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ABSTRACT

The sarth accelerations, earth pressures, and air-blast pressures
measured in Project 1(9)a of the underground nuclear explosion are
regorted. These measursments were taken on a blast line which was
90" removed from the major blast line and gages of the variable-~
reluctance tyye were used. heproductions.of representative oscillo-
graph gage records are presented.

Comparisons are made betwsen the Project 1(9)o results and the
vredictions made in the report on Project 1(9)-l. These predictions
were mads on the basis of direct scaling of the Operation JANGLE

‘ scaled HE tests up to an assumed 1.0 KT equivalent TNT chargs. For
air pressure, the nuclear charge is found to be equivalent to about a
0.85 KT charge of TNT. Howaver, it is not possible to assign a unique
charge equivalence with respect to earth acceleration or earth pres-
. sure. In almost every case th: earth phenemens results indicate an
energy eguivalence somewhat luss than 1.0 KT of THT,

The earth phencmena are found to be a combination of air-induced
and direct-sarth eiffects. Attempts are made to separate these air-
blast induced effects from the direct earth phenomena. Some rough
integrations of the horizsatal earth accelerations, yielding particle
velocities, are presented and discusseds A brief discussion of damage

. eriteria in relation to surface structures is included.

The results of the wndsrground nuclear explosion are compared

with the HE-1 and HE-2 tests of Operation JANGIE and with the Dugway
dry clay teats of 1951.

. FRECEDING PAGE BLANK-NOT FILMED
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CHAPTER 1

INTRODUGTION

l.l OBJECTIVE

The program covered by Project 1(9)a of the underground nuclear
test at the Nevada Test Site during November 1951 had as its principal
objectives the following:

1. To use techniques and instrumentation as similar as possible
to those used on the scaled HE tests (Project 1(9)-1), and on similar
tests at the Dugvay Proving Ground, so as % chtain correlation between
these tests and underground nuclear explosiocas.

2, To obtain information so that general phenomena resulting
from nuclear explosions can be compared with those resulting from TNT
explosions.

3. To obtain specific information bearing on certain of the use-
ful military effects of a shallow underground 1 KT nuclear explosion,
and to obtain data to assist in the extrapolation of these effects to
those of a 20 KT weapon.

4o To supply back-up measurements for the Naval Ordnance Labora-
tory (esrth acceleration, Project l.1), Ballistic Research Iaboratories
(earth pressure, Project l.2a~2), and Sandia Corporation (air-blast
pressure, Project l.4).

5. To make measurements of underground explesion phenomena on a
gage line 90 degrees removed from the main blast line in order to
estimate the asymmetry of the phencmena.

6. To make measuremcnts for indicating approxjma:bely the effect
of gage burial depth upon measurements of underground phenomena.

7. To obtain additional information in the general field of
underground explosion phenamens with respect to such items as attenu-
ation characteristics, wave form, and scale and model laws.

0-1-
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1.2 EISTORICAL

For the detalled historical background leading up to Project
1(9)a of the nuclear test the reader is referred to Section 2.1 of
the Sta.n{grd Research Institute report on scaled HE tests (Project
1(9)-1). A« stated in this reference, it must be emphasized that
as larger test charges are investigated the departure of the earth
from a homogeneous isotropic medium plays an increasingly important
role in influencing the resulting phenomena.

1.3 JHEORRTICAL

Reference is_made to Section 1.3 of the scaled HE tests report
(Project 1(9)-1),1 in which a discussion of the model law as normally
applied to explosion phsnomena is presented. As in that report, the
symbol X is here used in describing the reduced or scaled dimensions
of an experiment, whers A is defined by the relation,

A= RAM3 (1.2)

In this equation, following the established convention, R is the
horizontal radius in feet as measured from ground zero and W is the
weight of the charge in pounds of INT of equivalent energy release.

In this report, A refers specifically te scaled horizontal distances
measured from ground zero. The term A, deacribes The charge depth and
the term }"8 describes the gage w:ipth.

In relation tc scale or model law conditions, the underground
test presented two main disturbing problems on the basis of past ex~
perience. Primarily, the equivalent charge weight was considerably
greater than those that hgd been used at Diug 3354 and in the
JANGLE scaled HE tests.ls 265 Secondly, the charge was assumed to
give rise to an energy release of 1 KT of TNT explosive and therefors
the charge burial depbh, A, was determined with this agsumption in
mind.

The first of these considerations, the magnitude of the nuclear
charge, would be expected to give rise to deviations from the model
1aw because the properties of the medium do not in practice follew
this law. For example, while in a theoretical sense the properties

# Superscript numbsrs refer to references listed in the Bibliography
at ths end of this report.
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of the medium may change if they satisfy the condition that they be
identical at scaled distances, nevertheless in practical applications
to underground explosion phenomena this kind of permitted variation is
unrealistic, and homogeneity and isotropy of the medium are required.
As was stated previously, inhomogeneities in the medium become more
important as the size of the charge is increagsed. The reasoning hers
is tied up with Iquation 1.1, from which it is noted that for a con~
stant reduced distance,\ , the refersnce disvance in feet must increass
as the cube root of the weight of the charge increases. When this
reference distance approaches the dimensions of variations from homo-
geneity in the medium, these variations can sigaificanily alter the
nodel law behavior of the explosion phenomena.

The second of the factors described above, the assumption that the
energy release of the underground nuclear charge is equivalent to 1 KT
of TNT detonated at the same scaled depth, must also be considered. It
is at once obvious that the explosive sourcze characteristics of a
nuclear charge are not equivalent to those of a INT charge; for in-
stance, the equivalent yield for thermal and radiation effects will
obviously be different from the equivalent yield for such mechanical
effects as pressure and acceleration. Moreover, the hydrodynamics and
thermodynamics of the expanding gas bubble are different for the two
types of explosions. For relatively shallow charge depths i% is be-
lieved that the effect of these differences would be even more pro-
nownced, since the energy partiticn in the venting processes can be
critically affected by the thermodynamics of the gas bubbles. These
facts were mown when the predictions wera made concgr;?ing phenomena
to be produced by the underground nuclear explosion.”’! However, there
were nobt sufficlent data available prior to the underground test to
ascertain the details of how & naminal 1 KT nuclear explosion might
diffar from the explosion of 1 KT of TNT. For this reason, predictions
made using the model law assumed & charge of L KT of TNT.

The experiment described in this report was intended to investigate
round motions, ground pressures, and air pressures produced by a buried
%shallow) nuclear explesive. All of these physical quantities are
functions of at least two independent variables, the horizontal distance
from ground zero (R) and the time (t). When scaling or model laws are
applied to a phenomenon, it would be misleading and incomplete to amit
either of these independent variables from consideration. If a partic-
ular quantity considered in its entirety (throughout the region of
interest for variations of both R and t) does not meet model law re-
quirements from one teut to another, then at best the scale laws
produce only un estimate of an upper or a lower limit.

If model law conditions are met, the scale factor, S, between
two explosion tests can be defined by

-3 =
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S = (wzlwl)l/ > (1.2)

where Wy und Wy are the chare wii§hts in pounds of TNT of equivalent
energy release. In the HE testss” the scaled experiments (HE-1 and
HE-2) i7ere compared using many different criteria such as peak air-
blast pressure, positive duration of air pressure, and first positive
peak earth acceleration. Using these criteria, it was shown tbat the
cube root of the calculated energy release ratis fuc the air and earth
effects dus to the two explosions was close to the scale factor, S,

SIS

In a similar manner, the equivalent enerygy release associated
with each of the various phenomena measured in the undeiggound test
may be computed by camparisons to the H¥ tests results.~»? The
principal question then remaining is thai of energy partition, which
is probably di’ferert for HE and nuclear explosicns. For example,
the calculation of the air-blast ewivalent TNT tonnage can be made
with the understanding thal this need not apply to other phencmena.

These considerations will be discussed in more detall and examples
will be presented in Chapter 5 (Discussion) of this report.
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CHAPTER 2

TEST DESCRIPTION

2.1 SITE

The test site for the Project 1(9)a underground nuclear explosion
was located at Yucca Flat, a portion of the Nevada Test Site, Mercury,
Nevada. The reader is referred to the Project 1(9)-1 reporti for a
description of the test site.

2.2 ZXPIOSIVE CHAUGR

The nuclear charge was buried at a depth of 17 feets On a scaled
basis this depth would correspond to A, equal to 0.135 for a charge of
1.0 KT of TNT equivalent energy release. This A, value is approximate~
1y equal to that used in the HE~1 and HE-2 scaled tests conducted under
Project 1(9)~1.

For this report it will be assumed for the most part that the
charge had a nominal energy release of 1.0 KT of TNT. Un.}%s other-
wise stated, values of N\ are based on this figure, with W~/~° = 126
(i.2e A = 1 correspe=ds to R = 126 feet).

2.3 GAGE LISR

The gage line used for Project 1(9)a measurements was 90 degrees
removed from the major blast line. The major blast line was parallel
to the line used for the HE-2 test of Project 1{9)-l. Figure 2.1
illustrates the gage station layout used in the underground test.

