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On a constat'e qu'une charge a l t e r n k  a u s s i  f a i b l e  que 5% d e  l a  
con t ra in te  s t a t i q u e  acc'elsre l e  taux de d6placement des  pie- 
enfonc'es dans l e s  s o l s  gel& e t  supportant des charges de 
longue dur'ee, a i n s i  que l e  taux de f luage des dchant i l lons  de  
s o l  gel6  soumis au chargelaent un iax ia l  en compression. Cet 
e f f e t  r a u i t  l a  capacit 'e por tante  des pieux enfonc'es dans l e s  
s o l s  gel'es e t  d o i t  Btre p t i s  en considk-ation pour l e s  c a l c u l s  
de fondations dans l e s  regions de pergdlisol.  



EFFECT OF DYNAMIC LOADS ON 
PILES I N  FROZEN SOILS 

V.R. Parameswaran, Division of Building Research, 
National Research Council of Canada, 
Ottawa, Ontario,  K1A OR6. 

ABSTRACT 
An a l t e r n a t i n g  s t r e s s  a s  small  a s  5% of t h e  s t a t i c  s t r e s s  was found 

t o  acce lera te  the  displacement r a t e s  of p i l e s  subjected t o  long-term 
loads i n  frozen s o i l s ,  a s  we l l  a s  t h e  creep r a t e  of f rozen s o i l  samples 
subjected t o  un iax ia l  loading under compression. This e f f e c t  
e s s e n t i a l l y  reduces t h e  bearing capaci ty of p i l e s  i n  frozen s o i l s ,  and 
has t o  be taken i n t o  considerat ion i n  t he  design of foundations i n  
permafrost areas .  

INTRODUCTION 

P i l e  foundations supporting bui ldings i n  permafrost a reas  a r e  
subjec t  t o  s t a t i c  loads due t o  t h e  superimposed s t r u c t u r e ,  and t o  
dynamic loads from operat ing machinery wi th in  the  buildings. Shocks and 
v ibra t ions  from extraneous sources a r e  a l s o  t ransmit ted t o  t h e  
foundations through the  ground. Conventional designs of foundations i n  
permafrost a reas  usua l ly  take  i n t o  considerat ion only s t a t i c  loads and 
an allowable set t lement  of t he  foundation during t h e  an t i c ipa t ed  s e r v i c e  
l i f e  of t h e  s t ruc tu re .  The bearing capaci ty of a p i l e  i s  estimated from 
the  adfreeze bond s t r eng th  between t h e  p i l e  and various s o i l s  (which i s  
determined experimentally from short-term and a few long-term p i l e  load 
t e s t s )  and from the  behaviour of e x i s t i n g  s t r u c t u r e s  i n  permafrost 
areas.  The end-bearing capaci ty f o r  a p i l e  i n  frozen s o i l s  i s  a 
funct ion of the compressive s t r eng th  of t he  s o i l  mater ial .  For ice-r ich 
s o i l s  t h i s  i s  very small  and usual ly neglected. The unce r t a in t i e s  
caused by v a r i a b i l i t i e s  i n  t he  type of s o i l  and the  moisture content and 
i t s  d i s t r i b u t i o n  i n  t h e  s o i l ,  and those  due t o  t h e  su r f ace  
c h a r a c t e r i s t i c s  of the  p i l e  a r e  normally compensated f o r  by a f a c t o r  of 
s a f e t y  incorporated i n t o  the  design c r i t e r i a .  

A t  present ,  t he  e f f e c t s  of dynamic s t r e s s e s  a r e  not taken d i r e c t l y  
i n t o  considerat ion i n  design. The l a r g e  s a f e t y  f a c t o r  normally used i s  
probably s u f f i c i e n t  t o  compensate f o r  these  e f f ec t s .  Although i t  i s  
known t h a t  t h e  mechanical p rope r t i e s  of f rozen s o i l s  and i c e  a r e  
a f fec ted  by dynamic loading on these mater ia l s  (Kaplar (1969 1, Stevens 
(1975), Vinson e t .  a l .  (1978) ( a )  and (b) ,  Czajkowski and Vinson (1980)) 
no f i e l d  s tud ie s  have a s  ye t  been reported on the  e f f e c t  of a l t e r n a t i n g  
loads on t h e  r a t e  of se t t lement  of p i l e s  i n  frozen s o i l s .  Laboratory 
s tud ie s  were undertaken t o  obta in  information on t h e  behaviour of p i l e s  
i n  frozen s o i l s  under var ious condit ions of load ( s t a t i c  and dynamic) 
and temperature. Preliminary r e s u l t s  of these inves t iga t ions  showed 



