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INTRODUCTION

To site, design, and predict the performance of seafloor facilities, some
knowledge of the geotechnical properties (strength, compressibility, stiffness) of
the bottom sediments is necessary. The level of accuracy needed varies greatly,
depending on the importance and size of the facility and on whether siting,
preliminary design, or final design is involved. Also, the amount of areal coverage
required varies with the same items.

For final design of important structures, the geotechnical properties at a
specific site must be known quite accurately (e.g., strength within +15%). The
Civil Engineering Laboratory has explored several procedures to supply the
information needed.

CEL, in its research for the ideal technique, developed a method for obtaining
piston core samples and correcting for sampling disturbance (Lee, 1973).* The cost
of obtaining this information is relatively high, however. In addition, obtaining
coverage over an area or along a route is difficult.

For other than final design of important structures, applications (such as
siting, preliminary design of less important structures, and cable burial), the
geotechnical data need not be as accurate, but large areal coverage may be
required. The Expendable Doppler Penetrometer* was developed, in part, to
satisfy this need. With this instrument, rapid, relatively accurate (+30%)
measurements of sediment strength can be made under almost any sea conditions.
Still, the penetrometers provide only point measurements.

A technique for site and route surveying that provides continuous geotech-
nical data from an underway vessel could greatly augment penetrometer and
coring data and reduce overall cost. Acoustic reflection techniques are obvious
candidates.

A great deal is known about the way in which acoustic waves reflect from the
seafloor and subbottom layer interfaces (e.g., Hastrup,1969; Mackenzie, 1960; Bell
and Porter, 1974). It is known that the physical properties that control acoustic
reflection (density, bulk modulus, rigidity) are similar to those that control
engineering behavior. The major difference is that the strain level developed by
acoustic wave transmission and reflection is several orders of magnitude below
that for full strength development. Since the controlling properties are basically
the same, however, correlations between the two have been found.

Because of the ideal, rapid nature of acoustic profiling and the apparent
potential tie-in to geotechnical engineering, CEL conducted a study to determine

*Further work is currently in process and further information can be
obtained by contacting H. Lee of CEL.
**For further information, contact R. Beard of CEL.
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the applicability of acoustics to geotechnics. First, the current state-of-the-art of
acoustic reflection profiling was assessed to determine how well acoustic
parameters can presently be measured from an underway vessel. Next, it was
determined how well geotechnical parameters could be estimated if the acoustic
parameters were known. These led to immediate use recommendations and
indicated areas where additional research might improve the quality of the
estimates. Finally, a program of research to develop improved estimates was
developed. This report summarizes the findings of this study.

It should be noted at this point that acoustics are not expected to solve all
the problems of marine geotechnology. For final design, coring and detailed
laboratory analysis are expected to remain as requirements. Even for site and
route surveys it will generally be necessary to obtain at least a few cores or
perform a few penetrometer drops. These are needed because acoustics are not
foolproof, and the geotechnical engineer must have a few direct measurements for
proper analysis of the acoustic data.

DEFINITIONS AND THEORY

This section provides the nomenclature and basic theory needed to understand
the rest of the report.

Definitions

Acoustic Reflection. When a propagating sound wave encounters an interface
between materials of differing acoustic impedance (defined below) some energy is
reflected while some is transmitted. Normal Reflection implies that the direction
of sound propagation is normal to the interface; the transmitted sound continues
in the same direction while the reflected sound is returned along its original
course. Oblique Reflection implies that the direction of propagation is other than
normal to the interface. The direction of propagation of the transmitted wave
obeys Snell's Law (law of refraction). Also, the angle of reflection equals the angle
of incidence (see Figure 1 for graphic definitions of these concepts). When oblique
reflection occurs at a liquid-solid interface, two types of waves - compressional
and shear - are set up in the solid. Both obey Snell's Law.

Acoustic Reflectivity, R. The amplitude of the obliquely or normally
reflected wave divided by the amplitude of the incident wave is termed the
acoustic reflectivity of the interface. There may also be a phase shift, ¢, or
change in wave shape. The most recognizable phase shift is ¢ = 180 deg, where
the reflected wave is an inverted image of the incident wave.

Compressional (Longitudinal or P) Wave. Normal sound is transmitted by
material alternately compressing and expanding. This type of wave propagates at
the compressional wave speed, C g, which is a function of the material's bulk

modulus, density, and shear rigidity:




1/2
K+ig

Cy = __p_3 (1)

where K = bulk modulus
G
P

shear modulus

material density

Particle movement is along the axis of wave propagation.

Shear (Transverse or S) Wave. When a solid is stressed transversely (sheared)
by an oscillating driving force, a different type of wave is generated that
propagates at the shear wavespeed, C,. This speed is a function of the shear
modulus or rigidity and density.

e oy S i

Particle motion is perpendicular to wave propagation direction.

Attenuation. Both compressional and shear waves are reduced in amplitude as
they propagate through a medium. Part of this loss is a result of spherical
spreading. This occurs because sound is generally generated at a point and as it
spreads out the acoustic energy must progressively fill a larger volume. The
amplitude is reduced. Absorption occurs as acoustic energy degrades to thermal
energy through friction or other means. Shear and compressional wave absorption
coefficients, ap, and ay, respectively, can be assigned to sediments. Both are
functions of the physical properties of the sediment.

Acoustic Impedance. The acoustic impedance is defined rigorously as the
proportionality factor between pressure and velocity in a propagating acoustic
wave. In simple theory, the acoustic impedance is pC .

Scattering. When an acoustic wave is reflected from a "rough" surface the
returning energy is scattered in different directions. The apparent net reflectivity
is less than it would have been for a "smooth" surface. "Rough'" and "smooth" are
relative terms that depend on the height of the irregularities relative tc the
acoustic wave length.

Focusing. Sound reflecting from a concave upward surface is concentrated at
particular points. When the ship passes these points the apparent reflectivity of
the bottom may exceed 1.0.

Frequency Dependence. Many acoustic phenomena are essentially independent
of sound frequency (e.g., sound speeds, reflection from a nonattenuating medium),




but two items that have a strong frequency dependence are attenuation and
scattering. The attenuation coefficient appears to vary almost linearly with
frequency (Hamilton, 1972), although this subject is being debated in the literature
(Stoll, 1977). Scattering has a more complex relationship to frequency (or
wavelength, as discussed above).

Interference. When sound pulses are reflected from a layered material,
returning pulses may interfere with incident pulses. Interference may be
constructive or destructive, depending on the layer thickness relative to the
wavelength.

Theory

Liquid-Liquid Reflection. The simplest and most commonly applied theory has
to do with normal reflection of sound from a liquid-liquid interface. The
applicable relation is termed the Rayleigh Formula:

PCy - 0, G
B s (3)
OCQ+ poco

where subscript o and no subscript refer to the upper and lower liquids,
respectively.

For oblique reflection the Rayleigh Formula is (after Urick, 1967, p. 127):

P CSL cos b - R Co cos By

R = (4)

p Cgocosb + Py C,cosBy

where 6 = angle of incidence (relative to a normal to the interface)
By = angle of refraction

and 0 are related through Snell's law.

Sediments behave acoustically enough like liquids that these simple equations
have application. They have formed the basis for several field investigations.

Liquid-Solid Reflections (no absorption). For oblique reflection from a solid
that can conduct shear waves (but does not absorb acoustic energy), the
reflectivity is (Merkulova, 1970):

pCy c0522;3t pCtsinZZBt 0.

! SASRIEL P2
cos By cos B ¢ cos 6

R = 2 i (5)
p Cp cos 28t pCtsm 28t poCo

cos B ) ¢ cos B ¢ cos 6



where By and B, are the compressional and shear refraction angles, respectively
(related to € through Snell's law).

