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-. 
PERMAFROST 

18.1.1 Muller (25 )  has given the following definition 

of Permafrost  : 

Permanently  frozen  ground or  permafrost is  def ined  
as a thickness of s o i l ,  o r  other s u p e r f i c i a l  deposit 
o r  even of bedrock which  has a v a r i a b l e  depth beneath 
the su r face  of the e a r t h  in which a temperature 
below f r eez ing  has  e x i s t e d  con t inua l ly  for  a long 
t i m e  (from two to t ens  of thousands of years). Frozen 
ground is def ined   exc lus ive ly  on t h e  b a s i s  of temperature,  
i r r e s p e c t i v e  of texture, degree of i ndura t ion ,  water 
con ten t  o r  lithologic cha rac t e r .  

is discont inuous ,  that is permafrost is encountered 

at some depth  beneath  the  soi l   surface  a lmost   anywhere 

in the  area except beneath large lakes o r  rivers. The 

top su r face  of the   permafros t  is usua l ly  called t h e  

permafrost table (analogous t o  the  water table) . The 

layer between the ground  surface and the  permafrost  

table is known as t h e  active layer and it is  s u b j e c t  

to f reez ing  and thawing  according  to  the  season. The 

depth t o  the permafrost table can be found i n  t h e  early 

fall when the depth of seasonal  thaw is  at i t s  g r e a t e s t .  

As the thawing  index will vary from year t o  year, it 

fo l lows   t ha t   t he   dep th  t o  the permafrost  table w i l l  

also v a r y   s l i g h t l y .  (The thawing index is the sum of 

the degree days of thawing for a given  period  and is 

usua l ly   eva lua ted   f rom  the  mean d a i l y  temperature. For 

example, a mean d a i l y  temperature of 50 F would give  

- 1 -  
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a thawing index of 18  degree-days F for that day. The 

da i ly   t hawing   i nd ices  are accumulated to f i n d  t h e  thawing 

index for  an e n t i r e  summer.) In the Norman Wells area 

the s l i g h t  variations in t he  depth to the permafrost 

table from  year to year are n o t  believed to be of engineer ing 

s i g n i f i c a n c e .  

18.1.3 The thickness of the  active layer is c h i e f l y  

dependent on: t h e  local climate, sur face   vege ta t ion ,  

soil type ,  s u r f a c e  drainage and degree of disturbance 

of t h e  su r face .  

18.2 Thermal Regime 

18.2.1 By d e f i n i t i o n ,  the maximum temperatures of t h e  

permafrost  at the   permafrost  table cannot exceed 32 F. 0 

The temperature decreases wi th   dep th   un t i l  some minimum 

temperature i s  reached beyond which depth, under the 

i n f luence  of t h e  geothermal   gradient ,  the temperature 

of t h e  permafrost  rises u n t i l  it reaches 32OF which 

can be taken to be the base of t h e  permafrost layer. 

As with a l l  ground  temperatures,  the amplitude of t h e  

tempera ture   var ia t ion  is a t t enua ted  w i t h  depth. For 

p r a c t i c a l   p u r p o s e s  the depth  of zero v a r i a t i o n  is found 

a t  about 50 feet  from t h e  ground su r face .  

18.3 Effects of Disturbance 

18.3.1 It is now generally recognized that any disturbance 

t o  t h e  ground s u r f a c e  conditions i n   pe rmaf ros t  areas w i l l  

- 2 -  



p o s i t i o n  of the permafrost table. The effects of c l e a r i n g  

and cross country travel have been discussed by Ferrians 

(11) , Hardy (13) , Lachenbruch (21)  , and o t h e r s ,  In genera l ,  

removal o r  d e s t r u c t i o n  of the n a t u r a l   v e g e t a t i v e  cover and 

t h e  peat  layer r e s u l t s  in degredat ian of t he   pe rmaf ros t  

table .  Conversely,  where material wi th   i n su la t ion   va lue  

is placed on the ground s u r f a c e ,   t h e  permafrost table may 

rise. Where the mean annual a i r  temperature is s u f f i c i e n t l y  

low, such a rise i n  t h e  permafrost   table   can be effected by 

the  placement  of earth fill of only a f e w  feet  in th ickness .  

18.4 Inf luence  of Vegetation 

18.4.1 The i n f luence  of vegetat ion,  and p a r t i c u l a r l y  

of the in f luence  of moss, has been d iscussed  by Benninghoff 

( 2  & ,3) , Brown ( 6 )  , Hardy (13) , Hok (14) . 
1 8 . 4 . 2  Within t h e  nor thern  limits of t h e  Boreal zone, 

t h e  effects of   vegetat ion on ground temperatures are 

great ly  overshadowed by the  e f f e c t s  of the climate. The 

short  growing  season combined with low temperatures leads 

to s t u n t e d  trees w i t h  sparse growth, The severe  climate 

a lso  leads to a very shallow depth  of a c t i v e  layer 

so t h a t  trees can only develop shallow root  systems. 

Such shallow root systems cannot   suppor t   l a rge  trees 

and the i n f luence  of the   shade  of trees is of only 

minor importance. Mosses and p e a t  have a very great 

effect on heat flow i n t o  and out of t h e  s o i l .   L i v i n g  

- 3 -  



it is w e t ,  and also acts as an i n s u l a t o r  when dry. 

Addi t iona l ly ,  d ry  peat has a very low thermal conduct iv i ty  

so that ,  dur ing  the summer, it makes a good i n s u l a t o r  and 

retards thaw pene t r a t ion .  Wet pea t   has  a thermal ” conduct iv i ty  

of approximate ly   e ight  times t h a t  of d ry  peat so t h a t   t h e  

penetration of t h e  thaw l i n e  i n   t h e  spring i s  r e l a t i v e l y  

rapid. However, t h e   s p r i n g  is s h o r t .  Frozen pea t   has  a 

thermal   conduct ivi ty  of 30 times t h a t  of dry p e a t  so t h a t  

withdrawal of h e a t  from the  ground is great during t h e  

winter. The presence of snow a c t s  as an i n s u l a t o r - d u r i n g  

t h e  win ter .  ( 2 )  

18.5 Depth of Thaw 

18.5.1 The depth of thaw  which c a n   b e   a n t i c i p a t e d  i n  

f rozen  material under a given set of condi t ions  is extremely 

difficult t o  c a l c u l a t e  with any degree of accuracy due t o  

the many complex v a r i a b l e s  which i n f l u e n c e  t h e  problem. 

