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INTRODUCTION 

~ e o l o g i c  s t u d i e s  i n  the n o r t h e r n  Berinq Sea (Fiq .  1) have i d e n t i f i e d  

s e v e r a l  f e a t u r e s  and p r o c e s s e s  t h a t  can have s i q n i f i c a n t  impact  on o f f s h o r e  

i n d u s t r i a l  o p e r a t i o n s  (Thor and Nelson, 1980; Larsen and o t h e r s ,  1980).  

F a u l t i n g ,  thermoqenic and h ioqen ic  qas charq inq ,  sediment l i q u e f a c t i o n ,  ice 

qouginq, c u r r e n t  s c o u r i n s ,  and bedform miqra t ion  have heen i d e n t i f i e d  as 

p o t e n t i a l  hazards (Fiq, 2).  f i e  occur rence  of s p e c i f i c  c o n d i t i o n s  depends 

p a r t l y  on local q e o l o q i c  h i s t o r y ,  e s p e c i a l l y  wi th  reqard  t o  t h e  t y p e s  of 

sediment  t h a t  have accumulated. Also impor tan t  are modern environmental  

f o r c e s ,  which i n  t h e  n o r t h e r n  Per inq  Sea i n c l u d e  s e v e r e  s torms,  s t r o n q  

q e o s t r o p h i c  ocean c u r r e n t s ,  and movement of s e a s o n a l  i c e .  

Th i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of a two-year q e o t e c h n i c a l  framework 

s t u d y ,  d e s i s n e d  t o  determine r e p r e s e n t a t i v e  v a l u e s  of sediment  mechanical  

( q e o t e c h n i c a l )  p r o p e r t i e s  and t o  use  t h e s e  v a l u e s  i n  an assessment  o f  s o i l  

response t o  e n q i n e e r i n q  and n a t u r a l  loadinq.  Geotechn ica l  d a t a  have been 

qa thered  p r e v i o u s l y  and a p p l i e d  t o  t h e  a n a l y s i s  of p a r t i c u l a r  prohlems i n  t h e  

a r e a  (Olsen and o t h e r s ,  1980; Clukey and o t h e r s ,  19RO). The framework s t u d y  

i s  a q u a n t i t a t i v e  supplement t o  t h e  o t h e r  q e o l o q i c  and q e o t e c h n i c a l  s t u d i e s  

and p rov ides  e n q i n e e r i n a  d a t a  t h a t  can he used from a r e q i o n a l  p e r s p e c t i v e  i n  

p r e l i m i n a r y  e v a l u a t i o n s  f o r  s i t i n q  o f f s h o r e  o p e r a t i o n s .  

An impor tan t  a s p e c t  of t h i s  s t u d y  is t h a t  q e o t e c h n i c a l  p r o p e r t i e s  were 

measured i n  s i t u ,  a s  well as i n  t h e  l a b o r a t o r y .  The i n  s i t u  tests c o n s i s t  of 

push ins  a cone-tipped rod i n t o  t h e  seabed and measur ins  the resistance to 

p e n e t r a t i o n ,  from which c o r r e l a t i o n s  t o  sediment  p r o p e r t i e s  a r e  made. 

Labora to ry  t echn iques  i n v o l v e  deformat ion t e s t i n g  of sediment  c o r e  samples.  

An advantaqe of i n  s i t u  t e s t i n q  is  t h a t  it measures p r o p e r t i e s  of sediment  i n  



the n a t u r a l ,  und i s tu rbed  s t a t e .  Sediment c o r e s  can s u f f e r  s i g n i f i c a n t  

d i s t u r b a n c e  b e f o r e  t h e y  are t e s t e d  i n  t h e  l a b o r a t o r y .  This is p a r t i c u l a r l y  

t r u e  f o r  the s i l t y  and sandy sediment t y p e s  i n  t h e  n o r t h e r n  Rerinq Sea t h a t  

were cored us inq  v i b r a t o r y  methods (Koutsof tas  and o t h e r s ,  1976). The n a t u r a l  

stress s t a t e  i s  d i f f i c u l t  t o  reproduce i n  t h e  laboratory, and o r i s i n a l  

sediment  fabric can he broken down d u r i n q  and a f t e r  c o r i n q  o p e r a t i a n s .  

Labora to ry  t e s t i n q  of d i s t u r b e d  c o r e  samples can measure physical p r o p e r t i e s  

t h a t  a r e  d i f f e r e n t  from those  of sediment i n  t h e  n a t u r a l  s t a t e .  However, 

p r e s e n t  equipment a l lows  examinat ion of a wider  range of p r o p e r t i e s  wi th  

l a b o r a t o r y  t e s t i n q  than with i n  s i t u  t e s t i n q .  This s t u d y  o f f e r s  an  e x c e l l e n t  

o p p o r t u n i t y  t o  compare t h e  two methods, 

GEOLOGIC SBTTING . 
me n o r t h e r n  P e r i n s  Sea comprises a broad,  sha l low e p i c o n t i n e n t a l  s h e l f  

2 t h a t  ex tends  about 200,000 km between Alaska and S i b e r i a  (Fiq. 1). Two major 

p h y s i o s r a p h i c  s u b d i v i s i o n s  a r e  Norton Sound (wate r  dep th  < 30 m) and Chi r ikov  

Basin (wa te r  dep th  < 60 m ) .  The e n t i r e  r e q i o n  was emerqent d u r i n q  P l e i s t o c e n e  

low s t a n d s  of s e a  l e v e l .  G l a c i e r s  encroached on wes te rn  and n o r t h e r n  

p o r t i o n s ,  An e x t e n s i v e  tundra  v e q e t a t i o n  developed on t h e  remainder o f  t h e  

s h e l f ,  e x c e p t  where r i v e r s  carved channe l s  that led t o  l a r q e  submarine 

canyons. S h o r e l i n e  t r a n s g r e s s i o n  a t  t h e  close of P l e i s t o c e n e  t i m e  i n i t i a t e d  

marine sed imenta t ion ,  first i n  t h e  deeper  p a r t s  of Chi r ikov  & s i n  and f i n a l l y  

a c r o s s  sha l low Norton Sound (Nelson,  1980a) .  The Yukon River  migrated n o r t h  

t o  i t s  p r e s e n t  p o s i t i o n  from t h e  v i c i n i t y  of Cape Romanzov a b o u t  2500 y e a r s  

aqo (DuprC and Thompson, 1979) .  Durinq s e a l e v e l  s t i l l s t a n d s ,  c o a s t a l  s h o a l s  

were formed near  P o r t  Clarence and Nome (Nelson and o t h e r s ,  19RO). 



The d i s t r i b u t i o n  of unconso l ida ted  sediment  t y p e s  t h e r e f o r e  r e f l e c t s  

q l a c i a l ,  s u b a e r i a l ,  and marine p r o c e s s e s  su el son, 1980a). I n  Chi r ikov  Rasin 

the  sequence is  i n  most p l a c e s  less than a few meters thick and c o n s i s t s  of 

c o a r s e  g l a c i a l  till and outwash, l imnic  p e a t y  mud, t r a n s q r e s s i v e  q r a v e l  t o  

medium sand,  and inner - she l f  f i n e  sand. This  sediment  is  P l e i s t o c e n e  aae, and 

i n d i v i d u a l  u n i t s  a r e  pa tchy  i n  t h e i r  d i s t r i h u t i o n .  S t r o n a  northward 

q e o s t r o p h i c  f low has  bypassed Holocene sediment  and d e p o s i t e d  i t  i n  t h e  

s o u t h e r n  Chukchi Sea (Nelson and C r e a s e r ,  1977) . 
P e a t y  mud w i t h  i n c i s e d  f l u v i a l  d e p o s i t s  cover  bedrock i n  Norton Sound. 

T r a n s g r e s s i v e  sand h a s  been found on ly  i n  t h e  c e n t r a l  sound and i n  a t rouqh i n  

t h e  n o r t h e r n  sound. Yukon River s i l t  wi th  in te rbedded  storm-sand l a y e r s  is 

t h e  dominant sediment  type.  It covers  n e a r l y  a l l  of t h e  s e a f l o o r  i n  Norton 

Sound and has  accumulated up t o  14  m t h i c k n e s s .  The sediment  type qrades  t o  

s i l t  and mud i n  t h e  e a s t e r n  sound. 

MrnWODS 

F i e l d  methods: A q e o t e c h n i c a l  c r u i s e  i n  t h e  n o r t h e r n  & r i n q  Sea was conducted 

Auqust 3-18, 1981 aboard the NOAA s h i p  DISCOVERER. Sites w e r e  occupied t h a t  

r e p r e s e n t  a broad ranqe of q e o l o q i c  environments ,  many where specia l .  

e n q i n e e r i n q  problems miqht he encountered (Fiqs. 2 and 3; Table 1). I n  

C h i r i k o v  Basin,  o n l y  t h e  s h o r e l i n e  s h o a l s  n e a r  P o r t  C la rence  were v i s i t e d .  

The rest of t h e  s t a t i o n s  were i n  Norton Sound a t  l o c a t i o n s  of b i o o e n i c  qas- 

charged sediment (2 s t a t i o n s ) ,  a thermoqenic qas  seep ,  muddy sediment ,  and a 

ranqe o f  Yukan p r o d e l t a  sediment  t y p e s  (5  s t a t i o n s ) ,  

Geo techn ica l  d a t a  were o b t a i n e d  w i t h  i n  s i t u  t e s t i n q  equipment and from 

l a b o r a t o r y  t e s t i n q  of sediment  c o r e s .  The i n  s i t u  d e v i c e  is a s t a t i c  cone 



pene t romete r ,  the XSP-40, t h a t  belonqs  t o  t h e  Naval C i v i l  E n s i n e e r i n s  

Labora to ry  (F iq .  4; Beard and Lee, 1982) .  The i n s t r u m e n t  measures r e s i s t a n c e  

t o  p e n e t r a t i o n  of a 3.56-cm d iamete r  cone t h a t  can be d r i v e n  i n t o  the  seabed a 

maximum depth of 6 m. F r i c t i o n a l  r e s i s t a n c e  a l o n q  t h e  s i d e  of a s l e e v e  above 

t h e  cone is  a l s o  measured. The i n s t r u m e n t  i s  housed on a t a l l  frame supported 

on f o u r  broad-hased, r e t r a c t a b l e  l e q s .  T o t a l  weiqht  i s  ahout  4.5 metric t o n s ,  

which de te rmines  t h e  maximum f o r c e  t h a t  can he measured. The cone and s l e e v e  

a r e  a t t a c h e d  t o  t h e  end of a rod t h a t  is  d r i v e n  by a double cha in .  I n  

o p e r a t i o n  the i n s t r u m e n t  i s  lowered to  t h e  s e a f l o o r ,  and p e n e t r a t i o n  a t  a r a t e  

of 1 m/min is  a c t u a t e d  by an  onboard swi tch  t o  t h e  1-horsepower d r i v e  motor. 

Cone and s l e e v e  r e s i s t a n c e  a r e  p l o t t e d  c o n t i n u o u s l y  v e r s u s  p e n e t r a t i o n  dep th  

on a c h a r t  r e c o r d e r ;  tilt a n q l e  is a l s o  monitored.  A t e s t  i s  t e r m i n a t e d  

e i t h e r  when t h e  maximum p e n e t r a t i o n  dep th  i s  achieved o r  when t h e  tilt meters 

i n d i c a t e  t h a t  t h e  i n s t r u m e n t  has  l i f t e d  from t h e  s e a f l o o r  (i.e., t h e  maximum 

r e a c t i o n  f o r c e  h a s  been reached) .  The push rod and cone a r e  r e t r a c t e d  from 

t h e  seabed by r e v e r s i n q  t h e  d r i v e  motor. 

Core samples were t aken  wi th  a larse v i h r a c o r e r  ( F i q ,  5 ) .  This dev ice  i s  

housed on a frame s i m i l a r  t o  t h a t  of t h e  XSP-40. Cores a r e  r e t r i e v e d  i n  

p l a s t i c  l i n e r s ,  8 c m  i n s i d e  d iamete r ,  and maximum c o r e  l e n q t h  is  6 m. The 

c o r e  h a r r e l  i s  d r i v e n  i n t o  t h e  seabed hy a pneumatic hammer mounted a t  t h e  t o p  

of the h a r r e l .  P e n e t r a t i o n  r a t e  of t h e  c o r e  h a r r e l  was recorded  d u r i n q  

samplinq o p e r a t i o n s  (Table  2).  Two c o r e s  were t aken  a t  each s t a t i o n .  Roth 

were c u t  i n t o  1-m-lonq s e c t i o n s ,  and the ends were capped. One c o r e  w a s  s p l i t  

l enq thwise  onhoard s h i p ,  described q e o l o s i c a l l v  and suhsampled a t  r e a u l a r  

i n t e r v a l s  for  m a i n  s i z e ,  wa te r  c o n t e n t ,  q r a i n  s p e c i f i c  q r a v i t v  and carbon 

c o n t e n t  d e t e r m i n a t i o n s .  When f i n e - s r a i n e d  cohes ive  sediment  was encountered,  



s t r e n q t h  was measured wi th  a motorized vane s h e a r  dev ice ,  and suhsamples were 

t aken  f o r  d e t e r m i n a t i o n  of p l a s t i c i t y  ( A t t e r h e r q  l i m i t s ) .  The s e c t i o n s  of t h e  

other c o r e  were wrapped i n  cheesec lo th ,  covered wi th  m i c r o c r y s t a l l i n e  wax, and 

s t o r e d  u p r i q h t  i n  a r e f r i g e r a t o r .  This  c o r e  was used f o r  q e o t e c h n i c a l  t e s t i n s  

i n  the shorebased l a b o r a t o r y .  

Shipboard o p e r a t i o n s  a t  each s t a t i o n  were a s  fo l lows .  A seismic- 

r e f l e c t i o n  l i n e  was run over  each s t a t i o n ,  u s i n q  12 k ~ z ,  3.5 kHz, and 600 

j o u l e  min i sparker  systems. Naviqat ion used Loran C w i t h  s a t e l l i t e  updates .  

The s h i p  was anchored a t  each s t a t i o n ,  t h e  XSP-40 was deployed from an  

ou tboard  s t o r a q e  p o s i t i o n  u s i n q  the s h i p ' s  deep-sea winch and l a r q e  c rane ,  and 

a cone p e n e t r a t i o n  test  (CPT) was run.  More t h a n  one test  was run  a t  each 

s t a t i o n .  Some s u c c e s s i v e  tests were run a f t e r  l i f t i n o  t h e  XSP-40 a s m a l l  

d i s t a n c e  o f f  t h e  s e a f l o o r  and s e t t i n s  it down a q a i n  a t  e s s e n t i a l l y  t h e  same 

l o c a t i o n .  Other  tests w e r e  r e r u n  a f t e r  t h e  s h i p  was allowed t o  d r i f t  a s h o r t  

d i s t a n c e ,  i n  o r d e r  t o  s t u d y  l o c a l  v a r i a b i l i t y  of p e n e t r a t i o n  r e s i s t a n c e .  

A f t e r  a l l  t h e  penetrometer  s t a t i o n s  were occupied,  the v i b r a c o r e r  was 

exchanged wi th  t h e  XSP-40 i n  t h e  outboard s t o r a q e  p o s i t i o n ,  and s e v e r a l  

s t a t i o n s  were re-occupied.  A f t e r  anchor inq,  two v i b r a c o r e s  were taken  a t  

t h e s e  s t a t i o n s .  

Vibracores  had been t aken  i n  p rev ious  y e a r s  f o r  q e o l o q i c a l  s t u d y  a t  a l l  

b u t  one of t h e  s t a t i o n s  we d i d  n o t  re-occupy, s o  most sites d i s c u s s e d  i n  t h i s  

paper  have companion v i b r a c o r e s  and cone p e n e t r a t i o n  tests. Vihracores  f o r  

l a b o r a t o r y  q e o t e c h n i c a l  t e s t i n s  a r e  n o t  available f o r  a l l  s t a t i o n s ,  however. 

The XSP-40 and the v i h r a c o r e r  were n o t  bo th  deployed a t  a s i n q l e  

anchoraqe because  t h e  larqe s i z e  of t h e  i n s t r u m e n t s  made f r e q u e n t  i n t e r c h a n q e  

t o  t h e  deployment p o s i t i o n  u n f e a s i b l e .  The XSP-40 was used f i r s t  a t  a l l  



s t a t i o n s  whi le  t h e  v i h r a c o r e r  was s t o r e d  on deck. ??hen, s t a t i o n s  were r e -  

occupied,  and c o r e s  were taken.  Re loca t ion  of t h e  s t a t i o n s  had a p o s i t i o n a l  

e r r o r  of from 180 t o  1647 m, so t h e  CPT and v i b r a c o r e s  were n o t  from e x a c t l y  

t h e  same p l a c e  (Table  18). 

Labora to ry  methods : 
> 

I n  the sh ipboard  l a b ,  vane s h e a r  t e s t s  were made w i t h  a s t a n d a r d  

motorized a p p a r a t u s ,  u s i n q  a 1.27-cm d iamete r  by 1.27-cm l o n s  vane and a 

r o t a t i o n  rate of 90°/min. Peak und is tu rbed  and remolded s t r e n q t h s  were 

measured a t  r e q u l a r  i n t e r v a l s  down s p l i t  c o r e s  (Tahle  4 ) .  I n  t h e  shorebased 

l a b ,  A t t e r b e r q  l i m i t s  were determined accord inq  t o  s t a n d a r d  p rocedures  (Lambe, 

1951, p. 22-28), h u t  w i t h  wa te r  c o n t e n t  c o r r e c t e d  f o r  a s a l t  c o n c e n t r a t i o n  of 

35 ppt. Grain  s i z e s  were measured by sieve, p i p e t t e  and hydrometer methods 

(Carver ,  1971; Lambe, 1951) (Tables  3 and 4, Appendix A ) .  A LFCO model WR-12 

carhon d e t e r m i n a t o r  wi th  an a c i d  d i q e s t o r  and an  i n d u c t i o n  fu rnace  was used to  

measure o r a a n i c  carhon and ca rbona te  c o n t e n t .  An a i r  comparison pycnometer 

a i d e d  i n  the c a l c u l a t i o n  of a r a i n  d e n s i t y  (Table  4 ) .  

Conso l ida t ion  tests t o  measure s u h - f a i l u r e  deformat ion p r o p e r t i e s  o f  

sediment  w e r e  run by two d i f f e r e n t  methods. Seven tests were performed on 

s t a n d a r d  f r o n t - l o a d i n s  oedometers i n  a s t r e s s - c o n t r o l l e d  mode (Lamhe, 1951) ,  

whereas 15 tests were run i n  t r i a x i a l  l o a d i n q  cells a t  c o n s t a n t  rate of s t r a i n  

(wissa  and o t h e r s ,  1971) .  

S t a t i c  s t r e n q t h  tests were run i n  t r i a x i a l  load inq  cells on c y l i n d r i c a l  

samples approx imate ly  3.6-cm d iamete r  and 7.6-cm lonq. T e s t s  were performed 

under undrained c o n d i t i o n s  wi th  pore  p r e s s u r e  measurements (Bishop and Henkel, 

1964) .  Most samples were c o n s o l i d a t e d  i s o t r o p i c a l l y  p r i o r  t o  t e s t i n q ,  b u t  

some were c o n s o l i d a t e d  a n i s o t r o p i c a l l y .  

6 



C y c l i c a l l y  loaded t r i a x i a l  tests were a l s o  run, with t h e  a x i a l  stress on 

samples var ied  s i n u s o i d a l l y  a t  0.1 HZ. B o t h  compression and tens ion  were 

app l i ed  a t  a predetermined percentage of t he  conf in ing  ( conso l ida t ion )  s t r e s s .  

A t o t a l  of 23 s t a t i c  and 38 c y c l i c a l l y  loaded t r i a x i a l  tests were 

conducted according t o  t h e  scheme presented i n  Table 5. Some test specimens 

were consol ida ted  t o  t he  i n  s i t u  l e v e l  before  a x i a l  loading t o  f a i l u r e  was 

i n i t i a t e d .  Others w e r e  consol ida ted  t o  a t  l e a s t  f ou r  t i m e s  the maximum p a s t  

stress f o r  p l a s t i c  sediment,  i n  order  t o  minimize the e f f e c t s  of d i s tu rbance  

ma add and Foot t ,  1974).  Consol idat ion was i s o t r o p i c  i n  most tests but  

a n i s o t r o p i c  i n  some. A condi t ion  of overconsol ida t ion  was induced i n  some 

test  samples, whereby a high consol ida t ion  stress s t a t e  w a s  followed by 

rebounding t o  a lower consol ida t ion  stress before  a x i a l  loads  were appl ied .  

The r a t i o  of the higher  consol ida t ion  stress t o  t h e  lower,  rebounded stress 

de f ines  t h e  overconsol ida t ion  r a t i o  (OCR).  

Derived test  parameters: The i n  s i t u  pene t r a t i on  tests and l abo ra to ry  tests 

descr ibed  above a r e  s tandard  c i v i l  engineer ing procedures for eva lua t ing  the  

behavior  of s o i l .  Typical app l i ca t i ons  a r e  t h e  design of foundat ions,  

excava t ions ,  and a r t i f i c i a l  f i l l s .  The parameters t h a t  a r e  derived from 

geotechnica l  t e s t  d a t a  can be used i n  geologic  ana lyses  a s  well, t o  determine 

t h e  t r i g g e r i n g  f o r c e s  f o r  submarine sediment s l i d e s ,  f o r  example. 

Three sediment p rope r t i e s  commonly deduced from cone pene t r a t i on  records 

a r e  1) s t r a t i g r a p h i c  v a r i a t i o n  2) sediment type,  and 3 )  r e l a t i v e  dens i ty .  

