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'e F SYMPOSIUM 1972 

LENINGRAD 

DEPENDENCE OF MEC HANICAL PROP ER'T'!ES 

OF rcs ON ITS STRUCTURE 

K.F. Vo itl<ovsk y . Dr. Sc . (Eng .). Prof. MOSC Q\V M oscow 

V.N. G olu b e v, Eng r State Unlv rs ity U,S .S.R. 

SYNOPSIS 

r1 a tte mpl hos b eE'n de 10 g e nerali ze Ihe d a la on Ihe d ~p n dence of 

the mechanIcal prop rtie s o[ icc on i ts s tru 'lu t'e whic h, in i ts turn, i s gO\l'e' m ed 

b y U1 C c o nd it i ClllS of ic e lo r ma ii ot1 a n d exist e nce . The influe nce of ice stn..~cL.Jre 

011 its elefor lTa li on and fa i l ure m _chanis m tlS w~U as on c reep 

s trer1g th c ha r;:.ic t ·rislics and a c1h e o n forces h as b een s h O\. n . ThrotZ.o e-to.ge,;; of 

,ecry",lLlJJ i = lion o f pol ycrys tailine ic C' d uring c r ·ep proce-S. ,..,..mdy r ryst"-I 

rowth , n: l1..ltive s truc ture stcJbillzation nd c t~ushi ng h~ve been p o i nted oul. rt jc: 

p t~upo5-'d to s I.h e o b tcti ned dependenc s {or fo r ecasting the" ice s treng', ba.~j'( 

o n Ihe' cond i l ions of ic e fo nnaUo n and {or' c h ang ing ic mechanical [lrolX'rllcs oy 

ensuring a d e q:uate th r"ITlody'l'l r lie co(;ditions during ice (ori'n3 lio r'l~ 

RESUME 

le nrunee po r l e s c onditions de !o r malion e t d · ~.x.j 5 tence U f.! In gla c o . L' jnOue !'1c .. 

d lD ~l nJcture de la g J' ce s ur Ie mec.l nism.e d e sa d,.;'(orm,'.l tion et d c-slruclion. 

de: meme que sur les parametres du Ouc::n4e. les c rac lcri s U u as de 1~ reEjs 

k""l t Ice P. t lE"s fo r e s adhesives a ete d o mrl t"'l t ree. T roi s stad ~ d\? l fl r~rislt!U l i

~ li o n de la glace p olyc risla.lli ne au 'ours d e s a Uuage ont ~l -: rJ i 5t1n~ue,-.:., 

la c r o issanc e des eris tau...x, la stabil isation r' I live de Ia stn.le luIT' " I I " "'Or 

c c- iJ <;' ltlenl. On propose d' employe r' eeS r egula ri tes pour l a previ",ion cleE' e ,lrJr:

teri s tiqu s d e la r esi slci nc e de Ia glace coniOr lne m E'r'lt au...x condition s de ~F! rot"

IllCl t ion et pour Ie changement a but precis d es propri ette~$ mec: ni quc5 d e l, I 

glace par Ie moyen d e Ia c;;- ;eation des conditions the r m .)dynarniquus re? p _ livp 

lor's J sa forrretion. 
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The deformation mec hanism, strength and mEc'Chanicill properties of ice de

pend large ly o n its stn,~cture which, in its turnl i s go'V't?rned by the thermodyna

mic condlli ons 01 ice fonna tion and existence. Ice of diUerent structure i s formed 

ucc ording to the degree of supercooHng of \\(:iter, the tempera ture gradient, the 

intensity o[ dif[usion of \'\Oter o r vapour towards th e air-wL'\ter interface, and the 

presence:' of impurities. In solving ice e ngineering problems we most often haVQ 

to deal ...-vith the follo\·\1ng c ases of ice forrnation: 1) ice forrn..""l.tion a t the a ir-\va

tc r inte rface vvith subsequent grow1h of the ice c over due to temperature gra di

e nt; 2) ic e [orl1lation and growth on the surface of a cold solid body in contact 

\\ith .3 large mass of superco o.led waler; 3) ice growth fro m drops of supercool

e d ,"vater on il cold surface; 4) s uccessive freezing of thin water layers on the 

icc surface . 

In the first and second c ases, coarse- and medium-grained ice of prisma

tic structure is fo rmed, the p risms growing in the directi on of temperature gradi

e n!. w ith the optical axes o f crystals para lle l to the surface of freezing (Fig,la) ·, 

In the third and forth c ases, fine- and medium-gra.ined hypidiomorphic ice with 

random or slighUy o ri e nted crystul optical a xes is generally formed (Fig.lb.c), 

Fig. 1. Microohotos of ice structure 

a - course-grained prismatic ice; 

b medium-grained hypidiomo rphic ice; 

c - fine-grained hypidio!'Tl ;:)rphic ice. 

Thorough crys tal-optic invpstiga tions of deformed ice hove shown that the 

d eformati on o f monocrystuls and bloca consisting of a few large crystals is 

due to s liding along the basal and prismatic planes, while during the deforma

tion of polycry stulline ice microdisplacement of the cryslaJs with respect to each 

o ther, the a ppea rance of microcrevices with gliding o f crystal groups, a nd recry

stalli zation ilre predominant. 
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The study of light inlerference al U,e boundari es of defonned crysWs ha,s 

sho\vn thal the bigger the crystals, the more intensive the stress concentration 

at the contacts. Accordingly, the ;:>ossibilit y of crystal discontinuity a nd forma tion 

of crevices at the contacts incl"eases, thus reducing ice strength. The c revices 

formed in fine-grained ice tT'I6.y end at the crystal contacts I,vithout causjn.~ br'iltle 

failure of an ice sample. The c revices formed in coarse-graine d ice a nd in Illono

c rystals gro";' quickly, and the deformed sample desintegrates. Therefore, fine

grained ice has the greatest strength (Ta ble 1). 

Table 1 
2

Compressive Strength of Ice (kgf/cm ) 

(Strain rate f.. . 0.03 '/min, t-lOoC) 

Crys tal o rientation 
Avera ge 	size 

of crystals, mm ra,ndolll cle,.dy defined 

G; G"• 
fine d < 1 49.5 52.0 47.5 

medium d. 2 - 5 12.7 30 .4 

coarse d) 5 31.2 27.9 

Note: 	 <3';1 - compression in the direction oC optical ollXE'=; 

<3'1 - compression perpendicular to the optica l axe s. 

To e stablish the relationship ben.\e'en the ice strength Chilr.:jc teri.slics a nd 

its structure it is necessary to take into consideration IhreQ nuin c hara.c te ris

tics: the size of crystals, their isometricily and ori e ntation of optical a xes . At 

present it is obvious that the sl'l'Bller the crystals, tho greater COlllpressivC' ice 

strength. The strength of ice is also the higher. the ll ;O .,C' intricat.e th(.~ c'l"'y s t......d 

boundaries and the greater the number of crystnls \\·!'lose op,tical Bxe 5 ori OIlt..:·,(ion 

coincides \\oith the direction of compression. The icp structure is not d COlu; tant 

characteristic and ev-en under perll'anent e nviro nlllenlul conditi ons it undergoc's 

considerabJe alte rati o ns with time. These c h a nges €' lllbrl..i.c c" the \\'hol E' C()lI lpJ L" ~' 

o[ structural ch,:;.racterislics: the si'ze, the [urlll nnu the o ri e nfution of ice OpliCilJ 

axes as \veU . as the characler of distribution o [ a ir uubbk' :::) , bi~ir"'lc c011:-;. dnu llIi

neral parlictes. The temperLllure gradient a nd s tn...1in tor'CC'S s peC'd up the IH'OCC5=

of ice structure rearrangom(.'nt. 

The expL'riments on compression o f polyc r'ys td lJ inc.' ier \\'ith ly ,ndol ll di:.::.tribu-

Hon oC crys tal optical axes under a COn-E-t'::lnt tOl.ld sho\\cu thdt s lruclul,d ch.:"l n~~P 3 

due to de Co rlTk"'l li on are detennine d both by the time o C dt-, fOrllloti o n ,-IIIU tf1 0 t1la~ ni~, 

tude of the load and r e lative strain applic-u (2iq . ~). 



e = 1.18%e =O e =a39 % e=0.80% 
fern 

Fig. 2 . St~Ict.... ral cha nges of polycrystaU'nE' ice in crec'p (G" ~ 2 kgf/c rn:?) 

According to the three main s ktges of c reep we can distinguish three 

nnln sta e s of recrystallization, namely crystal growth, rela tive structure slubili

zalion and crystal c rus hing (Fig. 3c,d). A few moments atter 111e "'pplication of 

the load the crystals axe adapted, as it _re, to the n e w the rmodynamic conditi

ons. S om r'Ct.-'lti o n s and displacements of the crystals and their pc-,rlial des truc

tion (i re o b served, V"¥hich l eads to simplification of the (orm oC t:: rysulls. The in-

t nsi ty of this p rocess decreases gradually, and any f..rrlher modification of the 

deforrrad ice stnActure is caused by the tendency of the system to minimiz the 

s u rfac e a n d free ener.gy, The less stressed crystals grow at the expense of the 

mO l 'S stress ed ones, and the s mall cryst...",ls are absorbed by the bigger ones. 

~nceo, the totBl number of crystals dec reases, \vith the average crystal volume 

e5sentia .lly increasing. The rate o f crystal growth slow.; dow-> with increasing 

ic e strain· and after a time a relative stabilizaUon o f the ice strLlclure occurs , 

whjeh is c l h.:l' ra cterized by a distinct crysW orientation. Subse quent deformation 

eed.s 10 p rog r e ssive cracking and cnAshing of crystals. This s L:t.ge i ~> observe d 
~ 

only when ~hear stresses exceed a certain llmjt, which is 1.5 kgr!cm.... at the 
2 

ic e temperature _loC , and J kgf/cm at the ice temperature - 4 °C. 

The ret.." " nd the magnitude of relative creep deformation of icc depend on 

the- size o f crystals a s vo.eli as on the directj o n of s hear stre ss \Vi til respect to 

ti,e precJomirlt).n t direc tions o f cry s tn.1 a xes . The tOV\est rates of c reep are o b

served in fi.nc.'-grein~d ice with random crys taJ orientaUon (Fig. Ja,b) , a nd the 

hi~hest !"'a tes i n th~ ice o f pri smatic structure w h e n maxi mum s hed.r stresses 

occur in the p l a nes coinciding with the pri :=,u1 axes (Cw-ves 2,3) . For o ther di

r(.-ctions of hea r s t r e sses the c reep rate valu es fall within the h"-U extreme CJse 5 

In<licated a b ove (Curve 1). 

r , s"Iving ice engi neering problems the relationships e s tablished bel\.'reen 

tr,,~ phy51co-mecha nic~ properties of ic e and its struc ture perrrit to iorecast ice 

stre ngLh cho.rac te ri s tics accor di n g to ic o fonnatior. conditions or to chdnge these 

h re c ten.s.fics by p r oviding a deq ua te tt ,cnnodynam.ic conditions during icc forrh:'i

lion. 

G 

http:tt,cnnodynam.ic
http:precJomirlt).nt
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Fig. 	J. Creep curves of polycrystalJine ice: 

a ) in bending (a beam oC 10 x 10 em 

cross-section, span t:: 100 em, 

load 	40 kg£); 

b) in pure shear (torsi ..:):" oC tube s at 
2t z 	 0.25 kgC/c'n ); 

c) in compression; and 


d) {or changing volumes of average crystals. 


1. 	 - vertical d irection of crystn.l axes 

in the beam; 

2 -	 hori zontaJ direction. o f c rystaJ 

axes in the bealll; 

3 - radia J direction of crystal a.xcs 

in the lube. Other curves refer to 

st1mples of randonl structure. 
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ICE SYMPOSIUM 1972 

LENINGRAD 

THE MODULUS OF ELASTICITY OF SEA ICE 

SHOWN BY DIRECT TENSION AND COMPRESSION 

TESTS OF SMALL SPECIMENS 

Philip R. Johnson, C i vil Engineer Phil Johnson Engineering Box 803 3 7 

CoUege 

Alaska 99701 

SYNOPSIS 

E, the modulus of elasticity of sea ice, was studied using some oC Peyton's 

published data. His tests were of small specimens oC sea ice tested in direct 

compression and direct tension. The compression data shows that aU data can 

be thrown tog ether and E expressed as a simple linear function of ultimate 

strength. The tension data shows two separate E-strength relationships. For ice 

vJ-t i ch can !ail on the brine-basal plane, a strong linear relationship exists bet

w e!2'n E a nd strength. All other orientations have an essentially constant E un

aflected by strength. E in tension may be as much as an order of magnitude 

g reater than E in compression. The problem of evaluating beam or plate tests 

and ring tensile tests is now seen to be more , complex than had been previous

ly assumed. 
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INTRODUCTION 
Strength and stiffness are two characteristi'cs of a material of basic in

,terest to engineers. Sea ice, as a material, has proven to be unusually diffi 
cult to describe and define as it exhibits both viscous and elastic behavior and 
has an unusual internal structure containing liquid inclusions in the already 
relatively weak basal plane. While the strength of sea ice has been studied 
extensively, a really good definition of this strength has not yet been obtained. 
The state of knowledge regarding the stiffness of the material as measured by E, 

the modulus of elasticity, is even less satisfactory. 

The classic method of determining the E for elastic materials is by measur


ing the slope of a stress-strain curve. ' r r materials which do not behave in a 

purely elastic manner, an appa . ent modu1~~ can be and is used. For a visco

elastic material such as ice, it is either necessary to separately define the 

viscous and elastic properties or to use an apparent m'odu1us ~Ihich combines both 


functions. 


CHARACTERISTICS OF SEA ICE 
Peyton carried out an extensive testing program on sea ice at Point Barrow 


during the period 1958-1962 and made about 3800 direct cc,pression and direct 

tension tests on small specimens. This data and a partial analysis was published 

in 1966*. The analysis concentrated on identifying and measuring the parameters 

governing u1 timate stren~th and, while the data includes both the stress"strain 

raw data and computed moduli of elasticity, little work had previously been done 

on the elasticity data. T"is paper reports on an investigation into part of this 

stress-strain data. However, some backoround and description of the data is 

requi red. 


In examining sea ice both at Point Barrow and elsewher'e, Peyton found that 
below a depth of about 20 inches, the sea ice had an ordered structure. Calling 
this ordered ice "bottom ice," he reported that it was composed of relatively 

large vertical crystals with horizontal c ~axes which showed a preferential orienta

tion. In a sample three meters square, he found that the crintction of · the c-axes 
throughout the entire specimen were oriented in the same direction. Because of 

this preferred orientation, the orientation of the specimens was included in the 

testing data. He developed a notation consisting, for each specimen, of two 

*Peyton, H. R., 1966. Sea Ice Strength, Geophysical j;)stitute, University of 

Alaska, College, Alaska 99701 
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angles: the angle between the applied force during testing and the zenith. and 

the angle between the applied force and the c-axis of the specimen. Thus. an 
orientation of 00:90 shows a zero angle between the force and the zenith (verti
ca I specimen) and 90 degrees between the force and the c-axi s. An ori entat i on 
of 90:00 shows 90 degrees between the force and zenith (horizontal specimen) and 
with the force applied along the c-axis. In analyzing ultimate or failure 
strength of this ice in both tension and compression. orientation was found to 
be extremely important. Figure I shows the strength of sea ice under standard 
conditions for different orientations in both tension and compression. In addi
tion to orientation. ice strength was affected by ice type. brine volume. rate 
of loading and. possibly. by depth and the presence of solid salts. 

THE E-STRENGTH RELATIONSHIPS IN COMPRESSION &TENSION 
The stress-strain curves from Peyton's tests were curved. so the apparent 

modulus was defined as a line secant to this curve at the origin and a stress 
equal to one-third the failure strength of replicate tests. Peyton reported 
that, on the basis of a cursory examination of the data. E was generally strongly 
dependent on the rate of loading, strength and orientation. and that E in tension 
is approximately five times that in compression. Figure 2 shows E in both ten~ 
sian ~nd compression under standard conditions as a function of orientation. 
This figure shows a strong similarity to the strength-orientation pattern in 
~igure 1. HO_Jever, in his report Peyton inadvertently mis-labeled the tension 
and compreSSion curves in Figure 2 so that the apparent close relationship in the 
upper curves is between the strength-orientation relationship in compression and 
the E-orientation relationship in tension. The relationships between these 
curves. while striking, are not easily explained at this time. 

This study examined the relationship between strength and E. Since the data 
was in British units. the analysis was carried out in those units but .the re
gression equations are also given in metric units . 

In the study of compression data, 330 selected tests were used . They were 
all of bottom ice at a depth of 44 inches in the ice sheet and most were obtained 
from a single sample just off Point Barrow. Four orientations (00 :90, 90:00. 
90 :45 and 90:90), four temperatures (-2. -5, -10, and -21°C) and about six rates 
of loading were used . Each set. constant in the above parameters. ·contained 3-4 
data which were averaged. It was found that all of the data, when plotted on the 
same graph, showed a good linear relationship. The least squares line through 
this data, shown in Figure 3, is: 

E = 60630 + 148.6 rI psi (1) 

where (J" is failure strength in psi. The correlation is .84 and the standard 
error is 74,000 psi. In metric units, this is: 

to 
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E ~ (4.18 + 0.001 Om) x 10 9 dynes/cm2 (2) 

~Ihere Om is strength also expressed in dynes/cm'. 

