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ABSTRACT

Tiny Tot was i-nuclear burst on the flat surface of a
large underground cavity in granite. It was fired to produce data
for empirical extrapolation and to normalize theoretical (computa-
tional) prediction of ground shock from surface bursts on hard
rock, as well as for hard-rock crater data.

Ground-motion experiments showed a coupling factor o.

ercent at the 1-kilobar level. The true crater formed was
14 feet in radius an‘et deep, considerably smaller than
it would have been in soils where most other data have been ob-
tained. Air-pressure measurements included one at 66, 000 psi,
the highest yet by nonphotographic methods; they also seem to
show pronounced degradation of the airblast from the so-called
flat surface. The stemming and containment plan was satisfactory,
with only a slight leak of radioactive xenon and iodine.

The associated calculations were verified to better than a

actor of two so far as peaks are concerned, as good as could be
expected. Waveforms were short in duration relative to the data,
raising questions about the relaxation adiabats implied by the equa-
jon of state used.

Extrapolation of the data beyond the low kilotons is not valid;
extrapolation of calculational methods probably is valid provided
allcwances are made far offects not observed at Tiny Tot's low
yield.
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CHAPTER 1 4

INTRODUCTION

. Tiny Tot was u-nuclear shot fired on the flat face of D%\i‘)
¢

a cavity mined in granite. It was part of the DASA Ground Shock °
and Cratering Program, officially nicknamed Ferris Wheel. The
guiding principle of Ferris Wheel was to develop an adequate pre-
diction technique, based primarily on theory and computer calcu-
lations but directly supported by definitive field experiments. In
this program, the nuclear-effect test was to play the role of a
laboratory experiment to verify theory, not an empirical entity

to be explained a posteriori.

As originally conceived (Reference 8), the Ferris Wheel
experimental program was to be entirely nuclear, consisting of
experiments to investigate the effects on ground shock and cra-
tering, of depth of burst, of early energy leakage by radiation
transport (the Brode effect), and, to a limited extent, of yield
and of medium 'properties. The experiments were to be carried

-out at the lowest yield possible in order to conform with national
limitations then in force on the yield of aboveground nuclear
tions.

Ferris Wheel's initial or B-series shots were to be very
amall surface shots in playa, but this initial series was never
executed. In May 1963 a significant part of the instrumentation
for two small nuclear shots and one accompanying HE detonation

-
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had been completed in fact, the HE experiment was to be fired

within 3 days. A preshot announcement createcd an unfortunate
reaction prejudicial to the negotiations leading up to the present
limited-test-ban treaty, and the series was called off by order of
the President.

' With the need for data on ground motion beneath large det-
onations still a requirement, alternative experiments were con-
sidered to give partial answers. Air Vent was a series of HE
detonations to study closely surface-burst scaling and to compare
crater depth-of-burst curves for the playa of Area 5 with areas
of previous experience. Two 20~ton HE detonations known as
Flat Top took advantage of the instrumen'tation installed for the
initial B-series to examine the ground motions themselves; Flat
Top also included a shot on limestone with similar instrumenta-
tion (Reference 7).

' In the meantime pressure had arisen for direct information
about the ground-shock effects of nuclear surface bursts on hard
rock (Reference 8). It was concern over underground protective
structures such as deep command centers that originally gave
rise to Ferris Wheel and caused its A-2 shot to be put near the
top of the priority list. (By mid-1967 the concern was over the
proposed Advanced Ballistic Missile System, but the questions
remained much the same.) A test concept was drawn up in June
1963 for A-2 as a 500-ton shot on the basalt of Buckboard Mesa
‘in Area 18 of the Nevada Test Site (Reference 9). | ‘

' With the Test Ban Treaty and the certainty that surface
shots would not be permitted for the foreseeable future, a re-
vised test concept was submitted in February 1964 for conducting
a simulated surface burst within a large underground cavity

12




(References 10, 11). Since the accepted concept of superhard
protective construction requires a site of hard rock (generally
granite) and since the surface-burst experiment was, in terms of
the overall objective, a companion experiment to Hard Hat and
Pile Driver, a simulated surface burst in the NTS Area 15 gran-
ite seemed logical for both the experimental objectives and the
logistics.

And so was born Tiny Tot.

’ 1.1 OBJECTIVES

The basic reason for Tiny Tot was to furnish data needed
for the design of hardened underground structures such as com-
mand centers and launch control facilities. If such facilities
were to be built, estimates would be needed of the threat against
which they should be hardened. These estimates included the
probability of megaton surface or near-surface bursts. The re-
sults of the Hard Hat and Pile Driver programs are instructive
as to the design of the structures themselves; they show that
gtrictures can be designed to withstand ground motion of about
20 ft/sec (1 kilobar in granite), but it was still neces.sary to know
the depth to which kilobar shocks might extend. Since Tiny Tot
was conceived, it has become as important to know about strong
.shocks near the surface and to know how the strength of direct
shocks compares to motions induced by air blast.

Therefore, the first specific purpose of Tiny Tot was to
produce data with which to normalize empirical extrapolation and
theoretical (computational) prediction of ground shocks from sur-
face bursts on hard rock. Second, Tiny Tot was to provide data

on the cratering capability of nuclear explosions in hard dry rock,
an extremely different medium from the alluvium in which most
) 13




previous nuclear cratering tests had taken place.

In addition, Tiny Tot was the first underground cratering
shot, and the phenomena in the cavity and the test instrumentation
itself were of interest. The stemming of shots fired in cavities
is more difficult than for closely tamped shots. Planning and

preparation were then underway for the Red Hot and Deep Well
shots of Ferris Wheel, and it was hoped their similar instrumen-
tation could be improved with the benefit of Tiny Tot experience.

l 1.2 TEST CONFIGURATION

When Tiny Tot was still to be fired on a ground-level sur-
face, it was to have had a 500-ton yield and programs for meas -
uring ground shock, crater dimensions, “crater ejecta, air blast,
and both prompt and residual radiation. Going underground re-
quired compromises. No imaginable cavity would be large enough
for measurements of fallout or crater ejecta. It was believed the
ground shock and cratering objectives could be met with a cavity j
that could be built, provided the yield was reduced. The choice
of a- yield was based on the availability of a proven device
of the smallest acceptable yield, though it was recognized that
upgrading the frequency response of the then-available instrumen-
tation systems would be required (Figure 1.1).

Granite was the medium chosen for Tiny Tot because of its
availability at NTS, its previous use in Hard Hat (and planned use
in Pile Driver), and its projected use for the underground struc-

tures of concern.

The Tiny Tot cavity was a hemisphere of 35-foot (10-meter)
radius, distorted prolately along an axis normal to the flat surface
so that air shocks would not focus back on the shot point. The flat

14




v
surface was 16 degrees from vertical, with the shot point at its

center.

The size of the Tiny Tot cavity was chosen to give a flat
surface with a radius roughly-times the predicted crater
radius, to give reverberation times long enough to separate
direct and secondary ground shock, and to reduce forces on the
wall to within the elastic range of the rock. The volume was also
consistent with stemming requirements.

The flat surface was made nearly vertical to shorten roof
spans, making the cavity more stable and easier to build (and
less expensive), and to allow the crater ejecta to fall clear of the
crater. The postshot cavity was expected to be, and was, heavily
contaminated with radioactive material; having the crater already
empty would decrease the time required to survey it. A verti.al
face also meant that ground motion instrument holes could be at
the same level as the cavity; no elevator from cavity to instru-
ment drift - as required. The exact slope of the face was chu<un
to coincide with the natural joint planes so it would be as smo.uth
as possible.

The depth of the cavity, leaving 300 feet of rock between
_its top and the surface, was a conservative choice based on sivm-
ming considerations.

In its final configuration, then, the Tiny Tot excavation«
consisted of a shaft 387 feet deep, a main drift 200 feet lons, =:. :

an instrumentacion uilll in 2 7rarter circle of 100-foot rad:u-,

and of course the cavity itself. Various instrument holes we re
drilled between the cavity to the instrument drift or aicoves .-

tails of these will be given later.

15
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EXPERIMENT PLAN

Tiny Tot was fired on June 17, }965, at 1000 hour_s PDST
(1700Z).

The yield of the Tiny Tot device was not determined di-
rectly but inferred from previous firings of the same device.
In response to a request for yield determination, the answer was,
"It seems to me most unlikely that these requirements can be
met. The geometry of the emplacement precludes the determin-
ation of yield by hydrodynamic methods, and makes the problem
of obtaining an acceptable radiochemical sample very difficult.
It is highly probable, in my opinion, that the yield of Tiny Tot
will never be known better than £20 percent; it is quite likely that
even this uncertainty cannot be achieved, and that it will be neces-

sary for DASA to use the yield values of the [device] determined

from previous firings'' (Reference 12). A
DM
©2)

As executed, Tiny Tot had the seven projects listed in 3, Q)
Table 1. 1. At one point in the planning there had also been a
Project 2.1, Fireball Measurements, to be fielded by EGAG. It
was to have been a rehearsal of methods planned for Red Hot and
Deep Well but, because the proposed project was quite expensive
and did not have a direct use on Tiny Tot (not being precise
enough for yield determination), it was canceled. Project 9. 11
was added in January 1965 to give data on the magnitude of
transient cable currents and electromagnetic fields generated by
the explosion and their effect on insirumentation. I¢s repnrt was
cancelled at the direction of Headquarters, DASA, in mid-1966.

