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NUMERICAL STUDIES OF CRATERING IN BEARPAW SHALE: 
TWO-DIMENSIONAL RESULTS 

Abstract 

The computer calculations described 
in this repor t were performed to simulate 
cra ter ing phenomena associated with sub
surface detonations in Bearpaw clay shale. 
These calculations and a complementary 
field program were part of Project 
Diamond Ore . 

A crater ing equivalence between nuclear 
and high explosives was established using 
the SOC and TENSOR s t ress -wave-
propagation computer codes for dynamic 
modeling. Late- t ime ballistic and fall
back modeling were utilized tc define the 
final c ra te r configurations. It was found 
necessary to run each calculation to at 

least 20 m s to get an accurate final 
representat ion. 

Stemmed cra ter ing calculations made 
at three burial depths (6, 12.5, and 17 m) 
and two source energies defined calculated 
nitromethane crater ing curves which 
closely matched empirical ca rves . A 
hypothetical 20-ton nuclear source was 
analyzed in s temmed and unstemmed con
figurations. The crater ing dynamics and 
final c ra te r shapes were nearly the same 
for the 20-ton nuclear and 10-ton nitro
methane stemmed sources, the c ra te r 
dimensions and volumes differing by less 
than ±5%. 

Introduction 

The development and v .derstanding of 
nuclear explosives as excavation tools 
requi res testing in a variety of geologic 
media and near -sur face emplacement 
configurations. Chemical expos ives 
provide a convenient and economical way 
to model nuclear explosive effects. Com
puter simulation of cra ter ing configurations 
can be used to establish a relationship 
(cratering equivalence) between high 
explosive and nuclear cra ter ing sources . 
At the Lawrence Livermore Laboratory, 
K-Division and the U.S. Army Engineer 

Waterways Experiment Station Explosive 
Excavation Research Laboratory have 
designed a se r ies of field experiments 
which have been used *'.n conjunction with 
numerical modeling calculations to develop 
such a simulation technique. This program 
began in FY 1971 as Project Diamond Ore, 
and later expanded into a l a rge r program 
called Project Essex. Both the exper i -

1 2 mental * and calcuiational aspects of the 
1 3 4 program " ' have been emphasized. 

The initial goals of Project Diamond 
Ore included the study of the effects of 



burial depth, iypes of stemming (including 
stemming vs air stemming), and geologic 
media on c ra te r size and collateral effects 
produced by a subsurface detonation of a 
nuclear crater ing device. For conven
ience, high-explosive field experiments 
were selected to model nuclear cra ter ing 
effects. The crater ing equivalence of 
nuclear and high explosive sources was 
analyzed and established calculationally 
with the use of the one- and two-dimensional 
computer codes, SOC and TENSOR. Thus, 
the calculations provided an interpretat ive 
link between high explosive cra ter ing and 
nuclear c ra te r ing . Although we t r ea t only 
a single nuclear source yield here, the 
resu l t s can be generalized to other yields 
of interest via standard similitude methods. 

This repor t is a summary of several 
computer calculations which simulate the 
cra ter ing process for both nuclear and 
high explosives emplaced underground in 
both fully stemmed and unstammed con
figurations in Bearpaw shale. It ts an 
update to some resu l t s previously 
reported. ' 

In o rder to define a viable field program, 
the calculations were res t r ic ted to tow 
yield energy sources in a geologic media 
known to be available for a high-explosive 
(HE) test program. More explicitly, it 
was decided to use, as a s tart ing point, the 
shot parameters of the Pre-Gondola I 
Charlie detonation of 1966 ut For t Peck, 
Montana. In this way the calculations 
could be verified with a v ?1l-documented 
experiment at the same t ime the experi
mental program was being designed and 
conducted. 

A nitromethane source was chosen 
for the initial calculations so that com
parisons with the existing experimental 

Pre-Gondola I resul t s could be made (1966) 
while the three Diamond Ore Phase IIA 
experiments were being designed and 
executed. An aluminized ammonium 
ni t ra te s lu r ry (AANS) was selected and 
used for these field experiments . Detailed 
measurements in the s lur ry on these 
experiments showed that it did not behave 
in a reproducible manner; that is to say, 
it detonated like a different explosive in 
each of the three exper iments . This led 
to extensive additional testing and refine
ment on a laboratory scale and finally to 
the decision to develop a gelled n i t ro-
mef'hane explosive for experiments to be 
conducted the following year , ' ' In the 
meantime, nitromethane was used as the 
pr imary energy source for all the HE 
calculations discussed in this repor t . 

The following calculation! were made 
for a fully-stemmed emplacement hole with 
the two-dimensional Lagrangian TENSOR 
code: 

1. 20NM12: A 20- ton/n i t romethane 
(NM) source buried at 12.5 m. This ca l 
culation was compared with the P r e -
Gondola I Charl ie experiment. The 
Charl ie experiment was detonated near 
optimum burial depth which is defined to 
be that depth which produces the largest 
c ra te r volume. 

2. 20N12: A 20-ton, hypothetical 
nuclear (N) source buried at 12.5 m. 

3. 10NM12: A 10-ton, NM source 
buried at 12.5 m. 

4. 20NM6: A 20-ton, NM source 
burled at 6 m. 

5. 20NM17: A 20-ton, NM source 
buried at 17 m . 

'One ton of energy represents 4.186 
X 1 0 1 6 ergs or 10 9 cal. 
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Calculation 10NM12 was car r ied out with 
the intent of modeling the effects of the 
20-ton nuclear calculation. The choice of 
the nitromethane yield was based upon 
kinetic energy coupling found from SOC 
calculations" and qualitative arguments 
given in Ref. 7. Additional comparisons 
a r e shown in the main text and the appendices. 

In addition to these stemmed calcula
tions, the coupled TENSOR-PUFL codes 
were used to perform calculations for the 
unstemmed (or air stemmed) emplacement 

Two-dimensional TENSOR 0 code cal
culations were car r ied out to simulate 
fully stemmed crater ing detonations in 
Bearpaw shale (BPS). Twenty-ton NM 
sources at emplacement depths of 6, 12.5, 
and 17 m will be discussed. A 10-ton NM 
source and a 20-ton nucleav source, both 
buried at 12.5 m, a re also included. In 
order to define the mound and final c ra te r 
configurations an EJECT calculation was 
performed on a TENSOR cycle at a r e l 
atively late t ime in the problem, 20 ms or 
la ter for these part icular geometr ies . ' 
EJECT is a ballistic throwout code 
employing slope stability c r i t e r i a . 
Many figures included in this repor t and 
appendices were produced on the computer 
using the TENPLT graphics code of 
which EJECT is one prr t ion. 

In all these problems the source region 
initially is spherical . The input param

o u r approach to cra ter ing cal ?ulations 
was s imi lar to that of Terhune, Si'ibbs, 
and C h e r r y . 8 

hole. The following TENSOR-PUFL cal
culations will be discussed briefly: 

6a. 20N12P50I: A 20-ton, hypothetical 
nuclear source buried at 12.5 m with an 
a i r - s t emmed emplacement hole having a 
50-cm radius (idealized case) . 

6b. 20N12P50: A 20-ton, hypothetical 
nuclear source buried at 12.5 m with an 
a i r - s t emmed emplacement hole having a 
50-cm radius and modeled with friction, 
heat t ransfer , and m a s s addition (non-
ideaiir-ed case). 

e te rs for the nuclear TENSOR problems 
were obtained from a SOC calculation 
using a model by Butkovich. For ":he 
nuclear calculation, the vaporization 
radius , p ressure , density, and energy 
density.were about 53 cm, 1.3 Mbar, 
2.2 g /cm 3 , and 1.32 X 1 0 1 2 e r g s / c m 3 , 
respectively. For the high e::. losive 

12 problems, the nitromethane description 
consisted of an energy density, initial 
density, Chapman-Jouguet p ressure , 
gamma, and detonation velocity of 
0.051 Mbar - cm 3 / cm 3 , 1.128 g /cm 3 , 
0.125 Mbar, 2.5386, and 0.6287 cm//is, 
respectively. The NM source radii were 
about 125 and 158 cm for the 10- and 
20-ton calculations. The Bearpaw shale 

3 
description was that reported ea r l i e r and 
is in close agreement with some la ter 

13 measurements . 
The initial grid used for calculation 

20NM12 is typical and is shown in Fig. 1. 
The initial 2 axis is the axis of cylindrical 
symmetry with the source region at the 
origin located 12.5 m below the ground 

Cratering Calculations for Stemmed 
Nitromethane and Nuclear Explosives 

-3-



R axis — 10 cm 

Fig. 1. TENSOR grid for 20NM12. 

surface- The horizontal R axis extends 
from the origin outward to 80 m in F'-g, 1. 
The c .g.s . system of units was used in 
these calculations. The dots represent 
nodal points, intersect ions of the "K" and 
" L " l ines (logical variables) of the TENSOR 
grid. The width of zones increases 
geometrical ly with increasing radial 
distance. For tnia problem the free s u r 
face is 12.5 re «bove the center of the 
source. The outer radius of the grids 
used in these problems was g rea te r than 
65 m. This value was selected as a 
^r?ctical infinity in order to minimize the 
effects of nonphysical waves which might, 
be reflected by the finite calculational 
boundaries at late t imes . Since the Bear-
paw shale media has a sonic velocity of 
about 2 m/ms, such waves should not 
re turn from the outer boundary to the 
source region before a t ime of about 
65 m s , Note that the zoning i s fairly 
coarse below the source because this is 
not the region of in teres t . 

