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ABSTRACT 

Th is  thes is  describes a labora tory  s tudy conducted on samples o f  

undisturbed,  f i ne -g ra ined  permafrost s o i l .  Specimens were ob ta ined 

from sampling s i t e s  located near F o r t  Simpson, Norman Wells, and Inuv ik ,  

N.W.T., Canada. Both f rozen and thawed s o i l s  were tes ted  t o  exp lo re  

fundamental-behaviour and assess t y p i c a l  geotechnical  p rope r t i es .  

D i r e c t  shear t e s t s  on f rozen s o i l  were conducted a t  slow r a t e s ,  

and obta ined a f r i c t i o n  ang le  i d e n t i c a l  t o  t he  va lue  determined f o r  the  

same s o i l  when thawed. Mois tu re  m i g r a t i o n  induced by shear was demon- 

s t r a t e d  by i c e  lenses which had formed along shear planes. Sustained 

displacement resu l ted  i n  s t rengths  which decreased w i t h  each shear box 

reversa l .  Transient  and steady s t a t e  deformat ion processes were iden- 

t i f i e d  i n  creep t e s t s  performed on the same s o i l ,  and a n a l y t i c a l  tech- 

niques used t o  assess dnd present  the data have been described. 

Residual s t ress  t e s t s  on thawed s o i l  i nd i ca ted  good c o r r e l a t i o n s  

between log  a ' and thawed, undrained v o i d  r a t i o s .  I t  was determined 
0 

t h a t  post-thaw conso l i da t i on  data could be used t o  es t imate  0 ' values 
0 

w i t h  accuracy s u f f i c i e n t  f o r  geotechnical  purposes. Conso l ida t ion  and 

t r i a x i a l  shear t e s t s  demonstrated t h a t  f a b r i c  produced by segregated i c e  

2 dominates behaviour a t  e f f e c t i v e  st resses below approximate ly  50 kN/m . 
I 

i 
I Pe rmeab i l i t i es  decreased markedly as the secondary s t r u c t u r e  c losed.  

The b locky  macrostructure was a l s o  responsib le t o r  non l i nea r  f a i l u r e  

envelopes which were caused by d i l a t a n t  behaviour a t  low s t ress  l eve l s .  

S i t e  i n v e s t i g a t i o n  techniques i n  permafrost  t e r r a i n  have been d i s -  

I cussed and recommendations p e r t a i n i n g  t o  ihprov ing  e x i s t i n g  p r a c t i c e  

a r e  presented. 
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CHAPTER I 

INTRODUCTION 

1.1 GENERAL 

I n  t h e  Northern Hemisphere, approximately h a l f  o f  Alaska, Canada 

and the U.S,S.R. a re  under la in  by permaf ros t .o r  p e r e n n i a l l y  f rozen 

ground ( ~ a c k a y  , 1972a) . The ex i  s tence o f  permafrost cond i t i  ons i n  the  

sea f l o o r  beneath shal low coasta l  waters on t h e  A r c t i c  con t inen ta l  

margins has a l s o  been es tab l ished (Mackay, 1972b). I n  h i s  study o f  t h e  

I d i s t r i b u t i o n  of f rozen ground i n  Canada, Brown (1970) has descr ibed a 

number o f  s u r f i c i a l  fea tures  unique t o  permafrost  t e r r a i n  and notes 

problems which have commonly been encountered w i t h  cons t ruc t i on  and 

othei- er~g i neer i ng a c t  i v i  t i e s  i n these reg ions. 

H i s t o r i c a l l y ,  the  ?ast decade has seen a gradual dep le t i on  o f  con- 

vent iona l  reserves of o i l  and gas. This has brought about a dramatic 

increase i n  the demand f o r  new sources o f  f o s s i l  f u e l  and o ther  non- 

renewable resources. Current and p ro jec ted  requirements have i n t e n s i -  
5 

f i e d  e x p l o r a t i o n  i n  f r o n t i e r  areas such as the  Canadian A r c t i c .  Fur ther -  

more, the imminent need t o  e x p l o i t  petroleum, n a t u r a l  gas, and minera l  

deposits there  w i l l  c e r t a i n l y  enhance the eventual economic f e a s i b i l i t y  

o f  developing and b r ing ing  these resources t o  market. 

Resource e x p l o r a t i o n  and development occurring i n  the  Canadian 

A r c t i c  s ince 1950 has been accompanied by engineer ing a c t i v i t i e s  which 

range from work as crude as bu l l doz ing  seismic t r a i l s ,  t o  t h e  construc- 

t i o n  of completely serv iced communities. I h  a d d i t i o n  t o  changing s t ress  



cond i t ions  a t  depth, these endeavours o f t e n  produce disturbances t h a t  

a l t e r  t he  p r e v a i l i n g  ground thermal regime. The e f f e c t s  which these 

changes may have on t h e  physical  and mechanical p roper t i es  o f  permafrost  

s o i l s  a re  o f  i n t e r e s t  when i t  becorn25 necessary t o  e i t h e r  eva luate  o r  

p r e d i c t  t he  geotechnical behaviour o f  these mate r ia l s .  

Geotechnical concerns unique t o  permafrost  t e r r a i n  r e q u i r e  t h a t  

bo th  s t rength  and deformation proper t ies  be def ined throughout t h e  

a n t i c i p a t e d  range o f  thermal condi t ions.  Although engineer ing theo r ies  

have been developed which os tens ib l y  p rov ide  an adequate d e s c r i p t i o n  o f  

observed behaviour f o r  both f rozen (e.g. - Ladanyi, 1972) and thawing 

so i  1s (e.g. - Morgenstern and Nixon, 1971), t he re  i s  almost no data avai l a b l e  

which q u a n t i f i e s  s p e c i f i c  geotechnical p roper t i es  f o r  these mater ia ls .  

S p e c i f i c a l l y ,  d i f f i c u l t i e s  experienced i n  dea l i ng  w i t h  f ine-gra ined 

permairosr: s o i i s  nave iead t o  the development o f  considerable i n t e r e s t  

i n  t h e i r  behaviour. From t h i s ,  i t  was c l e a r  tha t ,  wherever possib le,  

undisturbed samples should be used i n  l abo ra to ry  t e s t i n g  programs. Th is  

study the re fo re  made use o f  core which had been obtained f rom several  

d i f f e r e n t  locat ions  i n  the Mackenzie River  Va l ley .  To ga in  a more . 
d e t a i l e d  d e s c r i p t i o n  of geotechnical parameters and s o i l  behaviour, t he  

research described i n  t h i s  thes i s  has concentrated on d e f i n i n g  c e r t a i n  

s t rength  and deformation p roper t i es  f o r  f rozen and thawing, f ine-gra ined 

permafrost s o i l s .  

1.2 SCOPE OF THESIS 

Several f a c i l i t i e s  inc lud ing an all-westhe; hicjhway snd o i l  and gas 

p ipe  1 i nes have been proposed t o  occupy a t t-arc y o r t a t  i crn t c r r  i dc:. wh i ch 
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generally follows the Mackenzie River Valley. To keep experimental data 

generated by this study relevant, permafrost cores tested were obtained 

from sites situated within or close to that same corridor. Figure 1.1 

is a map of the western portion of the Canadian Arctic and illustrates 

locations for the three sampling sites used in this study. Although the 
. . 

main thrust of this research dealt with the strength and consolidation 

I behaviour of- thawing permafrost soils, additional experimental work also 

investigated selected properties of frozen soils. 

Chapter I I  describes the composition and properties of frozen soil 

and documents the limited information available concerning their behaviour 

under typical loading conditions at temperatures within a few degrees of 

0°C. The role which ice assumes in introducing rate dependence to 

strength and deformation behaviour has been given rather detailed atten- 

& f ,, E F f " i - t ~  iu develop a rationai appr~ach to detormation and 1 imi t 

equilibrium problems in frozen ground were commenced hith a review of 

literature dealing with the creep and shear strength behaviour of ice 

and frozen soils. This revealed that most previous testing had been 

performed at relatively cold temperatures with applied stresses falling 

well beyond the usual range of geotechnical interest. Combining the 

results of these studies permitted construction of a flow relationship 

for ice which may be used to interpret certain aspects of frozen soil 

I behaviour. It emerged that strength and deformation properties could be 

I characterized with the aid of a descriptive model based upon certain 

concepts which had been described in the available literature. 

I Published data concerning frozen soil behaviour have been limited 

to that obtained from laboratory tests perfbrmed on reconstituted or 



a r t i f i c i a l l y  prepared specimens. Chapter I l l  descr ibes d i r e c t  shear 

and c'reep t e s t s  which were conducted on undisturbed samples o f  a f rozen  

s i l t y  c lay .  The r e s u l t s  o f  these experiments have been analyzed, and 

f o r  t he  most p a r t ,  appear t o  subs tan t i a te  the  conceptual i n t e r r e l a t i o n -  

sh ips es tab l ished between s t reng th  and deformat ion processes i n  Chapter 

I I .  An attempt has a l s o  been made t o  i d e n t i f y  those p rope r t i es  which 

w i l l  have the  g rea tes t  e f f e c t  on geotechnical  designs i n v o l v i n g  f rozen  

ground. Methods f o r  eva lua t i ng  these p r o p e r t i e s  a r e  suggested, and a 

d iscuss ion  o f  those f a c t o r s  which should be considered i n  developing a 

design approach t o  deformat ion and l i m i t  e q u i l i b r i u m  problems i s  given. 

O f  equal importance i s  an understanding o f  the  mechanical proper-  

t i e s  and geotechnical  behaviour o f  thawing s o i l s .  Chapter I V  o u t l i n e s  

thaw-related geotechnical  concerns and reviews the  devel'opment o f  a 

workzb!e than-ccns~lid~ticn thzcry. Thz conss ! Ids t icn  an$.shc;r s t r e ~ g t h  . 

c h a r a c t e r i s t i c s  o f  thahing permafrost  s o i l s  a r e  then discussed w i t h  

reference t o  the  unique s t ress  h i s t o r y  and macrostructure which r e s u l t  

from so i  1 f reez ing .  Chapters V and V 1  descr ibe  the r e s u l t s  o f  a compre-s 

hensive l abo ra to ry  t e s t i n g  program conducted t o  i n v e s t i g a t e  the behaviour  

o f  f ine-gra ined permafrost s o i l s  du r ing  and a f t e r  thaw. Specimens used 

i n  these t e s t s  were obta ined by d r i  1 1  i ng  and sampl i n g  a t  t he  th ree  

d i f f e r e n t  s i t e s  i nd i ca ted  i n  F igure  1 .1 .  The s u r f i c i a l  geology o f  these 

s i t e s ,  sampling equipment and procedures, core shipment, core  storage,  

and sample p repa ra t i on  techniques a re  descr ibed ,n  Appendices A and 0 .  

Chapter V deals w i t h  the  conso l i da t i on  and r e l a t e d  p r o p e r t i e s  o f  

permafrost s o i l s  upon thaw. The s t r e s s - s e n s i t i v e  secondary s t r u c t u r e  
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has been shown t o  dominate s o i l  permeabi l i ty ,  and hence, other facets o f  

consol idat ion behaviour. E f f ec t i ve  stresses fo l low ing  thaw i n  an un- 

dra i ned cond i t i  on ( I  res<idua 1 stresses ' ) have been eval uated, and geolog i - 

ca l  and geotechnical i n te rp re ta t ions  o f  these resu l t s  are  presented. 

The data obtained substant iate current theore t i ca l  concepts and provide 

some documentation o f  consol idat ion propert ies f o r  undisturbed, f i ne -  

grained, permafrost s o i l s .  

Chapter V I  contains the resu l t s  o f  a t r i a x i a l  t e s t i n g  program con- 

ducted on these same so i l s .  Once again, the resu l t s  show tha t  macro- 

s t ruc tu re  has an important inf luence on behaviour, p a r t i c u l a r l y  when 

shearing proceeds under condit ions where low e f f e c t i v e  stresses p reva i l .  

Pore pressure response t o  changes i n  stress and the dependence o f  un- 

drained strength on the magnitude o f  residual  s t ress are a l s o  described. 

Results obtained were found t o  be i n  general agreement w i t h  behaviour 

observed f o r  other simi l a r l y  st ructured so i l s .  

The f i n a l  chapter contains a discussion o f  considerat ions which 

1 should be included i n  planning s i t e  invest igat ions and cornrnencing geotech- 

n i c a l  design invo lv ing frozen or  thawing so i l s .  D e f i n i t i o n  o f  appropr iate 

s o i l  propert ies and obta in ing a c lear  understanding o f  shear strength 

I and deformation behaviour are essent ia l  t o  t h i s  process. Concluding 

I remarks summarize the most important f ind ings o f  the research described 

I i n  t h i s  thesis.  These are fol lowed by suggestions regarding topics f o r  

re la ted  ongoing research which might help t o  resolve some of the more 

important questions which remain. 



Drilling and Sampling Locations 

@ Fort Sirnpson Landslide. Mile 226 . 

@ MVPL Ice Variability Study Site, Norman Wells 

@ Noell Lake Site 

& 

Fiaure 1.1 Map of the western part of the Canadian Arctic showing 
locations of sites where drilling and sampling operations 
were conducted 



CHAPTER I I 

REVIEW OF GEOTECHNICAL PROPERTIES OF FROZEN SOILS 

2.1 COMPOSITION OF FROZEN GROUND 

Frozen soils are a complex multiphase system which may consist of 

as many as four distinct phases, each possessing different properties. 

These phases are: mineral particles (silicates), liquid water, ice, and 

air or other gases. Also present are several interphases, the most 

important of these being ice-silicate, ice-water, water-silicate, air- 

water, and air-ice. The interrelationships of these soil constituents 

depend upon the properties of each phase as well as external influences 

such as temperature and stress. 

Physical relationships between the silicates, water, and the water- 

silicate interphase are routinely described in most basic soil mechanics 

texts (s Yong and Warkentin, 1966; Wu, 1966; Lambe and Whi tman, 
1969). These sources suggest that phys ico-chemical surface effects 

related to the size and composition of the mineral particles may have a - 
considerable influence on the properties of frozen soil. Soils with - 
large specific surface areas characteristically contain significant 

percentages of clay minerals. Experimental and theoretical aspects of 

the clay-water interact ion have been reviewed by several authors (~osen- 

quist , 1959; Martin, 1962; Morgens tern, 1969) . I t is general ly accepted 

that absorption of water onto silicate surfaces results in changes in 

the properties of the water in the interfacial region. Interaction 



 effect.^ may extend outward t o  inc lude f i l m s  many molecular layers t h i c k  

but  l i t t l e  i s  known about the  e f f e c t  t h i s  has on water  h e l d  a t  t h e  

s i 1 i cate surface (~nderson ,  1967). Nuclear magnetic resonance s tud ies  

( i b i d . )  - have revealed a subs tan t ia l  reduct ion  i n  the  o v e r a l l  freedom o f  

molecular movement, bu t  the bound water apparent ly  r e t a i n s  the  m o b i l i t y  

of a two-dimensional f l u i d .  Theore t ica l  considerat ions lead t o  t h e  

conclus ion t h a t  t he  i n t e n s i t y  o f  e f f e c t s  associated w i t h  t h e  s i l i c a t e -  

water i n t e r a c t i o n  must d imin ish  r a p i d l y  as the  d is tance away from the 

sur face i s  increased. 

c l o s e l y  r e l a t e d  t o  the  nature  o f  these in te r faces .  For a complete 

app l i cab le  thermodynamic re la t i onsh ips ,  t he  reader i s  r e f e r r e d  t o  a 

recent  review paper by. Anderson and Morgenstern (1973). 

Experimental s tud ies  have shown- t h a t  exc lud ing the  vapor phase, 

water i n  f rozen ground e x i s t s  i n  one.or more o f  t h ree  poss ib le  s ta tes :  

ice,  s t rong ly  bound water,  and l i q u i d  water,  t h e  r e l a t i v e  propor t ions  o f  

each bei  ng dependent upon temperature (~e rsesova  and Tsytovich, 1963). 

I n  any f rozen s o i l ,  t he  unfrozen water content  present  i s  p r i n c i p a l l y  

determined by temperature, and f o r  a l l  p r a c t i c a l  purposes, i s  independ- 

en t  of the  s o i l ' s ~ b u l k  water content.  By s p e c i f y i n g  temperature, 

c o n t r o l l i n g  va r iab les  are  reduced t o  s p e c i f i c  sur face area, na ture  of 

t he  mineral surfaces, and pore water chemistry. Furthermore, i t  appears 

t h a t  the complex t e x t u r e  and m a t r i x  geometry c h a r a c t e r i s t i c  o f  n a t u r a l  

so i  1s can be adequately approximated by de5ermining t o t a l  spec i f . i c  

surface area ( ~ n d e r s o n  and Tice,  1972). 

/ 
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Several d i f f e r e n t  experimental techniques have been used t o  determine 
. 

the  temperature dependence o f  the  water phase composition i n  f rozen  

s o i l .  The r e s u l t s  obta ined have va r ied  considerably.  Although each 

approach involves i t s  own inherent  approximations, assumptions, a ~ d  

inaccuracies, the  data obtained seem cons is ten t  when normalized w i t h  

respect t o  the s p e c i f i c  sur face area. From t h e  r e s u l t s  o f  an isothermal  

c a l o r i m e t r i c  study conducted on several d i f f e r e n t  s o i l  types, Anderson 

and T i  ce (1 972) have developed an empi r i ca l  equat ion which re1 a tes  

unfrozen water content  t o  s p e c i f i c  sur face area and temperature. This 

permi ts  q u a n t i f i c a t i o n  o f  a s o i l ' s  unfrozen water content  when i t s  

s p e c i f i c  sur face area i s  known o r  can be est imated. Phase composit ion 

curves constructed on the basis o f  t h i s  r e l a t i o n s h i p  i n d i c a t e  t h a t  the  , 

most s i g n i f i c a n t  changes i n  unfrozen water content  occur between the 

remperatures o f  O'C and - 5 ° C .  l'he curves then assympto t ica l ly  approach 

an unfrozen water content  equ iva lent  t o  an i n t e r f a c i a l  l a y e r  approximately 

two water molecules i n  thickness cover ing a l l  s i l i c a t e  sur faces ( ~ n d e r s o n  

and Tice, 1973). 

Far rar  and Coleman (1967) found a 1 inear  c o r r e l a t i o n  between t o t a l  

s p e c i f i c  sur face area and l i q u i d  l i m i t  f o r  n ineteen d i f f e r e n t  c layey 

s o i l s ;  there fore ,  t he  l i q u i d  l i m i t  may a l s o  be used t o  p r e d i c t  un- 

frozen water contents.  A r e l a t i o n s h i p  us ing  the  l i q u i d  l i m i t  has been 

obtained by T i c e  e t  a1 . (1973) who i n d i c a t e  t h a t  unfrozen water contents -- 
can be determined i n  t h i s  manner w i t h  an accuracy s u f f i c i e n t  f o r  use i n  

geotechnical engineering. Phase composition c o r r e l a t i o n s  obta ined 

appear t o  be cons is ten t  w i t h  our cu r ren t  understanding o f  the  r o l e  

I 

of  s p e c i f i c  sur face area i n  re la t i onsh ips  between c l a y  content,  c l a y  

minsralogy, and s o i l  p l a s t i c i t y .  
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As i c e  forms du r ing  s o i  1 f reezing,  so lub le  s a l t s  a r e  excluded 

from i t s  c r y s t a l  s t ruc tu re ,  thus increasing the  concent ra t ion  o f  

s a l t s  i n  the unfrozen water as the  temperature decreases. Th is  

process enhances f reez ing  p o i n t  depression i n  t h e  l i q u i d  phase and 

thereby a f f e c t s  the  s o i l  water phase r e l a t i o n s h i p .  Banin and Anderson 

(1974) have combi ned the  equations descr i b i  ng s a l t  concentrat  i o n  by 

the  removal o f  water w i t h  those f o r  f reez ing  p o i n t  depression i n  nor- 

mal so lu t i ons  t o  evaluate changes i n  f reez ing  p o i n t  depression during. 

f reez ing.  E f f e c t s  which might be a n t i c i p a t e d  under var ious  n a t u r a l  

cond i t i ons  have a l s o  been discussed. 

Temperature hys te res i s  has been ind i ca ted  i n  some unfrozen water 

content curves, Wi l l iams (1963, 1964) being t h e  f i r s t  t o  document t h i s  

phenomenon. He observed d i f f e rences  i n  the  apparent s p e c i f i c  heat  

d u r i n y . c n o l i n g  and warming of the same s o i l  and s u g ~ e s t e d  sn analogy 

w i t h  the suct ion-moisture content  hys teres is  u s u a l l v  found when 

porous m a t e r i a l s  a re  wetted and dr ied .  His experimental r e s u l t s  

i n d i c a t e  a  lower unfrozen water con ten t .du r ing  warming than the  s o i l  

had possessed a t  t h a t  same temperature w h i l e  being cooled. Anderson 

and Morgenstern (1973) have described some o f  t he  inadequacies o f  

ad iaba t i c  ca lo r ime t ry  ( the  method used by W i  1 1  iams) and conclude t h a t  

the  hys teres is  was due t o  moisture content r e d i s t r i b u t i o n  occu r r i ng  

dur  i ng i ce segrega t i on. 

As s o i l s  freeze, some i c e  i n  the s o i l  i s  segregated i n t o  d i s c r e t e  - - -  

lenses o r  veins, e f f e c t i v e l y  removing t h a t  water from t h e  in f l uence  o f  

s i l i c a t e  surfaces. During s o i l  warming, a  longer t ime would then be 

requ i red  before  i c e  me l t i ng  could provide,enough l i q u i d  water t o  

e s t a b l i s h  an e q u i l i b r i u m  f i l m  thickness on t h e  mineral  p a r t i c l e  surfaces. 
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Even then, the process is not completely reversible during warming 

-melt and be redistributed until the temperature is increased to about 

- 5 O C .  A unique physical relationship that has been established be- 

tween unfrozen water content, temperature and specific surface area, 
. . 

and it seems 1 ikely that the hysteresis observed by Wi 1 1  iams (1963, 

rapidity with which his tests were.performed. It follows that lower 

water contents would be interpreted from measurements made during 

warming, but by allowing longer times for water redistribution at 

each testing stage, the influence of sample thermal history would 

have probably been much less dramatic. 

The equation defining unfrozen water content as a function of 

specific surface area and ternperatl!re has beer! I~csrp~rated i n t o  a 

second relationship which permits the evaluation of spparent specific 

heat as a temperature function for the same soil (Anderson et al., 1973 
-7 

Inspection of the phase diagram for water indicates that at pres- 

sures and temperatures encountered in engineering and geological situa- 

tions, ice found in frozen ground will be normal hexagonal ice (Type 

lh). The common occurrence of this ice form in frozen ground has 

been substantiated by Anderson and Hoekstra (1965). Ice crystals w i  th- 

in lenses are usually elongated in the direction that heat flowed 

during freezing with the c-axes being oriented randomly in a plane 

orthogonal to the direction of growth (~enner, 1961; Osterkamp, 1975). 

The properties of ice are responsible for several aspects of unique 

behavior that characterize frozen soils. Their viscoplastic 

strength and deformation properties can be attributed largely to the 



presence o f  an i c e  m a t r i x  and i c e  cementation bonds. Changes i n  tem- 

pera ture  a l t e r  t h e  phase composit ion o f  water i n  f rozen s o i l s ,  and 

t h i s  i n  t u r n  con t ro l s  the degree o f  i c e  cementation and t o t a l  i c e  

content.  The amount o f  unfrozen water there fore  emerges as an impor- 

t a n t  q u a n t i t y  i n  terms o f  i t s  e f f e c t s  on mechanical and thermal prop- 

e r t i e s .  Furthermore, i c e  phase p roper t i es  a re  a l s o  temperature 

dependent. + I n t e r a c t i o n  between the  s o i l  mineral  ske le ton and i c e  i n  

f rozen s o i l  w i l l  be discussed i n  subsequent sect ions.  

2.2 DEFORMATIONS I N  I C E  

The rheo log ica l  c h a r a c t e r i s t i c s  o f  f rozen s o i l s  are a d i r e c t  

r e s u l t  o f  the  presence o f  i c e  as a m a t r i x  o r  i n t e r n a l  bonding agent. 

Gra in- to -gra in  c o r ~ t a c t  has an i n f  iuence on so i  i behav'iour, bu t  i n  ice- 

r i c h  mater ia ls ,  a s i g n i f i c a n t  p o r t i o n  o f  the  p a r t i c l e s  a r e  completely 

separated from each o ther  by ice. With i c e  present  as pore cement 

o r  d i s c r e t e  veins,  i c e  phase behaviour w i l l  probably dominate any 

load-deformation re la t i onsh ips  determined f o r  f rozen s o i l .  Studies o f  . 
creep i n  i c e  a r e  there fore  a use fu l  s t a r t i n g  p o i n t  i n  the  development 

o f  appropr ia te  s t r e s s - s t r a i n  re la t i onsh ips  f o r  f rozen so i  1s. 

Measurements o f  i c e  deformation ra tes  have been made under w ide ly  

d i f f e r i n g  cond i t ions  and w i t h  var ious i c e  types. Ear ly  researchers 

assumed t h a t  i c e  would behave as a simple Newton~an viscous mate r ia l ,  

so t h a t  a t  any g iven temperature, s t r a i n  r a t e  would be l i n k e d  t o  

s t ress  by a constant c o e f f i c i e n t  o f  v i s c o s i t y  ( ~ o b b s ,  1974). Attempts 

t o  determine t h i s  c o e f f i c i e n t  led t o  r e s u l ~ s w h i c h  va r ied  by as much 

as s i x  orders of magnitude. From these data, i t  was apparent t h a t  i c e  



was a non-Newton i an materia 1 ; therefore an examinat ion of deformat ion 

mechanisms was required. Before theoretical models'could be developed 

for use in analyses, aAmeaningful constitutive relationship had to be 

obtained for ice. 

Laboratory studies 

Glen (1952, 1955) was one of the first to perform comprehensive, 

temperature-control led laboratory creep tests by subjecting randomly 

oriented polycrystalline ice to uniaxial compression. He observed 

a rheological response with the ice undergoing a small instantaneous 

deformation (elastic strain) at the outset and continuing to deform 

at a rate that gradually decreased with time (transient or primary 

creepj. With the sufficient passage of time, a steady creep rate was 

usually obtained (stationary or secondary creep)'. Under higher stresses 

this eventually gave way to reacceleration and ultimately, failure. 

Since ice is a crystalline material, its deformation behaviour can 

probably be described with phenomenological models similar to those 

used in creep theories for metals. Typical developments using this 

approach can be found in any one of several basic textbooks dealing 

with  the subject (e.g. - Hult, 1966; Odquist, 1966). 
Experimental studies on a wide variety of materials indicate that 

at a low to moderate stress level, a simple power law adequately 

describes the dependence of steady state creep rates upon the applied 

stress (~adan~i, 1972). Within this framework, Glen (1952, 1955) 
C 

developed a flow law for polycrystalline ice in simple compression 

that took the form: 
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ts denotes a x i a l  s t r a i n  ra te ,  

a denotes a x i a l  s t ress ,  

A i s  constant f o r  a g iven temperature and i c e  type, and 

n i s  an exponent approximately equal t o  4 (when the  

experimental  r e s u l t s  were cor rec ted  f o r  t r a n s i e n t  

S l i g h t  curva ture  o f  t he  log  versus l og  a curve suggested t h a t  t h e  

exponent, n, might  a c t u a l l y  increase s l i g h t l y  a t  h igher  s t ress  l e v e l s .  

Although t r u e  steady s t a t e  cond i t i ons  were es tab l i shed  i n  few, i f  ' 

any of h i s  t es t s ,  Glen's (1955) e a r l y  work was a p o i n t  o f  depar tu re  . . . . . - ... .. .C 

. . . ',, ..> . ?. . 
. , , . . . . , , , . . .- . 

(. .. . . . f o r  the many s tud ies  t h a t  fo l lowed.  His t e s t s ' w e r e  conducted a t  . .  . .  

, . 
s t resses qenera l l y  exceeding those o f  i n t e r e s t  i n  bo th  geotechnical  

engineer ing and f i e l d  g lac io logy .  Creep measurements a t  lower s t resses  

were attempted by Butkovich and Landauer (1959, 1960). The i r  r e s u l t s  

suggested t h a t  l i n e a r l y  viscous behaviour was dominant f o r  low s t r e s s  

cond i t i ons  w i t h  temperatures near the m e l t i n g  p o i n t .  Combining these 

data  w i t h  h i s  cwn f i e l d  r e s u l t s ,  Meier (1960) suggested t h e t  a reduc- 

t i o n  i n  t he  power law exponent, n, would be app rop r ia te  w i t h  decreasing 

was i nd i ca ted  t h a t  the  r e l a t i o n s h i p  g iven i n  Equation 2.1 was n o t  

adequate t o  d e s c r i t s  a l l  o f  the data. An a l t e r n a t e  f l ow  law proposed 

t o  embrace the non- l inear  behaviour t o o k . t h e  form: 

C 



where A and B a r e  constant  f o r  a . g i v e n  i c e  type and temperature, 

wh i le ,  

n i s  constant  a t  approximately 4.5. 

Butkovich and Landauer (1960) found a s i m i l a r  f l o w  law and suggested 

an exponent equal t o  3 f o r  t he  h igher  s t ress  range. M e l l o r  and Smith 
. . 

(1967) ex t rapo la ted  r e s u l t s  from t h e i r  creep t e s t s  on snow i c e  t o  an 

i c e  dens i t y  o f  0.917 and obta ined a two-term f l ow  law t h a t ,  i n  

general terms, agreed w i t h  the  r e s u l t s  o f  prev ious workers. 

A f l o w  law o f  t h e  form g iven by Equation 2.2 lends support t o  

Meier 's  suggest ion t h a t  two separate mechanisms could be respons ib le  

f o r  deformations i n  ice.  From t h e  data a v a i l a b l e  a t  t h a t  time, he 

concluded t h a t  a t  temperatures near t he  m e l t i n g  p o i n t ,  i c e  was l i n e a r l y  

viscous a t  low st resses.  Barnes and Tabor (1966) observed a r a p i d  

change i n  the l nden ta t l on  hardness o f  Icc fcr  :ec~z;atiirer wai-iiiet- 'i;~a~r 

- 1 2 O C .  I t  would seem t h a t  a t  these temperatures, eyperimental  methods 

suggested by Glen (1955) cou ld  n o t  be re1  i a b l y  employed t o  o b t a i n  a 

s a t i s f a c t o r y  and comprehensive f l o w  law f o r  i ce .  D i l l o n  and Anders- 

land (1967) combined avai l a b l e  da ta  t h a t  encompassed a wide s t r e s s  

range and concluded t h a t  a t r a n s i t i o n  f rom one mode o f  creep t o  another 

appears t o  separate regions o f  h igh  and low s t ress .  The i r  f l ow  law 

was l i n e a r l y  viscous a t  low st resses and fea tured a t r a n s i t i o n  region, 

even tua l l y  recover ing an equat ion f o r  h igher  s t resses t h a t  was equiva- 

l e n t  t o  Glen's power law. The two emergent terms were i n  general 

agreement w i t h  the  f l ow  law proposed by Meier (1960). 

Studies by Me1 l o r  and Testa (1969a) i nves t i ga ted  t h e  e f f e c t s  

which temperature has on creep ra tes .  Thg i r  i n t e r p r e t a t i o n  suggests 

t h a t  the  apparent v i s c o s i t y  of  i c e  decreases more r a p i d l y  w i t h  i nc reas ing  
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temperature than might have been an t i c ipa ted  , f rom Glen's e a r l i e r  work 

(1955). A companion paper (Me1 l o r  and Testa, 1969b) has a t t r a c t e d  

considerable i n t e r e s t  s ince the r e s u l t s  o f  long term, low-stress tes ts  

suggest a  power law r e l a t i o n s h i p  w i t h  an exponent o f  1.8. These r e s u l t s  

were combined w i t h  data from Me l lo r  and Smith (1967) and Me l lo r  and 

Testa (1969a) t o  develop a  composite curve which embraced a  much wider 

range o f  stresses. The der ived curve ind i ca tes  an increase i n  the  power 

law exponent as s t ress  i s  increased. 

Me1 l o r  and Testa (1969b) have qua1 i f  ied  t h e i  r conclusions by 

p o i n t i n g  out  t h a t  t h e i r  t e s t  data f o r  the  low s t ress  range do n o t  conclus- 

i v e l y  e s t a b l i s h  a  f l ow  law. Due t o  slower s t r a i n  ra tes  observed i n  

t h e i r  long-term tes ts ,  they c r i t i c i z e  e a r l i e r  labora tory  s tud ies  on the  

bas is  o f  premature te rminat ion  where steady s t a t e  creep had been assumed 

t o  have been es tab l ished w i t h i n  a  f e w  ho~:!rs c r  d a y s .  \!zcrtmzn (:9C9) i r ~  

tu rn ,  re fu ted  Me l lo r  and Testa 's  c la im  t h a t  steady s i a t e  creep ra tes  had 

been es tab l ished i n  t h e i r  t e s t s  by arguing t h a t  t r u e  steady s t a t e  creep 

ra tes  should be obta ined ovsr  a  10% i n t e r v a l  o f  s t r a i n .  The s lowest  

r a t e  t h a t  could then be re1 i a b l y  measured i n  a  year- long labo ra to ry  t e s t  

-8 -I would be o f  o rder  10 sec . Weertman and Me l lo r  and Testa were acu te l y  

aware o f  the  experimental d i f f i c u l t i e s  associated w i t h  o b t a i n i n g  second- 

a ry  creep ra tes  under cond i t ions  o f  low s t ress  and near-mel t ing ternper- 

atures.  A t  the same time, Weertman's suggested standard o f  10% s t r a i n  

appears t o  be somewhat a r b i t r a r y  and a  phys ica l  basis has n o t  been 

presented. Me l lo r  (1969) i n  rep ly ,  s ta ted  t h a t  the exact form o f  the 

dependence o f  creep r a t e  on s t ress  i s  o f  less i n t e r e s t  than the  import-  

ance o f  h i s  f i n d i n g  t h a t  i ce  does no t  behave, i n  a  Newtonian manner a t  - 
. . 

. - .  
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L low stresses. Me1 l o r  and  T e s t a ' s  (136%) r e p o r t e d  s t r a i n  rates may n o t  
I 

i: n e c e s s a r i l y  be correct buf t h e y  d o  r e p r e s e n t  a n  upper  bound and t h e r e f o r e  

p r o v i d e  a b e t t e r  a p p s o x ~ i m t i o n  of a c t u a l  s t e a d y - s t a t e  c r e e p  rates t h a n  

t h o s e  p r e v i o u s l y  a v a i l a b l e .  The c o n c l u s i o n  to be d e r i v e d  from t h e s e  

s t u d i e s  i s  t h a t  c l a s s i c a l  l a b o r a t o r y  c r e e p  tests are p r o b a b l y  n o t  p r a c t -  

2 
ical i f  a x i a l  stresses o f  l e s s  t h a n  50 to 100 kN/m (7 to  15 p s i )  are to 

b e  used.  

Hore r e c e n t l y ,  Colbeck and Evans (1973) have r e p o r t e d  a f l o w  law 

b a s e d  on t h e  r e s u l t s  of p l y c r y s t a l l i n e  i c e  t e s t e d  i n  compress ion a t  t h e  

p r e s s u r e  m e l t i n g  p o i n t .  T h e i r  e q u a t i o n  t a k e s  t h e  form: 

-,-I z -  
a l r u  ~ I I W  ~ L ~ L C S  strain raies which  are a t  l e a s t  a fu i  i o r d e r  of magni turie 

faster t h a n  t h o s e  observed  by Neier (1960) or Me1 l o r  and T e s t a  (1969b) 

under  s i m i l a r  stresses- I n  view o f  t h e  smal l  t o t a l  c r e e p  s t r a i n s  and 

r e l a t i v e l y  s h o r r  test d u r a t i o n s  r e p o r t e d  for t h i s  s t u d y  (200 hr .  max- 

imum) , Col beck and Evans ' ( 1  973) r e s u l  ts shou 1 d probab ly  be regarded  

w i t h  c a u t i o n .  Concern has  been e x p r e s s e d  t h a t  some of G l e n ' s  (1955) 

measurements were  a l s o  i n a p p r o p r i a t e  f o r  secondary  c r e e p  rate e v a l u a t i o n  

s i n c e  r e p o r t e d  v a l u e s  were  often o b t a i n e d  from t h e  b r i e f  c r e e p  i n t e r v a l  

s e p a r a t i n g  t h e  pr imary and t e r t i a r y  s t a g e s .  Budd (1969) has  i n d i c a t e d  

t h a t  a t  h i g h e r  stresses, c r e e p  rates o b t a i n e d  i n  s h o r t  d u r a t i o n ' t e s t s  d o  

n o t  d i f f e r  s i g n i f i c a n t l y  f rom t h o s e  determined i n  longer  tests a t  t h e  

k R e f e r r i n g  t o  c o n c l u s i o n s  drawn by Voi tkodski  (1960) 





t s = A I ~ P  exp ($1 
where Q denotes the a c t i v a t i o n  energy, 

R denotes the gas constant,  and 

T denotes the  absolute temperature. 

The constant,  A, i n  Equation 2.1 has been replaced here  by 

-Q n 
A' exp (rn)). I t  i s  c l e a r  t h a t  if L s were p ropor t i ona l  t o  o , a p l o t  o f  

log  o against  l o g  ks would produce a s t r a i g h t  l i n e  w i t h  a slope o f  n. 

Barnes -- e t  a l .  (1971) found t h i s  t o  be the  case f o r  s t resses o f  l ess  than 

2 1 MN/m (150 p s i )  and obta ined an exponent approximately equal t o  3. A t  

h igher  s t resses,  the exponent approached a value o f  5 so they proposed a 

hyperbo l i c  s ine  expression t o  descr ibe the  creep behaviour over a broad 

s t ress  range. Th is  new r e l a t i o n s h i p  i s  g iven by: 

k s = A1 ( s i n h a ~ o ) ~  exp (g) 

where A' and a '  a r e  new constants and the  o ther  symbols r e t a i n  t h e i r  

meanings from above. 

Most o f  the  labora tory  creep tes ts  described above were conducted 

2 2 4 2 i n  the  s t ress  range o f  10 kN/m t o  10 kN/m . These r e s u l t s  genera l l y  

f a l l  ou ts ide  the  range of s t resses and s t r a i n  ra tes  app l i cab le  t o  geo- 

techn ica l  engineering and s tud ies  o f  g l a c i e r  f low.  A summary o f  p e r t i n -  

en t  labora tory  stuc;es, inc lud ing some no t  discussed above, appears i n  

Table 2.1. Th is  synthesis leads t o  the conclus ion t h a t  f o r  s t resses i n  

2 4 2 
the  10 t o  10 kN/m (15 t o  1500 p s i )  range, an exponent o f  approximately 

3 i s  cons is ten t  w i t h  the  re1 i a b l e  t e s t  data,. 



Field studies 

The general applicability of a flow law derived from laboratory 

test results can be assessed by substituting that relationship into an 

appropriate model and comparing predicted results with field flow rates 

measured in glaciers and ice shelves. Some of the uncertainties assoc- 

iated with this approach are listed below: 

1) The laboratory flow law is one-dimensional and experimental 

verification of its generalization to three dimensions has not 

yet been obtained. 

2) Simplistic models of glacier and ice-shelf behaviour seldom 

incorporate appropriate non-uniformities of stress, longi- 

tudinal strain, or ice density. 

3 )  B o ~ ~ n d a r y  r,or?dltims circ dlfflcu:t to esiablish wirh confidence 

when basal sliding, bed undulations, flow constriction, shelf 

grounding and edge effects are to be included in the analysis. 

Ice bodies deforming naturally, in response to self-weight gravity . 
stresses, have been the subject of numerous studies. Researchers have 

inferred relationships between stress and strain rate from the vertical 

gradient of horizontal velocity, borehole and tunnel closure rates, and 

ice surface velocities. A widely used technique has been the measurement 

of time changes in slope of boreholes initially ~rilled vertically into 

glacier ice. Nye (1957) reinterpreted an earlier analysis of data from 

the Jungf rauf i rn borehole experiment ( ~ ~ e , '  1953), the results of which 

i were originally reported by Gerrard et a1. ,(1952). The basic assumption -- 



o f  laminar f l ow  was checked aga ins t  f i e l d  observat ions o f  i c e  movement. 

From t h i s ,  i t  was concluded t h a t  deformat ion da ta  gathered from t h e  

upper p o r t i o n  o f  these p r o f i l e s  were u n r e l i a b l e .  Borehole i n c l i n a t i o n  

changes cou ld  no t  be un ique ly  a t t r i b u t e d  t o  shear s t r a i n  and, as a  

r e s u l t ,  i t  was n o t  poss ib le  t o  deduce a  f l o w  law f o r  i c e  d i r e c t l y  f rom 

the f i e l d  data. S u b s t i t u t i n g  Glen 's  power law w i t h  an exponent o f  4.2 

d i d  y i e l d  a  v e l o c i t y  p r o f i l e  t h a t  compared w e l l  w i t h  the one obta ined by 

i nc lud ing  e f f e c t s  f o r  est imated l o n g i t u d i n a l  s t r a i n s .  I n  t h e  case o f  

the J u n g f r a u f i r n  r e s u l t s ,  account ing f o r  the  e f f e c t s  o f  l o n g i t u d i n a l  

extension reduced the apparent power law c o e f f i c i e n t  from the  va lue  

which had been ca l cu la ted  p rev ious l y  by us ing  a  s imple laminar f l o w  

Meier (1960) has assembled h i s  observat ions o f  v e r t i c a l  and t rans-  

verqc. velncity p r o f i l e s  frcrn the Saskatchzlian g l a r i e r  d i t h  f i e i d  and 

labora tory  data from several  o ther  sources. By i n f e r r i n g  st resses and 

r e l a t i n g  them t o  s t r a i n  ra tes  deduced from borehole v e l o c i t y  p r o f i l e s ,  

he obta ined a  f low law fo r  g l a c i e r  ice, the  form o f  which was g iven 

e a r l i e r  as Equation 2.2. These data  suggest t h a t  t he  f l ow  law der ived 

by Glen (1955) w i t h  Andrade's law used t o  separate t r a n s i e n t  e f f e c t s  i s ,  

i n  p a r t ,  cons i s ten t  w i t h  f i e l d  behaviour (exponent equal t o  4) .  A 

discrepancy was i nd i ca ted  a t  lower s t resses,  even a f t e r  a t tempt ing  t o  

account f o r  the e f f e c t s  o f  l o n g i t u d i n a l  s t r a i n  us ing  the approach 

described by Nye (1'57). The form o f  Me ier 's  f l o w  law i s  more complex 

than the s imple power law  quati ti on 2.1) and t o  e x p l a i n  t h i s ,  he has 

suggested t h a t  two mechanisms o f  f l ow  probably operate s imul taneously i n  

p o l y c r y s t a l l  ine i c e  t h a t  sus ta in  deformation8: 



1) Newtonian viscous f low due t o  g r a i n  boundary s l  id ing .  

2) Power law, steady s t a t e  f l ow  due t o  i n t r a c r y s t a l l  ine  g l  i d i n g  

by d i s l o c a t i o n  cl imb. 

I t  would appear t h a t  Glen's equat ion f o r  creep may n o t  apply a t  low 

stresses; t h a t  i s ,  f o r  ' e f f e c t i v e '  stresses o f  less than approximately 

2 
70 t o  100 kN/m (10 t o  15 p s i ) .  I t  should be noted, however, t h a t  a t  

these same low st resses,  the  p o t e n t i a l  f o r  e r r o r  i n  ana lyz ing  Meier 's  

f i e l d  data i s  large. This shortcoming i s  conf irmed both by the au tho r ' s  

expression o f  unce r ta in t y  and by the  considerable s c a t t e r  ev ident  i n  h i s  

f i e l d  data. Budd (1969) has summarized r e s u l t s  =from several  boreholes 

i n  colder ,  p o l a r  g lac ie rs ,  i nc lud ing  deformation measurements f o r  the 

Tuto i c e  ramp1 i n  Greenland, but  these a r e  a1 1 sub jec t  t o  the  same 

i n t e r p r e t i v e  d i f f i c u l t i e s .  

I n t e r p r e t a t l c x  ~f herehole vc !sc i t y  szasurezents by us ing a simple 

laminar f l o w  analyses becomes more complex when attempts a r e  made t o  

account f o r  l o n g i t u d i n a l  s t resses and s t r a i n s .  Data f o r  t he  Athabasca 

Glac ier  g iven by Paterson and Savage (1963) a r e  i n  general agreement 

w i t h  Meier 's  r e s u l t s ,  bu t  s i m i l a r l y ,  e x h i b i t  s i g n i f i c a n t  s c a t t e r  i n  the  . 
low s t ress  range. 

Inc l inometer  surveys o f  several  boreholes i n  the  Blue G lac ie r  have 

been conducted by Shreve and Sharp (1970) t o  i nves t i ga te  t h e  f l o w  law 

f o r  i c e  a t  depth. The i r  study ind ica tes  reasonable correspondence 

between the  f i e l d  Cats and a f l ow  law o f  the form suggested by Glen 

(1  955). Raymond ( 1  973) has developed methods t o  more accura te ly  eva 1 ua t e  

Data obtained from a repor t  by Wilson ((959) 



the  three-dimensional d i s t r i b u t i o n  of v e l o c i t y  i n  a v a l l e y  g l a c i e r .  

These techniques have been app l ied  t o  measurements o f  i n t e r n a l  deforma- 

t i o n  i n  t h e  Athabasca Glac ier  which d i f f e r e d  s i g n i f i c a n t l y  from t h e  

t h e o r e t i c a l  d i s t r i b u t i o n s  der ived by Nye (1965). Raymond's i n t e r p r e t a -  

t i o n  o f  the  f i e l d  data supports t h e  v a l i d i t y  o f  e x t r a p o l a t i n g  t h e  flow 

law der ived from Glen's (1955) exper,iments ( i .e .  - n - 4 f o r  temperatures 

2 
near the me l t i ng  p o i n t )  t o  ' e f f e c t i v e '  s t resses as low as 5'Cl kN/m (7.5 

p s i ) .  Deformations obtained a t  lower st resses ( i .e. - near the  g l a c i e r  

sur face)  were found t o  be completely anomalous. I t  was t h e r e f o r e  not 

poss ib le  t o  e s t a b l i s h  the  lower l i m i t  o f  a p p l i c a b i l i t y  o f  t h e  f l o w  law 

described by Equation 2.1. Raymond's ana lys i s  demonstrates the necess i ty  

o f  c o r r e c t i n g  the  r e s u l t s  o f  creep experiments performed a t  low s t resses 

t o  account f o r  t r a n s i e n t  e f f e c t s .  His work has shown t h a t  measured 

ra tes  o f  y i a c i e r  f l ow  were incompatible w i t h  Glen's r e l a t i o n s h i p  between 

1- minimum creep r a t e  and b t ress .  

1 The d i f f i c u l t y  and importance o f  d i s t i n g u i s h i n g  between t r u e  steady 

s t a t e  creep and t r a n s i e n t  creep i n  labora tory  t e s t s  conducted a t  low 

s t ress  has been emphasized by var ious workers i n c l u d i n g  Glen (1950), 

t Mel l o r  and Testa (1969b), Weertman (1969), and Barnes e t  a1 . (1971 ) .  -- 

I Furthermore, i t  i s  apparent tha t  attempts t o  eva luate  f l ow  ra tes  corres- 

C ponding t o  low s t r e s s  cond i t ions  i n  na tu ra l  i c e  masses have been hindered 

by the  use o f  o v e r - s i m p l i f i e d  t h e o r e t i c a l  models and an i n a b i l i t y  t o  

o b t a i n  a l l  o f  t h e  re levant  f i e l d  data. Cer ta in  researchers have sugges- 

ted t h a t  Newtonian o r  near-Newtonian viscous f l o w  p r e v a i l s  a t  low st resses 

(e.g. - Meier, 1960; Me1 l o r  and Testa, 1969b). However, the  apparent 

inaccuracies associated w i t h  these s tud ies  % r e  such t h a t  conclus ions 

I "  -- - 





Table 2.2 presents a  summary o f  i c e  f l ow  under f i e l d  cond i t ions .  

The f i e l d  and labora tory  observat ions descr ibed above have been assembled 

and p l o t t e d  i n  F igure  2.1 as ' e f f e c t i v e '  shear s t ress  aga ins t  ' e f f e c t i v e '  

shear s t r a i n  r a t e  (as def ined by Nye, 1953). I n  summary, the  f o l l o w i n g  

conclusions emerge from the data: 

1)  D i f f i c u l t i e s  i n  e l i m i n a t i n g  t r a n s i e n t  e f f e c t s  w i t h i n  reason- 

ab le  per iods o f  t ime render low s t ress  l abo ra to ry  creep t e s t s  

imprac t i ca l .  

2) The necess i ty  o f  i nc lud ing  r e a l  i s t i c  f i e l d  geometry and s t ress  

nonun i fo rmi t ies  renders the i n t e r p r e t a t i o n  o f  g l a c i e r  f l ow  

from borehole v e l o c i t y  measurements a  complex exerc ise  i n  

app l i ed  mechanics. 

,3) A d o p t i o n o f  a  complex f low law does not  seem j u s t i f i e d  s ince 

both f i e i $  ana i a b o r a ~ o r ~  data support Sienis s imple r e l a -  

t ionsh ips ,  w i t h  an exponent o f  3  t o  4 apparent ly  being a p p l i c -  

2  ab le  f o r  s t resses as low as 20 t o  50 kN/m (3  t o  7 p s i ) .  

4) Cer ta in  data descr ib ing  creep under low s t ress  suggest New- 

ton ian  viscous f l o w  a t  temperatures near O ° C ,  b u t  deformation 

mechanisms under these cond i t ions  have not  been w e l l  def ined.  

The preceding should no t  be construed as an attempt t o  present  a  

complete review o f  the l i t e r a t u r e  dea l ing  w i t h  the creep o f  ice.  Rather, 

i t s  i n t e n t  has beer, t o  descr ibe b r i e f l y  the  s ta tus  o f  cu r ren t  knowledge 

p e r t a i n i n g  t o  i t s  f l ow  behaviour. Emphasis has been placed on those 

features which bear on the development o f  a  c o n s t i t u t i v e  r e l a t i o n s h i p  

f o r  i c e  which could be app l ied  t o  the solut7on o f  c e r t a i n  geotechnical 



problems. More detailed accounts can be found in recent papers by Budd 

(1 969), Weertman (1 972), and Langdon ( 1972) . Extens i ve reviews of the 

literature are also given in Colbeck's thesis (1970) and a treatise 

authored by Hobbs (1 974). 

,- 

Analysis of data 

Glen (1955) realized that the steady state creep rate ultimately 

obtained for a given stress might be considerably less than the minimum 

rate observed in a test of relatively short duration. To interpret his 

test results, the assumption was made that attenuating creep could be 

described by Andrade's one- thi rd law. Transient and steady state 

components were then separated on this basis with 'the strain at any time 

being given by: 

(2.7) 

f3 i s  a constant that depends on stress and temperature. 

In a similar analysis, Barnes -- et al. (1971) employed the Cottrell- 

Aytekin equation with the implicit assumption that elastic strains and 

those resulting from the independent processes of transient and steady 

state creep could be superimposed to give the total strain. Equation 

2.4 then describes strain with time and shows th;t transient creep will 

dominate at small times while steady state conditions are approached 

asymptotical ly as the test progresses. Creep curves typical of their 

laboratory data are i 1 lustrated in Figure %.2. Curves I ,  I I and' I I I 

.--- . . .. . 
=,- 



correspond respectively to constant temperature flow under high, mod- 

erate, and low stresses. Under favourable conditions, four distinct 

regions characterize each of the creep curves. Curve I 1  for moderate 

stress shows these regions most clearly: 

1 )  Instantaneous elastic strain (OA) . 
2) Creep dominated by transient processes (AB) . 
3) Creep in an essentially steady state mode (BC) . 
4)  Acceleration to tertiary creep, continuing to failure (CD) . 
Secondary creep is suppressed at higher stresses (curve I) while at 

low stresses, creep behaviour in this time interval is dominated almost 

entirely by transient processes (curve I 1  I). For the tests which gave 

the type of results depicted by Curve I I I, steady state conditions were 

not established, even after test durations of up tb 100 days. Similarly, 

for samples under low s t r s q s  in Glen's (1955) experiaental s t z d y ,  the 

transient creep still dsminated deformations at the time the tests were 

terminated. Agreement with the Andrade law was not always perfect; 

nevertheless, its application apparently allowed a better estimate of 

steady state creep rates. 

To obtain better agreement with experimental data, the transient 

term in Equation 2.4 can be general ized to parabol ic form so the equa- 

tion then becomes: 

where m is an experimentally determined exponent. 



D i f f e r e n t i a t i n g  Equation 2.8 w i t h  respect t o  t ime gives:  

a i s  an exponent equal t o  m- 1 , and 

By cont inuously determining s t r a i n  r a t e  throughout a creep t e s t ,  t h e  

constants A, a and B can be determined f rom a p l o t  o f  log  6 aga ins t  l og  

t. Wi th  these terms known, Equation 2.9.can then descr ibe both t h e  

t r a n s i e n t  and steady s t a t e  creep processes. Furthermore, 8, m and E 
S 

can be obta ined f o r  s u b s t i t u t i o n  i n t o  equat ion 2.8; Figure  2.3 shows 

data frsiii an idezllzzd creep t e s t  p l s t t z d  I n  the format sum-ec+od Y Y  --- by 

Equation 2.9 

As steady s t a t e  cond i t ions  a r e  approached, the d i r e c t  c a l c u l a t i o n  

o f  s t r a i n  r a t e  becomes increas i n g l y  sens i t i v e  t o  experimental e r r o r ,  

temperature f l u c t u a t i o n ,  and the accuracy o f  t h e  deformation measure- 

ments. The approach described above might a l s o  be used s o l e l y  t o  deter-  

mine the  t r a n s i e n t  creep parameters. By sub t rac t i ng  t r a n s i e n t  and 

e l a s t i c  s t r a i n s  from measured t o t a l  s t r a i n s ,  t he  remaining s t r a i n  can be 

p l o t t e d  against  t ime t o  ob ta in  an est imate o f  the  steady s t a t e  creep 

ra te ,  t . Th is  procedure makes the  i m p l i c i t  a s s ~ m p t i o n  t h a t  t r a n s i e n t  
S 

and steady s t a t e  creep commence a t  the t ime o f  s t ress  a p p l i c a t i o n  and 

occur s imu 1 taneous l y  t he rea f te r .  Weertman (1969, 1972) has quest ioned 





steady s t a t e  creep. F igure 2.7 summarizes the  ana lys is  o f  data from t h e  

f i r s t  load stage. I t  was not  poss ib le  t o  determine the e a r l y  t ime- 

displacement data with-much accuracy bu t  the cont inued l i n e a r i t y  o f  t he  

l o g  15 versus l o g  t curve ind i ca tes  t h a t  t r a n s i e n t  creep processes were -- 
s t i l l  dominant i n  these t e s t s  a t  elapsed times o f  15 days. There i s  

remarkable agreement between r e s u l t s  obta ined from each "f the th ree  

d i f f e r e n t  tes ts .  

An ana lys i s  o f  data from the second load stage was n o t  performed 

s ince deformations occur r ing  du r ing  more than h a l f  o f  t h a t  t e s t  pe r iod  

consisted o f  r e l a x a t i o n  response. Data g iven a re  no t  s u f f i c i e n t  t o  

conf i rm t h a t  steady s t a t e  creep cond i t ions  were es tab l i shed  du r ing  t h i s  

load stage. 

To be completely r igorous,  t h e  r e l a t i o n s h i p s  g iven p r e v i o u s l y  t o  

descr ibe t r a n s i e n t  creep shouid o n i y  be app i i ed  t o  data f rom the f i r s t  

load stage i n  a mul t i -s tage creep tes t .  However, the  r e s u l t s  o f  the 

t h i r d  load stage are s t i l l  o f  i n t e r e s t  when examined i n  t h i s  manner. 

Transient  creep constants A and a (from Equation 2.9) which could be 

der ived from the  data i n  F igure  2.8 would obv ious ly  have no meaning. 

Th is  form o f  p resenta t ion  ind ica tes  t h a t  steady s t a t e  creep may have 

been es tab l ished i n  two o f  the  t e s t s  by the  t ime 20,000 t o  30,000 minutes 

had elapsed. Although Me l lo r  and Testa (1969b) have po in ted out  the 

necessi ty  f o r  long t e s t  durat ions under low s t ress  cond i t ions ,  t h e i r  

conclus ion t h a t  t r u e  steady s t a t e  s t r a i n  ra tes  would not be s i g n i f i c a n t l y  

l ess  than t h e i r  exper imental ly  determined values i s  apparent ly  w i thou t  

basis. S t r a i n  ra tes  obtained i n  the  t h i r d  load stage a re  i n  reasonable 

agreement w i t h  the  asympototic value ind i cg ted  i n  F igure 2.8, b u t  e f f e c t s  



due t o  stage loading a re  not  known. Primary creep constants obta ined 

f o r  the f i r s t  load stage were s i m i l a r  f o r  each o f  the th ree d i f f e r e n t  

tes ts .  I n  a d d i t i o n  t o  the simple methods discussed i n  the  preceeding, a 

complete review o f  numerical methods f o r  the ana lys i s  o f  creep data  i s  

g iven by Conway (1967). I t  should be noted t h a t  use o f  t he  procedures 

discussed above has been confined t o  cond i t ions  o f  un i fo rm s t ress  and 

temperature: Phenomenological d e s c r i p t i o n  o f  the e f f e c t s  which changing 

s t r e s s  and temperature have on mate r ia l  behaviour involves the  use o f  

equations which assume more complex and unwieldy forms. 

Flow mechanisms 

Langdon (1972) has reviewed var ious deformation processes which 

could poss ib l y  c o n t r i b u t e  t o  the creep o f  p o l y c r y s t a l l i n e  ice.  Although 

a prec i se  r a t e - c o n t r o l l i n g  mechanism has no t  been i d e n t i f i e d ,  steady 

s t a t e  creep ra tes  are  apparent ly p ropor t i ona l  t o  s t ress  ra i sed  t o  a 

power o f  3 o r  more. He concludes t h a t  w h i l e  the  creep behaviour o f  i c e  

compares w e l l  w i t h  t h a t  observed f o r  hexagonal close-packed metals, 

e x i s t i n g  creep theor ies  are not  s u f f i c i e n t l y  d e t a i l e d  t o  be r e l i a b l e  i n  

a p r e d i c t i v e  capaci ty .  Weertman (1972) has reviewed the same data 

sources w i t h  respect t o  d i s l o c a t i o n  mechanics and concludes tha t  the 

Nabarro-Herring theory o f  d i f f u s i o n a l  creep i s  capable o f  accounting f o r  

t he  cubic power law t h a t  apparent ly  describes steady s t a t e  creep f o r  

bo th  p o l y c r y s t a l l i n e  i c e  and s i n g l e  c r y s t a l s  i n  hard g l i d e .  Furthermore, 

he dismisses the  idea of near-Newtonian creep a t  low st resses by p o i n t i n g  

o u t  t h a t  a t  the small t o t a l  s t r a i n s  obtained i n  these tes ts ,  the d i s loca -  



t i o n  dens i ty  probably does not  reach a steady s t a t e  value compatible 

wi ' th the  appl i ed  s t ress .  

Creep deformations r e f l e c t  changes i n  the  d i s l o c a t i o n  s t r u c t u r e  

over the  course o f  t ime. I n  pr imary o r  t r a n s i e n t  creep, these sub- 

s t ruc tu res  develop i n  response t o  the app l ied  s t ress  and remain es- 

s e n t i a l l y  unchanged once steady s t a t e  cond i t ions  have been establ ished.  

Steady s t a t e  creep behaviour may be somewhat temperature dependent. In 

many cases, creep deformations a r e  thought t o  be a thermal ly  a c t i v a t e d  

process, and as such, can be described by an Arrhenius- type r e l a t i o n s h i p  

l i k e  the  one g iven i n  Equation 2.5. Both Glen (1955) and Steinemann 

(1958) have used t h i s  s o r t  o f  r e l a t i o n s h i p  t o  descr ibe steady s t a t e  

creep over a 1 i m i  ted s t ress  range. Barnes e t  a1 . (1971) found t h a t  the  -- 
hyperbo l ic  s ine  term i n  equation 2.6 provided a more e f f e c t i v e  descr ip-  

tlnn of t h e i r  ex~erlxent~l res~lts. Data froln tile low s t r e s s  regions o f  

these s tud ies  i s  o f  more i n t e r e s t  i n  i t s  a p p l i c a t i o n  t o  problems being 

considered i n  t h i s  thesis,  so i t  seems probable t h a t  equat ion 2.5 

adequately expresses the  temperature dependence of creep rates.  

Values o f  creep a c t i v i a t i o n  energies measured f o r  i c e  have been 

summarized by Weertman (1972). Apparent a c t i v a t i o n  energies determined 

from creep data range from 10 t o  100 kcal/mole w i t h  a reasonably con- 

s i s t e n t  value o f  14 kcal/mole obtained a t  i c e  temperatures below - l O ° C .  

Higher values a r e  reported a t  warmer temperatures where i t  seems pos- 

s i b l e  t h a t  r e c r y s t a l l i z a t i o n  and g r a i n  growth have accelerated t h e  creep 

ra te .  Weertman (1972) ind ica tes  t h a t  anomalously h i g h  a c t i v a t i o n  ener- 

g ies  reported f o r  i c e  a t  temperatures warmer than -10°C should be re- 

1 

garded as suspect u n t i l  experiments have been conducted w i t h  s i n g l e  
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c r y s t a l s  a t  these same warmer temperatures. Studies conducted w i t h  

monocrystals would e l im ina te  any e f f e c t s  associated w i t h  movement a long 

g r a i n  boundaries. 

I t  could be an t i c ipa ted  t h a t  creeo a c t i v a t i o n  energy might  be 

approximately equal t o  the s e l f - d i f f u s i o n  a c t i v a t i o n  energy, and f o r  

temperatures coo ler  than -8°C or-10°C, a v a i l a b l e  data suggest t h a t  t h i s  

i s  t h e  case f~eer tman,  1972). Barnes -- e t  a l .  (1971) have a t t r i b u t e d  

. agreement a t  co lder  temperatures t o  the dominance o f  i n t rag ranu la r  creep 

processes ( c o n t r o l l e d  by basal g l i d e  o f  d i s l o c a t i o n s )  over d i s l o c a t i o n  

c l  imb. 

At  temperatures warmer than - l O ° C ,  i nden ta t i on  hardness t e s t s  

i n d i c a t e  t h a t  f o r  p o l y c r y s t a l l i n e  ice ,  s o f t e n i n g  i s  accompanied by a 

r i s e  i n  the  apparent a c t i v a t i o n  energy. However, ~ k l  l o r  and Testa 

(1963a) do no1 f e e i  t h a t  s i n g i e  c r y s t a i s  e x h i b i t  t h i s  same s o r t  o f  
' 

behaviour. The basis fc; extending t h i s  conclus ion t o  near-mel t ing 

cond i t ions  i s  not  c lea r  s ince the warmest temperature they have p l o t t e d  

f o r  t e s t s  on monocrystals i s  - 1  1 .9"C ( t h e i r  F igure 3 ) .  Measured creep 

ra tes  f o r  p o l y c r y s t a l l i n e  i c e  a t  these warmer temperatures a r e  s t i l l  

s lower than those observed f o r  basal planes i n  s i n g l e  c r y s t a l s ,  b u t  the 

two ra tes  converge r a p i d l y  as the me l t i ng  p o i n t  i s  approached. The 

so f ten ing  mechanism i s  probably associated w i t h  processes o c c u r r i n g  a t  

the  g r a i n  boundaries. I n  any case, arguments based upon increased 

a c t i v a t i o n  energy as an explanat ion f o r  anomalous behaviour are  weak. 

L i q u i d - l i k e  f i l m s  are  known t o  e x i s t  i n  ice,  both on the  sur face 

and a t  c rys ta  1 boundaries (Dros t- ans sen, 1967; J e l l  i nek, 1967). Fur ther-  

more, Hobbs (1974) has described f i 1 l e t s  o f  L a t e r  occupying the  t r i p l e  

- - --- 



j unc t i ons  o f  g r a i n  boundaries i n  warm i c e  and g ives substant ive  phys ica l  

arguments t o  account f o r  t h e i r  presence. Although these f i l l e t s  have 

been observed a t  temperatures as co ld  as - l O ° C ,  t h e i r  ex is tence under 

co lder  cond i t i ons  has not  y e t  been s a t i s f a c t o r i l y  explained. Impur i t i es  

concentrated by s e l e c t i v e  exc lus ion  dur ing  i c e  format ion a r e  one poss ib le  

exp lanat ion  f o r  the presence o f  i n te rg ranu la r  l i q u i d .  Barnes -- e t  a l .  

(1971) have? shown t h a t  these f i lms are  n o t  usual l y  t h i c k  enough t a  make 

a s i g n i f i c a n t  c o n t r i b u t i o n  t o  g r a i n  boundary s l i d i n g  and conclude t h a t  

even w i t h  these l i q u i d - l i k e  layers,  deformation w i l l  be p r i m a r i l y  due t o  

i n t rag ranu la r  creep. Non-uniform stresses develop a t  the boundaries o f  

i n t i m a t e l y  i n te r locked  gra ins so t h a t  deformation would be accompanied 

by increased st resses a t  the  t r i p l e  junc t ions .  I f  l i q u i d  i s  present a t  . . 

these junc t ions ,  i c e  deformat ion wi 1 1  occur more eas i l y .  Grain boundary 

sliding and the presence cf 1 lquid on the  gt-dii-i jur-faces wi ii then g i v e  

r i s e  t o  deformation. From t h i s ,  i t  emerges t h a t  creep a c t i v a t i o n  ener- 

g ies  computed f rom the deformation o f  p o l y c r y s t a l  1 i n e  i c e  a t  warm temper- 

a tures  w i l l  have no r e a l  s i g n i f i c a n c e  s ince they cannot be a t t r i b u t e d  t o  

a s i n g l e  creep process. It i s  w e l l  known t h a t  when two independent . 
processes produce creep, the f a s t e r  o f  these two w i  1 1  c o n t r o l  t h e  deform- 

a t i o n  ra te .  I f  each process has a d i f f e r e n t  a c t i v a t i o n  energy, the  

I observed a c t i v a t i o n  energy f o r  creep w i l l  change w i t h  temperature, 

I increasing as the  temperature does. 

I At temperatures near ing the me l t i ng  po in t ,  ~~teasured f l o w  ra tes  

I exceed those est imated from an e x t r a p o l a t i o n  o f  creep data obta ined a t  

co lder  temperatures. A t  h igher  s t ress  l eve ls ,  pressure me1 t i n g  can 

occur a t  g r a i n  boundaries and f u r t h e r  acce lk ra te  the  deformation pro- 



cess. In addition to this, recrystallization can produce preferentially 

oriented crystals with their basal planes aligned parallel to the di- 

rection of shear. Such an arrangement would result in faster flow 

rates, the ice being oriented in easy glide. 

All of the above leads to the conclusion that, at present, there 

exists no physical evidence suggesting an equation more complex than a 

simple power law to relate strain rate to stress. Convincing agreement 

has been obtained between ice-shelf flow rates and those extrapolated 

from an Arrhenius-type equation using an exponent of 3 to 4 with constants 

obtained from laboratory creep tests. Bilinear relationships such as 

Equation 2.2 lack credibility since they have been fitted, in part, to low 

stress data obtained from either misinterpreted laboratory results or 

grossly oversimplified englacial stress conditions. 

2.3 DEFORMATIONS IN FROZEN GROUND 

The preceding observations have important implications in the 

application of ice flow rate data to problems in geotechnical engineer- 

ing. McRoberts (1975) has fitted a bi 1 inear equation to a portion of 

the published secondary creep data for ice, and suggests that since ice 

forms a significant component of permafrost soils, its behaviour will 

serve as a reasonable guide to creep in frozen ground. He has made no 

comment concerning the reliability of secondary creep data synthesized 

in his flow law. A comparison of the ice flow law with laboratory and 

field data for frozen soils indicates that certain soils may creep 

faster than ice would at a similar temperature and stress level. 



E 
1 I n  the  Tuto i c e  tunnel,  Swinzow (1962) observed t h a t  c losu re  ra tes  

a 
I f o r  a band o f  s i l t y  i c e  were f a s t e r  than f o r  adjacent  c l e a r  ice, w h i l e  

i. 
F t h e  opposi te e f f e c t  was noted f o r  a d i r t y  band con ta in ing  pebbles and 

8 franrnpntc nf r n r k .  A ~ u b s e n u e n t  l a b o r a t o r v  studv bv Hooke e t  a l .  

(1972) determined t h a t  i n  some cases, creep ra tes  i n  i c e  con ta in ing  low 

concentrat ions o f  sand were ac tua l  l y  h igher  than creep ra tes  f o r  c l e a r  

ice.  At h igher concentrat ions,  t he  creep r a t e  decreased exponen t ia l l y  

w i t h  an increas ing volume f r a c t i o n  o f  sand. I f  creep ra tes  can be 

increased by the  presence o f  s o i l  i n  the  i c e  mat r ix ,  then a f l o w  law f o r  

i c e  may w e l l  no t  c o n s t i t u t e  a l i m i t i n g  c o n d i t i o n  f o r  deformation ra tes  

i n  f rozen ground. I c e  creep data used by McRoberts (1975) has been 

der ived from t e s t s  conducted a t  temperatures ranging from - 1  t o  -5°C. 

He has a l s o  suggested tha t  s ince c o n f i n i n g  pressure would probably 

d im in i sh  observed s t r a i n  ra tes ,  omission o f  i t s  e f f e c t  would leave the  

i c e  f l o w  law as an upper bound f o r  load-deformation behaviour. 

Laboratory s tud ies  

k I n  t h e  f i r s t  major publ ished work dea l i ng  w i t h  deformations i n  
L 

5 f rozen ground, V ia lov  (1959) hypothesized a r e l a t i o n s h i p  between the  

8 steady s t a t e  s t r a i n  r a t e  and s t ress  which takes the  same general form as 
P 

Equation 2.1. I n  h i s  equation, t he  s t ress  used has been redef ined as 

the  d i f f e r e n c e  between the app l ied  s t ress  and the  s o i l ' s  long term 

strength.  He has noted t h a t  i f  the  app l ied  shear s t ress  i s  less than 

t h i s  s t rength,  creep deformations w i l l  a t tenuate  w i t h  t ime. The a p p l i c a  

t i o n  o f  superpos i t ion  p r i n c i p l e s  t o  creep deformat ions i n  f rozen s o i  1s 



has been advocated, i t  being a common p r a c t i c e  i n  the mathematical 

t reatment  o f  creep i n  metals. V ia lov  a l s o  observed t h a t  h i s  exper imenta l  

data, obta ined i n  a v a r i e t y  o f  t e s t  con f i gu ra t i ons ,  was dominated by 

t rans  i en t  creep processes. 

H is  second major work (Via lov,  1962) has i d e n t i f i e d  a s p e c i f i c  

t h resho ld  s t ress  (equal t o  the long term s t reng th )  which must be exceeded 

f o r  a process o f  steady s t a t e  creep t o  be i n i t i a t e d  and susta ined.  

Deformations have been separated i n t o  t h r e e  components, each assoc ia ted  

w i t h  a d i f f e r e n t  mechanism: 

1) E l a s t i c  s t r a i n .  

2) Trans ien t  creep. 

3) Steady s t a t e  creep. 

He has descr ibed an emp i r i ca l  method t h a t  reduces t o  a genera l i zed 

f l ow  law i n  terms o f  s t ress  and temperature. Cognizant t h a t  i c e  e x h i b i t s  

a long term s t reng th  o f  zero, V ia lov  (1962) has q u a l i t a t i v e l y  exp la ined 

behavioura l  d i f f e rences  observed f o r  s o i l s  which possess d i s s i m i l a r  

cryogenic s t ruc tu res .  I t  was found t h a t  m a t e r i a l s  w i t h  massive s t r u c t u r e  

(see F igu re  4.6) e x h i b i t e d  g rea te r  long term s t rengths  than those having 

a r e t i c u l a t e  s t r u c t u r e .  The oppos i te  was o f t e n  observed i n  t e s t s  w i t h  

sho r te r  t imes t o  f a i l u r e ,  which r e f l e c t e d  the h i g h l y  rate-dependent 

c o n t r i b u t i o n  which the  i ce  m a t r i x  makes t o  s o i l  s t rength .  Experimental 

procedures and t e s t  equipment used i n  t h i s  s tudy have been described i n  

reasonable d e t a i l .  V i a l o v ' s  experimental  s tud ies  (1959, 1962) were, 

however, l i m i t e d  t o  t e s t s  performed on a r t i f i c i a l l y  f rozen s o i l s  deform- 

i ng  under r e l a t i v e l y  h igh  st resses and a t  f a s t  s t r a i n  ra tes .  The f l ow  

law exponents obta ined i n  these t e s t s  were apparen t l y  i n s e n s i t i v e  t o  



temperature and ranged from 3.5 t o  3.7. Very few tes ts  were reported 

f o r  temperatures warmer than - 5 ° C .  

Sanger and Kaplar (1963) have summarized e a r l y  labora tory  s tud ies  

c a r r i e d  ou t  a t  CRREL. Although the22 were sho r t  dura t ion ,  h igh  s t ress  

tes ts ,  t h e  authors developed a model f o r  frozen s o i l  behaviour t h a t  was 

based on the concept o f  an isothermal t ime-s t ress -s t ra in  sur face.  

S t r a i n  r a t e  dependence on i c e  content has been documented w i t h  a par- 

t i c u l a r  s t ress  apparent ly  producing the f a s t e s t  s t r a i n  r a t e  a t  a volu- 

m e t r i c  i c e  t o  s o i l  r a t i o  o f  1.5. 

Recognizing s t ress ,  temperature, and s o i l  s t r u c t u r e  as the c h i e f  

va r iab les  a f f e c t i n g  creep, Andersland and A k i l i  (1967) employed a m u l t i p l e  

s t ress  reduct ion  technique i n  an attempt t o  i s o l a t e  the e f f e c t  o f  s t ress  

on creep behaviour. Creep ra tes  were obta ined f o r  very s h o r t  t e s t  

dui-at ions urlder high stresses and a t  r e i a t i v e l y  c o l d  temperatures. 

Temperature dependence was analyzed i n  terms o f  r a t e  process theory and 

the  data apparent ly  i n d i c a t e  t h a t  thermal a c t i v a t i o n  energy i s  involved 

i n  the process o f  creep i n  a f rozen s o i l .  A constant  a c t i v a t i o n  energy 

of 93.6 kcal/mole was reported, suggest ing t h a t  a s i n g l e  creep mechanism . 
predominates a t  these stresses and temperatures. I t  seems u n l i k e l y  t h a t  

creep ra tes  used i n  these a c t i v a t i o n  energy ca l cu la t i ons  corresponded t o  

steady s t a t e  cond i t ions .  Andersland and Aki 1 i (1967) p o i n t  out  t h a t  f o r  

temperatures warmer than about -6"C, changes i n  unfrozen water content  

would handicap t h i s  method of creep ana lys is .  The r a t e  process aspects 

o f  t h i s  study have been discussed i n  more d e t a i l  elsewhere by A k i l i  



Hoekstra (1969) has noted t h a t  a creep a c t i v a t i o n  energy f o r  frozen 

s o i l  evaluated w i t h  the  method employed by Andersland and A k i l i  (1967) 

may not  be i n  complete agreement w i t h  i t s  s t r i c t  phys ica l  d e f i n i t i o n .  

Temperature d i f fe rences,  i n  a d d i t i o n  t o  changing the  energy o f  t h e  

moving molecules, a l s o  cause a gradual change o f  phase which c o n s t i t u t e s  

a departure from e q u i l i b r i u m  condi t ions.  Th is  may e x p l a i n  why t h e  

a c t i v a t i o n  energies determined by Andersland and Aki 1 i (1967) were 

h igher than those g iven f o r  e i t h e r  p o l y c r y s t a l l  i n e  i c e  (see Sect ion 2.2) 

o r  unfrozen so i  1s (M i t che l l  -- e t  a l . ,  1968). I n  a d d i t i o n  t o  t h i s ,  Aki li 

(1971) has suggested t h a t  temperature e f f e c t s ,  as i nd i ca ted  by t h e  I 

amount of l i q u i d  water present i n  the  s o i l ,  would i n f l uence  the s o i l ' s  

u l  t imate load-deformat ion  behaviour. Goughnour and Anders land (1968) 

have a l s o  used r a t e  process theory t o  d e r i v e  a general equat ion descr ib-  

:fig the  creep Lehdviour o f  a sand-ice system. The r o i e  o f  s o i l  p a r t i c l e  

contact  was explored by observing changes i n  creep r a t e  as the sand 

volume concent ra t ion  was increased. Knowing t h a t  i c e  would creep percept- 

i b l y  even a t  very  low stresses, sand was se lec ted f o r  t h e i r  t e s t i n g  

program t o  minimize unfrozen water e f f e c t s  and reduce contaminat ion 

a l t e r a t i o n  o f  t h e  i c e  mat r ix .  As i n  previous s tud ies ,  h i g h  stresses 

were used, and once again, i t  seems u n l i k e l y  t h a t  any o f  t h e  creep ra tes  

reported were obta ined under t r u e  steady s t a t e  cond i t ions .  

I n  an extensive experimental study o f  t he  u n i a x i a l  deformat ion 

behaviour o f  two f ~ o z e n  sands, Sayles (1968) explored t ime dependent 

s t rength  i n  terms o f  creep. His f i nd ings  i n d i c a t e  t h a t  a t  s t resses 

below the long-term s t rength ,  creep v e l o c i t i e s  w i l l  cont inue t o  deceler-  

a t e  w i t h  time. The e a r l y  domination o f  creep deformations by t r a n s i e n t  



processes was apparent from the l i n e a r i t y  o f  p l o t s  o f  log  s t r a i n  r a t e  

against  l o g  time. The primary creep exponent obta ined decreased from - 
1.0 t o  approximately -0.5 w i t h  increases i n  app l ied  s t ress .  Test dura- 

t i o n s  were t y p i c a l l y  40 t o  50 days and some samples remained under load 

f o r  more than 100 days w i thou t  rupture.  The t i m e - s t r a i n  curves al lowed 

an approximation o f  secondary creep ra tes  a l though no conclus ive evidence 

was g iven t o  demonstrate t h a t  t r u e  steady s t a t e  cond i t i ons  had been 

obtained. I n s u f f i c i e n t  data were reported t o  permi t  cons t ruc t i on  o f  a 

f l ow  law f o r  the  mater ia ls  tested. Empir ica l  r e l a t i o n s h i p s  g iven t o  

p r e d i c t  v a r i a t i o n s  i n  deformation w i t h  s t ress ,  t ime and temperature were 

based upon c u r v e - f i t t i n g  t r a n s i e n t  creep and subsequent e x t r a p o l a t i o n  t o  

l a rge  times. Samples tes ted i n  t h i s  study contained no segregated i c e  

and would be c l a s s i f i e d  as s t ruc tu red  o r  massive s o i l s ,  which suggests 

t h a t  the e f f e c t s  o f  s o i l  s t r u c t u r e  might be re f l ec ted  i n  t h e  Cree? 

response t o  load. 

Anders land and A1 Nour i (1  970) have concluded t h a t  increases i n 

con f in ing  pressure produce an exponential  decrease i n  s t r a i n  ra te .  I n  

view o f  t he  s h o r t  t e s t  durat ions,  i t  again seems probable t h a t  creep 

ra tes  observed i n  t h i s  study were s t i l l  a t tenua t ing .  A complex method 

has been employed t o  i n t e r p r e t  t h e i r  data, bu t  i n  the  l i g h t  o f  numerous 

ambigui t ies,  t h e i r  r e s u l t s  must be regarded w i t h  skept ic ism. 

Ladanyi (1972) has described a general ized creep theory which per- 

m i t s  in format ion  requ i red  f o r  problem so lu t i ons  t o  be deduced from a se t  

of constant  s t ress  creep tes ts .  He has idea l i zed  t ime-deformation 

behaviour w i t h  a steady s t a t e  creep l i n e  and a pseudo-instantaneous 

in te rcep t  a t  zero t ime t h a t  cons is ts  of t hec t rans ien t  and e l a s t i c  s t r a i n s  



lumped. The creep law proposed i s  a simple power expression i n  the form 

o f  Norton 's  law w i t h  temperature e f f e c t s  on the  creep r a t e  embodied i n  a 

creep modulus as fo l lows:  

where n i s  a constant which may depend on temperature, 

a i s  a temperature dependent creep modulus, and 
C 

E i s  the secondary s t r a i n  r a t e  corresponding t o  an a r b i -  
C 

t r a r y  s t ress  o f  a . 
C 

Ladanyi (1972) has discussed previous attempts t o  descr ibe creep as 

a thermal ly  ac t i va ted  process but  expresses a personal preference f o r  

o ther  methods o f  accounting f o r  t he  e f f e c t s  o f  tedperature. He has a l s o  

suggested tha t  c h ~ n g c s  i z  hydrostatic s t r e s s  wuuid have a d e f i n i t e  

e f f e c t  on the s t r e s s - s t r a i n  behaviour o f  f r i c t i o n a l  s o i l s .  A f t e r  conclud- 

i ng  t h a t  a c l e a r  understanding o f  the  creep behaviour o f  f rozen s o i l s  i s  

s t i l l  lack ing,  Ladanyi has suggested t h a t  a systemat ic  and thorough 

i n v e s t i g a t i o n  o f  both f i e l d  and labora tory  behaviour i s  a necessary 

p r e r e q u i s i t e  t o  meaningful progress. 

A l abo ra to ry  study o f  frozen remoulded s o i l s  has been described by 

Perkins and Ruedr ich  (1  973), bu t  once again, t h e  work was performed 

using la rge  st resses,  f a s t  s t r a i n  rates,  and r e l a t i v e l y  c o l d  t e s t  

temperatures. They found t h a t  s t rength  could be est imated by us ing  a 

f low r e l a t i o n s h i p  s i m i l a r  t o  the one g iven i n  Equation 2.1 w i t h  an 

exponent o f  3.7 obta ined under what were presumably steady s t a t e  con- 

d i t ions. Data from constant s t r a i n  r a t e  compress i on  and constant  s t ress  



creep t e s t s  were found t o  be i n  reasonable agreement w i t h  each o the r .  

It was apparent t h a t  deformations i n  the e a r l y  po r t i ons  o f  constant 

s t ress  t e s t s  were dominated by t r a n s i e n t  creep. Varying the  s o i l  t e x t u r e  

from sand t o  s i l t  t o  c l a y  brought a b u t  a decrease i n  s t reng th  and an 

increase i n  s t r a i n  ra te ,  w h i l e  f o r  a l l  th ree s o i l  types, c o n f i n i n g  

pressure increases were observed t o  d imin ish  creep rates.  D i f f i c u l t y  

was encountered i n  determining the  instantaneous e l a s t i c  response a t  low 

s t r a i n  ra tes ,  s ince t h i s  was apparent ly obscured by the  more dominant 

f l o w  behaviour. 

Sayles (1973) explored the  behaviour o f  Ottawa sand i n  constant 

I st ress  t r i a x i a l  compression a t  a t e s t  temperature o f  -3.85"C. These 

creep t e s t s  were conducted over per iods as long as 3000 hours w i t h  

2 dev ia tor  s t resses of 260 t o  6900 kN/M (37 t o  1000 p s i  ) and con f in ing  

9 
pressures ranging from 0 t o  5500 kN/mL (0 t o  800 p s i  ) . Say l e t s  study 

I showed t h a t  creep ra tes  could be decreased by increasing the  con f in ing  

pressure. The l i n e a r i t y  o f  log  s t r a i n  r a t e  versus log  t ime data once 

again ind ica ted t h a t  creep s t r a i n s  were dominated by t r a n s i e n t  processes 

I t o  elasped times exceeding 1000 hours. I n  some instances, a x i a l  s t r a i n s  

o f  20 percent were reached w i thou t  c lea r  i n d i c a t i o n  t h a t  steady s t a t e  I *-- 

cond i t ions  had been establ ished.  

I Another study of the behaviour o f  f rozen Ottawa sand was conducted 

I by A1 k i  r e  and Anders land (1973). They too  r e p o r t  t h a t  the appl i c a t i o n  

I of a con f in ing  pressure served t o  a t tenuate  creep so t h a t  sample be- 

I haviour  became increas ing ly  dependent on the  f r i c t i o n a l  na ture  o f  the 

I sand. A comparison of r e s u l t s  f o r  d i f f e r e n t  i c e  sa tu ra t i ons  emphasizes 

the dominant r o l e  o f  the  i c e  m a t r i x  i n  the  i a r l y  po r t i ons  o f  the creep 



t es ts ,  e s p e c i a l l y  those performed a t  low con f in ing  pressures. Creep 

ra tes  c i t e d  were minimum s t r a i n  ra tes  obta ined w i t h i n  a s p e c i f i e d  time 

pe r iod  and d i d  no t  necessar i l y  r e f l e c t  a steady s t a t e  cond i t ion .  As a 

consequence, the  data from these experiments a r e  open t o  many o f  the 

same c r i t i s m s  which have been d i rec ted  toward e a r l i e r  s tudies.  

Recently, Sayles and Haines (1974) have reported the  creep behaviour 

o f  f rozen s i l t s  and c lays,  present ing t h e i r  work i n  a format s i m i l a r  t o  

t h a t  adopted by Sayles (1968) f o r  h i s  e a r l i e r  work on f rozen sands. 

Apparent steady s t a t e  s t r a i n  ra tes  obtained from t e s t s  o f  50 t o  120 days 

du ra t i on  de f ine  a f low law w i t h  an exponent approximately equal t o  3. 

Creep curves i n  t h i s  study c h a r a c t e r i s t i c a l l y  d isplayed a continuous 

decrease i n  s t r a i n  r a t e  w i t h  time, a departure from the more c l a s s i c a l  

curves p rev ious l y  obtained f o r  the f rozen sands. ' A n a l y s i s  o f  t h e  t rans-  

l en t  d a t r  za\ve a prrrn3r-y crenn - t' expcnent t h a t  ranged frsiii -0.6 to  - l . C  as 

a x i a l  s t ress  was increased. 

Assessment o f  r e s u l t s  

From the preceding, i t  may be concluded t h a t  a concise understand- 

ing o f  creep i n  f rozen ground i s  lack ing.  Only the  recent work o f  

Sayles (1973) has been s u f f i c i e n t l y  d e t a i l e d  t o  q u a n t i f y  some o f  the 

fac to rs  which i n f l uence  the rheology of f rozen s o i l s .  Formulat ing 

c o n s t i t u t i v e  r e l a t - a n s h i p s  t o  ob ta in  a r e a l i s t i c  representa t ion  o f  s o i l  

behaviour requ i res  t h a t  input  data be der ived from a systematic and 

thorough i n v e s t i g a t i o n  of s o i l  p roper t ies .  As pointed o u t  by Ladanyi 

(1972), even the  v e r i f i c a t i o n  o f  a simple u n i a x i a l  creep theory requ i res  



much f u r t h e r  experimental study and should be compl imented by an accu- 

mula t ion  o f  d e t a i l e d  f i e l d  performance data. Only then can the general-  

i z a t i o n  o f  u n i a x i a l  s t ress  data t o  more complex s t ress  cond i t i ons  be 

confirmed as an a n a l y t i c a l  method r e l i a b l e  f o r  use i n  p r a c t i c e .  

