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A b s t r a c t  

Pack-ice d r i v i n g  f o r c e s  a r e  synony- 
mous wi th  t h e  l i m i t i n g  f o r c e s  t h a t  can  
b e  t r a n s n i t t e d  through pack ice.  
Knowledge of t h i s  t o p i c  is important  i n  
r e l a t i o n  to:  

- i c e  l o a d s  on s t r u c t u r e s  ( t h e  
l i m i t i n g  d r i v i n g  f o r c e  approach)  - i c e  motion model l ing  and 
f o r e c a s t i n g  - a r c t i c  s h i p  r o u t i n g  

U n t i l  r e c e n t l y ,  l i m i t i n g  pack-ice 
f o r c e s  had been s p e c u l a t e d  upon but 
never  measured. This  paper d e s c r i b e s  a 
p i l o t  experiment t o  measure t y p i c a l  
v a l u e s  f o r  pack-ice d r i v i n g  - f o r c e s  
a c r o s s  a width of s e v e r a l  k i l o m e t r e s  i n  
t h e  s o u t h e r n  Beaufort Sea. 

Zn-situ i c e  p r e s s u r e  s e n s o r s  were 
i n s t a l l e d  near  t h e  middle of a mlti- 
y e a r  f l o e .  The f l o e  was s u b j e c t  t o  
converging i c e  c o n d i t i o n s  and p r e s s u r e  
r i d g i n g  occurred around it. C o r r e  
sponding compressive i c e  s t r e s s e s  i n  t h e  
f l o e  were measured from which t h e  
average  pack-ice f o r c e s  a s s o c i a t e d  wi th  
t h e  observed r i d g i n g  could  be  i n f e r r e d .  

This is a reviewed and edited version of a paper presented 
at the Ninth International Conference on Port and Ocean 
Engineering Under Arctic Conditions, Fairbanks, Alaska. 
USA. August 17-22. 1987. Q The Geophysical Institute. 
University o/ Alaska, 1987. 

The paper d e s c r i b e s  t h e  background t o  
t h e  p r o j e c t ,  t h e  g e n e r a l  approach, t h e  
e q u i p e n t  used, and t h e  r e s u l t s  
obtained.  

I n t r o d u c t i o n  

The maximum s u s t a i n a b l e  i n t e r n a l  
s t r e s s e s  wi th in  pack i c e  a r e  synonymous 
w i t h  t h e  d r i v i n g  f o r c e s  which pack i c e  
can e x e r t  on l a r g e  i c e  f e a t u r e s  embedded 
w i t h i n  i t ;  hence t h e  term pack-ice 
d r i v i n g  forces .  Pack-ice d r i v i n g  f o r c e s  
a r e  of i n t e r e s t  wi th  r e s p e c t  t o  a r c t i c  
o p e r a t i o n s  f o r  s e v e r a l  reasons.  . F i r s t ,  
under c e r t a i n  c i  r c m s t a n c e s  , i c e  l o a d s  
on s t r u c t u r e s  a r e  in f luenced  by pack-ice 
d r i v i n g  f orcee. Second. i c e  motion 
f o r e c a s t  models r e q u i r e  r e a l i s t i c  i n p u t  
of  i n t e r n a l  pack-ice s t r e n g t h .  Thi rd ,  
techniques f o r  p r e d i c t i n g  a r e a s  of  
p ressured  pack i c e  a r e  important  i n  
a r c t i c  s h i p  o p e r a t i o n s .  

In  t e r m  of i c e  f o r c e  models, t h e  
l imi t - fo rce  c o n d i t i o n  (Croasda le  1980, 
1984) is  governed by pack-ice d r i v i n g  
f o r c e s .  This is  i l l u s t r a t e d  conceptu- 
a ' l ly  i n  Figure 1. A t h i c k  i c e  f e a t u r e  
(e.g. mult i -year  f l o e  o r  i c e  i s l a n d )  is 
be ing  forced a g a i n s t  a s t r u c t u r e  by 
moving pack i c e .  Once t h e  i c e  f e a t u r e  



i s  a t  r e s t ,  t h e  i n t e g r a t e d  d r i v i n g  f o r c e  
i s  made up of t h e  pack-ice d r i v i n g  
f o r c e ,  t h e  wind d r a g  and, i f  a p p l i c a b l e ,  
t h e  c u r r e n t  d rag .  I f  t h i s  t o t a l  f o r c e  
i s  l e s s  than t h a t  requ i red  t o  l o c a l l y  
f a i l  t h e  t h i c k  i c e  a t  t h e  s t r u c t u r e ,  
then  i t  w i l l  be t h e  l i m i t - f o r c e  load 
which w i l l  govern. 

LIMIT FORCE 

FIGURE 1 : LIMIT-FORCE ICE LOAD GOVERNED 
BY DRIVING FORCES 
(F = wL + WIND DRAG) 

It  is  sugges ted  t h a t  t h e  pack-ice 
d r i v i n g  f o r c e  a c r o s s  t h e  f l o e  width is  
governed by t h e  f a i l u r e  of t h e  pack i c e  
a c r o s s  t h e  width of t h e  lodged f l o e .  
The process  of l a r g e s c a l e  i c e  f a i l u r e  
wi th in  pack i c e  h a s  been d i s c u s s e d  by 
s e v e r a l  i n v e s t i g a t o r s  (e.g. H i b l e r  1980; 
Rothrock 1975; Parmer te r  6 Coon 1973). 
It has  been po in ted  o u t  t h a t  w i t h i n  pack 
i c e ,  t h e  most common form of i c e  
deformation and i c e  f a i l u r e  is p r e s s u r e  
r idg ing .  Furthermore,  o b s e r v a t i o n s  of 
p r e s s u r e  r i d g e s  i n d i c a t e  t h a t  over  much 
of t h e i r  l eng th .  t h e  f a i l u r e  p r o c e s s  
appears  t o  be one of  f l e x u r a l  f a i l u r e  
r a t h e r  t h a n  i c e  c rush ing .  

