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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 alir pressure information. The earth acceleration measure-
ments were designed to study the interaction between pnenomena in the
air and phenomena in the earth, The main objective was to estimate the
magnitudes of tha energy absorbed by the ground and the energy fed back
into the air by the ground. Subsidiary cbjsctives included a ntudy of
the effects of gage depth and the relative importance of the three ac~
celeration components. This report is concerned with these objectives
a8 obtained from many acceleration-time records of the vertical compo=
nent, 5 feet deep; a few records of the vertical component, 1 and 50
fest deep; and a few records of the hourizontal radial and horizontal
tangential components, 5 and 50 feet deeps

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

The important po;%ion of each gageu record is reproduced (ir 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
gualifications and assumptions which accompany them are detailed in the
text,

1. The proportion of blast enargy 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., The absorption of such small frao-
tions of the total energy would probably not affect the blast wave,

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

3. Peak slap acceleration as a function of maximum surface level
air pre-sure for Shots 2, 3, and 4 could be approximated by

A= o032p
3 ’ .
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where A 1s 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 4. Some of this difference is due to the differing
character of the soil at the sites for the two groups of shots,

4o It is very unlikely that the precursor on Shot 4 is formed by
energy transfer from ailr to earth to air again, Acoustic considera-
tions give a "round-trip" pressure ratio of 1/1400.

5. Curves of peak particle slap velocity vs. maximum surface
air pressure for all four shots could be approximated by
v = 0006 p(}.a9 3

where v 1s in fps and p is in psi,

6. No firn quantitative conclusions could be drawn as to the
effect of depth on acceleration and welocity. 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.

4
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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 empiricsl height of burst chart. The
events leading to the selections of ylelds, burst heights, and sites
have been coverad in other reports,ls3/* and will not be detailed here.

The priucipal 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
1,28/ information from the point of view of the above objectives. No
extensive comparison of these data with results from otner 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 versa; the effect of
air-blast duration on the response of the earth; correction of gage
records for limitatiors imposed by the gage response; and calculation
of maximum particle velocity.

l.2,1 Trangmission 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.

13
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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 egrth wave in Figure 1.1 corresponds Lo those observed by
Schmidt37rand treated analytiecally by Ott. If its seismic veg7city
increases with depth, as it does at the Nevada Proving Grounds,2/ then
one would expect that the apparent source for the 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, ¢!, of contaci with the earth is given by

+

@ = U/sin & s (1.1)

vwhere U is the shock velocity and .’ is the angle of incidence. How~-
ever, the luformation given the eurth will eventually outrun this
epparent velocity, ¢'. This may happen either by a near-surface seismic
velocity that is greater than ¢! or by earth transmission along a curved
path which dips into the higher velocity lower earth strata. In the

two diegrams this outrunning is shown =s ocrurring at ground range Ra.
Beyond Rp, the first information received by a near-surface earth-
motion gege 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
ogecillatory 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 receive: at soms time intermediate between earth and air
arrivals will have suffered attenuation in both earth and air patha,
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 iimit Ry, the en-
valope of the received wave train should tend to increase and reach a
maximum when tke air blast passes over thc 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 wuve should be slightly concave
downward. If thig iz the caz2, thon ths shapes of the more distant
refracted wave fronts (shown in the lower part of Figure 1.1) will
change so as to correspond te a lower position of apparent source,

When the earth wave outruns the air blas',, it might be
expected that ~nformation would be fed back into the air to form a

1
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X BURST

AIR R, R, Rs

EARTH OUTRUNNING

Figs 1.1 1Incident ar” Refracted Wave Fronts for Air Burst. Earth
vave outruns air blast beyond R,

RTH
OUTRUNNING Z/’Eg’,.-/

ARRIVAL TIME

1R| R, |Rs

GROUND RANGE

Fig. 1.2 Time of Arrival Diagram for Information Received by Surface
Gage. Earth wave outruns air blast beyond Ry
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"Kopfwelle,“l/ or precursor. To estimate the order of this effect,
make the most optimlstic 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 produced?
Take air and eurth as equivalent to loss-free fluids (1 and 2) having
characterlistic compressional wave impedances 23 and z3. Then, in tranas=-
mission from alr to earth, because the earth is relatively so much more
rigid than the alr, the motion of the earth affects to a negligible ex=-
tent the aeir pressure Py existing at the surface. Thus the vertical
earth particle veloclty is given by

D, I

V2 S e— = e—— 3 (1.2)

2y Zy
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

’

Py = 2z, Vv, = 22, = p/2z,/2,) (1.3)
The round-trip pressure ratio is

!

o
p, 2z, 2oy,

. - , (1e4)

P, 2, PaCy

where o and ¢ are respectively the density and sonic wvelocity 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-Blast D ration on Earth Response

It 1s known from electric eircuit 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 atep function. If the step function is replaced by a de-
caying blast wave and the c¢ircult by the earth, then the statement
remalns 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 frequencles of earth motion observed from
the slap of the alr blast passing over should be independent of the air
blast duration and hence the yield, provided the yleld 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 naext gection,

1.2.3 Correction of Gage Records for System Response

When the mechanical input to the gage contains frequeacy
components approaching the 1limit 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

MK+ rx + sx = sf(t) s (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-
quencles low compared with the undamped resonant frequency of the gage,
which 1s given by

Ay . “g 1 /s (1.6)
°© " o 277-/m ) ¢

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

——E-+-—é-x +x = f(t) g (1.7)
w, %o
where 3 1s the ratio of the resistance r to the critical darping resist-
ance

r. = 2vsm = 2om = 2s/w, . (1.8)

c

17
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The damped resonant frequency is given by
TR

u‘d = “wy v’/l - 'L" (109)

Returning to the procedure for gage correction, Equation
1.7 says that for a sufficiently high gage frequency, «» , 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)e
To obtain them, the derivatives x and x are calculated from the gage
record supplied. Values of w, and 3 are determined experimentally.

Q0

Workers at the National Bureau of Standards have calculated
and plotted the gage response for a z7riety of transient inputs, rela-
tive gage frequencies, and dampings°6 For values of 3 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 g
is ordinarily between 0.5 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 indicated.

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 singls measure
of the particle velocity.

