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ABSTRACT 

The four air-dropped, air-burst nuclear explosions of the TUMBLER 
tests during the spring of 1952 were conducted primarily to obtain 
definitive air pressure information. The earth acceleration measure- 
ments vere designed to study the interaction between phenomena in the 
air and phenomena in the earth. The main objective was to estimate the 
magnitudes of tba energy absorbed by the ground and the energy fed back 
into the air by the grounds Subsidiary objectives included a study of 
the effects of gage depth and the relative importance of the three ac- 
celeration components. This report is concerned with these objectives 
as obtained from many acceleration-time records of the vertical compo- 
nent, 5 feet deep; a few records of the vertical component, 1 and 50 
feit deep; and a few records of the horizontal radial and horizontal 
tangential components, 5 and 50 feet deep*"\ 

^ -^- The performance was in general satisfactory. However, on quite a 
few gages the frequency of the important slap\>scillation (occurring as 
the air blast passes over the gage) was close to the frequency of the 
gage, causing the amplitude to be in error. Corrections were made for 
this effect on Shot 2, in which more records required correction than 
in the other shots. 

The important portion of each gage* record is reproduced (in reduc- 
ed form) in the Appendix*. Data from the records have been tabulated 
and appear In numerous graphs» 

In terms of the objectives of the test, the following statements 
can be made. For convenience, the statements are rather positive; the 
qualifications and assumptions which accompany them are detailed In the 
text« 

1. The proportion of blast energy absorbed from the air by the 
earth was for Shot 1, 0.3 per cent; Shot 2, 0.06 per cent; Shot 3, 0#03 
per cent; Shot 4» 0„18 per cent. Tht absorption of such small frac- 
tions of the total energy would probably not affect the blast wave* 

2. Outrunning by the direct earth wave in front of the main slap 
took place at an average velocity of 2000 feet per second. 

3* Peak slap acceleration as a function of maximum surface level 
air pressure for Shots 2, 3, and 4 could be approximated by 

0.89 
A = 0.32 p 
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where A is in g, and p is in psi. 

For Shot 1 the accelerations were 60 per cent or more higher than for 
Shots 2, 3» and U*    Some of this difference is due to the differing 
character of the soil at the sites for the two groups of shots. 

U*   It is very unlikely that the precursor on Shot 4 is formed by 
energy transfer from air to earth to air again. Acoustic considera- 
tions give a "round-trip" pressure ratio of l/HOO. 

5. Curves of peak particle slap velocity vs. maximum surface 
level air pressure for all four shots could be approximated by 

0.89 
v - 0.06 p 

where v is in fps and p is in psi, 

6. No firu quantitative conclusions could be drawn as to the 
effect of depth on acceleration and velocity. A reasonable assumption 
(which was used in the calculation of energy absorption) is that peak 
vertical particle velocity at the surface is four times the peak 
vertical velocity at a depth of 5 feet. 

7. The magnitude of the horizontal radial component of accelera- 
tion is comparable with that of the vertical component. The horizontal 
tangential component is in general small enough to be neglected. 
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CHAPTER 1 

INTRODUCTION 

1.1 HISTORY AND OBJECTIVES 

The four air-dropped, air-burst nuclear explosion shots of Opera- 
tion TUMBLER were conducted primarily to obtain definitive air-pressure 
information for constructing an empirical height of burst chart« The 
events leading to the selections of yields, burst heights, and sites 
have been covered in other reports,! ».2/* and will not be detailed here. 

The principal objective of the earth acceleration measurements 
was to obtain information on the interaction between phenomena in the 
air and in the ground. More specifically, it was desired to estimate 
the magnitude of possible changes in the surface level air-blast pres- 
sures owing to absorption by the ground. Conversely, it was suspected 
that energy could be fed back into the air by the motion of the earth 
initially caused by air blast; an estimate of this effect was desired 
also. Subsidiary objectives included a study of the effects of gage 
depth and the relative importance of the three acceleration components. 

This report is primarily concerned with the presentation and 
interpretation of Project 1.7 data and its correlation with Project 
1.2» information from the point of view of the above objectives. No 
extensive comparison of these data with results from other test groups 
is attempted. 

1.2 THEORETICAL CONSIDERATIONS 

Four topics are considered briefly here: the process of transmit- 
ting information between air and earth, and vice versaj the effect of 
air-blast duration on the response of the earthj correction of gage 
records for limitations imposed by the gage response; and calculation 
of maximum particle velocity, 

1.2.1 Transmission Process 

The manner in which the air blast excites the earth may be 

* Superscript numbers refer to references listed in the Bibliography at 
the end of this report. 
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discussed with reference to the wave front picture of Figure 1.1 and 
the time of arrival diagram of Figure 1.2. Ths refracted wave front 
of the earth wave in Figure 1.1 corresponds to those observed by 
Schmidt^/ and treated analytically by Ott.4/ If its seismic velocity 
increases with depth, as it does at the Nevada Proving Grounds,5/  then 
one would expect that the apparent source for ths distant wave 
fronts would be lowered. However, this would not appreciably alter the 
nature of the information received in near-surface earth. 

As the incident air blast sweeps along, its apparent hori- 
zontal velocity, c', of contact with the earth is given by 

c'  = U/sin 8        , (1#1) 

where IT is the shock velocity and  is the angle of incidence. How- 
ever, the information given the earth will eventually outrun this 
apparent velocity, c'. This may happen either by a near-surface seismic 
velocity that is greater than c' or by earth transmission along a curved 
path which dips into the higher velocity lo«rer earth strata. In the 
two diagrams this outrunning is shown as occurring at ground range R2« 
Beyond R2, the first information received by a near-surface earth- 
motion gage will be that from the earth wave running ahead. Its spec- 
tral composition will be altered by transmission in the earth, so that 
the information initiated by a pulse will, in general, appear as an 
oscillatory wave train. 

Now, with reference tc Figure 1.2, consider what happens in 
an amplitude sense at ground range R3, beyond the outrunning distance. 
Information receivei at some time intermediate between earth and air 
arrivals will have suffered attenuation in both earth and air paths. 
Because of the much smaller attenuation in the air path, the largest 
amplitudes will occur when the earth path is a minimum. This, of 
course, corresponds to the air blast passing over the gages. Hence it 
may be expected that for gages beyond the outrunning limit R2, the en- 
velope of the received wave train should tend to increase and reach a 
maximum when the air blast passes over the gage. This direct local 
effect of the air blast is termed the "slap," because of the sudden in- 
crease in earth motion actually observed. 

If the seismic velocit-- does increase with depth, then the 
time of arrival curve for the earth w^ve should be slightly concave 
downward. If this is the case, then the öhapea of the more distant 
refracted wave fronts (shown in the lower part of Figure 1.1) will 
change so as to correspond to a lower position of apparent source. 

When the earth wave outruns the air bias"'., it might be 
expected that information would be fed back into the air to form a 

H 
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X BURST 

Fig. 1.1  Incident ar'1 Refracted Wave Fronts for Air Burst. Earth 
wave outruns air blast beyond R2 

GROUND RANGE 

Fig, 1.2  Time of Arrival Diagram for Information Received by Surface 
Gage. Earth wave outruns air blast beyond Ro 
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"Kopfwelle,"!/ or precursor. To estimate the order of thi3 effect, 
make the moat optimistic assumption that the air blast produces an 
earth particle velocity which in turn reacts with undiminished ampli- 
tude upon the air. What is the "round trip" air pressure thus produoed? 
Take air and earth as equivalent to loss-free fluids (l and 2) having 
characteristic congressional wave impedances 21 and Z2» Then, in trans- 
mission from air to earth, because the earth is relatively so much more 
rigid than the air, the motion of the earth affects to a negligible ex- 
teat the air pressure P^ existing at the surface. Thus the vertical 
earth particle velocity is givan by 

v2  =   =     , 1.2) 

because of the continuity of pressure. This earth velocity is then 
allowed to react with the air. Again, because the earth is so rigid, 
the actual surface velocity is practically doubled. The resulting 
round-trip air pressure is then 

Pi -    z,v z 

round- -trip pressure ratio is 

p; 2Zj 

p. Z2 

z,2v2 = pj-fgz/Zj)       (1.3) 

Zp  Cj 

(1.4) 
P2c2 

where p and c are respectively the density and sonic velocity in the 
two media. 

In Section 5.5 this result will be used in the discussion 
of TUMBLER Shot 4. precursor. 

1.2.2 Effect of Air-31ast D ration on Earth Response 

It is known from electric circuit theory that if a step 
function is applied to an oscillatory circuit, the response of the 
circuit will contain frequencies characteristic of the circuit alone, 
and not the 3tep function. If the step function is replaced by a de- 
caying blast wave and the circuit by the earth, then the statement 
remains substantially true as long as the duration of the blast wave is 
much greater than the natural period of the earth it excites. Thus it 
should be expected that the frequencies of earth motion observed from 
the slap of the air blast passing over should be independent of the air 
blast duration and hence the yield, provided the yield is sufficiently 
large. Whether or not this situation obtains is easily determined by 
the relative durations of the air blast and of the earth slap. 