S t r a t i g r a p h i c  v a r i a t i o n  is  a q u a l i t a t i v e  eva lua t ion  based on the shape of the 

cone p re s su re  versus depth curve (Fig. 6, Appendix B). A smooth curve 

i n d i c a t e s  uniform s t r a t i g r a p h y ,  whereas ab rup t  changes i n  s lope  x e f l e c t  



s t r a t i g r a p h i c  i n t e r f a c e s  between d i f f e r e n t  sediment  types. O f  p a r t i c u l a r  

importance t o  e n g i n e e r i n g  a p p l i c a t i o n s  a r e  major i n c r e a s e s  i n  s l o p e  of t h e  

curve ,  p o s s i b l y  beyond v e r t i c a l ,  which i d e n t i f y  s o f t  s t ra ta  henea th  more f i r m  

m a t e r i a l  (F iq .  6). 

S e v e r a l  a t t e m p t s  have been made t o  e s t i m a t e  sediment t y p e  from 

pene t romete r  d a t a  (Reqemann, 1965; Schmertmann, 197Aa;   art in and nouqlas ,  

1981) .  The common techn ique  is t o  d e l i n e a t e  d i s t i n c t  f i e l d s  of sediment t y p e s  

on p l o t s  of f r i c t i o n  r a t i o  ( s l e e v e  f r i c t i o n  s t r e s s / c o n e  p r e s s u r e ,  expressed  a s  

a p e r c e n t )  v e r s u s  cone p r e s s u r e  (Fiq. 7 ) .  Successful c o r r e l a t i o n s  have been 

made, b u t  t h e y  are somewhat l i m i t e d  t o  t h e  local. a r e a  from which t h e  d a t a  were 

c o l l e c t e d .  S u b s t a n t i a l  e n q i n e e r i n q  i n f o r m a t i o n  abou t  s o i l  behav ior  can he 

deduced from a  q e n e r a l  knowledqe of sediment tvpe ,  and once a c o r r e l a t i o n  has 

been e s t a b l i s h e d  w i t h i n  an area, the expense and e f f o r t  of c o l l e c t i n q  core 

samples can be reduced o r  e l i m i n a t e d ,  

R e l a t i v e  d e n s i t y  r e f e r s  to  the maqnitude of t h e  n a t u r a l  d e n s i t v  s t a t e  

r e l a t i v e  t o  maximum and minimum d e n s i t y  states.  A r e l a t i v e  d e n s i t v  o f  100% 

means t h a t  a sediment  e x i s t s  n a t u r a l l y  i n  i ts  d e n s e s t  ' p o s s i b l e  s t a t e ,  and a 

r e l a t i v e  d e n s i t y  of 0% i n d i c a t e s  t h e  l e a s t  dense  s t a t e .  Schmertmann (1978h) 

d e r i v e d  an e m p i r i c a l  c o r r e l a t i o n  hetween cone p r e s s u r e ,  v e r t i c a l  e f f e c t i v e  

stress (a measure of t h e  huoyant weiqht  of t h e  sediment  column a t  a  p a r t i c u l a r  

dep th  below t h e  s u r f a c e ) ,  and r e l a t i v e  d e n s i t y :  

= 0.34 I n  [ ( s c / ( 1 2 . 3 1  o ' 10.71 
VO 

I x i o n  

where Dr = r e l a t i v e  d e n s i t y  i n  p e r c e n t  

qc = cone p r e s s u r e  i n  ka/cmL 

I 

o = e f f e c t i v e  v e r t i c a l  (overburden)  s t r e s s  
VO 



This co r re la t ion  was derived from lahoratorv t e s t i n a  of normally consolidated 

sand, and its appl ica t ion  to f i e l d  s i t u a t i o n s  may he imprecise (Appendix C) . 
A s  discussed by Schmertmann (1978a1, measurements of cone pressure a r e  

influenced by the proximity of an i n t e r f a c e  between materials  of d i f f e r e n t  

physical  proper t ies .  In par t i cu la r ,  a s  the cone en te r s  the seabed, it must 

penet ra te  up t o  about 8 cone diameters (28  cm i n  our case)  before the f a i l u r e  

surface  around the cone tip is  f u l l y  developed and cone pressure readinss 

t r u l y  r e f l e c t  sediment physical propert ies .  A s imi la r  aruument appl ies  t o  

f r i c t i o n  sleeve readinqs, and a l s o  t o  in te r faces  between sediment s t r a t a .  A s  

applied t o  the present  study, the cone-pressure and f r i c t i o n - r a t i o  curves 

(Appendix R) have only m a l i t a t i v e  s i sn i f i cance  a t  depths l e s s  t h a t  ahout 

0.28 rn i n  the  seabed; s t r a t i u r a p h i c  va r i a t ion  can he detected from 

i r r e q u l a r i t i e s  i n  the  shape of the  curve, hut  measurement of r e l a t i v e  dens i ty  

and i d e n t i f i c a t i o n  of sediment type a r e  inaccurate.  

Laboratory consolidat ion t e s t s  a re  used t o  p red ic t  the  amount and r a t e  of 

consolidat ion of sediment i n  response t o  sustained loads, a s  well a s  t o  deduce 

the  s t r e s s  h i s to ry  of the sediment. %st r e s u l t s  are p lo t t ed  a s  void r a t i o  (e 

= volume of voids/volume of s o l i d s )  versus t h e  losarithm of e f f e c t i v e  v e r t i c a l  

1 

s t r e s s  (0 ) (Table 6, Appendix Dl. The curve typ ica l ly  has a s t r a i s h t  l i n e  
V 

segment, termed the "vi rg in  compression curve", i n  the ranqe of hiqh 

consolidat ion pressures ,  The slope of t h i s  line i s  the compression index 

(c~), which ind ica tes  the  amount of consolidat ion for a tenfold  increase  i n  

1 

load. The maximum pas t  pressure (6 ) is  the qxeatest  e f f e c t i v e  overhurden 
vm 

stress that the sediment has ever been exposed t o  and is  determined from the 

e-loq a curve by a simple qraphical  construct ion (Casaqxande, 1936). The 
v 

1 

r a t i o  of 0 t o  the  e f f e c t i v e  overburden s t r e s s  a t  the  time of 
vm 



I 

sampling ( a  ) is  t h e  o v e r c o n s o l i d a t i o n  r a t i o  (OCR), which d e s c r i b e s  the 
VO 

s t r e s s  h i s t o r y ,  f o r  example i n  terms of t h e  amount of un load ing  t h a t  may have 

o c c u r r e d  by e r o s i o n ,  The rate of c o n s o l i d a t i o n  is determined f o r  each Load 

increment  of an oedometer test ,  and is  denoted by t h e  c o e f f i c i e n t  of 

c o n s o l i d a t i o n  ( c v )  

Sediment p r o p e r t i e s  d e r i v e d  from s t a t i c  t r i a x i a l  s t r e n g t h  t e s t s  can be 

used t o  p r e d i c t  f a i l u r e  c o n d i t i o n s  of sedimentary  d e p o s i t s  . The pr imary 

measured p r o p e r t y  is undrained s h e a r  s t r e n g t h  (SU = qmx) ( ~ ~ b l e  7, F ig .  8, 

Appendix El. It i s  t h e  maximum s u s t a i n a b l e  s h e a r  s t r e s s  w i t h i n  a  sample t h a t  

e x p e r i e n c e s  no pore  water  d r a i n a g e  a f t e r  c o n s o l i d a t i o n  t o  a predetermined 

I 

stress l e v e l  (0 . ) ,  sU a c t s  a l o n g  a p l a n e  i n c l i n e d  a t  45' t o  t h e  a x i a l  

load .  The a r c s i n e  of SU d i v i d e d  by t h e  e f f e c t i v e  normal s t r e s s  a c r o s s  t h i s  
I 

p l a n e  is t h e  e f f e c t i v e  f r i c t i o n  a n g l e  ( 4  ). whose magnitude is  an i n d i c a t i o n  

of t h e  s t r e n g t h  of t h e  sediment  under slow ( d r a i n e d )  load ing  c o n d i t i o n s .  I n  

comparison,  the r a t i o  S /Q '  g i v e s  an i n d i c a t i o n  of t h e  s t r e n g t h  d u r i n g  r a p i d  
u  C 

( u n d r a i n e d )  l o a d i n g  c o n d i t i o n s .  The d i f f e r e n c e  between d r a i n e d  and undrained 

s t r e n g t h  behavior  depends on t h e  pore  water  p r e s s u r e  genera ted  i n  response t o  

t h e  tendency f o r  volume change when the sediment  is a x i a l l y  loaded. I f  a  

sediment  has a high tendency f o r  volume change, t h e  d i f f e r e n c e  i n  s t r e n g t h  

between r a p i d  and slow load ing  can be s u b s t a n t i a l .  

C y c l i c a l l y  loaded t r i a x i a l  s t r e n g t h  t e s t s  a r e  performed i n  o r d e r  t o  s t u d y  

t h e  s t r e n g t h  p r o p e r t i e s  of sedimentary  d e p o s i t s  under the repea ted  a p p l i c a t i o n  

of Loads, such as by ea r thquakes  o r  waves. T e s t s  a r e  run a t  a  p rede te r tmined  

I 

c y c l i c  stress l e v e l  ( r  / a  C ) ,  which is t h e  average maximum 
cyc  ave max 

c y c l i c a l l y  a p p l i e d  shear  stress ('cyc ave mx) d i v i d e d  by the c o n s o l i d a t i o n  

I 

s t r e s s  ( a  ) (Table  8, F igs .  9-11, Appendix F ) .  Pore wa te r  p r e s s u r e  and 
C 



s t r a i n  accumulate  wi th  r e p e a t e d  a p p l i c a t i o n  of Tcyc ave max.  ~t some m i n t ,  

t h e  pore  water p r e s s u r e  approaches t h e  c o n f i n i n g  stress, s t r a i n  i n c r e a s e s  a t  a 

f a s t e r  rate, and t h e  sediment f a i  1s. I n  our  tests , f a i l u r e  was chosen when 5% 

s t r a i n  was reached. 

RESULTS 

Yukon p r o d e l t a :  The Yukon River  d e l t a  p r o t r u d e s  i n t o  Norton Sound from t h e  

s o u t h  c o a s t  (Fig .  1). The p r o d e l t a  - t h e  o u t e r ,  low-gradient,  submerged a r e a  - 
ex tends  over  100 km o f f s h o r e  and marks the d i s t a l  zone of d e l t a i c  sedimenta- 

t i o n ,  Sediment from t h e  Yukon River is d e p o s i t e d  mostly from suspens ion  on 

t h e  p r o d e l t a  and is reworked by l a r g e  s torm waves and s t r o n g  g e o s t r o p h i c  

c u r r e n t s  (DuprB and Thompson, 1979; Nelson 1980b) .  Much of t h e  f i n e - g r a i n e d  

f r a c t i o n  from t h e  Yukon River is e v e n t u a l l y  t r a n s p o r t e d  n o r t h  to t h e  Chukchi 

Sea (Nelson and Creager ,  1977; Cacchione and Drake, 1979) .  The material l e f t  

behind on t h e  p r o d e l t a  is predominant ly  s i l t  and very  f i n e  sand (McManus and 

o t h e r s ,  1977) .  Graded storm-sand l a y e r s  (mean g r a i n  s i z e  = 0.250 mm, bedding 

t h i c k n e s s  10-20 c m )  make up 50-100% of the d e p o s i t s  near  s h o r e ;  i n  distal  

a r e a s  60-75 km from t h e  source ,  they  a r e  finer (mean s i z e  = 0.125 mm), t h i n n e r  

(1-2 cm), and m k e  up 35% of t h e  s e c t i o n  (Nelson,  1980b) .  

We occupied f i v e  penetrometer  s t a t i o n s  on t h e  p r o d e l t a  (667, 668, 669, 

670, 674) and c o l l e c t e d  v i b r a c o r e s  near  three of t h e s e  (685 near 670, 686 near 

669, and 687 near  674) (Fig .  1, Table 1). Cores were c o l l e c t e d  near  t h e  two 

o t h e r  s i t e s  on p rev ious  c r u i s e s  (78-22 n e a r  668, 78-24 near  667) (F ig .  1, 

Table 1). 

Sediment c o r e s  on t h e  p r o d e l t a  a r e  mixtures  of n o n - p l a s t i c  sand and s i l t ,  

with c l a y  c o n t e n t  commonly less than  10% (Table  4 F igs .  12-16).  The c o r e s  



have s i m i l a r  t e x t u r e s  and composi t ions ,  and t h e s e  change r e l a t i v e l y  l i t t l e  

w i t h  d e p t h ,  excep t  a t  s t a t i o n  686 t h e r e  is a g e n e r a l  downward f i n i n g  of g r a i n  

s i z e .  Thin s h e l l  l a y e r s  occur  s p a r s e l y .  Burrow m o t t l e s  and a carbon-r ich 

l a y e r  appear  i n  c o r e  686, The Alpine v i b r a c o r e r  p e n e t r a t e d  a t  a s lower  r a t e  

and t o  a sha l lower  dep th  west  of the d e l t a  ( s t a t i o n  686) t h a n  t o  t h e  n o r t h e a s t  

( s t a t i o n s  685 and 687) (Table  2 ) .  

Maximum XSP-40 p e n e t r a t i o n  depth  is sha l low f o r  t h e  two s t a t i o n s  w e s t  of 

t h e  delta (668, 6691, g r e a t e r  a t  the n e x t  two s t a t i o n s  t o  t h e  n o r t h e a s t  (667, 

670) and i n t e r m e d i a t e  a t  t h e  f a r t h e s t  n o r t h e a s t  s t a t i o n  (674) (F igs .  12-16). 

R e p l i c a t e  tests are s i m i l a r  a t  each site (Appendix B). Cone p r e s s u r e  

i n c r e a s e s  a b r u p t l y  and r e l a t i v e l y  smoothly a t  the f i r s t  two s t a t i o n s ,  whereas 

it is more g r a d u a l  and somewhat e r r a t i c  a t  t h e  o t h e r s .  The c o r e s  show o n l y  

minor s t r a t i g r a p h i c  v a r i a t i o n  wi th  depth ,  which is c o n s i s t e n t  wi th  the shape 

of the penetrometer  curves .  

P l o t s  of f r i c t i o n  r a t i o  ve rsus  cone p r e s s u r e  f o r  s t a t i o n s  on t h e  p r o d e l t a  

where p e n e t r a t i o n  exceeded 0.28 m ( s t a t i o n s  669, 670, and 674) are 

i n c o n s i s t e n t  i n  terms of t h e  sediment  types  t h e y  imply when compared to  

samples recovered  i n  c o r e s .  S i l t - r i c h  muddy sediment ,  wi th  major amounts of 

sand a t  s t a t i o n s  669 and 670 and minor amount of sand a t  s t a t i o n  674, 

c o n s t i t u t e s  the c o r e  samples.  The pene t romete r  data i n d i c a t e  a wider range o f  

sediment  types :  c l a y  and mud a t  s t a t i o n  669, s i l t  and sandy s i l t  a t  s t a t i o n  

670 ( t h e  c l o s e s t  c o r r e l a t i o n  between c o r e s  and pene t romete r  d a t a ) ,  and si l t  t o  

sand a t  s t a t i o n  674 (F ig .  1 7 ) .  A s  c l e a r l y  p o i n t e d  o u t  by Mart in  and Douglas 

(19811, a sediment  c l a s s i f i c a t i o n  scheme developed from pene t romete r  d a t a  is  

a rea -dependen t  and r e f e r s  to sediment  behavior  t y p e s ;  that is, sediment  t y p e s  

c l a s s i f i e d  accord ing  t o  p h y s i c a l  p r o p e r t i e s  and n o t  n e c e s s a r i l y  accord ing  t o  



t e x t u r e .  Perhaps t h e  v a r i a t i o n  i n  sediment  behavior  types  on the p r o d e l t a  

r e f l e c t s  more than  g r a i n  s i z e .  Organic carbon is one compos i t iona l  v a r i a b l e  

t h a t  would be an  obvious s u s p e c t ,  b u t  va lues  are uniformly Low a t  a l l  3 

s t a t i o n s .  

R e l a t i v e  d e n s i t y  is high a t  t h e  t w o  southwest  s t a t i o n s  (668 and 669); 

t y p i c a l  va lues  i n  e x c e s s  of 100% were c a l c u l a t e d  with Schmertmann's e q u a t i o n  

(Appendix C). These numbers are u n r e a l i s t i c ,  of course ,  because t h e  upper 

l i m i t  of r e l a t i v e  d e n s i t y  is 1003. The c a l c u l a t i o n s  probably  i n d i c a t e  t h a t  

t h e  sediment  is overconso l ida ted ;  t h a t  is, its state of c o n s o l i d a t i o n  is 

g r e a t e r  than would be produced by t h e  e x i s t i n g  overburden stress (Beard and 

Lee, 1982) .  Schmertmann's e q u a t i o n  assumes normal c o n s o l i d a t i o n .  Although 

the c a l c u l a t i o n s  g i v e  u n r e a l i s t i c a l l y  high va lues  f o r  r e l a t i v e  d e n s i t y ,  t h e y  

a t  l e a s t  imply a dense  sediment s t a t e  sha l low i n  t h e  seabed a t  t h e s e  sites. 

I n  c o n t r a s t ,  the two s t a t i o n s  f a r t h e r  t o  t h e  n o r t h e a s t  (667, 670) have 

compara t ive ly  low c a l c u l a t e d  r e l a t i v e  d e n s i t i e s ,  whereas i n t e r m e d i a t e  va lues  

were c a l c u l a t e d  for  s t a t i o n  674. 

Labora to ry  test r e s u l t s  show t h a t  low va lues  of compression i n d e x  (Cc = 

0.03 - 0.25) a r e  present west and n o r t h  of t h e  d e l t a  ( s t a t i o n s  685, 686 and 

687), and they vary e r r a t i c a l l y  down-core (Table  6 ) .  The r e s u l t s  a g r e e  

r e l a t i v e l y  w e l l  wi th  m a t e r i a l  from o t h e r  s t u d y  areas (Fig .  1 8 )  (Lambe and 

Whitman, 1969, p. 321).  Sediment in t h e  western  p r o d e l t a  appears  t h e  most 

o v e r c o n s o l i d a t e d  ( s t a t i o n  686) ,  s t a t i o n  685 i n  t h e  n o r t h  i s  t h e  l e a s t  

o v e r c o n s o l i d a t e d ,  and sediment i n  t h e  n o r t h e a s t  ( s t a t i o n  687) is i n  between, 

however OCR va lues  t y p i c a l l y  decrease  wi th  subbottom dep th  a t  a l l  l o c a t i o n s  

(Table  6 ) .  



T r i a x i a l  tests demonstra te  t h a t  sediment  a t  t h e  v a r i o u s  s i t e s  behaves 

d i f f e r e n t l y  under s t a t i c  load ing  (Table  7 ) .  West of t h e  d e l t a  ( s t a t i o n  686) 

t h e  material has  the h i g h e s t  f r i c t i o n  a n g l e  ( 4 '  = 42O) and a high SU/omc r a t i o  

(1.38), whereas t o  t h e  n o r t h e a s t  ( s t a t i o n  687) a low f r i c t i o n  a n g l e  ( 3 8 . 3 O )  

and SU/al ,  r a t i o  (0.83) a r e  p r e s e n t .  North of the d e l t a  ( s t a t i o n  685) 

sediment  down-core responded d i f f e r e n t l y  t o  t e s t i n g  (tests 95, 103 and 120 i n  

Fig .  B e ) ,  $'  v a r i e d  from 36.8' t o  38.1' and the SU/o1, r a t i o  from 0.91 t o  

1.39. C o n t r a c t i v e  behavior  occur red  i n  a l l  a r e a s  a t  h igh c o n s o l i d a t i o n  

s t r e s s e s  ( t h e  S- shaped curves  i n  t h e  q versus  p' p l o t s  i n  F igs .  8e - 8g), 
whereas d i l a t a n t  behavior  developed a t  lower s t r e s s e s  ( otc < 100 kPa)  

D i l a t a n t  undrained behavior  produces s t r o n g e r  sediment than  c o n t r a c t i v e  

behavior  would a t  the  same c o n s o l i d a t i o n  s t r e s s .  Some t e s t s  a t  each s t a t i o n  

produced peaked s t r e s s - s t r a i n  curves  t h a t  are i n d i c a t i v e  of s e n s i t i v e  behavior  

( F i g s .  8e - 8 g ) .  

L i q u e f a c t i o n ,  caused by r e p e a t e d  l o a d i n g  of waves or ea r thquakes ,  

t r ans forms  sediment from a s o l i d  i n t o  a l i q u e f i e d  s t a t e  as a consequence of 

i n c r e a s e d  pore  p r e s s u r e  and reduced e f f e c t i v e  stress (Cornmi t t e e  on Soi 1 

Dynamics of t h e  Geotechnical. Eng ineer ing  Div i s ion ,  1 9 7 8 ) .  L i q u e f a c t i o n  does  

n o t  imply t h a t  ground f a i l u r e  w i l l  occur ;  however, many sediment movements 

have been a t t r i b u t e d  t o  t h e  p r o c e s s .  North and west  of t h e  d e l t a  ( s t a t i o n s  

685 and 686) the sediment  t y p e  is w i t h i n  t h e  l i m i t s  f o r  observed l i q u e f a c t i o n ,  

whereas i n  t h e  n o r t h e a s t  ( s t a t i o n  687) t h e  one d e t a i l e d  g r a i n  s i z e  

d i s t r i b u t i o n  was c l o s e  t o  b u t  n o t  f u l l y  i n  the range (Table  3, Fig.  19 and 

Appendix A ) .  S u s c e p t i b i l i t y  t o  l i q u e f a c t i o n  i n  cyclic t r i a x i a l  tests i s  

i n d i c a t e d  by a low c y c l i c  s h e a r  stress r a t i o  ( T ~ ~ ~  ave m x / a l c )  (Table  8, Fig.  

