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Des capteurs de mesure des charges de glace ont kt& instailis sur le pilier d t  la courbe 
Yarnachiche, sur le Saint-Laurent, en avai de MontrCal. Des panneaux constitues de 
plaques d'acier appuyies s w  des celIules extensomEtriques sant utilisB pour mesurer les 
charges statiques, et des acctSltrom&aes servent B mesurer Its charges dynarniques. On 
monue i c i  comment ce s y s t h  a fonctionnk au corn des annees 1983-19R4 A 1985-1986 
et on fournit quelques estimations pdliminaires concernant les forces globales que la glace 
cxerce silr le pilier. 
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ABSTRACT 

I c e  load  measuring s e n s o r s  were i n s t a l l e d  on t h e  Yamachiche Bend 

I l i g h t p i e r  i n  t h e  S t .  Lawrence River  downstream from Montreal .  Pane l s  

l c o n s i s t i n g  of steel p l a t e s  suppor ted  on load  c e l l s  are used t o  measure 

s t a t i c  l o a d s  w h i l e  a c c e l e r o m e t e r s  are used  t o  moni tor  dynamic l o a d s .  

Opera t ion  of t h e  sys tem over  t h e  w i n t e r s  of 1983-84 t o  1985-86 i s  

l d e s e r i b e d  and some p r e l i m i n a r y  estimates of t h e  t o t a l  ice f o r c e s  on t h e  

lpier a r e  p resen ted .  



INTRODUCTION 

Pred ic t ions  of i c e  loads on s t r u c t u r e s  can be made from a n a l y t i c a l  and 

phys ica l  models, bu t  t h e  models nus t  be based on f u l l - s c a l e  observa t ions  

f o r  c a l i b r a t i o n  and v e r i f i c a t i o n .  Owing t o  t h e  d i f f i c u l t i e s  of c a r r y i n g ,  

ou t  such measurements succes s fu l ly ,  r e l a t i v e l y  few p r o j e c t s  have a s  y e t  

been c a r r i e d  out  a t  fu l l - sca le .  

T rad i t i ona l ly ,  a p re s su re  of 2.8 MPa (400 p s i )  has  been adopted i n  

c a l c u l a t i n g  i c e  loads on br idge  p i e r s .  The Canadian Standards 

Associat ion (1978) and t h e  Minis t ry  of Transpor ta t ion  and Communications 

(1983), h t a ~ i 0 ,  have proposed t h a t  under c e r t a i n  circumstances lower 

design i c e  pressures  could be used. Considerable judgement is  requi red ,  

however, i n  s e l e c t i n g  t h e  app ropr i a t e  l e v e l  f o r  design purposes. Such 

dec is ions  a r e  u sua l ly  based on q u a l i t a t i v e  information and argument. 

F i e ld  measurements of a c t u a l  ice loads are needed t o  e s t a b l i s h  maximum 

loads  and t h e  p r o b a b i l i t y  of exceeding given load  l e v e l s .  

F ie ld  measurements of r i v e r  and l ake  i c e  on s t r u c t u r e s  i nc lude  those  

repor ted  by Neill (1976), L i p s e t t  and Gerard (1980), Huiskamp (1983), 

Danys (19811, and Haynes and Sodhi (1983), who a l s o  gave a comprehensive 

review of a v a i l a b l e  l i t e r a t u r e .  Empir ical  formulas f o r  i c e  loads were 

a l s o  given by Korzhavin (1971), Afanas'yev e t  a l .  (1979) and N e i l l  

(1981). 

A program of i c e  f o r c e  measurements i s  being c a r r i e d  o u t  a t  t h e  

Yamachiche Bend l i g h t p i e r  i n  t h e  St .  Lawrence River downstream from 

Montreal. Each i c e  load measuring panel  comprises a  s t e e l  p l a t e  

supported on th ree  load c e l l s .  This  has been supplemented with 

accelerometers  i n  o rde r  t o  provide a b e t t e r  i n d i c a t i o n  of dynamic i c e  

loads. 

