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INTRODUCTION 

The U.S.  Geological  Survey began a sys t ema t i c  s t u d y  of  sediment 
d i s t r i b u t i o n ,  d e p o s i t i o n a l  environments,  and shal low s t r u c t u r e  of t h e  
n o r t h e a s t  Gulf of Alaska i n  1974. The o b j e c t i v e  of  t h e  s t u d y  was p r i m a r i l y  t o  
e v a l u a t e  s e a f l o o r  hazards  on a rkg iona l  b a s i s  i n  p repa ra t i on  f o r  p o s s i b l e  
o f f s h o r e  petroleum development. The s t u d y  w a s  extended t o  i nc lude  a n  
ex t ens ive  sediment sampling program i n  1975 when approximately 400 samples of 
c o n t i n e n t a l  s h e l f  sediments were c o l l e c t e d  (Carlson and o t h e r s ,  1 9 7 7 ) .  
Systematic  measurement of geo technica l  p r o p e r t i e s  was s t a r t e d  i n  1977 (Carlson 
and o t h e r s ,  1978).  

Detailed geologic  s tudy  of se i smic  r e f l e c t i o n  records  and sediment 
samples i n  a r e a s  of  sediment i n s t a b i l i t y ,  a l though va luab le  f o r  s p e c i f y i n g  t h e  
types  and e x t e n t s  of d i f f e r e n t  p a s t  hazardous cond i t i ons ,  l e ave  unanswered 
ques t i ons .  For example, t hey  of t e n  d o  n o t  s p e c i f y  causes  of  f a i l u r e s ,  provide 
information on t h e  s a f e t y  of appa ren t ly  un fa i l ed  a r e a s ,  sugges t  whether 
e x i s t i n g  s l i d e  bodies  w i l l  f a i l  a g a i n  o r  en l a rge ,  o r  p r e d i c t  t h e  imp l i ca t i ons  
of c e r t a i n  ear thquake o r  s torm events .  

The q u a n t i t a t i v e  methods of geotechnology have t h e  p o t e n t i a l  f o r  
answering some of t h e s e  ques t i ons .  A v a s t  amount of  p r ev ious ly  unpublished 
geo techn ica l  d a t a ,  p r i m a r i l y  der ived  from tests  on c o r e  samples b u t  
supplemented wi th  a few i n  s i t u  tests, has  been accumulated on t h e  
c o n t i n e n t a l  s h e l f  between Montague I s l and  and Cross Sound ( ~ i g .  1 ) .  The 
primary o b j e c t i v e  of t h i s  r e p o r t  is t o  make t h e s e  d a t a  a v a i l a b l e  wi th  a 
c o n s i s t e n t  format. A secondary o b j e c t i v e  i s  t o  provide  pre l iminary  
q u a n t i t a t i v e  ana lyses  of  some of  t h e  geologic  hazards .  

SETTING 

Geologic S e t t i n g .  G lac i a t i on  i s  t h e  most important  p rocess  c o n t r i b u t i n g  
sediment  t o  the  n o r t h e a s t  Gulf of Alaska c o n t i n e n t a l  s h e l f .  I n  Miocene time, 
g l a c i a t i o n  was r e s t r i c t e d  t o  t h e  onshore area b u t  by e a r l y  t o  middle 
P l e i s tocene ,  a l a r g e  i c e  s h e e t  had spread  a c r o s s  t h e  c o n t i n e n t a l  s h e l f  (Molnia 
and Carlson, l978;  Molnia and Sangrey, 1979; Carlson and o t h e r s ,  1982).  Today 
g l a c i e r s  i n  t h e  Gulf of Alaska region a r e  r e s t r i c t e d  t o  t h e  onshore a r e a s  
F i g .  1 As r e c e n t l y  a s  75 yea r s  ago, however, a g l a c i e r  f i l l e d  Icy  Bay and 
extended 5 km o r  6 km on to  t h e  c o n t i n e n t a l  s h e l f  ( ~ o l n i a ,  1979) .  

The complex Quaternary h i s t o r y  of t h e  n o r t h e a s t  Gulf of Alaska has  
genera ted  a v a r i e t y  o f  sedimentary depos i t s .  Four major sedimentary u n i t s  
(Fig.  1 )  a r e  def ined  on t h e  b a s i s  o f  se i smic  r e f l e c t i o n  and sedimentologic  
d a t a  (Car l son  and Molnia, 1975; k l n i a  and Carlson,  1975, 1980; Carlson and 
o t h e r s ,  1977, Molnia and Sangrey, 1979; Molnia and Carlson,  1980).  These 
u n i t s  a r e :  A. Holocene g lac ia l -mar ine  sediment;  B. Holocene end moraine 
depos i t s ;  C. Quaternary g l a c i a l  depos i t s ;  and D. Ple i s tocene  and o l d e r  
l i t h i f i e d  sedimentary rocks.  Holocene end moraine d e p o s i t s ,  @ a t e r n a r y  
g lac ia l -mar ine  sediment,  and P l e i s tocene  and o l d e r  l i t h i f i e d  sedimentary rocks 
are predominantly dense and hard,  r e f l e c t i n g  d i agenes i s  or g l a c i a l  i c e  
loading. These compacted d e p o s i t s  a r e  probably n o t  s u s c e p t i b l e  t o  i n s t a b i l i t y  
on t h e  c o n t i n e n t a l  s h e l f  (Lee and Schwab, 1982) .  Therefore ,  Geotechnical 
s t u d i e s  have been d i r e c t e d  a lmos t  exc lus ive ly  toward i n v e s t i g a t i n g  Holocene 
g lac ia l -mar ine  sediment. 



F i n e  sand  and c l a y t  C: ~ l t  of  t h e  Holocene g l a c i a l - m a r i n e  u n i t  cover  most 
of t h e  i n n e r  s h e l f ,  r e a r  y a maximum t h i c k n e s s  o f  a b o u t  350 m seaward of t h e  
Copper River, a b o u t  200 m seaward o f  Icy Bay ( ~ a r l s o n  and ~ o l n i a ,  19751, and 
a b o u t  260 m seaward of t h e  Alsek River .  Th i s  sed iment  i s  g l a c i a l l y  d e r i v e d  
from t h e  Gulf of Alaska T e r t i a r y  p r o v i n c e  and b o r d e r i n g  r o c k s  of Mesozoic and 
o l d e r  age ,  t h e n  f l u v i a l l y  t r a n s p o r t e d  t o  t h e  g u l f  a s  rock  f l o u r  (Molnia and 
Car l son ,  1980) .  The Mesozoic and o l d e r  a g e  r o c k s  a r e  h i g h l y  deformed, l o c a l l y  
metamorphosed sed imenta ry  and v o l c a n i c  r o c k s  t h a t  a r e  commonly i n t r u d e d  by 
igneous  p l u t o n s ,  whereas t h e  T e r t i a r y  Prov ince  i s  a compound c o n t i n e n t a l  
margin b a s i n  made up  a lmos t  e n t i r e l y  o f  t e r r i g e n o u s  c l a s t i c  r o c k s  w i t h  minor 
coal. For a summary o f  t h e  onshore  geology of  t h e  Gulf o f  Alaska t h e  r e a d e r  
i s  r e f e r r e d  t o  P l a f k e r  (1971 1, Bruns (19791, and Bruns and P l a f k e r  (1982) .  

West o f  Kayak I s l a n d ,  t h e  Copper River  i s  t h e  p r imary  s o u r c e  o f  Holocene 
sediment ,  c a r r y i n g  a sed iment  l o a d  o f  107 x 10' kg/yr (Reimni tz ,  1966) .  East 
o f  Kayak I s l a n d ,  major  sediment  s o u r c e s  are s t r e a m s  d r a i n i n g  t h e  l a r g e r  i c e  
f i e l d s  ( ~ a l a ~ p i n a  and Bering G l a c i e r s )  and t h e  Alsek River .  Accumulation 
r a t e s  o f  t h e  Holocene g l a c i a l - m a r i n e  u n i t  on t h e  c o n t i n e n t a l  s h e l f  range from 
0 t o  29 mm/yr (Molnia and o t h e r s ,  19801. Accumulation r a t e s  of Holocene 
g l a c i a l - m a r i n e  sed iment  i n  c o a s t a l  embayments a r e  thought  t o  be a s  h i g h  a s  2 
t o  3.75 m/yr (Molnia,  1979) .  

The l a r g e s t  d e p o s i t s  o f  sand  i n  t h e  Holocene g l a c i a l - m a r i n e  unit occur  
a l o n g  t h e  b a r r i e r  i s l a n d s  a t  t h e  mouth o f  t h e  Copper R i v e r ,  a l o n g  t h e  
n e a r s h o r e  zone b o t h  a d j a c e n t  t o  and  w e s t  of t h e  Malaspina Glacier (Car l son  and 
o t h e r s ,  1977) ,  and a l o n g  t h e  n e a r s h o r e  zone between t h e  Alsek River  and 
Yakutat  Bay ( ~ i g .  1 ) .  The moderate ly  w e l l  s o r t e d ,  m i n e r a l o g i c a l l y  immature 
sand ( c o n t a i n i n g  a b o u t  e q u a l  p a r t s  o f  q u a r t z  and  metamorphic rock  f ragments )  
i s  mos t ly  found i n  w a t e r  d e p t h s  less t h a n  50 m i n d i c a t i n g  a n  environment 
s u b j e c t  t o  h i g h  wave and c u r r e n t  energy.  Storm waves and longshore  c u r r e n t s  
resuspend t h e  f i n e  s i l t  and c l a y  p a r t i c l e s  o r  m a i n t a i n  them i n  suspens ion  and 
t h e  Alaska C u r r e n t  t r a n s p o r t s  them o f f s h o r e  and  westward (Molnia and Car l son ,  
1980) .  

Large d e p o s i t s  o f  Holocene g l a c i a l - m a r i n e  c l a y e y  s i l t  occur  seaward o f  
t h e  Copper River  and seaward o f  t h e  Malaspina and Ber ing G l a c i e r s  ( C a r l s o n  and 
o t h e r s ,  1977) .  The mean g r a i n  s i z e  o f  Gulf of Alaska Holocene g l a c i a l - m a r i n e  
sediment  g e n e r a l l y  d e c r e a s e s  w i t h  d i s t a n c e  from s h o r e  and i s  l a r g e l y  g l a c i a l  
rock f l o u r  which i s  dominated by t h e  s i l t  f r a c t i o n  ( ~ a r l s o n  and o t h e r s ,  1977) .  

Off shore Geoloqic  Hazards. Seaf loor  g e l o g i c  h a z a r d s  i n  t h e  n o r t h e a s t  
Gulf o f  Alaska a r e  summarized by Car l son  and Schwab (1982) and have been 
d e s c r i b e d  by Car l son  and o t h e r s  (19751, Car l son  and Molnia (1977) ,  Molnia and 
o t h e r s  (19771, C a r l s o n  (19781, and C a r l s o n  and o t h e r s  (1980) .  The h a z a r d s  
i n c l u d e  s h a l l o w  f a u l t s ,  b u r i e d  c h a n n e l s ,  gas-charged sed iment ,  and submarine 
s l i d e s  and f lows .  

A c t i v e  f a u l t i n g  i s  w e l l  documented u s i n g  c o n v e n t i o n a l  g e o p h y s i c a l  
t e c h n i q u e s  (Bruns 1979; 1982; Bruns and Schwab, 1982; Car l son  and Schwab, 
1982) .  Bur ied c h a n n e l s  i n v o l v e  sed iment  and sed imenta ry  r o c k s  t h a t  a r e  t o o  
d e e p l y  b u r i e d  t o  b e  sampled w i t h  c o n v e n t i o n a l  c o r i n g  equipment and t h e r e f o r e  
have n o t  been s t u d i e d  e x c e p t  w i t h  g e o p h y s i c a l  p r o f i l i n g .  



Bubble phase  g a s  charg ing ,  a l though  p r e s e n t  i n  t h e  n o r t h e a s t e r n  Gulf of 
Alaska,  i s  n o t  widespread.  Of t h e  hydrocarbon g a s e s ,  o n l y  methane i s  p r e s e n t  
i n  c o n c e n t r a t i o n s  t h a t  may exceed t h e  s a t u r a t i o n  o f  i n t e r s t i t i a l  wa te r  
(Appendix A ) .  AnomaLously h i g h  c o n c e n t r a t i o n s  o f  methane s u g g e s t i n g  t h e  
p r e s e n c e  of bubble  phase  g a s  i n  p l a c e  and p o t e n t i a l l y  u n s t a b l e  sediment ,  were 
found i n  o n l y  two areas: a f a u l t  zone s o u t h e a s t  o f  Kayak I s l a n d  (sample 
c o n c e n t r a t i o n  o f  14,000 V l / L ) ,  and a n  a r e a  east  o f  Dry Bay (sample 
concer i t r a t ion  of 32,8000 P1 /1) .  Other  l o c a t i o n s  had s i g n i f i c a n t  amounts o f  
methane b u t  t h e  amounts measured i n  samples were i n s u f f i c i e n t  t o  i n d i c a t e  t h a t  
t h e  sed iment  i n  s i t u  w a s ,  i ndeed ,  charged  w i t h  bubble-phase gas .  No 
c o r r e l a t i o n  between t h e  occur rence  o f  s e i s m i c  r e f l e c t i o n  anomal ies  and t h e  
p r e s e n c e  o f  gas-charged sediment  i s  a p p a r e n t ,  e x c e p t  f o r  t h e  sed iment  
s o u t h e a s t  o f  Kayak I s l a n d .  The sampling and a n a l y t i c a l  t echn iques  needed t o  
q u a n t i t a t i v e l y  a s s e s s  gas-charged sed iment  a s  a g e o l o g i c  h a z a r d  have n o t  been 
f u l l y  developed. 

Geotechn ica l  s t u d i e s  have been d i r e c t e d  a lmos t  e x c l u s i v e l y  toward 
i n v e s t i g a t i n g  s l i d e s  and f lows  i n  t h e  Holocene g l a c i a l - m a r i n e  sediment .  
Holocene mora ina l  sed iments ,  Quaternary g l a c i a l - m a r i n e  sediment  and 
P l e i s t o c e n e  and o l d e r  l i t h i f i e d  sed imenta ry  r o c k s  a r e  predominant ly  d e n s e  and 
hard ,  r e f l e c t i n g  d i a g e n e s i s  o r  g l a c i a l  i ce  load ing ,  These compacted d e p o s i t s  
a r e  p robab ly  n o t  s u s c e p t i b l e  t o  s l i d i n g  on t h e  c o n t i n e n t a l  s h e l f .  I n  
c o n t r a s t ,  t h e  Holocene g l a c i a l  marine sed iment  i s  weak. I n  t h i s  a r e a  of 
f r e q u e n t  e a r t h q u a k e s  and l a r g e  s to rm waves, t h e  Holocene g l a c i a l  marine 
sediment  i s  s u s c e p t i b l e  t o  s l o p e  f a i l u r e  under c y c l i c  l o a d i n g  ( ~ e e  and Schwab, 
1982). 

Morphology of  Submarine S l i d e s  and Flows. Numerous s l i d e s  and slumps 
have been i d e n t i f i e d  from s e i s m i c  p r o f i l e s  o f  a n  8 by 100 km a r e a  seaward o f  
the mouth of t h e  Copper R i v e r  (Hampton and o t h e r s ,  1978; Car l son  and Schwab, 
1982) ( F i g .  4 ) .  Some d i s r u p t e d  r e f l e c t o r s  on a  few of t h e  p r o f i l e s  may 
i n d i c a t e  t h e  p r e s e n c e  of gas-charged sed iment  (F ig .  5). Tbe d i s r u p t e d  
r e f l e c t o r s  occur  benea th  a s l o p e  o f  a b o u t  0.5" and a p p e a r  t o  o u t l i n e  
i n d i v i d u a l  slump "blocks"  t h a t  r ange  i n  h e i g h t  from 1 m t o  5 m and i n  l e n g t h  
from 0.3 km t o  1.0 km. The slump s t r u c t u r e s  appear  t o  be  developed t o  a  d e p t h  
i n  t h e  sed iment  of 20 m t o  40 rn i n  w a t e r  d e p t h s  o f  40 m t o  125  m. 

A s p e c t a c u l a r  example o f  a  l a r g e  submarine s l i d e  is l o c a t e d  i n  Kayak 
Trough ( C a r l s o n  and Molnia, 1977; Molnia and o t h e r s ,  1977; Hampton and o t h e r s ,  
1978) ( F i g .  4). This  s l i d e  h a s  a l e n g t h  o f  17  km, a  maximum w i d t h  o f  1 2  krn, 
and a  maximum t h i c k n e s s  of 115 m ( e s t i m a t e d  volume i s  approximately  5.9 
km3), The s l i d e  o c c u r r e d  on  a l o  s l o p e .  Seismic  p r o f i l e s  o v e r  t h e  Kayak 
Trough s l i d e  t y p i c a l l y  show d i s r u p t e d  i n t e r n a l  r e f l e c t o r s  and i r r e g u l a r  
s u r f a c e  morphology. Th is  s l i d e  h a s  a  f a i r l y  we l l -p rese rved  p u l l - a p a r t  s c a r p  
w i t h  a  r e l i e f  o f  a b o u t  10 m and a  well-developed t o e  t h a t  i s  20 m t h i c k  a b o u t  
2  km from t h e  d i s t a l  end ( F i g .  6). Apparent ly  t h e r e  was enough momentum t o  
c a r r y  t h e  t o e  o f  t h e  s l i d e  p a s t  t h e  thalweg of  t h e  t rough  (Car l son  and Molnia, 
1977) .  

The l a r g e s t  known s l i d e  on t h e  c o n t i n e n t a l  s h e l f  e a s t  o f  Kayak I s l a n d  i s  
the I c y  Bay-Malaspina slump ( C a r l s o n ,  19781, l o c a t e d  seaward o f  t h e  Malaspina 
Glacier ( S l i d e  A,  F ig .  7 ) .  Here a  p r o c e s s  o f  e n  eche lon  slumping o f  Holocene 
c l a y e y  s i l t  i s  t a k i n g  p l a c e  i n  w a t e r  d e p t h s  o f  70  m t o  150 m on a s l o p e  o f  
less t h a n  0.5O (Fig. 8 ) .  These slump s t r u c t u r e s  ex tend  o v e r  a n  a r e a  of a b o u t  



1080 km2. The slump blocks a r e  about  0.5 km long and have r e l i e f s  of 2 m t o  5 
m. The s l i p  s u r f a c e s  extend t o  a depth  of  15 m t o  40 m beneath t h e  sea 

3 f l o o r .  The volume of t h e  e n t i r e  slump i s  about  32 km . 
Four smaller s l i d e s  have been mapped i n  t h e  nearshore  zone east of t h e  

Icy Bay-Malaspina slump, a l l  of which begin i n  water  shal lower than 100 m 
(Carlson and o t h e r s ,  1980) ( S l i d e  B,  Fig. 7 ) .  One s l i d e  southwest of Yakutat 
Bay begins  on t h e  no r th  wall of  Yakutat Sea v a l l e y  and extends ac ros s  most of 

2 t h e  va' l ley floor. !Ibis s l i d e  covers  a n  a r e a  of  350 km and inco rpo ra t e s  t h e  
upper few meters o f  c layey  si l t .  This s l i d e  appears  t o  f i t  i n t o  Varnes (1978) 
c l a s s i f i c a t i o n  as  a mudflow t h a t  f a i l e d  due t o  l a t e r a l  spreading  (Carlson and 
o t h e r s ,  1980). 

The second of t h e  f o u r  sma l l e r  s l i d e s ,  t h e  Yakutat s l i d e ,  begins  4 km 
seaward of t h e  c o a s t l i n e  between Yakutat Bay and t h e  Dangerous River. I t  i s  
about  40 km i n  width,  and about  260 km2 i n  a r e a  (Carlaon and o t h e r s ,  1980) 
( S l i d e  C. Fig. 7 ) .  m e  s l o p e  of t h e  upper p a r t  of  t h e  s l i d e  i s  about  1 and 
decreases  t o  about  0.5O a t  t h e  seaward edge of t h e  s l i d e .  This s l i d e  mass i s  
cha rac t e r i zed  by a s e r i e s  of c layey  s i l t  b locks  undergoing r o t a t i o n a l  slump 
movement. The s t e p l i k e  s u r f a c e s  of t h e  blocks have a t r e a d  l eng th  of about  
100 m and a r i s e r  h e i g h t  of  3 t o  4 m (F ig .  9 ) .  %he s l i p  s u r f a c e s  extend 10 m 

3 below t h e  sea f l o o r  and t h e  volume of  slumped m a t e r i a l  i s  nea r ly  3 k m  . 
The t h i r d  smaller s l i d e  i s  loca t ed  s o u t h e a s t  of t h e  Dangerous River i n  

c layey  s i l t  (Car l son  and o t h e r s ,  1980) ( S l i d e  D,  Fig. 7 ) .  This s l i d e  begins  
about  2 km o f f sho re  i n  water dep ths  less than  20 m. !Ibis a r e a  of s e a f l o o r  
i n s t a b i l i t y  i s  thought  t o  be a s s o c i a t e d  wi th  gas-charged sediment i n t e r p r e t e d  
from a c o u s t i c  anomalies i n  h igh  r e s o l u t i o n  s e i smic  p r o f i l e s ,  and water  column 
gas plumes v i s i b l e  on s ide-scan sonographs ( ~ a r l s o n  and o t h e r s ,  1980) (Fig.  
10 ) .  

The f o u r t h  of t h e  sma l l e r  s l i d e s  i s  j u s t  seaward of t h e  Alsek River 
(Alsek River P r o d e l t a )  ( S l i d e  E, Fig. 7 )  and has  a n  area of 150 km2, m e  
shoreward edge of t h e  s l i d e  i s  i n  sand and sandy mud less than 2 km 
offshore .  Water depths  a r e  around 35 m and t h e  s l o p e  i s  about  0.5O. 'Ihis 
s l i d e  i s  thought  t o  have moved down t h e  headwall  of t h e  Alsek Sea Val ley (1,3"  
s l o p e )  p o s s i b l y  a s  f a r  o f f sho re  a s  t h e  f l o o r  of t h e  v a l l e y  ( S l i d e  F, Fig. 7 )  
where i t  o f f s e t s  t h e  c layey  s i l t  t o  a depth of 10 m t o  20 m (Carlson and 
o t h e r s ,  1980).  A d e t a i l e d  p i c t u r e  of  t h e  s e a  f l o o r  i n  a 10 x 2 km a r e a  w i th in  
t h e  Alsek River  p r o d e l t a  was made by assembling 21 speed co r r ec t ed ,  d i g i t a l l y  
processed,  s ide-scan sonographs (Molnia and Rappeport, 1980).  Typica l  s i d e -  
scan  sonographs of t h e  Alsek River  s l i d e  a r e  presen ted  i n  F igures  1 1 ,  12, and 
13. Molnia and Rappeport (1980) sugges t  t h a t  t h e  p r i n c i p a l  f a c t o r  f o r  causing 
t h e  Alsek P rode l t a  s l o p e  f a i l u r e s  i s  s a t u r a t i o n  of t h e  sediment by b iogenic  
methane gas. Carlson and o t h e r s  (1980) a l s o  mapped t h i s  f a i l u r e  as an  a r e a  of 
gas-charged sediment. 

In  a d d i t i o n  t o  t h e  s l i d e s  and f lows i n  t h e  nearshore zone, o t h e r  s l i d e s  
have been mapped w i t h i n  t h e  Yakutat and Alsek Sea Val leys  (Carlson and o t h e r s ,  
1980) (Fig.  71,  These s l i d e s  a l l  appear  t o  be mud f lows a f f e c t i n g  the upper 
10 m t o  20 rn of  c layey  s i l t .  

Numerous a r e a s  of s l i d e s  and slumps have been mapped on t h e  c o n t i n e n t a l  
s l o p e  (Fig. 7 )  (Carlson and o t h e r s ,  1980) .  Although most of these slides are 



immediatly seaward of  t h e  v a l l e y s ,  s l i d i n g  appears  t o  be  a common mechanism 
f o r  t r a n s p o r t i n g  sediment down t h e  c o n t i n e n t a l  s l o p e  i n  t h e  e n t i r e  Gulf of 
Alaska (Hampton and o t h e r s ,  1978; Carlson,  1979).  Many of t h e s e  s l i d e s  a r e  
longer  than  5 km and occur  on s l o p e s  w i th  g r a d i e n t s  of 3" t o  6O. The s l i d e s  
range from d i s c r e t e  mudflows, t h i n n e r  t han  50 m,  t o  complex zones of mass 
t r a n s p o r t  s e v e r a l  hundred meters t h i c k  c o n s i s t i n g  of  mu l t i p l e  s l i d e s ,  such as 
i n  t h e  a r e a  s o u t h e a s t  of  ~akob i ' c sea  Val ley (Carlson and o t h e r s  1980; Carlson 
and Schwab, 1982).  The sediment conta ined  i n  t h e s e  s l i d e s  i s  p r i m a r i l y  a 
pebbly, mud t h a t  w a s  depos i ted  by g l a c i e r s  on t h e  s h e l f  u r ing  p a r t s  of t h e  
P l e i s tocene  (Carlson and o t h e r s ,  1980).  e 

GEOTECHNICAL APPROACH 

General Methodology. The c r i t i c a l  sediment geo techn ica l  p rope r ty  
measured f o r  use  i n  geologic  hazards  eva lua t ions  i s  t h e  shea r ing  s t r eng th .  It  
must be  exceeded by environmental l oads  for most t ypes  of f a i l u r e  t o  occur.  
Index p r o p e r t i e s  ( g r a i n  s i z e ,  water con ten t ,  bulk d e n s i t y ,  At te rberg  l i m i t s  
and g r a i n  d e n s i t y )  a r e  measured as w e l l  because t hey  a i d  i n  c l a s s i f y i n g  t h e  
sediment and can be c o r r e l a t e d  wi th  both s t r e n g t h  parameters and sedimentary 
processes .  Also, they  are n o t  s t r o n g l y  a f f e c t e d  by co r ing  d is turbance .  
Compression o r  conso l ida t ion  p r o p e r t i e s  a r e  measured because t h e  conso l ida t ion  
s t a t e  ( r e l a t i v e  degree of compaction) c o r r e l a t e s  w e l l  wi th  r e l a t i v e  shea r ing  
s t r e n g t h  (Ladd and Foo t t ,  19741, and r e f l e c t s  e a r l i e r  geo logic  events  ( f o r  
example pre loading  by g l a c i e r s  o r  e r o s i o n  of overburden) .  

The u s e f u l l n e s s  of most of our  geotechnica l  d a t a  a r e  l i m i t e d  by t h e  s h o r t  
l eng th  of co re s  ( t y p i c a l l y  1 m t o  10 m) and by c o r e  d i s turbance .  Because many 
f a i l u r e  f e a t u r e s  have b a s a l  shea r ing  p lanes  t h a t  are much deeper (50 m o r  
more) than  convent ional  co r ing  dev ices  p e n e t r a t e ,  t h e  sediment involved i n  
f a i l u r e  may n o t  have t h e  same p r o p e r t i e s  as t h a t  sampled. Coring d i s tu rbance ,  
generated by t h e  t h i c k  wal led samplers t h a t  a r e  commonly used,  a l t e r s  t h e  
engineer ing  p r o p e r t i e s  of  t h e  sampled sediment from t h e  p r o p e r t i e s  of t h e  
sediment i n  p lace .  Both of t h e s e  l i m i t a t i o n s ,  c o r e  s h o r t n e s s  and d i s tu rbance ,  
a r e  s e r i o u s  and capable  of g r e a t l y  reducing t h e  v a l i d i t y  of any geotechnica l  
s tudy .  

