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PROJECT DIAMOND ORE, PHASE IIA:
CLOSE-IN MEASUREMENTS PROGRAM

Abstract

Project Diamond QOre was designed
to determine the effects of stemming,
depth of burial, and geology on nuclear
and high explosive cratering phenomena,
Phase IIA included three multiton chem~
ical explosive cratering events, The
close-in instrumentation for these events

provided data to further code develop-
ment work and to determine detonation
histories, The instrumentation plan
and emplacement procedures are de-
scribed, and the recorded waveforms are
reported, summarized, and interpreted

in detail.

Introduction

The overall objective of Project Dia-
mond Ore was to deter::ine (1) the effects
on crafer dimensions f different types of
stemming, of differert depths of burial
(DOB), and of differsnt geologic media,
and (2) the collateral effects of a
subsurface nuclear detonation. Chemi-
cal explosive crat:ring detonations
designed to mode. niclear detonations
were used.

Project Diamond Ore was jointly
funded by the Defense Nuclear Agency
(DNA) and the Office of the Chief of Engi-
neers {OCE), U.S, Army, with program
management provided by the U, S. Army
Engineer Waterways Experiment Station
Explosive Excavation Research Labora-
tory (EERL).

In October 1971, a series of multiton
cratering experiments was conducted at
Fort Peck, Montana, as Phase IIA of
Project Diamond Ore. Three cratering

-1-

charges, each having ~D000 kg of sand-
contaminated slurry explosive, were
detonated. Two of these detonations

were at a DOB of 12.5 m with one deto-
nation unstemmed (DOIIA-1) and one
detonation stemmed (DOIIA~2), The third
detonation (DOIIA-3) had a DOBof 6 m
and was stemmed.

These experiments were conducted by
EERL with participation from the Chem-
istry Department, Lawrence Livermore
Laboratory (LLL); K Division, LLL; Sys-
tems, Science, and Sofiware, Inc.; and
the Operations Evaluation Department,
Stanford Research Institute (SRI), The
Chemistry Department, LLL, was respon-
sible for explosive testing and for deter-
mining the detonation characteristics of
the explosives considered, K Division,
LLLL; Systems, Science, and Sofiware,
Inc.; and EERL were responsible for the
calculation efforts,
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These detonations were highly instru-
mented by K Division to provide data for
the code development work being con-
ducted by LLL and Systems, Science, and
Softwares, Inc, The SOC code provides
a numerical solution to the propagation of
a stregs wave of arbitrary amplitude
through a Lagrangian grid in one space
dimension (spherical symmetry). The
code has been structured to accept mate~-
rial properties data from a preshot test-
ing p:ogram in order to predict the
stresg~induceqd effects on a rock mass
caused by an explosive source. The code
calculates stress, particle velocity and
displacement history, cavity radius,
extent of brittle failure, and the rock's
efficiency for transmitting stress.l The
detonations were also to provide a first
look at the effects of stemming in multi-
ton yields, The explosive equation~of-

state {U0) testing had not been completed
by the time the Phase IIA detonations were
conducted. The charge desigis were
therefore based on the energy test data
provided by the manufacturer, and the
explosive charges in Phase 1IA were in-
strumented to verify and improve that data.

This report preconts the results of the
LLL instrumentation program,

Other measurements and technical
programs conducted by other participants
were directed toward comparing the
effects of different stemmirg plans and
DOB's on the resulting craters and deter=
mining collateral effects, These meas-
urement programs included high-speed
photography of each detonation, airblast
meagurements, ground shock measure-
ments, and preshot and postshot aerial
mapping of the craters, Their results
are reported in Ref, 2,

Instrumentation

Close-in measurements were planned
to provide the required data for code
development and verification and to dete:-
mine the detonation history of the explo-
sive, The requirements for the cloge-in
code verification measurements were
developed by LLL and Systems, Science,
and Software, Inc. The objective was to
obtain the following data:

HE performance

Impuise coupling

Shock wave attenuaticn

Shock wave and surface interaction
Surface motion

Stemming performance

Open hole gas flow,

-2

To obtain this data, the following param=-
eters were measured:

Detonation velocity
Shock velocity

Particle velocity

Surface velocity

Peak detonation preesure
Stress history

Particl.e accelcration

Surface acceleration,

Appendix A details the instrumentation
uged,

These gtress and motion measure-
ments were taken within and adjacent to
the predicted crater during crater forma-
tion, The resuliting stress and velocity
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levels could then be compared directly
with the calculated predictions for that
detonation, Figures 1 through 3 show the
linear array of close-in instrumentation
used for each Phase liA detonation, A
close~in subsurface instrurnentation pro-
gram was not conducted on the 6-m deto~
nation because similar data would be
available from the 12,5-m stemmed
detonation,

Figure ¢ is a topographic map showing
the general site layout for the Phase IIA
experiments, The LLL Recording
Trailer Park (RTP) No, 1 was used for
the DOIIA-1 and DOIIA-2 detonations and
the RTP No. 2 was used for the ."OIIA-3
ditonation. The Control Point (CP) and
camera. station remained in the same
location for all three detonations, Cables
were run directly from the RTP's to each
5GZ.

Instrumentation holes were drilled at
the locations shown in Figs. 1 through 3,
Instrumentation packages were mounted
on plastic pipe and aligned in each instru-

ment hole, The instrument holes were
then grouted with an LL.L instrumentation
grout commonly used at the Nevada Test
Site. Surface motion instruments were
placed in formed holes, which were then
filled with ready-mix concrete. The
surfaces of thege grout pads were color-
coded for postshot identification. All
rate sticks and boosters were emplaced
before the cavity was filled with explo-
sive, Cables from each rate stick were
placed againei the cavity wall to en-
sure that they were not destroyed by
the detonation before the pin closure sig-
nals were transmitted,

The access holes for the DONA~2 and
DOIIA -3 detonations were stemmed in
successive layers after each cavity had
been loaded with explosives, The 1.22 m
diam portion of the Diamond Ore IIA~-1
acceéss hole was stemmed to 0.91 m with
the same Shotcrete used to shape the
explosive cavities (see Fig, 5), See
Appendix B for additional information on
emplacement,

Data Summaries and Interpretation

The instrumentation provided informa-
tion on detonation velocity, shock velocity
surface motions, stress history, particle
velocity, and acceleration, Not only did
this data allow verification of the SOC
calculations, it provided information for
evaluating explosive performance, corre~
lating measurements, describing ground
surface motion, defining soil attenuation
characteristics, and determining HE gas
velocities. Tke data is summarized and
interpreted here; Appendix C reports the
complete data,

~3-

TIME OF SHOCK ARRIVAL
MEASUREMENTS (TOA)

In the Diamond Ore Phase IIA experi-
ments, arrival times of the shock wave
were measured principally in four re-
gions: (1) within the aluminized ammo-
nium nitrate slurry explosive, (2) along
the shot horizon, (3} along the ground
surface, and (4) within and adjacent to
the emplacement hole of the 12,5~-m
unstemmed shot, Although most of the
TOA data was a by-product of other types
of instrumentation, rate sticks and

Sawug w0
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ure detonation velocities, This data was
then used to evaluate explosive perform~
ance, Arrival tirn=g and pin distances

slifers were emplaced specifically to
provide arrival time data.

Detonation Velocity Measurements are displayed in Fig, 6, In all three
Rate sticks (described in Appendix A) evenis, rate aticks i and 2 »-ere in the
ware placed in each HE sphere to meas- upper charge hemisphére, and 3 and 4 in

-
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the lower hemisphere, Table 1 listg the
asymptotic {late-time) ceionation veloei-
ties for each rate stick,

For the DOIIA-1 shotl (125 m, un-~
stemmed), the observed detonetion veloc-
ities closely match the preshot estimate
of 5.3 m/ms, In Fig, 6, the slopes of the
lines and not their relative placement
should be considered. For example, the
apparent displacement of the rate stigk 1
data relative to the other three can then
be interpreted either as a true asymmetry
in the detonation or as a vonsequence of
an erroneous signal identification, Posi-
tive identification of the sighalsg is not
always possible, because the signals
fromn the piezoeleciric pins are indistin-
guishable and hecause all ping did not

report within the time frame of the oscil-

logcope trace,

The recorded velocities for the
DOIIA-2 shot {12,5 m, Stemmed) are
clearly less than half those for the
DOItA~1 shat, The early signals from
rate stick 1 suggest either a detonation
wave front in the HE or e2n overdriven
shock wave from the boosler, The late-
time velocities are comparable to the
estimated sonic velocity of the explosive,
implying that the detonation wave, if
occurring at all, was considerably
retarded,

In the DOIIA-3 shot (6 m, stemmed),
rate sticks I and 4 failed prior to detona-
tion, The failure has been attributed to
the corrosive action of the slurry upon
either cable connections or the diode cir-
cuit boards. The remaining rate sticks
indicated considerable variations in the
detonation characteristics between th-
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Table 1, Summary of shock and detonation velcity measurements,®

(o B R g

DOTIA-1 BOBA -2 DONA~3
12,8 m, unste-mmed 12.5 m, awmmed Em, slemmed
eloctity Velocily elocily
Source (m/ma)  Remarka Source (m/ma}l  Remarka Source {m/ms)  Remarks
Adnymp\ouc ]s1 4,72 Ton RS1 1,78 Top RN1 - Tap
tonation N p )
velocity RSz 5,10 Top RS2 15 Top R&2 3,81 Tap
in HE RS3 5,18 Bottom RS3 ar Bottom RS3 5.20 Bouom
RS4 5.13 Bottom RS4 2,1% Bottom RS4 - Bottam
Shot level in 4,B,C 2,00 £ 0.04 A,B,C 2,00t 0.05
Bearpaw ghale  geiamic 1§ Prestot  Selamic 1,8 Preshot  Seismic L1 Preahor
HS 1.8 Long HS 1.6 Long RS 1.7 Long
range range range
Surface s 0,TT £ 0,05 S 1,07 £ 0,8 s 0.64 £ 0,07
Seismic 0.82 Preshot Seismic 0.3t Preshat  Selsmic 0.61 Preshat
avernge average average
Emplacement SL ~34 Air SL 1.7 Grout SL 1.8 Grout
hole 1 a4t0.1 - -
Air ghock HS 0,717 Near - HS 0,38 Neas
5GZ SGZ
s 2.33 Long - HS 0.34 Lang
range range

“RS = rate stick; A,B,C = instrument hote gages: HS = high-seecd photography; S = surface gages, SL = slifer;

1 = emplacement hole gages.

upper and the lower hemisphere, with the
latter detonating properly,

The rate stick data thus gives direct
evidence of anomalous detonations in the
two stemmed events, The results of the
peak pressure measurements in the
12,5~-m shots suppert this conclusion,

A number of possible causes for ine
erratic behavior of the explosive have
been considered:

e Posgible failures related to stem-
ming. Stemming procedures were exam-
ined because the two stemmed detonations
produced erratic results and the un-
atemmed detonation appeared to behave
properly.

