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| NTRODUCTI ON

Geologic studies in the northern Bering Sea (Fig. 1) have identified
several features and processes that can have significant impact on of fshore
industrial operations (Thor and Nelson, 1980; Larsen and others, 1980).
Faulting, thermogenic and biocgenic gas charging, sedi nment |iquefaction, ice
gouqing, current scourina, and bedform migqration have been identified as
potential hazards (Fig. 2). The occurrence of specific conditions depends
partly on |local aeoloaic history, especially with regard to the types of
sedi nent that have accunulated. Al so inportant are nodern environmental
forces, which in the northern Rerina Sea include severe storns, strong
geostrophic ocean currents, and movement of seasonal ice.

This report presents the results of a two-year geotechnical framework
study, desicmed to determine representative values of sedinent mechani cal
{geotechnical) properties and to use these values in an assessment of soil
response to engineering and natural loading., Geotechnical data have been
gathered previously and applied to the analysis of particular problems in the
area (O sen and others, 1980; Clukey and others, 1980)}. The framework study
is a quantitative supplement to the other geoloagic and geotechnical studies
and provi des engineerina data that can be used from a regional perspective in
prelimnary evaluations for siting offshore operations.

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

An advantage of in Situ testing iS that it neasures properties of sediment in
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the natural, undisturbed state. Sediment cores can suffer sienificant

di sturbance before they are tested in the laboratory. This is Particularly
true for the silty and sandy sediment types in the northern Bering Sea that
were cored using vibratory methods (koutsoftas and others, 1976). The natural
stress state is difficult to reproduce in the laboratory, and oriainal
sediment fabric can ha broken down during and after coring operations.
Laboratory testing of disturbed core sanples can neasure physical properties
that are different from those of sediment in the natural state. However,
present equi pment allows exam nation of a wider range of properties wth

| aboratory testing than with in situ testing., This study offers an excellent

opportunity to conpare the two methods.

CEOLOA C SETTI NG

The northern Bering Sea conprises a broad, shall ow epicontinental shel f
that extends about 200,000 knfbetween Alaska and Siberia (Figs. 1 and 2). Two
mej or physi ographi ¢ subdivisions are Norton Sound (water depth < 30 m) and
Chirikov Basin (water depth < 60 n). The entire region was energent during
Pl ei stocene |ow stands of sea level. @ aciers encroached on western and
northern portions. An extensive tundra vegetation devel oped on the reminder of

the shelf, except where rivers carved channels that led to |arge submarine

canyons. Shoreline transqgression 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 R ver migrated north
to its present position fromthe vicinity of Cape Romanzov about 2500 years

ago (Dupré and Thonpson, 1979). During sealevel stillstands, coastal shoals

were formed near Port O arence and None (Nelson and others, 1980).

14



The distribution of unconsolidated sedinent types therefore reflects
glacial, subaerial, and marine processes (Nelson, 1980a)., |nN Chirikov Basin
t he sequence is in nost places |less than a few neters thick and consists of
coarse glacial till and outwash, limnic peaty nud, transgressive gravel to
nedi um sand. and inner-shelf fine sand. This sedinent is Pleistocene age, and
individual units are patchy in their distribution. Strone northward
geostrophic fl| ow has bypassed Hol ocene sediment and deposited it in the
southern Chukchi Sea (Nelson and Creager, 1977).

Peaty mud, with incised fluvial deposits, covers 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 stormsand |ayers is
the domi nant sediment type. It covers nearly all of the seafloor in Norton
Sound and has accunulated up to 14 mthickness. The sedinent type grades to

silt and nud in the eastern sound.

METHODS

Fi el d net hods: A geotechnical cruise in the northern Berina Sea was conducted

Auqust 3-18, 1981 ahoard the NOAA ship DI SCOVERER ~ Sites were occupied that
represent a broad range of geologic environments, many where speci al
engineering probl ens might be encountered (Figs., 2 and 3; Table 1). In
Chirikov Basin, only the shoreline shoals near Port C arence were visited,.
The rest of the stations were in Norton Sound at |ocations of bioagenic gas-
charged sedinent (2 stations), a thermogenic gas seep, nuddy sedinment, and a
range Of Yukon prodelta sediment types (5 stations).

Geotechnical data were obtained with in situ testing equi pnent and from

| aboratory testing of sedinment cores. The in situ device is a static cone

15
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Tahle 1. stations.

As XSP~40 penetrometer

Hater Penetration
depth  CGeoloaic Pepth Distance from first
station Attempt Latitude (N) Lonaitude (W) (m) environment (m penetromater test (1)
667 1 £3 *20,60° 165¢19,1R¢ 18 :::::u. 2.83
668 1 63°20,13 165°49.90° 23 mlu 0.49
2 63"20. 13 16549 ,91 ! 23 0,56 13
3 63°20. 02 165049,95¢ 23 0.5s l4s
4 6320. 02* 16549, 94 23 0.61 142
69 | 62'57. ST s | 71 19 :::::l.u 0.48
2 62%. S6' 165041, 70" 19 n. 46 29
€70 1 6341 77* 165°18, 49" 18 ; h|m 1043
3 £3 *41.60° 165014.67° 18 1.33 165
4 £3°41,67° 165°18,69° 18 1.64 169
671 1 64905, SBY 165029, 25 10 ::feif":::.' 1.34
Vater Penntration
station Attempt Latitude (M) Lonqitude (W) d:::h :n‘.:ilfq“ t D::;h 2::::;!;? t:::“t-)
671 2 64°05,5R° 165°29.24° 112 20
{cont) 8 8
3 64°0S. 64 165°29.1R¢ 0.98 146
4 64"0S. 64° 165929,19 n.80 136
s €4°05,66° 165929,03¢ 1.03 3ne
6 64*05. 66* 16529,01° 1.48 a:z
7 £4°05.66" 165°26.78° 0.% 4037
R 64°05,65° 165°26,72 1.02 4134
o2 1 swcoson LGB IS am sowma o 2. ]
2 £4°06.08’ 161 *36.20° 2.71 10
673 1 £4°00, 46° 162+ 24, 62* 18 hicaenic cas 0,51
2 £4°00, 45" 162924,61" n.42 10
3 €4°00,33¢ 16224, 59 n.41 222
4 64*00. 33' 162°24,59¢ 0.4 222
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Teble 1. suﬂon- {cont *&),
Hater Penetration
depth Ganloaic Depth Nistance from first
Station Attempt  Latitude (N) Lonaitude (W) {w) environment {m) penetrometer test (m)
o4 1 6140.5% 142119 18 proseea 092
2 63049 .6A° 164*21. 17+ 0.2 an
675 1 64*05, 31 ¢ 165°30.54° 19 ::a“:::;ue 2N
2 64%05.30° 16530,57° 1.1s 53
3 64% 05,400 1£5930.87° 1.93 558
4 64*05. 57 165°30,79* 1017 589
676 1 64°11.4S 165" 34. 36" 20 biogenic oas 3. 50
2 64"11. 4s$ 165*34. 33 3.67 49
617 1 64 eos.a0e 165°31.71¢ 20 :::e O:u:hea:: 0.0 -
2 £4°05.70° 165931, = n.RY £9
Water Penetration
. depth Geoloaic Nepth Dintance from first
Stat|on aceespt  Tatitude (W)  Ioncitude (w) _ (m) environmant {m) penetrometer test (m)
78 1 65°0S. 970 1673309 32 svale 2.12
2 65°06,97° 167%33.09' 2,20 ]
679 1 65°06.55" 167%37. 73 20 ridoe 1.00 -
2 65°06.54° 167°37.730 1.48 19
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mhle 38. Nistance

Matar from nearest
i depth Geoloaic Nise of Cors panetr; #}“
Station asesst tatitsde (W)  tonaitude (w)  ¢m) e virormnt core lenath _(m) et {
680 1 £5°05,94° 167*37. 38* 21 ridoe aeoloaical 2.72 1107
661 2 65°07.06" 167*32.81° 30 svale aeotechnical .72 455
3 £5907,27¢ 167933. 34’ (BOLOOLCAL $.49 61S
662 1 64*11. 41* 165°33,R5¢ 30 biogenic cas  qeotechnical  5.17 72
2 64°11,44° 165°33.58* ancloaical 5.16 1219
623 1 64008, 24 165°30,33¢ 20 thermocenic aeotechnical  £.10 362
oat sesp
2 €4 05,23 165030,46¢ oecloaical 4,50 180
664 1 640 05,920 165°32,73¢ 20 wast of thermo- ceotechnical 2. 0N 1635
aenic ois seep
2 £4°05,95° 165°32,74¢ aenlonical 2.61 1647
£a5 1 63°41,74° 16S°1R,15¢ 18 Yukon oeoloaical 3.36 64s
prodelta
2 63*41. 76* 165°1R,12" osotechnical 4.08 944
Distance
Water from nsarest
depth Geologlc Use of Core pemstration
st smpt Lat ude ude iromme naqt
666 L €2°58.03" 165*41, $1* 28 Yuken geotechnical 388 426
’ prodelta
2 62958.16" 16541, 42 geological 3*M 699
€07 1 63. 49095* 164°21.64' 18 Yukon geotechnical 5.50 86%
prodelta
3 63*49. 93* 164°21.64° geological 5.50 850
76-12% Y 64°00,04* 162*24, 92* 10 biogenic qas  geological 1.5% 7%
76- 133 1 64°0%.62* 161*36. 78* 28 e art*rn morton geclogical 1.70 1206
Sound
76-22 1 63°20.86* 165°50.14° 23 Yukon geological 2.01 1152
prodalta
78-24 1 63028.53° 165920.13¢ 18 Yukon geological 4,95 1586
prodelta
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penetroneter, the XSP-40, that belongs to the Naval Civil Engineering
Laboratory (Fig. 4; Beard and Lee, 1982). The instrument neasures resistance
to penetration of a 3.56-cm dianeter cone that can be driven into the seabed a
maximum depth of 6 m Frictional resistance along the side of a sleeve above
the cone is also neasured. The instrunent is housed in a tall frame supported
on four broad-based, retractable leers. Total weight is about 4.S netric tons,
whi ch determ nes the maximum force that can be nmeasured. The cone and sleeve
are attached to the end of a rod that is driven by a double chain. In
operation the instrument is lowered to the seafloor, and penetration at a rate
of 1 m/min is actuated Qby an onboard switch to the |-horsepower drive notor.
Cone and sleeve resistance are plotted continuously versus penetration depth
on a chart recorder: tilt angle is also nonitored. A test is termnated

ei ther when the maximum penetration depth is achieved or when the tilt neters
indicate that the instrunent has |ifted fromthe seafl oor {(i.e., the nmaxi num
reaction force has been reached). The push rod and cone are retracted from
the seabed by reversing the drive notor.

Core sanples were taken with a large vibracorer (Fig. 5). This device is
housed on a frame simlar to that of the xsp-40,Coresare retrieved in
plastic liners, 8 cminside dianeter, and maxi mum core length is 6 m The
core barrel is driven into the seabed by a pneumatic hamer mounted at the top
of the barrel. Penetration rate of the core barrel was recorded during
sampling operations (Table 2). Twcores were taken at each station. Roth
were cut into l-m-long sections, and the ends were capped. One core was split
| engt hwi se onboard ship, described geologically andsubsampled at reaular

intervals for grainsize, water content, gqrain specific qaravity and carbon

content determi nations. \Wen fine-grained cohesive sedi nent was encountered,

20
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Table 2. co pe me
CORF.

AEPTH 680A3 681A2 681A3 682A1  682A2  6B3AL  6R3A2 6R4AL 684A2 685A1 685A2  6B6Al 686A2 687a1 6R7A3
0.2 1.5 22.9 22.9 45.7 36.6 61.0 26.1 20.3 45.7 45.7 45.7 18.3 36.6 61.0 45.7
Q5 4.6 6.8 5.9 30.5 18.3 6.1 6.3 8.7 5.4 91.4 12.2 1.2 1.6 15.2 12.2
0.8 3.0 9.6 8.3 10.2 8.7 5.5 =8 2.1 2.4 10.8 6.3 0.7 o.7 1.5 0.6
1.1 2.1 8.7 10= 9.1 5. 4.= =6 1.5 2.6 7.6 5.5 1.7 os 1-1 2.2
1.4 1.6 =5 6.8 18.3 9.6 4.5 1.1 oo 1.0 4.6 4.6 1.3 1.1 1.6 2.0
1.7 o9 3.8 3.3 30.5 10.2 2.6 0.4 2.3 0.3 5.7 3.0 o.6 o5 1.5 2.0
2,0 2.3 2.4 22.9 8.3 1.5 0.5 0.2 0.3 1.4 0.9 os o8 1.6 1.8
2.3 1.8 2.4 18.3 8.7 1.8 0.2 o3 Q2 o6 as Q? 0.7 0.9 1.1
2= 1.1 1.4 16.6 8.3 2.2 0.5 0.3 0.5 0.3 os 1.0 1.0 1.4
2.9 0.8 0.9 14.1 R.0 2.8 .5 0.3 0.2 0.1 1.0 0.8 1.1 1.2
3.2 Q6 1.2 11.4 3o =3 os =31 =k o= =}/ 0.6 1.= 1
3.5 0.6 1.2 11.4 7.6 1.5 0.5 o= ©.3 0.5 1.1 1.0
30 4 1.1 8.0 6.1 1.4 0.4 0.4 0.4 1.0 o7
4.1 o3 Qs os 5.2 1.5 0.4 0.8 0.7
4.4 o2 o1 4.9 1.1 0.5 0.6 0.7
4.7 4.9 0.6 0.2 0.4 0.5
5.0 4.3 0.4 0.3 0.4
5.3 3.5 D.4 0.3 0.5
5.6 2.3 0.3 0.2 0.4



strength was neasured with anotorized vane shear device, and subsamples were
taken for determination of plasticity (Atterbera linmts). The sections of the
ot her coreware wrapped in cheesecloth, covered with mcrocrystalline wax, and
stored upright in a refrigerator. This core was used for geotechnical testinag
in the shorebased |aboratory.

Shi pboard operations at each station were as follows. A seismice-
reflection line was run over each station, using 12 kHz, 3.5 kHz, and 600
joul e minisparker systens. Navigation used Loran C with satellite updates.
The ship was anchored at each station, the XSP-40 was depl oyed from an
out board storage position using the ship’ s deep-sea winch and large crane, and
a cone penetration test (CPT) was run. Mre than one test was run at each
station, Sone successive tests were run after lifting the XSP-40 a smal |
di stance off the seafloor and setting it down again at essentially the sanme
location. Oher tests were rerun after the ship was allowed to drift a short
distance, in order to study local variability of penetration resistance.

After all the penetroneter 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
t hese stations.

Vi bracores had been taken in previous years for geological study at all
but one of the stations we did not re-occupy, so nost sites discussed in this
paper have conpanion vibracores and cone penetration tests. Vibhracores for
| aborat ory geotechnical testing are not available for all stations, however.

The ¥XsP-40 and t he vibracorer were not both deployed at a single
anchorage because the large size of the instrunments made frequent interchange

to the deploynent position unfeasible. The Xsp-40 was used first at all
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stations while the vibracorer was stored on deck. Then, stations were re-
occupi ed, and cores were taken. Relocation of the stations had a positional
error of from180 to 1647 m so the CPT and vibracores were not from exactly

the sane place (Table 1R).

Laboratory nethods:

In the shipboard lab, vane shear tests were made with a standard
notori zed apparatus using a 1.27-cm di aneter by l.27-cm long vane and a
rotation rate of 90°/min. Peak undi sturbed and renol ded strengths wvere
measured at reqular intervals down split cores (Table 4). In the shorebased
| ab, Atterberg linits were determ ned according to standard procedures (Lambe,
1951, p. 22-28), hut with water content corrected for a salt concentration of
35 ppt. Gain sizes were measured by sieve, pipette and hydroneter nethods
(Carver, 1971; Lambe, 1951) (Tables 3 and 4, Appendix A). A LFCO nodel WR=12
carbon determinator with an acid digestor and an induction furnace was used to
neasure organic carbon and carbonate content. An air conparison pvcnometer
aided in the calculation of grain density (Table 4).

Consol idation tests to neasure sub-failure deformation properties of
sedinent were run by two different nethods. Seven tests were perfornmed on
standard front-loading odoneters in a stress-controlled node (Lambe, 1951),
whereas 15 tests were run in triaxial loading cells at constant rate of strain
(wissa and others, 1971).