Here we shall be interested in the slap resulting from the
passege of the air blast over an accsleromeler., The laber portions of
the slap include not only tiais direct excitation but information which
had already been imparted to the earth at an earlier time (see Section
1.2.1)s Thus this earth motion may be edited from the gage record by
using an adjustable base line. In many records this cun 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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Fig. 1.4 Acceleration and Velocity Relations
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particle velocities corresponding to these slaps will all be similar,
since the slap accelerations are simllar. Figure l.4 indicates the
general shapes of the slap acceleration and corresponding velocity,
Bacause most of the wvelocity wave shapes turn out to be similar, each
velocity curve may be described by the peak valus and an oscillation
time. From the vertical slap acceleration record and Figure l.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.
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CHAPTER 2

INSTRUMENTATION

2,1 GENERAL SYSTEM

The details of the instrumentation system employsd have been re~
ported elsewhere.”»8/ Here only the information essential to an under=-
standing of the data will be presented. As before, Wiancko variable-
reluctance accelerometers with associated terminal equipment were used
in conjunction with Miller Model J recordiug oscillographs.

2.2 COUPLING TO THE EARTH

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

2.3 BESPONSE TIME

The response or rise time was determined by the high-frequency
response of the gages and galvanometers used. Accelerometer 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 accelerometers, the
product of damped natural frequency (in cps) and gage rating (in G
units) was close to 1300e The damped natural frequencies are tabulated
in Tahle 5.2§ damping was approximately 0.7 of criticale The low~
frequency response of the complete instrumentation system extended
uniformly to and including zero frequency.

The natural frequeney of the accelerometers limited the reaponse
time, except for some double-galvanometer channels employed on 30 G
(190 cps) gagese The higher sensitivity galvanometers had damped
r<-tural frequencies of 200 cps. Thus, in these cases, the rise time
was greater than for the accelerometer alone. When this occurred, no
attempt was been made to correct the records for gage response by the 5
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 accelerometer used.
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2.4 CALIBRATION

Each accelerometer (and associated galvanometers) was calibrated
in the field after the gage had been connected cn the blast line, and
agaln before being installed iv the ground. The calibration was per-
formed by rotation of the gage in the earth's gravitational field.
Following the test program the sccelerometers 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 telieved that 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 naiural frequency of the associated
accelerometerse The procedures of Sections le2+3 and 5.3 have been
applied to estimate corrections for delay time and amplitude.

Time aeccuracies 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.l per cent of the desired rate, with very good short-time stability.
Arrivael times could be read %o plus or minus 0.001 second.

22
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CHAPTER 3

OPERATIONS

3.1 TEST DESCRIPTION

The four nuclear explosions of Operation TUMBLER were air-dropped,
alr-burst weapons detonated at the Nevada Proving Grounds of the
Atomic Energy Commission. The Frerchman Flat site for Shot 1 was
chosen in an effort o obtain a smooth, thermally-refiecting, and
dust-free surfarr The area was carefully dampened and rolled prior
to the test. ai.nough the T=7 site in Yucca Flat, used for the
repainder 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 TUMBIER
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 Yuceca
Flat sitese.

Locations, dates, and seismic data§/;re sumarized in Tables
3.1 and 3.2,

TABLE 3.1
Shot and Site Description

Shot | Location Date

§
1 FF 1 April 1952 )
2 T-7 15 April 1952
3 T=7 22 April 1952
4 T-7 1 May 1952
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TABIE 3.2
Seismiec Velocities

Frenchman Flat Yucca Flat, T=7 Area
Depth Velccity Depth |Velocity
(£t) (fps) (ft) (fps)

0- 10 1200 0- 5 800

10 - 175 2600 5 = 100 | Variable
175 = 650 3000 100 - 275 | 3500
650 16,000 275 = 500 | 5000
500 ¢000

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 1l-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 prineipal
measurements were of the vertical acceleration, with a gage at the
S-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 radiel 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 gege and to furnish a convenient
means of referring to the entries in the tables, A few examples will

24

RESTRICTED DATA CONFIDENTIAL

ATOMIC ENERGY ACT 1946 Security Information




CONFIGENTIAL

Security Information

——@ TGZ - True Ground Zero (Burst Location)

y
200 p—
167 - Instrument Ground Zero
- 50 Ft Tower Line (10 ft and 50 ft Air Pressure)
201 Surface Level Air Pressure Line
M——5 Ft and 1 ™ Deep Earth Asceleration Line
50 Pt Deep Earth Acceleratica Line
202
203 Sta. Distance from IGZ
25 - No.
Shot 1 Shots 2=3«4
204 (£t) (£¢)
97
20 0 0
. 205 201 250 750
152.5 —— Pl 202 500 1500
203 750 2250
206 204 1000 3000
205 1250 3750
206 1500 4500
207 207 X750 5250
208 2000 6000
209 2500 7500
208 210 3000 9000
Shot Burst Center
209 x (£t) y (ft) z (ft)
1 =122 67 793
2 108 =126 11
3 -132 =100 3447
-] -1 1040
210 i & -

Fig. 3.1 Gage Line layout
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indicate how to interpret the designations. Typical gage code numbers
are 3V1, 3V, 3V50, 3H, and 3T. The first number identifies the station;
l.0., 3 denotes Station 203. The letter V indicates the Vertical com-
ponent; H indicates the Horizontal radial component; and T indicates
the Tangential compunent. The final number indicates the depth in feet;
when no number follows the letiter, the depth is the primary wvalue of

5 feot.
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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 includc:! 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 inorease the
dynamic range that may be recorded and read.

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 (10T50) on Shot 1 became defective
prior to the test. There was no opportunity to replace this gage,
owing to the difficulty of recuvering it from this depth. Consequertly,
he recerd obtained from 1t wms not ussfule.

4.2 PPESENTATION OF DATA

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
features of interest for the primary phenomena, which occurred when the
air blast arrived.

In most of the records it was possible to observe certain primary
features whose spatial and temporal history may be traced more or less
continuously over the entire earth motion phenomenon. These are
i1lustrated in Figure 4.1, which indicates how the values appearing
in the tables of this chepter have been read from the records. Figures
4.2 through 4.6 are representative gage records from Shots 1, 2, and
3, which illustrate the variation to be expacted from ths idealized
wave form of Figure 4.l The notation AB indicates the arrival of the
air-blaste On Shot 4, gage records from the close-in stations were
far from ideals In Figures 4.7 through 4.11 acceleration records from
Shot 4 are compared directly with the surface-level air-pressure gage
records.

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 l. This pattern is repeated for Shots 2 snd 33
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 1l.2.4), and the
interpolated maximum air pressi.e.

