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EXPERIMENTAL RESULTS ON THE BUCKLING OF FRESHWATER ICE SHEETS 

G. W. Timco and N. K. Sinha 
National Research Council of Canada 

Ottawa, Ontario. Canada 

A t e s t  s e r i e s  has  been c a r r i e d  out  to i n v e s t i g a t e  
t h e  load and deformation behaviour of  t h i n  freshwater 
i c e  s h e e t s  loaded to u l t ima te  f a i l u r e  i n  a buckling- 
type  f a i l u r e  mode. The t e s t s  were conducted with load- 
ing r a t e s  g iv ing  f a i l u r e  t imes  of l e s s  than one-half 
second. Considerable  microcracking was observed i n  t h e  
ice.  Large d e f l e c t i o n s ,  on the  order  of one-half t h e  
i c e  th i ckness ,  = r e  measured a t  f a i lu re .  The load and 
i c e  deformation p r o f i l e  a r e  given for  twelve d i f f e r e n t  
buckling events.  

The buckling of  f l o a t i n g  i c e  s h e e t s  is an impor- 
t a n t  f a i l u r e  mode i n  many s i t u a t i o n s  where a t h i n  ice 
shee t  impinges on a wide ve r t i ca l - s ided  s t ruc tu re .  To 
d a t e  t h e r e  have been numerous t h e o r i e s  developed t o  
c a l c u l a t e  t h e  load and i c e  deformation behaviour dur ing 
t h e  buckling event  (Sodhi and FIamea, 1977: Kerr, 1978; 
Wang, 1978; Sodhi,  1979; Nevel, 1980; Ker t ,  1980; and 
SjUl ind,  1984, 1985). These have been reviewed recent-  
l y  by Sodhi and New1 (1980) and Sodhi (1986). A l -  
though t h e r e  has  been numerous t h e o r e t i c a l  t r ea tmen t s  
t o  t h i s  problem, t h e r e  is a pauci ty  of  exper imenta l  
d a t a  i n  t h i s  area.  Sodhi (Sodhi, 1983; Sodhi et a l . ,  
1983; Sodhi and Adley, 1984) has been t h e  p r i n c i p a l  
i n v e s t i g a t o r ,  measuring buckling loads  for  var ious  geo- 
metr i e s  and loading r a t e s  under c o n t r o l l e d  c o n d i t i o n s  
i n  an i c e  modelling basin. I n  h i s  t e s t s  no informat ion 
was c o l l e c t e d  on the  deformation behaviour or  damage 
p rocesses  of  t h e  i c e  shee t  i t s e l f .  Th i s  paper p r e s e n t s  
t h e  r e s u l t s  of  a s e t  of  t e s t s  i n  which both t h e  buck- 
l i n g  load and i d e  deformation bere measured throughout 
t h e  whole buckling event. The tests were performed 
us ing t h i n  s h e e t s  of freshwater i c e ,  r a t h e r  than model 
i c e  a s  used by Sodhi. The use of f reshwater  i c e  has  
two distinct advantages i n  tests of t h i s  kype: f i r s t l y ,  
t he  mechanical and rhea log ica l  p r o p e r t i e s  of f reshwater  
ice a r e  much b e t t e r  known than those of  model ice ,  
Th i s  a i d e  i n  t h e  i n t e r p r e t a t i o n  and a n a l y s i s  of t h e  
test r eau l t s .  Secondly,  freshwater ice is o p t i c a l l y  
t r a n s p a r e n t ,  a l lowing obse rva t ion  of t h e  cracking 

Rsmnted 6t the k m t h  Internalonat Conlnrenm on 
Offshore Mechanics and Arctic Eng~neering 

Houston, Texas - February 7-12, 1988 31 

a c t i v i t y  i n  t h e  ice.  The big disadvantage wi th  f resh-  
water i c e  r e l a t e s  t o  its higher s t r e n g t h  - much higher 
loads  a r e  encountered i n  the  t e s t s  and t h i s  r e s t r i c t s  
t h e  range of exper imenta l  parameters. I n  t h e s e  t e s t s ,  
t h e  buckling loads  and i c e  deformation of  f reshwater  
i c e  were measured over a range of  aspect  r a t i o s  from 30 
to 50 fo r  one nominal loading r a t e  and tm i n t e r f a c e  
f r i c t i o n  condi t ions .  

