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INTRODUCTION

Geologic studies in the northern Bering Sea (Fig. 1) have identified
several features and processes that can have significant impact on offshore
industrial operations (Thor and Nelson, 1980; larsen and others, 1980).
Faulting, thermogenic and biogenic gas charging, sediment liquefaction, ice
gouging, current scouring, and bedform migration have been identified as
potential hazards (Fig. 2). The occurrence of specific conditions depends
partly on local geologic history, especially with regard to the types of
sediment that have accumulated. Also important are modern environmental
forces, which in the northern Rering Sea include severe storms, strona
geostrophic ocean currents, and movement of seasonal ice.

This report presents the results of a two-year geotechnical framework
study, designed to determine representative values of sediment mechanical
(geotechnical) properties and to use these values in an assessment of soil
response to engineering and natural loading. Geotechnical data have been
gathered previously and applied to the analysis of particular problems in the
area (Olsen and others, 1980; Clukey and others, 1980). The framework study
is a quantitative supplement to the other geologic and geotechnical studies
and provides engineerinoc data that can be used from a regional perspective in
preliminary evaluations for siting offshofe operations.

An important aspect of this study is that geotechnical properties were
measured in situ, as well as in the lahoratory. The in situ tests consist of
pushing a cone-tipped rod into the seahed and measurinag the resistance to
penetration, from which correlations to sediment properties are made.
Laboratory techniques involve deformation testing of sediment core samples.

An advantaqge of in situ testing is that it measures properties of sediment in



the natural, undisturbed state. Sediment cores can suffer significant
disturbance before they are tested in the laboratory. This is particularly
true for the silty and sandy sediment types in the northern Bering Sea that
were cored using vibratory methods (Koutsoftas and others, 1976). The natural
stress state is difficult to reproduce in the laboratory, and oriaginal
sediment fabric can be broken down during and after coring operations.
Laboratory testing of disturbed core samples can measure physical properties
that are different from those of sediment in the natural state. However,
present equipment allows examination of a wider range of properties with
laboratory testing than with in situ testing. This study offers an excellent

opportunity to compare the two methods.

GEOLOGIC SFTTING,

The northern Bering Sea comprises a broad, shallow epicontinental shelf
that extends about 200,000 km? between Alaska and Siberia (Fig. 1). Two major
physioaraphic subdivisions are Norton Sound (water depth < 30 m) and Chirikov
Basin (water depth < 60 m). The entire region was emergent during Pleistocene
low stands of sea level. Glaciers encroached on western and northern
portions. An extensive tundra vegetation developed on the remainder of the
shelf, except where rivers carved channels that led to large submarine
canyons. Shoreline transgression at the close of Pleistocene time initiated
marine sedimentation, first in the deeper parts of Chirikov Basin and finally
across shallow Norton Sound (Nelson, 1980a). The Yukon River migqrated north
to its present position from the vicinity of Cape Romanzov about 2500 years
aqgo (Dupré and Thompson, 1979). During sealevel stillstands, coastal shoals

were formed near Port Clarence and Nome (Nelson and others, 1980).



The distribution of unconsolidated sediment types therefore reflects
glacial, subaerial, and marine processes (Nelson, 1980a). In Chirikov Basin
the sequence is in most places less than a few meters thick and consists of
coarse glacial till and outwash, limnic peaty mud, transaqressive gravel to
medium sand, and inner-shelf fine sand. This sediment is Pleistocene age, and
individual units are patchy in their distribution. Strona northward
geostrophic flow has bypassed Holocene sediment and deposited it in the
southern Chukchi Sea (Nelson and Creaqger, 1977).

Peaty mud with incised fluvial deposits cover bedrock in Norton Sound.
Transgressive sand has been found only in the central sound and in a trough in
the northern sound. Yukon River silt with interbedded storm-sand layers is
the dominant sediment type. It covers nearly all of the seafloor in Norton
Sound and has accumulated up to 14 m thickness. The sediment type grades to

silt and mud in the eastern sound.

METHODS

Field methods: A geotechnical cruise in the northern BRerinag Sea was conducted

August 3-18, 1981 aboard the NOAA ship DISCOVERFR., Sites were occupied that
represent a broad range of geologic environments, many where special
engineering problems might be encountered (Figs, 2 and 3; Tabhle 1). 1In
Chirikov Basin, only the shoreline shoals near Port Clarence were visited.
The rest of the stations were in Norton Sound at locations of biogenic gas-
charged sediment (2 stations), a thermogenic gas seep, muddy sediment, and a
range of Yukon prodelta sediment types (5 stations).

Geotechnical data were obtained with in situ testing equipment and from

laboratory testing of sediment cores, The in situ device is a static cone



penetrometer, the XSP-40, that belongs to the Naval Civil Engineering
Laboratory (Fig. 4; Beard and Lee, 1982). The instrument measures resistance
to penetration of a 3.56-cm diameter cone that can be driven into the seabed a
maximum depth of 6 m. Frictional resistance along the side of a sleeve ahove
the cone is also measured. The instrument is housed on a tall frame supported
on four broad-hased, retractable legs., Total weight is about 4.5 metric tons,
which determines the maximum force that can be measured. The cone and sleeve
are attached to the end of a rod that is driven by a double chain. 1In
operation the instrument is lowered to the seafloor, and penetration at a rate
of 1 m/min is actuated by an onboard switch to the l-horsepower drive motor.
Cone and sleeve resistance are plotted continuously versus penetration depth
on a chart recorder; tilt angle is also monitored. A test is terminated
either when the maximum penetration depth is achieved or when the tilt meters
indicate that the instrument has lifted from the seafloor (i.e., the maximum
reaction force has been reached). The push rod and cone are retracted from
the seabed by reversing the drive motor.

Core samples were taken with a large vibracorer (Fig. 5). This device is
housed on a frame similar to that of the XSP-40., Cores are retrieved in
plastic liners, 8 cm inside diameter, and maximum core length is 6 m. The
core barrel is driven into the seahed by a pneumatic hammer mounted at the top
of the barrel. Penetration rate of the core barrel was recorded during
sampling operations (Table 2), Two cores were taken at each station. BRoth
were cut into l-m-long sections, and the ends were capped. One core was split
lengthwise onboard ship, described ageologically and subsampled at reqular
intervals for grain size, water content, qrain specific qravity and carbon

content determinations, When fine-qrained cohesive sediment was encountered,



strength was measured with a motorized vane shear device, and subsamples were
taken for determination of plasticity (Atterberg limits). The sections of the
other core were wrapped in cheesecloth, covered with microcrystalline wax, and
stored upright in a refrigerator. This core was used for geotechnical testing
in the shorebased laboratory.