Figure 2 shcvs an enlarged picture jf 
the initial TENSOR zoning (1000 cm 

Fig. 2. Enlarged view of TENSOR grid 
near the center of the source. 

X IGJO cm) extending out from the ren te r 
of the source . Here the nodal points 
shown in Fig. 1 have been connected by 
l ines and indicate the cross-sect ional 
a rea of the zones. This 20-ton n i t ro-
methane spherical source had a radius of 
about 158 cm and was enclosed by a "s l ip ' 
surface. Each zone r ep re sen t s the volume 
in a quadri lateral revolved about the Z 
ax is . 

The slip surface is a special interface 
used to disconnect adjacent points (in a 
par t icular way) in logic (K and L) space. 
In these problems only compressional o r 
normal 'notions (no shear o r tangential 
motions) a re t ransmit ted ac ross the slip 
surface and points may "s l ip" along either 
side of this movable boundary. The slip 
surface was utilized around the source 
region in these problems to retain wave
length resolution at large distances from 
the source and yet maintain an adequate 
t ime step in the region near the source . 
Without this or a s imilar device, the small 
zones near the origin would res t r i c t the 
time step to a very small value which in 

-4 



t'jrn v ould require an excessive amount of 
computer t ime. Thus, we have 54 zones 
(L lines) outside the slip surface vs 18 
zones inside the slip surface along K tines. 

COMPARISON OF NITROMETHANE 
AND NiJCI.BAR SOURCES 

In order to comp^i'e the nitromethane 
and nuclear calculations, several plots of 
the energy transmitted into the Bearpaw 
shale as a function of time have been in
cluded. The total energy transmit ted 
from the source to the Bearpaw shale (BPS) 
outside of the source region is shown in 
Fig. 3 as a function of t ime. An energy 
scale in tons is shown at the right. The 
BPS energy r i s e s to a value of about 80% 
of the total energy (20 tons) and remains 
constant with t ime in the nuclear case . 

For the nitrometha>:e calculations the total 
BPS energy r i s e s more slowly with time 
and approaches a value of nearly 90% of 
the total energy for both the 10- and th<> 
three 20-ton cases . 

Of more interest in establishing an 
equivalence between nitromethane and 
nuclear sources for cra ter ing was the 
kinetic energy transmit ted to the media. 
A comparison of kinetic energies in the 
BPS as a function of t ime is shown in 
Fig. 4 . The energy was released frorr. a 
nuclear source in l ess than a microsecond, 
while the nitromethane source required 
200 to 300 m s 'o completely detonate. 
The nuclear cavity s t a r t s expansion with 
a p r e s su re on he order of megabars while 
the HE cavity s t a r t s expanding with a cavity 
p r e s su re on the order of 100 kbar. Thus, 

- i i i i i i J _ i i i i 1 1 1 _j i 
0.01 0.1 1 10 100 

Time — rm 

Fig. 3. Total energy transmitted to the BPS outside the source region. 
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Fig. 4. Kinetic energy in the BPS as a function of t ime. 

equivalence at a very ear ly time was not 
possible. Likewise, an equivalence for a 
very shallow crater ing shot (less than 
4 m) will probably differ from that dis
cussed in this repor t . For the c ra te r ing 
process it is important that the kinetic 
energies be comparable at relatively late 
t imes, such as 1 'o 2 source- to- f ree-
surface t ransi t t imes (about 5 to 10 m s 
for the 12.5 m case) . The total kinetic 
energy in the Bearpaw shale due to the 
nuclear source, peaks at about 2.5 X 10 * 
e rgs (about 30% of the total energy) and 
about 0,2 ms and then decreases until about 

5 to 6 ms , when the shock wave a r r ives at 
the ground surface. This behavior is 
compared with that for the NM problems 
In Fig. 4. At 5 ms and thereafter, the 
kinutic energy in the shale due to the 

„" 

20-ton nuclear source is nearly identical 
to that of a 10-ton nitromethane source. 
An increase in kinetic energy due to the 
rarefaction wave is clearly indicated in 
the three 20-ton nitromethane problems. 
The kinetic energies a re the same up to 
the time (about 2 ms) when the shock wave 
in the 6 m problem (20NM6) reflects from 
the surface. After this "ime the kinetic 
energies in the problems differ. Similarly, 
the kinetic energies for the 17- and 12.5-m 
configurations match until about 5 m s when 
the shock wave from the lat ter s t r ikes the 
surface. 

This increase in kinetic energy as the 
shock wave was reflected off the free su r 
face was even more pronounced in the 
kinetic energy of the mound mater ia l alone. 
Mound kinetic energies were calculated 



mimmidi^mim^ttmm nil 

using the EJECT code described below. 
At 20 ms the mound kinetic energies for 
10NM12 and 20NMJ2 were about J0% and 
150% higher, respectively, than the mound 
kinetic energy for 20N12. Thus, the 10-ton 
nitromethane calculation looked quite s imi

lar to the 20-ton nuclear calculation. A 
further discussion will follow (see Fig. 17). 

F igure 5 defines the c ra te r nomenclature. 
The parameters used in our discussion in
clude the apparent c r a t e r radius RAJ the 
apparent c ra te r lip radius, RA_ ; the 

A Maximum depth of apparent ctater below preshol 
ground surface measured normal la the preshot 
ground surface. * 

AL Depth of apparent crater below overage apparent 
crater Up crest elevation. 

08 Normal depth of burst (measured normal to preshot 
ground surface), 

T Maximum depth of true crater below preshot ground 
surface. 

TL Depth of true crater lip crest below apparent crater 
lip crest. 

Ejecta /v'lulcr:^.' sbuvs and or bt/ond the tr je crater • id 
includes: (1) foldback; (2) breccia — baflaslic 
trajectory; (3) dust—aercsol transport; etc. 

True crater lip crest heig 
surface. 

Apparent crater lip crest. 

True . jter lip crest. 

above preshot ground 

LB Outer radius of true lip boundary, 

T Radius of true crater measured on the pres'iot ground 
surface, 

TL Radius of true lip crest to center. 

A Apparent crater surface, e.g. rock-air or rubble-air 
interface. 
Surface ground zero. 

Displaced ground surface. 

Preshol ground surface. 

True crater surface, e.g. rock-air or rock rubble 
interface • 

Volume of apparent crater below preshot ground 
surface 

Volume of apparent crater below apparent lip cresr. 

Volume of true crater below preshot ground surface. 

Volume of true crater below true crater lip crest. 

SGZ 

*T 

Radius of apparent crater measured on the preshot 
ground surface. 

Radius of apparent lip crest to center. 

Outer radius of displaced surface. 

Radius of outer boundary of continuous ejecta. 