t h a t  an a l t e r n a t i n g  s t r e s s  as  small as 3 t o  5% of the  s t a t i c  s t r e s s  
caused a  doubling of t h e  displacement r a t e  of wood and concrete  p i l e s  i n  
frozen s o i l s  a t  -2.2OC (Parameswaran (1982)). This ind ica ted  t h a t  
dynamic loads reduce t h e  l i f e  expectancy of a  s t r u c t u r e  t o  ha l f  t h a t  
which is predicted from s t a t i c  s t r e s s  alone. 

The present paper repor t s  t he  r e s u l t s  of more recent  s tud ie s  on t h e  
e f f e c t  of dynamic s t r e s s e s  on t h e  r a t e  of set t lement  of p i l e s  embedded 
i n  frdzen s o i l s  with f r e e  ends, without any end-bearing. Since the  
t o t a l  bearing capaci ty of a  p i l e  i s  a combination of t h e  adfreezing 
s t r eng th  a t  t he  p i le -so i l  i n t e r f a c e  and the  end-bearing capaci ty 
estimated from t h e  compressive s t r eng th  of t h e  s o i l  under t h e  p i l e ,  i t  
w a s  a l so  decided t o  study the  e f f e c t s  of dynamic s t r e s s e s  on t h e  creep 
of c y l i n d r i c a l  samples of f rozen  s o i l s  under un iax ia l  compression. 

EXPERLMENTAZ, PROCEDURE 

The experimental se tup  t o  measure the  displacement r a t e s  of p i l e s  
i n  f rozen  s o i l s  under s t a t i c  loads and superimposed a l t e r n a t i n g  loads 
was described e a r l i e r  (Parameswaran (1982)). The same creep frame was 
a l s o  used t o  study t h e  creep of c y l i n d r i c a l  f rozen  s o i l  samples, a s  
shown i n  Figure 1. 

Samples of f rozen s o i l ,  75 mm i n  diameter and about 175 mm i n  
length,  were prepared from a n a t u r a l  s i l t y  c lay  obtained from permafrost 
areas  i n  the Northwest Te r r i t o r i e s .  The dr ied  s o i l  was mixed with water 
(50% by weight of dry s o i l )  and t h e  r e s u l t i n g  s l u r r y  was packed i n t o  
cy l ind r i ca l  c a v i t i e s  cu t  i n t o  a  Styrofoam block with a  f l e x i b l e  
polyethylene shee t  l ining.  The samples were allowed t o  f r e e z e  
unid i rec t iona l ly  by exposing the  open end t o  t he  a i r  i n s i d e  a cold room 
kep t  a t  -2.2OC. Af t e r  complete freezing, t h e  c y l i n d r i c a l  samples were 
removed from the  Styrofoam block and t h e i r  ends faced i n  a l a the .  The 
f in i shed  samples were 150 mm long. The i c e  lenses  i n  t h e  f rozen  s o i l  
samples were d i s t r i bu ted  uniformly, but randomly oriented. The average 
moisture content of t h e  samples was about 45%. 

