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C~over: Ore carrier Presquc Isle passes through ice
boom on St. Marys River at the outlet of
3ault Ste. Marie Harbor. The boom is about
one ship length astern of the 1000-ft-long
ore c arrier. (Photograph by U.S. Army
I nqineer Distric t, Detroit. )
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PREFACE

This report was prepared by Roscoc E. Perham , Mechanical Engineer , Northern
Engineering Research Branch, Experimental Eng ineering Division , U.S. Army Cold
Regions Research and Eng ineering Laboratory (USA CRREL).

The sso rk described in this report vsa s lunded by the U.S. Army Lngineei
District , Detro it , Michigan , under FY 76, USAED , Detroit Order No. NC[- IA-76 -
129, ~s t .  t/~rt Ice Boom Instrumental ion . USA CRREL is responsible for the ice
engineering portion ot this program.

The technical content of this report was reviewed by Dr. D.E. Nevel and
Dr . G.D. Ashton of USA CRREL; their efforts are appreciated .

USA CRREL worked with t h e  Detroit District in the design of the ice boom
and provided the force measurement systems which were operated throughout the
winter of 1975-1976 .

The effort s and cooperation of many individuals and organizations were needed
for the success of the St. Marys River ice booms this past winte r. Hydro-Quebec
of Canada was generous in providing information about their ice booms to the
Detroit District. Acres American , Inc. made the model tests. The ice booms were
built and installed by the Durocher Dock and Dredge Company of Cheboygan,
Michigan , under the supervision of the Soo (Sault Ste. Marie , Michigan) Area Office ,
Personnel from the Soo Area Office monitored the recorder equ ipment throughout
the winter and kept the accompanying log book and notes.

The contents of this report are not to he used for advertising or promotional
purposes. Citation of brand names does not constitute an official endorsement or

approval of the use of such commercial products.
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SUMMARY

As an aid to winter navi gat ion, two ice booms with a 250-ft (76-m)-wide
navi gation opening between them were installed at the outlet of the harbor at
Sault Ste. Marie , Michigan and Ontario , to stabilize the ice cover in the harbor
during the winter of 1975-76 . The location and lengths of these booms were
determined prev iousI~, h~ model tests seeking to minimize harbor ice losse s due
to pass ing ships. The construction details for the booms were taken care of
separately from the work reported here .

The forces on the ice due to natura l phenomena such as water and wind drag,
grav it~ and ssa t c-I v..i v and ice interaction were calculated using predictive rela-
tionships from available Iiter.nure and physical data about the harbor. The force
distr ibutions in the ice booms wer e based on unconsolidated ice cover theory.
The maximum load in the west ice boom was expecte d to be 73 ,000 lbf (325 kN)
and that in the c ast  ice boom, 45 ,000 lbf (200 kN). The effect of passing ships
~~,Is n unknown factor .

orces in the upstream end of the ice boom structure were monitored contin-
usl~ throughout the winter by six underwater sensors in the structure , i.e., 3 in

each boom. orces were recor ded in a log hook and on chart paper. Supplemental
data on ship passages , ice conditions , nitteoro log ical conditions , waterf low and
water lc’~cls were also taken .

The force data were analyzed and it was found that in early winter , when the
ice cover was wholl y fragmented , the force distribution in the structure was as
expected based on theory and was lower than the maximums predicted. Later in
the winter the ice moved as a. large soli d or partially broken sheet and applied
heavy loads to some point on the ice booms , usually the flotation buoys. The
forces then were sometimes greater than expected and once were as high as 97 ,000
lbf ~431 kN). The effect of momentum in an ice cover was noticed.

The maximum forces in the boom were the result of natural phenomena , but
the effect of thcrni3l effluents and ships in the harbor contributed to the condi.
tions. Often the passing ships had a noticeable effect on the forces being regis-
tered and often they did not. Under some circumstances , the effect of minor
disturbances such as the bow wave reg istered. A main finding was that the ships
had nearl y the same effect when upbound through the booms and ice cover as
they did when downbound . The average peak force occurring during shi p passages
was approximatel y 25 ,000 lbf ( 111 kN ). The size of the ship and the way it was
operated (power level , perhaps) also affected the peak force , althoug h no forces
were higher than the expecte d loads. The ships seemed to have a substantial effect
on the water levels and flows in and near the navigation channel and to let the
natural foices present in the cover act on the booms.
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ST. MARYS RIVER IC E BOOMS —

DESIGN FORC E ESTIMATE AND
FIELD MEASUREMENTS

Roscoe E. Perham

INTRODUCTION ship traffic through this cut in the winter show that
normal travel and commerce between the island and

The St. Mary s River is the natural waterway con- the mainland can be adversely affected by broken ice.

necting Lake Superior wit h Lake Huron and one of The ice floats into the cut from the broad harbor of
the key links in the Great Lakes - St. Lawrence River Sault Ste. Marie (Soo), Michigan , causing dm5 , block-

Seass ,tv , Both the United States and Canada have ing ferry operations , and raising the powerplant tail-
made a considerable investment to modify the river race water levels too high. Normal conditions are
in the Sault Ste . Marie area for ship traffic. Besides shown in Figure 1. Figure 2 shows broken ice on the

building several locks and a powernouse there, the ferry route.
United States has constructed the Little Rap ids Cut , Model studies (Acres American , Inc. 1975) were

which is a 600-ft-wide shortcut passing between Sugar made of this problem and one of the most promising

Island and the mainland. Re~.eiit experiences with solutions was a set of two ice booms with an opening

-

Figure 1. Normal traffic at l ittle Rapids Cut , St .
Marys River , Michigan.
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Figure 2. Ferry-stopping ice being cleared by U.S. Coast Guard icebreaker .
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Figure 3. St. tlarys River icc hoo,ns, showing boom shape (scalloped ice pattern
to left and riqht of ccntc ’r) due to fragmented ice coi ir , 13 January 1976.
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Figure 4. General ice boom features.

between them to allow ship passage while they per- is vc -r~ flexible and often adjusts its shape in response
formed their usual function of stabilizing and holding to a load concentration.
back the upstream ice cover.

This report describes the ice forces predicted h5
the design of the ice booms and reports the forces GENERAL LOADING CONSIDERATIONS

~ measured in the booms during the winter of 1975-
76 at Sault Ste. Marie , Michigan. Figure 3 is an aerial The load on an ice boom in earl~ w inter conic-s IH i l i
photograp h of the installed ice booms taken on 13 the ice floes that are collecting upstream the I io,tt iniz
January 1976 . barrier , as shown in F igure 3 , especiall y to the right

center . The ice cover that is forming in th is manner
is called unconsolidated or fragmented . Later , the

ICE BOOM BASIC PRINCIPLES pieces free7e together into a sheet ol ice sh ic l i  is then
called solid.

The ice boom is a series of floating elements such Relationships were develi,pod f’ Piriset .rncf
as timbers or pontoons which form a barrier across Hausser (1961) for predicting the loads h i  \c,i . i ?  I I~ c
a body of water for the purpose of stopping moving arid gravit~ app ly to the ice boom . Tl i-ir anal’, s is ,ik
ice floes. Ice booms are generally used on rivers and considered t h y ’ restra ining f r i c t i o n  l o l c c  I H I l I  r Ic I
assist nature in forming a solid , stable ice cover . This banks on the unconsolidated icc c c . -r and used I 1)11

cover re duces the area of open water present on the ings from earlier studies h~ L,Itvshenkoc ( l i  h- ci
r iver during winter and consequently reduces the forces on booms due i f tc floes and bs k - n i,

• amounts o f frazil ice and anchor ice that nucleate in (1958) of those due to logs.
t he open water . The drag force ni l  wind on an ice cos er also is is

This floating barrier is held in place by a wire rope considered important by I’,ir i t  c i  at . (I 9( j,  ari d
• or a ca ble structure and anchors , as shown in Figure Michel (1968) suggested using the Karmen-Prandrl

4. Some of the cables follow the general line of the relationship for t ur bulerit f low over rough sur lac Cs to
barr ier , an d the timbers or pontoons are connected determine this force. llosveve r , the di l l i cu lt s  here is
to t hem by chains. Other cables , called anchor cables , that ,ì v,ilue for roughness hei ght must be assumed .
connect these lateral cables to the anchors and serve Siefert and Langlehen ( 1972) seem to have conic-
to distribute the load on the ice boom. The structure closest to ri- scil s ing th is problem h~ dctermin l u g  the

dimensionless drag coefficient for winds o sec 5Cd iCC.