Prev ious  i n v e s t i g a t o r s  have 
specu la ted  on t h e  f o r c e s  necessary  t o  
c r e a t e  p r e s s u r e  r idges .  Reviews of 
previous work on e s t i m a t i n g  p r e s s u r e  
r i d g e  b u i l d i n g  f o r c e s  have been COP 
ducted by V i v i t r a t  and Kreider  (1981).  
Croasdale  (1980, 1984) and o t h e r s  (e.g. 
Michel 1983). Also, model t e s t i n g  h a s  
been used a s  a n  approach  t o  

b e t t e r  q u a n t i f y i n g  r idge-bui lding f o r c e s  
(e.g. Abdelnour 6 Croasdale 1986). 
T y p i c a l  v a l u e s  f o r  es t imates  of ridge- 
b u i l d i n g  f o r c e s  and t h e i r  sources  a r e  
g i v e n  i n  Table 1. The range of v a l u e s  
is a t  l e a s t  one o r d e r  of magnitude. The 
lowes t  va lues  a r e  those assoc ia ted  wi th  
geophys ica l  s c a l e  i c e  motion predic-  
t i o n s ,  and averaged forces  obtained from 
energy approaches. The h ighes t  v a l u e s  
a r e  t h o s e  ob ta ined  cons ider ing  i c e  
f a 1  l u r e  a c r o s s  a  narrow width. Given 
t h e  f a c t  t h a t  r i d g e  bu i ld ing  a c r o s s  a  
wide f r o n t  w i l l  probably not be 
s imul taneous ,  then both t h e  high va lues  
( a c r o s s  a  narrow width) and t h e  lov 
v a l u e s  (averaged over s e v e r a l  km) a r e  
not  n e c e s s a r i l y  incompatible .  

The o t h e r  point  of s i g n i f i c a n c e  i s  
t h a t  i n  Table 1 no d a t a  e x i s t s  which i s  
based on f u l l - s c a l e  measurements. I t  
was t h i s  l a c k  of r e a l  d a t a  which 
provided t h e  r a t i o n a l e  and i n c e n t i v e  f o r  
t h i s  p r o j e c t .  The o b j e c t i v e s  of t h e  
p r o j e c t  were t o  a s s e s s  how measurements 
of average pack-ice f o r c e s  could be 
accomplished, and t o  conduct a  f i e l d  
p i l o t  experiment .  (See Croasdale and 
o t h e r s  1986, f o r  t h e  f u l l  p r o j e c t  
d e s c r i p t i o n  and d e t a i l e d  r e s u l t s ) .  

O v e r a l l  Approach 

Recognizing t h a t  i t  i s  t h e  
s p a t i a l l y  averaged r idge-bui lding o r  
pack-ice f o r c e s  a c r o s s  a  wide f r o n t  t h a t  
a r e  of i n t e r e s t ,  t h e  genera l  concept f o r  
measuring them was t o  measure i n t e r n a l  
i c e  s t r e s s  a t  t h e  c e n t r e  of a  mult i -year  
f l o e  i n  a n  a r e a  of converging pack i c e ;  
t h i s  is shown conceptua l ly  a s  F igure  
2. T h i s  approach uses t h e  instrumented 
mult i -year  f l o e  a s  a  l a r g e  t r a n s d u c e r  
which s e n s e s  t h e  average pack-ice f o r c e s  
a p p l i e d  t o  it. 

It was recognized a t  t h e  o u t s e t ,  
t h a t  t h e  s u c c e s s  of t h i s  approach 
depended on: 

o  An a b i l i t y  t o  r e l i a b l y  measure 
low i c e  s t r e s s e s .  

o  An a b i l i t y  t o  i n t e r p r e t  t h e  
i n t e r n a l  s t r e s s e s  near  t h e  c e n t r e  
of  t h e  f l o e  i n  t enas  of pack-ice 
f o r c e s  a t  t h e  perimeter .  



Table  1 
E s t i m a t e s  of r i d g e b u i l d i n g  f o r c e s  ( v a r i o u s  sources )  

Croasda le  t e s t s  

Croasdale  2-D theory  f o r  f r a c t u r e  0.35 t o  1.1 x lo5 
6 r i d e u p  (1 t o  2m i c e )  

o Confidence o r  knowledge t h a t  t h e  
measurements e i t h e r  represen ted  a 
l i m i t  t o  t h e  pack-ice f o r c e s ,  o r  
could be c o r r e l a t e d  w i t h  p r e s s u r e  
r i d g i n g  around t h e  f l o e .  

During t h i s  p r o j e c t ,  each of t h e  
above i s s u e s  was addressed.  The f i r s t  
i s s u e  was addressed by developing and 
t e s t i n g ,  i n  a co ld  room, newly designed 
i c e  s t r e s s  s e n s o r s  s u i t a b l e  f o r  
measuring r e l a t i v e l y  low i c e  s t r e s s e s .  
The second i s s u e  was addressed  p a r t l y  by 
mathematical  model l ing and p a r t l y  by 
examining t h e  r e s u l t s  from t h e  f i e l d .  
The t h i r d  i s s u e  was addressed  i n  t h i s  
experiment by c o r r e l a t i n g  i c e  s t r e s s  
e v e n t s  w i t h  f l o e  motion,  and a c t u a l  
o b s e r v a t i o n s  of p r e s s u r e  r i d g i n g  around 
t h e  f l o e .  

T h i s  paper  c o n c e n t r a t e s  on t h e  
f i e l d  experiment and d i s c u s s i o n  of t h e  
r e s u l t s .  F i r s t ,  however, a b r i e f  
overview of t h e  d e s i g n  of t h e  s e n s o r s  
and a l s o  t h e  c o l d  room t e s t s  i s  
provided. 

The I c e  S t r e s s  Sensors  6 Cold Room T e s t s  

Measuring s t r e s s e s  w i t h i n  an i c e  
f e a t u r e  is no t  s imple.  mainly because 
t h e  deformation behaviour  of i c e  under 
s t r e s s  i s  not s imple.  I c e  is  a m a t e r i a l  
c l o s e  t o  i ts  m e l t i n g  point .  Its defor- 
mation c h a r a c t e r i s t i c s  a r e  t h e r e f o r e  
s t r a i n - r a t e  dependent and they a l s o  vary 
wi th  temperature.  This  is t h e  main 
reason why one cannot simply measure t h e  
s t r a i n  i n  t h e  i c e  and convert  i t  t o  
s t r e s s  us ing  a n  e l a s t i c  modulus, a s  one 
would with l i n e a r  e l a r t i c  m a t e r i a l s  such 
a s  metals .  Never the less ,  d e s p i t e  t h e s e  
d i f f i c u l t i e s ,  t h e  theory  of i n c l u s i o n s  
h a s  been s u c c e s s f u l l y  used t o  develop an 
i n t e r p r e t a t i o n  procedure f o r  s e n s o r s  
i n s e r t e d  i n  a n  i c e  s h e e t  (Metge and 
o t h e r s  1975). 