The remaining six projects included one on airblast meas-

urements in the limited space of the cavity, four on ground-shock

16
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measurements, and one on the true crater and other reentry ob-

servations. In addition, there have been extensive calculations
of the Tiny Tot ground shock—to be discussed in Chapter 3 -—and
there were seismic measurements made by others, welcome but
not part of the DASA program. '

The overall schedule of Tiny Tot is given in Table 1.2,
from the time Ferris Wheel itself was conceived to the time the

shot was finally announced, 2 time span of almost four years.
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TaBLE 11 P uisT oF T5Y ToT PROJECTS P

Project ~ Nesults in

Number Project Title Project Officer Reference

1.1 Cavity sair-pressure J. H. Keefer 1
measurements

1.2 Ground-motion C. T. Vincent 2
measurements

1.3 Ground high-pressure C. T. Vincent 2
measurements

1.3 Ground high-pressure P. Lieberman 3
measurements

1. 4 Close-in stress/time H. M. Miller 4

1.8 Reentry investigations I. D. Hamilton $
{including crater)

9. 11 EMP support messurements * J. E. Bridges Report

. canceled

TABLE 1.2’ TIME SCALE, TINY TOT '

~ Relerence

Fex:ris Wheel conceived Jan. 62

Ferris Wheel formalized Mzr. 82 ]
B-series canceled 13 May 63

Sauer and Brode push A-2 14 May 63 8
A-2 concept 6 June 63

Test Ban Treaty signed Aug. 63
Advisory Panel decides to go underground 5 Sept. 63

First Tiny Tot concept 27 Feb. 64 10
Authority to go ahead 9 Apr. 64
Renamed Tiny Tot 28 Apr. 64

Project Officer’'s Planning Meeting 20 May 64

Drilling st Disappointment Hill June 64
Drilling at final site July 64
Contractors chosen 18 July 64

Shaft started down 27 Aug. 64

Shaft complete, drift started 27 Oct. 64

Cavity smarted 2 Jan. 65

Cavity complete 20 Apr. 65

User occupancy 13 May 65

OK'd by Test Evaluation Panel 18 Masy 65

Final FPFF 11 June 83

Shot fired 17 June 65

Public Announcement 22 Sept. 65




=R

CHAPTER 2

GROUND SHOCK

There were four projects measuring ground shock on Tiny
Tot: 1.2, 1.3a and b, and 1. 4; their results are reported in Ref-
erences 2, 3, and 4. This chapter summarizes what they did,
how and why, and compares the results with other relevant shots,
especially Hard Hat, Shoal, Pile Driver, and Flat Top I. The
next chapter takesr}_x_,p the related calculati’ons and how they help

to make sense out of the Tiny Tot results.

' 2.1 INSTRUMENTATION

When Ferris Wheel was conceived in early 1962, DASA had
already recognized that the conventional instrumentation of ground
shock needed to be supplemented. The usual ingtrumentation con-
sisted of accelerometers, velocity meters, and strain gages.
These gages are valuable in the region of their validity, but they
are limited at higher stresses by their mechanical strength and
that of their signal cables. Aside from time-of-arrival measure-
ments and a few peak-stress measurements (Reference 13),no
data existed in the region of hydrodynamic ground shock, yet it
wre in this high~-stress region that ground-shock phenomena are
the simplest theoretically and that thevictical calculations must
start. For that reason DASA had been subsidizing the develop-
ment of the necessary gages for a number of years.

The new gages were piezoresistive. One kind, developed
by the lllinois Institute of Technology Research Institute (IITRD,

20
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relies on the decrease of resistance of water, paraffin, or car-

bon tetrachloride with increase of pressure. Ina cylinder con-
taining the piezoresistive material two platinum probes are main-
tained at a fixed voltage difference, and any pressure-caused
change in the resistance of the material between the probes
establishes a measurable change in electric current,

The gage developed by the Stanford Research Institute (SRI)
relies on the increase in resistance of manganin with pressure.

A gage consists of a length of fine manganin wire placed trans-
verse to the direction of shock propagation and connected to
appropriate electrodes. With a const‘ant current applied to the
wire, increase in ambient stress causes a measurable increase
in voltage across the wire.

The use of these gages in Tiny Tot was the business of
Projects 1. 3a and b. Both gages had seen extensive use in the
Flat Top series of HE shots fired in 1964 (Reference 7). As a
result of the Flat Top experience, the recording and triggering
systems for these gages were changed. Each gage's signal was
recorded three ways, on a single-sweep oscilloscope, on a con-
tinuously interleaved raster scope, and on magnetic tape. Trig-
gers for the single-sweep scopes were located 6 inches closer to
the zero point than the gages, but in use every single-sweep scope
triggered on the zero time transient.

Project 1. 4 provided time-of-arrival measurements with
Slifer cables and pressure measurements with quartz gages.
Slifer cables are czhles furnishing the inductive part of the reso-
nant circuit of an oscillator. As a cable is crushed by an advanc-
ing shock front, the frequency of its oscillator changes.

Project 1. 2 provided classical measurements with acceler-

omeders, velocity gages, and strain gages. It also had some
21
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miscellaneous and monitoring functions, such as motion of the

surface 300 feet above the cavity. The velocity gages used were
Crescent Model 101258 for high~range ‘measurements and CEC
Model 4-160H for low-range measurements. The accelerometers
used were Endevco Corporation and Wiancko models and an SRI-
built diaphragm gage acting on the variable reluctance principle.
Strain gages were SRI-built, also acting on the variable reluc-
tance principle.

Project 1. 2 recording was on magnetic tape. Twenty-six of
the gages (all of the diaphragm accelerometers and all of the
strain gages) were mediated by a so~called FMX aystem,
employing a direct frequency-modulation output of the input
earth motion (Reference 2, p. 68). There was no data output
from the FMX system. The other gages (all velocity meters and
17 accelerometers) used the Wiancko 3 kH2 carrier system and
did yield dats.

’ 2.2 EXPERIMENT DESIGN

Holes for the gages for Projects 1.2, 1.3, and 1. 4 were
drilled at various angles from the working point to intersect the
instrument drift.

There were five main holes as Table 2. 1 shows.

Hole 0 can be used to illustrate how the first four holes of
Table 2. 1 were used. Nearest the device were nine piezoresis-
tive gages of Projects 1. 3a and b, four from SRl,and five from
IITRI. These were at 2 to 6.9 feet and were expected to cover
a range of stresses fron— each gage hav-
ing a dynamic range factor of 4. Behind these were the gages of
Project 1. 2—six accelerometers, six velocity meters, and four

22
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strain gages. These were at distances of 11 to 70 feet and were
intended to cover a range o each gage
having a dynamic range factor of 8.
Hole 1 differed from Hole 0 principally in that, to cover all
bets, gage ranges were higher. The exact number of gages also
differed. Hole 2 had no piezoresistive gages in it, only Project
1.2 gages. Hole 3 differed in that it had FMX accelerometers
and no velocity meters.
Hole U5, used by Project 1.4, had two 33-meter and one 4.6-
meter Slifer cables and two quartz gages at 51 and 72 feet. Because
gage orientation problems were not as’importam here as for the
other projects, this hole did not start at the working point but
about 1/2-foot away. 1
Flat Top I results had been plagued by questions about
gages poorly matched to the surrounding rock. In Tiny Tot, the
high-stress piezoresistive gages of Projects 1. 3a and b were
made of granite insofar as possible. The manganin wires of the
SRI piezoresistive gages were glued directly to granite cores.

The IITRI piezoresistive cups were inclusions in granite blocks.
The whole assemblage of granite blocks and cores was. packaged
in an abrasion shield of 1/8-inch steel, making a cannister 80
inches long and 6 inches in diameter.
. Holes 0, 1, 2, and 3 were all drilled from the working
point. They had to intersect there because the closest gages
were only 2 feet from the center of the device,and the gages
needed 10 point dirz2tly st it. Three of these four holes were 8-
inch holes which, combined with overbreak, meant quite a pit in
the face where the device was to be installed (Figure 2. 1a).
Therefore, after the gage strings were installed, carefully posi-
tioned (Figure 2. 1b) and grouted in place (Figure 2. 1c), granite
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cylinders were placed over them (Figure 2. 1d). A shoe-shaped

granite keystone was then grouted in place and the face contoured
to receive the Tiny Tot device (Figure 2: le). Figure 2. 1f shows
& device mockup in place with the apex of the plumbbob at the
working point.

The grout used to fill the interstices near the device was a
magnetite-loaded grout designed to match the density and sonic
velocity of the granite. Its shock properties have been deter-
mined (Reference 20, Table VIII) and are compared in Figure 2.2
with those of the granite.

@) 2.5 caviTy connrtion

The nuclear device was half buried in the flat face of the
Tiny Tot cavity (Figure 2.3). The 16-degree slope had been
chosen to go along the natural joint structure of the rock in the
hope of getting the smoothest possible face. In the chapter on
cratering there is a contour map of the face (Figure 4. 1) showing
deviations from planarity of + 0. 5 foot within 10 feet of the work-
ing point and + 1 foot within 20 feet. The region above and to the
right of the shot was the roughest, the joint plane appearing to
give out in that direction. Because of poor light, no photograph
shows this very well; Figure 2. 4 is the best available.

'In the construction of the cavity, safety required that the
whole inside surface be covered with net and rock-bolted. Both
of these features show in Figure 2. 4 and more plainly in Figure
2.2. Tue region jnst aranind the working point is shown in Fig-
ure 2.6 at a stage between Figures 2. 1c and 2. 1d. ‘fhe 1u...
bolts on the face were 16 feet long and in rectangular array with
a spacing of 6 feet. No rock bolts were within 4 feet of the work-
ing point. The net was chain link fencing, mesh opening 2 inches,
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wire size about 1/8 inch, area density 0.5 1b/ft2. Strips of net
were removed from the neighborhood of the working point, down-
wards for air pressure measurements and to the right for two so-
called Brode holes (Chapter 5).

'2.4 RESULTS

The data resulting from the ground shock measurements are
summarized in Tables 2.2 through 2.5. For more details, including
waveforms, see References 2, 3, and 4. For comparison,
similar data from Hard Hat, Shoal, and Pile Driver are given in
Table 2.6. These data were taken from References 13 through 19.

" 2.4.1 Results , Times of Arrival. To demonstrate their

consistency, arrival-time data are plotted against slant range in

Figure 2. 7. The propagation velocity along line 0 is
—which is in agreement with the;
ported from laboratory tests (Reference 20, Table VII); velocities
along lines 1 and 2 appear to be slightly slower, perhap-

- (Reference 2, pp. 84, 113, indicates that this consistency was
used to check the position of the last gage in line 2, which was
suspected of having slipped during grouting.) The graph also
shows that these arrival times compare well with scaled arriva!l

" times for Hard Hat and Pile Driver, fired in the same medium..