9 ) .  C y c l i c  t e s t  r e s u l t s  of sediment  from t h e  n o r t h e r n  p r o d e l t a  ( s t a t i o n  685) 



p l o t t e d  lowest  on F igure  9, followed by m a t e r i a l  from t h e  n o r t h e a s t  ( s t a t i o n  

687), and w e s t  ( s t a t i o n  686).  A p l o t  of l a b o r a t o r y  c y c l i c  t r i a x i a l  stress 

r a t i o  ve rsus  i n  s i t u  cone p e n e t r a t i o n  test  (CPT) r e l a t i v e  d e n s i t y  for nearby 

sediment  i l l u s t r a t e s  t h a t  l o o s e  sediment  is more l i k e l y  t o  l i q u e f y  (because  i t  

b u i l d s  up pore  p r e s s u r e  m r e  r e a d i l y )  t h a n  dense  material (Fig .  20) .  

Analyses,  i n c o r p o r a t i n g  l a b o r a t o r y  c y c l i c  t r i a x i a l  test and CPT r e s u l t s ,  

determined t h e  minimum s e a f l o o r  ea r thquake  a c c e l e r a t i o n  (ama,) and the 

smallest s u s t a i n e d  s to rm wave h e i g h t  (HI necessa ry  t o  cause  l i q u e f a c t i o n  a t  

p a r t i c u l a r  s t a t i o n s  (Table  9, Appendix GI. L i q u e f a c t i o n  p o t e n t i a l  varies 

markedly on the p r o d e l t a .  Sediment a t  the n o r t h e r n  s t a t i o n  (685) r e q u i r e s  an  

amax from 0.09 g to 0.14 g and a wave h e i g h t  from 9 t o  over  1 3  meters ,  

depending on t h e  a n a l y s i s ,  t o  induce l i q u e f a c t i o n .  A t  t h e  n o r t h e a s t  s t a t i o n  

(687) amax ranges  from 0.11 g t o  0.27 g and wave h e i g h t s  over  13 meters  a r e  

r e q u i r e d  t o  cause  i n s t a b i l i t y .  The range i n  ea r thquake  a c c e l e r a t i o n  is  0.15 g 

t o  0.35 g, a t  s t a t i o n  686 i n  t h e  wes te rn  p r o d e l t a ,  wi th  waves over  1 3  meters 

necessa ry  t o  cause  l i q u e f a c t i o n  (Table  9 1. 

Thermogenic gas  seep :  Thermogenically d e r i v e d  gas is a c t i v e l y  seep ing  from 

t h e  s e a f l o o r  i n  Norton Sound about  40 k m  s o u t h  of Nome (F ig .  2 ) .  AnomalousLy 

h i g h  c o n c e n t r a t i o n  of hydrocarbon gas i n  t h e  wa te r  column o r i g i n a l l y  p o i n t e d  

t o  t h e  e x i s t e n c e  of t h e  s e e p  (Holmes and C l i n e ,  1979) .  Subsequent seismic- 

r e f l e c t i o n  p r o f i l i n g  i d e n t i f i e d  an a r e a  of about  50 km2 where r e f l e c t o r  p u l l -  

downs and t e r m i n a t i o n s  ( a c o u s t i c  anomal ies )  occur  i n  the sediment  column 

(Holmes and C l i n e ,  1979) .  Bubbles escap ing  from the s e a f l o o r  have been 

observed w i t h  underwater t e l e v i s i o n  and high f requency s e i s m i c - r e f l e c t i o n  

prof  i l e r s  over  this a r e a  (Nelson and o t h e r s ,  1978) .  



Geochemical a n a l y s e s  of sediment cores show t h a t  t h e  gas is  composed of 

a b o u t  98% co2 (Kvenvolden and o t h e r s ,  1979) .  The remainder is hydrocarbons 

w i t h  h igh  r e l a t i v e  abundance of homologues h e a v i e r  than methane, which 

i n d i c a t e s  t h a t  t h e  gas is d e r i v e d  from a deep,  thermogcnic source  (Nelson and 

others, 1978; Kvenvolden and o t h e r s ,  1979) .  The gas  has accumulated i n  a zone 

a few hundred meters t h i c k ;  and t h e  t o p  of the zone i s  50 t o  200 m beneath  t h e  

s e a f l o o r .  Gas is b e l i e v e d  t o  p e r c o l a t e  upward from this zone a long  faults 

(Holmes and C l i n e ,  1979) .  

We ran  a network of s e i s m i c  l i n e s  that allowed us to map t h e  e x t e n t  of 

t h e  s e e p  (F ig .  21 ) . It covers  approximately  4 k m 2  and is e l o n g a t e  i n  a 

nor thwes t  d i r e c t i o n ,  p a r a l l e l  t o  the t r e n d  of major f a u l t s  (Johnson and 

Holmes, 1978) .  W e  deployed t h e  penetrometer  f o u r  t imes  w i t h i n  the s e e p  a r e a ,  

a t  s t a t i o n  675 (F ig .  3, Table 1). Between s u c c e s s i v e  deployments t h e  s h i p  was 

a l lowed t o  d r i f t  s o  t h a t  some a r e a l  coverage of t h e  s e e p  was achieved.  One 

v i b r a c o r e  s t a t i o n  was occupied w i t h i n  the s e e p  a r e a .  For comparison, two 

pene t romete r  s t a t i o n s  were occupied o u t s i d e ,  b u t  n e a r ,  t h e  seep ,  as was one 

v i b r a c o r e  s t a t i o n .  

The v i b r a c o r e  w i t h i n  t h e  s e e p  a r e a  is a s i l t y  sand w i t h  minor b i o g e n i c  

m o t t l i n g  (F ig .  22 1. A t  i n t e r v a l s  down t h e  c o r e  a r e  zones of voids t h a t  

a p p a r e n t l y  mark l e v e l s  of bubble-phase gas .  Some, b u t  n o t  a l l ,  g r a i n - s i z e  

measurements from t h e s e  zones show more s i l t  (less s a n d )  t h a n  a t  o t h e r  l e v e l s ,  

but no o t h e r  d i s t i n c t i v e  f e a t u r e s  a r e  e v i d e n t .  

Confi rmat ion t h a t  t h i s  c o r e  was gas-charged was o b t a i n e d  a f t e r  it w a s  c u t  

i n t o  meter-long s e c t i o n s .  End caps  on the s e c t i o n s  bulged markedly, which 

i n d i c a t e s  that a c t i v e  degass ing  was o c c u r r i n g .  



The penetrometer  records  from w i t h i n  the seep area a l l  show e r r a t i c  

v a r i a t i o n  of cone p r e s s u r e  (F ig .  22, Appendix B). But, a t a n g e n t  t o  t h e  

maximum va lues  shows a f a i r l y  uniform i n c r e a s e  i n  cone p r e s s u r e  w i t h  dep th ,  

and narrow i n t e r v a l s  of low r e s i s t a n c e  are superimposed upon t h i s  g e n e r a l  

t r e n d .  

The v i b r a c o r e  o u t s i d e  t h e  s e e p  area has similar l i t h o l o g y  to  t h e  one from 

w i t h i n  ( s i l t y  s a n d ) ,  e x c e p t  f o r  t h e  t o p  few c e n t i m e t e r s  (mud to sandy mud) 

(F ig .  22) .  Other  p h y s i c a l  and compos i t iona l  p r o p e r t i e s  also a r e  s i m i l a r ,  

e x c e p t  t h a t  t h e  zones of voids  do n o t  occur  i n  t h e  c o r e  from o u t s i d e  t h e  

seep .  The v i b r a c o r e r  p e n e t r a t e d  t o  a sha l lower  dep th  and u s u a l l y  a t  a s lower  

r a t e  o u t s i d e  t h e  s e e p  (Table  2 ) .  The penetrometer  record  wes t  of t h e  s e e p  

( s t a t i o n  677) shows sha l low t o t a l  p e n e t r a t i o n  w i t h  a f a i r l y  uniform i n c r e a s e  

i n  cone p r e s s u r e  and h i g h  r e l a t i v e  d e n s i t y  (Fig. 23, Appendices B and C) . The 

pene t romete r  records  e a s t  of the seep ,  a t  s t a t i o n  671, are more e r r a t i c  

(Appendix B). Most show a g e n e r a l  i n c r e a s e  i n  cone p r e s s u r e  wi th  i n t e r v a l s  of 

minor decrease .  

The e r r a t i c  n a t u r e  of the cone p r e s s u r e  ve rsus  dep th  curves  w i t h i n  the 

s e e p  a r e a  probably r e f l e c t s  t h e  p resence  of bubble-phase gas ,  d i s t r i b u t e d  

nonuniformly wi th  depth .  The narrow i n t e r v a l s  of low cone p r e s s u r e  could  

correspond t o  t h e  zones of vo ids  i n  the sediment  c o r e .  The reason f o r  

v e r t i c a l  v a r i a t i o n  i n  gas c o n t e n t  is u n c e r t a i n ;  there is  some i n d i c a t i o n  t h a t  

gas  c o n c e n t r a t i o n  occurs  a t  l o c a t i o n s  of f i n e r  g r a i n  s i z e  (F ig .  22) .  

P r e s s u r i z e d  c o r e s  t aken  from t h e  M i s s i s s i p p i  D e l t a  show analogous v e r t i c a l  

v a r i a t i o n s  i n  gas c o n t e n t  (Denk and o t h e r s ,  1981) .  

Evidence f o r  a r e a l  nonuniformity  i n  gas d i s t r i b u t i o n  a l s o  e x i s t s .  

Fathometer records  a c r o s s  t h e  s e e p  show v a r i a t i o n s  i n  c l o u d i n e s s  of t h e  wa te r  



column t h a t  extend down t o  t he  s e a f l o o r  (Fig.  24 ) .  This may i n d i c a t e  that gas 

is seeping  s t r o n g l y  from some l o c a l  a r e a s  (p ip ing )  and weakly o r  no t  a t  a l l  

from o the r s .  I n  some s e c t o r s ,  t he  v a r i a t i o n  is s o  s t rong  a s  to  warrant  

mapping t h e  gas seepage as "patchy" (Fig.  21). 

Olsen and o the r s  (1980) r e p o r t  low gas concent ra t ions  i n  two of t h r ee  

cores  taken from the  seep  a r ea .  This a l s o  impl ies  a r e a l  v a r i a t i o n  i n  gas- 

charging.  

To the west of t he  seep, condi t ions  a r e  s i m i l a r  t o  those on the western 

p rode l t a  (Fig.  23). The sediment apparen t ly  is not  gas-charged and has 

uniformly high pene t r a t i on  r e s i s t a n c e  and c a l u l a t e d  r e l a t i v e  d e n s i t i e s ,  a t  

l e a s t  t o  t he  shallow depths  w e  were a b l e  t o  test  (Table 2, Appendix C) . 
Seismic- re f lec t ion  records do not  show anomalous a c o u s t i c  r e t u r n s  t h a t  would 

i n d i c a t e  gas-charging, and the  v ibracore  contained no zones of voids nor d i d  

it show any s igns  of degassing. 

I n t e r v a l s  of low cone pressure  i n  penetrometer records e a s t  of the mapped 

seep  perhaps a r e  i n d i c a t i v e  of gas-charging, bu t  f u r t h e r  s tudy is  necessary 

f o r  confirmation.  This s t a t i o n  was o r i g i n a l l y  planned t o  be wi th in  t he  mapped 

seep  a r ea ,  bu t  s t r o n g  winds and cu r r en t s  caused the  s h i p  t o  drag anchor, and 

we d r i f t e d  away from the seep by t h e  time condi t ions  s e t t l e d .  Therefore ,  we 

have no se i smic - r e f l ec t i on  records over  t h i s  s i te ,  and t i m e  did no t  permi t  

c o l l e c t i o n  of a sediment core .  The low cone p re s su re  i n t e r v a l s  are not  as 

pronounced a s  a t  s t a t i o n  675, which remains an unresolved ques t ion  p e r t a i n i n g  

t o  records a t  this s i te .  

Sediment type as i n f e r r e d  from f r i c t i o n - r a t i o  p l o t s  a r e  shown f o r  s t a t i o n  

675 (w i th in  t he  gas seep )  and s t a t i o n  677 (west of t he  gas s eep )  i n  Figures  25 

and 26, r e spec t ive ly .  Most d a t a  po in t s  c e n t e r  around the  s i l t - s a n d  ca tegory ,  



bu t  with much s c a t t e r .  The cores  appear t o  be more uniform and conta in  less 

f ine  mate r i a l  than ind i ca t ed  by the penetrometer da ta .  

Compression index (Cc) ranges from 0.04 t o  0.09 i n s i d e  ( s t a t i o n  6831, and 

from 0.07 t o  0.12 ou t s ide  ( s t a t i o n  684) t he  gas seep (Table 6). Evident ly ,  

from t h e  low values ,  consol ida t ion  t e s t s  were no t  performed i n  s t r a t i g r a p h i c  

i n t e r v a l s  t h a t  had been expanded due t o  gas-charging wi th in  the  seep.  

Overconsol idat ion r a t i o s  decrease with subbottom depth ou t s ide  the gas seep, 

whereas an anomalously low value (OCR = 2) was determined wi th in  gas-seep 

sediment,  The C, value f o r  t h a t  test  appears t o  be low i n  r e l a t i o n  t o  o the r  

test  d a t a  (Table 6, Fig .  18 ) .  Whether gas charging,  and r e s u l t a n t  de-gassing, 

a f f e c t e d  t he  consol ida t ion  behavior is  unc lear .  The o the r  test  values p l o t  

c l o s e r  t o  Lambe and Whitman's curve (Fig.  18 ) .  

Behavior under s t a t i c  loading i s  s i m i l a r  f o r  sediment i n s i d e  and west of 

t he  gas seep,  perhaps i n d i c a t i n g  t h a t  the  gas is no t  uniformly d i s t r i b u t e d  

w i th in  t h e  area, i.e., t h e  t x i a x i a l  tests performed on sediment from the gas- 

seep  a r ea  were loca ted  i n  a non-gas-charged s t ra tum.  F r i c t i o n  angles  are: 

38,g0 i n s i d e  ( s t a t i o n  683), 38.0° o u t s i d e  ( s t a t i o n  684) the gas-prone 

region. Rat ios  of sU/o lC  a r e  a l s o  s i m i l a r :  3.05 i n s i d e  and 3.31 o u t s i d e  

(Table 7).  Remarkably analogous shear  behavior was recorded, inc lud ing  peaked 

s t r e s s - s t r a i n  curves (Figs .  8c and 8d 1. Contrac t ive  behavior a t  high 

conso l ida t ion  stresses was less pronounced a t  s t a t i o n s  683 and 684 than from 

p rode l t a  ma te r i a l  ( s t a t i o n s  685, 686 and 687) .  That behavior,  coupled with 

t h e  high SU/o'c va lues ,  i n d i c a t e s  t h a t  overconsol ida t ion  e f f e c t s  may have 

inf luenced  t h e  test results. 

Deta i led  g ra in  s i z e  d i s t r i b u t i o n s  i n d i c a t e  t h a t  s i m i l a r  l i q u e f i a b l e  

sediment types e x i s t  wi th in  and o u t s i d e  t h e  seep  (Table 3,  Fig. 19, Appendix 



A ) .  De-gassed s e c t i o n s  of c o r e  could  n o t  be trimmed f o r  c y c l i c  t e s t i n g ,  

however sediment  w e s t  of t h e  thermogenic gas  s e e p  ( s t a t i o n  684) showed c y c l i c  

t r i a x i a l  behavior  approximately  midway between the o t h e r  s t a t i o n ' s  r e s u l t s  

(Table  8, Fig.  9 ) .  L i q u e f a c t i o n  a n a l y s e s  show t h a t  an ea r thquake  a c c e l e r a t i o n  

between 0.20 g and 0.32 g or wave h e i g h t s  greater t h a n  1 3  meters a r e  necessa ry  

t o  cause  i n s t a b i l i t y  a t  s t a t i o n  684, whereas t h e  a n a l y s i s  based on CPT d a t a  

i n d i c a t e s  a h igher  l i q u e f a c t i o n  p o t e n t i a l  w i t h i n  ( s t a t i o n  675) and e a s t  

( s t a t i o n  671) of t h e  s e e p  (amx ' 0.07 - 0.12 g )  (Table 9) .  

Areas of b iogen ic  gas : 

S e i s m i c - r e f l e c t i o n  p r o f i l e s  t h a t  e x h i b i t  anomalous a c o u s t i c  r e t u r n s  from 

t h e  sediment  column have been c o l l e c t e d  over  most of Norton Sound and e a s t e r n  

C h i r i k o v  Basin,  and it has been e s t i m a t e d  t h a t  over  7000 km2 of s e a f l o o r  is 

u n d e r l a i n  by gas-charged sediment  (HoLmes and Thor, 1 9 8 2 ) .  We occupied two 

s i t e s  (Fig .  3, Table 1) where cores t h a t  c o n t a i n  h igh  c o n c e n t r a t i o n s  of 

b i o g e n i c a l l y  d e r i v e d  gas have p r e v i o u s l y  been c o l l e c t e d  and where a c o u s t i c  

anomal ies  e x i s t  (Kvenvolden and o t h e r s ,  1980) .  The b i o g e n i c  gas  is  b e l i e v e d  

t o  o r i g i n a t e  a t  sha l low dep ths  i n  t h e  seabed as a byproduct of m i c r o b i a l  

breakdown of p e a t  d e p o s i t s .  I t  is  composed mostly of methane. 

One b iogen ic  gas  s i t e  is about  10 km n o r t h  of t h e  thermogenic gas s e e p  

(Fig.  3) .  A v i b r a c o r e  a t  s t a t i o n  682 c o n s i s t s  of in te rbedded  sandy s i l t ,  

s i l t y  sand,  and mud ( s i l t - c l a y )  (Appendix A, Fig. 27) .  The conspicuous  

i n t e r v a l  w i t h  h igh  o r g a n i c  carbon c o n t e n t ,  high water c o n t e n t ,  and low bulk 

d e n s i t y  from about  1 t o  4.5m is  a peat l a y e r .  P l a n t  f ragments  and a 

d i s t i n c t i v e  brownish t i n t  t y p i f y  t h i s  i n t e r v a l  i n  s p l i t  c o r e  s e c t i o n s .  The 

c o r e  smel led  of hydrogen s u l f i d e  bu t  d i d  n o t  show s i g n s  of degass ing .  



The v ibracorer  pene t ra ted  deeply and with the most rap id  pene t r a t i on  r a t e  

(Table 2 ) .  The XSP-40 deployments a t  t h i s  site ( s t a t i o n  676) achieved t h e  

deepes t  pene t r a t i on  of a l l  tests (Fig.  27, Appendix B) . The records show 

v a r i a b l e  cone p re s su re  with depth, bu t  t h e  tangent  t o  maximum p re s su re s  t r e n d s  

nea r ly  v e r t i c a l  ( cons t an t  value 1. Calcula ted  r e l a t i v e  d e n s i t i e s  t y p i c a l l y  a r e  

low (Appendix C 1 . 
The imp l i ca t i on  of  t he  penetrometer tests is t h a t  t he  sediment is weak; 

it does no t  become s t ronge r  with depth a s  most sedimentary depos i t s  do. Vane 

shea r  measurements of this cohesive ma te r i a l  suppor t  this conclusion (Fig. 

27) .  The cause of t h i s  behavior is probably a consequence of the  r e l a t i v e l y  

high l e v e l s  of water o r  organic  carbon. I t  cannot be d i r e c t l y  a t t r i b u t e d  t o  

bubble-phase gas,  because no evidence f o r  i t s  presence was de t ec t ed  i n  t h i s  

c o r e ,  However, high l e v e l s  of methane-rich gas were measured i n  a v ibracore  

prev ious ly  c o l l e c t e d  3 km from our core  (Kvenvolden and o the r s ,  1980).  It  has 

concent ra t ions  of o rganic  carbon i n  excess  of 2% i n  a p e a t  l a y e r  over 1 - m  

t h i ck  beginning a t  about 1-m depth,  Low pene t r a t i on  r e s i s t a n c e  (deduced from 

v ibracore  pene t r a t i on  r a t e )  was encountered t o  a depth of about 3 m ( O l s e n  and 

o t h e r s ,  1980). Although the  d a t a  a r e  s c a n t ,  t he  low pene t r a t i on  r e s i s t a n c e  

seems t o  c o r r e l a t e  b e t t e r  with high water and organic  carbon conten ts  than 

with high biogenic  gas l e v e l s .  

The o the r  biogenic  gas s i te  is i n  e a s t e r n  Norton Sound, about 35 k m  south 

of Cape Darby (Fig.  3,  Table 1). A penetrometer s t a t i o n  (673) was occupied 

approximately 0.7 km from where a 155-cm-long v ibracore  (76-125) was 

prev ious ly  taken (Fig.  2 8 ) .  The vibracore  grades from s i l t y  sand t o  sandy s i l t  

and has phys i ca l  and chemical p r o p e r t i e s  t h a t  show s i m i l a r i t y  to o t h e r  Yukon 

River-der ived depos i t s  i n  Norton Sound, In p a r t i c u l a r ,  t he  organic  carbon 



l e v e l  is less than  2% and wate r  c o n t e n t  is 20-40%. However, h igh  l e v e l s  of 

b i o g e n i c  gas were measured (Kvenvolden and o t h e r s ,  1980) .  OLsen and o t h e r s  

(1980) r e p o r t  an abrupt i n c r e a s e  of v i b r a c o r e  p e n e t r a t i o n  r e s i s t a n c e  wi th  

dep th  a t  t h i s  s t a t i o n .  Our penetrometer  r e c o r d s  show a s i m i l a r  t r e n d  ( P i g ,  

28, Appendix B) ; t o t a l  p e n e t r a t i o n  dep th  is  s m a l l ,  cone p r e s s u r e  i n c r e a s e s  

s h a r p l y ,  and c a l c u l a t e d  r e l a t i v e  d e n s i t y  is high (Appendix C ) .  

