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SECTION 1
INTRODUCTION
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SECTION 2
EXPLOSION PHENOMENA
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The detonation of a charge of high explosive (HE) near the earth's sur-
face produces airblast and noise, a crater, ejecta and missiles, ground
shock, explosive products, and a buoyant cloud that will carry dust and ex-
plosive products downwind. In this section, the magnitudes of each of
these phenomena are estimated for explosive charge weights ranging from
1,000 pounds to 500 tons {typical for field tests) exploded on or near the
ground surface. The variation of magnitude of phenomena for special situa-

¥ tions (e.g., multiple charges and elevated or buried charges) is also
‘% discussed.
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% In this report, all weights of explosives are given in terms of their
i TNT-equivalent weight, i.e., the weight of TNT (with explosive energy of
3 107 calories/ton) that would produce approximately the same magnitude of
a particular phenomenon as the specific explosive charge in question.

AIRBLAST AND NOISE

; Airblast (the explosion shock wave in air) is usually of greatest con-
F cern in HE field tests because damage can occur at relatively long dis- 0
3 ‘ tances from the explosion. Damage can be caused by various airblast 3
g mechanisms but is usually related to the peak overpressure of the airblast E
3 wave, Table 2-1 shows TNT-equivalent weight factors for some explosives. 3
3 The airblast phenomena discussed in this section include close-in airblast,
long-distance airblast and noise, and refracted atmospheric propagation.

P

P

Close-In Airblast

Figure 2-1 shows measured values of airblast peak overpressure as func-
tions of distance for four field tests in which large, spherical charges of
TNT were detonated on the ground surface. The measurements have been ad-
justed to convert all results to 1 pound of TNT at sea level and standard

atmospheric conditions. It can be seen that these results agree very well
and were predictable.

Airblast measurements from a number of charges of various shapes
(sphere, hemisphere, and capped cylinder), varying in TNT-equivalent weight
from a few hundred pounds to 500 tons and employing different types of ex-
plosives, show results consistent with Figure 2~1 in the region of environ-
mental interest, below 10 to 20 psi (References 3, 4, 5, and 6). Also,
except for charges elevated significantly above the earth's surface (at
least tens to hundreds of feet for charge sizes of interest), Figure 2-1

i
is_a slightly conservative estimate of airblast overpressure. Field tests 3
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Table 2-1. TNT-equivalent weights of explosives for airblast
peak overpressure. (Source: Reference 1)

TNT-Equivalent TNT-Equivalent
Explosive Type Weight Factord Explosive Type Weight Factord

- -

TNT 1.00 Pentolite 1.42
Tritonal 1.07 PETN 1.27
Composition B 1.11 Nitroglycerine 1.23
HBX-1 1.17 RDX-Cyclonite 1.17
HBX-~3 1.14 Nitromethine 1.00
TNETB 1.36 Ammonium Nitrate 0.84
Composition C-4 1.37 Black Powder 0.46
H-6 1.38

- P ]

3Tp determine the TNT-equivalent weight of an explosive, multiply the
weight of the explosive by the equivalent weight factor, e.g., at a
given distance, 1 ton of ammonium nitrate is required to produce the
peak overpressure equivalent to that from 0.84 ton of TNT.

——

conducted at higher altitudes result in peak overpressures somewhat less
than those indicated in Figure 2-1. Burying a charge tends to also reduce
the peak overpressures. Thus it can be assumed that except for signifi-
cantly elevated charges (discussed later), the airblast overpressure will
not be greater than indicated by Figure 2-1.

The distance at which any particular peak overpressure occurs varies
proportional to the cube root of the charge weight, e.g., increasing a
charge weight by a factor of ? }ncreases the ground distance for a given
overpressure by a factor of 8 / » i.e., 2. The curves shown in Figure 2-2
for typical weights of field test HE charges are obtained from Figure 2-1
by plotting overpressures of environmental concern (below 20 psi or 140
kPa)hversus the product of ground distance and the cube root of the charge
weight,

Long-Distance Airblast

As the peak overpressure decreases at increasing distances from the ex-
plosion, the airblast front slows down to a speed approaching the speed of
sound. As the airblast approaches an acoustic wave, it is refracted by
temperature and wind-speed gradients in the air. At distances where the
airblast peak overpressure is less than approximately 2.5 kPa, meteorologi-
cal conditions usually predominate to cause anomalous propagation; airblast
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is refracted toward or away from the ground, resulting in peak overpres-
sures either greater or less than would occur in a nonrefracting atmo-
sphere. Peak overpressures at long distances may vary by an order of
magnitude or more, depending upon whether the meteorological conditions are
Tavorable or unfavorable. long-distance airblast is of concern because

very low peak overpressures can crack windows and cause excessive noise, as
discussed in Section 3.
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Based on a large amount of empirical data, Reed (Reference 1) has for-
mulated relationships for estimating the overpressure at long distances H
from explosions. For a large chemical explosion on, or near, the ground 4
surface with the airblast propagating through a homogeneous, nonrefracting Z
atmosphere, the peak overpressure at long distances near the ground surface 3
is approximately: %
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where