The interpolation menticned is necessary beceuse 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 interpclation gives the probable
air pressure at the ground range of the accelerometer, and this is the
pressure used in all comparisons.

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

4.3 FEATURES OF THE WAVE FORM

In Section 1l.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 slape. This early arrival is termed the
direct earth wave and is noticeable cn 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 arplitude to be read at the
time the air-blast slap is evident.

In meking the guge correction caleulations, 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
periode 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 fg = 1/2T. (See Figure 4.1.) This value 3s more
significant then that obtained from a full slap cycle, for the two
half-cycles often do not have the saeme duration.

It is difficult to separate, in a completely umambiguous fashion,
the direct earth and slap components. The criterion used in this
report is the point of maximm curvature, just before the slap. When
this separation proved impossible, Talues were read from the base line.
In most instances the error thus introduced was small.
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ARRIVAL TIME, DIRECT EARTH WAVE

te =

t, = ARRIVAL TIME, MAIN SLAP

5‘7 = SLAP FREQUENCY

AN = MAXIMUM NEGATIVE SLAP ACCELERATION

Ap = MAXIMUM POSITIVE SLAP ACCELERATION
MAXIMUM DIRECT EARTH ACCE LERATION
IS ABSOLUTE MAXIMUM LYING BETWEEN
te AND t,

SHADED AREA =~ MAXIMUM NEGATIVE VERTICAL
SLAP VELOCITY

Fige 4.1 Illustrative Wave Form
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I T

10V1 - 1 FT DEEP
G AB GR = 8902 FT

| I | I | | / /\_ p—
6.8 \/&9550\_/ i 7o

FIRST ARRIVAL
n AT 3.62 SEC

10V = 5 FT DEEP
GR = 8902 FT

o
@
CP
o
]
»
m
o
ﬂS
o]

2T T FIRST ARRIVAL T
AT 3. 64 SEC

04 + Al 1

0.2+ - 1

10V50 - 50 FT DEEP
GR = 8902 FT

ol .8 - 1
0 | l % { 4 I | i
i T slesee NS \/_\/?

FIRST ARRIVAL
Ol=r + AT 3.60 SEC 4

of

Fig. 4.2 Sample Vertical Earth Acceleration Gage Records. 1, 5, and
50 feet deep. Shot 3, Station 210
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|
I——»— oy
© 3V = 5 FT DEEP
6 AB r\‘ GR=845FT
0 | L_ L Im\/\_x |—4-'1=D
olss ! | \ JolgV ' ' T 000 ' al7 sec o
|+ - —+
2 4-
34—
e 1 A1
3H - 5 FT DEEP
. AB A GR = 845 FT
0 | lu [\ W A U L-/I_l*'—-\
055! r ' \’o\.y' INDZ T T T 07 see o
' -lr- —_ ——
ik T a1 5¥7 DEEP
. B GR = 845 FT
o) 1 Il | I/\—u
] IV \/ B NP AR e g e R
0le
ya= - -

Fig. 4.3 Sémﬁie Vertical, Horisontal Radial, and Horizontal Tangential
Earth Acceleration Gage Records. 5 feet deep. Shot 1,

Station 203
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2 —+ - —4—
2V
GR = 607 FT
|+ N -+
Al ] \/\
of . . f,\n TN T~
ofas ' \ U V A4
0|5 0.6 SEC
T -+ 4
2 —— — —r
1
11
=T T n
1 GR = 1089 FT
— 4+ 18 s
0.5 B ‘: /
G
O/ ’I ! 1 l | | | \ P,
05— <+ l =4
' J— - —_
LS — 4+ i

FIRST ARRIVAL
AT 0.67 SEC

Fige. 4.4 Sample Vertical Earth Acceleration Gage Records. 5 feet
deep. Shot 1, Stations 202 and 204
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3— —_ —_—
ov
2— =t GR =127 FT 4=
AB
G
Q . ' 1 [\ N
' ! I | 1 I V v L - m_
H 0|6 0|7 sec
2 — > B ade
3_ —_— P
2v
GR = 1374 FT
0.5 — s 4

AB
G
0 l | | | 1 | L

05— -1- FIRST ARRIVAL =1 I
AT 0.95 SEC

15 — + e

Fige. 4.5 Sample Vertical Earth Acceleration Gage Records. 5 feet deep.
Shot 2, Stations 200 and 202

33

CONFIDENTIAL RESTRICTED DATA

ATOMIC ENERGY ACT- 1948

EU 2

e G WS e s T

s s o AL RS

—




CONFIDENTIAL

Security Information

) 1

2v
GR = 1414 FT
AB

7V
GR = 5154 FT

AB
0.5 — =

FIRST ARRIVAL
AT 2.65 SEC

1.5 — -+
Fige 4.6 Sample Vertical Zarth Acceleration Gage Recourds. 5
Shot 3, Stations 202 and 207
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BASE LINE UNCERTAIN
O +———d—t 4 L 4
VV/V\MZ NOL™ ROCKET ol3 sec
25 — .8 ok
ov
20 -- + +
| GR=275 FT
o — + +
G
BASE LINE UNCERTAIN
0 =t | ey | U T
T " LI RO PO N I T S M
0j2 03 SEC
10 — + ~+
|
20 — JF i

SHEE N I

Fige 4.7 Surface Level Air Pressure and Vertical Earth Acceleration,
5 feet deap., Shot 4, Station 200
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v
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Fig. 4.8 Surface level Air Pressure and Vertical Earth Acceleration,
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SHOT 4
STATION 204
0 — T i 4B =
‘ /f—\\ GR=2840 FT
§ == ‘L § __:-—\—-u-.
[
|
psi
o ————f—— b
|4 L5 116 SEC
! 4V
f o= o4 % GR=2844 FT te

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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TABLE 4,2

Shot 1 = Air—Blast Datg

Sta. Gage | Grnd | Maximm | Arrival Time (sec)
No. Code | Range | Pressure Main Second
No. | (ft) | (psi) Blast | Shock
200 0B 166 26480 0.331 a
201 1B 352 22.80 0.369 a
202 2B 587 14.52 0.451 a
203 3B 831 10.00 0.569 1.610
204 4B 1077 10.86 0.717 14627
205 5B 1326 9.74 0.880 1.826
206 6B 1575 7.84 1.053 2.030
207 7B 1824 6.71 1.236 24241
208 8B 2075 5.23 1.425 24453
209 9B 2570 3.43 1.818 2 +884
210 10B 3069 2447 24225 3.321

a Could not be detected
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TABIE 4.4
Shot 2 - Alr-Blast Data