Based on prev ious  work by t h e  
a u t h o r s  and o t h e r s ,  t h e  technology of 
i n - s i t u  i c e  s t r e s s  s e n s o r s  is f a i r l y  
well understood. A t  t h e  same t ima,  
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FIGURE 2: OVERALL SCHEME FOR MEASURING PACK-ICE FORCES 

however, i t  was recognized  t h a t  p rev ious  Table  2 
use of i c e  p r e s s u r e  s e n s o r s  had been 
d i f f e r e n t  from i n  t h i s  p r o j e c t .  They R e l a t i o n s h i p  between average f loe  
had been used mos t ly  i n  t h e  range of i c e  compressive s t r e s s  ( o ) and r t d a e -  
p r e s s u r e  expec ted  l o c a l l y  i n  f r o n t  of b u i l d i n g  f o r c e  (w) f o r  a Cfloe t h i c k n e s s  
f i x e d  s t r u c t u r e s ,  e.g.. 0 t o  3500 kPa. of 5 m 
Whereas, f o r  t h i s  p r o j e c t ,  s e n s o r s  with 
a working range of about  0 t o  100 kPa 
were required.  (Table  2 i n d i c a t e s  t h e  
r e l a t i o n s h i p  between t h e  average  r idge-  
b u i l d i n g  f o r c e  (w) and t h e  average 
S t r e s s  a t  t h e  c e n t r e  of a 5 m t h i c k  
f l o e ,  a s s m i n g  uniform compressive 
s t r e s s . )  



The i s s u e  of  measuring i n  a 
r e l i a b l e ,  unambiguous way t h e s e  low 
s t r e s s  l e v e l s  cou ld  not  be t a k e n  l i g h t l y  
( d e s p i t e  t h e  f a v o u r a b l e  previous 
exper ience  w i t h  s t r e s s  sensors ) .  
P o t e n t i a l  problem a r e a s  v e r e  considered 
t o  be: 

o Conf igur ing  t h e  s e n s o r  t o  have 
high s e n s i t i v i t y  ye t  main ta in ing  
a c o n s t a n t  and k n w n  i n c l u s i o n  
f a c t o r  r e g a r d l e s s  of t h e  
e f f e c t i v e  i c e  modulus. 

o , T h e  e f f e c t s  of long-term z e r o  
d r i f t .  

o The e f f e c t s  of  temperature 
changes. 

o The e f f e c t s  of  f r e e z e - i n  s t r e s s e s  
and t h e i r  d i s s i p a t i o n .  

o I n s t a l l a t i o n  and o p e r a t i o n a l  
procedures i n  r e l a t i o n  t o  t h e  
above i s s u e s .  

These problems were addressed  i n  
t h e  f i r s t  p a r t  of t h i s  p r o j e c t  which 
involved  t h e  d e s i g n  of t h e  i c e  s t r e s s  
s e n s o r s  and t h e i r  t e s t i n g  i n  a co ld  
room. In  t h e  s e n s o r  d e s i g n  phase i t  was 
concluded t h a t  e x i s t i n g  s e n s o r  
technology could  be adap ted  t o  measure 
low i c e  s t r e s s e s .  Based on previous 
work by t h e  a u t h o r s  (Croasda le  and 
o t h e r s  1986) i t  was f e l t  t h a t  i n t e r n a l  
s t rain-gauged e lements .  a s  used i n  
t y p i c a l  panel  s e n s o r s ,  could be used 
s i n g l y  ( o r  i n  a n  a r r a y  of t h r e e )  i n  a 
s e n s o r  which w u l d  be about  1.0 t o  
1.5 cm t h i c k  and up t o  about  40 cm i n  
d iameter .  It was c a l c u l a t e d  t h a t  a 
r e s o l u t i o n  of  about  1 kPa was ach ievable  
with an i n c l u s i o n  f a c t o r  c l o s e  t o  0.9. 
Sensors  based on t h i s  c o n f i g u r a t i o n  were 
b u i l t  f o r  c o l d  room t e s t i n g .  

The o t h e r  t y p e  of  s e n s o r  b u i l t  f o r  
t h i s  p r o j e c t  was based on  a small 
h y d r a u l i c  f l a t j a c k  ( o r  t o t a l  p ressure  
c e l l )  connected t o  a p r e s s u r e  t r a n s d u c e r  
w i t h  a s u i t a b l e  range. The major 
concerns with t h i s  type of s e n s o r  uere  
complete e l i m i n a t i o n  of  a i r  from t h e  
h y d r a u l i c  f l u i d  and t h e  e f f e c t s  of 
thermal  expansion. S u c c e s s f u l  use of 
t h e s e  t y p e s  of  s e n s o r s  by o t h e r s  
suggested t h e s e  problems could  be  
overcome. In  any c a s e .  it was intended 
t o  monitor t empera ture  o f  t h e  s e n s o r s  i n  
t h e  i c e ,  a n t i c i p a t i n g  t h a t  any obvious 
changes of c a l i b r a t i o n  w i t h  temperature 

could be c o r r e c t e d .  

T e s t i n g  of  t h e  s e n s o r s  involved 
c a l i b r a t i o n  i n  a p r e s s  and a l s o  wi th in  
loaded i c e  blocks. Both s e n s o r s  - 
e x h i b i t e d  very c o n s i s t e n t  and Linear 
response when t e s t e d  i n  a press .  

R e s u l t s  ob ta ined  from t e s t i n g  t h e  
s e n s o r s  i n  loaded i c e  blocks were not a s  
good, t h e r e  being some non- l inear i ty  and 
apparen t  h y s t e r e s i s .  It vas  not c l e a t  
whether t h e s e  e f f e c t s  were r e a l  s e n s o r  
c h a r a c t e r i s t i c s ,  o r  due t o  o t h e r  causes ,  
e.g. s t r e s s - r e d i s t r i b u t i o n  i n  t h e  loaded 
i c e  b locks  w i t h  time. In  any c a s e ,  i t  
was judged t h a t  t h e  s e n s o r s  had a good 
enough performance f o r  t h i s  p i l o t  
experiment ,  a l though  f u r t h e r  s e n s o r  
t e s t i n g  and developuent  w u l d  have been 
d e s i r a b l e  (and should be done before  
more comprehensive f i e l d  measurements 
a r e  implemented). 