Theories drawn from s tud ies  o f  creep i n  metals prov ide  a use fu l  

framework f o r  desc r ib ing  f rozen s o i l  behaviour, bu t  must be modi f ied  t o  

inc lude a t tenua t ion  associated w i t h  i n t e r p a r t i c l e  f r i c t i o n  as t h e  mean 

s t ress  i s  increased. Volume constancy du r ing  'undrained' creep has been 

a common assumption i n  the s tud ies  described above. I n  support o f  t h i s ,  

Fukuo (1966) has measured l a t e r a l  expansion du r ing  creep o f  a f rozen  

s o i l  and found t h a t  t o t a l  volume changes were c o n s i s t e n t l y  less than 1% 

o f  the t o t a l  sample volume. The importance o f  recogn iz ing  and a n a l y t i -  

c a l l y  accounting f o r  t r a n s i e n t  creep processes i s  a l s o  apparent. Deriva- 

t i o n  o f  a f low law f o r  f rozen s o i l s  a t  t he  st resses and ternperaturcs cf 

greates t  i n t e r e s t  r e m a i ~ s  an onerous task. Est imat ion of deformations 

i n  response t o  load i s  f u r t h e r  complicated by the  knowledge tha t ,  under 

c e r t a i n  cond i t ions ,  f rozen s o i l s  may undergo conso l ida t ion .  This process 

has been shown t o  be i n  i t s e l f ,  capable o f  producing a s i g n i f i c a n t  

vo lumet r ic  s t r a i n  ( ~ r o d s k a i a ,  1962). 

2.4 STRENGTH OF FROZEN GROUND 

Laboratory s tud ies  

According t o  V ia lov  (1962), a group a f  f a i  l u r e  envelopes can be 

der ived from t r i a x i a l  compression t e s t s  on 5rozen s o i l  such tha t ' each  



separate envelope corresponds t o  a s p e c i f i c  t ime t o  f a i l u r e .  He has 

a l s o  recognized the important r o l e  played by cryogenic s t r u c t u r a l  f e a t u  

i n  determining the  s t reng th  p roper t i es  o f  frozen s o i l s .  Since s t r e n g t h  

i s  both t ime and temperature dependent, a modi f ied  Mohr-Coulomb f a i l u r e  

theory has been proposed, tak ing  t h e  form: 

- - cT + an tan $T 

where T denotes t h e s h e a r  s t rength ,  

an denotes the normal s t r e s s - o n  t h e  shear plane, and 
B 

cT and 4 a r e  func t ions  o f  both temperature and time. 
T 

The r e s u l t s  o f  t es ts  on f rozen sand ind ica ted a r e l a t i v e l y  constant  

ang le  o f  f r i c t i o n  obtained for t imes t o  f a i l u r e  ranging f r m  1 ts 20 

hours. F r i c t i o n  angles i n v a r i a b l y  f e l l  j u s t  s l i g h t l y  below those ob- 

ta ined f o r  the same s o i l  i n  an unfrozen s ta te .  

I n  a subsequent con t r i bu t i on ,  V ia lov  and Shusherina (1964) have 

v e r i f i e d  t h i s  approach fo r  f rozen s o i l s  by documenting the  increase i n  

@ shearing res is tance i n  response t o  increased normal s t ress .  They iden- 
L 

t i f y  two components o f  shearing s t rength :  
$& 

e 
I 1) Resistance t o  'smooth shear'  ( i  .e. cohesion). 

2 )  F r i c t i o n a l  res is tance t o  shear as a f u n c t i o n  o f  normal s t ress  
F 

It was recognized t h a t  creep and shear s t r e r . ~ t h  were i n t i m a t e l y  

r e l a t e d  s ince  the  s t r a i n  required t o  mob i l i ze  f r i c t i o n  was a d i r e c t  

func t ion  of the t ime requ i red  f o r  the  i c e  'matr ix  to  y i e l d  under t h e  

app l ied  s t ress .  On the basis of experiment41 data, they conclude t h a t  



t h e  shear s t reng th  o f  f rozen sand can be descr ibed accura te ly  by Equa- 

t i o n  2.10. The v a r i a t i o n  o f  the cohesion in te rcep t ,  CT would be g iven 

by : 

where and B a re  constants obta ined from a p l o t  o f  c  aga ins t  T  

l og  t. 

Th is  equat ion has the same form as the f a m i l i a r  expression proposed by 

V ia lov  (1962) t o  est imate long-term u n i a x i a l  compressive s t rengths  from 

t h e  r e s u l t s  o f  several shor t - te rm creep tes ts .  

I n  t e s t s  conducted a t  h igher s t r a i n  ra tes ,  l a r g e  gains i n  shear ing 

res is tance were obtained as the  s o i l ' s  water content  was increased. 

Since the  short - term s t reng th  i s  mainly c o n t r o l l e d  by the  i c e  ma t r i x ,  i t  

seems cons is tent  t h a t  an increase i n  water ( i ce )  content would be accom- 

panied by a  l a r g e r  shear s t rength .  This e f f e c t  was a l so  seen i n  the 

I anomalously h i g h  apparent f r i c t i o n  angles measured i n  the  low normal 

t- s t ress  range. N o n l i n e a r i t y  o f  t he  f a i l u r e  envelope r e f l e c t s  the domi- 

nance o f  the i c e  m a t r i x  i n  i t s  c o n t r i b u t i o n  t o  st rengths obta ined a t  

I f a s t  s t r a i n  ra tes  and co ld  ( - 1 0 " ~ )  temperatures. 

I Sayles (1968) and Sayles and Haines (1974) have in te rp re ted  t h e i r  

I creep t e s t s  us ing  V i a l o v ' s  (1962) equation f o r  long term s t reng th .  

I Expressions o f  t h i s  same form have been given t o  descr ibe u l t i m a t e  

s t reng th  as a  f u n c t i o n  o f  t ime and temperature f o r  var ious  s o i l  types. 

b 
Pred ic t i ons  appear t o  be i n  reasonable accord w i t h  experimental data. 



Even i n  these two comprehensive studies,  t e s t s  were seldom conducted 

beyond a 25 o r  30 day dura t ion ,  which means t h a t  eva lua t ion  o f  appro- 

p r i a t e  design s t rengths  would s t i l l  i nvo l ve  an e x t r a p o l a t i o n  over  sev- 

e r a l  orders o f  magnitude o f  time. 

Goughnour and Andersland (1 968) s tud ied the  i n f l uence  o f  sand 

concentrat ion on the f a i l u r e  mode and s t reng th  o f  sand-ice mixtures a t  

temperatures ranging from -4°C t o  -12OC. When sand concentrat i o n  was 

increased beyond 42% by volume, the  i n f l uence  o f  i n t e r p a r t i c l e  f r i c t i o n  

and d i l a tancy  became apparent, w h i l e  a t  lower sand concentrat ions,  

s t rengths  were r e l a t i v e l y  constant and approximately equal t o  those 

obta ined f o r  pure  ice.  Upon reaching the  c r i t i c a l  sand volume, p a r t i c l e  

contac t  produced a r a p i d  increase i n  st rength.  An analogy was drawn 

between v o l  umetr i c increases observed du r ing  shear o f  t he  f rozen sand 

and the e f f e c t i v e  s t ress  changes accornpaiiyir~g d i i a t i o n  i n  the  uncirained 

shear o f  a dense, unfrczen sand. I t  was thought t h a t  con f in ing  pressure, 

being l a r g e l y  c a r r i e d  by the  i c e  m a t r i x  a t  the  outset ,  was gradua l ly  

t rans fe r red  t o  the  sand p a r t i c l e  contacts as the  i c e  c rep t  under the 

i n f l uence  o f  i n t r i n s i c  shear stresses. The presence of u n y i e l d i n g  sand 

p a r t i c l e s  apparent ly  causes f a s t e r  deformat i on  ra tes  i n  t h e  i ce  m a t r i x  

du r ing  the  t ime t h a t  o v e r a l l  sample deformation i s  accommodated. This, 

i n  tu rn ,  r e s u l t s  i n  h igher shear s t rengths  when sand concentrat ions a re  

increased. L im i ted  experimental evidence suggests t h a t  c lays  probably 

behave i n  a s i m i l a r  manner a l though la rge r  s t r a i t i s  might be requ i red  t o  

mob i l i ze  peak shear st rength.  

Fol lowing V i a l o v ' s  e a r l i e r  work, ~ n d e r s l a n d  and A1 Nouri  (1970) 

examined the t ime dependent s t reng th  behavihur o f  two f rozen soi 1 s . 



k Sand behaved f r i c t i o n a l l y  as might be expected, w i t h  a f r i c t i o n  ang le  
[ 

corresponding t o  t h a t  o f  the unfrozen s o i l .  F a i l u r e  envelopes were 

h. e s s e n t i a l l y  p a r a l l e l  f o r  the  range o f  s t r a i n  ra tes  and st resses re -  

por ted.  I t  was concluded t h a t  the  f r i c t i o n a l  component o f  s t reng th  was 

r a t e  independent w h i l e  the geometric cohesion i n t e r c e p t  cou ld  be r e l a t e d  

t o  s t r a i n  r a t e  and t e s t  temperature. Conf in ing  pressure had l i t t l e  o r  

no e f f e c t  on t h e  shear s t reng th  o f  c l a y  when tes ted  a t  these r e l a t i v e l y  

f as t  s t r a i n  ra tes  and co ld  temperatures ( - 1 2 ' ~ ) .  

Neuber and Wol t e r s  (1970) have summarized the r e s u l t s  o f  numerous 

s t reng th  t e s t s  performed on a r t i f i c i a l l y  f rozen s o i l s .  They determined 

t h a t  shear s t reng th  was a d i r e c t  f u n c t i o n  o f  c o n f i n i n g  pressure, a l though 

f r i c t i o n  angles obta ined were s l i g h t l y  lower than those determined f o r  

the  same s o i l s  i n  an unfrozen s ta te .  F igures 2.9 and 2.10 show t y p i c a l  

s t reng th  envelopes ' taken f rom t h e i r  s tudy,  The relatively la rge  co- 

hes ive  i n t e r c e p t s  a r e  associated w i t h  the  f a s t  s t r a i i i  r a tes  and c o l d  

' temperatures used i n  these tes ts .  Probably because o f  t he  r a t h e r  sho r t  

t e s t  durat ions,  no f r i c t i o n a l  response was detected f o r  c l a y  s o i l s  

tested.  -S im i l a r  t o  the  f ind ings  o f  Goughnour and Andersland (1968), 

Neuber and \Jo l ters (1970) r e p o r t  t h a t  s t r a i n s  o f  10% o r  more were re- 

qu i red  t o  f a i l  t he  i c e  m a t r i x  and subsequently m o b i l i z e  f u l l  f r i c t i o n a l  

shear s t reng th  under t r i a x i a l  cond i t ions .  I t  should be noted t h a t  due 

t o  t h e  unusual ly  l a rge  c o n f i n i n g  pressures used i n  t h i s  and some e a r l i e r  

research, the f r i c t i o n a l  component o f  shear s t reng th  was i n v a r i a b l y  a 

major p a r t  o f  t he  t o t a l  s t rength,  even a t  f a s t  s t r a i n  ra tes .  

A b r i e f  s tudy  by Heiner (1972) concluded t h a t  s h o r t  term s t reng th  

i n  frozen s o i l  was main ly  dependent on the  g t reng th  o f  i t s  i c e  ma t r i x ,  



and hence, i t s  moisture content.  His s t reng th  envelopes. i n d i c a t e  

anomalously h i g h  values f o r  the f r i c t i o n  angle under normal s t resses as 

h igh  as 150 k ~ / m *  (20 ps i ) . Very f a s t  s  t r a  i n ra tes  were repor ted  ; 

there fore ,  t h i s  behaviour again r e f l e c t s  the overwhelming c o n t r i b u t i o n  

t o  s t reng th  o f f e r e d  by the i c e  mat r ix .  

By t e s t i n g  sand-ice specimens t r i a x i a l l y  a t  - ~ O C ,  Perkins and 

Ruedrich (1973) were ab le  t o  conf i r m  an increase i n  s t reng th  t h a t  was 

p ropor t i ona l  t o  con f in ing  pressure. Scat te r  i n  the  data made t h e  exact 

f r i c t i o n  angle somewhat d i f f i c u l t  t o  reso lve  b u t  an average va lue appears 

t o  be i n  reasonable agreement w i t h  t h a t  obta ined f o r  the  same sand i n  an 

unfrozen s ta te .  Some n o n l i n e a r i t y  may be evidenced a t  h ighe r  c o n f i n i n g  

pressures, and s ince the lowest c e l l  pressure used was 4.3 M N / ~ ~  (625 

p s i  ) , behaviour under sens i b 1 e  eng i neer i ng st resses rema i ns undefined. 

Ruedrich and Perkins (1973) have attempted t o  separate t h e  shear s t reng th  

o f  f rozen s o i l  i n t o  two components: the  res is tance of i c e  t o  deformation, 

and the  f r i c t i o n a l  response o f  s o i l  g r a i n  contacts. The i r  r e s u l t s  show 

t h a t  these separate components can be w e l l  approximated t y :  

1 )  The t ime dependent s t rength  o f  the i c e  mat r ix ,  taken as the 

unconfined compressive s t reng th  o f  the  s o i l  i n  quest ion  and 

obta ined a t  an appropr ia te  s t r a i n  ra te .  

2) The essen t ia l  l y  time- independent s t reng th  associated w i t h  the  

m o b i l i z a t i o n  o f  f r i c t i o n a l  res i s tance  a t  p a r t i c l e  contacts 

under t h ~  app l ied  boundary st resses.  

If t h i s  i s  the case, then shear s t reng th  can be est imated by ob- 

t a i n i n g  the  u n i a x i a l  s t reng th  as a  f u n c t i o n  o f  s t r a i n  r a t e  (or t ime t o  



f a i  l u r e )  and adding t o  t h i s ,  the f r i c t i o n a l  response o f  t he  so i  1 m a t r i x  

f o r  a p a r t i c u l a r  mean s t ress  o r  c o n f i n i n g  pressure. Computed and ex- 

pe r imen ta l l y  der ived s t r e s s - s t r a i n  curves have been g iven and appear t o  

agree reasonably w e l l  w i t h  each o ther .  Such c l o s e  correspondence might 

no t  have been found f o r  a f i ne r -g ra ined  s o i l  where the f r i c t i o n a l  re- 

sponse would a l s o  be t ime dependent. This  approach t o  t h e  r a t i o n a l i z a -  

t i o n  o f , s h e a r  s t r e n g t h  response i s  e s s e n t i a l l y  i d e n t i c a l  t o  t h a t  de- 

sc r i bed  p rev ious l y  by V ia lov  and Shusherina (1964). 

A recent  study by A l k i  r e  and Andersland (1973) prov ides f u r t h e r  

i n fo rma t ion  regarding the i n f l u e n c e  which c o n f i n i n g  pressure has on the  

shear s t reng th  o f  a sand-ice ma te r ia l .  Varying the  degree o f  i c e -  

s a t u r a t i o n  i n  t h e  s o i l  pores has demonstrated the  r e l a t i v e  in f luences of 

the  i c e  m a t r i x  and sand p a r t i c l e s  on o v e r a l l  rnecha'nical behaviour.  

Volume increases were recorded a t  lower c ~ n f i n i n g  pressures, b u t  under 

increased pressures, d i l a t i o n  was t o t a l l y  supressed. Considerable 

energy i s  requ i red  t o  overcome the  s t reng th  o f  the  i c e  m a t r i x  so t h a t  

p a r t i c l e  d i l a t i o n  can occur. This  response produces a c h a r a c t e r i s t i c  

b i l i n e a r  s t r e s s - s t r a i n  curve. The i ce  f i r s t  y i e l d s  a t  a s t r a i n  o f  about 

1%. Th is  i s  f o l l owed  by the  gradual development o f  f r i c t i o n a l  s t r e n g t h  

a t  l a r g e r  s t r a i n s .  The c o n t r i b u t i o n  of d i l a t a n c y  t o  the sand's f r i c -  

t i o n a l  s t r e n g t h  i s  i n f e r r e d  by a s l i g h t  tendency f o r  curva ture  o f  the 

f a i l u r e  envelope w i t h  increasing normal s t ress .  These envelopes are  

s t i l l  best  approximated by a s t r a i g h t  l i n e  and i: seems u n l i k e l y  t h a t  

pronounced curva ture  would be apparent when t e s t i n g  i n  a narrower range 

o f  con f i n ing  pressures appropr ia te  f o r  r o u t i n e  geotechnical  engineer ing 

prob 1 ems. i 



F u l l  development o f  f r i c t i o n a l  s t reng th  may be i n h i b i t e d  as i c e  

s a t u r a t i o n  i s  increased, b u t  a t  f a s t  s t r a i n  ra tes ,  t h i s  w i l l  be accom- 

panied by a h igher  cohesion i n te rcep t .  F igure  2.11 shows two f a i l u r e  

envelopes f o r  a f rozen sand t h a t  were obta ined a t  d i f f e r e n t  i ce  sa tura-  

t i o n s .  From these, i t  i s  c l e a r  t h a t  the  Mohr-Coulomb equat ion ade- 
. . 

qua te l y  describes the shear s t reng th  behaviour o f  f rozen s o i l s .  The 

observed f r - i c t i o n  angles o f  29.5" and 33" a re  less than t h e  37" va lue 

-B 

f g iven f o r  the unfrozen sand, suggest ing t h a t  i c e  does i n t e r f e r e  w i t h  t h e  

s development o f  f u l l  f r i c t i o n a l  res is tance.  A l k i r e  (1972) has i n d i c a t e d  

t h a t  these lower values compare w e l l  w i t h  data repor ted elsewhere f o r  

dense sands tes ted  a t  h igh  con f i n ing  pressures where d i l a t a n c y  i s  sup- 

pressed - He suggests tha t  a t  the temper-atures and s t r a i n  ra tes  adopted 

i n  h i s  study, i c e  e f f e c t i v e l y  increases p a r t i c l e  confinement, and hence, 

i n h i b i t s  di!atancy. The snalysl;  o f  a:: o f  tirese t .esui ts  has neces- 

s a r i l y  been based on t o t a l  s t resses.  

Sayles (1973) has performed tr i a x i a l  t e s t s  on f rozen sands, shear- 

i n g  samples t o  more than 10% a x i a l  s t r a i n .  The s t r e s s - s t r a i n  curves 

obta ined i n  h i s  study t y p i c a l l y  e x h i b i t e d  two peaks: the f i r s t  a t  

approximately 1% s t r a i n ,  corresponding t o  f a i l u r e  o f  the i c e  ma t r i x ,  and 
L 

the  second a t  s t r a i n s  as h igh  as 10% where f u l l  i n t e r p a r t i c l e  f r i c t i o n  

was mobi l ized.  Instances were noted where the  f i r s t  peak a c t u a l l y  

exceeded the  second, s ince  a t  lower con f i n ing  pressures, t he  s t reng th  o f  

the  i c e  m a t r i x  exceeded the f r i c t i o n a l  s t r e n g t h  of the sand. Results from 

the  second res is tance peak a r e  summarized i n  F igure  2.12, from which i t  

i s  c l e a r  t h a t  the f r i c t i o n  angle obta ined i s  approximate ly  equal t o  the 

Y 
37" va lue i nd i ca ted  f o r  unfrozen sand. Compression data g iven f o r  



polycrystalline ice indicate a strength dependency on confining pressure 

consistent with the findings of others (chamberla in, 1969; Roggensack, 

1975). Friction is apparently mobilized between the ice crystals as 

failure planes form along grain boundaries, but slower testing rates and 

higher confining pressures subdue this response. A second test series 

is reported that determined the creep strength of frozen sand as a 

function of confining pressure: the results were similar to those obtained 

for the first series. 

Chamberlain -- et a1 . (1972) have described an investigation of the 
effects of confining pressure on the shear strength of various soils at 

a temperature of -10°C. While the pressures and strain rates were 

intended to approximate those associated with shock waves, several of 

their observations are still applicable to behaviour under less unusual 

conditions. They indicate that pressure melting is the normal response 

to an application of hydrostatic or deviatoric stress to frozen soil. 

When stress concentrations are produced by a small deviatoric stress, 

melting occurs and the water moves to regions of lower stress where it 

refreezes. Once again, frozen sands exhibited dilation and a frictional 

response when sheared with confining pressures falling in a range that 

is relevant to normal geotechnical analyses. 

Assessment of results 

The laboratory studies described above permit several conclusions 

to be drawn regarding the behaviour of frozen soils in shear. A strong 

argument emerges in support of the adoptionrof frictional strength as 
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t he  long term s t reng th  f o r  massive s o i l s .  Best a v a i l a b l e  data i n d i c a t e  

t h a t  the appropr ia te  f r i c t i o n  angle can be approximated by the e f f e c t i v e  

ang le  obta ined f o r  the  same s o i l  i n  i t s  thawe.d s t a t e .  There i s  some 

evidence t h a t  i n  i c i e r  ma te r i a l s ,  f u l l  m o b i l i z a t i o n  o f  f r i c t i o n a l  

s t reng th  may be hindered by the i c e  so t h a t  the  observed f r i c t i o n  ang le  

i s  reduced. For dense and coarse-grained s o i l s ,  dependence o f  shear 

. s t r e n g t h  oh s t r a i n  r a t e  and temperature can be embodied i n  the cohesion 

i n t e r c e p t  w h i l e  the f r i c t i o n  angle remains r e l a t i v e l y  unaf fected.  

L im i ted  data suggest t h a t  the geometric cohesion i n t e r c e p t  can be 

descr ibed w i t h  an expression s i m i l a r  t o  the  one g iven by V ia lov  (1962) 

f o r  time-dependent s t rength .  

To s t r a i n  a f rozen s o i l  f i r s t  requ i res  t h a t  the  s t reng th  o f  the i c e  

m a t r i x  must be overcome. The s t ress  necessary t o  accomplish t h i s  w i l l  

depend on the imposed s t r a i n  r a t e  - v i a  some approp r ia te  r e l a t i o n s h i p  

desc r ib ing  a f l o w  law f o r  i c e  (several have been discussed i n  Sect ion 

2.2). As the s o i l  and i c e  gradua l ly  deform, f r i c t i o n a l  s t r e n g t h  can be 

mob i l i zed  a t  t h e  minera l  p a r t i c l e  contacts.  Ice has a long-term s t reng th  

se contacts must even tua l l y  

equal the  app l i ed  t o t a l  s t ress .  During shear, the  i c e  r e s t r i c t s  p a r t i c l e  

movement and supresses d i l a t i o n .  I t  i s  t h i s  impedance t h a t  leads 

t o  the unusua l ly  l a rge  cohesion i n te rcep ts  obta ined f o r  frozen s o i l s  

sheared a t  r e l a t i v e l y  f a s t  s t r a i n  ra tes .  Data p e r t a i n i n g  t o  f i n e -  

gra ined s o i l s  a r e  inconclus ive,  b u t  i t  seems probable t h a t  these s o i l s  

w i l l  a l s o  behave f r i c t i o n a l l y  a t  slower ra tes  o f  s t r a i n .  



Some researchers have ind i ca ted  t h a t  unconfined compressive s t rengths  

(and poss ib l y  geometric cohesion in te rcep ts )  can be r e l a t e d  t o  tempera- 

t u r e  by adopt ing a r a t e  process theory approach. A c t i v a t i o n  energies 

determined i n  t e s t s  conducted a t  temperatures warmer than -10°C remain 

u n r e l i a b l e  f o r  reasons t h a t  were o u t l i n e d  i n  Sect ion 2.3. Only l i m i t e d  

data are  ava i l ab le ,  and i t  seems u n l i k e l y  t h a t  the r a t e  process approach 

w i l l  meet w i t h  much success i n  the l i g h t  o f  d i f f i c u l t i e s  encountered i n  

app ly ing  t h i s  theory t o  the warm-temperature, low-stress behaviour o f  

p o l y c r y s t a l l i n e  ice. 

It has not  been poss ib le  t o  determine st resses c a r r i e d  by t h e  i c e  

phase and experimental measurement o f  pore pressures i n  t h e  unfrozen 

water i s  s i m i l a r l y  d i f f i c u l t  and sub jec t  t o  ambiguity.  As a conse- 

quence, the  con t r i bu t i ons  o f  i ce  and unfrozen water i n  a f rozen s o i l ' s  

response t o  the a p p l i c a t i o n  o f  s t ress  have not heen s !esr ly  defincd. 

The behaviour of frozen s o i l s  must therefore be in teapre ted i n  terms of 

t o t a l  s t resses.  

A t  temperatures approaching O°C, behaviour w i l l  l i k e l y  be s i m i l a r  

t o  t h a t  observed f o r  unfrozen s o i l .  However, a t  these same warm tem- 

peratures, segregated i c e  may exe r t  a much greater  i n f l uence  on both 

s t rength  and deformation behaviour. Under these circumstances, i t  w i l l  

be important t o  recognize s t r u c t u r a l  features such as h i g h  i c e  content  1; 
o r  throughgoing and semi-continuous i c e  veins t h a t  could a c t  as pre-  

f e r r e d  planes o f  weakness under sustained load. Experiments have a l so  

shown t h a t  i c e  and water can be r e d i s t r i b u t e d  w i t h i n  a f rozen s o i l  by 

m ig ra t i ng  i n  response t o  app l ied  stresses. Experimental data of any 

s o r t  i s  l i m i t e d  f o r  f ine-gra ined s o i l s  and completely l ack ing  f o r  

na tu ra l  permafrost s o i l s ,  e s p e c i a l l y  those conta in ing  segregated ice .  



Evaluation of the behaviour of these soils at warm temperatures and 

under reasonable magnitudes of stress is an urgent research requirement. 

2.5 INTERACTION BETWEEN STRENGTH AND DEFORMATION 

Ladanyi (1974, 1975) has described a theoretical treatment that 

takes into *consideration the processes of creep, consolidation and shear 

in frozen soils. An arbitrary boundary has been defined between 'hard 

frozen' and 'plastic frozen' soils on the basis of texture and temper- 

ature. Experimental limitations currently necessitate a quasi-single- 

phase approach to soil behaviour that lumps creep with those deforma- 

tions which are actually due to consolidation volume change. Even so, 

it is still useful to analytically examine consolidation and creep as 

t?m separa tc but s inu! tanccus prciczsses. S i iice the t-el a t i ve ar~~uunts  o f  

each type of strain will depend upon the stress path and elapsed time, 

it is clear that the constitutive relationship chosen to represent this 

quasi-single-phase behaviour must be obtained by following a laboratory 

stress path coinciding with anticipated field conditions. Using an 

approach based upon the unique relationship between water content con- 

tours and effective stress paths (well known for saturated soils), 

Ladanyi (1974) has examined stress changes in frozen soils with the aid 

of the familiar Rendulic plot. This format permits the convenient 

separation of any stress into its normal and deviatoric com~onents. 

Following Ladanyi (1974), Figure 2.1'3 i 1 lustrates the diagonal 

e 
P plane of the principal stress space with different failure surfaces 



shown as a  func t ion  of time. A 'normal ly  conso l ida tedt  t r i a x i a l  speci-  

men ( i n  e q u i l i b r i u m  a t  p o i n t  0 ' )  i s  subjected t o  a  s t ress  increment 

t h a t  w i l l  be c a r r i e d  by the mineral p a r t i c l e s  and' the p o r e - f i l l i n g  

ma t r i x .  Some o f  the app l ied  s t ress  i s  immediately assumed by t h e  s o i l  

ske le ton and can be l i kened t o  an e f f e c t i v e  s t r e s s  i n  unfrozen s o i l s .  

I n  the case where the  appl i ed  s t ress  increment, Aol (o 'A)  , does no t  

exceed the - long  term s t rength ,  i t  can be separated i n t o  two components 

6 haoCT and  AT^^^ which a r e  the  octahedral normal and octahedral  

shear s t ress  changes, respec t i ve l y .  As the  s o i l  deforms w i thou t  d ra in-  

age, unfrozen water i n  the s o i l  w i l l  ca r ry  o n l y  t h e  h y d r o s t a t i c  s t ress .  

Shear stresses can be temporar i ly  supported by the  i c e  ma t r i x ,  and i t  

w i l l  assume those not  immediately taken up by the s o i l  skeleton.  A 

p o r t i o n  o f  the shear s t ress  i s  i n i t i a l l y  supported 'by the ice ,  w i t h  the  

r e s u l t  t h a t  the s o i l  ske le ton w i l l  he less  s t r a i n e d  than i t  wcu!d bc 

under the  same s t ress  ' i n  t h e  unfrozen s ta te .  E f f e c t i v e  shear s t reng th  

i s  then mobi l i zed i n i t i a l l y  t o  9 '  instead o f  B, and the  h y d r o s t a t i c  pore  

pressure generated by t h i s  s t r a i n i n g '  (assumed t o  be the same i n  the  i c e  

and unfrozen water) i s  g iven by: 

Th is  w i l l  be smal ler  than the  pore pressure change t h a t  would be gen- 

era ted i n  the  same s o i l  i f  i t  were unfrozen. Shdar st resses are  shared 

by the  i c e  m a t r i x  and s o i l  skeleton; and, s i m i l a r l y ,  the f o l l o w i n g  can 

be w r i t t e n :  

"OCT, i =  AT^^^ -  AT'^^^ (2.14) 



where  AT^^^, i and ArOCT are the shear stresses assumed by the ice 
and soil respectively. 

Ladanyi suggests that the creep relaxation of the ice can be likened to 

the dissipation of the excess pore pressures during consolidation since 

i t  results in a gradual transfer of the applied stress to the soil 

skeleton. Eventually, under conditions of closed-system creep, 

Au.+Au I and ArocT,i +O (the long term strength of ice being zero) so that 

point B' will move toward B. 

By opening the system when the effective stresses are at point B', 

consolidation will occur simultaneously with creep of the ice matrix and 

0' will move toward A. In this case, the long term conditions will have 

Au.-tO, Au+O, and ArOCT,i+O. With point A below the long term failure 
I 

line, both creep and ccnso!idaticn precesses sssuzz sn ~ttznuatifig 

character. Therefore, deformation rates will decrease continuously with 

time. 

Two features distinguish frozen soil behaviour from that commonly 

I -associated with normally consolidated soils: 

1) Although the soil appears to be very stiff at the outset and 

creep and consolidation attenuate with time, ultimate defor- 

mations can still be quite large. 

2) By mobi 1 izing the short term strength of the ice matrix, 

I frozen soils can temporarily sustain stress increments which 

I exceed the soil's long term strength. 

This second characteristic is depicted in Figure 2.14. As before, 

the effective strength of the soil skeletori is initially mobilized to B' 

under closed system conditions. The ice matrix then creeps to mobilize 



f u l l  s o i l  s t rength  as B '  moves toward B. Simultaneously, progressive 

s t r a i n i n g  br ings  the i c e  c lose r  t o  f a i l u r e .  Loss o f  s t reng th  w i t h  t ime 

I can be l ikened t o  a gradual sh r ink ing  o f  the  delayed f a i l u r e  sur face so  
F 
P 
C t h a t  w i t h  p o i n t  A l y i n g  ou ts ide  t h e  long-term s t reng th  envelope, f a i l u r e  
I 
1 

w i l l  occur a t  some time, t,. Perm i t t i ng  conso l i da t i on  by opening the 

system a t  B', the  s t ress  path  w i l l  move toward A ' .  The r e l a t i v e  ra tes  

o f  conso l i da t i on  and creep w i l l  determine whether A '  i s  reached before  

f a i l u r e  occurs. I n  t h i s  case, s t r a i n i n g  cons is t s  of simultaneous con- 

s o l i d a t i o n  and steady s t a t e  creep, and would be charac ter ized by para- 

b o l i c  t ime-deformation curves. 

An approach s i m i l a r  t o  t h a t  shown i u  Figures 2.13 and 2.14 can be 

used f o r  'hard f rozen '  s o i l s ,  w i t h  the d i f f e r e n c e  being t h a t  these w i l l  

behave as closed systems under a l l  circumstances s ince the  p o s s i b i l i t y  

o f  conso l i da t i on  i s  e l im ina ted  by t h e - v i r t v a !  zhsencc zf mobI?z u n f ~ o z e f i  

water. 

F igure  2.15 i l l u s t r a t e s  a s i m i l a r  cons idera t ion  o f  t h e  probable 

behaviour o f  an 'overconsol idated '  frozen c l a y  o r  dense granu lar  s o i l  by 

assuming a d i f f e r e n t l y  shaped e f f e c t i v e  s t ress  path. Po in t  B represents 

the peak undrained st rength,  and may l i e  s l i g h t l y  beyond the  long-term 

s t reng th  envelope. Here, the  a p p l i c a t i o n  o f  s t r e s s  produces a s l i g h t  

pore pressure decrease, causing t h e  s o i l  ske le ton t o  c a r r y  a g rea te r  

p o r t i o n  of the shear s t ress  a t  the  outse t  than i n  the  previous cases. 

If p o i n t  A l i e s  beyond the long-term s t reng th  e n ~ z l o p e ,  a steady-state 

creep response w i l l  be i n i t i a t e d  w i t h  f a i l u r e  a t  some f i n i t e  t ime 

being the i n e v i t a b l e  r e s u l t .  

k 



A p r e c i s  of Ladanyi ts  (1974) exce l l en t  conceptual d e s c r i p t i o n  o f  

t h e  r,esponse o f  f rozen s o i l  t o  a s t ress  increment has been inc luded here 

t o  c l a r i f y  s o i l  behaviour and demonstrate the i n t e r a c t i o n  between 

s t reng th  and deformation p roper t i es .  I t  i s  apparent t h a t  an est imate o f  

t he  p o s i t i o n  o f  the app l ied  s t ress  w i t h  respect  t o  the  long-term s t reng th  

i s  an essent ia l  f i r s t  step i n  dec id ing  the  design approach t o  be adopted 

i n  e i t h e r  l i m i t  e q u i l i b r i u m  o r  deformation analyses. Ladanyi ts  approach 

suggests t h a t  t he  long-term s t reng th  f o r  i c e - r i c h  ma te r ia l s  w i l l  be 

zero, w h i l e  f o r  massive s o i l s ,  t h i s  s t reng th  can be approximated by the  

dra ined s t reng th  o f  the  unfrozen s o i l .  Between these extremes and the 

short - term strength,  l i e  a number o f  delayed s t reng th  envelopes, each 

having a shape which may be d i f f e r e n t  from the s t r a i g h t  l i n e  Mohr- 

Coulomb f a i l u r e  envelope. These envelopes must be def ined i n  terms o f  

t o t a l  stresses, so i t  seems e n t i r e l y  poss ib le  t h a t  the  apparent f r i c t i o n  

angles obtained could .be d i f f e r e n t  from the dra ined f r i c t i o n  angle found 

f o r  the  same s o i l  i n  an unfrozen s ta te ,  The extreme s e n s i t i v i t y  o f  

s t reng th  t o  s t r a i n  r a t e  o r  t ime t o  f a i l u r e  can be d i r e c t l y  a t t r i b u t e d  t o  

the  extremely non l inear  behaviour o f  the  i c e  m a t r i x  t h a t  i s  described by 

a f l o w  law l i k e  Equation 2.1. 

Experimental determinat ion o f  the var ious  s t reng th  and deformation 

components i s  an onerous task  but  Ladanyi 's  (1974) model i s  c e r t a i n l y  a 

use fu l  framework w i t h i n  which a b e t t e r  understanding o f  observed be- 

haviour  can be obtained. 

Consol idat ion o f  f rozen s o i l s  

b 

I t  i s  essent ia l  t h a t  deformations associated w i t h  conso l i da t i on  

processes i n  f rozen ground be recognized. Brodska i a ( 1  962) has 



shown t h a t  f rozen s o i l s ,  h i t h e r t o  considered incompressible, were capa- 

b l e  o f  sus ta in ing  appreciable volume changes w i t h  the  c o n t r o l l i n g  

fac to rs  being s o i l  texture,  temperature, s t r u c t u r e  and i c e  content .  I t  

was s ta ted  t h a t  complete conso l ida t ion  had been obta ined i n  the tes ts  

reported i n  her study, but  a c lose  examination o f  t he  t ime-set t lement  

data ind ica tes  t h a t  t h i s  was not  the  case. Low pe rmeab i l i t i es  and the 

viscous nature o f  i c e  prolonged deformations .so t h a t  even though the 

conso l i da t i on  process d i d  at tenuate,  e q u i l i b r i u m  cond i t i ons  were not 

reached i n  any o f  the tes ts .  Based on t h i s  observat ion,  there  i s  good 

reason t o  suspect t h a t  compress ib i l i t y  c o e f f i c i e n t s  f o r  f rozen ground 

reported by Brodskaia (1962) and g iven elsewhere i n  the Soviet  l i t e r -  

a t u r e  may be nonconservative. Some experimental s tud ies  have reported 

f i n i t e  s o i  1 permeabi 1 i t i e s  and conf i rmat ion  o f  watkr  f low i n  f rozen so i  1 

. --* \ ( ~ i 1 l i z m s  znd Eurt,  1974; 6ur t  and t i i i i i a m s ,  ~yjo). 

Kent -- e t  a1 . (1975) tiave described a study t h a t  s e t  o u t  t o  v e r i f y  

the  s t a t e  var iab les  requ i red  t o  descr ibe deformation mechanisms i n  

frozen s o i l s .  They proposed t h a t  two volume change processes would be 

produced by the  a p p l i c a t i o n  o f  an i s o t r o p i c  s t ress :  f i r s t l y ,  steady 

s t a t e  creep i n  the  i c e  due t o  i n t r i n s i c  shear st resses imposed a t  the 

micro  scale; and secondly, a t tenua t ing  consol i d a t i o n .  (0-u ) was 
W 

i d e n t i f i e d  as a s t a t e  v a r i a b l e  and by p l o t t i n g  volume change against  l o g  

time, a curve resembling the conventional conso l i da t i on  r e l a t i o n s h i p  was 

obtained. This f i n d i n g  suggests t h a t  t he  r a t e  01 volume change i n  

frozen s o i l  i s  governed by the  d i s s i p a t i o n  o f  excess pore water pres- 

sures. S i m i l a r  r e s u l t s  were obta ined f o r  volume changes produced by an 

t 
incremental change i n  temperature. Volumetr ic s t r a i n s  r e s u l t i n g  from a 

temperature increase exceeded the amount t h a t  cou ld  be expla ined by 



phase change alone. The authors attribute these volume changes to addi- 

tional creep in the ice matrix as it yielded to conform to its new 

equilibrium ice porosity. Kent (1974) reports the possible diffusion 

of ethylene glycol into the test samples which complicates the inter- 

pretation of his experimental results. Behaviour observed in this 

study is in general agreement with the conceptual model for volume 

change in frozen soi 1s proposed by Ladanyi (1974, 1975). 

2.6 APPLICATION TO ENGINEERING PROBLEMS 

The use of laboratory data to predict in situ behaviour requires 

the generalization of simple constitutive relationships to more complex 

conditions approximating field configurations. The usual practice in 

developing a flow law has been to express data in terms of 'effective' 

stresses and strain rates, for example, 1 ike those proposed by Nye 

(1953). Emery and Nguyen (1974) have reviewed the extens ion of uniaxial 

creep laws to the mu1 tiaxial case and concur with Ladanyi (1972) i n  

recommending adoption of the 'effective' stress and strain rates defined 

by Odqu i st (1 966) : 

T 
ef f = 8 5, and = 

- where o m . .  = a. - 06. .  with 5 being the mean stress 
I J j I J  ' 



I and J2 denote the second inva r ian ts  o f  d e v i a t o r i c  s t ress  and s t r a i n  2 

ra te ,  respec t i ve l y .  ' E f f e c t i v e '  s t resses and s t r a i n  ra tes  g iven by 

Odquist (1966) a r e  p re fe r red  f o r  genera l i za t i on  t o  m u l t i a x i a l  cond i t i ons  

s ince N ~ r t o n ' s  law i s  recovered when the  m u l t i a x i a l  f l ow  law i s  s p ~ c i a l -  

ized t o  the  u n i a x i a l  case. I t  should be caut ioned t h a t  contained he re in  

I 
1 

i s  the i m p l i c i t  assumption t h a t  h y d r o s t a t i c  s t r e s s  w i l l  n o t  i n f l uence  

k 
F behaviour,*and a l though t h i s  may be approximately t r u e  f o r  ice,  a v a i l -  
I 

d 
ab le  data suggests the  cont rary  f o r  massive s o i  I s .  I n  synthes iz ing  

behaviour t o  develop a f l o w  law, i t  i s  essen t ia l  t h a t  t he  same s t ress  

, and s t r a i n  d e f i n i t i o n s  be app l ied  t o  a l l  o f  t he  data. The p r a c t i c e  o f  
i 

us ing  these st resses and s t r a i n  ra tes  i n  m u l t i a x i a l  genera l iza t ions  o f  

u n i a x i a l  data has not  ye t  been va l ida ted,  e i t h e r  i n  the  l abo ra to ry  o r  

t h e  f i e l d .  Fur ther  research i s  requ i red  t o  improve conf idence i n  the 

a p p l i c a t i o n  o f  these re la t i onsh ips  i n  p r a c t i c e .  

The on ly  well-documented study o f  t he  i n  s i t u  creep behaviour o f  -- 
frozen s o i l  cons is ts  o f  measurements o f  the  roo f  and w a l l  displacements 

i n  an underground room i n  permafrost (~hompson and Sayles, 1972). The 

opening was located a t  a depth o f  approximately 20 m (65 f t )  i n  i c e - r i c h  

Fairbanks s i l t .  Closure measurements were reported fo r  a t ime i n t e r v a l  

exceeding one year. A r e l a t i o n s h i p  was der ived between s t ress  and 

s t r a i n  r a t e  from the r e s u l t s  o f  shor t - te rm u n i a x i a l  creep tes ts  per-  

formed on undisturbed samples i n  the  labora tory .  The f i n i t e  element 

method was then employed t o  analyze measured deformations, and the  

authors have ind i ca ted  c lose agreement between i n  s i t u  and labora tory  -- 
creep c h a r a c t e r i s t i c s  f o r  the  f rozen s i l t .  The i r  ana lys i s  was based 

b 

upon the assumption t h a t  deformations were e n t i r e l y  dominated by steady 

s t a t e  processes. By using a numerical ana lys i s  t o  generate c losures 
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s o i l  t o  the  app l i ed  s h a f t  s t ress .  I n  p a r t ,  t h e i r  f l o w  law has been 

based upon the same low s t ress  creep data t h a t  was c r i t i c i z e d  i n  Sect ion 

2.2. They p o i n t  ou t  t h a t  t h e i r  ana lys i s  w i l l  tend toward conservatism, 

b u t  the issue o f  pr imary o r  t r a n s i e n t  creep has been completely omi t ted  

and deserves a t t e n t i o n .  There i s  a pauc i t y  o f  creep data  i n  the  range 

of stresses and deformation ra tes  o f  g rea tes t  i n t e r e s t  i n  p i l e  design. 

If the  creep ra tes  repor ted by researchers 1 i k e  Me1 l o r  and Testa (1969b) 

o r  Colbeck and Evans (1973) a re  a c t u a l l y  much f a s t e r  than t r u e  steady 

s t a t e  ra tes ,  then over long times, the f l o w  law assumed by Nixon and 

McRoberts (1976) w i l l  g ross ly  ove rp red i c t  set t lements.  The i r  f i g u r e s  

i n d i c a t e  t h a t  p i l e  s h a f t  s t resses w i l l  have t o  be kept  smal l  t o  s a t i s f y  

design requirements which l i m i t  deformations. On the  o t h e r  hand, i f  

e a r l y  set t lements a r e  dominated by t r a n s i e n t  processes, creep a t t e n u a t i o n  

w l ! !  ccccr  rzc! w i t h  s!ower long-term se t t lement  ra tes ,  increased si jai i  

stresses might then be permiss ib le .  Experimental r e z u l t s  discussed 

p rev ious l y  have shown t h a t  the  creep behaviour o f  i c e  a t  near-thawing 

temperatures i s ,  a t  best ,  e r r a t i c .  Without the  b e n e f i t  o f  s a t i s f a c t o r y  

l abo ra to ry  data o r  c a r e f u l  observat ions o f  f i e l d  performance, i t  i s  

extremely d i f f i c u l t  t o  make est imates o f  deformat ion behaviour f o r  

s t r u c t u r e s  founded i n  permafrost.  

I n  summarizing the  use fu l  s t reng th  and creep r a t e  t e s t i n g  repor ted  

f o r  f rozen  so i  1 s , Anderson and Morgens t e r n  (1973) have suggested t h a t  

the  b u l k  o f  e x i s t e n t  data can be c r i t i c i z e d  f o r  one o r  more o f  t he  

f o l  lowing reasons : 

1 )  Stresses employed were beyond the range o f  engineer ing i n t e r e s t .  

b 



2) S t r a i n  ra tes  obta ined were considerably f a s t e r ' t h a n  those 

a n t i c i p a t e d  f o r  usual f i e l d  cond i t i ons .  

3) Test temperatures were considerably co lde r  than normal ground 

temperatures. 

4) Creep t e s t  dura t ions  a t  lower s t resses were too  shor t .  

L i t t l e  o r  no data a re  a v a i l a b l e  d e f i n i n g  the behaviour o f  na tu ra l  perma- 

f r o s t  ma te r i a l s .  With respect t o  shear s t rength ,  an ana lys i s  o f  a 

l a n d s l i d e  on the  Mountain R iver ,  N.W.T. by McRoberts and Morgenstern 

(1974b) conta ins  f i e l d  evidence t h a t  the  long-term s t r e n g t h  o f  i ce-poor 

permafrost  i s  e n t i r e l y  f r i c t i o n a l .  L i m i t a t i o n s  t o  be p laced upon t h i s  

approach when ground i c e  i s  present as e i t h e r  cont inuous layers  o r  a 

r e t i c u l a t e  s t r u c t u r e  have y e t  t o  be determined. 



TABLE 2.1 SUMMARY OF LABORATORY CREEP TESTING 

ON POLYCRYSTALLINE ICE  

l ~ ~ ~ ~ ~ ~ ~ ~ ~ o  SHEAR" 
SOURCE STRESS2RANGE TEMPERATURE . TEST DURATION ICE TYPE 

(kN/m ) ("C) (hr )  
REMARKS 

Glen (1955) random - no low s t ress  t e s t s  - t r a n s i e n t  e f f e c t s  
accounted f o r  

Steinmann (1958) 180 max. - t r a n s i e n t  e f f e c t s  not 
accounted f o r  

- quest ionable t e s t i n g  
techniques 

Butkov ich and 
Landauer (1 959) 

170 max. 
1 max. 

- r e p o r t  o n l y  minimum 
s t r a i n  r a t e  

- smal l  samples used i n  
pure shear 

random 
( a l s o  some 
e longated 
c r y s t a l s )  

Butkov ich and 
Landauer (1960) 

as above - r e p o r t  on ly  minimum 
s t r a i n  r a t e  - probably  dominated by 
t r a n s i e n t  creep - very smal l  s t r a i n s  

Vo i t kovsk i  (1960) 
( i n  Budd, 1969) 

5000 max. 

1  t o  2  (? )  

random , - o r i g i n a l  t e x t  n o t  a v a i l -  
ab le  t o  the w r i t e r  

D i  1  Ion and 
Anders land (:?6i) 

random - smal l  s t r a i n s  
- steady s t a t e  d i f f i c u l t  t o  

d i s t i n g u i s h  

Me1 l o r  and 
Smith (1967) 

2700 max. snow ice,  
random 
(0.83 u g h 3 )  

- steady s t a t e  n o t  
es tab l i shed  i n  low 
s t r e s s  t e s t s  

Me1 l o r  and 20 t o  1200 
Testa (1 969a) 

-6.1 t o  0  120 max. random - some t e s t s  stage-loaded 
(mostly (approx. - r e c r y s t a l l i z a t i o n  
-10 t o  0) thought poss ib le  

Me1 l o r  and 5 t o  25 
Testa (1 969b) 

-2 340 and 870 random - steady s t a t e  r a t e s  given 
a r e  ques t ionab le  - t r a n s i e n t  e f f e c t s  not  
accounted. f o r  

- smal l  s t r a i n s  

Tabor and I 50 t o  5800 
Walker (1 970) 

-48 t o  -2 2400 max. random - t r a n s i e n t  e f f e c t s  
accounted f o r  

Barnes st. (1971)) 

Colbeck and Evans 5  t o  125 
(1 973) 

0  210 max. random - smal l  s t r a i n s  
( g l a c i e r )  - crude t e s t i n g  apparatus - steady s t a t e  quest ionable - r e c r y s t a l l i z a t i o n  may 

compl icate i n t e r p r e t a t i o n  

* I 
' E f f e c t i v e '  Shear Stress T~~~ =Jy uaxial ( u n i a x i a l  compress ion )  

l E f f e c t i v e l  S t r a i n  Rate Left =a 
2  'axial 

( d e f i n i t i o n s  f rom Nye (1953), p. 486) 
i 



TABLE 2.2 SUMMARY OF FIELD OBSERVATIONS OF I C E  FLOW 

'EFFECT I VE ' SHEAR TYPE OF HEASUREMENT 
SOURCE STRESS RANGE 'TEMPERATURE REPORTED LOCATION REMARKS 

(kN/m2) ('C 

Gerrard &&. (1952) 10 t o  I00 near 0  hor izonta l  ve loc i t y  Jungfrauf i rn - measurements i n  upper 
from borehole p r o f i l e  unre l iab le  
inc l ina t ions - no longitudinal s t r a i n  

measured 

Hye (1953) -10 t o  100 -0.8 t o  0  reanalysis o f  above Jungfrauf i rn ,  - laminar flow analysis 
and and tunnel c losure Skautlzoe, - long i tud ina l  s t r a i n  not 

I00 t o  400 rates Z'Matt and accounted for 
Aro l  l a  - s imp l i f i ed  stress con- 
g lac iers  d i t i o n s  around tunnels 

-10 t o  100 near 0  reanalysis o f  above Jungfrauf i rn - renalaysis accounting 
f o r  long i tud ina l  s t r a i n  - data from low stress 
regions questioned 

Wilson (1959) - 5 t o  40 -11 borehole lncllnometer Tuto ice  ramp - laminar flow analyses 
( i n  Budd. 1969) resu l t s  Greenland neglect ing longitudinal 

s t r a i n  

Meier (1960) - l t o  100 near 0  horizontal  ve loc i t y  Saskatchewan - laminar flow analysis 
from borehole and Maspina - some doubts about near- 
inc l ina t ions g lac iers  surface data 

Paterson and -50 t o  I10 near 0  horizontal  ve loc i ty  Athabasca - encountered la rge 
Savage (1963) (estimated) from borehole g lac ier  e r ro r s  a t  low stress 

inc l ina t ions l eve l s  - discuss d i f f i c u l t i e s  i n  
laminar flow analysis 
accounting f o r  longi-  
tud ina l  s t ra ins  

Shreve and -20 t o  120 near 0  borehole incl'inometer Blue g lac ier  - large deformations i n  
Sharp (1970) (estimated) resul t s  basal i ce  and on 

g lac ie r  bed 

Raymond (1973) -50 t o  150 near 0  borehole inclinometer Athabasca - analyzed fo r  unique 
(estimated) resu l t s  g lac ier  s t ress  d i s t r i bu t i ons  - anomalous behaviour i n  

upper h a l f  of p r o f i l e  

Thomas (1973) -12 t o  100 -16 t o  -6 surface ve loc i t i es  Brunt, - model developed t o  
(average Maudheim, account f o r  l a t e r a l  
values f o r  Amery. Ward res t ra i n t ,  grounding 
each she1 f )  Hunt, and Ross res t ra i n t ,  and density 

i c e  shelves var ia t ions w i t h  depth 



LABORATORY 

O - - - 4  Voitkovski (1960) 

Mellor and Testa (1969a, 1969b) - - - Barnes, Tabor and Walker (1971) ---- Colbeck and Evans (1973) 

Gerrard, Perutz and Roch (1952) ----- Wilson (1959) 

from higher stres 
laboratory data, 
Barnes, Tabor an 

EFFECTIVE SHEAR STRESS ( k~ l r n * )  

Figure 2.1 Flow relationship for polycrystalline ice based on 
, laboratory and field behaviour (with effective shear 

strain rates and shear stresses as defined by Nye, 







TlME (days) 

Third load stage Oa = 0.43 kgflcm2 = 42 k ~ / m *  
Lo = 9.98 cm 

Temp. = -2.06OC 
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Figure 2.6 Constant stress creep of polycrystalline ice, third 
load stage (from Me1 lor and Testa, 1969b) 
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Figure 2.7 Analysis of creep data from Mellor and Testa's first 
load stage 
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Figure  2.8 Analys is  o f  creep data from Me l lo r  and Testa 's  t h i r d  
load stage 



I MEDIUM AND COARSE SAND 
(After Neuber and Wolters, 1970) 

Figure  2.9 F a i l u r e  envelopes f o r  medium and coarse-grained f rozen 
sand (from Neuber and ! h l  t e r s ,  ! 970, w! t h  changes) 

FINE, SILTY SAND 
(After Neuber and Wolters, 1970) 

Note: Time to failure was 
approximately 1 hour 

(17.5 cm long x 7 em diameter) 

Figure  2.10 F a i l u r e  envelopes f o r  f i n e ,  s i  1 t y  f rozen  sand ( f rom 
Neuber and Wol t e r s ,  1970, w i t h  changes) 



OTTAWA SAND (20 - 30 MESH) 
(After Alkire and Andersland, 1973) 

Temperature = - 1 2 ' ~  

97% ice saturation 

C 
55% ice saturation 

Note: Tests on samples 
5.74 cm long x 2.87 cm diameter 

Figure 2.1 1 Fai lure envelopes for frozen Ottawa sand (f rorn A1 ki re 
and Anders land, 1973) 

OTTAWA SAND (20 - 30  MESH) 
(After Sayles, 1973) 

cu- 
E Temperature = -3.85OC 
\ 10 - d = 0.03 min-l - 

Note: Tests on samples 
15.3 cm long x 7 cm diameter 

0 I I I I 
0 5 10 15 20 

Figure 2.12 Fai lure envelope for frozen' Ottawa sand (from Sayles, 
1973, wi t h  changes) 



Figure 2.13 Rendulic plot for 'normally consolidated' frozen soil 
in compress ion (after Ladanyi , 1974) 

1 

Figure2.14 Rendulicplot for 'norrnally,consolidated' frozen soil 
stressed beyond its long term strength (after Ladanyi, 
1 974) 



Figure 2.15 Rendulic plot for 'overconsolidated' frozen soil stressed 
beyond its long term strength (after Ladanyi, 1974) 

Time. hrs 

Figure 2.16 Vertical deformation and ground temperature versus time 
for a room excavated in permafrost (from Thompson 
and Sayles, 1972) 



CHAPTER I l l  

LABORATORY STUDIES OF FROZEN SOILS AT 

NEAR-THAWING TEMPERATURES 

3.1 STRESS-STRAIN RELATIONSHIPS FOR FROZEN SOIL 

The s t rength  and deformation p roper t i es  o f  i c e  and f rozen s o i l  and 

t h e i r  response t o  the  a p p l i c a t i o n  o f  s t ress  have been discussed a t  

length  i n  Chapter I I .  Features d i s t i n g u i s h i n g  t h e  behaviour o f  perma- 

f r o s t  from t h a t  o f  s i m i l a r  unfrozen s o i l  a re  associated main ly  w i t h  the  

amount o f  i c e  present i n  the  s o i l .  Unique p roper t i es ,  such as creep 

under sustained load and the  marked dependence o f  s t reng th  on s t r a i n  

ra te ,  can be a t t r i b u t e d  d i r e c t l y  t o  t h e  manner i n ' w h i c h  i c e  responds t o  

t h e  a p p l i c a t i o n  o f  load. Research repor ted  hy nthers  and desc r i bed  I n  

t he  previous chapter tias shown t h a t  i c e  behaves as a non-Newtonian, tem- 

pera ture  dependent, viscous mater ia l .  I t  appears t h a t  a c o n s t i t u t i v e  

r e l a t i o n s h i p  f o r  i c e  can be described adequately by an exper imenta l ly -  

der ived f low 1 aw. 

The phenomenon o f  unfrozen water content  has been discussed i n  

connect ion w i t h  conso l i da t i on  volume changes, water f l o w  i n  f rozen 

s o i l s ,  and v a r i a t i o n s  i n  m a t r i x  i c e  content  produced by temperature 

changes. Ice i s  a causat ive f a c t o r  i n  the  well-documented ra te- ,  t ime-, 

and temperature-dependent p roper t i es  which c h a r a ~ t e r i z e  the  behaviour o f  

f rozen s o i l s .  This emphasizes the  need t o  recognize d i s c r e t e  forms o f  

ground i c e  and t o  t r e a t  them as geological  d i s c o n t i n u i t i e s  which may 

exe r t  a s i g n i f i c a n t  in f luence on o v e r a l l ~ g e o t e c h n i c a l  behaviour. I t  i s  
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t he re fo re  essent ia l  t h a t  t he  r o l e  assumed by ground i c e  should be recog- 

n ized and accounted f o r  i n  analyses o r  design work i n v o l v i n g  f rozen 

s o i  1s. 

I n  much o f  the  l i t e r a t u r e  dea l i qg  w i t h  f rozen s o i l s ,  the m e t h ~ d s  

described f o r  p r e d i c t i n g  movements and determining cond i t i ons  o f  f a i l u r e  

have been borrowed from c l a s s i c a l  s o i l  mechanics. I n  unconfined compres- 

s ion,  t h e  ?ce m a t r i x  i nva r iab l y  makes a  pr imary c o n t r i b u t i o n  t o  a  s o i l ' s  

s t reng th  and t o  i t s  res is tance t o  deformation. However, i t  has been 

shown t h a t  the  s t reng th  and deformation behaviour o f  ice-poor f rozen 

s o i l s  depends t o  some ex tent  upon the  magnitude o f  normal o r  c o n f i n i n g  

pressures. I n  s o i l s  which possess e i t h e r  massive o r  r e t i c u l a t e  ground 

i c e  s t ruc tu re ,  f r i c t i o n a l  contact  between mineral p a r t i c l e s  enables 

c o n f i n i n g  pressure t o  e f f e c t  both shear s t reng th  and creep behaviour. 

Ladanyi (1974) has described the  manner by which i n t e r n a l  s t resses i n  a 

f rozen s o i l  can be d i s t r i b u t e d  between the  ice ,  unfrozen water, and s o i l  

skeleton a t  var ious po in ts  i n  time. S im i la r  concepts have been app l ied  

t o  the  a n a l y t i c a l  s o l u t i o n  o f  s p e c i f i c  problems such as t h e  bear ing 

capac i ty  and set t lement  o f  both s t r i p  and c i r c u l a r  foo t i ngs  ( ~ a d a n y i  , 

1974; Ladanyi and Johnston, 1974; Ladanyi , 1975). These t h e o r e t i c a l  

developments suggest t h a t  accounting f o r  a  s o i l ' s  non- l inear  creep 

behaviour changes bearing capac i ty  fac to rs  from convent ional  values and 

a f f e c t s  the  r a t e  and magnitude o f  set t lement  produced by any g iven load. 

Here and elsewhere, emphasis has been placed on t h e  need t o  i d e n t i f y  t h e  

components o f  bo th  s t rength  and deformation. Th is  w i l l  enable t h e  

subsequent i n t e r p r e t a t i o n  o f  f i e l d  o r  l abo ra to ry  data by separate con- 
X- 

s i d e r a t i o n  o f  t he  various phenomena involved. 



S p e c i f i c  mathematical models formulated t o  descr ibe s t ress -s t ra in -  

t ime r e l a t i o n s h i p s  f o r  i c e  and f rozen s o i l  have been discussed i n  the 

previous chapter.  E x i s t i n g  experimental data could be used t o  v e r i f y  

t h e  adoption o f  these models f o r  r o u t i n e  use, but i t  should be noted 

h t h a t  v i r t u a l l y  none of the  documented research has invo lved e i t h e r  quan- 
i 
k 
k t i f i c a t i o n  o f  f i e l d  behaviour o r  t e s t i n g  undisturbed permafrost a t  

s t ress  l eve ls  o r  temperatures which are  p e r t i n e n t  t o  geotechnical  engin- 

eer ing  i n  the A r c t i c .  More basic experimental (and probably f i e l d )  

in format ion  must be accumulated before designs i n v o l v i n g  f rozen s o i l  can 

be undertaken w i t h  confidence. 

Much o f  t he  publ ished data t h a t  was discussed i n  Chapter I I has 

l i m i t e d  value, as i n t e r p r e t a t i o n s  and conclusions o f f e r e d  by t h e  m a j o r i t y  

of authors c i t e d  have been hindered hy f a i l u r e  t o  account f o r  fundamental 

aspects o f  s t reng th  o r  creep behaviour i n  f rozen s o i l s .  A t y p i c a l  

example o f  t h i s  s o r t  o f  omission appears i n  Me l lo r  and Testa 's  (1969b) 

study where, a f t e r  ignor ing  the process o f  t r a n s i e n t  creep, the  authors 

have assumed t h a t  steady s t a t e  cond i t i ons  were es tab l i shed  long before  
B 

deformations came t o  be dominated by a s t a t i o n a r y  creep process. 

C 

i 
E 

Errors  l i k e  these can have ser ious consequences when o the rs  adopt pub- 

I 
i 
L 

l i s h e d  data b l i n d l y ,  and use i t  f o r  t h e i r  own purposes w i thou t  f i r s t  

conduct ing a c a r e f u l  examination o f  i t s  inherent  q u a l i t y .  I n  t h i s  

F p a r t i c u l a r  instanc.2, Me1 l o r  and Testa 's  (1969b) r e s u l t s  suggest t h a t  i c e  
6 

subjected t o  r e l a t i v e l y  low st resses w i l l  reach steady s t a t e  creep ra tes  
5 

8 which a r e  much f a s t e r  than those der ived from more r e l i a b l e  data which 

has been publ ished i n  the i n t e r i m  ( ~ a r n e s a e t  a l . ,  1971). R e l a t i v e l y  
I 

-- 
- simple techniques e x i s t  which enable one t o  separate the  t r a n s i e n t  from 



t he  steady s t a t e  components o f  creep deformation. Flow laws can thus be 

developed w i t h  considerably greater  accuracy. S i m i l a r  c r i t i c i s m s  could 

be d i rec ted  toward descr ip t ions  o f  shear s t reng th  research on frozen 

s o i l s .  In  t h i s  regard, experimental work has been l a r g e l y  r e s t r i c t e d  t o  

cohesionless s o i l s ,  w i t h  t e s t s  conducted a t  r e l a t i v e l y  c o l d  temperatures, 

f a s t  s t r a i n  ra tes  and s t ress  l e v e l s  considerably h igher  than those 

encountered i n  rou t i ne  p rac t i ce .  Although t h i s  s o r t  o f  data i s  eas ier  

t o  o b t a i n  exper imental ly ,  i t  has on ly  l i m i t e d  a p p l i c a b i l i t y  i n  the 

s o l u t i o n  o f  geotechnical design problems. Purposefu l ly  designing research 

programs t o  expediate labora tory  t e s t i n g  and avoid d i f f i c u l t y ,  wh i l e  a t  

t h e  same t ime f a i l i n g  t o  ob ta in  data p e r t i n e n t  t o  design, i s  a p r a c t i c e  

t h a t  has y ie lded o n l y  small returns.  

To improve our a b i l i t y  t o  descr ibe and p r e d i c t  t he  behaviour o f  

froze:: scl!s sub jzc ted  t o  load,  those s c i !  properties ~ s e d  i n  the var ious  

phenomenological and mechanical models must f i r s t  be q u a n t i f i e d .  I t  

f o l l o w s  t h a t  experimental s tud ies  undertaken t o  accomplish t h i s  should 

inc lude an assessment o f  the behaviour o f  n a t u r a l l y  occu r r i ng  permafrost 

s o i l s .  These comments apply equa l l y  w e l l  t o  data c o l l e c t e d  i n  the  

labora tory  o r  the f i e l d .  The subsequent sec t ions  o f  t h i s  chapter descr ibe 

l abo ra to ry  t e s t s  performed on samples o f  undisturbed, f ine-gra ined 

permafrost s o i l  obtained from the  Fo r t  Simpson l a n d s l i d e  sampling s i t e .  

Discussions concentrate on the shear s t reng th  and creep behaviour ex- 

h i b i t e d  by t h i s  mater ia l  i n  a temperature and s t ress  environment intended 

t o  s imulate cond i t ions  which would probably be found i n  a na tu ra l  s lope 

o r  beneath a loaded foundation. 

& 



3.2 DIRECT SHEAR TESTS ON FROZEN SOIL 

Laboratory equipment 

To f a c i l i t a t e  per forming d i r e c t  shear t e s t s  on f rozen s o i l s ,  

severa l  changes were made on two Wykeham Farrance S B I  machines. The 

t e s t i n g  was conducted i ns ide  a r e f r i g e r a t e d  l abo ra to ry  i n  which ambient 

temperatures were maintained below 0°C. C o n t r o l l i n g  the room's a i r  

temperature proved i n s u f f i c i e n t  t o  keep specimen temperature f l u c t u a t i o n s  

w i t h i n  acceptable l i m i t s .  Therefore, p r o v i s i o n  was made t o  c i r c u l a t e  

f l u i d  from a constant temperature bath through the base and load cap o f  

each o f  t he  shear boxes. To minimize s ide  f r i c t i o n  on t h e  specimens, 

the  boxes were l i n e d  w i t h  a t h i n  sheet o f  Te f lon ,  which reduced t h e  

f i n a l  i n s i d e  d i rne~s ions  t o  6.00 cm hy 6.00 cm (2.35 i n .  x 2.35 In . ) .  

F igure  3.1 i s  a schematic layout  o f  t he  apparatt,s which was used t o  

conduct t he  shear t e s t s  described below. Lead weights placed on the  

load hanger assembly acted v i a  the  plunger t o  app ly  normal s t ress .  A 

system o f  microswitches and re lays  was at tached t o  the  motor d r i v e  u n i t  

t o  a tuomat i ca l l y  reverse the shear box 's  d i r e c t i o n  o f  t r a v e l  once i t  had 

reached a p a r t i c u l a r  displacement from the  midpoint  p o s i t i o n .  The f i r s t  

reversa l  occurred a f t e r  approximately 1.0 cm (0.4 i n )  o f  movement. 

Subsequent reversa ls  were separated by approximately 2.0 cm (0.8 i n )  o f  

h o r i z o n t a l  displacement. With the  system o f  gears, 25 d i f f e r e n t  speed 

s e t t i n g s  were a v a i l a b l e ,  so displacement ra tes  cou ld  be selected over 

more than three orders o f  magnitude. As a sa fe ty  p recaut ion ,  s h u t o f f  

switches were i n s t a l l e d  t o  disconnect the  pbwer supply and stop t h e  



d r i v e  motor i n  the event t h a t  reversa l  f a i l e d  t o  occur a t  the end o f  a  

p a r t i c u l a r  shear cyc le.  

A load ram connec-ted the  upper h a l f  o f  t h e  shear box t o  a load c e l l  
I 

and reac t i on  frame. The bracket support ing t h i s  ram was f i t t e d  w i t h  a  

Thompson l i n e a r  bushing t o  minimize f r i c t i o n  i n  the  shear fb rce  measure- 

ment system. The lower p o r t i o n  o f  the  box was located i n  a  bronze 

ca r r i age  trough r u n n i n g  on b a l l  t racks  t h a t  were guided i n  ground and 

hardened vees. The samples were f looded w i t h  l i g h t  p a r a f f i n  o i l  ins tead 

o f  water. This minimized des iccat ion  and avoided problems t h a t  would 

have a r i sen  i f  samples had been degraded by t h e  chemical a c t i o n  o f  

aqueous so lu t i ons  o f  a n t i f r e e z e  compounds l i k e  ethy lene g l y c o l .  It was 

determined t h a t  sur face tension forces would prevent  the  o i l  f rom i n t r u d -  

i ng  i n t o  the pores o f  f ine-gra ined f rozen s o i l s .  A  d e t a i l e d  d iscuss ion 

o f  the use o f  o i i  i n  these t e s t s  i s  g iven in Sect ion 3.4. S in tered 

s t a i n l e s s  s tee l  porous stones used i n  these t e s t s  were separated from 

t h e  specimen by a  s i n g l e  th ickness o f  Whatman 54 f i  l t e r  paper. 

Hor izonta l  and v e r t i c a l  movements were measured w i t h  l i n e a r l y  

v a r i a b l e  displacement transducers (LVDT'S) t o  an accuracy o f  approx- 

imately  0.0008 cm (0.0004 i n ) .  Shear loads were measured w i t h  tem- 

a capaci ty  o f  10 kN (1000 l b )  and a  r e s o l u t i o n  o f  approximately 2N (5 

l b ) .  A tk ins  type #3  thermis tors  were used t o  moni tor  temperatures. 

Thermistor beads were submerged i n  the o i l  su r round ing ' t ke  s o i l  specimen, 

and i t  was assumed t h a t  temperatures measured there  would not  be s i g n i f i -  

c a n t l y  d i f f e r e n t  from ac tua l  sample temperatures. I t  was a l so  assumed t h a t  

b 
temperature f l u c t u a t i o n s  measured i n  t h e  o i  1 would exceed those a c t u a l l y  



1 experienced by the test specimen which was situated between two heat 
b 

exchangers. Therefore, temperature control achieved was probably better 

than the data indicate. Temperature records were checked regularly, 

and, w;:en necessary, the circulator Lath controls were adjusted to 

minimize departures from thermal conditions established at the outset. 

LVDT, load cell and thermistor output signals were conveyed to a data 

acquisit-ion system which recorded displacements, shear loads and temper- 

atures at regular time intervals. 

Several other equipment modifications were required before adequate 

control of test temperature was finally obtained. An insulated cabinet 

constructed around the direct shear apparatus diminished the effects of 

fluctuations in room temperature but was still not sufficient to obtain 

the degree of sample temperature control required. After trying several 

other arrangements, the best temperature control was finally achieved by 

increasing the volume of fluid circulated from the temperature controlled 

bath to the shear box heat exchangers. 

Materials and sam~le   re oar at ion 

r At the time this research was initiated, undisturbed samples of 
"G 

permafrost were not available. A preliminary laboratory study was 

carried out to compare shear strengths determined for a reconstituted 

clay when frozen and unfrozen. The material used in this program had 

I: been excavated from a river bank exposure of dark grey, fissured clay 

( near the mouth of the Mountain River, District of Mackenzie, N.W.T. 

r C 

t (~c~oberts, 1973). Its basic geotechnical index properties are summarized 
P 





A second group o f  t e s t s  was performed on na tu ra l  permafrost cored 

i I f rom Zone 4 a t  the Fo r t  Simpson lands l i de  headscarp sampling s i t e  . 
t 
L 
I 

Geotechnical index p rope r t i es  c h a r a c t e r i z i n g  t h i s  s o i l  a r e  g iven i n  
i 

ip Table 3.1. D i r e c t  shear specimens were prepared from 10 cm (4 i n )  

i 
diameter samples which had been cored w i t h  t h e i r  long-axes o r i en ted  i n  

t h e  h o r i z o n t a l  plane. I n d i v i d u a l  blocks were c u t  from the  core w i t h  a 

power band saw, and an overhead m i l l i n g  machine f i t t e d  w i t h  a carb ide  

i n s e r t  r o t a r y  c u t t e r  was then used t o  t r i m  them t o  the p rec i se  dimensions. 

P r i o r  t o  t e s t i n g ,  the  sides o f  each sample were inspected and sketches 

were made t o  record any i c e  s t r u c t u r e  t h a t  was present  p r i o r  t o  shear. 

External  dimensions and specimen weights were a l s o  noted. A f t e r  seat ing  

each sample, normal s t resses were app l ied  and r e f r i g e r a t e d  f l u i d  was 

c i r c u l a t e d  through the shear boxes t o  main ta in  constant  t e s t  temperatures. - 

Shear t e s t i n g  procedure 

P r i o r  t o  shear, the normal s t ress  a c t i n g  on the  sample was increased 

t o  some predetermined value by p lac ing  a d d i t i o n a l  lead weights on the  
- 

d i r e c t  loading frame. I f  the normal s t ress  se lec ted  f o r  a t e s t  was 
C 

q u i t e  large,  incremental load increases from the  i n i t i a l  seat ing  va lue  

were employed. Settlements were recorded f o r  each increment o f  normal 

s t ress .  

1 Th i s  sampling s i t e  and i t s  g e ~ l o g y  a re  descr ibed i n  Chapter 5 

and Appendix A. 



A f t e r  the sample had reached a s t a b l e  c o n d i t i o n  w i t h  p r e v a i l i n g  

temperatures and normal loads, t he  upper h a l f  o f  t h e  shear box was 

ra i sed  s l i g h t l y  t o  leave a gap about 0.05 cm (0.02 i n )  wide. Th is  gap 

determined the p o s i t i o n  o f  t he  shear p lane t h a t  would form du r ing  the 

t e s t .  The gear t r a i n  and d r i v i n g  motor were engaged t o  commence shear 

by d r i v i n g  the  lower h a l f  o f  the shear box back and f o r t h  a t  a constant  

displacement ra te .  The load c e l l  and r e a c t i o n  frame he ld  the upper h a l f  

immobile and shear loads produced by the  d i f f e r e n t i a l  movement were 

measured and recorded. During shear, h o r i z o n t a l  and v e r t i c a l  movements 

were monitored w i t h  LVDT's. By p l o t t i n g  h o r i z o n t a l  movements as a 

f u n c t i o n  o f  t ime, i t  was a s imple mat ter  t o  determine ac tua l  displacemen 

r a t e s  occu r r i ng  dur ing  the t e s t .  I t  was observed t h a t  these r a t e s  

remained constant throughout the t e s t s  f o r  each o f  the  d i f f e r e n t  gear 

comblnaticns used i n  t h i s  study. 

Every specimen was subjected t o  a minimum o f  o r e  complete shear 

F reversa l  before i t  was removed f rom the  apparatus. Fo l lowing t h e  f i r s t  

reve rsa l ,  two o f  the t e s t s  were i n t e r r u p t e d  a t  the  midpo in t  and sub jec te  

t o  an increment i n  normal s t ress .  When set t lement  had ceased, shear was 
4 
7 resumed under t h i s  increased normal load. Sample temperatures were 
i 

checked r e g u l a r l y  dur ing  each t e s t  and minor adjustments t o  the bath 

c o n t r o l s  were made on an as-requi red bas is  t o  l i m i t  undesi reable temper- 

a t u r e  f l u c t u a t i o n s .  

When the shear t e s t  was complete, samples were ex t rac ted  from the  
i 

F 
box and wiped c lean t o  remove the  f i l m  o f  p a r a f f i n  o i l  l e f t  adhering t o  

! 
r the.externa1 surfaces. The specimens were then c u t  l o n g i t u d i n a l l y  down 
t 
f 

t h e  middle w i t h  a band saw t o  expose any ibce s t r u c t u r e  which might  have 
i 



been generated by shear. Each o f  the cross-sect  ions was sketched, and 

most o f  the  s o i l  s l i c e s  were a l s o  photographed. Water content  determina- 

t i o n s  completed the process o f  da ta  accumulation f o r  these d i r e c t  shear 

tes t s .  

3.3 STRENGTH BEHAVIOUR FROM LABORATORY TESTS 

T v ~ i c a l  t e s t  r e s u l t s  

To permi t  comparison o f  the s t reng th  o f  f rozen and unfrozen c lays,  
I 

shearing c h a r a c t e r i s t i c s  were determined f o r  each s t a t e  by employing 

i d e n t i c a l  t e s t i n g  cond i t ions ,  w i t h  the  obvious except ion o f  d i f f e rences  

i n  temperature. Durinq each t e s t ,  a data a c q u i s i t i o n  system recorded - 

shcsr 'load, ha r l zsn ta?  dzform;tions, v c r t i c s ?  

a ture .  The data records were reduced w i t h  a s imple Fo r t ran  program 

which tabu la ted  the var ious  q u a n t i t i e s  measured i n  t he  t e s t .  F igu re  3.2 

shows a computer-drawn summary o f  r e s u l t s  from one o f  t h e  d i r e c t  shear 

t e s t s  conducted on f rozen s o i l .  These curves a re  t y p i c a l  o f  da ta  ob- 
E 

t a ined  from t e s t s  performed on e i t h e r  ' a r t i f i c i a l '  o r  undisturbed perma- 

f r o s t  s o i l s .  

F igure  3.2 ind ica tes  t h a t  shear s t resses increased q u i c k l y  and 

g reached maximum values a t  r e l a t i v e l y  smal l  shear displacements. This 

r a p i d  shear s t ress  bu i ld -up  was u s u a l l y  accompanied by a s l i g h t  increase 

i n  sample thickness (i - .e. d i  l a t i o n ) .  V e r t i c a l  deformat ion recorded 

du r ing  shear was probably the  r e s u l t  o f  volume changes occu r r i ng  i n  t h e  

I f a i l u r e  zone, b u t  could have a l s o  been a f f k c t e d  by temperature f l u c t u a -  
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t i o n s  and load cap t i l t .  A f t e r  revers ing  the  d i r e c t i o n  o f  t r a v e l ,  

sample th ickness decreased t o  less than the  pre-shear value, but  ind ica-  ' 

t i o n s  o f  d i l a t i o n  were usua l l y  observed as st resses b u i l t  up dur ing  t h e  

second c y c l e  o f  shear. S im i la r  behaviour was observed w i t h  o ther  t e s t s  

on undisturbed For t  Simpson s i l t y  c lay.  

Generally, v e r t i c a l  deformations occu r r i ng  du r ing  shear were q u i t e  

sma 1 1 and ra re  1 y  exceeded 0.1 mm. Not a 1 1 o f  the  samples d i sp 1 ayed 

d i l a t a n t  behaviour dur ing  shear. Tests performed under h igher normal 

s t resses were usua l l y  charac ter ized by volume decreases o r  sett lement 

from the  outset .  Maximum temperature f l u c t u a t i o n s  recorded were t y p i -  

c a l l y  less  than - + 0.2 "C over t e s t  dura t ions  o f  up t o  t h r e e  weeks. Kent 

e t  a l .  (1975) have shown t h a t  small  changes i n  sample temperature can -- 
r e s u l t  i n  conso l ida t ion ,  so i t  i s  conceivable t h a t  some p o r t i o n  o f  the  

v e r t i c a l  deformations recorded dur ing  biledr were associated w i t h  phase 

change alone. However, set t lements reco rded- in  these shear t e s t s  were 

s u f f i c i e n t l y  small t o  j u s t i f y  d ismiss ing any e f f e c t  which temperature 

f l u c t u a t i o n s  might have had on t h e  resu l t s .  

A f ea tu re  o f  almost every s t r e s s - s t r a i n  curve was t h e  reduct ion i n  

peak shear s t reng th  mobi l ized f o r  each successive reversa l .  The t rend 

i s  c l e a r l y  demonstrated by data from those few t e s t s  which ran t o  f i v e  

o r  more reversals.  Possib le causes f o r  t h i s  c h a r a c t e r i s t i c  behaviour 

a r e  discussed i n  a subsequent sec t i on  o f  t h i s  chapter.  

Accumulation of shear s t ress  dur ing  the  second and subsequent 

cyc les  o f  shear o f t e n  f a l t e r e d  o r  lagged a t  a h o r i z o n t a l  displacement 

corresponding roughly t o  the  midpoint o r  s t a r t i n g  p o s i t i o n  o f  t h e  shear 

box. Fol lowing a b r i e f  p lateau,  the  s t r e f s  bu i l dup  resumed u n t i l  a  peak 



was reached i n  t h a t  p a r t i c u l a r  cyc le .  Th is  p e c u l i a r  shape i s  apparent 

w i t h  the shear s t ress-deformat ion curve shown in F igure  3.2. More 1 

s t r i k i n g  examples o f  t h i s  behaviour can be found among o the r  t e s t  

r e s u l t s  which appear i n  Appendix C .  These f l a t  spots developed on the 

s t r e s s - s t r a i n  curve a r e  caused by two shear mechanisms which operate 

separate ly  but simultaneously, and reach the i ' r  i n d i v i d u a l  peaks a t  

d i f f e r e n t  s t ra ins .  Displacement ra tes  i nd i ca ted  f o r  each t e s t  were 

determined from ac tua l  r i g i d  displacements measured du r ing  shear. 

A f t e r  removing the  samples f rom the  shear boxes, i t  cou ld  be seen 

t h a t  most had experienced some ex t rus ion .  I ce  and va ry ing  amounts o f  

s o i l  had been d isp laced i n t o  the gap separa t ing  the  upper and lower 

po r t i ons  o f  the shear box. Ice  had a l so  accumulated i n  t h e  porous 

stones which, i n  the t e s t s  on undisturbed samples, had been completely 

d ry  a t  t h e  ou tse t .  These observat ions conf irmed the  m o b i l i t y  o f  water 

i n  f rozen s o i l s  by p rov id ing  c l e a r  evidence t h a t  i t  had made i t s  way o u t  

o f  the  specimens under the  combined in f luences o f  compression, shear and 

changes i n  temperature. R e l a t i v e l y  warm t e s t i n g  temperatures were 

employed i n  these experiments. Wi th  some unfrozen water s t i l l  present,  

i t  may be t h a t  some o f  the v e r t i c a l  movement recorded du r ing  shear can 

be a t t r i b u t e d  t o  conso l i da t i on  processes i n  t he  f rozen s o i l .  Ladanyi 

(1975), Kent -- e t  a l .  (1975) and Brodskaia (1962) each have i nd i ca ted  t h a t  

time-dependent vo lumet r ic  s t r a i n  accompanying a change i n  s t ress  may be 

the  r e s u l t  o f  hydrodynamic t ime l a g  dur ing  conso l i da t i on .  Attempts t o  

d e f i n e  conso l i da t i on  p r o p e r t i e s  f rom set t lement  curves recorded i n  t h i s  

s tudy proved unsuccessful .  



Summary of strength data 

The first group of direct shear tests reported in this section was 

performed on samples of 'artificially-prepared' permafrost. Considerable 

care was taken to obtain uniform soil fabric, stress, and thermal his- 

tories for these specimens. Figure 3.3 shows the strength envelope 

obtained from Series A, which involved testing unfrozen, reconstituted 

samples of Mountain River clay. A peak effective friction angle of 

26.5" and a small cohesive intercept equal 1 ing approximately 7 k ~ l m ~  (1 

psi) were indicated. Multiple shear reversals on both natural and pre- 

cut shear planes defined a residual friction angle of 23" that is consist- 

ent wi.th predominantly illitic mineralogy and published relationships 

between residual strength and plasticity (Mitchell, 1976). 

Series B consis~ed of five di rect shear tests performed on ~arr,p;eb 

identical to those used in Series A, except that thcy were frozen. 

Figure 3.4 shows the strength envelope obtained from these tests. 

Stress-strain curves from the different tests exhibited remarkable 

uniformity. This similarity was probably due to the virtually identical 

soil and ice structure which these specimens possessed. It should be 

noted that sudden commencement of cold fluid circulation through the 

heat exchangers was .very effective in producing rapid soil freezing. 

This procedure ensured that similar ice structures were developed in 

each sample prior to shear. Inspection of longitudinal sections revealed 

that during the early portion of freezing, small lenses formed parallel 

to the top, bottom and sides of the shear box. Because the freezing 
& 

plane advanced inward from the heat exchangers, ice lensing assumed a 



predominantly horizontal attitude. The internal ice structure present 

prior to shear could not be observed directly: it was therefore impossible 

to determine with any certainty, which of the post-shear lenses had 

formed solely as the result of shear. 

The strength envelope shown in Figure 3.4 exhibits slight nonlin- 

earity. Nevertheless, the average friction angle indicated was essen- 

tially identical to that determined for the same soil in an unfrozen 

state. Higher normal stresses were used in the tests on frozen soils to 

improve the definition of the frictional and cohesive components. 

Fitting a straight line to the Series B envelope for normal stresses 

2 between 100 and 300 kN/m indicates a friction angle of 26 to 27O. This 

value agrees with the peak angle shown in Figure 3.3. Dissecting these 
i 

t samples after shear revealed a distinct horizontal, and apparently 

corltinuous Icz I ~ i i s  occupying  hat app~arec! to he the principal shear 

plane. However, there was no way of determining whether this ice lens 

was a result of shear distortion in the soil. The samples could all be 

cleaved with relative ease along this ice lens, and although some slicken- 

sides were observed, it appeared that few secondary shear structures had 

developed. 

I n  all of the Series B tests, strength.continued to decrease with 

each reversal. None were continued beyond one or two reversals, so a 

'residual strength' envelope could not be constructed. The failure 

envelope shown i l l  Figure 3.4 indicates that a geometric cohesive inter- 

2 cept of 130 kN/m (18.9 psi) was obtained with a rigid displacement rate 



Specific surface area measurements performed on the Mountain River 

2 clay gave a total surface area of approxi matel y 300 m /gm. ' Th i s va 1 ue 

seemed abnormally large for  a material with clay-sized component of 55%, 

a liquid 1 imit of 50% and composed predominantly of non-expanding clay 

minerals. A comprehensive x-ray diffraction analysis of the clay irac- 

tion revealed that although discrete montmorillonite was only present in 

trace amounts, a significant portion of the minerals previously identi- 

fied as illite were actually interstratified montmorillonite-hydrous 

rnicae2 The clay sizes thus contained a total expans i ble component of 

approximately 30%. The anomalously low liquid limit obtained for Mountain 

River clay may be consistent w i t h  behaviour observed with mixtures of , 

5 pure Mg-illite and Na-mntmrIllonite . However, strength data for this 

same mixture of minerals indicates that residual friction angles measured 

for these soils would normally be considerably lower than 23" as the 

montmorillonite fraction dominates strength behaviour when present in 

amounts exceeding 10%. The 20" residual angle measured in this study 

remains as an unexplained peculiarity of the geotechnical behaviour of 

Mountain River clay, The higher friction angle is probably the result 

of illite and mntmorillonite occurring as mixed-layer clays and account- 

ing for only 40% of the soil solids in Mountain River clay. 

2 With specific surFace areas as high as 300 m /gm, there is little 

doubt that significant quantities of unfrozen water will be present in 

the frozen clay at temperatures as warm as -1 to - Z ° C .  On the basis of 

phenomenological relationships developed by Anderson and Ti ce (1 972) , 

y 2  Pawluk,S. 1972. Personal communi cat ions. .. 
t 

Quigley, R. 1973. Personal communication. 



t he  unfrozen water content f o r  t h i s  s o i l  has been est imated a t  approx- 

imate ly  20% by weight o f  d r y  s o i l  f o r  a temperature o f  - 1 ° C .  Therefore, 

a subs tan t i a l  p o r t i o n  o f  the  water re ta ined  i n  t he  b locks  o f  s o i l  which 

occupy p o s i t i o n s  between i c e  lenses probably e x i s t s  i n  t h e  l i q u i d  s ta te .  

Th is  unfrozen water i s  one poss ib le  source f o r  t he  i c e  which appears t o  

accumulate a long shear planes formed i n  f rozen s o i l s .  

It was apparent t h a t  per forming s i m i l a r  shear t e s t s  on specimens 

carved from undisturbed permafrost core would prov ide  a b e t t e r  oppor- 

t u n i t y  t o  document any i c e  s t r u c t u r e  t h a t  was present  p r i o r  t o  shear. 

An adequate assessment could be obta ined by examining the  lenses o f  

segregated i c e  exposed on the  sample's e x t e r i o r .  T r i a x i a l  shear s t reng th  

data had been obta ined fo r  s i l t y  c l a y  from Zone 4 a t  the  Fo r t  Simpson 

lands1 i d e  headscarp (see Chapter V I )  : there fore ,  t h i s  ma te r i a l  was 

I adopted f o r  a d d i t i o n a l  research on the f r i c t i o n a l  behaviour of f i n e -  

I '  grained f rozen s o i l s .  Resul ts  obta ined from t e s t s  us ing  t h i s  ma te r i a l  

I c o n s t i t u t e  one o f  the few instances where the  s t r e n g t h  o f  an undisturbed 

I permafrost  s o i l  has been documented, p a r t i c u l a r l y  f o r  warm temperature 

I cond i t i ons  and very slow ra tes  o f  s t r a i n .  

Figures 3.5, 3.6 and 3.7 show s t reng th  envelopes obta ined by shear- 

i n g  the  Zone 4 s o i l  a t  th ree  d i f f e r e n t  ra tes  o f  r i g i d  displacement.  A n  

I at tempt was made t o  keep the  specimen temperatures constant  between - 

I - 1 . 4 ' ~  and - 1 . 5 " C  du r ing  shear. Data p o i n t s  p l o t t e d  on these f i g u r e s  

correspond t o  t h e  peak shear s t resses measured du r ing  the  f i r s t  cyc le  o f  

I each t e s t ,  w i t h  exceptions as noted. I n  two d i f f e r e n t  t e s t s ,  shear 

I displacement was ha l ted  when the  midpoint  was reached i n  the  second 

I shear cyc le.  The normal s t ress  was then increased and some t ime passed 
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before t h e  t e s t s  were resumed. The open c i r c l e s  on ~ i g u r e s  3.5 and 3.7 

shear cycles. Changes i n  normal s t ress  have been noted on the s t r e s i -  

deformation curves f o r  these t e s t s  ,(see Appendix c ) .  

