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SUMMARY

Accelerometers of various iypes, velocity gages, snd a displacement meter are
shown to give reliable datae when measuring seismic pulses generated in rock by the
detonation of explesive charges. Displacement and velocity records are differenti-
ated and shown to compare with velocity and acceleratlion records. Velocity and ac-
celeration records are integrated and shown to compare with displacement and veloc-
ity records, respectiVely, The experimental data are shown to satisfy the scaling
laws developed by dimensional analysis. Propagation laws are developed for peak
amplitudes of the first pulse of displacement, velocity, and acceleraticn. These
propagation laws are shown to be independent of the gage used to obtain the data.

As a result, the usefulness of the various gage types can be extended. TFor
example, accelerometers, because of their high frequency and amplitude limits, can
be employed near the shot to measure acceleration and/or velocity (by integration),
Velocity gages, because of their higher sensitivity, can be employed at relatively
larger distances from the shot to measure velocity and displacement or acceleration
{by integration or differentiaticn).

INTRCDUCTION

Seismic pulses, generated by detonating explosive charges in rock, are usually
studied by measuring one or more of the quantities - particle displacement, weloc-
ity,i/ and acceleration. These quantities are related both time wise and distance
wise, The functions relating these quantities are useful for showing that gage rec-
ords are true representations of the particle motion of the rock to which they are
anchored, Thus, for gages at the same point, velocity and acceleration records
should agree with differentiated displacement and velocity records, and displacement
and velo&'ty recards should agree with integrated velocity and acceleration
records. Furthermore, the decay of peak amplitude with distance for displacement,
velocity, and acceleration should be independent of the gage used, Other investi-
gatorsi/é/ have shown that displacement, velocity, and acceleration can be differen-
tiated and/or integrated on seismic records of low frequency and long duration,

This paper shows that these same operations can be performed, within the accuracy of
the original measurements, on seismic records of relatively high freguency and short
duration.

57' Velocity is used to designate particle velocity. Propagation velocity will be
used to designate the rate at which the wave travels.

E/ Displacement and scceleration records can be differentiated or integrated twice
to obtain acceleration and displacement, respectively. However, the error in-
volved is large. _

2/ Neumaenn, Frank, An Appraisal of Numerlcal Imtegration Methods As Applied to
Strong Motion Data: Bull, Seism. Soc. Am., vol. 33, 1943, pp. 21-60.

é/ Ruge, Arthur C., Discussion of Principal Results from the Engineering Viewpoint:
Bull, Seism, Soc. Am,, vol, 33, 1943, pp. 13-20,



The cost in time and money and the availability of recording equipment limits
the number of measurements that can be made for any particular seismic investigation.
Thus, an efficient use of gages and recording chamnels is necessary, By showing that
the various gage records can be differentiated and/or integrated, the nurber of
measurements of displacement, velocity, and acceleration can be increased two- or
three-fold over the number of gages or recording channels used, Also, by using
gages with high frequency and amplitude limits close to the shot point, and gages
with high sensitiviiy and low frequency response far from the shot point, the dis-
tance range for measurements can be extended over that obtained from any one type of
gage.

ACENOWLEDGMENTS

The field tests at the Fort Randall and Oshe dam sites, 5., Dak., were made in
cooperation with the Corps of Engineers, Omsha District. Ralph Folkenroth and
Lawrence Gray assisted in the field measurements,

EXPERTMENTAL PROCEDURE - INSTRUMENTATION

Briefly, the experimental procedure was as follows: {a) Instruments for
measuring displacement, velocity, and acceleration were mounted on the rock surface
at distances varying from 26 to 1,000 feet from the shot. (b) Single charges vary-
ing from 6.25 to 1001/ pounds of Hercomite B explosive were placed in h—l/Q—inch—
diameter drill holes 20 feet deep, stemmed to the surface with shale cuttings, and
detonated with primecord. (c} Seismic records were obtained for 10 shots in Pierre
shale at the QOahe dem site, In additioh several records were obtained from 2 shots
(1 single and 1 millisecond delay) in Nicbrara chalk at the Fort Rendall dam site
where gages of various types were mounted at the same point to study the reproduci-
bility of resuits.

