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ABSTRACT 

Project Sedan was a 100-kt nuclear cratering experiment 

conducted in 1962 a s  a part  of the Plowshare Program. 
ment the many phenomena related to  nuclear excavation that occur 
in such a detonation, a large number of technical programs w e r e  
conducted on the Sedan event. 
tend knowledge of cratering effects to  the 100-kt range of yields, 
and (2) provide data on the general nature of the safety problems 
to be encountered by nuclear cratering detonations. 

To  docu- 

The purpose of Sedan was to  (1) ex- 

The cra te r  resulting f rom the detonation had an apparent 
crater  radius of 185 meters  (608 feet) and a depth of 98.5 meters  
(323 feet). The volume of the apparent c ra te r  w a s  about 5.1 X 10 

6 3  m3 (6.6 X 10 yd ), corresponding to  the removal of about 7.6 

X 10 kg (8.4 X 10 tons). The l ip ranged in height f rom 5.5 to  2 9  
meters  above the preshot elevation and had a volume of about 3.2 
X 10 m (4.2 X 10 yd ). Comparison of these dimensions with 
past experience leads to  the conclusion that nuclear cratering 
explosions in the region of optimum depth of burst result in 
c ra t e r s  with radii  about 10-20 percent smaller than equivalent- 
yield chemical explosives and with depths about the same. 

This la rger  cloud w a s  due mainly to  the  neutral atmosphere that 
existed t o  an altitude of 2700 m and the large volume of gas re- 
sulting from the high moisture content (3-6 t imes greater  than 
assumed) of the alluvium. 
strongly affected by te r ra in  effects on the wind. 

6 

9 6 

6 3  6 3  

Sedan produced a dust cloud 50 percent larger  than predicted. 

The cloud path and fallout pattern were 

Nearly five t imes more radioactivity than predicted came 

down in the local fallout pattern, showing a need for re-examina- 
tion of the methods used to  ‘extrapolate the relationships between 

radioactivity, depth of burst, ‘and yield t o  the‘sedan event. 
Highest exposure dose to  any off-site residepttwas 100 to  275 mR. 
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Ex post facto calculations show that fallout prediction techniques 
a r e  reasonably good when the input data a r e  accurate. 
--- 

Results f rom close-in a i r  blast measurements indicated 
that Sedan produced peak overpressures at ranges of 300 t o  5000 
meters  that were four to  five t imes larger  than would have been 

expected from previous experience with chemical explosives. 
These overpressures give r i se  to  close-in air-blast  transmission 
factors  of 0.08 to  0.2 over the range of measurement a s  compared 
to predicted values of 0.015 to  0.05. 

air-blast  impulses and impulse transmission factors, however, 

agreed well. 
attributable to  the presence of much higher cavity pressures  in 

the nuclear cavity and the ear l ie r  scaled venting time for a large- 
yield shot such a s  Sedan. 
transmission factors of 0.2, in  excellent agreement with chemical 
explosive experience at this scaled depth of burial. 

functions developed by USC and GS for smaller-yield nuclear ex- 
plosions in alluvium. But comparison with data from a s imi la r -  
yield, contained explosion indicates that there may be no con- 
sistent reduction in ground motion due to  the shallow burial depth 
of Sedan. 
presence of the Yucca fault. 
a s  Sedan were about a factor of two greater  than those on the 

opposite side. 

Predicted and actual close-in 

It is hypothesized that the higher overpressures a r e  

Long-range air-blast  signals gave 

Ground shock from Sedan fell well below the prediction 

Earth motions from Sedan were influenced by the 
,Motions on the same side of the fault 

Mass distribution and ejecta studies on Sedan show that the 
total volume of ejecta, including the lip, represents about 58 per-  
cent of the apparent crater  volume. Fifty percent of the ejecta 
mass  was within 2 c ra te r  radi i  of ground zero, 80 percent was 
within 3 cra te r  radii  and 97 percent within 10 c ra te r  radii  
(w 2000 meters). The distribution of ejecta allowed construction 
of a functional relationship for mass, range, and yield that predicts 
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the distribution for  the 0.5-8kt Scooter explosion within a factor of 
1.5 t o  2.0. 

in the a r e a  around the Sedan cra te r  by impact of agglomerated 
masses  of material. 
10  meters  were noted out to  ranges of 1300 meters  and smaller  
ones were recorded out t o  a s  far as 2140 meters.  

A large number of secondary c ra te rs  were produced 

Impact c r a t e r s  with diameters a s  large as 

Observed surface motion in the Sedan event agrees  very well 
with the model of gas acceleration developed at L R L  and previous 
experience with initial spall velocities. 

of f r e e  fall  between the initial spall motion and the beginning of 
the observable gas acceleration phase does not scale f rom chem- 
ical t o  nuclear explosions in proportion to  the cube root of the 
yield, but wi l l  require the development of a more detailed and 

sophisticated model. 

The length of the period 
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CHAPTER 1 
INTRODUCTION 

Project Sedan was a 100-kt nuclear cratering experiment 
conducted at the Nevada Test Site in 1962. This event w a s  
sponsored by the Atomic Energy Commission! s Plowshare 
Program for the industrial and civil application of nuclear ex- 
plosives and was conducted under the technical direction of the 
Lawrence Radiation Laboratory, Livermore, California. To  
document the many phenomena that occur in such a detonation, 
many technical programs were conducted on the Sedan event. 
These programs were related primarily to  the development of an 
understanding of nuclear cratering and the safety problems in- 

volved in its use for nuclear excavation projects. This report  is 
intended t o  present a general summary of the resul ts  f rom those 
experiments of primary importance to  nuclear excavation tech- 

nology. 

1.1 PURPOSE 

In general t e rms ,  the purpose of the Sedan event w a s  t o  (1) 
extend knowledge of cratering effects and phenomenology to  the 
100-kt range of yields and (2) provide data on the general nature 

of the safety problems t o  be encountered by nuclear cratering 
detonations. 
and canals wil l  require the use of nuclear explosives in the range 
of 100 kt to  10 Mt. 
nuclear explosives and high explosives (H. E. ) had been limited t o  
about 1 kt or below.' Empirical scaling laws had been developed 
from these data for predicting cratering resul ts  from explosions 

with equivalent charge weights between 100 kg and 1 kt. 

Most nuclear excavation projects such as harbors 

Previous cratering experience with both 

* 
However, 

.L 
'rAn ''equivalent charge weight" of 1 kt ( l o 6  kg) is defined a s  an 

explosive unit releasing an energy of calories. TNT releases  

approximately 1000 calories per gram or  about 1 O I 2  calories per 
million kilograms. 
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serious questions had been raised regarding the use of these laws 
for predicting the results f rom high-yield (> 100 kt) explosions. 
Concern had been expressed that megaton c ra t e r s  would be 
significantly smaller  than the empirical scaling law for  low yields 
would permit. 

The yield of the Sedan event w a s  chosen on the basis  that it 
was significantly larger  (about 100 t imes) than any previous buried 
cratering explosion and was close enough to  the megaton range of 
yields so  that any effects of major importance at these yields would 
be detectable. 

about cratering effects as well a s  t o  provide data on the nature of 
the safety problems related t o  radioactivity, ground shock, and 
air blast. 
Sedan and the current status of our knowledge of the cratering 
effects of nuclear explosives in general, 

Thus Sedan was designed t o  answer these questions 

This report is a summary of the cratering resul ts  f rom 

1.2 DESCRIPTION OF THE SITE 

The s i te  chosen for Sedan (see Figure 1.1) was at the north 
end of Yucca Valley at  the Nevada Test  Site in Area 10 near 

several  other nuclear c ra t e r s  (Jangle U and Teapot ESS),2 and a 
3,4 large number of high explosive craters (Scooter, Stagecoach). 

The medium in this general a r ea  is alluvial in nature, consisting 
of fragments of ter t iary volcanic (rhyolite and tuff) ,  limestone, 
quartzite, conglomerate, and shale that have washed down into the 
alluvial valley. Considerable variations in size, composition and 
caliche cementation have been observed throughout the general 
area, with interlacing thin layers  of material  of different textures. 
It has generally been described as a sand-gravel mixture. 

A major north-south fault occurs approximately 1300 meters  
west of the Sedan ground zero point. The thickness of alluvium 

in Area 10 is somewhat variable, ranging from a depth of about 
430 meters  at the Sedan ground zero  and tapering out t o  zero  at 
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the hills east of Sedan. The thickness of the alluvium west of the 

Yucca Fault is estimated at about 300  meter^.^ Underlying the 
alluvium in the Sedan a rea  is over 300 meters  of weakly cemented 
volcanic tuff that has physical properties very similar to  those of 
the alluvium found at depth. The density of the alluvium has been 
measured by many investigators and has been found to  be quite 
variable, being generally in the range between 1.5 and 1.7 with the 
higher number being more common at depths exceeding 30 meters. 

Chemical composition of the alluvium in Area 10 is shown in 
Table 1.1,wher-e chemical analyses a r e  given for three composite 
shallow surface samples, two f rom Teapot ESS area, and one f rom 
the Sedan area. No attempt was  made to  retain in s i tu  water 
content for  these samples. 
well a s  C 0 2  content, two additional samples were sealed in the 
field and subsequently analyzed only for water and C02. 
sults of these t e s t s  a r e  a lso given in Table 1.1 and show the water 
and C 0 2  content t o  be extremely variable. These results,  a s  wel l  
as resul ts  for other a reas  of Yucca Flat, have led to  the general 

conclusion that water content of the alluvium varies f rom about 1 0  
percent in  the f i rs t  30 meters to  about 20 percent at a depth of 300 

meters. 
drilling of the Sedan emplacement hole and thereby added to  the 
environment. Based on data f rom-Thardarson et a1.6 it is esti-  
mated that the water  table in the Sedan a rea  is at  a depth of about 
600 meters.  

Elastic properties of the alluvium are extremely difficult t o  
measure and vary widely fro'm sample to  sample. Compressional 
wave velocities can be obtained f rom Scooter free-field measure- 
ments a s  being 1100 f 100 m/sec.  Bulk compressibilities for  two 

samples representing fine and coarse grain s izes  ranged from 
7 18.7 to  3.4 kbars respectively. 

-- 
T o  better define moisture content as 

The re- 

Over 1,000,000 gallons of water were lost during the 



TABLE 1.1 CHEMICAL COMPOSITION OF ALLUVIUM, 
AREA 10, NTSa 

Composite Sample Number-Percentage by Weight 

Elemental Oxide Teapot ESS Teapot ESS Sedan Sedan Sedan 
Silica dioxide 6 8.870 6 9.17'0 74.57'0 
Alluvium dioxide 11.1 10.9 8.0 

Calcium oxide 4.8 5.0 5.3 

Magnesium oxide 1.0 0.93 1.8 
F e r r i c  oxide 3.1 3.0 4.6 
Sodium oxide 1.7 1.7 0.27 
Potassium oxide 2.7 2.7 0.11 
Phosphorus pentoxide 0.02 0.01 . 0.38 
Titanium dioxide 0.30 0.26 0.22 
Manganous oxide 0.07 0.06 0.05 

Water  (T < 105°C) 1.10 1.06 0.73b 9.2 2.6 

W a t e r  (105°C < T 
< 1800°C) 2.09' 2.ioC 2.78' 12.3 6.1 
Carbon dioxide (T 
< 105°C) 2.3 5.0 1.0 
Carbon dioxide 2.9 3.0 2.7 6.5 1.1 
(105" C < T < 1800" C) 

b 

-~ 

Abbot A. Hanks, Inc., private communications April, 1961 and a 

February, 1964. 
bWeight loss  assumed t o  be water. These samples do not 

represent the in situ w a t e r  content of alluvium. 
Weight loss  minus C 0 2  - assumed t o  be water. C 

1.3 DESCRIPTION OF THE EXPERIMENT 

A nominal 100-kt thermonuclear device, in which less than 

30 percent of the energy came f rom fission, w a s  used for  the 

Sedan event. 
device t o  reduce the quantities of radioactivity induced in  the soil. 
The device was emplaced in a 36-inch-diameter cased hole at a 

Neutron-absorbing material  was placed around the 
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depth of 194 meters  (635 feet). The region around the device w a s  

filled with more neutron absorber (colemanite) and the rest of the 
hole filled t o  the surface with dry sind. 

zero were 

Coordinates of ground 
8 

Geodetic Nevada Control Zone Grid 
N 37" 101 37" N 884,000 feet 
W 116" 02' 43" E 681,000 feet 

While the pr imary purpose of Sedan w a s  t o  study cratering 
effects, a large number of technical programs were included t o  
study all phases of the detonation. 
out collection and measurement, and bio-environmental effects 
studies. Studies for documenting ground shock and air blast, both 
on-site and off-site, were also performed. Programs for  studying 
close-in ground motion by means of high-speed photography and 
underground pressure transducers were included as w e l l  as a 
program for documenting the total mass  distribution. 
details of these programs and their  resul ts  are.  given in  the docu- 
ments listed at the end of this report. 

