Reflec-
desig- sive size charge tance dis- tive tive time time tive tive time tion
nation size tance velocity velocity time time time
W 1b. wt/z Ret.  R/wL/3 v v t,. tp tg ty Ty Tg
1v.1/3 ft/lbl/3 1n/sec. in/sec. Bec. sec. Sec. sec. sec. sec.
x073 03 w03 x03 wo3 a0l
2-88-1 6% 2.1 1.28 50 39.0 3.16 1.35 .25 .31 .38 .76 3.46 6.57
3-58-2 Red 6.0 1.82 50 27.5 3.79 7.3k -1 .50 s .70 . 3.56 5.87
h.s1l-2 = Pel. 8.0 2.0C 220 110 .66 .13 .29 .28 b .22 14.53 17.08
5-38-3  Pel. 28.8 3.05 50 16.3 7.59 2.92 .50 .92 1.10 .17 3.39
No time break, G6 is reference for arrival time and was 2.6 feet from V2
6-81-3  Gel. ko.0 3.42 220 64.3 1.53 1.40 .53 - .99 2.08 15.34 -
7-52-1  Pel 2.0 1.26 205 162.7 .64 s .26 .36 .38 .51 14.09 16.83
8-87-1  Gel. 2.0 1.26 65 51.6 3.35 1.70 .26 .26 .37 .52 L4.63 7.56
10-87-2 604 11.6 2.26 65 28.8 6.17 2.92 .36 .52 .60 1.20 L. 64 7-53
11-52-3 Red 2.5 2.99 205 70.7 1.03 .5k .49 .65 .79 1.24 14.20 16.22
12-87-3 - Red 32.9 3.20 65 20.3 4.59 2.33 .56 .89 .90 1.27 .72 -
13-83-1 Gel. 2.0 1.26 .190 150.8 .76 .60 .27 .3k b1 .53 13.03 15.95
14-86-1 Pel. 2.0 1.26 80 635 1.79 1.55 .26 .31 ] .55 5.66 8.59
15-83-2 60% 12.6 2.33 190 81.5 1.51 .68 .o .50 .63 .89 13.18 -
16-86-2 Gel. 10.2 2.17 80 36.9 L. 2.68 .34 .53 .54 1.06 5.68 8.4Y4
17-S3-3 Red 34.9 3.27 190 58.1 1.52 T3 .48 .83 .85 - 13.20 -
18-86-3 Red 30.1 3.12 80 25.6 Ly 2.19 L2 .76 .76 1.02 5.76 -
19-54-1 6% 2.1 1.28 175 136.7 .68 .76 .26 .39 pin .48 12.21 .-
20-85-1 Gel. 2.1 1.28 g5 Th.2 2.27 2.04 .27 27 2 .60 6.73 9.65
21-8k-2 Red 5.8 1.80 175 97.2 .88 .70 .35 43 .53 .69 12.10 14.70
22:85-2 Pel. 7.8 1.98 95 48 1.76 1.18 .25 b1 Ll .76 6.74 g.51
23-8k.3 60% 31.9 3.17 175 55.2 .31 ™. 7 - - - - 12.10 -
24.85-3 Pel. 24.8 2.92 95 32.5 3.1k 3.36 .39 .60 .66 99 6.82 g.58
1/ 60%= 60% HP, Reé= Red HL, Pel.= Pelletol, Gel.= Gelamite 2.

12



TABLE 8.~ Linear array particle acceleration data

N
™~

Shot désig- 'Explosive Charge size Scaled charge Gage Diétance Scaled distance Peak positive Scalgd positive

nation . size ) acceleration acceleration

' ' Wilb. wt/3 R ft. R/WL/3 A ait/3

1.1/3 £t/10.1/3 g's g-10.1/3

8-87-1 - Gel.2 . 2.0 1.26 A2 65 51.6 1.2 .1
9-52-2 Gel.2 . 9.1 2.09 A2 205 : 98.1 ' L --
10-87-2 60b HP - 11.6 2.26 A2 65 28.8 19.1 43.7
11-82-3 Red HL 2k.5 2.90 A2 205 70.7 ) 11.89
12-57-3 Red HI 32.9 3.20 A2 65 A 20.3 18.6 59.52
13-83-1 Gel.2 2.0 1.26 A2 190 - 150.8 2.7 . 3.k0
14-86-1 © Pelletol 2.0 1.26 2 80 63.5 3.5 Sk
15-83-2 60% HP 12.6 2.33 A2 190 81.5 4,5 10.49
16-86-2 Gel.2 10.2 2.17 A2 80 36.9 17.0 36.89
17-83-3 Red HL 34%.9 3.27 A2 ‘190 58.1 5.8 : 18.97
18-56-3 Red HL 30.1 3.12 A2 80 : 25.6 : 18.1° 56.47
19-8h-1 60 P = 2.1 1.28 A2 175 136.7 2.8, 3.58
20-85-1 Gel. 2 2.1 1.28 A2 95 Th.2 8.6 11.01
21-Sh-2 Red BL. ~ 5.8 1.80 A2 175 , 97.2 3.2 5.76
23-5k-3 60% HP 31.9 3.17 A2 175 - . 55.2° 9.0 28.53
24-55-3 _Pelletol  24.8 2.92 A2 95 33.5 15.1 k.09
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excessive ringing. Only the initial arrival time, rise time, and initial
peak acceleration was obtained from Gage A 2 records, Ringing in the
clamp prevented any study of pulse shape or later arrival times, Fig-
ure 29 gives the results from all explosives. The relationship between
the scaled acceleration and the scaled distance, obtained by regression
analysis is:

1/3,-1.53

awl 3= 6760 (/W3 (4)

where

1/3 ,

AW’ "= scaled acceleration
6760= scaled acceleration intercept constant
(VR‘/ Wl/ 3)= scaled distance

-1,53= exponent or slope of regression
curve

The limited a.rnognt of data prevented comparing the peak accelera-
tion values for the different explosives., The dashed lines indicate
scaled acceleration values calculated from strain data.