Shipboard operations at each station were as follows. A seismic-
reflection line was run over each station, using 12 kHz, 3.5 kHz, and 600
joule minisparker systems. Navigation used Loran C with satellite updates,
The ship was anchored at each station, the XSP-40 was deployed from an
outboard storage position using the ship's deep-sea winch and large crane, and
a cone penetration test (CPT) was run. More than one test was run at each
station. Some successive tests were run after liftina the XSP-40 a small
distance off the seafloor and setting it down again at essentially the same
location. Other tests were rerun after the ship was allowed to drift a short
distance, in order to study local variability of penetration resistance,

After all the penetrometer stations were occupied, the vibracorer was
exchanged with the XSP-40 in the outboard storage position, and several
stations were re-occupied. After anchoring, two vibracores were taken at
these stations,

Vibracores had been taken in previous years for geological study at all
but one of the stations we did not re-occupy, so most sites discussed in this
paper have companion vibracores and cone penetration tests, Vihracores for
laboratory geotechnical testing are not available for all stations, however,

The XSP-40 and the vibracorer were not both deployed at a single
anchoraqge because the large size of the instruments made frequent interchange

to the deployment position unfeasible. The XSP-40 was used first at all



stations while the vibracorer was stored on deck. Then, stations were re-
occupied, and cores were taken. Relocation of the stations had a positional
error of from 180 to 1647 m, so the CPT and vibracores were not from exactly

the same place (Table 1B).

Laboratory methods:

In the shipboard lab, vane shear tests were made with a standard
motorized apparatus, using a 1l.27-cm diameter by l.27-cm long vane and a
rotation rate of 90°/min. Peak undisturbed and remolded strenqgths were
measured at reqular intervals down split cores (Table 4). In the shorebased
lab, Atterbera limits were determined according to standard procedures (Lambe,
1951, p. 22-28), but with water content corrected for a salt concentration of
35 ppt. Grain sizes were measured by sieve, pipette and hydrometer methods
(Carver, 1971; Lambe, 1951) (Tables 3 and 4, Appendix A). A LFCO model WR-12
carbon determinator with an acid digestor and an induction furnace was used to
measure organic carbon and carﬁonate content. An air comparison pycnometer
aided in the calculation of grain density (Table 4).

Consolidation tests to measure sub-failure deformation properties of
sediment were run by two different methods. Seven tests were performed on
standard front-loading oedometers in a stress-controlled mode (Lambe, 1951),
whereas 15 tests were run in triaxial loading cells at constant rate of strain
(Wissa and others, 1971).

Static strength tests were run in triaxial loading cells on cylindrical
samples approximately 3.6-cm diameter and 7.6~cm long. Tests were performed
under undrained conditions with pore pressure measurements (Bishop and Henkel,
1964). Most samples were consolidated isotropically prior to testing, but

some were consolidated anisotropically.
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Cyclically loaded triaxial tests were also run, with the axial stress on
samples varied sinusoidally at 0.1 H,. Both compression and tension were
applied at a predetermined percentage of the confining (consolidation) stress.

A total of 23 static and 38 cyclically loaded triaxial tests were
conducted acco;ding to the scheme presented in Table 5. Some test specimens
were consolidated to the in situ level before axial loading to failure was
initiated. Others were consolidated to at least four times the maximum past
stress for plastic sediment, in order to minimize the effects of disturbance
(Ladd and Foott, 1974). Consolidation was isotropic in most tests but
anisotropic in some. A condition of overconsolidation was induced in some
test samples, Qhereby a high consolidation stress state was followed by
rebounding to a lower consolidation stress before axial loads were applied.
The ratio of the higher consolidation stress to the lower, rebounded stress

defines the overconsolidation ratio (OCR).

Derived test parameters: The in situ penetration tests and laboratory tests

described above are standard civil engineering procedures for evaluating the
behavior of soil, Typical applications are the design of foundations,
excavations, and artificial fills. The parameters that are derived from
geotechnical test data can be used in geologic analyses as well, to determine
the triggering forces for submarine sediment slides, for example.

Three sediment properties commonly deduced from cone penetration records
are 1) stratigraphic variation 2) sediment type, and 3) relative density.
Stratigraphic variation is a qualitative evaluation based on the shape of the
cone pressure versus depth curve (Fig. 6, Appendix B). A smooth curve

indicates uniform stratigraphy, whereas abrupt changes in slope reflect



stratigraphic interfaces between different sediment types. Of particular
importance to engineering applications are major increases in slope of the
curve, possibly beyond vertical, which identify soft strata beneath more firm
material (Fig. 6).

Several attempts have been made to estimate sediment type from
penetrometer data (Begemann, 1965; Schmertmann, 1978a; Martin and Douglas,
1981). The common technique is to delineate distinct fields of sediment types
on plots of friction ratio (sleeve friction stress/cone pressure, expressed as
a percent) versus cone pressure (Fig. 7). Successful correlations have been
made, but they are somewhat limited to the local area from which the data were
collected. Substantial engineering information about soil behavior can be
deduced from a general knowledge of sediment type, and once a correlation has
been established within an area, the expense and effort of collecting core
samples can be reduced or eliminated.

Relative density refers to the magnitude of the natural densitv state
relative to maximum and minimum density states. A relative density of 100%
means that a sediment exists naturally in its densest possible state, and a
relative density of 0% indicates the least dense state. Schmertmann (1978b)
derived an empirical correlation between cone pressure, vertical effective
stress (a measure of the buoyant weight of the sediment column at a particular

depth below the surface), and relative density:

_ Yo10.7
D. = 0.34 1n [(a,/(12.31 © Y1 x 100
vo
where Dr = relative density in percent
d, = cone pressure in ka/cm2

g vo = effective vertical (overburden) stress



This correlation was derived from laboratory testina of normally consolidated
sand, and its application to field situations may be imprecise (Appendix C).

As discussed by Schmertmann (1978a), measurements of cone pressure are
influenced by the proximity of an interface between materials of different
physical properties. In particular, as the cone enters the seabed, it must
penetrate up to about 8 cone diameters (28 cm in our case) before the failure
surface around the cone tip is fully developed and cone pressure readings
truly reflect sediment physical properties. A similar arcument applies to
friction sleeve readings, and also to interfaces between sediment strata. As
applied to the present study, the cone-pressure and friction-ratio curves
(Appendix B) have only qualitative significance at depths less that ahout
0.28 m in the seabed; stratiagraphic variation can be detected from
irreqularities in the shape of‘the curve, but measurement of relative density
and identification of sediment type are inaccurate.