Over the  period 1983-1986 measurements were made wi th  both load  panels  

f o r  s t a t i c  loads and accelerometers  f o r  dynamic loads. A t  t h e  same time 

genera l  i c e  condi t ions  were catalogued. This  paper w i l l  b r i e f l y  desc r ibe  

the  measuring systems used, present  t h e  r e s u l t s ,  de sc r ibe  the  a n a l y s i s  

technique, and compare t h e  i c e  loads  predic ted  from d i r e c t  s t a t i c  and 

accelerometer  measurements. 



STATIC ICE FORCE MEASUREMENTS 

The p i e r  a t  Yamachiche Bend is con ica l  a t  water  l e v e l ,  with a s lope  of 

4 v e r t i c a l  t o  1 ho r i zon ta l .  The diameter a t  i c e  l e v e l  is  approximately 

4 m. Deta i led  drawings of t he  p i e r  a r e  a v a i l a b l e  (Danys, 1975). Five 

panels  a r e  i n s t a l l e d  on t h e  west (upstream) s i d e  of t h e  p i e r .  It and i c e  

condi t ions  around i t  a r e  shown i n  Fig. 1. The o r i g i n a l  load panels  and 

e l e c t r o n i c s  were recondit ioned and upgraded i n  1983 (Frederking e t  a l . ,  

1985). Extensive f i e l d  c a l i b r a t i o n  t e s t s  were c a r r i e d  out  when t h e  

panels  were r e - i n s t a l l e d  and aga in  i n  t h e  summers of 1984 and 1985 t o  

v e r i f y  t h e  ope ra t ion  of t h e  system. These repeated c a l i b r a t i o n  tests 

ind ica t ed  t h a t  t h e  c a l i b r a t i o n  f a c t o r s  ( r a t i o  of load  t o  s i g n a l  vo l t age )  

va r i ed  on average +lo%, and +25% i n  an extreme ins tance .  One of t h e  main 

problems i n  convert ing t h e  vol tage  s i g n a l  t o  load was t h a t  of s e l e c t i n g  

t h e  app ropr i a t e  "zero load" s igna l .  The method va r i ed  from season t o  

season and w i l l  be discussed l a t e r .  Since access  t o  t h e  p i e r  is  very  

r e s t r i c t e d  i n  t h e  win ter ,  a te lemet ry  system is  used t o  t r a n s f e r  da t a  t o  

a shore  s t a t i o n  where i t  is  recorded. Because t h e  d a t a  a r e  p o t e n t i a l l y  

overwhelming, a s t r a t e g y  f o r  sampling and condensing had t o  be adopted. 

Again d e t a i l s  w i l l  be discussed on a season by season bas is .  

Figure 1. Yamachiche p i e r ,  19 January 1984 

DYNAMIC ICE FORCE MEASUREMENTS 

The Yamachiche l i g h t p i e r  i s  subjec ted  t o  dynamic a s  we l l  a s  s t a t i c  i c e  

forces .  The dynamic i c e  f o r c e s  occur as a r e s u l t  of i c e  f a i l u r e  i n  

crushing and bending, and a s  a r e s u l t  a l s o  of i c e  impact and r o t a t i o n  

round t h e  p i e r .  Dynamic f o r c e s  a r e  of s h o r t  du ra t ion ,  e.g., 0.01 t o  2 s,  

but can be of high magnitude; i n  f a c t ,  they can be s e v e r a l  t imes h igher  

than  t h e  s t a t i c  loads. High l o c a l  pressures  can be caused by dynamic 



loads.  Such l o c a l  p r e s su re s  can cause damage t o  s t r u c t u r e s ,  as has been 

observed a t  t h e  Yukon River br idge  (Buska, 1986) where t h e  steel nose 

armour was t o rn  from one of t h e  concre te  br idge  p i e r s  and s p a l l i n g  of t h e  

concre te  was caused dur ing  t h e  ice run of 1985. 