16 
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Several side effects may be expected to alter the consist- 
ency of the observed effects» inhomogeneity of the earth, gage ringing, 
and system response limitations are among the more important. The last 
is considered in the next sections 

1.2.3 Correction of Gage Records for System Response 

When the mechanical input to the gage contains frequency 
components approaching the limit of flat frequency response of the 
gage-galvanometer system used, the input will not be correctly re- 
corded. The following procedure may be used for making the correction. 
First, assume that the correction is that for a system with a single 
degree-of-freedom. In most recording channels, the gage was the limit- 
ing factor, so the assumption will be useful as long as the recording 
galvanometer does not further limit the system response. This leads to 
the further assumption that for the instrumentation system used, the 
displacement on the gage record is proportional to the deflection, x, 
of the gage armature (see Chapter 2). Then the idealized equation of 
motion may be written 

nix + rx + sx = sf(t)   , (1»5) 

where m, r, and s are the equivalent mass, resistance, and stiffness of 
the gage armature. The term f(t) corresponds to the input function 
(earth acceleration) to which the gage output is proportional at fre- 
quencies low compared with the undamped resonant frequency of the gage, 
which is given by 

Now divide Equation 1.5 by the stiffness, s, so that the desired pro- 
portionality of x and f(t) may be seen. Then, after simplification, 
there results 

-^-+ — x + x = f(t)   , (1.7) 

where ß is the ratio of the resistance r to the critical datrping resist- 
ance 

r  = 2 /sir = 2wnm = ?s/ojn   . (1.8) 

17 
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The damped resonant frequency is given by 

*■„ = '"o A ~ t (1*9) 

Returning to the procedure for gage correction, Equation 
1*7 says that for a sufficiently high gage frequency, a>  , the first two 
terms are negligible. The relation between x and f(t) is then given 
satisfactorily by a static calibration. Thus these first two terms are 
corrections which, when added to x, result in the correct value of f(t). 
To obtain them, the derivatives x and x are calculated from the gage 
record supplied. Values of a>0  and ß are determined experimentally. 

Workers at the National Bureau of Standards have calculated 
and plotted the gage response for a variety of transient inputs, rela- 
tive gage frequencies, and dampings.» For values of ß below unity, a 
general result for a steeply rising input is that the recorded peak 
value is lower than the actual one, and occurs later. The difference 
in the peaks becomes significant for ratios of equivalent input fre- 
quency to damped gage resonance frequency greater than 0.3. Since ß 
is ordinarily between 0.6 and 0.7, this same behavior should be observ- 
ed in the actual calculation, and constitutes a gross check on the 
correctness of the calculations. 

The corrections found by this process are in themselves 
subject to considerable error, since differentiation is a divergent 
process, with small errors in the ordinates becoming magnified. At 
best we may expect corrections reliable to order of magnitude only. 
Figure 1.3 displays samples of a raw and a corrected gage record with 
the order of error indioated. 

1.2.4 Calculation of Maximum Particle Velocity in Slap 

Since the earth particle velocity is often of greater 
interest than the acceleration, it is desirable to obtain the former 
curve from the latter by integration. However, this process is rather 
laborious, and it would be desirable to obtain a simpler single measure 
of the particle velocity,. 

Here we shall be interested in the slap resulting from the 
passage of the air blast over an accelaröinetär. The laler portions of 
the slap include not only this direct excitation but information which 
had already been imparted to the earth at an earlier time (see Section 
1.2.1). Thus this earth motion may be edited from the gage record by 
using an adjustable base line. In many records this Con be done, 
leaving as the "true" slap a wave exhibiting many of the features of 
a damped sine wave. In actuality, the frequency and damping are ir- 
regular, but the resemblance to a damped sine wave is clear. Now, the 

18 
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particle velocities corresponding to these slaps will all be similar, 
since the slap accelerations are similar. Figure 1*4 indicates the 
general shapes of the slap acceleration and corresponding velocity* 
Because most of the velocity wave shapes turn out to be similar, each 
velocity curve may be described by the peak value and an oscillation 
time. From the vertical slap acceleration record and Figure 1.4, it is 
evident that the peak vertical velocity is negative (downward) and 
corresponds to the area of the first negative lobe of vertical accelera- 
tion. In addition, the duration of the negative acceleration lobe is 
the time for the velocity to reach peak value. For the sake of con- 
sistency, the velocity corresponding to this first lobe was used even 
in cases where a later lobe was somewhat larger» 

20 
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CHAPTER 2 

INSTRUMENTATION 

2.1 GENERAL SYSTEM f 
■—-——-—-————— j 

The details of the Instrumentation system employed have been re- 
ported elsewhere.7»**/ Here only the information essential to an under- 
standing of the data will be presented. As before, Wiancko variable- 
reluctance aeeelerometers with associated terminal equipment were used 
in conjunction with Miller Model J recordiug oscillographs. 

2.2 COUPLING TO THE EARTH 

Aeeelerometers were mounted in canisters arranged for orienting 
three gages along cylindrical coordinates for which the axis was the j 
vertical through the burst. The average density of canister and gage        I 
assembly was roughly that of the earth* Each canister was placed at 
the bottom of a hole drilled in the ground, was properly oriented, and       j 
then was cemented in place with Calseal, a quick-setting gypsum cement.       j 
Following this, the holes were filled with earth, which was then tamped 
to approximately the original density. 1 

2.3 RESPONSE TIME j 

The response or rise time was determined by the high-frequency 
response of the gages and galvanometers used. Acoelerometer natural 
frequencies were dependent on gage ratings, which were chosen on the 
basis of estimated acceleration peaks so that the instruments would be 
operating in their linear ranges. For most of the aeeelerometers, the 
product of damped natural frequency (in cps) and gage rating (in G 
units) was close to 1300* The damped natural frequencies are tabulated 
in Table 5.2; damping was approximately 0.7 of critical« The low- 
frequency response of the complete instrumentation system extended 
uniformly to and including zero frequency. 

The natural frequency of the aeeelerometers limited the response 
time, except for some double-galvanometer channels employed on 30 G 
(190 cps) gages. The higher sensitivity galvanometers had damped 
rntural frequencies of 200 cps. Thus, in these cases, the rise time 
was greater than for the acoelerometer alone. When this occurred, no 
attempt was been made to correct the records for gage response by the 
procedure outlined in Section 1.2.3. However, in all other instances 
the rise time may be taken as approximately half a natural period for 
the acoelerometer used. 

21 

CONFIDENTIAL RESTRICTED DATA 
Security Inlorniition ATOMic ENERGY ACT '•" 



CONFIDENTIAL 
Security Information 

2.4 CALIBRATION 

Eaoh accelerometer (and associated galvanometers) was calibrated 
in the field after the gage had been connected on the blast line, and 
again before being installed in the ground. The calibration was per= 
formed by rotation of the gage in the earth's gravitational field» 
Following the test program the aeeelerometers were removed from the 
ground and were again calibrated by the same technique. No significant 
change in sensitivity was observed. 

2.5 ACCURACY 

Except for frequency response errors, it is believed tha-1 the 
acceleration measurements are reliable to plus or minus 5 per cent. 
However, in these tests many records exhibit large amplitudes with 
equivalent frequencies close to the natural frequency of the associated 
aeeelerometers. The procedures of Sections 1.2.3 and 5.3 have been 
applied to estimate corrections for delay time and amplitude. 

Time accuracies were determined by the tuning forks controlling 
the time marking synchronous motors, and by the resolution of the 
recording traces« The tuning fork frequency was maintained to within 
0.1 per cent of the desired rate, with very good short-time stability. 
Arrival times could be read to plus or minus 0.001 second. 
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CHAPTER 3 

OPERATIONS 

3.1 TEST DESCRIPTION 

The four nuclear explosions of Operation TUMBLER were air-dropped, 
air-burst weapons detonated at the Nevada Proving Grounds of the 
Atomic Energy Commission. The Frenchman Flat site for Shot 1 was 
chosen in an effort to obtain a smooth, thermally-r*fiecting, and 
dust-free surfac  The area was carefully dampened and rolled prior 
to the test. aijiough the T-7 site in lucoa Flat, used for the 
remainder of the program, was the same as that employed in the BUSTER 
shots, several factors contributed to undesired differences. During 
the BUSTER shots in the autumn of 1951, the surface was extremely dry 
and powdery; the dust was ankle-deep in many places. For the TUMBLER 
shots of the spring of 1952, winter rains had increased the moisture 
content of both surface and subsurface soil to a considerable extent. 
Finally, at the TUMBIER blast line much of the sagebrush was removed 
by blading, and the many vehicles packed the soil to a more compact 
condition. All these factors acted to reduce the difference (if any) 
between the reflecting ability of the Frenchman Flat and the Yucca 
Flat sites. 

Locations, dates, and seismic dataware summarized in Tables 
3.1 and 3.2. 

TABLE 3.1 

Shot and Site Description 

Shot Location Date 

1 
2 
O 

4 

FF 
T-7 
T-7 
T-7 

1 April 1952 
15 April 1952 
22 April 1952 
1 toy 1952 
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TABLE 3.2 

Seismic Velocities 

Frenchman Flat Yucca Flat, T-7 Area 
Depth 
(ft) 

Velocity 
(fps) 

Depth 
(ft) 

Velocity 
(fps) 

0-10 
10 - 175 

175 - 650 
650 

1200 
2600 
3000 

10,000 

0 -      5 
5 - 100 

100 - 275 
275 - 500 

500 

800 
Variable 

3500 
5000 
fcOOO 

3.2 INSTRUMENTATION PLAN 

Figure 3.1 illustrates the general gage line layout; the 
location of air pressure gages for the measurements of Project 1.2 
are also included. 

Earth acceleration vs. time measurements were made at three 
depths below the ground surface: at the 1-foot, 5-foot, and 50- 
foot levels. For Shot 1 the blast line was 3000 feet long, whereas 
for Shots 2, 3, and 4 the length was 9000 feet. The principal 
measurements were of the vertical acceleration, with a gage at the 
5-foot depth located at each of the 11 primary stations, Numbers 
200 through 210, on all four shots. Vertical accelerations at the 
50-foot depth were measured at Stations 203 and 210 on all four 
shots. In addition, a few horizontal radial and horizontal tan- 
gential (or transverse) accelerometers were located at Stations 203 
and 210, At the request of Mr. A. A. Thompson, formerly of AFSWP, 
two of the radial and tangential gages were replaced on Shots 2 and 
3 by vertical ones located at a depth of 1 foot. These gave data on 
the effect of depth. 