Ap = incident peak overpressure (Pa)

=
"

TNT-equivalent weight of the explosive charge
(tons) (the factor of 2 is to account for the
fact that the ground surface produces distant
blast pressures equivalent to those from a
free-air burst about double in size)
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Noise

An explosion produces impulsive, predominantly low-frequency sound of
sufficient intensity to be heard at long distances. The measyre of sound
intensity is the unweighted sound pressure level (SPL) expressed in deci-
bels (dB), which are dimensioniess units proportional to the square of the

pressure ratio (relative to a reference pressure of 2 x 10'g Pa). The
equation is:

SPL(dB) = 20 log (4p/0.00002) = 20 log (Ap) + 94 (2-2)

where Ap = peak pressure change in Pa. The sound pressure levels in deci-
bels are shown on the right-hand scale of Figure 2-3.

Explosive charges produce a sound energy spectrum that is predominantly
Tow frequency at distances of interest, approximately 10 hertz (Hz) or Tess
for large charges. The energy concentration is displaced toward the low
end as explosive yield increases. Also at greater distances, the spectrum
is displaced toward lower frequencies as higher frequencies undergo greater

- Fy
y

" .
T E—— )

T = r—

K 3

. o
,_“ [ pp——— .
_#— g

ek .



N -

e e T - T L TR TS T T T T o e i i e e
35 'mwm

24 bistbani Bt 58

,
£

e B B A i B0 TR LR YR

The meteorological conditions that lead to amplification of long-dis-
tance airblast and the relative location and magnitude of such amplifica-
tion are summarized by Reed from a large amount of data (Reference 1). The
three conditions of concern are boundary layer ducting, jet stream ducting
and focusing, and downwind ozonosphere propagation.

In a temperature inversion, warm air overlies cooler air near the
ground surface with the result that acoustic waves are trapped and ducted

R r A= — :
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Even a moderate amount of dirt cover will significantly reduce over-
pressure in the relatively high-overpressure region shown in Figure 2-2.
However, there is little if any reduction in overpressures at long dis-
tances, shown in Figure 2-3, unless the depth-of-burst is relatively deep
(Reference 7). In fact, exploding a charge at a shallow depth-of-burst may
increase airblast magnitude at long distances because of more efficient
conversion of explosive energy to shock energy when an explosion is con-
fined (Reference 8). The assumption of no reduction in airblast or noise
from burying a charge is usually warranted for environmental assessment.
If this assumption indicates that significant environmental damage may oc-
cur from close-in airblast and if the depth-of-burst is deeper than about
one charge radius, it may be desirable to have the airblast phenomana cal-
culated by & spe 1214ist who can include depth-of-burst effects.
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When 3 ~harze is exploded above the ground surface, shock waves re-
flected fv¢: the ground surface merge with the direct shock wave to enhance
the magnitude of the peak overpressure at any given distance. As shown in
Figure 2-4, the effect of elevating a charge is to make it appear that the i
charge is increased in weight. At the optimum height-of-burst for airblast i
enhancement, a charge appears to be increased in weight approximately 3.5 &
times so that the distance to a given overpressure (by cube root scaling)

is about 1.5 times that from a charge of the same weight exploded on the
ground surface.*

a4 Ei g AR PASTL AN e,

_
;
4

%1

E Figure 2-4 can be used to estimate the increase in airblast magnitude i
¥ for an elevated charge. The product of the TNT-equivalent charge weight N
3 and the multiplying factor should be used in Figures 2-2 and 2-3 to esti-
mate the airblast magnitude as a function of distance. Substantial eleva-
tion is required to significantly extend the distance of a given peak

- newies

;Z overpressure, e.g., a l-ton charge would have to be elevated approximately %
K ?0 fﬁet above ground level to extend a given overpressure 10 percent ]
arther.

jg If more than one charge is exploded at nearly the same location and
¥ time so that the shock waves interact, the airblast environment is complex.
Outside the array of charges and depending on the distance, as was shown

¥ with the MISERS BLUFF multicharge event, the airblast may appear as a se- ﬁ
X ries of explosions or as a single explosion of larger size than any of the @
¥ individual explosions. The conservative assumption for distant blast is H

that the individual shocks will merge to produce a single shock equivalent
to that from a single charge with a weight equal to the sum of the weights
of the individual charges and located at the center of the array.

