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ABSTRACT (continued)

Several technical programs were conducted including a wave measurement
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pressure and the acceleration and velocity of the water directly over the charge
positions. Results of all of these programs are included in this report.
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This report is a summary report for Project Tugboat, the explo-
sive excavation of a small boat harbor. It is the only formal report that
3 will be published for the project and therefore includes results of all
technical programs conducted under it,

The editor and contributing authors to this report wish to acknowl-
edge the participation of persons in the many agencies who helped make
this project a success.

The project marks the initial attempt of the Explosive Excavation
Research Laboratory to apply to an actual civil works project the knowl-
edge and expertise derived during its participaiion in the Plowshare
program, Despite some detonation prcblems, the project was success-
fully excavated with explosives without any postdetonation reliance on
conventional dredging to finish the job.

PR TSR RV T T (O DIOURGE I L PISHCY PRNp

The U,S. Army Engineer Waterways Experiment Station
(USAEWES) Explosive Excavation Research Laboratory (EERL) was the
USAEWES Explosive Excavation Research Oifice (EERO) prior to 21 April
1972, Prior to 1 August 1971 the organization was known as the USAE ;
Nuclear Cratering Group. ;

Directors of the Explosive Excavation Research Office (and NCG)
during the 2-yr period over which this project was conceived and exe-
cuted were LTC Bernard Hughes, COL William E, Vandenberg, and {
LTC Robert L., LaFrenz,
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Abstract

A portion of a planned small-boat harbor was explosively excavated in a
weak coral material using twelve 10-ton charges of an aluminized ammonium
nitrate slurry explosive. This experiment-demonstration executed by the U.S,
Army Engineer Nuclear Cratering Group, now designated as the U,S. Army
Engineer Waterways Experiment Station [ixplosive Excavation Research Lab-

oratory (EERL), was code-nimed Project Tugboat, The charges were em-

placed approximately 36 ft deep in the coral reef which was overlain with a
water layer averaging approximately 6 ft in depth. Charges were spaced 100
and 120 ft apart, A series of five calibration tests preceded the main harbor
Apparently because of inadequate boostering, two of the main
charges did not fully detonate and one charge deflagrated. An additional

array of sixteen 1./2-ton charges was subsequently emplaced and detonated to
clear that portion of the channel,

detonations,

The detonations resulted in a channel vary-
ing in width from about 150 to 260 ft at a minimum project water depth of 12 ft.
The berthing basin is almost a square area 400 ft on a side at the 12-ft water
depth contour, The explosive craters were broad and shallow with no lips and
were actually better suited to harbor excavation than the less wide and deeper

craters typical of dry land cratering detonations, The cratering mechanism
appears to be cne of densification of the coral through crushing and subsequent
settling, The crater remains devoid of water for several seconds after deto-
nation and then is filled by coral and water as the crater walls fail into the
crater. The extent of the crushing action of the detonations was crudely de-
fined by acoustic profiling surveys.

Several technical programs were conducted including a wave measure-
ment program, a study of the effect of the detonations on the marine environ-
ment, a ground-motion measurement program, a structures response study,
an airblast measurement program, and a measurement program to determine
the peak pressure and the acceleration and velocity of the water directly over

the charge positions. Results of all of these programs arc included in this
report.

-iii-

T S T ML

Y P PR

DIPITURI PRI DR LV PV R

-t

PR YTYW oS PRI S A

o 2

b e e St B o

wr AT i L T A A s r b 28 AN LY S b s

Kol ant 3 St b oAPAYS n i

e o o GV

L gy




TR FTORRS T T TR ey e m e m e Indianii 2 TF T T T S
= . EARCH 4 LA A Ak e iy Oy Oy D T R Y T R T e o Wy = [T T~ (e P e e ey
q

JronTrTn

Conversion Factors

vy

1 Units of measurement used in this report can be converted to metric units as
‘ follows: 1
Multiply By To Obtain ;
-
3 inches 2,54 centimeters :
i feet 0.3048 meters
3 cubic feet 0.02832 cubic meters -
: cubic yards 0.764555 cubic meters 3
“ pounds 0.4535924 kiiog’ ams 5
pounds per square inch 0.00089476 meganewton:s per square meter g
: pounds per cubic foot 16.02 kilograms per cubic meter q
3 Fahrenheit degrees 5/9 Celsius or Kelvin degreesa
foot-pcunds 0.138255 meter-kilograms

270 obtain Celsius (C) temperature readings from Fahrenheit (F) readings, use the
t('ollowir;g formula: C = (5/9) (F - 32); to obtain Kelvin (K) readings, use: K = (5/9)
F - 32) +273.15.
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EERL TECHNICAL REPORT E-72-23

PROJECT TUGBOAT
EXPLOSIVE EXCAVATION OF A HARBOR IN CORAL

Section 1

Introduction

PURPOSE OF REPORT

This report presents the final results
of Project Tugboat, the explosive excava-
tion of a small boat harbor., The report
includes details of site investigations,
experimental programs and procedures,
preliminary and final design, results and
analysis of data, and a statement of con-~
clusions for each technical program.

OBJECTIVES OF PROJECT

The U.S. Army Corps of Engineers
(CE) and the U, S, Atomic Energy Com-
mission (AEC) have been engaged in a
joint research program since 1962 to
develop the basic technology necessary to
use nuclear explosives in conjunction with
the construction of large-scale civil engi-
neering projects, The Explosive Excava-
tion Research Laboratory (EERL) of the
Waterways Experiment Station (U. S,
Army Engineer Nuclear Cratering Group
at the time of the experiment) has been
accomplishing the Corps' pertion of this
joint program, The major part of the
program has been the execution of chem-
ical explosive excavation experiments,

In the past, these were preliminary to

-1-

planned nuclear excavation experiments,
The experience gained and the technology
developed in accomplishing these experi-
ments have led to an expansion of the
EERL research mission, The mission
has been expanded to include the develop-
ment of chemical explosive excavation
technology to enable the Corps to more
economically accomplish Civil Works
Construction projects of intermediate
size. The Project Tugboat was planned to
provide data that could be used in the
development of both chemical and nuclear
excavation technology. It was also the first
experiment to be conducted at the specific
site of an authorized Civil Works Construc-
tion project for the purpose of providing a
ucefulportion of the planned project,

. Therefore, the objectives of Project
Tugboat can be generally stated as (1) to
provide a useful portion of the authorized
Civil Works lightdraft boat harbor planned
for Kawaihae Bay, Island of Hawaii, State
of Hawaii; (2) to test the applicability of
the cratering technique for harbor con-
struction in a coral medium at a reason-
able scale with chemical explosives; and
(3) to provide technical data which can be
used in the design of other chemical or
nuclear explosive harbor excavations,
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SCOPE OF PROJECT TUGBOAT

Project Tugboat extended over about a
2-yr period from the initiation of planning
to the completion of a postdetonation in-
vastigation program, A site investigation
program was the first on-site work and
was conducted during the summer of 1969,
This was followed by a series of five site
calibration detonations in November of
1969, Execution of these detonations was
officially designated as Phase I of Project
Tugboat, These tests were followed by a
period of data evaluation and the subse-
quent reworking of the sriginal conceptual
design into the final exvwlosive harbor
design. Execution of this explosive exca-
vation design occurred during late April
and early May cf 1870 and was officially
designated as Phase II of Project Tugboat.
During the summer of 1970, a breakwater
was built to provide some protection to
the excavated berthing basin, Because of
a misfire and incomplete detonation of
two of the charges during the execution of
Phase II, a nortion of the entrance chan-
nel did not meet the project criteria. A
small remedial explosive excavation pro-
gram was successfully executed during
December of 1970 to clear the channel,
This program was followed immediately
by a postdetonation engineering proper-
ties technical program that extended in
time through to early 1971, This report
will cover all phases of the described

work,

MAJOR TECHNICAL PROGRAMS
CONDUCTED

Many programs of a technical nature
were carried out during the 2-yr period,
Some were one-time programs on one or

-2«

two of the three detonation phases, while
others were more or less continuous
throughout the period of execution of the
entire project. The programs conducted
during each period of field operations are
briefly des~ribed in the paragraphs that
follow.

Site Investigations
A site investigation program was initi-

ated during the summer of 1969 which
included geophysical surveys of the proj-
ect area, hydrographic and topographic
mapping, geologic investigations, wave
analysis fcr the proposed conceptual har-
bor design, collection of site meteorolog-
ical data, archeological explorations and
mapping, an initial documentation of the
fish and other marine life in the blast
area, and a preliminary structural engi-
neering survey.,

Crater Measurements

Engineering surveys were conducted
following the Phase I, Phase II, and
remedial explosive excavation detonations
by the Honolulu Engineer District to de-
termine the crater profiles and the result-

ing entrance channel and harbor basin
dimensions,

Seismic Motion Measurements
A comprehensive seismic motion meas-

urement program was undertaken during
both Phases I and II, The objective of the
Phase [ program was to provide data as a
function of yield, range, and depth of
burst specific to the site that was subse-
qguently used to determine the maximum
safe yield for detonations in Phase II,
During Phase II, measurements were
made to verify safety predictions and to

e AR e PRl i

e Bt Y bt b

TSR R PR >

PAAL N AR Y0 RAN

I TE SO NX KR PP NSO 1Y

SR T )

s

YRR

PRI K Rt

ALl L g 47




Lias il bkt

TTTRA ATLER T ST ARSI ST -~ TR e Ry VLTI T

provide seismic motion and structural
respunse data as a function of range and
firing conditions. The planned firing con-
ditions were (1) four 10-ton charges in a
row fired simultaneously, (2) four 10-ton
charges in a row fired sequentially, and
(3) four 10-ton charges in a square array
fired simuitaneously., As described in
Section 2. problems occurred with the
firing of items (1) and (2) which negated
some of the objectives of the technical
program,

The program was accomplished by
personnel from the Waterways Experi-~
ment Station (WES) of the Corps of
Engineers,

Structural Engineering Survey

John A, Blume & Associates, an engi-
neering firm specializing in the effects of
seismic motions on structures, was en-
gaged to advise EERL in this vital area.
The objective of the program was to
assist in the determination of the maxi-
mum yield which could be safely fired
during the Phase Il harbor excavation
detonations, The scope of the program
was as follows:

1. To make an initial survey and
examination of structures in the vicinity
of the project site to ascertain present
conditions (accomplished during site
investigations),

2. To estimate the level of ground
motion at which incipient architectural
damage could be expected,

3. To make recommendations for
changes in the planned ground moticn and
structural-response measurements to be
made during Phase [ to provide needed data.

4. To assess the results of initial
survey and estimates based on the ground

- A S e S EM et s NP

motion and building response recorded
during Phase [, and to submit revised
recommendations,

5. To resurvey structures following
Phase I to determine whether any
changes had occurred,

Intermediate Range Seismic
Measurements

Seismic measurements were attempted

by the University of Hawaii on other is-
lands in the Hawaiian chain using instru-
ment stations already established for a
continuing earthquake study. Because of
some operational difficulties, records
suitable for a detailed analysis of the
magnitude of motion were not obtained.

Close-in Air-Overpressure
Measurements

A comprehensive program of ground
level air-overpressure measurements
was conducted during the execution of
both Phases I and II by the Sandia Labo-
ratory, Albuquerque, New Mexico. The
objective of the Phase [ program was to
provide air-overpressure data as a func-
tion of yield, range, and depth of burst
specific to the harbor site and the slurry
explosive. These data were subsequently
used in conjunction with other safety data
to estimate the maximum safe yield for

the detonations of Phase II. The objective

of the program during Phase Il was to
verify the safety predictions and tc pro-
vide data as a function of range and firing
conditions. As described in Section 2,
problems occurred with the firing of the
first two detonations during Phase II
which negated somewhat the comparison
of air overpressure from a simultane-
ously fired row with that from a sequen-
tially fired row of charges.
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Fish and Wildlife Studies

A comprehensive program was per-
formed by the State of Hawaii, Department
of L.and and Natural Resources, to deter-
mine the effects of the explosive cratering
detonations on the marine environment in
Kawaihae Bay. The program included:

1. A recording of the species, com-~
position, and densities of marine life
existing at the project site prior to the
commencement of work by underwater
transecting and photography by Scuba-
equipped divers, This program was ac-
complished during the site investigations
phase of the project.

2. A determination of the effects of
the detonations in relation to the total
number and/or poundage of fish and inver-
tebrates killed or injured, the total area
affected by the blast, and the distance
from the blast center to which fish kills
were effected,

3. A determination of the time re-
quired for and the nature of repopulation
of the affected area,

A_{}'%l_%esmuﬂgﬁ_m%ﬂl
an ave Measurements ase

ESSO Production Research, a division
of Humble Oil Company, sponsored a pro-
gram of motion picture aerial photography
of the Phase I and II detonations and a
wave measurement program during the
Phase I detonations only, The purpose of
the photography was to provide documen-
tation of the late time crater formation

process and to view the wave pattern pro-
duced by the detonations. The
Phase I wave measurement program
provided the first known wave data for
underwater cratering detonations of
significant yield.

T TRTAING AR T T VT TR RIS G TR ST U, S oy s

Wave Measurements (Phase II)

The Coastal Engineering Research
Center (CERC) of the Corps of Engineers
conducted a wave measurement program
during Phase II, The program was in-
tended to be a follow-on to the program
conducted during Phase I, Data from
both programs are summarized in Sec~-

tion 3 of this summary report.

Pressure, Velocity, and Acceleration
Measurements in Water Surface Layers

The Lawrence Livermore Laboratory
(LLL) of the University of California con-
ducted a program to test instrumentation
designed to measure shock pressure,
velocity, and acceleration in the surface
water layer in an underwater cratering
test such as Tugboat. The instruments
were designed to make measurements ex-
tended in time in the very high pressure
and acceleration environment encountered
at the Surface Ground Zero (SGZ) location,

High-SFeed Photography from
round Stations

High-speed photography of all detona-

tions was taken from ground stations by
personnel of EERL. This photography
was primarily for documentary purposes.

Postshot Engineering Properties
Investigations

A program of drilling and sampling in
the crater area was accomplished follow-

ing the remedial explosive excavation
detonations in the berthing basin area and
in the channel area to try to determine the
extent of fracturing of the coral. Results
of this program are reported here except
for final results of surveys taken after

1 yr and after a major storm to determine
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Jong-term changes in the bottom condi-
tions,

SUMMARY OF RESULTS

Project Tugboat detonations were exe-
cuted in three phases. Detonation yields
and dates of detonation are given in
Table 1, These detonations successfully
produced a harbor basin and entrance
channel which exceeded the design require-
ments in both width and depth., The deto-
nations resulted in a channel varying in
width from about 150 to 260 ft at a mini-
imum project water depth of 12 ft, The
berthing basin is almost a square area
400 ft on a side at the 12-ft water depth
contour, The minimum channel design
width was 120 ft and the berthing basin

design requirement was a square 240 ft
on 3 side,

The site medium is a weak coral,
Tests on cores recovered in preshot
drilling show a compressive strength
ranging between 760 and 1738 psi, a
mean bulk dry density of 1,37 g/cm3, &
mean saturated bulk specific gravity of
1,76 g/cm3, and a mean porosity of 49%.
The reef mass possesses, by an indeter-
minate amount, a lower mean strength, a
lower mean density, and a higher mean
porosity than the tests indicate,

Drilling of the charge emplacement
holes during Phase I was done from a
causeway which was later removed by
dragline. Phase Il holes were drilled
from a jack-up floating platform., The

aluminized ammonium nitrate slurry

Table 1, Tugboat charge designations and yields, and detunation dates.

Charge Charge yield Date of
designation (1b) detonation Remarks
A. Phasel
la (Alpha) 2,000 0901 6 Nov '69 —_—
16 (Bravo) 2,000 1101 6 Nov '69 —_
1c (Charlie) 1,975 1001 4 Nov '69 —
1d (Delta) 1,950 0901 5 Nov '69 —_
le (Echo) 20,200 1101 7 Nov '69 —
B, Phase Il
II-ABCD 52,000 0916 23 Apr '70 Charges C and D did
not detonate full-yield
II-EF 40,000 0901 28 Apr '70 —_—
I1-1JKL 80,000 0901 1 May '70 —
I1-GH 20,000 0901 8 May '70 Charge G deflagrated

C. Remedial Detonation

CltoC13
Al

14,800

G1, G2 }

8 Dec '70 -—
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blasting agent was pumped into the charge
canisters after the canisters had been
placed in the drilled hole and stemmed,
The slurry was pumped with a truck-~
mounted pump through a rubber hose
down a 4-in, fill line that extended from
the top of the canister to the surface.

Calibration tests provided information
that permitted a redesign of the harbor
excavation using a little more than half
the original drill holes and half of the
quantity of blasting agent estimated to be
required in the preliminary design. The
craters were broad and shallow with no
lips and were actually better suited to
harbor excavation in this situation than
the less wide and deeper craters typical
of dry land cratering detonations. The
cratering mechanism appears to be one of
densification of the coral through crushing
and subsequent settling, Aerial photog-
raphy showed that the crater remains
devoid of water for several seconds after
detonation and then is filled by coral and
water as the crater walls fail into the
crater, Wave staffs that were placed in
the coral near the craters moved toward
the crater before being overrun by the
outrunning water wave (further evidence
of this failure process).

The 10-ton Echo crater had a radius to
the 12-ft depth contour of about 60 ft,
This parameter was used to design the
harbor detonations, Spacing between
charges was set at two {imes this number,

Low-order detonaticn of Charges II-C
and [I-D and the deflagration of Charge
II-C apparently was due to inadequate
boostering. These misfires made it nec-
essary to do some small remedial detona-
tions which were successful in clearing
the channel.

TSR IRGTR IR 1T IR T TN e gy L VAR LT T oy e

The final channel surface is flat, level,
and sandy, with scattered small coral
blocks lying on it, Foundation conditions
in the channel are similar to those in
medium to dense sand. A short distance
outside the channel, natural coral condi-
tions exist, The material in the channel
is more homogeneous than that of the
natural coral reef, In the berthing basin
area, a layer of soft mud from 2- to 9-ft
thick lies at the surface., This layer is
not present in the outer part of the
channel,

Crater zones were not satisfactorily
defined by the drilling program. They
were crudely defined by the acoustic pro-
filing surveys; the true crater by the
limit of dipping beds within the crater,
and the rupture zone by the limit of the
basalt reflection, To define the true
crater specifically by drilling would be
very difficult.,

A long-term settling effect in both the
channel and the surrounding natural coral
was detected by surveys taken during May
and December 1970, On the average the
surface was lowered during this 7-mo
period by 1 or 2 ft. This effect supports
results of the acoustic profiling, which
indicate that the natural coral was snat~
tered by the blasts to large distances out
from and below the cratered channel.

The photography taken in the wave
measurement programs aided in an under-
standing of the crater formation process
and showed the wave patterns generated
by the detonations to be very complex.
The wave of maximum height was found
usually to be the first wave of the explo-
sively generated system, and it is charac-
terized by a high crest followed by a long,
shallow trough, The maximum wave
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height generated was during the [[-EF
detonation and was about 11 ft in height at
the closest point of measurement (230 ft).
Scaling relationships were developed for
predicting wave height and travel time,

The programs to determine the effect
of the detonations on the marine environ-
ment were very compreinensive, The
marine life at selected locations was ob-
served and recorded during and following
the major detonations, The distances
from the detonations to which fish kills
and injuries were effected were deter-
mined by the anchored fish cage technique.
Also, the dead and stunned fish were
picked up immediately following each det-
onation; then they were studied and
recorded.

A total of 111 different species repre-
senting 34 families of marine fishes was
found at the project site through under-
water observations by divers and through
collections of dead and injured fishes
after the detonations. Of the 76 species
that were recorded by the divers, 37 were
not found during postdetonation collections,
and conversely, 35 of the 74 species found
during postdetonation collection activities
were not observed during the underwater
observations. These discrepancies were
attributed to th~ limitations inherent in
the observation and collection methods
that were employed.

For the large detonations of Phase I,
the distances to which all fish in fish
cages were killed were 100 ft for detona-
tion II-ABCD, 120 ft for detonation II-
IJKL, and 210 ft for detonation II-EF,
The maximum distance to which any
fish were killed or injured probably
did not exceed 300 ft on any of the

three detonations.
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As estimated from the collections
made following the detonations, the fam-
ilies of fishes most affected within the
area of dead and injured fish were squir-
relfish, butterfly fish, damselfish, sur-
geonfish, cardinal fish, and the puffer,
Not all fishes collected following the det-
onations were dead, Some were just
stunned, As a test, a live but stunned
fish that was picked up was kept in a tank
for several weeks and appeared to be in
good health at the end of that time, The
observation data indicate that segments
of the project site still containing coral
(i,e,, immediately adjacent to the blasted
channel and berthing basin) are being
rapidly repopulated from adjacent unaf-
fected areas., These observations also
show that the detonations altered the im-
mediate areas of the channel ~1d berthing
basin from one of clear water and hard,
coral bottoms to one containing a silt
bottom and murky waters similar to those
found at the Phase I detonation site prior
to the blasts. It is suspected that the
final species composition and density in
these areas will reflect the changes that
were incurred to the habitat.

Instrumented ground-motion seismic
stations in the vicinity of Project Tugboat
were observed to respond in a fairly uni-
form manner, Maximum peak particle
velocities recorded during the 1-ton
events ranged from about 1,5 cm/sec at a
distance of about 1500 ft to about 0.1 cm/
sec at a distance of 8200 ft. Data re-
corded during the 10-ton detonation
ranged from about 4 cm/sec at a distance
of 1800 ft to about 0,4 em/sec at a dis~
tance of 8000 ft, Iinally, 40-ton ampli-
tudes diminished from about 6 cm/sec at
a distance of 2600 ft to about 0.8 cm/sec
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at a distance of 7600 ft, No reliable seis-
mic amplitude dependence upon depth of
burst could be established., Two yield
scaling methods verified one another in
defining a yield scaling factor of about”
W0.52. The II-EF sequential o :tonation
produced measurably lower ground mo-
tions than the expected motion for simul-
taneous detonation of the same charges,

Predictions of building response to the
Tugboat detonations identified the Ultra-
mar Warehouse to be the critical struc-
ture from an architectural damage stand-
point, Detonations during Phase II were
limited to 40 tons to minimize the possi-
bility of any damage, No damage claims
were filed as a result of any of the det-
onations,

Positive peak airblast overpressures
and positive phase impulse from the Tug-
boat Phase I explosions wers about five
times those predicted on the basis of
measurements made from cratering ex-
plosions in soil, Peak overpressures
estimated by applying multiple-charge
overpressure amplification factors to the
Echo detonation results were small
enough that the possibility of blast dam-
age on the Phase II detonations was ex-
pected to be acceptable,

Peak ovevrpressures for Detonation II-
ABCD, II-EF, and II-{JKL multiple-charge
Phase II detonations were approximately
1, 1.4, and 2.5 times that for a single-
charge detonation having a yield equal to
one of the charges in the multiple-charge
array. Positive impulses were about 2,
2, and 4 times that for a comparable sin-
gle charge., These data indicate that in
Detonation II-ABCD, Charges II-C and
II-D contributed very little to the positive
phase impulse observed. The data per-
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taining to the reduction of overpressure
from the delay of successive charge deto-
nations in a row were not adequate to
draw more definite conclusions,

No glass was broken and the estimates
of probakility of breakage based on maxi-
mum measvred peak overpressures was
never greater than 5 panes per thousand,

Cherge II-D SGZ area was instru-
mented for pressure, velocity, and accel-
eration measurements in the water, Peak
velocities of 66 and 61 ft/sec were meas-
ured by the subsurface and surface gages,
respectively. Peak accelerations were
356 and 311 g, respectively. The subsur-
face pressure gage measured 414 psi,
The I1-1JKL detonation was also instru-
mented, but accelerations were nearly
double the design limit of the gage canis-
ters, These accelerations resulted in
early destruction of the canisters and the
loss of considerable data, Peak acceler-
ations of 2780 g and pressures of 2513 psi
were recorded, The experience was very
useful ‘n developing LLL's capability to
instrument surface water environments,
It was fortuitous for this program
that Charge II-D did not go full-yield
as much more information was obtained
about the overall capabilities of the
instrumentation.

PROJECT ORGANIZATION

The organization for the planning and
the execution of Project Tugboat is shown
in Fig, 1. Explosives Safety, arming and
firing technical support was provided by
the Lawrence Livermore Laboratory,
Operational support was provided by the
Honolulu Engineer District of the Corps
of Engineers, This included Contract
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Fig. 1. Project Tugboat organization.

Administration and the associated Engi-
neering Construction and Operations work,
industrial safety, security, public infor-
mation services, and documentary photog-
raphy. A separate contract was negoti-
ated with the Los Angeles District to
provide documentary photography of con-

struction and execution of the Project.
The explosives contractor was the Dow
Chemical Company, and the charge em-
placement construction work and break
water construction work was performed
by the Mile High Drilling Company of
Boulder, Colorado,

Section 2
Construction, Execution, and Postdetonation Investigations

LOCATION

Project Tugboat is located at the site
of a planned small-boat harbor on the
Island of Hawaii, State of Hawaii (see
Fig. 2). The small-boat harbor is near
the village of Kawaihae on the northwest
coast of Hawaii and in Kawaihae Bay from
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which the village gets its name. The
Kawaihae Small-Boat Harbor was author-
ized as a Federal Civil Works Project by
the Congress of the United States in the
Rivers and Harbors Act of 1965 and is
planned as a jointly-funded Federal and
State project in the statewide system of
small-boat harbors.
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Fig. 2. Project Tugboat site located on vicinity map.
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A local site map is presented in Fig. 3.
There is an existing deep-draft harbor at
the town of Kawaihae (Fig. 3) with an
adjacent coral fill area, The project site
is to the south of this fill area in shallow
water and in a region of inactive-to-active
coral growth, The site is located about
10 road miles west of the town of Waimea
on State Route No, 26 and 19 miles south
of the town of Hawi on State Route No, 27,
Aerial photos of the coastal area near the
harbor site are shown in Fig, 4. The
village of Kawaihae consists of wooden
frame dwellings, two general stores, a
gas station, and some other local busi-
nesses. [n addition to the village, there
is a wide variety of structures in the har-
bor facility, including storage tanks for
oil and molasses, a bulk sugar warehouse
and associated conveyor system for load-
ing ships, a metal warehouse structure,
a large service terminal, and a combina-
tion poured concrete and concrete block
bulk chemical warehouse, Adjacent to
the small boat harbor area is a county
park with a swimming beach, stone and
wood pavilion, and rest room and shower
facilities, On down the coast there
are several houses and a large resort
hotel facility. All of these structures
were in the zone of concern for air-
blast and ground-motion effects and had
to be monitored during the large-yield
detonations.

In addition to these structures ‘*here
are archeological structures of histerical
interest adjacent to the harbor area for
which special investigations were con-
ducted, These "heiaus' are discussed
later in this section,
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SITE DESCRIPTION

General

The Island of Hawaii, like all the
Hawaiian islands, was constructed by the
geological process of volcanism, and is
composed predominantly of basaltic rock,
In places along Hawaiian coasts where
conditions are favorable, coral reefs
have grown. Such c :nditions exist in the
Kawaihae area, so that the basic geologic
situation at the Tugboat site is one of a
coral reef founded at some depth upon
basaltic rock, the latter being continuous
with the basalt which forms the adjacent
land mass.

The Kawaihae coral reef is not contin-
uous up and down the coast of Kawaihae
Bay, but is restricted to a stretch slightly
less than 2 miles long extending from the
vicinity of Kawaihae village southward to
about Waiulaula Point (Fig. 3)., The reef
averages about 3000 ft in width from the
shoreline to its outer edge. Before the
construction of the Kawaihae deep-draft
harbor, the shoreline lay slightly to the
southwest of the Kawaihae-Waimea road
between Kawaihae village and Makeahua
stream (Fig, 3). The deep-draft harbor
was constructed in 1957-1959 by excavat-
ing the coral reef with a cutter-type
dredge to a depth of 39 ft, Material
dredged from the harbor was used to
make the land fiil on which the present
harbor terminal facilities, oil storage
tanks, etc,, are located, Excess dredged
material was dumped to form the present
coral stockpile area, the outer edge of
which was revetted with large basalt
stones, The Project Tugboat site was
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E Meteorology and Climate fore occur on all the 1stands between the
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Fig. 3. Aecrial photo of Tugboat site showing zones of coral growth and sedimentation,
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Table 2, Surface temperature and rainfall summary for Kawaihae area.

Average high Average low Average
Month temperature (°F) temperature (°F) rainfall (in.)
January 80.8 63.4 3.14
February 80.4 63.0 2,54
March 80.4 63.5 2.22
April 81,4 65.3 1,44
May 83.4 67.1 0.69
June 85.4 68.9 0.18
July 86.4 70.1 0.43
August 87.0 71.0 0.35
September 86.7 70,0 0.25
October 85.5 69.1 0.87
November 82.9 67.0 1,52
December 80.6 64.8 2.70
Annuatl 83.4 67.0 16.13

The windward sides experience abundant
rainfall and nearly continuous moderately
rough seas; they therefore have thick
soils with abundant vegetation steadily
flowing streams with well-defined stream
valleys, and b~ld, cliffed sea coasts, The
climate of Kawaihae is typical of the lee~
ward sides, During most of the year
rainfall is sparse and winds are light and
variable, The area is semidesert: sun-
shine is plentiful, soil is thin, vegetation
is scanty and composed of hardy, drought-
resistant plants, Temperatures vary
from warm during the night to hot during
the day. A summary of surface tempera-
ture and rainfall data for the Kawaihae
area is given in Table 2, The daily cycle
of warming and cooling of the land results
in sea breezes during the day and land
breezes at night, A typical day begins
with westerly winds at 5 to 8 mph at 9 to
10:00 a.m, These winds blow continu-
ously throughout the day until 7 to

-15-

10:00 p.m. during which time the winds
usually shift to easterly at 7 to 10 mph

and continue until 3 to 4 hr after sunrise.
During wind shift times, the wind speed

is rather light and the direction is quite
variable. During the winter months, the
steady pattern of the trade winds occasion-

allybreaks down for periods of several days.

During these periods "'Kona'" (leeward)
storms may occur, bringing freshto strong
southwesterly winds and heavy rains,

Hydrography

The ocean bottom at the site was very
irregular because of numerous cora!
heads, some of which caused variations
of as much as 12 ft within a few feet hori-
zontally. One such coral head is shown
in Fig, 6, Numerous coral heads can be
seen cn careful examination of the aerial
view in Fig, 5, Water depth: over the
coral at the Tugboat site range ! in gen-
eral between 4 and 12 ft,
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Fig. 6, Typical coral head in Project
Tugboat area,

Hydrographic fathometer surveys were
run in May 1969, The resulting bottom
contour map is shown in Fig. 7. This
map does not show the highly irregular
surfaces of individual coral masses.

Tidal ranges in Kawaihae Bay are low,
with a maximum of about 3 ft. Tides
show diurnal inequality. Mean lower low
water (MLLW) is taken as the datum for
all ocean depths and land elevations in the
area,

Geology
The geology of the Tugboat site is

essentially that of the coral reef, since
the underlying basalt foundation lies at
depths greater than any of the explosive
detonations and greater than any of the
exploratory borings drilled either before
or after the shots.

Coral is composed of the limy skeletal
materials secreted by numerous species
of marine invertebrate animals, and also
by symbiotic lime-secreting algae. Col-
lectively these animals and plants form
colonies, and an assemblage of these
colonies forms a reef. A coral reefis a
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complicated ecological system, and the
imy material shows a complicated vari-
ety of structures, even though the struc-
tures are all made of the same material,
calcium carbonate, Some colonies are
massive and domelike, some are branch-
ing and shrublike, with a fragile skeleton
that is easily shattered or broken, The
substructure of a visible coral reef rep-
resents reef materials that grew in the
past. Numerous animals besides the
actual coral-formers live in and around
the coral reef, On death, the calcareous
remains of these organisms (shells,
spines, etc,) combine with broken parts
of the more fragile coral structures to
form calcareous sand and silt, which
filter into and partially fill voids in the
coral framework, At some time in their
geological evolution, reefs and their in-
filling sediment may, but do not neces-
sarily, become cemented together by
deposition of a calcareous cement, re-
sulting in formation of a solid limestone
rock,

Coral-forming organisms live and
grow only in clear warm saline water,
Fresh water and turbidity inhibit their
growth or kill them, In a land-fringing
reef such as at Kawaihae, fresh water
and (urbidity are introduced periodically
by silt;’ runoff after exceptional Kona
storms, Tlaere is thus a cycle: growth,
killing storm, death; period of stagnation;
reinvasion by new living colonies; renewed
growth, The result of such cycles in the
past has been discontinuities in the reef
substructure,

Longitudinal openings across the sur-
face of a reef, normal to the shore, are
a common feature, These "surge chan-
nels" occur at semiregular intervals, and
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have dimensions of a few feet, The
floors of such channels are flat or slope
gently seaward, and are covered with
coral sand, Similar but larger channels
occur opposite fresh-water springs or the
mocutus of fresh-water streams,
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Fig. 7. Tugboat site hydrography, May 1969 {contours represent depths in feet below
Mean Lower Low Water; map does not show all details of irregular coral

The Kawaihae coral reef is typical of
the generalized reef described above.
The construction of the Kawaihae deep-
draft harbor in 1957 to 13959, however,
altered part of the Kawaihae reef, includ-
ing the portion in which Project Tugboat
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was sited, The dumping of the coral
stockpile covered the shoreward portion
of the reef, Pumping of dredged fines to
the area seaward of the stockpile pro-
duced a deposit of fine sediment which
infiltrated the upper part of the reef struc-
ture, and resulted in the establishment of
a series of concentric zones (Fig, 5), as
described below,

Adjacent to the coral stockpile the
sediment zone has blue-gray silty sand to
depths of 2 to 8 ft, The water is contin-
uously turbid, and there is no living coral.

Outward from the sediment zone, in
the sporadic zone, the ocean floor is cov-
ered by a brown, slimy seaweed, and the
water is turbid most of the time, Only
hardy coral types grow, forming large,
knobby heads.

Further to seaward the active zone

was unaffected by the earlier deep-draft
harbor construction, Active growth is
occurring: some colonies are dome-
shaped, some are branching and thick,
others are branching and delicate. The
reef is incised by surge channels.

In the period since deep~draft harbor
construction, the winnowing action of the
surf has washed the fine sediment cut of
the outer zones, but not out of the sedi-
ment zone,

The geological investigations prior to
Project Tugboat, described below, showed
the coral at the site to have undergone no
secondary calcification or cementation,
and to be characterized by loosely bound,
interlocking, shrublike branches. The
material was soft (for rock), easily
scratched, and subject to crumbling
under small loads, The reef was deter-
mined to be Recent in geologic age, pos-
sibly only a few hundred years old,
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Geologic Investigations

A drilling program was carried out in
June and July of 1969 to investigate sub~
surface conditions at the Project Tugboat
site, Fifteen borings were drilled to
depths as great as 76 ft below MLLW
(Fig. 8). Ccean-floor conditions were
studied by divers at each hole site to
select the best position for the
drilling scaffold, to photograph coral
outcrops, and to sample ocean~-floor
materials. A combination of split-
spoon drive sampling, 4-in.-diameter
core drilling, and Denison sampling
was used. Some intervals were
washed and jetted.

All told, 687 ft (linear) of hole were
drilled, of which 304 ft were core-drilled,
All holes required casing to their full
depth except for the final drill run or two,
From the 304 ft in which coring was
attempted, 123 ft of material was recov-
ered (40% recovery). Only 7 ft of core
was recovered in lengths of 6 in, or more,
and the longest piece recovered was 1.6 ft,
Typical core recovery is illustrated in
Fig, 9.

The poor core recovery is attributable
to the discontinuous nature of the reef
structure, and is compatible with results
experienced during construction of the
Kawaihae deep-draft harbor, during which
about 3 million yd3 of material was exca-
vated without the need for blasting except
in a small area of the entrance chan-
nel, Nine-tenths of the excavated
material was soft enough to cause
little wear on the dredge cutterheads.
Ten percent or less, principally in
the seaward areas, was dense coral
which caused substantial wear on the
cutterheads.
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Fig. 8. Exploratory borings and seismic traverses, Project Tugboat site,

Physical Testing

A limited amount o” testing of the phys-
ical properties of the coral material was
carried out, with the following results.

Unconfined Compressive Strength

Samples: Rectangular blocks, average
1-1/2 X 1-1/2 X 2-1/2 in,, cut from core
from two of the borings

No. of tests: 10

Direction of application of stress: Some
parallel, some normal to coral cellular
structure

Mean strengih: 1080 psi

Maximum strength: 1738 psi

Minimum strength: 760 psi

Mode of failure: Crumbling

-19-

Specific Gravity
Procedure: ASTM Standard, method
C-127 (Specific Gravity and Absorption

of Coarse Aggregate)

Source of samples: Coral samples col-
lected from walls of surge channel
(comparable to core samples)

No, of tests: 5

Results:

Max- Min-
Mean imum imum

Bulk specific gravity 1,37 1,54 1.27

Bulk specific
gravity (satu-
rated surface-

dry basis) 1,76 1,89 1,65
Apparent specific
gravity 2,24 2,46 1,98

Absorption, percent 28,3 38,4 22,5
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Fig, 9. Typical drill core recovery from exploratory borings,

Remarks: AST\ "bulk specific gravity'

is essentially the same as bulk dry

density, expressed in metric units,

The mean bulk dry density of the sam-

)
ples was thus 1,37 g em” or 85,5 Ib’ft

The ASTM "apparent specific gravity'

3

is the <ame as apparent specific grav-

ity as defined in Enginecer Manual
1M 1110-2-1006 (Ref, 1) and reflects
the presence of microscopic voids in

the material. [t would equal the spe-

cific gravity of the substance composing

the coral (chiefly aragonite, ortho

hombic calcium carbonate, spec, grav,
2.93, according to X-ray diffraction
analysis of a core sample at LLL) if

there were no voids.

U'nit Weight (dry)

Procedure: XM 1110-2-1906 (Ref. 1)

Samples: Same as for unconfined com-
pressive strength, above

No, of tests: 2

Results: 72.4 Ib/ft7, 66.8 1b'1° iboth

oven-dry); mean 69,6 lb,-"ft'{.
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Remarks: This test is essentially the
same as the bulk specific gravity test
above., The difference in mean values

apparenily represents variability of

material,

Porosity

Procedure: EM 1110-2-1906 (Ref, 1)

Tested at Honolulu by Honolulu Engi-
neer District (HED):

Samples: As for unit weight, above

No, of tests: 2

Results: 45%, 64%, mean 5+.5%

Tested at Livermore by NCG (now
EERL):

Samples: Core samples

No, of tests: 5

Results: Maximum 56%, minimum
37%, mean 49%.

Remarks: These results measure only
the porosity of the laboratory samples
due to small voids within the coral
material. The porosity of the reef
would be greater, since it wouid be due
as well to the macroscopic voids be-
tween various coral branches, etc,

General Remarks: All test values are
valid only for the laboratory samples,
not for the reef mass as a whole, be-

" cause of the open, branching structure
of the latter,
ples are not truly representative of the

(In effect, the lab sam-

reef mass as a whole.) The reef mass
possesses, by an indeterminate amount,
a lower mean strength, lower mean
densiiy, and higher mean porosity than
the test values indicate,

Pressure-Volume Measurements
{Tested by LLL)Z

Procedure: Piston~cylinder device where
the advance of the piston into the cyl-

2]~
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inder is monitored as the pressure is
varied (see Ref. 3 for details of the
procedure).

Remarks: LLL was interested in knowing
the high pressure mechanical proper-
ties of coral for possible future refer-
ence, The samples used in these tests

were taken from drill hole No, 45,

between 35 and 60-ft depth, They were

received in an unsaturated condition
and were completely saturated in sea-

The

samples tested had an initial density of

1.88 £ 0,03 g/cm®, a bulk modulus of

50 kbar and a water content of 28.3% or

water before tests were done,

52% by volume; they contained no gas-
filled porosity,

Results: The loading and unloading
pressure-volume data are presented in
Fig. 10,

Stress-Strain Measurements
(Tested by LLL)

Procedure: Both Brazil and triaxial tests
were performed at confining pressures
ranging up to 3.5 kbar using standard
techniques (see Ref, 4).