The principal earth acceleration measurements were made at a gage
depth of five feet. Two components of acceleration were measured, the
horizental radial component and the vertical component. Earth acceler-
ations were obtained at ranges varying in A from 2.08 to 24.4 (262 to
3080 feet), with the principal concentration of instruments in the
region A less than 10 (1260 feet). In addition, two-component earth
accelerations ware measwred at gage depths of 17, 3k, aud 68 feet at
naminal values of A of 3.0 and 8.15. For correlation with data taken
by the Naval Ordnance Laboratory, some horizontal earth acceleration
neasurements were made at gage depths of 10 feet. These gages vere
placed in ‘A range from 2.70 te 15.
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Earth pressure measuvements were made at a gage depth of 10 feet
for N ranging from 1.72 to 2.4, with the principal concentration in
the region of A less than 10. In addition, earth pressure gages at
depths of 17 and 34 feet wére included at A > 1.72 and at depths of 17
feet, 34 feet, and 68 feet for A values of 3.0 and 8.15.

Air-blast pressures were obtained at a height of 0 inches above
the ground surface at distances ranging from A = 2.5 t0 24.4. Previocus
measurements at Dugway indicated no aignificant difference in pressure
as 2 function of height abovs the ground up to a scaled gage height of
}\g = . 0.3 (34 feet for 1 KT).

The five-foot deep accelercmeters were placed on a radial line and

the remaining gages were located as close as possible to this same ]_i.ne._
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CHAPTER 3

INSTRUMENTATION

With a few minor exceptions, the instrumentation on Project 1(9)a
(underground nuclear test) was the same as that used on Project 1(9)-1
(scaled HE tests). For a complete description of the apparatus and
general expswtimental proceduris the reader is referred to Chapter 4 of
the report on Project 1(9)-1.

3.1 EROORDING STATION

A buried recording shelter located 2000 feet from ground zero
housed the recorders and the associated control equipment. This
shelter was a concrete structure 8 fewet by 11 feet and 7 feet high,
having walls 2 feet thick and covered with 2 feet of earth. Access to
the shalter interior was through a small hatch in the top. Adequate
vrotection from radiation was obtained without further aids. No trace
of hackground fogging on the photosensitive oscillograph papsr was
detected. ’

The sheltex was designed for unattended remote operation of the
recording equipment. The remote operation was controlled by the
central automatic sequence-timer system provided for all participants
in the test programs. Unlike the scaled HE test operation,. there were
no monitoring circuits to the distant control point. The timer oper-
ated as follows: AC power to the carrier oscillators on at zero time
minus 30 minutes, recorder warm-up battery circuits on at minus §
minutes, and recorder paper transport on at minus 15 seconds. It was
further arranged that the minus 15 seconds signal initiated a time
delay relay designed to shut off all equipment at plus 2 minutes.

3.2 EQWER

The AC power was supplied from the central distribution system
established at the test site. In addition a gasoline-driven generator
was connected to a dunmy load and was kept on a stand~by basis near
the recording shelter. An automatic transfer circuit was provided to
transfer this generator to the recording equipment in the event of
central power failure. The generator was started three hours prior
to zero time; however, its use was not required.

-8 -
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The power for the recorders was supplied from batteries ingtalled
in the underground shelier.

-

3¢3 CABLE

Most of the cables used in the scaled HE teats did not exceed
1000 feet in length. However, since some gage cables up to 2000 feei
in length were used in the underground nuclear test, it became neces-
sary to nodify the circuits associated with these long cables. This
involved changing the input networks to achieve proper vhase relations
at the ring demodulator element of the recording circuit.

34 JIELD CALIBRATION

The methods of field calibration were essentially those used in
the scaled HE tests. Same refinements were introduced in the form of
more precise instruments and techniques. A dead-weight tester was used
to calibrate the earth pressure gages and the air pressure gages after
they were connected to their respective cables and associated operating
circuits.

3.5 BARTH OQUPLING

The earth acceleration canisters (each containing two accelerom-
eters), which were buried in 5- and 10-foot holes, were cemented in
with Calseal, a quick-setting gypsum cement. The holes were then
filled with tamped earth. The 17-, 34~, and 68-foot canisters were
cemented similarly, but only about five feet of earth was placed on
top of them.

In the case of the earth pressure gage coupling, each of the 10~
foot gage holes was filled to the top with a thin solution of Aquagel.
This £illing process was duplicated for the deeper gage holes. Pre-
cautions were taken to see that all holes were filled to the top at the
time of the test.




CHAPTER 4

RESULTS

4ol INSTRUMENT RERVORMANCH

Table 4.1 presenis the over-all gage plan for the Project 1(9)a
underground nuclear explosion test. A total of 72 gage channels were
used. Of these gage chamnels, 60 included the dual recording feature™
for increased dynamic range and 12 used single galvanometers, giving a
total of 132 gage tracss.

All instrumentation performed satisfactorily, with one exception.
The paper fsed mechanism jammed on one recorder, and records were obe
tained on only 57 of the 72 gage channels connected. It was fortuitous
that the lost recorder included the channels of least importance. The
defective recorder ultimately functioned in time to obtain most cf the
record from the outermost air-pressure gage. These late traces indi-
cated that all gage channels functioned properly. In Table 4.1,
parentheses designate the gages from which the incomplete rascords were
obtained,

4.2 TRANSIENT RECORDS

This report includes all the data obtained at the test site in
connection with Project 1(9)a, with the exczption of the 10-foot
earbth acceleration measurements taken for correlation with those of
the Naval Ordnance Laboratory. Copies of these latter data have been
forwarded directly to NOL.

Figure 4.1 shows a portion of an oscillograph camera record ob-
tained in this test, reduced in size frea the original height of 12
inches. The polarity is such that positive record deflections corro-
spond to positive pressures, radially outward horizontal accelerations,
and upward vertical accelerations. In order to reduce the data further
and form conclusions about relative wave forms and amplitudes, it is
necessary 1o trace each individual gage record onts a separate sheet
of paper. No smoothing or editing of these records is done when they
are traced. Figures 4.2 to 4.12 inclusive show some representative
gage records obtained on this underground nuclear test.
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- TABLE 4.1

General Gage Plan*

Horizontal, Acoceleroneters Earth Pregsure Alr-
H\''E [H,V[H,V[HV| P[P |P | P Blast

Sta. Radius 5 10117 |34 [ 68 | 10| 17| 34| 68 AB
No. | (£%) A fo |66 | £¢ | £t ft| £6| £6| £t

1 2711.72 21212

2 62| 2,08 2,2 2

3 14| 2,49 | 2,2 (2) 1
4 - 3[&0 2070 1

5 3781 3.0 | (2,2) (2,20(2,20(2,2) 2 1222

6 456 | 3,62 2,2 2

¥ 520 | 4.13 1

8 542 | 4430 ] 2,2 2 1

. 10 655 5.2 2,2 2
11 7881 6,25 | 2,2 2
12 794 | 6.3 1 - :
13 945 | 75 2,2
- 14 11025{8.,15] 2,2 2,2] 2,21 2,21 (2)1(2) |(2) [(?)

15 11213]9.63 (1)
16 1123009.75] 2,2 2
17 | 1480 11.7 22 2 1
18 11890 05.0 1
19 | 2130 (16.9 2,2 2 1
20 | 3080 |24.4 2,2 2 (1)

*The letters H and V in the headings refer to horizontal and verti~-
cal accelerometers respectively, The gage burial depths are also
given in the headings, The fifth column presents the gages used
for correlation with measurements by the Naval Ordnance Laboratory.
The numbers refer to the number of galvancmeters connected to each

gage channel., The number 1 designates a so-called single channel
and the 2 refers to a duo-channel,
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Fige 4.1 Reduction of Typical Oscillograph Record.
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The air-blast pressures as a function of time are presented in
Figure 4.2 (note that the two bottom curves have interrupted Lime
axes). The air-blast pressures were not reduced to sea-~level equiv-
alent pressures, since the scale’ HE tests and the underground nuclear
test were performed at the 2ame pite. Figures 4.3 and 4.4 show hori-
zontal earth accelerations as Ukey appeared on the oscillograph rec-
ngs, whilz the vertical earth acceleratiocns are displayed in Figures

«5 and 4.6.

It was possible, using a graphical method, to obtain a rough
preliminary determination of the first integral of the horizontal
earth acceleration records. This integration yields the horizontal
particlz velocity, a few representative curves of which are shown in
Figure »7.

Figures 4.8 and 4.9 display the results of the deep acceleration
measurements made with gages placed at four different depths. The
earth pressure records from the gages closest to the charge are shown
in Figure 4.10. And finally, the deep earth pressure transient records
are presented in Figures 4.1l and 4.12.

4.3 TABIES

As an introduction to the data in tabular form, Figure 4.13 pre-
sents a serisa of idealized transient records which are labeled to
correspond to the table headings of Tables 4.2, k.3, Lek4, and 4.5,
Each curve in Figure 4.13 is marked for proper table reference.

The gage code numbers describe the type of gage used and its
relative position on the blast line. The first number refers to the
gage station mumber and locates the gage on the blast line (see Figure
2.1 and Table 4.1)s The letter following the station number indicates
the type of gage. The letters H and V designate the horizontal and
vertical earth accelerometers respectivelys The letter P refers to
earth pressure and: B to air-blast pressure. The numbers after the
letter designate the depth of burial (in feet) of the gage. The ab-
sence of numbers after H or V indicates a five-foot burial depth,
whereas the P gages were 10 feet deep unless otherwise indicated.