Empirical  methods  based on actual f i e l d  measurements 

appear t o  g ive   t he   g rea t e s t   p romise  for o b t a i n i n g   d a t a  

of value  during  design.  Various au thors ,   no tab ly  Scott ( 2 8 )  

and Sanger ( 2 7 )  have   exp lo red   t he   t heo re t i ca l  basis for 

depth of thaw c a l c u l a t i o n s .  Compared t o  t h e  references 

which are a v a i l a b l e  on the depth of f r o s t   p e n e t r a t i o n ,  

pub l i shed   da t a  on the   dep th  of thaw is meager. Charts  

showing t h e   t h e o r e t i c a l  depth of thaw are reproduced as 
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Plates 2 and 3 ,  Appendix E. 

18.5.2 The in f luences  which affect t h e  depth of thaw at 

a given   loca t ion   can   be  listed as follows: 

ponded surf ace water 

thawing index (ie. a i r  temperature and time) -- 

wind speed 

precipitation (snow and r a i n )  

vege ta t ion  

organic   cover  

su r face   co lou r  

topography 

s o i l  type 

so i l  d e n s i t y  

soil water con ten t  

I t  w i l l  be appreciated t h a t  t h e  f irst  three factors i n  

t h e  above list w i l l  vary from  season t o  season  although 

t h e  v a r i a t i o n  w i l l  gene ra l ly  be w i t h i n   c e r t a i n  forecastable 

limits, The next t h r e e  factors (vege ta t ion ,  organic cover 

and sur face   co lour )  can be var i ed  by man's a c t i v i t i e s  and 

e s p e c i a l l y  i n  permafrost   regions,   can be considerably 

altered by accident   such as the making  of trails and 

forest f i r e s .  The l a s t  four factors ( topography ,   so i l  type 

soi l  d e n s i t y  and s o i l  water content) will gene ra l ly  be 

f ixed condi t ions   wi th in  the lifetime of any  engineering 

p ro jec t ,   a l t hough  t h e  moisture   content  of thawed sails  

- 5 -  



R.M.HARDY & ASSOCIATES LTD. 

may vary due to  man's activit ies .  The influence of 

water con ten t  and soil densi ty  is illustrated i n  Plates 

4 and 5, Appendix E. Sebastyan (29) has reported field 

data on depth of thaw from var ious  po ten t ia l  air-field 

sites. 

18.5.3 Thompson (31) has  given  values for the   average  

and maximum thawing  indices  experienced a t  many Arctic 

and Sub Arctic stations over  a 10 year period. Sanger (27) 

has shown how t h e  wind speed can a f f e c t  the surface thawing 

index. 

18 .6  Themokarst   Features  

18.6.1 Thermokarst f e a t u r e s   a r e  commonly found i n  

permafrost  areas and  of ten   t ake  the  form of small lakes 

or ponds scattered sporadically through a r e a s  where t h e  

ground con ta ins  large quantities of ice. It  is bel ieved  

that t h e s e  thermokarst f e a t u r e s  are formed by t h e  action 

of ice m e l t i n g   i n  the subsurface  with the result t h a t  sub- 

sidence of the ground surface takes p lace  and the depression 

so formed fills w i t h  water. , T h e  mechanism of thermokarst  

formation  appears t o  be t r i g g e r e d  by removal of t h e  

insulating l a y e r  of organic   sur face   cover .  The surface 

organic cover can be removed by fire,  animal   act ion or 

man's a c t i v i t i e s ,  In one case, a short distance from 

the Sans S a u l t  Rapids, an i n c i p i e n t   t h e n n o k a r s t   f e a t u r e  
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. *  - 
was forming in an area which appeared t o  have been trampled 

by caribou o r  moose. 

18.6.2 When a pond formed in a thermokarst   depression 

is very shallow, the effect of w a r m  water will only be 

f e l t   d u r i n g   t h e  summer months  and the   me l t ing  of khe ground 

ice benea th   the  small pond w i l l  proceed very slowly. A t  

some p o i n t   i n  time the   water  w i l l  be deep enough so it does 

no t   f r eeze  t o  the  bot tom  during  winter .  The thawing  act ion 

will then be carried on cont inuously  throughout  t h e  year 

so t h a t  mel t ing of t h e  ground ice progresses  a t  an 

acce le ra t ed  rate.  For some reason, which is not c i e a r l y  

understood, t h e  thawing action t akes  place a l m o s t   e n t i r e l y  

i n  a vertical downward d i rec t ion   and  lateral enlargement 

of t h e  small ponds does no t  seem to occur. A possible 

explana t ion  i s  that   encroachment  of vege ta t ion  and organic  

mat te r  on the  margins of nor thern  lakes is  t ak ing  place 

continuously and t h i s   a c t i o n  proceeds as q u i c k l y  as 

enlargement due  t o  thawing ,  The two ac t ions   coun te rac t  

each o t h e r   w i t h  the r e s u l t   t h a t  no enlargement i n  a r e a  

appears t o   t a k e  place, 

18.6.3 The depth of thaw and t h e  shape of t h e  thaw 

bulb are dependent on: 

mean annual surf ace  temperature 

temperature of t h e  pond water 

geothermal   gradient  
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so i l  type and d e n s i t y  

size and  shape of t h e  pond 

18.6.4 Brown e t  a1 (9 )  have d i s c u s s e d   t h e i r   f i n d i n g s  

after i n v e s t i g a t i n g  a small l ake  near Inuvik,  They showed 

that t h e   e f f e c t s  of a lake of only 900 feet i n  diameter 

i n  the Mackenzie Delta area were s u f f i c i e n t  t o  completely 

melt t h e  permafrost beneath  the lake where t h e  depth of 

.the permafrost  i s  i n  excess of 260 feet. The authors of 

t h i s   p a p e r  also note  t h a t  very small changes i n  t h e  mean 

annual  temperature of the water w i l l  cons ide rab ly   a f f ec t  

the p r o f i l e  of the thaw bulb. 