Fig. 5. Cra te r nomenclature 

- 7 -

All distances, unless specified otherwise, are measured 
parallel or perpendicular to preshot ground surface. 
The radius measurements pertain only to single charge 
craters and represent average dimensions. If crater 
shepe deviates substantially from circular, the direc
tion of measurement nust be specified, An average 
radius value can also be determined by dividing the 
plan area by n and taking the square root. 



apparent c r a t e r volume, V , ; the apparent 
c ra te r depth,, D . ; the apparent c r a t e r Up 
height, H A , ; and the apparent c ra te r lip 
volume, VAT * 

The EJECT code has been developed to 
use the variables in the TENSOR grid at a 
fixed time (cycle) and to calculate an 
ejecta profile and final c r a t e r configura
tion. The t imes chosen for linking EJECT 
and TENSOR depend pr imari ly upon the 
depth of burial and the sonic velocity of 
the media. This point will be examined in 
more detail la ter . Figure 6 shows one of 
the resul ts of an EJECT calculation for the 
nuclear problem at 30 m s . The mound 
boundary is shown as the line between the 
dotted region or mound and the cross-hatched 
region. The dots denote TENSOR nodal 
points. The mound is defined to consist 
of those zones having upward velocities 
sufficient to ra ise them above the original 
ground surface. The remaining material 
underneath the "mound" is cross-hatched 
for zones which a re cracking (zones which 

t are currently undergoing failure), cracked 

(zones which have failed at an ea r l i e r time 
but are not currently undergoing failure), 
or elastic (zones which have not failed). 
The motion of each zonal m a s s was treated 
as a projectile in a gravitational field 
moving independently of the other m a s s e s . 
This ejecta was then tabulated according 
to i ts ballistic range into a histogram 
having intervals of 50 cm. The ejecta was 
1hen allowed to bulk according to an empir i -

3 
cal bulking factor, and the resulting ejecta 
profile was superimposed upon the mound 
boundary or preshot ground surface as ap
propriate. The resul t appears in Fig. 6. 

The slopes appearing in this figure are , 
of course, unstable. Consequently, m a s s 
was allowed to tumble downward until an 
apparent c r a t e r profile with stable slopes 
was obtained, the slope stability cr i ter ion 
at a given radius being expressed in t e rms 
of the lope of a hyperbola having an 
asymptote equal to the observed s ;ope 

14 stability angle for BPS. The aj oarent 
cra ter profile that resu l t s from tnis cal
culation appears in Fig. 7. Similar 

Raxis — 10 cm 

Fig. 6. EJECT ballistic calculation for 
20N12 at 30 m s . 
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R axis — 10 cm 

Fig. 7. Apparent c ra te r at 30 m s . 
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R axis — 10 em R axis — 10 cm 

Fig. 8. EJECT ballist ic calculation for Fig. 10. EJECT ballistic calculation for 
20NM12 at 29.4 m s . 10NM12 at 30 m s . 

I PCLt W 

" o 0 = 

- 1 -

-3 

Raxis — 10 cm R axis — 10 cm 

Fig. y. Apparent c ra te r at 29.4 m s . Fig. 11. Apparent c ra te r at 30 ms . 

resu l t s a re shown in Figs. 8 through 15for 
the 20NM12, 10NM12, 20NM6. and 20NM17 
configurations. Additional comparisons of 
the c ra te r and mound behavior a re shown 
la ter in the report (Figs. 16 through 24 
and in Table 2). Input pa ramete r s for the 
EJECT calculations were the bulking 
factor (1.2), slope stability angle (35 deg), 

gravitational constant (980 cm/s ), dis
tance between hyperbola and asymptote 
on axis (500 cm), and a depth to define 
the radius of continuous ejects (5 cm). 
Future improvements planned for the 
EJECT code include treating cavity r e 
bound (discussed later) and the effects of 

• < • • • • ! 0 air friction. 

) A.. 



Crux 11— TIW » . » - « 

Raxis — 10" cm Raxis — 10 cm 

Fig. 12. EJECT ballistic calculation for Fig. 14. EJECT ballist ic calculation for 
20NM6 at 23.5 m s , 20NM17 at 40 m s . 
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R axis — 10 cm 

Fig. 13. Apparent c ra te r at 23.5 m s . 

2.5 

I oh 

-2.5 

R axis — 1(P cm 

Fig. 15. Apparent c ra te r at 40 m s . 

The TENSOR code was used to 
dynamically model the two-dimensional 
s t r e s s wave propagation. Once the velocity 
field was established in the mound region, 
the EJECT code w ' used to ballistically 
calculate an fi'JECT profile and final c ra te r 
configuration. Since the proper link t ime 

for an EJECT calculation was not known 
a pr .ori, a se r i e s of TENSOR t imes 
(cycles) were used. A proper link t ime 
was assumed to have been found when the 
various c ra te r variables ceased to change 
significantly with additional TENSOR 
problem t ime. The time required for this 
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to occur was not found to be simply a 
l inear function of emplacement depth, but 
ra ther depended upon the yield, geology, 
configuration, sound velocity, and depth. 

The proper l inkt ime represen ts the t ime r e 
quired for the velocity field to become estab
lished in the mound region and consequently 
depends upon the interaction of many variables. 
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Fig. 16. Mound mass vs link t ime. 
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Fig. 18. Apparent crater radius vs link time. 
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The following series of figures (16 to 24) 
demonstrate how several crater param
eters, calculated with EJECT, change 
with the TENSOR problem time. From 
these figures, it was concluded that the 
dynamical treatment with TENSOR for 
20 ma was sufficient to guarantee mean
ingful EJECT calculations for all con
figurations. Dotted lines have been used 
to connect points calculated before 20 ms 
to Indicate that these EJECT calculations 
were performed too early in the TENSOR 
problem time history. Some of these 
points were calculated at times before the 
stress wave initially impinged on the free 
surface and therefore were not physically 
realistic for an EJECT calculation. 

Figure 16 shows the mound mass cal
culated with the EJECT code at various 
link times. The mound mass for each 
problem increased rapidly until about 20 
to 30 ms. The mound masses for 20N12 
and 10NM1Z were nearly equal. The cal
cination with the greatest depth of burst 
(DOB) 20NM17, h5s the largest mass . It 
was followed by the so-called "optimum 
depth of burst." 20NM12 calculation. The 
calculation 20NM06 has the smallest 
mound mass of the stemmed calculations. 
An unstsmmed nuclear problem 2CN12P50, 
calculated using the TENSOR-PUFL code 
on a 50-cm-radius hole, was included for 
comparison. This calculation will be 
discussed in a later section. 
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Fig. 19. Apparent crater-lip radius v.= link tin e. 

Figure 17 shows similar plots of the 
mound kinetic energy (ergs or tons) as 
calculated with the EJECT code at various 
link times. Figure 17 may be compared 
with Fig. 4. The mound kinetic energies 
increased until about 20 ms while the 
velocity field is being established in the 
mound region. The calculation with the 
shallowest depth of burst (DOB), 20NM6, 
has the largest mound kinetic energy 
(nearly 30% of its total energy). Calcula
tion 20NM12 has about 20% of its total 
energy in mound kinetic energy. The 
results for the 20-ton nuclear source and 
the 10-ton nitromethane source differ by 
about 10%. 

In Fig. 18f the apparent crater radius, 
R . , is shown for various times based on 

EJECT calculations. The apparent crater 
radius is taken at the intersection of the 
final crater with the original ground sur
face (see Fig. 5i. These radii appear to 
remain essentially constant after 15 ms. 
The apparent crater radius for calculation 
20NM12 is largest and radii for 20N12 and 
10NM12 are nearly the same. Experi
mental results for the Pre-Gondola I 
series (about 20 tons) are shown at the 
right hand margin (A = Alfa, B = Bravo, 
C = Charlie, and D = Delta; also see 
Table 3). Similar results are shown in 
Fig. 19 for the apparent Up radii R * , . 

The apparent crater volume calculated 
using EJECT is shown at various times 
in Fig. 20. The calculation at optimum 
depth-of-burst, 20NM12, has the largest 
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Fig. 20. Apparent c ra te r volume vs link t ime. 

c ra te r volume which is consistent with the 
definition of optimum depth. The c ra te r 
volumes for 20N12 and 10NMJ2 a r e nearly 
equal. The values for c ra te r volume do 

not reach these final values until after 
2 5 m s . Some experimental resul t s a re 
included for comparison on the right side 
of Fig. 20. 



The axial momentum of the mound 
(along the vertical Z axis) i s shown in 
Fig. 21. The values of axial momenta do 
not reach a constant value until after 20 ms 

Figure 22 shows the apparent crater 
depth D , calculated with the EJECT code. 
It appears to be easier to match experi-
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Fig. 21. Axial mound momentum vf. !.~-'-i t ime. 
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R . . than with either the apparent crater 
depth D , and apparent crater lip height, 
HAT • Calculation 20NM12 has the deepest 
crater. Calculations of apparent lip height 
H . t are shown in Fig. 23. 

The apparent Up volumes are shown in 
Fig. 24. These vr'umes are larger than 
the apparent crater volume in Fig. 19 due 
to the addition of the crater lip. Calcula
tions 20NM12 and 20NM17 have the largest 
apparent lip craters. Experimental values 
reported for the Pre-Gondola series are 
also shown on the right side of Fig. 24. 