The X\ values given in the tables were computed on the basis of the
ugﬁgrground nuclear charge as a nominal equivalent of 1.0 KT of TNT,
W2 = 126 feet. The data contained in these tables are presented in
graphical form in Chapter 5 of this repecrt.
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A more complete analysis of the data from this explosion test can
be made when the earth acceleration records are integrated to yield
earth velocity and, finally, earth displacement. A rough integration
of only the horizontal accelerastion was done; however, more precise
methods are needed before firm conclusions can be drawn. These more
accurate integretions will be made at a later date, in time to be *
included in the final contract report of Project 129§a.3 Although the
permanent displacement survey results on Project 1(9)a are not yet
available, it is hoped that these results can be used for checking the
displacemonts found from double integration of the acceleration records.
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ACCELERATION Refer to Table 4.2
N -

~ \—/
ARRIVAL l* P&’JSE*I ‘*V—-/
TIME
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—»{|| fe— AIR-BLAST
AR-BLAST SLAP PERIOD

SLAP AMPL.—»

VELOCITY —~4—— MAX. POS, VELOCITY
Refer to Tahle 4.3
7N\ TIME
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pos IMPULSE
TIME
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o~ MAX. POS. PULSE

Refer to Table 4.5
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Fige 413 Quantities Measured from Transient Records
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TABLE 4¢2

Earth Acceleration

Grge | Gage Horizontal |Arrival First Pulse Adr-Blast Slap
Code |Rating Radiug Time Ampl, |[Durst'n| Ampl.| Period
No, (G) )] = (sec) (G) I (sea) (G) (sec)
Hori.zontal
sl 5 262 | 2 ap 0.068 | 0.59 0.120
3H 5 314 | 2.4 0.084 | 0,49 0,110
64 5 456 | 3.62 0.114 | 0,28 0,092
&1 5 542 1 4e3 0.138 | 0.28 0.093
J0H 5 655 | 5.2 0.165 | 0.19 | 0,092
11H 5 788 | 6,25 0,195 | 0.16 0.100
13H 5 945 | 7.5 06243 | 0,12 0.105
1.H 1 1025 | 8.15 0.261 | 0.10 0.120
. ' 116H 1 1230 | 9.75 0.318 | 0.030 | 0,138
17H 1 1480 |11.7 0.386 | 0,026 | 0.128
19H 0,51 2130 {16.9 0.560 | 0.011 | 0,100
20H 0.5 | 3080 | 2444 - 0.012 | 0.100
Vertical
v 5 262 | 2.08 0.068 | 0.33 0.025 8.5 0.026
3V 5 314 | 2449 0,084 | 0.24 0.025 YA 0.022
6V 5 456 | 3.62 0,115 1 0,125 | 0.025 6.6 0.0
8v 5 542 | 443 0,138 | 0.13 0.027 3.3 0.027
10V 5 655 | 5.2 0,164 | 0.134 | 0,025 2.7 0.031
11V 5 788 | 6,25 0.196 | 0.080 | 0.025 2.0 0.029
13V 5 945 | 75 0.241 | 0.067 | 0.025 2.1 0,034
LV 1 1025 | 8.15 0.262 | 0,050 | 0.035 1.3 0.040
16V 1 1230 | 9.75 0.313 { 0.034 | 0.048 0.86] 0.033
17V 1 1480 J11.7 0.782 | 0,032 | 0.051 0,921 0,036
19V 0.5 | 2130 ]16.9 0.556 | 0.014 | 0,092 0.26] 0,040
0V 0.5 | 3080 [24.4 - 0.013 | 0,085 - -

-~ - - —— . —
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TABLE 4.3
Horizontal Earth Velocity

| Gage| Horizontal |[Pesk Vel. (fps) |[.Aver,

Code Radiug Max. |Max. Ampl, Period

No. (£t) A Pos. |Neg. (fps) (sec)

2H 262 2,08 1.8 2.1 1.95 0,260

3H 314 2.49 1.3 2.0 1.65 0.345

6H 456 3.62 0,75 11.2 0,98 0.315

8H 542 43 Ce85 | 0,94 0.90 0,305

10H 655 542 0.15 11.15 0.65 0.3920

114 788 6,25 0.45 0,60 0,53 0.390

13H 945 75 0e45 10445 N 0.455

! 148 | 1025 8,15 0,20 [0.20 0,60 0.505
’ 16K | 1230 9.75 0,30 [0.35 0.33 0.490
170 | 1480 | 11.7 0,30 [0.55 0.43 0.495

19H | 2120 | 16,9 0.13 0,15 0.14 0,640

TABLE 44

Air-Biast Pressure

Gage | Gage Horizontal |Arrival| Positive Phase | Poslitive
- Code [Ratih, Radiug Tinme Peak [Durat'n | Impulse
No. | (psi}{ (£t) | A (see) | (psi) | (see) (psi-sec)

38 | 100 | 314 | 2.49] 0,122 | 29.2 | 0.097 | 0.700 |
88 | 10| 542 | 4e3 | 0.255 | 14e3 | 0.174 | 0.725
T3B | 10 | 945 | 7.5 | 0.534 |_ 7,06 | 0,220 | 0,660
T78 | 10 | 1480 | 11.7 | 0.946 | 4.16 | 0,295 | 0,490
ToB |10 [ 2130 | 16,9 ' 1.476 | 2.67 | 0.33C | 0.373
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TABLE 4¢5
Earth Pressure
Gage | Gage Horizontal [Arrival [First Pos. Pulse|Max. Pos. Pulse
Code [Rating Radius Time Ampl, Dur, | Ampl., Dur,
No. | (psi)| (ft) A (see) | (psi) (sec) | (psi) (sec)
1P | 100 217 1,72 10,055 | 1.77 0,036 | 30.2 0,088
2P | 100 262 2,08 | 0,068 | 0,99 0.035 | 16.5 C.095
5P | 100 378 3.0 0,096 | 0.64 0,033 | 19.6 0,072
6P 10 456 3,62 | 0,116 | 0.67 0.045 | 18.2 0,087
8p 10 542 4e3 0.128 | 0,58 0.059 | 16.1 0,095
10P 10 | _655 | 5.2 0,165 | 0,43 0,092 | 17.7 0.076
11P 10 788 6,25 | 0,197 | 0443 0,063 | 15.0 0.091
13p 10 945 75 0,238 | 0.27 0.037 9.8 0.090
16p 10 1230 9.75 10,312 | 0.17 0,050 9,05 0,080
17p 10 1480 |11.7 0,383 | 0,13 0.052 8.7 0,070
19P 1 2130 |16.9 0.555 | 0.070 0,050 | ~—-% - 3
20P 1 2080 |24.4 0.815 | 0,020 | 0,085 | ¥ ———

#Galvanometer tracs is off the oscillograph record; data are

questionable.
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CEAPTER 5

DISCUSSION

5.1 QENERAL

The discussion of the results of Projsct 1(9)a will cover seven
main topicss air pressure; earth acceleration; damage; time of arrivel;
earth pressure; comparison with the ascalod HE tests; and camparison
with the Dugway dry clay tests im 1951.

The Project 1(9)-1 reportl on the HE tests includes several pre-
dictions for the underground nuclear test. The HE-l and HE-2 test
results were ecxaminsd and definite predictions were made for the ex-
perimental quantities which scaled properly for these TNT explosions.
It will be one purpose of this discussion to compare these predictions
with the underground test results.

The foregoing predictions were made assuming the underground
ruclear charge to be aquivalent to 1.0 KT of TNT energy relsase. Wher-
ever possible, the equivalent TNT energy release of the underground
nuclear charge yill be computed for the particular phenomsnon concerned,
using HE-2 data™ as the reference for TNT, assuming the normal explosive
nodel laws.

5.2 AIR PRESSURE

The transient records of the air pressure measwrements on Project
1(9)a ave presented i.: Figure 4.2 of the previous chapier. Reference
to this figure shows that the wave forms were very similar to thess
obtained in the HE-L and HE-R tests of Projsct 1(9)-l.l The shock
fronts, or the initial abrupt pressure rises, are seen to be devoid of
extraneous disturbances. In yarticular, there is no "front porch®
effect such as was observed in the HE-3 test, which is what would be
predictad from the fact that the nuclear charge burial depth was shal-
lows The reader is referred to the report on Project l(9§a-ll for a
more detailed discussion of this "front; porch" effect. The records in
Figure 4.2 further 1llustrate that the duration of the positive phasge
increases with increasing distance from the charge.

The most important aspscts of the air pressure records are-the
i peak pressure, the positive phase duration, and the positive impulse.
L These quantities ara shown plotted against the horizontal distance
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from ground zero for the wnderground muclear test in Figures 5.1, 5.2,
and 5.3 respectively. In addition to the empirical curves, the fig-
ures also show the predictions for each of these quantities that were
made in the Project 1(9)-1 report.l These predictions were scaled fram
the HE-2 test, assuming the underground nuclear test to be a scaled
experiment and the charge energy release to be equivalent to 1.0 KT of
TNT.