A similar study of tensile data was also carried out. 184 tests from the 

same ice with the same orientations and temperatures and, generally, three rates 
of loading, were grouped into 50 sets. Strength and E were again averaged for 

each set. This data is plotted in Figure 4. It shows that two types of be
havior exist in sea ice when loaded in tension. Ice which can fail on the weak 

brine-basal plane (90:45) shows a strong positive correlation between E and 
strength. This behavior also seems characteristic of the 90:00 and 90:90 ice 

un01 a transition point is reached at E ~ 10 X 10 5 and strength ~ 185 psi. Be
yond that point, E can be considered to be constant with a value of 10 x 10 5 psi 

(5.9 x 10'0 dynes/cm 2 ). The least squares equation for the 90:45 data is: 

~ -446,000 + 7,800 o-psi (3) 
with a correlation coefficient of .95 and standard error of 6" ,DOC pSi. In 
metric units, this equation is: 

x 10 10(-3.075 + 0.054Om) dynes/cm 2 • (4) 

The three lines described above have been plotted on Figure 5 with the lines 

extending over the strength ranges found for the data. It is seen that E in 

tension is indeed much greater than in compression and, in the area where ice 

will fail in tension, may be an order of magnitude greater. Th~> Peyton's 
statement is confirmed and amplified by the results of this study. 

DISCUSSION 
It is seen that E can be expressed in terms of strength in both compression 

and tension. In compression, E can be expressed as a single linear function of 
strength for the data studied. On the other hand, the tension data shows two 
separate types of behavior. The 90:45 specimens, which can easily fail by slid
ing on the brine-basal plane show an extremely strong lineur re1dhcnship between 

E and strength. This behavior also occurs in other warm weak 'hor.izonta1 speci

mens. Stronger horizontal specimens and all vertic.a1 specimens show a constant E 

throughout the strength range that ice expedences in tensio~. 

Despite the relationships shown above, it is not felt that strength controls 

E in sea ice. Instead, the same parameters that control strengrh also control 

the modulus of elasticity ~lith the result that E can be found in terms of strength 

These relationships provide a means of evaluating E and its variability with

in a beam or the ice sheet. However, the great difference between E in tension 

and E in compression must compl icate the analys i s of loaded beams or plates and 
ring tens i le tests. h i addition. the effect of ice type and orientation nO~1 

14 
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hecomes Of greater impcrtance. Weeks and Assur* apprcached the problem of a 

variable property in an ice sheet based on the vertical variation of brine 

volume. It \\'ould be possjb~e to expand this approach to include the differen ce 

in ~ in tension and compression; ho~·.'ever, these variations seem to be so extreme 

that the entire problem should be re-examined. 

*Weeks, W., and Assur, A., 1967. The Mechanical Properties of Sea Ice, 
p. 61-66, U. S. Army CRR EL Monograph 1I-C3, Hanover, New Hampshire. 
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ICE SYMPOSIU,>\ 1~72 

LENIt-.;GRALJ 

THE ULTIMATE FAILURE OF A FLOATING 

ICE SHEET 

Donald E. Nevel , Research Civil U.S. Army Cold Regions Research H a nover, 

Engineer and Engineering LabOl'atory, New 

Hamp

shire. 

U.S.A. 

SYNOPSIS 

When c3 Goaling ice sheet impinges on a sloping st.nJcture. thi? ice wjll 

fai l in bending. To obtain a theoretical approach to this problem, a .review is 

g i ven of the way in which a vertical load will ultimately break through the ice•. 
New theoretical equations are given for the breaking 0·1 wedges and the results 

compare fdvo~ably with published data on the ultimate load carrying capac ity of 

ice sheets. For a sloping ·structure, a wedge with both vertically and horizontally 

upplie<i loads ha.s been solved 7 but numericaJ resuJ l s are still being culcul.:t lcd. 
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H. Hertz l ",as the first to solve t bJ:> problem of the load carrying capacity of 
a floating plate. His analysis predicted the initial crack for a load uniformly 
dis tributed over a circular area. He recognized that the plate theory incorrectly 
predic ted the stress in t"he vicinity of the load when the radius a of the loa_din~ 

is small compared to the pla t e thi ckness h. This problem was solved by A. Nadai2 
who matc hed a three-dimensional theO }'!! of l astici ty solution of a loaded disk to 
the floa ting plate solution. H. Westergaard) numerically evaluated this solution 
and presen ted the r esult with an approximate equat ion. D. Nevel" solved the float
ing plate probl e m by usi ng the three dimens i onal t heOI'!J of dasti ity. The se re
sults v e rified that ~J~stergaa rd's equation was suffic iently accurate for engineer
ing purposes. 

The above theo r ies predic t the initial, sinllie rad ial crack ot a floating 
plat e , but t hey do not pre dict the ultimate bre2k-through. Observations show that, 
as the load i ncr eases, addit iona l radial cracks o ccur after th e. ini t ia l crack. 
Each add itiona l crack tries to divide the remaining s ec t ion of pla te i n half. 
The or e t i ca lly, the second radia l crack should be pe rpe ndicula r t o the [ i r s t and 
wo ul d ~re t e f our 900 s e ctions of ice. Under furt he r loa d, t he fou r 900 sec tions 
..ill crack in half crea ting e i g ht 450 sections or wedge s . This cra cking patte rn 
has been obse rved, but more f requently only six ~edges are f ormed. This is mos t 
probably due t o nonuniform ice prope r ties . 

The ultimate loa d carryi ng capacity i s assoc iated ... f t h b r e ak ing off tips o f 
these wedges . Even af t e r the s e tips have c racke d, the l oad "" ill s om" U. mes not £<111 
throu gh th.e ice. The loa d i s trans fered through the crack to the trunca t e d port i on 
of t he ~edge which must be broken to cause br eak-through. For wedg s whose angles 
ar l ess than 90 0 , observat i ons show that these tip-breaking cracks a r e s t raight. 
Th i s e ff ect indica tes that t he wedges may be analyzed as beams rather than a s 
plates. 

D. NeveI S ,6,7 has s olved the problem of a flo a ting wedge. The wedge was ccn
s id red a beam who s e width b varied linearly with rhe distance x measured a long he 
" edg bise c tor fr om the tip, 1. € . /; = bOX where is a constant. The U p o f til 'b O 
wedge was uniformly- loaded for a distance x = a. The predicted di s t a nc e ",he1:e !:he 
we dge should break is shown in Figure 1 as a function of the loading distance a . 
The characteristic length ~ = [(Eh 3 )/(12k)]l/4 where E is Young's modulus, h is the 
plate thi ckness, and k i s the unit weight of the water. 

The l oad factor (6Pr,;) I (b o ah 2 ) required to break the uniformly loaded wedge is 
shown in Figure 2 wher e li'w is the load on the wedse a nd a is th e bending tensile 
s trength. An approximat e equation for this rcl~tio n i s 

1.05 + 2.00 (il + 0.50 ( ~/ (1) 

The exact values are given in Table I. 

D. Panfilov 8 has performed ultimate load carrying cap ci ty expe riments with 
t he load Ii' ap plieJ at the Corners o f a square whose side is o[ l e ng th 2a . The 
r esults were linear and ex pressed as 

1.25 + 2.10 (2)(il 
",he r e al l was as large as 0.4 in the tests. eigh t ·"edges were observed and hence 
equation 2 becomes 

1.13 + 1.90 (i l 0) 

whi ch ag1:ee s r ema rkably we l l wi t h eq ua tion 1. 
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The solution of the problem for the truncated wedge can easily be solved by 
using the previous general solutions. At the truncated distance x = a, the applied 
vertical load is Pw and the applied moment is zero. As x goes to infinity the 
,deflection and slope of the wedge are zero. These boundary conditions yield a 
solution whose stress is 

bO ah2 -1 [Dn1' (a/i)Dn!' (x/~) - Dnf (a/~)DnA' (x/ ~)] (4) 
~ - (a/ ~) Dn~" (a/ ~)Dn3 ' (a/ 1.) - Dn~' (a/ 1.)Dn3 ' , (a/~) 

where Dn2 and Dn3 are two of the general solutions6 for the floating wedge problem. 
The primes indicate derivatives. The maximum stress occurs when x/1. satisfies 

Dn! ' '(x/ ~2 Dn! ' (a/ 1.) (5)
Dn~" (x/i) Dn~ , (a/~) 

The position of the maximum stress is shown in Figure I, and the load factor 
(6Pw)/(bo ah 2 ) at this position is shown in Figure 2. An approximate equation for 
this is 

( 6) 

The exact values are shown in Table II . 

It is of interest to compare the previous results with the position of the 
circumferential crack as predicted from the plate theory. M. Wyman9 has expressed 
Hertz's solution in terms of modified Bessel functions. For the deflection w not 
under the load, he gives 

w = ~ w(a71.)z [ber'(a/1.) ker(x/1.) - bei'(~/ 1. ) kei(x/1.)] (7) 

where a is the radius of the loaded area and x is the radial coordinate , The 
radial bending stress or is determined by 

(8) 

where v is Poisson's ratio. To determine the position of the maximum stress 01" 

equation 8 is differentiated with respect to x and set equal to zero . This pro
duces an equation linear in v . but transcendental in x/~ and a /£. The results o f 
numerically solving for x/~ are'shown in Figure 1. For v = ~ and ~ / ; = 0, 
the distance that maximizes the stress is xl i = 2.06. A Taylor's series 
expansion of the modified Bessel function about the points x/ i = 2 . 06 and 
af t = 0, yiel,ds the equation for the position of the maximum stress as 

x/i 1.83 + 0.9l6v + 0.292(a/ i) 2 ( 9) 

In this expansion terms of the order (v - 1/4)2, (x/ i - 2.06)2, (a / i )4 'and highe r, 
have been neglected. If a similar Taylor's series expansion is made of equation 8 
and the result from equation 9 is used, the maximum radial bending stress fact or 
is 

- 0.1432 + 0.0977v + 0.0266(a/i)2. , (10) 

These plate theory results ,are most useful in predic ting stresses near shore
lines. If two loads P are placed on an infinite ice sheet as shown in Figure 3, 
there is zero deflec tion and bending moment along a stra i ght l i ne midway between 
these loads. Hence the line ac ts as a simple support and represents a shor e l i ne 
at which the ice has been cracked . The radial stress distribution for the two 
loads in Figure 3 is shown in Figure 4. As the distance between the two loads 
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becomes smaller, the stresses will superimpose. A maximum stress occurs when the 
loads are at ~ of the distance calculated from equation 9 from the shoreline. 

Because the results of the wedge analysis have been useful for predicting 
the ultimate load carrying capacity of a floating ice sheet, it is anticipated 
that the results from a similar approach would be useful for predicting the 
ultimate load that an ice sheet can apply to a sloping structure. The author 
has solved the floating wedge problem for loads applied both vertically and 
horizontally. Numerical evaluation of this solution is presently being performed. 

Table I. Uniformly loaded wedge. Table II. Truncated wedge. 

6 Pw a x 6 PlJ£ '£ 
~ ~ bO ohl ~ ~ be ohz 

.00 .00 1.00 .00 .00 1.00 

.01 .22 1.05 .01 .25 1.06 

.02 .28 1.08 .02 .32 1.10 

.05 .39 1.15 .03 .38 1.14 

.10 .51 1.26 . 04 . 42 1.17 

.15 .60 1. 35 .05 .46 1.20 

.20 .68 1.45 .06 .49 1.23 

.25 .75 1.55 .07 . 52 1.26 

.30 .81 1.65 .08 .55 1.29 

.35 .87 1. 76 .09 .58 1.31 

.40 . 93 1.87 .10 .60 1.34 

. 45 .98 1. 98 .12 .64 1. 39 

.50 1.04 2.10 .14 .69 1.44 

.55 1.09 2.23 .16 .73 1.49 

.60 1.14 2 . 36 .18 .77 1.54 

.65 1.19 2.50 .20 .81 1.59 

.70 1.24 2.64 .25 .89 1.72 

.75 1.29 2 . 80 .30 .97 1.83 

.80 1.34 2 . 96 .35 1.04 1.95 

.85 1.39 3.13 .40 1.12 2.06 

.90 1.44 3.31 .45 1.19 2.17 

.95 1.49 3.50 .50 1.25 2.29 
1.00 	 1.54 3.70 .55 1.31 2 . 40 

.60 1.38 2.52 

.65 1.44 2.63 

.70 1.50 2.74 

.75 1.57 2.85 

.80 1.63 2.96 

.85 1.68 3.08 

.90 1. 74 3.19 

.95 1.80 3.29 
1.00 1.86 3.41 
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LENINGRAD 

PRELIMINARY RESUlJI'S OF PLANE STRAIN 

COMPRESSION TESTS ON COLUMNAR-GRAINED 

ICE 

R. 	Frederldng Division of Building Research, Ottawa, Canada 

National Research Council of Canada 

SYNOPSIS 

A subpress designed to pro duce plane strain deformation was used to 

perform constant strain rate compression tests on columnBr-grained ice. The 

"'ilure stress, for the case of plane strain compression with the second princi

paJ stress direction perpendicular to the columnar-grain axes, was at least 

double that for uniaxial compression. A difference in the deformation m echanism 

between the two modes of compression is suggested as the reason for the va

riation in tajJure stress. 

RESUME 

Des essals de compression a vi(esse de de'formation constante ont etc 
effectue's sur la glace columnaire en se servant d rune presse con:;::ue . pour 

produire des d~formations biaxiales. On a trouve' dans Ie· c as de la compression 

biaxiale el avec Ie deuxieme axe principal de contrainte pcrpendiculaire 5 ur Ie 

sens de la longueur des cristaux que la c'ontrainte de rupture ~ta.H. d 'au moins 

Ie double de celie obtenue lors d I une c o rnpressjon urtiaxiale. La r-dison de la 

variation dans la conlrainte de rupture peut &tre kt difference dans Ie rn~cani5mc 

de d~formation entre les deux modes de compression. 
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In recognition of the a.n is otropic nature of c ohnnna r-grained ic e , il was 

thought that its mechanical propertie s should be in ves ti l,lated under load ing con

ditions compa rable to those tha t occur under ce r tain field cund itions. Ice in 

contact with a long straight s tructure, for e xampl e , is subject to plane strain 

loading conditions. T his paper describes the techniques used for performing 

plane strain compression tests a nd presents the preliminary results of a comp'H

ison of the stra in rate depe ndence of the failure strength for p la ne strain com

pre ssion and sin1ple compre ssion . 

APPARATUS 

A subpre ss designed to permit loading in a plane str a in mode is shown in 

Figure I. Ideally, the pre ss should be sufficiently rigid to prevent any strain in 

one of the coordinate dire ctions but in practi c e th is is impossible. The press was 

designed, therefore, to reduce st rain in the constrained direction to one tenth of 

that for simple c ompression, a m o re reali stic condition. The distance between 

the conf ining sides was 101.20 mm. They were paralkl to one another, perpen

dicular to the bottom surface of the ca vity, and ground to obtain a smooth surface. 

The upper platten is movable and load i s transferred to it via a co lwnn passing 

through the upper cross-member of the subpre ss. 

The press was used in a 10, OOO-kg capacity test ma.chin e which had cross
5

head rates ranging from 5 em/min to 5 by 10- em/min. Transducers used to 

. A - TYPE B - TYP E 

NOTE; Dimension, i n mm 

Figure I . Plane strain Figure 2. Schematic of two spe c

compression subpre ss. im e n types. 
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measure the motion of the upper platten and lateral expansion of the cavity are 

shown in Figu re I. 

SPEc'IMEN PREPARATION 

The tests were performed on columnar-grained ice with the axis of 

crystallographic symmetry tending to be perpendicular to the long axis of the 

grains. The ice, whi c h was grown from the local supply of drinking water, had 
2 

an average grain s ize of 20 mm on a plane perpendicular to the long direction 

of the columnar grains. 

The specimens were prismoidal with nominal dimensions 50 by 100 by 250 

mm. Two types of specimens were machined: A-type with columnar grains 

perpendicular to the 100- by 250-mm face and B-type with the columnar grains 

perpendicular to the 50- by 250-mm face. The two types of specimens are 

shown schematically in Figure 2. Because the specimens had to fit exactly into 

the subpress cavity it was necessary that they be machined with a high degree of 

precision, i. e. to within 0.025 mm. The required degree of preci sion was 

achieved with special jigging techniques and a commercial milling machine. 

TEST PROCEDURE 

The subpress was used in two m.odes: a confined one yielding plane strain 

compression, and an unconfined one yielding simple compression. In the con

fined mode, the 50- by 2S0-mm faces of the specimen were in contact with the 

side walls of the cavity. For the unconfined mode the specimens were rotated 

90 degrees about their long axis to avoid contact with the sides of the cavity. 

Load was applied to the specimen at a constant rate of cross-head motion until 

the specimen was crushed, in cases of brittle failur e; or until a strain of about 

3 per cent was reached, in cases of ductile failure. Specimens were prepar e d 

and tested at a temperature of -IO'C. There was a thin film of kerosine On all 

of the specimens but no attempt was made to explore the use of lubricants to 

reduce friction on the interfaces between the ice and the subpress. 

ANALYSIS TECHNIQUE 

In analysing the results it would be desirable to have a consistent means 

of comparing the stresses and strain rates for the two types of specimens and 

the two loading conditions under which they were tested. Hill I has considered 

IR .. Hill. The mathematical theory of plasticity. O x ford Unive rsity Press, 1950. 
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the theory for plane strain deformation of an anisotropic material and more 
2

recently Venter et al have reported on a theoretical and experimental study of 

plane strain compression of an anisotropic matertal. As indicated by the dis

cussion in ref. 2, the relation between theory and experiment is open to further 

investigation. A comparison between experimental results and the plastic 

anisotropy theory appropriate to colwnnar-grained ice, however, is beyond the 

scope of this paper. 