The peak s t reng th  envelope i n  F igure 3.5 i nd i ca tes  a  f r i c t i o n  angle 

of about 23" f o r  the  t e s t s  conducted a t  the  slowest o f  t he  three s t r a i n  

ra tes  used.. Th is  agrees w i t h  the e f f e c t i v e  f r i c t i o n  angle o f  23 t o  24O 

t h a t  was obta ined f o r  t h i s  so i  1 when thawed (see Sect ion 6.5). The 

f a i l u r e  envelope def ined by the  t r i a x i a l  t e s t i n g  was nonl inear,  so the 

e f f e c t i v e  f r i c t i o n  angle quoted above corresponds t o  the  p o r t i o n  where 

2  
e f f e c t i v e  stresses exceed 200 kN/m (30 p s i ) .  Other d i r e c t  shear t e s t s  

on f rozen s o i l  were performed a t  f a s t e r  displacement rates.  F a i l u r e  

envelopes f o r  these t e s t s  i n d i c a t e  some f r i c t i o n a l  response, but Figures 

3.5 and.  3 . 6  wrJgest t h a t  t he  f r i c t i o n  angles d e c r e a s e  as the s i r a i n  r a t e  

is increased. 

F igure  3.8 shows apparent cohesive i n te rcep ts  p l o t t e d  against  t ime 

t o  f a i l u r e  f o r  t h e  Fo r t  Simpson s i l t y  c l a y  and f o r  20-30 mesh Ottawa 

sand (from Sayles, 1973). Th is  form o f  data presenta t ion  i s  a  modi f i ca-  

t i o n  o f  t he  method used by V ia lov  (1962) t o  descr ibe the t ime-dependent 

u n i a x i a l  s t reng th  of frozen s o i l s .  Test r e s u l t s  from both  sources show 

t h e  geometric cohesive i n te rcep t  decreasing w i t h  increas ing t ime t o  

f a i l u r e .  This r e l a t i o n s h i p  imp l ies  t h a t  w i t h  s u f f i c i e n t l y  slow s t r a i n  

ra tes  o r  long times t o  f a i l u r e ,  an increasing f r a c t i o n  o f  t he  t o t a l  

shear s t rength  can be a t t r i b u t e d  t o  f r i c t i o n a l  mechanisms. Sehaviour 

observed i n  t h i s  study i s  cons is ten t  w i t h  V i a l o v ' s  (1962) and V ia lov  and 

Susherina's (1964) f i nd ings  which were disdussed i n  Sect ion 2.4 and 

. . 



substant iates p r e d i c t  ions made by Ladanyi (1975). These authors have 

a t t r i b u t e d  the cohesive component o f  shear s t reng th  i n  f rozen s o i l s  

e n t i r e l y  t o  the time-dependent s t rength  o f  the  i c e  mat r ix .  I t  f o l l o w s  

t h a t  the  dependence o f  cohesion on s t r a i n  r a t e  (t ime) and temperature i s  

d i r e c t l y  r e l a t e d  t o  res is tance o f f e r e d  by the  i c e  phase du r ing  shear and 

deformation o f  f rozen s o i l s .  

Most o f  the d i f f e rences  between the apparent cohesion f o r  sand and 

c lay  i n  F igure 3.8 can be explained by d i f f e rences  i n  t e s t  temperature. 

D i f f e r e n t  s o i l  p o r o s i t i e s  may a l s o  be respons ib le  f o r  some p o r t i o n  o f  

the gap between these two l i n e s .  Also, t h e  Fo r t  Simpson s i l t y  c l a y  

almost c e r t a i n l y  contained a s i g n i f i c a n t  amount o f  unfrozen water and 

each sample had several through-going veins o f  segregated ice.  

For a t ime t o  f a i l u r e  o f  90 t o  100 hours, the.cohesive i n t e r c e p t  

from the Mountain River c lay ,  Series B t e s t s  (F igure 3.4) f a l l s  s l i g h t l y  

below the value determined f o r  Fo r t  Simpson s i l t y  c l a y  under s i m i l a r  

t e s t i n g  condi t ions.  This lower cohesion i s  probably the  r e s u l t  o f  a 

remoulded s o i l  s t r u c t u r e  and s l i g h t l y  warmer t e s t  temperatures associated 

w i t h  Series 8. I t  appears t h a t  f o r  longer t imes t o  f a i l u r e ,  the apparent 

cohesive i n te rcep t  tends t o  zero, regardless o f  s o i l  type. As t h i s  

occurs, e f f e c t s  associated w i t h  d i f f e rences  i n  s o i l  t ex tu re ,  dens i ty ,  

s t r u c t u r e  and temperature apparent ly  d imin ish.  

Shear- i nduced f a b r i c  

I n  the  preceding, reference was made.to c e r t a i n  s t r u c t u r a l  fea tures  

which had apparent ly  developed dur ing  shear.* These f a b r i c  changes were 



accentuated by the  t h i n  i c e  lenses which accumulated a long the var ious  

F shear planes. Inspect ing i n t e r i o r  l o n g i t u d i n a l  sect ions obta ined a t  t h e  
[ 

end o f  shear revealed d i s t i n c t  i c e  segregations and sketches were made 

b o f  each specimen. Post-shear i c e  s t r u c t u r e  was then compared t o  the 

sketches o f  segregated i c e  s t r u c t u r e  which had been exposed i n  ,the 

e x t e r i o r  faces p r i o r  t o  tes t i ng .  

F igu re  3.9 shows cross-sect ions o f  a l l  o f  t he  specimens o f  s i l t y  

c l a y  from the F o r t  Simpson lands l i de  headscarp which were sheared i n  

t h i s  study. Most o f  the specimens e x h i b i t  a near l y  continuous i c e  lens  

occupying what appears t o  be the p r i n c i p a l  shear plane. Numerous o the r  

lenses were v i s i b l e  along lesser  shear s t r u c t u r e s  which tended t o  be 

concentrated i n  and adjacent t o  t h e  shear zone. The o r i e n t a t i o n s  o f  

these f i n e  lenses suggested shear fea tures  t h a t  were s i m i l a r  t o  those 

whl ch are  k i t ~ i n  to  d e v e l o p  i n  convent iona; d i  f-eit shear t e s t s  (;4orgenstern 

and Tcha 1 enko, 1967a, 1967b, Tcha 1 enko, 1968). Riedel shear zones were 

observed i n  most o f  t he  samples and some t h r u s t  fea tures  extended we l l  

away from the p r i n c i p a l  shear zone. These t h r u s t  shear zones seemed to 

have developed best i n  specimens subjected t o  l a rge  cumulat ive h o r i z o n t a l  

displacement (e. - g. FS-08 and FS- 16). 

The degree t o  which accumulation o f  i c e  lenses enhanced shear 

s t r u c t u r e s  appeared t o  be i n t e n s i f i e d  by having d i s t i n c t  i c e  lenses 

present p r i o r  t o  shear. N a t u r a l l y  occur r ing  i c e  lenses func t ioned as a 

source f o r  a t  leasL p a r t  o f  the water t h a t  even tua l l y  made i t s  way i n t o  

the  shear zone. Examples o f  specimens which a r e  thought t o  have developed 

t h i c k e r  o r  more numerous i c e  lenses i n  t h e i r  shear zones because o f  i c e  

present a t  the outse t  a re  FS-04, FS-07, an'd FS-09. I n  p a r t i c u l a r ,  the  



l a t t e r  developed an i c e - r i c h  zone a t  the p o i n t  where t h e ' p r i n c i p a l  shear 

plane i n te rsec ted  a na tu ra l  i c e  lens. 

Examination o f  t he  s o i l  sur faces adjacent  t o  t h e  ice-enr iched shear 

zones revealed t h a t  s l i ckens ides  had developed i n  every sample. These 

po l ished sur faces were observed a long both the  p r i n c i p a l  shear planes 

and many o f  the  t h r u s t  shear zones which extended i n t o  t h e  r e l a t i v e l y  

i n t a c t  s o i l ,  A f t e r  d ry ing ,  i t  cou ld  be seen t h a t  h igh  spots on the  

p r i n c i p a l  shear planes had become no t i ceab ly  g lossy.  Selected examples 

o f  shear plane surfaces were viewed a t  h i g h  m a g n i f i c a t i o n  i n  a scanning 

e l e c t r o n  microscope. A t h i n  l aye r  o f  h i g h l y  o r i e n t e d  p a r t i c l e s  had 

formed along the  shear plane. W i th in  j u s t  a few microns o f  t h a t  sur face,  

however, the undisturbed s o i l  f a b r i c  had been preserved i n t a c t .  There- 

fo re ,  i t  appeared t h a t  the o r i e n t e d  f a b r i c  developed by shear ing a c t i o n  

i n  these fro7er-1 s o i l s  was r e s t r i c t e d  t o  a t h i n  l a y e r  immediately adjacent  

t o  the  shear plane. I t  was not  poss ib le  t o  determine whether t h e  p a r t i c l e  

o r i e n t a t i o n  had been produced by minera l  contac ts  du r ing  t h e  e a r l y  

stages o f  shear, o r  whether the  p o l i s h i n g  was caused by d i f f e r e n t i a l  

movement between the i c e  and s o i l  as h o r i z o n t a l  displacements accumulated. 

The cross-sect ions i n  F igure 3.9 suggest t h a t  increased water 

I. contents might be expected i n  the immediate v i c i n i t y  o f  t h e  shear zone. 

I A f t e r  each sample had been sect ioned l o n g i t u d i n a l l y ,  the shear zones 

were c u t  away t o  compare t h e i r  water contents w i . h  those obta ined f o r  

t he  remaining s o i l .  Water content  p r o f i l e s  ob ta ined t h i s  way a r e  summar- 

I ized i n  F igure  3.10. A band saw was used ' to  s e c t i o n  the samples, and 

some specimens were c u t  i n t o  as many as f i $ e  separate layers .  The 



majority were sawed into three sections, simply separating the shear 

zone from the top and bottom of the specimen. Deviations from the 

average water content are shown in Figure 3.10. Water contents were 

usually higher in the vicinity of the shear plane, and this increase 

apparently occurred at the expense of the rest of the sample. Since 

light paraffin oil was used to flood the specimens during shear, there 

were no external sources for providing this 'extra' water. 1.t should 

also be noted that the material extruded along the shear plane consisted 

mainly of ice and was not included in the shear zone water content 

determinations. 

At the relatively warm test temperatures used, the migration of 

unfrozen soil water could be responsible for the changed conditions 

observed. Intact soil peds situated within the network of ice lenses 

were actually quite dense and may have exhibited dilatant behaviour when 

subjected to shear. It is well known that negative Fore pressures can 

develop in a dilating soil and such a phenomenon may have been respons- 

ible for attracting water to the shear zone. The process of water 

migration toward shear zones in frozen soils has important engineering 

implications. On the basis of features observed during this study, 

extrapolation to field conditions suggests that sustained shear movements 

along a well-developed rupture surface could produce an accumulation of 

ice and contribute to a progressive deterioration of the available shear 

strength. This would probably be accompanied by displacement rates 

approaching those observed for pure ice. 



i 

Components of strength 

Experimental results described in the preceding sections are in 

general agreement with shear strength concepts for frozen soils which 

were described in Chapter I t .  Test data reported there demonstrated 

that shear strength of frozen sand exhibited identifiable frictional and 

cohesive components. The experiments performed in connection with this 

study were designed to explore the strength characteristics of frozen,, 

fine-grained soils at temperatures and strain rates approximating those 

encountered in the geotechnical analysis of slopes or loaded foundations. 

. Figures 3 . 3  to 3 . 7  show that if frozen clays are sufficiently dense 

so that most of the shearing occurs through intact soil rather than ice, 

then the frictional component of strength will depend directly upon the 

normal stress or confining pressure. The friction angle determined from 

samples sheared at the slowest rate was the same as that obtained from 

triaxial tests on the same soil after thawing. Increases in strain rate 

were accompanied by an overall increase in strength, but the friction , 

-angles tended to decrease. - 
Previous studies (e.g. - Neuber and Wol ters, 1970) had invariably 

concluded that frozen clays exhibited a negligible frictional response 

i to changes in confining pressure. The strength envelopes shown in 

I Figures 3 . 3  througt 3 . 7  clearly indicate that the opposite is true. 

However, it appears that very slow strain rates must be employed before 

a definite frictional response can be identified. Ladanyi (1974) has 

suggested that a finite interval of time must follow the application of 
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s t r e s s  be fore  a  f rozen s o i l ' s  behaviour can be resolved i n  terms o f  

e f f e c t i v e  s t ress  concepts. He a l s o  s ta tes  t h a t  s t resses i n i t i a l l y  

c a r r i e d  by the i c e  m a t r i x  must be d i ss ipa ted  by creep before  the  s o i l  

ske le ton  can f u l l y  assume the  h y d r o s t a t i c  and shear ing st resses app l ied .  

Th is  t r a n s f e r  o f  s t ress  must be a  time-dependent process s ince  i t  i s  

governed by creep. Therefore, m o b i l i z a t i o n  o f  f r i c t i o n  a t  the s o i l  

p a r t i c l e  contacts can occur on ly  i f  s t r a i n  ra tes  a r e  s u f f i c i e n t l y  slow 

f o r  creep deformation i n  t h e  i c e  m a t r i x  t o  permi t  t he  s o i l  ske le ton  t o  

assume most o f  the  app l ied  s t ress .  Even i f  each s o i l  g r a i n  i s  complete ly  

coated w i t h  ice,  s t resses a t  the contact  p o i n t s  w i l l  be l a r g e  enough 

t h a t ,  w i t h  the passage o f  t ime, creep and r e g e l a t i o n  may d i sp lace  the 

i c e  and g i v e  way t o  a  s o l i d  contac t  between minera l  p a r t i c l e s .  

At lower mean st resses,  the  shear s t r e n g t h  o f  f rozen c lays  w i l l  de- 

pend ~ a i n ! y  zn thc  cchzslve nature  sf, the I c e  m z t r i x ,  p a r t i c u l a r ! y  I f  

r a t e s  o f  shear a r e  f a s t .  As s t ress  l e v e l s  a r e  increased, t he  cohesive 

component may c o n s t i t u t e  a  decreasing f r a c t i o n  o f  t h e  t o t a l  s t rength.  

A1 k i  r e  and Andersland (1973) have observed t h a t  i c e  occupying pore  

spaces i n  f rozen sand i n h i b i t s  t h e  development o f  f r i c t i o n a l  res is tance,  

so t h a t  f r i c t i o n  angles measured may a c t u a l l y  be smal ler  than those 

obta ined f o r  t he  same s o i l  i n  an unfrozen s ta te .  They have argued t h a t  

t h e  combined e f f e c t s  o f  h igh  c o n f i n i n g  pressure and p a r t i c l e s  being 

r e s t r a i n e d  by the  i c e  m a t r i x  tend t o  r e t a r d  any tendency f o r  volume 

change. A decreas- i n  the component o f  s t reng th  normal ly  associated 

w i t h  d i l a t a n c y  thus tends t o  reduce the  measured f r i c t i o n  angle. That 

s i m i l a r  behaviour was not  observed i n  t he  shear t e s t s  on f rozen c l a y  

repor ted  here, was probably the  r e s u l t  o f  smal ler  pore s i zes  and the  



presence o f  unfrozen water i n  the s o i  1 .  Resul ts  suggest t h a t  a t  the 

slowest r a t e  o f  s t r a i n ,  shearing res i s tance  o f fe red  by t h e  i c e  m a t r i x  

was so smal l  t h a t  i t  wa,s poss ib le  f o r  t he  f u l l  e f f e c t i v e  f r i c t i o n  angle 

t o  be mobi 1 ized. 

F igures 3.6 and 3.7 show t h a t  a t  f a s t e r  s t r a i n  rates,  apparent 
' 

f r i c t i o n  angles were less  than the  e f f e c t i v e  f r i c t i o n  ang le  f o r  t he  

thawed s o i l ,  F igure  3.5 demonstrates t h a t  t h i s  same f r i c t i o n  ang le  can 

be dup l i ca ted  under frozen cond i t i ons  by conduct ing shear a t  s u f f i c i e n t l y  

slow ra tes  o f  s t r a i n .  Sayles (1973), on the  bas i s  o f  t e s t s  on Ottawa 

sand, concludes tha t  long term s t reng th  i s  a f u n c t i o n  o f  t h e  e f f e c t i v e  

ang le  o f  i n t e r n a l  f r i c t i o n  which can be determined by per forming simple, 

standard t e s t s  on the unfrozen sands. 

An i n d i c a t i o n  o f  volume change was obta ined by measuring t h e  

v e r t i c a l  movement o f  the  !oad cap. Some p c r t l c n  cf  the  v o l c m e t r i c  

I ' s t r a i n  can be a t t r i b u t e d  t o  sample ex t rus ion  and phase change assoc ia ted  

I w i t h  temperature f l u c t u a t i o n .  However, t he  v e r t i c a l  movements do pro- 

I v i d e  a crude i n d i c a t i o n  o f  vo lumet r i c  s t r a i n i n g  occu r r i ng  due t o  shear. 

I Review o f  the t e s t  r e s u l t s  shown i n  Appendix C, Table C.- ,  permi ts  the 

f o l l o w i n g  general observat ions:  
. s x a  

1) During the f i r s t  c y c l e o f  shear, volumechanges weresma l l  and 

u s u a l l y  p o s i t i v e .  

2) With sustained shearing, volume changes became negat ive  as t h e  

r e s u l t  o f  ex t rus ion .  

3)  Immediately f o l l o w i n g  each reversa l ,  small vo lumet r ic  i n -  

creases were u s u a l l y  superimposed on a t y p i c a l l y  decreasing 

t rend.  C- 



Since the volumetric strains were small, it follows that the contribution 

of dilatancy to strength will also be small. 

The accumulation of ice in the shear zone suggests that some dila- 

tion may be the result of redistribution of water on a micro scale. It 

may be possible to apply some of the concepts which Boul ton (1975) has 

used in describing basal shear in glaciers, to ice structures observed 

in the test+specimen shear zones. He has attempted to show that voids 

located downstream of protuberances on an undulating shear surface may 

become sites for the accumulation of ice by the process of regelation. 

Figure 3.11 illustrates an ice lens observed in a section of core 

that was removed from the headscarp of the Fort Simpson landslide. The 

features noted within this core show several similarities to fabric 

developed along shear zones in the laboratory study. It is not possible 

. . to deternlne thz o r i g i n  sf an apparent blsplacemcnt discontinuity in 

this core. In this instance, a through-going ice le~s appears to have 

been rigidly displaced (post-contemporaneously) along either side of a 

thin ice lens which has tentatively been identified as an -- in situ shear 

plane. Slickensides were observed where the soil surfaces had contacted 

the foliated ice. 

On a larger scale, an unusual accumulation of ground ice and evi- 

dence of intense shearing have been observed in several undisturbed 

permafrost cores obtained from a borehole located on the valley wall of 

1 
the Great Bear River near Fort Norman, N.W.T. . The elevation of this 

sampling interval corresponds exactly with a zone where inclinometer 

measurements indicated that sustained shear movement has been occurring 

for more than a year. 6 

1 
Savigny, K.W. 1976. Personal communication. 



On t h e  bas is  o f  these two examples, i t  appears t h a t  i c e  s t r u c t u r e s  

and s l i ckens ides  observed i n  labora tory  t e s t  specimens compare w e l l  w i t h  

1 
i n  s i t u  shear zones encountered i n  f i ne -g ra ined  permafrost s o i l s .  -- 

Figure  3.8 suggests t h a t  geometric cohesive i n t e r c e p t s  from s t r e n g t h  

envelopes obta ined a t  d i f f e r e n t  ra tes  o f  s t r a i n  can be described w i t h  an 

expression o f  t he  form proposed by Vyalov (1962). Th is  r e l a t i o n s h i p  

(which appears i n  t h i s  t hes i s  as Equation 2.12) may no t  be r igorous ,  b u t  

t he  data do seem t o  f i t  i t  reasonably w e l l .  

Some o f  the  l i t e r a t u r e  discussed i n  Chapter I I  has suggested tha t  

i t  may be poss ib le  t o  r e l a t e  the  geometr ic cohesive i n t e r c e p t  d i r e c t l y  

t o  t he  f l o w  behaviour o f  p o l y c r y s t a l l i n e  ice.  F igure  3.12 i l l u s t r a t e s  

an i dea l i zed  cross-sect ion o f  a d i r e c t  shear specimen. I f  a d i s t i n c t  

shear zone can be i d e n t i f i e d ,  i t  can be assumed t h a t  d i s t o r t i o n  w i t h i n  

t h a i  p o r t i o n  ui the specimen can be approximaied by a c o n d i t i o n  of 

simple shear. Shear s t r a i n  ra tes  can then be computed f rom the r i g i d  

displacement ra tes  imposed i n  each t e s t .  The shear box c o n f i g u r a t i o n  

must be resolved i n  terms o f  e f f e c t i v e  st resses and s t r a i n  ra tes   y ye, 

1953) be fore  any r e l a t i o n s h i p  between the  cohesive i n t e r c e p t  and s t r a i n  

r a t e  can be assessed i n  terms o f  t h e  c o n s t i t u t i v e  r e l a t i o n s h i p  t h a t  i s  

summarized i n  F igure  2.1. 

The sketches shown i n  F igure  3.9 i n d i c a t e  t h a t  a we l l -de f i ned  shear 

zone can be i d e n t i f i e d  i n  each o f  t he  d i r e c t  shear specimens. The 

t approximation proposed i n  F igure  3.12 t h e r e f o r e  seems q u i t e  reasonable. 

1 To permi t  comparison w i t h  the behaviour o f  i ce ,  measured displacement 

r a t e s  and cohesive i n te rcep ts  were converted t o  e f f e c t i v e  s t r a i n  ra tes  

and stresses. These s t r a i n  ra tes  were subgequently used t o  e x t r a c t  a 



corresponding e f fec t . i ve  shear s t ress  from the f l ow  law ' fo r  i c e  g iven i n  

F igure 2.1. Stresses thus determined could presumably be equated t o  

those required t o  produce an i d e n t i c a l  r i g i d  displacement r a t e  i f  pure 
c 

i c e  were being tes ted i n  the shear box. P r i o r  t o  shear, i c e  a long the  

shear plane was l a r g e l y  r e s t r i c t e d  t o  pore spaces. Therefore, shear 

stresses pred ic ted from the f l ow  law required'some adjustment t o  acqount 

f o r  ac tua l  d i s t r i b u t i o n  o f  i ce .  I t  was assumed t h a t  the pore i c e  c a r r i e d  

the  same shear load on a reduced shear p lane area, so a c o r r e c t i o n  was 

made by m u l t i p l y i n g  the  f l ow  law shear s t ress  times the  average s o i l  

po ros i t y  t o  est imate the  cohesive i n te rcep t .  C lea r l y ,  t h i s  approach was 

approximate a t  best,  and on ly  served t o  ob ta in  a crude est imate of the 

magnitude o f  shear s t ress  c a r r i e d  by the  i c e  ma t r i x .  Continuous i c e  

lenses on the shear plane were not  considered s ince i t  was f e l t  t h a t  

some t ime and displacement were requ i red  t o  develop these features.  

The average water content o f  t he  16 specimens tes ted was 30%. 

Assuming complete sa tura t ion ,  t h i s  corresponds t o  an average p o r o s i t y  o f  

about 0.45. Table 3.2 has summarized these c a l c u l a t i o n s  and presents a 

comparison o f  t he  measured and ' p r e d i c t e d '  cohesive in tercepts .  Agree- 

ment was good a t  the two slowest s t r a i n  ra tes ,  but  the  ca l cu la ted  in te rcep t  

f o r  the f a s t e s t  r a t e  exceeded the experimental value considerably. 

D i f fe rences between the  pred ic ted and measured cohesive i n t e r c e p t s  were 

expected s ince several assumptions and s i m p l i f i c a t i o n s  had been made. 

Even w i t h  the discrepancy a t  the  f a s t e s t  s t r a i n  ra te ,  i t  appears t h a t  

reasonable estimates o f  shearing s t reng th  can be made i f  t h e  cond i t i ons  

o f  s t ress,  temperature, and s t r a i n  r a t e  a re  adequately def ined. 



3.4 ISOTHERMAL CONFINED CREEP TESTS ON FROZEN SOILS 

An e n t i r e l y  d i f f e r e n t  experimental  program formed the  second por- 

t i o n  o f  t h i s  study o f  the  geotechnical  p r o p e r t i e s  o f  f rozen f ine-gra ined 

s o i l s .  Laboratory t e s t i n g  cons is ted  o f  observ ing the  creep behav iour -o f  

undisturbed specimens which had been subjected t o  a long- term a p p l i c a t i o n  

o f  cons tan t+s t ress  under isothermal conditons. The s o i l  specimens used 

i n  t h i s  study were trimmed from core  segments o f  t he  same s i l t y  c l a y  

used i n  the  d i r e c t  shear program. 

Laboratory apparatus 

A spec ia l i zed  apparatus was constructed t h a t  was capable o f  apply- 

ing  3 constznt  ~ t r c s s ,  ~ z i n t a i n i n c j  i t  ovcr  l o ~ g  per iods  o f  t iwe, 'neasur-  

i n g  a x i a l  deformations, and c o n t r o l l i n g  f l u c t u a t i o n s  i n  sample temperatu 

w i t h i n  acceptable l i m i t s .  A sec t i ona l  v iew o f  the  mod i f ied  t r i a x i a l  

c e l l  used f o r  these isothermal creep t e s t s  i s  shown i n  F igu re  3.13. 

~ o d i f i c a t i o n s  t o  s u i t  the s p e c i f i c  requirements o f  t h i s  s tudy inc luded 

the  i n s t a l l a t i o n  o f  f r i c t i o n - r e d u c i n g  sur faces on the  load p la tens ,  heat 

exchanger c o i l s  t o  prov ide temperature c o n t r o l ,  and a thermis tor  probe 

t o  moni tor  temperatures dur ing  the  t e s t .  

Ax ia l  loads were app l ied  w i t h  a Be l lo f ram a i r  c y l i n d e r  actuated by 

a pressure-regulated a i r  supply. Various Be l lo f ram s izes  were used t o  

o b t a i n  the  magnitude o f  a x i a l  load r e q u i r e d , i n  a p a r t i c u l a r  t e s t .  The 

a i r  c y l i n d e r  connect ing rod app l i ed  a x i a l  s t resses v i a  a s t e e l  b a l l  

r e s t i n g  i n  a recess a t  the end o f  t he  c r e e p k e l l  load ram. Thompson 



I 
! linear bushings were used to guide the load ram and minimize shaft 
P 

friction. 

Initial attempts tp use conventional natural rubber membranes with 

aqueous solutions of methyl alcohol or ethylene glycol were not success- 

ful. While these fluids satisfied the necessary freezing point depres- 

sion criterion, they invariably caused chemical damage to the membrane. 

The cracking, blistering and crazing often resulted in small amounts of 

leakage which were sufficient to damage the sample. Direct leakage and 

diffusion occurring through the rubber produced significant amounts of 

ice corrosion and sample deterioration over the lengthy test durations 

required in this study. 

To decrease the risk of aborting a test in its terminal stages, 

light paraffin oil was used to apply confining pressures within the 

creep cel!. Althotrr~h the oil was messy to work with, it caused no 

visible adverse effects. Laboratory trials were conducted to assess the 

potential for intrusion into the soil during prolonged tests. As part 

of this preliminary study, cell pressures were elevated wzll beyond the 

range intended for use in the creep tests. No intrusion was observed 

during these trials so the paraffin method of applying confining pressure 

was adopted. As an added precaution, a spray bottle was used to apply a 

thin coat of ice to all of the test specimens before placing them in 

contact with the oil. A technical note published by lverson and Moum 

(1974) later confirmed the decision to use oil as a confining fluid. 

Their work demonstrated that rubber membranes need not be used in triaxial 

testing if: 



1) The c e l l  f l u i d  i s  immisc ib le w i t h  the  s o i l  pork  f l u i d ;  and, 

2) The i n t e r f a c e  between t h e s e - f l u i d s  i s  s t a b l e  under t h e  pre- 
.-.- 

~ a i l i n g  cond i t ions  o f  pore geometry and app l i ed  c e l l  pres- 

sure. 

A  phys i ca l  assessment o f  t he  pressures requ i red  t o  cause o i l  t o  f l ow  

i n t o  the  s o i l  pores ind ica ted ,  t h a t  f o r  c lays ,  the  o i l - w a t e r  i n t e r f a c e  

cou ld  c o n ~ e i v a b l y  sus ta in  pressures as great  as 10 atmospheres be fore  

i n t r u s i o n  would occur. Therefore, a  f rozen c l a y  w i t h  i c e  i n  i t s  pores 

should be capable o f  w i ths tand ing  s i m i l a r  pressures w i thou t  t he  r i s k  o f  

i n t r u s i o n .  C e l l  pressures were c o n t r o l l e d  by r e g u l a t i n g  a i r  pressures 

app l i ed  t o  an o i l - f i l l e d  r e s e r v o i r  ou ts ide  the  c o l d  room. 

The creep c e l l s  were located i n s i d e  a  c o n t r o l l e d  environment lab-  

o r a t o r y  where ambient a i r  temperatures could be mainta ined between - 1  

and -2°C. To decrease f l u c t u a t i o n s  i n  r - m n l ~  ,,,,,, , , tenperature,  an aqlteous 

s o l u t i o n  o f  ethy lene g l y c o l  was c i r c u l a t e d  f rom a  constant  temperature 

ba th  through a  set  o f  heat exchanger c o i l s  mounted i n s i d e  the c e l l .  

F igure  3.14 shows a  schematic layout  o f  the  apparatus used i n  the  creep 

t e s t i n g  program. To d im in i sh  t h e  e f f e c t s  o f  a i r  temperature f l u c t u a t i o n s  

t occu r r i ng  i n  t he  c o l d  room, a  c l o s e l y  f i t t e d ,  i nsu la ted  cabinet  was 

constructed which completely enclosed the  load ing  frame and creep c e l l s .  

I The e x t e r i o r  o f  the creep c e l l  was a l s o  covered w i t h  a  l aye r  o f  Styrofoam 

I i n s u l a t i o n .  An Atk ins  Type-3 the rm is to r  cemented i n s i d e  a  p iece  o f  

I s t a i n l e s s  s t e e l  tub ing  was inser ted  through a  Swagelok f i t t i n g  and 

I monitored c e l l  f l u i d  temperatures adjacent t o  the  t e s t  specimen. I t  was 

I f e l t  t h a t  a  good approximation o f  the ac tua l  s o i l  temperature could be 

I obta ined by measuring f l u i d  temperature a t  the  sample mid-height .  



A x i a l  s t resses were determined i n d i r e c t l y  w i t h  an e l e c t r i c  pressure 

transducer by measuring the a i r  pressure a c t i n g  i n  the  Bel lo f ram. Each 

o f  t h e  Bel lo f rams was c a l i b r a t e d  w i t h  a load c e l l  t o  e s t a b l i s h  r e l a t i o n -  

sh ips between a i r  supply pressures and the  r e s u l t i n g  p i s t o n  fo rce .  

Va lv ing  was arranged so t h a t  both c e l l  pressures and a x i a l  loads could 

be measured w i t h  the same transducer. The r e s o l u t i o n  o f  t h i s  inst rument ,  

when combined w i t h  the a i r  pressure regu la t i on ,  permi t ted  de terminat ion  

and c o n t r o l  o f  t h e  a x i a l  s t ress  t o  w i t h i n  0.1%. A Hewlett-Packard 

~ ~ D C D T  1 i n e a r l y  v a r i a b l e  displacement t ransducer  (LVDT) clamped t o  the 

a x i a l  load ram was capable o f  measuring deformations t o  an accuracy 

-4 
exceeding 7 . 5 ~  10-4cm ( 3 x  10 i n ) .  Output s i g n a l s  f rom the pressure 

transducer, LVDT's and thermis tors  were monitored and recorded a t  speci-  

f i e d  t ime i n t e r v a l s  w i t h  a data a c q u i s i t i o n  system.' In fo rmat ion  thus 

o t t a i r ~ e d  inc iuded a r e c ~ t - d  tjf a x i a l  deformation ss a functic:: c f  t ime, 

and permi t ted  a review c f  the  temperature c o n t r o l ,  a x i a l  loads, and c e l l  

pressures throughout each t e s t .  Temperatures were checked manually on a 

regu la r  bas is  and when s l i g h t  dev ia t i ons  were detected, t h e  r e f r i g e r a t e d  

bath was ad jus ted  accordingly .  Th i s  procedure made i t  poss ib le  t o  

main ta in  nea r l y  isothermal cond i t i ons  throughout each t e s t .  

Ma te r i a l s  and sample prepara t ion  

Samples used i n  the  creep s tud ies  were trim,,,ed from core  which had 

been ex t rac ted  from Zones 3 and 4 o f  t he  Fo r t  Simpson l a n d s l i d e  headscarp 

( r e f e r  t o  Appendix A, F igure  A.6). specimens con ta in ing  t y p i c a l  , randomly 
1 

or ien ted ,  r e t i c u l a t e  i c e  s t r u c t u r e  were se lec ted  f o r  the tes ts .  The 

index p r o p e r t i e s  o f  t h i s  s o i l  a re  g iven i n  Table 3.1 



1 109 I 
To ensure a  r e l a t i v e l y  uni form i ce  s t r u c t u r e  w i t h i n ' e a c h  sample, a  

maximum length  o f  about 12 t o  13 cm was adopted s ince  longer specimens 

u s u a l l y  contained s i n g l e  t h i c k  i c e  lenses. The core  was trimmed t o  a  

t e s t i n g  diameter o f  10 cm (4 i n )  w i t h  a  smal l  s 'o i l  la the .  An overhead 

m i l l i n g  machine was then used t o  t r i m  t he  sample ends p a r a l l e l  t o  each 

o ther .  Each specimen was sprayed w i t h  a  f i n e  m is t  o f  water t o  complete ly  

cover i t  wi-th a  t h i n  coat o f  ice. Apart f rom f u n c t i o n i n g  as an o i l -  

p roo f  membrane dur ing  the creep t e s t i n g ,  encapsulat ing t h e  samples i n  

i c e  a l s o  retarded des icca t ion  which might have otherwise been caused by 

sub l ima t ion  dur ing  storage. Specimens s to red  f o r  any length  o f  t ime 

between prepara t ion  and t e s t i n g  were wrapped c a r e f u l l y  and sealed i n  

double po lye thy lene bags. 

Since specimen lengths were l ess  than the  normal ly  adopted minimum 

of t x i c e  the d iameter ,  It wzs f e l t  t h a t  l u b r i c a t e d  load p la tens  should 

be used t o  reduce end f r i c t i o n  du r ing  the  t e s t s .  Przv ious research has 

shown t h a t  us ing  f r i c t i o n  reducers a t  e i t h e r  end o f  sho r t  s o i l  specimens 

i s  an e f f e c t i v e  means of d u p l i c a t i n g  s t reng th  r e s u l t s  obta ined i n  t e s t s  

w i t h  convent ional sample lengths  o owe and Barden, 1964; Duncan and 

Dunlop, 1968). Lub r i ca t i ng  the load cap and base pedestal  requ i red  the  

use o f  cen te r i ng  p ins  t o  r e s t r a i n  the specimen f rom l a t e r a l  movement 

f o l l o w i n g  the a p p l i c a t i o n  o f  a x i a l  load. Shallow holes d r i l l e d  i n  

e i t h e r  end o f  t he  creep specimens accepted p i n s  which had been f i x e d  a t  

t he  center  o f  each load p la ten .  Specimen weights, dimensions and e x t e r n a l l y  

v i s i b l e  i c e  fea tures  were a l l  recorded p r i o r  t o  set-up. As water contents 

determined from pieces trimmed f rom the  ends were seldom representa t ive ,  

b u l k  dens i t y  was adopted as the  bas is  f o r  tompar ing specimens. 



Creep t e s t i n g  procedure 

S e t t i n g  up the  isothermal conf ined creep t e s t s  was performed 

e n t i r e l y  w i t h i n  the  conf ines o f  the  co ld  room. Once the equipment had 

been cooled t o  subfreezing temperatures, the  load p l a t e n  sur faces were 

prepared w i t h  sur face l ub r i can ts .  F igure 3.15 shows a  sec t i ona l  view o f  

the  base pedestal  w i t h  d e t a i l s  o f  t he  f r i c t i o n  reducing precaut ions.  

The contac t  surfaces of the pedestal  and load cap had been covered w i t h  

a t h i n  sheet o f  Tef lon.  This  was coated w i t h  an even f i l m  o f  Dow- 

Corning h i g h  vacuum grease. A second f i l m  o f  l u b r i c a n t  con ta in ing  

molybdenum d i su lph ide  was then appl ied.  F i n a l l y ,  a  t h i n  sheet o f  neo- 

prene rubber was placed on t o p  o f  each l u b r i c a t e d  sur face t o  separate 

the  sample from the  grease. Neoprene membranes were used i n  p re l im ina ry  

t e s t i n g ,  bu t  adopt ing o i l  as a  c o n f i n i n g  f l u i d  e l im ina ted  t h e  necess i ty  

t o  j a c k e t  the specimens so t h e i r  use was d iscont inued.  

Once the  load p la tens  had been l ub r i ca ted ,  creep specimens were 

located on the p i n s  and set  up w i t h  the load cap i n  place. The upper 

h a l f  o f  t h e  creep c e l l  was then lowered and clamped onto  t h e  base t o  

make a  seal.  C i r c u l a t i o n  o f  r e f r i g e r a t e d  f l u i d  through t h e  heat ex- 

changers was commenced w h i l e  the  c e l l  was being f i l l e d  w i t h  p a r a f f i n  

o i l .  It should be noted t h a t  p r i o r  t o  each t e s t ,  t h e  thermis tor  probe 

c a l i b r a t i o n  was checked against  an i c e  ba th  a t  O°C. The temperature 

sensor was then lowered i n t o  p o s i t i o n  through a  Swagelok bulkhead adaptor 

and, as a  l a s t  step, the  e x t e r i o r  o f  the c e l l  was enclosed i n  Styrofoam 

i n s u l a t i o n .  

& 



A small  a x i a l  s t ress  was app l ied  t o  seat the  load p la tens  aga ins t  

t he  t e s t  specimen. Valves were then c losed o f f  i n s i d e  t h e  c o l d  room so , 

..--- 

I t h e  c e l l  pressure and a x i a l  s t ress  could be ad jus ted  e x t e r n a l l y  w i thou t  

app ly ing  any load t o  the  sample. The a i r  pressure regu la to rs  used t o  

c o n t r o l  these st resses were loca ted on a  c o n t r o l  panel ou ts ide  t h e  c o l d  

room. Th is  arrangement avoided problems which were encountered w i t h  t h e  

condensate f reez ing  and i n t e r f e r i n g  w i t h  normal ope ra t i on  when t h e  

r e g u l a t o r s  had been located i n  a  sub- f reezing environment. Once the a i r  

pressures had been se t  a t  app rop r ia te  values, c e l l  pressure and a x i a l  

load were c o n t r o l l e d  by opening va lves  on l i n e s  loca ted i n s i d e  t h e  c o l d  

room. C e l l  pressures were app l i ed  a  minimum o f  t h ree  days p r i o r  t o  

increas ing  the d e v i a t o r i c  s t ress  and i n i t i a t i n g  o f  creep. This  prov ided 

some t ime f o r  a d j u s t i n g  the  t e s t  temperatures and a l l o w i n g  the sample t o  

reach thermal equ i l i b r i um.  

The creep t e s t s  were u s u a l l y  run w i t h  two c e l l s  se t  up s ide  by s i d e  

i n  t he  same load frame and enclosed w i t h i n  a  s i n g l e  i nsu la ted  cab ine t .  

Once the  load p la tens  had been seated, LVDT's were clamped t o  t h e  load 

rams on each c e l l .  Fo l lowing adjustments t o  the  LVDT ou tpu t  vo l tage,  

t h e  i nsu la ted  cab ine t  was closed and sealed. When cond i t i ons  were 

considered s tab le ,  i n i t i a l  readings were taken and the  v a l v e  c o n t r o l l i n g  

t h e  Be l lo f ram was opened which resu l ted  i n  t he  sudden a p p l i c a t i o n  o f  

a x i a l  load. A i r  pressure i n  the Be l lo f ram b u i l t  up t o  t h e  des i red  l e v e l  

w i t h i n  a  mat te r  o f  a  few seconds. During each creep t e s t ,  c e l l  pressures 

and a x i a l  loads were checked f o r  constancy a t  i n t e r v a l s  o f  one t o  two 

days. The a x i a l  load was ad jus ted  p e r i o d i c a l l y  t o  account fo r  changes 

i n  the  c ross-sec t iona l  area t h a t  was calcu4ated f rom a x i a l  s t r a i n s  by 



assuming t h a t  t he  sample volume d i d  not  change. ~ e f o r m a t  ions occu r r i ng  

over t ime i n t e r v a l s  o f  several days were normal ly  q u i t e  smal l ,  so a 

constant  a x i a l  s t ress  (+ 0.5%) cou ld  be mainta ined q u i t e  e a s i l y .  - 
Records o f  the t e s t  data were subsequently reduced w i t h  a s imple 

Fo r t ran  program. Small temperature f l u c t u a t i o n s  seemed t o  cause i r regu -  

l a r i t i e s  i n  the t ime-deformation curves. To avo id  the  d i f f i c u l t i e s  

which these+would cause i n  computing s t r a i n  ra tes ,  a f i v e - p o i n t  moving 

average was employed t o  smooth the  data. F igure  3.16 shows how e f f e c t -  

i v e l y  t h i s  technique removed the i r r e g u l a r i t i e s  induced by temperature. 

S t r a i n  ra tes  were determined cont inuous ly  i n  t h e  da ta  reduct ion  process 

by numer ica l l y  d i f f e r e n t i a t i n g  a x i a l  s t r a i n  w i t h  respect t o  time. 

Standard r e l a t i o n s h i p s  were employed which used s t r a i n s  measured a t  

t h r e e  successive p o i n t s  i n  t ime and ca l cu la ted  the  r a t e  a t  the center  

p o i n t  f o r  zsch Increzent  c f  time. I n t e r p r e t a t i n n  of the da ta  was f a c i l i -  

t a t e d  by us ing graph ica l  d i sp lays  o f  var ious  combinat ions o f  the  reduced 

data  which were produced by a computer-contro l led Calcomp bed p l o t t e r .  

3.5 CREEP BEHAVIOUR FROM LABORATORY TESTS 

The l i t e r a t u r e  discussed i n  Chapter I I  i n d i c a t e s  t h a t  both s t r e n g t h  

and deformation c h a r a c t e r i s t i c s  o f  i ce  and f rozen s o i l s  a r e  h i g h l y  

dependent upon the du ra t i on  o f  load. Cer ta in  aspects o f  t h i s  behaviour 

a r e  amenable t o  s ~ ~ d y  i n  l abo ra to ry  t e s t s ,  and t h i s  s e c t i o n  describes 

t h e  r e s u l t s  o f  a se r ies  o f  constant  a x i a l  s t ress ,  isothermal  creep 

experiments which were performed w i t h  d i f f e r e n t  c o n f i n i n g  pressures. 

6 



T v ~ i c a l  t e s t  r e s u l t s  

Sayles (1973) has> reported t h a t  even though care was exerc ised t o  

e l i m i n a t e  o r  a t  l eas t  minimize experimental incons is tenc ies  r e l a t e d  

t o  specimen composition, p repara t ion  procedure, and t e s t i n g  cond i t ions ,  

t he re  were s t i l l  notable v a r i a t i o n s  i n  h i s  r e s u l t s .  Since undisturbed, 

f ine-gra ined permafrost s o i l s  were used i n  t h i s  study, i t  seemed probable 

t h a t  the  r e s u l t s  might prove d i f f i c u l t  t o  i n t e r p r e t .  

E f f e c t s  p r i m a r i l y  caused by f l u c t u a t i o n s  i n  t e s t  temperature have 

been mentioned i n  the preceeding sect ion.  Temperatures were usua l l y  

c o n t r o l l e d  t o  w i t h i n  - + 0.1 C O  o f  the  desi red value,  but sudden, small 

increases o f t e n  i n i t i a t e d  a temporary acce le ra t i on  i n  the observed a x i a l  

creep ra te .  F igure  3.16 i l l u s t r a t e s  t h i s  behaviou'r reasonably w e l l  

s ince  msst c f  t he  p e r t u r b ~ t i ~ n s  I n  the s t r ~ I n - t i z c  curve appear t o  b r  

preceded by an increase i n  specimen temperature. Employing a f i v e  p o i n t  

moving average has smoothed the  experimental curve e f f e c t i v e l y  by d i s t r i -  

b u t i n g  the  b r i e f ,  temperature-related d is turbances over longer i n t e r v a l s  

o f  time. This technique probably provides a reasonable approximation o f  

t he  average creep response t o  a x i a l  load which would be observed i f  

temperature could be he ld  p e r f e c t l y  constant.  A p o r t i o n  o f  t h i s  incre-  

mental creep behaviour may a l s o  be the product o f  random s t a b i l i z a t i o n  

of minute shear displacements occur r ing  along var ious  planes o f  weakness 

w i t h i n  t h e  specimen. 

Stage loading was employed i n  most o f  t he  tes ts .  Th is  was accom- 

p l i shed  by a l l ow ing  the  specimen t o  a t t a i n  what appeared t o  be steady 

s t a t e  creep cond i t ions  before apply ing one br more a d d i t i o n a l  increases 



i n  a x i a l  s t ress.  The r e s u l t s  from a t y p i c a l l y  stage-loaded creep t e s t  

a r e  shown i n  F igure  3.17. These' curves i l l u s t r a t e  the  c l a s s i c a l  t rans-  

i t i o n  from pr imary o r  t r a n s i e n t  creep i n t o  secondary steady s t a t e  creep. 

By p l o t t i n g  both s t r a i n  and s t r a i n  r a t e  as a f u n c t i o n  o f  t ime, i t  i s  

p o s s i b l z  t o  determine whether t he  specimen has a c t u a l l y  e x h i b i t e d  t r u e  

steady-state creep. 

Convent ional ly ,  a  s t r a i g h t  1 ine .has  been f i t t e d  tangent t o  t he  

a x i a l  s t r a i n  versus t ime curve. The s lope o f  t h i s  l i n e  has then been 

used t o  es t imate  the secondary creep ra te .  Since s t r a i n  ra tes  f o r  these 

t e s t s  had been evaluated cont inuous ly  by numer ica l l y  d i f f e r e n t i a t i n g  t h e  

normal creep curve, a p l o t  o f  a x i a l  s t r a i n  r a t e  versus t ime  cou ld  a l s o  

be drawn. An a l t e r n a t e  and more r e l i a b l e  means o f  determin ing t h e  

steady s t a t e  creep r a t e  consis ted o f  t a k i n g  t h e  va lue  which the s t r a i n  

r a t e  curve approached asympto t i ca l l y  a t  l a r g e  t imes. For the p a r t i c u l a r  

t e s t  i l l u s t r a t e d  i n  F igure  3.17, i t  can be seen t h a t  secondary creep 

r a t e s  est imated by us ing  these two d i f f e r e n t  methods are  i n  reasonable 

agreement w i t h  each o ther .  S i m i l a r  curves were obta ined f o r  each o f  t h e  

t e s t s  and a l l  a r e  included i n  Appendix C. 

I n  c e r t a i n  tes ts ,  the a x i a l  s t ress  was h e l d  constant  w h i l e  t he  

c o n f i n i n g  pressure was e i t h e r  increased o r  decreased. Other t e s t s  were 

i n i t i a t e d  w i t h  considerably d i f f e r e n t  c o n f i n i n g  pressures bu t  i d e n t i c a l  

a x i a l  stresses. Data obta ined us ing  these d i f f e r e n t  combinations were 

incons is ten t .  However, the r e s u l t s  d i d  i n d i c a t e  t h a t  inc reas ing  the 

conf in ing  pressure tended t o  p ro long t r a n s i e n t  creep and s l i g h t l y  reduced 

the  u l t i m a t e  steady s t a t e  creep r a t e  obta ined w i t h  a s p e c i f i c  a x i a l  

s t ress .  This  observa t ion  i s  cons i s ten t  w i t h  the  f r i c t i o n a l  e f f e c t s  
P: 



discussed i n  Chapter I I  i n  t h a t  a h igher  i c e  content 'would tend t o  

decrease the  number o f  s o i l  p a r t i c l e  contacts i n  a g iven specimen. 

An i n s p e c t i o n - o f  t h e  var ious  creep curves obta ined i n  t h i s  s tudy 

i nd i ca tes  t h a t  i n  the e a r l y  p o r t i o n  o f  most t e s t s ,  s t r a i n  r a t e  cont inues 

t o  decrease w i t h  t ime. This behaviour suggests an emp i r i ca l  power law 

r e l a t i o n s h i p  between creep s t r a i n  r a t e  and time. F igure  3.18 shows 

loga r i t hm ic  p l o t s  o f  s t r a i n  r a t e  versus t ime f o r  t he  f i r s t  load ing  stage 

o f  f o u r  d i f f e r e n t  t e s t s  conducted w i t h  a x i a l  s t resses ranging from 35 
2 2 kN/m t o  227 kN/m (5 p s i  t o  33 p s i ) .  Al though s i g n i f i c a n t  f l u c t u a t i o n s  

i n  s t r a i n  r a t e  occurred, a considerable p o r t i o n  o f  t h i s  cou ld  be a t t r i b -  

buted t o  smal l  changes i n  t e s t  temperature and computat ional l i m i t a t i o n s  

inherent  t o  the numerical d i f f e r e n t i a t i o n  technique which was used i n  

t h e i r  determinat ion.  Even w i t h  these departures from idea l  behaviour, 

t h e  experiments have y ie lded  c1trve.s w i t h  shapes tha t  c l o s e l y  resemble 

the  general form shown i n  F igure  2.3. This  t r a n s i t i o n  from a t t e n u a t i n g  

pr imary creep t o  a constant secondary creep r a t e  can be phenomenologically 

described w i t h  a power law t a k i n g  t h e  form g iven by Equation 2.9 .  

By determin ing the  constants i n  t h i s  equat ion exper imenta l l y ,  i t  should 

be poss ib le  t o  de f i ne  s t r a i n  r a t e  as a f u n c t i o n  o f  t ime  f o r  an a r b i t r a r y  

ma te r i a l ,  temperature, and app l i ed  s t ress .  

Rigorously, data p l o t s  l i k e  the  ones shown i n  F igure  3.18 should be 

used t o  e s t a b l i s h  appropr ia te  constants i n  t he  pr imary creep equat ion. 

S t r a i n s  produced by these t r a n s i e n t  prfocesses could then be subtracted 



f rom the  t o t a l  measured s t r a i n  t o  o b t a i n  a res idua l  displacement. This  

would presumably be the  so le  product  o f  steady s t a t e  o r  secondary, non- 
.--- 

a t t e n u a t i n g  creep processes. A l i n e a r  equat ion  (obtained by l i n e a r  

regress ion  analyses o r  some o ther  s u i t a b l e  technique) r e l a t i n g  res idua l  

s t r a i n s  t o  t ime could then be der ived,  and i t s  s lope would d e f i n e  the 

secondary creep ra te .  I f  t h i s  secondary s t r a i n  r a t e  were q u i t e  smal l ,  

t he  i n f l uence  exer ted by steady s t a t e  processes on the  pr imary p o r t i o n  

o f  t he  l oga r i t hm ic  p l o t  o f  s t r a i n  r a t e  versus t ime would be i n s i g n i f i c a n t .  

Separat ing the pr imary and secondary creep s t r a i n s  w i t h  t h e  procedure 

descr ibed above would probably no t  be necessary i n  most cases. A t  smal l  

t imes, s t r a i n s  due t o  secondary creep would be small and a t  longer  

t imes, pr imary creep processes w i l l  have d imin ished t o  a r a t e  t h a t  i s  

considerably l ess  than the secondary s t r a i n  ra te .  Trans ien t  creep w i l l  

dominate a t  e a r l y  t imes and steady s t a t e  processes w i l l  begin t o  c o n t r o l  

t h e  s t r a i n  r a t e  as t ime passes. 

I n  t h e  data repor ted i n  t h i s  study, t he re  was no at tempt made t o  

separate the  t r a n s i e n t  and steady s t a t e  components o f  cre2p. Rather, i t  

was assumed t h a t  the parameter B i n  Equation 2.9 equa l led  zero a t  the 

ou tse t  and t h a t  pr imary creep ceased e n t i r e l y  a t  l a r g e  t imes. Th i s  

s imp l i s t i c .app roach  was thought t o  be warranted i n  view o f  the marginal 

q u a l i t y  o f  most o f  t h i s  data. However, data which might be obtained 

from o the r  t e s t s  conducted a t  co lder  temperatures w i t h  improved thermal 

c o n t r o l  and l a rge r  d e v i a t o r i c  s t resses might j u s t i f y  us ing  a more compre- 

hensive ana lys is .  Only t h a t  data obta ined du r ing  t h e  f i r s t  load stage 

o f  mu l t i - s tage  t e s t s  has been used t o  determine constants desc r ib ing  

pr imary creep behaviour. H u l t  (1966) has y u t l i n e d  a method t o  recons t ruc t  



primary creep curves for cases where deviatoric stress has been abruptly 

increased at some arbitrary point in time. The construction assumes a 

strain-hardening creep law, and Hult (1966) comments that in experiments I 
/ 

where metals have experienced this sort of stress history, measured 

results compare reasonably well with theoretical predictions. Unfor- 

tunately, numerous irregularities in the data collected for this study 

precluded the analytical construction of true primary creep curves for 

second and subsequent loading stages. 

A summary of the results obtained from creep tests performed on 

undisturbed samples of the Fort Simpson silty clay appears in Table 3.3. 

Additional details pertaining to the source and techniques used to pre- 

pare these samples are contained in Appendices A and B. The laboratory 

creep curves can be found in Appendix C. 

Trans i ent creep 

Other experiments discussed in Chapter I I  have shown that subse- 

quent to immediate elastic deformations, the instantaneous slopes of the 

strain-time curves (i.e. - creep rate) obtained for ice and frozen soils 
decrease with time and eventually assume a constant value. Methods 

I outlined in the preceding sections and in Chapter I I  have been used to 

I analyze transient creep behaviour observed during the first load stage 

I of each test conducted in this study. 

Figure 3.18 illustrates the typical linearity obtained at small 

times on the logarithmic plots of strain rate against time. The trans- 

I ient creep rate term in Equation 2.9 consists of a constant ( A ) ,  and a 



time exponent (a) for any given deviator ic stress and temperature. 

Tabulated data indicate that A exhibits only sl ight variabi 1 i ty, while 

the exponent a (slope of the 1 i ne) increases f rom -1 and approaches zero 

1 when the applied stress becomes large. Figure 3.19 shows a possible 
L 

means o f  expressing this nonlinear relationship between the applied 

stress and its associated primary creep exponent. 

Ladanyi and Johnston (1 973) have reported contradictory behaviour 

i n  their logarithmic plots of volumetric strain versus time which had 

been derived from a multi-stage pressuremeter creep test performed in a 

frozen, varved silt-clay. Their interpretation of the data had appar- 

ently been based on an extrapolation of lines drawn tangent to the creep 

curves at an arbitrary time of 15 minutes. An alternative interpretation 

can be obtained by fitting straight 1 ines to the creep curves. At a 

time of cnz izinutz, thz  crdinate intercepts of these lines converge on a 

relatively narrow range of volumetric strains; These intercept values 

have been derived in a manner similar to that used to obtain the constant 

A in this thesis. Also, the creep exponent derived from these curves 

varies from approximately -0.6 at the lowest stress used, and approaches 

g zero as the pressuremeter's internal stresses are increased. - 
< 

Using simple relationships like Equation 2.9 to describe creep 

behaviour phenomenologically constitutes a gross over-simplification of 

more rigorous physical relationships. Formulating a general expression 

to cover a wide ra:tge of stresses and temperatures for even a single . 

material type would require an enormous amount of experimental work to 

define the necessary parameters. Simi lar efforts would be required to 



descr ibe  the  simultaneous process o f  steady s t a t e  creep.' 

A l oga r i t hm ic  p l o t  o f  t he  t r a n s i e n t  creep exponent versus app l i ed  

s t ress  i s  shown i n  F igure  3.19. This  graph i n d i c a t e s  t h a t  a power law 

I r e l a t i o n s h i p  may e x i s t  between these two va r iab les .  The f l o w  law f o r  

1 
i c e  described i n  Chapter I I  was a l s o  a power law, r e l a t i n g  steady s t a t e  

creep ra tes  t o  s t ress.  F igure  3.20 shows a semi - logar i thmic  p l o t  o f  

pr imary creep exponents versus the  steady s t a t e  creep ra tes  eventua l ly  

obta ined i n  those same tes ts .  Although these r e s u l t s  cannot be con- 

s idered conclus ive,  they do suggest an i n t e r e s t i n g  t o p i c  f o r  f u t u r e  

research. I f  a  r e l a t i o n s h i p  l i k e  t h i s  can be shown t o  be tenable,  the 

need t o  conduct long-term t e s t s  t o  d e f i n e  steady s t a t e  cond i t i ons  might 

be re laxed.  Some c o n t r o l  t e s t i n g  would s t i l l  be requ i red ,  but r e s u l t s  

from r e l a t i v e l y  shor t  term pressuremeter t e s t i n g  might  e v e n t u a l l y  be 

used more c o n f i d e n t l y  tn p r e d i c t  both t r a n s i e n t  and steady s t a t e  creep 

behav i ou r . 
From F igure  2.1, i t  can be seen t h a t  smal l  app l i ed  st resses produce 

very  slow steady s t a t e  creep rates.  Under these circumstances, t r a n s i e n t  

creep processes could conceivably dominate t o t a l  deformations some t ime 

a f t e r  t he  i n i t i a l  a p p l i c a t i o n  on load. This  might  be e s p e c i a l l y  t r u e  a t  

t ~ m n ~ r a t t t r P <  rln<P tn n ° C  where <tea& s t a t e  behaviour has not  v e t  been 

we1 1-def ined. Data presented by both V ia lov  (1962) and Sayles (1973) 

i n d i c a t e  t h a t  l a r g e  times a r e  requ i red  be fore  creep behaviour makes the  

t r a n s i t i o n  from deformation dominated by non-att+:nuatinq processes t o  a 

c o n d i t i o n  o f  steady s ta te .  



Steady s t a t e  creep 

Al though t h e  s lopes o f  tangents  drawn t o  creep curves have been 

used t o  es t ima te  steady s t a t e  creep ra tes ,  t h e  r e a n a l y s i s  o f  M e l l o r  and 

T e s t a ' s  (1969b) da ta  d iscussed i n  Chapter I1 demonstrates t h a t  t h i s  

techn ique  has n o t  always been r e l i a b l e .  I t  appears t h a t  a  more accep tab le  

method o f  de te rmin ing  steady s t a t e  creep r a t e s  might  i n v o l v e  t he  use o f  

a  l o g a r i t h m i c  p l o t  o f  s t r a i n  r a t e  aga ins t  t ime. P resen t i ng  da ta  i n  t h i s  

manner p rov ides  a  c l e a r  d e f i n i t i o n  o f  t h e  p o i n t  a t  which t h e  i n s t a n t -  

aneous creep r a t e  becomes cons tan t  w i t h  t ime.  T y p i c a l  da ta  shown i n  

F i g u r e  3.17 suggest t h a t  steady s t a t e  creep r a t e s  es t ima ted  f rom s t r a i n -  

t i m e  curves a r e  i n  reasonable agreement w i t h  t h e  s t r a i n  r a t e  approached 

a s s y m p t o t i c a l l y  a t  l a r g e  t imes. Loga r i t hm ic  p l o t s '  o f  s t r a i n  r a t e  versus 

t i n e  : I k e  those shonn I n  Figui-e 3.18 used i~ determine steady s t a t e  

creep r a t e s  (B  o r  t S )  wnich a r e  l i s t e d  i n  Tab le  3.3. 

Exper imenta l l y -der i ved  steady s t a t e  s t r a i n  r a t e s  were p o o r l y  de- 

f i n e d  i n  those t e s t s  conducted a t  t h e  lower  s t r e s s  l e v e l s .  However 

ques t i onab le  they  may be, s t r a i n  r a t e s  were determined as a c c u r a t e l y  as 

poss ib l e ,  and a  l o g a r i t h m i c  p l o t  o f  a x i a l  s t r e s s  aga ins t  a x i a l  s t r a i n  

r a t e  i n c l u d i n g  da ta  f rom a l l  o f  t h e  t e s t s  appears as F i g u r e  3.21. I t  

can be seen t h a t  cons ide rab le  s c a t t e r  e x i s t s  f o r  t e s t  da ta  ob ta i ned  a t  

2 
a x i a l  s t resses  o f  less  than 100 kN/m (15 p s i ) .  An examinat ion o f  t h e  

c reep  curves f o r  these p a r t i c u l a r  t e s t s  (see A p p ~ n d i x  C )  i n d i c a t e s  t h a t  

s teady s t a t e  creep r a t e s  were ex t reme ly  d i f f i c u l t  t o  es t ima te .  A l s o  

shown a r e  data p o i n t s  de r i ved  f rom t e s t s  r e p o r t e d  by Sayles and Haines 

(1974) which were conducted on a  s i m i l a r  m i t e r i a l  ( ~ u f f  i e l d  c l a y )  a t  a  



s l i g h t l y  coo le r  temperature o f  - 1 . 7 " C .  The du ra t i ons  o f ' t h e s e  t e s t s  

ranged f rom 30 t o  50 days. 

The heavy curve shown i n  F igure  3.21 represents an exper imenta l l y  , f 

der ived f l o w  r e l a t i o n s h i p  f o r  the Fo r t  Simpson s i l t y  c l a y  and has a  

b i l i n e a r  shape. A power law f i t t i n g  the  s t r a i g h t  l i n e  p o r t i o n  a t  s t resses 

above 100 k~/m'  (15 p s i )  has an exponent o f  approximately 2.75. Th is  

value i s  cons is ten t  w i t h  the  f l o w  law exponent repor ted f o r  p o l y c r y s t a l -  

l i n e  i c e  i n  Chapter II. I f  t h i s  l i n e  i s  extended through the  S u f f i e l d  

c l a y  data po in ts ,  a  s i n g l e  s t r a i g h t  l i n e  de f ines  the  f l ow  law f o r  these 

s o i l s .  U n t i l  b e t t e r  t e s t s  can be conducted a t  low s t resses  and warm 

temperatures on both f rozen s o i l  and ice,  i t  seems premature t o  recognize 

any s o r t  o f  b i l i n e a r  f l o w  law. A f t e r  having f i t t e d  a  s t r a i g h t  l i n e  

through the  data f o r  S u f f i e l d  c l a y  and r e s u l t s  from t e s t s  a t  h igher  

stresses c z  the F c r t  Simpson s i l t y  c lay ,  the steady s t a t e  creep ra tes  

a r e  one t o  two orders o f  magnitude f a s t e r  than those i nd i ca ted  f o r  i c e  

under s i m i l a r  cond i t i ons  o f  s t ress  and temperature. This  d i f f e r e n c e  i n  

creep ra tes  may be the  r e s u l t  o f  one o r  more o f  t he  f o l l o w i n g  f a c t o r s :  

1 )  The presence o f  s i g n i f i c a n t  q u a n t i t i e s  o f  unfrozen water i n  

f ine-gra ined s o i l s  a t  temperatures c lose  t o  O°C. 

2) Shear movements occu r r i ng  along s o i l - i c e  i n t e r f a c e s  a t  contac ts  

between d i s c r e t e  i c e  lenses and i n t a c t  s o i l .  

3) Acce lera t ion  o f  creep i n  the i c e  lenses caused by so f ten ing  

and c r y s t a l  boundary th i cken ing  caused by chemical i m p u r i t i e s  

which were excluded from the s o i l  water du r ing  f reez ing .  

Closer correspondence t o  the  behaviour observed f o r  i c e  would be a n t i c i -  

pated a t  co lder  temperatures o r  i n  h i g h l y  i c e - r i c h  s o i l s .  



Table 3.3 shows t h a t  when specimens were subjected t o  the same 

a x i a l  s t ress ,  h igher  c o n f i n i n g  pressures appeared t o  r e s u l t  i n  s1 ight l .y  

slower secondary creep rates.  The most probable exp lanat ion  f o r  t h i s  

behaviour i s  t h a t  con f i n ing  pressures increase the  s t ress  c a r r i e d  by t h e  

s o i l  ske le ton  so t h a t  g rea ter  f r i c t i o n a l  s t reng th  must be overcome t o  

produce shear movement and creep. I t  f o l l o w s  t h a t  creep ra tes  cou ld  be 

at tenuated by e l e v a t i n g  the c o n f i n i n g  pressure i f  some form o f  'd ra inage '  

i n  the  f rozen s o i l  r e s u l t s  i n  the  s o i l  ske le ton  c a r r y i n g  an increased 

mean s t ress .  Decreased creep ra tes  under h igh  c o n f i n i n g  pressures have 

a l s o  been repor ted f o r  f rozen sands (A1 k i  r e  and Andersland, 1973; Sayles, 

One except ion t o  t h i s  t rend  was observed i n  Tests 5 and 6 where t h e  

2 
conf  i n i ng pressure was sudden1 y  reduced from 552 kN/m (80 p s i  ) t o  zero 

~ I t h  the  zx ia!  s t ress  k i n g  he ld  c=nstant.  !t was cxpccted t h z t  the  

secondary creep ra tes  would increase, bu t  instead,  they appeared t o  

decrease by as much as a  f a c t o r  o f  5. These r e s u l t s  a re  quest ionable 

s ince  the  procedure employed d i d  n o t  p rov ide  any t ime f o r  the  specimen 

t o  e q u i l i b r a t e  a f t e r  a d j u s t i n g  the  c o n f i n i n g  s t ress .  

The data a l s o  i n d i c a t e  some e f f e c t s  which a re  r e l a t e d  t o  t h e  charac- 

t e r i s t i c s  o f  i n d i v i d u a l  specimens. A l l  o the r  f a c t o r s  being the same, 

behavioura l  d i f fe rences associated w i t h  phys i ca l  c h a r a c t e r i s t i c s  seemed 

t o  be more s t rong ly  a f f e c t e d  by i n t e r n a l  ground i c e  s t r u c t u r e  than 

f rozen b u l k  dens i ty .  The presence o f  fea tures  such as through-going i c e  

lenses i n c l i n e d  a t  favourable angles had very no t i ceab le  e f f e c t s .  

Samples were thus selected t o  e l i m i n a t e  nonun i fo rm i t i es  which might  have 

made the  i n t e r p r e t a t i o n  o f  t e s t  data m0r.e d i f f i c u l t .  Cores used f o r  t h e  
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t e s t s  repor ted here were prepared so t h a t  each specimen conta ined a 

s i m i l a r ,  even ly -d i s t r i bu ted  network o f  t h i n  r e t i c u l a t e  i c e  lenses. 

I t  was a n t i c i p a t e d  tha t  warmer temperatures would r e s u l t  i n  f a s t e r  

creep ra tes .  Tests run w i t h  temperatures c loses t  t o  O°C d isp layed 

g rea te r  s e n s i t i v i t y  t o  f l u c t u a t i o n s  i n  temperature c o n t r o l .  This  response 

was almost c e r t a i n l y  r e l a t e d  t o  the  increas ing  r a t e  o f  change i n  the  

unfrozen water content  as O°C was approached. 

The creep specimens were a l l  examined i n  d e t a i l  once the  t e s t s  had 

concluded. Most o f  them appeared t o  have s t ra ined  u n i f o r m l y  and showed 

no i n d i c a t i o n  o f  bu lg ing  o r  d i s t i n c t  shear planes. I n  a very  few in -  

stances, small amounts o f  movement appeared t o  have occurred a long i c e  

lenses, bu t  i n  general,  the assumption o f  volume constancy appeared t o  

have been a reasonable one. 

3.6 DlSCUSSlON OF RESULTS 

The data presented i n  t h i s  chapter  a r e  unique f o r  two reasons: 

1) A m a j o r i t y  o f  these t e s t s  were performed a t  near-thawing 

temperatures on n a t u r a l  and r e l a t i v e l y  undisturbed f i n e -  

gra ined permafrost s o i l s .  

2) The t e s t s  were performed a t  slow s t r a i n  ra tes  w i t h  low st resses 

and very long t e s t  dura t ions .  

The slow s t r a i n  ra tes  used i n  the  d i r e c t  shear t e s t i n g  meant t h a t  several  

experiments l as ted  f o r  more than 30 days. For tunate ly ,  t h e  r e s u l t s  

obta ined appear t o  have j u s t i f i e d  the  experimental  d i f f i c u l t i e s  which 

were encountered. S i m i  l a r l y ,  the  creep .stLdy requ i red  long t e s t i n g  



t imes before steady s t a t e  cond i t i ons  cou ld  be i d e n t i f i e d  w i t h  conf idence. 

The chal lenge o f  conduct ing these long-term t e s t s  was compounded by t h e  

necess i ty  f o r  extremely e f f e c t i v e  temperature c o n t r o l  when working 

w i t h i n  2°C o f  t he  me l t i ng  p o i n t .  

Th i s  study o f  t h e  s t reng th  and deformation behaviour o f  n a t u r a l  

permafrost  s o i l s  has shown t h a t  a mechanist ic d e s c r i p t i o n  o f  t h e  i n t e r -  

a c t i o n  between shear and creep g iven i n  Chapter I I  was reasonably 

accurate. The a p p l i c a b i l i t y  o f  t h i s  conceptual model had been dernon- 

s t r a t e d  f o r  f rozen sands, bu t  much o f  t h e  l i t e r a t u r e  p e r t a i n i n g  t o  the  

p r o p e r t i e s  and behaviour o f  f rozen, f i ne -g ra ined  s o i l s  seemed q u i t e  

ambiguous. The r e s u l t s  o f  these experiments have shown t h a t  Ladanyi 's  

(1974, 1975) bas ic  model f o r  f rozen s o i l  behaviour can be used w i t h  

reasonable conf idence i n  making p r e d i c t i o n s  o f  creep set t lements and 

time-dependent bear ing capac i t i es  f o r  foundat ions on f rozen s o i l s .  

These same concepts may a l s o  f i n d  a p p l i c a t i o n  i n  e s t i m a t i n g  and i n t e r p r e t -  

i n g  t ime-sett lement r e l a t i o n s h i p s  fo r  p i l e s  i n  permafrost ,  as w e l l  as i n  

e s t a b l i s h i n g  t h e  cond i t ions  o f  l i m i t i n g  e q u i l i b r i u m  when ana lyz ing  the 

s t a b i l i t y  o f  s lopes which a r e  a f f e c t e d  by permafrost cond i t ions .  

The d i r e c t  shear t e s t i n g  has demonstrated t h a t  f rozen f ine-gra ined 

s o i l s  e x h i b i t e d  a d e f i n i t e  f r i c t i o n a l  response. I f  imposed s t r a i n  ra tes  

a r e  s u f f i c i e n t l y  slow, the f r i c t i o n  angle mob i l i zed  can equal t h e  e f f e c t -  

i v e  angle o f  shearing res is tance obta ined f o r  the same s o i l  i n  an unfrozen 

s ta te .  Higher geometric cohesive i n te rcep ts  were observed w i t h  increas-  

i n g  ra tes  o f  s t r a i n ,  the  magnitude apparent ly  being c o n t r o l l e d  main ly  by 

the  s t r a i n  r a t e  and s o i l  temperature. The magnitudes o f  these cohesion 

i n t e r c e p t s  were est imated by us ing  the f l o G  law f o r  i c e  ( ~ i g u r e  2.1) t o  



compute a shear s t ress  corresponding t o  the  s t r a i n  r a t e  imposed du r ing  

a b l e  shear s t r e n g t h  decreased as the h o r i z o n t a l  deformations accumulated. 

The observed reduct ion  i n  s t reng th  can be a t  l e a s t  p a r t i a l l y  a t t r i b u t e d  

t o  t h e  format ion and accumulat ion o f , a  t h i n  l aye r  o f  segregated i ce  

a long the  shear plane. S l i ckens ides  were noted on the  s o i l  sur faces 

which had been i n  contact  w i t h  shear-induced i c e  lenses. Samples o f  

Fo r t  Simpson s i  1 t y  c lay  used i n  these t e s t s  were q u i t e  dense so i t  seems 

probable t h a t  these po l ished sur faces formed du r ing  t h e  e a r l y  stages o f  

shear. I nd i ca t i ons  o f  d i l a t a n t  behaviour du r ing  the f i r s t  and some 

subsequent cyc les  o f  shear suggest t h a t  unfrozen water and i c e  may be 

a t t r a c t e d  t o  the shear zone, u i t i r n a t e i y  producing the  accumulation o f  

i c e  observed there. 

Th is  p a r t i c u l a r  observa t ion  has ser ious i m p l i c a t i o n s  w i t h  respect 

t o  t h e  long-term behaviour o f  f oo t i ngs ,  p i l e s ,  and s lopes i n v o l v i n g  

permafrost s o i l s .  Since susta ined shear movements can apparent ly  cause 

increases i n  i c e  content  w i t h i n  shear zones, imposing st resses which 

exceed a s o i l ' s  long-term shear s t reng th  cou ld  conceivably lead t o  a 

c o n d i t i o n  o f  d e t e r i o r a t i n g  s t a b i l i t y .  Wi th an underest imated load, 

deformation ra tes  might increase, as the u l t i m a t e  s t reng th  and creep 

r a t e  o f  an i c e - r ~ c h  shear zone would be governed by t h e  p rope r t i es  o f  

ice. These s t ruc tu res  were observed i n  a l l  o f  t he  d i r e c t  shear spec i -  

mens, but  i t  was not  determined whether s i m i l a r  l ens ing  cou ld  be p ro -  

duced du r ing  t rans ien t  and steady s t a t 6  creep. Sheared samples examined 



were charac ter ized by a wel l-developed shear zone t h a t  was c r isscrossed 

w i t h  numerous compounded shear planes. Decreasing f r i c t i o n  angles 

observed were i n  good agreement w i t h  Ladanyi 's  (1974) p r e d i c t i o n  t h a t  

f a s t e r  s t r a i n  ra tes  would i n h i b i t  t h e  f u l l  m o b i l i z a t i o n  o f  f r i c t i o n a l  

res i s tance  i n  the  s o i l .  The d i r e c t  shear t e s t i n g  a l s o  demonstrated t h a t  

changing the  normal s t ress  a c t i n g  on a shear p lane had l i t t l e  o r  no 

e f fec t  on s t reng th  mob i l i zed  once an i c e  1ens.had formed there .  

The most important f i n d i n g  was t h a t ,  con t ra ry  t o  prev ious sugges- 

t i o n s  t h a t  frozen, f i ne -g ra ined  s o i l s  e x h i b i t  no f r i c t i o n a l  response, 

these t e s t s  have shown t h a t  t he  s o i l ' s  e f f e c t i v e  angle o f  i n t e r n a l  

f r i c t i o n  can be mob i l i zed  i f  s t r a i n  ra tes  a re  s u f f i c i e n t l y  slow. Under 

low normal stresses and a t  f a s t e r  s t r a i n  ra tes .  t he  f rozen s t r e n a t h  i s  

dominated by the  cohesive component. Th i s  q u a n t i t y  i s  l a r g e l y  c o n t r o l l e d  

by the  s t reng th  o f  i c e  and i s  there fore  dependent upon s t r a i n  r a t e ,  

temperature, and i c e  coatent .  

The creep t e s t i n g  program demonstrated t h a t  t h e  deformat ion behav- 

i o u r  o f  undisturbed, f i ne -g ra ined  permafrost s o i l s  i s  amenable t o  r a t i o n a  

ana lys is .  Both t r a n s i e n t  ( a t t e n t ~ a t i n ~ )  and steady s t a t e  processes were 

c l e a r l y  i d e n t i f i e d .  O f  cons iderab le  i n t e r e s t  was t h e  observa t ion  tha t  
I0 

steady s t a t e  creep ra tes  determined i n  t h i s  study were i n  general agree- 

ment w i t h  those which could be est imated us ing the  f l o w  r e l a t i o n s h i p  

summarized i n  F igure  2.1. I t  would seem t h a t  a t  warm temperatures, 

f i ne -g ra ined  s o i l s  a c t u a l l y  creep a t  ra tes  which a r e  on l y  s l i g h t l y  

f a s t e r  than those e x h i b i t e d  by i ce .  Although increas ing  t h e  c o n f i n i n g  

pressure seemed t o  have an a t t e n t u a t i n g  e f f e c t ,  the  r e s u l t a n t  changes i n  

creep r a t e  were not  la rge .  I 



L im i ted  data suggest t h a t  s ince  the exponent desc r ib ing  t r a n s i e n t  

creep response i s  a func t i on  o f  the  app l i ed  d e v i a t o r i c  s t ress ,  i t  can 
- - 

a l s o  be c o r r e l a t e d  t o  the  steady s t a t e  creep r a t e  which i s  u l t i m a t e l y  

obtained. Fur ther  resea'rch i n  t h i s  area cou ld  r e s u l t  i n  t h e  development 

o f  a procedure f o r  es t ima t ing  steady s t a t e  creep ra tes  d i r e c t l y  f rom 

t r a n s i e n t  creep behaviour observed i n  r e a l t i v e l y  shor t - te rm tes ts .  

Methods f o r  separat ing t r a n s i e n t  and steady s t a t e  creep processes have 

been discussed. It seems reasonable t o  conclude t h a t  u t i l i z a t i o n  o f  

these techniques i n  ana lyz ing  l abo ra to ry  data, t he  r e s u l t s  o f  p i l e  load 

tes ts ,  - etc. ,  would almost c e r t a i n l y  improve the  l e v e l  o f  conf idence i n  

the  i n t e r p r e t a t i o n  and engineer ing a p p l i c a t i o n  o f  r e s u l t s  obta ined.  

I t  was genera l l y  f e l t  t h a t  the  creep data obta ined i n  t h i s  study 

were sub jec t  t o  some c r i t i c i s m ,  as a r e s u l t  o f  t e s t i n g  d i f f i c u l t i e s  

associated w i t h  temperature c o n t r o l .  Even so, a crude f l ow  law was 

constructed,  and the exponent o f  2.75 r e l a t i n g  s t ress  t o  s t r a i n  r a t e  

corresponds c l o s e l y  t o  the  va lue  o f  3 which was determined f o r  p o l y -  

c r y s t a l l i n e  i c e  i n  Chapter I I .  Add i t i ona l  experimental  wcrk w i l l  be 

requ i red  before the  magnitude o f  creep deformat ions occu r r i ng  i n  f rozen 

so; 1s can be est imated w i t h  confidence. 

Th is  labora tory  study has shown t h a t  t r a n s i e n t  creep can c o n t r i b u t e  

s i g n i f i c a n t l y  t o  t o t a l  deformation, p a r t i c u l a r l y  a t  low s t r e s s  l eve l s .  

Numerous c a r e f u l l y  instrumented and monitored long-term f i e l d  and 

l abo ra to ry  t e s t s  w i l l  be requ i red  be fore  a comprehensive model can be 

developed t o  descr ibe and p r e d i c t  t he  creep behaviour o f  f r ozen  s o i l s  

accura te ly .  By employing a n a l y t i c a l  techniques which are  p h y s i c a l l y  

sound, so lu t i ons  t o  s p e c i f i c  problems can by obta ined through the  sens ib le  

- i n t e r p r e t a t i o n  o f  several t e s t s  which have s imulated design load ing  

cond i t ions .  
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F i g u r e  3.2 

b.0 014 0 :8 112 116 210 2:4 218 
HORZ DEFM (CMI 

! 3 0.4 0 .B 1.2 1.6 2 .O 2 -4 2.8 
HORZ DEFM [CMI 

C 

Typ i ca l  r e s u l t s  f rom a d i r e c t  shear t e s t  2onducted 
on f rozen  so i 1 ( ~ e s t  FS- 1 1 ) on = 370 kN/m , 

f = 1.93 ~ ~ / m ~ ,  and sheared a t  1 .9 crn/day 
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Figure 3 . 3  D i r e c t  shear envelopes f o r  reconst i tu ted  Mountain 
River c l a y ,  Ser ies A (unfrozen) 
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'Figure 3 . 4  D i r e c t  shear envelope f o r  reconstructed Mountain 
River  c l a y ,  Ser ies B ( f rozen)  



On NORMAL STRESS ( k ~ / r n ~ )  

Figure 3.5 Direct shear envelope for Fort Simpson silty clay 
(Rate 1 )  

Figure 3.6 Direct shear envelope for Fort Simpson silty clay 
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ZONE 4 MATERIAL, FORT SIMPSON HEADSCARP 
I I 

I 

Peak stress on first cycle I 
AVirage test temperature was -1.5"C 

I I I I I 
- 

Note: Average displacement rate 
I I of 1.87 cmldav I I 
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oh NORMAL STRESS ( k ~ 1 1 - n ~ )  

Figure  3.7 D i r e c t  shear envelope f o r  For t  Simpson s i l t y  c lay  
(Rate 3)  
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~ i g u r e s  3.9 Sketches o f  i c e  s t r u c t u r e  i n  sheared specimens o f  
F o r t  Simpson s i l t y  c l a y  

1.81 on = 491 k ~ l r n ~  
' 

TEST FS-15 TEST FS-16 



Figure 3 .10 Water content p r o f i l e s  i n  sheared specimens'of 
F o r t  Simpson s i l t y  c l a y  
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NORMAL 
FORCE 

SHEAR 1 - S 
L 

FORCE h 

-I S I 

DISPLACEMENT RATE = d 
t . . 

4 

SHEAR STRAIN RATE 6=d 
I 

Figure 3.12 Idealization of direc; shear test to estimate 
strain rates from an assumed condition of simple  
shear 
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BELLOFRAM AIR CYLINDER 
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I 
MODIFIED TRlAXlAL CELL USED IN ISOTHERMAL. CONFINED CREEP TESTS 

: igure 3.13 E leva t i on  s e c t i o n a l  v iew o f  apparatus used i n  
isothermal ,  conf ined creep t e s t s  
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LOAD CAP 

Grease consists of a  coat of Dow - Corning h igh  
vacuum, covered by a  molybdenum d i  sulphide 
lubr icant  preparat ion.  

Figure 3.15 Detail of alternate methods of end-lubrication 
employed in creep tests 



TIME (rnin) x lo4 

Figure 3.16 Results from a typical creed test illustrating the use 
of a five point moving average to smooth the E - t curve 
(Test 3- 8) 
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CHAPTER I V  

REVIEW OF GEOTECHNICAL PROPERTIES 

OF THAW l NG SO l LS 

4.1 PROBLEMS ASSOCIATED WITH THAW 

I n t r o d u c t i o n  

Development o f  petroleum, na tu ra l  gas and o ther  n a t u r a l  resources 

i n  a r c t i c  regions has necess i ta ted  c e r t a i n  engineer ing innovat ions  t o  

deal  w i t h  problems pecu l i a r  t o  t h i s  environment, no t  t he  l e a s t  o f  which 

a r e  the  d i f f i c u l t i e s  associated w i t h  thawing s o i l s .  I t  i s  obvious t h a t  

many p r o j e c t s  w i l l  i nvo l ve  thaw s ince  the  maintenance o f  f rozen condi- 

t i o n s  under a1 l circumstances i s  n e i t h e r  t e c h n i c a l i y  o r  economical ly 

f eas ib le .  I t  has been w ide ly  recognized t h a t  s o i l  p r o p e r t i e s  d e t e r i o r -  

a t e  due t o  thaw but  t he re  have been few examples where a v a i l a b l e  analy- 

t i c  c a p a b i l i t i e s  have been a p p l i e d  t o  p r e d i c t  these changes. The f o l l o w -  

i n g  prov ides a  review o f  cu r ren t  (1976) p r a c t i c e  and r e f l e c t s  t h a t  

i n f l uence  which an app rec ia t i on  o f  s o i l  behaviour du r ing  thaw has had on 

design and cons t ruc t ion .  

Soviet  ~ r a c t  i c e  

Const ruc t ion  i n  connect ion w i t h  heavy i n d u s t r i a l  development has 

been underway i n  the a r c t i c  and subarc t i c  regions o f  the  U.S.S.R. s ince  



the early 1940's. These activities have included open pit and under- 

ground mines, hydroelectric developments, surface transportation net- 

works, pipelines, and cities with multistoried buildings. In his synthe- 

sis of experience gained from these various activities, Tsytovich (1973) 

has emphasized the need to include design provision for settlements 

occurring with the thawing of permafrost soils. He comments that the 

majority of+construction failures recorded in the north can be attrib- 

uted directly to the omission from design of foundation settlements and 

decreases in shear strength that accompany thaw. These concerns are 

especially important when dealing with ice-rich soils. Soviet practice 

recognizes the importance of determining the properties of frozen and 

thawing soils, and indicates that incorporating these features in design 

procedures will ensure the safety and adequate performance of most 

strzct~rzz. 

Tsytovich (1973) states that in moist soils, thy freezing process 

causes development of distinct cryogenic structures, the specific forms 

of  which are determined by material type, moisture availability and 

ground thermal conditions. In their study of the effects of freezing, 

Soviet researchers have found that soil structure and texture have a 

considerable influence on the consolidation and shear strength of 

thawed soils. If thawed void ratios exceed those prior to freezing, 

increases in compressibility and reductions in shear strength are gen- 

erally observed. The presence of relatively dense aggregates of soil 

particles (with moisture contents approaching the plastic 1 imit) has an 

important influence on soil behaviour. In summary, Tsytovich (1973) 

cites the following properties pertaining dxclusively to thawing soils, 

which he feels are most important: 



1) Under load, void ratio changes experienced by thawing soils 

may exceed those for similar unfrozen soils. 
I 

. , 

2) Water permeability after thawing may be increased by one or 

two orders of magnitude over values for the same unfrozen 

soil, decreasing with time (due to swelling) and consolidation 

stress. 

3) Pace water pressures generated during the thaw of ice-rich 

soils may result in conditions of low effective stress.. 

4) Denser soils produce relatively small pore water pressures 

during thaw and consequently exhibit measurable strengths. 

Qualitative and quantitative descriptions of the behaviour and prop- 

erties of thawing soils have been the topic of a considerable volume 

of Soviet 1 iterature. It is regrettable that only recently have portions 

af this W G ; ~  ( l a r g e l y  coiiipleted p i - lo r  t~ 1355) Lecaire clvailalle to -tile 

.North American engineer E ng communi ty. 