-—

* Height-of-burst is measured from the center of gravity of the explosive

charge to the ground surface. Therefore, zero height of burst means the
charge is half buried in the ground.
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Figure 2-4. Height-of-burst multiplying factor.
(Adapted from Reference 1)

CRATERS

The dimensions of an explosion-produced ground crater depend on a num-
ber of factors but are most strongly influenced by the TNT-equivalent
weight of the charge, the placement of the charge relative to the ground
surface, and the type of soil or rock and its water content. Crater dimen-
sions are best predicted based on any previous explosions at the same test
site, but even in this case crater dimensions can vary considerztly under
seemingly identical conditions. For example, PRE-DiCE THROW I and II were
both 100-ton TNT-equivalent HE charges at virtually the same location; yet,
one crater was considerably shallower and wider than the other.
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Figure 2-5 shows data for crater volumes from 256-pound spheres of TNT
exploded on and below the ground surface in alluvium soils at two different
sites.* As can be seen, crater volume increases with depth of charge bur-
ial to a maximum volume at the optimum depth for cratering, which is pro-
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Figure 2-5. Crater volumes from 256-pound spheres of TNT
in dry alluvium, (Source: Reference 9)

contained and crater volume decreases. If the charge 15 buried deep
enough, it will be fully contained and no crater will be visible. Note
that for relatively shallow-buried charges (those above the optimum crater-
ing depth), the scatter of data indicates that crater volumes mayv differ by
a factor of 2 or 3 for this specific situation, primarily from geological

uncertainties. A different geological condition would result in a differ-
ent set of data.
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Figure 2-10. Near-surface HE cratering efficiency in dry %
soft rock. (Adapted from Reference 9) :
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Table 2-3. HE cratering efficiency for generic geologic
materials. (Adapted from Reference 9)

GBI

e

o,

3
S
:

ST

V0 (ft3/ton)

AT
KPS H /)

Medium Range Best Estimate

Wet Geology (including soils 2,000 to 8,000 4,000
and clay shales)

, Dry Soil 600 to 1,800 1,000
“ Dry Soft Rock 500 to 1,200 800
Dry Hard Recck 300 to 700 500
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Figure 2-12. Crater radii and depths as functions of crater
volume. (Adapted from Reference 9)
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EJECTA AND MISSILES

Most of the ejecta, the earth materials from the apparent crater, from
a large HE explosion are deposited within about 3 to 5 crater radii of
ground zero (GZ), i.e., within a few hundred feet of a 500-ton charge. Be-
yond this distance, the ejecta do not compietely cover the ground surface
and the areal density decreases rapidly with increased distance from GZ.

S S a RS R i SO

The ground coverage of the ejecta can be estimated from Figure 2-13 as
a function of crater dimensions and the density of earth materials. The
unit weight of dry garth materials in-place varjes, but reasonable vglues
to use are. 80 1§/ft for porous earth, 90 1b/ft2 for clay, 100 1b/ft? for
sand, 120 1b/ft” for desert alluvium, 140 1b/ft3 for soft rock, and 160
1b/ft3 for hard rock.

o g

Theoretically, some ejecta (missiles) can be propelled very long dis-
tances; in fact, however, very few missiles have been found beyond 3,000
feet from large HE explosions.

e ST P

GROUND SHOCK

There are relatively few data on ground motion measurements from large g
HE field tests at distances of interest for environmental analysis, i.e.,
where the peak particle velocity is less than a few centimeters per second.
Figure 2-14 shows the peak particle velocities from five HE field tests E
that had ground motion measurements at the magnitudes of interest. (A1l
distances have been scaled to 1 ton of TNT by the cube root of the TNT-
equivalent weight.) The three charges exploded either on the ground sur-
face or, at most, just buried with the top of the charge flush with the
ground surface (MIXED COMPANY III, JANGLE HE-2, AFWL 1-5) produced reason-
ably consistent ground motions, with the MIXED COMPANY III ground shock
having the greatest magnitude. The more deeply buried charges in the ES-
SEX I--Phase 2 and PRE-GONDOLA--Shot B tests produced somewhat stronger
ground shocks, as would be expected. In this study, the MIXED COMPANY III
data will be assumed as the worst-case ground shock for near-surface explo-
sions. Assuming that the maximum vertical, radial, and tangential peak 3
particle velocities add vectorially,* the equation of the resultant peak 4
ground motions can be expressed as follows:

-1.4

HE SO A O ST R

N 1/3
Voo = 2,700 (oW (2-6)

——

* The combined data are not given in the references, but adding the peak
vectors results in the largest possible magnitudes of ground motion and
therefore is a conservative assumption.
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where
Vmax = resultant peak particle velocity (cm/sec)

D

distance (m)

W TNT-equivalent weight (tons).

Equation 2-6 is shown on Figure 2-14 for comparison with the data. Re-
cent large field test explosions tend to confirm that Equation 2-6 is a
reasonably conservative assumption for distant ground motion from near-sur-
face explosions. Ground motions at two dams and a large tunnel were mea-
sured during the execution of Event I of MISERS BLUFF, a 120-ton charge of
ANFO. The peak ground motion at one of the dams was about an order of mag-
nitude below that predicted by Equation 2-6 and ground motions at the other
dam and the tunnel were not measurable (Reference 16). Ground motion mea-
surements for PRE-DICE THROW I, PRE-DICE THROW II, and DICE THROW generally
agpear to be about equivalent to, or less than, the values that would be
obtained from Equation 2-6 (Reference 17).