Simple definitions of stress and strain rate are used in this report. 

Failure stress is given by 

(J = piA 	 (I) 

where P is the maximwn force 	sustained by the ice and A is the area on which it 
2

was applied (nominally 5000 mm ). The strain rate i8 given by 

/; 	 ( 2) 

where u is the rate of deformation at the instant of maximwn force and to is 

the initial length of the specimen (nominally 250 mm). The direction of the 

applied force and measured deflection is in the 3 -coordinate direction as shown 

in Figure 2. 

DISCUSSION OF RESULTS 

Figure 3 is a plot of the maximwn stress at failure versus the strain 

rate. This figure shows that the failure stress for A-type specimens in the con

fined mode is about twice the failure stress obtained from the unconfined mode 

tests. B -type specimens in the confined mode yield results identical to those of 

the unconfined mode. 

While specimens were deforming it was observed that, for the cases of 

the unconfined mode, the deformation mechanism consisted of relative move

ment of the column.ar grains primarily in a direction at right angles to their 

axes. Cracks appeared and propagated between and through colwnnar grains 

parallel to the long direction of the grains. Cavities opened up and the surface 

developed a corded texture, particularly at lower strain rates. For A-type 

2R . Venter, W. JohnsonandM.C. De Malherbe . Theplanestraincompression 

of anisotropic alwninwn using a frictionless flat rectangular punch. J. Mech. 

Eng. Sci., Vol. 13, No.6, p. 416-428, 1971. 
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specimens in the confined mode, however, the deformation was forced to occur in 

the long direction of the columnar grains. At high strain rates this resulted in 

the formation of plate -like cracks which tended to propagate in a plane perpen

dicwlar to the columnar-grain axes. At low strain rates elongation and extru

. sion of the cohl1nnar grains resulted in a cobbled texture on the specimen surface. 

It was clear that two distinct deformation mechanisms were involved. 

'+110 , ,
'I 	 'I 'I ' II ~' " '" I 

200 

'" 
100 =-	 •• • • D .. --= :It • .:50~ '" ...., •

S! 20 e 	 .. • 
10 =--	 8~ ,LEGEND 

Simpte Plane Strain 
Compression Compression 

A-TUlle Sf)f!cimefl 0 • 
V1-ljjp{lS~cimen 0 • 

1
~ 0.., .. 5 

l 
ii LI I I , 	Ii I It _I I I III2 

10-8 10-1 	 10-6 10-5 10-~ 10-3 

STRAIN RATE, SEC-I 

Figure 3. 	 Strain rate influence on failure stress of columnar -grained 

ice at -IO·C. 

CONCLUSIONS 

The deformation mechanism that occurs in plane strain compression of 

specimens, in which the second principal stress direction is perpendiiular to the 

columnar-grain axes, is fundamentally different from the one that occurs in 

simple compression. The failure stress for this plane strain case is at least 

twice that for simple compression; the difference in deformation mechanism is 

primarily responsible for the variation in failure stress . In plane strain com

pression of specimens in which the second principal stress direction is parallel 

to the columnar-grain axes, the deformation mechanism is similar to the one 

that occurs in simple compression, and thus the failure stresses are equivalent. 

This paper is a contribution from the Division of Building Research, 

National Research Council of Canada, and is published with the approval of the 

Director of the Division. 
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3'1'RESSED ICE 	COVER ;j'.rA'l't; DUE 'ro THERl/IA1 

,';AI/£, ANll HELATIW UND,l>IHIATER NOISE IN THE 

OCEAN 

V. V. 	 Bogorodsky, Dept. Chief, the Arctic and Antarctic Leningrad, 
Corresp.Member Research Institute, U.S.S.R.of the Academy, 

V.P. Uavrilo, 	 ~.~C-8, Candi
A.V. Gusev, 	 tatea of Sc., 
Z.M. 	 Gudkovich, S.Sc. Cando 

of Sc •• 
A.P.Po1yakov, 	 J.Sc., Cando 

of Sc. 

S'lNOP3IS 
~hysical-8tatistical relationships of the underwater nOise, re

corded under the ice, with the variations of the air temperature and 
surface wind speeds are discussed, the underwat er noise being caused 
by thermal cracks appearing in the ice cover of the Arctic Ocean. On 
the basis of the experiments the equation of multiple correlations 
was obtained which correlates the level of the underwater' noise pres
sure (db) at a depth of 20 em in the 200-400 Hz band wlth air tempe

rature (DC) and wind speeds (cm/sec) P-P.+1.13A~>O, 3?>V, 
where P a certain constant coefficient and· . t 6 ~,= 11't - -io ~ J. &." 0A 

t::. ~ - t - 15 At t 
IS 0 	 A ~t :) 0 

corresponds to temperature deviations from those smoothed by 15~day 

intervals. 

RESUME 

Le rapport physico-statistique des bruits accustiques sous-ma

rins avec les variatio.ns de temperature et ue vitesse de vent est 

discute, des bruits acoustiques sous-marins etant enregistres sous 
la glace par suite de la formation des crevasses thermiques t'ormees 

dans la cou~erture de glace de l'ocean Arctique. Ala baae de l'ex
perimentation l'equation de correlations multiples est obtenue. 

Elle relie Ie niveau de la pression sonore P(dB) a la profondeur de 

20 m avec 1a temperature de l'air ~t (oC) et 1a vitesse de vent 

V (m/sec) P=~+11:d'11'·+C33V4S' ou Po"const., etc ' 
>i \ 6 (J' - '&: 1 t .. 15 • t ... 

~ _ ' 's ,,- ,-:iO c:::::::":: ". A I.1l 4 01. .

A 1,\" t _ 's.... to .~ 


• A u. ::. 0 
correspond aux deviations de la temperatur e de celie splenie par les 

i nt erval1es de 15 joura. 
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Ice cover becomes stressed and eventually breaks up under the 
influence of many factors, stresses and strains, however, seem to be 
crucial among them. Strains in the ice cover are caused by its 
temperature variations due to the changes of thermal balance of the 
sea ice surface. Thermal stresses which exceed the tensile strength 
of the ice might cause the crack foroation in the ice cover with 
accompanying elastic oscillations which propagate further through the 
ice cover and are then reflected to the underlying water column, 
where it is possible to record them by acoustic senso~. 

Let us consider physical and the~al processes taking place in 
the floating ice sheet, assuming that air temperature changes induce 
only vertical temperature variations in the ice sheet. Were the ed
ges of the ice plate free, the plate should have a format of a spheri
cal surface portion, there should be no strains, if the temperat~ 
changes through the thickness obey the linear law. The experimental 
data, nowever, have shown that the temperature changes within the ice 
sheet do not cause its bending /1/. While the horizontal dimensions 
of the ice sheet actually Change ~~th temperature. The mechanism of 
this phenomenon involves the following processes. The upper layers of 
the floe siLL'ink when the air temperature drops. Inner stresses in the 
hori~ontal planBs cause the appearance of compressive stresses in the 
bottom layers, while at the surface tensile stresses are applied due 
to reSistance force. 

The value of the tensile and compressive stresses in each layer 
of iz thickness is determined by equation (1) 

O(I)==(b-ot..-u)-£(l-Vr L 
(:I) 

where ~ - linear coofficient of thermal deformation 
E - elastic modulus 
V - Poisson's ratio 
iT - temperature deviation fronl the initial value 
e - relative linear deformation which is constant for all the 

layers, if the floe is not bent t it can be calculated 
from the balance of tensile and compressive stresses: 

h. It- )-1.
(6::= (JE·~·v.cLt)(J£·d:t (1) 

o 0 

1. I,egenkov A.P. On the problem of thermal stresses and strains of 
icc sheets. Fizika atmoasfery i okeana, Vol VI,N°8, 1970. 

29 



Assuming E and 0( constant, this holds true especially for 
bottom ice layers, which do not show large temperature variations, 
we cay write eq.(3) from eq.(1) and eq (2) to calculate normal stres
ses within the ice sheet ~ 

6' (l) = of· £ (1. J -J, d"i - iT) (3)
f-V It 0 

To solve eq.(3) we should know the law of temperature distri 
bution within its thickness and its teaporal variations. Thermal wave 
within the ice sheet is described by the equation of thermal conducti 

vity (;) -U _ a ().i..iJ 
ut - ol..t. U) 

wherea= ;c. coefficient of temperature conductivity ( k- thermal con
ductivity coefficient, .p - denSity, C - ice heat capacity) 

The equation of the temperature of snow-and-ice surface and that 
of the air ( the latter changing by the harmonic law) is talten as a 
boundary condition in our problem~ 

tJ(o,t)== i/o 4- 6) .JitL wt (5) 

h ·~ i t e and T= ')'7£ were U Q - mean a r emperature; '" w 
- amplitude and period of its oscillation , 

If the ice thickness is not limited the solut1on of eq.(~) together 
with eq.(5) for a quasi-stationa.-y case can be made by eq.(6): 

1f = 11i + & e-j3~d5l-'t (wT. -jH:.) (6)
t 

where O:e-mean temperature at a depth of 1:- and J3:= V:c;...C . 
For the limited ice thickness eq. (7) v( ft., t) == Corl.Jt is valid. 

According to J!' . Malmgren and V.V. Shuleykin /2/ eq(7) holds true 
if temperature wave at each layer can be expressed as a sum of two 
waves : incident and reflected from the bottom. With k =5·10-3cal/cm 
at the ' ice bottom with h. = 300 cm the amplitude of the, incident wave 
(lr=id~~)comprises 0.01 per cent of the surface wave amplitude, that 
is the effect of its reflection is negligible. 

The calculations show that aemidiurnal temperature variations 

actually are not felt at a depth of 50 cm, while the amplitude of 

variations with II =4-5 days equals at this layer 20-25 per cent 

of the an~litude of the corresponding air temperature changes. 


z. Shuleykin V.V. Fizika morya (Physics of t he Sea) AN SeSR M.,1953. 
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The effect of the snow cover can be taken into account introdu
cing the equivalent ice thickness proportional to the depth of the 
snow layer/3/. By integrating the s~~~n~ term in the right-hand 
part of eq (6) and assuming that e ~ ~ 10-4 in accordance with eq.(3) 
we can obtain the final expreSSion for determination of thermal 

stresses (t 0<:..£ G l-J('n u)t - C&J wt _.t3/t. <' (. "i _ (J, '1-)116 1. ) = -- "'. - e , .,ut. <..v r :J 
I 1-~ 2plt. 

For example, with It = 300 cm, by e~. (8) we can make a 
plot which shows that with the temperature increase there appe~r 
compressive stresses in the upper layerS and when the temperature 
drops with depth the larger is the wave period the deeper penetrates 
the wave of thermal stresses. The peak of thermal stresses lags behind 
the peaks and lows of the air temperature. This time delay is larger, 
the deeper is the layer of ice. If we assume that the ultimate ice 
resistance to the compression at low temperatures two or three times 
higher than that of tensile stress ( the latter being equal to 
10kg/cm2) we may then conclude that thermal cocpression of the upper 
layers with a 100 air temperature rise does not cause the crack 
formation in the iC,e sheet. And conversely I tensio~ in the ice upper 
layers with similar temperature decrease reach the limit of strength. 
Thus, according to our calculations with a snow depth of 10 cm the 
cracks may form within 5-10 cm (at l' = 1 day ), with~15-20 cm 
( at T = 3 days ) I within 25-30 cm (at T = 5 days ). Due to the fact 
that thermal crack formation diminishes the corresponding stresses in 

the ice the time interval during which the crack formations occurs 
starts when these stresses reach the limit of s crength at the ice 
surface and it is over when this strength limit is reached at the ice 
bottom. 

If we consider the elastic properties of the ice, then the effect 
of short-period air temperature variations on tho crack formation is 
not large due to the penetration depth limit and the effect of long
period variations is weakened due to stress relaxation. This allo,ls u.s 
to suggest that there are optimum frequency of temperature variations 
which result in the intense ( maximum) crack formation and the 
corresponding underwater noise. It is possible to determine these 
optimum frequencies empirically, comparing observational data on under 
water noise and air temperature over a considerable time period. 

3. 	Pekhovich A.I. The calculation of the statistic ice pressure. Izv. 
VNIIG vol. 49,1953. 
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Series of observations on the underwater noise level at a depth 
of 20 meters, air temperature and wind speed during autumn months 
(September-October) were treated in this way. Measurements were taken 
during hourly intervals twice a day. Underwater acoustic signals were 
recorded in the active band, with an average frequency of 320 Hz. /4/. 

Figurel shows the oscillations of the actual noise level (curve 1) 
against the estimated variations ( curve 2) calculated by the equat
ion of multiple correlation, given in the abstract. As it is seen 
from this Figure the air tepmerature from the start of the observed 
period till its end decreased from -4°C to 30°C. No progressive in
crease of the noise level was observed. 

All the periods of considerable noise increase, i.e. 29 September 
and 11 October correspond to pronounced air cooling, continuing from 
several hours to 2-3 days, ( the period1/of thermal wave is 1-6 days).

" Relative role of different factors, affecting the formation 
of the underwater noise in the ocean (hummocking, wind etc.) change~ 
fr0m seasC'!! to season. Notwithstanding the complicated interrelation
ships of these phySical phenomena, which make the simple interpretatiDn 
on difficult, because the observational data were obtained in separate 
time intervals, the present study made it possible to reveal a num
ber of regularities of thermal stresses in the ice cover and to show 
the adva~ages of the acoustic method of detecting the critical stres
sed state of the ice cover. 

4. Gavrilo V.P.,Gusev A.V., Polyakov A.P. On the feasibility of 
acoustic detecting of the critical stressed state of the ice cover. 
Trudy AANII vol.295,Gidrometeoizdat, L.,1970. 
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Figure I. 

The air temperature data shouJ.d be filtered first, cutting off cer

tain frequencies. The s~liest way of filtration ( with a low-pass 

filter) is a running smoothing with a subsequent subtraction of the 

smoothed line from the initial. 
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SYNOPSIS 

Experiments perta.ining to ice formation on different materials, viz, metals, 

V\Ood, plastics, concrete, and frozen soHs have been carrIed out and the thenno

dynamics of th"" icing process examined. The presence of an ice contact layer 

forme d under the influence of the substratum material is established by means 

of crysk,Jlo-optical research. Adhesion strength is considered a rguing (rom the 

hypo'..hesis of a quasi-liquid transition layer. "Plane" and '''''olumelric'' adhesion 

are defined. The correlation is dicussed between adhesion strength ilnd ice 

structure and phase composition on the one hand, and temperature and substra

tum material on the other. It is revealed that the adhesion strength of fresh ice 

grows with an increase in crystal dimensions, while that of U,e salt ice decre

ases. The main requirements to the methods for determining adhesion strength 

are discussed. 

RESUME 

Les experiences sur 10. formation de la couverlure de glace sur les mate'

riaux diff~rents (comme me'taux, bois, ma.ti~re5 plasliques, be-tons, sols co~gelt!s) 

ont ete' faites et la thermodynamique de ce processus a et.;' etudie~. Se basant 

sur les essais cristallooptiques on a mis en evidence ]a presence de la glace 

pres du contact, cette glace etant formee sous I'influence du substratum. Les 

forces adhesives ont ete examine'es du point de vue de I' hypothese de la 

couche transiloire quasiliqulde. On distingue deux formes de 1'adhesion, "plane" 

et 'Volumique"• .On de'montre la corre'iation entre les fOLCes a dhesives et la 

structure et la composition de phase de la glace, d' une parl, et de 10. tempera

ture et du mat~riau ~u substratum, d' autre part. On a mis en ~"Vidence qu' avec 

I • Llugmentation des dimensions des cristaux les forces adhe"sives de la glace 

douce croissent et celles de La. glace sal.ine djminuent. Leos exigences princi

pales de til m~thode de d~termjnation des forces adhes.lvt?s sont exurnin:es. 
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The structure, composition and adnesion of ice to the substretum d"pend 

on the thennodynaruic conditions of the system at th" time of ice for'Tlillion, on 

.the physical and chemical processes on the interlace, as well as on the strue

lure and coroposition DC the ~ubstratum ma.terial. 

The ice structure is a function of thermodynamic conditions of icing. The 

size of crys~s diminishes, their (Dl'ms become more ideomorphic, the optic'::ll axes 

orientation .3rows more random as the ambient, air and \vater tempera.ture drop, 

the wind velocity increases, whHe the rate of the liquid phase entering th", c rys

tililizalion front decr'eases. The structure of ice in proximity . to the contilct ",itI, 

the substrutulT' is governed not only by the thermodynamic conditions of icing , 

but also by the physical and chemical chamci.eristics of the substratum material. 

Under the same thermodynamic conditions the larger the ice crystaJ e., the gt'e<-11ct' the 

criophobic properties of the substratum material,the felVer c 'rystalization nuclei de

velop on th? surface. Therefore structural charocleri!'?tics of the ice l~yer [orm0d 

at the contact di"ffer from the remaining part of the ice. As a rule, Ihe ice crys

taJs in this layer are consider.:"'''lbly smaller than those further removed trom the 

subslratum (Fig. 1). The influence of the substratum material weakens wiU, the 

distance from the contact, and the ice structure at a 2 or J cm distance frorn Ihe 

conklct is detennined o~y by the thermodynamic conditions of the enviror1t'nent 

(Fig. 1). 

a) 
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o G.'f 1.0 1.'1 2.2 

Fiq. 1. The average volume of "the ice crystal (V) versus Iile disl..:mce (11) 
from the inlerlace. 

a 	 - fresh ice; b - salt icc; - steel-3; 0 - painted :=· t("'cl: 
- wood; - tC'flotl; S - specii11 pdinl N ;-); - sund: 
- concrel£"; - kL\olin; - tllontlllori lionite. 

