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SO MMAIRE 

L'auteur effectue des  e s s a i s  syst6matiques  en  labora to i re  
af in  de  d6 te rminer  les  effets de  l a v i t e s s e  de  f lbchissement ,  
de  116paisseur  de  l a g l a c e  e t  du diam'etre des  p i euxsu r  l e s  
charges  ver t ica les  de  l a  glace s u r  ce s  pieux. L 'auteur  
utilise des  pieux de bois dlun diam'etre d e  SO 'a 145 m m  
dans des  6pa i s seu r s  de glace de  2 5  i 200 mm. Les  e s s a i s  
sont effectu6s 'a des  v i t e s se s  de f lkchissement  nominales 
constantes.  L 'auteur  constate  une augmentationde l a  charge  
s u r l e  pieu 'a m e s u r e  que s l a c c r o i t  l a  v i tesse  de f l6chisse-  
ment. L a  charge  uni ta i re  s u r  l e s  pieux augmente avec 
l l acc ro i s semen t  de  116paisseur de  l a  glace e t  diminue avec 
l ' a cc ro i s semen t  du d i amgt re  du pieu. 
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I n t r o d u c t i o n  

A f l o a t i n g  i c e  cover can develop s u b s t a n t i a l  v e r t i c a l  loads  on a  s t r u c t u r e  t o  which 
i t  i s  f rozen  a s  a  r e s u l t  of  changes i n  water l e v e l .  For example, drarvdown o f  a  
r e s e r v o i r  would g e n e r a t e  downward loads  whi le  t h e  wa te r  l e v e l  i n c r e a s e  r e s u l t i n g  
Eron~ a wln te r  r a i n f a l l  can gencra tc  upward-acting l o a d s .  Sc lchcs  i n  l a r g e  l a k c s  
and storm t i d e s  i n  c o a s t a l  wa te r s  may a l s o  l ead  t o  v e r t i c a l  i c e  l o a d s .  I s o l a t e d  
p i l e s ,  p i l e  groups,  and long s t r u c t u r e s  such a s  r e t a i n i n g  w a l l s  and wharves a r e  a l l  
s u s c e p t ~ b l e  t o  t h i s  s o r t  of load ing .  

I I : ~ ~ i : ~ l y ! ; i s  v e t  I i I I i  I s  I i s  [ 1 1  Ilc ;ISS~IIIIC:J t11;it i c t .  
h a s  a v i s c o p l a s t i c  bellaviour with defornlat ion p r o p o r t i o n a l  t o  t h e  cube r o o t  of 
t ime .  A means f o r  p r e d i c t i n g  v e r t i c a l  load was given,  b u t  no d i r e c t  f i e l d  o r  
l a b o r a t o r y  measurements were a v a i l a b l e  t o  confirm t h e  p r e d i c t i o n s .  S t e h l e  [2] h a s  
r e p o r t e d  measurements of s h o r t -  and long-term ho ld ing  s t r e n g t h  of wood p i l e s  i n  i c e .  
Shor t - t e rm t a n g e n t i a l  a d f r e e z e  s t r e n g t h s  o f  about 2 MPa were r e p o r t e d  f o r  p i l e s  
70 nun i n  d iamete r .  Measurements of v e r t i c a l  i c e  loads  developed on ins t rumented 
p i l e s  have been r e p o r t e d  by Doud [ 3 ] .  A maximum load  of  80 kN on a  356 mm d iamete r  
s t e e l  p i l e  was developed by a  350 mm t h i c k  i c e  cover .  Recent ly  Parameswaran [4] 
c a r r i c d  ou t  a  l a b o r a t o r y  s t u d y  of t h e  a d f r e e z e  bond between v a r i o u s  p i l e  m a t e r i a l s  
and f rozen  ground. An adf reeze  s t r e n g t h  o f  1 MPa was ob ta ined  a t  a  d isplacement  
r a t e  of 10-5 mm.s  f o r  B r i t i s h  Columbia f i r  p i l e s  75 mm i n  d iamete r .  Th i s  b r i e f  
review i n d i c a t e s  t h a t  a l though t h e r e  a r e  some u s e f u l  d a t a  i n  t h e  l i t e r a t u r e  t h e r e  
i s  a  need f o r  f u r t h e r  sys temat ic  i n v e s t i g a t i o n  of  v e r t i c a l  i c e  l o a d s  on p i l e s .  