The method of backfilling the 0.91 m
diam emptacement hales was to pour a
density matching cement grout down the
emplacement hole, using a canvas pipe,
A piece of plywood was placed on top of
the explosive to prevent the falling grout
from penetrating. One possible mode of

wallure is penetration of the stemming
material into the explosive at various
points, creating discontinuities that could
produce erratic initiation in the explosive.
Another possible sternming-related
failure is induced densification of the
explosive, Since slurry explosivea will
not initiate unless specific porosity levels
are majintained, the combined weight of
the exploeive and the stemming material
could cause appreciable density changes
in the HE, resulting in erratic behavior,
o Possible failures related to explo-
sive performance, It is possible that the
detonator-boostar may have failed to gen-
erate the necessary initiation pressures.
Another and more likely cause of erratic
HE: performance is failure of the explo~
sive to initiate reliably. The HE as
designed may have been on the ragged
edge of failure, If sp, the sand contam-~
ination, a variation in chemical composi-
tion, a variation in particle size, a

=10«




hye

¥y

[y

Table 2, Recorded arrival times,
DONA -1 DOMA-2 DOIA-3
12,5 m, unstemmed 12,5 m 6w, Stemmed
Tis-
Gage tane TOA a  TOA 1ance a ToA
localion  Station  (m) Gage?  tm/<)  Station Cage tm s} Statien  {m) Gage (m/a)
Shot level  A4D 4.51  AC-R A40 4.08 1.81 - -~ - -
1.44
A20 7.5¢ A20 7.31 3.58 - - - -
B40 1515 B0 14.72 7.0 - - - -
7.7
6.9
. 7.1
C40 30,39 - 40 29,56 14.6 - - - -
4.5 -
Surface S05 12,59 &34 505 12,62 505 6.22 3.20
825 14,60 125 525 520 9,69 5.6
S50 18,75 8 850 18.41 540 14.87 -
18,1 -
Suo 27,34 27,1 s#e 26,07 $65  20.66 AC-V 25.0
28,0 AC-HR  25,%
Emplace- 140 P 0.24 14D - P - 140 - P -
ment hole 118 ST-R 1,01
2 ST-R 2,15
107 ST-R 2.86
103 ST-R 3.28
Hole Die 6.65  ST-V 2.95
ST-HR 2,95
Db3 11,36 ST~V -
ST-HR 6.4

®AC = aceclecometer; HR : horizontal radial; VE = velocity gage: ST = stress gage; STR = straln gage:

P = pressure; V = vertical; R = radial; T = tangential,

variation in porosity, or any other inho-
mogeneity could produce very erratic
performance,

Since the Diamond Ore experiments, a
large number of laboratory experiments
have been designed to establish the cause
or causes of failure; their results will be

presented in a future report.

Shot Horizon TOA Measurements
This data was used to correlate meas-
urements and to verify the constitutive re-

lations for the SOC code one-dimensional
calcul.al:icans.1 Arrival times were re-
corded with the stress, velocity, and
acceleration gages emplaced in instru-
ment holes A, B, and C for the stemmed
and unstemmed 12,5-m events, The data
is given in Table 2 and plotted in Fig. 7.
No shot level measurements were made
on the stemmed 6-m event,

-1l1-

The observed shock velocities of
2.00 m/ms (see Teble 1) agree closely
with those observed in the Pre~-Gondola [
ex‘peviments3 but are considerably higher
than these suggested by the preshot seis-
mic refraction surveys (see Fig, 8). The
Bearpaw clay shale :-onstitutive relations
as developed from the Pre-Gondola dat::\4
give a calculated shock velocity of
1,96 m/ms, in good agreement with the
measured result,

Surface TOA Measurements
This dala was used to correlate meas=~
urements, to describe the motion of the

ground surface above the detonation, and
to relate the SOC calculations to the
observed surface motion. The observed
surface rtation arrival times for the
three everts are also recorded in Table 2
and plottec in Fig, 7.

)

¥
i
H
i
i

e b,

RN




T T T
DOIIA-1 and 2
(shot dapth)
a0l DOlIA-2 ,DOIIA- a
(surfacy (surface)
1,07 £ 0.09 o
DOIlA-3
2,00 = 0.04 (surface)
(Calculated 1.96)
E 0.64 £ 0,07
| 20— —
5 DOLIA-]
g (emplacement hole) 0.77 % 0.05
‘5' 3.4x2 0,12
s !
/ »
/ 2
4 t
1[0 S £ %
J 1ol 7]
! v 25 ¢
! E28 3
s e o @ O 12.5m, unstemmed
& O 12.5m, stemmed
* 6 m, stemmed
0 ) | |
0 10 20 30 40

Arrival time — ms

Fig. 1.

The noncoincidence of the surface
arrival times curves for the different
shots indicates substantial variation in
the constitutive properties of the upper
geologic layers, This is also supported
by the preshot boring loge and eseismic
refraction surveys, Some refraction is
clearly evident because the curves do not
pass throug. the origin. In spite of this
refraction, the slope of the lines corre-
lates well with the media-weighted geis-
mic velocities estimated from the preshot
selsmic survey {(see Table 1},

Time-of-arrival data,

The surface TOA data is particularly
valugble because it provides, via the
Buckingham-Pi theorem,5 an effective
means of relating the observed surface
velocities, stresses, and accelerations
to the same quantities calculated at shot
depth using the SOC code.

Ewmplacement Hole TOA
Measurements
This data was used to determine the

air shock velocity in the open hole and to
describe the shock wave asymmetry

12
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around the open hole, TOA data for the
open emplacement hole of the 12,5-m
unstemmed shot was obtained from four
atress gages and one slifer located within
the open hole. Thisdata was supplemented
by two pairs of stress gages located in an

adjacent borehole (Hole D). Slifer systems

were also placed in the grout stemming
material of both stemmed events,

The shock velocities determined from
the slifers in the open and grouted em~
placement holes are recorded in Table 1,
For the open emplacement hole of
DOTIA~1, the slifer velocity (3.4 m/ms)
is in complete agreement with that ob-~
tained from the stress gages, In the free
atmosphere near SGZ, high-speed pho-
tography indicated that the air shock
velocity had diminished from 3.4 m/ms
to 0,77 m/ms,

Slifer velocities in the grouted em=-
placement holes were higher than the
shock velocities in the undisturbed
medium, This is supported by the high-
speed photography data, which showed
spallation occurring at the grout surface
1 to 2 ms before the surrounding Bear-
paw shale surface., The failure to match
grout and medium properties completely
may have contributed to the stemming
failures that occurred at 130 ms for
DOIIA-2 and at 29 ms for DOIIA-3,
These failures were, however, suffi-
ciently late to have had negligible effect
on the overall cratering process, The
TOA data for the stress gages in Hole D
(located parallel to but 1,43 m from the
emplacement hole) does not offer a clear
indication of whether the shock first
reached these gages via the emplacement
hole or through the soil, Consequentiy,
we cannot use the TOA data to make any

o "
- b

conclusions regarding shock wave asym-
metries,

PRESSURE, STRESS, ANL
STRAIN MEASUREMENTS

We tried to measure the Chapman-
Jouguet pressure of the explosive on all
three events, using plastic gages, Stress
history measurements were made on the
12,5-m unstemmed and 12,5-m stemmed
experiments only. On these events,
stress transducers were situated at shot
level in Holes A and B and at half shot
depth in Hole A, For the unstemmed
event, fcur transducers were placed in
the open emplacement hole and four more
in Hole D, We attempted a strain meas-
urement in Hole C, but the strain gage
failed for some reason not yet determined.

Chapman-Jouguet Pressure

In all three events, plastic gages
(described in Appendix A) were emplaced
within the explosive and ~0.15 m from the
top of the explosive surface (Stations 140
and 120). Of the three gages, only the
gage in the DOIIA-1 detonation produced
a satisfactory signal, Unfortunately, an
error occurred in the preshot amplitude
calibration for this channel and the ampli-
tude may be in error, However, an
experimental recording system wags also
being tested on this experiment. Data
from this systern was used to generate
indirectly a postshot calibration, The
peak pressure using this calibration is
~B GPa (+20%).

This result supports the TOA data,
The 8 GPa recorded for the unstemmed
12,5-m shot indicates that the HE per-
formed as expected. For proper opera-
tion the stress puise must rise above

“l4-



5 GPa in less than 50 ns, Previous
experience with the gage used has been
very good; therefore, the absence of data
from gages e knew to be working sug-
gests either a low=-amplitude pressure
pulse or a very long rise time. Either of
these indicates poor or erratic HE per-
formance,

Shot-Level Stress History
Measurements

Subsurface stress measurements were
designed to verify the SOC code calcula=~
tions and predictions of impulse transfer
between the explosive and the surrounding
soil and to define the attenuation charac=~
teristics of the soil,

Although signals were received from
the surface~mounted voltage-controlled
oscillators (VCO) for several hundred
milliseconds, most subsurface stress
gages failed to give correct stress his-
tories for time intervals greater than a
few milliseconds, In most cases, the
recorded signal rose to a first peak and
then flattened out or continued to rise
discontinuously cver several hundred
milliseconds. As the shock front should
be of only a very few milliseconds dura-
tion, this behavior is clearly impossible,
The most likely cause of failure is a
break in the signal circuit between the
crystal and the surface-mounted shunt
capacitor, A broken circuit would allow
a constant capr.citor voltage and therefore
a constant signal. Abrupt decreases in
the signal are caused by momentary
grounding of this open circuit electronics
system, Abrupt increases in the signal
that occur after passage of the shock
front can only be caused by a sudden
change in the capacitive load of the elec-
tronies circuit,

In a few records, the first peakis fol-
lowed by a slight decrease before flatten-
ing, suggesting that gage failure accurred
upon release from peak load conditions,
Since cable failure would be expected only
after significant displacement of the gage,
it seems likely that the cables would sur-
vive the initia! shock loading, If we
assume, then, that most of the gages or
cables failed at or shortly after the peak,
we can take the first peak as the peak
amplitude of the ¢.hock wave at that loca-
tion. Interprete(; in this fashion, the peak
stresses behave in a consistent manner
(see Appendix C for individual signals).
These values are tabulated in Table 3 and
displayed graphically in Fig. 9.

In the cage «f the stress gages at sta-
tions A40 and I18 on the unstemmed event,
a different type of failure occurred. Here
the signal was driven rapidly downward
during the onset of str=ss by a short-
circuit that momentarily discharged the
shunt capacitor. The peak values re-
ported lor these gages have been esti-
mated by extrapolating the slopes prior
to and following the short circuit,

The most proniinent ieature of Fig. 9
is the difference (by a factor of ~2)
between the shot level stresses for the
stemmed and unstemme¢ shots, Con-
trary to what might be expected, the
stresses for the unstemmed shot are
higher, We must assume that the known
anomaly in the detonation of explosive for
the stemmed shot is the source of the
stress degradation seen in Fig, 9.

In an effort to determine the nature of
the anomalous detonations, a suite of SOC
calculations was performed using various
Jones-Wilkins-Lee (JWL) explosive
parameters.s The observed ground mo-
tion between the two shots did not differ
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Table 3, Peak Btress measurements,

DOILA-1 DONA-2
12,5 m, unstemmed 12,5 m, stemmed
Distance Compo- 5Siress Distance Compo- Stress

Location Station (m) nentd (GPa) Station (m) nent?® (GPa)
Shot level A40 4,51 R >0,78 Aq0 4,05 R 0,34
A20 7.58 R 0.50 ? A20 7.31 R 0.15
B40 15,15 R 0,21 B40 14,72 R 0,10
T 0.21 T 0,14
C40 30.39 R -
Emplace- 40 ~1,1 P ~8,0 140 P -
ment
hole Iis 7.01 R 0.45 ?
: 112 8,84 R 0,33
107 10,36 R 0,10
103 11,58 R 0.06 ?
Hole D D18 6,86 v 0,12
HR G.13
DD3 11.36 v -

HR »028

3R = radial; T = tanguntial; P = pressure; V = verticsl; HL - horizontal-radial,

appreciably in spite of the disparity in the level gage results is qulte good, and
these calculations are taken to be the best

peak stress, This fact alone restricts
the number of plausible explanations to
those that would allow the shock energy
to be spread over a broader front ln the
case of the stemmed event., The JWL
formulation allows this time spread in
energy by postulating a two-phase detona-
tion wave, In the second phase, energy is
released gradually over a finite time
interval called the ramp time.

