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INTRODUCTION

This report summarizes efforts begun in 1970 under the sponsorship

of the Office of Naval Research (ONR) to develop a new method of tunnel-
ing in hard rock. The goa! was to develop improved tunneling techniques
2 that would contribute to the economic feasibility of hardened deep
underground facilities such as communication systems or underground
command, control, and communications (C3) facilities. Most recently the
Civil Engineering Laboratory (CEL) effort in this project was supported
by the Director of Navy Laboratories.

Basic Concept

The concept is based on use of controlled stress waves to fracture
rock as a method for tunneling in hard rock. By creating a sufficiently
short compressive stress pulse in a hole drilled in the center of a
cylindrical block of rock, the outer surface of the rock can be spalled
when the pulse is reflected as a tensile pulse at the free face. The
process is illustrated in Figure 1. Briefly, the rock face is trepanned
with conventional cutters to create a free-standing horizontal core the
diameter of the desired tunnel. A center hole is drilled concentric to
the core, and stress pulses are created in the center hole by the electro-
hydraulic effect. Coring and trepanning advance as the outer surfaces

of the core are spalled by successive pulses. Continuous operation

produces a step-tapered core section as the tunneling machine advances.

Initial Studies and Tests

Initial studies consisted of defining the process analytically and

physically and conducting tests with small explosive charges on Hydro-




stone specimens (Ref 1). The propagation of the stress wave through the
rock and its reflection at the free surface were described by simple
analytical methods and by a dynamic finite element numerical analysis.
The results of both methods indicated that a major problem with the
concept is the spatial attenuation of the stress wave as it propagates
outward from the center hole. Difficulties arise when the peak pressure
required at the face of the center hole exceeds the dynamic crushing
strength of the rock material. The analysis also indicated that the
tangential stresses that contribute to radial cracks tend to lag behind
the radial stress peak; thus, desired spalls might be achieved without
producing radial cracks.

Tests conducted with small chemical explosive charges in 300- and
600-mm diameter Hydrostone specimens verified the analytical results.
The tests demonstrated the desirability of using water as a coupling
medium between explosive and rock. By using successively smaller amounts
of explosive in waterfilled holes, the desired spalls were achieved with
virtually no radial cracks (Figure 2). The feasibility of achieving

second and third spalls after the initial break was also demonstrated.

Results of Early Experiments

The success of the initial experimental efforts led to an attempt
to spall granite specimens with an electrohydraulic stress wave source
(Ref 2). The electrohydraulic equipment consisted of a power supply
with a nominal output of 5 kJ per discharge for up to 3 discharges per
second, a capacitor bank containing six 7.5 pYF capacitors in parallel,
and a power head containing the electrode gap. The controls were modi-
fied to permit single discharges at a peak voltage of 17 kV or a maximum
energy of 6,500 kJ per discharge. Granite specimens were 38 cm in
diameter by 46 cm high. Stress pulses were produced in a 5 cm diameter

center hole 28 cm deep.
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The equipment proved to be incapable of fracturing the granite in
any mode. Apparently, very little of the capacitor bank energy was
transmitted to the rock. Possible sources of energy loss were long
cables between the capacitor bank and power head, strain energy absorbed
by a waterproofing liner in the hole, and incomplete discharges.

The analytical portion of this effort led to the development of an
approximate expression for determining the stress pulse characteristics
necessary for circumferential spalls. The equation expresses the ratio
of the peak stress on the walls of the center hole g, to the stress
pulse duration T in terms of rock properties and geometry. This ratio

can be expressed as:
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dynamic tensile strength of rock

td

c = stress pulse propagation velocity in rock
n = stress pulse decay constant for rock

d' = thickness of the desired spall

R = outside radius of the core

r, = radius of the center hole

Subsequent tests with the electrohydraulic pulser (Ref 3) verified
several of the hypotheses regarding energy losses. Leads between the
capacitors and the power head were reduced from 40 m to 0.6 m, and the

polyurethane liner was removed. Hydrostone specimens were used to




obtain comparisons with previous tests using high explosives. The tests

showed that the equipment was capable of fracturing Hydrostone, but the
failure mode was similar to those observed in the high explosive tests
when the pulse duration was too long. The results indicated that further

equipment modification would be necessary.

