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Foreword

The Explosive Excavation Research Office is embarked on a pro-
gram of research in topical areas critical to the ove:-ail technology
titled "explosive excavation,"! Some of these topical areas relate to the
prediction of safety-related effects. This work was funded by the Offive
of the Chief of Engineers (OCE), appropriation 96X3121, General Inves-
tigations, Effort is being expended in these areas to review all perti-
nen. rneasured data and all current prediction methods in use, and to
mak an attemjit to advance the state-of-the-art, This report and a
companion report, EERO TR-40, "Prediction of Ground-Shock-Induced
Airblast Overpressures for Subsurface Explosions From Peak Vertical
Spall Velocity," provide the basis for, and present improved methods of,
making airblast overpressure predictions for surface and underground
chemical and nuclear detonations, Critical review and comment are in-
vited, An additional report, EERO TR-7, in preparation, will develop
a simplified prediction system which integrates and is based on the sys-
tems presented in this report, EERO TR-36, and its companion report,
EERO TR-40.
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Abstract

Airblast from buried chemical and nuclear detonations has been
under systematic investigation for two decades., There now exists a
sizable body of information c:-llecied during field experiments conducted
over the years. The report contains a summary compilation of the
available data for all significant large-yield events and synthesizes these
data into an empirical prediction methcd,

Since the airblast from buried detonations approaches a consistent
attenuation at the longer ranges of interest for safety predictions, a
purely empirical "transmission factor' analysis based on consistent
longer range data from subsurface detonations is used. Transmission
factors are established as functions of scaled depth of burst for a vari-
ety of media and types of explosives, These are used to predict both
ground-shock and gas-vent airblast from single- and row-charge detona-
tions. A new approach to rredicting the close range overpressures is
also discussed. A summary of airblast from surface bursts is included.

The empirical prediction method presented is well-founded for
those types of events which have been extensively investigated, Its
chief weakness lies in the prediction of dissimilar cvents (different
yields, explosive types, or media) for which there are insufficient data,
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EERO TECHENICAL REPORT NO. 39

A REVISED £MPIRICAL APPROACH
TO AIRBLAST PREDICTION

Section 1

Introduction

PURPOSE

Airblast overpressures from the use
of buried explosives for excavation pur-
poses can cause siructural damage at
close-in ranges and window pane damage
for a considerable distance from a deto-
To evaluate the safety aspects of
a proposed detonation, predictions of air-

nation,

blast overpressures as a function of
range from the detonation area must be
made, It is the purpose of this report to
develop and to demonstrate an empirical
technique for predicting airblast over-
pressures based on all currently avail-
able experimental data for large-yield
events,

PRINCIPAL AIRBLAST CONSTITUENTS

Studies have shown that airblast from
buried charges has two principal constit-
uents: the ground-shock-induced over-
pressure ~ulse, and the gas-vent-induced
pulse., The larger of these two pulses
will determine the peak (maximum) air-
blast overpressure, which is the damage
mechanism of interest, The gas~vant
pulse is always dominant at shallow depths
of burial, but the groun:i-shock pulse is
often larger for deeply buried events,

-1-

particularly those in strong rock or sat-
vrated media. The two pulses arise from
quite different physical mechanisms,
Ground-shock overpressure results from
what is called the ground-piston effect;
the rising surface of the earth mound
above the explosion point directly pulses
the overlying air., This pulse travels
outward in all directions, transmitted
with the sonic velocity in air, The ampli-
tude of the ground-shock-induced pulse is
determined by the peak vertical spall
velocity of the rising mound, The gas-
vent pulse is produced much later in the
explosion history., As the mound grows
and finally begins to break up, the gas
bubble in the explosion cavity vents to the
surrounding atmoesphere. Venting usu-
ally vccurs at many points near the crown
of the mound. The excess pressure of the
gas bubble is quickly relieved, producing
a strong venting pulse, If the explosion

is completely contained, or if the gas
Lubble has dropped to ambient pressure
before venting occurs, no gas-vent pulse
will be observed., The gas-vent pulse will
dominate for near-surface detonations,
but it is quickly suppressed with increas-
ing depth of burial, The gas-vent pulse

is comparatively weak for nuclear detona-

tions in strong dry rock, and when the
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depih of burst is selected to maximize
crater dimenaions {optimmum depth) the

sible to calculate transmission velocities
and thus distinguish air transmission

ground-shock pulse will usuaily be larger. from ground transmission, It was found

The physical meckanisms inveolved for
nuclear detonations in media with mois-
ture content appreciably exceeding 1% by
weight are somewhat more complex,
These detonations vaporize much water
and produce higher pressures during the
cavity history, As a result, gas-vent
overpressure is usually dominant for
such nuclear detonationg, at least from
the surface to optimum depth of burst,

SECONDARY AIRBLAST CONSTITUENTS

In addition to the primary blast wave
constituents, there may be additional
pulses of lower amplitude, The earliest
arriving ic the ground-transmi.ted
ground~shock=-induced pulse (as opposed
to the air-transmitted pulse, above),
This pulse is due to the direct coupling
between the vertical ground motion at a
point and the overlying air, It is trans-
mitted with sonic velocity in the medium,
and drops off rapidly away from surface
ground zero (SGZ), The high rate of
attenuation is due to the rapid decrease
of vertical ground velocity away from
SGZ, It has been shown that the vertical
component of ground surface velocity
decreases as _5:2 or faster, where S is
the true slant range from the shot point
to the point on the ground surface., Obvi-
ously, the ground-transmitted pulse will
be observable only by the closest airblast
measurement gages. It cannot be clearly
identified beyond about two crater radii,
For example, with gage records from the
Cabriolet nuclear experimentl which gave
accurate pulse arrival times, it was pos-

that ground-transmitted pulse arrivals
disappeared by a range of 375 ft from
SGZ. This distance corresponded to 2.1
crater radii, or 2.2 times the depth of
burst,

As the ground-transmitted pulse fades,
another early-arriving pressure increase
begins to appear. This is the surface
Rayleigh-wave-induced pulse, The Ray-
leigh wave is propagated along the sur-
face with a mean velocity slower than the
sonic velocity in the medium, but faster
than that in air, Its associated vertical
component of ground motion also gives
rise to an overpressure pulse. The pres-
sure peaks in the Rayleigh wave train
often attenuate more slowly than S 2.

After the domina t ground-shock and
gas-vent pulses, there are characteristic
negative excursions of ovarpressure (i,e.,
the overpressure, AP, temporarily

Ground=-shock=~induced pulse

Rayleigh-wave~induced pulse

Gas=vent-induced pulse

Pressure

Positive restoration pulse

\Ambient PO

Firsf\-}-Second
negative negative

phase phase

Time

Fig, 1. Tracing showing a typical
intermediate-range airblast
overpressure pulse for a
kiloton-size nuclear device at
optimum depth of burst in strong
dry rock,
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decreases below ambient pressure). These
negative excursions are usually smaller
in amplitude than the preceding positive
pulse and longer in duration, They tend
to have smooth contours without sharp
peaks, The negative excursion after the
ground~shock pulse may be prematurely
terminated by the gas-vent pulse arrival,
An additional positive pulse is com~
monly observed after the last negative
phase, This pulse is attributed to air
rushing back to restore the atmosphere

to ambient conditions and temporarily
overshooting the ambient pressure,

All the above pulses are of smaller
amplitude than the dominant gas-vent and
ground-shock components. They are pri-
marily of academic interest and not im-
portant to airblast safety congiderations,
but they will often be observed on airblast
overpressure tracings, Figure 1 sum-
marizes the appearance of an overpres-
sure tracing for a typical nuclear
cratering event in strong dry rock,

Section 2
Rationale of the Method

PRESENT PREDICTION METHODS

One way to study and to predict the
airblast from a buried detonation is to
compare it with overpressures produced
by surface or free-air detonations, Pop-
ular analogs for comparison have in-
cluded the IBM Problem M free-airburst
calculation, the Kirkwood-Brinkley TNT
surface burst curves, and the measured
overpressure from actual svrface burst
experiments, The "transmission factor"
or "suppression factor" can be easily
calculated by comparing airblast from a
buried detonation to the surface burst
airblast at the same scaled range. The
empirical transmission factor thus deter-
mined is a functior ui explosive type,
medium, and wcaled depth of burst, It
may be conveniently used to predict air~
blast from future detonations under gim-
ilar conditions.

The empirical approach described
above is predicated on the assumption
that a subsurface burst procduces exactly
the same effects as a surface burst of

-3~

somewhat smaller yield, As Montan2

has pointed out, this is a dangerous
assumption. The physical mechanisms
which transfer energy at the detonation

10° s
104 | Surface burst i
s
! -
g N
2 142
$ 10% =
u ]
]
2 i Turnover region
x 107 (close range) —
d?‘, s
100}
m"‘ - I ! ] ]
102 10° 10
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Fiz. 2. Comparison of airblast over-
pressure as a function of range
for 1,0-kt surface and subsur-
face detonations,

RNy

T

i P

RPN

~ k4T e




NPT N CAN S UG SRR e A S

front into an airblast overpressure pulse
differ greatly between surface and buried
detonations, Facilely drawing a-direct
analogy between the two is difficult to
The overpressures produced by

surface and subsurface bursts are indeed

justify,

quite dissimilar at close ranges, as will
be seen in Section 6, However, as one
moves farther away, the detonation
begins to look more like a simple acous~
tic point source of overpressure, Pres-
sure contours assume a hemispherical
"dome" shape and begin to follow near-
acoustic propagation, Thus, there is
some basis for comparing airblast at
these long ranges, even though the
sources are different, Figure 2 shows a
comparative plot of overpressure as a
function of range for a typical surface

burst and a buried detonation,

REVISED EMPIRICAL PREDICTION
METHOD

The revised method is a modification
of present prediction techniques, The
principal changes are: (1) a range-
de’pendent transmission factor, f(Rs),
which is used for prediction of close-in
airblast overpressures; (2} a maximum
transmission factor, fmax' which is used
to predict airblast uverpressures beyond
the range at which overpressure begins
to propagate at a constant attenuation
rate; and (3) both transmission factors
are determined as ratios with respect to
a standard R;11°221ine, having an attenua-
tion rate of R; *“ and passing through a
point at R = 9000 tt/kt'/® where the
overpressure, APS, is 25,5 mbar (all
overpressures scaled to an ambient air
pressure of 1000 mbar),
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Both the range-dependent transmis-
sion factor, f(RS), and the maximum

transmission {..%r, f , are derived

max
from past experiments conducted with
large-yield chemical and nuclear explo-
sives. The range-dependent "M is simi-
lar to the transmission factors currently
in 111828, but it is taken relative to the

R s standard line:

APS (overpressure, buried event)

f(Ry) =

AP, (standard 1'(;1‘2 line over~
pressure)

where all quantities are scaled to 1.0 kt
at standard 1000~-mbar pressure, and
where both of the APs values are at the
same scaled range R, The "maximum"
transmission faitor is determined at
some range where the APs_ Irsz R s plot has
s *“. Beyond
this range, the observed overpressures
should parallel the R;l’z standard line,

and the transmission factor should re~

converged on a slope of R

main constant,

The maximum transmission factor,
fnay 1S then the largest value of f(R,)
which can be reasonably justificd on the
basis of all cb‘servations fo1 a given ex-
periment, It may be the largest f-value
indicated by a fitted line through all the
observed points, or it may be the largest
f-value for any of the individual observed
points (some of the experiments had so
few measurements that a fitted line was
not justified),

The use of the standard R;l‘z line for
overpressure prediction has one impor-
tant advantage over the use of the IBM
Problem M curve or a surface burst
curve, When the standard R;l‘z line is
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multiplied by the fmax for a specific sit-
uation and all quantities are properly
scaled, a new R~ 12 line will be obtained,
This new line will give the correct over-
pressure at the range for which fmax was
delermined, It -sill overpredict at all
closer ranges (where the true f(R) is
smaller), and will continue to predict
correctly beyond the point at which fmax
is determined if the propagated over-

pressure decays as R-1'2.

BASIS FOR REVISED PREDICTION
METHOD

Note that the use of "f" as a means of
making predictions is not founded on
assumed physical similarity between sur~
face bursts and buried detonations, It is
an empirical factor established from ex-
perimental measurements which will
produce the desired results, The use of
fmax is justified as long as two assump-
tions hold true: (1) the AP (buried deto-
nation) curve becomes parallel to its
comparison curve beyond some determin-
able scaled range; (2) the f-function is a
unique-valued function of scaled depth of
burst (dob) or some similar scaling
dimension for all comparable experi-
mente (same medium, explosive, and
ambient propagation conditions),

The latter of the above two assump-
tions contains all physical complexities
which an empirical approach does not
fully analyze, The fraction of energy
which finds its way into the distant shock
wave hemisphere depends on the detailed
manner in which energy transfer occurs,
Even for a given set of physical condi-
tions (given type of explosive charge and
medium), the transfer process may be a
complicated function of event geometry;

~5-
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i.e,, a function of one or more dimen-
sions of the system, Assumption (2) is
equivalent to stating that the f-function,
no matter how complex the physical proc-
esses which control it, must be directly
related to some simple physical dimen-
sion of the system, This dimension must
scale in a consisient way with yield. Any
other geometrical parameters of the sys-
tem which affect the transfer of energy
must scale in the same way, The weak-
ness of this basis is r~obably responsible
for the few breakdow: 3 of empirical pre-
diction, In particular, gas-vent over-
pressures for large nuclear experiments
may prove difficult to predict through the
empirical approach, These overpres-
sures may depend on physical parameters
for which simple scaling does not apply:
gravity and overburden effects which do
not scale divectly with yield, the time
scale of gas bubble events, the cavity
size history, and probably the cavity
pressure history (time~dependent equa-
tion of state of the gas bubble), The lat-
ter parameter is also affected by medium
moisture content and the resultant pres-
sure boosting due to steam production,
Empirical prediction of large nuclear
events is rendered even more unsatisfac-
tory by the paucity of data. A brief
examination of such events is given in
Appendix A,

Aside from this siagle shortcoming,
the empirical method shows promise for
predicting airblast overpressures from
single-charge detonations. Row charges
are discussed in Sections 7 and 8 and
Appendix B, Successful applicaiion
hinges on the answers to two questions:
(1) At what scaled ranges do the AP
curves for buried detonations become
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gubstantially parallel to the standard
R;l'z line? and (2) Are there sufficient
data to determine the transmission fac-
tors for all cases of interest? These
guestions. are discussed in the following

paragraphs of this section, ‘The experi-
mental data fo support the discussion are
presented in subsequent sections of the
report,

Most large-yield experiments have
overpressure tracings which extend to a
maximum range of 2000 to 20,000 scaled
feet (ft/ktll 3), Most of the well-observed
nuclear experiments have data to at least
5000 scaled feet, These observations
form a reasonably homogeneous body of
data on which to base conclusions about
the attenuation rate of overpressure. A
log~log plot of AP vs scaled range shows
that most of the overpressure curves
have become straight lines by a range of
3000 ft/ktll 3, The attenuation rates have
converged on a value which should be
valid at intermediate-to~long ranges.

For the best observed recent nuclear
experiments, a remarkably consistent
attenuation rate of R 2 ig found, For
ground~shock~induced overpressures,

this rate seems to hold true beyond a
range of 300 scaled feet (300 ft/kt]'/s).
The situation with gas-vent overpressures
is somewhat less clear, and the R™1+2
attenuation rate does not hold until the
range excecds 400 to 1000 ft/ktlls.
Close~in overpressures are compara-
tively small and would cause a fitted
straight line {o be too shallow (i,e., they
would weight the line toward a slower
attenuation rate), It is important to note
that the intermediate range nuclear over-
pressure data are the best in existence—
the accuracy is high, gage calibration is

. - X T T T T e T

well-established at all ranges, and the
data points for each experiment show
very little scatter. In addition, the
ground-shock pulse is the initial strong
pulse and is dominant in most of these
cases, For these reasons, the authors
consider nuclear ground-shock~induced
peak overpressures to be the best-
established type of measurement, and
thus the most accurate indicator of
intermediate-range attenuation, Since
these data indicate an attenuation rate of
R-l’z, the 'R;l'z
selected for the empirical prediction
method.

The chemical explosives data reveal a

standard line was

less encouraging picture in regard to at-
tenuation rate, Several experimentr-:»3 -5
are consistent with an attenuation rate of
-1,0
R .
rate appears to be increasing slowly,
even at scaled ranges =2000 to 3000
scaled feet (ft/ktl/s). A rate of R 1% ig

probably satisfactory at the outer limit of

In some cases, the attenuation

the measurad points, The manner in
which measured points converge on a
slope of R 12 i5 best seen in Fig. 3.

This figure shows measured points for
gas-vent and ground-shock overpressures,
compared to prediction lines (R“lf2 atten~
uation), The points seem to be converg-
ing fairly well on the prediction lines, as
(Note that the figure is plotted
in terms of true range R, not scaled

indicated,

range.)

Thus, an overpressure attenuation
rate of R 22 is compatible with the best
available data,
sonable, as will be scen in subsequent
sections, for obsarved nuclear ground-
shock overpressures (beyond 300 ft/ktll 3),

nuclear gas-vent overpressures (beyond

This rate appears rea-~
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Fig. 3. Observed airblast overpressures
compared to R~1.2 lines, Buck-
board 11 and 12~-both 20~-ton
TNT detonations in basalt
(Ref. 4),

490 to 1000 £t/kt/3), and chemica! explo-
sive overpressures (beyond relatively
larger scaled ranges, sometimes as
great as 2000 ft/kt1/3).

By coincidence, the IEM Problem M
line also has a slope close to R -1, 2
9000 scaled feet (it does not approach an
R™1+2 slope at closer ranges because of
the relatively high nonacoustic close~in
overpressures for a free-air burst), The
IBM Problem M curve and the standard
line used for this prediction system are
identical at a scaled range of 9000 ft/ktl/ 3,
both in slope (R"1*2) and in overpressure
(AP = 25,5 mbar for an ambient air pres-
sure of 1000 mbar),

Table 1 presents a tabulation of over-

pressures at various ranges for the

Approximate values of standard
line overpressure APg as a
function of scaled range Rg,
assiugnng line of slope
through APf 25,5 mbar
at Rg = 9000 ft/kt /3.

Table 1,

R (5t/kt" /) AP (mbar)
10 89,500
30 24,000
80 7,400
100 5,650
300 1,510
400 1,070
500 816
600 §58
700 546
1,000 357
1,500 219
2,000 155
3,000 95.4
5,000 51.6
6,000 41.5
8,000 29.4
10,000 22,5
15,000 13.8
20,000 9.8
9,000 25,5

standard line, Comparable values for the
IBM Problem M curve are discussed in
Section 9 (surface and free-air bursts)
and are lisled in Appendix C.* For a
scaled range not given in Table 1, the
overpressure value on the standard R -1.2

line may be calculated by:
R, 1.2
APS (mbar) = APS )

i 8.
i

*Table C31,




where APSi and Rsi are stardard over-
pressure and range values at a point of
inter .st and APS and Rs are standard
overpressure and range values from the
table,

Field measurements are expected to
deviate from R'l‘2 atienuation, Thus,
before examiring the experimental data
and applying the prediction method, some
of the factors which cause attenuation to
differ from R-l'z will be discussed. Sev-
eral nonrepeatable effects may influence
experimental airblast measurementssz
(1) Winds may blow towards or away
from the gage location (winds blowing
from the gage toward SGZ reduce the
overpressure), (2) Vertical meteorology,
such as strong temperature gradients or
inversions, may influence even close-in
observations (overpressures are usually
reduced if the temperature decreases
with altitude; inversions or increasing
temperature may increase the overpres-
sure), (3) Gage response may be over-
ranged or gages may be poorly calibrated
at close-in distances, (4) Rounded wave
crests may tend to shock up to a rela-
tively higher peak overpressure at long
ranges, Other factors, mentioned in the
remainder of this paragraph, are com-
mon to all experiments, and are system-
atically discussed later in this paper.

(5) The gas-vent pulse, which usually
originates near the crest of the mound, is
subject to mound shielding and diffraction
down the sides ol the mound., In other
wouds, the close~in gages are relatively
farther from the pulse source (mound
crest), and the geometry of the situation
tends to direct the pulse upward, away
from the cloge-in gages, Thus, these
gages "see' lower gas-vent overpres-

sures than they otherwise would, (6) The
ground-shock overpressures fall below
the expected R-l'2 line inside the radius
of appreciable mound motion, This is
because the more distant gages measure
an overpressure pulse due to the com-
bined effect of the entire rising mound,
whereas the close gages resolve only the
overpressure due to a small segment of
the rising mound (the local or ground-
transmitted pulse). The pulses from
other parts of the mound arrive too late
to combine with this initial pulse. This
decline below expected AP's occurs only
at very close ranges (inside the range of
the ground-piston effect or range of ap-
preciable surface motion). Normally,
this region should not extend beyond ~2
crater radii, There is, of course, a
transition region between the ground-
transmitted local pulge and the normal
air-transmitted ground-shock-induced
pulse, (7) One additional effect is ob-
served only for row charges, At close
ranges, the shock fronts from individual
charges tend to arrive at different times;
thus, the individual overpressure peaks
do not combine (acoustic addition) as
might be expected. Peak overpressure
is considerably lower than would be pre-
dicted on the basis of adding the over-
pressures {rom each individual charge in
the row., At longer ranges, however, the
time separation between peaks is less,
and the peaks begin to merge, Finally,
the arrivals will be almost simultaneous,
and the row will begin to 1ook like a point
source, This effect causes a low appar-

ent attenuation rate closetotherow (because

the peaks continue to merge as range in-
creases, graduaily increasing the amount
of energy in the peak overpressure frent).
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The peaks will ultimately attain a stable,
semizombined waveform, and the attenua-
tion rate will converge on the expected
attenuation for a normal single-charge
source, The overpressure peaks from
small-charge row experiments combine
efficiently at close ranges. However, the
¢ombination process may be slower and
less efficient in the case of row experi-
ments with large or widely separated
charges. Indeed, the overpressure peaks
achieve a stable form and airblast con-

-1.2

verges on normal R behavior only at

the outer limit of available gage measure-
ments. Therefore, to compare the ovir-
pressure from large-charge rows with
standard single-charge overpressures,
the most distant gage measurements must

be used. Close~in overpressures might

. give a correct comparison at close ranges,

but would underpredict further out (due to
the lower atienuation rate for row charges).
A detailed comparison of row-charge and
single-charge overpressures is discussed
in Section 7. Row-charge predictions are
covered in Section 8 and Appendix B.

Section 3
Experimental Data

DATA SELECTION

In order to empirically predict over-
pressures, the results of past experi-
ments must be analyzed. A transmission
factor is wanted which will safely predict
overpressures at all ranges velative to
the R;l'z line, Therefore, the major
problem concernc proper choice of data
for the study of fm ax’
est in predicting for chemical explosive
detonations is between 1 and 1000 tons.7
For nuclear excavation, the interest
extends to several megatons but available
data limits the investigation to yields of
0.05 to 100 kt. The most relevant data
obviously derive from tests in these yield
ranges, Considerable information is
algo available from smaller chemical
explosive experiments, 64 1b to 1 ton,
Unfortunately, the results do not corre-
late weil 1vrith large-yield shots, Smalil
explosive charges frequently show non-~
repeata-ie effects and differences due to
small-scale local meteorology. In addi-
tion, there are problems with nonscaling

The range of inter-
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over the rather large differences of yield.
Since this is an empirical study, it has
been decided to utilize larger yields (in
the range of interest) for determining
fhayxe A comparison with Vortman's
results (Ref. 1 and others) which empha-~
size small-charge experimentis is also
inciuded, The section on row detonations
uses small-charge experiments as a mat-
ter of necessity, as they eomprise much
of the available data, Certain dangsrs
inherent int the approach are poinied out
in Section 7.