Remarks: Test data are summarized in
the Table 3 and plotted in Fig, 11,

Geophysical Investigations
A seismic refraction survey was made

at the Tugboat site area in May 1969
(Fig. 8). Six 110-ft lines and one 275-ft
line were run parallel to the revetment,
one 650-ft line was run oblique to the
revetment, and an 825-ft traverse made
up of three 275-ft segments was run
oblique to the revetraent and along the
then-proposed channel alinement,

All lines showed low-velocity material
at shallow depths, with P-wave velocities
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Fig. 10, Pressure-volume data for Tugboat coral (samples from Hole No, 45, 35- to

60-ft depth).

po=t 2 3 por
m 3

Fig, 11. Stress-strain data for Tugboat
coral (samples from Hole No. 45,
35- to 60-ft depth),

in the range of 5100 to 6600 ft/sec (only
slightly above the velocity of water, which
is about 5000 ft/sec). This material rep-
resents the coral reef. Only the 650-ft
line effectively explored material deeper
than 100 ft below the ocean floor. This

22«

line detected the presence of higher-
velocity material at about 70-ft depth,

150 ft from the revetment, sloping down
to 110-ft depth 750 ft from the revetment,
This material had an average velocity of
10,650 ft/sec and was presumed to be the
basalt foundation on which the coral reef
rests, This higher-velocity material was
detected only on this one line,

The seismic data suggested consider-
able lateral variation within the coral,
The highest velocity within the coral,
7240 ft/sec, was measured along the long
axis of a single continuous coral reef,

Wave Analysis
Wave action in the Kawaihae Bay area

was analyzed to provide criteria for the
design of the explosively excavated har-
bor. The study findings were that the
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Table 3, Stress-strain measurements.
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Test type (ft) (kbar)  (kbar) (kbar) (kbar) (kbar)
Brazil 35-40 0.08 0 -0.03 0.055 0.03
Brazil 35-40 0.07 0 -0.02 0.045 0.03
Triaxial 35-40 0.14 0 0 0.07 0,05
Triaxial 35-40 0.12 0 0 0.06 0.04
Triaxial 45-53 0.12 0 0 0.06 0.04
Triaxial 45-53 0.11 0 0 0.06 0.04
Triaxial 45-53 0.09 0 0 0.05 0.03
Triaxial 45-53 0.630 0.50 0.50 0.065 0.54
Triaxial 35-40 1.08 1.00 1.00 0.040 1.03
Triaxial 45-53 1.58 1,50 1.50 0.040 1,53
Triaxial 45-53 1.67 1,50 1.50 0.030 1.56
Triaxial 45-53 2.11 2,00 2.00 0.055 2,04
Triaxial 35-40 2,095 2,00 2.00 0.045 2.03
Triaxial 45-53 2,47 2.35 2,35 0.060 2.39
Triaxial 35-40 3.13 3.00 3.00 0.065 3.04
Triaxial 45-54 3.68 3.50 3.50 0.090 3.56

Remarks: The average failure envelope occurs at a very low but more or less
constant shear stress of approximately 50 bars up to a mean pressure, Pp,, of about
2.5 kbar., Beyond this pressure the shear stress seems to increase slightly. The pos-
sible slight decrease followed by an increase in shear strength with pressure is very
uncommon with the exception of several high-porosity tuffs from the Nevada Test Site
which were tested in both the saturated and dry condition, It is believed that initially
this effect is due to the progressive collapse of the matrix framework into the existing
pore volume with increasing dilational strain (1.5 kbar and later by the added distor-
tional strain 1.5 kbar). Thus, at the higher confining pressure, the material has a
higher initial density and work~hardens faster. It can be expected that, at some mean
pressure greatier than 4 kbar, this envelope must assume the more normal behavior
and become asymptotic to some unknown higher value of shear stress. With the ex-
ception of the samples deformed by triaxial and Brazil tests at atmospheric pressure,
the material behaved in a ductile fashion in all cases.

theoretical maximum waves anticipated Archeological Explorations and Mapping
to act on the breakwater are between 6 Because there existed some major

and 8.5 ft. The maximum wave height archeological structures of great impor-
that can be expected at the mouth of the tance to the Hawaiian culture in the vicin-
entrance channel is 18 ft (nonbreaking ity of the project site, the Corps of Engi-
wave), The critical direction of waves neers requested that the Bernice P,

are N67°30'W with a period of 8 sec for Bishop Museum undertake a study to

the breakwater, and N67°30'W with a locate, map, and otherwise document the
period of 15 sec at the entrance to the existence of those artifacts to serve as a
channel, control to reveal any damage caused by
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the harbor detonations. A comprehensive
study was conducted which is reported in
Ref, 5. Major artifacts and two heiaus on
the hill overlooking the site were studied
(see Figs, 3 and 4b), The larger one is
called Puukohola and the smaller one,
Mailekini, Other artifacts located and
studied include a third heiau that is under-
water and partially covered with silt; a
stone seat adjacent to the shoreline and
the underwater heiau; and ruins of John
Young's principal house near the
Puukohola heiau,

There was some concern that the
Puukohola and Mailekini heiaus would be
damaged by seismic motion from the
larger detonations; i.e., some of the
stones would start to move and the heiau
would collapse. Because of this concern,
an extensive program was undertaken to
mark the location of individual stones on
the surface of the heiaus. This would
permit some exactness in reconstruction
work that might have to be done. In addi-
tion, the steeper slopes and corners of
the structures were braced with timbers,
cable, and plywocd as shown in Figs. 12
and 13, However, the bracing was not
needed because the motions were not suf-
ficient to cau~e the structures to collapse
(see Section 6), . '

The archeological report5 contains a
very interesting history by Russel A,
Apple of these heiau structures; it is
recommended to those interested in the
history of the Hawaiian Islands. Some
major historical events in the rise of
King Kamehameha as the first ruler of
the entire chain of islands occurred at the
site of these heiaus,
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Fig. 12. Bracing on steep wall of Puuko-
hola heiau prior to detonations
in Phase I of Project Tugboat.

Fig, 13. Cable and timber bracing used
on corners of heiaus

PROJECT DESIGN

Preliminary Design

A preliminary design for Project Tug-
boat was made prior to the availability of
site geology or geophysical data, The
material was assumed to be coral over
the depth in which the detonations would
take place, Because of a lack of experi~
ence in cratering in a coral underwater,
assumptions had to be made for the crater
dimensions expected, and it was assumed
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that the shape of such a crater would be
gsimilar to that experienced on land, The
required project depth was 12 ft below
MLLW, The following were the assumed
crater dimensions:
DOB = Depth of burst = 140 ft/kt*/3+4
R = Apparent crater radius
a ‘ 1/3.4
= 200 ft/kt™ /7
D, = Apparent crater depth
= 90 ft/xt!/3-4
a] = Average crater lip height
= 0.5 D,
The preliminary design based on these
scaled crater dimensions utilized ten each

H

10-ton charges to provide an entrance
channel 600 ft long and 120 ft wide and ten
each 10-ton charges in two rows of five
each to provide a berthing basin 330 ft
long and 180 ft wide. The actual depth of
burst and crater dimensions used in this
design were:

DOB = 36 ft
R, =52ft
D, =23 ft
H, =121t

Phase I—Calikration Tests

The calibration tests were designated
la, 1b, lc, 1d, and le. Tests la through

. TTEIR TR O IR AT RTINS

1d were 1-ton detonations over a range of
DOB‘s, and test le was a 10-ton detona-
tion at what was predicied to be the opti-
murm DOB. The locations of these deto-
nations are shown in Fig., 14. The actual
as-built yields and depths are given in
Table 4,

Phase II—Entrance Channel
and ‘BerthinEBaEin

Following execution of Phase I, the
Phase II design was radically changed.
In the new design, twelve instead of
twenty 10-ton charges were emplaced
42 ft below MLLW, The craters obtained
in Phase I had been much larger and of a
different shape than anticipated, permit-
ting the reduction in the number of
charges required (see Results), The de-
sign plan view is shown in Fig. 15. The
emplacement hole locations are desig-
nated II-A through II-L. The d.sign pro-~
vides an entrance channel that starts in
deep water at the edge of the reef ana
curves around the site of a future exten-
sion to a breakwater (built as part of the
explosive excavation project) ending in a
wider berthing area. For the outer four
charges, spacing is 100 ft between

Table 4. Actual charge depths and weights for Phase I,

DOR Charge
Depth (depth in ft cavity
below below MLLW (cylindrical
coral to charge diameter
Charge Date Charge surface center) X height)
designation and time weight (ft) (ft) {ft)
1a (Alpha) 0901 6 Nov 2,000 11,0 16,33 2,4 X5,2
1b (Bravo) 1101 6 Nov 2,000 14.3 16.66 2.4 X 5,2
lc (Charlie) 1001 4 Nov 1,975 17.6 20,12 2.4 X5.2
1d (Delta) 06901 5 Nov 1,950 20.6 24,74 2.4 X 5,2
le (Echo) 1101 7 Nov 20,200 35.7 41.1 - 41,6 5.1 X11.3
~25-
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Fig. 14. Surface ground zero locations for Phase I calibration tests,

charges, For the remainder of the
charges spacing is 120 ft. The closer
spacing on the outer four charges was
intended to provide movement of fine sand
in the bottom of the channel out to sea,
The berthing basin design used four
charges in a square array. The same
relatively large spacing was used here
also (120 ft). Because it was not neces-
sary to throw out the cratered material
but only to crush and compact it to get the
apparent crater volume, the material in
the center of the array was of little con-
cern. It was to be subjected to four con-
verging shock waves and receive more

«26-
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crushing action than the remainder of the
material,

The breakwater was to be constructed
adjacent to the berthing area fol swing the
detonations in Phase II, It was to be mon-
itored by successive field surveys over a
period of about one yr~r.

Actual as-built charge yields and
depths are given in Table 5,

This design was to provide a portion of
a much larger final harbor development
pian for this location by the H¢ 10lulu
Engineer District (HED) and the State of
Hawaii, A plan of this final harbor devel-
opment is shown in Fig, 16,
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Fig. 15. Plan view of charge locations for Phase II,

As indicated in the table, Charges I[-A,
[1-B, II-C, and II-D were to be fired
simultaneously, Charges II-E, II-F, II-G,
and II-H were to be fired with a 100-msec
delay between each charge starting with
Charge [I-E, and Charges II-i, IT-J, II[-K,
and [I-L were to be fired simultaneously.

-97-

Remedial Explosive Excavation Design

As described in "Supporting Corstruc~
tion," several misfires occurred during
the execution of Phase II. Because of
these misfires, two portions of the chan-
nel did not meet the project depth require-
ment of a minimum 12-ft depth below
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Table 5, Actual charge depths and
weights for Phase Il

(Weirght of each charge = 20,000 1b)

Depth of burial Charge cavity
(depth n ft (cylindrical

below MI.LW diameter
Charge to charge center) X height)
designation (ft) (f1)

[-A 43.2 5.1 X 11,3
[-B a 43,2 3.1 X 11,3
[-C 42,6 5.1 X 11,3
H-D 1.0 5.1 X 11,3
- 12,1 5,1 X 11,3
- b 12,4 5,1 X 11.3
-G 43.0 5.1« 11,3
f1-H 42,0 5.1 X 11.3
I-r 41.9 5.1 X113
Ir-J ¢ 41.7 5.1 X 11.3
II-K 42,1 5.1 X 11.3
I1-1L 41.5 5.1 X 11,3

a E

ired together,

bFired with 100-msec delay between charges
starting with Charge II-E, Although all four
were fired, only I{-E and [I-} detonated,
Charges [1-G and [I-H were fired again later,
I1-H detonating fully and I[-G deflagrating.

“Fired together,

R I o T AT S - . .

MLLW, A remedial explosive excavation
design was prepared to clear the channel,
Half-ton charges were emplaced in three
areas as shown in Figs, 17a, 17b, and 17c,
The actual as-built charge loadings and
depths are given in Table €,

SUPPORTING CONSTRUC TION
AND EXECUTION

Two major contracte were used to exe-
cute Project Tugboat. The contract for
construction included all operational sup-
port and construction of the project office,
exp.osive storage and assembly and hand-
ling facilities, surface markers, camera
bunker, temporary roads, and parking
area, The major part of the contract was
the construction of the 17 emplacement
holes, Mile High Drilling Company, Inc,
was awarded this contract, The second
contract, awarded to the Dow Chemical

[2 YRR .

Wiea/uaman

Fig. 16, Conceptual drawing of completed small-boat harbor, Kawaihae Bay, Hawaii.
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Fig. 17a. Project Tugboat remedial design for area at channel entrance where
Charge Al was used to remove nose that protruded into channel,

Company, was for the procurement and of Honolulu to accomplish the remedial
placement downhole of explosives for all explosive excavation work, The U,S.
Phase [ and Phase Il detonations, A Army Engineer District, Honolu™ ., Hawaii,
small contract for emplacement of charge provided construction and operational sup-
containers was let to Continental Drilling port in accomplishing the project, and
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Fig. 17b, Project Tugboat remedial design for area over Charge Locations II-C
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Project Tugboat remedial design for area over Charge Location II~G where
two high spots existed in channel bottom,
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AR

Fig. 18. Truck-mounted fold-over
derrick-type bucket auger used
to driil Phase [ emplacement
holes,

acted as contract administrator for these

contracts,

Emplacement Hole Construction

Phase [

Because ground zeroes for Phase [
were close to the coral fill area, the con-
struction contractor built temporary
causeways which extended over the charge
emplacement locations. These causeways
were used for drilling, placement of con-
tainers for the explosives, explosives
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Table 6. Actual charge loadings and depths for remedial detonations.

Depth from Depth of
MLLW to ocean casing below Charge weights
Hole No. floor (ft) ocean floor (ft) explosive (lb)
Gl 13.0 11,5 720
G2 13.5 11,0 720
Cl1 11.0 11.0 1000
C2 12,0 11,0 1000
C3 9.5 11,0 1000
C4 10,0 11,5 1000
C5 11.8 12,0 1000
Cé 12,5 11.5 960
C1 8.7 11,0 1000
C8 9.1 i1.0 1000
C9 12,0 11,0 960
c1o0 13.6 11.0 900
Cl11 13.6 10,5 900
Cci2 12,6 11.5 960
C13 11,0 11,5 1000
Al 14.5 11,8 720

emplacement, and placement of the stem-
ming material, Coral gravel from the
existing stockpile in the vicinity was uti-
lized to construct the 18-ft-wide cause-
ways, Prior to detonation, the causeways
were removed to the average high bottom
elevation, not including isolated coral
heads, and materials were returned to
the borrow stockpile,

Drilling began after the completion of
the causeways on 29 September 1969,
The emplacement holes for the 1-ton
charges were to be 3 ft in diameter; the
holes for the 10-ton charges were to be
5 ft, 8 in, in diameter, The emplace-
ment holes were drilled with a truck-
mounted bucket auger (see Fig. 18), To
prevent caving in of the walls and to aid
in the emplacement of the explosive
charge container, the holes were cased.

-39

The auger method is the most rapid and
efficient technique for drilling large-~
diameter holes of shallow depths (less
than 210 ft) in soft and moderately soft
materials, Auger drilling destroys the
rock by a rotating bit equipped with knife-
or blade-like cutting devices., The rock
cuttings are retained inside the bit and
are removed by pulling the bit to the sur-
face. The type of auger machine used
was the truck-mounted fold-over derrick
unit, with the following major components:
an independent power unit, transmission,
rotary tabie, kelley and digger attach-
ment, The holes were cased the entire
length of the hole,

The explosive containers were em-
placed in the cased drill hole, Containers
were cylindrical in shape and fabricated
from steel conforming to Federal
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Specification QQ-S-698 and AM-2, Brac-
ing angles of A36 steel (structural carbon
steel) were provided for top and bottom
A fill line of a standard weight
steel pipe conforming to ASTM A120-68a
was threaded into the top center of the

plates.

explosive container and, with extensions,
was made to extend to the surface. After
cans were placed at the proper depth,
they were covered with a 1-ft layer of
crusher run material with a 6-in, maxi-
mum size. Concrete (3 ft) was placed by
the tremie method on the top of the
crusher run material and was allowed to
"set-up" for approximately 48 hr, Con-
crete for the stem and grouting had a
compressive strength of 3000 psi at

7 days. The casing was extracted to 6 in,
below the surface of the concrete during
the tremie operation,

Casing removal was difficult in the
Alpha and Bravo emplacement holes. The
concrete formed a firm bond to the lower
portion of the casing, The concrete and
the casing had to be jacked apart, by
means of two 4-in, diameter pipes rest-
ing on the concrete and a 12-in, H-beam
welded across the top of the casing. Two
30-ton capacity jacks were used from the
inside of the casing.

The access hole was stemmed with
crusher run material 6-in. maximum size,
graded from coarse to fine. After the
explosives were emplaced, the steel pipe
fill line was filled to the surface with fine
aggregate (100% passing No. 4 sieve size),
The causeways were subsequently re-
moved by dragline as illustrated in Fig, 19,

Phase II
The drilling work for Phase II was ac-
complished from a floating barge equipped

-33-
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witit a bucket auger machine suspended
from a track-mounted crane, .Casing was
again used to insure the integrity of the
excavation, However, the casing did not
extend the entire depth of the hole; it wus
required only from above water to a few
feet into the coral bottom, A telescoping
three-sectional casing, which could be
extended to 40 ft, was utilized for this
purpose, With the barge anchored over

the charge emplacement hole location,

hydraulic jacks raised the platform out of

Fig. 19, Removal of Phase I causeway by
dragline.

Fig. 20. Drilling platform used during
Phase Il emplacement construc-
tion,
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j‘ 4-in. dia line extending

12-18 in. above water

surface to cavity for

explosives emplacement,

Holes II-A,
e (SRR (] g [[-C,
< Q\é I1-D only.

Consolidated stemming
material, pit run
coral sand 6 in.
maximum size

Charge emplacement
canister

Fig. 21, Charge emplacement design fcr
Phase I,

the water to eliminate the interference of
waves, tides, currents, or wind on the
drilling platform position, The platform
and drilling rig is shown during construc-
tion operations in Fig, 20.

The stemming techniques were the
same as in Plase I. The material used
for stemming the access nole was 6~in,
maximum size, well graded from coarse
to fine, and was obtained from the Gov-
ernment coral stockpile at the project
gite, The coral was placed in an initial
10-ft lift and then in 3-ft lifts for the re-
mainder of the fill; each lift was consoli-
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dated., Figures 21 and 22 illustrate the
typical cratering charge emplacement
holes utilized in Phase II.

Explosives

General Procedures

Explosives were stored, handled, and
transported in accordance with the appli-
cable portion of the AMCR Safety Manual.6
The Test Manager had direct responsibil~
ity for planning and coordinating project
execution, The HE Project Officer
(1) supervised all assembly, transporta-
tion, handling, emplacement, and prepar-
ation for firing of explosive charges; (2)
acted as the Explosives Safety Engineer;
(3) was responsible for the functional
capability of the explosive system, in-
cluding the electronic timing and firing
systems; and (4) served as the senior
member of the arming party. Prior to
explosive emplacement, a limited access
area was established by the Test Manager

4-in. EMT fill line
o to extend 6-12 in.
above highest water

,7/I;A lavel

Standard 125-in.

minimum

clearance bolted flange
above high connection.
tide

6~in. maximum
height fill pipe to
extend above coral

Coral fill £

Fig. 22, Flange modification to charge
emplacement design for Charges
II-g, iI-F, 11-G, Ii-H, II-i, II-J,
II-K, and II-L,
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in consultation with the HE Project Offi-
cer.* The size of the area depended upon
the amount of explosives to be emplaced,
the potential ejecta range, the relative
operational hazards, and the practical
work problems, During the emplacement
operations, a fire control area was also
established.*

Prior to D-day, the main firing and
control cables were run from the firing
point to the CDU (capacitor discharge
unit) in the vicinity of the SGZ, A final
dry run on all systems including the fir-
ing system was made.” ™ All dry runs were
completed prior to arming. Upon receipt
of authority from the Test Manager, the
charges were armed by connecting the
detonator leads to the CDU and by con-
necting other auxiliary devices fired by
the CDU, The remote control firing unit
was always locked out during arming, and
the key was in the possession of the sen-
The
senior member of the arming party turned
on the timing and firing unit and started
the count-down to detonation,
detonation, the detonation site was in-

ior member of the arming party.

Following

spected for evidence of misfire before

Limited access area: that area asso-
ciated with explosives where entry is re-
stricted to those persons concerned with
the job at hand. The purpose of limited
access control was twofold: first, to pre-
vent undue interference with necessary
workers and, second, to minimize extent
of injury ir case of explosive accident,

fFire control area: that area associ-
ated with explosives where the possession
or use cf any flame- or spark-producing
equipment or material was prohibited.
Normaily, this distance extended 50 ft in
any direction from any explosive in a
fixed location,

MAII fire control keys were removed
and kept adequately secured except during
approved test periods.
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personnel access restrictions were
removed,

Blasting Agent Selection

The blasting agent used in the Phase I
safety calibration series and the Phase II
entrance channel and berthing basin deto-
nation was an aluminized ammonium
nitrate slurry (AANS), The selection of
the slurry blasting agent for the job was
based upon the following criteria:

(1) Minimum emplacement costs

(2) Minimum explosive costs consist~
ent with prerequisite detonation proper-
ties

(3) Compatible with wet environment

(4) Free-flowing during emplacement

(5) Density greater than sea water

(6) High excavation capability per
unit volume of explosive

The explosive provided under a com-
petitive bid contract was Dow Chemical
Compazny's Modified MS-80-20. The fol-
lowing specifications characterize the
explosive:

(1) The explosive gelled from 5 to
10 min after emplacement to a viscosity
of at least 25 poise

(2) The density of the explosive after
gelling in the borehole was greater than
1.2 g/cm3

(3) The total energy of the explosive
mixture was more than 1700 cal/g of
explosive

(4) The velocity of detonation as meas-
ured by arrival was between 4000 and
5500 m/sec

(5) The explosive mixture did detonate
at high order in a 4-in, diameter uncon-
fined column and was incapable of being
detonated with a No. 8 blasting cap
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(6) The explosive mixture was capable
of high-order detonation after being sub-~
merged in seawater for 200 hr

(7) The explosive was sufficiently non-
toxic and nonirritating to personnel

B i s e S

explosive components except caps, The

primer blocks were initiated with detonat-
ing cord run through both priming wells
and primed at the surface with No, 6 caps.
Detonating cord lines were run through

¥ e e ey e

engaged in explosive handling

(8) The explosive was capable of being
pumped into the charge cavities when
filled with seawater at the rate of 200 1b/

min,
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Primer System-—Phase I

Boosters were a high-strength, non-
nitroglycerin explosive, capable of initia-
tion by 50-grain primacord suitable for
use in ammonium nitrate slurry and re-~
sistant to tropical seawater, They were
installed through a fill pipe (3-in, mini-~
mum diameter). The detonating cord
used was plastic reinforced, 54 grain/ft,
21 1b/1000 ft of PETN cord with a 275-1b
tensile strength,

A standard booster system, planned
for use in all 1-ton charges of Phase I is
shown in Fig, 23. Individual explosives
in this booster system were Dupont
HDP-1 primers which are 1-1b discs of
cast Composition B containing a 200-grain
PETN initiator. Each primer has a cen-
iral detonating cord well (adjacent to the
PETN initiator) and a cap well slightly
off-center., These are standard primers
used in commercial practice for detonat-
ing aluminized slurry; one such primer
is considered adequate for initiating a
charge. An extension of this system
using four Dupont HDP-1 primers strung
out such that they were interspersed
throughout the charge height was used for
the 10-ton charge. Dow approved this
booster design and furnished the primers Fig. 23. Standard Phase [ booster 3
under the contract, as well as all other arrangement,
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{b) Completed booster for 1-ton charges.
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1/2-in, plastic tubing for protection
against abrasion,

Charge Emplacement—Phase I

The explosive loads for all five Phase I
charges were placed by pumping from a
truck on the causeway. The explosive fill
hose (2-1/2-in, nominal o.d.) was ex-
tended through the metal fill pipe (4-in.
i.d,} to the bottom of the charge canister
and the explosive pumped down the hole
(see Fig, 24), An inspector was present
to insure that seawater was being dis-
placed continually through the annulus
between the 2-1/2-in, fill hose and the
4-in. fill pipe while explosives were being
pumped downhole, After verifying that
the explosive had been loaded and that tne
top of the explosive charge was at an ele-
vation corresponding to the load, the fill
hose was withdrawn slowly (with the ex-
olosives pump still running), to avoid
leaving a void space in the charge which
could allow seawater intrusion., The
charges had boosters in place prior to
loading explosives, The plan called for
separate detonation o1 each of five em-
placed charges. Phase I was executed
without any major problems,

Primer System —Phase II

The plan for Phase II execution called
for three detonations of four charges each,
starting with the four charges farthest
from shore and finishing with the four
charges in the berthing tasin. The maxi-
mum detonation of 40 tons was selected to
minimize the danger of damage to adja-
ceat structures, based on ground-motion
and air-overpressure measurements
taken during Phase I, Detonations 1 and
3 were planned for simultaneous firing of
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all charges. Detonation 2 was planned
for firing with 100-msec delays between
successive charges, to determine whether

(a) Transferring blasting agent from bags to
pumping truck hopper.
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{b) Looking down emplacement hole during
pumping operations,

Fig. 24. Explosive emplacement opera-
tions during Phase I,

.

I PO

*4

[OOSR SRSV K A



TR A PO TR MY U Tl Wha T

B M R o0 TR T TRTRRAEGTRT Y h A et TR T

this procedure could be used to reduce
the severity of ground motion or air over-
pressure, To accommod-te this plan,
two different boost~r systems had to be
devised, one for the two simultaneous
detonations (I[[-ABCD and II-[JKL) and
one for the detonation with delays
(II-EFGH).

The booster system, designed for use
in all charges of the first and third deto-
nations, is shown in Fig, 25,

During construction operations the fill
pipe into the canister for Charge II-B was
bent, It was straightened enough to allow
passage of the rubber hose used for ex-
plosive loading, but the standard booster
string could not be run down the pipe.

Flastic conduit for
detonating cord

Fill pipe 4-in.
‘4/— i.d,

|~ Detonating

-

/ cord shield
¢

! | o——Charge

i canister
t

. 1-lb primer
//’Clamp

_—3/8-in. pipe

\‘\ -

|_—Rod sinker

—_—

Fig, 25, Booster design for Detonations
II-ABCD and II-IJKL,
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— Conduit for cap leads

Condvit for
detonator cord

| Wooden
push block

Millidet
delay cap

L//'

Cut away
HOP-1 primers view

delay cap

Fig. 26, Booster design for all charges
in Detonation II-EFGH.

Consequen.ly, a new booster was impro-
vised, using 10 of the HDP-1 primers
sirung together on detonating cord and
suspended in the center of the canister
prior to loading mzin charge explosives,
A second type of booster, used for the
second detonation ([I-EFGH), is shown in
Fig. 26. This detonation was planned for
sequential firing with a delay interval of
100 msec, It was considered desirable
to place the delay caps down hole in order
to avoid the possibility of damaging caps
or detonating cord down lines by debris
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or by displacement of fill pipes or charge
canisters resulting from the detonation of
adjacent charges. Because of safety con-
siderations, boosters with caps inserted
could not be placed in charge canisters
prior to loading the main charges, Fol~
lowing emplacement of the main charges,
the booster container shown in Fig. 26
was forced into the main charge so as to
initiate detonation at mid-height of the
explosive column, Each of these boosters
contained three HDP-1 primers placed in
close contact, with the delay cap in the
bottom cap well (pointed upward) and det-
onating cord run through the detonating
wells and primed with a cap {same delay
time) about 3 in. above the top primer.
The detonating cord was then run through
plastic tubing to the surface, to provide
an alternative means of firing in case of
interruption to the electrical circuits to
the down hole caps, and to provide a
means for firing the charges simultane-~
ously. The cap leads were also run to
the surface through protective plastic
tubing. Slots cut in the metal tube which
formed the body of the booster allowed
directi contact between the booster charge
and the mnain charge of explosive,

Charge Emplacement —Phase II

The explosive loads for all 12 charges
of Phase II were placed by a pumping
truck loaded onto a work barge anchored
at the surface (see Fig, 27), The explo-
sive fill hose (2-1/2-in, nominal o.d.) was
inserted through the metal fill pipe (4-in.
i.d,} to the bottom of the charge canister
(about 48 ft below mean sea level), and
explosive was pumped down the hole until
10 tons had been loaded., An inspector
was present to insure that seawater was
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Fig. 27, E:.plosive emplacement opera-
tions during Phase II,

being displaced continually through the
annulus between the 2-1/2-in, fill hole and
the 4-in, fill pipe while explosives were
being pumped downhole. After the in-
spector had verified that 10 tons of explo-
sive had been loaded and that the top of
the explosive charge was at an elevation
corresponding to a 10-ton load, the fill
hose was withdrawn slowly (with .he ex~
plosives pump still running) to avoid leav-
ing a void space in the charge which
could allow seawater intrusion. The
charges scheduled for simultaneous det-
onation had boosters in place prior to
loading explosives: boosters for the
four charges in the second detonation
were placed after the main charges were
loaded.

Explosive loading started closest to
shore and progressed seaward as shown
in Table 7,

Firing signals for all detonations were
initiated by a capacitor discharge unit
(CDU). Rated requirements for firing
were 0,35 A at 110 V the CDU provided
2.5 to 3.0A at 275 V,
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(2) There was no completely safe
means of modifying the booster system
with the caps already in place.

The second detonation was fired at
0901 hr, 28 April., Visual observation
showed that Charges II-E and II-F deto-
nated at full yield with the appropriate
100-msec delay, but that Charges II-G
and I1-H did not fire at ail, Subsequently,
investigations found that the fill pipes for
Charges [I-G and [I-H were bent just
below the bottom surface and lying at a

small angle with the bottom with photog-
raphy targets still atiached. The pipes
were bent toward the Charge II-E and
II-F locations, The detonating cord line
in Charge II-H which extended to the sur-

) Table 7. Sequence of charge loading for
Phase IL
3 Date Date
booster explosive
] Charge placed ioaded
. II-A 7 April 17 April
Ii-B 10 April 16 April
F 11-C 7 April 16 April
II-D 7 April 15 April
{ 1I-E 15 April 15 April
; 1I-F i5 April 14 April
1 u-G 15 April 14 April
II-H 14 April 13 April
2 -1 7 April 13 April
I-J 7 April 8 April
g I-K 7 April 9 April
1 1I1-L 7 April 11 april

Phase II Misfires
Phase II operations had several prob-
lems, The first detonation (II-ABCD)
was fired at 0916 hr on 23 April, Charge
11-B detonated with full force, Charge
II-A hesitated for several milliseconds,
then detonated with as much or almost as
much energy as Charge I1-B, Analysis
of surface acceleration data led to esti-
mates that the yields of Charges II-C and
II-D were between £ and 4 tons each. The
second detonation (II-EFGH) was already
primed, with boosters as shown (see
Fig. 26) and caps downhole, prior to the
first detonation. It was decided to pro-
ceed with the second detonation as planned.

The reasoning was:

(1) The booster system already in
place was considered adequate to assure
detonation, although a 5- to 10-1b booster

would be more desirable,

face of the coral had been fired, indicat~
ing that at least the caps in the boosters
were destroyed,

The third detonation was postponed
from 30 April to 1 May, to allow field
testing of explosives as follows:

(1) Samples of slurry explosive were
taken from each charge of the third deto-
nation, Material for laboratory analysis
was extracted. Enough remained to make
up one small charge (3 to 5 1b) which was
fired with a small C4 booster. It deto-
nated high-~order. On this basis it was
assumed that the main charge explosives
were in good condition,

(2) Samples were extracted from the
rubber hose used during loading opera-
tions, This hose had been exposed to
direct sun for at least two weeks. One
sample was kept for laboratory analysis,
one sample was made up into a test

charge and fired with a C4 booster, and
one sample was first soaked in seawater
and then fired with a small C4 booster.
Both of these test charges detonated
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stability and integrity of the slurry explo-
sive.

(3) An HDP-1 booster, primed with
detoneting cord, was soaked in seawater
and test-fired, It detonated with apparent
full design yield.

The general conclusion was that HDP-1
boosters were reliable, but might not
have enough brisance to detonate the main
charge explosives under the special condi-
tions encountered in this project.

The fcur charges of the third detona-
tion were primed with new boosters shown
in Fig, 28, These boosters were field~
fabx-'icated from materials that were avail-

able locally., They were formed by pack-
ing aluminum tubing with C4 military

explosive which was primed with detonat-
ing cord, These boosters were designed

to provide initiation of detonation for the

——4 in, fill line

11 ft

Detonating
cord

RN

\—Fabricated booster

t———— § ft |

Fig, 28,

-41-

it +-1 nad

£ S T LA S S SR VAL Pl - - - -
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Plastic conduit

Wooden push block

j}_ \-—-Original 4-1b booster
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full height of the main explosive charge.
The third detonation (II-1JKL) was fired
at 0901 hr, 1 May 1970, All detonated
high-order,

Immediately after the 1 May detonation,
work on reentry to Charge II-H began. A
new 4-in, i,d, fill pipe with a removable
point was driven through the back fill
material alongside the original fill pipe
until the point penetrated the top of the
canister. Then the point was knocked
loose to sink to the bottom of the canister.
Samples of the explosive were taken for
laboratory analysis and for test firing,
which was successful, Following this the
field booster shown in Fig., 29 was
inserted,

Material over the bend in the fill pipe
of Charge 1I-G was excavated with an im-
provised air lift pump until the flange was
uncovered at a depth of about 6 ft, The

Aluminum down spout
Kformed to2in. X2in.

C-4 blocks molded into
booster (8-1/2 blocks at 2=-1/4 Ib each)

Field-fabricated booster used to detonate Charges II-I, II-J, II-K, and II-L,
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4 in. reentry pipe

/—Fobricafed booster Wocden point
rd
Plastic conduit 2-in. diameter Cloth pad
oluminum pipe—\
11 ft e ,: T

Detonating C4 blocks
Wooden cord molded into
push block booster (19
blocks at

2-1/4 lb each)

r——— 5 ft ———

Fig. 29, Field-fabricated booster used to detonate Charge II-H.

Table 8. Drilling equipment used in remedial work.

Drilling rig:
Platform approximately 15 ft X 17 ft, built of 2 X 12 planks and 32 50-gal drums.

Hole in center of platform was about 4 it square. Derrick of 4-in, X 4-in, tim-
bers had about 5,2-ton lift capacity. Derrick stood roughly 18 ft high, Complete

drilling rig cost $310.

6-in, airlift:
21 ft iong with 4-bladed 12-in, bit and 1-in, diameter line air feed. Ejected
chunks approximately 5 in. in diameter and 3 to 4 1b in weight,

160-psi air compressor
Tamper and pipe

300-1> hammer:
An oval-shaped solid about 2 ft long with a hole in the center,

Gasoline-engined winch

Block and tackle
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flange was unholted, revealing that the
detonating cord had not fired. Because

of the possibility that unf{ired caps were
stil) present in the charge, it was unsafe
to attempt to drive a new fill pipe into

this charge canister. Accordingly, a cap
was attached to the detonating cord line
and circuits were prepared to fire
Charges II-G and II-H simultaneously,

The fourth detonation was fired at 0901 hr
8 May, Charge II-H detonated at full yield.
The water surface above Charge II-G froth-
ed and boiled for almost 90 min after the det-
onation. The conclusion wasthat Charge
[I-G hadbeen destroyed by deflagration,

Remedial Work
Sixteen half-ton charges of the slurry

were needed to complete the project in
ar<=s where the 10-ton charges had not
fully detonated, These charges were
placed in thin wall casings which were
emplaced by air lift pumping within the
casing and intermittent driving of the
casing to approximately 11 ft below the
coral surface,

The working platform and equipment
used to emplace the casings are shown in
Figs. 30 through 32, A listing of the
equipment is given in Table 8, and a sche-
matic drawing of the air lift pump tech-
nique is shown in Fig. 33.

The rig was pulled by the boat to a
position over the site and anchored at
each corner about 100 ft from the rig, A
hole about 1-1/2 to 2 ft in depth was dug
prior to emplacement of the casing, Be-
fore a casing was placed, an area around
each hole was leveled so that a template
could be fixed plumb over the hole, The
template insured proper alinement as
each casing was placed.

A boat was used to transport the cas-
ings one at a time from the land fill to
each site, The casing was rolled on to
the boat with timbers and placed with its

length perpendicular to the hull,

s = >~ e

Fig. 30. Remedial work drilling platform
(derrick of 4-in. X 4-ft timbers
bad approximately 5.2~ton lift
capacity; 2-in, X 12-in, plank
deck was supported by 32 5-gal
drums; platform was about 15 ft
X 17 ft and derrick stood about
18 ft high).

Fig. 31, Air lift used during emplacement
of remedial work charge con-
tainer (thin-wall 6-in,-diameter
air 1lift has approximately 12-in,
bit; note 1-in.-diameter pipe
along length of air lift for air
injection).
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i
Tamper inserted
Xz into top of casing

por=~JeL

Fig. 32. Remedial work drilling method
(tamper shown inserted into top
of casing; pipe placed on tamper
to aline blows from doughnut-
shaped 300-1b weight, which was
raised by means of gasoline
engine).

Flexible air hose

Template
fhir; not shown
wall '
pipe = \'
e SRl

.Regulcr|
y 6-in. |
dio. pipe

End of

/casing

T,
14=in,

Open end

’ 12-in.
Approximate dimension

| 4-bladed bit

®ig, 33. Thin-wall €-in,-diameter air lift
pump design and use.

Once the template was in place and the
casing started, drilling began, The air
lift was lifted, dropped; lifted, rotated,
and dropped; lifted, rotated, and dropped
inside the casing. After the coral was
broken, the air compressor was turned
on and crushed coral up to about 5 in, in
diameter was removed and ejected from
the pipe., The air lift was then removed
and the tamper was inserted inside the
top of the casing, A pipe was placed
inside the tamper and the 300-1b weight
was then lifted and dropped to drive the
casing down inside the drilled hole,
When the casing was driven to the ex-

cavated depth, the pipe, weight, and
tamper were removed and the process
began again.

Three men worked to emplace each
casing, One operated the friction or slip
pulley to raise and lower equipment, one
did most of the diving, and the other
stood by the air lift or hammer, All
three also frequently worked with each
other at various tasks,

It took three, four, and sometimes
five stages to complete one hole. A hole
was advanced about 2 to 3 ft at a time.
Once the casing was driven to the de-
sired depth, the top was capped with
half of a 50-gal drum and a large rock.
An average of one casing was placed
each day,

The explosive used in the remedial
work was GGA IR-10. It was hand-loaded
into the holes in plastic bags that had been
split utilizing a tremie after the booster
had been placed in the hole (see Fig. 34).
Booster design was as shown in Fig, 35,
All charges were detonated simultane-
ously on 8 December and all detonated at
high order,
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broad and shailow, This is shown graph-

ically in Fig, 40 where the le (Echo)
crater profile is compared with the pro-

file for the crater dimensicns assumed in
the preliminary design.

Because the crater radius is so large
and does not significantly change over the
range of DOB's in the 1-ton detonations,

a cratering curve has not been plotted, A
new radius, defined as the radius over
which a relatively flat bottom uccurs, was
chosen as the parameter for row and

3/4-in. plastic pipe clamped
with 2 worm gear clamps to
1/2-in. diom pipe nipple

Tied off to tremie or float

2 runs of 54-gram reinforced
primacord; ends secled in
Silastic and crimped-on end
caps

1/2-in. diom aluminum pipe
nipple 6 in. long

——

2-1/2-in. diam, 0,0625-in.
wall aluminum pipe 6 ft long;
bottom end capped

Fig, 34. l.oading of explosive used in
remedial work,

24 in. = 1 in.