EXPERIMENTS

The objective of the experiments described here was to reduce the
stress pulse duration by decreasing the capacitance C of the electrohy-
draulic pulser. Reference 4 and the circuit analysis in Reference 3
indicate that shorter stress pulse durations can be produced by using
less capacitance. For usual values of resistance and inductance the
pulse duration is approximately proportional to QET A possible benefit
of this approach is that the energy output per pulse is directly propor-
tional to the capacitance for a constant discharge voltage. Thus, if
the specimen could be broken with the lower capacitance discharge, less
energy would be required for the fragmentation process.

The tests included fracture attempts with three different levels of
capacitance. All except one of the original capacitors in the CEL
electrohydraulic equipment were disconnected to provide 7.5 pF, and two
additional capacitors of 1.0 and 0.1 PF were purchased. These modifica-
tions permitted pulse durations of 8.7, 3.2, and 1.0, relative to the
shortest duration; and maximum energy per discharge was 1,080, 145 and
14.5 J, respectively. The test setup was similar to that described for
specimens 8 and 9 in Reference 4. That is, holes were drilled through
the length of the specimens and linear spark gaps were used. The spark
gap was 20 mm in all cases. All tests were conducted with capacitors
charged to 17,000 V.




With the single 7.5 pYF capacitor, the pulser broke two Hydrostone
specimens in the same manner. The failure mode was the same as that
obtained with high explosive charges that produced long duration pulses.
Discharges using the 1.0 and 0.1 PF capacitors did not produce any
cracking in the specimens, even after several shots. Discharges from

the 0.1 pF capacitor were barely audible.

DISCUSSION

The experimental results were inconclusive. One is tempted to
conclude that some capacitance between 1.0 and 7.5 WF could produce the
desired spall pattern. However, a cross-over point between radial
fractures and no fractures may occur without passing through a region in
which spalling occurs. It may be possible, with the limitations of the
present equipment, to encounter a region in which the stress pulse would
be short enough to create spalls, but the peak pressure would not be
high enough to exceed the tensile stress of the material. Reference 5
shows that for a given discharge circuit, the peak pressure varies with
the voltage. Thus, since the present equipment was operated at maximum
voltage, higher peak pressures could not be achieved.

It is ironic that the same factors that limited the success of
these tests are the major attributes of the electrohydraulic effect.
Specifically, the peak pressure and the pulse duration can be altered
almost independently of each other. If the equipment has the necessary
range of capabilities, any desired combination of these properties can
be produced by changing the voltage and capacitance. These features
would also be advantageous for tunneling-machine applications, because
they would permit tailoring the stress pulse to the requirements of the

rock being excavated.




Since the original goal of this effort was to investigate a concept
for rock breakage that could be adapted for rapid tunneling, it would be
useful to review the results from the high explosive tests for extrapola-
ting potential performance of a tunneling machine based on these princi-
ples. Tests on a 30-cm diameter specimen of Hydrostone indicated that
three shots would be required to advance the face a distance of 5 cm.

If we take an extreme case and assume the energy per pulse is 10,700 J
(Ref 3), the specific energy would be 9.1 J/cm3. This value compares
very favorably with specific energies of 50 to 200 J/cm3 for present
tunnel-boring machines (Ref 6). In the same manner we can extrapolate
to a 4-m diameter tunnel. If we assume each spall is 1/4-m thick by
1/4-m long, seven pulses will be required to advance 1/4 m. If the
energy required per pulse is scaled by the ratio of new surface area
created by spalling the outermost layer, the energy per pulse would have
to be 910,000 J or a total of 6,300,000 J for 1/4 m advance. The result-
ing specific energy would by 2.0 J/cm3. If a similar extrapolation is
made based on the specific energy required to spall the outermost layer,
the energy per pulse would be 3,800,000 J, and the specific energy would
be 8.5 J/cm3. Both of these values represent significant energy savings
over tunnel-boring machines. If the electrohydraulic equipment were
powered by a 500 kW source, it could supply one pulse every 7.6 seconds.
This would produce a maximum advance rate of 28 cm/min.

Constructing a full-scale prototype to meet these requirements
would not be easy. Peak pressures on the order of 1,600,000 kPa would
be required to spall hard rocks like granite. Pressures of this magni-
tude would probably produce localized crushing around the center hole.
Pulse durations would have to be on the order of 60 ps or less. 1In
order to satisfy these requirements the voltage on the capacitors would
have to be on the order of 300 kV. High voltage equipment of this

magnitude may be difficult to design for the typical tunnel environment.
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The interpolation from the 300-mm specimens to a 4-m diameter
tunnel was based on "worst case'" test data. The calculations indicate,
however, that the concept is marginally feasible. If the "best case"

data are used the resulting prototype characteristics would be as follows:

Energy per pulse 800,000 J
Specific energy 1.8 J/cm3
Maximum advance rate (500 kV power source) 130 cm/min
Maximum voltage 130 kV

Although these reults are overly optimistic, they demonstrate the great
potential of the proposed tunneling concept. If these characteristics
can be achieved, they would represent an order of magnitude improvement

in hard rock tunneling technology.