Peak radial stresses were calculated
for two explogive sources, One has a
ramp time of 50 us (labeled A in Fig, 9)
and the other has a ramp time of 2000 us
(labeled B in Fig. 9). The JWL parame-
ters deacribing the explosive appear in
Table 4, The agreement with the shot

theoretical estimates for the unstemmed
and stemmed 12,5-m events, Since deto-
nation anomalies were known to exist for
the B-m stemmed event and since there
were no stress measurements to disprove
this contention, estimates using calcula~
tion B will be assumed valid for the 6-m

event,

Unstemmed EmFlacement
and datellite Hoie Stress

Megsurements

Four single crystal transducer sys-
tems were placed in the open emplace-
ment hole of the unstemmed shot to
measure the stress profile in the open

-16~
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Table 4, JWL parameiers, From Ref, 7,

P{V,E, 1} =[1 - F()] P (V,E) + F{t} P2(V. E)

( o\ -BjppV o “RaipV 9E
P,(V, E) -Ail-n——v)e *Bi{1 - gy ) oy

Pressure
1i Po
t/T O0stc7
Ramp time F(t) =
1 t>7

JWL coefficients

Chapman-Jouguet siate

Initial A, = 0.310073 TPa pg = 1.5 Mg/m?
reaction B, = 0.252 GPa D =53 km/s
®, = 0.25 Pcy = 9.5 GPa
Ry =4.6 ney = 0.2941
Ry, = 1.4 E, = 2.6 GPa
Final Ay =0.57721 TPa Eg = 11 GPa
reaction B, = 0.85562 TPa
®gy = 0.45
Ry, = 5.0
Ry, = 1.4

hole. Addiuonal stress transducers were
placed in Hole Dto determine stress fSym-
metries around the open emplacement hole.
Data from the open hole stress trans-
ducers is shown in Flg. C-8 in Appendix C.
Hole D data is shown in Appendix C
(Figs, C-6 and C-7) and is summarized in
Table 3 and Fig. 9. Although the signals
were received for several milliseconds,
the stress gages appear to have failed
because of an open circuit between the
gage and surface-mounted shunt capacitor,
Because the gage at Station 118 shorted
momentarily during rise, the reported
peak value has been estimated by slope
extrapolation, The peak values reported
assume that failure occurred subsequent
to maximum stress,

Both the hor izontal and vertical stress
gages at Statjion D18 in Hole D reported a
relatively sharp spike at 3 ms (see
Fig. C-6 in Appendix C). The narrow
width of the spike suggests the signal
8source to be relatively small (e.g., the
expanded gases in the emplacement hole),
The lower values for peak stress meas=-
ured in this hole plue the presence of the
narrow spikes combine to show a signifi-
cant amount of asymmnretry around the
emplacement hole,

ACCELEROMETER DATA

Accelsrometers were placed at shot
level on the two 12,5 m shots and at three
surface locations on all three shots, The

-18-
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subsurface gages were emplaced primar-
ily as backup instrumentation for the
stress history measurements, while the
surface measurements were designed to
verify code-predicted values of surface
motion,

The accuracies of the peak accelera~
tion determinations are limited to about
+25%, Accuracy is limited for the high
frequency components by the filtering
used in the playback system and for the
low frequ2ncy components by the signal-
to-noise ratlo, Neither o1 these problems
should affect the accuracy of the peak
velocity determinations, The baseline
shifts, however, are very critical, so
much so that accuracles are very difficult
to assign to the integrated velocities,

Shot-Leve! Accelerations

Because of the similarity hetween the
stress measurement and accelerometer
systems, we would anticipate 2 similar
primary failure mode, that is, a break in
the circuit between the gage and the
surface-mounted shunt capacitor, The
k2y indicator of this type of failure is a
signal that becomes instantaneously con-
stant and remains so for a relatively long
period of time, Of the five shot-level
accelerometers on the 12,5-1n events,
three failed in thie manner, one failed
preshot, and the last failed from causes
presently unknown,

Surface Accelerations

All componeirts of the surface acceler-~
ometer stations (accelerometer, shunt
capacitor, and VCQO) were mounted within
the same instr t pad. Consequently,
connecting cubles were short and not sub-
ject to differential motion. This gave
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better survival conditions, and in no case
did the surface gages fail in the same
mode as the shot-level gages, In fact, no
surface accelerometer failed completely,
although several exhibited poor signal-to-
noise ratio or baseline shifts due to per-
manent distortion of the crystal mounting
or both,

The peak vertical and horizontal accel-
erations recorded at the surface stations
are listed in Table 5, and plotted in
Fig. 10, Figure 10 also shows three
curves derived from SOC calculations for
the peak vertical acceleration. Calcula-
tions A (12,5 m, unstemmed) and B
(12.5 m, stemmed) are the same calcula~
tions discussed in conuection with peak
stress, Curve C is the same as B except
for adjustments to correct for the 6~-m
DOB and arrival times, Beccuse ithe 50C
calculations included no ground surface
interface and because they assumed homo-
geneous material, several corrections
must be applied before making a compari-
son between calculational and experimen-
tal results, Vertical surface accelera-
tions were derived from SOC calculations
using

2
a (r) = g(?-,-_) a,(r). (1)
c

The subscript ¢ denotes calculated guan-
titles; r is slant range, The vertical
component of the calculated radial accel-
eration is obtained by multiplication by
the ratio d/r (depth of burst to slant
range). The factor of 2 arises because
of the presence of the free surface. The
ratio of observed to calculated shock
arrival times (/7 ) follows from the
Buckingham=-Pi theorem and represents 8
very significant correction at the larger
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Table 5. Recorded peak accelerations,

v DOIIA -] NHOA-2 DOIIA-3
: 12.5 m, unstemmed 12.5 m, stemmed 6 m, stemmed

is- Accel- Tie- Accel- Dis- ZEccel-

tunce eral‘g“ a tance eratign tance el‘nllgn
Location Station® {m) (m/e2) Station im) (r./a=) Station {m) {m/8%)
! Surface s05 12,59 40 000 s0s 12,62 30 000 S05 6,22 120 000
: vertical - - - - - - S20  9.69 4 500
: 580 27.34 620 s80 26,07 1 080 S65 20,66 740
Surface 550 18,75 390 S50 18.41 980 - - -
horfzontal 544 21,34 235 580 26,97 210 S65  20.66 290
Shot level A40R  4.51 ~200 000 AfOR  4.05 ~270 (0
- - - B4OT  14.72 -
C40T  30.39 - Ca0T  29.96 -

By = radial; T = tangential,

distances, The arrival times were taken
from Fig. 7, The arrival time adjust-
ment iS an approximation, and it is used
to correct for the effects of material
layering on peak surface measureme~ats,
a factor not incorporated in the one-
dimensional SOC calculations.

The mccelerations calculated by SOC
and adjusted as described are typically a
factor of 2 greater than observed. One
posrible explanation lies in the rapid
acceleration rise times and in the fact
that the accelerometers were emplaced
~0.5 m below the top surface of the con-
crete instrumeni pad, Under these con-
ditions, the recorded acceleration could
peak before the arrival of the rarefaction
from the pad surface. The factor of 2 in
Eq. 1 would not then be justified because
the observed peaks would actually repre~
sent free-field values. The records o
the S05 accelerometers on the two 12,5-m
events (Figa, C-11 and C-23) both display
a double peak structure that tends to
support this hypothesis,

~20-

PARTICLE VELOCITY DATA

Surface and subsurface particle veloc-
ity infermation was obtained from three
types of observation: integrated acceler-
ometer records, velocity gage recurds,
and high-speed photography correlateda
with postahot target surveys,

Integrated Accelerometer
ecordi

Of the shot-level accelerometers on
the two 12,5~ evenis, only those at the
A40 ctations functioned long enough for
their data to merit integration; even then,

only minimum values for the peak veloc-
ities were obtainable,

Integration of the surface accelerom-~
eter records was hindered by baseline
shifts and poor signal-to-noise ratios,
which prevented obgervation of a definite
gas-acceleration phase, The surface
velocity measurements are consequently
limited to the early-time spallation phase,
Integration of records exhibiting pro-
nounced baseline shifts was stopped after

oy
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the signals had leveled off at constant
values, The peak horizontal and vertical
surface velocities obtained from the
integrations appear in Table 6,

Velocity Gage Measurements

Particle velocity transducers were
used at shot level on the 12,5-m events
and at surface stations on al} events,
The overall performance of the velncity
transducer systems was very poor, Of
eleven systems, only three produced any
usable data. Four failed prior to detona-
tion, possibly because of water leakage,
Two failed immediately upon shock inci-
dence because of damage to the subcar-
rier or main carrier oscillator systems,
Two continued to function but produced
only spurious signals {see Appendix A),

Of the three usable signals, two sur-~
viver? only long enough to provide peak
inforn ition before failure of the subcar~

rier o: cillator, These were at stations

550 on DOIIA-1 and B40 on DCIIA-2,

The remaining gage (525 on DOIIA-1)
survived for over 100 ms and provided a
good signal, The peak particle velocities
determined for these gages also appear in
Table 6,

High-Speed Photography

The photography program fielded by
EERL2 included two high-speed cameras
with framing rates of 1 to 2 ms per frame

and a documentary type movie camera
(~20 ms per frame), An additional high-
speed camera was provided by the Dow
Chemical Company for the DOIIA-1 event
only. The surface motion targets were
the concrete surface instrument and VCO
pads, which had been color-coded for
photographic and postshot identification,
Time calibration was provided by 9.66 ms
timing markers on one of the cameras,
Distance calibration was based on three
foreground referencs targets placed at

Table 6, Recorded peak vertical and horizontal particle velocities.
DOIIA-1 DOllA-2 DOIlA-3
12.5 m, unstemmed 12.5 m, stemmed § m, stemmed
~ Dis- ~ Dis- Dis-
tance Velocit; tancc Velocity tanc. Velceity
Location Station  (m) Gage (mis) Station  (m) Gage (in/s) Station  {m) wvmgs  (mfs)
Surface S00 12,5 Hs® 60 500 12,5 Hs? 49 500 6. HS? 180
vertical S05 12,59 AC 50 505 12,62 AC 58 805 6,22 AC >30
A 12, HS ~60b - H8 160
525 14.6 VE 40 525 15, VE -~ 520 8,5 HS QIb
HS ng HS a7 2,69 AC 60
S50 18.75 VE >14 550 18,41 VE . 540 14,97 VE -
HS 13 HS 18 HS 21
B 20, HS 11 B 20. HS 15 .
580 27.34 AC 6,4 S80 26.97 AC 7.0 865 20,66 AC 7.0
Surface A 13. HS ~12 - —
horizantal 525 14,6 HS 17 525 15 HS 15 520 4,5 HS 30
550 18,75 AC 5.6 550 18,41 AC 5, 540 14,97 VE -
HS 11 HS i1 HS 20
B 20 HS 8 B 20 Hs 8 -
580 27.34 AC 3.9 580 26.97 AC 2.1 S65 20,65 AC 4.0
Shot level AdD 4.51 AC-R ~ A40 4,05 AC-R -
B40 15.15 VE-R - B40 14,32 VE-R -
VE-T - AC-T -
C40 380,39 VE-R} - C40 29.96 VE -
AC-T - AC-T -

BHS = data from high-speed photography; AC = accelerometer; VE = velocity gage: R = radial;

I:'Values estimated because of partial gage failure,

-22.
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22,8 m intervals along a line displaced
61 m from SGZ toward the camera
station,

The target spall velocities were found
by two methods. The first involved fit=-
ting the observed vertical displacement
to the ballistic equation to determine the
initial velocity, The second involved the
use of finite differences to deduce the
early-time limit of the velocity., The
results of these two techniques were
found to be generally in agreement.