Arrival times at the close-in gages all lie above the-

@:r- in Figure 2.7. This is an offset of the radius/time

Lcurve resulting from the much higher shock velocities in the ‘irs:

3 feet, where the peak stress was ove- Ac Forire

2. 2 shows, shock velocities there are very much more than

_ and a lead -vould not be out of order

2.4.2 Results, Peak Stresses and Velocities. Stress und

velocity are different aspects of the same basic phenomen~»r. T-»
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relate them in this report data have been freely interconverted

using the Hugoniot data of Figure 2. 2. (However, in the calcula-
tional results discussed in the next chapter the Hugoniot of 'the
equation of state assumed in the calculations should be, and is,

used. ) )

Belov_this date relation is almost a straight
line with a slope o— Using that conversion, the Tiny

Tot results have been plotted as radial stress in Figure 2. 8 and
as peak particle velocity in Figure 2. 9. Similar data from Hard
Hat, Shoal, and Pile Driver-—~shots of larger yield fully contained
in granite~—have been scaled-nd plotted here also.
Two lines are drawn through the contained data. The upper one
is from a calculation by Physics International which will be dis-
cussed in Section 3.2. The lower cne is an "eyeball fit. "

Scatter about the lower curve is roughly a factor of two
either way, though the data from any one of the three contained
shots is more narrowly confined. This curve appears to be a
good overall fit to the data from previous ghots in granite,and it
will be used as a reference to compare with the Tiny Tot data.

Tiny Tot data were taken in holes at various angles to the
normal, Hole 3 being at the extreme of 60 degrees, or only 30 de-
grees-from the flat surface. There is a definite tendency for the
high-stress data from Hole 3 to be lower than for Holes O or 1
but no comparable tendency for separation between data from Holes
¢ and 1. The quartz-gage datum is anomalous. Empirically, both
arrival-time and peak-motion data imply a nearly spherical front
with very little dependence on angle except perhaps for extreme
angles,

On the other hand, practically all the Tiny Tot data lie below
the contained shot data, implying a definite decoupling of the shot
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due to its initial position on a free surface. This was expected.
Indeed the effectiveness of a surface burst as compared to a con-
tained burst is the most sought-af:ter single factor relative to
ground motion beneath a nuclear surface burst. It is a comparison

of stress or velocity/distance curves from surface bursts with
those from contained bursts of the same yield, quantitatively de-

fined as the .of ratio of on-axis distances to the same peak

stress or velocity:

The surface burst effectiveness is not expected to be constant
throughout the entire range of magnitude of ground motion and
furthermore depends upon the energy coupled to the ground dur-
ing the early stages of the detonatior;.

For the Tiny Tot configuration——a large mass-to-yield con-

figuratior_ competent unweathered granite—the sur-
face burst effectiveness appears to be betweer-

for stress levels 'obar and peak velocity levels of -/ sec,
levels of interest to designers of underground protective struc-

_ tures.

2.4.3 Results, Precursors and Other Thoughts. Hugoniot

tests on Area 15 granite show a two-wave structure for peak
stresses below-dlobars. & precursor of abou ilobars fol-
lowed by a plasiic wzve This two-wave region shows in Figure
2. 2b as a region of constant shock velocity.

These properties of granite combined with the stress decay
of Figure 2. 8 suggest that a two-wave structure should be evident
in the Tiny Tot records taken between 2-1/2 and 5 feet from the
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center of the device, and that the separation of elastic and plastic

waves should increase fron—n this region. Of the

12 high-stress gages that gave data, 10 were in this range of

distances. Three of these ten were SR] gages, and seven were
IITRI gages (PK and PL, respectively in Table 2,4). All of the
SRI gages show apparent precursors; the 11TRI gages do not.

The three precursor levels reported from SRI] gages are
plotted in Figure 2, 10 together with the 12 peak stresses that
were measured. Their wave shapes are shown in Figure 2, 11.
They are too few to make other than casual observations: They
are of about the expected magnitude and fhey seem to decrease in
strength with distance. The wave shapes indicate that at Station
102 (r = 2. 54 feet) the elastic and plastic waves are just beginning
to separate, and at Stations 103 and 302 (r = 2. 93 feet) the two
waves are fully distinct.

About the precursors, two further questions remain: Why
didn't the IITRI gages observe them, and what is it that appears
to be a precursor on velocity gage 207UR (Reference 2, p. 96)?
Dr. Lieberman, the IITRI project officer, simply says, ''the
separation of the elastic and plastic wave fronts was not resolved"
{Reference 3, p. 115). Five of the nine IITRI waveforms, from
Gages 003, 103, 104, 301, and 303, show initial detail that
Lieberman attributed tc the gages being mismatched with their
surroundings (Reference 3, p. 62). These double jumps are
listed in Table 2.4. The:r waveforms are shown in Figure 2.12.
The double jump is quite pronounced {or Coge 103, We might
hypothesize that the first step is a precursor; however, the-
kilobar step shown in the record is much stronger than a precur-
sor in granite ought to be., We can imagine reasons for a precur-
sor being less strong than the one measured in Hugoniot experi-
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ments but none fo:- am.zilobar precursors. Indeed,
the double steps are all in ratios o—of the peak, sug-

gesting a systematic feature of the gage or of its installation.
The precursor reported on velocity Gage 207UR (Reference
2, p. 96; see also Figure 3. 13 of this report) is at a level of
-kilobars. An argument that might be mﬁde
against the waveform of Gage 207UR being interpreted as a pre-
cursor waveform is that the gage was too far out. Sauer defends
the reasonableness of calling it a precursor by pointing to some
theoretical work by Alverson (Reference 31). Alverson treated
spherical shocks in an elasto-plastic medium with strain harden-
ing. He found that in such a medium, once the precursor is well
formed and separated from the following main shock, it will con-
tinue its independent existence, attenuating separately from the
main shock, including within the so-called elastic region below
the yield point. Another puzzling point is that if a precursor is
evident at the 13-foot range of Gage 207UR it ought also to be evi-
dent at the 16-foot range of Gage 208UR and on the more distant
gages. In the waveform from 208UR (Figure 3. 14) no broad
plateau is to be seen, only a hesitation about halfway to the first
peak. Similar hesitations are evident on the waveform of Gages
209UR and 00SUR. Seven other velocity gages do not show any
such step, but all 11 gages have about the same rise time to peak
pressure: — second. Rise times so slow are themselves
worthy of notice although they have been observed before, in this
sincdivm and others, Long rise times in the so-called elast:c
range have never been satisfactorily explained. rinai., ..
the possibility suggested by the calculations reported in the next
chapter that the 207UR precursor is the remains of an air-shock-
induced ground response only evident at this, the shallowest
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velocity gage in Hole 2. The record is real. Results are too few

to resolve the source of the precursor.

( 2.5 INSTRUMENT PERFORMANCE

As mentioned before, there were a number of experimental
gage systems used in Tiny Tot. After the fact, we can look back
and see how well they worked. A tabular summary is given in
Table 2. 7. None of the FMX systems worked; apparently the
zero-time transient cable currents knocked out the FMX oscilla-
tors, and they did not recover until after signal arrival (Reference
2, p. 82). Other gages too suffered from these transients, (It is
noteworthy that the most successful set of velocity gages was
that in the 45~-degree Hole 2 where there was no high-
stress canister and hence less intimate coupling with the shot).
In general, velocity gages did well, with some trouble due to early
crushing of the canisters. All accelerations were higher than
expected, with the result that most instruments were overranged.
On the other hand those accelerometers on the surface 300 feet
over the cavity almost 211 worked well,

As to the IITRI and SRI] high-stress gages, the record is
quite happy. Of 22 installed, 15 were apparently still good at
shot time, and 12 of these gave some useful data=-peaks in each
case, and time histories in some cases. The resulting data, .
Table 2.4, make it clear that the backup recording on raster

scopes and tapes was very much needed.

ﬁ. 6 EMPIRICAL SUMMARY

The effective shock velocity in the linear region is -

— in agreement with laboratory measurements.

The effective coupling factor from this surface burst in the
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region of interest to designers of underground protective struc-

tures was-:ercent. . )
The data by themselves are insufficient to demonstrate
nadir angle effects. (In Chapter 3, this conclusion is modified. )
Precursors were observed on three of the ten gages within
the proper range of distances. The other seven gages apparently
did not have the resolution required to observe precursors. One
velocity gage showed an apparent precursor. Other gages in the

same line merely showed long rise times.
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TABLE 2.1 ’ INDEX OF MAIN GAGE HOLES ’

Allernate
Hole Hole
Number Designstion* Angle with Normal Project Which Used
) ul o° 1.2and 1.3
1 T2 30° 1.2and 1.3
2 U3 45° 1.2
3 U 60° 1.2and 1.3
s —_ 15° . 1.4

“Used by the driller and occasionally in Reference 3.

-

TABLE 2.2 ’ VELOCITY AND DISPLACEMENT DATA /

Arrival Peak Precursor Peak

Gage Range Angle Time  Velocity Velocity  Displacement

007
008
00¢
010
011
013
107
108
10¢
110
98!
207
208
209
210

211>

211

feet deg msec f{t/sec %/sec fnch
18 0
14 0
19 0
30 0
45 0
70 0
11 30
14 30
19 30
30 30
45 30
13 45
16 45
21 45
82 43
43 4
47 45

—

Source: Reference 2, Table 3.2 and Figures 3.1, 3.2,
and 3.4.

*Velocity gage oriented normal to the working face.
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TABLE 2.3 ’ ACCELERATION DATA’

Acceleration
Arrival Peak {from
Gage Range Angle Time Acceleration Velocity Gages
feet deg msec (-4 g
007 11 0
008 14 0
ag¢ 19 0
010 30 0
e %3 0
¢.2 70 0
107 11 30
108 14 30
108 10 30
110 30 30
1§ B 45 3¢
1 0y 30
205 13 45
208 16 43
20¢ 21 45
210 32 435
211 47 45
213 70 45

Source: Reference 2, Tabt'e 2.3 and Figures 3.5, 3.6.