Static strength tests were run in triaxial loading cells on cylindrical
sanpl es approximately 3.6-cmdianeter and 7.6-cm lona, Tests were perforned
under undrained conditions with pore pressure neasurenents (Bishop and Wenkel,
1964) . Most sanples were consolidated isotropically prior to testing, but

some were consolidated anisotropically.
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Table 3. Detailed grain size summary. .
cons zern T g Py Do :"" LEE & PITION XISHIDA som™
(m) fum tum) __ (um) 10 {19¢8) 11969) AANGES (1)
68013 0.30 273 261 178 1.6 . .
0.s2 258 250 180 1.4 . .
1.52 245 237 161 Ls . .
2.22 225 212 156 1.4 . .
sa1A2 1.46 D 100,101 40 33 4.7 a.s
66363 0.20 225 197 20 11.2 .
0. 40 270 248 110 2.4 .
0. 64 141 126 40 3.8 . .
1.40 107 9s 12.3 8.7 .
2.20 120 114 1, § 6.2 .
2.64 41 23.8 2.0 2.5
66261 0.97 7 38,3 80 66 9.2 .7 .
1.09  wm 76.77 39 36 4.2 9.3
1.76 % 96,99 16 12.4 1.4 114
169 % 76,77 4s 34 4 11,0
6831 1.08 62 60 0.1 6.1 .
4.2  m 109, WO 62 60 n 3.0 .
n
corz pEPTH TEST 60 L Dy n:: Lee & Pitton K1sHIDA som
{m) um) (um} (um) {196A) { 1969) RANGES (1
6841 0.44 7 60,01 62 % a4 6.6 .
€8sA2 0.44  =c 80,81 54 49 11.8 4.6 .
1.0s %6274 60 sa 9.6 6.2 .
aseal 045 T %97 10s 64 115 9.1
6871 0.49 7 94,9 34 30 4.7 7.2

mn

Grain size diStribution curve falls within the zone of liquefaction suseptibility (Pigure 10} .

e art of graine ira Aistribution curve falls within the zone designated by hoth Lese ( Pitton (1968)
o nd Xishida {1969).
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Table 4. 1Index proparties snd vanee hOQr e tr.nvth.

DEPTN GRAIN S| ZE WATER BULK GRAIN  ORGANIC VANE SNEAR STRENGTH ATIERBERG LIwITS
™ CONTINT DEWSITY DmuArTy CARMON €aC0, (kPa)  SPWRI-  Liomp e LASTI C PLASTICITY uooxom
CORE  corrtm) GmaveL 2630 SI LT CIAY (V) (aw/owd (om/cw (L)) {8) __ ywracr mewornen  TIVITY  LIMrT_ LIMIT  Iwpex
6301 0.02 0.0 20 2 g§ 4.0 0.43 1.3s
0.10 0.0 10.7 40. s 1.s4 2.76 0.61 1.24 w
0.20 41.1 1.7s 2.66
6712601 (.02 69.4 1.3s 2.01
0.3s 112.5 1.46 2.78 4.9 . 2.6 . 1.9
67263 (.02 93.3 1.s3 2.0 26 . 0.6 . 4.6
6soay (.02 0.0 8.1 0.9 1.0 0.12 0.61
0.36 0.0 9s.s 0.9 0.3 20.9 2.09 2.66 0.09 0.74 w»
0.60 21.1 2.17 2.64
0.s2 0.0 97.6 1.8 0.6 16.7 2.16 2.€3 0.07 0.s4 wr
1.12 16.11 2.12 2.6
1.32 1R.7 2.12 2.6s
1.s2 0.0 69.2 0.2 0.6 19.s 2,11 2.66 0.0s 0.9s s?
1.82 I*.9 2.11 2.64
2.02 19.4 1.60 1.A0
2.22 8,0 98.4 0.4 1.2 21.1 2.06 2.61 0.08 0.9s w
2.57 22.9 1.64 1.9
681a2 (.02 24.8 2.01 2.63
0.76 50.2 1.71 2.56
1.77 21.1 2.1 2.57
2.75 23.2 2.10 2.7S 21.0 3.s 6.2
3.74 23.0 2.12 2.s0 61 .8 4.2 14.s
4.74 23.4 2.14 2.ss 2n.1 3s 8.0
6am3 (.02 0.0 16.9 1.4 7.7 0.49 1.s7
0.10 2S8.7 1.99 2.62
0.20 0.0 0.8 10.6 5.8 20.3 2.10 2.67 0.31 1.47 w
0.30 24.4 1.9 2.S71
0.40 14.9 75.6 6.4 3.1 19.1 1.77 2.6s 0.39 2.41 69
0.61 26.8 1.98 2.s4
0.04 0.0 877 9.0 3.3 .9 1.97 2.66 1.70 1.08 w»
1.00 n.2 1.96 2.71
1.20 16.6 2.21 2.73
1.40 0.0 64.3 27.1 8.6 in9 2.16 2.74 0.6 3.64 w
1.s0 19.7 2.14 2.73
1.98 1s.2 2.20 2.67
2.20 1.0 77.1 10.s 1. 18.4 2.1s 2.69 0.41 1.63 w
2.40 17.R 2.in 2.73
2.60 26.0 2.02 2.71
2.84 0.0 26.3 S1.1 22.6 3.0 1.90 2.70 1.00 4.48 34.8 7.5 4.7 33 24 9 1.22
3.00 1.1 7S.7 16.1 7.1 19.7 1.s7 1.76 0.47 2.19 w
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 1S.0 S7.6 27.4 41.7 1.90 2.96 0.9s 2.12 36.6 9.0 4.3 so 32 10 0.s4
3.1 32.0 1.97 2.682 39.2 11.2 3.s
3.96 2s.1 2.03 2.79 41.7 9.3 4.s
4.16 1.4 3S.1 37.7 25.0 21.0 2.13 2.76 0.90 1. % 61.0 in o 3.4 30 20 10 0.10
4.3s 23.0 2.08 2.73 62,8 14.9 4.2
4.ss 25.7 2.07 2.80 34 9.3 3.7
4.7s 22.6 46.3 22.0 9.1 16.8 2.24 2.79 0.60 Sol ww
4.9s 14.7 2.26 2.74
5.1% 12.8 2.30 2.74
. 3S 2s.7 4.5 11.8 5.0 10. s 2.36 2.73 0. 66 8,71 w
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Table 4. Index propertiese {i vane shear stremath (cent “d).

oErTHt GRATN sz wrer NI LS GRAIN  ORGANIC VANE SHEAR STRENGTH ATTERRERG LIMITS -
™ {\) CONTTNY ousx‘rx nr.usx'r! CARRON  €acOy (kPa) senst- LIQUID PLASTI C PLASTICITY LIQUIDITY
CORE_CORE {m) GRAVEL sSawD S| LT ctay (1Y) {aw/cm’) (gm/cm LY} Y] INTACT REMOLDED TIVITY LIMIT LIMIT INDEX INDEX
eam1 117 73.s 1.s4 2,52 3.1 6.3 5.5
2.16 7s.9 1.ss 2,54 e 0.7 12.s
3.15 67.3 1.60 2.8 21.4 1.7 2.8
4.14 33.8 1.90 2.66 3.9 0.7 5.5
eoan2 (.02 [0,40] 22.7 67.0 10.3 0.8% 1.69
0.19 0.0 I8.7 SS.7 12.6 39.9 1.87 2.8 0.74 1.39 11.6 1.8 6.4 we
0.41 29.0 1.97 2.58 5.8 1.1 5.5
0.4s 25.9 1,97 2.69 16.S 2.1 1.7
0.80 0.0 s2.5 41.0 6.S 27.1 2.01 2.73 0.6S 0.93 29.6 3s a.4 wp
1.00 69.8 1.97 2.5l 23.0 4.9 4.7
1.0s .2 1.s2 2.42 22.A 7.1 3.2
I.in 27.2 . 6.3 . 4.3
1.40 0.0 SS. 3 33.1 10.8 62.7 1.62 2. S6 3.8 1.27 3S.6 9.* 3.6 6S 43 22 0.90
1.60 62.9 1.62 2.87 34.6 10.9 3.2
1.80 69.9 1.s8 2.53 34.0 11.4 3.0
2.00 0.0 3.0 63.2 27.a 61.S 1.64 2.59 4,71 0.99 27.9 9.0 3.1 03] 42 3s 0.7s
2.20 0.0 17.4 s2.8 29.s 63.4 1.62 2.54 4,02 1.2s 19.2 6.9 2.8 73 43 30 0.4s
2.40 $9.6 1.48 2.40 23.0 9.3 2.8
2.60 s9.6 1.4s 2,47 24.S n.2 3.0
2.50 0.0 4.3 s1.7 44.0 9s.4 1.27 1.ss 5.22 1.32 22.8 n.S 2.7 97 36 39 0. %
2.00 77.2 1.49 2.39 23.1 9.1 2.6
3.26 0.0 21.8 42.9 29.3 62.9 1.63 2.59 4.12 0.69 28.1 9.s 3.0 73 43 30 0.ss
3.40 83.7 1.s3 2.62 23.0 9.0 2.6
3.6S 69.4 1.s9 2,59 35.3 10. s 3.4
3,80 0.0 4.4 s8.2 37.4 7S.2 1.ss 2,53 6.47 0.73 41.4 14.6 2.8 101 49 52 0.s0
4,00 3s.1 14.7 2.4
4.24 0.0 57.5 31.7 10.8 9.3 1.71 2.54 3.37 0.07 20.9 9.3 2.2 s?
4.40 16.9 6.6 2.6
4,60 ™ 69.3 2S.1 S6 36.1 1.ss 2,68 1.90 0.5ss 14.8 5.8 2.s wr
4.0 37.9 1.084 2.54
5.00 0.0 S3.7 14.3 0.0 23.1 2.0s 2.67 0.32 0.94 6P
68IAL 0.8s 20. s 2,13 2.74
2.91 27.6 1.99 2.49
3.90 26.6 1.98 2.63
4.00 27.2 2.03 2,71
40362  0.02 0.0 36.0 S7.4 6.6 0.4s 0.ss
0.10 0.0 34.4 40.0 5.6 27.1 2.02 2.73 0.s1 0.49 6P
0.30 26.7 1.9s 2.64
0.s0 21.s 2.08 2.69
0.74 0.2 72.0 23.s 4.0 19.6 2.16 2.7s 0.2s 0.76 wp
0.80 20.1 2.0s 2.62
1.14 0.0 3S.4 46.1 1S.S 51.0 1.73 2.8S 0.4s 0.4s "
1.34 25.0 1.99 2.61
1.s2 23.7 2.22 3.0s
1.70 0.0 e 3 % 2s.4 2.02 2.5 0.3s 0.60 w
1.90 0.0 T 2. . 23.7 2.03 2.6 n.21 0.47 W
2 10 0.0 w7 12.06 1. 24.2 2.02 2.54 0.0n 0.76 "
2.30 23.6 2.0s 2.69
2.50 39 S5l es 1.2 229 2.0s 2.65 0.23 0.41 v
2.70 21.S 2.01 2.74
2.90 27.2 2.17 3.12
3.10 0.0 34.6 62.S 2.9 27.1 1.99 2.5S 0.27 0.31 wP
3.30 2%.1 2.04 2.71
3.50 26.4 2.00 2.44
3.67 27.6 1.9s 2.67
3.87 0.0 39.0 s7.¢ 3.2 27.6 1.96 2.62 0.22 0.6S s?
4.01 27.4 1.96 2.6S
4.27 0.0 42.0 S4.6 ' 3.4 3s.3 1.99 2.6S 0.28 0.43 X9
684A1 1SS 19.4 2.14 2.72
2,85 27.s 1.99 2.69 2.0 . 0.7. 2.7
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Table 4. Indax propertles and vane shear strength {cent ‘al.

DEPTH GRAIN s1ze WATER X GRAIN  ORGANIC VANE SHEAR STRPNGTH ATTERRERG LIMITS

™ ) CONTPNT  DENST DENSITY  CARROW  Cath (kPa) SPNSI-  LIOWID o LAST] C PLASTICITY LIQUIDITY
CORE CORE {m) GRAVEL sawd S| LT CLAY LY} lam/cn™)  (gqw/cm LY “,’ INTACT _RPMOLOFD TIVITY LIMIT _LIMIT INDEX INDEX
664'2 0.02 0.0 1S.2 70.2 14.6 0,92 1.s7
0,27 0.0 23.% 61.9 12.6 55.2 1.70 2.6A 0.R6 1.03 wp
0.57 26.2 2.03 2.74
0:72 23.3 2,08 2.74
0.91 0.0 76.3 17. S 6.2 22.9 2.07 2.71 0.39 0.84 NP
1.31 21.9 2.08 2.431
1.7 0.0 72.3 24.1 3.6 24.6 2.08 2.73 0.30 1.0s wp
1.91 24.0 2.03 2.69
2.11 0.0 62.8 20. S 2.7 2. s 1.97 2.57 0.31 0.60 wp
2.51 0.0 65.8 36. 1 3. 24.1 2.01 2.62 0. 26 0.'9 w
easar  0.02 0.0 3.6 47.3 14.1 41.3 1.84 2.7% 0.9% 1.64 [ d
0.26 0.0 45.3 47.3 1.4 37.1 1.87 2.69 0.72 1.23 S.7 1.4 4.1 349
0.40 60.5 1.37 1.72 4.9 1.8 2.7
0.60 0.0 46.7 45.1 @.2 32.1 1.93 2.70 0.98 1.12 14.0 4.7 3.0 M?
0.00 61.0 1.4s 1.m 16.S 6.S 2.5
1.00 28.1 1.99 2.71
1.20 0.0 61.S 32.9 S.6 26.9 1.74 2.14 0.42 0.88 w»
1.29 30.6 1.64 2.01
1.40 3L1.2 1.48 2.10
1.60 0.0 51. s 41.9 6.6 23.2 2.09 2.76 0.42 1.40 L d
1.80 22.9 2.10 2.7S
2.00 23.1 2.10 2.76
2.20 0.0 61.5 32.4 6.1 21.9 2.11 2.7% 0.4s 0.99 NP
2.28 27.4 2.02 2.76
2.40 23.1 1.R0 2.18
2.60 0.0 s0.8 42.7 6.5 23.9 2.0R . 0.44 1.38 ww
2.80 22a 2.10 2.76
3.00 0.0 43.3 50.9 S.8 23.4 2.08 2.73 n.44 1.17 we
3.20 23.0 2.08 2.73
685A2 0.6% 31.8 1.9s 2.73
1.88 23.7 2.09 2.71
2.8s 22.2 2.10 2.73
3.0s 25.7 2.04 2.74
66661 1.3s 57.4 1.34 1.63 50.9 . 13.2. 3.9
2.36 29.s 1.98 2.74 131.2 . 37.7. 3.5
666'2 0.02 0.0 74.0 19.8 6.2 0.ss 0.88
0.20 0.0 64.6 24.9 10.5 2. S 1. 66 2.44 0.s7 1. 66 NP
0.40 20.9 2.10 2.66
0.60 21.8 2.09 2.71
0.80 0.0 60.3 33.4 6.3 22.2 2.09 2.71 0.41 1.54 wp
1.00 27.3 2.00 2.71
1.20 0.0 69.6 26.1 0.3 35.4 1.88 2.66 1.09 1.34 wP
1.40 20,5 1.97 2.67
1.60 0.0 30.7 %8.2 11.1 29.4 1.97 2.71 1.42 1.87 wr
1.60 28.5 1.99 2.73
2.02 0.0 49.9 47.2 2.9 26.4 2.02 2.71 0.3s 1.46 ww
2.20 30.3 1.95 2.68
2.40 3.1 36.5 40.4 46.3 1.78 2.76 3.50 4.17 66 an 20 0.02
2.60 29.3 1.97 2.71
2.76 0.0 9.4 70.6 20.0 32.9 1.93 2.73 1.63 2.72 we
6871 1,91 30.8 1.97 2.60 9. s. 32.4. 3.1
2.91 In.n 1.83 2.71 50.3 * 16.8 . 3.0
3.91 27.8 1.94 2.62 92.3 . 16.8. 5.5
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Table 4. Index propertiese N( vane shear strenqth {cont® ).

