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SOMMAI RE 

C e t t e  n o t e  aborde l e s  c a l c u l s  de  base  d e s  p la tes- formes e t  
d e s  pon t s  d e  glace .  E l l e  c o n t i e n t  un r6sum6 d e s  obse rva t ions  
q u i  montrent que l e  p r o b l h e  d e s  charges  en  mouvement peut  
S t r e  t r a f t d  analyt iquement  au moyen d e  l a  t h s o r i e  d e s  p laques  
minces B l a s t i q u e s  s u r  suppor t  Llas t ique.  De p l u s ,  1' a u t e u r  
exprime une op in ion  s u r  l e s  donnees encore  manquantes. 11 
aborde a u s s i  l e  problbne du c a l c u l  d e s  p l a t e s - f o r m s  de  
g l a c e ,  pour l e s q u e l l e s  on a pas encore  t rouvs  d e  msthode d e  
c a l c u l  ana ly t ique ,  e t  envisage l e s  poss ib i l i t i 5 s  d e  progres  
d u s  notamment aux m s u r e s  d e s  ds fo rma t ions  dans  l a  couche d e  
g l ace .  
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The current basis for design of ice bridges and ice platforms is considered. 

Experiencc and performance observations showing that the moving load problem can 

be treated analytically using the theory of thin elastic plates on an elastic 

foundation are summarized, and an opinion is expressed as to the information still 

required. The basis for the design of ice platforms, for which a validated 

analytical method has not yet been established, is reviewed; and the possibility 

of progress on the problem, provided by the capability for measuring strains in 

ice covers, is pointed out. 



One of the earliest descriptions of the construction and use of an ice bridge in 

Canada is contained in the records of the parish of Saintc-Flarie-Fladeleinc [I].* 

In 1878 it was decided to construct a new church of stone that uas to be obtained from 

a quarry on the opposite side of a nearby river. Winter was late and it was not until 

19 Flarch 1579 that a road was completed on consolidated ice. About 360 m" of stone 

was taken over the ice by horse and sleigh by the time melting began and water startcd 

to flow over the bridge. This work was completed without accident, although it was 

continued right up to the time of rapid deterioration of the ice. It probably is 

representative of the experience-based practice of the day. 

In nany northern countries ice covers are used extensively for storing logs in 

preparation for floating them to the mills in spring. By the 1950's loads in excess 

of 50 tonnes were being placed on covers routinely, with relatively few incidents 

[ 2 , 3 ] .  The preparation of the ice for such loads was based primarily on experience; 

the individuals responsible for it generally had no engineering or technical 

education. 

There has been a growing use of ice covers for non-routine purposes, particularly 

for construction and for transportation and the development of resources in remote 

areas. As a result, considerable attention has been given during the past few years 

to placing the design of ice bridges and platforms on a proper engineering basis. 

Two approaches have been used in developing this basis. One is the determination 

of the allowable load for given ice thickness from records of experience and observa- 

tions of performance. The second is the specification of the "failure" condition ;IS a 

limit state. In the limit state approach it is necessary to develop a valid mathema- 

tical description of the behaviour of ice covers under load and of the strains and 

stresses induced in them. The "failure" condition must then be defined and the allow- 

able lo;~cl specified ;IS some fraction of the failure load. 

It is very difficult and perhaps impossible to specify all the failure conditions 

for a n  icc cover. There arc several reasons for this. A principal one is that ice is 

norm;~lly at n temperature within 40 Celsius degrees of its melting point and, 

therefore, in a "high temperature" state. Its strength and deformation properties are 

tcmperaturc- and time-dcpcndent in this range. 

Icc in ice bridges and platforms is subjected to a wide variation in structure 

and (lual ity, although careful control may have been exercised in construction. In 

:tdclition, tcmlleruturc changes cause cracks and water currents cause erosion and thin 

;~r.e;ls. Surveys of ice failures have shown that most accidents are due to imperfections 

in the ice cover or to effects that have not yet been properly accounted for in design 

* The author wishes to thank Professor B. Michel for bringing this reference to his 

attention. 



or use, rather than to the exceedence of the allowable load for the average thickness 

of ice present [2,4]. The existence of these imperfections and non-normal conditions 

must be expected and can only be taken into account through careful observations 

during use. 

Because of lack of knowledge concerning the deformation behaviour of ice and 

because of the variability in factors that determine the strength of ice covers, field 

data .1'? still the principal basis for the specification of allowable loads. The 

theoretical descriptions of behaviour now evolving with the development of the limit 

state approach are providing a rational mathematical framework for the analyses and 

presentation of this experience. Too often, however, experience is not recorded. In 

addition, it is not yet possible to measure in the field all the factors necessary to 

describe fully the response of an ice cover to load. It is re1;ttively easy to measure 

deflection; but only recently have methods for measuring strain been successfully 

demonstrated [ 5 , 6 ] .  There is as yet no satisfactory method for measuring stress. If 

the use of ice covers for supporting loads is to become more of an engineering science 

than an art it will be necessary to develop and demonstrate design methods and 

criteria that can ensure safe and satisfactory performance. This paper is a brief 

review of the current state of the development of this knowledge for both moving and 

static load problems. 

Moving Loads 

The starting point for the moving load problem has been the theory of a thin 

elastic plate on an elastic foundation [ 7 , 8 , 9 ] .  Observations indicate that this 

theory should be sufficiently accurate for speeds in excess of 1 km/h as long as 

proper account is taken of the strain rate dependence of the elastic modulus [lo]. At 

low speeds the shape of the deflected surface is essentially the same as that for the 

static clnstic case [ll]. If it is assumed that load, P, acts over an area of 

cffectivc radius, a, then the expression relating P, ice thickness h, and maximum 

stress n (which occurs under the load) is 

E = elastic modulus 

v = Poisson's ratio 

P = density of water 



kei' (b) is the first derivative of one of t h c  

modified Bessel functions. 

For the limit state, the maximum stress is assumed to be the tensile strength of 

ice. If this property of the ice and the modulus of elasticity are known, ice thick- 

ness required for given loads can be determined using superposition (and computer if 

necessary) for complex load geometries [8,12]. 

Observations give L = 16 h3 m for fresh water ice [3]. This corresponds to an 

elastic modulus of 6.9 x lo3 MPa, a relatively high value. Sinha [ 1 3 ]  shows 

that this value is associated with a period of loading of about 20 s at -10°C. It 

would be expected that the modulus of elasticity could relax to about 50% of that 

value for very slowly moving loads. Such a decrease would cause a decrease in L of 

about 16%. If the effective radius of the load area is 1.25 m, the corresponding 

increase in B(b) is less than this amount. 