These programs included fall- 

Complete 

1.4 DESCRIPTION OF THE DETONATION 

Sedan w a s  detonated at 1000:00.147 PDT, (1700:00.147 NIT) 

on 6 July 1962. 
in diameter rose  t o  a height of about 90 me te r s  in 3 seconds at 
which time venting of large quantities of incandescent gases oc- 
cured. 
about 600 meters. 
action. 
generated a base surge that expanded radially t o  a distance of 
approximately 4.0 km cross-wind and 3.2 km upwind. 

cloud resulting from the venting gases rose  t o  a height of about 
3650 meters  above the desert, where it w a s  topped by inversion 

conditions in the atmosphere. 

A roughly hemispherical dome 180-250 meters 
I ,  

The material  in the dome continued t o  r i s e  t o  a height of 
Figure 1.2 is a sequence of photographs of this 

A s  this volume of earth fell back t o  the ground, it 

The main 
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VARIOUS STAGES OF CRATERING EXPLOSIONS 

THROUGH D E V E L O P M E N T  OF BASE SURGE 

100 K T  AT 193 METERS IN ALLUVIUM (SEDAN) 

SCALE FOR A L L  PICTURES: BAR = 300 METERS 

) .  . . 

4 TIME - H + 2 7  sec . .  
1 .  TIME = H +. 1 9 Sec. 

Figure 1.2 Sedan time sequence. 
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f ' I  
Radiochemical analysis of cloud samples gave a yield for 

the Sedan explosive of 100 f 15 kt. 
and shock time-of -arr ival  measurements with theoretical calcula- 
tions for  an underground nuclear explosion on a hydro-plastic- 
elastic computer code gave a yield of 110 f 20 kt. 
greater  reliability and smaller  uncertainty, the radiochemistry 
yield of 100 f 15  kt has been adopted a s  the official yield of the 
Sedan event and has been used in all  subsequent analyses of Sedan 
data. 

Comparison of hydrodynamic 

Because of its 

-1 1- 
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. CHAPTER 2 

CRATERING STUDIES 

2.1 SUMMARY OF PAST CRATERING EXPERIENCE IN DESERT 
ALLUVIUM 

A summary of cratering experience with both chemical and 
nuclear explosions in desert  alluvium prior t o  Sedan is shown in 
Figures  2.1 and 2.2. 

lb) data by an inverted data regression analysis.' It has been 
shown that cratering data obtained wi th  charge weights W ranging 
from 18,200 kg (40,000 lbs) t o  455,000 kg (1,000,000 lb) can best 

be correlated with the above curve by scaling the c ra te r  dimensions 
in proportion to  W 1/3*4. This procedure has been used to  scale 

all of the cratering data in deser t  alluvium t o  1 kt for Figures  2.1 

and 2.2. 

Also shown is a curve fit to  the 116-kg (256- 

2.2 PREDICTION OF SEDAN CRATER DIMENSIONS 

2.2.1 w 1/3*4 Scaling: The c ra te r  dimensions expected for 
the Sedan cra te r  were calculated f rom the data in Figures 2.1 and 
2.2 by using W 1/3*4 scaling to  scale f rom 1 to  100 kt. This gave 

1/3.4 the predicted dimensions shown in Table 2.1 in the column "W 

scaling." The uncertainty of *570 shown w a s  based on the standard 
deviations resulting f rom the above regression analysis. 
predictions a r e  also shown in Figures 2.1 and 2.2. 

These 

Since W 1/3*4 scaling had been empirically determined only for 
yields of less than 1 kt, there was no assurance it would be opera- 
tive at the 100-kt level of yields. Further,  several  other methods 
of predicting the Sedan cra te r  s ize  w e r e  available that predicted 
significantly different results. 

2.2.2 W1/4 Scaling: Scaling of the cratering data in propor- 

tion to  the fourth root of the explosive yield has been suggested by 

a number of authors as a result  of consideration of the potential 

-13- 



Figure 2.1 Apparent c ra te r  radius vs  depth of burst; Nev da des- 
e r t  alluvium, high explosives and nuclear explosives, W1T3*4 
scaling. 

DEPTH OF BUHS? (rn/kt’/”‘) 

Figure 2.2 Apparent crater depth vs  depth of burst; Neva a des- 
e r t  alluvium, high explosives and nuclear explosives, W 1 h * 4  
scaling. 
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energy of the mass  ejected from the crater.  

the ejected material  be M, we have 

M = k l R  D p .  

If we let the mass  of 

2 

The potential energy of this mass  after the explosion is in- 
creased in proportion to its elevation by a height that is propor- 

tional to  the c ra te r  depth, D. 
energy increase 

Thus we have for the potential 

2 2  A P . E .  = k 2 M D g = k l k 2 R  D g .  

If we assume a parabolic-shaped cra te r  and no subsurface 
compaction, the average elevation increment is at least  (1/ 5)D. 

Assuming W1/3 scaling and R 50 W 1/3  , D Z  3 0  w ~ / ~ ~  and we 
have 

n R L D p  D g  X-  5 A P . E .  = 

4/  3 - -  - 7T 
10 (50)2 (3012 W 

= 7.0XlO 5 p g w  41 3 . 
3 If we let p = 1.5 g/cm3 = 1500 kg/m , we have f o r  the 

amount of the explosion energy devoted to  potential energy 

A P. E. l o l o  x w4J3 joules 

= 0.0024 W4J3 kt equivalent. 

The fraction W of the-total energy going into potential energy 
is then A P. E. / W  = 0.0024 W1l3, where W = explosion yield in 
kilotons of equivalent energy. F o r  W = 100kt, AP.E./W = 1.1%. 

Thus, this simple argument shows that a s  the scale of the 
explosion increases toward a megaton or  la rger  yields, W 11 3 

scaling implies that a larger  and la rger  proportion of the energy 
is going into potential energy. If the fraction of the energy going 
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into potential energy is to  remain a constant proportion of the total 
explosive energy, we can see that 

2 2  
k l  k2 R D g 

W A p . E .  = constant = W 

or  
2 2  R D = k3W, 

which can be satisfied dimensionally by assuming 

It seems most probable that the actual behavior of a c ra te r -  

ing explosion should l ie between these two alternatives (i. e., the 
empirical W 1/3*4 scaling and W1I4 scaling) but thatW1/4 scaling 

would certainly appear to  be a limiting behavior at large yields. 

Predictions using W1/4 scaling to  extrapolate the kiloton data in 
Figures  2.1 and 2.2 to  100 kt a r e  given in Table 2.1. 

TABLE 2.1 PREDICTED CRATER DIMENSIONS, PROJECT 
SEDAN 

Apparent Cra te r  Radius Apparent Cra te r  Depth 

meters  feet meters  feet 

w ~ / ~ * ~  Scaling 228 f 11 748 k 34 97 f 5 319 f 16 

w114 Scaling 180 f 18 590 f 60 54 f 5 177 f 18 
Overburden Scaling 145 f 30 475 f 100 50 f 35 170 f 120 
Russian Data 252-298 827-980 103-134 338-440 

~~ 

2.2.3 Overburden Scaling: Another method of presenting 
the cratering data shown in Figures 2.1 and 2.2 had been proposed 
by A. Chabai. This method is alternatively termed "gravity 
scaling,"2 or  "overburden ~ c a 1 i n g . l ' ~  This approach, based on 
dimensional analysis, scales crater  dimensions and depth of burst  
in proportion t o  the quantity 

q=[pg:+p] I /  3 ' 
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where 
p = average density of cratering medium between detonation 

g = acceleration of gravity, m / s e c  
Z = depth of burst, meters  

p = atmospheric pressure at  ground surface = 0.86 X 10 

3 
point and the ground surface, kg/m 

2 

5 

newtons/m2 at 4000 feet altitude 

Wl = energy, joules. 

Figures 2.3 and 2.4 present the deser t  alluvium apparent 

c ra te r  data when scaled by the factor r). 

in Figures  2.3 and 2.4 a r e  fi ts  to  the data f rom Reference 2. 

should be noted that this approach leads t o  W1I3 scaling f o r  small  
yields where p >> pgZ and t o  W1/4 scaling for  large yields where 

If this method of data analysis is used t o  predict the c ra te r  
dimensions for the Sedan crater ,  the values given in Table 2.1 in 
the column "overburden scaling" result. The uncertainties given 
a r e  estimated f rdm Figures 2.3 and 2.4 a s  being consistent with 
the scatter of the data. 
Figures 2.3 and 2.4. 

The dashed lines shown 

It 

P<<  Pgz. 

These predictions a r e  indicated on 

2.2.4 Russian Data: Over the past 15 to  20 years  scientists 
in the USSR have devoted a great amount of theoretical and experi- 
mental effort t o  cratering with large-scale e x p l o s i ~ n s . ~  Their 
cratering experience is based on explosions which range f rom a 
few grams up to  as many as 9200 tons of chemical explosives in a 
single point charge. Based on this body of experience, the follow- 
ing formula w a s  developed by M. M. Boreskov for  calculating the 
s ize  charges required for the excavation of rock and gravel: 

5 

3 3 W = K Z (0.4 + 0.6 n ), B 
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where D is the apparent c ra te r  depth in meters.  
that these equations a r e  consistent with similari ty laws and the 
cube - r o ot s caling law. 

It can be noted 

For cases  where 2 > 25 m, however, the following formula, 
6 based on large-scale c ra te r  experience, is recommended : 

KB Z305 3 w =  (0.4 + 0.6 n ) .  

This formula, of course, conforms to  W '/ 3* 

Determination of the value for  K B 
alluvium can be made f rom data in the Handbook of the 

Soyuzvzryoprom Explosion Trust. 

scaling procedures. 
applicable to  NTS desert  

There is indicated that for  
sand the value for  K should be 1.5-1.7. Use of the value for  KB B 
of 1.7 gives a prediction for  the Sedan cra te r  radius of 252 meters  

(827 feet) and 103 meters  (338 feet) for  the depth. 

Pokrovskii5 based on lifting the ejected mass  to  a height sufficient 
to  permit it to  escape f rom the c ra te r  leads to the expression 

Theoretical calculation of c ra te r  parameters by G. I. 

3 This equation, with a density of p = 1500 kg/m and a depth 
of burst  of 194 meters,  predicts a radius of 345 meters  and a depth 
of 165 meters.  

Pokrovskii further recommends the following equation for  
explosions greater  than 0.3 kt: - 

. 2 512 2 4  
W =  p , ( l + n )  . 

