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On a effectuC des essais en labratoire pour Ctudier les effets de la vitesse de deplacement, 
de 1'Cpaisseur de glace et du diam5tre des pieux sur l'adherence d'une couche de glace 
saline sur des pieux de his. La glace utilisk Ctait repdsentative de la glace de mer B grains 
prismatiques forrnCe naturellement. Des pieux cylindriques de diam6tre variant entre 30 et 
145 mm ont CtC extraits B des vitesses de deplacement nominales constantes se situant entre 
1.5 x 10-4 et 7.8 x 10-2 d s ,  ltCpaisseur de la glace allant de 58 h 170 rnm. 

On a constate que le mode de rupture, soit par cisaillement B Itinterface pieu-glace, soit par 
flexion de la glace, dCpendait des param5tres des essais. La force #adherence augmentait 
de fagon proportionnelle au deplacement des pieux et B 1'Cpaisseur de la glace, et de fagon 
inversement proportionnelle au diam5tre des pieux. On a observC que I'adhCrence de la 
glace saline Ctait au moins 3.5 fois moins grande que celle, mesur6e antkrieurement dans 
des conditions semblables, * la -I- A'M1m h.,-m h m h  ~ m m i a u e s .  
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! ABSTRACT 

Laboratory t e s t s  were conducted t o  i nves t i ga te  the e f f ec t s  o f  

displacement ra te ,  i c e  th ickness and p i l e  diameter on the  adhesion 

of a s a l i n e  i c e  sheet t o  wooden p i l e s .  The i c e  used was represen- 

t a t i  ve o f  na tu ra l  l y  formed columnar-grai ned sea i ce .  C y l i n d r i c a l  

p i l e s  having diameters between 30 and 145 mn were p u l l e d  up a t  

constant nominal displacement r a t e s  between 1 . ~ x I o - ~  and 7.8~10-' 

m/sec, f o r  i c e  thicknesses from 58 t o  170 mm. 
I 

The f a i l u r e  mode, e i t h e r  shear a t  the  p i l e - i c e  i n te r f ace  o r  

f l e x u r a l  i n  the i c e  was observed t o  depend upon the  t e s t  

parameters. The adhesion s t reng th  was observed t o  increase w i t h  

increas ing p i l e  dispalcement ra te ,  inc reas ing  i c e  thickness and 

decreasing p i l e  diameter. The adhesion s t reng th  of s a l i n e  i c e  was 

found t o  be smal ler by a f ac to r  o f  a t  l eas t  3.5 than t h a t  of f resh- 

water c o l  umnar-grai ned i c e  measured e a r l i e r  under s imi 1 a r  

condi t ions.  



I .  I N I ~ I ~ U N  

A f l o a t i n g  i c e  cover develops subs tan 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 due t o  changes i n  water l eve l .  This type 

'of load i s  an impotant f a c t o r  i n  design and cons t ruc t i on  o f  a r c t i c  
I 
! o f f sho re  s t ruc tu res  used i n  petroleum exp lo ra t i on  and product ion. It i s ,  

therefore, necessary t o  evaluate such v e r t i c a l  i c e  loads a c t i n g  on a 

s t r u c t u r e  surrounded by sea ice, i n  r e l a t i o n  t o  adfreeze bond between 

m a t e r i a l  and ice .  

Sackinger and Sackinger (1977) subjected a s t e e l  c y l i n d e r  embeded i n  

sea i c e  t o  an app l ied  torque and measured the  adhesion s t rength  as a 

func t ion  of s a l i n i t y  and temperature. Saeki e t  a l .  (1981) conducted 

push-out t e s t s  on p i l e s  w i t h  var ious ma te r ia l s  i n  sea ice, and measured 

the  adhesion s t rength  as a f u n c t i o n  o f  p i l e  displacement ra te ,  diameter 

and ma te r ia l  as w e l l  as i c e  th ickness and temperature. Oksanen (1982) 

measured adhesive shear s t rength  between s a l i n e  i c e  and s t e e l  p l a t e s  under 

vary ing s a l i n i t i e s  and r e l a t i v e l y  low temperatures. These i n v e s t i g a t i o n s  

were r e l a t e d  t o  the case where shear between the ma te r ia l  and i c e  

predominates. Under na tu ra l  condi t ions,  however, the  i c e  cover could f a i l  

i n  bending as w e l l  as shear. On the  o ther  hand, t h e o r e t i c a l  t reatments of 

v e r t i c a l  i c e  loads on p i  l e s  have been based on the  bending theory of a 

p l a t e  on an e l a s t i c  foundat ion ( f o r  example, Lo fqu is t ,  1951). Recent ly 

