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ABSTRACT 

This series of four HE tests at the Nevada Test Site was con¬ 
ducted to provide information for scaled predictions for the shallow 
underground and surface nuclear tests. The results of the HE tests 
were quite satisfactory, and predictions were made only if Justified 
l*y the demonstrated adherence to scaling laws within the HE test series. 
In addition, correlation with results from 1951 Dugway tests in dry 
day was obtained. 

In general, the air blast scaled as predicted in both duration 
and amplitude. Acceleration scaling was good for the amplitude of 
the first smoothed pulse, but the durations did not scale. The sharp 
and highly damped oscillation acceleration due to air blast sealed 
as did air-blast pressure, but its period, as expected, increased 
less rapidly than the scale factor. Some preliminary particle velo¬ 
city and permanent displacement information was obtained, but proved 
not to scale suitably to permit predictions. 

Air-coupled phenomena were prominent due to the relatively 
shallow scaled charge depths, and appeared to predominate in earth 
accelerations at large distances. Analytical work on this topic 
should aid in explaining many of the effects observed. 

A comparison with Dugway results (for dry day) from similar 
tests indicates that the earth-acceleration amplitudes and durations 
were approximately inverse to each other for the two soil«, with 
the Dugway amplitudes considerably less than for the HE program. 
This cannot be explained by a simple soil constant, and probably 
indicates that much depends on details of the transfer of energy 
from the expanding gas bubble to the soil. The asstmption of con¬ 
siderable cohesion in Dugway soil gave a qualitative explanation to 
many of the observations. 

- ix - 
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CHAPTER 1 

INTRODUCTION 

1.1 OBJECTIVE 

The four high explosive testa at the Nevada Test Site during August 

and September 1951 were conducted for the following principal purposes: 

1. To establish a better basis for the prediction of corresponding 

phenomena from anticipated larger explosions under similar conditions at 

the same test site. In particular, predictions for the surface and 
underground nuolear tests were required. 

,. 2« To «rtablish correlation between future explosion tests at this 

site with similar tests conducted at the Dugway Proving Ground. 

. To obtain additional information on air-earth coupling as a 
function of the charge depth. 

4. To obtain additional information in the general field of under¬ 

ground explosion phenomena with respeot to such items as attenuation 
aracteristics, wave forms, and scale and model laws. 

1.2 HISTORICA! 

In planning the underground nuclear test at the Nevada Test Site, 

several differences were anticipated between it and previous underground 

explosion tests. Important differences were considered to be (1) the type 

of explosion (2) the relatively shallow scaled depth of burJ*l, and (3) 

th! HÍhr^terÍ8ÍICB °fAth9 60il* For Purposes 0f more properly estimating 
the behavior and nagnitude of the phenomena to be expected from the under- 

ground nuclear test, a scaled high explosive (HE) test of 40,000 pounds 

of TNT was planned at the same location. Later designated as HE-2, this 

Îendîd..t0 Provlde S®«® setting information for the underground 
nuclear test and to give come basis for correlation with the large HX 

underground tests at other locations. However, because of uncertainty 

as to the phenomena even in this case, it was decided to add a smaller 

test, later designated as HE-1, of 2560 pounds of TNT. Moreover, these 

two tests were planned on a scaled basis so that the applicability of 

the Bod'd law could be estimated. These two HE tests utilised the same 
c°rstructions as were employed in the 1951 underground 

explosion test program at the Dugway Proving Ground.I»2,3* 

.+ +k*SUPürB^rÎ?î “«“b61“« refer to references given in the Bibliography 
at the end of this report. 

- 1 - 
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To this bule HE program was next added a 2560-pound surface shot, 
to provide predictions for the surface nuclear test. This was desig¬ 
nated as HE-4j it also served to indicate the difference between juat- 
above and just-below surface detonations. Finally, a fourth test, 
designated as HE-3, was added to the HE program. This 2560-pound test 
was chosen to be identical to Dugway Round 312, which was representative 
of the principal Dugway program using a considerably greater scaled 
charge depth than that contemplated for the underground nuclear test. 

Thus the Scaled HE Tests were evolved. The four tests permitted 
the possibility of a variety of correlations and comparisons. Table 
1.1 outlines these comparisons between any two tests, designated u 
Test A and Test B. 

TABLE 1.1 

Correlation of Tests 

Test A Test B Correlation 

Dugway Round 312 HE-3 Soil type 

HE-3 HE-1 Scaled depth of charge (Xq) 

HE-1 HE-2 Scale factor (S * 2.5) 

HE-2 Underground 
nuclear 

Scale factor (S = 3.68 for 
1 KT and S = 10.0 for 20 KT) 

HE-2 Underground 
nuclear 

Explosive type (HE vs. 
nuclear) 

HE-1 HE-4 Scaled depth of charge (Xc) 

HE—4 Surface 
nuclear 

Scale factor (S = 9.2 for 1 KT 
and 3 - 25.0 for 20 KT) 

HE-2 Dugway Round 315 Soil type - for 40,000 lb. of 
TNT (using HE-3 « HE-1 
correlation for effect of 
scaled depth of charge) 

This report is concerned with these four HE tests. As & group 
they can be considered u part of a continuing experimental program 
devoted to the study of underground explosion phenomena. Extensive 
pioneer work performed during World War II has been reported by 
Lampson.4 Lampson’s work involved several different soil types and 

- 2 - 
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waa concerned principally with the effects of small charges, mostly 

below 100 pounds of TNT; a few tests were made up to 1000 pounds. A 

later series of tests was conducted under the sponsorship of the Office 

of the Chief of Engineers, U, S. Army, in a program entitled "Undeiv 

ground Explosion Tests."i»2,3 This program included measurements in 

soils of several types at the Dugvay Proving Grounds in Utah. However, 

no measurements were made in a soil type of characteristics sufficiently 

close to those at the Nevada Test Site to permit -"alid enough predictions. 

1.3 THEORETICAL 

A simplified discussion of the model law as normally applied to 

explosion phenomena is presented here principally to familiarize the 

reader with the nomenclatura that will be used in the body of this 

report. If all dimensions of an experiment are increased by a factor S, 

where S is designated as the s cale factor, and if it is asstxaad that ai1 

times desoribing the experiment are inoreased by this same factor 3, the 

model law or scale relations for the various phenomena concerned can be 

derived by simple dimensional analysis. The model law is known to be 

invalid under some conditions, such as when the velocity of propagation 

is a fonction of the rate of application of stress, when visoosity 

effeots exist, when the effects of gravity are important, etc. How 

ever, extensive scale tests using small TNT charges have indicated good 

model law behavior for underground explosion phenomena, particularly 

for reasonable scaled charge depths, where the effects of venting into 

a completely different media« are reduced or eliminated. 

ell dimensions of an explosive charge are changed by a factor 
S, the soale factor is then equal to 

CwA)1/3» 

the cube root of the ratio between the explosive charge weights* As a 

®00**<l'**n®*» bhe cube root of the charge weight in pounds is a con¬ 

venient quantity to use in describing the scale of an experiment, fud 

bbe ratio of the cube root of the weights of two charges is generally 

oonsidered to be the soale factor between the two tests. It is con¬ 

venient to use the symbol X in desoribing the dimensions of an experl- 
mmnt wherein X is designated as followst 

X - r/w1/3, 

where R is a length in feet and W is the charge weight in pounds of TNT 

equivalent energy release. In this report,X refers specifically 
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to horisontal distances measured from ground zero. The term X0 des¬ 
cribes the charge depth, and the term X- describes the gage depth* To 
obtain distances in feet, X Is multiplied by the cube root of the 
explosive charge veight in pounds of equivalent TNT. 

When the dimensional analysis referred to above is applied to the 
various phenomena of interest, it is found that at scaled distances 
(corresponding values ofX) and at scaled timos, the pressure par¬ 
ticle velocity are independent of charge size or scale factor, S; impulse 
s proportional to S; particle acceleration is inversely proportional to 

s» aHd particle displacement is proportional to S. In this report, 
model law behavior is considered in accordance with these relationships. 
No attempt has been made to derive empirical scale laws, since inade¬ 
quate experimental data were available for such a derivation, and no 
adequate theory was available to support conclusions which might be 
reached in this manner* 

Every effort was made to conduct the HE tests under proper scaled 
or model lav conditions. However, the vagaries of nature make it impos¬ 
sible to find a homogeneous earth median for the experiments. For —»»n 
charges, a slowly changing irregularity such as increase of seismic 
velocity with depth will have little effect. Thin is because in the 
region of military interest the transmission of earth motion is along a 
near-surface path with practically constant velocity. For large charges, 
however, the path embraces a considerable variation in seismic velocity, 
with consequent change of transmitting' properties, direction of arrival, 
and the like. This difficulty could be even more pronounced in the 
presence of faults, reflecting layers, hard rock boundaries, and water 
tables at distances comparable to those used for describing the experi¬ 
ments. Of course, these deviations from homogeneity make it necessary 
to modify the simple method of applioation of the normal model lav 
except for small charges. An important fact which a carefully controlled 
test program should reveal is the charge size and depth of burial above 
idiich these effects become significant. 

When the statement is made that a certain phenomenon follows the 
scaling lavs, it must be noted that this refers to the total phenomenon, 
and not merely to selected aspects of it. Thus if the earth accelera¬ 
tion is known as a function of time and position, in true scaling the 
acceleration function for a similar sealed experiment can be predicted 
directly. As applied to HB-1 and HE-2, if a comparison of amplitude 
and time variables indicates the same scale factor for a variety of 
aspects of the acceleration, then there is reinforced justification for 
extrapolation of results. But if the scale factors for amplituie and 
time differ from each other, or are markedly different from the known 
value (here 2.5), then confidence in extrapolation must decrease. If 

- 4 - 
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empirical scaling laws are derired, then the test of their validity is 
the universality of their application to all aspects of the phenomena 
in the class for which they are intended. In this report, departures 
from normal scaling will be used only to estimate rough upper or lower 
limits* 

Since the principal purpose of these scaled high explosive tests 
was to permit an estimate of corresponding phenomena from anticipated 
nuclear explosions, some consideration should be given to the different 
explosive characteristics. A direct application of the model law between 
high explosive tests and nuclear tests having yields described in equi¬ 
valent pounds of TNT must assume an explosive configuration equivalent 
to that of TNT* It is at once obvious that the explosive source chara»* 
teristios of a nuclear charge are not equivalent to those of a TNT 
charge* In other words, in a strict sense, the dimensions of the experi- 
ment do not obey the assumed model law relationship. The hydrodynamics 
and thermodynamics of the expanding gas bubbles are obviously different 
for the two types of explosives.5 It is suspected that the effect of 
toese différences is even more pronounced for the relatively shallow 
charge depths involved, since the energy relations in the venting pro¬ 
cesses can readily be affected by the thermodynamic conditions in the 
gas bubbles* Furthermore, there is no reason to asstmw that all physical 
output a aracteristios of a nuclear explosion can be expected to be 
described by a single equivalent energy release. It is quite conceivable 
that the equivalent yield of a nuclear explosion can be a function of 
the phenomenon that is used to judge this yield; for instance, the equi¬ 
valent yield for thermal and radiation effects will obviously be dif¬ 
ferent from the equivalent yield for such mechanical effects as pressure 
and acceleration. 

In this report, no consideration has been given to the inherent 
differences between nuclear and TNT explosives* ill estimates herein 
obtained for nuclear explosives by upward scaling of TNT tests are. in 
fact, in teims of a charge of one KT of TNT. 

The experiments described in this report were iat+nded only to 
investigate the ground motions, ground pressures, and air pressures 

PJ?íUO*d ^ und8r£rotmd explosions. This report is not concerned 
with cratering, throwout, rupture sones, etc* Ground motion can be 
described in terms of either displacement, particle velocity, or accel¬ 
eration as functions of time* If one of these phenomena is known pre¬ 
cisely, the other two may be determined by integration or differentia¬ 
tion. On the other hand, such processes are subject to large errors 

are lengthy, laborious, and expensive* 

Given a choice, it would probably be most desirable to measure 
particle velocity as a function of time, with particle displacement a 

- 5 - 
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satisfactory alternative. The choice of the quantity measured 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 ratio is considerably less than unity, and a simple analysis irdi- 
cates that earth displacement is the principal factor determining struc¬ 
ture deformation* As thi_ -atio approaches unity for progressively 
larger charges, earth particle velocity becomes the principal factor 
that determines structure deformatiun. Finally, for very large charges 
the ratio of earth motion to structure period will increase considerably 
beyond unity. Earth acceleration then becomes the quantity from which 
structure deformations may be most readily estimated. For these tests, 
practical considerations of availability and reliability led to the use 
of accelerometers. Hence, this report is concerned principally with 
eartn motion as it can be described by acceleration. In due course of 
time, adequate study, including integration of the acceleration records, 
\dll permit a bettar evaluation of the military effects of the ground 
motions*3 

A considerable uncertainty exists with respect to the mechanism 
to be used to measure "free earth pressure". It is probably improper 
to describe earth pressure as hydrostatic, since the phenomena must 
necessarily be tensorial in nature, and be a function of direction. On 
the other hand, extensive previous experiments (references 2, 3, and 4) 
have been conducted using a simplified hydrostatic technique for earth 
pressure measurements* Principally for correlation purposes, these same 
techniques were adopted for the experiments described herein. 

In the small charge work of Lampson,4 the earth pressure gage 
depths were usually greater than 

3^/3/2. 

This gage depth, Ag ■ 1.5, would require holes 190 feet deep for a 1 KT 
test and 510 feet deep for a 20 KT test. Such gage depths were com¬ 
pletely impractical, and consequently the earth pressure measurements 
reported herein were obtained in holes that were very shallow on a 
scaled basis as compared with those used by Lampeón. Furthermore, the 
scaled charge depths used for these experiments were very much less 
than those used by Lampson, and the direct effect of air blast on the 
open-hole earth pressure measurements could be expected to be more 
pronounced. At this time, the authors know of no adequate theoretical 
background supporting the teenniques used for the earth pressure mea¬ 
surements and correlation methods by which these earth pressure measure¬ 
ments can be converted to directly useful military effects. 



CHAPTER 2 

TEST DESCRIPTION 

2.1 SIH 

The HE test site vaa located between the altes chosen for the 

later surface and underground nuclear testa. Except for local variar- 

tlons, the site vaa chosen to be représentative of the specific 

localities to be used for the underground and surface nuclear tests. 

For all practical purposes, the test area was flat. The soil appeared 

to of MtMMly fino, poodor-Uk. aond with aoso gravai, 
aeiow the surface there were one or nore streaks of localised "caliche* 

deposits (caliche is a hard cemented conglomerate of geologically 

recent origin). The sub-surface soil was tightly packed, very dry, and 

extremely porous. .There was no water table, and bedrock was said to 

be at a depth of greater than 1,000 feet. Preliminary seismic survey 

data gave the following results for the seismic velocity and soil 
constant.4 

Depth Seismic Velocity 

-£bs___ 
Soil Constant^ 

lb /so in 

0-100 
100 - 350 

350 - 1,000 

3,000 

4,000 - 4,500 

5,000 - 5,500 

0,400 

15,000 - 19,000 

23,000 - 20,000 

Complete geological surveys of the test site have been conducted. 

published in the series of JANGLE reports as Project 
1(8)a Report, "Geologic, Hydrologic and Thermal Features of the Site", 

Ü. 3. Geological Survey? and Project l(8)a-l Report, "Seismic Refrac¬ 
tion Survey", by United Geophyaical Co., Inc. 

2.2 KPLOSIYl gHARGIS 

The four explosions with which this report is concerned were 
as followsi 

- 7 - 
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Test Pounds of TNT Depth of (Tiarge 
W W1^ ft_Date 

HE-1 2,560 13.7 

HE-2 40,000 34.2 

HE-3 2,560 13.7 

HE-4 2,560 13.7 

1.9 0.150 

4.7 0.150 

6.9 0.5 

-1.9 -0.150 

August 25, 1951 
September 3, 1951 
September 15, 1951 
Septa'nber 9, 1951 

The explosive charges were composed of 100-pound TNT blocks 

stacked to approximate a sphere. The gage lines were perpendicular 

to one of the flatter sides of the stack. On HE-1 and HE-2 the charge 
depth was such that the top of the charge was essentially flush with 

the ground surface. On HE-4 no excavation was made for the charge, 

and the bottom of the TNT sphere was flush with the ground surface 

(surface shot). The charge depth was measured to the center of the 

charge, and X0 represents the ratio of the charge depth in feet to 

the cube root of the charge weight in pounds of TNT. 

Tests HE-1 and HE-2 were designed to be direct scaled experiments 

of the underground nuclear test. Test HE-3 was designed to be similar 

on a «oaled basis to the majority of the OCE Underground Explosion 

Tests,2,3 and to be identical to Round 312 of the Dugway dry clay 

portions of that program. Teat HE-4 was designed to be a scaled experi¬ 

ment of the surface nuclear explosion. In this case, the scaled height 

of the charge center was greater than that ultimately used for the sur¬ 

face nuclear test, because of the different geometry of the two explo¬ 
sive types. 

Figure 2,1 shows the explosive charge positions with respect to 

the ground surface for each test, where the charges are idealized in 

the fonn of equivalent spheres of TNT, At the charge depth of 17 feet 

chosen for the 1,0 KT underground test, the equivalent TNT sphere 

would be approximately tangent to the earth’s surface, as shown for 
HE-1 and HE-2. 

2.3 GAQI LIU 

The HE-2 gage line was arranged to be parallel to the major gage 

lines to be used for the underground and surface nuclear tests. The 

gage line used for HE-1, HE-3, and HE—4 made an angle of approximately 

30° with the HE-2 line. Figure 2.2 illustrates the general test area 
and gage line layout in the four tests. 
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*c=0l5° Xc =0.150 

Xc=0.5 \c =-0.150 

Fig. 2.1 Charge Geometry 

2*2 Bleat Line Layout 
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The principal earth acceleration measurements were made at a gage 

depth of five feet. Two components of acceleration were measured, the 

horizontal radial component and the vertical component. Earth accelera¬ 

tion measurements were made at ranges varying in X-values from 2.08 

to 108, with the principal concentration of instruments in the region 

loss than 12, The region of direct military interest is undoubtedly 

less than this, but the experiment incorporated the larger ranges to 

investigate transmission effects over distances in feet which corresoond 

to X * 5 for an equivalent charge of 20 KT. In addition, two-component 

earth accelerometers were included at gage depths of 17, 34, and 68 feet 
at X-values of 3.0, 11.1, and 30.0 on the HE-2 test. 

Earth pressure measurements were made at a gage depth of five 

feet at Xr-values ranging from 1.72 to 40, with the principal concen¬ 

tration in the region X less .han 10. In addition, earth pressure 

gages at depths of 17 and 34 feet were included at X = 1.72 for HE-2 

and at depths of 17 feet, 34 feet, and 68 feet for X-values of 3.0 and 
11.1 for test HE-2. 

Air pressure measurements were made at a height of 14 inches 

above the ground surface at distances ranging from X = 2.5 to 75. 

Previous measurements at Dugway2>3 indicated no significant differ¬ 

ence in pressure as a function of height above the ground up to a 

scaled gage height of Xg * -0.3 (10 feet for HE-2, 38 feet for 1 KT, 
and 100 feet for 20 KT). 

The five-foot deep accelerometers were on a radial line for each 

test, and the remaining instmnents were located as close as possible 
to this same line. 

The detailed gage pattem is clearly evident in the tables of 
test results found in Chapter 4« 



CHAPTER 3 

INSTRUMENTATION 

3.1 VARIABLE- Hymn TA ^AOSS 

The gagea used to measure earth acceleration, earth pressure, and 

air pressure all contain the same variable-reluctance transducer 

element (Fig’re 3.1), differing only in the mechanism used to actuate 

the movable unbalance between the two coils, which have equal induct¬ 

ance when the armature is in its neutral position. Each coil has a 

nominal inductance of 20 millihenries, and the two in series have an 

impedance of about 500 ohms at the 3000 cps carrier frequency, since 
tbey are connected in opposing polarity. 

Figure 3.2 illustrates one complete variable—reluctance gage 

channel. The gage is connected to its coupling unit by a shielded 

three-conductor microphone cable, up to 1,000 feet in length. The 

3000-cps carrier power is supplied at a level of 20 volts from an 

oscillator of very low source impedance. Gage unbalance produces a 

sitial at the input to the ring demodulator, which rectifies the sig¬ 

nal while preserving the polarity (or sense) of the gage unbalance. 

The carrier filter removes the residual carrier voltage and its har¬ 

monics from the input, producing a current which is a true reproduction 

of the gage unbalance modulation from zero frequency to about 1000 ops. 

For calibration a known voltage may be injected across the capa¬ 

citor C. The galvanometer calibration deflection recorded thus 

includes effects due to oscillator voltage variation, as well as 
attenuation, gage impedance, and so forth. 

At rated mechanical input to the gage, the rectified output 

current is 7 ma. A balanced 85-ohm attenuator terminates the coupling 

unit, permitting the adjustment of the recording ouïrent level. The 

over-all variable-reluctance gage system is essentially linear up to 

an output current of 10 ma, or about 150 per cent of gage rating. The 

large linear unbalance pemitted by this g age system eliminates the 

use of signal amplifiers and produces an excellent signal to background 

ratio, aider the actual field conditions of the explosion tests. 

Including cable agitation due to air blast and ground Motion# the 

background or noise level was at least 60 db below rated output, 

- 11 - 
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Fig. 3*1 Basic Variabla-Reluctanoe Blâment 

CARRIER 
OSCILLATOR 

OUTRUT 

Fig. 3*2 Typical Gage Channel 

12 
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_  -

Pig, 3,3 Interior of Instrument 
Trailer

Fig. 3.4 Accelerometers Mounted In 
Canister

A single power oscillator was used to simply 12 gage channels.
The upper section of the ri^t-hand relay rack in Figure 3.3 is a 
complete 12-channel system. The i^per panel contains the individual 
centering controls to balance the gages under static conditions. The 
second panel is the 12-c^annel coiyllng unit, including a tap switch 
for adjusting the calibration voltage and the 12 attenuators to sot t^ 
recording level independently for eadi channel. The third panel is t^ 
power oscillator liiioh supplies carrier voltage for 12 gages. Six sudi 
assembUes wore used, giving a total of 72 variable-reluctance ga^ 
channels. The two oscillograph cameras in the foreground are described
later.

- 13 -
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3.2 

The basic variable-reluctance transducer element of Figure 3.1 is 

converted to a linear accelerometer by the addition of a concentrated 

nass to one side of the armature, with the armature support giving the 

restoring spring force. The case is filled with silicone oil. of the 

proper viscosity to give 60 to 70 per cent of critical damping. 

Accelerometers having the following rated outputs and natural fre¬ 
quencies were used. 

Natural Frequency 

(filled with damping oil) 

_ (cycles per second) 

30 

5 

1 
0.5 

190 

80 
45 
26 

In all oases the recording system was chosen so that the upper 

limit of uniform frequency response was determined by the accelerometer 

used and was about 70 per cent of the accelerometer natural frequency. 

An examination of the gage records obtained from the explosion tests 

shows that in most cases the highest significant frequencies were well 

below the high frequency limits of the gages} the frequencies of interest 

are in the low frequency region. Since the gage system is responsive 

to zero frequency (DC) signals, no low frequency cut-off is encountered, 

a feature of great importance when such acceleration records are to be 

integrated to obtain transient velocities and displacements. Low 

frequency amplitude and phase errors are difficult to correct before 

or after recording, and will therefore introduce large errors upon 

integrating low frequency accelerations. 

For the measurement of earth acceleration, two mutually perpen¬ 

dicular gages were mounted in a single canister as shown in Figure 3.4. 

Suitable damping was provided by wooden blocks inside the canister to 

eliminate ringing upon shock excitation. The average canister density 

was adjusted to be approximately equal to the soil in which it was 
placed. 

The excellent linearity and the zero-frequency response charac¬ 

teristic of the accelerometers permitted direct field calibration by 

manual rotation in the earth's gravitational field. This calibration 

was performed for each gage at the time of installation for each test, 

using the gage cable, coupling unit, and recording element as connected 

- U - 
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for the test. At the same time the output due to the calibration 
voltage was noted for subsequent comparison with the automatic cali¬ 
bration records obtained durfjng each explosion test. Laboratory 
spin-table tests established the validity of the earth's field calibra¬ 
tion technique. The short armature makes the accelerometer relatively 
insensitive to the angular accelerations produced by the explosion 
forces. 

Each canister was installed and oriented at the bottom of a hole 
in the ground six: inches in diameter, at a nominal gage depth of five 
feet. On the HE-1 and HE-2 tests the canisters were cemented in the 
holes with Calseal, a quick-setting gypsum cement. Some holes were 
then filled and packed with dirt and others were left open. Ho dif¬ 
ference between filled and open holes was detected in the accelerometer 
output attributed to air blast. In some cases gage holes having depths 
of 17, 34> and 68 feet were used. 

Because of the very extensive effort involved in the recovery of 
the cemented canisters, as well as unavoidable damage to them, a single 
additional test canister was installed by careful tamping with damp 
earth on HE-2. There were no significant differences between the 
records obtained from this unit and those obtained from a cemented 
canister located alongside. Hence it was decided that taliped damp 
earth could be used for the accelerometer installations on HE-3 and 
HE-4, After the earth around the canister was tamped, the gage holes 
were filled and tamped with additional earth. On both HE-3 and HE-4 
a single canister was cemented for control purposes; again, no slgnifi- 

\ cant differences were observed. 

3*3 EAKCH PMSSÜBE 

The basic variable-reluctance transducer element of Figure 3,1 is 
converted to a hydrostatic-pressure gage by fastening the armature to 
a slightly twisted Bourdon tube. The gage is filled with oil to give 
60 to 70 per cent of critical damping at 70° F; the gage is intended 
for use immersed in similar oil. Behind the Bourdon tube is a con¬ 
trolled "air bubble", followed by a "porous plug" having a time 
constant of 15 minutes to two hours, which permits the relief of a 
very slowly changing ambient pressure. 

An earth-pressure gage is shown in Figure 3,5, The pressure 
gage is placed in a five-inch diameter, flexible Neoprene bag which 
is filled with oil having the proper viscosity for damping at the 
operating temperature. This gage then measures the hydrostatic 
pressure of the oil contained in the closed Neoprene bag. 

- 15 - 
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>

j.. VI
Fig. 3.5 Earth-Pressure Gage, Shown 

with the Neoprene Oil Bag
Fig. 3.6 Air-Blast Gage Mounting

L

Hydrostatic pressure gages having nominal ratings of 100, 10, and 
1 psi were utilized. The rise times of the gages were such that the 
ultimate high-frequency response was determined hy the particular 
recoiling galvanometers used. ATI recording galvanameters were 
adjusted to 70 to 80 per cent of critical damping, and galvanometers 
having natural frequencies of 120, 230, and 340 cps were included. 
Examination of the pressure records shows very few instances of 
frequency con55onents approaching 70 cps.

Most of the ground-pressure data included i.i this report were 
obtained with the oil bag located near the bottom of a five-foot hole 
six inches in diameter. Each hole was filled to the top with a thin 
solution of Iquagel. The Aquagel solution was adjusted to minimize 
the loss of liquid into the surrounding porous earth. The holes were 
exajnlnod immediately after each test, and in no case had the liquid 
level dropped more than a few inches. When deeper gage holes were 
used, they were also filled to the top with the Aquagel solution.

- 16 -
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3.4 M^BUST PRESSURE 

The basic variable-reluctance transducer element is converted to 
an air-pressure gage by fastening the armature to a slightly twisted 
Bourdon tube. A porous plug having a time constant of 30 to 90 seconds 
is used for static equilibrium. Silicone grease in the amature gap 
along with acoustic damping gives a net damping of 60 to 70 per cent 
of critical. The rise time of the gages used was less than 0.0003 
second, and hence the over-all rise time of each air-blast channel was 
determined by the single 315-cps recording galvanometer used for «n 
air-blast measurements. At 70 per cent of critical damping about 
0,0015 second was required to attain 90 per cent response. 

As with the accelerometers, the final calibration was performed 
for each pressure gage after installation. The zero-frequency response 
of the gage system permitted the connection of a measured static air 
pressure line directly to the gage inlet following installation. 

Each air-pressure gage was mounted at the center of a 12-inch 
by 12-inch by 0.5-inch steel plate, with the gage inlet flush with the 
baffle surface. This baffle plate was then mounted vertically in a 
radial plane passing through ground zero as shown in Figure 3.6. The 
gage center was approximately 14 inches above the ground surface. 

3.5 RDCQEDEBB 

For recording, five battery-powered William Miller Model J 
optical oscillographs were used, two of which are illustrated in the 
foreground of Figure 3.3. Each recorder contains provisions for 30 
recording galvanometers, producing records on photosensitive paper 
12 inches wide. To assist in trace identification, no more than 28 
recording elements were used in a single recorder. An interesting 
feature of these oscillographs is the inclusio;i of a stand-by recording 
lamp in each unit, which is automatically placed in operation in the 
event of lamp failure. 

A separate tuning fork and amplifier are included in each recorder 
to produce timing lines at 0.010-second intervals, with every tenth 
line accentuated. In addition, the output of one timing amplifier was 
recorded simultaneously on all five recorders to permit an accurate 
time-base in the event of tuning fork or timing amplifier failure. 
A cannon zero-time marker, along with subsequent time-reference 
markers, was recorded on each oscillograph to permit exact synchroni¬ 
sation of the five records obtained on each explosion test. Zero 



PROJECT 1(9)-1 

time vas recorded by the interruption of the blasting cap current due 

to its detonation, k paper speed of approximately 18 inches per second 
was used for each test. 

In most cases the output of a single gage channel was connected 

to two recording galvanometers. These dual-galvanometer channels used 

a recording ratio of about six to one. If the signal to be recorded 

is considerably higher than anticipated, the low sensitivity trace 

produces a usable record, whereas for low signals the high sensitivity 

trace is useful. This extension of the dynamic recording range is of 

particular value in underground explosion tests, where the predicted 

magnitudes are quite uncertain. The excellent signal-to-noise ratio 

of the variable-reluctance gage system permitted the realization of 

the full value of such an expanded dynamic recording range. Sixty 

such dual-galvanometer channels and 12 single galvanometer channels 
were used* 

Before a test each recording channel was adjusted to give an 

expected deflection of plus or minus 0,75 inch for the single trace 

gages and an expected deflection of plus or minus 1.8 inches on the 

high sensitivity trace (plus or minus 0,3 inch on the low sensitivity 

trace) for the gages connected to dual galvanometers. The damping of 

each recording galvanometer was adjusted to be 60 to 70 per cent of 

critical. Recording galvanometers having natural frequencies of 120, 

230, and 315 cps were used, with coil-current deflection sensitivities 
of 0.06, 0.2, and 0.5 ma per inch, respectively. 

k typical developed record is shown in Figure 3.7, reduced in size 
from the original width of 12 inches. The outer traces eure for refe¬ 

rence and record identification, and the sinusoidal trace records a 

common time base between recorders, with the breaks providing exact 

synchronization. The dual-galvanometer traces are easily identified. 

For accurate measurements amplitudes are read directly from the records, 

while direct tracing of individual curves facilitates wave form studies. 

Trace identification is generally not too difficult, and the low sensi¬ 

tivity record of dual traces is frequently of considerable assistance in 

this regard. However, there are cases, especially in the early part of 

the records, where the simultaneous high activity of several beams re¬ 

sults in overlapping which is difficult to differentiate. Such cases 

oocur only two or three per cent of the time but often involve important 
sections of the traces. Several techniques have been evolved for deal¬ 

ing with this problem. One uses a comparison of the uncertain trace 

with another that can be expected to be similar. The "trace identifiers" 

incorporated in the recorders, which interrupt each trace periodically 
and in sequence, were not used, since trace interruption during a period 

of rapid deflection greatly complicates trace identification on the kind 

of records obtained from these explosion tests. 
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Fig* 3*7 Reduction of Typical Oscillograph Record 
(Height of original record 12 inches) 
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3.6 ¿BCQRfllBS STATION 

The six 12—channel variable-reluctance gage coupling units with 
their associated carrier power oscillators, the five recording oscillo¬ 
graphs with their individual battery power supplies, and the associated 
control equipment were noused in a modified type K-19 Army communica¬ 
tions trailer. A small darkroom was included in the rear of the trailer 
for loading recorder magazines and for processing test records. 

The recording trailer was designed for unattended remote operation. 
The trailer was connected to the remote-control point by a single 
nine—conductor cable which carried indicator circuits plus the control 
circuit for the recorder paper transport motors. In practice, all 
carrier oscillators and recorder stand-by circuits were turned on 
manually and the trailer abandoned about one-half hour prior to the 
scheduled detonation times. By the indicator circuits the operator 
at the remote-control point, about one mile from the recording trailer, 
was able to detect a malfunction of the carrier power oscillators or a 
defect in recorder stand-by operation* About 15 seconds prior to the 
detonation the recording paper transport mechanisms were initiated 
from the remote-control position with monitoring to indicate actual 
paper transport and recording lamp operation in all recorders. 
Aasunlng proper equipment operation, the detonation followed. On no 
test was it necessary to interrupt the firing sequence due to equip¬ 
ment failure indications, and on no test did equipment failure occur. 
Because of the number of individual equipment units involved, it is 
probable that the automatic monitoring control have a greater 
assurance of successful operation than would have been obtained by 
direct visual observations of personnel at the recording station. 