Sta, | Gage| Grnd | Maximum | Arrival Time (sec)
No. Code | Range | Pressure Main Second

No. (£t) | (psi) Blast | Shock
200 0B 151 12,92 0.551 a
201 1B 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 1l.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 84945
a Could not be detected
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TABLE 4.5

Shot 3 = Air-Blast Data

Stz. | Gage! Grnd |{Maximum | Arrival Time (sec)
No. Code| Ran Pressure Main Second

No. (ft%e (psi) Blast | Shock
200 0B 166 11.18 1.708 a
201 1B 664 11.75 1.759 a
202 2B 1406 10.15 1.928 a
203 3B 2154 8.73 2.198 T.622
204 4B 2903 7 .47 24561 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
a Could not be detected
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TABLE 4.9

Shot 4 - Air-Blast Data

Sta. | Gage | Grnd | Pressure (psi) Arrival Time (sec)
No. Code | Rangae| Pre=- Main Pre - Main Second | Third
No. (ft) | cursor | Shock | cursor Shoek | Shock Shock
200 0B 223 - 140 - 0.225 a a
201 1B 605 q P P a a
202 2B 1344 8.1 26 0.483 0.585 a 1.86
204 4B 2840 - 843 - 1,431 2.061 3.30
205 5B 3589 - €.35 - 1.972 2630 4,04
206 6B 4338 - 4,62 - 2,538 3.223 4,77
% 7B 5087 - 3.75 - 3.126 3.831 5.48
208 8B 5837 - 3.02 - 3.728 4.449 6.18
209 9B 73317 - 2.04 - 4.962 5,700 7.58
210 | 10B 8837 - 1.51 - 64222 64975 8,76

Could not be detected

No distinet main shock.

Gage 1B has three separate shocks;
arrival times, 0.284, 0.295, and 0.307 sec;
pressures, 26, 42, and 45 psi.

Record not clear; possibly a precursor exists with
arrival time of 0.246 sec and pressure of 5.2 psi.
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CHAPTER 5

DISCUS3IION

5.1 GENERAL

The topics treated in this discussion may be growy under three
general headings., First, the primary data are modified co bring out
more clearly the fundamental phenomena involved. This requires consid-
eration of the following:

Transmiseion process
Gage correction process

The primary data are then discussed under the followlng headingss

Air blast slap

TUMBLER Shot 4 precursor
Particle velocity
Effects of depth

Energy absorption

Finally, data of subsidiary importance to the main objectives are
congidered:

Secondary disturbances
Horizontal radial and tangential accelerations

5.2 IRANSMISSION PROCESS

In Section 1l.2.1 the process of transmitting energy from the air
blast to the earth has been considered on a qualitative basis. Some-
vhat more quantitative information irz added by constructing for each of
the four shots the time of arrival diagram idealised in Figure 1.2.
These oonstitute Figures 5.1 through 5.4; the curves labeled sesondary
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 alr blast starts being received at the
gage. The accelerometers are all 5 feet deep. There iz a 5 to 10
millisecond average delay between arrival at the surface and at the
gage, indicating a transmission velooity at the surface of between 1000
anid 500 feet per second for both the Frenchman Flat and the Yucca Flat

49
CONFIDENTIAL RESTRICTED DATA

Security Information ATOMIC ENERGY ACT 1946

A R IS TGRS T AR T

R A

AR ks




CONFIDENTIAL

Security Information

P

| //1 250 FT/SEC
3 / l

—

SECONDARY

/ur: FT/SEC _|

/!

MAIN SLAP/

|
|
9/ // DIRECT EARTH WAVE
° 0

— ;&-—--
o--r 8300 FT/SEC

= =

ARRIVAL TIME — SECONDS
n

-"o--‘
1900 FT/SEC

002 SEC

-

A

OUTRUNNING: GR = 800 -~ 900 FT
TIME = 0.56-0. 62 SEC
| |

| -
0o 500 1000 1500 2000 2500 3000 3500
GROUND RANGE —FEET

Fig. 5.1 Earth Acceleration Arrival Times. 5 feet deep. Shot 1

S0

RESTRICTED DATA CONFIDENTIAL

et e

ATSHMIC TRIRGY ATV 1848 Security Information




ARRIVAL TIME — SECONDS

CONFIDENTIAL

Security Information

Fige 5.2 Earth Acceleration Arrival Times.
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TABIE 5.1

Transmission Process Data

OQutrunning Final Velocity
Shot | Ran Time Vels | Ran Alr Earth
(263 | (so0)| (£ps) | (243 | (ps) | (fpe)

850 | 0.59 1300 3000 | 1250 8300
1000 | 0.85 2100 9000 | 1150 6800
2000 |2.13 ;| 2300 9000 | 1200 5300
1800 | 0.65 ‘ 1800 | 9000 | 1200 13000

IR LW

sites. This 18 not inconsistent with the known nature of the surface.
Within the limits of this time delay, the "main slap" ¢ 8 coincide
in shape with those for the surface lewel alr preasure.

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 characterlistic frequency was oY ierved,
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 wveloclities in alr and earth arp the same at the same scaled
distance. However, the eartk arrival curves are slightly concave down-
ward, lidicating s general increase of weloclty with deptk. Thus the
veloclty in earth will not scale unless the weloclty gradieut scales
as W=1/3, Since this happy situation cannot be aonveniently contrived,
the apparent horizontal earth velocity will increase with distance
and hence will tend to ircrease with yield, when measured at constant
scaled divtance, A consequence is that the ground range for outrunning
in a larger scaled test will be less than predicted by conventional
scalling, since the apparent horisontal earth wave velocliy 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,

Ths earth wave curves in Shots 1 and 2 are seen to conslst of two
gsogments. This type of behavior 1s slso observed in selsmic methods of
geophyslocal prospecting. As noted in Section 1.2.1, the attenuation in
earth 18 greater than in air. Hence the initlal arrival may be so
attenuated at large ranges as to be unreadable., The arrival first
notlced 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 ourves. All propagation velooities inorease with range, attain-
ing values of about 8300, 6800, 5300, and 13,000 feet per second at
ranges of 350C, 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 preoursor formation would
predict high velooities such as this, In such a theory the precursor
is assumed to be a rise in alr pressure corresponding to a rapid heat-
ing of the alr by radiation; the apparent wvelocity 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 4, tue velocities are in the
order that alght be expected for the soils at the two sites; Frenchman
Flat had a much more homogensous and oompaot soil and larger near-
surface seismic velocities (Table 3.2).