Laboratory consolidation tests are used to predict the amount and rate of
consolidation of sediment in response to sustained loads, as well as to deduce
the stress history of the sediment. Test results are plotted as void ratio (e
= volume of voids/volume of solids) versus the logarithm of effective vertical
stress (O'V) (Table 6, Appendix D)., The curve typically has a straight 1line
segment, termed the "virgin compression curve", in the range of high
consolidation pressures. The slope of this line is the comﬁression index
(Cc), which indicates the amount of consolidation for a tenfold increase in
load. The maximum past pressure (0'vm) is the qgreatest effective overburden
stress that the sediment has ever been exposed to and is determined from the
e-log OV' curve by a simple qraphical construction (Casaqrande, 1936). The

L
ratio of © m to the effective overburden stress at the time of



sampling (o'vo) is the overconsolidation ratio (OCR), which describes the
stress history, for example in terms of the amount of unloading that may have
occurred by erosion. The rate of consolidation is determined for each load
increment of an oedometer test, and is denoted by the coefficient of
consolidation (cy)e

Sediment properties derived from static triaxial strength tests can be
used to predict failure conditions of sedimentary deposits. The primary

measured property is undrained shear strength (Su = Qpax) (Table 7, Fig. 8,
Appendix E). It is the maximum sustainable shear stress within a sample that
experiences no pore water drainage after consolidation to a predetermined
stress level (o'c), S, acts along a plane inclined at 45° to the axial
load. The arcsine of S, divided by the effective normal stress across this
plane is the effective friction angle (¢' ), whose magnitude is an indication
of the strength of the sediment under slow (drained) loading conditions. 1In
comparison, the ratio Su/o'c gives an indication of the strength during rapid
(undrained) loading conditions. The difference between drained and undrained
strength behavior depends on the pore water pressure generated in response to
the tendency for volume change when the sediment is axially loaded. 1If a
sediment has a high tendency for volume change, the difference in strength
between rapid and slow loading can be substantial.

Cyclically loaded triaxial strength tests are performed in order to study
the strength properties of sedimentary deposits under the repeated application
of loads, such as by earthquakes or waves. Tests are run at a predetertmined

)
cyclic stress level (T /0 ), which is the average maximum
cyc ave max’ ¢

cyclically applied shear stress (Toyc aye max) divided by the consolidation

)
stress (O c) (Table 8, Figs. 9-11, Appendix F). Pore water pressure and
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strain accumulate with repeated application of Te At some point,

yC ave max°®
the pore water pressure approaches the confining stress, strain increases at a
faster rate, and the sediment fails. In our tests, failure was chosen when 5%

strain was reached.

RESULTS

Yukon prodelta: The Yukon River delta protrudes into Norton Sound from the

south coast (Fig. 1l). The prodelta - the outer, low-gradient, submerged area -
extends over 100 km offshore and marks the distal zone of deltaic sedimenta-
tion. Sediment from the Yukon River is deposited mostly from suspension on
the prodelta and is reworked by large storm waves and strong geostrophic
currents (Dupré and Thompson, 1979; Nelson 1980b). Much of the fine-grained
fraction from the Yukon River is eventually transported north to the Chukchi
Sea (Nelson and Creager, 1977; Cacchione and Drake, 1979). The material left
behind on the prodelta is predominantly silt and very fine sand (McManus and
others, 1977). Graded storm-sand layers (mean grain size = 0.250 mm, bedding
thickness 10-20 cm) make up 50-100% of the deposits near shore; in distal
areas 60-75 km from the source, they are finer (mean size = 0.125 mm), thinner
(1-2 cm), and make up 35% of the section (Nelson, 1980b).

We occupied five penetrometer stations on the prodelta (667, 668, 669,
670, 674) and collected vibracores near three of these (685 near 670, 686 near
669, and 687 near 674) (Fig. 1, Table 1). Cores were collected near the two
other sites on previous cruises (78-22 near 668, 78-24 near 667) (Fig. 1,
Table 1).

Sediment cores on the prodelta are mixtures of non-plastic sand and silt,

with clay content commonly less than 10% (Table 4 Figs. 12-16). The cores
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have similar textures and compositions, and these change relatively little
with depth, except at station 686 there is a general downward fining of grain
size. Thin shell layers occur sparsely. Burrow mottles and a carbon~rich
layer appear in core 686. The Alpine vibracorer penetrated at a slower rate
and to a shallower depth west of the delta (station 686) than to the northeast
(stations 685 and 687) (Table 2).

Maximum XSP-40 penetration depth is shallow for the two stations west of
the delta (668, 669), greater at the next two stations to the northeast (667,
670) and intermediate at the farthest northeast station (674) (Figs. 12-16).
Replicate tests are similar at each site (Appendix B). Cone pressure
increases abruptly and relatively smoothly at the first two stations, whereas
it is more gradual and somewhat erratic at the others. The cores show only
minor stratigraphic variation with depth, which is consistent with the shape
of the penetrometer curves.

Plots of friction ratio wversus cone pressure for stations on the prodelta
where penetration exceeded 0.28 m (stations 669, 670, and 674) are
inconsistent in terms of the sediment types they imply when compared to
samples recovered in cores. Silt-rich muddy sediment, with major amounts of
sand at stations 669 and 670 and minor amount of sand at station 674,
constitutes the core samples. The penetrometer data indicate a wider range of
sediment types: clay and mud at station 669, silt and sandy silt at station
670 (the closest correlation between cores and penetrometer data), and silt to
sand at station 674 (Fig. 17). As clearly pointed out by Martin and Douglas
(1981), a sediment classification scheme developed from penetrometer data is
area-dependent and refers to sediment behavior types; that is, sediment types

classified according to physical properties and not necessarily according to
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texture. Perhaps the variation in sediment behavior types on the prodelta
reflects more than grain size. Organic carbon is one compositional variable
that would be an obvious suspect, but values are uniformly low at all 3
stations.,

‘Relative density is high at the two southwest stations (668 and 669);
typical values in excess of 100% were calculated with Schmertmann's equation
(Appendix C). These numbers are unrealistic, of course, because the upper
limit of relative density is 100%. The calculations probably indicate that
the sediment is overconsolidated; that is, its state of consolidation is
greater than would be produced by the existing overburden stress (Beard and
Lee, 1982), Schmertmann's equation assumes normal consolidation. Although
the calculations give unrealistically high values for relative density, they
at least imply a dense sediment state shallow in the seabed at these sites.
In contrast, the two stations farther to the northeast (667, 670) have
comparatively low calculated relative densities, whereas intermediate values
were calculated for station 674,