Liquid-Solid Reflection With Absorption. The relations for reflectivity and
phase shift for the general case of relfection from a plane surface are given by
Merkulova (197U,. The impedances and angles of refraction are written as complex
variables that include the absorption coefficients. These relationships are lengthy
and will not be included here. However, they have been computer programmed and
will be used in a later section to assess the sensitivity of reflectivity to changes in
the acoustic parameters.

Discussion of Basic Relations. Equation 5 reduces to Equation 3 for normal
incidence. This indicates that it is impossible to determine anything about shear
wave behavior (i.e., discriminate between liquids and solids) from normal
reflectivity. It also indicates that since normal reflectivity is so simply modeled
it may be more usable in the real world where many complicating factors make
data analysis difficult.

Looking at Equation 3, the basic relationship for normal reflectivity, it is
seen that a measurement of R (and a knowledge of Cy and p, for water)yields only
the product pCy . There is no direct way to separate density and sound speed
through a normal reflectivity measurement. However, since most surficial
sediments have about the same sound speed, this is not too significant a problem.
Also, simple oblique techniques exist for measuring sound speed (Dix, 1955; Bryan,
1974), which can be used to isolate density (Porter & Bell, 1974). Whether sound
speed is assumed or measured, the final output of normal reflectivity measure-
ment is sediment density.

Equation 5 and the full liquid-solid reflection with absorption relationships
contain all the acoustic parameters. If the seafloor were as ideal as the conditions
assumed in formulating the equations, reflectivity and phase shift could be
measured as a function of incidence angle and all the parameters obtained. The
most important of these to geotechnical engineering is probably the shear
modulus, G, obtained directly from C; through Equation 2. This parameter relates
to the resistance to shear developed between particles at low strain. It correlates
strongly with the undrained shear strength, which is the resistance to shear at
large strain and is of paramount importance in anchor and foundation design.
Incidentally, the compressional wavespeed, Cg, also depends slightly on G
(Equation 1). However, G is so overshadowed by K in Equation 1 that it would be
virtually impossible to estimate G with any degree of accuracy.

The possibility of measuring shear wave velocity and, consequently, G and
shear strength, s, directly through oblique reflectivity measurements will be
considered in a later section.

PREVIOUS FIELD WORK

Although seismic reflection techniques have been used at sea since the early
thirties, the use of small, nonexplosive sound sources fired at precisely spaced
intervals and recorded on a precision variable density recorder began in the middle
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193¢ (Knott and Hersey, 1956). The technique was called Continuous Seismic
Reflection Proiiling to distinguish it from typical oil exploration geophysical
methods used on land, and later, at sea. Other terms used include subbottom
profiling, geological echo profiling, and continuous acoustic subbottom profiling.
Seismic Reflection Profiling (SRP) is probably the most common term presently in
use.

Early use of SRP followed the techniques of geophysical exploration; that is,
the determination of simple stratigraphy and geological structure. These data
result from the closely spaced firing of a sound source, receiving the echo events
from the seafloor and subseafloor strata, bedrock, fault plains, etc., and
presenting them in analog form (usually with a high vertical exaggeration).

This method, in effect, measured and plotted the sonar range from the survey
ship to various reflectors. Later, workers began to examine the echo itself for
clues as to what kind of a surface reflected it. These early attempts at reflection
analyses were subjective or qualitative. Attempts have also been made to quantify
the acoustic reflection data for more thorough and objective analyses. These three
methods of interpreting the acoustic response of submarine soils - geologic
mapping, qualitative analysis, and quantitative analysis - will now be reviewed
briefly.

Geologic Mapping

Most of the marine geology and geophysical literature is included under this
application of SRP. The work of Curray and Moore (1963) represents an ambitious
but realistic attempt to distinguish facies changes under conditions of marine
transgressions.

Qualitative Analysis

Damuth (1975) reported that the Western Equatorial Atlantic could be
categorized into 1C seafloor provinces based on qualitative analyses of subbottom
reflection profiles. Short pulse length ( <5 ms) 3.5 and 12 kHz sound sources were
used. Many different aspects of the echo events were considered, such as pulse
length, whether or not hyperboli were recorded and their types, the existence of
subbottom strata, whether they were continuous or discontinuous, topography, etc.
Cores were taken in the study area and some correlations were established.
Seafloor areas with numerous coarse-grained strata within the length of the core
could be distinguished from areas with a fine-grained sediment profile. Similar
results were reported by Akal (1974). Damuth's (1975) work was largely geological
mapping by subbottom profiler interpretation with sufficient data (tracklines) to
group the results by areas displaying common characteristics (such as numerous
hyperboli that are always tangent to the seafloor). If a single subbottom profile
had been made across the study areas, some of these aberrations of the recard
would probably have gone unnoticed.

King (1965) was able to distinguish four types of bottom in a survey near Nova
Scotia using an echo sounder of 14.25 kHz and a l-ms pulse length. The
classification was based on the bathymetry, as well as the relative degree of
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compaction of the bottom sediment as suggested by the depth to which the sound
penetrated the bottom. Collected in the study area and analyzed for grain size
distribution were 141 bottom samples.

A joint study of Coos Bay, Ore., by the Army Corps of Engineers and Oregon
State University (1976) attempted to classify bottom sediment types by side-scan
sonar. The textural quality of the recording was used as well as bed forms. The
side-scan sonar provides the parameter of bed form identification not available
from either depth sounder or subbottom profiling acoustics. Combination
subbottom profiles and side-scan sonar units are presently available to provide
data on the detailed shape of the bottom, as well as the geometry (structure) of
the subbottom, plus the various qualitative indications that appear on the
sonargraphs (the limit of whose interpretation is bounded only by the imagination
and ingenuity of the interpreter).

Quantitative Analysis

Danbom (1976) reported the results of an acoustic reflection study in Block
Island Sound, south of Connecticut and Rhode Island. An area that had been
previously mapped by systematic bottom sampling was traversed several times
using a 3.5 kHz acoustic signal. Although the initial signal was not monitored for
intensity, the amplitudes of echo events were measured. The return echoes were,
therefore, assigned a number value and the area was contoured. Nearly 300,000
individual measurements of reflection amplitude were obtained along 182 nautical
miles of trackline. These were grouped into 1,205 data points and contoured.
Analyzed for mean grain size for comparison with the reflection amplitude data
were 84 bottom sediment samples from two different surveys.

Efforts to correlate mean grain size with reflection amplitude met with
difficulties because the amplitudes suggested a range larger than that indicated by
sampling. Errors in positioning between two sampling surveys and the acoustic
survey couid have contributed to the problem. Also, the initial amplitudes of the
acoustic signals may have varied during the survey (20-hr duration). When the
initial signal and the echo amplitudes are measured and compared, the resulting
reflectivity coefficient is independent of instrument variations and so is a more
reliable parameter with which to work.

Akal (1972, 1974) reported efforts to measure bottom reflection loss variation
in the Mediterranean with respect to frequency and angle of incidence, alteration
of the reflected waves, and scattering. The relationship of these measurements to
the physical properties of the sediments was also investigated.