Detonator cord knotted and
/ forced into C4

RESULTS ) /— 14.4 |b C4 tamped

Phase [ /

A series of sequential photos of the
Phase [, le (Eicho) detonation are shocwn
in Fig, 36. Profiles of the five Phase |
craters are shown in FFigs, 37 through 39,

The shape of the craters is very different ~
from those previously obtained in dry
- : . 3
land cratering detonations, No lips were Fig. 35. Booster design used in remedial
formed, and the craters are unusually excavation.
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Fig. 36. Sequential photos of Phase I, le (Echo) 10-ton detonation,

array charge design. For the 10-ton le
(Echo) crater this new radius was esti-
mated to be 60 ft (radius over which a
minimum 12-ft depth below MLLW
occurs). The row and array charge de-
sign spacing was chosen as two times
this new radius, This multiple was based
on some 1-1b model tests in sand under
water (Ref, 7). The berthing basin charge
layou* was therefore based on the use of
10-ton single charges spaced 120 ft apart,
With the wide flat-bottomed crater, a
square array of four charges was more

-46~

than adequate to provide the required
berthing space at a minimum 12-ft depth,

Phase Il Breakwater Construction
and Remedial Excavations

As indicated previously, misfires
occurred in Detonations [I-ABCD and
II-EFGH. Detonation II-IJKL in which
all charges detonated properly provides
the best illustration of the method of cre-
ating a channel and basin in the coral
material with explosives. A series of
sequential photos of this detonation are
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Fig. 38. Project Tughoat Phase I: crater cross sections for 1c
{Charlie) and 1d (Delta) detonations.
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Fig. 40. Comparison of le (Echn) crater profile with dry land crater profile haviag ;
dimensions assumed in the preliminary design.
shown in Fig. 41, An interesting shock taken from high-speed movies of the SGZ
wave interaction pattern was observed at area show a complex successive rein-

the water surface for this detonation, forcement and null pattern that forms a 3

Figure 42 shows the charge markers just cross between the four charge locations,
prior to the detonation, Three sequential This phenomenon has been investigated in :
closeup photographs (Figs, 43 through 45) some detail and can be explained as due 3
4
-48- 3
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Fig. 42. Charge layout just prior to Deto- Fig. 43. Aerial photo taken just after
3 nation IT-1JKL, detonation.
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Fig, 44. Detonation II-IJKL showing :

shock interaction and cavitation Fig, 45. Changes in shock interaction and ‘

phenomena at water surface, cavitation phenomena.

to shock wave interaction in the near sur- original design. The actual channel and

face water cavitated region over the berthing area exceed the design area in

charge locations (Ref, 8). all cases. The generally deeper water :

IFollowing the Phase [l detonations, the and sandy bottom of the channel and g

breakwater was constructed (see Fig, 46), berthing area can be seen in a picture of ’

This breakwater was in place during the the harbor area in IHig, 48, f

remedial explosive excavation detonations :

in NDecember 1970, Surveys

The final explosively excavated harbor Surveys have been carried cut to date

is shown 1n Fig. 47 in which the area at four times: (1) May 1669, (2) April :

within the 12-ft water depth contour is 1970 before the Phase I shots, (3) May i
shaded and can be compared with the 1970 following the ’hase 11 detonations,

-50~
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Fig. 46. Breakwater construction activity
following Phase II datonations,
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and (4) December 1970 following the re-
medial detonations, Surveys were car-
ried out by fathometer with tagline checks
at intervals,

Figure 7 is a plan showing the bottom
topography revealed by the May 1969 sur-
vey. Figure 49 shows the bottom topog-
raphy from the May 1970 survey which
followed the Phase II detonations, and
Fig. 50 shows the bottom topography from
the survey of December 1970, Figures 51
through 53 are isopach maps showing the
thickness of material displaced (removed
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or added) by the Phase II detonations, by
the remedial blasts, and finally by the
3 entire project, respectively.

The total volume excavated was
roughly analyzed from these isopach

Ty

s

maps, These analyses show the volume
excavated within the 12-ft depth contour
to be approximately 100,00C yd3 and the

~otal volume excavated to be approxi-
mately 137,000 yd3. The project design

Ty

volume was roughly estimated to be

et b
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approximately 30,000 yd3.
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Fig. 49. Sea-bottom topography, May 1970, following Phase II detonations,
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Several bottom profiles have been In examining the profiles, the effects
plotted for the project. A longitudinal pro- of both series of blasts in creating a

file of the channel and basin is presented channel where none had been are obvious.
in Fig. 54. Cross channel profiles were 1t is interesting to note, however, the
surveyed according to the plan shown in differences between the May 1970 and
Fig. 55. These profiles were plotted and December 1970 profiles. In the vicinity
presented in Figs, 56 through 64. of Charges II-A, II-C, II-D, and II-G,
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Fig. 50. Sea-bottom topography, December 1970, following remedial blasting,

-53-

N TPRPRON 17

i

RPPIET T RREN ST T VU TIPS VPO SPINY ST I THERLRC P TP S

A e s a2 v 5e LML e b A ren



5 i
1 E
!3 e
i
: J
3 I i 3
; /
/ v |
: Scaie — ft &® H
3 _—— A\ 4
] 0 100
3 Legend
% <> Excavation E
- *
: < Rl ;
3 . Charge location
|§ :
o
Contours are in ft 3
Fig. 51. Isopach map showing amounts of excavation (or fill) produced by Phase II 3
detonations,
i
:
=54~




SRANCC 0 Aot sl ST o G R e O pu—
YT T e TR L L eI TS = e erm R i SEIRR - vy
T YTy T TR A% 5 o~ e g —_,!.-_,,aﬂw

T e v
v e ———— o —)

(ke

o

3 ///1’

L

Scale — ft o
—_
g 0 100

Legend

L; <> Excavation 0\ Q
- -') .

3 L2520 Fih

:‘ 6 N i \B

; & ) ]

Cul i el £

Contours are in ft

Fig. 52. Isopach map showing material moved by remedial detonations, December
1970,




LY T AR, ST e Rl R I A A i
r\‘ ~T = IR L TSSO TR R YT R T e s e T T RN T ¥,
S Ty = & ™

1

T Y

;5

b

2, Excavation 1

.4 Fill
® Remedial chorge location /
Contours a:e in fr Scale —ft

50 0 50 100

Y e 10 . 2
84203 244
28 4 22 01586 4 4 /‘\/\ ) ?
’ N A [ " l‘\/ /]
PR N'\f ol/n
. 4
(@ ’ o Ly

Y
LW o G
A%\'}\\\}\{J - vé\

'6' ;".\1‘,’”‘8"\"_ o) } o 0

S VY N !

: 2] [

{

8! ’
Pt
ca Ve
5/‘/ P
- 5
e Lo
24 — !
N /——/-‘\-; “d ]
. 4 . ~
v < -
2 H ‘

Fig. 53. Isopach map showing amounts of excavation (or fill) accomplished by the
entire Project Tugboat program: Phase II and remedial,

-56-

L ST eiacie, e N o s e S R TR e A L

3
3
;
i
E

Y

Seaty

13k b,

S WO T L N S N L P PP A W

2k U2 N e s

FIWAS

LadR)

e st

L aflie zmia

T

IR AT L NP e

h_mr AN ARG AL e s b s



SRR T AT b ST

Elevation below MLLW — ft

W TR TR reRans

Sk St b E ARt I

0
-5
-10
-15
-20
.25 s '
= ey
0 50 100 150 200 250 300 350 400 450 50C 550 600 650 700 750
0
T I: . I PR l|i | 1 1" Kl 1
!.'.'. - n’“ oo bl ] o . IS Y
I A s BTN ] B e EYEY S
"'e"s..-'1 Y h FY Ry 1 Y 'zl.-‘ 8 /
YA AY ] ;
-0k ¢ f;.'* ) : l
\”\s‘_-—---—-‘_
-2 L1 1 T N N S N L

0
750 80G 850 900
Distance along center line of channel starting 250 ft beyond change 11 A —ft

ssseees Predetonation survey, April 1970

e Postdetonation survey, April-May 1970

=w=a Postdetonation survey, December 1970
Horizontal scale: Vin. = 100 ft
Vertical scale: 1in. =10 ft

Fig. 54. Longitudinal profiles of Project Tugboat charnel.

-57-

950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500



LAl

i S Sk

T e

Bl

L I T T AT AR R TR TS T T TR O T e ATV TE S . s 0 TTTEERTRETGTTRA G eTE TR T T TR TS N e B g T A T R R T M e R

o Phase I charges

* Remedial charges

C:ale — ft

100 0 100 200

Fig. 55. Locations of survey profiles shown in following figures (in addition longitudi-
nal profile was run—see Fig. 54 —from 250 ft seaward of Charge II-A to
170 ft west of Charge II-K).

i PRI A NI Y L TR T e o e 2k oA b pe i -, s AL Ls

PRECTS T TR,

Dk 22l i Sd T 3

M

et s St Mo sk

BTN NETRCPIRR YT 0 Y W J5, VI e NPT S ARURY ) WA 0. A O 7 S W O P S S SRS R T O

ORI

O IO N P R SRR P

noavd

Mandieay




|
|

L

Elevation below MLLW - f

. ABTTEOT ToT  L

! | I

———=~ Predetonation survey (April 1970)
Postdetonation survey (April-May 1970)
— — Postdetonation survey {December 1970)

¢

b— —

100 ft south of Il -A, Channel )

1
€
|
I

1-A Channel 3

l

=25
200 100 0 100 200
West East

Fig. 56, Transverse profiles, Project
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- where remedial blasting was done, the term settling effect; i.e,, in approxi- 3
' surface was noticeably lowered by the mately 7 mo time following the Phase II i
] blasting, as expected; but at almost all detonations an average of a little less 3
: other places a lowering of the ground than 2 ft of settlement occurred, It was 1
surface of 1 to 2-1/2 ft oa the average in fact noted during the process of em-
was noted. This cannot be ascribed to placement of the remedial explosives that ;

i

the remedial blasting but must be a long-
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Fig, 62, Transverse profiles, Project Tugbcat Channels 22, 23, 24, ;
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water depths in the channel in the area of
Charges II-C and II-D were on the aver-
age about 1-1/2 ft deeper than indicated
on the working drawings, which were
based on the May 1970 survey.

One survey remains tc be performed,
It is now scheduled to be done during 1972
(one year following the end of construc-
tion), An additional survey was planned
following a major storm in the Kawaihae
area (a storm equivalent to the maximum
storm in a 5- to 10-yr interval); however,
none occurred in the allotted time period
so the survey was cancelled, The pur-
pose of these last surveys was to deter-
mine the long-term effects, if any, of
time, prevailing wave patterns, and cur-
rents in changing the configuration of the
Tugboat harbor,

SUBSURFACE INVESTIGATIONS

Several different types of investiga-
tions were carried out at the Project Tug-
boat site after the detonations to measure
and to record the postshot condition of the
site materials, These investigations in
cluded acoustic subbottom profiling, prob-

ing, drilling, and underwater photography.

Acoustic Subbottom Profiling

Acoustic subbottom profiling was car-
ried out following the detonations, The
profiling was conducted in two surveys: a
survey was carried out in December 1969
following the Phase I detonations, and a
second survey was carried out in May
1970 following the Phase II detonations,
Locations and results of the surveys are
discussed in the following paragraphs,

The acoustic subbottom profiling tech-
nique is essentially a reflection seismic

-63=-
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technique. A repetitive sound signal is
transmitted downward through the water
into the bottom sediment, and return sig-
nals are detected by an acoustic receiving
system and recorded by a continuous re-
corder, Any interface in the ground be-~
tween layers of two materials with differ~

ing acoustic properties may act as a

{ ! | | I

Predetonation survey {Aprii 1970)
Postdetonation survey (April-May 1970)
—— Postdetonation survey (December 1970)
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reflecting horizon, The repetitive sound
signal may be produced by any of a vari-
ety of techniques; e.g., spark, gas, com-
pressed air, etc., The penetration and
resolution of the signals are inversely
related functions of the frequency of the
sound, High-frequency sound gives a sig-~
nal with high resolution, but has poor
penetration; low-frequency sound has
higher penetration and thus can detect
deeper reflecting horizons, but with

S oh P 4 s I LTI

poorer resolution, and hence less detail.
As with all seismic results the nature of
the materials producing the recorded sig-
nals is not given directly by the technique:
the interpretation of the records is thus a
matter of judgment, The materials can
be identified with certainty only by drill-
ing through them,

At Project Tugboat two separate types
of acoustic systems were used: an

8.5-kHz (high-frequency) high-energy

New breakwater
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Fig. 66. Pulser records for Echo crater,
December 1969 (each horizontal
line represents approximately
50 ft of depth; dipping strata give
probable indication of extent of
true crater; note basalt reflec-
tion at about 100-{t depth, in
(b) especially).

sonar and a 250-Hz center frequency
(low-frequency) 16-joule pulser system,
The pulser records were the most useful,
The first survey, December 1969, con~
sisted of two perpendicular profiles
across Echo crater and two linear tra-

—yTTT R Al et & e il Lt A A S S S

verses, one along the centerline of the
proposed breakwater and the other along
the centerline of the future channel, The
second survey, May 1970, consisted of
linear traverses, as above, along the
future breakwater and the newly excavated
channel, and seven profiles transverse to
the channel and berthing basin, The spe-~
cific locations of these lines are shown in
Fig, 65.

Figure 66 shows the pulser records
(low-frequency technique) of the two
passes over Echo crater in December
1969, Figures 67 through 69 show pulser
records of both the longitudinal and the
transverse profiles surveyed in May 1970,
Interpretations of these records were
furnished by the acoustic profiling
contractor.

In the December 1969 survey, a strong
reflecting horizon was detected aiong the
future breakwater centerline at a depth of
about S5 ft near the revetment and sloping
down to 125 ft at the outer end of the
breakwater. This was interpreted as
being the top of the basalt underlying the
coral, Along the channel alinement a
similar strong retlecting horizon, some-
what irregular, was detected at a depth
of 95 ft in the berthing basin area, shoal-
ing to 135 ft at the outer end of the chan-
nel, This was likewise interpreted as
being the top of the basalt.

In the two lines across Echo crater,
the same strong reflection at about 100-ft
depth was present (Fig, 66), but only at
the ends of the lines; it was missing over
the crater itself, The probable reason for
the lack of the basalt reflection in the
crater area was that the acoustic signal
was attenuated in the discontinuous frac-

tured coral in and adjacent to the crater.
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(b) Line 2, along centerline of future breakwater.

Fig. 67, Pulser records, May 1970 (each horizontal line represents approximately
50 ft of depth; letters in (a) correspond to Phase II charge sites; letter "E" in
(b) corresponds to charge site 1I-E; note basalt reflect’,* setween 100~ zd
150-ft depth at ends of both lines),

The presence or abseuce of the basalt blast (fallback and ‘vashback). The outer
reflection thus offers a clue to the bound- edge of the dipping reflections suggests
ary of the rupture zone. the position of the boundar-r of the true
The two lines across Echo crater crater,
showed three sepurate strong reflecting in the second surv=y, May 1970, the
horizons defining the crater itgelf, the basalt reflection showed up consistently
deepest one at abou. 45 ft with a small at the ends of the transverse lines, but
"“pit' at the precise crater center. The failed to show up in the central area (the
upper reflections, which slope gently crater). In the thrze outboard lines (near
toward the crater center, evidently rep- the channel entrance) the basalt reflection
resent sedimentary beds of material did show up in the crater area, though

redeposited into the crater ictlowing the weakly. Intheprofile along the centerlin:
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of the future breakwater, Fig. 67 (b),
the basalt reflection was lacking except
for a short interval immediately adjacent
The reflection had
shown up along this line in December
1969,

reflection was indeed fracturing of the

to ..1e revetment,
If the cause of the lacking basalt

coral as hypothesized above for the Echo
crater profiles, then the coral was appar-
ently fractured out to the location of the
breakwater by the detonations in the berth-
ing basin, The basalt reflection also was
lacking in the longitudinal traverse along

the center of the channel, where it had

{(c) Line 5.

Fig. 68.
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been present before —except at the ends
of the line; see Fig, 67(a).

Inspection of the acoustic records of
the transverse lines shows that where
Phase II charges detonatcd, reflections
from inward-dipping fallback and wash-
back beds were picked up. In line 5,
which passed near the site for Charge II-G,
The true
crater boundary is assumed to correspond

Fig. 68(c), no crater is evident,

with the line at which the inward-dipping
reflections terminate,

During the May 1970 acoustic survey,
a few days after the Phase II detonations,

SW 13

‘d) Lline 6.

Pulser records, May 1970 (each horizontal line repre. .ats apprcximately

50 ft of depth; note basalt reflection at depths of 100- tc i50-ft in (b), (¢}, and
(d); dipping strata at shallow depths indicate existence of craters, except in
() where Charge 11-G tailed to actonate),
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Fig. €9, Pulser reccrds, May 1970 (each
horizontal line represents ap-
proximately 50 ft cf depth; note
basalt reflections at depths
between 100 and 150 ft; note
stronger crater development at
Charge II-A, which detonated
full-yield in (c), than at Charge
{I-D, which detonated in (a)
low-order).
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an anomalous ncise condition was noted

in the centers of the craters. Hydro-
phones placed on the sea floor detected
sharp clicking and snapping sounds, appar-
ently representing active settlement of
crushed coral.

The chief resultc may be summarized
as follows, The pulser records indicate
the structure of the craters: very gently
inward-dipping layers of material, evi-
dently representing sediment deposited in
the crater as failback and washback. The
coral was apparently fractured both in the
immediate crater area and as far out as
the breakwater foundation, as evidenced
by the lack of a reflection from the basalt
interface where it had been present be-
fore the blasts,

Probing

The Echo crater was probed by hand
by swimmers in mid-November 1969 with
40 ft of 1/2-in, pipe.
found to be covered with 4 ft plus of

The ocean floor was

bluish-gray mud, samples of which dried
to a cracked condition on exposure. It
was possible to probe to 40 ft below

MLLW without difficulty.

large coral fragments were hit,

No boulders or

A second, somewhat more systematic,
series of probings was carried out at
Echo crater in early December 1969
(Fig. 70).
two radial lines by hand from a boat with

Probing was carried out on

a 1/2-in, pipe using 1-1/2-in, pipe as
casing. The maximum depth probed was
33.9 ft below MLLW at the center of the
crater. The materials encountered

were clay, very fine silt, coral sand,
and pea-gravel-sized coral chunks.
The inferred profile of the crater is

shown in Fig. 71,
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Drilling

A drilling nrogram was conducted fol-
lowing the construction of Project Tugboat
to document the engineering properties of
the coral materials after the excavation
blasts and to determine if possible the
boundaries of the true crater and the rup-
ture zone, The drilling method had to be
selected with several facts in mind, The
preshot drilling had shown that the mate-
rial was extremely difficult to core, even
in its undisturbed state; and all holes had
to be cased to virtually their full depth.
Hand probing at the Echo crater had re-
vealed a layer of soft raud several feet in

Fig, 70. Location of probings of Echo crater, December 1969,

thickness at the surface., Acoustic sub~
bottom profiling, as noted above, had
indicated that the coral had probably been
shattered both in the immediate crater
area and for some distance outward from
the crater, Limited funds were available,
Coring was rejected since it was an-
ticipated that core recovery would be
even poorer in the fallback, washback,
and blast-fractured materials thai. it had
been in the undisturbed coral reef, Cor-
ing requires a firmly founded drilling
platform, and the soft mud anticipated in
the craters would have made for difficult
conditions in founding the platform. To
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Fig. 71. Profile of Echo crater inferred from probings, December 1969,

be successful in recovering materials in
an undisturbed state, larger diameter
tools than those used in the preshot bor-
ings (4 in.) would have to be used. Prob-
ably a specialized core-retaining device
would ve needed, and would have to be
improvised at the site based on experi-
ence in the first few holes, Conceivably,
undisturbed recovery might not be at-
tained short of such sophisticated tech-
niques as freezing the ground, All these
considerations indicated that a successful
coring program would be far too expen-
sive for the funds at hand.

Likewise the probability of achieving
satisfactory sample recovery with "un-
disturbed" soil sampling techniques was
evaluated and estimated to be low. The
same platform foundation problems would

exist as for coring, Thin-wall tube sam-

pling was out of the question because of
the anticipated hard pieces of coral. The
Pitcher sampler9 was investigated, but
based on the types of material in which it
had been successfully used, it was judged
that it might be successful only if a very
large diameter sampler were used, and
even then success was not a certainty.
Similar considerations applied to the
Denison sampler,

In an attempt to obtain some useful in-
formation within the scope of a readily
attainable program, the drilling method
selected was a combination of drive sam-
pling and wash boring, to be performed
from a floating platform., By drive sam-~
pling, the general nature of the materials

might be determined; by standard penetra-

tion teste during the drive sampling the
penetration resistance of the material
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could be measured and some indication of
its quality as a foundation could be gained.
Since many standard penetration tests had

been performed during the preshot borings,

a comparison of preshot and postshot pen-
etration resistance would be available,
;As a further, more continuous record of

" the penetration resistance, an improvised

sounding method9 was devised whereby a
record was kept of the blows required to
drive the 5-in,~diameter drill casing, It
was hoped that an indication of the bound-
ary of the true crater might be given by
the locus of refusals or of marked changes
in blow counts in either the standard pen-
etration tests or the driving of the casing,

Moreover, both the Phase I and the
Phase II craters were wide shallow de-
pressions rather than the bowl-shaped or
trough-shaped craters {hat previous ex-
periments on dry land had produced. The
cratering process seemed to have pro-
duced a net lowering of the ground surface,
rather than a shifting of materials from
the excavation to lips or to an upthrust
zone, Since the process had apparently
involved a densification of the coral, it
appeared that such densification might be
documented if substantialiy all the riate-
rial washed from a borehole could be re-
cbver.'ed and weighed, A large baffled
collecting tank and equipment to weigh
the collected washings were therefore
specitied for this purpose.

The standard penetration test is usually
performed in soils, Since the Kawaihae
coral has characteristics more like those
of overburden than like those of rock, the
test could generally be performed., The
standard penetration test was performed
essentially as specified in ASTM Stand-
ard D 1586-67, except that a bottrm-~
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discharge chopping bit was used in wash
boring and the sampler was driven
through intervals varying from 2 to 4 ft,

The 5-in.-diameter casing, with a
hardened-steel drive shoe at its base,
was driven with a 300-1b hammer, which
was dropped through a standardized fall
of 15 in, A continuous record of the
blows was maintained. This improvised
sounding method gave a continuous record
of the penetration resistance of the mate-
rials, Though crude, the results can
validly be compared from hole to hole.

Following a casing drive, the resulting
plug of material was washed out with an
up~-and-down movement of the wash rods
to break the coral to a size small enough
to wash out, The washings were collected
in burlap sacks and in a large baffled cyl-
indrical collecting tank, In this way most
of the solid material was recovered, but
a certain amount of fines was lost as
overflow, The collected solids were then
weighed on platform scales, first wet,
and again after several days of drying in
the sun, Densities were calculated from
the casing diameter, the length of a given
interval, and the dry weight of the solids
recovered from that interval,

Borings were located as shown in
Fig, 65. Holes 57, 58, and 59 were in
undisturbed coral. The other holes pene-
trated materials that h.id been affected to
a greater or lesser extent by the blasts,
Blast effects were not regularly distrib-
uted along and across the channel because
of the irregular way in which the Phase II
charges detonated. Hole 60 had been par-
tially drilled when bad weather caused an
extended layoff. When the casing was
found to have been bent, the hole was re-
located slightly and completed as Hole 60A,
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The data from the borings are shown
in Figs. 72 through 76, A layer of "mud"
up to 9 ft thick was found at the surfuce in
the berthing basin area, but not in the

oute: channel,

This layer probably re-

flects the fact that there was more fine
material already in the area of the sedi-
ment coral zone, where the berthing
basin was situated, and also that ocean
scour is (nhibited by the new breakwater
but can and does take place in the more
exposed outer channel,
drilled in the period December 1870 to
April 1971, after the completion of the
new breakwater,
Unfortunately, it was impossible to
tell from the split-spoon drive samples
whether the coral materials had been
shattered by blasts or whether they had

The borings were

Penetration and density data, Borings 59 and 60-60A,

been displaced or reoriented., Hence, the
drilling failed to detect either the bound-

ary of the true crater or the extent of the
rupture zone, It is doubtful whether any

simple drilling program could have dem-~
onstrated these zones,

A change in penetration resistance due
to blast effects was revealed, The undis-
turbed coral, represented by the preshot
borings (Fig. 77) and the postshot holes
farthest from the blasts (Borings 57, 58,
and 59), shows a tendency for blow counts
to vary markedly from foot to foot. The
blow counts in the borings closest to the
blast were more uniform. Natural coral
conditions exist close outside the channel,

It is impossible to give specific values
for the strength of the shattered coral, A
general idea, probably sufficient for
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foundation engineering purnoses, can be
obtained from the penetrationresistance
data. From a foundation standpoirt, the
materials in and near the channel are
similar in consistency to medium-to-~-
dense sand.

The hoped-for increase in density was
not clearly shown., Despite the lack of
clearly shown densification, the excava-~
tion was probably achieved chiefly through
a densifying process. Either the increase
was not great enough to be detected by the
method, or the method was faulty., Part
of the excavation may have been achieved
by the production of fincs and subsequent
transporting of them out of the area in
suspension,

The results of the drilling program

may be summarized as follows: A layer

R T R T T SRR L SR AT S ey A T S VY g Lo e

of soft mud is present in the berthing
basin area but not in the outer channel,
The limits of the crater zones were not
satisfactorily defined, nor could they
have been defined in any simple drilling
program, The effect of the blasts was to
render the coral material slightly more
homoge.:eous with respect to penetration
resistance than in its natural state. In
its consistency, the shattered coral is
comparable to medium-to~dense sand.
The densification thought to have been
responsible for most of the excavation
was not conclusively shown, probably
because of limitations in the method used.

Underwater Photography
A program of underwater photography
By this

was undertaken in May 1971,
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time the waters over most of the project
were clear enough that good pictures
could be obtained. The water in the
berthing basin area was toc cloudy to
permit photography, This condition
should slowly improve as the finies settle,
The bottom conditions as photographed
are shown in Figs. 78 through 80 showing
natural, apparently unbroken coral in the
area of Borings 57, 60, and between,

Figure 79 depects intermediate condi-
tions between the natural coral and the
smooth bottom in the center of the chan-
nel. Some fontball-sized blocks of coral,
broken loose and thrown by the force of
the detonations, can be recognized, Vis-
ible in IYig, 80(c) is an accumulation of
broken coral along the edge of the channel.

Ccnditions in the central channel area
are shown in Fig, 80(a). This area is

Fig, 78. Natural coral conditions persisting outside Project Tugooat channel in
area between Borings 56 and 60.
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Fig. 79. Broken coral adjacent to Project Tugboat channel in vicinity of Bor-
ings 56 and 57.

quite flat and sandy. Baseball-sized
chunks of coral are quite common lying

on the surface.

DISCUSSION OF GNDERWATER
CRATERING IN CORAL

The cratering mechanism observed in
this project is quite different from that
observed in earlier tests on dry land, In
this case it seems to have been one prin-
cipally of densification of the coral

. P -
Sy At o s

through crushing. Aerial photography of
the dynamic cratering process shows that
the crater initially resulting from the det-
onation remains devoid of water for sev-
eral seconds, and then is filled with
crushed coral and water as the crater
walls fail radially into the crater. This
failure which occurs before the water
wave proceeds very far and which affects
a large area around the crater causes a
turbulence in the water over the crater
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area which lasts for some time, In
Detonation II-EF, a double whirlpool
effect was observed as the water rushed
back to the crater area (see Fig. 81).
Further evidence of early failure of
the coral medium surrounding the crater
is indicated by the movement of a 4-in,
diameter pipe that had been placed sev-~
eral feet into the coral bottom: and ex-

(a)
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tended above the water prior tc Detona-~
tion II-IJKIL., The pipe was located 200 ft
from the nearest charge in the detonation
and was being used as a wave height
measurement marker or wave staff, A
camera was set on shore and filmed the
wave as it passed this wave staff, A
sequence of pictures showing the move-
ment of the pipe are presented in Fig, 82,

Fig. 80, Typical conditions in Project Tugboat channel, in area between Charge
Sites II-B and II-E (visible in (b) is a small marker-stake fouled with
rope and in (d) a cruising sting-ray; coral biocks visible range up to
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baseball size and slightly larger).
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Fig. 81, Whirlpool effect observed follow-
ing Detonation II-EF,

The pipe is the farthest one from the
camera and is on the extreme left in the
picture. 1In this sequence the detonation
has just occurred and the spray from
surface spalling is just settling when the
pipe moves to the left toward the detona-
tion SGZ. Immediately following the last
picture in the sequence the outrunning
wave and base surge cloud engulf the pipe,
obscuring it from further view.

This early failure is probably caused
by several factors, the major one being
the weak nature of the coral, The coral
is crushed by the outrunning shuck wave
beyond the distance where the majority of
the lip-forming material comes to rest,
causing the lip material and its nonsup-
porting base to liquify and flow into the
crater void. This process was only par-
tially supported by the postdetonation
drilling program because of the difficulty
in obtaining undisturbed samples. The
best indication of the extent of fracturing
was provided by the bubble pulser sound-
ings. It is 1o be expected that cratering
underwater in a higher strength material
would show a cratering mechanism more

il RN e~ e
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like that observed for land cratering,

The question which needs answering is at
what strength does the medium resist
failure as the crater iip forms and the
water rushes back trying to fill the crater
void,

SUMMARY AND CONCLUSIONS

Project Tugboat detonations success-
fully produced a harbor basin and en-
trance channel which exceeded the design
requirements in both width and depth,
The detonations resulted in a channel
varying in width from about 150 to 260 ft
at a minimum project water depth of 12 ft,
The berthing basin is almost a square
area 400 ft on a side at the 12-ft water
depth contour. The minimum channel
design width was 120 ft and the berthing
basin design requirement was a square
240 ft on a side,

The site medium is a weak coral,
Tests on cores recovered in preshot
drilling show a compressive strength
ranging between 760 and 1738 psi, a mean
bulk dry density of 1.37 g/cm3, a mean
saturated bulk specific gravity of 1.76 g/
cm3, and a mean porosity of 49%. The
reef mass possesses, by an indeterminate
amount, a lower mean sirength, a lower
mean density, and a higher mean porosity
than the tests indicate,

The charge emplacement holes were
drilled during Phase I from a causeway
which was later removed by dragline,
Phase I holes were drilled from a jack-
up floating platform. The aluminized
ammonium nitrate slurry blasting agent
({AANS) was pumped into the canisters
containing the charges after the canisters
had been placed in the drilled hole and
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Fig. 82, Phctography of wave staffs, Detonation II-IJKL: (wave staff on ex-
treme left is 200 it from nearest charge and is observed to be mov- ]
ing toward it),

Ak,

stemmed, The slurry was pumped with a excavation using a little more than half

truck-mounted pump through a rubber the original drill heles and haif the quan- :

hose down a 4-in. fill line that exiended tity of blasting agent estimated to be re- E

from the top of the canister to the surface. quired in the preliminary design. The 4
Calibration tests provided information craters ware broad and shallow with 2o 4

that permitted a redesign of the harbor iips and were actually better suited te A
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harbor excavation in this situation than
the less wide and deeper craters typical
of dry land cratering detonations., The
cratering mechanism appears to be one of
densification of the coral throngh crushing
and subsequent cettling, Aerial photog~
raphy showed that the crater remains
devoid of water for several seconds after
detonation and then is filled by coral and
water as the crater walls fall into the
crater, Wave staffs that were placed in
the coral near the craters moved toward
the crater beiore being overrun by the
outrunning water wave giving further
evidence of this failure process.

The 10-ton Echo crater had a radius to
the 12-ft depth contour of about 120 ft,
This parameter was u=ed to design the
harbor detonations. Spacing between
charges was set at two times this number.

Low order detonation of Charges II-C
and II-D and the deflagration of Charge
II-G apparently was due to inadequate
boostering., These misfires made it nec-
essary to dc some small remedial detona~
tions which were successful in clearing
the channel,

The final channel surface is flat, levei,
and sandy, with scattered small coral
blocks lying on it, Foundation conditions
in the channel are similar to those in
medium-to-dense sand. A short distance
outside the channel, natural coral condi~
tions exist, The material in the channel
is more homogeneous than that of the
natural coral reef. In the berthinrg basin

g e e T LT
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area, a layer of soft mud from 2 to 9 ft
thick lies at the surface, This layer is
not present in the outer part of the
channel,

Crater zones were not satisfactorily
defined by the drilling program. They
were crudely defined by the acoustic pro-
filing surveys; the true crater by the
limit of dipping beds within the crater,
and the rupture zone by the limit of the
basalt reflection. To define the true
crater specifically by drilling would be
very difficult,

A long-term settling effect in both the
channel and the surrounding natural coral
was detected by the surveys of May and
December 1970, On the average the sur-
face was lowered during this 7-mo period
by 1 or 2 ft, This effect supporte results
of the acoustic profiling, which indicate
that the natural coral was shattered by
the blasts to large distances out from and

below the cratered channel.

Though the cratering mechanism
seems to have been one principaily of
densification of the coral reef, this proc-
ess was only equivocally and partially
documented by the drilling program,

This partial documentation results from
the fact that it was not possible to get
undisturbed samples with depth, A small
part of the excavation was probably
achieved by the production of fines, which
were carried away from the site in sus-

pension in the sea water shortly after the
blasts,
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Section 3

Wave Measurements

INTRODUCTION

Objective

The objective of this wave measure-
ment program was to investigate the gen-
eration of shallow water waves by explo-
gions beneath the sea flcor, Hopefully a
relationship could be developed with this
wave data to predict maximum heights in
future projects of this type.

The waves generated by both single
charges and multiple charge arrays were
investigated, The Phase I program was
funded by ESSO Production Research
Company of Houston, Texas and accom-~
plished by the Baylor Company of Houston,
The Phase II program was funded and exe-
cuted by the Coastal Engincering Research
Center (CERC]) of the Corps of Engineers,
This chapter includes all data collected
during both programs,

Background

Previous studies of explosion~
generated water waves were conducted
primarily to determine the merits of the
tactical or strategic employment of nu-~
clear weapons to generate waves large
enough to flood and te dectroy coastal
facilities. iIn most cases, the surface
water waves were generated by a charge
detonated either above the water surface
or in the water column, The first inves-
tigation known to the authors where a
study was made of surface water waves
generated by an explosion beneath the
seated was conducted by the U,S. Army
Waterways Experiment Station in the

a ey et e P - L aemti ¥ o
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ment was conducted tc simulate the blast

In this study an experi-

effects of a 20-kt nuclear explosive in
water depths typical of most harbors.,
Waves were generated by charges up io
256 1b of TNT buried to shallow depths
in sand, clay, and loess soil with water
overburden,

Project Tugboat is the first large-
scale experiment in which the generation
of waves by explosions beneath the seabed
has been experimentally investigated.
The knowledge gained through this pro-
gram should e useful ir planning for
future construction of harbors and navi-
gational projects with explosives.

Interpreiive Description of
Wave Problem

An idealized representation of wave
generation in shallow water by an explo-
sive buried beneath the seabed is illus-
trated in Fig. 83. Initially, the sea floor
is impuleively deformed by the shock
wave and the expanding explosive gases.
In turn, the water column above the de-
formed sea floor is elevated, As the
gases cortinue to expand, the sea floor
disintegrates and the water layer near
the edge of the forming crater is elevated
and forced aside by the rising gas bubble,
By the time the bubble vents, an initial
horizontal velocity has been imparted to
the displaced mass of water which propa-
gates outward as a turbulent wall of
water, During its initial stages, the wave
profile is obscured by the disturbances
created by falling ejecta debris along the
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(a) Expansion of gas bubble and formation of water dome

(d) Propagation of explosion-generated wave

Fig. 83. _Generation of water wave by explosion beneath the sea floor,
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Fig. 84. Aerial photograph of explosion-tenerated wave, Phase [, Detona-
tion Alpha.
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crater periphery and the dense dust cloud
over the detonation point, A photograph
of an explosion-generated wave from
above in its initial stage of propagation is
shown in Fig, 84.

Kranzer and Keller11 developed a
theory for water waves generated in water
of uniform depth by either an axially sum-
metric initial distribution of impulse or
an axially symmetric initial displacement
This theory is
based on the linear theory of progressive

of the water surface.

surface waves. Soluticns for the explosion-
generated waves are given, provided that
either the precise impulse distribution or
the shape of the initial water surface dis-
placement ig known.

However, the test conditions for Proj-
ect Tugboat did not satisfy several of the
assumptions made in the Kranzer and
Keller theory. First of all, the bottom
topography is not uniform as assumed in
developing the theory but very irregular
and interspersed with coral heads. These
coral heads introduce friction forces
This flow
conflicts with the theoretical assumption

whir 1 create turbulem flow,

of irrotational, or nonviscous, fluid flow.
Wave energy is continually dissipated by
these coral heads as the wave propagates
outward. In the theory, the sum of the
kinetic and potential energy of the wave
system is assumed to be constant, Fi-
nally, the proximity of the causeway
introduces a rigid, vertical boundary to
the mathematical model. The solutions
presented by the Kranzer and Keller
theory are for the case of an explosion in
& sea of infinite extent; i,e., no vertical
boundaries,

Since there are no known theoretical
investigations conforming to the condi-

T TN NN e e YT Ry e e T

tions present in Project Tugboat, the
empirical approach is taken in analyzing
the wave data,

EXPERIMENTAL PROCEDURE

Phase I

The wave measurement program was
conducted by the Baylor Company of
Houston, Texas. Instrumentation con-
sisted of tvro gages and a pen and ink
recorder, The location of the gages rela-
tive to each charge is shown in Fig, 85,

High-speed photography taken irom the
Command Post and a helicopter supple-
mented this program,

Phase II

The data collection program utilized
three surface wave gages and four ground-
based movie cameras looking along four
lines of vertical observation poles {CERC
was the primary investigator).

N

I-Ey

A I-D.
ae °I-B
1-C ®1-A

® Phase I calibration detonations

A Wave gages

Scale — ft
Crr—Tr—T1—
200 0 600

Fig. 85. Map showing location of wage
gages, Phase L.
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The recording wave gages wers identi-
cal to those used during Phase I, The
data were recorded on four 2-channet
recorders, Duplicate recordings were
made of each signal to prevent loss of
data by recorder failure, The recorders
were operated at least 1 hr before and
after each blast, during dry runs, aud
intermittently throughout the project.

Four low-level cameras were posi-
tioned at different angles to each detona-
tion tc document the complex nature of
wave generation, wave propagation, and
return flow into the crater, Four lines
of observation poles driven into the coral
provided a space-and-time coordinate
system for investigating wave height and
wave celerity, Each line consisted of
three or four wave poles extending about
12 ft above the water surface., These
poles were constructed of 4-in,~diameter
steel pipe and were calibrated with 2-in,
wide alternating red and white stripes.,
The locations of the cameras, wave poles,
2nd wave gages are shown in Fig. £6.

RESULTS

Wave Records-~~Phasge [

The wave records for the five detona-
tions, Alpha, Bravo, Charlie, Delta, and
Echo, are shown in Figs. 87 through 30,

Only the near wave gage was cpera~
tional for Detonations Alpha anrd Bravo,
since the cable for the far wave staff was
accidently severed by a tulldozer., For
Detonation Echs, the region where the
nearest wave staff was installed slumped
toward the crater before the arrival of
the first wave., The wave gage remained
operationai but true wave heights could
not be obtained from the record in Fig, 90

o TR R e T

N Legend

® Explosive charges

o Camera stations

o Wave poles

8 Wave gages
C.S. No. |

Coral fill

23

Scale ~ ft
[ e e ]
500 9 560 1000 1500

Fig. 86, Location of wave gages and wave
poles, Phase II,

because the guge was displaced {rom the
vertical, However, the time scale was
not affected and the times of arrival of
the first wave and crests and troughs
could be deteruniined,

The heights of the random ses waves
at the time of detonation were nearly the
same magnitude as the heights of the gen-
erated waves at radii greater than 200 ft
for Detonations Bravo and Delta. These
random sea waves were superimposed on
the explosion-generated wave and ob-
gseured its height, However, analysis of
the random sea record before 2nd after
passage of the wave indicated that the
heights and periods were consistent,
Preshot wave heights were estimated ot
0.15 ft from the recorad while the
explesion~generated wave was measured
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Fig. 87. Wave records for Detonations Alpha and Bravo, Phase L.
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Fig. 88, Wave records for Detonation Charlie, Phase I.
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Table 9, Summary cf maximmum wave heights, Phases I and II,

Total Depnth of Averzge
charge burial in water Lithostatic Distance Maximum
weight, coral, depth, head to wave wave height,
w d z2 gage, ©

Detonation  (tons) (ft) {ft) (ft) (ft) (£
Alpha 12,7 4.€ 59.4 165 3.4
Bravo 13.0 5.0 60.4 <00 1.9
Charlie 16.6 5.1 66.7 5 4.1
275 1.6
Delta 1 20.9 5.0 74.0 155 2.2
290 0.9

Echo 10 36.0 8.5 101.5 160 9.6P
380 4.7
II-ABCD 20-30 36,7 6.6 102.7 360 4.4
365¢ 4.8
1425 <0.5
n-gr 20 35.8 6.8 101.4 230 d 11.1
300 8.9
1480 <0.5
-1JKL 490 36.0 5.8 100.7 340 9.6
760,€ 5.4
1940 <0.2

110

2z =33+d + y.ru dy, in feet of sea water; saturated unit weight of coral = 11

h

€r measured from SGZ II-B.
r measured from mid [I-E and II-F,

£,

-]

at 4,29 ft. Thus, the true wave height
was estimated to be 4.14 ft.