6.6 X 10 

This equation predicts a Sedan c ra t e r  radius of 298 meters  

(980 feet) and a depth of 134 meters  (440 feet). 
All of the foregoing predictions are summarized in Table 

2.1. 
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where 

W = charge weight of chemical explosive, kg; 
Z = depth of burst, meters;  
n = index of explosions effort = ra t io  of apparent c ra te r  

radius R to  depth of burst  Z; and 
is a constant (ranging from 1.0 to  2.0) that depends on 
the type of rock or ground being considered. 

Apparent c ra te r  depths a r e  given by the equation 

Kg 

Z a  
2 n - 1 .  D =  

2 . 3  CRATER RESULTS 

Figure 2.5 is an  aer ia l  photo showing the Sedan cra te r  and 
the general crater  area. 
side of the crater  showing the t rue crater outcrop around the r i m  

and the nature of the talus slopes of fallback material. 
2.7 and 2.8 show contour maps of the Sedan area before and after 

the explosion. 
as a solid line and the c res t  of the lip as a dashed line. 
2.10 shows four c ros s  sections through the Sedan crater together 
with a circumferential l ip profile showing the variations in the l ip 

height. 
c ross  sections are listed in Table 2.2. 

c ra te r  radius f rom these eight radii is 185.3 f 2.4 meters  (608 
f 8 feet). The average apparent c ra te r  radius B, w a s  also calcu- 
lated f rom the plan a rea  of the apparent crater  t o  be 186.7 meters  
(612 feet). F o r  the purpose of analysis, a c ra te r  radius for Sedan 
of 186 meters  (610 feet) has been used. The apparent c ra te r  depth, 
measured f rom the original ground surface along the vertical axis 
of the crater ,  is 98.2 meters  (322 feet). 

Figure 2.6 is a photo taken f rom one 

Figures  

Figure 2.9 shows an outline of the apparent c ra te r  
Figure 

The eight apparent c ra te r  radi i  obtained f rom these four 
The average apparent 

The deepest point in the 
c ra te r  occurs at a point 1 5  meters  WSW of the center where the 
c ra te r  depth is 98.5 meters  (323 feet). 
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Figure 2.7 Contour map of Sedan area before explosion. 
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Figure 2.8 Contour map of Sedan a rea  after explosion. 
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Figure 2.9 Outline of apparent crater  and cres t  of lip. 
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TABLE 2.2 SEDAN APPARENT CRATER RADII 

Cross-Section Azimuth Radius 

(meters) 
GZ - North 182 

GZ - South 190 

GZ - Northeast 185 
GZ - Southwest 185 
GZ - East 190 
GZ -West 183 
GZ - Northwest 182 
G Z  - Southeast 185 

Average Apparent Cra te r  Radii 185.3 f 2.4 meters  (608 f 8 feet) 

As can be seen in Figures  2.9 and 2.10, the shape of the 
c ra te r  is almost exactly circular in plan and parabolic in cross 
sect ion. 

The volume of the crater  has  been calculated by measuring 
6 3  m the area of contours on Figures 2.7 and 2.8 t o  be 5.07 X 10 

(6.6 X 10 yd ) . 
m (6.9 X 10 yd ) based on a paraboloid withthe above average 
dimensions. Using an  average density for deser t  alluvium of 1.5 

3 9 
g / cm this corresponds t o  an  apparent c ra te r  mass  of 7.65 X 10 
kg or  8.42 X 10 tons. 

6 3 7  6 This can be compared with a f igure of 5.30 X 10 
3 6 3  

6 

The l ip  var ies  in  elevation above the original grade f rom 
5.5 t o  29 meters. 
projected area of the l ip  profile, is 13 meters. Carlson has also 

calculated the total l ip  volume t o  be about 3.2 X 10 

X l o 9  kg. 

the azimuth of about N15" W in Figure 2.8 and in the top profile of 

Figure 2.10. It is also very apparent on the left side of the c ra te r  

The average l ip  height, obtained f rom the 
7 

6 3  m or 4.81 

Of particular interest is the large subsideiice a r e a  visible on 
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in Figure 2.5. 

f rom an asymmetric initial motion of the ground along that azimuth. 
The material  beyond about 70 meters  had an initial motion signifi- 
cantly l e s s  than at other azimuths and the material  inside 70 

meters  significantly more, resulting in a vertical sl ip fault with a 
strike approximately perpendicular to  the radius. 
a photograph taken at  about 1.9 seconds, it clearly shows this 

All evidence indicates that this anomaly resulted 

Figure 2.11 is 

anomaly on the left side of the expanding dome. 
indicates that a wedge-shaped piece of the lip along this azimuth 
about 100 meters  wide came back down at a much la ter  stage of 

the explosion than the material  on either side. Thus this piece 
was jammed into the reduced hole left by the portion of the lip on 
either side which had fallen back ear l ier ,  resulting in downward 

deformation of the sides of the hole agd a greatly increased height 
for the l ip  at this point. F r o m  this picture, it would appear that 
the same mechanism applied along this azimuth as in the rest of 
the crater ,  but for some a s  yet unexplained geologic reason, was  
delayed in time for that portion beyond 70 meters.  

noted that there  is no appreciable amount of ejecta or  fallback on 
top of this  prominence. 

Geologic evidence 

It should be 

8 

Because of its great height and unusual support geometry, a 
subsidence failure of this portion of the l ip  occurred very early, 
before any visible observation of the c ra te r  w a s  possible, result-  
ing in a concave slide mass  half-way down on the N15" W cross  
section of the c ra te r  (Figure 2.10). 

With the exception of the massive subsidence failure the 

structure w a s  very similar to  that noted in ear l ie r  c r a t e r s  in 
alluvium. " lo  The lip consisted of uplifted strata topped by over- 

turned material  of varying thickness. 

section through the Sedan lip constructed by Richards8 showing the 
postshot location of a number of marker  beds and the original 
ground surface and the approximate location of the missing hinge 

Figure  2.12 shows a c ross  
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* 
about which al l  of the overturned material  rotated. 
discussion of the geological character of the Sedan cra te r  can be 

found in PNE-240 and PNE-234. 

Further  

8 11 

2.4 DISCUSSION AND CONCLUSIONS - CRATER DATA 

2.4.1 Comparison of Results with Predictions: The apparent 
c ra te r  radius of 186 meters  falls  well below that predicted on the 
basis of W 1/3*4 scaling from the chemical explosive data as w e l l  
as those based on the Russian data (see Table 2.1). 
what higher than the upper limit of the overburden scaling predic- 

tion but is within the limits of W1l4 scaling from the l - k t  chemi- 
cal explosive curve. 
essentially in agreement with the W '/ 3*4 scaling prediction but is 

almost 100 percent la rger  than the predictions of W1/4 scaling or 
overburden scaling. The Sedan depth agreed fairly well with the 
prediction based on the latest Russian data but was significantly 
lower than would be predicted by the theoretical equations of 
Pokr ovs kii. 

It is some- 

The apparent c ra te r  depth of 98 meters  is 

2.4.2 Scaling Implications: If scaling exponents a r e  calcu- 
lated relative to  the l -kt  chemical explosive curves in Figures  
2.1 and 2.2, W 1/3*9 scaling fo r  radius and W 1 / 3 e 4  for depth r e -  

sults. 
derived f rom 116-kg data, scaling exponents can be derived by 
scaling the Sedan dimensions to  116 kg. 
exponents of 1/3.5 and 1/3.4 for  radius and depth, respectively. 

1 

Since the chemical explosive cratering curves were actually 

This procedure resul ts  in 

The above indeterminancy of the scaling exponent for  radius 
demonstrates one of the major difficulties of empirical scaling 

laws. 
a t  one yield to  those at another yield is dependent on the yields 
involved, the empirical  scaling l a w s  that can be derived wilLvary 

with the range between the two se ts  of data that a r e  being compared. 
Only if the empirical scaling law is independent of yield w i l l  the 

If the functional relationships relating c ra te r  dimensions 

@ 
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same scaling law be derived from different se t s  of data. 
experience with determining empirical scaling exponents for 18- 
ton and 454-ton chemical c r a t e r s  by comparison with 116-kg data 

indicated no change in the empirical scaling exponent between 18 

tons and 454 tons. 

Previous 

2.4.3 Chemical-Nuclear Efficiency: An alternate method of 
reconciling nuclear explosive data with chemical explosive data is 
the use of the concept of a chemical-nuclear explosive efficiency 
factor, E .  This is, by definition, the rat io  of the chemical explo- 
sive equivalent yield to  the nuclear explosive equivalent yield re- 
quired for  an  equivalence of cratering effects. 
scaling, this resul ts  in an E for Sedan of 
radius and - 102  percent for  c ra te r  depth. 
for the two other applicable nuclear craters ,  Jangle U and Teapot 

1/ 3.4 Using W 

54 percent for  the c ra te r  
Comparable numbers 

1 ESS a r e  given in Table 2.3 below. 

TABLE 2.3 CHEMICAL-NUCLEAR EFFICIENCIES 

Jangle U 87 135 
Teapot ESS 4 9  132 

Sedan 54 102 

The nuclear data a r e  fairly consistent with each other under 
this presentation and indicate a chemical-nuclear explosive 

efficiency for crater  radius that decreases  with depth of burial 
and is about 50 percent for  optimum burial. ,The efficiency for  
c ra te r  depth appears t o  be somewhat greater  than 100 percent for 
all  depths of burial. 
depth of burial would correspond to  a factor of about 18 percent 
in scaled depth of burst  and apparent c ra te r  radius or a scaled 
increment of about 10 m/kt 

A 50 percent efficiency factor for  optimum 

1/ 3.4 
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The difference between and E in Table 2.3 is undoubtedly d 
related to  the mechanism of c ra te r  formation and the difference 
between nuclear and chemical explosives. 

in determining cra te r  depth a r e  not necessarily also dominant in 

determining cra te r  radius. It is therefore not unreasonable that 
changes in the physical nature of the explosive would produce 
different effects on apparent c ra te r  radius and depth (see Section 

4.1.5). 

Mechanisms dominant 

Data f rom the 0.42-kt nuclear cratering detonation in basalt,  
1 2  Danny Boy, agree remarkably wel l  with the above conclusion. 

The apparent c ra te r  radius of the Danny Boy cra te r  was  13  per -  
cent smaller  than the corresponding chemical explosive data would 
have predicted, whereas the depth w a s  about right. These factors 
correspond to  an efficiency for apparent c ra te r  radius of 6 2  and 
100 percent for  depth. 

2.4.4 Subsidence Cra te r  Data: In addition to  the Sedan 

crater ,  a large number of "subsidence" c ra t e r s  have recently been 

made in the alluvial valleys at the Nevada Test  Site. These have 
resulted f rom the AEC' s nuclear weapons development program 
wherein nuclear explosives were detonated at scaled depths of 
burial much deeper than Sedan. 
is detonated at a depth of burial much deeper than optimum, a 
large underground cavity is formed which ultimately collapses, 
resulting in a large subsidence c ra te r  a t  the surface of the ground. 
Figure 2.13 shows a schematic c ross  section of such a c ra te r  a s  
reconstructed f rdm postshot drill-hole information. Figure 2.14 

is a photograph of a typical subsidence c ra te r  a few seconds after 

collapse. 
The data points for  a large number of these subsidence 

c ra t e r s  whose scaled depths of burial vary f rom 100 t o  200 
m/kt1/3*4 a r e  shown in Figures  2.15 and 2.16 along with all of the 
chemical and nuclear explosive c ra te r  data, including Sedan. 

When a large nuclear explosive 
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I 
DEPTH OF BURST (m / kt  /3.4) 

Figure 2.15 Apparent crater  radius vs depth of burst. 

DEPTH OF BURST ( m / k t  1/34) 
/ 

Figure 2.16 Apparent c ra te r  depth vs depth of burst. 
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In some cases, for the subsidence c ra te rs ,  the detonation 
point was located in weakly cemented tuff, whereas in others it 
was located in alluvium. 
collapse chimney region was  in alluvium. 
detonation point medium has been indicated on the graphs. 