A gage code system was established to permit ready identification 
of the location of any particular gage and to furnish a convenient 
means of referring to the entries in the tables* A few examples will 

RESTRICTED DATA 
ATOMIC ENERGY ACT 1946 

24 

CONFIDENTIAL 
Security Information 



CONFIDENTIAL 
Security information 

• TGZ - True Ground Zero (Burst Location) 

IGZ - Instrument Ground Zero 
50 Ft Tower Line (10 ft and 50 ft Air Pressure) 
Surface Level Air Pressure Line 
5 Ft and 1 Ft Deep Earth Acceleration Line 
50 Ft Deep Earth Acceleration Line 

Sta. Distance from IGZ 
No. 

Shot 1 Shots 2-3-4 
(ft) (ft) 

200 0 0 
201 250 750 
202 500 1500 
203 750 2250 
204 1000 3000 
205 1250 3750 
206 1500 4500 
207 1750 5250 
208 2000 6000 
209 2500 7500 
210 3000 9000 

Shot Burst Center 

x (ft) y (ft) z (ft) 

1 
2 
3 

-122 
108 

-108 
-126 

67 
-126 
-100 
-164 

793 
1109 
3447 
1040 

Fig. 3.1 Gage Line Layout 
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indicate how to interpret the designations« Typical gage code manners 
are 3V1, 3V, 3V50, 3H, and 3T. The first number identifies the station; 
i.e., 3 denotes Station 203. The letter V indicates the Vertical com- 
ponent; H indicates the Horizontal radial component; and T indicates 
the Tangential component» The final number indicates the depth in feet; 
when no number follows the letter, the depth is the primary value of 
5 feet. 
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CHAPTER 4 

RESULTS 

4.1 PERFORMANCE 

A total of 79 accelerometer channels were connected on the four 
shots« All of these gage channels include J the dual recording feature, 
giving a total of 158 gage traces» In dual recording, the gage feeds 
two galvanometers of different sensitivity, so as to increase the 
dynamic range that may be recorded and read. 

I 

With one exception, satisfactory records were obtained on all 79 
accelerometer channels. The horizontal transverse accelerometer at 
gage depth of 50 feot at Station 210 (1OT50) on Shot 1 became defective 
prior to the test. There was no opportunity to replace this gage, 1 
owing to the difficulty of recovering it from this depth. Consequently,       1 
the record obtained from it was not useful. I 

4.2 PRESENTATION OF DATA 1 

The primary data are the gage records. Reductions of unedited 
tracings of all usable records form the Appendix to this report. That 
portion of the complete record shown in the Appendix includes all 1 
features of interest for the primary phenomena, which occurred when the 
air blast arrived. 1 

In most of the records it was possible to observe certain primary 
features whose spatial and temporal history may be traced more or less        I 
continuously ever the entire earth motion phenomenon. These are i 
illustrated in Figure 4.1, which indicates bow the values appearing 
in the tables of this chapter have been read from the records. Figures 
4.2 through 4.6 are representative gage records from Shots 1, 2, and f 
3, which illustrate the variation to be erpected from the idealized 1 
wave form of Figure 4.1. The notation AB indicates the arrival of the 
air-blast» On Shot 4, gage records from the close-in stations were f 
far from ideal. In Figures 4.7 through 4.11 acceleration records from 
Shot 4 are compared directly with the surface-level air-pressure gage § 
records. f 

Data read from the gage records are presented in Tables 4.1 through 
4.9. Tables 4.1 and 4.2 contain, respectively, primary data and air- 
blast data for Shot 1. This pattern is repeated for Shots 2 and 3; 
on Shot 4, arrival times are tabulated separately. The primary data 
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include some derived information, such as the equivalent slap frequency, 
the vertical slap peak particl velocity (see Section 1.2.4), and the 
interpolated maximum air presstie. 

The interpolation mentioned is necessary because the acoelerometer 
blast line is displaced relative to the air-pressure gage blast line. 
Hence the ground ranges for accelerometer and air-pressure gage at the 
same station differ. Simple graphical interpolation gives the probable 
air pressure at the ground range of the accelerometer, and this is the 
pressure used in all comparisons. 

In Chapter 5 the tabulated data are presented in a series of 
charts, the consideration of which forms the basis of the discussion. 

4.3 FEATURES OF THE WAVE FORM 

In Section 1.2.1 it was pointed out that at large distances the 
first information to arrive at a gage should be that which outruns the 
locally-excited air-blast slap. This early arrival is termed the 
direct earth wave and is noticeable on many of the representative 
records in Figures 4.2 through 4.11. At distant stations, the direct 
earth wave has often decayed to too low an amplitude to be read at the 
time the air-blast slap is evident. 

In making the gage correction calculations, an important quantity 
is the maximum slope of the leading edge of the slap, dA/dt. This 
slope may also be described by the slap amplitude and the equivalent 
period. The maximum slope has been extrapolated to the axis to give 
an equivalent half-period; the slap frequency, which appears in the 
tables, is given by fs = 1/2T. (See Figure 4.1.) This value ?s »ore 
significant than that obtained from a full slap cycle, for the two 
half-cycles often do not have the same duration. 

It is difficult to separate, in a completely unambiguous fashion, 
the direct earth and slap components. The criterion used in this 
report is the point of maximum curvature, just before the slap. When 
this separation proved impossible, values were read from the base line. 
In most instances the error thus introduced was small« 
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*s J. 
2T 
AN = 
Ap  « 

=  ARRIVAL TIME, DIRECT EARTH WAVE 
=  ARRIVAL TIME, MAIN SLAP 

= SLAP FREQUENCY 

MAXIMUM NEGATIVE SLAP ACCELERATION 
MAXIMUM POSITIVE SLAP ACCELERATION 
MAXIMUM DIRECT EARTH ACCELERATION 
IS ABSOLUTE MAXIMUM LYING BETWEEN 
r- AND ts 

SHADED AREA = MAXIMUM NEGATIVE VERTICAL 
SLAP VELOCITY 

Pig. 4.1   Illustrative Wave Form 
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0.4-4- 

10V1 - 1 FT DEEP 
GR = 8902 FT 

10V-5FT DEEP 
GR = 8902 FT 

FIRST ARRIVAL 
AT 3.64 SEC 

10V50-50FTDEEP 
GR = 8902 FT 

Fig. 4.2 Sample Vertical Earth Acceleration Gage Records. 1, 5, and 
50 feet deep. Shot 3, Station 210 
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3V - 5 FT DEEP 
GR = 845 FT 

Fig. 4.3 Sonple Vertical, Horizontal Radial, and Horizontal Tangential 
Earth Acceleration Gage Records. 5 feet deep. Shot 1, 
Station 203 
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Fig. 4.4 Sample Vertical Earth Acceleration Gage Records. 5 feet 
deep. Shot 1, Stations 202 and 204 
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Fig. 4.5 Sanple Vertical Earth Acceleration Gage Records. 5 feet deep. 
Shot 2, Stations 200 and 202 
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Fig. 4.6 Sample Vertical Earth Acceleration Gage Records. 5 feet deep. 
Shot 3, Stations 202 and 207 
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SHOT   4 

STATION   201 

Fig» 4*8   Surface Level Air Pressure and Vertical Earth Acceleration. 
5 feet deep.   Shot 4, Station 201 
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SHOT 4 
STATION 204 

Fig. 4.11 Surface Level Air Pressure and Vertical Earth Acceleration, 
5 feet deep. Shot 4, Station 204. Precursor has disappeared; 
air-pressure and earth acceleration wave forms are normal. 
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Sta. 
No. 

200 
201 
202 
203 
204 
205 
206 
207 
208 
209 
210 
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TABLE 4.2 

Shot 1 - Air- Blnst Data 

Gage 
Code 
No. 

IB 
2B 
3B 
4B 
5B 
6B 
7B 
8B 
9B 

Grnd 
Range 
(ft) 

166 
352 
587 
831 

1077 

Maximum 
Pressure 
(psi) 

10B 

1326 
1575 
1824 
2 075 
2570 
3069 

26.80 
22.80 
14.52 
10.00 
10.86 
9.74 
7.84 
6.71 
5.23 
3.43 
2.47 

a  Could not be detected 

Arrival Time (see) 
Main 
Blast 

0.331 
0.369 
0.451 
0.569 
0.717 
0.880 
1.053 
1.236 
1.425 
1.818 
2.225 

Second 
Shock 

a 
a 

1.610 
1.627 
1.826 
2.030 
2.241 
2.453 
2.884 
3.321 
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TA3IE 4.4 

Shot 2 - Air-Blast Data 

Sta. 
No. 

Gage 
Cod« 

Grnd 
Range 

Maximum 
Pressure 

Arrival 1 rime (aeo) 
Main Second 

No. (ft) (psi) Blast Shock 

200 OB 151 12.92 0.551 a 
201 IB 629 9.86 0.674 a 
202 2B 1376 6.24 1.063 a 
203 3B 2125 4.57 1.583 3.1 
204 4B 2875 3.52 2.162 3.690 
205 5B 3625 2.29 2.771 4.32 
206 6B 4375 1.89 3.395 4.977 
207 7B 5125 1.24 4.029 5.634 
208 8B 5875 1.07 4.673 a 
209 9B 7375 0.89 5.968 a 
210 10B 8875 0.48 7.273 8.945 

a  Could not be detected 
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TABLE 4.5 

Shot 3 - Air-Blast Data 

Ste. 
No. 