The initial earth wave velocitlies at outrunning are measured at
the common point of tangency of the two owrves. The approximate values
are 1900, 2100, 2300, and 1800 feet per second for the four shots, The
average valus 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 exoited in the earth by the air
blast,.

From Figure 1.1, the inclination of the wave fronts in the earth
is seen to shange after the earth wave outruns the air blast, From the
two deep arrays of accelerometers, the wave front orientation batween
the 1- and 5-foot and the 5= aud 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 5.4. In general, the incl
tion is opposite to that expeoted 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 5.4.

5.3 GAGE CORRECTION

The procedure outlined in Seotlion 1.2.3 may now be applied to oal-
culating the correction of the slap wave forms due to gage response
limitstions, Table 5.2 lists the damped natural frequenoies of the
accelerometers used at various depths in the tests, Eaoh uccelerometer
was oonneoted to a high sensitivity galvanometer with a natural frequen-
¢y of 200 cysles per second and to a low sensitivity galvanometer with
a natural frequency of 20C cycles per seoond. Shot 2 was selected as
the best one to correct, since most of its gage reoords were clean and
readable, but the peak negative vertical sleap accelsration versus ground
range ourve appeared peouliar.
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TABLE 5.2
Accelerometer Damped Natural Frequenciles

Sta. | Gage | Damped Natural Froguency (ops)
No. Code | Shot 1| Shot 2 { Shot 3] Shot 4
NOO
200 | ov 190 19G 190 190
201 | 1V 190 80 80 190
202 | 2V 190 80 30 190
203 | V1 * * 190 190
203 | 3V 80 80 80 80
203 3V50 80 80 80 80
| 203 | 3H 80 80 80 80
203 | 3HS50 80 80 * *
203, 37 80 80 * *
203 | 3750 80 80 * *
204 | 4V 80 80 80 80
205 | SV 80 45 80 80
206 | 6V 80 45 80 80
207 | IV 80 30 80 o
208 | 8V 80 80 80 80
209 | 9V 80 80 80 80 :
210 {10V1 * * 80 80
210 {10V 45 45 45 45 :
210 110V50 45 45 45 45 i
210 |10H 45 45 45 45 ;
210 |1CHS50 45 45 45 45 ;
210 |10T 45 45 45 45
210 110750 45 45 * *

* Gage not connected for this shot

b b e s bt oot
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Points for the correction process were taken at millisecond inter-
vals. The necessary derivatives were computed from these data points,
using finite differences., It was found that the concept of slap fre-
quency had to be modified. The correction depends to a great extent on
the maximum slope of the leading edge. Firat the half-period, T, was
found by extrapolation of the maximum slops and was employed to obtain
the slap frequsncy, f4, by

1
f, = 5 (5.1)
The corrected slap curve was computed point by point, assuming a value
of the damping ratio

B = 0.7 (502)

The original and corrected curves were plotted with a more open time
soale thsn tke original records, as in Figure 1.3; the earth wave was
edited out, as in Figure 4.1; and *he oorreoted amplitude and frequency
were read off, These are compared with the as-read values in Table
5¢3. As an independent variable, the ratio of slap frequency ‘0 damped

natural frequency of the gage is chosen. The undamped gage natural
frequency would serve as weall.

FIRE S

RO P R RS

The correction factors are displayed graphically as functions of
the above frequency ratio in Figure 5.5, together with an estimate of
the maximm error in the amplitude correstion. Corrections up to 60
per cent are caloulated at a frequency ratio near wmity. It is ex-
pected that the amplitude correction will always be positive (see the
curves of Reference 6), so the spread into the negative correstion
reglon is unlikely. The slap frequensy correction is more erratic but
shows a tendercy to incrcase with frequency ratio. Values in the range
from 15 per cent to 35 ner cent are calculated,

These same sorrection functions may be applied to the slap frequen-
oy and amplitude for the other shots, because the ratio of air-blast
duration to equivaleat 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 avery
gage 1s 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 was possible here, The values do confirm, however, that the
corrected curve generally has a larger peak amplitude occurring sooner
than in the raw ourve. The time delay was small, amomting to only 2
to 5 milliseconds,

AR AR FEHT o St et

The ratio of slap frequency to damped natural gage frequency
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TABLE 5.3
Gage Correction Data, Shot 2
Gage |Grnd | £,2 | £g (ops)P Ay (G)C | fa1 | fan | Ap
Code | Range fa1 fs2 Anl An2 | fn | fs1 | Anl
No. | (ft) | (cps)| as rdd corr.| as rd4 corr.
ov 127 | 190 40 - 2.74 = = = e
v 625 80 57 63 2.38 2458 0.71 ] 1.10| 1.08
2V 1374 80 44 - 1.22 1.33 055 | = 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 2874 80 3l 34 0.74 0.74 0.39 | 1.10 | 1.00
SV 3624 45 40 50 0.48 0.61 089 | 1.25 | 1.27
6V 4374 45 40 50 0.37 0.49 0.89 | 1.25 | 1.32
™ 5124 80 56 69 O.41 O.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
10V 8875 45 46 63 0.21 0.34 1.02 [ 1,37 | 1.62

a

fn = damped natural frequency of gage

b fg = slap frequency
¢ A, = maximm negative slap acceleration
TABLE 5.4
Minimum Ideal Gage Frequencies
Surface level | Damped Natural
Air Pressure | Frequency of Gage
(psi) (eps)
Shot 1 30 400
10 240
3 150
Shots 2, 3, and 4 100 to 6 240
6 to’l 180
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Fig. 5.5 Corrections for Gage Response, Shot 2
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should bc less than 0,3 if the recorded amplitude is to be free of
significant error. If both accelerometera and galvanometer hzd had the
neturel froquencies given in Table 5.4, corrections for gage response
would have been unnecessary. However, gage sensitivity decreases as
natural frequency increases., A difforent 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 bpetween esarth motion and
alr-blast pressure, then the relation should be more evident when the
peek negative slap vertical earth acceleration is plotted ss8 a fumction
of the peek surface level air pressure than if each is plotted separate-
ly against ground range., The walidity 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, uncorrected values from Tables 4.1, 4e3, 4.5, end
4+7. Owling to the fact that the accelerometers were laterally dis~
placed from the blast line, the ground ranges for accelerometers and
air presaure gages were appreciably different at the first few sta-
tions. The air pressures plotted are the interpolated values corre-
spoading 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 luproved. The curve at low
pressuwres may be raised about 50 per ocent by the correction, Howsver,
these acceleraticns were of lower magnitule 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 arrivels this ratio is
affected by the time interval between shocks and by the nan=linesrity
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
A1 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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spproximate valuess 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 may 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 pressurs
increases,