The v i b r a c o r e  p e n e t r a t i o n - r a t e  d a t a  a t  both  biogenic-gas  sites s u g g e s t  

t h e  same conc lus ion :  gas ,  i f  it is  p r e s e n t ,  does n o t  s i g n i f i c a n t l y  d e c r e a s e  

p e n e t r a t i o n  r e s i s t a n c e .  Perhaps the i n  s i t u  gas  p r e s s u r e  is n o t  h i g h  enough 

a t  t h e s e  sites t o  s i g n i f i c a n t l y  d e c r e a s e  t h e  e f f e c t i v e  stress between g r a i n s  

(as it a p p a r e n t l y  is a t  t h e  thermogenic gas s i t e ) ,  a l though  bubble-phase gas 

may w e l l  e x i s t  a t  t h e  penetrometer  s t a t i o n s .  

The penetrometer  d a t a  a t  s t a t i o n  676 s o u t h  of Nome i n d i c a t e  a range of 

sediment  behav ior  types  mostly from sandy s i l t  t o  s i l t y  c l a y ,  which is  roughly 

t h e  t e x t u r a l  range recovered i n  t h e  c o r e  a t  nearby s t a i o n  682 (Fig .  2 9 ) .  This 

correspondence might be co inc idence ,  t o  judge from p l o t s  of o t h e r  pene t romete r  

d a t a  t h a t  have s i m i l a r l y  l a r g e  ranges  of sediment  behavior  types  where c o r e s  

i n d i c a t e  a r e l a t i v e l y  uniform sediment  type.  

The sediment  w i t h i n  the peat zone ( s t a t i o n  682) i s  by f a r  t h e  most 

compress ib le  of a l l  the t e s t e d  m a t e r i a l  (Cc = 0.53-0.69) (Table  6 ) .  The Cc 

va lues  p l o t  i n  the h i g h  c o m p r e s s i b i l i t y  range i n  good agreement w i t h  r e s u l t s  

of s o i l s  from western  United S t a t e s  and Colombia ( F i g ,  18). The one test 

performed below the organ ic  l a y e r  shows a low c o m p r e s s i b i l i t y  (C = 0.06) t h a t  
C 

is c o n s i s t e n t  with o t h e r  n o r t h e r n  Bering Sea sediment  (Table  61, b u t  wi th  a 

lower C,/(l + e,) r a t i o  than  most of t h e  o t h e r  t e s t s  (F ig .  18). 

Overconso l ida t ion  r a t i o s  a r e  somewhat lower (OCR = 4 - 8) than  i n  o t h e r  

r e g i o n s  (Table  6). 

2 2  



The sediment  above t h e  o r g a n i c  zone i n  c o r e  682 has a h i g h e r  s t r e n t h  

r a t i o  ( s U / a t ,  = 0.78 versus  0.46): b u t  a lower f r i c t i o n  a n g l e  ( 4  = 35.2O 

v e r s u s  40.2O) t h a n  t h e  p e a t  (Table  7). S i m i l a r  s ta t ic  l o a d i n g  behav ior  is 

exhibited by both t h e  o r g a n i c  and non-organic sediment  i n  this core .  

Contractive behavior  occurs  a t  high c o n s o l i d a t i o n  S t r e s s e s  ; however, t h e  

s l i g h t l y  c o n t r a c t i v e  response a t  low c o n f i n i n g  stresses, is a t y p i c a l  f o r  

n o r t h e r n  Bering Sea m a t e r i a l .  S e n s i t i v e  (peaked)  s t r e s s - s t r a i n  behav ior  is 

a l s o  l e s s  pronounced than a t  o t h e r  Norton Sound sites. 

The p e a t y  sediment  is  s l i g h t l y  f i n e r  g r a i n e d  t h a n  o t h e r  l i q u e f i a b l e  

sediment  (Table  3, Fig. 19, Appendix A ) ,  b u t  r epea ted  load ing  reduces i t s  

s t r e n g t h ,  n e v e r t h e l e s s .  C y c l i c  stress r a t i o s  f o r  the o r g a n i c  m a t e r i a l  p l o t  i n  

t h e  low range i n  r e l a t i o n  t o  the o t h e r  s t a t i o n s  (Table  8, Fig. 9 ) .  The 

minimum ear thquake  a c c e l e r a t i o n  necessa ry  t o  induce  l i q u e f a c t i o n  is 0.07 g t o  

0.22 g, and waves 9 meters h igh  would l i q u e f y  normally c o n s o l i d a t e d  sediment ;  

however, waves 1 3  meters  h igh  would n o t  liquefy o v e r c o n s o l i d a t e d  material 

(Table  9). Earthquake a c c e l e r a t i o n s  (arnx = O*ll-0.149),  based Qn CPT d a t a ,  

necessa ry  t o  cause  l i q u e f a c t i o n  a t  the e a s t e r n  Norton Sound b i o g e n i c  gas s i te  

( s t a t i o n  673) a r e  w i t h i n  t h e  range f o r  s t a t i o n  682. 

E a s t e r n  Norton Sound : 

Eas te rn  Norton Sound is p r o t e c t e d  from h igh  wave energy  t h a t  is impar ted 

t o  the s e a £  l o o r  f a r t h e r  west ,  and a r e l a t i v e l y  t r a n q u i l  sed imenta ry  

environment e x i s t s  (Howard and Nelson, 1982) .  A v i b r a c o r e  c o l l e c t e d  i n  1976 

( s t a t i o n  76-133, Fig.  3 )  c o n t a i n s  s i l t y  sediment  w i t h  minor amounts of sand 

and c l a y  (F ig .  30).  R e l a t i v e  t o  o t h e r  sediment  c o r e s  i n  Norton Sound, wa te r  

c o n t e n t s  are h igh ,  and bulk d e n s i t i e s  a r e  low. The f e w  measurements of 



organ ic  carbon show low l e v e l s ,  Severa l  o the r  cores  i n  the e a s t e r n  sound have 

similar f e a t u r e s  (Nelson and Howard, 1980).  

Our penetrometer test near t h e  v ibracore  s t a t i o n  experienced low cone 

pressure throughout most of its e x t e n t ,  ev iden t ly  r e f l e c t i n g  t h e  high water 

con ten t  (Fig.  30, Appendix B) . The values of cone p re s su re  and r e l a t i v e  

dens i ty  a r e  s i m i l a r  t o  t he  low values  a t  t he  biogenic  gas s i t e  south of Nome, 

where water conten ts  and organic  carbon l e v e l s  a r e  high (Fig.  27, Appendix B) . 
Penetrometer data p r e d i c t  sediment behavior types t h a t  c o r r e l a t e  w e l l  

wi th  the core sample. Most d a t a  po in t s  f a l l  i n  the s i l t  and s i l t y  clay 

c a t e g o r i e s  (Fig. 31). 

Ridge and s w a l e  topography 

Ridge and swale topography e x i s t s  near Por t  Clarence i n  Chirikov Basin 

(F ig .  3 2 ) .  The r i dges  are i n  10-40111 water depth and a r e  15-30 km long, 3-7 km 

wide, and 10-15m high. They are bel ieved t o  be anc i en t  s h o r e l i n e  shoals, 

analogous t o  present-day s u b a e r i a l  Por t  Clarence s p i t ,  deposi ted upon 

t runca t ed  T e r t i a r y  bedrock during the Holocene t r ansg re s s ion  (Nelson and 

o t h e r s ,  1980).  Strong c u r r e n t s  have prevented b u r i a l  of t he se  f e a t u r e s  by 

Holocene depos i t s ,  and sediment on the  r i dges  is being reworked i n t o  a s e r i e s  

of migrating sand waves (F ie ld  and o the r s ,  1981) .  

Vibracores from a r idge  and an a j a c e n t  swale e x h i b i t  s t r i k i n g l y  d i f f e r e n t  

compositions (Figs .  33 and 34) .  The core  from t h e  r i dge  is w e l l  s o r t e d  sand 

wi th  s c a t t e r e d  s h e l l s .  Muddy sand occurs  a t  the t o p  of t he  swale core ,  with 

some pea t  l aye r s  and l e n s e s ,  Below t h i s ,  t he  sediment is var ied  but  gene ra l l y  

con ta in s  mre mud, except f o r  t h e  lowest 50 cm, and g rave l  ( t o  cobble s i z e )  

appears  i n  i nc reas ing  quan t i t y .  Water and organic  carbon con ten t s  are i n  the  



normal range f o r  Norton Sound sediment  (Table 4 ) .  Shallow dep th  wi th  a 

r e l a t i v e l y  slow p e n e t r a t i o n  rare was ach ieved  by t h e  v i b r a c o r e r  on t h e  r i d g e  

( s t a t i o n  680) ,  whereas t h e  p e n e t r a t i o n  r a t e  and dep th  w e r e  much g r e a t e r  i n  t h e  

t rough  ( s t a t i o n  681) (Table  2). 

The pene t romete r  records  from the r i d g e  and swale are a l s o  d i s t i n c t l y  

d i f f e r e n t .  The t e a t  on t h e  r i d g e  shows a uniform i n c r e a s e  of cone r e s i s t a n c e ,  

and sha l low p e n e t r a t i o n  (Fig. 33, Appendix B), s i m i l a r  t o  the s i l t  and sand 

d e p o s i t s  e lsewhere  excep t  t h a t  t h e  c a l c u l a t e d  r e l a t i v e  d e n s i t i e s  are less 

(Appendix C ) .  The test i n  t h e  swale achieved g r e a t e r  p e n e t r a t i o n  dep th  and 

recorded a r e l a t i v e l y  low g r a d i e n t  and s u b s t a n t i a l  v a r i a t i o n  of cone p r e s s u r e  

w i t h  dep th  (F ig .  34, Appendix B) . 
The d a t a  a t  t h e s e  sites demonstra te  a l a r g e  v a r i a t i o n  i n  sediment  type 

and p h y s i c a l  p r o p e r t i e s  over  a small d i s t a n c e .  The sediment  on t h e  ridge is 

r e l a t i v e l y  dense.  The sediment i n  t h e  swale is r e l a t i v e l y  weak, which 

e v i d e n t l y  r e f l e c t s  i ts  g r e a t e r  pe rcen tage  of s i l t  and c l a y .  I n t e r e s t i n g l y ,  

w a t e r  and o r g a n i c  carbon c o n t e n t s  a r e  n o t  as high as a t  o t h e r  l o c a t i o n s  where 

p e n e t r a t i o n  r e s i s t a n c e  is low ( F i g s .  27 and 30).  Sediment i n  the swale  

beneath  the l e v e l  of the penetrometer  t e s t  probably  becomes s t r o n g e r  due to  

t h e  d e c r e a s e  i n  s i l t  and c l a y  and t h e  appearance of g r a v e l .  

The pene t romete r  tests a t  s t a t i o n  679 on the r i d g e  y i e l d  c o n s i s t e n t l y  low 

f r i c t i o n  r a t i o s ,  which i m p l i e s  sandy m a t e r i a l  as was recovered i n  the core 

sample (Fig.  351. The two tests i n  the t rough  at s t a t i o n  678 show d i f f e r e n t  

r e s u l t s .  The t e s t  wi th  less s c a t t e r  i n d i c a t e s  s i l t y  t o  sandy m a t e r i a l .  This 

c o r r e l a t e s  f a i r l y  well with  the cone (F ig .  3 6 ) .  

The c o n s o l i d a t i o n  c h a r a c t e r i s t i c s  (Cc = 0907-0*111 OCR = 21-61 of t h e  

sediment  i n  the t rough  ( s t a t i o n  681 a r e  t y p i c a l  of n o r t h e r n  Ber ing Sea 



m a t e r i a l  (Table 6, Fig. 18 ) .  S t a t i c  loading behavior is also similar t o  o the r  

I 

tests; the  s t r e n g t h  r a t i o  SU/O is  1.23 and the  f r i c t i o n  angle  is 37.3' f o r  

s l i g h t l y  overconsol idated sediment (OCR = 2). D i l a t a n t  p r o p e r t i e s  exis t  a t  

low conf in ing  s t r e s s e s ,  and analogous t o  t h e  sediment a t  t h e  biogenic  gas area 

( s t a t i o n  682), peaked s t r e s s - s t r a i n  behavior is l imi t ed  (F ig .  8a). 

The g r a i n  s i z e  d i s t r i b u t i o n s  of sediment wi th in  the r idge  and swale a r e a s  

are similar t o  material t h a t  has prev ious ly  undergone l i que fac t ion  (Table 3,  

Fig. 19, Appendix A ) .  Cyclic  t r i a x i a l  t e s t s  on trough sediment ( s t a t i o n  681) 

show low r e s i s t a n c e  t o  l i que fac t ion  (Table 8, Fig. 9 ) .  Analyses i n d i c a t e  t h a t  

a 0.10 g t o  0.37 g earthquake a c c e l e r a t i o n  w i l l  l i que fy  trough sediment (Table  

9 ) .  Earthquake a c c e l e r a t i o n s  (amx = 0.10-0.13 g )  based on CPT d a t a  sugges t  

t h a t  some sediment on the  r i dge  ( s t a t i o n  679) has t he  same l i q u e f a c t i o n  

s u s c e p t i b i l i t y  as trough ma te r i a l  ( s t a t i o n  678). Sustained wave he igh t s  

g r e a t e r  than 13 m a r e  required t o  l i que fy  both r i dge  and swale sediment (Table 

9 ) .  

DISCUSSION 

The nor thern  Bering Sea encompasses a d i v e r s e  s u i t e  of geo logic  

environments t h a t  conta in  sedimentary depos i t s  with d i s t i n c t  phys i ca l  

p r o p e r t i e s .  The aim of t h i s  geo technica l  framework s tudy  is to c h a r a c t e r i z e  

t h e  deformational  behavior of sediment i n  each environment and t o  exp la in  t h e  

behavior i n  terms of geology. 

Two types of geotechnica l  t e s t i n g  w e r e  employed. Each has i ts  own 

advantages and l i m i t a t i o n s  with regard t o  accu ra t e ly  de f in ing  t h e  

deformational  behavior of northern Bering Sea sediment. Cone penetrometer 

tests were used t o  measure sediment p r o p e r t i e s  i n  s i t u ,  i n  a nea r ly  

undis turbed s t a t e .  However, moat sediment i n  t h e  nor thern  Bering Sea is 



highly  r e s i s t a n t  t o  pene t r a t i on ,  and tests were poss ib l e  only t o  small depths 

beneath the s e a f l o o r .  Moreover, t he  penetrometer can only be used t o  i n f e r  a 

few phys ica l  p r o p e r t i e s ,  and no sediment sample is recovered. Laboratory 

t e s t i n g  of sediment cores ,  on the o the r  hand, enables  i n f e r ences  to be made 

about  a wide range of s t a t i c  and dynamic loading parameters.  ~ u r ,  sediment 

samples a r e  d i s tu rbed  during co r ing  opera t ions ,  which can only be p a r t l y  

compensated f o r  with s p e c i a l  l abo ra to ry  techniques.  

Yukon prode l ta :  The v a r i a t i o n  i n  sediment phys ica l  p r o p e r t i e s  on t h e  Yukon 

p r o d e l t a  might be r e l a t e d  t o  the degree of exposure t o  l a r g e  storm waves t h a t  

approach dominantly from the  southwest.  Exposure t o  wave-induced s t r e s s e s  

should decrease  around the prode l t a  t o  the no r theas t  because of topographic 

s h i e l d i n g  and f r i c t i o n a l  d i s s i p a t i o n .  The pene t r a t i on  r e s i s t a n c e  appears t o  

roughly c o r r e l a t e  with the l e v e l  of wave-energy exposure. This c o r r e l a t i o n  

could be t he  r e s u l t  of sediment l i q u e f a c t i o n  dur ing  exposure t o  major storm 

waves (see Clukey and o t h e r s ,  1980) followed by r econso l ida t ion  t o  a g r e a t e r  

d e n s i t y  s ta te  dur ing  q u i e t  pe r iods ,  I t  could a l s o  r e s u l t  from pre loading  by 

s o f t  Yukon River s i l t  during q u i e t  per iods  and removal of this s o f t  su r f ace  

ma te r i a l  during passage of major storms (Nelson, 1980b; Cacchione and Drake, 

1979).  A t  s t a t i o n  686, the  sediment is incompressible  and has a high f r i c t i o n  

angle  ( 4 '  1, s t r e s s  r a t i o  (SU/uc1 1, and pene t r a t i on  r e s i s t a n c e ,  a l l  of which 

i n d i c a t e  high s t r e n g t h  and r e l a t i v e  dens i ty .  In  f a c t ,  r e l a t i v e  d e n s i t i e s  w e l l  

i n  excess  of 100% were ca l cu l a t ed  a t  t h a t  s i t e ,  i n d i c a t i n g  a s t a t e  of 

overconsol ida t ion  a t  shal low subbottom depths  and consequent s t rong ,  d i l a t a n t  

behavior ,  

The western prode l t a  sediment has a low wave-induced l i q u e f a c t i o n  

s u s e p t i b i l i t y  (Table 91, d e s p i t e  having one of t he  h ighes t  concent ra t ions  of 



wave energy i n  t h e  n o r t h e r n  Bering Sea, The m a t e r i a l  p robab ly  is reworked and 

d e n s i f i e d  o f t e n  enough t h a t  a s u b s t a n t i a l  t h i c k n e s s  of l o o s e ,  l i q u e f i a b l e  

sediment  cannot  accumulate.  

R e l a t i v e  d e n s i t y  and s t r e n g t h  d e c r e a s e  between s t a t i o n  686 and s t a t i o n  

685 t o  t h e  n o r t h e a s t .  O f  t h e  5 s t a t i o n s  on t h e  p r o d e l t a ,  t h e  sediment a t  

s t a t i o n  685 is  the l o o s e s t ,  weakest ,  and l e a s t  c o n s o l i d a t e d .  Although it is 

t h e  most s u s e p t i b l e  t o  l i q u e f a c t i o n ,  f a i l u r e  due to  storm-wave load ing  seems 

u n l i k e l y  because of its s h i e l d e d  l o c a t i o n .  I n f r e q u e n t ,  l a r g e  s torm waves from 

t h e  n o r t h  could  cause  f a i l u r e  i f  the sediment was normally c o n s o l i d a t e d  and i f  

p o r e  p r e s s u r e  was n o t  d i s s i p a t e d  (Table 91, b u t  t h e s e  c o n d i t i o n s  a r e  u n l i k e l y .  

S t a t i o n  687 n o r t h  on the p r o d e l t a  is denser  t h a n  a t  s t a t i o n  685 to  t h e  

s o u t h e a s t ,  i n  s p i t e  of being more s h i e l d e d  from s to rm waves, Forces  caused by 

i n t e n s e  ice-gouging on the n o r t h e r n  p r o d e l t a  may act  t o  l o c a l l y  d e n s i f y  and 

s t r e n g t h e n  the sediment  (Thor and Nelson, 1980) .  

It is worthwhile t o  n o t e  t h a t  the wave and ice f o r c e s  t h a t  have a c t e d  t o  

s t a b i l i z e  aediment on t h e  p r o d e l t a  can be s i g n i f i c a n t  a g e n t s  of e r o s i o n  and 

a l s o  can have s i g n i f i c a n t  impact  d i r e c t l y  on e n g i n e e r i n g  s t r u c t u r e s .  

There fore ,  t h e y  a r e  p o t e n t i a l  hazards .  

The e f f e c t s  of ea r thquakes  on p r o d e l t a  sediment  s t a b i l i t y  must be 

cons idered .  Seismic  a c t i v i t y  i n  wes te rn  Alaska,  p a r t i c u l a r l y  on the Seward 

Pen insu la ,  i s  moderate (Biswas and Gedney, 1979 ) , b u t  ea r thquakes  above 

magnitude 4.0 with e p i c e n t e r s  under Norton Sound are u n l i k e l y  (Biswas, 

U n i v e r s i t y  of Alaska,  o r a l  communication, 1982 1 . Theref o r e ,  l i q u e f a c t i o n  i n  

response  to  ea r thquakes  i n  southwest  Norton Sound i s  u n l i k e l y .  



Thermogenic gas seep: The occurrence of thermogenic gas 40 km south of Nome 

is  v e r t i c a l l y  and a r e a l l y  discont inuous,  as shown by the  uneven d i s t r i b u t i o n  

of gas bubbles i n  sediment cores  and se ismic- ref lec t ion  p r o f i l e s .  Laboratory 

t e s t s  on l i t h o l o g i c a l l y  s i m i l a r  cores  co l l ec t ed  wi th in  and west of the  seep  

show high s e n s i t i v i t y ,  low compress ib i l i ty ,  and a s t a t e  of overconsol idat ion 

f o r  both. Only s e c t i o n s  t h a t  were undisturbed by gas bubbles were t e s t e d  i n  

t h e  core  from wi th in  the seep. Penetrometer tests suggest  t h a t  t h e  bubble- 

r i c h  i n t e r v a l s  a r e  weak and r e l a t i v e l y  s u s e p t i b l e  t o  l i que fac t ion .  Exposure 

t o  storm waves does not  appear severe enough t o  induce l i q u e f a c t i o n ,  however a 

M6.75 earthquake loca ted  i n  the  v i c i n i t y  of Nome could cause l i que fac t ion  

wi th in  and e a s t  of the seep  (Table 9 ) .  The occurrence of t h a t  event  is  

improbable. Analysis of penetrometer d a t a  suggests  t h a t  l i que fac t ion  is  

un l ike ly  a t  the  s t a t i o n  west (684) of the  seep. 

Areas of biogenic gas: Two s t a t i o n s  were occupied wi th in  ex tens ive  a reas  of 

b iogenic  gas-charged sediment i n  Norton Sound. S t a t i o n  682, approximately 10 

km nor th  of the  thermogenic gas seep has a 3.5-m th i ck  pea t  l aye r  with high 

percentages of water and organic  carbon. The pea t  is weak and is  the  most 

compressible ma te r i a l  sampled i n  the  northern Bering Sea. The low s t r e n g t h  

c o r r e l a t e s  better with high water and organic carbon contents  than with gas 

content .  Poss ib ly ,  t he  gas pressure  is n o t  high enough t o  s i g n i f i c a n t l y  

decrease  t h e  e f f e c t i v e  s t r e s s  wi th in  the  sediment. S e n s i t i v i t y  and degree of 

overconsol ida t ion  are l e s s  a t  t h i s  s i te  compared to o the r s ,  i n d i c a t i n g  t h a t  

a l though the  sediment is weak, the s t r e n g t h  w i l l  no t  r a p i d l y  decrease a f t e r  

shear .  