Laboratory test results show that low values of compression index (C, =
0.03 - 0.25) are present west and north of the delta (stations 685, 686 and
687), and they vary erratically down-core (Table 6). The results agree
relatively well with material from other study areas (Fig. 18) (Lambe and
Whitman, 1969, p. 321). Sediment in the western prodelta appears the most
overconsolidated (station 686), station 685 in the north is the least
overconsolidated, and sediment in the northeast (station 687) is in between,
however OCR values typically decrease with subbottom depth at all locations

(Table 6).
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Triaxial tests demonstrate that sediment at the various sites behaves
differently under static loading (Table %). West of the delta (station 686)
the material has the highest friction angle (¢' = 42°) and a high S,/9'c ratio
(1.38), whereas to the northeast (station 687) a low friction angle (38.3°)
and S,/0'. ratio (0.83) are present. North of the delta (station 685)
sediment down-core responded differently to testing (tests 95, 103 and 120 in
Fig. 8e), ¢' varied from 36.8° to 38.1° and the S,/9'c ratio from 0.91 to
1.39. Contractive behavior occurred in all areas at high consolidation
stresses (the S- shaped curves in the g versus p' plots in Figs. 8e ~ 8g),
whereas dilatant behavior developed at lower stresses (o' < 100 kPa).
Dilatant undrained behavior produces stronger sediment than contractive
behavior would at the same consolidation stress. Some tests at each station
produced peaked stress-strain curves that are indicative of sensitive behavior
(Figs. 8e - 8qg).

Liguefaction, caused by repeated loading of waves or earthquakes,
transforms sediment from a solid into a liguefied state as a conseguence of
increased pore pressure and reduced effective stress (Committee on Soil
Dynamics of the Geotechnical Engineering Division, 1978). Ligquefaction does
not imply that ground failure will occur; however, many sediment movements
have been attributed to the process. North and west of the delta (stations
685 and 686) the sediment type is within the limits for observed ligquefaction,
whereas in the northeast (station 687) the one detailed grain size
distribution was close to but not fully in the range (Table 3, Fig. 19 and
Appendix A). Susceptibility to liquefaction in cyclic triaxial tests is
indicated by a low cyclic shear stress ratio (Tcyc ave max/0'c) (Table 8, Fig.

9). Cyclic test results of sediment from the northern prodelta (station 685)
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plotted lowest on Figure 9, followed by material from the northeast (station
687), and west (station 686). A plot of laboratory cyclic triaxial stress
ratio versus in situ cone penetration test (CPT) relative density for nearby
sediment illustrates that loose sediment is more likely to liquefy (because it
builds up pore pressure more readily) than dense material (Fig. 20).

Analyses, incorporating laboratory cyclic triaxial test and CPT results,
determined the minimum seafloor earthquake acceleration (amax) and the
smallest sustained storm wave height (H) necessary to cause liquefaction at
particular stations (Table 9, Appendix G). Liquefaction potential varies
markedly on the prodelta.. Sediment at the northern station (685) requires an
anax from 0.09 g to 0.14 g and a wave height from 9 to over 13 meters,
depending on the analysis, to induce liquefaction. At the northeast station
(687) a .. ranges from 0.11 g to 0.27 g and wave heights over 13 meters are
required to cause instability. The range in earthquake acceleration is 0.15 g
to 0.35 g, at station 686 in the western prodelta, with waves over 13 meters

necessary to cause liquefaction (Table 9).

Thermogenic gas seep: Thermogenically derived gas is actively seeping from

the seafloor in Norton Sound about 40 km south of Nome (Fig. 2). Anomalously
high concentration of hydrocarbon gas in the water column originally pointed
to the existence of the seep (Holmes and Cline, 1979). Subsequent seismic-
reflection profiling identified an area of about 50 km2 where reflector pull-
downs and terminations (acoustic anomalies) occur in the sediment column
(Holmes and Cline, 1979). Bubbles escaping from the seafloor have been
observed with underwater television and high frequency seismic-reflection

profilers over this area (Nelson and others, 1978).
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Geochemical analyses of sediment cores show that the gas is composed of
about 98% CO, (Kvenvolden and others, 1979). The remainder is hydrocarbons
with high relative abundance of homologues heavier than methane, which
indicates that the gas is derived from a deep, thermogenic source (Nelson and
others, 1978; Kvenvolden and others, 1979). The gas has accumulated in a zone
a few hundred meters thick; and the top of the zone is 50 to 200 m beneath the
seafloor. Gas is believed to percolate upward from this zone along faults
(Holmes and Cline, 1979).

We ran a network of seismic lines that allowed us to map the extent of
the seep (Fig. 21). It covers approximately 4 km2 and is elongate in a
northwest direction, parallel to the trend of major faults (Johnson and
Holmes, 1978). We deployed the penetrometer four times within the seep area,
at station 675 (Fig. 3, Table 1). Between successive deployments the ship was
allowed to drift so that some areal coverage of the seep was achieved. One
vibracore station was occupied within the seep area. For comparison, two
penetrometer stations were occupied outside, but near, the seep, as was one
vibracore station.,

The vibracore within the seep area is a silty sand with minor biogenic
mottling (Fig. 22), At intervals down the core are zones of voids that
apparently mark levels of bubble-phase gas. Some, but not all, grain-size
measurements from these zones show more silt (less sand) than at other levels,
but no other distinctive features are evident.

Confirmation that this core was gas-charged was obtained after it was cut
into meter-long sections., End caps on the sections bulged markedly, which

indicates that active degassing was occurring,
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The penetrometer records from within the seep area all show erratic
variation of cone pressure (Fig. 22, Appendix B). But, a tangent to the
maximum values shows a fairly uniform increase in cone pressure with depth,
and narrow intervals of low resistance are superimposed upon this general
trend.

The vibracore outside the seep area has similar lithology to the one from
within (silty sand), except for the top few centimeters (mud to sandy mud)
(Fig. 22). Other physical and compositional properties also are similar,
except that the zones of voids do not occur in the core from outside the
seep. The vibracorer penetrated to a shallower depth and usually at a slower
rate outside the seep (Table 2). The penetrometer record west of the seep
(station 677) shows shallow total penetration with a fairly uniform increase
in cone pressure and high relative density (Fig. 23, Appendices B and C). The
penetrometer records east of the seep, at station 671, are more erratic
(Appendix B). Most show a general increase in cone pressure with intervals of
minor decrease.

The erratic nature of the cone pressure versus depth curves within the
seep area probably reflects the presence of bubble-phase gas, distributed
nonuniformly with depth. The narrow intervals of low cone pressure could
correspond to the zones of voids in the sediment core. The reason for
vertical variation in gas content is uncertain; there is some indication that
gas concentration occurs at locations of finer grain size (Fig. 22).
Pressurized cores taken from the Mississippi Delta show analogous vertical
variations in gas content (Denk and others, 1981).