Vershin in e t  a l .  (1983) conducted f i e l d  t e s t s  t o  determine v e r t i c a l  loads 

on 1 m diameter p i l e  f rozen i n t o  na tu ra l  sea i c e  o f  1.15111 thickness. Thej 

found t h a t  the measured value o f  70 tons was several  t imes greater  than 

the value computed according t o  the  recommendations i n  the  Construct ion 

Norms and Regulat ions (1975). 

The purpose o f  t he  present work was t o  ob ta in  data on the  adhesion 

s t rength  of p i l e s  i n  s a l i n e  i c e  under cond i t ions  s i m i l a r  t o  those i n  

nature. The t e s t s  were conducted us ing a r e l a t i v e l y  small tank. P i l e s  

frozen i n t o  s a l i n e  i c e  were p u l l e d  upwards r e l a t i v e  t o  the i c e  cover. 

Wooden p i l e s  were used t o  minimize the  i c e  th icken ing  e f f e c t  around p i l e s .  

I This paper repo r t s  the  t e s t  r e s u l t s  o f  adhesion s t rength  measured as a 

I 
f u n c t i o n  o f  p i l e  displacement rate,  i c e  th ickness and p i l e  diameter. An 

1 empi r ica l  equat ion t o  p r e d i c t  the  adhesion s t rength  i s  a lso  proposed. 
I 

/ 2 .  DESCRIPTION OF TEST APPARATUS 
i 

Tests were conducted us ing a smal l  i nsu la ted  tank, 660 mm i n  diameter 

[and --... 600 mm deep, placed i n  a c o l d  room. The tank had heat ing tapes on the  



Qppl ied 
Load 

Fig.1 
Scheme o f  load and 
d e f l e c t i o n  measurements 

I 100 mm - 
~ b 0 t t O m  and sides so t h a t  t he  water temperature and i c e  growth r a t e  could 

1 be c o n t r o l  led. A thermocouple probe was used t o  moni t o r  i c e  and water 

temperatures. 

! A loading apparatus se t  up over the  tank p u l l e d  the  p i l e  upwards 
Z 
] r e l a t i v e  t o  the i c e  cover. The outer  perimeter o f  t he  i c e  cover adhered 

y t o  the tank w a l l  l i n e r  made o f  galvanized s tee l .  Load was app l ied  w i t h  a 

screw jack d r i ven  by a va r iab le  speed motor. Loading speed could be 

var ied  between 7 ~ 1 0 - ~  mm/sec and 8 ~ 1 0 - ~  nmnlsec. A schematic of t he  

arrangement f o r  measuring load and d e f l e c t i o n  o f  t he  i c e  cover i s  shown i 

Fig.1. Loads were measured by a load c e l l  mounted between the  p i  l e  and 
i 
the screw jack. Displacement o f  the  p i l e  and de f lec t i ons  of t he  i c e  cove 

1 a t  r a d i i  o f  100 mm and 250 nmn from the center  o f  the  p i  le ,  were measured 
I 

i r e l a t i v e  t o  the  i c e  sur face a t  a d is tance o f  about 25 mm from the w a l l  of 

the tank, using f i v e  displacement transducers ( d i r e c t  cur rent  d i f f e r e n t i  a 

I transformers 1, mounted on a reference arm. Load and displacement s igna ls  

1 were recorded on a s t r i p  cha r t  recorder as we1 1 as i n  a d i g i t a l i z e d  form. 