~ i q u e f a c t i o n  a n a l y s i s  i n d i c a t e s  that an  M6.75 ear thquake  l o c a t e d  i n  t h e  

south-western  Seward Pen insu la  could  cause  sediment  f a i l u r e ,  b u t  as p r e v i o u s l y  

mentioned a seismic e v e n t  of t h a t  magnitude is u n l i k e l y ,  

P h y s i c a l  p r o p e r t i e s  of sediment  a t  the o t h e r  b iogenic-gas  s t a t i o n  (673)  

are somewhat d i f f e r e n t  from t h o s e  a t  s t a t i o n  682. Penetrometer  r e c o r d s  

i n d i c a t e  high sediment  d e n s i t y ,  f o r  which t h e r e  is no obvious  e x p l a n a t i o n  i n  

terms of exposure  t o  environmental  f o r c e s .  L i q u e f a c t i o n  a n a l y s i s  p r e d i c t s  

t h a t  s u s c e p t i b i l i t y  i s  l e s s  t h a n  a t  s t a t i o n  682,  b u t  a M6,75 ea r thquake  

l o c a t e d  approximately  63 km from t h e  s i t e  could  induce f a i l u r e .  

More t e s t i n g  w i t h i n  a r e a s  of b i o g e n i c  gas i s  necessa ry  t o  determine t h e  

v a r i a b i l i t y  of gas-changing, as w e l l  a s  t h e  range of p h y s i c a l  p r o p e r t i e s  and 

d e f o r m a t i o n a l  behavior .  

E a s t e r n  Norton Sound: Although l o c a l  v a r i a t i o n s  e x i s t ,  the s i l t y  sediment  

c o r e  i n  e a s t e r n  Norton Sound has  high water  c o n t e n t ,  perhaps  because of a n  

open sed imenta ry  f a b r i c  produced i n  t h i s  r e l a t i v e l y  t r a n q u i l  environment. An 

ea r thquake  of magnitude 6.75 a t  an approximate d i s t a n c e  of 107 k m  

t h e o r e t i c a l l y  could  cause  l i q u e f a c t i o n  a t  s ta t ion  672 (Tab le  9). Because an  

M6.5 ea r thquake  occur red  i n  1950, approx imate ly  30 km i n l a n d  from t h e  

n o r t h e a s t e r n  coast of Norton Sound, sediment  i n  t h e  v i c i n i t y  of s t a t i o n  672 

appears  t o  be more s u s e p t i b l e  t o  l i q u e f a c t i o n  t h a n  a t  any o t h e r  s t a t i o n .  

Ridge and swale topography: Large v a r i a t i o n  i n  p h y s i c a l  p r o p e r t i e s  over  s m a l l  

l a tera l  d i s t a n c e  c h a r a c t e r i z e  sediment  a t  s t a t i o n s  on a r i d g e  and i n  a swale 

n e a r  P o r t  Clarence.  The ridge m a t e r i a l  is  a dense ,  uniform sand,  whereas t h e  

swale sediment  is  a less -dense ,  muddy sand w i t h  g r a v e l  a t  d e p t h ,  



Laboratory t e s t s  imply that s t a t i c  engineering behavior of sediment i n  

the swale i s  similar t o  the  loose prodel ta  sediment a t  s t a t i o n  685, except  

that s e n s i t i v i t y  is no t  as pronounced. As a t  most o t h e r  s t a t i o n s ,  earthquake- 

induced l i q u e f a c t i o n  is improbable. Although unl ike ly ,  the  r idge  ma te r i a l  i s  

more prone t o  l i que fy  from wave ac t ion ,  because a t  the  shallower water depth 

energy is more r e a d i l y  imparted to  it, than the  trough. 

CONCLUSIONS 

Sediment cover i n  the northern Bering Sea is  t h i n ,  t y p i c a l l y  less than 

10 m,  and phys ica l  p rope r t i e s  of the  widespread s i l t  and sand i n d i c a t e  

gene ra l ly  favorable  engineering behavior,  Local condi t ions  such a s  high gas 

concent ra t ion  pose s p e c i a l  concerns i n  some areas. 

Environmental fo rces  from waves, cu r r en t s ,  and ice can be severe,  and 

they can have d i r e c t  impact on engineering s t r u c t u r e s  or they can erode 

sediment t h a t  is meant t o  se rve  as a base for foundat ions.  Expectable l e v e l s  

of environmental fo rces  do no t  appear t o  be high enough t o  cause l a rge  s c a l e  

failure of sediment, however. 
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NOMENCLATURE AND LITHOLOGIC SYMBOLS 

- The c o e f f i c i e n t  of pore pressure  response a t  f a i l u r e  during 

a t r i a x i a l  test (change i n  pore pres su re  a t  Eailure/change 

i n  dev ia to r  stress 1. 

AVG MAX q - The average s i n g l e  amplitude c y c l i c  compressive stress 

app l i ed  t o  a c y c l i c  t r i a x i a l  test sample. 

AVG MIN q - The average s i n g l e  amplitude c y c l i c  t e n s i l e  stress app l i ed  

t o  a c y c l i c  t r i a x i a l  tes t  sample. 

- The maximum earthquake induced a c c e l e r a t i o n  a t  the ground 

s u r f a c e ,  

- The compression index,  def ined  a s  the s lope  of the l i n e a r  

p a r t  of a conso l ida t ion  curve p l o t t e d  on a graph of void 

r a t i o  vs. log of e f f e c t i v e  stress. 

- The p r e f i x  f o r  a  cons t an t  r a t e  of s t r a i n  (CRS)  

conso l ida t ion  test  number. 

- A f a c t o r  appl ied  t o  t h e  blow count t o  c o r r e c t  f o r  i n f luence  

of overburden p re s su re  ( r e f e r ence  value is 1 ton/sq f t )  . 
- Uniformity c o e f f i c i e n t  = D60/D10* 

- Centimeter.  

- A c o e f f i c i e n t  that r e l a t e s  u n i d i r e c t i o n a l  c y c l i c  shear  test 

r e s u l t s  t o  m u l t i d i r e c t i o n a l  shaking i n  s i t u .  

- A c o e f f i c i e n t  t h a t  modifies t h e  c y c l i c  t r i a x i a l  stress 

r a t i o  t o  a corresponding c y c l i c  simple shear  stress r a t i o  

t h a t  is more r e p r e s e n t a t i v e  of f i e l d  cond i t i ons ,  

- Rebound index, determined from a conso l ida t ion  test. 



Cv ave 

D60 

D50 

0 

a 

Damping 

DELU 

Del ta  u  

The c o e f f i c i e n t  of conso l ida t ion ,  a  sediment proper ty  that 

r e f l e c t s  t he  rate a t  which consol ida t ion  w i l l  occur.  

The average of a l l  c o e f f i c i e n t s  of consol ida t ion  except  

rebound values determined from an oedometer test ,  

P r e f i x  for a c y c l i c  t r i a x i a l  test  number. 

Maximum d i s t a n c e  t o  an earthquake f a u l t  from which a  

p a r t i c u l a r  ground a c c e l e r a t i o n  would occur.  

Subbottom depth t o  which l i q u e f a c t i o n  may occur due t o  a 

p a r t i c u l a r  su s t a ined  average storm wave. 

Re la t i ve  dens i ty ,  n a t u r a l  dens i ty  s t a t e  r e l a t i v e  t o  maximum 

and minimum density s t a t e s ,  

D i a m e t e r  a t  which 60% of t h e  s o i l  is f i n e r .  

Diameter a t  which 50% of the s o i l  is  finer. 

Diameter a t  which 10% of t h e  soil .  is f i n e r .  

S t i l l  water depth. 

A dynamic sediment proper ty  ca l cu l a t ed  from a cyclic 

t r i a x i a l  t e s t .  It  r ep re sen t s  the amount of energy l o s t  per  

cyc l e  a s  a  percentage of the energy introduced.  

Same as Delta  u. 

The change i n  excess  porewater p r e s su re  from the beginning 

of a  shear  test.  

Dev S t r e s s  - The dev ia to r  stress o r  d i f f e r e n c e  between the major and 

minor p r i n c i p a l  e f f e c t i v e  stresses ( ow 1 - 0' 3) 
- The modulus of e l a s t i c i t y .  

- The void r a t i o .  



NP 

OCR 

OE 

P' 

- I n i t i a l  void  r a t i o  i n  a c o n s o l i d a t i o n  t e s t ,  i n  s i t u  void 

r a t i o .  

2 - A c c e l e r a t i o n  due t o  g r a v i t y  (9.8 m/sec ). 

- S u s t a i n e d  average s to rm wave h e i g h t .  

- Subbottom dep th  a t  which a shear stress is determined. 

- C o e f f i c i e n t  of e a r t h  p r e s s u r e  a t  rest i n  s i t u ,  h o r i z o n t a l  

e f f e c t i v e  s t r e s s / v e r t i c a l  e f f e c t i v e  stress. 

- Kilometer.  

- KiloPasca l ,  k ~ / m ~ .  

- Sus ta ined  average s to rm wave l e n g t h .  

- Earthquake magnitude. 

- Meter, 

- Millimeter. 

- Blow count ,  the number of blows r e q u i r e d  t o  d r i v e  a 

sampling spoon 1 f t  d u r i n g  a s t a n d a r d  p e n e t r a t i o n  test. 

- Blow count  c o r r e c t e d  t o  an overburden p r e s s u r e  of 1 ton/sq 

Et. 

- Non-plastic.  

- Overconso l ida t ion  r a t i o  ( a',/ a',). 

- P r e f i x  f o r  oedometer t e s t  numbers. 

- The average normal e f f e c t i v e  stress a c t i n g  on a sample a t  

some p o i n t  i n  a t r i a x i a l  s h e a r  t e s t  u ' + u l .  
1 3 

2 

- The peak s h e a r  stress a c t i n g  on a sample a t  some p o i n t  i n  a 

t r i a x i a l  s h e a r  test u' - c r l  
1 3 



SIG LC '  - 

SIG 3,' - 

STATIC qf - 

T 

TC 

TE 

TR 

W 

w sheared 

z 

0 

Cone pressure ,  determined during a cone pene t r a t i on  test. 

Maximum value of q reached during a s t a t i c  t r i a x i a l  test, 

equal  to  SU, 

Stress c o e f f i c i e n t  t o  reduce h o r i z o n t a l  shear  s t r e s s e s ,  

induced by an earthquake, from a r i g i d  t o  a def ormable 

body . 
The major (or  v e r t i c a l )  p r i n c i p a l  stress appl ied  t o  a 

t r i a x i a l  test  sample p r i o r  t o  shea r .  

The minor (or  h o r i z o n t a l )  p r i n c i p a l  stress appl ied  t o  a 

t r i a x i a l  tes t  sample p r i o r  t o  shea r .  

S t rength  of a s t a t i c  t r i a x i a l  test  sample, however i n  

Appendix E it t y p i c a l l y  r e f e r s  to  the  test conso l ida t ion  

stress. 

Undrained shear  s t r e n g t h ,  determined from a s t a t i c  t r i a x i a l  

test.  

Sustained average storm wave per iod.  

P r e f i x  f o r  a c y c l i c  t r i a x i a l  test number. 

P r e f i x  for a s t a t i c  t r i a x i a l  test  number. 

Trace. 

Water conten t  expressed as a percent  of d ry  weight. 

Water conten t  of a sheared t r i a x i a l  test  sample. 

Subbottom depth a t  which a shear  s t r e s s  is determined. 

Symbol f o r  angular  degrees .  

Percent. 

The t o t a l  unit weight of a sediment. 

The buoyant (submerged) u n i t  weight of a sediment. 



3 - The u n i t  weight of s a l t w a t e r  (10.05 kN/m ) 

- Micrometer. 

- The m j o r  (or  v e r t i c a l )  p r i n c i p a l  e f f e c t i v e  stress app l i ed  

a t  any point i n  a t r i a x i a l  test. 

- The minor (or h o r i z o n t a l )  p r i n c i p a l  e f f e c t i v e  stress 

appl ied  a t  any p o i n t  i n  a t r i a x i a l  test. 

'"c - The consol ida t ion  stress exer ted  on a t r i a x i a l  t e s t  sample. 

( J ' ~  = dv0 - The i n  s i t u  v e r t i c a l  e f f e c t i v e  s t r e s s  exer ted  by the weight 

of overburden. 

Q ' ,  - The maximum v e r t i c a l  e f f e c t i v e  stress that a sediment has 

ever  experienced. 

9' - The f r i c t i o n  angle  of a sediment expressed i n  terms of 

e f f e c t i v e  s t r e s s e s .  

ave - Average ho r i zon ta l  shear  stress a t  a subbottom depth 

induced by an ear thquake.  

c - Horizontal  shear stress a t  a subbottom depth caused by 

storm waves. 

T cyc ave mx- The maximum average s i n g l e  amplitude c y c l i c  stress app l i ed  

t o  a c y c l i c  t r i a x i a l  test  sample. 

Th - Horizontal  shear  stress a t  a subbottom depth induced by an 

earthquake. 

= max - Same as AVG MAX q. 

' min - Same as AVG MIN q. 



LITHOLOGIC SYMBOLS. 





Table 1. S t a t i o n s  ( c o n t  '3) . 
Water Penetrat ion  
depth reolouic Depth Distance from first 

S t a t i o n  Attempt Latitude (N) Lonqi  hide (W) (m) environment (m) penetrometer test (m)  

671 2 64'05.58' 165O 29.24' 1.12 20 
( c o n t )  

3 6 4 O  05.64' 165'29. l R 1  0.78 146 

e a s t e r n  Norton 
18 Sound 2.94 







J J C  . 



Table 1B ( c o n t ' d l  D i s t a n c e  
Water from n e a r e s t  
d e p t h  Geologic  Use of  Core p e n e t r a t i o n  

Station Attempt L a t i t u d e  (Nl Longi tude ( W )  (m) e n v i r o  m e n t  c o r e  length (m) test  (ml 

686 1 62O58.03' 165*41.511 18 Yukon g e o t e c h n i c a l  3.88 426 
p r o d e l t a  

2 62O58.16' 165O41.42' g e o l o g i c a l  3.88 699 

687 1 63O49.95' 164'21.64' 18 Yukon g e o t e c h n i c a l  5.50 86 5 
p r o d e l t a  

3 63'49.93' 164O21.64' geological 5.50 8 5 0  

76-125 1 64°00.04r 16Zo24,9Zr 18 b i o g e n i c  g a s  g e o l o g i c a l  1.55 717 
Ln 
c. 

76-133 1 64'05.62' 161°36.78' 18 e a s t e r n  Norton g e o l o g i c a l  1.70 1206 
Sound 

78- 2 2 1 63'20.86' 165O50.14' 2 3 Yukon g e o l o g i c a l  2.81 
p r o d e l t  a 

78-24 1 63'28.53' 165O20 -13' 18 Yukon g e o l o g i c a l  4 - 95  
p r o d e l t a  



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



Table 3. Detailed grain eize summary. 

CORE DEPTn TEST D60 D50 
' 60  c =- LEE & FITMN KISHIDA BOTH 

(vm) { m l  ( U m )  {Urn)  (1968 1 < 1969) RANGES ( 1 )  
U 

6ROA3 0.30 273 261 175 1.6 i 



r l r l w l r m  
? = i t 9 9  
O O N W W  
P (D W  m (I' 





Table 4. Index properties and vane shear atrenqth (cont'd). 

DEPTR: GRAIN SIZE WATER BULK GRAIN ORGANIC VANE SHEAR STRENGTH AFFERBERG LIMITS - 
I N  ( 8 )  CONlTW DEHSITY DENSITY CARRON CaC03 (kPa) SENSI- LIQUID PLASTIC PLASTICITY LIQUIDITY 

CORE  CORE(^) GRAVEL S ~ N D  SILT CLAY ( $ 1  ( gm/cnt3) (qm/cr,l3) I * )  ( $ 1  INTACT REMOLDED TIVITY LIMIT LIMIT INDEX INDEX 

NP 

I'm 

NP 

HP 

NP 

33 24 9 
U P  

50 32 18 

30 20 1 0  

UP 

NF' 



Table 4. I n d e x  properties a n d  vane shear s t r e n q t h  (cont'dl. 

DEPTH GRAIN SIZE WATER 8-K GRAIN ORGANIC VANE SHEAR STRENGTH ATPERBERG Lf MITS - - 
I N  ( % I  C O N T ~  D ~ S I T Y  DENSITY CARBON CaC03 (kPa) SEMSI- LIQUID PLASTIC PLASTICITY LIQUIDITY 

CORE MRE (m) GRAVEL SAND SILT ~ A Y  (dm3) ( & a m 3 )  ( $ 1  ( a )  INTACT FSMOLDED TIVITY LIMIT LIMIT INDEX , IHDEX 



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

DEPTH GRAIN SIZE WATER BULK GRAIN ORGANIC VANE SHEAR STRENGTH ATl'ERAERG LIMITS -- 
EM CONTENT DEUSI DENSITY CAPRON CaCOj (kFa) SEWSI- LIPUID PLASTIC PLASTICITY LIQUIDITY 

T!$ C ~ R E  CORE (m) GRAVEL SAND SILT CLAY ( $ 1  (-/em (qrn/m3) ( $ 1  ($)  TNTACJ! REMOLDED TIVITY LIMIT LIMIT INDEX INDEX 

NE' 



Table 4. Index properties and vane shear strength (cont'd). 

DEPTH GRAIN SIZE WATER R7IL.K GRAIN ORGANIC VANE SHEAR STRENGTH RTTe RR ERG LIMITS 
IN (s)  COFPPFWT DENSITY D ~ S K ~  CAR- cam3 I kPa SENSI- LIplIID PLhSTIC PLhSTICITY LIQUIDITY 

CORE CORE {m) GRAVEL SAND SILT C ~ A Y  (qm/cm3) (qar/cm3) ($>  ( $ 1  INTACT REMOLDED TIVITY LIMIT LIMIT INDEX IXDEX 



mble 4. Index properties  and vane shear strenqth (cont'd). 

DEPTH GRAIN SIZE WATW RULK GRAIN ORGANIC VANE SHEAR STRENGTH AlTeRRERG LIWTW 
IN I*) CONTIMP D E N S 1 7  DENSITY CARRON CaC03 (kPa SDJSI- LIQUID PLASTIC PLASTICITY LIQUIDITY 

CORE CORE (m) GRAVEL SAHD SILT CLAY ($1 I qm/m ( qm/cm3 1 !%I ( % )  INTACT REMOLDED TIVITY LIMIT LIMIT INDEX INDEX 



Table 4. Index properties and vane shear strenqth {cont'dl. 

DEPTH GRRIH SIZE WATER BULK GRAIN ORGANIC VANE SHEAR STRENGTH ATTERBERG LIMITS 
IN CONTENT DENSITY DENSITY CARRON Cam3 (kpa) SENSI- LIQUID PLASTIC PLASTICITY LIQUIDITY 

CORE CORE { m )  GRAVEL SAND SILT CMY ($1 ( q m / m t 3 )  (gm/m3) ! %I  ($1 INTACT REMOLDED TNITY LIMIT L I M I T  IUDEX INDEX 



Table 4. Index properties and vane shear strength (cont'd). 

DEPTH GRAIN S I Z E  WATER BULK GRAIN ORGANIC VANE SHEAR STRENGTH ATTBRBEK LIMITS 
IN (91 CONTENT DENSITY DENSITY CARBON CaCOj (kPa) SENSI- LIPUID PLASTIC PLASTICITY LIQUIDITY 

CORE CORE(m) GRAVEL SAND SILT CLAY ( $ 1  ~ q m / c m ~ )  (qm/m3) ( $ 1  ( $ 1  INTACT REMOLDED TIVITY LIMIT LIMIT IHDEX mEX 

NOTE: EIP = Non-plastic 
TR - Trace 

Vane inserted parallel  to core axis 



Table  5. h i a x i a l  test  t y p e s ,  
NTJMFFR 

STATIC OF TF.STS 

TESTS DESCRIPTION PFFFOPMFD 

T-2 I s o t r o p i c a l l v  c o n s o l i d a t e d  t o  t h e  i n  s i t u  v e r t i c a l  stress 1 
wi th  undrained shear .  

T-3 I s o t r o p i c  normal lv  c o n s o l i d a t e d  (W.R=~)  undrained s h e a r .  11 

T-4   so tropic overconso l ida ted  ( W R  " 6 )  undrained s h e a r ,  R 

T-7 A n i s o t r o p i c  normally c o n s o l i d a t e d  (XR = 1) undrained 
s h e a r .  

T-8   so tropic o v e r c o n s o l i d a t e d  (CCR - 3 )  undrained s h e a r .  2 

CYCLIC 
TESTS 

T-5 I s o t r o p i c  normal ly  c o n s o l i d a t e d  (OCR = 1) undrained + e a r  1 3  
wi th  a h i s h  c y c l i c  s h e a r  stress r a t i o  (T 

cyc ave rnax 
/a c ) .  

T-6 I s o t r o p i c  normal ly  c o n s o l i d a t e d  (OCR = I) undrained s h e a r  15 
wi th  a low c y c l i c  s h e a r  s t r e s s  r a t i o .  

T-9 I s o t r o p i c  overconso l ida ted  (OCR " 6)  undrained s h e a r  wi th  3 
a h iqh  c y c l i c  s h e a r  stress r a t i o .  

T-10 I s o t r o p i c  overconso l ida ted  (OCF " 6 )  undrained s h e a r  wi th  3 
a low c y c l i c  s h e a r  s t r e s s  r a t i o .  

T-11 f s o t r o p i c a l l v  c o n s o l i d a t e d  t o  t h e  i n  s i t u  v e r t i c a l  s t r e s s  w i t h  1 
undrained s h e a r  and a hiqh c v c l i c  s h e a r  s t r e s s  r a t i o .  