The t e s t s  were performed i n  the  i c e  tank i n  t h e  
Hydraul ics  Laboratory of  t h e  Nat ional  Research Council  
i n  Ottawa ( P r a t t e  and Timco, 1981). I n  t h e  tank,  which 
is 21 m x 7 m x 1.2 m, t h i n  s h e e t s  of  f reshwater  i c e  
approximately 1 cm t h i c k  were grown using a wet-seeding 
technique for  nucleat ion.  This  method produces a f ine -  
g ra ined ,  columnar-structured i c e  with g r a i n  d iameters  
o f  t h e  order  of  0.1 cm. The s t r u c t u r e  and mechanical 
p r o p e r t i e s  of t h i s  i c e  h a w  been measured and documen- 
t e d  by Timco and Frederking (1982). 

The model r e p r e s e n t a t i o n  of  a s t r u c t u r e  for  t hese  
buckling t e s t s  was a 1.9 cm t h i ck  plywood shee t  c u t  t o  
a width of  30 cm and pa in ted  t o  a high g l o s s  f i n i s h  
using Varathane paint .  The board was used with t h i s  
f i n i s h  for  one t e s t  s e r i e s .  It was covered with a t h i n  
(0.9 c m )  shee t  of rubber fo r  a second t e s t  s e r i e s .  
Previous  t e s t s  by Timco (1984) using these  f i n i s h e s  
gave dynamic i c e - s t r u c t u r e  f r i c t i o n  c o e f f i c i e n t s  of  
0.02 and 0.07 for  t h e  Varathane (V) and rubber (R) 
f i n i s h e s  respect ively*.  The board was mounted on to  a 
s t e e l  frame and a t t ached  t o  a s i x  component dynamometer 
p la t form which, i n  t u r n ,  was a t t ached  t o  t h e  main ca r -  
r i a g e  of  t h e  i c e  tank f a c i l i t y .  With t h i s  arrangement 
informat ion on t h e  t h r e e  load and moment components on 
t h e  s t r u c t u r e  a r e  obta ined,  

* These values  a r e  based on t e s t s  measuring the  i c e  
load componehts on a wide i n c l i n e d  s t r u c t u r e .  S ince  
they  were determined using model i c e  and low conf in ing  
p res su res ,  however, t hese  f r i c t i o n  c o e f f i c i e n t s  should 
be considered on ly  as r e p r e s e n t a t i v e  values  for  t h e  
p resen t  case.  



To measure t h e  d e f l e c t i o n  of  the  i c e  shee t  i n  were of  t he  o rde r  o f  0.1 t o  0.2 c m ,  comparable t o  t h e  
f r o n t  of t h e  board, an a r r a y  of e i g h t  displacement g r a i n  s i z e  of t h e  i c e ,  and the  c racks  extended through 
gauges (DCDTs) was used. A bracket  was cons t ruc ted  t o  the f u l l  i c e  th ickness .  Th i s  microcrack d e n s i t y  was 
hold t h e  DCDTs a t  r egu la r  but a d j u s t a b l e  spacings  on h ighes t  c l o s e  t o  t h e  board. During t h e  loading event  
t h e  i c e  along t h e  cen t r e - l ine  of t h e  board but perpen- t h i s  microcracking cont inued u n t i l  t h e r e  was a sudden 
d i c u l a r  t o  it. Th i s  bracket  was mounted t o  t h e  s e r v i c e  and c a t a s t r o p h i c  f a i l u r e  of t h e  ice when it s h a t t e r e d  
c a r r i a g e  of  t h e  i c e  tank f a c i l i t y  thereby making it i n t o  numerous l a r g e  pieces.  Although t h e  d e t a i l e d  
completely independent of t h e  main ca r r i age .  Th i s  pro- p a t t e r n  of  c r a c k s  would vary from t e s t  t o  t e s t ,  t h e r e  
cedure  allowed measurement of i c e  d e f l e c t i o n  r e l a t i v e  were some common f e a t u r e s  observed i n  each case. For 
t o  a f ixed ,  non-moving frame of reference .  A schematic t h e  t e s t s  using t h e  Varathane-painted board, t h e  i c e  1 

o f  t h e  f u l l  t e s t  s e t u p  is shown i n  Figure  1. would f a i l  with a curved a r c  geometry s i m i l a r  t o  t h a t  
shown i n  Figure  2 fo r  t e s t  V-3. The l eng th  (L) of t h e  

- OY NAUOMETER PLATFORM 
a r c  was t y p i c a l l y  one and one-half t o  two t imes  t h e  
width of  t h e  buckling board and it had a maximum width 