Gage 
Code 

Grnd 
Bange 

Maximum 
Pressure 

Arrival Time (sec) 
Main Second 

No. (ft) (psi) Blast Shock 

200 OB 166 11.18 1.708 a 
201 IB 664 11.75 1.759 a 
202 2B 1406 10.15 1.928 a 
203 3B 2154 8.73 2.198 7.622 
204 4B 2903 7.47 2.561 7.799 
205 5B 3653 6.34 2.984 8.198 
206 6B 4402 6.06 3.456 8.646 
207 7B 5152 4.82 3.962 9.144 
208 8B 5902 5.32 4.498 9.683 
209 9B 7402 3.93 5.631 a 
210 10B 8901 2.83 6.819 12.038 

Could not be detected 
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TA3LE 4.9 

Shot 4 - Air-Blast Data 

Sta. 
No. 

Gage 
Code 

Grnd 
Range 

Pressure (psl) Arrival ' rime (seo) 
Pre- Main Pre- Main Second Third 

No. (ft) cursor Shook cursor Shock Shock Shook 

200 OB 223 - 140 • 0.225 a a 
201 IB 605 q P q P a a 
202 2B 1344 8.1 26 0.483 0.585 a 1.86 
203 3B 2091 7.6 B 0.904 u. 1.528 2.50 
204 4B 2840 m 8.3 - 1.431 2.061 3.30 
205 5B 3589 Wf 6.35 - 1.972 2.630 4.04 
206 6B 4338 - 4.62 - 2.538 3.223 4.77 
£07 7B 5087 - 3.75 ~ 3.126 3.831 5.48 
208 8B 5837 - 3.02 . 3.728 4.449 6.18 
209 9B 7337 ■• 2.04 4.962 5.700 7.58 
210 10B 8837 - 1.51 - 6.222 6.975 8.76 
a  Could not be detected 
m  No distinct main shock. 
p  Gage IB has three separate shocks; 

arrival times, 0.284, 0.295, and 0.307 seo; 
pressures, 26, 42, and 45 psl. 

q  Record not clear; possibly a precursor exists with 
arrival time of 0.246 seo and pressure of 5*2 psi. 
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CHAPTER 5 

DISCUSSION 

5.1 GENERAL 

The topics treated in this discussion may be grouj  «sxler three 
general headings* First, the primary data are modified co bring out 
more clearly the fundamental phenomena involved. This requires consid- 
eration of the followingi 

Transmission process 
Gage correction process 

The primary data are then discussed under the following headingst 

Air blast slap 
TUMBLER Shot A precursor 
Particle velocity 
Effects of depth 
Energ/ absorption 

Finally, data of subsidiary importance to the main objectives are 
consideredt 

Secondary disturbances 
Horizontal radial and tangential accelerations 

5.2 TRANSMISSION PROCESS 

In Section 1.2.1 the process of transmitting energy from the air 
blast to the earth has been considered on a qualitative basis. Some- 
what more quantitative information ie added by constructing for each of 
the four shots the time of arrival diagram idealized in Figure 1.2. 
These constitute Figures 5.1 through 5.4; the curves labeled secondary 
and tertiary are discussed in Section 5.9. Data derived from the 
curves appear in Table 5.1. 

The curves for the main slap relate to the time at which locally 
generated information from the air blast starts being received at the 
gage. The accelerometers are all 5 feet deep. There is a 5 to 10 
Billisecond average delay between arrival at the surface and at the 
gage, indicating a transmission velocity at the surface of between 1000 
and 500 feet per second for both the Frenchman Flat and the luoca Flat 
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1000 1500    2000    2500 
GROUND RANGE - FEET 

3000 3500 

Fig. 5.1 Earth Acceleration Arrival Tinea. 5 feet deep. Shot 1 
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"0    1000   2000  3000  4000  5000  6000  7000   8000  9000 
GROUND RANGE-FEET 

Fig, 5.2 Earth Acceleration Arrival Tines. 5 feet deep. Shot 2 
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1000  2000  3000   4000  5000  6000  7000  8000  9000 
GROUND RANGE - FEET 

Fig. 5.3 Earth Acceleration Arrival Times. 5 feet deep. Shot 3 
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1000       2000      3000      4000      5000       6000      7000      8000       9000 
GROUND  RANGE-FEET 

Fig. 5.4 Earth Acceleration Arrival Tines. 5 feet deep. Shot A 
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TA3LE 5.1 

Transmission Process Data 

Shot 
Outrunning Final Velocity 

Range 
(ft) 

Time 
(sec) 

Vel. 
(fps) 

Range 
(ft) 

Air 
(fps) 

Earth 
(fps) 

1 
2 
3 
4 

850 
1000 
2000 
1800 

0.59 
0.85 
2.13 
0.65 

1900 
2100 
4 0UU 

1800 

3000 
9000 
9000 
9000 

1250 
1150 
1200 
1200 

8300 
6800 
5300 

13000 

sites. This is not inconsistent with the known nature of the surface. 
Within the limits of this time delay, the "main slap" curves coincide 
in shape with those for the surface level air pressure*-» 

The "direct earth wave" curves refer to information arriving 
before that of the main slap. This wave increases in amplitude until 
the main slap arrives. No characteristic frequency was observed, 
though all frequencies were lower than the slap frequency. The out- 
running (or breakaway) ground ranges are somewhat uncertain, but appear 
to be 850, 1000, 2000, and 1800 feet, respectively, for the four shots« 
The outrunning ranges for Shots 2 and 3 will not scale unless the 
propagation velocities in air and earth are the same at the same scaled 
distance. However, the earth arrival curves are slightly concave down- 
ward, indicating a general increase of velocity with depth. Thus the 
velocity in earth will not scale unless the velocity gradient scales 
as Vl/J»   Since this happy situation cannot be oonvenlently contrived, 
the apparent horizontal earth velocity will increase with distance 
and hence will tend to Increase with yield, when measured at constant 
scaled diutance. A consequence is that the ground range for outrunning 
in a larger scaled test will be less than predicted by conventional 
scaling, since the apparent horizontal earth wave velocity Increases 
with scaled distance. In Shot 3, 3000 feet would have been predicted 
If the earth velocity had been constant, whereas 2000 feet was ob- 
served. 

The earth wave curves in Shots 1 and 2 are seen to consist of two 
segments. This type of behavior is elso observed in seismic methods of 
geophysical prospecting. As noted in Section 1.2.1, the attenuation in 
earth is greater than in air. Hence the initial arrival may be so 
attenuated at large ranges as to be unreadable. The arrival first 
noticed may be that of a later oscillation, when the first arrival has 
dropped below the noise level. 
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The initial and final velocities of the earth waves are indicated 
on the curves. All propagation velocities increase with range, attain- 
ing values of about 8300, 6800, 5300, and 13,000 feet per second at 
ranges of 3500, 9000, 9000, and 9000 feet, respectively, for the four 
shots. The first three appear plausible, but the velocity for Shot 4 
is too high, A thermal explosion theory of precursor formation would 
predict high velocities such as this. In such a theory the precursor 
is assumed to be a rise in air pressure corresponding to a rapid heat- 
ing of the air by radiation; the apparent velocity of the pressure rise 
would be very great. However, much lower arrival times and also a 
noticeable precursor at the distant stations would be expected, neither 
of which is observed. Except for Shot A, tue velocities are in the 
order that might be expected for the soils at the two sites; Frenchman 
Flat had a much more homogeneous and compact soil and larger near- 
surface seismic velocities (Table 3*2). 

The initial earth wave velocities at outrunning are measured at 
the common point of tangency of the two curves. The approximate values 
are 1900, 2100, 2300, and 1800 feet per second for the four shots. The 
average value is about 2000 feet per second and, within the limits of 
the shots, may be taken as the effective initial surface propagation 
velocity for wave motion of the type excited in the earth by the air 
blast. 

From Figure 1*1, the Inclination of the wave fronts in the earth 
is seen to change after the earth wave outruns the air blast. From the 
two deep arrays of aocelerometers, the wave front orientation between 
the 1- and 5-foot and the 5» and 50-foot deep gages may be obtained 
from time of arrival differences. These differences and the wave fronts 
are also displayed in Figures 5.1 through 5.A. In general, the inclina- 
tion is opposite to that expected for an earth with uniform velocity.»/ 
However, because of the observed velocity gradient, the deeper portions 
of the wave fronts will travel faster, so that the orientation of the 
wave front will become as indicated in Figures 5.1 to 5«A. 

5.3 GAGE CORRECTION 

The procedure outlined in Section 1.2.3 may now be applied to cal- 
culating the correction of the slap wave forms due to gage response 
limitations. Table 5.2 lists the damped natural frequencies of the 
aocelerometers used at various depths in the tests. Each aceelerometer 
was connected to a high sensitivity galvanometer with a natural frequen- 
cy of 200 cycles per second and to a low sensitivity galvanometer with 
a natural frequency of 300 cycles per second. Shot 2 was selected as 
the best one to correct, since most of its gage records were clean and 
readable, but the peak negative vertical slap acceleration versus ground 
range oune appeared peculiar. 
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TABLE 5.2 

Accelerometer Danced Natural Frequencies 

Sta. 
No* 

Gage 
Code 

Damped Natural Fraquencj 7  (ops) 
Shot 1 Shot 2 Shot 3 Shot 4 

No* 

200 OV 190 190 190 190 
201 IV 190 80 80 190 
202 2V 190 80 30 190 
203 371 # * 190 190 
203 3V 80 80 80 80 
203 3V50 80 80 80 80 
203 3H 80 80 80 80 
203 3H50 80 80 * ♦ 

3T 80 80 * « 
203 3T50 80 80 * * 
204 4V 80 80 80 80 
205 5V 80 45 80 80 
206 6V 80 45 80 80 
207 »V 30 an 80 
203 8V 80 80 80 80 
209 9V 80 80 80 80 
210 10V1 * * 80 80 
210 10V 45 45 45 45 
210 10V50 45 45 45 45 
210 1GH 45 45 45 45 
210 1CH50 45 45 45 45 
210 10T 45 45 45 45 
210 10T50 45 45 * * 

* Gage not connected for this shot 
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Points for the correction process were taken at Millisecond inter- 
vals. The necessary derivatives were coapoted fron these data points, 
using finite differences. It was found that the conoept of slap fre- 
quency had to be modified. The correction depends to a great extent on 
the maximum slope of the leading edge. First the half-period, T, vas 
found by extrapolation of the naxLuum slops and vas eaployed to obtain 
the slap frequency, ff, by 

The corrected slap ourve vas computed point by point, assuming a value 
of the damping ratio 

ß    = 0.7 (5,2) 

The original and corrected curves were plotted with a more open time 
scale than the original records, as in Figure 1*3; the earth vave vas 
edited out, as in Figure 4*1} and the corrected amplitude and frequency 
vere read off. These are compared with the as-read values in Table 
5.3. As an independent variable, the ratio of slap frequency to damped 
natural frequency of the gage is chosen. The undamped gage natural 
frequency would serve as well. 