For Detonation Echo, the wave gage
displaced by the slumping of the cratex
lip wae located 160 ft from SGZ (Fig. 90),
The difference in water level indicated on
the wave record before and a very late
time after the detonation implied that the
angle of displacement of the gage irom
the vertical was approximately 60 deg.
The height of the wave measured Zrom the
record was estimated at 12,1 ft. With
allowance for tilting of the wave gage, the
true height of the initial wave was esti-
mated at 9.6 ft,

(=]

/63,

Estimate caly; wave gage stumped during passage of wave,

r measured from geometric center of square array.

The maximum wave height measured
at each gage for Phases I and II is tabu-
lated in Table 9 along with the horizontal
distance r from the detonation point to
each wave gage, the yield W of the charge,
the DOB in the coral medium d e and the
depth of the water overburden d over each
charge. Because the height of the wave
when it is generated depends on the thick-
ness (depth} of the water layer elevaied
by the gas bubble (see Fig. 83), the degth
d of the water overburden reported in
Table 9 is an estimated average preshat
water depth of a circular portion of the
water layer immediately over the charge
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Fig. 91, Wave records for Detonation II-ABCD.
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Fig. 93. Wave records for Detonation 1I-IJKL,

(diameter of circular luyer approximately
equal to the diameter of the mound ob~
served in documentary photography) which
is elevated by the rising gas bubble,
These average depths were obtained from
preshot topographic surveys and inciude
the tide elevation at the time of detonation,

Wave Climate Duriag Phase II
Execution

The sea waves in the vicinity of the
harbor area during each detonation for
Phase II were generally less than 0,5 {t.
The waves moved out to sea in the early
morning hours under the influence of a
land breeze which is believed to be the
result of the radiational cooling of the
islard during the night, By 0300 hr, a
sea breeze replaced the land breeze, and
the wind waves reversed direction. The
waves continued to build until 1300 to
1400 hr and then slowly decreased during
the late afternoon and evening. During

the late evening and early morning hours,
the wave heights tended to be the same at
all gages, During the day, and especially
in the afternoons, Gage 3 (see Fig, 86)
recorded the highest waves, sometimes
by a factor of 2,

Wave Records—Phase Il

Surface profiles of the generated waves
are presented in Figs. 91 through 93,
Maximr um wave heights and other perti-
nent irformation are summarized in
Table 9, Since Phase II consisted of
three muitiple-charge array events, the
depth of burial dm given for each event is
an ave: age of the depths of burial of the
individual charges in the array, The
chargze weight W is the suin of the indi-
vidual charges in the array and the water
depth d is an average preshot depth of the
water layer elevated by the explosion
bubble, The horizontal distance r to each
wave guge is measured from the centroid
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of the explosive mass for each array.
The first event (i[-ABCD) was a low-
order detonation and the centroid was
assumad at the II-B shot point, The cen-
troid for Detonation [I-EF was taken at
the midpoint between Charges II-E and’
II-F, Wor Detonation II-IJKL the cel-
troid was taken at the geometric center
of the square array.

Because the bay was quite calm before
and after each detonation, filtering the
wave records to delete the random sea
waves was not necessary, In all of these
detonations the arrival of the explosively
generated wave at Gage 3, the farthest of
the three gages from SGZ, could not be
clearly determined from the wave record
since the wave was about the same mag-
nitude as the wind waves at this gage.
Generally, the waves recorded at this
gage were less than 0,5 ft high for the
three events,

Photographic Resulls with Grounc-
evel Cameras—Phase 1l

The low-level photography provided an

excellent documentation of the migration
of the dust cloud and the propagation of
the generated waves.

The falling ejecta created some large

splashes, some as high as 50 ft or more.
Toward the end of the falling ejectw phase,
the dust and water-laden air in the ejecta
column began to sink and spread out over

the water surface in all directions., The

dust cloud moved with peak velocity at an

elevation of 5 to 10 ft above the water
surface, The cloud ohscured the middie

portion of the wave poles but the tops and

bottoms were readily observable,

A patch of very agitated water accom-

panied the front of the cloud as it moved

shoreward, Complete obscurity was
achieved in the photographs as the dust
cloud passed the camera station. As the
dust began to clear, a breaker or bore
could be seen moving outward from the
SGZ toward the camera., Visibility did
not clear up enough for quantitative esti-
miates froms the film until this breaker
was near the shoreward wave pole in each
line. Two series of photos (Figs. 94 and
95) show this breaking wave as it passes
the shoreward wave staffs, Two breakers
and one or more nonbreaking waves could
be recognized in most films, In general,
the breaker strength did not appear to be
constant across its crest, The horizontal
velocity of the breakers was quite high,
since an enormous splash, which was as
high as the breaker itself and a foot or
two in radius, was created as the breaker
passed the 4 -in.-diameter wave pole, In
comparison, the effect of the poles on an
ordinary 2-ft high, 3-sec wind wave was
hardly detectable more than a few inches
irom the staffs. It is not possible to de-
termine with the avaiiable data the effect
these splaghes may have had on the wave
records,

After the passage of the initial break-
ers considerable heaving of the water
surface was observed, but quantitative
measurenents could not be obtained, In
some cases the agitated movements of
floating debris gave an indication of the
turbulence over the crater area. IHori-
zontal shears in both waves ana turrants
were apparent within a distancc of a few
hundred feet, The water motions were
much more complex than those suggested
by any of the available theories of impul~
sively generated waves, An example of
the complex water motions is shown in
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Fig. 94, Breaking wave propagating past shoreward wave staff, Camera
Line B, Detonation II-IJKL,
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Fig. 96, This sequence is the SGZ area
of Detonation l{-&F after the cloud has
clearec away 1118 to 1€4 sec), The large
vortices shown here are rotating in oppo-

site directions,

High-Speed Aerial Photography
High-speed photography taken by heli-
copter presented a dramatic view of the
sea siate once the dust cloud had lifted,
as indicated in Fig, 958, The qualitative
data obtained during Phases I and If by
this method were invaluable toward a
better understanding of the wave problem,
The actual phenomenon of wave geaer-
ation was obscured by the spray and dust
cloud, but the outward propagation of the
wave and the return flow of water into the

crater were observable, The time and
distance from SGZ at which the initial
wave originated could not be observed.

One significant observation obtained
by studying these films is that a void in
the crater area existed at a fairly late
time. The rush of water and fractured
coral material back into this void can be
seen in Fig, 97 for Detonation II-IJKL.
There was a large circular area that
could be seen failing toward the central
void in this detonation,

The water rushing into the void and
crater for the five single charges of
Phase I created complex oscillations over
the crater that ~ersisted for several min-
utes before equilibrium wasa restored.
Whether these oscillations generated any
waves could not be detected in the aerial
photographs or distinguished from the
random sea waves on the wave record.

The fiow of water back into the crater
for the multiple charges of Phase Ii dif~
f2red from the case for a single charge,

In the cage of the rew craters, the return
flow created two vortices with radii on
the order of 50 to 75 ft (see Fig., 96). The
resulting sea state was very turbulent —
with waves and currents traveling in
apparent random patiterns.

A study of these films indicated the
variation of the generated wave type
around the periphery of the void, In the
cace of Detonation lI~EF where the dust
cloud lifted quite rapidly, two bores were
observed propagating toward Samuel
Spencer Beach Park while on the opposite
side of the void a train of three or four
waves was being generated {(see Fig. 98).
On the shoreward side of the void, a sin-
gle bore propagated shoreward, reflected
off the causeway, and headed out to sea.
The effects of refraction and shoaling on
the waves were evident in the film, espe-
cially on the train of three or four waves,

ANALYSIS AND INTERPRETATION
OF WAVE DATA

Scaling ReTatlomahips

As stated earlier, the empirical ap-
proach is taken to analyze the wave data
in the absence of an adequate theory. The
‘Buckingham-~Pi Method,12 a dimensional
analysis technique, was used tc derive the
basic relationship between the maximum

wave height, water depth, DOB in the
medium, charge weight, and horizontal

distance {rom SGZ.
The following dimensionless Pi terms
were obtained from the analysis:
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where

H = maximum wave height, crest to
following trough

d = average water depth over crater
area

d,, = depth of burial in coral medium
p = density of water

P = saturated density of coral medium
g = gravitational acceleration
p = atmospheric pressure

r = horizontal distunce from centroid
of explosive mass to wave gage

t = time, after detonation
E = energy released by explosive

The dimensionless terms:
_ﬁs_l

are similar in the sense that each brack-
eted term has units of overburden pres-

a3 mPm89m’

sure; i.e., force per unit area, Thus,
one useful dimensionless term can be

determined:
3
_zd
ﬂl = -E-', (2)
where
z=p+pgd+p gd .. (3)

Equation (3) can be rewritten as:

Z

z Pm
Z - -}% +td+=2d (4)
where Z is the lithostatic head on the
charge expressed in terms of feet of sea
water,

Since E = QW, where Q is the energy
per unit mass of explosive and W is the
weight of the explosive, 7, can be written
as:

=d (W /3 (5)

where pg/Q = constant for Project Tug-
boat and has been omitted for convenience,

Since the energy in an idealized wave
which propagates axisymmetrically is
proportional to (Hr)z, another useful
dimensionless term is

H_ r _Hr (6)

where R is the maximum throat radius of
the water dome formed by the explosion
bubble., The relationship between n and
T, is shown in Fig. 99, The equation of
the line of least squares fit is

2.21
= 11,930 [ (’W) J . W

The two data pouints for Detonation II-
ABCD are indicated with error bars
because the exact total charge which det-
onated is indeterminate but appears to be
between 20 and 30 tons.

it should be noted that no effort has
been made to consider the effects of wave
refraction, shoaling, and friction losses
hecause of insufficient topographic detail
of the site before and after each shot and
theories of refraction available are not
valid for the Kawaihae case anyway. In
general, the first wave is the maximum
of the system. This maximum wave is
characterized by a large crest followed
by a shallow but long trough,

°‘~IE

Wave Travel Times
The time t = tG for the crest of the

maximum wave generated by the under-
water explosions to travel a distance
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Fig. 99. Maximum wave height scaling
relationship.

r - R can be scaled by the two nordimen-
sional terms:

2
—g(t‘to) _r"R
B —TF — 4 ""p (8)

where

t = time after detonation

to = time for water dome to attain its
maximum throat radius R

R = maximum throat radius of water
dome

r = distance from centroid of explo-
sive mass tc point of measurement

D = average water depth from point of
wave formation to point of meas-
urement

g = gravitational acceleration

Data from the wave records and low-
level photography are tabulated in
Tabie 10. Data for Detonations II-ABCD
and II-EF are not included, kecause the
throat radiuz R of the domes could not be
measured accurately from the high-speed
photography. A plotofr - R/Dvs
g(t - t)%/D is shown in Fig. 100.

Again, no effurt was made to consider
the effects of wave refraction, shoaling,
friction losses, or changes in water depth,
These factors influence the celerity and
path of propagation of the wave and con-
tribute to the scatter in the data points in
Fig, 100, The equation of the line of
ieast fit through the data points is:

2
-t 1.8
g = - 1.37 ("—Bﬁ ) (9)

Solving for t - toe the time required for
the crest of the maximum wave te iravel
a distance r - R is:

t-ty=0.205(c -R° 004 0

If the exponent in Eq. (9) is taken to be
2.0 instead of 1,8, this reduces to

]0,000 - R RLLS L LA
> Wave trovel ‘imes: Phose |
: detonations and <l JK L
- & Phase | o -4
ofl-l JK1L a
1,600 =
~ b
S :
~ - .
P e -
(=]
- - -l
[
L 3
< i
100} -
ol =
3 1.37]
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10 1 B A E)
b}

Fig. 129, Travel time for crest of maxi-
mum wave,
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Table 10, Travel time of crest of maximum wave.

Average Maximum  Time for Travel
water radius of water dome  Radial time of

depth, water dome, to attain R  distance, crest 2
D R ty r t r-g 8lt-ty
Detonation {ft) (ft) (sec) (ft) {secj D D
Alpha 5.5 55 1,08 165 6.8 20.0 191
Bravo 5.8 54 1,14 200 8.1 25.2 356
Charlie 5.6 58 1.30 75 5.3 3.0 92
6.6 58 1,30 275 15.9 32,9 916
Delta 5.2 53 1,31 155 7.2 19.8 218
8.5 53 1,31 290 18.6 36.4 1472
Echo 7.3 108 1,50 160 4,7 7.1 43
6.8 108 1,50 380 13.5 40,0 682
H-1JKL 5.2 230 1.41 340 8.4 21.2 304
8.0 230 1,41 650 18.0 52,5 1247
10.0 230 1.41 760 25.7 53.0 1900
7.0 230 1.41 809 23,0 81.4 2350

(t - to)-

9 1/2
c= [—-—-—5(" - R ] = 0.35 @2 1)
where ¢ = wave celerity., This expression
for celerity is of the same form as the
solitary wave and other shallew water ex-
pressions,

CONCLUSIONS

1. A scaling reiationship has been
developed for waves generated in shallow
water by a chemical explosive detonated
in a weak coral medium from Project
Tugboat data, This relationship is:

-2.21
Br . 11,930 [d ({%)1/3] .

This relationship shculd be used with
caution for cratering detorations in a

more dense medium than coral where the
crater formation process and consequent
wave generaticn would be different,

2. The travel time for the crest of the
maximum wave can be determined accord-
ing to the following relationship:

t-tg=0.205r - r)%d 504,

3. The wave of maximum height is
ususlly the fivat wave of the explogively
generated system and is characierized
by a high crest followed by a long shallow
trough,

RECOMMENDATIONS FOR
FUTURE EXPERIMENTS

The following ‘wo recommendations
are made for future experiments or proj-
ects where it might be possible to get
additional data on exnlesively generated
waveg:
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S L A R N N S M e d i i Ans e

1. Floats should be set out sc that
water movements at late time could be
observed in aerial photos,

A e —p———

2, Laboratory model tests should be
conducted to get a feel for the problem
prior to field operations.

Section 4
Fish and Wiidlife Studies

OBJECTIVES

The objective of this program was to
determine the effects of the Project Tug-
boat detonations on the marine environ-
ment in Kawaihae Bay, Island of Hawaii.
Studies were restricted to the merine
environment becavse it was felt that the
detonations would have litile effect on the
limited terrestrial wildlife present at the
project site, The following make up the
scope of this program:

i, To record the species composition
and densities of marine life that existed
at the project site through underwater
observaticis and counts by divers with
emphasis being placed on {ishes

2. To determine the effects of the
detonations in relation to {a} the distances
from the blast centers {o which fish kille
and injuries are &ffected, (b} the total
area affected by the blasts, and {(c) the
total rumber and/or poundage of fishes
that ware killed or injured

3. To determiae the time required for
and the nature of repopuiation of the
affected area

MATERIALS AND METHODS
Species Composition and
&nsfﬁee of %Hne e

The spacies of marine life inhabiting
the project cite were initially determinea

through underwater fish counts. Iaforma-
tion obtained through the collections of
dead an1i injured fishes after ezch detona-
tion was used to supplement the fish count
data,

Fish counts were conducted by using a
method that was described by Broch:.13
Divers using Scuba or snorkeling gear
{Fig. 101) swam along a 600-ft length of
weighted cotton transect iine that was laid
over 2 selected section of the reef, The
divers carried a piastic slate un which
they recorded the species, numbers, a2nd
estimated lengths of a! fishes that were
encountered within a 20-ft wide band
extending 10 ft tc the right and left of the
line, FEstimates of fisa weights were then
caiculated by multiplying the cube of the

Fig. 10X, Underwater fish counts to re-
cord the deunsities and species
composition of marine life at
project site.
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fish length by a species constant previ-
ously determined from known iength-
weight relationshipe for each of the
species involved.

Predetonaticn fish counts were made
at 11 staticns during the period of
22~25 September 1969 and at three eta-
ticns on 3 Necven:ber 1969, Postdetona-~
tion counts were nade at two stations on
27 April 197C and at seven stations on
4 June 1970, Fish counting stations were
established only in the vicinity of the
Phase I{ detonaiions (Fig. 102) because
turbidity at the Phase I aite praviuded
diver observation of fishes as is reguired
using Brock's method. In order to vbiain
seme informaticen of fisn compozition and
densities at ke Phase I gite, two attempts

Fig. 102, Approximste locations of 11 fish-counting stations in relation to Surface
Ground Zeros of Phase I and Phase [I detonatizus.

were made to fish gill nets in September
1969 (Fig. 103). The netting efforts, how-
ever, were not successful; only two fishes
were caught in a 6-hr dayiight set, and
only one fish was caught in an overnight
The nets were damaged beyoad
repair by large predators ana by snagging

set,

on submerged coral heads, and no further
aetting attempts were mace.

Effects of Detonations
on rine iiie

Test cages, each containing fcur or
five live fishes, were placed at varying
distances frem the SGZ's of Phase [
Detonaticns Alpha, Delta. Echo and
Phase [T Detonations [I-ABCD, II-EF,
and II-IJKL.,
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Fig. 103, Gil} nets were {ished in areas
that were too murky Jor fish
counting by divers (only limited
information was obtained
through this method).

Fig. 104, Lantern basket containing live
fishes being get cut to deter-
mine th2 distances to whicn

ishes were affected by deto-
nations.,

Lantern baskets, ov fish-holding bags,
served as test cages and were attached to
anchored floats in a manner that permit-
ted the test animals to be suspended some
3 to 4 ft below the surface, Lantern bas-
keis are basically mesh bags held open by
galvanized wire rings of varying diame-
ters. The No. 16 size basket with 1-in,
stretch measure cotton mesh was used;
the basket measured 24 in, ii: height and
tapered from a 7-in,~diameter opening at

R R Y T e T ST R e e v~ am -

adnkh i AT Dbl Aot o

the top to 15-1/2-in,~-diameter at the base
(Fig. 104), The necks of the baskets wre
tied~off with a short length of string to
prevent the escape of test fishes whiie

the cages were 'submerged.

Test fishes used during the Phase 1
series of detonations consisted of rilapia
(Tilapia mossambica), the squirrelfishes,
menpachi (Myripristis sp.} and alaihi
(Holocentrus sp.), and the cardinal fish
upapalu (Apogon snyderi). Tilapia were
airshipped from the island of Oahu
whereas the last threz species were
caught by hook and line in Kawaihae Bay,
Tilapia was used exclusively during the
Phase II gseries of detonations,

The test animals, ranging between 2
and 7 in, in length, were held in floating
ring nets placed in the Kawaihae small-
boat harbor until they were needed for the
tests. The cages and fishes were setout
from 2 to 4 hr prior to the detonatiorns.
They were checked from 1 to 2 hr after
the detonations when collections for dead

fishes were completed.

Searches for dead and injured fishes
floating at the surface were made follow-
ing each of the blasts immediately after
clearance to enter the blast zone was
obtained (Fig, 105). Besides the Division
of Fish and Gamne boat, skiffs manned by
other project personnel participated in
the fish collections.

RESULTS AND DISCUSSION

Marine Organisms at Proiect Site

Cne hundred eleven different species
of fiches representing 34 famiiies were
found at the project site (Table 11},
Seventy-six species were recorded during
the fish counts, including two species that
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Fig. 105, Spiny puffer, Diodon hystrix,
being netted after Detonatior 1c¢
(Charlie).

were caught in the gill nets, and 74 spe-
cies were represented in the collections
thet werz made after the detonations,
The majority of the 111 species of fishes
may be considered as permanent resi-
dents of the project site reef, Many of
these, however, are capabie of moving
over wide areas of the reef. Wandering
species, or those figshes that probably
enter the project reef oniy at infrequent
and irregular intervals, include the eagle
ray, Aetobatus narinari, the mullet,
Mugil cephalus, six species of jack
crevallys (Family Carangidae) and the
snapper, Lutjanus vaigiensis, Several
unidentified species of sharks were ob-~
served in September 15€9 and in Aprii
1970, but they were not included in the
list of fishes, Sharks were never ob-
served during the fish counting dives or

during postdetonation fish collecting,

The 12 most abundant fishes st the
project site in terms of average numbers
per acre as determined from fish counts
during September 1969 are iisted in
‘I'able 12, These fishes, except for the
damselfish Chromis ovalis and the goat-
fish, Mulloidichthys samoensis, were

e ———— e et g AN, S o8 1A

among the most widely distributed over
the project site ree{, They were recorded
at 9, 10, or all 11 of the counting stations,
The butterfly fishes, Chaetodon ornatissi-
mus and C, trifasciatus, and the wrasse
Thalassoma ballieui were three other
coramon species and were observed at 8
of the 11 stations,

Coral species in the Porites, Montipora
and Pocillopora genera comprised the
major portions of the reef., A few scai-
tered colenieg of Fungia gcutaria, a mush-
room ccral were pPresent. Besides the
corals, sea urchins were the most promi-
nent and abundant invertebrates, The sea
urchins Heterocentrotus mammillatus
{slate~pencil urchin), Echinothrix
calamsaris, E, diadema and Diadema
paucispina (three species of long-spined
urchins collectively called "wanas"),
Tripneustes gratilla (short-spined urchin),
Echinomeira mathaei and E. oblonga,
were very common particularly on the
outer half of the reef. Counts of sea
urchins at transect stations 6 and 8 in
November indicated that there was an
average of about 425 slate-pencil urchins,
158 short~-spined urchins, and 151 long-
spined "wanas" per acre of reef,

A few individuals of the coral eating
starfish Acanthaster planci (crown-of-
thorns starfish) were seen during the fish
counts. Some of these were feeding on
the corals, but the damage being inflicted
was light, The starfish population level
was considered as being normatl for the

reef. Other invertebrates that were seen
on the project site reef but only infre-~
quently were Panulirus japonicus (spiny

lobster), Polypus marmoratus (sctopus)
and Holothuria atra (sea cucumber), The
kona crab, Ranina serrata, was seen in
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Table 11. Fishes inhabiting project site.

Species observed during Species collected after
fish counts detonations

Family and species Yeptember November Agril June November Aprii-May .
1969 1969 1970 1970 1969 1870

: MYLIOBATIDAE (eagle ray)
: 1. Aetobatus narinari x _

MURAENIDAE (moray eels) ks
1. Echidna nebulosa

£ 2. Gymaothorax meleagris

4 3. G. eurostus

4. G undulatus

CONGRIDAE (white eels)
1. Conger marginatus

F FISTULARIIDAE (cornet fishes)
1, Fistularia petimba

AULOSTOMIDAE (trumpet fishes)
1, Aulestomus chinensis x x

EOLOCENTRIDAFE (squirrelfishes) b
1 1., Holocentrus spinifer :
2, H, lacteoguttatus

. H, diadema

. Holotrachys lima

. Myripristis multiradiatus
. M. berndti

MUGILIDAE (gray mullets)
3 1, Mugil cephalus

POLYNEMIDAE (threadfins)
1 1. Polydactylus sexfilis

SERRANIDAE (groupers)
1. Ypsigramma sp. — — -— — — x

PSEUDOCHROMIDAE
1. Pseudogramma polyacantha — — — —_ - x

KUHLIIDAE (aholeholes) E
1. Kuhlia sandvicensis - - — —_— x x 3

PRIACANTHIDAE (aweoweos)
1. Priacanthus cruentatus a— — —_— —

APOGONIDAE (cardinal fishes)
1. Apogon brackygrammus
2. A, snyderi
3. A. menesemus

CARANGIDAE (jack crevally)

. Serioia dumerilii

. Decapterus pinnulatus

. Carangoides ajax

4. Caranx lugubris

5, C. sexfascintus

6. Trachurops crumenophthalmus

LUTJANIDAE (snappers)
1. Lutjaaus vaigiensis

MULLIDAE (goatfishes)
1. Upeneus arge
2. Mulloidichthys samoensis
3. M. aurifiamma
4. Parupeneus chryserydros
. P, porohyreus
. P, multifasciatus
7. P, pleurostigma

CHAETODONTIDAE (butterfly figshes)
Centropyge potteri
Forcipiger longirostris
Chaetodon fremblii
auviga
unimaculatus

. lunula

. trifasciatus
ornat.gsimus

. quadrimaculatus

, multicinctus
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Table 11 (continued)

Species observed during Species collected after
fish counts detonations
Sepltgr&ber November April June November April-May

Family and species

1969 1970 1970 1969 1970

CIRRHITIDAE (hawkfishes)
1, Paracirrhites arcatus
2. P, forsteri
3. P, cinctus

POMACENTRIDAE (damselfishes)
1. Dascyllus albisella
. Abudefduf abdominalis

LN

4. Fomacentrus jenkensi
5. Chromis ovalis
6. C, leucurus

LABRIDAE (wrasses)
1. Bodianus

2. Labroides phthirophagus
3. Cheilinus rhodochrous

4. Thalassoma duperreyi

5. T. ballieui

6. Gomphosus varius

7. Coris flavovittata

8, C. gaimardi

9. Stehojulis axillaris

10, S, albovittata

11, Novaculichthys taeniourus
12, Anampses cuvieri

SCARIDAE (parrotfishes)

1, Calotomus sandvicensis
2. Scarus dubius

3. S. perspicillatus

4. S. sordidus

ZANCLIDAE (moorish idol)
1. Zanclus canescens

ACANTHURIDAE (surgeonfishes)
1. Acanthurus sandvicensis
2. A. aJhilles
3. A. leucopareius

4. A. nigrofuscus

5. A. nigroris

6. A. olivaceus

7. A. dussumieri

8. A. xanthopterus

9. A. mata

10, Ctenochaetus strigosus
11, Zebrasoma flavescens
12, Z, veliferum

13. Naso lituratus

13. N. hexacanthus

15. N. unicornis

ELEOTRIDAFR
1, Asterropteryx semipunctatus

BLENNIIDAE (blennies)
1. Exallias brevis
2, Cirripectus obscurus

BROTULIDAR
1. Brotula multibarbata

SCORPAENIDAE (scorpion fishes)
1. Dendarochirus brachypterus
2. Scorpaenodes guamensis

BALISTIDAE Griggerfishes)
1. Xanthichthys ringens
2. Rhinecanthus rectangulus
3. Melichthys buniva
4. M. vidua
5. Balistes bursa

MONACANTHIDAE (filefishes)
1. Pervagor spilosoma
2. P. melanocephalus
3. Amanses carolae
4. A. sandwichiensis

. Plectroglyphidodcn johnstonianus
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Table 11 (continued)

Species observed during

Species collected after

fish counts detonations

Family and species

S b -
epxtgéxg er November April June lerember Apxl'fgggiﬁy

1969 1970 1870 969

OSTRACIONTIDAE (boxfishes)

1. Osiracion lentiginosus x x -— -— x x
TETRAODONTIDAE (puffers)

1, Arothron meleagris x -_— - - x x

2. A. hispidus —_— - — — x x
CANTHIGASTERIDAE (sharpbacked puffers)

1, Canthigaster jactator x x x _— — x
DIODONTIDAE (spiny puffers)

1, Diodon hystrix — x - b4 x x
ANTENNARIIDAE (frogfishes)

1. Abantennarius analis — -— -_— — — x

2, Antennarius drombus -_— - -_— — —_ x
Total number of species §5 52 35 43 31 64

‘Caught in gill net.

Table 12, Twelve most abundant fishes at project site as determined from fish counts

at 11 stalions in September 1969,

Occurrence

Average number (number

Ranking Species per acre of stations)

1 Scarus dubius 76.2 11

2 Thalassoma duperreyi 64.8 11

3 Chromis ovalis 44.6 6

4 Pomacentrus jenkinsi 34.5 11

5 Ctenochaetus strigosus 34.1 10

, 6 Gomphosus varius 30.7 11
7 Mulloidichthys samoensis 25.5 5

8 Acanthurus nigroris 18.8 10

g Parupeneus multifasciatus 18,1 i1
16 Acanthurus nigrofuscus 16.1 9
11 Cirripectus variolosus 13.2 10
12 Exallias brevis 13.2 10

the sand channel immediately to the scuth
of the project site. The only inverte-
brates that were collected after the deto-
nations were two specimens of an uniden-
tified species of nudibranchs.

Standing Crops of Fishes
Estimates of the standing crops of
fishes, expressed in pounds per acre,

obtained from predetonation fish counts
are presented in Table 13, The standing
crops derived for the 11 counting stations
in September 1969 varied from 17.i to
101,1 lb/acre and averaged 62.8 lb/acre,
An estimate of 196,7 lb/acre was obtained
for Station 3, but this estiimate was heav-
ily influenced by the inclusion of an eagle
ray which was estimated at 30 1b in weight,
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Table 13, Results of predetonation fish counts,
. Number Number Calculated Calculated
: Date and of of fishes number Ib
] station No. species counted per acre per acre
September 22-25, 1969
1 22 148 537 21.7
2 18 70 254 30.6
3 24 290 1,053 87.8 (196.7)%
4 32 228 828 101.1
5 28 159 577 44.4
6 34 239 868 84.4
7 24 347 1,260 93.8
] 8 32 229 831 97.2
1 9 2 159 577 50.6
10 25 290 1,053 62.5
2 u 13 132 479 17.1
Average 24,7 208.3 756.1 62.8
November 3, 1969
4 42 306 1,111 266.8
6 35 188 682 85.4
8 33 420 1,525 445.2
Average 36.7 304.7 1,106 265.8
aIncluding an eagle ray estimated at 30 Ib in weignt,
By excluding the weight of the eagle ray adjacent to the shoreline. Apparently,

from the calculat.ons, the standing crop
estimate would he reduced to 87.8 lb/acre
which is believed to be a more accurate
The
lowest estimate of 17.1 lb/acre was ob-

representation of normal situations,

tained from station 11 which was situated
in a sand bottom channel that bisects the
reef immediztely to the south of the pro-
posed harbor entrance channel,

Low standing crops were also obtained
at the near shore Stations i, 2, and 5 and
at Station 9. This was probably the result
of murky water conditions that existed at
these stations because of their 3roximity

to the sediment zone lying in a wide band

Y TS POy Sy W W DUy Of Y P PR - L. " v

waters within this sediment zone remain
in a constant state of turbidity. This
turbidity was increased considerably by
project-related activities involving the
construction and subsequent removal of
crushed coral causeways and the drilling
of charge emplacement holes.

The numbers of fishes enumerated at
the 11 counting stations in September
ranged from 70 to 247 and averaged 208.3
per station (Table 13), Through extrapo-
lation, an overall average of 756.1 fishes
per acre of reef was indicated to be pres-
As will be dis-~
cussed in a following section, the fish

ent at the project site,
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collections made after the detonations
revealed that several species of fishes,
some of which were very abundant in the
collections, were missed entirely in the
fish counts., Therefore, the estimates
that were obtained for the numbers and
standing crops based on the fish counts
must be considered as underestimates.
Fish counts in November were limited
to Staticns 4, 6, and 8. During the Sep-
tember survey, data obtained from these
three stations showed an average density
of 842 fishes per acre and an average
standing crop of 94.2 lb/acre (Table 13).
In November, the counts indicated that
the average number of fishes increased
by 21.3% to 1,106 fishes per acre and the
average standing crop increased 182.2%
to 265.8 lb/acre., These increases were
due primarily to an increase in sizes and
abundance of parrotfishes and surgeon-
fishes, and to a lesser extent or the
increase in numbers of goaifishes, trig-
On the
assumption that the numbers of fishes

gerfishes and spiny puffers.

and standing crops at the eight other sta-
tions surveyed in September but not in
November increased at the same ratio as
did Stations 4, 6, and 8, an average den-
sity of 992.8 fishes per acre and an aver-
age standing crop of 177.2 lbfacre were
indicated for November,

An attempt was made to conduct fish
counts on the day before the initial
Phase II detonation in order to obtain
data that would have been applicable at
the time of the detonations, However,
the counts were not made because of a
breakdown of the outboard motor on the
survey boat, For this reason, the esti-
mates of the average number of fishes
and the average standing crop used in

later calculations of fishes affected by the
detonations were derived by averaging the
values obtained from the fish counts in
September and November, These aver-
ages were 924,8 fishes per acre and a
standing crop of 120.0 lb/acre.

Fishes Collected After Detonations

The fish collections made after the
Phase I series of detonations may be con-
sidered complete in that all fishes ob-
served at the surface were picked up, and
most of the fishes collected by other proj-
ect personnel were made available for
examination, After the Phase Il detona-~
tions, however, it was possible to collect

only a representative sample of the fishes
because of the large numbers that were
affected and because the fishes were dis-
persed over a very wide area. Also, the
samples collected by other project per-
sonnel were not examined, Collecting
efforts were hampered by the extreme
turbidity created by the blasts which lim-
ited visibility to within a few inches of the
surface, and, because of this turbidity, it
wasg not possible to determine the species
and numbers of fishes that sank to the
bottom. A thick layer of brownish scum
blanketed extensive arcas after the

Phase II detonations to further hamper
collecting efforts (Fig. 106).

The species and numbers of fishes that
were collected after the Phase I and
Phase II detonations are listed in Table 14,
After the first 1-ton detonation {Charlie),
25 fishes comprised of 13 species were
found. The butterfly fishes seemed most
heavily affected by this blast as 10 indi-
viduals of three species were collected.
A noteworthy specimen in the collection
was the snapper Lutjanus vaigiensis
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Fig. 106, Thick layer of brownish scum,
resulting from detonations,
hampered postdetonation {ish
collecting efforts,

which was one of the exotic species intro-
duced into Hawaiian waters by the State
Division of Fish and Game, Releases of
this snapper were made only off the
island of Oahu during the period from
1956 through 1961, but it is now well-
established around all the Hawaiian
Islands.

Dead fishes were not seen after the
second 1 iun detonation (Deita). For this
blast SGZ was situated only about 100 ft
shoreward from the previous tlast
(Charlie), and it was suspected that most
of the fishes not affected by the initial
blast may have been scared away, or they
may have moved out of the area to escape
the extremely silty conditions that were
created., Possibly for this same reason,
only two dead fishes were found after the
third 1-ton detonation (Alpha), and only
one was found after the fourth detonation
(Bravo). These two detonations were
fired on the same day within a period of
2 hr, and both were situated only about
100 ft from the previous two blasts.

The 10-ton detonation (Echo) was situ-
ated slightly more than 400 ft northwest

e ik a o ., [P TR TR

of the nearest 1-ton detonation, Seventy-
one fishes belonging to 26 species were
collected after the blast, The four spe-
cies were most numerous in the collec~
tion, comprising 54% of the fishes col-
lected, included the cardinal fish Apogon
snyderi, the squirrelfish Holocentrus
diadema, the surgeonfish Acanthurus
nigrofuscus, and the puffer Aronthron -
hispidus. The remaining 2Z species v./ere
represented by less than three specimens
each,

The initial detonation of the Phase II
series (II~ABCD) resulted in a collection
of 401 fishes representing 50 different
speciegs. Seventy-five percent of the
fishes in the collection belenged to the
squirrelfish, damselfish, and butterfly
fish families, Pomacentrus jenkinsi and
Myripristis multiradiatus were the two
most numerous individual species. The
rarest fish found in this collection was a
small grouper (Family Serranidae) of the
genus Ypsigramma (Fig, 107), As far as
is known only one other specimen of this

Fig. 107, A 2-3/4-in. grouper of Genus
Ypsigramma (Family Ser-
ranidae) killed by Detonation II-
ABCD; this specimen was be-
lieved to be only the second of
species ccllected from Hawaiian
Islands.
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Table 14,
detonations,

e i e T it il —— - .

Species and numbers of fishes collected after Phase I and Phase II

Fam:ly and species

Code No. and date of detonation

Phase

1 (1963)

Tharlie Delta Alpha Bravc FEcho -

11/4

11/5

11/6  1/6 1177 4/23

Phase I (1970)
3728 1730

5/1

MURAENIDAE (moray eels)
1. Echidna nebulosa
2, Gymnothorax eurostus
32, G, undulatus

CONGRIDAE (white eels)
1. Conger marginatus

HOLOCENTRIDAE (squirrelfishes)

1. Holocentrus spinifer

2, H. lacteoguttatus

3. H. diadema

4. Holotrachys lima

5, Myripristis multiradiatus
6. M, berndt

MUGILIDAY (gray mullets)
1. Mugil cephatus

POLYNEMIDAE (threadfins)
1. Polydactylus sexfilis

SERRANIDAE (groupers)

1. Ypsigrainma sp.
PSEUDOCHROMIDAE

1. Pseudogramma polyacantha

KUHLIDAE (aholeholes)
1. Kuhlia sandvicensis

PRIACANTHIDAE (aweowreos)
1. Priacanthus cruentatus

APOGONIDAE (cardinal fishes)
1. Apogon brachygrammus
2, A, snyderi
3. A, menesemus

CARANGIDAE (ack crevally)

1. Seriola dumeriin

2, Carango:des ajan

3. Caranx lugubris

1. C. Sexfasciatus
LUTJANIDAE (snappers)

1. Lutjanus vaigiensis
MULLIDAE (goatfishes)

1. Upeneus arge

2. Mullowdichthys samoensis

3. Parupeneus porphyreus

(I

el

-l

|to—-

CHAETODONTIDAE (butterfly fishes)

1. Centropyge potter
. Chaetodon auriga
C, ummaculatus

. lunula

. trifasciatus

. ornpatissimus
multicinctus

. miliarnis

.

PNO U W
eleielielel

POMACENTRIDAE (damselfishes)

-

Dascyllus albisella
Abudefduf abdominalis

Pomacentrus jenkenst
Chromis avalis
C, leucurus

LABRIDAL (wrasses)
1, Bodianus bilunulatus
2. Cheilinus rhodochrous

L de LB e
.

Plectroglyphidodon johnstonianus
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i ; Table 1a (continued)

s
!
!