For a  creep t e s t  ( a s  shown i n  Figure I ) ,  a cy l ind r i ca l  sample (A)  
w a s  mounted on t h e  s t e e l  pedes ta l  (B), and t h e  l e v e r  arm (Dl was 
adjusted hor izonta l ly ,  with the  load c e l l  (C) above t h e  sample. A 

hydraul ic  jack (J) was used t o  r a i s e  and lower t h e  l e v e r  arm. The 

combined weight of the  beam (D), t he  shaker (El ,  and t h e  loading 
platform (P) provided t h e  s t a t i c  load on t h e  specimen. Weights could be  
placed, i f  necessary, on the  loading platform (P) t o  increase  t h i s  
s t a t i c  load. Dynamic load was appl ied on t h e  f rozen  s o i l  sample by t h e  
electrodynamic shaker (E). The frequency and amplitude of t he  dynamic 
load  w a s  cont ro l led  by feeding a  s u i t a b l e  wave form s i g n a l  t o  t h e  shaker 
from a wave generator  and an amplif ier .  For most t e s t s  a  s inusoida l  
wave of 10 Hz w a s  used, a s  t h i s  was c lose  t o  t h e  c r i t i c a l  frequency of 
v ib ra t ion  f o r  p i l e s  i n  frozen s o i l  determined e a r l i e r  i n  t h e  labora tory  
(Parameswaran (1982)) and observed i n  t h e  f i e l d  (Pernica e t .  a l .  
(1984)). (The term ' c r i t i c a l  frequency' is  used here  t o  denote t h e  
frequency a t  which t h e  amplitude of v ibra t ion ,  measured by an  



Figure 1. Schematic diagram of the  experimental setup t o  s tudy creep of 
c y l i n d r i c a l  samples of f rozen  s o i l s .  A - f rozen  s o i l  sample, 
B - s t e e l  pedestal ,  C - load c e l l ,  D - l e v e r  arm, 
E - e l e c t r o d y n a d c  shaker, J - hydraul ic  jack, L - l i n e a r  
va r i ab l e  d i f f e r e n t i a l  transducer (LVDT) , P - loading 
platform 

accelerometer on the  p i l e ,  i s  a maximum.) The s t a t i c  and dynamic 
conrponents of t h e  load appl ied on t h e  specimen were monitored 
continuously from the  output of t h e  load c e l l  (C)  on a cha r t  recorder.  
The deformation of t h e  sample ( a x i a l  compression) was a l s o  recorded on 
the  char t  recorder,  measured by a l i n e a r  va r i ab l e  d i f f e r e n t i a l  
t ransducer  (LVDT) 'L' . A l l  t e s t s  were ca r r i ed  ou t  a t  a temperature of - 
2.Z0C + o.z0c. 
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Figure 2. Typical creep curve showing the  displacement of a wood p i l e  
i n  f rozen  s i l t y  c l ay  wi th  time 

RESULTS AND DISCUSSIONS 

Displacement of P i l e s  i n  Frozen S o i l s  

Figure 2 shows a t y p i c a l  creep curve giving the  displacement w i th  
time of an  uncoated wood p i l e  (made from Douglas f i r )  i n  a f rozen  s i l t y  
clay. The dashed l i n e s  show the  displacement under s t a t i c  load alone, 
and t h e  s o l i d  l i n e s  i n d i c a t e  t h e  regions where a n  a l t e r n a t i n g  load (of 
about 5% of t he  s t a t i c  load)  was superimposed on t h e  s t a t i c  load. The 
arrows i n d i c a t e  t h e  pos i t i ons  where t h e  s t a t i c  load  was increased by 
adding weights t o  t he  loading pan (P i n  Figure I). I n  t he  e a r l y  p a r t  of 
t h e  t e s t ,  t h e  displacement r a t e  of t h e  p i l e  i n  t h e  f rozen  s o i l  decreased 
continuously with time, ind ica t ing  primary creep behaviour of t he  frozen 
s o i l  under shear  a t  t h e  p i l e s o i l  in te r face .  Af te r  t h e  second load 
increment (B i n  Figure 2 ) ,  t h e  i n i t i a l  displacement r a t e  w a s  s t i l l  of 
t h e  primary creep type, a s  seen  i n  region 6 of Figure 2. A marked 
increase  i n  the displacement r a t e  of t he  p i l e  w a s  observed a f t e r  t h e  
shaker  was turned on t o  impose t h e  a l t e r n a t i n g  load. The displacement 

r a t e  decreased soon a f t e r  turning the  shaker off .  I n  regions 7, 9 
and 11, t h e  e f f e c t  of t h e  superimposed a l t e r n a t i n g  load i n  enhancing t h e  
displacement r a t e  of p i l e  i n  t he  frozen s o i l  is c l e a r l y  seen. The 