6873 (.02
0.40

3.3
3.40

6”3 3,40
{eont) 3. 65
3.110
3.85
4.00
4.05
4,20
4,25
4,62
4,46
4.70
4.ss
4.90
5,08
5.10
S.20
5.35

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

GRAIN SI2E WATER BULK GRAIN  ORGANIC _VANE SHEAR STRENGTH ATTERDBERG, LIMITS,
™ 1Y) CONTENT DEWS DENSIT]  CARPON  Caco, (xPa) SENSI=  LIQUID PLASTIC PLASTICITY LIQUIDITY
CORE _CORR__{m) GRAVEL SAND SILT CLAY (1Y) {om/cw’) (gm/om”) [L)) [4.Y) INTACT _REMOLDED_ _TIVITY_ LIMIT__LIMIT. INDEX. INDEX—
2%.4 61.6 13.0 0.86 1.41
10.9
£5,9 1.67 2.66
60. S 12.6 4.0
12.1 82.3 9.6 26.6 2.01 2.69 0. 66 1.20 P
102.1 63.0 1.6
39.1 36.6 1.1
32.0 1.90 2.62
124.8 69.s 1.4
10.0 s0.6 9.4  26.9 2.00 2.6 0,78 1.61 ww
151.3 93.3 1.6
Iss. 1 34.0 4.6
3.1 1.91 2.69
132.4 1s.9 7.0
37.5 1.86 2.69
116.0 6s.6 1.8
2S.5 2.00 2.6S
166. 3 an.3 1.8
30.8 1.97 2.7S
131.1 100.9 1.3
33.1 1.94 2.7S
494 16.4 2.8
1.5 e7.6 10.9 3Ls 1.93 2.66 0.6 1.ss
107.2 30.3 3.5
29.9 1.97 2.72
104. 6 22.7 4.6
4.6 82,1 13.3 36.9 1.s7 2.6S 0.s9 1.80 3 3s 18 0.11
83,2 42.9 1.9
3.6 1.89 2.70
63.0 26,5 2.4
21.0 2.04 2.7S
LS 2s.2 3.4
11.9 77.2 10.9 2s.3 1.98 2.70 0.s4 1.32 wp
131.1 40.3 3.2
26.0 2.02 2.71
12s.7 34,0 4.1
9.6 S3.7 6.7 21,9 1.97 2.65 0.76 1.83 w»
100. 9 5.0 20.0
191.6 6s.6 2.9
2%.1 2.19 3.12
17s. 3 83.2 2.1
14.4 74.3 11.3 0,68 1.93 5p
. R 66.s 2.2
26.4 2,00 2.79
114.7 36.6 3.1
2.2 73.1 247 41.2 1.78 2.50 1.s1 1.67 w»
76.9 21.7 2.8
40.7 1.56 2.54

$.48
NOTE: 8P-

Won=-plastic

<0 Vane inserted parallel to core axis



Cyclically loaded triaxial tests were also run, with the axial stress on
sanpl es varied sinusoidally at 0.1 Hz. Both conpression and tension were
applied at a predetermined percentage of the confining (consolidation) stress.

A total of 23 static and 38 cyclically | oaded triaxial tests were
conducted according to the scheme presented in Table 5. Sone test specinens
were consolidated to the in situ level before axial loading to failure was
initiated. Qthers were consolidated to at least four times the maxi num past
stress for plastic sediment, in order to mninmze the effects of disturbance
(Ladd and Foott, 1974). Consolidation was isotropic in nost tests but
anisotropic in sone. A condition of overconsolidation was induced in some
test sanples, whereby a high consolidation stress state was followed by
rebounding to a |ower consolidation stress before axial |oads were applied
The ratio of the higher consolidation stress to the |ower, rebounded stress

defines the overconsolidation ratio (OCR).

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

described above are standard civil engineering procedures for evaluating the
behavi or 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 anal yses as well, to determ ne
the triggering forces for subnmarine sedinent slides, for exanple.

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

i ndi cates uniform stratigraphy, whereas abrupt changes in slope reflect
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Table 5. Triaxial test types.

NTMRFR
STATIC OF TRSTS
TESTS DFESCR IPTION PFRFORMFD
T-2 Isotropically consolidated to the in situ vertical stress 1
with undrained shear.
T-3 | sotropi ¢ normally consolidated (0CR=1) undrained shear, 11
T-4 | sotropi ¢ overconsolidated (OCR ~ &) undrained shear. 8
T-7 Anisotropic normally consolidated (0cr = 1) undrai ned 1
shear.
T-8 | sotropi c overconsolidated (OCR ~ 3) undrained shear. 2
CycLI C
TESTS
T-5 Isotropic normally consolidated (OCR = 1) undrai ned shear 13
with a hiagh cyclic shear stress ratio (1 /9 ¢).
cyc ave max
T-6 Isotropic normally consolidated (CCR = 1) undrained shear 15
with a low cyclic shear stress ratio.
T-9 | sotropi ¢ overconsolidated (OCR ~ &) undrained shear with 3
a high cyclic shear stress ratio.
T-10 | sotropi ¢ overconsolidated (OCR “ 6) undrained shear with 3
a low cyclic shear stress ratio.
T-n Isotropically consolidated to the in situ vertical stress with 1
undrai ned shear and a high cyclic shear stress ratio.
T-12 Isotropically consolidated to the in situ vertical stress with 1
undrai ned shear and a | ow cyclic shear stress ratio.
T-13 Tsotropically consolidated to the in situ vertical stress. 1
Cveclic shear stresses were increased and drainage was al | owed
bet ween burst eveles to sinmulate storm wave events and
densification due to pore pressure dissipation.
T-14  Anisotropically consolidated to the in situ vertical stress. 1

Cyclic shear stresses were increased and drainage was al | owed
between burst cycles to sinulate storm wave events and
densification due to pore pressure dissipation.
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strati qraphic interfaces between different sedinent types. O particular

i nportance to engineering applications are mmjor increases in slope of the
curve, possibly beyond vertical, which identify soft strata beneath nore firm
material (Fiq. 6).

Several attenpts have been nmde to estimate sedinent type from
penetrometer dat a (Begemann, 1965; Schmertmann, 1978a; Martin and Pouglas,
1981). The common technique is to delineate distinct fields of sedinment types
on plots of friction ratio (sleeve friction stress/cone pressure, expressed as
a percent) versus cone pressure (Fig. 7). Successful correlations have been
made, but thev are somewhat limted to the local area fromwhich the data were
collected. Substantial engineering information about soil behavior can be
deduced from a general knowledgqe of sedinent type, and once a correlation has
been established within an area, the expense and effort of collecting core
sanples can be reduced or elimnated.

Rel ative density refers to the magnitude of the natural density state
relative to maxi num and mininum density states. A relative density of 100%
means that a sediment exists naturally in its densest “possible state, and a
relative density of O% indicates the |east dense state. Schmertnmann (1978b)
derived an enpirical correlation between cone pressure, vertical effective
stress (a measure of the buoyant weight of the sediment column at a particular
depth bel ow the surface), and relative density:

' 10,7
o

D, = 0.34 in {(a,/(12.31 @ )] x 100
v

r

where D = relative density in percent

a, = cone pressure in kq/cm2

\]
o Vo © effective vertical (overburden) stress
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Fig. 7 Sediment type plotted as a function of cPrconepressure vs friction
ratio.
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This correlation was derived from laboratory testing of normally consolidated
sand, and its application to field situations mav he inprecise (Appendix C.

As discussed by Schmertmann {1978a), neasurements of cone pressure are
influenced by the proximty of an interface between materials of different
physical properties. In particular, as the cone enters the seabed, it nust
penetrate up to about 8 cone diameters (28 cmin our case) before the failure
surface around the cone tip is fully devel oped and cone pressure readinas
truly reflect sedinent physical properties. A simlar arqument applies to
friction sleeve readings, and also to interfaces between sedi ment strata. As
applied to the present study, the cone-pressure and friction-ratio curves
(Appendix B) have only Qualitative significance at depths less that abhout
0.28 min the seabed; stratiaraphic variation can he detected from
irregularities in the shape of the curve, but neasurement of relative density
and identification of sediment tvpe are inaccurate.

Laboratory consolidation tests are used to predict the amount and rate of
consol i dation of sediment in response to sustained |oads, as well as to deduce
the stress history of the sedinent. Test results are plotted as void ratio (e
= volume of voids/volunme of solids) versus the logarithm of effective vertica
stress (o'v) (Table 6, Appendix D). The curve typically has a straight |ine
segnment, terned the "virgin conpression curve”, in the range of high
consol i dation pressures. The slope of this line is the conpression index
(Cc), which indicates the anount of consolidation for a tenfold increase in
| oad. The maxi num past pressure (G'Vm) is the greatest effective overburden
stress that the sedinent has ever been exposed to and is determned fromthe
e-loqg OJ curve by a sinple qraphical construction (Casagqrande, 1936). The

1
ratio of ¢ vm to the effective overburden stress at the time of
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Table 6. Consolidation test results.

CORE  DEPTH  TEST ) ' %
Y o c C, (aye)x10' ° OCR w e

(m No. (kP33 ( xed} c Ycnfrsee) (%) 0 1+
68172 2.13 OE36 24 500 0.11 0.002 2.0 21 21.6 0. 520 0. 07
5.53 OE38 66 410 0. 07 0.003 0.6 6 13.9 0. 382 0.05
682A1 1.47 OE34 8 64 ().53 0. 065 o3 8 65. 3 1. 886 0.18
2.91 OE35 16 70 0. 69 0.072 0.3 4 75.1 1.991 0.23
4.61 CEl9 28 190 0. 06 7 33.6 0. 967 0.03
683a1 1.50 CE34 13 20 0.04 2 28.6 0. 809 0.02
2.55 CE35 22 660 0.09 30 30.0 0. 967 0.05
4. 47 CE43 38 280 0.08 7 25.6 0. 636 (0405}
684al1 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. 37 CE49 24 170 0. 07 7 23.5 0. 605 0.04
685A2 0.77 0E39 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 (0,407
686A1 0.28 CE39 3 300 0.09 100 26. 7 0. 678 0.05
0.77 CF41l 8 425 0. 08 53 29.0 0. 740 0, 05
1.83 CE40 18 1100 0. 05 61 24. 3 0.600 0.03
2. 86 CE42 28 280 0.24 10 37*3 1.044 0.12
68721 0. 67 oE42 6 490 0.11 ().007 1.9 17 29.0 0. 748 0. 06
1007 Cr48 10 300 0. 22 30 33.4 0. 881 0.12
2.20 OE43 21 320 0.14 0.010 101 15 31.0 0.774 0. 08
3.63 CE44 33 470 0.14 14 29.0 0. 854 0.08



sampl i ng (a'vo) is the overconsolidation ratio (OCR), which describes the
stress history, for exanple in terms of the anount of unloading that may have
occurred by erosion. The rate of consolidation is determned for each |oad

increment of an oedoneter test, and is denoted by the coefficient of

consol i dation (cy)e

Sedi ment properties derived fromstatic triaxial strength tests can be
used to predict failure conditions of sedinentary deposits. The primary
measured property is undrained shear strength (S,= qpax) (Table 7, Fig.8,
Appendix E). It is the maximum sustainable shear stress within a sanple that
experiences no pore water drainage after consolidation to a predeterm ned
stress | evel (o'c)_ Sy acts along a plane inclined at 45° to the axial
load. The arcsine of S,divided by the effective nornal stress across this
plane is the effective friction angle (¢'), whose magni tude is an jndication
of the strength of the sedinment under slow (drained) |oading conditions. In
conparison, the ratio S;u/o'c gives an indication of the strength during rapid
(undrained) loading conditions. The difference between drained and undrained
strength behavior depends on the pore water pressure generated in response to
the tendency for volume change when the sedinent is axially [oaded. |[If a
sedinent has a high tendency for volume change, the difference in strength
between rapid and slow |oading can be substantial

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

v . . .
cyclic stress level (T /o ), which is the average maxi mum
cyc ave max c

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

stress (o“c) (Table 8, Figs. 9-11, Appendix F). Pore water pressure and
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Table 7. StatiC triaxial test results.

STRAI'N q p' (1)
TEST TSST W , | NDUCED AT AT AT ax (2)
CORE  DEPTH NO. TYPE w SHEARED ¢ c Ag OCR FAI LURE FAXLURE FAI LURE LY
(m (TE) ) (%) (kPa) (%) (kPa) (kPa) a (deqr ees)
es1az 1.36 107 T-R 347 30.6 151.0 0.07 2.0 11.9 156 .0 312.3 1.23 <37.3
1.36 108 T-4 32.1 28.7 40.7 -0.19 7.4 17.3 149.0 247.2 3.66 <40.4
ea2ar  1.12 76 T-3  29.7 25.5 236.7 0.25 1.0 13.1 183.9 327.7 0.78 35.2
1.12 77 T-7  40.4 32.3 242.3 0.19 1.0 10.2 124.5 197.5 0.51 39.2
1.26 85 T-4 71.2 54,0 44,1  0.03 5.5 17.4 f2.9 121.4 1.88 <43.4
1.26 86 T-S 69.3 50.9 77.9 0.18 3.0 19.2 89*5 135.3 1.15 <41.4
1.78 98 T-3 78.4 525 201.3 o.81 1.0 17.6 93.2 144 .3 0.46 40. 2
1.7s 99 T-4 77.s  59.0 27.3  0.04 8.3 14.6 63.6 85.5 2.33 <48.9
easar  4.26 109 T-3 255 255 = .7 -0.13 1.0 9.9 8S2. 4 1409. 2 3.05 38.8
4,26 110 T-4 260 25.0 47.4 -0.30 6.3 8.6 634.3 1064.5 13.38 <37.8
easalr  0.95 105 T-3  21.4  21.4 293.0 -0.17 1.0 7.2 969. 8 1591.1 3.31 38.0
0.95 106 T-4 21.0 21.0 4s.1 -0.35 6.2 8.5 675.3 1116. 4 14.04 <37.7
easa2 (.55 103 T-3  29.9 26.6 303.8 0.01 1.0 10.7 423. 4 719.0 1.39 38.1
0.55 104 T-4 29,8 26.9 38.3 -0.32 7.5 14.6 ;.3 499, 7 7.34 <37.8
1.35 119 T-2  30.2 29.3 209 -0.212 (7 11.65 77.54 131.33 3.71 <42.1
1.35 120 T-3 290.8 26.7 292.0 0.159 1.0 17.62 266. 20 473. 60 0.91 36.8
2.36 94 T-3  23.6 236 101.5 -0.20 1.0 9.2 427.6 703.3 4,21 18.8
2.46 95 T-3 235 21.9 343.2 -0.16 1.0 0.4 1189.5 1916.5 3.47 39.0
eaear  1.75 100 T-3 25.6 304.2 o.m 1*0 9.4 419.9 716.7 1.38 42.0
1.75 101 T-4 24.9 47.7 -0.26 6.2 8.8 372.9 616.1 7.82 <38.2
ea7ar  0.60 102 4 271.9 21.7 45.1 -0 .2 6.5 9.6 409. 7 6s6 .3 9.08 <39.9
1.15 96 T-3 343 323 299.6 0.26 1.0 20.0 248.5 419.0 0.53 38.3
1.15 97 T-3 339 329 944 0.03 1.0 12.9 147.6 232.4 1.56 42.1

(n qu/oJc- su/a'cmy be influenced by averconsolidation in SONME CcOres (even at hiah consolidation stresses).