Scaling ground motions by crater volume and comparing buried explosions
with those at zero height-of-burst indicates that buried explosions produce
ground shocks of approximately 4 times the magnitude determined from Equa-
tion 2-6 (Reference 18), although that analysis is only for relatively
large ground motions. Since this would be a conservative estimate of the
buried explosions shown in Figure 2-14, it will be assumed in this study
that Equation 2-6 multiplied by 4 applies to deeply buried explosions.

Ground motion damage criteria are usually given as functions of ac-
celerations rather than velocities. Based on MIXED COMPANY III results
(Reference 11), velocities correspond to simple harmonic motion of a funda-
mental Raleigh wave frequency of 6 hertz, i.e., multiply Vpax by 37.7 to
obtain the value of peak acceleration. Accelerations based on Equation 2-6
are plotted on Figure 2-15 for TNT-equivalent explosive weights of
interest.

EXPLOSIVE PRODUCTS

The explosion of a charge of HE results in a hot fireball of numerous
chemical elements and compounds that are mostly in the gaseous state. Be-
cause of oxidation of the initial chemical products, the total weight of
the final products is greater than the weight of the explosive charge. For
any particular explosive, the types and amounts of chemical species can be
calculated by computer programs; the problem is in determining the best
values for the input parameters to the particular equation of state. Com-
paring computer program theoretical calculations against empirical data is
extremely difficult because laboratory tests are limited to very small
amounts of explosives exploded in a relatively small chamber. Under such
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Figure 2-17. Diameters of large-explosion clouds.
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The cloud dimensions during the first € minutes are in good agreement with
the other data clouds in Figures 2-16 and 2-17 and with Equations 2-8
through 2-12. The measurements of the bottom of the MISERS BLUFF 11-2
cloud (the stem height) support the previous observations that the bottom
of a cloud i{s about midway between the *op of the cloud and the ground.
Note, however, that the MISERS BLUFF observations were carried out over a
longer time period than for the previcus field testc, and they indicate
that maximum cloud size at stabilizaticn occurs later than 5 minutes after
the explosion. This indicates that Equations 2-8 through 2-12 may underes-
timate the size of an explosion cloud at stabilization. For the purposes
of environmental analy: s, however underestimation of an explosion cloud
is conservative because a larger cloud is necessarily more diffuse and the
concentrations of gaseous detonation products and dust at ground level
downwind would be less than for a smaller cloud size at stabilization.
Therefore, Equations 2-8 through 2-12 are still recommended for the pur-
K poses of environmental analysis, until more cloud measurements from other
£ ;?rge~§cale field tests are available to batter estimate stabilized cloud
Y mensions.

!
]
§

K< Most of the earth materials from a crater fall back to earth in the vi-
R cinity of the crater. The earth materials in a stabilized cloud are rela-
3 tively fine particles that can be transported downwind with the gaseous

0 detonation products. Dust samples taken from the DIAL PACK cloud by air-
s craft fly-throughs showed that the average dust concentration at the time
the cloud stabi]izgd (approximately 15 minutes after the explosion) was ap-
proximately 4 mg/m® and the concentration decreased inversely with time to
the 1.4 power over the measurement periocd of from 10 to 60 minutes follow-
e ing the explosion; that is, for each ten-fold increase in time, the dust

3 concentration decreased by 3 factor of 25 (Refaerence ?2). Based on the ap-
| proximate cloud dimensions at 5 minutes of a verticai thickness of 1,500

‘ meters and a horizontal diameter of- about 3,100 mete~s and the apparent
crater volume of 7,400 m°, approximately 2 percent of the crater volume was
in the DIAL PACK explosion cloud at the time of cloud stabilization.

22 s SN R T At S Bt R A L e S0 AR YDY,

TN

The more extensive sampling and analysis of the dust clouds from MISERS
BLUFF II-1 and II-2 events (Reference 29) indicate much higher concentra-

R vions than the data from DIAL PACK. Figures 2-20 and 2-21 show the cloud
£ dimensions and concentrations from the MISERS BLUFF events at 10 and 20
- minutes after the detonations, as reconstructed from the extensive data.

{ These dust concentrations are one to two orders of magnitude greater than

: the concentration of the DIAL PACK cloud. The total mass of dust in the

s ! II-1 cloud 10 to 28 minutes after detonation is reconstructed to be ap-

4 proximately 8 x 10° grams (880 tons%, which indicates approximately one-
third of the crater volume of 150 m® was in the stabilized explosion cloud.