The presen t  approach f o r  measuring dynamic i c e  f o r c e s  u se s  a  t r a n s f e r  

func t ion  der ived from r e s u l t s  of "plucking" t e s t s  on t h e  l i g h t p i e r .  

("Plucking" was done by s t e p  unloading,  i.e. by apply ing  a  load  t o  t h e  

p i e r  then ab rup t ly  removing i t  by rup tu re  of a  notched t ens ion  member.) 

The tests were c a r r i e d  o u t  i n  September 1984 (Haynes, 1986) and y i e lded  a  

t r a n s f e r  func t ion  matr ix ,  viz. ,  

.. 
where {x(w)} i s  t h e  measured accelerometer  response s i g n a l  and { f  (w)} is 

the  appl ied  fo rce  vec tor ,  both of which a r e  i n  t h e  frequency domain v i a  a  

Four ie r  transform. The unknown f o r c e  vec tor  due t o  an i c e  load ing  event  

call be Found from 

.. 
where {x(w)} is  now t h e  measured response vec to r  dur ing  i c e  loading. 

This  fo rce  can be found i n  t h e  t i m e  domain by t h e  i nve r se  Four i e r  

t ransform 

m 

{ ~ ( t ) }  = .f [ H ( u ) ] - ~  {x(w)}e 
i w t  

dw 
-aD 

where t h e  des i r ed  i c e  f o r c e  i s  { ~ ( t ) } .  

Six accelerometers  a t  t h r e e  d i f f e r e n t  l e v e l s  (same l o c a t i o n s  as f o r  t h e  

plucking t e s t s )  were mounted on t h e  p i e r .  A t r i g g e r i n g  system a c t i v a t e d  

a  magnetic t ape  recorder  whenever a  t h r e sho ld  a c c e l e r a t i o n  was exceeded. 

A time s i g n a l  was a l s o  put on t h e  record s o  t h a t  loads measured by 

dynamic and s t a t i c  methods could be compared. 



RESULTS 

1983-84 Season 

Operat ion of t h e  system s t a r t e d  i n  mid-November 1983. The equipment and 

record ing  procedures were t e s t e d  and open water  s i g n a l s  were determined 

f o r  an  i n i t i a l  per iod of f i v e  weeks when t h e r e  w a s  no ice around t h e  

p i e r .  During a v i s i t  t o  t h e  s i te  on 19 December 1983 t h e  water  w a s  s t i l l  

open, wi th  only s c a t t e r e d  s lu sh .  Measurements continued u n t i l  18 A p r i l  

1984, a l though ice disappeared s e v e r a l  weeks e a r l i e r .  There were some 

shut-downs between 19 December and 18 A p r i l  owing t o  power f a i l u r e s  a t  

t h e  p i e r .  

Three v i s i t s  were made dur ing  measurement pe r iod  t o  observe ice 

condi t ions  and t o  check t h e  ope ra t i on  of t h e  equi,pment. By 19 January a 

s o l i d  ice cover  had formed and a rubble  accunula t ion  surrounded t h e  p i e r .  

The rubble  had an ova l  shape, extending from 4 t o  5 m i n  f r o n t  of most 

panels .  I c e  blocks c o n s t i t u t i n g  t h e  rubble  v a r i e d  i n  t h i cknes s  from 0.2 

t o  approximately 0.6 m. Holes d r i l l e d  i n  t h e  rubble  showed t h a t  t h e  

rubble  k e e l  was grounded a t  a depth of 2.5 m, i.e., i t  reached t h e  

foundat ion of t he  p i e r .  I c e  t h i cknes s  o u t s i d e  t he  rubble  was 

approximately 0.6 m. Another v i s i t  was made on 1 February when i c e  

condi t ions  were very similar t o  those  of 19 January. By t h e  next  v i s i t  

on 30 March, open water  surrounded t h e  p i e r ,  wi th  only a few i s o l a t e d  ice 

blocks d r i f t i n g  about. 