In all  cases  the major portion of the 
The nature of the 

Two special comments should be made regarding the 
applicability of the subsidence c ra te r  data. 
subsidence c ra t e r s  would only be expected in a medium such a s  
desert  alluvium where no bulking during collapse is observed. In 

a rock-type medium where bulking does indeed occur, the volume 

of the underground cavity would not be transmitted to  the surface 
a s  it is in alluvium but would be distributed throughout the chimney 

region in the fo rm of voids among the broken rock. 

media the collapse region would, in fact, not even reach the 
surf ace . 

The f i r s t  is that 

In most rock 

The second point t o  be made relates  to  the effect of yield. 
Chemical explosive experiments at the same scaled depths of 
burial as the nuclear subsidence c ra t e r s  resulted in very small  
c r a t e r s  or no craters.  The presence of thin layers  of caliche 
material  with somewhat greater strength than the sand-gravel 
alluvium produced sufficient bulking and arching to  stop any sub- 
surface void f r o m  subsiding to  the surface. 'On the scale of the 

nuclear c ra t e r s  these layers  a r e  insignificant and the generalized 
nature of the alluvial material  determined the behavior. 

2.4.5 Nuclear Cratering Curves for  Alluvium: The above 
data and considerations have led to the conclusion that the depth- 
of-burst curves shown in Figures  2.1 and 2.2 a r e  not adequate for 
predicting nuclear c ra t e r s  in alluvium. On the basis  of all avail- 
able data, new curves for  predicting nuclear c ra t e r  dimensions 

have been drawn a s  shown by the solid curves in Figures 2.15 and 

2.16. 
for apparent c ra te r  radi i  and assume W scaling. The curves 

These recognize the reduced efficiency of nuclear explosives 
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fo r  chemical explosives f rom Figures 2.1 and 2.2 a r e  shown a s  
dashed curves on Figures 2.15 and 2.16. 

Because of the paucity of data it is not possible to establish 
any statistical l imits on the nuclear curve, but based on past ex- 

perience with the chemical explosive cratering curves it is est i -  
mated to  be about f10  percent on both radius and depth. 
of burst  greater than Sedan the curve is broadened into a zone that 

encompasses most of the subsidence data. 

At depths 

2.5 CONCLUSIONS 

Comparison of the c ra te r  dimensions from Sedan with chem- 
ical explosive cratering experience and other nuclear explosive 
cratering experience in deser t  alluvium leads to  the conclusions 
that: 

a. 

b. 

C. 

Nuclear cratering explosions in the region of optimum 
depth of burst  in alluvium generally result  in c ra t e r s  
with apparent radii  about 10-20 percent smaller  than 
equivalent yield chemical explosives. 
t o  a chemical-nuclear explosive efficiency of about 50 
percent for optimum depth of burial. 
Apparent depths of nuclear explosive c ra t e r s  in alluvium 
a r e  about equal to  or slightly larger  than equivalent-yield 
chemical explosive craters ,  corresponding to an efficiency 
for  c ra te r  depth of about 100 percent. 
Use of the above conclusions with W1/3*4 scaling derived 
f rom chemical explosive c ra te rs  leads to  a consistent 
picture for  all available cratering data and permits 
establishment of independent nuclear explosive c ra te r  
curves for scaled apparent c ra te r  radius and depth 
versus  scaled depth of burst. 

This corresponds 

. The above conclusions a r e  valid for yields up to  100 kt with 

l e s s  than 10 percent e r ror .  Empirical scaling is inherently 
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unreliable for extrapolation beyond the region of experience. 
However, f rom a consideration of the phenomena involved, no 

rapid changes in cratering phenomena a r e  anticipated between 100 

kt and 1 Mt and the above conclusions are felt t o  be good estimates 
of expected behavior. 

It must a lso be noted that the above conclusions are for 
alluvium and subsequent experiments in rock type mediums may 
lead to  significantly different conclusions. 

' 
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3.1 SUMMARY 

CHAPTER 3 
FALLOUT STUDIES 

OF PAST EXPERIENCE 

3.1.1 General: Previous with chemical and nuclear 
explosives has shown that cloud development and fallout distribu- 
tion f rom an underground detonation differ in several  ways f rom 
surface and atmospheric explosions. 

First, only a small  portion of the radioactivity generated in 
a deeply buried explosion is deposited a s  local fallout. Most of 
the radioactivity is scavenged by material  which falls back into 
the c ra te r  and on the c ra te r  lip. 
that one should expect some 1-10 percent of the activity to  escape 

from the c ra te r  and appear as local fallout when firing at the depths 
of burst  of interest  in nuclear excavation. 
which escapes is carr ied on the large dust particles which fall 
within a relatively short distance of ground zero. 

The resul ts  of past work show 

Much of the activity 

Secondly, the height of the main cloud decreases  considerably 
as the explosive is buried deeper and deeper. 

slightly deeper than optimum for  cratering, the cloud height may 
be only 10-25 percent of that expected f r o m  a surface burst  of the 

same yield. 
the a i r  and hit the ground surface, a large base surge cloud is 
formed which spreads a large portion of the vented radioactivity 

over a relatively small  a r ea  surrounding the crater.  The lower 
cloud height and the base surge phenomenon a r e  largely responsible 
for  deposition of most of the local fallout at comparatively short 
ranges f o r  deeply buried cratering explosions. 

For  depths of burst  

Also, as the fallback material  and ejecta fall through 

3.1.2 Relationship of Sedan t o  Pas t  Nuclear Cratering 
Events: P r i o r  t o  Sedan, there  had been five nuclear events fired 
at the Nevada Test Site which resulted in large craters 'and are ,  
therefore, of interest in the problem of understanding radioactivity 



resulting f r o m  nuclear cratering explosions. Three of these, 
Jangle Surface, Jangle Underground, and Teapot ESS were weapon 

effects tes t s  fired in desert  alluvium at depths of burst  much 

shallower than those proposed for Plowshare applications, A 
fourth event, Neptune, was fired in bedded tuff on the Rainier 

Mesa at very deep burial. The fifth, Danny Boy, was fired near 

optimum depth for cratering in the basalt of Buckboard Mesa. 
Yields range f rom 115 tons to  1 .2  kt for  these events. 
plosives were all-fission devices. 

The ex- 

Sedan had a s  one of i ts  pr imary objectives the study of the 
release and distribution of radioactivity f rom an explosive in the 
100-kt range detonated at a depth slightly greater  than optimum 

for cratering. Sedan offered comparison with Danny Boy to  show 
yield and shot-medium effects on,radioactivity re lease and dis t r i -  
bution; with Jangle Surface, Jangle Underground and Teapot ESS 
to show yield and depth of burial effects; and with Neptune to  show 
yield, shot medium and depth of burial effects on the radioactivity 
problem. 

3.2 PREDICTIONS 

3.2.1 Activity Production: The amount of radioactivity 
produced in a nuclear cratering explosion is dependent upon the 
fission yield of the explosive, the neutron fluxes available for 
creating induced radioactivities and the types of materials in the 
explosive and surrounding the explosive which wil l  absorb these 
neutrons. 

Previous t e s t s  with devices s imilar  t o  the Sedan device gave 
a basis  for  prediction of the fission yield, the activation of device 

components and the neutron flux available for  soil activation. 
These predictions showed the only significant activation of device 
materials to  be expected w a s  f rom tungsten. 

-43- 



Prediction of soil activation was based on a chemical analysis 
of the shot medium and theoretical calculations of the neutron flux 
into the soil. These calculations recognized the neutron shielding 
in and around the explosive, and used a soil  moisture content of 
3.2 percent. 
four t o  five compared to  the probable water content at depth. 
Thus the results of these calculations gave a maximum credible 
yield of soil-induced activities. 

soil  activation was expected to  be Na 
of the infinite dose attributed to  soil-induced activities. 

This moisture content is felt t o  be low by a factor of 

The largest  contributor to  the 
24 , accounting for 85 percent 

The amount of radioactivity which comes down as local fall- 
out is dependent upon the depth of burial of the explosive and on the 
type of material  in which the explosive is detonated. 
the previous cratering events were used a s  a basis to  predict the 
fraction of the radioactivity produced that would be expected to be 
deposited in the Sedan fallout pattern. 
of radioactivity in the Sedan fallout pattern from all  of the above 
sources w a s  predicted to  be equivalent in t e rms  of the infinite 
dose f rom one hour, to  0.42 kt of fission-product activity. 

Results of 

On this basis, the amount 

3.2.2 Cloud Dimensions: Cloud dimensions were predicted 

using a theoretical approach t o  cloud scaling suggested by J. B. 
Knox and using Teapot ESS as a scaling base. The Sedan cloud 
w a s  predicted to  have the following dimensions: 

7 

Height (m) Radius (m) 
Main Cloud 1200 900 

Base Surge 600 4 900 

These predictions assumed a statically stable atmosphere. 
the prediction of cloud height w a s  based on limited experience, the 
cloud height was arbi t rar i ly  doubled t o  2400 meters  for  the fallout 

calculations. 

Since 
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8 3.2.3 Fallout Distribution: The fallout prediction was 

based on A. V. Shelton' s cloud model and fallout prediction sys- 

tem. 
field readings conversion constants of 9700 R/hr  and 32,400 R 
were used a s  the H+l hour dose ra te  and infinite dose from one 
hour, respectively, 1 meter above an  infinite plane surface 

2 uniformly contaminated by fission products at a rate  of 1 kt/km . 
A ter ra in  shielding factor of 0.7 was  assumed. 

winds w a s  assumed as follows: 

T o  convert calculated fallout densities to external gamma 

A set of typical 

Altitude (m) Speed (km/hr) Direction (" ) 

0-300 15 220 

300- 900 18.5 21 0 

900-2400 22 190 

Results of the prediction a r e  shown in Figure 3.1 a s  infinite dose 
as a function of distance along the hot line, 

3.3 RESULTS 

The major programs involved in the Sedan fallout studies 

included meteorological observations, cloud photography t o  study 
cloud development, complete ground and aerial surveys to establish 
fallout patterns, radiochemical analysis of cloud and fallout 
samples, and particle-size analysis of fallout samples. Radio- 
chemical and particle-size analyses are given in more detail else- 
where, 9, 10 

3.3.1 Meteorology: A fairly complete set of meteorological 
observations was  made and reported by the USWB. l1 Only a 
temperature-vs-altitude plot of shot -time conditions is sLown 
here (Figure 3.2). 

3.3.2 Cloud Development: The base surge formation became 

apparent at  about 10-15 seconds and continued t o  grow t o  a maxi- 
mum radius of about 4.0 km cross-wind, 2.5 km upwind, and 
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Figure 3.1  Comparison of observed dose along the hotline t o  the 
original prediction and the ex post facto calculation. 
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Figure 3.2 Temperature profile, Yucca weather station, 1022 
PDT, GZ elevation 4317 ft MSL. 

-47 - 

'. 0 

i. 5 

5.0 

5.5 

5.0 

4.0 

3.5 

3.0 

2.5 

2.0 

1.5 



a height of about 1200 meters.12 The main cloud rose to  a height 
of about 3600 meters" above the surface where it w a s  apparently 

stopped by a very stable layer. The main cloud reached a diam- 
e te r  of about 1800 meters  before the winds began to  spread it and 

move it on downwind. 
of N 0-5" E for the first 40-80 km, then turned easterly at a 

bearing of N 20-25" E out to a range of 240-320 km. 
traveled at a speed of about 27 km/hr. The last visual observa- 
tion of the cloud was near Ely, Nevada, about 250 km away. At 

13 this time, the cloud was 55-65 km wide. 