An early and definitive attempt to classify bottom sediments acoustically was
made by Breslau (1965), who measured acoustic reflectivity at many locations in
the North Atlantic Ocean. Results were compared with the physical properties of
core samples. Breslau's results are best summarized in Figures 2 and 3. Figure 2
shows that a bottom loss of 12 db could be interpreted anywhere from 38% to 72%
porosity. Only in the extremes of sediment type (namely, sand and clay) are the
bottom loss data unambiguous. Over an 18-db loss, the porosity varies only from
60% to 72%, while below a 10-db loss, the range extends from 28% to 61%
porosity.
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Figure 3 shows the plot of Breslau's data on a sand-silt-clay diagram.
Although the average values of bottom losses for sand (10.9 db), silty sand (13.8),
sandy silt (15.4 db), and clayey silt (16.0) are reported as being indicative of
sediment type, consideration of Figure 3 suggests that knowing the reflection
coefficient allows categorization into only three sediment types: (1) sand, (2) silty
sand, and (3) sandy silt or clayey silt. Since Breslau's (1965) data did not include
clay, we may assume that when the full gamut of grain sizes are considered, the
reflection coefficient alone (no velocity data) will allow a categorization of data
into four sediment types: sand, silty sand, sandy silt or clayey silt, and clay.

The failure of Breslau's field measurements of reflectivity, R, to correlate
more closely with values of porosity may be due to any of several factors:

I. Acoustic measurements and sediment cores may come from quite different
locations due to positional imprecision, possibly as great as 1 nautical mile on the
shelf where LORAN A was used.

2. Porosity may not be a strong correlation to R in natural marine sediments.
3. Bathymetric irregularities may have caused focusing and scatter.
4. The instrumentation itself is subject to variation and drift.

5. The real variability in sediments may be greater than suggested by the 77
samples.

Barnes et al. (1972) reported an attempt to verify Breslau's work in acoustic
reflectivity field mapping using 2.5 kHz and 41 kHz sources in San Francisco Bay.
The bottom samples collected were positioned by Hastings Raydist. Sixteen core
sites were established (with at least one core per site) on a survey grid totalling
about 26 nautical miles. With Breslau's correlation as a standard, the reflection
coefficient values reported by Barnes et al. (1972) do not match the sediment
types sampled in the survey area. The values of R are about 4 times what the
sediments suggest. Although Barnes et al. (1971) did not mention entrapped gas in
the cores taken, it offers an explanation of the results obtained by these authors.

By far the most comprehensive program carried out to map sediment
engineering and geological properties acoustically has been a joint effort of
Raytheon, Inc. and the University of New Hampshire. This research was pursued
under grants from the National Sea Grant Agency for 4 yr (1970 - 1974). The work
culminated in implementing techniques at sea designed to collect simultaneously
and remotely estimates of compressional wave velocity, attenuation rates, and the
reflection coefficient as a function of incident angle (Bell and Porter, 1974).

Reports of detailed comparisons between acoustics and direct sampling have
not been published by these workers. The most definitive comparison (Porter and
Bell, 1975) involved the acoustic profiling of an area where recently dumped
dredge spoil was mapped by the Raytheon-University of New Hampshire system.
The conventional analog record shows the pre-dredge spoil seafloor beneath the
more highly reflective spoil material. The difference in reflectivity coefficients is
sufficient to delineate the dredge spoil, even to the point of mapping the edges of
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the spoil where it is either too thin or too discontinuous to be mapped by
continuous subbottom profiling alone. No attempt to rigorously compare direct
sampling with acoustics is made.

An added advantage of measuring compressional wave velocity underway was
brought out when the high reflectivity of the dredge spoil suggested the possibility
of entrapped gas. However, since sound velocities were high in the dredge spoil
the possibility of gassy sediments was eliminated.

Porter (1976) describes an experiment where the Raytheon-University of New
Hampshire system attempted to classify sediments acoustically in areas of
unstable sediment in the Mississippi Delta region. Gassy sediment could be located
and identified as such, but the three parameters measured (R, C, and A) were so
strongly affected by gas content that their interpretation became impossible.
Porter (1976) provides no comparison between cores and acoustics, but the purpose
of the survey was to attempt to correlate areas of instability with having
entrapped gas in the sediment.

Although Porter et al. (1974) report extensive physical sampling in support of
their acoustic studies, the details of core location relative to acoustic tracklines
and correlation factors are not presented. However, Raytheon (1975) does report
that it has commonly encountered only a 1% scatter on velocity measurements
and about 109% scatter in calculated sediment densities at the juncture of
intersecting tracklines or during repetitive traverses across the same test sites.
These workers (Raytheon, 1975) also point out that measurements of density and
velocity in control cores along acoustic tracklines show far greater scatter than
the acoustically determined values.

Caulfield et al. (1976) also reported results of reflectivity measurements.
Signals of 12, 7, and 3.5 kHz were used in attempts to measure soil characteristics
through an ice layer in the Mackenzie Delta near Tukloyaktuk, Northwest
Territory, Canada. Four sites were occupied. Interpreted acoustic impedances
were related iteratively to grain size and porosity of sediments to depths 25 m
below the seafloor. The Caulfield et al. (1976) experiment did not provide a basis
for assessing the accuracy of quantitative acoustic measurements. Results of
tests on core samples were used to calibrate the acoustic measurements.
Therefore, good agreement automatically occurred between the two.

Tyce (1976) found wide variation ( >10 db) in subsurface reflectivity results,
using a deep-towed, near-bottom, 4-kHz subbottom profiling system. The causes
of such fine scale variations have not been determined, but the data are
significant to anyone attempting to map the geotechnical properties of the
seafloor by use of reflection coefficient. Measurements of attenuation, compres-
sional sound velocity, and shear strength suggested to Tyce (1976) that the high
subsurface reflection coefficients may be caused by early lithification.

PRESENT GEOTECHNICAL
APPLICATION

In the known field acoustic studies, the only parameters quantified were
relative reflectivity, reflection coefficient, and compressional wave velocity.
From these measurements, density can be directly calculated, and porosity can be

11




indirectly determined. From these parameters a rough grain size classification
was obtained) e.g., sand, silt, or clay).

Shear strength, which is usually the most important parameter to geotech-
nical engineers, was not included in the discussions. The question then arises: can
existing acoustic technology provide any useful information to geotechnologists?
The answer is a tentative yes, particularly for direct-embedment anchors. Figure
4 (from Taylor, 1976) summarizes the results of pullout tests with the CEL 20-kip
anchor through about mid-1974. It shows that the parameter, n (holding
capacity/anchor kinetic energy), is closely related to a rough sediment classifica-
tion (silty sand, stiff clay, or soft clay). At worst, it appears that the holding
capacity parameter varies by only +50% if the classification is known. If the
classification is not known, the parameter can vary between 2 and 11. From the
work of Breslau (1967), Barnes et al. (1971), and Raytheon-University of New
Hampshire (1975), it appears that it is possible to discriminate at least between
sand and clay, using normal acoustic reflectivity. Determining whether the clay is
"stiff" or "soft" may or may not be possible. The difference in density between the
two is not very large, but if a general area is known relatively well (i.e., a few
cores have been taken) it might be possible to pick out stiff and soft spots from
the acoustic records. This technology would need to be developed.

Actually, knowing whether a clay is stiff or soft is not as important as it
might seem. Recent work in predicting long-term holding capacity* (data plotted
in Figure 4 is short term) has shown that the capacity of anchors in stiff,
overconsolidated clays degrades with time. Whether it degrades all the way to the
value for soft clay in the long term is not known, but at least the holding
capacities for stiff and soft clays become closer with time.

* Not included in Figure 4 but also of considerable importance in embedment
anchor design is the influence of exposed or thinly covered seafloor rock. If a
bottom is rocky, the type of anchor used and the sorts of holding capacities
attainable are very different from those in sediments (Wadsworth, 1976). Normal
acoustic reflectivity provides a good means of locating rocky seafloors.