Evidence for areal nonuniformity in gas distribution also exists.

Fathometer records across the seep show variations in cloudiness of the water
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column that extend down to the seafloor (Fig. 24). This may indicate that gas
is seeping strongly from some local areas (piping) and weakly or not at all
from others. 1In some sectors, the variation is so strong as to warrant
mapping the gas seepage as “"patchy" (Fig. 21).

Olsen and others (1980) report low gas concentrations in two of three
cores taken from the seep area. This also implies areal variation in gas-
charging.

To the west of the seep, conditions are similar to those on the western
prodelta (Fig. 23). The sediment apparently is not gas-charged and has
uniformly high penetration resistance and calulated relative densities, at
least to the shallow depths we were able to test (Table 2, Appendix C).
Seismic-reflection records do not show anomalous acoustic returns that would
indicate gas-charging, and the vibracore contained no zones of voids nor did
it show any signs of degassing.

Intervals of low cone pressure in penetrometer records east of the mapped
seep perhaps are indicative of gas-charging, but further study is necessary
for confirmation. This station was originally planned to be within the mapped
seep area, but strong winds and currents caused the ship to drag anchor, and
we drifted away from the seep by the time conditions settled. Therefore, we
have no seismic-reflection records over this site, and time did not permit
collection of a sediment core. The low cone pressure intervals are not as
pronounced as at station 675, which remains an unresolved question pertaining
to records at this site.

Sediment type as inferred from friction-ratio plots are shown for station
675 (within the gas seep) and station 677 (west of the gas seep) in Figures 25

and 26, respectively. Most data points center around the silt-sand category,
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but with much scatter. The cores appear to be more uniform and contain less
fine material than indicated by the penetrometer data.

Compression index (C,) ranges from 0.04 to 0.09 inside (station 683), and
from 0.07 to 0.12 outside (station 684) the gas seep (Table 6). Evidently,
from the low values, consolidation tests were not performed in stratigraphic
intervals that had been expanded due to gas-charging within the seep.
Overconsolidation ratios decrease with subbottom depth outside the gas seep,
whereas an anomalously low value (OCR = 2) was determined within gas-seep
sediment. The C. value for that test appears to be low in relation to other
test data (Table 6, Fig. 18). Whether gas charging, and resultant de-gassing,
affected the consolidation behavior is unclear. The other test values plot
closer to Lambe and Whitman's curve (Fig. 18).

Behavior under static loading is similar for sediment inside and west of
the gas seep, perhaps indicating that the gas is not uniformly distributed
within the area, i.e., the triaxial tests performed on sediment from the gas-
seep area were located in a non-gas-charged stratum. Friction angles are:
38.8° inside (station 683), 38.0° outside (station 684) the gas-prone
region. Ratios of Sy/0'; are also similar: 3.05 inside and 3.31 outside
(Table 7). Remarkably analogous shear behavior was recorded, including peaked
stress-strain curves (Figs. 8c and 8d). Contractive behavior at high
consolidation stresses was less pronounced at stations 683 and 684 than from
prodelta material (stations 685, 686 and 687). That behavior, coupled with
the high S, /0', values, indicates that overconsolidation effects may have
influenced the test results.

Detailed grain size distributions indicate that similar liquefiable

sediment types exist within and outside the seep (Table 3, Fig. 19, Appendix
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A). De-gassed sections of core could not be trimmed for cyclic testing,
however sediment west of the thermogenic gas seep (station 684) showed cyclic
triaxial behavior approximately midway between the other station's results
(Table 8, Fig. 9). Liquefaction analyses show that an earthquake acceleration
between 0.20 g and 0.32 g or wave heights greater than 13 meters are necessary
to cause instability at station 684, whereas the analysis based on CPT data
indicates a higher liquefaction potential within (station 675) and east

(station 671) of the seep (apgzx = 0-.07 - 0.12 g) (Table 9).

Areas of biogenic gas:

Seismic-reflection profiles that exhibit anomalous acoustic returns from
the sediment column have been collected over most of Norton Sound and eastern

2 of seafloor is

Chirikov Basin, and it has been estimated that over 7000 km
underlain by gas-charged sediment (Holmes and Thor, 1982). We occupied two
sites (Fig. 3, Table 1) where cores that contain high concentrations of
biogenically derived gas have previously been collected and where acoustic
anomalies exist (Kvenvolden and others, 1980). The biogenic gas is believed
to originate at shallow depths in the seabed as a byproduct of microbial
breakdown of peat deposits. It is composed mostly of methane.

One biogenic gas site is about 10 km north of the thermogenic gas seep
(Fig. 3). A vibracore at station 682 consists of interbedded sandy silt,
silty sand, and mud (silt-clay) (Appendix A, Fig. 27). The conspicuous
interval with high organic carbon content, high water content, and low bulk
density from about 1 to 4.5m is a peat layer. Plant fragments and a

distinctive brownish tint typify this interval in split core sections. The

core smelled of hydrogen sulfide but did not show signs of degassing.
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The vibracorer penetrated deeply and with the most rapid penetration rate
(Table 2). The XSP-40 deployments at this site (station 676) achieved the
deepest penetration of all tests (Fig. 27, Appendix B). The records show
variable cone pressure with depth, but the tangent to maximum pressures trends
nearly vertical (constant value). Calculated relative densities typically are
low (Appendix C).

The implication of the penetrometer tests is that the sediment is weak;
it does not become stronger with depth as most sedimentary deposits do. Vane
shear measurements of this cohesive material support this conclusion (Fig.
27). The cause of this behavior is probably a consequence of the relatively
high levels of water or organic carbon., It cannot be directly attributed to
bubble-phase gas, because no evidence for its presence was detected in this
core. However, high levels of methane-rich gas were measured in a vibracore
previously collected 3 km from our core (Kvenvolden and others, 1980)., It has
concentrations of organic carbon in excess of 2% in a peat layer over l-m
thick beginning at about l-m depth. Low penetration resistance (deduced from
vibracore penetration rate) was encountered to a depth of about 3 m (Olsen and
others, 1980). Although the data are scant, the low penetration resistance
seems to correlate better with high water and organic carbon contents than
with high biogenic gas levels.