North American practice 

Sanger (1969) has reviewed North American experience with the de- 

sign and construction of foundations in permafrost areas. He suggests 

that continued thaw-consolidation associated with thermal degradation 

initiated during or subsequent to construction introduces risk since 

estimates of settlement (and especially differen;ial settlement) are 

highly uncertain. Discussion of more recent engineering work in the 

Arctic is given in Line11 and Johnston (1973). Aside from limited 

investigations conducted under the auspices &of United States mi l i  tary 

agencies, methods for including the effects of thawing permafrost in 
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design were v i r t u a l l y  non-existent  p r i o r  t o  the  l a t e  1960's. Exceptions 

t o  t h i s  a r e  the development o f  h y d r o e l e c t r i c  f a c i l i t i e s  a long t h e  Nelson 

River  ( ~ a c ~ o n a l d ,  1963; Johnston, 1969; Brown and Johnston, 1970; Mac- 

Pherson -- e t  a l . ,  1970) and some undocumented highway cons t ruc t i on  i n  

Alaska and the Canadian nor th.  U n t i l  r ecen t l y ,  s t ruc tu res  w i t h  low 

to le rance f o r  movements have been e i t h e r  re located t o  thaw-stable s i t e s  

or ,  more o f ten ,  founded i n  permafrost w i t h  precaution's taken t o  main- 

t a i n  the  ground i n  a frozen cond i t i on .  With t h e  recent enactment o f  

r e s t r i c t i v e  a r c t i c  land-use regu la t ions  i n  bo th  Canada and the  U.S.A., 

a t t e n t i o n  has tended t o  center  on environmental damage produced by thaw. 
- 

Current concerns 

i ~r tile laie l S6G8 5, d i  scovet-)i cif ~nd~-;\etdb;e i-esei-ves o f  pett-uleum 

and na tu ra l  gas on the  Alaskan North Slope i n i t i a t e d  a sudden increase 

i n  engineering a c t i v i t y  i n  the  A r c t i c .  I t  was eventua l ly  concluded t h a t  

t ranspor ta t i on  o f  o i l  from t h e  A r c t i c  coast t o  an i ce - f ree  p o r t  cou ld  

best  be accomplished w i t h  a 48 inch (122 cm) diameter p i p e l i n e  t h a t  

would be bur ied along a s i g n i f i c a n t  p o r t i o n  o f  i t s  route. Main ta in ing  

o i l  temperatures a t  approximately 70°C would r e s u l t  i n  thawing o f  the  

surrounding permafrost wherever the  p ipe  was bur ied.  Among problems 

considered i n  connection w i t h  t h i s  p r o j e c t  were the  s tab i  1 i t y  (~oodward-  

Clyde and Associat ts ,  1970) and d i f f e r e n t i a l  set t lements (Palmer, 1972) 

o f  the  p lug  o f  thawed so i  1 surrounding t h e  p ipe.  Lachenbruch (1970) 

studied p o t e n t i a l  problems created by t h e  presence o f  a h o t - o i l  p ipe-  

l i n e  i n  permafrost.  Although the c o n c l u s i o ~ s  o f  h i s  study r e f l e c t e d  a 
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l i m i t e d  understanding o f  the mechanical p r o p e r t i e s  o f  thawed s o i l s ,  they 

d i d  serve t o  focus a t t e n t i o n  on the  geotechnical  aspects o f  such a  pro- 

j e c t .  

The p o s s i b i l i t y  a l s o  e x i s t s  t h a t  casing i n  p roduct ion  we l l s  which 

penetrate permafrost could be subjected t o  s i g n i f i c a n t  a x i a l  s t resses i f  

downdrag were exer ted by the set t lement  o f  adjacent  thawing so i  1s ( ~ o c h ,  

1971). This+problem o f  s o i l - s t r u c t u r e  i n t e r a c t i o n  has been t r e a t e d  i n  

more a n a l y t i c a l  d e t a i l  by Palmer (1973). McRoberts and Morgenstern 

(1974) have i d e n t i f i e d  two types o f  mass movement common t o  thawing 

s o i l s  and have developed an ana lys i s  t h a t  permi ts  p r e l i m i n a r y  eva lua t i on  

o f  s lope s t a b i l i t y .  Other s tud ies  (Smith and Berg, 1973; Pufahl e t  a l . ,  -- 

I 1974) have examined the  cons t ruc t i on  and subsequent performance o f  

roadway c u t s  excavated i n  permafrost.  

Planning f o r  the cons t ruc t i on  o f  var ious  t r z n s p ~ r t a t l c n  f a s l !  ! t ies  

i nc lud ing  a  highway, a  ch i  1 l e d  gas p i p e l i n e  and a  ho: o i l  p i p e l i n e  (a1 1 

i n  t he  Mackenzie River Va l l ey ) ,  has served t o  focus Canadian a t t e n t i o n  

on a group o f  concerns which a r e  s i m i l a r  t o  those descr ibed above. 

Foremost among these i s  the p o t e n t i a l  f o r  environmental damage i f  m e l t i n g  

i s  induced by d is turbance o f  the thermal e q u i l i b r i u m  o f  t h e  permafrost.  

The post-thaw behavioural  c h a r a c t e r i s t i c s  o f  h i g h  c o m p r e s s i b i l i t y  and 

I low shear s t reng th  f o r  i c e - r i c h  f i ne -g ra ined  s o i l s  have been recognized, 

but i t  i s  c l e a r  t h a t  i f  t h e o r e t i c a l  analyses a r e  t o  be app l i ed  t o  engi -  

neer ing problems w i t h  any conf idence, r e a l i s t i c  parameters must be 

determined t o  descr ibe s o i l  behaviour. The establ ishment o f  a  r a t i o n a l  

basis  f o r  coping w i t h  thawing s o i l s  can best  be achieved by an examina- 

I t i o n  o f  t h e  f o l l o w i n g  items: 1 



1 )  Eva luat ion  o f  the progress o f  t h e  thaw f r o n t  w i t h  t ime. 

2 )  Evaluat ion o f  t o t a l  thaw set t lements.  

3) Evaluat ion o f  excess pore pressures associated w i t h  consol i- 

.dat i on  dur ing  thaw. 

4) Evaluat ion o f  a v a i l a b l e  shear s t reng th .  

4.2 THAW1 NG, OF FROZEN S o l  LS 

Analys is  o f  thaw 

Several techniques o f  thermal ana lys i s  a r e  c u r r e n t l y  a v a i l a b l e  

wh ich  permi t  t he  eva lua t i on  o f  thaw depths w i t h  t ime. So lu t i on  methods 

range from mod i f i ca t i on  o f  t h e  s imple Neumann problem t o  complex numerical  

-rr.ethnds.. E!Ixcr! 2nd E?r,?.oherts (1973) have presented z c x  uzz fu !  sz!u:lons 

t o  one-dimensional problems w i t h  s imple boundary conci i t ions. The dominant 

va r i ab les  i n  thaw problems have been i s o l a t e d  f o r  t h e  general case o f  a  

s t e p  temperature app l i ed  t o  t h e  sur face o f  a  homogeneous mass o f  f rozen 

- s o i l .    he subsequent movement o f  t h e  thaw i n t e r f a c e  w i t h  t ime i s  g iven 

(4.1) 

X i s  t he  depth o f  thaw 

t i s  t ime, and 

a i s  a constant,  determined a n a l y t i c a l l y  as the r o o t  o f  

a  transcendental  equat ion. 

I n  p r a c t i c e ,  a i s  simply a parameter which describes the  r a t e  of 

thaw. Nixon and McRoberts (1973) i n d i c a t e  t h a t  s ince  a  s p e c i f i c  thermal 



s o l u t i o n  i s  seldom an end i n  i t s e l f ,  a one-dimensional'approach may be 

e n t i r e l y  adequate f o r  a p p l i c a t i o n  t o  many f i e l d  problems. 

Analyses o f  problems i n c l u d i n g  the e f f e c t s  o f  nonhomogeneity, 

complex two-dimensional geometry, space and t ime dependent proper t ies ,  

and mixed boundary cond i t ions  are  poss ib le  o n l y  through t h e  u t i l i z a t i o n  

o f  a d i g i t a l  computer. Various f i n i t e  element and f i n i t e  d i f f e r e n c e  

schemes a r e  a v a i l a b l e  f o r  s u i t a b l e  model l ing o f  these more complex c i r -  

cumstances (Hwang -- e t  a l . ,  1973; Sykes e t  a l . ,  1974a; Sykes e t  a l . ,  -- -- 

Thermal ana lys i s  

In  t h e i r  examination o f  f a c t o r s  a f f e c t i n g  the  thawing o f  f rozen 

s o i l s ,  Nixon and McRoberts (1973) have assessed the  r e l a t i v e  e f f e c t s  o f  

thermal p roper t i es  i n  determining t h e  r a t e  o f  thaw. The i r  study i n d i -  

cates t h a t  eva luat ion  o f  the temperature dependence o f  less  important 

parameters such as thermal c o n d u c t i v i t y  i s  t o t a l l y  unwarranted. By 

making use o f  est imated thermal p roper t i es ,  thaw can apparent ly  be de- 

scr ibed w i t h  accuracy s u f f i c i e n t  f o r  geotechnical purposes. I n  con- 

c lus ion ,  they s t a t e  t h a t ,  "cont inu ing research i n t o  t h e  thermal proper-  

t i e s  o f  s o i l s  i s  considered, a t  our  present s t a t e  o f  understanding, t o  

be subordinate t o  the requirement f o r  a more exact knowledge of t h e  

geotechnical p roper t i es  o f  thawing so i l s . "  The suggestion t h a t  thermal 

p roper t i es  can be e i t h e r  ca l cu la ted  o r  est imated w i t h  reasonable accuracy 

from pub1 ished data (e. - g . ,  Kersten, 1949) has been supported by several  

recent studies. L 



Comparing predicted and observed thaw rates for laboratory tests on 

reconstituted soils, Morgenstern and Smith (1973) found that measured 

values fall appro~imate~ly 15% below computed rates. The presence of 

unfrozen water was not accounted for in these estimates, and had its 

effect been included, a better correspondence might have emerged. Nixon 

and Morgenstern (1974) tested undisturbed samples in a simi lar manner, 

and by takirig account of the unfrozen water, obtained a values averaging 

7% greater than predicted. 

A comparison of measured and calculated thaw rates has been made by 

NcRoberts (1975) for several cases of field thawing. He has concluded 

that although extensions to the simple Neumann thaw model are sometimes 

necessary, agreement between observed and computed a values is good. In 

addition, he has demonstrated that the magnitude and range of thaw rates 

encountered in nature is not large. Penner -- et al. (1975), after testing 

compacted fine-grained soils from the Mackenzie Highway, have reported 

good agreement between their measured thermal conductivity values and 

those reported by Kersten (1 949). They conclude that this correspondence 

has enhanced the reliability of previously published data for use in 

general thermal calculations. A comparison of field and laboratory 

values of thermal conductivity would, however, still be of value. 

Laboratory thermal conductivities have been evaluated for undisturbed, 

ice-rich permaf rost soi 1 s by Sl usarchuk and Watson (1 975). Thermal 

conductivities were again found to be in good agreement with published 

values for similar soils at corresponding unit weights and water contents. 

This study draws attention to the fact that the thermal conductivities 
r( 

of high ice-content soils do not approach the value for pure ice as 



might have been expected. The lower values observed are attributed to 

the thermal resistance of tiny air bubbles and discontinuities occurring 

naturally in undisturbed ice-rich permafrost. 

4.3 CONSOLIDATION OF THAWING SOILS 

Thaw-consol idation theory 

Central to any effort to describe the behaviour of thawing perma- 

frost is an evaluation of the effective stress in the soil. It is this 

quantity that uniquely controls both volume change and shear strength. 

Tsytovich -- et al. (1965) have predicted that if a soil is subjected 

to a sudden step temperature, settlement will proceed linearly with the 

square root of time. Unfortunately, t h e i r  atteznt r ts zstaS?l;h the 

boundary cond i t ions at the thaw 1 ine was incomplete. Zaretski i (1969) 

was probably the first to recognize that settlements due to thaw could 

be separated into three components, namely: 

1 )  Settlement brought about by volume reduction associated with 

t change of phase of ice in the soil pores and gas compression. 

I '2) Consol idation settlement occurring during the period of thaw. 

I 3) Consolidation settlement occurring subsequent to the comple- 

tion of thaw. 

Although the original translation is somewhat confusing, a more recent 

I description of this work appearing in Tsytovich (1973) makes it clear 

i that Zaretskii's original assumption about the boundary condition at the 
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au - 
Po + y 'X - u(x, t )  = c 

ax 
v dx - (4 

A + 

c denotes the c o e f f i c i e n t  o f  consol idat ion,  
v 

thaw l i n e  was essen t ia l l y  i den t i ca l  t o  t ha t  l a t e r  given by Morgenstern 

and Nixon (1971). Figure 4.1 shows the one-dimensional conf igurat ion 

fo r  thaw-consolidation,assumed i n  the fo l low ing  der ivat ions.  The key 

statement i n  t h e i r  so lu t ion  o f  the t9aw-consolidation problem i s  t9a t  

" f o r  a saturated s o i l  ... any f low from the thaw l i n e  i s  accommodated by 

a change i n  volume o f  the so i l " .  The equation derived t o  describe t h i s  

condi t ion was: 
,' 

where 
Po 

denotes the stress appl ied t o  the s o i l  surface, 

y' denotes the submerged densi ty o f  the s o i l ,  

u i ~ , t j  denotes the excess pore water pressure a t  the  

thaw f r on t ,  

X denotes the distance t o  the thaw plane from the 

so i  1 surface (see equation 4. I), 

x denotes depth from the ground surface, and 

t denotes t ime. 

Zare tsk i i  (1969) has derived a s l i g h t l y  d i f f e r e n t  equation, but 

both analyses assume the fo l low ing  expression f o r  the so lu t ion  o f  the 

X u(X,t) = A e r f  - + Bx 
2 m  

v 1 



where A and B a re  constants found f rom the  boundary cond i t i ons ,  and 

e r f  denotes the e r r o r  f unc t i on .  

Although Z a r e t s k i i ' s  s o l u t i o n  takes the  same general form as t h a t  ob- 

t a ined  by Morgenstern and Nixon (1971) i t  conta ins  an i n e x p l i c a b l e  de- 

pendence on the average d ry  dens i t y  o f  t he  thawing s o i l .  Other t h ings  

being equal, t h i s  r e l a t i o n s h i p  p r e d i c t s  t h a t  t h e  degree o f  c o n s o l i d a t i o n  

a t  t he  end bf thaw w i l l  be reduced by decreasing the  s o i l ' s  d ry  dens i ty .  

Comparing t h i s  t o  the Morgenstern and Nixon's  l i n e a r  thaw-consol idat ion 

s o l u t i o n ,  i t  can be seen t h a t  Z a r e t s k i i  c o n s i s t e n t l y  p r e d i c t s  an end-of- 

thaw degree o f  conso l i da t i on  t h a t  i s  as much as 7% higher ,  thus tending 

away f rom conserva t i sm. 

Both treatments conclude t h a t  excess pore pressures and the  degree 

o f  conso l i da t i on  i n  thawing s o i l s  a r e  dependent upon the thaw c o n s o l i -  

d a t i o n  r a t i o  R, a term emerging f rom the  a n a l y t i c a l  s o l u t i o n s  and def ined 

Th is  r a t i o  describes t h e  r e l a t i v e  r a t e  q t  which water i s  generated 

and d i ss ipa ted  a t  the thaw f r o n t .  Morgenstern and Nixon (1971) have 

-assumed t h a t  i f  no volume change were pe rm i t t ed  s f t e r  thaw, the i n i t i a l  

e f f e c t i v e  s t ress  i n  t he  s o i l  would be equal t o  zero. Th is  seems reason- 

a b l e  f o r  extremely i c e - r i c h  s o i l s ,  and they observe t h a t  should t h i s  

term become subs tan t i a l ,  i t s  e f f e c t  would be t o  d im in i sh  pore pressures 

generated by me l t i ng  and thus reduce the  s e v e r i t y  o f  problems a r i s i n g  
C 

dur ing  t h e  thawing o f  f rozen s o i l s .  





settlements during thaw were observed to proceed propo~tionally with the 

square root of time. In Figure 4.2, the dependence.of both the degree 

of consolidation and maximum excess pore pressures upon the thaw con- 

solidation ratio (R) is shown to be good agreement with the theoretical 

relationship. For these tests, the assumption was made that the initial 

effective stress was zero. The authors draw attention to the diffi- 

culties associated with the evaluation of -- in situ permeability and 

compressibility characteristics, and speculate that determination of 

field permeabilities will be essential for an accurate estimate of R. 

In connection with the same study, Smith (1972) observed that for a 

given average void ratio, soils subjected to a freeze-thaw cycle exhibit 

an increase in permeability of one to two orders of magnitude in the 

range of low applied stresses. This behaviour was attributed to the 

formation of small channels in positions occupied by segregated i c e  

prior to thaw. He has also demonstrated that successive freeze-thaw 

cycles performed under constant stress can produce significant reduc- 

tions in void ratio. Smith has suggested that local overconsolidation 

was caused by negative pore pressures generated during freezing, so that 

upon thaw, the sample would swell. If permitted to drain, however, the 

soil would not return to its original void ratio. 

Recognizing the importance of the effective stress remnant in a. 

soil skeleton thawed in an undrained condition, Nixon and Morgenstern 

(1973b) undertook an experimental examinat ion of thi s quant i ty (here- 

after referred to as the 'residual stress'). Experimental evidence 

(smith, 1972) suggested that the thermal and stress histories prior to 

and associated with permafrost formation could be effective in reducing 



void ratios and result in a significant residual stress upon soil thawing. 

The thaw-consolidation theory developed for soils exhibiting nonlinear 

compressibility (Nixon and Morgenstern, 1973a) indicates that the magni- 

tude of pore pressures produced by thaw will depend very much upon the 

ratio of the final effective stress to the residual stress. 

Residual stress 

Since a physical appreciation of the role of residual stress in the 

behaviour of thawing soils is essential to understanding much of the 

experimental data presented in subsequeng chapters of this thesis, the 

fol lowing recapitulation extracted from Nixon and Morgenstern (1 973b) 

should serve to familiarize the reader with this concept. Referring to 

Figure 4-3 ,  a sedizent ?=.irk 2 knck.5 s t rcsz  history i s  shown, havIng Seez 

normally consolidated 'to an effective stress P at a point A. With 
0 

freezing in the absence of drainage, a small increase in average void 

ratio from point A to B accommodates the volume change associated with 

phase change as most of the water i n  the pores turns to ice. Thawing 

the soil without drainage returns the void ratio to e which often 
o1 

produces an increase in pore water pressure. If the void ratio is 

sufficiently high ,  observed pore pressures can approach or even equal 

the total stress acting on the sample. Thus, it follows that effective 

stresses are reduced subsequent to thaw, and in 2xtrerne cases, may for 

all practical purposes equal zero. By permitting drainage, a reduction 

i n  void ratio brings the soil into effective stress equilibrium at point 

C. Externally, the freeze-thaw cycle undef constant external stress has 

brought about a net decrease in volume, represented by AC. 





residual stress will be zero. Following thaw, free drainage will permit 

the soil to consolidate (or swell) under the action of an external load 

to some effective stress, Po . During reloading along the line EC, 

stress-strain behaviour will be typical of an overconsolidated soil. 

The net strain from the frozen to the fully thawed state (line BC) has 

been termed the thaw strain. 

From the foregoing, it should be obvious that the behaviour of 

thawing permafrost is strongly influenced by its stress and thermal 

histories. The residual stress will affect pore pressures, settlements 

associated with thaw, and the undrained strength of the thawed soil 

mass. In thei r experimental study, Nixoo and Morgenstern (1973b) ut i -  

lized a modified permode to measure residual stresses in two different 

reconstituted silty clays. The tests revealed an excellent linear 

corre!ation hetwer! soi! v c i d  r a t i z  2nd !cg;;Itt;;r, of the effective--. 

stress. Figure 4.4 shows that by following entirely different stress 

paths in two separate test series, essentially identical relationships 

were obtained between e and aoia 

Laboratory studies - undisturbed permafrost 

In addition to testing reconstituted materials, Nixon and Morgen- 

stern (1973b) also measured residual stresses in a number of undisturbed 

samples of silt obtained from a site near Norman 'dells, N.W.T. A similar 

linear relationship was observed between void ratio and the logarithm of 

residual stress. Scatter in the data at higher stress levels was attribu- 

ted to difficulty in measuring pore pressurks as the soil became rela- 



t i v e l y  incompressible. A t r end  i n d i c a t i n g  an increase i n  res idua l  

s t r e s s  w i t h  depth was demonstrated f o r  t h i s  s i t e .  Less s o p h i s t i c a t e d  

t e s t s  conducted on undisturbed permafrost have attempted t o  cha rac te r i ze  

t h e  magnitude o f  thaw s t r a i n s  associated w i t h  d i f f e r e n t  s o i l  types. 

Woodward-Clyde Associates (1970) has documented the  r e s u l t s  o f  an extens- 

i v e  t e s t i n g  program conducted i n  connect ion w i t h  the  Alyeska P ipe l i ne .  

The r e s u l t s  o f  t h i s  s tudy were subsequently presented i n  an abbreviated 

form ( ~ u s c h e r  and A f i f  i, 1973). By c o r r e l a t i n g  a x i a l  thaw s t r a i n  t o  

f rozen d ry  dens i ty ,  r e l a t i o n s h i p s  have been developed t h a t  f a c i l i t a t e  

est imates o f  thaw set t lements f o r  s i l t s  and granu lar  s o i l s  d i r e c t l y  from 

index p rope r t i es  (exc luding e f f e c t s  due t o  the  thawing o f  i c e  lenses o r  . 

massive i c e ) .  Thaw s t r a i n  data i s  presented as a f u n c t i o n  o f  the  a p p l i e d  

conso l i da t i on  s t ress ,  and consequently, t h e  thawed s o i l ' s  c o m p r e s s i b i l i t y  

a l s o  en ters  the ana lys is .  

Another group o f  uncon t ro l l ed  thaw-sett lement t e s t s  have been 

repor ted  by Speer -- e t  a l .  (1973) who show t h a t  a r e l a t i o n s h i p  can be 

developed between f rozen b u l k  dens i t y  and t o t a l  set t lement .  The i r  study 

i nd i ca tes  t h a t  a usefu l  c o r r e l a t i o n  may e x i s t  between f rozen bu l k  dens i t y  

and thaw s t r a i n .  f o r  a g iven minera l  s o i l  type, thus p e r m i t t i n g  est imates 

o f  set t lement  magnitudes and v a r i a b i l i t y  w i t h i n  s p e c i f i c  geo log ic  u n i t s .  

Combining data from several s i t e s ,  a l e a s t  squares curve was f i t t e d  t o  

o b t a i n  the  equation, 



where A i s  the thaw s t r a i n  (percent) ,  and 
.. 

[ y f  
i s the f rozen bu 1 k  dens i t y  (Mg/m3). . 

1 

g A study repor ted by K e i l  e t  a l .  (1973) l e d  t o  a s i m i l a r  c o r r e l a t i o n  f o r  -- 
I 

1: 
ir , varved l a c u s t r i n e  s o i l s  w i t h  the  genera l l y  l a r g e r  thaw s t r a i n s  repor ted  

L probably being due t o  d i f f e rences  i n  the s o i l  and ground i c e  types 

encountered. Watson e t  a1 . (1973b) have prov ideh a d d i t i o n a l  data f o r  -- 
! 

t the  dens i ty -se t t lement  c o r r e l a t i o n .  They a l s o  no te  t h a t  p e r m e a b i l i t i e s  

f o r  undisturbed samples o f  c layey s o i l s  thawed under low st resses a re  

r e l a t i v e l y  h igh  (1 x  t o  1 x 1 0 ' ~  cm/s). Small increases i n  over- 

I burden pressure brought about a r a p i d  decrease i n  pe rmeab i l i t y  o f  two t o  
f 

i t h r e e  orders o f  magnitude. 

To date, o n l y  one f i e l d  t e s t  has been conducted t h a t  i s  s u f f i c i e n t l y  

w e l l  documented t o  be amenable t o  ana lys is .  Watson e t  a l .  (1973a) have -- 
presented data c o l l e c t e d  du r ing  Mackenzie Va l ley  Pipe L ine  Research 

L im i ted ' s  (MVPL) b r i e f  opera t ion  o f  a h o t - o i l  p ipe1 i n e  t e s t  sec t i on  a t  

Inuv ik ,  N.W.T. . In format ion recorded a t  t h e  s i t e  inc luded ground tempera- 

tu res ,  pore water pressures and set t lements.  D e t a i l s  o f  t h e  instrumen- 

t a t i o n  used a t  t h a t  s i t e  have been described elsewhere by Slusarchuk .- e t  

a l .  (1973). Morgenstern and Nixon (1975) have analyzed t h e  MVPL t e s t  - 
s i t e  data, making use o f  t h e i r  (1971) l i n e a r  thaw-consol idat ion theory.  

. The general agreement demonstrated between p red i c ted  and observed ra tes  

of thaw, pore pressures, and set t lements improves conf idence i n  e s t i -  

o f  r e s u l t s  determined i n  standard l abo ra to ry  tes ts .  





1) I n t e r n a l  r e d i s t r i b u t i o n  o f  water. 

2)  Volume and dens i ty  changes due t o  so i  1 water f reez ing .  

3) An o v e r a l l  increase i n  water content  du r ing  open system f reez-  

ing. 

I n  t h e i r  study, a  v a r i e t y  of f r e e z i n g  cond i t i ons  were simulated by 

va ry ing  f reez ing  ra tes ,  surcharge pressures and drainage cond i t i ons  

du r ing  sample preparat ion.  

Unconsolidated undrained t e s t s  showed t h a t  slow f r e e z i n g  ra tes  ( i n  

con junc t i on  w i t h  water i n f l o w  being a l lowed du r ing  open-system f reez ing )  

could r e s u l t  i n  shear s t rengths  o f  less than 10% o f  t h e  values obta ined 

fo r  t he  c o n t r o l  specimens. Th is  l oss  i n  s t r e n g t h  was a t t r i b u t e d  t o  the 

presence o f  ' l a y e r s  o f  water '  occupying t h e  l o c a t i o n s  o f  former i c e  

lenses. These were thought t o  permi t  development o f  h igh  pore pressures 

ba r ing  -tha;; and shear tinder undrair;ed c o n d i t l s c s .  F i i r t he r i~o re ,  corn- 

pacted s o i l s  subjected t o  several  f reeze-thaw cyc les  approached f u l l  

s a t u r a t i o n  when f rozen a t  slow ra tes  under open-system cond i t ions .  

Stress paths fo l lowed i n  these t e s t s  demonstrated the  e f f e c t  o f  t h e  

apparent overconso l ida t ion  caused by the nega t i ve  pore water pressures 

generated dur ing  f reez ing .  These p reconso l i da t i on  e f f e c t s  were most 

no t i ceab le  on samples f rozen a t  f a s t  ra tes  w i thou t  drainage. The 

e f f e c t i v e  angle o f  shearing res i s tance  remained unaf fected by f reez ing ,  

but  increased moisture contents d i d  cause a  reduc t i on  i n  t h e  cohesion 

i n te rcep t .  The in f luences o f  e f f e c t i v e  s t ress  changes experienced 

dur ing  f reez ing  were more apparent i n  the  shapes o f  t he  s t ress  vec tors  

du r ing  shear, which were t y p i c a l  o f  those normal ly  associated w i t h  

overconsol idated c lays.  This  behaviour may6be r e l a t e d  t o  t h e  f a c t  t h a t  



compaction was used to prepare the soil specimens prior to freezing. 

Kaplar (1965) pointed out that bringing the soil to.maximum Proctor 

density is equivalent to heavy preloading. This could provide an alter- 

nate reason for the similarity of stress paths followed by soils sub- 

jected to either overconsolidation or a freeze-thaw cycle. 

Thomson and Lobacz (1973) employed direct shear tests to determine 

strengths alpng a frozen-thawed interface in a remoulded silty soil. 

Their procedure ensured that fully drained conditions existed during 

shear, and they measured an effective angle of shearing resistance not 

significantly different from that of the unfrozen soil. It is of inter- 

est to note that results from triaxial tests on samples which had been 

frozen then thawed could be interpreted as exhibiting a nonlinear envel- 

ope, even though the authors have chosen to approximate the failure 

re la t ionsh ip  w i t h  a straight line, 

Watson et al. (1973) report, but do not comment on, results from -- 
several consolidated undrained triaxial tests performed on undisturbed 

Soviet research 

Very little of the Soviet research dealing with the shear strength 

of thawing soils appears in the translated literature, but several 

interesting reports are avai lable. Tsytovich -- et a1 . (1957) have indi- 
cated that strength reductions experienced by soils subjected to a 

freeze-thaw cycle are a consequence o f  structural changes, moisture 

redistribution, and water concentration in &ice lenses. Maximum reduc- 
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t i o n s  i n  shear s t reng th  have been observed i n  s o i l s  pos'sessing a s t r a t i -  

f i ed  o r  c e l l u l a r  ( r e t i c u l a t e )  s t ruc tu re .  Cryogen ic . f i ssures  re ta ined  

a f t e r  thaw apparent ly produce s i g n i f i c a n t  increases i n  pe rmeab i l i t y  and 

c o m p r e s s i b i l i t y  a t  low e f f e c t i v e  s t ress  leve ls .  At h igher  conso l i da t i on  

pressures, the magnitudes o f  these va r iab les  tend t o  conform w i t h  values 

observed f o r  the  unfrozen so i  1 . l ncreases i n  ' t hk  c o e f f i c i e n t  o f  consol i - 
d a t i o n  a t  low s t ress  l eve ls  have a l s o  been a t t r i b u t e d  t o  f a b r i c  changes 

produced by the  f reez ing process (Vodolazki i ,  1962). His observat ions 

i n d i c a t e  t h a t  under f i e l d  cond i t ions ,  t h e  cryogenic s t r u c t u r e  i s  re ta ined  

f o r  some t ime a f t e r  thaw, bu t  eventua l ly  disappears a f t e r  two t o  th ree  

months. 

Shusherina and Tsy tov ich  (1967) have presented undrained shear 

s t rengths  fo r  c l a y  s o i l s  t h a t  demonstrate cons is ten t  s t reng th  reduct ions  

f o r  saniples which had been subjected t o  a freeze-thaw cyc le .  The ex- 

per imen ta l l y  determined unfrozen and thawed shear s t rengths  emerge as 

l i n e a r  funct ions o f  b u l k  densi ty ,  w i t h  t h e  r a t i o  o f  these two s t rengths  

remaining e s s e n t i a l l y  constant throughout the  documented dens i t y  range. 

Water segregated as i c e  dur ing  f reez ing  i s  released upon thaw b u t  i s  n o t  

immediately reabsorbed. They suggest t h a t  t h i s  cond i t i on  i s  a major 

f a c t o r  c o n t r i b u t i n g  t o  the s t reng th  reduct ion process i n  thawing s o i l s .  

Th is  response has even been noted f o r  c lays  f rozen under closed-system 

cond i t ions  w i t h  moisture contents as low as t h e  p l a s t i c  l i m i t .  

A number o f  i n  s i t u  vane shear t e s t s  performed i n  a thawing e a r t h  

f i l l  a l s o  gave a l i n e a r  c o r r e l a t i o n  between shearing s t reng th  and 

densi ty .  Although subsequent data e x h i b i t s  considerably more s c a t t e r ,  

increases i n  s t reng th  t h a t  were reported oper the  th ree  month p e r i o d  



f o l  lowing thaw a r e  probably r e l a t e d  t o  t h e  d i s s i p a t i o n  'of excess pore 

pressures i n  the  f i l l .  Other vane t e s t s  i n  s o i l  beneath an excavation 

showed very  low st rengths near the  thaw plane, again imply ing t h e  pres- 

ence o f  excess pore water pressures. 

Ground i c e  o r i g i n s  

Hughes (1974) has ind ica ted t h a t ,  as ide  f rom t h e  obvious thermal 

cond i t ions  necessary f o r  t he  format ion o f  permafrost,  the  d i s t r i b u t i o n  

and form o f  ground i c e  normally encountered i s  the  product o f  several  

i n t e r r e l a t e d  cond i t ions  summarized i n  t h e  f o l l o w i n g :  

1 The physical  p roper t i es  of sediments w i t h i n  a geologic u n i t .  

2 )  O r i g i n  and postdepos i t iona l  h i s t o r y  o f  t he  geologic u n i t .  

3) Spa t ia l  r e l a t i o n s h i p s  between geo log ic  u n i t s .  

4) Hydrogeologic cond i t i ons  from the  onset o f  permafrost aggrada- 

t ion. 

F i g u r e  4.5 shows a genet ic  c l a s s i f i c a t i o n  scheme proposed by Mackay 

(1972a) t h a t  demonstrates some o f  these assoc ia t ions  on t h e  basis o f  

water o r i g i n ,  dominant t r a n s f e r  processes and r e s u l t a n t  ground i c e  

types. A wide v a r i e t y  o f  forms can be found w i t h i n  the  range o f  geo log ic  

ma te r ia l s  t y p i c a l l y  encountered. 

Occurrences o f  ground i c e  documented i n  connect ion w i t h  engineer ing 

i nves t iga t i ons  have been repor ted  p r i m a r i l y  i n  unconsol idated sediments 

of Ple is tocene age. Pore i c e  i s  no t  a p a r t i c u l a r l y  d i s t i n g u i s h i n g  
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fea ture  s ince i c e  w i l l  necessar i l y  be present i n  the  voids o f  any 

sediment t h a t  was moist p r i o r  t o  permafrost invasion.  More v i s i b l y  

obvious, and o f  g reater  concern, i s  i c e  i n  excess 'of  t h a t  requ i red  t o  

occupy the  po ros i t y  o f  apparent ly  i n t a c t  s o i l .  This segregated i c e  con- 

s t i t u t e s  the  m a j o r i t y  o f  ground i c e  encountered i n  permafrost areas and 

ranges from t h i n  veins, bare ly  v i s i b l e  t o  the naked eye, t o  t h i c k  tabu lar  

bodies o f  the s o r t  described by Mackay (1971). 

T i l l  p la ins ,  which cons is t  o f  a r e l a t i v e l y  t h i n  veneer o f  lodgement 

t i l l  ove r l y ing  bedrock, make up roughly 50% o f  the land area i n  the  

v i c i n i t y  of the  Mackenzie River  Val l ey  ( ~ u ~ h e s ,  1974). The compact 

na ture  o f  these mater ia ls ,  combined w i t h  t h e i r  r e l a t i v e l y  low permea- 

b i l i t y ,  almost t o t a l l y  r e s t r i c t s  t h e  format ion o f  segregated ice. Next 

i n  area l  ex tent  are the  c lays,  s i l t s ,  and sands t h a t  were deposited i n  

gl ac i a  1 1 akes impottrlded along the  \r;lll ey rlt-tr i ng degl ac i  a t  ion. 

Ice  i n  g l a c i o l a c u s t r i n e  sediments 

P a r t i c u l a r  i n t e r e s t  has been focused on ground i c e  formed w i t h i n  

f ine-gra ined g l a c i o l a c u s t r i n e  sediments. These mate r ia l s  are  t h e  most 

p o t e n t i a l l y  troublesome t o  geotechnical engineers due t o  the  t y p i c a l l y  

h igh  water contents t h a t  render them unstable when thawed. A survey of 

n a t u r a l l y  occur r ing  i n s t a b i l i t y  i n  the  v i c i n i t y  o f  t he  Mackenzie River 

Val l e y  reported by McRoberts and Morgenstern (15'3) has i nd i ca ted  tha t  

mass movements a re  most f requen t l y  associated w i t h  the  f rozen c lays ,  

s i l t s ,  and sands found i n  g l a c i a l  lake basins. They a l so  note t h e  

i n v a r i a b l e  occurrence o f  segregated i c e  inrsediments exposed a t  t he  



headscarps of these landslides and flows visited in the course of their 

study . 
It seems probable that the construction of highway backslopes in 

these same deposits would be accompanied by the considerable risk of 

precipitating simi larly unstable conditions (~ufahl - et -- a1 1974). 

Concern has also been expressed regarding the effects which local 

ground ice variability could have on the total and differential settle- 

I ments sustained by a warm-oi 1 pipe1 ine founded in permafrost (speer - et 

al., 1973). Bedded silts and clays which had been deposited in glacial - 
lakes were identified as a problematic terrain unit and an extensive 

laboratory testing program subsequently demonstrated that design concerns 

were well founded. Additionally, ground ice structure apparently plays 

a significant role in sustaining slope retreat at the ablating headscarps 

of bimodal f:o.w.5 ;ii these sarut: si i cy ciays i~ufani, 1376). 

I Although more detail regarding the field identification and de- 

I .  scription of ground ice could be given, it is instructive to review the 

three most common structures developed when ground ice forms in soils. 

I Without reference to origin or subsequent developmental processes, 

Tsytovich (1973) has described three eas i ly distinguished structures 
+ 

shown schematically in Figure 4.6. 

Soils with massive structure contain a uniform distribution of pore 

ice, and occasionally some fine, random, discontinuous veins. These 

soils are characteristically quite dense. They generally exhibit negli- 

gible to moderate thaw strains and satisfactory thawed strengths, with 

almost none of the structure associated with freezing being retained 
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different from similar material that has not experienced a freeze-thaw 

cycle. The same generalization is certainly - not true of soils with 

either stratified or reticulate structures, both of which exhibit re- 

duced shear strengths and larger strains upon thaw. Since these are 

apparently the most common ice structures found in glaciolacustrine 

sediments, the following provides a brief review of ice formation pro- 

cesses for each case. 

Taber (1929) concluded that conditions of high initial water con- 

tent and easy water access during freezing were favourable to the forma- 

tion of alternating soil and ice layers with an essentially horizontal 

attitude. A more quantitative description of the physical processes 

leading to the formation of rhythmic ice bands has been given by Martin 

(1959). Both authors have indicated that stratifi'ed structure is most 

c t requentl y observed i f i  r e l a t l v e l - j  s l  l ty sells and can gencra? !y be - 

attributed to the transport of water to the freezing front which results 

in moisture contents that exceed the soi 1 's pre-f reezing equi 1 i brium 

moisture content. Experience has shbwn that large thaw strains and very 

low shear strengths are commonly associated with soils containing a 

stratified ice structure. 

Taber (1929) also conducted freezing tests on clay soils and ob- 

served that the low permeability limited water supply so that ice segre- 

gation caused shrinkage cracks to form. As freezing advanced, these 

cracks gradually filled with clear ice and enla~ged themselves, extend- 

ing downward and combining with horizontal veins *to form a cell ular or 

reticulate structure. In several instanc'es, vertical or steeply inclined 

planes of weakness developed and intersectkd ice veins which had previ- 
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ously formed in essentially horizontal attitudes. Subsequent differ- 

ential growth of the horizontal lenses apparently caused local contem- 

poraneous 'faulting' along these high-angle flaws. The partitioning 

walls of clear ice were gradually thickened with water derived from the 

clay blocks contained within. Beskow (1935) has documented a similar 

process where water for ice veins growing well behind the freezing front 

was removed from the adjacent clay. 

More recently, Mackay (1974) has reviewed the literature concerning 

reticulate ice vein networks and, on the basis of his field observations, 

has discussed theories of origin and growth. He indicates that soils 

exhibiting reticulate structure yield little excess water when they 

thaw, lending support to the suggestion that ice veins have grown in 

shrinkage cracks and consist of water derived locally. The most fav- 

orable conditions for producing this sort of structure would then be 

where steep temperature gradients occur in massive soils with low per- 

meabilities. This observation is in close agreement with the sequence 

of events proposed by Hughes (1974), depicting the exposure and subse- 

quent freezing of a stratigraphic cross-section thought to be typical of 

conditions prevalent in the glaciolacustrine basins of the Mackenzie 

River Valley. Although segregated ice in clay typically appears as a 

reticulate network, thick horizontal bands of relatively clear ice, and 

even downward grading into massive segregated ice have also been report- 

ed (~ughes, 1973'; Mackay, 1975; Pufahl , 1976). 

Since the reticulate structure is three-dimensional, it is espe- 

cially important to recognize this macrostructure in the examination of 

ice and soil in small diameter core samples. 
I 

Hughes, O.L. 1973. Personal communicat ion. 



Effects of thawed fabric 

Fissures present in soils possessing either stratified or reticu- 

late structure will probably produce significant increases in permea- 

bility at the low stress which normally correspond to field thaw condi- 

t ions. 

Watson -- et a1 . (1973) found that undisturbed samples obtained at the 
MVPL lnuvik test site and thawed under low overburden pressures had 

relatively high coefficients of permeability. However, small increases 

in pressure caused a large decrease in permeability. This behaviour is 

also supported by the results of -- in situ permeability tests reported by 

-4 
Rowley -- et a1 . (1 973). Thawed soi 1 permeabi 1 it ies of 10 cm/s con- 

siderably exceeded the values which might have been anticipated on the 

basis of the soil's grain size curve. In their analysis of performance 

data for a hot-oil pipeline test section at the same site, Morgenstern 

and Nixon (1975) chose to use laboratory permeabilities for the appro- 

priate stress range. They have suggested that the measured field values 

were too high and cite several reasons to support this view. 

High permeabilities have been reported for low plasticity clays 

from the Copper River Basin in Alsaka (woodward-Clyde Associates, 1970) 

The results of falling head permeability tests performed on 2.5 in. (6.4 

cm) and 7.7 in. (19.6 cm) diameter samples are shown in Figure 4.7. A1 1. 

specimens tested were recovered from the same gevlogic unit. These data 

demonstrate the importance of relating sample size to soil structural 

features. The larger diameter cores clearly contained a more representa- 

tive sample of -- in situ fabric, specifically the fissuring associated 



w i t h  ground ice. On t h i s  basis ,  i t  was concluded t h a t  t he  macros t ruc ture  

was responsib le f o r  a  pe rmeab i l i t y  increase o f  a t  l e a s t  two orders  o f  

magnitude i n  the  low s t ress  range. 

The development of  a  we l l -de f i ned  secondary s t r u c t u r e  has a l s o  been 

described i n  highway subgrade s o i l s  f rozen under e s s e n t i a l l y  c losed-  

system cond i t i ons  ( ~ e r ~ a n ,  1973; Bergan and Fredlund, 1973; Fredlund e t  - 
al. ,  1975). - Laboratory measurements on remoulded and undisturbed c l a y  - 
samples have demonstrated t h a t  a  freeze-thaw c y c l e  produces a  s i g n i f i c a n t  

reduc t ion  i n  m a t r i c  suct ion.  These changes i n  the subgrade soi  1 para- 

meters apparent ly  in f luence the  s o i l ' s  response t o  dynamic loading,  and 

hence c o n t r i b u t e  t o  the  f a t i g u e  damage o f  o v e r l y i n g  a s p h a l t i c  concrete 

pavements. The exp lanat ion  o f f e r e d  f o r  t h e  s u c t i o n  decrease i s  an 

accumulation o f  water i n  the secondary s t r u c t u r e  t h a t  r e s u l t s  f rom the 

melting ~ u t  of  sayregaied ice. On thawing, the  r e i a t i v e i y  h igher  mois tu re  

contents i n  the macrostructure c o n t r o l  s u c t i o n  values measured i n  the 

labora tory .  The a c t i o n  o f  ex te rna l  s t resses and i n t e r n a l  suc t i on  g rad i -  

ents can, over t he  course o f  t ime, r e s t o r e  un i fo rm s o i l  mo is tu re  d i s t r i b u -  

t i o n s  and lead t o  an increase i n  observed suct ions.  '/ 

Experience w i t h  s t ruc tu red  s o i l s  

It i s  c lea r  t h a t  d i s c o n t i n u i t i e s  produced by m e l t i n g  i c e  lenses a r e  

the dominant fea tures  i n  post-thaw f a b r i c .  On the  basis  o f  s t r u c t u r a l  

s i m i l a r i t i e s ,  a  number o f  p a r a l l e l s  can be drawn f rom geotechnical  

experience gained w i t h  s i m i l a r  ma te r i a l s  which a r e  more f a m i l i a r  i n  

terms o f  convent iona l  p rac t i ce .  Rowe (1 972f has authored an excel l e n t  
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treatise on the role of soil fabric in geotechnical engineering prac- 

tice. He emphasizes the need to firstly, recognize features of 

the effect that fabric details have on the interpretation of site peology 

as well as soil strength and consolidation properties. 

The consolidation behaviour of fissured clays suggests that sec- 

ondary structure provides additional drainage capacity, particularly at 

low stress levels (~azi and Kni 11, 1969; McGown and Radwan, 1975). Test 

results indicate the importance of sample size and macrofabric for 

testing under stresses which lie at or below the in situ overburden -- 
pressure. As effective stresses increase, fissures close and the scatter 

in .permeabi 1 i ty data observed between otherwise s imi lar samples decreases 

(see Figure 4.8). Permeabil ities tend toward uniform values that are 

characteristic of tne homogeneous intact ciay. 

Marsland (1972) has described the role played by extensive fissur- 

ing in producing a nonlinear failure envelope for London clay. At low 

normal stresses, the soil behaves like a slightly dilatant granular 

material with the clay lumps remaining relatively intact during shear. 

The effects of large overconsolidation stresses are apparent only within 

portions of the shear plane pass through the intact material and a A 

definite peak strength is produced. The stress-strain curves obtained 

from this series ot fully drained triaxial tests are shown in Figure 

4.9. Marsland also emphasizes the absolute necessity of testing rep- 

resentative soil elements (in the laboratory or field) with specific 

attention being paid to recognized relatioffships between sample dimensions 



and the  spacing o f  d i s c o n t i n u i t i e s .  It seems reasonable t o  conclude 

t h a t  permafrost s o i l s  e x h i b i t i n g  a  s t r a t i f i e d  o r  r e t i c u l a t e  s t r u c t u r e  i n  

t h e  thawed s t a t e  should behave s i m i l a r l y  t o  f i s s u r e d  c lays.  

Research ob jec t  ives 

At present,  there  i s  a  pauc i t y  o f  well-documented f i e l d  case h i s -  

t o r i e s  descr ib ing  thaw-induced set t lements o r  i n s t a b i l i t y .  Th is  sug- 

gests t h a t  labora tory  or  -- i n  s i t u  t e s t i n g  t o  eva luate  p roper t i es  o f  

undisturbed f ine-gra ined permafrost s o i l s  would prov ide  in fo rmat ion  of  

considerable value. A pr imary o b j e c t i v e  i n  any p r e l i m i n a r y  study 

should then be an attempt t o  d e f i n e  the r o l e  o f  cryogenic s t r u c t u r e  i n  

t h e  geotechnical behaviour o f  thawing s o i l s .  

Rcferzncz ts Ficjurc 4.10 p r cv?des  2 s u m c r y  o f  the var ious  pro- 

cesses thought t o  be occu r r i ng  du r ing  t h e  thaw o f  a  f ine-gra ined s o i l  

possessing r e t i c u l a t e  s t ruc ture .  The f rozen c l a y  shown conta ins  through- 

going sedimentary and cryogenic features.  As thaw proceeds, water 

re leased  from the  mel t ing  i c e  network w i l l  so f ten  the  adjacent s o i l  and 

f l o w  along the  secondary s t r u c t u r e  i n  response t o  any e x i s t i n g  hydraul i c  

g rad ient .  Water w i l l  a l so  make i t s  way i n t o  bedding fea tures  such as 

s i l t  lenses. . 
- A v a i l a b i l i t y  o f  water permi ts  the  s o i l  b locks o r  'peds' t o  even- 

t u a l l y  swel l  t o  a  : ,~o is ture  content i n  e q u i l i b r i u m  w i t h  t h e  -- i n  s i t u  

e f f e c t i v e  stresses. A t  the  complet ion o f  thawing, i t  i s  probable t h a t  

t h e  secondary s t r u c t u r e  w i l l  be f u l l y  sa tura ted and possess a  mois ture  

content somewhat higher than average. Ludps re ta ined  w i t h i n  t h e  so f t -  



ened matrix will have lower water contents and may not be fully saturat- 

ed. If external stresses are high, water will continue to drain pre- 

I ferentially along the fissures until effective stresses become suf- 

ficiently high to cause closure of the structure. Under these circum- 

I stances, water migration would continue within the soil blocks. With 

I lower external stresses, it seems less 1 ikely that drainage and local 

I* moisture redistribution would occur. Suctions within the lumps would 

then constitute the only potential driving water from the secondary 

structure into the intact soil. This model suggests several behavioural 

features that have a great deal in common with other soils possessing a 

definite secondary structure such as the more familiar fissured clays. 

The physics of thawing soils are understood reasonably well, and 

analytic solutions are now available for application to a wide variety 

of engineering problems. However, very little detailed information 

exists describing the geotechnical behaviour of thawlng soils. With 

numerous important problems confronting the geotechnical engineer in the 

I Arctic, it is probable that those situations involving the thawing of 

frozen soil will be the most common and potentially serious from both 

structural and economic points of view. Fine-grained permafrost soils, 
W 

particularly glaciolacustrine clays, have been singled out for attention 

in this thesis. The subsequent chapters present a detailed laboratory 



Figure 4.1 One-dimensional thaw-consolidation 
(after Morgenstern and Nixon, 1971) 
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Figure 4.2 Maximum base pore pressures and degree of consolidation: 
a comparison of theory and experiment 
(after Morgenstern and Smi th, 1973) 
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Figure  4.3 Stress path f o r  a  s o i l  du r ing  a c losed system freeze- 
thaw cyc le  ( a f t e r  IJixon and Morgenstern, 1973b) 
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ORIGIN OF WATER 
PRIOR TO FREEZING 

CLASSIFICATION OF UNDERGROUND ICE 

PRINCIPAL TRANSFER PROCESS I GROUND ICE FORMS I 
Atmospherlc 

Water Opencavity Ice 
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Figure  4.5 C l a s s i f i c a t i o n  o f  underground i c e  
( a f t e r  Mackay , 1972a) 

Figure 4.6 

MASSIVE STRATIFIED RETICULATE 
(pore ice) (segregated ice) (segregated ice) 

# 

S t ruc tu re  o f  f rozen s o i l s  and associated ground i ce  forms 
( a f t e r  Tsytov i ch, 1973) 
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DRAINED TRlAXlAL TESTS 
ON FISSURED LONDON CLAY 
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Figure  4.9 S t ress -s t ra in  curves f o r  dra ined t r i a x i a l  t e s t s  on 
98 rnm specimens o f  London c lay  ( a f t e r  Marsland, 1972) 
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CHAPTER V 

LABORATORY STUDIES OF CONSOLIDATION I N  THAWING SOILS 

5.1 INTRODUCTION 

A mathematical model t o  descr ibe  the  process o f  conso l i da t i on  and 

exper in~enta l -  r e s u l t s  t o  subs tan t i a te  the  t h e o r e t i c a l  work have been 

discussed i n  Chapter I V .  As a nex t  step, i t  i s  important t o  more 

accu ra te l y  determine the  s o i l  p r o p e r t i e s  used i n  the  theory,  w i t h  par-  

t i c u l a r  reference t o  n a t u r a l  ma te r i a l s .  Subsequent sec t ions  descr ibe 

l abo ra to ry  t e s t s  on 10 cm (4  in . )  diameter undisturbed samples o f  

f ine-gra ined permafrost s o i l  obta ined from th ree  d i f f e r e n t  s i t e s  i n  

the  Mackenzie River  Va l ley .  Discussions concentrate on t h e  measurement 

o f  res idc2!  s t ress  and ccnsc1Idat lon p r n n ~ r t l e s ,  - r -  and an a t t e m ~ t  I s  

made t o  r e l a t e  them t o  the depos i t i ona l  and thermal h i s t o r y  o f  t h e  

sediments. 

5.2 FACTORS AFFECTING CONSOLIDATION AND SETTLEMENT 

The ana lys i s  o f  conso l i da t i on  and se t t lement  i n  thawing s o i l s  

begins w i t h  a de terminat ion  o f  t h e  e f f e c t i v e  s t resses  a c t i n g  i n  t h e -  

s o i l .  A t  the thaw f r o n t ,  t h e  e f f e c t i v e  s t ress  i s  described by: 

w i t h  symbols as def ined i n  Chapter I V .  The sur face surcharge (po) and 

the  thawed s o i l s '  submerged dens i t y  ( y ' )  can be evaluated. With the 



application of a step temperature at the soil surface, the depth of thaw 

(X) is related to the square root of time by the constant a. The de- 

pendence of the excess pore pressure (u (X,t)) on the thaw-consol idation 

ratio has been discussed in Section 4.3. Since the thaw-consolidation 

ratio contains both thermal and geotechnical properties, the precision 

with which pressures can be predicted will depend upon the accuracy 

with which ci and c can be determined. The residual stress ('Go8) is v 

apparently best determined by laboratory measurement. 

Nixon and McRoberts (1973) have shown that in thaw problems, the 

dominant variables are ground surface temperature, the thermal con- 

ductivity of the thawed soil, and the quantity of water involved in 

phase change. Field and laboratory studies described in Section 4.2 

provide reasonable assurance of the general applicability of Kersten's 

(1949) data in thermal calculations. Thermal variables entering the 

thaw-consolidation ratlo are reasonably well-defined, whereas knowledge 

of the equally important geotechnical variables is less complete. 

The coefficient of consolidation is the parameter which describes 

the rate of dissipation of excess pore water pressures and is related 

to soil permability and compressibility by the following: 

where k denc .es the coefficient of permeability of the soil, and 

m denotes the coefficient of volume compressibility. v 

Mineralogy, texture, and stress history all influence compressibility, 

whereas permeability is, in addition to these factors, affected by fabric. 



Rowe (1970) has suggested t h a t  mV can be adequately determined f rom 

oedometer tes ts .  Permeabi l i ty ,  however, should be obta ined e i t h e r  from 

i n  s i t u  measurements o r  labora tory  t e s t s  on la rge  diameter samples -- 
which inc lude representa t ive  f a b r i c .  Even the  r e s u l t s  o f  s i t ~  per- 

m e a b i l i t y  t e s t s  are sub jec t  t o  e r r o r  s ince e f f e c t s  due t o  s t ress  depen- 

dence a r e  d i f f i c u l t  t o  assess. A1 Dahir -- e t  a l .  (1970) have demonstrated 

I, t h e  importance o f  sca le  and s t ress  l eve l  i n  app ly ing  labora tory  r e s u l t s  

I t o  the  i n t e r p r e t a t i o n  o f  f i e l d  data. They showed t h a t  conso l i da t i on  

I c o e f f i c i e n t s  ca l cu la ted  from f i e l d  records o f  pore pressure d i s s i p a t i o n  

I could be as much as an order  o f  magnitude h igher  than labora tory  values. 

The tendency f o r  these d i f fe rences t o  decrease a t  h igher e f f e c t i v e  st resses 

was a t t r i b u t e d  t o  the  diminished r o l e  o f  secondary s t r u c t u r e  under 

I f i e l d  cond i t ions .  

The d l f f l c u ! t l e s  involved i n  es t imat ing  e i t h e r  k or  m fsr  I n  
v  - 

s i t u  cond i t ions  are  w e l l  known. No attempt has y e t  been made t o  account 

f o r  t h e  s t ress  dependence o f  conso l i da t i on  p r o p e r t i e s  i n  t h e  develop- 

I ment o f  thaw-consol idat ion theory. Extensions do, however, inc lude 

a -non l i nea r  e-a'  r e l a t i o n s h i p  w i t h  c  assumed constant.  To inc lude 
v  

p roper t y  v a r i a t i o n s  i n  the theory i s  n o t  y e t  p r a c t i c a l l y  j u s t i f i e d ,  

bu t  a  r e a l i s t i c  value f o r  c  i s  e s s e n t i a l  t o  ob ta in ing  an accurate 
v 

p r e d i c t i o n  o f  pore pressure. For problems i n v o l v i n g  thawing permafrost,  

i n  s i t u  permeabi l i t y  t e s t s  a r e  no t  f e a s i b l e  and w i l l  seldom be prac- -- 
t i c a b l e  s ince the  s o i l  would normal ly  be f rozen a t  t he  t ime o f  t h e  

s i t e  i nves t i ga t i on .  This l i m i t a t i o n  increases the  importance o f  ob ta in-  

i ng  and t e s t i n g  undisturbed samples which a re  representa t ive  o f  t he  i n  - 
s i t u  f a b r i c .  8 - 
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The magnitude o f  the res idua l  s t ress  term i n  equat ion 5.1 has a  

s i g n i f i c a n t  i n f l uence  on excess pore pressures p red i c ted  by the non- 

l i n e a r  theory. A semi- logar i thmic c o r r e l a t i o n  has been found between 

thawed, undrained vo id  r a t i o  and r e s i d u a l ' s t r e s s ,  bu t  a d d i t i o n a l  t e s t -  

i n g  o f  na tu ra l  permafrost i s  requ i red  be fore  th i ' s  parameter can be 

r o u t i n e l y  and c o n f i d e n t l y  inc luded i n  a n a l y s i s  and design ( ~ i x o n  and 

Morgenstern, 1973b). Nevertheless, fea tures  such as cryogenic s t r u c t u r e  

w i l l  i n f l uence  the  experimental  measurement o f  res idua l  s t resses.  

The expression g i v i n g  t o t a l  set t lement  f o r  thawing, non-homogeneous 

s o i l s  cons is ts  o f  two terms and takes t h e  form: 

where A(z) denotes the thaw se t t lement  parameter a t  depth z ;  

m ( z )  denotes the c o e f f i c i e n t  o f  volume c o r m r e s s i b i l i t y  a t  
v  

depth z, 

Aa' denotes the e f f e c t i v e  s t r e s s  change, and 

H denotes the th ickness o f  thawed s o i l .  

The shape o f  t h e  assumed thaw set t lement  curve i n  F igure 5.1 has been 

substant ia ted  by thaw s t r a i n  data repor ted  by Watson -- e t  a1 . (1973). The 

thaw set t lement  parameter has been equated t o  the  apparent r e l a t i v e  

set t lement  o f  a  permafrost sample thawed under a  no-load c o n d i t i o n .  A 

standard procedure t o  evaluate t h i s  q u a n t i t y  has no t  ye t  been estab-  

l i shed.  Cor re la t ions  between thaw s t r a i n  and f rozen bu l k  dens i t y  have 

o n l y  been used t o  est imate set t lements,  so ref inement o f  t he  t e s t  method 

i s  probably no t  j u s t i f i e d .  Thaw s t r a i n  ins ludes the  l a r g e  i n i t i a l  

compression t h a t  occurs a t  low st resses as w e l l  as volume change 



I associated with the ice-water transformation. The second term in equa- 

tion 5.3 is settlement due to consolidation with m assumed constant. v 

For soils exhibiting large thaw strains, this term will be small when 

compared to the total settlement. If the predict ion of t ime-dependent 

settlement is required, more involved formulations are available 

1 (Morgenstern and Nixon, 1971;:Nixon, 1973). Transient settlement be- 

haviour is related to the dissipation of excess pore pressures and 

therefore depends upon the thaw consolidation ratio R. 

. Much larger variations can be anticipated in the geotechnical than 

in the thermal parameters for soils. Knowing index properties and water 

contents, the rate of thaw in a frozen soil can be predicted from pub- 

lished relationships with accuracy sufficient for most geotechnical 

purposes. The uncertainty in obtaining a value for a is considerably 

less than the uncertainty in estimating or measuring c . '! 
In situ testing to assess thawed properties is precluded by prac- -- 

tical considerations. With laboratory testing as the only alternative, 

care must be exercised to obtain truly representative results. Site 

investigation requirements should include the determination of accurate 

stratigraphic, water content, and density profiles as well as obtaining 

undisturbed core suitable for laboratory testing. Tests on representa- 

tive samples should be performed over a stress range that approximates 

field loading conditions. 

5.3 MODEL FOR CLOSURE OF THE SECONDARY STRUCTURE 

In the process of thaw-consolidationb, cv is the most important 

geotechnical parameter and its rna2nitude is strongly influenced by the 



permeab i l i t y  o f  t he  thawed s o i l .  Recognizing p e r m e a b i l i t y ' s  s t r e s s  

I dependence, Nixon (1973) has emphasized the  importance o f  per forming 

t e s t s  a t  the  c o r r e c t  s t ress  l e v e l  t o  es t imate  -- i n  s i t u  permeabi l i  t y .  

Research c i t e d  i n  Chapter I V  has shown t h a t  f i s s u r e d  s o i l s  e x h i b i t  a  

v a r i a t i o n  i n  pe rmeab i l i t y  r e l a t e d  t o  changes i n  e f f e c t i v e  s t ress .  

I I n  most instances, a  reduct ion  i n  pe rmeab i l i t y  has been found w i t h  

increas ing s t ress ,  and these i n i t i a l  decreases become less pronounced a t  

I h igher  stresses. Stress increases reduce p o r o s i t y ,  which i n  tu rn ,  

I diminishes permeabi l i t y .  The much l a r g e r  reduct ions i n  pe rmeab i l i t y  

I displayed by undisturbed s o i l s  have genera l ly  been a t t r i b u t e d  t o  c losu re  

o f  s t r u c t u r a l  d i s c o n t i n u i t i e s  such as cracks, f i ssu res ,  and r o o t  holes. 

The in f l uence  o f  cracks on t h e  pe rmeab i l i t y  o f  rock has been re- 

I viewed by Morgenstern and Guther (1972) who draw a t t e n t i o n  t o  e f f e c t s  

r e l a t e d  t o  pressure changes. The aspect r z t i o  o f  a crack i s  much higher 

than t h a t  of  a  pore, and s ince  cracks a r e  more prone t o  c losure,  s t ress  

changes have a  s i g n i f i c a n t  e f f e c t  on the  pe rmeab i l i t y  o f  a  f r a c t u r e d  

porous medium. The use o f  Darcy's law t o  descr ibe f l o w  through a  f i s -  

sured o r  f r a c t u r e d  media has been j u s t i f i e d  by Snow (1967). Water 

can then be assumed t o  f low everywhere i n  the medium and n o t  j u s t  along 

j o i n t s  and f i ssu res .  The equ iva lent  pe rmeab i l i t y  o f  such a  ma te r ia l  i s  

g iven by: 

k  = k f  + ks (5.4) 

where 
k f  denotes the permeabi 1 i t y  o f  the f i s s u r e  system ( s t r o n g l y  

s t ress  dependent), and b 

I k  denotes the i n t r i n s i c  permeabil i t y  o f  the s o i  1 (weakly 
S 

s t ress  dependent) . 



The i n t r i n s i c  permeabi l i t y  w i l l  remain e s s e n t i a l l y  constant  because 

compression o f  t h e  s o i l  skeleton w i l l  be n e g l i g i b l e  over t h e  r e l a t i v e l y  

narrow range o f  stresses a n t i c i p a t e d  f o r  most thawing s i t u a t i o n s .  At 

low stresses, the  permeabi l i t y  o f  a  j o i n t  o r  f i s s u r e  system w i l l  s i g -  

n i f i c a n t l y  exceed the i n t r i n s i c  pe rmeab i l i t y  o f  the  s o i l .  Although the  

o v e r a l l  permeabi l i t y  w i l l  be a  f u n c t i o n  o f  average e f f e c t i v e  s t ress ,  i t  

i s  a l s o  poss ib le  tha t  f i s s u r e ~ c l o s u r e  cou ld  be induced by changes i n  

shea'r s t ress.  

Terzaghi (1960) has expla ined the  permeabi 1 i t y  o f  a j o i n t e d  rock . . 

mass by proposing a  model c o n s i s t i n g  o f  t h ree  s i m i l a r  se ts  o f  mutua l ly  

perpendicular  j o i n t s .  He assumed t h a t  p lane laminar f l o w  occurred 

through two sets o f  j o i n t s  and a t  r i g h t  angles t o  the  t h i r d .  F igu re  5.2 

I shows such an idea l i zed  s o i l  mass w i t h  a  se t  o f  i n t e r s e c t i n g  d i s c o n t i -  

I n u i t i e s  w i t h  a  w id th  o f  b and spacing D. The average v e l o c i t y  f o r  

laminar f l o w  between two p l a t e s  i s  given by: 

where b  denotes the spacing o f  t he  p l a t e s  ( j o i n t  w id th ) ,  

y denotes the dynamic v i s c o s i t y  o f  water, 

:? denotes the pressure grad ient ,  y i, i n  which 
ax W 

i denotes the h y d r a u l i c  g rad ient .  

Discharge i s  then determined by t h e  product o f  f l ow  v e l o c i t y  and ares 

(x2). For the  s o i l  element i n  F igure 5.2, a  u n i t  area i s  seen t o  con- 

2 
t a i n  a  f i s s u r e  area o f  2x b/D. By making the  appropr ia te  s u b s t i t u t i o n s  

i n t o  Darcy's law, the  f o l l o w i n g  i s  obta in&:  



Equation 5.6 suggests that small changes in b wi I 1  produce large changes 

in kf. Fissure closure will be determined by effective stress. P: 

neglecting swelling effects, a functional relationship can be found 

between permeability, effective stress, and the geometry of the macro- 

structure of the soil. To describe experimental data typically obtained 

for fractured rock, Guther (1972) has suggested the function: 

where o denotes average effective stress, and 
a 

A, T, and N are empirical constants. 

Equation 5.7 will plot as a straight 1 ine of log k against log (oal+T). 

Since the stress dependence of permeability is directly related 

to fissure width, a similar relationship can be developed by expressing 

fissure width as a function of effective stress: 

where b denotes initial fissure width, and 
0 

n is an empirical constant. 

The fissure width for any effective stress is then substituted into 

Equation 5.6 to obtain the equivalent permeability of the fissure 

system. Adding this value to the intrinsic permeability (€quation 5.4) 
C 

yields the apparent permeability as a function of stress. 



Figure  5.3 i s  a l og - l og  p l o t  o f  s t r e s s  aga ins t  pe rmeab i l i t y .  The 

behaviour o f  these thawed samples appears t o  be described adequately 

by a r e l a t i o n s h i p  w i t h  the  same form as equat ion 5.7. The i n i t i a l  

average f i s s u r e  w id th  and spacing can be e s t i v a t e d  from t h e  i c e  network 

v i s i b l e  on f rozen s o i l  samples. Since t h i s  methcd o f  desc r ib ing  f i s s u r e  

system geometry i s  an a r b i t r a r y  process, i t  cannot be used t o  es t imate  

i n  s i t u  pe rmeab i l i t i es  w i t h  any degree o f  conf idence. Adopting t h i s  -- 
approach t o  model the i n t e r a c t i o n  between macrostructure and e f f e c t i v e  

s t ress  i s  usefu l  i n  exp la in ing  the  l a r g e  changes i n  pe rmeab i l i t y  which 

a re  observed i n  thawing s o i l s .  

Combining equat ions 5.4, 5.6 and 5 .8  y i e l d s  t h e  f o l l o w i n g  

expression: 

which can be reduced t o  the  same form as equat io i i  5.7 i f :  

y b 3  A =  w o  w and N = 3n 

i n  F igure  5.3. With the  i n c l u s i o n  o f  t he  app rop r ia te  values f o r  the  

o the r  parameters, p red i c ted  and observed r e l a t i o n s h i p s  between o' and 

I k can be compared. 

Sample NW3-5A displayed a r e t i c u l a t e  i c e  network t h a t  c l o s e l y  
i 

resembled the assumed con f i gu ra t i on .  Measurements o f  average geometry 



were made and the  exponent was evaluated from F igure  5.3. F igure  5.4 shows 

t h a t  the  pred ic ted  a ' - k  curve agrees w e l l  w i t h  experimental  r e s u l t s .  

Dup l i ca t i on  of experimental  data i n  t h i s  case was poss ib le  on ly  because 

t h c  exponent I n '  was evaluated from r e s u l t s  t h a t  were t o  be pred ic ted .  

The curves i n  F igure 5.4 demonstrate t h a t  the  f i s s u r e  c losu re  model 

prov ides an exp lanat ion  f o r  stress-dependent c o n s o l i d a t i o n  p rope r t i es  i n  

thawing s o i l s .  By developing a  semi-empir ical  equat ion t o  descr ibe  t h e  
I 

decrease i n  pe rmeab i l i t y  w i t h  increas ing  s t ress ,  i t  i s  poss ib le  t o  

o b t a i n  a  b e t t e r  understanding o f  the  c o n t r i b u t i o n s  made by the d i f f e r e n t  

elements o f  s o i l  f a b r i c  i n  determin ing the  s o i l ' s  o v e r a l l  pe rmeab i l i t y .  

5.4 TESTING EQUIPMENT AND PROCEDURES 

Laboratory equ i pmer~t 

Laboratory equipment has been developed t o  permi t  t h e  d e t a i l e d  

study o f  thawing s o i l s .  The most soph is t i ca ted  and v e r s a t i l e  i t em 

has been the permafrost oedometer o r  permode  mi t h y  1972) used t o  

perform thaw-consol idat ion t e s t s  on remoulded c lays .  The o r i g i n a l  

apparatus and ins t rumenta t ion  a r e  described i n  d e t a i l  by Morgenstern and 

Smith (1973). Later ,  a  number o f  design improvements were incorporated 

which permi t ted  both the  t e s t i n g  o f  undisturbed permafrost  samples 2.5 

i n .  (6.4 cm) i n  diameter, and the  measurement o f  r e s i d u ~ l  s t ress .  

The ob jec t i ves  o f  t h i s  research program requ i red  t h a t  t e s t i n g  be 

done on a  l a rge  number o f  10 cm diameter samples. To f a c i l i t a t e  sample 

1 
prepara t i on  and t e s t  setup procedures, two l a r g e r  diameter permodes 



were designed and constructed. The following equipment improvements 

were made: 

1 )  The pore pressure measurement system was redesigned to min- 

imize its volume, eliminate air bubble entrapment, and permit 

transducer recalibration at any time. 

2)  Modifications to the valving were included which permitted 

measurement of pore water pressures at either the top or base 

of the sample. 

3) Zero volume change valves were added to give complete control 

of drainage as well as to permit flushing of the top and 
I 

bottom porous stones during and after test assembly. 

4) Base pedestal height was increased to reduce difficulty 

previously encountered _in placing the lower '0' ring seal. 

5) A double '6' r i n g  seal or) tne load cap minimized the possibiiity 

of 1 ea kage. 

6) Since there was no need to maintain controlled thawwith 

relaxed requirements for temperature control, thermo-electric 

modules were replaced by fluid being circulated through heat 

exchangers in the base and load cap. 

A diagram of the apparatus used for consolidation, permeability, 

residual stress and thaw-consolidation tests is shown in Figure 5.5. 

The permode is basically a fixed-ring, low friction oedometer providing 

complete control of sample drainage and measurement of pore water 

pressures. The split barrel design developed by Nixon and Morgenstern 

(1973b) was retained to facilitate the testing of undisturbed samples. 

Because of its low thermalconductivity, ihk barrel exterior and bottom 

section of the base were made from polyvinyl chloride (PVC). Following 
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e a r l i e r  designs, the load ram was threaded i n t o  the  load cap t o  min imize 

any tendency f o r  t i l t i n g .  Ram al ignment was maintained by a T e f l o n  

bushing se t  i n t o  an aluminum guide bar. The b a r r e l  was l i n e d  i n t e r -  

n a l l y  w i t h  a Te f l on  i n s e r t  which, together  w i t h  a greased rubber mem- 

brane, v i r t u a l l y  e l im ina ted f r i c t i o n  on the  sample s ides.  

Sintered s t a i n l e s s  s t e e l  porous stones replaced the usual carborundum 

stones which de te r i o ra ted  and f requen t l y  cracked when subjected t o  

freeze-thaw ac t i on .  The lower porous stone was connected t o  t h e  

pressure transducer by a 1/16 in .  (0.16 cm) i n s i d e  diameter bore. 

I During the  manufacture o f  va l ve  assemblies, care  was taken t o  min imize 

the  i n t e r n a l  volume o f  the pressure measuring system. A smal l ,  threaded 

bleeder va lve  was b u i l t  i n t o  the  transducer b lock  so the  transducer 

I could be zeroed t o  atmospheric pressure w i t h  no f l o w  o f  water  o c c u r r i n g  

e i t h e r  i n t o  o r  ou t  o f  the sample. Undersized neoprene l o '  r i n g s  were 

used t o  seal t h e  rubber membrane t o  i h e  load cap and base pedesta l .  I n  

add i t i on ,  the clamping a c t i o n  o f  t he  b a r r e l  o n ' t h e  lower '0 '  r i n g  

ass i s ted  i n  producing a complete ly  w a t e r t i g h t  seal.  Each o f  t h e  1/8 i n .  

I dra inage tubes leading from the  load cap were connected t o  valves which 

pe rm i t t ed  the c o n t r o l  o f  f l o w  f rom top end o f  the  sample. A l l  valves 

used were 1 /8  i n. Tef 1 on seated  hi tey ba 1 1 va 1 ves (zero v o l  ume change) 

and a l l  tub ing  connections were made w i t h  Swagelok f i t t i n g s .  

By clamping a 1 i n e a r l y  v a r i a b l e  displacement transducer (LVDT) 

I s o l i d l y  t o  the  load guide bar  a t  t he  top  o f  t h e  sample b a r r e l ,  s e t t l e -  

I ment was measu.red d i r e c t l y  t o  an accuracy o f  b e t t e r  than 0.0002 cm 

I (0.0001 i n . ) .  An e l e c t r i c a l  res i s tance  s i ra in-gauged diaphragm pressure 

I transducer w i t h  a r e s o l u t i o n  o f  approximately 0.15 K N / ~ ~  (0.02 p s i )  was 

used t o  measure sample pore water pressures and h y d r a u l i c  g rad ien ts  
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app l ied  i n  the constant  head pe rmeab i l i t y  t e s t s .  P rov i s ion  was n o t  made 

f o r  the  r o u t i n e  use o f  thermis tors  o r  thermocouples s ince  adopt ing  un- 

c o n t r o l l e d  thaw had e l im ina ted  the  necessi ty  f o r  temperature measurement 

i n  most o f  the t e s t i n g .  However i n  thaw c o n s o l i d a t i o n  t e s t s ,  bo th  base 

and load cap temperatures were monitored by us ing  p r e c i s i o n  thermometers 

t o  measure temperatures i n  t h e  c i r c u l a t o r  baths. The accuracy ob ta ined 

by determining the  s tep  temperature i n  t h i s  manner was checked by i n s e r t -  

i ng  a thermis tor  between the  load cap and sample. By us ing  pumps t o  

c i r c u l a t e  e i t h e r  r e f r i g e r a t e d  o r  heated f l u i d  i t  was poss ib le  t o  m in i -  

mize d i f f e rences  observed between the  ba th  and heat exchanger temperatures. 

Shielded cables t ransmi t ted  LVDT and transducer ou tpu t  s i g n a l s  t o  a 

data  a c q u i s i t i o n  system which prov ided con t i nua l  mon i to r i ng  o f  po re  

pressures and set t lements.  

Tes t ing  procedure' 

P r i o r  t o  each t e s t ,  t he  permode and t e s t  specimen were p laced i n  

t h e  sample prepara t ion  room f o r  two t o  th ree  hours t o  b r i n g  them t o  a 

un i fo rm temperature i n  the -5 t o  - 8 ' ~  range. Test specimens were turned 

on a small l a t h e  t o  a diameter t h a t  corresponded t o  a c l o s e  i n t e r n a l  f i t  

i n  the permode. Specimen lengths were usual l y  i n  t h e  5 t o  6 cm range 

bu t  several as long as 8 and 9 cm were tes ted .  An overhead m i l l i n g  

machine was used t o  face the  ends p lane t o  eactt o the r  and perpendicular  

t o  t he  c6re ax is .  Complete de ta i  1 s regarding procedures and equipment 

f o r  sample prepara t ion  and s torage a r e  g iven i n  Appendix B. 

To prevent f reez ing  o f  the f l u i d  i n  the  pore pressure measuring 

system, e a r l i e r  s tud ies  had made use of automotive a n t i f r e e z e  i n  a 50% 



o r  st ronger aqueous so lu t i on .  Sample d e t e r i o r a t i o n  was no t  reported, 

but  from the w r i t e r ' s  experience, i t  i s  c e r t a i n  t h a t  these h igh  a n t i -  

i f reeze concentrat ions caused s i g n i f i c a n t  erosion.' To d im in i sh  t h i s  

e f f e c t ,  an aqueous s o l u t i o n  o f  reagent e thy lene gly.co1 was prepared a t  

as low a concentrat ion as poss ib le  w h i l e  on ly  marg ina l ly  preventing 

f l u i d  f reez ing a t  ambient c o l d  room temperatures. By reducing t h e  

concent ra t ion  o f  the f reez ing  p o i n t  depressant, sample eros ion  and 

I chemical a t t a c k  on the  l a t e x  membrane were minimized. The deaired 

porous stones were cooled a f t e r  being b o i l e d  i n  a 20% s o l u t i o n  o f  

ethy lene g l yco l .  

A l t e r n a t i n g  between warm and c o l d  environments produces conden- 

s a t i o n  which i s  known t o  cause d e t e r i o r a t i o n  o f  s t r a i n  gauge bonding. . 
To avoid changes i n  c a l i b r a t i o n  and zero s h i f t ,  t he  pressure t ransducer 

was replaced w i t h  a sol i d  p l u g  d u r i n g  assembly t o  avoid unnecessari l y  

sub jec t i ng  the  i n s t r u i c n t  t o  l a rge  temperature changes. A pre-cooled, 

pressur ized source o f  deaired ethy lene g l y c o l  s o l u t i o n  was used t o  f l u s h  

and dea i r  the pore pressure measurement and drainage assembly. 

I ,  The process o f  p lac ing  a p iece o f  f rozen core i n t o  t h e  permode 

t was begun by r o l l i n g  a rubber membrane onto  t h e  sample. The th ree  ' o f  

r i n g  seals were then s l ipped over the  sample, ou ts ide  the  membrane. 

I Before moving the  lower porous stone i h t o  place, t h e  recess i n  t h e  base 

pedestal was flooded. With the  stone i n  p lace,  a wet f i l t e r  paper was 

s l i d  on to  the f l u i d  meniscus, t a k i n g  care  t o  e l : .n inate a l l  a i r  bubbles 

trapped underneath. Excess f l u i d  was wiped away and the  sample i n  i t s  

rubber jacket  was se t  d i r e c t l y  on the f i I t e r  paper. By r o l l  ing  the  

membrane down and snapping the  lower '0 '  ping i n t o  i t s  groove, t h e  

base seal was establ ished.  I t  was not  always poss ib le  t o  remove 



I 
t rapped a i r  when t h i s  process was repeated f o r  t he  load cap. Once the  

I specimen was enclosed and sealed, the s p l i t  b a r r e l  halves were pos i t i oned  

i and b o l t e d  together.  The T e f l o n  l i n e r  and a l l  '0 '  r i n g  grooves were 

I r o u t i n e l y  cleaned and coated w i t h  Dow-Corning s i l i c o n e  grease p r i o r  t o  

I each assembly. With the  b a r r e l  and gu ide  bar clamped i n t o  p lace  on t h e  

I base assembly, t he  ram was threaded i n t o  the  load cap. A p p l i c a t i o n  o f  

2 an a x i a l  s t ress  o f  3 0 . t o  50 kN/m (4 t o  7 p s i )  made i t  p o s s i b l e  t o  

I f l u s h  f l u i d  through the  l i n e s  and porous stones t o  remove any a i r  t rapped 

I du r ing  setup, thus ensur ing t h a t  t he  e n t i r e  system was deaired. A f t e r  

I c l o s i n g  a l l  valves, t he  permode and sample were p laced i n  a loading 

frame and prepared f o r  t e s t i n g  i n  a warmer l abo ra to ry .  Th i s  sequence 

was used t o  mount permafrost specimens p r i o r  t o  any one o f  the several  

d i f f e r e n t  t e s t s  t h a t  could be conducted us ing the  permode assembly. 
. .. 

permode f o r  thaw-consol idat ion,  res idua l  s t ress ,  conso l i da t i on ,  and 

pe rmeab i l i t y  t e s t i n g  i s  shown i n  F igure  5.5. Wi th the permode and 

sample i n  p lace  i n  t he  load ing  frame, components were p rope r l y  seated by 

I app ly ing  a nominal s t ress  o f  75 t o  100 k ~ / m ~  (10 t o  15 p s i ) .  Valves t o  

I bo th  the  load cap and base were opened t o  pe rm i t  dra inage and d i ss ipa -  

I t i o n  o f  any pore  pressures t h a t  remained i n  t h e  measuring system. 

1 Fo l lowing removal o f  the p lug,  t he  pressure transducer was torqued 

I i n t o  i t s  receptac le  and deaired. Ax ia l  s t r e s s  on the  f rozen  sample was 

ad jus ted  t o  t h e  t e s t  va lue and heat exchanger l t i ~ e s  were connected t o  
. . 

I t h e i  r approp.ri a t e  baths and pumps. Permode d r a i  nage 1 i nes were deai red  

p r i o r  t o  connect ion w i t h  volume change i n d i c a t o r s  o r  bure t tes .  The 

pressure transducer was zeroed t o  atmospheric pressure and the  LVDT 

I was i n i t i a l i z e d  p r i o r  t o  s t a r t i n g  the t e s t .  



5.5 DESCRIPTION OF SOILS TESTED 

The undisturbed permafrost samples used i n  t h i s  t e s t i n g  program ' 

were obtained from the f o l l o w i n g  s i t e s :  

1) A l ands l i de  headscarp on the l e f t  bank o f  the  Mackenzie River,  

located approximately 35 km (22 mi)  downstream (west) o f  F o r t  

Simpson, N.W.T. 

2) Borings on the  MVPL i c e  v a r i a b i l i t y  study s i t e ,  1.6 km 

(1 m i )  northeast from t h e  towns i te  o f  Norman We1 l s ,  N.W.T. 

3) Borings i n  the  Noel 1 Lake v i c i n i t y ,  some 27 km (16 mi) no r th  

o f  Inuvik,  N.W.T. 

. I t  was a n t i c i p a t e d  t h a t  the  f ine-gra ined i c e - r i c h  s o i l s  present a t  

these s i t e s  would prov ide  marginal o r  u n s a t i s f a c t o r y  foundat ion con- 

d i t i o n s  f o r  p r o j e c t s  such as a  bu r ied  ho t  o i l  p ipe l i ne .  Higher con- 

s t r u c t i o n  costs associated w i t h  r e r o u t i n g  o r  implementing some form o f  

above-ground support prompted and j u s t i f i e d  a  d e t a i l e d  assessment o f  

geotechnical p roper t i es  f o r  these mate r ia l s .  The geographic l oca t ions  

o f  these sampling s i t e s  have been ind i ca ted  on F igure  1.1. 

Frozen core samples were obta ined w i t h  a  modi f ied  CRREL-type s h e l l -  

auger core ba r re l ,  one meter i n  length. The 1 1  cm (4.25 i n )  i n t e r n a l  

diameter produced s l  i g h t  l y  overs ized core  which cou ld  then be trimmed 

du r ing  sample prepara t ion  t o  remove d is turbed o r  desiccated mate r ia l  

from i t s  e x t e r i o r .  Sampling s i t e s  were r e s t r i c t e d  t o  l oca t ions  where 

previous i nves t iga t i ons  had ind ica ted recovery o f  f ine-gra ined i c e - r i c h  

permafrost s o i l s .  ' ~ i m i t e d  research funds meant t h a t  s i t e  s e l e c t i o n  was 

r e s t r i c t e d  t o  those loca t ions  which were pccess ib le  from commercially 

serv iced a i r  s t r i p s .  Descr ip t ions  o f  sampling equipment and procedures, 



s i t e  maps, borehole logs and s o i l  c l a s s i f i c a t i o n  t e s t . d a t a  appear i n  

Appendix A. 

For t  Simpson lands l i de  s i t e  

I n  t h e  v i c i n i t y  o f  the lands1 ide  a t  M i  l e  226 (see F igure  A . 3 ) ,  t he  

Mackenzie River has c u t  i t s  v a l l e y  through the  sediments o f  a p r o g l a c i a l  

lake. I n t a c t  slopes adjacent t o  t h e  s l i d e  area a re  vegetated w i t h  mature 

I wh i te  spruce interspersed w i t h  occasional b i r ch .  The inspect ion  o f  

s o i l  exposures and a l i m i t e d  amount o f  t e s t  d r i l l i n g  i n d i c a t e  t h a t  the  

occurrence o f  ground i c e  i n  g l a c i o l a c u s t r i n e  s i l t s  and c lays  i s  common 

i n  t h i s  region ( ~ c ~ o b e r t s  and Morgenstern, 1973; Rut te r  -- e t  a1 . , 1973). 

I n  t h e  v a l l e y  west o f  For t  Simpson, the f ine-gra ined sediments l i e  i n  

a wedge-shaped body which t h i n s  away from the r i v e r .  The th ickness o f  

s i l t  and c l a y  i n  the immediate v i c i n i t y  o f  t he  saimpling s i t e  appears t o  

be i n  the  order o f  40 t o  50 meters ( 1  30 t o  160 f t )  . - 
The headscarp sec t ion  exposed i n  October, 1973, was composed o f  a 

un i fo rm deposi t  o f  s i l t  and c l a y  w i t h  minor amounts o f  sand. A s l i g h t  

I decrease i n  g r a i n  s i z e  was observed w i t h  depth and t h i s  was accompanied 

t- by increased p l a s t i c i t y .  I n  Appendix A, a p l a s t i c i t y  c h a r t  and t y p i c a l  

g r a i n  s i z e  curves are  given which summarize the  t e x t u r a l  p r o p e r t i e s  o f  

t he  s o i l s  a t  t h i s  s i t e .  D i s t i n c t i o n s  between the  f o u r  zones i d e n t i f i e d  

on t h e  s t r a t i g r a p h i c  l o g  o f  the  headscarp were based on t h e  s o i l  and i c e  

s t ruc tu res  t h a t  character ized each u n i t  i n  the  exposure. The l a t e r a l  

v a r i a b i l i t y  apparent i n  the exposure suggested t h a t  there  was l i t t l e  t o  

be gained from measuring the  depth a t  whicq each core  was taken. 

Therefore, on ly  the  source zone and core o r i e n t a t i o n  were recorded. 

1: , 

Samples from t h i s  s i t e  were used t o  conduct an experimental study of 



the effects which various types of ground ice structure would have on 

geotechnical behaviour. Laboratory testing was limited to samples 

extracted from the thr'ee lower zones. 

McRoberts (1973) and Pufahl (1976) have commented on the evolution 

of the soil profile at this site. For the purposes of this study, Zone 

2 has been called a fossil active layer but it may also be flow debris 

that has been refrozen. ~endrochronolo~ical studies incidate that this 

site was subjected to an intense forest fire some 130 to 140 years ago 

(~ufahl, 1976). Thermal disturbance associated with this event could 

account for the marked st'ructural differeoces between Zones 2 and 3. At 

the same liquid limit, material from Zone 2 invariably exhibited lower 

plasticity indices than the underlying soil from Zone 3. This may 

reflect textural coarsening due to the mixing-in of silt and sand de- 

rived from the mantle of deltaic or alluvial sand outcropping further 

upslope. In the exposure examined, materials that make up Zones 3 and 4 

appear to have remained undisturbed from the time of their deposition. 

When the same headscarp was visited a year later (after some 12 m 

of ablation retreat), the headscarp was consid~rably different, with new 

materials exposed consisting of a channel infilled by sand containing 

silty clay inclusions. Several inactive ice wedges were present at the 

upper surface of the sand. At this time, the sand was still overlain 

by material that resembled the Zone 2 mapped the previous year. Its ' 

presence suggests that Zone 2 was probably forr-d some time after 

glaciolacustrine sediment deposition had ceased and permafrost aggrada- 
/ 

tion had begun. The depth and age of the permafrost at this site are 

not known but its relatively warm temperature (-1.5"C to -0.5OC! indi- 

cates a condition of delicate equilibrium with prevailing climatic con- 

-di tions. 



Core samples were taken from Zones 2, 3 and 4 in vertical, horizontal, 

and intermediate orientations. Figure A.6 shows a typical section and 

the following is a summary of the principal characteristics of each of 

the zones in the exposure: 

1) Brown sandy si 1 t, thawed active layer,. 

2) Grey-brown silty clay, highly disturbed with predominantly 

horiz~ntal segregated ice. 

3 )  Grey si lty clay, coarse reticulate segregated ice structure. . - 
4) Dark grey silty clay, fine reticulate segregated ice inter- 

sected by thick, subhorizontal ice veins or layers. 

Variations in structure, density, and orientation permitted comparisons 

between significantly different samples that otherwise exhibited iden- 

tical external features. 

Norman Wells site 

A previous study of the effects of ground ice variability on result- 

ing thaw settlements at the site near Norman Wells provided a consider- 

able volume of preliminary data (speer -- et al., 1973). The insert in the 

location plan (Figure ~.4) shows the array of boreholes initially drilled 

during the MVPL study (as we1 1 as the three subsequent borings made for 

this study, designated NW2, NW3, and N W ~ ) .  Local relief is flat and 

several small, shallow lakes dot the area. Vegetation consists 0f.a 

moderately dense stand of black spruce. A muskeg with scattered larch 

lies directly to the northeast. 