• 3

is

- 
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The response of cc’ booms to these forces depends boom takes with respect to the shoreline or the direction
Lni i is i c lc ’i ,ibl’, upon the ability of the floating ice bar- of waterf low . II the ice boom is perpendicular to the
nc r  e lements , suc h as timbers and pontoons , to hold f low , the same force level would be expected at each end.
bac k the ice . Under some conditions ice goes under If it were set at an angle to the f low , howevc’r , a larger
t hese floating devices , but usually it slides over them . 0cc  would be expected at the upstream end of the

The stresses and loads developed in various parts boom tha n at the downstream end,
of an ice boom depend not only on the natura l forces
and the ice harrier characteristics , but on t he geometry
ul the structure and its orientation with respect to the DESIGN ICE AREAS
‘ I S L ’I f low or driving foice directions. The geometry
of t he structure is the length of the latent cables with Certain portions of the harbor ice cover are ration-
respect to t he anchor spacings , the directio n of pull allied as acting upon one boom or another . The newl y
of the anchor cables , and the spacing between the forming ice floes follow the curre n t and are carried in-
anchors . For instance , a long section of an ice boom to the ice boom where they collect , as demonstrated
holds h,iy l~. more cc- t han a short section , and conse- by the small southwest harbor ice area (area B) and the
quent lv ie ce i se s  a larger force than the latter. downstream end of the northwest harbor ice area (area

The ni l  y’llt,I tI,ifl of the ice boom , on the other C), shown in Figure 5. The early ice cover formatio n
hand , is the direct ion that the general line of the ice is a collection of unconsolidated ice floes , or a 
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fragmente d i c c  cover . Later , the ice covers become where 
~ m = thrust against the iyi’ yoct ’ i  r i  111 1 fl ioS rig

solid and substantially larger , likc ’ those in the south- ice f rom upstream

che st harbor (area . - \) and the northeast harbor (area Ii’ f r ic t ion force of the is liii]
D) cc’ areas. A combination cil severe weat her con- 

~~~- 
- - tota l h~ dri d y  lain I c l i i i  c ~ .rg,r Irls t thy ’ up

dit ions is required to have these large areas break stream c’dgc of the ice Liii ~l

loose from shore and act on the ice boom , and pre- Q 1 = wei ght component of the cc’ missy ’ s p.11.1)

vious c’xperience indicates that this sometimes hap- el to the water surface and proportional
pens. The ice areas and the estimated directio n of to the slope of the water surface
their forces on the respective ice booms arc shown F,, = f r ict ion force of the water under the ce
in I gore 5. cover

= longitudinal component of the load-
carrying forces of the boom cable

PREDICT ION OF ICE BOOM LOADS T = tangential force Component caused h~ t hy’
friction of the ice against the ic c - I banks.

Summary Shore effect
The shoreline ol Soo Harbor , Saulte Stc , M.il ic ,

The long-term loads on an ice boom are expected Michigan , may h ive htt le effect in holding hack the
to come from natural forces acting on the ice which fragmented ice because the harbor k much wider than
is being held back by the boom . These are the drag the ice boom and the river flow is sp lit in t isic direct i o ns.
of water flowing under the ice , the drag of wind blow- More importa n t ly,  the central part of any bridging-
ing over the ice , the push of water at the upstrc-am across h~ the ice in this area would periodicall y he
edge of the ice , and the force of gravity tending to broken by passing ships. Thus, for t hese calculation s ,
make the ice slide down the hydraulic slope, t he effect of the inte raction of the ice and the sh ire T

The shoreline also affects the loads on the ice boom was considered negli gible.
in that it acts against .xhe push of the unconsol idated
ice cover to prevent its spreading out laterally . In Gravity force
doing this , however , it also provides a force compo- The gr.o t y  fo rce  Q is the downstream compo n ent
nent w hich acts against the downstream push of the iii the we ight ni l  t h e  ice cover floating on the sloping
ice co~c’r . Latyshenkov (1946) estimated that , in a surface of the r i c e r ;  when the hydraulic slope is small ,
regu lar-shaped channel , a cover o f sufficient length t his component is st iia lh t o n . The southwc ’st r n  hot ice
can support itself by internal friction without being dr ed has a maximum slope of 2.23 ’ J0~~. \V hn ’n t he
froien to the shore. The passage of ships is ex pected ice is 6 in. (0 .1 5 m) thick , t he area applies a distr ibuted
to cause on ly shont-tcrnii effects, load of 8.3 hI ft (1 ,2 1 N ni) to the we st ice bocnm .

This value seems small enough to he neglecte d.

Ice Cover Forces Form drag
The hvclr i(l\ f l int  K lorce on the upstre a m ecl~ c’ i t )

t lain fac 1’ ors thy’ ice c niv c - r l ’~ generilk c lec rc ’~~sc’s .is t he ice covc -’
[he itemiiation of forces by Berdenniko s (1964) pro-o r ~-s~~’s liii the harbor 11 u r n  thy’ icy’ b m inis lti - c.ilisi-

seenn s to he the simp lest start  towa rds exp laining the of ,i gradual dy’c reasc in t he csa te r ‘ c l i  n~~i t \  - b’ ,i set m d
force s generated in ,i broken ice field or cover . The Ilausser ( 1 9 6 1 )  s ugutust a method of calculating t his
individual factors are listed and are subsequentl y li nt y~ is i t ich asscirne s that the th ic kness ol the i i i  ni
eliminated or expanded according to whether or not ii the ~i vet Is re late d t i  ihi \& ‘ I i i c  I n c  of the s~ ater
t hey apply to the particular problem . Although flowing hene,ithi ii . t is in ,~ their nict ) i inl , and an under-
Berdennikov an,nlyied the push of broken ice against cc’ i e l i , cu t ’ ,  of 2. S l t s  li’I 7 h2 ni s( , t he drag equals
the upstream edge of an ice cover , his anal ys is also 1 7-1 111 f t  ‘2 ~. -l N in . I i s  m. thin’ is y’pl csy ’tl t , : t  c i

app lies to an ice boom , a r dmximunl ~~pcc t i -d i.ilin’ tot nbc c i - n o ic ’t i~~ t hy’

The interact ions iii the ice cover , t he river banks uinc i iit~ I , i l .u t y ’d l s ta te  m y ]  can by ii CIm ’ c ted -

an d the ice boom can generally he defined by a force
ha lanCe in thy’ Ii ingi tad m a  I direct ii in in thy- f t  irni lit ’ i / m o  - ito/sin I

\V l tc i r  ice f irst h i r m s  ,ng ,o l lst the hi nut t I m  f lo es
II I’,,, ÷ + ~‘ — P~ — I 0 (1)  try ’ not ni,isoc c - I irer , is thy’ upstn c- ant d o -  of t im ’

~1

~ 
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co c c I  moves up into wider parts of the harbor , t he Lniginieen Dis tr ict , Detroit , .oid ‘.5 is i.i’.e~I iii drogue
f loes nt im i ’ . y’ none simm ’ . ’ .  I , , I his lack of si/c and speed studies and a r i c e r  f l u ’.’. oh .~ I m ,( IO ( )  i t 3 (24 3 S ni3 . c ) .

ma ky’s the i m pact Im , i ~ c’ negligible here , ligate Al , App .-\ , gi -~ - s re pnes c ’ n i n . i i u c m  Ht m l t u i t ion .

f orce caIculmj tio,,.s , I by- ve loc it ’, 1 . 1  i i: iii,, i l - r i  w.ms
It l i t !  f r /c (/00 forc e fortun atel y base d on actu al f iel d mcasurc ’ rnnen it s and a

is  C~J/y iJ/O(j Ofl ’, ,  lhe water  friction ,tnol~ si c simp le calculation pn ocec iunc ’ seeme d best f i n  dete r-
is .is s intu p l l ied b~ .msscinuing t hat the icc’ d i c e r  an d the mining the e f fec t  of the liii c C of tli is pit ,inielet on the
r icm ’i hottonli h,icf the sanie roughness arid that a repre- cover . Lich malor area cia’. y i ’ r l s i j y - I y ’ i) t im be corn-
m lii., t i c  y c.duc’ i if drag or shear stres s ,-

~ 
wou ld be posed of several smaller portions and each mi t  these had

.ipp li c -d to ~~~ ice .0 i i .  1 he nc ’ iationships used by its own mean c y ’ Ioc i t c  , cshic h cs’ ,s  est im at e d h~ c . i r c l r u i
‘ tm ‘en arid I I,iussc’r (1 96 1)  for determining this stress inspection of the f ield data . A shear stress ‘ -s m ’ .  cal-

u s n i c ’ used Ion i- . I hese r el.it ionmsl iips were developed culated for C,iy Ii portion us i r r ’ ,2, the ~‘ C h i n us equation ,
in  ii t lti’ .ss on o e - y n m c e i e d  r i c e r ’ .  and channels as fol lows: and the values obtained were tIi c ’~ c hanged to t h eir

force equivalents b~ mu ht i p ic  : r rg them hi t hc si.’c’ of

= pg ~~~~~ h f  ‘ 11 2 IN rn2 (2) their respcc l ive areas.
2 The components of each of t hc forces cv c ’ r ~

- ther m
appropniatel”. summed vecto nial ly to deter mine the

\hI ly ’ t y ’ p = m ass dc’nsi ty  m m )  water total force I for cacti n’najor area . The value of
-i — gi a’. i tan ionia l constant distributed load due to water for an ice area was the

= mean ce loci1~ of cvater under the ice force 
~~ 

divided by the span ol the ice boom; the
C Lhe,c low coeff icient , span is defined in Figure  6.

The (;h~ zy f low coefficient C is proportional to the Wind drag
Ii’. drau l ic radius R h of the river or channel according Wind hlocving ucc’i an ice cuvc’t cd uses a tangential
to the I ml i i  ‘.5 log relationshi p: force on the cover . This effect is commonly referred

to as wind shear stress r and is most convenient l y
C A ’R~ ’6 ‘v ~~

“. (ni ’s) (3) d~sci ihe l in terms of a dimensionless drag coeff ic ~ent
Cd as

where K f t 1 ~~‘ c m i 1 .3 ’.) is a c nmf ls t , i n  1 of proportion-
a hity.  - C0p ( ‘2 ht ; 11 2 (N in2) 4)

In their report on the format ion of ice d ,l~’e i’ .  an d whet e I = c’. nd c y ’ i i m e j t c  r e f u t e d  to the standard
jams in r i c ers , Paniset et al . (1966) give repr cse raa ti ce ;ulm ’ t e i m r  i l n m g i y , i i height oh 10 m, I t s  (m A)
va lues of 25 < K 30 ft 1 3 ,- ” . for K during the initial ~u m iss den s i t y  m l  air , s lugs . I t~ (kg rn3 .
ice formation period and 35 ‘ A 45 ft l:3 

~ for  A
later unider the solid ice co c c i  - In n thei r  s tu ch,vs  ml cv aid chc~ r m m ’ .  c r  se, ice , Siefert

The Soo Harbor has ,m natc iral cs.m t m ’i dept h - iI less ,,nid I . i i i g l m ’hm -rn ( 1 ) 7 2 ’  determ iny-c I nmiy’diani values of
than 10-f t  (3.0.rn) average and a dredged channel 1 .7 . l t l ~~ and 2 2 . l0-~ l i t  ‘ ii w ’ t l m  .m pn y m hahle
depth of abcnut 2~ i t )  ~ . S iii ) below f its ’ .  w, iter datum high value of ) .II - I
(International Great ft., ky ’s D,mtum 1955). f ,,ich depth I lie sy - y r id ‘ . ,mi lie iii ci u s  used here wi th  eq 4 t im

— c.itegory Liirnpi icc - s abuur one—h a lf the total bar hmmr  n , i i y ~~ i . u t y ’ the cc ny) ulI . tg. I Ire w in d ic ’ l m i c i t ’ ,  isa ’. as-
,t ry’ ,i. T hese depths cc c rc averaged and use d w ith  the sumc’ d t m  by’ SI I mph , ‘ ‘ r  7 t s 22.2 nm -, i , altin ig t hy’
minimum value of K during the ice for mation pen imn d. line u i  I m d ’ .my t i m  r i  sec I m g S i f  c’ .uc Ii design ice an cd.
The hydraulic radius was assumed to equal onc’ - half .\lso ,us s ,m nivy l ic. ms an air dy ’ t ro t y  iii 2. 57 . 1 o-~ slugs

• the ic a t e r  depth , Assum ing that I = 1 ,1) It s lf ) ..t ( IS ~~ (1 .32 kg in . , L I I  c s i’m incline [ m m  ‘ca e i m ’l  pressure
rim s ) ar id ,iii Iii ‘ y r ’ : p m ’ ‘ lj i y’  n i t  21 i  I — I  ( ‘ . I l n e r e i m i n c ’ ,

• = i i i  1-1 hi ll 2 )2 , I 1 N:mn 2 ) .  r ( I  11 tH Lii ~(l hi~ N m2 i.

Ihe drag at the locations of pai t ic t i la r  i n  urns 55,15 Ire o-v , I I~ r i i  m m ’  y m  ill iii, ~~ sl~~nr .11 L~,i o is then,
c,m lcul,itcd using the w i rer  c c l m m c i n i e s  and de pths c . i i c rh . i t c J  m u m ,  pot f l u  d i r t  b i t t 1  ml m m _ md t m - nm ’ . by dii id
,is s m m cl , i ted  ,, ih the icc ’ ,ire.i’ . reta ined b~ t hese h um nmnmis . rug r i m , ’ ‘ . , m iuc hc ft m ’ ‘n’ - ’ ’ ’ I t inc  y i  i’ , ,m r n

h i s  in l i m r r n , m t i m n . w,iS pr mm ci de d 15 the U.S. -\r mc

