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INTRODUCTION

Geologic studies in the northern Bering Sea (Pig. 1) have identified
several features and proceases that can have significant impact on offshore
industrial operations (Thor and Nelson, 1980; Larsen and others, 1980).
Paulting, thermogenic and bioaenic gas chargina, sediment liguefaction, ice
gouging, current scourina, and bedform migration have bheen identified as
potential hazards (Fia. 2). The occurrence of specific conditions depends
partly on local geoclogic history, especially with reqard to the types of
sediment that have accumulated. Also important are mcdern environmental
forces, which in the northern Rerinag Sea include severe stormg, Strong
geostrophic ocean currents, and movement of seasonal ice.

This report presents the results of a two-year geotechnical framework
study, desianed to determine repregentative values of sediment mechanical
(qeotechnical) properties and to use these values in an assessment of soil
response to enginearing and natural loading. Geotechnical data have heen
gathered previously and applied to the analysis of particular probhlems in the
area (Olgsen and others, 1980; Clukey and others, 1980)., The framework study
is a quantitative supplement to the other gqeologic and geotechnical studies
and provides engineerina data that can be used from a regional pergpective in
preliminary evaluations for sitinag offshore 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 intc the seabed and measuring the resistance to
penetration, from which correlations to sediment properties are made.
Laboratorvy techniques involve deformation testing of sediment core samples.

An advantage of in situ testing is that it measurea properties of sediment in



the natural, undisturbed gtate. Sediment cores can suffer significant
disturbance before they are tested in the laboratory. fThis is particularly
true for the silty and sandy sediment types in the northern Bering Sea that
were cored using vibratory methods (Xoutsoftas and others, 1976). The natural
stress state is difficult to reproduce in the laboratory, and oriainal
sediment fabric can be hroken 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 SETTING,

The northern Perina Sea comprises a broad, shallow epicontinental shelf
that extends about 200,000 km2 between Alaska and Siberia (Fiq. l). Two major
physioaraphic subdivisions are Norton Sound (water depth < 30 m) and Chirikov
Basin (water depth < 60 m), The entire reqion was emergent during Pleistocene
low stands of sea level. Glaciers encroached on western and northern
portions. BAn extensive tundra vegetation developed on the remainder of the
shelf, except where rivers carved channels that led to large submarine
canyons. Shoreline transqression 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 migrated north
to its present position from the vicinity of Cape Romanzov about 2500 years
ago (Dupré and Thompson, 1979). During sealevel stillstands, coastal ghoals

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 i1s in most places less than a few meters thick and consists of
coarse glacial till and outwash, limnic peaty mud, transqressive gravel to
medium sand, and inner-shelf fine sand. This sediment is Pleistocene acge, 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 Creaqer, 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 1is
the dominant sedimant type. It covers nearly all of the seafloor in Norton
Sound and has accumulated up to 14 m thicknass. The sediment type qgrades to

silt and mud in the easteyn sound,

METHODS

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

Augqust 3-18, 1981 ahoard the MOAA ship DISCOVERFR, Sites were occupied that
represent a broad range of qeologic environments, many where special
engineering probliems might be encountered (Figs. 2 and 3; Table 1). In
Chirikov Basin, only the shoreline shoals near Port Clarence were visited.
Thé rest of the stations were in Norton Sound at locations of bioagenic gas-
charged sediment (2 stations), a thermogenic gas seep, middy sediment, angd a
range of Yukon prodelta gediment types (5 stations).

Geotechnical data were obtained with in situ testing equipment and from

laboratory teating of sediment cores. The in gitu device is a static cone



penetrometer, the XSP-40, that belonas to the Naval Civil Engineering
Laboratory (Fig. 4; Beard and Lee, 1982), The ingtrument meagures 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 18 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 douhle 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 ig terminated
either when the maximum penetration depth 1is 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 larqe vibhracorer (Figq. 5). This &evice is
housed on a frame similar to that of the XSP-40., Cores are retrieved in
plastic liners, B cm inside Adiameter, 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 harrel was recorded during
sampling operations (Tahle 2). Two cores were taken at each station. Roth
were cut into l-m~long sections, and the ends were capped. One core was split
lengthwise onboard ship, described qeologicallv and suhsampled at reoular
intervals for grain size, water content, qrain specific gravity and carhon

content determinations. When fine-grained cohesive sediment was encountered,



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

Shiphoard operations at each station were as follows. A seismic-
reflection line was run over each station, using 12 kHz, 3.5 kEz, and 600
joule minisparker systems. Navigation used loran C with satellite updates.
The ship was anchored at each station, the XSP-40 was deploved from an
outboard storage position usinag the ship's deep-sea winch and larae crane, and
a cone penetration test (CPT) was run. More than one test was run at each
station. Some guccessive teats were run after liftina the XSP-40 a small
distance off the seafloor and setting it down aqain at essentially the same
location. Other tests were rerun after the ship wag allowed to 8rift a short
digtance, in order to study local variahility 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, so0 most sites discussed in this
paper have companion vibracores and cone penetration testa, Vibracores for
laboratory geotechnical testing are not available for all stations, however,

The XSP-40 and the vibracorer were not both deployed at a single
anchorage because the larae gize of the instruments made frequent interchanae

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



stations while the vibracorer was gtored on deck. Then, gtations were re-~
occupled, 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 tegts were made with a standard
motorized apparatus, using a 1.27-cm diameter by 1.27-cm long vane and a
rotation rate of 3%0°/min, Peak undisturbed and remolded strengths were
measured at regqular intervals down 3plit cores (Table 4), 1In the shorebasegd
lab, Atterbera limits were determined according to standard procedures (Lambe,
1951, p. 22-28), hut with water content corrected for a sgalt concentration of
35 ppt. Grain sizes were measured by sieve, pipette and hydrometer methods
(Carver, 1971; Lambe, 1951) (Tables 3 and 4, Rppendix A)}. A LPCO model WR-12
carhon determinator with an acid diqestor and an induction furnace was used to
measure organic carbon and cargonate content. An air comparison pycnometer
aided in the calculation of arain 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 othexs, 1971).

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

gome were consolldated 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 according to the scheme presented in Table S. Some test specimens
ware 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, whereby a high consolidation streass 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 ratioc (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) sadiment type, and 3) relative density.
Stratigraphic variation is a gualitative evaluation based on the shape of the
cone pressure varsus 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 glope 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 (Regemann, 1965; Schmertmann, 1978a; Martin and DNouqglas,
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 correlationg 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 tvpe, and once a correlation has
been established within an area, the expense and effort of collecting core
samples can be reduced or eliminated.

Relative dengity refers to the magnitude of the natural densityv 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 dengity of 0% indicates the least dense state, Schmertmann (1978b)
derived an empivrical correlation between cone pressure, vertical effective
stress (a meagsure of the buoyant weight of the sediment column at a particular

depth below the surface), and relative density:

[
P, = 0.34 In [(a_ /(12.31 0 '%71y3 » 100
vo
where Dr = relative density in percent
q. = cone pressure in kq/cm2

o vo = effective vertical (overburden) stress



This correlation wag dexrived from lahoratory testina of normally consolidated
sand, and its application to field situations may he imprecise (Appendix C).

As discussed by Schmertmann (1978a), measurements of cone pressure are
influenced by the proximity of an interface hetwsen materials of different
physical properties. In particular, as the cone enters the seahed, 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 readinas
truly reflect sediment physical properties, A similar argument applies to
friction sleeve readings, and also to interfaceg between sediment strata. &g
applied to the present study, the cone-pressure and friction-ratio curves
(Appendix B) have only tualitative significance at depths less that ahout
0.28 m in the seahed; stratigraphic 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 congolidation 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 resulta are plotted as void ratio (e
= volume of voids/volume of solilds) versus the logarithm of effective vertical
Stress (U'V) (Table 6, Appendix D). The curve typically has a straight line
segment, termed the "virgin compression curve®, in the ranqge of high
consolidation pregsures. 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 (d.vm) is the areatest effective overbhurden
stress that the sediment has ever heen exposed to and is determined from the

e-logq Uv' curve by a simple araphical congtruction (Casagrande, 1936), The

1
ratio of O om to the effective overburden stress at the time of



sampling (alvo) ig the overconsolidation ratio {(OCR)}, which desc¢ribes 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!)+

Sediment properties derived from static triaxial strength tests can be
used to predict failure conditions of sedimentary deposits. The primary
meagured property is undrained shear strength (su = gpay) (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
gtress lavel (U.C). Sy 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. In
comparison, the ratio Su/c‘c gives an indication of the strength during rapid
(undrained) loading conditions. The difference between drained and undrained
gtrength behavior depends on the pore water pressure generated in response to
the tendency for volume change when the sediment is axially loaded. If 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 tesgts are performed in order to study
the strength properties of sedimentary deposits under the repeated application
of loads, such as by earthquakes ox waves. Tegts are run at a predetertmined

3

cyclic stresg level (71 /6 ), which ig the average maximum
Cyc ave max Cc

cyclically applied shear stress (Teyc ave max) divided by the consolidation

stress (O c) (Table 8, Figs. 9-11, Appendix F). Pore water pressure and

10



strain accumulate with repeated application of Iéyc ave max: At some point,
the pore water pressure approaches the confining stress, styxain increases at a
fagter rate, and the sediment fails. 1In our tests, faillure was chosen when 5%

strain was reached.

RESULTS

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

gsouth coast {(Fig. l1). 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 1s 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 S50-100% 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 thege (685 near 670, 686 near
669, and 687 near 674) (Fig. 1, Table 1l). Cores were collected near the two
other sites on previous cruises (78-22 near 668, 78-24 near 667) (FPig. 1,
Table 1l).

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

with c¢lay content commonly less than 10% (Table 4 Figs. 12-16). The cores



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, 663), 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 gimilar 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 corea show only
minor stratigraphic variation with depth, which is consistent with the shape
of the penetrometer curves.

Plots of friction ratio wersus cone pressure for stations on the prodelta
where penetration exceeded 0.28 m (stations 663, 670, and 674} are
incongistent 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 gsand 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
(198B1), a sediment classification scheme developed from penetrometer data is
area-dependent and refers to sediment behavior types; that is, sediment types

clagaified 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 wvalues 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 oconsolidation is
greater than would be produced by the existing overburden stress (Beard and
Lee, 1982). Schmertmann's egquation assumes normal congolidation. Although
the calculations give unrealistically high values for relative density, they
at least imply a dense sediment state shallow in the geabed at these sites.
In contrast, the two stations farther to the noxtheast (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 (Cc =
0.03 - 0.25) are present west and north of the delta (gtations 685, 686 and
687}, and they vary erratically down-core (Table &). 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
overcongolidated, 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 5). West of the delta (atation 686)
the material has the highest friction angle (¢' = 42°) and a high §5,/0¢', ratio
(1.38), whereas to the northeast (station 687) a low friction angle (38.3°)
and S, /0'. ratio (0.B3) 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 Su/u'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 stres3. Some tests at each station
produced peaked stress-strain curves that are indicative of sensitive behavior
(Figs. 8 - 8g).

Liguefaction, caused by repeated loading of waveg or earthquakes,
transforms sediment from a solid into a liquefied state as a consequence of
increased pore pressure and reduced effective stress (Committee on Soil
Dynami¢cs of the Geotechnical Engineerxring Division, 1978). Liquefaction 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 szediment type ig within the limits for observed liquefaction,
whereas in the northeast (station 687) the one detailed grain size
digtribution was cloge to but not fully in the range (Table 3, Fig. 19 and
Appandix 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
yatio 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 earthguake acceleration (amax) and the
gmallest sustained storm wave height (H) necessary to cause liquefaction at
particular gtations (Table S, Appendix G). Liquefaction potential varies
markedly on the prodelta.. Sediment at the northern station (685) reguires 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,ax ranges from 0.1l g to 0.27 g and wave heightsa over 13 weters are
required to c¢ause 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 gediment coreg 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 18 derived from a deep, thermogenic source (Nelson and
others, 1978; Xvenvolden 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
aeafloor. Gasg 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 1l). 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 outaside, 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-gize
measurements from these zones show more silt (less gand) than at other 1levels,
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 8). But, a tangent to the
maximum values shows a fairly uniform increase in cone pressure with depth,
and narrow intervals of low resistance are superimpcsed 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)
(Pig. 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 (¥ig. 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 natvre of the cone pressure versus depth curves within the
seep area probably reflects the presence of bubble-phase gas, distribuated
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).
Presgurized cores taken from the Migsissippi Delta show analogous vertical
varilations in gas content (Denk and others, 198l).

Bvidence 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. In 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 implieg 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 digd
it show any signs of degasgsing.

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 préssure intervals are not as
pronounced as at station 675, which yemains 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 Qdecrease 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
congolidation 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,/09'c 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

19



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). Liguefaction analyses show that an earthquake acceleration
between 0.20 g and 0.32 g ox wave heights greater than 13 meters are necessary
to cause instability at station 684, whereas the analysls based on CPT data
indicates a higher liguefaction potential within (station 675) and east

(station 671) of the seep (apgay, = 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
Chirikov Basin, and it has been egtimated that over 7000 km2 of seafloor is
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 exiat (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 c¢ontent, and low bulk
density from about 1 to 4.5m is a peat layer. Plant fragments and a
distinctive brownish tint ¢ypify this interval in split core sections. The

core smelled of hydrogen sulfide but did not ghow 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 gite (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 Qoes 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 conseguence 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 detectad 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 1-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 l). A penetrometer station (673) was occupied
approximately 0.7 Xm from where a 155-cm-long vibracore (76-125) was
previously taken (Fig. 28). The vibracore grades from gilty sand to sandy silt
and haa 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 18 less than 2% and water content is 20-40%. However, high levels of
biogenic gag 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. 22). 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 2one (station 682} is by far the most
compressible of all the tested material (C_ = 0.53-0.69) (Table 6). The Ce
values plot in the high compressibility range in good agreaement 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
ia consistent with other northern Bering Sea sediment (Table 6), but with a

lower C./{(1 + eg) 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 (5y/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 orgamic and non-organic sediment in this core.
Contractive behavior occurs at high consolidation gtresses; however, the
slightly contractive response at low confining streases, 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, Flg. 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 earthguake acceleration necessary to induce liquefaction is 0.07 g to
0.22 g, and waves 9 meters high would liquefy normally consoclidated sediment;
however, waves 13 meters high would not liquefy overconsolidated material
(Table 9), Earthquake accelerations (apzy = 9.11~0.14g), based on CPT data,
necessary to cause liguefaction at the eastern Norton Sound bilogenic gas site

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

Eastexrn Norton Sound:

Eastern Norton Sound is protected from high wave energy that is imparted
to the seafloor farther west, and a relatively tranguil 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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organi¢ carbon show low levels. Several other cores in the eastern sound have
similar features (Nelson and Howaxd, 1980).

Our penetrometer test near the vibracore station experienced low cone
pregsure throughout most of its extent, evidently reflecting the high water
content (Fig. 30, Appendix B). The values of cone pressure and relative
dengity 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 gilt and silty clay

categories (Fig. 3l).

Ridge and swale topography

Ridge and swale topography exisgs 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 tranggression (Nelson and
others, 1980). Strong currentg 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 occurg at the top of the swale core, with
some peat layers and lenses., Below this, the sediment is varied but generally
containg more mud, except for the lowest 50 cm, and gravel (to cobble size)

appears in fincreasing guantity. Water and organic carbon contents are in the
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noxmal 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 681) (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 axe 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
resultg, The test with less scatter indicates silty to sandy matevrial. This
correlates fairly wel) with the cone (Fig. 36).

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

sediment in the trough (station 68l) are typlical 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/clc 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 gediment 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 68l1)
show low resistance to ligquefaction (Table 8, Fig. 9). Apalyses indicate that
a 0.10 g to 0.37 g earthquake acceleration will liquefy trough sediment (Table
9). Earthquake accelerations (a ., = 0.10-0,13 g) based on CPT data suggest
that some sediment on the ridge (station 679) has the same liguefaction
susceptibility as trough material (station 678). Sustalned wave heights
greater than 13 m are reguired to liquefy both ridge and swale sediment (Table
9).

DISCUSSION

The northern Bering Sea encompasses a diverse suite of geologic
environments that contain gsedimentary deposits with distinct physical
properxties. 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. FEach has its own
advantages and limitations with regard to accurately defining the
deformational behavior of northern Bering Sea sediment. Cone penetrometer
tegts 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 dynami¢ 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 gediment 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 alsc 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 (su/oc'), and penetration resistance, all of which
indicate high strength and relative density. In 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 gediment hags a low wave-induced liguefaction

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 accutulate.