{2) ¢ = aresine (a/p') fOr (g/p’) with the highest 0'1/0'3 ratio; ¢* is valid Only for T-3 and T-7 tests at high consolidation stresses.
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Tabl e s. i .
8. CycliC triaxial test results OYOLES  CYOLES OYCLES

TEST  TEST w INDUCED . . T 5% T0 10% TO 20%
CORE opepTH NO. TYPE w SHEARED U OCR T /o t .. /0 STRAI N STRAI'N STRAI N comments
(m (1¢) (%) (%) (xP5) ma¥e) ¢ ™@) ©
6R1A2 1.46 100 T-5 31.4 26.1 294.5 1.0 47.9 -39.2 4c 15 ¢ 35 ¢ M.B.
1.46 101 T-6 26.7 21.6 298.4 1.0 36.3 -34.0 9T 28T 471 T
1.56 127 T-6 25.3 21.4 300. 4 1.0 22.4 -18.7 §71C 122¢ 765¢C
1.56 128 T-5 24.4 20.7 55%3 1.0 66. 7 -60.9 196C 272C 460¢ CSR
682A1 0rSO A4 T-6 29. 8 24.1 241.8 1.0 21.2 -23.S 91 ¢ 130 C 214 C
0.80 45 T-6 30.5 25.5 239.4 1.0 18.1 -8.8 216 C 320 C 413 ¢
0.90 40 T-6 24.3 21.6 240.4 1.0 39.5 -36.1 3T ST L3 NECKING
0.90 41 T-6 26. 8 26.1 241.8 1.0 38.2 -44.6 4T 127 15T
1.00 38 T-5 24.0 23S.4 1.0 53.4 -55.0 1L T 3T M.B.
1.00 39 T-6 24.0 237.3 1.0 35.5 -52.1 2T 77T 17 T M.B.
1.3s 78 T-10 69.5 52.6 37.8 6.3 98.1 -82.3 105 T 193 ¢ 242 C
1.38 79 T-9 69.6 53.0 39.s 6.0 151.5 -131.2 qc 10 ¢ 20 ¢
1.90 76 T-6 76.9 49.1 238.0 1.0 28,3 -22.4 339 ¢ 390 ¢ 440 ¢ CSR
1.90 17 T-5 69.1 44.8 239.1 1.0 47.3 -45.5 4T 7T 127
6841 0.66 90 T-6 23.6 21.0 296. 6 1] 54.1 -36.5 ul 60 T 62 T
0.66 91 T-5 26.0 21. 4 297.2 1.0 94.8 -79.6 I T 4T 137
685A2 0.33 11 T-5 39.9 31.3 292.6 1.0 47.6 -41.8 2T 5 6T
0.33 112 T-6 39.8 29.8 298 . 0 1.0 26.4 -22.8 107 ¢ 152 C 163 T
0.44 S0 T-6 37.0 21.5 289.9 1.0 19.5 -16.1 421 7 591 C 653 T
0.44 81 T-5 47.2 35.9 297.4 1.0 46. 7 -39.5 2T 4T 5
0.65 82 T-10 31.0 26.0 46.7 6.4 108.8 -96.4 137 61 T 122 T
0.65 83 -9 31.1 26.3 49.7 6.0 171.0 -161.2 2T 10T 1S T
0.95 pux3 112 31.5 28.8 16.4 1.0 112.0 112.0 192 T 885 T 980 T 1
0.95 0120 T-n 28.6 25.9 17.0/s.7 1.0 171.0 -122.0 3B 150 ¢ 2
1.05 62 T-5 28.6 25.8 17.4 1.0 a1.6 -6 .2 180 C 389 C 800 C CSR
1.05 74 T-6 26.1 25.3 20. 8 1.0 32.7 -29.8 1200 1600 1800 CSR
2.06 50 T-5 23.0 21.8 301.0 1*0 51.4 40.0 0T M.B
2.06 51 T-5 26. 4 25.4 294.1 1.0 66. 2 50.1 14T M.B
686a1 0.20 88 -9 25.2 21.3 53.4 5.7 101.5 -100. 2 137 48 T 53 T
0.20 89 T-10 27.4 21.8 50.0 6.0 6S. 2 -63.6 113 C 211 ¢ 356 C
0.35 84 T-6 20.6 296.7 1.0 54. 4 -44.5 2T M.B.
0.35 85 T-5 21.3 298.9 1.0 76.S -65. 7 4T M.B.
0.45 96 T-6 22.2 20.6 295.5 1.0 61.6 -51%9 96 ¢ M.B.
0.45 97 T-5 298.1 1.0 103.0 -57.5 2T M.B.
0.56 109 T-6 293.6 1.0 54.2 -46.2 420 T 423 T 426 v M.B.
0.56 110 T-5 297.1 1.0 93.1 -76.9 nT 25T 0T M.B.
687a1 0.49 95 T-5 33.6 29.4 298.7 1.0 64.3 -57.s 2T 5 6T
0.49 94 T-6 40.6 34.0 296.7 1*0 26.7 -22.5 330 ¢ 402 T 414 T
¢ = Conpressive strain} m.s, = Menbrane broke auring eyelina
¢ = Tensil e strain; CSR = changed stress rati 0 (results are questionable):

(1) Isotropic CONSOl i dati on, drainaqe hetween bUrStS, 1’/0“0 = 6. 12, 25; 56; 112%



It

400 [EST 192—TEST 196 spp JEST 102 —TEST 100
350 £ 450
- ~ 400
o Y
Jee -
E ?; 358
%250 - ~ oo
Q900 F a
¢ 200 3253
~ <
200
158 +
7 w 150
1 00 >
D 120
=
50 o
e AT SUNTENENE  FTETEELLEEELEEELEE L CE M NN E RAT) 2 T N I e
e 50 100 ise 200 250 300 350 400 450 w»

pr (k Pa

i lal‘llll‘llll‘lllllilll
0 5 18 i 20 F

% Strain

Fig. Ba. Miltiple static triaxial test results (core 681 A2).




A/

TEST ?7+eeTEST 98-+-+
TEST 85FEST 86- —TEST 99-.-TEST ?76----—

llllllllllll[llllll[lllll|llrlllllill

S8 100 150 2se 300 350 400 450 ]

pr (kPa) 220

Fig. 8b. Miltiple static triaxial test

TEST 77—-TEST 98-+
TEST 85—FEST 96---TEST 99---TEST 26~--~—

L o be s e by vy vy v v g bas sy
""" \"><~/"’-‘- :
_/ \“\

/ ..

/ S ———

ST —
-
|‘||||||||||||||_T11|l|||

e 5 19 1H 20
% Strain

results (core 682 Al).




£Y

29— 8- ZSOBTEST 189—TEST 118

eve
1 750
]
1500 a
X
)
v
o
“
250 +
w
>
]
o

lllllllll'llll'llll

250 500 750 1008 1250 1500 Be

p' (k Pa)

18 ) 20
% Strain

Fig. 8c. Miltiple static triaxial test results (core 683 Al).




12

750

500

250

258 sSee 7?56

p

1099 1250 1508 1758 2008 2250

* (kPa)

s B
g 3
Q8

1759

750

Dev Stress (kPa)

258

201
168

™ 8p

o'ee
lee
—281
V.24
a4t
-281
-321
-362
-402

TEST 105—TEST 186-—

e sl ?\T\}\A‘l ST e st A M [E U W |

] S 10 15 28

% Strain

# mmammn CQA A1)

23



1%

TEST [19=+=TEST " 2@+

TEST B3-—TEST :84---TEST IH— ~T5T 95~---

2800,

?50

g (kPa)

500

° lllllllllllllll'lll

-] 250 S@@ ?5@ 1000 1258 1569

p’ (kPa)

Fig. 8e.

25089

TEST 119—~TEST 128+~
TEST 183—TEST 184--~TEST 94——"EST 95---—

750

wu
-]
-]

258

—

s b o N degrt iy 2 Lo s

-] S 10 15 20

Multiple static triaxial test results

% Strain

core 685 A2).




ave ‘IEET 108-—TEST 184-—

l LLRERI I LU I LRI | LR L l LR L | v L I LI

Trry

P VAT T TN AT AR RN AN ANRTRARAR)

14

190 208 390 480 S0 6P@ 700 600 309

p° (kPa)

1900

-—

900

W a 1] 13 N [ ]
[+ Q Q Q ] ]
[ Q [ [~ [ -]

Dev Stress (kPa)

-
m
n
-

1808—TEST -

LA I HEET [ LLLIL [ THES ' ot I LRI I LA} l LILALJ

TTIT -

HI |lllllllllflllllllllll|l||l]||

Pia. 8F. Multiple static triaxial test results (core 6R6 1),



144

700

TEST 1pa—TEST 96----TEST 97---

I'III‘IIIIIllll‘!IIIIIIII'lIIlITIII‘IIII

[

aee

Stress (kPa)

\%

TETE TR BTRTE IRTR1 NI AT, a

|
120220 300 400 500 eoe 700 sae 900 1 oee

P1

Fig. 8g.

204
(kPa) 179

Multiple static triaxial test

JTEQT 1.9p—TEST 96-—~TEST 97--—
T e

l'lllllllllllllll”ll'lil

v oo e g g

5 19 15
% Strain

results (core 687 Al).




8t

L]
T cyc ave max /o

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

681a2 A - — —

68281 @ —:— = == .=
o —
\. Consol i dation stress 684A1 W/
\ = 16 kPa with
'\ drainage between 685A2 EI
. stress 686A1 O ________
\ imcremenits.
\ 68781 & ————
\ \. O B © overconsolidated OCR=6
\\\ \o \O i H .3
\\ \ . ~ Consolidation stress equals 3 kPa
\ ~ except for overconsolidated samples

and as noted.

Consoli dation
stress = 240 k:pa

coensol i dation stress = 19 kPa

1 10 100 1000

cles to failure (5 percent strain
p

Fig. 9. Cyclic stress ratio vs  number of cycles to reach 5% strain in
cyclic triaxial tests.



69
]
T cyc ave max /ac

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

Consol i dation stress equals 300 kPa 687A1 Q s . .
except for overconsolidated sanples
and as noted.

Consol i dati on

stress = 240 kPa €ensol i dation

stress = 19 kPa

1 10 100 1000

Cycles to failure (10 percent strain)

Fig, 10. cyclic stress ratio vs number of cycles to reach 10%strain in
cvelice triaxial tests.



0S

[
Tcyc ave max r

1.6

1.4

1.2

1.0

0.t

0.

Consol idation stress equals 300 kPa
except for overconsolidated sanpl es

and as noted.

Consol i dati on

stress = 240 kPa ) \
N\, 0\ -

681A2 A— =

682A1 O—.—.—-—_—-.-—

684A1 . .

68sa2 [
686AL () = == == == = ——

68781 &) <ot .

~ - consol i dati on
~ ~ stress = 19 kPa

Fiqg.

11.

10

Cycles to failure

Cyclic stress rati o vs nunber
cvelic triaxial tests.

100 1000

(20 percent strain)

of cycles to reach 200 strain in



strain accunulate with repeated application of Toue aye max+ At SOnNe point,
the pore water pressure approaches the confining stress, strain increases at a
faster rate, and the sedinent fails. In our tests, failure was chosen when 5%

strain was reached.

RESULTS

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

south coast (Fig. 1). The prodelta - the outer, |owgradient, submerged area -
extends over 100 km of fshore and marks the distal zone of deltaic sedi nenta-
tion. sedinment fromthe Yukon River is deposited nostly from suspension on
the prodelta and is reworked by |arge storm waves and strong geostrophic
currents (bupré and Thonpson, 1979; Nel son 1980b). Mich of the fine-grained
fraction from the Yukon River is eventually transported north to the Chukchi
Sea (Nel son and Creéger, 1977; cCacchione and Drake, 1979). The material left
behind on the prodelta is predom nantly silt and very fine sand (McManus and
others, 1977). Gaded stormsand layers (mean grain size = 0.250 nm bedding
t hi ckness 10-20 cnm) make up 50-100% of the deposits near shore; in dista
areas 60-75 km from the source, they are finer (nmean size = 0.125 mj, thinner
{(1-2 cm), and nmake up 35% of the section (Nelson, 1980b).

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

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

with clay content commonly |ess than 10% (Table 4, Figs. 12-16). The cores

51



Station_es7, 78-24

PhYSiOgraphlc area_vukon_prodelta__'protected"
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Fig. 12. 1yLithology, index properties and cone pressure vs subbottom depth for

stations’

667 and 78-24 (Yukon prodelta -

“protected”).



Station ses, 7522 Physiographic 5rea Yukon prodeita . *exposed:
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Fig. 13. Litholoqy, index properties and cone pressure vs subbottom depth for
stations 668 and 78-22 (Yukon prodelta - “exposed”).



Station 686, 669 Physiographic areg _Yukon prodelta - 'exposed’

Lithology Grain size Water content Bukk density Organic carbon Carbonate Cone

: pressure
Depth (weight %) (% dry weight) (gm/cm3)  (%dry weight) (% dry weight) (kPax10%)
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Fig. 14. Litholoay, index properties and cone pressure vs subbottom depth for
stations 686 and 669 (Yukon prodelta - "exposed”)}.



StatiOn Physiographic aregq Yukon prodelta - "protected"

Lithology Grain size Water content Bukk density Organic carbon Carbonate Cone pressure
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Fig. 15. Lithology, index properties and cone pressure vs subbottom depth for
stations 685 and 670 (Yukon prodelta - “protected”).



Station ¢s7. 674 PhYSiographiC al €a_Yukon_prodelta_-._'"nrotected"
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H 0 0 . 3 . .
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Fig. 16. rLithology, index properties and cone pressure vs subbottom depth for
stations 687 and 674 (Yukon prodelta - “protected”).



have simlar textures and conpositions, 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
| ayer appear in core 686. The Al pine 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 X¥sp-40 penetration depth is shallow for the two stations west of
the delta (668, 669), greater at the next two stations to the northeast (667,
670) and intermediate at the farthest northeast station (674) (Figs. 12-16).
Replicate tests are sinilar at each site (Appendix B). Cone pressure
increases abruptly and relatively snoothly at the first two stations, whereas
it is more gradual and somewhat erratic at the others. The cores show only
m nor stratigraphic variation with depth, which is consistent with the shape
of the penetrometer curves.

Plots of friction ratio versus cone pressure for stations on the prodelta
where penetration exceeded 0.28 m (stations 669, 670, and 674) are
i nconsistent in terns of the sedinent types they inply when conpared to
sanpl es recovered in cores. Silt-rich nuddy sedinent, with major anounts of
sand at stations 669 and 670 and ninor anpunt of sand at station 674,
constitutes the core sanples. The penetroneter data indicate a wi der range of
sediment types: clay and nud 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 Dougl as
(1981), a sediment classification schema devel oped from penetroneter data is
area-dependent and refers to sedinent behavior types; that is, sediment types

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

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

Laboratory test results show that |ow val ues of conpression index (C, =
0.03 -0.25) are present west and north of the delta (stations 685, 686 and
687), and they vary erratically down-core (Table 6). The results agree

relatively well with material fromother study areas (Fig. 18) (Lambe and

Wit man, 1969, p. 321). Sediment in the western prodelta appears the most
overconsolidated (station 686), station 685 in the north is the |east

overconsol idated, and sedinent in the northeast (station 687) is in between,
however OCR val ues typically decrease with subbottom depth at all locations

(Table 6).

61



Triaxial tests denonstrate that sediment at the various sites behaves
differently under static loading (Table 7). West of the delta (station 686)
the material has the highest friction angle (¢' = 42°) and a high 5;/6'c ratio
(1.38), whereas to the northeast (station 687) a low friction angle (38.3")
and s /o', ratio (0.83) are present. North of the delta (station 685)
sedi nent down-core responded differently to testing (tests 95 103 and 120 in
Fig. 8e), ¢' varied from 36.8° to 38.1° and the Su/9'c ratio from0.91 to
1.39. Contractive behavior occurred in all areas at high consolidation
stresses (the s- shaped curves in the q versus p’ plots in Figs. 8e - 8j),

wher eas dilatant behavior devel oped at |ower stresses (9'c < 100 kPa).

Di | atant undrained behavior produces stronger sedinent than contractile
behavior would at the same consolidation stress. Some tests at each station
produced peaked stress-strain curves that are indicative of sensitive behavior
(Figs. 8s - 8g).

Li quefaction, caused by repeated |oading of waves or earthquakes,
transforns sediment froma solid into a liquefied state as a consequence of
increased pore pressure and reduced effective stress (Comrittee on Soil
Dynam cs of the Geotechnical Engi neering Division, 1978). Liquefaction does
not inply that ground failure will occur; however, many sedinent novenents
have been attributed to the process. North and west of the delta (stations
685 and 686) the sedinment type is within the limts for observed |iquefaction,
whereas in the northeast (station 687) the one detailed grain size
distribution was close to but not fully in the range (Table 3, Fig. 19 and
Appendi x A). Susceptibility to liquefaction in cyclic triaxial tests is
indicated by a | ow cyclic shearstress ratio (Teyc ave max/0'c) (Table 8, Fig.

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

Anal yses, incorporating l|aboratory cyclic triaxial test and CPT results,

determined the mninmum seafl oor earthquake accel eration (amax) and the

smal | est sustained storm wave height (H necessary to cause |iquefaction at
particular stations (Table 9, Appendix G. Liquefaction potential varies
markedly on the prodelta. Sediment at the northern station (685) requires an
Qpax from0.09 g to 0.14 g and a wave height from9 to over 13 neters,

dependi ng on the analysis, to induce |Iiquefaction. At the northeast station

(687) a ranges from0.11 g to 0.27 g and wave heights over 13 neters are

max

required to cause instability. The range in earthquake acceleration is 0.15 g
to 0.35 g, at station 686 in the western prodelta, with waves over 13 neters

necessary to cause liquefaction (Table. 9).

Thermogeni ¢ gas seep: Thermogenically derived gas is actively seeping from

the seafloor in Norton Sound about 40 km south of Nome (Fig. 2). Anonalously
hi gh concentration of hydrocarbon gas in the water colum originally pointed
to the existence of the seep (Hol mes and Cline, 1979). Subsequent seismic-
reflection profiling identified an area of about 50 knfwhere reflector pull-
downs and terninations (acoustic anonmalies) occur in the sedinment colum

(Hol mes and cCline, 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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Tabl e 9. biquetaction SUSCEPtibility based on laboratory cyclic teiartal @nd cone penstration tests.