18.6.5 Brown h a s   a l s o  prepared charts and diagrams t o  

a i d  i n  the determinat ion of the effects of temperature 

changes on t h e  ground su r face  ( 1 0 ) .  These  char ts  can be 

used t o  d e l i n e a t e  the e x t e n t  of t h e  thaw bulb underneath 

different shaped areas for  var ious  conditions of su r face  

temperature and geothermal  gradient.   These charts have 

been used in drawing t h e  diagram shown as Figure  1 2 .  

The example w e  have  taken is a r i v e r  1 0 0  f e e t  in width. 

We have assumed a mean annual   sur face  temperature of 26 

degrees   Fahrenhei t  and a geothermal gradient of 1 degree 

Fahrenhei t  per 50 f e e t  of depth.  These l a s t  v a l u e s   a r e  

be l ieved  t o  be reasonable  for  the Norman Wells area. We 

have no d a t a  on t h e  mean annual  temperature of t h e  water 
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\ THAW BULB CASE 2 \J 

THAW BULE BENEATH A 

RIVER O F  L O O  FEET WIDTH 

Mean Annual Soil Surface Temperature = 26zF 
T e n - p e r a t u r e  Gradient = loF/50' 
Mean Annual Water Temperature, Case 1 = 36,F 
Mean Annual Water Temperature, Case 2 = 40 F 

FIGURE 12 
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in the rivers and streams i n  this a =Om cited 

by Brown we have assumed that t h e  mean annual water temperature 

at Norman Wells would be between 36 and 40 degrees 

Fahrenhei t .  The shape of the thaw bulb for both cases 

is shown on Figure 1 2  and it will be observed t h a t  _ _  
r a i s i n g  t h e  temperature of the water by 4 degrees Fahrenhei t  

w i l l  l e ad  t o  an   ex t r eme ly   l a rge   i nc rease   i n  t h e  depth 

of thaw. However, it w i l l  be seen t h a t   t h e  depth of 

thaw in Case 1 over most of t h e  width of the river is 

in excess of 40 feet  and that in both cases t h e  permafrost 

p r o f i l e  at t h e  river's edge is almost vertical. From 

t h e   p o i n t  of view of cons t ruc t ing  a bridge, o r  a large 

c u l v e r t ,  the actual depth of thaw  beneath t h e  r i v e r  

would seem to be i r r e l e v a n t  as the top of the permafrost  

table beneath the r i v e r s  will be f a r  below the  depth  

of excavat ion o r  embedment of piles. I t  w i l l  also be 

seen that t h e   t r a n s i t i o n  zone  between f rozen  and thawed 

ground is very sharp. This  has been confirmed i n  the 

f i e l d  by many i n v e s t i g a t i o n s .  The shape of the thaw 

bulb b e n e a t h   c i r c u l a r   f e a t u r e s  w i l l  be similar t o  that  

- 

shown on Figure 1 2 .  

18 .7  Effects of Highway Embankments 

18.7.1 The effects of highway  embankments  on t h e  

permafrost  regime have been discussed  by Brooker (4) , 
Keyes (18 )  , Knight ( 1 9 )  and  Lachenbruch ( 2 1 )  . Experience 
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in the Inuvik area has shown t h a t  embankment fills of 

6 feet i n  height or  more w i l l  lead t o  eventual s t a b i l i z a t i o n  

af the permafrost  table a t  o r  above t h e  level of the 

bottom of the embankment. When the embankment i s  cons t ruc ted  

of w e l l  compacted f i n e   g r a i n e d  soil, the permafrost  

table will s t ab i l i ze  a t  a depth of as little as 4 feet 

below the embankment su r face .  Where some i n s u l a t i n g  

material is i nco rpora t ed   w i th in  or beneath the embankment, 

as when t h e  o r i g i n a l   o r g a n i c   c o v e r  is l e f t  undis turbed 

or when r i g i d   i n s u l a t i o n  is built w i t h i n   t h e  embankment, 

the depth  from the t o p  of t h e  embankment t o  the permafrost  

table may be great ly   reduced.  

18 .7 .2  I n  more s o u t h e r l y   l o c a t i o n s ,   t h e   u s e  of h ighe r  

embankments or i n s u l a t i o n  will n o t  p r e v e n t   t h e  eventual 

degrada t ion  of permafrost .   (Degradation  can r e f e r  to 

the lowering of t h e  permafrost  table OK the ground surface. 

I n  the l a t t e r  case, t h e  term degrada t ion  infers t h a t  

the lowering of the   g round  sur face  i s  due t o  melting 

of t h e  permafrost and consequent degradation of t h e  

permafros t  table. As t he   pe rmaf ros t  table is degraded, 

excess ice will thaw and t h e r e  w i l l  be a consequent 

loss  of volume in the s o i l  mass. Where the ice con ten t  

i n  the permafrost is  extremely l o w ,  t h e  resulting e f f e c t s  

on the ground  surface may be impercept ib le . )   In  the  

l a t i t u d e  of Norman Wells, it has  been shown (12,) that 
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the permafrost table w i l l  degrade no matter how high 
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the permafrost table w i l l  degrade no matter how high 

t h e  embankment which is constructed upon it. I n v e s t i g a t i o n s  

along the Canol Road have shown that the degradation 

of t h e  permafrost beneath a convent ional  highway embankment 

w i l l  reach a depth of 30  f e e t  i n  approximately 25 years, 

Where there had been a cons iderable  thickness of peat  

which was l e f t   r e l a t i v e l y   i n t a c t ,  the degradat ion of 

the permafrost took place a t  a much slower rate so that ,  

i n  a period of 25 years t he   dep th  of degradat ion was 

only about 1 2  feet. 