The following gages were employed in this series of tests: a Leet displacement
meter, MB velocity gages, and Statham, General Electric, and Gulton accelercmeters.
The gages are pictured in figure 1 and thelr characteristics are summarized in table
1. The manufacturer's specified amplitude and frequency limits are shown in Tigures
2 and 3. Within the limits of the gage sensitivities and the restrictions imposed
by the amplifier-recording system, the Gulton accelerometer is the most sensitive
gage at frequencies above LOO c.p.s. - the MB velocity gage for frequencies under
400 c.p.s. The other gages, although of relatively lower sensitivity, have charac-
teristics, such as high amplitude limits, low impedance, or high freguency response,
which may make these more degirable for a particular application.

With the exception of the Leet displacement meter, sll gages were secured to
metal studs anchored in the rock surface and oriented to respond to vertical move-
ment. Generally, the gage studs were cemented into surface holes agbout 6 inches
deep with quick-gebting gypsum cement, The smaller gages (MB and Gulion) also gave
satisfactory results when attached to pointed studs driven several inches into sur-
face holes., The acceleration and velocity gages were connected to the recording
equlpment with waterproof, shielded cable., The recording eguipment, which was housed
in an instrumentation truck, consisted of asccessory amplifiers and two 8-channel,
high-speed, cathode-ray recording cameras., A report describing simiisr equipment
has been published.8

§/ Obert, Leonard, and Duvall, Wilbur I., A Gage and Recording Equipment for Meas-
uring Dynamic Strain in Rock: Bureau of Mines Rept., of Investigations h581,
1949, 12 pp.
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The Leet displacement meter is a fixed-gain, self-contained instrument, which
records transverse, vertlcal, and longitudinal components of displacement on 70 mm.
photographic paper driven at a constant speed of 4 inches per second. This instru-
ment was positioned and leveled at the desired surface test point; orlented with
respect to the shot; end remotely operated from the instrumentation truck.

PRESENTATTON AND INTERPRETATION OF DATA

Records from the Fort Reandall tests are presented in figure b to show the re-
producibility of the data. Records a, b, and ¢ were obtained from instrumenting a
single shot with three different types of accelerometers located at the same point.
Records d and e were obtained from instrumenting s millisecond delay shot with two
Gulton accelerometers at the same point. Records £ and g are from two MB velocity
gages located at the same distance from the miliisecond delay shot. Comparable
records show satisfactory agreement both in wave form and amplitude. '

Pirectly measured and derived records are campared in figures % and 6. The
derived records were obtained by graphical differentiation or integration at 2
millisecond intervals. In the graphical integration process the alignment of the
base line is a major source of error. Some of the records contained an extraneous
low frequency and, as the Integral is inversely proporticnal to the fregquency, a
large shift in the derived wave base line was observed. This error is cumulative,
and, although the error in the first peak is relatively small, it becomes increas-
ingly larger for succeeding pesks. To make the integral curve approach zero for
large times, it was often necessary to make a small adjustment in the alinement of
the base line. Both the wave shape and magnitude of these records shov relatively
good agreement , )

Because point-by-point differentiation and integration showed good agreement
with observed records, only initigl peask data were measured as follows:

1. ¥From displacement records - directly measured initial pesk displacement and
graphically differentiated initial peak velociiy.

2. From velocity records - directly measured initial peak velocity, graphically
differentiated initial peask acceleration, and graphically integrated iniiial peak
displacement.

3. From acceleration records - directly measured initial pesek acceleration and
graphically integrated initial pesk velocity.

In addition predeminant frequencies and travel times were determined from most
records. Propagatlon velocitles, reguired in the computation of reduced displace-
ment, velocity, and acceleration, were determined from arrival time - travel distance
curves - by the method of least squares, as shown in figure 7.