values of t h e  displacement r a t e s  wi th  and without t h e  a l t e r n a t i n g  
s t r e s s ,  under a constant  s t a t i c  s t r e s s  of 0.1325 MPa a t  t h e  adfreezing 
i n t e r f a c e  between t h e  p i l e  and t h e  s o i l ,  a r e  a l s o  given i n  F igure  2. 
The a l t e rna t ing  s t r e s s  causes t he  displacement r a t e  t o  be doubled from 
region 6 t o  7, and t o  be increased more than 3 times from region  8 t o  9, 
and from region 10 t o  11. This would imply t h a t  a s t r u c t u r e  designed 
only on t h e  b a s i s  of s t a t i c  loads f o r  a c e r t a i n  allowable displacement 
i n  a given time period w i l l ,  under combined s t a t i c  and dynamic loads,  



Figure 3. Schematic represen ta t ion  of the displacements with and 
without a superimposed a l t e r n a t i n g  load  

a t t a i n  t h a t  displacement i n  113 of t h e  design l i f e ,  i f  s u f f i c i e n t  s a f e t y  
f a c t o r s  a r e  no t  incorporated i n  t h e  design. 

Di f fe ren t  kinds of p i l e s  such a s  uncoated wood (B.C. f i r )  p i l e s ,  
concrete ,  and s teel  p ipe  p i l e s  were t e s t e d  i n  var ious kinds of s o i l s ,  
including a uniform sand (of average g r a i n  diameter 0.2 t o  0.6 mm) 
containing 14% moisture  (by weight of dry s o i l ) ,  a s i l t y  s o i l  wi th  20% 
moisture,  and a s i l t y  c l ay  with 50% moisture. From the  displacement 
r a t e s  observed under s t a t i c  loads and wi th  a superimposed a l t e r n a t i n g  
load, t h e  i nc rease  i n  p i l e  displacement per  cycle  of a l t e r n a t i n g  load 
was ca lcu la ted  a s  shown i n  Figure 3, f o r  var ious s t a t i c  stress l e v e l s  
and displacements. 

Let 111 be t h e  displacement and il be t h e  displacement r a t e  during 
per iod t l  under s t a t i c  s t r e s s  a lone,  and l e t  L2 and i2 be t h e  
corresponding values  f o r  a period t 2  with  t h e  superimposed a l t e r n a t i n g  
stress. Assuming t h a t  t h e  displacement r a t e s  t l  and I2 remain unchanged 
during the  periods t l  and t2,  and ex t rapola t ing  t h e  creep curve beyond 

t l  t o  t2  as  shown i n  Figure 3, t h e  add i t i ona l  displacement (AL) caused 
by the  a l t e r n a t i n g  load alone i s  given by: 

The increase  i n  displacement per cycle  of loading i s  given by: 

d ~ l l  ( i 2 - i , ) t 2  , ( i2-ill 
- =  
dN t2  x f  f  

(2) 

where N i s  t he  number of cycles  of a l t e r n a t i n g  s t r e s s  appl ied during t h e  
t i m e  period t2, and f is  t he  frequency of loading. 
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Figure 4 .  Var ia t ion  of t he  increment i n  p i l e  displacement per cycle  of 
a l t e r n a t i n g  load wi th  mean s t r e s s  

Figure 4  shows t h e  values of dAll/dN ca lcu la ted  f o r  var ious p i l e s  
p lo t t ed  on a log-log s c a l e  aga ins t  t h e  mean s t r e s s  r a t  t h e  p i l e s o i l  
i n t e r f ace .  For p i l e s  i n  f rozen  sand and s i l t y  s o i l ,  t h e r e  i s  some 
ind i ca t ion  ( a s  shown by l i n e  A i n  Figure 4 )  t h a t  dAll/dN increases  w i th  
mean s t r e s s  r as: 

d All 
a :  ?" 
dN 

where t he  value of n obtained from t h e  s lope  of t h e  s t r a i g h t  l i n e  A was 
6.5. I n  t h e  case  of p i l e s  i n  f rozen  f i n e  grained clayey s o i l s  
containing about 50% moisture by weight of dry s o i l ,  t h e  values of 
dALldN varied between 10-lo and loe7 mm/min f o r  a very small  change i n  
s t r e s s  about the  mean value of 0.13 MPa ( l i n e  B i n  Figure 4 ) .  
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Figure 5. Variat ion of the  increment i n  p i l e  displacement per  cycle  of 
a l t e r n a t i n g  load wi th  displacement 