TABLE 3.4’ HIGH STRESS DATA ' ) :

Arriva)l Time Peak Rress* Streas-time
Gage Range Angle 85 R T s R T Precursor History
002 PL Yes .D N A
003 PL No .
004 PL No (V) 3)
102 PK Yes (},.) U)
102 PL Yes
103 PL Yes
103 PK Yes
104 PL No
301 PL No
302 PK Yes
303 PL Yes
305 PL Yes

Sources: PL (IITRI) gages: Reference 3, Tables 8.2-3.4
PK (SR1) gages: Reference 2, Table 3.8 and Figures 3. 11, 3.12

*Two entries for peak stress on PL gages maan a double structure which the proj-
ect officer attributed to the mismatch between gage and surrounding material.
§S - single~sweep oscilloscope R - raster oscilloscope T - tape

-

TABLE 2.5 ’ SLIFER CABLE AND QUARTZ GAGE DATA '

Range Angle Arrival Time Peak Pressure

feet deg mseec kilobars
5.8 15
7.6 18
9.3 15
PO Ji e
12.9 15
Q1 51 15 -

Source: Reference 4
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Arrival Peak Peak
Range Time velocity Swress

Hard Hat:

(5 kt)

Shoal:
(12. 5 kt)

Shoal:
(12. 5 kt}
{cont)

Pile Driver:

(60 k)

ftor m msec ft/sec kilobar

5.81m
306
396
50%
604
184
1000
1500
1500

.84 m
7.08m
8.36m
23.79m
35,63 m
303
$00
831
1801

1939
1924
1983
813
815
1022

DnR

&
(k)@

anm222R

EEEELIR:EER:

92
140
200

1543 f

832
833
888
473
3886
38 1

Tmae .ot Trlsvences 13, p. 24; 14, P. 46;
hoal: References 16, p- 34 1%, PP 18,20
Pile Driver: References 18; 19
& Velocity from integration of accelerstion

Sources:
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TABLE 2.7 ‘ INSTRUMENT PERFORMANCE ‘

Number Opersting Results

Gage Position and Type  Installed, at Shot Time Peaks  Dublous  No Good
Near Working Point:

High stress - SRI ) 4 3 0 1

High stress - OTR! 13 11 L] /] 2

Velocity 17 16 10 2 4

Accelerstion - P2T 11 16 2 9 $

Accelerstion ~ FMX 10 0 0 9

Strain - FMX 11 0 ] 8
Surface and Tunnel:

Velocity L) ) 0 $ 0

Accelerstion - FMX L] 3 ] 0

Acceleration - Wiancko 10 10 8 ]

P
“ Ages 97) 33/ and ?7‘_9;

Qre Je/efe(, @)(3)
ey




CHAPTER 3
CALCULATIONS

The configuration of the Tiny Tot experiment was calculated
by the Physics International Company (PI) (References 21, 22).
Explicit calculations of ground motion requ}re the use of a code
capable of solving the partial differential equations for conserva-
tion of mass, momentum, and energy, subject to the boundary
conditions of the configuration of the particular problem at hand.
Calculations also need the constitutive relations of the rock and
of the explosive used.

The classical surface-burst ground-motion problem is that
of Brode and Bjork who used a Particle-in-Cell (PIC) code to cal-
culate a megaton surface burst cn tuff, with the tuff described by
a hydrodynamic equation of state (Reference 23). The classical
contained-burst problem is that of Nuckolls, who used a Lagran-
gian code to calculate the 1. 7-kiloton Rainier shot in tuff, with
the tuff being described as first all hydrodynamic and then wholly
elastic (Reference 24). Various others have followed, particu-
larly calculations of contained bursts in various media. In the
Ferris Wheel program, PT had also calculated the two Flat Top
configurations and one Air Vent burst, with advancing degrces of
sophistication (References 25, 26).

The main part of the Tiny Tot calculations was carried out
on PI's ELK code, a two-dimensional, coupled Eulerian-
Lagrangian, plastic-elastic code specifically designed for crater-
ing calculations. The phrase ''two dimensional'’ means that ELK
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simplifies such problems to two dimensions by taking advantage
of their cylindrical symmetry. The phrase 'coupled Eulerian-

Lagrangian' means that ELK combines a close-in Eulerian grid
(zones fixed in space past which material moves) with a Lagran-

gian grid (2zones which move with the materiai) farther out. The
Eulerian grid in the Tiny Tot calculation extended to a distance of
about 1 meter and was used to avoid problems of zone distortion
due to the violent flow; this portion used a hydrodynamic equation
of state (with no stress deviators): The Lagrangian portion per-
mitted the use of an elastic-plastic equation of state needed for
the later stages of shock propagation farther out. (The earlier
Air Vent/ Flat Top calculations had been made with a pure
Lagrangian code, PIPE.)

() 3.1 GRANITE EQUATION OF STATE

The equation of state used for the Lagrangian part of the

problem is cast in the Tillotson form (Réference 27):

where P is the mean stress (pressure),
V is the specific volume relative to the initial state (90/ ),
£ iz 4%e ‘~*arnal energy per original volume (pOEm), and
A, s b, Eo are constants.

The yield criterion used was a combined von Mises, Mohr-

Coulomb yield, linear with the mean stress up to an upper limit:
Y & min (Yo, Y1 + Y2P) .
Constants used in the Tiny Tot calculations are given in Table 3.1,

together with a few other pertinent factors.
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Figure 3.1 shows the Hugoniot implied by this equation of
state, plotted as stress versus volume. It shows clearly a dis-
continuity in slope at a stress o kilobars. This break is occa-
sioned by the twofold nature of the yield criterion, being the point
where the linear increase of yield strength (Y1 + YzP) reaches
its limit (Yo). Thus it {s not, strictly speaking, s Hugoniot
elastic limit but a change from one kind of yielding to another.
(There is actually ’dlohar elastic wave ahead which is never
clearly distinguishable in calculated ruulil because of the finite
size of the zones.) A two-shock region (the dashed line) obtains
between‘ and‘ﬂobar peak stress.

The agreement, or lack of {t, between Hugoniot data and this
fit is shown in the shock-velocity/particle-velocity plane in Fig-
ure 3. 2. This figure shows that the velocity of the precursor is
overestimated, that at high stresses shock velocity is underesti-
mated, and that the extent of the two-shock region is underesti-
mated. The latter two points are not germane, since the 1-meter
Eulerian grid used extended out to th‘kilobtr stress level.

The shock front is normally at the sppropriate yield point,
with maximum permitted deviation between radial stress and mean
stress. Behind the front the material relaxes primarily by re-
leving the stress deviators, so that a small change in density be-
hind the front implies a large change in radial stress.

The Eulerian gsid uo:? s mure hydrodynamic equation of
state, which is to say no account was taken of stress devaa.o..

It was expressed by the same constants in & Tillotson form as the

form just described. It is shown in Figure 3. 1 as the curve

marked "hydrodynamic.” The hydrodynamic equation of state

allows only a one-shqck structure along the Hugoniot. It under-

estimates shock velocities so that arrival times in the calcula-
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tions cannot be expected to agree with measurement.

It should perhaps be noted that the original Tiuof.son formu-
lation was set up for metal-impact problems and contained a sep-
arate description of the vapor phase of the metal (Reference 27).
That part was not used in Tiny Tot, whence the entries a = B=0

and Es = V‘s = « jn Table °. 1.

’ 3.2 CALCULATION FOR A CONTAINED BURST

Before proceeding to the two-dimensional calculation of Tiny
Tot itself, the equation of state was tested by performing one-
dimensional spherically symmetric calculations of a 1-kiloton
explosion in granite using a related one-dimensional Lagrangian
code, POD. It was these test calculations that led PI not to use
the vapor-phase portion o the Tillotson equation of state. Peak
stresses and particle velocities f{rom the final test calculation are
plotted with data from contained bursts in Figures 2. 8 and 2. 9.
At short ranges the agreement is quite good. At longer ranges,
the calculation is high relative to the data by as much as a factor

of two.

’3.3 CALCULATIONAL RESULTS, PEAKS

~ The calculation was started as a one-dimensional calcula-

tier of the source and transferred to the Eulerian grid. The cal-
culation remained a Eulerian probiem out ¢ , which it
reached at— sec with a peak stress o&s on the axis,
and after which it became 8 coupled Eulerian-Lagrangian problem.
A usec the central Eulerian part was discarded as contrib-
uting nothing further to the problem; at this time the peak stress

wa’cilobars on the axis at a distance o’meter. The re-
maining pure Lagrangian problem was carried out to-psec,

§1
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at which time the direct ground shock was at -With a
peak stress ot‘dlobars on the axis. The calculation required
15 hours on a Control Data 3600 computer. )

Calculated peak values of stress and pressure on the axis
of symmetry are plotted in Figure 3. 3 together with stress data
from Table 2. 4. In the Eulerian calculation.within-there
is no difference between stress and pressure, but beyon-
they differ by a significant factor since large stress deviations
are allowed.

Calculated peak radial velocity along the axis is plotted in
Figure 3. 4 together with data from Table 2. 2.

Calculated times of peaks are plotted logarithmically in
Figuré 3.5, both for direct ground shock and for the air-pressure
pulse above the surface, together with data from Tables 2. 2
and 2. 4.

Angular as well as radial dependence of peak stress is shown
by the contours of Figure 3.6 for the close-in region. This figure
indicates the positions at which measurements of peak stress were
made successfully; the numbers are the peak stresses recorded at
those positions.

Angular and radial dependence of peak velocity is shown by
the éontours of Figure 3.7. Again, the numbered symbols repre-
sent actual measurements from Table 2. 2.

Finally the beginning of crater formation is shown in Fig-

ure 3.8, where velocity vectors at the end of the calculation
- are plotted. These vectors are plotted with respect
to the Lagrangian grid in {ts initial configuration; actually points
initially at a radius o- had by then been displaced radi-

ally an average o-

Various waveforms have been plotted, but these and their
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comparison with measurement will be postponed tp the next
section.

Much more detail and a more comprehensive picture of what
went on in Tiny Tot seems to be available in these caléulations
than in the actual measurements themselves. For instance, the
Tiny Tot experiment concentrated on the shock wave coupled into
thé body of the rock rather than the surface wave, under the im-
pression that the finite size of the cavity would render surface
phenomena less meaningful and, mistakenly, that these surface
motions were of less concern. The.data themselves do not per-
mit drawing contours such as are shown in Figures 3.6 and 3. 7,
both because the data are too few to be definitive and because they

scatter too much to make nadir angle dependences evident.

At the same time as these and related calculations were

being carried out, Cooper of the Air Force Weapons Laboraiviy
was investigating the accuracy to be expected, by comparing cal-
cdated results with the theoretical in instances where an analytical solu-
tion could be obtained and by comparing the results of several different
calculational methods (Reference 28). His conclusion was and is that the
numerics of such problems are reproducible to within a factor of 2.

53

N




w

These calculations are definitely within a factor of 2 of the
data. Calculated peak stresses as shown in Figures 3.3 and 3. 6
appear to be above that data by an average factor of 1.5. Calcu-
lated peak radial velocities as shown in Figures 3. 4 and 3. 7 are
above the data by an average factor of 1. 6 except at the larger
ranges where some data are high. The calculation is quite good,
especially when we remember that it followed a narrow pulse
propagated a distance many times its initial width and attenuated
four orders of magnitude.