TABULATION AND PLOTS OF DATA

Part of the purpose of this veport iz to
compile a master 1ot of available data on
large-yicld experiments, Rach experi-
ment has been scaled to a standarag yield
and ambient pressure for uniform com-
parison with the standard R;I‘z line.
Since previous investigators have scaled
to a yield of 1.0 kt at an ambient pressure
of 1000 mbar, these valuez will he used,




The scaling equations,7 derived from
Sachs energy scaling, follow:

Scaled AP :
(units: mbgr)

P
AP = AP stalr;dard = AP 1(1)300'
s 0 0

where

AP = ob: erved experimental overpres-
sure (mbar)

P = standard ambient prcssure
standard ") 09 mbar

P, = observed experimental ambient
pressure (mbar), obtained from
meteorological data,

Scaled Rang
(units: ft/kt Qi/g)

1/3
R =R wstandard X P
WXP
standard
1Okt X P 1/3
=R (‘w‘x"‘fo""oo o B
where

R = true range to the observed exn«ri-
mental overpressure = distance of
gage from SGZ (in ft),

W

standard - standard reference yield

= 1,0 kt,

W = single-charge yield of the experi-
mental detonation (in ki),

The data reduction procedure is as fol-
lows: first, the observed data points for
each experiment are tabulated, Then
these points are gcaled ‘o a yield of 1,0 kt
at ambient pressure = 1000 mbar, The
scaled values are plotted in log-log dia-
grams of APs vs R 5° If justified, a fitted
curve is drawn through these points for
each experiment, The f-value at any
scaled range may then be calculated:
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APS (fitted curve at R;)

f(R) =

~-1,2 .. *
APS (standard R s line at R s)

Normally, f-values are calculated for
several selected RS values; each APS is
read directly from the fitted curve, The
largest of the tabulated f-values is fmax‘
The original overpressure data derive
from a number of different sources, as
listed in the references. Most of these
overpressures are final tabulated values
given by the authors, but in some cases,
early "unsmoothed" values have been
used, In a few instances, the original
tracings have been reduced, Several
recent experiments have two (or more)
measurements at each gage station,
Either the mean values for the gages at
each location or weighted mean values
emphasizing the more sensitive gage or
just the value from the more sensitive
gage have been used (depending on the
relative accuracy of the various results),
A few questionable values have been re-
jected, but only in cases where there was
ample reason for rejection, The .aeas~-
urements are tabulated in the following
standard format (see Table 2 for sample
table): at the top of the page, the name
of the experiment is given, followed by
yield (in kt or tons), explosive type,
medium, moisture content by weight of
the medium,* literature reference, depth
of burst (in ft), scaled depth of burst
(ft/ktll 3), ambient pressure P near SGZ
(in mbar), and other notes of interest,
*Moisture content is classified ~s fol-
lows: Dry = water content less than or
equal to 3% by weight for rock or 10% for
soil. Wet - water content reater than
the above values, Saturated = more than

90% of void space in the medium filled
with water,

P
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DOB- = 280 ft

Table 2. Palanquin, 4.3-kt nuclear, rhyolite, dry (Ref, 8, 9),
dob = 172,2 £t /kt}/3

P(.j = 850 mbar

to 1.0 kt at

Observed data Pg = 1000 mbar

Observed data scalerd

Data from fitted curve

Dis~

tance ft

R R
(ft) AP (psi) S(kti73) AP, (mbar) S(ktm) AP(mbar)  f(R) 1/t

ft

max

A, Ground Shock

21  0,62-0,742 12,2 50,3-60 20 51 0,0013%  0.195
328 0,248 191 20,1 80 29,1 0.00393 0,575
705 0,087 410 7.06 100 25,1 0.00445  0.651

1575 0,0193 917 1,567 200 14,6 0.00597 0,872
3280 0.0079 1910 0,642 300 19,9 0,00656  0.96
7380  0.0053 4295 0.4305 600 4.5 0,00684 1,0
1500 2.36 0.00661 0,966
5000 0,341 0.00661 0,966
B. Gas Vent?
328 0,073 191 5,93 260 5.55 0,00227 0,376
705  0,0307 410 2,49 300 3.60 0.00238 0,394
1575  0,0162 917 1.315 600 1.94 0.00295 0,489
3280 0,0049 1910 0.398 1000 1.24 0.00348 0,577
7380  0,0046 4295 0.3735 2000 0.68 0.00439 0,727
5000 0.312 0.00603 1.0

SGZ.
bSuperimposed on negative phase,

The scaled depth of burst is calculated
from:

bOB {in ft)
(Yield W (in kt)llﬁs

dob =

The table itself is divided horizontally
into three sections, The first section
lists the observed (unscaled) data points:
first, the distance from SGZ, which is
represented by R (in ft); then, the ob-
served cverpressure AP (in mbar or psi)
The next section lists these data points
scaled to 1,0 kt at 1000 mbar (Rs in

-11-

8Prue ground-shock overpressure at 21 ft from SGZ; a later overpressure of 5,52 psi
was oizservid at a time corresponding to an anomalous gas vent through a pipe near

e /ktt/3, AP, in mbar), The third sec-
tion gives points read from a fitted line
through the scaled data, These fitted
points are read off at even scaled ranges
for convenience, The value of f(R ) at
each fitted point is listed, In a few ex~-
periments, the ratio of f(Rs)/fmax is
tabulated, and this ratio will be discussed
in Section 6, Note that the ground-shock
and gas-vent overpressures are listed
separately in each table,

The compilation for all large-yield
experiments is given in Appendix C
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(Tables C1 through C30) for convenient
reference. Buried detonations, both
nuclear and conventional, are listed in
Tables C1 through C25, Tables C26
through C30 include a few surface bursts
for use in surface event predictions (see
Section 9).

For several experiments, the number
of data points available is quite small, A
fitted line was not considered justified in
some of these cases, Therefore, there
is no third section to the table; f~values
are calculated for the irdividual scaled
data points (not for a fitted line), and are
listed in the second section of the table,
Teapot ESS provides an example of such
an experiment (see sample, Table 3),
The largest of the data point f-values is
accepted as an estimate of f The

max’
f values thus obtained are approxi-

max

mate at best, and may apply only at

scaled ranges close to the data point used,
There are other irregularities in a

few of the tables, Sulky gas-vent over-

pressures, Table C1, aregivenas arange

of uncertainty in some of the AP and f

VY & T P
B

values., Scooier, Table Cl1, and Pre-
Schr~ner II, Table C12, give additional
data from aerial high-angle zages.
“ve-Schooner 1l also gives 6, lthe
argle fromi the vertical to th high-~
angle gzge. The row-charje experi-
ments (Cugout, Table C5, Buggy,
Table C6, and Pre-Gondola Ii,
Table C20, and Iif, Table C'3) have
all of the usual infzimation, plvs 2

conversion of £ or of f_n to equiva—
&

lent single-charge values aé}s{ee Section 7).

Figures 4 to 11 show some of the
scaled nverpressure diagrams fre .«
which the fitted lines were derived, Fig-
ure 4 shows a plot of APS vs R s for two
typical nuclear experiments, Figures 5
to 11 are similar plots for nine chemical
explosive experiments, All diagrams
include the fitted lines and are scaled to
1,0-kt yield 2t an ambient pressure of
1000 mbar, Figure 12 shows a typical
plot of f(RS) vs scaled range R, and the
points at which fmax for ground-shock=
induced and gas-vent overpressures were
selected.

Table 3, Teapot ESS, 1,2-kt nuclear, alluvium, dry (Ref,10),

DOB = 67 ft

dob = 63 ft/kt!/3

PO = 860 mbar

Observed data

Observed data scaled
to 1,0 kt at Pg = 1000 mbar

Distance R Tt
(ft) AP (psi) s ktI73 APs(mbar) f(RS)
A, Ground Shock
250 0.77? 224 56,2 (.0261
300 0.52 ? 268 41,7 0.0240
B, Gas Vent
250 14.4 224 1155 0.536
300 14,1 268 1131 0,652
400 11,3 358 907 0.740
600 6,14 537 493 0.653
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Section 4

Maximum Transmission Factor Results

In this section, the experimental sented in Tables C1 through C25 will be
events noted in the previous section and used to develop maximum transmission
the data tabulated for each event and pre- factor values, fmax’ for future event

00] L L] i i i 1 ]' 1 ‘rl L 1 1 1 1

0.05 -

o

.
S
I

Chemical explosives in
basalt and rhyolite

Nuclear detonations

X
o
u_E
.g in dry rock
L (welr-stemmed)
c
2
'2 O: 0] }—— ——
g - /7 .
g - /
& - -
3 B / .
g Chemical explosives and
§ 0.005}- nuclear detonations in alluvium -
0.002 -
o00t bl L 1 x 1 | | TR N U TN W SO
1000 500 200 100 50 20

Scaled depth of burst, dob = i’l’/kl']/3

Fig. 13a, Maximum transmission factor fmax vs dob for ground-shock overpressures,
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prediction purposes, The fmax

mit safe-sided prediction of airblast

will per=-

overpressures to be made for all ranges
of interest if the type of explosive, me-
dium, and dob are known, Both the
ground-shock-induced and gas-vent over-
pressures may be predicted,

The maximum transmission factors
for all large~yield experiments are piot~
ted against dob in Figs, 13a and 14a,
Figure 13a shows fm ax for ground-shock-
induced overpressures and Figure 14a
depicts che gas-vent values, Figures 13b,
13¢, and .3d and Fig. 14b show the indi~-

vidual data points used to construct the
lines given in Figs. 13a and 14a. Project
names in parentheses indicate a poorly
egtablished or uncertain value,

GROUND-SHOCK~-INDUCED AIRBLAST
FOR NUCLEAR AND CHEMICAL
EXPLOSIVES

The nuclear fm ax values in Fig, 13d
lie close to the Jine labeled "'Nuclear
Detonations,” The Neptune point (only one
questionable measurement) falls appre=
ciably above the line, Note that the
points for Danny Boy are marked as

o.] [ | LI 1 I 1 L) I

Pre=-Gondola Il Phase 1
(corrected to single charge)

i T

Dugout x
0.051- 1 to row

Dugout
to row x

Dugout
(corrected

Maximum transmission factor, fmax

I Lf T 1 i j ] ¥

Pre-Gondola II i
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Buckboard 11 4

(Pre=Schooner II) Ny

to single ®Byckboard 12
charge)
0.02 - Buckboard 13 -
@ Basalt and rhyolite, single charge
0.01 X Basalt, row charge |
5 4 Saturated clay shale row=charge events |
! (Pre=-Gondola) i
- N
[T M R T ! ] { SO T IO | L !
1000 500 200 100 50 20

Scaled depth of burst, dob — ft/kt

/3

Fig. 13b. Maximum transmission factor fmax v8 dob for ground-shock-induced over-
pressures, ~hemical explosive events in basalt and rhyclite, and chemical
explosive events in saturated clay shale (Pre-Gondola experiments with

nitromethane),

S

[N
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Fig, 13c. Maximum transmission factor f

pressures (all events in alluviugrrl’).

ranges of uncertainty in f rather than as

simple f points. The Nuclear Detona-

max
tions line appears to be well-established

for predicting nuclear experiments in

~18-

vs dob for ground-shock-induced over~

strong dry rock (90 ft/kt1 /3 < dob

<300 ft/kt!/3 0,05 kt < W <50 kt), The
Nuclear Detonations line may well be
valid for nuclear detonations in alluvium
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Fig, 13d, Maximum transmission factor fmax vs dok for ground-shock-induced over-
pressures (nuclear events in dry high-strength rock).

as well (60 ft/kt!/3
but safer predictions for alluvium events
may be obtained by using the alluvium (
chemical explo:ive curve described

below,

< dob < 500 ft/kt}/3),

10w

In Fig. 13¢c, it can be seen that the
alluvi.m chemical explosive experiments
form a consistent piclure., Figure 13a
shows that the fmax curve for alluvium
fo 18 well above the line for nuclear
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events in high-strength rock, but the
curve may dip rapidly at dob greater than
190 £t/kt*/3  Below ~190 ft/kt!/3, the
alluvium chemical explosive curve may
well coincide with the nuclear line, A
suggested prediction curve for chemical
explosive detonations in alluvium is
shown by the dashed line,
a fraction high at deeper dob, As shown
in Fig, 13c, only the Jangle HE-3 experi-
ment falis slightly above this curve. The
alluvium chemical explosives prediciion

It is probably

curve appears to be valid for all alluvium
chemical explosive events with 60 ft/ktI/ 8
< dob < 300 ft/kt'/3 10 tons <W

< 1000 tons,

The basalt and rhyolite chemical explo-
sives points in Fig. 13b define a third line
which lies almost a factor of two above
the nuclear line for strong dry rock,
These higher ground-shock-induced over-
pressures are a very distinct difference
between nuclear and chemical explosives;
the increased overpressures correlate
well with ground surface velocity meas-
urements, which have been found to be
systematically higher for chemical ex-
plosive detonations in rock than for nu-

clear detona.tions.2

The higher velocities
doubtless cause higher ground-shock
overpressures, The strong rock chemi-
cal explosive line fits all the fm ax points
except Pre-Schooner II, which is slightly
high, Pre-Schooner Il was a nitrometh-
ane experiment in rhyolite. The strong
rock chemical explogives curve should
prove reliable for situations where
60 tt/ict! B < dob < 300 £t/kt'3, 10 tons
< W< 190 tons, and probably for greater
yields as well,

Figures 13b and 13d also sliow the

data points for four row-charge events,

Dugout (5-charge chemical explosive row),
Buggy (5-charge nuclear row), and Pre-
Gondola Il andIIIl (which willbe discussed in
this section). The firsttwo events are rep-
resented by labeled points (x's) in Figs. 13b
and 13d. The higher point in each case is
the fmax perpendicular to the row (L to
row), The lower point is f max off the end
cf the row (|| to row), These f

max
have also been corrected back to single-

values

charge values using Vortman's empirical
correction; number of charges, n, raised
to a power, B (siee Section 7)., To correct
back to single-charge values, the fm ax
values perpendicular to the row have been
divided by 3,085 (or 5%7); the £___ val-
ues off the end of the row have been
divided by 1,495 (5°+2%)
"single charge" fhay Velues are plotted
in Figs. 13h and 1sd as x's (directly
below the uncorrected Dugout and Buggy

row-charge values), The Dugout points

. These corrected

corrected to single-charge values fall
very close to the strong rock chemical
explosive line, as would be expected
(Dugout was nitromethane in basalt), The
Buggy points corrected to single-charge
values lie on the nuclear strong rock line,
Thus, the row-charge experiments pro-
vide further verification for the proposed
lines.

Figure 13a has been compared with
Vortman's recent airblast data, Using
Vortman's published diagrams,1 trans-
mission factors similar to Fig, 13a were
computed, These factors are based
partly on small-charge data, and apply
only at a scaled range of R_ = 630 gt ftl/3,
The results are shown in Fig, 15, with
ground shock f-lines represented by
dashed lines, Again, the basalt f values
are higher than alluvium, and the lines

-22-
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Fig, 15, Transmission factor f at a
scaled range Rg = 630 ft/kt1/3,
following Vortman,

resemble Fig. 13a in form, However,
Vortman's lines are somewhat lower,
as would be expected —his data were
referred to a range of 630 ft/ktl/ 3, quite
close to SGZ, They are not intended to
be true fmax values,

GAS-VENT-INDUCED AIRBLAST
FOR CHEMICAL EXPLOSIVES

values
Gas-~

The situation for gas-vent fmax
is, unfortunately, much less clear,
vent prediction curves are plotted in
Fig. '4a, with actual data points shown in
Fig. 14b, Again, uncertain experiments
are enclosed in parentheges, Note that
Jangle U, Teapot ESS, Schooner, Sedan,
Pre-Schooner II, Cabriolet, Sulky,
Palanquin, and Danny Boy are indicated

by ranges of uncertainty in f (points con-
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nected by a vertical line) rather than as
single fm ax points, The highest point in
the range is a probable fm ax value, All
these data show a great deal of scatter,
but one fact is clear: the gas-vent fma %
values fall into two different classes. All
chemical explosive experiments and
nuclear moist-to-wet medium detonations
fm ax All the well~

stemmed dry rock nuclear tests have very

have very high values,

low f values, The clearest distinction

max
between these two types of events is gas
production, Evidently, nuclear tests in
rock produce a rather small amount of
vapor, resuliing in low vent overpres-
sures, Chernical explosives make their
own super-heated gas, giving rise to
strong vents, Apparently, boosting by
steam vaporization in the adjacent me-
dium is sufficient to bring large moist
medium nuclear detonations up near the
chemical explosives curve. It is obvious
that several potentially complex effects
are at work here, and overpressures
from future nuclear detonations may be
very sensitive to medium moisture con-
tent and other factors, Therefore, any
prediction curves will apply only to
identical explosives under similar condi~
tions. It is also possible that a different
type of chemical explosive could produce
more vapor, giving rise to a still
stronger vent, A case of this sort is
discussed below,

A single fmax curve is drawn for all
ti.e chemical explosive and moist or wet
medium nuclear detonations, It is im-
portant to remember that this curve rep-
resents a near fit to points influenced by
a number of different factors, It is an
approximation at best, Among the chem-

ical explosive experiments, only Jangle

R
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HE-2 falls appreciably above the curve,
This 20-ton detonation, at dob = 21 ft/
it!/3 gives £ . L5toL6L, The
Jangle U nuclear event, at dob = 16 ft/
'kt!/3 indicates an f___~1.26 to 1,28,
The latter value is considered by the
authors to be more realistic, The Pre-
Schooner II experiment appears to lie
well below the curve, However, Pre-
Schooner II (Table C12) peak gas-vent
overpressures came from only two gages,
both very close to SGZ; even these two
values are questionable. The two f points
in Fig, 14b derive from these two close-
in gages, The true fma x at long range is
believed to be much higher, probably in
agreement with the curve—see, for
example, Buckboard 12 and Scooter, both
near the same dob, Their close-in {-
values are 0,0226 and 0,0338, comparable
to Pre-Schooner 1I, At long ranges, their
fmax values are 0,0665 and 0,0619, in
agreement with the curve, A true long-
range fmax for Pre~Schooner II should
likewise lie close to the curve,

Thus, all chemical explosive experi-
ments in alluvium and strong rock define

a single f curve, The curve is fairly

well- estagi?:hed for TNT, nitromethane,
anr, gimilar explosives between 16 ft/ktll 8
< dob < 170 £t/kt}/3, 10 tons < W

< 1000 tons, It is not established for
duo's between 170 £t/kt!/3 and 215 rt/kt',
Eiber the solid curve or the lower
dashed curve in Fig, 14b may apply for
thiz region. The solid curve is recom-
merded 1or safe predictions until further
da.a vecome available, It is very prob-
ak:e that gun-vent overpressures rapidly
decrezse velow dob = 190 ft/ktl/s, at
east for TNT and nitromethane in ailu-
vsuza and basali, Unfortunately, there is
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insufficient information to determine the
exact depth at which gas vent becomes
negligible, Only two otatements can be
made on the basis of current information:
First, for chemical explosives in strong
rock, f . becomes small (gas-vent
fmax $ 0,014, or well below the Fig. 14b
solid curve) at dob ~ 217 ft/kt'/3, Ground
shock is definitely dominant at dob

2 217 #t/kt}/3 (ground shock 1___ ~ 0.02).
These conclusions are based on Buck-
board 13 and Dugout results (comparing
gas-vent and ground-shock overpres-
sures), Second, for TNT in alluvium,

the gas vent is negligible and ground
shock is dominant (ground-shock fax
~ 0.0056) by dob = 205 £t /kt!/3 (see
Stagecoach I), These preliminary results
are incorporated in Fig, 14b only in an
approximate way. In spite of the fact
that the curve in Fig. 14b is probably a
little high for strong rock gas-vent over-
pressures at dob = 217 ft/kt'/3 it will be
retained for purposes of prediction, Com-
paring the fitted curve in Fig, 14b to the
ground-shock curves (Fig, 13a), it is
found that the ground-shock fm ax Surves
cross the gas-vent curve at dob = 217 ft/
ktll 8 (strong rock, chemical explosive)
and at dob = 240 gt /kt!/?

chemical explosive), This indicates that

(alluvium,

ground-shock overpressures will be
dominant (and will therefore control air-
blast safety predictions) at dob's greater
than 217 ft/kt'/3 (strong rock) or 240 it/
ktl/ 8 (alluvium), It is worth repeating
that these dob's are most likely & little
deeper than the true crossover points, be-
causethe gas-vent fmax
and 14b are probably pessimistic (toohigh).
Figure 14a can doubtless be improved

valuesin Figs, 14a

when more data become available,

o s o
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Vortman's gas-vent f-values at R s
- 630 £t/kt!/3 are shown in Fig, 15 (solid
lines). They may be compared to the

fitted curve in Fig, 14a,

EXPLOSIVE OR MEDIUM
DEPENDENCE EFFECTS

After it has been established that the
curve in Fig, 14a fits reasonably well all
chemical explosive data, it may be asked
whether there are any differences be-
tween explosive types orr media, Detailed
examination of f-values does reveal cer-
tain differences between alluvium and
basalt, At a given dob, alluvium f(R s) is
slightly greater than basalt f(Rg) at
close-in ranges R_ = 600 ft/kt1/3,
Vortman obgerved this same effect for
gas-vent overpressures at R’3 = 630 ft/kt1/3
(Fig. 15, gas-vent, solid lines). Recall
that Vortman's results also included
small-yield experiments, The {-values
for Nevada Test Site alluvium were sig-
nificantly higher than those for bascalt,
However, if the {-values are examined at

er ranges, there are indications of

wne opposite effect: basalt values appear
larger than the alluvium, This trend is
best seen for f(R) with R > 1000 ft/kt1/3,
and for the fmax values. In other words,
the basalt { values increase more rapidly
with range, finally becoming greater than
the alluvium f values, This effect is a
direct result of the low overpressure
attenuation rate observed for the Buck-
board chemical explosive experiments,
Gas~vent overpressure curves for these
events indicate an attenuation rate of R'1
even at rather long ranges, and do not
converge rapidly on R12  These shallow
curves cause the relatively high fmax val-

ues, In addition, the Buckboard results

=95

_curves have converged on R ™

extend cnly to scaled ranges shorter than
2000 gt/ktl/3,
sible to say with certainty whether the
1.2 .

. Itis
somewhat dangerous to compare basalt

Therefore, it is not pos-

Imax

ranges with the better established allu-
It

values determined for these short
vium f max values at longer ranges,
does appear probable that the "true"

long-range f values are at least as

max
high or higher for basalt than for
alluvium,

Data were also examined to determine
whether any differences existed in the
overpressures observed from TNT and
nitromethane explosives, No clear trend
emerges from the limited gas-vent data
(cf,, Pre-Schooner II nitromethane and
Buckboard 12 or Scooter TNT at Rs
=~ 300 ft/ktl/s). However, the ground-
shock f values at a given range are a
little high for Pre-Schooner II when com-
pared to Buckboard 12 basalt at any
scaled range, It canbe teutatively con-
cluded that nitromethane gives slightly
higher ground-shock overpresgures (and
ground-shock fnax values) than TNT at
the same dob, This is the expected
effect, since nitromethane has a some-
what higher energy yield per unit weight
than TNT, Hcwever, this effect re:mnains
unverified for gas-vent overpressures.
More data are needed.

One chemical explosive row-charge
experiment is also plotted in Fig, 14b.
This is Dugout, a five-charge (nitro-
methane) row in basalt, Both the per-
pendicular to the row (L)and off the end of
the row (|) gag-vent £ ax Values (uncor-
rected) fall near f = 0,02, When these
are corrected to single-charge f-values

(see Table C5), the resalts are as




follows: fm ax'L torow, corrected =0,0068,
andf . || to row, corrected = 0.0076,
These corrected f-values are plotted as
x's in Fig. 14b, Both values lie well
below the gas-vent fm ax CUrve {and well
below the ground-shock fmax values for
Dugout). This experiment provides part
of the evidence that gas vent is small by
dob = 217 ft/ktl/s, al least in strong rock,
An estimated gas-vent curve can be
drawn through the Dugout points (dashed
curve in Fig, 14b). This curve must be
considered very approximate, and is not
recommended for predictions at this
time,

PRE-GONDOLA IN CLAY SHALE

The remaining row-charge data are
quite unusual, They constitute the only .
overpressure data for nitromethane
detonations in saturated clay shale, All
the peak overpressures are ground-
shock-induced, but they fall above the
ground-shock curve, even as high as the
gas-vent curve. The corrected single-
charge f~values for Pre-Gondola are
plotted in Fig, 13b as individual points
(calculated f for each measured over-
pressure) rather than as f max values,
All points are symbolized by triangles.
The Pre-Gondola Il experiment was a
five-charge row with a mean yield per
charge of 28 tons, and an equivalent dob
= 173 t/kt1/3, All of its observed
f-values were corrected to single-charge
f values using n = 5 charges, The Pre-
Gondola III Phase I experiment consisted
of two rows, each with seven 1-ton
chawges; dob was 195 ft/ktll 3 The f-
values were corrected to single charge

using n = 7 charges, The corrected
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f-values, as plotted in Fig, 13b, lie
almost as high as the gus-vent curves
(Fig, 14a), Those for Pre~Gondola III
Phase I are actually a little higher. The
variation of f with dob, on the other hand,
is roughly consistent with the ground-
shock f-value lines, It is important to
remember that Pre~Gondola III, Phase I
was an experiment with seven 1-ton
charges in each row, and that there may
have been slight airblast reinforcement
between the two adjacent seven~charge
rows, In addition, thaz Pre-Gondola II
row used charges of varying yield. For
these reasons, the results are far from
ideal, Pre-Gondola overpressure meas-
urements were taken at only two or three
scaled ranges, and the data are not suffi~
cient to establish a definite trend for
attenuation rate (or a well-determined
value of £ ). Until further data be-
come available, the following clay shale
prediction method is recommended: For
all events in saturated weak media sim-
ilar to the Pre~Gondola medium with

200 £t/kt'/3 > dob > 170 ft/kt!/3, use

f = 0,06 (for single-charge predictions).

max
Modify for multiple-charge predictions

as in Section 8, This procedure should
produce pessimistic predictions at least

to scaled ranges of several thousand
ft/‘ktl/a.