Some f i e l d  t e s t s  wi th  c y l i n d r i c a l  p i l e s  were under taken b y  t h e  a u t h o r  s e v e r a l  y e a r s  
ago [ 5 ] ,  bu t  weather  c o n d i t i o n s  were so v a r i a b l e  t h a t  uniform t e s t  c o n d i t i o n s  were 
d i f f i c u l t  t o  o b t a i n  and it was impossible  t o  r e p e a t  t e s t s .  I t  was decided,  t h e r e -  
f o r e ,  t o  s i m u l a t e  t h e  f i e l d  loading c o n d i t i o n  i n  t h e  l a b o r a t o r y .  Working i n  t h e  
laboratory, s y s t e m a t i c  i n v e s t i g a t i o n s  of  p i l e  d iamete r ,  i c e  t h i c k n e s s ,  loading 
r a t e ,  p i l e  m a t e r i a l ,  c t c . ,  could be under taken.  

I n  n a t u r e  a  wa te r  l e v e l  change i s  u s u a l l y  t h e  independent v a r i a b l e  s o  i n  t h e s e  
experiments t h e  r e l a t i v e  r a t e  of  movement between t h e  p i l e  and t h e  i c e  cover was 
n~ade t h e  c o n t r o l l e d  v a r i a b l e .  T h i s  r e l a t i v e  movement i s  comprised of  bending of  
t h e  i c e  cover  and s h e a r  i n  t h e  i c e  a d j a c e n t  t o  t h e  p i l e .  A t  low load ing  r a t e s ,  
however, s h e a r  predominates .  I t  i s  t h e r e f o r e  p o s s i b l e  t o  model i n t e r a c t i o n  
between a  p i l e  and t h e  i c e  i n  a  tank of r e l a t i v e l y  small  d iamete r .  A c i r c u l a r  tank 
was des igned i n  which a  p i l e  could  be f rozen  i n t o  a  uniform i c e  cover .  A tempcra- 
t u r e  g r a d i e n t  was main ta ined  i n  t h e  i c e  cover  dur ing  n t e s t .  A loading frame 
p laced  over  t h e  t ank  con ta ined  a  mechanism f o r '  drawing t h e  p i l e  up a t  a  c o n s t a n t  
r a t e .  Th i s  paper  r e p o r t s  t h e  r e s u l t s  of  l a b o r a t o r y  tests on t h e  e f f e c t  of i c e  
t h i c k n e s s ,  p i l e  d iamete r  and displacement  r a t e  on downdrag loads  developed on a  
v e r t i c a l  wood p i l e .  

D e s c r i p t i o n  of  a p p a r a t u s  

The t ank ,  which had a  l i n e r  o f  ga lvan ized  s t e e l ,  was 660 mm i n  d iameter  and 610 mm 
d r c p .  llcnt i n g  t :~l ,cs ( e l c r t r i c : ~ I  r c s i s t n n c c  ty])c)  wcrc coi l r t l  :1ro111id tllc l)oi ton1 . 1 1 1 r l  

s i d e s  of  t h e  tank ( F i g u r e  1 ) .  Three s e p a r a t e  t a p e s ,  each 18 m long and r a t e d  a t  
a t  420 W ,  were used.  Thermocouple t empera tu re  s e n s o r s  f i x e d  d i r e c t l y  t o  t h e  
bottom and lower s i d e  h e a t i n g  t a p e s  al lowed t h e  temperature  of  each t o  be  
indepcndcnt ly  c o n t r o l l e d .  The bottom and s i d e s  of t h e  tank were i n s u l a t e d  t o  a  
t h i c k n e s s  of  abou t  100 mm wi th  foamed-in-place u r e t h a n e .  A p r e s s u r e  r e l i e f  t u b e ,  
c o n t a i n i n g  an e l e c t r i c a l  h e a t i n g  e lement ,  was connected t o  t h e  bottom of  t h e  tank 
t o  ensure  t h a t  excess  p r e s s u r e  d i d  n o t  b u i l d  up under t h e  i c e  dur ing  t h e  f r e e z i n g  
p r o c e s s .  