When comparison is made between the results of the underground
nuclear test and the predictions for peak air pressure (Figure 5.1)
it is observed that the curves are slightly different in form. The
predicted pressure curve droops at small scaled distances, following
HE~-2. However, it was noted that for HE-l the droop started at a larger
value of A. If this is a real effect of charge size, the net effect is
to improve the curve fit ab small A.

- At large ranges, the slopes of both curves of Figure 5.1 became
constant, indicating a relation of the form

-g—,; , (5.1)

where A is a constant and -n is the slope of the log log plot. The
exponent n is 1.4 and 1.25 for the predicted and observed curves, re-
spectively. Thus the attenuation laws for peak pressure are about the
same for the underground nuclear and HE-2 tests.

Figure 5.2 shows the experimental and predicted valuss of the
duration of the positive phase as a function of the horizontel range.
The curves have essentially the same form, with the predicted values
lying above the experimental points shown. Similar behavior is exitlbe
ited in the positive impulse curves of Figure 5.3.

The scaling for air pressure between HE-l and HE-2 was excellert,
and the wave forms and attenustion laws observed on the nuclear test
are similar to those from HE-2. Consequently thers is Justification
for the calculation of equivalent yields for the variovs aspects of
air-blast phenocmena. Methods for doing this have been outlined in Sec-
tion 5.2 of the report on Project 1(9)-1* and Section 5.3 of this
report. With air pressure phenomena it is posdible to get five scale
factors (cube roct of the yield ratio) by adjusting the curves for best
fit. With a log log plot, as for peak pressure (Figure 5.1), only one
adjustment is needed when the slopes are the same. Data for positive
phase duration and positive impulse may be presented to advantage on
& semi-log plot, in which two factors are used to match the curves.

The five scale factors resulting for air blast, then, are as below
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PROJECT 1(9)a

Wy ) 1/3
Quantity Method Scale Factor \WHE-2
Peak pressure Curve fitting 3.5
Positive phase duration Slope 3.k
Intercept 3.6
Positive impulse Slecpe 342
Intercept 3.8

The arithmetic mean of the above values is 3.5, with 2 mean devia-
tion of 0.16, or about four per cent. This air-blast scale factor
corresponds to an equivalent yield of 0.85 KT of TNT, as judged by the
ability of the underground charge to produce air blast. Of course, it
must be pointed out that this yield is based upon ths results of the
air pressure mcasuremsnts alone and it would be unwisge, without further
invesiigation to state that the underground nuclear charge of Project
1(9)a performed in all respescts as a 0.85 KT chargs of TNT wonld have
performed under simils:y circumstances. The smail deviaztion is an indi-~
cation of the reliability of this yield calculation for air pressura.
Since the radiochemical yield was announced t¢ be 1.2 KT, the equiva-
lent TNT efficiency was 70 per cent with respect to productica of air
pressurae

Figures 5.4, 5.5, and 5.6 show how well this scale factor of 3.5
holds between HE-2 and the undergrourd nuclesr test. The air pressure
positive peaks, posi‘ive phase durations, and positive impulses are
plotted in that order for both testss In Figure 5.4 the curve repre-
gents the results of the nuclear test where the A values have been
cowputed on the basis of a cherge equivalent of 0,85 KT of TNT. The
points represent the HE-2 results. Except for low X values, the fit
is very good. The positive phase duration is treated in Figure 5.5
Since the time variable between two tests scales directly as the scale
factor, it was necessary to multiply the HE-2 results by 3.5 to show
the graphical correspondence. Here again, the nderground test curve
is drawn assuming a charge of 0.85 KT of TNT and the pointa are from
HE-2 data. The curve appears to represent the plotted points very well.
The positive impulse, shown in Figure 5.6, ig treated in the same way.
The curve, in this cass, fits the plotted points for all A values.

The preceding analysis gives a ¢lear insight into the factors that
mst be sonsidered when applying the model or scaling laws. A physical
quantity, in this case air pressure, cannot be said to scale from one
test to another unless its variation with respect te both radius (R)
and time (t) are considered in details If, for any reason, the
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computed scale factors had been widely different, there would have

been no basis upon which to compute an air-pressurs equivalent yield

of the nuclear test charge. To compute a different equivalent yield
for peak pressure, for positive phase duration, and fer positive impulse
would have little practical meaning. This very problem presents itself
when the phenomenon of earth motion is ccnsidered and it will be dis-
cussed later in this report.

Figure 5.7 presents air pressure records for 'the HE-1, HE-2, and
underground nuclear tests at a constant A value. The time scales have
been scaled down appropriatoly, whers the nuclear charge is assumed as
1.0 KT of TNT equivalent. The bottom graph shows a camposite of all
three records. According to the model laws, the pressures {at the same
A) should be equal. The camposite graph shows that the thres tests
scaled quite well both in pressure and in time. One reason that the
arrival times are different is that the velocity of the shock front in
air is a function of the magnitude of the peak pressure. Since the
nuclear charge gave rise to higher pressures near ground zero than did
the other charges, the velocity of the shock front would be higher at
first and the front would arrive earlier at the same scaled radial
distance.

The time of arrival graph of the air~blast pressure (Figure 5.8)
illustrates that the velocity is a function of pressure. The slope of
ths curve in the figure starts cut low and increases up to a constant
value. The low slope corresponds to a high velocity near ground zero
where the pressures are highs The final velocity of 1220 feet per
sectnd would be expected for a shock overpressure of 3.4 psi for the
atmospheric pressure (12.8 psi) and sound velocity (1100 feet per
secon?) prevailing at the time of the test. This agrees very well with
tha mean pressurs of about 3.5 psi over the outer range of the blast
lines )

For direct comparison to other nuciear tests the underground
nuelear pesk air pressure measurements have teen normmslized to standaxd
conditions ¢f 1.0 KT (radiochemical yield) at sea level. Using the
announced yield of 1.2 KT and the ambient.barometric pressuxe of 864
millibars, the distance correction factor becomes

[(8614-)(1.0) ]1/3

(013)(1.2) = 0.89 (5.2)

and the pressure correction factor is

(.1.;%%), 1.7 (5.3)
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The resultant normalized peak pressure data are shown in Figure 5.9,
while Figure 5.10 presents the positive phase duration as.a function
of normalized peak pressure.

The excellent model law bshavior for air pressurs makes it pos-
sible to predict the results for a scaled 23 KT experiment at the same
test site with good reliability. The predicted peak air pressure vs.
distance curve for a 23 KT weapon at a depth of 46 fest is shown in
Figure 5.11, while Figure 5.12 shows the predicted positive phase
duration as & function of peak pressure.

From comparisons between the scaled HE tests and the tests at the
Dugway dry clay site, there is some indication that the air pressure
produced by an undsrground explosion ia s function of the soil char-
acteristicse It 1s believed that this effect is relatively small for
the shallow burial depth, = 0,135, used for the undergrceund nuclear
test. However, very limited experimental data are available for the
air pressure effects produced by buried chargss, and the effect of soii
type cannot be estimated or neglected with certainty.

5.3 ZRARTH ACCRLERATION

The transient records of the earth acceleration measurements on
Project 1(9): are presented in the previous chapter. Figures 4.3 and
4.5 present the horizcntal earth acceleration at a depth of 5 feet as
a function of time as measured at various distances from the charge.
Reference to these figures shows some large high-frequercy pulses
superimposed upon the low-frequency variations of acceleration. Since
these short pulses are initiated very soon after the arrival of the
alr-blast shock at all gage stations (this arrival is denoted by the
AB designation), it is concluded that the air-blast pressure is the
cause. These results indicate that there is some energy being fed
into the earth medium from the air. The amount of this Wfeed-back"
energy does not appear to be insignificant. The first lew-frequency
acceleration pulse is probably most representative of the direct earth
transmitted effects.

Concexrning the horizontal earth acceleration data, Figure 5.13
presents the first pulse amplitude and duration as a function of
horizontal radius. The amplitude values irdicate a slope of about
1.25 out to 1000 feet. This is the same attenuation as shown in
Figure 5.1 for the air-blast peak pressure. At larger radii, the
amplitude drops off abruptly. These results are compared with ths
predicted values in Figure 5.14. It is at once obvious that one can-
not proteed with an analysis similar to that developed in the cuse of
the air-blast pressure. The two curves in Figure 5.1 teke djfferent
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forms and it is not possible to rsgard them in toto. The predicted

curve being above the empirical one indicates that the energy equiv-
alent for horizontal acceleraticn is aeverywhere less than 1.0 KT of

TNT.