ALTERNATIVE CONCEPTS

The use of controlled stress waves to excavate hard rock is such a
promising concept that other stress wave sources should be considered in
case electrohydraulics prove to be impractical.

A reasonable first approach would be to investigate concepts that
use chemical explosives in a controlled, continuous process. Using the
same extrapolation procedures as for the electrohydraulic concept, the
amount of explosive required per pulse would be between 160 and 770
grams of TNT equivalent. One method of creating the stress pulse would
be to pump a diluted liquid explosive into the center hole and detonate
it with a relatively low energy spark discharge. A primary difficulty
with this approach is the safety aspects of such an explosive in a
tunnel. Handling safety could be achieved by using a two-component

system (each component of which is not sensitive until mixed). Problems




of fumes and containment would be difficult to overcome unless remote-
control methods could be used to keep personnel away from the face of
the tunnel. The design of hardware that could absorb such blasts on a
continuing basis would also be difficult.

Another approach to consider is that of other configurations in
which the stress pulse would not attenuate as rapidly as in the cylindri-
cal diverging configuration. An ideal configuration would be use of a
converging cylindrical stress wave with the present configuration;
bowever, the problem of creating such a stress wave in the outer kerfs
seems formidable. Rectangular and triangular kerfs have also been
considered, but the problem of creating high magnitude stress pulses
over large areas still exists.

The spiral blasting technique is a concept proposed by others that
also uses stress waves and tensile fractures to advantage (Ref 7). 1In
this concept blast holes are drilled along radial spokes so that the
holes for each succeeding spoke are deeper. The process is started with
a plane free face along a drill line. The adjacent row of spokes is
loaded and blasted so a wedge is spalled. Succeeding rows of drill
holes spall succeeding wedges, and the tunnel advances along a spiraling
face. The basic concept is not new, but its mechanization is relatively
recent. A presently proposed method uses small explosive charges to
spall the wedges as protected drills are creating the next series of
blast holes. Electrohydraulics might be easily adapted to this method
because the energy and voltage requirements would not be excessive.
Electrohydraulics could help increase the advance rate because it would

require less delay time between shots.

SUMMARY AND RECOMMENDATIONS

This report has traced the history of the development of a concept
for hard rock tunneling which uses controlled stress waves rather than

full face cutters to remove rock. Initial successes with small explosive
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charges led to a series of experiments with electrohydraulic stress wave
sources in order to develop a continuous tunneling process. Although

the electrohydraulic equipment available could not produce the desired
fracture pattern, data from these experiments and from the high explosive
tests were extrapolated to a full-scale tunnel. The extrapolation
indicated that the concept may or may not be feasible, depending on the
assumptions. Alternative stress wave sources and tunneling geometries
were discussed.

This study to date has been supported by funding which was ear-
marked for high-risk/high-payoff investigations. Unfortunately, the
results have shown that the basic concept is still in that category.

The major roadblock is the development of a stress wave source. The
most promising source appears to be electrohydraulics, but more basic
research is needed to permit full understanding and control of the
stress wave characteristics. Chemical high explosives might also be
used as stress wave sources. Therefore, future studies of the proposed
tunneling technique should be devoted to synthesizing and characterizing

a suitable stress wave source.
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Figure 2. Spalled specimen from high explosive test series.
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NAVFACENGCOM - SOUTH DIV. Code 9. RDT&ELO, Charleston SC; Dir.. New Orleans LA; ROICC (LCDRR.
Moeller), Contracts, Corpus Christi TX

NAVFACENGCOM - WEST DIV. 102; 112; 408, San Bruno CA: AROICC, Contracts, Twentynine Palms CA: Code
04B: 09P/20; RDT&ELO Code 2011 San Bruno, CA