18.7.3 We are of t h e  opinion t h a t ,  f o r  the area under 

consideration, it is virtually impossible  to prevent  the 

thaw of permafrost   beneath a roadway embankment. The 

design and cons t ruc t ion  procedures should be based upon 

and consider whatever estimates may be made as t o  t h e  

rate of thaw  having regard t o  use of t h e   f a c i l i t i e s  

and cost of maintenance.  Degradation will proceed relatively 

r ap id ly  a t  first and will then slow down. The depth 

t o  the permafrost  table from t h e  base of an embankment 

is roughly i n  propor t ion  t o  the square root of time. 

This means that t h e  time f o r   d e g r a d a t i o n   t o  reach a 

depth  of 20 f e e t  will be fou r  times t h e   l e n g t h  of time 

required for degradat ion to reach a depth of 10 feet.. 

18.7.4 lt has been our experience that for t h e  area 

of t h i s   s t u d y ,  the h ighes t  ice con ten t s  are usua l ly  

- 11 - 
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found j u s t  below t h e  permafrost table. It must therefore 

follow t h a t  any degrada t ion  of the ground surface due 

t o  me l t ing  of t h e  permafrost w i l l  be extremely r a p i d  

i n   t h e  first few years fo l lowing   cons t ruc t ion   and  w i l l  

then  proceed less r a p i d l y  u n t i l  t h e  rate of degrada t ion  

is impercept ib le .  

18.7.5 As l e a v i n g   t h e   s u r f a c e  peat l a y e r   i n t a c t  w i l l  

no t  p revent   degrada t ion   bu t  w i l l  only retard it, t h e  

only   advantage   in   l eav ing   such   pea t  on t h e   s u r f a c e  would 

be t o  pro long  t h e  time taken fo r  s u r f a c e  subsidence 

t o  occur and may t h u s  be of some b e n e f i t   i n   m a i n t e n a n c e  

programs. (Note that t h i s  applies ,only t o  areas south  

of the cont inuous permafrost zone.) Where high ice  

con ten t  soils are encoun te red   i n   t he   subgrade ,   s e t t l emen t  

of t h e  embankment must be a n t i c i p a t e d  and must  be provided 

for i n  t h e  des ign  and i n   p l a n n i n g  of maintenance programs. 

18.7.6 Where an embankment i s  placed over organic  

ground cover, the l i v i n g  moss l a y e r  i s  destroyed and 

t h e  peat i s  compressed, thus reducing i t s  e f f e c t i v e n e s s  

as a n   i n s u l a t o r .  In a d d i t i o n ,  t h e  road surface w i l l  

e n o t  receive t h e   b e n e f i t  of any  shade f r o m  trees and 

t h e  cooling e f f e c t  of evapo t ransp i r a t ion  f r o m  vege ta t ion  

w i l l  be absent .  The result is  t h a t  t h e  surface of a 

road w i l l  be a t  a much higher temperature   than  the  ground 

s u r f a c e   i n   u n d i s t u r b e d  areas. The m e a n  annual   temperature  

- 12 - 
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of t he  ground surface on the embankment is therefore 

raised considerably and t h i s  increase in t he  ground 

surface temperature w i l l  cause temperatures beneath 

the road embankment to rise. 
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19. THAW-SETTLEMENT OF SOILS 

19.1.1 When any s t r u c t u r e  is founded  on, or: i n ,   f rozen  

so i l ,  it is important t o  know w h e t h e r   s i g n i f i c a n t  settlement 

of the soil will occur  should thawing take place. I f  

t h e r e  is excess ice c o n t a i n e d   i n  the so i l  mass, s i g n i f i c i a n t  

settlement can be expected upon thawing.  (Excess ice 

can be def ined  as any ice which, upon melt ing t a k i n g  

place, cannot be accommodated as water wi th in  the voids 

of t h e  soil mass.) S o i l s  which con ta in  excess ice 

are often r e f e r r e d  t o  as thaw-unstable.  Thaw-unstable 

soils have been described by Line11 and Kapler ( 2 2 )  . 
These authors  are of the o p i n i o n   t h a t   s o i l s   c o n t a i n i n g  

ice types Nf and Nbn are usually thaw-s tab le ;   tha t  is, 

‘‘no de te r imen ta l   s e t t l emen t  of s t r u c t u r e s  would normally 

be a n t i c i p a t e d  i f  thawing occurred. All other subgroups 

are potent ia l ly   thaw-uns tab le  soils and s i g n i f i c a n t  

s e t t l e m e n t  of s t ruc tures   founded  on them may occur” .  

19.1.2 In t h e   o r i g i n a l   f r o z e n  s t a t e ,  frozen soils 

contain, besides the s o l i d  s o i l  p a r t i c l e s ,  ice,  unfrozen 

water, and a i r .  This r e l a t i o n s h i p   c a n  be i l l u s t r a t e d  by 

the diagram below. 

I”- Air wwatex 
I 1- Ice 

B S o i l  Solids 
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The total volume of a so i l  prism can be said to be made 

up as follows: 

Vt = Vs + Va t Vi + Vw 
where: 

Vt = Total  Volume 

V s  = Volume of S o i l  S o l i d s  

Va = Volume of A i r  

Vi = volume of Ice 

Vw = Volume of Water 

19.1.3 When thawing of the soil prism has been completed, 

there w i l l  no longer be any ice and t h e  volume of t h e  

prism w i l l  be occupied by t h e  s o i l  solids, entrapped 

air and water. If the s o i l  prism had o r i g i n a l l y   c o n t a i n e d  

excess ice ,  the excess  water w i l l  d r a in  away and w i l l  

be expe l l ed  by the  weight of t h e  s o i l  so t h a t  the ground 

surface above will be lowered. Some of the water may 

d r a i n  in to   sur rounding  unfrozen s o i l ,  b u t  most of it 

w i l l  pond  on t h e   s u r f a c e  above the thawed and sett led 

zone and  eventual ly   drain.away or evaporate. Such ponded 

water, because of i t s  greater a b i l i t y  to absorb energy 

from the sun's rays w i l l  i n c r e a s e  the rate of thaw. 