Tra total mass in the multiburst I1I1-2 cloud 10 to 20 minutes after detona-

tion was reconstructed to be approximately 5 x 10”7 grams, whicg aiso indi-

cates approximately one-third of the crater volume of 10,600 m” was in the

stabilized explosion cloud.
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The sampling data from the individual aircraft sampling passes through
the cloud and the cloud reconstruction indicate that, although the concen-
trations varied at different points in the cloud, there was no indication
of the concentrations being greater at the center of the cloud. It can be
assumed that the dust mass is distributed evenly throughout the cloud at
the time of stabilization.

Since the recent MISERS BLUFF data are based on an extensive experimen-
tal program and are more conservative from an environmental impact stand-
point than the DIAL PACK results, the resuits from MISERS BLUFF will be
assumed in this analysis, i.e., it is assumed that one-third of the appar-
ent crater contents will be distributed evenly throughout an explosion
cloud and available for distant transport downwind as the cloud diffuses.
Cloud sampling in future field tests may clarify the considerable disparity
between the MISERS BLUFF and DIAL PACK data.
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As an explosion cloud drifts downwind, it diffuses and the concentra-
tions of dust and explosive products decrease while the edge of the cloud
approaches ground level. At a certain distance downwind, which is a func-

At e — e

p tion of the initial height and dimensions of the cloud, the rates of dif-

. fusion in the horizontal and vertical directions, and wind speed, the

P’ exposure at ground level from this cloud will reach a maximum; at closer

R distances, the cloud has not diffused to ground level and at greater dis-

A tances, the horizontal diffusion dominates to reduce the exposure below the

& maximum. The estimated exposure at ground level directly downwind from an

> explosion cloud can be calculated from Equation 2-13 which has been adapted

H from Reference 30: 3
3 b
%x1 %y ° q -h? i’
g - S +'\7' X T oor o, P T T (2-13) §

e 91 %1 %1 T Y vi %z Y 2 071 3
E
, where %
, 3 7
g E = exposure (g * sec/m?) 1
& 4
3 ox1 = standard deviation of the distribution of g
p: material in the cloud in the horizontal 3
y dewnwind direction (m) 7
3 oyl = standard deviation of the distribution of g
3 material in the cloud in the horizontal %
P crosswind direction (m) %
; 4
‘%i az1 = standard deviation of the distribution of §
. material in the cloud in the vertical §

-5 direction (m) b
2

)
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Vi = volume of tge initial cloud, i.e., at stabi-
lization (

Q = total mass of the material of concern in the
cloud (gm)

<l
"

average wind speed (m/sec)

h = height of point of release, i.e., height to
center of the initial cloud (m).
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The standard deviations in Equation 2-13 are functions of the meteoro-
logical conditions and the distance of travel of the cloud. An unstable
atmosphere has a relatively large amount of vertical mixing. Such a condi-
tion results in relatively high ground level concentrations downwind and
also is less likely to duct airblast. Therefore, an unstable atmosphere is
not only a conservative assumption from an air pollution standpoint but is
also the most likely condition when detonating a large charge of explosive.

PR Rk ke u&g.w..ay,ug«*n« el T St ¢

Figure 2-22 shows recommended values of the standard deviations for
cloud diffusion in an unstable atmosphere for instantaneous puffs, such as
explosion clouds. Based on these values and the values for cloud height

10 T T 11T T AT

s recommended by Reference 31.
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Figure 2-22, Standard deviations for diffusion
parameters of instantaneous puff
in unstable atmosphere.?
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the primary mechanism of airblast damage is by tumbling or by being im-
pacted with missiles propelled by the blast.

The 50-percent probability of lethality to small animals occurs with
impacts on hard surfaces at velocities of approximately 30 to 45 ft/sec
(Reference 36). (The 50-percent lethality values for these experiments
were 39.4 ft/sec for mice, 43.5 ft/sec for rats, 31 ft/sec for guinea pigs,
and 31.7 ft/sec for rabbits.) Statistical analysis indicated the l-percent
mortality level from impact occurs at velocities of 25 to 32 ft/sec. Based
on analysis of suicide attempts by humans jumping from heights, the 50-per-
cent lethality for humans is estimated to occur at impact velocities of ap-
proximately 54 ft/sec, and the l-percent mortality is estimated to occur at
impact velocities of roughly 20 ft/sec, with the mortalities of large ani-
mals, such as pigs and dogs, occurring at higher impact velocities ?Refer-
ence 37). Experiments with dogs indicated 50-percent lethality at impact
velocities of 64 ft/sec (Reference 37).

Potentially lethal velocities can be related to airblast overpressure
through the acceleration coefficient of the animal. The acceleration coef-
ficient is related to the total weight of the animal, with heavier animals
having lower acceleration coefficients. References 38 and 39 give broad-
side acceleration coefficients for mice, rats, guinea pigs, and rabbits of
approximately 0.4, 0.2, 0.15, and 0.08 ft2/1b, respectively. For a 50-
pound, four-legged animal, extrapolation of the smal]l animal data indicates
an acceleration coefficient of Spproximate]y 0.04 ft¢/1b when facing the
blast and approximately 0.02 ft</1b when sideways to the blast.