NAVFACENGCOM CONTRACT AROICC., Point Mugu CA: AROICC, Quantico. VA: Code 05. TRIDENT,
Bremerton WA; Dir, Eng. Div.. Exmouth, Australia: Eng Div dir. Southwest Pac, Manila. PI: OICC. Southwest
Pac. Manila, PI; OICC/ROICC, Balboa Canal Zone: ROICC (Ervin) Puget Sound Nava! Shipyard, Bremerton, WA:
ROICC (LLCDR J.G. Lecch), Subic Bay. R.P.; ROICC LANT DIV., Norfolk VA: ROICC Off Point Mugu. CA;
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ROICC, Diego Garcia Island; ROICC, Keflavik. Iceland: ROICC, Puacific, San Bruno CA

NAVHOSP LT R. Elsbernd, Puerto Rico

NAVMAG SCE, Guam

NAVMIRO OIC, Philadelphia PA

NAVNUPWRU MUSE DET Code NPUBO (ENS W. Morrison), Port Hueneme CA: OIC, Port Hueneme CA

NAVOCEANO Code 1600 Bay St. Louis, MS; Code 3432 (J. DePalma), Bay St. Louis MS

NAVOCEANSYSCEN Code 409 (D. G. Moore), San Diego CA: Code 5224 (R.Jones) San Diego CA: Code 531 HT)(E.
Hamilton) San Diego CA: Code 6700, San Diego, CA; Code 7511 (PWO) San Diego. CA: SCE (Code 6600). San
Diego CA

NAVORDSTA PWO, Louisville KY

NAVPETOFF Code 30, Alexandria VA

NAVPGSCOL Code 61 WL (O. Wilson) Monterey CA; LCDR K.C. Kelley Monterey CA

NAVPHIBASE CO, ACB 2 Norfolk. VA: Code S3T. Norfolk VA: Harbor Clearance Unit Two. Little Creek. VA
OIC, UCT ONE Norfolk, Va

NAVRADRECFAC PWO, Kami Seya Japan

NAVREGMEDCEN Code 3041, Memphis, Millington TN: PWO Newport RI; PWO Portsmouth. VA: SCE (D. Kaye):
SCE (1 CDR B. E. Thurston), San Diego CA: SCE, Guam

NAVSCOLCECOFF C35 Port Hueneme, CA; C44A (R. Chittenden). Port Hueneme CA; CO, Code C44A Port
Huereme, CA

NAVSEASYSCOM Code OOC (LT R. MacDougal), Washington DC; Code SEA OOC Washington, DC

NAVSEC Code 6034 (Library), Washington DC; Code 715 (J. Quirk) Panama City, FL

NAVSECGRUACT Facil. Off., Galeta Is. Canal Zone: PWO. Edzell Scotland: PWO, Puerto Rico: PWO. Torri Sta.
Okinawa

NAVSHIPREPFAC SCE Subic Bay

NAVSHIPYD CO Marine Barracks, Norfolk, Portsmouth VA: Code 202.4, Long Beach CA: Code 202.5 (Library)
Puget Sound. Bremerton WA: Code 380, (Woodroff) Norfolk, Portsmouth. VA: Code 400. Puget Sound: Code 404
(LT J. Riccio). Norfolk, Portsmouth VA; Code 410, Mare Is.. Vallejo CA; Code 440 Portsmouth NH: Code 440,
Norfolk: Code 440, Puget Sound. Bremerton WA; Code 440.4, Charleston SC; Code 450. Charleston SC: L.D.
Vivian; Library, Portsmouth NH; PWD (Code 400), Philadelphia PA: PWD (LT N.B. Hall). Long Beach CA: PWO.
Mare Is.; PWO, Puget Sound; SCE. Pearl Harbor HI; Tech Library, Vallejo. CA

NAVSTA CO Naval Station, Mayport FL.; CO Roosevelt Roads P.R. Puerto Rico: Engr. Dir.. Rota Spain: Maint.
Cont. Div., Guantanamo Bay Cuba; Maint. Div. Dir/Code 531, Rodman Canal Zone; PWD(LTJG P.M.
Motodlenich), Puerto Rico; PWD/Engr. Div, Puerto Rico; PWO Midway Island: PWO, Guantanamo Bay Cuba:
PWO, Keflavik Iceland; PWO, Mayport FL: PWO, Puerto Rico; ROICC Rota Spain: ROICC, Rota Spain: SCE.
Guam; SCE. San Diego CA; SCE. Subic Bay, R.P.; Utilities Engr Off. (LTJG A.S. Ritchie). Rota Spain

NAVSTA BISHOPS POINT Harbor Clear. Unit one, Pearl Harbor, HI

NAVSUBASE LTJG D.W. Peck, Groton, CT

NAVSUPPACT CO, Brooklyn NY; CO. Seattle WA; Code 4. 12 Marine Corps Dist. Treasure Is.. San Francisco CA:
Code 413, Seattle WA: LTJG McGarrah, Vallejo CA; Plan/Engr Div., Naples Italy

NAVSURFWPNCEN PWO, White Oak, Silver Spring, MD

NAVTECHTRACEN SCE, Pensacola FL.