Of particular interest is the apparent coupling factor of this
surface burst, defined as in Section 2. 4. 2 as the cube of the ratio
of on-axis distances to a specified stress or velocity, compared
to a contained burst of the same yield. The data imply a coupling
factor o-ercent at a stress level c'ilobar. Tiny Tot
calculations compared with the contained calculation of Section
3. 2 imply a coupling factor

rcent a.ilobars an.er-
cent a‘lobar

Barring the region near the surface where air-pressure-

induced ground shock is greater than direct ground shock, Fig-
ures 3.6 and 3. 7 show that the effect of the presence of the sur-
face is to decrease the strength of the shock at off-axis points.
This effect is of course stronger the farther one is from the
origin; velocities at ranges shown in Figure 3. 7 are more affected
than the stresses shown in Figure 3. 6. In the velocity range of

general interes— Cooper has iried io Jt tl. .

contours with the expression

He uses arguments along the line of ray optics (i.e., no crose-
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feed) to justify the form of the empiricism (Reference 28). This
turns out to be a fairly good fit, as Figure 3. 9 indicates.

' 3.4 CALCULATIONAL RESULTS, WAVEFORMS
| If calculated peak values agree within a factor of 2 with the
" data, how well does the rest of the calculated detail agree? And
in particular, how do wave shapes agree?

The data are themselves imperfect in that records are often
confused by crosstalk from other stations in the same hole or by
zero-time transients. Comparison is also made difficult by the
fact that most of the high-stress gages were nearer the working
point than the 1 meter at which the Lagrangian part of the calcu-
lation started, and it is in only the Lagrangian part that detailed
print-outs of calculated waves are available. Despite these quali-
fications, there are seven useful comparisons for evaluating the
calculations against the data.

Three high-stress gages installed at ranges greater than
1 meter gave stress-time histories—103PK, 303PL, and 305PL.
The cleanest waveforms from velocity gages were on the Hole 2
line, and four of these were within the 10 meters to which the
cﬁlculation was carried out—207, 208, 209, and 210. The posi-
tions of all seven were near positions at which calculated results
were printed out, as detailed in Table 3.2. The actual waveform
COMPATriSONS aLe duvwis an Figuras 3. 10 thrangh 3. 16.

The Gage 103PK record is among the more interesting i~
that it is one of the three high-streés gages that showed precursors
(Figure 3.10). The original waveform--taken on a gage with
microsecond resolution=—shows the presursor to be—
wide. This precursor is not evident in the calculations. One an-

not hope to see a precursor this short because the use of von
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Neumann viscosity to handle sharp shocks smears them out over

several zones. In the Tiny Tot calculation the shortest zones
were 7. 5-cm long, and at a shock velocity o- a shock
takes-o cross such a zone. The two calculated wave -
forms plotted at 1.2 meters (both shown in Figure 3. 10) have
rise times of -mplying a smear of the shock over
four to five zones——a not unusual number.

Another reason that the calculation will not show precursor
detail at 1. 2 meters is that this position is just 20 cm from the in-
side edge of the Lagrangian problem where the precursor is per-

mitted to start. Figure 3. 2 shows that the equation of state used

implies a precursor of velocit i P o1 1owed by a main
shock of velocity decreasing from— The

differential is very small and implies a precursor separation on
the order of 1 Lsec, unresolvable in the calculation.

The other two high-stress data shown (Figures 3. 11, 3. 12)
were from IITRI gages which, as installed, either did not have the
resolution necessary to show a precursor or were smeared out in
gage mismatches. Again the calculations would not be expected to
show the precursor, nor do they.

In other respects, agreement is ambiguous. No record
lasts long enough to do much more than get through the peak. The
one that lasts longest (103PK) does imply a decrease in stress be-
hind the front somewhat like that calculated.

We would perhaps note the very long rise time shown in iie
calculated waveform of Figure 3. 12. It is due to an air-induced
ground shock, peaking at about-which arrived ahead of
the direct ground shock, peaking at- Of course it is not
obvious in this one waveform that this is so. The plotted wave-
form is the radial velocity put together from its vertical and hor-
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izontal components. The air-induced shock is quite evident in the
vertical component, hardly noticeable in the horizontal component.
The effect is more noticeable nearer the surface.

In addition to the three high-stress gages, four velocity
gages were ét proper ranges and of adequate quality for useful
comparisons with the calculations. In Figures 3. 13 to 3, 16, data
on the 45-degree line are compared with calculations on the axis
.and 60 degrees from the axis, i.e., 15 degrees nearer the surface
than the data. For Gage 207UR there was also available the cal-
culation at 45 degrees, so this too is plotted in Figure 3. 13. (The
reader is warned that, in Figures 3. 13 through 3. 16, discrepan-
cies in arrival times between the calculation and data were so
great that the data as plotted have been moved forwar—

The closest of these gages (207UR) is the one in whose wave
shape Sauer believed he saw the éame precursor just noted in rec-
ord 103PK. Sauer defended this interpretation as possible and
reasonable by pointing to Alverson's analysis of a shock in an
elasto-plastic medium with strain hardening (Reference 31),
unlike the equation of state used in the Tiny Tot calculations.
What is the proper description of Tiny Tot granite would be a
proper question to ask of the data. - Unfortunately the data do
not say much. As noted in Section 2.4. 3, the data do not con-
form o Alverson's hypathesis in that they lack continuity with
later waveforms. The data also do not conform (as Sauer -
points out in oral arguments) with the idea of the regime beyond

.jlobars being wholly elastic, since again the wave fronts should
show a systematic similarity. The equation of state used in PI's

Tiny Tot calculations is inelastic in the region beyon ilobars,
but what it implies cannot be told from the calculations because the
zoning i3 too coarse to permit a precursor to show up in the results.
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Another effect does turn up in the calculated results which
is interesting to try against the real world of data: the air-induced
ground shock first marginally noted in Figure 3. 12. PI's calcula-
tion was carried out with an earnest attempt to put a realistic air
pressure on the upper surface of the ground, Brode's analytical
fit being used (Reference 23). Along the surface the time of
arrival of the air shock is earlier than that of the direct ground
shock (Figure 3. 5), and only at points 45 degrees down from the
surface is the air-induced wave delayed enough that they both
arrive at about the same time, according to the calculations.

Thus in Figure 3. 13 the very first arrival is calculated to be
earlier the closer the point is to the surface; but only at 60 degrees,
closest to the surface, is there a distinguishable separate air-
pressure-induced wave ahead of the main .wave. At 45 degrees
any effect of the air-induced shock is merged with the main wave,
though it is possible the slightly earlier peak velocity is due to it.
In the data record from Gage 207UR, also shown in Figure 3. 13,
there is the possible precursor referred to earlier. Is it possible
that what we see here is a combination of precursor and air-
induced wave? The data do not speak clearly.

-The subsequent portions of the calculations in all four cases
are below the velocity-gage data. This probably means that the
equation of state used in the Tiny Tot calculation implies release
adiabats that are too fast, too strong, and depart too greatly from
the loading curve.

‘ 3.5 CALCULATIONAL RESULTS, SURFACE MOTION

Thus far we have discussed features of the calculations
which have §t least a slight chance of being checked against the
data. But the calculations also imply things beyond the data,
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principally surface effects and effects at positions where, even

if there had been gages, there would have been noticeable per-
turbations from the edges of the cavity. These surface motions
have since aroused greater interest than they did at the time Tiny
Tot was planned.

Two-dimensional contours of the times of first peaks are
shown in Figure 3. 17. Near the axis the direct shock is the first
arrival; indeed the air-induced shock cannot be distinguished with-
in its wake. Near the surface the air-induced shock is the first
arrival; in these instances both shockse are clearly distinguishable
in the calculations. Ground velocity induced by the air shock is
downward, attenuating with depth. Velocity from the direct shock
is outward and upward at about 45 degrees close-in and approaches
being radial farther out. At the surface the magnitude of the
direct-shock velocity is greater than that induced by the air shock
at all distances greater than 2 meters. The displacement due to
the air shock is everywhere much smaller than displacement due
to the direct shock because the time duration of the air pressure
pulse is much shorter than the duration of the direct pulse.

These things can be seen more easily by examples. We in-
clude in Figures 3. 18 through 3. 21 waveforms at three angles
(6 = 0, 10, and 30 degrees below the surface) and at four distances
(r =3, 5, 7, and 10 meters). These figures show velocity com-
ponents in directions natural to cylindrical coordinates—vertical
and horizontal radial. (raigures J. i0 thivugh 3. 1% cho- " !
truly radial vector sum.) At the surface for distances out to
7 meters the air shock produces & narrow downward pulse which
decays nearly to zero before the direct shock arrives. Radial
resporfse to the air pressure above is very small. Beyond
7 meters the picture changes. At about that range the air shock
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becomes transseismic, which is to say its velocity becomes less
than the longitudinal velocity in the ground, and an outrunning
shock takes off ahead of the air shock. All curves are qualita-
tively different at 10 meters. ’

At 10 degrees below the surface the air-induced shock
arrives r, is weaker, and has an appreciable outward compo-
nent. At 30 degrees below the surface the air-induced ground
shock arrives just before the direct shock. At 45 degrees, as we
noted before, the two shocks are hardlydistinguishable,and there
is left only perturbation of arrival time and time of peak.

At the surface, direct shock at 3 meters (Figure 3. 18) is
equally outward and upward. At 10 degrees below the surface it
is also outward and upward, but at 30 degrees below the surface
its direction is 22 degrees downward, eviﬁence that at that depth
the motion is only slightly affected by the free surface. As radius

increases, the direct-shock velocity at the surface changes from

45 degrees upward to nearly radial, but at the greater depths effects

are qualitatively similar to what they were at 3 meters. At 30 dc-
grees below the surface, the presence of the free surface hardly
influences the direct shock.

’ 3.6 CALCULATIONAL RESULTS, EXTRAPOLATIONS

It is important to say what these calculational results are
x'wt, az well as what they are, lest they be extrapolated beyond
their applicability. Tiny Tot permitted various checks i a z:l
culation against reality. Peak stresses and velocities agreed
within a factor of less than 2 where comparisons were possible,
the calculation generall-Jave form errors
were in the.opposite direction, for the calculations were below
the data behind the wave fronts. No comparison was possible to
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check the caicuiated surface effects, although they do seem
reasonable. The calculation was. not carried far enough to pre-
dict any crater phenomena. Nevertheless it is our conclusion
that the various comparisons which are possible do lend general
credence to the results of today's calculational methods.