GAS-VENT-INDUCED AIRBLAST
FOR NUCLEAR EXPLOSIVES

Nuclear gas-vent overpressures fall
into two classes: moist or wet* or soil
media, and dry rock media, The moist
and soil media data derive from only four

————
" Moist or wet media" is defined as
media with moisture content appreciably

exceeding 1% by weight.
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experiments: Jangle U (1,2-kt, alluvium),
Teapot ESS (1,2-kt, alluvium), Schooner
(31-kt, rock containing a moist region),
and Sedan (100-kt, wet alluvium). Fig-
ure lflb shows the range of measured
points (rather than fmax) for all these
experiments, They all agree roughly
with the chemical explosive curve, Sedan
points (large yield) scatter about 40%
above the curve, and Sthooner points
(strong dock with a larée moist seam in
the vaporization region) lie about 32%
below it. This agreement is remarkably
good, but may be coincidental (3ee Appen-~

~dix A). Nonetheless, the chemical explo-

sive curve is the best available means of
predicting wet‘lmedium detonations, as
long as they are reasonably similar to
Sedan or Teapot alluvium or Schooner
moist rock, Even for similar events, it
would be prudent to allow an",added safety
factor, Explosions in very “Eieak wet
media may produce substantially higher
ovirpressures. With these cautionary
notes in mind, the chemical explosive
curve (Fig. 14a) can be used to predict
nuclear detonations in moist media, 16\ft/
kt1/3 < dob < 160 ft/kt}/3 0.1kt <W
<100 kt, This curve is not considered
reliable for detonations larger than

100 kt (see Appendix A),

The dry medium nuclear detonations
in rock form a more coherent picture.
There are oniy five experiments, but
venting behavior is quite consistent, In
all cases,1 the gas-vent pulse is super-

. imposed on a negative phase following the

ground-shock pulse, The ground-shock
peak overpressures are always dominant
and must be consider.d in safety predic-
tions. The gas-vent peaks are still of
interest, since they are only slightly |

-

smaller than the ground-shock pulses
(see tables for Cabriolet, Palanquin,
Buggy and Sulky), The range of the gas-
vent f~values and the fmax values are
plotted in Fig. 14b, The straight line
"fm ay 4ry medium nuclear detonations"
(labeled in Figs, 14a and 14b), represents
a rough fit to these points, Note that the
individual points scatter about this line
by a factor of 2.5, The Dann}; Boy point
is lpw because gas-vent overpressures
weve small and could only be observed to
a range of 587 ft/kt!/3 Beyond this
range, t}.;ey were overwhelmed by the '
stronger ground-shock pulse, Thus, the
Danny Boy point represents a close~in
f-value, not a true f ax value, Its dis-
agreement with the hne is not 51gmf1cant
To compare trends between f-values and
fm ax® One can plot f-vglues at some
chosen range, since these values shet 1d
be more consistent than f .. All exper-

iments have measun}ed overpressures
3

near R = 600 tt/kt'/3, Therefore, I (at

R = 600 ft/kt1/3) is plotted as indicated
by the checkmarks in Fig. 14b, A mean,
line drawn to represent f (at R = 600 ft/‘
kt1/3) is seen to fall below the f ¥ line.
The same general trend of the lme l.S
eviden‘t, but the points still scatter about
the line by a factor of 1,7,

One of the experiments plotted in
Fig, 14b, Buggy I, was a five-charge
nuclear row in basalt, The observed
f-values for Buggy were corrected to
single-charge f values using the formulae
given in Table C6. Figure 14b shows the
complcte range of corrected f-values,
both perpendicular to and off the end of
the'row (uncorrected f-values for Buggy
are not shown), The checkmark indicates
the corrected [ (at R = 600 ft/ktlla)
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perpendicular to the row. The largest cor-
rected va.\ues of "f" are approximately

£ =0,0085, both perpendicular to and off

the end of the row, These values are in
good agreement with the single-charge
f max vhklues for the other nucle.:ar dry
rock experiments,

The nuclear dry rock lines in Fig, 14

are intended for use in predicting the )

" approximate e\tmplitude of the gas-vent

pulse, and other information they contain
should not be taken to\b literally, \In par-
ticular, the slope of these lines probably
does not give a good indication of the \
manner in which the gas-vent pulse is
suppressed with dob, The measured
f-values represent the amplitude of a
small overpressure peak superimposed
on th\‘\e aftereffects of a dominant ground-
shoci< pulse, This amplitude is not accu-
rately determined and may be grossly af-
fectedby the behavior of the preceding
stronger pulse. The apparent slope of these
lines maybe more closely relatid to the be-
havior ofthe ground- shock pulse thanto any )
true gas-vent effect, Thetrue gas-vent
amplitude doubtless decreases morerapidly
with dob than Fig. 14 would indicate.

The nuclear dry rock f lines in
Fig. 14a may be used to predict gas-vent
overpressures for well-stemmed nuclear
detonations in dry rock. The upper line
"fmax" predicts overpressure at alt
ranges, The lpwer line should give a
slightly better estimate of overpressure
at Rg = 600 ft/kt1/3. For reasons stated
in the\iprevious pjragraph, neither of
these lines should be used outside the
range for which they were established:
strong dry rock nuclear detonations witk
125 £t/kt1/3 < dob < 250 gt /el /3
0.05 kt < W < 5 to 10 kt,

, and
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GROUND-SHOCK AND GAS-VENT-
INDUCED AIRBLAST FOR ALUMINIZED
AMMONIUM NITRATE SLURRY °

(STEMMED AND UNSTEMMED
DETONATIONS)

There is one additional set of airblast \
data which has not yet been discussed. {
As mentioned in the chemical explosives
discussion, the near-coincidence of the
chemical explosive f-curves is a result

of the consistent gas production and burn-

ing characteristics of the various explo-

sive materials, Ammonium nitrate \

blasting agents currently being used do
not resemble TNT and the others in these
respects,}| Only one set of airblast data

is available for ammonium nitrate crater-
ing detonations, These data derive from !
a series of experiments conducted in
weak interbedded sandstone and shale,
near Trinidad,"v Colorado.11 Airblast was
measured at ranges of a few hundred feet
to several miles from ammonium nitrate
fuel oil (ANFO) and aluminized ammo-,
nium nitrate slurry (Alel_urry) detona- "
tions., Both single-charge experiments
and simultaneous and delayed roiv-charge
detonations, were included, Several 1-ton
AN slurry near-surface bursts were also
observed,

Most of the buried ANFO experiments
in this series gave sta‘}'tling results,
Gas~vent overpressurés varied widely in
a manner not directly related to dob; in
one case, airblast approached that ex-
pectéd for a surface detonation of the
same yield! Evidently, if ANFQ vents
while still burning and high cavity pres-
sure exists, huge amounts of energy may
be coupled into the blast wave. One
ANFO exberiment produced very low
overpressures, similar to the observed

.airblast for TNT and nitromethane at the

\
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same depth. In this case, the vent appar-
ently occurred somewhat late, and burn-
ing was complete at vent time, The
"slow" reaction behavior, which renders
ANFO quite suitable for surface burst
airblast experiments, causes very erratic
results when it is used in buried detona~-
tions, Anomalous venting characteristics
appear, and the airblast cannot be reli-
ably predicted for buried applications,
Use of the ANFO explosive may be ques-
tionable where surface burst airblast
overpressures are unacceptable. This
subject needs more work, Data and
detailed discussion for the ANFO detona-
tions may be found in Ref, 11,
Fortunately, the venting behavior of
AN slurry is more congistent, All the
close and intermediate~range airblast
data for each Trinidad slurry experiment
are listed in Tables C22 through C24,
Results from the buried single-charge
AN slurry events (B-4 through B-8, B-14)
are used to examine fmax as a function of
dob, In thiscase, the airblast measure-
ments are too sparse to permit accurate
fitted overpressure curves, Therefore,
an f-value is calculated for each observed
overpressure (Table C22). These [-values
are plotted as a function of dob in Fig, 16.
The highest observed f-values for the
individual experiments were found be-
tween 4000 and 21,000 ft/k’cll3 scaled
range, a reasonable location for fma X
(and inside the range of appreciable
meteorological effects), The fnax
curves are drawn through the highest
observed f-points in Fig, 16, One line
shows the f{itted ground~shock=-induced
f

max’
gas-vent-induced fmax; the higher solid

Two curves give estimates of

curve provides a high or pessimistic

-G

estimate, while the lower dashed curve
is a best fit, As expected, the gas~-vent
airblast is more rapidly suppressed with
increasing dob than the ground-shock-
induced component, Ground-shock~
induced airblast becomes dominant at
a dob = 210 to 220 ft/kt!/3 for this
explosive~-medium combination, Fig-
ure 16 also shows that both the - s~vent
and ground-shock airblast excee. that
observed for TNT in all media (Figs. 13a
through 14b), The gas vent is strong
because of the exceptionally early (but
erratic) vent times observed for this
explosive-medium combination.11 Cavity
pressure at the early vent times is cor-
respondingly higher than for other explo-
sives. No immediate explanation is
available for the high ground-shock-
induced airblast, Note that the different
experiments plotted in Fig, 16 show a
certain amount of scatter and inconsist-
ency in behavior. Shot B-17, at dob
= 226 ft/ktl/ 3, produced an exceptionally
strong gas vent, stronger than shot B-6
at a shallower depth, This case indicates
erratic venting hehavior for AN slurry,
similar to but iess pronounced than that
of ANFO, Such variability may be partly
due to the explosive itself and partly a
function of inhomogeneities and local
changes in the medium characteristics;
it may also be caused by the use of drill
cuttings as stemming material at Trinidad
las vpposed to more restrictive stemming
criteria for past chemical explosive
detonations). Behavior of this sort re-
duces the confidence level of airblast
predictions based on ¥ig, 16,

The Trinidad data do not provide a
definitive picture of the attenuation rate.
Most single-charge experiments are
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Fig, 16, Observed single-charge transmission factors f and fitted transmission
factor curves fimax 48 a function of dob for aluminized ammonium nitrate
slurry detonations in sandstone and weak rock,
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consistent with a rate of R‘l‘z, and the f-

values appear to have leveled off by
scaled ranges on the order of several
thousand ft/ktl/ 8 Thus, the fitted
curves in Fig, 16 should give valid fm a

values for AN slurry,

X

No close-in gages were used in these
experiments, Therefore, no daia are
available in the turnover region of the
single-charge overpressure curves,
There is some indication that the closest
measured overpressures and f-values are
slightly low for the deepest experiments
(airblast pulses most strongly directed
upward),

At very long ranges, local propagation
effects and meteorology come into play.
These effects were observable for some
Trinidad experiments as a decrease in f
at very long ranges. Oniy the close ana
intermediate range data are used in this
investigation, Transmission factors
almost always decrease at longer ranges,
indicating a negative temperature gradient
or sound velocity gradient (sound re-
fracted upward, away from ground level),
However, one Trinidad experiment gave
a relatively close tropospheric sound
focus, the first time that such an event
has been clearly recorded, The focus
occurred at a range of 32,300 ft (scaled
range 301,000 ft/ktl/s) from near-surface
shot B~11, The observed 0,55-mbar
(unscaled) peak overpressure at this
location was a factor of 1.8 greater than
the expected R 12 value* Since no ver-
tical meteorology is available, there is
no possibility of calculating a path for the
refracted signal, Refraction due to

Also, this overpressure fell about a
factor of 2,0 above extrapolated close~in
overpressures for the experiment,

strong winds or an inversion condition
nearly 3000 ft above ground level is
suspected (Ref, 11),

Shot B~15 was an unstemmed event at
dob = 209 ft/ktI/ 8 A shaft approximately
1.17 ft in diameter (or 12 ft/kt!/3

left open to the surface, A strong initial

) was

airblast pulse was recorded at all gage
stations, This pulse completely domi-
nated the airblast and was due to com-
bined effects of ground shock and "cannon
muzzle blast" from the unstemmed shaft,
The calculated f-values are plotted as
triangles in Fig, 16, They are obviously
larger than the corresponding stemmed
experimenis, and fm ax " 0.27. On the
average, the unstemmed f-values lie a
factor of 5.5 to 6.5 above the comparable
gas-vent stemmed values, For predic-
tion purposes, multiply the stemmed gas~
vent fma.x by 6.0, Technically, this
number applies only to aluminized AN
slurry detonations near optinmwum depth in
sandstone, with an open shaft to the sur-
face 12 f'c/ktl/3
configuration exactly identical to the test

in diameter and a charge

experiment (1-ton AN slurry charge at
dob = 209 ft/ktl/s). However, the very
early time ventins behavior through an
open hole is not expected to be strongly
affected by the surrounding medium. Thus,
the 6.0 multiplication factor should be ap-
proximately correct for most chemical
explosive detonations near or somewhat
below optimum depth of burst, The shaft
diameter should be close to 12 ft/kt!/3;
shaft size variations or extreme differ-
ences in charge configuration or yield
may modify the observed airblast,
Additional results of the Trinidad
series are described in Section 9 (near-
surface bursts) and Appendix B
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(row-charge experiments). AN slurry
near-surface bursts are predicted using
the standard TNT surface burst curve
(Section 9), The Trinidad row-charge
tests revealed wide and inexplicable

variations in airblast reminiscent of the
ANFO single-charge results, A pre-
liminary method of predicting airblast
from AN row charges is given in
Appendix B,

Section 5
Buried Single-Charge Prediction Procedures

This section presents single-charge
prediction procedures using the fma.x
method and compares the predicted lines
with actual observations of large-yield
events, Aerial gage measurements of
airblast from cratering experiments are
also discussed and compared to ground

level values.

SINGLE-CHARGE PREDICTION
Given the fmax curves of the previous

section, overpressures may be predicted

in the following manner, First, calculate

the dob for the experiment to be pre-

dicted:

DOB (in ft)
{Yield W (in kt)]

dob =

173

Then go to the appropriate curves,
Figs, 13a, 14a, or 16, and read off a
ground-shock fm ax and a gas-vent fmax’
The following is a summary of the cor-
rect curves to use:
Ground-Shock fm ax Values:

(1) Nuclear detonations, 60 ft/kt™/“<dob
<300 £t/kt'/3 0,05kt <W < 50 kt. Use
the Nuclear Detonations line (lower line)
in Fig, 13a (strong rock only).

1/3

(2) Chemical explosive (TNT and
nitromethane) and nuclear in alluvium,
60 it/kt}/3 < dob < 300 £t/kt!/3 10 tons
< W < 1000 tons, Use the center (dashed)
curve in Fig. 13a,

(3) Chemical explosive (TNT and
nitromethane) in all strong rock media,
60 1t /kt /3 < dob < 300 £t/kt1/3 10 tons
< W =100 tons or larger. Use the upper
(basalt and rhyolite} chemical explosives
line in Fig, 13a.

(4) Chemical explosive (nitromethane)
in saturated clay shale, dob > 170 ft/ktl/ 3,
all yields. Use ground-shock fmaxg 0.06.
Gas-vent airblast is negligible for all
chemical explosive events in water or
saturated media below 170 ft/kt1/3 dob,

(5) Aluminized ammonium nitrate
slurry detonations (AANS) insandstone or
weak rock, 160 < dob < 300 ft/kt}/3,

0.5 < W < 100 tons, Use the AN ground-
shock line shown in Fig, 186,

Gas=-Vent fmax Values:

(1) Chemical explosive (TNT and
nitromethane) in alluvium and strong
rock, 16 £t /kt!/3 < dob < 300 £t/kt!/3,
10 tons < W < 1000 tons. Use solid
(upper) curve in Fig, 14a,

(2) Nuclear detonations in alluvium,
moist media, rock with wet rc¢gions,
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16 £t/kt/3 < dob < 160 £t/ktt/3, 0.1 Kkt
< W < 100 kt. Use so..d (upper) curve
in Fig, 14a.

(3) Nuclear detonations, well-stemmec
in dry rock,with 125 £t /kt/3 < dob
< 250 ft/kt!/3 0,05 kt <W < 5 to 10 kt,
Use the dry medium nuclear f max line in
Fig. 14a, This line gives only approxi-
mate predictions of the amplitude of the
gas-vent pulse (ground shock is dominant),
The line on the bottom, f (at R = 600 ft/
ktl/s), may also be used to pred1ct the
overpressure at a scaled range of R
= 600 ft/kt 1/3 only,

(4) Aluminized ammonium nitrate
slurry detonations (AANS) in sandstone
or weak rock, 160 ft/kt'/3 < dob < 300 1t/
kt 1/3 0.5 tons < W < 100 tons. Use
either of the two AN gas-vent curves
shown in Fig. 16 (solid or dashed; they
are quite close together and selection
will make little difference in the pre-
diction),

(5) Unstemmed detonations (open
shaft 12 f’c/ktl/3
optimum depth of burst; aluminized

in diameter), at or near

ammonium nitrate slurry in sandstone or
weak rock, W=1 ton, Multiply the pre-
dicted gas-vent fmax by 6.0, This tech-
nique is also applicable to other types of
chemical explosive events and to other
yields, although the predictions may prove
less accurate,

After obtaining the ground-shock and

gas-vent f values, make the predic-

max
tions and plot them on a sheet of log-log
graph paper, To make the predictions,
select at least three or four appropriate
standard line points from Table 1, scale
them back to the yield and P0 of the
experiment to be predicted, then multiply

each overpressure AP by f. max {gas=-vent)

«33=-

and by fma %
dure yields two sets of prediction points,
one for gas-vent and one for ground-
shock. When plotted, the sets of points

define two lines of slope R -1, 2. These

(ground-shock), This proce-

are the predicted lines, While two points
would be sufficient to define each straight
line, it is desirable to use several as a

check on the accuracy of the calculations,

Summary of Prediction Procedure

To predict the airblast overpressure
AP as a function of true range R, for an
experiment of specified explosive type,
yield W (kt), and ambient atmospheric
pressure P0 (mbar):

(1) Determine f (gaq-vent) and
fay (€round- shock) from Figs, 13a and
i4a or from Fig. 16, as described above.

(2) Select several pomts (R AP )
from the standard R 2 line (some sam-
ple standard line pomts are tabulated in
Table 1),

(3) Since the standard line points are
scaled for a yield of 1 kt and an ambient
pressure of 1000 mbar, scale them to the
yield W and ambient pressure PO of the

detonation of interest:

Py
AP = AP, | 1500

peq (_W_ 1o00\/3
s \1.0 kt iso *

(4) Scaling the standard points (R,
AP S)'co the experiment inquestiongives a
new set of points: (R, AP); (scale atleast
3 or 4 points to assure accuracy of scal-~
ing and plotting), Multiply each AP by

fnax (gas- -vent), This gives the gas-vent
predicted points: (R, AP (gas—vent)), Pre-
dict ground-shock overpressures in the

wiaish
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same way, multiplying AP by {, ax
{ground-shock). Then plot the(R, AP
(gas-vent)) points and the(R, AP (ground-
shock)) points on a sheet of log-log graph
paper.,
slope g
vent and ground-shock overpressures,

The points define two lines of
2, which are the predicted gas-

Note that, for the cloge-in region (R

< 3000 ft/kt 1/3 for gas-vent overpres-
sures and R < 600 ft/kt 3 for ground-
shock overpressures) the R* -1.2 line will
overpredict the airblast overpressures,
Section 6 presents a procedure for refin-
ing the predictions in this range,

(5) All the overpressures listed in
Table 1, and thus all the predicted over-
pressures, are expressed in millibars
(mbar). If desired, convert all predicted
overpressures from mbars to psi by
dividing by 69: AP (in psi) = AP (in
mbar)/69.,0,

Sample Problem
Predict gas-vent and ground-shock
overpressures for a 20~ton (0.02-kt) TNT

experiment in alluvium, The ambient
pressure Po at the time of detonation will
be about 868 mbar. The depth of burst is

34 ft, First, find the dob:

DOB _
wil3

34 ft
0.02)!/3

1/3.

dob = = 125 ft/kt

The experiment is in alluvium, Using

the dashed (alluvium) curve in Fig. 13a,

findf . (ground-shock) = 0,03,

the chemical explosive curve in Fig, 14a,
ax (gas~vent) = 0,17,

Go to Table 1 and select a 12w appro-

From

priate points at ranges of interest:

R s APs (mbar)
500 816
1000 3567
3000 95.4

Scale these points back to a 20~ton ex~
periment at P0 = 868 mbar:

868

AP = 4P, (1000

) 0.868 AP

1/3
R =R (o.oz 1000

T0 7868

Tabulate the values of R and AP:

R (ft) AP

142 709 mbar = 10,28 psi”
285 310 mbar = 4,49 psi
855 82.8 mbar = 1,20 psi

= 0,285 Rs’

For gas-vent overpressure predictions,
multiply all the overpressures (either in

psi or mbar, as desired) by frnax
vent) = 0,17 and tabulate:

R (ft) AP gas-vent (psi)
142 1,75
285 0.764
855 0.204

(gas-

For ground-shock overpressure pre-

dictions, multiply the overpressures by
(ground-shock) = 0,03 and tabulate:

fmax
R (ft) AP ground-shock (psi)
142 0.308
285 0,135
855 0.036

=°‘Convert to psi by dividing by 69.

«34-
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These gas-vent and ground-shock
points are plotted in Fig, 17. They de-
fine two straight lines, which are the
predicted gas-vent and ground-shock
overpressures. The conditions specified
for this sampie problem are the same as
for the Stagecoach III chemical explosive
experiment, The actual observed Stage-
coach III overpressures are plotted in
Fig. 17 for comparison,

To demonstrate further the prediction
method, predictions have teen performed
for several other single~charge nuclear
and chemical explosive experiments in
various media, The resultant prediction
lines, together with the observed points,
are shown in Figs, 17 through 24, The
fmax used is listed in the figure in each
cagse, Please note that Figs. 17 through
24 are plotted in terms of true ranges
and overpressures for each experiment
(not scaled to 1,0 kt, etc.), Some of
these figures have AP in psi instead of
mbar to maintain comparability with the

originally published data.

‘10
R dob = 125 fr/kt /3
W= 0,02 kt
P * 868 mbar
Chemlcal explosive, olluvium
1.0 Predicted gos=vent

overprosture f = 0.17

0.1 r__Plodicled ground=shack
¢ Sverpeessure 'mox =0.03,

Measured f ¥Gos vent X
overerenre {xGromd shock x
XN
O . O ] 1 I i | 1
10 100 1000 10,000

Range == ft unscaled

Fig, 17, Observed and predicted airblast
overpressures for Stagecoach III,
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OVERPRESSURES ABOVE
GROUND LEVEL

All the data on which the above predic-
tion technique is based refer to ground
level or near ground level overpressures,
There has recently been some interest in
aerial airblast, at high elevations above
the point of detonation, Reed believes
that elevated overpressures may have
considerable effect on the airblast energy
propagated to very long rangesg' 12-14
There is a limited amount of experimen-
tal information on elevated airblast,
deriving mostly from the Scooter and
Pre-Schooner II detonations (Tables C11
and C12, respectively). These experi-
ments used either balloon-borne or pole-
supported gages, relatively close-in to
SGZ.