T-12 X s o t r o p i c a l l y  c o n s o l i d a t e d  t o  t h e  i n  s i t u  v e r t i c a l  s t r e s s  wi th  1 
undrained s h e a r  and a low c y c l i c  s h e a r  s t r e s s  r a t i o .  

T-13 X s o t r o p i c a l l y  c o n s o l i d a t e d  t o  t h e  i n  s i t u  v e r t i c a l  s t r e s s .  1 
C y c l i c  s h e a r  s t r e s s e s  were i n c r e a s e d  and d r a i n a q e  w a s  allowed 
between b u r s t  c y c l e s  t o  s i m u l a t e  s torm wave e v e n t s  and 
d e n s i f i c a t i o n  due t o  pore p r e s s u r e  d i s s i p a t i o n .  

T-14 A n i s o t r o p i c a l l y  c o n s o l i d a t e d  t o  t h e  i n  s i t u  v e r t i c a l  stress. 1 
C y c l i c  s h e a r  s t r e s s e s  were i n c r e a s e d  and d r a i n a q e  was allowed 
between h u r s t  c y c l e s  t o  s i m u l a t e  s torm wave e v e n t s  and 
d e n s i f i c a t i o n  due t o  pore  p r e s s u r e  d i s s i p a t i o n .  



Table 6. Consolidation test results. 



Table 7. Static triaxial test results. 

STRAIN q P' 
TEST TESF w 1 INDUCED AT AT AT 

(1) 
qmx (2) 

CORE DEPTH NO. TYPE w S ~ R E D  a A~ OCR FAILURE FAILURE FAILURE - I + I  

I m )  ITE) t % )  I%) ( k ~ g )  ( a  1 (kPal  (kPa) a (degrees l 

6RlA2 1.36 107 T-R 
1.36 108 T-4 

(even at hi+ consolidation stresses). influenced by overconsolidation in some cores 

1 1  

t 2 )  0' = arcsine Iq/p') for Iq/p'l with the highest a ,/a ratio; 4 '  is valid only for T-3 and T-7 teets at high coneolidation stresses. 



Table 8. Cyclic tr iaxial  t e s t  results. 
CYCLES 

v INDWED TO 5% 
CYCLES 
TO 10% 

STRAIN 

CYCLES 
To 201 

STRAIN 
TEsr TEST 

CORE D m  NO. TYPE 
I m )  ITC) 

SHEARED v OCR T a r /arc STRAIN 
( a  I ~ P %  c "iP I 

CSR 

CSR 

6 T 
163 T 
653 T 
5 T 

122 T 
18 T 

980 T 
150 C 
BOO C 

is00 

(1) 
( 2 )  
CSR 
CSR 
H.B. 
M.B. 

C = Compressive strain; M.B. = Membrane broke durinq cyclinsr 

CSR = Chanqed stress ratio (results  are questionable); T = Tensile strain; 

( 1 )  Isotropic consolidation. Arainaqe between hursts, T/G = 6; 12; 25; 56; 112% 
I 

(2)  Anisotropic consolidation, drainaqe between bursts, r/a = 37, 4; 49, Or 73, -241 98, -491 122, -73; 171, -122% 
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s t a t i o n s  685 and 670 (Yukon prode l t a  - " p r o t e c t e d " ) ,  

16. Lithology, index p r o p e r t i e s  and cone p re s su re  vs subbottom depth f o r  
s t a t i o n s  687 and 674 (Yukon p rode l t a  - "pro tec ted"  1. 

17a. Sediment type determined from cone pene t r a t i on  test  669x1 (Yukon 
prode l t a  - "exposed" - near s t a t i o n  686).  

1%. Sediment type determined from cone pene t r a t i on  tes t  670x4 (Yukon 
p rode l t a  - "protected" - near s t a t i o n  685).  



Sediment type  determined from cone p e n e t r a t i o n  test  674x1 (Yukon 
p r o d e l t a  - "pro tec ted"  - near  s t a t i o n  687).  

Compression index  ( C c )  determined from c o n s o l i d a t i o n  tests r e l a t e d  t o  
t h e  i n i t i a l  void  r a t i o  ( e o )  vS water  c o n t e n t  (w). 

Zones of g r a i n  s i z e  d i s t r i b u t i o n s  of l i q u e f i a b l e  s o i l  (from Finn,  
1972) .  

C y c l i c  s t r e s s  r a t i o  determined from c y c l i c  t r i a x i a l  tests vs t h e  
r e l a t i v e  d e n s i t y  of nearby sediment determined from cone p e n e t r a t i o n  
t e s t s .  

Map of t h e  thermogenic gas seep. 

L i tho logy ,  index p r o p e r t i e s  and cone p r e s s u r e  vs subbottom dep th  f o r  
s t a t i o n s  683 and 675 (thermogenic gas seep). 

Li tho logy ,  index  p r o p e r t i e s  and cone p r e s s u r e  vs subbottom dep th  for  
s t a t i o n s  684 and 677 ( a d j a c e n t  t o  thermogenic gas s e e p ) .  

Fathometer record  of thermogenic gas seep .  

Sediment type  determined from cone p e n e t r a t i o n  test 675x1 
(thermogenic gas s e e p  - near  s t a t i o n  6 8 3 ) .  

Sediment type determined from cone p e n e t r a t i o n  test  677x2 ( w e s t  of 
thermogenic gas seep-near s t a t i o n  684) .  

Li thology,  index  p r o p e r t i e s  and cone p r e s s u r e  vs subbottom depth  f o r  
s t a t i o n s  682 and 676 ( b i o g e n i c  gas s e e p ,  s o u t h  of Nome). 

Li thology,  index p r o p e r t i e s  and cone p r e s s u r e  vs subbottom dep th  f o r  
s t a t i o n s  673 and 76-125 ( b i o g e n i c  gas  seep ,  s o u t h  of Cape Darby).  

Sediment type  determined from cone p e n e t r a t i o n  test  676x2 ( b i o g e n i c  
gas seep ,  s o u t h  of Nome - near  s t a t i o n  682) .  

Li thology,  index  p r o p e r t i e s  and cone p r e s s u r e  vs subbottom dep th  f o r  
s t a t i o n s  672 and 76-133 (eas te rnmos t  Norton Sound). 

Sediment type determined from cone p e n e t r a t i o n  t e s t  672x2 
(eas te rnmos t  Norton Sound).  

Bathymetr ic  map of r i d g e  and swale a r e a .  

Li thology,  index  p r o p e r t i e s  and cone p r e s s u r e  vs subbottom depth f o r  
s t a t i o n s  680 and 679 (sand r i d g e  c r e s t ) .  

L i tho logy ,  index  p r o p e r t i e s  and cone p r e s s u r e  vs subbottom dep th  f o r  
s t a t i o n s  681 and 678 ( s w a l e ) .  



35.  Sediment type determined from cone penetrat ion  test 679x1 (sand ridge 
c r e s t  - near s t a t i o n  680). 

36.  Sediment type determined from cone penetrat ion  t e s t  678x1 (swale  - 
near s t a t i o n  681) .  



Fig. 1. Location map of the study area in the northern Rerinq Sea. 



F i q .  2. Geo-hazard locations i n  t h e  northern ~er i n u  Spa (from Larsen and 
others, 1982 . 



F i g .  3 .  S t a t i o n  l o c a t i o n  map. 



Fig. 4 .  XSP - 40 penetrometer (frm Beard and Lee ,  1982). 
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Pig. 7 Sediment type plotted &B a function of CPT cone pressure vs f r i c t i o n  
ratio. 
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Fiq. 12. Litholoqy, index properties and cone pressure vs subbottom depth for 
stations 667 and 78-24 (Yukon prodelta - "protected") . 

41 

4 

4' 
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Fiq. 17a. Sediment type determined from cone penetration test 669x1 (Yukon 
prodelta - "exposed" - near s t a t i o n  686). 



Friction ratio, % 

Fig. 17b. Sediment type determined from cone penetration test 670x4 (Yukon 
prodelta - "protected" - near station 685). 



Friction ratio, % 

F i g .  17c. Sediment type determined from cone penetration t e s t  674x1 (Yukon 
prodelta - " p r o t e c t e d "  - near station 6R7).  
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F i q .  19. Zones of m a i n  size distributions of liquefiable soil (from Finn, 
1972). 



Tcyc ave max / Vc to reach 6% strain in 360 cycles 

Fiq. 20. Cyclic stress ratio determined from cyclic triaxial tests vs the 
relative density of nearby sediment determined from cone penetration 
tests. 



F i g .  21. Map of thermogenic gas seep. 
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F i q .  24. Fathometer record of thermouenic qas seep. 
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Fig. 25. Sediment type determined from cone penetration test 675x1 
( themagenic gas seep - near s t a t i o n  683 1.  
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Fig. 26. Sediment type determined from cone penetrat ion  t e s t  677x2 (west of 
thermogenic qas seep-near s t a t i o n  684) .  
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Fig. 29. Sediment type determined from c o n e  penetration t e s t  676x2 (biogenic 
qas seep,  south of Norne - near s ta t ion  6 8 2 ) .  
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F i q .  30. Litholo~ry, index properties and cone pressure vs suhhttom depth for 
s t a t i o n s  672 and 76-133 (easternmost Norton Sound). 



F i g .  31. Sediment type determined from cone penetrat ion  test 672x2 
(easternmost Norton Sound). 
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Fig, 32. Bathymetric map of ridge and swale area. 
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Station 681, 673 Physiographic area swale 
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Fiq .  34.  L i t h o l o w ,  index  properties and cone  pressure vs suhhottom depth for 
stations 681 and 678 (swalel. 
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Fiq. 35. Sediment type determined from cone penetration t e s t  679x1 (sand 
ridge crest - near s t a t i o n  600). 
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Fig. 36. Sediment t y ~ e  determined from cone penetrat ion test 678x1 (swale - 
near station 681). 



Appendix A. Grain size distribution curves. 















































Appendix B .  Cone penetration t e s t  plots. 



COKE PRESSURE CKG/CMAZ> FRICTION RATIO 

FIG. 665Xl. NON-GAS ZONE S .  OF NONE. ALASKA. 8/7/Gl 



FIG. 667x1. N. S. YUKON DELTA - PROTECTED. ALASKA. 8/6/81 





CONE PRESSURE <KG/CMA23 SLEEVE FRICTION CKWCMA23 FRICTION RATIO 

FIG. A88BX2. W. YUKON DELTA - EXPOSED. ALASKA. 8/8/81 















FRICTION RATIO 

FIG. 678x4. N. N. W .  YUKON DELTA - PROTECTED. ALASKA. 8/9/81 





COKE PRESSURE <KG/CMA2> 
- 

FRICTION RATIO 

FIG. 671x2. E. O F  THERMOGENIC GAS ZONE. ALASKA. 8/9/81 



FIG. 67 1 X 3 .  E . OF THERMOGENIC GAS ZONE. ALASKA. 8/9/81 









FRICTION RATIO 

FIG. 671x7. E. OF THERMOGENIC GAS ZONE. ALASKA. 8/9/81 







CONE PRESSURE CKG/CMA23 SLEEVE FRICTION CKG/CM"2> 

FIG. 673x1. CENTRAL E. NORTON SOUND. ALASKA. 8/18/81 





FRICTION RATIO 

F I G .  673x3. CENTRAL E.  NORTON SOUND. ALASKA. 8/18/81 



SLEEVE FRICTION CKO/CMnZ> 

FIG.  673x4. CENTRAL E. NORTON SOUND. ALASKA. 8/18/81 



FRICTION RATIO 

FIG. 674X 1 . N . YUKON DELTA ICE GOUGE AREA. ALASKA. 81 1 1/81 



CONE PRESSURE CKO/CNA23 

FIG. 674x2. N. YUKON DELTA ICE GOUGE AREA. ALASKA. 8/11/81 



SLEEVE FRICTION €KG/CP! FRICTION RATIO 

F I G .  675X 1 . THERMOGENIC GAS ZONE. ALASKA. 81 1 1 / 8  1 
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FIG. 675x2. THERMOGENIC GAS ZONE. ALASKA. 811 1/81 
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FIG. 676x1. BIOGENIC GAS ZONE. ALASKA. 8/12/81 





CONE PRESSURE CKG/CMA2> FRICTION RATIO 

FIG. 677x1. Id. OF THERMOGENIC GAS ZONE. ALASKA. 8/12/81 



CONE PRESSURE <KG/CMY> FRICTION RATIO 

FIG. 877x2. U .  OF THERMOGENIC GAS ZONE. ALASKA. 8/12/81 



FIG. B7BXI. CHIRIKOV BASIN SAND RIDGE AREA - TROUGH. ALASKA. 8/13/81 
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Appendix C. Relative density plots. 
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Appendix D. Consolidation test plots. 
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~ppendix E. Stat i c  triaxial test plots. 
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CRUISE DC4-8 1 4 s  INCREMENT tom) 131-140 
CORE NO. 68 1R2 TEST NO. 7 x 1 0 9  

SIGicd(kPa) 48.7 
SIG30d (kPa1 48.7 
INDUCED OCR 6.8 





- 
CRUISE DC4-0 1-NS INCREMENT i c m )  106-117 
CORE NO. 682R 1 TEST NO. TE77 

SIGlc'ikPa) 242.3 
SIG3c'tkPa) 119.2 
INDUCED OCR 1.0 





CRUISE DC4-8 1 -NS INCREMENT €cm) 121-132 
CORE NO. 602R1 TEST NO. TE86 

SIGic'tkPa) 77.9 
SIG3c'(kPa) 7 7 . 9  
INDUCED OCR 3.0 





CRUISE DC4-81-NS INCREMENT Corn) 175-183 
CORENO. 602R1 TEST NO. f €99 

SfGio'CkPa) 27.3 
SIG3c'CkPa) 27.3 
INDUCED OCR 6.0 
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CRUISE DC4-814s INCREMENT tom) 421-430 
CORE NO. 683Rl TEST NO. TE189 

SfG1c8CkPa) 289.7 
SIG3c'CkPa) 289.7 
INDUCED OCR 1.0 
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CORENO. 684RI TEST NO. TE 105 

SfG108(kPa) 293.0 
SfG3e'tkPa) 293.0 
1 NDUCED OCR t,0 



CRUISE DC4-0 1 -NS INCREtlENf Cum) 98-99 
1 

CORENO. 604R1 TEST NO, TE 106 

SIGfa'(kPa> 40.1 
SIG3e'CkPa) 40.1 
INDUCED OCR 6.8 

A 



CRUISE DC4-81- ZNCREtlENT tom) 59-59 
CORE NO. 685M TEST NO. TE103 

SIGlo'tkPa) 303.0 
SIG3o'CkPa) 303.0 
1 NDUCED OCR 1.0 



I 

CRUISE DC4-81-NS INCREMENT (om) 58-59 
CORE NO. 605R2 TEST NO* TEf 84 

SIGIo0(kPa) 30.3 
SIG~G'C~P~) 30.3 
INDUCED OCR 6.0 



1 

CRUISE DC4-01-NS INCREMENT ( cm 1 13 1 - 140 
CORE NO. 68SR2 TEST NO. TEll9 

SIGic' (kPa) 20.9 
SIG3c'[kPa) 20.3 
INDUCED OCR 1.0 

- 



CRUISE DC4-8 1-NS INCREMENT {cm) 131-140 
CORE NO. 60SA2 TEST NO. TE120 

SIGlc'lkPa) 292.0 
SIG3c*(kPa) 292.0 
INDUCED OCR 1.0 



STRAIN < % I  

- 2 

CRUISE DC4-8 1 -NS INCREMENT Corn) 231-240 
CORE NO. 685f32 TEST NO, TE94 

SIG1o0(kPa) 101 .S 
SIG3c'tkPa) 101.5 
INDUCED OCR 1.0 
. 
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b 

CRUISE DC4-81-NS INCREMENT Con) 55-64 
CORE NO. 607RI TEST NO. TE102 

SIGio'CkPa) 45.1 
SIG3o'tkPa) 45.1 
INllUCED OCR 6 .0  



F 

CRUISE DC4-8 1-NS INCREMENT torn) 111-120 
CORE NO. 687A1 TEST NO. TE96 

SIGic'(kPa) 299.6 
SIG3o'tkPa) 299.6 
INDUCED OCR 1.0 

b 





Appendix F. Cyclic triaxial test plot s .  



CRUISE DC4-81-NS INCREMENT €cm) 142-150 
CORE NO. 68 1A2 TEST NO. Dl00 

S1Glc0€kPa) 294.5 STATIC qf (kPa) 300.8 
SIG3c0(kPa1 294.5 FlVG MAX q (kPa) 141.0 (47.8%) 
INDUCED OCR 1.0 AVG MIN q (kPa) -115.5 (38.5%) 





CRUISE DC4-81-NS INCREMENT (em) 142-149 
CORE NO. 68 1R2 TEST NO. Dl01 

SIGlc8(kPa) 298.4 STFlTIC qf  (kPa) 300.0 
S1G3c0CkP:r) 298.4 nVG MAX q (kPa) 108.2 C36.1%) 
INDUCED OCR 1.0 RVG MIN q (kPa) -101.5 (33.8%) 

- 





STRRIN ( % I  

CRUISE DC4-81-NS INCREMENT tcm) 76-83 
CORE NO. 682A1 TEST NO. TC4 4 

SIGlc'tkPa) 241.0 STRTIC qf  (kPal 104.0 
SIG3c'(kPa? 241.8 AVG MRX q (kPal 65.8 (35.8%) 
INDUCED OCR 1. El RVG MIN q tkPa) -56.9 130.9%) - 



58 tBB 150 288 250 
CYCLE + se tee tsa 2w tse 

CYCLE + 
CRUISE DC4-0 1 -NS INCREMENT I cm) 76-83 
CORE NO. 602A1 TEST NO. TC44 

SfGic'€kPa) 241.8 STRTIC qf CkPa) 104 .0  
SIG3c0€kPa) 241.8 FlVG MRX q €kPa) 65.0 ( 3 5 . 0 % )  
INDUCED OCR 1.0 RVG MIN q <kPa? -56.9 (38.9%) 



STRRIN ( % I  

CRUISE DC4-81-NS INCREMENT ( c m )  76-84 
CORE NO. 6B2R1 TEST NO. TC45 

SIGlc'(kPa) 239.4 STATIC q f  (kPa) 183.9 
SIG3c'(kPa) 239.4 FlVG MAX q (kPa) 41.6 (22 .€%)  
INDUCED OCR 1.0 AVG MIN q (kPa) -19.4 (10 .5%)  

Cycles 1-470 



286 386 
CYCLE # 

l e e  em 388 400 588 
CYCLE 1C 

CRUISE DC4-81-NS INCREMENT ( e m )  76-84 
CORE NO. 682Af TEST NO. TC45 

SIGic'(kPa) 239.4 STATIC q f  (kPa) 103.9 
SIG3c'tkPa) 239.4 flVG MAX q CkPa) 41.6 (22.6%) 
INDUCED OCR 1.0 RVG  MI^ q CkPa) -19.4 (18.5%) 

Cycles 1-470 



STRRIN (2) 

CRUISE DC4-81-NS INCREMENT (cm) 76-84 
CORE NO. 682R1 TEST NO. TC4 5 

f 

S1Glc0(kPa) 102.7 STATIC qf (kPa) 183.9 
SIG3c'tkPa) 102.7 RVG MAX q (kPa) 43.9 (23.9%) 
1 NDUCED OCR 1.0 AVG MIN q (kPa) -20.3 (11.0%) 

Cycles 741 - 1370 



4w ern 
CYCLE IC 

288 4 8 8  6BB 988 1888 
CYCLE O 

2 

CRUISE DC4-01-NS INCREMENT (em) 76-04 
CORE NO. 602R1 TEST NO. TC45 

SIGic'CkPa) 102.7 STATIC qf (kPa1 103.9 
SIG30°tkPa) 102.7 RVG MRX q (kPa) 43.9 623.9933 
INDUCED OCR 1.0 RVC MIN q (kPa)  -20.3 (11.0%) 

Cycles 741 - 1370 



* 

CRUISE DC4-01-NS INCREMENT ( c m )  76-04 
CORE NO. 682R1 TEST NO. TC4 5 

SIGlc'tkPa) 47.8 STRTIC qf  tkPa1 103.9 
S1G3c0(kPa) 47.8 RVG MAX q tkPa) 45.5 (24.7%) 
INDUCED OCR 1 .0 RVG MIN q (kPa) -20.4 tll.1X) 

v 

Cycles 1461 - 1910 

273 



2m 388 
CYCLE + 

W 

* ' - ' . . - * ' . . . . ' . . ' - ' . - - -  
sw lee eee 300 4w sm 

CYCLE + 
CRUISE DC4-81-NS INCREMENT Ccm)  76-84 
CORE NO. 682R1 TEST NO. TC4 5 

SIGlc ' (kPa1 47.0 STRTfC q f  (kPa3 183.9 
SIG3c'(kPa) 4 7 . 8  FIVG MAX q (kPa1 45.5 (24.7%) 
INDUCED OCR 1 .0 AVG MIN q <kPa? -20.4 <11.1%1 

Cycles 1461 - 1910 



CRUISE DC4-81-NS INCREMENT ( em)  76-84 
CORE NO. 682R1 TEST NO. TC4 5 

S1G1c0(kPa) 4.2 STRTIC qf IkPa) 183.9 
SIG3c0(kPa) 4.2 AVG MAX q (kPa) 42 .0  (22.8%) 
INDUCED OCR 1.0 RVG MIN q (kPa) -23.8 (12.9%) 

Cycles 1911 - 2360 
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STRAIN (%)  

CRUISE DC4-81-NS INCREMENT (cml 86-93 
CORE NO. 682Fl1 TEST NO. TC40 

SIG1c0(kPa1 240.4 STATIC q f  (kPa) 183.9 
SIG3c8(kPa) 240.4 FlVG MAX q (kPa) 94.9 (51.6%) 
INDUCED OC.3 1 .0 RVG MIN q (kPa1 -86.7 (47.1%) 