If the effective radius of loading is 1.5 m, B has a value of about 0.75 for 

h = 0.25 m; 0.5 for h = 1.0 m; and 0.42 for h = 2.0 m. For the range of ice thickness 

and effective area of loading usual for vehicles travelling on ice its value is about 

0.6. 

In view of the uncertainty in the time dependence of B(b) and in the value to be 

used for tensile strength, it is often assumed in the analyses of performance data 

that 

!-=PI = ~ h 2  
g 

c 3)  

where P' is in kg, h in m, and A is a constant. 

Observations on the successful use of ice covers have shown that loads are usually in 

the range P '  = 3.5 x lo4h2 to 17.5 x 104h2. The usual recommended upper limit for 

loads to be placed on ice of thickness h is about P '  = 7.0 x lo4h2. P' = 17.5 x lo4h2 

dcflnes the approximate upper limit for situations for which risk is acceptable (e.g., 

tanks in wartime). During a survey of wood placed on ice covers, nine failures 

occurred during the placing of 42,500 truck loads for which loadings ranged from 

P I  = 0.7 x 10"h2 to 10.5 x 104h2. The distribution in the number of loads when 

plotted ngainst l"/h2 was approximately normal, with the maximum at P' = 4.2 lo4h2 

1x1. 
l:'il1erience has shown that good quality ice covers not subject to thermal stress 

sho~~ld support moving loads satisfactorily to loadings of P 1  = 14 x 104h2. The ice 

shotlld not be subjected to repetitive loads at this level and its use must be under 

the control of an individual knowledgeable about ice and the factors that determine 

the strength of ice covers. For uncontrolled situations experience indicates that 

lo;~dings should be restricted to P '  = 3.5 104h2, but even then failures call be 
exl'ected owing to imperfections in the cover and the effects of thermal stress. 
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I f  i t  i s  assumed t h a t  B has  a  v a l u e  o f  0 . 6 ,  t h e  range o f  maximum s t r e s s  n s s o c i a -  

t e d  ~ b i t h  3 . 5  x l o 4  < P ' /h2  ' 17 .5  x l o 4  i s  about  0 . 5  t o  3 blPa. The upper  v a l u e  

exceeds t h e  s t r e s s  t h a t  would be expec ted  t o  cause  c r a c k s  t o  form a t  t h e  under  s u r f a c e  

o f  t h e  c o v e r ,  bu t  e x p e r i e n c e  h a s  shown t h a t  a  cover  can t o l e r a t e  such c rack  fo rmat ion  

f o r  moving loads  wi thou t  f a i l u r e .  Experience a l s o  shows t h a t  t h e  lower v a l u e  i s  a  

s a f e ,  a l l o w a b l e ,  t e n s i l e  s t r e s s  f o r  i c e .  

Although f i e l d  o b s e r v a t i o n s  have made i t  p o s s i b l e  t o  d e l i n e a t e  i n  a  r e a s o n a b l e  

manner t h e  e l a s t i c  modulus and a l lowal> le  maximum s t r e s s  t o  be used f o r  t h e  d e s i g n  o f  

i c e  b r i d g e s ,  much s t i l l  has  t o  be done.  R e l a t i v e l y  l i t t l e  a t t e n t i o n  h a s  been g iven  t o  

t h e  e f f e c t  o f  t empera tu re  and s a l i n i t y .  Kerr and Palmer [14] have shown t h a t  f o r  t h e  

e l a s t i c  c a s e  t h e  e l a s t i c  o r  r i g i d i t y  modulus can  be  r e p l a c e d  by an e f f e c t i v e  v a l u e  f o r  

p l a t e  bending c a l c u l a t i o n s ,  g iven  by 

11-20 
1  D = - i E(2 ld2  

1 -vZ , 
- 20 

whero i o  i s  t h e  p o s i t i o n  o f  t h e  n e u t r a l  p l a n e  and EIZ) i s  t h e  v a l u e  o f  t h e  modulus a t  

d i s t a n c e  2  below t h e  s u r f a c e .  
I 

The d e f l e c t i o n  of  t h e  cover  and,  t h e r e f o r e ,  t h e  l i n e a r  s t r a i n  v a r i a t i o n  th rough  

t h e  i c e  c r o s s - s e c t i o n  i s  determined by t h e  load and D. As E ( Z )  v a r i e s  through t h e  

s e c t i o n ,  t h e  s t r c s s  d i s t r i b u t i o n  i s  no l o n g e r  l i n e a r .  S i n c e  t h e  bottom s u r f a c e  o f  t h e  

cover  i s  a lways a t  t h e  mel t ing  p o i n t ,  t h e  maximum s t r e s s  may, i n  f a c t ,  occur  a t  some 

p o s i t i o n  i n  t h e  i n t e r i o r .  The e l a s t i c  modulus o f  i c e ,  however, becomes l e s s  tempera-  

t u r e  dependent wi th  d e c r e a s i n g  p e r i o d  o f  l o a d i n g  [ 1 3 ] ,  and t h e  v a l u e  o f  6 . 9  * 10 MPa 

i s  prol):~bly rcasonah le  f o r  f r e s h - w a t e r  i c e  i n  most moving-load s i t u a t i o n s  and t h e  

tcmpcr;rtrlre range 0 t o  - 2 0 ° C .  

I 
.l'hc c f f c c t i v e  va luc  o f  I, and t e n s i l e  s t r e n g t h  w i l l  i n c r e a s e  wi th  i n c r e a s i n g  

v c h i c l c  speed .  1nci.ertsing P c a u s e s  B t o  d e c r e a s e ,  and t h i s  p a r t l y  o f f s e t s  t h e  e f f e c t  

o f  t h e  incrc:lsc i n  s t r e n g t h .  I n c r e a s i n g  t h e  v e h i c l e  speed ,  however, c a u s e s  a n o t h e r  

c f f c c t  t h a t  must he t aken  i n t o  c o n s i d e r a t i o n .  

I When a  v e h i c l e  t r a v e l s  on i c e  c o v e r s ,  a  hydrodynamic wave i s  s e t  up i n  t h e  under-  

l y i n g  w a t e r .  T h i s  wave t r a v e l s  with a  speed t h a t  depends on t h e  dep th  o f  t h e  w a t e r ,  

t h i c k n e s s  o f  i c e  c o v e r ,  and modulus o f  e l a s t i c i t y  o f  t h e  i c e .  I f  t h e  speed of t h e  

v e h i c l e  c o i n c i d e s  wi th  t h a t  o f  t h e  hydrodynamic wave, t h e  d e f l e c t i o n  due t o  load : r e i n f o r c e s  t h a t  a s s o c i a t e d  wi th  t h e  wave. Th is  prohlem has  been c o n s i d e r e d  by 

, AqStlr 1 1 5 ) .  Nrvel I101 and Eyre [ l l ] .  