The recording trailer was placed in a simple shelter, Figure 3.S, 
located from 500 to 900 feet from the shot points. Such dose proxi¬ 
mity to the shot points required ^attended operation for personnel 
safety* A recording station at the closest point permitted for per¬ 
sonnel (one mile) would have greatly increased the gage cable cost in 
both material and labor, while also seriously impairing the gage 
performance* 

Immediately following the initiation of paper transport, stepping 
•witches automatically started which applied a calibration signal to 
each gage channel in sequence. A typical automatic calibration record 
is shown in Figure 3.9* 

A geophone was mounted in the trailer and connected to a recorder 
to indicate trailer motion due to ground shock and air blast. On no 
test were any spurious signals or deflections recorded that could be 
attributed to trailer motions* 
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Fig. 3.8 Recording Trailer in Shelter, 
Portable generators shown 
at right

(See page 22 for Fig. 3,9)

.ij w
^ • ‘-fe>IP*- -

Fig. 3.10 Cable Truck
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3.7 mmsmjm 
Each recorder was operated by a separate storage battery. The 

AC power for the carrier oscillators and amplifiers was supplied by 
a five-kilowatt portable gasoline-engine generator located adjacent 
to the recording trailer, A second similar generator was available 
and connected into an appropriate durnny load. An automatic transfer 
panel was located in the recording trailer to provide connection to 
the stand-by generator in the event of failure of the first generator. 
Transfer was sufficiently rapid to prevent serious interruption in 
the gage records. Xn no test was there a generator failure. 

3.8 CABLE 

Conventional two-conductor and three-conductor shielded micro¬ 
phone cable was used to connect the gages to the recording trailer. 
Each cable was moved between tests. It is estimated that the close- 
in recording trailer location permitted a saving of about 350,000 
feet of gage cable (which could not have been procured in time for 
the tests), to say nothing of the saving in labor for the installation 
and recovery of the gage cable 'for each test. A one-half ton pickup 
truck was modified to serve as a cable laying and pickup vehicle 
(Figure 3.10). Batteries under constant charge from the truck 
supplied the motors used for winding in the cable. The cable was laid 
in trenches which were later filled with dirt for protection against 
air blast and throwout material. 

- 23 - 



CHAPTER 4 

RESULTS 

4.1 IHS. ur<»ilf:wjyi PV13Í» RMAJJCI 

Fron the 264 channels connected for the four tests, 264 useful 
records were obtained. Of these, 212 supplied data for this report. 

No gage failures occurred, although the two nearest air pressure gages 

on HE-4 were damaged by tne blast wave and did not give complete records. 

4.2 DATA REPORTED 

The standard data reported and discussed at length include the 

five-foot earth accelerations and pressures plus the near surface air- 

blast pressures. Also presented in the form of functions of time are 

some data for deep earth accelerations and pressures, but the records 

for the pressures in 34-f“oot and 6&-foot holes are not reported. There 

is good evidence that these uncased holes collapsed prior to the test, 

so that the coupling to the soil was not as in the other installations. 

The effect of various methods of coupling accelerometers and pressure 

gages forms another series of records unreported hare. However, these 

records were invaluable for selecting and testing the techniques 
reported in Chapter 3. 

Some earth pressures were measured for the Sandia Corporation, 

using their Carlson-Wiancko diaphragm-type gages. The records have 

been transmitted directly to Sandia. Finally, some geophones were 

placed at large distances from ground zero. Neither of these sets 

of data is reported here. Where pertinent, these unreported data 

will receive full discussion in the final report to be prepared for 

the Office of the Chief of Engineers. Project 1(9)-1 was conducted 

by the Stanford Research Institute under Contract DA-49-129-eng-119 

with the Office of the Chief of Engineers, Washington, D. C. 

4.3 0RQANI4ATIQN QJ DATA 

The primary data are, of course, the original oscillograph 

records (Figure 3.7 shows a sample of the initial portion of one 

oscillograph record from the HE-2 test). The individual transient 

gage records, copied with no smoothing or editing whatsoever, have 
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been published in the Appendix to the Interia Report.^ Here only 
sample transient records are presented. Figures 4.1 through 4,9 
portray the air blast, five-foot earth acceleration and the five- 
foot earth pressure. The wave form of the air-blast-induced "slap" 
in vertical acceleration is shown in Figure 4.10: the horizontal 
earth particle velocity (obtained by integration) is portrayed in 
Figure 4.11* Figures 4.12 through 4.16 show the effect of gage 
depth on earth acceleration and pressure. 

From the transient records certain amplitudes and times have 
bean measured. Figure 4.17 illustrates quantities of interest that 
are tabulated in Tables 4.1 through 4.LU Owing to the effect of 
air blast on earth motion, it is necessary to define certain of the 
quantities somewhat more closely than suggested by Figure 4.17. For 
close-in stations the air blast often arrives during the first 
acceleration or earth pressure pulse. The amplitudes and durations 
tabulated for the first pulse are those existing after the first pulse 
has been smoothed to remove air-blast effects. Similarly, in meas¬ 
uring the slap in vertical acceleration due to air blast, measurements 
are made from this smoothed base line, shown dotted at the top of 
Figure 4.17. Because the slap is highly dançed, the first peak, 
which is negative (downward), is chosen to characterize its amplitude. 

The particle velocity is obtained by integration of acceleration 
records (machine for HE-2, manual for HE-1). The cycle having the 
maxima peak-to-peak swing is chosen to describe the velocity; the 
amplitude tabulated is half this peak—to—peak swing. 

The air blast for HE-3 is typified by the third curve on Figure 
4.17. For the other tests the "front porch" was absent. On HE-3 
the duration of the front porch decreased with increasing distance 
from ground aero until only a single shock was observed. Table 4.10 
indicates that this disappearance of the front porch occurred at a 
value of A between 6.25 and 10.3. The positive impulse has been 
evaluated for the whole positive phase, since the timo (and Impulse) 
added by the front porch is small compared with these quantities for 
the remainder of the positive phase. 

A note on the polarity of the records is in order. Really 
outward horizontal acceleration, upward vertical acceleration, and 
positive over-pressures correspond to positive (upward) ordinates. 
Some records near the upper end of the recording galvanometer array 
were reversed to keep them on the paper, but these were reversed 
cgnln to the standard presentation during the tracing prooess. 
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HE-2 

Fig. 4*1 Air-Blast Pressure rs. Time at X ■ 4.3. 
Hôte scaling of time on HE-2 
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HE-3 

Fig» 4» 2 Horizontal Earth Âooalaratlon ra. Tina at X • 2.08, 
Hot« scaling of tine and aooalaration soalas for 
HE-2, AB denotas arrival of air blast 
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4.3 Horiaontal Earth Acceleration va. Time at X * 3.62. 
Kota scaling of time and aooeleration scales for 

HE-2. AB denotes arrival of air blast 
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10- I 
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ai 02 

HE-4 
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y 
TIME (SEC) 

Fig. 4.5 

Vertioal Earth Acceleration vs. Time at X = 2.08. 

Note scaling of time and acceleration scales for 
HE-2. AB denotes arrival of air blast 
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Fig. 4.7 Vertical Earth Acceleration vs. Time at X * 11.1. 

Note scaling of time and acceleration scales for 

HE-2. AB denotes arrival of air blast 
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Fig, 4,8 Earth Pressura n. Time at X 1.72, 
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Pig. 4«H Horizontal Velocity va. Time at X = 3.62 by 
Integration of Earth Acceleration. HE-1 by 
manual and HE-2 by machine integration« 
Amplitude is half of maxlmixn awing 
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4.4 TABLES 

Besides containing numerical data taken as indicated in Figure 

4*17, Tables 4*1 through 4*14 give gage locations and type by the 

gage code number. The gage number describes the test by its general 

magnitude, while its puticular value refers to the gage station at 

the given distance. The succeeding letter is coded to each one of the 

four measurement»—-Horizontal or Vertical acceleration, earth pressure, 

and air ¿last. With no numbers following, the accelerometer or earth- 

pressure gage depth is five feet; deeper gages can be signified by 

adding to the code number the depth in feet. For example, 56fl refer» 

to a horiaontal accelerometer at Station 56 in Test HE-3 (Stations 50 - 

69)• 111 air-blast gages were I4 inches above the ground surface. 

TABLE 4.1 

HE-1 Earth Acceleration - Horizontal 

(Gage Depth = 5 Feet) 

Gage 

Code 

No. 

Gage 

Rating 

(G) 

Horizontal 

Radius 
Arrival 

Time 

(sec) 

First Pulse 

Ampl. 

(G) 

Durât'n 

(sec) (ft) \ 

2H _3Q_ 28. A 2.08 0.008 9.2 0.016 
_JH .JO_ _14.0 2.49 0.009 5.6 0.019 

4H jo_ a.o 3.0 0.010 4.3 0.017 
5H JO_ 49.5 3.62 0.013 1.7 0.019 
6h -J _ 58.8 4.3 0.014 2.9 0.023 
7H 5 , 71.1 5.2 0.017 3.2 0.024 
SH __ 85.5 6.25 0.020 2.3 o.oa 
9H 5 102.5 7.5 0.027 1.9 0.017 

10H 1 123 9.0 0.032 1.3 0.018 
11H 0.5 148 10.8 0.036 0.67 0.022 
12H 0.5 178 13.0 0.041 0.50 0.019 
13H 1 217 I5.9 0.051 0.34 0.022 
14H 1 262 19.2 0.061 0.24 0.031 

_15H_ 0.5 3I4 23.0 0.069 0.14 0.033 
16h 0.5 378 27.6 0.088 O.O62 0.024 
17H 0.5 _542 39.6 0.123 0.073 0.038 
1SH 0.5 788 57.5 0.186 0.044 0.046 
19H 0.5 1025 75.0 0.255 0.043 0.050 
20H 0.5 1480 108.0 0.383 0.025 0.052 
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TABLE 4.2 

HE-1 Earth Acceleration - Vertical 
(Gage Depth s 5 Feet) 

- ———-——-, 

Gage 
Code 
No. 

Gage 
Rating 

(G) 

Horizontal 
Radius 

Arrival 
Time 
(sec) 

First Pulse Air-Blast Slap 
Ampl. 

(G) 
Durat'n 

(sec) 
Ampl. 

(G) 
Period 

(sec) Cfty \ 

.. 27 _iQ_ 28.4 2.08 0.009 1.3 0.012 h9 0.012 ! 
3V -3Q_ 34.0 2.49 0.009 2.6 0.017 3.6 0.014 j 

—4Y -3Q_ 41.0 3.0 0.010 1.8 0.022 4.5 0.011 
_ $v .JO_ 49.5 3.62 0.013 0.92 0.018 5.2 0.011 
_6Y _5_ _58^8 4.3 0.015 0.74 0.021 2.9 ^0.036 

TV _J_ 71.1 5.2 0.018 0.49 0.016 3.8 0.016 
8V _J_ 85.5 6.25 0.021 0.67 0.017 2.3 0.007 

-9V _J_ 102.5 7.5 0.026 0.32 0.015 
— 

10V 1 123 9.0 0.033 0.25 0.017 
-I.1V 0.5 148 10.8 0.036 0.10 0.021 

12V 0.5 178 13.0 0.043 0.13 0.019 
-JJY 1 217 15.9 0.051 0.079 0.019 
-14V 1 262 19.2 0.061 0.080 0.024 
■ igv 0.5 314 23.0 0.071 0.030 0.027 

16V 0.5 378 27.6 0.085 0.016 0.029 
17V 0.5 542 39.6 0.128 0.0084 0.034 
18V 0.5 788 57.5 0.186 0.0097 0.038 

. 19Y 0.5 1025 75.0 0.265 0.012 0.043 
20V -Q¿5. 1480 108.0 0.388 0.010 0.044 
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TABLE 4.3 

HE-1 Earth Pressure 

(Gage Depth ■ 5 Feet) 

Gage 

Code 
No. 

Gage 

Rating 

(psi) 

Horizontal 

Radius 

r. 
Arrivai 

Time 

(sec) 

First Puise 

Ampl. 

(psi) 
Durât'n 

(sec) (ft) \ 

3PF 100 34.0 2.49 0.011 5.7 0.036 
6PF 10 58.3 A.2_ 0.016 0.026 

TABLE 4.4 

HE-1 Air-Blast Pressure 
(Gage Height ■ I4 Inches) 

Gage 

Code 

No. 

Gage 

Rating 
Horizontal Arrivai 

Time 

(sec) 

Positive Phase Positive 

Impulse 

(psi-sec] 

Rad us Peak 

(psi) 

Durât'n 

(sec) (psi) (ft) A 

_3B_ 10 _ 34.0 2.49 0.018 13.3 0.012 0.0726 
6B 10 58.8 4.3 0.032 11.4 0.019 0.0798 

_2B. 10 102.5 7.5 0.061 6.4 0.024 0.0651 
12B 10 178 13.0 0.118 4.2 0.036 0.0520 
_1¿B_ 10 _ 23.0 0.225 2.0 0.040 0.0300 

17B 10 _542_ 39.6 0.413 0.89 0.054 0.0207 
19B 10 1025 75.0 0.824 0.36 0.056 0.0107 
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TABLE 4.5 

HE-2 Earth Acceleration 
(Gage Depth = 5 Feet) 

Gage 
Code 
No. 

Gage 
Rating 

(G) 

Horizontal AiTival 
Time 
(sec) 

Firsl Pulse 

. .....I 

Air-Blast Slap 
1— _ Rat 3ius Ampl. 

(G) 
Durat'n 

(sec) 
Ampl. 

(G) 
Period 

(sec) (ft) * 

Horizontal 

_ 32H -JO_ 71.1 2.08 0.015 4.5 0.037 
_33H -JO_ - 85.5 2.49 0.019 3.5 0.034 
- 34H 102.5 3.0 0.024 2.9 0.035 
1- 35H _5_ 123 3.62 0.031 2.5 0.038 

36H _J_ 148 4.3 0.038 2.0 0.037 
_ 37H _5_ 178 5.2 0.046“ 1.3 0.038 
_ 38H _5_ 217 6.35 0.058 0.90 O.04O 
—J9H _5_ 262 7.66 0.070 0.6Õ O.04I 
-. 40H _J_ _3H 9.2 0.088 0.45 0.045 
_ _i_ 378 11.1 oãõ6 0.31 0.046“ 

42H 1 512 15.0 0.145 0.1¾ 0.057 
_ 43H ^ 1 788 23.0 0.252 0.12 0.052 
..44H 1 1025 30.0 0.327 0.050 0.056 

45H 0.5 uãõ 43.3 0.456 h0.036^ C.Õ5J“ 

Vertical 

32V ,-30 71.1 2.08 0.016 1.3 O.O24 5.2 0.008 
_ 33V -JO_ - 85.5 2,49 0.021 1.3 0.028 6.4 Õ.009 

34V __i_ 102.5 - 3.0 0.025 1.0 0.030 4.0 0.012- 
__35V 5 123 3.62 0.035 0.63 0.032 5.4 0.015 

36V _i_ 148 4.3 0.041 0.39 0.030 6.0 0.012 
37V - 5_ 178 5.2 . 0.050 0.34 0.031 3.5 * 0.013 
38/ 5 217 6.35 0.062 0.13 0.030 3.0 0.014 

-39V __5_ 262 7.66 0.080 0.080 0.027 2.4 0.017 
40V 5 314 9.2 0.095 O.O63 0.032 1.1 0.022 1 

0.017 41V _J_ 378 na 0.115 0.040 0.037 1.4 
42V 1 512 15.0 0.155 0.043 0.033 0.73 0.014 

_ 43V 1 788 23.0 0.257 0.035 0.047 
_44V 1 1025 30.0 0.330 0.038 0.050 
45V 0.5 ~U3Õ 43.3 0.456 O.O4O 0.050 
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TABLE 4.6 

HE-2 Earth Pressure 
(Gage Depth - 5 Feet) 

Gage 
Code 
No. 

Gage 
Rating 
(psi) 

Horizc 
Rad: 

'ntal 
-US 

Arrivai 
Time 
(sec) 

Firs 
Ampl. 
(psi) 

ît Puise 
Durât'n 

(sec) (ft) \ 

..3ÍP 100 58.B 1.72 0.014 24.2 0.053 
32P 100 71.1 2. OS 0.017 14.2 '0.068 

-33P 100 85.5 2.49 0.019 0.062 
34P _ 10 102.5 3.0 0.024 5.4 ~1M68 

[—26? 10 148 ~4.3 0.037 2.9 "0.032 
-28? 1 217 6.35 0.057 ^.033 
-Ai? 1 378 11.1 0.104 ÔTiy t "0.042 

TABLE 4.7 

HE-2 Air-Blast Pressure 
(Gage Height ■ 14 Inches) 

Gage 
Code 
No. 

Gage 
Rating 

Horizontal Arrivai 
Time 
(sec) 

Positive Phase Positive 
Impulse 

(psi-sec) 
Rac lus Peak 

(psi) 
Durât'n 

(sec) (psi) (ft) 

-J3B 100 __35,5 2,49 0,037 21.4 0.034 0.226 
36B 10 148 4.3 0.075 13.4 0.053 0.199 
38B 10 217 .. 6.35- 0.119 10.2 0.062 0.198 
41B 10 —278 11.1 0.237 5.1 0.082 0.149 

— 4.2B -.10 -512_ 15.0 0.342 3.3 0.095 0.123 
_44B— 10 1025 -30.0 0.763 - 1.35 0.124 0.0790 
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TABLE 4. S 

HE-3 Earth Acceleration 

(Gage Depth = 5 Feet) 

Gage 

Code 

No. 

Gage 

Rating 

(G) 

Horizontal Arrivai 
Time 

(aec) 

First Puise 
Rad ius Ampl. 

(G) 

Durât*n 

(sec) (ft) \ 

Horizontal 

52H 

53H 

54H 

55H 

56H 

57H 

58H 

59H 

60H 

61H 

62H 

63H 

64H 

30 

30 

30 

30 

30 

30 

5 

5 

5 

5 

5 
1 

0.5 

28.4 

34.0 

41.0 

49.5 
58.8 

71.1 

85.5 

102.5 
148 

178 

314 
542 

1340 

2.08 

2.49 
3.0 

3.62 

4.3 
5.2 

6.25 

7.5 
10.8 

15.9 
23.0 

39.6 

98.2 

0.007 

0.009 
0.010 

0.013 

0.015 
0.018 

0.022 

0.025 

0.034 
0.041 

0.071 

0.127 

0.342 

26.2 

9.9 

6.9 

5.4 
4.2 

4.1 
4.0 

4.3 
1.7 

1.1 

0.38 

0.12 

0.037 

0.015 
0.018 

0.019 

0.019 

0.019 

0.017 

0.018 

0.018 

0.022 

0.025 

0.021 

0.036 

0.050 

Vertical 

1 

30 

30 

30 

30 

30 

30 

5 

5 

5 

5 

5 
1 

0.5 

28.4 

34.0 

41.0 

49.5 
58.8 

71.1 

85.5 

102.5 
148 
178 

314 
542 

1340 

2.08 

2.49 
3.0 

3.62 

4.3 
5.2 

6.25 

7.5 
10.8 

15.9 
23.0 

39.6 

98.2 

0.008 

0.008 

0.010 

0.014 

0.015 
0.018 

0.020 

0.025 

0.035 
0.042 
0.071 

0.127 

0.355 

10 

2.8 

3.4 
1.2 

1.5 
1.6 

1.5 
0.80 

0.35 

0.25 
0.084 

0.0089 
0.012 

0.022 
0.020 

0.018 

0.018 

0.019 

0.017 

0.019 
0.018 

0.016 

0.018 

0.024 
0.036 

0.044 
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TABLE 4.9 

HE-3 Earth Pressure 

(Gage Depth ■ 5 Feet) 

Gage 

Code 

No. 

Gage 

Rating 

(psi) 

Horizontal 

1,1-- 
Arrivai 

Time 

(sec) 

Firs t Puise 
Rac ius Ampl. 

(psi) 

Durat'n 

(sec) (ft) A 

_ SIP 100 _21î5 1.72 0.006 146 0.028 
52P 100 _28^ 2.08 0.007 44 0.030 
J3P 100 34» 0 2.49 0.009 26.6 0.028 

_5_4P 100 41.0 3.0 0.010 8.3 0.026 
-55P 100 49.5 3.62 0.013 8.0 0.028 
_56P_ i(T 58.8 4.3 3.3 0.021 

57P 10 71.1 5.2 0.018 3.4 0.017 
58F 10 85.5 6.25 0.020 3.0 0.020 
59P 10 102.5 7.5 0.026 1.3 0.020 
60P ~ïô| 148 10.8 0.034 1.1 0.021 
6IP 178 15.9 0.0A0 1.1 0.020 
62P 1 3I4 23.0 0.068 0.36 0.029 
63P 1 542 39.6 0.122 0.056 0.038 

table 4.10 

HE-3 Air-Blast Pressure 

(Gage Height « U Inches) 

Gage 

Code 
No. 

Gage 
Rtng. 

^psi) 

Horizontal 

Radius 

Arrivai 

Time 

(sec) 

Front Porch Positive Phase Positive 
Impulse 

(psi-seo) 

Peak 

(psi) 

Dur. 

(sec) 
Peak 

(psi) 

Durat'n 

(sec) (ft) A 

52B 10 -28..4 . 2,08 0.022 1.2 0.011 4.2 0.027 0.0A8A 
10 41.0 3.0 Q»P33 0.82 0.008 4.2 0.029 O.O44O 

56b 10 58.8 - 4.3 0.047 0.57 0.009 3.8 0.Ö29 0.0396 
10 85.5 -6,25 r0.070 0.41 O.OO5 3.1 0.029 0.0326 

60b 10 148_ 10.8 0.124 none 2.0 O.O3O 0.022? 
61B 10 178 15.9 0.148 none 1.4 0.031 0.0185 
62B j'JjT — 10 -314 -23.0 0.260 none 0.73 O.O32 0.0110 
63B 10 542 39.6 0.453 none 0.43 0.039 0.0070 
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TABLE 4.11 

HE-4 Earth Acceleration 

(Gage Depth ~ 5 Feet) 

Gage 

Code 

No. 

Gage 

Rating 

(G) 

Horizontal Arrivai 

Time 

(sec) 

Firsl Pulae 

1-1 

' Air-Blast Slao 
Radius Ampl. 

(G) 

Durat'n 

(sec) 

Ampl. 

(G) 

Period 

(sec) (ft) 

Horizontal 

72H 30 28.4 2.08 0.007 4.6 0.009 
73H _ _24±o 2.49 0.008 5.2 0.010 
74H 41.0 3.0 0.009 3.2 0.011 
75H _20_ _4SJ 3.62 0.010 2.1 0.014 
76H _ _58^8 . 4.3 0.012 1.0 0.016 
77H 5 71.1 5.2 0.015 0.86 0.017 
78H 5 85.5 6.25 0.018 0.56 0.018 
79H 5 102.5 7.5 0.023 0.52 0.019 
80H 5 148 10.8 0.034 0.69 0.015 
81B 5 178 Ï5.9 0.041 0.50 0.016 
82H _J_ ̂JlÀ 23.0 0.0¿8 0.12 0.02A 
83H 1 542 39.6 Õ.125 0.030 0.039 
84H 0.5 1480 108 0.380 0.015 0.039 

Vertical 

727 30 i 28,4, 2.08 0.007 -28.5 

-26.3 
0.008 

0.008 
73V 30 34.0 2.49 0.008J 
74V JO_ 41.0 3.0 0.010 -23.3 

-15.3 

0.010 

0.018 
75V JO_ -.49.5- 3.62 0.011 
76V J_ 58.8 4.3 0.012 -10.0 

-J,7 

- 5.6 

0.011 

0.013 
0.011 

77V _J_ 71.1 5.2 0.016 
78V 3_ -6,25 0.019 
79V J 102.5 7.5 0.024 0.24 0.006 - 4.0 0.012 
80V _J _ 148 10,8 0.034 0.49 0.013 - 1.5 0.023 
81V _5_ 178 15a9 , 0.040 0.14 0.011 - 1.2 0.025 
82V 5 -J14_ 23,0 0.067 0.019 Ö.016 
83V 1 - J42 - 39.6 0.125 0.0045 0.027 
84V 0.5 1480 108 0.388 0.006 0.042 
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TABLE 4.12 

HE-4 Earth Pressure 
(Gage Depth - 5 Feet) 

Gage 
Code 
No. 

Gage 
Rating 

(psi) 

Horizontal 
Radius 

Arrival 
Tine 
(sec) 

First Pulse 
Ampl. 
(pal) 

Durât'n 
(sec) (ft) X 

100 
100 

10 
10 
10 
10 
10 
10 

1 
1 
1 
1 
1 

23.5 
23.4 
34.0 
41.0 
49.5 
53.3 
71.1 
85.5 

102.5 
I43 
178 
314 

—¿42 

1.72 
2.08 
2.49 
3.0 
3.62 
4.3 
5.2 
6.25 
7.5 

10.3 
15.9 
23.0 
39.6 

0.005 
0.006 
0.007 
0.008 
0.010 
0.012 
O.OI4 
0.013 
0.022 
0.034 
O.O4O 
0.068 

-0--.124 

19.7 
27.4 
17.0 
15.2 
12.9 
7.4 

13.3 
1.9 
1.4 
0.56 
O.64 
0.094 
0.015 0

0
0
0
0
0
0
0
0
0
0
0
0

 
• 

• 
• 

• 
• 

. 
. 

. 
. 

. 
. 

. 
. 

0
0
0
0
0
0
0
0
0
0
0
0
0

 

TABLE 4.13 

HE-4 AiivBlast Pressure 
(Gage Height ■ I4 Inches) 

Gage 
Code 
No. 

Gage 
Rating 

(psi) 

Horizontal Arrival 
Time 
(sec) 

Positive Phase Positive 
Impulse 

(psi-sec] 
Radj .us Peak 

(psi) 
Durât'n 

(sec) 7ft) ~ A 

72B 100 28.4 2.08 0.003 106» * * 
74B 100 41.0 1.3.0 0.006 85»« ** «* 
76b 100 ,58.3 ,4-.3 0.011 19.0 0.020 ^0067 
78B 100 85.5 6.25 0.019 13.4 0.032 0.0739 
80B 10 148 10.8 0.056 6.2 0.040 0.109 
81B 10 178 ,15.9 0.077 3.9 0.043 0.0790 
82B 10 m_ 23.0 0.184 1.8 0.049 0.0458 
83B 10 542 39.6 0.369 1.0 0.056 0.0260 

* Questionable. Cable torn loose from gage shortly after air- 
blast arrived. 

»»Questionable. Gage record failed to return to zero “ollow- 
ing passage of air blast. 
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TABLE 4.14 

Horizontal Earth Velocity 

Gage 

Code 

No. 

Horizontal 

.. .. 

Peak Vel. (fps) Aver. 

Ampl. 

(fps) 
Period 

(sec) 

Rac ius Max. 

P03. 

Max. 

Neg. (ft) \ 

HE-1 

5H^ 49.$ 3.62 1.6 1.2 rv. 0.062 
6h 53.3 4.3 1.35 0.95 1.15 0.068 

HE-2 

71.1 2.08 2.75 0.90 1.83 0.190 

-32H. 35.$ 2.49 2.1 1.0 1.55 0.170 
. 34H 102.5 3.0 1.3 0.57 0.94 0.180 

oJ
 

123 3.62 0.97 0.48 0.73 0.170 
3ÓH 143 4.3 0.79 0.40 0.60 0.130 
37H 173 5.2 0.71 0.23 0.47 0.155 
3ÖH 217 6.35 0.62 0.36 0.49 0.175 
39H 262 7.66 0.35 0.30 0.33 Ö.20C 
40H _il4 9.2 0.27 0.17 0.22 0.135 
41H 373 11.1 0.20 0.21 0.21 0.155 

h42H 312 15.0 0.17 0.05 0.11 0.215 
-43H 733 23.0 0.07 0.08 0.08 0.235 
. 44H ¿102$ 30.0 0.05 0.04 0.05 0.300 
45H U30 43.3 0.03 0.03 0.03 0.285 



CHAPTER 5 

DISCUSSION 

5.1 ssrnu^ 

The discussion will be presented in terms of five topics* air 
blast, earth acceleration, time of arrival, earth pressure, and 
comparison with Dugway results. The general point of view will be 
that of making specific predictions for the underground nuclear test 
and, where possible, for the surface nuclear test. Apart from serving 
to help set the gage channel sensitivities, such predictions will be 
valuable in that both their success and their failure will give 
greater insight into the behavior of large underground explosions. 

Because of the influence of air-coupled effects upon earth 
motion, certain aspects of this motion do not always scale as pre¬ 
dicted in the absence of such feedback of energy. Since analysis and 
experience both indicate that some of the air-coupled effects 
increase with the size of charge, a better understanding of them is 
needed if predictions are to be made with confidence for an operational, 
penetrating nuclear weapon. This report is confined to suggesting boom 
of the possible explanations and to presenting whatever evidence is 
available to indicate how scaling should be effected. 

In general, Tests HE-1 and HE-2 will be examined for consistent 
scaling of each phenomenon. If the expected scaling is observed, 
then predictions will be made for the underground nuclear test and 
usually also for the surface nuclear test, «here scaling fails in 
either magnitude or consistency, predictions win sometimes be 
to indicate upper or lower limits. 

5.2 AIR BLAST 

Figure 4.1 indicates typical transient air-blast wave forms, »"S 
in Tables 4*4» 4*7, 4.10, and 4.13 are listed the time of arrival and 
the peak overpressure and duration, for both the front porch (HÄ-3 
only) and the total positive phase. Figures 5.1 through 5.4 show the 
peak overpressure and positive phase duration as a function of X . 
These results are summarized in the composite pressure curves of 
Figure 5.5 and the duration curves of Figure 5.6. In this report 
the term pressure" is used for overpressure} total or absolute pres¬ 
sure will be used specifically «here needed. The pressures tabulated 
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Fig. 5.1 HB-1 Air-Blast Maximal Peak and PobIUtb Duration 
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SCALED HORIZONTAL RADIUS X 

Fig. 5*2 HE-2 lir-Blaat Majdaun Peak and Positive Duration 
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Jig* 5.3 RÉ-O Áir-Blast Haxlaum Peak and Positive Duration 
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Pig. 5.4 HB-4 Air-Blaat MaxhiuB Peak and PoaitlT» Duration 
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SCALED HORIZONTAL RADIUS X 

Fig. 5.5 lir-Bl&st Maxlaua Peak Pressure, Ail Tests 
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hav« not been reduced to the values to be expected at sea level. 
This reduction vas not necessary, since the nuclear tests for which 
these HE tests provided preliminary information were also conducted 
at the same site. It may be noted that the ambient pressure was 
about 12.6 psi. 

Several features may be noted on the peak pressure curves* 
First, at large X the negative slope on all tests is asymptotically 
1.4* Since the plots are on log-log paper, this number is also the 
exponent n in an inverse power law of the fora 

P * 
(5.1) 

where R is the horizontal distance from the gage to ground zero. 
Second, in the composite peak pressure curves of Figure 5.5 it is 
seen that for X>10, the peaks in HE-1 and HE-2 scale as predicted 
(S * 2.5). Third, the air blast from the surface test, HB-4, is only 
about 15 per cent greater than that from the shallow buried charges, 
Hl-1 and HE-2. Fourth, the air blast from HE-3, at a scaled charge 
depth of 0.5, is less than 40 per cent of that from the surface burst. 
^«Hy, for X<10 the curves show various degrees of divergence. 
This is apparently not due to instrumental error, since substantially 
the same phenomenon was present in the pressures obtained from the 
time of arrival (velocity) method employed on HE-1 and HE-2 by a 
group from the Ballistic Research Laboratories. 

It was noted above that at large X the air-blast peak pressures 
for HE-1 and HB-2 scaled as predicted. The graphical comparison in 
Figure 5.5 is quite simple, since the curves for scaled tests should 
coincide. However, when the positive phase duration is considered, 
the situation is slightly more complicated. In Figure 5.6 the posi¬ 
tive phase duration for HE-1 and HB-2 plots as a straight line against 
log R (on semi-log paper). This affords the opportunity for using 
two separate analytical comparisons for calculating the scale factor, 
3. First, the curves intersect the abscissa axis at different points 
corresponding to different horizontal distances from ground zero. The 
ratio of these distances should be the known scale factor, 2.5; the 
observed ratio is 35/14.5 ■ 2.4« Another quantity that should scale 
is the slope dt/d (log R). The slope will not depend on the units of 
R, because log R is simply changed by a constant, when R is multiplied 
or divided by a constant. Thus the ratio of the slopes should be the 
scale factor, since time alone contributes dimensions. The observed 
slope ratio is 80/31 * 2.6} together with the intercept ratio, the 
resultant average scale factor is 2.5. This agreement for the ampli¬ 
tude and time aspects of the air blast is further reinforced by 
examining the transient records of Figure 4.1. Except for «m.n 
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details, the appearance is quite similar. Note that in Figure 4.1 
the time scale for HK-2 has been changed by the scale factor (3 ■ 
2.5) to make the comparison direct. 

The results for HE-2 may now be scaled tç> to 1 KT of TNT for the 
underground nuclear test. This is shown in Figure 5.7 for the peak 
pressure and Figure 5.8 for the positive phase duration. Peak pres¬ 
sure for the surface nuclear test is also predicted from HE-4 in 
Figure 5.7, but no predicted duration for the surface nuclear test 
appears on Figure 5.8. This is because the shape of the HE-4 duration 
curve (see Figure 5.4) is quite different from the others, and the 
close-in air-blast data were not conclusive. For an estimate, however, 
the duration of the positive phase at 1000 feet for the surface nuclear 
test may be near 0.3 second. 

The predicted peak pressure curve for the underground nuclear teat 
is shown with the same droop at small X as for HE-2. It is anticipated 
that the actual pressures will be greater than those predicted from 
HE-2 in this region. This conclusion is suggested by the behavior of 
œ-1 and HE-2 for X< 10* as the charge size increases, the departure 
From the asymptotic straight line becomes less at a given value of X* 
However, with only two tests on which to base the trend, this conclu¬ 
sion must be regarded as tentative. 