~~~~~~~~~~~~~~~~ ~~
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Table I. Summary of loads from design ice areas.

____________ _____________ 
Distributed loads 

___________

Total forces on
Wind Water Total J _ qr~a 1~~

Ref~ Ice area (‘ /bf /f ) (kN/ m) (/h f/ It,) (kN/ m) (I bill!) (kN/ m) (kips ,) (kN)

B Little southwest harbor 79 1,15 46 0.67 125 1 .82 34.4 153

\ Southwest harbor 251 3.66 370 5.40 62 1 9.06 211 939

C Northwest harbor 22 1.78 492 7 .18 614 8.96 245 1090

I) Northeast harbor 71., 1. 1 1 11 0, 16 87 1.27 86 383

Ft Timber capah ilit~ 130 1. 90 52 23 1

I oua c.’ ind,m-idmial boom sections
I i  E2 E3 (4 LI

Rd k ip m) (I ‘Ic) (kips) \i  i/~rps} / \1 (lop s) (I ‘c) (/ .~ips) (AN ,) ( l ips )  (kN) (kip s) ( / \ )

B 1 7 - 1  77 17 TIm

-\ i14 31 8 117 S2 i)

57 254 6 267 5 222 42 187 36 160

D 1 7  76 23 102 21 93 18 80 7

26 116 26 116 26 116 26 116 26 116 26 116 26 116

F is not an area.

ice area load su,nmary from river flow reduction, and the shoreline acts as a
I’he loads on the ice booms in the ice areas due to hinge point , the force registered on the force sensor

natural causes arc shown in Table I. They are given can decrease. The reason for this decrease is that the
in three ways : as a distributed load from each design anchor rope rotates or swings down about a different
ice area , as a tota l load on each design area , and as a point from that of the ice and becomes foreshortened ,
total load on each ice boom section. The distributed 4) Finall y, it is well known that ships can hrcak ice
load values were used for determining the loads in the directly by contacting it , and indirectly by causing
boom structure as shown later , wave action .

Based on the above information , the following
Ship-induced loads actions might be expected to result from ships

Litt le information was found in the literature on passir,g through the ice booms: 1) Some ice would be
ship-induced loads in ice booms. Uzuner (1975) re- broken, but probabl y into pieces composing not more
port s that , for the Copeland Cut test boom, the loads than a small fraction of the desi gn areas. 2) Some ice
we re relatively small compared with steady-sta te loads, would he washed over the ice boom . 3) An ice sheet
The force level seems to depend upon how well a wou ld rise up sufficiently at the boom in response to
passing ship mobilizes the ice cover , a ship ’s bow wave and increase the load reg istered in

Only a few factors are known: 1) Generally, a the structure . 4) The ice sheet would be depressed
fragmented ice cover starts to move over the ice boom sufficiently at the boom by ship propulsion effects
when wave action takes place at the boom. 2) A and decrease the load registered in the structure .

- ‘ solid ice cover is much stiffer or more resistant to
deformation than the ice boom structure and is
usually frozen to shore; subsequently, a direct thrust Ice Barrier Reaction Force
on the cover may not reg ister on a force sensor in the
structure. 3) If the solid ice cover is depressed or The ice boom construction contractor sy nc given
genera lly lowered from ship propulsion effects , or a choice between using a steel pontoon boom and a
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F igure 6, Puraholil cable loads and cable length definitio,i.

timber boc m, He chose the timber model , whose Equations for evaluating the forces once the
desi gn was taken di rectly from the desi gn of the geometry of the ice boom has been established may
Copeland Cut test boom with no modifications. The be found in many textbooks , such as that of Timo-
original estimate of the ice retention capability of the shenko and Young (1956). Diagrams of the inter-
timbers was 130 lhf/ft (1897 N/rn). This capability, action between the distributed load cc-acting over
however , applied only to the unconsolidated ice cover part of the cable span a or a ’ , the force at the low
phase . Later , when the ice cover becomes solid , it is point of the cable H, and the force at the ends of the
often frozen to the timbers. When this happens, the cable T or T ’are shown in Figure 6.
ice boom can restrain the ice cover with its maximum The equation for the length S of the parabola
structural capacity. from the tangent at the low point of the cable to the

end of the cable , as diagrammed in Figure 6 , is

ICE FORC ES IN TH E STRUCTURE 
_______

S = f i T2/4f2 +4
~
_

Analytical Relatio nshi ps / ________I / 2~~ 1 2 \
- 

ln f a + a 1 + 2 —  J — 1 n 1 2 — — ) (5)
The line of action of the ice cover may be perpen- 4(2 / \ 2f

dicular to the chord of one particular section and at
the same time it may be at an oblique angle to the
next section . The analysis of forces had to be general S’ may be similarly found.
enough to account for the effect of this obliqueness. The forces T and T ’ arc ca lculated 1mm, t he usual

The ice forces were assumed to be evenly dis- method of statics. But eq 5 is used t i  find a practical
tributed along a line perpendicular to the line of balance between the length of the cable S + 5 ’ and the
action of the ice area. The icc boom would there- transverse cable force component H s ihnch i increases
fore have the shape of a parabola with its axis parallel as the cable-to-c hord-length rat io approaches unit ’,,

to this same line of act ion . The valid ity of the latter
assumpt ion has been indicated by studies of ice booms
on the St. Lawrence River , especially on the Beau- Design Force Summary

harnois Canal (Pcrham and Racicot 1975), except that
the cable-to-chord- length ratios of 1.044:1 and 1.25:1 The rather flexible method of anal yz ing the boom

‘- found in these studies were different from the present structure forces that was emp loyed here was used be-
ratio of 1 .3:1. cause it was obvious that the t m m m c c s  could come I r u m
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- j — E a r n  ( C i  Table II. Estimated desi gn forces of St. Marys River
Station (it ) ice booms.