The Scooter experiment had several
elevated gages, but only the two (very
close~in to SGZ) measured gas-vent
overpressures higher than the ground
level values at the same range. These
two gages were at scaled ranges of Rg
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Fig, 18, Observed and predicted airblast
overpressures for Cabriolet,
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Fig. 23. Observed and predicted airblast
overpressures for Buckboard 12,

= 644 ft/kt'/ and R, = 810 st/ Their
overpresgsures are plotted in Fig, 6.
Thege overpresgsures are high relative to
the ground level fitted line by factors of
1,77 and 1,63, respectively, All other
elevated gages, at longer ranges, gave
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overpressures for Buckboard 13.

peak overpressures which fell very close
to the ground level peak overpressures,
Pre-S.nooner II also had a number of
elevated gage measurements, These
data included both gas-vent and ground-
shock overpressures,
shown in Fig, 5, Again, the close-in

The results are

elevated overpressures are high, but
those at longer ranges appear consistent
The
close~-in ground shock overpressures are
definitely high: the first (R =410 ft/

kt ¢/ 3, angle from the ver‘ucal 6 = 59 deg)
is high by a factor of 1,45, The next

(Ry = 756 £t/kt*/3 0 = 34 deg) is a factor
of _..04 high, The third (R = 1260 ft/

kt 1/3 6 = 23 deg) lies a factor of 3,21
above the ground level overpressures,
All the more distant elevated gages (R

- 2180 to 2780 £t/kt /3, 0 = 40 to 81 deg)
gave overpressures very close to the
ground level curve,
pressures reveal much the same picture,
The twc close-in measurements are high
by roughly 1.66 (R_ = 410 ft/kt'/%,

with ground level measurements,

The gas-vent over=-
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0 = 59 deg) and 3.46 (K. = 1260 gt /ictl/3,

6 = 23 deg). Note that the gas-vent over-
pressures are high by about the same
factor as the corresponding ground-shock
overpressures, There ic only one accu-
rate long-range gas-vent elevated over-
pressure (at R_ = 2520 ft/ktll3 0 = 49 deg).
This value may be slightly high, but it is
difficult to be certain, There are no
reliabie ground level long-range gas-vent

overpressures with which to compare it.

Ao

LR 2C Nhag

All the ground level gages were
ranged, It seems most probable that
this elevated value is not high,

On the basis of this limited informa-
tion, it can be tentatively concluded that
the shock front is definitely inhomogene-
ous close~in to SGZ for both gas-vent and
ground-shock overpressures, The over-
pressures are highest for angles close to
the vertical (directly above SGZ), and
drop to a minimum at ground level, How=-
ever, thepressure front tends to "evenout"
(become more nearly hemispherical) at
long ranges. Roughly speaking, close~-in
aerial overpressures are high by a factor
of 2 (relative to ground level overpres~
sures at the same range) at 6 = 34 deg
from the vertical., They are highby a
factor of 3.2 at 6 = 23 deg from the verti-
cal, These effects have largely d1sap-
peared by a range of Ry = 2700 ft /kt '3
For 9> 40 deg and RS> 2700 ft/kt}/3,
aerial overpressures have decreased to
essentially ground level values, The
overpressures at angles closer to the
vertical than 40 deg may still be some~-
what high; there are no data to decide
this point,

It should be noted that aerial data for
both Scooter and Pre-Schooner II under-

went considerable smoothing during the
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course of data reduction. The above con-
clusions are based on the smoothed data.

There is one additional elevated AP
value, for the Palanquin nuclear experi-
ment, This came from a gage mounted
35 ft above the ground, at a range of

gage tracing with the ground level gage at
the same range {3280 ft), there iz some
indication that the serial ground-ghock-
induced overpressure may be 15% higher.,
The difference, if real, is probabiy a
result of slight constructive shock rein-

3280 ft, Unfortunately, calibration for forcement (reflected shock) at the ele-
the gage was lost, In comparing this vated gage. ;
i
Section 6

Prediction in Turnover Region (Very Close-In Airblast)

EMPIRICAL RANGE-DEPENDENT
f RATIOS

The fm ax prediction procedure of
Section 5 predicts an overpressure line
of slope R;I‘z which fits the observed
overpressure observations located high-
est relative to (closest to) a standard
R;l‘z reference line, It produces
slightly pessimistic predictions at inter-
mediate-to-long ranges from subsurface
explosive events., However, it predicts
overpressures which are excessive at
close~in ranges, near the turnover region
of the curve, Overpressures in the close~
in region, generally of interest only for
scientific work and close-in gage sansi-
tivity settings, may be predicted using
the procedures presented in this section.

The turnover region is a result of two
effects mentioned earlier: gages inside
the rising mound radius "see" a local or
ground~transmitted ground-shock over-
pressure, rather than the combined effect
of the entire mound piston, There is
naturally a transition region between the
large ""combined" overpressures at
longer ranges and the relatively small
local overpressures inside the piston

area, Likewise, the nearby gages are
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partially shielded from the gas-vent ‘
pulse by the height and general configura- \
tion of the rising mound, Again, there is
a transition region between the near and
distant gages, These effects will be dis-
cussed from an empirical viewpoint, and
a rough method will be developed for pre-
dicting them,

The approach used is to compare the
observed overpressures as functions of
range with a standard R;l'z line, and to
analyze f~values as functions of scaled
range, If overpressures followed a pre-
cise R"1*2 attenuation with range, f would
be constant at all ranges and always equal
to fmax' Since the experimental data
show that overpressure curves turn over
close to SGZ, the close-in f values will
decrease below fmax‘ The behavior of
the turnover can-be examined by taking a
ratio f(R) /fm ay 8nd plotting it as a func-
tion of range. This ratio has been calcu-
lated for the best of the available experi-
ments, particularly those which have ;
good close=-in overpressure measure- {
ments, The results are plotted in !
Figs, 25 through 28, .

It will be noted that all curves show '
the characteristically decreasing ratio

i s AR R
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Fig. 25. Ratio f(Rg)/fmax as a function of scaled range for Stagecoach and Scooter
ground-shock and gas-vent overpressures (chemical explosive in alluvium),

moving in toward SGZ, There are two
distinct sorts of decrease. Far from
SGZ, the curves are smooth, almost
straight lines, with gradually steeper
slopes close to SGZ., Very close in, they
suddenly undergo a sharp turnover, The
shallow part of each curve represents a

gradual deviation from R™1+2

slope, per-
haps approaching R ! before the turnove:
occurs, The 'very steep close~-in portion

is the true turnover.

CHEMICAL EXPLOSIVES TURNOVER
CURVES

Figure 25 shows the curves for chem-~
ical explosives in alluvium, Mean curves
have been fitted through some of the bet-
ter established points,
are shown for Scooter and Stagecoach II
and III, A ground-shock curve is fitted

Gas~-vent curves

through Stagecoach I and III data,
fact is immewately evident,

One
The gas-~
vent curves all begin to turn over sharply
at long ranges from SGZ, The well~
defined gas-vent turnover re ion extends
at least from R = 300 ft/kt 3 to R

- 1500 or 2000 1t/kt'/3  "he ground-
shock curve (based only on Stagecoach III
and extrapolated Stagecoach I data) is
very shallow-—obviously the slope does
not deviate much from R '2, even as
close as R =~ 1000 ft/ktlls. The hint of a
sharp turnover begins only at R = 300 to
600 £t/kt/3,
of this turnover cannot be defined because

The very close-in behavxor

Stagecoach overpressure meagurements
were not taken closer than R 300 ft/
kt1/ 3

Figure 26, chemical explosives in
strong rock, gives further information
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Fig, 26, Ratio f(Rg)/finax as a function of scaled range for Buckboard and Pre-Schooner
ground-shock and gas-vent overpressures (chemical explosive in basalt and

rhyolite, respectively).

about the close-in turnover, Pre-~
Schooner II had accurate cloge~in ground-
shock overpressures, which define the
shape of the curve in the turnover region,
The f(Rs)/fmax ratio is close to onfla;
long ranges (little deviation from R ™*
slope), A sharp turnover occurs inside

R, = 300 to 600 tt/1et’/3, This sharp
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turnover region definitely extends inside
the ground-piston area, R = 200 ft/ktl/ S,
Ground-shock overpressures from Buck-
board 11 and 12 (Fig, 26, middle line)
show the same tread, although they do

not go close enough to define the turnover,
There is a gradual deviation from R.l'z

at long ranges, but the slope begins to

|
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Fig. 27. Ratio f(Rg)/fmax as a functiop of scaled range for Cabriolet, Schooner, and
Palanquin ground-shOflc overpressures (nuclear detonations),

increase by R = 400 ft,/kt1/3. Gas-vent

overpressures from\Buckboard 11 and 12
{Fig. 26, lower line) reveal quite a differ-
ent picture, The gas-vent f-values show
a Gteep decrease, indicative of sharp
deviation from R™1*2 behavior. The
deviation is quite appreciable at R

- 1000 ft/kt'/3  Bvidently, this distance
ig already within the turnover region,

The most distant oyerpressure measure-
ments fro’m these two experiments lie
near R = 1700 ft/kt1
still in the outer boundaries of the turn-

, and are probably

over region, This fact accounts for t\‘he
curioujly low attenuation rate of the
fitted lines (SR™}). Ground-shock meas-
urements from Buckboard 13 appear to
behave like the gas-vent curves. This
indication is very dubious, because Buck-

\ -41-

1
boa}'d 13 overpressures were low (deeply
buried experiment) anl showed enormous
scatter, The indicated small attenuatiPn
rate (and thus the steep f(R_)/f

max
is based on an extrapolated straight line

cvrve)

| fitted through only three points, A fourth
"point slightly farther out indicates higher !

~1.2

attenuatioh, on the order of R **“, Thus,

a reasonable change of the unreliable fit
of Buckboard 13 could cause it to behave
like the other ground-shock curves

(Buckboard 11 and 12),

| :
!
NUCLEAR TURNOVER CURVES

N

Three well-observed nuclear experi-
ments™ give still better information on

- L
"Palanquin, Schooner, And Cabriolet,
all in strong rock, \
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very close~in airbi‘ast. These events are
particularly useful'in establishing the
ground-shock turnover very close to SGZ,
Figure 27 shows the ground-shock f(Rs)/
f nax ratios only (note that the values \
plotted in the figure extend no farther
than R = 300 ft/ktl/s). Curves for the
three experiments are quite similar,

The sharpeat turnov\er oceurs inside R s

= 150 to 200 ft/kt'/3 This is the transi-
tion region where smaller ground-

\

Fig. 28, Ratio f(Rg)/fmax as a functjon of scaled range for Cabriolet, Schooner, and
Palanquin gas-vent overpressurés (nucl\ear detonations).

\
\ §

transmitted locai overpreésures become
dominant, and it is quite well-defiQed in
Fig, 27,
shallower than the other two and remains
low at slightly greater scaled ranges.
Palanquin was at a scmewhat deeper dob,
The effective ground pislon is larger and
less well~defined for a deep experiment

The Palanquin curve appears

and the local overpressures are lower;
thus, the transition from ground-
transmitted to air-transmitted pulse is

e




less sharp; the fitted overpressure curve
tends to be a smoothed curve of gradually
changing slope, The Palanquin curve
appears shallow because the edge of the
ground-piston effect is not "seen" as
sharply in the limited number of over-
pressure data points.

The nuclear experiments also demon-
strate gas-vent turnover quite nicely, In
Fig, 28, the overpressures begin to drop
below R"1*2 behavior far from SGZ,
Apprec1ab1e deviations occur around R
= 2500 ft, kt 1/2 . The sharpest part of the
turnover falls in the range R = 200 to
2000 ft/kt/3  Cabriolet defines the
extreme inner region of the turnover,
Sharp dropoff continues near SGZ. Inside
R 200 ft/kt]‘/3 f(R,) decreases to
about 0.3 to 0.4 tlmes fmax Evidently,
the close-in ground level gages are very
well shielded from the gas-vent pulse,
This is the expected effect, since venting
occurs near the crown (separated from
neayr gages) and shielding by the body of
the mound is grratest close-in, Again,
the Palanquin curve lies significantly
below and is shallower than its two com-
panions, Ir this case, the effect is very
probably real, Gas venting for deep
experiments (Palanquin) occurs later in
the mound history, near the top of the
mound, Basic geometry for deep bursts
also indicates that the gas-vent pulse
energy should be concentrated in a
smaller vertical angle (i.e., the vent
should be more strongly directed toward
the vertical), Therefore, close-in gages
are well-shielded, with most of the pulse
energy escaping in a near-vertical direc-
tion (not seen by the gages), Since the
shock is strongly concentrated in one
direction, more time is required for the
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shock front to "even out" into a nearly

hemispherical configuration, The shock
energy feeds back more slowly to ground
level. The overpressures are relatively
lower (and f(R )/ frnax
smaller) at close to intermediate ranges

before the shock front approaches a

is relatively

hemisphere,
PREDICTION PROCEDURES

Close-in overpressures can be pre-
dicted using the above results, Correc-
tions are applied only for R < 3000 ft/
Kkt 1/3
R < 300 to 600 ft/kt
overpressures, To predict, simply make

for gas-vent overpressures, or for

1/3 for ground-shock

a single~charge prediction, as in Sec-
tion 5, Then select an appropriate curve
from the turnover region figures using
the following guidelines:

(1) For all chemical explosives in
alluvium: Use Fig, 25, Use the Scooter
curve for gas-vent predictions, Use the
Stagecoach I and III ground-shock curve
for ground-shock predictions,

(2) For chemical explosives in basalt
or rhyolite: Use Fig, 26, Use the bot-
tom Buckboard 11 and 12 curve for gas-
vent predictions, Use the Pre-Schooner
Il curve (upper curve) for ground-shock
predictions,

(3) For nuclear experiments in strong
rock: Use Fig, 27 for ground~shock pre-
dictions, Use Fig, 28 for gas-vent pre-
dictions, Select the curve which is
closest to the proposed experiment in dob,

Caution:

The above gas-vent curves are valid
only for experiments near optimum depth
of burst, Shallow experiments may be

,

b | e S i e T 1 S Y,

. o
e s et Tl A



underpredicted close-in, since airblast
is less concentrated toward the vertical
at shallow depths for reasons discussed
under "Nuclear Turnover Curves' (Palan-
quin), above, In addition, the nuclear
curves apply only to well-stemmed events
in dry high-strength rock.

Next, use the selected curve to cor-
rect the Section 5 (R;l‘z) predicted over-
pre-sures. The procedure is as follows:

at any scaled range R < 3000 ft/kt1/3

gas-vent overpressures, or R < 300 to
600 ft/ktl/3 for ground-shock overpres-

for

sures, read the value of f(R )/ max from
the curve. Then multlply the predicted
AP at R_ by [f(R)/f 1.

correct predlcted overpressure, If de-

This gives the

sired, predict overpressures for several
close-in ranges, plot, and draw a smooth
curve through the points,

Section 7
Row- and other Multiple-Charge Configurations

This section discusses row- and
multiple-charge experiments, data, and
factors which influence airblast overpres-
sures from multi-charge configurations,
Section 8 presents a procedure for pre-
dicting airblast overpressures from
multi-charge detonations.,

FACTORS INFLUENCING
ROW-CHARGE AIRBLAST

Multiple~charge events may occur in
simple or complex configurations, with
varied delay times between successive
detonations, Thus far, most airblast
data refer to simultaneously detonated
row and square array events, The sim-
plest cases will be examined for pur-
poses of empirical preadiction,

Three new factors appear in the func-
tional dependence of row- charge over-
pressures: (1) the number of charges in
the row, "n'"; (2) the scaled spacing
between the charges S (ft/kt 1/3)—-

= (charge separation, in f)/(W in kt)l/s
and (3) the azimuth from the row axis at

whichoverpressure is measured. The over-
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pressures are larger perpendicular to

"the axis of the row (L to the row) than off

the ends of the row (|| to the row).

It must be determined how these fac-
tors control row-charge overpressures,
One approach is to compare single-charge
experiments with row charges, The ideal
situation would be to compare two events
with all factors identical except the num-
ber of charges., Unfortunately, many of
the available comparison experiments
are also influenced by differences in
medium, burial depth, explosive type,
yield, etc,

PREVIOUS EMPIRICAL
PREDICTION STUDIES

In an early attempt to study row-

15,16 compared

charge effects, Vortman
overpressures from Dugout (5-charge
row, 20-ton nitromethane charges in
basalt) to those from a small experiment
(11-charge row, 8-lb charges in allu-
vium), On the basis of these two row
detonations, Vortman found that peak

overpressure at a given scaled range




depended mainly on "n," He established
an empirical dependence of the form:

AP (L to row) = n%7ap (single charge)
- »0.25 ;
AP (] to row) =n AP (single charge)

where "AP (single charge)" is the ex-
pected overpressure at a given range for
one of the charges in the row (or for one
charge of average yield at the averagedok
for a row of differing charges); "AP (1 to
row)" and "AP (|| to row)" are the respec-
tive overpressures at the same range
perpendicular to and off the end of the row.

Unfortunately, the excellent fit ob-
tained for the above two experiments
proved partly fortuitous, Vortman later
showed that the Dugout peak overpres-
sures were ground-shock-induced, while
those from the small-charge row were
due to gas vent, Thus, inconsistent
experimental conditions invalidated the
comparison,

Better estimates of row-charge air-
blast reinforcement may be made by
comparing similar large-yield detona-
tions, There are only two such events
for which complete airblast data exist.
They are Dugout (above) and Buggy
(5-charge row, 1.1-kt nuclear charges,
also in basalt), Dugout overpressures
can be compared to the very similar
Buckboard 13 single-charge experiment
(TNT, basalt).4'15'16 Buggy can be com-
pared to several single-charge nuclear
detonations in strong rock. In both caues,
perpendicular and off-the-end overpres-
sures exceed the corresponding single-
charge overpressures by about the same
amounts, Bcth experiments are consist-

ent with a relation of the form:
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AP (L to row)

0.7 for
=n* AP (single charge) ground
shock
AP (] to gow) peaks
=n *“Y AP (single charge) ) only

This coincides with Vortman's relation
determined using Dugout and a small-
charge row, However, the data are still
based on just two experiments, both of
which are 5-charge rows in basalt,

In other work, Voz‘tman6 attempted to
eliminate the experimental inconsisten-
cies of the above tests by observing
carefully controlled row shots in a single
medium (dry lake playa). All detonations
used identical 64~1b charges at fixed
depths of burst,
rows of 2 to 25 charges, at two different
Thus, it was hoped, the

The tests encompassed

spacings.,
effects of n and of charge spacing could
be isolated,

Some difficulties arose during the
course of these experiments, Measured
overpressures were not reproducible,
airblast attenuation with range was not
reproducible and deviated from that
expected for large-yield shots, the air-
blast waves changed form with range,
ete. Some of the problems were related
to the vse of small-yield charges,
Small-charge experiments sften show
nonrepeatable effects, and results may
not extrapolate periectly to larger yields,
Other problems may be common to all
row~-charge experiments, First, meas-
urements were taken over a rather
restricted range of distances. As men-
tioned previously, the overpressure
peaks for a row charge are separated in
time, They achieve partial combinaticn
and converge on a reasonsble attenuation
rate only at large scaled distances. The
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change in waveform with range is ex-
plained by shielding effects: the closest
gages are partially protected from the
gas~vent pulse by mound shielding and
the upward direction of the vent. Thus,
cloge-in gas-vent overpressures are low
relative to the ground-shock values,
They grow relatively larger at long
ranges, until the gas-vent too converges
on R-I'Z attenuation, Close-in mound
shielding may be further increased off
the ends of the row by the presence of
several successive intervening mounds at
the time of gas vent, Obviously, the
various influences combine to decrease
the gas~-vent amplitude seen by nearer
gages. The shock wave will be far more
distorted. It will require a greater dis~
tance to even out into a more hemispher-
ical configuration and approach R™ 2"
attenuation, These effects were well-
observed during Vortman's experiments,
In some cases, the gas~-vent peak was
actually smaller than the ground-shock
pulse close-in, but became slightly
larger at great ranges. It is now evident
that no reasonable attenuation rates or
transmission factors can be based on
close~in gas~vent data, particularly for
row charges.

In spite of these difficulties, it is
believed that Vortman's derived ratios
(ratio of row charge to single charge air-
blast) are roughly correct for charges of
small yield, His results may be briefly
summarized as follows: The ratios of
row charge to single charge for "mean"
cverpressures (smoothed to an approxi-~
mate fit over all ranges) were determined
for all experiments, It was found that the
ratio of row charge to single charge air-
blast did indeed follow a power law rela-
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tionship to the nuinber of charges in the

row, Vortman's empirically derived
relations are:

Scaled intercharge spacing, S, of
165 1t /kt1/3;

AP (1 to row) = n%% AP (single~

charge) for ground-
shock

292 AP (single-
charge) for gas-
vent

n0’4 AP (single-
charge) for ground-
shock

=n7 ap (single-
charge) for gas-
vent

AP (] to row)

Scaled intercharge spacing, S, of
252 ft/kt1/3;

AP (L to row) = a8 ap (single-

charge) for ground-~
shock

= n0'4 AP (single-
charge) for gas-
vent

AP (| to row) T AP (single-charge)
for ground-shock

T AP (single-charge)
for gas-vent

Note that, for the wider spacing, AP
(| to row) =~ AP (single-charge). Wide
spacing increased the time interval be-
tween overpressure peak arrivals, The
increased interval was sufficient so that
overlap of the peaks was negligible, and
the peaks were not able to combine, The
overpressure was effectively decreased
to single-charge values, Sometimes it is
not feasible to use wide charge spacing,
However, the increased time interval can
be duplicated by using delayed detonations,
It is necessary to retard the successive
peak arrivals by an amount equivalent to
the delay due to wider charge spacing,
above. In Vortman's experiment, the
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spacing was increased by 53% over opti-
mum spacing., Successive peak arrivals
can be retarded by the same amount if
successive detonations are delayed by

Delay time (sec)

‘= 0.53 Optimum spacing (in ft)
*“* Sonic velocity in air (it/sec)*

Delay times of this order are probably
tolerable without greatly decreasing the
volume of the crater excavated, Note
that this delay time will apply only off the
starting end of the row (end where the
detonation series is initiated), The peaks
will arrive closer together off the other
end, possibly increasing the overpres-
sure, However, in many instances, dam-
age is likely to be of concern in one
particular direction, This technique pro-
vides a means of decreasing row-charge
overpressures to nearly single-charge
values in that direction,

ROW-CHARGE f PREDICTION
METHOD max

Returning to the problem of simultane-
ous detonations, there remains one very
important question: Which of the empir-
ical relations is correct for predicting
large-yield airblast? One disadvantage
of the above studies is that they tend to
weight or to emphasize close-in over-
pressures, As has been seen, the row-
charge pulses are still in the process of
combining at these ranges, and have not
converged on a reasonable attenuation
rate., Therefore, predictions based on
close-in overpressures are in danger of
underpredicting at longer ranges. The
f approach will be used, based on

max
overpressures at the farthest available

ranges from SGZ, The f-values at these
ranges should be truly comparable to the
fmax values shown in Figs, 13a and 14a,
This approach is particularly appli-

cable to the large experiments Buggy and
Dugout, since measured overpresgsures

extend to about R = 10,006 and 15,606 £t/
ktl/ 3, respectively, At these long ranges,
even gas-vent overpressures have essen-~
tially converged on R 1+2

attenuation,
Therefore, row-charge f-values can be
safely compared to their single-charge
counterparts. A 'difference factor" can
be found which tells how many times
larger row charge AP's are than those
for a comparable single charge, The

difference factor is given by:

Difference Factor

_ flong range (row charge)

ax \single charge)

I

. AP (long range, row charge)
AP (same range, single charge)’

where the charges in the row and the
single charge are ewplaced at the same
dob, and in the same medium, The f___
(single-charge) may be taken from

Figs. 13a and 14a, or from a similar
single-charge experiment of the same
"per charge" yield at the same dob,

The number of charges in the row, n,
is known, Therefore, assuming an em-
pirical fit of the form AP (row charge)
= nB AP (single charge), the exponent B
can be found:

nB . AP (row charge)
AP (single charge)

ax (row)
ax \single charge)

fm

m

= difference factor,
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charge experiments,

Results are listed in Tables 4 and 5, The
values of "B" are in the last column of

each table, In most cases, single charge
fm ax values from Figs. 13a and 14a were
used in the calculations. The B's 1 to and
| to the row are tabulated for all row-

In some instances,

more than one exponent is listed, These

values are for several different ranges
(i.e., for individual overpressure data
points) rather than just the maximum
range, In one case (Rappleyea array
charge, dob = 189 ft/ktl/s), a second set
of B values is given in parentheses after
the first set, These second B values are

calculated on the basis of measured

Table 4, Calculated B exponents for observed row and array detonations (ground-shock

B values).
; B
Experiment f or B (AP = n
(dob, £ (€ max ) Difference %X AP row )

medium) row charge single charge factor single charge
Dugout® 10,0557  0,0194 2,87 1 0.655
(217 ft/kt'/3 [ 0,0330  0.0194 1,70 I 0.33

basalt)
Buggy® 10,0467  0,0147° 3.18 10,719
(130 ft/kt*/3 | 0.0209  0,0147° 1.42 | 0.218

basalt)

: a 0.0545- 2,81~ 0.641-
Vortman 1 0.0744 0.,0194 3.84 i 0.835

1/3 0.0223- 1,15- 0.087-

(217 ft/kt™/°, || o 0.0194 . I

playa) 0.0311 1,603 0.293
Rappleyeats1T 0.0452  0.0221 or (0.0216)% 2,045 or (2.1) 0,445 or (0.460)

ppleye 0.0764  0,0221 or (0,0281) 3,46 or (2,72)  0.77 or (0.62)
(189 gt/kt/3 0.0806  0,0221 or (0.0350)  3.65 or (2.30)  0.805 or (0.517)

playa)
Rappleyea® 0,0447  0,0168 2,66 0.608
(252 ft/kt/3 0.0475  0.0168 2.83 0.646

playa) 0.0436  0,0168 2,60 0.594
Rappleyea® 0.0323  0,0136 2.38 0.539
(315 gt/ktt/3 0.0360  0,0136 2.65 0.605

playa) 0.0485  0,0136 3.57 0.79
Dugout (Vortman's resuits, —_— 13,28 10,738

derived solely from a — | 1.39 | 0.204

comparison with Buck-
board 13 as the single

charge)

&Five charges in a row; assume n = 5,
bNuclear line, Fig. 13d.
CPFive charges in a square array, using n = 5,

dParentheses indicate alternate estimate based on Rappleyea comparison single-
charge detonation,
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Table 5. Calculated B exponents for observed row and array detonations (gas-vent B

values).’
Experiment fmax or B (AP = nB
(dob, £ ¢ ) Difference AP row
medium) row charge single charge factor single charge)
Dugout L 0,021 0.0066>% _ 3.18 or 1.0 10,7192 or 0,02
or 0,021
(217 ft/ktl/ S || 0.0199 0.00663P 3.02 or 0,95 || 0.6862 or 0.0%
basalt) or 0,0212:C
Buggy 10,0262 0.0099 2.65 10,605
130 t/kt!/3 | 0.0222  (nuclear dry 2.24 || 0.501
basalt) rock line)
0.0249-  0.020 1,245~ 0,136~
Vortman 100544  0.020 2.72 L 0,62
(217 £t/kt!/3 | 0-0192-  0.020 1,0- 1 00
playa) 0.0472 0.020 2.36 0.534
Raopleveal? 0,082 0.0375 or (0.0579) 2.19 or (1.417)  0.487 or (0,216)
ppies 0.149 0.0375 or (0.0785) 3.97 or (1.90) 0.856 or (0.398)
(189 ft/kt!/3 0.161 0,0375 or (0,1026) 4.3 or (1.57) 0.905 or {0.28)
playa)
Rappleyea 0.0238 0.0099 2.40 0,544
(252 £t /kt1/3 0.0245 7  0,0099 2.48 0.564
playa) 0.0239 0.0099 2.42 0,549
Rappleyea 0.00968  0,0041 2,36 0,533
(315 £t/kt /3, 0.00936  0.,0041 2.28 0.512
playa) 0,01320  0.0041 3.22 0.726

3B = 0 for Dugout compared to the chemical explosive gas-vent curve (i.e,, Dugout

row fm

coincides with the fitted curve single-charge fiax).