19.1.4 The rate a t  which thaw-settlement takes place 

w i l l  be governed by the  thermal p r o p e r t i e s  of t h e  soil 

and its permeability (assuming that o t h e r   f a c t o r s  such 

as: surface cover,  aspect, surface water, thawing  index 
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and wind conditions are similar) Coarse-grained soils 

have higher   thermal  c o n d u c t i v i t y  than  f ine-grained soils 

and are also more permeable. Therefore,   thaw-sett lement 

will be more rap id  i n  such soils than i n  fine grained 

soils. (See Plates 4 and 5 ,  Appendix E . )  - .~ 

19.1.5 The amount of set t lement   which takes place 

is dependent upon t h e  in s i t u  dry  weight  of the soil  

and t h e   f i n a l  void r a t i o  (or p o r o s i t y )   a f t e r   c o m p l e t i o n  

of thawing and consol ida t ion .  The in s i t u  dry weight 

of the so i l ,  before thawing has t aken   p lace ,  is very 

largely  governed by the r a t i o  of the ice con ten t  t o  

t h e  total volume. The f i n a l  void r a t io  i s  dependent 

upon t h e  s o i l  type, t h e  grain s i z e  d i s t r i b u t i o n ,  and 

the  overburden  weight which is appl ied  to t h e  s o i l  mass. 

19.1.6 If t h e  s o i l  is a clay, t h e  f i n a l  dry d e n s i t y  

w i l l  be low and t h e  p o r o s i t y  or void ratio will be high. 

Conversely, where t h e  s o i l  is a well-graded sand gravel 

mixture,  t h e  r e s u l t i n g  d r y  d e n s i t y  w i l l  be high and 

the p o r o s i t y  or void r a t io  w i l l  be low. If the s o i l  

type  and the s i z e  grada t ion  are known, the f i n a l  d r y  

d e n s i t y  can be estimated within reasonably close limits. 

19.1.7 The porosity (P) of a soil mass i s  def ined  as 

the ratio of the volume of t h e  v o i d s   i n  a soil mass to 

the t o t a l  volume,  and is expressed as a percentage, The 

void r a t i o  (e) is the ratio of t h e  volume of the vo ids  

- 16 - 



in a so i l  mass to the volume of the soil solids and is 

expressed as a decimal fraction. The relationship of 

porosity t o  void ratio is as follows: 

P =  e x 100% 
l l - e  

P o r o s i t y  ( % )  Void Ratio (e) 

50 1.00 

40 0.66 

3 0  0.43 

20 0.25 

The volume of t h e  s o i l  solids per cubic foot 

of s o i l  can be expressed as: 

where : Dd = dry d e n s i t y  of t h e  soil ( p c f )  i n  i t s  

o r i g i n a l   f r o z e n   c o n d i t i o n  

G = specific gravity of s o i l  s o l i d s .  

The final (thawed) volume occupied by a sail 

prism which was o r i g i n a l l y  of one cubic foot  volume in 

the f rozen  s t a t e  can be expressed as follows: 

Vf = Vs(100) cu. ft. 
(LOO-P) 

where P = f i n a l  (thawed) p o r o s i t y  i n  percent. 

vf - - Dd(lO0) C U I  ft" 
G(62.4) (100-P) 
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The d i f f e r e n c e  between t h i s  volume and the  o r i g i n a l  volume 

s = l - v f  

= 1 - Dd(1OO) ft. 
G(62.4) (100-P) 

where S equals  the settlement which  has taken place i n  

a soil prism of one  foot  in he igh t ,  For convenience, 

t h i s  degree of settlement can be expressed us ing  the 

term inch& per f o o t .  The r e l a t i o n s h i p   t h e n  becomes: 

S = 12 - Dd(19.23) i n / f t .  (6) 
G(100-P)  

19.1.8 Figure  13 shows the s e t t l e m e n t  t o  be expected 

from a prism of s o i l  one foot  i n   h e i g h t  in i t s  frozen 

s t a t e  versus the d r y  weight of soil ,  in i t s  frozen state ,  

for  a s p e c i f i c  gravity of 2.7 and for various f i n a l  

dry d e n s i t i e s .  

19.1.9 Line11 and Kaplar have  developed a c h a r t  for  

determining the re la t ionships   be tween d r y  unit weight 

of soil, ice volume and water conten t .   This   char t  is 

reproduced as Plate 7, Appendix E .  I n  order t o  use 

this  c h a r t ,  it is n e c e s s a r y   t h a t  some es t ima te  of t h e  

s o i l  dry u n i t   w e i g h t   a f t e r  thawing and settlement has  

taken p l ace   be  made. If the i n  s i t u  dry u n i t   w e i g h t  

of the s o i l  i s  known (which  can be found from Shelby 
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tube samples) and t h e  final dry unit weight of the s o i l  

can also be  found (from thaw consolidation tests on 

typical samples) t h e  amount of i e t t l e rnen t  which w i l l  

take place i n  t h e  s o i l  mass can be found by u s i n g   t h e  

diagram i n  Figure 1 3 ,  

1 9  .l.lO Normally,. fine-grained soils (such as clay 

and si l t )  w i l l  have h igh  ice con ten t s  in the in situ 

s t a t e ,  These soils, after thaw-sett lement has  been completed, 

will have high void ra t ios  which w i l l  l i m i t  the amount 

of se t t l emen t  which  can take place. Conversely, sands 

and gravels w i l l  have lower void ratios af te r  thawing 

- .. 

has been  completed. The s o i l  mass w i l l  t h e r e f o r e  occupy 

a comparatively smaller volume than in t h e  case of the 

f ine   g ra ined  soils. For example, a clay with an i n  

s i t u  d r y  weight of 6 0  pounds per cubic  foot and a final 

void ratio of 1.00 will, theoretically, show a s e t t l e m e n t  

of slightly more than   t h ree   i nches  per foot due t o  thawing, 

A sand-gravel mixture  which has an i n  s i t u  d ry  weight 

of L O O  pounds per cubic foot p r i o r  t o  thawing, and a 

void r a t i o  of 0.25 a f t e r  thawing  has  taken place, w i l l  

show t h e  same amount of se t t l emen t .  