22~ OO
9 Structure Structure

part Force part Force

9 
no. (Ibf) (kN) no. (lb I,) (kN)

i
i 

B I W  68,000 302 C1E 43 ,000 191
26+00 B2W 73 ,000 325 C2 E 45 ,000 200

I A4W 73,000 325 C3 E 38 ,000 169
‘I- I C1W 65000 289 C4 E 5 000 22

/ t i C2W 52,000 231 CSE 8,200 36
“
~~~ 

See Fig 9 ~~ 4 C3W 1 1,000 49 P i E  7 ,000 31
B-: .,’- East C3W ’* 48,000 214 C(J2-A3 1E 500 2

BOOm 
B J E  43,000 191 C6E 14 ,000 62
B2E 45,000 200 C7E 11 ,000 49

~~~ er 
I B3E 38,000 169 C8E 22,000 98
I B4E 32 ,000 142 C(J 5-A7)E 24 ,000 107

— ::e Boom Sec rions B5E 27,000 120 C9E 20,000 89
— :+s’ rdmer . ’ Cab les 8~ / C l U E  26 ,000 116
— —  Ar- c r’.,’ Ropes  I

~ .j- , r- c rnor  P a’es C l i  E 10 ,000 44
0 A nchor Po i rmn s Co

5~r’e N o 2  ~‘° Al 2E 15 ,000 6’7
o Ter msr or u ~~~~ 

S Orys mv er _____________________________________________ ____________

* See Table Al; “C3W~ broken ” for force estimate
pr ior to adding this cable , which was not originally

o- ’- 
‘-.- considered. A anchor point , B boom section ,

- - 
38100 C = anchor rope , P = pipe restraint.

400 200 0 200 400 600
Dista nce ( I t )  were calculated ; these are given in Table Al , App. A.

Figure 7. P/an vie w of ice booms showing anchor ropes and This analysis also resulted in the incorporation of
instrument locations, cable C3W ’ in the west ice boom.

The components identified in Figure 7 by numbers
were assoc iated with force measurements except for

a range of directions to act on any one line of booms. anchor cables number 2, 3 , and 8, These cables are
The structures , especially the west boom, could have discussed later as diagonal anchor cables. The cir i sa -
been made a l itt le more e f f i c ien t  by changing one or tures of the floating ice boom sections based upon
two anchor locations , but time constraints did not mathematical computations compare well w ith those
permit this. I l m mw y ’cc- r , some advancements in ice of aerial photograp hs of the installation ,ns ill ‘.ini in
boom technology seemed to he oceded for these Figure 8. T h e  boom structures are composed of 3
oac igat ion booms to be successful and this was take n shore anchors , 13 river bottom anchors , 17 an chor
c.nre of first , l’hcse spc ’c I,il features arc described in cables and 7 boom cables. The boom cab ’~-~ ,nn u 250 f t
t hm- next scc ,ion , long (76 .2 m) and the length-to-chord rat mmm is .rppu i ‘i-

[he desi gn force estimate s are summarized in Table matcl y 1,3: 1 . [here is at least one f lota t ion hu m my ,it

II for the fulls intact booms, ,ns shown in Figure 7, ari d each unction plate . l.ach timber is 1 f t  c 2 ft - 20 It
• nrc ’ b,nsed on the maximum loading from Table I. Fi g- long (0.30 x 0,61 - 6.10 m long).

urc- 7 is a scale drawing iii the ice booms showing their
component lengths arid locations to scale as t hey were
installed and used in the locations shenwri in Figure 3. SPECIAL FEATURES

• Table II gicm ’s t he m.ntority ot the design data used
Os the Detroit l) isr r rc r , U. S. Army Corps of Engineers .
Some . mcfci i t i i noa l  ioform,ntion wds provided that rc -  Extension of West Ice Boom
su Ited from wh,it mam, he ry- l imrrec l inn as a f ,ulurc anal y-
sis m l  the west cc ’ honim, The y’i I c c t u , mm l the hr usc of the l n n t i a l l m ,  , t he west ce boom had one section pcrpern~
small anchor cables , the C3W ’ and the C3W ca bles . dicul,ir to course 2 (Fig, 5), I he opening between the
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Figure 8. Aerial view of installed ice booms, looking downstream along course 2,
St. ~l4arys River , Michigan, 23 December 1975.

two booms was 250 ft long. A review of aerial photos The main source of loads on the upstream end of
and some speculative thinking indicated that it might the east boom is water flowing parallel to course 2
be possible for a large ice sheet to break off from the (Fig. 5). The load at this end of the boom has a
southwest portion of Soo Harbor and move unimpeded component which is directed away from the boom
across the opening to strike the upstream end of the opening. The lateral load can be reduced by making
east ice boom. The resulting load could be substantial ; the boom rope longer , but getting the force near zero
t herefore , it was decided to extend the west boom up- requires an excessive length. Also , under some w ind
stream one more sect ion to increase protection of the conditions , a very long cable could be bowed out with
east boom provided the main function of the ice boom ice and thus block most of the opening. It would be
set was not adversely affected by the change. Renew- very troublesome if the ice were frozen in this shape.
ed model tests indicated that the harbor ice loss in- The pipe restraint structure is compose d of a
c rease d, but because the increase was not substantial , horizontal column supported by two large buoys and
this change was accepted , held in place by three heavy cables and one light one.

The ice boom section and the main anchor rope are
connecte d to the channel end of the pipe. The two

Pipe Restraint Structure lateral-force carry ing anchor cables are attached to
t he opposite end of the pipe. Restraint is needed in

The structural arrangement shown in l igure 9 both directions because of the wind forces . A third
was devised to hold the upstream end of the east ice anchor rope is attached to the latter end to hold it
boom at the edge of the navi gat ion channel against in position against the hvdrodynamic drag of the
an opposing lorce without having guy cu res or anchor water flowing at approxiniately 2 .7 l t s  (0.82 m/s)
cables c’xtend out into the channel. The channel has past the 16-in. (0.4 1.m)-diam x60 -l t  (1 8.3-m)-long
no e xtra depth to safc- ly allow cables beneath a large pipe . Figure 10 shows thc ’ pipe cc ith huoss attached
ship. m\n im , cables , therefore , that protrude a certain being lowered into the water .
distance into the opening reduce h~- the same distance Other methods , suc h is use cnf a spud barge and a
the sp ,ncc - . n c, im la hlc’ for ships t in pass through without diagonal columrn , were cnnn s idered for this location
reducpng similarly the space available for passing ice. but were eliminated mair nlc because of sa fet ’, fa c t i m r s

r

10

‘I

114! ‘ : T ~~~~~~~~~~~~ .T~~ - ~, —- 

-



- -~~~~~~~~~~~~~~~~~~~~~~~~

_— k- —
~~4 ..‘

-

Pipe 60 ’ ( i S  3 m ) i g
ISmubn~t uQ Cd I

~8u oy

— — A nch o r Rope

Figure 9. Pipe-restraint structure of east ice boom.
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Figure 10. Restraint pipe and floats being installed.

relative to shi pping. At least , the pipe restraint he- This method increases the load to each ol the connected
haves like other parts of the ice boom and permits anc hor ropes , by approximately SY . The main function

• excessive loads to pa ss over it. of this arrangement is to provide reaction against the
force of winds coming from a southerl y direction that
could blow the ice booms hack away from the channel .