Table 6 gives the results, Errors are
estimated to be ~10%,

The horizontal components were found
from the known postshot target displace=-
ment and the initial vertical velocity com-
ponent by assuming the validity of the
ballistic equation, Effects of air friction
were ignored. The resulting peak horizon-
tal target velocities are also in Table 6,

In addition to surface velocities, the
photography program provided the neces-
sary data to determine velocities and vent
times of the high explosive gases, The
unstemmed DOIIA-1 detonation vented
within the first millisecond, The venting
and the flash from the zero time flashbulb
appeared in the same frame, This vent-
ing appears to have been interrupted by a
possible closure of the access hole at
~90 ms, The stemming appears to have
failed in the DOIIA~2 detonation at
~130 ms and at ~29 ms in the DOIIA-3
detonation. Failures at these late times
are not thought to have had any significant
effect on overall crater sizes. The hot
spots or burning orange massesg that
appeared in the detonation cloud were
observed on the photography, They are
believed to have been masses of burning
explosive., They appeared in the time

AU A R 2 3 AR Th e Al e 3 BT e T AR

frames as follows: DOIIA-1, 1.9 to 3.6 s:
DOIIA-2, 4.0 to 8,5 s, and DOIIA-3, 0.4
to 7.9 5. Discussions with Dow Chemical
Company representatives on the site indi~
cated that these iridescent objects are
common in the detonation of large quanti-
ties of this type of explosive,

The ocbserved gas vent velocities were:

DOIA-1 1500 m/s
DOIIA -2 180 m/s
DOIIA-3 450 m/s.

The very high vent velocity in the DOIIA~1
detonation results from the unstemmed
emplacement hole, The difference in the
vent velocities for the two stemmed cases
is attributed to the earlier venting (29 ma)
of the DOIIA~3 detonation, when the cav-
ity pressure was higher. This earlier
vent, in turn, resulted from the shallower
DOB,

The peak vertical surface velocities of
Table 6 have been plotted as a function of
slant range in Fig, 11, As was indicated
earlier, there is very little difference
hetween the surface velocitiea of the two
12,5-m events, Three theoretical curves
have also been included in the figure,
These were obtained from SOC cslcula-
tions and by using

_ad (T
v, (r) = 2 (T)v" x), (2)

in which the notation is similar to that
used in determining surface accelerations.
Here, V, is the peak radisl particle veloc-
ity calculated by SOC, In the case of the
12,5-m events, the agreement is remark-
able, The theoretical results for the 6-m
event are ~30% low, This difference can
be explained by the large uncertainty in
the arrival times at the surface stations,

particularly S65.
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The peak horizontal surface velocity The theoretical curves appear to be §
components have been plotied in Fig, 12. bounded near SGZ by the photographic
The three theoretical curves have been data, which is 50 to 100% high, At !
determined from greater ranges, the curves are bounded .

FEPR T

271/2 by the gage velocities, which are 50 to
V() = [1 - (%) ] (YL)VC(P). @) 100% low, No satisfactory explanation of
¢ this phenomenon has yet been found,
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Fig. 12, Peak horizontal surface velocity.

~-25-

B




e YRGS T

o O e Y T 1Y )

Acknowledgments

We gratefully acknowledge valuable
technical agsistance in the following
areas:

Planning, designing, snd assembling
the experimentai hardware: S, Warner,
N, W, Stewart,

Fielding and emplacing the experimen=-
tal hardware: N. W, Stewart, C. P,
Palmer, D, L, Woosater, R, M. Boat,

J. M. O'Conner, R, L, Fraser, W, Wauk,

Data reccrding: O, H. Krause,

R, Ryan, A, Gusman.

Data analysis: M. D, Denny,

M, Finger, O. H, Krause, E, L, Lee,

References

J. T. Cherry and F. L. Petersen, "Numerical Simulation of Stress Wave Propaga-
tion from Underground Nuclear Explosions,” in Proc. ANS Symposium on Engineer-
ing with Nucl, Explo,, Las Vegas, 1970 (American Nuclear Society, Hinsdale,

Ill,, 1970) CONF-701101, Vol, 1,

J. W. O'Connor, T. J. Deonlan, and D, E. Burton, Explosive Selection and Fallout
Simulation Experiments: Nuclear Cratering Device Simulation (Project Diamond
Ore), U.S. Army Engineer Waterways Experiment Station Explosive Excavation
Research Laboratory, Livermore, Calif., Rept, TR E-73-102 (1973),

J. D. Day, D, W. Murrill, and W, C. Sherman, Close-in Ground Motion, Earth
Stress, and Pore Pressure Measurements, U.S, Army Engineer Nuclear Crater-
ing Group, Livermore, Calif,, Rept. PNE-1104 (1968),

B. K. Crowley, D. E. Burton, and J. B, Bryan, Bearpaw Shale: Material Proper~-
ties Derived from Experiment and One-Dimensional Studies, Lawrence Livermore
Laboratory, Rept. UCID-15915 (1971),

W. E. Baker, P. S, Westine, and F, T, Dodge, Similarity Methods in Engineering
Dynamics (Haden Book Company, Rochelle Park, N.J., 1973}

E. L. Lee, H, C. Hornig, and J. W. Kury, Adizbatic Expansion of High Explosive
Detonation Products, Lawrence Livermore Laboratory, Rept, UCRL-50422 (1968),

e on S oo
E. L. Lee, Lawrence Livermore Laboratory, private communication (1973),

-26-




2

Appendix A
Instrumentation

TIME OF ARRIVAL
MEASUREMENTS

Much of the time of shock arrival data
needed for shock velocity determinations
can be obtained as a bonus from the vari~
ous transducers used primarily for other
measurements., The data available, how-
ever, may not be from interesting loca~
tions or there may not be enough locations
to give the coverage desired, Accord-
ingly, we added rate 3ticks and slifers in
some locations to provide specific TOA
data,

Rate Sticks

Rate sticks were used to monitor deto-
nation velocities in several different
quadrants of the spherical explosive,
This data was analyzed later to determine
the detonation characteristics of the explo~
sive in shot configuration,

A rate stick (shown in Fig. A-1) is
10 piezoelectric crystal pins in a linear
array, KLach pin is placed at a fixed and
precise location relative to an arbitrary
point. When hit by the detonation wave
front, these pins depolarize and give very
large electromagnetic signals, If these
signals are recorded as a function of
time, this data can be analyzed in con-
junction with the pin locations to give
detonation wave times of arrival and
therefore detonation velocities, Nor=-
mally, the pins have brass outer conduc~
tors, However, chemical compatibility
tests shcwed that brass corroded quickly
with the HE compositions being used,
Consequently, aluminum was substituted
for the outer conductor pins.

-27-

Three short rate sticks and one long
stick were placed in the charge cavity »f
each shot, Figure A-2 shows their place~
ment and relative positions.

Slifers
Slifer systems were placed in the open
hole of the 12,5-m unstemmed shot and in

Self-shorting pins

Protective
mountings

_—

Self=shorting pin cables
to diode boord

N\

[— Diode board and cable connections

Signal
cable

\\

Cable
connection

Fig. A-1. Typical rate stick construe-
tion for Phese IIA detonations,

:
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Fig, A-2,

e stemming of the other two shots,
"Slifer" is an acronym for "Shor.ed Loca-
tion Indication by Frequency of Electrical
Resonance," The slifer system is a 8im-
ple system conesisting of a Colpits elec-
tronic oscillator #=d a long coaxial cable
(see Fig. A-3).
mission line appears to be inductive for
frequencies between zero and a frequency

Since a shorted trans-

equivalent to a quarter wavelength, a
coaxial cable operating in this domain
will function as a part of the inductance

-28-

Support structure

Peak pressure
gage asembly

Booster can
assembly

[/ ~5ignal cable

Diode beard and
cable connecting box

Signal cable

Rate stick emplacement,

in the oscillator's resonance circuit, If
cable and oscillator are emplaced in a
known configuration near a detonation 8o
that the advancing shock wave crushes
and shortens the resonant cable, the rate
of change in the oscillator's frequency
then is directly related to the shock wave
velocity.

The operating frequencies of the slifer
units used for these experiments were
too high for direct recording on magnetic

tape. The slifer's oscillatory signal was
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Resonance | Resonance Emitter High pass Lo

cable clreuit follower iiver fine Mixer

High frequency

magnetic Hifg':'n' :: s
tape
Oscilioscope Low pous Di
filter iscriminator

Fig. A-3, Slifer TOA system,

therefore mixed with another signal to
produce a lower beat frequency so that
the data could be recorded. Since the
beat frequency from this mixing operation
can be almost any value, depending only
or .ne frequencies of the slifer and the
local oscillator, a good match between
slifer bandwid’h and recorder bandwidth
could be obtained,

In the field operation, the local oscil-
lator frequency was inadvertently set too
close to the slifer frequency, This
proved to be disastrous becuuse the slifer
frequency moved much too close to the
local oscillator frequency during the shot,
causing the beat frequency to p.iss
through zero. The low frequency re=
sponse of the playback system is not
low enough to process this kind of
data, and about half the slifer data
was lost.