The correction factors are displayed' graphically as functions of 
the above frequency ratio in Figure 5*5, together with an estimate of 
the maximum error in the amplitude correction. Corrections up to 60 
per cent are calculated at a frequency ratio near unity. It is ex- 
pected that the amplitude correction will always be positive (see the 
curves of Reference 6), so the spread into the negative correction 
region is unlikely. The slap frequency correction is more erratic but 
shows a tendency to Increase with frequency ratio. Values in the range 
from 15 per cent to 35 per cent are calculated. 

These same correction functions may be applied to the slap frequen- 
cy and amplitude for the other shots, because the ratio of air-blast 
duration to equivalent slap period is so large (about 20 to 1). How- 
ever, the large region of probable error makes this procedure somewhat 
doubtful. The ratio of slap frequency to gage frequency for every 
gage is given in Tables 4.1, 4*3, 4*5» and 4.7, providing a rough check 
on the reliability of the accelerations tabulated. To reduce the 
error, the raw data would have to be read at much smaller time intervals 
than vas possible here. The values do confirm, however, that the 
corrected ourve generally has a larger peak amplitude occurring sooner 
than in the raw curve. The time delay was small, amo rating to only 2 
to 5 milliseconds. 

The ratio of slap frequency to damped natural gage frequency 
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TABLE 5.3 

Gage Correction Data, Shot 2 

Gage 

Code 

Grnd 

Range 

f a *■< ops)
b A» (G)c 

'■1 
fn 

's2 
fsl 

*n2 
Aul fsl ?S2 *nl An2 

No. (ft) (ops) as rd. eorr. as rd. corr. 

OV 127 190 40 - 2.74 - «■ m •B 

IV 625 80 57 63 2.38 2.58 0.71 1.10 1.36 
2V 1374 80 44 - 1.22 1.33 0.55 - 1.09 
3V 2120 80 31 36 1.12 1.14 0.39 1.16 1.02 
3V50 2123 80 45 55 0.18 0.18 0.36 1.22 1.00 
4V ?874 80 31 34 0.74 0.74 0.39 1.10 1.00 
57 3624 45 40 50 0.48 0.61 0.89 1.25 1.27 
6V 4374 45 40 50 0.37 0.49 0.89 1.25 1.32 
77 5124 80 56 69 0.41 0.44 0.70 1.23 1.07 
8V 5375 80 44 52 0.55 0.58 0.55 1.18 1.05 
9V 7375 80 55 60 0.33 0.37 0.69 1.09 1.12 

107 8875 45 46 63 0.21 0.34 1.02 1.37 1.62 

a  fn * damped natural frequency of gage 
b  fs * slap frequency 
o  AQ = maximum negative slap acceleration 

TABLE 5*4 

Minimum Ideal Gage Frequencies 

Surface Level 
Air Pressure 

(psi) 

Damped Natural 
Frequency of Gage 

(cps) 

Shot 1 30 
10 
3 

400 
240 
150 

Shots 2, 3, and 4 100 to 6 
6 to'l 

240 
180 
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Fig. 5.5   Corrections for Gage Response, Shot 2 
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should be less than 0.3 if the recorded amplitude is to be free of 
significant error. If both accelerometers and galvanometer had had the 
natural froquencies given in Table 5.4, corrections for gage response 
would have been unnecessary. However, gage sensitivity decreases as 
natural frequency increases. A different terminal equipment, not avail- 
able to us at the time of the TUMBLER shots, would be required by gages 
with such high natural frequencies. 

5.4 SLAP ACCELERATION 

If there is a one-to-one correspondence between earth motion and 
air-blaat pressure, then the relation should be more evident when the 
peak negative slap vertical earth acceleration is plotted as a function 
of the peak surface level air pressure than if each is plotted separate- 
ly against ground range. The validity of the assumption may be judged 
by the scatter of the data points. This method of plotting proves 
useful in predicting phenomena in the earth when the air pressure is 
known. 

In Figures 5.6 and 5*7 these functions are displayed for the 5-foot 
deep acceleration and the surface level air pressure for the four 
shots; a composite appears in Figure 5.8« The slap accelerations 
plotted are as-read, unoorrected values from Tables 4*1, 4*3» 4*5, end 
4.7. Owing to the fact that the accelerometers were laterally dis- 
placed from the blast line, the ground ranges for accelerometers and 
air pressure gages were appreciably different at the first few sta- 
tions. The air pressures plotted are the interpolated values corre- 
sponding to the same ground range as the accelerometers. The data 
points corrected for gage response are added for Shot 2, but the con- 
sistency of the relation is not thereby improved. The curve at low 
pressure? may be raised about 50 per sent- by the correction. However, 
these accelerations were of lower magnitude than for the other shots 
and hence are subject to greater Instrumental error. 

On Shot 4 the acceleration wave forms in the high-pressure region 
showed the arrival of two or even three pressure waves, instead of one. 
Only the first arrival can be expected to show a consistent ratio of 
peak acceleration to peak pressure; in later arrivals this ratio is 
affected by the time interval between shocks and by the non-linearity 
of the earth. The curve drawn for Shot 4 in Figure 5.7 leaves out of 
consideration the points corresponding to the second shock at Station 
201 and the true incident shock at Stations 202 and 203. 

The slope of the curves on these log-log plots is also the expo- 
nent in the power-law relation between acceleration and pressure. The 
values of the exponent are smallest for small pressures. In the four 
shots, the exponents at the two ends of the curves have the following 
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PRESSURE - PSI 

PRESSURE - PSI 

Fig. 5*6   Maximum Negative 5-foot Vertical Slap Acceleration vs. 
Maximum Surface Level Air Pressure, Shots 1 and 2 
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PRESSURE -PSI 

Fig« 5*8 Composite Maxim« Hegatire 5-foot Vortical Slap Aooeleration 
vs. Harlan» Surface Level Air Pressure 
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approximate values* Shot 1, 0.87 and 1*33; Shot 2, 0.52 and 0*96; 
Shot 3, 1.00 and 1.19; and Shot 4» 0.51 and 1*15. The general increase 
of exponent with pressure implies that the earth becomes a somewhat 
better transmitter at larger pressures. This nay be due to the com- 
pression of air in the surface layer, which would introduce the greatest 
attenuation at low air pressures and less attenuation as the pressure 
increases. 

If one composite relation were required for all shots at Yucca 
Flat, then the straight line with exponent 0*89, with a slap accelera- 
tion of 2.5 g at 10 p?i overpressure, might suffice. The equation is 

A =  0.32 p0,89   , (5.3) 

where the units are g and psi, and a spread of plus or minus 50 per 
oent will include almost all the points« It must be emphasised, how- 
ever, that this functional relationship is severely limited in its 
generality« it applies specifically to the yields, burst heights, and 
soil conditions of the shots at Yucca Flat. It is interesting that 
Shot 1, at Frenchman Flat, shows the expected greater earth response to 
pressure. There the soil was much more homogeneous and compact than at 
Yucca Flat. In the 10 psi region the slap accelerations produced were 
about 60 per cent greater than the average at Yuooa Flat« 

The data on unoorrected slap frequency, given in Tables 4.1, 4.3» 
4.5, and 4.7, display considerable scatter if plotted as a function of 
surface level peak air pressure. For this reason, no curves are pre- 
sented here. For Shots 2 and 4» the frequency appears to be more or 1 
less independent of air pressure, whereas on Shot 1 there is a definite I 
trend toward an increase of frequency with pressure. A similar but | 
less marked tendency is present in Shot 3. Shot 1 displays somewhat { 
higher frequencies than the other three shots} this may possibly be a j 
result of the more compact and higher velocity soil at Frenchman Flat.             j 
However, the large scatter of data points for all four shots renders             f 
these statements quite vague; they must be regarded as impressions f 
gleaned from data insufficient in amount to treat statistically. The j 
frequency increase on Shot 1 at Frenchman Flat probably indicates the 
type of non-linearity in the soils an increase in effective modulus 
with pressure. In Figure 5*8 the corresponding amplitude curve exhib- 
its slightly more curvature than do those for the average of the shots 
at Yucca Flat: this behavior, however, is not too pronounced. A safe 
qualitative conclusion is that the Frenchman Flat soil shows less 
attenuation and is somewhat more non-linear than that at Yucca Flat. 

i 

5.5   Troops* SHOT 4 PRECURSOR 
I 

On Shot 4 of the TUMBLER tests there existed at close-in gage 
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stations a unique air-pressure wave, called the precursor, which pr*~ } 
ceded the ordinary incident wave. A discussion of the various explana- 
tions suggested for this phenomenon is given in the report on Project 
1.2JT 