I The p i  l e s  were made o f  B. C. fir, t he  same as those used e a r l i e r  by 
I 
Frederking (1979) f o r  t e s t s  i n  freshwater i ce .  They were shaped on a 

I l a the  and f i n i s h e d  by emery paper: A rod  threaded through the  center of 
1 

I the p i  l e  connected i t  t o  the  load c e l l .  
I 

1 3. TEST PROCEDURE 

I 
The loading system was set  over the  water-f  i 1 led  tank. The p i  l e  was 

soaked and then attached t o  the  system, c a r e f u l l y  a l i g n i n g  i t  v e r t i c a l  l y ,  

1 before i c e  growth was i n i t i a t e d .  A l l  t e s t s  were done i n  s a l i n e  i c e  grown 

t o  simulate na tu ra l  sea ice .  The tank which was fi 1 led  w i t h  water of 

1 about 2 2 b  s a l i n i t y  was located i n  a co ld  room w i t h  an ambient temperatur 



I 

! Time (hour) Grain Size (mm), Salinity (7.. ) 1 

Fig.2 I c e  growth as a f u n c t i o n  Fig.3 Grain s i z e  and s a l i n i t y  

I o f  t ime p r o f i  l e s  o f  i c e  cover 

o f  -15 "C. The water was mixed w h i l e  coo l i ng  u n t i  1 the  e n t i r e  depth 

reached i t s  f reez ing  po in t .  When the  water temperature near the  sur face 

decreased s l i g h t l y  below the f r e e z i n g  po in t ,  the  tank was seeded by 

s iev ing  f ine-gra ined snow un i fo rm ly  over the  water surface. Side and 

bottom heaters helped t o  main ta in  uni form i c e  th ickness and t o  prevent any 

i c e  p a r t i c l e s  from forming a t  the  bottom o f  the tank dur ing  i c e  growth. 

F i g  .2 shows i c e  thicknesses measured w i t h  a res is tance w i re  thickness 

gauge as a f u n c t i o n  o f  t ime. The growth r a t e  var ied  from 40 t o  20 mm/day 

w i t h  elapsed time. The s a l i n i t y  p r o f i l e  o f  the  i c e  cover grown i n  t h i s  

manner i s  shown i n  Fig.3, together  w i t h  g r a i n  s i z e  p r o f i l e .  The average 

s a l i n i t y  o f  the i c e  was 5.5%0 which i s  q u i t e  s i m i l a r  t o  t h a t  of na tu ra l  

sea ice,  as observed by Nakawo and Sinha (1981). The g r a i n  s i z e  increased 

l i n e a r l y  w i t h  depth, which i s  a lso  s i m i l a r  t o  n a t u r a l  cond i t ions  observed 

by Weeks and Hamilton (1962). The i c e  consis ted of a 7 mn seeded laye r  at 

the top  w i t h  a columnar-grained s t r u c t u r e  extending below i t. Therefore, 

the i c e  grown i n  the l abo ra to ry  was very s i m i l a r  t o  n a t u r a l l y  formed sea 

ice .  

When the  i c e  cover reached the  desi red thickness, t he  reference arm 

was placed onto the i c e  sur face and displacement transducers were 

c a r e f u l l y  se t  up. A f t e r  s t a b i l i z i n g  the  transducers f o r  about one hour, 

t e s t s  were s ta r ted .  Most o f  t he  t e s t s  were conducted a t  a th ickness o f  

about 90 mm and a t  a p i l e  diameter o f  50 mn. Nominal p i l e  displacement 

ra tes  were var ied  from 1 . ~ x I o - ~  t o  7 . 8 ~ 1 0 ~ ~  mm/sec. 

I 
14. TEST RESULTS AND DISCUSSION 



r '  E t a 1  o f  21 t e s t s  were performed t o  
i 

i Temperature ( 

i nves t i ga te  the e f f e c t s  o f  p i l e  d isp lace-  

ment ra te ,  p i l e  diameter and i c e  th ickness 

on adhesion st rength.  Continous records 

/ o f  load and d e f l e c t i o n s  w i t h  t ime were 

1 made f o r  a1 1 tes ts .  Immediately before 

land a f te r  each t e s t  temperature p r o f i l e s  
I 
b 1 of the i c e  cover were a1 so measured. An 6 - 
jexample of the p r o f i l e  i s  shown i n  Fig.4. 5 

a i Average i c e  temperature was mai n t a i  ned a t  gto 

Ice 

- Water 

about -4"C, w i t h  very l i t t l e  v a r i a t i o n  

dur ing  a t e s t .  Test r e s u l t s  and 

cond i t ions  are summarized i n  Table 1. 