The fol lowing s t r a t e g y  was adopted t o  provide a reasonably a c c u r a t e  

d e s c r i p t i o n  of t h e  load h i s t o r y  and d e t a i l s  of any s i g n i f i c a n t  events .  

Outputs were recorded f o r  1 min a t  lO-min i n t e r v a l s .  During each of 

t he se  sampling per iods  t h e  s i g n a l s  were recorded once every 2 s. I n  

add i t i on ,  record ing  of a l l  s i g n a l s  w a s  t r i g g e r e d  i f  any one s i g n a l  

exceeded a c r i t i c a l  value,  taken a s  0.1 V ,  which corresponds t o  

approximately 13.4 kN on an i n d i v i d u a l  load c e l l .  For c a l c u l a t i o n  of 

loads  t h e  minimum "zero load" vo l t age  over t he  season was s e l e c t e d  s i n c e  

i t  would produce conserva t ive  (high)  load values.  A t y p i c a l  record  of 

fo rce  versus  t i m e  f o r  each panel  is  presen ted  i n  Fig. 2. These a r e  

hourly mean f o r c e  va lues ,  but maximum va lues  of f o r c e s  were no t  

s i g n i f i c a n t l y  higher.  
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The f i v e  load panels  cover t h e  w e s t  s i d e  of t h e  p i e r ,  f ac ing  upstream, 

t h e  d i r e c t i o n  of predominant ice movement (Fig.  3). A t  t h e  observed 

e l e v a t i o n  of i c e  contac t  wi th  t h e  panels  t h e  f o r c e s  would be a c t i n g  on a 

h o r i z o n t a l  l eng th  of approximately 0.27 m of each  panel.  Measured loads  

were converted t o  load p e r  u n i t  l ength  by d iv id ing  t h e  given va lues  by 

0.27 m. The average ice th i cknes s  was approximately 0.6 m f o r  most of 

t h e  season. Thus, nominal stresses were c a l c u l a t e d  by d i v i d i n g  t h e  loads 

by t h e  a r e a  (0.162 rn2). 

Estimating t h e  t o t a l  ice f o r c e  on t h e  p i e r  would r e q u i r e  knowledge of t h e  

normal and shea r  stresses along i t s  per imeter .  The p re sen t  arrangement 

g ives  only normal stresses on p a r t  of t h e  per imeter .  Measurements were 

ex t r apo la t ed  t o  c a l c u l a t e  t h e  t o t a l  ice f o r c e  us ing  f o u r  methods. The 

f i r s t  assumes t h a t  stresses a c t  on t h e  w e s t  h a l f  of t h e  p i e r  per imeter .  

Normal s t r e s s e s  a r e  ex t r apo la t ed  over  s e c t o r s  ass igned t o  t h e  panels.  

Tangent ia l  s t r e s s  equa l  t o  0.2 of t h e  normal stress is added on each 

sec to r .  The r e s u l t a n t  f o r c e  component i n  t h e  e a s t e r l y  d i r e c t i o n  was 

considered t o  be t h e  t o t a l  load. A t y p i c a l  stress d i s t r i b u t i o n  a t  one 

i n s t a n t  is shown i n  Fig. 3. The second method cons iders  a s i m i l a r ,  

normal stress d i s t r i b u t i o n ,  but no t a n g e n t i a l  stresses a r e  added. The 

southernmost panel ,  however, o f t e n  measured t h e  h ighes t  stresses. 

Consequently, a t h i r d  method was adopted where stresses a r e  assumed t o  

a c t  on the  ha l f  of t h e  per imeter  cen t r ed  around t h i s  panel. Normal and 

t a n g e n t i a l  stresses a r e  assumed t o  be symmetrical about  it .  The f o u r t h  

method is s i m i l a r  t o  t h e  t h i r d ,  but  excludes t a n g e n t i a l  stresses. 