Diagonal Anchor Cables

One other characteristic of th ~ booms , Measurement Systems
especially the east boom , is the mai ~nc hor cables
at small angles to the main directions of force. Six force measurement c’, Stc ’nmi ’. were built m u ’  the
F. xamp lcs are cables C2L , C3E , and C8E (Table II), anchor rope structure at t he upstream ends of the east
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and west ice booms; three systems were built into the recorder charts , and in the log hook . The weather
each boom. Each s~ stem consisted of a protected data were supplied by the U.S. Coast Guard and by the
load sensor , on tension link; an armored electrical National Weather Service (National Oceanic and Atmos-
cable; a power supply; and a recorder , These sys- pheric Administration) , Ashville , North Car -dm a. ihe
tems are basica lly the same as the one described by ship traffic records and water levels were provided by
Perham (1974), but contain a few minor modifica- the Sno loc k personnel .
t ions . -\ simp lified electrical circuit diagram of the
system is shown in F igure A2 , App. A. The sensitivity
of each Icud sensor is given in Table All , and a photo Average and Peak Loads
of a partl y assembled sensor is shown in Figure A3 ,
App. A , The plan view of the booms shown in Fi gure- 7 gives

Each load sensor was installed at the midpoint of the locations of the six load sensors (tension links).
its anchor cab le where it would be deep under water Table Ill summarizes the peak loads that were expected
arid away from ice action. Its signal cable was run in these cables and compares them with the measured
along the river bottom to shore where it emerged from values for the winter of 1975-76.
the river bank through a 6-in. (0.1 5-m)-diam steel The west ice boom was fully intact during periods 1,
conduit. Each si gnal cable was held down by anchors 2, and 5. During period 3 , the C3W ’ cable was broken.
spaced every 100 ft (30 m) , or every 50 ft (1 5 m) Although the C3W ’ cable was not instrumented , this
where the cables crossed the navigation channel. Each condition was obvious from photographs showing the
cable was also secured to a shore anchor point. The shape of the boom during this period . During period 4,
shore end of each cable was connected to its power both the C3W and the C3W ’ cables were broken .
supply and recorder in a cabinet located in a small The average loads registered in the ice booms never
heated trai ler near the shore anchor point of the west exceeded or were near the predicted loads. Some of the
ice boom (Fig. 3, center right), peak loads , however , exceeded the design values under

The systems were checked by Soo Area Ottice rigorous conditions which developed when no observers
personnel at least twice daily. The charts were sent to were present. These were those given for the Cl W , C2W ,
CRREL weekl y. A force data sheet was kept dail y to and Cl E cab les , which occurred the morning of 1 Feb
show key periods when the recorder charts should be 1976. The forces and times for this period and some
carefull y inspected , preceding and following periods are given in Table A i l l ,

App. A.

MEASURED ANCHOR CABLE FORCES
Ice Activity on or about 1 February 1976

Data Records Force activity started the evening before 1 February.
At that time , some relativel y hi gh forces were reg istered ,

A substantial quantity of force and supplemental especially at Cl W and C3W , shown on Table Al II . The
information was obtained this past winter , the most ice cover seemed to stabilize again until the time of the
significant of wh ich is given in this report . Periods previously mentioned peak forces. At this time the ice
of inactivity (no force changes) took up much of the cover behind the west ice boom was thought to have
time. ihere were also many times when there was been nearl y complete and it started to move over the
activity but the force levels , such as those caused by ice boom. The float at the’ upstream end of the west
shi p passages , which cause only a slight blip on the boom could not submerge and was broken olf bs a
signal trace , were almost negligible. Nevertheless , this measured force of 88,000 lbf (391 kN) on 1 Feb 76 at
information is quite valuable. 0636 hours. The float is like those shown in Figure 9

Much of the representative force data were givCn on at the ends of the pipe .
the dail y log sheets. This information was backed up The C3W ’ cable was apparently overloaded at this
by the force recorder charts which were reviewed for time , probably by ice action on the hum floats at the
more- information . Six si gnal traces have been copied boom end of the cable. The ice sheet is believed to
from these charts and are shown later (4 in Fig. 11 and have slid across the boom opening and imp inged on the
2 in Fig. A4 , App. A) ,  ice at the upstream end of the east boom , breaking some

The supplemental data consisted of weather data , of the ice and moving against the Cl E anchor rope to
water level information , ship traffic information , and cause high forces there . The resultant loading on this
notes wr itten by the observers on the data shects , on cable was not characteristic of a dynamic load in the
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Table III. Peak loads and average loads in selected periods, 1976.

Peak loads 
__________

Force Weekly Ie,,sioo

Expected recorder data link design
Anchor load charts sheets capacity 

-

cable (lbf) 
- ~kN,.l 

- 
(Ibf,l (kN,) (fbi,) (kN) 

-

C1W 65 ,000 289 77 ,000 343 70 ,000 311 180 ,000 801

C2W 97 ,000* 431 94,000 418 75,000 334 180 ,000 801
C3W 13 ,000 58 53,000 236 50,000 222 60,000 267

C1E 43,000 191 160 ,000 1’ 71 2 9,900 44 120 ,000 S~(4
C4E 5,000 67 4,100 18 500 2.2 60,000 267

C5E 8,200 36 1 ,500 7 200 0.9 60,000 267

A verage loads during selected periods

1 2 3 4, 5

Anchor 14Jan 76 24-31 Jan 15-22 Feb 23-2 7 Feb 29 1 eh-7 - ’!ur
cable (lbf) (kN) (lbf) (kN) (Ibf) (kN) (lbf) (kN.) (lbf ,) (kA)

C1W 4,590 20.4 6,800 30.2 13 ,200 58.7 19,400 86.3 9,290 4 1.3

C2W 1,640 7.3 480 2.1 8,550 38.0 9,740 43.3 960 4 ,3
C3W 1,600 7.1 4 ,130 18,4 8,280 36.8 100* 0.4 3 ,43(1 15. 3

Cl E 6,080 27 .0 6,000 76.7 0** 0 0
C4Et-t 0 0 0 0 0 0 0

CSEt1’ 0 0 0 0  0 0

* Cable C3W was broken during this period.
-
~ Was 10,500 lb (46.7 kN) before the impact of a moving ice sheet caused this load.
** Became inoperative 1 February 76.
f1’ The east ice cover solidified before these dates.

cable structure alone and must have been due there- theory , gave a value of on ly 13 ,000 hf for the load in
fore to the coup led interaction between the cable and this cable. Also , the cable load for an ice rcstr .ninirn g
a large ice sheet , capability of 130 lbf/ ft (19 kN/m) was much sm,nller

The Soo locks ship log does not indicate any ship than this , even with the C3W ’ cable bro ket i. It .ip’
activity at these times , so the ice activity was consider- pe~nred therefore that the two con joi n ed cables , ( I W

ed due to natural causes. A related event was a 4-in , and C3W , were being loaded mainly through the flot .n-
(0.1-rn) rise in water level on 31 January which may tion buoys when peak forces occur red.
have helped break the ice free from shore. The wind To check out this supposition , an analysis w.ns road,

data for that time are somewhat contradictory and of ice acting under certain constraints on the i u n r e t i m m n

it is not clear whether the wind helped to initiate the point. The ice cover was assumed to be .n solid sheet
ice action or to stop it on that date . Ice action was and sliding along the southerl y shore m i f Soo I1,irhon

• continued the next morning under t he influence of a just upstream of Mission Poin t without rotat ion.  While
strong northwesterl y wind, under this condition it was assumed to he rest r  ,iinlecl b~

the float acting independently of the t imbers , The’
cables were assumed to respond and to ,ncln nr’ue the

C3W Cable Forces force balance required to stop the ice without dl’, ri,iniic
c f I c c t s .

The peak forces in the C3W cab le exceeded the The deformation characteristics of the anchor cables
expected values several times during the winter he- were determined from the ir lengths and pbs s tea l

cause ml the presence of large movin g ice’ sheets , The properties. Each w as m,idc from 100 f t  ml chain and
design force value s , based upon the f ragmented ice cover a specific length oh wire rope 0/ compati ble- st icngth ;
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th~ d m 1 te rent elongation characteristics of the chain The time ships pass through the ice booms is also

~nd s % u r e - r pm: we re considered . Table IV gives an considered important . It was thought initially that the
es t imate ’  mt the I m u n e e  ele’fn ,rmat ion ratio for several of Soo lock’ s log book would give the time of passage
Ii lnnes cl m ,sels enough merels by a dding or subt racting the

normal travel time between the booms and the locks.
Ilow c ’se r , this method did not work out well because ol

t abl e l~ t.~t i mate of force /deformation ratio fo r the ’ waiting periods that the ships often incurred during

~eøflr anchor cj hles , the W~r1 t e - ’  - - ‘Si sm , it was dill cu lt to tell from the re-
L c , r dm:’ trace ~ hetheo a load f luctuation was induced by

ti r/m ~~hw,i section lfi thou t chain se (tio f ? shi n passage u~n happened naturally.
il’ - i / m t  m ti . / (k ’S m~ (df  i,n.) ( A ’ S  tn) I or tuna te l - the ~ m mu Are a Off ice observers , as re-

- quested , put event marks on the f mi r c e recorder traces
I,2~. 6 2 1 6  when mans m t  the ships went throug h. Of these periods

‘~c ~t1)8 14 2  3 , 116 5,46 38 w e re ’  e’c ,ml uate d for peak forces; 6 of them involved
I - In) 2,984 5 .23 the’ passage of 2 shi ps almost simultaneousl y. The pass-

If  O’s4 1 .72 age of ships was fl u ted 36 other times , hut the changes
- - - — - 

in t m occ ’ s  at these times were indistinguishable or negli-
gible. Approximately two-thirds of the latter events

t ride,  the n h mm uc assumptions , the force in the (~ W were passages by Coast Guard vessels.
,ji~~hn ’, ca n’ t , ’ coul d he about one-half the value of that Only the CIW cable was evaluated for peak forces .
mn i P r ~ ( I Vt ,inie h mm r line or much higher than expected The tension links in the C3W and the C2W cables also
t nu , m  ei nr ~~u u nsm Iidat ed ice c ind er considerat ions . There showed similar responses to the passage of ships , and ,
w e r e c irc umstances , howe ce r , when the measured force although minor differences in force variatio n patterns
mn ( ~Vt was as great as that on C1W . This was probably of the three systems were observed , they were not

due r i m e i ther the rotation of the upstream end of the analyzed in detail .