With other types of anchors and foundations, a simple knowledge of rough
bottom classification may not be as valuable. The reason it works so well with
embedment anchors is because of their two phases of operation: penetration and
pullout. If the bottom is soft, greater penetration is achieved, which leads to
higher holding capacities than would at first be expected. Stiff bottoms yield low
penetrations and correspondingly lower holding capacities than at first expected.
Much of the influence of sediment properties is cancelled out. With many types of
foundations and anchors, this is not the case. They are placed in a particular
position (i.e., footing on the surface, cable burial to a predetermined depth) that
does not vary with the sediment type. When the devices are put into service, they
must cope with the conditions present - not those that in some way are
determined by the method of installation. Knowledge of a sandy bottom would still
be valuable since these are generally known to provide a "good" foundation for
small structures. If the bottom is clay, it would probably be necessary, in addition,
to know the shear strength as well. This is not possible at present with normal
reflectivity acoustics. Procedures for estimating shear strength variations from
,sormal reflectivity acoustics in a well-controlled, lightly cored area may be
possible but require development.

*For further information, contact R. Beard, CEL.
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Figure 4. Relationship between the parameter (holding capacity/kinetic
energy) and soil type for CEL 20K direct embedment anchor.

PRESENT USE
RECOMMENDATIONS

As discussed in the preceding section, knowledge of a rough sediment
classification can be quite valuable in certain specific applications of marine
geotechnology. This knowledge appears to be obtainable with several acoustic
systems that have been used: Breslau (1967); Barnes et al. (1972); Bell and Porter
(1974); Arnone (1976). All but the system described by Bell and Porter (1974) used
purely normal reflectivity acoustics. In the present state-of-the-art, therefore,
the bottom (sand, clay, or rock) can be roughly classified using normal acoustic
reflections. Two, or perhaps more, layers can be handled, but accuracy probably
deteriorates rapidly with increasing subbottom depth.

The Raytheon-University of New Hampshire system, designed to have
broader application, utilizes oblique as well as normal reflectivity and has been
used to measure compressional wave velocity rather accurately(+1%).This system
appears to offer little more than the much simpler normal reflectivity systems.
Its major unique capability is the measurement of compressional wave velocity,
which is usually not a particularly valuable parameter, since it could probably be
estimated from the reflectivity or inferred density, or by a technique suggested
by Hamilton (1969) where bottom water velocity is obtained from tables such as
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those published by the Navy Oceanographic Office (1966), and a bottom
water/sediment velocity ratio assigned. The classifications that have been
provided in the Raytheon-University of New Hampshire project reports are based
only on the normal reflectivity. Therefore, for immediate application, it appears
unnecessary to turn to a complex oblique reflectivity system when a simple
normal reflection device appears adequate for rough sediment classification.*

The optimum form of sediment classifier will vary with the engineering
application. For example, for dredging applications a multifrequency device may
be ideal (Arnone, 1976). By using two frequencies, it measures the top of the
"fluid mud" with high frequency sound (240 kHz) and the top of more competent
material that would need to be dredged with lower frequency sound (24 kHz).
This is a good engineering selection for a specific problem.

For Naval construction geotechnical evaluations, different types of systems
would be needed. The two-frequency concept is a good one since it can be used to
sort out scattering effects somewhat and can also be used to estimate
attenuation. However, frequencies lower than those used indredging surveys
appear necessary since materials more competent than fluid mud are usually
involved and penetrations to as much as 10 to 15 m are needed. To achieve
penetrations necessary for direct-embedment anchor surveys, a frequency of
about 3.5 kHz is needed. This is the frequency that was selected for the CEL
anchor-siting and verification tool which has a somewhat similar, though
nonquantitative, function.

To assess the nature of surface material and obtain bathymetry, a frequency
of about 12 kHz should be used. Therefore, a normal reflectivity system that uses
3.5 and 12 kHz and that measures amplitude of outgoing and incoming signals
would satisfy most Navy subbottom depth requirements. The results would be
analyzed using a liquid-liquid model (Equation 3) to obtain sediment acoustic
impedance, to estimate density, and to infer classification. This is a state-of-
the-art application and is relatively simple.

POTENTIAL GEOTECHNICAL
APPLICATIONS

Shear Wave Velocity Measurements

It was suggested earlier in the discussion of theoretical relationships that
since the shear wave velocity of the seafloor enters into the acoustic reflection
equations, it should be possible to measure shear wave velocity using oblique
reflectivity measurements. Shear wave velocity, in turn, relates well to the
undrained shear strength, the prime geotechnical parameter. The Raytheon-
University of New Hampshire system has potential for measuring shear wave
velocity (Bell and Porter, 1974), but thus far has not been applied to this task.
Given this apparent availability of developed theory and working equipment, the
authors proceeded to a sensitivity analysis to evaluate the possibility of

*QOne area where measurements of compressional velocity might be
valuable is in cases of gas-loaded sediments, as discussed previously.




measuring almost directly the shear strength of sediments using acoustics as
follows:

1. The general acoustic reflection model of Merkulova (1970) was programmed to
yield |R| as a function of incidence angle, 6. The parameters of the model are

Cor CprCpr P 05 Op» e

2. The parameters, C g, a9, and @, were set up as direct functions of sediment
density, p, using the work of Hamilton (1974) (@ also requires Cy, calculated
below).

3. The parameters C, and P of water were taken as 1.50 km/s and 1.04 Mg/m3,
respectively.

4. The shear wave velocity, C; , was expressed as a function of undrained shear
strength, s, for clays and relative density, D ., for sands. To obtain this function,
data from Seed and Idriss (1970) relating the shear modulus, G, at very low strain
levels (10-%) to s, and D, were used. These data show G = 2,000 s, for ciays and
G = 1,000 (16 + 0.6 D) (G ) 1/2pst for sands. The term G is the average
effective stress or about 0.60}, Z with ppas the sediment submerged unit weight
and Z as the subbottom depth.

5. The net result of steps 2 through 4 was to express the acpustic parameters in
terms of the engineering parameters, p, s, and D,. It was then possible to
select values of these engineering properties and obtain reflectivity versus 6.

CEL has investigated many sites in the Atlantic and Pacific Oceans. Typical
values of engineering properties for each of these sites were selected and
inserted into the model. The properties of the selected sites are given in Table 1,
and the resulting reflectivity curves are shown in Figures 5, 6, and 7. Since
sediment properties usually vary considerably with subbottom depth, it was
necessary to assume average values over the upper 5 to 10 m. The resulting data
are somewhat hypothetical but provide an indication of how properties vary over
the world's oceans. The fact that sediment property varies with depth and may
influence reflectivity was not considered in this analysis.