A load frame s e t  up o v e r  t h e  t ank  p u l l e d  t h e  p i l e  upwards r e l a t i v e  t o  t h e  i c e  by 
r e a c t i n g  a g a i n s t  t h e  l i n e r .  The o u t e r  p e r i m e t e r  of t h e  i c e  cover  was f i x e d  t o  t h e  
tank by adhesion t o  t h e  l i n e r .  V e r t i c a l  motion was a p p l i e d  t o  t h e  p i l e  through a  
50 kN c a p a c i t y  screw jack a c t u a t o r .  A v a r i a b l e  speed DC motor drove t h e  screw jack 
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Fig. 1 Schematic of i c e  growing tank and p i l e  loading apparatus 

through one of two double-reduction speed-reducing gear boxes. With t h e  low speed 
gear box, ac tua tor  speed could be var ied  i n f i n i t e l y  over  t h e  range 7 x mm*s-l 
t o  4 x mm-s-l. With the  high speed gear  box t h e  range was 1.35 x mm-s-I 
t o  3.5 x mmes-l. Cal ibra t ion  t e s t s  confirmed these r a t e s  under both no-load 
and load condit ions.  Because of f r i c t i o n  i n  t he  screw jack ac tua to r  a torque was 
,imposed on the p i l e .  A t  a load of 10 kN the  torque was 45 N * m  which corresponds 
t o  2 kN a t  the  p i l e  rad ius  o f  25 nun. To reduce t h i s  e f f e c t  a torque rod was used 
t o  r e s t r a i n  r o t a t i o n  of the p i l e .  

Loads were measured by means of a load c e l l  placed between the  p i l e  and the  screw 
jack ac tua tor  (Figure 1) . Four displacement t ransducers  ( 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 ransformers) ,  placed on a cross  arm a t  r a d i i  of 100 mm and 250 mm, 
measured r e l a t i v e  displacement between t h e  p i l e  and the top surface of t he  i c e  
cover.  Load and displacement s igna l s  were recorded on analogue s t r i p  cha r t  
recorders  and a l s o  fed  i n t o  a d i g i t a l  da ta  acqu i s i t i on  system f o r  reduct ion and 
p l o t t i n g  of t he  r e s u l t s .  Ice  growth and i c e  temperature during t h e  t e s t  were 
monitored v i a  a thermocouple probe. Ice  thicknesses  during growth were checked 
with a r e s i s t ance  wire th ickness  gauge [ 6 ] .  



The p i l e s  were made of  dry B . C .  f i r  turned t o  a  uniform diameter on a  l a the .  They 
were not t r ea t ed  i n  any way and had a  sur face  roughness of k0.1 mm. A threaded rod 
through the cent re  of t h e  p i l e  connected it t o  a  coupler on t h e  bottom of t he  load 
c e l l .  

Test procedure 

' The i c e  growth and subsequent t e s t i n g  were c a r r i e d  out i n  a  cold room which was 
maintained a t  -10°C. To model na ture  t he  p i l e  was s e t  i n  the  tank and the  i c e  
grown around i t .  Before i n i t i a t i n g  i c e  growth the  p i l e  was f ixed  t o  the loading 
frame and c a r e f u l l y  al igned v e r t i c a l l y .  

For ease of reproduction a  type S-2 [7]  columnar-grained i c e  cover was grown f o r  
; I I I  thc. t e s t s .  This lypc of i c r  i . ;  rcprcscnta t ivc  of tlic t i : ~ t ~ ~ r : ~ l  ice covcr wlircli 
general ly  forms on a  lake .  Sa t i s f ac to ry  reproduction of t h e  same i c e  f o r  each t e s t  
required ca re fu l  a t t e n t i o n  t o  growth condit ions.  The procedure followed was a s  
f o l  lows : 