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

Station 687 north on the prodelta ls denser than at station 685 to the
southeast, 1n 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
alsoc 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 earthguakes above
magnitnde 4.0 with epicenters under Norton Sound are unlikely (Biswas,
University of Alaska, oral communication, 1982), Therefore, liguefaction in

regsponse to earthgquakes 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 discontinuoua, a8 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 Bensitivity, 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 a
M6.75 earthquake located in the vicinity of Nome could cause liquefaction
within and eagt of the seep (Table 9). The occurrence of that event is
improbable, Analysis of penetrometer data suggests that liguefaction is

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

hreas of biogenic gas: Two stations were occupied within extensive areas of

biogenic gas-charged sediment in Norton Sound. Station 682, approximately 10
ki north of the thermogenic gas seep has a 3,5-m thick peat layer with high
percentages of water and organic carbon. The peat ls weak and is the most
compresgible material gampled 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
overcongsolidation 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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Ligquefaction analysis indicates that an M6.75 earthquake located in the
gsouth-western Seward Peninsula could cause gediment f£failure, but ag previously
mentioned a seismic event of that magnitude is unliikely.

Physical properties of sediment at the other biogenic-gas station (673)
arxe somewhat different from those at station 682. Penetrometer records
indicate high sediment density, for which thexe 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 hiogenic 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 gilty 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 magpitude 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 liguefaction than at any other station.

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

lateral distance characterlze 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 18 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, becaunse 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
gsediment that is meant to serve &s a bage for foundations. Expactable 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

dmax

CE

CN

Cu

cm

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 average single amplitude cyclic tensile stress applied
to a cyclic triaxial teat 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 pregsure (reference value is 1 ton/sqg ft).
Uniformity coefficient = Dgp/D19*

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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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 digstance to an earthquake fault from which a
particular ground acceleration would occur.

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

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

Olameter 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 c¢yclic
triaxial test. It repregents 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 wajor and
minor principal effective stresses (c¢'{ - 0'3).

The modulus of elasticity.

The void ratio.
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km

kPa

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

Acceleration due to gravity (9.8 m/secz).

Sustained average storw wave height.

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

Kilometer.

KiloPascal, XN/m2.

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 corxrected to an overburden pressure of 1 ton/sg
ft,.

Non-plastic.

).

1 1 1 t ]
Overconsolidation ratio (o' /o' .

Prefix for oedometer test numbers.

The average normal effective stress acting on a sample at

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

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

triaxial shear test 0'1 - 0'3 .
2
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9 - Cone presgure, determined during a cope penetration test.

- Maximum value of g reached during a static triaxial test,

Amax
equal to Su‘

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

SIG 1.° - fThe major (or vertical} principal stress applied to a
triaxial test sample prilor to shear.

SIG 3.’ ~ The minor {or horizontal) principal stress applied to a
triaxial test sample prior to shear.

STATIC 4f - Strength of a static triaxial test sample, however in
Appendix E it typically refers to the test consolidation
stress,

Sy - Undrained shear strength, determined from a static triaxial
test.

T ~ Sustained average storm wave period.

TC ~ Prefix for a cyclic triaxial test number.

TE - Prefix for a static triaxial test number.

TR - Trace.

W - Water content expressed as a percent of dry weight.

w gheared - Water content of a sheared triaxial test sample.

Z - Subbottom depth at which a shear stress is determined.

° ~ Symbol for angular degrees.

% ~ Percent,

Y - The total unit weight of a sediment,

Y ~ The buoyant (submerged) unit weight of a sediment.
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T cyc ave max

The unit weight of saltwater (10.05 kN/ma).

Micrometer.

The major (or vertical) principal effective stress applied

at any point in a triaxial test.

The minor (ox horizontal) principal effective gtress

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
aver experienced.

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

Bverage horilzontal 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 ¢yclic triaxial test sample,

Horizontal shear stress at a subbottom depth induced by an

earthquake.,
Same as AVG MAX q.

Same as AVG MIN g.
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LITHOLOGIC SYMBOLS.

AN
His
ouss [/
|3ABIB
3ZiS NIvdD

SPIOA

s8jqqged

Buijpiow oweblio

jeliajew
ojuebio-jead

sjuawbel} [|ays

o 5

aN3o37

pnw Ajpis

His Appnuw
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pnw Apuegs

pues Ajis

pues
ADOTOHALT
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Table 1. Stations {cont'd).
Water Penetration
depth Geolodgic Depth Digtance from first
Station Attempt Latitude (N) Longltude (W) (m) environment {m) penetrometer test (m}
h71 2 64°05,58" 165°29,24" 1.12 20
(cont}
3 64°05,.74" 165°249,18°' 0.78 145
4 64°05,64" 165°25.19" G.80 136
5 64°05,.66" 165°29.,03" 1.03 384
[ 64°05.66" 165°29.01" 1.48 412
7 64°05,66" 165°25.78" 0.94 4037
8 64°05,65" 165¢26,72" 1.02 4134
eagtern Norton
872 1 54206 .08! 161°36.19" ia Sound 2.94 -
2 £4°06,08' 161°36.20" 2.71 10
673 1 £4°00.46" 162924 .62 18 hiocaenic aas N.51 =
2 64°00,46" 162°24.61" N.42 1in
3 64°00,33" 162°24,59°" 0.41 222
4 64°00.33° 162¢24,59! 0,46 222
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Table 1B (cont'd}. Distance

Water from nearest
depth Geologic Use of Core penetration
Station Attempt Latitude (N) Longitude (W) {m) environment core length (m) test (m)
686 1 62°%8.03' 165°41.511 18 Yukon geotechnical 3,88 426
prodelta
2 62°58,16" 165%41.42° geoclogical 3.88 699
687 1l 63949.95! 164°21.64" 18 Yukon geotechnical 5.50 865
prodelta
3 63°49,93" 164°21,64" geclagical 5.50C 850
76=-125% 1 64°Q00.04" 162924,92" 18 biogenic gas geological 1.5%% 717
76-133 1 64°05.62°' 161°36.78" 18 eastern Norton geological 1.70 1206
Sound
78-22 1 63°20.86" 165250.14! 23 Yukon geclogical 2.81 1152
prodelta
78-24 1 63°28.53" 165°20.13° 18 Yukon geclogical 4.95% 1586

prodelta



(4]

rable 2. Vibracorer penetration rates (in meters/min).

DEPTHCORE 5802 681A2 58123 63281 682A2 6H3AL &R3IA2 6f4Al 63402 685A1 £85a2 GBEAL BAEA2 &587A1 €873
{m})

D.2 1.5 22.9 22.9 45.7 36.6 61.¢ 26,1 0.3 45.7 45.7 45.7 8.3 36.6 €1.0 45.7
0.5 4.6 6.8 5.9 30.%5 1a8.2 6.1 6.1 a.7 5.4 91.4 12,2 1.2 1.6 15.2 12.2
0.9 3.0 5.6 a.3 160.2 8.7 5.5 2.8 2.1 2.4 1¢.8 6.3 a.7 B.7 I.5 0.6
1.1 2.1 8.7 10.2 9.1 5.7 4.6 2.8 1.5 2.6 7.8 5,5 1.7 0.9 1.1 2.2
1.4 1.6 6.5 6.8 18.13 9.6 4.5 1.1 q.a8 1.9 4.6 4.6 1.3 1.1 1.6 2.0
1.7 6.9 i.8 1.1 30.5 10.2 2.8 0.4 2.3 0.2 5.7 3.0 0.6 0.5 1.5 2.0
2.0 2.3 2.4 2.9 8.3 1.8 0.5 0.2 0.3 1.4 6.9 0.5 0.5 1.6 1.9
2.3 1.8 2.4 18.3 A.7 1.8 0.2 4.3 0.2 0.6 0.5 0,7 0.7 0.9 1.1
2.6 1.1 1.4 16.6 8.3 2.2 0.5 n.3 0.5 0.3 0.8 1.0 1.0 1.4
2.9 0.8 0,9 14.1 a.t 2.8 a.5 0.3 0.2 0.1 1.0 0.8 1.1 1.2
3.2 .6 1.2 11.4 9.0 2.3 0.6 ¢.1 0.3 0.2 e.7 0.6 1.2 1.3
a.5 0.6 1.2 11.4 7.6 1.5 0.5 0.2 0.3 0.5 1.1 1.0
3.8 0.4 1.1 B.0 6.1 1.4 0.4 0.4 .4 1.0 0.7
4.1 0.3 0.5 8.6 5.2 1.5 0.4 .8 0.7
4.4 0.2 0.1 4.9 1.1 0.5 0.6 0.7
4.7 4.9 0.6 e.2 0.4 6.5
5.0 4.3 0.4 0.3 0.4
5,3 3.5 G.4 0.3 0.5
5.6 1.3 0.3 8.2 0.4



€S

Table 3. Detailed grain size sumeary.
CORE DEFTY TEST [)5!1 559 Dl 250 LEE & FITIOW FISHIDA BOTH
(m) {um} tum) (um} 1n (1964} {1969) RANGES {1)
6803 6.30 273 261 175 1.6 . .
.82 255 2548 i8¢0 1.4 . *
1,82 245 237 161 1.5 * »
2.22 225 212 156 1.4 * .
681A2 1.45 D 100,101 40 Ek 4.7 8.5
6B1A3 0.20 225 197 20 11.2 .
.40 27¢ 245 1ig 2.4 *
0.84 141 126 44 3.5 - -
1.40 107 a5 12.13 8.7 *
2.29 120 14 19.5 6.2 .
2.84 41 23.5 2.0 20.5
682a1 ¢.97 < 18,39 89 &8 9.2 a.7 .
1.09 ™ 76,77 % 26 4,2 9.3
1.78 T 98,99 16 12.4 1.4 11.4
1.8%9 ™ 76,77 45 34 4 11.0
683A1 1.05 62 68 10.1 6.1 .
4.25 T® 109,110 62 60 21 3.0 -



*(6961) YPTYETX puw

(B96T) UOIITJ PUV 99) IO Aq pojeubFssp U0z Y3 UTYITA FTIRJ PAIND UOTINYGYIISTP 9279 UTRidb jo 1ed

*(6T 2anb14) £3FTIQT3d6ans UOTIORJONDIT JO FuOZ BYJ UTYIJA BTV IAIND UOTINGTIIVIP 9ZTF UFVAD

(1)

FANA L'y 0t ot S6°V6 0L 69°0 TYL89
. 1's ST 1T ] 50 L6°36 XL sPev 1v98Y
. Z'9 96 ®s a9 vL'Z9 O 501
. 9y 8 1t 6y vs 18‘08 L »»-0 TVS89
. 39 vo 95 z9 16’06 DL 9970 Y89
TV) oMY (6361) (8361} () {wn) (=) (n)
HLo" VGQIHSIA w033Td ¥ 99T “M“ 9y 059 09 LsdlL HLJdEq 00

~{P.3UCD) Aawumng IZYs UFVah PA[TEIIQ ‘¢ FIAYL

54



08 s G°E s 792 882 vi-2e | A ¥4 vy
S PT P A4 » B'T9 08'Z A0t 4 o€z bLtE
Z'9 » §°C . B'1Z 8L°T (1) k4 2 €2 sLte
L5°2 E0*Z 1°12 Lt
952 T T zos 9L"0
£9°¢ 10°Z e 4 Z0*0  IVIBS
Te'T vo-1 6°ZZ Ls*2
dN 860 BO'0 19°C 902 112 °T  v°0 v'86 0°0 L4 A4
0e*1 09°1 v 6l zo°zT -
v9°e 112 6°81 8°1
dn 56°¢ 86°0 99°¢ I 561 9*0 Z'0 766 0°0 Zs°'1
§9°Z zi'z FAEH ZE°1
8s°¢ 1z 89t Z1°1
dN ¥8°0 Lo°0 €32 91z L*91 9°'0 8'T 9°L6 00 Z8'0
v9°z L1z 1°1Z 090
aN vLto 60°0 99°g 60°C 6°0Z E'0 60 8°86 0*0 9€°0
19°0 Zi°o 0°T 60 1°86 00 ZO'D  EV089
9 s 9'0 s 92 08°¢T £S°T £°€6 Z0*0 €99
6°T . 9°Z » 6°F BL"T 9r 1 S ZTT SE*0
10°2 8€°T v°68 20*0  19ZL9
95°Z BL 1 1% 0Z'0
dn 92 1 19°0 9L T 98° T S 0P L°0T F'29 6°9C 00 0T*0
SE'T E¥ O o't 8'st 0T 0°0 Z0'9  T9599
X3aKI © XFANI LIWIT  LIWIT ALIALL JAGTIOWIY  LOYINI {%) (%)} Amso\evu Amﬁuxso_ (%) AVID LTIS dRVYS CTEAVHD (W)HHO00 IO
ALIGINOIT ALIDIASYId OIdSwld QInoIvTl  -ISNGS {edy} f00e0  NOMHWD ~ ALISNHG ALISNIA  LNELNOD (%) NI
SLIWTT OHITUILLY HIONIALS dYHHS ANYA OINYDHO  NIVHD A10d dALYM EZIS NIVHS HIdag
+y3busIe AVSYS SUEA puvw FoTIasdoxd xspul *p SIqRL



9%

Table 4. Index properties and vane shear strength {cosot'd).

DEPTH GRAIN SIZF WATER BULK GRAIN  ORCGAWIC TANE SHEAR STRENGTH ATTERBERG LIMITS
™ Y CONTENT ODFNSITY DENSITY CARBON  Cal0, {kPa} SENSI- LIQUID PLASTIC PLASTICITY LIQUIDITY

CORE CORE{m) GRAVEL SAND SILT CLAY (%} {gm/cm™} {am/cw™) {%} ty} INTACT REMOLDED TIVITY LIMIT  LIMIT INDEX INDEX
681A1  0.02 6.0 76.9 15.4 7,7 0.49 1.57

0.10 25.7 1.99 2.62

0.20 0.0 83.8 10.6 5.6 20.3 2.10 2.67 0.31 1.47 NP

0.30 24.4 1.98 2.57

0.40 14.9 75.6 6.4 3,1 19.1 1.77 2.66 0.39 2.41 NP

0.61 26.R 1.98 2.64

0.B4 0.0 87.7 9.0 3.1 2R.,9 1.97 2.68 1.70 1.08 NP

1.00 30,2 1.96 2.71

1.20 16.6 2.21 2.73

1.40 0.0 64,3 27.L B.6 18.9 2,16 2.74 8.56 3.64 NP

1.80 19.7 2.14 2.73

1.58 15,2 2.20 2.87

2.20 1.0 77.1 10.8 1l.} 18,4 2.15 2.89 0.41 1.63 wp

2.4 17.8 2.18 2.7}

2.60 26.0 2.02 2.71

2,84 0.0 26.3 S1.1 22.6 35.0 1.90 2.70 1.60 4,48 34.8 7.5 4.7 13 24 9 1.22

1.09 i.1 75.7 6.1 7.1 19.7 1.57 1.76 0.47 2,19 NP

3,20 20.6 2.13 2.74

3.37 36.3 1.99 3.01 3s.0 11.2 3.4

3.57 0.0 15.0 57.6 27.4 41.7 1.90 2.96 6.95 2.12 38.6 9.0 4.3 50 32 18 0.54

3.81 32.8 1.97 2.82 39.2 11,2 3.5

3.99 28,1 2.03 2,79 41.7 2.3 4.5

4.16 1.4 35.1 37.7 25.8 21.0 2.13 2.76 0.90 1.96 61.0 18.0 1.4 0 20 10 0.10

4.35 23.0 2.08 2.73 62.R 14.9 4,2

4,55 25.7 2.07 2.80 34.8 9,3 3.7

4.75 22.6 46.3 22.0 9.1 16.8 2.24 2.79 0.80 5.01 NP

4.95 14.7 2,26 2.74

5.15% 12.R 2,30 2.74

5.35 28,7 S4.5 11.8 5.0 1.5 2.3 2.73 fi.58 5.71 uP
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Table 4. Index properties and vane shear strength {cont'd}.