, Chronograph contactors or "targets" were placed in each charge
as a. means for determining the detonation time. The propagation time
(difference between arrival time and detonation times) was determined
for each shot-to-gage distance. A typical time-distance graph is shown
in figure 30. Longitudinal propagation velocity, determined by least
squares analysis, was 14,440 feet per second.

_ The size of the cavity after each shot was measured. The cavity
size from each explosive varied approximately as the strain data. The’
cavity volume to charge volume ratio for each explosive is given in
table 9. ‘



TABLE 9. - Cavity volume to charge volume

‘$2

_Explosive
Red HL Pelletol Gelamite 2 " 60% HP
Shot No. Cavity vol. Shot No. Cavity vol.  Shot No, Cavity vol. Shot No, Cavity vol.
Chg.vol, Chg.vol. Chg.vol. Chg.vol,

1-S1-1 2.7 4-51-2 3.9 6-S1-3 4,8 2-58-1 5.4

3.58-2 2.7 5-58-3 4.6 8-57-1 4.5 ©10-57-2 4.8
11-S2-3 2.8 7-S2-1" 4,0 9-52-2 4.7 15-83-2 5.9
12-57-3 3.0 14-S6-1 4,5 13-53-1 5,1 19-S4-1 5,4
17-83-3 2.8 22-85-2 3,2 16-56-2 4.8 22-54-3 5.6
18-56-3 2.7 24-85-3 3.9 20-55-1 4,5
21-54-2 2.8
Average 2.8 Average 4.0 Average 4.7 Average 5.6

bk s b s A i et o =
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25.
INTERPRETATION OF RESULTS

Introduction

The linear array data can be used to show:

1. Validity of scaling laws for comparjing seismic amplitudes from
small and large shots, :

2. Relationship between strain amplitudes and shot hole cavities to
the type of explosive used and its characteristic impedance,

3, Particle velocities can be predicted from strain data.

4, Particle accelerations can be predicted from strain data,

- 5. Particle displacements can be predicted from strain and velocity

data. : ' ‘
6. Reflection events can be identified.
7. Cavity radii can be calculated from linear array data and elast1c
constants of the medium. :

Scaling Law Validity

Pelletol was used both in the linear array tests and in Phase I and
II of Project COWBOY. As shown in figure 17 the strain data (given as
a function of scaled distance) for the linear array tests for 2-to-40 1b.
shots are in good agreement with the strain data from COWBOY Shot 11.
which was a 1000 1b, coupled shot. Thus, the cube root scaling is satis-
factory over a scale factor range of 8, and the quality of the linear array
data are such that extrapolation to even larger size charges should be
possible,

Explosive to Rock Coupling

When an explosive charge is detonated in a cavity in rock, the re-
sulting pressure is transferred to the interior surface of the cavity by
some form of wave transmission. Thus, the pressure or stress trans-

'ferred to the surrounding rock medium would be expected to depend on

the gas pressure and the ratio of characteristic impedance of the gaseous
medium to that of the rock medium. Shock phenomena are undoubtedly
present in the medium immediately surrounding the point of pressure appli-
cation. As a first approximation, the characteristic impedance of the -
gaseous medium for a closely coupled shot may be defined as the product

of the density and the rate of detonation of explosive., Also the gas pressure
may be estimated by the detonation pressure of the explosive. Detonation
pressures may be calculated from the following equation:
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= , : (5)
where:
P= detonation pfessu?e of the explosivé
p= average loading density .
C= detonation velocity

For an elastic medium, the characteristic impedance is the product
of the density and longitudinal propagation velocity., Thus, as a first
approximation, assuming strain is directly proportional to stress, one -
would expect the followmg relationship to exist:

[pC)]
Ke Pfo . : 6
[(eC1] (©)

which may also be written as:

[(pC) ]
K/P=f ———_ B (7)-
[(pC)_] '

where:

A
i

intercept constant in the strain
propagation equation

P

detonation pres sure

(pC)e— characterlstm impedance of
explosive

(p‘C)r= characteristic impedance of rock

[(pC) ]
[(pC) .

= a function of the ratio of
characteristic impedance of
explosive to rock.
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Unfortunately, it is not possible to select explosives having a wide
variation in pressure with constant charactersitic impedance, or constant
pressure with wide variation in characteristic impedance, Consequently,
both P and (pC), vary from explosive to explosive.

The product of P and f in equation (6) represents the stress produced
at the boundary of the hole. Assuming that strain is directly proportional
to stress, the relationship between K and Pf should be a straight line
through the origin. An evaluation of equation (7) may be made for the
four explosives used in the linear array test, Figure 31 shows the strain
intercept constant, which is the strain at a scaled distance of 1 ft/ibl/3,
plotted as a function of detonation pressure. Two curves are shown
corresponding to the two sets of K values given in table 6.