The qLMlsi-liquid transition klyer on the- ice-E'uIJ?-trnlulIl illh""\ rf,l(:(~ is !h, '" If ld il l (ile

tor which aUects adhesion i.n the t(,llIpC'ralurC' r l.tll!;!C' frolll (Joe to 'soc. At ! ()\\(~r 

temperClture~ ice adhesion i~. in the- 1I)""""lin conlt·ollpd by HIL' diL,I<.'ctric, thet"III':ll ,)Ild 

n.echdnic<3.1 characteristics of the .:-::.ubslt-aturn IHtlterii"11. "Slicking"' of icC"' to -'IIIDOHI 

monolithic s ur.fctces due to s urface tellsioll of the h'tlnsitioll Lc:l"yC'l" is lL·t'lHt ...d "p l,lil<"?'· 
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dh c:>.s ion. ,o\fo lum.::- tric" adhesion occur s in case the por.es of the substratum ma

terial are c Ql nn-le nsura ble "vith the minimum crystal dimensions, the crystals grow 

inlo the pores of the ;"ubstratu'l1 l a yer. 

Ice s truc ture on the ice - s ubs tra tum interCac e is one of the main factors de

tenlllning (:tdhesion ~ trength. Defects on the interfa.ce, the largest of '.'\fhich are 

boundaries behvcer'l cryst.:tl s , enge nder nevv defects in the structure of the quasi

liquid layer c 6 using a n irreg u la r stress distribution across the displace~nt or 

I"lJ.p ture pI n e und, c o nsequently, a reducHon in adhesion strength as compa.red 

to theore ti c a l "\ 'l_duPSo An inverse dependence is absenTed betv..reen the adhesion 

force a nd the c rys~"l boundary length per unit of contact area. 

The r s uIts of field and laboratory s tudies of ·the adhesion strength of fresh 

and Su H ice to the s ubs tratum reveal a pro nounced difference in the relationship 

o ( ddh e:::. io n s tre ngth versus structure for fresh and salt ice. 

The adhes ion strc-ngth of fresh ice grows w ith the crystal size owing to 

an increase in the crystal contact surface area and a decrease of the pore sur

b.ce .:lnd the interc,-ystal layers (Fig. 2). Hence, a w eakening of adhesion is not

ed w hen a temperature drop occ urs during freezing of fresh wale-r (Table 1) a 

Table 1 

Dependence of adhesion strength on the temperature of ice 

freezing on plexlglass 

-5 -10 -15 -20 

Crystal cross-section 

area (cm2) 0 .17 0,05 0.02 0.003 

Adhesion strength at 
2

_lOoe (kg/cm ) 0.63 0 .50 0.23 0.17 

With salt w ater freezing, a temperature drop a lso leads to crystal size reduction. 

W e have established that salt ice adhesion increases simultaneously governed 

both b y the dimensions of the ice contact surface and by the presence of a 

brine layer_ Other things being equal, the total quantity o[ brine is a function of 

the specific cr-ystal surface, the strengthening or weakening of adhesion of salt 

ice to the substmtum observed depencling on the correlation ben",een the contact 

and specific crystal surfaces. 

A telnperature drop in the ice-substratum system increases lhe adhesion 

strength of both fresh and salt ice. 

VVhen fr'esh ice freezes on rough surfaces (frozen dispersive rocks and 

concrete) adhesion assumes a volumetric character and strengthens due to a 

s harp increase in the number of crysialli7..atio n nuclei. For this reason, direct 
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0
adhesion strength measurement at temperatures below _5 C is difficult and re

s ults, as a rule, in ice rupture. 

1.0 5,K[{/cm 2 

S·10-;cm 2 

0.8 

0.6 

0.'1 

0.2 
/

S·10-~cm2 

6 8 10 0 if 8 12 16 ZO 

Fig . 2. Cohesion and adhesion of fresh and salt ice to diCCerenl substrata 

as a function of crystal cross-section urea in the rupture plctne. 

1 - fresh ice cohesion; 2 - 'Jalt 15% ice adhesion; 

3 - salt 300/0 ice adhesion ; 4,5 - fresh ice adhesion. 

Stn.;.ctural resea rch carried out on frozen specimens of lwo monomineraJ 
;2

clays, fine-grained sands and concrete of the strength 300 k g/e rn d e mons lrEl.t o d 

a marked dependence of crystal sizes over the ice contact on the activity of 

the substratum. A regularity, which holds true [or the contact layer 3 cm thick 

(Fig. 1) I is established in the successive growth of cryst-..-u. siz e s .Jt the sud~Ct' 

of the subst rata s tudied (montmorillonite, caolinite, concrete, S f'ld). Sinc~ cldhc

sian depends on the ice structure and is correlaled \.vith cohe s ion ~~ rength, c~ o 

hesion' measurements in the contact layer \,vere . made at three diUerl?nt tempe r, \ 

tures under a deformation rate of 2 mm/min. Cohesion \·vas found to inc.:r , 1 ;='(, in

'A?rsely to ice crystal size and ice temperature (Fig. ::2). 

No standard technique for measuring adhesion slt'ength being JccC'pl,C:.'d at 

present, the results of individual studies cannot be COIl1JJ<-ll ('c"l, With tHl y d~s i gn 

of the loading device, selection of optin~l specimen dimensions dnd rorll)~ , 'ld(~ 

quate "sample preparation conditions, accurate measurement of tlH.) de(onnalion 

rate and o f the lest temperature are the basic principles of ~tny l ilC'tlloct fo r <,. Id

hesion strength measurement, i.e.: 

1. Minimum sper::imen dimensions are determined by the si I'.e of slructura l 

and textural heterogeneities of the ice under investigation. Expcl'ill,c ntcll d"l£\ ill
;; 

dicate that the rupture area must be not less than ~ 0 crn \vith il ,.:., pc'c.:imCt l 

about 5 cm thick prepared under optimal conditions. 

2. Deviations from the test temperature regime and the i...l,ccurac y of l<X\d 
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"pplication should not exceed 5%. 

3. The optimal deformation or loading rate of the specimen is established 

for each individual problem. When deformation or loading ''ate is r ..duced, the 

.-.tdhesion strength decreases dUl: to changes in the ice structure and phas e 

compos ition in the stress field, ,"vhich in its turn affects the relaxation process 

('fable 2). 

'fable 2 

Change of ice salinity at rupture 

Salinity of ice contact
Ice salinity beforeD e formation rate layer after rupture of 

rupture of specimen171m/min the specimengil gil 

60 13.088 18.4 5 ~ 

30 18.103 21.105 

6 18.080 26.629 

CONCLUSIONS 

1. The ef(ect is established of the contact ice Iaye,' structure and the per

centage of the liquid phase in ice and ove_r the contact on ice slrengUl, adhe

sion and cohesion. 

2. The structure of the ice in the 30 nun thick contact lay..r differs from 

that of the rest of the ice and is conditioned by the substratum material. 

3. Two kinds of adhesion can be distinguished: the plane and the volumet

ric. 

4. An appreciable difference is marked in the dependence of adhesion 

strength on fresh or salt ice layer structure. 

5. At the tempearu.ture of below -SoC at ice contact with diffe''ent disper

sive rocks, ice rupture has a cohesive character and is determined by the pre

sence of a n ice contact layer. 

6. Other conditions being equal, minimum ice adhesion is to be observed 

with materials covered by organic epoxy and org.3nosijico!'l films. 
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PREDICTION OF SEA ICE PHYSICAL PROPERTIES 
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of Electrical Engineering, 
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Professor of Physics. 

SYNOPSIS 

The information 	which can be determined (rom radar returns (rom sea ice 

is discussed. The possibility of predicting age and strength is discussed and 

current data on the electromagnetic properties of sea ice which supports this 

possibility are presented. 

RESUME 

L'information qui peut ~tre detennin~e de ,..eOexions de radar de la glace 

de mer est discutee. La possibilite de predire I' ~ge et la forcp. est di~cutee et 
, 	 , , 

des laits qui decrivent de qualites eJectromagnelique de ta glace de mer qui 

supportent cette possibililE~ sont presenle's. 
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INTRODUCTION * 

A definite need exists today to be able to determine the physical 

properties of the arctic ice cover remotely, both for the purposes of large area 

surveillance and for gaining information about specific small areas of immediate 

interest. Tests conducted in recent years have s hown that it is possible to ac

quire a large amount of information about surface topography from side-looking 

lairborne radar (SLAR) and scatterometer presentations. General features of 

the ice cover such as pressure ridges, hummock fields, relative smoothness, and 

open leads can be readily distinguished. Correlation of radar return data with 

the ice floes thus represented have shown that new and old ice fields under simi

l
lar conditions have different reflective characteristics. Recent experiments 

by the authors have resulted in information which shows that these differences 

are the result of variations in the dielectric properties of sea ice w1th changes 

in ·temperature and salinity. 

PROPERTIES OF ARCTIC ICE: PHYSICAl-ELECTROMAGNETIC 

Sea ice differs from fresh water ice in that it has liquid brine inclu

s ions contained in its ice ~atrix. The rate at which the freezing process takes 

place and the original water salinity determines to a great extent the amount of 
. 2 

salt initially trapped in the ice, and therefore the percent of the brine volume. 

Rapid freezing produces more included brine. As the ice temperature decreases, the 

relative volume of the included .brine decreases. More of the water in the inclu

sion freezes out, with an increase in salt concentration in the brine remaining. 

1 
Rouse, J. W., Arctic Ice Type Identification by Radar, Proc. of the I.E.E.E., 
Vol. 57, No.4, 1969. 

2 	Lofgren, G. and Weeks, W. F., Effect of Growth Parameters on Substructure 
Spacing in NaCl Ice, J. of Glaciology, 7, 153, 1969. 

* Supported by the Advanced Research Projects Agency through the Office of Naval 
Research, Arctic Program Office, under Contract No. N00014-7l-A-0365-000l. 
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At about -22°C, solid salts (predominantly NaCl) begin to precipitate out of 

3
the brine. At temperatures warmer than -22°C, the liquid brine inclusions 

tend to gravity drain to a lower point and eventually out of the ice. If the 
. 

ice is subjected to the an~ual temperature cycles, the brine drainage is great, 

resulting in decreasing salinity, with age. 

Several investigators4 ,5 have shown that the various facets of physi

cal strength (i.e., tension, compression, etc.) are closely related to brine 

volume, which is a function of temperature and salinity. Although much remains 

to be done before the exact relationships can be determined, strength in sea 

ice has been shown to generally decrease with an increase in temperature or 

salinity. 4, 5 

The complex permittivity, an electromagnetic property which partially 

dictates the nature of the radar reflection from a substance, also vari.e.s with 

ice temperature and salinity. The ratio of the imaginary to the real part of 

the complex permittivity is defined as the "loss tangent." Figure 1 shows the 

chan~e in loss tangent with temperature and salinity for a frequency of 34 GHz. 

The no~alized real part of the complex permittivity has been found to be 

nearly constant, having a value of about 3.10, for the frequency range from 

626 to 40 GHz. The loss tangent was found to vary by a factor of approxi

ma tely 4, with the change in the brine cell vertical axis orientation from 

6
perpendicular to parallel to the incident electric field. This effect has 

been averaged out in the figure to show the values of loss that would be 

3 Weeks, W. F., Studies of Salt Ice, USACRREL Research Report 80, 1961. 
4 Assur, A., Composition of Sea Ice and its Tensile Strength, USACRREL 

Research Report 44, 1969. 
5 Weeks, W.F., and Assur, A., Fracture of Lake and Sea Ice, USACRREL 

Research Report 269, 1969 . 
6 Sackinger, W.M., a nd Byrd, R.C., Reflection of Millimeter Waves from 

Snow and Sea Ice, Ins titute of Arctic Environmental Engin
eering, University of Alaska, Report 7203, 1972 . 
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expected in field conditions. The plotted data represents the influence of 

salinity and temperature averaged from a large number of tested samples, 

coupled with the expectation that the loss tangent for fresh water ice, zero 

salinity, will be very small. 7 

The effect of these changes can be summarized by the fact that cold, 

low salinity ice will not reflect electromagnetic waves as strongly as warm, 

high salinity ice. For a given temperature, the higher salinity ice will pro

duce a stronger reflection. This, of course, assumes that the other physical 

characteristics such as average surface roughness are the same. Fr~ the 

detailed information which has been obtained on the electromagnetic properties 

of sea ice at representative salinities in the frequency range from 26-40 GHz, 

and at temperatures between _7°C and -32°C, many of the physical properties 

should be predictable from remote sensing data. Detailed calculations and 

field measurements are in progress to confirm this. 

CONCLUSIONS 

The interpretation of radar returns from sea ice is complicated by 

variations in the composition and topography. However, several groups, inclu

ding the authors, are working to separate these two contributions, so that 

the physical properties may be measured by remote sensing techniques. The 

measurements reported here of the complex dielectric constant as a function 

of temperature and salinity are the .first steps in the interpretation process. 

7 Evans, S., Dielectric Properties of Ice and Snow - A Review, J. of 
Glaciology, 5, 773, 1965. 
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SYNOPSIS 

A communication to the 1970 Symposium described two field installations 

designed to measure dynamic ice forces on bridge piers. In April 1971 both in

stallations were subjected to repeated impacts from ice-Does of varying sizes. 

Synchronization of force recording and movie photography at one site enabled 

force Ouctuations to be compared with the nature of the ice failure. Peak instan

taneous forces were generally several limes larger than mean forces averaged 

over durations in the order of one second. Peil~ lU'lit pressures on a vertical 

pier appear La have been comparable with ,ice strength in co;npression. 

RESUME 

Dans un rappo rt au Symposium de 1970 nous ovans de"crit deux installations 
/ / ,

dans la nature qui ont ete etablies pour mesurer les forces dynamiques de la 

glace sur les piles de ponts. En Avril 1971 les deux im;lctilations ont soutenu 

des impacts de Ia glace en blocs d I une grandeur variable. Parca que \es enre

gislrements des forces ant ~~ synchronis~s a\/BC des photographies cine'malogra

phiques, nous avans pu comparer les fluctuations de la force avec Ie caract"E-re 

de la rupture de Ia glace. Les forces maximales instantane"es ont r:u: plus grandes 

par plusieurs fois que les forces moyennes pendant des inlervalles de temps a . 

peu pres d tune seconde. Les pressio!1s par unite de sur(a.ce sur une pile verti
/ / / 

cale, qui sont calculees des forces nld xi rna. les, ant ele d I une grandeur simHaire. , 
c? Ja resistance compressive de la g l ce. 
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PREVIOUS DESCRIPTION OF TEST INSTALLATIONS 

We have previously described (1) two field installations for measuring 

break-up forces on bridge piers, and have presented a summary ·of data obtained 

1967-70. This paper presents further data from April 1971 concerning force 

fluctuations and the relationships between peak and mean forces during ice-floe 

impacts. More details are available in a local report (2). 

OBSERVATIONAL TECHNIQUES 

The most interesting data were obtained at Pembridge, where forces are 

measured on a 0.9 m diameter vertical test pile (Fig. 2 of ref. 1). Forces were 

recorded during a two-hour ice run, and movie film w~, taken from above the test 

pile. The recorder and camera could be switched on and off simultaneously to 

record significant episodes. One electric clock w.ith a targeted second hand was 

mounted in view of the camera, and a duplicate clock was mounted beside the load 

recorder. By means of this system it was possible to compare the force fluctu

ations with the behaviour of the ice as seen on film. 

It was intended to use the same system at Hondo, where forces are measured 

on a 2.3 m wide pier provided with a hinged nose (Fig. 1 of ref. 1). Unfortu

nately break-up at this site occurred only a few hours after break-up at 

Pembridge, and we did not succeed in setting up the synchronization system in 

time . Force recordings and some unsynchronized film were however obtained for 

the most significant part of the ice run. 

NATURE OF ICE ACTION AT TWO SITES 

The ice at Pembridge was mostly in the form of separated floes of widely 

varying size, of which the largest were in the order of 30 m diameter. Approach 

velocities were mostly in the range of 1 to 2 m/sec . On striking the vertical 

pile, some of the floes came to a complete halt as the edge of the ice crushed 

against the pile. Others split immediately on impact, and some rotated or 

sheared Obliquely after initial crushing . 

At Hondo, where the pier nose is inclined at 23° to the vertical, the 

initial part of the ice-run consisted of a dense mass of ice-floes, including 

some of up to about 70 m diameter. Approach velocities were generally in the 

range of 1.5 to 2 . 5 m/sec. The mode of ice failure was noticeably different 

from Pembridge . All the larger floes rode up the pier after impact and appeared 

(1) 	 Neill, C.R. "Ice pressure on bridge piers in Alberta, Canada". 

Proceedings 1970 IAHR Ice Symposium, Reykjavik, Paper no. 6.1. 


(2) 	 Neill, C.R ., H.D. Saunders and H. Schultz. "Measurements of ice forces 

on bridge piers, 1970 and 1971" . Report of Alberta Cooperative Research 

Program in Highway and River Engineering, Edmonton, Sept . 1971 . 
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to fail by bending or splitting (Fig. 1). Some pieces were lifted to a height 

of over 3 m above water level. 

FORCE FLUCTUATIONS AT PEMBRIDGE SITE 

Impact forces were generally in the order of one second duration. The 

peak signal was often of virtually zero duration, sometimes occurring at the 

beginning of the impact episode, and sometimes in the middle (Fig. 2). 