The water i n  t he  tank was mixed u n t i l  it had cooled t o  a  uniform 
temperature of 4"C, the temperature of maximum dens i ty  of water.  
With cool ing below 4 " ~ ,  water becomes l e s s  dense so t h a t  a  tem- 
pe ra tu re  gradient  develops. When the water temperature 10 mm 
below the  sur face  reached 1°C the tank was seeded. Seeding was 
done by s iev ing  (0.8 mm opening) f ine-grained snow a t  - 1 0 " ~  onto 
the water sur face .  This  i n i t i a t e d  t h e  formation of a  f ine-gra in  
randomly-oriented sur face  layer  of i c e  which within a  couple of 
centimetres was transformed i n t o  a  columnar s t r u c t u r e  i n  which 
the  c rys ta l lographic  symmetry axes were randomly o r i en t ed  tending 
t o  be i n  the horizontal  plane.  The i c e  cover grew a t  a  r a t e  of 
about 25 mm per  day. To maintain a  continuous columnar s t r u c t u r e ,  
hea t  was appl ied through the heat ing tapes  t o  keep t h e  water 
temperature a t  t h e  bottom of the  tank a t  between 3.5 and 4°C. Ice  
of reproducible c h a r a c t e r i s t i c s  could be formed i n  t h i s  fashion.  

A t  15 mm depth the average g ra in  s i z e  was 1.5 mm and a t  80 mm, 4 mm. The i c e  
thickness  i n  t he  tank was q u i t e  uniform with no thickening adjacent  t o  the p i l e .  
The cold room used f o r  the  t e s t s  had a  f a i r l y  low humidity so severa l  mi l l imet res  
of i c e  sublimated of f  the  sur face  during t h e  ice-growing per iod .  The normal i c e  
thickness  f o r  the  majori ty  of the t e s t s  was 80 mm so about two t e s t s  could be run 
each week. 

Before running a  t e s t  the displacement t ransducers ,  load c e l l  and e l ec t ron ic s  were 
s e t  up a11d allowed t o  s t a b i l i z e  f o r  a t  l e a s t  an hour. Tes ts  were run a t  a  nominal 
constant  r a t e .  

Test  r e s u l t s  

Over 20 t e s t s  were ca r r i ed  out  t o  i nves t iga t e  e f f e c t s  of def lec t ion  r a t e ,  i c e  
thickness  and p i l e  diameter on v e r t i c a l  p i l e  loads.  Continuous records of  load 
and de f l ec t ions  versus time were made f o r  a l l  t e s t s .  Temperature p r o f i l e s  of t h e  
i c e  cover were a l s o  measured i n  each case.  A l l  the t e s t  condi t ions and r e s u l t s  a r e  
~)t-(;\cntcJ i l l  'l'nhlc 1 .  I ) c ~ t : r i l s  o f  tlic iriEornratjon i n  thc t ; l l) lc wi l l  Ilc disc-ussctl 
l a t e r  i n  t h i s  paper.  

To i l l u s t r a t e  the load- and displacement-time behaviour the  r e s u l t s  from t e s t  No. 7 
a r e  p lo t t ed  i n  Figure 2 .  The f i r s t  po in t  evident  from these  r e s u l t s  i s  t h a t  t h e  
ac tua l  displacement r a t e  of the  p i l e  with respec t  t o  t he  i c e  cover i s  not cons tan t .  
In t h e  example i l l u s t r a t e d  i n  Figure 2 the  displacement r a t e  increased continuously 
reaching a  value of 1.43 x NOII-S-~  a t  y i e ld  and only approached the  nominal 
r a t e  of 2 . 4  x mm*s-l i n  the  post  y i e l d  region. Character izing the  t e s t  with a  
s i n g l e  displacement r a t e  i s  quest ionable.  Examining t h e  load-time curve i n  

1100 



TABLE I : RESULTS OF LABORATORY TESTS WITH WOODEN PILES 

Nominal 

Deflection P i l e  Ice Maximum 

Test Rate, Diameter, Thickness, Load, 
- 1 

No. mm. s mm mm kN 

Time t o  

Maximum Load 

Load, Rate, 
- 1 

s N-s 

*Test aborted due t o  i c e  s l ippage on tank wal l .  

Figure 2 suggests  t h a t  the  t e s t  condi t ion could be reasonably approximated a s  a 
constant  loading r a t e .  The displacement- and load-time behaviour of t e s t  No. 7 
was genera l ly  t yp ica l  of a l l  t e s t s  i n  the s e r i e s .  