The fact that the strain-pressure curves are not straight lines indi-
cates that there exists some function f, which relates the gas pressure in
the cavity to the stress in the rock at the boundary of the cavity. Figure 32
shows graphically the relationship (from equation 7) between K/ P and:
(pCle / (pC)y- The function, f, of the ratio of characteristic impedances
is represented by the curves in figure 32, The curves in figure 32 permit
the calculation of the stress in the medium for each explosive. If the
ratio of characteristic impedances is 1.0, the medium stress equals the
detonation pressure. If the ratio is less than 1.0, the medium stress
is greater than the detonation pressure., The medium stress is calculated
from the following equation using values from the curves in figure 32.

| Lwre, o
B P (8)
m
(/)]
where
P = medium stress
m
P= detonation pressure-
z= ratio of characteristic impedances
(K/ P)z=_1= value from the curve where z=1
(K/ P)z_a= value from the curve where z=a

represents the z value for each
explosive,
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For each curve in figure 32, the medium stress for each explosive
is calculated by means of equation 8 and plotted versus K in figure 33,
Straight lines can be drawn through these points and the origin 1nd1cat1ng
that dynamic strain is directly proportional to stress for the salt.

Elastic wave theory predicts that:

-2
K/ P= "’C)e (9)

1+ (pC).

Since the ratio of the characteristic: impedances of the explosives
used varies from about .20 to .80, elastic wave theory would predict a
maximum range for K/P to be of the order of 1,5 fold from minimum to
maximum. The data shows at least a 2.5 fold change in K/ Pindicating
shock wave effects, -

After each shot in the linear array, the cavity was cleaned, and the
cavity volume measured by adding known increments of sand. The cavity
volumes were scaled on a volume basis by dividing by the charge volume.
Figure 34 shows this volume ratio plotted as a function of detonation
pressure. The similarity of this curve with the upper strain-pressure
curve of figure 31 at the higher rate of attenuation is striking, The
ratio-of cavity volume to the charge volume was divided by detonation
pressure and plotted as a function of the ratio of the characteristic im-
pedances of explosive to rock in figure 35. Again there is a similarity
of this curve with the upper curve of figure 32, ‘even though strain data -
is scaled by charge weight and cavity volume data is scaled by charge
volume,

Particle Velocity

For a plane or spherical wave, at large distances from the origin,
particle velocity, v, is related to strain, €., by: )

v= ecC (10) |
where C is the longitudinal propagation velocity. This relationship indi-

cates that strain and velocity should be similar for approximately the
same shot-to-gage distance,
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The strain propagation laws

1/3. -n

.= KE®R/W'") (11)

for 60% high pressure gelatin and Red HL were converted to particle
‘velocity propagation laws by multiplying each by propagation velocity.
Figure 28 shows these results. The velocity data from each explosive
plots around these calculated curves with close agreement. No con-

version from strain to particle velocity was made at close distances
where particle velocity was not recorded.

Particle Acceleration

‘ The peak particle acceleration can be approximated from the strain
data by the following equation:

, (12)

>
H

u] ¢
1]

where
A= peak acceleration
= peak particle velocity
tr= rise time of strain pulse
€= peak compressive str?.in
C= propaga.tidn velocity

In using the abave equation, the assumption is made that thc shape of
the strain pulse from the first arrival to the initial peak is a straight line,
A more accurate acceleration could be estimated if the maximum slope of
the rising portion of the strain pulse was measured, The lack of accurate
acceleration data with which to compare the estimated acceleration did not
warrant these additional measurements., Acceleration is scaled by multi-
plying it by W1/3, the cube root of charge weight., Scaled rise times were
determined from the curves in figures 20, 21, 22, and 23, and the peak
acceleration calculated from:

1/3 € C
aw!! ='tf7-w'1/3,. (13)
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The dashed line in figure 29 represents a plot of these acceleration data.
The peak accelerations calculated from the strain data are of the same
magnitude as the measured accelerations, thus, the method appears to
be valid as a first approximation.

Particle Displacement

Displacement, u, is related to strain, ¢, by the following:

du
€= I ) (14)

Thus, to obtain displacement, it is necessary to have the shape of the strain
pulse as a function of distance and to integrate this strain distance curve.

For mediums which :show relatively small attenuation of high frequency
waves with distance, such as salt at Winnfield, it is possible to obtain the
strain as a function of distance from strain-time records,

_ The time scale on a strain record is converted to a distance scale by
multiplying the time scale by the propagation velocity. The shape of the
pulse must be corrected for attenuation with distance. When a pulse first
arrives at a gage, the later portions of the record are actually of greater
amplitude than the amplitude recorded because the pulse has traveled the
added distance comparable to the time shown on the record. This decrease
in amplitude is corrected for by multiplying the recorded amplitude by
some number N. - This number N is, the strain from the curve in ﬁgui‘e 17
at a scaled distance of the gage minus the scaled pulse length to the peak,
divided by the strain from the curve at the scaled distance of the gage.
Intermediate points may be calculated in the same manner, Calculations
were made for all strain records from Pelletol, from arrival at the gage,
to the point at which strain again became zero, These new pulses are the
strain in space at a particular instant, These pulses were hand integrated
to give displacement values. Hand integration of velocity data gives com-
parable values for displacement. Figure 36 shows displacement as calcu-

" lated from strain and velocity. Since no displacement measurements were
taken, no comparisons of recorded and calculated displacements were made,

Identification of Reflection Events
/
The most prominent reflection on the records was identified as being
S-P or P-S type reflected by the salt-air interface. Shear velocities were
measured on the surface of the floor of the drift, Reflection arrival times
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indicate that part of the path has been traveled as a transverse wave and
part as a longitudinal wave, Because it is impossible to calculate the
amount of shear or longitudinal energy arriving at the surface reflecting
point, generalizations have to be made as to the exact type of reflection.
A consideration of the relative amplitudes of direct and reflected waves
indicates the prominent reflection noted to be of the S-P type. P-P and
S-S reflections are also evident but are not nearly as persistent and are

small in amplitude.