A methodology f o r  p a r t i a l l y  overcoming t h e s e  l i m i t a t i o n s  i s  provided by 
t h e  normalized s o i l  parameter (NSP) approach (Ladd and Foo t t ,  1974, Mayne, 
1980).  The NSP approach i s  based on empi r i ca l  r e s u l t s  t h a t  show c e r t a i n  
engineer ing  p r o p e r t i e s  of c e r t a i n  sediments t o  be  c o n s t a n t  i f  normalized by 
app rop r i a t e  conso l ida t ion  s t r e s s e s .  For example, i n  a normally consol ida ted  
sediment p r o f i l e  (one i n  which no removal of  sediment  o r  p re loading  has  
occu r r ed ) ,  t h e  r a t i o  of undrained shea r ing  s t r e n g t h  t o  overburden e f f e c t i v e  
s t r e s s  i s  o f t e n  cons tan t .  I f  t h i s  r a t i o  i s  known, a s t r e n g t h  p r o f i l e  can be  
cons t ruc ted  by mul t ip ly ing  t h e  r a t i o  by va lues  of overburden e f f e c t i v e  s t r e s s  
(sub-bottom depth t i m e s  t h e  average submerged d e n s i t y ) .  If t h e  sediment i s  
overconsol idated,  t h a t  i s ,  i f  i t  has  been preloaded by g l a c i e r s  or o t h e r  
sediment t h a t  has  s i n c e  been eroded,  a d i f f e r e n t  r a t i o  of s t r e n g t h  t o  
overburden stress w i l l  r e s u l t .  This  r a t i o  of s t r e n g t h  t o  overburden s t r e s s  is 
cons t an t  a s  long a s  t h e  degree of overconsol ida t ion ,  expressed as the 
overconsol ida t ion  r a t i o  (OCR), i s  cons tan t .  The r a t i o  of s t r e n g t h  t o  
overburden stress t y p i c a l l y  v a r i e s  w i th  t h e  OCR r a i s e d  t o  t h e  power A o ,  where 
A i s  a sediment cons t an t  (Mayne, 1980).  If t h e  v a r i a t i o n  of OCR wi th  depth 

0 
i n  t h e  sediment column is  known, a p r e d i c t i o n  of  t h e  s t r e n g t h  v a r i a t i o n  can be  



made. I f  t h e  sediment i s  normally o r  underconsol idated,  a s  t h e  Holocene 
g lac ia l -mar ine  sediment appears  t o  be  i n  most l o c a t i o n s ,  t h e  va lue  of A. i s  
i r r e l e v a n t .  

One advantage of  t h e  NSP approach l i es  i n  i t s  a b i l i t y  t o  provide  
parameters  t h a t  a r e  independent of conso l ida t ion  s t r e s s  and depth  i n  t h e  
sediment column. In a sense ,  t h e r e f o r e ,  t h e  l i m i t a t i o n  imposed by s h o r t  
s a m p 1 e s . i ~  a t  l e a s t  p a r t i a l l y  removed, p a r t i c u l a r l y  i n  l a r g e  d e p o s i t i o n a l  
envirohments where t h e  type  of sediment being depos i ted  a t  a given l o c a t i o n  is 
f a i r l y  cons t an t  over  a  long pe r iod  of  t i m e  ( i , e . ,  t o  a  s i g n i f i c a n t  depth) .  
The n o r t h e a s t  Gulf of Alaska i s  probably such a  l a r g e  d e p o s i t i o n a l  
environment. A second advantage of t h e  N S P  approach i s  t h a t  normalized 
parameters  can be  made somewhat independent of co r ing  d i s tu rbance  by 
conducting a l l  s t r e n g t h  tests a t  g r e a t l y  i nc reased  conso l ida t ion  s t r e s s e s  
 add and Foo t t ,  1974).  That i s ,  a  d i s tu rbed  sample and a  nea r ly  undis turbed 
sample would produce almost  t h e  same normalized s t r e n g t h  parameters  i f  both 
a r e  consol ida ted  ( i n  a  t r i a x i a l  o r  d i r e c t  s imple s h e a r  c e l l )  t o  a h igh  stress 
l e v e l  be fo re  t e s t i n g  f o r  shear .  Once t h e  normalized s t r e n g t h  parameters  have 
been measured a t  t h e  h igh  stress l e v e l s ,  they  can be app l i ed  t o  any stress 
l e v e l  i nc lud ing  t h e  low l e v e l  t h a t  t h e  sample o r i g i n a l l y  experienced i n  p l ace ,  

The NSP approach cannot  handle  a l l  o f f s h o r e  geotechnica l  condi t ions .  
Ladd and Foot t  (1974) warn a g a i n s t  apply ing  i t  i n  cases of n a t u r a l l y  cemented 
c l ays .  Off shore  sediments of  t e n  d i s p l a y  "psuedo-overconso1idation"i t h a t  is ,  
most a s p e c t s  (low s u r f a c e  s t r e n g t h ,  no obvious h i a t u s ,  s t e a d y  i n c r e a s e  of 
s t r e n g t h  wi th  depth)  p o i n t  t o  normal conso l ida t ion  but conso l ida t ion  tests 
i n d i c a t e  a  moderate degree of overconsol ida t ion .  I f  "psuedo- 
overconsol ida t ion"  r e s u l t s  from a form of i n t e r p a r t i c l e  cementation, t h e  NSP 
approach would p r e d i c t  s t r e n g t h s  t h a t  a r e  t o o  low. 

The presence  of s i g n i f i c a n t l y  d i f f e r e n t  sediment below t h e  l e v e l  of 
sampling o r  t h e  presence  of undetermined environmental f a c t o r s  t h a t  might 
a l t e r  t h e  conso l ida t ion  s t a t e  a l s o  cannot  be handled by t h e  NSP approach. 
Bubble phase gas might be a n  example of  t h e  l a t t e r .  Highly va r i ed  o r  
s t r a t i f i e d  sediment might a l s o  produce complicat ions.  

Cyc l i c  S t rength  Degradation and Tes t  Type Ef fec t s .  B c e s s  po re  water  
p r e s su re s  t h a t  develop dur ing  ep isodes  of  cyclic l oad ing  from ear thquakes o r  
storm waves e f f e c t i v e l y  reduce t h e  a b i l i t y  of t h e  sediment t o  resist shear .  
This e f f e c t  on shea r ing  r e s i s t a n c e  can be  expressed as a  s t r e n g t h  degrada t ion  
f a c t o r ,  AD. I f  t h i s  f a c t o r  i s  m u l t i p l i e d  by t h e  s t a t i c  shea r ing  s t r e n g t h  
ob ta ined  by t h e  NSP approach, a n  e s t i m a t e  of t h e  s t r e n g t h  remaining i n  t h e  
sediment a f t e r  dynamic load ing  w i l l  r e s u l t .  The degrada t ion  f a c t o r ,  Apt v a r i e s  wi th  t h e  type  and magnitude of c y c l i c  loading.  I f  t h e  load ing  i s  wave 
induced and t h e  sediment i s  f a i r l y  perv ious ,  an e f f e c t i v e  stress approach with 
allowance f o r  p a r t i a l  pore  p r e s s u r e  d i s s i p a t i o n  may be  r equ i r ed  f o r  a c c u r a t e  
modeling. For t h i s  s i t u a t i o n  a  wors t  c a s e  ( lower bound of s t r e n g t h )  model can 
be provided by us ing  a s t r e n g t h  deg rada t ion  parameter ,  AD corresponding t o  no 
drainage.  For earthquakes t h e  d u r a t i o n  of c y c l i c  load ing  i s  s h o r t  and a  
s imple,  undrained approach can be  taken .  

Another f a c t o r  a f f e c t i n g  measured sediment s t r e n g t h  i s  t h e  type of 
s t r e n g t h  tes t  performed, A r epo r t ed  va lue  of s h e a r i n g  s t r e n g t h  i s  n o t  
independent of t es t  t ype  because o f  i n i t i a l  conso l ida t ion  cond i t i ons ,  shea r ing  



rate ,  stress inhomogeneities,  v a r i a t i o n s  i n  stress o r i e n t a t i o n s  and many o t h e r  
p o t e n t i a l  d i f f e r ences .  A parameter t h a t  r e l a t e s  t h e  s t r e n g t h  corresponding t o  
t h e  mode and r a t e  of stress a p p l i c a t i o n  t h a t  would e x i s t  dur ing  f a i l u r e  i n  t h e  
f i e l d  t o  t h e  s t r e n g t h  of t h e  same m a t e r i a l  measured i n  a f i e l d  or l abo ra to ry  
test i s  needed. I n  t h e  p r e s e n t  s t u d i e s  most s t r e n g t h s  w e r e  obtained through 
i s o t r o p i c a l l y  consol ida ted  t r i a x i a l  s h e a r  tests. Because f i e l d  conso l ida t ion  
cond i t i ons  a r e  t y p i c a l l y  a n i s o t r o p i c ,  a  c o r r e c t i o n  f a c t o r ,  A=, i s  appl ied  t o  
c o r r e c t ' s t r e n g t h  va lues  f o r  t h e s e  conso l ida t ion  e f f e c t s ,  

Summary of NSP S t r eng th  Determination, A summary of t h e  normalized s o i l  
parameter approach a s  i t  has  been app l i ed  i n  t h e  no r theas t e rn  Gulf of Alaska 
i s  g iven  by t h e  fo l lowing  equat ion:  

Where Su = The undrained shea r ing  s t r e n g t h  a p p l i c a b l e  t o  t h e  mode of f a i l u r e  
under cons ide ra t i on  

Qv' = overburden e f f e c t i v e  stress = W ' z  

U = degree of conso l ida t ion  
= 1 f o r  complete normal o r  over -consol ida t ion  

Y '  = average submerged d e n s i t y  
z  = sub-bottom depth  

AC = T e s t  t ype  c o r r e c t i o n  f a c t o r  
AD = Cyc l i c  s t r e n g t h  deg rada t ion  f a c t o r  

OCR = Overconsol idat ion r a t i o  
= u  ' / a  8 

vm. v 
U  ' = Maxlmum p a s t  e f f e c t i v e  Stress v 

= A normalized s t r e n g t h  exponent t h a t  i s  c o n s t a n t  f o r  a g iven  
0 

sediment 

'nc = t h e  r a t i o  of s t a t i c  undrained shea r ing  s t r e n g t h  t o  i s o t r o p i c  

conso l ida t ion  stress for normally conso l ida t ed  cond i t i ons .  
A program t h a t  involves  a fami ly  of t r i a x i a l  t es t  types  has  been 

developed t o  o b t a i n  t h e  parameters  needed t o  e v a l u a t e  Q u a t i o n  1.  The 
s p e c i f i c  procedures  are desc r ibed  under TEST PROCEDURES. Not t h a t  a l l  of 
t h e s e  p r o p e r t i e s  r e l a t e  t o  undrained condi t ions .  For ear thquake loading  and 
wave loading  of r e l a t i v e l y  impervious sediment,  t h e  undrained assumption i s  
v a l i d .  For long term g r a v i t a t i o n a l  l oad ing  and wave load ing  of perv ious  
sediment,  a  d r a ined  o r  p a r t i a l l y  dra ined  a n a l y s i s  would be  required.  

Other shea r ing  s t r e n g t h  t e s t s  have been conducted t h a t  d o  n o t  fo l l ow  the 
NSP methodology d i r e c t l y .  These i nc lude  l abo ra to ry  vane shea r ,  f i e l d  vane 
shea r  and s t a t i c  cone p e n e t r a t i o n ,  and c e r t a i n  t ypes  of t r i a x i a l  shea r ing  
tests. The f i e l d  tests were conducted t o  e s t a b l i s h  a  l e v e l  of ground t r u t h  
and provide  a  b a s i s  f o r  judging t h e  q u a l i t y  of subsequent  l a b o r a t o r y  da t a .  
Also, some f i e l d  p e n e t r a t i o n  tests were conducted i n  sandy d e p o s i t s  and 
provide  t h e  on ly  r e l i a b l e  geo techn ica l  d a t a  f o r  t h e s e  depos i t s .  Laboratory 
vane tests were conducted onboard t h e  s h i p  immediately fo l lowing  sample 
recovery. They t y p i c a l l y  provide  a  lower bound e s t i m a t e  of t h e  i n  p l a c e  
undrained shea r ing  s t r e n g t h  (Lee, 1979) .  The t r i a x i a l  tests t h a t  d i d  n o t  
fo l l ow  t h e  NSP methodology involved samples conso l ida t ed  t o  t h e  i n  s i t u  
e f f e c t i v e  overburden stress o r  lower. These types  of  tes ts  t y p i c a l l y  produce 
an upper bound estimate of t h e  i n  p l a c e  undrained shea r ing  s t r e n g t h    add and 
Lambe, 1963) .  



Quan t i t a t i ve  E v a l u a ~ ~ d n  of Offshore S t a b i l i t y .  Some of t h e s e  
geotechnica l  r e s u l t s  can be r e a d i l y  used t o  e v a l u a t e  geologic  hazards  o r  
provide a means of mapping r e l a t i v e  s t a b i l i t y .  The t h r e e  major o f f sho re  
downslope d r i v i n g  f o r c e s  are g r a v i t y ,  ear thquake shaking  and s torm wave 
loading,  By w r i t i n g  a simplifies equat ion  f o r  each d r i v i n g  f o r c e  and s e t t i n g  
i t  equa l  t o  t h e  es t imated ,  i n  p l a c e  undrained shea r ing  s t r e n g t h ,  w e  can 
determine t h e  l e v e l  of  f o r c e  needed t o  achieve f a i l u r e .  For example, i t  can 
be  shown (Lee and o t h e r s ,  1981) t h a t  t h e  approximate shea r ing  stress developed 
under combined ear thquake and g r a v i t a t i o n a l  load ing  i s  g iven  by t h e  s i m p l i f i e d  
equat ion:  

Where: T = mobilized shea r ing  s t r e s s  a t  dep th  z 
a = s l o p e  ang le  
k = h o r i z o n t a l  pseudo-s ta t i  c ear thquake 

a c c e l e r a t i o n  ( i n  g ' s )  
Y = average t o t a l  d e n s i t y  of  sediment ( u n i t  weight  i n  a i r )  

This  r e l a t i o n  w a s  der ived  from Morgensternls  (1967) i n f i n i t e - s l o p e  
pseudo-s ta t ic ,  ear thquake-inf luenced s l o p e  s t a b i l i t y  a n a l y s i s .  I t  i s  v a l i d  
only f o r  sma l l  s l o p e  ang le s  (a l e s s  t han  about  1 O 0  1. The pseudo-s ta t ic  
approach assumes t h a t  a n  ear thquake can  be  modeled by a c o n s t a n t  h o r i z o n t a l  
a c c e l e r a t i o n .  The i n f i n i t e  s l o p e  approach assumes t h a t  t h e  s e a f l o o r  i s  smooth 
and has  t h e  same s l o p e  over  a l a r g e  a r ea .  F a i l u r e  occurs  on a p l ane  p a r a l l e l  
t o  t h e  s u r f a c e  of t h e  s l o p e  and movement t a k e s  t h e  form of  a s l i d i n g  shee t .  
A t  f a i l u r e  t h e  d r i v i n g  f o r c e  w i l l  equa l  t h e  r e s i s t i n g  fo rce .  s u b s t i t u t i n g  T 

from Equation 2 f o r  S, i n  Equation 1 and so lv ing  f o r  k y i e l d s :  

The r e s u l t i n g  c r i t i c a l  a c c e l e r a t i o n ,  k ,  de r ived  from Equation 3 i s  t h e  
p seudo- s t a t i c  a c c e l e r a t i o n  needed t o  induce  f a i l u r e  g iven  a l l  of t h e  
cond i t i ons  and assumptions p r e s e n t  i n  t h e  de r iva t ion .  It  i s  a func t ion  of 
sediment and s i t e  parameters.  Lower va lues  of  t h e  c r i t i c a l  a c c e l e r a t i o n  would 
correspond t o  a r e a s  t h a t  a r e  more vu lnerab le  t o  s e i s m i c a l l y  induced s l i d i n g ,  
given a uniform degree  of s e i s m i c i t y  ove r  t h e  r eg ion  be ing  i n v e s t i g a t e d .  The 
va lue  of  t h i s  approach i s  inc reased  i f  known f a i l u r e s  are sampled. C r i t i c a l  
a c c e l e r a t i o n s  from a known f a i l u r e  a r e a  i n d i c a t e  t h e  l e v e l  of shaking r equ i r ed  
t o  cause f a i l u r e  and provide a va lue  by which t h e  s i g n i f i c a n c e  of o t h e r  
measured c r i t i c a l  a c c e l e r a t i o n s  can be  judged. 

A s i m i l a r  approach could be  followed t o  e v a l u a t e  r e l a t i v e  s t a b i l i t y  wi th  
r e s p e c t  t o  storm wave-induced s h e a r i n g  stresses. However, as shown i n  
Appendix B,  t h e  magnitude of peak wave-induced s t r e s s e s  exceeds t h a t  of peak 
earthquake-induced stresses only  i n  r e l a t i v e l y  shallow water  (water  depth less 
than  35 t o  76 m ) .  In  t h e s e  dep ths  t h e  sediment i s  pr imare ly  sand which might 
a l low n e a r l y  f u l l  d i s s i p a t i o n  of  exces s  po re  water  p r e s s u r e s  dur ing  storms. 
If f u l l  d i s s i p a t i o n  d i d  n o t  occur ,  a cond i t i on  s i m i l a r  t o  l i q u e f a c t i o n  might 
develop under c e r t a i n  combinations of d e n s i t y ,  wave h e i g h t  and pe rmeab i l i t y  
(Clukey and o t h e r s ,  1980).  %is s i t u a t i o n  i s  u n l i k e l y  and n o t  considered i n  
t h i s  r epo r t .  For o t h e r  cond i t i ons ,  ear thquake load ing  dominates and Equation 
( 3 )  can s e r v e  as  t h e  c r i t i c a l  equi l ib r ium r e l a t i o n .  



TEST PROCEDURES 

Geotechn ica l  t e s t i n g  w a s  conducted i n  c o n j u n c t i o n  w i t h  f o u r  c r u i s e s  t o  
t h e  Gulf o f  Alaska: t h r e e  from t h e  R/V DISCOVERER i n  1977, 1980 and 1981 
(DCI -77-EG, DC2-80-EG and DCI - 8 i - ~ ~ )  and  one  from t h e  R/V SEA SOUNDER i n  1977 
(S8-77-EG). Many d i f f e r e n t  U S G S  i n d i v i d u a l s  w e r e  invo lved  i n  p l a n n i n g  and 
conduc t ing  t h e s e  tests in-house,  and t h r e e  o u t s i d e  l a b o r a t o r i e s  conducted 
a d d i t i o n a l  tests on f o u r  s e p a r a t e  c o n t r a c t s  (Geotechn ica l  Engineers ,  
I n c o r p o r a t e d  ( G E I ) ,  1977 cores, U n i v e r s i t y  o f  C a l i f o r n i a ,  Berkeley,  1977 c o r e s  
and Law Engineer ing  T e s t i n g  Company (LETCO), 1977 c o r e s  and 1980 c o r e s ) .  A s  a 
r e s u l t ,  n o t  a l l  o f  t h e  p rocedures  fo l lowed  i n  de te rmin ing  e a c h  p r o p e r t y  were 
i d e n t i c a l  th roughout  t h e  t es t  program. I n  t h e  f o l l o w i n g  d i s c u s s i o n ,  major 
d i f f e r e n c e s  i n  p rocedure  a r e  l i s t e d  whenever s i g n i f i c a n t .  

Shipboard Sampling and T e s t i n g .  Most c o r e  samples w e r e  t aken  w i t h  
g r a v i t y  c o r e r s  weighing between 2 and 1 0  kNt, A few samples were o b t a i n e d  
w i t h  p i s t o n  sample rs  or  a v i b r a t o r y  c o r e r  similar t o  t h e  Alp ine  Vibracore  
sampler  d e s c r i b e d  by T i r e y  (1972) .  All c o r e s  were c o n t a i n e d  w i t h i n  a p l a s t i c  
l i n e r .  Once aboard s h i p  t h e  c o r e  l i n e r s  were s e c t i o n e d  i n t o  1 o r  1.5 m 
l e n g t h s .  A t  most s i tes r e p l i c a t e  cores were o b t a i n e d ;  one was s p l i t ,  
d e s c r i b e d  and subsampled on sh ipboard  (stratigraphy-sedimentology c o r e ) ,  whi le  
t h e  o t h e r  was s e a l e d  w i t h  c h e e s e c l o t h  and m i c r o c r y s t a l l i n e  wax and p r e s e r v e d  
under  r e f r i g e r a t i o n  f o r  s h o r e  l a b o r a t o r y  t e s t i n g  ( g e o t e c h n i c a l  c o r e ) .  One o f  
t h e  s p l i t  c o r e  s e c t i o n s  w a s  subsampled f o r  water c o n t e n t  d e t e r m i n i a t i o n .  

~ o s t  vane s h e a r  t e s t i n g  w a s  conducted on s p l i t  c o r e s  s e c t i o n s .  A 
m i n i a t u r e  four-bladed vane ( t y p i c a l l y  1.22 x 1.22 c m )  was i n s e r t e d  
p e r p e n d i c u l a r  t o  t h e  s p l i t  f a c e  s o  t h a t  it was a t  l e a s t  1.2 c m  below t h e  
s u r f a c e .  !rhe vane was r o t a t e d  by a motor -d r iven  d e v i c e  th rough  a c a l i b r a t e d  
s p r i n g  on t h e  1977 c r u i s e s  and through a t o r q u e  c e l l  on t h e  1980 and 1981 
c r u i s e s .  The t o p  of t h e  t o r q u e  c e l l  o r  s p r i n g  r o t a t e d  a t  90°/minute, a rate  
r e l a y e d  d i r e c t l y  t o  t h e  vane by t h e  s t i f f  t o r q u e  c e l l .  w i t h  t h e  more f l e x i b l e  
s p r i n g s ,  t h e  t r u e  vane r o t a t i o n  r a t e  was less t h a n  90°/minute b e f o r e  f a i l u r e  
and g r e a t e r  a f t e r  f a i l u r e .  The peak t o r q u e  was measured and used t o  c a l c u l a t e  
t h e  sample undrained s h e a r i n g  s t r e n g t h  (ASTM, 1982 s t a n d a r d  D 2573-72). 

I n  P l a c e  T e s t i n g .  In  p l a c e  vane s h e a r  and cone p e n e t r a t i o n  t e s t s  were 
conducted d u r i n g  t h e  1980 c r u i s e .  The Mult i -purpose  i n  s i t u  t e s t i n g  system 
(MITS) w a s  l e a s e d  from Woodward-Clyde C o n s u l t a n t s ,  Plymough Meeting, PA, and 
deployed a t  seven  l o c a t i o n s  i n  t h e  e a s t e r n  Gulf o f  Alaska. The d e v i c e  i s  a 
t e t h e r e d ,  bottom-supported p l a t f o r m  c a p a b l e  o f  conduc t ing  s t a t i c  cone 
p e n e t r a t i o n  and vane s h e a r  tes ts  t o  a d e p t h  o f  6 m below t h e  s e a f l o o r .  me 
d e v i c e  weighs 27 kNt (2 .7  m e t r i c  t o n s )  i n  water .  The u l t i m a t e  cone 
p e n e t r a t i o n  d e p t h  a t  a few l o c a t i o n s  w a s  l i m i t e d  because  of i n s u f f i c i e n t  
r e a c t i o n  f o r c e .  f i e  s t a t i c  cone pene t romete r  t i p  h a s  a s t a n d a r d  10 cm2 b a s e  
a r e a  and a 60' t i p  ang le .  The l o a d  on t h e  cone was measured by a f u l l - b r i d g e  
s t r a i n  gage l o a d  c e l l  mounted d i r e c t l y  above t h e  cone.  The s h e a r  vane s e n s o r  
c o n s i s t e d  o f  a t o r q u e  c e l l  mounted above t h e  vane b lade .  The vane w a s  r o t a t e d  
by a p r e s s u r e  compensated e l e c t r i c  motor a t  a r a t e  o f  60°/min and t h e  s h e a r i n g  
s t r e n g t h  w a s  c a l c u l a t e d  from t h e  same formula  a s  t h a t  used  f o r  l a b o r a t o r y  vane 
s h e a r  measurements. Both t h e  cone and t h e  vane were d r i v e n  i n t o  t h e  s e a f l o o r  
by a s l i d i n g  d r i v e  head coupled t o  a d r i l l  rod.  The d r i v e  head was moved at 1 
m/minute by a n  e l e c t r i c  motor and  a c h a i n  and s p r o c k e t  assembly. The sub- 



bottom d e p t h  t o  t h e  cone or vane was measured by a 360° p o t e n t i o m e t e r  
connected t o  t h e  s p r o c k e t  assembly. A tilt i n d i c a t o r  mounted on t h e  base  
sensed  t h e  a t t i t u d e  o f  t h e  f rame t o  de te rmine  whether t h e  maximum deadweight 
r e a c t i o n  w a s  exceeded or i f  l a t e r a l  l o a d s  on t h e  t e t h e r  l i n e  were p u l l i n g  t h e  
d e v i c e  over .  A l l  electrical s i g n a l s  were c a r r i e d  t o  sh ipboard  r e c o r d e r s  
through a s h i e l d e d  c a b l e .  

The MITS system was deployed from t h e  R/V DISCOVERER from a two-point  
mooring. T y p i c a l l y  t h e  sys tem w a s  assembled i n  t h e  cone  pene t romete r  mode on  
i t s  f i r s t  deployment a t  a s i te.  A f t e r  a pene t romete r  r e c o r d  was o b t a i n e d ,  t h e  
d e v i c e  was r e t u r n e d  t o  t h e  s h i p  and r i g g e d  t o  perform a vane s h e a r  test.  The 
s i z e  of vane and t o r q u e  c e l l  a s  w e l l  as sub-bottom l o c a t i o n s  f o r  vane s h e a r  
tests were s e l e c t e d  based on t h e  cone  p e n e t r a t i o n  r e s i s t a n c e .  The d e v i c e  was 
redeployed and t h e  vane was d r i v e n  i n  t o  t h e  predetermined dep ths .  A t  each 
d e p t h  t h e  vane was r o t a t e d  t o  o b t a i n  a peak  t o r q u e  and t h u s  a measure of i n  
p l a c e  undrained s h e a r i n g  s t r e n g t h .  A t  some d e p t h s  t h e  vane was r o t a t e d  i n  t h e  
o p p o s i t e  d i r e c t i o n  ( f o l l o w i n g  a n  i n i t i a l  u n d i s t u r b e d  s t r e n g t h  d e t e r m i n a t i o n )  
t o  o b t a i n  a measure o f  t h e  remolded s t r e n g t h  and t h e  sediment  s e n s i t i v i t y .  

Shore  Labora to ry  = s t i n g .  Water c o n t e n t s  were o b t a i n e d  u s i n g  d r y i n g  and 
weighing t e c h n i q u e s  (ASTM, 1982 s t a n d a r d  D2216-80). A c o r r e c t i o n  was made t o  
t h e  we igh t s  t o  account  f o r  d r i e d  s a l t s  (assuming a s a l i n i t y  o f  35 p p t ) .  

A t t e r b e r g  l i m i t s  were o b t a i n e d  u s i n g  ASTM s t a n d a r d s  (D 423-66, D 424-59 
and wet p r e p a r a t i o n  t echn ique ,  D 221 7-66) w i t h  t h e  e x c e p t i o n  t h a t  t h e  
Casagrande grooving too l  was u s e d  i n s t e a d  o f  t h e  ASTM tool.  S a l t  c o r r e c t i o n s  
i d e n t i c a l  t o  t h o s e  d e s c r i b e d  above were a p p l i e d  t o  b o t h  t h e  l i q u i d  and p l a s t i c  
l i m i t s .  The g r a i n  d e n s i t y  was o b t a i n e d  u s i n g  a Beckman a i r  comparison 
pycnometer a t  t h e  USGS l a b o r a t o r y  and by ASTM Standard  D 854-58 f o r  t h e  tes ts  
conducted by c o n t r a c t o r s .  Gra in  s i z e  d i s t r i b u t i o n s  and paramete rs  w e r e  
o b t a i n e d  u s i n g  p i p e t t e  a n a l y s i s  (Carver ,  1971)  a t  t h e  USGS and by t h e  
hydrometer t echn ique  (ASTM Standard  D 422-63) a t  t h e  c o n t r a c t o r  l a b o r a t o r i e s .  