As may be seen from Figures 5, 6, and 7, each sediment produces a
reflectivity curve that has about the same shape as those of other sediments but
differs significantly quantitatively. The typical shape is an almost horizontal line
for small 6, followed by a rapid steepening, becoming a nearly vertical line for 6
of 45 to 75 deg. The last portion of the curve is nearly horizontal with almost
perfect reflection. The 8 at which the reflectivity curve is nearly vertical should
be quite recognizable in the field and is a good diagnosis of the sediment type.
Likewise, the zone of rapidly increasing R with 8 produces greater separation of
the curves and allows a more accurate classification through reflectivity than
does a purely normal measurement (8 = 0). Oblique reflectivity does produce
additional information and probably leads to better sediment classification than
simple normal reflectivity.
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Table 1. Properties of Selected Sites

Figure Site P Cy C, ap o
No. Characteristics Mg/m3 m/s m/s db/m db/m
5 1,200-ft site (clay) 1.51 1560 195 0.098 16
SEACON I (silty clay) 1.71 1640 152 0438 48
6,000-ft site (clay) 1.39 1520 99 0.075 11.5
Pitas Point (silty clay) 1.71 1640 88 0.438 80
Shallow water test site (SWTS) (sand) 2.00 1760 162 0.486 17.6
6 Pelagic clay 1.45 1540 68 0.082 19
Calcareous ooze 1.53 1560 135 0.098 11.3
Turbidite (sand) 1.89 1720 144 0.548 21.8
Turbidite (silt) 1.67 1640 153 0.438 48
7 Coarse calcareous ooze 1.67 1640 153 0.438 48
Metalliferous sediments 1.22 1520 151 0.053 5.3
Pelagic clay 1.45 1540 84 0.087 16
Distal turbidite 1.45 1540 154 0.087 8.7
Calcareous ooze 1.53 1560 135 0.098 11.4
Siliceous ooze 1.16 1520 109 0.052 72
8 sy = 0.5 psi 1.50 1560 52 0.098 799
sy = 2psi 1.50 1560 135 0.098 11.3
sy = 4psi 1.50 1560 191 0.098 8
9 D, = 30% 1.80 1680 123 0.73 33
D, = 90% 1,80 1680 177 0.73 232

Unfortunately, it does not appear that the shear wave velocity affects the
curves enough to make accurate measurements of this parameter possible, as can
be clearly seen in Figures 8 and 9. In the first of these figures, the theoretical
reflectivity curves for a clay with a density of 1.5 Mg/m3 and a shear strength
that varies from 0.3 to 4 psi (2.1 to 28 kPa) are plotted. This is practically the
full range of shear strengths found in typical cohesive marine sediments and
implies a shear wave velocity variation of 50 to 200 m/s. Aside from the 4 psi
data, the curves are practically indistinguishable. Even the & psi curve is
probably not unique enough to be resolvable ip the field. Figure 9 for a sand at a
subbottom depth of 5 m, density of 1.8 Mg/m~, and relative density ranging from
30% to 90% (Ct of 123 to 177 m/s) shows a similar problem. The curves are too
close to be separated with field measurement of reflectivity; thus, it appears
that shear strengths cannot be determined by this technique. It may stil be
possible to estimate strength given acoustic data because shear strength and
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density are usually related. However, the approach is indirect and requires
"calibration"; that is, a relationship between density and strength for the
particular seafloor being evaluated must be known. At least a few cores and
some laboratory analyses will probably be necessary to obtain this information.

It appears that the reason acoustics is not a good technique for examining
shear behavior in surficial marine sediments is that we are dealing with two
materials - water and sediment - that do not transmit shear stresses or transmit
them poorly. However, both transmit compressive stresses quite well. The net
effect is that compressive stresses and waves overwhelm the shear stresses and
waves. The usual difficulties of making measurements at sea make it impossible
to discern these secondary effects.

Consideration of techniques that can be used to measure shear wave velocity
should not stop. If a technique could be developed, the rewards would be great.
Perhaps new findings in areas such as nonlinear acoustics may make such
measurements possible.

Property Gradients

It is well known that many seafloors do not consist of a series of
homogeneous layers separated by clean interfaces as is assumed in acoustic
theories. Instead, the densities and strengths (and corresponding acoustic
parameters) at least within each layer, typically increase more or less steadily
with subbottom depth. This results from the process of consolidation or
densification under increasing overburden.

Current acoustic reflection theories do not handle all aspects of this more
complicated situation. Geotechnologists would benefit if information on how the
properties vary were obtained. For example, weak normally consolidated
sediments typically have a void ratio (inversely related to density) that decreases
linearly with the logarithm of overburden pressure (directly related to density
and subbottom depth). The void ratio of stronger overconsolidated sediments
would tend to be more uniform. Knowledge of how density varies with depth into
the seafloor would, therefore, provide geotechnologists with an indication of soil
shear strength. This approach is far from foolproof; many deep ocean sediments
contain varying amounts of opaline silica or amorphous metal oxides that greatly
affect the density, independent of overburden pressure. However, such knowledge
does provide another piece of information that, when inserted into the whole
puzzle, may yield geotechnical data.

Another reason for looking at property gradients is to facilitate analysis of
normal reflectivity measurements. In earlier studies (e.g., Breslau, 1967)
attempts were made to empirically relate reflectivity and density. The results
were not as good as one might expect. One of the reasons for this lack of
correlation may be that the seafloor is not uniform as assumed; the returning
signal may contain some elements of a simple liquid-solid reflection coupled with
reflections trom the rapidly consolidating material of the upper few meters.
Interference causing reinforcement or cancellation of signal may result and lead
to a reflected signal that does not match that expected from simple theory.

Improved theoretical reflection relationships, in keeping with the realities of
the first few meters of seafloor, are needed. These would lead to more accurate
determinations of soil classification and produce new parameters (e.g., rate of
density change with depth) that could correlate with strength in some cases.
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Sand Over Clay

In areas of rising sea level, sand and beach deposits often migrate back over
clayey marsh areas. This can produce a particularly difficult geotechnical
situation. Since the sand is difficult to penetrate with probes or samplers there
are no economical ways to mechanically sense the clay. However, if the
foundation is large or involves piling, its interaction with the clay may prove
disastrous.

Potentially, acoustics can sense clay beneath sand during the site-selection
phase. Sites where the clay layer is absent or the sand layer is thick can be
selected over less desirable locations. The final selected site would require a test
pile or boring to confirm the acoustic assessment.

Even in this situation the use of acoustics is not completely straightforward.
Sand is a good attenuator; much energy is lost in passing through the surface
layer. Also, the interface between sand and clay is one in which the acoustic
impedance of the upper material is greater than that of the lower. This produces
a 180-deg phase shift that must be detected to identify the nature of the
interface.

Although the technology does not presently exist to classify clays beneath
beds of sand, it does appear feasible. Attention needs to be directed toward
amplitude, frequency, and incident angle range selection; and procedures need to
be developed for recognizing such items as the diagnostic 180-deg phase shift.
This technology is particularly needed for amphibious operations where little
time for site selection and surveying is available.

FINDINGS

1. Acoustics have been used for many years to study the seafloor qualitatively.
Only recently have investigations begun in which the returning signals are used
quantitatively to classify the seafloor and measure its properties. Quantitative
acoustic measurements can range from those simple systems that measure only
the reflection losses of normally incident sound waves to those elaborate towed
arrays that measure reflectivity, phase shift, and time delay as a function of
oblique incidence angle.

2. Normal acoustic reflectivity has been used by a number of investigators to
measure remotely the density of marine sediments. Since density correlates
relatively well with grain size for most sediments, these measurements have also
been used to classify the sediments. The density measurements appear to be
accurate to about +10%. This is strictly an estimate since none of the
experiments conducted to date have had rigorous enough control to state the
accuracy of acoustically measured density relative to ground truth.

3. Simple oblique reflectivity arrays have been used to measure compressional
wavespeed to about +1%.

4. These density and compressional speed accuracies are adequate to separate
most sands and clays and may allow division into four or more categories. This
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separation may be adequate to estimate the holding capacities of direct
embedment anchors and serve as a basis for initial site selection (particularly in
the near shore where sands are common).

5. Present accuracies are not adequate for detecting more subtle differences;
l.e., strong clay versus soft clay, sand of high relative density versus one of low
relative density.

6. Shear wave velocity enters into the oblique reflectivity equations and also
correlates well with shear strength. However, the range of shear wave velocity
that relates to the range of shear strength common in the ocean does not appear
to affect the reflectivity curves by a measurable amount. Shear behavior is
masked by mass effects (density).