Equivalent Radius of Cavity

Three zones or cavities became apparent in measuring post-shot
cavities. All linear array charges had a length-to-diameter ratio between
1:1 and 4:1. The first zone then would have a radius, r, equal to the
radius of the charge. This radius is known before the shot. A second
zone or measured post-shot cavity with a radius, r., would represent
the zone of crushing from which the crushed material is removed by com-
pressed air. The third zone would be a highly fractured zone with radius
a, which was not measurable, Figure 37 illustrates the three zones
apparent in the salt, From a theoretical solution of uniform pressure
pulse, applied to a spherical cavity in an infinite homogenous medium,
it is possible to calculate an equivalent radius of cavity, a, (3), (4), by
means of the following equation: B
C (1--21/)1/2 (15)
2wt ° (1-v) '

a=

where
a= equivalent radius of cavity

C= propagation velocity of the medium
f= frequency
v= Poisson! s ratio

The equivalent radius of cavity},\‘ a, is assumed to be the distance from the
center of charge where the magnitude of the pressure equals the strength
of the rock. Beyond this radius the applied pressure is less than the
strength and no fracturing takes place. From r to r., the pressure from
the explosion greatly exceeds the strength of the rock and crushing takes
place. As the pressure decreases with distance, only cracking takes
place until a distance of a is reached, beyond which the medium behaves

elastically.
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The frequency of the strain pulse in the salt medium is inversely pro-
portional to the cube root of the charge weight. Using the constant from
equation (3) and the elastic constants given in table 18 and substituting in
equation (15),

1/3

a= 1,28 W (16)

As a typical example for Shot 4-S1-2, an 8.2 pound Pelletol charge,

r=,18 ft,
r = .34 ft,
a= 2,58 ft,

No cavities with radii as large as a, were measured. However, cavities
were not cleaned to the limit of fracture. Fracturing undoubtedly has
taken place well beyond any radius calculated from cavity measurements.,

Summary

Small scale tests can be used to predict results from large scale tes
Additional testing is needed to evaluate the degree of extrapolation that is
permissible, Since particle velocity, acceleration, displacement and strain
data are all inter-related, small scale tests designed to establish propa-
gation laws for any one quantity, give useful information for the others.
Small scale testing is invaluable in making predictions for large scale shots,
The rapidity and economy of the linear array type of testing is especially
useful for prediction purposes as linear array tests yield a large volume
of data over a wide range of scaled distances, '

CRATER STUDIES

Introduction : -

In previous investigations (2), (5), it has been shown that the crater
formed by detonating an explosiv;nea-; a rock surface results from the re-
flection at the free surface of the compressive pulse generated by the de-
tonation. This pulse reflects in tension, and as the tensile strength of the
rock is much less than the compressive strength, the rock is broken in
tension progressively from the surface toward the shot point. Because the
rock fails in tension the dynamic tensile breaking strength of the rock can
be determined from crater tests,



FIGURE

36. - Typical Crcter Before Cleaning.
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Procedure

A series of fifteen shots were fired in the area shown in figure 10,
Eight-pound charges of Gelamite 2 were fired in 5-inch diameter vertical
holes, at depths varying from 1 to 10 feet. All holes were stemmed to
the surface. .

None of the crater shots were instrumented with any type of gage or
recording equipment. After each shot was fired a visual inspection was
made of the crater area for particle size, slab thickness, and general
crater outline. Photographs were taken before any salt was removed. The
crater then was cleaned of all loose and broken salt to the extent that a
new face of fresh, unbroken salt was exposed, Each cleaned crater was
then rephotographed. Figures 38 and 39 are photographs of a typlcal .
crater before and after cleamng.

In some cases the hole did not crater to the full depth of the charge.
Craters of this type consisted of an unbroken portion of original drill hole
separating the surface crater and the cavity produced by the detonation
of the charge.

All of the charges did not produce craters, When the center of
gravity of the charge was deeper than 6 feet, a small crater at the collar
of the shot hole was produced. This may have been caused by gas or sand
stemming as it was blown from the hole. The volume of salt removed
from these craters was too small to be considered in the data analysis,

After cleaning the crater of broken rock, the periphery of the crater
at the surface was mapped and the crater surface area, Ak’ was measured (2).
Figure 40 shows plan and vertical sections of two craters. The crater
radius, R,, was computed from the crater area by assuming the crater
area to be a circle: :

R, = /A In o

Six vertical cross-sections of the crater were mapped, from which the crater
volume, V,, was coinputed by rotating half of each cross-section through

V=1-;—(rA+rA+.:....r (18)

k 1" "2772 IZAIZ)'

where A AZ' ceae ...A , are the areas of each half cross-section and

1’ 12
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iy T2eeeeaTo, are the radii to their respective centers of gravity, The
crater angle ¢ was computed from the crater radms Ry, and crater depth
Dy by the equation:

Ry .
tan§=D—k . (19)

A radius of rupture, R, was computed from the charge depth and
crater radius by the equation:

) Z .
R=/D +Rk | . (20)

The radlus of rupture is the average distance from the center of the charge
to the periphery of the crater at the surface,

‘Crater Data and Analysis

Crater data are presented in table 10. These data are divided into
three categories: (1) charge data; describing size, shape and position of the -
charge: (2) crater data; which describes the physical dimensions and
geometry of the crater: and (3) computed and scaled data.