The displacement, velocity, and acceleration data are presented in tables 2, 3,
and 4, The initial peak amplitudes for cbserved and derived records are grouped for
a given charge size and distance. Also duplicate tests eumploying like charge sizes
are grouped So that shots for a given distance cen be caompared. The same gage ab & '
given distance f'or duplicate shots shows as much variation 1n pesk amplitude as sev-
eral types of gages at the same point from a given shot. In some cases, enough at-
tenuation of the signal was not attained and, consegquently, the record went off
scale. The traces for these records were projected to their probable pesks, and the
resulting values are shown in the tables as estimated.
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Record A Statham occeleroretsr

Inltlol peak acesleration - 406 ft/eec?
Comparison of dif ferent type
accelerometer records for the
some shot and test point.

Racord B General Elecirlc acceferometer Charge size -25 1b
Initlal peak occslaration - 399 ft/sec? Trave! distance-32 ft.
W N e ———
Record G Gufton nccelarcmeter J

il pagk occeleration - 325 #1,/see?

Comparison of two Gulton accelerometer records for the same shot and test point
Charge size -188-125-125 |b {MS delay)
Travel distance - 372 1.

Gulton accelerometar - no. 344

Initial peck occalerotion - 60 ft/sec?

Record E Gulton accalerometar - no 346

Initial psok occalsration - 55 ft./sec?

Comparison of two MB velocity records for the same shot and fes! point.
Charge size - 188-125-125 Ib  (MS delay)
Travel distance-479 ft.

AN U NN

Rocord F MB valocity gage - no. 2144
Initial peck valocity -.047 H/sec.

Record G MB wvalocity guags - no. 2186
Initlhal peok veloclty -.058 ft/sac.

Time scale - seconds

Figure 4. - Reproducibility of similar type gage records.
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Figure 5. - Comparison of derived and observed displacement, velocity,

and acceleration—Fort Randall dam site.
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Figure 6. - Comparfson of derived and observed velocity and

acceleration—0ahe dam site.
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TABLE 3. - Veloclly dats In Pierre ghale
Initial
vertical Initial
Charge Travel Travel velocity, pulse
Snot aize, _ diatance, velocity, ft. /sec. frequency, % vee,

Gage type Ha. 1b. T £t. ft.feec, | x 10-3 c.,p.8, T |m. /8.2
Tategrated Gulton accelermilon,,..... g 6.25 | 1.68% 27 6,150 1,278 - k.7 27,00
Integrated Statham acceleration...... 27 1,080 - T 23,300
Integrated GE acceleration.,.....,... a7 00 - b7 19,k00
Integrated Gulton accelevabion....... 151 168.4 - ge.1 397
Differentiated Leet dlsplacement..... 151 8.33 - 82,1 180
Integrated Gulton acceleraticon....... 292 4,98 - 161 108
MB ¥2LOCTET . v nvavananonnrsungnrurnsen 315 2.32 Ll 171 50.1
Integrated Statham acceleration...... 1 12.5 2.32 28 5,990 1,710 - 12.3 35,700
Integrated Statham acceleratian...... 28 1,320 - 12.1 27,600
HB 7elogibuusuuennsarociosereseonios 78 182 47 33.6 3,80
Integrated Gultan accelerstion..... .. 78 T3 - 33.6 3,620

Po. 152 ;}58.3 - 5.5 137850
Differentisted Leet dleplacement..... 152 79.2 - £5.5 1,660
Integrated Gulton accelerationm..,.,.. 300 11.9 - 129 by
MB 7elocit¥.uuisinininniannns . . 700 2.68 48 302 56,0
Integrated Statham aceeleration...... & 12.5 2,32 28 5,720 1,830 - 2.1 36,500