NAVWPNCEN Code 2636 (W. Bonner), China Lake CA; PWO (Code 26), China Lake CA: ROICC (Code 702). China
Lake CA

NAVWPNSTA (Clebak) Colts Neck, NJ; Code 092, Colts Neck NJ; ENS G.A. Lowry. Fallbrook CA: Maint. Control
Dir.. Yorktown VA:; PW Office (Code 09C1) Yorktown, VA

NAVWPNSUPPCEN Code 09 (Boennighausen) Crane IN

NAVXDIVINGU LT A.M. Parisi, Panama City FL.

NCBU 405 OIC, San Diego. CA

NCBC CEL (CAPT N. W. Petersen), Port Hueneme, CA: CEL AOIC Port Hueneme CA: Code 10 Davisville, RI:
Code 155, Port Hueneme CA; Code 400, Gulfport MS; PW Engrg, Gulfport MS: PWO (Code 80) Port Hueneme, CA

NCBU 411 OIC, Norfolk VA

NCR 20, Commander

NCSO BAHRAIN Security Offr, Bahrain

NMCB 133(ENS T.W. Nielsen): 5, Operations Dept.: 74, CO; Forty, CO: THREE, Operations Off.

NORDA Code 440 (Ocean Rsch, Off) Bay St. Louis, MS

NRL Code 8400 (J. Walsh), Washington DC; Code 8441 (R.A. Skop). Washington DC: Rosenthal, Code 8440, Wash.
DC