The other biogenic gas site is in eastern Norton Sound, about 35 km south
of Cape Darby (Fig., 3, Table 1l). A penetrometer station (673) was occupied
approximately 0.7 km from where a 155~-cm-long vibracore (76-125) was
previously taken (Fig., 28). The vibracore grades from silty sand to sandy silt
and has physical and chemical properties that show similarity to other Yukon

River-derived deposits in Norton Sound. In particular, the organic carbon
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level is less than 2% and water content is 20-40%. However, high levels of
biogenic gas were measured (Kvenvolden and others, 1980). Olsen and others
(1980) report an abrupt increase of vibracore penetration resistance with
depth at this station. Our penetrometer records show a similar trend (Fig.
28, Appendix B); total penetration depth is small, cone pressure increases
sharply, and calculated relative density is high (Appendix C).

The vibracore penetration-rate data at both biogenic-gas sites suggest
the same conclusion: gas, if it is present, does not significantly decrease
penetration resistance. Perhaps the in situ gas pressure is not high enough
at these sites to significantly decrease the effective stress between grains
(as it apparently is at the thermogenic gas site), although bubble-phase gas
may well exist at the penetrometer stations.

The penetrometer data at station 676 south of Nome indicate a range of
sediment behavior types mostly from sandy silt to silty clay, which is roughly
the textural range recovered in the core at nearby staion 682 (Fig., 29). This
correspondence might be coincidence, to judge from plots of other penetrometer
data that have similarly large ranges of sediment behavior types where cores
indicate a relatively uniform sediment type.

The sediment within the peat zone (station 682) is by far the most
compressible of all the tested material (Cc = 0,53-0.69) (Table 6). The Cc
values plot in the high compressibility range in good agreement with results
of soils from western United States and Colombia (Fig. 18). The one test
performed below the organic layer shows a low compressibility (Cc = 0,06) that
is consistent with other northern Bering Sea sediment (Table 6), but with a
lower C./(1 + ep) ratio than most of the other tests (Fig. 18).
Overconsolidation ratios are somewhat lower (OCR = 4 - 8) than in other

regions (Table 6).
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The sediment above the organic zone in core 682 has a higher strenth
ratio (Sy/0'c = 0.78.versus 0.46), but a lower friction angle (¢ = 35.2°
versus 40.2°) than the peat (Table 7). Similar static loading behavior is
exhibited by both the organic and non-organic sediment in this core.
Contractive behavior occurs at high consolidation gtresses; however, the
slightly contractive response at low confining stresses, is atypical for
northern Bering Sea material. Sensitive (peaked) stress-strain behavior is
also less pronounced than at other Norton Sound sites.

The peaty sediment is slightly finer grained than other liquefiable
sediment (Table 3, Fig. 19, Appendix A), but repeated loading reduces its
strength, nevertheless. Cyclic stress ratios for the organic material plot in
the low range in relation to the other stations (Table 8, Fig. 9). The
minimum earthquake acceleration necessary to induce liquefaction is 0.07 g to
0.22 g, and waves 9 meters high would liquefy normally consolidated sediment;
however, waves 13 meters high would not liquefy overconsolidated material

(Table 9). Earthquake accelerations (apgay = 0.11-0.14g), based on CPT data,

necessary to cause liquefaction at the eastern Norton Sound biogenic gas site

(station 673) are within the range for station 682,

Eastern Norton Sound:

Eastern Norton Sound is protected from high wave energy that is imparted
to the seafloor farther west, and a relatively tranquil sedimentary
environment exists (Howard and Nelson, 1982). A vibracore collected in 1976
(station 76-133, Fig. 3) contains silty sediment with minor amounts of sand
and clay (Fig. 30). Relative to other sediment cores in Norton Sound, water

contents are high, and bulk densities are low. The few measurements of
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organic carbon show low levels., Several other cores in the eastern sound have
similar features (Nelson and Howard, 1980).

Our penetrometer test near the vibracore station experienced low cone
pressure throughout most of its extent, evidently reflecting the high water
content (Fig. 30, Appendix B). The values of cone pressure and relative
density are similar to the low values at the biogenic gas site south of Nome,
where water contents and organic carbon levels are high (Fig. 27, Appendix B).

Penetrometer data predict sediment behavior types that correlate well
with the core sample. Most data points fall in the silt and silty clay

categories (Fig. 31).

Ridge and swale topography

Ridge and swale topography exists near Port Clarence in Chirikov Basin
(Fig. 32). The ridges are in 10-40m water depth and are 15-30 km long, 3-~7 km
wide, and 10-15m high. They are believed to be ancient shoreline shoals,
analogous to present-~-day subaerial Port Clarence spit, deposited upon
truncated Tertiary bedrock during the Holocene transgression (Nelson and
others, 1980). Strong currents have prevented burial of these features by
Holocene deposits, and sediment on the ridges is being reworked into a series
of migrating sand waves (Field and others, 1981).

Vibracores from a ridge and an ajacent swale exhibit strikingly different
compositions (Figs. 33 and 34). The core from the ridge is well sorted sand
with scattered shells. Muddy sand occurs at the top of the swale core, with
some peat layers and lenses. Below this, the sediment is varied but generally
contains more mud, except for the lowest 50 cm, and gravel (to cobble size)

appears in increasing quantity. Water and organic carbon contents are in the

v
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normal range for Norton Sound sediment (Table 4)., Shallow depth with a
relatively slow penetration rate was achieved by the vibracorer on the ridge
(station 680), whereas the penetration rate and depth were much greater in the
trough (station 68l1) (Table 2).

The penetrometer records from the ridge and swale are also distinctly
different. The test on the ridge shows a uniform increase of cone resistance,
and shallow penetration (Fig. 33, Appendix B), similar to the silt and sand
deposits elsewhere except that the calculated relative densities are less
(Appendix C). The test in the swale achieved greater penetration depth and
recorded a relatively low gradient and substantial variation of cone pressure
with depth (Fig. 34, Appendix B).

The data at these sites demonstrate a large variation in sediment type
and physical properties over a small distance. The sediment on the ridge is
relatively dense. The sediment in the swale is relatively weak, which
evidently reflects its greater percentage of silt and clay. Interestingly,
water and organic carbon contents are not as high as at other locations where
penetration resistance is low (Figs. 27 and 30). Sediment in the swale
beneath the level of the penetrometer test probably becomes stronger due to
the decrease in silt and clay and the appearance of gravel.

The penetrometer tests at station 679 on the ridge yield consistently low
friction ratios, which implies sandy material as was recovered in the core
sample (Fig. 35). The two tests in the trough at station 678 show different
results. The test with less scatter indicates silty to sandy material. This
correlates fairly well with the cone (Fig. 36).