Ice subjected t o  uniax ia l  compressive loading a t  constant  nominal cross-head r a t e s  
on a conventional t e s t  ma~h ine  shows load- and displacement-time behaviour [8]  
s imi l a r  t o  t h a t  exhibi ted ip <th i s  s e r i e s .  This behaviour i s  cont ro l led  by the  
r e l a t i v e  s t i f f n e s s  of the t e s t  machine and t h e  i c e  specimen and i s  the  subjec t  of 
another paper t o  be presenfed a t  t h i s  conference [ 9 ] .  

~ ! ~ u ; e  2 a l s o  serves  t o  i l l u s t r a t e  t h e  f a i l u r e  process of  the  i c e  sheet and the  
maximum i c e  load developed on t h e  p i l e .  As the  p i l e  i s  displaced upward with 
r e spec t  t o  the  i c e  the load increased monotonically and t e n s i l e  r a d i a l  and 
c i rcumferent ia l  s t r e s s e s  a r e  s e t  up i n  t he  upper pa r t  of t he  i c e  cover.  The i c e  i s  
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FiPg. 2 Results of t e s t  No. 7 .  Nominal de f l ec t ion  r a t e :  2.4 x mm-s-l; 
p i l e  diameter:  50 mm; i c e  thickness:  103 mm 

observed t o  gradual ly separa te  from t h e  top of the  wood p i l e .  A t  a load l eve l  of 
about 1 kN the  f i r s t  v e r t i c a l  micro cracks (1  mm o r  smaller) appeared within 10 t o  
20 mm of t h e  p i l e .  They tend t o  be v e r t i c a l l y  al igned,  i . e . ,  p a r a l l e l  t o  the  
L O  I I I  I I .  I % C ~ W C C I I  LL 10;lil  oi- 3 ; i r ~ J  4 k N  sm: i l  1 "p1:itc" c r a c k s ,  o r i e n t c ~ l  
pasallel t o  the  i c e  sur face  began t o  develop on a plane midway through the  i c e  
cover adjacent  t o  t he  p i l e .  The separa t ion  of t h e  i c e  from the  p i l e  a t  t h i s  time 
extended down about 10 mm. The next event i n  t h e  f a i l u r e  process was the  abrupt 
development of  r a d i a l  cracks which extend through the  f u l l  depth of t he  i c e  and ran 
from the  p i l e  out t o  the tank wall .  An abrupt drop i n  p i l e  load was associated 
with the  formation of these  r a d i a l  cracks.  There is ,  however, no corresponding 
in f l ec t ion  i n  the deflect ion-t ime curve. As the  p i l e  continues t o  move t h e  load 
again increases  while a t  t h e  same time t h e  "plate" cracks gradual ly  coalesce i n t o  
a conical f a i l u r e  sur face .  A c h a r a c t e r i s t i c s  y ie ld- type  maximum load occurs  with 
the  extensive development of t he  conical  f a i l u r e  surface.  A c ross -sec t ion  of t he  
conical f a i l u r e  sur face  i s  shown i n  Figure 3 .  In the  case of t e s t  No. 7 t he  



Fig .  3 Cross-sect ion of conica l  f a i l u r e  sur face  

maximum p i l e  load was a s soc i a t ed  with y i e l d ;  i n  some t e s t s ,  however, t h e  
subsequent y i e l d  load was lower than  t h e  i n i t i a l  crack load.  

The f a i l u r e  process i n  each t e s t  i s  ind ica ted  by t h e  p r e f i x  and s u f f i x  codes i n  t h e  
Maximum Load column of Table I .  The p r e f i x  c  i n d i c a t e s  t h a t  r a d i a l  c racks  occurred 
be fo re  t he  maximum load was reached.  The s u f f i x  y  i n d i c a t e s  t h a t  maximum load was 
a s soc i a t ed  wi th  y i e ld  behaviour; t h e  s u f f i x  c  i n d i c a t e s  maximum load  corresponded 
t o  r a d i a l  crack occurrence.  The prime on t h e  s u f f i x  c  i n d i c a t e s  t h a t  t h e  load 
drops ab rup t ly  t o  near  zero a f t e r  t h e  crack a t  maximum load occurs .  