The F i e l d  Deployment 

The f i e l d  program commenced on 
Apr i l  11, 1986 and was completed by May 
5, 1986. The g e n e r a l  l o c a t i o n  was t h e  
Canadian Beaufort  Sea about 40 km 
o f f s h o r e  i n  about  30 m of water. T h i s  
was c l o s e  t o  t h e  Gulf Canada Resources 
c a i s s o n  d r i l l i n g  s t r u c t u r e  ( t h e  
Molikpaq). P r i o r  t o  going t o  t h e  f i e l d ,  
s y n t h e t i c  a p e r t u r e  r a d a r  imagery of t h e  
i c e  i n  t h e  v i c i n i t y  of t h e  Holikpaq was 
inspected.  S e v e r a l  m l t i - y e a r  f l o e s  
were i d e n t i f i e d  a s  p o t e n t i a l  candida tes  
f o r  t h e  experiment. On one of t h e s e  
f l o e s ,  which was about  16 bn e a s t  of t h e  
Uolikpaq, Gulf had placed a s a t e l l i t e -  
r e p o r t i n g  ARGOS buoy. - . This f l o e  was 
i n s p e c t e d  d u r i n g  a f i e l d  v i s i t  and was 
s e l e c t e d  a s  t h e  f l o e  f o r  t h e  
experiment. I t  appeared t o  be of  
r e l a t i v e l y  uniform t h i c k n e s s ,  was a good 
s i z e  (about  4.5 x 2.5 h), and had t h e  
advantage of t h e  ARGOS buoy, by which 
d a i l y  p o s i t i o n s  could be obtained. On 
t h e  f i r s t  v i s i t  t o  t h e  f l o e ,  a r a d i o  
beacon was i n s t a l l e d  i n  o rder  t o  a s s i s t  
t n  f i n d i n g  t h e  f l o e  on subsequent 
v i s i t s .  For redundancy, a second r a d i o  
beacon was i n s t a l l e d  a day l a t e r .  With 
t h e  ARGOS buoy, and t h e  r a d i o  beacons, 
no d i f f i c u l t y  was experienced f i n d i n g  
t h e  f l o e  d u r i n g  t h e  course  of t h e  
experiment, d e s p i t e  t h e  f a c t  t h a t  t h e  
f l o e  d r i f t e d  a t o t a l  of about 100 Ian. 



Approximate f l o e  shape  and dimensions 
were ob ta ined  by s c a l i n g  o f f  t h e  SAR 
imagery, t h e s e  a r e  shown i n  F igure  3. 
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FIGURE 3: FLOE SIZE AND SHAPE 

The site l o c a t i o n  on t h e  f l o e  was 
s e l e c t e d  t o  be approximately i n  t h e  
middle of t h e  f l o e  width.  The s i t e  was 
s e l e c t e d  on t h e  b a s i s  of  being 
r e l a t i v e l y  f l a t  and,  a s  b e s t  a s  could be 
judged. f r e e  from major  c r a c k s  (a l though  
a snow cover  of between 0 and about 10 
cm i n h i b i t e d  our  a b i l i t y  t o  judge t h e  
q u a l i t y  of t h e  i c e ) .  The i c e  t h i c k n e s s  
i n  t h e  v i c i n i t y  was measured t o  be i n  
t h e  range of 1.7 m t o  3 m. 

Two groups of f o u r  s e n s o r s  were 
i n s t a l l e d  w i t h i n  25 m of each o t h e r .  
Tab le  3 d e s c r i b e s  e a c h  s e n s o r  group. 
The i c e  s t r e s s - m e t e r s  were deployed i n  a  
" s t a r "  r o s e t t e  p a t t e r n  a t  each l o c a t i o n  
a s  shown i n  F igure  4. These r o s e t t e s  
were a r ranged  such  t h a t  t h e  arras of t h e  
r o s e t t e  were a l l  comprised of t h e  same 
t y p e  of i c e  s t ress -mete r .  A redundant 
s t r e s s - m e t e r  of t h e  a l t e r n a t e  type was 
placed i n  p a r a l l e l  w i t h  one of t h e  
r o e e t t e  arms t o  a l l o w  d i r e c t  comparison 
between t h e  two s e n s o r  types .  Sensors  

i n  each r o s e t t e  were placed a  minimum 
1 m a p a r t .  Thermistors  were used t o  
monitor  t h e  temperature of t h e  s e n s o r s  
i n  t h e  i c e  ( a t  t h e  sensor  dep ths )  and 
t h e  a i r  temperature.  

GROUP f SENSORS GROUP 2 SENSORS 

~120 819 FIGURE 4: SITE LAYOUT 

P r i o r  t o  i n s t a l l i n g  t h e  sensors  i n  
t h e  i c e ,  they  were aga in  checked t o  be 
f u n c t i o n i n g  (by s t a n d i n g  on them) and 
z e r o ' s  were s e t .  Data record ing  
commenced a s  soon a s  they  were flooded. 

Photographs of sensor  i n s t a l l a t i o n  
and t h e  g e n e r a l  s i t e  l ayout  a r e  shown i n  
Figure 5. 

The s e n s o r s  d e s i g n a t e d  Croup 2 were 
i n s t a l l e d  f i r s t  (on A p r i l  13, 1986). 
T h i s  took about  8 hours. The s e n s o r s  
were i n s t a l l e d  i n  d r y  s l o t s ,  prepared 
u s i n g  an auger ,  c h a i n  saw and i c e  
c h i s e l .  They were f rozen  i n t o  the  i c e  
by i n i t i a l l y  cover ing  t h e  sensors  wi th  
f reshwater  which was t ranspor ted  from 
Tuktoyaktuk. One day l a t e r ,  when t h i s  
water  had f r o z e n ,  h o l e s  were d r i l l e d  i n  
t h e  sensor  s l o t s  which allowed seawater  
t o  f lood t h e  remainder of t h e  s l o t s .  
Sensors  were placed i n  t h e  depth range 
of one h a l f  t o  one t h i r d  t h e  i c e  
t h i c k n e s s  from t h e  sur face .  This  pu t  
them a t  about  t h e  1 m depth.  

On A p r i l  14, 1986, t h e  s e n s o r s  
des igna ted  Croup 1 were i n s t a l l e d  u s i n g  
s i m i l a r  Eechniques, excep t  t h a t  s e a  
water  was used t o  f l o o d  t h e  s l o t s  r a t h e r  
t h a n  f r e s h  wate r  (because of  t h e  
l o g i s t i c a l  d i f f i c u l t i e s  of b r ing ing  
enough f r e s h  water  t o  t h e  s i t e ) .  It was 
judged t h a t  t h e  i c e  temperature was 
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s u f f i c i e n t l y  low t h a t  t h e  d i f f e r e n c e  i n  
i c e  modulus between f r e s h  and  s a l i n e  i c e  
would n o t  a f f e c t  t h e  s e n s o r  r e a d i n g s .  

Removal of  t h e  s e n s o r s  was 
accompl i shed  u s i n g  a h o t  w a t e r  g e n e r a t o r  
on May 1 (Group 2) and May 3 (Group 
1 ) .  Zero r e a d i n g s  were  t a k e n  f o r  a l l  
s e n s o r s .  