When two curves ere not of the same form, as is the case in Figure
5.1, the energy squivalent is a function of the magnituds of the
measured quantity (in this case, acceleration), or of the distance
chosen for comparison. This problem can be presented in a more gen-—
eral way by referring to Figure 5.15. Here the curves for two hypo-
thetical tests, 1 and 2, have decidedly different forms and it would
be impossible to calculate one scale factor between them which would
hold for all values of the ordinate (independent variable). ILet us
assume that the energy release in equivalent pounds of TNT is known
for Test 1 und is tc b2 computed for Test 2. According to the scaling
laws, pressure and velocity are the same &t the samp scaled horizontal
distances for all tests. Therefore, if the curves in Figure 5.15 were
plots of pressure or velocity vs. horizontal radius (using the same
coordinate axes for both curves), then the scale factor at point P,v
is given by the ratio between R, and R,.» However, it is evident from
the figure that this ratio will be different for different values of
the ordinate (labeled ®Physicel Quantity® in the figure), If the

. ratio or scale factor were a constant for all values of the ordinatse,

then the two curves would necessarily have the sgame form and a unique
energy equivalence conld be cemputed for Teszt 2.

Another possible approach would be ter plot the curves on their
own respective coordinate axes and then siide the axes relative to
one another, maintaining ordinates parailel, until the curves inter-
gect at the desired ordinate wvalue, heve labeled P,ve Again, if the
curvae take different forms, this will. yield a scale factor (Rl/Rz)
which is a function of the ordinate value chosen.

For an acceleration vs. distance grapn, both the ordinate and
abscissa are scaled quantities. Therefore, the Test 2 curve is moved
along a 45-degree line {on log ilog paper) as indicated in Figure 5.15.
This yields sn accelsration scals factor which is valid for the one
point that is labeled A or: the ordinate. This procedure corresponis
to sliding the separate graphs (for Test 1 and Test 2) over one an-
other so that the point labeled MAcceleration' moves along the j5-degree
line indicated in Figure 5.15. In a like manner, the time varizble
associated with an explosion test may be used to campute the scale
factor as is shown in the figure. It must be pointed out that this
graphical method iz perticularly useful when the results of two tests
plot az a acatter of points through which a smooth curve cannot be
drawn. In this case, the same gereral procedure of sliding the
grephs over one another can be employed, matching the results where
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PROJECT 1(9)a
the points appear to intermesh the best.

Us!ing this graphical method on the curves in Figure 5.14, we can
compute the ensrgy equivalent for the underground nuclear test (firat
peek, horizontal acceleration) at any desired acceleration level. At
the 0460 G level (250 - 500 foot range), the equivalent is 0.02 KT of
TNT, and at 0.20 G (600 - 900 foot range) the equivalent is 0.12 KT
of TNT., At the 0,1 G level (1000 - 1250 foot range), where the nuclear
test results seem to approach the predicted values most closely, the
equivalent underground nuclear charge is about 0.33 KT of TINT.

The vertical component of the earth acceleration should be exam-
ined in a similar manner. Figures 4.5 and 4.6 show that the vertical
transient acceleration records are in many ways similar to the horizon=
tal records. The verticals show stronger alr~blast induced effects and
weaker first pulse amplitudes than the horizontals. The first pulse
amplitudes and durations are plotted in Figure 5.16. This figure shows
that the amplitude attenuation follows an inverse square law with a
break in the attenuation curve from sbout 450 feet to 700 feet. This
break is not inconsistent with the vertical acceleration results of
the HE-L1 and HE-2 tests of Project 1(9)-l.~ On both these HE tests a
similar break in the curve was nbserved at about 450 feet. As is
pointed out in the Project 1(9)-l report,> this result indicates that
the effect is characteristic of the medium, rather than of the charge
size. It is also postulated that the jog in the curve is due to an
abrupt variation of seismic velocity with depth in the ground. The
presence of a high velocity substratum would explain the effect ade-
quately. The dotted curve in Figure 5.16 represents the air-blast
pressure attenuation and is included for comparison.

Figure 5.17 presents the comparison between the nuclear test
resvits (from Figure 5.16) and the predicted results. For values of
R less ‘vhan about 400 feet the experimental and predicted curves are
quite close. In this region, the graphical methed indicates that the
equivalent underground nuclear energy release was about 0.75 KT of
TNT.

Predictions were not made for the durations of the first pulse of
acceleration because thi? quantity did not follow the model laws for
the HE~l and HE-2 tests.~ The HE tests results could only give an
jdea of the limits to be expected on the nuclear test. As shown in
the previous figures, the first pulse durations for the horizontal
acceleration are about four times larger than those for the vertical
acceleration. The significance of this result will be dealt with
later in this section in connection with damage criteria.

It is quite possible that the "feed-back" effect referred to
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previously could be responsible for deviations from model law behavior
in the case of earth phencwmena. Under extrems conditions two different
types of scaling, air and earth, may be encountered. In fect, if
energy fed back from the air predominates, we should expect scaling
appropriate to air to determine the earth phenomena.

These "feed-back™ phenomena, if they truly exist, make data analy-
sis quite camplex. The air-blast pressure and the direct earth accel-
eration scale differently, and the two quantities obey different
attenuation laws. In addition, one must consider that the air disturb-
:nce travels more slowly in air than it does when transmitted through

he earth.

It would be worthwhile to attempt to separate the air-blast
induced effects from the direct earth effects. Since the air-blast
effect was more consistent and predominant on the vertical component
of the earth acceleration, this separation was performed on the vertical
records. The separstion process involves a smoothing of the accelera-
tion record in the region of the air disturbance (see dotted portion on
the top curve of Figure 4.13). The smoothed curve is taken as the
Mtrue" earth acceleration and the high frequency acceleration super-
imposed upon it is called the air-blast Hslap® acceleration. The wave
form corresponding to one of these slaps is shown in Figure 5.18. The
‘wave 1s characterized by a strong negative onset (corresponding to a
downward acceleration) and a highly damped, high-frequency oscillation.

If all other factors are maintained to scale, it is evident that
‘he induced Mslap¥ acceleration becomes more dominant (with respect to
amplitude) as the charge size is increaseds This arises since, for
ncaled tests at the same A range, air press;ﬁg is constant, while
acceleration is inversely proportional to W-/~.

Figure 5.19 shows the plot of the negative peak air-blast slap
acceleration against horizontar radius. The curve drawn through the
points represents the air-blast \vessure attenuation shown in Figure
5.1 where n = 1.25. If the slap acceleration for the underground
nuclear test is compared with that predicted from scaling the HE-l
and HE~2 tests, then one obtains the plot shown in Figure 5.20. The
curve is the predicted slap amplitude on the basis of 1.0 KT equivalent
entrgy release and the plotted points refer to the experimental results
(lose to the charge, out to a radius of about 500 feet, the nuclear
teal gave air-blast slap accelerations exceeding the predictions,
undoubtedly because the blast pressures were greater in this reglon
than for HE-2. However, at larger horizental distances the empirical
valuos fall off more rapidly with distance than do the predictions.
This is 1llusirated by the fact thet at the 7.0 G level the underground
nuclear charge energy equivalent for the slap is about 4.0 KT of TNT,
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while at 1.0 G the equivalent is approximately 0.2 KT of TNT.

The acceleration measurements taken at depths greater than five
feet were presented in Chapter 4 in the form of reductions of the
traced recoris. The horizental and vertical deep accelerations ave
shown in Figures 4.8 and 4.9. The vecords show that the general wave
form and amplitudes are not altered appreciably as the gage is buried
deeper. However, it is observed that the effect of the air blast is
much reducsd beyond the 34~foot depth, This reduction of the air-
blast slap effect at the 68-foot gage is evident in both the horizontal
and the vertical components of earth acceleration.

L 5¢4 QOMPARISONS WITH SCALED EE TESTS

By way of summarizing the comparisons betwesn the underground
nuclear test and the scaled HE tests, the earth acceleration records
at two radial distances are presented showing the transient records
from the HE-l, HE-2, and nuclear tests. Ths curves have been normal-~
ized in the sense thct the time and acceleration coordinates have
been scaled according to the model laws. This means that if the
three tests obeyed the model requirements in every respect the thrae
recoxds at a single sceled radius should appear exactly alike. For
uniformity, the nuclear charge has been assumed to be an equivalent
of 1.0 KT of TNT. Therefore the scale factors are HE-l : HE-2 :
nuclear as 1 : 2.5 : 2.2, These normalized records are shown in
Figures 5.Z1 and 5.22 (horizontul components) and Figures 5.23 and
5.2 (vertical components).

Looking at the horizontal components, it is noted that the air-
blast slap acceleration is insignificent on the HE-l record, while
it reaches huge proportions on the underground test record. The
A = 2,08 records for HE-l and HE-2 show very similar wave forms
(exeluding the air-blast slsp on HE-2). However, the nuclear test
record shows a time Msqueeza® of this wave form, bringing out how
poorly the time quantity followed tus WY/~ model law in the nuclear
tests AbL A = 5.2 much the same analysis applies. In addition, the
first pulse amplitudes show a marked deviation from scaling and HE-l
exhibits a large sscond positive pulse that is not measured on the
other tests.

The vertical accelerations presented in Figures 5.23 and 5.24
show that the air-blast effects grow far out of proportion to the
charge scaling factors when the nuclear test results are considered.
Here 2gain we find that the time quantity scales poorly from HE~-2 to
the nuclear test and it becomes increasingly more difficult to sepa-
rate the “irue™ earth effects from the air-blast induced effects.
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Figure 5.25 presents the time of first arrival of the horizontal
earth acceleration plotted against horizontal radius for the Project
1(9)a underground nuclear explosion test. From this curve it is
possible to compute the averags seismic velocity for the test medium,
where it is recognized that the seismic velocity varies with depth.