«20e

PRESSURE, STRESS, AND
STRAIN MEASUREMENTS

Plastic Gage

The plastic gage is a pressure trans-
ducer designed for use in the 5-25 GPa
pressure range, It consists of a small
spherical Lucite shell (50,8 mm in diam-~
eter), plated on the inner and outer sur-
face to facilitate signal acquisition (see
Fig. A-4), Passage of a strong shock
wave through the shell wall produces
preferential alignment of the polar mole~
cules in the Lucite, This molecular
alignment changes the volume polariza-
tion and thus induces a surface charge on
the plated electrodes, To establish this
surface charge, an electrical current
mvust flow in some external circuit, This
current is directly proportional to the
amplitude of the shock wave and is the
quantity recorded in this measurement.
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This transducer can he used only as a equalized for frequencies up to 10 MHz,

peak reading instrument, Because no }’or recording, the cable was terminated
instruments were available that would in 50 O, and the signal was applied
provide analog data, we had to use this directly to the input amplifier of the re-
gage for a pressure measurement inside cording oscilloscopes, An experimental
the high explosive material. height-to-width recording system, shown
The transducers were attached to the in Fig, A-5, was also used to record this
HE filling tubing such that the sensitive data,
surface of the transducer was ~0,15 m The low end of the frequency response
into the top hemisphere of the HE. This curve of this gage is very high, There-
location was selected so that the gage fore, if the gage is to function at all, the
would be far enough away from the rise time of the shock front generated by
booster charge to be unaffected by its the HE detonation must be very narrow,
higher pressures and far enough away on the order of 100 ns, In particular, no
from non~HE objects to be unaffected by signal will be generated if the HE defla~
reflected signals, Consequently, data grates rather than detonates,
from this gage should be a good indication HE deflagration apparently occurred in
of the pressure in the HE detonation front. the two stemmed events since no data was
The electronics recording system was recorded. Other explanations are possi~
very simple, The gage was attached ble: transmission line failure; incorrect
directly to the end of a RG213U coaxial assembly of the transduv.er; improper
cable, and data was transmitted through gage empla-- - »t, However, they are
this cable to the recording trailer, At not very like.y because the system
the recording trailer, the cable was appeared to be functioning properly

Interior of sphere filled
with epoxy resin

Lucite

Signal cable

50.8 mm
spherical
diam o § I P

o
(377 IR A —

Conductor strip

Fig. A-4. Spherical Lucite gage,
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shortly before shot time, and all the field
notes indicate that gages were emplaced
wionerly., The absence of data from the
nsstic gages, combined with several
other factors, leads to the conclusion that
the HE in the stemmed shots failed to
.detonate properly,

Stress History

The stress history transducers con-
sisted of x-cut quartz crystals with pro=~
tective and connective hardware. X-cut
quartz is piezoelectric; when compecsed
in the x-direction, it exhibits an increase
in free surface charge. The transducer
crystal is operated in a charge mode con-
figuration; with the addition of a shunt
capacitor, a voltage signal is produced,
This signal travels through a solid dielec-
tric coaxial cable to the ground surface
where it is fed into a VCO, The VCO
converts the analog signal (o a frequency=
modulated signal for transmission to the
recording trailer and for subsequent re-
cording on magnetic tape. Figure A-6 is
an electronics schematic of this system,

Two different sets of hardware were
used for the Phase IIA experiment. One
set (shown in Fig. A-7a) was designed to
function when the impinging shock wave
travels parallel to the cable-transducer
system, This design incorporates one
19.05 mm diameter, 3.175 mm thick
crystal and is used either directly above
the explosion for radial stress or near
the shot horizon for transverse or tan-
gential components, The other set of
hardware was designed to function when
the imp.nging shock wave strikes perpen-
dicular to the cable-transducer system,
Two identical crystals are employed in
this design (shown in Fig. A-7b}, which
is used either directly above the detona-
tion point for tangential measurements or
at the shot horizon for radial components.
Table A-1 lists gage locations and types
of hardware used at each location,

Many of the stress gages did not per~
form over long time periods, although
signala were received from the surface-
mounted VCO for several hundred milli-

seconds, In most instances, the recorded
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E Transmission
. line
’ Mixer
filter
N Magnetic
tape recorder
Fig. A-6. Electronics schematic for stress history transducers,
: signal rose to a first peak and then flat- The most likely cause of failure is a
tened out or continued to rise discontinu- break in the circuit between the crystal ;
oualy over several hundred milliseconds, and the aurface-mounted shunt capacitor.
Since the ghock front should be only a Normally a signal cable would be expected
very few milliseconds in duration, the to fail in a shorted condition, which would
signal is clearly inaccurate, immediately drive the signal output to

Solder after walding

1. Crystal, 19.05 mm
diam X 3.18 mm

2. Electrode )

3. Insulator i

4. Transducer case

1 5. Cujak cable

6. Electron beam weld, both sides  \  py p1e crystal

a. Single crystal

Fig. A-7. Stress mstory transducers.
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Table A~1, Stress history instrumentation.

Peak
No, of Capac- Arrival ampli- at, Aat,
Range crys- itance time tude signal  carrier
Gage {m) als (wF} {ms} MFPa {ms) (mn) Comments
Unstemmed ST-10aR-A 11,58 1 0,0738 3.24 60 4.4 4.4 Good signal
ST-107R-A 10,36 1 0,142 2.86 100 4.4 4.4 Good signal
<T=112R-A 8,84 1 0,1158 2.43 330 4.4 44 Good signal
ST-118R-A 7.01 1 0,136 1,81 450 4.4 4.4 Goens bad at
onsel of stress
Unstemmed S5T-DOIV-A 11.36 1 0.088 NA NA [} 17 Never functions
roper]
ST-DOIHR-A 11,36 2 0.152 6.4 28 100 e lgoor ll:nni-lo-
noise ratio
ST-DI8V-A 6,86 1 0,1355 3,0 120 20 300 Goes bad at
onset of stress
ST-DISER-A 6.86 2 0,2538 3.0 130 0 200 Goen bad at
onsel of stress
Unstemmed ST-A40R-A 4.51 2 0,321 1,58 780 0 2 200 estionable
ST-A20R-A 7.59 bl 0.1134 3.32 500 150 1 600 g“ood signal
Unstemmed ST-B4O0R-A 18,15 2 0,335 6.8 210 407 >10 000 Good signal
ST-B40T-A 18,13 2 0,0323 7.1 210 200 >10 000 Good signal
Unstemmed STR-C{0R-A 30,39 0 Failed
Stemmed ST-A40R-B 4.05 2 0,308 1.48 340 70 1480 Good signal
S5T-A20R-B .31 1 0133 3.55 - 880 Questionablc
Stemmed ST-B40R-B 14,72 2 0.140 6,9 100 >800 2 000 Good signal
ST~-B40T-B 14,72 2 0.032¢ 74 i40 >500 »2 000 Good signal

zero. in this case, the opposite usually
occurred, i.e., the signal increased in
value,

An increase in signal can happen only
if the capacitive load of the system is
suddenly changed, This results only
from loss of contact with some part of the
system: at the least, loss of the quartz
crystal; more likely, loss of the crystal
plus all or some of the signal cable, This
1088 of capacitive load is caused by a -
geparation in the signal line, either in the
quartz crystal case or in the coaxial
cable, The failure is more likely to have
been inside the transducer cage becuuse
it is one of the weaker links in the signel
transmission system, The possibility of
shorted cables cannot be completely elim-
inated, however; high resistance shorts
for short times or low resistance shorts
for very, very short times could ilso
produce the observed results,

In future experiments, conditions lead-
ing to both kinds of failure could be
changed or eliminated to give a higher
probability of obtaining good data. A
simple design change in the transducer
case would enable it to withstand much
higher pressure, apd rerouting the signal
cables would provide much better cable
protection,

Strain

The strain transducer was built at
LLL. The active element was a Picker-
ing* linear variable differential trans-
former (LVDT) that was rigid!ly mcunted
to a circular steel plate (see Fig. A-8),

Reference to a company or product
name does not imply approval or recom-
mendation of the product by the Univer-
gity of California or the U,S. Atomic
Energy Commission to the exclusion of
others that may be suiiable,
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Its center core was attached to a thinner
plate and the ends of a brass bellows were
attached and seaied to the two plates,
This arrangement prevented grout and
water from reaching the LVDT and also
created a void space for contraction,
With the LVDT monitoring the separation
of the bellows, the traneiucer could
expand or contract in response to the
surrounding soil, making it sensitive to
one~dinien3ional strain,

This particular LVDT generated ana-
iog signals and required only a dc voltage
as input. The analog signal was ampli-
fied and fed to a VCO for conversion to
an FM sigoal ior transmission to the
recording trailer. At th. trailer the FM
signal was recorded on ragnetic tape,

This transducer system did not give
data, The mode of failure is not evident:;
the only clue is a record showing the VCO

LvDT

frequency immediately going to band edge
when the unit was hit by the shock wav:,
One possibility is a failure of the nower
or signal leads between the VCO and the
LVDT. These leads did not have much
protection and may have been severed by
differential motion between transducer

parts.
ACCELEROME' £RS

All accelerometers were plezoelectric
devices that were consirained to function
as elvctric charge generators, The
accelerometers, however, were not all
alike in mechanical construction; units
could be chosen for either of two stress
configurations in the plezoelectric mate-
rial, One type was a single-ended com~
pression constructic. designed for
caompressive stress. i in the plezoelectric

ﬁ -—___[J__r: disclip::;mror

| .
QOscillater | - L .
Transmission Mixer
vee line Filtar
Magnetic
tape
recorder

Fig. A-8, Strain r-ge transducer.
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Fig., A-5. Accelerometer aschematics,

material (shown in Fig, A-9a), The
gages listed as model 2255 in Tables A-2
and A-3 were of this design. The other
type was a shear mode construction that
produced shear stresses in the peizoelec-
tric material (see Fig. A-9b), The gages
listed as model 2224 or 2225 in Table A-2
were shear mode unite, Tables A-2 and
A-3 list gage types and other pertinent
data for accelerometers and velocity
gages,

We considered several factors in
choosing the type of accelerometer for
any particular location, The most impor-
tant ones were the peak valuc of the
expected signal, the likelihood of a hase-
line shift, the sensitivities of each arcel-
erometer unit, and the low susceptibility
of shear mode accelerometers to baseline
ghifta. The very high signal lavels pre~
dicted for some locations were expected
to produce baseline shifts, especially in
the compression type accelerometers,
Large baseline shifts may significantly
change the peak acceleration levels, and
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they certainly create significant problems
if acceleration signals are integrated.

Shear mode accelerometers seemed
the best except for their low sensitivity,
Low gensitivities and low acceleration
levels combine to create poor Bignal-to-
noise ratios, which in turn produce poor
data, Low signal levels, however, are
not as lkely to produce bz _eline shifts,
Therefore, it was prudent to use shear
mode units in the locations where high
accelerations were expected and to use
single-ended compression units in the
locations where lower accelerations were
expected.