DEPTH GRAIN SIZE WMATER BULK GRALM ORGANELD VANE SHEAR STRENGTH ATTERBERG LIMITS _

N (%) CONTENT DENSITY DENSITY CARBON CaC03 {kra) SENEI=- LIQOUID PLASTIC PLASTICITY LIQUIDITY
OCRE CORE (m) GRAVEL SAND SILT CLAY %) (om/cm”) {gm/cm”) (&} {1) JTUTACT REMOLDED TIVITY LINIT LIMIT INDEX INGEX
§92a1 1,17 73.5 1.56 2.52 35.1 6.3 5.5

2.16 75.9 1.55 2,54 A8 0.7  12.5

3.15 £7.3 1.60 2.58 21.4 7.7 2.8

4.14 33.8 1.90 2.66 3.9 4.7 5.5
68222  6.02 0.0 22.7 67.0 10.3 9.85 1.09

0.19 0.0 187 68.7 12.6  239.9 1.87 2.78 D.74 1.29 11.6 1.8 6.4 wp

0.41 29.0 1.97 2.68 5.8 1.1 5.5

0.66 28.9 1.97 2,89 16.5 2.1 7.7

0.80 0.6 52,5 41.8 6.5  77.1 2.01 2.73 0.65 0.93 29.6 3.5 8.4 wp

1.00 69.8 1.57 2,51 23.0 4.9 4.7

1.05 78.2 1.52 2.42 22.8 7.1 3.2

1.18 27.2 ¢ 6.3 * 4.3

1.40 0.0  S6.3 33.1 10.6  62.7 1.62 2.56 3.A1 1.27 35.6 9.9 3.6 55 a3 22 0.90

1.60 52,9 1.2 2.57 34,6 10.9 1.2

1.80 69.9 1.58 2.53 34.0 11.4 1.0

2.00 0.0 3.0 63.2 27.8  61.5 1.64 2.59 4.71 0.99 27.9 9.9 3.1 68 42 26 0.75

2.20 0.0 17.4 S2.8 29.8  §3.4 1.62 2.56 4.02 1.28 19.2 6.9 2.8 73 43 30 0.68

2.40 89.6 l.48 2.40 23.0 9.3 2.5

2.60 89.6 1.48 2.47 24.5 8.2 .0

2.80 0.0 4.3 S1.7 44.0  95.4 1.27 1.66 5.22 1,32 22.8 R.5 2.7 97 s8 39 0.96

3.00 77.2 1.49 2.29 23,1 9.1 2.6

3.26 0.0  21.B 42.9 29.3  62.9 1.863 2.59 4.12 0.69 2A,1 9.5 3.0 73 43 30 .66

1.40 83.7 1.53 2.62 23.0 9.0 2.6

3.65 69.4 1.59 2.59 35,3 10.5 3.4

3.80 0.0 4.4 58.2 37.4  75.2 1.55 2.53 6.47 0.73 41.4 14.6 2.8 101 49 52 0.50

4.00 . 35,1 14.7 2.4

4.24 0.0 57.5 31.7 10.8  49.3 1.71 2.54 3.37 0.87 20.9 9.3 2.2 NP

4.40 16,9 6.6 2.6

4.60 TR £§9.3 25.1 5.6 35.1 1.R8 2.68 1.9 0.58 4.8 5.8 2.5 )3

4.88 37.9 1.84 2.54

5.00 0.0 83.7 I14.3 a.0 23.1 2.05 2.67 B.12 0.54 NP
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Tahls 4. Index properties and vane ahear strength fcont'd).

DEPTH GRRIN SIZE WATER BOLK GRAIN  ORGCANIC VANE SHEAR STRENGTH ATTERPERG LIMITS -
N Y] CONTENT DEWSITY DENSITf ~ CAPBON  CaCO {(kPa) SENSI- LIQUID PLASTIC PLASTICITY LIQUIDITY
CORE CORE (m} GRAVEL SAND SILT CLAY (%) {gm/cm”} (gm/em” ) (%) (1) INTACT REMOLDED TIVITY LIMIT _ LIMIT TNDEX INDEX
68381 0.85 20.5 2.13 2.74
2.91 27.6 1.99 2.69
3.90 26.6 1.98 2.63
4.90 27.2 2.02 2.77
683A2  0.02 0.0 36.0 S7.4 6.6 0.45 0.66
0.10 0.0 54.4 40,0 5.6 27.1 2.02 2.73 0,51 0.49 up
0.30 26.7 1.98 2.64
5.50 21.8 2.08 2.69
e.74 8.2 72.6 2.8 4.0 19.6 2.15 2.7% 8.25 6.78 Ny
¢.88 28.1 2.08 2.62
1.14 0.0 9.4 46.1 I5.5 51.0 1.73 2.66 8.45 0.4R NP
1.34 25.0 1.99 2.61
1.52 23.7 2.22 3.06
1.7¢ 0.0 EL.B 35.3 2.9 25.4 2.02 2.68 0.35 n.60 e
1.90 8.0 75.7 22.3 2.0 23.7 2.03 2.65 n.21 n.47 NP
2.10 0.0 85.7 2.6 1.7 24.2 2,02 2.54 6.08 8.76 NP
2.30 23.6 2.05 2.69
2.50 1.9 B6.X 8.8 1.2 22.9 2.05 2.66 8.23 0.41 wF
2.70 27.5 2.01 2.74
2.90 27.2 2.17 3.12
3.10 0.0 34.6 62.5 2.9 27.1 1.99 2.68 0.27 0.31 NP
3.30 25.1 2.04 2,71
3.50 26.4 2.00 2.66
3.67 27.6 1.98 2.67
3.87 6.0 39.9 57.8 1.2 27.6 1.96 2.62 0.22 8.65 WP
4.07 27.4 1.98 2.65
4.27 6.0 42,0 54.6 3.4 26.3 1.99 2.65 ©.28 f.43 we
684AL  1.55 19.4 2.14 2.72
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Table 4. Index proparties and vane ghear strength {cant'd}.

DEPTH GRAIN SIZE WATER RITLX GRAIN  ORGANIC VANE SHEAR STRFNGTR ATTERAERG LIMITS
™ ) CONTENT DENSITY DEXNS CARRON  Cal0 {kPa) SENSI~  LIQUID PLASTIC PLASTICITY LIQUIDITY
CORE  CORE {m) GRAVEL SAND SILT CLAY (%) {qm/m3) fogm/cm”) e} (%) INTACT REMOLDED TIVITY LIMIT  LIMIT INDEX INDEX
GA4A2 0.02 G.0 15.2 70.2 14.6 0.92 1.57
n.27 0.0 25.% 61.9 12.6 55.2 1.70 2.6A 0.R6 1.93 NP
0.57 26.2 2,03 2.74
0.71 23.3 2.0R 2.74
0.91 0.0 76.3 17.5 6.2 22,9 2.07 2.71 0.239 0.84 NP
1.31 2.9 2.08 2,68
1.71 0.0 72.3 24.1 3.6 24,6 2.085 2.73 $.30 1.05 WP
1.91 24.8 2.03 2.69
2.1% 0.0 62.8 20.5 2.7 25.5% 1.97 2.57 9.31 4.60 NP
2.51 0.0 65.8 36,1 3.1 24.1 2.01 2,62 0.26 0.89 NP
&B5A1 g.02 8.0 38.6 47.3 14.1 41.3 i.84 2.7% 2.95 1.64 NP
0.26 ¢.0 45.3 47,3 7.4 37.1 1.87 2.69 D.72 1.23 5.7 1.4 4,1 NP
0,40 60.5 1.37 1.72 4.9 1.R 2.7
0.60 0.0 46.7 43,1 8.2 32.1 1.93 2.70 0.98 1.12 id4.¢ 4.7 1.8 NP
¢.60 Rl.0 1.45 1.9 1&6.5 6.5 2.5
1.00 28.1 1.99 2,71
1.20 0.0 61.5 32.9 5.6 26,9 1.74 2.14 G.42 C.BE NP
1.29 10.6 1.64 2.0%
1.48 11.2 1.68 2.10
1.69 9.0 51.5 41.9 6.6 23.2 2.9 2,76 .42 1.490 NP
1,80 22.8 2.10 2.75
2,00 23.1 2.10 2.76
2,20 6.0 6l.5% 32.4 6.1 1.9 2.11 2.75 ¢.45 0.9%9 NP
2.289 27.4 2.n2 2.76
2. 40 23.1 1.R0 2.18
2.60 0.0 50.A 42.7 6.5 23.9 2,98 X, 76 0.44 1.38 NP
2,80 22.8 2,10 2.76
3.00 p.0 43.3 50.9 5.8 23.4 2.08 2.73 0, £4 1.17 NP

3.20 23.0 2.08 2,73



Table 4., Index properties and vane shear strength {cont'd}.

DEPTH GRAIR SIZE WATER BULX GRAIR ORGANIL VANE SHEAR STRENGTH ATTERARERG LIMITS
be i {%) CONTENT DENS DENS CARBOW Caloy {xPa} SENRSI- LIQUID PLASTIC PLASTICITY LIQUIOITY
CORE  CORE {m) GRAVEL SAND SILT CLAY (%3 {am/cm”} (gm/cm} (%) (%) INTACT REMOLDED TIVITY LIMIT LIMIT INDEX INDEX
685A2 §.85 3.8 1.65 2.73
1.85 23.7 2.09 2.717
2.85 22.2 2.10 2.73
1.85 25.7 2.04 2.74
BB6AL 1.35 57.4 1.34 1.63 $0.9 * 13.2 *» 1.9
2.36 29.8 1.98 2.74 L31.2 * I7.7 * 3.5
6B6A2 6.02 0.8 74.0 19.8 6.2 0.55 0.Ba
0.20 0.0 64.6 24.9 0.5 27.5 1.88 2.44 0.57 1.68 NP
0.490 2¢.9 2,30 2.68
a.60 2.8 2.09 2.7
0.80 0.0 64.3 33.4 6.7 22.2 2,69 2.7} 0.41 1.54 NP
1.00 23.3 2.00 2.71
1.20 9.0 £9.6 26.1 0.3 5.4 1.488 2.68 1.09 1.34 NP
- L.40 2R.5 1.97 2.67
(=] 1.68 0.0 .7 58.2 1li.1 29,4 1.97 2.7 1.42 1.87 NP
1.89 28.5% 1.99 2.73
2.02 0.0 49.9 47.2 2.9 6.4 2.02 2.7% 0.35 1.46 NP
2.20 38.1 1.95 2.68 :
2.40 3.1 56.5 40.4 48.3 1.78 2.76 3.58 4.17 :1:] 4B 20 0.02
2,60 29.2 1.97 2.1
2.76 0.0 9.4 0.6 20.0 32.9 1.93 2,73 1.63 2.72 NP
&87A1 1.91 in.m 1.97 2.80 99.5 * 32.4 * 3.1
2.91 38.8 1.83 271 5¢.3 * 16.8 * 3.0
3.91 27.e 1.94 2.62 92.3 * 16.8 * 5.5



Table 4. Indew properties and vane shear strength {cont'dJ.

BEPTH GRAIN S5IZE WATER BULX GRAIN ORGRNIC VANE SHEAR STRENGTH ATTERBERG LIMITS

R %) CONTENT DERSI‘T; DENSI'I'E CARROR CACO3 {kPa} SENRI- LIQUID PLASTIC PLASTICITY LIQUIDITY
CORE CORE (m) GRAVEL SAND SILT CLAY {v) (om/cm™ )} {gm/om”} A %) INTACT REMOLDED TIVITY LIMIT LIMIT INDEX INDEX
[23:4) % 0.02 0.0 25.4 61.6 13.0 .86 1.41

0.40 18.9

.45 55.9 1.87 2.68

0.60 60.5 12.6 4.8

0.70 0.0 12.1 R2.3 9.6 26.6 2.01 2.69 0.66 1.20 NP

g.80 102.1 63.0 1.6

1,00 319.1 6.6 1.1

1.10 32.0 1.90 2.62

1.20 124.8 89.5 1.4

1.30 0.0 10.0 BD.6 9.4 26.9 2.00 2-6R 0.78 L.61 NP

L. 40 151.3 93.3 1.6

1.60 155.1 4.0 4.5

1.70 33.7 1.91 2.69

1.90 132.4 18.9 7.0

1,90 i7.% 1.86 2.69

2.0¢ 116.90 65.6 1.8

2.10 25.5 2.00 2.65

2,20 156.3 86.3 1.8

2.30 30.8 1.97 2.75

2,40 131.1 100.%9 1.3

2.55 3.1 1.54 2.75

2.60 45.4 16.4 2.8

2.75 0.0 1.5 87.6 18.9 31,5 1.93 2.68 0.68 1.5%

2.80 107.2 30.3 3.5

2.9% 29.9 1.97 2.72

3.00 . 104.86 22.7 4.6

3.15 5.0 4.6 82.%@ 13,3 36.9 1.87 2.68 0.89 1.RQ 53 3s 18 G.11

.20 B3.2 42.9 1.9

3.35 35.6 1.89 2.70

3.40 63.0 26.5 2.4
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Table 4. Index properties and vane ghear ptrength {cont'dl.

CEPTH GERAIN SIZE WATER BOLX GRAIN QRGANIC VANE SHEAR STHENGTH ATTERBERG LIMITS
IN L ¥ CONTENT DENR DENS CARBON CaCD; {kPa) SENSI- LIPUID PLASTIC PLASTICITY LIQUIDITY
CORE CQRE (m) GRAVEL SAND SILT CLAY (%) (am/cm”} (am/cm™) {v] {%} INTACT  REMOLDED  TIVITY LIMIT LIMIT INDEX INDEX
GRTAI 1.60 27.0 2.04 2.78
(cont} 3.65 RA.S 25.2 3.4
1.80 0.0 11.9 77.2 10.9 28,1 1.58 2.7 0.84 1.32 NP
3.85 131.1 40,3 3.2
4,00 26.0 2.02 2.71
4.0% 138.7 34,0 4.1
4,20 0.0 9.6 B3.7 6.7 27.9 1.97 2,65 .76 1.A3 NP
4.25 1a0.9 5.0 20.0
4.62 191.6 65.6 2.9
4.66 25.1 2.19 3,12
4.70 175.3 83.2 2.1
4.85 0.0 14.4 74.3 11.3 0,68 1.23 NP
4.90 14R.8 66.68 2.2
5.05 8.4 2.00 2.79
5.10 114.7 16.6 3.1
5.20 0.q 2.2 ¥3.1 4.7 47.2 1L.79 2.80 1.51 1.67 NP
5.35 76.9 27.7 2.8
5.45 40.7 1.86 2.86

WOTE: NP = Non-plastic
TR = Trace
* = Vane inserted parallel to core axis



Table 5. Triaxial test types,

NUMRFR
STATIC OF TFSTS
TESTS DRSCRIPTION PFRFORMFD
T2 Isotropicallv consolidated to the in situ vertical stress 1
with undrained shear,
-3 Isotropic normally consolidated (OCR=1) undrained shear. 11
T-4 Isotropic overconsolidated (OCR ~ &) undrained shear, 8
=7 Anisotropic normally consolidated (OCR = 1) undrained 1
shear.
T-8 Isotropic overconsolidated (OCR ~ 3) undrained shear. 2
CYCLIC
TESTS
T-5 Isotropic normally consolidated (OCR = 1) undrained shear 13
with a high cyclic shear stress ratio (7 /9 ).
cyc ave max
T-6 Isotropic normally consolidated (OCR = 1) undrained shear 15
with a low cyclic shear stress ratio.
-9 Isotropic overcongolidated (OCR ~ 6) undrained shear with 3
a hiah cyclic shear stress ratio.
T-10 Isotropic overcongolidated (OCR ~ 6) undrained shear with 3
a low cyclic sheaxr stress ratio.
T-11 Igotropically consolidated to the in situ vertical stress with 1
undrained shear and a high cyeclic shear stress ratio.
T-12 Isotropically consolidated to the in situ vertical stress with 1
undrained shear and a low cyclic shear stress ratio.
T=13 Isotropically consolidated to the in situ vertical stress. 1
Cyclic shear stresses were increased and drainage was allowed
hetween burst cycles to simulate storm wave eventa and
densification due to pore pressure dissipation.
T-14 Anisotropically consclidated to the in situ vertical stress. 1

Cycllc shear stresses were increased and drainade was allowed
between burst c¢ycles to simulate gtorm wave events and
densification due to pore pressure dissipation.



Table 6.

Congelidation test results,

CORE  DEPTH  TEST O o c, c, c,(ayelx1072 ocRr w e - f
{m) No., (kPa? (kPXT (cm” /sec) (%)
681A2  2.13 OE36 24 500 0.11 0,002 2.0 21 21.6 0.520  0.07
5.53 OE38 66 416 .07 0.003 0.6 6 13.9 0.382  0.05
682A1  1.47 OE34 8 64 0.53 0.065 0.3 8  65.3 1.886  0.18
2.91 OE35 15 70 0.69 0.072 0.3 4 75.1 1.991 0.23
4.61 CE19 28 190 0.06 - - 7 33.6 6.967  0.03
683A1  1.50 CE34 13 20 0.04 - - 2 28.6 0.809  0.02
2,55 CR35 22 660 .09 - - 30 30.0 6.967  0.05
4.47 CE43 s 280 0.08 - - 7 25,6 0.636  0.05
684A1  0.37 CE37 4 250 0.08 - - 61 28.5 0.724  0.05
1.07 CE47 11 200 0.12 - - 18 21.0 0.625 0.07
2,137 CE49 24 170 0.07 - - 7 23.5 0.605  0.04
685R2 0.77 OE39 5 105 0.25 0.018 0.9 20 40.0 1.165  0.12
1.53 CE20 12 190 0.10 - - 16 27.0 0.671  0.06
1.81 CE21 19 260 0.03 - - 14 21.7 0.551  0.02
G86AL  0.28 CR39 1 300 0.09 - - 100 26,7 6.678  0.05
0.77 CF41 8 425 0.08 - - 53 29,0 0.740  0.05
1.83 CR40 1® 1100 0.05 - - 61 24.3 0.600  0.03
2.86 CE42 28 280 0.24 - - 10 37.3 1.044  0.12
687A1  0.67 OE42 6 £90 6.11 0.007 1.9 77 29,0 0.748  0.06
1.07 CR48 10 360 0.22 - - 30 33.4 0.881  0.12
2.20 OE43 21 326 0.14 0.010 1.1 15 31.0 0.774 .08
3.63 CEA4 33 479 0.14 - - 14 29.0 0.854  0.08



Table 7. Static triaxial test results.