I : i y ~ r c  I p r e s e n t s  measurements of  t h e  r a t i o  o f  a c t u a l  maximum d e f l e c t i o n  t o  t h e  

c l . l s t  i c  c l c f l c c t i o n  at z e r o  speed .  The d e f l e c t i o n  i s  a  maximum a t  a  c r i t i c a l  speed ,  

u,, t h : ~ t  clc1,cnds on the l ~ r o l ~ e r t i e s  o f  t h e  i c e  cover  and t h e  t h i c k n e s s  o f  t h e  i c e  
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Figure 1 

Dependence of the ratio of 

deflection, w, at speed 11 to 

the elastic deflection. u 
0' 

on the ratio of the speed to 

the critical speed, u 

jlS,l6]. Plotting measurements in the non-dimensional form of Figure 1 shows that 

deflection at the critical speed is about two and one-half times that at low speeds. 

The theory presented by Nevel accounts for the features shown in Figure 1, except for 

those at the critical speed where the effect of dissipative processes that limit the 

maximum deflection have not yet been properly described. The dependence of maximum 

stress and tensile strength on vehicle speed has also still to be established. 

I<clmrts of failure have indicated that speed has been a contributing factor in some 

casts. It is debatable whether vehicle speed is an important factor for loads of 

I" = 3.5 x 104h7 and less. 

More precise information is required on the dependence of 1 and tensile strcngth 

on ice type, temperature distrihution, and speed. It would he useful to carry out 

additional field experiments similar to those of Eyre [I11 in which strains, 

deflections and acoustic cmissinn to c!etect crack formation arc measured :is a function 

of vehicle load and speed. Such studies arc needed, in particul:~~, for sea icc for 

which present knowledge of elastic modulus and strength are appreciably less than for 

fresh-water ice. 

Stationary Loads 

A demonstrated limit state design method for determining the safe thickness for 

stationary loads has yet to be established. The reason for this is the lack of know- 

ledge concerning the relations among load, deflection, deflection rate, strain, strain 
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r a t e ,  and s t r c s s .  The ma themat i c s  o f  t h e  problem a r e  d i f f i c u l t  b r c a u s e  o f  t h e  

n o n - l i n e a r  r e l a t i o n  between s t r a i n  r a t e  and s t r e s s .  

The a p p r o p r i a t e  c r i t e r i o n  f o r  t h e  s t a t i o n a r y  l o a d  problem i s  probabl!. one o f  

pe r fo rmance  b a s e d  on a l l o w a b l e  d e f l e c t i o n  o r  d e f l e c t i o n  r a t e  r a t h e r  t h a n  a l l o w ; ~ b l c  

s t r e s s ,  p a r t i c u l a r l y  f o r  l o a d s  t h a t  w i l l  be  i n  p l a c e  f o r  p e r i o d s  o f  more t h a n  one  d a y .  

Fo r  s h o r t e r  p e r i o d s ,  maximum s t r a i n  r a t e s  a r e  i n  t h e  r a n g e  f o r  which i t  may be n e c e s -  

s a r y  t o  l i m i t  t h e  maximum s t r e s s  a s  w e l l .  

Nuch a t t e n t i o n  h a s  been g i v e n  t o  t h e  s t a g e s  o f  f a i l u r e  f o r  i c e  c o v e r s  u n d e r  

s t a t i o n a r y  l o a d s .  The i n f o r m a t i o n  p r o v i d e d  by such e x p e r i m e n t s  may be m i s l e a d i n g  

1)ecause t h e y  i n v o l v e  d e f l e c t i o n s  g r e a t e r  t h a n  t h e  f r e e b o a r d .  Pe rhaps  t h e  o n l y  

s i t u a t i o n s  f o r  which d e f l e c t i o n s  o f  t h i s  magn i tude  c a n  b e  t o l e r a t e d  r o u t i n e l y  a r c  

t h o s e  such  a s  t h e  s t o r a g e  on i c e  c o v e r s  o f  wood t h a t  i s  t o  be  f l o a t e d  t o  m i l l s  a f t e r  

s p r i n g  thaw.  In  g e n e r a l ,  i f  t h e  i c e  i s  t o  s u p p o r t  m a t e r i a l  t h a t  must bc r e t r i e v e d  o r  

a c t i v i t y  s u c h  a s  d r i l l i n g ,  t h e r e  a r e  p r a c t i c a l  r e a s o n s  f o r  k e e p i n g  t h e  d e f l e c t i o n  l e s s  

t h a n  t h e  f r e e b o a r d  i n  a d d i t i o n  t o  t h e  l imits  t h a t  t h i s  p l a c e s  on s t r e s s  and s t r a i n  

[ I T ] .  

I f  d e f l e c t i o n  is  l i m i t e d  t o  t h e  f r e e b o a r d ,  t h e  maximum s t r a i n  induced  i s  l e s s  

t h a n  1% f o r  normal i c e  t h i c k n e s s .  T h i s  means t h a t  d e f o r m a t i o n  i s  c o n f i n e d  t o  t h e  

p r i m a r y  c r e e p  s t a g e  a n d ,  f rom t h e  p o i n t  o f  v iew o f  t h e  d e f o r m a t i o n  b e h a v i o u r  o f  i c e ,  

i s  one  o f  s m a l l  s t r a i n .  The i m p l i c a t i o n s  o f  t h i s  have  n o t  y e t  been  f u l l y  a p p r e c i a t e d  

o r  e x p l o i t e d .  I n  d e a l i n g  w i t h  t h e  p rob lem most i n v e s t i g a t o r s  have  assumed a  l i n e a r  

v i s c o u s  b e h a v i o u r  o r  a  c o n s t i t u t i v e  r e l a t i o n  o f  t h e  fo rm 

whcr r  i i s  t h e  s t r a i n  r a t e  f o r  c o n s t a c t  s t r e s s  o ,  and  to ,  0 0  and n  a r e  c o n s t a n t s .  

'I'hc v: l lue  f o r  n  h a s  u s u a l l y  been  t a k e n  t o  be  t h a t  found  f o r  t h e  s e c o n d a r y  c r e e p  s t a g e .  

Work by Cold 1181 d c m o n s t r a t c d  t h a t  f o r  t h e  u n i a x i a l  c o n s t a n t  l oad  c o n d i t i o n  t h e  

c x p r c s s i o n  r e l a t i n g  s t r a i n ,  s t r e s s  and t i m e  h a s  t h e  form 

where  A and n  t e n d  w i t h  s t r a i n  t o  t h c i r  c o n s t a n t  s e c o n d a r y  c r e r p  s t a g e  v a l u e s .  