The cloud appeared to  travel on a bearing 

The cloud 

3 .3 .3  Discussion of Cloud Development: The Sedan cloud 
This was  rose t o  a height considerably greater  than predicted. 

partly a result  of a neutral atmosphere existing to  nearly 2700 
meters.  
retarded the cloud rise and the very stable layer (nearly iso- 
thermal) f rom 3600 to  3900 meters  almost completely stopped 
the cloud rise (Figure 3.2). Another possible reason for the large 
cloud w a s  the relatively high moisture content of the soil (10-20%) 
at shot depth which produced a large volume of gas at detonation. 
The prediction was based on a stable atmosphere and on the 
Teapot ESS event which probably had a lower soil moisture content 

and consequently l e s s  gas produced per  unit yield. 

The stable layers f rom 2700 to  3600 meters  apparently 

3.3.4 Radiation Field Measurements: On-site monitor 

surveys commenced at about H+1 hour and continued at varying 
intervals through D+33 days. 
were made on D+27 days and again on D+40 days. 
w a s  made on D+167 days, at which t ime the maximum reading in 

the bottom of the crater  w a s  35 mR/hr. 

Earliest  readings on the c ra te r  lip 
Cra te r  entry 

14 

A remote-area monitoring system w a s  used on-site to  ob- 

, @  ,- 
tain ear ly  high intensity radiation readings. Much of the data a r e  
unreliable, however, due to  instrument malfunctions, instrument 
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contamination and radiation fields which exceeded the range of 

some instruments. 
Off-site monitoring began onD day but some of the data taken 

were considered unreliable due t o  contamination of vehicles and 
instruments. A complete remonitoring of the off-site a r ea  was 

performed on D+l day. At a few locations expected to  be in the 

cloud path, the residents were relocated during the period of 

cloud passage. 
doors during cloud passage. 
receive radiation were equipped with fi lm badges. 

exposure dose recorded was 275 mR. 

dents at the same location had exposure doses of 85 and 90 mR 
recorded on their  f i lm badges and it is possible that some of the 
275-mR exposure was due to  heat damage. 

At several  locations the residents remained in- 
All  residents in a r e a s  expected to  

The highest 
However, two other r e s i -  

13 

3.3.5 Pat tern Construction: The bulk of the most reliable 
and comprehensive radiation survey data were taken f rom about 
H+20 hours to H+28 hours. Fo r  this reason the fallout patterns 
were constructed to  show dose ra tes  at H+24 hours (Figure 3.3 

-1.2 and 3.4). 
decay since, in general, the readings w e r e  decayed no more  than 

about 4 hours. 
-1.2 depart markedly from t 

treatment of the data. The edge of the pattern in the base surge 
a rea  was, in general, drawn to  conform to  the a rea  delineated by 
the dust deposit a s  shown in a photo mosaic of the Sedan a rea  

developed by NRDL15 (Figure 3.5). 

This procedure minimized e r r o r s  caused by using t 

Observed decay during this time period did not 
s o  that the method probably gave fair  

3.3.6 Discussion of Pat tern Formation: The pattern shape 
shows the effect of the te r ra in  on the wind structure. 
appears to  have carr ied the cloud preferentially along the valleys 
and t o  have been retarded by the mountain ranges. Best evidence 

for this is along the west side of the pattern where the Kawich 

Range held the cloud generally in Reveille and Railroad Valleys 

The wind 
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Figure 3.3  Sedan on- site fallout pattern, isodose rate contours, 
H C 24 hours. 
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SEDAN OFF-SITE FALLOUT PATTERN / 

ISO-DOSE RATE CONTOURS 

H+24hr. 

Figure 3.4 Sedan off-site fallout pattern, isodose rate  contours, 
H + 24 hours. 
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Figure 3 . 5  Aerial  photomosaic showing base surge deposition and 
on-site fallout pattern. 
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to  Warm Springs. 
Range and Antelope Range and continued on up Railroad Valley. 
The necking in the center of the pattern was probably caused in 
part by the Grant Range. 

There'dhe cloud was turne'd by the Hot Creek 

The winds at about 75 percent of the base surge height should 
reflect the fallout f rom the base surge and lower levels of the 

main cloud. 
line which conforms to  the direction of the effective wind at 75 

percent of base surge height. 

This is supported by the direction of the initial hot 

The effective wind at 75 percent of main cloud height was in 
a direction about 33" east  of north with almost 33" shear f rom 75 
percent of base surge height t o  75 percent of main cloud height so  
that the top of the cloud w a s  spread to  the east. 
effect of spreading the activity so that no real hot line developed, 
but ra ther  a gradual gradient appeared on the east. 
contrast to the lower layers  where almost no shear  existed giving 
r i s e  to  a sharp hot line along the western edge. The upper levels 
of the cloud were high enough so that t e r ra in  canalization w a s  not 
particularly in evidence on the east  side of the pattern. 

Certainly, such an analysis using the shot t ime winds cannot 

be applied throughout the length of the pattern since one would ex- 
pect significant changes in the wind structure in a distance of 160 

meters  and a t ime span of 5-6 hours. 

This gave an 

This is in 

3.3.7 Pat tern Analysis and Comparison to  Predictions: 
Radiochemistry results 16' l7 show that about 42 percent of the 
H+24 hour dose ra te  was due to  fission-product activity, approxi- 

187 , approximately 2 percent due to  mately 55 percent due t o  W 
Na24 and < 1 percent due t o  activation of soil and device materials, 
t racers ,  and thermonuclear products, These ratios assume no 

fractionation, and that like fractions of all activities escape from 

the crater.  Variation of the dose ra te  f rom each activity, 8 
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component with time is shown in Figure 3.6. 
that the W187 and Na24 a r e  decayed to  negligible levels by D+10 

days. 

The curves show 

The nuclides S C ~ ~ ,  Sc44g, Sc44m, Y88 and Rh102 a r e  
radiochemistry t r ace r s  added t o  the device for diagnostic purposes. 
Be 7 is a fusion reaction product. 

10 100 1000 10.000 

TIME (hours)  

Figure 3.6 pnfractionated debris decay showing relative dose ra tes  
f rom important gamma emitters between 1 and 10,000 hours after 
zero time. - 54- 



The fallout pattern w a s  integrated to  determine the amount 
of radioactivity deposited in the fallout pattern.' This integration 
gives an infinite dose f rom H+l hour equivalent t o  2.0 kt of fission- 

product activity. 

nearly five. 
in extrapolating the resul ts  of the previous events to  the depth of 
burst at which Sedan was fired, Only the Danny Boy event had a 
scaled depth of b u r s t  near that of Sedan and it was fired in a dif- 

ferent shot medium. 

This is greater than expected by a factor of 

This difference is due in large part t o  the uncertainty 

The pattern was truncated at various ranges and the truncated 
These integrations were compared to  the 

An average wind speed 

patterns were integrated. 
total integration to  show the fraction of the total activity which is 
deposited as a function of t ime or distance. 
w a s  used to  calculate an average a r r iva l  t ime at each range. The 
resul ts  of these calculations were then plotted to  show the fraction 
of the total activity remaining airborne as a function of time 

(Figure 3.7) .  

posited at  very ear ly  times. 
percent of the total activity in the fallout pattern was deposited in- 
side the a r e a  of the initial base surge. 

This curve shows that most of the activity w a s  de- 
A similar calculation shows that 70 

Certainly some of the difference between predictions and 
measurements must derive f r o m  the uncertainties in determining 

fission yield and the amounts of various components of the fallout 
samples. There may a l s o  be a significant e r r o r  in assuming no 
fractionation and no enrichment or depletion of various activities 
during the venting process, although preliminary data indicate no 

significant fractionation in the Sedan debris. 
A gross  approximation of t e r r a in  shielding can be made 

using preliminary radiochemical analyses of five fallout t r ay  
17  samples. 

fo r  the five stations, of 219  f 97 (R/hr)/(kt/km ) at H+24 hours 

(Table 3.1) .  

10 

These calculations show an average activity density 
2 

This can be interpreted a s  the external dose rate  one 
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F i g u r e  3.7 F r a c t i o n  of loca l  fallout r ema in ing  a i r b o r n e  as a func-  
t ion of t ime.  

TABLE 3.1 ACTIVITY DENSITY DETERMINED FROM FALLOUT 
TRAY SAMPLES 

F i s s i o n s  F i s s i o n  ‘ D o s e  rate Act ivi ty  
Stat ion p e r  t r a y  dens  it y at H+24 h r  dens i ty  

B-11 1.46 X 1014 1.38 X 3.6 26 1 

D-5 3.0 X 2.84 X 0.243 86 

K-16 1.41 x 1.34 x 0.332 24 8 

P-11 2.38 X 1014 2,26 X 4.4 195 

Q- 5 1.22 x 1.16 x 5.1 44 0 

85 

(kt/ km2)a ( R / h r )  (R/hr)/(kt/km2) 

- 5-10.5 1 .38X 1013 1.31 X l o q 3  0.111 ’ 

Av. = 219 f 97 
2 

(R/hr)/ (kt/km 1 

T r a y  area = 7.54 X km2; 1 kt = 1.4 X f i s s i o n  events .  a 
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would have measured at H+24 hours one meter above the Sedan 
terrain,  if it had been uniformly contaminated with Sedan debris 
at a rate of 1.4 X fissions (i. e. 1 kt) per square kilometer. 
The corresponding theoretical dose ra te  one meter  above an in- 

finite smooth plane is calculated to  be 308 (R/hr)/(kt/km ). This  
calculation w a s  made using the method of Higgins” and the actual 
amounts of induced radionuclides produced,lr/ and assumes un- 

fractionated fission products. 
for conversion of infinite smooth-plane dose ra tes  t o  field readings 
is approximately 0.7 for t e r r a in  such a s  Sedan. 
pointed out, however, that this correction factor is also dependent 
on fractionation and would therefore be invalid for  an event in 

2 

Thus the average correction factor 

It should be 

which the vented debris is fractionated in a manner significantly 
different f rom Sedan. 

An effort was made t o  correlate fallout m a s s  deposition 

The m a s s  with radiation intensity in the initial base surge area.  
density was calculated from the mass  collected in fallout t rays  
located at  each of 46 stations between 1.5 and 6.5 km f rom surface 
zero  (Figure 3.8, Table 3.2). 

dose ra te  for  each station w a s  then calculated using the m a s s  
density and the measured dose ra te  decayed t o  H+24 hours. 
average for  the 46 stations is 1.53 f 0.67 (kg/m )/(R/hr). 
the depth of fallout deposition increases  beyond a centimeter or 
more such a correlation becomes increasingly invalid due t o  self- 
shielding by the deposited material. 