The integral of the positive phase of the air blast pressure-time 
curve represents the positive impulse, which is tabulated in Chapter 4. 
The variation of impulse with scaled horizontal radius is shown in 
Figures 5.9 and 5.10| Figure 5.11 swnmarizea the results from all four 
tests. In the last figure the values of impulse for HE-2 have been 
divided by the scale factor of 2.5, and are shown as points near the 
curve for HE-1. The closeness of fit indicates satisfactory model law 
behavior and lends further support to the validity of scaling air-blast 
phenomena. Predictions of the impulse for the underground surface 
nuclear tests, using the scale factor for 1 KT of TNT, are shown in 
Figure 5.12« The dotted portions indicate extrapolation from values 
in the X-range covered by HB-2 and HE-4. 

It is possible to express the peak air-blast pressure in terms of 
a *rao^^on 0 weight W of the underground charge, where a Is so 
chosen that if ay is detonated at the surface, the same blast pressure 
pis observed at the same radial distance R. In general,a is a function 
of the matching pressure chosen; a is constant only if the air blast 
vs. distance curves for buried and surface charges can be matched for 
all pressures by translation in the direction of the &-axis only on a 
log-log presentation. Figure 5.13 graphically illustrates what is 
involved in obtaining a; Figures 5.13a and 5.13b indicate the charge 
geometry involved. Figure 5.13c shows the reference surface pressure, 

- 61 - 



P
R

E
S

S
U

R
E
 (

P
S

I)
 

PROJECT 1(9)-1 

HORIZONTAL RADIUS R (FT) 

Plg» 5.7 Predioted Maxims Air-Blast Pressura, 

Underground and Surface Tests 
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HORIZONTAL RADIUS R (FT) 

Fig. 5.8 Predicted Duration of Poeitlve Phase of lir Blast, 
Underground Test 



IM
PU

L
SE

 (
P

S
I-

S
E

C
) 

IM
PU

L
SE

 (
P

S
i-

S
E

C
) 

PROJECT 1(9)-1 

Pig. 5.9 Ür-BlMt Positiva Isp aise, HE-1 and HE-2 
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I 1.5 2 3 4 6 8 10 15 20 30 40 60 80 100 

SCALED HORIZONTAL RADIUS X 

Pig. 5*10 lir-Blaat Positiva lapulse, HE-3 and HE-4 
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Pi«. 5.11 Air-Blut Positiv* lapulse, All Tosts 
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Po (with charge weight W as the parameter), and the preasure, p, for 
í®**80 °f the sanie weight* It can be seen in this figure 

that the shapes of these two curves may differ widely. However if 
scaling laws hold at each position of the charge, then there exists 

if f0r a ^\Qa preS0UTe PM» P(v) = Po(hW). Graphically, 
if given the curves p(U) and p0(w) of Figure 5.13o, one first drawT 
a horizontal line for the given value of p at which matching is 

Then the ratio of the rudii corresponding to the R-shift 
of the points is R/Ro* Since scaling laws are assumed to hold, the 

ratio* ratl° 18 the SCale fa0t0r S* Th9n» sinoe a is a charge-weight 

OV 
W = S‘ 

s 3 

f—} Ip i » 
o 

or * 3 
(?-! • 

(5.2) 

In the simple case when both pressure functions are parallel lines on 
a log-log grid, the horizontal separation is constant and corresponds 

00aif fa0t°J 3\ Alternatively, if the vertical separation p0/p 
(at given R) and the slope exponent n are known for the parallel 
curves, then h 

3/a 

0 ■ f~! ’ (5.3) 

By the above procedure it is found that for peak air-blast pres¬ 
sure the equivalent surface values of a are: HE-4, 100 per cent! 
w 811(1 HZ”1» H®“2» 75 per cent. This holds only for 
X il V 31,1011 er x is no longer a single value for the equi¬ 
valent charge ratio, and any comparison in this region must state the 
pressure that is being matched. Note that if the equivalent surface 
charge is determined for positive phase duration or positive impulse, 
the values of a will in general not be the same. The above discussion 
applies specifically to the peak pressure; different geometrical and 
analytical operations for duration and impulse are required. 

in í”1'^ °¡Merved 0° n®-3 Fie®“ 4.1) „an 41,0 present 
in the 1951 tests at the same scaled charge depth (0.5) at the Dugwav 
Proving Ground, Dry Clay Site. In the report covering certain aspects 
of this program,^ explanations were advanced to explain this shape of 
shock wave. Briefly, it is assumed that first the earth rises rela- 
tively slowly but steadily; this is supported by measurements taken 
from high speed motion pictures. The resultant air shock from this 
narth piston" should thus be of email but relatively constant ampli- 

tuda. However, the explosion gases soon pierce the curtain of rising 
earth. Since the velocity of this gas jet is considerably greater 
than that of tho rising earth, the air shock resulting from this "gas 
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J«t piston" is stronger than that from the earth rise. However, the 

Jet is decelerated much faster than the earth, so the air-blaet pressure 

decays from the peak much more rapidly than does the pressure from the 

earth rise alone. How, the Jet shock is traveling through a 

already shocked by the earth rise. Hence the jet shock will start 

later, but will eventually overtake the "earth piston" shook and merge 

to produce a single shockj in HE-3 the point of catch-up^ occurred at a 

value of X in the region of 6.25 to 10.8. 

To summarize, this discussion of the air blast indicates that the 

model law behavior is quite satisfactory, and air-blast predictions 

for HE tests may be made from it with considerable confidence. Air 

blast scales completely in peak pressure, positive duration and posi¬ 

tive impulse. Stated in other terms, air-blast phenomena expressed 

as a function of time and horizontal distance scale well in both these 

variables. In the next section it will be demonstrated that earth 

motion shows no such over-all adherence tc the model laws, which is 

necessary to permit reliable predictions. 

5.3 EARTH MQTI0H 

As indicated earlier in this report, the choice of acceleration 

for earth motion measurements was determined principally by the 

reliability and availability of instruments, rather than by damage 

considerations. Henoe particle velocities and displacements must be 

obtained by integration of the acceleration records. Some preliminary 

cross-checked results on velocity from the machine integration of 

HE-2, plus a few points obtained for HE-1, are discussed here. A 
complete presentation will be reserved for the final contract report 

to be prepared for the Office of the Chief of Engineers, U. S» Any, 

for whom this work was done under Contract DA-49-129-eng-H9 with 

Stanford Research Institute. Again, the general point of view yin 

be that of examining the propriety of applying scaling laws; predic¬ 

tions for the underground and surface nuclear bursts, based on 1 KT 

of TNT, will be made whenever justified. 

Reference should be made to the sample transient earth accelera¬ 

tion records in Figures 4.2 through 4.7 for five-foot gage depth. These 

records have been replotted so that the time and acceleration scales 

for HE-2 contain the scale factor of 2,5. Thus the records may be 

compared directly for similarity of wave form, particularly HE-1 and 

HE-2. The arrival of the air blast at the gage station is denoted 

by the arrow and the symbol AB. These records are but a men portion 

of those that have been published in the Interim Re port. ^ They do, 

however, illustrate all the quantities of interest, as specified in 
Figure 4.17. 
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On a casual qualitative basis, the comparison of HE-1 and HE-2 

rr^s,ieveai! a Zeneral similarity, but with considerable difference 
in details. The scaled pulse durations for HE-2 appear slightly less 

.^th0a\Pr°*iCted fr0m n®-1» amplitudes are erratic but fairly 
rTu * 1x1 vertical accelerations the arrival of the air- blast 

at the gage atatlon is evinced a few milliseconds later by a sharp, 

initially negative, damped oscillation (the slap) superimposed on the 

longer-period pulses obtaining before the air blast arrives. The 

prominence of this first (negative) peak above the Irw-frequenoy 

pulses also increases from HE-1 to HE-2, suggesting that for still 

larger charges this effect of air blast would be still greater. A 

measure of this effect may be obtained by first soothing the vertical 

acceleration curve as shown dotted in Figure 4.17, Then the hieh- 

frequenoy deviations from this lower-frequency base line are a measure 

of the air-blast slap. Figure 4.10 shows the approximate wave form of 

tne slap in the vertical acceleration from Test HE-2, at X * 7.66 

that superposition holds is probably 
not Justified, owing to the complex nature of the interaction. This 

t*16 direct effect of the air blast, and inter- 
feres with the scaling of other phenomena. For this reason the 

smoothing referred to above has been carried out to separate the long- 

and short-period phenomena, particularly for the first pulse and the 
slap reported in the tables of Chapter 4. 

4+ 4 0,1 to® vertical acceleration records for HE-1 and HB-3, 
it is evident that there is very little effect of air blast upon the 

acceleration for HE-3. This is in agreement with the smaller air 

blast of HE-3 (Figure i>.5) as well as with the increased earth accel¬ 

eration normally to be expected from the better coupling afforded hr 

80Se? î01,8® depth of 016 test* Both horisontal and 
firat acceleration pulse components for HE-3 are 

roughly two to three times those for HE-1. 

., P2 8 898Be» acceleration from HE-4 is induced entirely by 

+íe4.u lu1’ bï 10 apPearance ^888 records are not too dissimilar 
to the others. There appear to be consistently more high-frequency 
components in the HE-4 records than in the others. ^ 

4 .. A convenient measure of the magnitude of the earth acceleration 
is the maximum value of the smoothed first half cycle, or pulse. 

“TT/t 8lgffican^ U (1) ^8 P®«* acceleration is a 
quantity of interest, and (2) if the amplitude of the first pulse is 

the largest. Peak acceleration is a useful quantity for damage cal- 

culations only if the pulse duration is considerably great^Tthan the 

Btruftufe attacked. Hence if the peak acceleration 
is used at all, only low-frequency pulses need to be considered. This 
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justifies the smoothing which first removes the high-frequency sl*p 
peaks. The second requirement of significance is not fulfilled through- 
out all the acceleration records. However, it is followed with reasonable 
consistency in the close-in horizontal accelerations, which represent 
the earth motion of prime military interest. The amplitude and duration 
of the first smoothed pulse of the horizontal earth acceleration as a 
function of scaled hoirzontal radius are shown in Figures 5«14 through 
5»17 for each of the four tests; the air-blast slap has been edited 
out* The curves are quite similar to those reported earlier,® except 
Figure 5*17 for HE—4; the smoothing necessary makes the new curve about 
40 per cent of the previous one. A similar series for the vertical 
components is presented in Figures 5.19 through 5.22. Figure 5.18 is 
a sunnary for the first pulse horizontal acceleration amplitudes, and 
Figure 5.23 presents the vertical summary. In both sunmaries the 
acceleration has been scaled by reduction to one pound of TNT; for 
any charge weight W (pounds of TNT) in the range of applicability, 
the acceleration at a given X is the graphical value divided by Wv3. 
It is seen that the scaling of acceleration first pulse magnitude fron 
HE-1 and HE—2 is acceptable when X> 4, For both components. 

When the durations of the smoothed first pulse are compared for 
HE-1 and HE-2, the picture is different. For the horizontal component 
the time ratio is about 2 t 1, whereas it is only 1.6 t 1 for the 
vertical. The scale factor, S, between these two tests was 2.5* Thus 
the first pulse of aooeleration does not follow the model lav as a 
complete phenomenon. If the amplitudes only are considered, then the 
expected values for the underground and surface nuclear tests may be 
estimated. However, since the whole acceleration function does not 
scale, the model law can be applied to acceleration with considerably 
less confidence than to air blast. As an 'impirlcal fact, it may be 
noted that for the first horizontal pulse the duration varies as 

On this basis, the estimated duration of the smoothed first 
horizontal acceleration pulse for the underground nuolear test should 
be about 110 milliseconds near 1000 feet. Of course, this scaling 
can have no significance unless all aspects of the phenomenon ng 
considered scale in a manner consistent vith this relation. Sinos 
consistent scaling on this basis is not followed (peaks appear to seals 
as lr-/3), the predicted time is nothing more than a rough empirical 
estimate. A similar procedure provides an estimate of 50 milliseconds 
for the first vertical pulse duration near 1000 feet for the under¬ 
ground nuclear test, exclusive of air-blast induced effects. 

Scaling of the amplitude of the first pulse may be applied only 
on the basis that the results are not as firm as for air blast. 
Figure 5.24 indicates the predicted horizontal amplitudes for both 
underground and surface nuolear tests (the latter scaled from HB-4); 
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Fig* 5*15 HE-2 Horixontal Earth looalaration, 
Maxlam and Duration in Sbootb«! 
First Pulse 
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Fig. 5.16 HE-3 Hori*ontal Earth Acceleration, 
Mari am and Duration In Smoothed 
First Pulse 
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rig« 5.17 HE—4 Horisont&l Earth Acceleration, 
Maximal and Duration in Sboothed 
First Pulse 
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Fig. 5.18 Horlsontal Earth Acceleration, Maxima in Smoothed 
Tests. Equivalent for one pound 

of TNT. For .charge weight W pounds of TNT. 
divide by 

77 



PROJECT 1(9)-1 

Fig. 5*19 HE-1 Vertical Earth Acceleration 
Maximum and Duration in Smoothed 
First Pulse 
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Fig* 5.20 HE-2 Vertical Earth Acceleration 
Maxim® and Duration in Smoothed 
First Pulse 
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SCALED HORIZONTAL RADIUS X 

5«21 HE-3 Vertical Earth Acceleration 
MarLmun and Duration in Smoothed 
First Pulse 
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Fig» 5»22 HE—4 Vertical Earth Acceleration, 
Maximum and Duration in First 
Negative Pulse 
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^8« 5» 23 Vertioal Earth Acceleration, Maximum in Smoothed 

First Pulse, All Teats* EquiTalent for one pound 

of TUT. For charge weight V pounds of TNT, 
divide by vVr * 
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HORIZONTAL RADIUS R (FT) 

Fig. 5.25 Predicted Maximum Vertical Earth Acceleration in 
ânoothed First Pulse, Underground Test« Asstned 
energ7 release, 1 KT. Dashed portion especially 
»certain 
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Figure 5.25 makes the prediction of vertical amplitude for the under¬ 
ground nuclear test only. No surface nuclear test prediction was made 
here from HB-4 because the contribution of air blast to the vertical 
component of acceleration predominates over direct earth effects and 
makes scaling uncertain. The first pulse of vertical earth acceleration 
from HE-4 is usually negative and is associated with the direct "slap" 
of the air blast passing over the gage location. This phenomenon is 
considered later in this section. The slap is more unmistakable and 
often more intense in the vertical consonant, especially at a large dis¬ 
tance from ground zero. Thus in a surface explosion, where air-coupled 
effects may be expected to predominate, near-surface underground scaling 
laws are uncertain, to say the least. 

A feature of both horizontal and vertical components is a break in 
most amplitude-distance curves. For the vertical component this is prs- 
suoed to be due to the refraction of seismic energy from a deep high- 
velocity layer, leading to more nearly vertical arrivals beyond a cal¬ 
culable distance from ground zero. Previous calculations^ have estimated 
this turn-over distance to be at about 450 feet. Estimates may be 
from the three tests from the vertical components plotted in Figures 
5.19 through 5.20.. The values of X and R for the turn-over distance 
are then estimated as below» 

HE-1 R ¿ 550 ft 

HE-2 R ■ 400 ft 

R ¿ 520 ft HE-3 

No estimate is made for HE—4, owing to masking by air-blast induced 
effects. The average value of 510 feet is in good agreement with that 
predicted. Since this distance will not scale, the step portion beyond 
500 feet of the prediction in Figure 5.25 for the vertical component is 
dotted to indicate the uncertainty. The radial extent in feet of the 
step should likewise not scale, since it depends on site geometry, 
not explosion scaling laws. 

A break in the curves for the horizontal component appears to occur 
near X * 4*5 for HE-1 and near X ■ 3.5 for HE-2. A discussion of the 
possible significance of this break will be given in Section 5.4. 

We now turn to a consideration of the slap. The vertical compo¬ 
nent of the slap is much more definite than the horizontal. Admittedly, 
its military importance is slight, for, although the amplitudes are 
large, the periods are smaller than those for the phenomena on which 
it is superimposed (see Figures 4.5, 4.6, and 4.7). Predictions of 

85 



PROJECT 1(9)-1 

the slap amplitude will be important, however, in setting gages* If 

the dynamic range of the system is limited, it is important to avoid 

overloading which may persist and thus affect later portions of the 

record until the system recovers* For short—period earth motion 

pulses, the effect on structures is best described by the earth dis¬ 

placement* For similar acceleration wave forms, the displacement is 

proportional to AT2, where A and T characterize respectively the ampli¬ 

tude and period of the slap in earth acceleration. The discussion will 

be confined to the relation between the air blast «nH the slap; damage 
effects will be considered later. 

From Figure 4.10, the wave form of the slap is seen to resemble 

a damped sinusoid. For the particular wave shown, the amplitude of 

each of the first three half «greles is on the average about 45 per 

cent of the previous one* Thus the amplitude of the first pulse may 

be used to characterize the wave. Figures 5.26, 5.27, and 5.28 show 

this amplitude as a function of X for HE-1, HE-2, and HB-4 respective¬ 

ly • No curve is presented for H5-3, since the air blast was too weak 

to produce a slap that could be determined reliably from the transient 
records* 

If the slap is due to air blast, its amplitude should be pro¬ 

portional to that of the air blast* This statement requires several 

qualifications to oe valid. First, when subjected to a step function 

of air pressure, the reaction of the soil has a fairly well defined 

period which depends on the elastic properties of the soil* If, how¬ 

ever, the pressure pulse has a finite duration, the effect on the 

earth will also depend on the ratio of its duration to the period of 

earth motion expected from a step function. Hence, as air-blast 

duration increases well beyond the period of earth motion, the effect 

of the air blast should approach that of a step function of pressure. 

By examining the transient records of Figures 4.5, 4*6, and 4.7 and 

comparing Tests HE-1 anc. HE-2, it is seen that for HE-1 the slap and 

■direct earth acceleration" periods are comparable* Thus for HE-1 

separation of the slap effects is not readily accomplished. For HE-2 

this separation may be effected with much greater certainty* It 

appears that for charges larger than HE-2, and at the same scaled 

depth of burial at this test site, the effect of the air blast will 

be almost entirely determined by the peak air pressure* The period 

plotted in Figure 5*27 for HE-2 should not be much less than that for 

much larger charges. Note that this leveling-off of slap period is a 

direct violation of the underground scalirg laws, indicating that 

air-coupled effects cannot be scaled without a detailed examination 

of the processes involved* 

A second factor affecting the proportionality between air blast 

¿nd slap is the depth of gage* The attenuation of the slap «ill 
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SCALED HORIZONTAL RADIUS A 
Fig. 5.27 HE-2, Negativa Peak in Verticil Earth iooeleration 

Due to AiivBlaat Slap. Maadavn value 
estimated period 
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SCALED HORIZONTAL RADIUS Á 

Fig* 5.28 HB-4, Negativ« Peak la Vertical Earth Aoœxcration 
Due to Air-Blast Slap. Maxima value and estimated 
period 
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obviously depend on the amount of soil through which it has oassed 
from the surface to the gage. A third factor is the possible non¬ 
linearity of the proportionality. The importance of these three 
factors can now be assessed by considering the curves of Figures 
5.26 through 5.28. 

As regards periods, that of the slap from HE-1 is about 25 per 
cent larger than that from HE-2, and the scatter of the points is 
considerably greater. This reversal of direction of expected varia¬ 
tion probably reflects the fact that the slap and direct earth accel¬ 
eration periods are roughly equal in HE-1, with consequent severe 
interference effects. For a 1 KT explosion the slap period should be 
but little greater than that for HE-2. The available evidence is 
insufficient to make a reliable estimate. 

Since all standard gages were at the same depth (five feet), 
the slap attenuation due to earth is constant for all tests* Note 
that this depth has not been scaled; the effect of depth is discussed 
later in this section* 

The constancy of the proportionality of the air blast and slap is 
tested in Figures 5.26 through 5*28 by plotting the air-blast attenua¬ 
tion curve for best fit among the points. Although the points show 
considerable scatter, particularly for HE-1, the agreement is fair. 
On the basis of the curve positions shown, the ratio of peak slap 
acceleration (G units) to air-blast peak pressure (psi) has the 
following values! 

HE-1 0.3 

HE-2 0.3 

HE-4 0.43 

It is difficult to reconcile the departure of the HE-4 ratio from the 
others, for the curve fit is as good as for HE-2. Hence in the pre¬ 
diction of the peak slap for 1 KT tests in Figure 5.29 two curves are 
shown for the surface nuclear test. The upper curve is based on the 
(slap/blast) ratio of 0*43 for HE-4, whereas the central curve uses 
the 0.3 ratio obtaining for HE-1 and HE-2. The curves probably define 
reasonable limits for the phenomenon to be expected. The prediction 
for the underground nuclear test departs from a straight Hwa at 
small X . As was noted in the section on air blast, the blast atténuai 
tion for this test will probably show less deviation from a straight 
line than that for HE-2 and thus the slap amplitudes may be greater 
than predicted at small values of X. Again, note that these predic¬ 
tions are for a constant gage depth of five feet. 
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HORIZONTAL RADIUS R (FI) 

Fig. 5.29 Predicted Negative Peak in Vertical Earth 
Acceleration Due to Air-Blaet Slap, Under¬ 
ground and Surface Teata. See text for 
explanation of the two surface teat curvea 
ah own 
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The earth acceleration records for HE—2 have been integrated 
mechanically but all the refaits have not yet been completely checked. 
However, the horizontal velo vity integrations were checked and data 
were tabulated as depicted in Figure 4.17. The average amplitudes of 
the cycle showing the maximum swing, as well as the associated periods, 
are shown in Figure 5.30 as a function of scaled radius. By manual 
integration, two points were obtained for HE-1 also, and are shown in 
the same figure. Note that the/ lie above those for HE-2 by a ratio of 
about two to one, indicating such a departure from scaling that no 
velocity prediction appears Justified. The periods, however, show a 
ratio of 2.7, and thus scale well; nevertheless, the total phenomenon 
cannot be said to scale satisfactorily. 

The dashed curves are the air-blast attenuations for the two tests. 
The fit for HE-2 suggests that continuous air-coupled effects may play 
a large part in the velocity attained. However, no firm conolvsion is 
Justified from such meager data. A thorough analytical treatment is 
needed as the background for an interpretation of such data. 

The importance of the velocity arises from damage considerations. 
From a knowledge of the periods involved, it appears that for an opera¬ 
tional penetrating nuclear weapon detonated at a scaled depth of 0.150 
in the Nevada Test Site soil used for this HE test series, the expected 
period of earth motion may be of the same order of magnitude as that of 
a one- or two-story steel-framed structure.3 Thus earth velocity be¬ 
comes the quantity to which the relative displacements within a struc¬ 
ture should be approximately proportional, for the operational weapon. 

To indicate the effect of gage depth upon earth acceleration, at 
some gage stations on the HE-2 test, accelerometers were located at depths 
of 5, 17, 34, and 68 feet. The horizontal components at X B 3.0 aiwí 
11.1 are shown in Figures 4.12 and 4.13; Figures 4.14 and 4.15 similarly 
present the vertical components. From Figure 4.12 the amplitudes of 
the smoothed first pulse, close-in (X - 3.0), horizontal accelerations 
at 5 feet, 17 feet, 34 feet, and 68 feet are respectively 2.9, 3.4, 
3.0, and 1,0 G, At X * 11.1 the similar horizontal peaks are 0,29, 
0.30, 0.26, and 0,22 G respectively. Thus the smoothed horizontal first 
pulse acceleration amplitude at these stations is relatively constant 
at least to 34 feet, under the conditions of the HE-2 test. 

The variation of the smoothed first pulse of the vertical accel¬ 
eration with depth cannot be described by any such simple numerical 
means. By reference to Figures 4.U and 4.15, it is seen that the 
first half-cycle starts near the surface as upward or very slightly 
downward. With increasing depth, the acceleration becomes increasing¬ 
ly downward. The first positive half-cycle at first decreases, then 
approaches what appears to be a relatively constant value. Thus there 

- 92 - 



V
E

L
O

C
IT

Y
 (

F
P

S
) 

PROJECT 1(9)-1 

Fif# 5«30 Horiscutal Earth Vtlooltj iaplltuda and Period. 
HK-1 and HE-2, Dotted linea indicate air-blaat 
attenuation 

P
E

R
IO

D
 (

S
E

C
) 



PROJECT 1(9)-1 

is not too much regularity in the behavior of the vertical component* 
The horizontal component predominates in the early stages of each 
record. 

With respect to the relatively high-frequency slap (direct effect 
of the air blast passing over a gage location), the station at X “11*1 
provides more clear-cut information than do the close-in stations, k 
possible reason for this will be discussed under time of arrival* By 
smoothing the region of the curve about the slap, the slap amplitudes 
from this adjusted base line may be measured. From Figure 4*13> the 
horizontal slap is outward, and at the four depths is 1.3, 0*62, 0.25, 
and 0.10 G. Likewise from Figure 4.15, the vertical slap is downward, 
with values of 1.4, 0.95, 0.30, and 0.05 G. If the slap peak accélérée 
tion is plotted against gage depth on log-log paper, the initial 
attenuation with depth is small. From 17 to 63 feet the attenuation 
exponent appears to be about 1.3 for the horizontal and 2 for the 
vertical components of the slap in the acceleration. Although the 
data are insufficient to justify firm conclusions, it appears that the 
horizontal and vertical components of the acceleration slap are almost 
equal at the surface but the vertical component is attenuated more 
rapidly with depth. In general, the horizontal slap is rot as well 
defined as is the vertical, so that the latter component should be 
weighted more heavily if conclusions are to be drawn from changes of 
wave form, damping, or attenuation with depth. 

To sumnarize this discussion of earth motion, the earth accélérât* 
tion does not follow the scaling laws as a complete phenomenon. Because 
of this, the apparent scaling of smoothed first pulse amplitudes should 
be taken as an empirical fact. The special (air-blast) scaling that 
the slap amplitude apparently follows indicates the need for further 
study of air-coupled effects and their scaling laws* 

5.4 TIKI OF ABRITAI ASP UNCOUPLED STTBCIS 

Figures 5*31 and 5.32 give the time of earliest arrival for air 
blast and earth motion respectively. For HE-3 the air blast was weak 
enough so that its velocity (reciprocal of the slope) was constant 
along most of the path. This asymptotic velocity was about 1200 fps, 
which appears somewhat high. 

When Idealized, the time of arrival diagrams appears as in Figure 
5.33a;> where both air and earth curves are shown passing through the 
origin. Because of chaotic conditions at ground zero, and the possi¬ 
bility of an elevated equivalent source for air blast, this congruence 
may not actually exist. However, the usefulness of the diagram is not 
thereby appreciably impaired. Note also that the earth motion arrivai 
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Fig. 5.32 Time of Arrive! of Earth Aooeleration, All Teat* 
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a. Composite Time of Arrival and Air Coupling 

SCALED DISTANCE 
b. Small Charge c. Large Charge 

Fig. 5.33 Dependence of Air-Coupled Earth Acceleration Effect« 
on Tine of Arrival and Charge Sise 
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is shown as a straight line, implying an ideal constant-velocity 

earth. This diagram may be used as a framework on which to base 

some preliminary observations of continuous air-coupled effects. 

It is obvious that it is no substitute for a complete analytical 

treatment, but some general inferences can be obtained. 

The work of Press and Ewing® on flexural waves in ice on water, 

from air blast in the air above, supplies a few general conclusions 

that are applicable here. If in underground explosions the air blast 

similarly excites dispersive flexural waves in the surface layers of 

the earth, then the predominant frequency of surface earth motion may 

with some justification be expected to be that of the flexural wave 

in the earth having a phase velocity equal to that of the air blast. 

In a sense, this corresponds to the frequency of the slap. The 

formulation of the actual problem is complicated by the three- 

dimensional nature of the waves, the varying velocity of air blast, 

and the imperfect elastic nature of the earth. Scaling is certain to 

be different from the model laws used as the basis of this report. If 

gravity waves form the important mode of energy transmission, then 

dimensional analysis leads to scaling in which lengths vary as 

and times as Thus velocity will then scale as «nH accelera¬ 

tion will be unchanged. These statements, while independent of the 

analytical work, should of course be confirmed by it if gravity waves 

are the important type arising from air coupling. 

To return to the diagram of Figure 5.33a, note the lightly-drawn 

parallel lines. They represent the initiation of air-coupled motion 

in the elemental spatial region at distances from ground zero corre¬ 

sponding to their intersection with the air-blast curve. Ths lines 

are then the time trajectories of these induced motions; the common 

slope signifies waves of a constant velocity. Also, with the slope 

shown as less than that for direct earth motion, the wave velocity is 

less than that for this latter motion. This is consistent with the 

fact that the first arrivals for direct earth motion are due to ooie- 

pressional (P) waves, which have the highest velocity; flexural waves 
travel more slowly. 

The magnitude of the net earth motion at a given distance And 

time, say at A, then consists of two principal componentst the 

direct earth motion and the integrated effect of all air-coupled wave 

motion initiated at distances up to that corresponding to the point 

A‘ in Figure 5.33a. These air-coupled effects will be attenuated 

first by the amount corresponding to a path along the air-blast curve, 

then by an amount corresponding to waves of the air-coupled type propa¬ 

gated in earth from the point of excitation (as A1) tp to the vertical 

line (as at A^), which represents the position at which measurements 

are made. For example, the incremental effect at A due to air-coupled 
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waves initiated at will roughly depend on the air-blast attenua¬ 
tion up to A]., earth attenuation up to Ai, then time (or phase) 
variation from to A. At the close-in station shoim on Figure 5.33a, 
very little air-coupled energy should be received. 

It is seen that the details of the integrated air—coupled effect 
cannot be predicted by any such crude analysis as this, but some broad 
inferences may be safely drawn. First, since the air blast attenuation 
is less than that for earth acceleration, at a sufficiently distant 
station the earth acceleration will be determined more by air-coupled 
effects than by directly transmitted earth effects. Also because of 
this relation between air and earth attenuation, air-coupled informa¬ 
tion from A will be less attenuated than that from a closer-in posi¬ 
tion such as Aj.. Thus a second aspect of the general behavior can be 
inferred* at sufficiently distant stations the phenomenon will pro¬ 
bably initially show oscillations of increasing amplitude, decreasing 
after the air blast has passed by. The details of this behavior will 
be obscured both by interference effects and by the direct slap from 
the air blast, but the envelope of the smoothed curve should show a 
fairly smooth rise and fall. If there are enough cycles in the enve¬ 
lope, an analytical consequence is that the attenuation of maximum 
envelope acceleration, velocity, and displacement should be the same. 

A third inference as to the general behavior is the effect of 
charge size. Consider Figure 5.33b, showing direct earth acceleration 
(steep solid) and air-coupled earth acceleration (dashed) magnitudes 
as a function of scaled distance. Beyond the turnover point Qi (left- 
hand sketch) air-coupled effects predominate. For a larger charge, 
the air-blast pressure (as a function of scaled distance) will remain 
fixed, whereas the acceleration curve will be shifted as in the right- 
hand sketch. Thus the turnover point Q2 now occurs at a smaller scaled 
distanoe. When the charge size is increased more and more, eventually 
earth accelerations at all positions at which measurement is possible 
may consist principally of air-coupled wave motion, since the scaled 
turnover distance may become too small for safe Instrumenting, a 
partial test for the reasonableness of this assumption is to examine 
attenuation curves for the amplitude of the first smoothed horizontal 
acceleration pulse for HE-1 and HE-2 (Figures 5.14 and 5.15). For 
HB-1, a break in the curve occurs at a value of slightly less than 
four. 

In this region the exponent n (negative of the slope) changes 
from three to two. It is to be expected that air-coupled effects will 
suffer less attenuation than directly transmitted effects in the earth. 
Hence the break in the smoothed first horizontal acceleration pulse 
curve is tentatively identified with the turnover point, which is the 
point Q in Figures 5.33b and 5.33o. Since directly transmitted earth 
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effects should predominate close in, the exponent three is tentatively 

identified with this direct transmission as characteristic of earth 

alone» On log-log paper, the acceleration vs. scaled distance X 

curves may be taken as straight lines within the accuracy Justified 

by the scatter of points. A simple analysis indicates that a, the 

X—shift-ratio in the turnover point, should be given by 

log a * ä 

“e - na 

(5.4) 

where S is the scale factor between two scaled experiments, «»h the 

exponents and na characterize the acceleration attenuation due to 

directly transmitted earth acceleration and air blast respectively» 

Thus for HE-2 (Figure 5.16) the turnover shift a is given by 

log a - lOit gi| . 0.181 
(5.5) 

where the value na = 0.8 is that for HE-2 near X = 4. Thus a «1.5, 

and the turnover should thus occur near X * 4/1*5 x 2.7. Since this 

is at the edge of the region in which measurements were made, a clear- 

cut comparison between theory and experiment is impossible. However, 

if the horizontal acceleration curves for HE-1 and HE-2 (Figures 5.14 

and 5.15) are compared by superimposing with a X-shift of 1.5, the 

apparent turnover region observed for HE-2 is near X * 3, which is not 

inconsistent with this prediction. For the underground nuclear test 

the turnover, using the above reasoning, should be near X * 0.6, 

which presumably will be unobservable. 

When the vertical components (Figures 5.19, 5.20) for HS-1 and 

HE-2 are compared, the exponent is two for both, with little indica¬ 

tion of any turnover. This suggests that perhaps air-coupled effects 

are already predominant, and is consistent with the presumption that 

the principal effect of air coupling is in the vertical direction. 

Indeed, in the transient curves, the slap was most clean-cut in the 

vertical component; see Figures 4.2 through 4.7. 

For the HE-3 test, with better earth coupling and less air blast 

than HE-1, the turnover in the horizontal component attenuation should 

occur at a value of X larger than four; a value of about five for the 

break in the curve may be seen in Figure 5.16 for the amplitude of the 

smoothed first pulse. Thus the meager data available suggest that 

air coupling may have been important even in the first acceleration 

pulse at large distances. Under conditions of these tests, time of 

arrival alters phase conditions so that details of the resultant 

amplitude cannot be estimated by this qualitative analysis* 
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5.5 EARTH PHISSURI 

Because of uncertainty concerning the significance of the quantity 
measured as "earth pressure", this discussion will be confined to 
noting a few general features of the data. The transient records 
of Figure 4.8, taken at X * 1.72, do not include HE-1, while those for 
Figure 4.9 ( X *2.49) include all four tests. Since the first pulse 
is almost always the largest in the region of interest (X less than 
^•3)» we may justifiably use the first pulse as a measure of the 
pressure. 