~m’ s hee t  out towar d the shi p track or the wedging The evaluation consisted of copying each trace see-
ac tion m m ) small cc , jams that occurred at Mission Point , tion , and calculating the force level at several points on -

m r both, the section. Four representative traces arc shown in the
Ihese factors are emphasized here because they re- summary of results given in Figure 11.

late t i m , or are due to, the uniqueness of this applica- The passage of ships affected the ice cover for only
flo n. If the booms and opening were used perpendicu- a relatively short time. The average duration of the
lar to a long strai ght river or channel , the loading con- force fluctuations that were investigated was about 1 5
siderations would no doubt be much simpler. But this minutes. After this act ivi ty ended , it was found that
method , which is generally associated with statical ly the net effect that it had had on the loads registered in
indeterminate problems , may have further app lication the anchor rope was that the loads were generall y
in ice booms in the future , higher or lower than before the passage of the ships;

i.e., loads were either transferred to the boom from
shore or vice versa .

Ship-Induced Loads Figure 11 and Table V give representative results.
It should be noted , however , that the signal traces are

There are myriad ways in which ships may interact characterized more by their individual differences than
with an ice boom ; these include load transfe r from by their similarities . Also , the traces that are shown
shore to boom, icebreaking , indirect contact through are not necessarily representative of the named vesse l
moveable ice , water level and flow momentum change s, but were shown to indicate a certain force level.

• flow area changes , wave action , end damping effects. The peak force levels were higher for some shi ps than
A variety of supplemental information is required to for ot hers; therefore , these levels were averaged for 14
evaluate the effects of some of these , and the Soo ships regardless of whether there was one data point or

• Harbor and ice boom location are not ideal areas even several points for each ship. It was found that these
for simp le anal yses, much less detailed hydrodynamic averages were generally in the four categories shown
ca lcu lations. in Table V .

It was felt , therefore , that the most important aspect The force variation patterns resulting from ship

m t  the data obtained thus far is the peak loads that occur passages were similar to those resulting from natural

in the boom struct ure as a consequence of the passage effects; brat they appeared to be affected by the size
of ships. of the ship and the way in which it was operated or
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Forc e level Time Peak forc e
(kip& (kN ,) Ships Direction Date (‘hi) (kips) (kN)

10 44 IS. 0/c/s downbounid 14 Jan 76 1010 9.9 44
20 89 P.R. Clarke uphound 20 Jan 76 2100 21.9 97

30 133 USCG Mackinaw downhoennd 5 Mat 76 0932 30 .8 137
40 178 P. Slough uphouncl 22 leb 76 2006 40.4 178

Figure 11. Repr csentatinme load fluctuations.

Tab le \‘ . Peak for ces summary

(ill - Anchor cable
peak lone level

______

( ategory 
-~~~_______  

(hips) (hA ’)
Average for upbound ves sel passages 24.1 107
Average for downbound vessel passages 25.9 115
Average for all vessel passages 25.0 11 1

Distribution:

A verage peak force
level No. of ships causing

(kips) ( ‘k im.’,) these force levels

40,000 173 1
‘I 

30,000 133 3
20,000 89 3
10 ,000 44 7

perhaps by the power level that was applied . The atcd then because the load formerly carried (my these’ -

hi ghest forces measured in the ice boom struct u re were two cables was transferred to the other c,nbles , esnec i~
registered when both if the small cables C3W and C3W ’ all y the instrumented ones. The peak ship’induccd
were broken. The boom loads appeared to he exagger- fi)rce was 63 ki ps (282 kN ), on 25 February 1976. The
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pe,n k ship- ni deice e f t mm r ee ’ t hat occurred when the’ ice the shi p track was free lrcnm the ice. During this period ,
hm ,mm m s t ruc tu re  ss ,is full ’ , intact w.is 47 kips (209 kN), only the ice booni held back the ice cover against the

m n 22 ‘d ir I 1)7), (the hoont (macf heen repaired ), drag of water beneath it and the w ind above it .

lable V s Iiui~~s t hat the aser age ’ peak force for up- On 18 March , at 1610 hours , t he ice Cose i moved
boenn d ships is r ica n Im. the same as that ton elownhound slig htly, but did not move over the bourn and conse-
ships . Further , the di f f e rence between the 155 mm quent ly a combination of forces dc-veloped in the load
asera ges is ben t a small fraction of the measured force sensors (tension links ). Almost the same com bination
level . This seems to mean that the force de l is it’ , is occurred on the tol lowing day, at 2005 hours , l u s t  be-
mainI~ in response to the presence of the ship in the fore the’ ice cover moved over the boom and took f loat
chan nel and not to the direct ion of its travel , with it,

The reason for this result may be the effect that The measured force on the cover at these times
t he ships have on the water l l m ns s in the channel . The was 36 kips (159 kN), and because of the mild wind
presence of these ships , espec ially in the ice-covered conditions , t his force was due mainl y to t he’ water
c hannel , would partially block the flow because the drag beneath it. By comparison , the water drag force
submerged area of many of the ships is equal to 10~ was est imated ori ginall y to be 126 ki ps (560 sN), but
or more of the channel flow area and their lengths this force was based on a design river flow of 85 ,000

are often greater than the channel width. f t 3/ s (2,435 m 3/ s) and a roughness constant of 25 (see
Not enough information was obtained , however , eq 3). The f low in the river on 18 and 19 March svas

ti m es-aluat e this phenomenon , hut a related type of about 70 ,000 ft 3/s (1 ,982 m3 - s ) .
physical occurrence has been studied for many years. Pariset and Hausser (1961) also give the roughness
Tests have shown that ships that travel from deep constant a value of 25 to 30 ft 1 3 5 when the ice cocc ’ r
water into channels of restricted depths exper ience f i rst  forms , but say that it changes gradua lim, to 35 to

an increase in resistance to their movement (Todd 45 ft 1 /3~ as w inter continues because of the general
1967). smoot hing effect of water f losving beneath the cover ,

The potential flow around a ship is changed, These latter values seem to app ly, a lthough the ice cover
espec ially along its bottom . Here the waterf low during their study was not comp letely stationary.
must speed up because of the restricted space and , An estimate of the loads to be expected from the —

consequent ly, t he pressure on the bottom is reduced ice cover under the above changes can be obtained hm.
and the pressure distribution there is changed. The multiply ing the original lc,ad estimate hs the square ‘f
net ef fect of these changes on the ship is to increase 

- 
t he ratios of the ori ginal and the new values as shown

its frictional resistance and sin kage , or draft , and to below
change its trim , or fore and aft attitude . Each of
these contributes to its tota l resistance. In addition , 

— 

~ 
i ~ \~~ / K 0 ~ 

2 
6svhen the ship is moving in a channel that also has a — 0~~~~~~ J k ~~ 1restrictive width , such as the Little Rapids Cut , these

changes are further aggravated , where F0 = original load estimate
The passage of ships through the ice cover behind Q~ = new flow quantity

the booms affects the physical conditions under the Q0 = ori ginal flow quantity
cover in a similarly complex manner , The water level K0 = ori ginal roughness constant
there would tend to increase and provide more flow K 5 = new roughness constant , -

:

area to compensate for the reduction in flow area
caused by the ship, hut conversely any flow velocity For Q0 70,000 ft 3 /s and K 5 = 35 , 

~~ 
= 42 .6 ki ps

increases would probably modify this tendency. The (190 kN), while for = 70,000 ft 3fs and km 45 ,
quant ity and timing of wate r level changes are not F5 = 25,8 kips (115 kN). The measured value of 36
now known , except that they seem to activate the ki ps (1 59 kN) is nearl y an average of these estimated
cover suff iciently to let at least part of the ever- loads,
present drag forces on it he applied to the boom . The effect of movement in an ice sheet was indic ,nted

• somewhat by the forces t hat were reg istered 5 or 6
minutes later w hile the icc was moving over the boom.

Ice Cover Load Check At that time , ma ximum rese i ltant force of 70 ki ps
(310 kN) was measc ired by the gages.

From 17 to 22 March , the cc c mm v er  behind the west The c’ I t e c t  of w ind on the ice cover was indicated on
ice boom w. ms at times fre e fr m, m the shore , and at times 21 ‘Sl. nrch at abn’ut 1 340 hours. The Lmi,ist Guard wind
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data indicated strong, 21 ‘mph (33.8 km/h), west and 6. The’ elf ect of passing ships was mainly to break
nort hwest winds , ari d this condition was noted twi ce the loaded ice cover f ree from shore and let it act on
in the log book for that day, the ice boom , although the way in which the ship was

High lurcc”, occurred , aga in when some ice was operated could af fec t  the level of force on the ice
nnov ing over the boom. rhe force ’ of 92 kips (410 kN) achieved. The causes were probabl y increases in the
achieved then seemed to be influenced by the wind average water level and the local f low vel o ci ty at the
because it was hi gher than the previousl y mentioned times of increase.
water drag and cc ’ momentum effects of 70 kips (310 7. The east ice boom became full ol ice under the
kN). The c’xpected drag from the above wind wocn ld influence of the waterf low and a nort herl y wind. The
be about 1 5 kips (67 kN) .  This value , when added to ice cover solidif ied while under these influences , and it
the previous 70 kips (310 kN), would come within restrained or protected the ice boom structure from
about 8% of th~’ above figure. Perhaps with closer any further loading, except mince w hen the cover was
scrut iny of the ice’ cover areas and better wind mea- broken by the impact of a large moving ice sheet.
surements , i c ’., at t he site ’ , it would be possible to 8. The movement in an ice sheet seemed to cause-
better evaluate the wind drag coeff icient using the it to act with greater force upon the ice boom structure.
ice boom forces system at some later date, 9. The floating ice barrier remained intact on the

surface throughout the winter in spite of the separation
of two small anchor ropes from the booms and unc’x-

CONCLUSIONS pectedly high loads due to the interaction of the solid
ice cover and float.