STRAIN g P' 1
TEST TEST - . INDUCED AT AT AT L (2)
CORE  DEPTH NO. TYPE w SHEARED 0 Ag OCR FAILURE FAILURE FAILURE n $'
{m} [ T8} [} {e} {xPa) {4} {%Pa} {kPa] o {degrees)
A
68182  1.36 107 T-A 34,7 30.6 151.0 B5.87 2.0 11.9 186.0 312.3 .23 €37.3
1.36 108 T4 32.1 28.7 4.7 -06.19 7.4 17.3 149.0 247.2 3.66 <40.4
68231  1.12 76 ™3 29.7 25.5 236.7 0.25 1.0 13.1 183.9 327.7 0.78 35.2
1.12 77 ™7  40.4  32.3  242.3  0.19 1.9 18,2 124.5 197.5 0.52 39.2
1.26 a5 4 71.2 54.0 44.1  0.D3 5.5 17.4 A2.9 121.4 1.88 c43.4
1.26 86 T-8 €%9.3 50.9 77.9 0.18 3.0 19.2 89.5 135.3 1.1% <41.4
1.78 9n T-31 7§.4 52.5 201.3 0,81 1.0 17.6 93.2 144.3 0.45 40.2
1.78 29 ™~4 T7.B 59,0 27.3  0.04 8.3 14.6 63.6 85.5 2,33 <48.9
68IAY  4.26 109 T-3 25.5 25.5 289.7 ~-N,13 1.0 9.9 882.4 1409.2 3.0% 3s.8
4.26 116 ™4 26.0 25.8 47.4 -6.30 6.3 B.& 634.3 1064.5 13,348 <37.8
684a1  0.95 105 T3 21.4 21.4 293.0 -0.17 1.0 7.2 969,.8 1591.1 3.31 38.0
9.9% 108 T-4 22,6 21.8 8.1 -8.35 6.2 8.5 £75.1 1116.4 14.04 <37.7
69552 0.55 103 T-3 29.9 26.6 3031.B 0.0} 1.¢ 16.7 423,4 719.0 1.39 38.1
.55 104 ™4 29.8 26,9 38.3 -0.32 7.5 4.6 201.3 499.7 7.14 €37.8
1.35  11% T-2  30.2 29,3 20.9 -0.212 (?) 11.85 77.54 131.33 3.71 <42.1
1.35 120 T3 29.8 26.7 292.0 0.139 1.0 17.62 266.20 471,60 0.91 36.8
2,26 54 ™3 23.6 23.6 101.3 -9.2n 1.0 9.2 427.6 793,13 4.21 38.8
2.46 95 ™3  23.5 21.9 343.2 -0.16 1.0 8.4 1189.5 1916.5 3.47 39.¢
686AL 1.75 100 ™3 - 25.6 304.2 0.01 1.0 9.4 419.9 Tr6.7 1.38 42.0
1.795 101 T—-4 - 24.9 47.7 =0.26 6.2 8.8 372.9 616.1 7.82 <38.2
687a1  9.80 102 ~—4 27.%  27.7 45.1 -0.28 6.5 9.8 499.7 686.3 9.08 39,9
1,15 95 T3 34.31 32.3  299.6 2.26 1.0 20.0 248.5 419.0 0.83 38.3
1.15 97 ™3 33.9 32,9 94.4 0.03 1.0 12.9 147.6 232.4 1.56 42.1

f ]
{1} qﬂax’“ - Su/G ctay be iafluenced by overconsclidation in some corea {even at high consolidation stresses).

L] ¥
{2} ¢' = arcaipe {g/p') for (a/p'} with the highest o 1/5 3 ratio: 4' is valid only For T-3 and T7 tests at high consolidation stregses.



Table 8. Cycllic triaxial teat Tesulta.
CYCLES CYCLES CYCLES
TEST TEST w R INOTCED N TT™ 5% ™ 10% TO 208
CORE DEPTH NC. TYFE - SREARED T OCR T /G L Vi STRATIH STRAIN STRAIN CUMMENTS
(=) (1) i%) (s) txpf) g (Y SR | 3
GRIAZ2 1.46 100 ™5 31.4 6.1 294.5 1.0 47,9 -39.2 1 C 15 5 C M.B,
1.46 101 ™6 26.7 21.6 298.4 1.0 36.3 -34.0 5T | T 47 7
1.56 127 ™6 25.3 21.4 J00.4 1.0 2%.4 -18.7 S7T1C 722C TESC
1.56 128 -5 24.4 20.7 55.3 1.0 56,7 -65.2 196 272C 450C CSR
6RA2AL &.80 44 -6 29.8 24.1 241.8 ) 27.2 -23.5 a9l C 130 ¢ 214 ¢
.28 a5 ™6 in.s 25.5 2319.4 1.0 19,1 -8.8 216 C 320 C 413 C
0.50¢ 10 T-6 24.3 21.6 24an. 4 1.0 39.%8 -36.1 ir 57 5T NECKING
a.%0 41 ™6& 26.8 26.1 241.8 1.0 as.2 -44.6 4T 27 1% T
1.00 k] -5 24.0 - 238.4 L.0 53.4 ~55.0 T arT - M.B.
1.68 iz ™6 4.0 - 237.2 1.0 35.5 -52.1 2T 7T 17 = H.B.
1.38 78 19 £9.5 52.6 17.8 6.1 8,3 -R2.3 s T 123 ¢ 242 C
1.38 79 9 &6%.6 53.0 39.8 6.8 151.5 -131.2 4 C 14 ¢ 20 C
1.90 KL ™6 76.9 49.1 23R.0 1.0 28.3 -22.4 313 ¢ /0 c 440 C CSR
1.90 77 T=5 §9.1 44.8 239.1 1.0 47.3 -45.5 47T 7T 1z T
68401 0.66 90 6 23.56 21.G 296.6 L. 54.1 -36.% A 64 T 62 T
D.66 a1 ™5 26.0 21.4 297.2 1.0 94.8 -79.6 1T 4 T T
- BA5A2 D.33 111 -5 39.9 31.3 2.6 1.0 47.6 ~4).8 2T 5T & T
.33 112 ™6 39.8 9.8 298.0 1.0 Zh.4 -312.8 137 © 152 £ 163 T
g: D.44 g0 =6 ar.o 27.5 2689.8 1.0 19.5 ~16.1 427 71 591 C 653 T
6.44 ax r-5 47.2 5.9 297.4 y.0 46.7 -19.5 2T 4 7 57T
0.85 az ™18 3.8 26.0 45.7 &.4 0R.B 95, 4 13 7r 6 T 122 T
.65 al ™9 .3 26.3 49.7 5.0 171.0 -161.,2 Fa 19 7 ig T
0.95 D113 T~12 31.5 28.8 16.4 1.0 lr2.0 112.0 192 T 885 T 980 T (1)
0.95 DL20 T=11 28.6 25.9 17.0/8.7 1.0 17r.0 -r22.0 - B cC 150 ¢ (2)
L.05 52 ™5 28.6 25.8 17.4 1.0 R1.6 -f6,2 180 C gy C a0g c CSR
1.05 74 T=-6 26.1 25.3 0.8 l.0 2.7 -29.8 1200 1600 1800 CSR
2.066 54 =3 23.0 2.8 ali.o 1.0 51.4 -40.0 & T - - M.B.
2.08 51 ™~5 25.4 25.4 294.1 1.8 66.2 =-50.1 14 T - - H.B.
BHEAL 0.20 a8 ™9 25.2 21.3 53.4 5.7 101.5 -100.2 13 7 43 7 33T
0.8 89 10 7.4 ZL.8 50.4 6.0 £8.2 ~63.6 13 211 isé ¢
0.35 :F} ™6 20.6 - 296.7 1.0 54.4 -44.5 227 - - M.B.
0.35 85 =5 21.3 - 258.9 1.9 76.8 -65.,7 4T - - M.R,
0.45 26 -6 22.2 20.6 295.5 L.0 61.6 -51.9 96 C - - H.B.
0.45% 97 bl - - 298.1 1.0 123.0 ~57.5% 2T - - M.B.
0.5%6 109 T~& - - 293.6 1.0 54.2 ~46.2 420 T 423 T 424 T MH.B.
5.5 116 Tus - - 237.% 1.9 93,1 -76.9 Li T 25 7T 40 T M.B.
&87Th] D.49 95 T-5 33.6 29.4 29R.7 1.0 64.3 -57.8 217 5T 6T
G.a9 94 -6 40.56 34.0 96,7 1.9 5.7 ~22.5 330 ¢© 402 T 414 T
C = Compresasive gtraingy M.B, = Membrane broke during cyclingy
T = Tenslle strain; CSR = Changed stresa Tatio (results are gquestionahlel;
L]
{1) Isotropic comsalidation, drainage bertween hursts, T/0 e " &5 123 25; S56; 112%
{2} Anlpotropic congolidation, drainage between burats, = 37, 4; 49, 0; 73, -24; 98, -4%; =73 %71, -122%
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Station ‘Gﬂ. 78-24 Physiographlc area _Yukon prodelta - ‘protected’

Lithology Grain size Water content Buk density Organic carbon Carbonate Cone pressure
(weight %) (% dry weight) (gm/cm3)  (%dry weight) (% dry weight) (kPas10%)
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Fig. 12. Litholoay, index properties and cone pressure vs subbottom depth for
stations 667 and 78-24 (Yukon prodelta - “protected™}.
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Pig. 17a. Sediment type determined from cone penetration test 669X1 (Yukon
prodelta - "exposed" - near station 686).
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Fig. 17b. Sediment type determined from cone penetration test 670X4 (Yukon
prodelta - "protected” - near Btation 68%5).
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Fig. 17c. Sediment type determined from cone penetration test 674X1 (Yukon
prodelta - "protected” -~ neax station 687).
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Tcyc ave max / O’'c to reach 6% strain in 360 cycles
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Fig. 20. Cyclic stress ratio determined from cyeclic triaxial tests vs the
relative density of nearhy sediment determined from cone penetration
tests.
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Fig. 25. 5ediment type determined from cone penetration test 675x1
{(thermogenic gas seep - near station 6B3).
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Fig. 26. Sediment type determined from cone penetration test 677X2 (west of
thermogenic gas seep-near station 684).
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Fig. 29, Sediment type determined from cone penetration test 676X2 (biogenic
gaa seep, gouth of Nome - near station 682).
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Station _672, 76-133 Physiographic area Easternmost Norton Sound
Lithology Gran size Water content Buk density Crpanic carbon Carborate Cone pressure Vane shear
Depth (weight %) (% dry weight) (gmicm3)  (%dry weight) (% dry weight) (kPa=10%) strength (kPa)
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Fig.

30.

Litholoay, index properties and cone pressure vs subbottom depth for
stations 672 and 76-133 (easternmost Norton Sound}.
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Sediment type determined from cone penetration test 672X2
(easternmost Norton Sound).
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Station _681. 678

Physiographic area _suaie

Lithology Grain size Water content Bulk density Organic carbon Carbonate Cone presswre
Depth (weight %) (% dry weight) (gm/em3)  (%dry weight) (% dry weight) (kPas10%)
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Fig. 14.

Lithology, index properties and cone pressure Vs suhbottom dep
stationa 681 and 678 (swale}.
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Pig. 35. Sediment type determined from cone penetration test 679X1 (sand
ridge crest - near gtation 680).
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Fig., 36. Sediment type determined from cone penetration test 678Xl (swale -
near atation 681).

114



Bppendix A. Grain gize distribution curves.
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Appendix B. Cone penetration test plots.

138



6¢T

DEPTH <MD

~

=

LW

o

‘...

Q.

J

()

\

_rllllllll_lllll_l_ _,.-Il_llll_LllllJll_[
% 5@ 1@ 159 B 1 2z 3 4

CONE PRESSURE ¢KG/CM”2) SLEEVE FRICTION C(KG/CM"2>

DEPTH <MD

GF .
L
}
—{r
!
[
2}
|
+
‘lllllllllllllllll_l
% 2z 4 85 8

FRICTION RATIC

FIG. B65X!. NON-BAS ZONE S. OF NOME. ALASKA. 8/7/81

19



ot

DEPTH CMD

%) %
-1
A ~
2 P
v/ v/
X I
- =
1 i
(&) (&)
-2T
[
L
|
| |
- "I S T I I U I O I A | _.,...II]_IILIIIIIIIII [ EENENEENEE N NEE ENE
% S8 1ee 158 B 1 2 3 4 B 2 4 6 8 18

CONE PRESSURE (KG/CM”2) SLEEVE FRICTION (KG/CM~™2> FRICTION RATIOC
FIG. 667X1. N. S. YUKON DELTA - PROTECTED. ALASKA. 8/8/81



1S/9/8 “YMNSYIV "d313310dd - V113d NOANA "M " 1X888 "9I4d

oIV ZDH._.DH m.u_
gl 8 @

Q_

-.~.-~—..-.~I—-.—

u— - A Shenaad.

C2 HI/793) NOTLDOI¥S 2AFITS C2LHT/79M0 FANSSIAd 3NOJ

Q-

CWN DY Hld3ad

¥

& 2 |

8.

rTJ T T T T 07111

P S WU G |

CWO> HLd3d

RSl 28] S

r171rJ1 (T 1T TTFPOTVTE

A A " A a

(N> Hld2d

141



g 2 BL
| |
[
L !
-1[ —1r wtl|
> = X = |
LV L w
I X I
s = = —
w wi s
a (] L ] C
=2 =27 -2
s [ !
* %
Al et e Lyl g _r'llLllLillllllll _ NS NEENEAREERENEEE
-G e 158 "B 1 2 3 4 B 2 4 6 & 18
CONE PRESSURE ¢KG/CM”2) SLEEVE FRICTION (KG/CM™2) FRICTICON RATIO

FIG. ABB68X2. W. YUKON DELTA - EXPOSED. ALASKA. 8/8/8l



19/8/8 “YNSVIV ~d3sSDdX3 — VL13a NOMNA d0 "M "€X899 "9I4

oIV ZOH._.UHmn_ C2 HI/700D ZOH._.UHME AA3TTS C2LHD/79AD wm:wwmmm 3NQ3J
gl 8 © g. ¥ € 2 w.. gsl oo B
-q-.d-.~d4.-q..- qjﬂ_q.ﬁq_-a_u 44ﬁ.~.j~d-.ﬁﬂ
;
+
] #
&~ JNI -
. v, . v v
m -
3 | 3 E
I . T A T
N\ 4 ) A
Z g Z Z
v/ 1 A\ q W/
Q - 1= l1-
p + ]
| !
) 0 s




19/8/8 “VMSVIV ~a3S0dX3 — Vi13d NOMNA JO "M “+X399 "9Td

OILvVd NOILJTMA
1 8 89 ¥ 2

g

EEEEREEELERE RS R

PSS " A

(2 NI/ ZDH._.OHNE AATITS C2LHI/70XD FANSSTaa INQI

(N HLId3g

14

£

mw..

---1’-|--_Iq-

P U SR S S Y

A

(WO HLd3Q

Sl 88l 29

1 aue IOt G I NN G0 R SR B DR ARNL IR §

e

(N> Hld3ad

144



18/8/8 "VIUSVIV "d3S0dX3 — V.113d NOYNA 40 "M ° 1X688 "9Id

OTLVM NOILOTadd

TTT T I T eI eI rICergovee

<

VU S G S SRS S Gy U S G G S

&ﬂwmvwmml

A B 'l A A

CZ2 RI/8X> NOTILJTHd 3A3FITIS (2LRI/705D JHNSS3Hd INOJ
g

CND> Hld3g

14

e P |

| S S RN gt I N I O B B LN

1

<

i
|

I VD S

K

/Y S S G P N Y

CW)D> HLd3d

S| 29l

PO U St

RS 2.
Ty 1§y rrryjyprrriu

145

(N> Hid3d



B}

1§/78/8 "VMSYIV "d3S0dX3 — V113a NOMNA "M "2X689 "9OTd
CZ HNI/703) NOILOIHA 3A3INS (2LHT/79X) 3UNSS3Ad 3NOJ

OILVY NOILJTINHd
8 9 ¥ ¢

a.