Code No. and date of detonation
Phage I {1589) Yhage I (1970)
rite ta p ravo Ec - -
Family and species 11/4 11/5 11/6 11/6 1R 4/23 328 3)%% 5/1

SCARIDAE (parrot fishes)
1. Scarus dubius
2, S, perspicillatus
3. S, sordidus

ACANTHURIDAE (surgeonfishes)
Acanthurus sandvicensis
A. leucopareius

. nigrofuscus

. olivaceus

. dussumieri

. xanthopterus

. mata

Naso lituratus

N. unicornis

ELEOTRIDAE
3 1. Asterropteryx semipunctatus

E BLENNIIDAE (blennies
3 1. Exallias brevis -—
3 BROTLLIDAE

1, Brotula multibarbata - - _—
SCORPAENIDAE (scorpion fishes) j

1. Dendrochirus brachypterus
2. Scorpaenodes guamensis

BALISTIDAE (triggerfishes
1. Rhinecanthus rectangulus
2. Melichthys bumva
3. Balistes bursa

MONACANTHIDAE (filefishes) E
1. Pervagor spilosoma
2. P, meianocephalus
3. Amanree carolae
4. A, sandwichiensis

OSTRACIONTIDAE (oxfishes)
1, Ostracion lentiginosus

TETRAODONTIDAE (puffers)

1, Arothron meleagris

2, A. hispidus
CANTHIGASTERIDAE {(sharpback

puffers)

1. Canthigaster jactator — — —_ - -_— 1
DIODONTIDAE (spiny puffers)

1. Diodon hystrix 2 -— _ - 2 3 1 - _ ]
ANTENARIIDAE (frogfishes) ;

1. Abartennarius analis -
2. Antennarius drombus -—
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species has ever been collected from the
Hawaiian Islands,14 and its specific iden-
tity has not yet been determined,

A thorough collection of dead fishes
was made after Detonation II-EF. The
blast area was searched until every fish
at the surface was pick;d up, and this
resulted in a sample consisting of 100
The squirrelfish,
Holocentrus diadema, was the most
numerous individual species collected.
The mullet, Mugil cephalus, an important

fishes of 25 species,

commercial species, was collected for the
first time, According to local residents
mullets commonly frequent the area of
the project site, and it was somewhat of a
surprise that they were not collected after
any of the previous detonations, A second
search of the blast site on the following
morning (29 April 1970) resulted in a col-
lection of 52 additional specimens. These
fishes apparently floated to the surface
subsequent to the previous days collection
aad were probably buoyed to the surface
by decomposition gases, Among the 21
species that were included, 10 were not
represented in the previous days collec-
tion, A total of 152 fishes of 35 species
was therefore collected after Detona-

tion II-EF,

Detonation II-1JKL excavated the berth-
ing basin of the small-boat harbor and
was located closer to shore than the other
Phase II detonations, A sample of 154
fishes of 29 species was collected after
this blast, As in previous Phase II col-
lections, squirrelfisheg, butterfly fishes,
damselfishes, and surgeon fishes were
well-represented in the sample. Seventy-
seven percent of the fishes collected
belonged to these families, An ulua,
Caranx lugubris, weighing 38 Ib was

LTS T YRR W T Y, ST YT RG T ey,

netted as it floundered at the surface,
This was the largest fish collected after
the detonations,

The differences in species of fishes
found after Phase I and Phase II detona-
tions are readily apparent through an
examination of Table 14,
found after the Phase I series were not
collected after the Phase II series, and,
conversely, 43 species colle’ 2d after
the Phase II series were absent in the
Phase I collections, To a certain extent,
the differences in species composition
can be attributed to the different habitats
that were available at the two sites, At
the Phase 1 site, the waters were con-
stantly turbid, the bottom was silty and
only a few live coral heads were available.
On the other hand, a greater part of the
Phase II site was characterized by clear
water and a hard, live coral bottom con-

Ten species

taining numerous cracks and crevices,
Certain families of fishes, such as the
moray eels, squirrelfishes, butterfly
fishes, damselfishes, wrasses, surgeon-
fishes, triggerfishes and filefishes, gen-
erally prefer clear water areas free of
sediment.15 These fishes are usually
abundant where conditions favor the
growth of coral, such as was found at the
Phase II site,

The data obtained through postdetona-
tion fish collections suggested that esti-
mates of numbers and standing fish crops
derived through fish counts would be
lower than that which actually existed.
While 37 of the 76 species enumerated
during fish counting dives were never
found during postblast collecting, 35 of
the 74 species found after the blasts were
not observed during the fish counts
(Table 11)., Some of the fishes that were
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collected but which were not seen in the
fish counting dives belonged to the squir-
relfish, cardinal fish, moray eel, and
aweoweo families, Species belonging to
these families are normally more active
during the night and usually spend the day
hiding deep within cracks and crevices of
the reef, Only a few squirrelfishes were
observed by the divers, but they were
among the most abundant fishes brought
up by the detonations. Some of the other
fishes may have been missed during the
fish counts because of their small size,
their protective coloration, and their
relative scarcity, or because they did not
occur in the areas where fish counts were
conducted,

The sole dependence on postdetonation
fish collections as an indicator of the
species composition of marine life at the
project site would have also proven inac-
curate, As previously mentioned, many
fishes that were definitely known to be
present at the project site were never
brought to the surface by the explosions.
The species in the wrasse family (Family
Labridae) may be cited as an example,
Of the 12 labrid species recorded for the
project site, 11 were observed during the
fish counts and only two species were
collected after the detonations (see
Table 11), While some of the labrids
were not very abundant, which would
account for their absence in the postdet-
onation collections, three species,
Thalagssoma duperreyi, T, ballieui and

Gomphosus varius, were vary abundant

and occurred throughout the reef, How-
ever, not a single one of these three

species was collected. The surgeonfish,
Ctenochaetus strigosus, and the goatfish,

Parupeneus multifasciatus were two

other very common and abundant species
that were not recovered after the blasts,
Although the parrot fishes were among
the most abundant fishes at the project
site, a total of only 14 specimens was
collected, and 10 of the 14 were not found

until the day after one of the detonations.

Most of the fishes exhibited no visibie
external injuries, but a few were severely
lacerated (Figs. 108 and 109), Autopsies
were not performed on dead fishes.

Fig. 108, Sorting of fishes collected after
Detonation II-IJKL (most of
fishes showed no sign of exter-
nal injuries).

Fig. 109, Lacerated dan.selfish collected
after Detonatior. [I-ABCD (only
a few of fishes collected after
detonation were as severely
lacerated).
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Although most of the fishes cbgerved
at the surface were dead, several were
st:}l aliva, Some of the injured fishes
were capable of only feeble movement of
their fins while others were still able to
escape from the approaching beat and dip
net. A juvenile amberjack, Sericla
dumerilii, netted afier the 10-ton Detona~-
tion Echo, regained equilibrium soon
after it was placed in a pail of clear
water. This amberjack was taken te
Henolulu where it was maintsined in an
aquarium for a minimum of 12 days at
which time it appeared fully recovered
and in good heaith, This recovery would
indicate that some of the other injured or
stunned fishes wsuld have recoverad had
they been left in the water after the blasts,

Distances to Which Fishes
Were Alfected

The effects of Phase I and Phase II
detonations on caged fishes placed at

varying distances from the SGZ's are
summarized in Table {5, The results
from Detonations Delta and Alpha indi-
cated that the 1-ton detonations killed or
injured all fishes within a radius of about
80 ft and that some {ishes were affected
to a maximum distance of 185 ft. On the
assumption that resident fishes in every
direction around the blast center were
affected to the same degree as the test
fishes, it was estimated that each 1-ton
detonation affected fishes within an area
of 107,521 1t? (2.5 acres), and that all
fishes within 20,106 ft2 (0.5 acres) cen-
tered around the blast center were either
killed or injured.

Results from Detonation Echo indi~
cated that the 10-ton detonation afiected
fishes for a maximum distance of 330 ft,

The distaace to which all fishes were
affected was not determined for the rea-
son that at the minimum distance tested
{120 ft from the blast center) only 90% of
the caged fishes were affected, A com-
parison of the effects on fishes placed ir
cages strung-out in two different direc-
tions, one to the south and the other to
the west, indicated that blast effects were
generally more severe in the southerly
direction,

The results obtained from the Phase II
series of detonations were quite variable
{see Table 16). Where Detonation [I-EF
reculted iz a 100% mortality at a distance
of 210 ft, only 80% of the caged fishes at
a distance of 120 ft from Detonation 1I-
$JKL were affected, The results from
Detonation II~ABCD which infiicted a
100% mortality at a2 distanc> of 100 ft
were not conclusive since cages set at
the next two greater distances, at 150
and 200 it, were not found after the blast,

The effects of Detonations II-ABCD,
II-EF, and lI-IJKL were evidenced at
maximum distances of 300, 300, and
240 ft, respectively. Only for Detona-
tion II-ABCD was there the possibility
that the maximum range could have ex-
tended beyond the stated distance.

A comparison of blast effects between
fishes placed near the surface and those
placed deeper were not very conclusive.
Fishes placed near the surface at dis-
tances of 200 and 300 ft from Detonation
II-ABCDwere more severely affected than
those placed 24 and 30 {t below the surface
at the respective distances. On the other
handg, fishes in a cage set at a depth of 15
and 210 ft away from Detonation II-EF
were more heavily affected than those in
the surface cage at the same location.
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Table 15, Effects of detonations on caged fishes,

TR

JEw,

Test cage distance

{in feet) ‘;
and direction Condition of fish after blast Percentage i
¢ {south or west) Number Number ~ Number injured i
E from SGZ unaifectad injured dead and/or dead i
” A. Detonation Delta (5 November 1969) i
é 100 {s) 1 1 3 80 :
; 120 (s) 1 1 3 80
k 156 (w) 4 1 0 20
155 {5) 2 2 1 60
; 185 (s) 3 0 2 40
= 205 (s) 5 0 0 0
& 235 (5) 5 0 0 0
1 ; 270 (s) 5 0 0 0
. B. Detonation Alpha (6 November 1969) 1
L@ ‘ 80 (w) 0 0 5 100
] 100 (s) 3 2 0 40 } 50 ,s
; 100 (w) 4 0 1 20
! 130 (s) 5 0 0 0
; 160 (s) 5 0 0 0
190 (s) 5 0 0 0
! 220 {s) 5 0 0 0
: 250 (s) 5 0 0 0 ‘
C. Detonation Echo (7 November 19569)
120 (s) 0 1 4 100 } 00
120 (w) 1 2 2 80 :
150 (s) 2 3 0 60 } 50
150 (w) 5 0 0 ]
180 (s) 3 2 0 40 } "
180 (w) 3 1 1 40
|
210 (s) 3 1 i 40 } 50 3
210 {w) 2 2 1 60 1
240 (s) 3 1 1 40 } %0 §
240 (w) 3 0 2 40
270 (s) 3 2 0 40 } 30
270 (w) 4 0 1 20
300 (s) 4 1 0 20 :
330 (s) 4 0 1 20
360 (s) 5 0 0 0




B Table 15 (continued)
r Test cage distance
3 (in feet)
1 and direction Condition of fish after blast Percentage
: {south or west) “Number “Number ‘Number injured
3 from SGZ unaffected injured dead and/or dead
3 D. Detonation II-ABCD (25 April 1970)
100 {(w) 0 0 5 100
150 (w) -2 -2 2 -2
: 200 (w) £ -2 -2 =& ;
i 250 (w) 3 1 1 40
300 (w) 5 0 0 0 ’
f 350 (w) 5 0 0 0
] 400 (w) 5 0 0 0
450 (w) 5 c 0 /] ;
] 200 (s)P 2 1 2 60 3
F } 50 :
1 200 (s)¢ 3 1 1 40 E
] 300 (s)b 2 2 1 60 } %0 5
300 (s)d 4 0 1 20 -
F. Detonation II-EF (28 April 1970) :
90 (w) 2 -2 - -2 j
120 (w) A -4 o = L
150 {(w) -2 & -2 -2 3
180 () 0 0 4 100 3
210 (w) 0 0 4 100
270 (w) 2 0 2 50 {
300 (w) 3 1 0 25
360 (w) 4 0 0 0
428 (w) 4 0 0 0
210 (s)® 3 1 0 25 i
e } 38 ;
210 (s) 2 1 1 50 :
F. Detonation II-IJKL (1 May 1970) :
120 (w) 1 1 3 80 3
150 (w) 3 0 2 40 ;
180 (w) 3 1 1 40
210 (w) _a _a _a _8
240 (w) 4 1 0 20 :
300 (W) __a _a _8. _a
360 (w) 5 0 0 0
420 (w) 5 0 0 0
aCage lost,

Surface, 3
€25 ft below surface, ;
d30 ft below surface, :
€15 ft below surface. 3
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Table 16, Areas affected by Phase II detonations.
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Phase Il detonations

Arrangement of individual charges:

Spacing between individual charges
in feet ("x" in equation below)

Radius in feet (R)
1. Distance to which all fishes
were killed or injured:

2, Maximum distance to which
fishes were killed or injured:

Equation used to determine area
affected:

Area affected in square feet (A)
1. Area in which all fishes were
killed or injured:

2. Maximum area in which fishes
were killed or injured:

Averages. Area in which all fishes were killed or injured: 166,133 square feet

row row square
100 120 120
1002 210 120°
300 300° 240
A=z'r2 A=rr2 A=1'r2
+ 6rx + 6rx +4rx +x
91,416 289,744 117,239
462,744 498,744 310,556

or 3.8 acres

Maximum area in which fishes were killed or injured: 424,015 square feet

or 9.7 acres

2Actual distance may have been greater than 100 ft, but cages placed at the next two
greater distances were not recovered after the blast.

bMinimum distance tested for this detonation; only 90% of the fishes were affected,
®Maximum distance tested; fishes may have been afiected beyond this range.

Estimates of Numbers and
Ponnaagg of Fishes Allected

Estimates of the numbers and weights
of fishes affected by the detonations were
obtained only for the Phase II series of
detonations since data on densities and
standing crops were not obtainable from
the Phase I detonations site, Approxima-
tions of the areas that were affected by
Detonations I-ABCD and II-EF in which
the individual charges were arranged in a
rew were obtained by using the equation
A= "2 + §rx, whereas the equation

A=arl+arx +x°

was used for the deter-
mination of the area aifected by Detona-

tion II-IJKL in which the individual

charges were arranged in a square array.
In both equations, "r" represents the
radius or distance in feet to which fishes
were affected as determined through the
tests with caged fishes, "x" represents
the spacing in feet between individual
charges, and "A" represents the area in
square feet affected by the blasts,

The values that were substituted for
"r" and "x" and the resulting values of
"A" obtained through solutioa of the equa-
tions are listed iz Table 15, Estimates
of the maximum area affected by each
Phase II detonation varied from 310,556
to 498,744 sq ft and averaged 424,015 sq

ft, or an equivalent of 9.7 acres. On the
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1
basis that each acre of reef supported an Postdetonation Fish Counts %
average population of 924.8 fishes weigh- Fish counts were made at two stations ‘
ing 120,0 1b, as was previously deter-~ on 27 Apri: 1270, four days after Detona- 3
1 mined from fish counts, it was estimated tion II-ABCD but prior to Detqnations II~ 2
] that the 9.7 acres of reef area affected by EF and lI-IJKL, These counts were made :
3 each blast contained 8,870 fishes weighing at the approximate locations shown for 4
f a total of 1,164 Ib, However, every fish Stations 6 and 3 in Fig, 102, The count é
: within the maximum area affected by the at the approximate location of Station 6 3
] blasts was not killed cr injured. For the included areas in which the corals were ’§
g three detonations, the area within which flattened by the force of Detonation II- 3
1 every fish was killed or injured varied ABCD. Large chunks of coral were seen é
3 from 91,416 to 289,744 sq ft and averaged laying on their sides and the water was 1
9 166,133 sq ft or 3.8 acres. This area muiky from suspended sediment.
contained an estimated 3,514 fishes weigh- The count at Station 6 resulted in the ‘
ing a total of 456 b, In the remaining enumeration of 20 species of fishes hav- 3
257,882 sq ft, or 5.Y acres, only an unde- ing a standing crop density of 45.8 1b/acre p
termined percentage of the 5,456 fishes (Table 17)., Nearly70% ofthe standing crop 3
were affected, was accounied for by small parrot-fishes 3
2 4
1 Table 17, Results of posidetoration fish counts. %
Number Number Calculated :
Date and of of fishes number Calculated
station No, species counted per acre Ib/acre

: 27 April 1970 j

3 3 30 284 1,030 ) 90.0
3 6 20 149 541 45.8
E Averages 25 216.5 785.5 67.9 3
4 June 1970 .
1 12 120 436 66.5 i
2 28 686 2,490 292.9 ]
3 23 220 799 57.1
4 26 272 987 76.4 3
5 — —_ — — E
6 19 255 926 56.2 :
7 11 31 112 6.5 '

8 14 240 871 93.8

9 —_ —_— —_ —_

10 -— —_ - —_ :
11 _ -— —_— —_ 3
Average for 7 lines:  19.0 260.6 945.9 92.8
-120- )




R R T T T A S T GV AT S S T T AT T AT TR T b A A b e A G A T XY SN 0 Tal iod

The
damselfish, Pomacentrus jenkensi, and

that occurred in large schools.

two species of blennies were among
the fishes that were observed within the
coral rubble area createzd by the blast,
Th&s damselfish and the two blennies
usually establish themselves within a
restricted portion of the reef al do not
normally move about as do the other reef
fishes, such as"the parrotfishes, surgeon-
fishes, goatfishes and wrasses, to name
a few, It appeared improbable, judging
from the extent of damage to the reef,
that the damselfish and blennies observed
were survivors of the blast. It was more
probable that these fishes had moved into
the coral damaged area subsequent to the
blast, and this would indicate that repopu-
lation of affected area would commence
almost immediately after the blast even
by species that do not move freely about
the reef,

The count at Station 3 resuited in the
enumeration of 30 species of fishes at a
standing crop density of 90,0 lb/acre,

The increase in the number of species
over the number that was present at this
station in September and the almost iden-
tical standing crop density, suggested
that Detonation Ii-ABCD had little effect
on fishes at this station,

Postdetonation fish counts were also
conducted on 4 June 1970 approximately
one month after completion of the Phase II
series of detonations, New transect lines
were laid at approximately the same loca-
tions as those in September 1969 and were
numbered in the same order. Fish counts
were obtained at 7 of the 11 stations, and
the findings are also summarized in
Table 17. Waters were generally clear
over the reef area, but throughout the

citd de St it a s A S TOTYTF

excavated entrance channel and berthing
basin, a 3- to 4-ft thick layer of extremely
silty water lay over the bottorn, The bot-
tom of the entrance channel was covered
over by silt.

The fish counts at Stations 7 and 8
which included areas that were excavated
resulied in the enumeration of only 11 and
14 species of fishes, respectively. At
both these stations, fishes were not seen
in or atove the layer of silty water, The
fishes -vere present only along the sides
of the newly excavated channel where
corals, although damaged and toppled,
were still present. A low standing crop
of 6.5 Ib/acre was obtained for Station 7,
whereas at Station 8 the standing crop
was estimated to be 93,8 Ib/acre, The
bulk of the fish weight at Station 8 was
from the parrotfish, Scarus dubius, which
accounted for 63% of the weight, and the
wrasse, Thaiassoma duperreyi, which
accounted for 14% of the weight.

An average of 19.0 species of fishes
were obse-ved at the 7 stations, This
represented a considerable decrease

from the predetonation average of #6,7
species per station enumerated at the
same 7 stations in September 1969. The
average number of fishes per acre and
the average standing fish crop, however,
both increased over the predetonation
values, The number of fishes increased
from 806 to 946 per acre, and the stand-
ing crop increased from 73.8 to 92.8 1b/
acre.

SUMMARY AND CONCLUSIONS
A three-part program was car.ied out

on Project Tugboat. This consisted of
observing and recording the marine life
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at selected loc..:ions prior to, during,

and following the detonations; determining
the distances from the detonations to
which fish kills and injuries were affected
by the anchored fish cage technique; and
collecting the dead and stunned fish fol-
lowing each detonation. The basic objec-
tive was to determine the effects of the
detonations on the marine environment of
Kawaihae Bay.

One hundred eleven different species
representing 34 families of marine fishes
were found at the project site through
underwater observations by divers and
through collections of dead and injured
fishes after the detonations, Of the 76
species that were recorded by the divers,
37 were not found during postdetonation
collections, and conversely, 35 of the 74
species found during postdetonation col-
lection activities were not observed dur-
ing the underwater observations. These

TR Bl S T D p—

discrepancies were attributed to the
limitations inherent in the observation
and collection methods that were em-~
ployed.

For the large detonations of Phase II,
the distances to which all fish in fish
cages were killed were 100 ft for Detona-
tion II-ABCD, 120 ft for Detonation II-
IJKL, and 210 ft from Detonation II-EF.
The maximum distance to which any fish
were killed or injured probably did not
exceed 300 ft on any of the three ahove
detonations,

As estimated from the collections
made following the detonations the fam-
ilies of fishes most affected within the
area of dead and injured fish were squir-
relfish, butterfly fish, damselfish, sur-
geonfish, cardinal fish, and the puffer,
Not all fishes collected following the det -
onations were dead. Some were just
stunned, As a tast, a live but stunned

Table 18, Summary of data % r four underwater observations in pounds of fish per

acre of reef area.

Date of observation

T

oy

0 it L 0 A

e i 2 d Aotk

ke ZA A,

Station Sept 1969 3 Nov 1969 27 Apr 1870 4 June 19%C
1 21,7 — -— 66.5
2 30.6 - — 292.9
3 87.8 — 90.0 57.1 3
4 101,1 266.8 — 76.4 :
5 44.5 - ~— —
6 84.4 85.4 45.8 56,2
1 93.8 — — 6.5
8 97.2 455,2 — 93.8 :
9 50.6 - - — ;
10 62.5 - - —
11 17.1 — -— —
Average for each observation: ]
62.8 265.8 67.9 92.8 3
Average for common stations surveyed during first and last observations
73.8 — - 92.8 1
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fish that was picked up was kept in
a tank for several weeks and appeared
to be in good health at the end of that
time.

A summary of the data from the four
underwater observations conducted is
given in Table 18 in terms of total pounds
of fish per acre of reef area, As canbe
seen the data are extremely variable mak-
ing it impossible to draw definitive con-
clusions, However, the data do indicate
that segments of the project site still
containing corals (i.e., immediately adja-

cent to the blasted channel and berthing
basin) are being rapidly repopulated from
adjacent vnaffected areas. The detona-~
tions altered the immediate areas of the
channel and berthing basin from one of
clear water and hard, coral bottoms to
one containing a silt bottom and murky
waters similar to what was found at the
Phage I detonation site prior to the blasts.
It is suspected that the final species com-
position and density in these areas will
reflect the changes that were incurred in
the habitat,

Section 5
Seismic- and Structural-Motion Measurements

PROGRAM OBJECTIVES

The objective of this technical program
during the Phase I seismic calibration
series was to provide seismic-motion and
and structural-response data as a function
of yield, range, and BOB, specific to the
site that could be used to estimate the
maximum safe yield for detonations dur-
ing Phase II,

A comprehensive seismic-motion
measurement and structures-response
program was also undertaken during
Phase II. The objective was to verify
safety predictions and to provide seismic-
motion and siructural-response data as a
furiction of range and firing conditions.

Thirteen locations were instrumented
during both phases of the program; i.e.,
during the pericd 13 October to 12 Novem-
ber 1969 for Phase I, and 10 April to
5 May 1970, for Phase II, The locations
instrumented during Phase II differed

slightly from those in Phase I reflecting
more definitive predictions for the more
vulnerable structures, During the analy-
sis phase of the seismic~motion and
structural-response program, the U, S,
Army Fungineer Waterways Experiment
Station (WES) was delegated the prime
responsibility for ground-motion data
interpretation and John A, Blume &
Associates was contracted tc analyzc
structural-response data, WES provided
pertinent raw data to John A. Blume &
Associates.,

EXPERIMENTAL PROCEDURES

Station Locations

Following a survey of structures sur-
rounding the site (see Section 6) and prior
to the execution of Phase I, personnel of
John A, Blume & Associates, NCG, and
WES made a reconnaissance trip to deter-
mine the location of the 13 measurement
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stations, The criteria for instrumenting
a location included the specific structure's
vulnerability to possible architectural or
structural damage, the predicted motion
at the location, and the cost of repairing
any possible damage., The project crite-
ria were that no damage would be in-
curred that could be avoided, and injury
to any members of the public was unac-
ceptable. Therefore, all lucations were
instrumented where predicted motions
for Phase II were of such a magnitude as
to possibly cause damage or injury, or to
incur repair costs.

As a result of data obtained during the
Phase [ program, a few changes were
made in the station locations for Phase II,
Actual station locations for Phases I and
II, respectively, are shown in Figs, 110
and 111, Those stations identified as GM
are ground-motion stations and those
identified as SR are structural-response
stations. Each station consisted of three
sensors oriented ir. an orthogonally tri-
axial array resulting in 39 active data
channels, The approximate distances of
the stations from SGZ are given in
Tables 19 and 20, Figures 112 through
123 show some of the instruments in
place and their general location and
surroundings.

Instrumentation
The three orthogonally triaxial ground-

motion transducers at each station were

oriented to measure the vertical compo-

nent of motion and two horizontal compo-
nents radial and transverse with respect
to SGZ. The structural-response trans-
ducers measuring motion parallel to the

long sxis of the specific structure rather
than along a radius to 3GZ, with the

a’t.lng;Zeling Scale — ft
mi 0 2000

e ————
1000 1000 3000

® Ground-motion station
locations
Structures-response
station locations

GM-1

N\GCM-9
N\

SR-1

Visitors obser=
vation area

Approximate
SGZ loca-
tion, Phasel

Fig, 110, Seismic station locations,
Phase I,

others orthogonal to it to facilitate
structure analysis.

All dat+ wvere recorded on direct-write
oscillographs, Selected structural-
response stations were also recorded on
magnetic tape, All transducers used dur-
ing both phases of Project Tugboat were
of the moving-coil velocity tape. Two
sensitivity ranges were used because of
the anticipated spread in motion ampli-
tudes. The less-sensitive instruments
strategically placed in large-motion areas
were MB type 120 sensors with a natural
frequency of 2.5 Hz, sensitivity 96.3 MV/
in./sec, damping 65%, and a coil imped-~
ance of 650 Q. The highly sensitive units,
iocated in regions of low amplitude, were
Type HS-10-1 sensors with a natural
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Location of Phase [ seismic stations,

———— v

Avoproximate
station distance from SGZ

Alpha, Bravo,

Charlie,
a and Delta Echo
Station No. and location Recorder location Q)] (km) [$Q)] (km)

GM-1 Molasses tank Terminal warehouse 3,620 1.11 3,360 1,03
GM-2 Puukuhola heiau Control point 1,460 0.45 1,860 0.57
GM-3 Spencer Park pavilion Control point 1,940 C.59 2,350 0.72
GM-4 Roth home Control point 4,860 1,48 5,120 1.56
GM-5 Mauan Kea sewage

plant Control point 5,425 1.66 5,760 i.76
GM-6 Mauna Kea Hotel Maunz Kea Hotel

foundation roof 7.320 2.24 7.540 2.30
GM-7 Plywood mill Self-contained 8,200 2.50 8,200 2.50
GM-8 Water tank Self-contained 5,420 1,65 5,880 1.80
GM-9 Ultramar warehouse

foundation Self-contained 2,520 0.77 2,420 0.74
SR-1 Sugar conveyor Terminal warehouse 3,07¢ 0,94 2,800 0.85
SR-2 Mauna Kea Hotel Mauna Kea Hotel

north roof roof 7,260 2,22 7,480 2.28
SR-3 Mauna Kea Hotel Mauna Kea Hotel

second floor roof 7,269 2,22 7,480 2,28
SR-4 Mauna Kea Hotel Mauna Kea Hotel

south roof roof 7.860 2,40 8,130 2.48

3GM denotes a ground-motion station; SR denotes structural-response station,

Table 20. Location of Phase Il seismic stations.

AT g -

Approximate
station distance from SGZ
a Recorder - = =
Station No, and location location My km} ~(T0)  (kmJ Wt} (km)
GM-1 Terminal facility Terminal
warehouse 3,400 1,04 2,970 0.%31 2,760 0.84
GM-2 200 ft frcm Ultramar Ultramar
warehouse 3,050 0.93 2,620 ©.80 2,540 0.77
GM-3 Ultramar warehouse Ultramar
foundation warehouse 3,130 0,95 2,720 0.83 2,620 0.80
GM-4 Puukuhola heiau Self-contained 2,420 0.74 2,220 0.6 2,500 0.76
GM-5 Spencer Park pavilion  Self-contained 2,360 0.72 2,480 0,76 2,850 0.87
GM-6 Roth home Self-contained 4,630 1.41 5,000 1,53 5,300 1,62
GM-7 Mauna Kea Hotel Mauna Kea
foundation Hotel roof 7,200 2.20 7,400 2.26 7,680 2.34
SR-1 Sugar conveyor Terminal
warehouse 3,400 1,04 2,970 0.91 2,760 0.84
SR-2 Ultramar warehouse Ultramar
corner roo warehouse 3,080 0.94 2,630 0.80 2,550 0.78
SR-3 Uliramar warehouse Ultramar
center roof warehouse 3,150 0,95 2,700 0.82 2,620 0.80
SR-4 Mauna Kea Hotel Mauna Kea
second floor Hotel roof 6,960 2,12 17,350 2.24 7,620 2.32
SR-5 Mauna Kea Hotel Mauna Hotel
north roof Hotel roof 6,960 2.12 7,350 2,24 7,620 2.32
v“R-6 Mauna Kea Hotel Mauna Kea
south roof Hotel roof 7,610 2,30 7,990 2.44 3,360 2,53

3GM denotes a ground-motion station; SR denotes structural-response station,
bStation SR-2 was relocated from SW to SE roof corner after Detonation [I-ABCD.
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Table 19, Location of Phase I seismic stations,

Station No, and location®

Approximate

station distance from SGZ

Alpha, Bravo,
Charlie,

and

Recorder location t

Delta Echo
m t

GM-1 Molasgses tank

GM-2 Puukuhola heiau
GM-3 Spencer Park pavilion
GM-4 Roth home

GM-5 Mauan Kea sewage
plant

GM-6 Mauna Kea Hotel
foundation

GM-7 Plywood mill
GM-8 Water tank

GM-9 Ultramar warehouse
foundation

SR-1 Sugar conveyor

SR-2 Mauna Kea Hotel
north roof

SR-3 Mauna Kea Hotel
second floor

SR-4 Mauna Kea Hotel
south roof

Terminal warehouse 3,620

Control point
Control point
Control point

Control point

1,460
1,940
4,860

5,425

Mauna Kea Hotel

roof
Self-contained
Self-contzined

Self-contained

7,320
8,200
5,420

2,520

Terminal warehouse 3.(70
Mauna Kea Hotel

roof

7,26C

Manuna Kea Hotel

roof

7,260

Mauna Kea Hote!

roof

7,860

.11 3,360 1.03
0.45 1,860 0,57
0.59 2,350 0,72
.48 5,120 1,56

1.66 5,760 1,76

2.24 7,540 2,30
2,50 8,200 2,50
1.65 5,880 1,80

0,77 2,420 0,74
0.94 2,800 9.85

2.22 7,480 2,28
2.22 7,480 2,28

240 8,130 2.48

3GM denotes a greund-motion station; SR denotes structural-response station,

Table 20. Location of Phase Il seiamic stations,
Approximate
station distance from SGZ
. a Recorder -, - -
Station No. and location location aty (km) Ity (km) My (km)
GM-1 Terminal facility Terminal
warehouse 3,400 1,04 2,970 0,91 2,760 0,84
GM-2 200 ft from Ultramar Ultramar
warehouse 3,050 0,93 2,620 0,80 2,540 0,77
GM-3 Ultramar warehouse Ultramar
foundation warehouse 3,130 0.95 2,720 0.83 2,620 0,80
GM-~-4 Puukuhcla heiau Self-contained 2,420 0,74 2,220 0.68 2,500 0.76
GM-5 Spencer Park pavilion Self-contained 2,360 0,72 2,480 0.76 2,850 0.87
GM-6 Roth home Self-contzined 4,636 141 5,000 1,53 5,200 1,62

GM-7 Mauna Kea Hotel
foundation

SR-1 Sugar conveyor

SR-2 Ultramar warehouse
corner roQ

SR-3 Ultramar warehouse
center roof

SR-4 Mauna Kea Hotel
second floor

SR-5 Mauna Kea Hotel
north roof

SR-6 Mauns Kea Hotel
south roof

Mauna Kea
Hotel roof

Terminal
warehcuse

Ultramar
warehouse

Ultramar
warehouse

Mauna Kea
Hotel roof

Mauna Hotel
Hotel roof

Mauna Kea
Hotel rocf

7,200 2,20
3,400 1.04
3,080 0,94
3,150 0,96
6,960 2.12
6,960 2,12

7,610 2,30

7,40 2,26 17,680 2.34
2,970 0,91 2,760 0.84
2,630 0.80 2,560 0.78
2,700 0.82 2,620 0.80
7,350 2,24 7,620 2,32
7,350 2,24 7,620 2.32

7,990 2,44 8,300 2.53

2;M denotes a ground-motion staticn; SR denotes structural-response station,
bStaticn SR-~2 was relocated from SW to SE roof corner after Detonation [I-ABCD.
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Fig, 112, Heiau ground-motion station,
Phases { and II,

frequency of 1.0 Hz, sensitivity 7.7 V/in./
sec, damping 707~ and a coil impedance
of 4100

Transducers were installed at each
seismic station as dictated by the physi-
cal characteristics of the specific station,
On all of the structures, sensors were
affixed using a special type of nonharden-
ing modeling clay to adhere the unit to the
structure. This technique has been
proven effective on numerous cccasions,
Some of the ground-motion stations were
buried approximately 2 ft below ground
surface. In all cases the sensors were

o pre——

sheitered in some way to miiimize wind
noise, Transducer usage, recording
technique, and placement are summarized
in Tables 21 and 22,

It was necessary to maintain several
recording statione during both test phases,
because the seismic instruments were
scattered over a wide area. Two of the
recording stations monitored twelve trans-
ducers or four stations each, one moni-
tored six transducers or two stations, and
the remaining three stations were self-
contained, portatle recording units, each
capable of monitoring three transducers.

Radio communications were maintained
between the Tugboat control point and
each of the recording stations during the
test program. A voice channel on the
tape recorders was used to record the
verbal countdown and all postshot re-
marks, Tape recorders were started at
-1 min and stopped at +2 min, Ocillo-
graphs were started at -30 sec and
stopped at +i min at all recording sta-
tions. All data channels were calibrated
before and after each event,

PREDICTIONS

Predictions for peak amplitudes ex-
pected for the Project Tugboat Phase
detonations were based on ground mgctions
recorded during the Dugout16 100-ton
row-charge event in basalt at the Nevada
Test Site and the Pre-Gondola17 experi-
ments in clay shale at Fort Peck, Montana,
A general prediction of peak particle ve-
locity by station was made for three sep-
arate yields bracketing the yields antici-
pated for the entire project. Specific
predictions for Phase [ are shown in
Table 23 and plotted in Figure 124,
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Fig. 113. Water tank ground-motion station, Phase I.

Fig. 114, Roth home instruments, Phases [ and i1,
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Fig. 115, Sugar conveyor and terminal facility, Phases I and II,
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Fig. 116, Ultramar warehouse, Fhases I and IL. 1
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Fig. 117. Instruments installed at center and corner of roof of Ultra-
mar warehouse, Phase Iil,

Fig. 118, Spencer Park pavilion instru-

ments, Phases [ and II,

After the conduct of Phase | and a new
program concept for Phase Il was devel-
oped, the data obtained during Phase I
was used as the sole input for amplitude
predictions during Phase II, The predic-
tions shown in Table 24 were made by
station and component, These predictions
utilized a yield scaling ‘actor of w0-54
based upon differences in amplitudes
noted during the 1-ton and 10-ton events.
This factor proved io be quite accurate
as discussed later in this section,

RESULTS

As previousiy stated, all data were
recorded on oscillographs with certain
selected stations simultaneously recorded
on magnetic tape. Immediately after each
event in Phases I and II, the data were
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Fig. 119, Close-up of model clay bonding used on lava at Spencer Park
pavilion, Phases I and II,

Fig. 120, Promenade of Mauna Kea Beach Hotel (instruments installed
behind middle column on right) Phases [ and [,
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Fig. 121. Second floor station at Mauna Kea Beach Hotel, Phaces I’
and II,
3
Fig. 122, North roof station at Mauna Kea Beach Hotel, Phases I and II, i
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Fig. 123. South roof station at Mauna Kea Beach Hotel, Phases I and II,

Table 21, Installation of sensors for Phase I,

Transducer type
Alpha, Bravo,

Station Recording Charlie,
location method and Delta Echo Placement technique
GM-1  Oscillograph HS-10-1 120 Model clay to concrete slab
GM-2  Oscillograph HS-10-1 120 Buried at west base of heiau
GM-3  Oscillograph HS-10-1 120 Model clay to lava
GM-4  Oscillograph HS-10-1 HS~10-1 Model clay to foundation
GM-5  Oscillograph HS-10-1t HS-10~-1 Buried north side of plant
GM-6  Oscillograph and
magnetic tape HS-10-1 HS-10-1 Buried at column foundation
GM-7  Oscillograph HS-10-1 HS-10-1 Model clay to foundation
slab
GM-8  O:cillograph HS-19-1 HS-10-1 Buried near tank
GM-2  Oscillograph HS-10-1 HS-10-1 Model clay to founcation
slab
SR-1 Oscillograph 1202 120 Model clay to conveyor
structure
SR-2 Oscillograph and HS-10-1 HS-10-1 Model clay to NW corner of
magnetic tape hotel roof
SR-3 Oscillograph and HS-10-1 HS-10-1 Model clay to second floor
magnetic tepe of hotel
SR-4 Oscillograph ard H<-10-1 HS-10-1 Model clay to south roof of
magnetic tape hotel

aType 120 used for Alpha, Bravo, and Delta events; HS-10-1 used for Charlie event
{first detonation).
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Fig. 124, Project Tugboat ground-motion
predictions,

taker .om the oscillograph records, tab-
ulated, and plotted for a preliminary data
review during the experiment. These
data, while reasonably accurate, were yet
to be critically reviewed and checked,
Visual playbacks of the tape recordings
were later made to confirm data quality.
DPata recovery for the entire series was
100%. It should be stated, however, that
after noting that signal levels were higher
than predicted, calibration amplitudes
and oscillograph paper speed were ad-
justed following the first event (Charlie)
in Phase I to make a more presentable
visual display.

All data were reduced from zero to
peak amplitude to conform with data col-
lected dering previous chemicai explosive
excavation experiments, This was accom-
plished by scribing a static trace along
the zero 2xis of each active data chaunel,
then scaling f~om this reference to the

highest amplitude recorded. This results
in a transient peak particle velocity,

All data are tabulated in Tables 25 and
26 for Phases I and II, respectively, in
both Engiish and metric units. Since
WES instrumentation was calibrated in
terms of English uniiz, certain values
given in this report were more conducive
to presentation in English rather than
metric units,

ANALYSIS AND INTERPRETATION

The factors of signal attenuation with
distance, and yield scaling, as they re-
late to seismic motion, are discussed in
this section, Data from both phases were
combined for this analysis. However,
ground-motion stations only were consid-
ered in the interpretation of seismic-site
characteristics, The structural-rasponse
analysis is recognized to be dependent
upon seismic site characteristics from
the standpoint of ground-motion input to
the foundation, The structural-response
analysis is treated in a separate study in
Section 6.