Typical r e s u l t s  f o r  t h e  i c e  temperature p r o f i l e s  from t e s t  No. 13 a r e  shown i n  
Figure 4 .  The i n i t i a l  average i c e  temperature was -2.0°C and it increased t o  
-1.7OC over t h e  5000 s i n t e r v a l  o f  t h e  t e s t .  In most cases  t he  t e s t  t ime was 
s h o r t e r  and the  temperature i nc rease  was l e s s .  

Analysis  of  r e s u l t s  

The t e s t  r e s u l t s  have been analysed i n  terms of de f l ec t i on  r a t e ,  i c e  th ickness  and 
p i l e  diameter e f f e c t s .  

( i )  Def lec t ion  r a t e  e f f e c t s  

In considering t h e  e f f e c t  of  de f l ec t i on  r a t e  on v e r t i c a l  p i l e  loads t h e  load 
r e s u l t s  have been reduced i n  terms of an adhesion s t r e n g t h ,  T, def ined  as  

where P is  maximum v e r t i c a l  i c e  load on t h e  p i l e ,  d  i s  p i l e  diameter and h  i s  i c e  
th ickness .  The adhesion s t r e n g t h s  measured i n  t he  l abo ra to ry  t e s t s  a t  cons tan t  
nominal de f l ec t i on  r a t e ,  8 ,  a r e  p l o t t e d  i n  Figure 5. Also shown i n  t h e  f i g u r e  a r e  
t h e  r e s u l t s  of  f i e l d  t e s t s  [5] c a r r i e d  o u t  under a  s t a t e  of cons tan t  load.  The 
t e s t  condit ions o f  t he se  d a t a  cover q u i t e  a  broad range; i c e  th ickness  25 t o  500 mm 
and p i l e  diameter 50 t o  150 mm; bu t  a  genera l  t r end  of increas ing  s t r e n g t h  with 
increas ing  nominal d e f l e c t i o n  r a t e  i s  c l e a r l y  exh ib i t ed .  A regress ion  a n a l y s i s  
gave t h e  fol lowing b e s t  f i t  equat ion t o  the  labora tory  t e s t  d a t a  

where -r i s  i n  MPa and 6 i s  i n  m m - s - I  
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Fig. 4 Ice  temperature p r o f i l e ,  t e s t  No. 13 

( i i )  Ice  thickness  e f f e c t s  

The next s t age  of t he  ana lys is  of t h e  da t a  was t o  examine t h e  labora tory  t e s t  
r e s u l t s  i n  terms of i c e  thickness .  The adhesion s t r eng ths  f o r  a  50 mm diameter 
p i l e  have been c l a s s i f i e d  i n t o  two groups by i c e  thickness  and p l o t t e d  versus 
nominal de f l ec t ion  r a t e  i n  Figure 6 .  A l i n e  i s  drawn through each group of r e s u l t s  
t o  help c l a r i f y  t h e  d i f fe rence  between them. I t  i s  seen t h a t  i n  addi t ion  t o  a  
de f l ec t ion  r a t e  e f f e c t  t he re  is an increase i n  adhesion s t rength  with increasing 
i c e  th ickness .  

A spec i f i c  s e r i e s  of  t e s t s  t o  examine i c e  th ickness  e f f e c t s  was ca r r i ed  ou t  a t  a  
constant  nominal de f l ec t ion  r a t e  of 2 .4  x mm-s-l with a  50 mm diameter p i l e .  
The r e s u l t s  of t h i s  s e r i e s ,  given i n  Figure 7 show t h a t  t h e  adhesion s t r eng th  
increases  with approximately t h e  square root  of the  i c e  thickness .  A regression 
ana lys is  gave the  following b e s t  f i t  t o  the  d a t a  
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F i g .  5 Adhesion s t r e n g t h  v s  nominal d e f l e c t i o n  r a t e  f o r  l a b o r a t o r y  and f i e l d  
t e s t s  w i t h  wooden p i l e s  
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Fig .  6 Def lec t ion  r a t e  dependence of adhesion s t r e n g t h  o f  50 mm 
diameter  wood p i l e  i n  i c e .  (Note: numbers a d j a c e n t  t o  
d a t a  p o i n t s  r e f e r  t o  t e s t  number of  Table  I . )  
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where h  i s  i n  mm and -r i s  i n  MPa. 