 SEREEBEREERREAS SRR

CW> Hid3d

¥

2 e ]

BB o 55 BN SNL0N BN AL SNLAN iR AL

8 _

(N> HLd3d

RSl 0B RS

ryvvrjyrrrorgygirriyi

Q.
*

r

N
|

146

(W)Y HLd3d

i




3l

18/6/78 “VYMSYIV "dA13310¥d ~ VLT3d NOANA "M "N "N "1X8/8 "8Id

OILYY NOILJI¥A
8 9 ¥ 2 @_

Trjiirjrrrfvsryresd

PP U Sy

\Wv,

SN

(2 HI/9%> NOILITY IATITS (2.NI/O%) 3dNSS3ud 3NOJ
&-
4

<

CIWN> H1ld3d

14

g ¢ }

&_

T T T T 7 T T I T 1T

A

-

A

r G

CN> Hld3d

SI B3l 8s

1SN NN RERERE

CWN > H1d3d

147



1S/6/8 “UNSVIV “3313310¥d - VL1130 NOMNA "M "N "N "€Xels "9I4
(2 HI/7DHD ZOH._.OHMn_ 3A33TS (2 HI/0ND mm:wwumm 3NOJ

OILlVvd ZOH._.OHML
2l 8 8

Q_

.-u-jﬁ_m-.~q..d4.-

CWD Hid3d

14 £

&1

41--~|4u-_-._

) SR S e

¢W ) Hld3d

sl ovl

e

-_|-—-4dﬁ—-d\

N
l

148

CWN D> HLJAA




6V1

DEPTH <MD

DEPTH (MDD
DEPTH CMD

BN EEENEE NN RN %l_llll_l_l_llllll_l %llilllllll_lllllllll

-3 5@ 1ee 15@ 1z 3 4 2 4 B 8 1@
CONE PRESSURE CKB/CM~2) SLEEVE FRICTION CKG/CM*2) FRICTION RATIO

FIG. 67@8X4. N. N. W. YUKON DELTA - PROTECTED. ALASKA. 8/8/8!1



oSt

DEPTH CM D
DEPTH <MD
BEPTH <MD

3

AR N R B U A 4 O &N 2 I %_LIIIIIJJII_LJII

50 128 150 ! 2 3 4
CONE PRESSURE (KG/CM"2) SLEEVE FRICTION (KG/CM"2)

L
|

AN EEEEAENEE A NEEEN

%

2 4 B8 8
FRICTION RATIO

FIG. 671X1. E. OF THERMOGENIC GAS ZONE. ALASKA. 8/9/81

19



~ e ~
= = =
A\ " A4 N/
- .
= = =
5 W ' o - o
| ~2f
|
s
_,rllllllalllllnl - FRTIIE N 0 I I I IO O I I
% 52 1@ 158 B 1 2 3 4

CONE PRESSURE (KG/CM”2) SLEEVE FRICTION (KG/CM~2)

(

taabae et e teesd ey

%

2 4 6 €8 19
FRICTION RATIQ

FIG. 671X2. E. OF THERMOGENIC GAS ZONE. ALASKA. 8/8/81



2§t

DEPTH (MDD

[
+

NI I AN I I N I )

-% 58 tse 150

CONE PRESSURE (KG/CM”"2> SLEEVE FRICTION (KG/CM"2)

PDEPTH (MDD

g
-1t

|

L

|
~2r

|
_bllllLl_l[l_ll_[Jl_l
3 1 2z 3 4

DEPTH <MD

L

bttt e drradeoadau

%

2 4 6 8 10
FRICTION RATIO

FIG. 871X3. E. OF THERMUGENIC GAS ZONE. ALASKA. 8/9/8!



L | f
L }
._'- -lp _'-
~ ~ ~ L
= = < |
L ¥ L wr
I
e = =
22 5| .
(& o i a
-2 -2t -2|
|
|
-_,..'Illlllllllllll _,-.L_lllllll_l_lll_llll _,.'IIIIIJ_IJ_LII'IIII_III
Y 58 1980 150 w1 2 3 4 2 4 6 8 10

CONE PRESSURE (KG/CM”2) SLEEVE FRICTICGN (KG/CM”"2D FRICTION RATIO
FIG. 671X4. E QF THERMOGENIC GAS ZONE. ALASKA. 8/9/81



B!

1S/6/78 “VUNSVIVY "3NOZ SV JINISOWM3HL J0 '3 "SX1.@ "9I4

DILVY NOILJINA
8 9 ¥ ¢

B

EeeEEERAREREARBEE

1

(S HI/70MD ZOH._.QHME IAITTIS C2.HI/0MD UNSSIAJ mﬁoa

CWNY HLd3d

14

€

~1~—_---_.J~

A

-

g

CW> HLJ3A

2S5}

8o 0S

rTtrryrirryvyrirrwy

154

CW)> HLd3d



19/68/8 “VMSYIV "3NOZ SVS JIN3SOWH3HL 40 "3 "9X1L9 "SI

OIlvi NOILJTI¥d
I 8 8 ¥ ¢

EeSEEREEREELEES LN

mb
&
<

CZLHNI/05> NOILDIMS 3AIITS (Z2LWI/9XD 3ANSS3IHd 3NOJ
8.

CAN > HLdJ3d

14

e Z ]

T T T VT3V 17T7

g_

3

CN> HLJ3d

gS1

ool 2S

TT T J T T VTl T 17

*

1
|

p

155

CAN> HLdJ3d



%, .
!
L
|
~1 --lL
™ o ~ L
W i () J S
ctd | | r
AT g | g
-2} -2t -2
| L
!
I |
r i
P I O I I W Lt e b te ! o llll_l_ll_'ll_l_llllll_ll_
-4 5@ 1e@ 158 "B 1 2z 3 4 "B 2 & 8 10

CONE PRESSURE (KG/CM”2) SLEEVE FRICTION CKG/CM~2) FRICTION RATIO
FIG. 671X7. E. OF THERMOGENIC GAS ZONE. ALASKA. 8/9/8t



a — ]
e b _1\-
s X !
n { (& [ ~ 3
= - = [ =
wr L W
X p o ' T
[ L
& 5| -
2 A a | J
-2 =2 -2
i s
| |
_,,..- A0 I I OO I | ._,..illll_lllllllll_L _ Llllllllllllllllll_l
S0 1e@ 1586 B 1 2 3 4 "% 6 8 10

CONE PRESSURE ¢(KG/CM~2) SLEEVE FRICTION CKG/CM”*2) FRICTION RATIO
FIG. 671X8. E. OF THERMOGENIC GAS ZONE. ALASKA. 8/8/81



ast

DEPTH (MDD

[ U IO AN A G A N O O O

% 5Q 100

CONE PRESSURE ¢(KG/CM”2)Y SLEEVE FRICTION <(KG/CM™2Z3

150

DEPTH (M2

\

it b e p eyttt

% 1 2 3

4

DEPTH (M2

rttf et lrvetreelotey

2 4 6 8 10
FRICTION RATIOQ

FIG. 672X2. CENTRAL FAR E. NORTON SOUND. ALASKA. 8/18/8!



. . [
- |
! !
-~1r ~Ir -1
™ ™ ~ !
= = = »
s W/ LW J |-
= = z
5 G i
v Q a ' (A
-2 -2t -2}
( !
. | |
| ]
r [
| L
_,Lnlllllnllllnll _,.Plnyll_l_:jlllllnl _,.h]llfllllllllllllLll
¥ 58 108 158 @ 1 2 3 4 ¥ 2 4 6 8 18

CONE PRESSURE <(KG/CM”2) SLEEVE FRICTION <KG/CM"2) FRICTION RATIO
FIG. 673X1. CENTRAL E. NORTON SOUND. ALASKA. 8/18/81



19/81/8 "YMSVIV "ONNOS NOLYON "3 TIVHIN3D "2X&l89 "9Id
C2LHI/79%> NOILITYA IAIFTS (2 WI/0M) JVNSSIAd INOJ

DILVd NOILJTMJ
Bl 8 9 ¥ 2

Q.

e e 0 A AN A BLELELE R ERE BELE

CN > HLd3d

14

& Z J

B

rT T {33 T T v v vrfritzr

CWND> HLdJ3J

2S1 901l DS

| G I AN (N S S0 SEN JND NN NNY NN NN BN

..
g

160

CWD> HLdJ3d




9 %
| |
|
-{r ._1'-
A i ~ i Fa
>3 i = i =
W L v - v/
z | E | z
sai | G| G
_Ha b a L a
~2f ~2f
- [E I U I I O N A | s e b e e e e boaotd
¥ Se tes 158 B 1 2 3 4

CONE PRESSURE <(KG/CM”~2) SLEEVE FRICTION CKG/CM"2>

|

et leasbaaatrrabese:

%

2 4 & 8 19
FRICTION RATIO

FIG. 673X3. CENTRAL E. NORTON SOUND. ALASKA. 8/10/81



97

DEPTH <MD

) 1‘7\ B<
| |
[ |
| |
L
| |
.—I*‘ _l- _’-
™ 4 Fa ) s
= } = L
L4 i W L
x X f
a ' Fa) l
Al Al -2[
| |
|
- I_lllllll_llllll _,..._1_1_|l|||l111_l4_1| - |1|l|||ll||l|n1||:|
?B o0 158 "B 1 2 3 4 % & 6 10

CONE PRESSURE (KG/CM"2) SLEEVE FRICTION (KG/CM"2> FRICTIUN RATIO
FIG. 673X4., CENTRAL E. NORTON SOUND. ALASKA. 8/10/81



N
=
', \
I 3
I_ 3
a.
= Ll
w0 s
[
.—2F
[
_.Il]llLlllllJ_ll
° 58 108 158

CONE PRESSURE (KG/CM”2) SLEEVE FRICTION C(KG/CM~2)

DEPTH (MDD

a

1

P
.—[:
-2r

L

[

|
_,_lt_tlu_Lllnj_lLJl
B 1 2 3 4

DEPTH (M D

{
—
P — L B e

s

N EANEESEEEERENE NN

2

2 4 6 8
FRICTION RATIO

FIG. 674Xt. N. YUKON DELTA ICE GOUGE AREA. ALASKA. 8/11/81

18



Ll a et by et 1111

o

|

[

|

|

—l'

~ 3

2 [

U 4

T L

h b

a. |
r L

» I

-.2'

T

|

[

-3

50 188 150

PDEPTH <MD

% 1 2

CONE PRESSURE (KG/CM”2) SLEEVE FRICTION <(KG/CM~"2)

et b r e bre 2l

3

4

DEPTH (MO

NSNS NENER NN,

2 4 ©& 8 19
FRICTION RATIO

FIG. 674X2. N. YUKON DELTA ICE GOUGE AREA. ALASKA. 8/11/81



SoT

DEPTH (MO

™\ (8}
= =
A\ /
" Ir
i~ =
i i
Qa a
!
_,'.T_Il_l_lL_llJ_Jlllll .LlllllLJlllllll
% sSe 1@ 1S & 1 2 3 4

CONE PRESSURE ¢(KG/CM”2) SLEEVE FRICTION (KG/CM"2)

®

ttatra e byl aley

"8 2 4 8B 8
FRICTION RATIO

FIG. 675X1. THERMOGENIC GAS ZONE. ALASKA. 8/11/81

18



[T ISR EE AN IS S NS B O I A A |

n 3
E s
W/ s
I -
&
FANF Y :
-2r

s

i

L

CONE PRESSURE (KG/CM”2) SLEEVE FRICTION {KG/CM”Z)

53

120

158

DEPTH CMD

g a4 b vt s oo e oot

5

1 2 3

4

DEPTH <MD

llll_lllllllllllllll

%

6 8 18
FRICTION RATIO

FIG. 675X2. THERMOGENIC GAS ZONE. ALASKA. 8/11/81



a —_
[
|
.-.[
™ N ™ i
= = s |
d V. v .
I T T '
;:‘}—1 . a |
Sa &4 H |
-2 -2t
L L
| |
[ [ |
) s :
‘ r
__..lLlIlllllflj_ll 2 U A A5 U A N B 0 2 N I - ll_lllllllllllll_ljl
% 5@ tee 158 B 1 2 3 4 % 6 & (8

CONE PRESSURE (KG/CM~2) SLEEVE FRICTION (KG/CM”2) FRICTION RATIO
FIG. 675X3. THERMOGENIC GAS ZONE. ALASKA. 8/11/8|



1IS/11/8 CVXSVIV "3NOZ SVO OJIN3OO0WYM3HL "#XSL8 "9Id

OILVY NOILOINJ
Bl 8 8 ¥ ¢

8

I E e R RN RIS RSN LR

e

A - A A A

CZ2LHI/795D NOILOINS IAIINS (2LHI/OND ANSS3dd 3NOJ

CWD HLd3d

¥

) 2 )

g

L2t SR B R LI LANLIRL SN AL

4

]

<

A A A A 3 e A

A e A A

A

e

A

Py A

e

CW> HLd3d

2S1 oDl BS

%

LED BRI IR LB AL LR

bl A B Y 4 A A

168

C N> Hid3d



DEPTH (MDD

691

Q
-1
4 0" ~
) s =
L J \/
-2[ T T
| o o
Ied uwl
Q ]
_a}
:11_ 1.t L Ly [1 Lo a1l [ [ el ag e blaaad ot b
4 5g 1o 158 b 1 2z 3 4 b 2z 4 6 8 10

CONE PRESSURE (KG/CM"2) SLEEVE FRICTION <KG/CM72) FRICTION RATIQ
FIG. 676X1. BIOGENIC GAS ZONE. ALASKA. 8/12/81



oLt

DEPTH (M)

E
....1:
(8 ~ :
= - Z
\ ¥ " A ¥4 L
_2- -2-
= =
o] t
a | a :
-3 -3
{ L 1 t 1 ] 1 1 1 IEEEEN| I L
"b g8 158 b 1 2z 3 ‘b 2 4 6 8 18

CONE PRESSURE CKG/CM”"2) SLEEVE FRICTION (KG/CH"‘Z) FRICTION RATIO
FIG. §76X2. BIOGENIC GAS ZONE. ALASKA. 8/12/81



LT

DEPTH <MD

lllll_ll_l_llllll

“b 188 150

CONE PRESSURE CKB/CM”2) SLEEVE FRICTION <(KB/CM"2)

DEPTH <MD

-3}
TR SN I AN 30 I o I A B B I
% 1 2 3 4

DEPTH (M>D

lllllll'lllllllllll

“‘b

6 8 10
FRICTION RATIO

FIG. 677X1. W. OF THERMOGENIC GAS ZONE. ALASKA. 8/12/81



!
| ol -1[
~” r ~ i ~ s
= | = = |
v { v v |
T T T '
e | B o |
Y] T} ]
) Fa| b Q ]
-—2|’ _2'- _2.
| |
|
]
_:.. I N S T O O O .-,..llll:ltjjl_l_ltl __..lLlLlllltllllltllll
2 s 1e@ 5@ @ 1 2 3 4 " 2 4 6 8 10

CONE PRESSURE (KG/CM~2) SLEEVE FRICTION (KG/CM~2) FRICTION RATIO
FIG. 877X2. W. OF THERMOGENIC GAS ZONE. ALASKA. 8/12/8l



Qr ) a
~ ~ m™
= b =
v/ W v
p I I
& =
g7 t 5|
a Qa a |
S |
- 11_|_|l|1||111_1 -'hlllllllll_llllll _ ENENENE RN NN EENA AN
% g8 158 B 1 2 3 4 4 2 4 6 8 19

CONE PRESSURE CKG/CM”2) SLEEVE FRICTION C(KG/CM”2) FRICTION RATIO
FIG. 678X1. CHIRIKOV BASIN SAND RIDGE AREA - TROUGH. ALASKA. 8/13/81



IS/E1/8 "VNSVIY "HONOHL — V3IUV 39AIY ONVS NISVE ADMIYIHI ‘2X8.8 "9Id

C2.HI/79%)> NOILOIY¥S 3A33TS (2LHI/9X) 3dNSS3dud 3NOJ
Q.

OILVvd NOILJTHS
8 8 v ¢

IEERARE ERAE RREEBRR!

ml
«F
<

|
y
@

u

A A Y A A

~J
&

CW> HLd3d

14 & I }

RN NESEEREEE BRI

=

CAWNDY> HLJ3d

esl 00l 8BS

2.

TT 1T JT T T 8T T 1

9

<

1

CW)Y HLE3C



1S/€1/8 "WYSVIV " 1S3¥I ~ v3IHV 3J9ATH ONVS NISVE AQNINIRI ' 1X6.9 "9Id

oIV ZOHhun_n_ C2 HWI/795%) NOILJTIYHd 3AIITS (2LHI/D) FANSSIdd 3NOI
gl 8 9 e W... 14 & 4 | @.,\1 BSlI 08l S %_

.-.-.-..-4_.—-- O O L O L L LN AL BLER 00 BLELEN LS LI BB

175

(NS> HiLd3g
CWN>D> HLd3d
CWN D> HLH3Q

et




Appendix C.

Relative density plots.
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Appendix D. Consolidation test plots.
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Appendix E.