Attenuation

The maximum velocity amplitudes re-
corded at various grovnd-motion seismic
stations during t >th Phases I and II of
Project Tugboat are shown as a function
of distance from SGZ in Figs. 125 tarough
133. Mazximum peak particle velocities
recorded during the 1-ton events ranged
from about 1,5 em/sec at a distance of
about 1500 ft to about 0.1 cm/sec at a dis-
tance of 8200 ft, Data recorded during
the 10-ton event ranged from about 4 cm/
sec at a distance of about 1800 ft to about
0.4 cm/sec at a distance of aboat 8000 ft.
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Table 22. Installation of sensors for Phase II, '
Station Transducer 3
location Record method type Placement technique
GM-1 Oscillograph 120 Model clay to terminal foundation
GM-2 Oscillograph and E
magnetic tape HS-10-1 Buried 200 ft SW of warehouse 3
GM-2 Osciliograph and HS-10-1 Modetl clay to foundation in warehouse 5
magnetic tape office E
GM-4 Oscillograph 120 Buried at west base of heiau
GM-5 Oscillegraph HS-10-1 Model clay to lava 4
GM-6 Oscillograph HS-10-1 Model clay to foundation
GM-7 Oscillograph and
magnetic tape HS-10-1 Buried at column foundation 3
SR-1 Oscillograph 120 Model clay to conveyor structure i
SR-22 Oscillograph and s
magnetic tape HS-10-1 Model clay to corner of warehouse roof
SR-3 Oscillograph and
magnetic tape HS-1C-3 Mndel clay to center of warehouse roof
SR-4 Oscillegraph and
magnetic tape HS-10-1 Model clay to second fioor of hotel
SR-5 Oscillograph and
magnetic tape HS-10-1 Model clay to NW corner of hotel roof
SR-6 Oscillograph and ]
' magnetic tape HS-10-1 Model clay to south roof of hotel 5
: 3 2Relocated from SW to SE roof corner after “etcnation II-~ABCD,
Table 23, Structure- and ground-motion maximumn amplitude velocity predictions, 3
Project Tugboat Phase I. 3
3
Frequency 1
Maximum amplitude peak particle ¢ ocity of maximum
Station 1-ton events 10~ton event amplitude ;
No. {in,/sec) (cm/sec) {in./sec) {cm/sec) (Hz) !
GM-1 0.026 0.066 0.18 0.460 5 ;
GM-2 0.070 0.178 0.45 1,143 5
GM-3 0.0€6 0.168 0.46 1,168 5
GM-4 0.014 0.036 0.10 0.254 5
GM-5 0.010 0.025 0.07 0.178 5
GM-6 0.09¢ 0.015 0.04 0.102 5
GM-7 0.007 6.018 0.05 0.127 5 4
GM-8 0.009 0.023 0.06 0.152 5 ]
GM-9 0.056 0.142 6.39 0.991 5 i
SR-1 0,057 0.145 0.41 1.041 3
SR-2 0.009 0.023 0.06 0,152 3 3
SR-3 9,009 0.023 0.06 0.i5% 3 3
SR-4 0.009 0.023 0.06 0.152 3
~135- 4
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Table 24, Structure- and ground-motion predictions, Project Tugboat Phase II {¢0-ton
event),
Peak particle velocity Prime
Station Maximum amplitude frequency
location Component {(in./sec} {cm/eec) (Hz}
GM-1 Vertical 1,10 2.79 3-4
F Radial 1,10 2.79 3-4
] Transverse 1.00 2.54 3-4
3 GM-2 Vertical 1.86 4,72 3-4
3 Radial 0,97 2.46 3-4
Transverse 1.15 2.92 3-4
GM-3 Vertical 1,86 4,72 3-4
3 Radial 0,97 2,46 3-4
3 Transverse 1.15 2.92 3-4
GM-4 Vertical 3.00 7.62 3-4
Radial 2.30 5.84 3-4
Transverse 3.45 8,76 3-4
i GM-§ Vertical 0.74 1.38 3-4
3 Radial G.51 1.30 3-4
3 Transverse 0.16 0.41 3-4
E GM-6 Vertical 0.37 0.94 3-4
Radial 0.22 0.56 3-4
f Transverse 0,21 0,53 3-4
3 GM-7 Vartical 0.23 0.58 3-4
Radial 0.14 0.36 3-4
Transverse c.12 0.20 3-4
SR-1 Vertical 0.74 1.88 3-4
Radial 2,53 6.43 3-4
Transverse 6,06 15.24 3-4
SR-2 Vertical 3.00 7.62 3-4
Radial 1.4 4.93 3-4
Transverse 2.30 5.84 3-4
SR-Z Vertical 3,00 7.62 3-4
Raciai 0.97 2.46 3-4
Transverse 1,15 2.92 3-4
SR-4 Vertical 0.25 0.64 3-4
Radisl 92.30 0.76 3-4
Transverse 0,37 0.94 3-4
SR-5 Vertica? 0.62 1,57 3-4
Radial 0.22 2.34 3-4
Transvarse 0,60 1.52 3-4
SR-6 Vertical 0,60 1.52 3-4
Radial 0.60 1,52 3-4
Transverse 0.76 1.93 3-4
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Table 28,

Structure- and ground-motion measurements during Phase I,

Sgr Cimpoe AMpha Hrave tharlte wita ("
vion  nem®
Fre- Molitule F'roe Ami} Htude V've- Aapl (tude Irue Anpd it udw P'ros Aupl it ude
quem'y ijumwy iy VY s ree-cmm— qusiry
() (in,/eee) temimoct (1Y (in,/uec) (owfuee) (N2} (tis,/uec) (eaforc) (W) Cim/ooch (owfarc) U0 (hn,fuee) (enfson)
(R N v 4 emd ond CRIY) 14 and 0,002 o, 100 4 anl n,0t0 474 14 ] 0,047 YA T . T R T U 0,480
4.8 ) 4,4 4,9 4,0
" 14 ad 0,100 h48? oA b0 0,440 oot 00w (RT3} 14 al 0,00 (VS I P AT B % L1 1,140
4.8 4,8 4,0 4.5 4,
4 14 and 0,102 0,289 14 and 0,100 1,280 14wt 0,110 n,24 14 a0, 108 M e and 00 ",74n
4.8 4.8 B 4.5 4,1
(M- v 0 oanl 0,080 0,400 0 amd 0,470 1,0 0 amd 0,00 a4 and 0,400 P AT0 29 ad 3,400 S, 800
(] 1.0 4,0 4,0 4.0
r W oad 0,880 1,380 Woamd 9,4 1,240 20 and 0,3000 0,700 20 and 0,400 1,070 0 and 1,000 ?,540
4.0 4,0 4.0 4,0 4.0
t 20 and 040 1.0 M and 0,470 1, 1m0 0 and 08000 09,7600 0 md 0,440 1,020 ¢ and 800 “4,ul0
4.0 4.0 4,0 4,4 4,0
(M) ¥ 14 and 0,170 0,44 14 and 0,168 o420 14 sl 0,200 o510 Woand 0,20 n,810 14 w0, N0 o930
40 4.0 4.0 4,0 4,0
L§ Had 0,100 0,3% Woand 0,000 0,250 14 and 0,00 0,280 14 g 0L [T TR E N 1T SR PP ] W, bots
4.0 4.0 4.0 4.9 4,0
T 14 and 0,038 0,049 14 and 0,089 0,100 14 and 0,083 1,100 14 ad [TIX] [UNID] 1d n,0m ", 14
400 4.0 4,0 4,0
CM-4 v 14 ad 0,049 0124 14 and 0,080 [USEY 14 and 0,088 0,140 14 and 0,000 0,082 14 A a0 0,410
4.0 4.0 4.0 4.0 2.8
L 14 and 092 0,060 14 ad 0,027 0,070 14 and 9,37 0,96 14 g 0,00 0,01 14 Ml 0,008 1,240
4.0 4.0 4.0 4,0 2.8
T 14 and 0,017 0,043 14 ad 0,017 0,043 14 a3 0,077 0,069 14 ang 0,021 0,088 13 nud 0,000 v,280
4.0 4.0 4,0 4.0 2.8
CH-8 v 14 amt 0,042 0,107 1% and 0,047 n,t1e 14 amd 0,048 0,114 14 awd 0,035 CI T I ¥ i " BT L U] 0,400
30 B3 A,0 3.0 2.5
R 14 ad 0,022 0.0% 14 and 0,028 0.v0d 14 and 0,928 0,084 14 and w027 0,007 14 and  0,0eY 9.210
3 3.0 3,0 3,0 2.8
H W4 oand 0,014 0,046 14 and 0,017 0,043 14 and 0,012 0,00 14 and 0,024 0,001 14 and 0,070 0, tey
3,0 3.0 4.0 2.0 1.5
CM-p v 14 snd 0,034 0,086 14 and 0,008 0,4 14 and 0,080 0,076 14 and 0,042 0,107 3 9,100 0,250
3.9 3.9 3,0 3.9
R 14 and 0,011 4,028 4 and 0,12 0,030 14 a0, [MIRK] 14 and 0,014 0,10 3 2,060 0,150
1.0 1,0 3,0 1.0
T 14 and 0,011 u,02m 14 ad 001t n,028 14 and 0,032 LROXT] 14 and  0,M8 0,048 3 0050 0,130
3,0 3,0 KN 3.0
M-7 v 1S and 0,028 0,064 18 and 0,026 ERENA 15 and 0,029 0,074 15 and 0,048 089 15 awf 0,150 0,180
3.0 3,0 KR 3,0 s.0
R 15 and 0,032 0,08} 15 and 9,043 0,1 13 and 4,076 15 anl 0,049 0,124 15 amd 0,210 0,530
5,0 3.0 . a0 4.0 4.9
T 15 and 0,018 0,046 15 ad 0,017 0,043 15 o 0,061 15 and 0,020 0,080 15 and 0,080 0,200
3,0 3.0 4,0 4,0 1.0
M-8 12 14 and 0,020 0,203 14 and 0,084 0,210 14 aml 0,0d6 0,219 14 and  0,un0 0,229 14 and 0,270 0,670
3,0 3.0 4,0 4,0 3.0
R 14 ond 0,080 0,158 14 aed 0,087 v, 148 Womd 0,000 0,208 13 and 0,060 0,182 14 anl 0,20 n,&a0
3.0 1,0 3.0 3.0 3.0
T 14 ard 0,040 0,102 14 and 0,042 0,110 14 and 0,040 0,172 14 and D048 0118 4 ad 0,150 0,330
3,0 3.0 3.0 2,0 4.0
-9 v and 0,112 0,234 30 and 0,148 0,370 a0 and 0,140 0,456 a ad 0,170 0,432 40 and  0.4l0 2,060
4,0 4.0 4.0 4.0 4.0
L3 20 and 0,09 0,228 20 ad 0,098 0,240 20 s 0,098 0,249 20 and 0,136 0,346 20 ant 0,4%0 1,070
3.0 3.0 3,0 3.n 5.0
T 20 and 0,190 0,482 20 and 0,200 0,510 20 and 0,10 0,404 20 and 0,200 0,508 20 and 0,800 1.270
3,0 3.0 a0 350 3.0
SR-1 v 18 and 0,080 0,200 18 and  0.100 0,250 15 and 0.020" 0,224 18 and 0,120 0,308 15 and 0,020 0,810
3.2 3.2 .2 0,u%0 .2 3,0
R 15 and 0,360 0,910 15 and 0,430 1,090 15 and 0,070 0,762 15 and 0,400 1,010 15 and 1,100 2,790
3,2 3,2 3.2 1.300 3,2 3,0
T 15 and 1,400 3,560 i$ and 1,800 3,810 1S and 0,120 2,840 18 and 1.500¢ 3.8100 18 and 2,600 6,600
3.2 3,2 3.2 1,000 3,2 3.0
$KR-2 v 14 snd 0,042 0,107 14 and 0,042 0,107 14 and 0,036 n,092 14 and 0,062 0,157 4 ad 0,270 0.7
3.0 3.0 a0 .0 3,0
R 14 and 0,090 0,228 14 and 0,118 0,292 14 and 0,09 0.244 14 and 0,108 0,266 4 0,400 1.020
3.2 3.0 3.0 1,0
1 14 and 0,066 0,167 14 and 0,078 o,1% 14 and  n,0% 3,244 14 and 0,170 N1 3 1,200 0,660
3.0 3.0 3.0 3.0
SR-3 v 14 and 0,038 0,007 14 and 0,040 0,117 14 and - .- 14 and 0,044 0,109 a .1t ",200
3.0 3.0 .0 3.0
L} 4 and 0,028 0,01 14 and 0,030 0,076 14 and 0,027 0,074 4 ad 0,031 0,079 3 0.1% 0,3%0
3.0 3,0 3,0 3.0
1 14 and 0,037 0,07 14 and 0,048 0,117 14 and 0,041 0.104 14 and 0,082 0,132 ] 0,160 0,410
3.0 3,0 4,0 8.0
SR-4 v 14 and 0,034 0,086 14 and 0,042 0,107 14 and 0,038 0,089 14 and 0,060 0,182 6 and 0,200 0,060
3,0 3,0 3.0 3.0 3.0
X 14 and 0,038 0,077 14 and 0,036 0,091 14 and 0,040 0,102 14 apd 0,080 0,127 6 M 0,260 0,060
1,0 3,0 3.n 3,0 3.0
17 14 and 0,030 0,076 14 and 0,037 0,094 14 and 0,040 0,102 14 and 0,080 0,127 6 oAl 0,330 0,040
3,0 2,0 1,0 A0 3.0

Sy « Vertiesl, R * Radial; T s Tranaverse,

bAmplitude due to wind noise,
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Table 26, Structure- and ground-motion measurements during Phase I,

Station Componenmt® 11-ARCD ey BetIKL
Frequency Mplitude 'requency Aaplitude I'rmjuoney Asplitude
(Ha) {in,/sec) {om/sev) (ia) “{in,fewc) {en/weg) (He) (in,/sec)  (cw/see)
™ v ] 0,280 0,63) 3 0,380 0,490 3 0,170 1,430
L] 3 0.420 1,070 3 0,360 0,720 3 0,900 2,480
T 3 0,820 1,320 hJ 0.870 1,480 3 1,080 4,19
CM-2 v 3.5 0,680 1,720 3.8 0,40 2,260 £ ] 2,400 6,100
R 3.8 1.000 1,840 A8 1.200 3,080 3.8 1,200 8,080
T 35 0.410 1,040 .5 1,800 4,580 3,8 2,060 5,210
CM-3 v 3.8 0,400 1,000 3.5 0,720 1,820 3.8 1,800 N80
R 3.8 0,869 1,420 3.5 0,750 1,900 3.8 1,180 2,920
T 3.8 0,420 1,060 4,8 0,490 1.240 K ) 0,820 2,080
GM-4 v 3 1.100 2,79 3 1.800 3,800 K] 1,800 4,570
R h] 0,900 2,260 3 1,180 2,920 3 1,800 4,870
T 3 0,800 2.030 3 1,000 2,540 3 1,300 4,300
CM-S v 3 0,340 0,862 3 0,350 0,890 3 0,600 1,M0
R 3 .0 0,761 3 0,300 0,760 3 0,880 1,400
T 3 0,120 0,308 3 0,170 0,430 3 0,290 0,730
CM-6 v 3 0,200 0,509 3 0.200 0,510 3 0,450 1.140
R 3 0,130 0,320 K] 0.110 0,280 3 0,300 0,760
T 3 0.110 0,279 3 u.120 0,308 3 0,240 0,610
CM-? v 3 0,180 0,381 3 0,150 0,380 3 0,300 0,700
R 3 0,078 0.190 3 0.070 0,180 3 0,150 0,40
T 3 0,070 0,178 3 0,088 0,147 3 0.128 0,818
SR-1 v 3 0,320 0,812 3 0,450 1.140 3 0,900 2,240
R 3 1.200 3,080 3 1,900 4.830 3 4,100 10,400
T 3 1.300 3.310 3. 2.300 §.850 3 3.100 7.880
SR=2 v 3.5 0,500 1,270 3.8 0,620 1,580 3.5 1.800 4,810
R 3.8 1.800 4,560 3.8 1.300 3,300 3.5 2,100 5,340
T K 0,900 2,290 3.8 1.200 3,050 3.5 2,300 5,850
SR-3 v 3.8 0,500 1,270 3,8 0,700 1,780 3.8 1.400 3.5%0
R 3.8 1,450 3,660 3,8 1.570 4,000 3.8 2,400 5,850
T 3.5 1.000 2.540 3.5 1.180 3.000 3,8 2,100 5,340
SR-4 v 3 0.160 0,406 3 0.18) 0,460 3 0,360 0,410
R 3 0,180 0,380 3 0,150 0,380 3 0,250 0,610
T 3 0,210 0,832 3 0,190 0,480 3 0,390 0,990
SR-§ v 3 0,200 0,509 3 0,220 0,560 3 0,550 1.400
R 3 0,320 0,811 3 0,350 0,890 3 0,640 1.620
T 4 0,220 0,559 4 0.200 0,810 4 0,880 1.470
SR-6 v [) 0,220 0,589 6 0,200 0,810 6 0,69 1.789
R [} 0,290 0,737 ) 0.150 0,480 6 0,60 1.000
T 6 0,230 0,582 6 0,290 0,730 [ 0,650 1,650
8y « Vertical; R + Radial; T = Transverse,
When one compares these values with the approximate and were determined as
preshot predictions in Fig, 124, it will be follows:
seen that the predictions were low, (1) SGZ for all 1-ton events was
Finally, 40-ton amplitudes diminished assumed to be an imaginary point
from about 6 cm/sec at a distance of located in the center of the square
approximately 2600 ft to about 0.8 cm/sec formed by the four charges which
at a distance of approximately 7600 ft, were located at each corner,
These figures are in excellent agreement (2) SGZ for all 40-ton row-charge
with the revised predictions made after events was assumed to be midway
Phase I, between the two center charges of
The distance from SGZ was determined each four-hole row,
by aerial photographs and field surveys, (3) SGZ for the Phase II-JKL four-
However, distunces used to plot data are charge-cluster event was assumed
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ity, Phases I and II.

{0 be an imaginary point located in
the center of the square formed by
the four charges located at each
corner,

By inspection of Figs. 125 through 133,
it will be seen that simple exponential
decay gives a reascnabie description of
the attenuation of peak particle velccities
with distance.
to be descr.ptive of both individual com-

This relations!:.p appears

poneni (vertical, radial, and transverse)
and maximum velocities (larg.st compo-
nent) recorded at each station. The am-~
plitudes n:ay be represented by an

equation of the form:

V=ap? (12)
where

V = peak particle velocity at a distance D
from SGZ

a = constant whose value is particle ve-
locity intercept at unit distance

b = attenuation exponent and is the slope
of line through data points on icg-log
coordinate grapn

Vertical and radial mode particle

velocities appear to be proportional to
D--1.62
verse components appear to attenuate at

a higher rate; e.e., D 195,

for all yield levels., The trans-

Maximum
particle velocity decay also exhibits a
slope of D' 1+62,
of maximum particle velocity are from

Fig. 133:

The following equations

2

(40-ione) V = (1.414 x 105)p71-6 (12a)
(10-tons) V = (0.693 x 10907152 (12p)
(1-ton) V = (0.210 x 10507162 (12¢)

where
V = cm/sec
D = feet

It was obszrved that the seismic sta-
tions locuted at the Spencer Park pavilion
and the Roth home consistently exhibited
less motion than the ncrm defined by the
above equations, %onversely, the motions
measured at stations located at the mo-
lasses tank, 200 ft southwest of the Ultra-
mar building, the water tank, and the
plywood mill were usually slightiy higher
than the norm. These apparent anoma-
lies can possibly be explained by the
direction of deposition of the lava flows.
Stations along the axis of flow, whichis
for practical purposes a continuous media,
exhibited consicstently higher amplitudes
than those located normal to the flows,
Numerous cracks and voids were visikle
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irom the ground surface between flows
and quite likely interrupted the wave
traveling toward stations normal to the
flows,

Yield Scaling

Several approaches were taken in the
evaluation of a yield scaling17 description
of the Tugboat events, Assuming the
applicability of 2n inverse power law
attenuation, an expedient approach to the
determination of yield scaling could be
made on the basis of a cube root scaling
applied to the attenuation expcnent ob-
tained from a single yield experiment.
This methed is described in Ref, 18, If
it is assumed that:

-b

D
Ve » (13)
()
then, equivalently,
v wt/3 pb (13a)
where:

W = charge weight, tons,
b/3 = yield scaling exponent

The ernpirically derived value of b for
the entire Tugboat experiment was 1.62,
resulting in a yield scaling of 0.54. This
method, while recognized as empirical,
is presented because of its striking sim-
ilarity to more conventional analysis
approaches,

A second and considerably more reli-
able approach is to make a direct com-
parison of the seismic amplitudes (Vl,
V2) from two {or more) different yields
(WI’ W2). If recordings are made at the
same location, then the following applies:

AN ! .
2 2
Therefore,
v
log( Vl)
Y = 2k (14a)
1
log
\W2,

Project Tugboat Phases I and 11 gkowed
that the average of the peak particle veloc-
ities for the 10-ton event was approxi-
mately 3.3 times that for all 1-ton events
as demonstrated by the equation coeffi-
cients in Fig, 133, Since the yield in-
crease was a factor of 10, the yield
scaling would be:

log 3.3
Qg

Y = ~ 0,52,

With the 40-ton data, the increase was
noted to be 6.7 times the 1~ton events,
Again this would show:

_ log 6.7
Y = Tug = 0,52,

When one weighs the merits of both
methods while noting the striking similar-
ity of yieid scaling results, it would seem
logical to conclude that the yield scaling
factor is about w0.52.

No significant differences appeared to
exist in the 1-ton data to suggest seismic
amplitude dependance on DOB. The Delta
1-ton event did show some indication of
slightly higher amplitudes than the other
1-ton events, but these wers considered
to be within normal data scatter.

Another phenomenon seems worthy of
mention, When one studies Figs, 126,

-142-

s e ey o iy RGNS SN 1Y S € W

AL TR PR TR SV

Al Bl % & (o il

A hlh et e LAY 4 i,

Ll

LMD 01 £ 11 % i) ainni

dad dnaiak

b7 dtha e 4 A0 VRO £K et




Y e Caht =l FET e b T NN PRATR AN o AT AR TR R LTI

Vedical __| P AN N \/W
0.50 e ,\v W\N/\\//\/\ ~——
—_fodia! W"J\N\/\,\/ - ———
0.018 in/sac -
- ‘W
0.018 in/sec -
Verticol o~
‘__—___/\/JJ\/\/\’*W\ ~TN /\ TN TN T e
Bio /e /\f’a\/\’_/ ~ \.
. n;“_d';l N‘\'\/'\IW“\I\\/\,\/'\. Vg l\\‘\/’\_/\_,/\\.‘—-w—-u-’\
. 130 in/sec
§.—' Tronsverse _/\.Nm\ l/\\/"\-‘ N T \\/'\/ P NS
0.130 in/sec R
L9 Verticol |~ ~/\v*’w"\'\fv\ //\ ’\/\/\ -~ \\\ ’ \\‘ ) /\"’ N, P " e e
o B.jao in/sec N~ ’ ~

Rodia! 0 ,», i //\/\ 4 '/\ . \\ s e - — .
Ul 0.4 in/sec Lo AT \/\J ol A ‘ =
«© rasens ~'\l\“"‘J\~'\/V\ ,/\/ V' ‘\/ \\/\/ NN T
<| 0.120 in/sec " .
= Verticol /1 N‘lﬂ.)\_h\ ,\/\// \ "\ /". P / \\ N e “
» _ij in/sec /< A / /\\/

Rodial / R - —— -
%o Y 'J%f A S X T
- Tranyverss 1/ \ '\—s\ / / \ \ \/_/ ) .
- _# o/ \ N TN .

1 ]0.150 in/sme \"‘ ! V \/ “J v
=t 1 — e L . ] 1. . !
0 H 2 S 4
Time — sec

Fig. 134. Selected ground-motion data, Mauna Kea Beach Hotel,

128, 130, and 132, which are representa-
tive of Phase II data, it can be seen that

a 10-ton equivalent attenuation curve very
closely defines the data acquired during
the I-ABCD and II-EF events, Of course,
neither of these events was intended to
have a yield of 10 tons; rather, 40 tons.

A pescsible explanation of this phenomenon
could very likely be that it was the result
of the accidenial sequential detonation and
low yield of two charges during the II-
ABCD event, and the detonation of only
two of the four charges during the intended
sequential detoaation of th> II~EF event,
Selected data obtained at the ground-
motion station located at the Mauna Kea
Beach Hotel {(designated GM-£ during
Phase I and GM-7 during Phase II) are
spnown for comparative purposes in

Fig. 134, By overiay comparison, and

disregarding amplitude differences, one
can ohserve a striking similarity in the
characteristic wave shapes of 1-ton
Brave, 10-ton Echo, and the intended
40~ton II-ABCD detonation, which deto-
nated sequenvially., The data resulting
from the 40-ton II~-IJKL show some de-
parture from the established characteris-
tic wave shapes, Specifically, the initial
compression (P) wave arrival exhibits a
well-defined wave front 1asting for about
0.4 sec, and the periods occurring in the
Rayleigh wave region of maximum ampli-
tude are slightly longer. Although it was
established that I1~-ABCD was sequertially
detonated, definition or interference pat-
terns resuiting from the individual charges
are not apparent by visual wave analysis.
Only cne fact is evident: the amplitudes
over the entire record are comparabvle {0
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the single-charge 10-ton Echo Event. Thus,
there is some sparse evidenceto indicate
that the sequential detonation of multiple
charges induces measurably less ground
motion than simultanecus aetonation.

SUMMARY AND CONCLUSIONS

Instrumented ground~motion seismic
stations in the vicinity of Project Tugheat
were observed to respond in a fairly uni-
form manner. Maximum peak particle
velocities recorded during the 1-ton
events ranged from about 1.5 cm/sec at a
distance of about 1500 ft to about 0.1 cm/
sec at a distance of 8200 {t, Data re-
corded ¢uring the 10-ton events ranged
from about 4 cm/sec at a distance of
about 1800 ft to about 8600 ft. Finally,

40-ton amphitudcs uiminished {rom about
6 cm/sec at a distauce of approximately

2600 ft to about 0.8 cm/sec at a distance

of approximz.zly 7600 ft.

Vertical, radial, and maximum peak
particle velocities decayed according to
D~l‘62. The transverse component atten-
uated at the rate of D-1.95'

Two yiela scaling methods verified one
anotker in defining 2 yield scaling factor
of about w0.52. In addition, it was con-
cluded that no reliable seismic amplitude
dependence upon DOB could be established,

A final conrlusion was associated with
the merits of sequential charge detcnation,
Phase II sequentizl detonations produced
measuracly lower ground motions than
the expected motion for simultaneous det-

onation of the same charges.

Section 6
Structural-Response Analysis

OBJECTIVE

The objective of this technical program
was to preclude damage to buildings and
other siructures in the area aifected by
seismic motion generated by the detona-
tions, The program was performed by
John A, Blume & Associztes, Engineers,
of San Francisco. Ground-~ and structural-
motion records uszd in the analyses pre-
sented in this sectior wece providad by
WES (see Section 5,

STRUCTURAL INVENTORY

Prior to the Phase I dvtonations, a
structural inventory wag pexformed in the

region surrounding the site. Based
on this information several structures
were selected as warranting further
study and coneideration. The following
structures, located as shown in Fig.
135, were in this category: sugar con-
veyor support structure, heiaus,
Ultramar warchousge, Plywooed mill,
Roth house, Spencer Park pavilice, and
the Mauna Kea Hotel. Except for the
Roth house, residential structures
were aot considered a problen:. All
nearby residential construction is
of light wood frame construction with-
out masonry <himneys aad with &
minimum of plaster walls and fragile
construction detzils.
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Plan showing location of structures of interest.
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Pre-PHASE I RECOMMENDATIONS

Prior to the Phase I detonations, rec-
ommendations were made on the location
of the seismic-motion stations. Safe
ground-motion damage thresholds of peak
particle veiocity of 2 cm/sec for resi-
dences and 5 cm/set for harbor siructures
were also recommended, A firm thresh-
old of damage for the heiaus was lacking,
but it was estiniated that past seismic
activity had reached a level giving a peak
particle velocity of at least 1 cm/sec and
that temporary restraint of the more
critical faces would allow safe levels of
5 cm/sec, Further investigation devel-
oped an individual rock stability criteria
based.on mesner19 as shown in Fig, 136,
As a precautionary measure, temporary
bracing was installed on the heiaus as
shown in Fig. 137, For all cther struc-
tures it was anticipated that ground
motion would be helow the safe damage
threchold levels,

POST-PHASE I ANALYSIS

No siructural damage from the Phase 1
detonations could be detecied, but pre-
liminary study of the motion records indi-
cated that the sugar conveyor suppert
structure, and the Ultramar warehouse
would be the critical structures for the
Phase II detonations,

Sugar Conveyvor Support Structure

Figure 138 is a cross gection of this
structure at the structural-response
instrument station and shows the tempo-
rary bracing installed for the Phase II
detonations, Figure 139 shows the motion
recnrds for the Phase I Delta and Echo

T LEFE SEE T RS R EATE T TR ATEERTEL Y T T s e e B

detonations and reveals several interest-
ing features., In the transverse direction
the structure is nearly resonant with the
long period ground motion (svrface waves)
and has very low damping, This is indi-
cated by the relatively long duration of the
structure's moction and the relatively high
amplification when compared to the
ground motion scaled from the closest
ground-motion station near the molasses
storage tank which is about 400 ft farther
from SCZ, The structure has two trans-
verse natural periods close to the domi-
nant period of the suriace waves, This is
shown by the "beat" (alternating addition
and attenuation of two wave trains with
slightly differeat frequencies) in the
transverse motion which still has consid-
erable amplitude at 2 period of about

0.37 sec after the ground motion has
essentially died out,

There is an abrupt "jerk" in the mo-
ticn near each point of maximum trans-
verse displacement, At this {ime the
jerk was provisionally explained as a
loose joint in the transverse bracing.

A comparison with the 1-ton Phase [
detonations showed a much smallér scale
eifect for the 10-ton Echo detonation in
the transverse direction than did all of
the other siations. An approximate
stress analysic, based on the Echoe re-
sponse records, indicated that the base
of the cantilever rootf support column
might have undergone plastic yield in
transverse bending for the peak pulses.
Such behavior would be consistent with
the motion record, since it would still
have been elastic with very little damping
for transverse motions causing bending
stresses below the yield point. Plastic
yielding ofthe cclumnbage would increase
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damping and attenuate the peak mo- by a close visual examination. The
tion. If such plastic yield did take bracing shown in Fig. 138 was de-
place it involved very low distortions signed to eliminate the cantilever ac-
since no evidence, such as flaked paint tion and was installed for the Phase 1I
or misalinement, was detectable detonations.
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Fig. 136, Seismic motion for 50% chance of tinping a rock.
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Ultramar Warehouse

A casual classification of this struc-
ture with reference to seismic resistance
indicates that it is a modern single~-story
reinforced concrete structure, This
class of structure would be expected to
withstand the established damage thresnh-
oid value of ground motion (5 cm/sec) with
no structural problems. A closer analy-
sis, however, revealed the contrary, and
this structure's ground-motion resistance
became the limiting factor for determin-
ing the maximum safe size of the Tugboat

detonations,

As shown in Fig, 140a, this structure
is a single-stcry building 100 ft by 100 ft
in plan dimension. An 80- by 100~ft por-
tion has a precast concrete roof and con-~
crete andjor concrete block in-fill walls
(Fig. 140b) between the perimeter frame
colurans, The remaining 20- by 100-ft
porticn is a steel frame lean-to which
haus essentially no effect on the seismic
response of the concrete portion. The
two 80-ft sides of the concrete portion
act as shear walls and are approximately
symmetrical and of equal rigidity., The
120-ft rear vall (column line 1) is a

Rl ~ Y TR TN T L Ty Py

shear wall except for the upper 3-1/2 ft
which is a continuous louvered opening,
The opposite wall (column line 5) has
only the free~standing concrete frame
columns for resistirg lateral loads, thus
creating a pronounced eccentricity for the
resistance to lateral loads parailel to
these column lines ({radial direction on
the gseismic motion records for this struc~
ture), The relatively heavy roof and
single~story construction result in reso-
nant periods of the structurs close to the
ground-motion periods, and relatively
large loade from seismic motion. Assum-
ing a dynamic amplification factor of 3 for
the roof response vs the anticipated
ground motion of 5 cm/sec, preliminary
calculations indicated a 100-ton charge
would overstress the upper portion of the
colvmns in column line 1, Adeguacy of
the block portion of the wall could not be
determined as precisely, since the
strength of a block wall is hizhly depend-
ent on the qualiiy of tae construction,
Based on the calculated stresses for a
40-ton detonation, the column stresses
would not exceed allowable values based
on a one-third incyase for seismic lead-
ing., The block portion of the wall was
judged safe against gross shear failure,
but the possibility of minor cracking
could not be ruled out,

Based primarily on the behavior of
this siructure, it was recommended that
the initial Phase I detonation should not
exceed 40 tons. Response spectra20
were later calculated for the Ultramar
foundation station Echo detonation and are
shown in Fig, 141, Based on approxima-
tions of the building periods, the assumed
amplification factor of 3 for the radial
direction appeared reasonatle,
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Other Structures
The Mauna Kea Beach Hotel was not a
limiting factor for a 100-ton detonation.

Based on a scaling factor of 4 for seismic
moiion from a 100-ton detonation applied
to the Phase I Echo event, peak horizon-
tal accelerations would create inertia
forces from one-half to two~thirds of the
initial design lateral load., The buildings
involved no exceptionally fragile features
and construction appeared to have been of

high quality throughout, Since this instal-

lation was by far the most expensive
within the general vicinity, the same in-
strumentation as used for Phase I was
recommended for Phase II,

At the Roth house, Plywood miil,
Spencer Park pavilion, and the heiaus, the
predicted motion for a 100-ton Phase Il
detonation appeared to be no problem.

During the period between Phase I and
Phase II, a new building for the Hawaiian
Telephone Company was completed. An
analysis of this building indicated that
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predicted motion from a 40-ton detonation  veyor structure it was recommended that

would cause no structiral overstressing. some of the instrument stations be relo-

The structure has tilt-up concrete walls cated for Phase II as shown in Fig, 142,

and a cast-in-place reinforced concrete

frame. It appeared likely that the joint POST-PHASE II ANALYSIS

filler material separating the top of the

wall panel and the concrete frame would Ultramar Warehouse

show evidence of differential movement A closer examination of this structure

between the two, but such movement was just prior to the Phase II detonations but

not considered to be detrimental, with the Post-Phase I analysis ir mind,
in order to obtain more data on the revealed minor preexisting damage. As

Ultramar, warehouse and the sugar con- shown in Fig. 143, the concrete coping
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beneath the louvers had spalled adjacent
to Columas A-1 and B~1, Several verti-
cal cracks in the end wall panel {A-R),
extending from the coping to the base of
the wall, were also observed. Neither
the spalling ci the cracks were noted dur-
ing the Phasze I observations, A possible
explanation s the fact that bulk fertilizer
was stored to a height of about 12 {t
against the inside of the wall, This par-
ticular wall panel is entirely of concrete
block and was not designed for bulk sior-
age against it. The other wall panels
along this same wall are constructed of
reinforced concrete for the lower 12 ft
and designed for bulk storage behind the
wall, During the Phase II detonations the
two interior panels (B-C and C-D) had no
stcrage ivad and the other end panel (D-E)
had bulk materiai stored full height (18 ft)
against it, At some time in the past,
panel B~C had been loaded to a height cf
about i7 ft, and panel C-D had been
loaded to a height of about 14 ft, Hori-
zontal bending of panels A-B and B-C
causing the vertical cracks could also
produce suificient rotation of the end of
the coping to result in spalling w..ere the
rotation was prevented by the concrete
colur:n, A random factor which influ-
enced the probability of spalling of the
coping was the clearaace, if any, between
the outer corner of the coping and the
adjacent concrete column,

An alternate possibility is that the
above minor damage ociurred from
either the earthquake of 10 May 1969
{magnitude, 4.0; epicenter 11 miles away;
focal depth, 26 .niles) or the earthquake
of 24 September 1968 (magnitude, 5.0;
epicenter 60 miles away; focal depth,

26 miles), Estimated peak particle mo-

T ey TR T PR TN Ty, 3 RIS S AT

tion at the Ultramar warehouse site from
eitizer of these earthquakes, hcwever, is
considerably tess than the peak motionr
from the maximum Phase II detonation
(II-I3KL). Such estimates are primarily
based on data from California earthguakes,
and possibly uuderesiimate seismix mo-
tion from earthquakes in g=ologically dif-
ferent areas such as Hawaii.

Neither of the first two Phase 1I deto-
nations caused any detectable damage to
this structure, but the third detonation
{II-1JKL) caused a minor spall on the
coping block or the opposite side of
Ceolumn B-~1 to the preexisting spall
(Fig. 143).

The roof stations for all of the
Phase I detonations show a definite res-
onant period in tne radial direction cf
about 0.26 sec (Fig., 144) that agrees
very closely with a calculated pesriod of
0.27 sec for the radial direciicn, A com-
parison of the center roof radial motion
records and the radial foundation motion
records for the Phase II detonations is an
excellent example of the application of
spectral response analysis. The roof
response is primarily in a narrow fre-
quency band close to its natural frequency
and filters out most of the higher fre-
guency motion in the first second of the
foundation record, The amplitude of the
motion is within the elastic range of ihe
structure and the roof "rings" or con-
tinues to vibrate at its natural period
after the ground motion at this frequency
has essentially stopped. The roof corner
station was at the southeast corner for

Detonation II-ABCD 2nd at the northeast

corner for Detonations II-EF and II-IJKL.
Essentially its radial motion was similar
to the center roof station but both corner
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locations show an added stiffness since
the higher freguency foundation motion
{zsbout 0,1 sec) was not filtered out as
cocmpletely as at the center roof station,
The calculated periocd in the radial direc-
tion is based on the combined stiffnesses
of the concrete frames and the wall along
column line 1. The greater stiffness
along column line 1 is apparently re-
flected in the increased response to
0.1-sec radial ground motion by the cor-
ner station compared to the center
station,

Structural response in the transverse
direction does not correlate with the
analytical apprecach as well as in the
radial direction, and the discussion of
this motion is part conjecture. The cal-
culated fundamental pericd in the trans-
verse direction is 0.06 sec, In the
calculations most of the stiffness derives
from the two shear walls along column
lines A and E with the E line (southeast
wall) being somewhat stiffer than the A
line {northwest wall) but both walis being
considerably stiffer than the concrete
frame. The transverse period is shorter
than the periods of the foundation motion;
hence, the expected transverse roof mo-
tion should be nearly identical to the
foundation motion and should show very
little amplification. This type of response
is well-demonstrated by the vertical rec-
ords. The roof instruments were all on
top of columns; hence, the vertical funda-
mental period was very short, and the
vertical roof motion records are nearly
identical tc the vertical foundation motion
records.

The transverse roof motion records
look very similar to the transverse foun-
dation motion records except thai the

i B Y Y S S L

T S TR A Y LT I Y o E T T e v,

short period (below 0,08 sec) motion is
filtered out, Transverse roof motion of
the other periods, especially about

0.1 sec and about 0.3 sec, closely follows
the foundation motion but shows an unex-
pected and moderately uniform amplifica-
tion of the foundation motion, A possible
explanation is that the actuzl response is
the result of a combination of frame and
shear wall resp -nse which for the actual
range of amplitudes exhibits a variable
natural frequency. There are shrinkage
cracks at most of the column-shear wall
joints; hence, an initial portion of each
cycle of the motion might be due to frame
action (resulting in a relatively long
period) with the shear walls participating
as the joint between the columns and walls
closed thereby tending to stiffen the struc-
ture and producing a shorter period.
Estimated widths of the cracks (a few
hundredths of an inch) are consistent with
the amplitudes of displacement which oc-
curred, For higher amplitudes the shear
wall action would dominate and the struc-
ture's transverse response should be
more consistent with the calculated re-
sponse,

Relative displacements between the
roof and the foundation of a single mode
of vibration structure, such as the Ultra-
mar warehouse, are a direct measure of
the stresses in the structure, since a
given dynamic displacement would pro-
duce the same stresses as a static dis-
placement of the same amplitude, Approx-
imate relative roof displacements for

tonation II-IJKL motion were calculated
by two different methods. Figure 145
shows the calculated response spectra for
the radial and transverse foundation mo-
tion. Reading the 5% damping curve at
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Fig. 145a. Response spectra, Ultramar foundation, Phase II, II-IJKL (radial).

the calculated radial period of 0.27 sec
(Fig. 145a) indicates a relative displace-
ment of 0,30 cm. Figure 146 shows a
time history plot of ralative displacement
obtained by integrating the relative veloc-
ities between the foundation station and
each of the roof stations, The relative
velocity between each pair of stations was
chtained by subtracting the foundation
velocity record from the correspending
velocity recorad at each of the roof sta-
tions., From the re'ative displacement
plot the peak center roof relative displace-
ment for the radial direction is 0,11 in,

(0.28 cm) for the center stations and
0.8 in, (0.20 cmj) for the corner roof sta-
don (Figs. 146¢a) and 145it),

Similar plots of relative displacements
iu the transverse direction are not as con-
sistent. With the response spectra
{Fig. 145b) for the foundation in the trans-
verse direction, the calcuiated building
period of 0.06 sec indicates a relative dis-
placement of only 6,02 cm. The derived
time histories of relative displacement,
however, indicate a transverse relative
displacement of 6.07 in, (0.18 cm) for the
center roof station and 0,06 in, (0,15 cm)
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Fig. 145b. Response spectra, Ultramar foundation, Phase II, I[-IJKL (transverse).

for the corner roof station—Figs. 146(c)
and 146{(d). As previously discussed, the
bui’“ing, in the transverse direction, is
not :sponding at its calculated period for
the motions experienced, tut is behaving
as a somewhat less rigid structure,
Another item of interest is the com-
parison of the ground motion 200 ft {rom
the building and the ground motion at the
buvilding foundation (see Fig, 144). There
is a definite horizontal resonance in the
nearby ground mcetion at a period of
0.37 sec which shows clearly on the ve-
locity records. It is anticipated that the

nr~.7)y ground station would have about
20% higher amplitudes since it was closer
to SGZ, Actual peak values for horizon-
tal motion averaged about 80% higher,
Two explanations are plausible, Due to
different ~oil conditions the ground sta-
tion was nearly resonant with the surface
waves and ‘herefore amplified this fre-
quency much more than the foundation
station., A second possibility is that soil
conditions were similar at both stations
and that the foundation station, without
the building in place, would have shown a
similar amplification, but the building
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had the effect of attenuating the ground

_ motion at the foundation station; hence, it

g was no longer rescnant with the high-
energy surface waves. Witheout detailed

0.2r
2.1+
X 0
M 2
," 0.1+ sec
. 0.2L
ol (6} Corner reof (radial)
0.2

(b} Center roof (radial)

Derived relative displocement (in.)

0.2¢
‘N'
0.
O—V[Luvl\&vﬂw\’w
, 1 2 3
A 0.1 sec
0.2
{c) Center reof (transverse)
L 2021
0.1}
. 1
- 0
o 2 3
-, 0.] = sec
0.2+

{d) Corner root (tran.verse)

Fig. 146. Derived time histories of rela-
uve displacement for 7 ramar
foundation, II-1JK1..

soils information no preference for either
or both possibilities is offered.

Sugar Conveyor Support Structure

As shown by the Phase II motion rec-
ords in Fig. 139, the temporary timber
struts radically reduced the transverse
response of this structure., The struts
were not adequately restrained for the
first Phase Il detonation {II-ABCD) and
about half of the struts fell to the walk-
way, Prior to slipping out of position,
however, the struts had effzctively
damped the peak pulses which repre-
sented the major portion of the
energy. Prior to the other Phase Ii
detonations, the struts were adequately
restrained and they served satisfacto-
rily for the remainder of the Phase
II detonations.