Examples of t h e  t o t a l  load c a l c u l a t e d  a r e  shown i n  Fig. 4. It may be 

seen t h a t  methods one and t h r e e  produce l a r g e r  t o t a l  load va lues  than 

methods two and four .  

1984-85 Season 

For t h i s  season a d i f f e r e n t  recording s t r a t e g y  was used, i n  t h i s  case  

recording cont inuously w i t h  a 2 0 s  scan  i n t e r v a l .  A t i m e  l a p s e  f i l m  was 

a l s o  made us ing  a Super 8 movie camera t ak ing  one frame every ha l f  hour. 

The f i l m  was used t o  c h a r a c t e r i z e  ice cond i t i ons  a t  t h e  p i e r  and t o  

e s t a b l i s h  zero-load vol tages .  This  allowed t h e  zero-load vo l t age  t o  be 

re-set  s e v e r a l  times dur ing  t h e  season,  based on observed open water  

per iods.  There were aga in  problems wi th  t h e  power supply t o  t h e  p i e r ,  s o  

t h a t  a record was ob ta ined  f o r  only p a r t s  of February and March 1985. 
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I c e  c o n d i t i o n s  were s i m i l a r  t o  t h o s e  of t h e  1983-84 season.  I n  g e n e r a l ,  

t h e  n a t u r e  of t h e  r e c o r d s  w a s  s i m i l a r  t o  t h a t  of t h e  p r e v i o u s  season ,  but 

o n  average t h e  t o t a l  f o r c e  on t h e  p i e r  was less ( F i g -  5 ) .  

1985-86 Season 

During t h e  1984-85 season s e v e r a l  load  c e l l s  had f a i l e d ,  w i t h  t h e  

consequence t h a t  no r e s u l t s  cou ld  be o b t a i n e d  from t h e  westernmost panel .  

Tlris was u n f o r t u n a t e ,  but  i t  d i d  p rov ide  a n  o p p o r t u n i t y  t o  i n s t a l l  f o r  

t h e  1985-86 season  a n  add-on p a n e l  t y p e  of t r a n s d u c e r  normal ly  used f o r  

making i n  s i t u  p r e s s u r e  measurements i n  i c e  covers .  It w a s  a n  "IDEAL" 

pane l  t r a n s d u c e r  s u p p l i e d  by T e r r a s c i e n c e  and c o n f i g u r e d  t o  f i t  d i r e c t l y  

over  t h e  o l d  i lnse rv iceab le  panel .  Rated c a p a c i t y  was 3 MPa. The p a n e l  

t r a n s d u c e r  w a s  2.5 m h i g h  by approximately  0.5 m wide and w a s  d i v i d e d  

i n t o  f i v e  h o r i z o n t a l  s e c t o r s  s o  t h a t  a v e r t i c a l  d i s t r i b u t i o n  of ice load  

could  be ob ta ined .  A small m e t e o r o l o g i c a l  s t a t i o n  w i t h  d a t a  l o g g e r  was 

placed on t h e  p i e r  and t h e  t ime- lapse  movie camera was a g a i n  used. 

The sampling s t r a t e g y  f o r  t h e  t e l e m e t r y  sys tem was t h e  same a s  t h a t  f o r  

t h e  1984-85 season.  The d a t a  logger  a t  t h e  m e t e o r o l o g i c a l  s t a t i o n  had 

e x t r a  channe l s  a v a i l a b l e  and t h e  IDEAL pane l  s i g n a l s  were recorded  on i t  

a s  w e l l .  The l o g g e r  was programmed t o  r e c o r d  t h e  mean and maximum v a l u e s  

o v e r  each half -hour  i n t e r v a l .  The analogue t a p e  r e c o r d e r  on which t h e  

a c c e l e r a t i o n s  were recorded  had one f r e e  channe l  and t h e  middle s e c t i o n  

of t h e  IDEAL p a n e l  w a s  a l s o  f e d  i n t o  it .  With t h i s  o v e r l a p p i n g  of 

r e c o r d s  i t  was p o s s i b l e  t o  compare r e s u l t s  o b t a i n e d  by d i f f e r e n t  

r e c o r d i n g  s t r a t e g i e s  and d i f f e r e n t  measurement approaches.  