( i i  i) P i l e  d iamete r  e f f e c t s  

A ve ry  l i m i t e d  number o f  t e s t s  were c a r r i e d  out  t o  i n v e s t i g a t e  t h e  n a t u r e  of t h e  
p i l e  d iameter  i n f l u e n c e  on adhesion s t r e n g t h .  They were done a t  a  nominal d e f l e c -  
t i o n  r a t c  o f  2 .4  x m m - s - l  and an average i c e  t h i c k n e s s  of 80 m m .  These 
r e s u l t s  show t h a t  t h e  adhesion s t r e n g t h  decreases  wi th  i n c r e a s i n g  p i l e  d iameter  
(Figure  8 ) .  A r e g r e s s i o n  a n a l y s i s  gave t h e  fol lowing b e s t  f i t  t o  t h e  d a t a  

where d  i s  i n  mm and .r is i n  MPa. 

( i v )  S t r e s s  r a t e  

A s  a l r e a d y  po in ted  o u t ,  t h e  l a b o r a t o r y  t e s t s  could probably  b e  desc r ibed  more 
a c c u r a t e l y  a s  c o n s t a n t  loading r a t e  t e s t s .  With t h i s  i n  mind t h e  r e s u l t s  f o r  t h e  
50 mm diameter  p i l e  were r e p l o t t e d  i n  terms o f  t h e  load ing  s t r e s s  r a t e  i n  F igure  9 .  
A s t r a i g h t  l i n e  has  been drawn through each of two i c e  t h i c k n e s s  groups .  

I 1 I I 1 1 1 1 l  I I I I I T I I I  

- -a 

A B R U P T  F A I L U R E  

- - 
0 

- 
I C E  T H I C K N E S S  
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o 0 1 5 0  - 200 m m  

I L I 1 1 1 1 1 1  I L t I 1  1 I l l  I 1 I 1  I 1 1 1  

L O A D  S T R E S S  R A T E ,  M P a - r - '  

Fig.  9 S t r e s s  r a t e  dependence of adhesion s t r e n g t h  of 50 mm diameter  
wood p i l e  i n  i c e .  (Note: numbers a d j a c e n t  t o  d a t a  p o i n t s  
r e f e r  t o  t e s t  number of Table  I . )  
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Discussion of r e s u l t s  

The r e s u l t s  of t he  labora tory  t e s t s  show a very d e f i n i t e  def lec t ion  r a t e  e f f e c t  on 
adhesion s t rength .  There i s  a  general  increase  i n  s t r eng th  with increasing r a t e  
up t o  about 5 x mm-s-l. Parameswaran [4]  has observed s imi l a r  behaviour with 
75 mm diameter B . C .  f i r  p i l e s  i n  frozen sand. Over a  deformation r a t e  range 
s imi la r  t o  t ha t  of t h i s  study he found the exponent of the  power law r e l a t i o n  t o  
be 0.22 compared with t h e  value of 0.175 found i n  t h i s  study. For deformation 
r a t e s  g r e a t e r  than 5 x mm-s-l, i n  t he  region of abrupt f a i l u r e ,  t he  adhesion 
s t r eng th  appears t o  remain cons tan t .  This i s  s imi l a r  t o  t he  s t r eng th  behaviour of 
i c e  subjected t o  uniax ia l  compressive loading [8] .  

A general t rend o f  decreasing adhesive s t rength  with decreasing i c e  thickness  has 
been o1)served. This i s  t o  be expected s ince  f o r  t h i n  i c e  t he  f l exu ra l  s t r e s s ,  
which v a r i e s  with 1/h2,  i s  r e l a t i v e l y  g r e a t e r  than the  adhesion s t r e s s ,  which 
v a r i e s  with l / h .  Therefore with t h e  th inne r  i c e  f l e x u r a l  f a i l u r e  would predominate 
and thc  associated adhesion s t rength  would be r e l a t i v e l y  lower. The theo re t i ca l  
w o r k  of  Mohaghcgh and Coon 1101 a l s o  supports t h i s  t rend of decreasing adhesive 
s t rength  with decreasing i c e  thickness  f o r  the  case of t h i ck  c i r c u l a r  p l a t e s .  