ANALYSI S ANALYSI S ANALYSIS ANALYSI S
AREA/STATION ! 3 ! 21 4
= 5,25 Ha 6,75 M= 5 25 - 6. = -
T o (11 O AT B T .
x ‘max ma max
i) (km) S km) () (ka) & (ko (n (m) )
PRODELTA
674- 607 ;.27 9 0.21 33 0.14 19 0.11 63 >13 : 1
670- 685 14 19 0.11 63 0.11 24 0.09 76 9 >13 s
667
668 0,21 1% 0.16 44 >13
669- 686 1.35 6 0.26 26 0.19 1 0.15 47 >13 >13 >13
m THERMO. GAS
1 0.10 26 0.07 94 8
THERMO. GAS
675- 683 0.12 22 0.09 76 - 9
W  THERMO. GAS
677-604 1432 7 0.26 26 0.26 9 0.20 35 >13 >13
BIOGENIC GAS
676- 682 .22 i 0.18 39 0.10 26 0.07 94 9 >13 6
.S. morew Sam
673 0.14 19 0.11 63
2. NORTON SOUM
672 0.07 36 0.06 107
RIDGE
679- 680 0,13 2 0.10 69 3
SWALE '
678-681 .37 5 0.25 27 0.13 2 0.10 69 >13 >13
Analysis 1 deternined the minimam ground surface earthquake acceleration (a,,,) required ) cause |iquefaction in daap e ubkott.cm
sediment based on | aboratory cyclic triaxial test data. .
Analysis 2  determined the mininmum ground surface earthquake acceleration (a,) required t O cause liquefaction | N shall ow subbottom
sediment based on CONe penetration teat data.
Analysis 3  determined the smalleat sustained Stem wave height (H) required to cause |iquefaction in normally consolidated sediment
based on laboratorv _cvclic triaxial teat dat a.
Analysis 3a determined the smallest sustained atorm wave height (H) required to cause |iquefaction in overconsolidated (ocR = 6)
sedi ment baaad on |aboratory cyclic triaxial teat data. ) )
Analysis 4 determined the smallest sustained StOrm wave height (u) (valia only aa a comparison of relative |iquefacti on susceptibi lity

2

between stations ) required to cause |iquefacti on based on cone penetration test data. This analysis.comparedthae treaa ratio
caused by storm waves to the streas ratio required to cause |iquefaction induced by a m= 5.25 earthquake. ‘The values Of wave
height (H do not represent actual conditions, but are presented solely for conparing liquef action Susceptibility between stations.

1) pistance to fault (D) necessary to cause the specif ied ground surf.sce acceleration was determined from Woodward-Clyde Consultants (1978).
Because the northern Bering Sea sedinent is typically overconsolidated near the seaf loor, thi S analysis is probably nore appropriate than

Analysis 3.



Geochemical anal yses of sedinment cores show that the gas is conmposed of

about 98% (0, (Kvenvolden and others, 1979). The renainder is hydrocarbons

with high relative abundance of honol ogi es heavier than nethane, which
indicates that the gas is derived from a deep, thermogenic source (Nel son and
others, 1978; Kvenvolden and ot hers, 1979). The gas has accurmulated in a zone
a few hundred neters thick; and the top of the zone is 50 to 200 m beneath the
seafloor. Gas is believed to percolate upward fromthis zone along faults

(Hol mes and Cline, 1979).

W ran a network of seismic lines that allowed us to map the extent of
the seep (Fig. 21). It covers approximately 4 knfand is elongate in a
northwest direction, parallel to the trend of major faults (Johnson and
Hol nes, 1978). W deployed the penetroneter four tines within the seep area
at station 675 (Fig. 3, Table 1). Between successive deploynents the ship was
allowed to drift so that sone areal coverage of the seep was achieved. One
vibracore station was occupied within the seep area. For conparison, two
penetroneter stations were occupied outside, but near, the seep, as was one
vibracore station.

The vibracore Within the seep area is a silty sand with m nor biogenic
mottling (Fig. 22). At intervals down the core are zones of voids that
apparently mark |evels of bubble-phase gas. Some, but not all, grain-size
measurenents from these zones show nore silt (less sand) than at other |evels,
but no other distinctive features are evident.

Confirmation that this core was gas-charged was obtained after it was cut

into neter-long sections. End caps on the sections bul ged narkedly, which

indicates that active degassing was occurring.
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The penetronmeter records fromwithin the seep area all show erratic
variation of cone pressure (Fig. 22, Appendix B). But, a tangent to the
maxi mum val ues shows a fairly uniformincrease in cone pressure with depth,
and narrow intervals of | ow resistance are superinposed upon tnis genera
trend.

The vibracore outside the seep area has similar lithology to the one from
within (silty sand), except for the top few centinmeters (mud to sandy nud)
(Fig. 22). Qher physical and conpositional properties also are simlar,
except that the zones of voids do not occur in the core from outside the
seep. The vibracorer penetrated to a shallower depth and usually at a slower
rate outside the seep (Table 2). The penetrometer record west of the seep
(station 677) shows shallow total penetration with a fairly uniform increase
in cone pressure and high relative density (Fig. 23, Appendices B and C). The
penetroneter records east of the seep, at station 671, are nore erratic
(Appendi x B). Mst show a general increase in cone pressure with intervals of
m nor decrease.

The erratic nature of the cone pressure versus depth curves within the
seep area probably reflects the presence of bubbl e-phase gas, distributed
nonuniformy with depth. The narrow intervals of |ow cone pressure could
correspond to the zones of voids in the sediment core. The reason for
vertical variation in gas content is uncertain;, there is some indication that
gas concentration occurs at locations of finer grain size (Fig. 22).
Pressurized cores taken from the M ssissippi Delta show anal ogous vertica
variations in gas content (benk and others, 1981).

Evi dence for areal nonuniformity in gas distribution also exists

Fat hometer records across the seep show variations in cloudiness of the water
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colum that extend down to the seafloor (Fig. 24). This may indicate that gas
is seeping strongly from sone local areas (piping) and weakly or not at all
fromothers. In some sectors, the variation is so strong as to warrant

mappi ng the gas seepage as “patchy” (Fig. 21).

O sen and others (1980) report |ow gas concentrations in two of three
cores taken fromthe seep area. This also inplies areal variation in gas-
char gi ng.

To the west of the seep, conditions are similar to those on the western
prodelta (Fig. 23). The sedinent apparently is not gas-charged and has
uniformy high penetration resistance and calulated rel ative densities, at
| east to the shallow depths we were able to test (Table 2, Appendix Q).
Seismc-reflection records do not show anomal ous acoustic returns that would
i ndi cate gas-charging, and the vibracore contai ned no zones of voids nor did
it show any signs of degassing.

Intervals of [ow cone pressure in penetroneter records east of the nmapped
seep perhaps are indicative of gas-charging, but further study is necessary
for confirmation. This station was originally planned to be within the nmapped
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 seismc-reflection records over this site, and tine did not permt
collection of a sediment core. The |ow cone pressure intervals are not as
pronounced as at station 675, which remains an unresolved question pertaining
to records at this site.

Sediment type as inferred fromfriction-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. Mst data points center around the silt-sand category,
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Fig. 25. Sedinment type deternmined from cone penetration test 675xl

(thermogenic gas seep - near station 683).
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but with nuch scatter. The cores appear to be nore uniform and contain |ess
fine material than indicated by the penetroneter data.

Conpression index (Cc) ranges from 0.04 to 0,09 inside (station 683), and
from0.07 to 0.12 outside (station 684) the gas seep (Table 6). Evidently,
fromthe | ow val ues, consolidation tests were not perforned in stratigraphic
intervals that had been expanded due to gas-charging within the seep.
Overconsolidation rati os decrease with subbottom depth outside the gas seep,
whereas an anonalously low value (OCR = 2) was determined within gas-seep
sediment. The Cc value for that test appears to be low in relation to other
test data (Table 6, Fig. 18). Wether gas charging, and resultant de-gassing,
affected the consolidation behavior is unclear. The other test values plot
closer to Lambe and Whitnan's curve (Fig. 18).

Behavi or under static loading is sinmilar for sediment inside and west of
the gas seep, perhaps indicating that the gas is not uniformy distributed
within the area, i.e., the triaxial tests perfornmed on sedi ment fromthe 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'c are also similar: 3.05 inside and 3.31 outside
(Table 7). Remarkably anal ogous shear behavior was recorded, including peaked
stress-strain curves (Figs. 8 and 8d). Contractile behavior at high
consol i dation stresses was |ess pronounced at stations 683 and 684 than from
prodelta material (stations 685, 686 and 687). That behavior, coupled wth

the high 8,/0'; values, indicates that overconsolidation effects may have

influenced the test results.
Detailed grain size distributions indicate that similar |iquefiable

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

indi cates a higher liquefaction potential within (station 675) and east

(station 671) of the seep (apax 0:07 0.12 9) (Table 2).

Areas of biogenic gas:

Seismic-reflection profiles that exhibit anomalous acoustic returns from
the sedinment colum have been collected over nost of Norton Sound and eastern
Chirikov Basin, and it has been estimted that over 7000 knfof seafloor is
underlain by gas-charged sedi ment (Hol nes and Thor, 1982). W occupied two
sites (Fig. 3, Table 1) where cores that contain high concentrations of
biogenically derived gas have previously been collected and where acoustic
anonal i es exi st {Xvenvolden and others, 1980). The biogenic gas is believed
to originate at shallow depths in the seabed as a byproduct of nicrobial
breakdown of peat deposits. It is conposed mostly of methane.

One biogenic gas site is about 10 kmnorth of the thermogenic gas seep
(Fig. 3). A vibracore at station 682 consists of interbedded sandy silt,
silty sand, and nud (silt-clay) (Appendix A Fig. 27). The conspicuous
interval with high organic carbon content, high water content, and |ow bul k
density fromabout 1 to 4.5mis a peat layer. Plant fragnents and a
distinctive brownish tint typify this interval in split core sections. The

core smelled of hydrogen sulfide but did not show signs of degassing.
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Fig. 27. Litholoqgy, index properties and cone pressure vs subbottom depth for

stations 682 and 676 (biogenic gas seep, south of Nome).



The vibracorer penetrated deeply and with the nost rapid penetration rate
(Table 2). The XSP-40 deploynents at this site (station 676) achieved the
deepest penetration of all tests (Fig. 27, Appendix B). The records show
variable cone pressure with depth, but the tangent to maxinmum pressures trends
nearly vertical (constant value). Calculated relative densities typically are
| ow (Appendix C).

The inplication of the penetroneter tests is that the sedinent is weak;
it does not becone stronger with depth as nost sedinmentary deposits do. Vane
shear neasurements of this cohesive material support this conclusion (Fig.

27). The cause of this behavior is probably a consequence of the relatively
high levels of water or organic carbon. It cannot be directly attributed to
bubbl e- phase gas, because no evidence for its presence was detected in this
core. However, high levels of nethane-rich gas were nmeasured in a vibracore
previously collected 3 kmfromour core (Kvenvolden and others, 1980). It has
concentrations of organic carbon in excess of 2% in a peat layer over |-m
thick beginning at about |-m depth. Low penetration resistance (deduced from
vibracore penetration rate) was encountered to a depth of about 3 m (d sen and
others, 1980). Although the data are scant, the |ow penetration resistance
seens to correlate better with high water and organic carbon contents than

with high biogenic gas |evels.

The other biogenic gas site is in eastern Norton Sound, about 35 km south
of Cape parby (Fig. 3, Table 1). A penetroneter station (673) was occupied
approximately 0.7 km from where a 155-cm | ong vibracore (76-125) was
previously taken (Fig. 28). The vibracore grades fromsilty sand to sandy silt
and has physical and chenmical properties that show sinmilarity to other Yukon

River-derived deposits in Norton Sound. In particular, the organic carbon
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level is less than 2% and water content is 20-40% However, high levels of
bi ogeni c gas were neasured (Kvenvolden and others, 1980). Olsen and ot hers
(1980) report an abrupt increase of vibracore penetration resistance with
depth at this station. Qur penetroneter records show a simlar 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 penetroneter data at station 676 south of Nome indicate a range of
sedi ment behavior types nostly from sandy silt to silty clay, which is roughly
the textural range recovered in the core at nearby staion 682 (Fig. 29). This
correspondence night be coincidental, to judge from plots of other penetroneter
data that have simlarly large ranges of sedinent behavior types where cores
indicate a relatively uniform sedi ment type.

The sediment within the peat zone (station 682) is by far the nost
conpressible of all the tested material (C = 0.53-0.69) (Table 6). The Cc
values plot in the high conpressibility range in good agreenent with results
of soils fromwestern United States and Colonbia (Fig. 18). The one test
perfornmed bel ow the organic |ayer shows a | ow conpressibility (C = 0.06) that

is consistent with other northern Bering Sea sediment (Table 6), but with a

lower Cc./(1 + e) ratio than npst of the other tests (Fig. 18).

Overconsolidation ratios are sonewhat |ower (OCR = 4 - 8) than in other

regions (Table 6).
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The sedinment above the organic zone in core 682 has a higher strenth

ratio (Su/0'c = 0.78. versus 0.46), but a lower friction angle (¢ = 35.2°

versus 40.2°) than the peat (Table 7). Sinmilar static |loading behavior is
exhibited by both the organic and non-organic sediment in this core
Contractile behavior occurs at high consolidation gtresses; however, the
slightly contractile response at |ow confining stresses, is atypical for
northern Bering Sea material. Sensitive (peaked) stress-strain behavior is
al so T'ess pronounced’” ‘than at other Norton Sound sites

The peaty sedinent is slightly finer grained than other |iquefiable
sediment (Table 3, Fig. 19, Appendix A), but repeated |oading 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
m ni mum earthquake accel eration necessary to induce liquefaction is 0.07 g to
0.22 g, and waves 9 meters high would liquefy normally consolidated sediment;
however, waves 13 neters high would not |iquefy overconsolidated materia
(Table 9). Earthquake accel erations {apax = 0.11-0.14g), based on CPT data,
necessary to cause liquefaction at the eastern Norton Sound biogenic gas site

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

Eastern Norton Sound:

Eastern Norton Sound is protected from high wave energy that is inparted
to the seafloor farther west, and a relatively tranquil sedimentary
environment exists (Howard and Nel son, 1980). A vibracore collected in 1976
(station 76-133, Fig. 3) contains silty, sediment with mnor anounts of sand
and clay (Fig. 30). Relative to other sedinent cores in Norton Sound, water

contents are high, and bulk densities are low. The few neasurements of
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Station_%72, 76-133 Physiographic area _Easternmost Norton Sound

Grain size Water content Buk density Organic carbon Carbonate
(weight %) (% dry weight) (am/cm3)  (%dry weight) (% dry weight)
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Fig. 30. Lithology, i ndex properties and cone pressure vs subbottom depth for

stations 672 and 76-133 (easternnost Norton Sound).



organi c carbon show | ow levels. Several other cores in the eastern sound have
simlar features (Howard and Nel son, 1980).

Qur penetroneter test near the vibracore station experienced | ow cone
pressure throughout nost of its extent, evidently reflecting the high water
content (Fig. 30, Appendix B). The values of cone pressure and relative
density are simlar 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).

Penetroneter data predict sedinent behavior types that correlate well
with the core sanple. Mst data points fall in the silt and silty clay

categories (Fig. 31).

Ri dge and swale t opography

Ri dge and swale topography exists near Port Carence in Chirikov Basin
(Fig. 32). The ridges are in 10-40M water depth and are 15-30 km long, 3-7 km

wi de, and 10-15m high. They are believed to be ancient shoreline shoals,

anal ogous to present-day subaerial Port Carence spit, deposited upon

truncated Tertiary bedrock during the Hol ocene transgression (Nelson and
others, 1980). Strong currents have prevented burial of these features by
Hol ocene 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 fromthe ridge is well sorted sand
with scattered shells. Mddy sand occurs at the top of the swale core, with
sonme peat layers and lenses. Below this, the sedinent is varied but generally
contains nore rmud, except for the lowest 50 cm and gravel (to cobble size)

appears in increasing quantity. \Water and organic carbon contents are in the
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Fig. 31. Sediment type determned from cone penetration test 672x2
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Station_eso, 679 Physiographic areasand ridge crest

Lithology Grain size Water content Bulk density organic carbon Carbonate Cone pressure
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Fig. 33. TLithology, index properties and cone pressure vs subbottom depth for
stations 6R0 and €79 (sand ridge crest).
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Fig. 34. 1wLitholoay, i ndex Properties and cone pressure vs subhottom depth for
stations 6Bl and 678 (swale).



normal range for Norton Sound sedinment (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 nuch greater in the
trough (station 681) (Table 2).

The penetrometer records fromthe ridge and swale are also distinctly
different. The test on the ridge shows a uniform increase of cone resistance
and shall ow penetration (Fig. 33, Appendix B), simlar to the silt and sand
deposits el sewhere except that the calculated relative densities are |ess
(Appendix Q. 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 denpbnstrate a large variation in sedinent type
and physical properties over a small distance. The sedinent 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,
wat er and organic carbon contents are not as high as at other |ocations where
penetration resistance is low (Figs. 27 and 30). Sedinent 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 penetroneter tests at station 679 on the ridge yield consistently low
friction ratios, which inplies sandy naterial as was recovered in the core
sanple (Fig. 35). The two tests in the trough at station 678 show different
results. The test with less scatter indicates silty to sandy material. This
correlates fairly well with the cone (Fig. 36).