If one tries to extrapolate the Tiny Tot ground-motion data,
one quickly runs into possibly serious errors. Current interest

is in large surface bursts in rock,

In the second place the primary mech-
anism for depositing energy into the ground for modern large-
yield weapons is by radiation transport, whereas Tiny Tot's cou-

pling was principally mechanical. In the third place.-

-:hereas a "'contact burst' is a surface-touching

burst. A megaton contact burst is, in terms of relative scale,

quite close to the ground so that this is a minor factor. In the
fourth place, on the same megaton scale of distances, rock is
less competent and more layered than the rock was under Tiny
Tot.
‘ To extrapolate Tiny Tot is a matter of transferring more
~ general considerations: the calculational method; the general
. phenomena; the equivalent coupling factor (related however to ini-
tial energy deposition, not to total yield). Extrapolation of the
data themselves is vaiid only inio the low kiloton range of yields,
It happens that Pl has used the same methods as were used
-* .to calculate Tiny Tot, modified for radiation's role in initial cou-
pling, in the calculation of a 1. 5-megaton surface burst (Refer-

. ence 30). The initial coupling was—

-he air shock was the same; direct ground shock was weaker.
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Thus near the surface in Tiny Tot the direct-induced upward motion
the air-induced downward ground motion but not

Figure 3. 22). That calculation,
however, is not the business of this report. '

$0 in the

3.7 SUMMARY OF THE GROUND-MOTION EXPERIMENT AS
CLARIFIED BY THE CALCULATION

The Tiny Tot calculation was verified to better than a factor
of 2 so far as peak stresses and velocities are concerned.

The calculation yielded waveforms too short to match the
asta; stresses and velocity were-he data behind the wave
front. This is apparently a fault of the implications of the equa-
tion of state about relaxation adiabats. The material is too-
behind the front.

The calculation iitiplies angular dependences in general
agreement with the data. Therefore, the surface effects implied

are probably qualitatively correct.

The calculation implies an effective coupling factor of

-ercent.

The zoning of the calculation was not fine enough to demon-
strate the experimentally observed precursor. Thig ig an in-

herent result of coarse zoning.

Extrapolation of the data beyond th.tiloton-

va.zd extrapolation of the calculational methods probably is valid

provided allowances are made for effects not cbserved at Tiny

Tot's-yield, e.g —
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TABLE 32 'Gm'm: EQUATION OF STATE d

Gross festures

Density Py * 265 gm/cm?
Bulk modulus k=0.53 Md

: ¢ Shear modulus ue0.318 Md
Poisson's ratio ve 0.2%
Longitudinal velocity c®0.6 cm/sec
Tensile strength 0. 0003 Mb

Constants for Tillotson E. O. S.

Aske=0.53 M as 0
B»0 B=0
2095 E. - ®
bs] V. sw
E,=0.05 Mb- em3/gm » 0.1325 Md - cm3/em$

Yield factors

Yo

Y, .

Y,
Tillotson E. O. S. used in form:
2

1 1 b E

PrAics-1]1+Bl=-1] + Ja+
(v ) (v ) —_izv v
1%
0

Yield condition
Y s min (Yo, Y‘ + YzP)

TABLE 32 ‘ POSITIONS OF WAVEFORM COMPARISONS ’

Calculation
Gage Data Range Angle Range Angles Figure
feet meter deg meter deg
103PK 3.1 (1.04) 30 1.19 5,60 3.10
S0SPL $.5 (1.08) 8o .19 @0 3.11
. 30SPL 6 (1.82) 80 2.00 60 3.12
- 207VR 13 (¢) 45 4.02 5,47,62 3.1}
308UR 16 (4.9) 45 5.01 5,62 3.14
: 0%VR 21 (6.4) 45 7.18 5,62 3.15
210UR 32 9.7 45 10.13 §,62 s. 18

e ;-/7,4, ‘é‘/— 7o
S o




Figure 3.8 ‘ velocity field at the end of the calculation (1790 usec). '
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CHAPTER 4

CRATERING

’ 4.1 INTRODUCTION
When it became necesury’to take Tiny Tot underground,
cratering was one of the investigations still possible. The various
compromises required were made so as to prejudice crater meas-

urements as little as possible. The size of the cavity was chosen
in part so that its flat surface would be bigger than the expected crater. The

flat surface was tipped up in part so that the crater would clear itself. Rock
bolts needed for cavity stability and integrity were spaced as far apart on the
{iat surface as the mining safety experts would permit.

The experiment itself had to be kept simple. It was obvious
from the start that it would be desirable to go into the cavity again
after the shot, and there was bound to be a good deal of radiation in it. The
amount of time spent in the cavity after the shot would have to be kept to a
minimum, and the tasks to be carried out there had to be kept simple.

The study of cratering is an empirical rather than a theoretical science.

Ground-shc;ck calculations have not been carried far enough to predict the
crater, except for the near-optimal depths of interest to Plowshare (Refer-
ence 32). Crater measurements are of the bdfore-and-after kind. The
objective of the Tiny Tot crater program was to measure the resulting
crater and the displacements around it. It was decided to forego subsur-
face measurements by sand columns or their hard rock equivalent.
‘ 4.2 CRATER DIMENSIONS '

The dimensions of the Tiny Tot crater were determined by

comparing surveys made before and after the shot. Most craters




.

are measured by stereophotography, but this was not possible for
Tiny Tot because there was not enough light and, even if there had
been, cameras could not be backed off far enough from the flat
face to get the necessary distortion-free field of view.

The results of the surveys are shown in Figures 4. 1 through
4. 3 as contours of preshokand postshot topography and the dif-
ference between the two, all measured relative to a plane inclined
16 degrees from the vertical (Reference 5). The result shown in
Figure 4. 3 shows some bias from top to bottom which is more
likely due to a slight change between preshot and postshot refer-
ence planes than to an actual residual tilt of the cavity face.
Figures 4. 4 through 4. 6 show several views of the crater formed
from the detonation. '

True crater dimensions are tabulated in Table 4. 1 along
with data from other cratering shots for the comparisons to be
made in the next section. It should be noted here that we call
these ''true crater dimensions'' because they are measured with
all the loose rock removed. On a shot outdoors on a level surface
some rock would have fallen back and some would not have been
pushed all the way out, so that what would first meet the eye
would be the so-called ""apparent crater.

What first met the eye on seeing the Tiny Tot crater was a
clean flat-bottomed hole in the wall that did not look very much
iike & crater at all. Above ilie hwie it appeared that extra biocks
had fallen away, leaving the original plane of the wall to merge
abruptly and undisturbed with the freshly broken surface of the
roéic lining the hole. This shows in Figure 4. 3 as the protrusion
upward of the min contour, in Figure 4.5 above and to
the left of the two ladders, and it is emphasized by the shadows
in Figure 4. 6. Below the crater, too, blocks were broken away
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but not as jaggedly as above. Those who saw'the cavity and crater
on first reentry report that the geometry of the pile of rock at the
foot of the flat face seemed to indicate that this rubble was mostly
material that had slid down rather than having earlier been flying
debris. One expects to find a lip on a crater, even a true crater,
because of upthrust. The appearance above and below was that
any rocks displaced enough to rm a lip had been separated from
their fellows enough to fall away.

The clearest upthrust lip was on the right side of the crater,
and there was also a low lip on the left side. In Figure 4. 4, a side
view, one can see the curve of the lip illuminated against a shad-
owed background. The rear (right) ladder is at about the slope of the
original face. Figure 4.5, a front view, emphasizes the feeling of layering
at the lip, as if one had bent a poorly laminated plywood until it broke.

The floor of the crater was flat as if there had been a pre-
existing plane of weakness 5 feet under the original surface. This
would actually be expected, since the cavity's flat surface was
deliberately chosen to be a natural fracture plane and there should
have been others parallel to it, especially after the stress relief
upon the excavation of the cavity.

Finally there is the question of the rock bolts. How much
did they affect crater dimensions? They are to be seen in all of
the pictures but especially Figure 4. 4.

‘ These rock bolts were 16 feet lonz. Thev were anchored at their
back end with quick-setting grout, then a faceplate was slipped over the
front end -and a nut was torqued tight. The residual annulus was then
grouted full. Rock bolts still show in the crater. In all cases but one the
plate and nut are missing. That plate (which shows most clearly in the
upper left of ;igure 4.4) is dished outward as if the rock had been in s hurry




1 get past it. Aside from stripping of plate and nut, and some bending, the
" polts show little effect of the blast. There is really no way to be sure
whether these bolts did aifect crater dimensions. .

,4. 3 COMPARISON WITH OTHER DATA
| In Table 4.1 we also list crater data from eight other

puclear shots and from the three HE surface burstp of Flat Top.
These are not all the previous data that exist—nuclear data exist
for deeper bursts and for bursts at the former Pacific Proving
Grounds, but they are not useful here.

‘ The Tiny Tot data are true crater data. Most previous data
are apparent crater data. In order to make valid comparisons we
must either compare with the fragmentary true crater data from
previous shots or make an educated guess of what the Tiny Tot
apparent crater data would have been if it had been possible to
fire Tiny Tot outdoors. Table 4. 1 furnishes some comparisons of
true and apparent crater dimensions: radii are always close to
each other but depths diverge the deeper the shot. Using the
shallower shots listed (Jangle S, Johnny Boy, and the three Flat
Tops) we estimate that apparent crater radii and depths from
surface bursts are both 14 percent less than true crater radii and
depths. Thus, the estimates listed in Table 4. 1 of apparent radius

o‘eet and apparent crater depth o‘eet.

The Flat Top I shot was a 20-ton HE shot in as good rock as
could be found on thg surface at Nevada Test Site, a competent
limestone. If one compares Tiny Tot crater dimensions with Flat
Top 1 crater dimensions one gets an NE/HE efficiency _
percent. This number is not very valuable, for as we said in the .
last chapter it cannot be extrapblated upward very far.