If one composite relation were required for all shots at Yuoca
Flat, than the atraizht line with exponent 0,89, with a slap accelera-
tion of 2,5 g at 10 p2i overpressure, might suffice. The equation is

A = o0.32p% (5.3)

vhere the units are g and psi, and a spread of plus o:' minus 50 per
cent will include almost all the points. It must be emphasiged, how-
ever, that this functional relationship is severely limited in its
generality: it applies specifically to the ylelds, burst heights, and
soll 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 socil was much more homogeneous and compact than at
Yucoa Flat, In the 10 psi region the slap accelerations produced were
about 60 per cent greater than the average at Yucoa Flat.

The data on uncorrected slap frequenoy, given in Tables 4.1, 4.3,
4e5, 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 hers, For Shots 2 and 4, the frequency appears to be more or
less independent of air pressure, whereas on Shot 1 there is a definite
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
result of the more compact and higher velocity soll at Frenchman Flat.
However, the large scutter of data points for all four shots renders
these statements quite vague; they must be regarded as impressions
gleaned from data insufficient in amount to treat statistically. The
frequency inorease on Shot 1 at Frenchman Flat probably indicates the
type of non-linearity in the soil: 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 soll shows less
attenuation and is somewhat more non-liresr ithan that at Yucoa Flat,

5.5 JUMBLER SHOT 4 PRECURSOR
On Shot 4 of the TUMBLER tests there existed at close~in gage
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stations a wnique air-pressure wave, called the precursor, which pre-
oceded the ordinary incident wave, A dlscussion of the various explana=-
tioz:i/luggested for this pheromenon is given in the repo:xt on Project
1.2

Vertical earth acceleration as a function cf time is compared with
the surface level air presswrs 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-trsil photography

In Figure 5.7 peak accoleration is plotted againat peak air pres-
sure; the relation is the same for the precursor as for other first
arrivals, The incident wave following the precursor dovs not follow
this relation but is affected b, the natural frequency of the earth and
its non-linear characteristics.

It was shown in Section 1.2,1 that the "round trip" pressure ratio
for transmission from air to earth to air again would be given by
Zquation l.4. The ratio may be computed from the known unit weight of
air and earth, and the average velocity at outrumning found in Section
5.2, Use for air (at the site elevation and pressure), 0.66 1lb/cu £t
and 1100 fps; for earth, 100 1b/cu £t and 2000 fps. The round trip pres=-
sure ratio is then about 1/1400. Thus precurcor 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
mlikelyo

506 SLAP PARTICLE VELOCITY

Maximum vertical earth particle velocities were calculated by the
procedure outlined in Section 1.2.4, from the as-read verticel 5-foot
slap accelerations. These values appear in Tables 4.1, 4.3, 4.5, and
4Le7. Because of the expected close relation between earth motion and
air pressure, these velocities are compared with the interpolated
surface level air 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

0.89

v = 0.06 p (544)
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Fig. 5.11 Composite Maximum Negative 5-foot Vertical Slap Particle
Velocity vs. Maximum Surface Level Air Pressure
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vhere the wmits are fps and psi, and where a spread of plus or minus
60 per cent will include most points,

When the lowar-pi'essure portions of the curves are compared, the
ratio of peak pressure in psi to peak velooity in fps is in the neigh-
borhocd of 15 to 1 for all shots, Shot 1 shows somewhat more variation
than the others, but the sverage ratio is about the same. In English
units of pouads 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 ratic should be equal to the
characteristic wave impedance z or oc, as discussed in Section l.2.1.
In addition, the air pressure should be transmitted undiminished to the
surface of the earth, With these assumptions, the veloocity of vertical
trensmission, o, should be given by the characteristic impedance divid-
od by the density. For Nevada Proving Grounds soil, a reasonable near-
swface valus of density is three slugs (about 96 pounds) per cubic
foots Thus o is about 700 fps on this basis. This may be compared
with ths value obtained by dividing the accelerometer depth (5 feet) by
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 ' slocity of vertical trans-
mission near the surface is directly calculated as between 500 and 1000
fps, agreeing well with the 700 fps calculated from the air pressure to
earth particle wvelocity ratio, Note that this vertioal propagation
velocity is oonsiderably less than the horizontal wvelooity obtained
from time of arrival data discussed in Section 5.2, The average
horigontal velocity at outrunning was about 2000 fps, about three times
the vertical velocity. Thia discrepancy probably reflects the marked
change in transmission characteristics for the first few feet of earth
near the swrface,

5¢7 EFFECTS OF DEPTE

At Stations 203 and 210, vertical accelerometers were installed at
depihs of 1 foot and 50 feet in addition to gages at the standard depth
of 5 feete On Shots 1 and 2, no 1-foot accelerometers were connected.
The slap accelerations and particle velocities as functions of depth
constitute the data discussed here., Besides the general behavior, it is

also desired to estimate the relation between pesk slap velocity at 5
feet and at the surface,

Figure 4.2 displays representative vertical acceleration records
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 imnstrumeanted in depth.
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Indicated on each curve are the ground range and surface-level maximum
air pressure. On Shot 3 one 50-foot gage showed considerable ringing,
and on a similar gage on Shot 4 it was difficult to separate the slap
from the earth motion which started to arrive before the slap. In
genasral, the attenuation rate appears to increase with depth, although
the data are too sparse for any firm conclusion.