I t  w a s  : ~ l s o  found  t h a t  n  depcndcd on t h e  t y p e  o f  i c e  and on t h r  s t r a i n  h i s t o r y .  Fo r  

s i m p l e  compress ion  a t  -10°C and s t r e s s  between 0 .4  and 1 . 5  M N / ~ ' ,  n  was independen t  o f  

t h e  s t r e s s  a t  a  g i v e n  t i m e  and  changed o n l y  s l o w l y  w i t h  t i m e  a f t e r  a b o u t  150 min. 

In d e t e r m i n i n g  n  from c r e e p  t e s t s ,  i t  i s  u s u a l  t o  u s e  t h e  l i n e a r  r e g i o n  o f  t h c  

c r e e p  s t r a i n / t i m e  c u r v e .  T h i s  r e g i o n  o c c u r s  o v e r  a  t i m e  p e r i o d  t h a t  depends  on s t r e s s  

:~nd  t e m p e r a t u r e .  The v a l u e  o f  n  t o  b e  u s e d  i n  t h e  c o n s t i t u t i v e  e q u a t i o n  f o r  b e n d i n g  

~ ' r t l l ) l c n ~ s ,  however ,  must b e  d e t e r m i n e d  f rom s t r a i n  r a t e  v a l u e s  f o r  t h e  same t i m e  f o r  



each  s t r e s s  and t empera tu re  s i n c e  what i s  r e q u i r e d  f o r  c a l c u l a t i o n s  i s  t h e  s t r a i n  r a t e  

dependence o f  t h e  s t r e s s  a t  a  g iven  t ime  and t e m p e r a t u r e .  

Flurat [19]  observed t h a t  t h e  maximum d e f l e c t i o n  v e r s u s  t ime  f o r  beams s u b j e c t e d  

t o  a  c o n s t a n t  f o u r - p o i n t  load and s imply-supported p l a t e s  s u b j e c t e d  t o  a  c o n s t a n t  load 

a t  t h e i r  c e n t r e  became e s s e n t i a l l y  l i n e a r  a f t e r  an i n i t i a l  t r a n s i e n t  phase .  T h i s  

c o n s t a n t  r a t e  o f  d e f l e c t i o n  developed whi le  t h e  maximum s t r a i n  was s t i l l  o f  t h e  o r d e r  

o f  0 .1%.  I t  r e q u i r e d  abou t  5 h  t o  e s t a b l i s h  t h e  c o n s t a n t  d e f l e c t i o n  r a t e  f o r  t h e  

beams a t  t h e  lowest  load l e v e l ;  f o r  t h e  p l a t e s ,  i t  took o v e r  40 h .  Taking t h e s e  

r e s u l t s  and t h e  e a r l i e r  work o f  Gold [ l a ]  and o f  Krausz (201 i n t o  c o n s i d e r a t i o n ,  i t  

seems c l e a r  t h a t  t h e  t r a n s i e n t  phase b e f o r e  t h e  apparen t  s t e a d y - s t a t e  behav iour  must 

be a s s o c i a t e d  wi th  t h e  t r a n s i t i o n  from t h e  i n i t i a l  e l a s t i c  c o n d i t i o n  t o  t h e  c o n d i t i o n  

f o r  which t h e  s t r e s s  d i s t r i b u t i o n  th rough  t h e  s e c t i o n  Jepends p r i m a r i l y  on s t r a i n  

r a t e .  The s t r a i n  t o  do t h i s  i s  i n  agreement wi th  t h e  t ime  dependence o f  n  observed by 

Gold. 

Masterson e t  a l .  [5] s t a t e  t h a t  d e f l e c t i o n  o f  t h e  p l a t f o r m  they  observed v a r i e d  

wi th  t ime  r a i s e d  t o  t h e  power 0 . 4 7 .  When t h e  d e f l e c t i o n  measurements p r e s e n t e d  i n  

t h e i r  F igure  6 a r e  p l o t t e d  on a  l o g - l o g  s c a l e ,  however, t h i s  dependence i s  found o n l y  

f o r  t ime  i n  e x c e s s  o f  about  10 days .  The r a t i o  o f  t h e i r  measured maximum s t r a i n  t o  

d e f l e c t i o n ,  assuming t h a t  0 d e f l e c t i o n  c o i n c i d e s  wi th  0  measured s t r a i n ,  i s  a l s o  

c o n s t a n t  a f t e r  t h a t  t ime .  These o b s e r v a t i o n s  sugges t  t h a t  f o r  t h i c k  p l a t f o r m s  

des igned  t o  s u p p o r t  loads  f o r  many days  t h e  i n i t i a l  t r a n s i e n t  phase c x t e n d s  o v e r  

p e r i o d s  o f  days  i n  c o n t r a s t  t o  minutes  o r  hours  i n  l a b o r a t o r y  s c a l e  exper iments .  

These o b s e r v a t i o n s  a r e  c o n s i s t e n t  wi th  a n a l y s e s  o f  S inha  [13,21]  i n d i c a t i n g  t h a t  

de layed  e l a s t i c  behav iour  dominates  immediately f o l l o w i n g  t h e  a p p l i c a t i o n  o f  load .  With 

t ime  i t  becomes p r o g r e s s i v e l y  l e s s  s i g n i f i c a n t  wi th  r e s p e c t  t o  t h e  component of t h e  

s t r n l n  due t o  v i scous  f low. In  f a c t ,  t h e  ev idence  s u g g e s t s  t h a t  i t  i s  t h e  n e g l e c t  o f  

t h e  ~ l r l ; ~ y c c l  e l a s t i c  hehav iour  t h a t  i s  r e s p o n s i b l e  f o r  t h e  apparen t  t ime  (and perhaps  

s t r e s s )  dependence o f  A and n  i n  e q u a t i o n  (6 ) .  

Murnt [ I 9 1  found from h i s  exper iments  on beams and s imply-suppor ted  p l a t e s  t h a t  

a t  a given t ime  d u r i n g  t h e  p e r i o d  o f  c o n s t a n t  d e f l e c t i o n  r a t e  

w l ~ c r r  P i s  t h c  rol ls t ; lnt  a p p l i e d  load and L t h e  l e n g t h  o f  beam o r  d iamete r  o f  p l a t e .  