Several d i f f e r e n t  types of loading 15-  . 

\ .  

curve were observed. The s t ress-  and 
I ,  - 

1 1 1 . 1 1 . ~  

1 displacement - t ime curves f o r  one type o f  Fig.4 Temperature prof i l e  
I 

1 loading behaviour are shown i n  Fig.5. i n  t e s t  No.2 

( ~ d h e s i o n  s t ress  was determined by d i v i d i n g  

f the v e r t i c a l  load by the  contact  area 
I 

L 

Table 1. TEST RESULTS 

. 
Test d h 

n z tf Sfo 8 ~ 1 0 0  8f250 Tav 'av 
No.* (mm) (mm) (nun/aec) (kPa) (sec) .(mu11 (om) (mm) (kPa) ( ' C )  ($3 



Ice th~ckness : 10 1 cm. 
Plle d~ameter : 5 . 0  cm. 

Fig.5 
Records of 
t e s t  No.10 

1 

i T~me (set) (a )  s t ress- t ime 
curve 

Ice th~ckness : 10.1 cm. ( b )  displacement 
- t ime curve 

T ~ m e  (sec) 

between p i l e  and i c e  cover. Note t h a t  the  actual  p i l e  displcement r a t e  

increases w i t h  t ime u n t i l  t he  s t ress  reaches a peak, and then remains 

constant i n  the  post y i e l d  reg ion  (Fig.5 ( b ) ) .  The constant r a t e  i s  equal 

t o  the nominal ra te ,  which corresponds t o  the r a t e  o f  the  loading 

1 apparatus operated under no load res is tance.  A s i m i l a r  v a r i a t i o n  i n  r a t e  

was observed by Sinha (1981) fo r  i c e  under u n i a x i a l  compression a t  

constant nominal cross-head r a t e s  on a convent ional t e s t  machine. The 

d e f l e c t i o n s  measured a t  r a d i i  of 100 mn and 250 m f rom the  p i l e  center 

a lso i nd i ca ted  t h e  same t rend  u n t i l  t he  s t ress  reached a peak. I n  the  

present tes ts ,  the displacement and d e f l e c t i o n s  were measured w i t h  a 

reference arm whose end p o i n t s  res ted  on the i c e  surf ace 25 mn from the  

inner  w a l l  of  the tank. The de f lec t i on  a t  the end p o i n t  was a lso  measured 

by a d i a l  gauge attached t o  the tank wa l l ,  which showed t h a t  the  end p o i n t  k, i-tu-t !if a v ,  i t s  d ~ f l ~ c t i n n  w a z  a t  l e a s t  an a r d P ~  

94 
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o f  magnitude smal ler than a t  250 mn radius.  

Fig.5 (a )  shows t h a t  as the  p i l e  i s  d isp laced upward, the  s t ress  

increases monotoni c a l  l y  reaching a maximum, and then gradual l y  decreases 

t o  an almost constant value. Four r a d i a l  cracks, c i r c l e d  saw-tooth- l ike 

peaks, are noted on the  s t ress- t ime curve. Although no cracks were seen 

f o r  the f i r s t  th ree  peaks, the  sounds were heard c l e a r l y .  The fou r th  peak 

corresponded t o  a r a d i a l  crack which was v i s i b l e  i n  t he  i c e  immediately 

adjacent t o  the  p i l e .  At  the  maximum stress, a few a d d i t i o n a l  r a d i a l  

cracks appeared which developed t o  depths l i m i t e d  t o  about 5 mm from the  

i c e  surface. Frederking (1979) has repor ted  the  development of mic ro  

cracks and a con ica l  f a i l u r e  sur face a t  a maximum load fo r  freshwater i c e  

tes ts .  Such a con ica l  f a i l u r e  sur face was not  apparent i n  the  present 

t es t s .  A f t e r  the  maximum stress,  the  adhesion between the p i l e  and the  

i c e  was g r e a t l y  dimi n i  shed and f r i c t i o n  between them became predominant . 
This f r i c t i o n a l  res i s tance  was observed t o  be less  than the  peak value by 

a f a c t o r  o f  2 t o  4. I n  the  case o f  t e s t  No.10 the maximum s t ress  was 

associated w i t h  the  occurrence o f  r a d i a l  cracks. This  i s  designated as R 
t 