- BUCKLING SERVICE CARRIAGE- 
BOARD 

(w) a t  t h e  mid-point of  t he  board. The d e t a i l s  of  t h e  

,- BRACKET FM3 OCaT S \ 
cracking p a t t e r n  o u t s i d e  t h i s  region d i f f e r e d  from t e s t  
t o  t e s t ,  but t h e r e  was always a mix of  r a d i a l  and 
c i r c u m f e r e n t i a l  c r acks ,  with f r a c t u r e d  i c e  extending 
t y p i c a l l y  two to four times t h e  width (w)  of  t h e  f i r s t  
c i r c u l a r  arc.  For t h e  rubber-faced board, on t h e  o t h e r  
hand, t h e  l a r g e r  cracking r ad ius  of  t h e  i c e  d i d  not 
occur ;  i n s t e a d  t h e  i c e  f a i l u r e  was much more conf ined 
t o  t h e  region i n  f r o n t  o f  t h e  board. A t y p i c a l  f a i l u r e  
p a t t e r n  is shown i n  Figure  3. I n  t h i s  c a s e ,  t h e  i c e  
p i e c e s  were much smal ler  and conta ined fewer micro- 
cracks.  There were, however, a number of  "grazingn 
c r a c k s  evident.  These milky-coloured c racks  meandered 
through t h e  i c e  sample; however, t h e r e  was no phys ica l  
s e p a r a t i o n  of  t h e  i c e  p i eces  along t h e  f r a c t u r e  plane. 

Figure 1 Schematic showing the experimental set-up Although t h e  loading t ime t o  f a i l u r e  was w r y  
for the buckling tests. s h o r t  (<0.5 s) and t h e  buckling event occurred very 

r a p i d l y ,  it was observed t h a t  s e v e r a l  o f  t he  l a r g e  i c e  
For t h e  i n t e r a c t i o n  event ,  a c l ean  i n t e r f a c e  was fragments were very highly  deformed with a net  perman- 

c u t  i n  t h e  i c e  shee t  p a r a l l e l  t o  t h e  plywood board e n t  p l a s t i c  deformation. Th i s  was e s p e c i a l l y  ev iden t  
a c r o s s  a 5 m width of  t h e  tank. The main c a r r i a g e ,  f o r  t h e  i c e  i n  t h e  Varathane t e s t  s e r i e s .  At f i r s t  
which conta ined the  buckling board, was then d r iven  a t  g l ance  t h i s  r e s u l t  appears  s u r p r i s i n g  s i n c e  it could  be 
a cons tan t  speed o f  2 cm-s-' towards t h e  i c e  edge. argued t h a t  t h e  loading t ime was so s h o r t  t h a t  t h e  
Although t h e  c a r r i a g e  is capable  of much higher speeds ,  whole event could  be considered a s  an e l a s t i c ,  b r i t t l e  
t h e  t e s t s  were conf ined t o  t h i s  lower speed range. f a i l u r e .  However, a l l  of t hese  p i eces  were "damaged", 
Otherwise,  damage t o  t h e  displacement gauges could  s i n c e  they conta ined a l a r g e  number of  microcracks. 
r e s u l t  due t o  t h e  longer stopping d i s t a n c e  of t h e  ca r -  The l a r g e  deformation of t h e  i c e  p i eces  was c e r t a i n l y  
r i a g e  a t  h igher  speeds. The d a t a  a c q u i s i t i o n  system caused by a mechanism of  crack enhanced creep. 
was s t a r t e d  j u s t  before  t h e  board made c o n t a c t  with t h e  
i c e  sheet .  A l l  d a t a  channels  were sampled a t  a r a t e  o f  
100 Hz, d i g i t i z e d  and s to red  for l a t e r  analys is .  The 
d a t a  were analysed such t h a t  load and r e l a t i v e  d i s -  
placement of  t h e  i c e  could be determined a t  any time 
dur ing t h e  loading event. From t h i s  informat ion it was 
p o s s i b l e  t o  g e t  load-time curves ,  de f l ec t ion - t ime  
curves ,  and load-de f l ec t ion  curves  throughout t h e  whole 
process.  I n  t h i s  i n i t i a l  t e s t  s e r i e s ,  s i x  t e s t s  were 
performed fo r  each o f  t h e  two s t r u c t u r e  s u r f a c e  
f i n i s h e s  (i. e. Mra thane  and rubber).  