Other factors we considered in gage
selection were (1} the availability of
compression units irem earlier programs
compared to the zdvisability of purchasing
more shear mode units, and (2) the capa-
bility of the fizldiag system to respond to
last~-minute chanpes in program. After
much consideratioi, we decided to use
the already-available compression units,
Shear mode units were used in the more

Py

~
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Table A-2. Surface accelerometers and velocity gages,
Capac~
itance
¥} or Set
carrier recording Signal
Range Gage Sensitivity  frequency rnngs Recorded arriral
Gage (m) type {timit) (kHz) m/s amplitude [ S Comments
Ac-S05V-A 12,59 2255  2.61 pc/m/sz 0.02268 4 900-76 400 39 200 m/s2 8,34 Carricr dies a1 1 s
(98 000 myn?)
Ve-Su5V-A 14.60 (67 m/a) 24.8 53 m/s 12,5  Doth carriers die at
- 2 & {thermistor)
£ |Ac-ssomn-a 1875 2224 1.2 pC/m/s®  0.0010 980-14700 392 m/s? 18,1 Paor signal-ta-noise
g ratio. Carrier dies at
3 28,
g | ve-550V-a @800 m/sh 247 15 m/s 18.0  High carrier dies at
. 2a, w carrier goes
E ; away at 30 ms
& | Ac-ssov-a 21,30 2225 111 pC/mys? 294-4 900 617 m/a® 2.1 >2a
B (9800 n/s?)
Ac-580HR-A 2255 2.39 pC/m/s?  0.00204 235 m/s? 288 >5s
(98 000 m/s?)
Ac-S05V-B 12,62 2256 2,53 pCfn/s® 4 900-7H 400 20400 m/s° 8,3  Carrier diea at 750 ms
- (98 000 m;s%)
E Ve-525V-B .5 {67 mi/5) 1-MEHz carrier starts
H at 400 ms with subcar-
H rier (thermisior)
B [Ac-SSOMR-B 18,41 2224 115 oC/m/s®  0.00173 88014 700 980 m/s® 17.6 >l & earrier
3 s . 2, Rubcarrier dies at >) 8
f Ve-550V-B (980D m/s“) carrier
o | Ac-S30V-B 26,97 2255 2.40 pC/m/s®  0.00205 294-4900 1080 m/s® 229 25
Ac-S80HR-B 2255 2,40 pC/mfe®  0.00205 206 m/s? 23,1 »28
(98 000 m/s%)
Ac-S05V-C 6.22 2225 0.075 pC/m/s° 0,001002 7 840-D8 000 117 600 m/s® 3.20 3G ma carcier
(186 000 m/s%
2
Ar-520V-C 5.69 2255 2.61 pC/m/s” 0,023t 4 000-78 400 24 500 m/s® 5.6  Double VCO
] (98 000 m/sz) 700 ms carrier
E [vessov-c 107 (51 m/8) 2 5 1 MHz carcier
@ {thermistor}
&
% | ve-S40HR-C (81 m/s) 2 8 of racrier and
E subcarrier
& | Ac-sgsV-C 20,66 2224 0.99 pC/m/s?  0.00182 980-14 700 735 m/s? 25.0  >5 8 of carrier
(9800 m/a%)
Ac-S65HR-C 2224 1,15 pC/m/s 0,00172 980-14 700 294 m/ﬂ2 25,7 2 @ of carrler

crucial locations, with the compression
units used for the remainder of the accel~
erometer stations in the program.

The electronics system was the same
as that used for stress history measure-~
ments.

Three major problems plagued the
analysis of the acceleration data: hard-
ware failure, bz--line shifts, and poor
signal~to-noise ratios, The hardware
failurez were similar to the hardware
failures encountered in the velocity meas-
urements, deocribed in the following sec-
tion on particle velocity measurements.

Baseline shifts were the biggest prob-
lem encountered when using integrated
accelerometers for velocity gages. par-
ticularly for high peak accelerations with
short durations, Moreover, it was diffi-
cult to locate the baseline ghifts because
most were down in the noise and were
therefore not immediately obvious.

Electronic discrimination problems
that give results similar to baseline
shifts are produced by a limitation in
recording level, An electronics system
set to record signals of 98 000 m/ g? peak
levels cannot accurately measure the low
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Table A-3, Shot-level accelerometers and velocity gages.
Capac-
l1ance
b or Set
carrier recording Recorded Svgnal
Range  Gape Sensilivity  frequency range amplitude  arrival
Gage () type Qimit) {kHz) m/g (m /st {ms) Comments
Ac-AJOR-A  4.31 2225 0,075 pC/m,s%  0,00202  T7840-R8000 196,000 .64 Carrier 1,78
(196,000 m.'s3) 1,75 ms tn cahle break
Ve-140R-A 15.15 Highly 36,5 m/s (Thermistor}
over-
o damped
g |ve-BaoT-A 12,2 m/!s 55 ki No signal 7.5  Nosignal: lew frequency
£ Carricr dies shen hit
3 High frequenry carrier
a akay
= 2
Ac-C4QV-A 30,39 2229 1,01 pC/m e 4.6 Failed during fabrication
(@800 ms2) {the rmistor)

Ve-C40R-A (12,2 m's) 40 kllz 08-1470 No signal A bit of low frequency
carrier that dies when
hit, High frequency car-
ricr okay

Ac-A40R-B 4.05 2225  0.074 pClm/52 0.00191 7840-98000 =98,000 1,88 Carricrto 1,7 8
2 a

(196,000 ml,sz, 2 & to coble break

Ac-B4ov-B 4,22 2224 1,15 pf/m/sz 0.0D208 400-7840 No signal 7.0 Carrier longer than § 8

- (98,000 m: 53 \thermic.or

£ |ve-B4oR-B 46,5 m/s No signal 7.1 No signal: low [requency
£ Carrier diea when hit

8 High~lrequency carcier
(] dies shorlly thereafter,

Ac-C40V-B 29,96 2255 2.30 p("/m/s2 0,00240 98-1470 No aignal 14,6 More than 2 & of carrier,
{thermistor)

Ve-C40R-B (12,2 m/e) Higher carrier slops at
100 ms

level negative accelerations needed to
bring the velocity signal back to zero.

The accuracles of the peak accelera-
tion determinations are limited to about
+25%. Accuracy is limited for the high
frequency components by the filtering
used in the playback system and for the
low frequency components by the signal-
to-noise ratio. Neither of these prob~
lems is as critical for accuracy as the
baseline shifts, however, The baseline
shifts make it difficult to assign accura-
cies to integrated velocities,

PARTICLE VELOCITY
MEASUREMENTS

The particle velocity transducer uged
for these measurements was a highly
damped mass-spring mechanical system,
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shown in Fig, A~-10, The gage was de-
veloped by the Stanford Research Insti-
tute, -1 with some later improvements
by Sandia Laboratories, Albuquerque.A'

The gage has proved to be useful in

2

many areas and has been extensively
used,

The system consists of a pendulum
(mass) and a volume of viscous silicone
oil. The pendulum is actually a padule
that is placed in the liquid such that its
motion i8 constrained only by its pivots
and the viscosity of the liqu'd. If the
frequency content of the input signal is
limited to a small frequency span cen-
tered about the resonance frequency of
the paddle system, then the angular dis-
placement of the paddle is proportional to
the magnitude of the velocity imparted to



Mass

Qil
volume

Case

Particle velocity gage.

Fig. A-10.

the transducer case, Given these opera-~
tional conditions, the system will meas~-
ure the particle velocity of the surround-
ing rock as long as transducer case is
well coupled to the rock,

A variable reluctance system is used
to sense the angular displacement of the
paddle., Two coils are rigidly mounted to
the case so that the ends of the coils are
cloge to two blades attached to the free
moving paddle. As ihe paddle moves,
the spatial separation between coil and
blade changes, Since the inductances of
the two coils directly depend on the sep-
aration between coils and blades, any
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change in paddle position is reflected by
a change in inductancee of the two colls,
These two inductances are used to control
the frequencies of two local oscillators,
and the paddle position can be determined
from the relationship between the fre-
quencies of the two oscillators. The out-
puts of the two oscillators are beat
together to reduce the number of signal
channels and to reduce the dependence of
the paddle position measurement to just
one frequency, Using the appropriate
calibrations, this output frequency can be
made directly proportional to the velocity
experienced by the transducer case, Fig-
ure A-11 {8 a schematic of the velocity
gage and the associated electronics.

The beat frequency or subcarrier (low
frequency carrier) is immediately passed
through a bandpass filter, This filter
was not necessary for this application but
was used because it was part of an avail-
able package., In this system several
signals were multiplexed to the same
transmission line, and the bandpass filter
was used to prevent one particular signal
from deviating into another signal's
frequency band,

After passing through the bandpass
filter, the signal was used to modulate a
VCO with a center carrier near 1 MHz,
Again, this conversion was not necessary,
but this VCO unit contained a power volt-
age source for the low frequency oscilla-
tors, Otherwise an extra cable for power
would be needed for each gage, adding
substantially to the cost, The 1-MHz FM
signal was carried to the recording
trailer via R6213U coaxial cable and
recorded directly on magnetic tape,

Velocity gage performance was
extremely poor. Of the 11 systems
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emplaced (see Tables A-2 and A-3), only
one gave a signal of any value, The
gages can be classified by performance
characteristics as follows:
Good Signal
Ve-525V-A
Dead at shot time
Ve-B40OR-A
Ve-C40R-B
Ve-525V-B
Ve-540V-C

Operating but signal
not believable

Ve~850V-B
Ve-540V-C

Operating at shot time
but failed during shot

Ve-B40T-A
Ve-C40R-A
Ve-S50V-A
Ve-B40R-B

For the gages whose subcarriers
stopped oscillating some time before the

shot was detonated, failure took the form
of slow decreases in subcarrier signal
amplitudes over a period of several days.
A few days after grouting, the output
signal started to fail and continued to
decrease until it was below the level
needed to modulate the main carrier.
After that time, no detectable signal was
ever observed; although the probability
of obtaining data was zero, the main car-
rier was recorded during the detonations,
As expected, no data was obtained.

Since tie cause of this decreasing
amplitude is not known, several possible
explanations need investigation,

e A subcarrier frequency shift. This
explanation supposes a large deviation in
the subcarrier oscillator frequency., Re-
gardless of the cause, the frequency may
have shifted beyond the limits of the band~
pass filter, causing drastic signal atten~
uation. At first, there would have been
little attenuation as the frequency

Dual
oscillator
unit

Mixer Filter

Beadpass vCco

30 V Power line

Transerission
line

Mixer
filter

Magnetic

recorder

Fig. A-11. Velocity gage schematic and electronios.

-k




approached the band edge of the filter,
However, as the frequency moved through
the band edge, it would have been attenu~
ated until it finally disappeared, This
may not be the correct explanation, how-
ever, because the units suffering a
decrease in amplitude but still functioning
at shot time had not shifted in frequency.
Unfortunately, the dead ones were not
monitored during their demise.

e A water leak, Water leaks were
possible, and the likely entry was through
the thermistor ports, Thermistors were
needed to monitor the temperature of the
oil at shot time, since the viscosity of the
oil, an integral parameter in deriving the
gage sensitivity, was determined by the
temperature,

A water leak could have caused either
or both of the following situations. First,
the conductivity of the water could have
slowly driven any or all of the electronic
circuits to ground, Second, the presence
of water in the local oscillator's tank
circuit could have caused the frequency of
that oscillator to deviate drastically,
Either of thes. situntions might have
given the results observed,

o An electronic component failure,

e An electronic grounding problem,
The number of individual units in this
system created a potential grounding
problem, With so many electronic inter-
faces between the recording trailer and
the velocity gage, proving the existence
of grounding problems was impossible,

For the gages thai falled during the
shot, the canister, associated hardware,
and signal transmission system were not
able Lo survive the paasage of the shock
wave, This was a particular problem
with the subsurface instruments, [t
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would not have been difficult to make
these gage systems hard enough to sur-
vive in most of the gage locations, This
kind of hardware, however, would not
have been compatible with making good
stress history measurements, Since a
stress history measurement was the pri-
mary goal, it was not possible to give the
velocity gages the protection normally
given, Hindsight suggesta that it would
have been much better to separate the

two measurements into different packages
and into different holes, but cost and time
factors were prohibitive,

Two gages experienced an unexplained
mode of failure, These units appeared to
be functioning properly, but their ouiputs
did not resemble anything that might be
construed aa a proper signal. They may
have been agsembled incorrectly.