This fact indicates that

the deeply buried Dugout nitromethane row-charges are behaving in a manner rather
similar to nuclear explosives in dry high-~strength rock (in regard to gas-vent airblast
overpressures), or that the chemical explosive gas-vent fmax curve in Fig, 14b is too
high at dob = 217 ft/ktl/ 3, The dashed line might be more appropriate at this depth,
In order to resolve the difficulty, Dugout results are provisionally compared to the gas-
vent fyqax line for nuclear detonations in dry high-strength rock (Fig, 14b), giving the
higher values of B listed above,

bNuclear line, dry medium nuclear detonations, Fig. 14b,
CChemical explosive curve, Fig, l4b,

dParem:hes.es indicate alternate estimate based on Rappleyea's comparison single-
charge detonation,

overpressures from an identical single- small~charge rows) are consistent with

charge experiment at the same ranges 0
and under the same conditions, AP (1 to row)=n N {single charge)
. . for ground-shock
Results of the row-charge experiments "
AP (single charge)

0.
(Dugout, Buggy, and one of Vortman's ~ ?or gas-vent

earlier studies:
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AP (|| to row) ~n%2% AP (single charge)
for ground-shock

o n0.50 to no’70 AP (single
charge) for gas-vent
The exponents for the Rappleyea five~
charge square arrays are also of interest:

AP (square array) = no'6 to no‘8 AP
(single charge) for
gas-vent and ground-
shock

There is some indication that the expo-
nents may be slightly smaller for the
gas-vent pulse,

The contradicticn between large-yield
experiments and the aforementioned
small-charge study is siill present. Any
analysis of the large-yield strong rock
data gives roughly the same result for
ground-shock-induced overpressures:

AP (L tc row) ~ a7 ap (single charge)
for ground-shock

AP (|| to row) = n%-?% AP (single charge)
for grouvad-shock

Vortman, from the small charge row
comparisons, found:

AP (1 to row) = n% AP (single charge)
for both ground-shock
and gas-vent®

AP (]| to row) = n04 ap (single charge)
for ground-shock *

AP (]| to row) = n%7 AP (single charge)
for gas-vent

Part of the difference may be due to
effects which are nonscaling with yield,
Overpressures off the end of small-
charge rows tend to be low at close dis-
tances, However, they quickly approach
the perpendicular overpressures at

*Applies to all closely spaced small
charge experiments,

“50=

greater ranges where the shock front is
beginning to "even out" into a hemisphere,
and the row appears almost as a point
This fact explains the relatively
large exponent found by Vori:man6 off the
end of the small-charge rows:

source,

AP (|| to row) ~ 0% to n®7 AP
(single charge).

For large-yield experiments, on the con-
trary, overpressures remain low off the
ends of the row, Azimuthal variations in
the shock front are permanently estab-
lished, and propagate to great ranges.
Apparently, these variations are "frozen
in," either by local meteorological condi-
tic~s or by the sheer linear dimensions

@ shock front (a given scaled distance
corresponds to much greater linear dis-
tance for these large experiments).,
Overpressure peaks still tend to combine
off the ends of the row, but not completely.
Redistribution of energy over the shock
front is only partial, and pressure never ap-
Airblast
converges on R-l‘z, but it converges on a
lower R **2 line off the ends of the row
than perpendicular to it,

proaches a true hemisphere,

Thus arises the
small exponent for ground-shock over-
pressures, AP (|| to row) = n%25 ap
(single~charge).

This entire question of nonscaling
effects cannot be satisfactorily resolved
A most useful
experiment would be a large yield 10~ to
20-charge row, similar to Dugout (chem-~
ical) or Buggy (nuclear) in strong rock,
The results of such an experiment could
be combined with those of Buggy er Dug-
out to establish the exponent B at all
ranges, . and || to the row, Until such
information becomes available, the

until better data exist,




empirical formulae in the following sec-
tion are recommended for predicting row-
charge airblast, '

Delayed row-charge detoxll.ations, double
row detonations, and row-charge airblast
for AN slurry and ANFO detonations in

sandstone and weak rock are discussed in
Appendix B, Use the results of that dis-
cussion to predict for ammonium nitrate
and other chemical explosive detonations
of intermediate yield, and for delayed and
double row events.

Section 8
Buried Row- and other Multiple-Charge Prediction Procedures

To predict row-charge overpressures,
perform a single-charge overpressure
prediction for one charge in the row.

Use its single-charge yield and dob just
as if airblast were being predictzd for a
single charge, In those cases where suc-
cessive charges in the row have different
yields or dob, use the mean yield and
mean dob to make the single-charge
prediction,

Next, multiply the predicted overpres-
sures at all ranges by a correction factor

B

n~, where n = the number of charges in

the row, The correction factors are
given below,

For large-yield cratering events (W
& 10 tons) in strong rock, well stemmed,
nuclear explosives, TNT, and nitro-

methane, use:

AP (1 to row) = n%7 AP (single charge
at the same range) for
ground-shock and gas-
vent overpressures

o

AP (|| to row) = n%"" AP (single charge
at1 same range) for
ground-shock overpres-
sures

AP (] to row) = n0-8 AP (single charge at

the same range) for gas-
vent overpressures

w5l

Note that these relations will predict cor-
rectly using the f max method for Dugout
and Buggy (as in Figs, 13b, 13d, and 14b),

For moderate yield (We 1 to 40 tons)
nitromethane and chemical explosives
detonations near optimum depth (170 ft/
ktl/ 8 ) in saturated weak media, use
ground-shock fmax (single charge) ~ 0,05
to 0,06, and:

AP (1 to row) = 07 AP (single charge)

for ground-shock over-
pressures

AP (] to row) = n041 ap (single charge)
for ground-shock over-
pressures

(Ground-shock-induced airblast is domi-

nant for row- and single-charge detona-

tions near optimum (epth in saturated
weak media,) These relations are based
on an analysis of data from the Pre-

Gondola row~-charge events in saturated

clay shale (Tables C19 and C20 and Ref. 18).

For other row-charge detonations of
smaller yield per charge (a few pounds
to one ton):

AP (L to row) = n%% AP (single charge
at the same range) for
ground~shock and gas-
vent
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AP (]| to row) = n%4¢ AP {single charge
at the same range) for
ground-shock

AP (|| to row) = n%7 AP (single charge
at the same range) for
gas-vent

For all square array detonations,
where n is the total number of charges
in the array (n = 4 or 5):

089 15 n0-8 AP (single
charge at same range) for
ground-shock

0.6 1o 007 AP (single

AP (array) =

AP (array) =n
charge at same range) for
gas-vent

. ular overpressures, Next, multiply {

For all aluminized ammonium nitrate
slurry detonations, see Appendix B, For
delayed row-charge and double-row deto-
nations, see Appendix B.

The above procedure requires a com-
plete single-charge airblast prediction
before the row-charge prediction can be

made. The preliminary single-charge
prediction is often useful for comparison
with the row-charge results, If a single~
charge prediction is not desired, the
row-charge procedure can be shortened
slightly, First, calculate the dob for a
single charge in the row, just as in the
single-chzarge technique. Read off the
appropriate single-charge fm ax value (s)
from Figs, 13a, 14a, or 16. Do not pro-
ceed with the remainder of the single-
charge prediction. Instead, multiply

f (single charge) by n® (L to the row).

max
Use this new value to predict perpendic-

_ = max
(single charge) by n— (|| to the row), Use
this value to predict overpressures off
the end of the row, This procedure auto-
matically multiplies all overpressures by
the appropriate nB, without the need to go
through an entire single-charge predic-
tion,

Section 9
Surface Burst Predictions

Surface bursts are frequently used for
airblast calibration prior to a buried det-
onation, and are also useful in estimating
the greatest possible airblast in case
of an accident or in predicting airblast
for events at very shallow depths, There-
fore, a surface burst overpressure curve
is included. This curve is based on the
most recent data from the Canadian
Distant Plain and Prairie Flat operations,
and from the Sailor Hat events. These
experiments cover the yield range from
50 to 500 tons, and most were near-surface
TNT hemispheres or similar configurations.
Overpregsures derive from several differ-

- 5=

ent types of gages, fromphotogrammetric
shock wave radius-time data, and from
Airblast Time-of-Arrival Detector data
(ABTOAD, used in the Canadian experi-
ments), The results are thus firmly
founded on several independent sources,
and should be reliable to APSN 3000 mbar,
The experimental results have been tab-
ulated, then scaled to a yield of W =1,0 kt
at an ambient pressure P0 = 1000 mbar,
The experimental and scaled results are
listed in Tables C26 through C30.)’=

*Tables C26 through C30 are presented
in Appendix C,




Individual scaled points for all experi-
ments are plotted in Fig. 29.

A pessimistic mean curve has been
fitted through the individual poinis in
Fig, 29, This carve, shown in Fig, 30,
will be used for predictions, Several
points from the Distant Plain experiments
have also been included in the figure.
These points are included because they
come from a "good" series of 20-ton ex-
periments, and fall well below the fitted
curve. The theoretical 1-kt nuclear free-
airburst overpressure curve (IBM Prob-
lem M) is also plotted for comparison, It

falls below the surface burst curve, as
expected. Sample APm values along the
IBM curve are listed in Table 6.* The
IBM curve refers to Zree-air explosions,
and cannot be used in predicting surface
bursts.

TNT PREDICTIONS

To predict overpressures from any
TNT surface detonation, use the upper

*More complete data for the IBM curve
are given in Table C31 (Appendix C),

IBM Problem M

curve-
4

% Distant Plain Event 5

13- @ Distant Plain Event 3 _
. 5 % Sailor Hat, 5.2a, Event B .
_é |~ % Sailor Hat, 5.2a, Event B, aerial i
| 10 o Sailor Hat, 5.2a, Event C .
%—w B & Sailor Hat, 5.2a, Event D .
B @ Sailor Hat, 1.1 LI 7
10' - . S -
o canilor Hat, 1.4 S
- \ =
o Distont Plain Event 6 S
B ~ -
10° O Prairie Flat — anomalously high due to h
— jets at clese=in ranges
-1 l | I |
10 1 | | [l 1 1 | {
10’ 102 10% 10t 10°

Scaled range, Rs — ft/kt

/3

Fig. 29, Chemical explosive surface-burst overpressures (scaled to 1,0 kt at

1000 mbar),
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| i i ] 7 T
105 = Prediction curve -
i APs for surface burst J
104 -
_§ 1081 {BM Problem M -
€ R .
|
("] ™ -
3 0% _
: - o Distant Plain Event 3 }\\ ]
10 - a Distant Plain Event 5 N 7
R NG 4
~
R S
0 S
107+ —
-1{ ’
10 t ] ] 1 ] | L 1 ! I 1
10 102 10° 104 10°
Scaled range, Rs —_ ﬂ'/kl‘l/3
Fig, 30, General prediction curve for chemical explosive surface-burst overpressures.
Table 6. Sample points selected from curve in Fig, 30, This curve gives

IBM Problem M curve, for
free-air bursts only.

PO = 1000 mbar ambient pressure

Cq = 1139 ft/sec sonic velocity
Yielg = 1.0 kt nuclear 13
R _ = scaled range, in ft/kt

m .
APp, = IBM curve overpressure, in mbar

R (1t/kt!/%) AP_ (mbar)
9900 25.5
5000 54,0
2000 176
1000 491

500 1930
200 17800

«H54-

APsurface burs} as a function of scaled
range Rs(f’c/kt1 3),scaled to 1.0 kt at

PO = 1000 mbar, It may be scaled back to
any desired yield and ambient pressure
using the scaling relations in Section 5,
Prediction should be accurate for all TNT
surface bursts, where W =1 to 1000 tons,

ANFO PREDICTIONS

The above prediction method using
Fig, 30 applies only to TNT and similar
explosives, Overpressure data are now

available from three ANFO surface
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Fig. 31. Surface-burst overpressures for

(scaled to 1,0 kt at\IOOO mbar),

Al

bursts, These dlta have been scaled to
1,0 kt at 1000 mbar, They are tabulated.
in Table C30 ang plotted in Fig, 31. The
normal TNT chemical explosive curve is
also plotted for 'comparison. ANFO
overpressures lie below the TNT curve
at; close ranges, and approach it near
R é = 4500 ft/kt]'/ 3. The individual ANFO
points in I\?‘ig. 31 1nay be scaled to predict
future ANFO surfac}e bursts,
ALUMINIZED AN SLURRY
PREDICTIONS

Recent results from four Project ‘
Trinidad 1-ton near-surface detonations

?NFO and aluminized AN slurry explosives

)

indicate that aluminized ammoni\‘im
niiratle slurry explosiv%; produces greater
airblast than does ANFO, Overpressure
data from these experiments (B-10

| through B-13) are compiled in Table C22,
and the scaled data points are plotted in
Fig, 31, These points are at relatively
long scaled ranges and refer to very
small yield (i~ton) events, A great deal
of scatter is evident,! but the individual

' measuremer s fall around or shghtly
above the 1 NT surface burst curve, The
points for the surface and shallowly
buried detonations are higher than thos?
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for the slightly elevated events, irdicat-
ing that the reflected blast e\pergy is
more efficiently coupled into the peak
overpressure p;;ﬂse if the detonation is at
or somewhat below the surface, Theo\-
retically, one would expect doubling of
the free-air burst energy* at a given

scalgd range from a surface event (hemi- )

i
=°=That is, do'ubling of the effective yield
W, not of the overpressurses,

J——

«56-

S o)
spherical shock wave propagation as
compared to a spherical free-air shock
wave), This ideal condition is evidently
not fulfilled for the elevated events.
However, the difference b%tween sur{ace
and slightly elevated events is small
compared to the scatter of the daté, points,
It is recommended that the TNT surface
burst curve (Fig. 30) be scaled to predict
all aluminized ammonium nitrate sluryy

surface and near-surface events,
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Summary

Two procedures have been developed
for predicting the ground-shock-induced
and gas-vent airblast overpressures from
single- and multiple-charge subsurface
detonations of chiemical and nuclear explo-
sives, Botl procedures are empirical,
and are based on field~measured data for
large-yield chemical and nuclear deio-
nations,

Onge procedure, valid for ranges gen-
erally of interest in making airblast
safety predictions, employs transmission
factors which are dependent on the depth
of burst, the geologic medium, and the
type of explosive, The transmission
factors correctly predict airbiast over-
pressures from ground-shock at ranges
greater than 200 to 600 ft/kt1/3 and from
gas vent at ranges greater than 1000 to
3000 ft/kt1 8 At locations closer to SGZ,
overpressures will be overpredicted
(safesided).

The second procedure permits predic-
tion of the airblast overpressures in the
close-in region for detonations near opti-
mum depth by use of range-dependent

transmission factors, The range-
dependent transmission factors are de-
termined as a function of depth of burst,
medium, and explosive,

Both transmission factors are deter-
mined relative to a standard line, the
R;l‘-zl léne, which has an attenuation rate
of R "*“ and passes through a point at a
scaled range of 9000 ft/kt1/3 where the
overpressure is 25,5 mbar for an am-
bient atmosphere of 1000 mbar, Use of
the standard line simplifies the predic-
tion calculations, because the slope of
the line is constant rather than varying
as is the case with procedures that em-
ploy an air- or surface-burst line as the
reference,

The empirical prediction muthods pre-
sented are well-founded for the types of
events which have been extensively inves-
tigated, Their chief weaknesses lie in
the prediction of detonations employing
new types of explosives or of detonations
in media for which data are not available
or are insufficient to provide a suitable
empirical base.
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Appendix A
Anomalous Results for Large-Yield Nuclear
Experiments in Moist Media

As noted in the text, there are serious
problems with moist or we: medium
nuclear gas-vent overpressures. The
relevant data come from only three ex-
periments, Sedan and Teapot ESS (both in
alluvium), and Schooner (moist rock),
These data are difficuli to interpret, but
indicate very large gas-vent overpres-
sures, particularly for Sedan.,

The Sedan Event gave a very sharp
gas-vent pulse of short scaled duration,
a waveform mcre similar to surface
bursts than rnormal buried detonations.
The peak overpressure at a given scaled
range was significantly higher than that
expected for similar chemical explosive
experiments (cf, Scooter, Stagecoach III,
and others near the same dob), However,
the integrated impulse under Sedan's
sharp, brief overpressure pea' ...
about equal to the correspondi.., scaled
impulse under Scoote  broader peak.
These facts sugge- that Sedan's vent
transferred a' ..... .1e same fraction of
total energy . .. -is airblast wave, The
transfer occurred over a shorter scaled
time period, producing a higher peak
pressure, Vortman19 has suggested that
the Sedan cavity vented when its scaled
size was small ana pressure relatively
high—perhaps through a large vent,
Such circumstances could explain the
short duration and high peak pressure,
The main requirement is that scaled
energy stored in cavity gas at venting be
about equal for Sedan and Scooter,
According to this view, total gas produc-

tion and energy transfer into airblast
should be roughly similar for Sedan and
chemical explosive experiments,
Vortman's interpretation of the Sedan
vent is quite interesting, but seems in-
complete on certain points. Sedan vented
at a scaled time [t/(W)1/3] consistent
with or slightly earlier than the venting
times observed for chemical explosive
experiments in alluvium, There is no
immediate explanation of why the cavity
volume should be relatively smaller and
pressure higher at this time, In reality,
it is probably difficult to compare .he
cavity histories of nuclear and chemical
explosive detonations in this manner,
They have very different early-time
behavior, The chemical event quickly
produces its own volume of reaction
gases and behaves in a fairly consistent
way, Nuclear detonations like Sedan
must shock the surrounding medium,
producing steam, The cavity gas
equation-of-state history will depend on
how much gas gets into the cavity, and
how quickly. There may be strong
medium~dependent effects involved.
Steam boosting is apparently quite im-~
portant to the nuclear explosive vent,
and it is not completely analogous to
chemical explosive gas production,
There is no accurate way to compare the
two types of events short of obtaining
actual medium-dependent cavity pressure
histories from nne of the computer cra-
tering codes. Even the codes would pro-
vide reliable answers only for those
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events in which they are known to work—
in other words, for those previously ob-
served events with established cratering
parameters that have been related back
to the code's working procedure,

This point brings up the third and
most important difficulty with the Sedan-
type events, It has been suggested that
high Sedan overpressures may be evi-
dence of a nonscaling effect, In other
words, the mechanisms producing air-
blast do not follow simple cube root scal-
ing, but give rise to relatively stronger
peak venting pressures for large yield
detonations, Perhaps these nonscaling
effects are also responsible for the pecu-
liar waveform of the Sedan vent, The
nonscaling question is not academic;
effects of this sort could vastly increase
damaging overpressures from megaton-
size detonations of the type proposed for
large <ivil works projects such as the
Atlantic-Pacific Interoceanic Canal, Un=-
fortunately, the data currently available
are not sufficient to support a definitive
empirical study of yield effects, Another
large detonation (<1 megaton), preferably
in a medium similar to Sedan, is very
badly needed. Allowance should be made
for possible large overpressures in plan-
ning and calibrating the airblast experi-
ments,

The airblast information currently
available from large-yield buried nuclear
experiments unfortunately furnishes very
poor material for comparison, because it
derives from four dissimilar experi-
ments: Cabriolet (2.3 kt at dob = 130 ft/
kt!/3 in dry rhyolite), Palanquin (4.3 kt
at dob = 172 £t/kt'/3, in dry rhyolite),
Schooner (31 kt at dob = 113 ft/kt!/3 in
partly wet basalt), Sedan (100 kt at dob

= 137 1t/kt/® in wet alluvium). The

gas-vent airblast data from these events
may be crudely compared by using the
transmission factor f-values at certain
scaled ranges (f  values cannot be
compared because the Sedan overpres-
sure data do not extend to intermediate
ranges, and some of the limited close-
range data are of dubious quality; see the
Sedan reportlg). The depth of burst
dependence must first be removed from
the f-values by approximately normaliz~
ing them to some convenient dob (e.g.,
dob = 150 ft/kt!/3), The dob dependence
of f for nuclear bursts in various media
is not precisely known, so even this pre-
liminary step cannot be reliably accom~
plished. However, a rough comparison
of f-values for the above four experi-
ments, at scaled ranges Rs = 600 and
R ~ 1000 ft/ktl/s, does show a strong
apparent yield dependence effect. Sedan
has the highest f-valves by a large mar-
gin, This apparent yield effect may be
clearly demonstrated by ploiting norrmal-
ized f-values as a function of yield in a
log~log graph, Straight line fits through
typical points plotted for the above four
events give f-values which increcse
dramatically with increasing yield, In
fact, the fitted lines would indicate that
f~ 1,0 for yields of 625" to 780.r kt (nor-
molized to dob = 150 ft/ktl/s).