At least three conclusions were drawn 
from Figs . 16 through 24. First, they 
indicate that these TENSOR problems 
should be run to at least 20 ms so that the 

velocity field will stabilize and so that an 
EJECT cratering calcuUcion will be 
meaningful. Secondly, in terms of mound 
and cratering behavior, the 20-ton nuclear 
problem (20N121 is very nearly the same 
as the 10-ton nitromethane problem 
(10NM12) for the fully-stemmed source 
buried at 12.5 m. Thus, the high explo
sive source (NM) is about twice as 
efficient as the nuclear source for 
excavation in Bearpaw shale in these 
configurations. Thirdly, the air-stemmed 

Theodore Butkovich has pointed out that 
this conclusion is similar to a conclusion 
he drew based on one-dimensional calcula
tions in a Rhyolite media. 15 
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Table I . A comparison of c r a t e r paramete rs at 20 ms . Percentages a r e relat ive to 
20N12. 

20N12 IONM12 20NM12 20NM6 20NM17 20N12P50 

Mound m a s s , g 2.86 X I O 1 0 2.98 X 1Q10 

H47.) 
4 . 0 0 X 1 0 1 0 

(-HOT.) 
2 .36 X 1 0 1 0 

(-177.) 
4 . 5 X 1 0 1 0 

(+597.) 
J . 8 4 X 1 0 1 0 

(-3(7.) 
Mound k i n e t i c 
e n e r g y , e r g s 

6 . 4 6 X 1 0 1 6 7.15 X 1 0 6 

(+117.) 
1.61 X 1 0 1 7 

(+1507.1 
2.41 X 1 0 1 7 

(+270%) 
1.26 X 1 0 1 7 

(+957.1 
2.33 X 1 0 1 6 

(-64%) 

A p p a r e n t c r a t e r 
r a d i u s (Ha ) , m 

21.2 21.7 
(+2%) 

25.8 
(+22%) 

2-1.7 
(+127.) 

24.8 
(+177.) 

15.7 
(-267.) 

A p p a r e n t c r a t e r 
depth (D&), m 
A p p a r e n t c r a t e r 
v o l u m e ( V . ) , c m 3 

9.48 

5.80 X 1 0 9 

8.97 
(-5%) 

5.90 X 1 0 9 

(+27.) 

11.4 
(+207.) 

1.05 X 1 0 1 0 

(+81%) 

9.00 
(-57.) 

7 .15X 1 0 9 

(+23%) 

10.5 
(+117.) 

8.69 X 1 0 9 

(+507.) 

5.61 
(-417.1 

1.97 X 1 0 3 

(-667.) 
A p p a r e n t l ip 
radiUB (Rftr '> m 

27.8 27.8 
(+07.1 

31.3 
(+13%) 

28.3 
(+27.) 

31.8 
(+147.) 

19.7 
(-297.) 

A p p a r e n t l i p 
height ( H A L ) , m 
A p p a r e n t l ip c r a t e r 
v o l u m e ( V A L ) . c m 3 

Axia l mound 
m o m e n t u m , g-cm/s 

3.57 

1.25X 1 0 1 0 

4.23 X 1 0 1 3 

3.45 
(-37.1 

1.21 X 1 0 1 0 

(-37.) 
4.47 X 1 0 1 3 

(+6%) 

3.11 
(-137.) 

1 . B 3 X 1 0 1 0 

(+46%) 
7.61 X 1 0 1 3 

(+80HI 

2.65 
(-267.1 

1.26X 1 0 1 0 

1 + 17.) 
5.71 X 1 0 1 3 

(+357.) 

3. as 
(+87.) 

1.83 X 1 0 1 0 

(+4 67.1 
7.78 X 1 0 1 3 

(+84%) 

2.04 
(-437.) 

3.86 X 1 0 9 

1-697.) 
1.78 X 1 0 1 3 

(-58%) 
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nuclear source produced a significantly 
smal ler c ra te r than any other configura
tion (this calculation is discussed la te r ) . 
Fur ther comparisons between 20N12 and 
10NM12, including velocity fields, p r e s 
su re fields, ballistic and cra ter ing ca l 
culations, a re displayed graphically in the 
appendices. 

Table 1 is a comparison summary of the 
previous figures at 20 m s . This time was 
chosen so that all six problems could be 
compared at the same t ime. The percent
ages shown in parentheses compare each 
calculation with the 20N12 calculation. 
The 20-ton nuclear source is most nearly 
like the 10-ton nitromethane source at 
12.5 m in t e rms of cra ter ing. The cal
culation 20NM12 seems to be the neares t 
one to "optimum" DOB in t e rms of earth 
excavation. 

COMPARISON OF 20NM12 AND 
PRE-GONDOLA I CHARLIE 

It is important to compare calculation 
with experiment. Values calculated from 
20NM12 with the EJECT code at 30 ms 
a r e compared with data reported for the 
Charl ie c r a t e r in Table 2 . 1 7 EJECT cal-

Since the mound kinetic energy is about 
10% higher for 10NM12 than 20N12, it 
might be concluded that 9 ra ther than 
10 tons of nitromethane should have been 
used to produce a better equivalence. 
However, the effects of shock vaporization 
of water (above about 100 kbar) in the 
saturated Bearpaw shale media has not 
been included in the two-dimensional 
modeling. One-dimensional calculations, 
like those reported ear l ie r , ^ indicate about 
a lOT enhancement in kinetic energy when 
the "water boost" model is utilized to t reat 
the nucleai. source in Bearpaw s h a l e . 1 6 

Thus, 10 tons of nhromethane is the 
cra ter ing equivalent of 20 tons of nuclear 
energy for the configurations and media 
discussed in this repor t . 

culations which employed both the conical 
and hyperbolic models ' a re included for 
comparison. The yield and DOB for the 
20NM12 calculation were about +4% and 
-3% of those for the Charl ie event, 
respectively. The radius of continuous 
ejecta was defined as being 5 cm above the 
ground surface. The percentage differ
ences a re listed in parentheses . The 
agreement appears to be close except for 
the c ra te r depth, lip height, and apparent, 
c ra te r volume. The average lip heights 
of 3.4 and 3.1 m a re lower than the r e 
ported maximum or minimum lip heights 
of 5.2 and 3.8, respectively. The c r a t e r 
depth regula t ion probably would be 

ft 

improved if a "cavity rebound" t reatment 
were added to EJECT. This would improve 
both the calculated values for depth and 
apparent c r a t e r volume. Attempts at an 
improved modeling of this aspect of 
EJECT calculation a re planned for the 
future. All these calculated values depend 
on the parameter used for the constant 
bulking factor (1.2) and the slope stability 
angle (35 deg) in the EJE'CT calculation. 
The sensitivity of the EJECT model to these 
paramete rs is discussed in Ref, 10. 

Calculated and measured c r a t e r profiles 
a re summarized in Fig. 25. There is 
some variation in the four observed c r a t e r 
c ross sections. The differences may be 
attribute-' to geological variations in 
various directions. The numbers quoted 
in Table 2 were average values. As 
described ear l ie r , the calculated profile 
was the resul t of allowing the ejeefca to 
"tumble" downward until stable slopes 

'Initially in the development of EJECT a 
conical c ra te r shape was used. Later the 
hyperbolic c ra te r shape was introduced 
which gives better values for c ra te r depth. 
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Table 2. Comparison of Pre-Gondola I Charlie with 20NM12 at 29.4 m s . 