TELEMETRY AND RECORDING

All data was transmitted over coaxial
cable to the recording trailer, located
1000 feet away, All data was transmitied
as 1 MHz FM signals except for the plas-
tic gage and rate sticks, which were
transmitted as anslog signals., For trans-~
mission, analog signals were converted
to FM signals with VCOs, These oscilla-
tors and their signal transmission cables
were rigidly fastened to the surface con-
crete pads, After leaving the pads, the
cables were spread out across the ground
8o as to provide enough excess cable to
spread over the rising mound during cra~
tering, Cables for subsurface VCOs and
analog signals were similarly spread on
the ground, Cabling was somewhat dif-
ferent for these units in that a large
vertical ioop of cable was used at the



hole exit. These precautions were very
effective and little data were lost because
of land line failure.

Generally, data recording was on mag-
netic tape with wide bandpass oscillo~

scopes as a backup system, Because
of the high frequency range required
by the plasi.c gage and the rate sticks,
they were re~orded on oscilloscopes
only.
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Appendix B
Emplacement Procedure

The emplacement plan consisted of
placing transducers in vertical holes and
in surface pads. All transducers for
each station were placed in a single
0.15 m diam canister, The length of the
canister varied with the kinds of trans-
ducers used, Figures B-1 and B-2 give
some examples, After the instruments
were in the canisters and were oriented
in the proper direction, the canisters
were filled with a DF~5 grout mlxture..l
The assembly and pregrouting were done
at LLL before shipment to the field,

gt
g

h

For t, the
grouted transducer canisters were placed
in 4 downhole string made up of the can-
isters and appropriate lengths of 76 mm

rface em

diam polyvinylchloride pipe. This
DF~5 Grout Formula:
Type G cement 15,06 kg
Gel Bentonite 1,81
Barite (BaSO,) 12,02 kg
“ Monterey San% (20-40) 12,79 kg
CFR-2 (friction reducer) 0,059 kg

Air entraining agent (NVX
Powder or Vinsol Resin) 0,397 kg

Water 15,06 kg
Fiberglass ]I g
W 777777 v.8777.
1

o] [¢

[

"

0.15m - I
a. With stress gages

Fig, B-1.

0.15m

b. With accelerometers
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c. With velocity gages

Examples of pregrouted transducer canisters.



string was assembled horizontally on the
ground surface and checked electronically
before insertion into the instrument hole,
A nylon rope was fastened to the top of
the instrument string and looped around a
piece of rod near the top of the drill rig.
Using this support, the downhole string
was lifted into a vertical position, The
string was then lowered into the instru-
ment hole, which was nominally 304.8 mm
in, in diameter and 13,7 m deep. After
emplacement, the string was oriented
manually to obtain the proper alignment
for radial and tangential measurements,
Immediately after orientation, the hole
was backfilled with the DF-5 grout
mixture.

For the subsurface instrumentation,
the electronics conditioning systems were
placed on separate surface pads. The
exception was the velocity gages, whose
electronics conditioning systems were
located in the instrument hole, near the
transducers,

For surface installation, the canisters
were placed just below the surface in an
excavated volume 0,91 m by 1,22 m and
0.46 m deep. After positioning and orien-
tation, the open volume was filled with
ready-mix concrete (see Fig. B-3). The
assnciated electronics conditioning sya-
tems were placed on the same pad,

Three LLL trailers were taken to the
site for field operations, One, a mechan-
ical trailer, was used for field checkout
of the grouted canisters and for assembly
of the downhole instrument strings, The
second was used for data recording, and
the third was a power supply for the other
two trailers, Field operations, including
field checkout of transducers, assembly
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of downhole strings, emplacement of cording gear were accomplished during

instruments, and preparation of the re- the 35 days preceding the firat shot,

<O Soif surface

—
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Concrete pad

Transducer
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Fig, B-3, Emplacement of surface canisters,
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Appendix C
Experimental Data

UNSTEMMED 12.5m SHOT

The instrumentation plan is shown in
Fig, 1. Instrument Hole A was parallel
to and 4.51 m from the HE emplacement
hole; instrument stations were placed
6,49 m and 12,56 m below the surface,
Instrument Hole B was located 15,15 m
from the HE emplacement hole, It con-
tained one instrument station at the bot-
tom, 12,56 m below the ground surface,
Instrument Hole C, located 30.39 m from
the HE emplacement hole, had one trans=~
ducer station at the bottom of the hole.
Instrument Hole D was parallel to the
open emplacement hole and 1,4 m away,
Two measurement stations (at 7.16 m and

180°

a. Detonation velocity and uniformity

11,67 m from the shock point) were
instrumented, with each station having
one single crystal transducer unit looking
at the stress component parallel to the
open hole and one double crystal trans-
ducer unit seneitive to the stress compo-
nent pervendicular to the axis of the open
hole,

The emplacement hole instrumentation
included the rate sticks, one slifer, one
plastic gage, and four stress history
gages, The slifer extended from near
the center of the HE, thrcugh the top HE
hemisphere, and up the open hole to the
surface, The stress history gage loca~
tions were 7.01, 8,84, 10.36, and 11,58 m
from the detonation center,

180°

b. Detonation symmetry

Fig., C~1, HE detonation history, DOIIA-1, 12,5 m, unstémmed.
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There were four surface motion sta~
tions, located at 1,58, 7.56, 13.96, and
24.32 m from surface ground zero,

Figure C-1 shows the detonation his-
tory of the explosive, Figures C-2 and
C-3 give the data from Hole A, Fig-
ures C-4 and C-5 give the data from
Hole B, No data was received from the
two velocity gages in Hole B, The sub-
carrier oscillator of one gage had stopped
before shot time, Both oscillators for
the other gage were functioning properly
before the shock wave hit the transducer.
At that time, both oscillators died,

All the transducers in Ilole C gave no
The velocity gage died when hit by
The strain gage failed

data,
the shock wave,
for some reason not yet specified, and
the accelerometer failed because of a
water leak during the pregrouting stage.
Figures C-6 and C~7 show the data for
Hole D. Note that the stress history data
in Fig. C-7b was unsatisfactory, Although
this unit experienced some intermittent
difficulties before the detonation, it
appeared to be functioning correctly when

ently the transducer failed even though
the system as a whole appeared to be
operating correctly most of the time,
Another possible cause of failure is dam~
age to the VCO by material thrown from
the open hole, This could have disabled
the VCO before the shock wave reached
the transducer location. Regardless of
the cause of failure, the negative signal
received from the transducer cannot be
valid, because a negative signal indicates
tension in the crystal and tension is
impossible in this hardware design,

Figurr: C~8 gives the stress history
data frcm the open hole, Four single
crystal transducer systems were placed
at locations 7.01, 8.84, 10,36, and
11,58 m ahove the detonation center.
They were placed in a jig that held them
~0.15 m from the wall of the hole and
spaced them equally 90° from each other
around the hole,

Since pressures were expected to be
100 MPa above the survival pressure for
cables, the signal cables were protected
with a 12 mm lead covering over a length

checked just before shot time. Appar- extending from the transducer location to
04T T 7] ;J -J‘ T T a 200, 2 DL LA
U od 2NN o, AN, w
0.3 e i 27 -
& t T
O | a. Stress component. _| b. Acceleration
| 0.2 TOA: 1.58 ms. c 100 component .
M = TOA: 1.64 ms.
£ 0 -1 8 50 ~——e T
v ®
of ~48 o .
IO I N N S PN PR | [ [ T B
0 0.2 0.4 0.6 0.8 1,0 0 0.2 0.4 0.6 0.8 1.0
Time ~— ms Time — ms
Fig. C-2. OData from A40R-A station. Horizontzl range: 4,51 m; instrument range:

4.5! m; stress and acceleration components: radial, Stress data was
satisfactory for 0,15 ms after onset of signal; unit failed at that time,

Acceleration data over-ranged; failed at ~0.1 ms.

See Fig. B-la.
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Fig, C-3. Stress history data from ST-A20R-A station, Horizontal range: 4.51 m;
instrument range: 7.59 m; TOA: 3.32 ms; stress component: radial; data:
satisfactory for 0.5 ms after onset of signal; failure occurred at th_* time,

See Fig, B-la,
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Fig. C~4. Stress history data from ST-B40R-A station. Horizontal range: 15,15 m;
ingtrument range: 15,15 m; TOA: 6.95 ms; stress component: radial; data:

satisfactory to dashed portion. See Fig. B-2,
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stress history data for ST~B40T-A station, Horizontal range: 15,15 m;

instrument range: 15,15 m; TOA: 7,09 ms; stress component: tangential;

data: satisfactory. See Fig., B-2,

Fig, C-5.
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Fig. C-6, Stress history data from ST-D18HR-A and ST-D18V-A stations. Horizontal
range: 1,5 m; instrument range: 6.86 m; TOA: 3.0 ms; data: satisfactory.
See Fig, B-la,
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Fig. C-7. Stress history data from ST-D03HR-A and ST-D03\ -A gtations, Horizontal
range: 1.5 m; instrument range: 11,36 m. Horizontal radial stress data
was satisfactory; vertical stress data was no good, See Fig, B-la,
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Fig. C-8. Stress history data from the open hole;
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a point slightly above the ground sur-
face.

The individual stress history systems
functioned as follows:

1, ST-I18R-A, located 7,01 m above
the detonation center, failed before the
pressure reached its peak value, &£ time
extrapolation gave 0.45 GPa for the peak
stress amplitude. This extrapolation was
done by translating the amplitude of the
signal vertically and horizontally until the
discontinuity was removed and the slopes
matched, A signal continuous in time is
the result,

2, ST-112R-A, located 8,84 m above
the detonation center, gave good data with
a peak amplitude of 0.33 MPa,

3. ST-I07R-A, located 10,36 m above
the detonation center, appears to give
good data, although this data is not con-
sistent with data from ST-I03R-A,

4, ST-103R-A, located 11,58 m ahove
the detonation center, also appears to
give good data; however, the peak ampli-

:ude of this signal is larger than the peak
amplitude for ST-107R-A. Several expla-

nations are possible, none of which can
be confirmed.

First, both signais are correct. If so,
it would be very hard to postulate a phyei-
cal system that would give this reversal
in peak amplitudes, A reflection from
the surface might create such a condition,
but there is not sufficient time for a
reflection to return to the ST=I03R~A
location, Therefore, we conclude that
both signals cannot be correct,

Second, signal cables have been inter-
changed, This cannot be the correct
explanation because the time order is
correct as the signals now stand.