Vertical earth acceleration as a function cf tine is coopered with 
the surface level air pressure in Figures 4*7 through 4*11* Since the 
accelerometer blast line was displaced relative to the air-pressure 
gage blast line, the ground ranges for the two types of gage differ; 
thus arrival times are comparable only to several milliseconds. The 
vertical lines marked "NOL rocket" indicate incident wave arrival times 
obtained from rocket-trail photography«2/ 

In Figure 5.7 peak acceleration is plotted against peak air pres- 
sure; the relation is the same for the precursor as for other first 
arrivals* The inoident wave following the precursor does not follow 
this relation but is affected by the natural frequency of the earth and 
its non-linear characteristics» 

It was shown in Section 1.2.1 that the "round trip1* pressure ratio 
for transmission from air to earth to air again would be given by 
aquation 1*4. The ratio may be computed from the known unit weight of 
air and earth, and the average velocity at outrunning found in Section 
5.2. Use for air (at the site elevation and pressure). 0.66 lb/cu ft 
and 1100 fps; for earth, 100 lb/cu ft and 2000 fps. The round trip pres- 
sure ratio is then about 1/1400. Thus precursor formation by this 
mechanism alone is extremely unlikely« 

In Section 5.8 the fraction of blast energy absorbed by the earth 
from the air is calculated to be about 0.2 per cent for Shot 4, showing 
again that precursor formation by the action of the earth on the air is 
unlikely. 

5.6 SLAP PARTICLE VELOCITY 

Maximum vertical earth particle velocities were calculated by the 
procedure outlined in Section 1.2.4« from the as-read vertical 5-foot 
slap accelerations. These values appear in Tables 4.1, 4.3, 4.5, and 
4*7. Because of the expected close relation between earth motion and 
air pressure, these velocities are compared with the interpolated 
surface level sir pressures given in the same tables. The curves for 
velooity versus air pressure appear in Figures 5.9 and 5.10, with 
Figure 5*11 affording a comparison by composite curves. The curves for 
all four shots can be approximated by the relation 

v = 0.06 p0'89 (5.4) 

65 

«ONFIDENTIAL RESTRICTED DATA 
Security Information ATOMIC ENERGY ACT ,946 



CONFIDENTIAL 
Security Information 

O 
UJ 
CO 

I 

>- 

UJ 
> 

PRESSURE-PSI 

1 : i i 111 i     i   i   i i n i e     '   : 

Ü 
UJ 
</> 9          /* — 

u. s   • 
1 

V
E

LO
C

IT
Y

 
p

 

9               v^ 

jtT    ® ~ 

SHOT 2  - 

0 
1     !     1    1    1 l          i i 

4 l( D             30 
PRESSURE - PSI 

Fig. 5*9   Maximum Negative 5-foot Vertical Slap Particle Velocity TO* 
Maximum Surface Level Air Pressure, Shots 1 and 2 

RESTRICTED DATA 
ATOMIC ENERGY ACT 194« 

66 

CONFIDENTIAL 
Security Information 



CONFIDENTIAL 
Security lnforautiM 

ü 
UJ 

v. 
\- 
U. 

I 

1 
UJ 
> 

O.l 

i i ii r 

_L_L 

I   I  I I I JJ 

10 
PRESSURE-PSI 

SHOT 3 
j l i   i   i i 

!00 

10 

o 
UJ 
to 

t > 
o 
o 
-J 
UJ 
> 

0.1 

- 1     1   1  1 1 1 11 1       I     1    1   1  II L 
- SHOT   4 - 

- B -  PRECURSOR - 

- 
201 © / 

SECOND /     - 

- ' ®2OI-FIRST: 
- © - 

- ©    >^02O3 
° X        B202 

•- 

*  1       !!!!!!! !         1      1    !    1   !  1 1 

-    ©. 

10 
PRESSURE - PSI 

100 

Fig. 5*10 Maximum Negative 5-foot Vertical Slap Particle Telocity vs. 
Maximum Surface Level Air Pressure, Shots 3 and 4 

67 

CONFIDENTIAL 
Security Information 

RESTRICTED DATA 
ATOMIC ENERGY ACT t»*6 



CONFIDENTIAL 
Security Information 

'.i.jiiUPJüiLWU!i™w.u. mmmmm MM 

IOL|   I I I I 

/ 

PRESSURE - PS I 
100 

Fig. 5*11 Composite Maximum Negative 5-foot Vertical Slap Partiole 
Velocity va. Maximum Surface Level Air Pressure 

RESTRICTED DATA 
ATOM'C ENERGY ACT 1846 

68 

CONFIDENTIAL 
Security Information 



CONFIDENTIAL 
Security Information 

where the «aits are fps and psi, and where a spread of plus or minus f 
60 per cent will include most points* j 

I 

When the low^r-pressure portions of the curves are compared, the 
ratio of peak pressure in psi to peak velocity in fps is in the neigh- 
borhood of 15 to 1 for all shots. Shot 1 shows somewhat more variation 
than the others, but the average ratio is about the same. In English 
units of potuds per square foot for pressure, the ratio is about 2200 
lb-sec/ou ft« If the earth acts as a perfectly elastic fluid under the 
excitation of the air blast, then this ratio should be equal to the 
characteristic wave impedance z or pc, as discussed in Section 1*2.1. 
In addition, the air pressure should be transmitted undimini shed to the 
surface of the earth» With these assumptions, the velocity of vertical 
transmission, c, should be given by the characteristic impedance divid-       j 
ed by the density. For Nevada Proving Grounds soil, a reasonable near-       | 
surface value of density is three slugs (about 96 pounds) per cubic | 
foot. Thus c is about 700 fps on this basis. This nay be compared I 
with the value obtained by dividing the aooelerometer depth (5 feet) by f 
the time delay between arrival of the air blast at the surface and its | 
initial appearance at the gage. This delay is indefinite but lies | 
between 5 and 10 milliseconds. Thus the sloeity of vertical trans- I 
mission near the surface is directly calculated as between 500 and 1000       I 
fps, agreeing well with the 700 fps calculated from the air pressure to       f 
earth particle velocity ratio. Note that this vertical propagation 
velocity is considerably less than the horizontal velocity obtained 
from time of arrival data discussed in Section 5.2. The average 
horizontal velocity at outrunning was about 2000 fps. about three times 
the vertical velocity. This discrepancy probably reflects the marked 
change in transmission characteristics for the first few feet of earth 
near the surface. 

5*7 EFFECTS Of DEPTH 

I 
At Stations 203 and 210, vertical accelerometers were installed at        f 

depths of 1 foot and 50 feet in addition to gages at the standard depth { 
of 5 feet. On Shots 1 and 2, no 1-foot accelerometers were connected* 1 
The slap accelerations and particle velocities as functions of depth 1 
constitute the data discussed here. Besides the general behavior, it is § 
also desired to estimate the relation between peak slap velocity at 5 j 
feet and at the surface* I 

I 
Figure 4*2 displays representative vertical acceleration records f 

at the 1-, 5-,  and 50-foot depths at Station 210 on Shot 3. There the 
attenuation with depth is easily seen. 

Figures 5.12 and 5.13 present these peak slap accelerations vs. 
depth for the four shots at the two stations instrumented in depth* 
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Fig. 5*14-   Maximin Negativ» 5-foot Vertical Slap Velocity TO. Depth, 
Shots 1 and 2 
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Fig* 5*15   Maximum Negative 5-foot Vertical Slap Velocity vs. Depth, 
Shots 3 and A 
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I 
Indicated on each curve are the ground range and surf ace-level maximum 
air pressure. On Shot 3 one 50-foot gage shoved considerable ringing, 
and on a similar gage on Shot 4 it was difficult to separate the slap 
from the earth action which started to arrive before the slap* In 
general, the attenuation rate appears to increase with depth, although 
the data are too sparse for any firm conclusion. 

The peak vertical slap particle velocities are plotted against 
depth in Figures 5*14 and 5.15. The peak velocity does not seen to 
attenuate as fast as do the corresponding accelerations between 5 and 
50 feet. 

In order to calculate energy absorption by the earth (Section 
5.8)} an estimate must be made of the ratio between particle veloci- 
ties at 5 feet and at the surface. The only satisfactory records at 
all three depths were those at Station 210 for Shots 3 and 4. For 
these, extrapolation to surface particle velocity was somewhat uncer- 
tain. The approximate ratio of surface to 5-foot velocities appeared 
to lie between 3 and 4 for Shot 3. and between 2 and 3 for Shot 4. The 
surface level air pressures were respectively 2.8 psi and 1.4 psi. A 
fairly consistent variation of earth lotion with depth was observed on 
all shots by comparing gage records at the two stations. The «lap ac- 
celerations and velocities between 5 and 50 feet showed greater attenu- 
ation rates for the more distant (low air pressure) stations. The only 
exception was the velocity for Shot 2. The meaning of this general 
behavior is not clear; at large distances the slap contains a large and 
uncertain contribution from earth information which has outrun that 
directly from the air blast. ; 

5.8 ENERGY ABSORPTION 

This section has been prepared from material furnished by Mr* A* 
A* Thompson, formerly of the Armed Forces Special Weapons Project. The 
principles of the analysis were developed by Mr. Thompson, and he per- 
formed the mechanical integrations and the numerical calculations 
involved. 

It is of interest to examine the energy transfer between the air 
pressure wave and the ground. This will aid in estimating the reflec- 
tivity of earth, the alteration of air pressure wave form due to this 
mechanical absorption, and the possibility of the absorbed energy later 
contributing to the formation of a precursor. 