1. The ice booms were generally successful in 10. The pipe restraint structure performed flawless-
stabilizing the ice cover and in restraining it sufficiently ly in supporting the upstream end of the east ice boom .
to ma ke manageable other ice control efforts relative
to ship nav igation in Soo Harbor and in Little Rapids
Cut, RECOMMENDAT I O NS

2 . Instrumenting the ice booms for restraining ice
forces was a good investment for several reasons: 1 . The ice booms can be reinstalled without change

a. The data indicated periods when the ice acte d another year provided the ice forces that were measured
as pre dicted on the ice booms, this year are acceptable for the anchors and anchor

b. The data indicated other periods when the ice ropes to which they were applied,
acted differentl y than planned for on the ice booms, 2. The east ice boom should be reinstalled as it is ,

— c. The data indicated the ef fec t  of ship passages except that the two-float arrangement should be
on the interaction of the ice cover and ice booms, modified because the floats are too close together and

d. The data hel ped to evaluate the occurrence if can collide under wave action . Perhaps one float svould
certa in important incidents such as line breaks in the be sufficient.
booms. 3. The timbers used on the ice booms tilt or pitch

3. The west ice boom was heavily loaded several forward an excessive amount; i.e ., the upstream co rners
times during the winter for a van ien~ of reasons , the of the tops of the timbers are 6 or 8 in. under seater in
main one being that the ice cover nc-s cr became frozen places. This condition lets the ice slide over at a l mm ss e n
to shore, The data ndicate that , while initially thought than necessary force level, The upstream corners
to be made possible by the thermal effluents on the should be at water level , or near ly so , to he most
sout h shore , t he passage of ships , especially large ships , effective in holding hack the rather thin ice present
through the ice culve r upstream of the Little Rapids early in the winter . Perhaps additional timbers arid
Cut , cou ld contribute strong ly to breaking the ice free floats could correct this condition.
from shore. 4 . The ice pressure or distributed load that the

4 . The ice boom timbers used in this study cx- timbers can withstand should probably be increased.
hihite’d an ice harrier capability of about 50 lhf/ f t  Although some of the forces applied to the ice hoon’n
during the uniconsolidated-ice-cover phase of cover structures this past win ier were nearly twice the e\~
for mation, pected values , they were due mainly to the solid ice

- - 5. m\ f te r  the ice cover  became an es~ent ially solid acting as a concentrated load on the f lo ,nts and not ,is

ice sheet , the he-as iest loads on the west ice boom a distributed load in through the timbers . I ven it the
structure came from ice acting on the junction floats , present timbers could hold hack the predicted 1 30
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lbl - Ii (1 1) N:nn I, t he’ appr ux i r ’ i.n tc ’l~ 400- f t ’ lo:ig (122 - over hangs , etc.  Anut he- r diagram could he made mm hich
m) ssest ic ‘~ oonit ssoutd iesl n din esflS\ iufl c’ -quai ten mt shows most of the Soo Harbor and Little Rapidm. Cut.

t he force - that ii Id he ge’ rn er j teuf inn the’ f t C  e m s  e n  - It an eas , When a lot of ice’ is mom ing, qu ~ k S ke tc  lie ’s

is hoped th.it the shoreli n e s m 1  t~r ‘s ide the .ndditior ial c u r u ld be drawn on a c u ps of the diagram Is show the
n s ’ s t r a int  ‘ nee ded , } h uss e ’m - i  , ,n t I n  ~ does riot h.ippen , area of cc ’ lost h~ the harbor and gained h’, nbc’ c ut

t he’ i55 ’ b i rum ni  ss ,i l  smr ~~ .iniei el the le e ’ p is s  ‘sc -n it during certain periods of time.
mm ltc ’r t i n s  t o n e s ’ ‘es ‘ ‘ - s  too ‘nea t

5 s~- m era l changes shou i - ’ n’~a Jm - inn the Sm c ’s t iCC
b,moni to u .n ke it r est i din t hu i . e e ’ s er more- et fe e t i~e’l’, . L I T E R A T U R E  C I T E D

( cur ‘,mmnule ru ’ .u~, mi n on ne.,s,,r’-, ti le’ tmn ibc ’ n s d n e’ sub-
ncr  gc’il and t i l ted  m i re in this i c e - hocuni than inn the Acres America n Inc. (1975) Model studs of the Litt le

pres , mu Us  Cu  mpe l .nnd I. ut te ’ , t bc, inn 1 hi” ccnn .fit ion Rapids Cut area of the St. Mar’ , s River m ‘. chigani .

reduce ’ s the ice- i s - s t ra in ing ~~ip,n b i l i t m .  m t  the nimbers. Prepared under Contract No . DACW 35-7 5-C~
This ice i m m u m u n m i  seems t in n eed more distribute d flota’ 0014 , U.S. Army Con- ps of Engineers , Detri mi t

tion . Per h aps ,n ems tinilieis Lu mu ld he removed from District.
t he east icc’ boom and add ed t i m  the’ west ice boom . Berde nnn kmmv , V .P. (1964) Dynamic condi t i m ns of forma-

b. The s t ructure of the west ice’ boom should he lion of ice jams mn i sen s. Soviet Hydrology’
exten ded upstream one or two more lengths to help Selected Papers , English Translation h5 \mc’r ican
it hold the ice C m i\ en st at isu n~nr’~ . The load from the Geophysical Union.
sm ,ut hsv c’st harbor ice cover would then be distributed Kc’nnedy, R,J . ( 1 9’3 )~) Forces nnvoived in pulp wood

u se r  se ’,era l more timbers , floats and anchor ropes. holding grounds. The Erngi neer/ ,rg Journal
c . -l he’ C3W ’ anc hon cable received rather heavy (Canada) , vol. 41 , no. 1 , January.

loads this past winter and thus would be a good one Latyshenkov , A .M. (1946) A studs of protective ice
te n hase ins trumented to measure forces . As part of booms. Gidrotechnicheskoe Stroitel ’stvo
the rne,nsurc’mc’nt Pr i m e ’ r . nnn , though, it would be better (in Russian), vol. 1 5 , no , 4, p. 13.
tel hase the cable’ g ming to its own anchor point at Michel , B. (1968) Thrust exerted b~ an unconsolidated
r ight ang les t m m  course 2 . With this orientation it would ice cover on a boom. Proc. of C’onf. on ic c’
prohabls be easie r to distinguish between ship effects Pressure, National Research Council of Canada ,
and natural responses . Technical Memorandum 92 , p. 163-170 .

6. Should it be decided to reinstall the ice booms , Pariset , E, and R. Hau~ser (1961) l- orrnat ion and
it ssonn ld he a g u i imd id ea to reinstall some m r  all of the evolution of ice covers on rivers. Transactions
force m easurement s m ,st e ms. It is suggested that four of the Engineering Institute of (Janada, vol . 5,
s s ’ mtems be used on the west ice boom, the three used no. 1, p. 41-49 .
las t winter and the one mentioned in Sc. The most Pariset , E., R. Hausser and A. Gagnon (1966) Forma-
force data could he expected from this boom witho ut lion of ice covers and icc jams in rivers . Journal
the ship channel’ s being crossed with instrumentation of the Hydraulics Division , Proccc ’dings America n
ca bles. Society of C’iv i/ l:nyineers , vo l. 92 , no. 11’, 6 ,

7 . A tesv changes in , mr additio n s to , t he methods , November , p. 4965 (1.24).
proce dures , and ts - pe s of supplemental data gathered Perham , R E . (1974) Forces generated in ice boom
should he made: structures. U.S. Army Cold Reg ions Research

a, A wind velocity and direction recorder should and Engineering Laboratory (USA CRREL)
he installed at or near the ice boom site, Special Report 200. (AD 775822).

b. A mvas c ’ -height recorder should be added to the Perham , R. and L. Racicot (1975) Forces on an ice
-d Ie’ to eva luate the effect the shi ps have on the water boom in the Beauharnois Canal. Proceedings ,
level at the site. Third International Symposium on Ice l ’ro/ilc ’nns ,

c . [he speed of the ships should be measured as Hanover. New l-Iampshire , p. 397-407. Interna-
• t hey p.iss through the ice boom opening and recorded tional Association of Hydraulic Rese.nrch.

th in g ~m nt l i  t he time ’s of passage and the ships ’ names. Siefert , W .J . and M.P. Langleben (1972) Air drag
d. (‘he Soo Ar ea Off ice observers devised a wort h- coe ff i c ient  and roughness length of a cmm m c ’ r  m l  sea

w hile addition t i m  the study program part way through ice . Journal of Geophysical Researc h , vol . 77 ,
t he v i n te r ;  this v, ,ns ,n sketch or diagram of part of the no. 15 , 20 May , ~~. 2708-1 3.
m i s e r  i nn f b i  ic in i t ~ of the icc ’ hrnom, on which was Timoshenko , S. and DII , Young (1 956) [nquu ’ i i unq

— e l n .tmm n the i \ ent of the ice ’ cover arid its cracks , hole’ s , itnechatni cs. Fourth I.dition , Ness York:
r McGn.nss- Hill Book Comp.in~ , Inc.
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A PPINDIX A . Si . \ IA RY S RIVER f t i  BOOMS 1151 D A t A

( /n r u i , imu / ir~m mit uu pc! d/ imni

Date I c  t / nt

2 1 D~c 75 I rnsta ll.it ioni ml th5’ tens in’n I in ks arid sig nn ,t l  cables in r i s e r  was ~ n nmpheted -

I Feb 76 Somethi n g broke mmmi tIne ’ mm ust ice h m , urn - ( I t  w a s  em u ’ r m t ua l l’5 determin ed m l . : t in s n i t  su  ‘nu n i i’

and t he I ‘ anc hor nope’ broke.)