( i n  Table 1. I n  some cases, r a d i a l  cracks could no t  be seen even a t  a 
! 
:maximum stress, al though they cou ld  be heard. This case i s  designated as 

INC, but  the  f a i l u r e  process cou ld  be s i m i l a r  t o  the  case designated R. I t  

/was d i f f i c u l t  t o  see the  v i s i b l e  cracks i n  t he  cloudy s a l i n e  i ce .  

I Fig.6 represents the st ress- t ime curve f o r  t e s t  No.8, which i s  1 
F 
I charac ter i  zed by r a d i  a1 cracks and subsequent c i rcumferent i  a1 crack. The 

I peak s t ress  corresponded t o  the fo rma t i  on o f  a c i  rcumferent i  a1 crack. 

This i s  designated as RC i n  Table 1. 
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I Fig.7 Adhesion s t rength  as a f u n c t i o n  o f  p i l e  displacement r a t e  

' P i l e  displacement r a t e  e f f e c t s  
! 

i 
I n  F ig .  7 the values o f  adhesion strength, 7 , determined from the  

)maximum s t ress  from curves such as Fig.5 (a )  are p l o t t e d  against  the 

j nominal p i  l e  displacement rates,  in, f o r  a p i l e  diameter of 50 rm and i c  

i thickness o f  around 90 rrm, a t  an average i c e  temperature of -4 "C. The 

1 s t rength  increases w i t h  increase i n  nominal r a t e  up t o  1.5~10- '  mm/sec, 

! then decreases s i g h t l y  and remains constant. The t rend  i s  almost the  sam 

1 as t h a t  observed f o r  freshwater i c e  by Frederk ing (19791, shown i n  the  
I i f i g u r e  f o r  comparison purposes. The adhesion s t rength  i n  s a l i n e  i c e  i s  

1 smaller than t h a t  i n  freshwater ice,  by a f a c t o r  o f  3.5 a t  h igher  r a t e s  
I 
/corresponding t o  the  maximum strengths.  The d i f fe rence becomes greater  a 

1 the nominal r a t e  decreases. 

I Regression ana lys is  o f  the  data f o r  nominal r a t e s  l ess  than 
1 
! 1 . 5 ~ 1 0 ' ~  min/sec gave the f o l  lowing equation: 
i 

i 
where T i s  i n  kPa and 6, i s  i n  mn/sec. 

As seen i n  Fig.5 (b),  a constant displacement r a t e  i s  not  achieved 

before y ie ld ing ,  so t h a t  i t  i s  more appropr iate t o  use an average 

1 displacement ra te ,  laV, determined by d i v i d i n g  the  p i l e  displacement a t  

I f a i l u r e ,  6f0, by the t ime t o  f a i  lure,  tf. These data are p l o t t e d  as 

l f i  l l e d  c i r c l e s  i n  Fig.7. A regress ion  l i n e  f i t t e d  t o  the data o f  average 
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Fig.8 Adhesion s t rength  as a  f u n c t i o n  o f  average s t ress  r a t e  

ra tes  l i e s  t o  the  l e f t  as compared t o  the  p rev ious l y  determined reg ress io  

l i n e ,  on a  nominal-rate basis.  It i s  i n t e r e s t i n g  t o  note t h a t  t he  data 

po in t s  o f  nominal ra tes  h igher  than 2 ~ 1 0 - ~  m / s e c  s h i f t  t o  the  l e f t  

s i g n i f i c a n t l y .  This cou ld  be due t o  the  l i m i t a t i o n  o f  t he  loading system 

employed i n  the present t e s t  ser ies .  