STRAIN 

CRUISE DC4-01-NS INCREMENT ( em)  86-93 
CORE NO. 682R1 TEST NO. TC4 1 

SIGlc8(kPm) 236.0 STRTIC qf  CkPal 183.9 
SIG3c'CkPa) 236.8 AVG MRX q ikPa) 90.4 (49.2%) 
INDUCED OCR 1.0 AVG MIN q t:kPa) -105.7 (57.5%) 

I 





STRAIN ( % I  

CRUISE DC4-81-NS INCREMENT Ccml 95-106 
CORE NO. 682Al TEST NO. TW8 

SIGle'CkPa) 238.4 STRTIC qf  (kPal 183.9 
SIG3c8CkPa) 238.4 RVG MRX q tkPa> 127.3 (65.2%) 
INDUCED OCR 1.8 RV6 HIN q CkPa) -131.1 (71.3%) 

4 





STRAIN ( % I  

CRUISE DC4-81-NS INCREMENT (cm) 95-106 
CORE NO. 682A1 TEST NO. TC39 

SIG1cO(kPa) 237.3 STRTIC qf (kPa1 183.9 
SIG3e'(kPa) 237.3 AVG MAX q (kPr1 84.2 (45.8%) 
INDUCED OCR 1.0 AVG MIN q (kPa) -123.6 (67.2%) 



h h r r  
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STRAIN C % )  

CRUISE DC4-81-NS INCREMENT turn) 134-142 
CORE NO. 682A1 TEST NO. TC78 

SIGlo'tkPa) 37.8 STRTIC qf (kPa) 82,9 
S1G3o0(kPa) 37.0 AVG MAX q (kPa) 37.1 (44.8%) 
INDUCED OCR 6.3 flVG MIN q (kPa) -31.1 (37.5%) 



I 58 168 IS8 em e511 
CYCLE 

I W  158 
CYCLE + 

CRUISE OC4-81-NS INCREMENT tom) 134-142 
CORE NO. 602R1 TEST NO. TC7 8 

SIGlo8(kPa) 37.0 STRTIC qC CkPa) 82.9 
SIWo'CkPa) 37.0 W G  MRX q CkPa) 37.1 <44.0%) 
INDUCED OCR 6.3 RVG MfN q CkPa) -31.1 637.5%) 

- 



I $ I 
STRRIN ( % I  

I CRUISE DC4-81-NS INCREMENT (ern) 134-142 I - - -  
CORE NO. 682R1 TEST NO. TC? 9 I 
SIGlc'(kPa) 39.8 STRTIC q f  tkPa) 82.9 
S1G3c0tkPal 39.8 RVG MAX q (kPa) 60.3 (72.7%) 
INDUCED OCR 6.8  RVG MIN q CkPa) -52.2 (63.0%) 





sm 

400 -- 
e .. 
id " 

STRAIN ( % I  

CRUISE DC4-81-NS INCREMENT ( e m )  186-193 
CORE NO. 682R1 TEST NO. TC76 

SIGle8(kPa) 230.0 STRTIC qf  (kPa) 93.2 
S1G3c0(kPa) 233.0 AVG MAX q (kPa3 29.3 ( 3 1 . 4 % )  
INDUCED OCR 1.$ RVG H I N  q (kPa) - 1 2 . 4  (13.3%) 

C y c l e s  1 - 500 

289 



lee 288 388 
CYCLE + im 288 388 4 8 8  588 

CYCLE IC 

CRUISE DC4-81-NS INCREMENT i c m )  106-193 
CORE NO. 682R1 TEST NO. TC76 

S1Glc8(kPa) 230.0 STflTfC q f  (kPa1 93.2 
SIG3c'CkPa) 238.0 RVG MRX q ikPa3 29.3 (31.4%) 
INDUCED OCR 1.0 AVG MIN q <kPa) -12.4 (13.3%) 

Cycles 1 - 500 



STRAIN ( % I  

F 

CRUISE DC4-81-NS INCREMENT t c m )  186-193 
CORE NO. 682R1 TEST NO. TC76 

S1G1c0(kPa) 130.4 STFITIC q f  I kPa )  93.2 
S1G3cC(kPa) 130.4 RVG MAX q CkPal 67.3 (72.2%) 
INDUCED OCR 1.8 AVG MIN q (kPa) -53.2 (97.1%) 

Cycles  501 - 761 
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CRUISE DC4-81-NS INCREMENT (cm) 186-194 
CORE NO. 682A1 TEST NO. T C77 " 

S1Glc0(kPa) 239.1 STRTIC qf (kPa) 93.2 
SIGBc'(kPal 239.1 AVC MAX q (kPa) 113.0 (121.2%) 
INDUCED OCR 1.0 RVG MIN q (kPa3 -108.9 (116.BX 
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10 

0 3 10 i s  28 2s 5 10 1 S ed 93 
CYCLE + CYCLE + 

CRUISE DC4-8 1-NS INCREMENT [em)  186-194 
CORENO. 602A1 TEST NO. TC77 

SIGic'otPa) 239.1 STRTIC q f  CkPa) 93.2 
SIG308(kPa) 239.1 RVG MRX q CkPa) 113.0 (121.2%) 
INDUCED OCR 1.0 RVG M I N  q (kPa) -188.9 [116.0X 



CRUISE DC4-01-NS INCREMENT t c m )  62-70 
CORE NO. 684A1 TEST NO. TC90 

SIGlcO(kPa) 296.6 STATIC q f  (kPa) 300.0 
S1G3c0(kPa) 296.6 AVG MRX q (kPa) 160.4 (53.5%) 
INDUCED OCR 1.0 RVG MIN q (kPa) -108.2 136.1%) 
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0 20 4 8  60 BB 1 00 28 4 0  60 
CYCLE + CYCLE + 

CRUISE DC4-81-NS f NCREMENT ( c m  1 62-70 
CORENO. 684R1 TEST NO. TC90 

S1Glc8(kPa) 296.6 STRTIC q f  (kPa) 300.0 
SIG3c8CkPa) 296.6 RVG MRX q (kPa) 160.4  I53.5X) 
INDUCED OCR 1.0 RVG MIN q (kPa) -108.2 (36.1%) 



STRRIN ( % I  

CRUISE DC4-81-NS INCREMENT (em) 62-70 
CORE NO. 604A1 TEST NO. TC9 1 

SIG1c8CkPa) 297.2 STFlTIC q f  IkPa)  300.0 
SIG3c'tkPaI 297.2 RVG HAX q CkPa) 281.8  (93.9%) 
INDUCED OCR 1.8 RVG MIN q CkPa) -236.5 (78.8%) 
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STRAIN ( % I  

I CRUISE DC4-8 1-NS INCREMENT (cm)  30-37 I 1 CORE NO. 685R2 TEST NO. Dlll I 
SXG1c8tkPa) 292.6 STATIC qf  tkPa) 380.0 
SIG3c8(kPa) 292.6 AVG HRX q (kPal 139.3 (46.4%) 
INDUCED OCR 1.8 RVG MIN q CkPa) -122.4 (40.8%) l 
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CYCLE + CYCLE + ------ .- ------ 

INCREMENT (em) 38-37 
CORE NO. 685R2 

--a- 

TEST NO. -- Dl11 ------ 
SIGlc'tkPa)  292.6 STRTfC q f  [kPa) 300.0 
SIG3c'tkPa) 292.6 RVG MRX q (kPa) 139.3 (46.4%) 

/ INDlJCEDOCR 1.0 R V C l l l N q  (*Pal -122.1 118.8X1 
-- 



- 
CRUISE DC4-01-NS INCREMENT ( cm 30-37 
CORE NO* 685A2 TEST NO* Dl 12 

SIGlc'(kPr) 298.P STATIC qf  (kPa) 300.0 
SIG3c'CkPml 298.a RVG MRX q (kPa1 78.6 126.2%) 
INDUCED OCR 1.8 AVG MIN q (kPa) -68.0 (22.7%) 

r 



iae 
CYCLE 

-- - -  
58 tee IS0 em Ese 

CYCLE + 

TEST - NO. ..- 

SIGlcO<kPa) 290.0 STRTIC qf  <kPa) 388.8 
SIG3c'ikPa) 298.8 RVG MRX q ikPa) 70.6  (26.2%) 
INDUCED OCR 1 .B RVG HIN q <kPa) -60.0 (22,723 
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- 
STRRIN (2) 

CRUISE DC4-81-NS INCREMENT (em) 48-48 
CORE NO. 685A2 TEST NO. TCB0 

'I 

SIGlc8(kPa) 209.0 STFlTIC q f  (kPa) 300.8 
SIG3c8(kPa) 289.8 AVG MAX q (kPa) 56.5 (18.8%) 
INDUCED OCR 1.8 RVG MIN q (kP.1 -46.8 (15.6%) 

Cycles L - 640 
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STRRIN ( % I  

* 
CRUISE DC4-81-NS INCREMENT (cm)  48-40 
CORE NO. 685A2 TEST NO. 1-1 

SIGle'(.kPa) 297.4 STRTIC qf  CkPa) 300.0 
SXC3e8(.kPal 297.4 RVG MRX q (kPa) 139.8 (46.3%) 
INDUCED OCR 1.0 RVG MIN q CkPa) -117.4 (39.1%) 



CRUISE DC4-81-NS INCREMENT (om) 48-48 
CORE NO. 685R2 TEST NO. TCB 1 

SIGio'(kPa1 297.4 STRTIC qf  CkP.1 388.0 
SIG3e'CkPa) 297.4 FWG MRX q I(kPa) 139.8 (46.3%) 
INDUCED OCR 1.0 RVG MIN q ikPa) -1 17.4 i39,1%) 



CRUISE DC4-01-NS INCREMENT (cml 61-69 
CORENO. 685R2 TEST NO. TCB2 

SIGlo'CkPa) 46.7 STRTIC qf (kPml S0.0  
SIG3c'(kPal 46.7 RVG MAX q (kPa) 50.0 (101.6%) 
INDUCED OCR 6.0 RVG MIN q (kP.1 -45.8 (90.0%) 
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STRAIN ( % I  

CRUISE DC4-B I-NS INCREMENT (cm)  61-69 
CORE NO. 68332 TEST NO. T -3 

SIGlc'(kP8) 49.7 STRTIC q f  IkPa) 50.0 
SIG3c'(kPa) 49.7 RVG HRX q (kPm) 65.0 (170.0%) 
INDUCED OCR 6.0 RVG HIN q (kPa) -00.1 t160.2X) 
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C Y U  + CYCLE + 

CRUISE DC4-8t-W INCREMENT Cam) 61-69 
CORE NO. 605R2 TEST NO. TCB3 

SIGfo8<kPa) 49.7 STRTICqf  (kPa) 50.0 
SIG308<kPa) 49.7 C W G H A X q  ikPa) 85.0 (170.0%) 
INDUCED OCR 6.0 RVG MfN q <kPa) -00.1 <160.2%) 



STRRIN ( % I  

CRUISE DC4-81-NS INCREMENT (em) 101-109 
CORE NO. 685A2 TEST NO. TC62 

S1f lc0(kPa)  17.4 STRTIC qf  (kPa) 18.0 
S1G3c0(kPa) 17.4 RVG MRX q CkPa) 1.5 (8.3%) 
INOUCED OCR 1.8 AVG MIN q (&Pa) -2.1 (11.7%) 

Cycles 1 - 500 

311 
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STRRIN ( % I  

CRUISE DC4-81-NS INCREMENT (cm) 101-109 
CORE NO. 685A2 TEST NO. TC62 

SIG1cO(kPa) 10.2 STATIC qf  (kPa) 10.0 
SIG3c0(kPa1 10.2 HVG MRX q (kPa) 1.6 (8.9%) 
INDUCED OCR 1.0 i7VG MIN q (kPa) -2.0 (11.1%) 

Cycles  501 - 860 
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STRAIN (%)  

CRUISE DC4-01-NS INCREMENT (em) 101-109 
CORE NO. 685R2 TEST NO. TC62 

SIG1c0(kPa1 8.0 STRTIC qf  (kPa) 10.8 
SIG3c'(kPa) 8.0 RVG MAX q (kPa) 1,7 (9.4%) 
INDUCED OCR 1.8 RVG tiIN q IkPa) -1.7 (9.4%) 

+ 

Cycles 1147 - 1600 
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STRAIN ( % )  

CRUISE DC4-01-NS INCREMENT (cm) 101-109 
CORE NO. 685A2 TEST NO. TC62 

SIGlc*(kPa) 7.2 STATIC qf  CkPm) 18.0 
S1G3c0(kPa) 7.2 RVG MAX q (kPa) 3.9 (21.7%) 
INDUCED OCR 1.0 AVG MIN q (kPa) -3.5 (19.4%) 

< 

Cycles 1601 - 2000 
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CYCLE + 
INCREMENT (cm)  101-109 
TEST NO. TC62 

SIGlc'CkPa) 7.2 STATIC q C  CkPa) 10.0 
SfG3c0(kPa) 7.2 RVG MRX q tkPa)  3.9 (21.7%) 
INDUCED OCR 1.0 AVG MIN q (kPa) -3.5 (19.4%) 

Cycles 1601 - 2000 



CRUISE DC4-01-NS INCREMENT (cm)  101-109 
CORE NO. 685A2 TEST NO. TC62 

SIGlc'lkPal 4.7 STATIC qf  (kPa) 10.0 
SIG3c0tkPa) 4.7 AVG MRX q (kPa1 3.6 (28.6%) 
INDUCED OCR 1.0 RVG MIN q (kPa) -3.5 (19.4%) 

I 

Cycles 2001 - 2500 
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CORE NOm 6B5R2 TEST NO. TC62 

SfGlc'<kPa) 4.7 QTRTfC qf  IkPa) 18.0 
SIG3o'CkPal 4.7 RVG MRX q (kPa)  3.6 (28.0%) 
INDUCED 6CR 1.0 WG M l N  q CkPa) -'3,§ <19.4%) 

Cycles 2001 - 2500 



CRUISE DC4-81-NS INCREMENT t ~ m )  101-183 
CORE NO, 6BSR2 TEST NO. TC62 

S1Glc0(kPa) 4.4 STATIC qf CkPal 18.0 
SIC3c'(kPm) 4.4 RVG MRX q (kPa) 3.7 120.6%) 
INDUCED OCR 1.0 RVG MIN q (kPa) -3.6 (20.8%) 

Cycles  2501 - 3000 
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CRUISE OC4-8 i-NS INCREMENT (on) 101 -109 
CORE NO. 605R2 TEST NO. TC62 

STRTIC q f  CkP.3 10.8 
SIG3c8 (kPa) RVG HRX g <kPa) 3.7 (28.6%) 
INDUCED OCR RVG M I N  q (kPa) -3.6 120.0%1 

Cycles 2501 - 3000 



CRUISE DC4-01-NS INCREHENT t c m )  101-109 
CORE NO, 665A2 TEST NO, TC62 

S1Gie0(kP~) 4.0  STRTIC qf (kP.3 10.0 
SIG3c'lkPm) 4 . 8  AVG MAX q IkPa) 7.5 (41.7%) 
INDUCED OCR 1.0 RVG MIN q (kPa) -6.6 (36.7%3 

C y c l e s  3001 - 3500 
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SfG1o8(kPa~ 4 . 0  I PIG308 (*pa) 1.0 STm'C WIG MAX " q (kPa) 7.5 10me (41*?%)  ( 
INDUCED OCR 1.8 FWG MIN q (kPa) -6.6 (36.7%) 

Cycles  3001 - 3500 



- 
CRUISE DC4-01-NS INCREMENT (em) 101-109 
CORE NO. 685R2 TEST NO. TC62 

SIGlee(kPa) 9.7 STATIC qf (kP.1 10.0 
S1G3e0(kPm) 9.7 AVC MAX q (kPa) 7.6 (42.2%) 
INDUCED OCR 1.0 RVG HIN q (kPa) -6.6 (36.7%) - 

Cycles  3501 - 4000 
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CORE NO. 689A2 TEST NO. TC62 

S1Gle0(kPa) 4.4 STATIC qf CkPa) 18.0 
SIG3o8(kPa) 4.4 AVG MRX q (kP8) 7.6 <42.2%) 
INDUCED OCR 1.0 RVG HIN q (kpa) -6.6 (36.7%) 

Cycles 4001 - 4500 
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CORE NO. 605R2 TEST NO. TC62 

SIGlc8(kPa1 4a4  STRTfC qf CkP.1 10*8 
SIGSc'tkPa) 4.4 RVG MRX q (kPa1 7.6 [42.2%1 
INDUCED OCR 1 .0 RVC PlIN q <kPu) -6.6 (36.7%) 
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STRRIN ( % I  

CRUISE DC4-81-NS INCREMENT (cm)  101-109 
CORE NO. 685R2 TEST NO. TC62 

S1Gle0~kPa)  4.7 STRTIC qf (kPa) 18.8 
SIWcO(kPm) 1.7 AVG MAX q (kP.1 7.6 (42.2%) 
INDUCED OCR 1.8 AVG MIN q (kPm) -7.1 (39.4%) 

I J 

Cycles 4501 - 4860 
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CRUISE DC4-81-NS INCREMENT (ern) 101-189 
CORE NO. 685R2 TEST NO. TC62 

SICfo'(kPa) 2.7 STRTIC qf  CkPa) 10.8 
SIC3c'tkPa) 2.7 AVG MRX q (kPa) 7.7 (42.8%) 
1 NDUCED OCR 1.0 RVG HIN q (kPa) -7, I (39.4%) 

Cycles 4861 - 5300 
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CRUISE DC4-01-NS SNCREHENT Ccm) 101-109 
CORE NO. 68SR2 TEST - NO. TC62 

SIGlc8(kPa) 5.7 STATIC qf (kPa) 18.0 
S1G3ccCkPa) 5.7 RVG MRX q (kPa) 14.2 C78.9%) 
INDUCED OCR 1.8 AVG f l IN q CkPr) -15.0 (83.3%) 

- 
Cycles  5301 - 5910 
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CORE NO. 68SR2 TEST NO. TC6 2 

SIGlc'ikPa) 5.7 STRTfC q f  (kP.1 10.0 
SIG3o'[kPa) 9.7 WG tlRX q ikPa) 14.2 670.9%) 
INDUCED OCR 1.0 RVG HIN q t k ~ . )  -1s.e (8a.3%) 
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STRAIN ( % I  

CRUISE DC4-81-NS INCREMENT (cm) 101-103 
CORE NO. 685R2 TEST NO. TC74 

SIG1c'(kPa) 20.8 STATIC qf (kPa) 20.0 
SIGBc'(kPa) 20.8 RVG MAX q (kPa) 6 .8  (32.7%) 
INDUCED OCR 1.0 AVG MIN q (kPal -6.2 (29.8'0 

Cycles 1 - 820 
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SIGBc'(kPa1 20.8 R V G M R X q  (kPa) 6.0 (32.7%) 
lNOUCED OCR 1.0 AVG MIN q (kPa) -6 .2 (29.0%) 
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STRAIN ( % I  

CRUISE DC4-81-NS INCREMENT ( e m )  101-189 
CORE NO. 605A2 TEST NO. TC? 4 

pfGlc'(kP8) 6.4 STRTfC qf  (kPa) 20.0 
SIG3c'(kPal 6.4 RVG MAX q (kPa) 29.9 (143.0%) 
INDUCED OCR 1.0 AVG HIN q (kPa) -26.6 (127.9%) 

Cycles 821'- 850 
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STATIC q f  (kPa1 20.0 
RVG M X  q <kPa> 29.9 C143.0%1 

INDUCED OCR RVG M I N  q (kPa) -26.6 (127.9%) 

Cycles 821 - 850 
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STRRIN ( % I  

CRUISE DC4-81-NS INCREMENT tcm) 200-210 
CORE NO. 68SA2 TEST NO. TC50 

S1G1c0(kPa) 301.0 STATIC q f  tkPa) 300.0 
S1G3c0tkPa) 301.0 AVG MAX q tkPa) 154.6 (51.5%) 
INDUCED OCR 1.0 RVG MIN q (kPa) -120.4 (40.1%) 
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CRUISE DC4-0 1 -NS INCREMENT ( e m )  200-210 
CORE NO. 685R2 TEST NO. TC5 1 

SIGlt'tkPa) 294.1 STRTIC qf (kPa) 300.0 
SIG3c0tkPa) 294.1 RVG MRX q CkPa) i94.7 (64.9%) 
INDUCED OCR 1.0 RVG MIN q (kPa) --147.4 (43.1%) 





STRAIN I % )  

CRUISE DC4-81-NS INCREMENT (em) 16-24 
CORE NO. 686A1 TEST NO. TC88 

S1Glc0(kPa) 53.4 STRTIC q f  CkPa) 50.0 
SIG3c'(kPa) 53.4 AVG MRX q (kPa) 54.2 (108.4%) 
INDUCED OCR 6.0 AVG MIN q tkPa) -53.5 (107.8%) 
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STRRIN ( % I  

CRUISE DC4-81-NS INCREMENT I c m )  16-24 
CORE NO. 686A1 TEST NO. TC09 

SIG1c0tkPa1 5 8 . 0  STATIC qf (kPa) 5 0 . 0  
S I G 3 c 0 ( k P a )  50.0  nVG MRX q CkPa) 3 4 . 1  (60.2%) 
INDUCED OCR 6 .8  AVG MIN q (kPa) -31.8 (63.6%) 
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STRRIN ( % I  

CRUISE DC4-81-NS INCREMENT (em)  31-39 
CORE NO. 686R1 TEST NO. TC84 ." 
SIG1c0lkPa) 296.7 STATIC q f  (kP.1 300.0 
S1G3o0(kPal 296.7 AVG MAX q (kPml 161.4 t 5 3 . 8 2 )  
INDUCED OCR 1.0 RVG HIN q CkPa) -132.0 (44.0%) 
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CRUISE DC4-81-NS INCREKNT tom) 31-39 
CORE NO. 606RI  TEST NO, TC04 

SIGlo'CkPa) 296.7 STRTIC qC (kPa) 388.8 
SIG3o'CkPa) 296.7 RVG MRX q CkPa) 161.4 <53.0%3 
INDUCED OCR 1.0 FWG MIN q (kPa) -132.0 (44.0%) 
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CRUISE DC4-81-NS INCREMENT Ccm) 31-39 
CORE NO. 606A1 TEST NO. TC85 