7. Virtually all acoustic reflectivity work and modeling have included the
assumption that the seafloor is composed of homogeneous layers. It is known,
however, that surficial marine sediments more commonly display strong
gradients of properties rather than clear layer interfaces. The presence of
gradients may be one reason why the measurement of density has not been
particularly good. Other reasons include focusing, scattering, obtaining samples
at locations different from those of the acoustic measurements, sample
disturbance, and instrument variability.

8. Oblique reflectivity provides the opportunity to obtain better measurements of
density. At relatively large angles of incidence (45 deg or more) the difference
between the reflectivities of different density sediments greatly increases.
Better resolution can be obtained at such angles.

9. The problem of locating clay beneath a shallow bed of sand is critical in many
geotechnical surveys. Acoustics can provide an expedient means of doing so;
however, this technology does not presently exist.

RECOMMENDATIONS
The following recommendations are made:

l. Evaluation of the accuracy of seafloor density measurements with a simple
oblique reflectivity system: (a) using rigorous navigation control, (b) varied
acoustic sampling times at one location, and (c) careful coring at exact locations
of acoustic sampling. The acoustics work can be accomplished using two small
boats navigating accurately about a marker buoy.

2. Development of the necessary theory and methodology to handle density
gradients and the sand-over-clay situation; demonstrate their validity using the
evaluation techniques in item 1 at locations of known sediment properties;
determine accuracy of measurements.
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3. Exploration of the cost of a towed oblique reflectivity system for measuring
densities more accurately; estimate the improvement in accuracy that could be
achieved (this estimate would be based on the field results of items | and 2);
decide whether the improvement is worth the cost.

4. Assessment of new developments in acoustics that could be applied to shear
wave velocity measurement.

5. Development of promising quantitative acoustic systems for rapidly obtaining
geotechnical parameters for Naval applications.”
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ARMY ENVIRON. HYGIENE AGCY Water Qual Div (Doner), Aberdeen Prov Ground, MD

ARMY MATERIALS & MECHANICS RESEARCH CENTER Dr. Lenoe, Watertown MA

ARMY MOBIL EQUIP R&D COM Mr. Cevasco, Fort Belvoir MD

ASST SECRETARY OF THE NAVY Spec. Assist Energy (P. Waterman), Washington DC; Spec. Assist Submarines,
Washington DC

BUREAU OF RECLAMATION Code 1512 (C. Selander) Denver CO; MC 1541 (J. P. Bara), Denver CO

MCB ENS S.D. Keisling, Quantico VA

CINCLANT Civil Engr. Supp. Plans. Ofr Norfolk, VA

CNM NMAT 08T246 (Dieterle) Wash, DC

CNO Code NOP-964, Washington DC; Code OP 323, Washington DC; Code OP 987 Washington DC; Code OPNAV
09B24 (H); Code OPNAY 22, Wash DC; Code OPNAYV 23, Wash DC; OP987J (J. Boosman), Pentagon

COMOCEANSYSPAC SCE, Pearl Harbor HI

DEFENSE DOCUMENTATION CTR Alexandria, VA

DEFENSE INTELLIGENCE AGENCY Dir., Washington DC

DNA STTL, Washington DC

DOD Explosives Safety Board (Library), Washington DC

ENERGY R&D ADMIN. Dr. Cohen

FLTCOMBATTRACENLANT PWO, Virginia Bch VA

HEDSUPPACT PWO, Taipei, Taiwan

HQFORTRPS 2nd FSCG, (Caudillo) Camp Lejeune, NC

MARINE CORPS BASE M & R Division, Camp Lejeune NC; PWO, Camp S. D. Butler, Kawasaki Japan

MARINE CORPS DIST 9, Code 043, Overland Park KS

MARINE CORPS HQS Code LFF-2, Washington DC

MCAS Facil. Engr. Div. Cherry Point NC; Code PWE, Kaneohe Bay HI; Code S4, Quantico VA; J. Taylor, Iwakuni
Japan; PWO Kaneohe Bay HI

MCDEC P&S Div Quantico VA

MCLSB B520, Barstow CA

MCRD PWO, San Diego Ca

NAD Code 011B-1, Hawthorne NV; Engr. Dir. Hawthorne, NV

NAF PWO Sigonella Sicily; PWO, Atsugi Japan

NAS CO, Guantanamo Bay Cuba; Code 114, Alameda CA; Code 183 (Fac. Plan BR MGR); Code 187, Jacksonville FL;
Code 18700, Brunswick ME; Code 70, Atlanta, Marietta GA; Dir. Util. Div., Bermuda; ENS Buchholz, Pensacola,
FL; Lead. Chief. Petty Offr. PW/Self Help Div, Beeville TX; PW (J. Maguire), Corpus Christi TX; PWD Maint.
Div., New Orleans, Belle Chasse LA; PWD, Willow Grove PA; PWO (M. Elliott), Los Alamitos CA; PWO Belle
Chasse, LA; PWO Chase Field Beeville, TX; PWO Key West FL; PWO, Dallas TX; PWO, Glenview IL; SCE Lant
Fleet Norfolk, VA; SCE Norfolk, VA; SCE, Barbers Point HI

NATL RESEARCH COUNCIL Naval Studies Board, Washington DC

NATPARACHUTETESTRAN PW Engr, El Centro CA

NAVACT PWO, London UK

NAVAEROSPREGMEDCEN SCE, Pensacola FL

NAVAL FACILITY PWO, Barbados; PWO, Brawdy Wales UK; PWO, Cape Hatteras, Buxton NC; PWO, Centerville
Bch, Ferndale CA

NAVCOASTSYSLAB Code 423 (D. Good), Panama City FL; Code 715 (J. Mittleman) Panama City, FL; Library
Panama City, FL




NANVCOMMAREAMSTRSTA PWO, Norfolk VA; PWO, Wahiawa HI; SCE Unit | Naples Italy E

NAVCOMMSTA Code 401 Nea Makri, Greece; PWO, Adak AK; PWO, Exmouth, Australia

NAVCONSTRACEN CO (CDR C.L. Neugent), Port Hueneme, CA

NAVEDTRAPRODEVCEN Tech. Library

NAVELEXSYSCOM Code PME-124-61, Washington DC

NAVENVIRHLTHCEN CO, Cincinnati, OH

NAVEODFAC Code 605, Indian Head MD

NAVFACENGCOM Code 043 Alexandria, VA; Code 044 Alexandria, VA; Code 0451 Alexandria, VA; Code 0453 (D.
Potter) Alexandria, VA; Code 0454B Alexandria, Va; Code 04B5 Alexandria, VA; Code 101 Alexandria, VA; Code
10133 (J. Leimanis) Alexandria, VA; Code 1023 (T. Stevens) Alexandria, VA; Code 2014 (Mr. Taam), Pearl Harbor
HI; Morrison Yap, Caroline Is.; P W Brewer; PC-22 (E. Spencer) Alexandria, VA; PL-2 Ponce P.R. Alexandria,
VA

NAVFACENGCOM - CHES DIV. Code 101 Wash, DC; Code 402 (R. Morony) Wash, DC; Code 405 Wash, DC; Code | 4
FPO-1 (C. Bodey) Wash, DC; Code FPO-1 (Ottsen) Wash, DC; Code FPO-1C2 Wash, DC; Code FPO-1P4 |3
(Gregory); Code FPO-1SP (Dr. Lewis) Wash, DC; Code FPO-1SP13 (T F Sullivan) Wash, DC; Code FPO-IP12 | ‘
(Mr. Scola), Washington DC; Scheessele, Code 402, Wash, DC

NAVFACENGCOM - LANT DIV.; Eur. BR Deputy Dir, Naples Italy; RDT&ELO 09P2, Norfolk VA |