Statiec triaxial test plots.
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Appendix F. Cyclic triaxial test plots.
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SIG3c’(kPs) 294.5 RAVG MAX q (kPe) 141.8 (47.0%)
INDUCED OCR 1.8 RVG MIN q (kPa) =115,5 (38.5%)
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p’ (kPa3
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62-78
TCS8

SIGic’(kPa) 296.6
S1G3c’(kPa) @296.6
INDUCED OCR 1.@

STATIC qf (kPa)
AVG MAX q (kPa)
AVG MIN q (kPa)

J300.0
16@.4 (53.3%)
-188.2 (36.1%)
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CYCLE # CYCLE ¢
CRUISE DC4-81-NS INCREMENT (cm) 62-78
CORE NO. 684A1 TEST NO, TC9Q
SlGlc’(kPa} 296.6 STATIC qf (kPa) 380.8
SIG3c’ (kPe) @296.68 AVG MAX q (kPa) 168.4 (53.5%)
INDUCED OCR 1.9 AVG MIN q (kPa) -—1@8.2 (36.1%)
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DEV STRESS (kPa)
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p”- (kPa)
CRUISE DC4-B1-NS INCREMENT (em) 62-78
CORE NO, 6B84A!1 TEST NO, TCS1
SIGic’(kPad 297.2 STATIC qf (kPa) 322.0
SIG3c’(kPa) 287.2 ARVG MAX q (kPa) 281.8 (83.9%)
INDUCED OCR 1.0 AVG MIN q (kPa) -236.5 (78.8%)>
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q (kPa)

DEV STRESS (kPa)
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p’ (kPa)
CRUISE DC4-8(~NS INCREMENT (cm) 38-37
CORE NO. 68SA2 TEST NO. nrig
S1Gic’(kPa) 292.6 STATIC qf (kPa) 380.0
SIG3c’(kPa) 292.6 AVG MRX q (kPa) 139.3 (46.4%)
INDUCED OCR 1.8 AVG MIN q (kPe) -—122.4 (48.8%)
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CYCLE # CYCLE #
CRUISE DC4-81-NS  INCREMENT (cm)  30-37
CORE NO. 6852  TEST NoO. D11}
51Gio’tkPa) 252.6 STATIC qf (kPa) 300.0
SIG3c’ (kPa) 292.6 AVG MAX q (kPa) 139.3 (4B.4%)
INDUCED OCR 1.8  AVG MIN q (kPa) -122.4 (48.8%)
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p’ (kPa)

CRUISE DC4-81-NS
CORE NO, 685R2

INCREMENT (cm) 30-37
TEST NO. D112

SIGic’(kPa} 288.¢
SIG3c’(kPa) 286.8
INDUCED OCR 1.8

STATIC qf (kPs) 3020.0
AVG MAX q (kPa) ?28.6 (26.2X)
AVG MIN q (kPa) —68.@ (22.7%)
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CYCLE ¢ CYCLE ¢
CRUISE DC4-81-NS INCREMENT (om) 32-37
CORE NO. 683R2 TEST NO, D112
SIGlo’(kPa) 298.8 STRTIC qf (kPa) 300.08
S1G3c’(kPa) 29B8.82 AVG MAX q (kPa) 708.6 (26.2%)
INDUCED OCR 1,82 AVG MIN q (kPa} -68.0 (22.7%)
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p° (kPa)

CRUISE DC4-81-NS INCREMENT (cm) 40-48
CORE NO. gB5R2 TEST NO. TC8O

S1Gic’(kPa) 289.8 STRTIC gqf (kPa) 300.0
SIG3c“(kPa) 269.8 AVG MAX q (kPa) 56.5 (18.8%)
INDUCED OCR 1.0 RVG MIN q (kPa) - -46.8 (15.6%)

Cycles 1 - 640
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p’ (kPa)

CRUISE DC4-81-NS INCREMENT (am) 48-48
CORE NO. 685R2 TEST NO. TCB1

SIGio’(kPa) 297.4 STRTIC qf (kPa) 302.0
SIG3c’ (kPa) 297.4 ARVG MRX q (kPa) 139.8 (46.3%)
INDUCED OCR 1.9 AVG MIN q (kPa) -117.,4 (39,1%)
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CYCLE & CYCLE ¢
CRUISE DC4-81-NS INCREMENT (cm) 40-408
CORE NO, 6B3RA2 TEST NO. TCB1
SIGlo’(kPa) 297.4 STATIC qf (kPa) 300.0
SIG3o0’ (kPa) 297.4 AVG MAX q (kPa) 139,8 (46,.3%)
INDUCED OCR 1.0 AVG MIN q (kPa) ~117.4 (38.1%3



q (kPa)

DEV STRESS (kPa)

p’ (kPa)

CRUISE DBC4-B81-NS INCREMENT (cm) 61-69
CORE NO. 685RA2 TEST NO. TC82

SiGic‘(kPa) 46.7 STRATIC qf (kPe) S$8.0
S1G3c’(kPa) 46.7 AVG MAX q (kPa) 50.8 (121.6%)
INDUCED OCR 6.8 AVG MIN q (kPe) —45.0 (90.0%)
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61-89

TC83

50.0

INCREMENY (em)
TEST NO.

=NS

-81

CRUISE DC4
CORE NO.

665A2

STRTIC qf (kPa)

49.7

81G1c’ (kPa)

85.2 (178.8%)
-80.1 (i88.2%)

AVG MAX q (kPa)

48.?7

81G3c’ (kPa)

AVG MIN q (kPa)

INDUCED OCR 6.8
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CYCLE & CYCLE ¢

CRUISE DC4-81-NS INCREMENT (om) 61-88

CORE NO, G83R2 TEST NO. TCB3

S1Gic’(kPa) 49,7 STATIC qf (kPa) 30.0

85.8 (170.8%)
-80.1 (168.2%)
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p’ (kPa)
CRUISE DC4-81—NS INCREMENT (om) 8{-189
CORE NO. 6B85R2 TEST NO. TCB2
8I3iec’(kPa) 7.4 STATIC qf (kPa) 16.0
SIG3c /' (kPa) 7.4 RVG MAX q (kPa) 1.5 (8.3%)
INOUCED OCR 1.0 AVG MIN q (kPa) -2.1 (11.7%)

Cyclies 1 - 500
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p° (kPa)
CRUISE DC4-B1-NS INCREMENT (cm) 181-1@9
CORE NO. E685A2 TEST NO. TCE2
SIG1c’ (kPa) 108.2 STATIC qf (kPa) 10.0
€1G3c’ (kPa) 1B.2 HVG MRX q (kPa) 1.6 (8.9%)
INDUCED OCR 1.8 VG MIN q (kPa) =2.0 (11.1%)

Cycles 501 - 860
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q (kPa)
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DEV STRESS (kPa)
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STRAIN (%)

g LaAL)

p’ (kPa)
CRUISE DC4-8{-NS INCREMENT (em) 181-1029
CORE NO. 685R2 TEST NO. TC62
81Gic’(kPa) 8.0 STATIC qf (kPa) 10.0
S1G3c’(kPa) 9.0 AVG MAX gq (kPa) 1.7 (9.4%)
INDUCED OCR (.@ AVG MIN q (kPa) —1.?7 (9.4%)

Cycles 1147 - 1600
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q (kPa)

DEV STRESS (kPa)
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p’ (kPa)
CRUISE DC4-81—-NS INCREMENT (om)d 181-109
CORE NO. 6B85R2 TEST NO. TCE2
S1Gie‘(kPa) 7.2 STATIC qf (kPe} 18.02
81G3c’ (kPa) 7.2 RVG MAX q (kPa) 3.9 (21.?2%)
INDUCED OCR 1.D AVG MIN q (kPa) =3.5 (19.4%)

Cycles 1601 - 2000
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CYCLE ¢ CYCLE @
CRUISE DC4-B1-NS INCREMENT (cm) 101-199
CORE NO. 683R2 TEST NO. TCB2

8IGic’ (kPa) 7.2
81G3c’(kPa) 7.2
INDUCED OCR 1.0

STATIC qof (kPa) (8.0
AVG MAX q (kPa) 3.9 (21.7%)
AVG MIN q (kPa) -3.5 (19.4%)

cycles 1601 - 2000
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p’ (kPa)

CRUISE DC4-81-NS
CORE NO. 685R2

INCREMENT (cm)
TEST NO.

{g1-1@9
TCB2

SI1Gic’(kPe) 4.7
SIG3c’(kPa) 4.7
INDUCED OCR (.0

STATIC qf (kPa)
AVG MRX q (kPa)
RVG MIN q (kPa3}

ie.e
3.6 (20.9%)
=3.5 (19.4%)

Cycles 2001 - 2500
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INDUCED OCR 1.@

AVG MIN q (kPa)

-3.5% (19.4%)

Cycles 2091 - 2500
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CYCLE & CYCLE ¢
CRUISE DC4-81-NS INCREMENT (cm) 181-129
CORE NO. 683A2 TEST NO. TCE2
SIGlc’(kPa) 4.7 STATIC qf (kPa} (8.8
SIG3c’(kPa) 4.7 AVG MAX q (kPa) 3,6 (20.8%)
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DEV STRESS (kPa)
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p’ (kPa)
CRUISE DC4-81-NS INCREMENT (cm) ip1-189
CORE NO. 865R2 TEST NO. TC62
SIGic’(kPa) 4.4 STRTIC qf (kPa} 10.0
S81G3c’(kPa} 4.4 AYG MAX q (kPa) 3.7 (28.6%)
INDUCED OCR 1.8 AVG MIN q (kPa) -3.6 (208.8%)
Cycles 2501 — 3000
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Cycles 2501 - 3000
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CYCLE # CYCLE ¢
CRUISE DC4-81-NS INCREMENT f{om) iei-109
CORE NO, 683A2 TEST NO. TC62
S1Gic” (kPa) 4.4 STATIC qf (kPa) 18.82
51G3c“(kPa) 4.4 RVG MAX q (kPm) 3,7 (28.6%)
INDUCED OCR 1.0 AVG MIN q (kPa) -3.8 (22.8%)
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es
STRRIN (%)

SIG3c‘’(kPa) 4.0
INDUCED OCR 1.0

AVG MAX q (kPa)
RVG MIN q (kPa)

p’ (kPa)
CRU1SE DC4-B81-NS INCREMENT (cm) 101-189
CORE NO. 685R2 TEST NO. TC62
S81Gic‘(kPa) 4.DP STRTIC qf (kPa) 16.0

7.5 (45.7%)
-6.6 (36.7%X)

Cycles 3001 - 3500
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CYCLE ' CYCLE #
CRUISE DC4-B1-NS INCREMENT (om) 1801-109
CORE NO. 685RA2 TEST NO. TC62

8I1Gic’(kPa) 4.8 STATIC qf (kPa) (8.8
SIG3c’(kPa) 4.0 AVG MAX q (kPa) 7.3 (41.7%)
INDUCED OCR 1.8 AVG MIN q (kPa) -6.6 (38,7%)

Cycles 3001 - 2500
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CRUISE DC4-81-NS
CORE NO. 8685A2

INCREMENT (em)
TEST NO.

184-189
TCE2

SlGle"(kPa) 5.7
81G3c’(kPa) 8.7
INDUCED OCR 1.0

STATIC qf (kPa)
RVG MAX q (kPa)
RVG MIN q (kPa)

ie.0
7.6 (42.2%)
~8.68 (38.7%)

Cycles 3501 - 4000
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q (kPa)

DEV STRESS (kPa)

SI1G30’(kPa) 4.4
INDUCED OCR 1.8

AVG MAX q (kPa)
AVG MIN q (kPa)
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p’ (kPa)
CRUISE DC4-BI-NS INCREMENT (em) 181-109
CORE NO, 685R2 TEST NO. TC62
SIGic’(kPa) 4.4 STATIC qf (kPa) 18.0

7.6 (42.2%)
~6.6 (36.7%)

Cycles 4001 ~ 4500
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CORE NO, 683R2

TEST NO.

TC62

SiGic’(kPa) 4.4
81G3c‘(kPa) 4,4
INDUCED OCR 1.0

STATIC qf (kPa)
RVG MAX q (kPa)
AVG MIN q (kPa)}

18.8
7.8 (42,2%)

Cycles 400l - 4500
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1o8 208 ane 408 388 108 00 "N +08 L)
CYCLE ¢ CYCLE ¢
CRUISE DC4-81-NS INCREMENT (cm) 101-109




q (kPa)

DEV STRESS (kPa)

-

. s 18
STRAIN (%)
cealal
s
s 19
p’ (kPa)
CRUISE DC4-81-NS INCREMENT (em) 101-129
CORE NO. 685R2 TEST NO. TC62
S1Gic’(kPa) 4.7 STATIC qf (kPa) 18.8
SIG3c”’ (kPa) 4.7 AVG MRX q (kPa) 7.6 (42.2%)
INDUCED OCR 1.0 AVG MIN q (kPa) -?.1 (39.4%)

Cycles 4501 - 4860
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(kPa)

q

DEV STRESS (kPa)

] 18

STRRIN (%)
9
:
g .
3
Paaaaloaall caflaaa el
t 2 4 /8 @ 18

p’ (kPa)
CRUISE DC4-8{-NS INCREMENT (cm) 101-109
CORE NO. 68SA2 TEST NO. TCe2
81Gic’(kPa) 2.7 STARTIC qf (kPa) 10.8
81G3c’(kPa) 2.7 RVG MAX q (kPa) ?7.7 (42.8X)
INDUCED OCR 1.0 AVG MIN q (kPa) -7.1 (39.4X%X)

Cycles 4861 - 5300
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STRAIN (%)

e 13 ze IJ

(®dX) SS3alS A3d

~-18
~-13

-28

(kPa)

pl

fe1-1@9

TC62

CRUISE DC4-B81~NS INCREMENT (cm)
885A2 TEST NO.

CORE NO,

STATIC qf (kPa) 10.0

5.7

81Glec’ (kPa)

14.2 (76.8%)
-15.0 (83.3%)

RVG MAX q (kPa)

5.7

(kPa)
INDUCED OCR

’

81G3c

AVG MIN g (kPa)

1.0

Cycles 5301 - 5910
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PEAK STRAIN (X)

DAMPING (X)

-

T T Ty

Y
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Lo g b b s _a

INDUCED OCR 1.0

AVG MIN q (kPa)
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Al & 2. 2 & 0 2 a a b A 2 & a2 4 3 2 & a o l:_.l a & a & 2 & a2 4 B 4 4 4 .
408 00 [ ] 1 00 200 408 [ 1
CYCLE & CYCLE ¢
CRUISE DC4-81-NS INCREMENT (om) 191-189
CORE NO, &03R2 TEST NO. TCE2
81G1c’(kPu) 5.7 STRTIC qf (kPa) 18.0
S1G3c’ (kPa) 5.7 AVG MAX q (kPa) 4.2 (70.9%)

~15.0 (83.3X%)

Cycles 5301 - 5910
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p’ (kPa)

CRUISE DC4-81~NS
CORE NO. 685R2

INCREMENT (cm)
TEST NO.

181189
TC?4

SiGic’(kPa) 28.8
SIG3c”’ (kPe) 28.8
INDUCED OCR 1!.@

STATIC qf (kPa)
AVG MAX q (kPa)
AVG MIN q (kPa)

2e.0
6.8 (32.7%)
-8.2 (29.8%)

Cycles 1 = 820
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PEAK STRAIN (X)

DAMPING (%)
N
8

PERK DELYU (kPx)
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£ (kPa?
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Loa a o o | 2 o a 2 & o 1E-&l PO S SN S R EEPUR RSP YUY S R Y
40 808 ona 10ee 220 400 BoD
CYCLE # CYCLE @
CRUISE DC4-81-NS INCREMENT (om) 181109
CORE NO, 685R2 TEST NO. TC74
SIGic’(kPa) 2@.98 STATIC qf (kPe) 20.8
SIG3c’(kPa) 20.8 AVG MAX q (kPa) 6.8 (32.7%)
INDUCED OCR 1.8 AVG MIN q (kPa) ~6.2 (238.8%)

Cycles 1 - 820




g (kPa)

DEV STRESS (kPa)
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STRAIN (%)
p’ (kPa)
CRUISE DC4~-81-NS INCREMENT (em) 101-109
CORE NO. 685R2 TEST NO. TC?4

€1Glo’ (kPa) 6.4
81G3c’(kPa) 6.4
INDUCED OCR 1.8

STATIC qf (kPa)
AVG MAX q (kPa)
AVG MIN q (kPa)

20.0
29.9 (143.8%)
-26.6 (127.9%)

Cycles 821 - 850
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CYCLE & CYCLE &
CRUISE DC4-81-NS INCREMENT (cm) 191-109
CORE NO, 683A2 TEST NO. TC?4
S1Gic‘(kPa) 6.4 STATIC qf (kPa) ¢0.8

S1G3c‘(kPa) 6.4
INDUCED OCR 1.0

AVG MAX gq (kPe)
AVG MIN q (kPa)

29.9 (143.8X%X)
~26.6 (127,9%)

Cycles B21 - B850



q (kPa)

DEV STRESS (kPa)

STRAIN (%)

p’ (kPa)
CRUISE DC4-81~NS INCREMENT (cm) a2ee-z1e
CORE NO, 685R2 TEST NO, TCSO
SIGic’(kPa) 3@1.8 STATIC qf (kPa) 302.0
SIG3c’(kPa) 3081.8 RVG MAX q (kPa) 154.6 (51.8%)
INDUCED OCR 1.0 AVG MIN q (kPa) -1208.4 (48.1%)
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q (kPa)

D = Y

N

NNN—

DEV STRESS (kPa)

N

——r— 1y —geeb——p=1" ¥4

1e7

INDUCED OCR 1.0

AVG MIN q (kPa)

p’ (kPa)
CRUISE DC4-8{-NS INCREMENT (cm) eBe-210
CORE NO. 685R2 TEST NO. TCS1
SIGio’(kPa) 284.1 STRTIC qf (kPa) 306.80
SIG3c’(kPa) 284.1 RVG MRX q (kPa) .94.7 (64.9%)

~1472.4 (49.1%)
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g (kPa)

DEV STRESS (kPa)

o2

a8

STRAIN (%)