It is assumed that the surface of the earth acts as an impervious 
diaphragm subjected to an overpressure due to the passage of the air 
shook wave« 
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The total energy, W, absorbed by the earth is given by the double 
Integral 

W 2TT P v. dt r dr (5.5) 

«here 

r is the ground range, 

p = p(r,t) is the surface level overpressure, and 

vg= v (r, t) is the vertical earth particle velocity at the sur- 
face; positive is upwards* 

The evaluation of the integral of Equation 5*5 requires a know- 
ledge of the earth particle velocity at the surface* However, the 
principal earth notion instrumentation was at a depth of 5 feet* The 
stations instrumented at additional depths of 1 foot ani 50 feet were 
intended to provide data by extrapolation for estimating the surface 
velocities from the 5-foot data. Thus the integral may be written 

W    =     2rr f[OvH p(q v  ) dt    r dr (5.6) 

where 

v = v5(r, t) is the vertical earth particle velocity at a depth 
of 5 feet and 

q = q(r, t) = vg(r, t)/v5(r, t)is a function of r and t trans- 
forming the 5-foot velocity to the value at the surface. 

The variable, q, comprises a time delay and amplitude change between 
the two levels« The time delay is small; as noted in Section 5*2, it 
is of the order of 5 to 10 milliseconds. Experimentally, it is known 
that the duration of the air blast is larger than that of the signifi- 
cant portion of the velocity (see Figure 5.16 for typical velocity wave 
forms)* Thus the time delay is very small compared with the aiv-blast 
duration, and the overpressure changes very little during this delay 
time. 

The assumption may now be made that, aside from the small delay, the 
velocity wave forms at 5 feet and at the surface differ only by a 
multiplicative constant, q0* Then Equation 5.6 becomes 
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Fig, 5»16   Vertical Earth Particle Velocity va. Tiae.    5 feet deep, 
positive upward 
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W 
277 p v5 dt r dr (5.7) 

The vertical earth accelerations were integrated by Mr. Thompson 
at the California Institute of Technology, using a mechanical integraph 
supplied through the cooperation of Professor B. W. Housner. No cor- 
rections were introduced for gage response limitations, so that the 
actual velocities will be somewhat greater than those obtained by 
simple integration of the gage records. The value of W/q0 was computed 
using only those stations having air pressures greater than 5 psi. 
These include the major portion of the integral. As an intermediate 
step, values of 

_T 

^0 

— = 2TT r r P v, dt (5.3) 

were calculated at various ground ranges. In the final integration for 
W, conventional graphical interpolation was used to get a smooth 
function. Values are tabulated in Table 5.5, listing the ground range, 
r; the integral 

r p v5 dt (5.9) 

the quantity T /q© as given by Equation 5.6; and the final value of 
W/q0 obtained by Equation 5.7 out to the value of r at the 5-psi limit. 
Although there is still an appreciable contribution beyond this limit, 
it is decreasing because the pressure and velocity are each decreasing 
faster than l/r. 

The above integration procedure may be simplified by noting from 
the representative velocity-time curves of Figure 5*16 that the prin- 
cipal earth velocity pulse occurs in a time fairly short compared with 
the positive duration of the air blast. This is particularly true for 
Shots 3 and 4, in which it was felt that earth motion might withdraw 
appreciable energy from the air blast. As a very rough approximation, 
assume that the pressure p can be replaced by an equivalent constant 
average value ap somewhat less than the maximum pm • Thus Integral 5.9 
becomes 

\  p v5 dt ?   a  pa \ v5 dt = a pB d5 
i i 
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TABIE 5.5 

Ground Absorption Information 

Shot Sta. 
No. 

Grnd 
Rang« 
(ft) 

^"pV5dt 

(ft-lb/Ln2) 

2wr^r,Pv5Clt 

(lO^ergs) 

W/qo 

(lO^ergs) 

1 200 
9fV» 

202 
203 
204 
205 
206 

232 
00*7 

609 
847 

1089 
1335 
1583 

1.3 
l.i 
1.0 
0.79 
0.61 
0.59 
0.28 

3.7 
5.2 
7.5 
8.2 
8.2 
9.5 
5.5 1.5 

2 200 
2C1 
202 
203 
204 

127 
625 

1374 
2123 
2874 

0.32 
0.25 
0.15 
0.03 
0.02 

0.5 
1.9 
2.5 
0.79 
0.71 0,3 

3 200 
201 
202 
203 
204 

226 
681 

1414 
2160 
2907 

0.77 
0.75 
0.47 
0.32 
0.26 

2.1 
6.3 
8.1 
8.4 
9.1 4 

4 200 
201 
202 
203 

275 
626 

1354 
2098 

32 
10 
3.3 
0.50 

110 
78 
55 
13 15 

where d<j is the permanent displacement at a depth of if feet« Th* 
factor q0 enters as before; here its time variation is again not 
important, the principal assumption being that it is independent of 
r and p^. 

It is evident that the whole calculation hinges on the factor q.« 
In the previous section, rough estimates were made in terms of velocity 
ratios. For Shot 3 the ratio of surface to 5-foot velocity peaks ap- 
peared to be between 3 and 4; for Shot 4-, between 2 and 3. When q„ is 
obtained by comparing permanent displacement ratios between the 1-foot 
and 5-foot levels by double integration of acceleration recordsi  the 
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ralues are near 2.4 for Shot 3 and 2.0 for Shot 4« Assuming a ratio of 
2 for surface to 1-foot displacements, values of 4*8 and 4.0 result. 
Surface level air pressures were 2.8 and 1.4 psi, respectively, for 
these two sets of conditions. Thus q0 is not a very constant quantity. 
For purposes of comparison, it appears reasonable to use q0 equal to 4 
for all shots. Then the energy absorbed out to the 5-psi contour may 
be obtained from the data in Table 5.5. When expressed as a fraction 
of the equivalent TNT energy to obtain the same air blast,2r the values 
given in Table 5.6 are obtained. 

The relatively larger value of absorption for Frenchman Flat (Shot 
1) is surprising, because maximum absorption would be expected if there 
were a gradual transition from air to earth« The initially fluffy sur- 
face at luces Flat is closer to this condition than the hard, watered, 
and rolled surface at Frenchman Flat. Of course, rain, blading, and 
packing by vehicles reduced this difference. It must again be empha- 
sized that the whole procedure rests, as it must, on assumptions which 
are necessary because of the small amount of effect-of-depth data 
available. However, even with generous allowances for error, the 
energy absorbed would still be a small fraction of the total blast 
energy. Hence it appear? safe to conclude that the blast wave will not 
be appreciably altered by this absorption mechanism alone. 

From acoustic considerations similar to those used in calculating 
the round trip pressure ratio in Section 1.2.1, the ratio of the inten- 
sities in air and in earth may be obtained by assuming each to be a 
linear fluid. The intensity ratio, for the extreme mismatch actually 
existing, is the acoustic impedance ratio. On the basis of Section 
5.5, the average value for all shots is about 1/700, or 0.14 per cent,. 

TABIE 5.6 

Energy Absorbed by Ground 

Shot. Energy Absorbed out 
to 5-psi Contour 

(1016 ergs) 

Per Cent of Equivalent 
TNT Air-Blast Energy 

1 
2 
3 
4 

1.5 
0.3 
4 
15 

0*3 
0.06 
0.03 
0.18 
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This agrees in rough order of magnitude with the energy absorption 
calculations above* For tests under other conditions, the acoustic 
impedance ratio can provide a useful measure of the absorption; this 
may be of interest in blasts over loose snow, which is highly absorb- 
ing. 

5.9 SECONDARY DISTURBANCES 

The report on air pressure measurementiiS/ discussed certain 
secondary shocks or blips of small amplitude which were observed in the 
wave forms. Similar disturbances were sought in the earth acceleration 
records; they were found to be present at the expected times. Arrival 
times are given in Tables 4.1, 4.3, 4*5, and 4.8. However, the oscilla- 
tion did not have as sudden an onset as did the slap, so readings of 
its time of arrival were subject to more error« The disturbance was 
unmistakable, however, since the earth motion had usually almost died 
out before the blip arrived. 

Times of arrival of these secondary earth disturbances are plotted 
in Figures 5.1 through 5.4, together with main disturbance information. 
In each shot, the secondary and primary (slap) time of arrival curves 
displayed a time displacement which was usually smaller at outrunning 
than at the maximum range instrumented. These extreme values were 
approximately: Shot 1, 0.9 second and 1.1 seconds; Shot 2, 1.3 and 
1.6 seconds; Shot 3, 5.3 and 5.0 seconds; and Shot 4, 0.7 and 0.8 
second. In every shot, tho final propagation velocity of the secondary 
disturbances was that of the slap. 

A tertiary disturbance was observed on Shot 4 which agreed in time 
of arrival with the slowly rising tertiary air pressure increases. The 
final propagation velocity of this disturbance was 1100 feet per seccrd, 
as compared with 1200 feet per second for both secondary and slap 
phenomena. 

A surprising feature of all secondary disturbances is the relative 
magnitude of the earth motior» The ratio of locally induced peak 
acceleration to the air pressure rise causing it was some 3 to 10 times 
greater for the secondary blips than for the slap. Ho quantitative 
evaluation was attempted, owing to the difficulty of reading the low 
values of air pressure in the blips. 