To compare the Tiny Tot data with any of the other data

listed in Table 4. 1—to obtain medium effects, for example—we
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must take into account the effects of yield differences and of depth

of burst (DOB). To this end the nuclear data of Table 4.1 were N

scaled— using several scalings. The resulting dimen- L‘AC;)

sions are plotted against DOB in Figures 4. 7 and 4. 8. “A (_\3
Figure 4. 7 shows the dependence of apparent crater radius

on DOB. Each circle represents -caled datum from a

nuclear shot in Table 4. 1. The*line represents the uncertainty in

scaling, the outer extreme being in each case the datum scaled

according to the-caling in use in the Plowshare program

(Reference 32a) and the inner extreme being scaled according to

the ower of the yield, a scaling proven empirically correct

for Air Vent/Flat Top HE surface-burst radii (References 7, 39,

40). The big ¢ represents Tiny Tot. Figure 4.8 is a similar

curve for apparent crater depth. (The same extremes of scaling

are used even though the-caling was derived for radius not

depth.)
In each case the Tiny Tot datum lies below the trend of the

other data, an expected result. It lies at 72 percent of a straight-

line interpolated radius and at 57 percent of depth. Even the
larger true-crater dimensions lie beneath the other NE data. It
has been postulated (Reference 41) that there ought to be discon-
tinuity in DOB curves at the surface of the scale of the size of the
device. If one interprets the previous data in this sense, as in
the dashed lineg, the Tiny Tot data again lie below previous data.

It is clear that Tiny Tot made a smaller crater because it
was fired on sound granite. Handbook estimates are that craters
in hard rock should be only 80 percent as big as craters in allu-
vium (Reference 42). The direction is correct, th: magnitude is
neither confirmed nor denied by Tiny Tot.
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CHAPTER 5

AIR PRESSURES

I Air-pressure measurements also remained possible when
Tiny Tot was taken undergrouna, although they were limited by
the fact that the flat surface had a radius of only 35 feet. Yet this
very region, the high-pressure region, was.one of special interest
since at that time there had been no surface measurements of di-
rect shock over-si (in Small Boy, Reference 43) and no
measurements of reflected pressure over-si. There had
been photographic measurements of shock-front position from
which shock overpressure could be inferred—the whole set of
fireball photographs, for instance-—and these had served to verify
“the basic theory of the fireball and the idea of how air shock starts.
Under these circumstances, air-pressure studies were in-
corporated in Tiny Tot as Project 1. 1, reported in Reference 1.
Also, Project 1. 2 tried two air-pressure measurements in holes.
The objective of the air-pressure program was to measure
airblast mnarameters in the very high pressure region: overpres-
sure on the flat surface, reflected overpressure on the curved sur-
face, free-air overpressure on a probe, and overpressure in small
tubes and holes siinulating tunnels.
¥ Nine measurement stations were set up, as indicated in
"Table 5. 1, four at various distances on the flat surface, two on the
curved surface, and three on a probe used as a baffle which ex-
tended inward from the curved surface, 60 degrees from the axis
of symmetry (30 degrees from the flat). There is interest in how

airblast enters tunnel openings and how it propagates down tun-
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nels, so four holes were instrumehted with pressure gages. Two
were 3/4-inch holes near Stations 4 and 5; two were 3-inch drill

holes perpendicular to the flat face. )
The expected gage environment was horrendous. For in-

stringent environmental tests, and good mechanical design of

gage mounts were required. Five dummy gages were used to mon-
itor environmental response.

Four types of gages were used. The Kaman Model K-1701-1
gage has a nonmagnetic metal diaphragm near an air-core coil.
Changes in eddy current losses as the diaphragm moves cause
measurable changes in gage impedance. The Dynisco Model APT
136RB gage has a diaphragm supported at its center by a thin-
walled cylinder on which are bonded platinum alloy strain gages.
The Schaevitz -Bytrex Model HFG gage has a diaphragm supported
at its center by a column to which are bonded semiconductor
strain gages. Wiancko pressure gages were used by Project 1. 2.

| The results are tabulated in Table 5. 1. Only five believable
records resulted. There were no successful measurements in the

tunnels, for various reasons. Table 5.1 does list a measurement

in the more distant Brode hole, as reported in the Project 1.2 .
preliminary report. By the time of the final report, however,
Sauer had second thoughts about its validity (Reference 2, p. 82),
believing instead that this apparen-psi signal was due to
acceleration sensitivity of the gage. On the other hand, the re-
ported arrival time o"nsec is late compared to other acceler-
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ometer arrival times (Table 2. 3) but is about what one would ex-
pect from a shock transmitted all the Jvay through air. l;‘igure 5.1
indicates an arrival time of .'mec at the entrance to this hole.
A pressure o-si travels at about-t/ sec and would
take-nsec to reach the end of the hole. Accordingly this
datum has been included in Table 5. 1.

In Figure 5.1 the actual a;xd predicted arrival times are
plotted for comparison, and Figure 5.2 compares measured inci-
dent peak pressure with predictions. The first very obvious fact
is that all three shock arrivals on the flat surface are delayed,
relative to expectation and relative to those away from the flat
surface. Here, then, is clear evidence of a nonsphericity of the
shock front, a drag on the so-called flat surface.

Peak pressures included one measurement at-si,
higher than ever before measured with electronic instrumentation.
That value is somewhat above what was predicted. It is one of
only three direct measurements of incident pressure, since two
of the successful stations were mounted directly on the curved
surface and saw only a reflected pressure; the other two incident
pressures are below what was predicted. It may or may not be
significant that the record from Station 4 departs more from the
prediction than that from Station 9; if real, it is consistent with
the observation just made of surface drag effects.

Wave shapes from Stations 1, 6, and 9 are quite clean,
iiaviing well-defired shock fronts and 2 not impossikle amount of
oscillation thereafter. Indeed the record from Station 8 shows
distinct incident and reflected signals -msec apart. The rec-
ord from Station 5, after baseline corrections made from the
accompanying dummy environmental gage, is of the same quality.
By contrast the record from Station 4 (Figure 5. 3a) is full of hash,
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and incident and reflected waves are not easily distinguishable.
Table §. 1 lists the reflected wa;re as starting a-nsec. That
choice is reasonable in that Station 4 was about 3-1/2 feet from
the curved surface, and a delay of—nsec is about the right
4
One troubling feature of the data is the magnitude of the re-
flected pressures. Thegretically incident and rellected shock
fronts should be related by a reflection factor

3y-1

=.-.\P reflected =2 1+ 4y z
AP incident 1+ )’2-y1 Z

where ) is the ratio of specific heats (1.4 for air at S. T. P. ) and Z
is the ratio of the incident overpressure to preshock ambient air
pressure. The reflection factor should be somewhere between 2
and 8 (for ¥ = 1. 4) or between 2 and 9 {for ¥ = 1. 33) and, at high
incident overpressure ratios such as here, the reflection factor
should be near the upper end of its possible range. Yet if we take
the Station 4 and 9 data literally, weget R = 1.7and R =2.6. If

we take account of the fact that these measurements were made at

4 and 1-1/2 feet from the reflector, and that in this distance the

incident pressure would decay further as implied by Figure 5. 2,

we can raise the apparent reflection factors to something like 2

and 3. Thesc arc alo. oo low. Pooeible explanctionc oo

irregularity of the curved surface (no effort was made to keep it

smooth) and, for Station 4, surface drag effects. An explanation
" not ﬁossible is preheating of the surface by radiation, both be-

2 ;90 cal/cmz. and

cause the levels are too low (5 x 1014 n/cm
only about 1 percent of thermal radiation has been emitted by
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shock arrival time) and because measurements at Stations 5 and 6
right on the surface are well behaved.

Peaks from Stations 5 and 6 also car be used to infer reflec-
tion factors. Station 5 was nearly behind Station 4. Extrapolat-
ing the peak at Station 4 by the slope of Figure 5. 2 yields an inci-
dent pressure o'si at Station 5. Reading from Figure 5. 2 at
the range of Station 6 yieldssan incident pressure of-psi for
that station. These toiether with the measured reflected pres-

i imply reflection factors O-'I-

In connection with the detection program, Brode ran some

sures of n

calculations on shock waves within spherical cavities (Reference
44). These calculations imply that after reflection from a spher-
ical wall, the pressure decreases in strength very rapidly as it
runs back into the center again. Perhaps such a phenomenon is
responsible for the very low reflected pressures at Stations 4
and 9.

A final point of interest from the air-pressure program:
the gage at Station 4 survived a fairly long time, time for air
pressure in the cavity to start to come to a long-time equilibrium.

The long-time record from Station 4 is shown in Figure 5. 3b.
After the first few reverberations within the cavity the air pres-

sure was abou‘si; a-econds it was about .:si.
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CHAPTER 6
THE CAVITY

The new and then unique thing about Tiny Tot was that it was
fired in a cavity underground. Design considerations and how they
worked out are the concern of this chapter, including the special

problems of containment against release of radioactivity.

’ 6.1 CAVITY DESIGN .
The size of the Tiny Tot cavity was chosen to give a flat sur-

face larger than the expected crater, to be able to separate direct
and secondary ground shocks, and to be consistent with stemming
requirements. The shape and orientation of the cavity were
chosen for construction ease, to simplify postshot reentry, to iaxe
advantage of natural joint planes, and to simplify installation of
instruments.

Clearly a flat surface was needed but it had to be finite, and
a primary concern was that its very finiteness might degrade the
measurements. Compromises enough had been made by going
underground and eliminating measurements of fallout, eje.ta,
surface motion, and apparent crater. The remaining measure-
ments of ground shock, true crater, and high air pressure were
to be as representative as possible of what they would have been
for a shot in the open.

Cavity dirarriane wewa not changed after April 100

though the arguments for those dimensions were improved later.

A flat surface with a radius o.et.neters) v—

_s the expected crater and hence allowed for some upthrust
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around the crater. Air shock was predicted to arrive at the cavity
walls at rith a strength of-enecting t-
‘nd to reverberate with a period o-
This allowed an interesting range of air-pressure measurements.

It meant that secondary ground-shock signals from the corner

would be about_behind direct ground shock at a distance of
.eet into the rock and that the.se indirect signals would be weak.
Secondary signals from reverberation would arrive .sec after
the main signal; they were defocused by the natural roughness of

the curved surface and by deliberate.y :naking it somewhat aspher-

ical and hopefully would not significantly distort the data.

/ 6.2 STEMMING DESIGN

The stemming problem was to design a system of plugs for
the entry tunnels to retain the radioactivity within the cavity.
These plugs had to resist the forces inside the cavity, so it was
necessary to estimate the long-term as well as the transient

forces.

The cavity was to have a volume of

an internal area o A first esti-

mate was made assuming no losses, all the energy—
ﬁto remain in the air of cavity At an
3

elevation of 5000 feet, the density of air is about 1 x 10~ gm/cm . aouﬂ
— (1) 3)
)“)

so that the energy density in the air after the shot would be.