SIGfc'(kPa) 298.9 STRTIC qf (kpa) 300.6 
SIG3a°CkPa) 288.9 RVG MAX q (kPa) 229.6 (76.53) 
INDUCED OCR 1.0 AVG MIN q (kPa) -196.4 (65.5%) 





STRAIN ( % I  

CRUISE DC4-81-NS INCREHENT ( c m )  41-49 
CORE NO. 686A1 TEST NO. TC96 

SIGlcOtkPa) 295.5 STFITIC qf (kPa) 380.0 
SIG3c0(kPa) 295.5 RVG MFlX q tkPa) 182.1 (60.733) 
INDUCED OCR 1.0 RVG MIN q (kPa) -153.5 (51.2%) 
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STRRIN 

CRUISE DC4-81-NS INCREMENT (cm)  41-49 
CORE NO. 606R1 TEST NO. TC97 

S1G1c0(kPa) 298.1 STnfIC qf (kPa) 300,a 
S1G3c0(kPa) 298.1 AVG ).IRX q (kp.) 307.8 (182.3%) 
INDUCEDOCR 1.0 A V G M I N q  (kp.) -171.4 (57.1%) 
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STRAIN ( % I  

CRUISE DC4-8 1 -NS INCREMENT (em) 52-59 
CORE NO. 686R1 TEST NO. Dl09 

S1Gl~'(kPal 293.6 STATIC qf CkPa) 380.0 
S1G3c0(kPa) 293.6 AVG MAX q (kPa) 159.1 (53.8%) 
INDUCED OCR 1.0 RVG MIN q (kPa1 -135.6 (45.2%) 





CRUISE DC4-01-NS INCREMENT (cm)  52-59 
CORE NO. 686R1 TEST NO. D l  10 

S1Glc0(kPa) 297.1 STATIC qf  CkPa) 300.0 
SIG3c'tkPal 297.1 RVG MAX q (kPa) 276.6 (92.2%) 
INDUCED OCR 1.0 FIVG MIN q (kPa1 -228.5 176.2%) 



rn 3 10 13 20 es 
CYCLE + S 18 i s  20 t 5  

CYCLE + - 1 CRUISE DCd-8 1-NS INCREMENT (om) 5 2 - ~ 9 - 7  
I CORE NO. 606R1 TEST NO, Dl 10 1 

SIGlc' (kPa3 297.1 STRTIC q f  <kPa) 300.0 
SIG3c'CkPa) 257.1 RVG MRX q CkPa) 276.6 i92 .2X l  

I 
INDUCED OCR 1.0 RVG MIN q (kPa) -220.5 (76.2%) I 



I 

CRUISE DC4-01-NS INCREMENT (cm) 45-53 
CORENO. 687R1 TEST NO. TC94 

S161c01kPal 296.7 STATIC qf IkPa)  380.0 
SIG3c0(kPa) 296.7 RVG MRX q (kPa) 79.2 (26.435) 
INDUCED OCR 1 . 0  RVG M I N  q (kPa) -66.8 (22.3%) 

+ 
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CYCLE IIC 

IBB 288 am 4 a e  sm 
CYCLE 4 

CRUISE DC4-01-NS INCREMENT Ccml 45-53 
CORE NO. 687R1 - TEST NO. TC94 

SfGIc'tkPa) 296.7 STflTIC q f  tkPa) 308.0 
SIG3c'(kPa) 296.7 AVG MRX q (kPa) 79.2 (26.4%) 
INDUCED OCR 1.0 RVG MIN q (kPa1 -66.8 (22.3%) 



STRRIN ( % I  

PSB 
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p '  (kPa)  

CRUISE DC4-81-NS INCREMENT ( e m )  45-53 
CORE NO. 687Al  TEST NO. TC95 

SIGlc'fkPa~ 298.7 STFITIC qf (kPa) 300.0 
SIG3c'lkPa) 298.7 AVG MRX q (kPa) 192.1 (64.0%) 
INDUCED OCR 1 .0  RVG MIN q (kPa) -172.7 ( 5 7 . 6 % )  
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CRUISE DC4-81-NS INCREMENT (om) 45-53 
CORE NO. 687Rl TEST NO. TC9S 

SfGlc'IkPal 298.7 STRTIC q f  CkPa) 300.0 
SIG3c8<kPa) 298.7 RVG MRX q IkPa)  192.1 (64.0%) 
INDUCED OCR 1.0 RVG M I N  q (kPa) -172.7 157.6%) 



Appendix G .  Liquefact ion s u s c e p t i b i l i t y  ana lyses .  



Appendix G 

Four l i q u e f a c t i o n  ana lyses ,  based p r imar i l y  on the  techniques of Seed and 

I d r i s s  (1971) and Seed and Rahman (19781, were performed us ing  cone 

pene t r a t i on  test  (CPT) and c y c l i c  t r i a x i a l  t e s t  d a t a .  Because sediment types 

i n  Norton Sound a r e  d i f f e r e n t  than previous ly  s tud i ed  ma te r i a l ,  some 

modif icat ion of t h e  fol lowing procedures may be necessary when more 

information is known about  the l i que fac t ion  behavior of sandy s i l t .  The 

r e s u l t s  of t he  ana lyses  are presented i n  Table 9. A d e s c r i p t i o n  of t h e  

procedures follow. 

Analysis 1: Earthquake acce l e r a t i ons  t h a t  w i l l  l i q u e f y  sediment a t  var ious 

depths were c a l c u l a t e d  using c y c l i c  t r i a x i a l  test da ta .  

The miximum shear  stresses i n  a s o i l  body are p r imar i l y  caused by an 

upward propagat ion of shear  waves from bedrock. The average shear  s t r e s s  

( Tave i n  a deformable body is equal  t o  (Seed and I d r i s s ,  1971 1 : 

T 
max = 0.65 y h r 

ave 9 d 

where: 'lave = average ho r i zon ta l  shea r  s t r e s s ;  

Y = total u n i t  weight of t he  s o i l  es t imated  

from consol ida t ion  t e s t s ;  

h = subbottom depth of stress determinat ion;  

g = a c c e l e r a t i o n  due t o  g r a v i t y ;  

a,,, = maximum ground su r f ace  acce l e r a t i on ;  

rd = s t r e s s  c o e f f i c i e n t  t o  reduce s t r e s s e s  

from a r i g i d  to a deformable body, determined 

from Fig. G1. 



Cycl ic  t r i a x i a l  tests w e r e  performed t o  eva lua t e  the c y c l i c  stress r a t i o  

I 

a ) necessary t o  cause a c e r t a i n  s t r a i n  t o  occur a t  a 
(Tcyc ave max c 

p a r t i c u l a r  number of loading cyc les .  A magnitude 5.25 ear thquake m y  be 

represen ted  by approximately 3 s i g n i f i c a n t  cyc les  a t  0.65 ~~~~t a magnitude 

6.0 event conta ins  approximately 5 cyc l e s ,  and a 6.75 magnitude has 

approximately 10 r ep re sen t a t i ve  cyc les  (Seed and I d r i s s ,  i n  p r e s s  1. Useful 

data can be obtained from c a r e f u l l y  conducted c y c l i c  t r i a x i a l  tests performed 

t o  5 pe rcen t  s t r a i n  f o r  dense samples (Seed, 1979) (Fig.  9). Cyclic  t r i a x i a l  

tes t  r e s u l t s  t y p i c a l l y  a r e  ad jus t ed  to agree with f i e l d  stress app l i ca t i ons .  

The foLlowing equat ion t ransforms c y c l i c  t r i a x i a l  stress r a t i o s  i n t o  

r e p r e s e n t a t i v e  f i e l d  d a t a  (Seed, 1979) : 

r 
VO 

f i e l d  ('CYC av:l:x ) triaxi.1 

where: f /(3' 
( h  vo) f i e l d  

= t he  ho r i zon ta l  shear stress caused by an 

earthquake normalized t o  i ts v e r t i c a l  i n  s i t u  

conf in ing  stress; 

cm = a c o e f f i c i e n t  t h a t  r e l a t e s  u n i d i r e c t i o n a l  c y c l i c  

shear  tests t o  m u l t i d i r e c t i o n a l  shak ing  i n  t h e  

f i e l d ,  t y p i c a l l y  equa ls  0.9; 

cr = a c o e f f i c i e n t  t h a t  modifies the c y c l i c  t r i a x i a l  

stress r a t i o  to  a corresponding c y c l i c  simple 

shear  stress r a t i o  t h a t  is mre rep re sen t a t i ve  of 

field condi t ions ,  the  c o e f f i c i e n t  is dependent 

upon the  c o e f f i c i e n t  of e a r t h  pxessure a t  r e s t  i n  

t he  f i e l d ,  KO; 



('cyc ave mx/' 
=the stress r a t i o  r e q u i r e d  t o  reach  5 p e r c e n t  

s t r a i n  i n  3, 5 and 10 c y c l e s  a s  determined from 

c y c l i c  t r i a x i a l  t e s t s  ( F i g ,  9 ) .  

The t r i a x i a l  t o  s imple  s h e a r  reduc t ion  c o e f f i c i e n t ,  c,, is dependent upon 

%; cr L" 0.63 f o r  KO 0.4 and cr " 1.0 f o r  KO " 1.0. Other va lues  of c, 

were l i n e a r l y  i n t e r p o l a t e d  between the end va lues  (Seed, 1979) .  The 

c o e f f i c i e n t  of e a r t h  p r e s s u r e  a t  r e s t  was c a l c u l a t e d  from (Mayne and Kulhawy, 

1982) : 

s i n  4r1 
KO = (1-s in  4 ' )  OCR 

where: KO = the c o e f f i c i e n t  of e a r t h  p r e s s u r e  a t  rest; 

= the e f f e c t i v e  f r i c t i o n  ang le  determined from 

s t a t i c  t r i a x i a l  tests (Table  7 ) ;  

CCR = o v e r c o n s o l i d a t i o n  r a t i o  a t  depth of i n t e r e s t ,  

e s t i m a t e d  from Fig .  G2. 

Equat ing Tave i n  e q u a t i o n  1 with  ~h i n  e q u a t i o n  2,  t h e  maximum ground 

s u r f a c e  a c c e l e r a t i o n  from an ear thquake necessa ry  t o  cause  l i q u e f a c t i o n  at 

various dep ths  w a s  determined (Table G1): 

I 

0 
- Cm 'r "0 cyc ave max 

a I 

The above a n a l y s i s  assumed t h a t  c y c l i c  p r o p e r t i e s  a t  dep th  were t h e  same 

as measured p r o p e r t i e s  of sha l low subbottom sediment .  Deep s i t e  specific 

i n v e s t i g a t i o n s  are required t o  determine i f  weaker s t r a t a s  e x i s t .  



Analys i s  2: Earthquake a c c e l e r a t i o n s  t h a t  w i l l  l i q u e f y  sediment a t  a sha l low 

subbottom dep th  were c a l c u l a t e d  u s i n g  s t a n d a r d  c o r r e l a t i o n s  based on CPT d a t a .  

This  a n a l y s i s  also i s  based on the s i m p l i f i e d  procedure  for e v a l u a t i n g  

s o i l  l i q u e f a c t i o n  p o t e n t i a l  of Seed and I d r i s s  (1971) w i t h  some 

m o d i f i c a t i o n  . That e v a l u a t i o n  relies on e m p i r i c a l  c o r r e l a t i o n s  between the 

s t a n d a r d  p e n e t r a t i o n  test (SPT) and a r e a s  of observed l i q u e f a c t i o n  caused by 

ea r thquakes .  The s t a n d a r d  p e n e t r a t i o n  test is  performed by dropping a weight 

on to  d r i l l  rods  and measuring t h e  number of blows (N) r e q u i r e d  t o  d r i v e  a 

s p l i t  sampling spoon 0.305 m. R e p r e s e n t a t i v e  blow counts  ( N )  w e r e  determined 

from t h e  i n  s i t u  cone p e n e t r a t i o n  t e s t  d a t a  o b t a i n e d  i n  Norton Sound u s i n g  t h e  

r e l a t i o n s  i n  Fig.  G3  (Schrnertmann, 1976, c i t e d  i n  Martin and Douglas 1981). 

The blow counts  (N) were c o r r e c t e d  f o r  sha l low subbottom dep th  by m u l t i p l y i n g  

by 0.75 and by CN o b t a i n e d  from Fig. G4 .  The blow count  w a s  a l s o  i n c r e a s e d  by 

7.5 t o  account  f o r  s i l t  c o n t e n t  (Seed and I d r i s s ,  i n  p r e s s ) .  The e q u a t i o n  t o  

de te rmine  the c o r r e c t e d  blow count ,  N,, f o r  any sha l low (<3m) subbottom dep th  

is: 

1 

The s t r e s s  r a t i o  (byC/Q VO) necessa ry  t o  cause  l i q u e f a c t i o n  f o r  a 

p a r t i c u l a r  magnitude ea r thquake  as a f u n c t i o n  of Nc is shown i n  Fig. ~ 5 .  ~f 

t h e  s t r e s s  r a t i o  is known, t h e  maximum a c c e l e r a t i o n  a t  t h e  s e a f l o o r  (ama,) can  

be c a l c u l a t e d  from e q u a t i o n  l wi th  both  s i d e s  normalized by o' . The minimum 

amax f o r  each p e n e t r a t i o n  is l i s t e d  i n  Table G2. 

Analys i s  3: Wave h e i g h t s  t h a t  w i l l  l i q u e f y  sha l low subbottom sediment  were 

c a l c u l a t e d  u s i n g  c y c l i c  t r i a x i a l  test d a t a .  



Storm waves traveling over  sediment i n  shal low water depths  genera te  

shear  stresses s i m i l a r  to  those  induced by ear thquakes.  Liquefact ion may 

occur i f  the  r e s u l t a n t  pare  pressures  increase s u f f i c i e n t l y .  The a n a l y s i s  

cons i s t ed  of two main p a r t s :  t h e  stresses imparted t o  t h e  s e a f l o o r  were 

determined f o r  design storms, and the c y c l i c  c h a r a c t e r i s t i c s  of the sediment 

were measured i n  c y c l i c  t r i a x i a l  tests.  

The shear  stress r a t i o  
=c 
I a t  any subbottom depth induced by ocean 

0 
v 

waves was determined from (Seed an8 Rahman, 1978) : 

where: Tc = hor i zon ta l  c y c l i c  shea r  s t r e s s  a t  a p a r t i c u l a r  subbottom 

depth ; 

I 

VO 
= v e r t i c a l  e f f e c t i v e  stress a t  a p a r t i c u l a r  subbottom depth;  

Y" = u n l t  weight of s a l t  water; 

Y' = average buoyant u n i t  weight of sediment above a p a r t i c u l a r  

subbottom depth;  

H = sustained storm wave height; 

L = wavs length ,  determined from Fig. G6 ,  assuming a wave per iod  

of 10 seconds (Clukey and o t h e r s ,  1980 1 ; 

z = subbottom depth;  

d = s t i l l  water depth.  

The average wave he igh t  was determined by mul t ip ly ing  t h e  s i g n i f i c a n t  

wave he igh t  f o r  d i f f e r e n t  r e t u r n  per iods  by 0.63 (McCormick and Thiruvathukal ,  

1976, p. 119) (Table G3). The shear  stress r a t i o s  f o r  d i f f e r e n t  su s t a ined  

wave he igh t s  a t  sites i n  t h e  nothern Bering Sea a r e  presented i n  Table G4 .  



The l abo ra to ry  stress r a t i o s  necessary t o  cause 5 percent  s t r a i n  a f t e r  

360 cyc les  (a storm du ra t ion  of one hour with a wave per iod  of 10 seconds, 

CLukey and o the r s ,  1980) (Fig.  9) were co r r ec t ed  using equat ion 2 to  s imula te  

field condi t ions  (Table G5). A comparison of the stresses induced by s torm 

waves (Table G4) with t h e  co r r ec t ed  c y c l i c  sediment r e s i s t a n c e  (Table G5) 

revea led  t h e  sus t a ined  wave he igh t  necessary to cause l i q u e f a c t i o n  t o  a 

p a r t i c u l a r  subbottom depth (Table G6). The above a n a l y s i s  does not  account 

f o r  d ra inage  dur ing  storm events ;  t h i s  is a very conserva t ive  assumption. 

Analysis 4: Cone pene t r a t i on  da t a  was modified using an earthquake a s soc i a t ed  

procedure t o  y i e l d  values  t h a t  are r e l a t e d  t o  wave he igh t s  necessary t o  cause 

l i que fac t ion .  

The f i n a l  a n a l y s i s  c o n s i s t s  of po r t i ons  of ana lyses  2 and 3. The 

smallest shear  stress r a t i o  ( T / U ' ~ ~ )  (Table G 2 )  f o r  each CPT determined from 

Pig ,  E5 (assuming M=5.25) w a s  compared t o  t h e  c y c l i c  shear  stress r a t i o  

( ' C / O  VO 
) induced by storm waves (Table G 4 ) .  The minimum wave h e i g h t s  

necessary t o  equa l i ze  the s t r e s s  r a t i o s  a r e  presented i n  Table 9. Although 

the  values  show r e l a t i v e  s u s c e p t i b i l i t y  t o  l i q u e f a c t i o n  between s t a t i o n s ,  they 

do not  r ep re sen t  a c t u a l  wave he ights .  



Table GI. Ground surface earthquake accelerations (6,) necessary to induce liquefaction at aifferent subbottom depths ( h )  based on laboratory 
I cyclic t r b ~ i a l  test data (determined frcrm equation 41. 

cyc ave max 
1 a c ave wx a 

u 
C C C 

(1) m r i w  %Value allowed in analynin -1.0, hiqher values were assumed to have heen caused hy disturbance effects. 

(triaxial) 
w = 5.25; 3 cycle8 

(triaxial) 
# 6.0s 5 cycles 

(triaxial) 
W6.75; 10 cycles 



Table G2. lawest stress ratios ( T / U ' ~  1 and ground surface accelerations 

(amax ) necessary to induce Piquefaction based on cone penetration 
test data. 

CONE LoWFST LOWEST LOW EST 
PENETRATION DEPTH vo am&) arm ( g )  

TEST >0.25 m M = 5.25 M = 5.25 M = 8 - 7 5  



Table G 3 .  Estimated wind speeds and wave he ights  i n  the northern Bering 
Sea f o r  d i f f e r e n t  r e tu rn  periods (Arc t i c  Environmental Information 
and Data Center,  1977). 

MAXIMUM MAXIMUM 
RETURN SUSTAINED SIGNIFICANT EXTREME AVERAGE ( '  ) 
PERIOD WIND SPEED WAVE WAVE WAVE 
( YEARS ) ( KNOTS ) HEIGHT HEIGHT HEIGHT 

( m )  ( m )  ( m )  

( 1 )  Average wave he igh t  = 0.63 x s i g n i f i c a n t  wave he igh t  (McCormick and 
Thiruvathukal,  1976 1. 

( 2 )  Waves 14 m high will break i n  some Norton Sound areas ,  t he re fo re  13 m 
high waves were assumed a s  a maximum value i n  t he  ana lys i s .  Actual ly ,  
maximum sus ta ined  wave heights i n  the northern Bering Sea may be l e s s  
than 1 3 m  because the r e l a t i v e l y  shallow water depths on the wide 
c o n t i n e n t a l  she l f  d i s s i p a t e  wave energy. 



I ' 
d */' d T L 

YO lC'O "a 

(I) (kw/u3) ~ n )  irmc) (n) H n - h  



Tabla G5. Remirtanca to liou=fastlon at Aiffmrmnt suhbotfol depth. exprerssd as a rim14 atrosm h t l n  ( T  P ) tdeterminrfl 
fra. eycllc trianial rert data lrWc =) cocrmcted tor lrhorarory eonnition. uelnq $uatYk 1). 

11) F(.xintm all-td K - 1.0. 
12) Stream ratio r-u?rd to lnduce 5r  .train in -lie trlanial t-mt umplem after 360 lomdinq 

WClma (mtorm wavs psrlod - 10 mec for 1 hour suraelon). 



Table G6. Sustained storm wave heiqhts (HI necessary to induce liquefaction in sediment 
from different stations (determined from a comparison of wave induced stresses 
in Tahle G4 with the corrected cyclic sediment resistance in Table G5). 

H = Wave height necessary to cause liquefaction. 

DL = Subbottom depth to which licruefaction may occur. 

(1) = Wave heights necessary to liquefy sediment based 

on overconsolidated triaxial test samples. 
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~ i g .  01. Range of rd values vs subbottom depth for different soil profiles 
(from Seed and Idriss, 1971). 

o? 

10 

20 

30 

40 

SO 

60 

70 

80 

90 

00 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.Q 1.0 
I I 

- 

- 
Average values 

- 

- 
Range for different soil profiles 

- 

- 

- - 

- 

- - 
I 1 



Overconsolidation ratio, OCR 

Fig. G2. Overconsolidation ratio determined from consolidation tests versus 
subbottom depth. 



Cone reslstance, q c  (TSF) 

Piq. 0 3 .  Correlation of  cone res i s tance  ( q c )  and f r i c t i o n  r a t i o  (FR) obtained 
from cone penetration tests with standard penetration test b l w  
count (N) (Schmertmann, 1976, cited i n  Martin and Douulas, 19811. 



Correction factor. C N 

Fig. G4. Chart for correction of N-values in sand for influence of overburden 
pressure (reference value of ef fec t ive  overburden pressure is l 
ton/es f t) (from Peck and others, 1974). 
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Modified penetration resistance, N (blowslft) 

I 

Fig. G5. Liquefaction res i s tance  (T/u ) versus modified penetration 
VO resistance (N,) for different earthquake maqnitudes ( f r o m  Seed and 

Idriss, i n  p r e s s ) .  



Still water level 
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Fiq. G6. Relationship between wave period, wavelenqth, and water depth 
(Wiegel, 1964, cited in Seed and Rahman, 1978). 