Yyrrry

Ty

TIvYYrytrTyY[YVvre T
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TYYYTYTY

p’ (kPa)
CRUISE DC4-81-NS INCREMENT {cm) 16-24
CORE. NO. BB6AI TEST NO. TCB8
SIGle“ (kPa) §3.4 STATIC qf (kPa) 50.0

SI1G3c’(kPa) $53.4 AVG MRX q (kPa)
INDUCED OCR 6.0 RVG MIN g (kPa)

54.2 (128.4%)
-53.5 (187.0%)
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DEV STRESS (kPa)

59
STRARIN (%>

(kPa)

q

-
-
_qar

p’ (kPaj

CRUISE DC4-81-NS INCREMENT (cm) 16-24
CORE NO. 686A1 TEST NO. TCB89

S1G1c’(kPa) 50,8 STRTIC qf (kPa) 58.8
81G3c’(kPa) 50.0 RVG MAX g (kPa) 34,1 (68.2%)
-| INDUCED OCR 6.0 AVG MIN q (kPa) -31.8 (£63.6%)
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q (kPa)

DEV STRESS (kPa)

STRAIN (%)

=100

-13@
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-238
p’ (kPa)

CRUISE DC4-81-NS INCREMENT (cm) 31-39
CORE NO. 886R1 TEST NO. TC84

S1G1c’(kPa) 296.7 STATIC qf (kPa) 380.0
81G3c’(kPa) 296.7 AVG MAX q (kPa) (61.4 (53.68%)
INDUCED OCR 1(.0© ARVG MIN q (kPa) -132.8 (44.08%)
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PERK STRAIN (%)

DAMPING (X)

&

3

TY o rrT

PERK DELU (kPa)

E (kPa)

l:'.l A & Aok s b a2 4 i a1 A A 4
L] 48 e
CYCLE &
CRUISE DC4-B1-NS INCREMENT (om) 31-39
CORE NO. £86A1 TEST NO. TCB4

SIGio’ (kP=)
SIG3c’ (kPa)
INDUCED OCR

298.7
296.7
1.9

STATIC qf (kPa)
AVG MRAX q (kPa)
AVG MIN q (kPm)

300.9
61,4 (33.8%)
-132.0 (44,0%)




DEV STRESS (kPa)

qg (kPa)

S§1G3c‘(kPa)
INDUCED OCR

RVG MAX q (kPa)
AVG MIN q (kPa)

p’ (kPa)
CRUISE DC4-81-NS INCREMENT (om) 31-39
CORE NO. TEST NO. TC8S
81G'e ‘' (kPa) STATIC qf (kPa) 302.0

229.6 (76.5%)
~-186.4 (65.5%)
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q (kPa)

DEV STRESS (kPa)

aee
C
L

o
8
38 I

189}

p’ (kPa)

CRUISE DC4-81-NS INCREMENT (cm) 41-49
CORE NO. 686A1 TEST NO. TCSe

SI1Gic’(kPa) 285.5 STRTIC qf (kPa) 380.0
S8IG3c‘(kPa) 295.5 AVG MAX q (kPa) 1182.1 (68.7%)
INDUCED OCR 1.0 AVG MIN q (kPa) ~-153.5 (51.2%)
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g (kPa)

DEV STRESS (kPa)

489

fee

N -t
™
2 402 eeR see 1Tm
p° (kPa)

CRUISE DC4-81-NS INCREMENT (cm) 41-48

CORE NO. 6B86R] TEST NO. TC97
SIGlc’(kPa) 298.1 STRTIC qf (kPa) 3028.@
SIG3c’(kPa) 288.1 AVG MRX q (kPa) 387.0 (182.3%)
INDUCED OCR 1.0 RVG MIN q (kPa) =171.4 (57.1%)
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q (kPa)

DEV STRESS (kPa)
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p’ (kPa)

CRUISE DC4-81-NS
CORE NO. 686A1

INCREMENT (cm)
TEST NO.

82-88
Diasg

8IGlc’(kPa) 283.6
S1G3c’ (kPa) 293.6
INDUCED OCR (.0

STATIC qf (kPa)
AVG MAX q (kPa)
AVG MIN q (kPa)

sea‘ a
159.1 (53.0%)
-135.6 (45.2%)
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CYCLE & CYCLE &
CRUISE DC4-81~NS INCREMENT (cm} 32-58
CORE NO. 686A!L T§§T NO., Digs

SiGic’(kPa) 293.6 STATIC qf (kPa} 300.0
S1G3c‘ (kPa) 293.6 AVG MAX g (kPa) 159.1 (33.0%)
INDUCED OCR 1.0 AVG MIN q (kPa) —135.8 (45.2%)




DEV STRESS (kPa)
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p’ (kPa)

CRUISE DC4-Bi—-NS INCREMENT (cm) 52-59

CORE. NO. 666AR1 TEST NO. ni11@

S1Gle’ (kPa) 297.! STATIC qf (kPa) 308.8
SIG3c’(kPa) 297.1 RVG MRX q (kPa) 276.6 (92.2%)
INDUCED OCR {.@ AVG MIN q (kPa) -228.5 (?76.2%)
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CYCLE & CYCLE &
CRUISE DC4-81-NS INCREMENT (cm) 52--59
CORE NO. 686A1 TEST NO. Diie
SIGic’ (kPe) 297.1 STRTIC qf (kPa) 320.2
8IG3c’ (kPa) 297.1 AVG MAX q (kPa) 276.6 (92.2%)
INDUCED OCR 1.8 AVG MIN q (kPa) =-228.5 (76.2%}




q (kPa)

DEV STRESS (kPa)
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p° (kPa)

CRUISE DC4-81-NS INCREMENT (cm) 45-53
CORE NO. 687A¢ TEST NO. TCS4

SIGic’(kPa) 296.7 STATIC gf (kPa) 3080.0
SIG3c’(kPa) 296.7 AVG MAX q (kPa) 79.2 (26.4%)
INDUCED OCR 1.0 AVG MIN q (kPa) -66.8 (22.3%)
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CRUISE DC4-B81-NS
CORE NO.

INCREMENT (em)
TEST NO.

8IGic’ (kPa)
S1G3c’ (kPa)
INDUCED OCR

STATIC gf (kPa)
AVG MAX q (kPa)
AVG MIN g (kPa)

20 e
CYCLE ¢
45-33
TC94
308.0

79.2 (28.4%)
-66.8 (22.3%)




q (kPa)

DEV STRESS (kPa)
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p’ (kPa)
CRUISE DC4-81-NS INCREMENT (cm) 45-83
CORE NO. 687R1 TEST NO. TCSS
SIGilc“(kPa) 288.7 STATIC qf (kPa) 308.9
SIG3c’(kPa) 298.7 AVG MAX q (kPa) 192.1 (64.8%)
INDUCED OCR 1.D AVG MIN q (kPa) =172.7 (57.6%)
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Appendix G. Liquefaction susceptibility analyses.
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Appendix G

Four ligquefaction analyses, based primarily on the techniques of Seed and
Idrigs (1971) and Seed and Rahman (1978), were performed using cone
penetration test (CPT) and cyclic triaxial test data. Because sediment types
in Norton Sound are different than previously studied material, some
modification of the following procedures may be necessary when more
information is known about the liquefaction behavior of sandy silt. The
results of the analyses are presented in Table 9. A description of the

procedures follow.

Analysis 1: Earthquake accelerations that will liquefy sediment at various
depths were calculated using cyclic triaxial test data.
The maximum shear stresses in a soil body are primarily caused by an

upward propagation of shear waves from bedrock. The average shear stress

(T,ye) in a deformable body is equal to (Seed and Idriss, 1971):
amax
Tave = 0,65 Y h ‘——j;*“‘ Xy (1)

where: Tave = average horizontal shear stress;

Y = total unit weight of the soil estimated

from consolidation tests;

h = gubbottom depth of sgtress determination;

g = acceleration due to gravity;

Qpax = maximum ground surface acceleration;

rg = stress coefficient to reduce stresses

from a rigid to a deformable body, determined

from Fig. Gl.
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Cyclic triaxial tests were performed to evaluate the cyclic stress ratio

1]

T /6 ) necessary to cause a certain strain to occur at a
cyc ave max c

particular number of loading cycles. A magnitude 5.25 earthguake may be
represented by approximately 3 sjignificant cycles at 0.65 Tyays @ Magnitugde
6.0 event contains approximately S cycles, and a 6.75 magnitude has
approximately 10 representative cycles (Seed and Idriss, in press). Useful
data can be obtained from carefully conducted cyclic triaxial tests perforned
to 5 percent strain for dense samples (Seed, 1979) (Fig., 9). Cyclic triaxial
test results typically are adjusted to agree with field stress applications,
The following equation transforms cyclic triaxial stress ratios into

representative field data (Seed, 1979):

T T
c av
? ~ e, <, cy e’max (2)
c field a triaxial
vo c
h T /0 the horizontal sh t d b
w t g = rizo ress use an
ere (h/ vo] field e ho n shear s 83 ca 34
earthquake normalized to its vertical in situ
confining strass;
Cn = a coefficient that relates unidirectional cyclic
shear tests to multidirectional shaking in the
field, typically equals 0.9;
¢, = a coefficient that modifies the cyclic triaxial

stress ratio to a corresponding cyclic simple
shear stress ratio that is more representative of
field conditions, the coefficient is dependent
upon the coefficient of earth pregsure at rest in

the field, Xgi
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1
. , = rati uir reach 5 rcent
(Tcyc ave max/o c) triaxial =the stress io req ed to pe n
gtrain in 3, 5 and 10 cycles as determined from

cyclic triaxial tests (Fig., 9).
The triaxial to simple shear reduction coefficient, ¢y, ia dependent upon

Ko} Cr ™ 0.63 for Ko ® 0.4 and cy ™ 1.0 for K5 = 1.0. Other values of ¢,

were linearly interpolated between the end values (Seed, 1979). The

coefficient of earth pressure at rest was calculated f£rom (Mayne and Kulhawy,

1982):

sin ¢'
Ko = (l-sin ¢') OCR (3)
where: KO = the coefficient of earth pressure at rest;
$' = the effective friction angle determined from

static triaxial tests (Table 7);
OCR = overconsolidation ratio at depth of interest,
estimated from Fig., G2.
Equating T,,q in equation 1 with T, in equation 2, the maximum ground
surface acceleration from an earthquake necessary to cause liquefaction at

various depths was determined (Table Gl):

m r vo ( 1'cyc ave max (4)

max 0.65 Y h ry k o

gc c¢c_ O

c triaxial

The above analysis assumed that cyclic properties at depth were the same

as measured properties of shallow subbottom sediment. Deep site specific

investigations are required to determine if weaker styratas exist.
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Analysis 2: Earthguake accelerations that will liquefy sediment at a shallow
subbottom depth were calculated using gtandard correlations based on CPT data.
This analysis also is based on the simplified procedure for evaluating
goil liquefaction potential of Seed and Idriss (18971) with some
modification. That evaluation relies on empirical correlations between the
standard penetration test (SPT) and areas of observed liquefaction caused by
earthquakes. The standard penetration test is performed by dropping a weight
onto drill rods and measuring the number of blows (N) required to drive a
split sampling spoon 0.305 m., Representative blow counts (N) were determined
from the in situ cone penetration test data obtained in Norton Sound using the
relations in Fig. G3 (Schmertmann, 1976, cited in Martin and Douglas 1981}.
The blow counts (N) were corrected for shallow subbottom depth by multiplying
by 0.75 and by Cy obtained from Fig. G4. The blow count was also increased by
7.5 to account for silt content (Seed and Idriss, in press). The equation to
determine the corrected blow count, N,, for any shallow (<3m) subbottom depth
is:

(]
Thne stress ratio (T /9 vo) necessary to cause liquefaction for a

cyc

particular magnitude earthquake as a function of Nc is shown in Fig. G5. If

the stress ratio ig known, the maximum acceleration at the seafloor (amax) can
be calculated from equation 1 with both sides normalized by a'vo_ The minimum
apax for each penetration is listed in Table G2.

Apalysis 3: Wave heights that will liquefy shallow subbottom sediment were

calculated using cyclic triaxial test data.
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Storm waves traveling over sediment in shallow water depths generate

shear stregsges similar to those induced by earthquakes. Ligquefaction may
occur if the resultant pore pressures increase sufficiently. The analysis
consisted of two main parts: the stresses jimparted to the seafloor were
determined for design storms, and the cyclic characterigtics of the sediment
were measured in cyclic triaxial tests.

The shear stress ratio -——;i-—- at any subbottom depth induced by ocean

c
waves was determined from (Seed aXﬁ Rahman, 1978):

1 noy
c _ w H -2 W2 1
T - T L exp T 7 7 d (6)
% v Y cosh L
where: Tq = horizontal cyclic shear stress at a particular subbottom
depth;
U'vo = vertical effective stresg at a particular subbottom depth;
Yo = unit weight of salt water;
y' = average buoyant unit weight of sediment above a particular
subbottom depth;
H = gustained storm wave height;
L = wave length, datermined from Fig. G6, assuming a wave period

of 10 seconds (Clukey and others, 1980);
-4 = subbottom depth;
4 = still water depth.
The average wave height was determined by multiplying the significant
wave height for different return periods by 0.63 (McCormick and Thiruvathukal,
1976, p. 119) (Table G3). The shear stress ratios for different sustained

wave heights at sites in the nothern Bering Sea are presented in Table G4.
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The laboratory stress ratios necessary to cause 5 percent strain after
360 cycles (a storm duration of one hour with a2 wave period of 10 seconds,
Clukey and others, 1980) (Fig. 9) were corrected using equation 2 to simulate
field conditions {(Table G5). A comparison of the stresgses induced by storm
waves (Table G4) with the corrected cyclic sediment resistance (Table G5)
revealed the sustained wave height necessary to cause liguefaction to a
particular subpottom depth (Table G6). The above analysis does not account

for drainage during storm events; this 18 a very conservative assumption.

Analysis 4: Cone penatration data was modified using an earthquake associated
procedure to yield values that are related to wave heights necegsary to cause
liquefaction,

The €inal analysis consists of portions of analyses 2 and 3, The

. [}
smallest shear stresgs ratio (7/9¢ ) {Table G2) for each CPT determined from

vo
Fig., G5 (assuming M=5.25) wag compared %o the cyclic shear stresg ratio
(Tc/a'vo) induced by storm waves (Table G4). The minimum wave heights
necessary to equalize the stress ratios are presented in Table 8. Although

the values show relative susceptibility to liquefaction between gstations, they

do not represent actual wave heights.
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oLE

Table Gl. Ground purface earthquake accelerations (a,, ) necessary to induce liquefaction at different suhbottom depths (h)] based on laboratory
cyclic triaxial test data (determined from equation 41.

T T 1
1
CORE N Y Ta o v cy N ocR Ko{” c, cyc ?ve A "-’,x cyc :we max ’l\?x cye f" . ‘me
deqr a g o
[m) (k‘l/lj, {xW/m ) pen c ty c g c (9
(triaxial) (triaxial) {triaxial)
M= 5,25 1 cyeclen M= 6.0 5 cycles M=6.75; 10 cycles
6BLA2 1 20.4 3.99 10.4 0.9 k¥ 32 1.00{3.21) 1.00 0.52 0.37 0.44 0.31 0.35 0.25
2 20.5 0.9a 20,9 22 1.00(2.56) 1.00 0.37 0.32 0.25
6 0.8 0.95 64.5 5 1.80(1.05) 1.60 &.39 B.33 0.26
6B2A1 1 16.0 0.99 6.0 0.9 15 11 1.00{1.69} 1.00 0.47 0.2% 0.42 0.22 0.37 0.19
2 6.1 0.98 12.1 40 B 1.00(1.36) 1,00 0.25 0.22 0.20
6 16.6 0,95 39.3 3 a0.72 0.A3 0.22 0.0 0,18
6841 1 20.7 0.99 10.7 D.9 k- 23 L.00{2.65} 1.00 0.69 G.50 .62 8.45 3.55 0.40
F 20.7 0.98 21.3 A L.00(1.38}) l.00 0.5 0.45% 0,40
[ 20.8 0.95 64.5 1 .38 0.62 0.32 0.29 0.26
E85a2 1 18.0 .99 a.é 0.9 37 19 l.0002.340) 1.008 0.41 0,25 .36 4. 22 0.31 8.19
2 18.1 £.98 16.1 11 1.00(1.86} 1.00¢ 4.2 0.23 g2.19
& 1a8.5 o.95% 50.7 3 o0.77 0.86 B.23 0.21 0,18
10 l8.8 0.91 67.5 1 0.40 0.63 0.14 0.12 0.11
686A) 1 20.3 0,99 10.3 0.9 42 56 1.00(4.89) 1.00 D.R2 0.58 0.72 0.51 0.62 0,44
2 20.3 0.%98 20.5 26 1.00{2.93} 1.00 0.58 0.5) 0.44
& 20.13 0.95 6l.5 i 0.31 0.5A 0.35 ¢.31 0.26
10 20,4 @.,31 103,5 1 G6.33 0,58 0.37 G6.32 0.28
6BTAL 1 19.7 0,99 9.7 0.9 38 49 1.00(4.22) L.00 0.58 .40 0.52 0.36 D.45 0.31
2 19.7 0.98 19.3 1 1.00(2.50) L.0g 4.40 0.36 0.33
& 19,9 0.95 60.7 1 0.3R 0.62 N.27 0.24 0.2)
10 20.0 0.91 99.5% 1 n.38 D.&2 0.27 0.24 0.21

(1) Haxi{wum ¥, valus allowed in analysis =1.0, higher values were assumed to have been caused hy disturbance affects.