The site is in a shallow, poorly drained channel that lies at the 
8 

foot of a long slope ri'sing to the nearby Norman Range. It is underlain 
I 



by massive or thickly bedded silty clays that'are a minimum of 12 m in 

thickness. These lacustrine sediments were deposited in an extensive 

glacial lake that was impounded along the Mackenzie valley during de- 

glaciation (~ughes -- et al., 1973). An upward ,textural gradation from 

clay through silt to sand is typical of deposits that would normally 

be expected in the central portion of a former lake basin. The profile 

contains variable quantities of ice in the form of randomly oriented 

veins up to 5 cm in thickness. Organic specks and discrete layers of 

sticks and leaves can be found as deep as 8 m. Below this depth, 

increases in density and plasticity are accompanied by a reduction in 

the quantity of segregated ice. Borlngs for this study were placed within 

a 2 . m  radius to minimize the efFects of lateral variabi.lity. A profile 

derivcd from the composite'~orehole log (Figure ~.10) showed the following 

strata: 

1) Mechanically and thermally reworked silts and sands (0 to2 m). 

2) Silty claywith peat, low tomedium plasticity (2 to9.5m). 

3)  Clay, medium to high plasticity (9.5 to 12.5+ mj. 

Noel1 Lake site 

Examination of pipeline exploration boreholes drilled northeast of 

Ncell Lake had indicated a clay with low to medium plasticity. Rampton 

(1 972, 1974) has de. cri bed the general area as subdued, hummocky and 

rolling moraine composed of a dark, sticky clay with variable stone 

content. These sediments are certainly not glaciolacustrinc and this 

final drilling site was selected to obtain ~amples of a material that 

was texturally similar to the previous locations, but that differed 



s i g n i f i c a n t l y  i n  i t s  depos i t i ona l  h i s t o r y .  

There a re  several thermokarst lakes i n  t he  immediate v i c i n i t y  and 

l o c a l  s o i l s  have probably been modi f ied  t o  some ex ten t  by thermokarst 

ac t ion .  The mcra in ic  stony c l a y  i s  thought t o  o v e r l i e  a complex o f  

t e x t u r a l l y  v a r i a b l e  marine and f l u v i a l  sediments w i t h  r e l i e f  being 

l a r g e l y  c o n t r o l l e d  by the  presence o r  absence o f  massive i c e  o r  i c e - r i c h  

beds a t  depth. Rampton (1974) has i nd i ca ted  t h a t  t h i s  i c e  i s  commonly. 

found a t  t h e ~ c o n t a c t  between the  stony c l a y  ( t i  11 o r  t i  11-derived c o l -  

luvium) and the under ly ing  coarser  deposi t s .  Ex.c,ess i c e  appearing as 

d i s c r e t e  veins i s  a l so  found x i t h i n  the stony c lay .  

The d r i l l i n g  s i t e  was loca ted a t  t h e  margin o f  a s l i g h t  l i n e a r  

depression tha t  conducts sur face r u n o f f  toward Noel1 Lake. Raised- 

center  polygons o r  e a r t h  hummocks cover t h e  area and produce a l o c a l  

. r e l i e f  o f  approximately 0.5 m. The ssmpling s i t e  l i e s  a t  a lower e le -  

v a t i o n  than the surrounding tundra and probably occupies t h e  dra ined 

terminus o f  a m i g r a t i n g  thermokarst depression. A c t i v e  mudflows were 

observed along t h e  margins o f  nearby lakes. 

The upper 1.5 t o  2 meters have been subjected t o  severe c ryo turba-  

tLon i n  t he  a c t i v e  layer .  M a t e r i a l  below t h i s  i s  t h e  ub iqu i tous  stony 

c l a y  which, a t  t h i s  s i t e ,  has a h i g h l y  d i s tu rbed  appe2rance. The type 

and q u a n t i t y  o f  ground i c e  encountered w i t h  depth was extremely e r r a t i c ,  

bu t  a general increase i n  dens i t y  w i t h  depth was ind ica ted .  A s i m p l i f i c a -  

t i o n  o f  t he  p r o f i l e  ( ~ i ~ u r e  A.15) cons i s t s  o f :  

1 )  Reworked sandy s i l t ,  h igh  i c e  content ,  present-day o r  f o s s i l  

a c t i v e  layer  (0 t o  2 m). 



2 )  Dark grcy  s i l t y  c l a y  w i t h  s tones, ' low t o  medium p l a s t i c i t y ,  

h i g h l y  d is turbed,  i c e  content  ext remely v a r i a b l e  (2 t o  8m). 

3)  Grey s i l t a n d  f i n e s a n d ,  l o w p l a s t i c i t y ,  con to r ted  bedding, 

h i g h  i c e  content (8 t o  10.5 m).  

4)  Stony c l a y  as above (10.5 t o  12 i -m) .  

The genera l l y  f ine-gra ined t e x t u r e  o f  t he  s o i l s  sampled and used i n  t h i s  

study i s  summarized f o r  the th ree  d i f f e r e n t  s i t e s  i n  F igure  5.7. 

5.6 RES l DUAL STRESS MEASUREMENTS 

Test ing  procedure 

With the sanple prepared and mounted i n  t h e  permode as descr ibed i n  

water through both  the  load cap and base heat exchangers. The usual 

procedure was t o  s t a r t  t h i s  p o r t i o n  o f  t h e  t e s t  w i t h  an app l i ed  v e r t i c a l  

s t ress  equal t o  approximately h a l f  the  est imated -- i n  s i t u  e f f e c t i v e  

overburden s t ress .  Thaw t y p i c a l l y  took from 30 t o  60 minutes, depending 

on sample he igh t  and i c e  content.  Base pore water pressures were 

monitored c o n t i n u a l l y  and i f  sub-atmospheric values were observed, 

load increments were app l i ed  t o  keep pore pressures s l i g h t l y  p o s i t i v e  

and thus avoid damage t o  the  pressure t ransducer .  A t  the complet ion o f  

thawing, the  sample and permode were brought i n t o  thermal e q u i l i b r i u m  

w i t h  the labora tory  room temperature. 

Nixon and Morgenstern (1973b) have descr ibed two methods f o r  the ' 

de terminat ion  o f  res idua l  s t ress  i n  sa tura ted  s o i l s .  The technique 

adopted i n  t h i s  study was a m o d i f i c a t i o n  o f  t h e i r  ' n u l l  method' which 



which maintained pore water pressures close to zero during the thawing 

portion of the test by manipulating the applied total stress. The 

I possibility that permafrost soils might not always be fully saturated 

1 was confirmed by test data that is discussed in Chapter V I  of this 

thesis. At the end of thaw, observations of pore pressure response to 

I additional load increments ensured that neither side friction nor small- 

scale non-homogeneity influenced the measured value of residual stress. 

Results from tests on typical soils in the Norman Wells and Noell Lake 

profiles are given in Figures 5.8 and 5.9. If leakage was observed past 

any seal, or thc p.ore pressures measured -a+ the base ccnt i nued to decay 

under constant total stress, it was apparent that the sample was not 

being maintained in an undrained condition. These conditio~s constituted 

justification for the rejection of data from the residual stress portion 

The pore pressure reaction curves obtained suggest that residual 

stress can be determined by extrapolating the response line to a ver- 

tical stress that corresponds to a condition of zero pore pressure. The 

slope of the line also provides some indication of the overall pore 

pressure response of the soil, Assuming that the maximum stress acts 

vertically, the relationship given by Skempton (1954) can be written as: 
. . 

Au denotes the increase in pord pressure, and 

bo =Aov denotes the i~crease in the major total principal 

I stress (vertical). 



Determinat ion o f  the  o v e r a l l  pore pressure c o e f f i c i e n t  i s  impor tan t  

i n  the  es t ima t ion  o f  pore pressures a t  t h e  thawing f r o n t ,  s ince a  o f  

l ess  than u n i t y  w i l l  have the  e f f e c t  o f  reducing p red i c ted  magnitudes of . - 
pore pressure. The decrease observed i n  B w i t h  increas ing  dens i t y  and 

res idua l  s t ress  i s  cons i s ten t  w i t h  the ove rconso l i da t i on  and poss ib le  

desatura t ion  known t o  accompany closed-system f reez ing .  Fur ther  d i s -  

cussion of  p.ore pressure response t o  t o t a l  s t ress  changes i s  g iven i n  

Chapter V I .  

At  t h e  complet ion o f  each t e s t ,  the  t o t a l  s t ress  was decreased t o  

an i n t e n s i t y  equal t o  approximately tw i ce  the  res idua l  s t ress .  Undrained 

thaw s t r a i n  was determined by n o t i n g  the  t o t a l  compression t h a t  had 

occurred dur ing  thaw and pore pressure r e a c t i o v  t e s t i n g .  F igure  5.10 

shows values o f  t h i s  parameter measured on se lec ted  samples from the  

idorn~an Weiis s i t e .  Cisregarding the  two sampies br~nicn conta ined s i g -  

n i f i c a n t  q u a n t i t i e s  o f  peat, undrsined thaw s t r a i n s  a re  i n  c lose  agree- 

ment w i t h  the  s o l i d  l i n e  represent ing  t h e  computed c o n t r a c t i o n  assoc ia ted  

w i t h  phase change. 

Conso l ida t ion  was i n i t i a t e d  by opening t h e  top and bottom dra inage 

valves. Measurement o f  expe l led  water volumes permi t ted  c a l c u l a t i o n  o f  

moisture content  and vo id  r a t i o  changes w i t h  each s t ress  increment. The 

LVDT monitored v e r t i c a l  s t r a i n  and i t s  s igna l  was recorded a t  s p e c i f i c  

t ime i n t e r v a l s  by the data a c q u i s i t i o n  system. Permeab i l i t y ,  cornpres- 

s i b i l i t y ,  and conso l i da t i on  c o e f f i c i e n t s  were determined i n  the  usual 

manner from each successive a p p l i c a t i o n  o f  load. Constant head permea- 

b i l i t y  t e s t s  were r o u t i n e l y  performed a t  the  end o f  each c o n s o l i d a t i o n  

. 'stzge and a  de ta i  led  discuss i o n  o f  t e s t  prokedure and r e s u l t s  appears i n  

t he  next sec t ion .  Data from the res idua l  s t ress ,  conso l i da t i on ,  and 

pe rmeab i l i t y  t e s t s  a re  summarized i n  t abu la r  form i n  Appendix C. 
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At the  complet ion o f  t e s t i n g ,  a l l '  drainage valves were c losed and 

ex terna l  loads were removed f rom t h e  sample. The cores were removed f o r  

water content  determinat ion which, i n  t u rn ,  pe rm i t t ed  c a l c u l a t i o n  o f  the 

vo id  r a t i o  f o r  any p o i n t  i n  t h e  t e s t .  I t  should be notcd t h a t  volume 

changes from set t lement  observat ions on some o f  the denser samples c f t e n  

exceeded t h e  volume o f  water expe l l ed  du r ing  conso l ida t ion .  I n  a d d i t i o n  

t o  the-reasons g iven by Nixon and Morgenstern (1973b), the g rea te r  

I ' v a r i a b i  1 i t y  o f  res idua l  s t resses measured f o r  undisturbed samples re f rozen  

a t  h igher  s t resses may have been caused by desatura t ion  e f f e c t s .  

Residual s t resses were a l s o  measured i n  a  t r i a x i s l  c e l l  and c lose  

I agreement was found w i t h  r e s u l t s  obta ined i n  t h e  permode. I n i t i a l  t e s t s  

on s i l t y  c l a y  from the Fo r t  Simpson s i t e  f r e q u e n t l y  i nd i ca ted  n e g l i g i b l e  

res idua l  s t resses.  These samples had been thawed under very  low c e l l  

pressures and i t  was suspected t h a t  the  absence o f  a  pressure g rad ien t  

du r ing  thaw al lowed most o f  t h e  water produced by the  me l t i ng  o f  d i s -  

c r e t e  i c e  to  remain i n  t he  cryogenic f i s s u r e  system. Measured pore  

pressures then r e f l e c t e d  the response o f  t he  h i g h  water content  s o i l  

occupying and adjacent t o  the  secondary s t r u c t u r e .  Tes t ing  c o n s i s t e n t l y  

y ie lded  very low res idua l  s t resses,  regardless o f  sample dens i t y .  The 

tendency t o  measure the  response o f  the secondary s t r u c t u r e  ins tead of 

the whole sample was overcome by thawing t r i a x i a l  specimens under a  
I 

moderate c e l l  pressure. This  procedure seemed t o  a s s i s t  and acce lera te  

the process o f  mo is tu re  r e d i s t r i b u t i o n  p r i o r  t o  c ~ n d u c t i n g  t h e  res idua l  
I 

s t ress  t e s t  proper.  C e l l  pressure increments were app l i ed  i n  a  manner 

s i m i l a r  t o  t h a t  adopted i n  t h e  permode t e s t  procedure. Pore pressure 

r response observed i n  these t e s t s  a l lowed evaJuation o f  the pore pressure 



parameter B. Samples used i n  t r i a x i a l  shear s t r e n g t h  t e s t s  were r o u t i n e l y  

subjected t o  the  same procedure. 

Laboratory t e s t  r e s u l t s  
F 

The ex is tence o f  a l i n e a r  r e l a t i o n s h i p  between the  thawed, undrained 

v o i d  r a t i o  (e ) and the  logar i thm o f  res idua l  s t ress  (ao ' )  has been 
+ t 

demonstrated f o r  both r e c o n s t i t u t e d  and ,undisturbed permafrost s o i  1s 

( ~ i x o n  and Morgenstern, 1973b). The r e s u l t s  repor ted  i n  t h i s  t h e s i s  

p rov ide  a convinc ing con f i rma t ion  o f  t h i s  r e l a t i o n s h i p .  An at tempt t o  

c o r r e l a t e  res idua l  s t ress  w i t h  f rozen b u l k  dens i t y  proved unsuccessful .  

F igure  5.11 presents bo th  permode and t r i a x i a l  c e l l  determinat ions 

o f  res idua l  s t ress  f o r  ma te r i a l  f rom zones 3 and 4 o f  the Fo r t  Simpson 

lands1 i d e  headscarp. The data i s  conf ined t o  a r e l a t i v e l y  narrow band 

and agreement between r e s u l t s  obta ined w i t h  t h e  two d i f f e r e n t  types o f  

t e s t i n g  equipment i s  encouraging. S i m i l a r  r e l a t i o n s h i p s  a r e  g iven i n  

F igures 5.12 and 5.13 which summarize res idua l  s t ress  dati) from t h e  

Norman We1 1s and Noel 1 Lake s i t e s .  

Several pa t te rns  emerge from the  data.  F i r s t l y ,  i t  would appear 
I 

t h a t  the slope o f  the et - l a g  a. r e l a t i o n s h i p  i s  r e l a t e d  t o  p l a s t i c i t y  

s ince  the h i g h l y  p l a s t i c  c lays  from Norman Wel ls  were found t o  have t h e  
I 

steepest e - l i n e .  Lower p l a s t i c i t y  i nd i ces  f o r  the s i l t i e r  c lays  t o  

from the  Fo r t  Simprm and Noel1 Lake s i t e s  g i v e  reduced slopes, w i t h  t h e  

f l a t t e s t  one corresponding t o  the c layey s i l t  f m n d  near t h e  sur face a t  

the  Normal Wells s i t e .  This behaviour i s  cons i s ten t  w i t h  t h e  conceptual 

model presented i n  Sect ion 4.3 t o  e x p l a i n  the development o f  res idua l  
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stresses i n  thawing s o i l .  Higher p l a s t i c i t y  i s  usua l l y  associated w i t h  

I an increased c lay  content,  which i n  tu rn ,  causes greater  c o m p r e s s i b i l i t y  

l and a  p o t e n t i a l  f o r  l a rge r  negat ive pore pressures dur ing  f reez ing.  The 

combinat im o f  these two features produces a  steeper curve f o r  the  

res idua l  s t ress-vo id  r a t i o  r e l a t i o n s h i p .  

I Secondly, t he re  i s  a  tendency f o r  a  reduc t ion  i n  s c a t t e r  o f  t h e  

data w i t h  increasing res idua l  s t ress  f o r  a l l  s q i l s  except t h e  medium t o  

h i g h l y  p l a s t i c  s i l t y  c l a y  a t  Norman Wells. The d i f f e r e n t  behaviour 

I exh ib i ted  by t h i s  mater ia l  i s  probably r e l a t e d  t o  the  f requent  presence 

1 o f  peat layers  i n  the t e s t  specimens. Uncer ta in ty  i n  the  computation o f  

vo id  r a t i o s  i s  increased by t h e  presence of organ ic  m a t e r i a l .  The 

presence o f  peat a l so .  increases the  d i f f i c u l t i e s  associated w i t h  pore 

pressure measurement s ince i t  'decreases t h e  system s t i f f n e s s .  I f  problems 

w i t h  compliance o r  s ide  f r i c t i o n  were not  encountered a t  h igher  s t r e s s  

l eve ls ,  t h e  un i fo rm i t y  o t  measured res idua l  s t resses would increase as 

e f fec ts  r e l a t e d  to.secondary s t r u c t u r e  were d imin ished by i t s  c losure.  

At lower st resses,  however, d i f f e rences  i n  res idua l  s t ress  might be 

a n t i c i p a t e d  between two s i m i l a r  samples a t  a  g iven v o i d  r a t i o ,  due 

e n t i r e l y  t o  difference-s i n  t h e  macrostructura l  response. 

I n  a d d i t i o n  t o  p rov id ing  p roper t i es  such as pe rmeab i l i t y  and the  

c o e f f i c i e n t  o f  conso l ida t ion ,  compression f o l l o w i n g  res idua l  s t r e s s  

measurement a l so  provides an e- log a t  r e l a t i o n s h i p  f o r  each s o i l  tested.  

Nixon and Morgenstern (1973a, 1974) have ind i ca ted  t h a t  t o  p r e d i c t  pore 
I 

pressures dur ing thaw, oo must be determined when a  non l inear  f u n c t i o n  

I i s  used t o  descr ibe the  deformation o f  t h e  s o i l  skeleton. - To evaluate 



i c a l  cons t ruc t i on  which ex t rapo la tes  the -e - l og  o' l i n e  back t o  the  

thawed, undrained vo id  r a t i o  as shown i n  F igure  5.14. The abso lu te  

accuracy o f  the res idua l  s t ress  obta ined i n  t h i s  manner was shown t o  be 

o f  secondary importance. Since i t  was no t  poss ib le  t o  per form a  thaw 

consol i d a t  i o n  t e s t  and 'measure the  r c s i  dual s t ress,  on the  same sample, 

they assumed t h a t . f o r  i c e - r i c h  s o i l s ,  the  value o f  o ' was so smal l  t h a t  
0 

the e x t r a p o l a t i o n  procedure approximated the  f i r s t  p o r t i o n  o f  the e- log  

o '  curve w i t h  s u f f i c i e n t  accuracy. 

For a number o f  samples, res idua l  s t ress  de terminat ion  was fo l l owed  

by consol i d a t i o n  t o  de f i ne  the  e - l og  a '  r e l a t i o n s h i p .  F igures 5.15, 

5.16 and 5.17 show data o f  t h i s  s o r t  f o r  boreholes a t  the  Norman Wel ls  

and Noel1 Lake s i t e s  w i t h  depths as ind ica ted .  I t  should be re-emphasized 

t h a t  each vo id  r a t i o  c a l c u l a t i o n  i s  sub jec t  t o  some e r r o r  i f  o rgan ic  

ma te r i a l  i s  present,  o r  i f  t h e  s o i l  i s  no t  f u l l y  saturated.  Using the 

best a v a i l a b l e  data f o r  s p e c i f i c  g r a v i t y  o f  s o i l  s o l i d s  and assuming 

f u l l  sa tu ra t i on ,  i t  can be seen t h a t  the  measured res idua l  s t ress  p o i n t s  

(open c i r c l e s )  c o n s i s t e n t l y  fa1  1 on the ex t rapo la ted  e- log  o'  l i n e .  

This prov ides a  convinc ing demonstrat ion o f  t he  general a p p l i c a b i l i t y  o f  

the procedure described f o r  t he  graph ica l  c o n s t r u c t i o n  o f  ool f rom post- 

thaw conso l i da t i on  data. 

Fur ther  inspect ion  o f  Figures 5.15 and 5.16 reveals t h e  remarkable 

u n i f o r m i t y  o f  the  compression index (s lope o f  t h e  e- log o' l i n e )  over  

the f u l l  s o i l  p r o f i l e  a t  the Norman Wells s i t e .  Disregarding abso lu te  

values a f  v o i d  r a t i o ,  t h i s  cons i s ten t  compression behaviour a t t e s t s  t o  

the  s i m i l a r j t y  o f  the depos i t iona l  h i s t o r y  and s o i l  cons t i t uen ts  through- 



a scanning electron microscope (Appendix B)  . A1 though the percentage of 

silt sizes determined by hydrometer analysis was variable, fabric 

inspection showed that identifiable silt grains were almost totally 

absent. Instead, silt-sized particles appeared to be aggregates of 

kaolinite and illite clay sizes. This general uniformity at the micro- 

structural level provides some insight into the uniformity of the compres- 
. . 

sion index where textural changes would normally suggest significant . 
. . 

behavioural differences. 

I A similar trend did not emerge for samples from the Noel1 Lake 

site. The variability in compression behaviour found for these soils 

reflects the highly erratic and disturbed nature of the soils encountered 

in this profile, Linearity of the e-log a' relationships remains a 
, - 

consistent feature. 

D.ifferences in void ratio at the same stress level exhibited by - 
soils which appear to be similar can be attributed to inaccuracies in 

I the determination of the specific gravity of soi: solids :GS) and the 

I degree of saturation (s) used in void ratio calculations. Gs tcsts were 

invariably performed on samples from which organic materia 1 had i nten- 

tionally been separated. This procedure, although aiding in the charac- 

I terization of soil minerals, tends to artificially elevate void ratios 

I computed for soils which do contain significant quantities of organic 

material. Skemptor and Petley (1970) have shown that a correlation can . 
be developed 'between ignition loss and G for organic and peaty soi 1s. 

S 

I The highly variable nature of peat inclusions in the upper 8 m of the 

Norman Wells soil profile precluded the appdication of such a correlation 

'to void ratio calculations since ignition loss determinations would have 

I been .requ i red for each sample tested . 



For nearly all of the tests shown in Flgures 5.15, 5.16, and 5.17, 

the residual stress point plotted at the thawed, undrained void ratio 

lies on or slightly below the extrapolated e-log o '  line. Points along 

the consolidation compression"curve are back-calculated from the final 

water content and measurements of water volumes expelled during each 

loading stage. The assumption of full saturation is probably reasonable 

at higher consolidation stresses but many samples tested in this study 

were almost certainly unsaturated at the time of thaw. Direct evalua- 

tion of the degree of saturation was hampered by uncertainty in the 

accuracy of Gs for each particular sample. It is clear that by using 

values of S of less than unity in calculating void ratios, residual 

stress points would be moved closer to or even above the extrapolated 

I e-log o' lines. The occurrence of peat inclusions was confined to 

samples from the Norman Wells site since soils from other locations were 

essentially free of organic material. 

All of the available results from experimental determinations of 

residual stress for both undisturbed and reconstituted soils are 

assembled in Figure 5.18. Here, the thawed, undrained void ratio (e ) t 

I is plotted against measured residual stress ( o  I )  using a logarithmic . 
0 

scale for stress. Water content and void ratio h w e  been related by 

assuming full saturation and an average soil grain density of 2.7. . 
In many respects, these data are similar to the sedimentation compression 

I curves given by Skempton (1970). At a given void ratio, residual stress 
d 

is apparently dependent upon the amount of clay mineral present as 



i nd i ca ted  by the  l i q u i d  l i m i t .  The f a c t  t h a t  more p l a s t i c  s o i l s  e x h i b i t  

h igher  res idua l  stresses f o r  any g iven water content  has been discussed 

p rev ious l y .  The var ious ma te r ia l s  summarized i n  t h i s  f i g u r e  have s imi -  . 
l a r  c l a y  minera logies and consequently, e f f e c t s  r e l a t e d  t o  t h i s  

v a r i a b l e  cou ld  n o t  be determined. F igure  5.18 suggests t h a t  t y p i c a l  

Mackenzie Va l ley  s o i l s  w i t h  bu l k  mois tu re  contents o f  35% o r  less  might 

be expected- to  e x h i b i t  a  s i g n i f i c a n t  res idua l  s t ress .  Geophysical 

methods (e.g. sur face r e s i s t i v i t y )  may prove t o  be a f e a s i b l e  means - 
of d e l i n e a t i n g  t h i s  c h a r a c t e r i s t i c  mo is tu re  content  -- i n  s i t u .  

I f  the  data appearing i n  F igure  5.18 a re  r e p l o t t e d  i n  terms o f  

l i q u i d i t y  index i ns tead 'o f  v o i d  r a t i o ,  t h e  p o i n t s  f o r  c l a y  s o i l s  a r e  

seen t o  occupy a d i s t i n c t  band as shown i n  F igure  5.19. I t  i s  i n t e r -  

e s t i n g  t o  note t h a t  the  s lope o f  t h i s  band i s  e s s e n t i a l l y  i d e n t i c a l  t o  

+h + far 
L I I ~  L the  ~ e d i i i i e i i t ~ t ; ~ r ~  compr-ession o f  c lays  repor ted by Sitempton 

(1970). However, a t  any p a r t i c u l a r  1 i q u i d i  t y  index, res idua l  s t resses 

f a l l  s i g n i f i c a n t l y  below corresponding e f f e c t i v e  overburden pressures 

(po) f o r  normal cons01 i d a t  ion. The s imi  l a r i  t y  o f  t he  band slopes may 

e x p l a i n  the  tendency observed f o r  res idua l  s t ress  d i s t r i b u t i o n s  w i t h  

depth t o  f a l l  p a r a l l e l  t o  t he  i n  s i t u  e f f e c t i v e  s t ress  l i n e .  -- 
The discrepancy between 0 ' and the  e f f e c t i v e  overburden pressure 

0 

a t  t he  same l i q u i d i t y  index i s  r e l a t e d  t o  the  s t ress  path fo l lowed t o  

reach each cond i t i on .  I n  F igure  4.4, we have seen freeze-thaw a c t i o n  

b r i n g  about a l a r g e  decrease i n  v o i d  r a t i o  under cond i t i ons  o f  constant  

app l i ed  s t ress .  To o b t a i n  t h e  same vo id  r a t i o  (or l i q u i d i t y  index) 

along the  v i r g i n  compression l i n e  would r e q u i r e  much l a r g e r  e f f e c t i v e  

st resses.  E f f e c t i v e  overburden pressures d t r i n g  normal c o n s o l i d a t i o n  

are  de f ined by the  v i r g i n  branch o f  the e- logo'  curve, w h i l e  i n  a 
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closed system, residual stresses are determined by swelling to the pre- 

freezing void ratio. The differences in e-logo' behaviour between 

virgin compression and swelling are well known. ~he'flat line followed 
0 

during swelling subsequent to thaw means that small increases in void 

ratio wi 1 1  produce large reductions i n  effective 'sti-ess. Thus, con- 

sidering the stress path followed during a closed system freeze-thaw 

cycle, it is  reasonable to expect that the LI-logo o ' line should fall 

well to the left of the LI-log Po line. Experimental results are in 

agreement with anticipated behaviour. 

The line for silts in Figure 5.19, although parallel to the clay 

band, lies some distance to its right. A plausible explanation for this 

dev-iation is that liquid and plastic limits used in the LI calculations 

may be in error. The composition of the sandy silt unit (8 to 10.5 m) 

aL ii,e j 1 - 1 , -  LahG -: a l c G  +- , nu= ,-.,.- irregu!ar and i t  i s  quite possible that 

Atterberg limits determined in that interval were not representative of 

the material included in the residual stress samples. Limits given by 

Nixon and Morgenstern (1973b) were used to compute 1 iquidi ty indices for 

the various undisturbed Norman Wells silt samples. A summary of site 

conditions at the Gas Arctic test faci 1 i ty (Pemcan Services, 1972) 

indicates that a more plastic soil is present below the 2.5 m depth. 

Using-these alternate liquid and plastic limits to recompute LI values 

moves the silt line much closer to the other data. ' 

Several -correlations can be derived for residual stresses, but for 

the purposes of design work, expressing the data in the form et-log o ' 
. >, 0 

curves for each geologic unit (as shown in Figures 5.11, 5.12, 5.13 and 

5.19) is probably most satisfactory. This form of presentation describes 

the laboratory results for a particular soil in a straightforward manner 



and def ines  the  r e l a t i o n s h i p  between res idua l  s t ress  and the  thawed 

undrained vo id  r a t i o .  

I n  s i t u  p r o f i l e s  

Nixon and Morgenstern (1  973b) found an approximate ly  1 inear  increase 

i n  res idua l  s t ress  w i t h  depth f o r  another s i t e  a t  Normal We1 I s  (CAGSL 

t e s t  s i t e ,  fo rmer ly  operated by Gas A r c t i c ;  s i t e  p l a n  i n  F igure  A.4 

shows the  l oca t i on ) .  With l abo ra to ry  r e s u l t s  obta ined i n  the course o f  
.- 

research f o r  t h i s  thes is ,  i t  was p o s s i b l e  t o  o b t a i n  a  s i m i l a r  c o r r e l a -  

t i o n  t o  depths o f  12 m a t  both t h e  Norman Wells and Noel1 Lake s i t e s .  

Residual s t ress  p r o f  i l e s  a r e  g iven f o r  boreholes NW2 and NW3  o or- 
man Wells s i t e )  i c  Figures 5.20 and 5.21 respeci t v e l y .  A t rend  f o r  

increasincj rez idua l  s t ress  w i t h  depth i s  c l e a r l y  demonstrated i n  each 

case. The s o l i d  l i n e s  shown a re  probably a  reasonable approximat ion o f  

t h e  ac tua l  -- i n  s i t u  r e l a t i o n s h i p .  Cpen c i r c l e s  on t h e  dens i t y  p r o f i l e  
- 1 

i n d i c a t e  the y o f  samples f o r  which res idua l  s t resses were determined. f 

The two boreholes were d r i l l e d  w i t h i n  2  m o f  each o t h e r ,  and con- 

sequently,  the  dens i ty  prof i -Jes a r e  s i m i l a r .  The s o l i d  l i n e  i n d i c a t i n g  

t h e  r e l a t i o n s h i p  between dens i t y  and depth i s  a  curve drawn through 

dens i t y  averages f o r  sampl ing  i n t e r v a l s  o f  0.5 m. I-t can be seen t h a t  

o ' f o r  samples w i t h  h igher  than average d e n s i t i e s  p l o t  t o  t he  r i g h t  o f  
0 

t he  apparect ool-d.-pth r e l a t i o n s h i p .  The oppos i te  i s  t r u e  f o r  samples 

w i t h  below-average dens i ty .  A change i n  res idua l  s t ress  behaviour i s  

seen a t  the t r a n s i t i o n  from low t o  h igh  p l a s t i c i t y  c l a y  near t h e  5 m 

depth. Below t h i s  depth, oo' i s  r e l a t e d k t 0  dens i t y  dev ia t i ons  produced 

by peaty layers ,  l o c a l  desatura t ion ,  and l o c a l  accumulat ion o f  ground 



ice. This  na tu ra l  v a r i a b i l i t y  i s ,  i n  t u r n ,  r e l a t e d  t o  temporal and 

s p a t i a l  f l u c t u a t i o n s  o f  processes t h a t  governed fo rmat ion  o f  t h e  sediment 

p r o f i l e .  A more d e t a i l e d  d iscuss ion  o f  the  t ranspor t  and depos i t i ona l  

agencies responsib le f o r  t h e  accumulat ion o f  m a t e r i a l s  encountered i n  

t h i s  g l a c i o l a c u s t r i n e  sequence appears i n  Appendix A. 

I n  F igure  5.22, a  s i m i l a r  p resen ta t i on  o f  data i s  g i ven  f o r  bore- 

h o l e  NL2 a t  t he  Noel1 Lake s i t e .  Q u a n t i t i e s  o f  ground i c e  encountered 

between the  depths o f  1 and 8 m were extremely va r iab le ,  and a r e  r e f l e c t e d  

i n  both the  dens i ty  and res idua l  s t ress  p r o f i l e s .  This  s i t e  i s  loca ted  

among a c t i v e  thermokarst lakes and the m a j o r i t y  o f  t he  s e c t i o n  sampled 

may have been reworked by thcrmokarst m i g r a t i o n  a t  some t ime  i n  the  

past.  Even w i t h  t h i s  d is turbance,  a  general t r end  emerges which i nd i ca tes  

an increase i n  res idua l  s t r e s s  w i t h  depth. The sandy s i l t  between 8 and 

10.5 m was very i c e - r i c h ,  e x h i b i t i n g  low dens i t y  and zero r e s i d u a l  

I s t ress .  D i r e c t l y  below t h i s ,  a  sharp increase i n  dens i t y  produced a  

corresponding response i n  the  res idua l  s t ress .  The low p l a s t i c i t y  s i l t y  

c l a y  a t  the  bottom o f  the borehole appeared t o  be much l c s s  d i s tu rbed  

than the  t e x t u r a l l y  s i m i l a r  ma te r i a l  sampled nearer the sur face.  The 

I e x t r a o r d i n a r i  l y  h igh  o ' values i n  F igure  5.22 came from samples which 
0 

I were almost c e r t a i n l y  unsaturated. D i f f i c u l t , i e s  and u n c e r t a i n t i e s  i n -  

I volved w i t h  the  measurement o f  pore  pressures i n  unsatu ia ted  s o i  1s r a i s e  

I quest ions regarding the  c r e d i b i l i t y  o f  r e s i d u a l  s t resses determined i n  

these few tes ts .  ?y contra'st ,  o the r  samples i n  cl 'ose p r o x i m i t y  had h i g h  

i c e  contents and consequently, zero  res idua l  s t ress .  A more d e t a i l e d  

I d e s c r i p t i o n  o f  l oca l  and reg iona l  geo log ic  fea tures  p e r t i n e n t  t o  t h i s  

p r o f i l e  a r e  g iven i n  Appendix A. 1. 



An increase i~ res idua l  s t ress  w i t h  depth has been shown f o r  both 

the  Norman Wells and Noel1 Lake s i t e s .  S p e c i f i c  geotechnical  da ta  has 

been r e l a t e d  t o  a sequence of  geo log ic  events t h a t  seem reasonable f o r  

each l o c a l i t y .  Even so, a number o f  c r i t i c i s m s  can be a p p l i e d  t o  t h i s  

data, t he  most obvious being t h a t  i n  many instances, d e n s i t i e s  o f  

samples tes ted  d i d  no t  correspond t o  the  average -- i n  s i t u  dens i t y .  Again, 

t h i s  p o i n t  ra i ses  the c o n t r o v e r s i a l  ques t ion  o f  rep resen ta t i ve  sampling 

and t e s t i n g  discussed i n  Sect ion 4.5. U n t i l  t e s t  r e s u l t s  from l a r g e  

samples a r e  used t o  cor robora te  f i e l d  t e s t  observat ions o r  performance 

data, l i t t l e  more can be done t o  advance e x i s t i n g  conf idence i n  t h e  

measurement and p r e d i c t i o n  o f  res idua l  s t resses  i n  s i t u .  I t  i s  encour- -- 
aging t o  note t h a t  t h e o r e t i c a l  concepts developed e a r l i e r  appear t o  be 

cons i s ten t  w i t h  the behaviour o f  n a t u r a l  s o i l s .  Furthermore, t h e  f a c t  

t h a t  samples con ta in ing  segregated i c e  can e x h i b i t  s u b s t a n t i a l  res idua l  
. - 

s t resses and small thaw s t r a i n s  suggests t h a t  many o f  t he  behavioural  

in ferences made on the  basis  o f  c u r r e n t l y  accepted ground i c e  logg ing  

procedures should be sub jec t  t o  c a r e f u l  review. 

5.7 PERMABILITY MEASUREMENTS 

Test i ng procedure - 

At the  complet ion o f  each res idua l  s t ress  t e s t ,  samples were sub- 

j e c t e d  t o  one o r  more load increments t o  determine c o n s o l i d a t i o n  char- 

a c t e r i s t i c s .  Permeab i l i t y  c o e f f i c i e n t s  cou ld  be c a l c u l a t e d  i n d i r e c t l y  

f rom the consolidation data f o r  each stre:s increase, b u t  i t  was recog- 



n ized t h a t  these values would be in f luenced by the  accuracy w i t h  which 

the  s o i l ' s  c o m p r e s s i b i l i t y  and c o e f f i c i e n t  o f  c o n s o l i d a t i o n  had been 

evaluated. Since the  permode enabled complete c o n t r o l  o f  drainage, i t  

was a  simple mat ter  t o  o b t a i n  more r e l i a b l e  data by conduct ing constant  

head pe rmeab i l i t y  t e s t s  a t  t he  end o f  each c o n s o l i d a t i o n  stage. F igure  

5.6 d e t a i l s  the  plumbing which a l lowed water t o  be conducted under 

pressure tbrough the transducer va l ve  assembly t o  the  sample base. Th is  

procedure permi t ted  accurate measurement o f  t h e  app l i ed  head a t  any t ime  

du r ing  the  t e s t .  

I The water supply was mainta ined a t  constant  p ressure  i n  a  r e s e r v o i r  

mounted approximately one meter above t h e  permode. Pressures app l i ed  

were kept  we l l  below those t ransmi t ted  t o  the  specimen by hanger loads. 

At  low conso l i da t i on  st resses,  t h e  pressure r e s e r v o i r  was opened t o  t h e  

L I I I V ~ ~ I  G I  t; SO t ha t  o n l y  a small g r a v i t y  head ;;as a p p l i e d  t o  cofidgct the 

pe rmeab i l i t y  t e s t .  As hanger loads were increased, regu la ted  a i r  pressure 

I was incremented i n  t h e  r e s e r v o i r  t o  increase the  app l i ed  head. The 

imposed h y d r a u l i c  g rad ien t  cou ld  then be computed by eva lua t i ng  the 

I c u r r e n t  length o f  the  sample. Vent ing the  r e s e r v o i r  t o  atmosphere a l s o  

I provided a  convenient check on t h e  t ransducer 's  c a l i b r a t i o n  f a c t o r .  

I Drainage from t h e  top o f  the  sample was measured i n  a  b u r e t t e  

! a t tached t o  a  moveable mount. During t e s t s  w i t h  smal l  app l i ed  heads, 

g rad ien t  f l u c t u a t i o n s  were minimized by a d j u s t i n g  the  p o s i t i o n  o f  the 

b u r e t t e  t o  keep t h ~  o u t f l o w  water l e v e l  a t  a  constant  e l e v a t i o n .  

I Pe rmeab i l i t i es  were computed from the record o f  o u t f l o w  volume aga ins t  

i -. t ime. Use o f  the  f a l l i n g  head method was conf ined t o  samples f rom the  

F o r t  Simpson lands1 i d e  headscarp which wete tes ted  i n  a  10 cm oedometer 

1 r a t h e r  than the  permode. 



Permeabilities obtained by the three different methods described 

above were in good agreement for samples which were fully saturated. 

Differences between the indirect results and permeabilities measured by 

direct methods were usually noted whenever soils were unsaturated 

or coniained discrete organic layers. To conduct direct permeability 

tests on these materials, water was flushed through'the sample far a 

reasonable length of time befo-rc flow measurements were commenced. It 

was hoped that this procedure would serve to fill the voids along the 

principal flow paths. Correspondence between volumes of inflow and out- 

flow measured in several such tests confirmed the applicability of 

this technique. 

Laboratory test results 

Core was taken from the Fort Simpson landslide headscarp in a 

variety of orientations, and samples contained both stratified (zone 2) 
. . 

and reticulate (zones 3 and 4 )  ground ice structures. Permeability test 

results for samples from Zone 2 are shown in Figure 5.23. The develop- 

ment of ground ice has produced a system of horizontal structural dis- 

continuties which might be expected to produce anisotropic permeability. 

T_he experimental data confirms this impression since the stratified 

structure apparently contributes significantly to the bulk permeability. 

This observation does require some qualification, however, since closure 

of the horizontal structure was probably inhibited by the inabi 1 i ty of 

the permode to model -- in situ stress conditions and still measure direc- 

tional permeability. A permeability ratio ranging from 5 to 10 in the 
I 

2 
low stress range (less than 50 kN/m ) is probably representative of 



f i e l d  behaviour. These curves i 1 l us t ra ' t e  t he  extremely non-1 inear  r e l a -  

t i o n s h i p  between pe rmeab i l i t y  and e f f e c t i v e  s t r e s s  and con f i rm  t h a t  

r e . l a t i v e l y  l a rge  pe rmeab i l i t i es  a r e  encountered i n  t he  low to.moderate 

4 

s t ress  range. 

I I n  Figures 5.24 and 5.25, s i m i l a r  data a r e  shown f o r  m a t e r i a l  w i t h  

r e t i c u l a t e  s t r u c t u r e  obta ined from Zones 3 and 4. No attempt 'was made 

t o  d i s t i n g u i s h  between the behaviour o f  these two s o i l s  s ince  t h e  s t r u c t -  

u r e  f o r  each was q u i r e  s i m i l a r ,  even though Zone 4 samples tended t o  be 

s l i g h t l y  denser. Having recgonized the  d i f f i c u l t i e s  associated w i t h  

i n t e r p r e t i n g  oedometer data from t e s t s  on h o r i z o n t a l  core, no at tempt 

was made t o  exp lore  a n i s o t r o p i c  e f f e c t s  w i t h  the  r e t i c u l a t e  s t ruc tu re .  

He.re again, a  pe rmeab i l i t y  decrease o f  approximate ly  two orders o f  

I magnitude was produced by increas ing  the  e f f e c t i v e  s t r e s s  t o  approximate ly  

2 50 kN/m . The r e t i c u l a t e  s t r u c t u r e  apparent ly  e x h i b i t s  much l a r g e r  

d i f f e rences  i n  behaviour between sa-mples under the  same pressure, which 

Ind i ca tes  a  greater  v a r i a b i l i t y  i n  the  s t r u c t u r a l  s e n s i t i v i t y  t o  s t ress .  

F igure  5.25 s-hows an expanded sec t i on  o f  some o f  t h e  curves g iven 

i n  F igure  5.24. A general t rend f o r  lower pe rmeab i l i t y  w i t h  h igher  

3 dens i t y  i s  apparent, but  t h e  sample w i t h  the  lowest dens i t y  (1.65 Mg/m ) 

a l s o  exh ib i t ed  the most r a p i d  decrease i n  pe rmeab i l i t y  as the  e f f e c t i v e  

s t ress  Mere increased. This  core contained a  t h i c k ,  sub-hor izonta l  i c e  

lens  which decreased sample dens i t y  but  con t r i bu ted  l i t t l e  t o  t h e  f a b r i c  

enhancement o f  pera ieab i l i t y .  Deviat ions such as t h i s  o n l y  serve t o  

emphasize the need t o  s e l e c t  t e s t  specimens c a r e f u l l y  when a t tempt ing  t o  

o b t a i n  an accurate representa t ion  o f  -- i n  s i t u  s t r u c t u r e .  When working 

w i t h  core obtained from a  borehole, the  assessment o f  s t r u c t u r e  can 



prove t o  be a  d i f f i c u l t  task.  I t  was f o r t u n a t e  t h a t  t he  l a n d s l i d e  

headscarp exposure prov ided an e x c e l l e n t  o p p o r t u n i t y  t o  o b t a i n  an accurate - 
impression o f  the bu l k  s t r u c t u r e ,  one which cou ld  no t  have been gained 

from examination o f  core. ' 
r 

Data from the  Zone 3 and 4 m a t e r i a l  e x h i b i t e d  cons iderab ly  more 

s c a t t e r  .be.tween samples than d i d  the  v e r t i c a l  p e r m e a b i l i t i e s  measured 

f o r  s o i l  from Zone 2. Closure o f  t he  s t r a t i f i e d  s t r u c t u r e  i n  t h e  l a t t e r  

was a  d i r e c t  r e s u l t  o f  the  v e r t i c a l  s t ress  app l ied ,  whereas the  r e t i c u -  

l a t e  s t r u c t u r e ' s  response was a l s o  in f luenced by changes i n  h o r i z o n t a l  

s t ress .  This fea ture ,  i n  combinat ion w i t h  a  wider  range of f rozen b u l k  

d e n s i t i e s ,  accounts f o r  t he  g rea te r  amount o f  data s c a t t e r  e x h i b i t e d  

under low stresses by ma te r ia l  f rom Zones 3 and 4. Terminal o r  i n t r i n -  

- 7 s i c  pe rmeab i l i t i es  o f  1  x  cm/s were lowor than the  4 x  10 cm/s 

Pr,?nC?S determined f o r  Zone 2 s o i l s  which r e f l e c t s  s l i g h t  t e x t u r a l  diff,. 

between the  u n i t s .  Al though no experimental  data i s  a v a i l a b l e  f o r  
, 

l a r g e r  samples, inspect ion  o f  t h e  d i s c o n t i n u i t y  spacings i n  these speci -  

mens ind ica tes  t h a t  t h e  10 cm permode was probably l a rge  enough t o  

e l i m i n a t e  most o f  the  sca le  e f f e c t s  r e l a t i n g  t o  secondary s t r u c t u r e  i n  

these p a r t i c u l a r  s o i l s .  

Selected permeabi 1 i t y  data f o r  samples from the  Norman We1 1s t e s t  

s i t e  a re  given i n  F igure  5.26. Once again, t h e  l a r g e  decrease i n  per- 

m e a b i l i t y  associated w i t h  s t r u c t u r a l  c l o s u r e  a t  low st resses i s  a  dominant 

fea ture .  I n t r i n s i l ,  permeabi 1 i t i e s  measured a t  h igher  s t r e s s  l e v e l s  a r e  

c o n s i s t e n t l y  lower f o r  s o i l s  w i t h  h igher  c lay  contents o r  p l a s t i c i t y .  A  

wide range i n  pe rmeab i l i t y  i s  apparent, even a t  h igh  st resses,  because 

ma te r ia l s  encountered a t  t h i s  s i t e  range f ~ o m  s i l t s  t o  h i g h l y  p l a s t i c  



clays,  Even so, as would be p red i c ted  by the f i s s u r e  c losu re  model 

discussed i n  Sect ion 5.3, macros t ruc ture  dominates pe rmeab i l i t y  behaviour 

i n  the  low s t ress  range. 

S i m i l a r  r e s u l t s  obta ined f o r  samples from Noel1 Lake a r e  summarized 

i n  F igure  5.27. The i c e - r i c h  and h i g h l y  s t r u c t u r e d  near-sur face ma te r ia l  

underwent a  pe rmeab i l i t y  decrease o f  nea r l y  t h ree  orders o f  magnitude 

before  approaching a  constant  va lue  under h igher  s t resses.  Sandy s i l t  

i n  the 8 t o  1Q.5 m depth i n t e r v a l  showed almost no s t r u c t u r a l  i n f l uence ,  

even though d i s t i n c t  r e t i c u l a t e  fea tures  were v i s i b l e  i n  t he  f rozen  

core. Permeab i l i t y  d i f f e rences  between samples i n  t h i s  u n i t  cou ld  

u s u a l l y  be a t t r i b u t e d  t o  t e x t u r a l  differ.ences. The stony c l a y  i n  t h i s  

p r o f i l e  gave pe rmeab i l i t y  r e s u l t s  which were h i g h l y  v a r i a b l e .  The 
L 

apparent d is turbance and e r r a t i c  i c e  contents probably c o n t r i b u t e d  s i g -  

n i f i c a n t l y  t o  t h i s  ncnunlfcrm p z r m z ~ S i l I t y  behaclcur .  Flattening o f  t h e  

k-a '  ' r e l a t i o n s h i p  f o r  t h i s  s o i l  appeared t o  occur a t  a  s t r e s s  o f  80. 

2 kN/m , s l i g h t l y  h igher  than the 50 k ~ / m ~  va lue  t h a t  was found t o  be 

t y p i c a l  f c r  t he  o ther  two sampling s i t e s .  

Pe rmeab i l i t i es  i n  p r o f i l e  

Figures 5.28 and 5.29 show pe rmeab i l i t y  v a r i a t i o n s  i n  p r o f i l e  f o r  

t he  Norman Wells and Noel1 Lake s i t e s ,  respec t i ve l y .  These p e r m e a b i l i t i e s  

have been i n te rpo la ted  from k-a'  curves a t  t h e  ~ ~ p r o p r i a t e  c a l c u l a t e d  

i n  s i t u  overburden pressure. A t  Norman Wells, t he  decrease i n  permea- - -- - 
b i  l i t y  w i t h  depth i s  cons i s ten t  w i t h  increas ing  p l a s t i c i t y  and c losu re  

o f  the  macrostructure i n  response t o  h igh& st resses.  The r e g u l a r i t y  o f  



227 

this trend reflects the overall uniformity of sediments encountered at 

this site. The deviation indicated at the 7.5 m depth is due to several 

layers of peaty material which tended to increase soil permeabilities. 

Combined variations i n"soi 1 texture and ground ice produced a much 
r 

less regular relationship between permeabi 1 i ty and depth at the Noel 1 

Lake site,. but a sensible relationship did emerge when the erratic 

stratigraphy was taken into account. 

Summarv of resu 1 ts 

In Figures 5.30 and 5.31, permeabilities are plotted as a function 

of void ratio for materjals from the Fort Simpson site. The data plot 

as a straigt~t: line on semi-logarithmic axes. Figure 5.30 shows that 

horizontal samples from Zone 2 displayed permeabilities that were slightly 

higher than those obtained from vertically oriented samples with similar 

void ratios. Reasons for th.js behaviour have been discussed above. 

Several data points lie below the line, and it seems quite probable that 

by correcting for the degree of saturation, a closer correspondence 

might be obtained. The average void ratio of soils containing strati- 

field structure apparently describes most of the fabric dependent pro- 

perties since a single e-log k relationship fits the observed behaviour 

reasonably well. 

Figure 5.31 shows.that this Is not necessarily -true for the retic- 

ulate structure sampled from Zones 3 and 4. Here, small void ratio 

decreases produce large changes in permeability, and data from all of 

- 6 
the tests converge on a single line for permeabilities of less than 10 
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cm/s. In this instance, void ratio cannot, by itself, account for 

effects related to the macrostructure's response to stress. Several 

different networks of discontinuities, each with different spacings and 

widths, could conceivably be described by the same average void ratio. 

Samples from the Norman We1 1s and Noel 1 Lake sJ tes both showed 

similar sorts of behaviour. High ice content samples often showed no 

definite structural influence, while those with a well-developed reticu- 

late structure displayed a rapid decrease in permeability with the small 

void ratio changes occurring during the early stages of loading. In 

. many instances, bamples with similar bulk densities exhibited markedly 

different e-log k relationships. 

. The object of several tests performed was to assess the reproduc- 

ibility of data. Figure 5.32 shows consolidation and permeability test 

rcs~llts for two apparently identicalsamples which had been trimmed from 

2 the same piece of core. For stresses exceeding 10 kN/m , results obtained 

from the two different tests were essentially identical. In another 

case, a short specimen was tested in the permode and compared to a much 

larger specimen tested in a triaxial cell. Again, permeability coef- 

ficients were identical at the same stress level. 

5 .8  COEFF l C I ENT OF CONSOL l DAT l ON MEASUREMENTS 

The previous section has shown that large reductions in permea- 

bility are produced by increases in effective stress as consolidation 
a .  

proceeds. It remains to examine the effect which this has on the coef- 

ficient of consolidation (c ) .  Nixon (1373) obtained very little cv v 



data for undisturbed permafrost but he has suggested that the determina- 

tion of correct -- in situ permeabilities is an essential prerequisite to 

the application of thaw consolidation theory to practical problems. 

A sketch of a typical but somewhat 'idealized' permafrost sample 

appears as an inset in Figure 5.33. A well-developed cryogenic structure 

is apparent and the sample contains no organic inclusions. Test results 

shown for this section of core are typical and demonstrate some irnpor- 

tant features. Although permeability decreases by approximately two 

2 
orders of magnitude as the stress increases from 0 to 200 kN/m , cv 

varies by no more than a factor of 5 .  It can be seen that at very low 

stresses, reductions in permeability are not completely compensated by 
-. - 

compressibility, so tha.t the coefficient of consolidation actually 

decreases slightly. Once the fissures close, permeability changes occur 

more gradually. Since the thawed soil has been somewhat overconsolidated 

by the freezing process, compressibility continues to decrease with 

increasing stress. Interaction between these two properties causes the 

coefficient of consolidation to increase slightly or remain relatively 
\ - 

constant throughout the stress interval. 

In figure 5.34, cv data is given for Zone 2 material from the Fort 

Sirnpson site. There are very few indications of anisotropy; thus, it 

appears that the larger horizontal permeabilities have been compensated 

by the soil being more compressible in that direction. At stresses 

below 40 to 50 K N / ~ ~ ,  measured values of cv are relatively high for low 

to medium plastic silty clays and tend toward a constant value of 1 x 

cm2/s (2). The wide range in permeabi 1 i ty indicated for this 
2 

material in the 0 to 50 k~/m stress range is almost certainly related 
f i  
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t o  s t r u c t u r a l  d i f fe rences between samples. Tes t ing  specimens o f  l a r g e r  

diameter might serve t o  reduce t h i s  s c a t t e r ,  but i t  seems probable t h a t  

t h e  geotechnical  engineer would s t i l l  be faced w i t h  d i f f i c u l t i e s  when 

dec id ing  on an a p p r o p r i a t e ' r e l a t i o n s h i p  t o  represent -- i n  s i t u  behaviour.  

S i m i l a r  t e s t  r e s u l t s  f o r  t he  Norman Wells and Noel1 Lake s i t e s  a r e  

summarized i n  Figures 5.36 and 5.37, respec t i ve l y .  Comments concerning 

the  pe rmeab i l i t y  data from these s i t e s  can be app l i ed  equa l l y  w e l l  t o  

t h e  exp lanat ion  o f  s i m i l a r  t rends i n  conso l i da t i on  behaviour.  I t  

should be noted t h a t  considerably lower c  values have been measured f o r  
v  

samples o f  t he  h i g h l y  p l a s t i c  c l a y  found below the  10 m depth a t  Norman 

Wells, and f o r  some o f  the  stony c l a y  f rom t h e  Noel1 Lake s i t e .  With 

respect  t o  pore pressure generat ion,  i t  i s  geo techn ica l l y  f o r t u n a t e  t h a t  

l a r g e  res idua l  s t resses were measured. Otherwise, concerns about the  

t h a w - s t a b i l i t y  o f  these s o i l s  would have been wel l- founded. 

Est.imates o f  c  a t  t he  i n  s i t u  e f f e c t i v e  ~ v e r b ~ l r d e n  pressure f o r  
v  -- 

these two s i t e s  have been p i o t t e d  i n  p r o f i l e  i n  Figures 5.38 and 5.39. 

The upper 6 t o  8 meters a t  the  Norman Wells s i t e  appear t o  be f r e e -  

d r a i n i n g  w i t h  less des i reab le  m a t e r i a l s  being encountered a t  depths 

below 10 meters. A t rend showing the c o e f f i c i e n t  o f  c o n s o l i d a t i o n  de- 

c reas ing  w i t h  depth r e f l e c t s  f i n e r  p a r t i c l e  s izes  and i nc reas ing  p las-  

t i c i t y .  F igure 5.39 shows t h a t  a l though s u r f i c i a l l y  reworked m a t e r i a l  

and the  sandy s i l t  a t  the 8 t o  10.5 meter depth have r e l a t i v e l y  h igh  cV  

values, the  stony c l a y  i s  n o t  a t  a l l  f r ee -d ra in ing .  The Noel l  Lake 

p r o f i l e  suggests t h a t  i f  the  upper c l a y  u n i t  were t o  impede drainage 

from the  under ly ing  and extremely wet sandy s i l t ,  t h e  p o t e n t i a l  fo r  

i n s t a b i l i t y  i s  high, e s p e c i a l l y  f o r  cond i t i ons  i n v o l v i n g  seismic loads. 



To assess the effects that testing in the permode configuration 

might have had on c measurements, results were compared with data v 

obtained from the triaxial consolidation of samples with similar den- 

si ties that had been taken from the same approximate depth or zone. The 

genera? agreement indicated in Figure 5.40 confirms an earlier suggestion 

that side friction in the permode.was minimal. All of the specimens set 

up in the tr-iaxial cell, were fitted with side drains to facilitate the 

dissipation of pore pressures during subsequent shear. Since the perme- 

abilities of these thawed soils were large at low stress levels, low 

efficiencies for the side drains would virtually eliminate the possibility 

for radial flow during consolidation in the triaxial cell  i is hop and 

Gibson, 1963). As stresses were increased and soil permeabilities 

decreased, side drain effectiveness would tend to increase. By account- 

ing for this, a correction for the appropriate amount of radial drainage 

would place the cv values well below those computed from triaxial consol- 

idation, if it were assumed that drainage occurred only from the sample 

ends. Since the values plotted for c,, (triaxial) were based tipon the 

assumption that side drains were total ly ineffective (i - .e. one- 

dimensional drainage in the triaxial cell-), any tendency to the contrary 

would move 'the data points closer to the dash$ line. 

5.9 THAW-CONSOLIDATION TESTS 

A limited number of thaw-consolidation tests were run on samples 

from the Fort Simpson and Norman Wells sites. Since residual stress and 

consol idat ion behaviour had been defined f6r these soi is, it seemed 
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worthwhi le t o  supplement the  comparison between measured and p red ic ted  

pore pressures f o r  undisturbed permafrost. Base temperatures were 

c o n t r o l l e d  by c i r c u l a t i n g  f l u i d  from a r e f r i g e r a t e d  bath, w h i l e  heated 

water imposed the  step temper'ature requi  red  t o  i n i  t i a t e  and s u s t a i n  

thaw. Pore pressure and set t lement  curves, and a tab lua r  summary o f  t h e  

data are  given i n  Appendix C .  

Figure  5.41 demonstrates the  good agreement obtained between measured 

pore pressures and est imated values based on non l inear  thaw-consolida- 

t i o n  theory (Nixon and Morgenstern, ' l973a). Residual s t resses used i n  

the  ca l cu la t i ons  were obtained from Figures 5.11 and 5.12. These were 

checked using the  a ' cons t ruc t i on  method discussed i n  Sect ion 5.6 (see 
0 

Figure 5.14), and were found t o  agree w e l l  w i t h  measured values f o r  most 

of  t he  samples tested.  Pore pressure measurements def ined the  e f f e c t i v e  

s t ress  a t  the  thaw f r o n t ,  so an approp r ia te  conso l i da t i on  c o e f f i c i e n t  

could then be used i n  the  ca l cu la t i ons .  I f  the  app l ied  loads produced 

2 
e f f e c t i v e  st resses a t  t he  thaw f r o n t  i n  excess of 50 kN/m (7 p s i ) ,  

post-thaw c V t s  seemed t o  be adequate. Bars j o i n i n g  p o i n t s  i n  F igu re  

5.41 i n d i c a t e  pore pressures ca l cu la ted  a f t e r  assuming a reasonable 

range o f  c  f o r  cases where accurate values had not been determined. v  

I n  c e r t a i n  instances, measured pore pressures were s i g n i f i c a n t l y  

less than those p red ic ted  from theory.  I t  i s  probable t h a t  i f  unsatur- 

ated s o i l s  were encountered, measured pore pressure response would be 

some f r a c t i o n  o f  thac a n t i c i p a t e d  f o r  a f u l l y  sa tura ted system. Using a 

c o r r e l a t i o n  developed between the  pore  pressure c o e f f i c i e n t  B and the  

.frozen bu lk  densi ty ,  p red ic ted  pore pressures were ad jus ted accord ing ly  

w i t h  the  equation tha t  f o l l ows :  1 



High f rozen bu l k  dens i t i es  f o r  several  samples tes ted  necess i ta ted  cor-  

r e c t  ions f o r  reduced pore pr&sure  response. Appropr iate B values were 

used i n  Equation 5.12 t o  o b t a i n  rev ised values f o r  p red i c ted  pore water 

pressures. By accounting f o r  e f f e c t s  which desatura t ion  had imposed 

upon response, F igure  5.41 i n d i c a t e s  t h a t  good agreement can s t i l l  be 

obta ined between theory and experiment. I t  should be noted t h a t  measured 

pore pressures d i d  no t  exceed p red i c ted  values i n  any o f  t h e  samples 

tested.  

Thaw s t r a i n s  measured i n  the  permode have been p l o t t e d  as a func- 

t i o n  o f  f rozen b u l k  dens i ty  i n  Figures 5.42 and 5.43. I t  can be seen 

t h a t  these data p o i n t s  f a l l  reasonable c l o s e  t o  the  c o r r e l a t i o n  g iven by 

$peer et a l .  (1973) and watson e t  a l .  (1973). I n  each case, o u t l i e r s  -- -- 
were samples w i t h  h igh  c rgan ic  content ,  having e i t h e r  been sampled from 

t h e  a c t i v e  layer  o r  t he  peaty zones encountered a t  depth. 

5.10 INTERPRETATION OF LABORATORY TEST RESULTS 

The labora tory  t e s t s  descr ibed by Morgenstern and Srni t h  (1973) and 

Nixon and Morgenstern (1973b, 1974) have revealed much about the  funda- 

mental p r o p e r t i e s  o f  f i ne -g ra ined  permafrost s o i l s  du r ing  thaw- 

conso l ida t ion .  High v o i d  r a t i o  s o i l s  e x h i b i t  ma,kedly non l i nea r  s t ress -  

s t r a i n  behaviour s ince  the s o i l  ske le ton  must expel l a rge  q u a n t i t i e s  o f  . 
water t o  ga in  smal l  increases i n  e f f e c t i v e  s t ress .   he behaviour of 

these s o i l s  has been success fu l l y  descr ibed w i t h  a non l i nea r  thaw- 
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conso l i da t i on  theory ( ~ i x o n  and Morgenstern, 1973a). However, t o  accomp- 

l i s h  t h i s ,  an exact de terminat ion  o f  the  res idua l  s t ress  i s  necessary 

f o r  es t imat ing  excess pore pressures a t  t he  thaw f r o n t .  

A study o f  na tu ra l  so i  1'; from th ree  d i f f e r e n t  s i t e s  has shown tha t  

a  c o r r e l a t i o n  can be developed between v o i d  r a t i o  and logo ' f o r  each 
0 

s o i l  type. For t he  purposes o f  design, a  s i m i l a r  r e l a t i o n s h i p  cou ld  be 

es tab l ished between res idua l  s t ress  and water content .  Data suggest 

t h a t  f o r  s i l t y  c lays  from the  Mackenzie Va l ley ,  s i g n i f i c a n t  res idua l  

s t resses can be a n t i c i p a t e d  wherever - i n  -- s i t u  water contents f a l l  below 

approximately 35%. The permode was used t o  measure r e s i d u a l  s t resses i n  

t h i s  study, but Figures 5.15, 5.16 and 5.17 i n d i c a t e  t h a t  e labo ra te  

equipment and procedures may no t  be necessary. Using the g raph ica l  

cons t ruc t i on  technique described by Nixon and Morgenstern (1974), i t  

appears t h a t  res idua l  s t ress  can be est imated w i t h  s u f f i c i e n t  accuracy 

by e x t r a p o l a t i n g  post-thaw c o n s o l i d a t i o n  data t o  the  thawed, undrained 

v o i d  r a t i o .  I t s  inherent  v e r s a t i l i t y  s t i l l  makes t h e  permode an a t t r a c -  

t i v e  apparatus f o r  t h i s  s o r t  o f  l abo ra to ry  work. Tes t ing  t o  determine 
. - 

values f o r  o ' and c v i s  c u r r e n t l y  w i t h i n  the c a p a b i l i t y  o f  most w e l l -  
0 

equipped geotechnical l abo ra to r i es .  Once the e- log o  o ' r e l a t i o n s h i p  has 

been es tab l ished f o r  each c h a r a c t e r i s t i c  s o i l  type, the  most important  

requirement becomes o b t a i n i n g  accurate s t r a t i g r a p h y ,  water contents,  and 

i n  s i t u  dens i t i es .  Th is  might best be accomplished by augmenting - -- 
sampling operat ions w i t h  i n fo rma t ion  from a  se lec ted  group o f  downhole 

and sur face geophysical t o o l s .  

The conso l i da t i on  e f f i c i e n c y  o f  which the  f reez ing  process i s  

capable has been demonstrated i n  F igure  5.19 where e f f e c t i v e  (or r e s i d u a l )  
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stresses are associated with smaller liquidity indices than might be 

anticipated for a normally consolidated soil. Residual stresses are a 

response to swelling following thaw. Locally variable overconsolidation 

occurs during freezing as water is drawn out of the soil and into 

inclcsions of segregated ice. Irreversible straics take place in the 

soil skeleton so that the same average void ratio before and after thaw 

is associated with quite different effective stresses. The difference 

in slope between the compression and swelling curves accounts for the 

decrease in effective stress that occurs during an undrained freeze-thaw 

cycle under constant external stress. 

In situ, the occurrence of a residual stress reduces the magnitude -- 
of consol idat ion settlement and increases the soi 1 Is undrained shear 

strength. A decrease in the liquidity index or void ratio with depth 

should normally be indicative of increasing residual stresses in the 

thawed soil. Although the variability encountered with natural deposits 

causes soine scatter, a trend for increasing residual stress with depth 

is apparent from the data for both the Norman Wells and N~ell Lake 

sites. 

Some explanation of the sensitivity of permeability to changes in 

'effective stress has been given by the suggested model for closure of 

the cryogenic macrostructure. Increases in permeability related to 

structure indicate the importance of obtaining and testing samples which 

are representative of -- in situ conditions. Even though perme~bility 

decreases sharply by as much as two orders of magnitude in response to 

small increases in effective stress, the coefficient of consolidation is 

much less sensitive to these same changes. permeability decreases are 
. - 



apparent ly  accompanied by s i m i l a r  reduct ions i n  compress ib i l i t y ,  w i t h  

t h e  net e f f e c t  being on ly  small v a r i a t i o n s  i n  cv over  sens ib le  ranges o f  

s t ress.  I n  s o i l s  conta in ing r e t i c u l a t e  ground i c e  s t ruc tu re ,  t h e  

c o e f f i c i e n t  o f  conso l i da t i on  reaches a minimum value a t  a s t ress  corre-  

sponding t o  c losure  o f  the s t r u c t u r e ,  and remains e s s e n t i a l l y  constant  

the rea f te r .  The success obta ined here in  by us ing post-thaw cv data  f o r  

pore pressure p red ic t i ons  can be a t t r i b u t e d  t o  the  f a c t  t h a t  f o r  s t resses 

above 30 t o  50 k ~ / r n ~ ,  changes i n  t h e  c o e f f i c i i n t  o f  c o n s o l i d a t i o n  are  

small .  

The p o s s i b i l i t y  e x i s t s  t h a t  by us ing the  lower cv values obta ined 

a t  h igher e f f e c t i v e  s t ress  l eve ls ,  pore pressure p r e d i c t i o n s  f o r  thaw- 

conso l i da t i on  a t  lower stresses would exceed ac tua l  values. Th is  i s  a 

conservat ive e r r o r .  The pe rmeab i l i t y  o f  thawing s o i l s  i s  nonl inear,  so  

t h a t  under c e r t a i n  cond i t ions ,  impeded drainage cou ld  c o n t r i b u t e  t o  

increasing the  pore water pressures i n  the  v i c i n i t y  o f  t h e  thaw f r o n t .  

A moderate sur face load such as a gravel  pad could produce e f f e c t i v e  

s t ress  increases i n  t h e  under ly ing  s o i l s  t h a t  would, i n  t u r n ,  d im in i sh  

pe rmeab i l i t i es  and h inder drainage from the thawing s o i l s  a t  depth. 

Thaw conso l ida t ion  t e s t s  on undisturbed permafrost s o i l s  have 

demonstrated good agreement between measured and p red ic ted  pore water 

pressures when the  appropr ia te  a ' and c were used i n  t h e  non l i nea r .  
0 v I 

theory. The complex consol i d a t  i o n  behaviour observed f o r  cryogenical  l y -  

s t ruc tu red  s o i l s  presents considerable problems tq t h e  engineer faced 

w i t h  the  task o f  choosing parameters f o r  use i n  design. Furthermore, 

many s o i l s  a re  not f u l l y  sa tura ted and e x h i b i t  a  d imin ished pore pressure 

response t o . t h e  a p p l i c a t i o n  o f  changes in,stress. Empir ica l  c o r r e l a t i o n s  
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developed between and f rozen bul  k dens i t y ,  as descr i  bed i n  Sect i on  

6.2, can be used t o  co r rec t  pore pressure p r e d i c t i o n s  made on the  basis 

o f  assumed f u l l  sa tu ra t i on .  A vas t  m a j o r i t y  o f  the  undisturbed s o i l s  

tes ted i n  t h i s  study e x h i b i t e d  a l i n e a r  e- log a '  conso l i da t i on  curve 

which suggests t h a t  the  nonl inear thah-consol idat . ion theory should be 

adopted as a matter  o f  course when dea l i ng  w i t h  na tu ra l  s o i l s .  

D i f f i c u l t i e s  encountered w i t h  e s t a b l i s h i n g  s p e c i f i c  g r a v i t i e s  and 

hence, vo id  r a t i o s  and degrees o f  sa tu ra t i on ,  .could be avoided i f  i g n i -  

t i o n  losses were determined f o r  se lec ted samples. The peat and o the r  

organic mater ia l  present i n  t h e  Norman Wells s o i l s  complicated i n t e r p r e -  

tat . ion of some of the data. Gases produced by decomposition processes 

have probably been another f a c t o r  dimini;hing the  pore pressure response 

c h a r a c t e r i s t i c s  o f  these mate r ia l s .  
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F i g u r e  5.4 Comparison o f  p r e d i c t e d  and observed p e r m e a b i l i t i e s  f o r  
thawed s o i l  
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Figure 5.7 

100% Sand 

100% Silt 

FORT SIMPSON LANDSLIDE HEADSCARP 

100% Sand 

100% Clay 

100% Silt 

b MVPL STUDY 0 TO 6.5 m 

THIS STUDY 0 TO 5.2 m 

A 5.2 m TO 12.5 m 

COARSE ZONE AT 9.9 m 

100% Clay 

MVPL ICE VARIABILITY SITE, NORMAN WELLS 

100% Sand 

100% Silt 

NOELL LAKE SITE 
iC 

100% Clay 

Textural summary o f  fine-grained permafrost soils 
tested 
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Figure 5.13 

0,' RESIDUAL STRESS (lb/in2) 
0.1 1.0 10 100 

1.8 I 1  I '  I I  I 

0 * Residual Stress Evaluation 

- \\ MVPL Ice Variabil~ty Study Site at - 
\\ Norman Wells - \ Boreholes NW2 and NW3 - 

- 
I) 

- 
- - 
- - 

- 
- 

- - 
- - 

Low Plasticity Clayey Silt - @ 0 t o  5.5m Depth - 
Medium to High Plasticity - 

0 Silty Clay 
- 

5.5 to 12.5 rn Depth - - 
0.4 1 I Illll1I I I 1 l l l l l l l  1 1 1 1  1111111 1 1 1 1  11111 

0.1 1.0 10 100 1000 

o,,' EXPERIMENTALLY MEASURED 

RESIDUAL STRESS (kN/m2) 

Summary of residual stress tests, MVPL i c e  variability 
site, Norman Welis 

a,' RESIDUAL STRESS (lb/in2) 

0 
Residual Stress Evaluation 

Noell Lake Site 
\ 

't 
Borehole NL2 

-\ -\ 

b \\ 
\\ \ \a\\ 

;\ \ 
Low to Medium Plasticity Stoney. \ \ 
Silty Clay (Excluding Depth Interval 
of 8 to 10.5 M of Sandy Silt 
Where 06 = 0 )  

0.1 1.0 10 100 1000 

u,,' EXPERIMENTALLY DETERMINED RESIDUAL 
STRESS ( k ~ / r n ~ )  

Summary of residual stress tests, Noel1 Lake site 



- 
0 5 0 100 150 

o' EFFECTIVE STRESS (ARITHMETIC) ( k ~ / r n * )  

o' EFFECTIVE STRESS (LOGARITHMIC) (k~/rn*)  

I I " ]  I I 1 1 1 1 1 1 ~  I 1 1 1 1 1 1 1 ~  I I I I  

- VOID RATIO 

THAW STRAIN DUE TO 
TO CONSOLIDATION 

- - 
RESIDUAL STRESS OR 

INITIAL EFFECTIVE STRESS 

- 

I I I I I  I 1 I 1 1  1 1 1 1  I I I 1 1  1 1 1 1  I I l l .  

Figure 5.14 e - a' relationships on arithmetic and logarithmic 
scales showing a '  construction 

0 



o.
'A

N
D

 
o 

'V
E

R
S

U
S

 e
 R

E
LA

T
IO

N
S

H
IP

 F
O

R
 

N
O

R
M

A
N

 W
E

LL
S

 S
A

M
P

LE
S

 

a' 
E

F
F

E
C

T
IV

E
 S

TR
E

S
S

 (
lb

/in
2

) 
, 

0
; 

1 
0 

1:0, 
' 

B
or

eh
ol

e 
N

W
Z 

1.
4 

1.
2 

1 .
o 

0.
8 

0
 

M
ea

su
re

d 
R

es
id

ua
l S

tre
ss

 P
oi

nt
 

P
lo

tte
d 

a
t T

ha
w

ed
, 

U
nd

ra
in

ed
 

V
o

id
 R

at
io

 

o
' 

E
F

F
E

C
T

IV
E

 S
TR

E
S

S
 (

kN
/m

Z
) 

B
O

R
E

H
O

LE
 N

W
2 

1)
 - 

0.
9 

m
 (3

.1
') 

5)
 - 

6.
7 

m
 (

21
.9

') 
2)

 -
 2.3

 m
 (7

.5
') 

6)
 -
 7.

4 
m

 (2
4.

2'
1 

3)
 - 

3.3
 

m
 (1

1.
0'

) 
7)

 -
 8.

0 
m

 (2
6.

3'
) 

4)
 -

4.
7 

m
 (1

5.
4'

) 
8)

 -
 9.

2 
m

 (3
0.

1'
) 

Fi
gu
re
 5
.1
5 

e
 
- 

lo
g 

a
' 
cu
rv
es
 f

or
 
re
si
du
al
 

st
re
ss
 t
es
t 

sp
ec
im
en
s,
 
Bo
re
ho
le
 

NW
2 

0; 
A

N
D

 d
 V

E
R

S
U

S
 e

 R
E

LA
T

IO
N

S
H

IP
 F

O
R

 
N

O
R

M
A

N
 W

E
LL

S
 S

A
M

P
LE

S
 

a'
 

E
F

F
E

C
T

IV
E

 S
TR

E
S

S
 (

lb
/in

2)
 

0.1
 

1.0
 

10
 

10
0 

'O
 M

ea
su

re
d 

R
es

id
ua

l S
tre

ss
 P

oi
nt

 
P

lo
tte

d 
at

 T
ha

w
ed

, U
nd

ra
ln

ed
 

V
oi

d 
R

at
io

 

I 
1 

11
11

11
1 

I 
1

1
 11

11
11

 
I
 

1
1

1
1

1
1

1
1

 
I-

 
I 

I
l
l
!
 

1.
0 

10
 

10
0 

10
00

 

a'
 

E
F

F
E

C
T

IV
E

 S
TR

E
S

S
 (

kN
/r

nZ
) 

B
O

R
E

H
O

LE
 N

W
 3

 
1)

 -
 1.2

 m
 (3

.8
') 

6
) -
 8.6

 m
 (2

8.
37

 
2)

 -
 1.

8 
m

 (
5.

8'
) 

7
) -
 11

.0
 m

 (3
6.

3'
) 

3)
 -

3
.5

 
m

 (1
1.

6'
) 

8)
 - 

11
.0

 m
 (9

6.
1'

) 
4)

 -
4.

5 
m

 (1
4.

9'
) 

9)
 -
 11

.2
 m

 (3
6.

7'
) 

5)
 -
 6.

3 
m

 (2
0.

7'
) 

h
, 

C
-
 

Fi
gu
re
. 
5.
16
 

e 
- 

lo
g 

a
' 
cu
rv
es
 f

or
 
re
si
du
al
 

0
3
 ',

 
st
re
ss
 t

es
t 

sp
ec
im
en
s,
 
Bo
re
ho
le
 N

W3
 



od AND o'VERSUS e RELATIONSHIP FOR 
NOELL LAKE SAMPLES 

o' EFFECTIVE STRESS (lb/in2) 
0.1 1.0 10 100 

1.6 I I I I 

Borehole NLZ 1 

I Measured Residual Stress Point 
Plotted at Thawed, Undrained 
Void Ratio 

0' EFFECTIVE STRESS (kbJ/m2) 
BOREHOLE NL2 

1) - 0.7 m (2.4') 5) - 7.1 m (23.2') 9) - 9.1 m (29.8') 
2) - 1.6 (5.3') 6) - 7.2 m (23.4') 101 - 10.2 m (33.4') 
3) - 4.8 m (15.6') 7) - 7.6 m (24.8') 11) - 11.8 m (38.7') 
4) - 5.8 m (19.1') 8) - 9.0 m (29.5') 

Figure 5.17 e - log 0' curves for residual stress test specimens, 
Borehole NL2 I 



06 RESIDUAL STRESS (lb/in2) 

- LEGEND 

UNDISTURBED SAMPLES 

Norman Wells Silt. CAGSL Test Site 29 
(Nixon and Morgenstern. 1973b) 

@ Fort Simpson Landslide Headscarp 35 to 48 - Zones 3 and 4, Silty Clay 

@ MVPL Norman Wells Study Site 31 to 38 
0 to 5m Depth. Clayey Silt 

A MVPL Norman Wells Study Site 43 to 61 
5 to 1Zm Depth, Silty Clay - 6 Noell Lake Study Site. Stoney 39 to 59 
Silty Clay 

REMOULDED OR RECONSTITUTED SAMPLES 

0 Athabasca Clay 40 - (Nixon and Morgenstern. 1973b) 

Mountain River Clay 40 Ito 48) 
(Nixon and Morgenstern. 1973bl 

I Valuer of liquid limit given after locality 

I 1  1 1 1 1  I I I I I I Ill I I 1 1 1 1 1 1 1  I I 1 1  1 1 1 1 1  
I I 1  

0.1 1 .o 10 100 

EXPERIMENTALLY MEASURED RESIDUAL STRESS (k~ l rn*)  

Figure 5.18 Relationship between residual stress and thawed, 
undrained void ratio 



RESIDUAL STRESS (lb/in2) 
Oo 

Mountain River Clay 
(Nixon and Morgenstern, 1973 b) 

ub EXPERIMENTALLY MEASURED RESIDUAL STRESS ( k ~ / r n ~ )  

& 

Figure 5.19 Relationship between liquidity index and residual s t r e s s  
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0 10 20 30 40 

I '  I ' I E 8 1 1  

Fort Simpson Landslide Headscarp 

rc FROZEN BULK DENSITY a,' MEASURED RESIDUAL STRESS 

Borehole NL2 w 0 .I- - 
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Effective Overburden Stress 
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3 
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Figure 5.22 Residual stress prof i le, Borehole NL2 

Figure 5.23 Summary of permeabi 1 i ty test results , Zone 2, 
Fort Simpson landslide headscarp 
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10' 
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I. 
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Note: Fall~ng head tests In 10 cm 9 oedometer % 
2 - 

lo0 

lo1 
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a' EFFECTIVE STRESS ( k ~ l r n ~ )  

Figure 5.24 Summary of  pe rmeab i l i t y  t e s t  r e s u l t s ,  Zones 3 and 4, 
F o r t  Simpson l a n d s l i d e  headscarp 

Note: 1) Frozen bulk densities as 
indicated (Mgmlm3) 

E I I I I 1 I 
0 20 40 60 80 100 120 

o' EFFECTIVE STRESS ( k ~ / r n ~ )  

Figure 5.25 Data from Figure 5.24 r e p l o t t e d  t o  show low s t ress  
p o r t i o n  i n  more d e t a i l  
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Fort Simpson Landslide Headscarp 

?one 2 

-0- 

4 Vertical Core 

+- Horizontal Core - 
0 Permeability Measured in 10 cm 4 

Oedometer, Falling Head Test 

- 0 Permeability Measured in 10 cm 4 
Permode, Constant Head Test 

k PERMEABILITY (crnlsec) 

Figure 5.30 Void ratio - permeabi I i t y  relationship, stratified 
structure 

t Fort Simpson Landslide Headscarp 1 

ne 

Note: 1) All samples vertical 

2) Permeability measured with 
falling head test in 10 cm 4 Zone 3 
oedometer 

O . 4 L 1 I 1  t l ' l ' l l '  ' 1 1 ' 1 ' 1 ' 1  I 1 1 ' 1 1 1 "  1 ' 1 ' 1 1 ' '  ' I 
10-3 10-4 10-5 10-6 10-7 . 10-8 

k PERMEABI L l T Y  (cmlsec) 

Figure 5.31 Void ratio - permeability relationship, reticulate 
structure 



TESTS ON ADJACENT SAMPLES 
TRIMMED FROM NW3 - 11. 

- 
MVPL SITE, NORMAN WELLS 

CONSOLIDATION 

L 
0 
I- 

o' EFFECTIVE STRESS (kN/m2) 

Figure 5.32 Reproducibility of test results 

- 

k PERMEABILITY 

SAMPLE NW 3 - 6 (4.6 m) 

10'' I t . , ,  I I lom4 
0' 

0 40 80 120 160 200 

o' EFFECTIVE STRESS (kN/m2) 

Figure 5.33 Typical relationship between consolidation 
coefficient and permeability 



E t Fort Simpson Landslide Headscarp I 
\ Zone 2, Vertical Samples -1 Inn 

o' EFFECTIVE STRESS ( k ~ / r n ~ )  
Note: Tests conducted in 10 cm diameter oedometer 

8 

F i g u r e  5 .34 c versus o ' ,  s t r a t i f i e d  s t r u c t u r e ,  Zone 2 ,  
~ g r t  S irnpson lands 1 i de headscarp 



Fort Simpson Landslide Headscarp 

Zone 3, Vertical Samples 
100 

- 
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(D 0 
> c w- - 

10 
noticeably more plasti 

1 0 4  
0 40 80 120 160 200 

o' EFFECTIVE STRESS (kN/rn2) 

. - 

F igure 5.35 c versus o ' ,  r e t i c u l a t e  s t ruc tu re ,  Zone 3, 
~ 8 r t  Simpson lands 1 i d e  headscarp 

- 
Note: Conrol~dat~on tests perfomed In 

permode on 10 cm d~ameter 
core samples 

- lo3 
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Figure  5.36 c v versus a ' ,  Norman We1 1s s i t e  
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Noell Lake Site 
Borehole NLZ 

F igure 5.39 P r o f i l e  o f  cv a t  -- i n  s i t u  e f f e c t i v e  overburden pressure, 
Noel1 Lake s l t e  

I 1 1 1 1  1 1 1 1  I I I /  

- 
- 

LEGEND - 
/ FORT SIMPSON HEADSCARP, 

K / 
ZONES 3 & 4 

3 0 MVPL ICE VARIABILITY 3 lo-3= / SITE, NORMAN WELLS 1 - 
S 1 / - 

5 6  1 1 1  I I 1  1 1 1 1 1 1  I l l  

- 
5 10-3 2 5 10-2 2 5 

c, MEASURED IN PERMODE OR OEDCMETER 

CONSOLIDATION (crn2/rec) 

t 
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I 

0 

CI 

0)  

10 = 
W 

0 

2 
Pe 

- 2 0 2  
E 

S w 
m 
x 

30 

W P 

40 

1.0 10 100 1000 

loe5 los4 lo4 lo- '  

c, MEASURED COEFFICIENT OF CONSOLIDATION 

INSITU EFFECTIVE OVERBURDEN PRESSURE (cm2/sec) 

0 

2.5 

5.0 

7.5 

10.0 

12.5 

I I , I  I 

1. 
0 Permode Consolidation 

- 

- 

.O 
- - 

- 0  

- 
I ' ' I L L U  

OTriaxial Cell 

4 - 

a 
0 

- 
- 

z0  ' " " " '  

Consolidation 

. 

"""" 



10 I I I I 

THAW CONSOLIDATION TESTS 
ON 10 cm DIAMETER SAMPLES. 
FORT SIMPSON HEADSCARP 

0 8 - A N 0  BOREHOLE N W 4  
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PORE PRESSUREPREDICTED BY 
NON-LINEAR THAW-CONSOLIDATION THEORY 

Figure 5.41 Thaw-consolidation test results for undisturbed 
permafrost samples 
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MVPL Correlation Used for - 
Thaw Settlement at Norman 
Wells Study Site 
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Figure 5.42 Thaw strains for undisturbed permafrost, Norman Wells 
site 
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F i g u r e  5.43 Thaw s t r a i n s  f o r  und i s tu rbed  permaf ros t ,  Noel 1 Lake 
s i t e  
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CHAPTER V I  

LABORATORY STUDIES OF SHEAR STRENGTH 

I N  THAWING SOILS 

6.1 INTRODUCTION 

Research p e r t a i n i n g  t o  t h e  geotechnical  p r o p e r t i e s  o f  undisturbed 

permafrost upon thaw has p r i m a r i l y  concerned i t s e l f  w i t h  t h e  determina- 

t i o n  o f  index p rope r t i es ,  thaw s t r a i n  behaviour,  and undrained s t rength .  1 

The few t e s t s  conducted t o  o b t a i n  s t r e n g t h  data i n  terms o f  e f f e c t i v e  

s t ress  have not  been repor ted i n  s u f f i c i e n t  d e t a i l  t o  be o f  fundamental 

va lue  atso son -- e t  - a l . ,  1973). Since the s t a b i l i t y  o f  thawing s o i l s  i s  a 

cu r ren t  concern, ga in ing  a c l e a r e r  understanding o f . t h e i r  shear s t r e n g t h  

behaviour would c e r t a i n l y  be an asset.  Undisturbed f rozen core  ob ta ined 

i n  connect ion w i t h  the  labora tory  s tud ies  descr ibed i n  Chapter V p ro-  

v ided an oppor tun i t y  t o  i n v e s t i g a t e  se lec ted  aspects o f  t h e  s t reng th -  

e f f e c t i v e  s t ress  r e l a t i o n s h i p s  f o r  thawed permafrost s o i l s .  

Proper t ies  such as shear s t rength ,  c o m p r e s s i b i l i t y ,  pe rmeab i l i t y ,  

and t h e  c o e f f i c i e n t  o f  e a r t h  pressure a t  r e s t  a r e  l i k e l y  t o  be mod i f i ed  

by s o i l  freezi-ng and thawing. The magnitude o f  these m o d i f i c a t i o n s  w i l l  

depend t o  a great  ex ten t  upon the changes i n  s o i l  s t r u c t u r e  e f f e c t e d  by 

freeze-thaw cyc l i ng .  The o b j e c t i v e s  o f  t he  study descr ibed i n  t h i s  

chapter were: 

Most o f  these data cons i s t  of  one-time p r o p r i e t a r y  repo r t s  compi led  

i n  t he  course o f  o i l  and gas p i p e l i n e  f e a s i b i l i t y  s tud ies  c a r r i e d  ou t  
I 

i n  both Canada and Alaska. 



1) To examine the effect of macrostructural cryogenic features on 

strength in terms of effective stress in thawed, undisturbed 

fine-grained permafrost soils; and, 

2) To evaluate the pofe pressure parameters required to 

describe the behaviour of these same soils in undrained shear. 

The principle of effective stress is fundamental to all discussions 

of shearing resistance in soils. The, preceding chapters have referred 

to analyses developed for the estimation of pore pressures generated 

during consolidation in thawing soils. Use of the appropriate con- I 
solidation parameters permits evaluation of -- in situ effective stresses 

and hence, the maximum shearing resistance. To supplement laboratcry . 

studies of .consolidation propert-ies, isotropical!y consolidated un- 

drained triaxial compression tests were carried out on numerous 10 cm (4 

i n )  dianeter specimens obtained from the Fort Simpson and Norman Wells 

sampling sites. Extreme textural vajiability encountered in the soil I 
profile at the Noel1 Lake site made it apparent that analyzing shsar 

test results from these'samples might prove difficult. Since strength 

data specific to a particular site would contribute little or nothing to 

a fundamental study, detailed testing was restricted to samples from the 

two other sites where meaningful comparisons could be made between 

tests. 