. For crater C-2 two sets of data are given; the data, C-2a, showing

 the smaller volume are based on the cleaned crater and the data, C-2b,

.based on cracking noted at a radius of 8 feet around the original hole. Com-
. pressed air blown into the hole vented through the cracks 8 feet away. The
detonation of the charge may have created a slab but lacked sufficient energy
at this depth to break the slab,

Figure 41 shows plots of scaled crater radius as a function of scaled
charge depth. The data has a characteristic pattern similar to that pre-
viously seen in other rock types. '

‘Scaled crater depth is plotted as a function of scaled charge depth in
figure 42, This figure shows that for scaled charge depths less than 1.5,
the scaled charge depth, and the scaled crater depth are approximately
equal. For larger scaled charge depths, the scaled crater depth is smaller
than the scaled charge depth., For these shots the crater lies above the
original charge point, with unbroken rock between the crater zone and the
charge point.

Figure 43 shows a plot of scaled crater volumes as a function of scaled
crater depths. This curve resembles the scaled crater radius and scaled
crater depth curves,
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TABLE 10. - Crater test data

Chafge data . .~ Crater data | : Computed and scaled data
- o Y

9 B8 Se & 59 [gE AW gw gdglsyg 88g swg 89Y WH WHs 587
n = a | A [+ <:,g> @ & 0o 023‘00“ sk 5gu 1 N

W D 1 d Ry Dy ¢V w3 pat/3 1/a Rk/wl/ 3 Dk/wl/ 3 R/wl/ 3 v u
C-4 8.2 0.8 0.8 0.42| 3.77 1.80 129 44| 2,02 .40 1.9 1.87 .89 1.91  5.37
c-128.1 1.8 .8 .42| 5.20 1.50 148 66| 2.01 .90 1.9 2.59. .75 2.74 8.15
c-148.0 2.9 .8 .42 6.23 2.85 131 142]2.00 1.45 1.9 3.11 1.43 3.44 17.75
C-118.1 3.7 .8 . .42| 6.23 2.4 138 101|2.01. 1.84 1.9 3.10 1.19 3,61 12,47
c-1 7.7 4.2 .8 .42| 6.29 3.1 128 117 1.97 2.13 1.9 3.14 1.57 3.84 15.19
C-10 8.1 4.7 .8 .42| 7.78 2.55 144 136| 2.01 2.34 1.9 3.87 1.27 4.52  16.79
Cl2a 7.7 5.2 .8 .42| 1.49 .55 139 2] 1.97 2.64 1.9 .76 .28 2.75 .26
C-2b 7.7 5.2 .8 .42 8.0 .55 172 37| 1.97 2.64 1.9 4.06 .28 4.84 4.8l
CcC-6 8,2 6.1 .8 .42 | No crater 2;02. 3,02 1.9 No crater
c-13 8.1 6.3 .8 .42 Do o 2.01 3.13 1.9 do
c-3 8.1 6.6 .8 .42| Do 2.01 3.28 1.9 do
c-8 8.1 7.2 .8 .42| Do 2,01 - 3.58 1.9 do
c-5 8.2 7.7 .8 .42| Do 2,02 . 3.81 1.9 do
c-9 8.1 8.2 .8 .42| Do o 1 2.01 4.07 1.9 do
c-7 8.1 8.7 .8 .42} .Do 2.01 4.32 1.9 do w
c-15 8.0 10.0 .9 .42| Do | 2,00 5.00 2.1 do
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Figure 44 shows the scaled radius of rupture versus scaled charge
depth. The scaled radius of rupture can be represented as a power
function of scaled charge depth. The equation in this figure was deter-
mined by least-square analysis and is valid only in the region where the
scaled radius of rupture is greater than the scaled crater depth, as
required by the definition of the radius of rupture.

Interpretation of Results

"The fall length of a strain pulse is defined as the product of the fall
time, tg, and the longitudinal propagation velocity C. The value for C
can be obtained from the linear array data and the fall time from figure 22
for Gelamite 2. If half of the fall length is less than the charge depth and
if the fall strain is several times the tensile breaking strain the depth of
the crater should be approximately one-half of the fall length of the strain
pulse.  Table 11 lists the computed one-half fall lengths. Lack of fall
time data for small scaled distances prevents calculation of fall lengths
for C-4 and C-12. '

TABLE 11,- Measured and computed crater dépths

Crater No. .One-half‘ fall length Measured crater depth
‘ ft - ft

C-14 2.89 | 2.85 )

C-11 3.22 B 2.4

Cc-1 o 3.44 3.1

C-10 o 3.54 2.55

C-Z : 3.68 0.55

If the charge depth is less than one-half of the fall length of the pulse,
the rock is broken Irom the free surface back to the crushed zone around
the charge. This condition is apparent from craters C-4 and C-12, For
crater C-14, the charge depth, crater depth, and estimated crater depth
are nearly equal, ' '

Scaled crater depths were computed from the half fall length data
given in table 11 and are shown plotted as a function of scaled charge depth
(dashed line) in figure 42. For scaled charge depths of 1,5 or less, the
scaled crater depths should equal the scaled charge depths, For scaled
charge depths greater than 2.3, the measured scaled crater depth decrea
abruptly, whereas the computed scaled crater depth continues to increasc .
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This result is to be expected because the fall strain is being attenuated
with distance and becomes insufficient to break the rock in tension,

A visual inspection of the craters before cleaning indicated two slabs
were produced at charge depths up to 4.7 feet, and slab thickness varied
from 1 foot to 1,5 feet. For crater C-2, only one slab was produced in-
dicating that maximum crater depths occurred when two slabs were pro-

" duced. The formation of two slabs at maximum crater depths is evidence

that the fall strain was at least twice the breaking strain of the rock.