Experiment 
Conical c r a t e r 

calculation 
Hyperbolic c r a t e r 

calculation 

Pre-Gondola I: 
Charlie 

20NM12 Same 

Yield, tons 19.26 2 0 a Same 
Depth of burst , m 12.95 1 2 . 5 a Same 
.Apparent radius 

( R A ) , m 
Apparent depth 

(D A ) , m 
Apparent lip 

radius ( R « L ) , m 

24.8 

9.91 

31.0 

25.8 (+4%* 

15.5 (+56%) 

31.3 (+1%) 

26.3 (+6%) 

12.0 (+21%) 

31.3 (+1%) 

Average lip 
height ( H A L > , m 

4 . 4 3.4 (-23%) 3.1 (-30%) 

Radius of contin
uous ejects, m 

89.6 94.3 (+5%) Same 

Apparent c r a t e r 
volume, m^ 

8.16 X 10 3 1.11 X 10* (+36%) 1.13 X 1 0 4 (+38%) 

Apparent lip 
volume, m 3 

1.97 X 10 4 1.94 X 10 4 (-2%) 1.86 X 1 0 4 (-6%) 

Input values for the TENSOR calculation. 
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Fig, 25, Comparison of calculated and measured (pre-Gondola I Charlie) c r a t e r profile. 
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were achieved. Within the c r a t e r region 
the profile was artificially constrained to 
conform to the shape of a hyperbola with 
a 35-deg asymptote. As very little mass 
was involved, the effect of hyperbolic 
constraint was pr imari ly cosmetic, 
significantly altering only the calculated 
apparent c ra te r depth (see Table 2). Also 
shown in Table 2 a re the resu l t s of a 
conical c r a t e r calculation in which the 
hyperbolic constraint was removed. 
Physically, the hyperbolic c r a t e r s usually 
a r e observed and a r i se from two effects. 
The f irst effect is the inward radial 

momentum of the ejecta as it tumbles 
down the c ra te r slopes. The second is 
the cavity rebound eifect which occurs 
because the region below the cavity is 
sti l l compressed at the t ime of linking 
with the EJECT code. At la ter t imes, 
this mater ia l will be res tored to some 
fraction of the original zonal volume, 
depending upon the hys teres is in the 
loading-unloading curve for the mater ia l . 
Because of the lat ter effect, the calculated 
c r a t e r volume*.' can be expected to be 
somewiiat 1 \ rger than those actually 
observed. 

Calculations for UnBtemmed Explosives 

In o rde r to t rea t a part icular c lass of 
gas dynamic calculations with pipe flow, 
the quasi~one-dimensional PUFL code 
and the two-dimensional TENSOR code 
have been coupled together as TENSOR-

19 PUFL. Each code retains its integrity, 
but they interact periodically, each 
providing a boundary condition for the 
other. Figure 26 shows a portion of a 
TENSOR-PUFL grid at the time the calcula
tion was begun. The boundary between the 
TENSOR and PUFL regions, near the 
Z axis, r ep resen t s the ground-air in ter
face in the open hole. The entire source 
is also included in the PUFL grid. At 
any given time, only one of the codes is 
operating on the computer. TENSOR, 
having la rger time steps, typically runs 
a single cycle (time step), PUFL runs 
several cycles, then TENSOR runs, etc. 
In this alternating process , a s control is 
passed from PUFL to TENSOR, PUFL 
p res su res a re used as a boundary condi
tion (pressure vs time and position) 

along the common boundary between the 
TENSOR and PUFL gr ids . Later when 
control is passed back from TENSOR to 
PUFL, TENSOR provides PUFL with a 
boundary condition (displacement vs time 
and position). In this manner both the 

1 2 

R axis — 10 cm 

Fig. 26. TENSOR-PUFL grid. 
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gas flow in the open hole under considera
tion here and ground motions may be 
modeled in a TENSOR-PUFL treatment. 

The TENSOR-PUFL calculations have 
proved to be considerably more tedious 
than the TENSOR calculations. This new 
application of TENSOR-PUFL has required 
considerable modification of both computer 
codes. In addition, the unstemmed cal
culations (TENSOR-PUFL) run slower on 
the computer than the stemmed calculations 
(TENSOR) due to the increased complexity. 
Here we will discuss two calculations for 
a hypothetical 20-ton nuclear source buried 
at 12.5 m (about 41 ft). A hole size with a 
50-cm radius (or about 20 in.) was input 
in these a i r - s t emmed calculations. The 
problems were run both with (non-idealized, 
20N12P50) and without (idealized, 
20N12P50!) the friction, heat transfer, and 
mass addition coefficients to observe their 
calculational effects. Some comparisons 
for these calculations a re included here 
even though only one of them has been run 
sufficiently long (at least 21 ms for a 
12.5 m configuration) for an EJECT cal
culation to predict a rea l i s t ic c ra te r s i ze . ' 
Some geometrical considerations associated 
with the TENSOR-PUFL grids have r e 
quired an extensive generalization of the 
EJECT code. Since relatively very li t t le 
mass is included in the PUFL region 
(even with m a s s addition) and each zone 

'A comparison of the idealised case 
(20N12P50I) with the non-idealized case 
(20N12P5D) at 5 ms showed that signifi
cantly more energy had escaped up the 
open hole in the former case . In addition, 
20N12P50 had coupled about 50% more 
kinetic energy into the BPS. Since the 
ideal case appeared to have only academic 
interest , only the non-ideal case was run 
to 20 m s . 

has only an axial velocity, the PUFL 
m a s s was omitted in the EJECT calcula
tions fo1" the unstemmed configurations. 

For thes* initial TENSOR-PUFL cal 
culations, simple ideal gas descriptions 
have been used for both the source and 
a i r regions in the PUFL code. The 
mater ia l description input to the TENSOR 

code is that described in our ea r l i e r 
3 

repor t on Bearpaw shale and is the same 
as was used for the calculation of stemmed 
sources . Originally all the energy was 
input as internal energy in the source 
region of PUFL. As this region expands 
the p re s su re profile calculated by the 
PUFL code is used as a p r e s su re profile 
on the TENSOR boundary and energy i s 
t ransferred through P-dV work from PUFL 
to TENSOR. 

The TENSOR portion of the grid is 
shown in Fig, 26. The center portion 
near the vertical axis is the unstemmed 
hole and source region represented by the 
PUFL code. Some initial PUFL param
e te r s a r e : 

Source Air 

Density: 4.4 X 1 0 " 2 fi/cm3 10 g / c m a 

P r e s s u r e 6.4 X 1 0 + J 1 e rgs /cm 10 e rgs /cm ' (1 bar} 
Zone s ize : 1 cm 20 cm 
Number of 

zones: 100 60 
Gamma: 1.5 1.2 

These conditions were chosen to represent 
the vaporization cavity, which is estimated 

1/3 
to be present at about 70 W ' ^ s where W 
is the source energy in kilotons. For 
this calculation, 0.020 kt represen ts a 
t ime of about 19 / JS . Sotnj differences in 
the initial conditions might exist if an 
ear l ie r t ime were represented (e.g., 1 (js). 
The PUFL code has been modified so 
that PUFL zones are removed from the 
problem when they travel up the open hole 
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and pass beyond the free surface rep
resented by the TENSOR code. As these 
zones are deleted, the code tabulates their 
energies, momenta, and masses . 

Figure 27 shows the energy transfer to 
the TENSOR grid (all Bearpaw shale) as 
a function of time in the idealized 
TENSOR-PUFL problem, 20N12P50I, 
without friction, heat transfer, or mass 
addition parameters. At 5 ms about 

17 1.7 X 10 ergs of energy (207o of the total 
energy) has been transferred into the 
shale. Figure 28 shows the nonidealized 
problem 20N12P50 run with friction, heat 
transfer, and mass addition. Here about 
2.2 X 1 0 1 7 ergs (or 26% of the total energy) 
have been transferred to the shale at 
5 ms . The kinetic er rgy in the shale at 

5 ms is about 50% higher for the nonideal 
case than the ideal case, tn this calcula
tion, at S ms, nearly 60% of the total 
energy had gone up the open hole and was 
lost from the system. 

Figure 29 shows the effect of these 
parameters on the calculated arrival 
times up the open hole. The Idealized 
case shows an average shock velocity of 
about 7.0 cm/ps vs about 6.2 c m ^ s (or 
about 10% less) in the nonidealized case . 
The slope of the arrival time curve or 
shock velocity (in cm^is) is indicated at 
several times along the curve. The top 
of the hole i s at 12.5 m. 

The attenuation of peak pressure with 
axial distance is indicated in Figs . 30 and 
31. Peak pressures are about equal at the 

10 18 i i I i 11 

10 
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' • • • • ' J_ 16 

10"5 10"4 10"3 

Time — s 

Fig. 27. Energy transferred to BPS and 20N12P501 (idealized). 
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Fig. 28. Energy t ransferred to BPS and 20N12P50 (non-idealized). 
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Fig. 29. Shock arr ival t imes in the opon 
hole (PUFL region). 

4 m position in both cases . In the ideal 
case the peak p res su re has fallen to about 
39 kbar at 12 m while in the nonidealized 
case it is about 23 kbar a t 12 m. 