The consolidation characteristics (C, = 0.07-0.11, OCR = 21-6) of the

sediment in the trough (station 681l) are typical of northern Bering Sea
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material (Table 6, Fig. 18). Static loading behavior is also similar to other
]
tests; the strength ratio Su/o c is 1.23 and the friction angle is 37.3° for

slightly overconsolidated sediment (OCR

2). Dilatant properties exist at
low confining stresses, and analogous to the sediment at the biogenic gas area
(station 682), peaked stress-strain behavior is limited (Fig. 8a).

The grain size distributions of sediment within the ridge and swale areas
are similar to material that has previously undergone liquefaction (Table 3,
Fig. 19, Appendix A). Cyclic triaxial tests on trough sediment (station 681)
show low resistance to liquefaction (Table 8, Fig. 9). Analyses indicate that
a 0.10 g to 0.37 g earthquake acceleration will liquefy trough sediment (Table
9). Earthquake accelerations (ap,, = 0.10-0.13 g) based on CPT data suggest
that some sediment on the ridge (station 679) has the same liquefaction
susceptibility as trough material (station 678). Sustained wave heights
greater than 13 m are required to liquefy both ridge and swale sediment (Table
9).

DISCUSSION

The northern Bering Sea encompasses a diverse suite of geologic
environments that contain sedimentary deposits with distinct physical
properties. The aim of this geotechnical framework study is to characterize
the deformational behavior of sediment in each environment and to explain the
behavior in terms of geology.

Two types of geotechnical testing were employed. Each has its own
advantages and limitations with regard to accurately defining the
deformational behavior of northern Bering Sea sediment. Cone penetrometer
tests were used to measure sediment properties in situ, in a nearly

undisturbed state. However, most sediment in the northern Bering Sea is
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highly resistant to penetration, and tests were possible only to small depths
beneath the seafloor. Moreover, the penetrometer can only be used to infer a
few physical properties, and no sediment sample is recovered. Laboratory
testing of sediment cores, on the other hand, enables inferences to be made
about a wide range of static and dynamic loading parameters. But, sediment
samples are disturbed during coring operations, which can only be partly
compensated for with special laboratory techniques.

Yukon prodelta: The variation in sediment physical properties on the Yukon

prodelta might be related to the degree of exposure to large storm waves that
approach dominantly from the southwest. Exposure to wave-induced stresses
should decrease around the prodelta to the northeast because of topographic
shielding and frictional dissipation. The penetration resistance appears to
roughly correlate with the level of wave-energy exposure. This correlation
could be the result of sediment liquefaction during exposure to major storm
waves (see Clukey and others, 1980) followed by reconsolidation to a greater
density state during quiet periods. It could also result from preloading by
soft Yukon River silt during quiet periods and removal of this soft surface
material during passage of major storms (Nelson, 1980b; Cacchione and Drake,
1979). At station 686, the sediment is incompressible and has a high friction
angle (¢'), stress ratio (S,;/0.'), and penetration resistance, all of which
indicate high strength and relative density. 1In fact, relative densities well
in excess of 100% were calculated at that site, indicating a state of
overconsolidation at shallow subbottom depths and consequent strong, dilatant
behavior.

The western prodelta sediment has a low wave-induced liquefaction

suseptibility (Table 9), despite having one of the highest concentrations of
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wave energy in the northern Bering Sea. The material probably is reworked and
densified often enough that a substantial thickness of loose, liquefiable
sediment cannot accumulate.

Relative density and strength decrease between station 686 and station
685 to the northeast. Of the 5 stations on the prodelta, the sediment at
station 685 is the loosest, weakest, and least consolidated. Although it is
the most suseptible to liquefaction, failure due to storm-wave loading seems
unlikely because of its shielded location. Infrequent, large storm waves from
the north could cause failure if the sediment was normally consolidated and if
pore pressure was not dissipated (Table 9), but these conditions are unlikely.

Station 687 north on the prodelta is denser than at station 685 to the
southeast, in spite of being more shielded from storm waves. Forces caused by
intense ice-gouging on the northern prodelta may act to locally densify and
strengthen the sediment (Thor and Nelson, 1980).

It is worthwhile to note that the wave and ice forces that have acted to
stabilize sediment on the prodelta can be significant agents of erosion and
also can have significant impact directly on engineering structures.
Therefore, they are potential hazards.

The effects of earthquakes on prodelta sediment stability must be
considered. Seismic activity in western Alaska, particularly on the Seward
Peninsula, is moderate (Biswas and Gedney, 1979), but earthquakes above
magnitude 4.0 with epicenters under Norton Sound are unlikely (Biswas,
University of Alaska, oral communication, 1982), Therefore, liquefaction in

response to earthquakes in southwest Norton Sound is unlikely.
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Thermogenic gas seep: The occurrence of thermogenic gas 40 km south of Nome

is vertically and areally discontinuous, as shown by the uneven distribution
of gas bubbles in sediment cores and seismic-reflection profiles. Laboratory
tests on lithologically similar cores collected within and west of the seep
show high sensitivity, low compressibility, and a state of overconsolidation
for both. Only sections that were undisturbed by gas bubbles were tested in
the core from within the seep. Penetrometer tests suggest that the bubble-
rich intervals are weak and relatively suseptible to liquefaction. Exposure
to storm waves does not appear severe enough to induce liquefaction, however
M6.75 earthquake located in the vicinity of Nome could cause liquefaction
within and east of the seep (Table 9). The occurrence of that event is
improbable. Analysis of penetrometer data suggests that liquefaction is

unlikely at the station west (684) of the seep.

Areas of bjiogenic gas: Two stations were occupied within extensive areas of

biogenic gas-charged sediment in Norton Sound. Station 682, approximately 10
km north of the thermogenic gas seep has a 3.5-m thick peat layer with high
percentages of water and organic carbon. The peat is weak and is the most
compressible material sampled in the northern Bering Sea. The low strength
correlates better with high water and organic carbon contents than with gas
content. Possibly, the gas pressure is not high enough to significantly
decrease the effective stress within the sediment. Sensitivity and degree of
overconsolidation are less at this site compared to others, indicating that
although the sediment is weak, the strength will not rapidly decrease after

shear.
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Liquefaction analysis indicates that an M6.75 earthquake located in the
south-western Seward Peninsula could cause sediment failure, but as previously
mentioned a seismic event of that magnitude is unlikely.

Physical properties of sediment at the other biogenic-gas station (673)
are somewhat different from those at station 682. Penetrometer records
indicate high sediment density, for which there is no obvious explanation in
terms of exposure to environmental forces. Liquefaction analysis predicts
that susceptibility is less than at station 682, but a M6.75 earthquake
located approximately 63 km from the site could induce failure.

More testing within areas of biogenic gas is necessary to determine the
variability of gas-changing, as well as the range of physical properties and

deformational behavior.