Thirty of the most significant events were picked out on the recorder chart 

and analyzed in detail, together with the corresponding movie film. Table 1 pre

sents data and descriptions covering twelve of these events, and Fig. 2 shows 

oscillographic traces for three of them . The "mean force over duration of chart 

event" values were estimated from the average height of the chart trace during 

each event. Unit pressures' were calculated on the basis of average ice-sheet 

thickness. It is interesting to note that instantaneous peak forces are mostly 

from 2 to 6 times larger than mean forces . 

In the case of events nos. 6, 9 and 12 of Table I, when ice-floes of known 

dimensions and approach velocities came to rest against the pile in known time 

intervals, estimates were made of mean impact force by applying the impulse

momentum equation 

Eq. (1) 

where M mass of ice-flo~ 
6V change in veloci ty during ; 'impact 

F mean stopping force 

6t time interval from initial impact to rest . 

Table 2 compares mean forces so calculated with those estimated from the load 

recorder traces . The agreement is surprisingly good. 

FORCE FLUCTUATIONS AT HONDO SITE 

At Hondo the more severe impact episodes were generally of several seconds 

duration. Table 3 presents data for four episodes, and Fig. 3 shows oscillo

graphic traces for three of them. Again, it is interesting to note that instan

taneous peak forces were from 2 to 4 times higher than maximum one-second-mean 

forces. Fig. 1 shows three photographic sequences illustrating typical episodes. 

ICE STRENGTH 

A few blocks ,of ice from Pembridge were collected immediately before and 

during the ice-run. Samples were cut and tested in the laboratory in uni-axial 

compression at a temperature of -l.S·C and at strain rates in the range of 10- 5 

to 10- 3 sec-I. Strengths were generally in the range of 14 to 28 kgf/cm2. It 

is interesting to note that peak unit pressures for six of the events listed in 
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Table 1 fall into this range; the other six fall below it. 

GENERAL REMARKS 

There has been some controversy concerning discrepancies between ice 

strengths as normally measured in the. laboratory, and the successful performance 

'of actual structures apparently incapable of sustaining comparable pressures. 

One explanation for such discrepancies may be that in many dynamiC situations 

peak ice strengths are mobilized only for very brief intervals of time. In such 

circumstances massive piers would not require such high design pressures as 

lighter structures. Consideration should be given to investigations of how much 

work would be involved in significant displacement of large piers , and to 

whether the ice floes liable to occur at a particular site would have sufficient 

kinetic energy to cause damage . 
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Fig. 1 - Movie film sequences illustrating three episodes at Hondo. 
Frames in each sequence are 1/24 second apart. 
Ice is rising to approximately 3 m above surface. 

47 



80 

'"':;2 60 
'< 
"
~ 
.; 40...., 
t::l 
<.>.,., 

~20 
L.. 
.;: 
<l.> 
<.> ..... 0 

I 
2 oIf 3 2 0 If 3 2 o 3 

- Time scaU:, seconds 
T- designates peak signa~ 

Fig. 2 - Oscillographic r ecords of Pembridge impact events 
nos . 6, 7, and 9 (Table I) 

120 

100 
<") 

~ 

::.. 80 
~ 
.;..., 60 
~ 
'" 
'"'-> If0 
s... 
'" "

20 
~ '" 

0 
0 2 If 6 0 2 

---~...~ Time scale, seconds 

Fig. 3 - Oscillographic records of Hondo episodes nos. 2 , 
3 and 4 (Tab Ie 3) 

48 



A 
CD 

TABLE 1 - DATA FOR SELECTED IMPACT EVENTS AT PEMBRIDGE 


Pier width 0.86 m: assumed ice thickness 0 .46 m 


Event 
no. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Instan
taneous 

peak 
force 
kgf 

35,800 

58,700 

47,400 

37,200 

39,200 

58,700 

83,900 

47,400 

58,700 

83,900 

47,400 

58,700 

Corre
sponding 

unit 
pressure 
kgf/cm2 

9.1 

14 . 9 

12.0 

9.2 

9 . 9 

14 . 9 

21.2 

12.0 

14.9 

21.2 

12.0 

14.9 

Duration Approx. Corre- Ratio 
of mean force sponding of Ice-floe Approxi- Nature of impact 

event over unit peak/ velocity mate floe and ice failure
dimensions

duration pressure mean (as viewed on film) 
seconds kgf kgf/ cm 2 force m/sec m 

3.0 11,900 3.0 3.0 1.4 > 10 x 30 
Sheet slid along pier: 
crushing for 2 seconds. 

0.1 9,300 2.4 6.3 1.4 6 x 9 
15 cm penetration, then floe 
rotated and moved clear. 

4.0 9,900 2.5 4.8 1.6 > 10 x 12 
4 m penetration : peak force 
at zero velocity of incision. 

1.0 14,000 3.5 2.7 1.9 12 x 15 
0.6 m crushing penetration, 
then floe split. 

1.0 14,000 3.5 2.8 1.9 > 12 x 27 Initial crushing followed 
by a sharp blow. 

0 . 8 31,400 7.9 1.9 1.7 15 x 15 15 cm penetration, then floe 
rotated and moved clear. 

0 . 3 34,900 8.8 2.4 1.8 » 12 x 15 Abrupt crushing followed by 
splitting . 

0.2 19,600 4.9 2.4 1.6 9 x 9 
Abrupt crushing followed by 
rotation. 

1.4 11,000 2.8 5.3 1.7 9 x 12 Grazing contact followed by 
rotation and splitting. 

0.4 36,300 9.2 2.3 1.5 > 9 x 12 Crushing followed by 
rotation. 

1.8 14,600 3.7 3.2 1.7 Unknown Splitting along line of 
impact. 

0.5 9,800 2.5 6.0 1 .2 9 x 12 30 cm crushing penetration, 
folloHed by rotatiun. 



TABLE 2 - MEAN FORCES AS ESTl~tATED FRO~l RECORDER CHART 

COMPARED WITH KINE~tATIC ESTIMATES 


I 

Event no . 
(Table I) 

6 

9 

12 

Mean force (kgf) from 
recorder chart (Table I) 

31,400 

11,000 

9,800 

Mean force (kgf) by 
impul~e-momentum (Eq. 

29,400 

12,900 

11,500 

I) 

TABLE 3 - DATA FOR SELECTED IMPACT EPISODES AT HONDO 

Pier width 2.34 m; assumed ice thickness 0.46 m 

I ICorre- r Ra-ti~MeanMean Corre-Approx . Corre-Event i indicated 
ofspondingforcesp~ndingforcedurationspondingno. peak 

peak/unitoverunitoverunit ofins tan-
pressure one-highestpressuretotalepisodepressuretaneous 

sec .one-sec.durationforce 
intervalI Iforce 

kgf/cm2kgf/cm2 kgfkgfsecondskgf/cm2kgf 
I

3 . 3 2 .0 21,0001.414,7006 . 5 6 .4 69,000I 

2.2 4.423,9002.729,0002.09 .7 105,0002 
I 

2.34.22.7 44,90029,0002.29.73 I 105,000 

2.061,600 5.71.717,8004 . 0 11.4123,0004 
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SYNOPSIS 

An expe'riment to determine the magnitude of ice impact loads experienc0d 

by the hull slt'ucture of the U.S , Coast Glhlrd Icebreaker Mi'l.CKlNAW was con

ducted in Lakes Huron and l\IIichigan during the winter of 1970-1971 under the 

sponsorship of the OHice of Research and Development, U.S. Coast Guur'd ( U.S. 

DCpi..-utment of Tri;insporl.a.tion). The imptiC l loo.d \vas 0st.imatcd from the response 

of d strain gauged portion of the bow s tructure. The r e suJ"", indicated thLit Ih;o 

loads \Vere of very shart du~ation. The peak value of the load correlateci well 

vvith tt.e product of ship speed and ice thickness. The dirne nsionless i ml-klct IQcld 
J

(F./p gh ) corre lated reasonably well w ith th2 product of Froude number' <l nd di-
I W 

'rrmsionless o.exural strength (cr/P."foh). The s uccessful use of dimensionles", 

groups to reduce the data suggests that the hull-ice impact phenomenon may be 

nudeled on a small scale. 

RESUME 

Les forces dues a I'impact des lames de glacC' sur la, CO'1ue du brisc-C11o.ce 

U.S. Coast Guard IItLA"CKINAW ont ;;'t~ meslIrees au COUf'S d' <?ssais condu;ts pen 

dant J t hi ver 1970-71 dans les lacs Huron et Michigan. Ces essais ant ~t~ e Uec.

lu';s >;ous conlrat de I' Office of Research and Development, U.S. Coast Guar'd 

(U.S. Department of Tran Transporlation). Une pdriie de I' avant de la' coque 

etait pourvue de capteurs de contrainte de sorte que les forces dues a I' i"'fk'ct 

pou"\IC\ient en ~tre estim~es. Les ~sultats ont montre que celJes-ci ~taient de 

courte dur~e et que leurs valeurs maxima.les etaient fonction du produit de la. vi

tesse due navire et rle l' e'pais seur de la glace. Une correJatjon salis(ajsonte 

entre les forces d' impact adimensionnE>lles (F./p gilJ) et Ie prod~t du nornbrc 
1 \0"" 

de Froude et de la contrainte de Oexion adill1ensionnell<? (rJlp~h) " eti ektblie. 

L' exceUent reCOlJpC'lflent des resultats obtcnu avec ces variables reduiles su~ere 
, , " . " ,

que Ie phenomena d' impact entre coque el glace peut e tre e tudle en cchelle r e 
duite. 
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INTROQUCT! ON 
t/(lti vati(ln 

The structural steel content of icebreakingl ships accounts for as much as 
fifty percent of their cost. One of the primary goals of designers of future 
ships for Arctic service will be the reduction in the bulk of the structure while 
maintaining an acceptable level of rel iability under expected operating conditions. 

The scantlings of present icebreaking ships are chosen on the basis of classifica
tion society rules, on the basis of load criteria extracted empirically from 
failure datal, on the basis of analytical calculations of ice 10ads2, or on the 

basis of a combination of all of these approaches. Ideally, a designer requires 
an estimate of ice loads which will be experienced by a ships hull. To be useful 

these loads should be expressed statistically as functions of environmental para
meters (ice thickness, ice compressive strength, flexural strength, elastic. modu
lus, snow cover, etc.) and designer controlled parameters (ship mass, speed, power, 
and hull surface angl es). 

The full scale experiment described in this paper was, to the authors know
ledge, the first attempt at estimating full scale ice loads (as opp·osed to stress 
levels 3) on ships and at relating them to some of the environmental and operating 
parameters mentioned above. The experiment was designed to assess the feasibility 

of "measuring" ice impact loads and reducing the results to a body of information 
which would be useful to designers of ships for service in ice covered waters. 
Physical Concepts 

The load experienced by a ship's hull when it contacts the edge of an ice 
sheet may be expressed in functional notation as follows: 

[1 ] 

F. 	 peak normal force on hull surface Is longitudinal moment of inertia 
1- of the ship about the axis nor
h ice thickness mal to the water surface 

v . 	 impact velocity g gravitational constant 
1

f friction coefficient betweenflexural strength of ice hull and ice 

o 	 unconfined compression strength 6 angle between a plane tangent to 
CT' of ice the ship's side at the contact 

point and a normal to the ice 
E 	 elastic modulus of ice (bending) surface 
1~ 	 spread angle of the wedge shaped 


ice slab with which the hull 

makes contact 


1. 	 Johansson, B.M. "On The Ice-strengthening of Ship Hulls", International Ship
building Progress, Vol. 14, June 1967 - No. 154. 

2. 	 Y.N. Popov, O.V. Faddeyev, D.Y. Kheysin, and A.A. Yakovlev. Strength of Ships 
Sailing on Ice, Sudostroenie Publishing House, Leningrad. 

3. 	 Waterman, R. Structural Tests of Coast Guard Icebreaker WESTWIND (WAGB-281)
OTMS Report No. 2134, January 1966. 

52 



angle between a plane tangent Pi mass density of ice 
to the ship's side at the con
tact point and the ship's cen P mass density of water 
ter 1 ine w 

x = distance from the ship's centerMs = mass of the ship of gravity to the contact point 

Our experiment treated the loads on a ship which was roving at a steady speed in 

uniformly thick ice. Hence, Ms' Is' and x are not a consideration and [1] becomes 

[2] 

If the principles of dimensional analysis are applied to equation [2] several im
portant dimensionless groups may be extracted from it. 

[3] 

We were able to measure only v, h, and of carefully for each experiment. 
p and a remained constant. f and ocr did not vary appreciably. ~,the ice slab 
angle, was a random variable which could not be observed. Hence our experiment 
consisted of attempting to document the fe110wing functional .re1 ationship: 

[4 ]P;h3 = t. [[;), (P;h 1] 
f = 0.145 B = 35° a = 17° 

DESCRIPTION OF THE EXPERIMENT 
Test Procedure 

The ice load experiments were conducted in conjunction with experiments to 
determine the resistance offered by the ice cover to the continuous rotion of the 

U.S. Coast Guard Cutter MACKINAW. The ship was run at constant speed through uni
formly thick fresh ice. During each run the strains in an instrumented portion of 
the ship's forward hull structure were ronitored continuously: The average velo
city of the ship was measured. The ice thickness along the track and the depth of 

snow cover were measured at the end of each run. The flexural strength of the ice 
sheet was determined by in situ cantilever tests. During periods in \,h;ch ship 

speed and ice thi ckness were steady, the fi ve hi ghest sets of stra ins we re chosen 
from thp out put of the strain gauged panel. These strains were used in conjunc

tion with external calibration data for the panel to determine the normal force 
acting Ola the hull surface. Mean values of estimated normal force and their cor

responding values of ice thickness, ship speed, ann ice strength, are tabulated in 

Table I. 
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TABLE I. RESULTS OF ICE IMPACT EXPERHIENTS 

Data Ice Fl exura 1 Impact Dimen'less 
Point Thickness Velocity Strength Load Impact Load ~.~ 

No . Ud ft. (v ) ft/sec (Of) lb/in ' ( Fi )lbs. Fi/p.fJh 1 p.fJh ;gn 

2-2 1.81 11 .97 74 16,600 44.86 141. 40 

3-4 1. 56 15.73 88 22,200 93.71 286 .40 

4-4 1.89 15.45 187 22,200 52.69 433 . 70 

4-5 1. 71 9.55 187 26,000 83.33 302.80 

5-2 0.35 17 . 53 98 3,800 1420.34 3359.70 

5-3 1.65 13.70 98 27,800 99.18 246.00 

5-4 1.77 3. 53 98 12,000 34.67 51.00 

5-5 1.60 8.38 98 18 ,800 73.55 155.40 

5-5 1.66 12.03 98 20,000 70.06 224.00 

6-4 1.22 13.53 139 18,000 158.85 565.30 

6-6 1. 28 17.71 139 15,600 119.20 689 .00 

6-2 1.24 18.45 139 19,800 166 .42 753.60 

7-1 1.18 1.57 137 7,000 68 .27 66.97 

7-la 1.77 4.89 137 4,200 12.13 114.30 

9-1 0.39 8.09 154 4,200 1134.60 2077.53 

18-1 0. 32 5.89 137 3,992 1952.34 1807.80 

18-3 0. 30 10 . 71 137 3,400 2018.04 3625 . 20 

18-4 0.34 12.18 137 4,000 1630.94 3422.00 

19 -1 0.32 12 .28 137 6,200 3032.19 3773.00 
20-1 0.34 8.50 137 3,000 1223.20 2380.00 
25-1 1. 71 6.28 128 12 ,800 41.02 145.09 
26-3 1.46 5.16 128 10,600 54.58 151.72 

28-2 0.86 10.77 126 31,200 786.09 689.00 
29-1 0.90 17.14 126 13,400 294.57 1027.36 

29-2 0.82 19.96 126 9,400 273 . 21 1377.00 
30-1 0.84 22.11 126 13,000 351.49 1470.00 

30-2 0.82 23.12 126 11 ,000 319.71 1592 . 10 

30-3 0.87 23.79 126 25,000 608 .41 1500.00 

31-5 0.94 18.61 126 20,400 393.60 1045.00 

32-3 0.88 22.65 107 8,800 206.94 1190.00 

33-1 0.87 9.42 56 13,600 330 .97 262 .00 

34-1 0.87 4.42 56 7,600 184.95 123.20 

35-7 0.87 15.93 56 10,200 248.23 447.00 
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Test Results 

The data in Table I were plotted in Figure 1. Ship speed was plotted against 

' ice thickness wHh i~act load as a parameter. Four regions of relatively constant 
ice thickness appear on the plot. Impact force was plotted against ship speed for 

each of the regions of relatively constant ice thickness. The slopes of those 
force versus velocity curves were plotted against ice thickness . The results in

dicated that impact force was a function of the product of velocity and ice thick
ness. Hence the data was manipulated to produce the plot of the impact load versus 

the product of ship speed and ice thickness which is shown in Figure 2. Figure 2 

suggested that a product of the dimensionless groups v/Igh and o~pw9h would be 
best used to explain the data. Figure 3 is a plot of dimensionless impact load 
Fi / pwBh l versus the product of Froude number v/~ and dimensionless flexural 

strength 0f'P",Bh. An approximate fit to the data produces : 

F . '1- r u . a 1 1.2 
= 9.61- . . f [5]'1- ~ i 

l /(jii . Pw9h j. 

It appears that the important dimensionless parameters controlling the impact load 

are Froude number and dimensionless strength. The scatter in the data is probabl y 
caused by uncontrolled variation in ~, f , ° ,and snow cover dept h . 