In Figure 4.9, the first pulse wave forms for HE-1 and HE-2 are 
not too different; the peak values are roughly the same, as are the 
durations. However, the scaling of durations is very bad for succeed¬ 
ing pulses. Between HE-2 and HE-3, the effect of a deeper charge 
shows as a six-fold ratio of peak pressures, with but slightly decreased 
duration. Since the air blast on HE-3 was only 2D per cent of that 
from HE-2 at X ■ 2.5, the increase observed here should be due almost 
completely to the better earth coupling afforded by the greater depth 
of charge in HE-3. This conclusion is further reinforced by a similar 
six-fold ratio observed from HE-2 to HE-3 in Figure 4.8, at X * 1.72. 
The greater simplicity of the wave forms is also noteworthy. This ratio 
of six to one may be compared with the three to one ratio obtaining in 
first acceleration pulses. 

The transient records for the surface detonation of HB-4 should 
depend almost entirely on air-coupled effects. In fact, if the maxi- 
mm positive peak (not Just the first maxlmvn) is plotted, the upper 
branch of the HE-4 curve in Figure 5.34 continues at an average expo¬ 
nent of 1.4 to X = 15. This is also the aiivblast exponent, so it may 
be tentatively concluded that air blast accounts for the earth pressure 
maxinun peaks. The double-peaked first pulse is a feature for which 
no consistent explanation is yet available. Interference phenomena 
probably play a large part, but this is not borne out by the relatively 
simple behavior of HE-1, detonated Just under the surface, with little 
difference in air-blast pressure. 

The amplitude of the first positive pulse is a fairly c onsistent 
quantity. A composite presentation of the amplitude as a function of 
scaled horizontal distance for all tests is shown in Figure 5.34. On 
Test HE-1 a variety of coupling procedures were tried} the method 
finally proving the most reliable and reproducible has been described 
in Chapter 3* On HE-1, only two points, at X » 2.4 and 4.3, were 
instrumented by this technique, which was later used on HE-2, HE-3, 
and HE-4. The points lie somewhat below those for HE-2, on a scaled 
basis. This probably reflects the increasing importance of air-coupled 
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SCALED HORIZONTAL RADIUS A 

Fig« 5*34 Earth Pressure, First Maxiaw, ill Tests 
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effects for larger charges. The portion of the HE-/, curve for X 

has an attenuation exponent about 1.4 (the same as for the air blast) 
whereas the remainder of the curve fits n = 2. For the other tests * 

n = 3 is a reasonable fit. * 

In the hydrodynamics of loss-free fluids, pressure and accelera¬ 
tion are related by 

jl_ * _ -L. SLsl. . 

p c/r (5.6) 

If both pressure and acceleration have similar wave shapes, then this 

relation implies that the exponent for acceleration should be that for 

pressure, plus one. If the fluid has appreciable losses and follows the 

NavieivStokes relation, to the above equation is added a viscosity term 

involving the velocity gradient. In actuality the earth cannot be 

idealized in any such simple manner, but the actual results should be 

roughly parallel to those obtained from the idealization, especially at 

small X values. A comparison of pressure and acceleration attenuation 

exponents does not show the expected behavior; in fact, the observed 

acceleration attenuation exponent was less than that for earth pressure. 

In this regard it appears that the quantity measured as earth pressure 

should not be used for correlation with other phenomena. 

From Figure 4.16 a few general statements may be made about the 

effect of depth on earth pressure on Test HE-2. This figure does not 

include the measurements in the 34^foot and 68-foot holes. As was 

noted earlier, these holes collapsed prior to the test, wHT.e the 

coupling uncertain. The transient curves show pressure measurements 

obtained at depths of 5 feet and 17 feet and A-values of 1.72 and 3. 

The most striking contrast with the acceleration curves is la the 

threefold increase of peak pressure from the 5-foot to the 17-foot 

depth, at each value of X. The actual first peak values arei at 

\ P*1 “d 73 psi, at 5 feet and 17 feet respectively; at 

5.3 and 16,6 psi, at 5 and 17 feet. Since no such effect of depth 

was observed in earth acceleration it is difficult to conceive of an 

earth characteristic that offers a consistent explanation of both 
effects of depth. 

5.5 0QKPABI8OI WITH DTOtfAI BESPITS 

In Section 1.2 was tabulated the chain of 

HE tests and those conducted in 1951 at the Dry 
Proving Ground, Utah.3» 9, 10, II ..i4 
périmons will now be discussed. 

comparisons between these 

Clay Site of the Dugvay 
features of these com- 
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Dugvay Round 312 and HE-3 differed only in soil type; both used 

2560 pounds of TNT at a scaled charge depth of 0.5. The air-blast 

comparison of Table 5.1 indicates that the "front porch* pressure is 

TABLE 5.1 

Double Air-Shock Pressures and Durations 

Test 

Scaled 

Radius 

X 

Pressure (psi) Duration (sec) 

Front 

Porch Peak 

Front 

Porch 

Positive 

Phase 

HE-3 
312 

3.0 

3.0 0
 0

 
. 

. 
0»

 0
» M 4.» 

2 

0.008 

0.016 

8
3
 

0
 0

 
. 

. 
0
 0

 

HE-3 
312 

4.3 

4.5 

0.57 

0.5 

3.8 

1.4 

0.009 

0.013 

0
 0

 
. 

. 
0
 0

 

HE-3 
312 

6.25 
6.0 

0.41 

0.4 

3.1 

1.4 

0.005 
0.012 

0.029 
O.O42 

substantially the same for both shots, but on the average the IDtO 

peak air blast is about twice that for Round 312« On the other hand, 

the ratio of the positive phase duration for HE-3 to that for 312 at 

X*3«0 is 0.029/0.041 or about 0.7. Hence the induises will probably 

not be too different, as may be Judged visually from the air blast 

transient records (X * 3.0) of Figure 5.35. Also note in this figure 

that the front porch for the Dugway test shoved increasing pressure 

rather than a constant or decaying portion after the first sharp rise. 

The constancy of this plateau probably depends on the constancy of 

earth rise velocity after the shock wave reaches the surface at ground 

sero. Thus the rising plateau possibly indicates that the earth was 

cohesive enough to hold together and to b e accelerated by the continued 

pressure of the gas bubble beneath. This hypothesis is consistent with 

the decreased value of the peak pressure for Round 312 as compared to 

HE-3, presoned to be due to a lower Jet velocity. This would be the 

case if the gases expended part of their energy in continued work 

against the surrounding earth before final venting. 

Further supporting evidence for this view is available from 

Figure 5.36, showing the horizontal earth acceleration at X * 4,5 

for Dugway Round 312 and for Tests HE-3 and HE-1. The ratio of peaks 
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for the first pulse of Round 312 to that of HE-3 (identical tests 

except for soil types) is 1.7/5.9, or about 0.3. On the other hand, 

the pulse duration ratio is about 0.095/0.020, or 5. Note that the 

integrals (the velocities) will probably not be too different. For 

the shallow burial of HE-1, the pulse amplitude is reduced to about 

2«8 G, as compared to HE-3, but the pulse duration is the same as 

for HE-3, 0.020 second. Thus the expanding gases were apparently 

able to act içon the Dugvay Dry Clay Site soil for a much longer time 

than on the Nevada Test Site soil. This would tend to lengthen 

periods; it is difficult to see how this would reduce peak accel¬ 

erations* Possibly the rate at which the gas bubble supplies energy 

to the soil decreases as the size increases, so the average intensity 
decreases for long pulses. 

From the above it is seen that between the two depths of burial 

represented by HE-1 and HE-3, the principal difference in the first 

pulse of horizontal earth acceleration is in the amplitude rather 

than the duration. Hence the next comparison of Figure 5.37 may 

be considered* Here the horizontal earth acceleration (at X a 3«5) 

for Dugway Round 315 and HE-2 are shown; both testa used 40,000 

pounds of TOT. Although these were at different scaled depths, 

the above HE-1 to HE-3 acceleration comparison indicates that the 

pulse durations for HE-2 will not be appreciably affected by this 

difference in charge depth (Xc « 0.5 to 0.150). Thus the HE-2 

acceleration can be extrapolated with some confidence to a similar 

charge at a scaled depth of 0.5 to permit comparison with Dugway 

Round 315, which was detonated at this scaled charge depth. The 

pulse duration ratio of Dugway Round 315 to a similar test at the 

Nevada Site would then be about 0.274/0.034, or 8. The amplitude 

ratio (using the factor of 2.8 from HB-1 to HE-3, in Section 5.3), 

is then approximately 1.0/(2.6 x 2.8) ■ 0.14. Note that ' • this 

as well as in the previous comparisons the pulse amplit. .e and 

duration ratios are approximately inverse to each other. For 

Round 312 to HB-3, the product of the ratios is (0.3) (5) • 1.5; 

for 315 to (extrapolated HB-2), it is (0.14) (8.0) ■ 1.1. This 

may be interpreted to indicate that the first velocity peak (first 

integral) perhaps is approximately constant between the tests 
compared. 

Another striking difference between the Dugway and Nevada 

tests is the permanent displacements as observed by surveying mono* 

meats (hubs). Table 5.2 svsmarlzes this information at three scaled 
distances* 
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TABLE 5.2 

Permanent Displacements by Survey (ft) 

Dugway Round 312 Nevada HE-3 

X Radial Vertical X Radial Vertical 

3 0.720 0.414 3 0.04 0.07 

4.5 0.143 0e039 
_ 

4.3 0.03 0.04 

6 0.034 0.013 6.25 0.03 
_ 

0.01 

The Nevada displacements were men less than those at the Dugway Site. 

If the first pulse velocities are approximately the same, then the 

peak displacement should depend directly on the durations. Assisse 

that velocity pulse durations are in the ratio of aooeleration pulse 

durations. This would then indicate a ratio of Dugway to Nevada peak 

displacement in the range of four times to ten times. However, the 

permanent displacements, as judged from the table, are in ratios in 

the range of ten to fifty times. This possibly may mean that the 

Nevada soil recovered from its nuudmm displacement to a greater 

extent than did the Dugway dry clay. This, again, is in keeping 

with the assunption of a much more cohesive soil at Dugway. 

This discussion indicates the difficulty of using results lor <wne 

soil for extrapolation to another. These results probably cannot be 

explained by a simple soil constant that depends exclusively on what 

might be termed propagation scaling. A closer look is needed at 

details of the transfer of energy from the gas bubble to the soil* 

In addition, the influence of soil cohesiveneas (or similar charac¬ 

teristic) on the duration of gas bubble, acceleration of earth rise. 

Jet velocity, and similar source phenomena needs investigation. A 

carefully planned program of scaled tests in a variety of soils 

at a controlled series of depths of charge will do much toward 

providing experimental data on which to construct a unified analysis. 

The present tests have emphasized the dangers of underestimating 

the need for such information, particularly when military effects 
must be predicted. 
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CHAPTER 6 

OONCLÜSIONS AND RECOMMENDATIONS 

6.1 OONOIPSIOBS 

The general conclusion which the preceding discussion supports is 

that prediction of the results of one test fron another of different 

scale cannot be undertaken with certainty for all aspects of all under¬ 

ground explosion phenomena. In particular, often the ordinary scaling 

laws do not apply with equal confidence to both the amplitude and tine 

variables of the phenomenon considered. The change of one factor at a 

time - soil type, depth of burial, charge size and charge type - aids in 

more closely delineating the region of applicability of the scaling laws* 

In all these various test conditions, it appears that only the air blast 

nay be said to obey the scaling laws in a true and complete sense, when 

viewed as a function of two independent variables, distance and time. 

For non-scaling phenomena the changes in the conditions of experi¬ 

ments being compared lead to relations which may be interpreted as a 

change in the type of scaling. However, it is best to regard these 

relations as empirical means of limited extrapolation. The following 

listing smmarizes this and other empirical information developed in 

the discussion. It applies specifically bo scaling from HE-1 to HB-2 

and thence to the underground nuclear test. In general, scaling from 

HE-4 to the surface nuclear test is much less certain. 

1. To repeat, air-blast peak pressure, duration of positive 

phase, and positive impulse follow the normal scaling laws. 

2. If placed on the surface (as HE-4), the following frac¬ 

tions of the test charges would give (at large distances) the same peak 

air-blast pressure as actually observed at the given distancet HE-1 

and HE-2, 75 per cent; HE-3, 12 per cent} and HE-4, 100 per cent. 

3. The amplitude of the smoothed first pulse of horizontal 

and vertical earth acceleration for X > 4 scales as normally expected. 

4. For the close-in horizontal accelerations, the peak of 

the first smoothed pulse is the maxian» peak. 
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5* The corresponding acceleration durations do not scale; 

for the horizontal component the HE-^/HE-l duration ratio is 2, whereas 
for the vertical component it is 1.6. The scale factor was 2.5. 

6. The vertical first pulse acceleration amplitude ve. X 

curve shows a step which occurs at a distance constant at from 400 to 

500 feet. This appears to be due to a discontinuity in the seismic 

velocity, and should occur at the same absolute distance in the nuclear 

tests. 

7« The horizontal acceleration shows a discontinuity close-in 

which is tentatively identified with the increasing predominance of air¬ 

eo upied effects as the distance increases. The shift in the discontinuity 

from HE-1 to HE-2 is not inconsistent with this assiaption. 

8. The smoothed first acceleration pulse for HE-1 is noticeably 

less than for HE-3; the ratio for the horizontal component is about 40 

per cent, and 30 per cent for the vertical. On the other hand, the HE-3 

air blast is but 40 per cent of that from HE-1. These facts reflect the 

better coupling to the earth of the more deeply buried HE-3 charge, with 

consequent effects on the energy partition between air blast and earth 

motion (effect of charge depth). 

9. The passage of the air blast over a gage station results 

in a sharp, highly-damped oscillation in earth acceleration, particularly 

in the vertical component. This oscillation is termed the "slap". The 

first slap peak in the vertical acceleration is negative (downward), and 

appears to be proportional to the air-blast pressure at that station. 

The ratio of first vertical peak of the slap acceleration (in G-units) 

to the air-blast peak pressure (In psi) was 0.3 for HE-1 and HE-2, and 

0.43 for HE-4. These ratios should be the same, and the difference 

observed above remains unexplained. 

10. The behavior of the slap period with charge size is con¬ 

tradictory. However, it is expected that a constant value will be 

reached for very large charges. No estimate is made of this value. 

11. Preliminary results on particle velocities for HE-1 and 

HE-2 show poor scaling for amplitudes. The amplitude of the maximum 

oscillation in velocity appears to be proportional to peak air-blast 

pressure, indicating that air-ooqpled effects may be involved. 

12. The horizontal earth acceleration does not change much 

with depth down to 34 feet for stations at X ■ 3 and X * 11* The 

■soothed first pulse of the vertical component shows a change of sign 
from positive to increasing negative, down to 68 feet. However, the 
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horizontal components predominate at most depths at the stations 

instrumented. 

13* The effect of depth on the slap in acceleration shows 

an attenuation exponent of 1.3 for the horizontal and 2.0 for the verti¬ 

cal component. Near the surface both components are approximately equal. 

14« Time of arrival and attenuation data can be used to infer 

seme of the behavior of air-coupled effects. In general, air-coupled 

acceleration may predominate increasingly as the distance from ground 
zero increases. 

15« "Earth pressure" data do not correlate well with other 

information. The measured value increases with depth, at 17 feet being 

about three times the value at 5 feet. Note that the corresponding 

acceleration values are practically unchanged. 

16« Comparison of HR-1, HE-2 and HE-3 with Dugway Rounds 

312 and 315 (dry clay) indicates that no simple soil constant will 

explain the acceleration results. The amplitude and duration ratios 

for earth acceleration are approximately inverse to each other, when 

the tests being compared differ only in soil type. 

17. The longer acceleration durations observed at Dugway 

are consistent with the assumption that the Dugway dry clay was much 

more cohesive than the soil for the Nevada Site HE program. This pro¬ 

perty is also useful in indicating why the Nevada peak air-blast 

pressures were greater than those for the corresponding Dugway tests. 

18. It appears that predictions of results from one soil to 

another will require more knowledge of the details of transferring 

energy from the gas bubble to the soil. 

19. Decreased cohesiveness of the soil for the HE tests may 

also be inferred by comparing permanent displacements. Apparently «uoh 

■ore slide bade or recovery occurred with soil at the Nevada Test Site 
than for Dugway dry clay. 

6.2 flyniiflxpnxTiogs 

is a program designed specifically to provide results for scaling 

up to tests involving much larger energy releases, the HE tests covered 

in this report represent about the minim« effort needed to correlate 

both past and future programs. It would be most de i irable to have more 

pairs of correlations (see Section 1.2) than were possible. Serious 
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consideration of this point would enhance the value of such tests with 
relatively little added cost. 

The present report contains only a portion of the data available 

fron the original records. Further analysis is intended, and will be 

included in a final report to the Office of the Chief of Engineers, 

under whose sponsorship this program was conducted. In particular, 

extensive integration of acceleration records has begun. 

ContinuedyéA ^aJ^work is recommended on air-coupled effects 

from »air Tirast above earth, ifie data available from these tests should 

provide valuable means of determining the validity of any theory 
developed. 

Work should be continued on analysis of the transfer of energy 

from the expanding gas bubble to the surrounding soil. It would be 

highly desirable to develop a simple criterion, using an appropriate 

soil characteristic, for indicating the general effect of differing 

soil types on amplitudes and period of earth motion. 

Future underground test programs, whenever possible, should 

include tests to collect further data on effects of air coupling, type 

of soil, depth of burial, and local seismic Inhomogeneities. 
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IPPENDIX i 

PERSONNEL 

Project 1(9)-1 of OPERATION JANGLE vas performed by Stanford 
Research Institute under Contract No. DA-49-129-eng-119 with the 
Office of the Chief of Engineers, Washington. Mr. 7, 0. Stark 
served as Project Officer for OCE. 

All Stanford Research Institute activities on Project 1(9)-1 
were under the direction of Dr. E. B. Doll. Dr. Deal supervised 
the initial planning for the test program and directed the field 
activities, with Mr. L. M. Swift serving as field party chief. 
Additional members of the field party vera L. H. Inman, V. S. 
Krakov, C. C. Hughes, S. C. Ashton, W. M. Stewart, and D. C., Sachs. 
This report vas prepared by Dr. Doll and Dr. V. Salmon, with typing 
and drafting assistance from Miss Blanche Shoemake and Mrs. Jane 
Simons, respectively. 

U. W. R. Brooks, DSN, vas responsible for handling, pi«Mng 
and priming the explosive charges. The Haddock Engineers Ltd. 
furnished the construction contractor facilities required. LCDR. 
D. C. Campbell, DSN, and CAPT. R. McBride, DSA, cf Program One 
coordinated the activities of this project with the remainder of 
OPERATION JANGLE. w 
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ABSTRACT 

An investigation was made oT particulate material in clouds pro¬ 
duced by two explosions of 2560 pounds of TNT in dry soil at Yucca 

Vaiiey (one of the Atomic Energy Commission's testing grounds) about 

50 miles northwest of Indian Springs, Nevada. Sampling was effected by 

means of an airplane which made numerous passes through the dust clouds 
produced by the HE-3 and HE-4 tests of Operation JANGIE. 

The following sampling devices were used: a molecular filter, an 

impactor, and a dust camera. These were arranged in a parallel manner 

between two manifolds. One manifold was connected to the sampling probe 
and the other to an air pump. -e ^ «uc 

Most of the particles collected appeared to be unchanged soil and 

carbon. The carbon particles looked like minute fragments of coke and 

were probably decomposition products of TNT. There were a few small 
spheres which apparently were fused particles of soil. 

The particle size distribution for material collected during each 

pass through the explosion clouds was determined. There were no parti¬ 

cles greater than four microns in diameter collected by the impactor or 

the molecular filters and the majority of the particles were below one 
micron. 

Partidos as large as 50 microns in diameter were collected by 

filters mounted on the exterior of the plane. There was no evidence of 
fracturing o^ the ultimate particles of the soil. 

The clouds had become quite stable with respect to composition and 
particle size distribution within two minutes after the explosion had 
occurred. 

V 



COMPOSITION OF CLOUDS FORMED BY TNT EXPLOSIONS 
(HE TESTS - OPERATION JANGLE) 

1.1 INTRODUCTION 

covers an experimental study of the cloud resulting from 

takennaerSrOUn? ^ ^fP1®510113- The experiments reported here were^iinder- 
0Í íhe broad sene‘'11 °f explosion phenomena. A 

^ f.thi8,ge^eral study is concerned with predictions in regard to the 
cloud of explosion products formed by an underground atomic explosion. 

formeiTh bafis.for such Predictions, information regarding the cloud 
formed by HE explosions is of value. 

nHne?n!irtti0? í® an extensive experimental program, consisting 
NevaHaPpily* °f n^cl®ar exPl°sions planned at an early date for the 
ÎLr. da Ground of the Atomic Energy Commission (Yucca Flat - Site 
Mercury). Prior to the nuclear tests Operation JANGLE included four high 
explosive^(HE - TNT) tests during August and September of I95I. These 

Sr thÍ°nn!o 8 0C.Cur.red ^ the “mediate vicinity of the sites to be used 
for the nuclear tests, and thus gave an excellent opportunity to obtain 

cloudsnfwith the ComP°sition of underground TNT explosion 
sultine from ÎU V ^ter correlation v'ith similar clouds re¬ sulting from underground nuclear explosions. 

*hThÍS Ï^P?1* Prints the results obtained from the airborne sampling 

JANGLE ^Sch ?eet dH o^lting from tests IiE-3 and ^ of Operation JANGLE. Each test used 2560 pounds of TNT (Dugway 0.2 scale) For HF T 

Îe:teCd orngetLenter ^ ^ the th^c^ge rested on the ground surface for H&-4 (surface shot). HE-3 was fired if 
September 1951 and HE-4 was fired 9 September I951. 5 

hv +JÏ8 techfi2ue8» Procedurea> and equipment used for the work covered 
SlÏÏqo ?0rt íave ?ef? fully de8Cribed by Technical Report No. 2 of 
01¾ Ü51 i°r!riüß sirrll&T tests conducted on three underground TNT ex¬ 
plosions at the Dugway Proving Ground in MaK I95I. 

hav« hÍ!nd?SÍg!Í4 exacution> and reporting of the dust cloud experiments 
Wilde? r r.esPoi;sibility of R- d. Cadle and lir. Arthur 
Wilder. Dr. R. B. Vaile, Jr. was responsible for planning the orovram 
and for coordination with the complex activities of Operation JANGLE. 

1.2 SAMPLING EQUIPMENT AND TECHNIQUES 

The sampling equipment consisted of molecular filters, a three-stage 
Sonkin impactor, and a dust camera. ° 

The molecular filters are composed of a mixture of cellulose acetate 

fornia1!??-? ^ supplied ^ Professor Goetz of the Cali? 
Iï 0f Te':hnology. These filters are very efficient for par- 

?? of sub-micron size and j^rmit a rapid flow of air with a very lw 
pressure drop across the filter. y ^ 

1 
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The Sonkin i/npactor was used to collect particles to be studied by 
means of the electron microscope. The impactor has three stages, each 
one consisting of a narrow slit through which the air being sampled is 
drawn. A microscope slide, on which were mounted collodion-covered 200 
mesh screens, was introduced opposite each jet so that the particles in 
the air stream were made to impinge against the collodion-covered screens. 
Later these screens were inserted in the electron microscope in ordei to 
study the particles below about 0.5 micron in diameter. 

The dust camera is a device for determining the concentration, in 
situ, of the particles in an aerosol. The equipment, consisted of a tube 
containing a focusing lens, a high speed photo-flash lamp, and a small 
aperture through which the light passed to a 35-mm caœra. 

A condenser lens, with a central dark field stop, focused the oblique 
light from the flash lamp on the aperture located between the oorrienser 
lens, and the camera lens. The air sample to be studied was drawn slowly 
through the aperture and each particle in the field of focus diffracted 
the light so that it entered the camera and appeared as a small dot on 
the film. By using certain camera constants obtained from earlier cali¬ 
bration experiments it was possible to calculate the number of particles 
contained in each milliliter of air from the number of dots appearing on 
the film. 

These three pieces of sampling equipment were mounted in parallel 
between two manifolds in an aluminum carrying box. Flowmeters were iced 
in series with each instrument in order to control the air flow. The ex¬ 
haust manifold was connected to an air pump driven by an electric motor 
and the intake manifold was connected by means of a flexible (Tygon) hose 
to an aluminum pipe which served as the "probe" through which the sanple 
of air was drawn into the sampling devices. 

This sampling apparatus was installed in an Air Force C-U7 airplane 
supplied by the 2059th Air 'leather Ting. The sampling equipment was 
mounted on a laboratory bench in the airplane and the aluminum probe ex¬ 
tended about one foot above the top of the fusilage and was bent toward 
the front of the airplane. 

A fourth dust sampler, designed to collect much larger quantities of 
particulate material than any of the above mentioned samplers, had pre¬ 
viously been mounted on the airplane for other tests. This sampler was 
a filtering device which depended upon the speed of the airplane to force 
the air through the filters. 

The airplane arrived at the site of the explosions before -.ch test 
and had radio communication with the ground party. The plane circled the 
site at a distance of about 3 miles so that when the charge exploded the 
pilot turned and flew immediately into the body of the cloud. The pilot 
sounded a bell approximately 10 seconds before entering the cloud, upon 
entering the cloud, and upon leaving the cloud. Sampling was started at 
the 10 second bell and was continued for 20 seconds after leaving the 
cloud. A new molecular filter was used for each pass. The impactor sam¬ 
ples were cumulative for all passes through each cloud. Six passes were 
made through the cloud from the HE-3 shot and four passes through ttert 
from the HE-/* shot. 



The time re .uired to leave the cloud, neke a complete turn, and re¬ 
enter the cloud was about 2 minutes, ^en the sampling was complete the 
airplane was flown through clean air while ''blanks'' were obtained on the 
sampling devices. Practically no particulate matter was collected during 
these blank sampling runs. 6 

During these sampling flights the copilot imde a record of tine in 
the clouds and the altitude of each pass. His records for the two shots 
are shown as Tables A,1 and A«2 

1.3 GEHERAL OBSERVATIONS CCHCERrilhG FLIGHTS 

Generally explosion clouds from charges such as these consist of 
essentially two parts: a central portion which is blown upward rapidly 
and a later and roughly circular rolling lower cloud caUed the base 

íl11163! fLLShts a11 of the sampling was carried out by passing 
through the central cloud. ^ 

I'hi^h w?s suri,ace charge, produced a characteristic 
cloud with a central column and a very small base stirge. 

Test HE-3, the buried charge, at first sent up a large column sev¬ 
eral hundred feet high. After about one-half minute the entire column 
seemed to draw back to earth, becoming almost entirely base surge which 
was about 50 feet high. The plane was 300 feet above the ground when the 
explosion occurred and it dropped down to about 75 feet, at which eleva¬ 
tion it passed over most of the cloud. The pilot felt it was unsafe to 
pass through the body of the cloud during the first and second passes. 
About a minute after the explosion the cloud began to dissipate and to 

^ subsequent passes through the cloud were nade at 300 
to ¿00 feet above the ground. A faint cloud of diet was still visible 
from the air about 20 minutes after the explosion. Observers on the 
ground reported that the cloud had almost completely disappeared only a 
few minutes after the explosion. ^ 

1.4 RESULTS 

r™. ♦w!,%???'eCUlÄr Were rendered transparent by means of a solvent 
for the filters so that the particles collected could be studied on a 
microscope stage using transmitted illumination. These filters were also 
examined thoroughly at 500 X magnification using an "Ultropak" vertical 
illuminator. The use of incident light made it possible to distinguish 
between carbon particles and soil particles. 6 

The concentrations of particulate naterial within the cloud are 
shown in Table A.7. Tables A.4 and A.5 give the particle size distribu¬ 
tion of particles collected on molecular filters during tests HE-4 and 
HE-3, respectively. Concentrations indicated by the diet caœra may rep¬ 
resent the concentration near the edge of the clouds. The concentrations 
calculated from the number of particles collected with the molecular fil¬ 
ter are an average concentration across the cloud. The figures given 
represent only the concentratione of particles larger than about 0.3 
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micron. Smaller particles could not be observed with the optical micro¬ 
scope and were not measured by means of the dust camera. The dust camera 
data for the sub-surface shot (HE-3) were considered unreliable and are 
omitted from Table A.7. As will be shown below, most of the particles 
are smaller than 0.3 micron and, therefore, are not included in these 
figures. 

Table A.3 gives the particle size distribution for four samples of 
soil taken from several different depths at the site of these tests.1 
1116 last column in Table A.3 give« the particle distribution for the 1 
foot deep sample after it had been blown into a large settling chamber to 
simulate conditions in an explosion cloud. 'Itiis aerosol was then drawn 
through the same equipment that was used in the airplane and samples were 
caught on the molecular filter and on the first stage of the Sonkin impac- 
tor. 

Most of the material from the explosion clouds collected on the molec¬ 
ular filter was either unchanged soil or black particles which appeared 
to be decomposition products of the TOT. 

The material collected by impaction was examined by means of the elec¬ 
tron microscope at a magnification of 5000 X. This raterial seerad to con¬ 
sist almost entirely of unchanged soil. Electron micrographs of the 1 foot 
deep soil sample from the site of HE-3 test were used for comparison. No 
significant differences in size or shape cf particles were noted. 

The particle size distribution of material collected by means of the 
impactors from the explosion clouds and from the laboratory dispersions 
is given in Table A.6. The particle size distribution mode for the sub¬ 
surface shot v«.s about 0.2 to about 0.3 micron and was the same for the 
laboratory dispersed saiqole from site HE-3. These data indicate that 
there were no significant differences between the size distributions of 
particles collected from the cloud and those collected from the dispers¬ 
ing apparatus in the laboratory. The particles shown by the electron mi¬ 
crographs appeared to be mostly ultimate particles, that is, there were 
very few aggregates. 

The data in Tables A.4 and A.5 for the particle size distribution of 
particles caught on the molecular filters show that the cloixis were quite 
stable at the time the airplane first entered them. Very little change in 
particle size distribution took place after the first pass. Carbon paro¬ 
tides made up most of the large particles, and the proportion of carbon 
to soil particles decreased rapidly with decreasing particle size. 

1. An aqueous suspension of this soil had a pH of about 9. This soil also 
effervesced violently when added to dilute hydrochloric acid arxi ap¬ 
pears to be a mixture of liwiestone, sand, and some low grade clay, 

2. V/arpage cd' the plastic impactor, as a result of high temperatures in¬ 
side of the airplane, caused contamination of the impactor slides dur¬ 
ing the surface shot (HE-4) *nd consequently no reliable impactor data 
are available for comparison with the sub-surface shot (HE-3). 

4 
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Relatively few particles collected by the impactcr or the molecular 
fi1 eLS eJCeed*d ^ ferons in size. The fUtering devices installed on 
the exterior of the airplane collected considerable quantities of parti- 

tCh!n H?H^rge 5°,miC^!# These filters samPled at a ™ch faster rate 
ïït ^fi^/ilters or the impactor arxi the fibers constitut- 

fí-lter were very coarse. Therefore, no attest was made 
f?rtiCï?,f0nCentratior« or size distributions of the material 

collected by these filters. 

1.5 GENERAL CONCLUSIONS 

.... I'. ^ clo'ids from the TNT explosions consisted mainly of unchanged 
soU and decomposition products of TNT. Also present in both clouds were 
a very few spheres of fused soil. 
., . J* P* cî-oud3 ted become quite stable with respect to particle size 
distribution and composition within 2 minutes following the explosions. 

3. The composition of the 2 clouds was about the same, but the con- 
c.loud from the sub-surface (HE-3) explosion was slightly 

greater than that from the surface (HE-4) explosion. 8 7 
unexni^H w8 differ«n?® ln Particle size distribution between 
unexploded soil from the site and the material caught in the clouds. Most 

Particles appeared to be discrete and very few aggregates were ob- 
served. Apparently the explosions produced little shattering of the ul¬ 
timate particles in the soil. 

5. The airplane filters caught particles as large as 50 microns but 
the majority of the particles cau^it on the molecular filters and in the 
impactor were less than 4 microns in diameter. 

r/<i L * 
> ¿1 ¿ A-í b i { 
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AFPEIDIX A 

TADLE A.l 
Flight Record of the HE-4 Test (Surface) 

(9 September 1951) 

Pass Number Position with Respect 
to Cloud 

Tims Altitude of Airplane 
above Ground (feet)a 

— Time of Explosion 10:40:00 — 

1 (Entering Cloud) 
(Leavir^ Cloud) 

10:41:36 
10:41:40 

700 

2 (Entering Cloud) 
(Leaving Cloud) 

10:43:47 
10:43:51 

650 

3 (Entering Cloud) 
(Leaving Cloud) 

10:46:00 
10:46:17 

1200 

4 

— 

(Entering Cloud) 
(Leaving Cloud) 

10:47:56 
10:48:15 

1400 

a Elevation of shot site was about 4200 feet above mean sea level. 