C o n s o l i d a t i o n  t e s t i n g  fo l lowed  ASTM Standard  D 2435-70 w i t h  t h e s e  
excep t ions :  

( a )  I n  two e a r l y  c o n t r a c t s  ( G E I  and LETCO t e s t i n g  o f  1977 c o r e s ) ,  
c a l c u l a t e d  and p l o t t e d  v o i d  r a t i o s  corresponded t o  t h e  end of a stress 
inc rement  t i m e  p e r i o d .  I n  l a t e r  t e s t i n g  t h e  p l o t t e d  void  r a t i o s  
corresponded t o  100% c o n s o l i d a t i o n .  
( b )  I n  a l l  c o n t r a c t e d  tests 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  (cv) was 
c a l c u l a t e d  u s i n g  t h e  s q u a r e  r o o t  of t i m e  method. For t h e  tests 
conducted a t  t h e  USGS, c v  was o b t a i n e d  u s i n g  t h e  l o g  of t ime method. 
( c )  I n  t h e  LETCO t e s t i n g  o f  1980 samples ,  a b o u t  h a l f  o f  t h e  t e s t s  were 
conducted w i t h  a pneumat ica l ly  c o n t r o l l e d  Anteus conso l idomete r  whi le  
t h e  remainder were conducted w i t h  a dead weigh t  oedometer. 
( d )  Some of  t h e  t e s t s  conducted by t h e  U S G S  on 1980 and 1981 samples 
w e r e  performed i n  a back p r e s s u r e d  t r i a x i a l  c e l l  u s i n g  t h e  c o n s t a n t  
r a t e  o f  s t r a i n  t e c h n i q u e  (Wissa and o t h e r s ,  1971) .  

I n  a l l  c a s e s  the r e s u l t s  were used  t o  e s t i m a t e  the maximum p a s t  v e r t i c a l  
stress, U ' y m ,  u s i n g  t h e  Casagrande (1936)  c o n s t r u c t i o n  and t o  o b t a i n  o t h e r  
c o n s o l i d a t i o n  paramete rs .  



s t a t i c  t r i a x i a l  t e s t i n g  roughly followed t h e  procedures  given by Bishop 
and Henkel (1957) .  C y l i n d r i c a l  samples (3.6 c m  i n  d iameter  by about  9 cm i n  
h e i g h t )  w e r e  hand-trimmed from l a r g e r  core s e c t i o n s  extruded from t h e  p l a s t i c  
l i n e r .  F i l t e r  s t r i p s  were a t t ached  and t h e  sample was enc losed  i n  a t h i n  
rubbe r / l a t ex  membrane i n  a t r i a x i a l  c e l l .  D i f f e r e n t i a l  p r e s su re s  between c e l l  
and sample f l u i d s  were app l i ed  q.nd f u l l  d r a inage  w a s  allowed. 'Ihese 
conso l ida t ion  stresses were app l i ed  i n  increments u n t i l  a f i n a l  va lue  was 
reached. I n  some tests conducted by t h e  USGS and LETCO on 1980 and 1981 
samples, f i n a l  conso l ida t ion  was s e t  t o  a l e v e l  of a t  .i. f o u r  times t h e  
maximum p a s t  stress. This was followed by a r educ t io .  ,i d i f f e r e n t i a l  
p r e s s u r e  and f u l l  d ra inage .  In t h i s  way, an induced s t a t e  of 
overconsol ida t ion  wi th  a known va lue  of OCR was generated.  A few samples were 
consol ida ted  a n i s o t r o p i c a l l y  w i th  t h e  h o r i z o n t a l  conso l ida t ion  stress equa l  t o  
about  0.5 t i m e s  t h e  v e r t i c a l  conso l ida t ion  s t r e s s .  

~ o s t  samples were sheared wi thout  d ra inage  by inc reas ing  t h e  a x i a l  load 
a t  a cons t an t  r a t e  o f  s t r a i n ,  t y p i c a l l y  0.03% t o  0.16% p e r  hour. Some of t h e  
LETCO t e s t i n g  of 1977 c o r e s  involved cons t an t  r a t e  of stress app l i ca t i on .  
Excess pore  water p r e s su re s  developed i n  t h e  samples du r ing  undrained shea r  
w e r e  measured us ing  e l e c t r o n i c  p re s su re  t ransducers .  Axial  loads were 
measured wi th  s t r a i n  gage type  load  c e l l s  and a x i a l  deformations w e r e  obtained 
wi th  l i n e a r l y  v a r i a b l e  d i f f e r e n t i a l  t ransformers  (LVDT's). Tes t ing  was 
cont inued u n t i l  about  20% a x i a l  s t r a i n  w a s  obtained.  S t r e s s e s  and s t r a i n s  
were c a l c u l a t e d  u s ing  s t anda rd  procedures  b u t  wi thout  membrane o r  f i l t e r  s t r i p  
c o r r e c t i o n s .  The s t a t i c  undrained shea r ing  s t r e n g t h  was ob ta ined  from t h e  
peak a x i a l  load  measured over  t h e  f u l l  20% a x i a l  s t r a i n  range of t h e  test.  

Three types of s t a t i c  t r i a x i a l  tes ts  were performed: 

( a )  Consol idat ion t o  a s t r e s s  l e v e l  l e s s  t han  t h r e e  t imes t h e  es t imated  
maximum p a s t  stress wi thout  rebound. 
(b) Consol idat ion t o  a s t r e s s  l e v e l  g r e a t e r  than t h r e e  times t h e  
es t imated  maximum p a s t  s t r e s s  wi th  a subsequent  rebound t o  a lower f i n a l  
conso l ida t ion  stress. A known induced overconsol ida t ion  r a t i o  i s  
obta ined ,  
( c )  Consol idat ion t o  a stress l e v e l  g r e a t e r  than  t h r e e  t imes t h e  
es t imated  maximum p a s t  stress wi thout  rebound. 

Type (a) tests produce s t r e n g t h  va lues  t h a t  may be less than,  equa l  t o  o r  
g r e a t e r  than t h e  i n  p l a c e  shea r ing  s t r e n g t h ,  depending on t h e  d e t a i l s  of  t h e  
conso l ida t ion  stresses. The approach does n o t  p rovide  parameters  t h a t  can be 
used i n  t h e  NSP approach. The va lue  of t h i s  t ype  of tes t  would be i n  
ob t a in ing  upper and lower bound va lues  of s t r e n g t h  and i n  s tudying  n a t u r a l l y  
cemented sediment f o r  which t h e  NSP approach i s  n o t  app l i cab l e .  

Type ( b )  and ( c )  tests y i e l d  s t r e n g t h  va lues  f o r  use  i n  t h e  NSP 
approach. Type ( c )  i s  used t o  o b t a i n  t h e  r a t i o  of  s t r e n g t h  t o  conso l ida t ion  
stress f o r  normal conso l ida t ion ,  Snc8 whi le  t ype  (b) y i e l d s  t h e  parameter ho 
r equ i r ed  f o r  Equation 1 .  

Specimens f o r  c y c l i c  t r i a x i a l  tests were prepared and consol ida ted  i n  t h e  
same way as  specimens f o r  s t a t i c  t e s t s  (b) and ( c )  above. Because t h e  s t a t i c  
tes t  f o r  each conso l ida t ion  cond i t i on  was performed f i r s t  on an ad j acen t  
sample, an  estimate of t h e  s t a t i c  s t r e n g t h  o f  t h e  c y c l i c  specimen could be 



made. Cyc l i c  stresses l e s s  t han  t h e  es t imated  s t a t i c  s t r e n g t h  w e r e  then 
app l i ed  and t h e  number of  c y c l e s  needed t o  cause  a  predetermined one- 
d i r e c t i o n a l  s t r a i n  w a s  measured. Nearly f u l l  stress r e v e r s a l  ( t e n s i l e  and 
compressive stresses approximately e q u a l )  was developed. Loading was 
s i n u s o i d a l  wi th  a  frequency of 0.1 Hz. The results were graphed on a  p l o t  of 
r e l a t i v e  s t r e s s  l e v e l  (maximum 'merage o n e 4 i r e c t i o n a l  c y c l i c  s t r e s s / e s t ima ted  
s t a t i c  strength) versus  t h e  l o g  of  number of c y c l e s  t o  20% one-d i rec t iona l  
s t ra in ' ,  A s t r a i g h t  l i n e  connect ing t h e  d a t a  p o i n t s  w a s  drawn and t h e  stress 
l e v e l  r equ i r ed  f o r  f a i l u r e  i n  10 c y c l e s  was es t imated  by i n t e r p o l a t i o n  o r  
ex t r apo la t i on .  Because 10 cyc l e s  i s  a c h a r a c t e r i s t i c  number of s i g n i f i c a n t  
cyc l e s  f o r  a  major ear thquake (Seed and Peacock, 1971 ) ,  t h i s  stress l e v e l  was 
used f o r  AD i n  Equations 1 and 3 f o r  ear thquake a n a l y s i s .  Ihe parameter AD 
f o r  storm-wave-induced i n s t a b i l i t y  would correspond t o  a l a r g e r  number of 
cyc les .  

RESULTS 

Study Areas and Core Locations.  To s i m p l i f y  l o c a t i n g  c o r e  sample and i n  - 
p l a c e  d a t a ,  t h e  r eg ion  has  been d iv ided  i n t o  e i g h t  s tudy  areas. h n y  of t h e  
s tudy  a r e a s  a r e  a s s o c i a t e d  w i th  t h e  major f a i l u r e  f e a t u r e s  d i scussed  
prev ious ly .  Proceeding from w e s t  t o  e a s t  t h e  e i g h t  s tudy  a r e a s  are (F igure  
1 4 ) :  

( A )  Copper River  
(B) Kayak Trough 
(C) Bering Trough 
(D) Icy  Bay 
(El I cy  Bay-Malaspina 
( F )  Yakutat Bay 
(GI Yakutat 
(H) Alsek River 

A ninth ca tegory ,  "o ther" ,  i nc ludes  a  few sampling and i n  p l ace  s t a t i o n s  
t h a t  f a l l  o u t s i d e  t h e  r egu la r  a r e a s .  

Core and i n  p l a c e  t es t  l o c a t i o n  maps fo r  each s tudy  a r e a  are given i n  
Figures  15 through 21. The coo rd ina t e s  f o r  t h e s e  l o c a t i o n s  are given i n  
Table 1. 

Organizat ion of Laboratory T e s t  Data P re sen t a t i on .  A l l  of t h e  index 
p rope r ty  d a t a  a r e  provided on summary p l o t s  i n  Appendix C. These d a t a  i nc lude  
water  conten t ,  At te rberg  l i m i t s ,  vane shea r ,  g r a i n  s i z e  and g r a i n  d e n s i t y ,  
Downcore l o c a t i o n s  of samples on which conso l ida t ion  and t r i a x i a l  tests were 
performed a r e  a l s o  shown. The n a t u r e  of t h e s e  tests i s  i n d i c a t e d  by a  coded 
t es t  number. The code f o r  t h e  t e s t  numbering system i s  a s  fo l lows:  

F i r s t  two letters: 
( a )  OE - Oedometer t es t  
( b )  CE - Constant  r a t e  of s t r a i n  ( C R S )  conso l ida t ion  t es t  
( c )  TE - S t a t i c  t r i a x i a l  t es t  
( d )  TC - or D - Cyc l i c  t r i a x i a l  t e s t  

W a i l i n g  cha rac t e r s :  
( a )  No t r a i l i n g  c h a r a c t e r s  - t es t  performed by t h e  USGS 



(b) L1 - T e s t  of  1977 c o r e  sample by Law Engineering and Tes t ing  Company 
( c )  G - Tes t  of  1977 sample by Geotechnical Engineers,  Incorporated 
(d l  B - T e s t  of  1977 sample by Univers i ty  of C a l i f o r n i a ,  Berkeley 
(el L2 - Tes t  of 1980 sample by Law Ehgineering and Tes t ing  Company 

C r i t i c a l  sediment geotechnica l  parameters  from each test  a r e  summarized 
i n  Tables 2 ( c o n s o l i d a t i o n ) ,  3 ( s t a t i c  t r i a x i a l )  and 4 ( c y c l i c  t r i a x i a l ) .  
Graphical  p r e s e n t a t i o n s  of  t h e  r e s u l t s  of each test a r e  g iven  i n  Appendices D 
(Law h g i n e e r i n g  t e s t i n g  o f  1977 c o r e s  1 ,  E (Geotechnical  B-igineers, 
Incorporated t e s t i n g ) ,  F (Law Engineering t e s t i n g  a t  1980 c o r e s )  and G (USGS 
t e s t i n g  of 1980 and 1981 c o r e s ) .  me appendices  a r e  grouped according t o  t h e  
o rgan iza t ion  performing t h e  t es t  because of a v a r i a t i o n  i n  t h e  formats  
followed i n  g r a p h i c a l l y  p re sen t ing  t h e  da t a .  Each appendix i s  subdivided 
according t o  t e s t  type  ( conso l ida t ion ,  s t a t i c  t r i a x i a l  o r  c y c l i c  t r i a x i a l ) .  

For t h e  conso l ida t ion  tests, a  s t anda rd  p l o t  o f  void r a t i o ,  e,  versus  
v e r t i c a l  e f f e c t i v e  stress, o v l ,  i s  given. These p l o t s  were used t o  o b t a i n  t h e  
s l o p e s  of t h e  v i r g i n  compression and rebound curves  (Cc and Cr) and t h e  
maximum p a s t  s t r e s s e s ,  Q m l ,  a l l  of  which a r e  t abu la t ed  i n  Table 2. For some 
of the t e s t i n g  o rgan iza t ions ,  a  p l o t  i s  a l s o  g iven  of t h e  c a l c u l a t e d  
c o e f f i c i e n t  of conso l ida t ion ,  c versus  t h e  v e r t i c a l  e f f e c t i v e  s t r e s s .  v' 

For t h e  s t a t i c  t r i a x i a l  t e s t s ,  p l o t s  a r e  g iven  of t h e  shea r ing  o r  
d e v i a t o r i c  stress, q ,  versus  t h e  mean normal e f f e c t i v e  stress, p. These 
stress p a t h s  provide  a  d e f i n i t i o n  of t h e  f a i l u r e  envelope and i n d i c a t e  whether 
sediment behavior  i s  of  a c o l l a p s i n g  (bend t o  t h e  l e f t )  o r  d i l i t a t i v e  (bend t o  
t h e  r i g h t )  na ture .  Also g iven  a r e  p l o t s  of  shea r ing  o r  d e v i a t o r i c  s t r e s s  and 
pore  p re s su re  change versus  a x i a l  stress. 

The c y c l i c  t r i a x i a l  t es t  p l o t s  i n c l u d e  shea r ing  s t r e s s - a x i a l  s t r a i n  
curves  ( h y s t e r e s i s  loops)  and shea r ing  s t r e s s - ave rage  normal e f f e c t i v e  s t r e s s  
(stress path) plots f o r  s e l e c t e d  cyc les .  me stress p a t h  p l o t s  i n d i c a t e  
roughly t h e  f a i l u r e  envelope a p p l i c a b l e  f o r  c y c l i c  load ing  and t h e  r a p i d i t y  
wi th  which po re  p re s su re s  develop a s  a  r e s u l t  of c y c l i c  loading.  The 
h y s t e r e s i s  loops i n d i c a t e  damping ( p r o p o r t i o n a l  t o  r e l a t i v e  a r e a  of each loop)  
and degrading s t i f f n e s s  (p ropor t i ona l  t o  average  s l o p e  through each loop ) .  
For t h e  USGS tests t h e s e  r e s u l t s  a r e  f u r t h e r  presen ted  on f o u r  a d d i t i o n a l  
p l o t s  t h a t  show pore  p re s su re  developed, damping, s t i f f n e s s  (modulus) and peak 
s t r a i n  developed a s  a func t ion  of  c y c l e  number. 

I n  P lace  Tes t  Data. The r e s u l t s  of i n  p l a c e  vane s h e a r  t e s t i n g  a r e  given 
i n  F igures  22 through 26 and cone penetrometer records  appear i n  F igures  27 
through 34. The vane s h e a r  r e s u l t s  a r e  p l o t s  o f  c a l c u l a t e d  undrained shea r ing  
s t r e n g t h  versus  sub-bottom depth.  The cone r e s u l t s  a r e  continuous p l o t s  of 
cone p r e s s u r e  versus  depth. Addi t iona l  in format ion  p l o t t e d  on t h e  f i g u r e s  i s  
d iscussed  i n  a l a t e r  s ec t i on .  

SYNTHESIS AND DISCUSSION 

Analysis  of  Parameters.  A major g o a l  of t h e  geotechnica l  t e s t i n g  was t o  
provide parameters  t h a t  could be  i n s e r t e d  i n t o  Equation 3 s o  t h a t  a s t a b i l i t y -  
r e l a t e d  parameter,  t h e  c r i t i c a l  a c c e l e r a t i o n ,  k ,  could be ca l cu l a t ed .  These 
parameters  are: 



Snc - r a t i o  of *r:ained s t r e n g t h  t o  c o n s o l i d a t i o n  stress f o r  
normal consol idL.  Qn 
AC - t e s t  t y p e  c o r r e c t i o n  f a c t o r  
Pt, - c y c l i c  strength d e g r a d a t i o n  f a c t o r  
U - d e g r e e  o f  c o n s o l i d a t i o n  
OCR - o v e r c ~ n s o l i d a t i o n ~  r a t i o  
A - normal ized s t r e n g t h  exponent 

0 
Y / Y '  - r a t i o  of submerged u n i t  we igh t  t o  t o t a l  u n i t  we igh t  
U - s l o p e  a n g l e  

The n e x t  few s e c t i o n s  d i s c u s s  s e v e r a l  of t h e s e  pa ramete rs  and how t h e y  
were o b t a i n e d  from t h e  basic e n g i n e e r i n g  p r o p e r t i e s  g i v e n  i n  Tab les  2 through 
4 and i n  t h e  appendices .  Most o f  t h e s e  pa ramete rs  a r e  c o r r e l a t e d  w i t h  
sed iment  w a t e r  c o n t e n t .  I n  t h e s e  c o r r e l a t i o n s  t h e  w a t e r  c o n t e n t  i s  used  as a n  
i n d e x  p r o p e r t y  t h a t  i s  r e p r e s e n t a t i v e  o f  more b a s i c  sediment  c h a r a c t e r i s t i c s  
such as c l a y  mineralogy,  g r a i n  s i z e  and  p l a s t i c i t y .  The w a t e r  c o n t e n t  i s  used 
i n  p l a c e  o f  t h e s e  o t h e r  pa ramete rs  because  i t  i s  t h e  o n l y  pa ramete r  t h a t  was 
measured i n  c o n j u n c t i o n  w i t h  e v e r y  o t h e r  test, Also, because  more water 
c o n t e n t s  were measured t h a n  any  o t h e r  p r o p e r t y ,  c o r r e l a t i o n s  can be  a p p l i e d  t o  
any l o c a t i o n  where a w a t e r  c o n t e n t  measurement was made. The i n f l u e n c e  o f  i n  
p l a c e  c o n s o l i d a t i o n  on reduc ing  t h e  w a t e r  c o n t e n t  w i t h  sub-bottom d e p t h  i s  
i g n o r e d  because  of t h e  s h o r t n e s s  of t h e  c o r e s  and t h e  r e l a t i v e  
i n c o m p r e s s i b i l i t y  o f  t h e  s i l t y  sediment .  The s i g n i f i c a n t  down-core 
f l u c t u a t i o n s  i n  water c o n t e n t  i n  many o f  t h e  c o r e s  a p p e a r  t o  b e  r e l a t e d  t o  
b a s i c  l i t h o l o g i c  changes.  

Undrained S t r e n g t h  t o  C o n s o l i d a t i o n  S t r e s s  Ratio f o r  Normal 
Conso l ida t ion ,  Snc. The t y p e  (c) t e s t s  l i s t e d  i n  Table  3 were used t o  o b t a i n  
v a l u e s  of Snc. The c r i t e r i o n  used  t o  d i s t i n g u i s h  t y p e  ( c )  tests was t h a t  t h e  
f i n a l  c o n s o l i d a t i o n  stress a p p l i e d  i n  t h e  t r i a x i a l  c e l l  needed t o  exceed t h e  
n a t u r a l  maximum p a s t  stress by a t  l e a s t  a  f a c t o r  of 3 .  Any lower 
c o n s o l i d a t i o n  stresses, i n  c o n j u n c t i o n  w i t h  d i s t u r b a n c e  e f f e c t s ,  might  produce 
a  sample w i t h  some c h a r a c t e r i s t i c s  of o v e r c o n s o l i d a t i o n  (Ladd and F o o t t ,  
1974) .  The r a t i o s  o f  s t r e n g t h  t o  overburden p r e s s u r e  f o r  a l l  of t h e  t y p e  (c) 
tests were o b t a i n e d  and a r e  p l o t t e d  v e r s u s  w a t e r  c o n t e n t  i n  F i g u r e  35. The 
c o r r e l a t i o n  i s  f a i r l y  good, g i v e n  t h e  s c a t t e r  t y p i c a l l y  i n v o l v e d  i n  
g e o t e c h n i c a l  measurements, and shows a  t r e n d  toward d e c r e a s i n g  Sn, w i t h  
i n c r e a s i n g  wate r  c o n t e n t .  A s o l i d  l i n e  f o l l o w s  t h e  t r e n d  o f  t h e  tests f o r  
which t h e  i n i t i a l  c o n s o l i d a t i o n  was i s o t r o p i c .  The tests f o r  which i n i t i a l  
c o n s o l i d a t i o n  was a n i s o t r o p i c  ( l a t e r a l  stress a b o u t  one-half  o f  t h e  v e r t i c a l  
stress) a r e  shown w i t h  c i r c l e d  d o t s .  Although a l i m i t a t i o n  i n  t h e  number of 
t h e s e  p o i n t s  p r e v e n t s  t h e  c o n s t r u c t i o n  o f  a l i n e  a s  complete  a s  t h a t  f o r  
i s o t r o p i c  c o n s o l i d a t i o n ,  a  l i n e  w i t h  v a l u e s  of S,, t h a t  are 0.8 t imes  t h e  
i s o t r o p i c  v a l u e s  seems t o  f i t  t h e  d a t a  f a i r l y  w e l l .  

T e s t  Type C o r r e c t i o n  F a c t o r ,  AC. The f a c t o r  AC i d e a l l y  shou ld  r e l a t e  
s t r e n g t h  under l a b o r a t o r y  t es t  rate,  test  mode and  c o n s o l i d a t i o n  stress 
c o n d i t i o n s  t o  t h e  s t r e n g t h  e f f e c t i v e  i n  t h e  f i e l d  under n a t u r a l  l o a d i n g  
c o n d i t i o n s .  Most a s p e c t s  c a n n o t  b e  c o n s i d e r e d  w i t h o u t  a major  i n c r e a s e  i n  t h e  
scope  of i n v e s t i g a t i o n .  The r e l a t i o n  between s t r e n g t h  under  l a b o r a t o r y  
c o n s o l i d a t i o n  (p redomina te ly  i s o t r o p i c )  and  f i e l d  c o n s o l i d a t i o n  (predominate ly  
a n i s o t r o p i c )  c o n d i t i o n  i s  s t r a i g h t f o r w a r d  and r e p r e s e n t e d  by t h e  d i f f e r e n c e  
between t h e  two l i n e s  i n  F i g u r e s  35. Because a  r a t i o  o f  0.8 appeared t o  
account  f o r  most o f  t h e  v a r i a t i o n ,  t h i s  v a l u e  w i l l  be used f o r  A The v a l u e  c ' 



i s  s i m i l a r  t o  t h a t  ob ta ined  i n  an e a r l i e r  s tudy  of sediment from o f f sho re  
no r the rn  Ca l i fo rn i a .  (Lee and o t h e r s ,  1981). 

Cyc l i c  S t r eng th  Degradiat ion Fac tor ,  AD. Resu l t s  of c y c l i c  t r i a x i a l  
tests on f i n e  gra ined  sediment a r e  t y p i c a l l y  presen ted  on a  p l o t  of  c y c l i c  
stress l e v e l  ( a s  a p e r c e n t  of  s f a t i c  s t r e n g t h )  ve r sus  number of cyc l e s  t o  
f a i l u r e  ( L e e  and Focht, 1976).  Such a p r e s e n t a t i o n  i s  dependent upon 
knowledge of a s t a t i c  s t r e n g t h  t h a t  can be  used f o r  normalizat ion.  I n  t h e  
Univers i ty  of C a l i f o r n i a ,  Berkeley tests, t h e  s t a t i c  s t r e n g t h  of a t h i r d  
sample c u t  from t h e  same increment a s  two cyclic test  samples was 
determined. Normalizing t h e  c y c l i c  stress l e v e l s  by t h i s  s t a t i c  s t r e n g t h  i s  
l e g i t i m a t e  because t h e  c y c l i c  samples probably would have had t h e  same 
s t r e n g t h  i f  f a i l e d  s t a t i c a l l y .  For t h e  USGS and Law Engineering tests, 
however, a  s t a t i c  s t r e n g t h  was measured on a  sample from t h e  same co re  b u t  a  
d i f f e r e n t  dep th  increment from t h a t  of  t h e  c y c l i c  tests. One method (Method 
I )  of  normalizing t h e  c y c l i c  stress i s  t o  d i v i d e  t h e  c y c l i c  stress l e v e l  by 
t h i s  measured s t a t i c  s t r e n g t h .  I n  some c o r e s ,  however, t h e r e  were l i t h o l o g i c  
changes downcore and t h e  s t a t i c  and c y c l i c  tests were n o t  run on t h e  same 
m a t e r i a l  type. This problem was so lved  p a r t i a l l y  by e s t ima t ing  a s t a t i c  
s t r e n g t h  from t h e  water  con ten t  and conso l ida t ion  stress of t h e  c y c l i c  sample 
and an  e s t i m a t e  of t h e  r a t i o  of s t a t i c  s t r e n g t h  t o  conso l ida t ion  stress from 
Figure 35. This approach t o  ob t a in ing  t h e  s t a t i c  s t r e n g t h  i s  termed Method 
11. A t h i r d  method of handl ing  t h i s  problem i s  t o  e l i m i n a t e  t h e  need f o r  
s ta t ic  s t r e n g t h  e s t ima t ion  by eva lua t ing  the product  % S r a t h e r  than i ts  
components. Because g i s  a  c y c l i c  s h e a r  stress, T drvi?Ed by a  s t a t i c  
s t r e n g t h ,  Su, 

c ' and Snc i s  SU d iv ided  by a consolidation stress, U V C 1 ,  t h e  
product  i s  Tc/U This r a t i o  can be obta ined  from a c y c l i c  t es t  a lone  

vc wi thout  any s t a t i c  t es t  r e s u l t s .  The u s e  of t h e  r a t i o  Tc/Uvcl  is  termed 
Method 111. 

p l o t s  of r e l a t i v e  c y c l i c  s t r e s s  l e v e l s  versus  number of cyc l e s  t o  f a i l u r e  
a r e  given i n  Figures  36 through 48. Separa te  f i g u r e s  corresponding t o  t h e  
t h r e e  methods of a n a l y s i s  are given f o r  the USGS/Law Engineering tes t  
r e s u l t s .  The l i n e s  shown i n  t h e  figures connec t  two o r  more c y c l i c  t es t  
r e s u l t s  and have been extended when necessary  t o  cover  t h e  10 cyc l e s  t o  
f a i l u r e  zone. For methods I and 11, t h e  r e l a t i v e  s t r e s s  l e v e l  corresponding 
t o  10 cyc l e s  t o  f a i l u r e  was taken  a s  AD. For method 111 t h i s  va lue  was taken  
a s  AD Snc o r  TC/O ' P l o t s  of r e l a t i v e  stress l e v e l  f o r  f a i l u r e  i n  10 cyc l e s  

VF ' versus  representative water  con ten t  f o r  t h e  t h r e e  methods of  a n a l y s i s  a r e  
given i n  f i g u r e s  49 through 51. Method II (F igu re  50) shows a  somewhat c l o s e r  
c o r r e l a t i o n  t han  Method I (F igu re  49) ;  a  s o l i d  l i n e  f i t  of  t h e  d a t a  shows an 
accep tab l e  l e v e l  of s c a t t e r  (F igu re  5 0 ) .  The t r e n d  shows an  i n c r e a s e  i n  
w i t h  i n c r e a s i n g  water  conten t .  That i s ,  t h e  lower water  con ten t  coa r se  s i  "n ts 
and sands a r e  more s u s c e p t i b l e  t o  c y c l i c  s t r e n g t h  degrada t ion  than  a r e  t h e  
h igher  water  con ten t  f i n e  s i l ts  and c l ays .  The product  of t h e  s o l i d  l i n e  f i t s  
f o r  Sn, (F igure  35) and A (F igure  50 )  y i e l d s  a  s o l i d  l i n e  f i t  f o r  SNC 
ve r sus  water  c o n t e n t  t MetRod 111, Figure  51 1 . 