Figure 5 shows the  values of dAII/dN p lo t t ed  aga ins t  displacement of 
t h e  p i l e  on a l o r l o g  scale .  The behaviour of p i l e s  i n  f rozen  sand and 
s i l t  ( l i n e s  1, 2 and 3 i n  Figure 5) showed t h a t  dAg/dN increased sharp ly  
wi th  displacement II. Lines 4 and 5 f o r  a wood p i l e  and s t e e l  
cy l ind r i ca l  p i l e ,  respect ively,  i n  a frozen clayey s o i l  show d e f i n i t e  
devia t ions  from t h i s  behaviour. The l imi ted  amount of d a t a  obtained s o  
f a r  does not allow one t o  draw any conclusion o r  propose a generalized - 

behaviour of p i l e s  i n  clayey s o i l s .  Further t e s t s  a r e  underway t o  study 
the  behaviour of p i l e s  i n  frozen f i n e  grained s o i l s  under dynamic 
loads. 
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Figure 6. Typical creep curves of cy l ind r i ca l  samples of a f rozen s i l t y  
c l ay  

Creep of Cyl indr ica l  S o i l  Samples 

Figure 6 shows t y p i c a l  creep curves f o r  t h r e e  d i f f e r e n t  samples of 
s i l t y  c l ay  wi th  50% moisture t e s t e d  a t  -2.2OC. The dashed l i n e s  show 
the dependence of creep s t r a i n  on time under s t a t i c  s t r e s s  alone, and 
t h e  s o l i d  l i n e s  show t h e  creep s t r a i n  under t h e  combined s t a t i c  and 
dynamic s t r e s se s .  The peak-to-peak amplitude of t h e  a l t e r n a t i n g  s t r e s s  
was about 5% of t h e  s t a t i c  s t r e s s .  Figure 7 shows another sample of t h e  
same mater ia l  t e s t ed  a t  a lower mean s t r e s s ,  but f o r  a longer t i m e .  The 
e f f e c t  of dynamic s t r e s s  i n  increas ing  t h e  creep r a t e  of t h e  samples i s  
obvious i n  both Figures 6 and 7. 
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Figure 7. A t y p i c a l  long-term creep curve of a f rozen sample of s i l t y  
c l ay  

Creep r a t e s  ca lcu la ted  f o r  var ious samples wi th  and without  
a l t e r n a t i n g  stress a r e  p l o t t e d  aga ins t  t i m e  on a log-log s c a l e  i n  
Figure 8. The shaded symbols give t he  r a t e s  under combined s t a t i c  and 
dynamic s t r e s s e s ,  and t h e  blank symbols, t h e  r a t e s  under s t a t i c  stress 
alone. The creep r a t e s  ( k )  under s t a t i c  a s  w e l l  a s  dynamic stresses 
decrease continuously with t i m e  ( t ) ,  following a power law: 

When a = 0, = cons tan t ,  a s  observed i n  t h e  e a r l y  p a r t  of t h e  creep 
curves ( f o r  t < 100 hours) f o r  samples 5 and 8 t e s t e d  under mean 
s t r e s s e s  of 0.63 and 0.52 m a ,  respec t ive ly .  For t h e  dynamic tests as 
w e l l  a s  f o r  sample 1 t e s t ed  under a mean s t a t i c  s t r e s s  of 0.66 MPa, t h e  
value of t h e  exponent 'a '  was 0.8. This  suggests  t h a t  t h e  deformation 
behaviour of t h e  sample is c lose  t o  t h a t  of logari thmic creep ( a  = 1)  i n  
t h e  primary p a r t  of t h e  creep curve, which i s  s i m i l a r  t o  t h e  behaviour 
observed i n  many m e t a l l i c  mater ia l s  a t  e levated temperatures. For 
sample 8, t e s t e d  f o r  a longer  dura t ion  a t  a low mean s t a t i c  s t r e s s  va lue  
of 0.52 MPa, t he  s lope  f o r  s t a t i c  creep changes from a value of zero f o r  
t < 100 hours,  t o  a va lue  of a = 2 o r  more f o r  t > 200 hours,  which 
eventual ly  leads  t o  a very ' low value of creep ra te .  