F i e l d  d a t a  was logged  on- s i t e  and 
r e t r i e v e d  by p h y s i c a l l y  a c c e s s i n g  t h e  
i c e  f l o e .  Raw time s e r i e s  d a t a  was 
r eco rded  c o n t i n u o u s l y  d u r i n g  t h e  f i e l d  
m o n i t o r i n g  pe r iod .  A i r  and s e n s o r  
t e m p e r a t u r e s  were  r e c o r d e d  a t  h o u r l y  
i n t e r v a l s  a l o n g  w i t h  t h e  d a t e  and time 
( i . e . ,  hour  and minu te )  a t  which t h e s e  
measurements  were  made. I c e  s t r e e a -  
m e t e r  d a t a  was i n i t i a l l y  r e c o r d e d  a t  a 
f i f t e e n  second p e r  c h a n n e l  s c a n  r a t e .  
Subsequen t ly ,  t h e  s c a n  rate was r educed  
t o  60 seconds  p e r  c h a n n e l  t o  a l l o w  a 
g r e a t e r  t ime p e r i o d  between s i t e  v i s i t s .  

S t r e s s  Measurement R e s u l t s  

During t h e  d a y s  f o l l o w i n g  
i n s t a l l a t i o n ,  t h e  s e n s o r s  appeared t o  
respond t o  f r e e z e - i n  s t r e s s e s  and 
t empera tu re  t r a n s i e n t s .  Most s e n s o r s  
e x h i b i t e d  c y c l i c  o u t p u t s  which cou ld  be 
c o r r e l a t e d  wi th  t h e  d a i l y  v a r i a t i o n s  i n  
a i r  t e m p e r a t u r e  and no " r e a l "  s t r e s s  
e v e n t s  appeared t o  o c c u r .  During t h i s  
time, t h e  f l o e  was i n  a d i v e r g i n g  i c e  
f i e l d ,  a s  o f f s h o r e  winds opened l e a d s  
between t h e  pack i c e  and t h e  f a s t  i c e ;  
t h e  f l o e  b e i n g  c a r r i e d  a l o n g  by t h e  
g e n e r a l  mot ion of  t h e  pack i c e ,  s e e  
F igure  6. 

Af'ter a b o u t  A p r i l  18 ,  none of  t h e  
s e n s o r s  e x h i b i t e d  a n y  c y c l i c  o u t p u t  t h a t  
c o u l d  b e  l i n k e d  w i t h  v a r y i n g  a i r  
t empera tu re .  T h i s  c o u l d  have been due  
t o  t h e  d r i f t i n g  snow r e e s t a b l i s h i n g  t h e  
s n w  c o v e r ,  which was i n  t h e  range o f  
20-30 cm i n  t h e  s e n s o r  a r e a .  
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FIGURE 6: FLOE MOVEMENT DURING STUDY 

Commencing about  A p r i l  20, t h e  
predominant wind d i r e c t i o n  changed from 
o f f s h o r e  t o  onshore. The f l o e  became 
s u b j e c t  t o  a converging i c e  c o n d i t i o n  a s  
t h e  l e a d s  c l o s e d  up and t h e  pack i c e  was 
d r i v e n  a g a i n s t  t h e  l a n d f a s t  i c e .  During 
t h i s  per iod ,  a s e r i e s  of apparen t  s t r e s s  
e v e n t s  were recorded.  Severa l  of t h e s e  
e v e n t s  could be c o r r e l a t e d  wi th  t h e  
occur rence  of new r i d g i n g  i n  t h e  f i r s t -  
y e a r  i c e  a t  t h e  edge of t h e  f l o e  ( s e e  
F igure  3). 

The e v e n t  which gave t h e  h i g h e s t  
s t r e s s e s  is shown i n  Figure 7. The 
maximum stress change var  about  
22  kPa. All  t h e  s e n s o r s  i n  t h e  Group 1 
a r r a y  responded t o  t h i s  event .  Two of 
t h e  s e n s o r s  i n  t h e  Group 2 a r r a y  
responded, bu t  a t  lover  l e v e l s .  Another 
f o u r  s t r e s s  e v e n t s  took place dur ing  t h e  
p e r i o d  A p r i l  21 t o  May 3. The s igna-  
t u r e s  of t h e  s t r e s s  ou tpu ts  vere s i m i l a r  
t o  t h o s e  shown i n  F igure  7,  but t h e i r  
magnitudes v e r e  lower. 
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I n t e r p r e t a t i o n  of Resu l t s  Discuss ion  o f  R e s u l t s  

I n  t h i s  paper ,  a  f u l l  p r e s e n t a t i o n  
and d i s c u s s i o n  of r e s u l t s  i s  no t  
pose ib le ;  However, t h e  fo l lowing  can be 
concluded from examinat ion of t h e  
r e s u l t s .  

o  Although d u r i n g  t h e  s e t t l i n g - i n  
p e r i o d ,  t h e  s e n s o r s  appeared t o  
respond t o  thermal  changes a s  
w e l l  a s  s t r e s s  e v e n t s ,  t h e  
s i g n a t u r e s  of t h e  responses were 
q u i t e  d i f f e r e n t .  The thermal  
changes c r e a t e d  o u t p u t s  which 
c o r r e l a t e d  w i t h  v a r i a t i o n s  i n  a i r  
t empera ture ,  whereas t h e  s t r e s s  
o u t p u t s  were sp iky  and s i m i l a r  t o  
i c e  f a i l u r e s t r e s s  s i g n a t u r e s  
o b t a i n e d  i n  o t h e r  s i t u a t i o n s .  
Also t h e  o u t p u t s  due t o  thermal  
e f f e c t s  became very  small  a f t e r  
t h e  t empera ture  t r a n s i e n t s  had 
d i s s i p a t e d  and a  s n w  cover  had 
r e e s t a b l i s h e d .  

o B e t m e n  s t r e s s  e v e n t s ,  t h e  
o u t p u t s  from t h e  s e n s o r s  were 
v e r y  c o n s t a n t ,  e x h i b i t i n g  v i r t u -  
a l l y  no d r i f t .  On removal. a 1 1  
bu t  one s e n s o r  came back t o  
w i t h i n  2  kPa of t h e  i n i t i a l  zero. 

o  The s t r e s s  e v e n t s  cou ld  be l i n k e d  
i n  almost  a l l  c a s e s  t o  new 
r i d g i n g  around t h e  f loe .  The 
h i g h e s t  s t r e s s  even t  was l inked  
t o  t h e  c r e a t i o n  of r i d g e s  w i t h  
s a i l s  up t o  4 m high. 

o  Changes i n  f l o e  motion, p r i o r  t o  
i t  being s u b j e c t  t o  converging 
i c e ,  d i d  no t  g e n e r a t e  measurable 
i n t e r n a l  s t r e s s e s  i n  t h e  f l o e .  

o  There were problems of 
c o n s i s t e n c y  of s t r e s s  read ings  
between t h e  two a r r a y s .  I t  i r  
not  p o s s i b l e  t o  be s u r e  why t h e s e  
d i f f e r e n c e s  occurred.  P o s s i b l e  
e x p l a n a t i o n s  a r e ;  

- D i f f e r e n t  s e n s o r s  used i n  t h e  
two a r r a y s ,  

- D i f f e r e n t  i n s t a l l a t i o n  
methods, 

- The presence of c r a c k s  i n  t h e  
f l o e .  