Some of t h e  Univers i ty  of C a l i f o r n i a ,  Ekrkeley, t e s t s  were performed wi th  
a s t a t i c  b i a s  (F igures  36 through 39). That is ,  fo l lowing  n e a r l y  i s o t r o p i c  
conso l ida t ion  b u t  be fo re  c y c l i c  shea r ,  a  s t a t i c  shea r ing  stress was applied. 
The s i n u s o i d a l  c y c l i c  stress was t hen  app l i ed  r e l a t i v e  t o  t h e  s t a t i c  b i a s .  
The l e v e l  of  p r i n c i p a l  s t r e s s  r o t a t i o n  ( a l t e r n a t i n g  compressive and t e n s i l e  
stresses) is reduced a s  t h e  s t a t i c  b i a s  i s  increased ,  Herrmann and Houston 



(1976) show t h a t  t h e  g r e a t e r  t h e  l e v e l  o f  p r i n c i p a l  stress r o t a t i o n  t h e  
g r e a t e r  i s  t h e  e x t e n t  of c y c l i c  s t r e n g t h  degrada t ion .  Xn c y c l i c  ear thquake 
loading  o f  n e a r l y  h o r i z o n t a l  sediment d e p o s i t s ,  t h e r e  i s  cons iderab le  r o t a t i o n  
of p r i n c i p a l  s t r e s s e s  wi th  each major c y c l e  of l oad ing  (Seed and Peacock, 
1971) .  Therefore,  t h e  c a s e  of  no s t a t i c  b i a s  o r  f u l l  stress r o t a t i o n  i s  more 
r e a l i s t i c  a s  w e l l  as more conserva t ive .  The tests wi th  a s i g n i f i c a n t  s t a t i c  
b i a s  g ive  a n  i n t e rmed ia t e  l e v e l  o f  c y c l i c  s t r e n g t h  degradat ion.  

Degree of  Consol idat ion,  U, Overconsolidation Ra t io  (0CR) and Normalized 
S t r eng th  Exponent, ho. A c r i t i c a l  concern i s  eva lua t ing  o f f sho re  s t a b i l i t y  is  
t h e  r e l a t i v e  conso l ida t ion  s t a t e  o f  t h e  sediment,  Table 2 provides  some 
information on conso l ida t ion  s t a t e  i n  t h e  form of two parameters:  0 and 

e 
'vm ' / Y  'z. m e  parameter ,  0,' i s  t h e  d i f f e r e n c e  between t h e  maximum p a s t  
stress, Om' and t h e  submerged weight  p e r  u n i t  a r e a  of  over ly ing  material, 
Y ' 2 .  The parameter  i s  nega t ive  f o r  underconsol idated sediment  ( n o t  a l l  
submerged overburden c a r r i e d  by i n t e r p a r t i c l e  s t r e s s ) ,  z e r o  f o r  normal 
conso l ida t ion  and p o s i t i v e  f o r  overconsol ida t ion .  !?he r a t i o  U v  ' /Ytz  i s  t h e  
degree of  conso l ida t ion ,  U, f o r  va lues  of u e l  less  than  o r  equaQ t o  z e r o  and 
t h e  overconsol ida t ion  r a t i o  (0CR) for va lues  g r e a t e r  t h a n  or e q u a l  t o  zero .  
As may be  seen ,  s c a t t e r e d  va lues  of  both parameters  were obtained with 
appa ren t ly  underconsol idated,  normally conso l ida t ed  and overconsol ida ted  
sediment a l l  p re sen t .  There i s  l i t t l e  cons is tency  among t h e  va lues ,  however, 
and i n  on ly  about  10% of  t h e  tests i s  t h e  a b s o l u t e  va lue  o f  U e l  g r e a t e r  t han  
50 kPa. Because o f  i naccu rac i e s  p r e s e n t  i n  t h e  Casagrande procedure and 
c o r i n g  d i s tu rbance ,  t h e s e  small d e v i a t i o n s  from normal conso l ida t ion  a r e  
probably i n s i g n i f i c a n t .  In l a t e r  s e c t i o n s  a d d i t i o n a l  i n  p l a c e  d a t a  and 
t h e o r e t i c a l  in format ion  i s  used t o  f u r t h e r  e v a l u a t e  t h e  conso l ida t ion  s t a t e  of 
t h e s e  sediments.  Based on Table  2 a lone ,  it appears  t h a t  t h e  b e s t  e s t ima te  
f o r  bo th  U and OCR f o r  most of  t h e  c o r e s  i s  1.0 (normal c o n s o l i d a t i o n ) .  

I n  a n t i c i p a t i o n  of  a t  l eas t  some of t h e  co re s  be ing  overconsol idated,  a 
few s t a t i c  t r i a x i a l  t e s t s  of  t h e  t ype  (b) v a r i e t y  (induced overconsol ida t ion  
r a t i o )  were performed. %ese w e r e  used t o  o b t a i n  e s t i m a t e s  of t h e  parameter 
A. needed f o r  m u a t i o n s  1 and 3. To o b t a i n  ho t  one f i r s t  o b t a i n s  t h e  r a t i o  of  
undrained s t r e n g t h  t o  conso l ida t ion  s t r e s s  f o r  a specimen t h a t  has  an  induced 
overconsol ida t ion  r a t i o  (OCR known). This r a t i o  i s  d iv ided  by t h e  r a t i o  of 
s t r e n g t h  t o  conso l ida t ion  stress f o r  normal conso l ida t ion ,  Snc t o  o b t a i n  a 
s h e a r  s t r e n g t h  t h a t  has  been normalized twice.  Again, Snc may be  ob ta ined  
from a tes t  on a d i f f e r e n t  sample from t h e  same c o r e  o r  es t imated  from Figure 
35 ( i f  t h e  i n i t i a l  water  c o n t e n t  o f  t h e  induced OCR sample i s  known). These 
methods a r e  termed I and 11, r e s p e c t i v e l y ,  and a r e  s i m i l a r  t o  Methods 1 and I1 
f o r  normalizing c y c l i c  t r i a x i a l  t e s t  d a t a  d i s cus sed  prev ious ly .  The parameter  
A i s  obta ined  by d i v i d i n g  t h e  l o g  of  t h e  twice normalized shea r  s t r e n g t h  by 
0 

t h e  l o g  of t h e  induced OCR (Mayne, 1980).  Values of  A. (by  bo th  t4ethods 1 and 
X I )  and t h e  i n t e rmed ia t e  parameters  requi red  t o  c a l c u l a t e  them a r e  g iven  i n  
Table 5. There i s  cons ide rab l e  s c a t t e r  and a few va lues  exceed 1.0 ( n o t  
p h y s i c a l l y  reasonable;  probably i n d i c a t i v e  of experimental  e r r o r  a t  some 
l e v e l ) .  Also, t h e r e  i s  no c o r r e l a t i o n  between ho and water  con ten t ,  The 
average va lue  of  0.9 would be  app rop r i a t e  f o r  overconsol ida ted  sediment. 
However, i n . t h e  p r e s e n t  s t udy ,  a l l  Wlocene g lac ia l -mar ine  s i l t y  c l a y s  t e s t e d  
appear t o  be  under- o r  normally consol idated.  

Rat io  o f  Submerged t o  ' Ib ta l  U n i t  Weight, Y ' /Y. The r a t i o  of submerged t o  
t o t a l  u n i t  weight  can be  c a l c u l a t e d  d i r e c t l y  from t h e  water  con ten t  by 



assuming 100% s a t u r a t i o n  and us ing  t h e  average measured g r a i n  dens i ty ,  2.8 
3 

g/cm 

V a l i d i t y  of NSP Approach, Vane Shear Tes t s  and Type (a )  R i a x i a l  Tes t s .  
One purpose of  performing i n  p l a c e  s t r e n g t h  t e s t s  was t o  provide  a ground 
t r u t h  check on va lues  ob ta ined  i p  t h e  labora tory .  The l o c a t i o n s  where both i n  
p l a c e  vane s h e a r  tes ts  were performed and c o r e s  were taken  f o r  sho re  
geotechnica l  a n a l y s i s  o f f e r  a n  oppor tun i ty  t o  check thp q u a l i t y  o f  l abo ra to ry  
s t r e n g t h  de te rmin ina t ion  procedures.  S t rengths  were : :;ured i n  t h e  
l abo ra to ry  u s ing  t h e  min ia ture  vane, type  (a) s t a t i c  ' i x i a l  t e s t s  
( conso l ida t ion  t o  a  low va lue ,  o f t e n  n e a r  t h e  estimates i n  s i t u  overburden 
stress) and normalized s o i l  p rope r ty  (NSP) o r i e n t e d  tests ( types  ( b )  and 
( c ) ) .  These l abo ra to ry  s t r e n g t h  de t e rmin i a t i ons  are shown on t h e  same f i g u r e s  
a s  t h e  f i e l d  vane s h e a r  r e s u l t s  (F igu re s  22 through 26) .  In  t h e s e  comparisons 
t h e  l abo ra to ry  vane shea r  r e s u l t s  a re  c o n s i s t e n t l y  lower than  t h e  f i e l d  
r e s u l t s .  The l abo ra to ry  va lues  range between about  50 and 80% of t h e  f i e l d  
values .  These f i n d i n g s  a r e  t hus  i n  l i n e  w i th  a va lue  of  60% obta ined  f o r  a 
low p l a s t i c i t y  ( ~ 1 = 1 5 % )  southern  C a l i f o r n i a  sediment (Lee, 1979).  The type  
( a )  s t a t i c  t r i a x i a l  tests c o n s i s t e n t l y  y i e lded  s t r e n g t h s  150 t o  250% higher  
t han  t h e  f i e l d  va lues .  

The NSP values  w e r e  ob ta ined  by us ing  measured co re  water con ten t s  t o  
o b t a i n  r a t i o s  of s t a t i c  s t r e n g t h  t o  overburden e f f e c t i v e  s t r e s s e s  (Sn ) from 
Figure  34. The overburden e f f e c t i v e  s t r e s s e s  were ob ta ined  from Y l z  Saverage 
submerged u n i t  weight t imes dep th )  and mu l t i p l i ed  by t h e  S e s t ima te s  t o  

nc 
o b t a i n  an  es t imated  s h e a r  s t r e n g t h  p r o f i l e .  An i m p l i c i t  assumption of normal 
conso l ida t ion  w a s  made. These es t imated  s h e a r  s t r e n g t h  va lues  ranged between 
about  60% and 140% of t h e  measured f i e l d  va lues  f o r  t h e  depth  range sampled 
(excluding t h e  upper 1  m ) .  Below t h e  l e v e l  of sampling, a  range of  es t imated  
s t r e n g t h s  i s  given,  corresponding t o  t h e  range of water con ten t s  measured i n  
t h e  core .  I n  t h i s  deeper  unsampled sediment  t h e  NSP es t imated  shea r ing  
s t r e n g t h s  were about  80 t o  140% of  t h e  f i e l d  va lues .  

The NSP approach appears  t o  provide  t h e  b e s t  e s t i m a t e  of  t h e  i n  p l a c e  
shea r ing  s t r e n g t h  va lues  while  t h e  type  ( a )  s t a t i c  t r i a x i a l  tes t  
( conso l ida t ion  t o  a low stress l e v e l  w i th  no normal iza t ion)  appears  t o  provide  
t h e  p o o r e s t  e s t ima te  and has  t h e  lowest  c o r r e l a t i o n  with t h e  i n  p l ace  
r e s u l t s ,  The s imple l abo ra to ry  vane s h e a r  t es t  i s  n e a r l y  a s  a c c u r a t e  as t h e  
NSP approach i f  measured s t r e n g t h s  a r e  mu l t i p l i ed  by a  c o r r e c t i o n  f a c t o r  of 
about  1.7 (1/0.6) t o  account  f o r  d i s turbance .  The l a b o r a t o r y  vane tes t  i s  n o t  
s u i t a b l e  f o r  e x t r a p o l a t i o n  below t h e  l e v e l  of sampling o r  eva lua t ing  c y c l i c  
s t r e n g t h  degrada t ion ,  however. 

Evaluat ion of Consol ida t ion  S t a t e  Using F i e l d  S t r eng th  Resu l t s  and 
Gibson's Theory. Laboratory conso l ida t ion  t e s t s  showed l i t t l e  i n d i c a t i o n  of 
underconsol ida t ion  b u t  t h e  r e s u l t s  were f a i r l y  s c a t t e r e d ,  Another means of 
judging conso l ida t ion  s t a t e  i s  t o  compare f i e l d  vane s t r e n g t h s  wi th  NSP 
generated s t r e n g t h s ,  Such a comparison (F igu re s  2 2  through 26) shows no 
i n d i c a t i o n  of overconsol ida t ion  except  pos s ib ly  f o r  t h e  upper 3.5 m of f i e l d  
test MV-1. That is ,  t h e  f i e l d  s t r e n g t h s  do  n o t  g r e a t l y  exceed t h e  NSP 
s t r e n g t h s  c a l c u l a t e d  by assuming normal consol ida t ion .  With f i e l d  test  MV-1 
t h e  h igh  f i e l d  s t r e n g t h s  are probably a  r e s u l t  of l aye red  sand observed i n  
nearby v i b r a t o r y  co re s  r a t h e r  than  t r u e  overconsol ida t ion .  



F i e l d  tests MV-4 (F igure  25 )  and, t o  a lesser e x t e n t  MV-5 (F igure  26) 
sugges t  t h a t  a s t a t e  of underconsol ida t ion  e x i s t s  i n  t h e  sediment i n  t h e  
e a s t e r n  p o r t i o n  of t h e  I c y  Bay-Malaspina s tudy  a rea .  The f i e l d  s t r e n g t h s  a r e  
60 t o  80% of  t h e  NSP generated s t r e n g t h s  f o r  normal conso l ida t ion ,  Excluding 
any o t h e r  errors o r  o p p o r t u n i t i e s  for  v a r i a b i l i t y ,  t h e s e  va lues  correspond 
d i r e c t l y  t o  t h e  degree of consolidation. 

T o ' f u r t h e r  e v a l u a t e  t h e  p o t e n t i a l  f o r  underconsol ida t ion  i n  t h e  n o r t h e a s t  
Gulf of  Alaska, we performed a  s i m p l i f i e d  t h e o r e t i c a l  a n a l y s i s  u s ing  t h e  
method of  Gibson (1958).  Gibson modeled a l a y e r  of sediment depos i ted  a t  a  
s t eady  and cont inu ing  sed imenta t ion  r a t e ,  m,  t h a t  began t o  be depos i ted  a t  a  
time, t, i n  t h e  p a s t .  The degree of conso l ida t ion  a t  t h e  base of t h e  sediment 
column can be p red i c t ed  (F igure  52) as a f u n c t i o n  of t h e  dimensionless  

2 parameter,  m t / cv ,  where cv i s  t h e  c o e f f i c i e n t  of consol ida t ion .  The degree 
of conso l ida t ion  a t  sha l lower  l e v e l s  i s  somewhat lower,  

Values of c, were measured i n  t h i s  s tudy  b u t  a r e  f a i r l y  s c a t t e r e d  and 
i n c o n s i s t e n t  (Table  2 1. To reduce t h e  scatter ,  a s i m p l i f i e d  c o r r e l a t i o n  
between cv and l i q u i d  l i m i t  (F igure  53) from Lambe and Whitman (1969, p. 412)  
was used a long  wi th  average l i q u i d  l i m i t  v a lues  f o r  s e v e r a l  l o c a t i o n s .  
Sedimentation r a t e s  w e r e  t aken  from Figure 3. 

By combining t h e  r e s u l t s  of Figures  52 and 53, w e  cons t ruc t ed  l i n e s  of 
2 cons t an t  degree of  conso l ida t ion  on a p l o t  of l i q u i d  l i m i t  ve rsus  m t ( ~ i g u r e  

54 ) .  Using measured r e s u l t s ,  l o c a t i o n s  w i t h i n  t h e  e a s t e r n  Gulf of  Alaska were 
p l o t t e d  on t h e  same f i g u r e .  The p o s i t i o n  of t h e s e  d a t a  p o i n t s  r e l a t i v e  t o  the 
l i n e s  of cons t an t  degree of conso l ida t ion  i n d i c a t e s  t h e  t h e o r e t i c a l  degree of 
conso l ida t ion  of t h e  s i t e s .  Most of t h e  si tes f a l l  t o  t h e  l e f t  of t h e  90% 
conso l ida t ion  l i n e  i n d i c a t i n g  a degree  o f  conso l ida t ion  approaching 100%. Al l  
of t h e  f i e l d  vane s h e a r  t e s t s  except  MV-4 ( e a s t e r n  Icy  Bay-Malyaspina s tudy  
a r e a )  correspond t o  sites t h a t  f a l l  i n  t h i s  range. The e a s t e r n  I cy  Bay- 
Malaspina s tudy  a r e a  has  a  t h e o r e t i c a l  degree of conso l ida t ion  of about  85%, 
somewhat g r e a t e r  than  t h e  d i sc repancy  between NSP and f i e l d  s t r e n g t h s  (F igures  
25 and 26 ) ,  but i n  t h e  same range. Therefore,  s e v e r a l  l i n e s  of evidence 
( f i e l d  versus  NSP s t r e n g t h ,  t heo ry  and conso l ida t ion  tes t  r e s u l t s )  sugges t  a 
degree of  underconsol ida t ion  (60 t o  85% of normal conso l ida t ion )  of t h e  
sediment i n  t h e  e a s t e r n  Icy Bay-Malaspina s t u d y  a r ea .  A s  i n d i c a t e d  on Figure 
54, t h e  e a s t e r n  p o r t i o n  of t h e  Alsek p r o d e l t a  s tudy  a r e a  and Kayak Trough may 
a l s o  d i s p l a y  a similar underconsol ida t ion  l e v e l .  Two of t h e  embayments, I c y  
Bay and Yakutat Bay, appear t o  be h igh ly  underconsol idated,  having degrees  of 
conso l ida t ion  of 30 and near  15%, r e spec t ive ly .  The remainder of  t h e  Holocene 
g lac ia l -mar ine  sediment si tes appear t o  be normally consol idated.  

C r i t i c a l  Acce le ra t ion  Calcu la t ion .  me c r i t i c a l  a c c e l e r a t i o n ,  k ,  i s  
c a l c u l a t e d  from Equation 3. If w e  assume normal conso l ida t ion  (U=OCR=l) and 
h o r i z o n t a l  s u r f a c e s  ( a = O ) ,  t hen  a l l  of  t h e  remaining parameters  have been 
obta ined  as  a func t ion  of water  con ten t  i n  t h e  s e c t i o n s  above. Note t h a t  wi th  
a va lue  of OCR equa l  t o  1.0, t h e  va lue  of A. i s  i r r e l e v a n t .  Also, wi th  OCR 
equa l  t o  1.0, t h e  s o l u t i o n  f o r  k i s  independent of sub-bottom depth. By 
combining t h e  b e s t  f i t s  of t h e  d a t a  u s i n g  m u a t i o n  3, a  p l o t  of  c r i t i c a l  
a c c e l e r a t i o n  versus  water  c o n t e n t  can be drawn (F igure  55) .  The r e s u l t i n g  
va lues  of t h e  c r i t i c a l  a c c e l e r a t i o n  have a  broad-based minimum between water 
con ten t s  of 35% and 45%. On e i t h e r  s i d e  of  t h i s  zone t h e  a c c e l e r a t i o n  
i n c r e a s e s  rap id ly .  The e x i s t e n c e  of t h i s  minimum range i n d i c a t e s  t h a t  c e r t a i n  



types  of  sediment found i n  t h e  e a s t e r n  Gulf of Alaska are more s u s c e p t i b l e  t o  
ear thquake loading  than  o the r s .  If w e  assume t h a t  each  l o c a t i o n  w i t h i n  the  
reg ion  has  t h e  same p o t e n t i a l  ground shaking i n t e n s i t y  and t h a t  
underconsol ida t ion  and s l o p e  e f f e c t s  can  be  ignored  i n i t i a l l y ,  t hen  l o c a t i o n s  
t h a t  have more of t h e  s u s c e p t i b l e  m a t e r i a l  should have f a i l e d  more o f t en ,  
Within t h e  I cy  Bay-Malaspina s tudy  a r e a  (F igure  561, t h i s  appears  t o  be t h e  
case.  The p o r t i o n  of  each c o r e  wi th  a water con ten t  between 35% and 45% has 
been c p l c u l a t e d  and l i s t e d  by t h e  l o c a t i o n  of t h e  core .  I t  appears  t h a t  those  
co re s  w i t h i n  t h e  observed f a i l u r e  f e a t u r e  t y p i c a l l y  have more of t h e  
s u s c e p t i b l e  sediment than do  those  o u t s i d e  t h e  f e a t u r e .  The c o r r e l a t i o n  is  
n o t  e x a c t  b u t  i s  c o n s i s t e n t .  Thus mapping of vu lnerab le  m a t e r i a l  according t o  
s u r f a c e  c o r e  water con ten t  may be  v i a b l e  even though t h e  e x t e n t  of  
underconsol idat ion,  s t eepnes s  of s l ope ,  v a r i a t i o n s  i n  s e i s m i c i t y  and 
v a r i a t i o n s  i n  seismic response have n o t  been considered.  

The d i s t r i b u t i o n  of s u s c e p t i b l e  material i n  t h e  Yakutat s tudy  area i s  
shown i n  Figure 57. The c o r r e l a t i o n  of  s u s c e p t i b l e  m a t e r i a l  wi th  t h e  slump 
zone i s  n o t  as good a s  f o r  t h e  I c y  Bay-Malaspina a r ea .  The h igher  l e v e l  of 
underconsol ida t ion  i n  t h e  Icy  Bay-Malaspina area may c o n t r i b u t e  t o  t h e  g r e a t e r  
e x t e n t  of  f a i l u r e .  A l s o ,  t h e  boundaries of t h e  Yakutat slump are poorly 
def ined  a c o u s t i c a l l y .  

I n  t h e  Alsek s tudy  a r e a  (F igu re  58), a l l  c o r e s  were c o l l e c t e d  wi th in  t h e  
f a i l u r e  zone. The ma jo r i t y  of samples appear  t o  c o n s i s t  of s u s c e p t i b l e  
sediment. 

Regional Var ia t ions .  Most of  t h e  geotechnica l  p r o p e r t i e s  d i scussed  above 
have been t i e d  t oge the r  through a seismic-induced i n s t a b i l i t y  ana lys i s .  A 
c o r r e l a t i o n  of parameters  wi th  water  con ten t  ha s  shown some c o n s i s t e n t  t r ends  
and h a s  he lped  t o  i d e n t i f y  a s u s c e p t i b l e  sediment type. The water con ten t ,  i n  
t u r n ,  t y p i c a l l y  i n c r e a s e s  o f f sho re ,  a l though n o t  c o n s i s t e n t l y .  Downcore 
v a r i a t i o n s  i n  water con ten t  a r e  l a r g e .  

No c o n s i s t e n t  v a r i a t i o n s  i n  t h e  c o r r e l a t i o n s  of geo t echn ica l  parameters 
wi th  water  con ten t  were found t h a t  could  be  r e l a t e d  t o  s t u d y  a r ea .  Indeed, 
t h e  d i f f e r e n c e s  between s tudy  a r e a s  appear t o  be of t h e  same o rde r  a s  
v a r i a t i o n s  w i th in  s tudy  a r ea s .  Some d i f f e r e n c e s  i n  l a n d s l i d e  morphology were 
noted i n  t h e  geologic  framework d i scus s ion  t h a t  cannot  be explained by these  
b a s i c  c o r r e l a t i o n s .  For example, t h e  mu l t i p l e ,  complex f lows  of t h e  Alsek 
p r o d e l t a  c o n t r a s t  wi th  t h e  massive b u t  s imple r o t a t i o n a l  slumps of t h e  ICY 
Bay-Malaspina s tudy  a r ea .  One p o s s i b l e  exp lana t ion  of t h e s e  morphology 
d i f f e r e n c e s  i s  t h a t  fundamental sed imento logica l  parameters  c o n t r i b u t e  t o  
v a r i a t i o n s  i n  p o s t  f a i l u r e  behavior.  That i s ,  c e r t a i n  geo techn ica l  p r o p e r t i e s  
that c o r r e l a t e  we l l  w i th  water  con ten t  may determine t h e  p o i n t  of i n i t i a l  
f a i l u r e .  Movement a f t e r  f a i l u r e  may be  c o n t r o l l e d  by o t h e r  c h a r a c t e r i s t i c s  
t h a t  a r e  n o t  p rope r ly  eva lua ted  i n  t r i a x i a l  t e s t i n g .  

An example of a t  l e a s t  one c h a r a c t e r i s t i c  t h a t  appears  t o  vary  
c o n s i s t e n t l y  among t h e  s tudy  a r e a s  i s  p l a s t i c i t y .  A l l  of t h e  At te rberg  l i m i t s  
measurements, grouped according t o  geographic  a r e a ,  a r e  p l o t t e d  on a s e r i e s  of 
p l a s t i c i t y  c h a r t s  ( p l a s t i c i t y  index  versus  l i q u i d  l i m i t ,  Lambe and Whitman, 
1969, p. 35) i n  Figures  59 through 64. Leas t  squa re s  r eg re s s ion  f i t s  of each 
s e t  of data were developed and d i sp l ayed  f a i r l y  good c o r r e l a t i o n  
c o e f f i c i e n t s .  Figure 65 p r e s e n t s  a summary of a l l  of  t h e  l i n e a r  r e g r e s s i o n  



l i n e s .  A l l  p l o t  above i *,"A-l ine"  and f a l l  n e a r  or w i t h i n  t h e  zone g e n e r a l l y  
occupied by g l a c i a l  c l a y  Lambe, 1951, p. 27) .  Most sed iment  c l a s s i f i e s  a s  
CL ( " i n o r g a n i c  c l a y s  o f  l o w  t o  medium p l a s t i c i t y ,  g r a v e l l y  c l a y s ,  sandy c l a y s ,  
s i l t y  c l a y s ,  l e a n  c l a y s " ) .  The r e g r e s s i o n  l i n e s  are n e a r l y  p a r a l l e l  t o  e a c h  
o t h e r  and t o  t h e  "A-line," The c o n t i n e n t a l  s h e l f  s t u d y  areas ( ~ l s e k  p r o d e l t a ,  
Yakutat ,  I cy  Bay-Malaspina, C o p ~ e r  R i v e r )  show a p r o g r e s s i v e l y  g r e a t e r  
d i s t a n c e  from t h e  "A-line" as one p r o g r e s s e s  toward t h e  west. The Alsek 
prodeLta  s l i d e ,  which h a s  t h e  most unusua l  morphology, p r o v i d e s  d a t a  t h a t  p l o t  
c l o s e s t  t o  t h e  "A-line," The embayments ( I c y  Bay, Yakutat  Bay) and t roughs  
(Ber ing ,  Kayak) show t h e  g r e a t e s t  d i s t a n c e  from t h e  "A-line", This  behav ior  
p robab ly  relates t o  changes i n  c l a y  m i n e r a l  a c t i v i t y .  The unusual  morphology 
of  the Alsek p r o d e l t a  s l i d e s  and f l o w s  may r e l a t e  t o  t h e s e  changes i n  i n d e x  
p r o p e r t i e s ,  

SUMMARY AND CONCLUSIONS 

1. Prev ious  s t u d i e s  have shown t h e  major  s e a f l o o r  g e o l o g i c  h a z a r d s  i n  t h e  
e a s t e r n  Gulf o f  Alaska t o  be  s l i d e s  and f lows ,  s h a l l o w  f a u l t s ,  g a s  charged 
sed iment  and b u r i e d  channe l s .  m c l u d i n g  s h a l l o w  f a u l t i n g ,  t h e s e  h a z a r d s  on 
t h e  c o n t i n e n t a l  s h e l f  are a s s o c i a t e d  w i t h  Holocene g lac ia l -mar ine  sediment.  
This  sed iment  c o n s i s t s  p r i m a r i l y  o f  s a n d  and muddy s a n d  i n  wa te r  d e p t h  less 
t h a n  50 m and c l a y e y  s i l t  a t  g r e a t e r  d e p t h s ,  The Holocene g lac ia l -mar ine  
sed iment  i s  a t y p i c a l  g l a c i a l  rock  f l o u r  produced by i n t e n s e  mechanical  
weather ing.  Massive f a i l u r e  f e a t u r e s  have been i d e n t i f i e d  a c o u s t i c a l l y  on 
s l o p e s  of 0.5O t o  1.3O on t h e  c o n t i n e n t a l  s h e l f .  Sediment volumes o f  up  t o  32  

3 km a r e  involved.  