The r a t e  s e n s t i v i t y  o f  s t rength  o f  ice,  i s  o f t e n  expressed i n  terms 

o f  s t ress  r a t e  f o r  engineering purposes. Fig.8 shows the  v a r i a t i o n  o f  t h  

average s t ress  ra te ,  $ , (de f ined as adhesion s t rength ,T ,  d i v ided  by the  

t ime t o  f a i l u r e ,  t f )  f o r  the  same cond i t ions  as shown i n  Fig.7. The 

adhesion s t rength  increases l i n e a r l y  w i t h  increas ing  average s t ress  ra te ,  

on a  log- log scale. The f o l l o w i n g  regression l i n e  was obtained, 

where 7 i s  i n  kPa and i s  i n  kPa/sec. 

I c e  th ickness e f f e c t s  

The dependence o f  adhesion s t reng th  on i c e  th ickness was s tud ied  

us ing the 50 mn diameter p i  l e  data a t  nominal p i  le  displacement r a t e s  o f  

1 . 3 ~ 1 0 ' ~  m l s e c  and 1 . ~ x I o - ~  mn/sec. The r e s u l t s  are given i n  Fig.9. 

'Most o f  these t e s t s  were conducted a t  1 . 3 ~ 1 0 - ~  nun/sec s ince a  maximum 

adhesion s t rength  appeared a t  t h i s  ra te .  Although the  data are smal l  i n  

number and sca t te r  g rea t l y ,  a  regress ion  ana lys is  g ives the  fo l l ow ing  bes 

f i t  equation t o  the data 

where Z - i s  i n  kPa, and h i s  i n  mn. 
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The value of the exponent i n  t he  equat ion i s  tw ice  t h a t  obtained fo r  

: f reshwater i c e  w i t h  the same p i  l e  diameter, but  a t  a r a t e  o f  2 . 4 ~ 1 0 - ~  
? 

tmn/sec which a lso  corresponds t o  a maximum adhesion s t reng th  of freshwater 

/ i c e  (Frederking, 1979). The f a i l u r e  process f o r  a l l  freshwater i c e  t e s t s  

lwas associated w i t h  the  occurrence o f  r a d i a l  cracks and formation of 
I 
i con i ca l  f a i l u r e  sur face around the  p i l e ,  whereas i n  some of the  present 

' t e s t s  w i t h  s a l i n e  ice,  f a i l u r e  was fo l lowed by the  fo rmat ion  o f  

I 
t 
c i r cumfe ren t i a l  cracks. Thus the  d i f f e r e n c e  i n  the  values of t he  exponent 

lbetween the two types o f  i c e  cou ld  be associated w i t h  the two d i f f e r e n t  

i f a i  l u r e  processes. Saeki e t  a l .  (1981) conducted p i l e  push-out t e s t s  i n  

j na tu ra l  l y  formed sea i c e  a t  a temperature range o f  -1.5 "C t o  -4 "C and 

!obta ined an exponent o f  0.2. D i f fe rences i n  t e s t i n g  method a lso  a f fec t  

1 r e s u l t s  of adhesion s t rength  measurements considerably. 

i I n  con t ras t  t o  the above described r e s u l t s ,  Frederk ing and K a r r i  

3 (1983) found no c l e a r  dependence o f  adhesion s t rength  on i c e  th ickness 

lover  the range o f  th ickness between 50 m and 120 mm, us ing  freshwater i c e  
1 
I and 100 mn diameter p i l e s  o f  several d i f f e r e n t  ma te r i a l s  i n c l u d i n g  wood. 

!Recently Saeki e t  a l .  (1986) have c a r r i e d  out extensive push-out t e s t s  
I 
;us ing 100 mn diameter p i l e s  and observed t h a t  the  adhesion s t reng th  
I 

approaches a constant when the  i c e  th ickness exceeds 60 mm. 

I 
I p i  l e  d i  ameter e f f e c t s  
1 



The adhesion s t rength  o f  s a l i n e  i c e  was p l o t t e d  against  the  p i l e  

diameter a t  a  nominal p i  l e  displacement r a t e  o f  1 . 3 ~ 1 0 - ~  mmlsec w i t h  an 

i c e  th ickness o f  about 100 mm i n  Fig.10. Comparable t e s t  r e s u l t s  f o r  

freshwater i c e  (Frederk i  ng, 1979) are a lso  shown i n  F i g  . lo.  
The adhesion s t rength  i s  i n v e r s e l y  p ropo r t i ona l  t o  approximately the 

square r o o t  o f  the  p i l e  diameter. A regression ana lys is  g ives the  

f o l l o w i n g  best f i t  equation: 

I where T i s  i n  kPa and d  i s  i n  m. The exponent i n  the  equat ion i s  

d i f f e r e n t  from t h a t  obtained f o r  freshwater ice,  namely -0.79, which i s  

s i m i l a r  t o  Saeki 's r e s u l t s  (1981). 