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

sediment in the trough (station 681) are typical of northern Bering Sea
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material (Table 6, Fig. 18). Static |oading behavior is also simlar to other
tests; the strength ratio su/o'c is 1.23 and the friction angle is 37.3° for
slightly overconsolidated sediment (OCR = 2). Dilatant properties exist at

| ow confining stresses, and anal ogous to the sediment at the biogenic gas area
(station 682), peaked Stress-strain behavior is limted (Fig. 8a).

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

DI SCUSSI ON

The northern Bering Sea enconpasses a diverse suite of geologic
environnments that contain sedimentary deposits with distinct physical
properties. The aimof this geotechnical framework study is to characterize
the reformational behavior of sedinent in each environnent and to explain the
behavior in terns of geol ogy.

Two types of geotechnical testing were enployed. Each has its own
advantages and linitations with regard to accurately defining the
refornational behavior of northern Bering Sea sedinent. Cone penetroneter
tests were used to neasure sediment properties in situ, in a nearly

undi sturbed state. However, nost sediment in the northern Bering Sea is
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highly resistant to penetration, and tests were possible only to shallow depths
beneath the seafloor. Moreover, the penetroneter can only be used to infer a
few physical properties, and no sedinent sanple is recovered. Laboratory
testing of sedinent cores, on the other hand, enables inferences to be nade

about a wi de range of static and dynanmic | oadi ng paraneters. But, sedinent

sanples are disturbed during coring operations, which can only be partly
compensated for with special |aboratory techniques.

Yukon prodelta: The variation in sedinent 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
shoul d 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 |iquefaction during exposure to major storm
waves (see Clukey and others, 1980) followed by reconsolidation to a greater
density state during quiet periods. It could also result from preloading by
soft Yukon River silt during quiet periods and rermoval of this soft surface
material during passage of mmjor storns (Nel son, 1980b; Cacchione and Drake,
1979) . At station 686, the sediment is inconpressible and has a high friction
angle (¢'), stress ratio (sy/d.*), 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
overconsol i dation at shal |l ow subbottom depths and consequent strong, dilatant
behavi or .

The western prodelta sediment has a |ow wave-induced I|iquefaction

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 |oose, |iquefiable
sedi ment cannot accunul ate.

Rel ative density and strength decrease between station 686 and station
685 to the northeast. OF the 5 stations on the prodelta, the sedinent at
station 685 is the |oosest, weakest, and |east consolidated. Although it is
the nmost susceptible to liquefaction, failure due to stormwave |oading seens
unlikely because of its shielded |ocation. I nfrequent, large storm waves from
the north could cause failure if the sedinent was normally consolidated and if
pore pressure was not dissipated (Table 9), but these conditions are unlikely.

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

It is worthwhile to note that the wave and ice forces that have acted to
stabilize sedinent on the prodelta can be significant agents of erosion and
al so can have significant inpact 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 noderate (Biswas and Gedney, 1979), but earthquakes above
magnitude 4.0 with epicenters under Norton Sound are unlikely (Biswas,
University of Al aska, pers. communication, 1982). Therefore, liquefaction in

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

is vertically and areally discontinuous, as shown by the uneven distribution
of gas bubbles in sedinment cores and seismic-reflection profiles. Laboratory
tests on lithologically sinmilar cores collected within and west of the seep
show high sensitivity, |low conpressibility, and a state of overconsolidation
for both. Only sections that were undisturbed by gas bubbles were tested in
the core fromwthin the seep. Penetronmeter tests suggest that the bubble-
rich intervals are weak and relatively susceptible 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 |iquefaction
within and east of the seep (Table 9). The occurrence of that event is

i nprobable.  Analysis of penetrometer data suggests that |iquefaction is

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

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

biogenic gas-charged sedinment in Norton Sound. Station 682, approximtely 10
km north of the thernpgenic gas seep has a 3.5-mthick peat layer with high
percentages of water and organic carbon. The peat is weak and is the nost
conpressible nmaterial sanpled in the northern Bering Sea. The |ow strength
correlates better with high water and organic carbon contents than with gas
content. Possibly, the gas pressure is not high enough to significantly
decrease the effective stress within the sediment. Sensitivity and degree of
overconsolidation are less at this site conpared to others, indicating that
al though the sedinment is weak, the strength will not rapidly decrease after

shear.
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Li quefaction analysis indicates that an M. 75 earthquake located in the
south-western Seward Peninsula could cause sedinent failure, but as previously
mentioned a seismc event of that magnitude is unlikely.

Physi cal properties of sedinment at the other biogenic-~gas station (673)
are somewhat different from those at station 682. Penetroneter records
i ndi cate high sedinent density, for which there is no obvious explanation in
terns of exposure to environmental forces. Liquefaction analysis predicts
that susceptibility is less than at station 682, but a M6.75 earthquake
| ocated approximately 63 km from the site could induce failure.

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

def ormati onal behavi or.

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

core in eastern Norton Sound has high water content, perhaps because of an
open sedimentary fabric produced in this relatively tranquil environment. An
earthquake of magnitude 6.75 at an approxi nate distance of 107 km
theoretically could cause liquefaction at station 672 (Table 9). Because an
M5.5 earthquake occurred in 1950, approximately 30 kminland from the
northeastern coast of Norton Sound, sediment in the vicinity of station 672

appears to be nore susceptible to liquefaction than at any other station.

Ri dge and swale topography: Large variation in physical properties over small

| ateral distance characterize sedinent at stations on a ridge and in a swale
near Port Clarence. The ridge naterial is a dense, uniform sand, whereas the

swale sedinent is a |ess-dense, rmuddy sand wth gravel at depth.
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Laboratory tests inply that static engineering behavior of sediment in
the swale is simlar to the loose prodelta sediment at station 685, except
that sensitivity is not as pronounced. As at nost other stations, earthquake-
i nduced liquefaction is inprobable. Although unlikely, the ridge material is
more prone to liquefy from wave action, because at the shallower water depth

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

CONCLUSI ONS

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

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

failure of sedinment, however.
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NOVENCLATURE

o

AVG MAX q -

AVG MN q -

Qnax

CE -

cm -

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 conpressive stress
applied to a cyclic triaxial test sanple.

The average single anplitude cyclic tensile stress applied
to a cyclic triaxial test sanple.

The maxi num earthquake induced acceleration at the ground
surface.

The conpression index, defined as the slope of the |inear
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)
consol i dation test nunber.

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

Centineter.

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 sinple shear stress ratio
that is nore representative of field conditions.

Rebound index, determned from a consolidation test.
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Cy ave

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 val ues determned from an oedoneter test.
Prefix for a cyclic triaxial test number.
Maxi mum di st ance to an earthquake fault from which a
particular ground accel eration would occur.
Subbottom depth to which liquefaction may occur due to a
particul ar sustained average storm wave.
Rel ative density, natural density state relative to maximm
and mni mum density states.
D aneter at which 60% of the soil is finer.
Dianeter at which 50% of the soil is finer
Dianeter at which 10% of the soil is finer
Still water depth.
A dynam c sedinent property calculated froma cyclic
triaxial test. It represents the amount of energy |ost per
cycle as a percentage of the energy introduced.
Sane as Delta u.
The change in excess porewater pressure from the beginning
of a shear test.

The deviator stress or difference between the major and

m nor principal effective stresses (0'1- ¢'3).

The nmodul us of elasticity.

The void ratio.
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km

kPa

Initial void ratio in a consolidation test,

ratio.

Accel eration due to gravity (9.8 m/secz).

Sust ai ned average storm wave height.

Subbottom depth at which a shear stress is deternined.
Coefficient of earth pressure at

effective stress/vertical

Ki | orret er.

Ki | oPascal , kN/m2.

rest

in situ,

effective stress.

Sust ai ned average storm wave |ength.

Eart hquake nagnit ude.

Met er .

MIlinmeter.

Bl ow count, the nunmber of blows required to drive a
sanpling spoon 1 ft during a standard penetration test.

Bl ow count corrected to an overburden pressure of 1 ton/sq

ft.

Non- pl asti c.

Overconsolidation ratio (o', /o', .).

Prefix for oedoneter

The average nornal

t est

nunbers.

some point in a triaxial shear test

The peak shear stress acting on a sanple at some point

triaxial shear

t est

o!

1
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o'+ o',
1 3
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in situ void

hori zont al

effective stress acting on a sanple at

in
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d. - Cone pressure, determined during a cone penetration test.

Amax Maxi mum val ue of g reached during a static triaxial test,
equal to Sy

“d Stress coefficient to reduce horizontal shear stresses,

i nduced by an earthquake, froma rigid to a deformable
bhody .

SIG 1.,* - The major (or vertical) principal stress applied to a
triaxial test sanple prior to shear.

SIG 3" - The mnor (or horizontal) principal stress applied to a
triaxial test sanple prior to shear.

STATIC qgg¢ - Strength of a static triaxial test sanple, however in
Appendix E it typically refers to the test consolidation
stress.

S, Undrai ned shear strength, determined froma static triaxial
test.

T Sust ai ned 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 sheared Water content of a sheared triaxial test sample.

Z Subbottom depth at which a shear stress is determned.

0 Symbol for angul ar degrees.

% Percent.

Y The total unit weight of a sedinent.

Y The buoyant (subrmerged) unit weight of a sedinent.
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¢I

ave

"cyc ave max~

The unit weight of saltwater (10.05 kN/m3)-

M cronmeter.

The major (or vertical) principal effective stress applied

at any point in a triaxial test.

The minor (or horizontal) principal effective stress

applied at any point in a triaxial test.

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

The maxi num vertical effective stress that a sediment has
ever experienced.

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

Average horizontal shear stress at a subbottom depth

i nduced by an earthquake.

Horizontal shear stress at a subbottom depth caused by
storm waves.

The maxi mum average single anplitude cyclic stress applied

to a cyclic triaxial test sanple.

Horizontal shear stress at a subbottom depth induced by an

ear t hquake.
Same as AVG MAX q.

Same as AVG M N g.
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Vit

LITHOLOGY
sand

silty sand

sandy mud

silt

muddy silt

silty mud

LEGEND

B

~+| shell fragments

veat-organic
material

QQ% organic mottling

<5-| pebbles

S voids

GRAIN SIZE

gravel

sand

silt

clay

*STOIWAS JIOOTOHII'L




APPENDI X A

GRAIN-SI ZE DI STRI BUTI ON  CURVES
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APPENDI X B:

CONE- PENETRATI ON TEST PLOTS

In the followi ng diagrans, the first three nunbers in

the title identify the ocean station from which the

data were gathered. The fourth nunber reflects the

nunber of attenpts nmade to get the data.
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APPENDI X C.

RELATI VE DENSITY PLOTS

In the following diagrans, the first three nunbers on
the right side of the y-axis identify the ocean station
from which the data were gathered. The fourth nunber

reflects the nunber of attenpts nmade to get the data.
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CONSOLI DATI ON TEST PLOTS
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CORE NO, 682A1 TEST NO. TC38
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SIG3c’(kPa) 238.4 RAVG MAX q (kPa) 127.3 (69.2%)
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SIGlc’(kPa) 237 .3 STRTIC qf (kPa)
SIG3c (kPa) 237.3 AVGMAX g (kPa)

INDUCED OCR 1.8
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SIGlc’(kPa) 237.3 STATIC qf (kPa) 103.9

INDUCED OCR 1.0

SIG3c’(kPa) 237.3 AVGMAX g (kP a)

AVG MIN  (kPa)
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37

S1Gic’ (kPa)

AVGMAX q (kPa) 37.1 (44.8%)

37
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1¢37.5%)

=31

RV G MIN g (kPa)
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CRUISE DC4-81-NS INCREMENT (em) 134-142
CORE. NO, 682A1 TEST NO. TC?8
8I1Gle’(kPa) 37.8 STATIC qf (kPa) 82.9
$1G3c’(kPa) 37.8 AVG MAX q (kPa) 37.1 (44.68%)

INDUCED OCR 6.3

AVG MIN q (kPa)
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CRUISE DC4-81-NS
CORE NO. €82A1

INCREMENT (cm)  134-142
TEST NO. TC?8

SIGilc’(kPa) 39.8
81G3c’(kPa) 39.8
INDUCED OCR 6.0

STATIC qf (kPa) 82 .9
AVG MAX q (kPa) 68.3 (?2.7%)
AVG MIN g (kPa) -S2.2 (63.8%)
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CORE NO, 6682A1 TEST NoO. TC?9
SIGlc‘’(kPa) 39.8 STATIC qf (kPa) 82.9
SIG3c‘(kPa) 39.8 AVG MAX q (kPa) 68.3 (72.7%)

INDUCED OCR 6.0

AVG MIN q (kPa)

-52.2 (63,0%)
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CRUISE DC4-81-NS INCREMENT (em)  186-193
CORE NO.  682R1 TEST NO. TC?6
SI1Glc’(kPa) 238.0 STATIC qf (kPa) 93.2

SIG3c’(kPa) 233.8 AVG MAX (q

INDUCED OCR 1.9

(kPa) 29.3 (31.4%)
AVG MIN g (kPa) -12.4 (13.3%)

Cycles 1 - 500
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CRUISE DC4-81-NS INCREMENT (cm)  186-193
CORE NO. 6682R1 TEST NO. TC?6

SIGic‘(kPa) 130.4 STRTICqf (kPa) 93.2
SIG3c“(kPa) 130.4 RVG MRX q (kPa) 67.3 (?2.2%)
INDUCED OCR 1.8 RV G MIN q (kPa} -53.2 (57.1%)

Cycles 501 - 761
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CRUISE DC4-81-NS INCREMENT (cm) 186-193
CORE. NO. 682RA1 TEST NO. TC?6
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SIGlc’(kPa) 138.4 STATIC qf (kPa) 93,2
SIG3c’(kPa) 130.4 AVG MAX q (kPa) 67.3 (72.2%)
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CORE NO 882R1 TEST NO. TC?7?

SI1Gic’(kPa) 239.1 STATIC qf (kPa) 93.2

SIG3c’(kPa) 239.1 RAVG MAX g (kPa) 113.0 (121.2%)
INDUCED OCR 1.0 AVG MIN g (kPa) ~-108.8 (116.8%
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rCRUISE DC4-81-NS INCREMENT (om) 186-194
_CORE NO. 682A1 TEST NO. TC??
SIGic’(kPa) 239.1 STATIC qf (kPa) 93 .2
SIG3c’(kPa) 239.1 AVGMAX q (kPa) 113.08 (121.2%)
INDUCEI) OCR 1,0 AVG MIN g (kPa) —-1088.9(116.8%
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CRUISE DC4-81-NS INCREMENT (em) 62-70
CORF NO 6684AR1 TEST NO. TC90

SIiGic’(kPa) 296. 6 STATIC qf (kPa) 300.0
SIG3c’(kPa) 296.6 AVGMRAX g (kPa) 160.4 (53.5%)

INDUCED OCR 1.0 RV G MIN g (kPa) -108.2 (36.1%)
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CRUISE DC4-81-NS INCREMENT (cm) 62-70
CORE NO. 684A1 TEST NO. TC91
SIGIc’(kPa) 297.2 STATIC qf (kPa) 300.0

SIG3c’ (kPa)

INDUCED OCR 1.0

297.2 AVGMAX g (kPa)
AVG MIN q (kPa)

201.8 (93.9%)
-236.5 (78.8%)

20



q (kPa)

DEV STRESS (kPa)

—5p8—1

STRAIN (%)
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CORENO. 685R2 TEST NO. D111
S1Gic’(kPa) 2 9 2 .6 STRTIC qf (kPa) 388.0

SIG3c (kPa) 292 .6 AVG MAX g (kPa)
INDUCED OCR 1.8 AVG MIN q (kPa)

£139.3 (46.4%)
-122.4 (48.8%)
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CRUISE DC4-81-NS INCREMENT (cm) "30-3?
CORE. NO, 68592__ TEST NO. D11t
SIGic’(kPa) 292.6 STATIC qf (kPa) 300.0
SIG3c’(kPa) 292.6 AVG MAX qQ (kPa) 139.3 (46.4%)
INDUCED OCR 1.0 AVG MIN q (kPa) -122.4 (490.8%)
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CRUISE DC4-B1-NS INCREMENT (cm) 30-37
CORE NO. 685RA2 TEST NO. Di12

SIGic’(kPa) 298.¢ STATIC qf (kPa) 3 0 0 . 0
S1G3c’(kPa) 298.8 AVG MRAX g (kPa)?78.6 (26.2 % )
INDUCED OCR 1.8 AVG MIN g (kPa) -68.0 (22.7%)
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i CORE NO. 685A2 TEST NO. D12
SIGic‘(kPa) 298.8 STATIC qf (kPa) 3080.0
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CRUISE DC4-81-NS INCREMENT (cm) 40-40
CORE NO. 685R2 TEST NO. TC8O

SIGlc’(kPa) 209.8 STATIC qf (kPa) 3808.0
SIG3c’(kPa) 289.8 RAVG MAX ¢ (kPa) 56.5 (18.8%)
INDUCED OCR 1.8 AVG MIN g (kPa) -46.% (15.6%)