Do, 28 1,640 - 12,1 32,700
MB velucity. ....................... T8 184 TL 33.6 3,670
Tntegrated Gulton acceleratioll. - 78 170 - 33.6 3,390
Differentiated Leet dieplecement..... 152 23.3 - 65.5 L&s
TIntegrated Gulton accelermtion..,.... 152 1h L ~ 65.5 287
MB velotity..vieerasnnrrnrninnsas 101 5.18 i 130 103
Integrated Gulton acceleration . 532 L.85 - 229 6.8
B TelocibFueer nvansronnconraranruns 932 L 29 58 229 85.6
MB ¥2lOCHEF . venransnnninroasanernnnny 2 25 2,92 774 6,110 213 k3 26.5 b, 5ho
Integrated ¢ulton sceeleration....... TT. 175 - 26,5 3,730
Differentisted Leet displacement...., 151 58.3 - 51.7 1,2ko
Integreted Gulton aceeleration,...... 151 57 .2 - S1.7 1
MB velocity.....u.s dremaarrane P 300 yl‘? 9 k2 103 iﬁgg
Integrated Gulton ecceleration....... T00 3.25 - 240 69.3
Infegrated Statham seceleration,..... '8 25 2.92 25,6 5,900 l/s,lm - 8.77 E/sh,eoo
Integrated OF acceleration........... 25.6 2,070 - 8.77 L2, 600
Inteprated Statham acceleration,..... 25,2 1,930 - 8.77 39,700
MA velacity.u.cveriaoarinarmsrnrnnrans 76 236 S8 26,0 L, 880
Inbegrated Gulton aceeleration....... 76 211 - 26,0 Pig ,3k0
DsfPeventiated Leet displacement..,,, 150 53.3 - 51k 1,100
Integrated Gulton acceleration....... 150 6.4 - 51k 750
MB velocdbF..vuiriiiienininriiiniianas 300 8.50 L2 103 175
Iategrated Gulton acceleration, ..... 699 2,98 - 239 EL.4
MB veloelbFuiiiivsncnnons denmaaseans . £99 2.93 o 239 6¢.3
Integrated Stotham acceleratiem,, 3 37.5 3.35 26.5 £,100 2,0 - 1.90 51,300
Integrated GE acceleration........... 26.5 1,670 - 1.90 5,600
MB VELOCIEY 1t s tnvnenssenrsnenenrsenn 7 _/1;52 k3 23,0 /9,620
Differentiated Leed displacement..... 151 - 45.1 3,070
Integrated Gulton acceleration....... 151 62.14 - 5.1 1,330

s A arsarsessraratenrany 70 b, 52 - 209 96.2
MB 7eloCiby. .. cireeranoarinrasinriaos 1,000 b k7 36 239 95.2
Integrated Statham accelereticn...... 5 37.5 3.35 25 5,850 2,980 - 746 a0, 800
Integrated GE acceleration..... 25 2,660 - 7.k6 5k, 300
MB 7elociEFeucernsiananranansins 76 azf ‘51 22.7 L 630
Tntegrated Gulton acceleration...... 76 154 - 22,7 3,960
Differentisted Laet displacement 151 30.8 - 451 629
Integrated Gulton acceleration.. 151 28.0 - 45,1 572
MB veloclty..ceeriraascsanrsnsan 300 1t.2 68 8.6 229

Do.covenns. Ceriaeenseriair s 549 7.03 iy 16k 1kl
Integrated Gulton aceeleration. P, 549 6.03 - 164 123
Tntegrated GE acceleration. T 50 3.68 27.2 5,690 1,780 - T.39 35,300
MB velaelty..ccvvivimnnnnes ‘e . 9 L&g kG 21,k ;310
Integrated Gulton Bccelerat.ion. . . 9 1/34g - 21,k /6,930

DOuueeinnereneasasnensranan 151 115 - 1.0 2,280
Differentiated Leet diaplacement,... 151 83.3 - L1.0 1,650
MB 7eloctbFu e ivionarcenraninersnans Ji2 13.1 3k 8k .8 260
Integrated Gulten accelerstion,...... =) 13.2 - 114 262
Inktegrated Statham accelerstlon,..... 8 15 4 22 26.3 6,030 .J:/G,TSO - 6.23 l/1]*3,000
Integrated GE accelermtion........... 26.3 3,750 - 6.23 78,900
Iategrated Gulton acceleration....... T T35 - 18.2 15,5060