NSC Code 54.1 (Wynne), Norfolk VA
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NSD SCE, Subic Bay, R.P.
NTC Code 54 (ENS P. G. Jackel), Orlando FL; Commander Orlando, FL; OICC, CBU-401, Great Lakes IL; SCE
Great Lakes, 1L
NUSC Code 131 New London, CT; Code EA123 (R.S. Munn), New London CT; Code TA131 (G. De la Cruz), New
London CT
OCEANSYSLANT LT A.R. Giancola, Norfolk VA
ONR BROFF, CO Boston MA; Code 700F Arlington VA; Dr. A. Laufer, Pasadena CA
PACMISRANFAC CO, Kekaha HI
b PMTC Pat. Counsel, Point Mugu CA
g PWC ENS J.E. Surash, Pearl Harbor HI; ACE Office (LTJG St. Germain) Norfolk VA; CO Norfolk, VA; CO, Great
Lakes IL; Code 116 (LTJG. A. Eckhart) Great Lakes, IL; Code 120, Oakland CA; Code 120C (Library) San Diego,
CA; Code 128, Guam; Code 200, Great Lakes IL; Code 200, Guam; Code 200, Oakland CA; Code 220 Oakland,
CA: Code 220.1, Norfolk VA; Code 30C (Boettcher) San Diego, CA; Code 40 (C. Kolton) Pensacola, FL; Code
505A (H. Wheeler); Code 680, San Diego CA; Library, Subic Bay, R.P.; OIC CBU-405, San Diego CA: XO
Qakland, CA
SPCC Code 122B, Mechanicsburg, PA; PWO (Code 120) Mechanicsburg PA
UCT TWOOIC, Port Hueneme CA
U.S. MERCHANT MARINE ACADEMY Kings Point, NY (Reprint Custodian)
US DEPT OF AGRIC Forest Products Lab, Madison W1
US GEOLOGICAL SURVEY Off. Marine Geology, Piteleki, Reston VA
USAF SCHOOL OF AEROSPACE MEDICINE Hyperbaric Medicine Div, Brooks AFB, TX
USCG (G-ECV/61) (Burkhart) Washington, DC; G-EOE-4/61 (T. Dowd), Washington DC; MMT-4, Washington DC
USCG ACADEMY LT N. Stramandi, New London CT
USCG R&D CENTER D. Motherway, Groton CT
USNA Ocean Sys. Eng Dept (Dr. Monney) Annapolis, MD; PWD Engr. Div. (C. Bradford) Annapolis MD; PWO
Annapolis MD
AMERICAN CONCRETE INSTITUTE Detroit MI (Library)
CALIF. DEPT OF NAVIGATION & OCEAN DEV. Sacramento, CA (G. Armstrong)
CALIF. MARITIME ACADEMY Vallejo, CA (Library)
CALIFORNIA STATE UNIVERSITY LONG BEACH, CA (CHELAPATI); LONG BEACH,CA(YEN)
COLORADOSTATE UNIV., FOOTHILL CAMPUS Fort Collins (Nelson)
CORNE'L UNIVERSITY Ithaca NY (Serials Dept, Engr Lib.)
DAMES & MOORE LIBRARY LOS ANGELES, CA
DUKE UNIV MEDICAL CENTER B. Muga, Durham NC; DURHAM , NC (VESIC)
FLORIDA ATLANTIC UNIVERSITY BOCA RATON, FL. (MC ALLISTER): Boca Raton FL (Ocean Engr Dept.. C.
Lin)
FLORIDA ATLANTIC UNIVERSITY Boca Raton FL (W. Tessin)
FLORIDA TECHNOLOGICAL UNIVERSITY ORLANDO, FL (HARTMAN)
GEORGIA INSTITUTE OF TECHNOLOGY Atlanta GA (B. Mazanti)
INSTITUTE OF MARINE SCIENCES Morehead City NC (Director)
IOWA STATE UNIVERSITY Ames IA (CE Dept, Handy)
VIRGINIA INST. OF MARINE SCI. Gloucester Point VA (Library)
LEHIGH UNIVERSITY BETHLEHEM, PA (MARINE GEOTECHNICAL LAB., RICHARDS): Bethlehem PA
(Fritz Engr. Lab No. 13, Beedle); Bethlehem PA (Linderman Lib. No.30, Flecksteiner)
LIBRARY OF CONGRESS WASHINGTON, DC (SCIENCES & TECH DIV)
MAINE MARITIME ACADEMY (Wyman) Castine ME; CASTINE, ME (LIBRARY)
MICHIGAN TECHNOLOGICAL UNIVERSITY Houghton, MI (Haas)
MIT Cambridge MA: Cambridge MA (Rm 10-500, Tech. Reports, Engr. Lib.); Cambridge MA (Whitman)
NATL ACADEMY OF ENG. ALEXANDRIA, VA (SEARLE, JR.)
NORTHWESTERN UNIV Z.P. Bazant Evanston IL
' NY CITY COMMUNITY COLLEGE BROOKLYN, NY (LIBRARY)
b | UNIV.NOTRE DAME Katona, Notre Dame, IN
OREGON STATE UNIVERSITY (CE Dept Grace) Corvallis. OR; CORVALLIS. OR (CE DEPT, BELL):
CORVALLIS, OR (CE DEPT, HICKS); Corvalis OR (School of Oceanography)
PENNSYLVANIA STATE UNIVERSITY STATE COLLEGE, PA (SNYDER); UNIVERSITY PARK. PA
(GOTOLSKI)
PURDUE UNIVERSITY Lafayette IN (Leonards); Lafayette, IN (Altschaeffl): Lafayette, IN (CE Engr. Lib)
SAN DIEGO STATE UNIV. Dr. Krishnamoorthy, San Diego CA
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SCRIPPS INSTITUTE OF OCEANOGRAPHY LA JOLLA, CA(ADAMS); San Diego, CA (Marina Phy. Lab. Spiess)
STANFORD UNIVERSITY Engr Lib, Stanford CA; STANFORD, CA (DOUGLAS)

5 STATE UNIV. OF NEW YORK Buffalo, NY

4 TEXAS A&M UNIVERSITY COLLEGE STATION, TX (CE DEPT): College Station TX (CE Dept. Herbich)

UNIVERSITY OF CALIFORNIA BERKELEY. CA (CE DEPT, GERWICK): BERKELEY. CA(CE DEPT,
MITCHELL); BERKELEY.CA (OFF. BUS. AND FINANCE, SAUNDERS); Berkeley CA (B. Bresler);
Berkeley CA (E. Pearson); DAVIS, CA (CE DEPT, TAYLOR): LIVERMORE. CA (LAWRENCE LIVERMORE
LAB. TOKARZ): LaJolla CA (Acq. Dept, Lib. C-075A); Los Angeles CA (Engr I, K. Lee); M. Duncan. Berkeley
CA: SANDIEGO, CA, LA JOLLA, CA(SEROCKI)

UNIVERSITY OF DELLAWARE Newark, DE (Dept of Civil Engineering, Chesson)