NAVFACENGCOM - NORTH DIV. (Boretsky) Philadelphia, PA; CO; Code 09P (LCDR A.J. Stewart); Code 1028, !
RDT&ELO, Philadelphia PA; Design Div. (R. Masino), Philadelphia PA; ROICC, Contracts, Crane IN {

NAVFACENGCOM - PAC DIV. Code 09DG (Donovan), Pearl Harbor, HI; Code 402, RDT&E, Pearl Harbor HI;
Commander, Pearl Harbor, HI

NAVFACENGCOM - SOUTH DIV. Code 90, RDT&ELO, Charleston SC; Dir., New Orleans LA

NAVFACENGCOM - WEST DIV. Code 04B; O9P/20; RDT&ELO Code 2011 San Bruno, CA

NAVFACENGCOM CONTRACT AROICC, Point Mugu CA; Eng Div dir, Southwest Pac, Manila, PI; OICC,
Southwest Pac, Manila, PI; OICC/ROICC, Balboa Canal Zone; ROICC LANT DIV, Norfolk VA; ROICC, Diego
Garcia Island; ROICC, Keflavik, Iceland

NAVHOSPLTR. Elsbernd, Puerto Rico

NAVMAG SCE, Guam

NAVNUPWRU MUSE DET Code NPUS0(ENS W. Morrison), Port Hueneme CA

NAVOCEANO Code 1600 Bay St. Louis, MS; Code 3408 (J. Kravitz) Bay St. Louis

NAVOCEANR&DACT Code 450 Bay St. Louis MS

NAVOCEANSYSCEN Code 409 (D. G. Moore), San Diego CA; Code 4473 Bayside Library, San Diego, CA; Code 52 1
(H. Talkington) San Diego CA; Code 5214 (H. Wheeler), San Diego CA; Code 5224 (R.Jones) San Diego CA; Code | 3
5311(T) (E. Hamilton) San Diego CA; Code 6505 (J. Stachiw), San Diego, CA; Code 6565 (Tech. Lib.), San Diego | 4
CA

NAVPETOFF Code 30, Alexandria VA

NAVPGSCOL Code 61 WL (O. Wilson) Monterey CA; D. Leipper, Monterey CA; E. Thornton, Monterey CA

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

NAVREGMEDCEN SCE (D. Kaye); SCE, Guam

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

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

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

NAVSECGRUACT PWO, Torri Sta, Okinawa !

NAVSHIPYD 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; L.D.
Vivian; PWD(LT N.B. Hall), Long Beach CA; PWO, Mare Is.; Salvage Supt, Phila., PA; Tech Library, Vallejo,
CA

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

NAVSUBASE LTIG D.W. Peck, Groton, CT

NAVSUPPACT CO, Seattle WA; Code 413, Seattle WA; LTJG McGarrah, Vallejo CA

NAVSURFWPNCEN PWO, White Oak, Silver Spring, MD

NAVTECHTRACEN SCE, Pensacola FL
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E NAVWPNCEN Code 2636 (W. Bonner), China Lake CA; PWO (Code 26), China Lake CA; ROICC (Code 702), China
: Lake CA
NAVWPNSTA ENSG.A. Lowry, Fallbrook CA; PW Office (Code 09C1) Yorktown, VA; PWO, Seal Beach CA
NAVWPNSUPPCEN Code 09 (Boennighausen) Crane IN
NAVXDIVINGU LT A.M. Parisi, Panama City FL
3 NCBU 405 OIC, San Diego, CA
3 NCBC CEL (CAPT N. W. Petersen), Port Hueneme, CA; CEL AOIC Port Hueneme CA; Code 10 Davisville, RI;
' Code 155, Port Hueneme CA; PW Engrg, Gulfport MS
NCBU 411 OIC, Norfolk VA
NCR 20, Commander
NMCB 133(ENS T.W. Nielsen); 5, Operations Dept.; Forty, CO; THREE, Operations Off.
: NOAA Libraries Div. - D823, Silver Spring, MD
X 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
NSD SCE, Subic Bay, R.P.
NTC Code 54 (ENS P. G. Jackel), Orlando FL
NAVOCEANSYSCEN Hawaii Lab (D. Moore), Hawaii
NUSC Code 131 New London, CT; Code EA123 (R.S. Munn), New London CT; Code S$332, B-80 (J. Wilcox); Code
TA131 (G. De la Cruz), New London CT
OCEANAYV Mangmt Info Div., Arlington VA
OCEANSYSLANTLT A.R. Giancola, Norfolk VA
. ONR CDR Harlett, Boston MA; BROFF, CO Boston MA; Code 481, Arlington VA; Code 700F Arlington VA; Dr. A.
3 Laufer, Pasadena CA
PMTC EOD Mobile Unit, Point Mugu, CA; Pat. Counsel, Point Mugu CA
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 120C (Library) San Diego, CA; Code 128, Guam:
Code 200, Great Lakes IL; Code 200, Oakland CA; Code 220 Oakland, CA; Code 220.1, Norfolk VA; Code 30C
(Boettcher) San Diego, CA:; Code 680, San Diego CA; Library, Subic Bay, R.P.; OIC CBU-405, San Diego CA; XO
Oakland, CA
SPCC Code 122B, Mechanicsburg, PA; PWO (Code 120) Mechanicsburg PA
U.S. MERCHANT MARINE ACADEMY Kings Point, NY (Reprint Custodian)
US GEOLOGICAL SURVEY Off. Marine Geology, Mailstop 915, Reston VA
US NATIONAL MARINE FISHERIES SERVICE Highlands NY (Sandy Hook Lab-Library)
USCG (G-ECV/61) (Burkhart) Washington, DC; (G-MP-3/USP/82) 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 CO Groton, CT; D. Motherway, Groton CT; LTJG R. Dair, Groton CT; Tech. Dir. Groton, CT
USNA Ocean Sys. Eng Dept (Dr. Monney) Annapolis, MD; PWD Engr. Div. (C. Bradford) Annapolis MD
AMERICAN UNIVERSITY Washington DC (M. Norton)
CALIF. DEPT OF NAVIGATION & OCEAN DEV. Sacramento, CA (G. Armstrong)
3 CALIF. MARITIME ACADEMY Vallejo, CA (Library)
; CALIFORNIA STATE UNIVERSITY LONG BEACH, CA (CHELAPATI); LONG BEACH, CA(YEN)
CATHOLIC UNIV. Mech Engr Dept, Prof. Niedzwecki, Wash., DC
A CITY OF CERRITOS Cerritos CA (J. Adams)
E COLORADO STATE UNIV., FOOTHILL CAMPUS Fort Collins (Nelson)
1 CORNELL 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)
KEENE STATE COLLEGE Keene NH (Cunningham)
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LEHIGHUNIVERSITY BETHLEHEM, PA(MARINE GEOTECHNICAL LAB., RICHARDS); Bethiechem PA
(Fritz Engr. Lab No. 13, Beedle); Bethlechem 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, M1 (Haas)

MIT Cambridge MA; Cambridge MA (Rm 10-500, Tech. Reports, Engr. Lib.); Cambridge MA (Whitman); Cambridge.
MA (Harleman)

NATL ACADEMY OF ENG. ALEXANDRIA, VA (SEARLE, JR.)