7 
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TABLE A.2 
Flight Record of the HE-3 Test (Sub-surface) 

(15 September 1951) 

Pass Number Position with 
Respect to Cloud 

Time Altitude of Airplane 
above Ground (feet)a 

lb 

2b 

3 

4 

5 

6 

Time of Explosion 

Entering top edge 
Leaving " " 

Entering " " 
Leaving " " 

(Entering Cloud) 
(Leaving Cloud) 

(Entering Cloud) 
(Leaving Cloud) 

(Entering Cloud) 
(Leaving Cloud) 

(Entering Cloud) 
(Leaviiç Cloud) 

9:45:00 

9:46:05 
ca. 9:46:09 

9:47:52 
ca* 9:47:56 

9:49:49 
9:49:57 

9:51:50 
9:52:05 

9:53:00 
9:53:05 

9:54:00 
9:54:05 

75 

300 

300 

300 

400 

400 

Elevation of shot site was about 4200 feet above mean sea level. 
Ulssed body of cloud* 

8 

a 
b 
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TABIE A.3 
Particle Size Distribution of Soil taken from Several Sub-surface 

Levels at the Site of Test HE-3 (Sub-Surface Shot) 

a Thia aanple was blown into a large settling chamber and the effluent 
was drawn through the airborne sampler and caught in a molecular 
filter* 

9 
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TABLE A.4 
Particle Size Distribution of Particles Collected on Molecular Filters 

HE-4 Test (Surface) 

Size Range 

Microns 

Percentage of Total Particles 
in Each Size Range 

Percentage of Total Particles 
in Each Size Range 
’Thich are Carbon 

1 

1-2 

2-4 

4-8 

8-12 

Pass Nunfcer Pass Number 

12 3 

90.5 91.0 98.0 

4.8 3.2 0 

4.4 5.2 2.0 

0.5 0.6 0 

0.3 0 0 

12 3 

6.3 4.7 5.9 

60.0 54.5 — 

78.0 44.5 33.3 

100.0 50.0 — 

100.0 — — 

14. Ia 8.7a 6.5a 

a These figures represent the percentage of all particles counted which 
were carbon* 

10 
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TABLE A.5 
íarticle Size Distribution of Particles Collected on Molecular Filters 

HE-3 Test (Sub-surface) 

a Passes 1 and 2 missed main body of cloud. 

b These figures represent the percentage of all particles 
counted which were carbon. 
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TABI£ A.6 
Particle Size Distribution for Particles Collected with the Irapactor 

From the Explosion Clouds and from Laboratory Dispersed Soil 
From Site of Test HE-3 

(From Electron Micrographs) 

Size Range 
Microns 

Percentage of Particles in Each Range 
(1st Stage Impactor Cnly) 

0.05 

0.05 - 0.1 

0.1 - 0.2 

0.2 - 0.3 

0.3 - 0.4 

0.4 - 0.5 

0.5 - 1.0 

1.0 - 2.0 

2.0 - 3.0 

HE-4 
Surface 

HE-3 
Sub-Surface Sample from Site HE-3 

a 

0 

6.3 

19.1 

30.2 

12.7 

7.9 

15.8 

7.9 

0 

1.4 

12.6 

14.0 

17.5 

10.5 

8.3 

27.3 

7.6 

0.8 

a Warpage of the inpactor as a result of high temperature inside the 
airplane resulted in contamination of the slides during this test« 

b. This sample was blown into a large settling chamber and the effluent 
was drawn through the airborne sampler and caught on an electron 
microscope screen in an ispactor. 
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TABIE A.7 
Concentration of Particles Larger than About 0.3 Micron 

In the Explœion Clouis 

a Dust camera raUflred. 

b Airplane missed main part of cloud 

13 
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ABSTRACT 

A series of HE Tests was planned at the Nevada Test Site pre¬ 
paratory to the nuclear explosions in Operation JANGLE. These HE shots 

viere designed to obtain, under similar conditions, data to be used as 

a basis for making predictions concerning the phenomena to be studied 
during the nuclear explosions. 

The HE program, as originally conceived, was expanded to permit 

further study of the base surge and crater phenomena. 

Ten HE shots (a total of thirteen explosions) were conducted in 
the upper Yucca Flat and Frenchman Flat areas. 

Practically all of the instrumentation by the various participat¬ 

ing agencies was done on the first series (HE-l through HE-4). With a 

few minor exceptions, all instrumentation performed in a satisfactory 
manner. 

Shot HE-2 consisting of /<0,000 pounds of TNT was fired with the 

c. g. 4.63 feet below the surface. There was a high order of detonation 

and the shot was completely successful. The following indications were 
noted as a result of this shot: 

a. The ground acceleration phenomenon falls at a different 

attenuation factor than anticipated in the predictions from 

Lampson's work. This factor more nearly fits a square function 
than a fourth power law. 

b. There is good agreement between the HE-l and HE-2 results and 

it should be possible to extrapolate from HE to the nuclear. 

c. Air blast has scaled from 1 pound of TNT to the large HE shots 

and should continue to the nuclear range. Air pressure 

measurements showed a true blast wave. Considerable under¬ 

ground shock can be anticipated from the air blast. 

d. The various methods of measurement between different agencies 

were in excellent agreement. There should be no question 

concerning the measurement technique on the nuclear tests. 

Meteorological data was carefully recorded for each shot in order 

to study the base surge and fall-out phenomena, pie pan dust collect¬ 

ors were used on some of the áiots for a simplified study of fall-out. 

- Tii - 
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The base surge formation in HE-7 was so slight that it was not 

considered necessary to fire additional shots to confirm the curve in 
Figure 1.1. 

It was tentatively concluded that there is little difference in 

the above ground activity produced by TIJT and lentolite. 

It is certain that some minimum density of soil is required in the 

plume in order to produce the downward sweep of dust which, at ground 

level, moves outward as a base surge. The density is produced by 

blowing a large volume of earth a relatively short distance up into the 

air. The closer the charge to the surface (smaller values of A.c), the 

smaller the crater and greater the height of plume, hence, lower density 
and less base surge contribution. 

Inasmuch as the phenomenology is so complex and only limited HE 

tests were conducted, it is very difficult to come to any clear-cut 

set of conclusions to use as a basis for predicting what will occur in 

the way of craters and base surges for the nuclear shots. However, on 

the basis of these limited tests, the following guesses are made: 

a. For the surface nuclear shot, a base surge appears very un¬ 

likely. The crater radius should be 80-90 feet while the 

crater depth should be 25-30 feet. The maximum cloud height 
should be 12,000 feet. 

b. For the underground nuclear shot, there will be a considerable 

amount of throw-out at the base of the plume which may be nds- 

taken for a base surge. The probability of a base surge 

appears small. The crater radius should be 140-150 feet; its 

depth should be 50-60 feet. L'axinura cloud height should be 
6,000 feet. 

Since it is an observed fact that the crater diameter is a readily 

scaled parameter for underground TUT explosions, the immediate observa¬ 

tion (photographic or otherwise) of the underground crater diameter 

may be a simple and reliable method for determining equivalent THT 
mechanical yield of the nuclear weapon. 

Of course, if predictions were always right there would be no need 
for experimental programs and field tests. 



ACTION 1 

ITTTODUCnOi; 

1.1 :ix 

corles of In r’e scale Ti IT explosions fired by the Army Corps of 
un; ineerr, at the Duyvjay ¡roving Ground has indicated that a base surge 
formation was .ost nroljable at Ac 5 (Xc = depth to c.g. divided by 
'rv/here ” ic the e ,uivalent ThT weight in pounds) and, vdth decreas¬ 
ing values of \c , the possibility of a base surge decreased so that 
there is a jood chance of no base surge occurring atXc*0.r/. fids is 
shovm diagramat'.cally jja Figure 1.1. 

The series of HE tests at the ¡Jevada Test Site was designed pri¬ 
marily to obtain, under similar conditions, data to be used as a basis 
for i •ahing predictions concerning the phenomena to be studied during 
the nuclear tests of Operation JAHGLE. 

Originally a series of four HE explosions was planned. However, 
before tids series was completed, it was decided to continue the tests 
with a second series with particular attention to the study of craters 
and base surges since plans called for the underground shot to be fired 
at X.c- 0.135 and TIFT charges HE-1 and HE-2 in the first series, vdth 
xc =0.15, liad not produced base surges. The course of action for the 

second scries of shots outlined in Table 1.1 was developed in consulta¬ 
tion with Dr. Herbert bcoville Jr., AF3V.T, Dr. Fete Swift, HGL, and 
GAIT Frank I. Finant, USil, S'TC. 

1.2 LA,PUT OF TESTS 

The original series of :dgh explosive tests (KE-1 through HE-/*) 
was conducted in the JÀkGLE area of upper Yucca Flat at a location 
midway between points S and U. The second series of tests was conduct¬ 
ed in Frenchman Flat about one : die west of the northern half of the 
dry lake. Soil conditions appeared to be similar in the two regions 
C-iul j ri .arily consisted of a powdery sand r.dxed with some gravel. The 
Frenchman Flat site liad a greater number of rocks and Ixjulders. 



PROJECT 1(9)-3 

TABLE 1.1 

Base Sur^e Studies 

The HE-number indicates the number assigned to actually conducted shots. 
^yper Pifht hAná cornar is the charge weight. Lower left hand corner 

is the dirt cover from the top of the charge to the surface, 
given in the lower right. 

Values for V are 

W = 40,000 lb - wV3 = 34.2 

W = 2560 lb — wV3 r 13.68 

- 2 - 

W = 400 lb-fV3 = 7.4 

W = 216 lb-wV3 - 6.0 
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ji:cTic:: 2

T;E IE ii’ETS

I

2.1 SOT IE-1 (Xc»Q.15)

Tills s’not consisted of 2560 jounds of T;:T './ith the center of ■r.?vi- 
ty at a depth of 2.01 feet 'jelow the ground surface. It v;as fii'cd'on 
25 Aui^ust at O9I5 1ST. The detonation up.s of Iiigh order and cor'pletely 
successful.

During; the period L.Luedmtely follo\l/ir the explosion the surface 
wind av^aged aj-proxirF-tely 0 iijih from M 60® E. The surface teinnerature 
was 8b. 5^ F. The relative humidity at the /dr Force '.’eather Station,
18 idles from the site, was 12 per cent. Lmmediately follov.lng the 
detonation there was observed a throw-out of streamers which ai'r.eared 
to travel several hundred feet radially outward. A considerable fall­
out of dirt occurred in the .i-inediate vicinity of the crater. A cloud 
of dust rose to a height of approxiinately I5OO feet and drifted in a 
southv/est direction. This cloud dissipated within 45 idnutes.

;ith a fei7 minor eicceptions, all instrivientation apoarently per­
formed in a satisfactory manner, ilround acceleration measm'ements 
appeared to run from 2 to 20 times the values predicted from theory.
The factor increased v.ith inert'sing distance. This was of consider­
able interest in setting gage ranges for subsequent HE artl nuclear 
shots. This information was also of interest in the la’iout of Fro "ram 
Three structures.

2.2 SHOT IiE-2 (x^=o.i5)

This charge of 40,000 pounds of Ti.T, with the center of gravity 
4.63 feet below the ground surface and the upper edge tangent to the 
earth surface, was fired at O9OO FST on 3 Scjitenber I95I. The detona­
tion was of a high order and completely successful. A considerable 
throw-out was observed. A number of streamers aj ]5eared to travel out 
on trajectories havi.ng elevations between 30° and 45°. The rajority 
of Uie throw-out fell v/ithin 500 feet of gi’ound zero. A large cloud 
of dust, starting with a 500-foot diameter rose to an estii/ated height 
of 2,000 to 3,000 feet. Tnis cloud 1 .oved slowly north and was ob­
served over the iindex-ground site one hour and fifteen minutes after 
firing. A considerable fall-out occurred in the innetiiate vi cinity ol 
ground zero and continued along the >jath of the cloud iiove-ment. a” 
aefinite darliening of the ground was observed out to 2,500 feet in a

- 4 -
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TABLE 2.1 

Pennanent Displacements, Shot HE-1 

Radial 
Distance 

5 5CP E N 80° E S 85° W N 5° W 
ar AT AR AT AR AT AR AT 

28.00 
32.00 
36.00 
A0.00 
A4.00 
48.00 
52.00 
56.00 
60.00 
64.'00 
68.00 
72.00 
76.00 
80.00 
84.00 

.34 

.19 

.18 

.15 

.15 
D 

.20 

.12 

.10 

.10 

.11 

.11 

.11 
, .10 

.10 

0.03 
0.06 
0.04 
0.03 
0 

D 
0 
0 

-0.01 
0 
0 
'■N 
'J 

0.02 
0.02 
0 

0.21 
0.09 
0.02 
0.01 
0.01 
0.01 

-0.01 
-0.01 
-0.02 
-0.03 
-0.03 
-0.02 

0 
0 
0 

-0.12 
-0.12 
-0.13 
-0.13 
-0.08 
-0.02 
-0.08 
-0.06 
-0.05 
-0.05 
—f1 • 04 
-O.04 
-O.04 
-0.03 
-0.05 

0.53 
0.42 
0.18 
0.12 
0.09 
0.09 
0.04 
0 

-0.02 
D 

-0.01 
-0.03 

0 
-0.02 
-0.02 

0.15 
0.13 
0.15 
0.17 
0.19 
0.19 
0.19 
0.24 
0.25 

D 
0.22 
0.22 
0.22 
0.24 
0.26 

0.43 
0.29 
0.13 
0.05 
0.02 
0.04 

-0.07 
-0.11 
-0.06 
-0.06 
-0.11 
-0.07 
-0.08 
-0.11 
-0.10 

0 
0.04 
0.09 
0.10 
0.05 
0.08 
0.09 
0.10 
0.07 
0.08 
0.12 
0.07 
0.08 
0.09 
0.09 

A R* Radial Displacements - Positive in direction away from ground zero 
in feet. A T = Tangential Displacements - Positive is left of 

radial line in feet. D = Damaged Stake. 

TABLE 2.2 

5 
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Pig. 2.1 Average Crater Contours for 40,000 Pounds of HIT on Shot HE- 
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northerly direction. A crater remained which had a diameter of approxi¬ 

mately 30 feet and a depth of I5 feet. A careful excavation was made 

to remove the fail-back material, however, the earth shattered to such 

an extent that no ^ood data could be obtained. One hard spot was loca¬ 

ted at the center approximately ll| feet below the level of the appar¬ 
ent crater. 

Information on winds aloft at the test site just prior and after 

the detonation is given in Table 2.3. 

TABLE 2.3 

Wind Data, Shot HE-2 

TI}£ - 0845 TliŒ - O9I5 
Altitude Above 

Ground (Feet) 

Velocity 

nph 

Wind Fron Altitude Above 

Ground (Feet) 

Velocity 

mph 

Wind From 

0 

1300 

2300 

3600 

/,600 

56OG 

5 
7 

A 

3 

9 
12 

S 

S 

S 

s 
S 30° E 

S 30° E 

-- 

1000 

2200 

3400 

5600 

7800 

10,600 

6 

4 

3 
14 

7 

15 

S 
S 20° E 

S 10° E 

S 20° E 

S 40° E 

S 20° E 

S 45° W 

The surface temperature at the time of the explosion was 30.6° F and the 

relative humidity was 11 per cent. 

As a last minute attempt to obtain some crude information on the 

close-in fall-out, 36 pie pans were distributed around the target area. 

Information from the pie pans as well as the observed distance of the 

ground discoloration (carbon fall-out) is given in Table 2.7. 

Instrumentation performance was excellent as there were practically 

no failures. Performance was such that the Naval Ordnance Laboratory 

and the Ballistic Research Laboratories did not require additional tests 

(HE-3 and HE-4) prior to the nuclear shots. The Stanford Research 
Institute fully instrumented the remaining tests. 

Results are reported by the participating agencies^ However, some 

tentative indications follow: 

a. The ground acceleration phenomenon falls at a different attenua¬ 

tion factor than anticipated in the predictions from Lampson's 

work. This factor more nearly fits a square function tlian a 

_fourth power law. 

^ See project reports of the Naval Ordnance Lanoratory, the Ballistic 

Research Laboratories, Stanford Research Institute, and the David Taylor 

Model Basin published in the JANGLE report series. 

- 7 - 



PROJECT 1(9)-3 

TABLE 2.L 

Permanent Displacements 
(Hubs on S 20° W Blast Line) 

Shot HE-2 

Radial Distance 
From Zero, Pre-Blast 

Final Position, Post-Blast 
North East Elev ( +Up) 

! 59.09 
71.06 
86.05 

102.67 
123.70 
147.61 
177.86 
217.03 
262.17 
314.98 
378.25 

-1.03 
-0.53 
-0.10 
-0.08 
0.05 
0.08 
0.07 
0.03 
0.01 
0.01 

-0.02 

0.22 
-0.09 
0.29 

-0.40 
0.14 
0.08 
0.05 
0.05 

-0.02 
-0.04 
-0.10 

0.38 
0.28 
0.07 
0.04 
0.03 
0.03 
0.02 
0.03 
0.03 
0.03 
0.02 

b. There is "ood agreement between the IE-1 and HE-2 results and 
it should be possible tc extrapolate from JE to the nuclear. 

c. Air blast has scaled from 1 pound of TUT to the large HE shots 
and should continue to the nuclear range. Air pressure measure¬ 
ments showed a true blast wave. Considerable underground shock 
can be anticipated from the air blast. 

d. The various methods of measurement between different agencies 
were in excellent agreement. There should be no question con¬ 
cerning the measurement technique on tie nuclear tests. 

e. HE-2 crater contours are shown in Figure 2.1. 

2.3 SHOT IE-4 (^ = -0.15) 

This charge, the third in order of firing, consisting of 2560 
pounds of TNT, was fired at 0940 PST on 9 September 1951. Its center 
of gravity was 24^ inches above the ground surface with the lov/er edge 
tangent to the earth surface. The detonation was of a hi#i order. 

A cloud of dust was raised from the earth's surface to heights 
estimated by observers to be between 1,000 and 1,500 feet. This cloud 
traveled in a southerly direction and was dissipated within a half hour. 
The prevailing winds which have been observed by test personnel in this 
location are from the south. On two occasions the wind has been from 

- 8 - 
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TABLE 2.8 

Wind Data, 0 to 11,010 Feet Altitude, Shot HE-zf 

Altitude ^ 
_TIME - 0930_ _TIME - 0950 

Windc 
Direction 

Wind4 
Velocity 

Wind 
Direction 

Wind 
Velocity 

0 
1170 
2310 
3450 
4560 
5670 
6700 
7830 
8910 
9960 . 

11,010 

090 
020 
020 
020 
360 
310 
290 
290 
290 
300 
320 

15 
21 
24 
21 
15 
16 
17 
21 
23 
18 
10 

020 
020 
010 
350 
300 
300 
310 
310 
320 
350 
340 

13 
16 
14 
10 
15 
19 
a 
22 
16 

9 
9 

TABLE 2.9 

Wind Data, 12,030 to 19,800 Feet Altituie, Shot HE-4a 

Altitude13 
TIME - 0930 TINE - 0950 

Wind0 
Direction 

Wind 4 
Velocity 

Wind 
Direction 

Wind 
Velocity 

12,030 
13,020 
14,010 
15,000 
15,960 
16,920 
17,880 
18,840 
19,800 

330 
340 
340 
340 
340 
350 
350 
360 
010 

8 
13 
15 
26 
30 
25 
34 
34 
30 

UJ
 u

j 
o

 o
 o

 o
 

9 
9 

16 
23 

a 
The surface temperature at the time of the explosion was 84.2° F arel 

jthe relative huinidity was 12 per cent, 
expressed in feet above ground surface. 

^360° -N, 90° »E. 
Expressed in miles per hour. 
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the north. By coincidence, these were the days of tests HE-1 and HE-4. 
Since the winds were gusty, any individual set of observations may not 
give a completely true picture, however, some readings taken just prior 
and after the detonation are given in Tables 2.8 and 2.9.

Some aerial dust sairples were collected by a C-47 equipped with 
Stanford Research Institute filters. Pie pan collectors were used for 
ground fall-out measurements. Results are given in Taole 2.10. There 
appears to be no consistency in these measurements and this may be 
attributed to the nature of the wind at the time of the test and be­
tween the tiriB of tlie test and collection.

The Stanford Research Institute performed all medium instrumenta­
tion. Recording v;as TX) per cent successful with the exception of one 
air pressure gage which was damaged by the blast. A hasty examination 
of the records indicated that there may have been a larger coupling 
than was anticipated.

TABLE 2.11

Permanent Displacements 
(Hubs on S 50° W Blast Line) 

Shot KE—4

Radial Distance 
From Zero. Pre-Blast

Final Position, Post-Blast
north East Elev ( +Up)

23.48 0.06 -0.14 -0.04
28.56 0.03 0.05 -0.04
33.93 0 0.02 —0.06
41.17 0.02 -0.08 -0.06
44.59 0.03 -0.06 -0.04
59.06 -0.01 -0.01 -0.06
71.08 -0.01 0.10 -0.05
85.82 0.02 -0.03 -0.05

102.63 0 -0.02 -0.03
148.32 0.05 -0.06 -0.05

2.4 SHCrr HE-3 (x^ =0.5)

Shot HE-3 (the fourth in order of firing) was a charge of 2560 
pounds of TUT with the center of gravity 6 feet 9ii inches belcw ground 
surface and tlie upper edge 4 feet 9 inches below the ground surface.
It was fired at 0840 rST on 15 Septenber 1951. The detonation was of 
a high order and completely successful*

- U -
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TABLE 2.13 

Crater Data, Shot HE-A 

R a 5° K R N 50° E R S 85° E R S 40° E 
Ea Er Ea Er Ea Er Ea Er 

0 

2 

5 

8 

25 

51 

84 

-1.9 

-1.9 

-0.1 

0.2 

-0.1 

-0.1 

-0.1 

-2.1 

-2.1 

-1.5 

0.2 

0 

2 

5 

8 

14 

30 

87 

-1.9 

-1.9 

-0.3 

0.2 

0.3 

0.2 

0.4 

-2.1 

-2.0 

-0.9 

0 

0.2 

0 

2 

5 

7 

27 

47 

-1.9 

-1.9 

-0.2 

0.7 

0.2 

-0.7 

-2.1 

-o.0 

-1.1 

0.4 

0 

2 

6 

9 

31 

55 

-1.9 

-2.0 

-0.1 

0.2 

-0.2 

0 

-2.1 

-2.2 

—0.4 

0.1 

R S 5° W R S 50° M R N 85° V R N 40° V 
2a Er Ea Er Ea Er Ea Er 

0 

2 

6 

9 

24 

61 

-1.9 

-2.1 

-0.2 

0.2 

0 

0 

-2.1 

-2.2 

-1.2 

0.1 

0 

2 

6 

8 

22 

-1.9 

-1.8 

-0.4 

0.1 

0.1 

-2.1 

-1.9 

-1.2 

-0.1 

0 

3 

5 

8 

28 

56 

-1.9 

-1.6 

—0.4 

0.1 

-0.1 

0 

-2.1 

-1.8 

-0.6 

-0.2 

0 

2 

6 

7 

23 

50 

-1.9 

-1.9 

-0.3 

0 

—0.2 

-0.2 

-2.1 

-2.0 

-1.3 

-0.2 

R = Radial distance in feet. 

Ea - Apparent crater elevation (+ up) 

Er = Real crater elevation ( +up) 

16 
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Inforration on winds aloft ft the test site Just prior and after 
the detonation of HE-3 is given in Table 2,14., 

TnBLL 2.14 

h’ir.d Data, Shot HE-39 

Altitude*3 
TIj_ 0930 TEE 0950 

wind0 
Direction 

hihdO 
Velocity 

»,Tindc 
Direction 

b'indu 
Velocity 

0 
1,170 
2,310 
3,450 
4,560 
5,670 
6,750 
7,830 
8,910 
9,960 

15,000 
16,920 
20,760 

050 
050 
070 
090 
xo 
080 
090 
110 
130 
140 

16 
17 
13 

8 
9 
9 
7 
7 
6 
7 

030 
030 
050 
070 
080 
080 
070 
080 
150 
130 
150 
130 
260 

18 
27 
24 
17 
10 

6 
6 
7 
7 
7 

12 
2 
7 

a The surface temperature at the time of the explosion vías 76.4° F and 
the relative humidity was 32 per cent, 

b Expressed in feet above ground surface. 
c 360° = N, 90° * E. 
d Expressed in miles per hour. 

A considerable throw-out was observed as the result of shot HE-3 
with trajectories between 30° and 45°. The majority of this throw-out 
appeared to fall within a few hundred feet of ground zero. A crude 
examination of the ground around point zero after the shot gave the 
large particle count per square foot as shown in Table 2.15. 

A number of rocks fell at distances greater than 280 feet. One 
rock, approximately 1;. inc’ies in diameter and weighing 114.9 grams, 
was observed tò fall 3,500 feet from ground zero. 

- 17 
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TABLE 2.15 

Large Particle Count Around Zero, Shot HE-3 

Max. Dimension Inside 70 ft 70 ft-140 ft 140 ft-210 ft 210 ft-280 ft 

4 inches 

2 inches 

1 inch 

7 
16 

27 

1/10 

2 

6 

Hone 

1/5 
1 

None 

1/10 

1/5 

The explosion appeared to break through the ground in a manner 

similar to that observed for the previous tests (HE-1, HE-2, Dugway, 

etc.). The plume rose to approximately 500 feet. At a time between 

10 and 20 seconds after the explosion, a base surge formation appeared 

through the throw-out dust. Initially, this base surge had equal di¬ 

mensions around the zero point, however, in short order the upwind travel 

ceased and the surge moved with the wind in a southwest direction. The 

plume almost immediately descended into the surge so that the height of 

the dust cloud was approximately 100 feet. The downwind (leading edge) 

of the base surge reached the 2,000 foot mark 50 seconds after the deto¬ 
nation and reached 5,000 feet 2 minutes and 20 seconds after the zero 

time. Between one and two minutes after the detonation, the surge ex¬ 

panded sc that the top was roughly at 500 feet as the cloud passed the 
5,000 foot mark. Travel in a direction normal to the direction of the 

wind was similar on both radii. By the time the surge reached the 

5,000 foot mark, the "normal" diameter was estimated by observers to 

be between 3,500 and 4,000 feet. The upwind face of the surge followed 

the cloud movement and was estimated to be approximately 750 feet in 

the direction downwind from ground zero at 2 minutes and 20 seconds 

after zero time. The base surge eventually became an appreciably sized 

cloud of dust. It was 500 feet high at 5 minutes after zero time and 

was moving in the southwest direction. It was observed in a somewhat 
diffused condition 30 minutes after the blast. 

Some samples of dust were collected on shot HE-3 by a C-47 equip¬ 

ped with Stanford Research Institute filters. Eighty four pie pan 

collectors, such as those used for shots HE-2 and HE-4, were used for 

ground fall-out measurements. Results are given in Table 2.16. 

The Stanford Research Institute performed all medium instrumenta¬ 
tion on shot HE-3. 
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TABLL 2.17 

Crater Data, Shot lIL-3 

R W f E U 5CP E S 'f E S 40° E 

0 

3 

9 

13 

35 

23 

36 

Ea 

-10.8 

-10.8 

- 8.0 

2.1 

0.1 

Er Ea 

-11.0 

- 8.3 

10.8 

-10.8 

1.0 

0.1 

4.9 

1.3 

0 

L.r Ea 

11.0 

5.6 

0.7 

0 

10.8 

-10.9 

- 5.5 

1.8 

0.1 

i^r Ea 

11.0 10.8 

-10.9 

Lr 

11.0 

- 5.9 

1.4 

0.1 

- 5.9 

0.8 

0.1 

- 6.3 

- 0.3 

0.1 

s ? v; S 50° W N 85° ',7 N 4CP V/ 

0 

3 

9 

13 

15 

23 

36 

Ea 

-10.8 

-10.8 

5.9 

0.8 

0.1 

Er Ea 

11.0 

- 6.5 

- 1.2 

0.1 

-10.8 

- 10.5 

- 6.1 

1.6 

Er Ea 

-11.0 -10.8 

- 6.8 

- 0.3 

- 5.2 

1.0 

0.1 

Er Ea 

-11.0 

-5.9 

- 0.1 

0.1 

-10.8 

- 6.9 

- 5.5 

1.1 

Er 

-11.0 

- 7.6 

- 6.1 

0.5 

R = Radial Distance From Zero In Feet. 

Ea - Apparent Crater Elevation In Feet. 

Eri Real Crater Elevation Ir Feet. 
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TABIE 2.18 

Permnent Displacements 
(Hubs on S 50° W Blast Line) 

Shot HE-3 

Radial Distance 
From Zero, Pre-Blast 

Final Position. Post-Blast 
North East Elev (+ Up) 

28.70 

34.04 

41.17 

49.30 

59.04 

71.17 

85.53 

102.68' 

148.13 

178.22 

-1.59 

-0.02 

-0.C1 

0.01 

-0.04 

-0.02 

-0.07 

0 

-0.05 

0 

-O.56 

-0.31 

-0.05 

0.02 

0 

-0.09 

0.02 

-0.01 

0.01 

-0.01 

O.58 

0.12 

0.07 

0.03 

O.O4 

0.01 

0.01 

-0.01 

0.01 

0 
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2.5 SHOT iiE-5 (xc=û.30) 

PROJECT 1(9)-3 

Shot HE-5 vias the first of the second series of shots since only 
four were planned originally. The first four shots were fired in 
upper Yucca Flat and this second series was fired in Frenchman Flat. 

On 30 September 1951 at 0800 1ST, shot HE-5, consisting of 2560 
pounds of TFT, was fired. Observers noted a considerable throw-out 
cf streamers in the initial phases. A column of dust estimated to be 
80 feet in diameter rose to between 450 and 500 feet. At 10 seconds 
after the detonation a base surge was observed to form. This surge 
traveled outward reaching a 500 feet radius in 30 seconds and a 750 
feet radius at one minute. The central plume appeared to form one 
mammoth cloud cf dust which floated away with the wind. 

Camera stations were placed 5,000 feet east and 5,000 feet south 
of the center point cf the explosion area. HE-5 was fired 100 feet 
S 22° E of the center of the explosion area. 

Camera targets consisting of boards 8 feet square liaving alter¬ 
nating two feet s .uares were placed on lines through the center of the 
explosion area and at ri^it angles to the line of camera si^it as 
follows: 1,000 feet northj west and east; 1,615 feet south. 

Crater and weather data are shown in Tables 2.20 and 2.21. 

2.6 SHOT HE-6 (Xr=0.22) 

At 0800 PST on 2 October 1951, shot HE-6 consisting of 2560 
pounds of TNT was fired. As in previous shots, a considerable throw-ou 
out was noted in the initial phases. A number of sir to ten inch bould¬ 
ers was found up to 200 feet frem the crater. A careful exar.dnation of 
the photographic records will be required to differentiate the degree 
of throw-out between shots HE-5 and HE-6*. The dust column rose to 
between 600 and 700 feet in the first 10 to 15 seconds. At eight sec¬ 
onds after the detonation a base surge was obsarved through the throw- 
out. Tliis surge was of less magnitude than those previously produced. 
The actual travel, as a base surge, was something over 500 feet which 
was reached in 50 seconds. The ultimate height, as a base surge cloud, 
was about 200 feet. The central plume remained above the base surge. 
h horizontal shear was noted at an altitude cf approxir,lately 450 feet 
with the surge cloud moving in one direction and the top of the plume 
in another. 

Camera stations were placed 5,000 feet east and 5,000 feet south 
of the center point of the explosion area. 

$ This information is reported in the report of JAHGIE Project 1(9)-4. 
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ItiBLL 2.21 

’..'eather ¡Jp.ta, Shot HE-5a 

Altitude’0 
_TILE - 07LC_ TILL - ÜG15 

'.,rindc 
direction 

j’ind0 
Velocity 

./indc 
Direction 

'..'indd 
Velocity 

¿'irface Cain Calm Calm! Calm 
1170 
2310 
34 50 
4,560 
5670 
6750 
7130 
-V10 
9960 

11,010 

290 
190 
170 
120 
190 
200 
190 
200 
200 
210 

6 
U 
23 
24 
30 
33 
33 
29 
29 
33 

150 
180 
180 
190 
190 
190 
200 
200 

5 
10 
16 
26 
31 
32 
39 
47 

aTerpcraturc at Ground Level - 56° F. Relative Huiiiidity at Ground Level 
was 51)i. 

TaHLE 2.22 

’leather Data, Siiot ¡¡¿-0a- 

Altitud«*’0 
_TILE - 0755_ TILE - 080¾ 

L’ind0 
Direction 

V/inda 
Velocity 

Lind0 
Direction 

Lindd 
Velocity 

Surface 
1170 
2310 
3450 
4560 
5670 
6750 

180 
230 
230 
210 
230 
21,0 
210 

4 
11 
13 

7 
4 
6 
5 

130 
230 
230 
230 
220 
190 
I90 

4 
10 

7 
18 

3 
6 
7 

3Temverature at Ground Level - 54° F. Relative Humidity at Ground Level 
was 51/0. 

^Expressed in feet above ground surface. 
^360° = N, 90° = E. 
dExpressed in miles per hour. 
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liE-6 ;.as 11 red 75 feet N 23' 
orea. 

ol the center of the explosion 

Camera targets consisting ci ooerds G feet s uare hp.ving alter— 
nating two feet squares viere placed on lines through the center of 
the explosion area and at right angles to the line of cañera sight as 
fellows: 1,000 feet north, vest and east; 1615 feet south. 

'leather and crater data are given in Tables 2.22 arri 2.23. 

2.7 ShCT HW (>^c ^0.19) 

At 07-0 1ST on U October 1951, shot HE-7 was fired, k large 
column of dost was thrown more than 1,000 feet in the air. At 30 
seconds after t: e aetonation tvierc was a. feeble indication of a base 
surge in the throw-out area at the bottom of the column. The top of 
the plane started moving with the wind and at 3 minutes after zero 
tine had drifted 5,000 feet with the wind. One hour after the shot 
the remains of the dust cloud were still visible five to six miles to 
the southwest. 

Camera stations were placed 5,000 feet east arxù 5,000 feet south 
oi the center point of the explosion area. 

IE-7, 2560 pounds of TKT, was fired I50 feet west of the center 
of the explosion area. 

Camera targets consisting of boards 8 feet square having alter¬ 
nating two feet squares were placed on lines through the center of 
the explosion-area and at right angles to the line of camera sight 
as follows: l,o00 feet north, south, east and west. 

Crater and weather data are given in Tables 2.24 and 2.25. 