Estimates of f based on the above pro-
cedure are almost certainly too pessi-
mistic (give excessively high f-values for
large~-yield events), Most of the apparent
yield-dependence is attributable to

*Derived from a fit to the normalized
f-values at a range Rg = 600 ft/kel/3,

TDerived from a fit to the normalized
f-values at a range Rg = 1000 ft/ktl/3,
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medivm effects~~ Cabriolet and Palanquin
{cmall yields) were in dry high-strength
rock, Schooner {{ntermediate yield) was
in partly wet rock, and Sedan (large
yield) was in wet alluvium. Thus, the
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indicated high f's for large-yield experi-
ments are probably too conservative and
not meaningful., More airblast data are

needed to settle the remaining questions
in this area, ‘
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Appendix B
Airblast from Aluminized AN Slurry Row-Charge Detonations
in Weak Rock (Project Trinidad) and from Delayed
» and Double Row-Charge Detonations

Airblast from a row of charges at a
given average scaled depth is greater
than the airblast from a comparable sin-
gle charge at the same scaled depth of
burst (dob), The increase is normally
measured by the "difference factor" be-
tween row-charge and single-charge peak
overpressures at a given scaled range,
The difference factor is directly related
to the number of charges in the row n by
some exponential relationship nB (Sec-
tion 7). The difference factors and B's
may depend on such parameters as the
scaled intercharge spacing, the overall
size of the row (linear dimensioné, not
scaled dimensions), and the direction
(azimuth) from the row, The value of B
is usually largest for closely spaced
charges, for small-size rows (small-
yield experiments), and for the direction
perpendicular to the axis of the row,
Other parameters which may affect the
derived value of B include the explosive
and medium, the dob, the peak overpres-
sure AP (absolute strength), the range at
which overpressure is measured, and the
number n itself (indicating that a simple
nB dependence is inadequate to describe
the difference factor), It was hoped that
some simple nB law could be discove: :d
to fit the Trinidad, Colorado experi-
ments,lL1 just as for previous tests (Sec-
tion 7)., Trinidad experiments fell be-

tween the large-charge detonations (Buggy,

Dugout) and the small-charge tests in
yield and actual row size, Therefore, the
B!s might be expected to lie between the
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large B valueg observed for small-charge
rows (efficient airblast reinforcement)
and the smaller B values observed for
large-charge rows (B = 0.7 perpendicular
to the row, B = 0.25 off the end of the row;
inefficient reinforcement),

Unfor:tunately, the experimental re-~
sults (Tables C23 and C24) show great
scatter, indicating extremely erratic be-
havior, particularly for the gas-vent-
induced airblast, Partofthis scatter isdue
to considerable variations inthe attenuation
rates and waveforms, even for similar
exper'imen'cs.11 All close and intermedi-
ate range peak.overpressures, as well as
the calculated f-values, are listed in
Tables C23 and C24, Again, due to in-
completeness of the data, it was neces-
sary to calculate an f for each observed
overpressure rather than use a fitted
curve, A maximum observed f-value was
selected for each gage line on each row.

The maximum values were found at scaled.

ranges between 3700 and 37,000 ft/ktl/g.
Maximum f-values off the ends of the rows
tended to fall at fairly long scaled ranges,
once more showing the relatively slower
combination of widely separated over-
pressure peaks off the ends of the rows,
The closest overpressures were rela-
tively low and close~in attenuation rates
were less than R™ 22 for most off-the-end
measurements, The perpendicular meas-
urementis, on the other hand, showed
slightly more efficient combination of the
overpressure peaks at all ranges, pro-
ducing somewhat greater reinforcement
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(higher f-values), and the maximum
f-values were reached at closer scaled
ranges, Detailed discussion of the indi-
vidual experiments may be found in

Ref, 11,

The maximum {-value for each gage
line was compared to the corresponding
single-charge fnay 2t the same average
dob (from Fig. 16), Difference factors (nB

= row-charge fmax/single-charge £ )

max
were calculated for each row-charge
fhaxs The "best fit" single-charge

curves were used in these calculations,”
Finally, the values of B were determined,
Results are listed in T'ables Bl (ground-
shock-induced airblast) and B2 (gas-vent-
induced airblast), The calculated B val-
ues obviously show an enorrious amount

*The tower (or "best fit") gas-vent
fmax curve in Fig. 16 was used to obtain
the gas-vent {iax values as a function of
dob.

| i ] 1 1
Ground-shock~=induced airblast,
perpendicular to row
[oe]
~ ].0 —o b

§ .

g .

% .

v ®

E 0.5 —
§ Downhill, D-1
o Uphill, D~

(4
K
-—-3 0¢2 - 1
£
<
All delayed
/- events <0
| | 1 } 1

0']
170 190 210 230 250 270 290

of scatter, with the gas-vent results
being less consistent than ground-shock
values, In fact, both sets of values vary
from near zero (near single-charge air-
blast) to almost 1,0 (perfect acoustic
reinforcement between the expected peak
single-charge signals from all charges in
the row). Variability of this order indi-
cates true differences between the behav-
ior of individual experiments rather than
2 flaw in the single-charge fitted fm
values,

ax

Calculated B values are plotted as a
function of dob in Figs. Bla and Blb,
Ground-shock-induced values, perpen-
dicular to and off the end of the rows,
and gas-vent-induced values, perpendic-
ular to and off the end of the rows, are
plotted separately for clarity. This plot
should reveal any dob dependence of the
calculated B values, thus showing any
inadequacies of the fitted single-charge

R0 IR N N
o Ground=shock~induced, off
end of row

L . -
%
0.025~sec delay,

o off final end of row

e
wn

0.2 ~

0.025-sec delay, _|
off starting end of
row

P r All 0.05-sec delay <0
0.06 ] i A ]
170 190 210 230 250 270 290

0.1

Airblast reinforcement exponent, B

dob — ft/kt /3

Fig. Bla, Row-charge ground-shock-induced airblast reinforcement exponent B as a
function of dob for Trinidad experiments,
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Fig, Blb, Row-charge gas-vent-induced airblast reinforcement exponent B as a func-
tion of dob for Trinidad experiments,

f nax Curves (Fig. 16) used to calculate
the row-charge difference factors, It
should also uncover any shock-strength
dependence of the row-charge signal re-
inforcement efficiency (shallower bursts
give stronger airblast). No correlations
are apparent in any of the scaled depth
graphs, Next, the B-values are plotted
as a function of the number of charges in
the row, n (see Figs. B2a and B2b), This
figure should show any n dependence of
the reinforcement, revealing systematic
inadequacies of the assumed exponential
P law, No significant correlation is
found, Finally, B is plotted as a function
of average scaled spacing between the
charges in each row (Figs. B3a and B3b).
This is the quantity expected to correlate
most strongly with row-charge airblast
reinforcement. The gas-vent B values
appear to decrease slightly with increased

intercharge spacing, as expected, but
again no strong or consistent correlation
is found.,

A few experiments were atypical in
configuration and deserve separate com-
ment, The Trinidad, Colorado D~1 ex-
periment (9-charge row) was conducted
on a sidehill slope, Perpendicular gage
lines were used both uphill and downhill
from the row, Results show no really
significant difference in the peak over-
pressures between the two directions,
although the uphill results are fraction-
ally higher in most cases,

Two of the experiments were double
rows, The C-6 consisted of two sinul-~

taneous 5-charge rows separated by 39 ft,

In spite of the wide separation, very
strong reinforcement occurred between
the respective ground-shock-induced sig-
nals from the two rows and between the
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Fig, B2a, Row-charge ground-shock-induced airblast reinforcement exponent B as a
function of number of charges in row, n, for Trinidad experiments,

Airbiast reinforcement exponent, B
o
»
]

0.1

| | |
Gas=vent=induced airblast,
perpendicular to row

® —
°
8 [ ]
0.05-sec _|
a/deluy
°
'y

0.025-sec
/delay _

Uphill and downhill,

D=1 Event £0
| i ‘6 |

2 5 10

|
Gas~-vent=-induced, off
end of row

0.05-sec delay, _
off both ends L

0.025-sec delay.
0.5~ off final end '\

0.025-sec delay z
off starting end\

-—

Airblast reinforcement exponent, B

°
°
002 — —
D-2 and C-2 <0
0.1 ' ) o
2 5 10

Number of charges in row, n

Fig, B2b. Row-charge gas-vent-induced airblast reinforcement exponent B as a func-
tion of number of charges in row, n, for Trinidad experiments.

gas-vent signals from the two rows,
Therefore, the B-values were calculated
on the basis of n = 10, Both airblast
signals from this experiment were ex~
tremely strong, and the calculated B
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values were high in spite of the ailowance
for ten charges, The reason for the very
strong reinforcement is not known, The
Pre-Gondola IIl, Phase I nitromethane
detonation in saturated clay shale gave
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virtually no reinforcement between
ground-shock~induced signals from two
rows {seven l~ton charges in each row,
at dob = 195 ft/ktl/ 3), However, the
Pre-Gondola rows were 1200 ft/ktll 8
apart, as compared to 390 ft/ktl/ 3 for
the C-8 rows, It seems probable that
closely spaced double rows (much closer
than Pre-Gondola III, Phase I) will
always give strong airblast reinforce-
ment; therefore, in predicting airblast,
it is necessary to use the total number of
charges in both rows for n,

The other Trinidad double row, D-3,
contained six charges in each row, The
rows were 40 ft apart (or about 337 ft/
ktl/ 8 scaled separation), However,
there was a 0,25-sec delay between the
rows. Sound travels over 250 ft in
0.25 sec, equivalent to a scaled distance
of about 2100 ft/ktl/3 for this case, This
delay proved sufficient to prevent strong
reinforcement between the signals, and
all data were reduced on the assumption
that n = 6 (number of charges in one row),
The ground-shock signal perpendicular to
the 2~-ton row was superimposed on a
negative phase from the 1-ton row,* and
was the only signal which could not be
separately identified., These results
support the conclusion that double rows
at wide separation do not cause rein~-
forced airblast (row separation must be
21100 ft/ktl/a; or there must be an inter-
row delay time equivalent to the time re-
quired for sound to travel this far), The
conclusion: for wide separation or long
delay times, use n = number of charges
in each row, and predict the airblast due

The 1-ton row was closer to the per-
pendicular gage line, and its signal
arrived first, :
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to each row separately; for close double
rows, use n = number of charges in both
rows., This procedure should give safe-
sided airblast predictions.

The Trinidad experiments also pro-
vided the first accurate information con-
cerning airblast suppression by delayed
detonation of the charges in a single row,
The 5-charge C-4 row (0,05-sec inter-
charge delay) and the 5-charge C-5 row
(0.025-sec intercharge delay) gave usable
airblast measurements which can be com-
pared to similar single~charge and
multiple~-charge events, The { max and B
values for rows C-4 and C-5 give the
following indications:

Ground--Shock~Induced Airblast,
Intercharge delays:

Perpendicular to the row, delays
20,25 sec/kt1/3: AP (row charge) = AP
(single charge).

Off the starting end of the row (end at
which the detonation sequence is begun),
delays 2 0.25 sec/ktl/ 3. AP (row charge)
= AP (single charge).

Off final end of the row (end at which
the delonation sequence is concluded):

Delay = 0.25 sec/kt1/3: AP (row
charge) = predicted AP (row charge for
no delay).

Delay > 0.5 sec/kt1/3: AP (row
charge) = AP {single charge), ;‘

Gas-Vent-Induced Airblast,
Intercharge delays:

Perpendicular to the row, delays
20.25 sec/ktl/az AP (row charge)
rs 0045 15 0055 pp (single charge).
(This is an estimate.)

Off both ends of the row, all delays:

AP (row charge) = predicted AP (row
charge for no delay).
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These results should apply most accu-
rately to events similar to C-4 and C-5
(dob = 204 ft/ktll 3 in sandstone; charge
spacing ~ 250 ft/ktll 3). However, they
provide guidelines for predicting airblast
from all delayed row-charge detonations,

Ground-Shock-Induced and Gas-Vent-
Induced Airblast, Simultaneous Row

Charges:

Accepted mean data from Tables Bl
and B2 are summarized in the following
prediction scheme. This scheme applies
to all simultaneous aluminized AN slurry

row-~charge events near optimum spacing
(160 to 350 ft/kt1/3) in sandstone or weak
rock., The results must be considered
approximate at best, First, make a
normal single~charge airblast prediction
using Fig. 16." Then: -

Ground-Shock-Induced Overpressures:
Perpendicular to the row:

275 AP (single
charge),

AP (row charge) =
Off the end of the row:

AP (row charge) = nQ'5 AP (single
charge).

Gas~Vent~-Induced Overpressures:

Perpendicular to the row:

AP (row charge) = 06 ap (single

charge),

*The single-charge predictions are
performed using the mean yield and the
mean dob for the individual charges in
the row.
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Off the end of the row:

AP (row charge) = n%4% Ap (single
charge).

Prediction fur Double Rows:

At close interrow spectrum (=350 ft/
ktl/ 3), use the above prediction scheme
with. n = number of charges in both rows,
At wide row separations (21100 ft/kt1/3)
or long interrow delays (% 1.1 sec/ktlls),
use n = number c¢f charges in each row to
predict the psak overpressures from each
row separately. The pulses from the two
rows will not combine, and no reinforce-

ment is expected either perpendicular toor
off the end of the rows. However, partial
reinforcement may occur in certain situ-
ations if the total row length exceeds the
product of the delay time (in seconds,
unscaled)” and the local sonic velocity.
There is currently no good experimental
evidence for rows this long. Reinforce-
ment may also be expected for delay.d
double rows in directions such that the
delay is not sufficient to prevent over-
lapping of the pulses (for example: in the
perpendicular direction closest to the
last of the two rows detonated, the pulses
arrive somewhat closer together and may
tend to overlap).

Prediction for Delayed Charges in a
Single Row:

See the discussion above concerning

airblast for intercharge delays.

E3
Delay time between the two rows.
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Table Bl, Ground-shock-induced overpressure reinforcement correction factors for
Trinidad row-charge detonations,

AP (row charge) = nB AP (single charge at same scaled range).
Parentheses indicate alternate or uncertain value.

Differencg
Event n Direction factor, n B
C-1 5 Perpendicular to row 2,44 0.554
Parallel to row 1,60 0,292
C-2 5 Perpendicular to row 3.31 0.744
Parallel to row 1,23 0.128
C-3 7 Perpendicular to row 3.08 0.578
Parallel to row 2.30 (1.51) 0,428 (0,212)
c-42 5 Perpendicular to row ' 6.622) <0
Parallel to starting end (0,727) <0
Parallel to final end (0.781) <0
C-Sb 5 Perpendicular to row (0,850) <0
Parallel to starting end 1.13 0.076
Parallel to final end 2,28 0.515
C-6 10¢ Perpendicular to row 4,90 0,690
Parallel to row 3.21 0.506
D-1 9 Perpendicular to row, uphill 8.42 0,97
Perpendicular to row, downhill 6,83 0.874
Parallel to row 2.46 0.41
D-2 5 Perpendicular to row 4,55 0.940
Parallel to row 3.56 0.789
D-~3 6d Perpendicular to 1-ton row 2 07 0.784
Parallel to 1-ton row 1,43 0.068
6 Perpendicular to 2-ton row — —_—
Parallel to 2-ton row 2.42 0,493

aDelay = 0,05 sec,

bDe]ay = 0,025 sec,

®Double row, treated as one row of ten charges.
dOne-ton charges.

€Two-ton charges,
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Gas-vent-induced overpressure reinforcement correction factors for Trini~
dad row-charge detonations. ’

AP (row charge) = nS AP (single charge at same scaled range).
Parentheses indicate alternate or uncertain x{alue.

\ Difference !}
Event \y n . Direction ‘factor, n ‘ B
C-1 5 Perpendicular to row 1,63 0.304
Parallel to row 1,19 0.108
C-2 3 Perpendicular to row 1.80 0.365
Parallel t> rrow (1.0) (0)
\ 1
C-3 7 Perpendicular to row 3.50 0,644
Parallel to row | 2,16-2,44 0.396-0.459
. C-42 5 Perpendicular to row 2,03 . 0.44b .
Parallel to starting end 2,37 10,536 \
Parallel to final end ; 2.33 0.526
J
c-5° 5 Perpendicular to row 11,36 0,191
1 Parallel to starting end 11,50 (1,21) 0.252 (0.118)
, Parallel to final end 1,95 0.415
C-6 109 Perpendicular to row 9.26 (5.42) 0.966 (0.734)
Parallel to tow 5.66 (4.42) 0.753 (0,645)
-1 9 Perpendicular to row, uphill (1,0) ©
| ] Perpendicular to row, downlnll (0,505) <0 ;
: Parallel to row 1.26 0.105
D-2 5 Perpendicular to row 3.67 | 0.808
‘ Parallel to row (0.88) <0
' D-3 6% Perpendicular to 1-ton row 3.05 0.622 \
}Forallel to 1-ton row 1,73 0.306 i
6f Perpendicular to 2-ton row 12,92 0.538
Parallel to 2-ton row 1,62 * 0,269

Delay 0.05 sec.

Highly questionable because f very rapgd attenuation of the gas-vent overpressures ~=
with distance pecpendicular to C-4 row,

cDeiay = 0,025 sec,

dDouble row, treated as one row of ten charges.

€One-ton charges,

f

Two-ton charges.

\
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Appendix C
Tables C1 through C31, Airblast Overpressure Data
for Ruried and Surface Detonations :
and for IBM Problem M Theoretical Fre“?-Air Burst Calculation
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Table C1. Sulky, 0.085-kt nuclear, basalt, dry (Ref, 20),

DOB = 90 ft dob = 204.8 ft/kt!/3 Pg = 850 mbar
(depth of burst, in ft) (scaled depth of burst) (nominal ambient pressure)

Observed data scaled to
Observed data 1,0 kt at Pg = 1000 mbar Data from fitted curve

s ft ft
Distance R R
(ft) AP (psi)  °© kt1;3) APg (mbar)  ° kt173) APg (mbar)  f(Rg)

A, Ground shock

165 0.131 3585.5 10.65 400 10.0 0.00935
361 0.0601 778 4.88 600 6.25 0.00850
820 0.0195 1768 1,58 1000 3.40 0.00955
1772 0.0085 3820 0.69 5000 0.51 0.00989
3772 0.0035% 8130 0.284 10000 0.22 0.00978

B, Gas VentP

165 0,267 355.5 5.44 300 6.5- 0.00431-
7.15 6.00513
361 0,0294-~ 778 2,39~ 1000 1,79~ 0.00503-
0.038 3.09 2,11 0.00593
820 0.0095- 1768 0.772- 10000 0.151- 0.00671~
0.0126 1,023 0.178 0.00791
1772 0.00425- 3820 0.345~
0.00661 0.537
3772 0.00234- 8130 0.190-
0.002¢6 0,227

8Corrected for drift,

bEstimates of pressure pulse amplitude, pulse barely returned to ambient pressure
due to superimposition on negative phase (estimates are based on amplitude above min-
imum negative pressure, and amplitude above estimated extrapolated negative pressure
phase tracing),
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Table C2, Palanquin, 4.3-kt nuclear, rhyolite, dry (Refs. 8,9).
DOB = 280 ft dob = 172.2 ft/kt!/3 P, = 850 mbar

Observed data scaled fo
Observed data 1,0 kt at Pgp = 1000 mbar Data from fitted curve

: ft i
Distance R R
(ft) AP (psi) S(kz173> APy (mbar) S(kt173) AP mbar)  f(Rg)  f/fmax

A, Ground Shock

21 0.62- 12,2 50.3~60 20 51 0.00133 0,195
0.742
328 0.248 101 20,1 80 29,1 0.00393 0,575
705 0,087 410 7,06 100 26,1 0.00445 0,651
1575 0.0193  91¥ 1,567 200 14.6 0,00597 0,872
3280 0.0079 1910 0,642 300 19,9 0.00656  0.96
7380 0.0053 4295 0.4305 600 4,5 0.00684 1.0
1000 2.36 0.00661 0,966
5000 0.341 0.00661 0,966
B. Gas VentP
328 0.073 191 5.93 200 5.55 0.00227  0.376
705 0.0307 410 2,49 300 3.60 0.00238 0,394
1575 0.0162 917 1.315 60 1.94 0,00295 0,489
3280 0.0049 1910 0,398 1000 1,24 0.00348 0,577
7380 0.0046 4295 0.3735 2000 0.68 0.00439 0,727
5000 0.312 0.00603 1.0

@Prue ground~-shock overpressure at 21 ft from SGZ; a later overpressure of £,52 psi
was observed at a time corresponding to an anomalous gas vent through a pipe near

SGZ,
bSupe.-rimposed on negative phase,
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Table C3, Danny Boy, 0.43-kt nuclear, basalt, dry (i.es 21),
DOB = 110 ft dob = 146 ft/kt}/3 P, = 838 mbar

Observed data scaled to
Observed data 1,0 kt at Pg = 1000 mbar Data from fitted curve

. ft Tt
Distance R R
(£t) AP (psi)  ° kt173) APy (mbar) sC{tUS) AP, (mbar)  f(Rg)

A, Ground Shock

200 0.255 250 21 200 22.2 0,00905
265 0.16 331 13.18 300 16.1 0.01065
350 0.11 438 9.06 600 9.43 0.0144
470 0.12 587 9.88 1000 6.35 0.0178
630 0.075 788 6.18 5000 1,79 0.03472
840 0.045 1050 3.711
840 0,080 ?? 1050 6,59 22
1120 0.055 1400 4,53
3100 0.027 3870 2.22
B, Gas Vent
265 0.04 ? 331 3.3 f-value =
0.00245
350 0.02 ? 438 1,65 f-value =
. 0.00173
470 0.03 ? 587 2.47 f-value =
0.00367

80,034 may be high; slope is unrealistically shallow, not consistent with later exper-
iments,
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Table C4, Cabriolet, 2,3~kt nuclear, rhyolite, dry (Ref, 1).
DOB = 170,75 ft  dob = 120.3 ft/kt!/3 By = 840 mbar®

) Observed data scaled to
is; Observed data 1.0 kt at Py = 1000 mbar Data from fitted curve

: ft it
Distance R R
(ft) AP (psi) S(kti;a) APg (mbar) S(kti;?’) AP (mbar) f(Rg)  fffmax

A, Ground Shock

ol Lt

3 1.45 2.2 119 10 109 0.00122 0,093
100 0,887 71.6 72.8 30 87 0.00362 0,276
200 0.641 143 52.6 80 66 0.0089 0.68

| . 307 0.244 284 20,04 150 44 0.0127 0.97
800 0.116 572 9.53 300 19,6 0.0130 0,99
1447 0,046 1035 3.78 600 8.6 0.0131 1.0
3300 0.0204 2360 1.675 1000 455  0.0128 —
6000 0.0087 4290 0.715 5000 0.6 0.0116 —

B, Gas Vent
100 0.115 71,6 9,45 80 9.6 0.00130 0,127
200 -~ 0,121 143 9.94 100 9.8 0.00173 0,168
397~ 0,106 284 8.71 200 9.2 0.00375 0,364
800 0.051 572 4.19 300 8.0 0.00520  0.515
1447 0.028 1035 2,30 600 4.4 0.00670  0.653
3300 0.0135 2360 1.109 1000 2.60  0.00729 0,710
6000 0.0062 4290 0.510 2000 1.30  0,00839  0.816
5000 0.53  0.01027 1.0

aExtrapolation of meteorological observations to Cabriolet SGZ indicates that Py
~ 802 mbar would have been a more appropriate ambient pressure; technically, Pg at
each gage station should be used (we will retain these values).
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Table C5. Dugout, 20-ton chemical explosive row charge, five charges of 20 tens each,
nitromethane in basalt, dry (Refs. 15, 16, 22},

DOB =59 ft  dob = 217 ft/kt}/3 (spacing = 45 1) P

G~ 850 mbar

Use n = 5 charges in row.

Qbserved data scaled to

Cbserved data 1,0 kt at By = 1000 mbar Data from fiited curve

Distance R‘{ i ) R “Tﬂ )
(tt) AP (mbar)  S\kt'/3) AP, (mbar) “(k:‘ ) AP (mbar) (R}

A, Ground Shock 1 to row®

171 28,04 857 33 600 39,6 0,0457
351 9,75 1225 11,47 1000 17.5 0.0492

850 5.75 2068 6.77 5000 2,75 0.0533
2300 1.42 8030 1.67 10000 1,22 06,0542
5000 0,52 17450 0.612 156000 0,77 0.0857

B. Ground Shock ]| to rowP

171 11.39 597 13,40 600 13,5 0.0206
354 4,94 1235 5.81 1000 8.0 0,0225

850 1.73 2968 2,035 5000 1,44 0,0279
1510 1.57 5270 1.846 10090 0,70 0.0311
2300 0.94 8030 1.106 15006 0.455 0.033
3410 0.40 11900 0,471
4600 0.33 16050 0,388

C. Gas Vent€ § to row

171 9.8 5907 11,53 600 117 0.01780
351 3.48 12256 +1.10 1000 6.5 0.01825

850 1.63 2068 1,917 5000 L0 0.0194
2300 0.46 8030 0.541 100G0 0,45 0,020
5000 0,19 17450 0.224 15000 0,298 0,021

D. Gas Vent Jj to rowd

171 4,58 597 5,39 600 6.6 0,01005

354 2,44 1235 2,87 1000 4.0 0.01124

850 0.772 2068 0.908 5000 0.82 0.0159
1510 0,842 5270 0.99 10000 0.41 0.0182
2300 0,53% 8030 0,624 15000 0,275 0,0199
3410 0,215 11900 0.253
4600 0,188 16050 0.221

8Ground shock fmax = 0.0557 L to row

fmayx (corrected to single charge) - 0,0557/3,085 = 0,018,
DG round shock fay = 0.033 || to row

frmax {corrected to single charge = 0,033/1,495 = 0,022,

®Gas vent {superimposed on negative phase)
fmax = 0.021 1 to row
fimay (corrected to single charge) = 0,021/3,085 = 06,0068,

9Gas vent fmax = 0,0199 || to row
fmax (corrected to single charge) = 0,0199/2,628 -~ 0,0076.