19.1.11 I t  w i l l  be   apprec ia ted ,   therefore ,  t h a t  f a i r l y  

accurate estimates of t h e  thawed d r y  d e n s i t i e s  of the 

various soils occurring under and adjacent t o  a highway 

should be made. Such estimates can be based upon minimum 
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dens i ty  t e s t s  carried out on t yp ica l  s o i l  samples. This 

t e s t  is fairly simple and entails mixing the s o i l  sample 

with water so t h a t  the water c o n t e n t  is equal t o  t h e  

i n  s i t u  water con ten t  and then pour ing  the r e s u l t i n g  

s l u r r y  i n t o  a suitable con ta ine r  and allowing the s o i l  

particles to gravi ta te  to the bottom. A small porous 

s tone  is placed on top of the sample in order to simulate 

the weight of t h e  overlying soil. 

12 1 100 
F i n a l  Cry density O f  Soil (Ib/ft 3 ) 
after completion of thawing and 
settlement (Spacific Gravity - 2.7) 

2 -  
- 10 - 

0 20 40 60 80 100 120 140 

IN-SITU DRY DENSITY OF  SOIL, PRIOR TO THAWING (LB/FT3) 

Figure 13 

CALCULATED SETTLEMENT OF ICE-RICH SOILS VERSUS  IN  SITU 
(PRIOR TO THAWING) DRY DENSITY FOR VARIOUS  VALUES OF 
FINAL (THAWED) DRY DENSITY 

19.1.12 I n  many cases it may be d i f f i c u l t  to obtain un- 

disturbed samples of frozen soil by means of Shelby tubes 
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. .* - 
or core d r i l l i n g .  In such a case, it is possible to obtain 

a relationship between the water con ten t  of a sample and 

its i n  situ d r y  dens i ty .  I f  it is assumed t ha t  the s o i l  

sample in question is saturated or super-saturated ( t h a t  

is, there is no a i r  entrapped wi th in  the ice.of t h e  s o i l  

v o i d s )   t h e   r e l a t i o n s h i p  of the water con ten t  to the dry  

d e n s i t y  is shown on Pla te  10, Appendix E ,  This  particular 

chart was drawn  assuming a specific g r a v i t y  of 2.7 f o r  

the so i l  particles and 0.88 fo r  ice. The curve w i l l  vary 

with v a r i a t i o n s  in these specific gravit ies.  
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20. IMPORTANCE OF DENSITY MEASUREMl3NTS 

20.1.1 As stated i n  the   sec t ion   en t i t l ed   "Thaw-Set t lement  

of Soils" it i s  necessary t o  determine t h e  dry dens i ty  

both before  and a f t e r   t hawing  has taken place i n  o r d e r  

t o  estimate t h e  amount of se t t l emen t  which w i l l  take 

p lace  i n  a p a r t i c u l a r  s o i l  mass, The dry  dens i ty   o f  

soils i n  a permafrost condi t ion  can be found by measuring 

undisturbed samples obtained by means of Shelby tubes 

or core dr i l l i ng .   Represen ta t ive   s amples  are measured 

in t h e   l a b o r a t o r y ,  while s t i l l  f rozen ,  and weighed. 

The samples are t h e n   d r i e d   i n  an oven and weighed again 

and, from t h e   d a t a  so obtained,  the w e t  and dry d e n s i t i e s  

i n  the in s i t u  condi t ion  can be  found. The d r y   d e n s i t y  

after thawing has taken place can be found i n  the l abo ra to ry  

by using a r e l a t i v e l y   s i m p l e  t e s t  which w e  have called 

the " s l u r r y  test".  This t es t  has  been described  above. 

(See section "Thaw-Settlement of Soils" .) For the   purposes  

of es t imat ing   probable   se t t lements   benea th  a road embankment, 

we b e l i e v e   t h a t   t h e  slurry test w i l l  y i e l d   r e s u l t s  which 

are s u f f i c i e n t l y   a c c u r a t e  for engineer ing  purposes .  

20.1.2 Obtaining  undis turbed samples i s  a relatively 

slow process compared with d r i l l i n g  f o r  d i s t u r b e d  ar 

f o r  I'grab" samples. It has been OUT experience that, 

particularly during the win te r ,  drilling product ion 

on a hole where core samples were obta ined  was only 
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1/3 and sometimes only 1/4 of t h e  production where only 

grab samples were obta ined .  To o b t a i n   s u f f i c i e n t   u n d i s t u r b e d  

samples for a s t r e t c h  of road 100  miles in l ength  would 

be extremely cos t ly  and time consuming. In add i t ion ,  

the necessary l a b o r a t o r y   t e s t i n g  would a l s o  be f a r  more 

involved and expens ive   t han   i n   f i nd ing  water con ten t s  

of d i s tu rbed  samples. I n  this p r o j e c t  w e  t h e r e f o r e  

a t tempted t o  o b t a i n  as large a propor t ion  of undis turbed  

samples as would be economically  acceptable t o  the c l i e n t  

and at the same time o b t a i n   s u f f i c i e n t  data to provide 

a basis for engineer ing   des ign .  We be l i eve  that t h e  

data obta ined  from undis turbed  samples can be c o r r e l a t e d  

w i t h  the data obta ined  from disturbed  samples  so as 

t o  a y i e l d  a r e l a t i v e l y  large amount of useable   information.  

The data obta ined  from undis turbed  samples has been 

analyzed w i t h  the a id  of a computer  program and t h e  

re la t ionship   be tween water con ten t  and dry d e n s i t y  has 

been  obtained for various types of soil. 