UNIVERSITY OF HAWAII HONOLULU, HI(SCIENCE ANDTECH. DIV.)

i UNIVERSITY OF ILLINOIS Metz Ref Rm, Urbana IL; URBANA, IL (DAVISSON): URBANA_ IL (LIBRARY):
URBANA, IL (NEWARK): Urbana IL (CE Dept. W. Gamble)

| UNIVERSITY OF MASSACHUSETTS (Heronemus). Amherst MA CE Dept

UNIVERSITY OF MICHIGAN Ann Arbor MI (Richart)

UNIVERSITY OF NEBRASKA-LINCOLN Lincoln, NE (Ross Ice Shelf Proj.)

UNIVERSITY OF NEW MEXICO J Nielson-Engr Matls & Civil Sys Div, Albuquerque NM

UNIVERSITY OF PENNSYLVANIA PHILADELPHIA, PA (SCHOOL OF ENGR & APPLIED SCIENCE. ROLL)

UNIVERSITY OF TEXAS Inst. Manine Sci (Library), Port Arkansas TX

UNIVERSITY OF TEXAS AT AUSTIN AUSTIN, TX (THOMPSON); Austin TX (R. Olson): Austin, TX (Breen)

UNIVERSITY OF WASHINGTON Dept of Civil Engr (Dr. Mattock), Seattle WA; SEATTLE, WA(MERCHANT):
SEATTLE, WA (OCEAN ENG RSCH LAB. GRAY): Seattle WA (E. Linger); Seattle, WA Transportation,
Construction & Geom. Div }

URS RESEARCH CO. LIBRARY SAN MATEO. CA

ALFREDA. YEE & ASSOC. Honolulu HI

AMETEK Offshore Res. & Engr Div

ARVIDGRANT OLYMPIA, WA

] ATLANTIC RICHFIELD CO. DALLAS, TX (SMITH)

AUSTRALIA Dept. PW (A. Hicks), Melbourne
BECHTEL CORP. SAN FRANCISCO, CA (PHELPS)

‘ BELGIUM HAECON, N.V., Gent

BETHLEHEM STEEL CO. BETHLEHEM, PA (STEELE)

BROWN & ROOT Houston TX (D. Ward)

| CANADA Can-Dive Services (English) North Vancouver; Mem Univ Newfoundland (Chari), St Johns: Surveyor.

§ Nenninger & Chenevert Inc., Montreal; Warnock Hersey Prof. Srv Ltd. La Sale. Quebec

e

| CF BRAUN CO Du Bouchet, Murray Hill, NJ

! CHEMED CORP Lake Zurich IL (Dearborn Chem. Div.Lib.) |
| CHEVRON OIL FIELD RESEARCH CO. LA HABRA, CA (BROOKS) ]
F COLUMBIA GULF TRANSMISSION CO. HOUSTON, TX (ENG. LIB.)

‘ DILLINGHAM PRECAST F. McHale, Honolulu HI

| DRAVO CORP Pittsburgh PA (Giannino); Pittsburgh PA (Wright)

NORWAY DET NORSKE VERITAS (Library), Oslo

EVALUATION ASSOC. INC KING OF PRUSSIA. PA (FEDELE)

| FORD. BACON & DAVIS. INC. New York (Library)

FRANCE Dr. Dutertre. Boulogne: L. Pliskin, Paris; P. Jensen. Boulogne: Roger LaCroix, Paris
GENERAL DYNAMICS Elec. Boat Div., Environ. Engr (H. Wallman), Groton CT
GEOTECHNICAL ENGINEERS INC. Winchester, MA (Paulding)

GLIDDEN CO. STRONGSVILLE. OH (RSCH LIB)

i GOULDINC. Shady Side MD (Ches. Inst. Div., W. Paul)

HALEY & ALDRICH, INC. Cambridge MA (Aldrich. Jr.)

g HONEYWELL, INC. Minneapolis MN (Residential Engr Lib.)

ITALY M. Caironi, Milan; Sergio Tattoni Milano; Torino (F. Levi)

MAKAI OCEAN ENGRNG INC. Kailua, HI

JAMES CO. R. Girdley, Orlando FL.