Such 2 pressure was more than the overburden pressure

(pgh = 340 psi), and the temperature was far above any reasonable
equilibrium temperature, the vaporization point of the rock itself
being only about 2500°C.
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Such a pressure and tempe;ature would last only momen-
tarily, then decrease as the surrounding material started tc share
the temperature of the cavity. At the time of the shot, estimates
were made of heat conduction into the rock of the walls of the cav-
. ity and into the surface of the crater debris, and that in itself was

sufficient to cool the cavity enough in seconds that the internal
pressure would be below %verburden pressure —specifically, the
estimates were t ould be carried
by conduction into that roc Since then an error
has been recognized in the ejecta surface area that was assumed

and this loss by rock conduction is reduced -but it has also
]
been recognized that the large amount of steel in the cavi

o constituted & heat sink capable of ab-

sorbing a large fractio ] nergy release.
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' 6.3 SHOT TIME BEHAVIOR

To monitor any possible leaks, six Remote Area Monitoring
System (RAMS) units were installed, as indicated in Table 6. 1.
What was read by these moniters is shown in Figure 6. 1.

Radioactivity began to appear between Plugs 1 and 2 almost
immediately, and levels in the neighborhood of 1000 R/hr were
reached in 10 minutes. During this time there was an increase in
air pressure to 5 psi that lasted several minutes. Activity pene-
trated more slowly past Plug 2, reaching levels of 60 to 100 R/hr

in 1-1/2 hours. Activity came through the sand plug and reached
levels of 100 R/hr in 3-1/2 hours. Surface levels never exceeded
1 R/hr and fluctuated wildly, apparently depending on the strength
of the wind at the mouth of the shaft.

Figure 6. 1 shows a pronounced drop in the reading of RAMS
Units 3, 4, and 5 at about 6 hours. This drop may be spurious.
The AEC Test Manager had directed that bentonitic drilling mud
be dumped into the shaft to try to control the leak. This would
have covered Unit 5, and reentry later showed that the added
weight broke the bulkhead below, allowing the mud to fill the space
monitored by Units 3 and 4.

Final atrnospheric ceicase has Leen estimated at about 700
curies, measured at release time. The activity released was
predominately xenon with a small contribution from iodine: 138Xe -
700 Ci, radioiodines - 21 Ci. About 90 percent of the release

came in the first 14 hours (Reference 47).
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, 6.4 REENTRY OBSERVATIONS
Reentry was delayed by a strike at the test site (the shot date

itself had been accelerated for the same reason). First reentry

was a hole drilled down from the surface for TV monitoring only.
The principal purpose of this was to assure that the cavity had
survived with little damage.

The principal reentgy in September 1965, about 3 months
after the shot, was through the shaft and tunnel. The shaft was
only slightly damaged. The tunnel outside Plug 2 was filled with
drillers mud which had to be mucked out. Plug 2 was bypassed
by mining. The instrument drift, though contaminated, was very

little damaged mechanically. Plug 1 was also bypassed by mining,
permitting direct entry to the cavity: There, high alpha and beta-
gamma levels required double protection suiting, full masks, and

supplied air.

The leaks at Plug 2 are believed to have been where cables
passed through the-lug. No leaks were observed around
it, but small ones there cannot be ruled out.

Leaks past Plug 1 were evident from water seeping into the
drift from the cavity. Most of this was at the contact between

-end granite at the top and to the side of the plug. In
addition, the Project 1. 1 cables to the instrument drift were some-

what permeable to gas.
’ 5.5 CONDITION OUr e CAVILY

Except for the crater in the flat face and the rubble pile at
the bottom, the cavity's rock outline was altered very little by the
detonation. There is now about 10 feet of sand filling the bottom of

the cavity, added to reduce radiological hazards during reentry by

giving a clean surface on which to walk.
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When fired, the cavity was lined on all inside surfaces
(except just next to the shot) by steel net held down by plates on
the ends of rock bolts. Catwalks on the flat surface had been re-
moved, but others were left on the curved surface. On reentr.;/
much of the netting was gone; all the remaining catwalks were
missing, presumably lying in the rubble at the base of the cavity.
Most of the plates on the rock bqlts were still in place, and many
were still tight against the rock.

There was no evidence of prolonged high temperatures
within the cavity. A close-up of part of the curved wall is shown
in Figure 6. 2. It appears that the net failed mechanically. Many
strands of wire remain pulled to the left—away from the flat sur-
face. Their ends appeared to be necked down and broken in ten-
sion but not melted. In the stub of the access drift between cav-
ity and shaft a good deal of rubble had been jammed up against the

plug.

The Project 1. 1 gage at Station 4 survived to give long-term

pressures within the cavity. After the first few reverberations,
the air pressure within the cavity was-si as predicted; it con-
tinued to decrease on a time scale of seconds as shown in Figure
5. 3b.

's. 6 CONCLUSIONS

.

The stemming design appears to have been basically sound.
Leaks around the seat o-plugs bave also been seen or
suspected on more recent shots and are apparently exceedingly
difficult ta prevent entirely. Thus the presence of a second plug
as backup was necessary. Still, the first plug successfully with-
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stood pressures

Leaks along the cables could have been controlled better
than they were, by considering the prevention of leaks as a cri-

terion in procurement and by potting junction boxes along them.

The cavity itself is ?xot fit for prolonged occupation. Alpha
levels in it require protection that would increase the costs of any
operation there, and the loss of proteétive netting means any pro-
longed use of the cavity would involve considerable danger from
rock falls.

The Pile Driver shot of June 2, 1966, damaged the Tiny Tot
shaft to the point where extensive rehabilitation would be required
to make it usable again.

TABLE 6.1‘ RAMS UNIT LOCATIONS ’

No. 1 At end of instrumentation drift
No. 2 In instrumentation drift near main drift
No. 3 Just on snaft side of Piug 2
No. 4 At base of shaft
. No. § 50 feet up shaft, on top of sand
No. 6 Kt mouthuof shaft




CHAPTER 17
SURFACE AND SEISMIC MOTIONS

’ 7.1 SURFACE MOTIONS
3

Motions of the surface above the cavity were measured by
SRI in Project 1.2 and by the U. S. Coast and Geodetic Survey
(CGS) (References 2, 48). SRI's measurements were along a
simple line extending roughly northwest to southeast. The CGS
measurements included a circle of gage stations at a horizontal
range of 165 meters (540 feet), each station containing Statham
gages measuring three components of acceleration. At greater
distances the CGS had NGC-21 seismometers in three components.
A tabulation of some of these data is given in Tables 7.1 and 7. 2.

The SRI data indicate a subsurface spall out to a range of
more than 350 feet in both directions. The CGS data are beyond
the spall and therefore are to be compared to SRI's first peaks.
This comparison, made in Figure 7.1, gives some confidence the
gages are indeed measuring the same thing.

The interesting hint from the CGS ring of stations is of
strong directional effects. In Figure 7.2 are plotted maximum

resultant accelerations in various directions from the shot cavity.
Tue fat swiace of the caviy, polaic uizilovest (318 degreec) il
this is the direction of the greatest signal. Individual components
of signal are not as regular as the resultant, and indeed individual
maxima usually occur at entirely different times. The maximum
vector resulignt in every instance but one (Station 1) occurred with
the peak positive vertical signal, even though there often was a
larger negative vertical signal.
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' 7.2 SEISMIC DECOUPLING- i

The phrase ''big-hole decoupling" means that if a shot is
fired in a hole big enough that the wall signal is elastic or nearly
so, the teleseismic (low-frequency) signal will be reduced (Ref-
erence 49). The idea was tested and proved in Cowboy and in the
Salmon and Sterling shots.

The Tiny Tot config::xration, although it was big enough, did
not meet the usual criteria for decoupling because the cavity was
hemispheroidal and the device was not in the center of the cavity.
Nevertheless it was of interest to determine the influence of the
cavity on the seismic signals at a distance (Reference 51).

Two of the stations in the Sandia seismic network around
NTS had also been operated on the Hard Hat shot, fired in the same
granite and very close to Tiny Tot. These were at Tonopah,
Nevada (149 km, N47° 29'W) and at Darwin, Nevada (173 km, S52°
32'W). Each station is equipped with three-component, short-

period (1 second) Benioff seismometers.

In Hard Hat seismic motions o— were re-
corded at Darwin and—at Tonopah. On Tiny Tot

the two stations operated properly but no signals were discernible
above the noise. The me asured noise level was taken as the upper
limit of a possible Tiny Tot signal and compared to a linearly
scaled Hard Hat signal. On this basis it appears that Tiny Tot
wae deconpled by at les=t = froeor :- A different scaling o

Hard Hat signal might raise that figure.
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TABLE 7.1 PROJECT 1.2 SURFACE MOTION DATA ‘

Horizontal Arrival First Maximum
Gage Range Azimuth Time Peak  Peak
feet degree

msec g €

9003 AV 345 294

AH 1
9002 AH 173 20t ,
9000 AV 8 -
9102 AV 171 114
9103 AV 350 114

AH
9104 AV 704 114

* Waveform of a spall signal.
AV -acceleration vertical
AH - acceleration horizontal

TABLE 71‘ USCGS SURFACE MOTION DATA ’

Peak Acceleration
Station Range Azimuth Vertical Radial Tangential Resultant

meter degree g g 8 [4
1 165 42
2 165 80
3 185 135
4 165 180
$ 185 224
] 185 270
7 165 313
8 165 0
8 405 312
11 1034 312
-

Notes: Up, away clockwise are positive
Peaks do not necessarily occur at same
times

' y2/ =12 %
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A Tiny To! was -uclur burst on the flat surface of a large underground cavity in
granite. It was fired to produce data for empirical extrapolation and to normalize theoretical
(computational) prediction of ground shock from surface bursts on hard rock, as well as for

hard-rock crater data.
Ground-motion experiments

. the 1-kilo-
cOhsiderably small-

r level. The true crater formed
ec. Air-pressure

er than it would have been §
measurements included one si, the highest yet by nonphotographic methods; they also
seem to show pronounced of the airblast from the so-called flat surface. The
stemming and containment plan was satisfactory, with only a slight lesk of radioactive xenon and]

iodipe.
The sssociated calculations were verified to better than a factor of two 8o far as peaks

concerned, as good as could be expectsd. Waveforms were short in duration relstive w the

datagraising questions about the relaxation adiabats implied by the equation of state used.
Extrapolation of the data beyond the low kilotions is not valid; extrapolation of calcula-
methods probably is valid provided allowances are made for effects not observed at Tiny

Tot's low yield.
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