Reference 40 relates acceleration coefficients and maximum velocities
to peak overpressures from a 500-ton HE burst on the ground surface. Table
3-1 summarizes the above information and indicates that l-percent lethality
due to impact against hard surfaces can be expected for overpressures vary-
ing from about 20 kPa for a small animal such as a mouse to greater than 55
kPa for a 50-pound animal, and 50-percent lethality can be expected for
overpressures varying from 28 kPa for a mouse to greater than 140 kPa for a
50-pound animal. For a man facing the blast, l-percent and 50-percent le-
thality occur at peak overpressures of 50 and 110 kPa, respectively. The
experimental results for birds, summarized in Figure 3-2, indicate that the
threshold of injury for birds impacting against a hard surface occurs for

zgights of TNT that correspond to peak overpressures of approximately 14
a.

Summarizing Table 3-1, at distances where peak overpressure is less
than 20 kPa (3 psi), few-~if any--animals should be killed by translation
and impact due to airblast. At distances where peak overpressures vary
from 20 to 40 kPa (3 to 6 psi), some of the small animals in the open can
be expected to be killed by translation and impact. At closer distances,
fatalities of any larger animals can occur, with the probability of fatal-

ity increasing rapidly at distances where the peak overpressure is greater
than 70 kPa (10 psi).
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Close-In Effects on Structures
Field tests are usually conducted in isolated areas with few, if any,
manmade structures in the nearby vicinity, except those that pertain to the
test. Also, many of the structures in field test areas (e.g., utility
lines, fences) lack the broad surfaces that are most vulnerable at rela-
tively low peak overpressures; such types of structures are typically not

damaged by overpressures less than at least several tens of kPa from a
Glasstone (Reference 43) shows damage/distance relation-

EE b G R F1 o b 5

large HE burst. E
ships for various types of structures exposed to nuclear explosions. These :
nomographs indicate that wood-frame buildings typically are badlv damaqed k
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; EFFECTS ON STRUCTURES. Window glass failure can occur at a lower over- ;
‘ pressure level than any other type of structural material. An earlier Bu-
| reau of Mines report, based on small-charge data, recommended a "safe" %

airblast overpressure level of 0;5,2 i (3!5 kEal;!Referencg 47), Nuclear ; ‘
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> Figure 3-4. Window damage as a function of airblast
b ‘ overpressure. (Based on Reference 1) i
i Z
5} The best estimate of the number of window panes per capita in an urtan 3
9 area is an average of 19 panes per person, based on a survey of San Anto- ;
E | nio, Texas, in 1963 following an accidental explosion of 57 tons of HE at :
F the Median Base which broke over 3,000 windows in the city. Based on this 1
2 estimate, the extreme left-hand scale of Figure 3-4 estimates the number of %
3 broken windows (per human population of 1,000) that can be expected in a Z
- population center at any given magnitude of incident airblast peak over- 4
i | ‘ pressure. An overpressure of a few hundred Pa can cause a very large 3
4 , amount of window damage in urban and suburban areas, which may have popula- %
44 ' tion densities of thousands or tens of thousands of people per square mile. %
2 g 3
E: / . . , . 2
L ’ [Quantitative data on distant airblast magnitudes that can damage his- Z
¥ ! toric buildings, archaeological features, and significant natural physical
b : :
."5:‘ i
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features or that could cause rock or snow slides are sparse. Most such in-
formation comes from sonic boom experiments and analyses and is summarized
in References 51 and 54.

The consensus is that the nominal sonic boom peak
overpressure magnitude of 100 to 200 Pa is only one of the sources of vi-

bration that contributes to the "ageing" of a structure (or a natural fea-
ture) to the point where damage might occur.

As shown in Section 2, airblast in excess of 100- to 200-Pa peak over-
pressure czn occur over very large areas, hundreds or thousands of square

miles of area in the case of a large-yield explosion.
are comparable with close thunder

Lower overpressures
135 dB or 100 Pa) (Reference 55). While




adverse effects were observed in humans exposed to a series of extremely
high-level sonic booms (3 to 7 kPa, or up to 1 psi) (Reference 59). Al-
though hearing acuity was not physically measured, the subjects reported no
indication of any observable symptoms of hearing loss or other ear involve-
ment. In this same experiment, no significant adverse effects on livestock
were observed.

In summary, there is no firm evidence to indicate that occasiona1.im-
pulse sounds below the level that will produce physical damage to 1living
organisms produce any lasting significant adverse effects.

NOISE STANDARDS. The Environmental Protection Agency (EPA) has judged
that exposure to less than 145-dB (0.05-psi or 350-Pa) impulse noise no
more than once per day is "acceptable" in that hearing damage will not re-
sult (Reference 60). The occupational 1imit for industrial workers is 140
dB (0.03 psi or 200 Pa) (Reference 61). These noise levels can be exceeded
many miles away from a large-yield explosion.