2. Both u n d e r c o n s o l i d a t i o n  un amp ton and o t h e r s ,  1978; Car l son  and o t h e r s ,  
1978; Molnia and Sangrey,  1979) and bubble-phase g a s  c h a r g i n g  ( C a r l s o n  and 
o t h e r s ,  1980; Wampton and o t h e r s ,  1978; Molnia and Rappeport ,  19801 have been 
sugges ted  a s  p r i n c i p a l  c a u s a t i v e  f a c t o r s  f o r  sed iment  i n s t a b i l i t y  i n  t h e  
reg ion .  The p r e s e n t  s t u d y  i n d i c a t e d  t h a t  b o t h  f e a t u r e s  a r e  p r e s e n t  b u t  t h a t  
t h e i r  occur rence  i s  uncommon. 

3. C y c l i c  l o a d i n g  by s t o r m  waves and p a r t i c u l a r l y  ea r thquakes  appears  
s u f f i c i e n t  t o  c a u s e  t h e  observed f a i l u r e  f e a t u r e s .  G a s  c h a r g i n g  and 
u n d e r c o n s o l i d a t i o n  may f a c i l i t a t e  f a i l u r e  i n  a few l o c a t i o n s .  Major wave 
induced s h e a r i n g  stresses exceed major  e a r t h q u a k e  induced stresses o n l y  i n  
r e l a t i v e l y  s h a l l o w  w a t e r  ( l e s s  t h a n  35 t o  76 m ) .  

4. A s  no ted  by Ladd and F o o t t  (19741 ,  t h e  normal ized  s o i l  pa ramete r  (NSP) 
approach appears  c a p a b l e  o f  p a r t i a l l y  overcoming t h e  problems of c o r i n g  
d i s t u r b a n c e  and c o r e  s h o r t n e s s  i n  o b t a i n i n g  v a l i d  g e o t e c h n i c a l  p r o p e r t i e s .  
Th i s  i s  i l l u s t r a t e d  i n  t h i s  s t u d y  by good comparisons between NSP g e n e r a t e d  
s t r e n g t h  p r o f i l e s  and t h o s e  measured w i t h  a n  i n  p l a c e  vane s h e a r  d e v i c e .  One 
comparison t h a t  i s  n o t  a s  good c a n  be e x p l a i n e d  by u n d e r c o n s o l i d a t i o n  
p r e d i c t e d  by Gibson 's  (1958) a n a l y s i s .  

5. Labora to ry  vane s h e a r  tests produce s h e a r i n g  s t r e n g t h s  t h a t  a r e  
c o n s i s t e n t l y  lower t h a n  t h e  f i e l d  s t r e n g t h s .  R i a x i a l  specimens c o n s o l i d a t e d  
t o  n e a r  t h e  i n  p l a c e  overburden stress produce s t r e n g t h s  t h a t  a r e  e r r a t i c a l l y  
h i g h e r  t o  much h i g h e r  t h a n  t h e  f i e l d  s t r e n g t h s ,  



6. There is  l i t t l e  evidence f o r  overconsol ida t ion  i n  t h e  Holocene g l a c i a l -  
marine sediment t e s t e d ,  

7. Many of t h e  geotechnica l  parameters  c o r r e l a t e  w e l l  wi th  water conten t ,  
which i s  probably r e p r e s e n t a t i v e  of more b a s i c  sediment c h a r a c t e r i s t i c s  such 
as c l a y  mineralogy, g r a i n  s i z e ,  and p l a s t i c i t y .  According t o  l abo ra to ry  
tests,. sediment with a water con ten t  between 35% and 45% is most s u s c e p t i b l e  
t o  ear thquake loading. Cores t h a t  con ta in  more of t h i s  s u s c e p t i b l e  m a t e r i a l  
roughly c o r r e l a t e  wi th  t h e  l o c a t i o n s  of  f a i l u r e  f e a t u r e s .  

8. Di f fe rences  i n  f a i l u r e  morphology are d i f f i c u l t  t o  r e l a t e  t o  advanced 
geotechnica l  parameters  b u t  may r e l a t e  t o  observed v a r i a t i o n s  i n  p l a s t i c i t y .  
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Table 1 .  Core and i n  place test loca t ions  organized by study area 

Study Cruise Core o r  In Pipe Iati tude 
~ r e a  Test Nymber 

Longitude 

Copper* . S8-77-EG 4 G 60" 15.18'N 145" 45.91' W 
River 6G 60" 12.94' N 145O 44.87' W 

7G 60" 12.93' N 145" 44.79' W 
8G 60° 10.64' N 145" 45.13' W 
9 G 60' 10.64' N 145" 45.13' W 

Kayak S8-77-EG 
Trough 

Bering S8-77-EG 
Trough 

Icy Bay- S8-77-EG 
Malaspina 



Table 1 .  Core and i n  place test locations organized by study area (continued) 

Study Cruise Core or In Place Latitude 
Area Test Number 

I C Y  bay- 
Malaspina 

ICY Bay S8-77EG 

Yakutat S8-77-EG 45G 
Bay 46G 

4 7G 
48E 

Yakutat DC2-80-EG 61 G 
646 

Longitude 



Table  1 .  Core and i n  p l a c e  tes t  l o c a t i o n s  o rgan ized  by study a r e a  ( c o n t i n u e d )  

Study Cruise Core or  In Pl2ce Uti  tude 
Area Test Number 

Yakutat DC2-80-EG 6 5 G  
66G 
69G 
7 2G 
8 3G 
84G 
85G 
876 
88G 
MP4 
MP5 
MV2 
MV3 

DC1-8 1 -EG 61 6112 
61 7G1 
61 7G2 
61 8G1 
61 862 
61 9 G 1  
620G1 
62062 
621 GI 
621 62 
623A1 
624A1 
6 2 4 A 2  
625A1 
625A2 

Alsek DC2-80-EG MC3-22 
River  23G 

2 6 G  
28G 
2 9G 
31 G 
3 2G 
3 5G 
3 6G 
38G 
43G 
4 6 G  
4 7 G  
49G 
5 OG 
52G 
5 5G 
56G 
MP3 
MP6 

Longitude 



Table 1. Core and in place test locat ions  organized by study area (continued) 

Study Cruise Core or In P l a c e  Lat i tude 
Area Test Number 

Alsek DC2-80-EG MP7 . 
h v e r  W1 

DC1-81-EG 601G2 
60263 
603G1 
60463 
604G4 
605G1 
605G2 
606G1 
606G2 
607A1 
607A2 
608A2 
609A1 
6 1 0A2 
61 1 GI 
61 1G2 
GI 2G1 
GI 3G2 
G I  4G2 

Other S8-77-EG 1G 
2G 
23G 

DC2-80-EG 9 2G 
MP2 
MP8 

DC1-8 1 -EG 61 5A1 
DC1-77-EG 7 00B 

704B 

Longitude 

Core or test number code 
GI B, C, or D - Gravity or  p i s ton  core 
A - Vibratory core 
MP - In place cone penetration test 
MV - In place  vane shear test 



Table 2. Consolidation Teat R?sults 

study Area 

Other 
Other 
Copper River 
Copper River 
Copper River 
Copper River 
Copper River 
Copper River 
Copper River 
Copper River 
Copper River 
Copper River 
Coppar River 
Copper River 
Copper River 
Copper River 
Copper River 
Copper River 
Copper River 
Kayak Trough 
Kayak Tmuqia 
Kayak Trough 
Kayak Trough 
Kayak Trough 
Kayak Rough 

-gh 
Kayak Trough 
Kayak Trough 
Kayak Trough 
Kayak Trough 
Kayak Trough 
Kayak Trough 
Kayak Trough 
Kayak Trough 
=yak Tmugh 
Kayak Trough 
Other 
Icy Bay-Halaspina 
Icy Bay-Halaspina 
Icy Bay-Malaapina 
Icy Bay-Halaspina 
Icy Bay-Halaspina 
Icy Bay-Halaapina 
Icy  Bay-Halaspina 

urnad cce - 
Y'z  

Initial 
Water 
Content, 



Cruias 
Core I 

Depth in 
Core, t,cm 

Test 
Utmbar 
4 '  

OE25G 
OE26G 
OE27G 
OE2ffi 
OE29G 
OE3OG 
OE31G 
OE32G 
OK330 
OB346 
OE356 
OE21L1 
OE22L1 
OB36G 
OE37G 
OE38G 
OE396 
OE23L1 
OE24L 1 

OBlL2 
CElI 
Cgl 

m 
OE2L2 
cE4 
CB5 
m10 

:zum 
OE4L2 
OE5L2 
OE6L2 
OE7L2 
CE26 
o m 2  
OE9L2 
OE10L2 
OE? lL2 
CE3 
a 1  
CB2 
OE12L2 
OE13L2 

Table 2. Consolidation Test Results  Iconti  

Study Area Y * z , ~ P ~ ~  ama ,kpab a,' ,kpaC 

Icy Bay-Mlaapina 
Icy Bay-Halespina 
Icy Bay-Halaspina 
Icy Bay-Malaspina 
Icy Bay-Hulaapina 
Icy Bay-Halaepina 
Icy BayUalanpfna 
Icy Bay-Malaspina 
Lcy Bay-Ualampina 
Icy Bay-Ulaspina 
Icy Bay-Malaapina 
%ring Trough 
Bering Trough 
Icy -Y 
ICY 
Icy Bay 
Icy -Y 
Yakutat Bay 
Yakutat Bay 

ALsak River 
Alsak River 
Aleek  River 
Alaek River 
Usek R i w r  
AZsek R i v e r  
Alsek River 
Alsek River 
Aleek River 
Neek River 
Aleek River 
Yakuiat 
Yakutat 
Yakutat 
Yakutat 
Icy Bay-Walaapina 
Icy Bay-PIaLaepina 
Icy Bay-Ualaepina 
Icy Bay-ctalaapina 
Icy Bay-Ualaepina 
Icy Bay-Ehlaspina 
Icy Bay-Malaapina 
Icy  Bay-lhlaspina 
Icy Bay-Phlaspina 

, d - 
Y ' z  

cce I n i t i  a 1  
Water 
Content, I 



Table 2. Consolidation Test Resulte (continued) 

Cruine Depth in Test Study Area Y'z,kpaa a 'd 
Qylll ',kpab a,',kpac - vm cCe ~ , f  svq Initial Qre I Core Nuabar T ' z  / Water 

I 4 -  {XlO - Content 

Icy Bay-Welaspina 
Icy Bay-Walaapina 
Icy Bay-Nalaapina 
Icy Bay-Ualaspina 

Alsek River 
Alsek River 
Neek River 
Meek River 
Yakutat 
Yakutat 
Yakutat 
Yakutat 
Yakutat 
Yakutat 
Yakutat 
Yakutat 
Icy thy-hlaspina 
Icy Bay-llalaapina 
Icy Bay-Malaepina 
Icy Bay-Halaspina 
Icy Bay-Ualaspina 
Icy Bey-Halaspina 
Icy Bay-Ualaepina 
Icy Bay-Halaspina 

a - Sediment h r g e d  unit weight tiwee -ent depth, aqua1 to in situ 
overburden #tram# for no-1- and over-consolidation 

b - Uaximum &=t *tress obtained by Caaagranda technique 

c - Difference between a,' and Y ' r ;  negative valuee correepond to under- 
consolidation, near zero values to normal coneolidation and postitive 
valuem to overconnolidation 

d - Thia parameter is the omrrconsolidation ratio for normally or 
ooerconeolidat8d sediment and the degree of coneolidation for normally or 
underconsolidated rradiment 

a - Slope of the laboratory virgin compression curve 

32.2 
52.8 
46.9 
40.2 
49.7 
31.3 
30.0 
44.8 
39.0 
43.0 
27.6 uand 
33.6 
44.2 
41.1 
40.1 
48.1 
38.7 
26.2 Sand 
33.9 
56.7 

f - Slope of the laboratory rebound curve 
g - Coefficient of consolidation for stressee greater than 0,' 



Table 3. S t a t i c  h i a x i a l  Test *cults 

oapth in T e m t  Study Area 
core, z , a n  MUmber 

TElL 1 
T84Ll 
TB2L 1 
TB3L1 
mni 
l%6L 1 
TESL 1 
TElG 
TE2G 
mu: 
TEQG 
TSX; 
TE6G 
T87G 
m8G 
TEW 
TBlOG 
TE11G 
m1x 
TEf 3G 
m14G 
TB1M 
m16G 
TE17G 
m1BG 
TE19G 
TB2OG 
TE21G 
TE22G 
TS23G 
TE24G 
TE25G 
TE26G 
TE27G 
TE28G 
TE2% 
TE30G 
TBBLl 
T B ~ L ~  J 
TElOL1 
r n 1 1 ~ 1 J  
TE12L1 
TEt3L1 
TE14L1 
Te17L1 

Other 
Other 
Other 
Other 
Other 
Other 
Othar 
Coppar River 
Copper River 
Copper River 
Copper River 
Copper River 
Capper River 
Copper Riwr  
Copper Rlvar 
Copper River 
Copper River 
Copper Riwr  
Copper River 
Copper River 
Qpper River 
Capper River 
Copper River 
Copper River 
Copper River 
Copper River 
Copper River 
Copper River 
Copper River 
Copper River 
Copper River 
Copper River 
Copper River 
Copper River 
Copper River 
Copper River 
Copper River 
Kayak %ugh 
Kayak Trough 
Kayak R-ough 
Kayak Trough 
Kayak Trough 
Kayak Trough 
Kayak %ugh 
Kayak Trough 

~ ' z , k P a ~  0 ,kPab O r  ,kpac a r  ,kPa 
a 

Teste Induced 
f 

m vc hc 
TYPe OCR 

+'I,  I n i t i a l  
clegreea Water 

Content, t 



Table 3. S t a t i c  h i d r i a l  Wet  Results (continued) 

Dapth i n  a t  study wed 
core, t ,  ca lhmbr 

=yak Trough 
-yak -gh 
Kayak Trough 
Kayak Trough 
%yak Trouqh 
myak Trough 
Kayak Trough 
Kayak Tmm* 
Kayak Trough 
Kayak RPu& 
-yak Trough 
-yak Trough 
Kayak Trough 
Myak Trough 
Kayak Trough 
Kayak Tmu* 
Other 
Other 
Other 
Other 
Icy Bay-Ualaepina 
Icy Bay-Mlaspina 
Icy Bay-Malanpina 
Icy Ray-Malaspina 
Icy Bay-Ualanpina 
Icy Bay-Halaspina 
Icy Bay-Halaepina 
Icy Bay-Ualaapina 
Icy Bay-Ualaeptna 
Icy Bay-Malaspina 
Icy Bay-Halaepfna 
Icy Bay-Halaspina 
Icy Bay-Malaepina 
Icy Bay-Malaspina 
Icy Bay-Halaepina 
Icy Bay-Malaspina 
Icy Bay-Wlaspina 
Icy Bay-Malaspina 
Icy Bay-Malaepina 
Icy Bay-Halaspina 
Icy Bay-Malaspina 
Icy Bay-Malaspina 
Icy Bay-Halaspina 
Icy Bay-Halaspina 
Icy Bay-Malasplna 

47.4 
52.4 
54.0 
2.9 
3.7 
5.5 
ll.? 
12.2 
92.9 
15.3 
5.8 
6.7 
7.6 
10.2 
13.7 
14.B 
4.0 
5.1 
6.3 
7.6  
18.0 
19.5 
20.2 
20.9 
8.5 
14.8 
75.7 
'16.6 

4 .9  
5.8 
7.6 
8.5 

13.0 
13.9 
16.5 
12.1 
1 3 . 0  
13.9 
22.1 
29.0 
29.9 
30.8 
14.4 
15.4 
16.3 

57.8 
63.9 
65.9 
4.6 
5.9 
8.7 
15.2 
16.6 
77.9 
20.8 
8.0 
9.3 
to. 5 
14.4 
19.3 
20.9 
6.4 
7.5 
8.9 
11.0 
35.5 
39 
4 1  
43 
11 
13 
13 
13.5 
29 
30 
31 
31.5 
34 
35 
36 
14 
14 
14.5 
18 
21 
21.5 
22 
15.5 
16 
17 

q t ~ a ) , ~  e h  +ei, ~ n i t i a l  
fkpa - , su'avc degree. Uter 

Content, 



Table 3. S t a t i c  T r i ax i a l  Test Results (continued) 

+ m i ,  m i t i a l  
degrees Water 

Content, 

Crui8e Depth in a t  Study Area 
Core I core, t ,  a m r  

Icy Bay-Malaepina 
Icy Bay-Walaspina 
Icy Bay-Malaepina 
Icy my-Malaepina 
Icy Bay-Halasptna 
Icy Bay-Malaspina 
Icy Bay-Malaepina 
Icy Bay-Halaspina 
Icy Bay-Malaepina 
Bering Trough 
Baring Trough 
Bering Trough 
ICY BUY 
ICY -Y 
I C Y  MY 
ICY Bay 
I C Y  Bay 
Yakutat Bay 
Yakutat Bay 
Yakutat Bay 

hlsek River 
Aleak Rlver 
Alsek River 
Almk River 
Alsek River 
Alack River 
Aleek River 
Alsek River 
Usek  River 
Alsek River 
Alaek River 
Alsek River 
Alselc River 
Alsek River 
hlsek River 
Alsek River 
Meek River 
hleek River 
Alsek River 
Alsek River 
Alsek River 
Yakutat 
Yakutat 



Table 3. Static Triaxial Test Wsults (continued) 

y'r,k~a' a m  kpab ,kpaC 0'  ,kPa T'este Induced 
f 

vm* vc hc 
%?= OCR 

+ti. 

degrees 
Initial 
Water 
Content, \ 

Cruise Depth in Tast Study Area 
Core I. core, f ,  a umber 

Yakutat 
Yakutat 
Yakotat 
Yakutat 
Icy Bay-Halaspina 
Icy Bay-Halaapina 
Icy Bay-Phlaepina 
Icy Bay-Malaspina 
Icy Bay-Halaspina 
Icy Bay-lhlaspina 
Icy Bay-Halaspina 
Icy Bay-Malaspina 
Icy Bay-Malaapina 
Icy Bay-lblaspina 
Icy Bay-Malaepina 
Icy Bay-Malaspina 
Icy Bay-Ualaspina 
Icy Bay-Halaspina 
Icy Bay-lhlaspfna 
Icy Bay-Halaspina 
Icy Bay-Phlaspina 
Icy Bay-Halaspin8 
Icy Bay-Phlaepina 
Icy Bay-Ihlaspina 
Icy Bay-Chlaspina 
Icy Bay-Chlaspina 
Icy Bay-Malaspina 
Icy Bay-Malaspina 
Icy Bay-Malaspina 
Icy Bay-Ralaspina 
Icy Bay-lhlaspina 

Ileek Rtvsr 
Alsek River 
Alsek River 
Alsek River 
Alsek River 
Alsek River 
Aleek River 
Yakutat 
Yakutat 
Yakutat 
Yakutat 
Yakutat 



Table 3. S t a t i c  Tr iaxia l  Test R e u l t 8  (continued) 

Cru1.e Depth in a t  Study Area C ylz,kpaa 0 '  ,kpab O m  ,kPa a *  ,kPa d 

Core I c o r e , z , m  Mmbclr vm vc hc 

Y&kutat 
Yakutat 
Yakutat 
Icy Bay-lblaepina 
Icy Bay-Elalaspina 
Icy Bay-Malaepina 
Icy Bay3lalaepina 
Icy Bay-Malaspina 
Icy Bay-Halaepina 
Icy Bay-Malanpina 
Icy Ray-Malaspina 
I c y  Bay-Walaspina 
Icy Ray-Chlaepina 

a - gadfaant anbaargsd un i t  m i g h t  t h e e  nub-bottan depth, equal to i n  place 
overburden stream fo r  noma1 - and over-consolidation 

W 
m b - Sedirant natura l  w i m m  past s t r e s s ,  interpolated o r  extrapolated from 

adfacent consoli&tion t e s t a  

c - f i n a l  v e r t i c a l  consolidation e t m s a  

d - f i n a l  horizontal consolidation s t reso ,  blank i f  same a s  v e r t i c a l  s t r e s s  

e - Type (a) test h a  a f i n a l  v e r t i c a l  consolidation s t r e e s  lesa  than th ree  
times the mximrm pas t  r t r e s6  without rebound. Type Ib) test has a 
mxhum t r i a x i a l  vsrtical consolidation stream g rea t e r  than three  tines 
the  natural ~raximm pant strams. 'Ihe sample was subsequently rebounded to 
a lower conaolfdaticm strems inducing a known overconsolidation r a t i o .  
Trpe (c l  test ha8 a f i n a l  v e r t i c a l  connolidation s t r eee  grea ter  than three  
times the - h u m  pa& .trams vfthout rebound. 

f - Blank indicatem r type Ia)  t e a r  f i n a l  l eve l  of overconsolidation is  
unknown. Value grea ter  than 1 indica tes  a type  tb) t e s t r  value given i n  
knom induced wercon6olidation rat io.  Value of 1 indica tes  a type ( c )  
tea t :  w p l e  ham bean forced to be noraally consolidated. 

q - maxima shear stream wer 15 or  201 s t r a in :  assumed equal to undrafned 
nhear strength,  SU. 

h - Ratio of undrained ahear strength t o  v e r t i c a l  consolidation s t r e e s  

i - Effective f r i c t i o n  angle asnuminq no cohenion in tercept :  given for  type 
(c) o r  drained tests only 

Induced 
f 

OCR 
sf r mr. s u m  n h  + , i n i t i a l  

kPa . degrees Water 
Content, % 

j - Stress cont ro l  test 

k - Drained t e a t  



Table 4 .  Cyclic T r i ax fa l  Test &eu l t s  

d e f h cruise a p ~ h  in nsr R U ~  uu a '.kpaa .hC1,k~ab i n d ~ ~ e d '  ( q t & a t i c ~  i q p a t i c )  s t a t i c  h a k g  T~ T 1 
vc c 'e 

l ofk s t r a i n  a t  I n i t i a l  
Core I Core, Zr Mnbar OCR I Bias, Cyclic - qfstatic gCotatic q Cycles f a i l u r e r \  Water 

o k Pa Stress,  t o  Content 
Tc,kPa (1)  (11) (111 ) f a i l u r e  a 

Coppar River 
Copper River 
Copper River 
Copper River 
Copper River 
Copper River 
Copper IUver 
Copper River 
Copper River 
Copper River 
Coppar Rivar 
Copper River 
Coppar River 
Copper River 
Copper River 
Kayak Trough 
Kayak hough 
-yak Trough 
-yak hough 
Kayak Trough 
-yak Trough 
Kayak Trough 
-yak Trough 
Kayak Trou* 
Icy Bay-lhlaspina 
Icy Bay-Mlanpina 
Icy Bay-Malaspina 
Icy Bay-Phla8pl~  
Icy Bay-Phlaspina 
Icy Bay-lblaoplna 
Icy Bay-Halaepina 
Icy Bay-Chlaspina 
Icy Bay-Halaspina 
Icy Bay-Mlaepina 
Icy Bay-Halaepina 

m2-00-rn 
K3-22 35-47 W1LZ Aleek River 27.6 
28G 15-22 TC24 Meek River 302.6 

75-22 TC25 Alsek River 297.9 
3K; 32-39 TC18 Alaek River 160.3 

32-39 TC19 Aleek River 154.6 
386 3-15 TC2L2 Aleek River 27.6 

27-38 TC3L2 Alsek River 120.6 



Table 4. Cycl ic  h i a x i a l  Tent Fksul t s  (continued) 

m n e  mpth i n  n e t  Study Area am1 ,kpaa 0 @ . k ~ a ~  inducedc ( q p t a t i c )  d 

Qra # Core, z, Umber hc 
OCR I 

Q 

1 
ofk  strain at I n i t i a l  

Cycler  f a i l u r e , %  Yater 
to Content, 
f a i l u r e  % 

DC2-80-gi 
386 40-52 TC4L2 Alaak River 120.6 1 67.4 
430 27-35 TC20 Al-k River 

27-35 TCZI Meek River 
466 7-15 '11322 Unek RLver 

7 -  'PC23 Alnek River 
19G 6-17 TC512 Alsek River 
842 33-48 TC6L2 Yakutat 

48-63 m7L2 Yakutat 
870 161-172 E 5 2  Yakutrt 
OK; 16t-t69 TC53 Yakutat 
966 145-155 ml1LZ Icy Bay-llalanpina 

226-237 TCBL2 Icy Bay-Nalampim 
266-300 WlOL2 Icy Bay-lhlaspina 
331-343 -2 Icy Bay-Halaapirta 

1816 61-68 TC30 Icy Uy-Halarpina 
61-68 FC31 IcyBay-Ualaepina 

& 85-95 TC32 Icy Bay-Halaspina 
o 85-95 TC33 Icy Bay-lhlarpina 

19W 66-00 TC12L2 Icy Bay-Phlarpina 
80-97 'FCt3LZ Icy Bay-Malaspina 
160-175 ~ 1 4 ~ 2 "  I c y  Bay-ehlaspina 

1960 197-213 9 ~ 1 1 5 ~ 2 ~  Icy Bay-lhlaspina 
312-326 FC16L2 Icy Bay-lhlaspina 
326-340 W1712 Icy Bay-lhlampina 
400-414 TC18L2 Icy Bay-lhlaspina 
4f4-428 m1912 Icy Bay-Nalaspina 

DCt-81-E 
60463 130-137 TC99 Aleek River 

130-t37 Dl02 Ale& River 
60562 55-62 TC92 Alrek River 

55-62 'PC93 Alsek River 
166-173 99287 Alnek RLver 
166-173 TCB6 Alsek River 

61862 136-145 TC58 Yakutat 
138-145 TT59 Yakutat 

62OG2 100-146 TC46 Yakutat 
fOO-708 TC17 Yakutat 

624A1 172-179TC60 Yakutat 
172-179TC61 Yakutat 

627G2 60-77 TC36 Icy Bay-Malaapina 
60-67 TC37 Icy Bay-Phlaspina 
93-104 TC34 Icy Bay-Walaspina 
93-100 TC35 IcyBay-Ualaepina 



Table 4. Cyclic Tr iaxia l  Test  & s u l t s  (continued) 

e h i 1 
cars. mpth i n  %at  study oww ,kpaa s hc * , k ~ 2  bhlc .dC (qf ~ ~ a t i c ) ~  ( q t h t i c )  m a t i o f  %.kg c 1 ' Il ofk St ra in  a t  I n i t i a l  

I 'C 
Core # Qre, S r  -r OCR 

- 'I ~ia . ,  Cyclic -C qfntatIC avO1 Cscles f a i l ~ ~ e . 8  Water 
~m kPa Stress ,  to Content 

rc,kPa (1) t11) (111) f a i l u r e  

El-01-BG 
630A2 133-t61 TC57 Icy Bay-Halaspin. 297.9 

153-161 TC56 Icy My-Malaapina 307.0 
634G2 61-69 TC48 Icy Bay-Ralaspina 60.3 

61-68 TC49 Icy Bay-Halaapfna 58.1 
72-79 TC54 Icy Bmy-Malaspina 61.9 
73-80 TC55 Icy Bay-Ualaspina 59.3 

b - Final horizontal  conaol ida t im s t r ea s ,  blank i f  mane a s  v e r t i c a l  s t resa  

c - Induced OCR defined in Table 3. 

d - Sta t i c  shear r t rangth  obtained from t e a t  om m p l e  fmn tha name core (nethad I1 

e - S t a t i c  shear atrength obtained  fro^ water content, consolidation s t resn  and Figure 35 [Method 111 
E- 
k- 

f - A *tic nhear mtresm applied under undrained condttiono p r io r  to cycl ic  t e s t i ng .  The cyc l i c  shear ntrens is s m t r i c a l  about t h i s  b i a s  level. 

g - 'Ihs maxima ahear s t r a m  level applied daring cyc l i c  loading (may include somu? s t a t i c  b ias  in addit ion to cyc l i c  coPponent - negative sign indicaten t a n ~ f ~ n )  

h - -ti0 of ma%- cyclic ahear a t reus  to s t a t i c  shearing strength estimated using Mthod I. 

i - Ratio of aaxiru cyc l i c  ahear mtresa to a t a t i c  shearing strength e s t i ~ t e d  w i n g  Method II 

j - Ratio of - h u m  cyc l i c  shear s t r e a s  t o  v e r t i c a l  conmolfdation s t resn  (termed aethod 111) 

k - Hrmtber of cycles required to reach a t r a i n  given i n  next column 

1 - Strain leve l .&f ined  am f a i l u r e  o r  s t r a i n  leve l  a t  which t e s t  was halted (if l e a s  than 70%)  

n - Cyclic loading in cclpressfon only 



Table 5. Calculation of WSP exponent, no 

Cruisa Depth i n   ant Study I nduceda ( Snc I 
b f 

l snc) i I  qf/avcsd tho>: rho) ,, ~ n i t i a l  
Qre I Qre, t , cm W r  Area OCR W t e r  

content, \ 

DC2-80-E 
K3-22 62-7 6 'P114L2 Alsek River 3 ---- 0.86 4.51 --- 1.51 29.4 

Alsek River 
Aluek River 
hlaek River 
Alsek River 
Alaek River 
Yakutat 
Icy Bay-Halaspins 
Icy Bay-Malaspina 
Icy Bay-Malanpina 
Icy Bay-hlaepina 
Icy Bay-Ualaspfna 
Icy Bay-Malaspi na 
Icy Bay-Malanpina 
Icy Bay-Malaspina 
Icy by-Malaepina 

Alaek Rfver 
156-164 TEll7 Alsek River 6.2 0.59 0.57 2.4R 0.79 0.81 38.4 

62762 7 1-78 TB72 Icy Bay-lblaspina 5.5 0.53 0.51 2.40 0.89 0 . 9 1  42.6 
77-78 TE73 Icy Bay-Malaepina 3.1 0.53 0.47 t.48 0.91 1 .Ol 46.4 

a - Induced OCR defined in Table 3 

b - Patio of undrained shear strength,  Su, to v e r t i c a l  coneolidation s t r e se ,  a,,'. fo r  normal coneolidation obtained f r m  t a u t  on sample fm the came 
core (Hethod I )  

c - Ratio of undrainad ahear mtrength, S,, t o  v e r t i c a l  consolidation s t r e sa ,  a,', fo r  normal consolidation obtained from i n i t i a l  water content and 
Figure 35 (Method 11) 

d - Ratio of raasured undrained shear strength t o  v e r t i c a l  consolidation e t r ee s  

e - f i e  HSP exponent, Ao. calculated w i n g  S,, fr im Hethod I. 

f - The ASP erponent, no, calculated using S,, frollr nathod II 





F i g u r e  2 .  S i m p l i f i e d  g e o l o g i c  s e t t i n g  of t h e  n o r t h e r n  Gulf of Alaska, showing 
g e n e r a l  t r e n d s  of Mesozoic and Cenozoic rocks  (modified from Bruns, 
1979) .  Onshore geology is from P l a f k e r  (1967) ,  and B e i h a n  (1974,1975). 
R e l a t i v e  convergence v e c t o r  between P a c i f i c  and Nor th  America1 p l a t e s  
( l a r g e  arrow) is from Mins te r  and Jordon (1978) 
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F i g u r e  10. High r e s o l u t i o n  s e i s m i c  r e f l e c t i o n  data and side s c a n  
sonographs d e p i c t i n g  a water column g a s  plume -southeast 
of the  Dangerous River d e l t a  ( C a r l s o n  and others, 1980).  