Cycles 1 - 640
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CYCLE # CYCLE #
CRUISE DC4-81-NS INCREMENT (urn) 40-40
CORE NO. 685R2 TEST NO. TCBO
SIGic’(kPa) 289.8 STATIC qf (kPa) 300.0

SIG3c’(kPa) 289.8 AVGMAX g (k P a)

INDUCED OCR 1.8

56.5 (18.8%)
AVG MIN ¢ (kPa} —46.8 (15.6%)

Cycles 1 - 640
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CRUISE DC4-81-NS INCREMENT (em) 40-40 |
CORE NO. _ 685R2  TEST NO. TC81

81Gic’(kPa) 297 .4 STATIC qf (kPa) 308.8
SI1G3c’(kPa) 297 .4 RVG MRX g (kPa) 138.8 (46.3%)
INDUCED OCR 1.8 AVG MIN g (kPa) -117.4 (39.1%)
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INCREMENT (cm) 40-40
TEST NO. TCO1

SIGlc’(kPa) 297 . 4 STATIC qf (kPa) 300,.0

S1G3c’(kPa) 297 .4
INDUCED OCR 1.0

AVG MAX q (kPa) 139.0 (46.3%)
AVG MIN q (kPa) ~117.4 (39.1%)
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CRUISE DC4-81-NS INCREMENT (em) S1-69
CORENO 6852  TEST NO. TC62

SIGic‘(kPa) 46.7 STATIC qf (kP2) S 0.0

SI1G3c‘(kPa) 46.7 AVG MRX g (kPa) 50.8 (181.6%)
INDUCED OCR 6.0 AVG MIN q (kPa) -45.8 (98.8%)
b ﬁ
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CRUISE DC4-81-NS INCREMENT (om) 61-69
CORE NO. 683A2 TEST NO. TCA2
SIGio’(kPa) 46.7 STATIC qf (kPa) SB.0

358.8 (101.6%)
~45.0 (90.0%)




)

STRAIN (%
150
(kPa)

(vd) SSIULS A3C ;

-69

TC83

61
STATIC qf (kPa) SO .0

INCREMENT (em)
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685A2

CRUISE DC4-81-NS

CORF NO

AVGMAX ¢ (kPa) 85.0 (170.6%$4)
AVG MIN q (kPa) —88.1 (168.2%)

SIGic’(kPa) 49 .7
SIG3c’(kPa) 49 .7
INDUCED OCR 6.0
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CRUISE DC4-81-NS
CORE NO. 605A2

INCREMENT (om)
TEST NO.

61-69
TCB3

SIGic’(kPa) 49.7
S1G3c’(kPa) 498.7
INDUCED OCR 6.0

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

350.0
85.0 (170,8%)
-88.1 (168.2%)
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CRUISE DC4-81~NS INCREMENT (em) 101-109
CORE NO. 685R2 TEST NO. TC62
SIzic’(kPa) 17?7 .4 STATIC qf (kPa) 18.@
SI1G3c’(kPa) 17.4 AVG MAX q (kPa) 1.5 (8.3%)
INOUCED OCR 1.0 AVG MIN g (kPa) -2.1 €11.7%)

Cycles 1 - 500
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CRUISE DC4-81-NS INCREMENT (om) 101-109
CORE NO. 685A2 TEST NO. TC62
SIGle’(kPa) 17.4 STATIC qf (kPa) 10.0
SIG3¢’(kPa) 17.4 AVG MAX g (kPa) 1.s (8.3%)
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CRUISE DC4-81-NS
! CORE NO. B85R2

INCREMENT temd  101-10s
TEST NO. TCB2

S1Gic’(kPa) 18.2
S1G3c’(kPa) 10.2
INDUCED OCR 1.8

STATIC qf (kPa) 10.0
AVG MAX q (kPa) 1.6 (8.9%)
AVGMIN g (kPa} -2.0 ¢11.1%)

Cycles 501 - 860
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CRUISE DC4-81-NS
CORE NO. 6B85A2

INCREMENT (om)
TEST NO.

SIGlo’(kPa) 10.2
SIG3c’(kPa) 18.2
INDUCED OCR 1.0

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

200 200
CYCLE ¢
101-10@9
TC62
160.0

1.6 (8.9%)
-2.08 (11.1%)

Cycles 501 - 860
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CRUISE DC4-81-NS
CORE NO. 685R2

INCREMENT (cm) ig1-1@9
TEST NO. TC62

S§1Gic’t(kPa) 8.0
81G3c‘’(kPa) 8.8
INDUCED OCR 1.0

STARTIC qf (kPa) | ee
AVG MAX g (kPal) 1.7 (9.4%)
AVG HIN g (kPa) =1.?7 (9.4%)

Cycles 1147 - 1600
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CRUISE DC4~-81-~NS INCREMENT (em) 1311069
CORE NO. 685A2 TEST NO. TC62

S1Gic‘(kPa) 8.0 STATIC qf (kPa) 1.0
SI1G3c’(kPa) 8.0 AVGMAX g (kPa) 1.7 (9.4%)
INDUCED OCR 1.0 AVG MIN g (kPa) =1.7 (9.4%)

Cycles 1147 - 1600
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CORE NO. 685R2 TEST NO. TC62
SI1Gic’(kPa) 7.2 STRTIC qf (kPa) 18.0

cveles 1601 - 2000
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101-109
TC62

8IGic’(kPa) 77.2
SIG3c’ (kPa) 7.2
INDUCEIRDOORR 1.8

STATIC qf (kPa)
AVGMAX ( (kPa) 3.9 (21.7%)
AVG MIN g (kPa)

18.9
-3.5 (19.4%)
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CRUISE DC4-81-NS
CORE NO. 685R2

INCREMENT (ecm) {ei1-109
TEST NO. TC62

S1Gic’(kPa) 4 .7
SI1G3c’(kPa) 4 .7
INDUCED OCR 1.0

STATIC qf (kPa) 18 .0
AVG MAX q (kPa) 3.6 (208.8%)
AVG MIN g (kPa) -3.5 (19.4%)

Cycles 2001 - 2500
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CRUISE DC4-81-NS INCREMENT (em) 101-102
CORE NO. 685R2 TEST NO. TC62
8IGiec’(kPa) 4 .7 STRATIC qf (kPa) 168.0
SIG3c’(kPa) 4 .7 AVGMAX (J (kPa) 3.6 (20.02)

AVG MIN g (kPa) =3.5 (19.42)

Cycles 2001 - 2500
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CRUISE DC4-81-NS INCREMENT (ecm) 181-109
CORE NO. 685R2 TEST NO. TCE2
SIGlc’(kPa) 4 .4 STATIC qf (kPa) 8.8

SIG3c’(kPa) 4 .4
INDUCED OCR 1.8

AVG MAX g (kPa) 3.7 (28.6%)

RVG MIN g (kPa)

-3.6 (28.8%)

Cycles 2501 - 3000
324




G2¢€

RARIN (X)
»

ST
K

PE
i
selnuiruN-

DAMPING (%)
v
e

SI1G3c‘(kPa) 4 .4
INDUCED OCR 1.0

AVG MAX ¢ (kPa) 3.7 (20.62)
AVG MIN q (kPa) -3.6 (20.02)

Cycles 2501 - 3000

[ ﬁ
1 ”~ !:i ’ ~ ~y
! s 1:8F
[ I R W
[ 3 411
s IR
L R N —
[ é ; ‘, SIS s, xm—
| i 8 W
‘ L-.2t
[ =3t
| ]
s e
Wmmw«w -
3 .
[ é 1E
3 i
{ 1E+81
) 1€

[ W R [ O R W AP ‘:_"

200 200 400 S00 lee 200 e 4 a ses

CYCLE o CYCLE #
CRUISE DC4-81-NS INCREMENT (Cecm) 101-109
‘ CORE= NO. BQSHZ TEST NO. TC62
SIGic‘(kPa) 4 .4 STATIC qf (kPa) 18.0
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CRUISE DC4-81-NS
CORE NO. 68SA2

INCREMENT (em) 101-10s
TEST NO. TC62

SIGic‘(kPa) 4.0
SIG3c’(kPa) 4.0
INDUCED OCR 1.0

STRATIC qf (kPa) |l ee
AVG MAX ¢ (kPa) 7 .S (41.7%)
AVG MIN g (kPa) -6.6 (36.7%3

Cycles 3001 - 3500
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CYCLE # CYCLE &
CRUISE DC4-81-NS INCREMENT (em) 101-106
CORE NO. 683A2 TEST NO. TC62
SIGle’(kPa) 4 .0 STATIC qf (kPa) 18.0

SIG3c’(kPa) 4.0
INDUCED OCR 1.0

AVG MAX (] (kPa) 7.S (41.7%)

AVGMIN q (kPa)

-6.6 (36.7%)

Cycles 3001 - 3500
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CRUISE nC4-81-NS
CORE NO 685A2

INCREMENT (em} 101-109
TEST NO. TC62

SIGic’(kPa) S .7
§IG3c’(kPa) 5.7
INDUCED OCR 1.8

STATIC qf (kPa) 10.8
AVGMAX ( (kPa) 7.6 (42.2%)
AVG MIN ( (kPa) -6.6 (36.7%)

Cycles 3501 - 4000
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CYCLE &
INCREMENT (cm) 191-109
TEST NO. TC62

81Gic’(kPa) S.7
S1G3c’(kPa) 5.7
INDUCED OCR 1.0

STATIC qf (kPa) 10.8

AVGMAX g (kPa)
AVG MIN g (kPa3’

7.6 (42.2%>
-6.6 (36.7%)

Cycles 3501 - 4000
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CRUISE DC4-81-NS
CORE NO 685R2

INCREMENT €em) 181-109
TEST NO. TC62

S1Gic’(kPa) 4.4
S1G3c’(kPa) 4 . 4
INDUCED OCR 1.0

STATIC qf (kPa) 18.8
AVG MAX g (kPa) 7.6 (42.2%)

RVG MIN g (kPa) -6.6 (36.7%)

Cycl es 4001 - 4500
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81Glc’CkPa) 4.4  STATIC qf (kPa) 18.8
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INDUCED OCR 1.0
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CRUISE DC4-81-NS
CORE NO 685R2

INCREMENT (cm)  101-10S
TEST NO. TC62

8I1Gic’(kPa) 4 2
SIG3c’(kPa) 4 . 2
INDUCED OCR 1.0

STRTIC qf (kPa) 16.8
AVG MAX g (kPa) 7.6 (42.2%)
RV G MIN g (kPa) -7.1 (39.4%)

Cycles 4501 - 4B60
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CRUISE DC4-81-NS
CORE NO. 685A2

INCREMENT (em) 101-163
TEST NO. TC62

SIGic’(kPa) 2.7
S1G3c’(kPa) 2 . 7
INDUCED OCR 1.0

STATIC qf (kPa) 18.8
RVG MRX g (kPa) 7.7 (42.8%)
AVG MIN q (kPa) =?.1 (39.4%)

Cycles 4861 - 5300
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CRUISE DC4-81-NS INCREMENT (cm) 191-108
TEST NO. TC62

CORE NO_ AA%A2
—— T

S8IGic’(kPa) 2.7
81G3c’(kPa) 2.7
INDUCED OCR 1.0

STATIC 4f (kPa) 16.0
AVG MAX q (kPa) 7.7 (42.8%)
AVG MIN q (kPa) -7.1 (39.4%)

Cycles 4861 - 5300
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q (kPa) 14.2 (78.9%)

SI1G3c’(kPa) 5.7

AVG MIN g (kPa)
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Cycles 5301 -
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CRUISE DC4-81-NS
CORE NO. 685A2

INCREMENT (cm) 101-10s
TEST NO. TC62

SIGic’(kPa) 3.7
SIG3c‘(kPa) S .7
INDUCED OCR 1.8

STATIC qf (kPa) 18.0
AVG MAX q (kPa) 14.2 (78.9%)
AVG MIN g (kPa) -1S.0 (83.3%)

Cycles 5301 - 5910
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CRUISE DC4-81-NS
668512

INCREMENT (em) 101-10s
TEST NO. TC74

SIGic’(kPa) 20.8
SIG3c“(kPa) 20.8
INDUCED OCR 1.0

STATIC qf (kPa) 20.8
AVGMAX g (kPa) 6.8 (32.7%)
AVG MIN ¢ (kPa) -6.2 (29.8%)

Cycles 1-820
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CRUISE DC4-81-NS
CORE NO. 685R2

INCREMENT (om) 101-109
TEST NO. TC74

S1Gle’(kPa) 20.8
S1G3c’(kPa) 20.9
INDUCED OCR 1.0

STATIC qf (kPa) 20.8
AVG MAX q (kPa) 6.8 (32.7%)
AVG MIN q (kPa) -8.2 (28.8%)

Cycles 1 - 82
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CRUISE DC4-81-NS
CORE NO. 685R2

p' (kPa)
INCREMENT (cm)  101-109
TEST NO. TC74

eIGic’(kPa) 6.4
8IG3c’(kPa) 6.4
INDUCED OCR 1.8

STATIC qf (kPa) 20 .8
AVG MAX g (kPa) 29.9 (143.6%)
AVG MIN g (kPa) -26.6 (127.9%)

821”- 850

Cycl es
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CRUISE DC4-81-NS
CORE NO. 685A2

INCREMENT (cm)
TEST NO.

191-108
TC?4

SIGic’(kPa) 6.4
SI1G3c’(kPa) 6.4
INDUCED OCR 1.0

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

20.8
29.9 (143.8%)
—26.6 (127.9%)

Cycles 821 - 850
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CRUISE DC4-81-NS INCREMENT (cm) 200-210
CORE NO. 685R2 TEST NO. TCS@

SIGic’(kPa) 301.0 STRTIC gqf (kPa) 300.0

SIG3c‘(kPa) 301.0 AVG MAX g (kPa) 154.6 (51.5%)

INDUCED OCR 1.8 AVGMIN q (kPa) -120.4

(40.1%)
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CRUISE DC4-81-NS INCREMENT (cm)  208-2
CORE NO.  68SA2 TEST NO. TCSO
SIGlc’(kPa) 301.@0 STATIC qf (kPa) 300.8
SIG3c’(kPa) 301.8 AVG MAX q (kPa) 154.6 (51,.5%)
INDUCED OCR 1.8 AVG MIN q (kPa) -120.4 (48.1%)
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CRUISE DC4-81-NS

CORE NO. 685R2

INCREMENT (cm) 200-210
TEST NO. TC51

SIGic’(kPa) 294.1
SIG3c’(kPa) 294.1
INDUCED OCR 1.0

STATIC qf (kPa) 300 .0 .
RVG MAX q (kPa) :94.7 (64.9%)
RVG MIN ( (kPa) --147.4 (49.1%)
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i CORE NO. 685RA2 TEST NO. TCS
SIGlc’(kPa) 294.1 STATIC qf (kPa) 300.0

SIG3c’ (kPa)
INDUCED OCR 1.0

294,1 AVGMAX q (kPa)

AVG MIN q (kPa)

194.7 (64.9%)
-147.4 (48.1%)
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CRUISE DC4-81-NS
CORE NO, 686R1

INCREMENT (cm)
TEST NO.

16-24
TC88

SIGic’(kPa) 53 .4
§IG3c (kPa) 53 .4
INDUCED OCR 6.8

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

50.0
54.2 (1@8.4%)

-53.5 (187.8%)
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CRUISE DC4-81-NS INCREMENT (em) 16-24
CORE NO. 686A1 TEST NO. TCO8
SIGlc’(kPa) 53 .4 STATIC qf (kPa) 50.0

SIG3c’(kPa) 53.4
INDUCED OCR 6.0

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

54.2 (108,4%)
-53.5 (187.08%
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CRUISE DC4-81-NS INCREMENT (Cm)
CORE NO. _ 686R1 TEST NO.