MICROCRACKS 

RESULTS AND DISCUSSION 

Observations of the Ice Behaviour 

Because of  t h e  r e l a t i v e l y  s h o r t  t ime t h a t  t h e  
board was pushing a g a i n s t  t h e  i c e  shee t  before  f a i l u r e  
of t h e  i c e ,  it was d i f f i c u l t  t o  determine v i s u a l l y  a l l  
t h e  d e t a i l s  of  t h e  buckling process. There were, how- 
eve r ,  s e v e r a l  noteworthy events.  A s  t h e  board was 
p res s ing  a g a i n s t  t he  i c e  shee t ,  t h e  shee t  m u l d  s t a r t  
t o  deform and buckle with a wave which had a maximum 
amplitude e i t h e r  down i n t o  the  water o r  up i n t o  t h e  
a i r .  The d i r e c t i o n  var ied  from t e s t  t o  t e s t  but t h e r e  
was a propensi ty  for it t o  buckle down i n t o  t h e  water. 
With f u r t h e r  inc rease  i n  t h e  load,  numerous microcracks  
were formed i n  t h e  i c e  i n  the  region d i r e c t l y  i n  f r o n t  Figure 2 Schematic showing a typical fai lure pattern 
of  t h e  inden to r ,  i n  a manner s imi l a r  t o  t h a t  p rev ious ly  i n  the ice using the 7Wcathane (71) covered 
desc r ibed  by Timco (1986). The width of  t h e  c r a c k s  buckling load. 



LONG 'GRAZING' 
CRACKS 
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1 -BUCKLING LRUBBER 
BOARD 

Figure  3 Schematic showing a t y p i c a l  f a i l u r e  p a t t e r n  
i n  the ice using the rubber (R) w v e r e d  0.6 
buckl ing board. 

The U m b D e f l e c t i o n  o f  the Ice 

Using t h e  load c e l l  a t t ached  to t h e  buckling board 
and t h e  a r r a y  o f  e i g h t  EDTs r e s t i n g  on t h e  su r face  of 
t h e  i c e ,  it is p o s s i b l e  t o  quan t i fy  the  behaviour o f  
t h e  buckling event. F igu re  4 shows t h e  load-time 
behaviour and def lec t ion- t ime for  each DCDT for  t h e  
buckling event  shown i n  Figure  2. Note t h a t  t h e  psi- 
t i o n  (x) of each displacement t ransducer  is given r e l a -  
t i v e  t o  the  edge of  the  o r i g i n a l  i c e  i n t e r f a c e  [see  
F igure  11. I n  a l l  ca ses ,  t h e  load inc reased  monotoni- 
c a l l y  t o  f a i l u r e ,  and t h e  r e l a t i v e  amount of  d e f l e c t i o n  
var ied  along t h e  measuring axis .  From these  d a t a  it is 
p o s s i b l e  to c o n s t r u c t  a p i c t u r e  of t h e  p rogres s ion  of 
t h e  i c e  deformation during the  buckling event. F igu re  
5 shows t h e  d e f l e c t i o n  of  the  i c e  i n  f r o n t  o f  t h e  board 
f o r  four d i f f e r e n t  t imes  dur ing one loading event.  
Note t h a t  t h e  amplitude of  the  deformation i n c r e a s e s  
with inc reas ing  t ime (or load) .  The "kinks" i n  t h e  
curve  a r e  due t o  the  d i s c r e t e  measuring p i n t s  on t h e  
i c e  su r face ;  i n  a n a l y s i s ,  each po in t  was connected 
l i n e a r l y  with t h e  neighbour, r e s u l t i n g  i n  t h e  sha rp  
edges. I n  r e a l i t y ,  t h e  cu rva tu re  of  t h e  i c e  would 
l i k e l y  be cont inuous  and smooth. 

Knowing t h e  i c e  th i ckness  and t h e  d e f l e c t i o n  a t  
f a i l u r e ,  it is p o s s i b l e  t o  r econs t ruc t  t h e  deformed 
shape of the  i c e  shee t  a t  t he  time when t h e  i c e  shat -  
t e r e d ,  ( i .e.  a t  f a i l u r e ) .  Th i s  r econs t ruc t ion  is shown 
fo r  a l l  s i x  i c e  s h e e t s  i n  Figure  6 for t h e  Varathane 
f i n i s h  and i n  F igure  7 for  t he  rubber f in i sh .  As 
p rev ious ly  d i scussed ,  t he  d e f l e c t i o n  of  t h e  i c e  can be 
up o r  down. Fur the r ,  t h e  maximum amplitude o f  t h e  
buckling wave can be q u i t e  l a r g e  and, i n  these  t e s t s ,  
up t o  one-half of t he  i c e  th ickness .  The p o s i t i o n  o f  