Def lec t ion  shape 

Attempts were made t o  r e l a t e  the  measured d e f l e c t i o n s  of the  i c e  

cover t o  shear and f l e x u r e  i n  the  ice .  For the  present t e s t  condi t ions,  

the d e f l e c t i o n  a t  the p i  l e  i s  evaluated from p l a t e  bending theory 

1 (Timoshenko and Woi nowsky-Krieger, 1959), 

where P i s  app l ied  load, E i s  e l a s t i c  modulus, v i s  Poisson's r a t i o ,  h  i s  

i c e  thickness, a  i s  rad ius  o f  the  tank, and b  i s  rad ius  of t he  p i l e .  A 

shear deformation cor rec t ion ,  Ws, can be ca l cu la ted  f rom 

where r i s  d is tance f rom the  p i  l e  center, G i s  shear modulous and 

G = E/2(1+ v ). 

The def lec t ions  o f  the  i c e  cover ca l cu la ted  , using equat ion (5) and 

reasonable values o f  e l a s t i c  p rope r t i es  o f  t he  ice, were a t  l e a s t  one 

order of magnitude smal l e r  than the  measured values. Even though a  

reduced e f fec t i ve  e l a s t i c  modulus and the  shear deformation cor rec t ion ,  W, 

were applied, the d i f f e r e n c e  f rom the  measured values was s t i  11 large. I t  

was, therefore, decided t o  c a l c u l a t e  d e f l e c t i o n  curves o f  t he  i c e  cover 

us ing  equat ion (5 )  and equat ion ( 6 )  independently. This procedure was 

a lso app l ied  success fu l l y  by Tinawi and Gagnon (1984) t o  compare w i t h  
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the  measured d e f l e c t i o n  curves on simply supported c i r c u l a r  p la tes  

composed of s i m i l a r  s a l i n e  ice,  w i t h  a constant load app l ied  a t  the  

center.  

Fig.11 shows the  de f l ec t i on  curves ca l cu la ted  i n  such a manner t h a t  

Wf and Ws a t  the p i l e  were made equal t o  the  corresponding measured 

def lec t ions  both a t  h a l f  the  peak load and a t  peak load. Agreement 

between ca l cu la ted  and measured values a t  h a l f  the  peak load i s  remarkabl j  

good fo r  e i t h e r  f l e x u r a l  model o r  shear model, bu t  t he  ca l cu la ted  values 

a t  peak load dev ia te  s l i g h t l y  f rom the  measured values. 

For t e s t  No.1 ( 6, = 1 .3~10- *  m /sec ) ,  t he  f a i l u r e  was character ized 

by shear f a i l u r e  a t  the  p i l e - i c e  i n te r face ,  fo l lowed by a few r a d i a l  

cracks. This i s  c l e a r l y  r e f l e c t e d  on the  measured de f l ec t i on  curves; i .e, 

the  shear model accura te ly  describes the def lect ions.  For a th inne r  i c e  

cover ( F i g . l l b ) ,  the  f a i l u r e  was fo l lowed by the format ion o f  

c i rcumferent ia l  crack. I n  t h i s  case good agreement between the data and 

the c a l c u l a t i o n  was g iven by the  f l e x u r a l  model. 

For the slower r a t e s  ( F i g . l l c ) ,  no v i s i b l e  cracks were detected a t  

a1 1. The measured d e f l e c t i o n  curve agrees we1 1 w i t h  the  shear model 

appl ied t o  the  data a t  h a l f  the  peak load, but  the curve deviates 

s i g n i f i c a n t l y  f o r  the  data a t  peak load. This d i f f e rence  could be due t o  

the  predominant creep deformation o f  the  i c e  around the  p i  l e ,  as observed 

by Frederk ing (1974). This  type o f  f a i  l u r e  might be c a l l e d  shear creep 

f a i l u r e ,  d i s t i n g u i s h i n g  i t  f rom the  shear f a i l u r e .  