Ilc rouncl t h c  :tvcrngc v a l u e  o f  n  t o  be 2.32 f o r  beams s u b j e c t e d  t o  f o u r - p o i n t  load and 
7 7 - .  ( 0  f o r  s i m p l y - s u p p o r t c ~ l  1)l:ltes. The t e s t s  were c a r r i e d  o u t  a t  -10°C. The lower 

rallgc o f  t h c  ~a:~.uimtlm s t r e s s  induced i n  t h e s e  t e s t s  p r o b a b l y  o v e r l a p s  t h e  upper  range 

f o r  s : ~ t  i s f a c t o r y  performance o f  i c e  p l a t f o r m s  s u p p o r t i n g  a  s t a t i o n a r y  load f o r  more 

than o11c day .  From t h e  geometry o f  t h e  t e s t s  i t  i s  p o s s i b l e  t o  s t a t e  ( f o r  them) t h a t  



I f  a  g e n e r a l  r e l a t i o n  e x i s t s  between i and i f o r  i c e  p l a t f o r m s ,  i t  shou ld  be  p o s s i b l e  

t o  deve lop  a t  l e a s t  an e m p i r i c a l  r e l a t i o n  of  t h e  form o f  equa t ion  (8) between maximum 

s t r a i n  r a t e  and l o a d .  

The mcnsurements o f  Masterson e t  a l .  [ 5 ]  on an i c e  p l a t f o r m  about  6 . 5  m t h i c k  

confirm t h a t  i t  i s  r e a s o n a b l e  t o  assume t h a t  d u r i n g  d e f l e c t i o n s  under  s t a t i o n a r y  loads  

bo th  s t r a i : )  a ~ t d  s t r a i r :  r a t e  i n c r e a s e  l i n e a r l y  through t h e  c r o s s - s e c t i o n  of  t h e  cover  

t o  t h e i r  maximum v a l u e s  i n  t e n s i o n  o r  compression.  Observa t ions  have i n d i c a t e d  a l s o  

t h a t  f o r  d e f l e c t i o n s  l e s s  t h a n  t h e  f r e e b o a r d  t h e  shape o f  t h e  d e f l e c t e d  s u r f a c e  f o r  a  

re :~sonnble  d i s t a n c e  away from t h e  load can p robab ly  be d e s c r i b e d  by an equa t ion  of  t h e  
;'h 

same form a s  t h e  i n i t i a l  e l a s t i c  one.  I f  t h i s  i s  c o r r e c t ,  one can  assume i --r , m P. .- 
l ~ i ~ c r e  L i s  ;I f u n c t i o n  o f  t ime  and i s  t h e  c h a r a c t e r i s t i c  l e n g t h  t h a t  f i x e s  t h e  shape 

o f  t h c  s u r f a c e  i n  t h e  v i c i n i t y  o f  t h e  l o a d .  Because of  t h e  e l a s t i c  founda t ion  e f f e c t  

o f  w a t e r ,  t h e  maximum s t r a i n  r a t e  i s  not  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  d e f l e c t i o n  r a t e .  

With t h e  c a p a b i l i t y  t h a t  now e x i s t s  f o r  measuring s t r a i n s  d i r e c t l y  i n  p l a t f o r m s ,  

i t  should be p o s s i b l e  t o  e s t a b l i s h  t h e  e x p r e s s i o n s  r e l a t i n g  l o a d ,  i c e  t h i c k n e s s ,  

d e f l e c t i o n  r a t e ,  and maximum s t r a i n  r a t e .  I f  t h i s  can be ach ieved ,  t h e  performance 

c r i t e r i o n  can be s p e c i f i e d  i n  t e rms  o f  a l l o w a b l e  d e f l e c t i o n ,  maximum s t r a i n  r a t e ,  o r  

s t r e s s .  Under c e r t a i n  c o n d i t i o n s  i t  c o u l d  be s t a t e d  a s  a l l o w a b l e  maximum ( p / h 2 ) ,  a s  

given by blurat [19] .  I f  a  s t r e s s  c r i t e r i o n  i s  u s e d ,  it w i l l  be n e c e s s a r y  t o  e s t a b l i s h  

R r e l a t i o n  o f  t h e  form o f  equa t ion  ( 5 ) .  from which t h e  s t r e s s  th rough  t h e  c ross - spc t ion  

<:In he c n l c u l ; ~ t e d  from t h e  s t r a i n  r a t e s .  The d e f l e c t i o n  r a t e  t o  be used f o r  t h e  

c;llc1rl:rtic1ns wo11ld I)c d r tc rmined  from t h e  l e n g t h  o f  t ime  t h e  load  i s  t o  be on t h e  i c e ,  

tllca I I I ; I . ~ ~ I I I I I ~ I  : ~ l l o w : ~ h l c  J r f l e c t i o n ,  and an apparen t  i n i t i a l  d e f l e c t i o n  t h a t  i n c l u d e s  t h e  

clc l :1!.c~l 1. I   st i  c comlloncnt o f  t h e  s t r a i n .  

I'l~c ~ w r f o r ~ ~ ~ : l r l c c  c r i  t c r i o n  must be chosen s o  t h a t ,  when s a t i s f i e d ,  c r a c k s  w i l l  no t  

I ~ I - O I ~ : I ~ ; I ~ ~  c i t~r ing t h c  pcriotl whrn t h e  p l a t f o r m  i s  undergoing t h e  al lowed d e f l e c t i o n .  

( : : r l c ~ ~ l : ~ t i o n s  i n d i c a t e  t h a t  when d e f l e c t i o n  i s  l i m i t e d  t o  t h e  f r e e b o a r d  f o r  loads  t h a t  

w i I  I 1.c in 11l:lcc f o r  morc t h a n  one day ,  t h e  maximum s t r a i n  r a t e  and s t r e s s  a r e  

; s l ~ f f i c i c n t l y  low f o r  t h i s  t o  be t h e  c a s e .  The l i m i t  s t a t e  c o n d i t i o n s ,  however, have 

z l  i l l  1 0  hc c* ; t a l ) l i shcd  through experiment  and performance measurements. i\s t h e  l i m i t  

s t ; ~ t c  v ; ~ l l ~ c s  o f  t l ic  c r i t  i c a l  s t r e s s  and s t r a i n  r a t e  a r e  n o t  known, t h e  s a f e t y  f a c t o r  

: ~ s s o c  i ; ~ t r t l  w i  t l ~  c u r r e n t  exper ience-based  p r a c t i c e  cannot  be s p e c i f i e d .  

:I goocl cx;lml~lc o f  t h e  c u r r e n t  d e s i g n  approach f o r  i c e  p l a t f o r m s  is th:lt  used f o r  

11l:lt forms s u p p o r t i n g  o f f - s h o r e  d r i l l i n g  a c t i v i t y  i n  t h e  h igh  A r c t i c  [5 ,22 ,23] .  Loads 
I 

Il;~vc I~c'cn i l l  t h e  range o f  500 t o  1500 t o n n e s .  The performance c r i t e r i o n  a p p l i e d  has  

11vcn t h a t  t o t a l  r l e f l c c t i o : ~  must no t  exceed t h e  f r e e b o a r d  and t h a t  t h e  i n i t i a l  e l a s t i c  

693 



maximum stress must not exceed 345 kPa. The basis for the specification of maximum 

stress was that cracks are not observed to form in fresh-water ice during the first 

1% creep strain caused by a constant uniaxial compressive stress of less than that 

value [ I d ] .  