.ar 

DESCRIPTION OF INSTRUMENTATION SYSTEM 

Strain Gauge Array 
The data discussed in this paper was acquired from an array of 12 seml- -con

ductor strain gauges applied to hull stiffeners. The area of the hull which was 
chosen to be instrumented was between Stations 1 and 3. Mathematical techniques 
developed 'by Popov, et al were used to predict the portion of the hull which woul d 
encounter the greatest ice load. 

The array of gauges. is shoWn schematically in Figure 4, which also shows the 
locations of the calibration loads which will be discussed later. The upper in
sert in Figure 4 is a photograph taken during strain gauge installation. The lower 
i nsert shows the location of the gauged frame on the exterior of the hull. The 
gauges were connected as half-bridges, with the vertical element sensing the strain 
due to ice impact, and the horizontal element sensing the transverse s train due to 

the Poisson effect, and providing temperature compensation. 

Recording Apparatus 
The twelve gauges were connected to a standard s ignal-conditioning system for 

bridge completion, calibration, and amplification . The amplified signal s, in turn , 

were applied to the inputs of twelve separate channel s of a Teledyne Geo tech slow

speed FM tape recorder. The thirteenth channel recorded a timing s ignal used i n 
measurement of ship velocity, which acted as an event reference . 
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During each of the experimental runs the outputs of the twelve hull g~uges 

and the velocity signal were recorded. Figure 5 is a repl'oduction of the strain 
time -history from gauges 2. 6. and 10 on Frame 30 during a typical test . The 
strain impulses are the result of the impact of a cusp of unbroken ice against 
the hull. or the grinding and crushing of already broken pieces. 

CALIBRATION OF HULL 

In order to relate the recorded strains to applied icebreaking loads. a 
calibration of the instrumented portion of the hull was performed by applying 

known loads and measuring the response of the strain gauge array . 
, . 

Loading Procedure 
The hull was loaded with a 20-ton hydraulic jack set into a frame on a float

ing raft which was positioned next to the hull and braced against a set of pilings. 

Figure 4 shows the load locations for the twelve calibration cases. 
Each calibration test case was performed by establishing the location of the , 

jack on the panel, taking a set of zero and calibration readings on the gauges, 
applying loads to the hull and reading the gauge output voltage. Figure 6 shows 

the placement of the hydraulic jack in position against the hull'. 

Analysis of Calibration Data 
A regression analysis was performed on the raw output voltage versus observed 

hydrau1 ic jack force from each gauge for each load location. The zero intercept 
was subtracted from the data, and the regression performed again, with the output 
expressed in units of micro strain per ton of force by incorporating the ca1ibra
hon factor for each gauge and the hydrau1 ic jack calibration results . 

In order to gain perspective on the pattern of strain distribution. the data 
'Nere plotted as functions of the panel geometry and load locations. The results 

indicated that the distribution of stl'ain along a vertical stiffener is essen
tially linear , but that the di stribution horizontally is an exponential decay. 
Figure 7 illustrates the extrapolation of the strain sens i tivity under the load 
from 'the data of calibration case 2. 

Conversions of Strains to Force 

Aha1ysis of all of the calibration data showed that strain distribution along 

the frames was linear and symmetrical about the point of load. The strain decayed 
exponentially away from the load point in the hori zontal direction (see Figure 7). 

The sensitivity directly under the load' was essen'tially invariant with load loca

tion at 18 micro strain per short ton of nonnal force. To cut down on the data 
reduction, a test was made to determine if , over a long run, the four frames in 

the panel experienced different stresses . They did not appear to. Hence the five 
highest strains were obtained from the gauges on a single frame (Frame 30). A 
symmetrical 1ine.ar extrapolation was performed for ,each set of strains to obtain 
the maximum value of strain (see Figure 8). This value was divided by 18 micro 
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strain per ton ·to obtain nonnal impact force. The average of these five force 
values have been tabulated iriTable I for thirty-three intervals during which the 
ship traveled at a steady speed in uniformly thick ice. 

CONCLUSIONS 

This experiment demonstrated that with reasonable care it is possible to 
develop a body of data, expressed in dimensionless terms, which will provide 
designers of future ice going ships witn rational hull design criteria. 

RECOMMENDAT IONS 

Experiments such as the one discussed herein should be conducted in conjunc
tion with ice resistance tests whenever possible. The effect of the variation in 
hull surface slopes sand Cl must be investigated. before data such as we have re
ported is useful. The experiment described herein has treated a very limited pro
blem relevant to ships moving in thin ice. Ramming mode structural tests should· 
be performed in thick ice to obtain hull force criteria germane to the design of 
polar icebreakers. Elastic modulus should be measured carefully in all future 
hull-ice impact load experiments and included in the dimensional analysis. 

The feasibility of modeling the ice impact phenomenon should be investigated. 
The successful use of dimensionless variables to explain the full scale data sug
gests that modeling may be a useful and inexpensive way of expanding the body of 
hull-ice impact data. 
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SYNOPSIS 

By considering the energy dissipated in the plas tic reg ion at the het1d o f 

a c rack unde r compressive l03.dings, the author d e rives the c riterion for the 

quas i-brittle propagation of this elastic-plastic crack. It i s shown that when un

sta ble fra elure occ urs the ralio of brilUe fracture stress 10 ma ximum duelile 

s tre s s m,.ist b e 0 .6. This a l'""loLllys is both predic ts a nd provides u. Ihe orelicru ex

planation of the marke d d ec reas e in strength observed when poJ yc rystalline ice 

underg oes a transition from ductile to bri~e behavi o ur under inc rea sing strain 

ra.tes. 

RESUME 

En c onsiderent I' energie dissip~e dans la zon e pJastique a ) I extr~mile' 
d I une fi s sure S OIJS des contrainles de compression, }' a uteur derive Ie cril~re 

d e pro ,Jagalio n quasi-fragile d' une fissure ~lasto-plastjque . On monlre o U5si 

que la cO"llra inte de fraelure (rugile d ·::>it elre ega le a 0.6 d e la contm inle lna 

ximale duclile. La presente analyse prevoit el explique theo riquerne nl I" [oric 

diminuti o n de ~sistance observee quand Ie cOln po rte menl de la glac e polycris 

ID.lJine pas se de duc tile a fragile so'-,s une augmenta tion d es Id UX d e d e formation. 
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INTRODUCTION 
For a long time, the effect of strain rate on the strength of ice was not 

clear, since some tests show increasing strength with increasing load rates, while 
others show decreasing strength with increasing load rates [lJ,[2J . However, the 
recent results of systematic tests carried out on river and lake ice by Rams~ier 
[3] show that, under low strain rates, the yield strength, a , increases with iny 
creasing strain rates, E, according to a law of the following form: 

a y = 11m exp [ill ~ TJK f: (1) 

where K, m are constants, k is the Boltzman's constant, Q the activation energy 

and T the absolute temperature. This increase in strength can hardly continue in

definitely, beyond a certain critical strain rate, the yield strength, ay, will 
equal or exceed the stress required to initiate .and propagate catastrophically a 
crack through the ice sample and fracture will precede yielding. By distinguish
ing between the two important stages of crack growth, initiation and propagation, 

Carter [4J has shown that, under compressive loads, once nucleated the crack will 
come to rest at a finite length and the fracture stress will be the stress required 
to start this stable crack. The present paper is a theoretical and experimental 
study of the transition from ductile to brittle behaviour which manifests itself 
in a marked decrease of strength as observed by Korzhavin [5J under high strain 
rates. 

PROPAGATION OF AN ELASTIC-PLASTIC CRACK 
As shown by Ingiis [6], a highly concentrated tensile stress occurs at the 

tips of a favourably oriented crack under compressive ·loadings. This stress con
centration is then damped by plastic deformation as soon as the yielding strength 
is reached. A model of an elastic-plastic crack, proposed by Dug••l~ [7] is shown 
in Figure 1. 

Yielding is assumed to be confined to a narrow zone directly ahead of the 
crack tip, and the model is analyzed by viewing the effect of yielding as making 
the crack longer by an amount equal to the plastic zone size, s, with cohesive 
stresses, ao' in the plastic zone acting on the extended crack surface so as to 
restrain the opening. Sanders [8], in an effort to establish the equiva1ence of 
the energy and stress criteria for fracture, reformulated .the two-dimensional theo
ry of Griffith and obtained an equivalent criterion involving a certain integral 

around any contour enclosing the crack tip. His result suggests that the determi

nation of the energy release rate requires only the stress and displacement fields 
in a small zone around the crack tip. Rice [9], by making the convenient choice 
of shrinking the path-independent integral down to the upper and lower surfaces of 

the cohesive zone obtained the potential energy decrease rate ~: in the following 
simp1e form: 

dP 
da a a 6 (2) 
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where 0 is the cohesive stress in the plastic zone, 6 the separation distance at 
0 

the crack tip and a the half-length of the crack . 
By assigning the potential energy decrease dP to the new surface energy, 

we can wri te: 
0 6 da - 2 y dc (3)

0 

where c is the half-length of the crack including the plastic zone and the surface 

energy. 
To go further we now need the geometrical characteristics of the plastic 

zone as a function of the ratio of applied stress 0 to yield stress 0y' Indepen
dent calculations of Dugdale [7], Bilby et al. [10] and Rice [9] enable us to write 

the two following equations: 
TTi-sec. {-2 . ~ } (4)0y 

2(K~1)(1+v) 0y a 
Ii - TTE log sec { f . ~y } (5) 

which differ from the Hult and McClintock [11] results based on the mathematical 

theory of plasticity· by less than 5%. In these equations, E is the elastic modu
lus and K, the material constant, is (3- v)(l+v,-l for plane stress, (3-4v) for plane 

strain, v being the Poisson's ratio. By the use of equations 4 and 5, the crite

rion for unstable elastic-plastic fracture (3) can be rewritten: 

0 0y a TT Ii sec {.!!. • ~ } 
0 2. V --- > (6 ) 

E (K+l)(l+V) log sec {f . ~y } 

Knowing that 0 ~ CL 0y' CL being the stress concentration factor under ·test condi
0 

tions, then equation 6 takes the followi"g form: 

0/ a (7)
-E- > 

or expressed in an adimensional form : 

f(~)
0y 

> (8) 
f(~)

0y min 

where (Oy2 a) . and f(~l . are the minimum values which satisfy equation (7). 
mln OyJ!lln 

Figure 2 shows the ratio of f(~) to f(~) as a function of (~). We can see 
0y 0y mi n 2 0y 

that Equation (8) has .real roots for ("_) when (Oy a) > 1. In this case, as 0 is 
o o-za 

increase from zero continuously, the leXgth of th~ plastic zone increases until 0 

reaches the value 0c correSDonding to the intersection U, in Figure 2, and then un

der'the stress 0c the crack extends . It can be seen in Figure 2 that the propaga
tion of an elastic-plastic crack always occurs at a stress level (~ )lower than 0. 7. 
As an example when, under particular conditions of temperature and hrain rate, the 
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o 2a 
ratio ~ = 4 the elastic-plastic crack will propagate when (~) = 0.3. 

IOy-a /min ° 2a Oy 
On the contrary, when ~ < 1, Equation (8) has no real roots, and the plasIOy-a l min 
tic zone increases its length with increase ofountil ° reaches Oy, that is, gene
ral yielding will occur . Although we can evaluate the theoretical yield stress 
for any temperatures and strain rates by the use of Equation (l), the maximum yield 

. 2 
stress, 0y that we can observe experimentally is given by 0y Cyita = 1 

crit, (Oy2a . 
which determines the onset of the ductile-to-brittle transition. mln 

The Equation (8) may be rewritten: 

f(~)° y 2a 
> 

0y 
(9 )az-a f(~}ycrit 0y min 

As shown in Figure 2, when the fracture criterion is satisfied, the function, 
f(~}

0y 
of the right hand side of Equation (8) is satisfactorily approximated by 

f(~} 
0y min 

the experimental relation: 

f(~}
0y 2

t y
0.36 } (10 ) 

f(~} ° 0y min 

Incorporating Equation (lO) into Equation (9). we get: 

(11 ) 

The results obtained by Gold [12] on columnar-grained ice indicate that 
a is dependent on the temperature. However, under increasing strain rates and cons
tant temperature, the stress required to propagate an elastic-plastic crack, when 
the fracture criterion is satisfied, (Oy2a >. o.y2 . a) will be given, according to 
Equation (ll), by: cn t 

° > 0.6 (12 ) 

°Ycrit 

Therefore the transition from ductile to brittle behaviour under increasing strain 

rates must be accompanied by a marked decrease in ice strength from 0y . to 0.6 
cra 

0y . . When the strain rate is increased beyond the transition zone, a constant 
cn t h 1 6 f' . . . strengt equa to O. 0 the maXlmum strength of lce must be exhlblted. 

COMPARISON WITH EXPERIMENTAL RESULTS 

All tests were performed on cylindrical samples (5 cm x 15 cm) taken ho
ri .lontally in ice covers of the three most COlmlon distinctive types: frazil ice, 
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snow ice and columnar-grained ice . The physical characteristics of these three 

types of fresh water ice are summarized in Table 1. Figures 3, 4 and 5 show the 

relation proposed by Ramseier [3J for the ductile behaviour and the experimental 

data obtained by Carter [4J in the ductile-to-brittle transition zone and in the 

brittle range. For each type of ice at each temperature the theoretical ratio 

(0.6) of the brittle fracture stress to the maximum strength is very well verified. 

CONCLUSION 

By energy considerations, a criterion is derived for the propagation of 

an elastic-plastic crack. Unstable brittle fracture will occ~r if : 

oy
2a > constant 

0y being the yiel1d stre-ss for test conditions and 2a the length of the elastic

plastic crack. For polycrysta'lline ice tested under increasing strain rates and 

constant temperature, the brittle fracture stress is gi,ven by: 

o - 0.6 0y 
crit 

where 0y is the maximum s trength which is observed experimentally at this tem
erit 

perature . These theoreti ca 1 deducti ons are in very good agreement wi th expe ri men

tal data obtained by Carter [ 4J , Korzhavin [5 J , Schwarz [13 and Peyton [ 14 J on 

va ri ous types of ice. 
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FIGURE 1, Elastic-Plastic Crack Kodel. FIGURE 2: Criterion for Elaatic-Plaatic 
F~actur_e. 

C-AXISGRAINTIPE OF GRAIN ItASrIC MODULUSDENSITY:SIZE ~ISTRIB\JTIO~ICE SHAPE (Ka/C1I2) 

Frazll Angular 0.89 • ·,40148-666e*(QC)0.09 CII RandollIce 

I 
Snow ! .. 52423-6736 (2C)0.1 cmSpherical 0.89RandomIc. 

> 

Random inColumnar-Columnar E • 570OD-6498(QC)0.91horizontal0.4 CIIgrainedIc. 
Iplan. 

* 8 i. the temp.r.ture expr••••d in (QC). 

TAILa 	1: Phy.ical Conetant. of the Thre.' Typ•• of Ic. U.ed 
in our Exp.rim.nt•• 
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LENINGRAD'.LABORATORY INVESTIGATION ON ICE THERMAL 

PRESSURES 

Marc Drouin, Research Associate Ice 	Mechanics Laboratory Quebec. Canada 

University Laval • 

SYNOPSIS 

The usual technique u s ed to estimate the thermal stresses exerled by ice 

has consisted in immobilizing the extremities of samples during temperature in

creases . A second technique consists in d o ing constant strain rate tests at dif 

fe rent temperatures . This method has advantages over the first one in that it is 

done at constant temperatures and its enables one to relate the thermal stresses 

lo the fundamental cree p laws of ice. The paper describes the results of cons

tant s tmin rale tests of three types of ice deformed at rates of 10~ sec -1 and 

pres ents , the rheological model which fits the stress -strain curves and which is 

used to c a lculate Ihe thermal stresses exerted by thick ice covers restrained 

in bne dire ction. 

RESUME 

Parmi les m~thodes exp,;'rimentales pour detenniner les valeurs des con

traintes induites sous l' eifet des variation de temperature. la plus evidente con

siste a utiliser une :prouvette mecaniquement irnmobilis~ a ses extremite-;;. Une 
..., " "" ",deuxieme melhode consiste a effecluer. a diflerenles temperatures, des essais de 

d~formation a taux constants. Celte ~thode comporte de nombreux avantages 

comme celui de proceder"''' a des esselis " des temperatures constantes et celuia '" 
de ra ttach" r I,es contraintes d' origine thermique aux lois fondamentales du Ou

age de la glace. L' article de'crit les "';sultats d ,'essais de d~formation 'a .taux 
8

constants de I' orore 10- sec -1 obtenus pour trois types de glace et pr:sente 

,-m modele rh~ologique d:crivant les courbes contrainte-d:formalion qui est utili 

se' par la suite pour calculer les contraintes d' ongine thennique exerce'es par 

les couverts de glace :pais ' dont I' expansion est limit:e dans une direction. 