The dynamic tensile breaking strain and stress of the rock may be cal-
culated from the crater data and the linear array data. The scaled
crater depth plus scaled charge depth is the total travel distance of the
strain pulse, The fall strain at this distance is read from the dashed
curve in figure 18, The average value of the half of the fall strain is

the estimated dynamic tensile breaking strain for the salt as given in
table 12, Tensile breaking stress is computed from the dynamic modulus
of elasticity obtained from wave velocity measurements, '

TABLE 12, - Estimated tensile breaking strain and stress

Crater Scaled Scaled Scaled travel Fall One-half Stress

No. charge depth crater depth distance strain fall strain

fe/161/3 f/1pl/3 #t/1bY3 - Lin fin pin/in  p.s.i.
c-4 .4 .9 1.3 - - i
c-12 9 .8 1.7 920 460 . 2340
c-14 L5 1.4 2.9 600 300 1530
c-11 1.8 . 1.2 | 3.0 580 290 1480
c-1 2.1 1.6 3.7 460 230 1170
c-10 2.3 1.3 3.6 480 240 1220

Cc-2 2.6 3 2.9 600 - 300 1530

. The average tensile breaking strain is 310 microinches/inch and the
average tensile breaking stress is 1560 pounds per square inch.

The good agreement between experimental crater depths and computed
crater depths from half fall lengths indicates that the entire fall strain was
available as tensile strain and the estimated tensile breaking strain deter-
mined represents a good estimate.



TABLE 13.- Velocity spread data

Shot Explosive Charge Gage ' Type of Distance Time of Time of S
number type ’ size position gage arrival arrival
’ - P wave S wave
W 1b. " R ft. 10~3sec. 10-3sec.
1 Gel.2 0.4 G 11 - Acc. 113- . 8.12 -
G 12 Vel. 150 * 10.60 18.70
G 13 Acc. 188 13.18 21.35
G 1k Vel. _ 227 16.10 26.25
2 Gel.2 0.2 G 11 Acc. 111 B.13 -
G 12 Vel. 148 10.55 -
G 13 Acc. 186 13.11 21.50
G 14 Vel. 225 15.65 - 26.18
N Gel.? 0.1 G 12 Acc. 4% 10.25 17.39
G 13 Acc. 182 12.72 21.61
G 1k Vel. 221 ~ 15.54 26.85
) G 15 vel. 343 23.79 41.30
5 Gel.? 0.1 G 12 Acc. 142 10.16 17.78
G 13 Acc. 180 12.53 21.70
G 14 o vel. 219 15.38 . 27.05
G 15 Vel. ) 341 23.60 41.10
6 Red HL 0.06 G 12 Acc. i 140 — 9.78 16.90
G 13 Acc. 178 12.38 21.ko
G 14 Vel. 217 15.22 26.20
¢ 15 Vel. 339 23.20 Lo.4o
7 Red HL ~0.06 G 13 Acc. 176 12.38 21.75
G 1k Vel. 215 15.11 26.45
G 15 Vel. 337 ' 23.25 4o.00
G 16 . Acc. 428 29. 30 49.30
T Red HL ' 0.06 G 13 Acc. 174 12.30 -
‘ : G Vel. 213 . 15.08 25.50
G 15 Vel. 335 23.05 . 39.45
G 16 Acc. 426 29.37 ~ 50.45
9 Red HL 0.06 G 13 . Acc. 172 12.08 -
G 14 Vel. c211 1h.67 25.70
G 15 Vel. 333 22.80 . 39.25
G

16 Acc. Lok 28.95 50.20
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VELOCITY STUDIES IN SITU
Procedure

To determine P and S wave velocities a total of 9 shot holes and 6
gage holes were drilled in Carey Drift No. 4. Figure 45 is a plan of the
velocity array area. All holes were shallow vertical holes, the average
depth being 8 inches. Of the 9 shots eight were satisfactory and one
(the third) misfired. The horizontal component of particle motion per-
pendicular to a line from shotpoint to gage was measured with MB
velocity gages and Endevco accelerometers mounted on grouted studs,
Four gages were used on each shot and these gages were moved pro-
gressively to greater shot-to-gage distances as testing proceeded.

Conventional electric blasting caps were used to detonate small
charges, ranging from 0,06 to 0.4 pounds of explosives. The quantity
of explosive was decreased as testing proceeded, so as to yield better
P and S wave separation.

Velocity Data and Analysis

_ Table 13 lists shot-to-gage distances and longitudinal and shear prop-
agation arrival times. Figure 46 shows the seismic records from Shot

No. 5. These records are typical except at close distances some records
exhibit air-blast phenomena. A gage mount ringing problem which precludes
any possibility of frequency analysis or particle velocity or acceleration
amplitude studies is evident from the records in figure 46.