50 100 meters 

F i g u r e  13. S i d e  scan sonograph d e p i c t i n g  m u l t i p l e  flows, s lumps and s l i d e s  on the A l s e k  River 
p r o d e l t a  (Molnia and Rappeport  , 1980).  



Figure  1 4 .  Locat i o n s  of study areas. 







Figure 17. Core l oca t  ions-Icy Bay-Malaspina Study Area (c ru i se  DC1-77 -EG) 





Figure 19.  Core and i n  p l a c e  c e s r  l o c a t i o n s - Y a k u t a t  S tudy Area. 
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F i g u r e  20. Core and in place test locations-Alsek River  Study Area. 





Undrained Shear Strength (kPa) 

Figure 22. R e s u l t s  of f i e l d  vane  s h e a r  test Nv-1 (Alsek River  S t u d y  Area) 
compared w i t h  normalized s t r e n g t h  parameter  (NSP) est  h a t e  
of undrained s t r e n g t h  from t r i a x i a l  t e s t s .  



F i g u r e  23. R e s u l t s  of f i e l d  vane s h e a r  t e s t  MV-2 ( ~ a k u t a t  Study 
Area) compared w i t h  l a b o r a t o r y  vane s h e a r  s t r e n g t h s  and 
NSP e s t i m a t e s  f rom t r i a x i a l  t e s t s .  CIU and UU t e s t s  
r e p r e s e n t  t r i a x i a l  t e s t s  with c o n s o l i d a t  i o n  t o  n e a r  t h e  
overburden s t r e s s  and t o  nearly no s t r e s s ,  r e s p e c t i v e l y .  



Undroinrd Shear Strength (kpa) 

F i g u r e  24 .  R e s u l t s  of f i e l d  vane  s h e a r  t e s t  MV-3 (Yakutat  
Study Area) .  Arrows i n d i c a t e  l o c a t i o n s  where the 
capaci ty  of t h e  f i e l d  vane t o r q u e  c e l l  w a s  reached. 



F i g u r e  25. R e s u l t s  of f i e l d  v a n e  s h e a r  t e s t  MV-4 
( I c y  Bay-Malaspina Study Area) compared 
w i t h  l a b o r a t o r y  vane  s h e a r  s t r e n g t h s  and NSP 
e s t i m a t e s  from t r i a x i a l  t e s t s .  C I U  and UU 
t e s t s  r e p r e s e n t  t r i a x i a l  t e s t s  c o n s o l i d a t e d  
t o  n e a r  the overburden s t r e s s  and t o  n e a r l y  no 
s t r e s s ,  r e s p e c t i v e l y .  



F i g u r e  26. R e s u l t s  of f i e l d  v a n e  s h e a r  t e s t  MV-5 ( e a s t e r n  p a r t  of 
I cy  Bay-Malaspina Study Area) compared w i t h  l a b o r a t o r y  
vane  s h e a r  s t r e n g t h s  and NSP e s t i m a t e s  from t r i a x i a l  
tes ts .  C I U  and UU t e s t s  r e p r e s e n t  t r i a x i a l  t e s t s  t o  n e a r  
t h e  overburden s t r e s s  and t o  nearly no s t r e s s ,  r e s p e c t i v e l y .  



CONE PRESSURE (M -'a) 

Figure  2 7 .  Results of i n  p l a c e  cone p e n e t r a t i o n  t e s t  
MP-2 (off t h e  mouth of t h e  Dangerous River ) .  
Stratigraphy of nearby core  i s  given a t  r i g h t .  



CONE PRESSURE (MPa) 

Figure 28 .  Resul t s  of in place cone penetration t e s t  
MP-3. ( ~ l s e k  River S t u d y  Area) . Stratigraphy 
of nearby core is glven a t  r i g h t .  



CONE PRESSURE (MPa) 

Figure 2 9 .  Results of i n  p lace  cone p e n e t r a t i o n  t e s t  MP-4 
(Yakutat  Study ~ r e a ) .  S t r a t i g r a p h y  of nearby 
core is  given a t  right. 



CONE PRESSURE (MPa). 

Figure 30.  Results of i n  place cone penetration t e s t  MP-5 
(Yakutat  Study Area). Stratigraphy of nearby 
core i s  given at r i g h t .  
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CONE PRESSURE (MPa) 

Organic -Rich 
Sediment 

Figure 31. Kesults of i n  p lace  cone p e n e t r a t i o n  t e s t s  MP-6 
and MP-7 ( A l s e d  River Study  Area) .  S t r a t i g r a p h y  
of nea rby  c o r e  i s  given a t  r i g h t .  



CONE PRESSURE (MPa) 

F i g u r e  3 2 ,  R e s u l t s  of i n  p l a c e  cone p e n e t r a t i o n  test 
MP-8 (Qua te rna ry  g l a c i a l  d e p o s i t s  off  
Dangerous River ~ e l t a ) .  S t r a t i g r a p h y  of 
nearby c o r e  i s  given a t  r i g h t .  
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CONE PRESSURE (MPa) 

F i g u r e  33.  Results of i n  place cone p e n e t r a t i o n  t e s t  MP-9 
( I c y  Bay-Malaspina S tudy  Area). S t r a t i g r a p h y  of 
nearby core is  given at r i g h t .  
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CONE PRESSURE (MPa) 

F i g u r e  3 4 .  Results of in place cone p e n e t r a t i o n  test 
MP-10 ( e a s t e r n  p a r t  o f  I c y  Bay-Malaspina 
S tudy  Area). S t r a t i g r a p h y  of nearby core 
is given at r i g h t .  



F i g u r e  35. C o r r e l a t i o n  of r a t i o  of u n d r a i n e d  s h e a r i n g  s t r e n g t h ,  S , t o  v e r t i c a l  c o n s o l i d a t i o n  
U 

s t r e s s ,  0' , w i t h  n a t u r a l  w a t e r  c o n t e n t ;  a l l  t y p e  (c)  s t a t i c  t r i a x i a l  t e s t s .  C i r c l e d  
VC 

d a t a  p o i n t s  r e p r e s e n t  a n i s o t r o p i c  c o n s o l i d a t i o n .  S o l i d  l i n e  i s  a f i t  of the i s o t r o p i c  
c o n s o l i d a t i o n  d a t a  p o i n t s  ( u n c i r c l e d  d o t s ) .  Dashed l i n e  r e p r e s e n t s  0.8 t i m e s  t h e  
s o l  i d  l i n e  and rough ly  f o l l o w s  a n i s o t r o p i c  d a t a  p o i n t s .  
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Figure  36. Relat ive cycl ic  stress l eve l  v e r s u s  number of cyc l e s  
t o  f a i l u r e :  Core 4G (Copper River Study area).  
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Figure 37. Relat ive cycl ic  stress l eve l  versus number of cycles 
to f a i l u r e :  Cores 8G and 1 1 G  (Copper River and Kayak 
Trough S t u d y  Areas). 
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F i g u r e  38. R e l a t i v e  c y c l i c  stress level v e r s u s  number of 
c y c l e s  t o  f a i l u r e :  Core 28E ( I c y  Bay-Malaspina 
S t u d y  Area). 
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Figure 3 9 .  Relative c y c l i c  stress l evk l  versus number of cyc le s  
to f a i l u r e :  Core 33G ( I c y  Bay-Malaspina Study  Area). 



M B E R  OF CYCLES TO FAILURE 
F i g u r e  40.  Relative cyclic stress level  versus number of cycles t o  f a i l u r e :  Alsek River Study 

Area, Method I.  
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NUMBER OF CYCLES TO FAILURE 
~ig&-e  41. Relative cycl ic  s t r e s s  l eve l  versus number of cycles t o  f a i l u r e :  ~ l s e k  R i v e r  

Study Area, Method 11. 
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Fiqure 43. Relative cycl ic  stress l eve l  versus number of cycles  t o  f a i l u r e :  Yakutat Study 
A r e a ,  Method I. 



Core No. Woter Conten? 
- . - . -  . - , - .  846 25.6 - 33.0 
-. -. 87G 32.0 
-------- I966 24.4 
--- 618G2 44.6 

-..- 
62062 39.0 
624Al 39.6 
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Figure 44. Relative cyc l ic  s t r e s s  l eve l  versus number of cycles t o  f a i l u r e :  Yakutat Study 

Area, Yethod 11. 
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Figure 46. Relative cyc l i c  stress leve l  versus number o f  cycles t o  f a i l u r e :  Icy Bav- 

Malaspina Study Area (USGS t e s t i n g ) ,  Method I. 
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Figure  47. Re la t i ve  cyclic s t r e s s  level ve r sus  number of c y c l e s  t o  f a i l u r e :  Icy Bay- 

Malaspina Study Area (USGS t e s t i n g ) ,  Method 11. 
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Figure 50.  Relative cyclic stress level for failure in 10 cycles versus natural water 
c o n t e n t ,  Method 11. 
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Fiqure 51. Rela t ive  cyclic stress l e v e l  f o r  f a i l u r e  i n  10 cyc l e s  ve r sus  n a t u r a l  w a t e r  
con t en t ,  Method 111. 
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Figure 57. Locations of core samples within the Yakutat Study Area relative 
to the observed slump feature. Numbers near the core locations 
represent the percentage of the core that has a water content 
in the critical 35% to 45% range. 



% Of Core With 35 < Water Content < 45 

Figure 58. Locations of core samples within the Alsek River Study Area. Numbers 
near the core locations represent the percentage of the core that has 
a water content in the critical 35% to 45% range. All cores are thought 
to be in the failed zone. 
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Figure 60. Plasticity chart for Kayak Trough Study Area and Yakutat Sea Valley 
(SE portion of Icy Bay-Yalaspina Study Area) with least squares 
regression fits of data. 













APPENDIX A 

METHANE IN SEDIMENTS OF THE EASTERN GULF OF ALASKA 

Marqe Golan-Bac 
Keith A. Kvenvolden 



Because t h e  presence of  i n t e r s t i t i a l  gas  may have a s i g n i f i c a n t  e f f e c t  on 
t h e  s t a b i l i t y  of sediment,  a n a l y s i s  of  g a s  con ten t s  can be an important  p a r t  
of  an  o v e r a l l  hazards  eva lua t ion  of a n  area. Accordingly, hydrocarbon gas  
d a t a  from f o u r  c r u i s e s  i n  t h e  e a s t e r n  Gulf of  Alaska (Sl-76-EG, S8-77-EG, S6- 
78-EG, and Sll-79-EG) may be app l i ed  t o  t h i s  i n v e s t i g a t i o n .  Although t h e  
gases  methane, e thane ,  e thene ,  propane, propene, iso-butane,  and n-butane were 
analyzed, t h i s  d i s cus s ion  i s  l i m i t e d  t o  t h e  concen t r a t i ons  and d i s t r i b u t i o n s  
of methane. It i s  t h e  on ly  hydrocarbon g a s  p r e s e n t  i n  concent ra t ions  t h a t  may 
exceed i t s  s a t u r a t i o n  l e v e l  i n  t h e  i n t e r s t i t i a l  water.  

During t h e  S1-76-EG c r u i s e ,  15 samples Erom 1 2  s t a t i o n s  were taken  from 
Van Veen samples and g r a v i t y  c o r e s  t h a t  covered a  l a r g e  a r e a  of t h e  e a s t e r n  
Gulf of Alaska, from o f f  t h e  western end of t h e  Copper River Del ta  t o  t h e  
western end of Palma Bay (geographic  l o c a t i o n s  shown i n  Fig. 1  of t h e  main 
t e x t ) .  Methane va lues  ranged from t h e  d e t e c t i o n  l e v e l  t o  approximately 60 
D 1 / 1  w e t  sediment. Note t h a t  t h e s e  and o t h e r  gas  concen t r a t i on  va lues  
r epo r t ed  i n  t h i s  appendix a r e  sample concent ra t ions .  The a c t u a l  ga s  
concen t r a t i ons  i n  p l a c e  a r e  probably higher .  The h i g h e s t  concent ra t ion  was 
found a t  S t a t i o n  665 near  t h e  mouth of  t h e  Copper River. We  nex t  h i g h e s t  
concen t r a t i ons  (approximately 30 and 40 ~1/1)  were a t  s t a t i o n s  658 and 659 
r e s p e c t i v e l y ,  east of  t h e  sou the rn  end of Kayak I s land .  Discontinuous se i smic  
r e f l e c t o r s  and t u r b i d  se i smic  r e t u r n s  were found i n  t h i s  a r e a ,  sugges t ing  t h a t  
t h e  sediments a r e  gas-charged. The g a s  concen t r a t i ons ,  a l though among t h e  
h i g h e s t  measured du r ing  t h i s  c r u i s e ,  are w e l l  below s a t u r a t i o n  l e v e l  (which i s  
about  40,000 P1/1 a t  atmospheric p r e s s u r e ) :  f r e e  gas  i s  probably n o t  p r e s e n t  
i n  t h e  sediment. During t h e  1977 c r u i s e ,  samples taken near  t he se  s t a t i o n s  
measured much h ighe r  concen t r a t i ons  of methane a s  d i s cus sed  below. A t  S t a t i o n  
661 i n  t h e  Kayak Trough Slump t h e  methane concen t r a t i on  w a s  approximately 30 
1 All o t h e r  samples from t h e  1976 c r u i s e  had methane concen t r a t i ons  l e s s  
than  1 0 U 1/1. 

The S8-77-EG c r u i s e  concent ra ted  on recover ing  samples Erom s p e c i f i c  
geologic  f e a t u r e s  l oca t ed  i n  a n  a r e a  from o f f  t h e  e a s t  c o a s t  of Montague 
I s l a n d  t o  Yakutat Bay. The s p e c i f i c  a r e a s  involved, from w e s t  t o  e a s t ,  were: 
t h e  Hinchenbrook Sea Valley, e a s t  of  Montague I s land;  a  slump i n  t h e  Egg 
I s l a n d  Trough, southwest  of t h e  Copper River  Del ta ;  a  slump mass i n  t h e  Kayak 
Trough, s o u t h e a s t  of t h e  Copper River Del ta ;  a  zone o f  f a u l t i n g  s o u t h e a s t  of 
Kayak I s l and ;  t h e  Bering t rough,  o f f  t h e  Bering Glac ie r ;  a l a r g e  slump 
southwest  of I c y  Bay; Icy Bay; a slump o f f  t h e  western edge of Malaspina 
G lac i e r ;  Yakutat Bay. s i x t y  samples from 23 s t a t i o n s  were obtained from 
g r a v i t y ,  p i s t o n  and hydrop la s t i c  cores .  Methane va lues  ranged from 0.8 t o  
19,000 P 1 / 1  w e t  sediment. Most concen t r a t i ons  were equa l  t o  o r  exceeded by a  
f a c t o r  of  2 t h e  f o u r  h i g h e s t  concen t r a t i ons  measured du r ing  t h e  1976 c r u i s e .  
Core 14G i n  t h e  Kayak Txough Slump and Cores 3 6 G  and 38G from t h e  Bering 
Trough had h igher  concen t r a t i ons  (180, 380. and 180 P 1 / 1 ,  r e s p e c t i v e l y )  than 
o t h e r  co re s  i n  t h i s  p a r t i c u l a r  a r ea .  The concen t r a t i ons  of methane from these 
samples were n o t  h igh  enough t o  i n d i c a t e  gas-charged sediment  i n  p l a c e ,  
however. A t  t h e s e  s t a t i o n s  t h e  sediment may have l a r g e r  concent ra t ions  of 
methane a t  depth. Core 2 3 G  from t h e  zone of f a u l t i n g  s o u t h e a s t  of  Kayak 
I s l a n d  had anomalously high concen t r a t i ons  of methane. This  co re  w a s  taken i n  
t h e  same a r e a  as those  c o r e s  from s t a t i o n s  658 and 659 from the S1-76-EG 
c r u i s e .  However, t h e  concent ra t ions  ob ta ined  from Core 23G were 2,100 P 1 / 1  a t  
t h e  s u r f a c e  and 14,000 U 1 / 1  a t  t h e  100 cm depth. The l a t t e r  concen t r a t i on  



b e g i n s  t o  approach t h e  s o l u b i l i t y  o f  methane i n  w a t e r  a t  a tmospher ic  
c o n d i t i o n s .  Because t h e s e  l a b o r a t o r y  v a l u e s  r e p r e s e n t  a lower bound f o r  t h e  
i n  p l a c e  c o n c e n t r a t i o n s ,  t h e  c o n c e n t r a t i o n  o f  methane a t  t h i s  s t a t i o n  i n  p l a c e  
may i n  f a c t  have reached  or  exceeded i t s  s o l u b i l i t y .  mese anomalously h i g h  
methane v a l u e s  c o r r e l a t e  w i t h  a c o u s t i c  anomal ies  a t t r i b u t e d  t o  gas-charged 
sediments ;  t h e  p r e s e n c e  of gas pay  a f f e c t  t h e  stability of t h e  sed iment  
s o u t h e a s t  of Kayak I s l a n d .  

The S6-78-EG c r u i s e  recovered  17  samples from Va * e e n  samplers  and 
g r a v i t y  cores, The a r e a  covered i n c l u d e d  5 main l o c a  ies: I c y  Bay and a  
slump o f f  t h e  wes te rn  edge o f  t h e  Malaspina G l a c i e r ,  bbth a r e a s  covered d u r i n g  
t h e  S8-79-EG c r u i s e ;  o f f  t h e  Dangerous River  and j u s t  e a s t  o f  Dry Bay, b o t h  
a r e a s  which were l a t e r  covered d u r i n g  t h e  Sll-79-EG c r u i s e ;  and a n  a r e a  beyond 
the 200 m b a t h y m e t r i c  c o n t o u r  s i t u a t e d  sou thwes t  of L i t u y a  Bay, t h a t  was n o t  
sampled d u r i n g  any o t h e r  c r u i s e .  These methane v a l u e s  ranged from about  1  t o  
48 P1/1 w e t  sed iment  from sed iments  u p  t o  a d e p t h  o f  296 cm. Core 1 3 A  i n  I c y  
Bay r e p r e s e n t s  t h e  upper  l i m i t  of t h i s  r ange  and i s  s i m i l a r  t o  t h e  
c o n c e n t r a n t i o n s  o b t a i n e d  i n  1977, Four c o r e s  (8A, 8B, 9B, and 1  2 ~ )  from o f f  
t h e  w e s t e r n  edge of Malaspina Glacier ranged from 21 t o  40 P1/1  w e t  sediment ,  
which i s  a l s o  s i m i l a r  t o  t h e  c o n c e n t r a t i o n s  o b t a i n e d  i n  t h e  1977 c r u i s e .  
Three c o r e s  o f f  t h e  Dangerous River  ( 3 ,  4, and 5 )  had low c o n c e n t r a t i o n s  o f  
methane, a v e r a g i n g  1.4 P1 /1  w e t  sediment.  The S11-79-EG c r u i s e  t h e  n e x t  y e a r  
conf i rmed t h e s e  low c o n c e n t r a t i o n  l e v e l s  i n  4  c o r e s  ( 3 ,  5, 6, and 26) which 
averaged  7.0 P1/1 wet  sediment.  Core 1  j u s t  e a s t  of Dry Bay i n d i c a t e d  a  v e r y  
low c o n c e n t r a t i o n  o f  methane (1.4 U 1 / 1 )  s i m i l a r  t o  7 of 8  c o r e s  t aken  i n  t h a t  
area on t h e  S11-79-EG c r u i s e .  The c o n c e n t r a t i o n s  averaged  1 2  P 1 / 1  wet  
sediment .  Two c o r e s  (10A and 11A) were t a k e n  beyond t h e  200 m ba thymet r ic  
level  sou thwes t  o f  L i t u y a  Bay and averaged  3 , O  P1/1 w e t  sediment .  

The S11-79-EG c r u i s e  c o n c e n t r a t e d  on 3 main l o c a l i t i e s :  o f f  t h e  Dangerous 
River ,  o f f  Dry Bay and j u s t  east o f  Dry Bay. Thir ty-seven samples  were 
o b t a i n e d  from 17  v i b r a c o r e s  and g r a v i t y  cores. Methane c o n c e n t r a t i o n s  ranged 
from j u s t  d e t e c t a b l e  t o  33,000 P1/1. I n  e i g h t  c o r e s  ( 1 ,  2,  11,  16,  20, 21, 26 
and 30) t h e  amount o f  methane was g r e a t e r  t h a n  10 b u t  less t h a n  64 P 1 / 1 ,  a 
range  o f  v a l u e s  similar t o  t h o s e  observed  on t h e  S1-76-EG and S6-78-EG 
c r u i s e s .  Except f o r  one c o r e  t h e  methane c o n c e n t r a t i o n s  a t  t h e  o t h e r  s t a t i o n s  
were Less t h a n  1 0  P1/1. Core 1 4  a t  a  s i t e  j u s t  e a s t  o f  Dry Bay was 
anomalous. A t  t h e  80-90 cm d e p t h  i n t e r v a l ,  t h e  c o n c e n t r a t i o n  of methane was 
approx imate ly  32,800 P1/1 wet  sed iment ,  a v a l u e  which n e a r l y  e q u a l s  t h e  
s o l u b i l i t y  of methane i n  t h e  i n t e r s t i t i a l  w a t e r  a t  a tmospher ic  c o n d i t i o n s .  
This  h i g h  c o n c e n t r a t i o n  o f  methane may i n d i c a t e  gas-charging which would 
a f f e c t  t h e  s t a b i l i t y  o f  t h e  sed iments .  

Anomalously h i g h  c o n c e n t r a t i o n s  o f  methane s u g g e s t i n g  t h e  p r e s e n c e  o f  
gas-charged and, t h e r e f o r e ,  u n s t a b l e  sed iments ,  were found i n  on ly  t w o  a r e a s :  
a f a u l t  zone s o u t h e a s t  o f  Kayak I s l a n d  and  e a s t  o f  Dry Bay. Sediments from 
n e a r  t h e  mouth of t h e  Copper R i v e r ,  from t h e  Kayak Trough, and from e a s t  of 
Kayak I s l a n d  had s i g n i f i c a n t  amounts of methane, b u t  t h e  amount measured was 
i n s u f f i c i e n t  t o  i n d i c a t e  t h a t  t h e  sed iments  i n  p l a c e  were, indeed,  gas- 
charged.  Deeper sed iments  i n  t h e  a r e a  may b e  gas-charged,  however. There 
a p p e a r s  t o  b e  no good c o r r e l a t i o n  between t h e  o c c u r r e n c e  o f  seismic anomal ies  
and t h e  p o s s i b l e  p r e s e n c e  of sampled gas-charged sed iment  e x c e p t  f o r  t h e  
sed iment  sou thwes t  o f  Kayak Is land.  



Methane i n  Sediments o i  the Eastern G u l f  of Alaska-Sample ~uca tkons .  

cruise San~ple or s t a t i o n  ,' L a t i t u d e  Longitude 



APPENDIX B 

RELATIVE IMPORTANCE OF SEISMIC AND STORM WAVE LOADING 



The Gulf of Alaska i s  s u s c e p t i b l e  t o  both h igh  s e i s m i c i t y  (Stephens and 
Page, 1982) and l a r g e  s torm waves ( B e a ,  1976) .  This appendix provides  a b r i e f  
d i s cus s ion  of  t h e  f a c t o r s  i n f luenc ing  c y c l i c  load ing  dominance and develops a  
q u a n t i t a t i v e  e s t ima te  of t h e  water dep th  s e p a r a t i n g  s torm wave and ear thquake 
con t ro l .  

One way of s e p a r a t i n g  ear thquake and wave c o n t r o l  i s  t o  determine t h e  
water dep th  a t  which t h e  shea r ing  stxesses developed by peak s torm waves equa l  
t h e  shea r ing  s t r e s s e s  developed by a  c r i t i c a l  earthquake. Modifying Equation 
( 2 )  from t h e  main t e x t  f o r  a h o r i z o n t a l  bottom, w e  ob t a in :  

where T i s  t h e  shea r ing  s t r e s s  genera ted  by an  ear thquake wi th  a 
c r i t i c a l  a c c e l e r a t i o n ,  k. 

AS shown i n  t h e  main text, t h e  c r i t i c a l  a c c e l e r a t i o n  corresponding t o  
many of t h e  f a i l u r e  f e a t u r e s  ( i nc lud ing  t h e  I cy  Bay-Malaspina slump i n  water  
dep ths  ranging from 75 t o  175 m )  i s  0.1369 (F igure  55).  Assuming t h a t  
f a i l u r e s  i n  r e l a t i v e  deep water are ear thquake induced, t h i s  c r i t i c a l  va lue  of 
k can be used t o  e s t i m a t e  a  r e p r e s e n t a t i v e  l e v e l  of  shea r ing  stress developed 
by major ear thquakes i n  t h e  a r e a ,  For t y p i c a l  sediment d e n s i t i e s  (Y=1 .8 g/cm 3 

3 and Y1=0.8 g/cm ) ,  Equation ( B - I )  y i e l d s  r/Uv'=0.306 f o r  major earthquakes.  