At the present time there is some 
latitude in the choice of parameter values 
for the friction, heat t ransfer , and mass 
addition. It is possible that a set o r sets 
of paramete rs may be found that match 
arr ival time measurements for ;. part icular 
experiment in the open hole while the 
calculated p res su res may not necessar i ly 
match the experimental p r e s s u r e s . Thus, 
it appears to be worthwhile to attempt 
both t ime-of-arr ival and p res su re history 
measurements on future unstemmed 
crater ing shots. It i s desirable to have a 
calculation which matches the arr ival 
t ime as well a s the p re s su re his tory 
measurements in the a i r - s t emmed c ra te r 
ing configuration. 
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Fig. 30. Pressure profiles for 20NliP50I. 
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Gas velocity near surface for 
20N12P50. 

2 r ^ 

R axis — 1 0 cm 
Fig. 33. TENSOH-PUFL grid for 20N12P50 

at 20 ms . 

Figure 32 shows the velocity of material 
near the open hole for fc'te 20N12P50 cat
enation, about SO cm b' r the original 
free surface. The peak ".'ty from 
hydrodynamic motion, 4 cm/jiS, arrived 
at about 0.2 ms and dropped to a value 
near 1 cm/iis. 

The 20-ton nuclear case with a 50-cm 
radius (20N12P50) was run out to 20 ms . 
Figure 26 shows a portion of the initial 
TENSOR grid. The empty region adjacent 
to the vertical Z axis represents the 
PUFL region. Figure 33 shows this same 
TENSOR grid at 20 ms with the PUFL 
region significantly enlarged as the result 
of the expanding gases . The ground shock 
wave has produced a closure effect between 
2 and 4 m while the remainder of the hole 
has expanded in radius. 

Figure 34 shows the mound boundary, 
cracked regions, and the ejecta profile 
for the unstemmed calculation with friction, 
mass addition, and heat transfer. Fig
ure 35 shows results from the ballistic 
calculation and the final crater configura
tion. This crater is significantly smaller 
than any of the fully-stemmed calculations. 
Other comparisons between this air-
stemmed calculation and the fully-stemmed 
calculations have been labelled 20N12P50 
in Figs . 16 to 25 and Table 1 in 'he 
previous section for comparison, A 
comparison of either mound kinetic energy 
(Fig. 17) or apparent crater volume 
(Fig. 20) shows ttiat the nuclear explosive 
is about three times more effective in the 
20N12 configuration than in the 20N12P50. 
consequently, it would require a 
nuclear source energy of roughly 60 
tons in the 50-cm unstemmed hole 
to produce the same crater as a 20-ton 
nuclear source in a stemmed hole 
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R axis — 10 cm 

Fig. 35. Apparent crater at 20 ms. 

under these particular conditions. T 
mound kinetic energy and crater 
dimensions are significantly reduced 

by the presence of the air stemming 
rather then Bearpaw shale stemming 
in the 50-cm hole. 

Relationship of Calculations to Cratering Experience 
in Bearpaw Shale 

Some cratering data from experiments, 
in Bearpaw shale are contrasted with the 
results of our calculations in Fig. 36. In 
this figure, the scaled, apparent, crater 
radius, R. /CW> " ' , is plotted versus the 
scaled depth of burst, DOB/fW) 1 / 3 - 4 , 

meters, 
meters, 
kllotons 

DOB is the depth of burst in 
and W is the explosive yield in 

The values used in constructing 

''This w 1 / 3 ' 4 or W 0 - 3 scaling was 
proposed by Chabat21,22 and dimensionally 
represents a compromise between Wl/3 
scaling, which properly scales s tresses , 
and WV* scaling, which properly scales 
gravitational effects. The scaling has 
been appUiri to a large spectrum of 
craterln? yields, media, and emplacement 
depths, 20,23 and has been given a more 
rigorous theoretical treatment by 
W e B t l n e . 2 4 . 2 5 

20 

this figure are summarized in Table 3. 
Symbols used in the left hand column of 
Table 3 correspond to those used in Fig. 36. 

Figure 36 includes nitromethane 
experience from 20- and 0.5-ton shots from 
the series Pre-Gondola I and 1-ton shots 
from the series Pre-Gondola II - Phase I 
There appears to be significantly more 
scatter in the data for the lower yield 
(0.5 and 1 ton) nitromethane cratering 
shots. Effects caused by geological 
variations from site to site are probably 
more pronounced for those shallow shots 
emplaced in or near the weathered surface 
layers. Other experimental points are 
from the Diamond Ore Phase IiA cratering 
experiments with an aluminized ammonium 
nitrate slurry with yields in the 10- to 
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Table 3. Cratering data for Bearpaw shale. 
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15-ton range. One nttromethane cratering 
experiment is included from Diamond Ore 
Phase IIB. Also shown hi the figure are 
the EJECT results from the TENSOR 
calculations discussed in the two previous 
sections. 

The measurements of pressure and 
detonation velocity in the slurry used for 
Diamond Ore Phase 1IA (October 1971) 
raised serious questions about the re
producibility oi the detonation character
istics of this explosive in the field. ' ' 
The results indicated that DOIIA-1. the 
unstemmed 12.5-m shot, had a peak pres
sure and detonation velocity close to the 
preshot prediction. However, the 
measured detonation velocities were low 
on DOIIA-2, the stemmed 12.5-m shot, 
and DOHA-3, the stemmed 6-m shot. It 
appeared as if three different exposives 
had been used. 

In Fig. 36 the cratering points are 
plotted on a log-log scale. Using the 
yield factor scale at a 45 deg angle, it is 
easy to test various possible yield values 
aud make comparisons with the other 
scaled experimental points. For DOIIA-1, 
a yield of about 10 tons (instead of 13.4 tons) 
would raise the point up with the 20-ton 
NM points. This suggests that about 25% 
of the slurry energy did not contribute to 
the cratering process (i.e., went up the 
air-stemmed hole and/or was not released 
from the slurry). For DOIIA-2 a yield of 
about 10 tons (Instead of 12.5 tons) would 
raise the point up with the 20-ton NM 
points. Since DOIIA-2 was a stemmed 
shot, this suggests that 20% of the slurry 
energy was not released for the cratering 
process. On this shot the measured 

detonation velocities were lower than 
predicted. Unfortunately, there are no 
20-ton NM stemmed experimental points 
near the DOIIA-3 value. However, one 
might assume that the unstemmed 
DOIIB-6M shot represents a lower bound 
for the stemmed case. A yield of about 
9 tons (Instead of 11.6 tons) would raise 
the points DOIIA-3 close to a line defined 
by the stemmed Charlie shot and the 
unstemmed DOIIB-6M shot. This would 
suggest that about 25% of the slurry energy 
was not released for the cratering process 
for DOIIA-3. Detonation velocities 
measured on DOIIA-3 were also lower 
than predicted. The above conjectures 
about the slurry neglect differences that 
might have been associated with variations 
in the local site geology. 

Figure 37 shows a comparison of 
experiment and calculated values for 
scaled apparent crater depth plotted vs 
scaled depth of burst. Near the 
"optimum" depth of burst (20NM12), the 
calculated values generally showed a 
larger scaled depth than the experimental 
values. However, near the "half-optimum" 
depth of burst (20NM6), the experimental 
values showed a larger scaled depth than 
the calculated values. 

We have not considered the effects 
of layered geology, except in some of 
the one-dimensional studies of Ref. 3. 
This was done with the intent of keep
ing the results relatively general by 
not constraining them to a particular 
experimental site. If one were to con
duct a detailed postmortem of a parti
cular event, this omission would not be 
justified. 
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Conclusions 

Both one- and two-dimensional 
Lagrangian computer calculations have 
been performed on Bearpaw shale to 
model cra ter ing experiments conducted 
near Ft . Peck, Montana. A close agree
ment between calculation (the 20-ton 
nitromethane shot) and experiment 
(Pre-Gondola I Charlie) was demonstrated. 
This validated the constitutive paramete rs 

3 
used to descr ibe the Bearpaw shale and 
exhibited the capability of our computational 
tools. Using resul ts from additional cal
culations of 20-ton nitromethane shots 
buried near half and three-halves 
"optimum" depth (5 and 17 m), computed 
"cra ter ing curves" for apparent c ra te r 
radius and depth have been constructed for 
Bearpaw shale. These theoretical curves 
were found to be in good agreement with 
empirical curves for this mater ia l . 

During this study, a calculational r e 
quirement was discovered. For the yields, 
media, and emplacement configurations 
addressed in this study, it was necessary 
to run each computer calculation to at 
least 20 ms in problem time in o rde r to 
get the proper final c ra te r shape and 
constant mound behavior from the ball ist ic 
EJECT code. 