I t h e  f r a c t u r e  of t h e  f i r s t  c i r c u m f e r e n t i a l  a r c  is shown 
by arrows i n  t h e  Figures.  It appears  t h a t  t h i s  break 

k occur s  i n  a d i f f e r e n t  region depending upon t h e  su r face  
f i n i s h  of  t h e  buckling board. With t h e  vara thane 
board, t h e  f i r s t  c i r c u m f e r e n t i a l  crack occurred between 
t h e  board and t h e  peak displacement p o s i t i o n  whereas 
f o r  t h e  rubber-faced board, it occurred on the  f a r  s i d e  
of  t h e  peak displacement.  

TlME (sec) 

0.20 

TlME (sec) 

F igure  4 Load- the  and def lec t ion- t ime behaviour for 
one o f  the buckl ing tests (Test P 3 ) .  

, ,Ill 
TEST V-3  

0 10 20 30 40 50 

HORIZONTAL POSITION !CMl 

A summary of a l l  t e s t  r e s u l t s  is given i n  Table 1. F igu re  5 Def l ec t ion  p r o f i l e  o f  the ice for four  
d i f f e r e n t  times during the buckl ing event. 
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Pigure 6 Deformation of the ice sheet a t  fai lure for each of  the six tests 
using the TWrathaae f in ish  bucklbg board. 



I l l l l l l l l l l  

ICE PROFILE AT WUlRE 
0 9  - 

HOWZOMPL FtHm (MI  

0.4 

a2 - 
5 
% 

1 mm OF 
UPR3EPORtED 

ICE SKET 

y 0.6 

0.8 

1.0 I 1  I I I I I I I I I  

a 10 20 ao 4a 50 

Figure 7 Beformatien of the ice eheet at fa i lure  for each of the six teats 
mi* the %ubber finisb p h l b g  board. 



The loading t ime t o  f a i l u r e  ( tf) was ob ta ined  from 
t h e  load-time curve ,  and t h e  average s t r e s s - r a t e  i n  t h e  
ice was de f ined  a s  

F igu re  8 shows t h e  peak p re s su re  versus  average  s t r e s s  
r a t e  fo r  a l l  o f  t h e  t e s t s .  A r a t e  e f f e c t  i n  t h e  buck- 
l i n g  p re s su re  can be seen only  fo r  t h e  rubber-faced 
board. For t h e  M r a t h a n e  coa t ed  board,  no r a t e  e f f e c t  
is ev iden t  over  t h e  l i m i t e d  range of s t r e s s - r a t e s  o f  
t h e  t e s t s .  However, because t h e r e  was some v a r i a t i o n  
i n  t h e  a spec t  r a t i o  of t h e s e  t e s t s ,  t h e  s i t u a t i o n  is 
more complex. F igu re  9 shows t h e  buckling p r e s s u r e  
versus  a spec t  r a t i o  (B/h) fo r  a l l  of t h e  t e s t s .  I t  c a n  
be seen t h a t  t h e  lower buckling p r e s s u r e s  tended t o  
c o i n c i d e  wi th  h igher  a spec t  r a t i o s  ( i .e.  t h e  t h i n n e r  
i c e  s h e e t s ) .  These correspond t o  t h e  lower s t r e s s -  
r a t e s .  Examination o f  F igu res  6 and 7 show t h a t  t h e  
r e l a t i v e  deformat ion a t  f a i l u r e  was g r e a t e r  fo r  t h e  
t h i c k e r  i c e  s h e e t s  (compare e.g. F igu re  7-R2 fo r  t h e  
t h i n n e r  i c e  t o  Figure  7-R5 for  t h e  t h i c k e r  i c e ) .  A t  
comparable a spec t  r a t i o s  and loading s t r e s s - r a t e s ,  t h e  
p r e s e n t  d a t a  do not show any s i g n i f i c a n t  e f f e c t  o f  
s u r f a c e  f r i c t i o n  on t h e  buckling load. 

AVERAGE LOADING STRESS RATE (MPa-s-I) 

F i g u r e  8 Buckling p r e s s u r e s  ( a t  f a i l u r e )  pe r sus  
ave rage  stress rate for a l l  of the tests. 