Third, failure occurred in the elec-
tronics systems, This is doubtful since
the carrier signals on the magnetic tape
record look very good, and all the related
equipmeni appears 1o have been function-
ing properly,

. Fourth, an error was made in the
ax}xplitude calibrations or in the playback
conversions, Since a factor of 2 correc-
tion in either signal would be acceptable
and since factors of 2 errors are easy to

12 T T T T T T T T T
g o :
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8
& 45— ]

0 ] 1 | l ]
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Fig. C-9. Plastic gage data from the ST~I40R-A station,
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Fig. C-10, TOA data from the open hole.

make, a calibration error is the most

likely explanation. There is an additional

suspicion associated with ST-I07TR-A sta-
tion, The VCO for this transducer failed
before the shot and had to be replaced
under less than ideal conditions, so an

error was possible, especially in the

measurement of the load capacitor, This
measurement should not be wrong by a
factor of 2, however. In addition, the
measurement coincided with a previously
measured value for that VCO, and there
were no spare VCOs with a load capacitor
of twice that value, To verify the
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play-back conversions, both data channels
were played back and analyzed three
times with identical results,

Fifth, the ST-I07-A signal is correct,
and the peak stress for ST-103-A corre-
sponds to the first peak of 0.06 GPa at

only interpretation that correctly orders
the amplitudes of the emplacement hole
stations and is the one we accept,
Figures C-9 and C-10 give the plastic
gage and TOA data, respectively,
Figures C=~11 through C-16 give the

3.4 ms. All subsequent signal is spe- acceleration and velocity da.a for the
cious, for unknown reasons, This is the surface stations,
o~
}“‘4Gl|‘rl|‘|l|l “|20|||||||[|
> L T L ]
! a. Acceleration data (
c 20| 60— -
.2 >
] G L 4
5 k-] b. Integrated acceleration data
s O £ 0
Q
g et vyt Ly PSRN Y S I N S N R |
1] 10 20 30 40 50 0 20 40 60 80 100
Time — ms Time = ms
Fig. C-11, Acceleration and integrated acceleration data from the Ac-S05V-A station.
Horizontal range: 1.5 m; instrument range: 12,58 m; TOA: 8,34 ms;
acceleration and velocity components: vertical, Acceleration data was
satisfactory, However, a baseline shift in the acceleration signal quickly
drove the integrated sngnal into the unbelievable range, If we disregard
the sxgnal beyond 17.5 ms, we obtain a peak velocity of ~50 m/s. See
Fig. B-1b.
60 1 T T T T T ~T— T T

Velocity — m/s

ke,

400 800

1200 1600 1800

Time ~ms

Fig, C-12,

Velocity data for the Ve-525V-A sta‘ion,

Horizontal range: 7.56 m; instru-

ment range: 14.6 m; TOA: 13.0 ms; velocity component: vertical; data:

satisfactory.

risetime (acceleration levels were high at this 1ocatlon)
See Fig. B-lc,

of the signal is satisfactory,
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This gage suffered a momentary failure during the signal

but the remainder
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Fig. C-13. Acceleration and integrated acceleration data for the Ac-SS0HR-A station,
Horizontal range: 13.96 m; instrument range: 18,75 m; TOA: 18,1 ms;
accelerution and velocity components: horizontal radial; data: satisfactory
despite poor signal-to-noise ratio in acceleration data, See Fig. B-1b,
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Fig. C-14, Velacity data for the Ve~S50V-A station, Horizontal range: 13.96 m;

instrument range: 18,75 m; TOA: 18,0 ms; velocity component: vertical.
This system failed very early, possibly before the surface reached its
maximum velocity., See Fig, B-lc,
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Fig, C-15. Acceleration and integrated acceleration data for the Ac-S80V-A station.
Horizontal range: 24,32 m; instrument range: 27,34 m; TOA: 27.1 ms;
acceleration and velocity components: vertical; data: satisf{actory. See
Fig, B-1b.
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Fig. C-16, Acceleration and integrated acceleration data for the Ac~S80HR-A station.

Horizontal range: 24,32 m; instrument range: 27.34 m; TOA: 28.9 ms

(noise problem); acceleration and velocity components: horizontal radial,
Acceleration data was satisfactory although signal-to-noise ratio was very
bad. The longtime low-level acceleration caused the integrated signal to

reach a large value,

STEMMED 12,5 m SHOT

All the instrumentation, except for
that in the HE cavity, is shown in Fig, 2.
Instrument Hole A was 4.05 m from the
HE emplacement hole; instrument sta-
tions were placed at depths of 6.49 and
12,59 m. Instrument Hole B was located
14,72 m from the HE emplacement hole.
It contained one instrument station at the
bottom, at 12,58 m. Instrument Hole C
wasg located 29,96 m from the HE emplace-

This value may be valid, but its size combined with
the poor signal-to-noise ratio make it doubtful,

See Fig. B-1lb.

ment hole and had one instrument station
placed at the bottom of the hole,

The emplacement hole instrumentation
included the rate sticks, one plastic gage,
and one slifer, The slifer extended from
near the center of the HE sphere, through
the top HE hemisphere, and up through
the grout in the emplacement hole to the
surface,

There were four surface motion sta~
tions, located at 1.68, 7.44, 13,53, and
23.9m from surface ground zero,
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Figure C~17 shows the detonation his- immediately, and the main carrier died

tory of the explosive, Figures C~18 and ~30 ms later, both aB a result of signal
C-19 give the data from Hole A, Fig- cabiv breakage, The accelerometer at
ures C-20 and C-21 give data from Hole B.  Ac-B40R-B station also gave no data. It
No data wae received from the velocity failed when hit by the shock wave.

gage in Hole B, Both oscillators were We received no data at all from Hole C,
functioning praoperly hefore being hit by The subcarrier oscillator of the velocity
the shock wave, The subcarrier died gage stopped oscillation before shot time,

Rate ich 1

Rata ytick 2

180°

180°

a. Detonation velocity and uniformity b. Detonation symmetry

Fig, C-17, HE detonation history, DOIIA-2, 12,5 m, stemmed.
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Fig. C-18, Data from A40R-B station. Horizontal range: 4.51 m; instrument
range: 4,51m; stress and acceleration components: radial, Stress data
was satisfactory, at least through the first peak, Acceleration data was
over-ranged, See Fig, B-la,

-55-



0.2 T T T T T 1 T I
&
(U]
| 2 ]
2
4
A
0 L <z ! | 1 ! |
0 4 8 12 16
Time — ms
Fig. C-19. Stress history data from ST-A20R-B station, Horlzontal range: 4.51 m;
instrument range: 7,31 m; TOA: 3,55 ms; stress component: radial; data:
questionable, See Fig, B-la,
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Fig. C~20, Stress history data from ST-B4DR-B station, Horizontal range: 14,72 m;
instrument range: 14,72 m; TOA: 6,86 ms; stress component: radial;
data: satisfactory. See Fig, B-2,
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Fig. C-21. Stress history data from ST-B40T-B station, Horizontal range: 14.72 m;
instrument range: 14,72 m; TOA: 7.0 ms; stress component: tangential;

data: satisfactory, See Fig, B-2,
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and the accelerometer was lost shortly after gage placed in that hole gave no data, as

the shock wave reached the station, Again, explained in Appendix A,

cable breakage wzs the cause of fallure, Figures C-23 through C-26 show accel-
Figure C-22 gives the TOA data from eration and velocity data from the surface

the backfill of the explosive. The plastic stations, The velocity guge at Ve-525V-B
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2 ¢ .
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. seve-s Rate stick
0 e L 1 ! 1 1 1 1
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Time — ms

Fig. C-22, TOA data from the backfill,
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Fig. C-23, Acceleration and integrated acceleration data for Ac-505V-B station.
Horizontal range: 1.52 m; instrument range: 12,62 m; TOA: 9.3 ms;
acceleration and velocity cor;onents: vertical. Acceleration data was
satisfactory. However, a baseline shift in the acceleration signal quickly
drove the integrated signal into the unbelievable range. If we stop the
integration at 18 ms, we obtain a peak velocity of 58 m/s. See Fig, B-1b,
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Fig. C-24. Acceleration and integrated acceleration data for Ac~S50HR-B station,
Horizontal range: 13,53 m; instrument range: 18,41 m; TOA: 17,6 ms;
acceleration and velocity component: horizontal radial, The acceleration
data was poor. Although the range settings were satiefactory, the signal-
to-noise ratio was fairly high, Most damaging, however, was a large
amplitude ringing noise signal riding on top of the real signal, The noise
was probably a result of poor coupling between the iransducer and the
ground surface, or possik’y a poor grouting job, The integrated accelera-
tion data was satiefactory., See Fig, B-1b.
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Fig. C-25, Acceleration and integrated acceleration data from Ac-S80V-B station.
Horizontal range: 23.9 m; instrument range: 26,97 m; TOA: 22.9 ms;
acceleration and velocity component: vertical; data: satisfactory, See
Fig. B-1b,
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Fig, C~26. Acceleration and integrated acceleration data from Ac-S80HR-B station,

Horizontal range: 23.9 m; instrument range: 26,97 m; TOA: 23.1 ms;
acceleration and velocity component: horizontal radial; data: satisfactory.

See Fig. B-lb,
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station gave no data. Both carriers were
dead before shot time, For some unex-
plainable reason, both carriers started
again at ~500 ms, The lateness and the
peculiar behavior make this data value=~
less, The velocity gage at Ve-S50V-B
station algso gave no data, Both carriers
looked good throughout the entire time,
and the subcarrier showed some modula-
tion, but the data does not even resemble
a signal, It is interesting that the accel-
erometer at this location also gave a poor

signal,
STEMMED 6-m SHOT

Ingtrum.entation for this shot was lim-
ited to rate sticks, a plastic gage, one
slifer, and four surface motion stations.
The rate sticks and the plastic gage were
embedded in the HE sphere. The slifer

270°

180°

a. Detonation velocity
and uniformity

Rate stick 3

extended from near the center of the HE
sphere, through the top hemisphere of the
HE, and up through the grout in the em-
placement hole to the surface, The sur~
face motion stations were located at 1,68,
7.82, 13.72, and 19,78 m from surface
ground zero, as shown in Fig, 3.

Figure C-27 gives the detonation his-
tory of the explosive. The plastic gage
gave no data, as explained in Appendix A,
Figure C-28 gives the TOA data for the
backfill,

Figur>s £-29 through C-32 give data
from the surface stations. The velocity
gages at Ve-S40V-C and Ve-S40HR-C
stations gave no data. In the first case,
the subcarrier failed sometime before
the shot, In the second, both the main
carrier and the subcarrier were present
and operating, but the system gave no
apparent signal during the shot.

0°

Rate stick

Disrcnce—rnrn\
250 300\ 750

Rate stick 3

180°

b. Detonation
symmelry

Fig, C-27, HE detonation history, DOIIA~3, 6 m, Stemmed,
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Fig, C-28. TOA data from the backfill,
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Fig., C~29, Acceleration and integrated acceleration data from Ac-S05V-C station,

Horizontal range: 1.48 m; instrument range: 6.22 m; TOA: 3.20 ms;
Acceleration signal was

acceleration and velocity component: vertical,
satisfactory to 4 ms, when the signal transmission system failed, giving a

very pronounced baseline ghift,

poor, See Fig, B-lb,

Integrated acceleration data was very
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Fig. C-30.
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Acceleration and integrated acceleraiion data from Ac-5S20V-C station,
Horizontal range: 7.62 m; instrument range: 9.69 m; TOA: 5.6 ms; accelera-
tion and velocity component: vertical, Acceleration data was very poor, The
signal had a pronounced baseline shift and was very noisy; both situations
originated from a mechanical failure somewhere in the system. Integrated
acceleration data was questionable; it had a baseline correction that may not
be correct. See Fig, B-1b,
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Fig. C-31,

2

100 200 300 400 500 0 100 200 300 400 500

Time — ms Time — ms

Acceleration and integrated acceleration data for Ac-S65V-C station.
Horizontal range: 19,78 m; instrument range: 20,66 m; TOA: 25.0 msg;
acceleration and velocity component: vertical; data: satisfactory, See
Fig. B-lc.
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Fig. C-32,
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Acceleration and integrated acceleration data for Ac-S65HR-C station,
Horizontal range: 19,78 m; instrument range 20,56 m; TOA: 25.7 ms;
acceleration and velocity component: horizontal radial. Acceleration data
was satisfactory, with very poor signal-to-noise ratio; integrated acceler-~
ation data was satisfactory., See Fig, B-1b, ’
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