— A‘ﬁ‘A(_

g KENNETH TATOR ASSOC CORAOPOLIS, PA (LIBRARY)
i LAMONT-DOHERTY GEOLOGICAL OBSERV. Palisades NY (McCoy): Palisades NY (Selwyn)
4 LOCKHEED MISSILES & SPACE CO. INC. Mgr Naval Arch & Mar Eng Sunnyvale, CA; Sunnyvale CA

(Rynewicz); Sunnyvale, CA (Phillips)
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LOCKHEED OCEAN LABORATORY SAN DIEGO, CA (PRICE); San Diego CA (F. Simpson)
MARATHON OIL CO Houston TX (C. Seay)

MARINE CONCRETE STRUCTURES INC. MEFAIRIE, LA (INGRAHAM)

MC CLELLAND ENGINEERS INC Houston TX (B. McClelland)

MCDONNEL AIRCRAFT CO. Dept 501 (R.H. Fayman), St Louis MO

MEDALL & ASSOC. INC.J.T. GAFFEY Il SANTA ANA, CA

MEXICOR. Cardenas

MOBIL PIPE LINE CO. DALLAS. TX MGR OF ENGR (NOACK)

MUESER, RUTLEDGE, WENTWORTH AND JOHNSTON NEW YORK (RICHARDS)
NEW ZEALAND New Zealand Concrete Research Assoc. (Librarian), Porirua
NEWPORT NEWS SHIPBLDG & DRYDOCK CO. Newport News VA (Tech. Lib.)

NORWAY DET NORSKE VERITAS (Roren) Oslo; I. Foss, Oslo; J. Creed, Ski; Norwegian Tech Univ (Brandtzaeg).

Trondheim
OCEAN DATA SYSTEMS, INC. SAN DIEGO, CA (SNODGRASS)
OCEAN RESOURCE ENG. INC. HOUSTON, TX (ANDERSON)
OFFSHORE DEVELOPMENT ENG. INC. BERKELEY, CA
PORTLAND CEMENT ASSOC. SKOKIE, IL (CORELY); SKOKIE, IL (KLIEGER); Skokie IL (Rsch & Dev Lab,
Lib.)
PRESCON CORP TOWSON, MD (KELLER)
PUERTO RICO Puerto Rico (Rsch Lib.), Mayaquez P R
RAND CORP. Santa Monica CA (A. Laupa)
RAYMONDINTERNATIONAL INC. E Colle Soil Tech Dept, Pennsauken, NJ
RIVERSIDE CEMENT CO Riverside CA (W. Smith)
SANDIA LABORATORIES Library Div., Livermore CA
SCHUPACK ASSOC SO. NORWALK, CT (SCHUPACK)
SEAFOOD LABORATORY MOREHEADCITY, NC (LIBRARY)
SEATECH CORP. MIAMI, FL (PERONI)
SHELL DEVELOPMENT CO. Houston TX (E. Doyle)
SHELL OIL CO. HOUSTON, TX (MARSHALL)
SOUTH AMERICA N. Nouel, Valencia, Venezuela
SWEDEN GeoTech Inst; VBB (Library), Stockholm
TECHNICAL COATINGS CO Oakmont PA (Library)
TIDEWATER CONSTR. CO Norfolk VA (Fowler)
TRW SYSTEMS REDONDO BEACH, CA (DAI)

UNITED KINGDOM Cement & Concrete Assoc (G. Somerville) Wexham Springs, Slou; Cement & Concrete Assoc.

(Library), Wexham Springs, Slough; D. New, G. Maunsell & Partners, London; Library, Bristol: Shaw & Hatton
(F. Hansen), London: Taylor, Woodrow Constr (014P), Southall, Middlesex; Univ. of Bristol (R. Morgan), Bristol
WESTINGHOUSE ELECTRIC CORP. Annapolis MD (Oceanic Div Lib, Bryan); Library, Pittsburgh PA
WISS.JANNEY, ELSTNER, & ASSOC Northbrook, IL (J. Hanson)
WM CLAPP LABS - BATTELLE DUXBURY, MA (LIBRARY); Duxbury. MA (Richards)
WOODWARD-CLYDE CONSULTANTS (A. Harrigan) San Francisco; PLYMOUTH MEETING PA (CROSS. 111)
AL SMOOTS Los Angeles, CA
BRAHTZ La Jolla, CA
BROWN, ROBERT University, AL
BRYANT ROSE Johnson Div. UOP, Glendora CA
BULLOCK La Canada
F. HEUZE Boulder CO
GREG PAGE EUGENE, OR
R.F. BESIER Old Saybrook CT
R.Q. PALMER Kaitua, HI
SMITH Gulfport, MS
T.W. MERMEL Washington DC
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