The event  s h w n  i n  Figure 7 y ie lded  
t h e  h i g h e s t  and most c o n s i s t e n t  s t r e s s  
o u t p u t s .  It i s  of i n t e r e s t  t o  expand 
t h e  t ime s c a l e  f o r  t h e  gauge-type 
s e n s o r s  dur ing  t h i s  even t ;  t h i s  has been 
done i n  F igure  8. It will be noted t h a t  
s t r e s s  peaks from t h e  t h r e e  s e n s o r s  i n  
t h e  r o s e t t e  a r e  not synchronous. This  
i m p l i e s  t h a t  t h e  d i r e c t i o n  of p r i n c i p a l  
s t r e s s  is changing q u i t e  s i g n i f i c a n t l y  
w i t h  time. T h i s  is not unreasonable 
g i v e n  t h a t  r i d g i n g  e v e n t s  around t h e  
f l o e  a r e  probably not  s imul taneous  
a c r o s s  t h e  5  Ian of f l o e  leng th .  A p o i n t  
t o  recognize  when examining t h e  expanded 
time o u t p u t s  i s  t h a t  i c e  s t r e s s  was 
be ing  measured once every minute. It is  
p o s s i b l e  t h e r e f o r e ,  t h a t  some of t h e  
h i g h e r  peaks have been l o s t .  Looking a t  
t h e  n a t u r e  of t h e  t r a c e s ,  however, i t  is  
t h e  a u t h o r s '  op in ion  t h a t  e x t e n s i o n s  t o  
t h e  recorded peaks due t o  t h i s  e f f e c t  
would be l e s s  than  about 10 t o  20%. 

A s imple  i n t e r p r e t a t i o n  of t h e  
o u t p u t s  g i v e s  t h e  h i g h e s t  recorded 
s t r e s s  change a s  35 - 13 = 22 kPa. This  
o c c u r r e d  on gauge 2 a t  about 1520 hours 
on A p r i l  22, s e e  Figure 7. Hw can we 
i n t e r p r e t  t h i s  i n  t enas  of an average 
compressive s t r e s s  through t h e  f u l l  f l o e  
t h i c k n e s s  of 1.8 m? There a r e  two 
c o r r e c t i o n s  which must be made; one is  
i n  r e l a t i o n  t o  t h e  gauge i n c l u s i o n  
f a c t o r ,  t h e  o t h e r  is i n  r e l a t i o n  t o  t h e  
d i s t r i b u t i o n  of  s t r e s s  through t h e  i c e  
t h i c k n e s s .  

Aa-regards t o  t h e  l a t t e r ,  w e  do not 
have enough in format ion  t o  q u a n t i f y  t h e  
s t r e s s  d i s t r i b u t i o n .  In  a  more compre- 
h e n s i v e  experiment ,  a t  l e a s t  t v o  
s e n s o r s ,  one above t h e  o t h e r  through t h e  
i c e  s h e e t  t h i c k n e s s  would g i v e  an i n d i -  
c a t i o n  o f  s t r e s s  d i s t r i b u t i o n .  I n  t h i s  
t r i a l  deployment t h i s  was not done. 
Another approach would be t o  c a l c u l a t e  
an i c e  modulus d i s t r i b u t i o n  through t h e  
i c e  t h i c k n e s s ,  based on temperature and 
s a l i n i t y  d i s t r i b u t i o n .  For s t r a i n  
c o m p a t i b i l i t y ,  t h e  d i s t r i b u t i o n  of i c e  
modulus would be an i n d i c a t i o n  of t h e  
s t r e s s  d i s t r i b u t i o n  (assuming a  uniform 
compressive load appl ied  a t  t h e  f l o e  
edge) .  I n  t h i s  experiment we d i d  not  
o b t a i n  t h e  temperature and s a l i n i t y  
p r o f i l e s ,  s o  t h i s  cannot be done. 



ELAPSED TIME - hr 

ELAPSED TlME - hr 

We can s p e c u l a t e ,  hawever, t h a t  i n  view 
of t h e  f a c t  t h a t  t h e  sensor  was above 
t h e  mid-point of t h e  i c e  t h i c k n e s s ,  t h a t  
i t  is probably reading a  s t r e s s  which is 
h igher  than t h e  average s t r e s s  through 
t h e  f l o e  t h i c k n e s s ;  how much h igher  is a 
m a t t e r  of specu la t ion .  The a u t h o r s '  
suggest  t h a t  t h e  sensor  could be read ing  
a  s t r e s s  which is no more than 1.0 t o  
1.3 h igher  t h a n  t h e  average  s t r e s s  
through t h e  f l o e  th ickness .  

The i n c l u s i o n  f a c t o r  e f f e c t  t e n d s  
t o  push t h e  measured s t r e s s  i n  t h e  o t h e r  
d i r e c t i o n ,  i.e.. lower. From t h e  c o l d  
room t e s t s  i t  was concluded t h a t  t h e  
i n c l u s i o n  f a c t o r  f o r  t h e  gauge s e n s o r s  
was i n  t h e  range of 0.35 t o  0.9. It was 
noted,  however, t h a t  t h e  i n c l u s i o n  
f a c t o r  tended t o  t h e  h igher  va lue  when 
t h e  sensor  had been p r e s t r e s s e d  f o r  a  
n lnber  of  hours .  (Also,  t h a t  t h e  method 
of t e s t i n g  t h e  s e n s o r s  i n  f i n i t e  i c e  
b locks  could have been a  major cause  of 
v a r i a t i o n  i n  t h e  i n c l u s i o n  f a c t o r ) .  For 
t h e  event  we a r e  examining, t h e  s e n s o r  
had been under a  compressive s t r e s s  from 
t h e  i n i t i a l  f reeze-in.  f o r  s e v e r a l  days,  
and from t h e  beginning of t h e  s t r e s s  
even t  f o r  s e v e r a l  hours. Therefore .  i t  
is suggested t h a t  t h e  i n c l u s i o n  f a c t o r  
was probably c l o s e r  t o  0.9 than  t o  
0.35. We w i l l  assume a l i k e l y  range of 
i n c l u s i o n  f a c t o r  is  between 0.75 and 
0.9. 