Seed and Rahman (1978) provide  t h e  fo l lowing  equa t ion  f o r  shea r ing  
s t r e s s e s  nea r  t h e  s e a f l o o r  surface produced by l a r g e  storm waves: 

where Yw=unit weight  of water 
d=water depth  
H=wave h e i g h t  
L-wave l eng th  

The maximum probable  storm wave f o r  t h e  a r e a  (Bea, 1976) i s  37 m,  
corresponding t o  a very  l i m i t e d  number of  waves. For a longer  series of 
waves, w e  assumed 30 m as a more r e a l i s t i c  maximum wave he igh t .  Because t h e  
s o l u t i o n  i s  f a i r l y  independent of  wave l eng th ,  any reasonable  choice  of  wave 
l eng th  i s  s a t i s f a c t o r y .  We assumed a  r e p r e s e n t a t i v e  va lue  of  300 m. 
I n s e r t i n g  t h e s e  va lues  i n t o  Equation 8 - 2  and s o l v i n g  f o r  t h e  water  dep th ,  d ,  
necessary  t o  produce shea r ing  s t r e s s e s  comparable t o  t hose  produced by 
ear thquakes  (T/ov'=0.306 from Fig. 35 i n  t h e  main t e x t )  y i e l d s  a  c r i t i c a l  
water depth  of  35 m. Therefore,  i n  water  dep ths  sha l lower  than  35 m, major - 
storms would produce shea r ing  stresses g r e a t e r  t han  major ear thquakes would 
induce. In  g r e a t e r  water  dep ths  ear thquakes would produce t h e  g r e a t e r  
s t r e s s e s .  

Equating stress l e v e l s  does n o t  completely determine t h e  l e v e l  a t  which 
t h e  i n f l u e n c e  of major ear thquakes  and waves i s  equal .  waves produce a much 
l a r g e r  number of  c r i t i c a l  c y c l e s  than  ear thquakes and would cause a g r e a t e r  
l e v e l  o f  s t r e n g t h  degrada t ion  under completely undrained condi t ions .  That i s ,  
waves might cause t h e  same damage a t  a lower stress l e v e l  than  t h a t  produced 



by a n  ear thquake.  Judging by t h e  ex t ens ive  d a t a  base  of Lee and Focht (19761, 
t h e  s t r e n g t h  degrada t ion  f a c t o r ,  AD, might be  reduced by up  t o  50% i f  1000 
c y c l e s  were cons idered  r a t h e r  t han  10. Under f u l l y  undrained cond i t i ons  and a 
major storm wi th  1000 cyc l e s ,  t h e  stress l e v e l  r equ i r ed  t o  cause  t h e  same 
damage as t h e  r e p r e s e n t a t i v e  major ea r thquake  for t h e  a r e a  would be  on ly  one- 
h a l f  as much as t h a t  induced by t h e  ear thquake.  That i s ,  a va lue  of  
T/0V1=(0.5)(0.306)=0.153 would b e  needed. The water  dep th  a t  which 
ear thquakes  and waves would cause  t h e  same l e v e l  o f  damage would d rop  t o  76 m, 
a s  c a l c u l a t e d  from Equation ( B - 2 ) .  

The 76 m l e v e l  i s  t h e  d e e p e s t  f o r  which s torm waves and ear thquakes could 
be equ iva l en t .  The wate r  dep th  a t  which ear thquakes  and waves would cause  the 
same l e v e l  o f  f a i l u r e  is  probably sha l lower  because some d ra inage  of pore  
p r e s s u r e s  du r ing  a s torm would be  expected (Seed and Rahman, 1978).  If enough 
d ra inage  were t o  occur ,  t h e  l e v e l  o f  equ iva lence  could even be sha l lower  than  
the 35 m c a l c u l a t e d  f o r  e q u i v a l e n t  stresses. Because t h e  g l a c i a l  marine 
sediment i s  s i l t y  and d r a i n s  f a i r l y  e a s i l y ,  t h e  35 m l e v e l  i s  probably a good 
e s t i m a t e  of t h e  dep th  of  e q u i v a l e n t  damage; t h e  dep th  could  d rop  t o  a s  deep a s  
76 m under s p e c i a l  c i rcumstances .  



APPENDIX C. INDEX PROPERTIES 

This Appendix p r e s e n t s  downcore p r o f i l e s  of  a l l  t h e  index  p rope r ty  
measurements. The p r o f i l e s  a r e  organized by s tudy  a r e a  ordered from w e s t  t o  
e a s t .  Within s tudy  a r e a s  t h e  p r o f i l e s  are ordered  by c o r e  number, 'Ihe 
measurements i nc lude  l a b o r a t o r y ' o r i g i n a l  and remolded vane shea r  s t r e n g t h ,  
n a t u r a l  water  con ten t ,  l i q u i d  and p l a s t i c  l i m i t s ,  g r a i n  d e n s i t y ,  and g r a i n  
size (as pe rcen t  sand, si l t ,  and c l a y ) .  Also shown a r e  l o c a t i o n s  of 
conso l ida t ion  o r  t r i a x i a l  tests. The i d e n t i f i c a t i o n  number i n d i c a t e s  t h e  t ype  
of  t es t  and t h e  t e s t i n g  organiza t ion .  The na tu re  of t h e s e  tests i s  ind i ca t ed  
by a coded t e s t  number. The code f o r  t h e  test numbering system i s  as fol lows:  

F i r s t  two letters: 
( a )  OE - Oedometer test  
(b) CE - Constant  r a t e  of s t r a i n  (CRS)  conso l ida t ion  t es t  
( c )  TE - S t a t i c  t r i a x i a l  t es t  
( d l  TC - o r  D - Cyc l i c  t r i a x i a l  tes t  

T r a i l i n g  c h a r a c t e r s :  
( a )  No t r a i l i n g  c h a r a c t e r s  - test performed by t h e  UsGS 
(b) L1 - Tes t  of 1977 core sample by Law Engineering and Tes t ing  Company 
( c )  G - Tes t  of 1977 sample by Geotechnical  Engineers,  Incorporated 
(d l  B - T e s t  of 1977 sample by Univers i ty  of C a l i f o r n i a ,  Berkeley 
( e l  L2 - T e s t  of 1980 sample by Law Engineering and Tes t ing  Company 

These conso l ida t ion  and t r i a x i a l  t e s t  r e s u l t s  a r e  presen ted  i n  Appendices 
D through G and a r e  grouped according t o  t h e  o rgan iza t ion  performing t h e  tes t ,  

The water  con ten t s  from Cruise  DC1-77-EG (Carlson and o t h e r s ,  1978b) 
appear t o  have been c a l c u l a t e d  i n c o r r e c t l y ,  pos s ib ly  through a f a u l t y  computer 
program. fie e r r o r  is i n d i c a t e d  i n  F igure  6 2  i n  which t h e  At te rberg  L i m i t s  
f o r  DC1-77-EG p l o t  i n  a d i s t i n c t l y  d i f f e r e n t  s e c t i o n  of t h e  p l a s t i c i t y  c h a r t  
from t h a t  i n  which t h e  r e s u l t s  of t e s t s  from o t h e r  c r u i s e s  t o  t h e  same a r e a  
p l o t ,  Because of t h i s  d i sc repancy ,  water  con ten t s  from DC1-77-EG were n o t  
shown i n  Figure 56. 
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APPENDIX D. CONSOLIDATION AND TRIAXIAL TEST RESULTS-LAW ENGINEERING AND 
TESTING COMPANY (1977 c o r e s )  

This appendix p r e s e n t s  t h e x e s u l t s  of conso l ida t ion  and s t a t i c  t r i a x i a l  
t e s t i n g  performed by Law Engineering and W s t i n g  Company under Contract  number 
14-08-0001-17356 wi th  t h e  U.S.  Geological  Survey. Tese.ng was performed under 
t h e  d i r e c t i o n  of R.W. Sparrow, P.G. Swanson and R.E. . , . .~n. Core samples were 
from Cruise  S8-77-EG. 

All tests i n  t h i s  group have been assigned a t es t  number with L1 as t h e  
l a s t  t w o  cha rac t e r s .  The conso l ida t ion  t e s t s  ( f i r s t  two c h a r a c t e r s  a r e  OE)  
a r e  presen ted  f i r s t  and are ordered by t e s t  number. Resu l t s  from a s i n g l e  
t e s t  a r e  presen ted  on a page i n  the form of void r a t i o  and c a l c u l a t e d  
c o e f f i c i e n t  of  conso l ida t ion  ( c v )  versus  t h e  v e r t i c a l  e f f e c t i v e  stress given 
i n  b a r s  ( 1 bar=101.3 kPa) . 

The s t a t i c  t r i a x i a l  tests ( f i r s t  two c h a r a c t e r s  a r e  TE) a r e  given second 
and ordered by t e s t  number. Resu l t s  from one t o  as many a s  f o u r  t e s t s  are 
presen ted  on t h e  same s h e e t .  The uppermost p l o t  is a stress pa th  presen ted  a s  
a p l o t  o f  d e v i a t o r  stress ve r sus  mean normal e f f e c t i v e  stress. The d e v i a t o r  
stress i s  t h e  v e r t i c a l  e f f e c t i v e  s t r e s s  ( O w - ' )  minus t h e  h o r i z o n t a l  e f f e c t i v e  
stress ( o h 1 ) .  The mean normal e f f e c t i v e  st*ress i s  (UV1+Nh1) /3 .  Note: %is 
d e f i n i t i o n  i s  n o t  t h e  same a s  t h a t  used i n  t h e  stress pa ths  given i n  
Appendices E, F, and G. 

The middle graph i s  e i t h e r  t h e  d e v i a t o r  stress o r  Q/Uc  versus  t h e  a x i a l  
s t r a i n .  The parameter Q i s  t h e  d e v i a t o r  s t r e s s  wh i l e  ac i s  t h e  conso l ida t ion  
s t r e s s  ( o r  con f in ing  p r e s s u r e ) .  The l a s t  graph i s  t h e  measured excess  pore 
water  p r e s s u r e  p l o t t e d  versus  a x i a l  s t r a i n .  
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APPENDIX E. CONSOLIDATION AND TRIAXIAL TEST RESULTS-GEOTECHNICAL ENGINEERS, 
INCORPORATED (1977 c o r e s )  

This  appendix p r e s e n t s  t h e  r e s u l t s  of conso l ida t ion  and s t a t i c  t r i a x i a l  
tests performed by Geotechnical Engineers,  Incorporated under Contract  number 
14-08-0001 -1 7353 wi th  t h e  U. S. ' ~ e o l o ~ i c a l  Survey. Tes t ing  was performed under 
the d i r e c t i o n  of K. Dalenberg and D.P. LaGatta. Cores were from Cruise  S8-77- 
EG . 

A l l  tests i n  t h i s  group have been ass igned  a t e s t  number with G as t h e  
l a s t  c h a r a c t e r ,  The conso l ida t ion  t e s t s  ( f i r s t  two c h a r a c t e r s  are O E )  a r e  
presen ted  f i r s t  and a r e  ordered by t es t  number. Resu l t s  from a s i n g l e  t e s t  
are presen ted  on a page i n  t h e  form of  v e r t i c a l  s t r a i n  and c a l c u l a t e d  
c o e f f i c i e n t  of conso l ida t ion  (cv)  versus  t h e  v e r t i c a l  e f f e c t i v e  stress i n  kPa 

2 ( equ iva l en t  t o  kN/m 1 .  

The s t a t i c  t r i a x i a l  tests ( f i r s t  two c h a r a c t e r s  a r e  TE) a r e  given second 
and ordered  by t e s t  number. Resu l t s  from a s i n g l e  t e s t  a r e  g iven  on a s i n g l e  
page. The upper l e f t  p l o t  i s  t h e  maximum shea r ing  stress o r  (0 -U ) / 2  versus  

1 .  3 t h e  a x i a l  s t r a i n .  The upper r i g h t  p l o t  i s  a stress p a t h  presenting t h e  
maximum shea r ing  stress versus  t h e  normal e f f e c t i v e  stress on t h e  p lane  of 
maximum shea r ing  stress o r  (Ul1W3' ) /2 .  I n  Appendices F and G, t h e  s t r e s s  
pa th  p l o t s  a r e  de f ined  i n  t h e  same way bu t  i d e n t i f i e d  as q versus  p' .  The - 
stress p a t h  plots of Appendix .D are d e f i n e d , d i f  f e r e n t . 1 ~ .  me lower l e f t  p l o t  
i s  t h e  excess  pore  water p r e s s u r e  developed du r ing  s h e a r  (u-uO) versus  t h e  
a x i a l  s t r a i n ,  
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APPENDIX F. CONSOLIDATION AND TRIAXIAL TEST RESULTS-LAW ENGINEERING AND 
TESTING COMPANY (1980 c o r e s )  

This  appendix p re sen t s  the, r e s u l t s  of conso l ida t ion  and t r i a x i a l  t e s t i n g  
performed by Law m g i n e e r i n g  and *s t i ng  Company under Cont rac t  number 
4-08-0001-19241 with t h e  U.S. Geological  Survey. Tes t ing  was performed under 
the d i r e c t i o n  of  R.G. Hamadock, P.G. Swanson and P.W. Mayne. Core samples 
were from DC2-80-EG. 

A l l  tests i n  t h i s  group have been ass igned  a t e s t  number wi th  L2 as t h e  
l a s t  two cha rac t e r s .  The conso l ida t ion  tests ( f i r s t  two c h a r a c t e r s  are OE) 
are presen ted  f i r s t  and a r e  ordered by tes t  number. Resu l t s  from a s i n g l e  
t e s t  are presen ted  on a page i n  t h e  form o f  vo id  r a t i o  ve r sus  t h e  v e r t i c a l  
e f f e c t i v e  stress. 

The s t a t i c  t r i a x i a l  tests ( f i r s t  two c h a r a c t e r s  a r e  TE) a r e  given second 
and ordered  by t e s t  number. Resu l t s  from one t o  a s  many as f o u r  tests a r e  
presen ted  on t h e  same shee t .  The upper l e f t  p l o t  i s  a stress pa th  presen ted  
a s  a p l o t  of maximum shea r  stress (q) ve r sus  t h e  normal e f f e c t i v e  stress on 
t h e  p l ane  of maximum shea r  ( p ' ) .  The stress pa ths  of  Appendix D are def ined  
d i f f e r e n t l y .  The upper r i g h t  p l o t  i s  t h e  maximum shea r ing  stress versus  the 
a x i a l  s t r a i n .  The lower l e f t  p l o t  is  t h e  measured exces s  po re  water p r e s s u r e  
p l o t t e d  versus  a x i a l  s t r a i n .  

The c y c l i c  t r i a x i a l  tests ( f i r s t  two c h a r a c t e r s  are TC) a r e  given t h i r d  
and ordered  by t e s t  number, Resu l t s  from one t o  t h r e e  tests a r e  presen ted  on 
two s h e e t s .  The f i r s t  s h e e t  i nc ludes  pl-q stress pa th ,  shea r  s t r e s s - a x i a l  
s t r a i n  and excess  pore  p re s su re -ax i a l  s t r a i n  p l o t s  t h a t  a r e  analogous t o  t h e  
p l o t s  g iven  f o r  s t a t i c  t r i a x i a l  tests. However, t h e  p l o t s  a r e  given f o r  on ly  
a f e w  s e l e c t e d  cyc l e s  t o  i l l u s t r a t e  how t h e  response changes a s  t h e  number of 
c y c l e s  i nc reases .  Numbers on t h e  plots correspond t o  c y c l e  number. 

The second s h e e t  shows s e v e r a l  parameters  p l o t t e d  versus  c y c l e  number. 
The upper l e f t  graph shows t h e  c y c l i c  stress l e v e l  normalized by the s t a t i c  
s t r e n g t h  (ob ta ined  from a nearby sample-Method I of  t h e  main t e x t )  ve r sus  t h e  
number of c y c l e s  t o  ach ieve  a g iven  double  amplitude s t r a i n  l eve l .  Lines  a r e  
drawn connect ing p o i n t s  corresponding t o  t h e  same s t r a i n  l e v e l .  The upper 
r i g h t  graph shows t h e  excess  po re  p re s su re  generated a s  a func t ion  of t h e  
cyc l e  number. The lower r i g h t  graph shows t h e  double  ampli tude a x i a l  s t r a i n  
a s  a func t ion  of c y c l e  number. 



































APPENDIX G. CONSOLIDATION AND TRIAXIAZl TEST RESULTS-U.S. GEOLOGICAL SURVEY 
(1 980 and 1981 c o r e s  

This  appendix p r e s e n t s  t h e  r e s u l t s  of  conso l ida t ion  and t r i a x i a l  t e s t i n g  
performed a t  t h e  U,S. Geological  Survey 's  marine geo techn ica l  l abora tory .  
Core samples were from c r u i s e s  DC2-80-EE and DCl-81-EG. Resu l t s  were 
au toma t i ca l l y  recorded, reduced and p l o t t e d .  

The tests i n  t h i s  group do  n o t  have t r a i l i n g  c h a r a c t e r s  i n  t h e i r  t e s t  
numbers, The conso l ida t ion  tests ( f i r s t  c h a r a c t e r s  a r e  CE f o r  cons t an t  r a t e  
of s t r a i n ,  CRS, tests and OE f o r  oedometer tests) are presen ted  f i r s t  and a r e  
ordered by tes t  number. Resu l t s  from a s i n g l e  t e s t  are presen ted  on a s i n g l e  
page i n  t h e  form of  void r a t i o  and c a l c u l a t e d  c o e f f i c i e n t  of conso l ida t ion  
(cv) versus  t h e  v e r t i c a l  e f f e c t i v e  stress ( i d e n t i f i e d  as  STRESS). Some of t h e  
p l o t s  f o r  CRS t e s t s  a r e  i r r e g u l a r  a s  a r e s u l t  of t ransducer  d r i f t ,  

S t a t i c  t r i a x i a l  tests ( f i r s t  two c h a r a c t e r s  a r e  TE) a r e  g iven  second and 
ordered by tes t  number. The upper l e f t  graph i s  a s t r e s s  p a t h  presen ted  as a 
p l o t  of maximum s h e a r  stress (q) ve r sus  t h e  normal e f f e c t i v e  stress on t h e  
p lane  of maximum s h e a r  ( p t ) .  The stress path p l o t s  of Appendix D a r e  def ined  
d i f f e r e n t l y .  l h e  upper r i g h t  p l o t  i s  t h e  maximum shea r ing  stress versus  
s t r a i n .  The lower r i g h t  p l o t  i s  t h e  measured exces s  po re  water  p r e s s u r e  
(DELTAu) ve r sus  a x i a l  s t r a i n .  me t i t l e  block g ives  SIGlct  and SIG3' which 
are t h e  v e r t i c a l  and h o r i z o n t a l  conso l ida t ion  stresses, r e spec t ive ly .  The 
induced OCR i s  t h e  overconsol ida t ion  r a t i o  forced  on t h e  sample i n  t h e  
t r i a x i a l  c e l l .  A value  of 1.0 may or  may n o t  correspond t o  t r u e  
overconsol ida t ion  because t h e  t r i a x i a l  c e l l  conso l ida t ion  stress may be less 
than  t h e  maximum p a s t  s t r e s s  t h e  sample experienced i n  p l ace .  

The c y c l i c  t r i a x i a l  tests ( f i r s t  two c h a r a c t e r s  a r e  TC) a r e  given t h i r d  
and ordered  by tes t  number. Resu l t s  from one  t e s t  are presen ted  on two 
shee t s .  The f i r s t  s h e e t  i nc ludes  d e v i a t o r  stress (DEV STRESS o r  2 t imes t h e  
shea r  s t r e s s ) - a x i a l  s t r a i n  and p t - q  stress p a t h s  t h a t  are analogous t o  t h e  
graphs g iven  f o r  s t a t i c  t r i a x i a l  tests. However, t h e  p l o t s  a r e  given f o r  only 
a few s e l e c t e d  cyc l e s  of load ing  t o  i l l u s t r a t e  how t h e  response changes a s  t h e  
number of cyc l e s  i nc reases .  Numbers on t h e  p l o t s  correspond t o  cyc l e  number. 

The second s h e e t  shows s e v e r a l  parameters  p l o t t e d  ve r sus  cyc l e  number. 
The upper l e f t  p l o t  shows peak s i n g l e  amplitude s t r a i n  ( p o s i t i v e  i n  
compression) versus  cyc l e  number. Lower l e f t  and lower r i g h t  p l o t s  show 
c a l c u l a t e d  damping and Young's modulus (E) versus  number of 
c y c l e s ,  r e spec t ive ly .  The upper r i g h t  p l o t  shows t h e  minimum and maximum 
excess  po re  water  p r e s su re  (DELU) measured du r ing  a cyc le .  In  some p l o t s  a 
dashed l i n e  i n  both t h e  s t r a i n  and po re  p r e s s u r e  p l o t s  shows an  equi l ib r ium 
va lue  e s t a b l i s h e d  between b u r s t s  of c y c l i c  stress a p p l i c a t i o n s .  

The t i t l e  b locks  f o r  bo th  f i g u r e s  show a s t a t i c  qf o r  es t imated  s t a t i c  
shea r ing  s t r eng th .  The va lue  was ob ta ined  from a tes t  on a nearby sample 
(Method I of t h e  main t e x t ) .  The average maximum q (AVG MAX q) i s  t h e  average 
peak compressive shea r ing  s t r e s s  f o r  a l l  of t h e  cyc l e s ,  The percentage va lue  
t h a t  fo l lows  i n  paren theses  r e p r e s e n t s  t h e  percentage  of  t h e  es t imated  (Method 
I)  s t a t i c  shea r ing  s t r e n g t h .  The "AVG M I N  q" is  t h e  same a s  t h e  average 
maximum q except it r e p r e s e n t s  va lues  i n  t ens ion .  
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I CRUISE DC2 -00-EG INCREMENT (cm) 5-14 I 
CORENO. GI81 TEST NO. TE16 I 
SIG1cO(kPa) 4 5 . 0  
S1G3c8(kPa) 45.8 
INDUCED OCR 6 . 1  
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CRUISE DC2-80-EG INCREMENT (em) 71-00 
C O R E N O .  Gi0l TEST NO. TE19 

SfGfc'tkPa) 5.3  
SIGBc'tkPa) 5.3 
INDUCED OCR 7.3 



CRUISE K2-80-EG INCREMENT <am) 100-109 
CORENO. Gief TEST NO. TE20 

SIGlc8(kPa) 39.4 
SIG3c'(kPa> 20.3 
INDUCED OCR 1.0 









CRUISE DC2-80-EG INCREMENT (em) 8-17 
C O R E N O .  43G TEST NO. TE27 

SIGic'(kPa3 6 .5  
SIG3c'(kPa) 6 .5  
INDUCED OCR 5 . 0  



CRUISE DC2-80-EG INCREMENT ( c m )  18-27 
CORE NO. 4 3 G  TEST NO. TE3 4 

SIGIc0(kPa) 31.3 
SIG3c'CkPa) 31.3 
INDUCED OCR 1.0 





CRUISE DC2-00-EG INCREMENT (om) 13-22 
CORE NO. 356 TEST NO. TES6 

SIGlc'CkPa) 154.8 
S1G3c0CkPa) 154.0 
INDUCED OCR 1.0 
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CRUISE K2-80-EG INCREMENT tern) 13-23 
CORE NO. 356 TEST NO. TE57 

SIGic'ikPa) 24.7 
SIG3c8(kPa) 24.7 
INDUCED OCR 6.0  



CRUISE DC2-80-EG INCREMENT ( c m )  23-32 
CORENO. 3 S G  TEST NO. TE58 

SIGlc'(kPa1 137.6 
SIG3c'lkPa) 6 8 . 5  
INDUCED OCR 1.0 
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CRUISE DC2-80-EG INCREMENT (cm) 17-20 
CORENO. 46G TEST NO. TE59 

SIGlc'tkPa) 203.1 
SIG3c'CkPa) 203.1 
INDUCED OCR 1.0 
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' CRUISE DC2-80-EG INCREMENT icm)  28-37 
CORENO.  4 6 G  TEST NO. TE6 1 

S I G l c 8 ( k P a )  . 7  
S IG3c ' (kPa)  . 7  
INDUCED OCR 1.0 
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CRUISE DC-2-00 EG INCREMENT (om) 26.5-35.1 
CORE NO. 2BG TEST NO. TE63 

SIGlc'CkPa) 56.9 
SIG3c'(kPa) 56.9 
INDUCED OCR 6 .0  





STRAIN i f )  

CRUISE DC2-80-EG INCREMENT (om) 4-11 
CORE NO. 3 1G TEST NO. TE65 

SIGlc'(kPa) 3.0 
SIG3c'CkPa) 3.0 
INDUCED OCR 1 .0 
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CRUISE DC2-00-EG INCREMENT tcm) 4-11 
CORENO. 3 1 G  TEST NO. TE66 

SIGlc'<kPa) 223.2 
SIG3c' (kPa 1 223.2 
INDUCED OCR 1.0 



CRUISE DC2-00-EG INCREMENT Ccm) 12.1-19.9 
CORENO. 31G TEST NO. TE67 

SIGlc'(kPa) 251.2 
SIG3c'(kPa) 126.1 
INDUCED OCR 1.0 
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STRRIN C X )  

CRUISE DC1-81-EG INCREMENT (cm)  71-82 
CORE NO. 62762 TEST NO. TE72 

SIGlc'tkPa) 10.6 
SIG3c'(kPa? 10.6 
INDUCED OCR 6.0 



CRUISE DCI-81-EG INCREMENT Ccm) 7 1-82 
CORENO, 62762 TEST NO. TE73 

SIGlc'lkPa) 31.0 
SIG3c'(kPa) 31.0 
INDUCED OCR 3.0 



I 
CRUISE DC1-81-EG INCREMENT I c m )  149-160 
CORE NO. 61862 TEST NO. TE7 4 

SIGlc' (kPa) .S 
SIG3c'CkPa) .5 
INDUCED OCR 1.8 



CRUISE E l - 8  1-EG INCREMENT <em)  149-160 
CORE NO. 6 18G2 TEST NO. TE75 

SIGlc'[kPa) 12.1 
SIGBc'(kPa) 12.1 
INDUCED OCR 1.0 
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INDUCED OCR 1 .0  
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CRUlSE DCI-B 1-EG INCREMENT (cml 51-60 
CORE NO. 63462 ----- C TEST - - ---- NO. 