2 Feb 76 The k u s s  ml the large huo~ m n  the s ipstr c ’ani c-nd of the we s t nec t m - nm mm. ,’ euni m mcd

3 Feb ~~ [IL tensio n link s~ stern w as damaged some how . Ship mm i t t  is a l t e c  ned t im , ’ ic e ’ ~~i S c ’  - I f m m t e r m s

trac k fil led up but was cleared b~ night .

13 Feb 76 1 he flotation bum~ was re installed on the’ west cc ’ boom upstream Lone t i m  m i  plat e ’ m mmi or ~h,,ut
1400 hours.

22 F eh 76 C3W anchor rope broke in the 1.0-in , ch.n iis section 411 It i nnnm the anchun point (he i n s  ~ -0

42 ,000 lb (187 kN
22.27 Feb 76 Substantial lm mr ee  registrations mm -c rc ’ note d in the west nec ’  henoni d u r i n g the smh i mm - eel.

28 Feb 76 I he Su,o Area Office repaired C3~~ and ( 3 W ’ , m n e h u n n  ropes; i t  ,j i s u i  m l  5 , , n 5  ,i the I ~Vs te ns nm ‘n

to the junction plate position .

1 8 Mar 76 Substantial lo rce levels were - cnnce again registere d on the mm m ’ S t  ice’ h um,  m m l i , ~ u n  i m m  ‘1 fi,O n’ ’ ic e ’

sheet was I re ’c’ I rom shore’.

19-22 Mar 76 Shipping track was open all the w i ’, t i m the locks . I he soe nthsm e’st h.nr f m m u ice sh e en sm ,ns ‘ ‘-  - c i

m m m i i  shore. Warm speh i occurred , The l nnrce ’s were c hec ke’ d at this point .

20 Mar 76 F loat at center ni t west ice boom broke Innose and was re-tm ne-me d b~ the I ‘,( (,(

Arundel , Cable cl.imp had broken . Temperatures w e t s ’ in the miii h r  m is - s I I I ( - 7 ( I.

21 Mar 76 Ii ri_ c ’ on T3W at 1336 hours was 53 ,000 hf (236 kN), the ln i’g h i s ’si I - t I re  s~ - a  on t i ll ‘ r n t i e  W

lar ,nnchnnr r ape. Ternpc- ratures e m u,  nle cl in t l  ,ng. nnn -

22 Mar 76 ‘V 1 520 humors , t he f loat at the upstream e n d  of west ic e ru mu rn, hrn,kc ’ I i m uss ’ .m ’a.m nni. It m m ’  m e - t r i e s  s d

h~ USCGC \umluqiitoe k.

24 M~~m 76 .\t 1 200 hours , the ’ above l i m it s m.ns reinsta l led .

r 25 Mar 76 Sun , i Fl,nrhor w as  hasi e , i lh ’ ,  t re e -  ri ce.

29 Mit 76 Only hrn ken nec ’ remained behind the mme’st ice boom; 7S~ ’ iii the c r m m n ’r hehnnd the east ice 1’ mm

reman rim-e l -

7 Apr 71 Ship tr .nt us s tar t e d t m  increase ’ appre enahls

14 Apr 7h lli’,ns ’, ~l nip  t r i U ne m m , i s  m mm i t e ’ d .

16 Apr 76 Stime’ ice ’ st ill rc ’mainicd behind fm t i n  i ce ’ booms .

‘ 
19 -\ pn 71’ ihe’ ‘5 m m , ,  Ame , n OUnce began n m - n u n i s . n l  ~t w e - sr  i c e ’ I-ru i n .

r
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Table Al, Forces in the wes t ice boom under three additional condi tions.

Distribution load Original loading, but with
Cable or 01 730 lb f/ ft (19 N/ rn) C3W and C3W ’ broken C3W ’ broken
anchor (lbf) (kN) 

- 
(/bf) (kN) (lb 1) (kN)

BI W 15 ,800 70.3 73,000 325 57 ,000 254
B2W 20,000 89 120,000 534 94,000+ 418
A4W 16,700 74 .3 120,000 534 105,000 467
C1W * 15,300 68.1 73,000 325 56,000 249
C2W* 10,000 44.5 82,000 365 97 ,000 431
C3W* 3,800 16.9 13 ,000 58
C3W ’ 16,000 71.2

* Instrumented cables .
+ Force at end opposite anchor A4W .

Table All. Physical and electri cal factors , St . Marys River ice boom forces measure-
ment systems.

Tension Recorder f Caln’br mj tnon
link Rated load Output * resistor R

~ signal
(sensor) (Ibi) (kN) (m V) Channel (ohms) (m V)

T 1W 180,000 800.7 74.8 Al 59,880 17 .5
12W 180,000 800.7 75.2 Bi 57,983 18 . 1
T3W 60,000 266.9 58.1 A2 57 ,983 18. 1
Ti E 1 20,000 533.8 73.0 Ci 46,400 22.5
T4E 60,000 266.9 52.1 B2 46,400 22.5
T5E 60,000 266.9 58.8 C2 46,400 22.5

* 12 Vdc input voltage.
t Recorder settings: voltage range: 100 mV full scale (10 in. or 0.25 m on chart);
chart speed: 2 in /hr (14.1 pm/s). R5 is shown on Fig. A2.
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i’able All I. Major force f luctuations , St. Marys River ice booms , 31 January -3 February 1976.

Forces on respective tension links *
l) uj p ,j

~i ml I n’rne 11W T3W T2W TiE
to r t ’ 6’ c~ /s (hr) (R ips) (kN) ~‘kips ) (RN) (k/ p s) (kN) (Rips) (RN)

— 
I In n 76

Initial 1930 6.2 27 .6 5.7 25.3 0 0 10.5 46.7
1945 33.0 147 35 .3 157 0 0 10.5 46.7

I u n.n i 2130 19 .0 84.5 24.0 107 0 0 10.5 46 .7

I sb
l nn t ’ ,il 0632 27 ,0 120 23.3 104 0 0 10 ,5 46.7
Peak 0636 77.0 343 42,0 187 94 .0 418 10.5 46.7
F i m , . n i  0650 1 .2 5.3 0.4 1 .8 2.5 11.1 10.5 46.7
lnn i t i , i i  0651 1.2 5.3 0,4 1.8 2,5 11.1 0 0
I’~’.ik’ O b S l + l 8 s  1,2 5.3 0,4 1 .8 2.5 11 .1 8.8 8.7
Return  1 .2 5,3 0.4 1 ,8 2.5 11 .1 0 0
l’5’,ik 0651 ‘50 s 1 .2 5.3 0.4 1 .8 2.5 11 .1 108 480
Return , 0 0
l’r - .ik 06S 2’~- 1 2s  1 .2 5,3 0.4 1.8 2. 5 1 1 . 1  160 712
Re’t iir’i 0 0
F irral 1130 2.5 11 .1 1 0 4.4 10.0 44.5 0 0

2 Feb 76
Initial 1 822 2,5 11.1 1 .0 4 .4 10.0 44, 5 0 0
Peak 1825 45.0 200 6.8 30.2 75 334 0 0
F inal 1835 .2 5 ,3 0.4 1 .8 6.0 26. 7 0 0

3 Feb 76
Initial 1900 1,2 5.3 0.3 1 ,3 10.0 44 .5 0 0
PeaL 1 909 9,5 42 .3 1.3 5.8 20.0 89 .0 0 0
Final 1923 1.2 5,3 0,2 0.9 2 .0 8.9 0 0

The forces in tension links T4E and T5E remained essentially zero and thus are not included ins - n e -

~ Series of three peak loads of very short duration.

V.
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Figure Al . Representative water velocities and streamlines leading into the Little Rapids Cut
section of St. Marys River. (Acres Americ an Inc. 1975.)
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Figure A 2. Force measurement circuit.
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Rgure A3. Tension link with connector sleeve removed.
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Figure A4, Sample recorder chart trace, 1 February 1976.
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