6.2 DESCRIPTION OF S o l  LS TESTED 

S o i l  c h a r a c t e r i s t i c s  

* 

It was. necessary t h a t  f rozen samples 22 t o  24 cm (9 t o  9.5 i n )  long 

be used t o  ensure a  length  t o  diameter r a t i o  o f  two a f t e r  thaw (and 

poss ib le  cons01 i d a t i o n ) .  D r i  1 1  ing  i n  . i c e - r i c h  s o i  1s i n v a r i a b l y  r e s u l t s  

i n  core breakage along t h i c k e r  i c e  veins,  so o b t a i n i n g  completely i n t a c t  

sec t ions  long enough f o r  t r i a x i a l  t e s t i n g  l i m i t e d  the  number o f  s u i t a b l e  

samples ava i l ab le .  A hand-held motor ized auger was used t o  d r i l l  core 

. a t  the  Fo r t  simpson s i t e .  A l a r g e  q u a n t i t y  o f  core  was obta ined and the  

mechanical breakage caused by the  co re  b a r r e l  was kept  t o  a  minimum. 

The headscarp was d i v ided  i n t o  f o u r  zones, l a r g e l y  on the  bas i s  o f  

ground I c e  s t r c c t u r e  These have been descr ibed i n  Sect ion 5.5 and a  

more d e t a i l e d  account o f  the s t r a t i g r a p h y  i s  g iven i n  Appendix A. The 

ma te r ia l  f rom Zone 2 t y p i c a l l y  e x h i b i t e d  l a r g e  thaw s t r a i n s ,  so t o  keep 

t e s t i n g  procedure simple, shear s t reng th  s tud ies  were r e s t r i c t e d  t o  core 

from Zones 3 and 4. The d r i l l i n g  equipment used a t  t he  Norman Wells 

s i t e  caused considerably more sample breakage, bu t  enough i n t a c t  core  

was obta ined t o  permi t  an adequate shear t e s t i n g  program f o r  each o f  t he  

d i f f e r e n t  s o i l  types i d e n t i f i e d .  A more d e t a i l e d  d e s c r i p t i o n  o f  sampling 

equipment and procedures employed i s  g iven i n  Appendix A. 

Core taken fror.: Zones 3 and 4  a t  the  Fo r t  Simpson s i t e  cons is ted  o f  

an e s s e n t i a l l y  homogeneous dark  grey s i l t y  c l a y  t h a t  conta ined a  

regu la r ,  r e t i c u l a t e  i c e  s t r u c t u r e .  The s o i l s  a t  t he  Norman Wells s i t e  

were s i m i l a r  but more va r iab le .  The p r o f i l e  was made up o f  t h i c k l y  
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bedded silt and clay which typically contained organic specks and peaty 

I layers. The sediments at both sites had been deposited in glacial lakes 

impounded along the Mackenzie River Valley during the retreat of the last 

Wisconsin ice sheet. Clay contents of 43 to 70% were found with illite 

and kaoli.nite being identified as the major clay mineral. species present. 

These soi 1s were a1 1 classified as inactive (~kempton, 1953). A scanning 

electron microscope examination of microfabric revealed a closely packed 

turbostratic structure (~ol-lins and McGown, 1974) with predominantly 

I horizontal orientation of the clay between larger, silt-sized particles. 

I The clay particles also occur as aggregates of various types, and very 

few discrete silt grains were observed. Most of the silt-sized particles 

examined actually consisted of aggregates of clay minerals. Borehole logs 

and a complete summary of index and classification testing data for these soils 

appear in Appendix A. 

Representative sampling 

The influence whicl~ macrostructure exerts on both the field and 

laboratory shear strength of fissured clays has been the subject of a 

i considerable volume of literature (see for example: Marsland, 1972; 

I Bishop -- et zl., 1965). When a frozen soil containing reticulate ice . 
1 lenses thaws, the structural discontinuities remaining are not unlike a ' 

i system of fissures. Thawing and fissured soils possess similar secon- 

dary structures and might therefore be expected to behave in a like 

manner during shear. Data given in Chapter V have confirmed this 

I hypothesis of similitude for consolidation b+aviour, but the complex 

I nature and variability of undisturbed soils make these generalizations 

difficult .to substantiate under many circumstances. 
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I t  i s  d i f f i c u l t  t o  o b t a i n  c o n s i s t e n t l y  rep resen ta t i ve  samples of 

f i ssu red  c lays,  and co r ing  i c e - r i c h  f ine-gra ined s o i l s  i s  sub jec t  t o  t h e  

same uncer ta in t i es .  A b ias toward lower moisture contents and h igher  

dens i t i es  f o r  i n t a c t  core i s ' i n h e r e n t  s ince i c i e r  sec t ions  are  more sus- 

c e p t i b l e  t o  mechanical d is turbance dur ing  d r i l l i n g .  Core segments used 

i n  the  t r i a x i a l  t e s t i n g  program had frozen bu lk  dens i t i es  ranging from 

1.8 t o  2.0 ~ ~ m / m ~  w i t h  corresponding water contents o f  30 t o  40%. Peaty 

i nc lus ions  i n  t h e  Norman Wells samples int roduced a d d i t i o n a l .  v a r i a b i l i t y ,  

making dens i ty  data from t h a t  s i t e  more d i f f i c u l t  t o  c o r r e l a t e  w i t h  

o ther  proper t ies .  V i s i b l e  o rgan ic  ma te r ia l  was t o t a l l y  absent i n  core 

obta ined from Zones 3 and 4 a t  t he  For t  Simpson s i t e .  

Both the s o i l  and ground i c e  s t r u c t u r e  f o r  each o f  t h e  Zones i n  t h e  

For t  Simpson lands l i de  headscarp appeared t o  be q u i t e  uniform. Th is  

exposed sec t ion  a f fo rded an oppor tun i t y  t o  assess t h e  i n t r i n s i c  hetero-  

genei ty  o f  t y p i c a l  permafrost s o i l s  by per forming frequency analyses o f  

measured frozen bu lk  d e n s i t i e s  (y f )  and water contents (w). I n  n a t u r a l  

s o i l s  l i k e  these, dens i ty  and water content i n  s i t u  should have been -- 
c o n t r o l l e d  by e s s e n t i a l l y  random processes. V a r i a b i l i t y  may be la rge  o r  

small depending upon the  r e l a t i v e  in f luences o f  steady and t r a n s i e n t  

e f f e c t s  dur ing  sediment depos i t ion  and subsequent permafrost aggrada- 

t i o n .  Even so, i t  can be reasonably supposed t h a t  t h e  core  sampled 

randomly from t h e  headscarp c o n s t i t u t e s  a normal populat ion.  The basis 

f o r  d i v i d i n g  the  he.7dscarp i n t o  f o u r  zones was described i n  Sect ion 5.5.  

It has a l s o  been assumed t h a t  samples taken from each o f  t h e  zones can 

be t rea ted  as independent populat ions.  Although the  zonat ion boundaries 

were t r a n s i t i o n a l  ra ther  than being sharp csntacts,  both w and yf 

'should s t i l l  be expected t o  e x h i b i t  normal d i s t r i b u t i o n s  about t h e i r  

means w i t h i n  each Zone. 
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For the  purposes o f  s t a t i s t i c a l  analys is ,  data f o r  samples f rom 

Zones 3 and 4 were grouped together  s ince the  cores could no t  be d i s -  

t ingu ished from each o ther  once t h e  t h i c k ,  i c y  layers  had been removed 

from the l a t t e r .  F igure 6.1 shows the  frequency d i s t r i b u t i o n s  o f  y, 

and w and the  r e s u l t s  o f  the analyses are, summarized i n  Table 6.1. The 

72 pieces of core included i n  t h i s  study had volumes o f  300 t o  2300 cm 3 

and. masses which ranged from 500 t o  3700 gm. The d i s t r i b u t i o n s  a r e  

Gaussian, and i t  i s  apparent t h a t  both the  dens i ty  and water content  

r e l a t i o n s h i p s  a re  skewed-normal. This asymmetry r e f l e c t s  sampling b ias 

associated w i t h  f i r s t l y ,  i c e  exc lus ion  by mechanical damage t o  t h i c k  

lenses and i c y  sect ions du r ing  d r i l l i n g ;  and secondly, t he  removal o f  

l a r g e r  i c e  bodies from samples being prepared f o r  t es t i ng .  This prac- 

t i c e  has l i t t l e  o r  no bear ing on t h e  shear s t reng th  t e s t  r e s u l t s ,  bu t  i t  

docs tcrid :G i n d i c a t e  h igher  d e i - ~ s i i i e s  and iower water contents than a re  

probably representa t ive  o f  -- i n  s i t u  cond i t ions .  Thicker  i c e  lenses were 

usua l l y  trimmed o u t  p r i o r  t o  shear o r  conso l i da t i on  t e s t i n g ,  s ince t h e i r  

presence dur ing  thaw would o n l y  make the t e s t s  more d i f f i c u l t  t o  per-  

form. Ice lenses were spaced more c l o s e l y  i n  the  s t r a t i f i e d  s t r u c t u r e  

t y p i c a l l y  found i n  Zone 2, b u t  a frequency ana lys is  o f  data from those 

samples y ie lded  s i m i l a r l y  skewed d i s t r i b u t i o n s .  It would seem t h a t  

w i thou t  exe rc i s ing  a great  deal o f  care, conventional sampling tech- 

niques are probably seldom capable o f  ob ta in ing  continuous and accurate 

p r o f i l e s  o f  y f  and h -- i n  s i t u .  A d e t a i l e d  d e s c r i p t i o n  o f  t h e  p o t e n t i a l  

use o f  spec ia l i zed downhole logg ing too l s  t o  o b t a i n  continuous p r o f i l e s  

and a s s i s t  i n  overcoming t h i s  d i f f i c u l t y  appears i n  Appendix A. 

1 



, Macrofabric 

It i s  u n l i k e l y  t h a t  the  c lays  a t  e i t h e r  sampling s i t e  had been 

prev ious ly  subjected t o  an oGerburden pressure much g rea te r  than t h a t  

e x i s t i n g  a t  the t ime o f  sampling. However, e f f e c t i v e  s t ress  changes 

occur r ing  dur ing  f reez ing  a r e  known t o  produce behaviour s i m i l a r  t o  t h a t  

which i s  considered c h a r a c t e r i s t i c  f o r  overconsol idated s o i l s .  A 

d e t a i l e d  d iscussion o f  the s t ress  path fo l lowed by a s o i l  dur ing  a  

freeze-thaw cyc le  has been g iven i n  Sect ion 4.3. It was shown t h a t  

pr imary s o i l  f a b r i c  can be mechanical ly d i s tu rbed  by the fo rmat ion  o f  

f i ssures  associated w i t h  i c e  lenses and the  subsequent remoulding o f  

adjacent s o i l  as excess water becomes a v a i l a b l e  from the me l t i ng  o f  

nearby segregated ice. When f ine-gra ined s o i l s  w i t h  r e t i c u l a t e  i c e  

veins thaw, the c lay  blocks usua l l y  remain intact. I f  s u f f i c i e n t  

q u a n t i t i e s  o f  water a re  ;resent as d i s c r e t e  i c e  lenses, thaw produces a  

f a b r i c  cons is t i ng  o f  s t i f f  lumps i n  a  m a t r i x  o f  s o f t e r  c lay .  The 

remoulded appearance of the s o i l  adjacent  t o  secondary s t r u c t u r a l  

features i s  s i m i l a r  t o  the  weathering produced by seasonal water content  

changes i n  f i ssu red  c lays  described by Brewer (1 9 6 4 ) .  Chandler (1 972) 

has described a  s i m i l a r  macrostructure i n  the  L ias  c l a y  c o n s i s t i n g  o f  

small ' s t r a t i f i e d '  lumps o r  l i t h o r e l i c t s  which have been ro ta ted  so t h a t  

i n t a c t  bedding fea tures  contained t h e r e i n  assume var ious a t t i t u d e s  i n  a  

so f te r  mat r ix .  He suggests t h a t  s ince  t h i s  d is turbance extends t o  

considerable depths, t h e  format ion and me l t i ng  o f  ground i c e  lenses may 

have produced t h i s  f a b r i c  a t  t he  t ime t h a t '  permafrost cond i t ions  p r e v a i l e d  

dur ing  the Pleistocene. Mois ture  content differences o f  as much'as 10 

percent were observed between the  m a t r i x  and b locks o f  s o i l  from Zone 3 

specimens thawed undrained under low stresses. 



On Page 272, Equation 6.9 should read 

and Equation 6 . 2  should read 



Density - water content r e l a t i o n s h i p s  I 
I f  i t  can be assumed t h a t  a l l  o f  the  water present i n  a f rozen s o i l  

i s  i n  the form o f  ice, t he  r e l a t i o n s h i p  between bu lk  dens i t y  (Yf)  and 

water content  (w) i n  a sa tura ted s o i  1 i s  g iven by: 

I S i m i l a r l y ,  i f  the  s o i l  i s  unsaturated: 

where S denotes the  degree o f  sa tu ra t i on .  

Equations 6.1 and 6.2 ignore the  f a c t  t h a t  some water commonly e x i s t s  i n  

the  l i q u i d  phase i n  the  f ine-gra ined s o i l s  a t  temperatures as c o l d  as 

several degrees below 0°C ( ~ n d e r s o n  and Tice,  1972). Fu r the rmre ,  these 

equations assume tha t  f reez ing  o r  thawing i s  accompanied by an increase 

o r  decrease i n  o v e r a l l  .volume which corresponds t o  t h a t  produced by 

the phase change o f  water i n  the  s o i l .  I f  the  pores remain f i l l e d  w i t h  

e i t h e r  i c e  o r  water i n  the sa tura ted case, the  presence o f  unfrozen 

water instead o f  i ce  w i  1 1  have the e f f e c t  o f  increas ing the bu lk  . 
dens i ty  measured f o r  t h e  f rozen s o i l .  

I f  t h e  s o i l  sk? le ton i s  s u f f i c i e n t l y  r i g i d ,  water movement 

toward d i s c r e t e  i c e  lenses may not  be f u l l y  accommodated by vo lumet r ic  

s t r a i n .  This l o c a l  moisture dep le t i on  i s  no t  necessar i l y  accompanied 

by an equal pore volume decrease, so t h a t  the  n e t  r e s u l t  can be 



desaturation. Ice formation drives air out of solution, and i.n addition 

to gases produced by the - in -- situ decomposition of organic material, this 
causes the gas bubbles which are often observed in ice lenses. The 

rotation and vibration of core barrels during sampling can initiate 

cracking or bulking within the lenses, effectively reduc.ing the unit 

weight of the ice. Even on carefully machined ccres, volumetric de- 

termination from the measurement of external dimensions can lead to 

errors which usually result in calculated densities which are sl ightly 

less than actual values. Total immersion or fluid displacement techniques 

would have been preferred for volumetric measurements, but were purpose- 

ly not adopted in this study so that sample contamination could be 

avoided. The possibility of small dimensioning errors was also recognized, 

but no attempt was made to apply corrections to the measured densities. 

The factors indicated above all tend to artificially diminish the 

frozen bulk density that would 'be observed for a given soil water content. 

In Figure 6.2, densities and water contents are plotted for 72 samples 

from Zones 3 and 4 at the Fort Simpson site. Lines based on equations 

6.1 and 6.2 have been superimposed to show the effects which variations 

in the degree of saturation and G have on computed densities. Most of s 

the data points fall within a saturation limit of 90 to 100% and specific 

gravities of 2.72 - +O. 02. These curves suggest that many of the samples 

tested were unsaturated in the frozen state. Moisture-density data for 

soils from all the sampling sites have been presented in a similar 

manner in Append ix .A. 



6.3 TESTING EQUIPMENT AND PROCEDURE 

Desc r ip t i on  o f  t he  apparatus 
J 

I' 

The f o u r  standard t r i a x i a l  c e l l s  used i n  t h i s  study were capable o f  

accommodating 10 cm (4 i n )  diameter samples (see Bishop and Henkel, 

iJ 1962, f o r  mechanical deta i 1 s  o f  c e l l  cons t ruc t  i o n ) .  Several mod i f i cat  ions I 
I, were requ i red  t o  render the c e l l s  s u i t a b l e  f o r  use i n  the  sub- f reez ing  

environment t h a t  was requ i red  f o r  t e s t  setup. For example, the c o l d  can 

cause the brass bushings t o  s h r i n k  t i g h t l y  on to  the load ram. Th i s  

immobi l i t y  would then r e s u l t  i n  cons iderab le  d i f f i c u l t y  i n  the  setup 

procedure. To remedy t h i s  s p e c i f i c  problem, the  honed brass bushings 

were replaced w i t h  Thomson l i n e a r  ba l l -bush ings  and an o i l  seal .  I t  was 

then necessary t o  rep iace  i h e  standard i-am x i  t h  case-hardened stee! tc 

prevent scor ing  which would have o therwise  been.caused by the  b a l l s  i n  

the  Thornson bushing. Valves and connect ions were converted t o  0.3 cm 

(1/8 i n . )  Whitey zero volume change b a l l - v a l v e s  ( ~ e f l o n  seats)  w i t h  

Swagelok f i t t . i n g s .  The pore water pressure transducer b lock  used was 

s i m i l a r  t o  the one shown on the  permode base i n  F igure  5.5. An a u x i l i a r y  

drainage l i n e  was added so t h a t  t he  porous stone beneath t h e  load cap 

cou ld  be f lushed.  

The layout  o f  a  t y p i c a l  t r i a x i a l  c e l l  and associated equipment used 

i n  the  s t reng th  tes ts  i s  shown i n  F igure 6.3. Constant c e l l  pressures 

and backpressures were maintained by r e g u l a t i n g  a i r  pressure over  water 

i n  reservo i rs .  These pressures were monitored and coarse ly  ad jus ted  by 

observ ing the Bcurdon gauge; a pressure trdnsducer was used t o  make more 

l i accurate measurements. Water expe l led  du r ing  c o n s o l i d a t i o n  was measured 



a f l ow  reversal  so t h a t  volume changes exceeding the  bas ic  b u r e t t e  

capac i ty  could s t i l i  be monitored. Occasional ly ,  extremely l a rge  volume 

changes occurred dur ing  i n i t i a l  conso l i da t i on  stages, and these were 
J 

measured by simply d i r e c t i n g  the d r a i n i n g  f l u i d  i n t o  a graduated 

cy l i nde r .  Whitey ba l l - va l ves  and Swagelok f i t t i n g s  were used exclus- 

i v e l y  throughout the plumbing system. Compressive loads were app l i ed  t o  

the sample w j t h  a 100 kN (10 T) capaci ty ,  constant displacement ra te ,  

gear-dr iven Wykeham-Farrance press. 

I A 1 i n e a r l y  v a r i a b l e  displacement transducer (LVDT) was clamped t o  

the load ram t o  measure a x i a l  deformations. These displacement measure- 

ments were accurate t o  b e t t e r  than 0.001 cm (0.0005 i n ) .  A 10 kN 

(2000 l b f )  capac i ty  shear web load c e l l  ( res is tance s t r a i n  gauged) w i t h  

a r e s o l u t i o n  o f  approximately 5N ( 1  l b f )  was used t o  measure a x i a l  

I compressive !c2ds. The !cad c e l l  was at tachcd d i r e c t l y  t o  the  reac t i on  

1 frame, al though placement w i t h i n  t h e  t r i a x i a l  c e l l  would have been 

pre fer red.  E l e c t r i c a l  strain-gauged diaphragm pressure transducers were, 

used t o  measure c e l l  pressures, backpressures, and s o i l  pore water 

2 
pressures. Ranges o f  0 t o  700 kN/m (0- 100 ps i ) and 0 t o  200 kN/m 

2 

2 
(0-30 p s i )  were used w i t h  reso lu t i ons  o f  0.25 kN/m (0.04 p s i )  and 0.15 

2 
kN/m (0.02 p s i )  respect ive ly .  LVDT, load c e l l ,  and pressure transducer 

s igna ls  were conveyed t o  a data a c q u i s i t i o n  system where displacements, 

loads and pore pressures were recorded a t  predetermined t ime i n t e r v a l s .  

Sample prepara t ion  and setup 

A1 1 o f  the t e s t s  described were conductgd on undisturbed samples 

which had been obta ined w i  t h  a CRREL-type auger core b a r r e l .  E i t h e r  a 
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c i r cu la r -b laded  rock saw o r  a  power band saw were used t o  c u t  the i n t a c t  

core i n t o  appropr ia te  lengths. Sample diameters were turned t o  10 cm 

(4 in . )  on a  small s o i l  la the .  While the sample was s t i l l  he ld  i n  the 
J 

l a the ,  a  s l o t t e d  f i l t e r  d r a i n  (Watman 54 paper) was at tached by app ly ing  

water t o  t h e  ou ts ide  o f  the core w i t h  an atomizer .  Cold ambient a i r  

temperatures f roze  the f i n e  spray immediately and i c e  he ld  the  s i d e  

d r a i n  i n  p lace.  The ex terna l  dimensions and mass o f  the  specimen were 

measured and recorded p r i o r  t o  commencing the t e s t  setup. 

The t r i a x i a l  c e l l  and sa tura ted porous stones were al lowed t o  cool 

i n  the  sample prepara t ion  room f o r  one t o  two hours. The setup pro-  

cedure was begun by f o r c i n g  f l u i d  (ethy lene g l y c o l  20% aqueous s o l u t i o n )  

through the  var ious c e l l  base valves t o  d e a i r  t he  drainage and pore 

I pressure measurement systems.. With a porous stone i n  p lace on t h e  

I pedestal,  msre f1ul.l Kas pe rm i t ted  t o - f l o w  i n  and form a  meniscus. A 

I 
@ saturated f i l t e r  paper was then l a i d  on the  stone, and a f t e r  excess 
I 

I f l u i d  had been wiped away, t h e  s o i l  sample was se t  i n  place. Th is  

procedure was dup l ica ted dur ing  placement o f  t he  load cap, upper porous 

stone, and f i l t e r  paper. Care was taken t o  ensure t h a t  t h e  ends o f  the 

s i d e  dra ins  contacted both porous stones. A spec ia l  s t r e t c h i n g  c y l i n d e r  

was used t o  p lace a  l a t e x  rubber membrane (0.03 cm t h i c k )  around the 

sample. I f  a  lengthy t e s t  d u r a t i o n  o r  several conso l i da t i on  stages were 

an t i c ipa ted ,  a  second membrane was added as a  precaut ionary  measure. 

The membrane was s i roked aga ins t  t he  core i n  an upward d i r e c t i o n  t o  

remove any a i r  t h a t  had been trapped. Neoprene l o '  r i n g s  were then 

r o l l e d  o f f  o f  t he  membrane s t r e t c h e r ,  f i r s t  on to  the  pedestal and then 

on to  the load cap. Two r i n g s  were used a t # e a c h  end t o  ensure a water- 

t i g h t  seal .  The top drainage 1 ines were f lushed t o  deai r them before  
i 

I f i n a l  connections were made t o  the  load cap. 
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Once the necessary i n t e r n a l  connect ions were completed, the  upper 

c e l l  sec t i on  was lowered i n t o  p o s i t i o n  and clamped down w i t h  t i e  b o l t s .  

A  nominal a i r  pressure,  o f  approximate ly  100 k ~ / m ~  (15 p s i )  was app l i ed  
J 

i n s i d e  t h e  c e l l  so t h a t  f l u i d  cou ld  be c i r c u l a t e d  through the porous 

stones and drainage l i n e s .  This  completely dea i red  the assembled t e s t  

and a l s o  prov ided an oppor tun i t y  t o  de tec t  leaks w h i l e  c o r r e c t i v e  

measures were s t i l l  poss ib le .  Excess f l u i d  was dra ined away be fo re  

c l o s i n g  the  valves and ven t i ng  o f f  the c e l l  a i r  pressure. The load ram 

was then lowered i n t o  contact  w i t h  the load cap so i t s  p r o t r u d i n g  he igh t  

cou ld  be measured and recorded. This  would l a t e r  enable eva lua t i on  o f  

sample length  changes occu r r i ng  du r ing  thaw and subsequent c o n s o l i d a t i o n  

stages. Wi th  setup complete, the  sample and t r i a x i a l  c e l l  were ready t o  

be moved i n t o  a  warmer room f o r  thaw, conso l i da t i on ,  and compression. 

For reasons e i i p l ~ l i i e i l  i t ,  Sect ion 5.4,-a p iug  was used i n  l i e u  o f  the 

pressure transducer w h i l e  t he  c e l l  was i n  the  c o l d  room. 

Tes t ing  procedure 

T r i a x i a l  specimens were thawed under an a l l - a round  pressure by 

f i l l i n g  the  c e l l  w i t h  water. The apparatus was u s u a l l y  l e f t  u n t i l  the 

f o l l o w i n g  day t o  ensure t h a t  e q u i l i b r i u m  cond i t i ons  had been obta ined.  

By app ly ing  the c e l l  pressure through a  b u r e t t e ,  i t  was poss ib le  t o  

measure undrained ~ o l u m e  changes dur ing  thaw. A t  t h i s  p o i n t  i n  the  

t e s t ,  t h e  pore pressure transducer was i n s t a l l e d  i n  the c e l l  base and 

deai red by f l u s h i n g  water through the c a v i t y .  A pore  pressure r e a c t i o n  

t e s t  was then performed by measuring respoAse t o  the  appl i c a t i o n  o f  

increments of c e l l  pressure. This  permi t ted  simultaneous determinat ion  
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o f  the  res idua l  s t ress  and t h e  pore  pressure parameter B (~kempton,  i 954 ) .  

The same method was employed f o r  res idua l  s t ress  t e s t s  on sho r t  samples 

as a t r i a x i a l  a l t e r n a t e  t o  the  procedure normal ly  employed w i t h  the  

permode. Residual s t ress  was def ined i n  t h i s  t e s t  by e x t r a p o l a t i n g  the  

pore pressure response curve t o  a. c e l l  pressure corresponding t o  zero 

pore pressure. P r i o r  t o  commencing e i  t h e r  unconsol i dated undrai ned (UU) 

shear o r  i s o t r o p i c  conso l i da t i on ,  the c o n f i n i n g  s t ress  was se t  a t  

some value exceeding the  measured res idua l  s t ress .  

D.rainage was not  pe rm i t t ed  du r ing  the  UU-test so a x i a l  compression 

determined the undrained shear s t rength .  Ce l l  pressures exceeding ao' 

were app l i ed  t o  induce p o s i t i v e  pore  pressures p r i o r  t o  commencing 

shear. This  resu l ted  i n  a s t ress  ax i s  t r a n s l a t i o n  so t h a t  reduct ions i n  

pore pressure occu r r i ng  du r ing  shear cou ld  be measured w i thou t  having t o  

determine negat ive values. Pore pressures were monitored f o r  some t ime 

p r i o r  t o  shear t o  be sure t h a t  e q u i l i b r i u m  cond i t i ons  had been es tab l ished.  

The load c e l l  ou tpu t  was i n i t i a l i z e d  f o r  zero d e v i a t o r i c  s t r e s s  

w i f h  the cell  pressure ho ld ing  the  load ram up aga ins t  i t .  Contact w i t h  

the  sample was made by t u r n i n g  the  load p l a t e n  up by hand. I n i t i a l  

LVDT readings were taken before  engaging the  gear d r i v e ,  then a x i a l  

compression was colnmenced a t  a predetermined displacement ra te .  At s e t  

t ime  i n t e r v a l s  throughout t h e  t e s t ,  simultaneous measurements o f  a x i a l  

s t r a i n ,  compressive load and pore pressure were recorded by a Hewlet t -  

Packard data acqu :s i t i on  system. 

To o b t a i n  shear s t rengths  a t  e f f e c t i v e  s t resses  exceeding the  

res idua l  s t ress ,  samples were stage-consol idated i s o t r o p i c a l l y .  Quan- 

t i t i e s  o f  water expe l led  du r ing  thaw were pleasured i n  a graduated 

c y l i n d e r .  For subsequent conso l i da t i on  stages w i t h  smal le r  volume 



changes, a more p rec i se  b u r e t t e  i n d i c a t o r  was used. Once the  des i red  

e f f e c t i v e  s t ress  had been obtained, any a i r  bubbles which had become 

entrapped were e l im ina ted  by f l u s h i n g  water through the  drainage and 

pore pressure measurement sy<tems. The transducer was zeroed t o  atmo- 

spher ic  pressure, then res idua l  pore water pressures remaining a f t e r  

conso l i da t i on  were determined. A c o n f i n i n g  pressure increment was 

app l i ed  t o  check the va lue  o f  the B parameter p r i o r  t o  shear and t o  

induce p o s i t i v e  pore pressures i n  t he  sample f o r  reasons which were 

expla ined prev ious ly .  This  increase i n  pore pressure a l s o  served t o  

d i sso l ve  some o f  the gas remaining i n  the sample w h i l e  approximat ing 

cond i t i ons  o f  s t ress  increase t h a t  might be encountered under f i e l d  

load ing  cond i t ions .  From t h i s  p o i n t  onward, t he  procedure adopted 

f o r  conduct ing an i s o t r o p i c a l l y  consol idated undrained shear t e s t  was 

i d e n t i c a l  t o  t h a t  described f o r  t he  UU-test. 

S t r a i n  ra tes  used i n  each t e s t  were determined f rom t h e  consol ida- 

t i o n  p rope r t i es  o f  the p a r t i c u l a r  s o i l  be ing  tes ted .  I n t e r p r e t a t i o n  o f  

conso l i da t i on  data from t e s t s  employing s i d e  d ra ins  requ i res  spec ia l  

cons idera t ion  o f  the r e l a t i v e  p e r m e a b i l i t i e s  o f  the  d ra ins  and s o i l  

pe is hop and Gibson, 1963). Head losses i n  the f i l t e r  s t r i p s  can cause 

e r r o r s  which w i l l  be n e g l i g i b l e  on l y  f o r  clays. w i t h  very low perrne- 

ab i  1 i t i e s .  Fur ther  compl i c a t i o n s  a r e  r e l a t e d  t o  the  l ack  o f  c o n t i n u i t y  

o f  s l o t t e d  s ide  dra ins ,  but  i n  any case, t h e i r  presence c e r t a i n l y  

accelerates the e q u 2 l i z a t i o n  o f  excess pore  pressures du r ing  undrained 

shear. I n  Sect ion 5.7, i t  was shown t h a t  the F o r t  Simpson and Norman 

Wells s o i l s  exh ib i t ed  l a rge  p e r m e a b i l i t i e s  a t  s t resses l ess  than about 

50 k~/m"7 p s i ) .  Even a f t e r  the e f f e c t i v e r s t r e s s  had been increased, 



values of  less than lo-' cm/s were seldom encountered. Many so i  1 

pe rmeab i l i t i es  were as h igh  as values pub l ished f o r  the f i l t e r  s t r i p s  

used as s ide  d ra ins   isho hop and G i bson, 1963), so i t was apparent t h a t  
3 

i n  these cases, the dra ins  would be completely i n e f f e c t i v e .  Consolida- 

t i o n  c o e f f i c i e n t s  were computed by assuming t h a t  drainage occurred 

o n l y  toward the ends o f  the sample. F igure  5.40 i nd i ca tes  t h s t  cV1s 

determined i n  t h i s  manner were i n  general agreement w i t h  those obta ined 

f rom conso l i da t i on  t e s t s  conducted i n  t h e  permode. Decreases i n  s o i l  

pe rmeab i l i t y  produce an increase i n  the e f fec t i veness  o f  t he  s i d e  

dra ins .  I f  i t  were poss ib le  t o  inc lude a c o r r e c t i o n  f o r  the  e f f e c t  o f  

s i d e  dra ins ,  computed c values would tend t o  be lower than those 
v 

which were computed assuming no r a d i a l  drainage. The general agreement 

between conso l i da t i on  c o e f f i c i e n t s  obta ined i n  the  permode and t h e  

t r i a x i a l  cel! i nd i ca tes  t h a t  i n  t r l s x i a !  ccnso! Idat ion w i t h  s ide  dra ins ,  

s o i l  pe rmeab i l i t y  was s d f f i c i e n t l y  h igh  t h a t  almost a l l  o f  the  sample 

drainage occurred one-dimens ion= 1 1 y toward the  ends. 

To avo id  p o t e n t i a l  ambigui ty  i n  determin ing app rop r ia te  t imes t o  

f a i l u r e  ( ~ i s h o ~  and Henkel, 1962), c v ' s  used i n  t he  c a l c u l a t i o n s  were 

obta ined from permode tes ts  on s i m i l a r  m a t e r i a l  a t  the  app rop r ia te  

- 4 
e f f e c t i v e  s t ress  l e v e l .  A x i a l  deformat ion ra tes  o f  8 x !O cm/min 

( 3  x in./min) were adopted t o  shear a1 1 o f  the  F o r t  Simpson 

samples and the more p l a s t i c  s o i l s  from the  Norman Wells s i t e .  Faster  

ra tes  were used t o  t e s t  the s i l t i e r ,  n e a r - s u r f a c ~  s o i l s  f rom the l a t t e r  

s i t e .  These s t r a i n  ra tes  were s u f f i c i e n t l y  slow t o  ensure tha t  a t  

l e a s t  95% e q u a l i z a t i o n  o f  t he  pore pressu'res o r  suc t ions  developed 

du r ing  shear had been obtained. Requiremerlts f o r  f u l l y  dra ined t e s t i n g  



were s a t i s f i e d  so tha t ,  even i f  assumed c values were i n  e r r o r ,  i t  i s  
v  

h i g h l y  probable t h a t  pore pressures measured i n  the undrained t e s t s  were 

c o r r e c t .  

Several t e s t s  performed a t  low con f i n ing  pressures were stopped a t  

an a x i a l  s t r a i n  o f  approximately 10%. The sample was then consol idated 

t o  a h igher  e f f e c t i v e  s t ress  p r i o r  t o  resuming shear. This  technique 

was adopted t o  increase the amount o f  s t reng th  data ob ta ined f o r  t he  

Norman Wells s i t e  s ince there  was a l i m i t e d  number o f  useable samples. 

A t  t he  complet ion o f  shearing, a l l  valves were c losed before  

reducing the  con f i n ing  pressure and d r a i n i n g  t h e  c e l l .  The apparatus 

was dismantled and a b u l k  mois tu re  content  ob ta ined by removing a f u l l  

length  s l i c e ,  2 t o  3 cm (1 i n . )  t h i c k ,  f rom the  center  o f  t he  sample. 

Wherever poss ib le ,  a mois tu re  content  was a l s o  determined f o r  ma te r i a l  

trimmed from the shear plane. 

Test r e s u l t s  were tabu la ted  and reduced w i t h  a s imple Fo r t ran  

program t h a t  was a l so  capable o f  producing graph ica l  p resenta t ions  o f  

the  t e s t  data on a computer-contro l led Calcomp bed p l o t t e r .  Calculated 

d e v i a t o r i c  s t resses were based on the  average c ross-sec t iona l  area 

obta ined from measurements o f  a x i a l  s t r a i n  and sample volume changes 

p r i o r  t o  shear, I n  some instances, f a i l u r e  invo lved the r e l a t i v e  

displacement o f  several separate lumps, r e s u l t i n g  i n  an i r r e g u l a r  cross- 

sec t ion .  No s u i t a b l e  means was found t o  eva lua te  d e v i a t o r i c  s t r e s s  i n  

these cases, so the usual method o f  area c o r r e c t i o n  was re ta ined.  

F a i l u r e  c r i t e r i a  based on both  the  maximum d e v i a t o r i c  s t ress  and the 

maximum p r i n c i p a l  e f f e c t i v e  s t ress  r a t i o  were considered. 
t 



6.4 ROLE OF PORE WATER PRESSURES 

I Pore pressure response 

I n  descr ib ing  the  r o l e  o f  the  p r i n c i p l e  o f  e f f e c t i v e  s t ress  i n  s o i l  

mechanics , Terzaghi (1 936) s ta ted  t h a t  : 

" a l l  the measureable e f f e c t s  o f  a change i n  s t ress  such as 
compression, d i s t o r t i o n  and a change o f  shear ing res is tance 
a r e  exc lus i ve l y  due t o  changes i n  t h e  e f f e c t i v e  stresses". 

Pore water pressures must be known t o  de f ine  e f f e c t i v e  stresses ac- 

I c u r a t e l y ,  and hence, s o i l  behaviour i n  general.  Skempton (1954) has I 
I described the undrained pore pressure change (Au) occu r r i ng  due t o  

changes i n  the p r i n c i p a l  s t resses Ao and Ao w i t h  the equation: 1 3 ' 

where A and B a r e  pore pressure c o e f f i c i e n t s .  

B def ines the r a t i o  o f  pore pressure changes i n  response t o  an increment 

i n  t h e  a l l -a round s t ress ,  A .  The changes i n  pore pressure r e s u l t i n g  f rom 

a p p l i c a t i o n  o f  dev ia to r  s t ress  a re  s i m i l a r l y  g iven by the  parameter A .  

It has been suggested (Skempton, 1954) t h a t  the  pore pressure r a t i o  

can be used t o  est imate pore pressure changes generated by an increase 

i n  the  major p r i n c i p a l  s t ress ,  e s p e c i a l l y  where t h i s  s t ress  can be 

approximated by the  overburden pressure. Equation 6.3 i s  rearranged t o  

g ive:  

Bishop (1954) has r e w r i t t e n  Equation 6.4 as: 



I I 
where K i s  the r a t i o  o f  p r i n c i p a l  e f f e c t i v e  st resses Ao 4 . This  3 
i nd i ca tes  t h a t  w i l l  be a f u n c t i o n  o f  t h e  p r i n c i p a l  e f f e c t i v e  s t ress  

r a t i o  and add i t i ona l  complexity i s  introduced by the  dependence o f  t he  

A parameter on the  same r a t i o .  

Under normal condi t ions,  B w i l l  equal one i f  t h e  s o i l  i s  f u l l y  

saturated.  I n  t h i s  case, Equation 6.5 i nd i ca tes  t h a t  B and should be 

equal, regardless o f  values f o r  A o r  K. Theore t ica l  and experimental 

s tud ies  (Lee - e t  -. a1 9 1969; Wissa, 1969) have shown t h a t  B values o f  l ess  

than one can be obtained under c e r t a i n  circumstances, even though the  

s o i l  i s  f u l l y  saturated.  I t  i s  improbable t h a t  t he  s t i f f  s t r u c t u r e  

necessary f o r  t h i s  s o r t  o f  response might be encountered i n  thawirrg 

permafrcst scils. Dif ferences ecu!d r,o;ma?ly- Sc a n t i c i p a t e d  between -& 

values measured i n  a t r i a x i a l  c e l l  and 6 values measured i n  a permode i f  

the  s o i l  were not  f u l l y  saturated.  

B and B parameters 

I n  Figures 6.4 and 6.5, values f o r  B and a re  p l o t t e d  a g i n s t  

f rozen b u l k  dens i ty  f o r  samples f rom the  Norman We1 1s and Noel 1 Lake. 

s i t e s .  These pare pressure r e a c t i o n  t e s t s  were performed on thawed 

samples e i t h e r  dur ing  the  eva lua t ion  o f  res idua l  s t ress ,  o r  p r i o r  t o  

t r i a x i a l  t e s t i n g .  Aside from a few samples conta in ing  l a rge  amounts 

o f  organic mater ia l ,  t he  r e s t  f o l  low a c l e a r  t rend.  For t h e  Norman 

Wells s i t e  ( ~ i g u r e  6.4), samples w i t h  f rozkn b u l k  d e n s i t i e s  e f  l ess  than 

3 1.8 Mg/m cons is ten t l y  e x h i b i t  responses i n  t h e  range o f  0.9 t o  1.0, 



i n d i c a t i n g  nea r l y  f u l l  sa tu ra t i on .  As d e n s i t i e s  increase, however, a 

g reat  deal o f  s c a t t e r  develops w i t h  responses on some samples dropping 

as low as 0.4. A s i m i l a r  r e l a t i o n s h i p  i s  i l l u s t r a t e d  i n  F igure  6.5 f o r  

the Noel1 Lake samples, a l though the  behavioura l  t r a n s i t i o n  occurs a t  a 

s l i g h t l y  lower dens i ty .  

S p e c i f i c  measured values i n  each case a r e  o f  less i n t e r e s t  than t h e  

trends. In- F igure  6.4, several  B values ( t r i a x i a l )  f a l l  as low as 0.5 

so i t  would seem t h a t  the  lower 6 values (permode) cannot be e n t i  r e l y  
I 

a t t r i b u t e d  t o  pore pressure response being d imin ished by s i d e  f r i c t i o n .  

The wide s c a t t e r  i n  the  data i s  brobably r e l a t e d  t o  s t r u c t u r a l  d i f f e r e n c e s  

between samples which have s i m i  l a r  dens i t.ies. Even t'hough the i  r average 

degree o f  s a t u r a t i o n  may be less than o'ne, samples w i t h  t h i c k e r  i c e  

lenses wi 1 1 o f  t en  have h igher  values o f  B and 8, s ince  pore  pressure 

response w i  i 1 be domirlated by s o f  ieried s u i  1 i r ~  i t i t :  cryogenic s t [ -uc t t i re .  

In  more massive samples, measured response w i l l  r e f l e c t  t h e  lower 

average degrees o f  s a t u r a t i o n  which apparent ly  accompany h igher  d e n s i t i e s .  

F igure  6.6 shows the r e s u l t s  o f  pore pressure r e a c t i o n  t e s t s  i n  

p r o f i l e  f o r  the Norman We1 1s s i t e .  There i s  n o t  much s c a t t e r  a t  depths 

I o f  less than 5 m, bu t  as peaty l aye rs  become more numerous i n  t h e  5 t o  

8 rn i n t e r v a l ,  l a r g e  v a r i a t i o n s  i n  the  measured values o f  B and B are  

observed. Below the 8 m depth, there  a r e  apparent ly  no organ ic  i nc lus ions  

and h igh  d e n s i t i e s  a re  t y p i c a l .  R e t i c u l a t e  s t r u c t l ~ r e  i n  these dense 

I s o i l s  i s  responsib le f o r  t he  v a r i a b i l i t y  i nd i ca ted  i n  pore pressure 

response c h a r a c t e r i s t i c s .  Under these circumstances, i t  i s  d i f f i c u l t  t o  

a n t i c i p a t e  -- i n  s i t u  response from the  e x t r d p o l a t i o n  o f  l abo ra to ry  r e s u l t s  

t o  f i e l d  scale. The importance o f  recogni$ ing these l i m i t a t i o n s  i n  

p r a c t i c e  can o n l y  be assessed by observ ing pore pressures under c o n t r o l l e d  

circumstances i n  the f i e l d .  



The considerable i n f l uence  which cryogenic s t r u c t u r e  has on pore 

pressure response dur ing  thaw i s  i l l u s t r a t e d  i n  F igure 6.7. The B 

parameter was determined f o r  each o f  these samples immediately f o l l o w i n g  

undrained thaw. Each was then al lowed t o  d r a i n  and conso l ida te  by 

increments t o  successively  h ighe r  e f f e c t i v e  st resses.  A pore pressure 

reac t i on  t e s t  was performed a t  the end o f  each conso l i da t i on  stage and 

the  r e s u l t s  ~ b t a i n e d  conf i rm the  behaviour a n t i c i p a t e d  f o r  thawed s o i l s  

possessing a d i s t i n c t  cryogenic rnacrostruc'ture. A t  low e f f e c t i v e  st resses,  

the  h igh  pore pressure response measured i s  due t o  the  presence o f  s o f t ,  

saturated s o i l  along the  ice- lens f i ssu res .  As e f f e c t i v e  st resses are  

increased, t h i s  softened s o i l  consol idates and measured pore  pressure 

response decreases t o  approach t h a t  o f  the  overconsol idated and u s u a l l y  

desaturated lumps which the f i s s u r e s  surround. The two samples tes ted  

i n  t h i s  case had slml la i -  f rozen Sulk densltlcs and displayed E t:a!ues 

which diminished from g rea te r  than 0.9 t o  less than 6.7 as the  con- 

2 
sol  i d a t i o n  st resses were increased t o  250 kN/m (35 p s i ) .  These r e s u l t s  

conf i rm t h e  suggest ion tha t  some o f  the data s c a t t e r  which i s  apparent 

i n  the  th ree  prev ious f i g u r e s  can be a t t r i b u t e d  t o  inherent  d i f f e rences  

i n  s t r u c t u r e  e x i s t i n g  between p a r t i c u l a r  samples. Obvious d i f f i c u l t i e s  

remain i n  s e l e c t i n g  representa t ive  samples f o r  t e s t i n g  when the r e s u l t s  

w i l l  be used t o  p r e d i c t  i n  s i t u  behaviour. 
- 7  

A parameter 

Conso l ida t ion  and s w e l l i n g  occur s imul taneously i n  s o i l  samples 

dur ing  undrained thaw. Specimens thawed in 'a  t r i a x i a l  c e l l  under an 

equal a l l - round  pressure w i l l  f o l l o w  a d i f f e r e n t  s t r e s s  pa th  than 



those thawed i n  a permode under cond i t i ons  o f  zero  l a t e r a l  y i e l d ,  even 

though no drainage i s  pe rm i t t ed  i n  e i t h e r  case. Departures i n  t h e  pore 

pressure response c h a r a c t e r i s t i c s  o f  otherwise s i m i l a r  samples a r e  a 

consequence o f  the  d i f f e r e n t  s t ress  paths fo l l owed  du r ing  thaw. The 

app l i ed  s t ress  r a t i o  (K) i s  d i f f e r e n t  i n  each case and as ide  from i t s  

d i r e c t  e f f e c t  on b,  the A parameter w i l l  a l s o  r e f l e c t  d i f f e rences  i n  

conso l i da t i on  s t ress  cond i t i ons  (Simons, 1960; Henkel and Sowa, 1963). 

I n  Figures 6.8 and 6.9, the  pore pressure parameter A shows a 

dependence upon e f f e c t i v e  s t ress ,  and hence, upon the  response o f  the  

secondary s t r u c t u r e  t o  the  a p p l i c a t i o n  o f  d e v i a t o r i c  s t ress .  Under 

small s t resses,  shear r e s u l t s  i n  a s t rong tendency f o r  d i l a t a n c y  as 

s l i d i n g  a long the  boundaries o f  i n t a c t  lumps o f  s o i l  leads t o  f a i l u r e  

along p r e - e x i s t i n g  d i s c o n t i n u i t i e s .  D i l a t i o n  o c c u r r i n g  i n  an undrained 

t e s t  generates a reduct ion  i n  pore Ka ie r  pressure. Thcse suc t i ons  are  

r e f l e c t e d  i n  the low o r  negat ive  values found f o r  A a t  e f f e c t i v e  con- 

f i n i n g  pressures o f  50 k ~ / m ~  (7 p s i )  o r  less .  Permeabi 1 i t y  data 

discussed i n  Sect ion 5.7 suggest t h a t  t h i s  corresponds approximate ly  t o  

the s t ress  requ i red  t o  produce c losu re  o f  the  secondary s t r u c t u r e .  By 

increas ing  average e f f e c t i v e  s t resses ,  t he  lumps become more t i g h t l y  

i n te r l ocked  and r e s i s t  any tendency t o  d i l a t e  du r ing  shear. A t  

e levated st resses,  f a i l u r e  planes develop p r i m a r i l y  through i n t a c t  s o i l .  

As e f f e c t i v e  st resses a r e  increased, the A parameter f a l l s  between 0.2 

t o  0.4 and i s  i n  good agreement w i t h  t y p i c a l  magnitudes repor ted f o r  

l i g h t l y  overconsol idated c lays  (~kempton and Bjerrum, 1957). 

The values g iven f o r  t he  A parameter i n  F igures 6.8 and 6.9 should 

not  be construed as an accurate representa t fon  o f  pore  pressure 

response t o  the a p p l i c a t i o n  o f  shearing st resses -- i n  s i t u .  These data 

-- 



are  sub jec t  t o  the  same c r i t i c i s m s  t h a t  have'been d i r e c t e d  toward the 

a p p l i c a t i o n  i n  p r a c t i c e  o f  A values obta ined from convent ional  (0 = 
3 

constant) d isp lacement-contro l  l ed  t r i a x i a l  shear t e s t s  on i s o t r o p i c a l  l y  

consol idated samples.   ow ever, t he  v a r i a t i o n  i n  A i nd i ca ted  i n  these 

t e s t s  does serve t o  demonstrate t h e  r o l e  p layed by cryogenic s t r u c t u r e  

i n  pore pressure response t o  shear f o r  thawing s o i l s .  

6.5 TRlAXlAL SHEAR STRENGTH TESTS ON UNDISTURBED PERMAFROST 

Typical  t e s t  r e s u l t s  

Undrained t e s t s  w i t h  measurements o f  pore pressure have been 

c a r r i e d  o u t  on thawed, i s o t r o p i c a l l y  conso l ida ted  samples o f  undisturbed 

f ine-gra ined permafrcst  s o i l s .  To minimize a m h i g i ~ i t y  i n  i n t e r p r e t i n g  t h e  

r e s u l t s ,  o n l y  samples w i t h  B values exceeding 0.95 were deemed accept- 

ab le  f o r  i n t e r p r e t i n g  e f f e c t i v e  shear s t reng th  parameters. Appendix C 

conta ins a complete summary o f  the  r e s u l t s  obta ined w i t h  t e s t s  on s o i l s  

from the  F o r t  Simpson, Norman Wells, and Noe l l  Lake s i t e s .  These 

st rengths have been determined on the  bas is  o f  bo th  the  maximum d e v i a t o r i c '  

s t ress  and maximum p r i n c i p a l  e f f e c t i v e  s t ress  r a t i o  f a i l u r e  c r i t e r i a .  

Typ ica l  r e l a t i o n s h i p s  between d e v i a t o r i c  s t ress ,  o b l i q u i t y ,  pore 

water pressure (as i n f e r r e d  by the  A parameter), and s t r a i n ,  are i l lus- 

t r a t e d  i n  F igure 6.10. These p a r t i c u l a r  r e s u l t s  were obta ined f rom 

consol idated undrained t e s t s  performed on samples taken f rom Zones 3 and 

4 a t  the F o r t  Simpson lands1 i d e  headscarp. At  low e f f e c t i v e  stresses, 

i t  can be seen t h a t  the d e v i a t o r i c  s t ress  c4imbed s lowly  t o  a va lue  t h a t  

remained nea r l y  constant,  even a f t e r  peak s t reng th  had been reached. 



O b l i q u i t y  i s  seen t o  peak e a r l y  i n  each t e s t ,  b u t  l a r g e r  s t r a i n s  a r e  

appa ren t l y  r equ i red  t o  m o b i l i z e  maximum d e v i a t o r i c  s t r esses .  T h i s  

s t r e s s - s t r a i n  behaviour  i s  t y p i c a l  o f  shear th rough  t he  s o f t  m a t r i x  

which surrounds the  harder ,  i n t a c t  lumps o f  c l a y .  

A t  medium and h i g h  s t r e s s  l e v e l s ,  t h e  lumps tend  t o  become more 

t i g h t l y  i n t e r l o c k e d  and t h e  d e v i a t o r i c  s t r e s s  peaks a t  a  much lower  

s t r a i n .  A  d i s t i n c t  peak i s  suggested i n  F i g u r e  6.10(d),  c h a r a c t e r i s t i c  

o f  behaviour  u s u a l l y  assoc ia ted  w i t h  ove rconso l i da ted  c l ays .  The peak 

s t r e s s  r a t i o s  c o n s i s t e n t l y  occur  e a r l y  i n  each t e s t  a t  a x i a l  s t r a i n s  o f  

2 o r  3%. D e v i a t o r i c  s t r e s s  maxima a r e  o b t a i n e d  a t  a x i a l  s t r a i n s  t h a t  

decrease w i t h  i nc reas ing  e f f e c t i v e  c o n f i n i n g  p ressure .  I n  these un- 

d ra ined  t e s t s ,  pore  pressures i n i t i a l l y  increased then  decreased r a p i d l y  

t o  approach an e s s e n t i a l l y  cons tan t  va lue  a t  l a r g e r  s t r a i n s .  I n  many 

cases, these po re  pressu'res were s t  i 1 !. decreas i na s l  i ah t  1 y  when maxi mum 

d e v i a t o r  s t r e s s  was reached. 

A  s i n g l e  major  shear p l a n e  was observed i n  rest o f  t h e  samples b u t  

sma l l e r  shears were a l s o  common. S l i c kens ides  were f r e q u c n t l y  found 

w e l l  away f rom t h e  main shear p lane.  These u s u a l l y  occupied d i s -  

c o n t i n u i t i e s  assoc ia ted  w i t h  i c e  lenses, sugges t ing  t h a t  shear f e a t u r e s  

may be produced d u r i n g  thaw and c o n s o l i d a t i o n  by r e l a t i v e  movement 

o c c u r r i n g  between lumps. 

S t ress  paths i n  cor ;o l ida ted-undra ined  t e s t s  

F i g u r e  6.11 g i ves  some t y p i c a l  s t r e s s  pa ths  showing t h e  r e l a t i o n -  

s h i p  between ( o l 1 -  03' ) / 2  and (ol ' + 03'  ) / 2  d u r i n g  undra ined shear.  I n  

' t h e  low s t r e s s  range, s t r e s s  pa ths  r i s e  f rom t h e  i s o t r o p i c  c o n s o l i d a t i o n  
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pressure t o  meet the f a i l u r e  envelope a t  a p o i n t  corresponding t o  the 

4 maximum e f f e c t i v e  s t ress  r a t i o  (open c i r c l e s ) ,  then f o l l o w  along the  

envelope.unt i1 f a i l u r e  i s  reached a t  peak d e v i a t o r i c  s t ress  (closed 

c i r c l e s ) .  A t  h igher consol i d a t  i on  pressures, the  s t ress  paths assr\me 

i a shape c h a r a c t e r i s t i c  o f  s o i l s  which have been subjected t o  some preload 

o r  overconsol idat ion.  These s t ress  paths i n v a r i a b l y  depart from the 

f a i  1 ure envelope once peak dev ia to r  s t ress  has been reached. Numbe,rs 

appearing beside each o f  the  curves i d e n t i f y  t h e  corresponding F o r t  

Simpson t e s t  se r ies  numbers. 

An i n t e r e s t i n g  example o f  t he  in f luence which secondary s t r u c t u r e  

may exe r t  dur ing  compression i s  i l l u s t r a t e d  i n  F igure  6.12. Shear 

movement i n i t i a l l y  occurred along a d i s c o n t i n u i t y  t h a t  had prev ious ly  

bee:: ~ccl;i;Ied by a 4 to 6 nlln ( I j 4  in . )  t h i c k  i c e  iens. The s t r e s s  path  

rose t o  the  f a i l u r e  envelope as s l i p  proceeded along t h i s  pr imary shear 

plane. Once the  s t ress  r a t i o  had peaked, the s t ress  path f e l l  

away s l i g h t l y ,  and w i t h  cont inued a x i a l  s t r a i n ,  a second shear p lane 

formed t o  i n t e r s e c t  the  f i r s t  almost o r thogona l ly .  Although po r t i ons  o f  

the  second shear plane fo l lowed cryogenic f i ssu res ,  most of i t  passed 

through i n t a c t  s o i l .  Once again, t he  s t ress  pa th  rose t o  touch t h e  

envelope then f e l l  away r a p i d l y .  Since each o f  the  p o i n t s  along the-  

curve represents approximately one percent o f  a x i a l  s t r a i n ,  i t  can be 

i seen t h a t  small deformations produce la rge  increases i n  s t ress  i n  the  

e a r l y  po r t i ons  o f  these undrained compression tes ts .  The slow deforma- 

I t i o n  ra tes  employed ensured t h a t  pore pressures measured a t  the base 

of the  sample accura te ly  r e f l e c t e d  those a c t i n g  i n  t h e  shear zone. 



Shear s t reng th  envelopes 

Maxima f o r  e i t h e r  the d e v i a t o r i c  s t ress  o r  the  p r i n c i p a l  e f f e c t i v e  

s t ress  r a t i o  a re  usua l l y  adopted as f a i l u r e  c r i t e r i a  i n  t r i a x i a l  t e s t i n g .  

I n  undrained shear, these c r i t e r i a  a re  r a r e l y  co inc ident .  F igures 

6.13 and 6.14 show shear s t reng th  envelopes f o r  the  F o r t  Simpson Zone 3  

and 4 mate r ia l  obta ined by adopt ing, respec t i ve l y ,  each. o f  the  f a i  l u r e  

c r i t e r i a  mentioned above. The most s i g n i f i c a n t  f ea tu re  o f  these 

envelopes i s  t h e i r  change i n  s lope as the  mean s t ress  i s  increased. 

The curves are  q u i t e  s i m i l a r  a l though the  ( o  ' 
1 - O3 

' )  peak f a i l u r e  

c r i t e r i o n  does y i e l d  a  s l i g h t l y  lo&er u l t i m a t e  4 '  value. For a l l  

p r a c t i c a l  purposes, the  curved f a i l u r e  envelopes pass through t h e  o r i g i n  

and suggest a  geometric cohes i v e  i n t e r c e p t  (c '  ) equal t o  zero. 

-. 
Ine same data i s  shown again i n  F igure  6 . i 5  where the sample source 

and core o r i e n t a t i o n  have been ind ica ted .  The curves i n  t h i s  f i g u r e  a r e  

based on f a i l u r e  a t  peak d e v i a t o r i c  s t ress .  For smal l  normal e f f e c t i v e  

st resses,  4 '  equals 28' t o  32' and decreases t o  23" o r  24" a t  e f f e c t i v e  

2 
s t resses o f  300 kN/m (40 p s i ) .  This  same s o r t  o f  f a i l u r e  envelope 

curva ture  has been repor ted f o r  o t h e r  c layey s o i l s  possessing bl.ocky 

s t r u c t u r e   isho hop -- e t  a l . ,  1965; Marsland, 1972; M i  t c h e l l ,  1975). I n  

the pressure range examined, there  appear t o  be no marked d i f fe rences 

between the  e f f e c t i v e  s t r e n g t h  parameters obta ined f o r  v e r t i c a l  and 

h o r i z o n t a l  samples. The s c a t t e r  i n  the data was s u f f i c i e n t  t o  obscure 

any c l e a r  i n d i c a t i o n  o f  an iso t ropy .  

Tests conducted on core from the  Norman Wells s i t e  y i e l d e d  s i m i l a r  

r e s u l t s .  Strength envelopes f o r  each c h a r d c t e r i s t i c  s o i l  type a r e  g iven 

i n  F igure  6.16. A t  l a r g e r  s t resses,  the  h i g h l y  p l a s t i c  c l a y  from 



below 10 m d isp layed the lowest u l t i m a t e  f r i c t i o n  angle. Each o f  the 

envelopes i s  curved and has a  zero cohesive i n t e r c e p t  s i m i l a r  t o  t h a t  

found f o r  the F o r t  Simpson s o i l s .  I n  F igure  6.17, a  wider  range o f  

s t ress  i s  shown f o r  mater ia l .  from the  0  t o  2  m i n t e r v a l ,  i n d i c a t i n g  t h a t  

envelope curva ture  p e r s i s t s  under e f f e c t i v e  st resses w e l l  beyond those 

l i k e l y  t o  be encountered i n  most f i e l d  problems. 

A  p o r t i o n  o f  the curva ture  observed may be r e l a t e d  t o  the  breakdown 

o f  s i l t - s i z e d  aggregates o f  c l a y  minera ls ,  but  most o f  the  n o n l i n e a r i t y  

can be a t t r i b u t e d  t o  the  stress-dependent response o f  the b locky secondary 

s t ruc tu re .  I n  t h i s  study, s i m i l a r  p ropo r t i ons  o f  i l l i t e  and k a o l i n i t e  

were found i n  s o i l s  tes ted  f rom eakh o f  the  th ree  d i f f e r e n t  sampling 

s i t e s .  I n  the low s t ress  range, envelope shape was in f luenced more by 

s o i l  macrostructure than the i n t r i n s i c  f r i c t i o n a l  c h a r a c t e r i s t i c s  o f  t he  

i n t a c t  scl!. A t  h igher  c f f c c t i v e  s t resses ,  $ '  v a l u e s  of 230 & -  3 r o  . .--- L U  L> I Y G I  G 

found, even though there  were considerable t e x t u r a l  c i f f e r e n c e s  between 

the s o i l s .  I t  may be s i g n i f i c a n t  t h a t  t h e  26" peak and 23" res idua l  

angles obta ined f o r  r e c o n s t i t u t e d  Mountain R iver  Clay ( ~ i g u r e  3.2) 

bracket  t he  peak e f f e c t i v e  f r i c t i o n  angles found f o r  s i m i l a r ,  bu t  un- 

d i s tu rbed  s o i l s  from the  F o r t  Simpson and Norman Wells s i t e s .  

An i n s u f f i c i e n t  number o f  s a t i s f a c t o r y  samples were a v a i l a b l e  t o  

adequately de f i ne  s t reng th  p r o p e r t i e s  f o r  s o i l s  from the  Noe l l  Lake 

s i t e .  



6.6 UNDRAINED SHEAR STRENGTH 

Residual s t ress  

When a  sample o f  f rozen s o i l  i s  removed f rom the  ground, i t s  

res idua l  s t ress  de f ines  the e f f e c t i v e  s t ress  a c t i n g  when t h a t  s o i l  i s  

thawed i n  an undrained s ta te .  Aside f rom c o n s t i t u t i n g  the  s t a r t i n g  

p o i n t  f o r  es t imat ing  excess pore pressures and set t lements du r ing  thaw, 

t h i s  e f f e c t i v e  s t ress  w i l l  a l s o  govern a v a i l a b l e  shear ing s t reng th .  A  

r e l a t i o n s h i p  can be der ived t o  r e l a t e  t h e  undrained s t reng th  o f  nor- 

ma l l y  consol idated sa tura ted  c lays  t o  t h e i r  e f f e c t i v e  overburden pres- 

sure ( ~ k e m ~ t o n  and Bishop, 1954). Nixon and Morgenstern (1974) have 

suggested t h a t  t h i s  same expression might be used t o  r e l a t e  the un- 

dra ined s t reng th  o f  a pu re l y  f i c t i o n a l  thawed s o i l  t o  i t s  res idua l  

s t ress  (ool). This equat ion i s  w r i t t e n  as: 

C u [ K  + A ( l  - K ) ]  s i n  4 '  
I = 
Ob 1 + (2A - 1) s i n  4 '  

where c i s  t he  undrained s t r e n g t h  o f  t h e  thawed s o i l ,  
U 

K . i s  the r a t i o  o f  h o r i z o n t a l  t o  v e r t i c a l  e f f e c t i v e  s t ress  

w i t h  no l a t e r a l  y i e l d ,  

A i s  the  pore pressure c o e f f i c i e n t  a t  maximum d e v i a t o r i c  

s t ress ,  and 

i s  the  e f f e c t i v e  angle o f  shear ing res i s tance  of the  

so i  1 .  



A p l o t  o? undrained shear s t reng th  w i t h  depth might 'then be expected 

t o  r e f l e c t  the -- i n  i i t u  p r o f i l e  o f  res idua l  s t ress .  F igure  6.18 shows 

the  undrained s t rengths  found w i t h  depth a t  t he  Norman Wells s i t e .  

Moisture contents found f o r  these samples gave l i q u i d i t y  ind ices  which 

were s l i g h t l y  below average values i nd i ca ted  f o r  the  corresponding 

depth. Th is  was probably due t o  the  exc lus ion  o f  i c e  which occurred 

du r ing  sampling and specimen prepara t ion .  The undrained s t reng ths  

va r ied  considerably w i t h  depth, as might have been a n t i c i p a t e d  f rom the  

res idua l  s t ress  p r o f i l e s  (Figures 5.20 and 5.21). 

Equation 6.6 was o r i g i n a l l y  intended t o  descr ibe  the r e l a t i o n s h i p  

between undrained s t reng th  and v e r t i c a l  e f f e c t i v e  s t ress  -- i n  s i t u  f o r  

s o i l s  w i t h  a much d i f f e r e n t  s t ress  h i s t o r y  than t h a t  experienced by 

thawing permafrost. I n  i dea l ,  normal ly  conso l ida ted  c lays,  K i s  o f t e n  

approximated by ! - = I n $ ' .  Making t h a t  ;ssumgtizn, FIcjurc 6.19 shows 

the range o f  cU/p o r  cu/oo' r a t i o s  computed f rom Equation 6.6 us ing  the 

range o f  e f f e c t i v e  f r i c t i o n  angles and A parameters found t o  be t y p i c a l  

f o r  s o i l s  tes ted  i n  t h i s  study. I n  the low e f f e c t i v e  s t ress  range, 

where A values were zero o r  negat ive,  and f r i c t i o n  angles were a t  t h e i r  

h ighest ,  p red i c ted  values f o r  c /a ' r a t i o s  a r e  s i g n i f i c a n t l y  g rea te r  
U 0 

than the cu/p r a t i o s  u s u a l l y  g iven f o r  normal ly  consol idated c lays .  

However, i f  the c o e f f i c i e n t  o f  e a r t h  pressure a t  r e s t  approaches the  

a c t i v e  case, the  Equation 6.6 reduces to :  
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This re la t i onsh ip ,  p l o t t e d  as a  dashed l i n e  i n  F igure  6.20, i s  inde- 

i pendent o f  A and on ly  weakly a f f e c t e d  by 4 ' .  To be ab le  t o  p r e d i c t  

undrained strengths (given the  -- i n  s i t u  e f f e c t i v e  s t ress  and appropr ia te  

s t reng th  parameters), i t  i s  necessary t h a t  bo th  A and K be known w i t h  

confidence f o r  the thawing ground i n  quest ion.  

keasured undrained s t rengths  

E f f e c t i v e  s t reng th  envelopes and pore pressure parameters have been 

determined f o r  s o i l s  from the  F o r t  Simpson and Norman Wells s i t e s .  

Samples tes ted were thawed, and i n  many Instances, consol idated under an 

I equal a l l - round pressure. I n  each t e s t  ser ies ,  selected specimens t h a t  

I ' 
exh ib i ted  a  f i n i t e  res idua l  s t ress  were sheared undrained. Results f rom 

these t e s t s  a re  summarized i n  Figures 6.21 and 6.22. The For t  Simpson 

I data covers a  res idua l  s t ress  range t h a t  i s  broad enough f o r  the  non l ine-  

I a r i t y  o f  the cU/ool r a t i o  t o  become apparent. Curvature o f  t h i s  s o r t  

would be an t i c ipa ted  i f  9 '  decreased and A increased w i t h  increasing 

o ' , as i s  the case. Data f o r  t he  Norman Wells s i t e  f a l l s  i n  a  narrower 
0 

l o ' range and def ines what appears t o  be a  simple, l i n e a r  c  /a ' r e l a t i o n -  
0 u  0 

ship. 

The r a t i o  between v e r t i c a l  and h o r i z o n t a l  stresses (K) i s  nec- 

e s s a r i l y  equal t o  one when these s o i l s  a r e  thawed i n  a  t r i a x i a l  c e l l  

1 under an i s o t r o p i c  s t ress .  Hence, conso l i da t i on  o r  s w e l l i n g  processes 

occu r r i ng  dur ing  undrained thaw w i l l  be i n  response t o  t h a t  same 

i s o t r o p i c  s t ress.  Table 6.2 compares exper imenta l ly  measured c,/u,' 
ii 

r a t i o s  t o  those computed by s u b s t i t u t i n g  measured values o f  A and 

4 '  i n t o  Equation 6.6. A values used were the averages o f  those measured 



i n  t he  t e s t s  repor ted.  Reasonable agreement was observed between com- 

puted and measured undrained s t rengths .  
-- 

At  present ,  v i r t u a l l y  no th ing  i s  known about the  c o e f f i c i e n t  o f  

e a r t h  pressure a t  r e s t  i n  thawing ground, s ince  these s o i l s  f o l l o w  a 

s t ress  pa th  t h a t  i s  q u i t e  d i f f e r e n t  from those encountered i n  con- 

vent iona l  s o i l  mechanics. I t  i s  a l s o  known t h a t  t he  va lue  of  t h e  A 

parameter measured i n  compression i s  q u i t e  s e n s i t i v e  t o  sample d i s -  

turbance and the  pre-shear conso l i da t i on  s t ress  pa th   i is hop and 

Bjerrum, 1960; Simons, 1960; Skempton and Sowa, 1963). Anisotropy,  

s t r a i n  ra te ,  and the r o t a t i o n  o f  p r i n c i p a l  s t resses a re  a l l  f a c t o r s  which 

deserve cons idera t ion  i n  assessing the undrained s t reng th  o f  thawing 

ground. 

Las t l y ,  i t  was observed t h a t  water contents i n  t he  shear zone 

i n v a r i a b l y  f e l l  w i t h i n  one percent  o f  t he  sample's b u l k  water  content .  
I 

Agreement o f  t h i s  s o r t  i s  remarkable when the  complex f a b r i c  o f  t h e  

samples sheared i s  considered, and i nd i ca tes  t h a t  n e g l i g i b l e  r e d i s -  

t r i b u t i o n  o f  moisture has occurred du r ing  shear. 

6.7 INTERPRETATION OF LABORATORY RESULTS 
. , 

Marsland (1972) has described a d i l a t i v e  f a i l u r e  mode a t  low 

conf in ing  pressures f o r  s t i f f ,  f i s s u r e d  London c lay .  Mechanical and 

mathematical model. have been developed by Ladanyi and Archambeault 

(1969) t o  exp la in  a s i m i l a r  mechanism o f  d i l a t i v e  f a i l u r e  i n  a j o i n t e d  

rock  mass. They have proposed a general shear s t reng th  equat ion t o  

descr ibe curved f a  i 1 u r e  envelopes, and Lada%y i (1970) has subsequent 1 y 

-suggested tha t  t h i s  same approach might be used t o  descr ibe  two 
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simulataneous f a i l u r e  modes i n  a j o i n t e d  c l a y  mass. The simultaneous 

shear a long softened j o i n t  planes and through i n t a c t  ma te r i a l  produces a 

curved f a i l u r e  envelope w i t h  s t reng th  a t  low st resses be ing  in f luenced 

more by the  c l a y s '  macrostructure than i t s ' i n t a c t  s t regnth .  Whi le the 

equat ion may w e l l  be conceptua l ly  c o r r e c t ,  severa l  parameters a r e  

involved which would prove d i f f i c u l t  t o  determine exper imenta l l y ,  and 

f o r  t h i s  reason, i t  seems improbable t h a t  t h i s  approach cou ld  be used 

f o r  rou t  i ne purposes. 

The s t reng th  envelopes determined f o r  the s o i l s  described i n  t h i s  

s tudy a l l  showed obvious curva ture .  Th i s  can be a t t r i b u t e d  d i r e c t l y  to  

d i l a t i v e  f a i l u r e  i n  the  b locky  s t r u c t u r e  tha t  remains when r e t i c u l a t e  

i c e  mel ts  out.  The s t r u c t u r e  produced by f r e e z i n g  and i c e  segregat ion 

permi ts  easy access t o  water upon thaw. The mechanical d is tu rbance 

r e s u l t i n g  from d i f f e r e n t i a l  volume changes du r ing  f r e e z i n g  accelerates 

post-thaw so f ten ing  o f  s o i l  ad jacent  t o  these i c e  lens f i ssu res .  

Although i n t a c t  s o i l  blocks apparent ly  r e t a i n  t h e i r  o r i g i n a l  l a c u s t r i n e  

c l a y  f a b r i c ,  t he  softened s o i l  w i t h i n  the  f i s s u r e d  network becomes 

progress ive ly  remoulded. Chandler (1969, 1972) has descr ibed s i m i l a r  

fea tures  and behaviour i n  s o i l  p r o f i l e s  thought t o  have been subjected 

t o  permafrost cond i t i ons  d u r i n g  the  Ple is tocene.  The presence o f  

these f i ssu res  lowers s o i l  s t r e n g t h  a t  low st resses by e l i m i n a t i n g  

cohes ion. 

Although no cohesion i n t e r c e p t  was found f o r  t h e  ma te r ia l s  tes ted  

i n  t h i s  study, i t  i s  conceivable t h a t  a f i n i t e  cohesion might  be 

observed w i t h  unsaturated samples. When the  envelope extends i n t o  

the low pressure range, c a u t i o n  i s  i nd i ca ted  i n  app ly ing  a cohesion 

i n t e r c e p t  ex t rapo la ted  back from t e s t s  performed a t  convent ional  



pressures (e.g. 200 t o  400 k~/m').  Adopting a c '  and 4 '  obta ined - 
a t  these st resses w i l l  p r e d i c t  s i g n i f i c a n t l y  h igher  s t rengths  than 

- 

I the  values which could u l t i m a t e l y  be mobi l ized.  The p o s s i b i l i t y  o f  

I envelope curvature has been a n t i c i p a t e d  i n  the  s lope s t a b i l i t y  design 

I assumpt~ons described by Cansdian A r c t i c  Gas P i p e l i n e  L im i ted  (1974). 

I I n  the  past,  concern has been expressed regarding t h e  s i z e  o f  the 

element o f  s o i l  tes ted i n  r e l a t i o n  t o  the  spacing, geometry, and nature  

o f  d i s c o n t i n u i t i e s  such as f i s s u r e s  ( ~ a r s l a n d  and Bu t le r ,  1967; Skernpton 

l and Pet ley,  1967; Morgenstern, 1967; Lo, 1970; Marsland, 1972). I n  t h i s  

I study o f  thawed permafrost s o i l s ,  i t  was poss ib le  t o  main ta in  r a t i o s  

I 
I 

o f  specimen diameter t o  average i c e  lens spacing g rea te r  than two i n  

most cases. A t  Norman Wells, however, t h e  nature  o f  the  core  precluded 

an adequate assessment o f  the  ground i c e  s t r u c t u r e  i n  s i t u .  Although -- 
it appeared tha t  the s i z e  c r i t e r i o n  W ~ S  !1~?!311y s a t  i s f  i d ,  some o f  the 

i samples used may not  have been la rge  enough t o  completely e l i m i n a t e  

I e f f e c t s  r e l a t e d  t o  the presence o f  d i s c o n t i n u i t i e s .  

I For a p a r t i c u l a r  sediment, the  accuracy w i t h  which l abo ra to ry  

I s t rengths can represent f i e l d  behaviour w i l l  depend considerably 

upon the spacing and geometry o f  cryogenic d i s c o n t i n u i t i e s .  The length  

o f  t ime a s o i l  mass remains under a p a r t i c u l a r  s t ress  w i l l  a l so  a f f e c t  

i t s  s t reng th  i f  so f ten ing  remains a poss ib i  1 i t y .  O f  course, t e s t s  on 

I small specimens t h a t  do not con ta in  representa t ive  s t r u c t u r e  w i l l  simply 

I r e f l e c t  the, shear s!,rength p r o p e r t i e s  o f  t he  i n t a c t  c lay.  

I Extreme v a r i a t i o n s  would normal ly  be a n t i c i p a t e d  w i t h  undrained 

st rengths measured i n  the  labora tory ,  s ince  the  c lays  a l l  e x h i b i t  a very 

f l a t  s w e l l i n g  curve. Small changes i n  water* content  du r ing  thaw w i l l  

produce !arge d i f ferences i n  e f f e c t i v e  s t ress ,  and there fore ,  i n  s t rength .  
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Local d i v e r s i t y  i n  the  f reez ing  and s t ress  h i s t o r i e s ,  ground i ce  s t ruc -  

ture,  and basic t e x t u r a l  p roper t i es ,  w i l l  then be respons ib le  f o r  the 
-- 

s p a t i a l  d i f f e rences  i n  undrained s t rength .  

i Nixon and Morgenstern (1974) have suggested t h a t  Equation 6.6 

can be app l ied  t o  the p r e d i c t i o n  o f  undrained s t rengths  f rom measured 

values o f  res idual  s t ress.  This approach requ i res  o ther  i npu t  para- 

meters i nc lud ing  $ ' ,  A, and K (assuming f u l l  s a t u r a t i o n ) .  E f f e c t i v e  

s t rength  parameters can be determined w i t h  accuracy s u f f i c i e n t  f o r  

engineer ing purposes by f o l l o w i n g  any convenient s t ress  pa th  t o  f a i l u r e .  

The f i r s t  stage i n  the  usual procedure i s  i s o t r o p i c  conso l i da t i on  

(K = 1 ) .  -- I n  s i  t u ,  both K and A wi 1 1  be d i f f e r e n t  from values deter -  

mined i n  t h i s  s o r t  o f  t r i a x i a l  t e s t .  The c o e f f i c i e n t  o f  e a r t h  pressure 

a t  r e s t  w i l l  c e r t a i n l y  be less  than one i n  an i c e - r i c h  thawing s o i l ,  and 

t h i s  suggest.5 t h a t  conso l i da t i on  should be conducted a n i s o t r o p i c a l l y ,  

even dur ing  undrained thaw. Pore-water  suc t ions  dur ing  s o i l  f reez ing  

undoubtedly cause some i s o t r o p i c  volume change. Th is  i s  evidenced 

i n d i r e c t l y  by the  formation o f  shrinkage cracks which even tua l l y  f i l l  

w i t h  i c e  t o  become the  f a m i l i a r  r e t i c u l a t e  i c e  networks. Upon thaw, 

some p o r t i o n  o f  t h i s  s t r a i n  must be i r r e v e r s i b l e ,  so i t  could be argued 

t h a t  K dur ing  thaw might even be less than K - ! - s i n  @I which was 

probably the case p r i o r  t o  f reezing.  As K approaches the  a c t i v e  con- 

d i  t i o n ,  cu/crol becomes much less s e n s i t i v e  t o  both @ '  and A. I f  t h i s  

c o n d i t i o n  i s  a s s u ~ e d  as a  lower bound, c  /o ' f a l l s  i n  t h e  0.3 t o  0.4 
U 0 

range and w i l l  p rov ide  a  conservat ive est imate o f  undrained s t reng th  i n  

terms o f  res idua l  s t ress .  

The exper imental ly  measured ~ n d r a i n e d ~ s t r e n g t h s  compare w e l l  w i t h  

- cU/oo' values computed by s u b s t i t u t i n g  appropr ia te  values f o r  @ I ,  A, and 



K i n t o  Equation 6.6. I t  should be appreciated,  however, t h a t  t h i s  A 
- - - 

parameter i s  s t r o n g l y  in f luenced by the s t ress  r a t i o .  Experimental  

s tud ies  have shown t h a t ,  w i t h  overconsol idated s o i l s ,  a n i s o t r o p i c  con- 

s o l i d a t i o n  resu1. t~  i n  a h igher  va lue  f o r  A than does i s o t r o p i c  con- 

s o l i d a t i o n  (Simons, 1960; B l i g h t ,  1965). This  suggests t h a t ,  by v i r t u e  

o f  lower A values and a h igher  K, undrained s t rengths  repor ted  he re in  

may be considerably h igher  than those which cou ld  be mob i l i zed  -- i n  s i t u .  

A small  o r  negat ive A value i n  combinat ion w i t h  a K = 1 exp la ins  the 

u n r e a l i s t i c a l l y  h igh  c /a ' values t h a t  were ob ta ined i n  these undrained 
u 0 

tes ts .  The circumstances surrounding thawed s o i l  behaviour lead t o  t h e  

conclus ion t h a t  reasonable undrained s t rengths  can on l y  be obta ined i f  

t h e  sample i s  thawed under an a n i s o t r o p i c  s t ress  f i e l d  t o  s imu la te  

i n  s i t u  cond i t ions .  Subsequent conso l i da t i on  and shear w i l l  y i e l d  -- 
values o f  A and K t h a t  would be more app rop r ia te  f o r  a p p l i c a t i o n  t o  

f i e l d  problems. 

Furthermore, res idua l  s t resses obta ined under i s o t r c p i c  s t r e s s  

cond i t i ons  i n  the t r i a x i a l  c e l l  might be expected t o  d i f f e r  from those 

found under cond i t ions  o f  zero l a t e r a l  y i e l d  i n  t he  permode. There i s  

probably a pore pressure response t o  the  d e v i a t o r i c  s t ress  app l i ed  i n  

t he  permode so tha t ,  unless A were by chance equal t o  zero, permode and 

t r i a x i a l  a ' values would n o t  be expected t o  equal each o the r .  I n  
0 

Sect ion 5.6 i t  was i nd i ca ted  t h a t ,  by us ing  two d i f f e r e n t  t e s t  pro-  

cedures, s i m i  l a r  res idua l  s t resses were obta ined f o r  the homogeneous 

s o i l s  a t  the F o r t  Simpson s i t e .  This  i nd i ca tes  t h a t  e i t h e r  K must have 

been equal t o  approximately one -- i n  s i  t u  (?nl  i k e l y )  o r  t he  appropr ia te  

- va lue o f  the A parameter was c lose  t o  zero. Residual s t resses deter -  

mined i n  the t r i a x i a l  c e l l  f o r  ma te r i a l s  from the Norman Wells s i t e  



could no t  be co r re la ted  w i t h  permode r e s u l t s .  They were e r r a t i c  and 

probably r e f l e c t e d  l o c a l  v a r i a t i o n s  i n  both K and A. Consider ing the 

c o n s t r a i n t s  i n  each t e s t ,  i t  seems reasonable t o  expect t h a t  res idua l  

s t resses determined i n  the permode would probably be more rep resen ta t i ve  

o f  i n  s i t u  cond i t ions .  Caution must be exerc ised i n  the  use o f  r e l a t i o n -  -- 
ships such as Equation 6.6 unless a b e t t e r  app rec ia t i on  o f  -- i n  s i t ~  

values f o r  A and K can be obta ined.  Vane shear t e s t s  and a n i s o t r o p i c a l l y  

consol idated undrained t e s t s  present  a p o s s i b l e  means o f  e x p l o r i n g  these 

unknowns. I t  should be noted t h a t  t e s t i n g  thawed s o i l s  a f t e r  i s o t r o p i c  

conso l ida t ion ,  w h i l e  d e f i n i n g  app rop r ia te  values f o r  c '  and $ I ,  cannot 

hope to y i e l d  meaningful values f o r  t he  A parameter. For t h i s  reason, 

undrained st rengths determined i n  the convent ional  manner w i l l  

necessar i l y  be unconservat ive. Furthermore, sampling d is tu rbance 

u s ~ ~ a l l y  imparts some cnnservat isw tn mcasurerl s t rengths ;  but ,  s ince  

f rozen core i s  a nea r l y  p e r f e c t l y  undisturbed sample, t h i s  e f f e c t  cannot 

be assumed i n  an assessment o f  thawed s o i l  behaviour.  

From the preceeding, i t  should be c l e a r  t h a t  a p p l i c a t i o n  o f  t h i s  

s o r t  o f  s t reng th  data t o  problems l i k e  eva lua t i ng  the  s t a b i l i t y  o f  

slopes requ i res  a c a r e f u l  examinat ion o f  the parameters invo lved as w e l l  

as the  t e s t i n g  techniques which have been employed t o  o b t a i n  them. 

M i  t c h e l l  (1975) has suggested t h a t  the convent ional  (o = constant)  3 
d 

displacement-contro l led t r i a x i a l  t e s t  i s  no t  w e l l  s u i t e d  t o  d e f i n i n g  

s t reng th  envelopes f o r  s o i l s  e x h i b i t i n g  d i l a t i v e  f a i l u r e .  The s t ress  

paths shown i n  F igure 6.11 lend support t o  h i s  content ion ,  s ince  before 

peak d e v i a t o r i c  s t ress  i s  reached, s o i l s  t es ted  a t  low c o n f i n i n g  pressures 

a t t a i n  (ol ' + o j  ' ) / 2  values we1 1 beyond the range o f  normal s t resses 

encountered i n  most slope s t a b i l i t y  problems. This  observa t ion  i s  



especially applicable to the case of active layer detachment slides, 

flows, and cther shallow mass movements. These circumstances suggest 
...-- 

that careful appraisal of the stress path selected to produce failure 

i s  a necessary prerequisite to serious analysis and design. A modi- 

fication of the hydraulic triaxial cell described by Bishop and Wesley 

(1975) might be considered for use in future studies of the undrained 

strength of thawing soils. 



TABLE 6.1 FREQUENCY ANALYSES OF w AND yf 
FOR ZONES 3 AND 4 

l TEM MEAN STANDARD DEVIATION 

Dens i t y  

Water Content 40 11  

Water content1  (%) 3 9 10 

Weighted w i t h  respect t o  sample volume 

TABLE 6.2 .COMPARISON OF COMPUTED AND MEASURED 
C ~ / O ~ I  RATIOS 

EFFECTIVE STRESS 
RANGE 4 I A f CU/oo 

( k ~ / m ~ )  (degrees ) Computed Measured 

Fo r t  S impson 0 - 5  28 0.05 0.81 0.79 

Norman Wells 0 - 40 3 1 -0.05 1.21 1.26 
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Figure 6.2 

Curves based on a G, of 2.72. 
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Figure  6.4 

F igure  6.5 
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Norman Wells s i t e  
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Pore pressure r e a c t i o n  t e s t  r e s u l t s  f o r  thawed s o i l s ,  
Noel1 Lake s i t e  



PORE PRESSURE REACTION TEST RESULTS FOR 
MVPL ICE VARIABILITY SITE 
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Figure 6.6 Pore pressure reaction test resu1ts:related to 
stratigraphy, Norman Wells site 
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Figure 6.7 Pore pressure parameter B measured with increasing 
consolidation stress 
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CHAPTER VII 

CONCLUD I NG REMARKS 

7.1 SITE INVESTIGATION PRACTICE 

The design and construction of civil engineering works is normally 

preceeded by a site investigation that is intended to provide some 

definition of subsurface conditions. This investigation establishes the 

feasibility and economics of a project, and furnishes some or all of the 

information required for associated geotechnical analyses and design. 

However, obtaining access to conduct site investigations in Canada's 

arctic and subarctic regions is invariably a difficult and expensive 

undertaking. Such work is normaiiy conducted distant from laboratory 

facilities so that drilling and sampling operations are usually completed 

some time before any core can be examined or tested in a laboratory 

environment. To adequately prepare for unforseen circumstances, planning 

for these site investigations should depart from routine practice by: 

1) lncreasing the depth of boreholes. 

2 )  Decreasing the spacing between boreholes . 

3) lncreasing the number of undisturbed samples taken and returned 

to laboratory facilities. 

In most cases, the additional expense associated with a more thorough 

initial program on site constitutes only a small fraction of the cost 

involved in mobilizing drilling equipment and personnel to conduct a 
f i  

supplementary field program. 



Where permafrost cond i t ions  p r e v a i l ,  the s o i l  f a b r i c  i s  i n v a r i a b l y  

dominated by s t r u c t u r a l  features associated w i t h  ground i ce .  I n  t h i s  

thes is ,  laboratory r e s u l t s  have ind i ca ted  t h a t  f a b r i c  has a  s i g n i f i c a n t  

i n f l uence  on t h e  geotechnical behaviour o f  bo th  f rozen and thawing 

s o i l s .  Therefore, pr imary f a b r i c  formed du r ing  sedimentat ion and second- 

a r y  f a b r i c  which has developed the rea f te r  should be described i n  consider- 

ab le  d e t a i l .  This impl ies a  comprehensive account o f  ground i c e  features 

which can only be obtained from the examinat ion o f  undisturbed core. A 

d e t a i l e d  desc r ip t i on  o f  s t r a t i g r a p h y  and s t r u c t u r e  i s  essen t ia l  s ince 

s o i l  c l a s s i f i c a t i o n  on the basis o f  index t e s t s  and t e x t u r a l  analyses 

can seldom be used t o  i n d i c a t e  the  more -complex geotechnical  character-  

i s t i c s  exh ib i ted  by na tu ra l  deposi ts  -- i n  s i t u .  Techniques a v a i l a b l e  f o r  

sarnpl ing  permafrost p rov ide  core diameters which ;arely exceed 10 cm ( 4  

in.), and borehoie logs are  commoniy prepared from an examinat ion of 

t h i s  s o r t  o f  sample. Viewing the  same o r  s i m i l a r  m a t e r i a l  i n  sec t i on  a t  

an exposed face c e r t a i n l y  f a c i l i t a t e s  a  more r e a l i s t i c  v i s u a l i z a t i o n  o f  

b u l k  f a b r i c  than do ground i c e  features inc luded i n  small diameter 

cores. 

When d is turbed samples are taken instead o f  i n t a c t  core, logs 

d e t a i l i n g  mater ia ls  encountered a re  r e s t r i c t e d  t o  t e x t u r a l  desc r ip t i ons .  