INDUCED OCR 1.0 
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INCREMENT < c m  1 
TEST NU. -- 

SIGlc'(kPa) 203.1 
SIG3c'IkPa.) 203.i 
INDUCED OCR 1.0 
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CRUISE DCI-01-EG INCREMENT (cm) 127-130 
CORE NO. 6 1062 TEST NO. TEBB -- 
SIGlc8(kPa) 231.5 
SIG3c'ikPa) 113.6 
INDUCED OCR 1.0  



CRUISE DCl-81-EG INCREMENT ( c m )  220-230 
CORE NO. 630A2 TEST NO. TE89 

SIGlc'(kPa1 299.9 
SIG3c'lkPa) 299.9 
INDUCED OCR 1.0 



STRAIN <%) 
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INCREMENT (on) eeb-t29--1 
TEST NO. TE90 

I ' SIGlc'CkPa) 295.5 
SIG3c8(kPa) 295.5 
INDUCED OCR 1.0 
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CRUISE DCI-81-EG INCREMENT i c m )  141-150 
CORENO. 624R1 TEST NO. TE9 1 

SIG1c8(kPa) 333.1 
SIG3c8(kPa) 333.1 
INDUCED OCR 1.0 







CRUISE DCI-81-EG INCREMENT ( c m )  157- 165 
CORE NO. 685G2 TEST NO. TEtil 1 
SIGlc' (kPa) 216 .1  
SIG3c'(kPal 2 1 6 . 1  
INDUCED OCR I .  0 



STRRIN < % I  
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CRUISE DC1-81-EG INCREMENT (cm) 156-264 
CORE NO. 605G2 TEST NO. TE112 

S IG lc ' ( kPa1  35 .3  
S IG3c ' (kPa l  35 .3  
INDUCED OCR 6 . 8  



t 

CRUISE XI-91-EG INCREMENT (on) 45-53 
CORE NO. 60SG2 TEST NO. TEI  13 

SIGlo'CkPa) 222.2 
SIG3c' (kPa) 222.2 
INDUCED OCR 1.0 





0 3 19 13 20 25 
STRRIN ( 8 )  

CRUISE DCI-81-EG INCREMENT ( c m )  176-184 
CORE NO. 60562 TEST NO. 1 TE115 

SIGlcO(kPa) 227.9 
SIG3c0 (kPa1 102.9 
INDUCED OCR 1 .0 



CRUISE DCI-81-EG INCREMENT ( c m l  t41-149 
CORE NO. 60SG2 I- TEST NO. TE116 
S I G i c O < k P a )  . 3  
SZG3c0<kPa)  .3 
INDUCED OCR 1.0 



CRUISE DCI-81-EG INCREMENT tom3 186-194 
CORE NO. 605G2 1 EST NO. El17 

SIGlo'CkPa) 71.3 
SIG3o' (kPa) 7 1.3 
INDUCED OCR 6.8 -- 



STRRIN ( % I  

CRUISE DC1-01-EG INCREMENT (cml 178- 188 
CORENO. 625A1 TEST NO. -- TEllB 

SIGlc'(kPa1 293.3 
SIG3c0(kPa1 293.3 
INDUCED OCR 1.0 
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CRUISE DC2-80-EG INCREMENT (cm)  32-39 
CORE NO. 35G TEST NO. TC18 2 - 
SIG1c0(kPa) 168.3 STFITIC q f  IkPa) 80.8 
SIG3e'CkPa) 160.3 AVG flnX q (kPa) 54.9 (67.9%) 
INDUCED OCR 1.0 AVG HfN q (kPa) -49.9 161.8%) 



10 15 00 # 5 10 13 a9 1s 
CYCLE + CYCLE I, 

CRUISE DC2-00-EG INCREMENT (am) 32-39 
CORENO. 35G .- .-.-- TEST NO. --- TCf9 

SIGlc'<kPa) 154.6 STATIC q f  (kPa) 80.8 
SIG3c'CkPa) 154.6 RVG HRX q [kPa) 51.6 (63.9%) 
INDUCED OCR 1.0 RVG MTN q IkPa) -43.5 [53,0%) 



CRUISE DC2-08-EG INCREMENT (em) 32-39 
CORENO. 356 TEST NO. .- TC19 

SIGlc'(GPm1 154.6 STRTIC qf  (kPa) 80.8 
SIG3c0tkPa) 154.6 nVG HAX q (kPa) 51.6 (63.9%) 
INDUCED OCR 1.8 RVG MIN q (kPm1 -43.5 (53.8%) 

i 
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CYCLE I) - CYCLE + 

CRUISE DCZ-00-EG INCREMENT <em) 27-35 
CORE NO, 436 -- TEST NO, TC20 

SIGlc'(kPa1 28.3 STRTICqf  (kPa) 73,9 
SIG3c'(kPa) 28,3 W G M R X q  CkPa) 43.2 (58.5%) 
INDUCED OCR 1.0 RVG MIN q t k P a )  -34.5 (46.7%) 



STRRIN 

- 
CRUISE DC2-00-EG INCREMENT (em) 27-35 
CORE NO. 43G TEST NO. TC20 

SIGlc'tkPa) 28.3 STRTIC qf (kPa1 73.9 
SIG3c'tkPa) 28.3 RVG MRX q (kP8) 43.2 (50.5%) 
INDUCED OCR 1.0 RVG HIN q tkPa1 -34.5 (46.7%) 

i 





STRAIN ( X I  

b 

CRUISE DC2-80-EG INCREHENT ( c m )  27-35 
CORE NO. 43G TEST NO. TC2 1 

SIG1c0(kP81 27.2 STRTIC qf  (&Pa) 73.9 
S1G3c0CkPa1 27.2 RVG MAX q (kPa) 45.7 (61.0%) 
INDUCED OCR 1.8 RVG MIN q CkPaI -42.8 ( 56 .8%)  

* 





I CRUISE DC2-80-EG INCREMENT (em) 7-15 
CORE NO. 46G TEST NO. TC22 

SIGlc'(kP83 196.2 STRTIC qf  (kPa) 222.4 
1 

SIG3c0CkPa1 196.2 RVG MAX q CkPal 33.5 (15.1%) 
INDUCED OCR 1.0 I WIG PIIN q (kPa1 -42.4 c19.1kl 



lE-81 
e s re is  20 23 5 i e  is  t e  as 

CYCLE + CYCLE + --- t -DCGQ~-EG INCREMENT (=.I ->-IS 1 - - -  I CORE NO. 46G TEST NO. TC2 3 
____I___L_-  -.* --.--- .._-- --- .---.... - 

SIG1c0€kPa~ 192.6 STRTfC qf  OcPa) 222.4 
SIG3c°CkPa) 192.6 FlVG MflX q (kPa1 79.0 (35.5%) 
INDUCED OCR 1.0 RVG MIN q (kPa) -71.0 (32.3%) 



-. .- -- --- 
~ ~ 2 - 8 0 - € ~  INCREMENT (om) 7 - 1 5 - 1  
ICORENO.  46G -- TEST NO. TC23 -.-- * -- -- i 
SIGlc0(kPa1 192.6 STATIC q f  (kPa) 222.4 ! 

SIG3c'(kPa) 192.6 RVG MFlX q (kPa) 79.0 135.5%) 
INDUCED OCR 1.8 AVG MIN q IkP.1 -71.0 (32.3%) 1 



t .  . . -  . . . . . . . . . . . . . . . . . . . . .  

I 2 4 8 8 10 
CYCLE + 4 0 # 

CYCLE + - -  . . - .  . . - . - -  ---- -.-- "" '." -.--. 

CRUISE DC2-B0-EG INCREMENT <em) 15-22 
1 CORE NO. 20G TEST NO. TC24 t . .  - ..------ .-- - - --.. ---- -.----. - 

SIGlc'(kPa) 302.6 STRTIC qf  [kPa> 268.9 1 i SIG3r'CkPa) 382.6 RVC HRX q (*Pal 115.6 L43.8*l 1 
J I N D U C E D O C R  1.8 R V G H I N q  (kP.1 -100.5 ( 3 7 . 4 X ) i  
1 



STRRIN ( % I  

- 1 -3_------.1C-- - -3__r_*- - - -  -*3 --- - 
CRUISE DC2-00-EG INCREMENT (cml 15-22 
CORE NO. 2BG TEST NO. 

- - r - -  . ..-.- .r f-- - f ,- .. * 4 -- -_ * -*-. 

SIGlc0(kPa1 302.6 STRTUC qf (kPa) 268.9 
SIG3c8(kPa) 302.6 WVG hRX q (kPa3 115.6 (43.8%) 1 
INDUCED OCR 1.0 RVG MIN q (kPal -180.5 (37.4X1, 1 





1 

CRUISE DU-00-EG INCREHENT Cam), 15-22.4 
CORENO. 28G TEST NO. TC2 5 

SXGlc'CkPa) 297.9 STATIC qf (kPa? * 270.0 
SIC3c'CkPal 297.9 RVG MAX q IkPa) 21.1 (7.8%) 
INDUCED OCR 1.8 RVG MIN q (kPa) -16.6 (6.1%) 
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STRAIN ( % I  

CRUISE DC2-00-EG INCREMENT Ccml  61-71 
CORE NO. l01G TEST NO. T W B  

S1Glc8(kPa) 30.3 STATIC qf  (kPa1 23.7 
SIG3c'CkPal 30.3 RVG MRX q (kPa) 14.3 (66.3%) 
INDUCED OCR 1.8 RVG HIN q IkPa) -25.0 1105.5%) 
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STRRIN ( % I  

CRUISE DC2-00-EG INCREMENT (em)  61-71 
CORENO. 10lG TEST NO. TC3 1 

SIGlc'(kPm) 24.2 STATIC qf  IkPa) 23.7 
SIG3c0(kPa1 Z4.2 RVG MRX q tkPa) 17.2 (72.6%) 
INDUCED OCR 1.0 RVG HIN q (kP8) -23.8 ( 1 0 0 . 4 X )  



t . . .  . * . . . .  I . . . . r n . . . . , . . . . J  

8 S 10 13 20 25 
CYCLE + S 10 i s  20 IS 

CYCLE 4 

CRUISE DC2-80-EG INCREMENT (cm) 05-95 
TEST NO. - T C l l  I 

SlGlc'CkPa) 10.4 STRTIC qf CkPal 19.0 
SIG3c'tkPa) 10.4 R V G M A X q  CkPa) 3.7 (19.9%) 
INDUCED OCR 3.5 RVG MIN q (kPa1 -15.0 (78.9%) 



-42 
4 4  
-46 
4 8  - 

STRRIN ( % I  

CRUISE DC2-88-EG INCREMENT (cm) 05-95 
CORE NO. l8lG TEST NO. TC3 2 

SIGlc8(kPa) 10.4 STRTIC qf  (kPa) 19.0  
SIG3c8(kPa) 10.4 AVG MRX q (kPa) 3.7 (19.5%) 
INDUCED OCR 3.5 RVG HIN q CkPa) -15.0 178.9%) 
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2 4 8 8 10 
CYCLE + 4 8 B 

CYCLE I) 

I CRUISE OC2-00-EG INCREMENT <om) 85-95 1 
( CORE NO. 181G TEST NO. TC33 I 
SIGlc'tkPal 2.5 STRTIC qC (kPa1 19.0 
SIGBc'(kPa1 2.5 RVG MRX q (kPa) 7.2 (37.9%3 
INDUCED OCR 14.4 RVG MIN q (kPa) -15.9 (83.7%) 



STRAIN (%)  

CRUISE DC2-00-EG INCREMENT IcmI 85-95 
CORENO. 18lG TEST NO. TC33 .", 
S1G1c0(kPm) 2.5 STATIC qf  (kPal 19.8 
SIG3c8(kPaI 2.5 RVG MRX q (kPaI 7.2 (37.9XI 
INDUCED OCR 14.4 RVG MIN q (kP.1 -15.9 (83.7%) 



2 4 8 a 10 
CYCLE + 

CRUISE DCt-81-EG 
ICORE NO. 627CZ 

INCREMENT t c m )  93-184 
TEST NO. --- TC.4 I -- 

SIGic'(kPa3 100.7 STATIC q f  <kPa) 53.2 
SIG3c'tkPa) 100.7 RVG MRX q <kPa) 28.6 I 5 3 . 8 f )  
INDUCED OCR 1.0 RVG MIA q tkPa) -39.4 174.1%) 



- 
CRUISE DC1-81-EG INCREMENT Icm) 93-104 
CORE NO. 62762 TEST NO. TC34 

SIGlcOIkPa)  100.7 STRTIC qf  IkPa) 53.2 
SIG3c0(kPal 100.7 RVG MRX q (kPa) 28.6 (53.8%) 
INDUCED OCR 1.8 RVG MIN q (kPa3 -39.4 (74.1%1 
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CRUISE DC1-01-EG INCREHENT Ccml 93-104 
CORE NO. 627G2 TEST NO. TC35 

SIGlr'lkPaI 99.5 STRTIC q f  tkPa3 53.2 
SIG3c'tkPaI 99.5 RVG MRX q IkPa) 11.9 (22.4%) 
INDUCED OCR 1.0 RVG MIN q 1kPa) -26.4 149.6%) 



ie 20 ae 4 8  se 
CYCLE + I@ 20 a8 4 0  50 

CYCLE + 
[CRUISC-EG INCREMENT (em) 60-7 1 -1 

CORE NO. 62762 TEST NO. TC36 

SIGIc8(kPa) 10,3 S T R T I C q f  CkPa) 44.7 
SIG3c8€kPa> 10.3 AVG MRX q (kPal 21.9 (48.1%) 
INDUCED OCR 5 . 5  RVG MIN q CkPa) -14 .0  (31.3%) 



STRRIN 

"m 

CRUISE DCl-81-EG INCREMENT ( em)  60-71 
CORE NO. 62762 TEST NO. T U 6  

SIG1c0(kPa) 18.3 STRTIC q f  CkPal 44.7 
SIG3c0(kPa) 18.3 RVG MRX q (&Pa) 21.5 (48.1%) 
INDUCED OCR 5.5 RVG HIN q (kPa) -14.0 (31.3%) 
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8 2 4 8 8 18 2 4 6 0 18 
CYCLE It CYCLE + - -- ---.----- 

INCREMENT Ccm) 68-71 
CORE NO. 62762 - TEST NO. TC37 - -- 
SIGlc'CkPa) 17.3 STRTIC q C  CkPa) 4 4 . 7  
SIG3c0(kPa) 17.3 RVG M A X q  (kPa) 34.7 (77.6%) 
INDUCED OCR 5.8 RVG MIN q (kPa) -27.2 C60.9%1 

i 



STRRIN ( % I  

CRUISE DC1-01-EG INCREHENT (cm)  88-71 
CORE NO. 627G2 TEST NO. TC37 

SIGlc8(kPa) 17.3 STATIC q f  CkPa) 44.7 
SIG3c8(kPm> 17.3 RVG MRX q (kPa) 34.7 (77.6%) 
INDUCED OCR 5 .8  RVG MIN q tkPs) -27.2 (60.9%) 





I 

STRAIN ( % >  

CRUISE DCI-81-EG INCREMENT ( e m )  180-100 
CORE NO. 62862 TEST NO. TC4 6 

SIGlcO(kPa) 121.8 STRTIC qf (kPa) 53.2 
SIG3c0(kPa) 121.8 AVG MAX q (kPa? 31.0 (58.3%) 
INDUCED OCR 1.0 RVG MIN q (kPa) -16.4 (30.8%) 



5 18 1s 20 23 5 18 15 20 25 
CYCLE 1) CYCLE I )  

CRUISE DCI-01-EG INCREMENT Ccm) 100-108 
TEST NO. TC47 

SIGlc'(kPa) 117.6 STRTIC qf (&Pa) 53.2 
SIG3c0(kPa) 117.6 RVG MfiX q (kPa) 4 6 . 1  ( 8 6 . 7 % )  
INDUCED OCR 1.0 RVG MIN q (kPa)  -36.4 (68.4%) 

---- --- - 



f I 
STRAIN I%) 

CRUISE DCl-01-EG INCREMENT Ccm) 100-100 
CORE NO. 620G2 TEST NO. TC4 7 - 
SIGlc'CkPa) 117.6 STRTIC qf CkPal 53.2 
S1G3c0CkPa) 117.6 RVG MAX q (kPa) 46.1 (86.7%) 
INDUCED OCR 1.0 AVG MXN q (kPa) -36 .4  (68.4%) 



2 3 4 
CYCLE + 1 2 3 4 3 

CYCLE + 
CRUISE DC1-81-EG INCREMENT € e m )  61-69 
CORENO. 63462 TEST NO. TC48 

SIG1c8(kPa) 60.3 S T R T I C q f  €kPa)  23.9  
SIG3c'(kPa) 60.3 AVG MAX q (kPa) 1 4 . 9  (62.3%) 
INDUCED OCR 1 . 8 AVG MIN q (kPa1 -40.6 < 169.9%) - 



STRRIN ( % >  

C 

CRUISE DCl-81-EG INCREMENT (ern) 6 1-69 
CORE NO. 634G2 TEST NO. TC48 

S IG lcO(kPa>  60.3 STATIC qf tkPa) 23.9 
SIG3c8(kPa) 60.3 W'G MRX q (kPa) 14.9  (62.3%) 
INDUCED OCR 1.0 RVG M I N  q CkPa) -40.6 (169.9%) 



4 6 
CYCLE + 2 4 6 0 10 

CYCLE + 
CRUISE DCI-81-EG TNCREMENT (cm) 61-60 
CORE NO, 63462 TEST NO. TC4 9 

S IGlc ' (kPa1 58.1 STATIC q f  CkPa) 23.9 
S IG3c0 ikPa)  58.1 RVG MRX q ikPa1 12.7 (53.1%) 
INDUCED OCR 1.0 RVG M I N  q (kPa) -31.0 (133.1%) 



-. - - 

STRAIN ( % )  

CRUISE DC1-81-EG INCREMENT ( c m )  6 1-68 
CORE NO. 634G2 TEST NO. TC49 - 
SIGlc'(kPa) 50.1 STRTIC q f  (kPa) 23.9 
SIGBc'tkPa) 58.1 AVG MRX q (kPa) 12.7 (53.1%) 
INDbCED OCR 1.0 RVG MIN q (kPa) -31.8 t133.12) 
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STRAIN ( % I  

CRUISE DC2-80-EG INCREMENT ( c m )  161-172 
CORENO. 87G TEST NO. TC52 

S1Glc8(kPa) 200.9 STRTIC qf  (kPa3 122.8 
SIG3c°CkPa) 280.9 RVG MAX q t k P a ) ,  7 6 . 8  (62.5%) 
INDUCED OCR 1.0 RVG MIN q (kPa1 -106.3 ( 8 6 . 6 2 )  

8 



20 40 68 iW 
CYCLE + 20 4 0  60 88 i# 

CYCLE + 
CRUISE DC2-00-EG INCREMENT Ccm) 161-172 
CORENO. 87G TEST NO. TCS3 

SIGlcO(kPa) 594.3 STnTfC qf (kPa) 122.8 
SIG3c'(kPa) 194.3 RVG MRX q (kPa? 26.4 (21.5%) 
INDUCED OCR 1.0 RVG MIN q CkPa? -45.5 (37.1%) 



STRAIN ('/,I 

CRUISE DC2-88-EG INCREMENT (cm) 161-172 
CORENO. 87G TEST NO. TC53 

SIGlc'(kPa) 194.3 STRTIC q f  (kPa) ,122.0 
SIG3c'tkPa) 194.3 RVG MAX q (kPa), 26.4 (21.5%) 
INDUCED OCR 1.0 RVG MIN q (kPal -45.5 (37.1%) 
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-- 
STRRIN C % )  

CRUISE DCI-01-EG INCREMENT ( e m )  72-02 
CORE NO. 63462 TEST NO. TC54 

SIGlc'lkPa) 61.9 S T A T I C q f  (kPa) 23.9 
SIG3c°CkP8) 61.9 RVG MAX q (kPa) 17.6 (73.6%) 
INDUCED OCR 1.8 RVG H I N  q CkPa) -8.8 (36.8%) 



. I .  
m re 20 ae 4e 50 

CYCLE # 
i e  2 1  am 

CYCLE + , IS@ 

fCRUISEDC1-01-EG INCREMENT ( c m l  72-82 1 
1 CORE NO. 63462 TEST NO. TCSS I 
SIGlc'<kPal 59.3 STRTIC q C  <kPa) 23.9 
SIGBc'lkPa) 59.3 RVG MRX q <kPa) 22.2 [92.9%) 
INDUCED OCR 1.0 AVG MIN q (kPa) -19.9 (83.3%) 



STRAIN ( % I  

CRUISE DCl-0 1-EG INCREMENT Ccm) 72-82 
CORE NO. 63462 TEST NO. TCSS . 

SIGlcO(kPml 59.3 STATIC qf  CkPa) 23.9 
SIG3c0(kPa) 59.3 RVG MAX q CkPaI 22.2 (92.92) 
INDUCED OCR 1.8 nVG HIN q (kPa) -19.9 (83.3%) 
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I CRUISE PC 1-0 1 -EG INCREMENT (om) 153-161 I 1 CORE NO. 630RZ .- TEST NO. T C56 I I 
S1Glc0(kPa) 301.0 STATIC qf (kPa) 562.0 
SIG3c'(kPal 301.8 RVG MFlX q (kPa) 120.2 (21.4%) 
INDUCED OCR 1.0 RVG MIN q (kPa) -98.8 (17.6%) 
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STRRIN ( X I @ ' "  

CRUISE DC1-81-EG INCREMENT ( c m l  153-168.5 
CORE NO. 630RE TEST NO. TC57 

SIGlc'tkPa) 297.9 STATIC q f  (kPa) 562.0 
S1G3c0(kPal 297.9 RVG MAX q (&Pa) 162.9 (29.0%) 
INDUCED OCR 1.8 HVG MIN q (kPa? -115.1 120.5%) - 



1 e I5 
CYCLE + 3 1 B 15 2a t S  

CYCLE + 
CRUISE DCI-81-EG INCREMENT (cm) 138-149 
CORE NO. GI062 TEST NO. TCSB 

SIGic'(kPa1 184 .8  STRTIC qf CkPa) 95.6 
SIG3c'(kPa) 104.8 RVG MRX q (kPa) 56.2 (58 .8%)  
INDUCED OCR 1.0 RVG MIN q CkPa) -53.5 (5G.W) 



STRRIN ( X I  

C 

CRUISE DC1-81-EG INCREWENT ( e m )  138-149 
CORENO. 618G2 f EST NO. TC58 

SI?lc'(kPa) 104.8 STRTIC q f  (kPa) 95.6 
SIG3c0(kPa) 164.8 RVG MAX q (kPa) 56.2 ( 5 8 . 0 % )  
INDUCED OCR 1.0 AVG HIN q CkPa) -53.5 (56 .0%)  



26 88 
CYCLE + 10 20 38 4 0  58 

CYCLE + 
I 

CRUISE DCI-81-EG INCREMENT (cm) 130-149 
CORE NO. 6 1062 TEST NO. - TC59 

SIGlc ' IkPa)  183.9 STRTIC q f  IkPa) 95.6 
SIG3c'(kPa) 183.9 RVG MRX q (kPa) 44.6 (46.7%) 
INDUCED OCR 1 .0 RVG MIN q [kPa) -41.2 (43.1%) 



CRUISE DCl-01-EG INCREMENT (om)  138-149 
CORENO. 61862 TEST NO. TC59 

SIGlc'CkPal 183.9 STFITIC qf  (kPa) 95.6 
SIG3c'IkPal 183.9 RVG MRX q €kPa) 44.6 (46.7%) 
INDUCED OCR 1.0 RVG MIN q €kPa) -41.2 (43.1%) 
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STRRIN ( % I  
ZSB - - 
288 ; 

138 y 

188 7 - 5 0 ;  
Id 
a, 
A 6 I " " I " . "  
w 

1 
-58 u 

-158 

388  

-258 

p '  (kPa)  

# 

CRUISE DC1-01-EG INCREMENT (em) 174-181 
CORENO. 624A1 TEST NO. TC60 

SIG1c0(kPa) 338.9 STATIC qf  CkPa) 401.3 
S1G3c0(kPa) 338.9 FlVG MRX q (kPa) 206.6 (51.5%) 
INDUCED OCR 1.0 RVG MIN q IkPa) -184.9 (46.1%) 



4 6 
CYCLE I )  

CRUISE DCI-01-EG INmMENT (om1 174-181 
CORE NO. 6246l1 TEST NO. TC6 1 

SIGle'(kPa> 344.7 STRTIC q f  tkPa) 481.3 
SIG3o'(kPal 344.7 RVG MAX q CkPa) 121.0 (30.4%) 
INDUCED OCR 1.0 RVG MIN q (kPa) -134.6 (33.5%) 



STRAIN ( % I  

CRUISE DC1-01-EG INCREMENT t c m )  174-181 
CORE NO. 624A1 TEST NO. TC61 

S IG lc ' tkPa )  344.7 STRTIC q f  tkPa1 401.3 
S163c0(kPa) 344.7 FlVG MRX q (kPa) 121.8 (38.4%) 
INDUCED OCR 1.0 RVG MIN q (kPa) -134.6 (33.5%) 
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CRUISE DC1-81-EG INCREMENT ( c m )  166-173 
CORE NO. 605G2 TEST NO, TC86 

SIG1c0lkPa) 216.3 STATIC q f  (kPa) 127.9 
SIGBc'CkPa) 216.3 RVG MAX q IkPa) 62.6 I 4 B . 9 X )  
INDUCED OCR 1.0 RVG MIN q (kPa) - 6 6 . 5  1 5 2 . 0 % )  
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CRUISE DCI-01-EG INCREMENT (cm3 I CORE NO. 683GP TEST NO. 

S I G i c ' ( k P a 1  2 1 5 . 1  STRTIC q f  (kPa) 127.9 
S IG3c8(kPa)  215.1 RVG MRX q (kPa) 35.5 127.023 
INDUCED OCR 1.8 RVG MIN q CkPa) -41.0  (32.7%) 



CRUISE DC1-01-EG INCREMENT tcm) 166-173 
CORE NO. 605G2 TEST NO. TC87 

S1Gle0(kPa) 215.1 STATIC qf (kPa) 127.9 
SIG3cr(kPa) 215.1 RVG MAX q (kPa) 35.5 ( 2 7 . 8 % )  
INDUCED OCR 1.8 FlVG MIN q (kPa) -41.8 (32.7%) 
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CRUISE DCI-01-EG I CORE NO. 685GP 
INCREMENT (cm) 54-61 
TEST NO. 

SIGlc'(kPa) 215.9 STRTIC qf  €kPal  163.0 
SIG3c'(kPa) 215.9 RVG MAX q (kPa) 47.9 (23.2%) 
INDUCED OCR 1 .0 RVG MIN q (kPa) -55.7 ( 3 4 . 0 X 1  



STRAIN ( % I  

CRUISE DCl-81-EG INCREMENT 4 cm ) 54 -6 1 
CORE NO. 605G2 TEST NO. TC92 

h 

SIGlc'(kPa) 215.9 STATIC qf 4kPa1 163.8 
S1G3c04kPa) 215.9 RVG MRX q tkPa) 47.9 (29.2%) 
IhDUCED OCR 1.0 RVG HIN q [kPa) -55.7 (34.0%) 
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CYCLE + 2 4 0 8 16 

CYCLE 4 - 
1 W I S E  DCI-81-EG INCREMENT Ccm) 54-60 I 
ICORE NO. 60562 TEST NO. TC93 I 
SIGIc8(kPal 204.8 STRTIC qf  (kPa1 163.8 
SIG3c'(kPa? 204.8 RVG MRX q (kPa) 83.3 (50.9%) 
INDUCED OCR 1.0 RVG MIN q (kPa) -84.1 (51.3%) 



CRUISE DCI-01-EG INCREMENT I c m l  54-60 
CORE NO. 6BSG2 TEST NO. TC93 

SIGlc'tkPa) 284.8 STATIC qf (kPa) 163.8 
SIG3c'CkPa) 204.0 AVG MRX q (kPa) 83.3 (58.9%) 
INDUCED OCR 1.0 RVG t l IN q l kPa l  -84.1 (51.3%) 
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INCREMENT (em) ' 7 1  
TEST NO. 

I SIGlc'€kPa) 297.1 STRTIC q f  CkPal 176.6 
SIG3c'(kPa) 297.1 AVG MRX q (kPa) 61.5 (34.0%) 
INDUCED OCR 1.0 RVG MIN q (kPa) -56.2 (31 .BY) 
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CRUISE DC1-01-EG INCREMENT (em2 130-137 
CORE NO. 684G3 TEST NO. TC99 

SIG1eO(kPa) 297.1 S T A T I C q f  tkPa) 176.6 
SIG3c°CkPal 297.1 RVG MAX q (kPa) 61.5 (34.0%) 
INDUCED OCR 1.0 RVG MIN q (kPa) -56.2 (31.0%) 
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CYCLE + 
CRUISE DCI-81-EG INCREMENT ( c m )  I30-137 
CORE NO. 60463 TEST NO. Dl02 
- --  - -- - -- -- 

SIGlc'(kPa) 290.4 STFlTICqf (kPa) 176.6 
SIG3c0€kPa) 290.4 RVG MRX q <kPa) 86.5 (49.0%) 
INDUCED OCR 1,0 RVG HIN q IkPa) -68.a (30.531 
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CRUISE DC1-01-EG INCREMENT tcm) 138-137 
CORE NO. 584G3 TEST NO. --- Dl02 

SIGlc8(kPa) 290.4 STFtTIC qf (kP81 176.6 
SIG3c0(kPa1 290.4 RVG MRX q <kPa) 86.5 (49.0%) 
INDUCED OCR 1.8 RVG MIN q IkPa3 -68.0 138.5%) 