16-24
TCBS

8I1G3c’(kPa) 50.0 AVG MAX q (kP a)
INDUCED OCR 6.8 AVGMIN g (kPa)

SI1Giec’(kPa) 50.0 STRTIC qf (kPa) 50.0

34.1 (68.2%)
-31.8 (63.6%)
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CRUISE DC4-81-NS INCREMENT (cm) 31-39
CORE NO. 686A1 TEST NO. TC64

SIGic‘(kPa) 2 9 6 . 7 STRTIC qf (kPa) 308.0
SIG3¢c’(kPa) 296.7 AVG MRX g (kPa) 161.4 (53.8%)
INDUCED OCR 1.8 AVG MIN g (kPa) -132.0 (44.0%)
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TEST NO. TCB4

SIGilo‘’(kPa) 296.7 STATIC qf (kPa) 300.0
S8IG3c’(kPa) 296.7 RYVGMAX q (kPa) 161.4 (53.8%)

INDUCED OCR 1.0

AVG MIN q (kPa) ~132.8 (44.0%)
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CRUISE DC4-81-NS
CORE NO. 666A1

INCREMENT (em) 31-39
TEST NO. TC8S

INDUCED OCR 1.0

S1G'c’(kPa) 298 .9 STATIC qf (kPa) 300.0
SIG3c’(kPa) 298.3 RAVG MAX q (kPa) 229.6 (?76.5%)

AVG MIN (] (kPa) -196.4 (65.5%)
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CORE NO. 686A1 TEST NO. TC8S

SIGio’(kPa) 298.9 STATIC qf (kPa) 300.0

SIG30(kPa) 298.9 AVG MAX ¢ (kP a) 229.6 (76.5%)
INDUCED OCR 1.0 AVG MIN g (kPa) -196.4 (6S.5%)
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| CRUISE DC4-8 1-NS INCREMENT (cm)  41-49
CORE NO. _ 686R1 TEST NO. TC96
81Gic’(kPa) 295.5 STRTIC qf (kPa) 300.0

SIG3c’(kPa) 295.5 AYGMAXq (kP a)
INDUCED OCR 1.8  AVG MIN g (kPa)

182.1 (60.7%)

-153.5 (51.2%)
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CRUISE DC4-81-NS INCREMENT (em) 41-49
CORE NO. 686A1 TEST NO. TCSO6
SIGlc’(kPa) 295.5 STATIC qf (kPa) 300.0
SIG3c’(kPa) 295.5 AVG MAX q (kPa) 182.1 (60.?%)
INDUCED OCR 1.0 AVG MIN q (kPa) ~153.5 (51.2%)
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CRUISE DC4-81-NS INCREMENT (cm)  41-48
CORE NO. 686R1 TEST NO. TC9?

SIGle’(kPa) 298.1 STRATIC qf (kPa) S00.0
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Appendi x G

Four liquefaction analyses, based primarily on the techniques of Seed and
[driss (1971) and Seed and Rahman (1978), were performed using cone
penetration test (CPT) and cyclic triaxial test data. Because sedinent types
in Norton Sound are different than previously studied material, sone
modi fication of tne follow ng procedures may be necessary when nore
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 foll ow

Analysis 1: Earthquake accelerations that will Iiquefy sedinment at various

depths were calculated using cyclic triaxial test data.

The maxi num shear stresses in a soil body are primarily caused by an
upward propagation of shear waves from bedrock. The average shear stress

(Tove) in a deformable body is equal to (Seed and Idriss, 1971):

T = 06 v h agﬁx y (1)
wher e: ‘a ve = average horizontal shear stress;
Y = total unit weight of the soil estinated
from consolidation tests;
h = subbottom depth of stress determ nation;
9 = accel eration due to gravity;
dpax - hexinum ground surface acceleration;
rd = stress coefficient to reduce stresses

froma rigid to a defornable body, determ ned

fromFig. 6Gl1.
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Fig. Gl.

Range of r, values VS subbottom depth for different soil profiles
(from Seedi and 1driss, 1971).
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Cyclic triaxial tests were perforned to evaluate the cyclic stress ratio
v . .
T /0 ) necessary to cause a certain strain to occur at a
cyc ave max c

particul ar nunber of |oading cycles. A magnitude 5.25 earthquake nmay be

represented by approxinmately 3 significant cycles at 0.65 Tpaxt a nagnitude

6.0 event contains approximately 5 cycles, and a 6.75 gnitude has

approxi mately 10 representative cycles (Seed and Idriss, in press). Useful
data can be obtained from carefully conducted cyclic triaxial tests perfornmed
to 5 percent strain for dense sanmples (Seed, 1979) (Fig. 9). Cyclic triaxia
test results typically are adjusted to agree with field stress applications.
The followi ng equation transforns cyclic triaxial stress ratios into

representative field data (Seed, 1979):

T T |
h ~ < cYc ave nax
. ~ m C ' o (2)
o] field ' ( . triaxial
wher e; ' the horizontal shear stress caused by an
(570 vo) field= y

earthquake normalized to its vertical in situ

confining stress;

cm - a coefficient that relates unidirectional cyclic

shear tests to multidirectional shaking in the
field, typically equals 0.9;

c - a coefficient that nodifies the cyclic triaxia
stress ratio to a corresponding cyclic sinple
shear stress ratio that is nmore representative of
field conditions, the coefficient is dependent
upon the coefficient of earth pressure at rest in

the field, K;
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v
(TCyc ave rrax/° c) triaxial =the stress ratio required to reach 5 percent
strain in 3, 5 and 10 cycles as determned from
cyclic triaxial tests (Fig. 9).

The triaxial to sinple shear reduction coefficient, C, is dependent upon

T

Kgsc®o063for K =o04and c,= 1.0 for Ko, #1.0. Other values of C

were linearly interpolated between the end values (Seed, 1979). The
coefficient of earth pressure at rest was cal cul ated from (Mayne and Kulhawy,
1982)

_ sin ¢'
K= (l-sin ¢') OCR 3

where: K. = the coefficient of eartn pressure at rest;
¢' = the effective friction angle determ ned from
static triaxial tests (Table 7);
OCR = overconsolidation ratio at depth of interest,
estimated from Fig. Q2.
Equating T,ye in equation 1 with ™ in equation 2, themaxi mum ground
surface acceleration from an earthquake necessary to cause |iquefaction at

various depths was determned (Table Gl):

T
I cyc ave max (4)
mx 065 y h r \ 0

o
gcme_ ©

o ..
c | triaxial

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

as neasured properties of shallow subbottom sedinent. Deep site specific

investigations are required to determine if weaker stratas exist.
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Fig. Q. Overconsolidation ratio determ ned from consolidation tests versus
subbot t om dept h.
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Table Gl. Ground surface carthquake accel erations (ay,,) N€Cessary to induce liquefaction at aifferent subbottom depths (h) baaed on |aboratory
CyC|I C triaxial teat data (determined from equation 4).

T T T
. (1) cyc ave nBex cyc AVE max | cyc ave nex
RE h Y r, o c ¢ OCR L3 . — a —_ - a
@ (m) v/’ ) (kn/:g’ ) degrees ° r % (g} a ¢ (o3 a c (?ﬁx
(triaxial) {triaxial) {triaxial)
m = 5.25 3 cycles #w= 6.0: 5 cycles wg . 15 10 cycles
68122 | 20.4 0.99 10.4 0.9 37 32 1.00(3. 21 1.00 0.52 0.37 0.44 0.31 0.35 0.25
2 20.5 090 20.9 22 1.00( 2. 56 1.00 0.37 0.32 0.25
6 20.8 0.95 64.5 5 1.00(1.05 1.00 0.39 0.33 0.26
682A) ) 16.0 0.99 6.0 0.9 35 11 1.00}1.69 1.00 0*47 0.25 0.42 0.22 0.37 0.19
2 16.1 0.98 12.1 40 8 1.00(1. 36 1.00 0.25 0.22 0.20
6 16. 6 0.95 39.3 3 0.72 0.83 0.22 0.20 0.18
e
HE84A) 2 20.7 0.99 10.7 0.9 38 23 1.0052.65 1.00 0.69 0.50 0.62 0.45 0.55 0.40
2 20.7 0.98 21.3 8 1.00(1.3 1.00 0.50 0.45 0.40
6 20.8 0.95 64.5 1 0.38 0.62 0.32 0.29 0.26
68522 | 18.0 0.99 8.0 09 37 19 1.00{2.34 1. 00 0.41 0.25 0.36 0.22 0.31 0.19
:oBt 0% w0 BooLoLEy % 0o 091 ou1e
. . . n. . 0.18
10 18.8 0.91 67.5 1 0.40 0.63 0.14 0.12 0.11
686a1 | 20.3 0.99 10.3 0.9 42 56 1.00%4. 89 1.00 0.82 0.58 0.72 0.51 0.62 0.44
2 %8% 8 gg gclag 26 1.00 2.0933 1.00 0.58 0.51 8 gg
6 . . 1 . 0.58 0.35 0.3) .
10 20. 4 0.2 103.5 1 0.33 0.58 0.37 0.32 0.20
687A1 1 19.7 0.99 9.7 0.9 38 49 1.00[4. 22; 1.00 0.5% 0.40 0.52 0.36 0.45 0.31
5 e 005 B SRR A 077 094 051
9,9 . . 1 0.38 . . . .
10 50. 0 0.9 99.5 1 0.3R 0.62 0.27 0.24 0.21

(1) maximum K valus allowea i N o M YSi O =1,0, higher values vere assuned t0 have heen caused by disturbance ef fects.



Analysis 2: Earthquake accelerations that will liquefy sedinment at a shallow
subbottom depth were cal cul ated using standard correl ations based on CPT data.
This analysis also is based on the sinmplified procedure for evaluating
soil liquefaction potential of Seed and 1driss (1971) with sone
modi fication. That evaluation relies on enpirical 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 nunber of blows (N) required to drive a
split sanpling spoon 0.305 m Representative blow counts (N Wre determ ned
fromthe in situ cone penetration test data obtained in Norton Sound using the
relations in Fig. G3 (Schnertmann, 1976, cited in Martin and Douglas 1981).
The blow counts (N) were corrected for shallow subbottom depth by nultiplying

by 0.75 and by Cy obtained from Fig. G4 The blow count was al so increased by

7.5 to account for silt content (Seed and 1driss, in press). The equation to

deternmne the corrected blow count, N, for any shallow (<3m) subbottom depth

is:

N.= (075 ¢y N) + 75 (5)

‘he stress ratio (Tcyc/u’vo) necessary to cause liquefaction for a

particular magnitude earthquake as a function of NisS shown in Fig. Gb. If

the stress ratio is known, the maxinum acceleration at the seafloor (agsy! can

be cal cul ated from equation 1 with both sides normalized by U'Vo' Th, minimum

apax [Or each penetration is listed in Table G.

Analysis 3: Wave heights that will |iquefy shallow subbottom sedinent were

cal cul ated using cyclic triaxial test data.
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Fig. G3.

25 50 75 100 125 10U
Cone resistance, d. (TSF)
Correlation of cone resistance (qc) and friction ratio (FR) obtained

from cone penetration tests with standard penetration test blow
count (N) (Schmertmann, 1976, cited in Martin and Douglas, 1981).
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Correction factor, C N
614 0.6 0.8 1.0 1.2 14 1.6 , 1.8 2.0

——"—J |

0.5

1.0

1.6

2.0 j//
2.8 /
3.0

3.5 // :
4.0
45 j

5.0

Effective vertical overburden stress, 0’y (TSF)

Fig. G4. Chart for correction of N-values in sand for influence of overburden
pressure (reference value of effective overburden pressure is 1
ton/sa ft) (from Peck and others, 1974).
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0.5 . . '

0.4F

0.2

with limited strain potential for ¢’y equal to 1 ton/sq ft

Cyclic stress ratio 77 ¢’y  causing pore pressure ratio of 100%

0 | | 1
0 10 20 30 40

Modified penetration resistance, N ¢ {(blows/ft)

Fig. & . Liquefaction resistance (1'/0' ) versus nodified penetration

resistance (N) for different earthquake magnitudes (from seed and
Idriss, in press).
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Table @.

Lowest stress ratios (T/O
) necessary to induce

) and _around surface accel erations

?I.lquefactlon based on cone penetration

tesf dat a.
CONE LOVEST LWEST LO/\EST
PENETRATI ON DEPTH /0 vo amax(9) (gY
TEST 50.25 m M= 5.25 M 22%, 35 23%.75
674 X 0.25 0.19 0.14 0.11
X2 0. 26 0.23 0.17 0.13
670 X 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 0.22 0.15 0.12
668 x2 0.33 0.30 0.23 0.18
X3 0.35 0.30 0.23 0.18
x4 0.39 0.27 0.21 0.16
669 X 0.27 0.25 0.19 0.15
X2 0.30 0.26 0.20 0.15
671 X 0.30 0.20 0.16 0.12
X2 0.25 0.19 0.15 0.11
X3 0.29 0.12 0.10 0. 07
x4 0.27 0.14 .11 0.08
X5 0.40 0.13 0.10 0.08
X6 0.31 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 X 1.05 0.18 0.15 0011
X2 0.56 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 X 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 X 0.35 0. 47 0. 36 0.28
X2 0.25 0.32 0.24 0.19
X3 0.25 0.18 0.14 0.11
x4 0.28 0.62 0. 47 0.37
672 X 0.28 0.14 0.08 0.06
X2 0.52 0.13 0. 07 0. 06
679 X 0.32 0.16 0.13 0.10
678 x2 0.25 0.16 0.13 0.10
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Storm waves traveling over sedinent in shallow water depths generate
shear stresses sinmilar to those i nduced by earthquakes. Liquefaction may
occur if the resultant pore pressures increase sufficiently. The analysis
consisted of two main parts: the stresses inparted to the seafloor were
determined for design storms, and the cyclic character “ cs of the sedinment

were neasured in cyclic triaxial tests.
T
The shear stress ratio ,C— at any subbottom depth induced by ocean

o
waves was determned from (Seed and Rahman, 1978):

c w H ~2 T2z 1
—— - — e | (6)
a v cosh —— |
Vo ) (
where: ¢ - hori zontal cyclic shear stress at a particular subbottom
dept h;

1 :
O, = vertical effective stress at a parti cul ar subbottom dept h;
Y = unit weight of salt water;
Y’ - average buoyant unit weight of sedinment above a particul ar

subbottom dept h;
H = sustained storm wave height;
L . wave length, determined fromFig. G5, assumng a wave period
of 10 seconds (Clukey and others, 1980);
z = subbottom depth;
d = still water depth.
The average wave hei ght was deternined by multiplying the significant
wave height for different return periods by 0.63 (MCornick 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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Fig. 6. Relationship between wave period, wavelength, and water depth
(Wiegel, 1964, cited in Seed and Rahman, 197 S).
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Table &. Estimated wi nd speeds and wave heights in the northern Bering
Sea for different return periods (Arctic Environnmental Information

and Data Center, 1977).

MAXI MUM MAXI MUM
RETURN SUSTAI NED SI GNI FI CANT EXTREME AVERAGE ‘"7
PERI OD W ND SPEED WAVE AVE VWAVE
( YEARS) ( KNOTS) HEI GHT HEI GHT HEI GHT
(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) Average wave height = 0.63 x significant wave height (MCormck and
Thiruvathukal, 1976).

(2) Waves 14 mhigh will break in some Norton Sound areas, therefore 13 m
hi gh waves were assuned as a nmaxi num value in the analysis. Actually,
maxi mum sust ai ned wave heights in the northern BeringSea may be |ess
than 13m because the relatively shallow water depths on the w de
continental shelf dissipate wave energy.
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H = 12m He=13m

K = ln

Tt /0 ¥ c/o

T Jo
C/VO

Table G4. Storm wave induced cyclic stress ratios (‘clﬂ'vol at different subbottom deptha {z) (determined fr: = equation 6).
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The laboratory stress ratios necessary to cause 5 percent strain after
360 cycles (a stormduration of one hour with a wave period of 10 seconds,
Cclukey and others, 1980) (Fig. 9) were corrected using equation 2 to sinulate
field conditions (Table G). A conparison of the stresses induced by storm
waves (Table 4) with the corrected cyclic sedinent resistance (Table )
reveal ed the sustained wave height necessary to cause |iquefaction to a
particul ar subbottom depth (Table G6). The above analysis does not account

for drainage during stormevents; this is a very conservative assunption.

Anal ysis 4. Cone penetration data was nodified using an earthquake associated
procedure to yield values that are related to wave heights necessary to cause
l'i quefaction.

The final analysis consists of portions of analyses 2and 3. The
smal | est shear stress ratio (T/U ) (Table @) for each CPT determined from
Fig. G5 (assuming M=5.,25) was conpared to the cyclic shear stress ratio

(rc/U'vo) i nduced by storm waves (Table G4). The minimum wave hei ghts

necessary to equalize the stress ratios are presented in Table 9. Al though
the values show relative susceptibility to |iquefaction between stations, they

do not represent actual wave heights.
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Table G5.

Sustai ned storm wave heights (H) necessary to induce |iquefaction in sediment
stations (deternined from a conparison of wave induced stresses
resistance in Table Gb).

from different
in Table & with the corrected cyclic sedinment

(0
CORE H ‘L H ‘L H ‘L H ‘L H
OCR = 6
681A2 >13 0
682A1 9 1.5 10 2.5 11 5.0 12 >5.0 >13
6841A1 >13 0
685n2 9 0.5 10 2.0 11 3.0 12 >5.0 >13
68621 >13 0 >13
68721 >13 0
H = wvave hei ght necessary to cause |iquefaction.
| = Subbottom depth to which I|iquefaction may occur.
(1) = Wave heights necessary to liquefy sedinent based

On overconsolidated tri axi al

test sanpl es.