For a l a rge r  p i l e  diameter ( F i g . l l d ) ,  t he  f l exu re  of t he  i c e  was 

expected t o  be predominant, s ince more r a d i a l  cracks occurred du r ing  

loading. This i s  confirmed by the  agreement between the  measured values 

and the f l e x u r a l  model f o r  the  data a t  h a l f  the  peak load. The data 

measured a t  peak load, however, f i t s  the  shear model b e t t e r .  This would 

be associated w i t h  more d e t e r i o r a t i o n  o f  t he  i c e  caused by the  developmenl 

of several r a d i a l  cracks a t  f a i l u r e .  

Empi r i c a l  f ormu 1 a 

Based on the  r e s u l t s  presented, combining the  e f f e c t s  of p i l e  

displacement ra te ,  i c e  th ickness and p i l e  diameter on the  adhesion 

st rength,  t he  f o l l o w i n g  emp i r i ca l  equat ion can be formulated, 
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f o r  the ranges in < 1 . 5 ~ 1 0 - ~  mmlsec 

30 < d < 145 mn 

50 < h < 170 mn 

For in greater  than 1 . 5 ~ 1 0 - ~  mmlsec, a constant value of 1.5~10-*  mmlsec 

should be taken since there  was no f u r t h e r  increase i n  adhesion st rength.  

Information on measured adhesion st rengths o f  s a l i n e  i c e  i n  the  f i e l d  

i s  very l im i ted .  Recently Vershin in e t  a l .  (1983) measured an adhesion 

s t rength  of 194 kPa a t  a constant r a t e  o f  1 mn/sec f o r  a 100 cm diameter 

p i l e  f rozen i n t o  na tu ra l  sea i c e  o f  115 cm thickness i n  the  f i e l d .  The 

mean d a i l y  temperature was -14OC, so t h a t  t he  average i c e  temperature 

could be estimated as -6"C, which i s  s i m i l a r  t o  the  present t e s t  

cond i t ion .  Equation (7)  p red ic t s  an adhesion s t rength  of 300 kPa f o r  

those condi t ions.  In format ion  on p i  l e  ma te r ia l  used i n  t h e i r  t e s t s  i s  

lacking, however, i f  t he  ma te r ia l  used i s  assumed t o  be steel ,  t he  

pred ic ted value could be comparable t o  the  measured value. 

5. CONCLUSIONS 

The adhesion s t rength  o f  wooden p i  l e s  f rozen i n t o  s a l i n e  i c e  was 

measured as a f u n c t i o n  o f  p i l e  displacement rate,  i c e  thickness and p i l e  

diameter. The r e s u l t s  obtained are as follows; 

( 1 ) Two t y p i c a l  f a i  1 ure modes were observed; shear f a i  1 ure a t  t he  p i  l e -  

i c e  i n t e r f a c e  and f l e x u r a l  f a i l u r e  i n  the  ice .  

( 2 )  The adhesion s t rength  was observed t o  increase w i t h  increasing p i l e  

displacement ra te ,  increas ing i c e  th ickness and decreasing p i l e  

diameter. 

( 3 )  The adhesion s t rength  o f  s a l i n e  i c e  was found t o  be less by a fac to r  

o f  a t  l eas t  3.5 than t h a t  o f  freshwater columnar-grained ice .  

(4 )  A t  displacement r a t e s  less  than 10'~ nm/sec the  adhesion s t rength  

measured i s  very low, l ess  than 100 kPa. 

(5 )  The d e f l e c t i o n  curve ana lys is  using f l e x u r a l  model and shear model 

was successfu l ly  app l ied  t o  r e l a t e  the  measured d e f l e c t i o n  curve t o  

f l e x u r e  and shear i n  the  ice .  

1 



( 6 )  The proposed emp i r i ca l  equat ion o f  adhesion s t rength  was found t o  

g ive  a comparable value t o  the f i e l d  data. 
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