W e  can now combine t h e  tm e r r o r  
bands. I f  a is  t h e  nominal i c e  s t r e s s  
o u t p u t ,  then t h e  range of i n t e r p r e t e d  
average compressive s t r e s s  a c i s  g iven  by 

V) 
w 15 In  o t h e r  words, t h e  most l i k e l y  
0 va lue  of h i g h e s t  average  compressive 

to s t r e s s  through t h e  f l o e  t h i c k n e s s  

5 measured dur ing  t h i s  p r o j e c t  was about  
1.33 x 22 = 29 kPa, t h e  lowest  v a l u e  of 

23 23 4 23.8 24 2 24 6 25 t h e  peak s t r e s s  event  being about  0.85 x 

ELAPSED TlME - hr 22 = 19 kPa. 

FIGURE 8: MAXIMUM STRESS EVENT - 
EXPANDED TlME SCALE 

Based on t h e s e  ranges of v a l u e s  f o r  
t h e  peak compressive s t r e s s  measured I n  
t h e  f l o e ,  what can we say  about t h e  
average pack i c e  o r  r idge-bu i ld ing  
force; a c t i n g  a t  t h e  f l o e  edge? The 
most s i m p l i s t i c  i n t e r p r e t a t i o n  i s  t o  
a s s m e  a uniform f l o e  with a  uniform 



r i d g i n g  o r  pack-ice f o r c e  around it. In  
t h i s  c a s e ,  t h e  average r i d g i n g  load (w) 
c a n  be c a l c u l a t e d  a s  

w - a  t - 
C 

where a i s  t h e  average  coapress ive  
s t r e s s  throug% t h e  i c e  th ickness  ( t ) ,  
where t h e  e t r e s s  is measured. 

Using t h i s  approach,  wi th  t = 1.8 
m,  y i e l d s  

Such a v a l u e  is q u i t e  compatible  
w i t h  t h e  range of p o s s i b l e  r i d g e  
b u i l d i n g  f o r c e s  shown i n  Table 1. 

Note t h a t  f o r  t h i s  p r o j e c t  ( b u t  not 
p resen ted  i n  t h i s  paper ) ,  a s e r i e s  of 
d i f f e r e n t  edge load  d i s t r i b u t i o n s  and 
f l o e  t h i  ckness  d i s t r i b u t i o n s  were 
examined i n  r e l a t i o n  t o  t h e i r  i n f l u e n c e  
on t h e  compressive s t r e s s e s  a t  t h e  f l o e  
c e n t r e .  The work i n d i c a t e d  t h a t  t h e  
p o t e n t i a l  e r r o r  a s s o c i a t e d  wi th  t h e  
a s s m p t i o n  of  a s imple  uniform edge 
l o a d i n g  would g e n e r a l l y  be l e s s  than  
about  f 25%. 

Other  p o t e n t i a l  e r r o r s  a s s o c i a t e d  
wi th  t h e  prev ious  s imple i n t e r p r e t a t i o n  
i n c l u d e  t h e  e f f e c t s  of a c t i v e  c racks  i n  
t h e  f l o e .  

With t h e  l i m i t e d  n a t u r e  of  t h i s  
t r i a l  experiment ,  i t  is not  p o s s i b l e  t o  
q u a n t i f y  t h e  p o s s i b l e  magnitudes of t h e  
above p o t e n t i a l  e r r o r s .  Their  c u m u l c  
t i v e  e f f e c t  cou ld  be a d d i t i v e  o r  
ba lanc ing .  At t h i s  s t a g e ,  one might 
s p e c u l a t e  t h a t  t h e i r  e f f e c t s ,  p l u s  o t h e r  
p o t e n t i a l  e r r o r s  a l r e a d y  d i scussed ,  
cou ld  g i v e  a t o t a l  e r r o r  band of  about  f 
100%. This  would then lead  us  t o  t h e  
r e s u l t  t h a t  t h e  maximum pack-ice f o r c e s  
o r  r i d g i n g  f o r c e s  measured dur ing  t h i s  
experiment  were i n  t h e  range of about 
0.25 t o  1.0 x lo5  N/m.  

Concluding Remarks 

T h i s  was t h e  f i r s t  p r o j e c t  ( a t  
l e a s t  i n  t h e  p u b l i c  domain) t o  focus on 
t h e  measurement of pack i c e  i n t e r n a l  
s t r e s s e s ,  with t h e  s p e c i f i c  aim of 
o b t a i n i n g  average  r i d g i n g  f o r c e s  a c r o s s  
a wide f r o n t .  It was a p i l o t  p r o j e c t  

and i t  was recognized t h a t  l i m i t e d  
r e s o u r c e s  f o r  t h e  f i e l d  deployment would 
r e s u l t  i n  l e s s  than an i d e a l  set of 
m e a e u r e w n t s ,  which would l e a d  t o  
u n c e r t a i n t i e s  i n  i n t e r p r e t a t i o n .  T h i s  
proved t o  be t h e  case.  and y e t ,  i n  t h e  
a u t h o r s '  o p i n i o n  t h e  r e s u l t s  a r e  
p l a u s i b l e  and f o r  t h e  f i r s t  t ime t y p i c a l  
i n t e r n a l  s t r e s s e s  i n  a f l o e  s u b j e c t  t o  
l i m i t i n g  pack-ice f o r c e s  (1.e.. r i d g i n g  
f o r c e s )  have been obtained. 

Some d i f f i c u l t i e s  were a s s o c i a t e d  
w i t h  c o n s t r u c t i o n  of t h e  s e n s o r s  and t h e  
c o l d  room t e s t s .  P r o b l e m  a s s o c i a t e d  
w i t h  t e s t i n g  t h e  s e n s o r s  i n  l a r g e  i c e  
b locks  inc luded:  

o Freez ing- in  t h e  s e n s o r s  wi thout  
c r a c k i n g  t h e  i c e  blocks and a l s o  
e n s u r i n g  t h a t  t h e  i c e  was i n  
i n t i m a t e  c o n t a c t  wi th  t h e  
s e n s o r s .  

o Applying a uniform a t r e s s  t o  t h e  
i c e  blocks.  

o Non-uniform s t r e s s  d i s t r i b u t i o n  
i n  t h e  i c e  blocks due t o  v a r i a -  
t i o n  i n  i c e  modulus caused by 
tempera ture  v a r i a t i o n s  i n  t h e  i c e  
blocks.  

o The creat . ion of i n t e r n a l  s t r e s s  
i n  t h e  i c e  blocks due t o  temper- 
a t u r e  v a r i a t i o n s  i n  t h e  i c e  
b locks ,  t h e s e  i n t e r n a l  s t r e s s e s  
be ing  a s  g r e a t  a s  t h e  a p p l i e d  low 
s t r e s s e s .  