Technically, distant blast noise qualifies as impulse noise because
neither References 60 nor 61 make any allowance for rise time or frequency
spectrum of the impulse. However, noise from distant explosions is predom-
inantly low frequency, mostly below 10 Hz, against which the ear strongly
discriminates. On the A-weighted scale, which approximates the relative
response of the human ear to frequencies, the ear discriminates against a
frequency of 10 Hz by about 70 dB. In other words, a 10-Hz frequency hav-
ing a sound pressure level of 145 dB would be perceived by-a listener as
having a magnitude of approximately 70 d8 less, i.e., 75 dB. Distant air-
blast may therefore have an unweighted sound pressure level that exceeds
recommended 1imits of 140 or 145 dB, but which is of such low frequency
that the ear discriminates against it to the extent that the noise level is
not greatly disturbing to the average person and may not be perceived by
some people. (Annoyance from low-frequency shock waves is often related to
ratt1ling of windows and other building components, rather than hearing the
shock wave directly.)

The recommended 1imit of 145 dB to the general public is not a law.

The Occupational Safety and Health Administration (OSHA) 1limit of 140 dB
presumably applies to personnel at test sites, but was designed for indus-
trial conditions where hearing loss can occur to workers repeatedly exposed
to impulsive noise. Carried to the extreme, many actions involve noise
Jevels that exceed the OSHA 1imit. For perspective, the ear of a person
firing a handgun is exposed to sound pressure levels of from 140 to 170 dB,
or nearly 7 kPa (Reference 60).

Damage Distances

Table 3-2 summarizes threshold levels for damage from airblast., In
Figures 3-5 and 3-6, levels are overlaid on the graphs of airblast peak
overpressures versus distance that were developed in Section 2 to
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Table 3-2. Summary of airblast damage threshold levels.
Corresponding Incident
Effect Peak Overpressure Level
%’ ' Threshold of lethality
< Small animals in the open 20 - 40 kPa
e 50-pound animal in the open >55 kPa
! % Small animals (rabbits or smaller) in burrows 190 kPa?
zf Larger animals in burrows 320 kPad
3 ; Threshold of lung damage to animals in burrows
ié- f Small animals 45 kPad
é; i Large animals 85 kPad
;; ! Threshold of eardrum rupture to animals in 20 - 35 kPa
b the open
- Threshold of injury to birds in flight 35 - 70 kPa
%} Toppling of trees (small leaves or defoliated 35 - 70 kPa
& or light crowned)
A
# 5 Damage to small vegetation or tree branches 20 kPa
%; Damage to building walls/roofs 7 kPa
'ﬁ Skin penetrations from broken windows 3.5 kPa
3 f Flight hazard to light aircraft 1.4 kPa
E Window breakage (one window for each 1,000 of 200 Pa
g human population)
EE Impulsive noise level 1imit for industrial 140 dB
7 workers by Occupational Safety and Health (0.2 kPa)
b Administration (OSHA)
'S] Tinnitus or "ringing" of ears 160 dB
%é; The peak overpressure levels shown are the levels that occur with-
fg. out reflections. Airblast filling a burrow can produce pressures
g that are 2 to 3 times these values and are sufficient to result in
i : the effect that is described.
57
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- ‘ Iy = 109 14v/l0g 2 (3-4)
E% § log a = 0.25 Iy +0.25 (3-5) é
o where ;
a = peak particle acceleration in cm/sec2 %
; (except in Equation 3-5, it is the peak :
! horizontal component) :
2 v = peak particle velocity in cm/sec %
- I = Modified Mercalli Scale values. %
g Based on Equations 3-3 through 3-5, earthquake-induced ground motion ;
- ve]gcities of approximately 2 to 4 cm/sec and accelerations of 15 to 30 cm/ ;
o sec~ correspond to an Imm value of V, the threshold of slight architec- ;
o tural damage.* One can be confident that ground motions of these magni- :
g tudes caused by chemical explosions will not cause significant damage 3
: because of their relatively short duration and higher frequency, compared :

| to earthquakes.
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Based upon Reference 67, 600 tons of TNT buried and exploded in alluvium
has a seismic magnitude of approximately 2.5. Experience with earthquakes
in California indicates that a typical earthquake of this magnitude would
be barely felt and would produce Iy intensities of less than III at the
2N epicenter (Reference 62), intensities that are not damaging to even the

: most sensitive manmade structures. Thus, initiation of a significant
earthquake by a chemical explosion does not seem to be a credible
possibility.