The velocity turns out to be 3730 ft/sec. This result must be compared
with the 3500 ft/sec and 3400 ft/sec obt ined for HE-1 and HE-2 respec-
tively. A discontinuity in the curve or Figure 5.25 near ground zero
is not unlike the result obtained in the JANGLE HE tests. It is
thotigh’o that this break indicates some anomaly in the subsurface
gaology.

5¢5 DAMAGE

The damage to a surface structure whose foundation is well coupled
to the earth is more or less proportional to the deformation of the
structure. The choice of the earth motion phencmena most closely
correlated to such damage depends essentially upon the ratio of the
characteristic period of the earth motion to that of a typical structure
being attacked. For small charges this ratic is much less than unity,
and a simple analysis indicates that earth displacement is the prin-
cipal factor influencing structure deformation. As this ratio ap-
proaches unity, earth psrticle velocity becomes the priuncipal factor
determining structure deformation. Furthermors, as ths ratio increases
to values much larger than unity, the earth acceleration more nearly
governs damage.

Results of damage obtained from the surface structure tests at
the Dugway Proving Ground™ seemed to indicate that satisfactory damage
eriteria were (1) the maximun peak~to-peak particle velocity and (2)
the period associated with this maximum velocity oscillation. In
addition, it was found that the horizontal component of the earth '
motion was the most significant in damage analysis, since stiuctures
are least strong in the horizontal direction. The Dugway explosion
tests gave rise to longer periods in earth than was the case in the
nuclear test. This fact, in the light of the analysis above, would
make the earth displacement data of the underground nuclear test more
significant from a damage standpoiat thsn it was at Dugway. However,
on the nuclear test the largest acceleration was almost always catsed
by the air-blast slap passing over the gage. This slap acceleration
has such a short period that the structure deformation would be gov-
erned by the resulting earth displacement. Since the earth displace-
ment is roughly proportional to the product of peak acceleration and
the period squared, it is evident that this direct air-blast effect
contributes little to structure damage, because of the short peried
of the air-blast slap.
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Since the horizontal particle velocity is of interest from a
danage standpoint, it was decided that the horizontal accelsration
records from the nuclear test should be integrated, if only roughly.
Scine of thess integration curves are presented in Figure 4.7, where
the label AB designates the arrival time of the air~blast pressure
at the gage station. Figure 4.13 illustrates the data that were taken
fram these integration curves. In Figure 5.26 are shown plots of the
average amplitude of the maximm velocity wave and the period agsoci-
&led with this wave. With the exception of two points, the amplitude
data follow the same decay with horizontal radius as that for air
presgure. The period which characterizes the maximum velcoity wave
is reasonably constant at 0.33 second for measurements out to about
800 feet. For larger distances the peiiod increases abruptly.

Because the horizontal velocity data from the HE-1 and HE-2 testsl
did not follow the model law, it was not possible tu make predictions
for this quantity for the nuclear test. However, it proves interesting
to censider the characteristic periods of the velocity phenomencn in
more detail. Figure 5.27 shows this perdod (mean) plotted on semi-log
paper where the abscissa is the scale of the explosive charge. The
HE-2 test is used as a reference with its scale equal ton unity and the
underground nuclear charge s assumed to bse equivalent to 1.0 KTs The
mean deviations of the velocity period are indicated for each plotted .
point on this graph. When the sbraight line drawn through the points
is extrapolated to the scale factor 10 (corresponding to a 20 KT
operational weapon), the period corresponds %o a value between 0.L and
0.5 second. This period is in the range of the natural period of many
surface structures; therefore this analysis appears to lead to a sig-
nificant result. That is, in the typre of medium encountered at the
Nevada Test Site, the horizontal particle velocity is the measure
quantity which best determines structural damage. :

When the results obtained at the Nevada site are compared with
those from the Dugway dry clay tests, some significant differences
are observed. Figure 5.28 shows representative horizontal acceleration
rocords from the Dugway Round 315 test, the HE-2 test at Nevada, and
the underground nuclear test, also at Nevada. The Round 315 and the
HE-2 test charges both used 40,000 pounds of TNT; however, the Dugway
sharge was buried deeper than the HE-2 charge, while the HE-2 charge
vas ab about the same scaled depth, Ag, as the underground nuclear
test. 'The Project 1(9)~1 report shows that the effect of this change
in A, (0s5 to 0.150) upon the periods of the low-frequency. earth ac-
celeration is small. This means that differences in durations of
acceleration between Dugway Round 315 and HE-2 are due mainly to the
different soil characteristics ab the two siles.

Reference to Figure 5.28 shows that the first pulse duration at
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v Dugway is almost ten times longer than that at Nevada (HE-2). As
would be expected on the basis of charge size, the durations corre-
sponding to the nuclear test 7§e longer than those observed on the

C HE-2 test, even though the W/3 time scaling law was not satisfied.

- However, the nuclear test durations are still shorter than those
measured in the Dugway dry <lay. When these acceleratiocn records are
integrated to obtain particle velocity and displacement, these differ-

i ences in durations become very significant.

The Project 1(9)<1 reporb:L includes detailsd comparisons between
Dugway and the scaled HE tests. The general conclusions are that the
first pulse velocities are approximately the same gt the two sites,
which means that the displacements dipend directly on the durations
of the velocity pulse. It was found™ ‘chat the permanent displacements
(for identical tests) were ten to fifty times larger in Dugway dry
clay than in Nevada desert soil (HZ tests).

Although the permanent displacement data for the underground
nuclear test are not yet available, the acceleration record camparisons
in Figure 5.28 indicate that the displacements for the nuclear shot
were less than those measured ab Dugway for a congiderably smaller
charge (1.0 scale was 0.15 KT of TNT on Round 318)e. This would
indicate that at equal distances from ground zero the damege to surface
structures due to earth motion would have been less for the Nevada
underground nuclear test than it was for the much smaller Dugway Round
318. Of course, to make statements concerning final damage, factors
such as throwout and air-blast pressure would have to be considered.

The reader is reminded that the soil type may have a very margego

ﬁfiﬁt on the ground motions produced by an underground explosion.”?—>»

5 The soil type can change the time scale of the phenomena by
large amounts, ylelding damage differences which would not be apparent
from a casual study of peak accelerations produced. It appears safe
to conclude that the 1.0 KT underground explosion would have had far
greater damage effects on structures if it had been fired at the
Dugway dry clay site. It is not safe to judge the effects of under-
ground nuclear explosions by the results of the single test reported
here, since there is insufficient information to estimate the effect
of terrain on the characteristics of the various output phenocmena
which cause the principal damage to structures.

These are conclusions drawn from a rough and incomplete analysis
of the earth motion data taken for Project 1(9)a. More precise
integrations of the earth acceleration records are planned for the
future in order to obtain accurate velocity and displacement data at
all gage stations. With these data, it should be possible to make a
more detailed analysis of damage to surface structures.
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5.6 FARTE PRESSURE

The transient records from the 10-foot earth pressure gages are
presented in Figure 4.10 in Chapter 4. All of these records exhibit
the same general characteristics, a small first positive pulse followed
by a relatively large second positive pulse. In every case, the large
pulse gseems to occur shortly after cthe arrival of the air-blast pres-
sure at the gage location {designated by AB on the records). This
would indicate that the large pulse is caused by the air-blast pressure.
However, this pulse does not appear to decay appreciably with increas-
ing horizontal radii out to 800 feet.

A plot of the first (small) pulse amplitude and duration is shown
in Figure 5.29. The curve drawn through the points has the same decay
as the air-blast pressure, that is, the slope is 1.25. However, it is
not believed that this first earth pressure pulse is caused by the air
blast. The points corresponding to pulse duration are scattered so
much that no .sensible curve could be drawn. No predictions were made
for the earth pressure in the Project 1(9)-l report, because the phe-
nomenon was quite erratic and did aot obey the model laws for the HE
tests.

Transient records from the dzeper earth pressure gages are shown
in Figures 4.1l and 4.12, where the first figure gives results obtained
at the cissest station to ground zero. For this cloese station, the
effect of depth upon the general wave form was slight. As the depth of
measurement vwas increased, the amplitudes also increased. It is noted
that the maxdimum positive pressure recorded at the 34~foot deep gage
was about twice the same pressure measured at the 10-foot gage. The
records at the 378-foot station show slightly different depth effects.
The wave form shows a tendency to change for the 34~foob depth and
then a marked difference is observed in the form of the pressure wave
ab 64 feet. At the 6L4-foot depth, there appears to be a build-up of
pressure after the more shallow pressures have almost disappeared.
Unlike the observations at the closer-in station, these pressure
measurements show no marked build-up of amplitude with increasing
depth .