Table G2. Lowest stress ratios (T/G'v ) and ground surface accelerations
(amax) necaessary to induce iiquefaction based on cone penetration
test data.

CONE LOW?ST LOWEST LOWEST

PENETRAT ION DEPTH /0 4 amax (9) a, .. (9)

TES? >0.25 m M = 5.25 M = 5,25 M= 6.75
674 X1 0.25 0.19 0.14 0.11
X2 0.26 0.23 0.17 0.13
670 X1 0.80 0.20 0.14 0.10
X2 0.45 0.21 0.14 0.11
X3 0.49 0.17 0.11 0.09
X4 0.27 Q.22 0.15 0.2
668 X2 0.33 0.30 0.23 0.18
X3 0.35 0.30 0.23 0.18
X4 0.39 .27 0.2} 0.16
669 X1 0.27 0.25 0.19 0.15
X2 0.30 0.26 0.20 0.15
671 x1 0.30 0.20 0.16 0.12
X2 0.25 0.19 0.15 0.1}
X3 0.29 0.12 0.10 0.07
X4 0.27 0.14 0.11 0.08
XS 0.40 0.13 0.10 0.08
X6 0.3) 0.13 0.10 0.08
X7 0.35 0.12 0.10 0.07
X8 0.39 0.16 0,13 0.10
675 X1 1.05 0.18 0.15 .1l
X2 .56 0.16 0.13 0,10
X3 0.28 0.15 0.12 0.09
X4 0.28 0.18 0.14 0.11
677 X1 0.29 0,32 0.26 0.20
X2 0.25 0.32 0.26 0.20
676 X2 0.60 0.16 0.10 0,07
673 X1 0.35 0.47 0.36 0.28
X2 0.25 0.32 0.24 0.19
X3 0.25 0.18 0.14 0.1}
X4 0.28 0.62 0.47 0.37
672 X1 0.28 0.14 0.08 0.06
X2 0.52 0.13 0.07 0.06
679 X1 0,32 0.16 0.13 0.10
678 X2 0.25 0.16 0.13 0.10
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Table G3. Estimated wind speeds and wave heights in the northern Bering

Sea for different return periods (Arctic Environmental Information
and Data Center, 1977).

MAXIMUM MAXIMUM
RETURN SUSTAINED SIGNIFICANT EXTREME AVERAGE (1)
PERIOD WIND SPEED WAVE WAVE WAVE
(YEARS) (KNOTS) HEIGHT HEIGHT HEIGHT
(m) {m) (m)
5 78 13.5 24.5 8.5
10 84 15.5 28.0 9.8
25 94 18.5 33,0 11.7
50 102 20.5 36.0 12.9
100 110 23.0 42.5 14,5¢2)

(1)

(2)

Average wave height = 0,63 x significant wave height (McCormick and
Thiruvathukal, 1976).

Waves 14 m high will break in some Norton Sound areas, therefore 13 m
high waves were assumed a8 a maximum value in the analysis. Actually,
maximum sustained wave heights in the northern Bering Sea may be less
than 13m because the relatively shallow water depths on the wide
continental shelf disgipate wave energy.
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Yable Gé. Mtorm wavw indecad Tyclic mtrees ratlos ('°/° wl av diffsrent wuhhortow deptha 141 (detarmined (ria squation 6).
" v . 1 ' ' » » . .
g:m‘/ , 7',' \ . . !0/0 o -re/o vo c/9 vo 'aﬁ vo vv/o vo vclv vo 1a/d o cc/u vo
(m)  tkw/w3d)  (m) _ |eac) (=) n - éa X = Mo iy Heom "= 0w A= jim [ESY..] H=3la
613 0.28 0.94 70 10 12 6.09 6.1) ©.12 6.l¢ 014 [ %] 6.18 0.20
0.3 6.94 a.a8 0.10 0.12 a.1) 0,13 0.16 0.10 6.19
1.0 0.94 6.09 0.10 0.12 0.1y 0.1% 0.16 0,17 0.13
1.5 a.94 0.h9 B.18 0.)3% 0,13 B8.)4 0,16 9.-17 6.18
2.0 8.94 0.08 0.10 0.11 0.12 0.14 0.15 0.17 0.18
2.8 0.%4 a.0R 6.0% LI9%Y 6.12 6.1y 6.15 0.16 8.18
3.0 0.94 0,08 6.09 0.1} 0.12 913 0.14 0.16 6.17
4.0 0.93 5,07 0.9% n.}o 0.1} 0.12 6,14 0.18 0.16
3.0 0,93 0.0? 0.00 0.09 a.11 0,42 0.33 0.14 .15
BALA2 0.28 0.9? 0 7.3 140 b.06 0.0y o.08 0.09 0.10 0,82 0-11 8.14
9.5 0.9? 0.06 0.07 0.08 0.09 0.10 0,41 0.12 6.:3
1.0 0.7 0.06 6.0Y 0.00 0.909 0.30 0.3y} 0.12 8.3
1.5 a.9%8 0.06 6.07 0.08 0.09 B.10 B.1) 0.42 0.1)
2.0 0.9 0.06 8,07 0-00 a.09 0-k0 0.31 .12 0.12
2.8 0.%6 0.06 6.07 0.08 0.08 6.09 .10 0.11 0.12
3.0 0.93 a.06 0.%9¢ 0.07 0.09 0.08 [ 91 ] 0-11 0.12
4.0 0.6 0.0% 0.06 0,07 0.60 0.09 b.os 0.10 0.11
3.0 0.9 0.0% 0.0¢ 6.07 8.07 0.08 0,09 0,10 0.3}
10198 0.28 1.69 ki3 10 122 0,16 0.19 0.22 0.24 0.27 06.30 0.3] 0.35
0.5 3.69 0.16 0.19 0.21 0.2¢ 0,27 0.30 Q.32 0.3§
1.0 3.6 0.16 0.1m 0.21 0.2) 0.26 6.29 0.3 0.34
1.% 1,67 a.18% B.AR 0.20 0.23 8.28 0.10 0.30 0.33
20 1.48 0.15 0.17 0.20 0.22 0.24 0.27 0-219 0.12
2.8 1,83 0.14 0.16 0-19 n.2) n.23 0.26 6,128 0.30
3.0 1.40 6.13 0.16 0-10 a.2n 0.21 n.2% 0.27 0-29
4.0 1.58 6.13 n.1x LY 6.19 a,23 0.2) 0.29 0.27
5.0 1.3% 0,12 n.ta 0.6 8.18 qg.20 0.21 9.23 0.25%
6BIAL B.25 Y01 24 19 122 n.10 aal 6.43 a.13% n.)é 9,1 0,20 0.21
0.5 1.0L 6.30 6.1) fn,1y 0.14 0.16 0.18 0.1% 0.21
t.0 2.0) 0.09 6.1} 0.3 0.14 n.1¢ 0.17 0.39 0.29
1.8 1.01 05.09 0.1} 0.32 a.14 0.15 0.17 0.18 0.20
2.0 1.01 0.09 n.10 0.12 4.11 0,1% 6,26 0.18 9.29
2.4 1.0b @.09 0.10 .12 6.13 0.44 0.16 2,17 a.19
3.0 1.0L 0,08 0.0 0.1} a.1) 0.34 0,18 0-17? 0.18
4.0 1.0} 0.08 2.09 0.1} 0.12 0.1y a.15 a.1é 0.17
5.0 1.01 .08 0.09 0.16 6.11 0.13 0,14 0.13 0.17
6a4n) 6.25 0-%94 29 10 122 0.09 6.11 0.)2 0.14 0.1% 0.17 018 0.20
0.5 0.94 0.09 a.10 0.12 D.A3 0-18 0.16 0,16 0.19
1.0 0.94 0.09 a.1a 0.12 0.1) 0,1% 0.16 0.17 0.19
1.5 8.94 .09 0.10 a.11 0.1) RS Y 0.16 0.17 0.18
2.0 0.94 a.08 6.10 0.1) D.12 0.14 0.15 0.1? 9.18
2.5 6.34 g.08 4.09 0.L11 8.12 a, (3 a.15 q.16 0,14
1.0 0.94 0.08 6.09 0.1} 6.12 0-1) 0.14 0.16 0.17
4.0 0.93 06.07 0.09 8,10 0,11 0.12 D.14 0-1% 8.18
5.0 B.%3 0.07 0.0R 0.99 0.4} .12 8.13 0.14 0.18%
[LLEYY] B8.25 1-26 1B 10 120 a.1) 0.13 0.4 0.20 0.22 0.2¢ 0.26 8.29
0.5 1-28 0.1) 0.15 0.7 .20 0.22 0.24 .28 b.28
1.0 1-26 0.13 a.13 A17 0,1% B.2) B.23 0.2% 0.20
1.8 1.2% 0.12 0.14 n.1e D18 g.20 0.23 0.21% 0.27
2.0 1.28 0.12 0.34 8,16 0.18 n.20 0,22 0.24 6.27
2.3 3.24 012 0.3y 0.45% 0.37 a.19 B.21 0.23 0.2%
3.0 x-23 n,11 8.4} 0.)§ LS4 9.19 6.20 0.22 0.24
4.0 1.2} 0.10 0.12 0.54 0.16 0.17 .19 0.2\ 0.23
5.0 1,29 0.10 a.x) 0.13 n. 13 0.18 0.18 0.1v 0.21
686AL 0.2% 0.%0 18 10 120 0.10 a,12 .14 0.18 0.17 0.19 a2 0.22
0.9 a.7 0.19 .32 9.14 0.1% .17 8.19 6.20 0.22
1.0 0.98 0.10 8.42 0.1) .13 a.i6 0.18 0.20 [ 1
1.5 0.99 0.10 0.11 0.1) 0.14 0.16 6.18 0.1y 0.2%
2.0 0.96 0.09 0.1 0.1) 6.14 916 017 0.19 a.20
2.5 0.%8 0.09 0.1} 8,12 .14 0.3 0.1? a.10 0.30
1.0 0.98 0.09 0.10 0.12 0.13 6,18 D.}6 0.1e 0.19
4.0 0,9 0.0A D.LO 0.11 B.1) 0.14 0.15 0.17 8.19
5.0 0.9 0.08 0.09 D, 0.12 0.1} 0.15 0.18 .17
607AL 0.2% 1.04 16 10 120 0.1l 06.13 0.1% 0.16 a.1e@ 0.20 0.22 0.24
0.9 1.04 0.11 6.1) 014 8.16 0.18 0.20 0.22 6.23
1.0 1.08 Q.10 8.12 0.4 0.16 0.7 0,19 0.1 0.2)
£.5 1.64 8.10 0.12 n.14 0.13 0.7 6.19 9.20 0.22
2.0 1.08 8.10 .12 6.1y 8.13 0.17 0.14 0.20 0.22
2.% 1.04 0.10 6.1) 0.13 0.23 0,16 0.18 9.1y 0.21
3.0 1.04 08.09 0.4 0.13 0.4 19V ] 0.17 g.19 0.20
¢.0 1.0) 0.09 0.14 0.12 8,11 0.19% a9.16 0.10 a. 1%
5.0 1.0) 0.08 LS.} 0.11 8,13 0.14 0.15 0.47 8.18
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Tabls CB. Reaistance to llavefsction av dlffarent subbotgam Aepthe expresssd am » fiskA mtresm ratln (T /0. ) fdetgrminnA

from cyclle trisnial test Aava t'm ave -‘/v c) corvected fnr lahoratory condlcione using eduar ).

{2) {2)
T ‘h 'm ave Max 'n
SY¢Q ’Va A X = —_—
0 L 9 q a
coRx DEPTH Co LA ocn =, c, « vo c vo
(wm) deareee {¢rlaxial) {Tied) (erfaxgal) (f1e)d]
OcR ~ 6
681A2 0.2% 1.0 »n 42 1.0{3.7A) 1.6 0.22 0.22
0.% 38 1.0(3.61) 3.8 0.22
1.0 32 1.0¢(3.21) 1.0 0.22
1.8 27 1-0(2.89) 1.0 0.22
2.0 22 1.0(2.56} i.0 0.22
2.5 17 1.0(2.19) 1.0 0.22
3.0 15 1:01(2.43) 1.9 0.22
4.0 11 1.0{1.63) 1.0 h.22
3.0 8 1.6{L.19}) 1.0 0.22
6A2al 8.2% 1.0 R} 1) 1.0{1.86) 1.0 0,23 n.23 2.91 0.91
6.% 12 1.0t Ty 1.0 n.23 0.9}
L.0 11 1.0(1.59) 1.0 n.21 0.91
1.3 9 £.0{1.9%0) 1.0 ¢.2) 0.9
2.0 40 L] 1.0(1.)6) 1.0 n.z2y 9.91
2.8 ? 1.001.25) 1.0 0.21 0,91
. L4 1,0(1L.29) 1.0 0.13 0.91
4.0 5 1.0¢(1.01} 1.0 0.2 0.9}
8.0 ] 0.4 0.492 .21 a.ne
EB4AL 6.29 1.0 38 S0 1.004.27) 1.0 0.3y 0.13
0.4 » 1.0(3.67) 1.0 .33
1.0 21 1.0(2.65) 1.6 0.33
1.5 14 1,0(1,95) 1.6 0.3
2.0 a 1,0(1.18) 1.0 0.3
2.8 5 1,0(1.64) 1.0 #,33
3.0 3 68.76 0.85% 6.29
4.0 L 8,38 0,61 9.20
5.0 1 n.3R 9.6) 9.20
BR5A2 ", 25 1.0 37 25 1.0(2.76) 1.4 020 ©.20 9.7 6.77
0.8 23 1,0(2.863% L.0 0.20 Q.1
1.0 19 1.0{2.30) 1.0 0.20 0.-77
1.4 16 1.042.1)) 1.0 0.20 0.77
2.0 11 1.0(k.06) 1.0 n.20 0.77
2.3 n 1.0(1.69) 1.0 0.20 0.77
2.0 ° 1.0(1.49) 1.0 a.20 8.77
4.0 6 1.0(1.17) 1.0 0.20 0.77
5.0 4 0.92 0.35 0.19 0.79
686a1 08.25 1.0 42 »100 1.06(7.21) 1.0 0.3% 0.15 0.57 0.57
0.5 920 1.0(6.72% 1.6 a.3% 0.%7
L.O 8 1.8¢(4.689) 1.0 0.35 0.57
1.3 da 1.003.77) 1.0 6.38 0.57
2.0 26 1.0€2.9)) 1.0 €.38 0.%7
2.8 17 1.6{2.20} 1.0 0.)% 0.57
1.0 12 1.0(1.74) 1.0 0,35 0.57
4.0 5 0.9? 0,96 0.34 0.56
5.0 2 0.53 °.Nn 0.25 9.40
6872} 0.25 1.0 b 1] o4 1.0{6.30} 1.6 0.26 0.26
0.8 7% 1.0{5.40) 1.4 0.26
1.0 49 1.0(4.22) 1.0 .28
1.3 32 1.08¢3.2%) 1.0 0.26
2.0 21 1.0(2.58) 1.0 0.26
2.8 14 L.0(1.95) 1.0 D.26
.6 a 1.0¢1.49) t.a 0.286
3.4 ] 0.9 D.94 0.24
5.0 2 0.%9 0.74 0.1%

(1} maximum allowed ® = 1.0.
(2) feeess ravio requlred to LInduce 3% etrain in cyolle triaxial test mamples after )80 ioading
tyclea (mtorw wawe period = 10 mec For ) hour duratfon).
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St

Table G6&.

CORE

SBustained storm wave heights (H) necessary tc induce liquefaction in sediment
from different stations (determined from a comparison of wave induced stresgses
in Table G4 with the corrected cyclic sediment resistance in Table G5}.

(1)

681A2
68241
684a1
685A2

686A1

687A1

(1)

>13

>13

>13

>13

[

on overconsolidated triaxial test samples.

10

10

11

11

wave height necessary to cause liguefaction.
Subbottom depth to which liquefaction may occur.

Wave heights necesgsary to licuefy sediment based

>13

»>13

>13
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Overconsolidation ratio, OCR
1 10 100

T VT, L, T 7

{
©
S

Subbottom depth (m)

10 -

11p -

12 -

14 i 1 ) I U S I | i [ I W N T T |

FPig. G2. Overconsolidation ratio determined from conzolidation tests versgus
subbottom depth.
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Fig. Gl. Correlation of cone resistance tqc) and friction ratio (FR) obtained

from cone penetration tests with standard penetration test blow
count (M)} (Schmertmann, 1976, cited in Martin and bDouglas, 19Bl}).
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Correction factor, C N
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Fig. G4. Chart for correction of N-values in sand for influence of overburden
pressure (reference value of effective overburden pressure is 1
ton/sag ft) (from Peck and others, 1974).
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