The "jerk" in the motion record near
each point of maximum trensverse dis-
placeinent w.s found to be the movement
of the leng.tudinal conveyor support truss-
work at it . zupport points where it is
loosely pinned to the primary sugar con-
veyor structure at each bent, An initial
examination of the structure revealed one
unwelded bracing joint at the vertical
frame where the seismic motion pickup
was mounted and was ariginally consid-
ered the probable cause of the jerk. Fol-
lowing the first Phase II detonation this
joint was welded, but the "jerk" still
appeared in the motion records for Deto-
nation IT-E*, Quick-drying spot seals
were ther placed on three of the longitu-
dinal conveyor support! trusswork pinned
joints, and movement of two of ti.ese
joint-: was noted during the subsequent
Phase II detorations,
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Other Structures
No residual effects of the Phase II
detonations could be detected at the other

structures, In Hawaijian Telephone Com-
pany's new building the antizipated minor
shear movement in the filler material
between the top of the precast panels and
the cast-in-place frame could not be
detected. The joint is not readily acces-
sible, and minocr differential movements
between the wall panels and the roof
framing could not be ruled out although in
the one area closely inspected before and
after the detonations no break in the paint
film over the joint could be detected.

CONCLUSIONS

Predictions of building response to
ground motion from cratering detonations
can be a determining factor in establish-
ing the feasibility of an explosive excava-
tion project, Pinpointing the critical
structure (Ultramar warehouse) and deter-
mining the maximum motion the structure
could withstand without structural damage,
enabled Project Tugboat to be carried out
safely and without the threat of large
damage claims,

Calibration shots to verify the expected

L TN AT Ty A A e C o e it L

behavior of critical structures and to
furnish data for more accurate predic-
tions of structural response are very
desirable.

The resnonse of nominally simple
structures, such as the Ultramar ware-
house, can be very complex, Empirical
ground-motion thresholds, which ignore
the possible amplification due to the re-
sponse characteristics of the structure,
can be misleading and result in signifi-
cant structural damage, Techu ques are
available for interpreting such behavior
but the time and effort required will nor-
mally limit extensive analyses to only
those structures which are critical,

For some structures, such as the
sugar conveyor support structure, rela-
tively simple temporary mearures can
radically change the dynamic response.
Typically such structures have high
amplification factors because of very
litile damping and a close match of the.r
fundamental frequency and the peak
energy frequencies of the ground motion,
Temporary modifications which increase
their damping value o: shift their reso-
nant frequency to a mismatch with the
ground motion are then very effective in

reducing the structure's respcnse motion,

Section 7
Air-Overpressure Measurements

OBJECTIVES

A program was set up to measure
airblast from the Prcject Tugboat
detonations to determine conditions
that might result in damage claims
especially zt the more substantial in-

stallations where claims could be
significant.

‘The objective of this program during
Phase I was to provide zir-overpcessure
effects data, as a function of distance and
charge weight, Tae data were usged to
make a thorough zafety evaluaticn of

~i63~

NS i

I aon Vot N 3y A

P T T R Y T

il et L FEL Hakrad

iz

PO YRR IR SIS TTRTT WP KLORTT. 1) L DPRY R SRRV N RPTRNE 1V VI LRV [ SR VT TP IO Sy prne )

s

[T FLRCPINY 17 TIPIP. WY LY VOP IRRL IS PUR TR TPV WO

mAhA.|L....u.;su‘..km~:‘w‘munAmuuum‘.‘/.....; [SOP PR



H

VT, 3 gy

Ty

T PTTITS

rﬂm;‘f}r{w’ TETARNAITIITTTLL T T VIR TR S BT R LT ST ey aem T T -y X e ¥
F.

proposed larger yield detcnations to exca-
vate the berthing basin and an entr ance chan-
relin PhaseIl. Itwas expectedthat over-
pressures in Phase I would be s» small
that no airblast damage would result,

The principal objective of this program
during Phase II was to ¢ cument airblast
for use in the event of claims, and to
provide a better vnderstanding of airblast
from rows and arrays of charges.

This sectiion is an abstract of a
more complete report of the program
published by the Sandia Lzboratories
(Ref. 21).

PREDICTIONS

While airblast measurements have
been made on many single-charge
chemical-explosive cratering detona-
tions,”“ *“ and a few row-charge detona-

tions 30:31,33-35 419 array-charge det>-

2
naitions,:‘]s"'7

there were two conditions
on Project Tugboat for which there was
little experience,

First, the explosive was an aluminized
ammonium nitrate slurry (AANS), Most
previous airblast data were for TNT and
nitromethane (NM) cratering explosions,
The AANS hzs a total heat of detonation
of 1700 cal/g, compared with 1093 cal/g
for TNT and 1227 cal/g for NM. Detona-
tion velocities for the same three explo-
sives are 13,100 to 18,000, 23,000, and
27,700 ft/sec, respec:ively.

Secondly, the charges were placed in
vrater-covered coral limestone, There
are no reported airblast measurements
for charges detonated in coral or other
water-covered media, although data have
been reported for explosions at various

Phase [ Predictions
With so little precedent on which to

base pressure expectations, the predic-
tions for Phase I were made in a simple
way. Predictions of peak overpressure
as a function of charge burial depth data
were avzilable for a series of 1000-1b
TNT shotsZ? in Albuquerque alluvium,
Data were for a scaled distance of 5 ft/
lb1/3, or 63 ft from a 1-ton charge. A
limited number of NM detonations in the
same soil showed peaks higher than those
for TNT by a factor of 1,57 for the
ground-shock-induced peak and a factor
of * 67 for the gas-vent peak., The over-
pressure predictions for each Tugboat
I’hase I detonation were based on the more
conservative NM data and were as shown
in Table 27, All overpressures were
assumed to aitenuate with distance as R~

Phase II Predictions
Phase II predictions wers made follow-

ing the Phase I detonations and were
based on an analysis of the Phase I data.
Each of the three Phase II events involved
a planned detonation of four 10-ton
charges at burial depths of 42 ft—about
the burial depth of the Echo zvent, De-
tails are given in Table 28. Overpres-
sures produced by the Echo event would
be the lowest possible from a Phase il
event were there no addition of overpres-
sures from individual charges or were
only one of the four charges detonated.
Preliminary information indicated that
the Echno event gave a peak ground-shock-
induced overpressure of 0,022 psi at

3000 ft, the approximate distance to the
nearest private property subject to poten-
tial blast damage. This overpressure

d:pths in water.38'4o and an R~l aiteauation rate constituted the
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Table 27, Detonation summary and predicted overpressure for Phase I,

i
i
3

Wind Over-
direction Depth ., , Pressure
and  Charge . p of Spated predicted
Deto- velocity weight DOB DCB~ water 1/ al 3 /
t nation  Date  Time (ft/sec)  (ib) w0 (@S R psi)
u la  11/6/69 9:01 [ESE 29 2,000 1633 17.33 5 1.38 0.019
] 1b 11/6/69 11:01 ESE 23,5 2,000 16.66 17.86 5 1.42 0.015 3
t lc 11/4/69 10:01 ESE 37 1,975 20,12 21,72 6 1,72 0.009 s
1d 11/5/69 5:01 ESE 29 1,950 24.74 25.84 5 2,05 0.0068 1
le 11/7/62 11:01 ENE 22 20,000 41.6 42.9 7 1.58 0.010 E
3Below Mean Low i.ow Water. 3
bBelow actual water surface.
Table 28, Summary of Phase II detonatioas, 4
3 Wind
] direction Depth L
and velocity a of Delay p
s Detonation Charge Date (ft/sec) DOB water (sec) E
3 II-ABCD 4/23/70 SSW 4-9 0
| I-A 43.2 8
3 II-B 43.2 5
If-C 42.6 7 ]
II-D 41.0 6.5 ;
-EF° 4/28/70 WNW 7-10 0.1
II-E 42.1 6
I-r 42,4 7
I1-1JKL 5/01/70 W 9-10 0 ]
] I-1 41.9 6.5
if-J 41.7 6 E
In-K 42.1 5.5 i
I-L 41.5 5.5

>

2Below Mean Low Low Water. 3
b'l'he other two charges in this row (II-G and II-H) did not detonate as planned (see
Section 2),

et b & A il

Table 29, Data for iive-charge square array detonation, one charge in center, 64 Ib
TNT per charge, 6-ft burial depth,36

* f
‘ Ground-shock-
i induced peak Equivalent ;
l overpressure for single-charge Ratio of :
g 5-charge array overpressure overpressure
. ‘ Spacing {psi) (psi) array/single 3
| ;
t 10 it or 2.5 ft/1b}/3 0.0121 0.0046 2.85 §
| 16 £t or 4 ft/1bY/3 0.0081 0.0046 1.75 3
i i
1.
~165-
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lower limit of expected overpressures
from Phase II events, An upper limit
would occur were there simple addition
of overpressures from the four charges
of each event, l.ess than simple addition
of peak overpressures was to be expected
for reasons given in the following
paragraphs,

In previous row charge detona.f:ions,28
where 64-1b charges buried 6 it deep
(1.5 7t/1b'/3) ard spaced 8 ft apart (2.0 ft/
lbl/ 3) were detonated simultaneously, the
peak ground-shock-induced overpressures
measured at the same distance increased
with the number of charges as follows:

Off the end of the row:

Ap row  _ n0:05
p single

Perpendicular to the row:
rp row_ _
single = °

where Ap is overpressure and n is the
nvmber of charges in the row, For four
charges of Detonation II-ABCD, these
expressions give rvatios of 1.1 and 3,
respectively,

implicit in the above expressions is
the unproven assumption that values of
the exponent of n are not also a function
of medium, type of explosive, or charge
size. It was observed in the five-charge
Dugout cratering detonations1 that values
were lower than would be predicted with
these assumptions, The spacing pro-
posed for Phase II was larger than any
for which airblast data were available;
however, data for smaller spaciigs sug-

gest that the exponent of n decreases with
increased spacing, so that expected over-

R Ve BRE it ot —an” BRSNS Sk o dh-ae il Gl o ad s el PRELCSL L £ Ml 54

pressures would be less than given by the
above expressions.

Data from similar nonsimultaneous
detonations with about the same scaled
delays as planned for Detonation II-EF
showed that peak overpressures were
below those of simultaneous detonations,

There were no airblast data for square
arrays of buried charges. A five-charge
square array detonation34 of 64-1b
charges at 6-ft burial depth (1.5 ft/lb
gave results at 500 ft as shown in

113,

Table 29, These measurements were
made perpendicular to only one side of
the square, Because of this, azimuthal
effects are unknown, Ratio values for
four charges should be less, The larger
Tugboat spacing (4.4 ft/lbll “ as compared
to 4.0 t‘t/lb1 3) would also reduce the peak
overpressure expected.

In summary both the row-charge and
square-array data suggested peak over-
pressures should not be more than three
times those of the Echo event, Accord-
ingly, predicted overpressures at the
approximate distances to the ten stations
were as giveu in Table 30,

INSTRUMENTATION AND
STATION LOCATIONS

Ten stations were used for all detona-
tions. Their general locations are shown
in Fig, 147, Stations AM-1 th-ough AM~7
were at locations of potential blast dam-
age, Stations AM-8, AM-9, and AM-10
were located on the coral fill area to pro-
vide some close-~in measurements for
astablishing good attenuation curves.
Specific station locations were the same
for both Phase I and 1l for Stations AM-1
through AM-5, Stations AM-6 and AM-7

.were at different locations on the Mauna
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Fig, 147. Map showing locations of air overpressure measurement stations,
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Table 30. Tugboat Phase II range of 2xpected overpressures.

II-ABCD II-EF [1-1JKL
Approx- Approx- Aporox-
imate imate imate

distance Low High distance Low High distance  Low High
Station (ft) (psi) (psi) (5t) {psi) (psi} (ft) {psi) (psi)
AM1 4800 0.015 0,045 4450 0.015 0.045 4200 0.015 0.045
AM2 4000 0.020 0.06 3650 0.20 0.06 3400 0,020 ¢.06
AM3 2900 0.025 0.075 2800 0.025 0.075 2900 0.025 0.075
AM4 3800 0.020 0.06 4150 0.020 0.0% 4400 0.020 0.06
AMS 61590 0.010 0,03 6500 0.010 0.03 6750 0.010 0.03
AMS6 7050 0.009 0,03 7400 0.009 0.03 7650 0.009 0.03
AM7? 8000 0.008 0.025 8350 0.008 0.025 8600 0.008 0.025
AMS8 1200 0.06 0.20 850 0.08 0.25 600 0.12 0.33
AM9 1500 0.045 0,15 1150 0.06 0.2 900 0.075 0.25
AMI10 2350 0.030 0.09 2000 0.035 0.1 1750 0.04 0.12

Kea Beach Hotel roof during Phases I and
II. Stations AM-8, AM-9, and AM-10
were moved between the 1-ton detonations
and the 10-ton Echo detonation on Phase I
and again tc a slightly different location
for Phase II to maintain an almost
straight blast line between the SGZ and
Station AM-2, The stations are more
specifically described in the following
paragraphs:

Station AM-1 was about 40 {t in front
of the Doi general store. The store and
the service station across the street con-
stituted most of ""downtown' Kawaihae,
Both had plate-giass windows with maxi-
mum sizes of about 59 and 30 sq ft, re-
spectively, (A detailed window census is
given in Table 31), There were numer-
ous other windows in the store, house,
and station, with panes of 2.5 to 5 sq ft.
The Chock Hoo store nearby had eight
panes, 2-1/2X2-1/2 ft, as well as
several six~pane casements.

Station AM-2 was acrass the street

from the old school building. Windows

were double-hung sashwith six small panes
each, Most other houses in Kawaihae also
had windews with six-pan. sash.

Table 31, Window census—-Tugboatt.a

Approximate
distance
from SGZ Number of panes
(ft) of each size

3n 4,2 68 B,C 5 cd

434 A, 165 B, 178 C,
2E2Ff

4,000 to 5,000 160 A, 100 B
5,000 to 6,000 20 B, 40 C, 40 E
6,000 to 7,000 nil

7,000 to 8,000 20 C

8,000 to 9,009 97 D, 923 E

2,000 to 3,000
3,000 to 4,000

2From John A. Blume & Associates,
San Francisco, California,

bA size—1less than 2 sq ft.

€8 size—between 2 and 5 sq ft.
dC size~—between 5 and 16 sq ft.
®E size—between 23 and 25 sq ft.
fE‘ size—between 35 and 45 ft,
€D size~—between 16 and 23 sq ft,
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Station AM-3 was 35 ft southeast of the
home of the caretaker of Spencer State
Park. The iiouse was of simple frame
constcuction, with 14 windows containing
double-hung sash, six panes per sash,

Station AM-4 was about 40 ft north of
a guest house on the property of Mrs,
Roth, The property contained a large
number of glass picture windows,

Stations AM~5, AM-6, and AM-7 were
at the Mauna Kea Beach Hotel, Station
AM-5 was about 900 ft from the hotel on
a line toward the explosion location.
During Phase 1 Station AM-6 was on the
roof of the original (high) section of the
hotel at the end nearest the explosions,
and Station AM-7 was on the roof of the
new (low) section, at the end of the hotel
away from the explosions. During
Phase II, Station AM-6 was moved frcm
the corner of the hotel roof to a point well

Table 32. Instrumentation for Phase 1.

Station Gage Serial No.

AM-1S (high) 1670 Transmitter 2t Station 2

12 (low) 12688 Transmitter at Station 2
AM-25 (high) 1740 Transmitter at Station 2
2P (tow) 10771 Transmitter at Station 2
AM-3S (high) 1668 Transmitter at Station 2
3P (low) 17832 Transmitter at Station 3
AM-4S (high) 1665 Transmitter at Station 4
4P (low) 12685 Transmitter at Station 4

AM-5S (high) 1633 Wire to recorder
5 P (low) 17839 Wire to recorder
AM-6S (high) 1635 Wicre to recorder
6P {low) 12686 Wire tc recorder
AM-7S (high) 1626 Wire to recorder

7 (low) 17844 Wire to recorder
AM-8D (high) 44068 Transmitter at Station 10
8S (low) 1742 Transmiiter at Station 10
AM-9S (high) 1744+ Transmitter at Station 10
SS (low) 1667 Transmitter at Stalion 10

AM-10S (high) 1655 Transmitter at Statwon 10
10P (iow) 11365 Transmitter at Station 10

back from the leading edge. Station AM-7
was moved from the roof of the hotel to a
point near the ground in a garden east of
the rooftop location for Phase I, The
hotel had 252 rooms, each with four

3 X 7.5-1 sliding glass doors. Glass and
frames were heavy and exceptionally well-
mounted, The dining pavilion and dining
room both had heavy plate-glass windows
or sliding glass doors (not included in
census) with typical dimensions of 9 X 9 ft
for the pavilion and 8 X 9 ft for the dining
room, Stores znd shops in the hotel con-
tained other glass, most of it facing
inside courts.

Stations AM-~-8, AM-9, and AM-10
were on a coral fill immediately north of
the sxplosion site, Together with Sta-
tions AM-1 and AM-2, they constituted an
almost unidirectional blast line,

Distances from each of the five detona-
tions to each station are given with the
results,” Each station had two gages, one
to measure higher-than-expected over-
pressures and one set to measure the
predicted overpressure. The difference
w..s usually a factor of five. Interim
agjustments were not made in set ranges
but in gage sensitivity. These changes,
based on the results of the first two
events, were necessary only at the three
closest stations,

Gages used were of three types: vari-
able reluctance, unbonded, and bonded,

Table 32 gives gage type and serial
number for each station during Phase I,
A few changes in the types of gages at
each station were made for Phase II.
These changes are given in Table 33.

“See Tables 34a through 34h.
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Table 33. Changes in instrumentation for

Phase II,
Gage
Station Serial No,

AM-2 (high) 1632
{low) 1745

AM-3 (high) 44065
(low) 1743
AM-4 (high) 1631
{low) 1634
AM-6 (high) 44067
(low 1741

AM-9 (high) 44068

AN-10 (high) 44059
{low) 1630

Information from one, two, or three
stations was transmitted by telemetry
from the stations to a recording facility
in Room 753 of the hotel. Information
from gages near the hotel was transmitted
by wire directly to two 7-track tape re-
corders, One tape of each of the first
three detonations was seat daily to a play-
back facility at Barbers Point, Oaltu, to
provide information by which gages could
be set for the next event.

Final playback provided adequate rec-
ords for all except Station AM-1 during
Phase I although signals at distant sta-
tions were degraded by wind noise on
moust 1-ton detonations,

RESULTS

Summaries of results including azi-
muth and distance, set ranges, calibration
steps, arrival times, measured peak posi-
tive and negative pressures, times of
peaks, and measured positive and naga-
tive impuises for all stations are given in
Tables 34a through 34 h., Peak overpres-
sures were always ground-shock-induced

0.006 T 1
0.004
3
| 0.002
4
2 0
¢
* -0.002
| |
1 3 5 7
Time — sec

Fig. 148, Air overpressure record at
Station AM-4 for 1-ton Bravo
detonation of Phase I (1 July

1970).
0.015
0.01
3
| 0.005
o
a 0
[+
a
-0.005

Time — sec

Fig. 149, Air overpressure record at
Station AM-4 for 10-ton Echo
detonation of Phase i,

pulses; gas-venting pulses were very
small and difficull to identify.

Typical pressure-time waveforms for
the detonations are best illustrated by
comparing those at one station for all of
the detonations. Station AM-4 records
provide a good sample, Figure 148 is a
waveform cbserved at Station AM-4 for
the l-ior Bravo detonation, It is typica:
of the 1-ton detonation records at all
stations., The waveform for tha 10-ton
Echo detonation at Station AM-4 (Fig. 149)
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Table 34a. Summary of results — Detonation Alpha,
Cali- Time Time
Azi- {ns- Set  braton of of
muth  tance range step  Arrnal ume p- peak p- calk i -
Station (deg) {ft) (pst)  «ps1) tsec) (ps1- (fec)  (psy) isec) {psi-sec) ipsi-uec)
AN-8D thigh) 5.38 301 930 0,12 0.062,5l 0.245 0.0%8 0.123 0.06? 0.642 0.6%.’ 0.6 %‘3
85 (low) 0.06  0.5206 0.0623 b - ~b -0 ~ -
AN-23 (hgh) .7 69 0,15 06,0224 0.550 ” N.565 €,03 0,021 0.0041 0.0062
55 {low) 0.03  6.0215 0.1272 0,527 0,042 C.539 0.028 0.818 0.0032 0.0063
AM-10S (high) 283 1761 0,08 0,0192 1.432 0.2135 1,355 0.013: 1,762 0.00135  (.00255
108 (low) 0,013 0,003 - -~ £ 0.0037 (M 1,705 = -
AM-3S thygh) 136.35 2286 0,015 0,01 1,012 0.0007 1 692 0,007%5 2,311 0.00142 0.60i86
P (ow) 0,00 p,01¢ 1,011 0,003 1,992 0,0034 2,313 0.C0132  0,00200
AM-28 (high) .52 3435  G,03 0.92 2782 0,0678 2,810 0,0062 3.140 0.00068 0,00177
2P tdow) 2,006 0,0107 2,786 0,008 2.811 0.,0054 3.140 0.0008 0.003%
ANM=4S (mgn) 172,13 3642 0,02  0.0101 3.412 0.00475 3,497 0.00425 3,793 0.0005 0.000838
4P flow? 06,004 0,010 3.411 0.00325 3.496 0,003 2.4802 0,00033 0.00063
d
AM-IS (highd 34540 4310 6,02 0024 - - 4 ¢ - -3 ~
1P o 0,004 0,018 s ¢ -4 d d d —a
AM=58 thigh) 170,28 6417 0,01 0.01 3.470 0.0C32 5,532 0.0028 3.862 0.000345 0.006705
3P tiow) 0,002 0,0057 %433 6.0031  5.547 0,0C25 5,875 0.00043 0.0006%
AN-6S (high) 176.50 7207 0,01 0,000 6,254 0.00‘!265 6.335 0.00(}85 6.580 0.00826 -4
6P low) 0,002 0©,0067 6.255 - 6,302 - 6 547 - ~
AM-75 (hagni 174,08 8273 9,01 0,01t 7.105 9,00142 7.227 0.00187 7.510 0.0003F 0,00052
TP {low} 0,002 0.0101 7.073 0.001922 7,250 0.00195 7.550 6.00C31  0.00058
2 irmtal of froundistransmitted surface wdve,
bl.m‘ned.
“Poor record.
d.\o 1ecord,
Table 34b. Summary of resuits-—Detonation Bravo.
Cali~ Time Time
Az:-  Dis- 3et  bration of of
muth tance range step Arrivai time p+ peak 9~ peak 1+ 1-
Station (deg) () {(ps1}  (psi? {gec) {psi) (s2¢) (pa1)  (sec)  (psi-sec) (psi-sec)
AM-8D (nigh) 358,63 310 0.12 G2 0.0‘!3,a 0.219 C.1 0.248 C.07 0.604 0.015¢ 0.0183
8S dow) ¢.025 0,0206 0,074% 3 % - b -
AM-SS thighy  357.69 604 0,96 0,0224 ~0.463 ? 0,533 8,033 0,85; «<0.9951 «<0,0079
9S (low) 0,012 00215 0.1032 0.455 0,0405 0,306 6,031 0,852 09,0048 0.00815
AM-108 thigh) 0.91 167 0.03 0,092 1,360 0.01% 1.408 0.0:27 1.316 0,017 0,00318
10P {low) 0.005 0,008 - - —£  0.0102(*) 1,763 —< -
AM-3S (rugh) 138.77 2321 0,02 0,019 1,893 0,0139 1,967 0,9083 2,316 0.0013 0.00204
3P (low) 0.003 o0.0:C 1.852 0,0335 1,967 0.0092 2,318 €,00125 C,00226
AM-2S (hugh) 0.3 3345 0,612 0,02 2,730 G.008% 2,780 0.0056 3.167 0,0008 0.00147
2P (low) 9.0025 0,0107 2,707 0.00a35 2,781 0.00565 2.167 ¢.00087 0,0C151
AM-4S (hagh) 132.9% 4124 5,098 0.0191 3.424 0.0064 3.499 0,004 3.802 0.00055% 0,000576
4P flow) 0,002 0,010 3.43% 0,00415 3.500 0,203 3.857 0.00033 0.00062
: d d d d d G [
AM-1S (high) 315,01 3234 0,008 0.02% —_ - _— —_— — — -—
1P (tow) 0,002 00118 -~ -4 ¢ v - -4
AM-58 (high) 179,69 €505 0,008 0,010 5,475 0.003¢ 5,552 0,00385 5,501 0.00048  0,00092
52 Jlow} 0.0208 0.0057 5,472 0,0038 5,552 0.0037 5,802 £5,00038  0.003
AM-6S itigh) 176,59 7393 0,004 0.009 6.223 -2 e -3 eses 3 -3
6P flow) 0.0098 0.0057 6,235 - 6.274 -— 6.7¢0 -—
AM-TS (hugh) 174,45 8338 0.004 0.0%% 7.065(%) k4 .180(2) * ? ? ?
7P Gor} 0.¢008 0,0101 6.500(7) ,004 5.640(% ? 7.653(% ? ?
Sarrial of ground-transmstted aurface wave,
hl.um{ed.
“Poor record,
Na record,
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F Tabie 34c. Summary of results — Detonation Charlie, 4
3 3
1 Cer = Time Time
4 Azi~  Dhge Set bration of o! |8 e 4
4 muzh tance  range step  Arrival ime  p- peak -3 peak a5~ ipsy- E
3 Station (degy 1)) (psi) (ps1) (s2c) (pst) (sec) ipsi} (sec) sec) sec) 3
3
3 AM-8D Gugh) 19,28 356 0,06 6,12 0.072%0.205 0,087 0.280 .0¢2 0.665 06677  0,0135
1 8S (tow) 0,012  0.0206 0.n728 > > 5 & b
! AN-SS (high) 0.03 337 043 0.0224 0,468 €031  0.520 0.0235 0.319 0,008 .00 E
£ 9S Qow} 8,066 0.0215 0.1053 0,350 00383 0.520 0.022 9,922 00937 00857
AM-10S (ughl 3,10 1704 0,015 0,0192 1.330 0.0143 1,423 00033 1.%97 009175 00028 E
10P {low) 0,085  0.008 - ey - L s G poy 3
3 AM-3S (hghd  136.1C 2386 0,009 9,019 1.969 0,0078 2.031 0.0054 2.519 0.00i12 0.0C12 5
b 32 (low) 0.002 0,680 1,651 0.0078 2032 0,00873 2,478 (.00311° 0,602:2
AM-35 Gigh) 2.3 33170 0,506 0,020 2,708 6,0055 2.764 0,0042 3.266 L0072 6,0012% 3
2P (low) A,0013 0.0107 2.1t 0.00575 2.76% 0.0041 3,286 ©£.009TS 000127 3
; AM-4S (ugnht 171,32 4116 0,008  0.0153 3.364 0.00435 3.320 0.00385 3,755 ©0.00044 000083 3
3 4P tlow) 2.60! 9.010 3.358 20038 3.520 00024 3.966 u.00025 O.0006C 1
: ¢ d d d d d d §
A AM-1S Qugh) 346,33 4239 0,684 0.02% -~ - - . — - H
3 1P Qom) 0,003  0.0118 -4 4 & 4 & 0 -2 ;
q AM-5S flogh) 1783 5481 0002 0.0 5.470 0,083 5325 0,002: 3.541 $,0004¢ 9.0005% 3
3 SP {low) 0.0005 9,0057 5.439-5.462 2,0028 35380 0.0071 3 9FF 006081 0.0095%
1 AM-6S (eigh) 173,91 7376 0.002  U.009 6,128 09028 6.303 0.0032 6,851 0.008205 9.00p%: 3
3 3P {low) 2,000 0.0067 ? -~ > - * A -~ ;
3
3 AM-75 Gugh) 173,53 8345 0,002  9.911 s.589 ~4 720 8 s 4 -
3 7P ftur) 0.0003  2.0i02 6,933 0.0036 7.220 0.001% 8635 * " E
3 %2.-r1val of ground-transiz:tted sy oface wave, i
; bimited, 7
3 “Poor recard, 3
3 9o record. 3
1 ;
Tabie 34d. Summary of results—Detonation Delta. 3
Cahv Time T:me 3
Azi- = R334 bration ot of £ 1-
muth  tance range step Arnval time p- peak P peak (psi~ E:
tation {deg) (1) {p=i) {osi) (sec) tps1)  (sec) (s} (sec)  (osi-sec)  sec) E
:
AV-81; Mgk} 16,37 258 0,03 0.12  0.651,2 0,149 0.2 0.185 9.042 0,738  0.00735 0.015i% :
35 flew) 0.606  0,0208 0,027% .}? j’ .‘C 0,750 _°° _&, E
AM-9S Migh) 5,88 543 0,515  0.0224 2377 0,036  0.422  0.021 0980  0.003 3.6383 3
S {low) 0,103 0.0215 ©€.0823 0,397 0.033 0.427 0,02 1,060  9,302¢  0.007"
4
AM-105 (ugh) 372 1612 9,008  0.0192 1.295 00112 1325 9,007 i.246  0.00132  0.0018% i
0P (low) 0.9015 0,008 < £ = - — = - s
el
AM-3S {gh! 138,33 2421 0.9033 0.018 2.027 0.6068 2,092  0,004: 2,65+  0.0008:F 0,00:50 3
3P wov) 0,01 0,010 2,027 0.0066 2.095 00035 2,650  0.09081 0,00173
AM-2S Guah) 2.20 3281 0,003 0.020 2,638 2.6042 2720 0.0035 3.2i3  0.00%34 - 3
2P fiow! 0.0005 0.010% 2.646 0.9032 2721 0.00423 3.20F  0.000355 — 3
AM-4S (hugh)  171.95 3197 0,602 0,010 3.532 0.00%3 1.635 0,0022 4.133 000037  0.00075
3P llow) 0.63¢5 0,010 3,509 00922 3.633  0.0915 4.143  0,08027 0,0033% 3
. d a d ¢ d 4 E
AM-1S fhegh)  345.85 3163  0.00Z  0.02% - - —_ - - - —
1P (low) 0.00ui 0,018 A 4 & = - 4 1
AM-5S Mgkt 172,00 €569 0.003  0.010 5.5i0 000263 3.673  0.001E% £.250  0.00032 0.6G0032 y
5¥ fowi 0,0002 9.9057 5.567 0.00234 %673 0.0016 6,231  0,00032 0.00060 ;
AM-3S (mgh) 176,30 7461 0,001 0,009 €.350 -2 eam -5 iam -3 - k
SP (lows 8.0602 0,0067 6.125(7 =" 6.430(m R TTTLI R, = i
4
AM-7S (mgh}  173.93 ©429 0,001  C.011 — - - - - =t - 3
7P tiow) 0.0%02 0.0101 . - < ~r - _ — :
RAesival of ground-tranamitted sarface wave. §
bl.:mued. A
*Poor record,
No record,
€Sizaal from wiad only.
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3 Table 342, Summary of results —Detonation Echn,

Cali-~ Time Time
Azi- Dis- Set bration of of I+ 1-
3 muth tance range step Arrival time p+ peak peak (psi- (pst
Station (deg) (ft) (psi) (psi) (sec) (psi) {sec) T (sec) sec) sec)

=)
a%
@
z

L
I VPRI GRP P U WOIURE 1T VR TTRACX PR W VTR TICTINY W R TPFROPR PR W% \ VY

3 AM-8D (high) 18,53 285 0,20  0.12  0.0792 0,170 0.259 0,274 0.163  1.031 0.0333  0.0793
; 8S (low) 0.04 0.0206 0.0792 b b b b o b
3 AM-3S (high 19,80 553 0.09 00224 ~0.,413 b b b b 50,0145 0,027
: 9 (low) 0.62  0.0215 01103 0,413 _Db > b o %% 5
AM-10S (high) 19,41 1554 0.65  ©€.0182 0.2102 1.213 - > 0.0367 2.046 >0.005  0.0114 ;
10P (low) 0.01  0.008 021021235 _Db L - -2 <>
AM-3S (high) 134,00 2808 0.,0275 0.£19 2,247  0.0225 2,366 0,0148 3.070 0,0032  0.0064
P flow) 0.0053 9,010 2,238  0,0187 2.370 0.0158 3.060 0,09305 0.00693 ;
AM-2S (high)  7.08 3163 0€.02 0,02 2,540  0.0185 2,627 >0,013  3.362 0.0029  0,0057 3
2P (low) 0,004  0,0107 2,540  0,0185 2.629 0,0115 3.362 0,00313  — 3
AM-4S (high) 166,93 4412 0,012  0,0191 3.632  0.0128 3.744 0,0075 4.451 000125 0.00277
4P (low) 0.0025 0,010 3.617  0.0075 3.746 C.0053 4.460 0,00084 0,00184 4
AM-S (high)  351.14 3942 0.015 0,023 £ £ - £ £ £ - 1
1P (low) 0.003  0,0118 - - ¢ f < < < 7
AM-5S (high) 175.53 731 0,006 0,010 5,604  0.0089 5.730 0,0063 6.460 0,00145 0,00279
5P (low) 0.0015 0,0057 5.596  0.00875 5730 0.066! 6,460 0,00140 0.00272 E
AM-6S (high) 173.30 7646 0,006  0.009 6.360  0,0085 6.196 0,0055 7.245 0,00127 0,00230
6P (tow) 0.0015 90,0067 6.407 _¢ 6490 _S 2 _¢ _<
AM-75 (high) 171,34 8622 0,006 0,01t 7.195  0.0435 7.332 —° > o.0012 b
7P (low) 0.0015 0,0301 7.213  0,0038 7.440 0.0044 8.010 0,00117 0,00198

3Arrival of ground-transmitted surface wzve,
®Limited.

* ®No record.
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) Table 34f, Summary of results —Detonation II~ABCD,

Cali- Time Time

3 Azi- Set  bration Arnval of of 1+ I-
3 muth? Distance  range step time p+ peak  p- peak {psi- (psi-~
Station (det) {ft) (psi} (psi) (sec) {psi) (sec) {psi) (sec) sec) sec)

3 AM-8D (high) 324.54 asa"-xgu"- 0.20 0,245 9.119F 0,0647 0925 0.0773 1656 0.0167  ©.02865
1157 0.817

8S (low)  (332.09) (820-1017- 0.06 0,575 0.118% 0,0628 0,925 0.0770 1.663 0,0166  0.0286
1119) 0.817
AM-2D (high) 327.64  1134°-133¢% 0.15 0,205 0,996 0.0469 1.161 0.0586 1.896 0.0130  0,0210
95 low)  (332.36) (108}}::1:2%6- 0.045 0,063 0,996 00491 1,162 0.0605 1.888 0,0135  0.0285
AM-10D (high, 26.98 zms"-zgvsc- 0.09 0,121 1,883 92,0251 2,030 0.0316 2749 0.0073  0.0131
10S {low) 2 0,03 0.0335 1.883 00248 2,030 —F —£  0.0072 >0.0129
AM-3D (hight 118,67  2e53°-2882°- 0,075 0.0776 2,487 00243 2,532 0,0292 3.300 ©.00640 0.21075
35 {low) 2900 0.025 (og.gzz,;)— 2361 0,0247 2,552 0,024 3.314  0.00675 0,01075

AM-2S (high) 13.47 3672"-3855"- 0,06 0,0612 3,160 0,0149 3.316 0,0200 4,051 0,00450 0.00810

3549
2S (low) (14.34)f (3605-3788- 0,02 0.0198 3,161 0.0153 3.317 0,0202 4,062 0,00459 0.COB15

3883)f
AM-4S (high)  158.17 asas"-ggssc- 0.06 0,051 3,403 0,0150 3,522 0.0160 4.25¢4 0,00495 0.00780
4S (1ow) 109 0.02 €,0194 3.404 0,0150 3,521 0,0163 4,251 0.0C500 0.00780
AM-1S (high)  358.59 4345}’-4300"- 0.045 0,0465 3.821 0.0129 3.978 0.0151 4.698 0,00400 0,C0600
1F (low} b 0,015 0.0141 3,816 0.0102% 3,975 0.0168 4.693  0.00335% 0.00607
AM-5S (high)  170.55 5125"-5395"- 0.03 0.0935 5.346 0,00989 5.475 0.0104 €.112  C.00317 0,00540
SP (low) 6333 0.01 0.0092 5.338 0.00983 5.484 0.0099 6.121 0.00317 0.0054C
AM-6S (high) 168,81 7059"-711)259 0.03 00267 6.218 0.00753 6.342 0.00838 6,994  0,00259 0,00424
6P (low) (709332-3:335- 0.009 ©.0086 6.214 0.00765 6.343 0.00844 6.995  0,00255 0.00431
AM-7S (high) 167.28 8062d-8é27°- 0.025 &.0265 17.02% 0,00550 7.i81 0.00765 7.868 0,00238 0.00373
7P (low) 8285 0,028 0,0077 7.019 0,00472 7.199 £ £ 0,00230 >9,00370

2To midpoint between Charges II-A and {I-D.
5To Charge I1-L.

€To Charge [-B,

9To Charge II-2,

®Direct ground shock arrivei.

Ilnferred from time of positive pezk.
Limited,

hPositi\rtz phase suppressed by RF band width,

3
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Table 34g. Summary of results — Detonation II-EF,

S e o n s o s Pram

f Calh- Time Time ‘
Azi- Set bration Arnval of of I+ I- i

3 muth Distance range  step time pt peak p- peak {psi- (psi- :
Station (deg) (ft) (psi}  (psi) (sec) (psi) (sec) {psi) (sec) sec) see) :

AM-8D (high) 322,73 643b-744° 0,20 0.245 0.161,d 0,162 0,656 0,126 1.402  0,0346 0,0616

3 0,51
3 8S (low)  (335.46)¢ (590-750)¢ 0.06 0.0575 0,160, 9.162 0.652 0,127 1,403  0.0341 0,0614 2
3 0.519
;

4

AM-9D thigh) 327.38e 908b-1016 0,15 0,205 0,749 0,118 0.896 0.087 1,650  0.0244 0.0418
9S (low)  (334,87)° (853-973)¢ 0,045 0,063 0,749 0,122 0,896 0,090 1.650  0.0251 0,0434

; AM-10D (high) 25,62 2846b-1960c 0.09 0.121 1,556  0.0494 1,781 0.0394 2.502 0,0115 0,0189 g
10S (low) 0,03 0.C335 1,566  0,0497 1,781 0,0393 2,502 0.0117 0.0189 3
AM-3D (high) 122.71 2842(:-2911b 0,075 0.0776 2.405  0.0266 2.656 0.0227 3.255 0,00655 0,01050
1 35 (low) 0,025 (+0,027~ 2,405  0,0283 2,655 0.0223 3.254 0,00692 0,01169
0.028)
3 AM-235 (high) 11.82 3443b-3565° 0,06 90.0612 2,878  0.0265 3.117 0,0231 3,846 0,00n700 0,01090 3
1 28 (low) 12,07)¢ (3375-3498)¢ 0,02 10,0198 °,573  0.0265 3.1:18 0,0243 3.859  0,00720 0,01115 1
AM-4S (high) 161.69 4163c-4280b 0.06 0,0591 3,206 0.0209 3.842 0,0150 4,490 0.,00574 0,00901
4S (low) 0,02 0.9194 3,515 0.0211 3.843 0,0148 4.498 0.00501 0,00824 p
AM-5S (high) 172,45 6415°-6538b 0,03 0,039 5,508 0.0132 5.831 0,0097 6.462 0,00332 0,00500 "
5P (low) 0.01 0,0092 5.506 0.0127 5.833 0.0091 6.465 0,00316 0.00480
AM-65 (lmgh) 170,51 7338c-7450b 0.03 0.0367 6.260 ©0.00965 6.671 0,0080 7,230 0.00280 0,00408 :‘
6P (low) (7371-743)¢ 0,009 0,0086 6.260 9.009 6.683 0,00710 7,290  0,00250 0,03380 3
AM-17S (high)  158.82 8342c-8454b 0.025 0.0265 7.210 0.0073 7.490 0,00655 8.120  0,00171 0,003394 ;

7P (low) 0.008 0,0077 7,207 0.0057 7.514 0.0070 8.15% 0.00199 0,00413

ATo midpoint between Charges [I-E and I1-F,
Y7o Charge H-F.
°To Charge II-E,
Direct ground shock arrival,
©Inferred from time of positive peak.
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Table 34h. Summary ¢! results—Detonation Ii-IJKL.