The peak vertical slap particle welocities are plotted against
depth in Figures 5.14 and 5.15. The peak vclocity does not seem to
attenuate as fast as do the corresponding accelerations between 5 and
50 feet,

In order to caloulate energy absorption by the earth (Section
5.,8), an estimate must be made of the ratio between particle velooi-
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, extrap:lation to surface particle velocity was somswhat mmcer-
tain, The approximate ratio of surface to 5-foot welocities 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 i»'stion with depth was obs-rved on
all shots by comparing gage records at the two stations., The alap ao-
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 ABSORPTTON

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. Thompscn, 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 refleo-
tivity of earth, the alteration of air pressure wave form dus to this
mochanical 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 dus to the passage of the air
shock wave,
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The total energy, W, absorbed by the earth is given by the double

integral
W = 27 f[i PV, dt] r dr , (5.5)

r is {the ground range,

where

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

v,= 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 wvelocity at the surface., However, the
principal earth motion instrumentation was at & 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

Wo- zwg [g plg vs)dt] r dr (5.6)
0

= v.(r, t) is the vertiocal earth particle velocity at a depth
o:i‘ 5 feet and

where

= qlr, t) = v _(r, t)/v.(r, t)is a function of r and ¢t trans-
foming the 5-foot velocity to the value at the swrface,

The veriable, 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 blaast 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 samall compared with the alir-blast
duration, and the overpressure ohanges 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 dirfer unly by a

multiplicative consta.t, qo. Then Equation 5.6 becores
75
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SHOT 1 -0V - GR=227 FT
AB AIR BLAST POSITIVE DURATION = 0.234 SEC
FT, 2
/sec l
Q ' : | ; — N 0.4 0|5 SEC
l \‘/—"—'/
2 — —_— —_—
SHOT2 -0V -~-GR=127 FT
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P - l + 4
AB
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Fig. 5,16 Vertlical Barth Particle Velocity wa. Time. 5 feet deep,
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._w_ = 2nm gm [gm PV, dt.] r dr . (5.7)
0

qO 0

The vertical earth 2ccelerations were integrated by Mr. Thompson
at the California Institute of Technology, using a mechanical integraph
tupplied 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 yalus of W/qo, was oomputed
using only those stations having air pressures greater than 5 pai.
These include the major portion of the integral. As an intermediate
step, values of

= on r gwpv5 dt (548)

qy 0

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

g p v, dt : (5.9)
0

the quantity T /qo as given by Equation 5.8; and the final value of
W/go 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 1/r.

The above integration procedure may be simplified by noting from
the representative velocity-time curves of Figure 5.16 that the prin-
cipal eartn velocity pulse occurs in a time fairly short cempared 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
appreclable energy from the air blast. As a very rough approximation,
assume that the pressure p can be replaced by an equivalent constant
average value op  somewhat less than the maximm p « Thus Integral 5.9
becomes

Sm bV, dt ¥ o p, S—m v, dt = o p, dS , (5.,10)
™
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TABIE 5.5

Ground Absorption Information

Shot | Sta.| Grnd | [ pvsdt |2mr/Tpvsdt| W/ge
RO. Ran
(t‘i’S° (£+-1b/1n2? )| (1012ergs) | (1016ergs)

1 200 232 1.3 3.7

201 as7 1.1 52

202 609 1.0 7.5

203 847 0,79 8.2

204 | 1089 0.61 8.2

205 | 1335 0.59 9,5

206 | 1583 0.28 5.5 1.5
2 200 127 0.32 0.5

2C1 625 025 1.9

202 1374 0.15 2.5

203 2123 0.03 0.73

204 2874 0.02 0.71 0,3
3 200 226 Q.77 2.1

201 681 0.75 6.3

202 | 1414 0.47 8.1

203 | 2160 0.32 8.4

204 | 2907 0.26 9,1 4
4 200 275 32 110

201 626 10 78

202 1384 3.3 55

203 2098 0.50 13 15

vhere dg is the permanent displacement at a depth of £ feet. The
faotor q, enters as before; here its time variation is again not
important, the principal assumption being that it is independent of
r and pye

It is evident that the whole calculation hinges on the factor qg.
In the previous section, rough estimatas were made in terms of veloolty
ratios. For Shot 3 the ratio of surface to 5~foot veloscity pesks 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 l-foot
and 5-foot levels by double integration of acceleration records; the
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values 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 l.4 psi, respectively, for
these two sets of conditions. Thus qo is not a very conatant quantity.
For purposes of comparison, it appears reasonable to use q, cgual to 4
for all shots. Then the energy absorbed out to the 5-psi contour may
be obtalned from the data in Table 5.5, When expressed as s fraction
of the equivalent INT energy to obtain the same air blast,s& the values
given in Table 5.6 are obteined.

The relatively larger value of absorption for Frenchman Flat (Shot
1) is surprising, because maximum absorption would be expected if there
vere a gradual transition from air to earth. The initially fluffy swu~
face at Yuccu Flat is closer to this condition than the hard, waterad.
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 whcle procedure rests, as it must, on assumptions which
are necessary becaude of the small amount of effect-of-depth data
available. However, sven with generous allowances for error, the
energy absorbed would #till be & small fraction of the total blast
energy. Hence it appears 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 calculatling
the round trip pressure ratio in Section 1.2.1, the ratio of the inten-
sities in air and in earth may ba obtained by assuming each to be a
linear fluid. The intensity ratic, 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 Per Cent of Equivalent
to 5-psi Contour INT Air-Blast Energy
(1()]'6 ergs)
1 1.5 0.3
2 0.3 0.06
3 4 0.03
4 15 0.18
9
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This agrees in rough order of magnitude with the energy absorption
calculations above. For tests under other conditions, the acoustis
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.

509 SECONDARY DISTURBANCES

The report on alr pressure mea.sm'enentu.a/ 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 osecilla~-
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
umlstakable, 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 axtreme values were
approximatelys 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, the final propagation velocity of the secondary
disturbances was that of the siape

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 distuvrbance was 1100 feet per secc:d,
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 loecally induced pesk
acosleration to the alr pressure rise causing it was some 3 to 10 times
greater for the secondary blips than for the slap. No quantitative
evaluation was attempted, owing to the difficulty of reading the low
values of air pressure in the blips.

510 HORIZONTAL RADIAL AND HORIZONTAL TANGENTIAL ACCELERATIONS

At Stations 203 and 210 horizontel radial aud horizontal tangen-
tial accelerometers were installed at depths of 5 and 50 feet., Figure
4¢3 dlsplays representative vertical, horizontal radiel, and horizontal
tangential acceleration records at 5-foot depth at Station 203 on Shot 1.