A plot of P (longitudinal) and S (shear) wave arrival times versus shot-
to-gage distances is shown in figure 47. The velocities shown in the figure
. and the reciprocal velocity lines drawn through the data have been calculated
by least squares analysis.  The greater scatter in the shear wave arrival
times is attributed in part to the ringing in the gage mounts which tends to
obscure the initial arrwal time break.

Table 14 shows the results of the P and S wave velocity calculations.

TABLE 14, - Vclocity Resulls

Wave type Velocity
P- Longitudinal 14,350 + 100 £t/ sec.
S- Shear 8, 380 * 100 £t/ sec.

The measurement of longitudinal and shear wave velocities for the
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COWBOY salt in situ permits the calculation of various e1ast1c constants
which are given in table 15, :

TABLE 15, - Dynamic Elastic Constants

Constant ' ' Value
E= Modulus of elasticity 5.09 x 106 p.s.1i,
p= Modulus of rigidity ' 2.05 x 108 PeS.i.
A= Lame? s constant | o - 1.91x 10(? p.s.i.
k= Bulk modulus | 3,28 x 10° p.s.i.
y= Poisson's ratio _ ' . 241

M e o _ .931

DYNAMIC CORE TESTS

Introduction

Seismic wave propagation in long cyhndncal cores has been studied

: by other investigators (6), (7), (8). Small explosive charges are detonated

on one end of the core. A 1ong1tud1na1 compressional wave travels the
length of the core and is reflected at the free end as a tensile pulse, The
core fails at the shot end in compression and at the free end in tension.
Strain gages mounted along the core give strain amplitudes as the wave
traverses the core. Dynamic breaking strength or stress at failure can
be computed from the strain curve and the dynamic modulus of elasticity.

Procedure

_ Four 2.5-to-4-ft. lengths of NX core of COWBOY salt were tested.
Each core was instrumented with eleven C-7 resistance type strain gage
elements, These gages were cemented at various distances along the core,
coated with wax, and waterproofed., A typical'core (Core No, 1) is shown
in figure 48 before final assembly. In this figure the left end of the core

is the shot end and the black spots are strain gages. The copper foil shown
at the left end was slid two or three inches beyond the end of the core and
was used as an explosive container, V

The core was placed in a vertical position into a one foot diameter
hole and stemmed with sand. The free end of the core extended one to two




FIGURE 48. - Core No. 1 Before Shooting.



FIGURE 49. - Core No. 1 After Shooting.
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feet above the stemming depending on the length of the core. The ché.rge
was detonated and strain data recorded. ‘

After each shot the core was examined for compressive and tensile
failires. Figure 49 shows Core No. 1l after shooting.

Data and Analysis '

‘Table 16 lists the data from the four tests. No pieces of core were
broken from the free end indicating that there was no tensile failure, The
length of the core crushed in compression at the shot end is shown in the
table. ’ ‘ ' : o ' '

Figure 50 shows the relationship between peak compressive strain
and distance. The separation of the data by shot probably results from
using different charge weights. The steep portion of the curves (data from

gages at free end of core) results from the arrival of the reflected tensile

pulse before the arrival of the peak of the direct compressive strain wave.
Since the two waves are additive and out of phase, the gage responds only
to the difference,

A necessary condition for tensile failure of this type is that the wave
length of the strain wave be shorter than the length of the core. The average
wave length generated was more than five feet indicating that no tensile
failure could have occurred. The stemming in the hole may have held up

the pressure from the explosion sufficiently long to result in long wave lengths,
_As a result, the reflected tensile strain wave was not.large enough to cause
failure in tension and no estimates of the dynamic tensile breaking strength

can be made.

A plot of the ‘strain wave arrival times versus gage distance is shown

_in figure 51, The velocity of the longitudinal wave computed by least squares

is, 13,270 feet per second.  The fact that this curve does not pass thru the
origin may result from either or both of two possibilities, (1) The detonation
time is obtained from a target which is taped to the blasting cap., The target
may pick up the “make" of the cap current, This would give a premature
zero time. (2) Because these are regular (not seismic) blasting caps, the
time difference may result from a delay between the cap bridge rupturing

and the detonation of the cap.

~

Interpretation of Results

'The peak compressive strain at the point of failure is indicated in .
figure 50, From the peak compressive strain and the dynamic modulus of
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TABLE 16, - Dynamic core test data

Core No. 1
Explosive-'1 1b, Gel, 2

Core No, 2
Explosive- .05 1b, Gel, 2.

Gage Distance - Arrival = Peak Gage Distance Arrival DPeak °
No. time . strain No. time  strain
B. T, e ' R ' T, €.
in, . in,
-3 .y -3. e g
x10 in/in. x10 in/in,
sec. sec,
1 1.5 - - -1 3 .093 23, 400
2. 3 - - 2 4.5 .099 17,050 -
3 4,5 - - 3 6 - . 115 -
4 6 - - 4 9 . 140 -
.5 8 - - - 5 14 . 155 2,667
6 13 . 155 1,730 6 20 .202 936
7 19 191 609 7 27.9 242 213
8 26,6 .233 278 8 . 29.9 2517 121
9 28.6 - 79 9  30.4 .264 106
10 29.6 . 257 . 60 10 30.9 . 257 © 121
11 11 31.4 274 44