,
b1
ot bt e sm it B A AR AL b £ 6 1Pkt T on ks R as e AT ek erie \.AMJ

Azi- Set bSaatli;o-n Arrival T:)T ¢ Tir;\e I+ t-
muth Distance range  step time pe peak p- peah {ps1- {psi-
- Station (deg) 1) (ps1) (psi) {sec) {psi) (zec) (pst)  (sec) sec) sed)
F AM-8D (high) 284.42 635°702°  0.20 0.245 0.11,¢ 0,326 0.583 0,180 1.321 0,067 0.1245
A 8S (low)  (291.84) (5127-%‘;0- 6.05  0,0575 g::{?:,e >0.2365 —  0.184 1.302 >0.065 0.1235
633)f 0.388
AM-9D thigh) 60,85 g25%-890% 0,15 0.205 0.156% 2.20 0771 0.125 1460  0.048 0.0835
9S (low)  {55.15) (72915-9791- 0.045 0,063 8;?;?,; 0.205 0793 0,130 1,480  0.0495  0.0875
864)f 0.572
AM-10D (mgh) 38,97 1642"-13’229 0.09 0,121 1,343 0.0804 1.596 0,057 2,300 0,0223  0,0380
10S (low) oo 0.03  0,0335 1.325 0.0773 1,597 0,055¢ 2.303  0.0225  0.0363
E AM-3D (high) 127,97 322:?:;:;310“- 0.075 0,6776 2,796 0,0432 2,938 90229 3,675 0.0111  0,0194 :
3S (low? 0.025 (+0,027- 2.775 0.0363 2,937 0,026 3.676  0.06096  0.0157 b
0.028)
1 AM-25 thig) 1278 3122%-3206%- 0.06 0.0612 2,637 0.0370 2,788 0,0343 3.507  .0118  0,0225
1 25 (low)  (18.16)f (aos.:"z:-?;x) 1- 0,02 0.0198 2,633 0.0362 2,788 0.0318 3,507 90,0118  0.0205 i
J
AM-4S thigh) 160,10 460‘1b—-3262:- 0.06 00541 3,938 0.0413 4,146 0,029 4,314  0,00845 0,0142 g
v 4S (low) w2 0.02 00194 3,939 —£ —£ _® —£ 50.00820 >0.C141 ;
AM-1S (mgh) 359,73 3752"-3309°— 0.035 0.0465 3.237 0.0385 3.45¢ 00313 4,045 0.6i02  0.0166 1
1P (low) 1868 0.015 0,0141 3.235 0.0361 3.455 0,0235 4,094 9,0102  0.0145 :
AM-3S (high) 170,89 6816b:6 87°- 0.03 0.029 5,835 0.0266 6,123 0,0160 6.833 0,0573  0,00973
5P (low) 6958 0.01 00092 5,936 0.0245 6,120 0,0155 6.833  0.00555 0,30965 i
AM-6S (high) 169,08 774%“-3315"- 0.05 0,9367 6.763 0,0205 6.997 0.0130 7.687  0.00465 0,00805 '
3P (low) (788}33:?38- 0.009 0.0086 6.761 0.0210 6.996 0,0135 7.587  0.00485 0,00625 3
AM-7S thigh)  167.64 8746b-8§14c- 0.025 0.0265 7,563 2.0161 7.826 0,0124 B.431  0.90138  C.00675 :
7P (low) aaes 0.003 0,0677 7.560 —B £ _R —£  >0.0043¢ >0,00656

3To center of square array.

l"To nearest charge.

€To center of square array.

d'I'o farthest charge,

“Direct ground shork arrival.
flnferred from time of positive pead.
Bi.imited.
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Fig. 150. Air overpressure record at

3 Station AM-4 for Detonation II-
1 ABCD of Phase II (18 August
1970),
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indicates oetter resolution of the individ-
ual peaks making up the first positive
pulse., Records for the three major det-
onations of Phase II, 1I-ABCD, II-EF,
and II-1JKL, are shown in Figs, 150
through 152, These records indicate a
very complex first positive pulse for each
detonation, All records are character-
ized by a large negative pulse (almost as
large as the first positive pulse,, and a
second positive pulse,

DISCUSSION OF RESULTS

Arrival Times

0.03 , ,

0.¢c2p~ —

9.0 - JAJ [\ -

0,04

Pressure == psi
c
{
}
]

Time = sec
Kig. 151, Air overpressure record at
Station AM-4 for Detonation TI-
EF of Phase II,

I |
0.04}~ —
Ed
{ 0.02 —
s
* -0.02} —
| ]
] 3 5 7
Time — sec

ig, 152, Air overpressure record at
Station AM-4 for Detonation II-
IJKL of Phase II (11 August
1970).

Arrival times of the beginnings of the
first air-transmitted signals could not
always be identitied with precision.
Times of peak overpressures, because
peaks were sharp, ordinarily were iden-
tified with an accuracy of 2 msec,

Ambient pressure and temperature
were not measured at detonation times,
but, if sea-level pressure and a temper-
ature of 83°F are assumed, sonic velocity
wvould have been 1145 ft/sec. Plotting of
the arrival time data gave an estimated
velocity of 1180 ft/sec. Differences
between this measured shock velocity and
ambient sound velocity were within varia-
tions attributable to overpressure in the
blast wave and to relatively strong winds

at shot times.

Peak Pressures

Phase 1

Peak overpressures and negative
pressures are plotted vs distance in
Figs. 153 through 157 for the five detona-
tions of Phase I. A linear least-squares-

fit line was drawn for both positive and
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Fig. 157. Measured peak pressure vs dis-
tance for 10-ton Echo detonation
of Phase I,

negative peaks, There is a slightly
greater rate of attenuation of peaks for
the higher-frequency positive-phase am-
plitudes than for those of the lower-

frequency negative-phase, implying a
change in waveformn with distance.

Because nigh ambient wind velocity
affects pressure attenuation with distance,
some azimuthal variation was to be ex-
pected from the high winds, However, it
was difficult to define clearly any trends,
and it was concluded that whatever azi-
muthal effects existed were no large=
than the scatter characteristic ot the
airblast measurements,

Measured peak overpressures are
comyared with predictions in Table 35
aid in Fig. 158 Ground-shock~induced
peak overpressures were five times those
predicted on the basis of measurements
from NM detonations in Albuguerque allu-
vium. This result suggested especialiy
good coupling of the explosion to the
medium, as well as effective shoc« trans-
mission threugh the medium. This, in
turn, led to the comparison in Fig. 159
with airblast from underwater ¢xplo-

38-40 5. reement of Tugboat peak

sions,
overpressures with air-transmitted water-
shock- induced peak overpressures from
other underwater explosions was excellent,
attesting that the effect of coral limestone
on explosion coupling and shock trans-

mission to the surface was small indeed.

Table 35. Comparison of predicted and measured peak overpressure—Phase I,

Peak Peak
Scaled overpressure overpressure
dob predicted at measured at
Detonation (et /1b1/3) 50 ft/1b1/3 (psi) 50 ft/161/3 (psi)
Alpha 1.38 0.019 0.06
Bravo 1.42 0.015 0.054
Charlie 1.7< 0.009 0.046
Delta 2,05 £.0068 0.037
Echo 1.58 0.01 0.050
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Fig, 158, Phase [ peak overpressures
predicted and measured at
scaled distance of 50 ft/1bl/3,

An evaluation of the risk of damage
from airblast was made based on the
Phase I Echo observed peak pressures,
A overpressure of 2 mbar is often
accepted as a threshold for breakage of
large windowpanes, No structure with
glass was closer than about 28C0 ft from
Detonation Echo. The closest station
with windowpanes (Spencer Park) and all
mor e-distant locations were well below
this threshold. Actually, such a thresh-
old does not exist. Reed41 showed that
the probability of glass breakage in-
creaseq as the 2.78 power of overpres-
sure and could be predicted from the
empcical relationship:

R T P o PRIy

St 4 - WRELTVURTETRR AT TSI T TSN

D = 3.71 x 1073 Al-22 52.78
where D is the number of broken panes
per thousand, A is the individual pane
area in square feet, and Ap is overpres-
sure in millibars, This relation gives
the results shown in Table 36 for he
10-ton detonation,

It was cicar thac the probability of
glass breakage was extremely small and
that the Roth estate was the most vulner-
able, Windows at the hotel were espe-
cially well-mounted and the calculated
probability for that location was certainly
an overestimate,

100 = i LR LR} Sl ] LA L LR I.‘

C o Tugboat Phase I peak; 1 ton]

- o Tugboat Phase I peak; 10 tons

| 5 Air-transmitted water- ]

shock -induced peak

]O = 3

] IS ]

| - e 7

o B s\ a .
2

& 1= -

& F 1\ 3

g : OA'phO :

x - Beta O Charlie |

é i Eci?%{)eha i

o
0.1 =
0.01 v gl o4 P aLse
1 10

Scaled burial depth — ft/ib"/3

Fig. 159, Comparison of airblast from
underwater detonations and
Phase I detonations of Project
Tugboat at a scaled distance of
10 ft/161/3,
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Table 36, Estimate of risk ¢f damage frem airblast for Detonation Echo.

QOver- Probability
Pane size pressure of breaking
Station Location (sq ft) (mbar) a given pane
AM-3 Spencer Park 1 1,53 0.000012
AM-4 Roth estate 35 0.94 0.00024
AM-1 Doi store 30 0.82 0.00014
AM-17 Mauna Kea Beach Hotel 81 0.52 0.00013
AM-7 Mauna Kea Beach Hotel 22,5 0.52 0.000027
We—— T Ty times the probability for Detonation Echo,
E High  Low Range 3 or about 0,005 for the Roth estate.
- _low high  sensitivity ]
L o 0  Positive peak
| overpressure i Phase II
) 58 Negctive peak Detonation [I-ABCD peak pressures
3 overpressure 2 are plotted in Fig. 160, The most un-
E Defonation le ? usual aspect revealed by the plot is that
5 i b, o ~r-].]5 A negaiive peaks were about 20% larger
| " \\ + -1 .‘3J than positive peaks. Positive peaks for
o \\ N p.~f the station farthest south {AM-8) were
% 0.1 ;" P.\ \\\ —g low, cdue probably to the station's location
& C h 3 which was on the ground where it was
g : Letrers N SE. \\ : shielded from the direct line of sight to
- i:c;ii:te rention SGZ by the hotel. The negative pulse
0.01 _ffom sg;z to X with its larger duration had a peak not
F measuring station appreciably affected,
E \&: In an experiment30 in dry soil, exam-
- = ination was made of the ratios of pres-
- . sure perpendicular to a row to pressure
0.C01 NIRRT B SN ETY) off the end of the row~ as a function of the

100 1,000 10,000
Distance — ft

Fig. 160. Peak pressure vs distance for
Detonation I1-ABCD.

Since four 10-ton charges were planned
for each Phase Il detonation, the maxi-
mum probabilities of breakage from these
charges {assuming equal distances perpen-
dicular to the rows and comparable mete-

orology) were predicted as 22 1(49-3)2-78;

number of charges in the row, Results
showed that the ratio for ground-shock-
induced positive peaks was close to 1 for
spacing as large as the 100 ft (3.7 ft/lbl'/s)
of Detonation II~ABCD, For Station AM-3,
which was nearly perpendicular to the
row, the ratic with respect to the rest of
the line (most of which was not nrecisely
off the end of the row) wi.s 1,25,

Figure 161 is a plot of peak pressure
vs distance for Detonation I[-EF. Again,
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Fig. 161, Peak pressure vs distance for
Detonation II-EF.

the results of Detonation Echo have been
added for comparison. For Detonation
Echo, peak overpressures were 50%
greater than negative peaks, while for

Detonation II-EF, positive peaks varied
from 13 to 39% greater than peak negative
pressures. An excepticn was the record
obtained at Station AM-7, where positive
peaks were only 80% of the negative
peaks, again attributable to shielding
by the hotel. The negative peak at
Station AM-7 was ccnsistent with those
of other stations,

Station AM-3 showed a positive peak
which was low by comparison with cther
stations, as might be tke case were the
wave propagating upwind, However, the

I T TEI NCAMS ThIT - I PR A o NS R - TA T

wave was propagating downwind, and wind
velocity was quite low,

Measured peak pressures are plotted
vs distance in Fig, 162 for Detonation {i-
IJKL. In this case all four charges deto~
nated satisfactorily and positive peal
overpressures were 50% greater thun
negative peaks,

Probabilities of glass breakags for
Detonation II-IJKL were compuied as for
the Echo detonation, yielding the resulis
given in Table 37.

Maximum probability of breakage
shifted from the Roth estate¢ on the Echo
detonation to the Doi store on the Phase II,
Ii-IJKL detonation. Again, probabilities
at the hotel were certainly overestimates.

‘c T IIIIIWI i LBLRRRE*

High Low Range
icw  high  sensitivity

CrTTINT

(BN

° ¢ Positive peak
overpiessure
Negative peck

pressure

A

-r

Lo &

Detonation
le -0.97
N P

LU l)l”[
13 lljlll

i

0.1

Peak pressure =~ psi
T i lll(r
’
’

1

NS
Letters N, SE,S AN
0.01}—indicate direction N N
from SGZ to measuring N "\
station "

LI SRS

0.00° sl 11 i1k
100 1,600 10,090

Distance — ft

Fig. 162, Peak pressure vs distance for
Detonation Ii-1JKL,

-182-

ki1

K adh e,

[P NPT I




. T S

Table 37. Estimate of risk of damage from airblast for Detonation II-IJKL.

Over-~ Probability
Pane size pressure of breaking
Station Location (sq ft) (mbar) a given pane
3 Spencer Park 1 3.05 0.00008
4 Roth estate 35 2,18 0.0025
1 Doi store 30 2,72 ©.0038
7 Mauna Kea Beach I:otel 81 1.29 0.0016

Bh UL AR AR A T it st it it i St T (I S AL N R

Although probabilities of breakage were
greater than for the single charge, they
were acceptably small for a field oper-
ation.

Impulse

Phas.e I

Even where wind noise is appreciable,
positive-phase peak overpressures can be
determined with reasonable accuracy if
the rise between arrival and the peak is
clearly defined. However, the records
show that impulse included an effect of
wind, Measured impulses, therefore,
were adjusted by defining arrival time,
fixing zero pressure and impulse at ar-
rival time, and adding or subtracting
either a constant or lincar pressure vari-
ation from the pressure-time record to
achieve an impulse-time record of char-
acteristic shape. These adjusted impulse
values, both positive and negative, are
plotted vs distance in Figs. 163 through
167,

For all detonatiuns, negative-phase
impulse was larger than positive-phase
impulse. Midrange ratics of negative-
phase to positive-phase impulse were
1.7, 1.75, 1,75, 2.25, and 2, respectively,
for Detonations Alpha through Echo. In
Fig, 168, values for positive-phase im-

PV

pulse are compared as a function of

scaled buria! depth at a scaled distance

of 50 it,’lbll 3. Whan the positive-phase
impulse of Detonation Echo was scaled to

1 ton for comparison, it fell below the
impulses for the 1-ton detonations. (Agree-

ment was much better for negative-phase

i = UL B YTy
C High Low Range ]
" low high sensitivity 7}
. o o  Positive impulse .
o1l o &  Negative impulsef=
o A -1.02 ]
° I ~ * -
¥ ! - i
g8
| 0.01k- -
2 = 3
S n 3
. N -
E i N
.00 b~
- o
Q. 0001 o e IR
100 1,000 10,000

Distance — ft

Fig. 163. Impulse va distance for l-ton
Alpha detonation,
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Fig. 168. Positive impulse for Phase
events,

impulse.) This low impulse was probably
due to a reduction in pressure between
the two pressure spikes which occurred
on most Echo records, but a reason

for this reduction was not obvious.
Direct airblast measurements have not
often been made as far out as 50 ft/lbll’ 3.
Unextrapoiated data available for compar-
ison with any but the closest Tugboat
stations were sparse, Data scaled to
1 ton were added to Fig. 168 for compari-
son, including one detonation in Nevada
Test Site alluvium, one in dry lake playa,
and eight in Albuguerque alluvium, Tug-
boat impulses were roughly five times
+iiose from detonation in soil—the same

multiple found for peak overpressure.

This result was quite unexpected, inasmuch
as the positive impulse for shots in
soil included contributions of both the
ground-shock-induced and gas-venting
pulses, whereas no gas-venting pulse was
identified in the Tugboat Phase I meas-
urements.,

Gas-venting pulses were not discern-
ible in either these Tugboat Phase I
records or the Pre-Gondola III t'ecords.37
In both cases motion-picture films showed
almost uninterrupted mound growth into a
high vertical cylinder. Venting of explo-
sive gases appeared relatively late, by
which time the cavity had grown to
uimensions permitting cavity pressures
to approach ambient pressure. (In dry
soils cavity gases vent relatively earlier,
while the mound is dome-shaped and
cavity pressures are still relatively high.)
Venting times for Tugboat Phase I were
estimated from motion pictures to be 120,
130, 200, 220, and 200 msec, respectively,
for the Phase I detonations. Because
positive-phase durations for the 1-ton det-
onations were about 250 msec, a gas-veni-
ing pulse, were it to be observed, would
occur just before crossover. It is pos-
sible (1) that gas pressure could cause
the mound to grow at a higher velocity
and (2) that the mound- growth piston could
impart some of the gas pressure impulse
to the single pulse which was observed.

Phase II

Impulse vs distance is plotted in
Figs. 169 through 171 for the three deto-
nations of Phase II, When the entire
blast line was considered, rates of atten-~
vation for the three muitiple-charge det-
onations were close to that of the single~
charge detonations. Ancther common
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Fig. 169. Impulse vs distance for II-
ABCD detonation,

feature was that the difference between
positive and negative impulse was always
less for the multiple-charge detonations
than for the single- charge detonation,

Ratios of the multiple-charge impulse
to the single-charge impulse increased
from Detonation II-ABCD through Detona~
tion [I-IJKL and were roughly equal to the
number of charges, if it is assumed the
two low-order detonations of IT-ABCD
made little cortribution, The time delay
between the two charges of lI-EF provided
greater impulse than the simultanecus
detonation of II-ABCD where the effective
number of charges was greater than 2 but
less than 4.

s S ke s A T A T =~

Five 64-1b charges in a square array
with one charge in the center gave ratios
of positive impulse for the array to im-
pulse for a single charge of 3.23 for a
charge spacing of 2.5 ft/1b}/3 and 3.05
for a charge spacing of 4 ft/lbl/ 3. The
corresponding value for the four charge:s
of II-IJKL was larger., Either because of
the medium or the type of explosive, the
maultiple charges of the Tugboat series
produced more airblast relative to a sin-
gle charge than was seen for TNT charges
in a dry soil,

Comparison of Waveforms

Four charges were detonated simulta-
neously in Detonation [I-ABCD. Charges

]o: 4 1 ll]‘lll 1 l‘lll"l-
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. o ©  Positive impulse -
WL © & Negative impulse__
- ]
g . J
r Detonation e .
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\
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Fig. 170, Impulse vs distance for II-E¥
detonation,
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Fig. 171, Impulse vs distance for II-IJKL
detonation.

II-A and II-B were high-order detonations
with the plume from II-A initially lagging
behind that of II-B., Plumes of I[-C and
II-D were small, indicating low~order
detonations even though the shocks from
all four charges appeared to reach the
water surface at about the same time.
Stations to the north which were off the
end of the [T-ABCD row of charges showed
maximum overpressure shortly after
shock arrival, followed by a sharp decay,
then rose to a second but smaller peak
120 msec after the first, foliowed by a
third small peak about 140 msec later,
and that in turt. followed by a still smaller
peak about 200 msec after the third
(Fig. 172). Thus, al’hough four peaks

#: r-- identified, for the four-charge event
ntzrvals between peaks made it clear that
no one peak should be identified with a
particular charge.

Station AM-3 (Fig, 173), which was
more nearly broadside to the row, also
showed the high initial peak followed by a
sharp decay and an irregular rise to a
final peak of lesser amplitude about
3380 msec after the first peak. This time
interval was much greater than could be

0.01 _
Z
| 0 amaer /\v
o
2 -0.01}- —
¢
& .0.02}- -
| 1
0 2 4 3

Time — sec

Fig, 172, Station AM-2 record for Deto-
nation [[-ABCD, typical of sta -
tions to north of SGZ (14 August

1970).
0.02}— A _
— A
g 0.01- -
' Jr AN
® 0 A |
2
$ -C.01 - —
a.
-0.02 - —
] 1
0 2 4 6

Time — sec .

Fig. 173, Station AM-3 record fcr Deto-
nation II-ABCD showing slightiy
different wave form broadside
to row (14 August 1970j.
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explained on the basis of the space inter-
val between charges in the row,

Station Am-4 to the south (see Fig. 150)
showed three peaks of approximately equal
amplitude with an interval of about
150 msec between each pair, Peaks at
Stations AM-5 and AM-6 were similar,
whereas at Station AM-7 the peaks were
indistinct,

Charges for Detonation II-EF were to
be fired with a delay of 0.1 sec between
charges, beginning with Charge II-E.
Only Charges II-E and [I-F detonated,
Because spacing between charges was
120 ft, shock transit time (assuming
spacing between charges equaled spacing
between points at which ground-shock-
induced pulses from each charge became
air transmitted) was about 0,1 sec, and it
was expected that to the north the peaks
would be superimpcsed, Actually, two
peaks were observed (Fig, 174) and were
separated by about 160 to 120 msec.

At Station AM-3 (Fig, 175) the wave-
form was quite confusing-—a dominant
peak flanked earlier and later by second-
ary peaks of lower amplitude. Two
approximately equal peaks separated by
0.1 sec would have been expected at a
station perpendicular to the row,

At Siations AM-4, AM-5, AM-6, and
AM-7 waveforms were similar to that at
Station AM-3, whereas two approximately
equal peaks separated by about 0.2 sec
were anticipated.

Detonation II-IJKL was s simultane-
ously detonated square array, Had pres-
sure been measured directly opposite a
side of the square, a peak from the near
two charges followed by one from the far
two charges would have been expected,
Measured off the corner of the array, a

P T g s e e i B R PG

peak from the near charge would have
been seen, followed by a dominant peak
from the two equidistant charges, followed
by a final peak from the charge at the
opposite corner,

Station AM-~-8 was almost precisely
opposite a side of the square, The wave-
form showed two pronounced peaks, the
second larger than the first, followed by
two peaks smaller than either of the first
two. The waveform at Station AM-9

0.04 i T
- .02+ —
a8
’ j\
o 0 o
2
]
a -0.02+ —
| |
0 2 4 6

Time — sec

Fig. 174. Station AM-2 record for Deto~
nation II-EF showing two pri-
mary peaks in first positive

pulse,
= 0.02 =
a
!
2
g
e -0.02 - -]
] ]
0 2 4 6

Time — pst

Fig. 175. Station AM-3 record for Deto-
nation II-EF showing very com-
plex first positive pulse,
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0.2+ —
&
i 0.1 —
g
a-
0.1 —
| |
0 2 4 6
Time = sec

Fig, 176. Station AM-9 record for Deto-
nation II-IJKL showing two
prominent peaks in first posi-
tive pulse as would be expected
in direction perpendicular to
one side of array (30 July 1970),

0.04 1 |

Pressure — psi

| !
) 2 4 6
Time — sec

Fig. 177, Station AM-2 record for Deto-
nation II-IJKL (30 July 1970),

(Fig. 176) was similar, even though its
location was displaced from the ax’s of
the square. Stations AM-2 (Fig. 177) and
AM-4 were approximately opposite a cor-
ner of the square and waveforms were
about as expected. Waveforms at Sta-
tions AM-1 and AM-10 (Fig, 178), dis-
placed slightly from the diagonal axis of
the square, were similar. It was antici-
pated that Stations AM-3, AM~5, AM-6,
and AM-7 would have waveforms like

041 I I
s 0.05H 7
o
|
8 0 J'A'I\Y /\\
2
g
< .0.05} —
1 ]

0 2 4 6
Time — psi

Fig. 178. Station AM-10 record for Deto~
nation [I-IJKL (30 July 1970).

those of Stations AM-~1 and AM-10, Wave-
forms of Stations AM-3 and AM-7 were
close to those of Stations AM~! ana AM-10,
but the waveforms for Stations AM-5 and
AM-~6 were more nearly similar to those
of Station AM-4. The abrupt change
between Stations AM-6 and AM-7 cannot
be explained, inasmuch as the difference
in azimuth was no more that 2 deg.

Attenuation of Peak Pressure
and lmpulse

Table 38 gives results of log-log
least~square fits to data of the Phase 11
detonations and a comparison with Deto-
nation Echo, Secparate fits are provided
for north and south lines and for all sta-

tions combined, Primarily because of
low posi ve peaks at Station AM-8, atten-
uaticn rates along the south line were
greater than zlo.g the entire line. On
Detonation II-IJKL high positive and neg-
ative peaks at Station AM-4 contribuied
to the greater attenuatioa rate along the
south line. Along the north line, attenua-
tion rates were quite similar to those
along the entire line,
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Table 38, Summary of attenuation equations for airblast data.

1-ABCD 1I-EF I-IJKL Echo

Peak positive overpressure

All stations  Ap+ = 189r 136 Ay 9gq 71198 apy o 5171002 pp, o gy, 1,058

South only  Op+ = 18565 1406 Apy - 148371608 Apy - gg3s 1418 ppy o 40,70-794

Northonly  Ap+ = 187¢ 2190 Aps = 10551037 Apy 25071187 pApy o 197,71-097
Peak negative pressure ‘

All stations Ap- = 208 1134 Ap- = 154, 1-102 Ap- = gqr 0972 Ap- = s6r 1-030

Southonly  Ap- = 126r 1083 Ap. = 99370158 Apl 237931399 Ap. - g5 1e34]

Northonly  Ap- = 114r 030 Ap. 25450952 Ap. 2990997 pp. - qp3.076
Positive impulse

All stations I+ = 12 0-993 I+ = 28y 1-038 I+ = 38, 1.000 1+ = 6,770-969

South only I+ = 36r 1-073 1+ = otor 41 gy o gy, 1.099 1+ = 4,70 0-920

Northonly I+ = g2 1-034 1+ = 117 %1 I+ = 38,1000 I+ = 7,77 0-981
Negative impulse

All stations  I- = 277 0-983 I- = 51,1050 I- = gg 1039 I- = 21,7 1-016

- - - 5 -
South only - = 44, 1-03% i- = 156 1+181 1- = 3297 1185 I- = 2937 1313
North only  I- = 377 1-031 i- = 32,°0-982 I- = 1057 1-063 I- = 267 1052

Table 39, Comparison of airblast data from single- and multiple-charge detonations.

Ratio of multiple-charge airblast overpressure

to single-chargc airblast overpressure

Peak positive overpressure
Peak negative pressure
Positive impulse

Negative impulse

0.95
1,73
1.86
1,58

1.39
1.68
2,15
1.84

2.46
2.39
3.94
3.33

Comparison of Single-Charge and
Multiple-Charge Yea ressure
and Impuisc

Table 39 summarizes the comparison
of airblast parameters for Phase II deto-
nations with the single-charge Echo det-
onation. The comparison was made from
fits to the entire line at an approximately
midrange distance of 3000 ft, Variations
of peak pressures with azimuth about
each of the three shots were relatively

small because (1) on [I-ABCD only Sta-
ticn AM~3 was close to perpendicular to
the row, (2) on U-EF no staiions were
precisely perpendicular to a line between
the two charges detorated, and (3) on
IT-IJKL no consistent azimuthzel differ-
ences in waveform were evident. Fits
to all the data may give pressures
higher by a few percent than would have
been obtained solely off the ends of the

rows,
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Average ratios of overpressure trom
the Phase II multiple-charge detonations
to overpressure from the Echo detonation
are given in Table 39, The spacings for
Fhase II charges were greater than any
for which previous inforimation was avail-
able. Detonation [I-ABCD showed a
multiple- to single-charge ratio of peak
ground-shock-induced overpressure of
0.95. Corresponding values for rows of
64-1b charges at closer spacing approx-
imated 1,

For the square array detonation,
[1-WJKI., a ratio of 2,46 (Tavle 38) was
observed for positive peaks, Data from
five 64-1b charges gave 2.85 for the spac-
ing of 2.5 ft/1b}/3 and 1.75 for 4 fp!/3,
It was anticipated that the Detonation I~
IJKL ratio would be less than 1,75 both
because of the larger spacing (4.4 ft/lb1/3)
and because there were only four, rather
than five, charges in the array.

SUMMARY

Positive peak overpressures and posi-
tive phase impulse from the Tugboat
Pnase | explosions were about five times
those predicted on the basis of measure-
ments made from cratering explosions in
soil, Peak overpressures estimated by
applying multiple-charge overpressure
amplification factors to the Detonation
Fcho results were small enough that the
possibility of blast damage on the Phase If
detonaticns was expected to be acceptable,

Peak overpressures for the [I-ABCD,
II-EF, and I[I-1JKI. multiple-charge
Phase II detonations were approximately
1, 1.4, and 2,5 times that for a single-
charge detonation having a yield equal to
one of the charges in the multiple~-charge

w7 W T ATTREAIFwWR T T PTG TR e W BAARTRTTR TR T e ¥ T TR R R T TR AR =

array, Positive impulses were about 2,
2, and 4 times that for a comparable sin-
gle charge, These data indicate that in
Detonation II-ABCD, Charges [I-C and
II-D contributed very little to the positive
phase impulse observed. The data per-
taining to the reduction of overpressure
from the delay of successive charge deto-
nations in a row were not adequate to
draw more definite conclusions.

No glass was broken, and estimates of
the probability of breakage based on max-
imum measured peak overpressures were
never greater than five panes per thousand.

CONCLUSIONS

Project Tugboat has provided data for
airblast from detonations in submerged
coral which were not previously available.
Ground-shock-induced peak overpres-
sures were about five times those pro-
duced by TNT and NM in dry soil but
close to those produced by detonations in
water and in a saturated clay shale. Gas
venting peaks were very small {as they
were for NM detonations in saturated clay
shale) and could be identified only by time
of arrival. The conclusion is that
the magnitude of the gas-venting pulse
is more dependent on medium than on
explosive type. The relation of peak
overpressures to cavity pressure at
the time of mound rupture should be
investigated in future experiments in
water-saturated media, Possitly be-
cause of the two low-order detonations,
the waveforms of Detonation [1-ABCD
were not as expected. Detonation
II- EF should have had nearly single-
peak waveforms to the north and double
peaks separated by about 0.2 sec to the
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south, Instead, double peaks were sepa-
rated by about 0.1 sec to the north, and

at most other stations the peaks consisted
of a dominant peak flanked by peaks of

lesser amplitude. The conclusion is
that the origin of all of the individual
peaks in the first positive phase is not

fully understood.

Section 8
Pressure, Acceleration, and Velocity Measurements
in Water Surface Layer

PROGRAM OBJECTIVES

The K-Division of the Lawrence Liver-
more Laboratory, fielded an instrumenta-
tion program designed to measure shock
pressure, velocity, and acceleration in
the surface water layer over five of the
twelve 10-ton charges detonated during
Phase II. The objective of the program
was to develop instrumentation and field-
ing techniques that would furnish the
experimental data needed to determine
the amount of energy imparted to the
water by the explosions. This informa-
tion can be used to compare with computer
calculations in an effort to understand the
cratering phenomenology in water-covered
and saturated media, "

EXPERIMENTAL PROCEDURES

The twelve charges were planned for
detonation in three salvos of four charges
each, Two of the planned detonations
were instrumented. On the first saivo
(II-ABCD), one canister was located on
the surface (WS-1) and one submerged to
about 2 ft off the coral surface (UW-1),
Both canisters were over Charge I1-D,
On the last salvo (II-IJKL), a submersi-
bie canister was tocated over each of the

four charges about 2 ft off the coral
surface,

The instrumentation canisters housing
the transducers and associated electron-
ics were attached to the explosive fill
pipes., This was done with 10-ft alumi-~
num beams in such a way as to allow only
vertical motion of the instruments. This
technique was used to insure proper gage
orientaticn to the shock wave regardless
of the wave action at detonation time,

The canisters were designed to be about
107 buoyant in sea water and were set
free from the aluminum arms and fill
pipe by means of explosive bolts a few
milliseconds before detonatioa, Signal
transmission was via a special water-
blocked, neoprene-jacketed RG-58 elec-
tronic sigral cable to the recording
trailer located about 1500 {t from shore
on the coral fill area. A styrofcam float
near each canister was used to store
coiled signai cable, This coiled cable
was designed to supply additional record-
ing time by uncoiling with the expanding
water surface, In addition, an anchored
rope float line was used to deploy the
cables to shore. This prevented cable
damage from the sharp coral formations,
Figure 179 is a plan view of the charge
array and the K-Division instrumentation,
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Fig. 179, Plan view of instrumentation
layout,

Figure 180 shows 2 typical instrument
canister installation and the canister loca-
tions with respect to the explosive charge.
Figure 181 shows the instrumentation
hardware both before and after installation,

The K-Division instrumentation partic-
ipation on Project Tugboat was conceived
at a late date. A period of just over 2 mo
lapsed between conception and field execu-
tion of the surface instrumentation pro-
gram. Consequently, in such a short
time the gage canisters could be designed
and fabricated cnly for a maximum accel-
eration of 1500 g,

The following were the useful ranges
of the
Pressure gages —-3000 psi
Velocity gage —400 ft/sec

First type of accelerometer —
1000 g

Second type of accelerometer —
3000 g

Frequency-modulated systems were em-
ployed for signal transmission and were
combined at the instrumeniaiivia ranister
to conserve on cable runs to shora., The
transducers were used with 1-MHz center
frequency (1200 kHz deviation) voltage-
controlled oscillators, The variable
reluctance transducers were used to
frequency-moduilate a dual-oscillator,
balanced modulator circuit. Center car-
rier frequencies for this system ranged
from 25 to 100 kHz with center carrier
deviations of 4 kHz.4 3 These frequen-
cies and the 1-MHz VCO frequencies
were then combined on a single cable, In
addition system power requirements were
supplied on this catle, The UW2 and
UW4 systems were an exception and each
required two coaxial cables,

RESULTS

The initial salvo (Detonation 1I-ABCD)},
which was instrunented with canisters
WS-1 and UW-1 on C-.arge II-D, was d=t-
onated on 23 April 1970, It was ascer-
tained after the detonation that Charge
I1-D was considerably less in explosive
yield than anticipated. However, good
data were obtained from both canisters,
The signal cables remained intact for
over 3 sec. This long coverage made it
possible to record the entire velocity
time-history of the water mound, Peak
velccities of 66 and 61 ft/sec were re-
corded by the subsurface and surface
gages, respectively. In addition, the
surface velocity gage indicated a velocity
increase due to the gas acceleration phase
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Styrofoam cable

support float
Signal cable
S
|
Mean low tide water surface Lr
“B”
. i‘-—w ft ———o
* u
Coral surface C wAN -
/0
)
Instrument 39 ft 4 in.
canister
f \
\ llR“
Instrument canister locations \ |
Water Radius
Canister Charge ::yer (R) 1o
desig- desig- Distances (ft ickness  HE center
nation nation ____"‘r_‘(i T OA+B(Rt)  (R) \
Ws-1 D 83 0 8.3 a7\
UW-1 D 2.4 5.9 8.3 37.7 \
uw-2 1 3.8 8.5 12.3 39.1 : J
Uw-3 J 3.5 8.5 12.0 38.9 Al
Uw-4 4 4.6 7.9 125 40.5
Uw-5 L 2.3 3.2 5.5 42.7

Fig. 180, Diagram of typical instrument canister installation.

of the explosion. Peak accelerations mounted in the bottom of the submers-

of 356 and 311 g were recorded from ible canister recorded 414 psi. Table 40

the subsurface and surface gages, summarizes these data, and Figs. 182

respectively. The pressure gage and 183 are photographs of each sigaal,
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Table 40,  Instrumentation results from Churge 110 Detonation,

Time of

Radlus to signal signal
center of time of Peak cable
Type of charge arrivaol signal hreakage
Canister No, instrument (ft) (msec) value (Bee)
Uw-1 Pressure gage 37.6 #,1 414 psi 3
(subsurface fo e \ . ny ol R .
canister) Veloeity gage 37.7 24,5 65.9 ft/sec 3
Accelerometer 37,7 $,2 366,6 g 4
Ws-1 Accelerometer 43,7 8,2 all g 4.5
(surfac. Velneity gage 43,7 20,59 61,1 ft/sce 3.5

canister)

ac, .. ;
Surface water beging to move,

Instrument
conisters

”~
ey

: §tyrofoom
: qule floats

, ] a) Velocit e signol (100 msec/em;
(a) l'nsf'n:'rre'r.w conisters being prepared for (a) ~30 ft}lsegggcm;gpook(zignalz 61.1 ft /sec).
installation,

’”i’hyo‘r_o target on HE pipe

Styrofoom float with extra cable SN

-

' (b) Accelerometer signal (2 msec/cm;
(b) WS=1 canister as installed on Charge 11 =D, ~ 300 g/cm; peak signal: 311 g).

I"ig, 182, Surface canister (WS-1) data
I“ig, 181, Instrumentation systems, from Charge I1-1),
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Table 41, Results of {nstewmentation on Chiaepess =1, Had, TR, and (-1,

Trme of

Rodius to Sipal Alnud
conter of Pt ol eiahle
Type of churge arrival 17l hrenkape
Canister No, instrument o) (e ) arnplitede (1mire)
[BAVEE Pressure gnge 3,1 N None i
Charge 1=l Velneity page 4ol None None w1
Accelorometer At 4,0 2700 g 11,0
UW=-5 Pressure gage HHRA a0 Y018 pai (]
Charge L= Veloelty gape A0 t,0 Ny i,
Accelerometer SHRL 0 X 6o
(satuzated)
Uw=-2 Pressure gage 40,5 DD L35 pai 6,0
Charge 1I-K Velocity gage 40,5 None None 6.0
Accelerometer 40,5 nA 2680 ¢ "t
UW=3 Pressure gage 42,7 .0 2258 pui 6,2
Charge I1-1. Velocity gage 42,7 None None 4.0
Accelerometer $2,7 1.8 HITH ) 4,0
(saturated)

(0) Velocity guge signal (100 msec /em; {b) Accelerometer signal (2 msec/cm;
~30 ft/sec/em; peak signal: 65.9 ft/sec). ~150 g/cm; peck signal: 356.6 g).

(¢) Pressure goge signal (0,5 msec /cm
(7.5-msec delay); « 400 psi /cm; negotive
signal indicotes positive pressure |,

Fig., 183, Subsurface canister (CW-1) data from Charge =1,

it}



(o) Charge M=l (accelerometer signul: HY Cru ed (pressure goge signals
0.2 msec/em (3,5=myec deluy); u. 2 mawe /em (5-msoc deloy);
~700¢g/em|. ~ 1650 pai Zem],

Mg, 184, Prednaec g oo berar ooy stpttad, o oo d et s [ed,

(oY Chuge 1=K {pressure gage signal:
{a) Chorge I!=K [accol ‘o1 signol: 1,2 maue Zem (5-msec deloy);
0.2 miec/cm (5=sc. ‘s ~770¢ Jem]. CAB0 i e,

(e Chearge H-l [prossure guge «inal;

'o G, Veprwer "m (4,2emy0c delay
Z ~ 2200 yri Tom (negative signal i

gty ante cable ook g ar 4§ oo,
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The last salvo (Detonation II-1JKL.)
was detonated on ! May 1979, with signif-
icant but less desirable instrumentation
results. Each cherge performed prop-
erly and resulted in accelerations which
were nearly double the design limit of the
gage canisters, Exceeding the design
limit resulted in the 2arly destruction of
the canisters and the loss of considerable
data, Peak accelerations of 2780 g and
pressures of 2513 psi were recorded.
The signal cables were severed as early
as 3.3 msec and as late as 11,0 msec.
Velocity data were not obtained for any -
the charges. Table 41 summarizes the
data obtained, Figures 184 and 185 show
the pressure and acceleration signals,

e

CONCLUSION

Project Tugbozt was very useful in
developing LLL's cagability to in.irument
Indeed, it
wae fortuitous for the program that the
instrumeated Charge II-D went at a much
lower yield than anticipated as much more
information was obtained about the over-

surface water environments,

ail capability of the instrumentation.

Data were obtained which can be used
to develop calculationai codes for harbor
cratering detonations., Calculations were
not made for Tugboat due to the lack of
funds for the extensive programs needed
to obtain equation-of-states for both the
coral formation and the HE energy source.
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