1,5

As has been stated in previous reports, the significance and

operaticnal techniques concerning earth pressure measurements are
rather vague. For this reason, no attempt is made in this report to
use the earth pressure data for predicting damage to underground
structures.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATILNS

6. ALR PRRSSURR

Considered as a function of both distance and time, the sir pres-
sure phenomenen followed the conventional model laws’ quite closely
on the acaled HE-l and HE-2 tests. The air pressure vs. time measure-
ments for the underground nuclear test could be scaled in a consistent
manner to those of HE-2, As a vonsequencs, it is possible to draw the
following conclusions concorning air» blash with reasonsble certainty.

le The air pressure from the underground nuclear test was
oqudvalent to that from 0.85 KT of TNT at the same burial depth at the
JANGLE test site. Thus the equivalent TNT yiald (for air pressure)
was’' 70 pex ~ent of the radioshemical yield (1.2 KT).

2, Scaling to » 23 KT weapon at a depth of 46 feet appears
Justified. At ses level a peak overpressure of 10 psi should occur at
a 'distanca of about 2100 feet, with a positive phase duration of about
046 secopds At son leval the peak prassure vs. distance should follow
the relation:

-~ 150,000
» = L2453 (6.1)

where the units ar) psi and feet

3¢ It is expeated that air blast will be affected by the
type of soil, but the influence of soil type should decrease as the
scaled depth of burial duersases.

Two reccmmendations ara mrde.

1. In futvice underground tests, both HE and nuclear, the
air blast phenomencr, should bs measured. This is particularly true
Yor shallow scaled depths of burial, where air blast can be a major
vause of damage to surface targets.

2, More information is needed on the effects of soll type
and depth of burdal. Becsuss of excellent scaling with HE, relatively
small charges may be used in scaled experiments.

-2 -
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6.2 EARTH ACCELERATION

Earth acceleration as a complete phenomenon exhibited many depar-~
tures from the conventional model laws. This could be attributed to
several possible causes: (a) departure from conventional mode) laws?’
due to gravity effects, requiring a different but analytically consist-
ent set of model laws; (b) the inability to conduct truly scaled
experiments in a uniform test medium or in a test medium where the
variations are scaled; (c) the effects of air-pressure induced phenom-
ena, involving different scaling factors; (d) other unknown causes.

A= a consequence, relatively few scaling conclusions are presented in
this report.

1. The earth acceleration measurements show a combination
of direct and air-presswrs induced effects. The air pressure produces
a local effect by its action on the ground surface directly above the
gage location. There is an additional distributed air-coupled effect
due to the earth transmission of the effects of the air pressure acting
on the ground surface at distances remote from the gage location. The
direct effects are defined as those similar to what would be produced
if the charge were buried so deeply that no significant air blast would
be produced. The first of these three effects can be readily separated
from the acceleration gage records for large charges. No suitable
technique has been developed for differentiating between the latter two
effectse

2. The local air-pressure induced acceleration (slap) ap-
pears as a damped wave train of relatively high frequency as compared
to the other frequency components of the earth acceleration. This
frequency shouid become a function only of the soil type ard the gage
denth for explosive ylelds large enough so that the positive phase
duration for air pressure is long compared to the matural period of
vertically compressed eaxth.

3. For large charges the slap acceleration will produce the
maximm peak amplitudes, and these pesks will become more dominant in
the earth acceleration records as the charge size is increased, except
for very great gage depths. The slap is more evident and consistent
in the vertical component of earth acceleration. For large charges
the peak vertical slap amplitude is determined by the peak air pressure
above the gage location. The ratio was 0.25 for the underground nuclear
test and 0.3 for HE~1 and HE~2, in G units per psi for a gage depth of
five feet.

L+ The slap acceleration is attenuated with depth. The
vertical component at a depth of five feet is about ten times greater
than at a depth of 68 fest.
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5. Ne technigue has been developed for saparating the
direct earth effects from the distributed air-pressure induced effects,
since they seem to have scmewhat similar wave foims. A simple examina-
tion of the conventional model laws demonstrates that the relative
importance of the two could be a function of the charge size for scaled
experiments, with the alr-pressure effects becoming more significant
for large charges. This mey explain, in part, the apparent departure
of the earth acceleration phenomena from the accephed model laws.

Since there are pronounced differences between the nuclear test
oarth acceleration wave forms arnd those recoxded for the scaled HE
experiments, it is difficult to obtain consistent taebular data for
direct scale comparisons. It would be improper to attempt scale com-
parisons between the HE tests and the underground nuclear test by the
camparison of non-corresponding parts of the acceleration records.

As a consequence, particular attention has been paid to the first
acceleration pulse, which may give the most representative indication
of the direct earth effects. Because of possiblie importance with
respect to military effects, some attention has been paid to the
maximm earth acceleration defined as the maxdmum peak-to-peak dif-
ference between successive pulses, along with the duration of the
corresponding complete cycle, after the slap accsleration has been
separated.

The following conclusions concera the sarth acceleration after
the local air-pressure induced effect (slap) a2z been separated.

6. In general the arplitude of the first peak of earth
acceleration showed no consistent scale relationship to the scaled
HE-1 and HE-2 tests. Whereas for the HE tests the first pulse was
generally the maximum pulse, for the underground nuclssr test following
acceleration pulses were frequently considerably greaber than the first

Pulssy

7. The maximum peak-..-peak horizontal earth acceleraticn
for distances grester ihan 500 feet followed the approximute relation:

phe = 2200 (6.2)
b7

for R in feet and Ay in G units (peak-to-peak). Twe stations closer
to the charge (310 and 260 feet) gave values approximately the same 9
as for 500 feet. Direct application of the conventional model laws

yields a similar expression of

-74.-
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130,000
2 S W (6.3)

for a 23 KT weapon at a scaled depth of 46 feet at the JANGLE site,
sinoge the scaling between HE~Ll and HE-2 for this parameter was fairly
8o0od. .

8. The mean period of the cycle of maximum horizontal accel-
eration was about 0.3 second. Direct upward scaling (W1/3) to a 23 KT
weapon would give a meun period of 0.86 second. However, a Wi/4 time
scale relationship would give a mean pericd of 0.63 second, which may
be the more dependable cstimate. The limited experimental data indicate
an empirical W time scaling factor, although a consistent use of
this factor would require different model laws for the other aspects of
the phenomena, for which no theoretical or experimental foundation has
yet been established.

9. The maximum peak-to-pesk vertical acceleration followed
the approximate relation:

1800
B wem———— (6.1}
ppAv ple25 )

It was considerably less than the horizental component except at large
distances, where the military effects would be unimportant. It is to
be noted that this attenuaticn law is the same as that for peak air
pressure, indicating that air-blast induced effects may be of principal
importance even after the local slap is separated. No estimete is made
for a 23 KT weapon, since the scaling for this parameter between HE-1
and HE-2 was not good.

10. At the one radius of measurement (1025 feet) the earth
acceleration (less slap) was reasonably constant in both amplitude
ard wave form to a depth of 68 feet. At yery small distances from the
charge a depth effect could be expected, due to simple geometry non-
giderationse On the HE-2 test little variation in depth was exrari-
enced where the 68-foot deep gage string subtended an angle ~ eight
degrees av thie charge center, corresponding to a radius of about 40C
feet for the underground nuclear test.

jl, The amplitude of the fiist pulse of vertical earth ac-
celeration exhibited a step or shelf in the distance abtenuation curve
at a distance of about 450 feet. This result was observed in the
scaled HE test series and is consistent with calculations based on the
presence of a subsurface layer of higher seismic velocity at the JANGLE

site.
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12. Inconsistent scale factors were obtained for various
aspects of ths earth acceleration phenomenon when comparisons were
made to the results of the HE-2 test. Consequently, no reliable
estimate can be made of the equivalent TNT yield for sarth acceleration
for the undergrownd nuclear test. Thercv i3 some evidence that the
equivalent TNT yield was considerably less than 1 KT, The equivalent
TNT yield for earth acceleration would not necessarily be the same as
that for air pressure, since the energy partition betireen the air and
earth effects for an underground nuclear explosion could be different
from that for TNT.

13. Upon comparing the scaled HE 'léests and the underground
nuclear test with the Dugway dry clay tests, »35h it is evident that
the soil type had a profound effect on earth acceleration. The JANGLE
acceloration periods (durations) were far less than those obtained at
Dugway for identical tests. The pronouncsd variation of the time scale
of earth acceleration with soil type indicates that earth motion damage
eriteria could be affected mucli more by soil type than a study of peak

| acceleration amplitudes would indicate. For the JANGLE site the

‘ permanerit and transient earth displacements were much less than those
for identical tests in Dugway dry clay. No quantitative explanation
of this effect of soil type has been attempted for this report. It is
likely that a simple propagation type soil constant is inadequate to
explein the significant differences between soil typees with respect to
earth shock phenomena. Perhaps such factors as cohesiveness, plastic
flow, and dynamic stress-strain relations are of major importance in
determining the earth effscts of underground explosions.

The work of Project 1(9)a was not ccmpleted at the time this
report was prepared. Further analysis is planned prior to the prepara-
tion of the final contract report.® This analysis will include a more
complete study of the earth acceleration phenomena, with particular
attention given to the complete records obtained and to their first
and second integrals, yielding transient earth particle velocity and
displacement iaformation. At the time this report was prepared the
surveyed permanent displacement data were not available to assist in
these integrations.