DO evanaransrssnsraninsasinn 151 71.3 - 35.8 1,%0
MB FelaCitFureenrvnenrnacearentrnranan 310 35.7 20 3.5 51
Integrated Statham aceceleratiom.,.... 10 100 b 6% 5.k 5,730 .]_-./10,800 - 5.7 HE].G,GDO
Integrated GE mcceleration...... 25.4 9,750 - 5.7 195,000
Integrated Gulton acceleration....... 16 647 - 16.3 12,500

1 150 82,8 - 32,3 1,660
Miferentiated Leet displacement..... 150 k3.3 - 32.3 BaG

300 53.5 33 ek, 7 1,070
Doenirucenss ko1 27.h 50 8.4 5k

1/ Estimated.
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TABLE 4. - Accelerstion dete in Plerre shale
Initial Initial
Charge Travel Travel vertleal pulse —
Shot | size,| _ distance | velocliy, acceleratign, frequency, _f_ sl T,
Gage type No. 1b. r £t, ft,/sec. [sec. C.p.8. [ 1. feu.2
Statham scceleration,....... 9 6.25(1.8% a7 6,160 696 167 1k.7 i, h70
GE accelerabion,,.,....c..,.. 27 696 167 14,7 L,h7n
Gulton acceleration......... 27 650 139 1k, 7 4,00y
151 5.67 78 82,1 36.4
292 1.5 &l 161 9.31
315 6y - 17l h 1h
1 2.5 [2.32 28 5,990 1,0 167 2,1 11, 1mo
28 1,190 172 2.1 9,640
GE acceleration......ovesess 28 1,070 167 2.1 8,660
Gulton acceleration...,..... 8 62.5 86 33.6 506
Differentiated MB velocity.. 78 60,5 .- 33.6 190
Culton acceleration......... 152 1/ 19,3 106 65.5 1/ 318
1< e 300 L 73 109 129 38.3
Differentiated MB velocity.. T00 R - 302 5.34
Statham acceleration,.,,..., 6 12,5 {2.32 28 5,720 1,550 208 12,1 12,600
1 28 1,530 208 12,1 12,400
Differentiated MB velocity.. 18 104 - 33.6 8k
Gulton acceleration......... T8 ok ,0 17 33.6 761
DOven srenennsrnnnsan 152 &.92 111 65.5 56.0
Differentiated MB velocity.. 301 1.% - 130 1.5
Gulton acceleration......... 532 1.8 100 205 1.5
Differentiated MB velocity.. 532 1.46 - 223 11.8
Gulton acceleration......... 2 25 2.92 7.4 6,110 75.0 a3 26.5 764
Differentiated MB velocity.. 7.k 72.0 - 26.5 T34
Gulton aceeleration......... 151 ja.s 100 51.7 291
Differentiated MB velocity.. 300 /3 0 - 103 /381
Gilton acceleration. . ...e.e. TOO 1.35 83 aho 13.8
GE acceleration,...,........ 4 25 2,92 25 .6 5,900 6,150 357 B.77 62,700
Statham acceleration 23.6 —/5,920 k7 8.77 yGG,3OO
DO i ceamraamamanaes 25.6 4,570 55 8,77 45,600
Gulton acceleration.,........ 76 88.9 g6 26.0 906
Differentiated MB velocity.. T6 80.8 - 26,0 823
tuiton acceleration. .. 150 15.5 5 5L.4 203
bifrerentiated MB veloc:.ty. . 00 2.2h - 03 22.8
Gulton acceleration......... 699 1,02 a3 239 10.4h
Pifferentiated MB velocity.. 699 195 - 239 8.10
Stathem acceleration........ 3 37.5 [3.35 26.5 6,100 2,110 139 7.50 2,700
GE acceleralion,....vvrnures 26.5 1,560 179 7.90 18,200
Differentiated MB velocity.. 7 1/129 - 23.0 1/1,510
Gulbor acceleration......... 191 21,7 63 45,1 25k
DOurerannnarsarsnanes 700 1.35 63 209 15.8
Differentiated MB velocity.. i,000 1.21 - 269 1k 1
Statham acceleration........ 5 37.5 [3.35 25 5,850 5,960 278 7.56 69,700
GE acceleration......oevcva- 25 5,920 hyd 746 69,200
Tifferentinted MB velocity., . 76 110 - 22,1 1,790
Gulion acceleration......... 76 106 125 22,7 1,2%0
PO uiavrsnasranananas 151 6.1 109 45,1 168
Differentiated MB velocity 300 5.35 - 98.6 62.5
DOurvvmrnnsasnsnnnnes 549 2.16 - 164 25.3
Gulton accelerstlon.c.veies 549 1,72 a6 16k 20.1
GE accelermtion.......,..,.. 7 50 3.68 7.2 5,650 4,310 294 7.39 55,400
Differentiated MB velocity.. 79 615 - 21,4 7,900
Gulton acceleration 9 Y 268 185 214 1/y 3,700
DOt rvnnransrnnnnnnns 151 63.k 100 k1.0 81k
Differentiated MB velocity.. 312 3.86 - a8 hg .6
Gulton acceleration......... Loo 3.93 Té 124 50.5
Statham acceleration..,..... 8 75 L .22 25,3 6,030 1/9,500 L3k 6.23 |L1/141,000
GE acceleratiol...........va 26.3 6,020 20k 6.23 88,700
Gulton acceleradion......... T7 328 100 18.2 4,830
PO iiinienienniaaas 151 26.8 8o 35.8 395
MFferentiated MB velocity 310 6.25 - T3.5 92.0
Statham acceleration........ 10 {100 4,64 25.4 5,730 £/17,600 k55 5.47 |L/285,000
CE acceleration.......ccae.. 25.h 15,10C 357 5.47 215,000
Gulton accelerstion......... 16 T5¢ 217 16.3 12,100
................... 150 91.1 250 32.3 1,80
Differentiated MB velocity 300 8.h0 - 6.7 136
BOuwiursennisneirananas 101 6.38 - 86.h 103