80
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Little ie known of the mechanisms causing the horizontal radial
component of the acceleration. In a very simple view, the air-blast
oressure can exert only a normsl force on the surface., The flow behind
the reflected shock front is parallel to the surface and can exert a
drag force on the esrth. A complete solution of the problem in the
simplest, most idealized case would require consideration of the
vibration of a seml-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,

The taugential acceleraticn showld Le smail, 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 reasonss

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

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

(¢) On most of the records used in the comparison, the half-
period assocleted with the mex!mum acceleration is near the
natural half-perliod of the gage. As Shown in Section 5.3,
these maxima may be 60 per cent or more smaller than the
actual mexima.

For comparison purposes we shall use the pesk-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
wvave forms. Table 5.7 gives these quantities and also the ratio of
horizontel and tangential components to the vertical component,

The size of the horizontal radial component rvlative to the
vertical increased with increasing ground range. The sire of the tan-
gential component relative to the vertical decreased sligatly with
ground range. Nothing can be said as to the effects of depth. Ths
relative slze of the horizontal radial component increased in the same
order as that of the shots, indicating that both yleld and burst height
are involved,
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TABLE 57

Comparison of Vertical, Horizontal,

and Tangential Accelerations

Shot | Sta. |__5 feet deep 50 feet dee
No. |V |H |T v H T
Maximum Peak-to~Peak Acoelsration (G)

1 203 |4.84) 1.37 | 1.53 | 0.84 | 1.94 | 0.31
210 1047 0.70 0.21 0.36 0.46 -

2 203 12440 1.15 | 053 | 0e65 | 0.65 | 0.19
210 | Ced46 | 0s54 | 0,07 | 0.024| 00024 | 0,013

3 203 2081 2426 - 1049 - -
210 1e68 | 2.00 | 0036 0.30 0014 -

4 203 [1.79 (2,33 - 0.84 - -
210 | 0.951.06 | 022 | 0.09 | 0,07 -

Ratio to Vertical Component

1 | 203 [1.00] 028 [0e32 [1.00 | 2.31 | 0.37
210 |1.00 | 0e48 | 0el4 |1.00 | 0.45 -

2 203 [1.00 | 0.48 | 0422 |1.00 | 1.00 | 0.29
210 [1.00 [ 1,17 [ 0.15 |1.00 | 1.00 | O.54

3 203 [1.00|0.80 | =~ 1.00 - -
210 }1.00 | 1424 | 0e21 | 1,00 | O.47 -

4 203 1.00 1.30 - 1.00 - -
210 |1.00|1.12 |0.23 [1.00 [ 0.78 | =
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6.1.1 Enerzy Absorption

By consideration of particle velocities, the fraction of
blast energy absorbed from the air by the earth was calculated to be
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, Acoustic considerations would give an average
value of 0.l4 per cent, agreeing in order of msgnitude with the above.
The trus values are probably less than the ecalculated ones, as aimpli-
fying assumptions were mede 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 mein
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 velcoity of the direct earth wave increased with range, attalning
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 walue of 1200 feet
per second for all four shota,

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

6.1.3 Slap Acceleration

As expected from the character of the soils, Shot 1 showed
greater valuss of earth acceleration for the ssme air pressure than did
the shots at Yucca Flat, All curves of acceleration vs. pressure on a
log~-log plot were ooncave upward, indicating the earth is a better
transmitter at high pressures than at low. For Shots 2, 3, and 4 the
curves can be approximated by the relation

A - 0,32 p%®?
83
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where A is in g, and p is in psi. A spread of plus or minus 50 per
cent would include almost all points. This velation applies specifi-
cally to the ylelds, burst heights, and soil conditions of the shots
at Yuoca Flat,

6.1.4 TUMBLER Shot 4 Preoursor

Earth acceleration as a funotion of air pressure follows
the same relation for the precursor as for shock waves with no precur-
sores 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 0,18 per cent on Shot 4. Hence precur-
sor formation by the action of earth on alr is unlikely.

A1l four curves of slap velocity vs. air pressure can be
approximated by

v 00% p°.89

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

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

6.1.6 Gage Correotion

On many of the 80 and 45 cps accelerometers the slap fre-
quency was near the natural frequency of the gage. Shot 2 peak scoel-
erations and frequencles were corrected for the effect of gage response.
The correction was O per ocent at a frequency ratio of 0.3 and 60 per
cent at a frequency ratio of 1,0 The damping ratio of tiie gages was
007.

6.1.7 Effects of Depth

The data on effect of depth are too sparse and umcertain
to parmit any firm conclusions. In general, the attenustion rate for
both acceleration and veloocity is greater at greater ground range
(lowor air pressure). For Loth, the attenusvion rate inoreases with
depth, but velocity does not attenuate as fast as the corresponding
acceleration,
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6.1.8

The horisontal radial component of the acceleration is of
the same order of magnitude as the vertical component but shows greater
variation in vave form. Its relative size increases with ground range
and is greater for each succeeding shot. The horisontal tangential
component is small compared to the vertical component, and its relative
sigze 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.d
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 BECOMMENDATIONS

It is recommended that this report be accepted as an indication
that, for air bursts on a scale and over swrfaces similar to these of
the TUMBLEX shots, earth absorption of air blast energy and rs-
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 very absorb-
ent.

The analysis used in this report to calculate energy absorption
requires a knowledge of the vertical earth velooity at surface level.
More knowledge of the attenuation of velocity with depth is needed to
permit extrapolation to the surface. A knowledge of the horisontal
tangential component of asceleration is probably unnecessary; these
measurements could be dispensed with., It is lmportant 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
1mportant.
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APPENDIX

GAGE REGC

Reductions (1 ¢ 2.5) of tracings of the interesting portions of
all gage records comprise this appendix., The portion shown is that
immediately following the arrival of the air blast at the surface,
Features of the direot earth wave and secondary shocks do not appear
in these reductions; asccelerations and times associated with them
appear in the tables,

The records are arranged first by shot, then by ground range,
gage type (vertieal, horisontal, tmgentials, and depth.

Each record is provided with time and acoeleration coordinate
locations, and with line AB indj-ating arrival of the air blast at the
suwface. The time interval on each gage record labeled "DNP" 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.1 Shot 1, Gages OV through 3V50
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Fig. A.2 Shot 1, Gages 3H through 5V
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Fig. A.3 Shot 1, Gages 6V through 9V
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Fig. A.4 Shot 1, Gages 10V through 10750
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Fig. A.5 Shot 2, Gages OV through 3V50
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Fig. A.6 Shot 2, Gages 3H through 5V
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Fig. A.7 Shot 2, Gages 6V through 9V
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Fig. A.9 Shot 3, Gages OV through 3V1
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