Note: The above corrections to single-charge values are accomplished using the follow-
ing velations:

AP (row) = no'7 AP (single charge) 1 to row, ground-shock and gas-vent

D2
AP (row) = n%3% ap (single charge} || 1o row, ground-shock overpressures

AP (row) = no'6 AP (single charge) |} to row, gas-\ent overpressures,
e(.‘«age W-701-2 slightly oif: weight W-701-1 more heavily.
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Table C6. Buggy I, 1.1-kt nuclear row charge, five devices of 1,1 kt each, basalt, dry
medium (Ref., 23),

DOB = 135 it dob = 130.5 £t /kt!/3 P, = 846 mbar
Use n = 5 charges in row.

Observed data scaled to

Observed data 1,0 kt at Py = 1000 mbar Data from fitted curve

. [{3 {t
Distance R R
(it) AP (psi) s(kti7§> AP, (mbar)  °© ktl7§) APg (mbar)  f(Rg)

A, Ground Shock 1 to Row?

512 0,206 469 16.8 450 18,9 0.0203
1002 0,161 918 13,1 600 16.8 0.0255
2459 0,0493 2250 4,02 1000 1., 0.0323
4078 0,0389 3740 3.17 5000 2,15 0.0417
5960 0,0229 5450 1,87 10000 1,05 0.0467
8598 0,0152 6040 1,24
7160 0.0145 7100 1,18

B. Ground Shock || to Row®

500 0,073 458 5.96 450 5.95 0,0064

8480 0,043 806 3.51 600 5.20 0.0079
1997 6,0266 1827 2,17 1000 3.70 0,0104
3729 0,0171 3415 1,40 5000 0.88 0,0171
7418 0.0091 6790 0,742 10000 0.47 0.0209

. 0206 0,0065 8520 0.530
C. Gas Vent L to Row®

512 0,095 469 7.75
1002 0,075 918 6.12 450 7.9 0.0085
2458 0,020 2250 1,63 600 6.95 0,0106
4078 0,0208 3740 1.70 1000 5.2 0.0146
5960 0,0134 5460 1,09 5000 1,27 0.0246
£598 0,6092 6040 0.75 10000 0,59 0.0262
7760 0,0081 7100 0,68

D. Gas Vent || to Rowd

500 0,061 458 4,98 450 5.0 0,0054

g9 0,045 906 3.67 600 4.4 0,0067
1987 0,027 1827 2,20 1000 3.4 0.0095
3728 0.018 3415 1,305 5000 0.97 0.0188
7416 0,0097 6790 0.792 10000 0.50 0,0222
9306 0,0055 8520 0,449

pEY
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3Ground-shock fmayx = 0.0467 L to row
tmax (corrected to single-charge) = 0,0467/3.085 = 0,0151,

DGround-shock fmax = 0,0209 || to row
fmax {corrected to single~charge) = 0,0209/1.495 = 0,0140,

CGas-vent fmax = 0.0262 1 to row
fmax (corrected to single-charge) = 0,0262/3.085 = 0,00850,

dGas-vent fmay = 0.0222 || to row
fmax (corrected to single~-charge) = 0,0222/2,626 = 0,00846,

Note: The above corrections to single-charge values are accomplished using the fol-
lowing relations:

AP (row) = n®7 ap (single charge) ! to row, ground-shock and gas-vent
AP (row) = n%2% AP (single charge) || to row, ground-shock overpressures
AP (row) = :\0‘6 AP (single charge) || to row, pas-vent overpressures,
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Table C7. Schooner, 31-kt nuclear, basalt, partially wet medium (Ref. unpublished),
DOB = 355 ft dob = 113 ft/ktl/3 P, = 850 mbar

Observed data scaled to
1.0 kt at Py = 1000 mbar

. ft ft
Distance R 73 R ~173
(ft) AP (psi) s(kt1 3) APg (mbar) S \kt! 3) APg (mbar)  f

Observed data Data from fitted curve

f/fmax
A, Ground Shock
21 3.18 6.3 258 10 240 0.00268 0.156
260 1.49 78,4 121 30 180 0,00753 0.435
520 0.685 157 55.6 80 108 0.0147 0.85
1040 0.238 314 19.33 100 85 0.0152 0.89
2080 0.115 628 9.34 300 26.0 0.0172 1.0
3900 0.082 1176 6.66 600 11,0 0.0168
7800 0,0318 2350 2.58 1000 5.90 0.0166
15600 0,0094 4700 0,764 5000 0.83 0,0161
B. Gas Vent
1040 1.298 314 105.4 300 120 0,0794 0.520
2080 0.708 628 57.5 600 60 0,0912 0.596
7800 0.2419 2350 19,63 1000 37 0.1040 0.63
15600 0,0976 4700 7.88 2000 19 0,1226 0.8
5000 7.9 0,153 1.0
Table C8, Sedan, 100-kt nuclear, alluvium, wet (Refs, 19, 24),
DOB = 635 ft dob = 136.,9 ft/kt!/3 P, = 850 mbar
Observed data scaled to
Observed data 1.0 kt at Py = 1000 mbar
. ft
Distance R
(ft) AP (psi) APg (mbar) S(kt173> AP (mbar) f
A. Gas Vent Pulse Only
2960 1,54 106 604 125 0,191
5290 0,74 51 1080 60.1 0.185
7050 0.717 49.5 1440 58,2 0.253
15500 0,035 ¥ 2,427 3160 2,847 0,032 ?

Note: These results are of questionable accuracy; readers are referred to the Sedan
report,
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Table C9. Teapot ESS, 1.2-kt nuclear, alluvium, dry (Ref, 10),

DOB = 67 ft dob = 63 1t/kt!/3 P, = 860 mbar
' Observed data scaled to
Observed data 1,0 kt at Py = 1000 mbar
Distance R ——7—n )
(ft) AP (psi) S\kt!/3 APg (mbar) f(Rg)

A. Ground Shock

R

250 0.7 ? 224 58,2 0.0261 4

300 0.52 7 268 41,7 0,0240 §

§

B. Gas Vent j

250 14.4 224 1155 0.536 §

300 14,1 268 1131 G.652 p

460 11,3 358 907 0.740 :
600 6.14 537 493 0.653

Table C10, Jangle U, underground Jangle series detonation, 1.2-kt nuclear, alluvium,
dry (Ref. 25),

DOB = 17 ft dob = 16 £t/kt!/3 P, = 12,78 psi = 881 mbar
Observed data scaled to
Observed data 1,0 kt at Pg = 1000 mbar Data from fitted curve 3
. ft :
Distance R
(£t) AP (psi) S(kt173> APg (mbar) Rg AP (mbar) £
A, Gas Vent
314 32,39 283 2538 450 1120 1,204
498 13,57 449 1064 700 675 1,231
500 14,39 451 1127 1000 450 1,26
680 9.90 613 7176 3000 120 1,255
680 10.09 613 790
920 719 830 564
1250 5.08 1127 398 ¢
1700 3.26 1534 255 )
2300 2,14 2075 167.8
3100 1,70 2797 133.2

b Bt terim
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Table C11. Scooter,a 500~-ton chemical explosive, alluvium, dry (Ref. 5).

DOB = 125 ft dob = 157.5 ft/ktl/3 F, = 868 mbar
Observed data scaled to
Observed data 1.0 kt at Py = 1000 mbar Data from fitted curve
. ft ft
Dlsg?)nce AP (mbar) R (ﬁ AP (mbar) "s (‘k_t-ﬂ'g) APg (mbar) f /fnax
A, Gas Vent
300 33.8 360 38.9 400 36,2 0.0338 0,546
414 32.4 497 37.3 600 27.2 0.0413 0.67
501 23.7 602 27.3 1000 17.9 0.0502 0,81
575 21.9 692 25.2 2000 9.15 0.0590 0.96
669 18.8 803 21,7 3000 5.90 0.0619 1,0
784 18,0 942 20,7
1006 12,6 1207 14,5
1040 11.9 1248 13,7
1092 11.2 1310 12,9
1168 10,1 1399 11,65
1506 8.73 1804 10,05
1524 8.55 1830 9.85
1562 7.38 1878 8.50
1618 8.21 1940 9.46
2100 5.24 2520 6,04
2500 5.86 3000 6.76
536°  39.3° 644° 45.3°
6752 30,50 810P 35,1
B. Ground Shock
300 11,73 360.5 13,51 300 14,7 0.00973 —
10,70 12,32 600 8.25 0.01253 —
500 7.59 601 8,74 1000 4,15 0.01163 —~
6.90 7.95 3000 1,24 0.01300 -
1000° 2.83 1202 3.26 (3000) (or 0.98)d {or 0.01027)
2.55 2.94
1500° 1,725 1802 1,99
1,518 1,75
2500 0.966 3004 1,113
1,311 1,510
a~

Ground shock—-unpublished data, from NOL experiment; courtesy D, N. Montan,
LLL,

bElevated (aerial) measurements,
cApproximate distance,

dpifferent fit straight line.
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Table C12, Pre-Schoone: II,a 85,5-ton chemical explosive (nitromethane), rhyolite,

¢ry mediam (Ref. 26),

DOB = 71 ft dob = 161 ft/kt/3

P0 = 850 mbar

3

Observed data scaled to

Observed data 1,0 kt at Py = 1000 mbar Data from fitted curve

it it
Distance R (—I-/—) R(—f/'—)
(ft) AP (psi}  S\in 3 APg (mbar) $\ket/3 APg (mbar) f

/fnax
A. Ground Shock at Ground Level
0 2,034 0 165 10 164 0,00184 0,0529
75 0,850 162 69 30 141 0,0059 0.1625
150 0.466 323 37.8 80 96 0.0130 0.374
250 0.224 540 18,2 100 86 0,0152 0.437
350 0,161 756 13.1 300 39 0,0258 0,741
500 0,117 1080 9.5 600 20,8 0,0316 0,808
1000 0,062 2155 5,04 1000 12,1 0.0339 0,974
2000 0.028 4300 2,27 2000 5.40 0,0348 1,0
4000 0.0106 8620 0.86 5000 1.69 0.0328
7500 1.0 0.0316

B, Ground Shock, Aerial (from balloon measurements)

Observed data scaled to

Observed data 1.0 kt at P = 1000 mbar

6 = angle from ft
Distance . vertical to Rs(ﬂ)

(ft) AP (psi) gage (deg) kt APg (mbar)
190,1 0,531 59 410 . 43,1
351.6 0,410 33.5 756 33.3
583 0,372 23 1260 30,2

1011.8 0,050 81,25 2177 4,06
1013.9 0.059 72.85 2180 4,79
1039.2 0,040 64,55 2240 3.25
1105.2 0,061 54.6 2380 4.95
1172,3 0,058 48,5 2520 4,71
1291 0,061 40,5 2780 4,95

C, Gas Vent at Ground Level

Observed data scaled to

Observed data 1.0 kt at Py = 1000 mbar

ft
Distance R,
(f) AP (psi) °(kt[73) APg (mbar) f

75 0,537 162 43.6 0.0138
150 0,468 323 38 0,0276

D. Gas Vent, Aerial (from balloon measuremeats)

Observed data scaled to
1.0 kt at P, = 1000 mbar

Observed data 0
1t
Distance 4] R 73
(ft) AP (psi) (deg) S(kt '3> APg (mbar)
190,1 0,614 59 410 49.85
583 0,400 23 1260 32,5
1172.3 0,106 48,5 2520 8.6

2After careful cousideration, the authors decided to use solely nonlimited gage m«as-
urements in the Pre-Schooner I{ airblast investigation, Only the nonlimited obsery -
tions are included in the table,
Note that the gas-vert ground level measurements contan only two points,'both of
which are very close to SGZ, For this reason, fyax is not well determined, It is cer-
tainly larger than these two close~in point f-values would indicate,
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Table C13, Buckboard 11, 20-ton chemical explosi,ve,a basalt, dry (Ref. 4).
DOB = 25,5 ft dob = 94 ft/ktl/3 P, = 12.3 psi = 848 mbar

Observed data scaled to
Obgerved data 1,0 kt at Pg = 1000 mbar Data from fitted curve

- 1t ft
Distance R ( ) R (
®) AP (psi)  S\kt/3) AP, (mbar)  S\kt!/3) AP, (mbar)  f £/fax

A, Ground Shock

108 0.406 376 33.1 400 32,7 0.0306 0.753
129.6 0.329 452 26.8 600 21,7 — —
163 0.285 568 23.2 700 18.5 0.0339 0.835
207.6 0.242 723 19,7 1000 12,8 0.0359 0.884
264 0.174 820 14,16 2000 6.3 0.0406 1.0
348.3 0.125 1214 10,18
476.1 0.084 1658 6.84

B. Gas Vent
108 1.39 376 113 300 129 0.0854 0.27
129.6 1.35 452 109.8 600 99.5 0.151 0.478
163 1.28 568 104.2 1000 76 0.213 0.674
207.6 1.08 723 87.9 2000 49 0.316 1.0
264 1.06 920 86.3
348.3 0.827 1214 67.3
476 0.639 1658 52.0

3Buckboard: TNT,
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Table C14, Buckboard 12, 20-ton chemical explosive, basalt, dry (Ref. 4),
DOB = 42,7 ft dob = 157.5 ft/ktl/3 P, = 848 mbar

Observed data scaled in

Observed data 1.0 kt at Pgp = 1000 'mbar Data from fitted curve

(ft)

\ 53 /T
Distance R R
AP (psi) S(ktm) APy (mbar) s\kt173> APg (mbar) £/t

max

A, Ground Shock

110 0,240 383 19,55 400 18 0.0168 0.703
130 0.192 453 15.64 600 12,1 —_ —

165 0.155 575 12,62 700 10,3 0.0189 0,791
210 0.109 732 8.38 1600 7.35 0.0206 0.862
265 0.108 923 8.80 2000 3.70 0,0239 1.0

350 0.065 1220 5.29

480 0.051 1672 4,15

B. Gas Vent

110 0.361 383 29.4 300 34,2 0.0226 0,34
130 0.302 453 24.6 600 22,1 0.0336 0.505
165 0.277 575 22,54 1000 16.0 0.0448 0.674
210 0.240 732 19,54 2000 10.3 0.0665 1.0

265 0.21 923 17.10

350 0.176 1220 14,32

480 0.142 1672 11.56
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Table C15, Buckboard 13, 26-ton chemical explosive, basalt, dity \Ref. 4),
DOB = 58:8 ft -dob = 217 ft/kt}/3 P, = 848 mbar

' Observed data scaled to
; Observed: data 1,0 kt.at Py = 10/0 mbar Data from fitted curve
ft

) T E ey = ~ ™ 2
Distance R R, (-
‘= ) AP (psi)  ° C:tl-; 3) AP (mbar) ° (ktI7 3) APy (mbar)  f  ffpax

A. Ground Shock |

T

59.6 0,504 ?? 208 4179 600 7.5 0.0114  0.47

79.5 0,465 ?7? 277 37.8 22 1000 5.59 - 0.0157  -0:65
159,75 0,097 556 7.9 1500 4.4 ©0,0201 0,83
214,75 0,079 748 8.43
298.5 0,063 1039 5,54 (20000 (3,750  (0.0242)% (1.7)®
430 0.037 1499 3.01

a ‘ 1 /3“ , ‘s " ‘
Extrapolajed to Rg = 2000 ft/kt”/ “only. for purposes of normalizing /fy, ... Values
at 2000 f'c/ktil)3 are not.to be used, max

¢

Table C16, Stagecoach I, 20-ton chemical explosive,a desert alluvium, dry (Ref, 3),
DOB =80 ft  dob = 205 ft/kt!/3 P, = 12,6 psi ='868 mbar

Observed data scaled to

Observed data 1,0 kt at Py = 1000 mbar . Data from fitted curve
. R ft k-4
Distance R = R_{-=
(ft) AP (psi) s(kti;;\ AP, (mbar) s(kt173) AP, (mbar)  f £/ ax
A, Ground Shock '

‘80 0.092 282 7.32 300 6.7 0,00444 0.658
110 0.0565 388 4,49 600 3.25 0,00494 0,732
160 00270 564 2,15 1000 1.9 0.00532 0,788
270 0.0280 952. 2,23 1500 1,23 0.00562 0,833
430 00145 1516 1153 <6000)° (.0 ?2)°

2For Stagecoach: TNT,

/
bExtrapolated to Rs = 6000 ft/ktl' 8 only for purposes of normalizing f/f

max*
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Table'C17, Stagecoach II, 20-ton chemical explosive, desert alluvium, dry (Ref. 3).

DOB =17 ft dob = 62,6 1t/kt!/3 P, =868 mbar
) Observed data scalec to
Observed.data _ 1.0 kt at Pg = 1000 mbar Data from fitted curve
Distance R ( T ) ( ‘ . ‘ ‘

,(ft)f AP (psi) ‘8, k_ti—ﬁ. APy (mbar) f  Rg AP (mbar) f 7 S
B o A, Ground Shock . 7 '

110° 0,68 388 54,1  0,0488 No fitted data'because thére are

160 0.42 564 33.4 0.0472 only two reliable points

270 2,58 79 (952) (205)?  (0,544)??

B, Gas Vent N .

110 5.15 388 409,5 300 455 0,301 0,350

160 4,37 564 347.5 600 330 0.501 0,583

270 2,82' 952 2240 1000 224 0.628 0,731

430 1.74 1516 138.4 2000 102 0.658 0,766

700 - 0,95 2470 75,5 4000 45 0.668 0,778
1600 0,34- 5640 27,03 6000 28,8 0,694 0,808
3000 0,188 10570 14,95 10000 16.3 0,724 0,843
4700 o.}é 16560 10,34 20000 8.4 0.859 1,0
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‘Table«C18, Stagecoach III, 20-ton.chemical explosive, desert alluvium,. dry (Ref:3),
DOB = 34 ft dob = 125.ft/kt1/3 F, = 868:mbar

Observed-data-scaledto:

Observed data 1,0 kt at Py = 1000 mbar Data from fitted curve

i « — % Xy A 4 —
Distance R ‘—17? ! R =73
ft) AP (psi) 5\kt ) APg (mbar) S(k’c1 "3) APg (mbar) f . f/f

max
A, Ground Shock '

110 0,29 388 23,06 300 29.6 0.0196 0,671
160 0.19 564 15,1 600 14 0.0213 0,730
270 0.08 952 6.36 1000 8.2 0,0230  0.788
430 0.06 1516 4,77 3000 2.53  0.0265 0,908
750 0.04 ‘2643 3.18 6000 1.21 0.0202 1,0
1100 0.02 3880 1.59
1600 0,015 5640 1,19

. B, Gas Vent _
110 0.70 388 55.6 300 62.5 0.0414 0,271
160 0.58 564 46.1 600 44,5 0.0676  0.442
270 0.36 952 28.6 1000 31.1 0.0871 0,568
430 0.26 1516 20,7 2000 16.6 0.107 0.700
750 0,155 2643 12.33 5000 6.35 0,123 0.804
1100 0.104 3880 8.27 10000 3.10 0,138 0,902
1600 0.073 5640 5.80 20000 1.50 0,153 1.0
5020 0,021 17700 1,67

Y
“86=




Table*C 19, Pre-Goéndola: III Phase I fourteen chemical explosive devices of 1-ton
each in tiwo. rows,. mtromethane, clay shale, saturated (Ref.. 18).

DOB =.19.5ft dob = 195,0 ft/kt!/3 (spacing =97 ft) F,~ 930 mbar

‘Use.n =7 charges in each TOW—OVerpressures faused by- charges in
. one row; interrow. spacmg = 120 ft =1200 ft/kt no-airblast vem-
- iforcement between rows.

) Observed data . Ob?rved data scaled to 1 0 kt at Pg.= 1000 mban )
Distance - - Rgf—r C g -
(ft)y - AP (psi) s (ktI; 3) APg (mbar) f £
‘ o ] " A, .1 to row .
93 0,986 907 73.2 0.183 0,0454
315 0.229 3075 17.0- 0.184 10,0471
L \ B, || to row ) '
110 " 0.459 1073 o341 0,104 0.064.
320 0.076 3120 5.64 0.062. 0. 038? K

a<§on‘rected"co s‘iﬁg‘ie-eharge values, The f-values are corrected to smgle charge -
values using the relations;
AP (rQW) = n0'7 AP (Single Charge) 1l to.-row Ground-shockninduced
AP (row) = n%-2% AP (single charge) || to row overpressures

Table C20, Pre-Gondola II, five chemical explosxve devices (two of 40 tons and U ree
of 20 tons, use mean yield = 28 tons) in a row, nitromethane, clay ¢ *ale,
saturated medtum Overpressures deterniined from accurately fitted:
straight lines published in Ref. 18, after measurements madeby Vortm.aa,

DOB 52,6 ft dob = 1730 ft/kf1/3 (spacing =- 851ty Poz 930 mbar )
Use n =5 charges in the row, -
Obsérved data Observed data scaled to 1. 0 kt at Py = 1000 mbar
. : it
Distance R .
(ft) AP (psi) s(ktm) AP, (mbar) "y £
L \ e N
3 A, L to row .
151 1.0 - 486 74,2 " 0,0881 0.0286 -
3020 0.051: 9730 3,78 0.163 0.0529
) || to row
151 0.65 486 48,2 0.6572 0,0383
3020 0.032 9730 2,375 0,102 0.0682

2Corrected to single-charge values, The f-values are corrected to single-charge
vaiues using the relations:

AP (row) = n%7 AP (single charge) L to row ;
i

0 . Ground-shock~induced
AP (row) = n%*2% AP (single charge} [ to-row

nverpreagsurss
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DOB 5.73-ft (HBE-2)- DOB = 6.8 ft(HE=3) =~

Table 021 Operatxon Jangle scaled. HE tests, HE-2'and"HE-3 buried: detonations, 20-
-and :1,25-ton. chem1cal exploswe (TNT) alluvium, dry (Ref, 27)

dob-= 21,1 ft/kt1/3 (HE-2)  dob =63.1 ft/kt1/3 (HE-3) By = 12.6.psi = 870 mbar

o

Observed data scaled to

‘Observed data ‘ 07kt at Pg.= 1000 mbar Data from fitted curve-
— ST RN T ;
st(?)nce AP (Psi)‘ RS(@W) ARg (mbar)- R (;{7_3-) APy (mbar (f
L ’ A, HE-2;(20 tons) Gas Vent Only T
85,5 = 214 300 1700 300 1700 1,125
éﬁ 148 3.4 520 1063 600 1010 1,535
e 217 - 10.1 763 802 1000 575 1,611
= 378 © 5.1 1330 405 2000 238 1.535
512 3.3 1800 262 3000 141 1,48
1028 " 1.35 3609 107 )
o e B. _HE-3 (1 25 't'o}'ié) Gas Vent )
28.4 42 251 334 300 370 0.245
41 4,2 - 363 334 600 280 0.425
58,8 3.8 520 302 1000 205 0.575
. 85.5 3,I 757 246 2000 98 0.632
148 2.0 1310 159 5000 32,5.  0.630
4 178 1.4 1575 111 |
3 314 0,73 2780 58
E 542 0,43 4800 34,1 o
‘:‘ ' ,C. HE-3 Ground Shock, (Front Porch) ,
% 28,4 1.2 251 95.3 300 79 0.0523
3 41 0.82 363 65 600 40,7 0,0619
58.8 0,57 520 45,3 1000 25 0.0700
: 85.5 0.41 757 32,6

-88~
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Table-C22. Project’ Trinidad, close-in-airblast measurements fo~ all' B-series
(smgle charge) expetriments;. aluminized: ammonium nitrate slurry explo-
sive (unless otherwise noted)-in sgndstone and shale, wet medium (Ref. 11),