I/ Estimated,
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The above analysis suffices to show the agreement between directly measured and
derived quantities for measurements taken at the same poilnt, Propagation laws for
peak amplitudes are requlred when measurements are taken at varicus distances from
the shot point. Dimensional analysis was employed to develop scaling laws associ-
ated with the propagetion equations for pesk amplitudes. The basic variables and
their dimensions,which affect the transient displacement in the rock resulting from
the detonation of an explosive charge in a cavity in the rock, are listed in table 5.

TABLE 5. - Variables and their dimensions

Quantity Symﬁol Dimensions
Displacement....... et rar e u L
Volume of charge...... tiaesrea - s L3
Pressure at cavity wall,..... e P Mi-1 -2
Propagation velcocity in rock..... ¢ ot
Time .o vecrneas Crebtie i eracasans t T
Travel distance...cvvevivn.. . . D L
Density of ToCK...vevercnra. AN p ML,~3

There are 7 varisbles and only 3 dimensions (M, L, and T); therefore, according
to the =n theoremg/ there are It independent dimensioniess ratios or n functions that
can be formed from the 7 variables, and the functional relationship hetween these
ratios can be written as

U.(t =7 L, ct s 1} ’ , (l)
Vl73 pcg vl?a Vl73

where u(t) is the displacement as & function of time, The same explosive was used in
all tests; therefore, the charge weight is proportional to the charge volume. Thus,
the cube root of the charge weight in pounds, set nmumerically equal to & length r in
feet, is proportionsl to Vl/3~ The guantity T rather than Vl/3 is the scaling param-

eter used in this paper. Replacing Vl/3 with T, equation (1) becomes

u(t) P ct D (2)
— =F oy T T
T pc T T

9/ Bridgmen, P, W., Dimensional Analysis: Yale University Press, revised ed., 1931,
pp. 36-47.
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Differentiating equation (2}, the particle velocity, v{t), and acceleration,
a(t), as functions of time are

Wt | B, ot D (3)
¢ oc? T T

ar(t P t D
() g} £, D (3
c pe T T

where F' and F" are the new functions obtained by differentiating F with respect to
time, The quantities on the left of equations {2), {3), and (L) are referred to as
scaled displacement, veloclty, and acceleration, respectively.