INl'RCDUCTIOO 

~ strain rates of an ice CCNer s.J.l:mitted to terrperature rises are 

,given by the general equation: 

;; (t, z) ~ rdQ) a(t, z) 	 (1) 

where ~ (t, z) is the strain rate at tirre t and depth z under the ice surface, ,> 

is the linear exr,.ansion coeff ic~e;-.t which is a function of t"e ten,>er3Lllrl' I , a, ki 

o is the rate of the tentJCraturc risp for tt." tirre aoj the cieptt. considered. T,.-' 
1king for" a value of 50 x 10-6 °C- at - 20°C , the str;:,in rates corrcspollduK) t o 


constant rates of terrperature rises ~tween 0_1 and lOOC/h are the follCMinns : 


0- O.loC/h, i 1 .39 x 10-9 sec-l ; O.SoC/h, 6.95 x iO-9 sec-1 


:<!°C/h, L~2.78xlO-8sec-l ; lOoC/l"., ,· - 1.39xlO-7 sec- l . l\tn.' oreti<;;, l 


solutior, of the problem relative to tl'£' tllernol pressures exerted by icc CCI\I"r~ 


shruld take into account the rheolog~cal prcperties of ice C:cfonred at str.:tin ra


tes lower than 10-7 sec-l . 


ernSTANI' STRAIN RATE 'JESTS 

Constant strain rate tests, t.otalizing 	 sate 4000 hours of testing rruch l!1,-, 

lcperation, have been rrude for three types of ice : snow ice and col=r icc 'olitn 

vertical and with ' horizontal optic axis. Fran prev.i.cusly unde f orn:cd Ice covers , 

cylin::irical sarrples were cut with the axis of the cylirder horizontal, arrl tt.e de

fomation was applied in the direction of the long axis of the cyhnder. T'ne sarrr 

ple dimensions, the ice characteristics and the direction of the deformat ~o~ re

lative to the c-axis ~e as follows: 

Type of ice DeP.sity Strain direction Grain Sanple dllTens tans 
Relative t o the c-axis dlarreter 

Snow 0 .90 Randan to c 1 rrrn ;;. 76 :T1TI , d .;., 25 1".11 

*collllmar 0.91 Perpendicular to c 80 rrrn ~ ,;;. 76 Im) , d ;;, Z5 rm 

Columnar 0.91 Parallel toc =2.3 rrrn ~ 10Orrrn , d ;;. 50 nr 

"Such an ice sant>le is part of a natural IlOIlccrystal IT'achined rut of a columnar 

ice grain and defomed in a direction parallel to the basal plane. 

Typical test results are s ho.m in figure 1. ~ stress-tilre Clll:VeS for 

snow ice (figure 1 aJ and columnar ice with horizontal c-iixis (figure 1 c) hav", 

the same shape, i.e. the stress increases initially at a cons tan:: rate, reaches iI 

rraxiJrum value which decreases very slowly ~ the strain is increased at a cons

tant rate. For colwmar ice with horizontal c-axis (figure 1 c) th~ ,'ield stres s 

correspoo::ls to a strain of 1% in contrast to a strain of 0.2% for s now i=. for 

tl-e case of columnar ice with vertical c-axis" (figure 1 b) the str;:,s i llcrea5es 

initially at a constant rate rut a large yield drop appears foll~ by a constan t 

stress value as tl-e strain continues to increase. The yield stress corresponti 

to a strain of tl-e orner of 0.2%. ~ yield drq> observed for that type of i oe 
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follCM5 upon the fonra.tion of double kink band as shONn on figure 1 b. 

A very interesting characteristic of ~lled CCJ1stant strain rate 

tests is the fact that the strain rate of a sa/Illle is not truly constant thrO-lgh

out the duration of a test. 'nle change in the strain-ti1re curves are caused by 

the elastic defomation of thE testing machine and the loading cell when the stress 

is incree-sing or decreasing. The calculated and measured strain rates are equal 

ooly when the stress-ti1re curve levels off. 

El<I'ERIMENrAL STRESS-TIME CURVE FITTING 

A general equation to fit experilrental stress-ti1re curves, like those 

shawn on figure 1, taking into aocount the plastic properties of the ice sa/Illle 

tested and the characteristics of the testing machine used has been deduced fran 
2

the work of Jdmston on LiF crystals which has been ccmrented on by many ice phy

sicists3 , 4, 5, 6 This equation is based on Cottrell' s 7 fundaIrental equatioo 

which gives the plastic strain rate of a crystal as equal to the pro:luct of the 

Burgers 	vector by the number of mobile dislocations by the dislocation velocity. 
2Johnston assurred, an the basis of observations made CIl the IICVeIrent of disloca

tions due to a shear stress, that the number of dislocations increased linearly 

with strain and the.lI velocity was prq:Jertional to Tm. 'Il-e equatioo written in 

function of the axial stress applied CIl the sa/Illle 1. 2 is: 

: ~ y _2b : ; [(Y "c~ _ ":"] (,~,) m (2) 

where: Sc is the crossread speed in atV'rnin, ~. is the length of the ice sanple in 
2 

ern, A is the area of the ice sa/Illie in ern , K is the effective spring coostant de

picting the apparent elastic defonration of the ice sanple and the elastic defor

mation of the testing machine in kg/ern (dF/dt -~ coost. - K Sc), F is the applied 

load at ti1re t taken in the linear part of the load increase, in kg, b is the 

Burgers vector in ern, no is the mmlber of mobile dislocations initially present 
2	 2 per ern , 8 is the dislocation rrultiplicatioo rate per crn , P is a pararreter to be 

adjusted for each stress-ti1re curve and m is the expcnent associated with stress 

in the general equation of secondary creep as a functioo of the applied stress and 

the taTperature. 

For a given test the follewlI.g paraJTEters are knONn: Sc' ~, A, K, b and 

m. The only paraJTEt.ers to be deterrnineci for a particular type of ice are no and 

8. The paraJTEter P which. is a function of the test taT\Jerature is deterrnired by 

successive trials. The values used for each of the three tests of figure 1 are 

the follewing: 
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Paraneters Snow ire Colunnar ice Co ll.l/l1l1UT ice 
strain randan to c-a)<1s strain -L to c-axis strain I I t o c-axis 

(figure 1 a) (figure 1 b) (figure 1 c) 

Sc(cm/min) 2.54 x 10-5 2.54 x 10-5 4.23 x 10-5 

£ (an) 7.60 7.70 1O.~0 

- A (an2) 5.04 5.11 20 .27 

K (kg/an) 7750 8880 4073 

b (an) 
o 

4.523 A 
o 

4.523 A 
o 

4.523 A 

m 4 2.7 4 
-2 

no lan ) 

B (an- 2) 

10
9 

109 (ref: 2) 

5 x 10-5(ref:6) 

109 (ref: 2) 

109 

10
9 (ref:2) 

P 1100 1100 490 

SoC -27  .4 -26.1 -20.6 

The dotted point shCM"l in figure 1 are values calculated with equation 

_(2). The fitting with experinental stress-tine curves for colUImar ice where the 

strain is perpendicular to the q:>tic axis is limited to the first part of the 

=ve. The formation of a double kink bard cannot be considered in the rheologi

cal rrodel because it is a rupture of the basal plane (figure 1 b). 

srRESS-STRAIN CURVES 

Fran an experinental stress-tine curve it is possible to calculate the 

stress-strain curve relative to an infinitely rigid testing machine, i. e . the true 

stress-strain C\llVe for a given rate of deformation. In this case the effectlve 

spring constant K becare only a function of the material tested. The new value 

for K is written as a function of the apparent Young's mcdulus Ea of the material 

i.e. K = (E x A) • £ . The stress-strain curve equation becares: 

du 
(3) 

a 

"+-~" (( t· ,,) ";:,)(~, r] 
For strain-rates between 10-7sec-l- and 10-8sec-l the following equations 

for E and P have been deternined fran the tests. a 

Type of ire Apparent Young's mcdulus Pilrurretcr P 

2710/T(OK) 
Snow ice E P 18xlO-J e 

a 

2710/T(~)
E ~ C ~0.07ge 1335/T(oK)Col= ice p 18xlO-3 e 


strain ...l. to c a 
 -1 
c = 249 if en min

axis 

c = 344 if en sec-I 


ColUImar ire Tests not completed 

strain / / to c

axis 
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Equation (3) can be used to calculate the thennal stress relative to an 

ice sanple, restrained in one direction, initially at a unifonn t.errq:>erature which 

increases with tine. Stress-tine curves for ~ types of tenperature rises are 

shown on figure 2 for oolurmar ice sanple where the struin is perpendicular to trc 
l

optic axis arrl STlGl ice sanple

Ice cover 

Silllilar stress-tine curves can also be ca!{luted for ice covers subjected 
1 

to tenperature rises. Such results are sho.m in figure 3 for a co1unnar ice cover 

100 an thick with vertical ~axis arrl in figure 4 for a snow ice cover of the sarre 

thickness. For this exanple, the ice surface t.entJerature is rising fran -40
0 

C to 

OOC in 10 hours a=ording to a sinusoidal ftmCtion lilllited l:7j - ~ (t = Oh, 

-400 C) arrl + ~ (t = 10h, e = OOC). The initial tenperature distribution in the ice 

is ccrtsidered as being linear. The ice caver is clear of sn~ arrl contains no 

cracks. For these severe conditions, the naxim..nn forces are 54 ,180 kg/I inear rreter 

(36,300 lb/linear foot) for the oolurmar ice cover (figure 3) arrl 38,690 kg/linear 

meter (25,900 lb/linear foot) for the sn~ ice cover (figure 4). If there is on 

the ice cover a layer of sn~ 10 an thich of density 0.20, the above rraximum forces 

are reduoed l:7j a factor of about 3. Surface cracks will reduce again tile theIll\31 

pressure. 

CXJN::LUSlOO 

. The estiIration of thenral ice stresses exerted l:7j ice covers has always 

been a ccntroversial problem in :i:::e rrechanics research. Even if an acceptable solu

tion can be ded=ed fran laboratory investigations taking into acccunt the texture 

an:l. the stru::ture of ice covers, field conditions have to I:e considered when eva

luating this force for a given application. In particular, sn~ layers on ice ..:0

vers arrl surface cracks reduce drastically 'the thenral forces exerted l:7j ice covers. 

~surements of thenral ice forces in nature should ~ be planned which 

will take into ccru;ideration the texture arrl the structure of the ice, the ice sur

face cracks, the meteorological variables and the type of shores restraining the 

ice cover. Such results analyzed in terms of the rheological properties of ice de

forrred at strain rates lower than 10-7sec-I will rMke it possible to =lculate rea

listic values of the maxim..nn thenral pressures exerted l:7j ice covers for given ap

plications. 
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ICE S Y MPOSIU.'v\ t 97'2 

I,EN IN G RA D 

HYDRAULIC C R ITERION FOR SUBMER G ENCE OF 

ICE BLOCKS 

M.S. Uzuner, Graduate R esearch Iowa Institute of Hydraulic lowd 

A ssociate, Resea rch, U.S.A. 

John F. K e nnedy, Oi rector the University of Iowa, 

I owa City; 

SYNOPSIS 

The c onditions at which buoyant blocks on Q stream become unstable a nd . 

are swept under the downstream floating cover are investigated analyticr-llly Llnd 

expe rimentally. The theoreti c al model i s bas ed on a onc-di ri ,e nsiona..l d nalys is o f 

the fl o w pa.ss ing under the iloaling cover and mo ment equilibrium of the floe . La bo

r a tory e xpe riments to v erify the analysis were conducted ina flume u s ing inctivi

dUd l blocks with three diffe.-ent specific gravities and r a nges o f length a nd thic k

ress. Values for the moment c oefficient arising in the a n al ysi s were deter-mine d 

from the laboratory data. Satisfactory agreement w as found between the a na lytic al 

mode l and laboratory and field data. 

RESUME 

Les auteurs prese ntent une etude theopque et e xperimentale des cond iti o n s 

dans lesqueUes des blocs de glace fiottant sur un courant d I eau deviC?nnent in

stables et s I enfoncent en aval s ous Ia c auche de glace reco l.lv rant la ri vi e r e . Lo 

'modele I.heorique est base sur une analyse unidime nsionnelle de I' ecoul c menL 

s o u s la c o uche de glace e t de I' equation des moments appliquee au bloc d E' 

glace fiottant en amant. Afin de verifier I' ':"inalyse. d~s experience s de labo ralairQ 

ont ete effec tue<?s dans un canal en utilisant des bl oc s de boi s de trois d erWites 

differe ntes et de diverses longueurs e t epaisse urs. Les v aleurs du c o e ffici e nt d e 

rroment introduit dans I' analyse sont dete rminees a partir d e-s mesures e [fechJ.(-~C2. 

en IabL·ratoire. Les- resultats experimentaux obtenus en laboratoire et in situ COj)

cordent d I une mani~re satisfCl.lSante avec les predictions iheoriqu0s . 
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INTRODUCTORY REMII.HKS . Ic" bl ocks which have been t ransport.ed c..lonll " 

r.i.v~:· to the upstream. end of a floating ice cover may either cQ.'1le to res t against 

tl:e cover, causing upstream prop~ation of the leading end of the frU{PT,er. ted cover, 

o~ be submerged by the stream and swept under the cover. In the l atter cas e the 

floes generally come to rest beneath the floating ice, and an accwnul ation of many 

blocks can produce an ice jam which may block the channel sufficiently to cause ' 

flooding. lIe nce it is of interest to ascertain the conditions for incipient sub

me l"(;~nce of floes arrested against a floating cover by a free-surface flow . The 

follo~ ing sec tions develop an analytical model for i nc i pient submergence of floes, 

descr ibe labora tory experiments conducted t o verify the analysis, and present a 

~o:aparison of· the analytical results with laboratory and field data. 

N~ALYSIS. I~ the laborat ory investigation, described in the following 

sect ion, it was observed that right parallelpiped blocks generally are submerged 

by rotating about the l ower , downstream edge, as shown in figure 1, until t he 

st~nation water-surface elevat ion equals that of the upstream top edge of the 

block. The reupon the block becomes unstable and submerges by rotation about 

point D (see figure I), a process herein termed underturning. 

It is necessary at the outset to find the equilibrium flow depth, 

h = hH, beneath a cover of thickness t and density p' which is at an elevation 
d 

of vertical-force equilibrium on a flowing stream. The continuity and· Bernoulli 

equations for sections 1 and 3 are, respectively, 

(1) 

and 

V~/2g + H V~/2g + hd + (p'/p)t (2) 

from which there results 

fi3 + [(p'/p)(t/H) F~ - 1] h2 + F~ o 

where F~ = V;/2gH. 

The moment balance about point D will now be examined. The pressure, 

p(x), at any point under the block after it .has rotated about D through an angle 

6 is obtained from the continuity and Bernoulli equations between sections 1 and 

2: 

V H (4 ) 
u 

and 

V~/2g + H = V~/2g + (Hfi - x sin 6) + p(x)/pg (5 ) 

The corresponding moment, Mp' about D is given by 
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?-1 L2n 1 
;;ghT pgH 3 t x'p(x)dx 2ij"7 (F~ - h + 1) 

0 

LF 2 h - sin 
LJ2 H h+ + sin <I (6)sin l 6 ~ Wh~n h .h sin 6

H 

The moment,~, resulting from the increac·Ld pressure (due"to the 

low~r velocity) along AB and the reduced pressure in the separation zone, BC, will 

be expressed as 

where the coefficient C is a function of p' /p, tiL, and t/H. The final rc.ome"t 
m 

to be considered is that due to the weight of the b:ock, M ' which is given byw 

14jpgH 3 = (1/2)(p'/p)(t/H)(L/H)2(cos 6 + tiL sin 0) (8) 

At the critical condition for submergence, depicted in figure 1, 

L sin 6 = ttl - p'/p) - (H - tp'/p - hH) - CsV~/2g
c 

where rc:- is the ·ratio of the maximwn (surface) velocity to the mean ve1.ocity. 

The equation to be solved is 

M o (10)
P 

where Mp' ~, and Mw are given by (6), (7.), and (8), respectively, h is the 

largest real positive root of (3), and 6 = 6 is given by (9). '['he solution 
c 

was accomplished on an electronic computer . 

EXPERIMENTS. The experiments were conducted in a laboratory flume 

that is one foot wide, twelve feet long, and two feet deep. Right parallelpiped 

blocks of three different specific gravities (0.50, 0 .61, and 0.81) and two 

different thicknesses (1.25 in. and 3.81 in.) were used to cover the des i red 

ranges of p'/p, t/H, and tiL. In each experiment the discharge was increaseJ, with 

the depth held constant by progressively opening the downstream gate, unti~ the 

block became unstable and submerged by underturning. Depth, discharge, etc., 

were measured by standard laboratory techniques. 

In the course of the experiments it was found that all blocKs, except 

very short and very long ones, submerged in the manner described above. Det er

mination of incipient instability was deper.dent to Gome extent, of course, on 

the Judgment of the experimenter. Most experiments were repc~ted one or more 

times, and the reproducibility of the data found to be satisfactory. 
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~. Fir-;urc 3 pres-e nLs 3. typical set of e~perimental re:;u 1 L .. , t.o

i..~02tl:c!~ ..... it:: th'-.! corresponding .:lnalytlcal curves. A value of C = 1.3 WU:"> LLdopteds 
0"- 1:lle bas is 0;' noat measurements in the flume. For each tiL, the vo.lLle of C!:l 

S L) :l~~\.CJ .....as that which ~ive::; t: \e best overall correspondence between theoretico.l 

a:1c. ~,per imcnt o.l results for the whole range of t/H. The aeree:nent between pre

Ji\.' ~~J und mea.sured values of F 2 is, on the whole, quite satisfactory. It can 

boi> 	 ",clproved by taking into account the dependence of C on till, and findinG the m 
C for each tiL, p' Ip, and t/H 'oIhich gives best el(perimental-theoreti,cal can-

T:", 

ct.:..rrence . Some tests were also conducted with blocksW'i th lower ups trc;.m corr.crs 

s;)().ped to be a quarter circle vi th radius equal to block thickness; these experi

nents were performed to illustrate the importance of the pressure distribution 

around the upstream end of the block on submergence. 