Altitude = 6200:ft Approximate amb1ent pressure P ~ 810 mbar

Observed data scaled to

.(')bser\;ed*data& 1,0 kt at Py = 10001mbar

L ' blstancé ; ’
‘ L0 AP (psi) ( ') APg (mbar’") £
A. Shot-B-4: 1-ton; DOB = 15.9 ft; dob = 159 ft/ktl/f
Ground 350 0.044 3260 3.75 0,0434
shock 1000 0.015 9321 1.28 0.0523
2600 0.0063 18642 0,537 0-0502
Gas Vent 350 , 0,322 3260 27.4 0.317
1000 0.101 9321 8.61 0,352
2000 '0,0373 18642 3.18 0,298
) B; Shot B-5: 1~ton; DOB = 18,6 ft; dob = 186 ft/ki'/>,
Ground: 295 0.057 9750 4,86 0,0459
Shock ;
810 0.021 7550 1.79 0.0568
1845 0.007 17200 0,596 0.0508
Gas Vent 295 0.088 2750 7.50 0.0708
810 0.0335 7550 2.85 0.0903
1845 0.0123 17200 1,05 0.0896
ﬂ _C._Shot B-6: 1-ton; DOB = 20.9 ftssdob = 209 ft/kt'/®, ,
Gréund 163 0.0705 1520 6.00 0.0278
Shock 510 0,0260 4750 2,215 0.0403
1670 0.0079 15560 0.673 0.0507
Gas Vent 163 0.0556 1520 4,74 0.0220
510 0.0262 4750 2,23 0.0406
1670 0.0064 15560 0.545 0.0411
D. Shot B-7: l-ton; DOB = 22,6 ft; dob = 226 ft/kt1/S,
Ground 275 0.04 ? 2560 3.41 7 0.0294
Shock 1630 000446 15200 0.380 0,0279
Gas Vent 275 0.074 2560 6.30 0.0543
1630 0.0149 15200 1,27 0.0933
. Shot B-8: 1-ton; DOB = 28.1 ft; dob = 281 f/kt TS,
Ground 140 0,v528 1305 4,50 0,0174
; Shock 460 0.0190 4290 1,62 0.0261
835 0,0070 7780 0,596 0.0195 :

s
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" Tible’C22 (continued)

Observed data scaled to

.. Observed data_ -

1,07kt at Pg = 1000 mbar

«w90-

»4 R T Yy e {/R’
) o D‘séf)n o€ AP (si) Rﬁ‘:ﬁ) APg (mbar)  f
Gas.Vent 140 70,0105 " T30 0.895 0.00346
. 460 0.0046 4290- 9.392 0.00631
3 835 ~ 0:00133 7780 0.113 ~0,00371
_F, ShotB-10: 1-ton; 3.R-ft above surface; scaled height = 38 ft/kt1/3, .
Gas Vent 724 0.55 6750 46.9
1840 0.225 17150 19,17
3941 0.0615 36750 5.24
10620 0.0112 "99000° 0,954
(16350)° (0.0069)% 152500 0.588
G. ‘Shot'B-1l: 1-ton; 1.9 ft above surface; scaléed height = 19 ft:fktlls.
. Gag Vent 1759 0,64 7075 54,6 :
1863 0,235 17350 20.0
3952 10,070 36800 5,96
10645 0.0104 99250 0.886
: (16375) {0.0057) 152600 0.486
H, Shot B-12: 1={on; at surface.
Gas Vent 675 0,68 6290 58,0
i781 0,274 16600 23.34
3871 0,0526 36100 7.04
10560 0,0155 98500 1,32
(16290); (0,0073) 151800 10,622
1, Shot B-13: l-ton; 1.9 ft below surface; dob = 19 ftﬂttlls.
Gas Vet © n92 0,552 7380 47,0
1876 0,344 17500 29,1
3044 0,075 36800 6.39
10655 10,0232 99350 1,76
(20790) (0.00656) 193700 0.559
] J. Shot B-14: l-ton; DOB = 20,9 ft; dob = 209 ft/kt /S,
Ground T 654 ? 6100
Shock 1741 0.0070 16230 0.596 0.0473
3816 0.00225 35560 0,1916 0,0390
Gas Vent 654 0,016 6100 1.364 0.0335
1741 0.0061 16230 0.520 0,0413
3816 0,00186 35560 0,1585 0.0322
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Table C22 (continued)

Observed.data’

Distance ) .
Aft) AP (psi)

Observéd-data scaled to

1,0°Kt at Py = 1000 mbar

Rs(kti‘73>

APg (mbar). f

K. Shot B-15¢ l-ton; DOB =209 ft; dob = 209 fi/kt'/%; 14=in, unstemmed hole;,

unstemmed detonation,

First Venting 500 0,123.29
Peak 500 0.155
1300 0.0456
2238 0.0299
2238 0,0294

7 4660
4660
12100
20850
20850

10,48 ??
13.20
3.89
2,55
2,51

0.1879

0,235.
0,218
0.274
0,270

@Parentheses indicate long-range values,
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Table C23: Pro;evt Trinidad, closé-in airblast measurements for all-C- serxes row-
charge expemments,‘alumlmzed ammonium nitrate slurry explosive (un-
less otherwise noted) in sandstone and shale, wet, medxum (Ref, 11),

Altitude ~-6200 ft Approximate ambient. pressure P w2 810 mbar

" Observed dd.ta scaled to-

Observed data - 1,0kt at Po = 1000 mﬁar )
D1stance o o R (——-17—)
(ft) T AP (psi) kt AP (mbar) f

A, §hot C-1: DOB = 18 ft; dob = 180 ft/kt!/%7 Spacing = 32.1t = 320 ft/kt1/3

fxve-charLrow. 1 tonvcharges, 'total yxeld W =5 tons.

Ground Shock . .
L to row 892 _ - 0.128 3650 10.90° 0.144
- ..1525 0,0134 14200 1.14 0.077
-7 3360 0,00842 31300 0,718 0,125
| to.row 302 0,093 2810 7.92 0.0765
o 1000 0,027 9321 2.30 0.0941
3171 ~a 29580 - —_
‘Gas Vent .
1 to row . 392 0.181 3650 15.4 0,204
;- 1§25 0.029 14200 2:45 0.168"
3360 0,0164 31300 1,397 0.244
|| to.row 302 0.152 2810 12.95 0,125
1000 0,051 9321 4.35 0.178
3171 -2 20580 —_ —_

B. Shot C-2: DOB = 20,4 Tt dob = 204 ft/ktl/3; spacing = 25 ft = 250 ft/KE1/%;

five- -charge row; 1-ton chargesy W = 5 tons,
Ground Shock

1.to row 400 0,137 3730 12,67 0.159
1515 0.0131 14120 1,116 0.07%
3360 > 31300 —_ -

| to row 500 0,039 4660 3.32 0.0592
1350 0.010 12590 0.852 0.0499
2985 M 27800 - -

Gasg Vent

1 to row 400 0.093 3730 7.92 0,108
1515 0.0142 14120 1,21 0,0814
3360 b 31300 - —

| to row 500 0,039 4660 3.32 0.0592
1350 0.0115 12590 0.98 0.0574
2985 - 27800 — —
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, Table‘ 023 (contmued.,)

vl o o . W e N T - ., .

S i B Observed data: scaled to

Gbserved . . L0kt at Py = 1000 mbar .
- N ~ © 3 If - - -
/Dzstance . R (-—-TT— .
B (“t) AP (pBl) . 'kt 3)‘ AP (mbar) £

i “Shot C3r DOB - 23,5 1t; dob = 235 ft/kt 1/3; spacmg < 18:ft =180 ft/ktl/ 8,
, D seven-charge “TOW; . 1-ton charges; W =1 tons. . ) )
Grotinds Shock ) - . = ‘5
1 to-row 349, 0; 105 3250 8.9¢4 .. 0,103
1580  ° 0.0175 14250 1.49 0.101 <7y
3360 0.0079 31300. 0.673 0417 "
:f| to row. 461 0,039, 4300 3,32, 0,0536,. &
0.063" 5.37 10,0866 9y
1160 10,0124, 10800 1057, 0.05186, L
0.021 | ) 1,79 0.0873 L
2791 0,0048, A2g000 04409, 0.0572, -
0,0067- 0.57% 0.0798 o
Gas Vent R ' B
Lto.row 349 0,052 3250 4.43 0.051 ~
1530; 0.0133 14250 1,133 0,077 ;

, 3360 0.0049 31300 0.418 0.073

I:to row 461 00291 4300 2,480 0.040
1160 0.0114 10800 0.971 0,0474 ’

2791 -0,0045 ? 26000 ‘ 0 3837 0.0536 ? “

D, Shot C-4: DOB = 20.4 ft; dob = 204 ft/Kt1/%; spacing = 25 ft = 250 ft/ki 1/,
five~charge row; 1-ton charges; W = 5*tons; delar, = 0.05 sec,

Ground Shock

1 to row 318 0.032 2960 2,73 0.0282

‘ 1525 0,0052 14200 0.443 0.0299

| to starting 500 0.023 4660 1,96 0.0349

end of row 2610 0,0031 24300 0,264 0.0340

| to final 1005 0.0107 9365 0.912 0,0375
end of row 3000 _d 23000 - —

Gas Vent

1 to row - 318 0,104 2060 8.86 0.0914
1525 0.0212 14200 1,806 0.122

|| to starting 500 0.0630 4660 5,36 0,0954
end of row 2610 0.0129 24300 1.10 0,142
|| to final: 1005 0,0399 9365 3.40 0.140
end of row 3000 _d 28000 — -

A

E. Shot C-5: DO = 20.4 ft; dob = 204 ft/kt'/; spacing = 25 ft = 256 ¢t/kt!/3; 1
five-charge . TOWE 1-ton churges; W = 5 tons; delay = 0,025 sec,

Ground Shock ‘ ,{
1 to row 400 0,024 3730 2,044 0.0279 2
1555 0,0070 14300 0,596 0,0408 £

£
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Ttblp C23 (oontinued)
T e Observed data scaléd'to
Observed data 1,000t At Po 1000 mbar
— g 2
- . Dlsé?)n o AP (psi) RS(E{W’{)‘ AP (rabar) £
|| to startmg“- - '58‘6' ©0.0183 . 4660 1,56 0.0278
end:of row 2430 0:0054 23630 0.46 0.0544
| ‘to-final 595 0.044 5540 3:75 0.082
endsof row 1185 0.0258 11050 2,20 0.110
Gas Vent ’
L to.row 400 - 0,047 3730 4,00 0.0546
1535 . 0,014 14300 1,193 0.0815
| to startmg 4 500 0,0346,. 4660 2,95, 0.0525,
e.d of row 0,029 2,47 0,0439
2430 0,0089, 22630 0.748, 0.0897,
0.0072 0.614 0.07217
| to finat 595 0,042 5540 3.58. 0.0784
end-of rew 1185 0,0274 11050 2,335 0,117

F. Shot C-6: DOB = 20.4 fty-dob = 204 ft/kt1/%; spacing = 25 ft = 250 ft/kt1/3; ten-
. charge double row; l-ton charges; 39 ft between rows; separate contribu-
txons from each row not identifiable (use n =10 charges in-the reductlons)

Ground Shoc'k,

L to row 485 0,180 ?? 4520 13.63 0.234
1110 8,041 10350 3.49 0.162
2720 0:0203. 25340 1.73 0.235
|| to row- 428 10,080 3990 6.82 0.100
1696 0;0211 15750 180 0.138
3100 10,0092 34500 0.784 0,154

Gas Vent
1 to row 465 6,203 22 4520 25,8 0.444
1110, 0,098, 10350 8,35, 0.387,
0,051 4,35 0.201
2720 0,048, 25340 4,09, 0.556,
0,028 2.39 9,325
|| to row 428 0,147, 3990 12,5, 0.184,
: 0,152 13.0 0,191
1690 0,0326, 15 2.79, 0.214,
0.0476 4,05 0.311
3700 0,0158, 34500 1,35, 0,265,
0,0203 1.73 0.340

@Transmitter drift.
bF(et;ord noisy.
®Record lost.

dNo signal,
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Table C24, Project Tr;mdad close-in:airblast-measurements for all.D<geries,row-
, charge expemments, alum1mzed -a.imonium nitrate slurry explosive (un~
less-: othermse noted) in sandswne and shale, wet meédium (Ref, 11),

Y

Altitude & 6200 ft Appro;gxmate ambient. prassures P ~ 810 mbar

- B

Observed data scaled.to

‘ObServed data . 1 0.kt at Pg.= 1000 mbar
Dis,tan(::ém -——7— ' o
. (ft) AP psi) kt ) uP (mbar) f

A, Shot D-l' ANFO (ammo'num nitrate fuel oil). exploswe, mne charge row, mean
yield = 0,545 tons; total yield W = 4,9 tons; mean dob = 239 ft/kt1/3
weighted by. individual charge yields; mean{spacmg = 159 ft/ktl/ 3
weighted by mdwxdual yields @ .

Ground.Shock

L to row uphill 843 0,084 9620 7.16 0.303
1482 0,0227 © 16900 1,935 0.161
_ Ltorowdownhill 770 0,076 8780 6.48 0.246
1900 0,0123 21700 1,09 0,123
|| to row 700 0,0232 7990 1,976 0.0672
3280 0.0048 37400 0,409 0.0886
Gas Vent \ Y
1 to row uphill 843 0.005 9620 0.426 10,0181
, 1482 0.0013 16900 0,111 0.0093
L to row downhill 770 0.002 8780 0.170 0.0055
1900 0,001 21700 0,085 0.0096
| to row 700 0,0047 7990 0.401 0.0136
3280 0.00:3 37400 0.111 0.0240

B. Shot D-2: DOB = 17,7 ft; dob = 177 ft/kt'/3; spacing = 32 1t = 320 ft/kt*/%; five-
charge row; 1-ton charges; W = 5 tons.

Ground Shock

1 to row 1000 0,0606 8321 5.16 0.211
3210 0.0197 29900 1.68 0.278
| to row 1020 0.0460 9510 3.92 0.164
2240 0.0170 20900 1.45 0.156
3740 0.0128 34900 1,09 0,217
Gas Vent
1 to row 1000 0.179 9321 15,25 0,624
3210 0.0411 © 29900 3.50 0.579
[| to row 1020 0.0350 9510 2,98~ 0,125
2240 0.0135 20500 1,15 0,124

3740 0,00884 34900 0,753 0,150
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) 3; Table-C24 (céntinued)
o ‘h i R Obsenved data scaled to
\i . Obsérved data - 1,0 ktlat Pg_= 1000 mbar _
Dxms"tahce‘ ——7-, T ) A
(ft) AP (psi) s 1 3) APg (mbar) f
C. ‘Shot D-3: On -ton row:. DOB: = 19.1 fi; dob = 191 ft/kt 173,

; spacmg 35 it = 350 ft/
ktll/3, Two-todi row: DOB = 24.4 fi; dob = 194 ft/kt1/3; spaci=g =35 ft
= 278 ft/Ptl/ 3, Twelve-charge-couble row; six 1-ton charges:plus six.
2-ton chdrges, 40-ft- separatxon and'0.25-séc delay’ between rows; no

\ airblast remforcement, analyze each row, sepat' ately.
Ground Shock (1-ton row), ] ;
1 to row 1000 0,05 9321 4,26 0.174
3210" 0.0156 - 29900 1.33 0,220
I'tq row, ‘ 720 70,0195 710 1,66 0.046
g 2220 0.0067 20700 . 0,571 0.061
| 3815 i 0,00328 } 35550 0:279 0.057 1
Gas ‘Vent (1-ton row) ' : ‘
1to roy . 1000 -0,0653 9321 5,56 0.228
3210 0.0210 29900 1,79 0.296
| to row © 720 10,0526 6710 4,48 0.123
2220 0382 © 20700 - 1,576 \ 0.168
3815 . 0i0088 . 35550 0.750 0.153
Grnund Shock (2-\ton row) ‘ . b
| 1torow 1009 - 7400 -—
3210 - \ 23750 |
|| to )ovf/ 720 0.0441 15330 \ 3.76 0.0785
'2220 0.0186 16430 1,585 ‘\ 0.128
3815 0.00938 28200 0.799 0.123“
Gas Vent (2-ton row) |. \ .
Ltorow 1000 0.0579 7400. 4,93 0,153
. 3210 0.0235 23750 2,00 | 0,251
| to row 720 0.0498 5350 4,24 0.0885
\1 2220 0.0203 " 16430 1.73 0.139
\ 3815 © 0.01035 28200 0.882 0.136

B1Phis w_eightingrwas' used to overemphasize the lérger yield charges but has little
_ effect on the reductions, Weighting is not normally used in most prediction«procedureé.

bUnidentii‘iable-—coincides with first negative phase from 1-ton row,

‘.
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‘Ta.bléaczs. Neptune; ‘0,115-kt nuclear, tuff and cgnglomeraie, wet (Ref, 28),

: DOB = 105.ft  dob = 216 ft/kt!/3 Py =850:mbar
Ct ' S Observed data scaled to 1
Observed data 3 1,0 kt at Py = 1000. mbar
Distarice < I Rs(:%-g> o
(ft) AP (mbar) y " \kt APy (mbar) . f
3500 0672 7 es20 | 0;79 0.0222
] \ ! .
i
: ! .
\
;
\
\ ‘». §
\
\ \
i
| ) ,
|
\ \ '
‘ i
‘!
H

ers .




RET I 3T A A R T S R T S s Pl it i et Gtk Dol A M e
e Il . ks . - - 1

Table C26. Distant Plain Events 3 and-5, TNT surface bursts,
) ‘ Observed data scaled
Observed data- 1,0 kt at Py = 1000 mbar
X Cft o i 7
| D“i?{‘i‘ ° AP (psi) R (k?fﬁ) AP (mbar)
A, Distant Plain, Event 3, 20-ton §herﬁié;\1 explosive (TNT) surface burst charge, in
shape of sphere half-buried at Surface (Pg = 13,64 psi = 941 mbar) (Ref. 29),
Surface Burst) 8 5500 28.9 4\0\3,900.
frf;ils;sf;ttedkgurve; use these 20 1330 72.2 97\,\600
24,8 955 89.6 . 705300
35 600 126.3 44,000
40 510 1444 37,400
60 305 216.7 22,380
100 130 361 9,540
150 52 542 3,815
200 24.8 722 1,819
250 14,6 903 1,070
300 9.7 1084 712
500 4,0 1805 293
< 700 2.46 2529 180.5
1000 1,42 3610 104.1
1500 0.78 5420 57.4
2000 0.51 7220 37.4
3000 0.248 10840 18,1
(sample Canadian pressure 106 ' 79 383 5,800
fege remulls—lor com™ 114 10
above table for better 120 75 433 5,500
numbers) 133 7 480 5,645
145 53 524 3,890
169 50 619 3,670
{sample figures only—use 200 23 722 1,686
e proowbietor oo
420 6.6 15156 484

B, Distant Plain, Event 5, 20~ton chemical explosive (TNT) sphere half buried, same
configuration as Event 3 above except shot occurred during winter in frozen ground
(ambient pressure Pg = 13.51 psi = 932 mbar) (Ref. 29),

All results were closely comparable to Event 3, except for one section of the curve,
which was slightly higher. Points from this section of the curve are given below: 3

Surface Burst Fitted Curve 24,8 1351 89.3 100,000 :
35 756 126 56,000 s
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Table C27. ‘Sailor Hat'No.. 1.1/1,4, {wo.acpayals suiface sfiots, eachtoffwhxch was
. 5G0<<on. chemical explosnvacharge (Ref 30 3 1) ) .

By 1000 mbak

P A gt —_—

¥ 2 CoT e s R Qbsarve:;i da,ta\sf‘aled to
‘. | Observed da\a — . o J. Okt Fg z iGGO mbar

TS R S e and c e R WA -

Distande ) ' o Ry }M ,
() AP (psi) #, (wf’ 3 . ~ APy (mbar)

B NP

N - (A, Event C, Surface\Burst o o .
2 50 13402 TEs 92500 7
© 105 1000 ? Ame 68000 ?
- 175 430 ? 250, - ' 29700 ?
250 178 315, 12280
355 , 83 447 5720
't 570 30.8 | 718 2125
4 057 - 12.8 1205 . B84
‘ 1738 3.6 2180 248
2568 245 3235 ' 169

. B: Event D, Surface Burst e

e 30 1662 2 38 T 134600 ?
' 50 1470 ? 63 101500 2
: 175 370 ? 220 25500 ?
. 250 220 215 15200

F 355 87 447 6000

E 570 31 718 2140
. 957 12 1205 828
2568 2.1 3235 145
4760 T 0.69 6000 47.6
9000 0.24 11340 16.6
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Table C28; Sailor Hat.No, 5.2a, three separate surface shots, each of which was 500- ;‘
ton chemical explosive churge (TNT), in shape of hemisphere at ground l
surface {(Refs. 30,31). °

Rty

(Poa: 1000 mbar) o

Observed data scaled to

Observed data ‘ i1';0 kt at Pg = 1600 mbar
_ ‘ : .
T AP (psi) RS*(W)‘ APg (mbar)
' A, Event B, Surface Burst 'Zgagres at gr"ouhd‘level) . -
! 980 10.3 1235 ‘ M1
1450 4,78 1825 330
2290 2.49 2890 172
; 4460 111 5620 76.6
1 B. Event B, Elevated Gages, Balloon-Supported T :
1475 4.8 1860 331 :
1530 4.2 1930 290 b
1710 ‘ 3.4 2150 235
1760 3.6 2220 248
1920 3.5 2420 241 !
2360 2.3 2970 159 B
2430 2.2 3060 152
2500 2.14 3150 148 ‘
2580 2.04 3250 141
C., Event C, Surface Burst
957 10,8 1205 746
1738 3.6 2190 248
2568 2,18 3240 150
_ D, Event D, Surface Burst
957 10,7 1205 ) 738
1738 . 2,54 2190 244

12568 1,92 3240 132
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Table: CZQ Prairie Flat 500-ton ¢hemical ':.)zplosxve (TNT) chargc i mrm -of-sphere,
7 tangent to ground ARefs; 32, 33). . S .
Py =13, 79: psi =952 mbar

” ’ Observed data acaled to
1,0 kt at P()Q~ ‘1000 x.qbar

o

1Observed data.

Df(i;?ncc ) AP (psi). -17_) AP (mbar),
L A, Surface burvt--»fm,.l ﬁttpd Qurve e
20 6000 v 243 - - 435000
30 3450 365 - T 256000
60, 240¢ * 73 174000 -
100 1310 121.6 95000-
200 . 150 2432 54400 ;
400 175, ‘ 485.5 12700
500 75 608 5440
700 15,7 852 1140 '
1000 ’ 7.9 1216 572 :
2000 2,88 2432 209
3000 1.40 3650 101.5
4000 0.84 4865 60.9
Iy

A1l results are questionable due to the presence of several fireball anomalies,
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Table C30. ANFO surface burst overpressure data- (ABTOAD, srmoothed and fitted
points), hemispherical charge: (Ref, 34).

PO sz 935 mbar ~

o P ‘ A Observéd data scaled to

* - Observed data 1,0 kt ay,Pg = 1000:mbar
— — " ﬁ Q‘ ™ o (*Same p
Distance R
) AP (psi) s(ktm), APg (mbar)

A, 20-ton Surface Burst, first shot

52,4 429 189 31700
85.0- 179 306 13200
105,5 116 380 8560
208.6 / 22.8 751 1680
'522,0 3.81 1880 281
825.8 1.83 2979 135
1090,0 1,18 3925 87.1
2463 0,262 8870 19.3
‘ B, 20-ton Surface Burst, second shot
52,5 386.6 189 28500
79.2 193,9 285 14300
105.3 110.7 379 8170
519,1 3.85 1870 284
817.9 2,02 2945 149
1093 1.32 3935 97.4
2491 0.33 8960 24,4
C. 100-ton Surface Burst
52,4 945 110,4' 69800
91,2 444 192 32800
515,7 9,14 1086 674
800,0 4,05 1685 299
1000.7 2,71 2108 200

1995 0,737 4200 54.4
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Table C31,. Sample points-selected: from
IBM Problem-M Curve? i

(Refs. 35, 36),’
(Nuclear free-air burst-only)
Py <1000 mbar ambient pressuré
’I}o = 300 K temperature:
C0 = 1139 ft/sec gonic-velocity.
R, = scaled range, in /et
APm = IBMI g’:’urve overpressure, in'clgpbér

B e .
Rm(;;m) APy (mbar)

9000 25,5
5000 v ‘54
2000 176
1500 262
- 1000: 491
800 731
600 1,310
500 1,930
400 3,070
300 6,210 ﬂ
200 17,800
120 71,000

3At distances greater than 9000 ft/
kt1/3, the IBM Problem M Curve de-
creases as R;'nlvz.
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