20.2 Rela t ionship  of Wat.er C o n t e n t   t o  Dry Densi tx  

20.2.1 Data on the dry   dens i ty   and  water con ten t  

of undis turbed  samples from the Mackenzie Highway location 

and other p r o j e c t s  in the Mackenzie  Valley area were 

analyzed and t h e  charts shown on Plates 11 and 1 2  were 

produced. The re la t ionship   be tween water content and 

dry d e n s i t y  is: 
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Dd = l/(A+BW) 

where : 

Dd = dry dens i ty  (pcf)  

W = water content  ( % )  

A = 0.0056 (for Mackenzie Highway location) 

= 0.0055 (Sans Saul t  a rea )  

B = 0.0002 (Mackenzie Highway Location) 

= 0.00018 (Sans S a u l t  area) 

20 .2 .2  By m e a n s  of t h i s  r e l a t i o n s h i p  the e x i s t i n g  dry 

d e n s i t y ,  in a f rozen  s ta te ,  of the subgrade soils can be 

es t imated  w i t h i n  r easonab ly  close limits. When t h e  

i n  situ d r y  densities are compared with the thawed d r y  

densit ies t h e   r e s u l t i n g   d i f f e r e n c e   c a n  be used as an 

estimate of the probable s e t t l e m e n t  which will occur 

under an embankment at t h e  locat ion of each test hole.  

2 0 . 2 . 3  I t  should be emphasized t h a t  the da ta  w e  have 

used is from a relatively small area of the Mackenzie 

Valley and the r e l a t i o n s h i p  of water con ten t  to dry 

d e n s i t y  w e  have found may, no t  apply t o  f rozen  soils 

i n   o t h e r  areas. T h i s  r e l a t i o n s h i p  should t h e r e f o r e  be 

used wi th   cau t ion  i n   o t h e r  a reas .  
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21. WINTER CONSTRUCTION 

21.1.1 This section formed p a r t  of a r epor t  t o  the 

Department of Public Works of Canada on the subject  of 

t h e  Mackenzie and Dempster Highways which was submitted 

t o  the Department i n  January of 1973. We believe t h e  

information i n  it i s  r e l e v a n t  t o  t h i s  program and it is  

t h e r e f o r e  repeated verbatim. However, it should be 

borne i n  mind that, a t  t h e  time this was w r i t t e n ,   c o n s t r u c t i o n  

of t h e  Mackenzie and Dempster Highways i n  the Inuvik-Fort  

McPherson area had just commenced. 

21.1.2 There is  very l i t t l e  experience to b u i l d  on 

of road cons t ruc t ion   du r ing   w in te r   i n   no r the rn  Canada. 

The Department of Highways of Alber ta   cons t ruc ted  a 

s h o r t  section of embankment on t h e  highway  between Lac 

L a  Biche and Fort McMurray dur ing  the win te r ,  The Manitoba 

Department of Highways has constructed short s e c t i o n s  

of road embankment i n  northern  Manitoba during the win te r  

and the  Churchill Falls Corporat ion  constructed 20 miles 

i n  Labrador  during t h e  w i n t e r  of 1966-67 .  Some sections 

of t h e  Alberta Resources Rai lway were cons t ruc ted   dur ing  

t h e   w i n t e r  and some earth work at Dew-Line sites was 

a l s o  completed under winter   condi t ions .  At least one 

l a r g e   d i k e  was p a r t i a l l y   c o n s t r u c t e d  during win te r  in 

nor thern  Manitoba as part of a hydro-electric p r o j e c t .  
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21.1.3 Very few of these p r o j e c t s  have been reported 

i n  t h e  l i t e r a t u r e .  I n  those few cases where such   pro jec ts  

have been mentioned i n  reports, the details of t h e  s o i l  

types and  construction  procedures  have seldom been mentioned 

i n  de ta i l  as such detai ls  were u s u a l l y  incidenta1. t -o  

t h e  main o b j e c t  of each p a r t i c u l a r  paper. Well documented 

case h i s t o r i e s  on embankment cons t ruc t ion  during the 

winter ,   mainly i n  the form of a publ ished report, d e a l  

on ly  w i t h  embankment c o n s t r u c t i o n  e i t h e r  in non-permafrost 

areas or i n  areas  where  permafrost  occurs only sporadically. 

It must  be  emphasized  that   there is an enormous difference 

between c o n s t r u c t i n g  an embankment i n  t he   w in te r   w i th  

unfrozen m a t e r i a l  and cons t ruc t ing  an embankment i n  

the w i n t e r  with frozen mate r i a l .  Where unfrozen  mater ia l  

can be used, t h e r e  i s  very l i t t l e  void space between 

t h e  lumps of fill and most of these   vo ids  can be f i l l e d  

due t o  the compaction e f f o r t  of the h a u l i n g  equipment. 

However, where the m a t e r i a l  i s  placed i n  a f r o z e n   s t a t e  

being of any va lue ,  

21.1.4 We are not  aware of any road embankments cons t ruc ted  

on permafrost during win te r  i n  Alaska, which  have been 

reported i n  the l i t e r a t u r e .   S i m i l a r l y ,  few r e fe rences  

on such work are a v a i l a b l e  from the Soviet Union.  Porkhaev 

( 2 6 )  mentioned problems caused by inc lus ion  of s i l t y  

- 26 - 



I 
I 

R.M.HARDY & ASSOCIAT- LTD. 

soils i n  embankments cons t ruc ted   dur ing  the winter but 

also mentions that such soils have been used successfu l ly .  

compressive strength of frozen soils t o  temperature 

and water content. This  chart  has been taken from Thermal 

So i l  Mechanics by Jumikis. It shows t h a t  the s t r e n g t h  

of sand is great ly  dependent on the temperature and 

11 t h a t  at 0' F the compressive s t r e n g t h  of sand i s  at 
least four times that of the s t rength  a t  30°F, Clay 

w i t h  silt and organic matter shows little increase i n  

s t r e n g t h  once the temperature drops below 20°F. Similar 

re la t ionships  have been noted f o r  the shear s t r e n g t h  

of frozen soi ls .  T h i s  chart shows t h a t  r ipp ing  frozen, 

coarse grained materials is almost inevitably an expensive 

operation. 
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Figure 14 

F!XLATIONSHIP OF UNCONFINED COMPRESSIVE 
STRXNGTH OF FROZEN SOILS TO 

TEMPERATURE: (Af t e r  Tsytovich) 

(Original Char t  was in metric units) 
FROM: Thermal Soil Mechanics, J u n i k i s ,  p. 15 7 