The mass  per unit a r ea  per unit 

The 
2 A s  

x, 

3.4 DISCUSSION 

3.4.1 Radioactivities: Since the t ime that the original 

Sedan predictions were made, independent developments have led 

to changes in predictive techniques and constants used in the pre-  

diction’system. Using present techniques’ and constants one 
would predict an infinite dose f rom zero t ime for W187 which is 

2 
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Figure 3.8  Fallout station array,  Project Sedan. 
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TABLE 3.2 MASS PER UNIT AREA PER UNIT DOSE RATE AT 
VARIOUS FALLOUT STATIONS 

~~ ~ Mass per 
Time of Unit A r e a  

Station Collected Dose Rate Re ad  ing Dose Rate 
We ight Gamma Yield per Unit a 

B-6 
-10 
-11 
-12 

-13 
-14 

-15 

C-6  
-8 

D- 3 
-4 

- 5  

-6 

-7  
-8  

F-8 
- 9  

-11 
-12  
-13 

G-10 

H- 9 
I- 9 
-11.5 

-16 

J- 9.5 

(kg) 
0.802 

0.463 
0.454 

0.346 
0.228 
0.327 

0.231 

0.060 
0.103 

0.002 

0.002 5 

0.015 

0.021 

0.028 
0.00 96 

0.070 
0.095 

0.070 

0.0 90 

0.0 93 

0.020 

0.087 
0.034 

0.108 

0.672 

0.0096 

(R/hr)  (hrs after H hr) (kg/mL/R/hr) 

4.4 

3.0 

3.2 

2.4 
1.5 

2.4 

1.0 
1.75 

0.6 
0.175 

0.03 

0.225 

0.365 

0.350 
0.10 

0.225 8 

0.3 50 

0.500 

0.180 

0.800 

0.100 

0.025 

0.150 

0.220 

1.6 
0.100 
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( 

28.25 

2 8  

28 

28 
27.75 

2 8  

28  

26.25 

26.25 
25.25 

25.5 

25.75 

25.75 

25.75 
26 

26 

26.25 

27.25 

50.5 

27.25 

26.5 

26.4 
27 

50.5 

50.5 

27 

2.16 

1.83 

1.67 
1.70 

1 .78  
1.60 

2.76 
0.41 

2.08 
0.14 

1.04 

0.82 

0.70 

0.99 
1.06 

3.79 

3.30 

1.67 

2.61 

1.39 

2.33 

2.61 
2.71 

2.57 

2.16 

1.15 



TABLE 3.2 (Continued) 

Mass per  
Time of Unit  Area 

We ight Gamma Field per  TJnit 
St at ion C olle cted Dose Rate Reading Dose Ratea 

(kg) (R/hr) (hrs  after H hr)  (kg/rn2/R/hr) 
J- 9.75 0.0083 0.026 50.5 I. 66 

-10.5 0.013 0.100 26.75 1.56 
-11 0.042 0.400 27  1.26 
-12 0.0705 0.150 50.5 2.44 
-1 5 0.116 . 0.600 27 2.33 
-16 0.0766 0.800 27.25 1.14 . 

K-12 0.0132 0.2 20 27.5 0.72 
-14 0.0365 0.300 27 1.46 
-1 5 0.0266 0.300 27 1.06 

-16 0.029 0.300 27 1.16 
-17 0.0223 0.2 80 26.75 0.95 

-27 0.048 1.0 26.75 0.58 
M-17 0.116 1.0 26.75 1.40 
P - 7  0.423 7.5 24.75 0.72 

-8  0.308 7.5 24.75 0.53 

- 9  0.280 5.0 27 0.68 
-10 0.483 5.0 27 1.16 
-11 0.310 4.0 ~ -27 .25  0.94 

-13 0.447 4.0 27.25 1.34 
Q- 5 0.136 5.0 24.5 0.35 

1.53 f 0.66 

(kg/m 1 / (R/hr 1 
average 

~- 

aDose rate at H+24 hours; field readings decayed t o  H+24 hours 
-2  2 m . by t - l o 2  decay; t r ay  area = 7.54 X 1 0  
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95 percent of the measured dose f rom this activity. Prediction of 
Na24 by present techniques gives an expected yield of Na24 which 
is 5-6 t imes greater  than the measured yield. 
that the neutron shielding was more effective than calculated. 
predictions of activity induced in the soil were made in a very 
conservative manner by assuming only the minimum thickness of 
shielding in the device and a moisture content of 3.2 percent. 

actual effective thickness of shielding was much greater  and the 
actual moisture content was probably near 10-20 percent. 

This would indicate 

The 

The 

3.4.2 Fallout Distribution: A plot of infinite dose from H+1 

hour versus  distance along the hot line is shown in Figure 3 . 1  

along with the predicted curve. 
comparison with present prediction techniques using actual shot 
time winds, measured cloud dimensions, and actual fission-product 

and induced activities calculated to  be in the pattern. 
spection of the curves clearly points up the need for having the very 
best possible information for predictive ?urposes. 

A third curve was added to  show a 

Close in- 

The original prediction is lower than the measured dose, at 
ranges beyond about 16  km for several  reasons. 
cloud height was only 2 / 3  of the observed cloud height, thus tending 
to  bring the activity down sooner. However, the most important 
reason for the difference in the curves is the fact that the total 
amount of activity which was predicted to  be in the fallo,ut pattern 
was lower than measured by a factor of about five. 

First the predicted 

By comparison, the ex post facto calculation stays within a --- 
factor of two of the measured pattern f rom about two base surge 
radi i  to  a distance of about 100 km. Beyond about 100 km the - ex 
post facto calculation shows doses increasingly greater  than- 

measured. 

changes with t ime and distance and it is highly improbable that the 
shot t ime winds were unchanged in 250 km and 8 to 1 2  hours. 

-- 2 

The prediction system used does not account for  wind 
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, 
Therefore the difference in the curves beyond a few kilometers, 
can in some degree be accounted for by wind changes. 

tween both the original prediction and the ex post facto calculation 
and the measured curve, is the unknown division of radioactivity 
between the base-surge cloud and the main cloud. 
prediction and the ex post facto calculation were made assuming 
80 percent of the vented activity is injected into the main cloud 
and 20 percent is injected into the base surge cloud. 
on the prediction of changing this division is illustrated in Figure 
3.9  which shows dose rate  at H+24 hours as a function of distance 
along the hot line. Figure 3 .9  also shows the measured dose rate  
versus distance curve and two curves” constructed from -- ex post 
facto calculations which represent two radioactivity divisions: 

a. 80 percent main cloud, 20 percent base surge; 
b. 60 percent main cloud, 40 percent base surge. 

Another factor which may contribute t o  the difference be- 

--- 

The original 

--- 

The effect 

The 60/40 curve appears t o  give a better over-all fit t o  the 
measured curve than does the 80/20 curve and suggests that the 
80/20 division which is used i n  many prediction techniques may 
not always be valid. 

shape of the measured curve at about 100 km range indicates some 
change in conditions which is not reflected in the ex post facto 
calculation curve. A number of factors may contribute to  this 
change but the most likely causes a r e  relatively abrupt changes in 

winds and terrain.  

It should be noted that the distinct change in 

--- 

3.5 CONCLUSIONS 

The Sedan detonation gave a dust cloud which was  50 percent 
larger  than predicted and deposited nearly five t imes more  radio- 
activity than predicted. This indicates that the relationship be- 
tween depth of burst, yield, and radioactivity escape used to  ’ , @ 
extrapolate to  the Sedan event must be re-examined. In addition, 
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Figure 3 . 9  Comparison of observed dose ra tes  on the hotline to  
ex post facto calculations in which activity partition between base 
surge cloud and main cloud is varied. 
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it is also clear that soil moisture content and shot medium 
chemistry a r e  important in regard to  activity escape and cloud 

height. 
Comparison of Sedan resul ts  t o  the present fallout prediction 

techniques using actual input data shows that the prediction 

techniques give reasonably accurate results if the basic-input data 
a r e  correct and suggests that the oft-maligned fallout prediction 
systems may not be a s  much at  fault for poor fallout predictions 

a s  a r e  the methods of predicting the input data. 

8 
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CHAPTER 4 

AIR BLAST 

4.1 CLOSE-IN AIR BLAST 

4.1.1 Experimental Results: In an attempt to  measure close- 

in air blast overpressures on Sedan for comparison with ear l ie r  
data and for extrapolation of our knowledge of air blast to  yields 
such a s  Sedan, a close-in air-blast measurement program was in- 
cluded on Sedan. Fo r  ,complete resul ts  see Reference 1. For  

this program, nine self-recording air-blast gages were placed 

along one radial  line at distances f rom ground zero  ranging from 
305 to  4700 meters.  

air-blast  signals greatly exceeded the set  range of the gages. In 
addition, the four nearest stations were not recovered because of 
the depth of the throwout. A s  a result  of the above, data was ob- 

tained at  only four ranges. Peak pressures  only w e r e  obtained at 
two, one t race  required extrapolation to  obtair peak value and one 
performed satisfactorily. Figure 4.1 shows data points for  peak 
overpressures plotted as a function of scaled ground range f rom 
ground zero. Previous work has shown that air-blast  effects f rom 
cratering detonations is a strong function of the cube-root-scaled 
depth of burst. Therefore, -for comparison with Sedan, a number 
of curves, derived f rom similar  air-blast studies on chemical and 
nuclear explosive detonations at approximately the same cube- 
root-scaled depth of burial, a r e  shown i n F i g u r e  4.1. Details of 
these comparable events a r e  given in Table 4.1. 

Unfortunately, at most of the stations the 

1 

4.1.2 Previous Experience: Previous experience with chem- 
ical explosive cratering detonations had shown that the close-in 
air-blast characteristically consisted of two pulses or peaks. 
first has been attributed t o  the first motion of the surface of the 
ground over the detonation point during the spalling phase of the 
cratering process and has been termed the ground-shock-induced 

The 
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Figure 4.1 Peak a i r  blast vs scaled range. 
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TABLE 4.1 DATA FOR FIVE CRATERING EXPLOSIONS 

Event 
Depth of Scaled depth 

Medium Yield Bur s t  of Burs t  

(tons) (m) (m/ kt1I3) 

Stagecoach 111 Alluvium 20 10.4 38 
Scooter Alluvium 500 38.1 48 
Buckboard 1 2  Basalt 20  13.0 48 
Danny Boy Basalt 420 33.6 45 
Sedan Alluvium 100,000 194 4 2  

a i r  blast pulse. The second and generally much larger  pulse has 
been attributed to  the sudden venting of gases f rom the explosion 
cavity at the end of the gas acceleration phase. 

been noted for chemical cratering explosions in alluvium, a s  well 
as in basalt. The basalt nuclear cratering explosion, Danny Boy, 

showed first peaks consistent with the corresponding chemical 

explosive events (see Figure 4.1). 

ing pulse was almost totally absent on all records. 

This behavior has 

However, the second gas  vent- 

4.1.3 Comparison of Sedan Overpressures with Previous 
Experience: In contrast t o  both the chemical explosive experience 
and the Danny Boy results,  the Sedan signals show only a single 
pulse, presumably attributed to  the large gas vent observed during 

the Sedan event. 
three of the stations giving data were a factor of four t o  five la rger  
than would have been expected for the second peak. 
one station at the farthest range was the signal smaller  than would 
be expected for a second peak. 

A s  can be seen in Figure 4.1, the signals f rom 

Only at the 

If we define a i r  blast transmissivity factor a s  the rat io  of 

the air-blast peak overpressure f rom a buried nuclear explosion 
to  that expected f r o m  the same yield nuclear explosion on the 
surface, we obtain a transmissivity factor for  Sedan varying f rom 
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about 0.08 to  0.2 over the range of measurement. 
can be compared with blast suppression factors for the second 

These values 

peaks f rom the chemical explosive cratering detonations, Scooter 

and Stagecoach 111, which vary f rom about 0.015 to  0.05 over this 

same scaled range. Thus, Sedan peak overpressures were t rans-  
mitted a factor of four to  five better than peak overpressure f rom 

corresponding lower yield chemical explosive events. 

4.1.4 Ai r  Blast Impulse: P res su re  versus time t races  were 
obtained at only two stations from which the impulse can be cal- 
culated. Figure 4.2 shows these scaled impulses plotted, together 
with s imilar  data f rom the other pertinent events. 
enough, the Sedan points compare very favorably with Scooter, 
Stagecoach 111 and Buckboard 12. 

lower, of course, because of the absence of the large gas vent 
pulse contribution. 

Surprisingly 

The Danny Boy curve is much 

4.1.5 Discussion and Conclusions: The air-blast-impulse 
transmission factors (the ratio of the positive phase impulse ob- 
served for a subsurface detonation to  the positive phase impulse 
expected for  the same yield on the surface) for Sedan a r e  0.18 and 
0.125. 
transmission factors calculated for  Scooter, Stagecoach 111 and 

Buckboard 12. 