Over time, the loads placed on these platforms have been increased. Platforms 

for the heavier loads have been designed on the basis of past experience, primarily by 

establishing from performance measurements the time dependence of the apparent value 

of a .  Ice thickness was chosen to ensure that the allowable amount of maximum deflcc- 

tion would not be exceeded during the period in which the load would be on the ice. 

The range of loads placed on the platforms is now sufficiently wide to make it 

possible to establish an empirical expreFsion relating design load, P I ,  ice thickness, 

hl, and deflection, wl, of the form 

where b%'o, ho, and Po, are reference deflection, ice thickness and load, and m and n 

are constants [ 2 2 ] .  

Stress levels within the platforms have been checked through computer ~a1cill:ltions 

by making assumptions that allow strain rates to be specified and using a relation 

between stress and strain rate of the form of equation ( 5 ) .  It is difficult to 

generalize from this experience because the load distribution is not simple and the 

platforms are tapered rather than of constant thickness. Measurements now being made 

of the time-dependent strains through the cross-section of the platforms will provide 

a better basis for future use of the observations on performance in developing and 

confirming a more universal design method. 

Conclusions 

Traditionally, the use of ice bridges and platforms has been based on experience. 

Observatiorls have shown that ice can be assumed to behave elastically for loads moving 

at a spccd greater than about 1 km/h if proper account is taken of the time and 

temperature dependence of the elastic modulus. Values of allowable maximum tensile 

stress determined from field practice lie in the range of 0 . 5  to 3 MPa. The risk 

associated with moving loads that induce a maximum stress in this range is determined 

primarily by imperfecticns in the ice cover and uncontrollable factors such as 

tcmlwr:lture changes. Information is required on the time dependence of the maximum 

strcss and tensile strength to establish the dependence of bearing capacity on vehicle 

spccd. 

'Thc m;~thcmatic:~l basis for the design of ice platforms for stationary loads has 

not yet Iwcn dcvclopetl. Thc principal barrier is the non-lincar relation between 

stra i l l  r:~tc and strcss and the difficulties this poses for analysis. Practically 



311 s t a t i o n a r y  load problems a r e  a s s o c i a t e d  with maximum s t r a i n s  l e s s  than  about 1 % .  

Observations i n d i c a t e  t h a t  a f t e r  an i n i t i a l  t r a n s i e n t  p e r i o d ,  probably a s s o c i a t e d  with 

t h e  t r a n s i t i o n  of  t h e  i n i t i a l  e l a s t i c  s t a t e  t o  t h e  f u l l y  v i scous  s t a t e ,  t h e  s t r e s s  has  

a  poker law dependence on t h e  s t r a i n  r a t e .  The exponent a t  a  given t ime appcars  t o  be 

e s s e n t i a l l y  cons tan t  f o r  s t r e s s  g r e a t e r  than about 0.4 MPa; i t  i s  not  known whether i t  

remains cons tan t  f o r  s t r a i n  r a t e s  induc ing  s t r e s s  below t h a t  va lue .  I f  t h e  e x p r e s -  

s i o n s  r e l a t i n g  load,  i c e  t h i c k n e s s ,  d e f l e c t i o n ,  d e f l e c t i o n  r a t e ,  s t r a i n ,  and s t r a i n  

r a t e  can be e s t a b l i s h e d ,  i t  should be p o s s i b l e  t o  develop a  genera l  des ign  method t h a t  

t a k e s  i n t o  account t h e  i n i t i a l  t r a n s i e n t  behaviour.  The r e c e n t l y  demonstrated a b i l i t y  

t o  mcasure s t r a i n s  i n  s i t u  should al low t h e s e  r e l a t i o n s  t o  be found.  

Limit ing d e f l e c t i o n  o f  t h e  i c e  cover t o  t h e  f reeboard  is  probably a  p r a c t i c a l  

performance c r i t e r i o n  f o r  load d u r a t i o n s  o f  more than  one day. This  c r i t e r i o n  e f f e c -  

t i v e l y  ensures  t h a t  t h e  maximum s t r a i n  r a t e  s t a y s  below t h e  c r i t i c a l  va lue  r e q u i r e d  

f o r  propagation o f  c r a c k s .  I f  d e f l e c t i o n s  a r e  allowed t o  exceed t h e  f reeboard  t h a t  

would normally be a s s o c i a t e d  with an a l l - i c e  p la t form o f  given t h i c k n e s s ,  o r  i f  loads  

a r e  t o  be s t o r e d  f o r  s h o r t  per iods  o n l y ,  t h e  maximum a l lowable  s t r e s s  l e v e l  and a  

v a l i d  method of  c a l c u l a t i n g  t h e  maximum s t r e s s  w i l l  have t o  be e s t a h l i s h e d .  

This  paper i s  a  c o n t r i b u t i o n  from t h e  Div is ion  o f  Building Research, National  

Research Council o f  Canada, and is  publ i shed  with t h e  approval  of  t h e  D i r e c t o r  of  t h e  

Div is ion .  
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! am d i s i u s s i n q  t h e  second :cct ion o f  Go ld ' s  paper  t i t l e d  'Mov inn  Lozds."  

Gold p resen ts  what can be c a l l e d  t h e  " C r i t i c a l  Speed'' r e a c t i o n  of n f l n a t i n q  

i c e  sheet  t o  a  movino i o a d  a l t h o u q h  he does n o t  develo l l  t h e  the~ne co r r? l c t? l y  n r  c a r r y  

i'. t u  a l nq ica :  c o n i I \ l s i o n .  !t i s  n o t  complete d e s c r i p t i o n  o f  t i l e  r e a c t i o n  o f  

an i c e  sheet  t o  a  inri,.iiqq l o a d  as I hope t o  Show. 