Adhesion s t rength  was observed t o  decrease with increasing p i l e  diameter.  This  
same trend was predicted t h e o r e t i c a l l y  by Lofquist [ l ]  f o r  p i l e s  frozen i n t o  
i n f i n i t e  i c e  shee ts  and by Mohaghegh and Coon [ l o ]  f o r  c i r c u l a r  p l a t e s .  

Combining de f l ec t ion  r a t e ,  i c e  thickness  and p i l e  diameter e f f e c t s  of t h e  cur ren t  
t e s t s ,  i. e . ,  Equations (2 ) ,  (3)  and (4) ,  the  following composite empirical 
equation can he formulated 

[ 
. 0.175 -0.79 0.44 

-r = 0.67 ti 1 [A) [15tmm] 1 ~ ~ ~ 1  (5) 

5 x 10-3 mm*s-1 

I f o r  the following ranges 

1 0 - I '  mm-s-1 - < rf -- < 5 x 10-3 n~m-s-l 

50 mm < d < 150 mrn - - 

25 mm < h < 150 mm - - 

Extrapolating beyond these ranges should only be done with grea t  cau t ion .  The t e s t  
da t a  suggest t h a t  f o r  de f l ec t ion  r a t e s  g rea t e r  than 5 x mm-s-l t he re  i s  no 
f u r t h e r  increase i n  adhesion s t r eng th .  I t  should a l so  be pointed out t h a t  the 
adhesion s t rengths  given by Equation (5) a r e  maximum o r  upper bound values which 
a r e  only achieved when s u f f i c i e n t  de f l ec t ion  has occurred. 

Observations of t he  f a i l u r e  process f o r  t h i s  t e s t  s e r i e s  showed t h a t  a  combination 
of f l exu ra l  and shear  behaviour was present  i n  a l l  cases .  The r e l a t i v e  contr ibu-  
t i o n s  vnricd with t e s t  condi t ions,  f l exu re  predominating f o r  t he  th inner  i c e  shee ts  
i t l i~ l  s11c;11- f o r  t hc  t l ~ i c k e r  i c e .  I n  the 150 nrlr~ t h i ck  i c e  shec t s  the conical  f a i l u r e  
sur face  s t a r t e d  t o  develop before  any r a d i a l  cracks formed. Radial cracks were 
observed t o  be a  p a r t  of t he  f a i l u r e  process except f o r  de f l ec t ion  r a t e s  l e s s  than 
4 x mm-s-l, i n  which case shear  predominated. In  t h e  region of abrupt f a i l u r e ,  
6 > 5 x 10- mm-s- l ,  r a d i a l  cracking preceded the  peak load, but f i n a l  f a i l u r e  was 
associated with instantaneous development of t he  conical  f a i l u r e  sur face .  

I t  i s  useful  t o  compare t h e  predic t ions  of Equation (5) with information i n  the  
l i t e r a t u r e .  Lofqu i s t l s  [ l ]  theory ind ica t e s  a  maximum adhesive s t rength  of 0.24 
MPa f o r  a  200 mm diameter p i l e  and a200 mm i c e  th ickness .  For s imi l a r  condi t ions 
Equation (5) p red ic t s  an adhesion s t r eng th  of 0.25 MPa. S t eh le  [2] measured rap id  

1 lox 



loading adhesion s t rength  of 1 .7 MPa f o r  75 mm diameter p i l e s  frozen i n t o  f r e s h  
water i c c  of 250 mm thickness  whereas Equation (5) p red ic t s  an adhesion s t rength  of 
1 1 I t  sl~ould 1)c notcd howcvc,r t h : ~ t  S t c h l c ' s  1o:lding was pure shear wit11 no 
bending so her  adhesion s t r eng ths  would be expected t o  be higher .  

Conclusions 

1.  Adhesion s t rength  increases  with de f l ec t ion  r a t e  up t o  a po in t  and then 
appears t o  remain cons tan t .  

2 .  Adhesion s t rength  decreases with decreasing i c e  th ickness .  

3. Adhesion s t r eng th  decreases with increas ing  p i l e  diameter. 

4. The downdrag loads developed on wood p i l e s  by a f l o a t i n g  i c e  cover a r e  a 
funct ion of both f l exu ra l  and shear  f a i l u r e  i n  t h e  i c e .  
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