It is apparent that more information is needed concerning model
law behavior for large shallow underground explosions, with considera-
tion given to possible model law variations, both empirical and analyte-
jeal. Extensive additional studies are required on the influence of
soil types and test medium variations on the underground effects of

'i' shallow underground explosions. The additional analysis planned in-
‘ cludes correlation of the results of the JANGLE experimen slgiﬁ @935
3 from other extensive underground explosion test programs,”?="*=" "~ yhere

‘x.‘ "76"
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possible. The material zontained in References 10, 11, und 12 was not
available at the tim: this report was prepared. Inszufficieat informa-
tlon has been made available to include any symmetry effect studies in
this report. .

Until the furtner studies outlined above have been completed,
only the following recommendations are made with regard to earth ac~
celeration on futvre large shallow underground explosion tests.

1. Extensive reasurements should be made at depths correspond-
ing to those for underground targets of military interest. Such depths
would probably markedly reduce the local air~pressure induced effects
(slap) and present the distributed air-coupled effects in their proper
proportion for military usefulness.

2. More alsention should be given to Mclose-in" measurements
where earth motion is of real importance in producing damage to under-
ground and surface targets. Tn particular, measurements should extend
to the edge of the true crater, and a sufficient number of instrument
points should be included in the region of military interest so that
the interpretation is not influenced by the results at larger distances
having no apparent damaging usefulness.

6.3 BABTH PRESSURE

There exists a real undertainty in the relation between the true
earth pressure and the quantity measured as earth pressure by the
experimental techniques used for this project. No systematic pattern
was obtained when comparisons were attempted with the measurements
obtained on the scaled HE test series. The few conclusions presented
apply to the records obtained for the quantity measured as earth
pressure, with no interpretation as to the significance of thiz
quantity with respect to military usefulness.

1. The earth pressure measurements include a mixture of
direct effects and air-pressure induced effects, as described for earth
acceleration. The largest recorded earth pressures appear to be the
result of the action of the air pressure on the ground immediately
above the gage locations or on the liquid columns in which the hydro-
stabic pressure gages were immersed. Although these principal peaks
do not bear a consistent amplitude relationship to the corresponding
peak air pressures, the vime of their occurrence correlates with the
air blast phenomsna.

2. Certain portions of the earth pressure resords appear
unrelatad to the local air-induced effects in that they have the same
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propagation velocity as the direct earth acceleration, this velocity
being nearly equal to the lnown seismic velocity. These direct earth-
pressure effects were very small and were probably insignificant and
unimportant with respect to military damage. If significant direct
earth-pressure effects existed, they were masked by the action of the
air-blast phenumena.

3+ The effect of depth on the quantity measured as earth
prossure was a function of the horizontal distance from the charge.
At a small radius (217 feet) the peak earth pressures increased marked-
ly with depth (to 34 feet), although the general wave forms changed
only slightly. However, at a larger radius (378 feet) a change in wave
form occurred between the 34~ and 68-foot depths, with no marked in-
crease in pressure below 17 feet. Although no deep acceleration
measurements were obtained at these two radii, a comparison with the
HE~-2 Tesults indicates completely different behavior of the earth
acceleration. No explanation is advanced for this discrepaucy, although
it is expected to lie, in part at least, in the uncertainties of the
instrumental techniques used for earth pressure measurement.

Additional studieg are planned prior to the preparation of the
final contract report.~ It is evident that attention must be given
to the ex{snﬁv&measurements obtained at the Dugway explosion tests
in soils.~Ys-ts Only after such extended study can specifie rzcom-
mendations be made. However, it does appear that particular emphasis
should be placed upon the development of techniques tor the measurement
of the phenamena nown as earth pressure, which will permit direct
correlation with the damage inflicted on representative underground
targets. Attention whould be glven to the directional properties of
pressure in a medium capeble of supporting shear stresses. Such work
is strongly recommended in advance of any fubture large scale under-
ground explosion tests, to permit a better understanding of the test
results that might be obtained. It is likely that analytical support
will aid in the interpretation of existing experimental data and in
the development and design of future experimental techniques.

For future large underground explosion tests the recammendations
for deep measurvements and extensive close-in measurements made for
earth acceleration are also made for earth nressure.

6.4 DAMAGE CRITERIA - SURFACE STROCTURES

1. For large shallow underground vxplosions at the JANGLE
test site, it is believed that air blast will. be the major factor in
determining damage to conventional surface siructures. For greater
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” burial depths and/or for nuclear explosions in different soil types,
it is possible that both earth motion and throwout could be major
contributors to the damage of structures of this type. Of course, if

. air blast damage alone is desired, the underground detvonation is far
from optimum. '

2. Depending upon the size of the explosion, the soil type,
and the target type, either earth acceleration, particle velocity, or
displacement can be the principal criterion for Judging the damaging
effect of earth motion on surface targets. For a 23 KT weapon at &
depth of 46 feet at the JANGIE site, it is estimated that the earth
particle velocity will be the most dependable criterion of damage to
conventional surface structures, since its estimated period of 0.5
second is within the regior =f the natural pericds of two- to four-
story structures.

3. For large nuclear charges in more cohesive soils, such
as at the Dugway dry clay site, earth acceleration *sould probably be
the best single earth motion parameter for judging surface structure
damage, exclusivs of air blast.

L. Since the time characteristics of the driving forces can

be of dominant importance in determining the marginal damage limits for
certain types of structures, it is of extreme importance to have a
better understanding of the wave forms of the earth motion phenamena
produced by underground explosions. Methods for predicting the peak

. values alone of acceleration, velocity, and displacement for different
charge sizes in different soil types are insufficient, end a means is
necessary for estimating the time scale of the complete earth motion
phencmena. .

5, It is conceivable that a more camplex subsurface stra-
tigraphy could produce significant earth motion damage o surface
structures at larger distances than would be predicted for an essen-
tially uniform test medium. Subsurface reflection and refraction of
energy back toward the surface could give reinforcement under certain
conditions to produce this effact.

6. Because of the potential importance of transient earth
particle velocity and transient earth displacement in establishing
damage criteria, it is recomuended that efforts be directed toward
the direct measurements of these quantities cn future tests, if such
direct measurements can give more reliable information than would be

‘ available from the single and double integration of accelerometer
records.
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6.5 DAMAGE CRITERIA - UNDERGROUND TARGETS

In this report the underground nuclear test results have not been
evaluated with respect to damege criteria for underground or buried v
targetss The factors governing damage to underground targets are not ’
clearly understood by the authorg, Snd tES results of previous exten-
sive underground explosion tests »10,11,12 pyst be evaluated before
major conclusinns or recommendations can be made. Pending such an
evaluation, the following tentative conclusions and reccmmendations
are presented.

-t

1. It is likely that the strong local air-induced phencmena
are of negligible importance in damaging buried targets, due to their
short periods and their apparent attenuation with depth.

2, Farth motion can bs a contributing factor to the damage
of underground targets. The target characteristics, plus the time
scale of the eavth motion, will dstermine the relative importance of
acceleration, velocity, and displacement as damage criteria. For a
23 KT weapon the principal earth motion wave lengths should be long
compared to the dimensions of many representative buried targets, and
damage could be estimated by considering the response of the target
and its contents when the target moves as a whole with the surrounding
earth. IHowever, the interval of differential moveme.ats when the
earth-motion wave is passing over the target is far more complex and
sould be of major importance.

3. If a buried target can be considered as a rigid bedy,
compared to the surrounding eaith, it is possible that the flow of
earth material around the target could be of major significance in
determining damage. In addition to the normal pressure forces devel-
oped, friction forces due to the slippage of earth along targst
surfaces could be important.

4o It is likely that earth pressure is of major significance
in dotermining damage to buried targets. Crushing and fracturing of
external walils of such targets could be the result of pressure forces
transmitted by the earth.

5. As noted above, under Earth Pressure, more information
is required in order to permit the measurement of "free earth™ phencm~
ena which can be dirocctly translated into dameging effects on buried
targets. Particular attention should be given to this problem in .
advance of any future large aniir ound explosiocn tests, after the
results of previous tests »10,11, have been evaluated in connection
with the JANGLE underground nuclear test.
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6. It is likely that the region of major importance for
damage vo underground targets is confined to the region of important
rupture and permanent displacement in the earth medium surrounding
‘vae underground explesion. As a consequence, the region of important
damage should be loceted relatively close to the crater boundaries.
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APPENDIX A

PERSONNEL

Project 1(9)a of Operation JANGLE was performed by Stanford
Research Institute under Contract No. N7onr-32104 with the office
of Naval Research, Washington. Mr. J. We Smith and Mr. J. Kane
served as Project Officers for ONR.

A1l Stanford Research activities on Project 1(9)a were under the
direction of Dr. E. B. Doll. DNr. Doll supervised the initial planning
for the test program and directed the field activities, with ¥r. L. M.
Swift serving as field party chief. Additional members of the field
party were L. Ho Imman, V. E. Krakow, C. C. Hughes, S. C. Ashton, and
We M. Stewart. This report was prepared by Dre. Doll and Dr. V. Salmon,
with typing and drafting assistance from Miss Blanche Shoemake and
Mrs. Jane Simons, respectively.

IGDR De Co Campbell USN of Program One coordinated the activities
of this prcject with the remainder of Opsration JANGLE.
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