These factors are in excellent agreement with impulse 

Following a suggestion by Vortman,' a comparison between 
the air-blast signals f rom Sedan and Scooter with their  respective 
cavity pressure histories leads t o  some interesting conclusions. 
Knox and TerhuneJ2' on the basis of code calculations of cavity 
growth, postshot measurements, and matching of theoretical cal- 
culations of cratering mechanics to observed crater  dimensions, 

have derived the cavity pressures  and dimensions shown in Table 

4.2. Also shown a r e  the observed t imes of vent of the cavity gases. 
-70- 
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TABLE 4.2 CAVITY DIMENSIONS AND PRESSURES 
~ 

Time Sedan Scooter 

When Rarefraction Cavity P r e s s u r e  600 b a r s  108 b a r s  
Returns to  Cavity Cavity Radius 6 1  m 13.7 m 

Cavity Volume 9.5X105m3 1.1 x 104 m 

When Gas Accel- Cavity Pressure 180 b a r s  33 b a r s  
eration Phase Cavity Volume 2.8X 106 m3 3.5 X 104 m3 
Begins 
When Venting Cavity P r e s s u r e  54 b a r s  6.2 b a r s  
Occurs Cavity Volume 8.2X106m3 1.8 X l o 5  m3 

Observed Time -3 s e c  -1.1 sec  
Effective Gamma 
During Gas 
Acceleration Phase 1.12 1.03 

A s  can be noted from the cavity pressures  listed in Table 4.2 

Sedan is initially a factor of six greater than Scooter and at the time 
of vent is a factor of nine greater. 
because Sedan vented at a much ear l ie r  scaled time than Scooter. 
F rom the yield ratio of 200 one would expect a vent time for Sedan 
about six t imes la ter  than Scooter if  the explosion 

processes scaled anything l ike W1/3, but in reality the rat io  of 
vent time is only about three. The above ratios for  cavity pres-  
sures  between Sedan and Scooter of six to  nine a r e  in fairly good 
agreement with the observed rat io  between air-blast peak over- 
pressures.  

of P V /  (1 - y) ,  changes only slightly during the gas acceleration 
phase and so  the energy available a s  a source for  the air-blast 
impulse is roughly independent of vent time. 
the values in Table 4.2, the energy in the gas phase for  Sedan is a 

This increase presumably resul ts  

The energy in the gas phase, calculated on the basis 

As calculated f rom 

. factor of about 100 greater than for Scooter. Because of the strong 
role played byy  in these calculations, they can, at best, be only 
approximations, but they a r e  consistent with the fact that the im- 
pulse measured on Sedan scaled very well t o  Scooter, using a yield 

ratio of 200. 
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The above leads t o  the conclusions, at least qualitatively, 
that the high peak air-blast  overpressures f rom Sedan can be 
related to  the much higher cavity pressure at the t ime of vent in the 

case of Sedan than for Scooter. These high pressures  a r e  probably 
due to  (1) Sedan's venting at a much ear l ier  scaled time than 

Scooter, and/ or  (2) the thermodynamics of the nuclear explosion 
and cavity expansion, which lead to  approximately equivalent 
energy contents, but much higher cavity pressures  and smaller  
cavity radii  for nuclear than for chemical explosions at comparable 
t imes during the cratering process. In addition, the above leads 
t o  the conclusion that the air-blast  impulse f rom a nuclear explo- 
sive cratering detonation in alluvium is about equal to  the impulse 
from a corresponding chemical explosion. 

Earl ier  work on damage cr i ter ia  has related it primarily t o  
peak overpressure, but it is undoubtedly also related to  the a i r -  
blast impulse. 
pressure and the impulse for Sedan a s  compared to  Scooter makes 
it clear that damage cr i ter ia  must be related not only to peak over- 

pressure but also impulse. 

The marked difference between the peak over- 

Referring to Table 4.2, it should also be noted that the Sedan 
cavity radius at the time the rarefraction returns to the cavity is 

6 percent smaller than the scaled Scooter cavity at the same scaled 
time; using w 
cavity volumes is about 45, much smaller than would be expected 
on the basis of the two yields involved. 
radius at this time was  25 percent smaller  than the scaled Scooter 
cavity radius. 

.I. -r 
scaling. At the t ime of vent, the rat io  of 

This indicates the Sedan 

Thus, it is not too surprising that the c ra te r  radius 

>; 
Normally one would scale cavity rad ius  by W113 but since we 

a r e  attempting to  relate scaled cavity re turn to  scaled cavity di- 
mensions, we have used W 'I3o4 scaling. 
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of Sedan is 18 percent smaller than predicted on the basis of i 

W1/3*4 scaling. The smaller  a r ea  of vent and the higher pressures  
present at vent t imes should lead to  much higher vent velocities 
in the central cone which would eject debris at greater  velocities. 

This would result  in more la teral  displacement of the ejecta such 
that a la rger  fraction of the central material  is ejected f rom the 

crater. 
efficiency of nuclear explosions for  c ra te r  depth than c ra te r  radius 
as has been observed above in Chapter 2. 

This phenomena could easily lead to  the much higher 

4.2 LONG RANGE AIR BLAST 

Air-blast signals f rom large-yield explosions may be t rans-  

mitted by atmospheric refraction to very great ranges with suffi- 
cient intensities to  produce minor damage such as broken windows, 
cracked plaster and damaged d00i-s.~ To better understand this  
phenomena and to  provide quantitative data on the effect of large 
yields, a microbarograph program w a s  conducted on the Sedan 
event. For a complete summary of the results,  see  Reference 5. 

4.2.1 Experimental Plan: Microbarograph records were ob- 
One tained from eight stations located at ranges of 160 to  370 km. 

of the principal factors in long-range transmission of air-blast  
signals has been determined t o  be ozonospheric winds at the 100- 
200,000-foot altitudes. 
characteristically blow from east  t o  west in the northern tempera- 
ture  latitude. 

During the summer months these winds 

Thus the stations for Sedan were located in a 90" 

sector centered on a 270" azimuth f rom Sedan. Good records were 

obtained at most stations for  both Sedan and the preshot H. .. E. 

calibration shot. 

4.2.2 Long Range Air-Blast Transmission Factors:  Compari- 

son of the signals f rom Sedan and the 1.2-ton H. E. surface detona- 

tion allows calculations to  be made of a blast transmission factor 
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for long-range a i r  blast, 
calculated, blast transmission factors attributable to  variation in 
azimuth of the stations, degrees of focussing, and random e r r o r s  
introduced by atmospheric turbulence. 
factors for  Sedan varied from 0.05 to  0.35 with a logarithmic 
average of the most representative values of 0.20 f 0.08. 

son of these transmission factors with data f rom similar detona- 
tions is given in Table 4.3. 

There is considerable scat ter  in the 

Air-blast transmission 

Compari- 

TABLE 4.3 LONG-RANGE AIR-BLAST TRANSMISSION FACTORS 
~~ 

Scaled Depth Transmission Factors  
Event of Burst Maximum Minimum Average 

(m/kt '3 ) 

Stagecoach I11 38 0.34 0.12 0.19 f 0.05 

Scooter 4 8  0.37 0.11 0.19 * 0.08 

Buckboard 1 2  4 8  0.31 0.13 0.21 f 0.07 

Danny Boy 4 5  0.16 0.12 0.14 f 0.01 

Sedan 42 0.35 0.05 0.20 f 0.08 

4.2.3 Comparison of Sedan Results with Previous Experi- 
ence: It is clear from Table 4.4 that the long r a n g e  air-blast s ig -  
nals f rom Sedan, as measured by air-blast transmission factors, 
is completely consistent with all previous experience at this scaled 
depth of burial, with the exception of the Danny Boy event. 
fact that the long-range air-blast  peak overpressure transmission 

The 

factors and close-in air-blast impulse and impulse transmission 
factors for Sedan a r e  in full agreement with previous chemical 
explosive cratering experience would appear to  confirm that close - 
in air-blast  impulse is the most important factor in determining 
long-range peak overpressures.  -The order-of-magnitude lower 

impulse f rom Danny Boy did not, however, lead to  an order-of- 
magnitude l o w e r  long-range air-blast  transmission factor but 

rather only to reduction by a factor of about 1.5. 
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TABLE 4.4 PREDICTED PEAK-TO-PEAK OVERPRESSURES AT 
FIRST CAUSTIC RANGEa BASED ON SEDAN UPPER 
LIMITS 

Yield Peak-to-Peak Overpressure 

(mb) 
100 kt (Sedan) 1 
500 kt 1.9 

1 Mt 2.5 
5 Mt 4.8 

10 Mt 6 . 3  
50 Mt 12.0 
a 

values would be  an order of magnitude or more lower than these 
values . 

Downwind for  ozonospheric winds only. Upwind and crosswind 

4.2.4 Extrapolation of Sedan Results t o  Larger Yields: The 

maximum air-blast  signals recorded on Sedan in the region of the 
first caustic range were in the range f rom 0.5 t o  0.9 mbars. 
the largest  value resulting f rom Sedan is taken as 1 mbar  and this 
value is scaled t o  larger  yields by W0.4 scaling,l we have the pre- 

dicted peak-to-peak overpressures shown in Table 4.4. It is diffi- 
cult t o  develop useful cri teria for air-blast  damage but it has been 
determined that breakage of large windows occasionally occurs 

at the 2-mbar level. 
before breakage occurs. 
minimum for window breakage, the Sedan resul ts  would indicate 
that up t o  2.5 Mt could be fired with Sedan-like focussing and blast 
transmission factors before significant damage would be expected 

downwind. 
blast transmission factors should increase with yields above 100 

kt, the values in Table 4.4 would be increased accordingly. 
addition, at the la rger  yields overpressures at the second caustic 
range (300-500 km) could be large enough t o  cause damage. 

If 

4 

Smaller windows wi l l  take up to  4 to  10  mbars  
If a figure of 4 mbar is taken as a 

If WOO4 scaling does not hold for larger  yields or  if 

In 
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CHAPTER 5 

GROUND SHOCK 

5.1 EXPERIMENTAL P L A N  

To  document earth motions generated by the Sedan explosion, 
11 strong-motion seismographs on-site were operated by USC and 
GS at ranges f rom 1.1 to  27 km. 

graphs were operated on a radial line extending northeast of Sedan 

at approximately 50-km intervals beginning at  150 km. For  a 
more complete discussion of the resul ts  of the strong-motion 
program and the data collected by the long range stations, s ee  
Reference 1. 

In addition, 6 mobile seismo- 

5.2 EXPERIMENTAL RES,ULTS 

Peak acceleration and displacements recorded by the strong- 

motion stations on Sedan a r e  shown in Figures 5.1 and 5.2, where 
all three components of motion a r e  plotted. In addition, the data 
a r e  segregated with respect to  whether the stations were on the 
east o r  west side of the Yucca Fault. This fault is a major north- 
south geologic feature of Yucca Valley which passes about 1.4 km 
west of the Sedan ground zero. Also shown in Figures  5.1 and 5.2 
a r e  the prediction functions 

0.54 R-1.4 a = 0.0041 W 
and 

0.8 R-1 .2  . d = 0.0027 W 9 

where 

a = peak earth particle acceleration, g; 
d = peak earth particle displacement, cm; 

W = equivalent yield, tons; 

R = range from GZ t o  station, km. 
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These functions were derived f rom strong motion data 
measurements on a wide variety of nuclear detonations in alluvium 
at a number of yields, all of which were below 100 kt.2 These 
functions are not best-value fits to  the data but ra ther  represent 

an upper limit to  the observed data such that 90 t o  95 percent of 
the measured data points fall below the curve. 

5.3 DISCUSSION AND CONCLUSIONS 

Acceleration data f rom stations located on the w e s t  or oppo- 
site side of the fault f rom Sedan are somewhat below the data at 
the same range on the east side but for displacement there  is a 
very clear and systematic differentiation between the data f rom 
the two s ides  of the fault. 
the fault were consistently a factor of two to  three below displace- 
ments on the same side'. 

diction functions shows that Sedan produced accelerations a factor 
of about five less than the same yield would have as a completely 
contained shot. 

factor of two to  five depending generally on which side of the fault 
the stations w e r e  located. 