Without some p r i o r  knowledge o f  t he  s i t e ,  i t  i s  d i f f i c u l t  o r  impossible 

t o  i n f e r  genet ic  o r i g i n ,  s t ra t i g raphy ,  macrofabr ic ,  and o the r  geo log ica l  

d e t a i l s .  I n  both f rozen and thawed s o i l s ,  d i s c o n t i n u i t i e s  produced by 

freeze-thaw processes o r  the  presence o f  d i s c r e t e  i c e  lenses a re  important 

f a c t o r s  a f f e c t i n g  s o i l  behaviour. P r a c t i c a l  l i m i t a t i o n s  on sample 

qua1 i t y  compl i c a t e  ob ta in ing  accurate desc;iptions of q u a n t i t i e s  and 



types of ground ice, e s p e c i a l l y  when i t  i s  present  i n  t h i c k  s t reaks  

I which a re  e i t h e r  badly shat te red o r  washed away du r ing  cor ing .  D i f f i -  

I c u l t i e s  such as these emphasize the  need t o  s e l e c t  sampling equipment 

I c a r e f u l l y ,  so t h a t  core obta ined w i l l  have dimensions s u f f i c i e n t l y  l a rge  

I t o  conta in  representa t ive  and i d e n t i f i a b l e  ground i c e  s t r u c t u r e .  

I A1 though the  NRC-CRREL system (P ih la inen and Johnston, 1963) system 

1, f o r  f i e l d  desc r ip t i on  o f  permafrost s o i l s  has received wide use i n  

I p rac t i ce ,  i t  i s  only modestly capable of p r o v i d i n g  an adequate l o g  o f  

I ground i c e  condi t ions.  Volumetr ic  percentages of segregated i c e  are 

based on v i sua l  estimates and l i t t l e  a t t e n t i o n  i s  usua l l y  pa id  t o  accuracy. 

D i r e c t  measurements o f  cumulat ive i c e  lens th ickness over core lengths 

I of 20 t o  50 cm (8  t o  20 in. )  a re  seldom made, so i c e  contents reported 

I on r o u t i n e  borehole logs a re  o f t e n  more q u a l i t a t i v e  than q u a n t i t a t i v e .  

The NKC-CKKEL system i s  most d e f i c i e n t  i n  s o i l s  which con ta in  a  r e t i c u l a t e  

i c e  s t r u c t u r e  o r  are extremely i c e - r i c h .  Therefore, the development o f  

a  more comprehensive scheme f o r  t h e  f i e l d  i d e n t i f i c a t i o n ,  c l a s s i f i c a t i o n  

and d e s c r i p t i o n  o f  ground i c e  i s  u r g e n t l y  required.  This system would 

I concentrate on pr imary fea tures  such as the amount and d i s t r i b u t i o n  o f  

I i c e  i n  the  s o i l ,  the geometry o f  i t s  occurrence, and the nature  o f  the 

I s o i l  included between d i s c r e t e  i c e  lenses. secondary fea tures  p e r t a i n i n g  

I t o  tce pet ro logy ,  genet ic  o r i g i n ,  hydrogeological cond i t i ons  a t  the  t i m e  

o f  permafrost aggradation, and the  s o i l ' s  geothermal h i s t o r y  cou ld  

become important i f  a  more d e t a i l e d  understanding o f  the r e l a t i o n s h i p  

between the  i c e  and i t s  host  sediments was sought. However, ob ta in ing  

I data pe r ta in ing  t o  secondary fea tures  i s  not  usua l l y  p r a c t i c a l ,  e s p e c i a l l y  



ground i c e  d e s c r i p t i o n  on a  d e t a i l e d  s t r a t i g r a p h i c  l o g  prov ides a  sound 

basis  f o r  i n t e r p r e t i n g  the genet ic  o r i g i n  o f  each i c e  type encountered 

i n  the borehole. 

Resul ts  presented i n  t h i s  t hes i s  suggest t h a t  i n  a d d i t i o n  t o  index 

and t e x t u r a l  p rope r t i es ,  rep resen ta t i ve  values o f  water content  and 

f rozen b u l k  dens i ty  i n  p r o f i l e  a re  important i n  the  assessment o f  geotech- 

n i c a l  behaviour f o r  frozen o r  thawing s o i l s .  These p rope r t i es  can a l s o  

be used t o  ob ta in  a  c l e a r e r  understanding o f  the  geo log i ca l  and f r e e z i n g  

h i s t o r i e s  which the s o i l s  have experienced. Obta in ing rep resen ta t i ve  

water content  and dens i ty  data requ i res  considerable e f f o r t  i n  s e l e c t i n g  

appropr ia te  equipment and conduct ing the  subsequent sampling opera t ion .  

To s t ress  t h i s  po in t ,  a  study worthy o f  note i s  one repor ted  by Lau and 

Lawrence (1976) which analyzed a  l a r g e  volume o f  d r i  1 1  i n g  r e s u l t s  obta ined 

ir! the Mackenzie River ?'sl l ey .  The i r  da ta  inc l l ca te  t h a t  iindet- sir~r i idr -  

t e r r a i n  cond i t ions ,  t he  frequency and amount o f  ground i c e  repor ted when 

conduct ing d is tu rbed sampling was i n v a r i a b l y  less  than when continuous 

undisturbed samples were taken. A f t e r  recogn iz ing  the p r a c t i c a l  l i m i t a -  

t i o n s  which normal ly  c o n t r o l  accuracy ob ta ined i n  logg ing  ground i c e  

q u a n t i t i e s  from i n t a c t  core, i t  i s  apparent t h a t  cont inuous undisturbed 

sampling methods should be g iven preference where permafrost  cond i t i ons  

a r e  an t i c i pa ted .  Large diameter samples c e r t a i n l y  p rov ide  a  b e t t e r  

oppor tun i t y  t o  log  ground i c e  cond i t i ons  c o r r e c t l y .  Th is  s o r t  o f  sampling 

should be spec i f ied  whenever poss ib le  so t h a t  f a b r i c  contained i n  spec- 

imens se lec ted  f o r  more soph is t i ca ted  l abo ra to ry  t e s t i n g  w i l l  be repre- 

s e n t a t i v e  o f  cond i t i ons  i n  s i t u .  -- 



Considering the high costs associated with drilling and sampling 

activities in the Canadian North, it is clear that the introduction of 
\ 

new methods for supplementing data obtained from boreholes would certainly 

be welcomed. Downhole geophysical tools offer some promise in this 

regard, particularly when a need to correlate stratigraphy or specific 

soil properties exists. Continuing research and development to refine 

sampling equipment and procedures is required before the quality of core 

obtained can be improved, especially in the case of soils which contain 

significant quantities of segregated ice. Minimizing or eliminating 

mechanical disturbance to ice inclusions will result in improved accuracy 

in logging ground ice conditions, and in determining profiles of water 

content and frozen bulk density which are representative of conditions 

in situ. Concern with sample quality must also be continued throughout -- 
their t r x s p o r t  and storage. The judicious use of field laboratory 

facilities can minimize risks which would otherwise be necessary if 

large quantities of core had to be shipped from remote sites to estab- 

lished geotechnical laboratories. At the same time, a field laboratory 

permits obtaining a greater amount of data per borehole than might 

otherwise be collected. 

< 

7.2 ENGINEERING BEHAVIOUR OF PERMAFROST SOILS 

Frozen soils 

A review of published results obtained from tests on polycrystal- 
1 

line ice and various frozen soils has suggested that shear strength and 



creep behaviour are i n t ima te l y  re la ted.  An approximate f low r e l a t i o n s h i p  

has been developed f o r  i c e  and cons is ts  o f  a power law which r e l a t e s  

s t r a i n  r a t e  t o  s t ress  w i t h  an exponent t h a t  i s  approximately equal t o  3. 

Temperature e f f e c t s  i n  t h i s  r e l a t i o n s h i p  are  included i n  a creep modulus 

which appears t o  be amenable t o  ana lys is  w i t h i n  the  framework o f  r a t e  

process theory. 

Laboratory t e s t i n g  conducted as p a r t  o f  the research reported i n  

t h i s  thes i s  substant iates the concept t h a t  shear s t reng th  i n  ice-poor 

f rozen s o i l s  depends upon normal s t ress .  The f r i c t i o n  angle mobi l i zed 

behaviour observed fo,r  ice, al though e f f e c t s  which s o i l  inc lus ions  may 

1 

have on these proper t ies  , requ i re  f u r t h e r  study. 

i n  these tes ts  was e s s e n t i a l l y  i d e n t i c a l  t o  t h a t  which could have been 

determined from conventional drained t e s t s  on the  same s o i l  i n  a thawed 

s ta te .  The r e s u l t s  o f  previous labora tory  s tud ies  have documented t h i s  

s o r t  o f  behaviour f o r  sands, bu t  o ther  l i m i t e d  t e s t i n g  reported i n  the  

I l t z r a i u r c  had ;ndlcdted i h a t  f rozen f i ne -g ra ined  s o i i s  d i d  not  behave 

i n  a f r i c t i o n a l  manner. By conduct ing shear t e s t s  a i  s u f f i c i e n t l y  slow 

ra tes  of s t r a i n ,  r e s u l t s  reported he re in  con f i rm  t h a t  ice-poor f rozen 

s i l t y  c lays  do e x h i b i t  f r i c t i o n a l  s t rength.  Rate and temperature depend- 

ence a r e  included i n  a cohesive i n t e r c e p t  which becomes small o r  n e g l i -  

g i b l e  when s t r a i n  ra tes  a re  very slow. The s t reng th  and deformation 

c h a r a c t e r i s t i c s  o f  i c e - r i c h  s o i l s  probably correspond more c lose ly  t o  

Inspect ing samples which had been subjected t o  d i r e c t  shear revealed 

t h a t  some r e d i s t r i b u t i o n  of moisture had occurred w i t h i n  the shear 

zones. This was evidenced by the  format ion o f  semi-continuous i c e  

lenses along both  p r i n c i p a l  and secondary'shear planes and resu l ted  i n  a 



n e t  increase i n  s o i l  water content  w i t h i n  the  shear zone. Accumulation 

of  segregated i c e  along f a i l u r e  planes imp l i es  t h a t  susta ined shear 

movement could lead t o  an acce le ra t i on  i n  displacement ra tes  i f  the 

app l i ed  s t ress  were t o  remain constant.  The amount o f  unfrozen water 

present and i t s  m o b i l i t y  a r e  f a c t o r s  which a r e  c e r t a i n l y  important  t o  

o b t a i n i n g  an understanding o f  t h i s  process. 

The creep behaviour o f  f rozen s o i l s  i s  l ess  we l l -de f i ned .  Addi- 

t i o n a l  t e s t i n g  under both l abo ra to ry  and f i e l d  cond i t i ons  i s  requ i red  

be fore  design work governed by deformat ion c r i t e r i a  can be undertaken 

w i t h  any degree o f  confidence. I n  p a r t i c u l a r ,  the e f f e c t s  which thermal 

cond i t i ons  have on the  creep behaviour o f  f i ne -g ra ined  s o i l s  a r e  accent- 

uated by changes i n  unfrozen water content :  these tend t o  be most 

dramat ic  a t  temperatures w i t h i n  2 o r  3°C o f  t h e  m e l t i n g  p o i n t .  Data 

presented here i n d i c a t e  t h a t  a t  near-thawing temperatures, f ine-gra ined 

s o i l s  may creep a t  ra tes  which a r e  f a s t e r  than those g iven f o r  i c e .  

However, several  quest ions have been r a i s e d  regard ing  temperature con t ro l ,  

measurement and u n i f o r m i t y  o f  s t r a i n ,  and methods employed t o  i n t e r p r e t  

t he  t e s t  r e s u l t s .  A c r i t i c a l  examinat ion o f  a n a l y t i c a l  methods used t o  

evaluate labora tory  creep data i n  the pas t  has revealed t h a t  cons iderab le  

e r r o r s  have occas iona l l y  been int roduced i n  t h e  de terminat ion  o f  creep 

ra tes .  I n  such cases, i n t e r p r e t a t i o n  may be confused t o  the p o i n t  t h a t  

c e r t a i n  bas ic  behavioural  c h a r a c t e r i s t i c s  a r e  overlooked. Methods 

described here f o r  reducing creep data e l i m i n a t e  some o f  t he  i n t e r p r e t i v e  

problems by u t i l i z i n g  continuous d i f f e r e n t i a t i o n  o f  the t i m e - s t r a i n  

curves t o  e s t a b l i s h  s t r a i n  rates.  These same a n a l y t i c a l  procedures have 

been successful i n  i d e n t i f y i n g  bo th  a t t e n u i t  i n g  and steady s t a t e  creep 



processes i n  a se r ies  o f  t e s t s  performed on undisturbed, f i ne -g ra ined  

permafrost s o i l .  

Thawed and thawing s o i l s  

The r e s u l t s  o f  var ious t e s t s  reported i n  t h i s  thes i s  have cons is t -  

e n t l y  shown-that macrostructura l  fea tures  associated w i t h  segregated i c e  

have a s i g n i f i c a n t  e f f e c t  on the s t rength ,  permeabi l i t y ,  and consol ida- 

t i o n  proper t ies  of thawed s o i l s .  These f i n d i n g s  emphasize the  g rea t  

importance o f  ob ta in ing  and t e s t i n g  specimens which con ta in  f a b r i c  t h a t  

i s  representa t ive  o f  -- i n  s i t u  condit ions..  Geology and cond i t ions  p r e v a i l -  

i n g  dur ing  permafrost aggradation are  r e f l e c t e d  i n  a s o i l ' s  behaviour 

upon thaw. Obtain ing a b e t t e r  app rec ia t i on  o f  geotechnical  p roper t i es  

i n  p r o f i l k  has been a d e f i n i t e  a i d  i n  I n t e r p r e t i n g  geo log ica l  h l s t o r i c s  

f o r  sect ions logged a t  both the  Norman Wells and Noel1 Lake sampling 

s i t e s .  Data c o l l e c t e d  there  i n d i c a t e  t h a t  simple index p r o p e r t i e s  l i k e  

dens i ty ,  water content,  tex ture ,  a n d ' l i q u i d i t y  index can reveal a great  

deal about the depos i t i on  o f  sediments and the  subsequent invas ion o f  

permafrost condi t ions.  

Consol idat ion t e s t i n g  has revealed t h a t  a vast  m a j o r i t y  o f  these 

undisturbed samples e x h i b i t  a  l i n e a r  r e l a t i o n s h i p  between vo id  r a t i o - a n d  

the  logar i thm o f  e f f e c t i v e  s t ress .  Consol idat ion c o e f f i c i e n t s  measured 

du r ing  some t e s t s  changed by more than an order  c f  magnitude, and usua l l y  

decreased as stresses were increased. A review o f  complementary perme- 

a b i l i t y  data has demonstrated t h a t  a t  l o w ' e f f e c t i v e  st resses,  open 

s t r u c t u r a l  d i s c o n t i n u i t i e s  a r e  capable o f  Conducting s i g n i f i c a n t  amounts 

o f  water. However, as e f f e c t i v e  st resses are  increased, s t r u c t u r a l  

c losure  e f f e c t s  a marked decrease i n  permeabi l i t y .  Conso l ida t ion  coe- 
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f f i c i e n t s  determined from post-thaw set t lement  data may be q u i t e  conserv- 

a t i v e  when used t o  p r e d i c t  pore pressures generated by thaw. L im i ted  

data contained i n  t h i s  thes i s  suggest t h a t  the  non l inear  thaw- 

consol i d a t  ion  theory ( ~ i x o n  and Morgenstern, 1973a) should be adopted 

f o r  most cases o f  thaw i n v o l v i n g  na tu ra l  so i  1s. Appropr iate values f o r  

the  res idua l  s t ress  and cv would be required t o  o b t a i n  a  meaningful 

t h e o r e t i c a l - p r e d i c t i o n  o f  pore pressures. 

.An ex tens ive  i n v e s t i g a t i o n  o f  res idua l  s t resses i n  undisturbed 

permafrost s o i l s  has shown t h a t  f o r  a  s p e c i f i c  s o i l  type, t h i s  q u a n t i t y  

i s  uniquely r e l a t e d  t o  the thawed, undrained v o i d  r a t i o .  I t  can a l s o  be 

c o r r e l a t e d  w i t h  p l a s t i c i t y  c h a r a c t e r i s t i c s  and l i q u i d i t y  indices.  

R e d i s t r i b u t i o n  o f  s o i l  water, and i r r e v e r s i b l e  s t r a i n s  occu r r i ng  due t o  

l o c a l  increases i n  e f f e c t i v e  s t r e s s  dur ing  f reez ing,  c o n t r o l  the res idua l  

st;c;s ( c o t )  ~ ~ j i i i ~ d  &en the sci 1 i s  iliawed under undrained cond i t ions .  

F inding t h a t  e - log  oot curves were t y p i c a l l y  l i n e a r  made i t  poss ib le  t o  

o b t a i n  oot values by e x t r a p o l a t i n g  post-thaw conso l i da t i on  data back t o  

the  thawed, undrained vo id  r a t i o .  Estimates o f  o  made i n  t h i s  way 
0 

agreed w e l l  w i t h  values measured d i r e c t l y  i n  the  tes ts .  For each s o i l  

type tested,  l i n e a r  c o r r e l a t i o n s  have been developed between the  thawed, 

undrained vo id  r a t i o  and the  logari thms o f  exper imenta l ly  measured 

values o f  res idua l  s t ress .  S i m i l a r  r e l a t i o n s h i p s  can probably be de- 

veloped f o r  any other  s o i l  type. 

The permode uszd t o  perform these tes ts  proved t o  be q u i t e  versat  i l e  

and demonstrated i t s  u t i l i t y  as a bas ic  apparatus f o r  conduct ing labor- 

a t o r y  t e s t s  on thawing s o i l s .  Th is  d e t a i l e d  study o f  res idua l  s t resses 

and the conso l ida t ion  o f  na tu ra l  s o i l s  has%hown t h a t  r e l a t i v e l y  



unsophist icated t e s t i n g  methods can prov ide s u f f i c i e n t  geotechnical  data 

t o  permi t  the a p p l i c a t i o n  o f  e x i s t i n g  thaw-consol idat ion i n  ana lys is  and 

design. Fur ther  experimental work on the  conso l i da t i on  and r e l a t e d  

p roper t i es  o f  thawing permafrost w i l l  probably r e s u l t  i n  d imin ished 

re turns  unless s i t e - s p e c i f i c  data a re  required.  Other research top ics  

which might y i e l d  usefu l  r e s u l t s  a r e  a c o n t r o l l e d  i n v e s t i g a t i o n  o f  

s t r u c t u r a l  sca le  e f f e c t s  and the pro to type development o f  a s u i t a b l e  

p iece o f  -- i n  s i t u  t e s t i n g  equipment l i k e  the modi f ied  compressometer 

described by Janbu and Senneset (1973). A t  t h i s  p o i n t  i n  time, b e t t e r  

conf i rmat ion  o f  e x i s t i n g  theor ies  and labo ra to ry  data  should remain as a 

p r i o r i t y  item. C a r e f u l l y  planned and executed f i e l d  thaw tes ts  a re  the  

on ly  means a v a i l a b l e  t o  increase engineer ing conf idence i n  our a b i l i t y  , 

t o  understand and p r e d i c t  t he  behaviour o f  thawing s o i l s .  

Consol idated undrained t r i a x i a l  t e s t s  w i t h  pore pressure measurement 

were performed on several d i f f e r e n t  s o i l  types, and the r e s u l t s  cons is t -  

e n t l y  showed a nonl inear f a i l u r e  envelope. This i s  a r e f l e c t i o n  o f  the 

way i n  which a d i l a t a n t  macrostructure dominates s t reng th  behaviour a t  

low e f f e c t i v e  st resses.  A t  those low stresses, peak f r i c t i o n  angles 

were s i g n i f i c a n t l y  h igher  than might have otherwise been a n t i c i p a t e d  on 

the  basis o f  s o i l  t ex tu re  and p l a s t i c i t y .  This nonl inear behaviour w i l l  

have the greates t  bear ing on cases l i k e  a c t i v e  l aye r  detachments o r  

f lows, where cond i t ions  o f  low e f f e c t i v e  s t r e s s  w i l l  c e r t a i n l y  be common. 

Secondary s t r u c t u r e  a l s o  has an e f f e c t  on the pore pressure response 

t o  changes i n  both the  a l l - round  and d e v i a t o r i c  s t resses.  Softened 

s o i l ,  s i t ua ted  adjacent t o  d i s c o n t i n u i t i e s  which were fo rmer ly  occupied 

C: 

by i c e  lenses, i n i t i a l l y  e x h i b i t s  a h igh  pore pressure response t o  



changes i n  con f i n ing  pressure. Th is  pore pressure increase gradua l ly  

d i ss ipa tes  as water e i t h e r  d ra ins  away o r  i s  absorbed by the  so i  1 peds 

as they swe l l .  Data obta ined i n d i c a t e  t h a t  as samples a r e  consol idated 

t o  h igher  con f i n ing  st resses,  the  pors pressure c o e f f i c i e n t  B decrcases. 

This  behaviour suggests t h a t  i n  t he  long term, response may be main ly  

governed by the peds. I n  f i ne -g ra ined  s o i l s ,  mo is tu re  content  da ta  

i n d i c a t e  t h a t  these peds have usual l y  been desaturated by suc t ions  

generated dur ing  f reez ing .  The measured A parameters were negat ive i n  f 

t e s t s  conducted a t  low e f f e c t i v e  st resses,  which i nd i ca tes  t h a t  the  peds 

were behaving as i n t a c t  u n i t s  by d i l a t i n g ,  w i t h  f a i l u r e  planes tending 

t o  f o l l o w  e x i s t i n g  s t r u c t u r a l  d i s c o n t i n u i t i e s .  A t  h igher  s t resses,  

shear planes a l s o  formed through the  peds, and h igher  values were observed 

f o r  A f .  

~ n d r a i n e d  s t rengths  appeared t o  be r e l a t e d  d i  rec t l y -  t o  the res idua l  

s t ress .  By us ing  the measured a ' as an i n i t i a l  e f f e c t i v e  s t ress  and 
0 

i nc lud ing  appropr ia te  values f o r  A, K, and 4, c lose  agreement was obta ined 

between t h e o r e t i c a l l y  p red i c ted  and measured values o f  undrained s t rength .  

A d e t a i l e d  review o f  the  data l e d  t o  the conclus ion t h a t  p r o v i d i n g  f o r  

a n i s o t r o p i c  conso l i da t i on  du r ing  thaw was probably e s s e n t i a l  t o  t he  

measurement o f  r e a l i s t i c  undrained st rengths and pore  pressures du r ing  

shear. Tes t ing  procedures used i n  the course o f  t h i s  research may h i v e  

obta ined undrained s t rengths  which were too  h igh,  and i t  i s  c e r t a i n l y  

quest ionable whether they a r e  a t  a l l  r ep resen ta t i ve  o f  shear s t rengths  

which cou ld  be mob i l i zed  i n  s i t u .  This  means t h a t  t e s t i n g  procedures -- 
may a l s o  a f f e c t  the measurement o f  res idua l  s t ress ,  s ince  pore pressures 

b 

generated by the  a p p l i c a t i o n  o f  a  dev ia to r  s t ress  a r e  s t r o n g l y  i n f l uenced  



by cond i t ions  o f  l a t e r a l  r e s t r a i n t .  I n  the  ana lys i s  o f  cases such as 

a c t i v e  l aye r  detachments where low e f f e c t i v e  st resses c e r t a i n l y  p r e v a i l ,  

pore pressures generated i n  a d i l a t a n t  macrostructure may warrant  the 

a d d i t i o n a l  experimental d i f f i c u l t y  of adher ing t o  a more appropr ia te  

s t ress  path  dur ing  thaw and shear. 

7.3 FURTHE-R RESEARCH 

I n  a f i e l d  which has o n l y  received ser ious  geotechnical a t t e n t i o n  

du r ing  t h e  l a s t  decade, many top i cs  remain which requi  r e  f u r t h e r  research. 

The study described i n  t h i s  thes i s  invo lved several  d i f f e r e n t  l abo ra to ry  

programs, and o f  a 1 1 the expereimental problems encountered, ob ta in ing  

adequate temperature con t ro l  i n  t e s t s  performed on f rozen s o i l  proved t o  

bc the mest difficult. 

Although there i s  probably no t  much more bas ic  labora tory  work on 

thawed s o i l s  required,  the f o l l o w i n g  a re  noted as being top i cs  deserv ing 

o f  a t t e n t i o n :  

1 )  Determining the e f f e c t s  which cond i t i ons  o f  appl ied  s t ress  

have on the measurement o f  res idua l  s t resses.  

2) Determining pore water pressures generated du r ing  shear when 

r e a l i s t i c  s t ress  paths a r e  fo l lowed.  

3)  Compar i ng shearing behaviour and pore  pressure response under 

c o n d i t i o r , ~  o f  i s o t r o p i c ,  an i so t rop ic ,  and K conso l ida t ion .  
0 

Although using undisturbed mate r ia l s  i n  these s tud ies  provides a d d i t i o n a l  

d e t a i l  on o ther  na tu ra l  s o i l s ,  t he  i n t e r p r e t a t i o n  o f  experimental 

r e s u l t s  w i l l  almost always be complicated due t o  t h e i r  inherent  v a r i -  

ab i  1 i ty .  



Of greater significance is the need to conduct more tests on frozen 

soils at stress levels and temperatures which correspond to typical 

field conditions. Continued research in this area is particularly 

important in light of the fact that creep behaviour in frozen soils is 

still rather poorly understood. Although some of the work reported in 

this study has resulted in the development of more rational methods for 

analyzing experimental creep data, additional tests on natural permafrost 

soils are still required before field behaviour can be thoroughly under- 

stood or predicted. A definitive study of consolidation processes in 

frozen soil to explore mechanisms and processes controlling moisture 

migration would also be of considerable interest. 

Very little practical experience with the design or performance of 

foundations in arctic regions has been documented. Theories have been 

deve!cpzd ~k l c!i prsv i cle anal y t  i ta: sol ii t i u ~ i ~  Lu severa 1 key prob iems , 

but before these can be used in routine design practice, determination 

of appropriate, and often complex, material properties is required. 

Some degree of confidence in the general applicability of these theor- 

etical treatments must also be gained. With this virtual absence of 

well-documented case histories, detailed performance records from any 

structure founded on frozen or thawing soils will constitute welcome 

data. To obtain optimum benefit from information of this sort, it is 

essential that the results be analyzed and interpreted in a rational 

manner. 

Almost any activity which enhances the geotechnical engineer's 

ability to understand and predict the behaviour of frozen or thawing 

soils is costly. At the same time, the expense involved with instru- 



mentation, performance moni to r ing ,  o r  conduct ing la rge-sca le  f i e l d  t e s t s  

may be warranted i f  the  cos ts  defrayed by reducing the necess i ty  f o r  

conservat ism i n  design are  s u f f i c i e n t .  The most f r u i t f u l  areas f o r  

f u t u r e  research i n  permafrost  engineer ing probably r e l a t e  t o  developing 

methods and equipment which a re  capable o f  improving bo th  the q u a l i t y  

and q u a n t i t y  o f  in fo rmat ion  c o l l e c t e d  du r ing  s i t e  i n v e s t i g a t i o n s .  

Although less glamorous than developing e legant  t h e o r e t i c a l  t reatments, 

a c t i v i t i e s  which a re  c u r r e n t l y  h indered by d e f i c i e n c y  inc lude d r i l l i n g ,  

sampling and logging procedures, downhole and sur face geophysical methods, 

and i n  s i t u  t e s t s .  -- 



E REFERENCES CITED 

A k i l i ,  W .  1966. Stress e f fec t  on creep ra tes  o f  a f rozen c lay  s o i l  
f rom the standpoint  of r a t e  process theory. Unpubl. Ph.D. Thesis, 
Michigan Sta te  Univ., East Lansing, Michigan. 108 p. ( u n i v e r s i t y  
M i  c r o f  i lms 66-843) 

A k i l i ,  W. 1970. On the  st ress-creep r e l a t i o n s h i p  f o r  a f rozen s o i l .  
Mat. Res. and Standards, 10(1), pp. 16-22. . 

I A k i l i ,  W. 1971. S t ress -s t ra in  behaviour o f  f rozen f ine-gra ined s o i l s .  
Highway Res. Rec., No. 360, pp. 1-8. 

Al-Dhahir, Z., Kennard, M.F., and Morgenstern, N.R. 1970. Observations 
on pore pressures beneath the  ash lagoon embankments a t  F i d d l e r ' s  
Fe r ry  power s t a t i o n .  -- I n  S i t u  Inves t iga t i ons  i n  S o i l s  and Rocks, 
B r i t i s h  Geotechnical Society,  London, pp. 265-276. 

A l k i r e ,  B.D. 1972. Mechanical p roper t i es  o f  sand-ice ma te r ia l s .  Unpubl. 
Ph.D. Thesis, Michigan S ta te  Univ., East Lansing, Michigan. 197 p .  
( u n i v e r s i t y  M ic ro f i lms  73-12, 656) 

A l k i r e ,  B.D., and Andersland, O.B. 1973. The e f f e c t  o f  c o n f i n i n g  
pressure on the mechanical p roper t i es  o f  sand-ice ma te r ia l s .  

.J .  Glac io l . ,  12(66), pp. 469-481. 

Andersland, O.B., and A k i l i ,  W.  1967. Stress e f f e c t  on creep r a t e s  i n  
a f rozen c l a y  s o i l .  ~ g o t e c h n i ~ u e ,  17(1), pp. 27-39. 

1 

Andersland, O.B., and AlNouri ,  1 .  1970. Time-dependent s t reng th  
behaviour o f  f rozen s o i l s .  Proc. ASCE, 9 6 ( ~ ~ 4 ) ,  pp. 1249-1265. 

Anderson, D.M., Tice, A.R., and McKim, H.L. 1973. The unfrozen water 
and apparent s p e c i f i c  heat capac i ty  o f  f rozen s o i l s .  i n  
Permafrost: The North American Con t r i bu t i on  t o  the  2 n d I n t e r -  
na t i ona l  Conference, Yakutsk, pp. 289-295. . 

Anderson, D.M. 1967. The i n t e r f a c e  between i c e  and s i l i c a t e  surfaces. 
J. C o l l o i d  I n t e r f a c e  Sci., Vol. 25, pp. 174-191. 

I Anderson, D.M., and Hoekstra, P. 1965. M ig ra t i on  o f  inter- lame1 l a r  
water dur ing  f reez ing and thawing o f  Wyoming benton i te .  S o i l  Sci. 
Soc. Am. Proc., Vol . 29, pp. 498-504. 

Anderson, D.M., and Morgenstern, N.R. 1973. Physics, chemistry and 
mechanics o f  f rozen ground: a review. In  Permafrost: The North 
American Con t r i bu t i on  t o  the 2nd l n t e r n z i o n a l  Conference, Yakutsk, 
pp. 257-288. 

Anderson, D.H., and Tice,  A.R. 1971. Low-temperature phases of i n t e r -  
f a c i a l  water i n  clay-water systems. S o i l  Sci.  Soc. Am. Proc., 
35(1),  PP. 47-54. 



Anderson, D.M., and T ice ,  A.R. 1972. P r e d i c t i n g  unfrozen water con- 
t e n t s  i n  f rozen s o i l s  from surface area measurements. Highway 
Res. Rec., No. 393, pp. 12-18. . .  

Anderson, D.M., and Tice,  A.R. 1973. The unfrozen i n t e r f a c i a l  phase 
i n  f rozen s o i l  water systems. Ecological  Studies, Vol .  4, pp. 
107-124. 

Baker, T.H.W. 1976. Transpor ta t ion ,  p repara t i on  and storage o f  f rozen 
s o i l  samples f o r  labora tory  tes t i ng .  - I n  ASTM Spec. Tech. Publ. 
No. 599, pp. 88-112. 

Baker, T.H.W., Frederking, R.M.W., and Hoffman, D.R. 1976. Performance 
c h a r a c t e r i s t i c s  o f  the geotechnical c o l d  rooms. B u i l d i n g  Research 
Note, NRC Canada, No. 109. 19 p. 

Banin, A., and Anderson, D.M. 1974. E f f e c t s  o f  s a l t  concent ra t ion  
changes du r ing  f reez ing  on the  unfrozen water content  o f  porous 
mater ia ls .  Water Resour. Res., 10(1), pp. 124-128. 

Barnes, P., and Tabor, D. 1966. P l a s t i c  f l o w  and pressure me l t i ng  
i n  t h e  deformation o f  i ce .  Nature, Vol. 210, No. 5039, pp. 878-882. 

Barnes, P., Tabor, D., and Walker, J.C.F. 1971. The f r i c t i o n  and creep 
o f  p o l y c r y s t a l l i n e  ice. Proc. Roy. Soc. London, Vol. 3 2 4 ~ ,  pp. 
9 -7 ,  i rr 

822. 

Bender, J.A. 1967. Deformation o f  excavations i n  a h igh  p o l a r  ngvg. I n  
Physics o f  Snow and Ice, H. Oura ( ~ d i  t o r ) ,  l n s t  i t u t e  o f  Low  em^. 
Sci . , Hokkaido Univ., Sapporo, Japan, Vol . 1, Par t  2, pp. 973-982. 

Bergan, A.T. 1972. Some considerat ions i n  the  design o f  aspha l t  con- 
c r e t e  pavements f o r  c o l d  regions. Unpubl. Ph.D. Thesis, U n i v e r s i t y  
o f  C a l i f o r n i a ,  Serkley. 333 p. 

Bergan, A.T., and Fredlund, D.G. 1973. Charac ter iza t ion  o f  freeze- 
thaw e f f e c t s  on subgrade s o i l s .  Presented t o  the  Symposium on 
F ros t  Ac t i on  on Roads, Organizat ion f o r  Economic Cooperation and 
Development, 0s l o ,  Norway. ( ~ e s e a r c h  Report RP-4, Dept. C i v i  1 Eng., 

. U. o f  Sask., ~aska toon)  . 

Beskow, G. 1935. S o i l  f reez ing  and f r o s t  heaving w i t h  spec ia l  app l ica-  
t i o n  t o  roads and r a i l r o a d s ,  Swed. Geol. Series C, 26 th  Yearbook, 
No. 3. ( ~ r a n s : a t e d  from the o r i g i n a l  Swedish by J.O. Osterberg, 
Northwestern Univ., Evanston, I l l .  1947). 

Bishop, A.W. 1954. The use o f  pore pressure c o e f f i c i e n t s  i n  p rac t i ce .  
~ G o t e c h n i ~ u e ,  4(4) , pp. 148- 152. 



Bishop, A.W., and Bjerrum, L. 1960. The relevance o f  t h e  t r i a x i a l  t e s t  
t o  the  s o l u t i o n  o f  s t a b i l i t y  problems. I n  Proc. ASCE Research 
'Conf. on Shear Strength o f  Cohes i v e  Soi lc Boulder, Colorado, 
pp. 437-501 . 

Bishop, A.W., and Gibson, R.E. 1963. The i n f l u e n c e ' o f  t h e  prov is ions  
f o r  boundary drainage on s t rength  and conso l i da t i on  character-  
i s t i c s  o f  s o i l s  measured i n  the  t r i a x i a l  apparatus. I n  Laboratory 
Shear Test ing  o f  So i l s ,  ASTM Spec. Tech. Publ. No. 361, pp. 
435-451. 

Bishop, A.W., and Green, G.E. 1965. In f luence o f  end r e s t r a i n t  on 
the  compression s t reng th  o f  a cohesionless s o i l .    go technique, 
15(3); pp. 243-265. 

Bishop, A.W., and Henkel, D.J. 1962. The measurement o f  s o i l  p roper t i es  
i n  the  t r i a x i a l  t e s t  (2nd E d i t i o n ) .  Edward Arnold, London. 228 p. 

Bishop, A.W., Webb, D.L., and Lewis, P . I .  1965. Undisturbed samples 
o f  London c l a y  from the  Ashford Common Shaf t :  s t reng th -e f fec t i ve  
s t ress  re la t i onsh ips .  ~ ~ o t e c h n i q u e , l 5 ( 1 ) ,  pp. 1-31. 

Bishop, A.W., and Wesley, L.D. 1975. A h y d r a u l i c  t r i a x i a l  apparatus 
f o r  c o n t r o l l e d  s t ress  path tes t i ng .    go technique, 25(4), pp. 
657-670. 

,a,,Ga - 2 ~ C * ~ * ! C V ; .  E i = l .  Giack, 3 . F .  ; g G g .  T i l ~ w  d e p i - ~ ~ ~ l ~ i i ~  a173 tha-d '-',-- 
Peryglac., No. 19, pp. 131-150. 

B l i g h t ,  G.E. -1965. Shear s t ress  and pore pressure i n  t r i a x i a l  t e s t i n g .  
Proc. ASCE, 91 ( s M ~ )  , pp. 25-39. 

Boulton, G.S. 1975. Processes and pat te rns  o f  subg lac ia l  sedimentat ion: 
a t h e o r e t i c a l  review. I n  I c e  Ages: Ancient and Modern, A.E. Wright 
and F. Mosely (~ditors),~eel House Press, L iverpoo l ,  pp. 7-42. 

Brewer, R. 1964. Fabr ic  and mineral ana lys i s  o f  s o i l s .  John Wiley and 
Sons, New York. 470 p. 

Brodskaia, A.G. 1962. Compress ib i l i t y  o f  f rozen ground. Moscow, Izd-Vo 
Acad. Nauk SSR, pp. 2-83. ( t rans la ted  from t h e  o r i g i n a l  Russian 
i n  1970, U.S. Dept. Commerce, NTlS No. AD 715087) 

Broms, B.B., and Yao, Y.C. 1964. Shear s t reng th  o f  a s o i l  a f t e r  
f reez ing and thawing. Proc. ASCE, ~ o ( s M ~ ) ,  pp. 1-25. 

Grown, R.J.E. 1970. Permafrost i n  Canada. Univ. o f  Toronto Press, 
Toronto. 234 p. 



Brown, W.G., and Johnston, G.H. 1970. Dykes on permafrost:  p r e d i c t i n g  
thaw and sett lement. Can. Geotech. J., 7(4),  pp. 365-371. 

Budd, W.F. 1969. The dynamics of i c e  masses. A u s t r a l i a n  Nat iona l  
A n t a r c t i c  Research Expedi t ions S c i e n t i f i c  Reports, Ser ies A( IV) ,  
Glac io logy Publ. No. 108. 216 p. \ 

Bur t ,  T.P., and Wi l l iams,  P.J. 1976. H y d r a u l i c ' c o n d u c t i v i t y  i n  f rozen 
so i  1s. Ear th  Surface Processes, Vol . 1, pp. 349-360. 

Butkovich, T.R., and Landauer, J.K. 1959. The f l o w  law f o r  i ce .  
SlPRE Res. Rept. No. 56. 7 p. 

Butkovich, T.R., and Landauer , J.K. 1960. Creep o f  i c e  a t  low 
stresses. S l P R E  Res. Rept. No. 72. 6 p. 

Canadian A r c t i c  Gas P ipe l i nes  L imi ted.  1974. Responses t o  P i p e l i n e  
Assessment Group requests f o r  supplementary in format ion,  Toronto. 

Chamberlain, E. 1969. Some t r i a x i a l  shear s t reng th  t e s t s  on f rozen 
s o i l  and ice. U.S. Army CRREL, D r a f t  I n t e r i m  Technical Report. 
32 p. 

Chamberlain, E., Groves, C., and Perham, R. 1962. The mechanical 
behaviour o f  f rozen e a r t h  ma te r ia l s  under h igh  pressure t r i a x i a l  
t e s t  condi t ions.  m go technique, 22 (3) , pp. 469-483. 

Chandler, R.J. 1969. The e f f e c t  o f  weathering on the  shear s t reng th  
p roper t i es  o f  Keuper Mar 1. m go technique, 19 (3) , pp. 321-334. 

Chandler, R.J. 1972. L ias  c lay :  weathering processes and t h e i r  
e f f e c t  on shear st rength.  ~ebtechn ique,  22(3), pp. 403-431. 

Colbeck, S.C. 1970. The f l o w l l a w  f o r  temperate g l a c i e r  ice.  Unpub. 
.,Ph.D. Thesis, Univ. o f  Washington, Seat t le ,  Washington. 149 p. 

( u n i v e r s i t y  M ic ro f i lms  71-16,934) 

Colbeck, S.C., and Evans, R.F. 1973. A f l ow  law f o r  temperate g l a c i e r  
ice.  J. G lac io l . ,  12(64), pp. 71-86. ' 

Co l l  ins, K., and McGown, A. 1974. The form and f u n c t i o n  o f  m i c r o f a b r i c  
features i n  a v a r i e t y  o f  na tu ra l  s o i l s .  ~ g o t e c h n i ~ u e ,  24(2), pp. 
223-254. 

Conway, J.B. 1967. Numerical methods f o r  creep and r u p t u r e  analyses. 
Gordon and Breach Science Publ ishers,  New York. 204 p. 

D i l l o n ,  H.B., and Andersland, O.B. 1967. Deformation ra tes  o f  poly-  
c r y s t a l l i n e  ice. I n  Physics o f  Snow and Ice, H. Oura ( ~ d i t o r ) ,  
I n s t i t u t e  o f  Low TK~. Sci., Hokkaidp Univ., Sapporo, Japan, 
Vol. 1, Pa r t  1, pp. 313-328. 



Drost-Hansen, W. 1967. The water- ice i n t e r f a c e  as seen from t h e  l i q u i d  
side. J. C o l l o i d  I n t e r f a c e  Sci. Vol. 25, pp. 131-160. 

Duncan, J.M., and Dunlop, P. 1968. The s i g n i f i c a n c e  o f  cap and base 
r e s t r a i n t .  Proc. ASCE, 94 ( s M ~ ) ,  pp. 271-290. 

Emery, J.J., and Nguyen, T.Q. 1974. S imula t ion  o f  i c e  f l o w  p rob lem.  
I n  Appl i c a t  ions o f  Sol i d  Mechanics , 2nd Sympos ium (CSME-CSCE-ASME) - 
McMaster Un ive rs i t y ,  Vol. 1, pp. 30-45. 

Farrar ,  D.M., and Coleman, J.D. 1967. The c o r r e l a t i o n  o f  sur face area 
w i t h  o the r  p roper t i es  o f  nineteen B r i t i s h  c l a y  s o i l s .  J. S o i l  
Sci., 18(1),  pp. 118-124. 

Fredlund, D.G., Bergan, A.J., and Sauer, E.K. 1975. Deformation 
c h a r a c t e r i z a t i o n  o f  subgrade s o i l s  f o r  highways and runways i n  
nor thern  environments. Can. Geotech. J., 12(2), pp. 213-223. 

Fukuo, Y. 1966. On the  rheo log ica l  behaviour o f  f rozen s o i l  ( p a r t  1).  
B u l l .  Dis. Prev. Res. I n s t .  (Kyoto U . ) ,  15(3), pp. 1-7. 

Gerrard, J.A.F., Perutz, M.F., and Roch, A. 1952. Measurement o f  the 
v e l o c i t y  d i s t r i b u t i o n  along a v e r t i c a l  l i n e  through a g l a c i e r ,  
Proc. Roy. Soc. London, Vol. 213A, pp. 546-558. 

Glen, J.W. 1952. Experiments on the  deformation o f  ice. J .  Glacio l . ,  
z i 1 2 j ,  pp. 111-114. 

Glen, J.W. 1955. The creep o f  p o l y c r y s t a l l i n e  ice .  Proc. Roy. Sci. 
London, - ~ o l .  2 2 8 ~ ~  pp. 519-538. 

Goughnour, R.R., and Andersland, O.B. 1968. Mechanical p roper t i es  o f  
a sand-ice system. Proc. ASCE, 9 4 ( ~ ~ 4 ) ,  pp. 923-950. 

Guther, H. 1972. Some problems i n  non-homogenous seepage. Unpubl. 
M.Sc. Thesis, Univ. o f  A lber ta ,  Edmonton, A lber ta .  

Heiner, A. 1972. Strength and compaction p roper t i es  o f  f rozen s o i l .  
Nat ional  Swedish Bu i l d ing  Research Document D11.1972. 116 p. 

Henkel, D.J., and Sowa, V.A. 1963. The in f l uence  o f  s t ress  h i s t o r y  
on s t ress  paths i n  undrained t r i a x i a l  t e s t s  on c lay .  I n  Laboratory 
Shear Test ing  o f  So i l s ,  ASTM Spec. Tech. Publ. No. 361Tpp. 280-291. 

Hobbs, P.V. 1974. I ce  Physics, Clarendon Press, Oxford. 837 p. 

Hoekstra, P. 1969. The physics and chemistry o f  f rozen s o i l s .  Highway 
Res. Board Spec. Rept. No. 103, pp. 78-90. 



Hooke, R.L., Dahl in, B.B., and Kauper, M.T. 1972. Creep o f  i c e  con- 
t a i n i n g  f i n e  sand. J. G lac io l . ,  11(63), pp. 327-336. 

Hughes, O.L. 1974. Geology and pe;mafrost i n  r e l a t i o n  t o  hydrology 
and geophysics. I n  Permafrost Hydrology, Proceedings o f  a Work- 
shop Seminar, ~an.~at. Comm. I n t .  Hydrological  Decade, Environment 
Canada, pp. 21-28. 

Hughes, O.L., V e i l l e t t e ,  J.J., P i l i o n ,  J., and Hanley, P.T. 1973. 
Te r ra in  eva lua t ion  w i t h  respect t o  p i p e l i n e  const ruc t ion ,  Mackenzie 
Transpor ta t ion  Cor r idor ,  Central  Par t ,  Lat .  64" t o  68O N. Environ- 
mental-Social  Committee, Northern P ipe l ines ,  Task Force on Northern 
0 i 1 Deve 1 opment , Report No. 73-37. 74 p. 

Hu l t ;  J.A.H. 1966. Creep i n  engineer ing s t ruc tu res .  B l a i s d e l i  Publ. 
Co., Waltham, Massachusets. 115 p. 

Hunter, J.A., and V e i l l e t t e ,  J. 1976. Borehole dens i t y  logging i n  
permafrost,  Tuktoyaktuk, D i s t r i c t  o f  Mackenzie. GSC Paper 76-lA, 
Report o f  A c t i v i t i e s ,  p. 417. 

Hwang, C.T., Murray, D.W., and Brooker, E.W. 1972. A thermal ana lys i s  
f o r  s t ruc tu res  on permafrost, Can. Geotech. J., 9 (1) ,  pp. 33-46. 

Iverson, K, and Mourn, J. 1974. The p a r a f f i n  method - t r i a x i a l  t e s t i n g  
w i thout  a rubber membrane. ~ g o t e c h n i ~ u e ,  24(4), pp. 665-670. 

Janbu, N., and Senneset, K. 1973. F i e l d  compressometer - p r i n c i p l e s  
and app l i ca t i ons .  Proc. 8 t h  In t .  Conf. S o i l  Mech. Found. Eng., 
Moscow, Vol. 1-1, pp. 191-198. 

J e l l i n e k ,  H.H.G. 1967. L i q u i d - l i k e  ( t r a n s i t i o n )  l aye r  on i ce .  J. C o l l o i d  
I n t e r f a c e  Sci. ,  Vol .  25, pp. 192-205. 

Johnston, G.H. 1969. Dykes on permafrost, Kelsey Generating Sta t ion ,  
Manitoba, Can. Geotech. J., 6(2) ,  pp. 139-157. 

Kaplar, C.W. 1965. Discussion o f  'Shear s t reng th  o f  a s o i  1 a f t e r  
f reez ing  and thawing' by B.B. Broms and Y.C. Yao. Proc. ASCE, 
91 (SM2), pp. 91-97. 

Kazi, A . ,  and K n i l l ,  J.L. 1969. The sedimentat ion and geotechnical  
p roper t i es  o f  the  Cromer T i l l  between Happisburgh and Cromer, 
Norfo lk .  Quart.  J. Eng. Geol., Vol.  2, pp. 63-86. 

K e i l ,  L.D., Nei lsen, N.M., and Gupta, R.C. 1973. Thaw-consolidation o f  
permafrost dyke foundat ions a t  the Long Spruce Generating S t a t  ion. 
Prepr i n t s ,  26th Can. Geotech. Conf . , Toronto, pp. 134-1 41. 



Kent, D.D. 1974. S ta te  va r iab les  f o r  p a r t l y  f rozen s o i l .  Unpubl. M.Sc. 
.Thesis, Univ. o f  Sask., Saskatoon, Sask.. 16.1 p. 

Kent, D.D., Fredlund, D.G., and Watt, W.G. 1975. Var iables c o n t r o l  1 i ng  
behaviour o f  a p a r t l y  f rozen sa tura ted s o i l .  I n  Proc. Conf. on - 
S o i l  Water Problems i n  Cold Regions, Calgary, A lber ta .  Special  Task 
Force, Div.  Hydrology, Am. Geophys. Union, pp. 70-88. 

Kersten, M.S. 1949. Thermal p roper t i es  o f  s o i l s .  Univ. o f  Minnesota, Eng. 
Exp. S t a t i o n  B u l l .  No. 28. 227 p. 

Keys, W.S. 1968. Geophysical logging o f  permafrost,  Fairbanks, Alaska - 
a f e a s i b i l i t y  study. USGS Tech. Mem. N.o. 24. 5p. 

Keys, W.S., and MacCary, L.M. 1971. A p p l i c a t i o n  o f  borehole geophysics 
t o  water-resources inves t iga t i ons .  Chapter E l ,  Book 2, C o l l e c t i o n  
o f  Environmental Data, Techniques o f  Water-Resources Inves t iga t i ons  
o f  the USGS. 126 p. 

Koch, R.D. 1971. The design of Alaskan Nor th  Slope product ion  we l l s .  
Proc. I n s t .  Mech. Eng.  ondo don), V O ~ .  185, pp. 989-1001. 

Lachenbruch, A.H. 1970. Some est imates o f  t h e  thermal e f f e c t s  of a heated 
p i p e l i n e  i n  permafrost.  U.S.G.S. C i r c u l a r  632. 23 p. 

Ladanyi,'B. 1970. The mechanics o f  l ands l i des  i n  Leda c l a y :  Discussion. 
Can. Geotech. J., 7(4) ,  pp. 506-507. 

Ladanyi, B. 1972. An engineering theory o f  creep o f  f rozen s o i l s .  Can. 
Geotech. J., 9 (1) ,  pp. 63-80. 

Ladanyi, B. 1974. Bearing capac i ty  o f  f rozen s o i l s .  P rep r in t s ,  27th 
Can. Geotech. Conf., Edmonton, pp. 97-107. 

Ladanyi, B. 1975. Bearing capac i ty  o f  s t r i p  foo t i ngs  i n  frozen s o i l s .  
Can. Geotech. J., 12(3),  pp. 393-407. 

Ladanyi, B. and Archambeault, G.  1969. S imula t ion  o f  shear behaviour of 
a j o i n t e d  rock mass. 11th Symp. Rock Mech. a t  Berkley, Ca., Soc. 
Mining Eng., AIME, New York, pp. 105-125. 

Ladanyi, B. and Johnston, G.H. 1973. Eva luat ion  o f  -- i n  s i t u  creep proper ' t ies 
o f  f rozen s o i l s  w i t h  the pressuremeter. I n  Permafrost: The Nor th  
American Con t r i bu t i on  t o  t h e  2nd I n t e r n a t E n a l  Conference, Yakutsk, 
pp. 310-319. 

Ladanyi, B. and Johnston, G.H. 1974. Behaviour o f  c i r c u l a r  f o o t i n g s  
and p l a t e  anchors i n  permafrost.  Can. Geotech. J., 11 (4 ) ,  pp. 
531-553 



Lambe, T.W., and Whitman, R.V. 1969. S o i l  Mechanics. John Wiley and Sons, 
New York. 553 p. 

Langdon, T.G. 1973. Creep mechanisms i n  ice. I n  Proc. Symp. Phys. and 
Chem. o f  Ice, E. Whalley, S.J. Jones, a n d L . ~ .  Gold ( ~ d i t o r s ) ,  Roy. 
Soc. Can., Ottawa. pp. 356-361. 

Lau, J.S.O., and Lawrence, D.W. 1976. Winter ground-ice d i s t r i b u t i o n  
f o r  selected map areas, Mackenzie Va l ley .  I n  Report o f  A c t i v i t i e s ,  
Geological Survey o f  Canada, Paper 76-10, pr 161-168. 

Lee, K.L., Morrison, R.A., and Haley, S.C. 1969. A note  on t h e  pore 
pressure parameter B. 7 th  I n t .  Conf. S o i l  Mech. Found. Eng., 
Mexico C i t y ,  Vol.  1, pp. 231-238. 

L i n e l l ,  K.A., and Johnston, G.H. 1973. Engineering design and construc-  
t i o n  i n  permafrost regions:  a review. I n  Permafrost: The North 
American Con t r i bu t i on  t o  t h e  2nd I n t e r x t i o n a l  Conference, Yakutsk, 
PP. 553-576. 

L i t v i n o v ,  A. Ya. 1966. F i e l d  determinat ion o f  t he  o v e r a l l  moisture 
content  o f  f rozen ground w i t h  t h i c k  st reaks o f  ice. S o i l  Mech. 
Found. Eng., No. 3 ( ~ a y - ~ u n e ) ,  pp. 184-185. 

Lo, K.Y. 1970. The opera t iona l  s t reng th  o f  f i s s u r e d  c lays.  ~ e b t e c h n i ~ u e ,  
20(1), pp. 57-74. 

MacDonald, D.H. 1963. Design o f  Kelsey dikes. I n  Permafrost: Proceedings 
o f  an l n te rna t  iona l  Conference, Nat iona 1 K a d e c y  o f  Sciences, 
Washington, D.C., pp. 492-496. 

MacKay, J.R. 1963. The Mackenzie Del ta area, N.W.T. Can. Dept. Mines 
Tech. Surv., Geog. Br., Mem. 8. 202 p. ( republ ished as Geological 
Survey o f  Canada Misc. Report 23, 1974) 

MacKay, J.R. 1971. The o r i g i n  o f  massive i c y  beds i n  permafrost,  Western 
A r c t i c  Coast, Canada. Can. J. Ear th  Sci., 8 (4 ) ,  pp. 397-422. 

MacKay, J.R. 1972a. The wor ld  o f  underground ice. Ann. Assoc. Am. Geogr., 
62(1), pp. 1-22. 

Mackay, J.R. 1972b. Offshore permafrost and ground ice, Southern 
Beaufort Sea, Canada. Can. J .  Ear th  Sci. ,  9(11), pp. 1550-1561. 

MacKay, J.R. 1974. R e t i c u l a t e  i c e  veins i n  permafrost, Northern Canada. 
Can. Geotech. J., 11 (2),  pp. 230-237. 

MacKay, J.R. 1975. R e t i c u l a t e  i c e  veins i n  permafrost,  Northern Canada: 
Reply. Can. Geotech. J., 12(1), pp. 163-165. 



MacKay, J.R., and Matthews, W.H. 1973. Geomorphology and Q ~ a t e r n a r ~ y  
h i s t o r y  o f  the  Mackenzie v a l l e y  near F o r t  Good Hope, N.W.T., Canada. 
Can. J. Ear th  Sci ., 10(1),  pp. -26-41. - 

MacPherson, J.G., Watson, G.H. and Koropatnick, A. 1970. Dykes on 
permafrost foundations i n  nor thern Manitoba. Can. Geotech. J., 7(4) , 
pp. 356-364. 

Marsland, A. 1972. The shear s t reng th  o f  s t i f f  f i s s u r e d  c lays .  In Stress 
S t r a i n  Behaviour o f  S o i l s ,  R. Parry ( ~ d i t o r ) ,  G.T. F o u l i s  E d . ,  
Henley-on-Thames, pp. 56-68. 

Marsland, A:, and But ler , '  M.E. 1967. Strength measurements on s t i f f  Barton 
c l a y  from Fawley, Hampshire. Proc. Geot. Conf., Oslo, Vol. 1, 
pp. 139-146. 

Mar t in ,  R.T. 1959. Rhythmic i c e  banding i n  s o i l s .  Highway Res. Board 
B u l l .  218, pp. 11-23. 

Mart in ,  R.T. 1962. Adsorbed water on c lay :  a review. Proc. 9 t h  Conf. Clays 
and Clay Minerals,  Pergamon Press, New York, pp. 28-70. 

McGown, A . ,  and Radwan, A.M. 1975. The presence and in f l uence  o f  f i s s u r e s  
i n  t h e  boulder c lays  o f  West Centra l  Scotland. Can. Geotech. J., 
12(1), pp. 84-97. 

McKay, A.S., and O'Connel, L.P. 1976. The permafrost dens i t y  logger. 
J. Can. Pe t ro l .  Tech., 15(1),  pp. 69-74. 

McRoberts, E.C. 1973. S t a b i l i t y  o f  slopes i n  permafrost.  Unpubl. Ph.D. 
Thesis, Univ. A lber ta ,  Edmonton. 370 p. 

McRoberts, E.C. 1975. Some aspects o f  a simple secondary creep model 
f o r  deformations i n  permafrost slopes. Can. Geotech. J., 12(1), 
pp. 98-105. 

McRoberts, E.C. 1975. F i e l d  observat ions o f  thawing i n  s o i l s .  Can. Geotech. 
J., 12(1), pp. 126-130. 

McRoberts, E.C., and Morgenstern, N.R. 1973. A study o f  l ands l i des  i n  
t h e  v i c i n i t y  o f  the  Mackenzie River,  M i l e  205 t o  660. Environmental- 
Soc ia l  Committee, Northern P ipe l ines ,  Task Force on Northern O i l  
Deve 1 opmen t , Report No. 73-35. 96 p. 

McRoberts, E.C., and Morgenstern, N.R. 1974a. The s t a b i l i t y  of thawing 
s lopes. Can. Geotech. J . , 11  (4) , pp. 447-469. 

McRoberts, E.C., and Morgenstern, N.R. 1974b. S t a b i l i t y  o f  slopes i n  
f rozen soi  1 , Mackenzi e Va 1 ley ,  N.W.T. Can. Geotech. J . , 1 1 ( 4 ) ,  
pp. 554-573- 

1 



Meier, M.F. 1960. Mode o f  f l o w  of the  Saskatchewan g l a c i e r ,  A lber ta ,  Canada. 
U.S.G.S. Paper 351. 70 p. 

Me1 l o r ,  M. 1969. The s t ress  dependence o f  the secondary creep r a t e  a t  low 
st resses:  r e p l y  t o  Prof .  J. Weertman's l e t t e r .  J. G lac io l . ,  8(54), 
p. 495 ( L e t t e r ) .  

Me l lo r ,  M., and Smith, J.B. 1967. Creep o f  snow and ice. I n  Physics o f  
Snow and Ice, H. Oura ( ~ d  i t o r )  , l n s t  i t u t e  o f  Low ~ e m F  Sci . , 
Hokkaido Univ., Sapporo, Japan, Vol. 1, Par t  2, pp. 843-855. 

Me l lo r ,  M., and Testa, R. 1969a. E f f e c t  o f  temperature on the  creep o f  
ice.  J. G lac io l . ,  8(52), pp. 131-145. 

Mel lo r ,  M., and Testa, R. 1969b. Creep o f  i c e  under low s t ress .  J .  G lac io l . ,  
8(52), pp. 147-152. 

M i t c h e l l ,  J.K. 1976. Fundamentals o f  S o i l  Behaviour. John Wiley and Sons, 
New York. 422 p. 

M i t c h e l l ,  J.K., Campanella, R.G., and Singh, A. 1968. S o i l  creep as a 
r a t e  process. Proc. ASCE, 9 4 ( ~ ~ 1 ) ,  pp. 231-253. 

M i t c h e l l ,  R.J. 1975. Strength parameters f o r  permafrost slopes i n  
Champlain Sea c lays.  Can. Geotech. J., 12(4), pp. 447-455. 

lulorger;ste;ri, N.!?. 1357. Shear s t r zng t i i  =f stiff c' lsy.  Prcc. Geot. Conf., 
Oslo, Vol. 2, pp. 59-72. 

Morgenstern, N.R. 1969. Spec ia l ty  session on ' S t r u c t u r a l  and Physico- 
chemical E f f e c t s  on the  Proper t ies  o f  Clays ' .  7 t h  I n t .  Conf. So i l  
Mech. Found. Eng., Mexico C i t y ,  Vol. 3, pp. 445-471. 

Morgenstern, N.R., and Guther, H. 1972. Seepage i n t o  an excavat ion 
possessing stress-dependent permeabi l i t y .  Proc. Symp. on Perco la t i on  
Through Fissured Rocks, Karlsruhe, T2-C, 15 p. 

Morgenstern, N.R., and Nixon, J.F. 1971. One-dimensional conso l i da t i on  
o f  thawing soi  1s. Can. Geotech. J., 8(4) ,  pp. 558-565. 

Morgenstern, N.R., and Nixon, J.F. 1975. An ana lys i s  o f  t h e  performance 
o f  a warm-oil p i p e l i n e  i n  permafrost, Inuv ik ,  N.W.T. Can. Geotech. 
J., 12(2), pp. 199-208. 

Morgenstern, N.R., and Smith, L.B. 1973. Thaw-consolidation t e s t s  on 
remoulded c lays.  Can. Geotech. J., 10(1), pp. 25-40. 

Morgenstern, N.R., and Tchalenko, J.S. 1967a. Microscopic s t ruc tu res  i n  
kaol i n  subjected t o  d i  r e c t  shear. ~ g o t e c h n i ~ u e ,  17(4), pp. 309-328. 

Morgenstern, N.R., and Tchalenko, J.S. 1969'b. M ic ro -s t ruc tu ra l  observa- 
t i o n s  i n  shear zones from s l i p s  i n  na tu ra l  c lays .  Proc. Geot. Conf., 
Oslo, Vol. 1, pp. 147-152. 



t4ersesova,Z.A., and Tsytovich,  N.A. 1963. Unfrozen water i n  f rozen s o i l s .  
I n  permafrost:  Proceedings o f  an I n t e r n a t i o n a l  Conference, Nat ional  - 
Academy o f  Sc i ences, Wash i ng ton, D. C.  , pp. 230-234. 

Neuber, H., and Wolters, R. 1970. Mechanical behaviour o f  f rozen s o i l s  
under t r i a x i a l  compression. ( l n  ~ e r m a n ) .  Fortsch. Geol. Rheinld 
u. Westf., Krefe ld,  Germany, No. 17, pp. 499-536. 

Nixon, J.F. 1973. The conso l i da t i on  o f  thawing s o i l s .  Unpubl. Ph.D. 
Thesis, Univ. A lber ta ,  Edmonton, A lber ta .  300 p. 

Nixon, J.F., and McRoberts, E.C. 1973. A study o f  some f a c t o r s  a f f e c t i n g  
t h e  thawing o f  frozen s o i l s .  Can. Geotech. J., 10(3), pp. 439-452. 

Nixon, J.F., and McRoberts, E.C. 1976. A design approach f o r  p i l e  founda- 
t i o n s  i n  permafrost.  Can. Geotech. J., 13(1), pp. 40-57. 

Nixon, J.F., and Morgenstern, N.R. 1973a. p r a c t i c a l  extensions t o  a 
theory o f  conso l i da t i on  fo r  thawing s o i l s .  I n  Permafrost:  The Nor th  
American Con t r i bu t i on  t o  the  2nd I n te rna t  i o z l  Conference, Yaku'tsk, 
PP. 367-377. 

Nixon, J.F., and Morgenstern, N.R. 1974. Thaw-consol idat ion t e s t s  on 
undisturbed f ine-grained permafrost.  Can. Geotech. J., 11 ( I ) ,  pp. 
202-21 4. 

Nye, J.F.  1353. The ftow law o f  i c e  from measurements i n  g i a c i e r  
tunnels, labora tory  experiments and the  J u n f r a u f i r n  borehole 
experiments. Proc. Roy. Soc. London, Vol. 219A, pp. 477-489. 

Nye, J.F. 1957. The d i s t r i b u t i o n  o f  s t ress  and v e l o c i t y  i n  g l a c i e r s  and 
i c e  sheets. Proc. Roy. Soc. London, Vol. 239A, pp. 113-133. 

Nye, J.F. 1965. The f l o w  o f  a g l a c i e r  i n  a channel o f  rec tangu lar ,  
e l l i p t i c  o r  parabo l ic  cross sect ion.  J .  G lac io l . ,  5(41), pp. 
661-690. 

Odquist, F. K.G. 1966. Mathemat ica  1 theory o f  creep and creep rupture.  
Oxford Mathematical Monograph, Clarendon Press, Oxford. 168 p. 

I Osterkamp, T.E. 1975. S t ruc tu re  and p roper t i es  o f  i c e  lenses i n  f rozen 
ground. I n  Proc. Conf. on S o i l  Water Problems i n  Cold Regions, 
Calgary, A lber ta ,  Canada. Spec i a1 Task Force, D i  v. Hydrology, Am. 
Geophys. Union, pp. 83-11]. 

Palmer, A.C. 1972. Sett lement o f  a p i p e l i n e  on thawing permafrost.  
Proc. ASCE, 98(TE3), pp. 477-491. 

Palmer, A.C. 1973. Thawing and d i f f e r e n t i a ' l  set t lement  c l o s e  t o  o i l  
w e l l s  through permafrost.  I n  P r i n c i p l e s  o f  t he  c o n t r o l  o f  
cryogen i c  processes dur i ng t h e  development o f  permafrost reg ions, 
Yakutsk Book Press, Yakutsk, Russia, pp. 161-170. 



Paterson, W.S.B., and Savage, J.C. 1963. Measurements o f  t h e  Athabasca 
Glac ier  r e l a t i n g  t o  the  f low law o f  ice. J. Geophys. Res., 68(15), 
pp. 4537-4543. 

Penner, E. 1961. Ice-gr,ain s t r u c t u r e  and c r y s t a l  o r i e n t a t i o n  i n  an i c e  
lens from Leda c lay .  B u l l .  Geol. Soc. Am., Vol. 72, pp. 1575-1578. 

Penner, E., Johnston, G.H., and Goodrich. L.E. 1975. Thermal c o n d u c t i v i t y  
labora tory  s tud ies  o f  some Mackenzie Highway s o i l s .  Can. Geotech. J., 
12(3), pp. 271-288. 

Pemcan Services. 1972. Norman Wells Natura l  Gas P i p e l i n e  Research F a c i l i t y  - 
SubsurPace Condit ions. Report t o  Gas A r c t i c  Systems Study Group. 

Perkins, T.K., and Ruedrich, R.A. 1973. The mechanical behaviour o f  
syn the t i c  permafrost.  Soc. Petroleum Engineers Journa 1 (AI ME) , 
13(8), pp. 211-220. 

Pih la inen,  J.A., and Johnston, G.H. 1963. Guide t o  a f i e l d  d e s c r i p t i o n  
o f  permafrost f o r  engineering purposes. Tech. Mem. 79, NRC 7576, 
Assoc. Corn. on So i 1 and Snow ~ e c h a n  i cs, Nat . Res . Counci 1 Canada. 

Pufahl,  D.E. 1976. The behaviour o f  thawing slopes i n  permafrost.  Unpubl. 
Ph.D. Thesis, U n i v e r s i t y  of A lber ta ,  Edmonton; A lbe r ta .  323 p. 

Pufahl,  D..E., Morgenstern, N.R., and Roagensack, W.D. 1974. Observiit ionq 
on recent  highway cuts i n  permafrost.  Environmental-Social Committee, 
Northern P ipe l ines ,  Task Force on Northern O i l  Development, Report 
No. 74-32. 53 p. 

Rampton, V.N. 1972. S u r f i c i a l  geology and landforms o f  A k l a v i k  (107~-E1/2) .  
G.S.C. Open F i l e  Nap 119. 

Rampton, V.N. 1974. Te r ra in  eva luat ion  w i t h  respect t o  p i p e l i n e  construc-  
t i on ,  Mackenzie Transpor ta t ion  Cor r idor ,  Northern Par t ,  Lat.  68"N 
t o  Coast. Environmental-Social Committee, Northern P ipe l i nes ,  Task 
Force on Northern O i  1 Development, Report No. 73-47. 44 p. 

Rampton, V.N. 1974. The inf luence o f  ground i c e  and thermokarst upon t h e  
geomorphology of the Macknezie-Beaufort Region. I n  T h i r d  Guelph 
Symposium on Ge~morphology, A r c t i c  and A lp ine  ~ r o z s s e s ,  pp. 43-59. 

Raymond, C.F. 1973. Invers ion  o f  f low measurements f o r  s t r e s s  and 
rheo log ica l  parameters i n  a v a l l e y  g l a c i e r .  J. G lac io l . ,  12(64), 
pp. 19-44. 

Roggensack, W.D. 1975. Large scale labora tory  d i r e c t  shear t e s t s  on ice. 
Can. Geotech. J., 12(2), pp. 169-178: 

Rosenquist, I.Th. 1959. Mechanical p roper t i ps  o f  so i l -wa te r  systems. Proc. 
ASCE, 8 5 ( ~ ~ 2 ) ,  pp. 41-53. 



Rowe, P.W. 1970. Representat ive sampling i n  l oca t ion ,  q u a l i t y  and 
s ize .  Sampling S o i l  and Rock, ASTM Spec. Tech. Publ. No. 483, 
pp. 77-106. 

Rowe, P.W. 1972. The relevance o f  s o i l  f a b r i c  t o  s i t e  i n v e s t i g a t i o n  
p rac t i ce .  ~ g o t e c h ' n i ~ u e ,  22(2), pp. 195-300. 

Rowe, P.W., and Barden, L. 1964. Importance o f  f r e e  ends i n  t r i a x i a l  
t e s t i n g .  Proc. ASCE, ~ o ( s M ~ ) ,  pp. 1-27. 

. . 
Rowley, R.K., Watson, G.H., Wilson, T.M., and Auld, R.G. 1973, Performance 

of a 48-in. warm-oil p i p e l i n e  supported on permafrost.  Can. Geotech. 
J., l ~ ( 2 ) ,  pp. 282-303. 

Ruedrich, R.A., and Perkins, T.K. 1973. A study o f  f a c t o r s  which 
i n f l uence  the  mechanical p roper t i es  o f  deep permafrost.  Paper No. 
SPE-4587, Presented a t  48th Ann. Fa1 1 Meeting Soc. Pet .  Eng. o f  
AIME, Las Vegas, Nevada. 15 p. 

Rut ter ,  N.W., Boydel l ,  A.N., Savigny, K.W., and Everdingen, R.O. 1973. 
T e r r a i n  eva luat ion  w i t h  respect t o  p i p e l i n e  const ruc t ion ,  Mackenzie 
Transpor ta t ion  Cor r idor ,  Southern Part ,  La t .  60" t o  6 4 " ~ .  Environ- 
mental-Social  Committee, Northern P ipe l ines ,  Task Force on Northern 
O i l  Development, Report No. 73-36. 135 p. 

Sanger, F.J. 1969. Foundations o f  s t ruc tu res  i n  c o l d  regions. Cold 
Keg ions Science ana Engineering Monograph i l i 4 4 ,  U.S. Army CHRtL. 
91 p. (Present ly  under r e v i s i o n )  

Sanger, F.J., and Kaplar, C.W. 1963. P l a s t i c  deformation of f rozen  s o i l s .  
I n  Permafrost: Proceedings o f  an In te rna t iona l  Conference, Nat iona l  - 
Academy of Sciences, Washington, D.C., pp. 305-314. 

Sayles, F.H. 1968. Creep o f  f rozen sands. U.S. Army CRREL Tech. Rept. 
190. 54 p. 

Sayles, F.H. 1973. T r i a x i a l  and creep t e s t s  on f rozen Ottawa sand. 
I n  Permafrost: The North American Con t r i bu t i on  t o  t h e  2nd In terna-  - 
t i o n a l  Conference, Yakutsk, pp. 384-391. 

Sayles, F.H., and Haines, 0. 1974. Creep of f rozen s i l t  and c lay,  U.S. 
Army CRREL Tech. Rept. 252. 50 p .  

Scot t .  R.F. 1969. The f reez ing  process and mechanics o f  f rozen ground. 
Cold Regions Science and Engineering Monograph 11-01, U.S. Army 
CRREL. 65 p. 

Schreve, R.L., and Sharp, R.P. 1970. In te rna l  deformation and thermal 
anomalies i n  lower Blue Glac ier ,  Mount Olympus, Washington, D.C., 
J. G lac io l . ,  9(55), pp. 65-86. 

J 



Simons, N.E. 1960. The effect of overconsolidation on the shear strength 
characteristi'cs of an undisturbed Oslo clay. Proc. ASCE Research 
Conf. on Shear Strength of Cohesive Soils, Boulder, Colorado, pp. 
747-763. 

Skempton, A.W. 1953. The colloidal 'activity' of clays. Proc. 3rd Int. 
Conf. Soil Mech. Found. Eng., Zurich, Vol. 1, pp. 57-61. 

Skempton, A.W. 1954. The pore-pressure coefficients A and B.   go technique, 
4(4), pp. 143-147. 

Skernpton, A.W. 1970. The consolidation of clays by gravitational com- 
pactiorr. Q. J1. Geol. Soc. London, Vol. 125, pp.' 373-411. 

Skempton, A.W., and Bishop, A.W. 1954. Soils. In Building Materials, 
Their Elasticity and Inelasticity. Ed. by ~TReiner with the 
assistance of A.G. Ward, Amsterdam, North-Holland Publishing Co., 
Chapter X, pp. 417-482. 

Skempton, A.W., and Bjerrum, L. 1957. A contribution to settlement 
analysis of foundations on clay. ~btechni~ue, 7(4), pp. 168-178. 

Skempton, A.W.,  and Pettey, D.J. 1967. The strength along structural 
I discontinuities in stiff clays. Proc. Geot. Conf., Oslo, Vol. 2, 

pp. 29-46. 

Skempton, A.W. ,  and Pettey, D . J .  i V 0 ,  ignition ioss and other properties 
of peats and clays from Avonmouth, King's Lynn, and Cranberry Moss. 
~gotechni~ue, 20 (4) , pp. 343-356. 

Skempton, A.W. and Sowa, V.A. 1963. The behaviour of saturated clays 
during sampl i ng and testing.   go technique, 13 (4),  pp. 269-290. 

Slusarchuk, W.A., and Watson, G.H. 1975. Thermal conductivity of some 
ice-rich permafrost soils. Can. Geotech. J., 12(3), pp. 413-424. 

Slusarchuk, W.A., Watson, G.H., and Speer, T.L. 1973. Instrumentation 
around a warm oil pipeline buried in permafrost. Can. Geotech. J., 
10(2), PD. 227-245. 

Smith, N., and Berg, R. 1973. Encountering massive ground ice during. 
road construction in Central Alaska. In Permafrost: The North 
American Contribution to the 2nd l nternat iona 1 Conference, Yakutsk, 
pp. 730-736. 

Snow, D.T. 1967. Anisotropic permeability of fractured rocks. In 
Hydrology and Flow through Porous Media (Muskat ~ o l  urne) . R.J.M. 
Dewiest ( ~ d  i tor), Academic Press, New York. 

Speer, T.L., Watson, G.H., and Rowley, R.K. 1973. Effects of ground-ice 
. variability and resulting thaw settlehents on buried oil pipelines. 

In Permafrost: The North American Contribution to the 2nd Inter- - 
national Conference, Yak,u tsk, pp. 746-752. 



Smith, L.B. 1972. Thaw conso l i da t i on  t e s t s  on remoulded c lays .  Unpubl. 
M.Sc. Thesis, Univ. o f  A lber ta ,  Edmonton, A lber ta .  157 p. 

Steinemann, S. 1958. Exper imente l le  Untersuchunger zur  P i a s t i z i t a t  von 
E is .  Be i t rage zur  Geologie de Schweiz, Geotechnische Ser ie 
Hydrologic, N r .  10. 

Susherina, Ye P. ,  and Tsytov ich,  N.A. 1967. Experiments on the e f f e c t s  
o f  f r eez ing  and subsequent thawing on c l a y  s t rength .  U.S. Army 
CRREL D r a f t  T rans la t i on  285. 14 p.  r ran slated f rom o r i g i n a l  
Russian i n  1971) 

Swinzow, G:K. 1962. I n v e s t i g a t i o n  o f  shear zones i n  the i c e  sheet margin, 
Thule area, Greenland. J .  G lac io l . ,  4(32),  pp. 215-229. 

Sykes, J.F., Lennox, W.C. ,  and Charlwood, R.G.  1974. F i n i t e  element 
permafrost thaw set t lement  model. Proc. ASCE, 100 ( G T I I ) ,  pp. 
1185-1201. 

Sykes, J.F., Lennox, W.C., and Unny, T.E. 1974. Two-dimensional heated 
p i p e l i n e  i n  permafrost.  Proc. ASCE,' 1 0 0 ( ~ T l l ) ,  pp. 1203-1214. 

Taber, S.  1929. F ros t  heaving. J .  Geol., Vol. 37, pp. 428-461. 

Tabor, D., and Walker, J.C.F. 1970. Creep and f r i c t i o n  o f  ice.  Nature, 
Vo1. '228, pp. 137-139. 

Tchalenko, J.S. 1968. The e v o l u t i o n  o f  kink-bands and the  development 
of  compression tex tures  i n  sheared c lays.  Tectonophysics, Vol .  16, 
PP. 159-174. 

Terzaghi,  K. 1936. The shearing res i s tance  o f  sa tura ted  s o i l  and the 
ang le  between planes o f  shear. Proc. 1st  I n t .  Conf. S o i l  Mech. 
Found. Eng., Harvard, Vol.  1, pp. 54-56. 

Terzaghi,  K. 1960. Discussion o f  ' R o c k f i l l  dams, Wishon and C o u r t r i g h t  
concrete face  dams' by J.B. Cooke. Proc. ASCE, 86(P01), pp. 89-92. 

Thomas, R.H. 1971. Flow law f o r  A n t a r c t i c  i c e  shelves. Nature ( ~ h y s .  
sc i . ) ,  Vol .  232, pp. 85-87. 

Thomas, R.H. 1973a. The creep o f  i c e  shelves: theory. J.  G lac io l . ,  12(64) 
PP* 45-53. 

Thomas, R.H. 1973b. The creep o f  i c e  shelves:  i n t e r p r e t a t i o n  o f  observed 
behaviour. J.  G lac io l . ,  12(64), pp. 55-70. 

Thompson, E.G. ,  and Sayles, F.H. 1972. I n . s i t u  creep ana lys i s  o f  room i n  
f rozen  s o i l .  Proc. ASCE,  9 8 ( ~ ~ 9 ) ,  K . 8 9 9 - 9 1 5 .  

Thomson, S . ,  and Lobacz, E.F. 1973. Shear k t r e n g t h  a t  a thaw i n t e r f a c e .  
I n  Permafrost: The North American Con t r i bu t i on  t o  the  2nd I n t e r n a t i o n a l  - 
Conference, Yakutsk, pp. 419-426. 



Tice, A.R., Anderson, D.M., and Banin, A. 1973.  he p r e d i c t i o n  o f  
unfrozen water contents i n  f rozen s o i l s  from l i q u i d  l i m i t  determina- 
t i ons .  Symposium on F ros t  Ac t i on  i n  Roads, Oslo, Organizat ion fo r  
Economic Cooperat ion  and Development, Vol . 1, pp. 329-344, and 
Vol. 3, pp. 63-65. 

Tsytovich, N.A. 1973. Mechanics o f  f rozen s o i l .  Vysshaya Shkda Press, 
Moscow. 427 p. (Russian t rans la ted  and pub1 ished under the t i t l e  
'The Mechanics o f  Frozen Ground' (1 975) , McGraw-Hi 1 1 , New York) 

Tsytovich, N.A., Vyalov, S.S., Martynov, G.A., and Susherina, Ye.P. 1957. 
Changes i n  s o i l  p roper t i es  on f reez ing  and thawing. U.S. Army 
CRREL D r a f t  T rans la t i on  No. 329. 31 p.  ransl slated from t h e  
o r i g i n a l  Russian i n  1971). 

Tsytovich, N.A., Zaretsky, Yu.K., Grigoryeva, U.G., and Ter-Mart irosyan, 
Z.G. 1965. Consol idat ion o f  thawing s o i l s .  Proc. 6 t h  I n t .  Conf. 
S o i l  Mech. and Found. Eng., Toronto, Vol. 1, pp. 390-394. 

Ueda, H., Sellman, P., and Gunars, A. 1975. USA CRREL snow and i c e  
t e s t i n g  equipment. CRREL Spec. Rept. 146. 14p. 

Via lov,  S.S. ( ~ d . )  1959. Rheological p roper t i es  and bear ing  capaci ty  
o f  f rozen so i  1s. U.S. Army CRREL Tran. No. 74. 219 p.  ransl slated 
from the o r i g i n a l  Russian i n  1965) 

Via lov,  S.S. ( ~ d . )  1962. The s t rength  and creep o f  f rozen s o i l s  and 
c a l c u l a t i o n s  f o r  i c e - s o i l  r e t a i n i n g  s t ruc tu res .  U.S. Army CRREL 
Tran. No. 76. 301 p.  r ran slated from t h e  o r i g i n a l  Russian i n  
1965) 

Via lov,  S.S., and Susherina, Ye. P. 1964; Resistance o f  f rozen s o i l s  t o  
t r i a x i a l  compression. Merzlotnye Issledovaniya, No. 4, pp. 340-375. 
 r ran slated from the o r i g i n a l  Russian i n  1970 by the  U.S. Army 
Foreign Science and Technology Center, NTlS No. AD 713981) 

Vodolazki i ,  U.M. 1962. Strength c h a r a c t e r i s t i c s  o f  thawed c layey ground 
a t  var ious stages of consol i da t i on .  U.S. Army CRREL D r a f t  
T rans la t i on  No. 267. 10 p.  r ran slated from t h e  o r i g i n a l  Russian 
i n  1971) 

Voi tkovski ,  K.F. 1960. The mechanical p roper t i es  o f  ice.  Moscow Izd. 
Akademii Navk, S.S.R. 100 p.  r ran slated from the  o r i g i n a l  Russian 
by the  Am. Meteor. Soc., ~ o s t o n )  

Watson, G.H., Rowley, R.K., and Slusarchuk, W.A. 1973a. Performance 
o f  a warm o i l  p i p e l i n e  bur ied  i n  permafrost.  I n  Permafrost: The 
Nor th  American Con t r i bu t i on  t o  the 2nd l n t e r n z i o n a l  Conference, 
Yakutsk, pp. 759-766. 



Watson, G.H., Slusarchuk, W.A., and Rowley, R.K. 1973b. Determinat ion 
o f  some f rozen and thawed p roper t i es  o f  permafrost s o i l s .  Can. 
Geotech. J., 10(4), pp. 592-606. 

Weertman, J. 1969. The s t ress  dependence o f  t he  secondary creep r a t e  
a t  low stresses. J. G lac io l . ,  8(54), pp. 494-495 ( ~ e t t e r ) .  

Weertma.1, J. 1973. Creep o f  ice. I n  Proc. Symp. Phys. and Chem. o f  
Ice. E. Whal ley ,  S. J. Jones, and L.W. Gold ( ~ d  i t o r s ) .  Roy. Soc. 
Can. Ottawa, pp. 320-337. 

Wil l iams, P.J. 1963. Spec i f i c  heats.and unfrozen water content  of 
f rozen s o i l s .  Proc. 1s t  Can. Conf. on Permafrost, NRC Tech. Mem. 
76, ~ p .  109-126. 

Wil l iams, P.J. 1964. Experimental determinat ion o f  apparent s p e c i f i c  
heats o f  f rozen so i  1s. ~ ; o t e c h n i ~ u e ,  14 (2) ,  pp. 133-142. 

W i  11 iams, P.J., and Burt,  T.P. 1974. Measurement o f  hydraul  i c  conduc- 
t i v i t y  o f  f rozen s o i l s .  Can. Geotech. J., 11(4),  pp. 647-650. 

Wilson, S.D. 1959. Report on the  1958 Tuto ramp s lope i n d i c a t o r  measure- 
ments. Report prepared by Shannon and Wilson f o r  U.S. Army Corps o f  
Engineers. 

Wissa, A.E.Z. 1969. Pore pressure measurement i n  sa tura ted s o i l s .  Proc. 
AqCE, gQ (SM4) , pp. ! 063- 1073. . .- 

Woodward-Clyde and A s s o ~ i a t e s .  1970, Thaw'plug s t a b i l i t y  i n  t h e  Copper 
R iver  Basin, Report prepared f o r  Aleyeska P i p e l i n e  Serv ice Co. 
Ltd., Houston, Texas. 

Wu, T.H. 1966. S o i l  mechanics. ' ~ l l y n  and Bacon, Inc., Boston. 431 p ,  

Yong, R.N., and Warkentin, 1966. I n t r o d u c t i o n  t o  S o i l  Behaviour. The 
MacMil lan  Company, New York. 451 p. - 

Z a r e t s k i i ,  Yu.K. 1968. Ca lcu la t ions  o f  the  se t t lement  o f  thawing s o i l .  
Soi 1 Mechanics and Foundation Engineering, No. 3 ( ~ a y - ~ u n e )  , 
pp. 151-155. 





APPENDIX A 

F l ELD WORK 

Each o f  t h e  permafrost cores tes ted  i n  t h i s  s tudy was obta ined 
. . 

w i t h  a s h e l l  auger core  b a r r e l .  Sampling devices used i n  the  f i e l d  

work were manufactured i n  t h e  Department o f  C i v i l  Engineering Machine 

Shop, U n i v e r s i t y  o f  A lber ta ,  and were pa t te rned a f t e r  the  USA-CRREL 

i c e  auger. Over the pas t  15 years, the CRREL i c e  auger has been used 

throughout the c o l d  regions o f  the  wor ld  f o r  sampling i n  snow, i c e ,  

and f rozen organ ic  and f i ne-gra i ned m i  nera 1 s o i  1 s  (Ueda, 1975) . 
F igure  A. 1 presents a sketch o f  t h e  double he1 i c a l  auger core  b a r r e l  

and summarizes i t s  bas ic  fea tures  (a lso  see P l a t e  A.24). The co re  

b a r r e l s  used t o  o b t a i n  samples f o r  the l abo ra to ry  program descr ibed 

i n  t he  body o f  t h i s  t h e s i s  were a1 1 constructed t o  p rov ide  a 10 cm (4  

inch) i n s i d e  diameter. Mod i f i ca t i ons  t o  models which had been used 

p rav lous i y_ inc iuded :  

i 1) E l  im ina t i ng  the ou ts ide  d r i v e  c o l l a r  a t  t h e  top o f  the 

b a r r e l ,  thus promoting the  movement o f  the  c u t t i n g s  up the  

f l i t e s  t o  where they cou ld  be reservo i red .  

2) Redesigning the  c u t t i n g  t e e t h  and us ing  case-hardened s t e e l  

ins tead o f  a t t a c h i n g  tungsten ca rb ide  i n s e r t s  t o  the 

1 ead i ng edge. 

3) Prov id ing  a convenient bayonet d r i v e  connect ion on b a r r e l s  

used i n  hand sampling operat ions.  

4) Const ruc t ing  the core  b a r r e l s  from s t a i n l e s s  s t e e l  tub ing .  

5) Thickening, and thereby s t rengthen ing  the  core b a r r e l  a t  

i t s  t op  by p rov id ing  an i n s i d e  c o l l a r  where the  d r i v e  head 

i s  attached. 