Tic base surge formation from shot HE-7 was so slight that it 
was not considered necessary to fire any additional shots to confirm 
the curve given in Figure 1.1. 

2.C SHOT HE-S (^ca0.18) 

At 07C0 1'ST on 13 October 1951, shot HE-8 v/as fired. The TNT 
was an assembly of 216 pounds while the Fentolite weighed 177 pounds. 
(See 1 igures 3.1 and 3.2.) The Pentolite explosion was of high order, 
sending a slender colui.in of smoke and dust high into the air and pro¬ 
ducing a magnificent smoke ring. A minor base surge was formed which, 
to observers, appeared similar to that produced by shot HE-6 with x. = 
0.22. The priming was not adequate on the TNT portion of the test 
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TABLE 2.25 

Ueather Data, Shot HE-^ 

PROJECT 1(9)-3 

Altitude*3 
_TIME - 0655 r TT’.ns _ 0705 

Wind0 
Direction 

Wind«* 
Velocity 

Wind0 
Direction 

Wind0 
Velocity 

Surface Calm Calm Calm Calm 
1170 
2310 
3450 
4560 
5670 
6750 
7830 
8910 
996C 

11,010 
12,030 
13,020 
14,010 
15,000 

010 
020 
020 
020 
020 
020 
340 
320 

13 
15 
15 
15 
11 

7 
6 
8 

020 
020 
020 
010 
020 
030 
300 
280 
270 
270 
280 
280 
280 
280 

13 
15 
15 
15 

8 
3 
5 

10 
16 
24 
28 
31 
42 
50 

Temperature at Ground Level - 56° F. Relative Humidity - 1+6%. 

TABLE 2.26 

Weather Data, Shot HE-fl** 

Altitude 
TILE - 0655 TIME - 070«; 

Wind c 
Direction 

Wind0 
Velocity 

Wind0 
Direction 

Wind0 
Velocity 

Surface 140 
020 
020 
030 
050 
050 
050 

3 
7 

14 
15 
10 
10 

8 

080 
010 
010 
020 
050 
040 
050 

6 
7 

12 
12 
11 
11 
11 

720 
1380 
2040 
2670 
3300 
3700 

At 

^Temperature at Ground Level - F. Relative Humidity - 51£. 
"Expressed in feet above ground surface. 

= N, 90° s E. 
aExpressed in miles per hour. 

29 - 



PROJECT 1(9)-3 

TABLE 2.27 

Crater Data, Shot HB-& (Pentolite) 

From North to South From East to '«/est 

Radial 
Distance 

Apparent 
Depth 

Real 
Deptn 

Radial 
Distance 

Apparent 
Depth 

Real 
Depth 

24.0 

15.5 

13.0 

11.2 

8.4 

5.1 

4.0 

1.6 

0 

2.0 

3.0 

6.3 

8.5 

10.9 

13.2 

19.0 

0 

-0.3 

—0.8 

-1.0 

0.6 

2.3 

2.6 

3.3 

3.3 

3.1 

2.8 

0.9 

0.1 

-0.8 

—0.1 

0 

0 

0.1 

0.9 

1.7 

2.2 

3.4 

3.8 

3.6 

4.3 

4.3 

4.0 

3.0 

3.3 

2.8 

0.3 

o 

23.0 

16.1 

12.1 

10.7 

8.5 

5.5 

4.1 

3.1 

1.6 

0 

1.8 

4.0 

5.3 

7.5 

9.3 

10.5 

14.7 

22.8 

0 

-0.1 

-0.3 

-0.9 

0 

1.9 

2.7 

2.8 

3.2 

3.2 

3.4 

2.6 

2.3 

0.6 

-0.5 

-0.7 

-0.3 

0 

0 

0.1 

0.1 

1.7 

2.7 

3.7 

3.8 

3.5 

3.7 

4.3 

4.5 

4.2 

4.2 

3.1 

2.6 

2.2 

0.6 

0 

- 30 - 
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and explosion of rou^ily one half of the charge resulted. Weather data 
will be found in Table 2.26. The TNT crater was not measured but data 
on the Pentolite crater will be found in Tablé 2.27. 

For shot HE-8, the center point of the area was moved 1,000 feet 
south of the center of the area used for shots HE-5, 6, and 7. 

Shot HE-8 (TNT) was fired 100 feet east of the center of the ex¬ 
plosion area, and shot HE-3 (Pentolite) was fired 100 feet west of the 
center of the explosion area. 

One camera station was placed 4,000 feet south of the center point 
of the area. The camera targets (same type as used for HE-5, 6 and 7) 
were located on an 'east-west line at right angles to the line of 
camera sight as follows: 500 feet east, center, and 500 feet west. 

2.9 SHOT HE-9 (X^O.14) 

At 0705 PST on 14 October 1951, shot HE-9 was fired. Both Pento¬ 
lite and TNT produced high order explosions. The above ground activ¬ 
ity appeared similar for both explosions. A considerable throw-out 
was noted which produced a cloud around the base of the plume. The 
cloud had some expansion and a careful examination of the photographic 
records will be required to determine if there was any base surge con¬ 
tribution, (Refer to JANGLE Report 1(9) - 4, "Base Surge Analysis for 
HE Tests".) It is certain that a large plume remained above the base 
activity. Crater and weather data are given in Table 2.28, 2.29 and 
2.30. 

Shot HE-9 was fired in the same explosion area used for HE-8. 

Shot HE-9 (TNT) was fired 200 feet east of the center of the ex¬ 
plosion area and shot ¡E-9 (Pentolite) was fired 200 feet west of the 
center of the explosion area. 

One camera station was placed 4,000 feet south of the center point 
of the area. 

The camera targets (same type as used for HE-5 through HE-8) were 
located on an east - west line at right angles to the line of camera 
sight as follows: 500 feet east, center, and 500 feet west. 

2.10 SHOT HE-10 ( ^-=0.5) 

At II30 PST on 14 October 1951, shot HE-10 was fired. Both the 
Pentolite and TNT produced high order explosions. A massive base 
surge was produced by each explosion. The TNT produced what was 
virtually 100 per cent base surge just as it was in shot HE-3. Some 

- 31 - 
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TABLE 2.28 

Crater Data, Shot HE-9 (Pentolite) 

From North to South From East to West 

Radial 
Distance 

Apparent 
Depth 

Real 
Depth 

Radial 
Distance 

Apparent 
Depth 

Real 
Depth 

18.4 

12.9 

10.5 

9.9 

7.5 

4.8 

2.4 

0 

1.8 

5.9 

7.1 

10.2 

11.3 

13.0 

20.5 

0 

-0.4 

—0.8 

-0.6 

0.8 

1.5 

2.7 

3.4 

3.1 

1.4 

1.0 

—0.8 

-0.5 

-0.2 

0 

0 

0.7 

2.5 

2.8 

3.2 

3.5 

4.1 

4.0 

3.9 

3.6 

2.4 

2.9 

2.5 

0.3 

0 

18.6 

12.4 

10.2 

8.0 

3.9 

1.0 

0 

1.4 

4.0 

6.4 

10.7 

11.8 

16.0 

0 

-0.4 

-0.9 

0.5 

2.3 

3.5 

3.4 

3.3 

2.0 

1.2 

-1.2 

0 

0 

0 

0.7 

2.6 

2.7 

3.5 

4.4 

4.0 

3.9 

3.2 

3.1 

1.8 

1.0 

0 



PROJECT 1(9)-3 

TABLE 2.29 

Crater Data, Shot HE-9 (TNT) 
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TABLE 2.30 

Weather Data, Shot HE-9a 

Altitude** 

TIME - 0V00 TIME - 0710 

Wind0 

Direction 
Windd 

Telocity 
Wind0 

Direction 
Wind4 

Velocity 

Surface 
720 

1380 

2040 

2670 

3300 

3900 

4500 

5100 

320 

020 

040 

060 

080 

090 

090 

090 

7 

7 

9 

9 

8 

6 

6 

4 

300 

030 

050 

060 

080 

100 

100 

100 

120 

5 

6 

9 

9 

7 

6 

5 

4 
4 

a 
Temperature at Ground Lerei - 48° f. 
Relative Humidity at Ground Level - 625Í. 

TABU 2.31 

Weather Data, Shot HE-IO«1* 

Altitude*» 

TIME - 1128 TIME - 1133 

Wind® 

Direction 
Wind4 

Velocity 
Wind® 

Direction 
Wind* 

Velocity 

Surface 
720 

1380 

2040 

2670 

3300 

3900 

4500 

5100 

090 
150 

170 

180 

170 

150 

150 

160 

160 

3 
4 

5 

6 

5 

7 

8 

6 

6 

100 

170 

180 

180 

170 

160 

160 

160 

170 

3 

5 
5 

6 

6 

8 

10 

8 

7 

* Tençerature at Ground Level - 68° J. 
Relative Humidity at Ground Level - 5$. 

* Expressed in feet ahove ground surface, 
c 360° « N, 90° . I. 
^ Expressed in miles per hour. 

- 34 
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TADLE 2.32 

Crater Data, Shot HL-10 (Lentolite) 

From North to South From East to Nest 

Radial 
Distance 

22.0 

16.2 

13.2 

12.1 

9.7 

8.6 

6.3 

5.6 

3.9 

2.1 

1.1 

0 

0.9 

^ * 

5.2 

10.2 

11.7 

15.2 

21.3 

Apparent 
Depth 

0 

-0.2 

-1.0 

-1.0 

0.2 

1.7 

2.6 

3.4 

3.9 

5.0 

3.5 

4.1 

-4.3 

3.5 

3.4 

-0.5 

-0.7 

-0.3 

0 

Real 
Depth 

Radial 
Distance 

0 

0.7 

1.9 

2.5 

2.7 

2.9 

3.8 

4.3 

5.0 

5.2 

5.4 

5.5 

4.8 

4.6 

4.3 

2.8 

2.2 

0.3 

0 

23.2 

16.0 

13.5 

11.6 

8.1 

4.4 

2.3 

1.7 

0 

1.5 

4.4 

5.4 

6.3 

7.4 

9.8 

12.5 

14.9 

21.3 

Apparent 
Depth 

0 

-0.4 

-1.0 

-0.7 

2.0 

3.5 

3.7 

4.1 

4.1 

4.5 

3.4 

3.1 

3.0 

1.8 

0.3 

-0.9 

—0.4 

0 

Real 
Depth 

0 

0.1 

0.5 

1.5 

2.8 

4.1 

4.7 

4.8 

5.4 

5.3 

4.6 

4.2 

3.6 

2.7 

2.8 

2.0 

0.1 

0 



PROJECT 1(9)-3 

TAPEE 2.33 

Crater Data, Siet IIE-IO (TET) 

From Forth to South From East to '.'est 

Radial 
Distance 

22.0 

16.2 

12.9 

12.0 

6.6 

2.5 

0 

1.7 

7.? 

11.6 

12.8 

17.2 

26.5 

Apparent 
Depth 

0 

-0.2 

-0.8 

-0-7 

2.6 

4.7 

5.5 

5.1 

3.3 

0.5 

-0.8 

-0.1 

0 

Real 
Depth 

0 

0.3 

3.0 

3.0 

4.1 

5.9 

6.3 

6.1 

3.6 

3.5 

2.6 

0.2 

0 

Radial 
Distance 

21.2 

19.0 

16.9 

13.0 

6.8 

5.6 

1.8 

1.4 

6.1 

10.5 

12.1 

13.3 

16.8 

24.0 

Apparent 
Depth 

0 

-O'. 5 

-0.5 

-0.5 

2.9 

3.0 

5.0 

5.5 

4.9 

2.7 

0.7 

-0.8 

-1.2 

-0.5 

0 

Real 
Depth 

0 

0.2 

1.9 

2.5 

3.5 

4.9 

5.6 

4 Q 

6.4 

3.5 

2.9 

2.4 

1.8 

0.3 

0 
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minor plume remained, in the air above the Fentolite base surge. The 
contribution to the surge was estimated by observers to be greater 
than that produced on HE-5 with>>csb.3. Weather and crater data are 
given in Tables 2.31, 2.32 and 2.33. 

Shot HE-10 was fired in the same ejplosion area used for shots 
HE-8 and 9. 

Shot HE-10 (TNT) was fired 450 feet east of the center of the 
explosion area. Shot HE-10 (Pentolite) was fired 450 feet west of 
the center of the explosion area. 

One camera station was placed 4,000 feet south of the center of 
, the area. 

The camera targets (same type as ’used for HE-5 through HE-9) 
were located on an east - west line at right angles to the line of 
camera sight as follows: 500 feet east, center, and 500 feet west. 
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SECTION 3 

RESULTS 

3.1 RELATIVE GROUND ACTIVITY PRODUCED BY TNT AND PENTOLITE 

One is inclined toward a tentative conclusion that there is little 
difference in the above ground activity produced by TNT and by Fenjto- 
lite, which occupied 76 per cent of the TNT volume (vTfJT =3823 inland 
Vp = 2936 in-*), when both explosives were fired witrrthe center of 
gravity at the same depth. 

3.2 EFFECTS OF SIZE OF CHARGE 

Since the nuclear explosion will present virtually a point source 
when compared to the equivalent energy of a 3A foot diameter ball of 
TNT, an investigation of the effect of size was conducted. Three si¬ 
multaneous explosions of 216 pounds of TNT and the ec;uivalent energy 
in 177 pounds of Pentolite were conducted as shown in Table 3.1. 

TABLE 3.1 

Relative Energy of Pentolite and TNT 

Shot Depth to 
c.g. (inches) 

c Earth Cover Over Charge (inches) 
TÑT Pentolite 

HE-8 13 0.18 3 4-1/3 

HE-9 10 0.14 0 1-1/8 

HE-10 36 0.5 26 27-1/8 

The TNT charge was built up with 1, 5, 20 and 100 pound blocks as shown 
in Figure 3.1. The vertical dimension of the charge was 20 inches. 
The Pentolite charge was made up of two hemispheres having diameters 
of 17 and 3/4 inches as shown in Figure 3.2 

3.3 OBSERVING AND RECORDING DATA 

All information on the above ground action is based on eye witness 
observations and is subject to modifications based on careful analysis 
of the photographic data. Some comparative photographs of base surge 
formation are shown in Figures 3.3 through 3.12. The Sandia Corpora- 

38 
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tloa, through Program Four, has been req,ussted to make measuremeats^ from 

the 35mm motlom pictures of the various B3 shots as follows: 

a. Sate of rise of plume. Bate of deseemt lato base surge. 

b. Diameter of plume, at several olevatioas, as a fuactioa of time. 

c. Time aad locatioa of first appearance of base surge. 

d. Badla] travel of base surge as a fuactioa of time. 

e. Height of base surge as a fuactioa of time and distance. 

f» From aerial pictures of Shot Ht*3, dotermine shape and volume of 
base surge as a function of time. 

3.4 BmVIQB OF M3E SÜBGJB AHD CBÁTHB SIZ1 £ 

lacking the photographic aaal/sis, it is possible oalj- to make seme 

rough estimations as to the mechanism produciag the base surge aad what 

can be predicted to occur during the nuclear tests. It is certain that 

some minimum density of soil is required in the plume in order to produre 

the downward sweep of dust which, at ground level, moves outward as the 

base surge. The density is produced by blowing a large volume of earth a 

relatively short distance up into the air. the closer the charge to th< 

surface (smaller values of Xc)t the smaller the crater and greater the 

height of plume, hence, lower density and less base surge contribution. 

Average crater contours are given in Figures 3.13 through 3.17 and are 

summarised in Tables 3.1 and 3.2. It is known from the work of Dr. Curtis 

lampeón and others that a large number o* tests are required to obtaim 

data that is good to within 35 per cent, therefore, only generalities can 
be obtained from this crater data. 

Crater radii way be calculated from the following equation: 

fi = 1.3 C I k1/12 (3.3-1)2 
Where 

I - the radius in feet 

C = 0.4 (for X e « 0.135)3 

” 11,000 (for a seismic velocity of 4,000 feet per second) 

A comparison of calculated and observed values of radii is given in 

Table 3.2 and is plotted in Figures 3.18 and 3.19. It will be noted that 

there is some difference between the values of the crater radius as cal¬ 

culated, extrapolated from observed lata, and that previously predicted in 

the WIIDSTOBM Handbook. A plot of crater depth and lip height is given in 
Figure 3.20. 

^This analysis is reported in Project 1(9)-4 

The Effects of Atomic Veapoms, Washington, QPO, June 1960, App. B, p. 421. 
3Ibid., Figure B29, p. 421. 



PROJECT 1(9)-3 

TABLE 3.2 

Comparative Crater Data 

2560 Pounds of TNT (W1'3 “13.68) 

Depth 
to 

c.g. 
(inches) 

Cover 
Over 

Charge 
(inches) 

*-c 

Crater Volume (Ft^) Crater Depth 
(Feet) 

Apparent 
Crater 
Radius 
(Feet) d 

Apparent 
a 

Real Fall Back 
b 

Real 
c 

Apparent 
c 

24 

30 

36 

48 

81.6 

0 V 

Ói1 

12 

24 

57.6 

0.15 

0.19 

0.22 

0.30 

0.50 

2200 

3300 

3600 

4000 

6000 

4100 

6180 

8800 

8700 

7600 

3200 

5400 

7200 

7000 

3000 

6.8 

6.7 

6.1 

7.5 

10.8 

7.6 

8.6 

10.1 

9.5 

11.0 

18.4 

19.0 

19.8 

19.4 

19.8 

216 Founds of TI'.T and 177 Pounds of Pentolite® 

Depth (inches) 

X c 

Crater Volume (Ft,3) Crater Depth 
(Feet) 

Apparent 
Crater 
Radius 
(Feet) d 

Charge c.g. Top of 
Cha rge 

Apparent 
a 

Real Fall Back 
b 

Real 
c 

Apparent 
c 

P 

TNT 

P 

P 

TOT 

10 

10 

13 

36 

36 

1-1/8 

0 

4-1/8 

27-1/8 

26 

0.14 

0.14 

0.18 

0.5 

0.5 

290 

270 

380 

520 

860 

1310 

1120 

1310 

1460 

2600 

1020 

980 

1130 

1330 

1370 

4.0 

4.0 

4.3 

5.5 

6.3 

3.4 

3.5 

3.3 

4.1 

5.5 

8.6 

8.3 

8.7 

9.6 

11.3 

a = Volume below original ground level. 
b = Difference between real and apparent crater volume plus lip volume, 
c = Depth from original ground level, 
d = Radius at original ground level. 
e a wl/3 *6 
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TABLE 3.3 

Ob s pt* ved and Calculated Crater Radii 

w IfV3 Radius in Feet 

Calculated Observed 

216 

2560 

40000 

1 KT 

6 

13.7 

34.2 

126 

6.Ö 

15.5 

36.5 

150 

r.3 

18; 5 

38*5 

Xc = 0.135 
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CHARGE 

CHARGE 

CHARGE 

PI*. 3.13 Average Crater Contours for 2560 Pounds of TNT In Shota HE-5, 
HE-6, and HE-7 
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Fig. 3.16 Averag* Crater Contoure for 216 Pounds of TNT and 177 Pound« 
of Pentolite in Shota HE-Ö (P), HE-9 (P) and HE-9 (TNT) 

51 



PROJECT 1(9)-3 

. 3.17 ÁY*r*g« Crater CoiAoura for 216 Pounds of TMT and 177 Pounds 
of Pentolite In Shots HE-10 (P) and HE-10 (TMT) 
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SECTION U 

t 

CONCLUSIONS AND RECOiMUDATIONS 

4.1 GENERAL 

Frum the information presented herein, the interested reader can 
form his own opinion as to what can be anticipated from the nuclear 
tests.. The phenomenology is so complex that limited tests, based 
primarily on eye witness observations, cannot lead to any clear cut 
set of conclusions. However, the following guesses are the best that 
the writer can make. 

4.2 SURFACE NUCLEAR SHOT 

a. 
b. 

A base surge appears very unlikely. 
There will be a good sized cloud produced at ground level 
by the passage of the air blast wave which may be mistaken 
for a base surge. 

c. Crater Radius 80-90 feet 
Crater Depth 25-30 feet 
Crater Area 25,000 feet2 
Crater Volume 25,000 cubic yards 
Lip Radius 170 feet 
Lip Height 7 feet 
Maximum Altitude of Cloud 12,000 feet 

4.3 UNDERGROUND NUCLEAR SHOT 

There will be a considerable throw-out at the base of the 
plume which may be mistaken for a base surge. 
The probability of a base surge appears very small. If a 
base surge forms the magnitude will be small. 
A ground level dirt cloud will be produced by the air blast 
wave but will probably not cause as much interference with 
photography as that which occurred at GREENHOUSE. 
Crater Radius 140-150 
Crater Depth 50-b0 feet 
Crater Area 60,000 feet2 
Crater Volume 60,000 cubic yards 
Lip Radius 375 feet 
Lip Height 14 feet 
Maximum Altitude of Cloud 6,000 feet 
Since it is an observed fact that the crater diameter is a 
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readily scaled parameter for underground TNT explosions, 
then the immediate observation (photographic or otherwise) 

of the underground crater diameter may be a simple and re¬ 

liable method for determining equivalent TNT mechanical yield 
of the nuclear weapon. 

h.U RECOMMEIP ATIONS 

Of course, if predictions were always right there would be no 

need for experimental programs and field teats. The writer is inclined 

to believe that the firing of one underground and one surface atomic 

weapon will not give sufficient information on which to make reli¬ 

able predictions for either offensive or defensive planning. A large 

number of well planned HE tests, all required to lead into a smaller 

number of nuclear tests, are necessary in order to produce reliable 
results. 
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PREFACE 

The purpose of this report is to present a compilation and analysis 
of data concerning the behavior of the base surge and related surface 

phenomena produced by underground explosions in the Dugway Tes^.s in Soils 

and the Operation JANGLE HE Tests. These tvo sets of data were combined 

in order to provide a wide range of charge weight and charge depth and to 

determine acme of the effects of soil properties on surface phenomena. 

The formulas and conclusions presented herein were obtained almost 
entirely from records of TNT charges weighing from 320 to 320,000 lb 

fired at scaled depths ranging from zero to 3*07 ft/lbl/3 in dry clay, 

dry sand, and wet clay. Extension of the results beyond this range of 
variables may not be Justified. 
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ABSTRACT 

Bat« surge and related surface phenonana ver* measured on photo¬ 

graphic records of the I951 Underground Explosion Tests ln Solis at 
Dugvay, Utah and the Operation JAHGLE HE Tests. Data concerning ground- 

rise t smoke crovn, column. Jet, and base surge behavior are presented. 

A base surge is produced by TFT éclosions at scaled depths ( Xe) 
ranging from xero to 3.O7 ft/lbl/3, the greatest depth In these programs, 
but is small and tenuous at scaled depths less than 0.2 ft/lbl/3. The 

surge has the highest velocity and greatest extent at a À „ of about 
1.0 ft/lbl/3. c 

Base surges were formed In the three Dugvay soil types; explosions 

In dry sand produced the largest, vet clay the smallest surges. Ex¬ 

plosions In dry clay were intermediate in effectiveness. Thus, it 

appears that soils with low seismic velocities have the physical charac¬ 
teristics best suited for the formation of a base surge. 

Froude scaling is adequate for reducing the surge radial growth 

data at sealed depths from shout 0.2 to 2.0 ft/lbl/3. At a Ac of 

O.508 ft/lbl/3, comparison with liquid model results Indicates a 1.9 
ratio of column density to atmospheric density. Similarities between 

the base surges formed by underwater and underground explosions are 
noted. 

Areas of dust deposit and crater dimensions also indicate that a 
scaled depth of 1.0 ft/lbl/3 is near the optimal for base surge for¬ 
mation. 

TIT and Pantollte charges with different volumes but equivalent 
energy formed similar base surges in a small-scale test. 



CHAPTER 1 

ANALYSIS OF DATA 

1.1 SOURCES OF DATA 

The data presented in this report were obtained fron photographic 

records of the Underground Explosion Tests in Soils at the Dugvay Proving 

Ground, Utah^ in 1951 and the series of underground high explosive tests 

conducted in Nevada in I95I as part of Operation JANGLE.2 

Motion picture records of the Dugway Dry Clay Tests were obtained 

for the Naval Ordnance Laboratory by Charles H. Bradley, Jr. Timing 

narks (lOO per second) were placed on the margin of 35 am film by an 

electronic timer, and a length scale was established from markers placed 

a known distance apart at the location of the charge or by the use of 

the lens focal length and the distance from the camera to the explosion. 

Measurements were nade from continuous prints of the 35 am film, enlarged 

5 times. A l6 an kodachrcme record without timing was obtained. 

Prints of the dust cloud photographs of the Dry Clay, Dry Sand, »nd 

Wet Clay Tests at Dugvay were provided by the Protective Construction 

Branch of the Office of the Chief of Engineers, Washington, D. C. This 

photographic work was carried out by the Institute of Industrial Research 

of the University oí Denver, by subcontract to Engineering Research 
Associates, Inc.3 The dust cloud was photographed with still cameras from 

two positions with an initial angle of 900 between the respective camera 
lines-of-sight. a clock reading in minutes seconds was included in 

the field of view of each camera and the movement of the dust cloud was 

followed by the operators. Measurements were nade from the prints, using 

the focal length of the camera lens and the distance from the camera to 
the charge to establish a scale factor. 

Underground Explosion Tests. Program "a" - Tests in Soils. Protective 

Construction Branch, Engineering Division, Office, Chief of Engineers, 
Nov. 1950, pp 1-9. 

2 
D. C. Campbell, I£DR, U3N, Tests and Observations on Craters »wd Base 

Surges, JANGLE Report 1(9)-3, 1 Nov. 1951. — 

^ Instrumentation for Underground Explosion Test Program, Interim Technical 

Report No. 1, Dry Clay, Engineering Research Associates, Inc., Contract No. 
DA-04-167-eng-296, 1 Aug. 1951, PP 5-2 to 5-4. 
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Ground photography of the Nevada HE teats vas conducted by the 

Sandia Corporation vlth notion picture and still cañeras fron as many as 

five cañera stations. Timing records vere made, and targets in the field 

of view vere used to establish length scales. Photographic analysis vas 

performed by the Sandia Corporation and data sheets and films vere 

forvarded to MOL for additional study and measurement. Aerial photographs 

of shots HE-2 and HE-3 in the Nevada series vere provided by Major Victor 

Bloecker oi the Office of the Director, Effects Tests. 

The rounds for vhich data are available for this report are sumsa- 

rised in Tables 1.1 and 1.2. For comparison of charges of different 

weights, a scaled depth of burial, Ac> is used: 

X 
c 

d (i-i) 

where d ■ depth to center of charge, ft 

W - weight of charge, lb (THT) 

It should be noted that the Dugvay Tests include shots vitfc kc ranging 
from zero to 3*07 ft/lbl/3, while the Nevada work vas confined to the 

relatively shallow depths ranging between kc values of -O.IU9 and O.5OO 

The TOT charges fired at Utah and Nevada consisted of cist blocks 

of various sices, stacked to approximate spheres in snape. The pentolite 

charges used at Nevada vere spherical. The vertical dimensions are 

important for the scaling of depth and are listed in Table 1.3. 

1.2 MEASUREMENT OF RECORDS 

Wherever possible, measurements vere made of overall height of the 

dust cloud, column height and diameter, »nfl base surge height and radius 

as functions of time. This vas done by the Sandia Corporation for the 

Nevada high explosive tests and by NOL for the Dugvay tests. The Sandia 

analyses vere checked for consistency with NOL methods of measurement. 

On the longer Dugvay records a scale correction for cloud motion 

toward or away from the camera vas ccaqputed by using the mean low-level 

wind velocity for the period during which photographs were obtained. 

The initial surface breakthrough of explosion gases from an under¬ 

ground charge is extremely rapid, and high-speed photography is required 

for its analysis, but the subsequent formation and expansion of the dirt 

coltmn can usually be resolved with a camera speed of 24 frames per second. 

Since the base surge does not appear until a few seconds after detonation, 
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TABLE 1.2 

Underground Eclosion Tests in Hevada 

Operation JANGLE, 1951 

Round Date Charge 

Weight 

W 

(lb) 

Charge 

Depth 

d 

(ft) 

Scaled 

Depth 

(ft/lfr-/3) 

Charge 

Caoq>osition 

IE-1 

HE-2 

HE-3 
HE-4 

HE-5 

HE-6 
HE-7 

HE-da 

HE-8b 
HE-9a 
HE-9b 

HE-10a 

HE-10b 

8/25 

9/3 

9/15 

9/9 
9/30 

10/2 
lO/U 
10/13 

10/13 
10/14 

10/14 

10/14 

10/14 

2,560 
40,000 

2,560 
2,560 
2,560 
2,560 
2,560 

216 
177 
216 
ITT 
216 
177 

2.01 
4.63 

6.79 
-2.04 

4.04 

3.04 

2.54 

I.08 
I.08 
O.83 
O.83 
3.00 
3.00 

0.147 

0.135 
O.496 
-0.149 

0.295 
0.222 
O.I85 
O.I8I 

*0.l8l 

0.139 

*0.139 
O.5OO 

*0.500 

TNT 

TNT 

TNT 

TNT 

TNT 

TNT 

TNT 

TNT 

Pentolite 

TNT 

Pentolite 

TNT 

Pentolite 

* The ITT 1b Pentolite charge is assuned to have the energy equivalent 

of 216 lb of TNT. 

TABLE 1.3 

Vertical Dlnenslons of Charges 

Charge Weight Charge 

Composition 
Charge Height 

(inches) 

177 
216 
320 

2,560 
40,000 

320,000 

Pentolite 

TNT 

TNT 

TNT 

TNT 

TNT 

17.75 
20.0 
24.5 
49.O 

II7.O 
234.O 

4 
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its growth can be measured satisfactorily with a slower rate of ejqposure. 

The SOL cameras at Lugway were operated at 24 frames per second and 

provided excellent coverage of the column and surge formation but the 

records did not always extend for a sufficient period to cover tha com¬ 

plete cycle of growth and dissipation of the surge cloud. 

Tha ERA dust cloud photographs of the Dugway tests were taken at 

varying intervals of time, though seldom less than 5 seconds apart. Thii 

proved inadequate for studying the formation of columns but permitted the 

tracking of the surge clouds for a long period, particularly after their 

growth had become relatively slow. In some cases, hills, trucks, or large 

trees obstructed the view of the surge cloud and made accurate measurement 
ispossible. 

The Sandia cameras were operated at different speeds, but the combi¬ 

nation of a 24 frame per second 35 am motion picture camera and an P-56 
aerial camera making one exposure per second provided the most satisfactory 

coverage for record analysis. Greater camera speeds for base surge studies 
usually proved wasteful of film. 

In general, the manual operation of equipment and the following of 

the dust cloud by the photographer proved auperlor to the use of remotely- 
controlled cameras. 

Many times at Lugway and Nevada the passage of the shock wave in air 

raised e layer of surface dust which obscured much of the formation *nd 

development of the base surge. With shallow charges this dust layer was 

sometimes high enough to obscure the initial formation of the entire 

surge cloud. In these arid regions, cameras at elevated positions provide 

better records than those operated at gro’ind level. The aerial photo¬ 

graphs made in Nevada showed the surge growth more clearly than any 

surface camera when surface dust obscuration occurred, and in sene cases 

provided measurements that would have been unobtainable from ground level 

cameras. Aerial photography is probably the best method of tracking a 

moving surge cloud and also shows some of the changes taking place in the 

interior of the column and surge. However, ground markings should be 

provided to establish a distance scale. 

1.3 SCATTER OF DATA 

Experience in studying the effects of underwater explosions has shown 

that considerable scatter must be expected in the measurements of surface 

phenomena. It is usually necessary to fire a large number of charges and 

treat all results statistically in order to obtain consistent relation¬ 

ships between the Important variables. For example: the records of a 

series of IS one hundred pound charges fired on a river bottom at a 30 

- 6 - 
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inch depth show coefficients of variation of 10.8$ for mxljauM column 

diameter, 30.3$ for maximum surge radius, and 21.6$ for —-rHptmi surge 

height.1* Sufficient data are not available to determine in like manner 

the degree of dispersion of the data from underground explosions, hut 

charges fired under seemingly identical conditions have produced dis¬ 
similar results. 

Sene of the factors responsible for the scatter of data points are 
the following: 

1.3.1 Hon-homogeneity of Soil 

The soil surrounding a buried charge is almost never homo¬ 

geneous. Layers of different types of soil and gravel and variations of 

moisture content with depth all affect the total result. Excavating and 

filling operations probably affect the density and moisture content of 

the soil close to the charge. Day-to-day variations in moisture content 

will also occur during rainy periods. This variation in soil properties 

is probably responsible in part for the lack of symmetry of the dust 

clouds produced by most of the explosions studied. In many cases radial 

throvout and base surge development is pronounced on one side of the 

charge and relatively minor on the other. Unless camera coverage is 

extensive or aerial photography is available the true shape of the surge 
cloud is difficult to determine. 

I.3.2 Turbulence 

The base surge flow is never smooth in appearance. The cloud 

is in a continual turbulent state, with tongues of material flowing out¬ 

ward at speeds greater than the main cloud mass. Both horizontal and 

vertical turbulent motion are present and the surge is quite irregular in 

shape. The erratic motion decreases with time until the dynamic flow has 

ceased, and measurements of the flow often require considerable smoothing. 

As the base surge loses its momentum, turbulent atmospheric motion ba¬ 

canes increasingly Important and the surge cloud is gradually diluted by 

the surrounding air. This reduces the sharpness* of the outer boundary of 

the cloud and it Becomes tenuous and difficult to see. Objective measure¬ 

ment of the details of the various parts of the Jet, column, and base 

surge bacons impossible when this diffuse condition is reached. 