5.10 HORIZONTAL RADIAL AND HORIZONTAL TANGENTIAL Ar.müT.ERATTnKifi 

At Stations 203 and 210 horizontal radial aüd horizontal tangen- 
tial accelerometers were installed at depths of 5 and 50 feet. Figure 
4.3 displays representative vertical, horizontal radial, and horizontal 
tangential acceleration records at 5-foot depth at Station 203 on Shot 1« 

SO 
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Little Is known of the mechanisms causing the horizontal radial 
component of the acceleration. In a very simple view, the air-blast 
pressure can exert only a normal force on the surface. The flow behind 
the reflected shock front is parallel to the surface and can exert a 
drag force on the earth. A complete solution of the problem in the 
simplest, most idealized case would require consideration of the 
vibration of a semi-infinite elastic solid from the excitation of a 
point source in a fluid above it, A start toward work on this problem 
has been made by Ott .4/ 

The taugentiflJ «<?celersticn should be email, as presumably it is 
due only to the asymmetry of the actual explosion or the test medium* 

Any comparison of peak values on the vertical, horizontal radial, 
and horizontal tangential accelerations is misleading for three reasonst 

(a) The peak accelerations occur at different times and hence 
cannot be regarded as components of an acceleration vector. 

(b) Many of tue horizontal radial and tangential records do not 
show a well-defined earth wave and slap. The earth wave 
could not be edited out as in the vertical acceleration; 
the accelerations read were the absolute maximum negative 
and positive accelerations shown on the record« 

(c) On most of the. records used in the comparison, the half- 
period associated with the maximum acceleration is near the 
natural half-period of the gage. As Shown in Section 5.3, 
these maxima may be 60 per cent or more smaller than the 
actual maxima. 

For comparison purposes we shall use the peak-to-peak accelera- 
tion (the sum of the absolute values of the maximum negative and 
positive accelerations), as this will minimize the effect of varying 
wave forms. Table 5.7 gives these quantities and also the ratio of 
horizontal and tangential components to the vertical component« 

The size of the horizontal radial component relative to the 
vertical increased with increasing ground range. The sir-« of the tan- 
gential component relative to the vertical decreased sligntly with 
ground range. Nothing can be said as to the effects of depth. The 
relative size of the horizontal radial component increased in the same 
order as that of the shots, indicating that both yield and burst height 
are involved. 
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TABIE 5.7 

Comparison of Vertical, Horizontal, 

and Tangential Accelerations 

Shot Sta. 5 feet deep 50 feet deep 
j No. V H   T V    H  |  T 

Maximum Paak-to-Peak Acceleration (G) 

1 203 
210 

4.84 
1.47 

1.37 
0.70 

1.53 
0.21 

0.84 
0.36 

1.94 
0.46 

0.31 

2 203 
210 

2.40 
0.46 

1.15 
0.54 

0.53 
0.07 

0.65 
0.024 

0.65 
0.024 

0.19 
0.013 

3 203 
210 

2.81 
1.68 

2.26 
2.09 0.36 

1.49 
0.30 0.14 

- 

4 2C3 
210 

1.79 
0.95 

2.33 
1.06 0.22 

0.84 
0.09 0.07 : 

Ratio to Vertical Component 

1 203 
210 

1.00 
1.00 

0.28 
0.48 

0.32 
0.14 

1.00 
1.00 

2.31 
0.45 

0.37 

2 203 
210 

1.00 
1.00 

0.48 
1.17 

0.22 
0.15 

1.00 
1.00 

1.00 
1.00 

0.29 
0.54 

3 203 
210 

1.00 
1.00 

0.80 
1.24 0.21 

1.00 
1.00 0.47 

- 

4 203 
210 

1.00 
1.00 

1.30 
1.12 0.23 

1.00 
1.00 0.78 

m 

RESTRICTED DATA 
ATOMIC ENERGY ACT IMC 

82 

CONFIDENTIAL 
Security Informitiw 



jtfai.n,i»uwMiiLJUii .jmjJU-MM.iffjm,n ..»IWMBBM^^W—^^PBJJBg 

CONFIDENTIAL 
Siewtty toformitiwi 

CHAPTER 6 

6.1 mm m msmsm 
6.1.1 jaaoBg ibjacettai 

3y consideration of particle velocities, the fraction of 
blast energy absorbed, fron the air by the earth was calculated to be 
for Shot 1, 0.3 per eentj Shot 2, 0.06 per cent; Shot 3, 0.03 per oent; 
Shot 4, 0.18 per oent. Acoustic considerations would give an average 
value of 0.14 per oent, agreeing in order of magnitude with the above. 
The true values are probably less titan the calculated ones, as simpli- 
fying assumptions were made with this in mind. It seems likely that 
the absorption of such a small fraction of the total blast energy would 
not appreciably affect the blast wave. 

6.1.2 Transmission Process 

Outrunning by the direct earth wave in front of the main 
slap took place at an average velocity of 2000 feet per second and 
ground ranges of 850, 1000, 2000, and 1800 feet for the four shots. 
The velocity of the direct earth wave increased with range, attaining 
values of 8300, 6800, 5300, and 13,000 feet per second at ranges of 
3500, 9000, 9000, and 9000 feet for the four shots. The velocity of the 
main slap decreased with range to a constant average value of 1200 feet 
per second for all four shots. 

The inclination of wave fronts In the earth was opposite to 
that expected for earth with uniform velocity; this may be due to the 
observed gradient of velocity vs. depth. 

6.1.3 Site Aaa&aaaga 

As expected from the character of the soils, Shot 1 showed 
greater values of earth acceleration for the same air pressure than did 
the shots at Yucca Flat. All curves of acceleration vs. pressure on a 
log-log plot were concave upward, indicating the earth is a better 
transmitter at high pressures than at low. For Shots 2, 3» and A the 
curves can be approximated by the relation 

A - 0.32 p0*8* 
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where A is in g, and p is in psi. A spread of plus or minus 50 per 
oent would include almost all points* This relation applies specifi- 
cally to the yields, burst heights, and soil conditions of the shots 
at Yucca Flat. 

6.1.4 TTtMfifrieq afrot L Precursor 

Earth acceleration as a function of air pressure follows 
the same relation for the precursor as for shook wares with no precur- 
sor. The incident wave following the precursor does not observe this 
relation. 

The round trip pressure ratio from air to earth back to air 
was calculated as 1/1400. The fraction of energy absorbed from the air 
by the earth was calculated as 0.13 per oent on Shot 4* Henoe precur- 
sor formation by the action of earth on air is unlikely* 

6.1.5 Slap Partiole Velocity 

All four curves of slap velocity vs. air pressure oan be 
approximated by 

▼ - 0.06 p0»8* 

(where v is in fps and p is In psi), with a spread of plus or minus 
60 per oent. 

Vertical propagation velocity, calculated from the ratio of 
pressure to velocity, was about 700 feet per second near the surface. 

6.1.6 Gage Correction 

On many of the 80 and 45 ops aooeleroraeters the slap fre- 
quency was near the natural frequency of the gage. Shot 2 peak accel- 
erations and frequencies were corrected for the effect of gage response. 
The correction was 0 per oent at a frequency ratio of 0*3 and 60 per 
oent at a frequency ratio of 1.0. The damping ratio of tue gages was 
0„7. 

6.1.7 BfffrtP of Pegth, 

The data oa effect of depth are too sparse and uncertain 
to permit any firm conclusions* In general, the attenuation rate for 
both acceleration and velocity is greater at greater ground range 
(lower air pressure). For both, the attenuavdon rate increases with 
depth, but velocity does not attenuate as fact as the corresponding 
acceleration. 
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6.1.8 Horizontal Radial and Tangential Accelerations 

The horizontal radial component of the acceleration is of 
the same order of magnitude as the Tertioal component but shows greater 
variation in wave font. Its relative size increases with ground range 
and is greater for each succeeding shot. The horizontal tangential 
component is small compared to the vertical component, and its relative 
size decreases with ground range. 

6.1.9 Secondary Disturbances 

The acceleration records showed secondary (and on Shot 4, . 
tertiary) disturbances corresponding to those noted in the air blast.« 
It is surprising that the relative magnitude of earth acceleration to 
air pressure rise of these later disturbances is some 3 to 10 times 
greater than for the main slap« 

6.2 RE00MMBNDATI0N3 

It is recommended that this report be accepted as an indication 
that, for air bursts on a scale and over surfaces similar to those of 
the TUMBLED shots, earth absorption of air blast energy and rir- 
radiation of the energy back into the air blast are both negligible. 
Further work is needed to determine the energy absorption of other 
types of surfaces; loose snow, for example, is known to be yr&ry absorb- 
ent. 

The analysis used in this report to calculate energy absorption 
requires a knowledge of the vertical earth velocity at surface level. 
More knowledge of the attenuation of velocity with depth is needed to 
permit extrapolation to the surface. A knowledge of the horizontal 
tangential component of acceleration is probably unnecessary} these 
measurements could be dispensed with. It is important that all gages 
and the equipment associated with them have resonant frequencies three 
times as great as the frequency of any oscillation whose amplitude is 
important. 
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APPENDIX 

GAGE BBGCRDS 

Redactions (1 t 2.5) of tracings of the interesting portions of 
all gage records comprise this appendix. The portion shown is that 
Immediately following tbs arrival of the air blast at the surfacec 
Features of the direct earth wave and secondary shocks do not appear 
in these reductions; accelerations and tines associated with then 
appear in the tables« 

The records are arranged first by shot, then by ground range, 
gage type (vertical, horizontal, tangential), and depth. 

Each record is provided with tine and acceleration coordinate 
locations, and with line AB indJeating arrival of the air blast at the 
surface. The time interval on each gage record labeled "DRP" is the 
damped natural half-period of the gage. Camera corrections needed to 
reduce all records to a common time base are indicated by the notation, 
"Add x milliseconds." Labeling includes shot number, gage code symbol, 
ground range, slant range to point on surface above gage, and other 
information as required. The gage code system is explained in Section 
3.2. 
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Fig. A.l   Shot 1, Gages 0? tbroviga 3?50 
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Jig. A.2 Shot 1, Gages 3H through 5V 
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