21.2.2 Soils which have j u s t  completed thawing, invariably 

contain excess pore pressures which cause a drastic 

loss i n  shear s t rength .   There  is very little published 

in format ion  on t h e   s t r e n g t h  of soils during the thawing 

process. However, it is general ly  accepted that f rozen  

soils have h igh  shear and compressive s t r e n g t h s ,  such 
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s t r e n g t h  will be reduced during the thawing process 

and t he  s h e a r  and compressive s t rengths  of t h e  soil 

will be a t  a minimum immediately on the completion of 

thawing. As excess pore pressures are dissipated the 

I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
1 
I 
1 
I 

shear and compressive s t r e n g t h s  will recover. However, 

t h e  s t r e n g t h  of a thawed s o i l  w i l l  never equal its s t r e n g t h  

i n  the f rozen  condition. 
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22. EROSION 

22.1.1 Erosion of s u r f a c e  soils due t o  running water 

can be  a serious problem where  vegetat ion has been removed, 

Common examples   include  erosion of: highway di tches ,  

c u t  slopes,  and a g r i c u l t u r a l  land where poor farming 

practices have   been   car r ied   ou t .   In   souther ly  regions, 

mast e r o s i o n  i s  due t o  r a i n f a l l   w i t h  erosion due t o  

snow melt and wind being of r e l a t i v e l y  minor importance. 

In more n o r t h e r l y   l a t i t u d e s ,   r a i n f a l l  i s  r e l a t i v e l y  

l i g h t  so t h a t  snow melt i s  a much more impor t an t   f ac to r .  

21 .1 .2  The p r inc ip l e   causes  of erosion are: 

removal of vegetation 

p r e c i p i t a t i o n  ( r a i n  and snow) 

topography (slopes and d ra inage  areas) 

s o i l  type  and density 

22.1.3 Experiments i n  the United States  have shown 

t h a t   e r o s i o n  from  land i n  row crops c a n  be as much as 

80 times t h e  amount eroded from grass land .  I t  is obvious 

that  t h e  amount of s o i l  eroded from completely bare 

sand o r  s i l t  could be enormous for a very  small amount 

of water. 

22.1.4 The s l o p e  of land w i l l  i n f l u e n c e  the velocity 

of running water as it runs   ove r   t he  ground surface. 

P l a t e  6 , Appendix E ,  shows the r e l a t i o n s h i p  between 

the v e l o c i t y  of water and t h e  gradient of the slope 
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for a flow of 0.4 cu. ft./sec. per foot of channel width.  

I t  w i l l  be seen that t h e   v e l o c i t y  of water f o r  a g r a d i e n t  

of 40% is only twice t he  velocity of the water for  a 

gradient of 4%. The relationship between the veloci ty  

of water and the amount of sand eroded is shown on Plate 

9 for a water depth of 1 . 2  inches. 

2 2 . 1 . 5  The s i z e  and topography of t he   d ra inage  area 

a f f e c t s  the amount and i n t e n s i t y  of runoff  as it passes 

any p a r t i c u l a r  p o i n t .  Where the topography concent ra tes  

runoff  from a cons iderable  area into a small dra inage  

way i n  a s h o r t  space of t i m e ,  the resulting e ros ion  

can be serious. Highway embankments placed across t h e  

l i n e  of drainage often h a v e   t h e   e f f e c t  of concent ra t ing  

runoff  . 
22.1 .6  There are var ious  factors which in f luence  t h e  

rate a t  which soils w i l l  erode. Plate 8, Appendix E,  

shows t h e  r e s i s t a n c e  to eros ion  of s o i l  according to 

t h e   g r a i n  s i ze ,  Gravel has a very   h igh   r e s i s t ance  t o  

erosion due to i t s  s i z e  whereas clay has h igh   r e s i s t ance  

t o  erosion due to cohesion. Fine sand and s i l t  have 

very little resistance t o  e ros ion  due t o  small grain s i z e  

and lack  of cohesion. 

22.1.7 I n  t h e  case of cohesive soils the density of 

the s o i l  has a very great in f luence  on its shea r   s t r eng th  

and, consequent ly ,  i t s  resistance t o  erosion. It is well 
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known that thawing soils have a very low shear s t r e n g t h  

while thawing i s  taking place and immediately af ter .  

22.2 Preventative  Measures 

22.2.1 Various measures fo r  the prevent ion  and  control  

of eros ion  have been used. These include: 

r evege ta t ion  

d ive r s ions  and barriers 

a r t i f i c i a l  cont ro l  

s i l t a t i o n   b a s i n s  

22 .2 .2  Vegetation is t h e  most economical and a e s t h e t i c a l l y  

pleasing method of c o n t r o l l i n g  erasion, In n o r t h e r l y  areas, 

the short growing season and t h e  poor quality of the 

s o i l  are important factors in planning any revegetation 

program. A considerable amount of e x p e r m e n t a l  work 

i s  underway i n  an attempt to f i n d  the most s u i t a b l e  

grass spec ie s  to be  used. The ques t ion  of which type 

of p l a n t  growth t o  encourage and t h e  methods t o  be used 

i n  reseeding are complex and are o u t s i d e  our f i e l d  of 

competance. 

22.2.3 It i s  concluded that t h e r e  i s  i n s u f f i c e n t  data 

a v a i l a b l e  on e ros ion  in sub-Arctic environments to permit  

t h e  development of a code of practice a t  t h i s  stage. 
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23. THAW DITCHES 

23.1.1 In s o i l  w i t h  h igh  ice contents ,  it is possible 

to create a shal low  drainage channel by deliberately 

d i s t u r b i n g  t h e  surface cover. Such disturbance 

can be effected by hand-cutting t h e  vege ta t ion  and 

running a tracked v e h i c l e  along the c u t  l i n e .  The 

surface disturbance leads t o  degradation of t h e  perma- 

f ros t  and consequent  lowering of the ground  surface.  

T h i s  type of d i t c h  will avoid many of the eros ion  

problems assoc ia ted   wi th   convent iona l   d i tch ing  procedures, 

We are n o t  aware of this approach having been used and 

suggest some experimental  work a t  selected locations. 
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