I n  h i n d s i g h t ,  t h e  temperature 
c o n t r o l  i n  t h e  co ld  room was probably 
much more c r i t i c a l  than  o r i g i n a l l y  
thought .  Fu ture  co ld  room t e s t i n g  of  
low s t r e s s  s e n s o r s  should be done w i t h  
t h e  i c e  b locks  under i s o t h e r m a l  
c o n d i t i o n s .  

I n  t h e  f i e l d ,  t h e  s e n s o r s  appeared 
t o  respond b e t t e r  than i n  t h e  cold room, 
i n  t h a t  d r i f t  was minimal and t h e  
o u t p u t s  from t h e  s e n s o r s  was remarkably 
s t a b l e  between t h e  obvious s t r e s s  
even te .  This  tends t o  support  t h e  
s u g g e s t i o n  t h a t  some of t h e  perceived 
s e n s o r  problems i n  t h e  co ld  room t e s t s  
were due t o  t h e  f a c t o r s  mentioned above. 

On t h e  o t h e r  hand, t h e  o u t p u t s  from 
some of t h e  s e n s o r s  i n  t h e  f i e l d  were 
no t  c o n s i s t e n t .  In g e n e r a l ,  t h e  o u t p u t s  
from t h e  Croup 2 s e n s o r s  were l o v e r  t h a n  



Group I and some of t h e  Group 2 s e n s o r s  
showed no response t o  s t r e s s  e v e n t s .  I t  
i s  specu la ted  t h a t  t h i s  was p r i m a r i l y  
due t o  t h e  i n s t a l l a t i o n  method which was 
d i f f e r e n t  f o r  t h e  Group 2 s e n s o r s  t h a n  
t h e  Group 1 s e n s o r s ,  and could have 
r e s u l t e d  i n  incomplete  c o n t a c t  between 
t h e  s e n s o r s  and t h e  i c e .  However, t h e  
p resence  of c r a c k s  i n  t h e  f l o e  c o u l d  
a l s o  be a p o s s i b l e  e x p l a n a t i o n  f o r  t h e  
l a c k  of c o n s i s t e n t  agreement between t h e  
two groups of sensors .  

The l o g i s t i c s  of t h e  f i e l d  program 
proceeded very mr~oothly. Also, t h e  d a t a  
record ing  system func t ioned  very  vell.  
wi th  only some minor mal func t ions  (about  
98% of t h e  d a t a  was cap tured) .  

The measured v a l u e s  of t h e  i n t e r n a l  
s t r e s s e s  i n  t h e  f l o e  d u r i n g  t h e  i c e  
s t r e s s  even ts  could be l i n k e d  t o  t h e  
observed r idg ing  events .  No i n t e r n a l  
s t r e s s e s  were recorded when t h e  f l o e  
changed speed o r  d i r e c t i o n .  

The r e s u l t s  from t h i s  p r o j e c t  a r e  
s u f f i c i e n t l y  encouraging t o  recommend 
t h a t  a more comprehensive f i e l d  p r o j e c t  
be  conducted. I d e a l l y ,  t h e  i n g r e d i e n t 8  
of such a p r o j e c t  should be a s  f o l l o w s :  

o It should be conducted i n  a n  a r e a  
with a mixture of mult i -year  and 
f i r s t - y e a r  i c e  and which is 
f a i r l y  dynamic. 

o Two mult i -year  f l o e s  of  d i f f e r e n t  
s i z e s  should be i n s t r u m e n t e d .  
r a t h e r  t h a n  one. 

o Each f l o e  should  be ins t rumented  
with a t  l e a s t  two r o s e t t e s  o f  
s e n s o r s  near  t o  t h e  c e n t r e  of  t h e  
f l o e ,  and w i t h  a d d i t i o n a l  
r o s e t t e s  c l o s e r  t o  t h e  edges of 
t h e  f l o e .  

o A t  l e a s t  two l e v e l s  i n  t h e  
th ickness  of t h e  f l o e  should be  
i n s t r u e n t e d  a t  each r o s e t t e .  

o Cons idera t ion  should  a l s o  be 
g iven  t o  dep loy ing  s u r f  a c e  st r a i n  
meter r o s e t t e s  a s  w e l l  a s  s t r e s s  
sensors .  

o The sampling r a t e  should  be more 
f requent  than every  minute ( a t  
l e a s t  f o r  some of t h e  t ime ,  f o r  
some of t h e  s e n s o r s ) .  

0 Temperature and s a l i n i t y  p rof  1 l e s  
of t h e  i c e  c l o s e  t o  t h e  s e n s o r s  
should be gathered.  

o The f l o e s  should be surveyed t o  
g ive  b e t t e r  t h i c k n e s s  v a r i a t i o n  
d a t a  than  was p o s s i b l e  i n  t h i s  
p ro jec t .  

o Ridges forming around t h e  f l o e s  
should be recorded i n  terms of 
i c e  t h i c k n e s s ,  p r o f i l e s  and 
e x t e n t .  

o The s e n s o r s  used could be s i m i l a r  
t o  those  used i n  t h i s  p r o j e c t  but  
t h e r e  a r e  some u n c e r t a i n t i e s  
a s s o c i a t e d  wi th  t h e  s e n s o r s  which 
s t i l l  need t o  be addressed.  A 
modest t e s t  program ( b u i l d i n g  on 
t h e  exper ience  of c o l d  room , 

t e s t i n g  i n  t h i s  p r o j e c t )  should 
enab le  t h e  u n c e r t a i n t i e s  t o  be 
resolved.  This  work should be 
done wel l  i n  advance of t h e  f i e l d  
work. 

In  summary, t h e  p r o j e c t  demon- 
s t r a t e d  t h a t  t y p i c a l  pack i c e  f o r c e s  can 
be  measured us ing  a n  ins t rumented  mult i -  
y e a r  f l o e  a8 a t ransducer .  There remain 
some ou ts tand ing  i s s u e s  of i n t e r p r e t a -  
t i o n  which can probably on ly  be reso lved  
by conduct ing another  f i e l d  program a s  
recommended above. However, t h e  measure- 
ments obtained d u r i n g  t h i s  p r o j e c t  w i l l  
be of some h e l p  t o  s c i e n t i s t s  and 
e n g i n e e r s  involved i n  pack i c e  model l ing 
and i c e  f o r c e  p r e d i c t i o n s .  
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