It was found that a 20-ton nitromethane 
source was significantly more efficient, 
in coupling energy into the media than a 

hypothetical 20-ton nuclear source. Based 
upon our calculations we concluded that 
c ra ter ing phenomena produced by a 20-to". 
nuclear source hurled at "optimum" depth 
(12.5 m in this medium) were best modeled 
with a nitromethane source havin.r a yield 
of aL 10 tons of energy. Graphical 
comparisons of the two crater ing sources 
a re shown in the appendices. 

The coupled TENSOR-PUFL codes were 
modified and utilized for the unstemmed 
crateri i ig configuration with a hypothetical 
nuclear source . Calculations of an 
unstemmed configuration having a 50-cm 
radius emplacement hole showed that a 
significant amount of source energy was 
diverted from the crater ing process and 
significantly smal ler c r a t e r dimensions 
resul ted. 

These calculations and new two-
dimensional graphical capabilities have 
greatly improved our understanding of 
c ra te r ing phenomena in Bearpaw shale 
part icularly since they were supplemented 
by extensi m experimental data. They 
have served as a basii' for designing 
s imi la r experiments and calculations. 
The experience gained in treating these 
cra ter ing problems has been qui e valuable 
in simulating crater ing exper imer ts in 
other media in Projects Diamond Ore and 
Essex. 
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Appendices 

INTRODUCTION 

A craier ing equivalence, based on two-
dimensional calculations, has been 
established for 20-ton nuclear and 10-ton 
nitromethane energy sources buried at a 
depth of 3 2.5 m in Bearpaw shale. The 
comparisons made in the main text between 
the 20N12 and 10NM12 calculations were 
generally confined to pa ramete rs such c-> 
mound mass and c ra te r radii . The pr imary 
purpose of the following appendices is to 
provide more detailed and dynamic com
parisons of these two calculations which 
are referred to here as NUC3 (20N12) and 
NMTEN (10NM12). More explicitly: 

Appendix A compares the contour lines 
of constant speed at six different t imes 
between 2 and 40 m s . 

Appendix B compares the i sobars (lines 
of constant pressure) at eight t imes between 
2 and 40 ms . 

Appendix C compares the calculated 
mound and ejecta profiles (ballistic cal
culations) for six link times between 2 
and 40 m s . 

Appendix D compares several additional 
c ra te r pa ramete r s at a time of 30 m s . 
These include: apparent c r a t e r profiles, 
surface velocities, ejecta distributions, 
tabulated c ra te r parameters , and the 
bri t t le fracture parameter (SV1>. 

Appendix E is directed toward p r e 
senting a few of the other graphics options 
available from the graphics code. 

Most of the figures used in this report 
were generated by a TENSOR graphics and 
editing code, TENPLT, which was written 
in conjunction with this work. The 
EJECT code is currently a subroutine of 
TENPLT. These figures have been 
published exactly as created by TENPLT, 
aside from minor editorial modifications 
and additions. In each of the figures, the 
single line above the figure is plotting 
instructions given TENPLT (e.g. CONTOUR 
SP LINES). 

Many additional graphical resul ts were 
produced by the computer but they a re too 
voluminous to publish. People interested 
in them should contact the au thors . 
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APPENDIX A: COMPARISON OF ISO-SPEED 
(MAGNITUDE OP PARTICLE VELOCITY) CONTOUR LINES 

FOR 20N12 (NUC3) AND 10NM12 (NMTEN) AT SIX TIMES 

In the figures, the cavity boundary is 
indicated by an arrow. The units a re cm 
and cm/s . The le t te rs a-g have been added 
to explictty mark some of the contours. 
The letter "a" corresponds to the last 
entry in the right-hand margin (10 cm/s); 
the letter "b" , to the next to the las t entry 
(31.63 cm/s); and so forth. In all figures 
the nuclear calculation ts presented at the 

left of the page; the nitromethane, at the 
right. In the radial direction (R-AXIS) 
the grid is shown between 0 and 5000 cm. 
In the vertical direction (Z-AXIS) the grid 
i s shown between -3000 cm and +2000 cm 
with the source at the origin and the free 
surface orginally at +1250 cm. This is 
the grid s ize used for most figures in the 
Appendices. 

tat VU l(MOt Hjcl 9 ' l l / t t TC*C 
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1 
E 
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-3 , . . 1 . . . 1 . . 1 . . , 
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I. ••»•» 

11114) 

It axis — 10 cm 

Fig. A l . Comparison of iso-apeed contour lines for 20N12 and 10NMI2 at 2 ms . The 
shock wave induced by the nuclear source leads the nitromethane wave 
because the nuclear cavity p ressure is initially higher (-10 Mbar vs ~0.l Mbar). 
Thus, the shock velocities a r e high for the nuclear case in the region close 
to the source because this material has been shocked to higher s t r e s s e s . 
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Fig. A2. Comparison of i so-speed contour lines for 20N12 and 10NM12 at 5 ms . The 
shock wave has intersected the surface, giving rise to the rarefaction which 
causes turbulence near the surface. 
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Fig. A3 . Comparison of iso-speed contour tines for 20N12 and 10NM12 at 10 ms. The 
rarefaction has caused an acceleration of some of the mater ia l near the 
surface as indicated by the "f" (3162 cm/s) contour. 
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Fig. A4. Comparison of iso-speed contour lines for 20NM12 and 10NM12 at 20 ms . 
The rarefaction has begun to affect the "d" (316 cm/s) and "e" (1000 cm/s) 
contours. 
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£ u Ŝ  V" r 
1 

0 
»> J , / 1 

/ 

Z
ax

ls
 -

-1 

-2 

- 1 , , 

1 

J i , , , 

l.QOO'OS IJH.D9 

J . I K ' C H M K < I < 

........ ^^ y—' 
3. iBe>oi K. f-

1 I W - 0 1 

I.OM-CJ 1 1 0 W - 0 J 

3.IM«« • • ~ ' J / 1 l t £ * l » 

/ ,....« ,^ /i J .064 -W 

J . l « > 0 1 3 1 W 0 J 

MWD.DI 

^ 
i . , 1 , , . 1 , , , l' , , , 

1 t")C"" 

R axis — 10 cm 

Fig. A5. Comparison of iso-speed contour Lines for 20N12 and 10NM12 at 30 ms . 
The speed fields a re very nearly identical. The effects of the rarefaction 
a re clearly visible. At this time the velocity field within the region that 
will become the mound is well established and will not change significantly 
at later t imes . 
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Fig. A6. Comparison of iso-speed contour lines for 20N12 and 10NM12 at 40 ms . 
Within the mound region the speed fields are quite similar. The nitromethane 
cavity is slightly larger than the nuclear cavity at this time. The cavities 
are slightly asymmetrical due to the preferential growth toward the free 
surface. 
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APPENDIX B: COMPARISON OF ISOBARS FOR 
20N12 (NUC3) AND 10NM12 (NMTEN) AT EIGHT TIMES 

The contour lines a r e labelled in the 
same manner as those of Appendix A. 

2 
The units a r e cm and dyne/cm , so 

that *he a contour lines cor-re~F*~nd 
7 2 

to a p r e s su re of 10 dynes/cm or 

toon 

Raxis — 10 cm 

Fig. B l . Comparison of i sobars and 20N12 and 10NM12 at 2 ms "he nuclear shock 
front is leading the nitromethane front hpcause of the . ...tially higher nuclear 
cavity p ressu re . By this t ime the nuclear cavity p ressure is below that of 
the nitromethane. 
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Fig. B2. Comparison of isobars for 20N12 and 10NM12 at 5 ms . The shock fronts 
a re intersecting the preshot ground surface and the rarefaction i s beginning 
to form. No d contour (316 bar) appears immediately outside the n i t ro 
methane cavity, indicating higher p ressure in the HE cavity. 
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Fig. B3. Comparison of i sobars for 20N12 and 10NM12 at 7 m s . The rarefaction has 
caused material near the surface to spall off, thereby relieving the s t r e s s e s 
in this region. The appearance of the "a" contour (10 bar) near the surface 
is evidence of this. The " r i l l s " which appear in the nuclear problem below 
the rarefaction a re not apparent in the HE problem for this part icular choice 
of contour interval. 
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Fig. B4- Comparison of i sobars for 20N12 and 10NM12 at 10 ms . The p res su re 
fields appear to be identical except in the vicinity of the cavity where the 
effects of the lower gaB p ressu re in the nuclear cavity resul t in contour 
tines which c i rc le beneath the cavity. 
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Fig. B5. Comparison of i sobars for 20N12 and 10NM12 at 15 m s . The p re s su re fields 
a re s imi lar except near the cavity. The HE shock front appears to be 
somewhat broader as indicated by the " c " (100 bar) contours. The effects 
of the rarefaction a re apparent in the "a" contour (10 bar) . 
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Fig. B6. Comparison of isobars for 20N12 and 10NM12 at 20 ms. By this time, the 
pressure in the region that will become the mound is well below 10 bar 
except near the sources. The location of the "b" (31.6 bar) contours is 
indicative of the difference in source pressures. 
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Fig. B7. Comparison of isobars for 20N12 and 10NM12 at 30 ms . The stress fields 
are beginning to appear to be quite different. The s tresses are too low, 
however, to affect any of the cratering mechanisms. At the right, the 
rarefaction has cajght up with the trailing edge of the shock front. 
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Fig. B8. Comparison of isobars for 20N12 and 10NM12 at 40 ms 
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APPENDIX C: COMPARISON OF BALLISTIC CALCULATIONS 
FOR 20N12 (NUC3> AND 10NM12 (NMTEN) AT SIX LINK TIMES 