Since Sharpelg/ has shown by theoretical means that the ratio P/pc2 enters the
equation as the first power, it is assumed that this factor can be taken from the un-
known function and placed in the equations as a simple factor. The ratio'ct/F in
equations (2), (3), and (L) gives the time effect for the transient pulse; when only
peak values are considered, this factor is assumed a constant. Thus, the scaling
equations reduce to

L - Hw (2 (6)
% : ;?3 (=) (1)

The scaled amplitudes of dlsplacemant velocity, and accelerastion are constant
at given scaled distances only when P/ pe? is constant, The methods of loading and
gtemming the charges were the same in all tests; therefore, P is assumed constant
for a given rock type. However, there were observed differences in c; thus, equa-
tions (5), (6), and (7) are rewritten as follows:

10/ Sharpe, J A., The Productlion of Elastic Waves by Explosive Pressures; I Theory
and Empirical Field Observations: Geophysics, vol, 7, No. 3, 1942, pp.1hh-15k,
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et py (2 (8)
T T

vee = PT, (_E_) ' (9)
r

a¥p = PTg (2 . (10)
T

The left hand guantities are referred to as the reduced displacement, velocity, and
acceleration since all three have been reduced to pressure units. These are the

gquantities which are plotted as functions of scaled distances to determine the form
of the unknown functions Ty, Fn, and F3.

Log-log plots of reduced displacement, velocity, and acceleration versus the
parameter {D/¥) are shown in figures 8, 9, and 10, respectively. These figures in-
clude data obtained both from direct measurement, and graphical derivation, and
different symbols are used to distinguish the measurements obrained from the dis-
placement meter, the velocity gages, and the accelerometers, The data for all
charge gizes tend to group about a smooth curve indicating that the scaling laws
are correct, The derived data fall within the error limits of the directly measured
data; therefore, both sets of data will give approximately the same propagation law,

The propagation equations for displacement, velocity, and acceleration, deter-
mined by the least square methods, are of the form:

1.
u.h-pc2 - K (_%_}l (11)
vee _ K, (-2 (12)
r
apr = K3 ("-_];-—) 3 . (13)

The values of the constents K and n and their standard deviations are given in table
6. Equations (11), (12), and (13) are shown plotted in figures 8, 9, and 10 as
heavy solid lines. The limits of plus or minus one standard deviation, which in-
clude 66 percent of the data, are also shown in these flgures. The data spread in

any one plot is substantially unaffected by elther omission or inclusion of the
derived points.
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Reduced peck acceleration - apF - Ib /ft*
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TABLE 6. - Propagatlon law constants and their standard deviations

Slope Intercept Standard error,
= = estimate
n o‘n K Q‘k 5,

5 5 Fercent

Reduced. -1.86 +0.13 20 x 10 +14 .4 x 10 0.23 | ~470
displacement - 8.3 x 106 =L
Reduced ) i 6 + .78 x 106 +61,
velocity 2.0k = .05 3.76 x 10 - .64 x 100 +205 -37
Reduced 6 +2.01 x 100 +88
acceleration -2.56 roo7 7.17 x 10 -1.58 x 106 27k =L

CONCLUSIONS

1. The General Electric, Gulton, and Statham accelerometers gave good inter
and intra growp reproducibility. The MB velocity gages showed good intra group re-
producibility.

2. The sgreement between the derived (differentiated and/or integrated) and
the directly dbserved records established that the gage records are true representa-
tion of the particle motion of the rock.

3. The experimental dataragree with sceling laws developed by dimensional
analysis,

L. The propégation laws for peak amplitudes of displacement, velocity, and
acceleration are independent of gage type.

6209 - Int, - Bu., of Mines, Pgh.,Pa.