Displacements on the opposite side of 

Comparison of the data with the pre-  

Displacement indicates a reduction of about a 

Direct comparison between Sedan and surface motion data 
f rom a completely contained nuclear explosion of s imilar  yield in 
the tuff underlying Yucca Flat shows Sedan t o  have somewhat lower 

accelerations and approximately equal displacements over the range 
f rom 3 to  20 km.. 
ment is compensated for, the two shots would compare very 
favorably, considering the large inherent scat ter  in surface motion 
data. 

When the effect of the difference in shot environ- 

Thus, it cannot be concluded f rom the Sedan data that crater- 

ing explosions in alluvium produce significantly less motion than 
similar contained shots. 

would appear t o  overestimate surface motion for  a shot such as 

The prediction functions given above 
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Sedan by perhaps a s  much a s  a factor of two to five. 
functions for extrapolation to  large yields must be carefully 

examined since they were developed on the basis  of data f rom 

shots smaller than Sedan and the overestimation of Sedan could 
well be a result  of too large an exponent for W. 

Use of these 

. 
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CHAPTER 6 

MASS DISTRIBUTION 

6.1 EJECTA AND THROWOUT THICKNESS 

6.1.1 Experimental Plan and Results: In an effort t o  
measure the distribution and character of the throwout, ejecta, 

and missi les  surrounding the Sedan crater, an extensive a r r a y  of 

tarps,  t r ays  and height rods were placed in the area around the 
Sedan ground zero.' On the basis  of postshot measurements in 
this a r ray ,  an ejecta isopach map has been developed (see 'Figure 
6.1). This shows the ejecta distribution is fair ly  isotropic, cover- 

ing an area up t o  1.3 km in radius with dust ranging in thickness 
f rom 1 cm on the edge up to  10  meters in the general area of the 
c ra te r  lip. 

Beyond 1.3 km, dust was deposited by the expanding base 
surge out t o  the limit of its radial  growth. 
apparent in the aerial photo mosaic of the Sedan area (Figure 3.5). 

As discussed in Section 3.3.4, the mass  per  unit area can be fairly 
well correlated with the external gamma field readings, wherein 

the data in Table 3.2 give a mass thickness factor of 1.53 f 0.67 

kg/m 
of 1.5 gm/cm 
converted t o  a mass thickness factor of approximately 1 f 0.5 mm 

per R/hr .  Thus, the H+24 hour fallout patterns shown in Figures  
3.3 and 3.4 may be used for  dust isopach maps by reading the R/hr 
contour in terms of millimeters for radial  distances beyond 1.3 
km or  for  thicknesses less than 1 cm. 

This  layer is readily 

2 per  R / h r  at H+24 hours. Using a measured postshot density 
3 3 1  (1500 kg/m ) , this mass density factor may be 

Figure 6.2 shows the mass  of material per  unit area as a 
function of range where data f rom all azimuths have been averaged. 
A least-squares f i t  t o  the azimuthally averaged data points gi\.es 
the functions 
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n 

6.98 x 
R4. 3 6 =  

and 

4.65 X l o L J  t =  #. 3 , 

where 
6 = area l  density, kg/m 2. , 

t = ejecta thickness, cm; 
R = range f rom ground zero, meters. 

Such a fit would appear to give the ejecta thickness within about a 
factor of three on the average. 
the data, we have 

If three functions a r e  used to fit 

2.26 X IO9 
*1 - R2.2 

- 3.88 x 
6 2  - ,, 6.0 

- - 2.60 X 1 0 l 2  
6 3  R3.5 

220 < R < 550 meters  - -  

550 < R < 840 meters  ' - -  

840 < R < 1710 meters.  - -  

6.1.2 Discussion and Conclusions: Using the above fits and 
topographic and geologic data for the lip, the mass  of ejecta can be 
calculated.' This integration shows that the ejecta mass  repre-  
sents  about 58 percent of the m a s s  corresponding to  the apparent 

c ra te r  volume. Of the total ejecta mass,  50 percent was deposited 
within two cra te r  radii of ground zero; 80 percent w a s  within three 
c ra te r  radii  and 97 percent within 10  c ra te r  radii. Such an ejecta 

mass  fraction and distribution compares very favorably with pre-  
vious experience with chemical and nuclear detonations at this 

scaled depth of burial. 
@ 
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The above leads to  the conclusion that the yield dependence 
of ejecta should be of the form 

where W = equivalent yield, kt. 
we have an equation for  ejecta thickness for  alluvium of 

Normalizing this equation to  Sedan 

4.3 
6/w1/3*4 = 5.3 x 10I1 ( - - )  

or 
1.56 5.3  x l o l l  w 

R4. 3 6 =  

This function predicts the averaged ejecta distribution reported 
fo r  the 0.5 kt Scooter event 2 within a factor of 1.5 t o  2.0. 

6.2 IMPACT CRATERS 

Inoaddition to  the general mass  of material  ejected f rom the 
crater  a s  a more o r  l e s s  homogeneous mass,  a large number of 
agglomerated masses  of alluvium received significantly higher 
velocities than the average and followed ballistic trajectories.  
When these missiles struck the surface they produced impact 
c r a t e r s  of various size depending on their  mass ,  velocity, and 
impact angle. Figure 6.3 is an oblique photo of the Sedan area’ 
showing many of these impact c ra te rs  in the foreground. Many 
hundred impact, c ra te rs  were noted at ranges f rom ground zero as 
great a s  2,140 meters. Numerous impact c r a t e r s  with lip-to-lip 
diameters of up t o  10 meters  were located out t o  radial distances 
of almost 1300 meters.  
located about 300 meters  f rom ground zero and was about 40-60 

meters  in diameter. 

’ 
The largest  impact crater  noted w a s  

a 
A complete discussion of this program can be found in 

- 88- 
Reference 1. 



a' c k
 

bl) 
a, 
k

 
0

 

G
 

m
 

k
 

a, 
cd 
k

 
0

 

0
 

cd 

w
 

.r
l 

-+ 

-+ 

.
?
I
 

z a, 
0

 
c k

 
a id k

 
0
 

c cd 
a
 a, 

m
 

M
 

W
 

a, 
k

 
3
 

110 

-+ 

.-. 
-+ 

.d
 

kl 

-8
9

- 



REFERENCES 

1. R. H. Carlson and W. A. Roberts, "Mass Distribution and 

Throwout Studies, Project  Sedan, " The Boeing Company, 

P N E - 2 1 7 F ,  August 1963.  

2. W. R. Perret and others, "Project Scooter, Final Report, " 
Sandia Corporation SC-4602(RR), October 1963. 

- 90- 



speed in the alluvium of 640 m / s e c  which is consistent with the 

range of measured values. This a r r iva l  t ime has been used to  
establish the time base for the plots in Figure 7.1. 

Figure 7.2 shows a plot of vertical velocity a s  a function of 

time for  the three targets as derived f rom the smoothed displace- 
ment data in Figure 7.1. 

seconds by dust but reappeared at about 2.2 seconds and the miss -  
ing portion of the displacement and velocity data have been sketched 
in. 

Target 4 was obscured at about 1.3 

A large vent of incandescent gases occurred at 2.8 seconds, 
generally obscuring any further target motion. 
velocity of this vent, over the first 800 feet of i t s  path, w a s  
approximately 330 m/sec.  
velocity occurred at about 3.1 seconds and was very quickly followed 
by general venting throughout the dome. 
at 2.8 seconds a s  seen f rom a camera station on the southeast 

azimuth and Figure 7.3 shows both vents at 3.1 seconds as viewed 
f rom a camera station on the southwest azimuth. The asymmetry 
leading to  the high l ip on the north-northwest side of the c ra t e r  is 
sti l l  clearly visible on the left side in Figure 7.3. 

The vertical  

A second vent with about the same 

Figure 1.2 shows the vent 

7.3 DISC USSION 

The velocity versus  t-ime plots in Figure 7.2 are ,  qualitatively, 
1 very similar t o  previous plots for  the 0.5-kiloton Scooter event, 

showing an initial spall velocity, followed by a period of f ree  fall, 

which is followed in turn at  about 0.9-1.0 second by a period of 
sustained gas acceleration lasting generally until venting. 

Qualitatively, the initial spall  velocities of Sedan compare 
quite favorably with previous experience in alluvium. 
of a number of chemical explosive cratering detonations in deser t  
alluvium with yields ranging f rom about 0.1 ton t o  500 tons (includ- 
ing Scooter), Vortman3 has derived the following expression for  

On the basis  

@ 
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1 

surface spall velocity'as a function of scaled depth of burial: 
-2.3 

v =  1.6 X l o 6  (, ) , w1/3 
where 

v = vertical spa11 velocity, m/sec;  
Z = depth of burial, meters;  

W = equivalent yield, kt. 

For Sedan, this expression gives a velocity of about 30 m / s e c  
for ground zero. Sedan spall velocities, a s  measured by targets  
4, 5, and 7, were 35 m/sec,  34 m/sec  and 32 m/sec,  respectively. 

Correction of the predictions for  the slant range of targets  4 and 7 
is l e s s  than 3 percent. 
were about 10 percent larger  than would have been predicted on the 

Thus, the observed Sedan spall velocities 

basis of past experience. 
The period of negative acceleration has a slope of about -1.5 

g and las t s  a period of time significantly shorter  than would have 
been expected on the basis of data f rom Scooter. 
tion phase for  Scooter began t o  be apparent in the surface motion 
at about 350 msec, which would scale, for Sedan, to  about 2.0 
seconds. This together with the discrepancy in scaled vent t imes 
noted in Section 4.1.5, clearly indicates that the gas acceleration 
phase of the cratering process does not scale in a simple way with 
the yield but is a complex function of the pressure in the cavity, 
the size of the cavity, and the mass  of the overburden. 

The gas accelera- 

Following the simple gas-acceleration model suggested in 

Reference 1, an estimate of the magnitude of the gas acceleration 
can be made f rom the equation 

1.15 x lo5 P v ~ / ~  a =  'J > 
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Ai? 

where 
z a = gas acceleration, m / s e c  ; 

P = cavity pressure  at the beginning of the gas acceleration 
phase, bars; 

V = cavity volume at the beginning of the gas acceleration 
phase, m 3. , 

R = distance from detonation point to  the top of the hemi- 

spherical dome at  the beginning of the gas acceleration 

phase, m; 
3 

p = average density of overburden, kg/m . 
From Figure 7.1 we have 

R = 2 + h = 194 + 2 0 =  214 m. 
3 Using the data in Table 4.2 and a density of 1600 kg/m , we have 

2 a = 26 m/sec  . 
A curve has been constructed on Figure 7.2 using the pre-  

dicted spall velocity, the observed period of f ree  fall, followed by 
the above calculated gas acceleration. This curve compares very 
favorably with the observed velocities until about 1.5-1.6 seconds. 
Obviously, a more sophisticated version of this model including 
the adiabatic change in the cavity pressure,  the effect of changing 
overburden with angle f rom the vertical, and frictional shear 
losses  must be used to  explain the late-time behavior. 
model is being developed 
Sedan event wil l  be published at a later time. 

Such a 
2 and more complete calculations of the 

4 

7.4 CONCLUSION 

Observed surface motion in the Sedan event agrees very well 

with previous experience with respect to  initial spall velocities and 
the model of gas acceleration developed at  LRL. The length of the 

period of free fall between the initial spall motion and the beginning 

@ 
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of the observable gas acceleration phase does not scale  f rom 
chemical t o  nuclear in proportion to  the cube root of the yield, 
but wil l  require the development of a more  detailed and-' sophisti- 
cated model. 

1 

i 
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