A. B. Arons, G. A. Young and H. L. Milligan, Further Investigation of the 
Base Surge, Interim Report Ho. 3 of »0L ProJect“l52, HAVORD Kep¿rt 2lUÍ,- 
1 June 1951, PP 15-ia. ' 

- 6 - 
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1.3*3 Accuracy of MeaaurementB 

Although every effort Is nade to obtain accurate tljee and 

length scales for the photographic records, minor differences in lens 

focal lengths, faulty or incomplete timing, and possible errors in 

measurement of distances may reduce the accuracy of measurements of sur¬ 

face phenomena and contribute to the scatter of the resulting data. In 

some cases the distance between the cameras and charge is too great for 

precise measurement of the surface phenomena. The changes in scale due 

to movement of the entire dust cloud are difficult to estímate because 

of the generally irregular variation of vind speed and direction. On 

the shallow charge records, careful study is required to separate the 

dust produced by the radial throvout and the passage of the shock wave 

from the true surge cloud. 

1..4 ARALO(JY WITH UMDERWATER EFFECTS 

The appearance of the surface phenoswna produced by underground 

explosions is similar to the visible surface effects of underwater ex¬ 

plosions and the physical processes of formation are probably somewhat 

analogous. In this report, the same nomenclature is vised for the phe¬ 

nomena produced in soils that was previously applied to the surface 

phenomena from underwater charges,5 in order to facilitate comparison of 

results and to make use of the same scaling procedures in studying the 

base surge flow. 

- J. 3. Coles and G. A. Young, Investigations of Base Surge Phenoamna by 

Means of High Explosives and a Liquid Model, Interim Report Bo. 2 of BOL 

Project 152, IAVORD Report 1744, 1 Sept. 1950. 



CHAPTER 2 

SURFACE PHEHQMEHA 

2.1 DESCRIPTIOH AT SCALED DEPTH OF FT/LB1^ 

The appearance and structure of the surface phenomena produced by 

high explosive charges fired underground are Markedly dependent upon 

charge depth and the character of the soil. As an Introduction, It vill 

be useful to describe briefly the sequence of events above the ground 

level at an Intereediate scaled depth ( Ac - 0.5 ft/lb1/3 in dry clay) 

at ehich all of the ieportant features are relatively large end clearly 

defined. The 320,000 lb "full scale" charge at Dugvay vas fired at this 
scaled depth. 

The first visible surface effect is the bulging of the earth above 

the charge into a snooth done-shaped nounc. Explosion gases start to 

vent through the upper surface of the elevated ground and the entire 

earth Mound appears to explode into a roughly spherical cloud of smoke 

and dust, vhlch expands rapidly. The diameter of the earth doae con¬ 

tinues to increase, and the ground is lifted to form a cylindrical 

coluisn, vhlch becomes visible beneath the rising smoke cloud. These 

features are shewn in Figure 2.1, which was obtained from the photo¬ 

graphic records of Round HE-3 at llevada. 

The rounded top of a central Jet appears at the center of the 
expanding smoke cloud and rushes upward at a high velocity, pushing the 

initially spherical cloud upward and outward into a smoke crown. The 

Jet of explosion gases appears to be rising through the center of the 

earth column, and contributing to its outward radial expansion. The 

column then settles and the surge appears at its base while the Jet con¬ 

tinues to rise and expand. Initially the surge cloud is almost white 

in appearance and is irregular and turbulent. The crown jet 

then fall and flow outward along the ground to contribute additional 

Material to the surge cloud, though, if light winds prevail, some of 

the upper dust and smoke will remain airborne. Figure 2.2 illustrates 
this develojmmnt for Round 304 at Dugvay. 

The base surge continues to grow in height and diameter, mmintmining 

the shape of a torus, or doughnut, with a shallow central dust layer. The 

surge cloud moves downwind, its bulk density decreasing due to expansion 

and mixing with the surrounding air. It gradually rises from tbs ground 

and is dispersed by atmospheric turbulence, as shown in the aerial photo¬ 
graphs of Round HE-3 in Fig. 2.3. 
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3 50 MILLIGEC

12 37 MILL'SEC

m
58.33 MILLISEC

CHARGE WEIGHT = 2^60 LB SCALED DEPTH =0.4Ht f-T'iB'^3
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Fig. 2.1 Rise of Ground and Formation of Staoke Croim and Column
Round HE-3
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45 SEC

90 SEC

15 SEC 120 SEC
CHARGE WEIGHT = 320 LB 
CHARGE DEPTH • 3.5 FT 
SCALED depth ■= 0.512 FT/LB

Pig. 2.2 Fonpation of Jet and Base Surge — Round 30h
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Fig. 2.3 Aerial Photographs - Round HE-3
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2.2 GBQUIP-RISE 

Hlfh-*p««d »otion picture photography la necessary for the study of 

the ground rise and breakthrough of gases froa an underground explosion. 

Tastax cañeras, operated at speeds 19 to 15^0 1rones per second, were 
used at Pugway by the Industrial Retearch Institute of the University of 

Denver. When possible, neaaurenents were nade of the tine to che initial 

ground rise, the velocity and naxlaum height of the ground rise, and the 

tine of breakthrough. Fas tax records were also obtained at Xevada by the 

Sandia Corporation, but similar Measurements are not available et this 
tine. 

In general, the data obtained frcsi the Pugway dry clay1 and dry 

sand2 photographic records show that the tine to the initial rise of the 

ground Increases with increasing charge depth and increasing charge 
weight. The height of the ground rise at which initial venting occurs 

appears to increase with Increasing charge depth to a naxinua, and then 

to decrease for deeper charges. These results are shown graphically in 
Figure 2.U. 

The velocity of ground-rise is approximately the same for charges 

fired at the same sealed depth in the same type of soil and decreases 

with increasing charge depth. Velocity data are summarised in Table 2.1. 

2.3 awn crow 

The smoke crown develops from what appears to be a partial venting 

of explosion products. The time to this initial breakthrough Increases 

with increasing charge depth. Measurements obtained in dry sand are 
presented in Table 2.2.3 

1 iPrtnaaentatlon for Underground Explosion Tagt Program, Interim 
Technical Report ffo» 1. Dry Engl xe*ring Research Associates, Inc., 
Contract lo. DA-04-167-eng-290,1 Aug. 1951, pp 5-1 to 5-11. 

^ iMtrumentatlon for Underground Explosion Test Program, Interim 

Technical Report *>« 2i Dry Sand, Engineering Research Associates, Inc., 

Contract *o.DA-04-l67-eng-298, 1 Oct. 1951, PP 5-1 to 5-16. 

3 Ibid., pp 5-V to 5-10. 

- 12 - 
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5(318) X 320 LB 

• 2,560 LB 

• 40POO LB 

0 320,000 LB 
() ROUND NO. 

*(H5) 
((312) 

* (109) 
/(313) 

t (105) 

x(H3) 

6) 

^( 307) 

— - x(l07) 

S (106) 

X (307) 

3(318) 

(306) 

*(315) 
• 015) ( (105) 

x(3i3) 

M12' 
Rilo)l309) 
|((M3 

'•0 1-5 2.0 2.5 3.0 3 5 
SCALED CHARGE DEPTH Xc (FT/LB^) (TNT) 

Fig. 2.U Time to Initial Ground-Rise and Maximum Height of Ground-Rise 
vs Scaled Charge Depth 

- 13 - 
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TABLE 2.1 

Velocity of Ground-Riee in Dry Clay and Dry Sand 

Round Soil Type Charge Wt. 

(ib rar) 

Scaled Depth 

(ft/lbVS) 

Velocity of 
Ground-Si ee 
(ft/aec) 

no 
H3 
109 
115 
105 
106 
107 
313 
309 
3ia 
315 
31B 
306 
307 

Dry Sand 
Dry Sand 
Dry Sand 
Dry Sand 
Dry Sand 
Dry Sand 
Dry Sand 
Dry Clay 
Dry Clay 
Dry Clay 
Dry Clay 
Dry Clay 
Dry Clay 
Dry Clay 

320 
320 

2,560 
fco,000 

320 
320 
320 
320 

2,56o 
2,56o 

fco,000 
320,000 

320 
320 

0.512 
O.512 
O.512 
O.512 
1.02 
2.05 
3.07 
O.512 
O.512 
O.512 
O.512 
0,512 
2.05 
3.07 

730 
680 
510 
710 
220 
70 
30 

770 
780 
83fc 
770 
780 
57.6 
18.8 

TABLE 2.2 

Ti*e of Breakthrough for Chargea Fired in Dry Sand 

Round Charge Weight 

(ib rar) Scaled Depth 

(ft/lbl/3) 
Breakthrough 

(eilliaec) 

113 
105 
106 
107 
109 
115 

320 
320 
320 
320 

2,560 
fco,000 

O.512 
1.02 
2.O5 
3.07 
O.512 
O.512 

5.8 
fc2 

700 
>1300 

IS.fc 

31 

“¡kÍL!r0,,n t0 COI1*lBt Q* » ■ixture of duat and anokc 
fîSi and Sa^îîîî'tÎ?! “ “f!!!?1 ^ J loe denaity. It 

/-. i yS^rTT** »ivn the aurge cloud vhen chargea are fired at l ■ n c 
n/ltlTT^tb . »d.r.t. »H* (,M section Z.aFLTtJ ZÍ 

- 14 . 
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At Àc ■ 2.0 ft/lbVS and at greater depths, the Jet does not break 
through the saoke crovn and its general appearance is that of a doae- 

shaped dust and smoke cloud. It is difficult to distinguish the smoke 

crovn from the dirt column beneath it at these scaled charge depths. 

Por charges fired at a scaled depth less than 0.5 ft/lbl/3 (and 

rounds fired at a Ac of 0.5 ft/lbl/3 vith a light wind), the smoke crown, 
does not fall appreciably but becomes diffuse and moves downwind, airing 

with the rising surge cloud until they becob» indistinguishable. 

The initial rise of the smoke crown for Round HE-3 in Fevada is 
shown in Figure 2.5. 

2.4 COLUOI 

The dirt column rises from the ground following the initial —^ 

cloud. For charges fired at scaled depths of 1.0 ft/lbl/3 or less the 

column is initially narrower at the base than at the top, but *rp»r>d« 

radially until the walls are almost vertical. The column walla are 

relatively smooth until this time, but develop a spiky appearance »nd 

than become diffuse and less sharply defined. Dirt clods are thrown out 

radially through the column and follow a downward trajectory. In dry 

hard-packed soils, such as at the levada test site, dust trails from 

the soil conglomerates nay obscure the further behavior of the column. 

The assumptions are made that the dust aerosol in the column drops 

vertically and flows outward radially along the ground as the base 

surge and that the heavy radial throwout does not contribute to the 
surge flow. 

For charges fired at sealed depths of 2.0 ft/lbVS or more, the 

column is initially dome-shaped, reaching its greatest diameter at the 

base. The colman expands until the walls ara approximately vertical 
and little or no radial throwout is observed. 

At all depths studied, the rate of expansion of the eolinm base 

is approximately linear until the walla become spiky and diffusa. For 

sealing purposes, the maximum colman diameter at the base (d,.t) is 

defined as the sise attained when the linear horisontal growth ends. 

(The column subsequently appears to grow rapidly because of throwout 

and dust obscuration.) Column height (C) is measured to the base of the 

smoke crown and, for scaling, the assumption is made that any part of the 

column extending into the smoke crown is diffuse and has a negligible 
effect on the growth of the base surge. 

As accurate measureawnts of max 1 mas column height end diameter can 
be obtained solely from motion picture records, such data are not availa¬ 
ble for all of the Dugway tests. 

- 15 - 
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500 

£400 

h- 

|300 

-I 
< o: 
UJ 200 
> 
O 

100 

/ CHARGE WEIGHT 2,560 LB 
/ CHARGE DEPTH 6.79 FT 
/ SCALED CHARGE DEPTH 0.496 FT/LB 

0.4 0.8 1.2 

time t (seo 
1.6 2.0 

Pig« 2.5 Height of Smoke Crown vs lime - Round HE-3 
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A.S R h own in Figure 2.6, the relation between -r end charge weight 

nay be expressed by a power formula for buried charges fired at the same 

scaled depth. Column diameter apparently reaches a maximal when the 

charge is half underground (Ac - 0) or near that depth. For rounds 

fired with the upper surface of the charge tangent to the ground and for 

deeper shots, IWt increases with increasing depth to a at about 
Ac - 1.0 and decreases fron there on. 

The relation between maximum column diameter and charge weight for 

a scaled depth of Àc - 0.512 ft/lbl/3 in dry clay may be expressed as: 

Pnmv - 10.9 ^-304 ( Xc « 0.512 ft/lbl/3) (2.1) 

where Dm»-, - maximum column diameter, ft 

W ■ charge weight, lb (THT) 

At a scaled depth of O.135 ft/lbl/3 m dry clay, the shallowest 

depth at which the charge was not exposed to the air, the relation is: 

D^ax - 8.38 wO-304 ( m 0#135 ^/^1/3) ^ ^ 

Similar expressions can be obtained for C,,T. (See Fig. 2.7.) As 

maximum column height and maximum column diameter are equal at scaled 

depths of O.512 ft/lbl/3, the formulas are the same. However, since 

column height changes more rapidly with charge depth than does colvmn 

diameter, agreement is not obtained at other values of A-. The formulas 
for scaled depths of O.512 and O.135 ft/lbl/3 m dry clay are: 

- 10.9 W°.3<* ( xc - O.512 ft/lbVS) (2.3) 

Cmax ■ 5.7I W0*30U (m 0 135 ft/lbl/3) 

where - maximum column height, ft 

W ■ charge weight, lb (TUT) 

Column heights reach a maximum at about Ae - 1.0 ft/lbl/3 and are 
less for charges shallower or deeper than this. 

The ratio of maximum column height to column diameter is 

important for scaling the radial growth of the base surge. (See Chap, k.) 

Average values of C^jj/I^j are given in Fig. 2.8, for the range of scaled 

- 17 - 
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depths available in dry clay at Dugway and at Nevada, and indicate a 
maxiiium value of this ratio at about Xc ■ 1.0 ft/lbi/3. 

P16 g*neral structure of the visible surface phenonena indicates 
/íiVTS i# a hollow cylinder,1* except possibly at charge depths 

of 2.0 ft/lbl/3 or more, when the central Jet does not vent through the 

ground surface. It is difficult to distinguish the column fren the snoke 
crown at these depths. 

2.5 JET 

TNT charges produce a black Jet, which is clearly defined at first 

d velocity, due to the rapid expansion of the explosion 
gases. The outline of the black cloud is sharp and it has a turbulent 
appearance. 

The rate of rise then decreases, due to turbulent yith the 

surrounding air, and the outer edges bacons diffuse. However, the Jet 

continues to rise at a fairly high rate, as a result of its buoyancy. 

When the buoyant lifting ceases, the Jet cloud nay rise or fall, 

depending upon its density and atmospheric conditions. If the bulk 

density is high enough and the snoke and soil particles are of the proper 

site and spacing, a downward density flow will be started and the cloud 

Y ÍT" 71^ flow outward along the ground into the base surge. If the 

i* Marly th* ** the density of the air, the Jet cloud 
will be subject to lift and dispersal by atmospheric convection and 
turbulence. 

The scaled depth of 0.5 ft/lbV3 appears to be critical in this 
regard. At this firing condition, the Jet remains partially airborne if 

the wind is light, but falls almost ccaçlately with a strong wind. The 

contribution of the Jet to the base surge decreases as charges are fired 

in relatively shallower positions, and at X« »ero, the Jet remains 

V. Salmon, Throw-Out Phenomena in 
No. 6, Contract lT7onr32l04, Stanford 
29 March 1951, p 2. 

losions. Status Report 
search Institute Project 317, 
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completaly airborne and 1b dispersed by turbulent atmospheric motion. 

For charges fired at scaled depths greater than 0.5 ft/lb^/3, virtu¬ 

ally the entire Jet deposits on the ground or enters the base surge in a 

short time. The contribution of the Jet to the surge cloud decreases vith 

increasing depth and is unknown when the Jet does not vent ccmqpletely 

through the smoke crown. 

For scaling purposes, the maximum Jet height (J^ax) iB defined as 
the limit of the buoyant rise of the Jet. This is measured, somewhat 

subjectively, by examination of motion picture records, but may sosMtlmes 

be obtained from plotted data at Jet height vs time. For shallow charges 

Jmmf may coincide with the point at which the Jet growth becomes linear, 
beyond which the growth is due to turbulent diffusion. With deeper 

charges, J»,-,, as defined herein, should be approximately equal to the 

greatest height attained by the Jet. 

The maximum Jet heights for the Dugway dry clay tests and the 

Hevada EE tests are shown in Fig. 2.9 as functions of charge weight. For 

the scaled depth of 0.512 ft/lbl/3 the relation between Jmm-r and charge 
weight may be expressed by the following formula: 

J,B-r - 116 W0*224 ( Ac - 0.512 ft/lb1^) (2.5) 

where ■ maxlaimi Jet height, ft 
W » charge weight, lb (TKT) 

Jmax does not vary greatly for shallow charges, and the same formula 
may be applied to obtain an approximate maximum Jet height, with about 

a 15Í possible error, for charges fired between the scaled depths of 
tero and 0.6 ft/lbV3 in dry clay. 

If maximum overall height is plotted against X , as in Fig. 2.10, 

a good relation can be obtained for the maximum heights reached by the 

surface phenomena produced by the deeper 320 lb charges in dry clay 

(scaled depth greater than 0*5 ft/lbl/3), although overall hiight coin¬ 

cides with Jet height at scaled depths of 0.5 and 1.0 ft/lbV3 and 

represents height of the smoke crown for deeper charges. The formula is: 

max " *'1,13 Xc (320 lb, dry clay, Xc>0.5 ft/lb1/3) (2.6) 

where fl max “ ■acimum overall height, ft 
A e ■ scaled charge depth, ft/lbl/3 

- 22 - 
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The data indicate that the maximum ecaled depth for the formation of such 
surface phenomena increases with increasing charge weight. 

The vertical growth of Jete from 320 lb *nd 256O lb charges is pre¬ 
sented in Figs. 2.11 and 2.12 and a comparison of the Jets from charges 

of different weights at the same scaled depth is shown in Fig. 2.13. 
When possible, the ends of the growth curves indicate JL«, as defined 

herein. As the initial rapid rise of the Jet can only be resolved with 

motion picture photography. Jet records are not available for the dry 
sand and wet clay programs. 

The available data show that the Jet velocity is greatest for 

charges fired at a scaled depth of about 1.0 ft/lbV3 and decreases for 
charges placed at shallower or deeper positions. The records of Rounds 

306 and 307 represent height of the smoke crown, but are included in 
Fig. 2.11 for comparison with shallower shots. Initial Jet velocity 

increases with increasing charge weight, for charges fired at the same 
scaled depth. 

After the buoyant rise of the Jet has ended, the top of the Jet 

cloud represents the overall height ( £ ) of the surface phenomena; 

Records of the changes in overall height are given in Figs. 2.14, 2.15 

and 2.16. Overall heights of dry sand and wet clay rounds are included 
in these charts. 

When charges were fired at the same scaled depth in different types 
of soil, the wet clay rounds produced the most rapidly rising Jet clouds 

and dry clay the slowest rising Jet clouds, with charges in dry sand 
generally intermediate between the two 

t.J!0*****’ overa11 height is greatly affected by atmospheric 
conditions, as indicated by the different curves shown for charges fired 
at the same scaled depth in the same soil type. Both Jet height and 

overall height are influenced by wind and atmospheric turbulence. The 

effects of wind and its variations in time and space are complex but, 

in general, strong winds have the effect of holding the Jet down. Proba¬ 

bly a surface wind of at least I5 aph, accompanied by gustiness and an 
increase of speed with height, is needed to hold back the Jet and force 

it down rapidly, when charges are fired at scaled depths of 0.5 ft/lbV3 
°r 3.11.) Atmospheric conditions may have effects of 
different relative i^ortance for charges greater than 320,000 lb or leas 
than 320 lb. 

Wind effects are discussed further in Section 5.2. 

. 26 - 
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Fig. 2.13 Jet Height vs Time - Scaled Depth = 0.5 Ft/Lb1/^ (TNT) 
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Fig. 2,lh Overall Height vs Time - 320 Lb TNT Charges 
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Fig. 2.15 Overall Height vs Time - 2,560 Lb TNT Charges 
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Fig. 2.16 Overall 
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2.6 CHARGES Ol THE 8ÜX/ACE 

On« record 1« available for a charge fired on the eurface of the 

ground: Round HE-4. at Nevada, va* a 2560 lb charge, detonated at 
Xc - -0.149 ft/lbl/3. 

The explosion »cooped out a shallow crater, about 2 ft deep and 
lb ft in diem ter,5 and the surface shock wave raised considerable surface 

dust. An Irregularly shaped cloud formed and rose relatively slowly, 

• thin pillar of dust trailed beneath it. The upper cloud was 

divided into two distinct portions, a black smoke cloud and a light dust 

cloud, which gradually merged into a single diffuse mass. The trailing 

dust pillar soon became tenuous and the whole cloud dissipated within a 

half hour, lo base surge formed at this charge position. 

Seme of the important features of the surface phenomena ere shown 
in Tig* 2.17. 

^ D. C. Campbell, I£RR, 9BW, Tests and Observations on Crsteva »ns Una* 
ftg—I JAIOLE Report 1(9)-3, 1 Nov. 1951. - 

52 . 





CHAPTER 3 

BASE SURGE 

3.1 METHOD OF FORHATIOH AID DISSIPATIOH 

The roughly cylindrical earth column that is forced above the 

ground vhen the exploeive gases vent consists of a nixture of soil parti¬ 

cles of a vide range of sise. The larger clods or aggregates drop back 

but the saaller particles entrain air because of their high concentration 

and do not fall individually. It is assused that the dense aerosol falls 

at a rate considerably greater than the terminal velocities of the indi¬ 

vidual particles and flows outward radially at the base of the column to 

fon» the base surge. The entire suspension of dust in air behaves in the 

■aimer or a homogeneous fluid with a ne an density soeewhat higher 
the density of the surrounding air. 

This type of phene—non is not confined to explosions and is known 

as bulk subsidence. It has been investigated on a laboratory scale at 

the Woods Hole Oceanographic Institution^- and Stanford University.2 The 

limited data available indicate that the ratio of current velocity to 

particle velocity is greatest for very seall particles at a high concen¬ 
tration and was as large as 10,000 with smoke containing one 

particles of a—onius chloride per cc (particle radius 0.1 Micron).3 

When the falling aerosol changes its direction of flow fron vertical 
to horIsontal at the base of the coitem, the larger particles do not 

follow the sudden bending of the streamlines but continue their domnrerd 

path and are deposited upon the ground. A tall dense column will fall 

rapidly and deposit particles of a wide range of site in this manner, but 

a shallow column of low density will deposit only the relatively large 
particles. 

A. B. Arons, 0. Wertheim, and M. Krumhols, Density Currents Induced by 
8tree— of Falling Particles. Woods Hole Oceanographic Institution, Woods 
Hole, Mass., IAV0HD Report 1*85, 21 March 1951, pp I-29. 

2 
_ 8« W. Grinnell, W. A. Parkins and F. X. Webster, Bimonthly Report 3 of 

^ PevlQpment Prcgr—Tcontract Wo. 
W-1Ö-035-CWS-1256, Stanford tfcdv., Calif., May - June I946, pp 15-2k. 

3 Ibid., p l6- 

. 34 . 
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After the column has settled and flowed outward, the clouds of dust 
and smoke particles constituting the Jet and smoke crown may fall and 

propagate into the surge. These clouds are lighter than the column and 

drop more slowly, but contribute adultional material to the base surge. 

The successful use of Froude scaling in the study of the base 

surges produced by underwater1* and underground éclosions (see Chap. 4) 
indicates that the initial radial growth of the base surge is controlled 

by gravitational and Inertial forces. When the particle concentration 

is reduced by expansion of the surge, further growth is controlled by 

eddy diffusion. The point at which the latter mechanism becomes the 

more important of the two depends upon meteorological as well as firing 
conditions. 

As the rate of radial growth of the base surge decreases, 

heavier particles settle under gravity until a relatively stable aerosol 

-‘amaina. At this stage, the particles are probably leas than a few 

micicns in size and the Stokes' Law rate-of-fall is small. The tenuous 

dust cloud is then subject to atmospheric turbulence and may remain 
airborne for a conaiderable period of time. 

3.2 EFFECTS OF SOIL ASP CHARGE DEPTH 

growth and maximum extant oí the base surge depend 
upon charge weight, charge depth, character of soil, and meteorological 
conditions. 

As the base surge is often irregular in shape initially and is 

further distorted by wind and atmosp’-eric turbulence, mean values of the 

radius are used in the following pages to indicate the growth of the 

surge. Similar records of two or more rounds are averaged. Figure 3.1 
shows that the maximum average rate of surge growth and probably the 

greatest surge extent for 320 lb charges in dry clay or dry sand occurs 
at a T ft charge depth ( \ - 1.02 ft/lbl/3). A similar trend is indi¬ 

cated in Figure 3*2 for 25oO lb charges, though no rounds were fired 

at scaled depths greater than 0.512 ft/lbl/3. The affect of charge 

weight is shown for rounds fired at Ac - 0.5 ft/lbl/3 in Fig. 3.3. 

« « Burs® Produced by shallow charges (scaled depth less than 
0.2 ft/lb-L/3) is relatively small ana difficult ¿0 distinguish from 

k. B. Arons, G. A. Toung, end M. L. Rilligen, Further Investigation of 
the fiaae Surge. Interim Report lo. 3 on iDL Projet 15*. ÏUVORD Report 
2144, 1 June 1951, PP 1-15. * 
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■urface duat. It 1« uaually tenuous and has a limited radial growth. 

The low initial velocity and general appearance indicate that the surge 

density must be almost equal to that of the surrounding air at aero 

scaled depth. It is most probable that no recognisable surge would occur 

when more than half of a charge is exposed to the air at detonation. 

The base surge produced by relatively deep charges (scaled depth 

greater than 2.5 ft/lbVS) is also small, but the high initial rate of 
spread indicates a pronounced density difference between the surge 

surrounding air. The surge clouds are clearly defined, though —*n in 
sise, at these depths. 

In almost every case, charges fired in dry sand produced a larger, 

faster-Roving base surge than the equivalent charges fired in dry clay. 

The limited data indicate that wet clay is the least effective of the 
three soil types for the production of a base surge. 

The ends of the radius-time curves do not generally indicate the 
maximaa radial extent of the surge cloud, but represent the limit of the 

available data, lo objective measurement of iwh«h Bize can be 

because the surge cloud grows by mixing with the surrounding air until 

the concentration has been reduced to a level at which the cloud is no 

longer visible. In cases where the growth curve indicates expansion to 

a maximum radius followed by a decrease in site (s.g., Round 30t>), the 

surge cloud has thinned and lifted, changing to a tall cylindrical dust 
cloud. 

Examples of the base surge from shallow and deep charges in dry 

clay are shown in Figs. 3«^ and 3*5• Some dry sand and wet clay surges 
are presented in Figs. 3.6 and 3-7. 

Surge heights are difficult to determine because of the billowy 

nature of the upper surface. Sometimes great differences in height 

occur between parts of the base surge, probably due to the lack of 

•ymsetry of the initial ;reakthrough of explosion gases the subse¬ 

quent irregular fallout. Theory indicates that the upper surface of a 

density current, such a; the base surge, is subject to the formation of 

waves which may become unstable and lead to aiving with the air above.? 

In a dense current of this type, mixing is generally at a minimum at the 

leading edge. Kean values of surge height for each round are used in 

this presentation, but the data are subject to considerably more scatter 
than the measurements of surge radius. 

^ J. S. Coles and 0. A. Young, Investigations of Base Surge Phenosmua by 
Means of High Explosives and a Liquid Model. Interim Report Ho. 2 of BOL 
Project 152, lAVOHD Report I7U, 1 Sept. I95O, p 53. 
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The height-tI*» curve» for the 'j&se »urge et different firing 

condition» are given in Pig». 3.8, 3*9, ®nd 3.10. The »urge cloud i» 

•hallcveet during the first stage of its growth with very »hallow and 

very deep charge», and appears to be highest for charge» fired at a 

■caled depth of 1.02 ft/lbl/3. The irregular growth that follow» »hows 

the effect of turbulent mixing, and the height attained before the »urge 

dissipate» is apparently independent of depth for charge» of the same 
weight. In all cases, the surge cloud continues to rise as it expands. 

The surges produced in dry sand tend to be consistently higher than 
surges in dry clay, but the wet clay records are not adequate to show a 

significant tendency. The relatively smooth appearance of the dry sand 

growth curves is probably not representative of the actual growth process, 
but is due to the large tine interval between data points. 

3.3 EFFECTS OF VJSD 

Wind conditions any affect the base surge indirectly by altering 

the rates of growth and fall of the Jet. As shown in Fig. 3.11, the Jet 
produced in a strong gusty wind by Round 312 dropped fast and caused a 

rapid growth of the base surge. With the same charge weight and depth, 

the Jet from Bound 309 rose into a relatively light wind and fell slowly, 
while the base surge expanded at a moderate rate of speed. 

Aside from Jet effects, the wind shortens the diameter of the surge 

cloud in a direction parallel to the wind direction so that the surge 

becomes ovoid before moving bodily downwind. When the surge is com¬ 

pletely formed it is shaped like an Irregular torus, with the downwind 
edge much higher than the trailing upwind side. 
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CHAPTER b 

SCALING METHODS 

b.l MODELS 

The concept of the hulk subsidence and radial outflow of the aerosol 

that constitutes the base surge iaplles that the suspension of dust parti¬ 

cles In air can be treated as a fluid, scswvhat heavier than air. Conse¬ 

quently It Is possible to use scsm of the techniques of fluid dynaalcs 
and apply the lavs of similarity to the flow phenomena produced by under¬ 
ground explosions. 

The concepts of similarity and models may be applied to base surge 
phenomena In two possible ways. If complete similarity exists between 

the surge flow produced by charges of different weights fired at the earns 

scaled depths, the effects of large charges may be predicted by applying 

appropriate scaling rules to small charge results. Secondly, a better 

understanding of surge phenomena In general can be obtained If It Is 

possible to simulate the base surge on a laboratory scale with dense 
liquids or aerosols. 

A liquid modal has bean used with success In the study of the base 

surges produced by underwater explosions.1 The model consists of a matai 

cylinder retaining a column of dense colored solution In the center of a 

tank of water. Whan the cylinder is removed suddenly the column descends 

vertically and flows outward horiiontally along the bottom of the tank. 

Bath homogeneous and hollow columns were studied, and the i ««»••»* outer 

diameters, column height, and fluid density were varied. 

b ,2 TROUPE SC AUG OF BASE SURGE RADIAL GROWTH 

As equivalence of Frauds nvmbers Is a necessary condition for simi¬ 

larity In all eases of flow with a free surface, Fraude sealing was used 

for the Initial flow of the surge both In the liquid modal and In under¬ 

water explosions. It proved to be adequate for comparing the Initial 

rates of growth, Indicating that gravitational and inertial forces play 

the dominant rola In establishing ths character of the flow. It is 

1 A. B. Arons, Kxperinsntal Investigations of Base Burse Ph««**»*, 
Interim Report lo i of 10L Project 1$¿, MaVOKD Report 1$61', 1¾ J*uíy 

1990, pp 6-7. 
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significant that tha explosion results give best agreement vith the 
hollow core liquid models. 

A. B. Arons2 has derived scaling laws for the initial radial propa¬ 

gation velocity of the surge front, obtaining the following parameters: 

r _R_ 

Dmax 

r 

w1/2 
(4.2) 

where scaled surge radius (dimensionless) 
surge radius, ft 

■arlaua column disaster, ft 
scaled time, sec/ftV2 
time, sec 

maxi™* diameter of the column is used as the characteristic 
length for scaling purposes. Reducing lengths by the first power of 

and time by the square root of D^, as indicated above, corresponds 

thl* proc*dure iB «dequate, measurements of the 
r*dT*Í ? th* ,urg* produced by charges fired at the same 
scaled depth should lie on the same curve when scaled in this manner. 

«ÜT^10411 -^^dty, the ratios between corre¬ 
sponding lengths in model and prototype should be the same. Therefore, 

the effective column height and the diameter of the core must be directly 

proportional to maximum column diameter for this method to be applicable; 
This proved to be true in the study of underwater explosions, and good 

agreement was obtained between the scaled surge radius vs scaled time 

curve for Test Baker at Bikini and the curves obtained from high ex- 

sec/ftÍ?2fÍred th* BMie °r ,1*llAr Bcaled depths, out to about r - I.5 

The radial growth of 

plosions in the Dugway dry 
shown in Pig. 4.1, reduced 

the base surges produced by underground ex- 

clny tests and in the levada HE program is 

according to the same Froude scaling parameters. 

8 
Ibid., pp 2-3. 
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Wh«r« «vmllabl», data for different rounda fired at the sane scaled 

depths were averaged. As the ratio of marl atas column height to n» 

column diameter is the same (see Section 2.4) for charges fired at the 

same scaled depth in the same type of soil, the corresponding scaled 

surge radius vs scaled time curves are similar. Thus it appears that 

the diameter of the core of the column is directly proportional to the 

outer diameter for all charges fired at the same scaled depth in the 
same soil. 

Figure 4.1 shows a gradual increase of scaled radial surge growth 

with increasing values of Xc to a maximum at 1.02 ft/lbl/3, with lower 

values at greater scaled depths. This is consistent with the measure¬ 

ments of Cjujc in Indicating a high initial velocity for the tallest 

columns. The later portions of the curves show atmospheric effects. 

. tor the apparent inconsistency of the record for Round 
307 (Ac ■ 3*07 ft/lbl/3) is not known, but may be due to differences 
between the internal structure of the column and the structure of the 
columns produced by shallower charges. 