The r e s u l t s  of t h e  1985-86 season  a r e  s t i l l  being a n a l y s e d ,  b u t  a sample 

record  w i l l  he p resen ted .  A dynamic i c e  load ing  e v e n t  Erom t h e  middle 

s e c t o r  of t h e  IDEAL p a n e l  i s  shown i n  Fig. 6a; t h e  c o n c u r r e n t  

acce le romete r  v e r s u s  t ime s i g n a l  is  shown i n  Fig.  6b. The a c c e l e r o m e t e r  

s i g n a l  t ransformed t o  t h e  f requency domain was used i n  Equa t ion  ( 3 )  t o  

o b t a i n  t h e  dynamic i c e  f o r c e .  A maximum dynamic f o r c e  of 37 kN on t h e  

p i e r  was found f o r  t h i s  event .  T h i s  i s  lower t h a n  t h e  t o t a l  ice f o r c e  o f  

200 kN on t h e  middle s e c t i o n  of t h e  IDEAL pane l  determined from t h e  

s t a t i c  f o r c e  measurements. The dynamic l o a d  i s  based on a c c e l e r a t i o n s  of 

t h e  l i g h t p i e r  and t h e r e f o r e  does n o t  i n c l u d e  s ta t i c  l o a d s ,  which may a l s o  

be p r e s e n t .  An i c e  p i l e - u p  a t  t h e  b a s e  of t h e  l i g h t p i e r  would be a n  



added mass and a t t e n u a t e  t h e  accelerometer  s i g n a l s .  Figure 6 i n d i c a t e s  

s i g n i f i c a n t  peak loads ,  however, and t h e  dynamic i c e  loads  correspond t o  

t he se  peaks. The analogue t ape  recorder ,  which can record high-frequency 

s i g n a l s ,  showed t h a t  panel  t r ansduce r s  can d e t e c t  dynamic i c e  loads.  

1 

TIME, s 

Figure 6. Comparison of accelerometer  record and IDEAL panel  record  f o r  

an i c e  loading event  

SrnIMAKY 

( 1 )  For t h e  1983-84 season t h e  maximum s t a t i c  i c e  fo rce  was 600 kN, 

generated by a 0.6-m t h i c k  ice cover  a c t i n g  on a p i e r  width of 4 m a t  

t h e  water l ine .  Loading events  were s t a t i c ,  l a s t i n g  s e v e r a l  hours t o  

a few days. A s t a t i c  ice cover  surrounded t h e  p i e r  f o r  most of t h e  

i c e  season. 

( 2 )  For t h e  1984-85 season t h e  maximum s t a t i c  i c e  f o r c e  was about 300 kN. 

I ce  cond i t i ons  were gene ra l l y  s i m i l a r  t o  those  of t h e  previous 

season. 

( 3 )  These i c e  f o r c e s  a r e  s u b s t a n t i a l l y  lower than  t h e  va lue  c a l c u l a t e d  

from CSA(1978): 2200 kN f o r  an e f f e c t i v e  c rush ing  p re s su re  of 



700 kPa, ice th i cknes s  0.6 m and p i e r  width of 4 m. 

(4)  For t h e  1985-86 season a d i r e c t  comparison of s t a t i c  and dynamic i c e  

f o r c e s  was made. The measured dynamic f o r c e s  were s u b s t a n t i a l l y  less 

than t h e  s t a t i c  fo rces .  

(5) Fur the r  a n a l y s i s  is  requi red  t o  r e l a t e  ice f o r c e s  on t h e  p i e r  t o  t h e  

ice condi t ions.  
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