30.6 - -

Length of core 31,6 inches

Lengfh of core 31.9 inches

Crushing 9.6 inches , Crushing 8.9 inches
Core No. 3 Core No. 4

Explosive- .15 1b, Gel., 2 Explosive- ,4 1b, Gel, 2
1 4 - .096 25, 700 1 4 . 096 -
2 6 .118 9,820 2 6 .124 29, 100
3 8 - . 127 9,800 3 8 .133 16, 100
4 100 . .140 ' 7,130 4 11 164 9,970
5 13 .155 3,810 5 15 . . 186 . 7,060
6 18 .192 1,490 6 20 .202 2,910
7 22 .217 1,090 7 26 .245. -
8 27 .254 369 8  36.4 .316 227
9 33,2 .285 203 9  42.4 .347 . 208
10 35,2 .295 168 10  44.4 .363 117
11 37,2 .316 130 11 46.4 .372 58

Length of core 39.2 inches
Crushing 10.2 inches

Length of core 48.4 inches .
Crushing 11,9 inches
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elasticity the dynamic strength of the rock in compression can be computed.
These data are given in table 17.

" TABLE 17.-Dynamic strengths from core testing

Core Charge Length Peak -Dynamic compressive
No. weight crushed compressive breaking strength
strain
b, in, micro-in/in, 1b/in. 2

1 I 9.6 3700 18,800

2 .05 - 8.9 6700 - 34,100

3 W15 10.2 7100 - 36,200

4 .4 . 13.9 7500 : 38,200
Average 6250 31,800

PHYSICAL PROPERTIES

A summary of the phyéicé.l properties of the COWBOY salt, salt
grout, and Hydrostone is shown in table 18,

The-results from dynamic field tests include data from the linear
array tests, velocity studies, core tests and crater tests. Also, static
tests were made in the laboratory for comparison. These static tests
were made according to standardized procedures (8).

The most signiﬁcé,nt result is the disparity in the dynamic and static
strengths in tension and compression, The dynamic compressive and ten-
sile strengths are, respectively, 7 and 25 times the static values,



TABLE 18. - Physical properties

COWBOY Salt

Property Salt grout - Hydrostone )
Value | No. of S Value No. of S Value No, of S
readings |- readings readings
. . 3 ' :

Weight density 1b/ft 135 11 1.3 125 13 +8.7 124 4 +2.1
Longitudinal velocity

Linear array test ft/ sec 14,400 |217 1240

Velocity study ft/ sec 14, 350 32 +100

Core tests ft/ sec 13,270 | 37 iZlO

Laboratory ft/ sec 12,810 | 11 +510 |10, 000 3 1200 18,990 4 +160
Shear velocity .

Velocity study ft/ sec 8,380 | 27 +100

Laboratory ft/ sec 8,800 11 1230 6,720 | 3 4210 {5,770 4 4360
Modulus of elasticity '

Velocity study 1b/in2x10% | 5.09

‘Laboratory W in2x10 | 4.79 | 11 +.38 | 2.76 3 +.08 | 2.16 4 4.05
Modulus of rigidity

Velocity study 1b/in®x10® | 2.05

Laboratory - 1b/inx10® | 2.26 | 11 +.12 | 1.23 3 +.09 .87 4 +.04
Poisson! s Ratio '

Velocity study .241 :

Laboratory . 059 11 +.0451 .125 3 +.046 | .245 4 +.030
Compressive strength ) '
_Core tests 1b/ in2 31,800 4 _

Laboratory 1b/in 4,620 | 45 370 | 3,830 | 23 +1140 | 280 9 420
T ensile strength

Crater tests 1b/in? 1,560 6

Laboratory 1b/in 62 | 11 +28 250 6 +50
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SUMMARY OF SHOT DATA-PROJECT COWBOY

YIELD (lbs) STATION TYPE

SHOT NO. DATE TIME (CST)
1 17 Dec. 0015 20 1.2
2 17 Dec. 0045 20 1.1
3 19 Dec. 0000 100 1.1
4 19 Dec. 0015 100 1.3
5 23 Jan. 0000:00.113 198, 35 2.1
6 30 Jan.  0001:00.112 200.0 2.1
7 30 Jan, 0101:00.112 199. 65. 2.2
8 6 Feb. 0001:00. 115 477. 4 2.1
9 6 Feb. 0101:00.113 499. 7 2.3
10 .13 Feb. 1901:00,113 954.0 2.1
11 13 Feb. 2001:00.114 1003.0 2.4
12 20 Feb. .0001:00.112 929.0 1.1
13 20 Feb. 0100:59.614 987.6 2.5
14 27 Feb. 0001:00,127 1902.4 1.1
15 zé Feb., 0401:00.131 936.2 2.6
16 3 Mar, 2301:00..128 199.5 1.4
17 4 Mar, 0001:00.130 199.8 1.3-1

NOTE 1) All times for shots 5 through 17 are derived from comparisons with WWV.

Coupled- 45' hole
Decoupleti- 12' diam.
Decoupled- 12' diam.
Coupled- 45' hole
Decoupled- 30! _diam.
Decoupled- 30' diam,
Coupléd- 110" hole
Decoupled- 30' diam.
Coupled- 110' hole
Decoupled- 30' diam,
Coupled- 110' hole
Decoupled- 12! diai‘r;.
Coupled- 110" hole
Découpled- 12' diam.
Coupled- 110' hole
Coupled-~ 45' hole

Coupled- 15! hole

Accuracies are + 0.001 sec, except for shot 15, which is+ 0.003 sec.

2) All yields include ""Nitramon'' booster and detonator weights of eithef 2 or

3 pounds.
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sphere.

sphere
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