As the above scaling procedure is not complete, Arons3 has derived 
more generalised Froude scaling criteria, defining scaled radius as 
before and scaled time in the following manner* 

r 

where r* 

cr ■ 

/° 

/°o ■ 
Cmax ■ 
W - 

* (<r<W)1/2 

Dmax 
(V.3) 

scaled time, sec/ft1/8 

/Ö-Po 

density of moving fluid 

density of ambient fluid 

maximum column height, ft 

maximum column diameter, ft 

3 

ATon*' G: A. Young, and M. L. Hilligan, Further Inveatioation «f 

ï0- 3 of "a- ft-ojic't 
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This Bore complete scaling does not provide for hollow colunas hut 

permits the comparison of records Fhen density ratios and column heights 

are varied. However, measurements of radial surge growth when reduced 

in the form of r vs t should fall on a single curve for aii tests with 

the same ratio of core to outer column diameter. 

The modified scaling law does not take into account all of the 

physical effects of differences between the densities of the moving «»a 

«■blent fluids. However, when applied to liquid model results, it 

proved extremely useful in the study of the simulated base surged The 

resulting scaled curves are reproduced in Fig. 4.2 and show the follow¬ 
ing: 

(a) For any given o~ and ratio of core to column diameter 

(Dc/D) there is a separate r vs r* curve embracing the effects of 
variation of C»,t and IX. 

(b) The r vs r* curves show a lower slope with decreasing 
p (or a) and increasing Dc/D. 

(c) The slope is more sensitive to density changes of a 
fixed value in the lower density region. 

The following relation between r and r* can be obtained: 

r * r 
1/2 

I gCaa* \ (4.4) 

It is also convenient to define a scaled time parameter, which 
does not Include a density term, as follows: 

- T ( ^ 
^ »max 

(4.5) 

In the scaling of underwater explosion, resuits, the r vs r data 

for the initial portion of the Bikini base surge flow was c<mq>uted, 

and the values of t were multiplied by various assumed values of 

(a CjaaxAWx) ' • The resulting curves were compared with similarly 
scaled liquid model curves and the agreement of slopes proved best 

4 
Ibid., pp 5-8. 
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vith liquid models having a water core ratio of about 0.7. The appropri- 

ate value of lay saaewhere between 0.77 and 0.88. Since 

dV2 vas equail to 45.I for Test Baúter, the corresponding values of 
(o“C)4/2 for the Baker column were between 35 39» This permitted a 

calculation of the probable range of density »nd height of the Baker 

column, and the estimate was made that the ratio of column density to 

ambient density was about I.5, with an effective column height of about 
4000 ft and a core ratio of about 0.7.5 

As the values of maximum column height are known for the under¬ 

ground explosion data plotted in Fig. 4.1, a first step toward a more 

c(jupíete scaling is the multiplication of the known values of r by the 

square root of the ratio of to Daax for each scaled depth. (See 

Fig. 2.8.) As the measured ratio for Round HE-6 (Xe ■ 0.222) appeared 
to be doubtful, a value of 0.685 was obtained from the smoothed curve 
and substituted for the recorded ratio. The resulting r vs t' curves 
are shown in Fig. 4.3. 

The separation in these partially scaled curves should be due only 

to differences in Dc/D and the bulk density of the material In the colusm 

that forms the base surge. Seither of these quantities baa been measured, 

but if one could be determined it might be possible to estimate the 
magnitude of the other, for a particular scaled depth. 

If the assumption is made that the diameter of the core is equal to 

the true crater diameter, it is possible to estimate the ratio of core to 

outer column diameter (Dc/d) for the rounds used to obtain the curves 

shown in Figs. 4.1 and 4.3. The mean values of the ratios of true crater 

diameter to maxlmim column diameter given in Fig. 6.3 are generally 
intermediate between the values of Dc/D for which liquid model results 

are available. As the crater-column ratio is equal to 0.46 for charges 

scaled to O.508 ft/lbl/3, interpolated liquid model curves for Dc/D »0.46 
are presented in Fig. 4.4 for comparison with the scaled explosion surge 
curves. 

If column heights, column diameters, core diameters, and ratios 

between the densities of the earth columns the surrounding air were 

known accurately, the scaled curves for explosion base surge growth would 

be identical with scaled curves obtained from geometrically similar liquid 

models with the same ratios between column and ambient densities, pro¬ 
viding that the use of Fraud* scaling is valid. 

This ideal situation does not exist, and many simplifying assumptions 

have been made, but by applying the trial-and-error process of as swing 

5 Ibid., pp 12-13. 
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different density values for the earth columns and multiplying the values 

of T1 in Pig. 4.3 ty the cosqmted values of O'l/2 it la possible to 

obtain r vs r* curves for the explosions to compare with the liquid model 

curves. As the origin of tine for the liquid model curves in Pigs. 4.2 

and 4.4 is the instant at which the surge emerges from the base of the 

column, the partially scaled curves in Fig. 4.3 should be extrapolated 

to find the time at which the scaled surge radius is equal to 0.5 and 

this time used as the actual origin for r*. 

The corrected scaled curve for a scaled depth of O.508 ft/lbVB is 
given in Fig. 4.5 vith derived curves for several possible values of 

column specific gravity. The most consistent agreement between curves 

with the same density ratio in liquid model axxd prototype occurs with an 

assumed /o/e0 of about 1.9* 'Phis would indicate that the aerosol in the 

earth column which contributes to the formation of the base surge has 

about 1.9 times the density of the surrounding air, when high explosive 
charges are fired at a scaled depth of about 0.5 ft/lbl/3. 

The mean scaled radius vs scaled time data for this value of Ac 

was obtained from measurements of Rounds 304, HE-3, 315, and 31Ô. Atmos¬ 

pheric density was coeqmted for the time of firing of these rounds, using 

meteorological data obtained at Dugway® and Bevada,7 and was found to be 

O.O657, O.0632, 0.0645, and O.O632 Ib/cu ft respectively. In accordance 

with the density ratio of I.9 obtained from the comparison of scaled 
curves, the buii densities of the aerosols in the columns were approxi¬ 

mately O.125, 0.120, O.123, and 0.120 Ib/cu ft. Using mean densities of 

0.122 Ib/cu ft for columns and 0.0642 Ib/cu ft for the atmosphere, and 

the column dimensions presented previously, it is possible to compute the 

approximate weight of finely divided soil in the columns formed by these 

rounds that produced the base surge. These values are listed in Table 4.1. 

^ Instrumentation for Underground Explosion Test Program, Interim Technical 

Report Mo. 1, Dry Clay, Engineering Research Associates, Inc., Contract 

Ho. DA-04-167-eng-298, 1 Aug. 1951, PP 4-9 to 4-85. 

7 D. C. Campbell, LCDR, UBH, Tests and Observations on Craters and Base 

Surges, JAIGLE Report 1(9)-3, 1 fcov. 195Í. 
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TABLE 4.1 

Eitlmated Weights of Soli In Base Surges for Rounds 

Fired at a Scaled Depth of 0.5 ft/lbl/3 

Round Charge Weight 

(lb TFT) 

Soil Weight 

(lb) 

304 

HE-3 

315 
310 

320 
2,560 

40,000 

320,000 

8,950 
53,400 

529,000 
2,900,000 

The relation between weight of soil in the coiuan aerosols produced 

by charges fired at Ac ■ 0.5 ft/lbVB and. charge weight nay be expressed 
in the following manner: 

8 - 77.4 w°*833 (xc - 0.5 ft/lb1^) (4.6) 

where S 

V 
weight of soil that foms the base surge, lb 

charge weight, lb (TIT) 

The scaled curves for Ac ■ 1.02 and 0.29¾ ft/lbA/S given in Fig. 4.3 
are similar to the curve for Àc « O.508 ft/lbV3 to a scaled surge radius 
of about 3.0, and the ratios of true crater diameter to marlmum column 

diameter are not greatly different. Therefore the ratio of the bulk 

density of the column aerosols to atmospheric density for charges at these 

scaled depths is probably approximately equal to 2.0 also. In view of the 

scarcity of data at these scaled depths and the assumptions necessary in 

the application of the scaling method, an attempt to compute the density 

ratio more closely would not be Justified. 

The shapes of the curves and probable values of Dc/D indicate that 

the column and initial surge density increase with increasing charge 

depth. The inconsistency of the scaled curve at A. ■ 3.07 ft/lbl/3 
indicates that this scaling method is not applicable at relatively great 

depths, without additional knowledge of column structure. 

The ruid decrease in the slope of the scaled curve for a Ac value 

of O.I37 ft/lbV3 in Fig. 4.3 indicates that frictional drag beccaws 
effective very soon after the base surge forms at this scaled depth. A 
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more élaborât* scaling technique would be required to study this type of 

flow. 

The relatively straight curve tc XQ * tero shows that the gravity 
flow is relatively brief and Ineffective and that almost all of the 

growth of the surge cloud at this shallow position Is probably due to 

turbulent mixing with the surrounding air. 

4.3 SIMILARITY TO UÜDERWATER RESULTS 

It Is of Interest to note that the r vs r curves for underground 

explosions at Xc ■ O.508 agree very closely with the scaled curve for 
the growth of the base surge produced by the underwater atomic test 

(Baker) at Bikini out to about r - 2.0. The base surge formed by the 

underwater atonic explosion expanded at a relatively slower rate from 
there on. 

Arons' estimate of a column density of I.5 times the density of 
the surrounding air for Test Baker and the estimate by Martin and Moyce® 

of a p/po of I.75 for the same test are not significantly different from 
the p/p0 value of I.9 calculated for the soil columns produced at a 
scaled depth of O.508 ft/lbl/3. 

These results indicate a similarity between the physical processes 

of base surge formation by underwater and underground explosions and show 

that liquid model experiments can be used successfully in the study of 

both types. Thus, theoretical and experimental results obtained In the 

investigation of one form of surge will be of value In the study of 

analogous phases of the other. 

0 

J. C. Martin and V. J. Moyce, "An Experimental Study of the Collapse of 

Fluid Columns on a Rigid Horisontal Plane, In a Medium of Lower, but 

Comparable, Density", Philosophical Transactions at the Royal Society of 
London, Series A, So. ÖÖ2, Vol 244, 4 March 1952, p 333. ' 
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CHAPTER 5 

AREA OF DUST DEPOSIT 

5.1 ANALYSIS OF DATA 

The Armour Research Foundation of the Illinois Institute of Tech¬ 

nology investigated the dispersion of dust from underground explosions 

at Dugvay under subcontract to Engineering Research Associates, Inc.l 

As part of the instrumental program, settlement gages vere placed at a 

number of points surrounding the explosion sites, in order to obtain a 

record of dust-fall distribution by veight. Polar graphs of settlement 

data were presented in Interim Technical Reports No. I,2 2,3 and 
shoving lines of constant dust-fall weights around the point of the 

explosion for three types of soil. The lines represent values of 0.5, 

1.0, 5*0, 10, $0, 100, 500, 1000, 3000 and 6000 grams per square meter. 

In most cases the graphs showed a roughly circular dust distribu¬ 

tion around the crater with a tongue of deposited dust extending down¬ 

wind. Considerable smoothing and extrapolation were necessary in the 

preparation of the charts; and the size and shape of the areas of dust 

fall and the uniformity of dust coverage were greatly affected by wind 

and atmospheric turbulence. Because of these effects, the data presented 

are subject to considerable scatter and are not always comparable, but 

are considered adequate for showing the important trends. 

Although these data represent total dust deposit from the radial 

throwout and all parts of the dust cloud, the extent of deposit 

1 Instrumentation for Underground Explosion Test Program, Interim 
Technical Report jfo» 1» Dry Clay. Engineering Research Associates, Inc., 
Contract Mo. DA-04-l67-eng-29B, ï Aug. 1951, pp k-1 to 4-7. 

2 Ibid., pp 4-66 to 4-108. 

^ Instrumentâtion for Underground Explosion Test Program, Interim 

Technical Report No. 2, Dry Sand. Engineering Research Associates, Inc., 

Contract No. DA-04-167-eng-298, 1 Oct. 1951, PP 4-47 to 4-57. 

L 

H Instrumentation for Underground Explosion Test Program, Interim 

Technical Report jfc>. 3* Wet Clay. Engineering Research Associates, Inc., 
Contract No. DA-04-167-eng-298, 1 Nov. I951, pp 4-31 to 4-37. 
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probably coincides closely with the liait of radial surge growth 

the ground, except possibly in the downwind direction when the upper winds 

are strong. As the determination of the absolute boundaries of dust-fall 

la probably impossible, particularly when a umi i amount of airborne dust 

is present, greater objectivity is attained by measuring the area con¬ 

taining a dust deposit equal to or greater than sene fixed low value. It 

seems Justified to assume that the area enclosed by a line of low dust- 

fall, such as 0.5 grams per square meter, is closely related to the size 
of the surge cloud. However, correlating these dust data with surge 

extent is not valid when the base surge is relatively «mali and poorly 

defined, eu occurs with shallow charges (scaled depths less than 
0.2 ft/lbV3). 

To cemparé these data with the base surge analysis, the areas in¬ 

side the lines representing dust deposits of 0.5 and 50 grams per square 
meter were measured at HOL with a plaaimeter, using the A.R.F. analysis. 

The areas obtained from the A.R.F. charts are listed in Table 5.1. Data 

for the 320 lb and 2560 lb charges are shown in Fig. 5.I as a function of 
scaled depth ( Ac). The plotted data for the 320 lb dry clay and dry 

sand series are consistent with base surge growth data in showing the 
greatest area of deposit when \c = 1.0. 

Charges fired in dry sand produced greater areas of diet-fall t>i«n 

charges fired at the same scaled depths in dry clay, and the two data 

points for Rounds 4-02 and 404 indicate that charges fired in wet clay 

yield the smallest areas of dust-fall. These results are consistent with 

base surge measurements and support the hypothesis that dry sand is the 

most favorable of the three Dugway soils for producing a base surge and 
wet clay the least. 

The relatively large areas for Rounds 102 and 302 can not be con¬ 

sidered to represent surge growth but are due chiefly to the broad duet 

columns of low density which fell slowly and were easily transported by 
the wind. 

A careful analysis of data fresi a dense network of settlemert gages 
should show a heavy fallout of large particles near the crater and in the 

downwind path of the Jet and column and a more uniform light deposit in 

the area traversed by the surge. A complete analysis of this type is not 

possible with the available data, but a plot of deposit weights against 

area for Rounds 309 and 312 ( A.c * O.512) on rectilinear graph paper shows 
a pronounced change in slope between the dust-fall values of 10 and 50 
grams per square meter. Assuming that the 30 gram per square meter Une 

marked the approximate extent of the heavy vertical fallout from the Jet 

and column, the data show that this fallout accounted for less than 15^ 
of the total area of deposit in both cases. At this scaled depth, the 

passage of the surge cloud and the gradual settlement of finer particles 

fren the Jet and smoke crown probably were responsible for over 85^ of 
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Fig, 5.1 Area of IXist-Fall m 0#5 gm/sq m vs Scaled Charge Depth 
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5-2 METEOROLOGICAL EFFECTS 

The available data are not adequate for a complete study of the 

effects of Ylnd and atmospheric stability on the dispersal of the various 
parts of the surface phenomena and the consequent areas of dust-fall, 

but seme purely qualitative results can be obtained. 

In general, an increase in vlnd speed indicates a decrease in the 

area traversed by the surge cloud and an increase in the area of fall¬ 

out from the column. This effect is shown by the data in Table 5.1 for 

Rounds 304, 310, and 313 (320 lb charges at a 3.5 it depth in dry clay; 

*c " O.512 ft/lbl/3), assuming that the area covered by more than 50 
grams per square meter of dust is roughly indicative of the fallout 

region and the area between the O.5 and 50 grams per square meter lines 
is representative of the base surge settlement. 

The same effect appears for Rounds 309 and 312, both 2560 lb 

charges fired at a 7 ft depth in dry clay ( Ac » 0.512 ft/lbV3). Rounds 

309 and 312 were fired with 7 and 24 mph surface winds respectively. For 

Shot 309 the line of 0.5 gram per square meter dust-fall enclosed a broad 
tongue extending 9430 ft downwind from the crater with a total area of 
I.37 sq mi, while Shot 312 produced a relatively narrow tongue with the 
same dust-fall, extending 7390 ft downwind and including a total area of 

0.489 »q *i. In this case the area covered by dust weighing 0.5 grams 
per square meter or more was about three tines as great with a relatively 

light wind as witn a strong wind. However, the area of heavy dust-fall 

ira* greater fer 312 thaw 309» indicating a greater uniformity of deposit 
with the stronger wind. The distribution of dust-fall by weight for both 
rounds is shown in Fig. 5.2. 

These results are consistent with the experience of the Chemical 
Warfare Service in the study of the behavior of clouds of heavy toxic 

gases.5 The CVS data show a decrease in contaminated area with in¬ 

creasing wind speed but also show a dependence upon atmospheric stability. 

At the seme wind speed, contaminated areas are greater when the air is 

stable than when it is unstable. The effect of wind speed on deposit 
area is greater when the air is stable. 

5 V. M. Latimer, "Behavior of Gas Clouds", Military Problem with Aerosols 
and lonperslstent Gases. Suemary Technical Report of bivision 10, HiM,- 
Vol 1, Washington, D. C., 1946, pp 260-263. 
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Âa the correlation of areas of dust-fall frcm underground ex¬ 

plosiona with a single observation of wind speed is an overaiaiplifi- 

cation, it will be helpful to examine the character of the wind and the 

general state of local weather for Rounds 309 and 312 in order to e*1n 
some insight into the character of atmospheric stability and turbulence 
when the charges were fired. 

Round 309 was exploded at 1106:30 MST on l8 April I95I. The 

surface wind direction varied from lh0° to 50° about the tis» of the 

shot but a pilot balloon ascension after the burst indicated a surface 

wind from 28O0 at 7 aph and a 1000 ft wind from 200° at 6 mph. The Ü. 3. 

Weather Bureau Daily Weather Map shoved a weak low pressure area in the 

Utah region on l8 April, with showers and thunderstorms starting in the 

late evening. These wind and weather conditions shew a slowly varying 

light wind and probable thermal instability in the Dugway region. 

Round 312 was fired at 1621:20 MST on k May 1951. The surface 

wind instruments were not operating but a pilot balloon ascension at 

1322 MST showed a surface wind from lS0° at 30* mph and a 1000 ft wind 
from 1900 at kO aph. After the shot no release was made, due to the 

high and gusty surface winds. The photographs of the shot show an 

altocumulus overcast at Dugway. The gustiness «.nd pronounced wind shear 

in the vertical combined with the overcast sky indicate considerable 

mechanical turbulence with little or no thermal instability. 

The fluctuations of wind velocity indicate directly the turbulent 
motion of the atmosphere and provide information on the nature and sise 

of the eddies which form in the turbulent air. In general the low 

frequency components of the velocity fluctuations indicate large diameter 

eddies and the higher-frequency components represent ««n eddies, or those 

in more rapid eddy-motion.« The dispersal of a particulate cloud depends 
tq>on the relative size of the predominant eddies. 

The wind data and probable vertical convection on the day Round 

309 was fired indicate the presence of relatively large, slowly-moving 
eddies, which were able to disrupt the dust cloud after gravitational 

The value of 2k mph assigned to the time of the shot was obtained by 

triangulation of the dust cloud movement shown by E.R.A. still photo¬ 
graphs. 

^ S. W. QrlnnaII, W. A. Perkins and F. X. Webster, Bimonthly Report Ho. 3 

of Chemical Warfare Service Research and Development Program, Contract 

Ho. W-IÖ-O35-CWS-I256, Stanford Univ., Calif., May - June 19k6, p 26. 
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fio* had «ff actively ceased and spread it over a vide area. The path of 

an airborne particulate cloud is difficult to predict in this type of 

Meteorological condition. The atmospheric eddies on k Kay ver* probably 
saaller than the Round 312 dust cloud and did not have the same effect. 

The base surge and resulting dust clouds for Rounds 309 and 312 
are shovn in Pig. 5.3. The Jet produced by Shot 309 rose to a great 
height and became diffuse, contributing only part of its Material to 

the base surge. The surge cloud ultimately rose from the ground and 

gradually mixed vith the air. The Jet from Round 312 vas shorter and 

fell rapidly, probably contributing all of its Material to the base 

surge, vhlch grev at an exceptionally fast rat* and tended to hug the 

ground surface vithout rising appreciably. The strong vind and turbu¬ 

lence caused a more uniform distribution of dust for Round 309. 

Jet height and surge radius for the tvo rounds are shovn as 
functions of time in Fig. 3.11. 
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13 SEC

24 SE
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RC>UM' 3C;9
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Charge weight = 2560 lb 
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Pig. 5.3 Effect of Wind Speed on Surface Phenomena

- 70 -



CHAPTER 5 

CRATER ANALYSIS 

6.1 EFFECT OF SCALED CHARGE DEPTH ON CRATER DIMEHSIOIB 

A study of the sise of the true end apparent craters formed by 

underground explosions gives some insight into the aechanisa of ejection 

of soil into the air and its subsequent fall-back. In particular, the 

weight of soil that enters the airborne dust cloud can be estimated 
fairly directly by using crater dimensions. 

Crater aeasursaents for the Dugvay Tests were obtained from E.R.A. 
Interim Technical Reports No. 1,1 2,z and 33 and data on the Nevada 

high-explosive tests from JANGLE Report 1(9)-3, by LCDR. D. C. Campbell.1* 

To study sane of the effects of charge weight and depth, the 

assumption can be nade that the volume of the apparent crater'remaining 

after a charge is fired indicates the approximate amount of soil that is 

ejected fron the crater and enters the column. Jet, smoke crown, and 

base surge. Inaccuracies are introduced by changes in soil density, and 

probably only a small, percentage of this ejected soil remains aloft for 

more than a few seconds, but a comparison of the soil volumes ejected at 

different scaled depths gives an indication of the relative effective¬ 

ness of various charge positions for producing dust-cloud phenomena. The 

amount of soil falling directly back into the crater and lip can be 

1 Instrumentation for Underground Explosion Test Program. Interim 
technical Report Ho 1, Dry~Clay. Engineer In* m- 

Contract No. DA-04-167-eng-29ö71 Aug. 1951, pp 2-12. 

2 In*trumentation for Itoderground Explosion Test Program. Interim 
gec^nlcalReportl!o.2, Dry Sand, Engineering Research Associates, Inc., 

Contract No. DA-04-ít>7-eng-2907l Oct. I951, pp 2-18. 

I iMtrumontation for Underground Explosion Test Program. Interim 
^echnlca! Report No. 3i Wet CUy, "Engineering Research ine 
Contract. No. DA-Ok-lb7-eng-29b, 1 Nov. 1951, pp 2-8. 

k 
D. C. Csmpoell, LCDR, Ü3N, Tests and Observations on Craters and Rase 

forggki JANGLE Report 1(9)-3, 1 *ov. I951. 
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eatiaated by obtaining the difference between the real and apparent 

crater volumes and adding the lip volume, but it is assumed that this 

direct fall-back has a negligible effect on the surface flow phenomena. 

Figure 6.1 is a plot of apparent crater volume vs scaled depth 

and shows a maximum volume of about Xc - 1.0 ft/lbl/3 for 320 lb charges 

fired in dry sand. The remaining data is consistent in showing a 

similar trend for greater charge weights but does not cover a sufficient 
range of depth to indicate a maximum value. 

A second way of assessing the effectiveness of a charge in producing 
an airborne dust cloud is to examine the ratio of the depth of the ap¬ 

parent crater to the charge depth. As shown in Fig. 6.2, the apparent 
crater depth is considerably greater than charge depth for shallow shots, 

but becomes equal to charge depth at scaled depths sceievhat greater 

1.0 ft/lbl/3 and decreases to considerably less thau charge depth for 
deeper charges, particularly in dry clay. Physically, this indicates 

that with deeper charges, much of the soil in the column and Jet drops 

back into the relatively deep true crater and remains there. 

It is of interest to compare the ratios of the diameter of the 

true crater to maximum column diameter, as the true crater may indicate 

the sice of the rising Jet. Fig. 6.3 shows that the column is about 
twice the crater sics for charges fired between scaled depths of O.135 

and 1.02 ft/lbl/3, but approaches crater diameter when charges sire 
fired at deeper positions. When the column expands only slightly be¬ 

yond the limits of the crater, much of the falling soil will drop down 

into the crater and remain there. For scaled depths greater than 

Ac ■ 3.O7 ft/lbl/3, column diaaeter probably beccmes equal to crater 
diameter, to the maximum depth at which craters will fonn (about 
A c - 5.0 ft/lbl/3).5 

Probably the optimum condition for base surge formation is obtained 

when the rising column attains a diameter twice the crater diameter, at 

about Ag ■ 1.0 ft/lbl/3. When the charge is very shallow, the relatively 

wide column formed has a bulk density too low to set up the pronounced 

density current needed for the formation of a large clearly-defined 
base surge. 

The crater measurements presented here are consistent with the 

measured areas of dust deposit in indicating that a maximum volume of air¬ 

borne soil is produced by a charge fired at a scaled depth of about 

C* W. lampson, "ttiderground Explosions", Appendix B, The Effects of 

rs^ytéT1"' U* S* At<MiC Comaission, Washington, D. C., Sept. 
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Fig. 6.2 Ratio of Apparent Creter Depth to Charge Depth vs Scaled Charge 
Depth 
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Xc « 1.0 ft/lbl/3. 

In thaïs studies, the largest craters were produced in wet clay. 

Indicating that crater size alone is not a good criterion of the ef¬ 

fectiveness of the charge in producing a base eurge. Crater size will 

aid in the estimation of the amount of soil raised into the air, but 

the behavior of the ejected soil depends upon its physical character¬ 

istics, such as moisture content, particle size and cohesiveness. 

- 7« - 



CHAPTER 7 

SOIL EFFECTS 

7.1 SOIL CHARACTERISTICS FAVORABLE FOR BASE SURGE FORMATION 

The size and rate of growth of the hue surge produced by an under¬ 

ground explosion ia obviously dependent upon the nature of the soil. The 

amount of data available is not adequate for a quantitative study of the 

soil effect, but the records of the Dugv&y series in three soil types 

indicate that well-developed surges are formed in dry sand, dry clay, 

and vet clay, vith the largest surge clouds resulting from the dry 

tests and the smallest from the vet clay. The surge clouds produced in 

the Hevada high explosive tests were similar to those in the Dugvay dry 

clay rounds, though the soil appeared to be a mixture of limestone, sand, 
and clay.l ' * 

It may be significant that the seismic velocities ranged from 750 
to 2000 fps at the dry sand site,2 from 2500 to 3500 fps at the dry clay 
site,-3 and from 500C to 6000 fps in the vet clay.^ TL¿ seismic velocity 
at the Hevada test site vas 3000 fps.5 

* R. D. Cadle and A. G. Wilder, Ccaçosition of Clouds Formed bv tw 

Explosions, (HE Tests-Operation JANGLE). Technical Report Wo. v 

ín!tiî)î?, Stanford, Calif., ONE Project HR 350-023, SRI Project 
Oct. 1951* P 5* 

2 Igatruæntation for Onderground Explosion Test Program. Interim 
gecjnical Report Ho. 2, Dry Sand, Engineering Reaear^h Inc., 

Contract Ho. DA-04-167-eng-?96, 1 Oct. I95I, p 2-I9. 

3 Underground Explosion Tests. Program "A" 

Construction Branch, Engineering Division. 
Hov. 1950, p 2. 

, Tests in Soils. Protective 

Office, Chief of Engineers, 

Instrumentation for Underground Explosion Teat Prog™., interim 

^echnical Report No. 3, Wet Clay. Engineering Research Associates, Inc., 
Contract Ho. DA-04-lè7-eng-290,l Hov. 1951, pp 2-49 to 2-51. 

5 Interim Report - HE Tests - Operation JANGLE r Project 
Research Institute, Stanford, Caii*., Oct. I951, p 3. 

1(9)» Stanford 
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It «eptars, therefore, that the size of the base surge formed by an 

underground ezplosion Is related inversely to the velocity of propagation 

of seismic waves in the soil. This seems reasonable, as heavy plastic 

wet clays are good transmitters of seismic waves while light loamy soils 

are very poor in this respect.° The highly cohesive clays do not sepa¬ 

rate easily into the fine particles needed to establish a downward densi¬ 
ty current and radial base surge, while the powdery low-cohesive soils 

are favorable for the formation of such a density flow and the develop¬ 

ment of a light particulate cloud which will propagate for a long 

distance. In general, wet soils would be less suited to base surge 
formation than dry soils. 

Thus, the available data indicate that a single soil character¬ 

istic - the seismic velocity - might be used as an indicator of the 

probable «uccess of a soil type as a base surge producer. If this point 

of yi*» correct, a soil type such as dry loess 'Tould be one of the 

most favorable for the production of a large, long-persisting base surge. 

C. W. lamp son, "Underground Explosions", Appendix B, The Effects of 

ff^c.Syone>, U. 3. Atomic Energy Ccassission, Washington, ÏÏI 0.,- 
Sept. 1950, pp 1H0-1H6. ' 



CHAPTER 8 

EFTF-CT OF CHARGE SIZE 

8.1 GENERAL 

The date presented In this report were obtained frcsi records of 
TUT explosions. Results were fairly consistent for sinilar soil types 

and scaling vas generally satisfactory for charges weighing fron 320 to 

320,000 lb at scaled depths ranging fro» O.185 to 2.05 ft/lbl/3. 

However, the slap le scaling methods used were not adequate for very 

shallow and very deep charges and possibly would not apply outside the 

range of weights used. In addition, the possibility exists that ex¬ 

plosives other than TFT might produce somewhat different surface 

phenomena, due to differences in ejçplos^on products, energy per unit 
volume, heat of detonation, or other factors. 

The effects of charge size and shape might become important for 

shallow explosions, when part or all of the charge is exposed to the air 

at detonation. The scaled depth of O.135 ft/lbl/3 is probably transition¬ 
al for spherical TJfT charges, because the top of the charge is tangent 

to the surface of the ground at this position. The characteristics of 

the surface phemxnena change markedly in this shallow zone, and the 

base surge becomes very tenuous and difficult to detect, though a true, 
but weak, density flow exists at Ac - O.135 ft/lbl/3. 

The size and rate of growth of a base surge depend upon the volume 

of earth ejected from the ground and the size and concentration of the 

soil particles in the earth column. As shown in Fig. 8.1, the volume of 

the true crater decreases rapidly with decreasing charge depth in the 

shallow range, indicating that considerably less soil is thrown into the 

air by shallow charges, and the relatively wide columns at kc - tero 
indicate that the soil particles are widely separated. 

The lack of a soil covering above the charge probably reduces the 

efficiency of the explosion as a producer of a base surge, though it 

should not be inferred that only the soil above the charge enters the 

base surge. Visual study of the films of underground explosione shows 

that the ground surrounding a charge is lifted into an earth column 

which drops and flows outward to form the base surge. The earth directly 
above the charge is probably carried upward by the rising Jet. 

The effect of the thickness of the earth covering (overburden) 

above a charge might be determined by firing explosives with a greater 
energy per unit volume than TFT at the same scaled depths as the 

equivalent TFT charges. Another possible experimental approach would be 

- 79 - 
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the use of a ierie» of TOT charges of different shapes but the sane 
weight, vit.1 the center of gravity at the same depth. 

If an explosive with the equivalent energy of a charge of TOT, but 

smaller In sise, produces a crater equal In size to the TOT crater, it 

■sight be assumad that the additional volume of soil displaced would favor 
the formation of a larger surge. However, within the range of energy 

density of conventional high explosives, differences in charge volume 

are insignificant when compared to the total volume of soil ejected 
from the crater. 

8.2 COMPARISOM OF TIT AMD PEMTOUTE 

A test of the effect of charge volume on the base surge was 

conducted as part of the HE program at leveda.1 The experiment con¬ 

sisted of simultaneous detonations of 216 lb of TOT and 177 lb of 

Pentolite, with equivalent energies, fired at scaled depths of O.lSl. 
0.139, and O.50O ft/lbVS. (See Table 1.2.) 

Round HE-8 (Ac ■ O.I81) was not satisfactory, due to inadequate 
priming of the TOT charge and an anomalous behavior of the Pentolite Jet, 
which rose to an exceptionally great height. 

Rounds HE-9 Uc - 0.139) and HE-10 ( Ac - O.5OO) produced clearly 
defined base surges. The surge radii and heights are given in Pigs. 8.2 

and 8.3, and overall heights are shown in Fig. 8.4, as functions of time. 
Uhsmoothed surge data is shown for both shots, and two camera records are 

given for HE-9, to illustrate the degree of scatter and t*<»v of con¬ 

sistent trends. There appears to be no significant difference between 

the radial growth and extent of the surge clouds produced by the two 

explosives, but considerable difference appears in the growth of the Jet. 

The pentolite Jets rose to greater heights in both cases were whitish 1 
in appearance, while the Jets formed by TOT were black. Following Round 

IE-9, both Jets remained airborne and drifted with the wind but for HE-10 

the Jet produced by TOT fell rapidly while part of the Pentolite Jet 

remained aloft. Seme of these effects are illuszrated in Fig. 8.5. 

This test, shoved how above-ground activity might vary with differ¬ 

ent explosives, but did not show any significant effect of charge volume 

on the size of the base surge. The earth cover vas I-1/8 inches over 

1 D. C. Campbell, LCDR, USH, Tests and Observations on Craters ««h Baa« 
Surges, JAIGLE Report 1(9)-3, 1 Mov. I951. -- 
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jt.-»

5 O SEC

CHARGE WEIGHTS 
PENTOLITE (LEFT EXPLOSION) 

= 177 lb

TNT (RIGHT EXPLOSION)
* 216 LB

■ ■* i-':■ C'..**' ;.■
■ ------------------♦

40 SEC

CHARGE DEPTH = 3 FT
SCALED DEPTH = 0 500 FT/LB '^3

Pig. 8.5 Surface Phenomena Produced by TNT and Pentolite - Round HB-10
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the Pentolite charge and aero over the TNT charge for Round HE-9 but 

•urge growth vas essentially the same. Por this round the volume of the 
true crater foiled by Pentolite vas 1310 cu ft and the TBT true crater 
voluae vas 1120 cu ft. The difference between charge volumes vas 0.52 
cu ft. 
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