Effects on Buildings

Based on the results of a 10-year program to determine ground vibra-

A A S M B A5 S L L0 S

e tions from blasting and their effects on structures, the U.S. Bureau of

= Mines established a criterion of 5 cm/sec for peak particle velocity ground

i? | motions to ensure no damage to residences (Reference 68). Vibrations from

B blasting cannot exceea a velocity vector magnitude of 5 cm/sec at any point

ﬁ? ' in the ground near the foundation of a residence. As cited in Reference 5
i 68, earlier studies indicated that fine plaster cracks began to occur at %
B ground motions from blasting of from 5 to 10 cm/sec.

=

g

Examination of Soviet Union blasting criteria in Table 3-4 indicates
general agreement with the U.S. Bureau of Mines criterion for residences.
. In general, then, a safe blasting criterion to buildings and other struc-
K tures is 3- to 5-cm/sec peak ground motion velocities, except perhaps for
23 "large-panel buildings" where a criterion of 1.5 cm/sec is recommended
3 based on Soviet experience. These criteria for transient ground motions
from blasting are consistent with recommended limits to rotating machinery
7 and machinery foundations of 2.5 cm/sec at steady-state frequencies below
A ) approximately 2,000 rpm (Reference 69).

- —

¥ N SNSRI ERAS B AR

e | These ground motion criteria of 1.5 to 5 cm/sec, or less, to assure no
k. - damage to buildings are met beyond relatively close distances from HE field
: tests, where damage from airblast predominates. For example, these crite-
ria were met at distances beyond 700 to 1,500 meters from the 500-ton MIXED

P

N S S P BN M 4

s » COMPANY III field test where the airblast peak overpressures of 14 to 5 kPa :

3 : would have caused significant damage to buildings. 3

Qi : Initial experience with nuclear weapons testing seemed to indicate that §

E ; a threshold for producing small cracks in plaster was approximately 20 cm/ Z
sec for newly-constructed residences and 10 cm/sec for older residences

(References 70 and 71). The prevailing concept of a nuclear damage thresh-
old between 5 and 10 cm/sec to structures, in conformance with experience

from blasting with HE, was "rudely shattered" in 1964 by the SALMON nuclear
test, a 5-KT underground test, when valid damage claims were received where

i;)was certain that the ground motions were less than 5 cm/sec (Reference
72).
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It now appears that there were at least three reasons why the SALMON
nuclear test produced damage at considerably lower ground motion magnitudes
than was expected, based on experience with HE and Timited nuclear blast
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Figure 3-8. Credible damage complaints versus peak
vector ground velocity.? (Source:
Reference 74)
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depth is typically not quite double the apparent crater depth; therefore,
the vertical fracture zone for rock is approximately 6 times the apparent
crater depth and the vertical displacement zone is approximately 8 times
the apparent crater depth. Based on Equations 2-3 and 2-5 (see Section 2)
the vertical limit for fracturing of rock (assuming a zero height-of-burst5
would thus vary from about 8 meters for a 1-ton explosion to about 60 me-
ters for a 500-ton explosion and the corresponding limits of displacement
would be from about 10 and 75 meters, respectively. These values can be
assumed as maximum limits for damage to bedrock beneath a layer of soil
(unless the charge is significantly buried) because the soil layer will at-
tenuate the shock to a greater extent than if the medium were entirely
rock. In summary, if bedrock is at a lesser depth below the ground surface
than indicated by the above approximate figures, the bedrock might possibly
be damaged by a near-surface explosion. However, such damage has no envi-

ronmental significance unless the bedrock is supporting or restraining a
water table.

Effects on Animals and Humans

Reference 78 summarizes the observations of wildlife and domesticated
animals exposed to ground motions from underground nuclear explosions.
Physical damage to such animals has never been observed, even though the
ground _motions were several g's in some instances (1 g equals nearly 1,000
cm/sec3). For example, cows and calves located near GZ of the CLEARWATER
underground nuclear test suffered no physical damage at ground motions of
from 2.5 to 4 g's and 140 to 230 cm/sec, although one cow was knocked to
its knees. Other tests on cattle, horses, deer, and elk at Tower ground
motions had essentiallv pedatiye results. The milk nroduction of Jagtating
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Damage Distances

In sugmary of the preceding discussion, it appears that a criterion of
20 cm/sect (corresponding to a velocity of 0.5 cm/sec) for ground motions
from large chemical explosions is a conservative criterion to ensure no :
significant damage. (For smaller contained explosions of a few tons, for v
example, the Bureau oE Mines standard of 5 cm/sec for no damage is applica-

ble.) This 20-cm/sec® level corresponds to a level that is annoying to
humans but has only a l-percent probability of damaging a residence, and
below which rock slides have not been observed to occur. At a lower crite-
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—_ —~ 1 "5\ 20\100 500 TONS Multiply ground motion by 4 -]

No — 0.5 50 (or ground distance by 2.7) —

@ - for deeply buried explosion.—
E — Approximate acceleration  — §
~ 2 level for Bureau of Mines
= "
0 standard of 5 cm/sec for 5
E ! 3 no damage to buildings, i 3
& - applicable only for small :

o - ex