To promote r a p i d  core  b a r r e l  pene t ra t i on  i n  f i ne -g ra ined  permafrost 

s o i l s ,  t h e  angle between the  f r o n t  sur face o f  t he  c u t t i n g  edge and 



of between 30' and 35' was adopted. With t h i s  con f igu ra t i on ,  c u t t i n g  

was most e f f e c t i v e  when a back clearance o f  approximately 0.5 cm (0.2 

inches) was maintained. A small i n s i d e  clearahce o f  up t o  0.03 cm 

(0.01 inches) was provided by s e t t i n g  t h e  c u t t i n g  t e e t h  t o  ove r lap  

the  i n s i d e  sur face o f  the core  b a r r e l ,  These t e e t h  were made f rom 

case-hardened Keewatin t o o l  s t e e l  and e x h i b i t e d  good wear charac ter is -  

t i c s  when c u t t i n g  f ine-gra ined f rozen s o i l s .  I n  sandier  ma te r ia l s ,  

i t  remained necessary t o  use tungsten carb ide  i n s e r t s  soldered o n t o  

t h e  c u t t i n g - f a c e ,  bu t  a great  deal o f  breakage was experienced when 

stones were encountered. More recent experience w i t h  seismic grade 

i n s e r t s  has ind ica ted t h a t  t h e i r  g reater  d u r a b i l i t y  renders them 

s a t i s f a c t o r y  f o r  t h i s  p a r t i c u l a r  app l i ca t i on .  Some o f  t he  hardened 

t e e t h  were f ield-sharpened w i t h  a g r inde r  when the  c u t t i n g  edge 

became d u l l .  They proved t o  be q u i t e  durable i n  c u t t i n g  through s o i l  

which contained a few pebbles, and su f fe red  less  breakage than t h e  

e a r l i e r  carb ide  inse r t s  had. A core  catcher was no t  provided s ince  

c u t t i n g s  normal ly  jammed i n t o  the gap between the  core and t h e . i n s i d e  

o f  t he  b a r r e l .  I ns ide  f r i c t i o n  b u i l t  u p  u n t i l  thz core broke o f f ,  

and a l s o  he ld  i t  i n  the  b a r r e l  du r ing  e x t r a c t i o n  f rom the borehole. 

Whenever a mechanical break d i d  no t  occur du r ing  the  c o r i n g  run, t h e  

cores were separated a t  the c u t t i n g  face by j a r r i n g  the  core  b a r r e l  

o r  pushing a wedge i n t o  the annulus t o  snap the  core w i t h  a can t i -  

l i v e r i n g  ac t ion .  The core b a r r e l  was then run down the  borehole to  

e x t r a c t  t h e  loose p iece o f  core. 

A t  the  F o r t  Simpson lands l i de  headscarp sampling s i t e ,  core 

b a r r e l s  were turned w i t h  a gaso l ine-dr iven post-augering u n i t  t h a t  

could be hand 1 ed by two men (see P 1 a t e  A. 22) . The auger frame was 

1.2 m ' (4  fee t )  wide, so the  maximum torque produced by the engine 

could be r e s i s t e d  w i thout  causing excessive s t r a i n  t o  the  operators.  

This technique proves; t o  be q u i t e  successful s ince  i t  was poss ib le  t o  

mainta in a good f e e l  f o r  cond i t ions  a t  the  c u t t i n g  face. Force 

app l ied  t o  the  c u t t i n g  surface could be v a r i e d  accordingly,  and 

several unbroken cores as long as 0.8 metres (2.5 f e e t )  were obtained. 

Both h o r i z o n t a l  and v e r t i c a l  holes were dr i l lded t o  depths o f  more 



than 2.0 metres (6.2 f e e t )  i n t o  the  headscarp. Sca f fo ld ing  was used 

t o  prov ide  foo t i ng  and access t o  var ious l eve ls  o f  t he  n e a r - v e r t i c a l  

s lope (see P la tes  A . 2  and A . 3 ) .  Some d i f f i c u l t y  was encountered w i t h  

c u t t i n g s  which packed t i g h t l y  near the c u t t i n g  shoe and prevented 

mater ia '  from t r a v e l l i n g  the f u l l  l e n j t h  o f  t he  f l i t e s  t o  be c leared 

a t  the  top o f  t he  core b a r r e l .  Th is  problem was remedied by spreading 

a t h i n  f i l m  o f  o i l  along the ou ts ide  o f  t h e  b a r r e l  be fore  each c o r i n g  

run. Binding occas iona l ly  occurred which necess i ta ted f r e e i n g  t h e  

core b a r r e l  w i t h  a jack.  I n  one extreme case., the  core  b a r r e l  became 

frozen in,  so commercial a n t i f r e e z e  was poured i n t o  the  borehole 

where i t  was al lowed t o  stand f o r  several hours. Th is  even tua l l y  

eroded and softened t h e  f rozen s o i l  t o  t h e  ex ten t  t h a t  the  core 

b a r r e l  could be ex t rac ted w i t h  ease. Cut t ings  reservo i red  above t h e  

top o f  the  core b a r r e l  occas iona l ly  f roze  t o  t h e  w a l l  o f  t h e  borehole 

and impeded e x t r a c t i n g  the sampler from the  ground. Chipping, jack ing ,  

and a n t i f r e e z e  were used t o  remedy t h i s  cond i t i on .  

Normally, core length  was l i m i t e d  by the  storage capac i ty  f o r  

c u t t  irrgs which col lected a i u n y  the r l  i L i  r ~ y s  clr~ci i n  the. r e s e r v o i r  - -  

space above the  b a r r e l .  I n  hand d r i l l i n g  operat ions,  the co r ing  

process seemed most e f f e c t i v e  i f  the  b a r r e l  was r e t r i e v e d  a f t e r  each 

0.3 t o  0.5 m (1 t o  1.6 fee t )  o f  pene t ra t i on  so the  f l  i t e s  could be 

cleared. Th is  procedure a l s o  seemed t o  reduce the  amount o f  mechanical 

breakage experienced by the core. Obtain ing long sec t ions  o f  i n t a c t  

core w i t h  the  hand augering equipment was poss ib le  s ince  t h e  operators 

were ab le  t o  'hear '  o r  ' f e e l '  whether i c e  o r  s o i l  was being cut .  

When t h i c k  i c e  lenses were being penetrated, t h e  r e l a t i v e l y  steep 

leading angle on the c u t t i n g  face resu l ted  i n  f r a c t u r i n g  and s p a l l i n g  

unless downhole pressures were reduced. A reduct ion  gearbox p laced 

between t h e  engine and the  core  b a r r e l  r e s u l t e d  i n  maximum ra tes  o f  

r o t a t i o n  o f  approximately 120 rprn. Slower ra tes  i n  the  range of 30 

t o  50 rpm resu l ted  i n  co r ing  penet ra t ion  ra tes  o f  0.3 t o  0.4 rn (1 t o  

1.2 f e e t )  per  minute. I t  was noted t h a t  breakage was u s u a l l y  r e s t r i c t e d  

t o  through-going i c e  lenses, and probably resu l ted  from crack ing 

brought about by the a c t i o n  o f  the c u t t i n g  teeth.  



A h e l i p o r t a b l e  'Ranger' d r i l l  r i g  was used t o  advance the boreholes 

a t  both the  Norman Wells (MVPL) and Noel1 Lake sampling s i t e s .  This 

d r i l l  r i g  employed a  40 horsepower gaso l ine  engine and h y d r a u l i c  

pump, t u r n i n g  the  augers and the  core b a r r e l  w i t h  a  variable-speed, 

reve rs ib le ,  h y d r o s t a t i c  d r i ve .  This permi t ted  backing t h e  core 

b a r r e l  up whenever i t  became jammed or  f rozen i n .  Substant ia l  p u l l o u t  

f o rce  was a l s o  a v a i l a b l e  s ince the  d r i v e  head 'was at tached t o  a  

hyd rau l i c  ram w i t h  a  1.5 m (5 f o o t )  s t roke.  Considerably more core  

breakage occurred w i t h  the 'Ranger' r i g  s ince the d r i l l e r  was less  

ab le  t o  match torque and downhole pressure t o  the c h a r a c t e r i s t i c s  o f  

t he  ma te r ia l  being c u t  by the  core b a r r e l .  A t  Norman Wells, the  

d r i l l  r i g  was mounted on a  f l a t b e d  t ruck ,  bu t  the  remoteness o f  the  

Noe l l  Lake s i t e  necessi tated using l i g h t e r  s k i d  gear t h a t  would be 

moved w i t h  a  h e l i c o p t e r .  Th is  second c o n f i g u r a t i o n  reduced the 

downhole weight a v a i l a b l e  and made i t  more d i f f i c u l t  t o  d r i l l  t o  a  

depth o f  12 m (40 f e e t )  there. 

Core logging i n  the  f i e l d  consisted o f  d e t a i l e d  observat ions o f  

S ~ ~ ~ E B ~ I E B ~ ~  s i i u c i u r e ,  i c e  contenc and s t r u c t u r e ,  s o i l  tex ture ,  and 

p l a s t i c i t y .  Depth i n t e r v a l s  f o r  each c o r i n g  run werc es tab l ished by 

measuring the  borehole depth once the  core  b a r r e l  had been re t r i eved .  

Ma te r ia l  packed between the core and i n s i d e  o f  the  b a r r e l  usua l l y  

necessi tated mechanical assis tance t o  extrude the  core. A propane 

t o r c h  was a l so  employed t o  heat t h e  core b a r r e l  s l i g h t l y  and decrease 

i n t e r n a l  adhesion. Each core was caught i n  a  t r a y  where v i s u a l  

logging was performed before i t  was placed i n  a p l a s t i c  s leeve and 

sealed. D e t a i l s  noted on each core sleeve inc luded borehole number, 

depth i n t e r v a l ,  top end, and sampling date. 

The f o l l o w i n g  summarizes sampling equipment and l o g i s t i c s  d e t a i l s  

p e r t a i n i n g  t o  each o f  the  sampling s i t e s .  

F o r t  Simpson Landsl ide Headscarp 

Sampled: May, 1973; October, 1973; October 1974 
I 



Ambient Air Temperature: Is0 to 18OC; -8O to -l°C; 
I -4OC; respectively 

.E#quipment: . 10 cm CRREL core barrel driven by a gasoline- .:, : - . - . . . .  _ 1. 

. ' ',' F;&'ered pos t-auger un i t . , 

Access: Equipment and cores transported to and from Fort 

Simpson with an Alouette I I  helicopter. Personnel 

were either flown in or walked approximately 2.5 

km (1.6 miles) from the Mackenzie Highway along a 
cut1 ine. 

Norman We1 1 s (MVPL) Sam01 ina Site 

Sampled: Late February, 1974 
Ambient Air Temperature: -35" to -45OC 
Equipment: 10 cm CRREL core barrel driven a 'Ranger' drill 

(truck mounted) 

Access: A four-wheel-drive truck driven from Norman Wells 

along seismic lines which had been cleared by a 

bu 1 1 dozer 

Noell Lake Sampling Site 

Sampled: Early March, 1974 
Ambient Air Temperature: -40' to -4S°C 
Equipment: 10 cm CRREL core barrel driven by a 'Ranger' drill 

on helicopter-portable skid gear 

Access: Equipment, personnel, and core transported from 

lnuvik with Bell 205A-1 and Bell 2068 helicopters 

Several insulated core boxes were constructed to store core on 

site and ensure its safe transport back to laboratory facilities in 

Edmonton. The main features of these core boxes are summarized in 

Figure A . 2 .  The sampling operations described in connection with this 
1 .  

study were generally conducted when ambient air temperatures were 

below 0°C in the field, so very few problems were encountered with 
I 



handl ing o r  s t o r i n g  core  there. The o n l y  p o t e n t i a l  d i f f i c u l t y  arose 

when samples were consigned f o r  shipment on commercial a i r  f r e i g h t  

c a r r i e r s .  The boxes were pa in ted  b r i g h t  y e l l o w  w i t h  o u t s i d e  markings 

c l e a r l y  i n d i c a t i n g  the  per ishab le  na ture  o f  t h e i r  contents.  The key 

t o  succLssful  core  t ranspor t  us ing  inbu la ted  boxes l a y  i n  ensur ing 

t h a t  an a i r t i g h t  seal was prov ided f o r  t he  sample compartment. This  

was accomplished by us ing  an RTV s i l i c o n e  rubber cau l k ing  compound 

a long the  i n s u l a t i o n  j o i n t s  and around the  per imeter  o f  t h e  l i d .  The 

cores were jacketed and sealed i n  10 mi1 th ickness polyethyene tub ing .  

Snow was packed i n  the  boxes p r i o r  t o  s e a l i n g  them f o r  shipment so 

t h a t  sub l ima t ion  would be kept  t o  a minimum. Th is  a l s o  pe rm i t t ed  

s t o r i n g  t h e  core  i n  a c o l d  room f o r  extended per iods  be fo re  opening 

t h e  boxes t o  commence labora tory  work. 

A.2 DESCRIPTION OF THE SAMPLING SITES 

General geographic l oca t i ons  f o r  t h e  th ree  sampling s i t e s  used 

i n  t h i s  s tudy have been presented i n  F igu re  1.1. De ta i l ed  l o c a t i o n  

p lans f o r  the F o r t  Simpson, Norman Wells, and Noel1 Lake sampling 

s i t e s  a r e  shown i n  F igures A.3, A.4 and A.5 respec t i ve l y .  The f o l l o w i n g  

presents d e t a i l e d  s t r a t i g r a p h y  and a summary o f  s o i l  p rope r t i es  f o r  

ma te r i a l s  encountered a t  these th ree  sampling s i t e s .  

F o r t  Simpson Lands1 i d e  Headscarp Sampl i n g  S i t e  ( ~ i  l e  226) 

A s e c t i o n  exposed a t  t he  headscarp o f  a l a r g e  l a n d s l i d e  located 

on the  l e f t  bank o f  t he  Mackenzie R iver  approximate ly  32 k i l ome t res  

(18 m i les )  downstream from F o r t  Simpson, N.W.T. was measured and 

sampled i n t e n s i v e l y .  The l a n d s l i d e  and fea tu res  o f  the  headscarp are  

i l l u s t r a t e d  on P la tes  A.1, A.2, and A.3. McRoberts (1973) and Pufahl 

( 1  976) have descr i bed t h i s  lands 1 i d e  and summar i zed p e r t  i nen t  reg iona l  

geo log ica l  features.  Lacus t r ine  sediments.have f i l l e d  t h i s  p o r t i o n  

o f  the  Mackenzie Va l l ey  and e s s e n t i a l l y  form a wedge, t h i n n i n g  away 
fi 



from the  r i v e r  t o  discont inuous patches. The t e x t u r e  o f  these lacus t -  

r i n e  sediments i n v a r i a b l y  cons is ts  o f  c lay ,  s i l t ,  and sand s izes  w i t h  

a  general tendency f o r  decreasing mean g r a i n  s i z e  w i t h  depth. A t  the  

t ime the s i t e  was sampled, the headscarp had exposed a  s u r f i c i a l  

layer  o f  sand t h a t  genera l l y  increastd i n  th ickness w i t h  d is tance 

from the  r i v e r .  A  s i l t y  c l a y  o r  clayey s i l t  l aye r  w i t h  sand pockets 

conta in ing  f iner-gra ined r i p - o f f  c l a s t s  was prksent  beneath the sand. 

The l a c u s t r i n e  s i l t y  c l a y  became f i ne r -g ra ined  w i t h  depth, and bedding 

features weie d i f f i c u l t  t o  d i s t i ngu ish .  A  s t r a t i g r a p h i c  sec t i on  f o r  

t he  headscarp exposed i n  October, 1973, i s  shown i n  F igure  A.6 .  The 

zones ind ica ted have been described i n  Chapter V and were d i f f e r e n t i a t e d  

on the  basis o f  d i s t i n c t l y  d i f f e r e n t  amounts and types of ground i c e  

exposed. P l a s t i c i t y  c h a r a c t e r i s t i c s  f o r  these s o i l s  a re  summarized 

i n  F igure  A.7. The data po in ts  p a r a l l e l  the  A L l i n e  and i t  can be 

seen t h a t  these s o i l s  e x h i b i t  low t o  in termediate p l a s t i c i t y .  Data 

po in ts  determined f o r  ma te r ia l  from Zone 2 l i e  c lose r  t o  t h e  A - l i n e  

as a  r e s u l t  of t h e i r  s l i g h t l y  coarser tex ture .  Moisture contents and 
<- - - - -  
I t ~ ~ ~ ~ ~  bujk  densicy data determined from core  obta ined a t  t h i s  s i t e  

a re  p l o t t e d  i n  F igure  A.8. S o l i d  l i n e s  shown on these graphs have 

been ca lcu la ted  from t h e o r e t i c a l  r e l a t i o n s h i p s  presented as Equations 

6.1 and 6.2. I t  can be seen t h a t  f o r  reasonable ranges o f  Gs, many 

data po in ts  p l o t  below the  l i n e  which ind ica tes  t h a t  most o f  these 

s o i l s  were not  saturated.  Th is  c h a r a c t e r i s t i c  i s  e s p e c i a l l y  no t i ceab le  

w i t h  m a t e r i a l  f rom Zone 2. Tex tura l  c h a r a c t e r i s t i c s  o f  the  headscarp 

s o i l s  a r e  summarized i n  F igure A.9. Samples f rom Zone 2 contained 

some sand and coarse s i l t ,  w h i l e  samples from Zones 3 and 4 consisted 

predominantly o f  c l a y  w i t h  lesser  q u a n t i t i e s  o f  s i l t .  Proper t ies  f o r  

the  m a t e r i a l  from Zone 2 i n d i c a t e  t h a t  t h i s  r e l i c t  a c t i v e  l aye r  has 

been subjected t o  numerous freeze-thaw cyc les  which probably desaturated 

the  s o i l  and mixed i n  some o f  the  coarser, near-surface sand as a  

r e s u l t  of ex tens ive  c ryo turbat ion .  Typ ica l  ground i c e  s t ruc tu res  

encountered i n  each of the  d i f f e r e n t  zones a re  shown on P la tes  A.4 



Norman We1 1s (MVPL) Sampl i ng  S i t e  

Dur ing o r  subsequent t o  g l a c i a t i o n  of the  Mackenzie River Va l ley ,  

i c e  dams s i t u a t e d  somewhere t o  the  no r th  of Sans Sau l t  Rapids caused 

a l a rge  p r o g l a c i a l  lake t o  be impounded along the va l l ey .  A t  i t s  

maximum, t h i s  lake may have extended as f a r  south as the v i c i n i t y  o f  

F o r t  Norman. D i f f e r e n t i a l  c r u s t a l  rebound makes e s t a b l i s h i n g  maximum 

lake leve ls  somewhat d i f f i c u l t ,  bu t  i t  i s  probable t h a t  a t  i t s  max'imum, 

t h i s  body of water reached an e leva t ion  o f  a t  l e a s t  150 m (500 f e e t )  

above sea l e v e l .  Major sources o f  d e t r i t a l  ma te r ia l  were t r i b u t a t i r e s  

which roughly correspond t o  channels occupied by the  present-day 

Mountain, Carcajou, Great Bear, and Keel Rivers.  Mackay and Matthews 

(1973) have suggested t h a t  w i t h  the  r e t r e a t  o f  the  i c e  lobe t h a t  

occupied the  Mackenzie p l a i n  i n  l a t e  Wisconsin time, the  Mackenzie 

began t o  f l ow  along the  lowlands t o  the west o f  the  F r a n k l i n  Mountains. 

The lake developed along these lowlandsrand i t s  e a r l y  stages, was 

dammed t o  an a l t i t u d e  o f  approximately 240 m (800 f e e t )  above sea 

l e v e l  by i c e  s t i l l  present on the no r th  and northwest.  The bas in  

gradua l ly  f i l l e d ,  and w i t h  the  disappearance o f  the i c e  dam, ponded 

a t  an e leva t ion  o f  approximately 95 m (310 f e e t )  above sea leve l  

behind a bedrock r i dge  s i t u a t e d  southwest o f  F o r t  Good Hope. Th is  

stage has been dated a t  approximately 11,000 t o  11,500 C 1 4  years 

before  present.  A se r ies  o f  sp i l lways  developed across t h e  r i d g e  and 

l e d  t o  t h e  eventual downcutt ing o f  the Ramparts and complete drainage 

o f  the  lake impounded above t h a t  p o i n t  by approximately 6100 C 14 
years before  present.  I n  the  in terven ing time, f u r t h e r  downcutt ing 

has resu l ted  i n  the Mackenzie River  becoming inc i sed  i n  former l ake  

and . r i ve r  sediments. 

The MVPL i c e  v a r i a b i l i t y  study s i t e  a t  Norman Wells i s  located 

approximately 3 km (1.5 mi les)  back from the r i g h t  bank of the 

Mackenzie River .  Surface e levat ions  a t  t he  s i t e  i n d i c a t e  t h a t  t h i s  

p o r t i o n  o f  the v a l l e y  would have been submerged by water impounded 

dur ing  both  the i c e  and bedrock dammed g l a c i a l  lake stages. The 

sequence o f  sediments encountered i n  the boreholes d r i l l e d  as p a r t  o f  



t h i s  study are  summarized i n  the s t r a t i g r a p h i c  p r o f i l e  presented as 
1 

Figure A.10. C 1 4  dates determined from peat layers i n d i c a t e  reasonable 

agreement w i t h  the  reg iona l  sequence of events o u t l i n e d  by Mackay and 

Matthews (1973). Sediments i n  the  f i r s t  2 m probably c o n s i s t  o f  

a l l u v i a ?  m a t e r i a l  deposited by the  a c t i v e  Mackenzie River  dur ing  

downcutting. S t r a t i f i e d  s i l t s  and c lays beneath t h i s  were probably 

deposited i n  the  g l a c i a l  lake impounded behind the  Ramparts b e d r o ~ k  

high. The deepest occurrence of d i s c r e t e  organic ma te r ia l  a t  a depth 

o f  7.5 m gave an age o f  9300 C 1 4  years be fo re  present .  Below t h a t ,  a 

pebble l ag  was encountered a t  a depth o f  approximately 9.5 metres, 

and t h i s  was under la in  by h i g h l y  p l a s t i c ,  t h i n l y  bedded c l a y .  The 

l i q u i d i t y  index p r o f i l e  suggests t h a t  th ree d i s t i n c t  sedimentat ion 

sequences have occurred i n  t h i s  depth i n t e r v a l .  The absence o f  

organic ma te r ia l ,  and the  f ine-gra ined,  h i g h l y  p l a s t i c  na tu re  o f  s o i l  

samples recovered from below a depth o f  10 metres suggest t h a t  t h i s  

p o r t i o n  o f  the p r o f i l e  was probably deposited i n  a,deep water ,  d i s t a l  

environment. These sediments probably date  back t o  the i c e  dammed 

y^lacIa: lake  phase. Exdl~~inaLion or' organic i nc ius ions  i n  the  s o i  1s 

between the  depths o f  3 and 9 m suggest a gradual t r a n s i t i o n  from a 

shal low, nearshore environment t o  sho re l i ne  o r  backwater sedimentation. 

I Again, t h i s  sequence o f  events corresponds t o  the  post-Wisconsin 

geomorphic development t h a t  Mackay and Matthews (1973) have described. 

Textura l  p roper t i es  o f  the s o i l s  encountered i n  t h i s  p r o f i l e  

have been summarized i n  F igure A . l l .  Once again, t he  data po in ts  

tend t o  p a r a l l e l  the A- l ine .  These s o i l s  e x h i b i t e d  low t o  h igh  

p l a s t i c i t y ,  and several  samples had a p l a s t i c i t y  index which had been 

reduced the  presence o f  organic ma te r ia l .  F igure  A.12 summarizes 

moisture content and f rozen bu lk  dens i t y  data t h a t  was determined 

from samples obtained w i t h  a CRREL core b a r r e l  ( t h i s  s tudy) .  As was 

noted f o r  the  F o r t  Sirnpson S i t e ,  t he  r e s u l t s  p l o t t e d  here i n d i c a t e  

t h a t  many o f  the  samples were probably not  f u l l y  saturated.  However, 

i n t e r p r e t a t i o n  o f  t h i s  data i s  compl ica ted by the  f a c t  t h a t  organic 

ma te r ia l  present i n  many samples made i t  d i f f i c u l t  t o  e s t a b l i s h  

meaningful values f o r  G . I n  Figure A.13, data ex t rac ted  from t h e  
S 

I ' Personal Communication. D r .  W. Blake J r . ,  1975. 
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MVPL studies demonstrate the mechanical disturbance which resulted 

from sampling with a vibratory core barrel. There is considerably 

more scatter in this data, and points generally plot at lower frozen 

bulk densities for a given water content. Grain size curves and a 

summary of textural data for soils from the Norman Wells sampling 

site are presented in Figure A. 14. 
Photographs of typical cores taken from this profile are included 

as Plates A.8 through A. 15. These i 1 lustrate typical ice structures 

which were encountered as well as some of the organic inclusions and 

sedimentary structures. Of particular note are the stratified ice 

lenses on Plate A.8 which are characteristic of soils from the active 

layer. Plate A.9 shows a core which includes numerous charred sticks 

and roots that were probably a shoreline deposit of charred wood 

washed in from burned areas on the slopes surrounding the lake. 

Plates A.13 and A.15 both illustrate a well-developed reticulate ice 

structure. 

Mce!! Lake S ~ K I ~ ! I R ~  SItc 

Rampton (1973) has indicated that surficial materials in the 

vicinity of Noel1 Lake consist of till and till-derived deposits 

which have usually been described as stony clay. The till is a 

black, sticky clay containing stones up to boulder sizes, and the 

matrix material has presumably been derived from Cretaceous shale to 

the south. The area is dotted with thermokarst lakes which are 

common within the terrain unit and probably result from the melting 

of large bodies of massive ice and icy sediments at depth. The topo- 

graphy is gently rolling, but glacial landforms which might provide 

a key to the depositional environment for these sediments are indistinct 

and difficult to identify or delineate. The ground surface at this 

sampling site was covered with bare-centred hummocks which had diameters 

ranging from 2 to 4 m ( 6  to 12 feet). Micro-re1 ief was in the order 

of  0.4 m (1.5 feet). The stratigraphic profile determined from 

drilling and sampling at this site is summatized in Figure A.15. 



S o i l s  a t  the  s i t e  consisted o f  1 m (3 f e e t )  o f  sandy s i l t  which 

e x h i b i t e d  well-developed c ryo tu rba t ion  features.  The laye r  of g rave l  

encountered i n  a depth of 1.5 rn probably corresponds approximately t o  

t h e  maximum a c t i v e  l aye r  penet ra t ion  which has occurred s ince  deg lac i -  

a t i o n .  Between the  depths o f  1.5 and 8 m, a  dark grey s i l t y  c l a y  

con ta in ing  some gravel  s izes  was encountered. This m a t e r i a l  included 

several t h i c k  i c e  layers ,  and very h igh  i c e  contents were logged i n  

the  6 and 8 m depth i n t e r v a l .  Between 8 and 10.5 m, sampl i ng  revealed 

an i c e - r i c h  s t r a t i f i e d  sand which contained sedimentary s t r u c t u r e s  

i n d i c a t i v e  o f  slumping. Below 10.5 m, a  stony c l a y  s i m i l a r  t o  t h a t  

logged between 1.5 and 8 m was encountered. The borehole was terminated 

a t  a depth o f  12.5 m when the  core b a r r e l  met re fusa l  on a cobble. 

Pe r t i nen t  geotechnical and c l a s s i f i c a t i o n  index p roper t i es  have been 

summarized on t h e  borehole log.  F igure  A. 16 presents p l a s t i c i t y  

c h a r a c t e r i s t i c s  f o r  t he  s o i l s  encountered a t  t h i s  s i t e .  Once again, 

t he  data p o i n t s  p a r a l l e l  the A- l ine,  w i t h  the except ion o f  those 

which contained organic ma te r ia l .  Moisture content  and f rozen  b u l k  

density d s t ;  przsznted iii F igure  A . ; j ' r f ~ i i ~ w  the  same crends exh ib i ted  

by core  taken from the Fo r t  Simpson and Norman Wells sampling s i t e s .  

Once again, there  i s  s t rong i n d i c a t i o n  t h a t  many f i ne -g ra ined  permafrost 

s o i l s  e x i s t  i n  s i t u  i n  an unsaturated s ta te .  Tex tura l  c h a r a c t e r i s t i c s  -- 
f o r  these s o i l s  a r e  summarized w i t h  several g r a i n  s i z e  curves t h a t  

a r e  presented i n  F igure  A.18. Photographs o f  t y p i c a l  sec t ions  o f  

core  from t h i s  p r o f i l e  a re  included as Plates A.16 through A.21. The 

h i g h l y  d is turbed s t r u c t u r e  observed on these cores and genera l ly  h igh  

l i q u i d i t y  ind ices  suggest t h a t  much o f  t h i s  p r o f i l e  may cons is t  of 

so i  1 s  which have been reworked by thermokarst processes. Permafrost 

aggradation i n t o  sediments which have slumped a t  the  per imeter  o f  a 

migra tory  thermokarst lake may exp la in  the  unusual ly  h i g h  l i q u i d i t y  

ind ices  encountered i n  t h i s  borehole. 

X-ray d i f f r a c t i o n  analyses were performed on representa t ive .  

samples from a l l  o f  the  sampling s i t e s  described i n  t h i s  t h e s i s  and 

the  r e s u l t s  a re  summarized i n  Table A.1. These data document an 

e s s e n t i a l l y  un i fo rm mineraFogy f o r  g l a c i o l a t u s t r i n e  sediments sampled 

along the  va l l ey .  



I A . 3  IMPROVING SITE INVESTIGATION TECHNIQUES 

I n  summary, the sampling techniques which were employed t o  

o b t a i n  core used i n  these labo ra to ry  s tud ies  c o n s i s t e n t l y  involved 

use of Lhe CRREL core b a r r e l .  P l a t e  A.22 shows a hand-operated, 

motorized co r ing  arrangement. Although two men were r e q u i r e d  t o  use 

the  u n i t ,  i t  was capable of ob ta in ing  a l a rge  q u a n t i t y  o f  undisturbed 

core character ized by only s l i g h t  mechanical breakage. Th is  was 

accomplished a t  a r e l a t i v e l y  low cost .  By way o f  comparison, core  

obtained w i t h  t h e  h e l i p o r t a b l e  'Ranger' d r i l l  shown i n  P l a t e  A.23 

suf fe red considerably greater  mechanical breakage, and r e s u l t e d  i n  

costs which ranged from 5 t o  7 times those incur red w i t h  t h e  post-  

augering u n i t .  A more d e t a i l e d  view o f  t he  modi f ied  CRREL core 

b a r r e l ,  c u t t i n g  teeth,  and h e l i c a l  f l i t i r i g  i s  shown on P l a t e  A.24. 

Upon completing the  sampling, i t  was recognized t h a t  c o r i n g  w i t h  

equipment o f  t h i s  s o r t  resu l ted  i n  s i g n i f i c a n t  but  unavoidable 

amounts o f  mechanical breakage o f  core. Th is  had the  e f f e c t  o f  

b ias ing  moisture content and f rozen bu lk  dens i t y  da ta  by des t roy ing  

some o f  t h e  t h i c k e r  i c e  lenses. De f i c ienc ies  i n  t h i s  regard have 

been discussed i n  Chapters V I  and V 1 1 .  

O f  t h e  var ious  techniques a v a i l a b l e  t o  determine the  d i s t r i b u t i o n  

of  i c e  i n  f rozen ground, s o i l  sampling w i t h  the  subsequent labora tory  

ana lys i s  o f  core has been t h e  most common method used f o r  engineering 

purposes. This process i s  t ime consuming, c o s t l y ,  and o f t e n  y i e l d s  

data which are not  representat ive.  I f  experience gained i n  o ther  

geosciences can be app l ied  t o  overcome some o f  the  d e f i c i e n c i e s  

encountered i n  logging permafrost, i t  seems reasonable t o  speculate 

t h a t  c o r r e c t l y  i n te rp re ted  geophysical logs might f i n d  b e n e f i c i a l  

a p p l i c a t i o n  i n  many f i e l d  programs. They could be used t o  reduce 

f u t u r e  d r i l l i n g  costs by gu id ing  the  l o c a t i o n  o f  boreholes and 

enabl ing v e r t i c a l  and ho r i zon ta l  e x t r a p o l a t i o n  o f  data der ived f rom 

undisturbed samples. 

~ e o ~ h ~ s  i ca 1 logs can be in te rp re ted  t o  determine 1 i thology , b u l k  

dens i ty ,  and moisture content.  Keys and ~ i c ~ a r ~  (1971) have 



presented a d e t a i l e d  summary and o b j e c t i v e  appra isa l  of the  app l i ca -  

t i o n  o f  borehole geophysics t o  the  app l ied  e a r t h  sciences. Spec i f i c -  

a l l y ,  a f e a s i b i l i t y  study described by Keys (1968) demonstrated tha t  

v a l i d  geophysical logs can be made i n  boreholes d r i l l e d  i n  permafrost .  

He has suggested t h a t  p rope r l y  made 'ogs can be i n t e r p r e t e d  i n  terns 

o f  b u l k  dens i ty ,  o rgan ic  content ,  moisture content,.and the  l o c a t i o n  

o f  i c e  segregat ions. Numerous recommendations were made, i nc lud ing  

one t h a t  logging should be done w i t h  enclosed research equipment t o  

permi t  wider c l i m a t i c  l a t i t u d e  f o r  opera t ion ,  thus reducing the  d r i f t  

caused by environmental temperature f l u c t u a t i o n s  and t h e i r  e f f e c t s  on 

bo th  t h e  ins t rumenta t ion  and subsurface probes. A s t a b l e  power 

generator  i s  requ i red  f o r  q u a n t i t a t i v e  work. McKay and O'Connell 

(1976) have descr ibed f i e l d  techniques and resu l  t s  obta ined us i ng  

logg ing  instruments s p e c i f i c a l l y  designed t o  measure dens i t y  -- i n  s i t u ,  

i n  l i e u  o f  determin ing core  d e n s i t i e s  i n  t h e  labora tory .  They conclude 

t h a t  t h e  response c h a r a c t e r i s t i c s  o f  a sca t te red  gamma ray  logging 

t o o l  a r e  w e l l  s u i t e d  t o  the  measurement o f  r e l a t i v e l y  low permafrost 

der ls l t ies  and Ice c c n t z ~ t s  i n  s i t u .  The i r  i -esr l ) ts  dersonstrate Char: -- 
nuclear  dens i t y  logging i s  an accurate and economical method o f  

o b t a i n i n g  cont inuous dens i t y  p r o f i l e s  i n  permafrost  s o i l s .  Records 

from boreholes d r i l l e d  on the MVPL t e s t  s i t e  near l n u v i k  i n  1971 

i n d i c a t e  t h a t  geophysical logs o f  dens i ty  and i c e  volume were i n  

reasonable agreement w i t h  data obta ined from the a n a l y s i s  o f  core  i n  

a l abora tory .  Another study o f  borehole dens i t y  logg ing  and permafrost  

has been repor ted by Hunter and Vie1 l e t t e  (1976). They performed 

shal low, dry-hole d r i l l i n g  on the  GSC geophysical c o n t r o l  s i t e  near 

Tuktoyaktuk. S i x  holes were logged t o  a depth o f  9.5 metres and 

gamma-gamma measurements conducted a t  i n t e r v a l s  o f  0.15 metres (0.5 

f e e t )  up ho le  resu l ted  i n  good c o r r e l a t i o n s  between the count r a t e  

and i c e  content.  A s t r a t i g r a p h i c  r e s o l u t i o n  o f  b e t t e r  than 0.5 

metres (1  - 5  f e e t )  was obtained. 

Some boreholes on the  Norman Wells (MVPL) i c e  v a r i a b i l i t y  s i t e  

were logged w i t h  nuclear  equipment. F igure  A.19 shows a comparison 

between dens i t y  p r o f i l e s  obta ined from di t rect  measurements on 



permafrost core, and a continuous dens i t y  p r o f i l e  obta ined using 

geophysical borehole logging techniques. I t  can be seen t h a t  reason- 

a b l e  agreement was obtained. I n  F igure  A.20, a comparison i s  shown 

between dens i t y  p r o f i l e s  obtained w i t h  the  MVPL nuclear  logger and 

undistul-bed core obtained f i om a borehole d r i l l e d  nearby ( t h i s  

s tudy) .  Although the re  i s  considerably more s c a t t e r  i n  t h i s  data, 

trends f o r  dens i t y  change ind ica ted by the  nuclear  l og  f o l l o w  t h e  

same trends e x h i b i t e d  by labora tory  core dens i t i es .  These p a r t i c u l a r  

nuclear  logs were obtained w i t h  small and p o r t a b l e  equipment, and are  

the re fo re  a f fec ted  by d e f i c i e n c i e s  normally associated therewi th.  

F igu re  A.21 shows a more complete s u i t e  o f  logs obta ined f rom a 

borehole d r i l l e d  near Fairbanks, Alaska. Here the  gamma-gamma l o g  

c l e a r l y  shows i n t e r s t r a t i f i c a t i o n  between s i l t  and t h i c k  layers  o f  

segregated ice. The r e s i s t i v i t y  l o g  shows s i m i l a r  c h a r a c t e r i s t i c s .  

It could be argued t h a t  even i f  the  borehole logging r e s u l t s  cou ld  

no t  be used q u a n t i t a t i v e l y ,  they do prov ide an extremely va luab le  

means o f  assessing the  r e l a t i v e  amounts of s o i l  and i c e  encountered 

i n  p r ' o i i l e .  There i s  l i t t l e  doubt t h a t  t h i s  technique cou ld  be 

advantageously used t o  ex t rapo la te  data across a s i t e  where numerous 

boreholes were being d r i l l e d .  Having some core  d e n s i t i e s  t o  check 

t h e  downhole logging r e s u l t s  provides an oppor tun i t y  t o  use the 

geophysical logs i n  a q u a n t i t a t i v e  sense. The r e s u l t s  of t he  s tud ies  

c i t e d  above i n d i c a t e  t h a t  a s i n g l e  p o i n t  res is tance log  cou ld  probably 

be run t o  check s t ra t i g raphy  and g i v e  a p r e l i m i n a r y  i n d i c a t i o n  o f  the 

l oca t ions  o f  excessively i c e - r i c h  zones. Supplementing t h i s  q u a l i t a t i v e  

in format i o n  w i t h  water content and dens i t y  logs determined using 

neutron-neutron and gamma-gamma probes respec t i ve l y ,  i n  s i t u  p r o f i l e s  -- 
o f  bu lk  dens i t y  and water content could then be obtained t o  complement 

the  p r e l  iminary s t ra t i g raphy .  High degrees o f  accuracy a r e  obta inab le  

i f  c e r t a i n  cond i t ions  can be met, a p a r t i c u l a r  one being t h a t  ho le  

diameters should not  vary.  Dry auger holes produced by a CRREL co re  

b a r r e l  a re  thus i d e a l l y  su i ted  f o r  borehole geophysical t o o l s .  One 

drawback t o  t h i s  s o r t  o f  system i s  t h a t  t o  o b t a i n  l a rge  sampling 
6 

volumes requ i res  the use o f  h i g h  energy r a d i a t i o n  sources. 



I n  ob ta in ing  representa t ive  moisture contents i n  the  labora tory ,  

very  few d i f f i c u l t i e s  a r e  usua l l y  encountered w i t h  s o i l s  which conta in  

t h i n  s t r a t i f i e d  cryogenic s t ruc tu re .  However, i f . t h e  s o i l  conta ins 

t h i c k  i r r e g u l a r  i c e  lenses o r  r e t i c u l a t e  s t r u c t u r e ,  i t  becomes 

necessary t o  take numerous specimens o r  l a rge  volumes t o  o b t a i n  

accurate and representa t ive  water contents. L i  t v i n o v  (1966) has 

g iven several recommendations f o r  the  o v e r a l l  moisture content  o f  

f rozen ground conta in ing  t h i c k  i c e  lenses or r e t i c u l a t e  cryogenic 

s t ruc tu re .  Relat ionships der ived by him make i t  poss ib le  t o  r e l a t e  

vo lumet r ic  i c e  contents logged i n  the  f i e l d  t o  moisture contents 

determined i n  the  laboratory.  Thus, when f i e l d  i c e  content  logs a re  

i n  quest ion, labora tory  moisture content data can be used t o  check 

them. The opposi te i s  a l so  t r u e  i f  there  i s  some u n c e r t a i n t y  whether 

the  samples selected f o r  moisture content  de terminat ion  i n  the  l abo ra to ry  

were t r u l y  representa t ive  o f  the  b u l k  ma te r ia l  encountered i n  s i t u .  -- 
Comparative checks o f  t h i s  s o r t  a re  recommended so t h a t  some confidence 

can be developed i n  the  accuracy o f  vo lumet r ic  i c e  content  logs 

obta ined under f i e l d  condi t ions.  There i s  l i t t l e  quest ion  t h a t  morz 

d e t a i l e d  core logging procedures and geophysical t o o l s  developed 

s p e c i f i c a l l y  f o r  s i t e  i nves t i ga t i ons  i n  permafrost a r e  bo th  required.  

However, a  d e t a i l e d  treatment o f  t he  e n t i r e  t o p i c  i s  beyond the  scope 

o f  t h i s  thes is .  



TABLE A. 1 SUMMARY OF X-RAY D I FFRACT I ON ANALYSES 
CONDUCTED ON CLAY FRACTION (< 2 ~ )  

DEPTH MINERAL I D E N T I F I E D ~  
SOURCE 0 R l LL ITE KAOL IN  1 TE CHLOR ITE MONTMOR- QUARTZ CALC ITE 

LOCAT I ON ZONE l LLON ITE 

MOUNTA 1 N R 1 VER 
R l VER BANK 

FORT - 22 
SIMPSON z2 
LAND- 
SL l DE z3 
SlTE 

z3 

NORMAN 1.8m 
WELLS SlTE 2.9m 

M 
(w) 

W 

W 

W 

W 

W 

W-M 

M 

W-M 

M 

NOELL 1.8m S M A T P A 
LAKE 
SlTE 5.0m S M T T P A 

7. lm S M T W P A 

10.7m S M T T P A 

Analyses performed by A lbe r ta  Research Counci 1 

Amount o f  minera l  present ind ica ted  by the r e l a t i v e  i n t e n s i t y  o f  
peaks on the  t race,  inc ludes bo th  w i d t h  and he igh t  o f  peak 

A - Absent, background on 1 y 
P - Present 
T - Trace, minera l  d i s t i ngu i shed  
W - Weak, peak smal l  i n  w i d t h  o r  he igh t  b u t  c l e a r l y  d i s t i ngu i shed  
M - Medium, we l l -de f ined peak 
S - Strong, dominant peak 

Other analyses performed on the same m a t e r i a l  by D r .  S. Pawluk i n d i -  
cated a l a r g e r  q u a n t i t y  expandable minera l  present  as i n t e r s t r a t i f i e d  
hydrous mica - mon tmor i l l on i t e .  A l t e r n a t e  r e s u l t s  a r e  shown I n  brackets. 



CUTTING FOOT TO FLlTlNG IS 1 / 1 6  x 112" STAINLESS TUBING 
ATTACH EITHER CUTTING STRIP WELDED ONTO 1W" WALL THICKNESS 
SHOE OR TEETH AS REClUIREO STAINLESS STEEL TUBING 
IOETAILS ELSEWHERE) (?OX" LEAD) 

L 

W" DIAMETER 

40" OVERALL LENGTH 

Figure  A. l  Sketch o f  mod i f ied  CRREL auger core  b a r r e l  used i n  
sampling opera t ions  

Sturdy Latch 
With Facility 7 
for Locking Lid and Box Lined 

2 x 4 Bolted to 
Box Bottom 

Figure  A.2 Insu la ted  core box used fo r  f i e l d  s torage and t r a n s p o r t  
o f  permaf r o s t  samples 1 
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DEPTH SOIL LOG DESCRIPTION GROUND 
lapprox. 40 m abora ICE LOG 

7 

METERS 

- 15 to 20% ice 

F i g u r e  A.6 Log o f  t y p i c a l  headscarp s e c t i o n  exposed a t  t he  F o r t  
Simpson l a n d s l i d e  (October, 1973) 

PLASTICITY CHART FOR FORT SIMPSON 
LANDSLIDE HEADSCARP, MILE 226 

I LIQUID LIMIT 

F i g u r e  A.7 P l a s t i c i t y  c h a r t  f o r  s o i l s  from t h e  F o r t  Simpson land- 
s l i d e  headscarp sampl ing s i t e  
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I elovol  S i l o 0  Sand S I Z ~ S  1 S I I ~  size8 C l o y  SI10S 
Coortc I ~ r d l u m  1 ~ l n r  I ~ o o r $ o  I Medlum I Fine 

i? solve Sizes 

GRAIN SIZE (mm) 

Figure  A.9 Gra in  s i z e  curves f o r  s o i l s  f rom the  F o r t  Simpson land- 
s l i d e  headscarp sampling s i t e  (HIT  scale)  
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F igure A .  14 Grain s i z e  curves f o r  soi 1s from the Norman Wells (MVPL) 
sampl ing s i t e  
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Brovrl  Siren s i l t  s i r -  1 cloy SIZOS 
4 M e d i u r n  I Finr 

Solve Size8 

No. 1 2 3 4 5 6 7 8  

Depth 
(meters) 0.4 1 . 8 . 4 . 2  4.4 5.0 7.1 7.5 8.1 

No. 1 2 3 4 5 6 7 8  
Depth 

(meters) 8.6 8.8 9.7 9.8 10.6 10.7 11.6 12.1 

GRAIN SIZE (mm) 

F i g u r e  A.18 Gra in  s i z e  curves (exc lud inb  pebbles)  f o r  s o i l s  f r om l the  
Noel1 Lake sampl ing s i t e  
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P l a t e  A.2 Headscarp sampl ing s i t e ,  F o r t  Simpson l a n d s l i d e  
(October, 1973) 

P l a t e  A.3 Headscarp sampl ing s i t e  showing con tac t  between Zones 
2 and 3 ( ~ c t o b e r ,  1973) 



P l a t e  A . 4  Zone 3 s t r u c t u r e  exposed i n  v e r t i c a l  sec t i on ,  lens  cap 
f o r  s c a l e  (October, 1973) 

P l a t e  A . 5  Zone 2, h o r i z o n t a l  co re  (10 cm d iameter)  
I. 

P l a t e  A . 6  Zone 3, h o r i z o n t a l  co re  (10 cm d iameter)  

P l a t e  A . 7  Zone 4, h o r i z o n t a l  co re  (10 cm d iameter)  



P l a t e  A.8 

P l a t e  A.9 

P l a t e A .  10 

P l a t e  A. 1 1  

Borehole NW2, 1.03 t o  1.34 m (10 cm d iameter)  

Borehole NW2, 1.83 t o  2.Q7 m (10 cm d iameter)  

Borehole NW2, 3.66 t o  3.90 m (10 cm d iameter)  

Borehole NW4, 5.82 t o  6.00 m (10 cm d iameter)  



P l a t e  A .  12 Borehole NW2, 7.92 t o  8 . 1 2  m (10 cm diameter)  

P l a t e  A .  13 Borehole NW2, 8.17 t o  8 .38 (10 cm diameter)  

P l a t e  A .  14 Borehole NW3, 10.45 to  10.67 m (10 cm diameter)  

P l a t e  A .  15 Borehole NW3, 11.89 to 12.13 m (10 cm diameter)  



P l a t e  A. 16 Borehole NL2, 0.64 t o  0.92 m (10 cm d iamete r )  

P l a t e  A.17 Borehole NL2, 4.26 t o  4.39 m (10 cm d iamete r )  

p l a t e  A.18 Borehole NL2, 6.55 t o  6.71 m (10 cm d iamete r )  

P l a t e  A. 19 Borehole NL2, 7.50 t o  7.62 m (10 cm d iamete r )  
I 

P l a t e  A.20 Borehole NL2, 9.45 t o  9.69 m (10 cm d iamete r )  

I P l a t e  A.21 Borehole NL2, 10.97 t o  11.21 m (10 cm d iameter )  



P l a t e  A.22 Modi f ied CRREL core b a r r e l  d r i ven  by gasoline-powered 
pos t-auger i ng un i t 

d 

P l a t e  A.23 He1 i p o r t a b l e  llRangerl' d r i  I 1  equipped w i t h  h y d r o s t a t i c  
d r i v e  (Mobi l e  Augers and Research Ltd.,  Edmonton, ~ l b e r t a )  

P l a t e  A.24 Closeup view o f  mod i f ied  CRREL core b a r r e l  and c u t t i n g  
tee th  



APPENDIX B 

LABORATORY EQUIPMENT AND PROCEDURES 

I B.1 SAMPLE STORAGE AND PREPARATION 

Sealed core boxes which contained samples returned f rom the 

f i e l d  were s tored f o r  extended periods of t ime i n  c o l d  room f a c i l i t i e s  

w i thou t  no t iceab le  sample d e t e r i o r a t i o n  occur r ing .  The successfu l  

s torage over long per iods was probably due i n  p a r t  t o  the  f a c t  t h a t  

these samples had been packed w i t h  snow p r i o r  t o  sea l i ng  t h e  l i d .  

Some cores were stored f o r  per iods as long as s i x  months before  

t e s t i n g  was commenced, and when opened, showed no d iscernab le  s igns  

o f  des iccat ion .  Untrimmed core s tored i n  domestic deep freezes was 

packed i n  a s i m i l a r  manner w i t h  i c e  chips and snow. By making su re  

t h a t  the p l a s t i c  sleeves f i t t e d  t i g h t l y  and t h a t  each sample was 

packed i n  snow o r  crushed ice, i t  appeared t h a t  sub l imat ion  could be 

t o t a l l y  prevented. 

When prepar ing samples f o r  t e s t i n g ,  i t  was e s s e n t i a l  t o  handle 

them w i t h  gloves t o  prevent damage t h a t  would otherwise be caused by 

l o c a l i z e d  thawing. I t  was found t h a t  room temperatures ranging 

from -5  t o  - 8 O C  were best  s u i t e d  f o r  main ta in ing  w o r k a b i l i t y  and 

personal comfort w h i l e  machining the  specimens. The cores were 

rough-cut w i t h  a band saw, and a r o t a r y  diamond saw w i t h  a t a b l e  

guide was u s u a l l y  used t o  t r i m  the ends. C u t t i n g  p l a s t i c  s o i l s  w i t h  

t h i s  device was d i f f i c u l t  s ince c u t t i n g s  b u i l t  up on the  saw blade 

and sometimes generated enough f r i c t i o n  t o  s t a l l  the  motor. The 

diamond saw was' extremely e f f e c t i v e  i n  coarse-grained o r  pebbly 

s o i l s ,  and a l s o  c u t  through h i g h l y  i c e - r i c h  ma te r ia l  q u i t e  w e l l .  I n  

these s o i l s ,  c u t t i n g  proceeded r a p i d l y ,  and i t  appeared t h a t  f r i c t i o n  

a c t u a l l y  caused the  diamond blade t o  mel t ,  r a t h e r  than c u t  i t s  way 

through the  core. 

I A f t e r  being rough-cut t o  the requ i red  dimensions, cores were 

I usua l l y  prepared f o r  t e s t i n g  by tu rn ing  them down on a smal l  s o i l  

I l a t h e  which was designed s p e c i f i c a l l y  f o r  t h a t  purpose. P l a t e  B . l  



i l l u s t r a t e s  the equipment used t o  t r i m  permafrost core i n  t h i s  

study. The l a t h e  was f i t t e d  w i t h  a tungsten carb ide  c u t t e r  t ha t  was 

shaped t o  have a minimum 45" back clearance. A rounded c u t t i n g  face 

appeared t o  g i ve  the best  resu l t s .  Rota t iona l  speed on t h e  l a the  

was a d j c i t e d  by t r i a l  and e r r o r  t o  accammodate the s p e c i f i c  character-  

i s t i c s  o f  the ma te r ia l  being worked. I c e - r i c h  samples would on ly  

t o l e r a t e  t h i n  cu ts  being taken on each pass, s ince  deeper cu ts  

caused the  i c e  t o  sha t te r  o r  s p a l l .  I n  dense, p l a s t i c  s o i l s ,  cu ts  

o f  up t o  0.25 cent  imetres (0.1 inch) could be -made w i  thout  adverse 

e f f e c t s .  Once t h e  designated diameter had been obtained, the  sample 

was ro ta ted  s lowly  by hand and sprayed w i t h  a f i n e  m i s t  o f  water t o  

b u i l d  up a th in ,  even coat ing  o f  i ce .  Th is  f i l m  o f  i c e  retarded 

sub l imat ion  du r ing  storage and could e a s i l y  be removed p r i o r  t o  

t e s t i n g .  Between prepara t ion  and tes t ing ,  the samples were s tored 

i n  sealed, evacuated, double p l a s t i c  bags. The bagged samples were 

then immersed i n  snow o r  i c e  c r y s t a l s  and placed i n , a  commercial 

deep f reezer  opera t ing  a t  a temperature o f  approximately - 1 0 " ~ .  

O b s e r v a t i ~ n s  Gn sartiples s io red  f o r  per iods exceeding one year i n d i c a t e  

t h a t  the  methods described above he ld  sub l imat ion  w i t h i n  t o l e r a b l e  

l i m i t s .  .Severa l  passes w i t h  an overhead m i l l i n g  machine were taken 

t o  face t h e  ends o f f  square. A fou r -po in t  c u t t e r  w i t h  tungsten 

carb ide  i n s e r t s  was turned a t  approximately 400 rpm, and success fu l l y  

c u t  through a l l  o f  the specimens, even i n c l u d i n g  those which contained 

pebbles. This same machine was used t o  prepare samples f o r  the 

d i r e c t  shear t e s t s  and i s  shown on P l a t e  B.2. Baker (1976) has 

described o ther  methods f o r  t ranspor t ing ,  s t o r i n g ,  and prepar ing 

permafrost samples f o r  labora tory  tes t i ng .  He has a l s o  presented a 

more d e t a i l e d  d iscuss ion o f  the  process o f  sub l imat ion .  

8 .2  LABORATORY EQUIPMENT, PLANT AND INSTRUMENTATION 

Several p l a t e s  have been included here t o  i l l u s t r a t e  the  pieces 

o f  labora tory  apparatus employed i n  the research work described i n  

the body o f  t h i s  thes is .  P l a t e  B.3 shows ttfe d i r e c t  shear apparatus 

t h a t  was used t o  study shear s t reng th  i n  the  frozen s o i l s .  The 



hanger assembly app ly ing  normal load, an LVOT measuring v e r t i c a l  

deformation, and coo lan t  l i n e s  running t o  and from the  shear box are  

a l l  c l e a r l y  v i s i b l e .  The isothermal conf ined creep apparatus i s  

shown on P l a t e  B.4. The load frame and Be l lo f ram a i r  c y l i n d e r s  a r e  

seen app ly ing  a x i a l  load t o  the samp.e through a s t e e l  b a l l  and lodd 

ram. Cool ing c o i l s  and coolant  l i n e s  can a l s o  be seen. A t  the 
. 

extreme r i g h t  o f  the photograph a r e  segments o f  i n s u l a t i o n  which 

were normal ly  f i t t e d  around the  creep c e l l s .  The i nsu la ted  cab ine t  

which s ~ r r ~ u n d e d  the  c e l l s  throughout each t e s t  i s  viewed i n  t h i s  

photograph w i t h  i t s  f r o n t  removed. P l a t e  B .5  i l l u s t r a t e s  the permode 

w i t h  a res idua l  s t ress  t e s t  i n  progress. This  photograph shows the  

l i n e s  c i r c u l a t i n g  warm water through the  load cap and base, a hanger 

app ly ing  v e r t i c a l  load, an LDVT measuring v e r t i c a l  deformation, and 

a pressure transducer measuring pore water pressures a t  t h e  sample 

base. Drainage l i n e s  a re  connected t o  a bu re t te ,  and w i res  from the 

LDVT and pressure transducer lead away t o  the  data a c q u i s i t i o n  

system. P l a t e  ~ . 6  shows a t r i a x i a l  t e s t  i n  progress on a thawed 

permafrost core. Ins t rumenta t ion  c o n s i s t i n g  o f  an LDVT, load c e l l ,  

and pore pressure transducer a re  a l l  v i s i b l e .  The c o n t r o l  board 

w i t h  i t s  a i r  pressure regu la tors ,  volume change i n d i c a t o r s ,  and 

v a l v i n g  f o r  t he  var ious  c e l l  pressure and drainage l i n e s  can be seen 

on the  l e f t  s i d e  o f  t h e  photograph. 

Throughout the  course o f  each t e s t i n g  program, f requent  c a l i b r a -  

t i o n s  were performed on each p iece o f  ins t rumenta t ion  t h a t  was used. 

Pressure transducers were checked by measuring p r e c i s e l y  determined 

water heads which were maintained i n  the  labora tory .  LVDT's and 

load c e l l s  were c a l i b r a t e d  a t  temperatures corresponding t o  those 

which would p r e v a i l  as ambients du r ing  the  t e s t i n g .  Whenever i n s t r u -  

ments were moved from co ld  t o  warm environments, they were sealed 

i n s i d e  a p l a s t i c  bag which then pro tec ted  them from adverse e f f e c t s  

which might have otherwise resu l ted  from condensation. Power supply 

vol tages i n  the  data a c q u i s i t i o n  system were a l s o  checked a t  regu lar  

i n t e r v a l s .  Moving pressure transducers i n  and ou t  o f  a c o l d  envi ron-  

ment was avoided i n  a1 1 cases s ince  i t  was%ecogni zed t h a t  t h i s  s o r t  



of  abuse would acce lera te  the  d e t e r i o r a t i o n  o f  s t r a i n  gauge bonding 

on the  transducer diaphragm. Therefore, a smal l  p l u g  was i nse r ted  

i n  t he  transducer b lock  du r ing  t e s t  se t  ups i n  the c o l d  room. Th is  

p lug  was l a t e r  removed and replaced w i t h  a pressure transducer once 

the  appcratus had been warmed up t o  room temperature. 

F igu re  B . l  presents a 7 day record o f  temperatures measured a t  

4 d i f f e r e n t  p o i n t s  i n  the  isothermal creep apparatus. A t he rm is to r  

placed i n  the  temperature-contro l led r e f r i g e r a t e d  bath  i nd i ca ted  a 

maximum f l u c t u a t i o n  o f  0.05 C O .  Room a i r  temperatures f l u c t u a t e d  by 

nea r l y  2 C O  and were s i g n i f i c a n t l y  a f f e c t e d  by the b r i e f  c o l d  room 

def ros t  cyc les  which occurred tw ice  d a i l y .  A t h i r d  the rm is to r  was 

placed i n s i d e  t h e  insu la ted  t e s t  chamber, bu t  o u t s i d e  the  creep 

c e l l .  I t  i nd i ca ted  a damped temperature record  t h a t  f o l l owed  room 

temperature f l u c t u a t i o n s  q u i t e  c lose l y .  The combined e f f e c t s  o f  

f l u i d  c i r c u l a t e d  from the bath  and a d d i t i o n a l  i n s u l a t i o n  placed 

around the  creep c e l l  were a b l e  t o  keep temperature f l u c t u a t i o n s  

measured adjacent  t o  the  t e s t  sample w i t h i n  approximately k O . l C O .  

Al though the  rsofii WGS l i y i i t e d  w i t h  i i o r e s c e n t  iamps, i t  can be seen 

t h a t  leav ing  the  l i g h t s  on f o r  an extended pe r iod  o f  t ime had a 

no t i ceab le  e f f e c t  on the  room temperature. Th is  temperature record 

prov ides some i n d i c a t i o n  o f  the problems associated w i t h  ach iev ing  

acceptable temperature c o n t r o l  i n  long term tes ts .  Resul ts  obta ined 

i n  t h i s  s tudy suggest t h a t  t h e  technique o f  p l a c i n g  the rma l l y  s e n s i t i v e  

t e s t s  w i t h i n  an i nsu la ted  t e s t  chamber, and us ing  forced c i r c u l a t i o n  

o f  temperature-contro l led f l u i d s  i s  capable o f  ma in ta in ing  nea r l y  
I 

isothermal cond i t i ons  over extended t ime per iods.  P rov id ing  f o r  

h i g h  capac i ty  f l o w  from the r e f r i g e r a t e d  baths and i n c l u d i n g  l a r g e  

heat exchanger c o i l s  a r e  important elements o f  t h i s  procedure. I t  

i s  a l s o  e s s e n t i a l  t o  inc lude maximum amounts o f  i n s u l a t i o n  and 

ensure t h a t  m e t a l l i ~  components i n  the apparatus a r e  thermal ly  

i s o l a t e d  from p a r t s  o f  the t e s t i n g  frame which extend o u t s i d e  the 

i s o l a t i o n  chamber. I t  may a l s o  be avantageous t o  operate the  r e f r i g e r -  

ated bath w i t h i n  a c o l d  room where b e t t e r  o v e r a l l  temperature c o n t r o l  
t 



can be obtained. The fac t  t h a t  several occasions of mechanical 

f a i  l u r e  of the r e f  r i g e r a t i o n  p l a n t  were encountered du r ing  the  

course o f  t h i s  research stresses the  importance o f '  p rov id ing  a 

temperature a larm system f o r  each co ld  room. An investment o f  t h i s  

s o r t  i s  z a s i l y  j u s t i f i e d  when the costs associated w i t h  ob ta in ing  

undisturbed permafrost core a r e  determined, e s p e c i a l l y  when the 

d i f f i c u l t y  associated w i t h  rep lac ing  i t  i s  taken i n t o  cons idera t ion .  

S im i la r  steps a r e  probably a l s o  warranted w i t h  i n d i v i d u a l  long term 

tes ts .  Baker -- e t  al. (1976) have discussed vari'ous aspects o f  

geotechnical c o l d  room opera t ion  and design i n  considerably more 

d e t a i  1. 

Since thermis tors  have the  proper ty  o f  being u l t r a s e n s i t i v e  

r e s i s t o r s ,  t h e i r  resistance-temperature c h a r a c t e r i s t i c s  a r e  extremely 

nonl inear.  Th is  n o n l i n e a r i t y  necessi tated the use o f  a b u f f e r i n g  

c i r c u i t  (shown i n  Figure 8.2) t o  l i n e a r i z e  the  output  obta ined f rom 

Atk ins  type 3 thermis tors  which were exc i ted  w i t h  a constant  vo l tage  

power supply. The thermis tors  used i n  t h i s  study were l i n e a r i z e d  

over a narrow temperature range t h a t  was o f  p a r t i c u l a r  i n t e r e s t  i n  

the  labora tory  programs. The Atk ins  type 3 thermis tor  has a res is tance 

o f  approximately 5870 ohms a t  +20°C and 51800 ohms a t  -20°C. Resistors 

used i n  the  c i r c u i t  shown i n  Figure B.2 a r e  summarized as fo l l ows :  

R1 = 6000 ohms 

R2 = 9760 ohms 

R3 = 9760 ohms 

R 4  = 50000 ohms 

R 5  = adjustable,  2000 ohms maximum 

R6 = 3000 ohms 

R 7  = 48000 ohms 

R8 = adjustable,  5000 ohms maximum 

A power supply was used t o  prov ide  a constant s i x  v o l t  e x c i t a -  

t i o n  t o  t h e  br idge.  Output was measured w i t h  a d i g i t a l  vo l tmeter .  

I t  can be seen t h a t  res is tances 5 and 6 must be adjusted t o  equal 

the  res is tance of the thermis tor  a t  +20°C. Resistances 7 and 8 a r e  

then adjusted t o  equal the res is tance of th& the rm is to r  a t  -20eC. 

A l l  o f  t he  thermis tors  used i n  the  study were combined w i t h  a l i n e a r -  



i z i n g  c i r c u i t  t h a t  was adjusted i n  t h i s  manner, and each was 

c a l i b r a t e d  against  a  d i g i t a l  quar tz  thermometer. Closely matched 

r e s u l t s  were obtained which permi t ted  us ing  a  s p l i n e  f u n c t i o n  

i n t e r p o l a t i o n  r o u t i n e  t o  generate a  un iversa l  thermis tor  c a l i b r a t i o n  

curve. Th is  curve was then tab led w i t h  the  computer and could be 

c a l l e d  upon dur ing  data reduct ion  t o  convert recorded voltages t o  

temperatures. The l i n e a r i z a t i o n  c i r c u i t  a l so 'had  a  b u i l t  i n  ca l  i- 

b r a t i o n  t e s t  so t h a t  small changes i n  e l e c t r o n i c  cond i t i on ing  could 

be compensated by ad jus t i ng  the  1000 ohm v a r i a b l e  res is tance located 

a t  t h e  extreme l e f t  o f  the c i r c u i t .  

B.3 SCANNING ELECTRON MICROSCOPE STUDY OF MICROSTRUCTURE 

A Cambridge scanning e l e c t r o n  microscope (SEM) was used t o  

conduct a  b r i e f  m ic ro fab r i c  study o f  some o f  t h e  d i f f e r e n t  s o i l  

types encountered i n  the  labora tory  program reported i n  t h e  body o f  

t h i s  thes is .  Several p la tes  have been inc luded which i l l u s t r a t e  

some o f  t h e  t y p i c a i  fea tures  observed i n  the  course o f  t he  SEM 

study. Specimens were prepared f o r  viewing by f i r s t  f reeze-dry ing  

them. Fractured surfaces were condi t ioned by coa t ing  them w i t h  

epoxy and pee l ing  the face once t h e  specimen had been mounted on a  

stud. Specimens conta in ing  shear planes were handled c a r e f u l l y  t o  

minimize d is turbance t o  any o r ien ted  f a b r i c  which might be present 

along s t ruc tu res  which had been induced dur ing  t e s t i n g .  

P l a t e  B.7 i s  a  v e r t i c a l  view o f  a  shear p lane t h a t  was removed 

from one o f  the  d i r e c t  shear specimens described i n  Chapter I l l .  

The sca le  on t h i s  and a l l  o f  the o ther  scanning e l e c t r o n  micrographs 

has been ind ica ted i n  the  upper l e f t  hand corner  o f  each p l a t e .  A 

h igh  degree o f  o r i e n t a t i o n  i s  apparent, and t h e  c l a y  mineral  species 

o f  i l l i t e  and k a o l i n i t e  can be i d e n t i f i e d .  Photographs taken i n  

v e r t i c a l  sec t ions  through t h i s  and o ther  shear planes revealed t h a t  

the  zone o f  h i g h l y  or ien ted and compressed f a b r i c  was r e s t r i c t e d  t o  

a  th ickness o f  10 t o  20 microns below the  sur face viewed here. 

Photographs w i t h  a  lower magn i f i ca t ion  r e v i a l e d  we l l -de f ined s t r i a t i o n s  

and s l i ckens ides  on the  shear plane. 



P l a t e  8 . 8  shows f a b r i c  exposed on a  t y p i c a l  v e r t i c a l  sec t i on  i n  

g l a c i o l a c u s t r i n e  s i l t y  c l a y  from the F o r t  Simpson l a n d s l i d e  headscarp. 

This p a r t i c u l a r  sample was taken from Zone 4. V e r t i c a l  runs from 

the  upper r i g h t  t o  the  lower l e f t  hand corner  o f  t he  photograph. 

Th is  p l a t e  shows a  s t rong ly  dispersed s t r u c t u r e  charac ter ized by a  

p a r t i c u l a r l y  h i g h  degree of p l a t e  p a r a l l e l i s m  which approaches 

completely p re fe r red  o r i e n t a t i o n .  Some t e x t u r a l  s t r a t i f i c a t i o n  can 

be discerned on a  l a rge r  scale. Fabr ic  i n  t h i s  ma te r ia l  ranged from 

being s t r o n g l y  dispersed as shown here, t o  t u r b o s t r a t i c  w i t h  p a r t i c l e  

o r i e n t a t i o n  genera l l y  p a r a l l e l i n g  the  bedding planes. Most o f  t h e  

mineral  p a r t i c l e s  on t h i s  p l a t e  a re  viewed edge-on. 

On p l a t e  B.9, several s i l t - s i z e d  u n i t s  can be seen, and i t  i s  

apparent t h a t  these cons is t  o f  compact aggregates o f  d i s c r e t e  and 

i d e n t i f i a b l e  c l a y  mineral p a r t i c l e s .  Th is  c o n d i t i o n  i s  cons is ten t  

w i t h  the  f a c t  t h a t  these sediments were g l a c i a l l y  eroded from Cretaceous 

shales i n  the  F o r t  Simpson v i c i n i t y ,  and were subsequently deposited 

i n  a  g l a c i o l a c u s t r i n e  environment a f t e r  being t ransported over a  

r e l a t i v e l y  shor t  d is tance.  D i s t i n c t  s i l t - s i z e d  po r t i c !es  were 

discerned on ly  i n  ma te r ia l  t h a t  was sampled f rom Zone 2. A l l  o t h e r  

s i l t  s izes  consisted o f  aggregates o f  c l a y  p a r t i c l e s .  

P l a t e  B.10 shows t y p i c a l  f a b r i c  from the s t r a t i f i e d  s i l t y  c l a y  

sampled a t  the Norman Wells s i t e .  S t ruc tu re  v i s i b l e  here i s  q u i t e  

s i m i l a r  t o  t h a t  observed w i t h  the F o r t  Simpson mate r ia l  and tends t o  

be main ly  t u r b o s t r a t i c .  Once again, very few d i s c r e t e  s i l t  g ra ins  

were i d e n t i f i e d .  On t h i s  sample, v e r t i c a l  runs from the upper r i g h t  

t o  the  lower l e f t  corner o f  the photograph. P l a t e  B . l l  shows s i m i l a r  

ma te r ia l ,  bu t  includes a  p iece of organic ma te r ia l .  The diagonal 

l i n e a r  fea tu re  i s  probably p a r t  o f  a  p iece o f  grass o r  a  r o o t  f i l amen t .  

P l a t e  B.12, shows very compact f a b r i c  which was observed i n  a  

dense p iece of t i l l  ex t rac ted from the Noel1 Lake p r o f i l e .  The 

photograph o r i e n t a t i o n  i s  approximately c o r r e c t ,  and i t  can be seen 

t h a t  the p a r t i c l e s  e x h i b i t  a  s t rong p re fe r red  o r i e n t a t i o n .  The 

dominant f a c t o r  i n  producing t h i s  s t r u c t u r e  has probably been the  

extreme degree o f  compression produced by overburden st resses dur ing  

g l a c i a t i o n .  Small pebbles inc luded i n  the  t i l l  were a l s o  examined 



and exhibited mineralogy that  was s imi lar  t o  the matr ix s o i l .  As i n  

a l l  o f  the previous plates,  d i s t i n c t  s i l t  sizes were seldom observed. 
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Figure B.2 Circuit for linearizing output signal from thermistor 



P l a t e  B . l  Soi 1 l a the  used t o  t r i m  permafrost core 

P l a t e  B . 2  Overhead m i  1 1  ing machine w i  t h  carb ide c u t t e r ,  used to 
t r i m  permafrost core 



P l a t e  8.4 I so therma l  con f i ned  creep apparatus 

P l a t e  8 .3  D i r e c t  shear apparatus 



P l a t e  8.5 Residual  s t r e s s  t e s t  i n  progress showing permode and 
assoc ia ted apparatus 

P l a t e  8 .6  T r i a x i a l  t e s t  i n  progress showing c e l l  and assoc ia ted 
apparatus 



P l a t e  B . 7  V e r t i c a l  v iew 

P l a t e  B .8  S t r a t i f i c a t i o n  
sampl i n g  s i t e  

P l a t e  B.9 Aggregates o f  
s i zed  g r a i n s  

P l a t e  B.10 Typ i ca l  f a b r i c  
(MVPL) samp 1 i n 

P l a t e  B. 1 1  Organic i n c l u s  
sampl ing s i t e  

P l a t e  B.12 Compact f a b r i c  
s i t e  

o f  shear p lane  i n  

and t y p i c a l  f a b r  

f r ozen  s o i l  

i c ,  Zone 4, F o r t  Simpson 

recogn izab le  c l a y  minera ls  making up s i l t -  

i n  laminated s i l  
g  s i t e  

E 

i on  i n  s i l t y  c l a y  

i n  dense s i l t y  c  

t y  c l a y ,  Norman Wel ls 

, Norman- We1 1s (MVPL) 

lay ,  Noe l l  Lake sampl ing 





TABLE C . l  SUMMARY OF DATA FROM DIRECT SHEAR TESTS, FORT SIMPSON 
LANDSL l DE HEADSCARP SAMPL l NG S I TE . (ZONE 4) 

TEST fROZEN WATER NORWL PEAK DILATANCY SHEAR OISPLACEtENT AYERAGE RENLRKS 
BULK COPENT STRESS SHEAR AT PEAK ZOUE RATE TEUPERATURE 

DENS lJY STmS j THICKNESS 
(*lm ) (%f (w/m2) ( ~ / m  ) ( % )  (a) (cm/day) (OC) 

FS-01 1.95 26.7 252 296 1.8 8.3 x ld2 -1.40 Single vert ical  lens, 0.2 cm 
3 0 s  '.lo thick  

FS-02 1.98 25.9 131 240 0.20 1.2 9.2 x lo-' -1.40 No segregated Ice 
165 

FS-03 1.81 24.9 49 1 36 1 0.20 1.0 9-9 x lo-z -1.40 Very thin, randomly oriented 
301 lenses 

FS-04 1.77 50.2 367 374 0.0 1-3 9.6 x - 4 3  Ob l iqw diagonal lens, 1.5 
313 t o  2 cm thick, s o i l  iwlusions 

FS-05 1.89 26.8 667 471 0.30 1.7 10.4 x lo-' -1.40 0.9 cm vertical lens interserr- 
370 ing corner; otherwise, t h ~ n  

radorn lensing 

6-06 1.86 31.0 98 274 0.20 1.6 9.8 x lo-' -1.40 Very thin, randomly oriented 
ZA lenses 

FS-07 1-95 25.1 456 396 -0.10 1.1 2.9 x 10-I -1.60 Ha i r l ine  lenses, oblique; 
319 1.0 0.6 cm 1-5 i n t e r q t i n g  
245 corner 

FS-08 1-30 32.4 218 261 0.30 1.0 2.9 x 10-I -3.45 b n t i n w u s  0.3 cm vert ical  
246 1.8 lens r m i n g  d i a g m l  ly. s o i l  
26 1 inclusions 
21 9 

-09 1.93 30.0 370 376 0.0 . 1. I 1.8 -1.60 Thin, randanly oriented 
268 Itnses, r e t i w i a t e  structure 
232 

mja- t  t o  FS-09. ve-t ical  
0.2 cm lens and other r h i n m r  
ones randomly or iented 

Very thin,subvertical 
Ienws concentrated on one 
s ide  

S ing le  obi  ique lens, 0.1 
cm t h i c k  

Sub-wertical Iense running 
from comer t o  w r n e r ,  
th ic*ms t o  0.8 r m  near 
the top. s o i l  inclusions 

Oblique diagonal lens. 
0.3 an th ick  

tbss i we, no ngregated i cs 
v i s i b l e  

I Shear zone thickness estimated from shcar structures v is ib le  on longitudinal, verr lcal  .section o f  specimn examined a f t e r  the test  had 
been canpleted. 

lndlcates peak shear stress mbi l l zed  in  second and subsequent cycles of shear. 
1 

Normal stress increased a t  the midpoint on the second cycle o f  shear (after f l r s t  shear box reversal). 
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Figure C . 1  Direct shear test FS-01 
2 r 

o n = 252 kfi/rn Yf = 1 -95 flg/m 3 
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Figure C.2 Direc t  shear  test FS-02 



F i g u r e  C . 3  D i r e c t  shear t e s t  FS-03 
2 

o = 491 kEl/m , yf = 1.81 Mg/m 
3 

n 



Figure C.4 Direct shear tes t  FS-04 
2 

o = 369 klVm fi yf  = 1.77 Mg/m 
3 

n 
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F igure  C . 5  D i r e c t  shear t e s t  FS-05 
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= 667 kN/m *yf = 1 .89 Mg/m 3 
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Figure C.6 Direct shear test FS-06 

o = 98 kN/m 
2 rf = 1.86 Mg/m 3 
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Figure C.7 Direct shear test FS-07 
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= 456 kN/m ly f  = 1.94 Mg/m 3 
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Figure C.8 Direct shear test FS-08 
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a = 217 kN/m , y f  = 1.90 Mg/m 
3 
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Figure C.9 Direct shear test FS-09 
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a = 370 kN/m , yf = 1.93 Mg/m 3 
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Figure C.10 Direct shear t e s t  FS-10 

a = 311 k ~ / m *  ' yf = 1.88 ~ g / m  
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Figure C.ll Direct shear test FS-11 
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o = 3 7 0 k N / m  yf = 1 .93 Mg/m 
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Figure C.12 Direct shear test FS-12 
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= 129 kN/m yf = 1 .95 Mg/m 3 
O n  I 
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Figure C.13 Direct shear test FS-13 
2 

a n = 609 kN/m t yf = 1 .76 Mg/m 3 



Figure C.14 Direct shear test FS-14 
2 

= 133 kN/m yf = 1.88 Mg/m 3 
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E.2  ISOTHERMAL CONFINED CREEP TESTS 
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TABLE C. 4 SUMMARY OF RESIDUAL STRESS DATA OBTAINEP I N  THE 
PERMODE, NOELL LAKE SAMPLING S I T E  

BOREHOLE DEPTH FROZEN WATER UNOWIINEO VERTICAL RESIOUAL ii EFFECTIVE VOID DIRECT COEFF~CI ENT HUNSELL FABRIC 
INTERVAL BULK CONTENT VERTICAL THAW STRESS STRESS RATIO' PERHEABI LITY OF COLOR OESCRI PTION AND 

DENSITY l n i t * a l /  STRAIN STRAIN (THAWED) CONSOLI OAT1 ON (FROZEN) COHHENTS 
( f i n a l )  

(m) (v* /m3) ($1 (%) (%) ( ~ / m ' )  (k~lm') (cm/s) (cm2/s) 

NLZ 0.64-0.82 1.53 54.9 5.7 9.8 3(1) 1.00 1.16 IOYR 4/2 S t r a t i f i e d  Ice. 
(42.8) I I 1.36 t o  30% excess; 

5.2 x IOYR 3/ I  c ryoturbat ion 
23 1.28 4.2 x features; f i ne  

5.1 10-3 gravel s i zes  
50 I.Zo 4.0 10-7 

5.7 10-3 
96 1.13 2.2 x 

NLZ 1.52-1.71 1.55 47.3 6.3 15.4 2 0.98 1.26 IOYR 4/1 Predominantly 
(30.6) 8 r e t i cu l a te  

7.6 x s t ruc ture  w i t h  
23 1.00 8.2 x lenses t o  0.4 cm; 

3.7 x lo-? some undecomposed 
50 0.91 2.0 x st icks, twigs 

3.0 x lo-' 
104 0.82 2.6 x TO-' 

NL2 3.44-3.57 1.70 39.8 4.7 11.7 12 0.96 1 ..07 1.0 x IOYR 3 / l  Single v e r t i c a l  
(34.6) 27 0.88 6.2 x lo-' Ice lense; one 

side hard clay. 
the o ther  s i l i ;  
sand 

NLZ 4.27-4.39 1.74 30.4 5.1 25 0.68 0.82 Swel l ing IOYR 3/1 S i l t  w i t h  pebbles 
(24.6) t o  807 3.5 lo-9 t o  i n  abrupt contact 55 . 4.8 x 5Y 2.5/1 wl th  dense p l as t i c  

109 0.79 5.0 lo-9 clay; minor 
8.9 x r e t i c u l a t e  Ice 

219 0.66 3.0 x lo-' 

NLZ 4.69-4.82 1.56 46.6 6.5 17.8 5 0.99 1.31 IOYR 3 / l  Blocky; r e t i c u l a t e  
(33.3) 23 1.03 5.6 x lY9  t o  s t ruc ture  w i t h  

7.2 x 5Y 2.5/1 Ice lenses t o  
I50 0.90 2.4 x lo-' 0.6 cm t h i c k  

NL2 5.76-5.91 1.92 27.9, 2.7 4.3 23 0.46 0.75 2.7 x IOYR 3/1 Ret icu la te  s t ru-  
i24.01 81 "72 ! . b  w c ture  w i t h  some 

1.2 I O - ~  i ce  lenses I t o  
161 0.68 1.2 x lo-' 1.5 cm th ick ;  

5.1 x lo-s dense c l ay  wi th  
273 .0.66 9.4 x occaslonal pebbles 

NLZ 7.01-7.13 1.98 24.6 3.4 3.5 114 0.31 
(8) (23.4) 187 

297 

NLZ 7.48-7.62 1.66 46.0 4.6 11.7 6 0.90 
(28. 1) 23 

50 

104 

213 

0.66 8.9 x IOYR 3/1 
0.65 9.7 x 10" 

5.9 
0.63 8.6 x lo-' 

Highly disturbed, 
r c t l c u l a t e  ice  
t o  0.5 cm i n  
thickness dom- 
inat ing (top seal 
leaking) 

Dense s i  I t y  c lay  
i n  ob l ique contact 
w l th  s i l t  con- 
t a i n i ng  gravel;  
r e t i c u l a t e  stru- 
cture; lenses t o  
0.8 cm t h i c k  

As above 

Very f i n e  s l l t y  
sand w i t h  re t lcu-  
l a t e  s t ruc ture ;  
some hor izonta l  
lenses t o  3 Fm 
th i ck  

NLZ 8.87-8.96 1.79 31.5 3.5 5.5 24 0.74 0.85 3.4 x IOYR 3/1 Thin sandy lam- 
(26.0) t o  109 0.71 3 . j  A lo-' inat ions i n  s i l t y  

0.91 clay; r e t l c u i a t e  
s t ruc ture ;  some 
gravel 

NLZ 2.5 x IOYR 3/1 Fine s i l t y  sand 
w i t h  c l a y  lulnp 

8.9 x 10'3 inc lus ionr ,  s t r a t -  
I f i ed ;  r e t l c u l a t e  

8.5 x s t ruc tu re  w i t h  
I C ~  lenses t o  0.6 

9. I 10‘3 cm t h i c k  

4.1 x 10" 



TABLE C. 4 CONT l NUED 

BOREHOLE OEPTH FROZEN WATER UNDRAINEO VERTICAL RESIDUAL EFFECTIVE VOID DIRECT COEFFICIENT NUNSELL FABRIC 
INTERVAL BULK CONTENT VERTICAL THAW STRESS STRESS RATIO' PERMEABILITY OF CCLOR OESCRIPTION AN0 

DENSITY initial/ STRAIN STRAIN (THAWED) CONSOLI OAT ION (FROZEN) COMENTS 
( f i n a l )  

(m) (na/m3) (2) (%) (2) (k~/rn') (kh .en2) ( 4 s )  (cm2/s) . 

1 0 ' ~  IOVR 3/1 As Above 

I o ' ~  

I o ' ~  

I o ' ~  

lo-' IOYR 4/1 Fine s i l t y  sand, 
t o  s t r a t i f i e d ;  bed- 

10'' IOYR 2.5/1 d ing features 
contorted; r e t i c -  

lo-2 u l a te  s t r uc tu re  
w i t h  ice  lenses 

loe1 from 0.3 t o  0.6 
cm th i ck  

10-2 

6.0 x IOYR 4/1 S t r a t i f i e d  s i l t y  
4.7 lo-s t o  sand w i t h  c l ay  

3.1 x IOVR 2.5/1 lump inclusions, 
4.0 lo-5  contorted; r e t l c -  

2.3 x lo-' u l a te  s t r uc tu re  
3.1 x wl th  ice  lenses 

t o  0.3 cm t h i c k  

1.7 x I O - ~  IOVR 3/1 Blocky, s t i f f  
1.0 1 0 ‘ ~  c lay  wi th  some 

I O - ~  shale fragments; 
3.1 x lo-' subhorizontal 

i ce  lenses t o  
1.2 cm t h l c k  

5.8 x Massive s i l t y  
8.7 x c lay  w l t h  some 

EfO?LIS; "O 

v i s i b l e  segre- 
gated ice (prob- 
ab ly  not satur -  
ated) 

1.6 x IOVR 3/1 S i l t y  c lay  w i t h  
2.4 x 10" s t r a t i f i c a t i o n  

6.8 x features and 
1.5 x lo-' pebbles; r e t i cu -  

l a t e  s t ruc ture  
w l t h  10 t o  15% 
segregated i c e  

Void r a t i os  have been computed assuming a) an appropriate G ,  
b) f u l l  sa tura t ion 

Oue t o  the second assumption, sane vo id  r a t i os  indicated may be 
lower than actua l  values 







TABLE C.6 CONT l NUED 

BOREHOLE DEPTH FROZEN WATER UNORA(IE0 VERTICAL RESIDUAL EFFECTIVE COFFFICIFMT OF B FABRIC 
INTERVAL BULK CONTENT VOLUdTRlC THAW STRESS STRESS CONSOLIDATION OESCRlPTlON AN0 COMENTS 

DENSITY l n l t l a l l  STRAIN STRAIN 
( f i n a l )  







\--.-- 
8 '  ii a- :- 

a~ (minx) 

F igure  C .  27a Thaw-consol idait ion t e s t  data 



8 

Figure  C.27b Thaw-consolidation test data (continued) 
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TABLE C.9 SUMMARY OF RESULTS FROM CONSOLIDATED UNDRAINED TRlAXlAL 
TESTS, NORMAN WELLS (MVPL) SAMPLING SITE 

TEST BOREH-LE DEPTH FROZEN REWRKS 
INTERVAL BULK 

OENSITV 

NU-Ol m 2  0.4-0.7 1.85 10 17 5.6 5.0 0.01 0.85 25 S t r a t i f l e d ~ l l t y s a n d .  
r e l l c t  ac t i ve  layer, tested 
wi thcut  consolidating 
Ipeslmen 

NU-02 NU2 0.4-0.7 1.85 48 64 3.2 3.3 0.21 0.92 23 S t r a t l f l t d  s i l t y  sand 

Y-03 NV2 - 0.7-1.0 1.86 . 206 211 10.4 3.2 0.43 0.71 20 S l l t y ,  organic layers. 
r e t l e v l r t e  ice 

IW-04 NU2 1.0-1.3 1.89 4 27 6.4 6 . 2  -0.33 1.00 24 Th in l y  bedded r i l t y  s lay.  
tested without consolidat- 
ing rpesimen 

W-05 IM 1.0-1.3 1.89 40 93 6.5 4.0 0.33 1.00 From same core as above 

HU-06 W2 1.5-1.7 1.85 241 189 6.6 3.8 0.48 0.70 30 Contest between rand. s i l t  
w i t h  shale ships and r l l t y  
c l ay  wi th peat layers 

W-07 NU2 1.8-2.1 1.53 11 44 6.9 - - 1.00 53 Thin ly  bedded s i l t y  c lay,  
peat layers, s t icks and 
roots,  P.W.P. e r r a t i c  

1.54 W-08 NU2 I .8-2. I 36 ' 63 7.0 4.9 0.440) 0.95 48 F r a  same sore as above 

W 0 9  NU2 4.3-4.6 1.72 10 37 6.2 5.7 -0.01 0.98 34 Ret iculate ice, blocky 
~ t r ~ c f u r e ,  peat layers 

2 I 5  8.0 - 0.10 1.00 39 Ret iculate specks. randy ice, partings. organic 

tested without consolidat- 
Ing specimen 

W - l  l NU2 8.2-8.4 1.82 34 59 6.2 3.2 -0.11 1.00 28 F r a  same sore as above 

W- I2  HUI 0.6-0.8 1.93 I 0  20 6.0 - -0.21 0.92 24 Tested w i t b u t  consolidat- 
Ing rpeclmn, problems vi th  
POI* pressure measurement 

MI-is nu) 1.0-1.2 1.91 12 44 3.6 3.6 -0.09 0.91 26 Ma5rlve. t i n e  r e t l s u l a t s  
i c e  ,tructure 

Ret iculate w l t b t  smro l l da t l ng  ice, tested 

W-15 NU3 10.4-10.6 1.92 11 23 7.3 3.8 0.10 0.93 26 Ret lsulate ice, r o l l  
appeared qui te dry.tcrted 
wi thout  con~o l i da t i ng  
specimen 

W-16 nu) 10.4-10.6 1.92 24 78 5.4 2.4 0.36 0.92 28 Reticulate ice, randy 
pa r t l ng r ,  tested wi thout  
~ o n ~ o l i d a t i n g  rpecimen 

W-17 nu) 11.9-12.1 1.85 l g  62 4.9 4.1 0.09 0.84 32 Ret iculate Ice, tested 
wlthour consolidating 
speclmcn 

IN-18 W4 5.5-5.8 1.71 31 93 4.8 5.5 0.28 0.78 45 Contact p l a ~ t i c  c lay  and 
h igh l y  organic r l l t ,  fa i l ed  
along boundary 

W-19 ~4 5.5-5.8 1.71 97 145 4.0 4.4 0.43 0.86 40 F r a  sane core as above. 
mostly s i l t y  slay i n te r -  
bedded wl th peat 