Figure 8. Variat ion of creep s t r a i n  r a t e  with time f o r  s i l t y  c lay  under 
s t a t i c  and dynamic loads 
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The behaviour depicted i n  Figure 8 is very s imi l a r  t o  t he  long-term 
creep behaviour of polycrys ta l l ine  i c e  and sand-ice mater ia l s  (Butkovich 
and Landauer (1959), Mellor and Testa (1969), Hooke e t .  a l .  (1972)), 
which follows t h e  empir ical  equation (Weertman (1 973) 1: 

- 
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\ 
- 

- 
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- 
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- 

5 - 0.63 MPa 
- o 8 - 0.52 MPa - 
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where E i s  t h e  s t r a i n ,  t the  time and A and B a r e  constants  f o r  a 
p a r t i c u l a r  material .  D i f f e ren t i a t i ng  (5) with  respec t  t o  time: 

10 100 1000 10 000 
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The value of m obtained by Butkovich and Landauer w a s  3 ,  which ave 
i a t-0*66. This i s  c lose  t o  our  present  observation, E a t-~". Gold 
(1965) observed values of m = 1 t o  2 i n  some of h i s  columnar grained i c e  



samples. I f  m = 1, 2 i n  equat ion (6)  becomes a constant ,  which i s  t h e  
behaviour observed on samples (5)  and (8) (Figure 8) f o r  t < 100 hours. 
This  suggests  t h a t  t h e  creep of f rozen s o i l s  a l s o  fol lows t h e  same 
empir ical  equat ion used t o  analyze creep of po lyc rys t a l l i ne  i ce .  

CONCLUSIONS 

A dynamic stress of small amplitude amounting t o  a f r a c t i o n  of t h e  
s t a t i c  stress, enhances t h e  r a t e s  of displacement of f r e e  ended p i l e s  i n  
frozen s o i l s .  This i nd i ca t e s  t h a t  t h e  shear  adfreeze s t r e n g t h  a t  t h e  
p i l e s o i l  i n t e r f a c e  i s  decreased by dynamic loading. The creep r a t e  of 
c y l i n d r i c a l  samples of f rozen clayey s o i l s  (containing about 45% 
moisture) under u n i a x i a l  compression was a l s o  increased by a 
superimposed a l t e r n a t i n g  s t r e s s .  A s  t he  t o t a l  bearing capaci ty  f o r  
p i l e s  i n  f rozen  s o i l s  i s  a func t ion  of both t h e  adf reeze  s t r e n g t h  a t  t h e  
p i le -so i l  i n t e r f a c e  and the  end-bearing s t r eng th  of t h e  ma te r i a l  under 
t h e  p i l e ,  t h e s e  e f f e c t s  should be taken i n t o  cons idera t ion  f o r  s a f e  and 
optimal design of s t r u c t u r e s  i n  permafrost areas.  Since t he  creep r a t e  
i s  a func t ion  of t h e  mean s t a t i c  s t r e s s ,  one way t o  ensure s a f e t y  i n  t h e  
design when a l t e r n a t i n g  loads a r e  present  is  t o  reduce t h e  s t a t i c  load 
on each p i l e  by us ing  a l a r g e r  number of p i l e s  under t h e  s t ruc tu re .  

I n  general ,  t h e  creep of i c e - r i ch  f rozen  s o i l s  was found t o  fol low 
t h e  same empir ica l  equat ion t h a t  was used e a r l i e r  f o r  po lyc rys t a l l i ne  
ice .  This i nd i ca t e s  t h a t  the  creep of f rozen s o i l s  i s  e s s e n t i a l l y  
governed by t h e  creep of i c e  i n  t h e  s o i l  matrix. 
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