Eastern Norton Sound: Although local variations exist, the silty sediment

core in eastern Norton Sound has high water content, perhaps because of an
open sedimentary fabric produced in this relatively tranquil environment. An
earthquake of magnitude 6.75 at an approximate distance of 107 km
theoretically could cause liquefaction at station 672 (Table 9). Because an
M6.5 earthquake occurred in 1950, approximately 30 km inland from the
northeastern coast of Norton Sound, sediment in the vicinity of station 672

appears to be more suseptible to liquefaction than at any other station.

Ridge and swale topography: Large variation in physical properties over small

lateral distance characterize sediment at stations on a ridge and in a swale
near Port Clarence. The ridge material is a dense, uniform sand, whereas the

swale sediment is a less-dense, muddy sand with gravel at depth.
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Laboratory tests imply that static engineering behavior of sediment in
the swale is similar to the loose prodelta sediment at station 685, except
that sensitivity is not as pronounced. As at most other stations, earthquake-
induced liquefaction is improbable. Although unlikely, the ridge material is
more prone to liquefy from wave action, because at the shallower water depth

energy is more readily imparted to it, than the trough.

CONCLUSIONS

Sediment cover in the northern Bering Sea is thin, typically less than
10 m, and physical properties of the widespread silt and sand indicate
generally favorable engineering behavior. Local conditions such as high gas
concentration pose special concerns in some areas.

Environmental forces from waves, currents, and ice can be severe, and
they can have direct impact on engineering structures or they can erode
sediment that is meant to serve as a base for foundations. Expectable levels
of environmental forces do not appear to be high enough to cause large scale

failure of sediment, however.
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NOMENCLATURE AND LITHOLOGIC SYMBOLS

AVG MAX q

AVG MIN q

Anax

CE

The coefficient of pore pressure response at failure during
a triaxial test (change in pore pressure at failure/change
in deviator stress).

The average single amplitude cyclic compressive stress
applied to a cyclic triaxial test sample.

The averade single amplitude cyclic tensile stress applied
to a cyclic triaxial test sample.

The maximum earthquake induced acceleration at the ground
surface.

The compression index, defined as the slope of the linear
part of a consolidation curve plotted on a graph of void
ratio vs. log of effective stress.

The prefix for a constant rate of strain (CRS)
consolidation test number.

A factor applied to the blow count to correct for influence
of overburden pressure (reference value is 1 ton/sq ft).
Uniformity coefficient = Dgg/D1g*

Centimeter.

A coefficient that relates unidirectional cyclic shear test
results to multidirectional shaking in situ.

A coefficient that modifies the cyclic triaxial stress
ratio to a corresponding cyclic simple shear stress ratio
that is more representative of field conditions.

Rebound index, determined from a consolidation test.
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vV ave

Dy,

Damping

DELU

Delta u

Dev Stress

The coefficient of consolidation, a sediment property that
reflects the rate at which consolidation will occur.

The average of all coefficients of consolidation except
rebound values determined from an oedometer test.

Prefix for a cyclic triaxial test number.

Maximum distance to an earthgquake fault from which a
particular ground acceleration would occur.

Subbottom depth to which liquefaction may occur due to a
particular sustained average storm wave.

Relative density, natural density state relative to maximum
and minimum density states.

Diameter at which 60% of the soil is finer.

Diameter at which 50% of the soil is finer.

Diameter at which 10% of the soil is finer.

Still water depth.

A dynamic sediment property calculated from a cyclic
triaxial test. It represents the amount of energy lost per
cycle as a percentage of the energy introduced.

Same as Delta u.

The change in excess porewater pressure from the beginning
of a shear test.

The deviator stress or difference between the major and
minor principal effective stresses (¢'q - ¢'3).

The modulus of elasticitye.

The void ratio.
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km

kPa

NP

OCR

OE

Initial void ratio in a consolidation test, in situ woid
ratio.

Acceleration due to gravity (9.8 m/secz).

Sustained average storm wave height.

Subbottom depth at which a shear stress is determined.
Coefficient of earth pressure at rest in situ, horizontal
effective stress/vertical effective stress.

Kilometer.

KiloPascal, kN/mZ2.

Sustained average storm wave length.

Earthquake magnitude.

Meter.

Millimeter.

Blow count, the number of blows required to drive a
sampling spoon 1 ft during a standard penetration test.
Blow count corrected to an overburden pressure of 1 ton/sq
ft.

Non-plastic.

Overconsolidation ratio (O'Vm/o'vo).

Prefix for oedometer test numbers.

The average normal effective stress acting on a sample at

some point in a triaxial shear test ol' + 03' .
2

The peak shear stress acting on a sample at some point in a

triaxial shear test 0'1 - 0'3 .
2
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SIG lc'

SIG 3.°'

STATIC qg

w sheared

-Yl

Cone pressure, determined during a cone penetration test.

Maximum value of g reached during a static triaxial test,

equal to Su'

Stress coefficient to reduce horizontal shear stresses,
induced by an earthquake, from a rigid to a deformable
body.

The major (or vertical) principal stress applied to a
triaxial test sample prior to shear.

The minor (or horizontal) principal stress applied to a
triaxial test sample prior to shear.

Strength of a static triaxial test sample, however in
Appendix E it typically refers to the test consolidation
stress.

Undrained shear strength, determined from a static triaxial
test.

Sustained average storm wave period.

Prefix for a cyclic triaxial test number.

Prefix for a static triaxial test number.,

Trace.

Water content expressed as a percent of dry weight.
Water content of a sheared triaxial test sample.
Subbottom depth at which a shear stress is determined.
Symbol for angular degrees.,

Percent.

The total unit weight of a sediment.

The buoyant (submerged) unit weight of a sediment.
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Y -
Hm -
0'1 -
0'3 -
O'C -

' -
% vm
%' -
T ave -
L -
T

cyc ave max~

T -
T max -
T min -

The unit weight of saltwater (10.05 kN/m3)-
Micrometer.
The major (or vertical) principal effective stress applied

at any point in a triaxial test.

The minor (or horizontal) principal effective stress

applied at any point in a triaxial test.

The consolidation stress exerted on a triaxial test sample.
The in situ vertical effective stress exerted by the weight
of overburden,

The maximum vertical effective stress that a sediment has
ever experienced.

The friction angle of a sediment expressed in terms of
effective stresses.

Average horizontal shear stress at a subbottom depth
induced by an earthquake.

Horizontal shear stress at a subbottom depth caused by

storm waves.

The maximum average single amplitude cyclic stress applied

to a cyclic triaxial test sample.

Horizontal shear stress at a subbottom depth induced by an

earthquake.
Same as AVG MAX (.

Same as AVG MIN (.
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