At unrealistically early link times 
(i.e., before about 10 ms) the "mound" 
appears as a fan-shaped region which 
moves upward with the shock wave until 
it intersects the surface after 5 ms. 
After this time, more physical mound and 
ejecta profiles are seen. The shaded 
regions below the mound (after 10 ms) 

indicate the type of constitutive relation 
(cracking, cracked, or elastic) being used 
by TENSOR at that instant (see Cratering 
Calculations for Stemmed Nttromethane 
and Nuclear Explosives). After 10 ma, 
there appears to be little variation in the 
mound or ejecta profiles aside from that 
due to cavity growth. 
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Fig. CI. Comparison of ballistic calculations for 20N12 and I0NM12 at 2 ms 
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Fig. C2. Comparison of ballistic calculations for 20N12 and ION Ml 2 at 5 ms. 
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Fig. C3, Comparison of ballistic calculations for 20N12 and IQ8M12 at 10 m s . 
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Fig. C4. Comparison of ball ist ic calculations for 20N12 and 10NM1Z at 20 m s . 
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Fig. C5. Comparison of ballistic calculaiions for 20NI2 and 10NMIZ at 30 ms. 

Fig. C6. Comparison of ballistic calculations for 20N12 and 10NM12 at 40 ms. 
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APPENDIX D: COMPARISON OF 20N12 (NUC3) AND 10NM12 (NMTEN) 
CRATERING CALCULATIONS AT 30 ms (LINK TIME) 

i CTCtl »»I1 lt» 1.01-M t crqg H3», IK i.oo-oa 

Roxh — 10 cm R cwii — 10 cm 

Fig. D l . Comparison of apparent c r a t e r profiles for 20N12 and 10NM12 showing the 
preshot ground surface, mound boundary, and apparent c r a t e r profile. 
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Distance from surface ground zero 

Fig. D2. Comparison of surface \ iocity profiles for 20N12 and 10NM12. The 
calculated speed of the ground surface is plotted versus distance from 
surface ground zero. Units a r e cm/s . The nuclear problem shows slightly 
higher surface velocities at this t ime. 
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Fig. D3. Comparison of ejecta depths for 20N12 and 10NM12. The calculated ejecta 
depth (cm) before sloughing is plotted versus range (cm). 

SOX U6Z TENSOR NUC3 5 / 1 8 / 7 2 TCNE 80X U77 TENSOR NHTEN TENE 5 / 1 6 / 7 2 DENNY 
t i r e 3 - 0 0 1 - 0 2 TIME 3 . C 0 I - 0 2 
CYCLE 2 3 1 3 . CYCLE 4 5 2 5 . 
TAPE NUC0030 0 0 8 1 . 2 5 0 * 0 3 TAPE N H I 0 1 2 4 5 2 3 DOS 1 . 2 5 0 * 0 3 

C R I T E R I A : HOUND: C R I T E R I A : nouMO: 
BARRIER 1 , 2 5 0 * 0 3 MASS 3 . 1 9 3 * 1 0 BARRIER 1 . 2 5 0 * 0 3 MASS 3 - B 2 7 * l 0 
SULKING FACTOR 1 . 2 0 0 * 0 0 I N I T I A L VOLUME 1 . 4 4 5 * 1 0 BULKING FACTOR 1 . 2 0 0 * 0 0 I N I T I A L i U U * C I - - . 6 0 * 1 0 
STABLE SLOPE 3 . 5 0 0 * 0 1 MOMENTUM 4 . 3 3 B - I 3 STABLE SLOPE 3 . 5 0 0 * 0 1 MOMENTUM 1.753*13 
CONTINUOUS EJECTA 5 . 0 0 0 * 0 0 K I N E T I C ENERGY 6 . 6 1 3 * 1 6 CONTINUOUS EJECTA 5 . 0 0 0 * 0 0 K I N E T I C ENERG1 7 . 34"** 16 
DEPTH PARAM 5 . 0 0 0 * 0 2 VERTICAL 4 . 9 1 8 * 1 6 DEPTH P1.RAH 5 . 0 0 0 * 0 2 VERTICAL 5 . 3 8 1 * * 1 6 
RESOUND RADIUS 0 . HORI20NTAL 1 . 3 9 3 * 1 6 REBOUND RADIUS 0 . HORIZONTAL 1 . 9 6 1 * 1 6 

APPARENT CRATER: EJECTA: APPARENT CRATER: E J E C T * : 
RADIUS 2 . 1 7 2 * 0 3 RADIUS 7 . 3 8 7 * 0 3 RADIUS 2 . 1 7 2 * 0 3 RADIUS 7 . 0 3 6 * 0 3 
DEPTH 9 . 9 0 6 * 0 2 DEPTH 9 . 4 4 5 * 0 £ 
VOLUME 6 . 3 7 2 * 0 9 VOLUME 6 . 0 8 4 * 0 9 

CRATER L I P : H I S S l L E RANGE: CRATER L I P : M I S S I L E RANGE: 
RADIUS 2 . 7 7 9 * 0 3 6 . i * i a * 0 i * RADIUS 2 . 7 7 8 * 0 3 MAXIMUM 7 . 0 6 6 * 0 * 
HEIGHT 3 . 4 5 1 * 0 2 R 4 . 1 " 2 * 0 ? HEIGHT 3 . 1 9 7 * 0 2 R 3 . & 8 i * o e 
VOLUME 1 . 2 5 7 * 1 0 Z 1 . 0 2 5 * 0 2 VOLUME 1 . 1 6 3 * 1 0 z 4 . 6 3 7 * 0 ? 

TRUE CRATFfi: TRUE CRATER: 
RADIUS 4 . 5 4 5 * D 3 RADIUS " • . 4 9 5 * 0 3 
DEPTH 1 . 7 8 9 * 0 3 DEPTH i . 6 0 H * O 3 
VOLUME 1 . 6 1 0 * 1 0 VOLUME 1 . 6 3 0 * 1 0 

Fig. D4. Comparison of tabulated c ra te r paramete rs for 20N12 and 10NM12. All 
values a re in c.g.s . units. 
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Fig. D5. 
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R axis — 10 cm 

Comparison of crack parameter (SVl) for 20N12 and 10NM12. The dotted 
regions correspond to an SVl value of 5 o r g rea te r . SVl is an indicator of 
the frequency of bri t t le failure. Failure associated with plastic deformation 
is not accounted for by SVl. 
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APPENDIX E: SOME OTHER AVAILABLE TENPLT OPTIONS 

2.PM M' — 

R axis — 1 0 cm 10 3 em 

Fig. El . Pressure contours for 20N12 
(SHADE option). Produces 
more easily identifiable contour 
regions than the LINES option 
used in Appendices A and B. 

Fig. E2. Pressure contours for 20N12 
(DOTS option). Produces 
somewhat quantitative contour 
plot in which the density of the 
random dot pattern is related 
to the pressure. 
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Fig. E3. Velocity vectors for 20N12. 
Velocity vectors need not 
coincide with TENSOR nodes. 

Fig. E4, Zonal boundaries for a portion 
of the TEMSOK grid for 20N12. 
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Fig. E5. Semi-log speed profiles for 
20N12 for three lati tudes. 
Speed is plotted ve r sus slant 
range (RHO) in three directions 
from ground zero . From one 
to nine piots can be produced 
pet- f rame. Logarithmic or 
l inear sca les can be chosen. 

Fig. E6. Log-log speed profiles for 
20N12 for four lati tudes. 
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