:I!+ p r i n c i p a l  !> ! t in t  i s  t h a t  t h e  movinq l o a d  w i l l  g e m r a t e  a  hydrirdylldpiic wave 

i l l a t  w i l !  t r a v e l  thr,?uqh t h e  w a t e r  and deform t h e  i c e  a t  t h e  l o c a t i o n  o i t h e  wave. I f  

the v e h i c l e  i s  t rdv i l ' t i ny  a t  t h e  same speed as t h e  wave ( t h e  c r i t i c a l  speed!, t h e  

d e f I e c t i 7 n  o f  t i l e  i c e  <!ue t o  t h e  wave i s  j o i n e d  by t h a t  of t h e  v e h i r l e  and t h e  t o t a !  

r i e f l ec t io l :  !depress i . i i i  of t h e  i c e  shee t )  under  t h e  v e h i c l e  i s  s u b s t d n t i a l l y  i nc reased .  

e l  [ 1 6 ]  ( G o l d ' s  Peferences!  showed t h a t  t h e o r e t i c a l l y  t h e  d ~ f l e r t i o n  would go t o  

i n f i n i t y  b u t  t h a t  observa r ions  showed t h a t  i t  mere ly  reactbed a f i n i t e  maximum. Gold 

.:o:nbines t h e  d a t a  o f  Eyre and Be l thaos  t o  show t h a t  t h e  d e f l e c t i o n  i n c r e a s e  does 

o r i u i  b u t  t h a t  t h e  maximum i s  around 2-112 t imes  t h e  s t a r i c  d e f l e c t i o n  on n m d e i a t r l y  

t ! l i c i  f resh - iu r te r  i c e .  i $ i s  a l l  seems conf i rmed by t h e o r y  and f i e l d  t e s t s  and I 

l o  n o t  d i sagree .  

 continuing f u r t l ~ e r .  c f f s r t s  h w e  been made i3r ilzr3.y y e a r s  tr f i n d  t h e  t e n s i l e  

s t r e s s  i r l  a  f l o a t i n q  i c e  sneet .  P r e c i s e  s o l u t i o n s  have beet! developed wt i ich depend 

i l l ~ i l ~ i  r a ! i i , l , i t i n n  t h e  thii d e f l e c t i o n  o f  t h e  i c e  sheet  under  t h e  l o a d .  however, t h e  

t t ~ l , > i  r lPt l i ' i : t i?n ,it i h e  c r i t i c 2 1  speed depend upon t h e  two f a c t o r s  which deform t i l e  

i<.~- sRi3e l  - t h e  w c i q h t  of t h e  inoving v e h i c l e  and tine presence o f  t h e  movinq wave - so 

11 i!; c l i f f i c u l t  t a  f i n d  t l l c  t o t a :  s t r e s s  i n  t h e  i c e  as a  f u n c t i o n  o f  d e f l e c t i o n .  

11 i s  a l l l l ~ l s t  c c r t a i n  t h a t  i n c r e a s e d  d e f l e c t i o n  i n d i c a t e s  i n c r e a s e d  s t r e s s  b u t  t h e  

~ v ~ ! l n r i o n s t ! i p  I S  n o t  knobrr' more p r e c i s e l y .  S t r e s s ,  p a r t i c u l a r l y  t e n s i l e  s t r e s s  i n  

ilie bot to ln  of an i c e  sheet,is ;npor tan t  because an i c e  sheet  w i l l  b e g i n  t o  f a i l  when 

t h e  t e n s i ' l e  st.rcss a t  t h a t  p o i n t  reaches t h e  t e n s i l e  s t r e n g t h  of t h e  i c e .  k l t h o u q h  

Co ld  d i d  n o t  S t a t e  Chis  p r e c i s p l y .  1 agree w i t h  h i s  i m p l i c a t i o n  t h a t  i n c r e a s e d  d e f l e c t i o n  

under  t h e  moving v e h i c l e  a t  t h e  c r i t i c a l  speed a l s o  i n d i c a t e s  i n c r e a s e d  s t r e s s  i n  t h e  

i c e .  

Yot dddress rd  by Go ld  o r  most o t h e r s  who have p u b l i s h e d  on t h e  C r i t i c a l  S t r e s s  

l l r o t ~ l e m  i s  t h e  !prol,abi l i t ,v o f  e n c o u n t e r i n n  these  i n c r e a s e d -  s t r e s s e s . A ? h i l e  n o t  
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srr; i f ic, l  i y  s t a t e d ,  t h e  imores< . io i~  i s  q i v e n  t h a t  a  v e t , i c l e  t r a v e l i n g  on t h e  i c e  i s  

v e r y  a o t  t o  encounter  them and t i m e  re ru ! t s ,  a l s o  not d l ~ c $ ~ s s e d  i n  d e t a i l ,  a re  a p t  t o  

t ~  u l i o l e a s n r t .  lrany l i l t t h 3 r s  adv ise  t h a t  v e h i c l e  sp.?eds on i c e  shou ld  he s t r i c t l y  ron -  

,r-,lled and C r p t  low - u s u a l l y  a t  10 lliph or s lower  - i o n o r i n r i  t h e  f a c t  t h a t  t h e  c r i t -  
. .  1 ,.;, sneed in i .  or i c e  sheet  on s h a l l o w  w t e r  i s  a t  o r  n r d r  t h a t  speed. 

eased or; t h e  d l scuss io r i  abcv;, WP c l n  i d e n t i t y  two c o n d i t i l n s  t h a t  milst he met 

h e f f i ~ e  n muving ,,chicle on ;I, i c e  sheet  will enco!tnt.er c r i t i c a l  soeed c o n d i t i o n r .  The 

f i - i t  i s  t h a t  t b e r e  n!!st lie 3 hydrodynai i i ic wave i n  t h e  wa te r  i y h i l e  t h e  second i s  

i h ? t  the r e l i i c l e  must be t r a v e l i r ~ ; :  w i t h  t h i s  wavc. Because of t h i s  second c o n c i i t i c n ,  

i t  r l n c a r s  t h a t  t h e  v e h i c l e  ' t s e l f  9 u s t  generate t h e  wave by t r a v e l i n g  i n  a  s t r a i u h t  

' i n e  ?t t h e  c r i t ; i , ; l  c ~ e e d  and t h w  t r a - e l  i n  t l i e  s s ~ e  d i r c r t i n n  a t  t h e  zai;ie s i l eP l  t o  

, u t i l i z e  i'le tI!c c l . i t i c a l  speed c n n . : i t i o ? s  t h a t  have b2en +?"eloped. Fin,.re 1  ~f 

G o l d ' s  stliivir t h ? t  t i le  v e h i c i c  s w e d  a!lirt be v e r y  c l o s e  t o  t h e  c r i t i c a l  speed f o r  t h e  

r l e 1 1 e c t ; a . i ~  :o reach  a  .naxi~adm. I t  apcsars t h a t  if t h e  v e h i c l e  speeo v a r i e s  somewhat, 

t n e  f u l l  c r i t i c a l  stweds w?u ld  nc l .  b s  dev?loped.  