NORTHWESTERN UNIV Z.P. Bazant Evanston IL

NY CITY COMMUNITY COLLEGE BROOKLYN, NY (LIBRARY)

UNIV. NOTRE DAME Katona, Notre Dame, IN

OREGON STATE UNIVERSITY (CE Dept Grace) Corvallis, OR; CORVALLIS, OR (CE DEPT, BELL); Corvalis
OR (School of Oceanography)

PENNSYLVANIA STATE UNIVERSITY State College PA (Applied Rsch Lab); 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

SCRIPPS INSTITUTE OF OCEANOGRAPHY LA JOLLA, CA (ADAMS)

SOUTHWEST RSCH INST J. Maison, San Antonio TX; R. DeHart, San Antonio TX

STANFORD UNIVERSITY Engr Lib, Stanford CA; STANFORD, CA (DOUGLAS)

STATE UNIV. OF NEW YORK Buffalo, NY; Fort Schuyler, NY (Longobardi)

TEXAS A&M UNIVERSITY COLLEGE STATION, TX (CE DEPT); College TX (CE Dept, Herbich)

UNIVERSITY OF ALASK A Marine Science Inst. College, AK

UNIVERSITY OF CALIFORNIA BERKELEY, CA (CE DEPT, GERWICK); BERKELEY, CA (CE DEPT,
MITCHELL); BERKELEY, CA (OFF. BUS. AND FINANCE, SAUNDERS); Berkeley CA (Dept of Naval
Arch.); Berkeley CA (E. Pearson); DAVIS, CA (CE DEPT, TAYLOR); LIVERMORE, CA (LAWRENCE
LIVERMORE LAB, TOKARZ); LalJolla CA (Acq. Dept, Lib. C-075A); Los Angeles CA (Engr I, K. Lee); M.
Duncan, Berkeley CA; SAN DIEGO, CA, LAJOLLA, CA (SEROCKI)

UNIVERSITY OF CONNECTICUT Groton CT (Inst. Marine Sci, Library)

UNIVERSITY OF DELAWARE LEWES, DE (DIR. OF MARINE OPERATIONS, INDERBITZEN); Newark, DE
(Dept of Civil Engincering, Chesson)

UNIVERSITY OF HAWAIl HONOLULU, HI (SCIENCE AND TECH. DIV.)

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 HAMPSHIRE DURHAM, NH (LAVOIE)

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

UNIVERSITY OF SO. CALIFORNIA Univ So. Calif

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

UNIVERSITY OF TEXAS AT AUSTIN Austin TX (R. Olson)

UNIVERSITY OF WASHINGTON Seattle WA (M. Sherif); SEATTLE, WA (APPLIED PHYSICS LAB); SEATTLE,
WA (MERCHANT); SEATTLE, WA (OCEAN ENG RSCH LAB, GRAY); SEATTLE, WA (PACIFIC MARINE
ENVIRON. LAB., HALPERN); Seattle WA (E. Linger); Seattle, WA Transportation, Construction & Geom. Div

UNIVERSITY OF WISCONSIN Milwaukee WI (Ctr of Great Lakes Studies)

URS RESEARCH CO. LIBRARY SAN MATEO, CA

VENTURA COUNTY ENVIRON RESOURCE AGENCY Ventura, CA (Melvin)

ALFREDA. YEE & ASSOC. Honolulu HI

AMETEK Offshore Res. & Engr Div

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)

BRANDINDUS SERV INC. J. Buehler, Hacienda Heights CA

BROWN & ROOT Houston TX (D. Ward)

A A S G ik oS S i

B




CANADA Can-Dive Services (English) North Vancouver; Library, Calgary, Alberta; Lockheed Petro. Serv. Ltd, New
Westminster B.C.; Lockheed Petrol. Srv. Ltd., New Westminster BC; Mem Univ Newfoundland (Chari), St Johns;
Surveyor, Nenninger & Chenevert Inc., Montreal; Warnock Hersey Prof. Srv Ltd, La Sale, Quebec

CF BRAUN CO Du Bouchet, Murray Hill, NJ

CHEVRON OIL FIELD RESEARCH CO. LA HABRA, CA (BROOKS)

COLUMBIA GULF TRANSMISSION CO. HOUSTON, TX (ENG. LIB.)

CONCRETE TECHNOLOGY CORP. TACOMA, WA (ANDERSON)

DIXIE DIVING CENTER Decatur, GA

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

NORWAY DET NORSKE VERITAS (Library), Osio

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

EXXON PRODUCTION RESEARCH CO Houston, TX (Chao)

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

FRANCE Dr. Dutertre, Boulogne; L. Pliskin, Paris; P. Jensen, Boulogne; Roger LaCroix, Paris

GEOTECHNICAL ENGINEERS INC. Winchester, MA (Paulding)

GLIDDEN CO. STRONGSVILLE, OH (RSCH LIB)

GLOBAL MARINE DEVELOPMENT NEWPORT BEACH, CA (HOLLETT)

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

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

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

MAKAIOCEAN ENGRNG INC. Kailua, HI

KOREA Korea Rsch Inst. Ship & Ocean (B. Choi), Seoul

LAMONT-DOHERTY GEOLOGICAL OBSERYV. Palisades NY (McCoy); Palisades NY (Selwyn)

LIN OFFSHORE ENGRG P. Chow, San Francisco CA

LOCKHEED MISSILES & SPACE CO. INC. Sunnyvale, CA (Phillips)

LOCKHEED OCEAN LABORATORY 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)

MEDALL & ASSOC. INC. J.T. GAFFEY II 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 A. Torum, Trondheim; 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 ENGINEERS SAUSALITO, CA (RYNECKI)

OCEAN RESOURCE ENG. INC. HOUSTON, TX (ANDERSON)

OFFSHORE DEVELOPMENT ENG. INC. BERKELEY, CA

PACIFIC MARINE TECHNOLOGY LONG BEACH, CA (WAGNER)

PORTLAND CEMENT ASSOC. SKOKIE, IL (CORELY); Skokie IL (Rsch & Dev Lab, Lib.)

PRESCON CORP TOWSON, MD (KELLER)

R J BROWN ASSOC (McKeehan), Houston, TX

RAND CORP. Santa Monica CA (A. Laupa)

RAYMOND INTERNATIONAL INC. CHERRY HILL, NJ (SOILTECH DEPT)

SANDIA LABORATORIES Library Div., Livermore CA

SCHUPACK ASSOC SO. NORWALK, CT (SCHUPACK)

SEATECH CORP. MIAMI, FL (PERONI)

SHELL DEVELOPMENT CO. Houston TX (C. Sellars Jr.); Houston TX (E. Doyle)

SHELL OIL CO. HOUSTON, TX (MARSHALL); Houston TX (R. de Castongrene); I. Boaz, Houston TX

SWEDEN GeoTech Inst; VBB (Library), Stockholm

TIDEWATER CONSTR. CO Norfolk VA (Fowler)

TRW SYSTEMS REDONDO BEACH, CA (DAI)
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UNITED KINGDOM British Embassy (Info. Offr), Washington DC; Cement & Concrete Assoc (G. Somerville)
Wexham Springs, Slou; D. New, G. Maunsell & Partners, London; Shaw & Hatton (F. Hansen), London; Taylor,
Woodrow Constr (014P), Southall, Middlesex; Taylor, Woodrow Constr (Stubbs), Southall, Middlesex

WESTINGHOUSE ELECTRIC CORP. Annapolis MD (Oceanic Div Lib, Bryan)

WM CLAPP LABS - BATTELLE DUXBURY, MA (LIBRARY); Duxbury, MA (Richards)

WOODWARD-CLYDE CONSULTANTS (A. Harrigan) San Francisco; PLYMOUTH MEETING PA (CROSS, III)

AL SMOOTS Los Angeles, CA

ANTON TEDESKO Bronxville NY

BROWN, ROBERT University, AL

BULLOCK La Canada

F. HEUZE Boulder CO

R.F. BESIER Old Saybrook CT

R.Q. PALMER Kaitua, HI

T.W. MERMEL Washington DC

WM TALBOT Orange CA