I n  comparing t h e  t e s t  r e s u l t s  to c u r r e n t  t heo ry ,  
t h e  a n a l y s i s  by Sodhi and Hamza (1977) seems to be t h e  
most appropr i a t e .  They used a f i n i t e  element a n a l y s i s  
to s tudy t h e  buckling o f  a s e m i - i n f i n i t e  ice s h e e t  
loaded by a uniformly d i s t r i b u t e d  load over a f i n i t e  
l e n g t h  o f  t h e  s t r a i g h t  boundary. The s tudy assumed a 1.0 

f r i c t i o n l e s s  boundary c o n d i t i o n  on t h e  s t r a i g h t  edge 
and i t y .  f i xed  These boundary assumptions c o n d i t i o n s  should g i v e  on t h e  t h e  edges lower a t  l i m i t  i n f i n -  o f  " O O  28 30 35 ASPECT RATIO 40 (D/h) 45 50 

t h e  buckling load. The r e s u l t s  were p re sen ted  i n  terms 
2 o f  non-dimensional buckling p re s su re  (Pf/BkE ) ve r sus  

B/E where Pf is t h e  buckling load ,  B t h e  s t r u c t u r e  
width,  k the- foundat ion  m d u l u s  and t h e  c h a r a c t e r i s -  Buckling pressure (at failure) mrsus aspect 
tic l eng th  ( s e e  F igu re  10).  The l a t t e r  is r e l a t e d  to ratio h r  all  o f  t h e  tests. 
t h e  e f f e c t i v e  m d u l u s  (E) of  t h e  shee t  by 

where u is Po i s son ' s  r a t i o .  

Sodhi and Hamza's (1977) a n a l y s i s  assumes a f r i c -  
t i o n l e s s  boundary c o n d i t i o n  and an i n c r e a s i n g  uniform 
l o a d  a t  t h e  loading p o i n t  along t h e  f r e e  edge. I n  com- 
pa r ing  t h e  p re sen t  t e s t  r e s u l t s  with t h e i r  a n a l y s i s  it 
should be kept  i n  mind t h a t  n e i t h e r  o f  t h e s e  c o n d i t i o n s  
a r e  met. I n  t h e  exper iments  a uniform displacement  was 
a p p l i e d  t o  t h e  f r e e  edge o f  t h e  i c e  shee t  and not a 
uniform load. Second, t h e  c o n t a c t  r eg ion  o f  t h e  s t r u c -  
t u r e  is not f r i c t i o n l e s s  a s  i d e a l i z e d  i n  t h e  t h e o r e t i -  
c a l  t rea tment .  

I n  o rde r  t o  compare t h e  r e s u l t s  o f  t h e  p r e s e n t  
tests with Sodhi and Hamza's a n a l y s i s ,  it is necessary  
to determine  e i t h e r  t h e  c h a r a c t e r i s t i c  l e n g t h  o r  t h e  
e f f e c t i v e  m d u l u s  o f  t h e  ice. T e s t s  t o  measure t h e s e  
were performed us ing t h e  " p l a t e  method" wi th  an  

approach s i m i l a r  to t h a t  desc r ibed  by Sodhi e t  a l .  
(1982). Values o f  t h e  c h a r a c t e r i s t i c  l eng th  were 
determined and t h e  e f f e c t i v e  modulus was c a l c u l a t e d  
us ing  Equation (31,  assuming a va lue  f o r  -Poisson 's  
r a t i o  o f  0.3. The c h a r a c t e r i s t i c  l eng th  was a f u n c t i o n  
o f  t h e  ice th i ckness .  The average value  f o r  t h e  e f f e c -  
t i v e  modulus was 9.0 GPa. 

The p r e s e n t  t e s t  r e s u l t s  were analyzed us ing t h e  
non-dimensional approach d i scussed  above. The r e s u l t s  
a r e  shown i n  F igu re  10. Because o f  t h e  l i m i t e d  range 
o f  t h e  t e s t  parameters ,  most of t h e  d a t a  is c l u s t e r e d  
i n  one area.  I n  a l l  c a s e s  t h e  measured va lues  were 
h igher  t han  t h e  c a l c u l a t e d  values. On average ,  t h e  
measured buckl ing  load was about twice  a s  high a s  Sodhi 
and Hamza' s (1 977) lower-bound value. 

T h i s  paper d e s c r i b e s  a t e s t  s e r i e s  i nves t iga -  
t i n g  t h e  buckl ing  behaviour o f  t h i n  s h e e t s  o f  f r e sh -  
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