Ncve l *  ci idr i?ssed t b i s  m t t c r  fro:" ano ther  anq le  and sta,.ed . ' . . .  one sho i l l d  n o t  

t r d v ~ l  a t  d Constant  5 ~ 4 e d  near  t l i c  c r i t i ~ a l  v e l o c i t y .  When pass inq  th rouqh  t h e  

c r i t i c a l  , :e loc i tv ,  one r ' lcu l i i  do so q'iicl:!.v i n  o r d e r  t o  i n s u r e  a t r a n s i e n t  r a t h e r  

:nap 7 s:?ady s t a t e  c o n d i t i o n . "  INevel 's  wor ry  about  t h e  s t e a d y - s t a t e  c o n d i t i o n s  2nd 

i n d i f f e r e n c e  t o  t h e  L r a n s i e n t s  makes serise and c o n f i r m s  t h e  ~ o n c l u s i o n s  reached. 

I t  ,:,,;,ears t h a t  random ~ h a n ~ g e ~ ) ! ~ e s d  and t h e  d i r e c t i o n  o f  t r a v e l  t h a t  would occur  

rht, t ,  a v p h i c l e  i q  Lr , lve l inq f r e e l y  on an i c e  shee t  would be adequcte t o  i i reve l i t  t h e  

~ t f ' ~ i l . y - : ta t ( !  condi t ion! ;  lnecessdry t o  qcnera te  t h e  c r i t i c a l  speed c o n d i t i c n s  and t h a t  

~ 1 1 1 . 1 1  I v ( ! t l i c l ~  i ~ o u l , I  have l i t t l e  ciiance o i  e n c o ~ l n t e r i n r ~  them. However, i;e t r a v e l  i s  

i l ' t e n  c n n s t r a i n e r l  t o  n ) ; a r t i c u l a r  t r a c k  bp c l e a r i n g  an i c e  road. I n  t h i s  case, rar,- 

ilol!~ness i n  t h e  t r a c k  f o l l o w e d  w i l l  be e l i , , ~ i n a t e d .  F u r t h e r ,  t r a v e l  c o n d i t i o n s  on t h a t  

t i  i l l  t r : l d  t c  be un i fo rm so t h a t  a  v e h i c l e  wou ld  t e n d  t o  f i n d  a  comfo r tab le  speed 

and h n l i l  i t .  In such a rase ,  3 v e h i c l e  wou ld  be a p t  t o  encoun te r  c r i t i c a l  speed con- 

* l i : . i o n s  T h i s  c o u l d  he avo ided  h,v p o s t i n g  t h e  i c ?  r o a d  w i t h  t h e  c r i t i c a l  speed and 

a i l v i5 in r i  r ' t ' i vcrs  t o  a v o i d  then:. T h i s  wou ld  c o m p l e t e l y  a v o l d  c r ' t i c a l  speed c o n d i t i o n s  

ehc.ci)t. i o r  a  r a r c l ~ s s  d r i v e r .  

On(! f u r t h e r  p o i n t  remains. Research i n t o  i c e  r e a c t i o n  t o  v e h i c l e s  

t r a v r l i n q  on an i c e  s h ~ c t  has been con f ined  t o  l a k e s  wheie t h e  ex is t .ence o f  t h e  c r i t -  

i;.,?l Sl,ir,rl phiinoNrn,l has he?n demons t ra t f l i  and q u a n t i f i e d .  Can t h e  same e f f e c t  he 
found on r i v e r  i c e  where t h e  w a t e r  i s  nioving w i t h  r e s p e c t  t o  t h e  i c e ,  where some o f  

t h e  f l o w  ~ r r i q h t  be tu rb , i l cnL ,  where w a t e r  depth may change r a p i d l y  and t h e  w a t e r  may 

'Nevel, Donald C., n e a r i n g  c a p a c i t y  o f  f l o a t i n g  i c e  shee ts ,  unpub l i shed  CRREL docu- 
~ n e n t .  December 1968. 

699 



f!.?w i n  a cbivved pa tn*  I t  does lict appsdr  reasonab le  and sl)oul.: be rlifaricd. 

Tlle a h w e  r i i s c ~ i s s i c n  shows t h a t  i t  v!nulrl he un!,sual f o r  v e h i c l e  t r a v e l i n i i  

somewhat randomly on an i c e  s h c e t  t o  er iccxnter  c r i t i c a l  speed c n n d i t i o r l i .  ?lie pro- 

bai!ilit:< would he i n c r e a s e d  i f  t h e  t r i t e 1  were r e s t r i c t e d  t o  a p repared  i c e  road 

b u t  could t c  e l i m i n a t e d  by p o s t i n n  t h e  road wi th  t h e  c r i t i c a l  soced and a d v i s i n g  

i ! - a v s l e r s  t a  avo id  t h a t  sr:red. i n  d d d i t ; o n ,  i t  nav we1 i be imposs ib le  t o  meet t h e  

c r i t i c a l  speed c o n d i t i o n s  on r i v e r  ir:. All i n  a l l .  i t  seems q u e s t i n n a b l ~  whether  

t t ~ o  approach t o  t h e  problem of novino !oads shoult i  be based on t h e  " c r i t i c a l  sp r~ed"  

eCfec:. 
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Mr. Johnson h a s  i d e n t i f i e d  important  q u e s t i o n s  t h a t  s t i l l  remain 
t o  be answered concern ing  t h e  dependence of t h e  s a f e  performance 
of i c e  covers on v e h i c l e  speed .  It i s  d i f t i c u l t  t o  measure t h e  
s t r e s s  t h a t  i s  induced i n  t h e  i c e  by moving l o a d s .  A s  v e h i c l e  
speed i n c r e a s e s ,  however, i c e  becomes more e l a s t i c  i n  i t s  behav iour  
and e l a s t i c  theory  should become more a p p r o p r i a t e  fo r  desc r ib ing .  
d e f l e c t i o n s  and s t r e s s e s .  I t  i s  v e r y  impor tan t  t h a t  measurements 
be  made i n  t h e  f i e l d  o f  t h e  dependence on v e h i c l e  speed of t h e  
maximum s t r a i n  r a t e  induced i n  t h e  cover .  Observa t ions  should b e  
made a t  t h e  same t ime of cracks t h a t  a r e  induced by t h e  load .  
probably us ing  s o n i c  t e c h n i q u e s .  Th is  in format ion ,  a long  wi th  
l a b o r a t o r y  measurements of t h e  s t r a i n  r a t e  and t empera tu re  
dependence of t h e  e l a s t i c  modulus, should p rov ide  t h e  in format ion  
t h a t  i s  r e q u i r e d  on t h e  dependence of s a f e  performance on 
v e h i c l e  weight and speed .  