Figure 3 sho'ols the relation bet'oleen C , p'/p, and tiL determined from 
m 

figure 2 and similar plots for p'/p of 0.50 and 0.67. The data were extended by 

visual extrapolation to p'/p = 0.92, the value for fresh-vater ice. As was noted 

above, for values of tiL less than about 0.1 or greater than .about 0.8, submer

gence was not generally by the underturning mode described by the analysis, but 

by vertical sinking, sometimes accompanied by rotation. 

Figure 4 shows a comparison of field data report~d by Pariset, Hausser, 

and Gagnon [1] and by Mathieu (taken from a publication by Michel [2]) with 

analytical curves for limiting values of tiL and C . The predicted relations 
m 

are seen ' neatly to bracket the data, giving further corroboration to the analy

tical model. The analytical relation of Pariset et a~ [1], also shown in figure 

4, is based on a vertical-sinkini mode of lubmergence. It is seen to be nearly 

coincident with the analytical relation based on underturning for long blocks, 

which have a relatively small value of 6 ' and hence a submergence mode not too c 
dissimilar from the vertical-sinking mode treated by Pariset et a~ [1]. 
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SYNOPSIS 

In this paper, the first discussion is in relation to vertical displacement of 

an ice layer w"ith which a water surface of the stream1l0\V is wholly covered. 

The ice l a yer was assumed to be an elastic plate. Then, it was discussed that 

the displacement of the ice layer is due to changes of '.vater-stage, snow weight 

accumulated on the layer, the discharge, thickness of the ice layer, etc. On the 

other ha.nd, a relation between the discharge and cross secUon oC the strea.m

flow unde r conditions of whole frozen surface was obtained from the datu in the 

ISHlKARl river. Consequently, a practical formula about a relation between the 

discharge, the water-stage and the snow weight was led forth. The formula gives 

many qualitative informations about the water-stage in the river under ice condi

tion, although the formula would be restric ted greatly ' in applications to the actu

al river. Especially, the water-stage of the river in heavy snow area in winter 

is changeable even when the discharge is constant. 
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1. Introduction 

Almost every river in winter of a cold climate freezes at the surface near 

·the sides and sometimes on the bottom due to intense radiation from the river 

bed upward. The surface ice Casted at the side gro\'ls towards a center of the 

· river and an ice layer becomes to cover wholly the water surface . A s treamflow 

in such river 1s loaded with frazl1 ice, floating ice, such as a pancake icet~"4 

slush. These circustances make changes of the conditions of the str ',amflow 

from them in the same river without ice. Water-stage in a river without ice 

is connected closely to the di scharge . However, even a definition of water

stage in the river covered wholly the water ·surface with the ice layer is not 

so clear as in an open channel. When the water-stage in the river covered wholly 

is defined as water level in a hole of ice layer drillad · for measurements, it 

is considered that the water-sta~e in the river under conditions of ice would 

be changed by the discharge, thickness of the ice layer, snow neight aCcumu

lated on the ice layer, etc. It is the first step of hydraulic researches for the 

r iver in winter of a cold climate that the behaviour of the water-sta~e are 

thrown light on . Data used in this paper are obtained in the IS!fIKARI river which 

the river width is 200 me.ter and the discharge in winter is about 100 - 150 ml!s 

at the observation site. 

2. Vertical Displacement of the Ice Layer 

A primary discussion for vertical displacement of the ice layer is to takin~ 

into consideration only an equilibrium between buoyancy of the ice layer due to 

the water-stage, weight of the ice layer and "eight· of snow accumulated on it. 

It is necessary for the discussion in further detail to treat the ice layer as an 

elastic plate. In the following discussions, it will be assu~ed that the stream

flow is· covered wholly with the ice layer. Under these conditions, a for:'\ula for 

the displaceoent of the ice layer was led forth as follows: 

~ = ' ($ - S. + + -Hd -wAAcos '6 cosh >k +~si~ ?fi: 5i.,h ~ -1] 
for 5, - S - -+ ~ ~ 4 S, - S+ + (1 ) 

where ~ =t ~ ~/~- r'\ 
y is vertical displacement of a neutral layer of the ice layer, 
x is abscissa which a center of the river width is defined as zero, 
d is density of ice, 

.. is snow lVeight accUl:Iulated on . the ice layer, 

s,is altitude of y at x=!L!2, 

s is al t;_tude of )"ater-stage, 

L is river width, 

H is thickness of the ice layer, 

E is YOlln~16 modulus, 

I is rr.oaa..! of inertia of a cross section of the ice layer. 

v is· Poisson's ratio of ice, 

and A, D are c onstant determined from n , L and boundary conditions at 

sides . 
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[\ numerical a!wlysis ll~' th~ ':ilne l':":ethod for aefferent.i.:J.l cqut!..tions may r; "l.ve 

more valid solutions free frof:] the condition, G.-s- i :/2~ y. s.-s+~-!/2. 

It :_3 indic"tcd by (1) til"t the displacer.:ent excent in the '/ictnity of toe sides 

is nearly indeper.dent on elasticities of the icc layer, if D. ·,..~idth of the river 

under ~onsideration j s sur fic1entl,y larGe. Therefore t t :le :1rimary discussion 

~entioned ~bove is sufficient for investiG3 ttonc of the dis?lace~:ent exceot 1n 

t he vi c inity of the ~ides. 'f llen, for a gre.:tt part of x, (1) becor.1cs as fo110\'15: 

~ ""' Hd + So + IN - S - ~-
In (fl, it 1s ind i cated that cross section of the Gtreamflow under 

the ice layer 13 controlled by the wnter-stilr;e, thicl<.ness of the icc In.yer D.!1d 

s~ow weight accumulated on it. FiE. 1 shows the obnervcd d~" srlacements of the 

ice layer in the I ~):!If{ :\~I river, Hokkaido, Japan. In fig. 1, vo.lues of y On 28 

Jan. ~re token 0.3 tern iloral zero. Fig. 2 shows l'reci ""pit~tion in snO"l1 height dUring 

the observation. It is .:een in fig. 1 that the ice layer disolaces downward due 

to de:9ression of the water-st.3.0e and solid ~recipittltion on the ice layer. 

As the ice layer displaces downward I stresses in the ice IGy~r increase and 

cracks Qccure in the vicinity of the sides. These =racks were sometimes observed 

in the I.3::11:lI.RI river. After occurrence of the cracKn, A, D and s.""!..n (1) will be 

chanced to new values. Fig. 3 shows chan~es of the cross section, in the same 

case, ~'Jhich are cade by not only the water-sta.ce but solid -::>reci:1itat1on on t~e 

ice lay er. It i3 eas~' to be recognized that deviations of observed data from a 

linear "line in fig. 3 are due to the solid precipitation. 

WATE{?-STA6E(cm) 8 
50 60 70 80 1.2o '10 130 rlg" .;-C 

l31 z ~ -10 y 
v' 

-20 

-70 

FIGURE 1. DISPLACEMENT 
OF ICE LAYER 
IN Tl-E ISHKARI 
RIVER, '68' 

FIGURE 2. PRECIPITATION 
oURIN:i- THE 
OBSERVATION3 

88 

http:water-sta.ce
http:I.3::11:lI.RI
http:water-st.3.0e


80 

90 	 1.29 

30L~~--------~~------' 
350 

CROSS SaTION(m1) 

FIGURE 3. 	WA'IER-STAGE 
AND C ROSS SECTION 
IN TI-E ISHIKARl 
RIVER, '68 

160 

150 

~ 11;0 
~ ..... 

~ 130S 

'" 
<!:> 
Cl:: 120 
~ •<.; 
~ ItO<::l 

350 
CROSS SECTION (ml) 

FIGLRE 4. 	DISCHARGE AN) 
CROSS SECTION 
IN THE ISHIKARI 
RIVER, '68 

3. 	Dischc.rge and '.1ater-Sta<;e in the River closed "lith the Ice Cover 

A relatLon between the cross section ar.d the discharce will be discucsed 

before investigations for a relation between the di3cha...r[;e and the Ivat er - staee . 

In strict se~se . the relation between the cro~s section and th~ discharee is 

considered not to be linear and depends on hydraulic rou~hneGs of the ice surface, 

hydraulic ~radien t , frazil ice loaded 1n the s treamflow, boundary conditions of 

the 1c~ layer at the sides, shape of the cross section, etc. 

However, siece change of diccharge of a river in winter of a cold a~ea is small 

generally, this relation may be reg~rded as to be linear at a ~iven site of the 

river \,ith practical accur<l.cy. Fir; .. 4 shows a relation between the dischClrge and 

the cross section in the I Si!I,~A: I river. Data ir. rig. 4 exhibit a t;ood lineari ty. 

ThUS, the following formula is obtained: 

(2 ) 

where Q is e ischarge a nd A 1s cross section of the st reamflow. 

And, with (l'J. 
H ' 

A(~- T)G'~:>6Q 

A'W- AS+AH , d-f , ~~ 
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F in (4) is dependent usually on hydraulic rouGhness of the ice surface, hyd

raulic Gradient, frnzil ice in the streamflow, shape of t:le crOBS section, etc, 

but not on H. In practical applications, it may oe assumed for a short period 

that F is constant. After all, the ~ater-stage of the river closed wholly with 

the ice layer is controlled by the snow weight, thickness of the ice layer and 

the discharge even \Yith an assumption F=const •• The water-stage in the river "ith 

the ice cover is changeable due to the 6no. weight and thickness of the ice layer 

under condition of Q= const. A mOre usefull relation between the water-stage, the 

snow \Yeight, the discharge and thickness of the ice layer are obtained by inte

grating (4), but the integration of (4) for an actual river would be i~possiblE. 

4. Conclusions 

The formula led forth above in relation to the discharge, the Vlater-stage, the 

snOw weight on the ice layer and thickness of the ice layer would be restricted 

greatly in applications to an actual river under conditions of ice. In snite of 

this circustance, it gives many qualitative informati~ns about the water-stage of 

the river in winter of a cold area. Especially. it should be noticed that the 

water-stage ofariver in heavy snow area in winter is changeable under the con

dition of Q=const. and the water-stage of the river with the ice cover is dis

tinguished in phlsical meanings from it in an open channel. 
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iCE SYMPOSIUM 1912 

LENINGRAD 

SPECIFIC FEATURES OF ICE JAM FORMATION 

AT THE END OF THE BACKWATER CURVE. 

SOME QUANTITATIVE REGUIARITIES. 

V.I. 	Sinotin, M. Sc. (Eng.) River and Reservoir Winler Leningrad, U .S.S.R. 

Regime Laboratory, Head, 

the B.E. Vedeneev All-Union 

Resea rch Institute of Hyd

raulic Engineering 

SYNOPSIS 

The problem is considered of ,ice jam formation at the end of the reser


voir backwater curve due 10 submergence of ice fioes under Ihe edge of the 


stationary ice cover. Proceeding from a previously established law of ice fice 


submergence and experimental data, the feasibility is substantiated of studying 


the above phenomena using wind-tunnel models. Experimental findings are pre


sented resulting in a quantitative evaluation-to e. first approximation - of ice 


je.m formation mechanism. 

RESUME 

On analy se Ie processus de la formation des emb8:cles dans la zone 

d rafOeurement de la courbe de remous des retenues, ces em~cles ~tant im

. pulables aux g1a<;:ons pIongeant sous Ie bord de Ie. glace continue. C' est Sur 

ta base de la loi du mouvement des gIa<;:ons plongeants ';;tablie auparavant et 

des ":sullats expe'rimenlaux que I ',auteur justille Ie. possibilitt d' ";tudier ce 

phtno~ne sur les mod~les a~rodynamiques. Les r~sultats des expe'riences 


qui en premi~re approximation permettent d J e'valuer quantilativement Ie proces


sus de Ie. formation des em~c1es sont donne's. 
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Ice jam fortn:l.tion in rjvers is due to a combination of certain factors, 

U,e most important being presence of large ice ma s ses during the break-up. 

a nd obstructions preventing them from moving dow'nstream. As most represen

tative examples of such conditions can be cited those to be encountered at 

locatio ns with abru",t changes in river boltom slope, e.g. at the -end of the 

backwater curve or a t the river mouth where the river falls either into the 

seaJ or a Ja.ke. 

Experimental re,sea rch into ice jams is known to be hampered by insur

IlDuntable obstacles involved in modelling them accurately. The absolute majo

rity. of studies in this field is devoted to analysi.ng the hydraulic conditions of 

novement of ice a nd its impact against an obstruction. However, even these 

simplified investigations failed to produce quantitative relationships to be used 

in practice, whio h can be attributed to the necessity of conducting labour con

suming experiments for a wide range of parameter variation. 

Our previous hydraulic model studies 1/ showed the ice floe submergence 

conditions to be described by the relationship 

correlating the submergence velocity and the ice ([oe length. The reservoir can 

hold only a definite quo nUty of ice due t o reservoir sto r a ge, the approximately 

similar dimensions of ice floes, and a steady velocity at the end of Ule back

Witer curve. Evaluation of the ice accumulating capacity of the reservoir is of 

interest in ice jam control. 

By analysing the peculiarities of ice jam simulation on hydraulic models 


(neglecting ice strength and temperature effects) a conclusion can be drawn 


on the feasibility of applying wind-tunnel models, which presents certain ad


vantages in 'Nidening Ule investigation scope. Such models are known to have 

been successfully utilized in 	stUdying sediment movement, flow under an ice 

cover, etc. The applicat;on of a wind-tunnel model to the case in hand is co... 

nected with using the> torce of gravity instead of the Archimede' s buoyant 

force which necessitates rotating the river reach model considered by 180
0 

along the longitudinal axis. The volume weight of the material simulating the 

ice floes is independent of the model scale, the mo"",,ment of ice floes made 

of materials characterized by different volume weight depending on thef 
choice of a cQrresponding speed, with an identical relative vo.riation at each 

cross-section. 

1/ Sinotin VJ., Guenkin Z.A., 	Etude de plongernent des g l ,3.<;:on5 sous un ob

sta cle. - lAHR Symposium Ice dlld its Action 

on Hydraulic Siructur'es, Reykjavi k , Iceland, 1970. 
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The valiclity of such models for studying the phenomena in question is 

proved oy a definite relationship V- f l t) holding true for lhe motion of 
cr 

plates made of the 	same material but of clifferent dimensions. When scaled up 

accorcling to the law.; of similitude described in Ref. 2 the experimental data 

clisplay a fair agreement '.Mth prototype velocities. 

The experimental rig is a 5.00 m long, 0.65 m wide wind-tunnel with a ho

rizontal bottom representing the free surface, the channel depth being 0.10 m, 

with a smooth expansion starting 2.5 m from the intake at an angle 12°, 

At the section with an abrupt change in the river bottom slope, a bottom 

projection simulates the ice cover. The wind-tWlnel equipment and inslrumenta .... 

Hon are those commonly used in aerodynamic experiments. Foam plastics with 
3 	 31 • 3.0 kgjm and t ~ 11 kg/m are employed to model ice floes. 

1 
5 x 5 x 1 cm plates with Y are used in the. main test runs.

11 . 
The experilTlental finclings substantiate the dS5umption that ice floes of 

given dimensions form a corresponding ice jam body described by constant pa

remeters W ' ~cr ,he!:' (Fig. 1, 2) Wer takes into account that the cr 
plates are loosely compacted) for V. Vcr Definite relations may be ob

tained of W ' ~cr h aS a function of V . After stabiUza
or	 C~ cr 

tion of the ice jam roiy the foam plastics plates fed into th;" wind-tunnel fall 

beyond its limits. For the prototype this corresponds to the moment when the 

\AGter stage rises 	above the ice jam elevation, and the decreasing velocities ma.ke 

for the growth of the ice jam in the upstream direction. 

In case the velocity in the control cross-section (at an abrupt change in 

river bottom slope) exceeds the critical, the ice jam parameters are experimen

tally shown to differ from the critical ones (certain parameter values correspond

ing to 	 to gro"," with the velocity. The relations illustrated inV) V ) and 
cr 

Fig. 3 may be obtained if the critical parameters are taken as initial ones and 

their relative increase is plotted against the relative velocity increase. The curves 
3 

are drawn from the test run data with ~/ ho ~ 0.,)0, and T ~ 3 or 1 1 kg/m , 

the latter circumstance, as stated. previously, does not affect th(-;? general experi

mental results. 

Using the above relations one can determine the total volume of the ice 

jam body in the rese~oir, and its volume at dlffer'E!'nt jam forma.tion stages. The 

limit length of submerged ice floes can be established knowing the velocity at 

the end of the backwa.ter curve. The ice jam body volume corresponcling to a 

given ice floe length can be determined from Fig. 2. Ice floes of larger climen·

sio:-ls will be arrested forming a one-layer jam. A particular velocity usually 

2/ Averkiev A.G., 	Research methods for studying open surface flows on pres


sure models. - Gosenergoizdat, Leningrad, 1957. 
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prevcliling along 8. 	 reach, submergence conditions will remain procti.cally s table , 

the larger ice Ooes will eventually break due to ice pressure LInd adherv to 

the ice jam. 

can be evaluated from Eqn ( 1) , VI {rom the curve inVcr 	 3jcr 
Fig . 2, given the predominant ice Ooe dimensions • Then, {rom VI Vor 
and Fig. 3, 'vi I 'Wet' can be found, i.e. 'W ( model ice c o mpaction being 

di He rent from lh"t of the prototype, the net ice volume is to be determined b y 

introducing the natural porosity coeHicient) , 

Based on Ihe studies conducted, relalions were obtainE>d between di Herent 

parameters permitting their evaluation during ice jam forma tion provided a tirne 

history graph of ice motion tow ards the jam is avail able. The method for de

termining the parameters of such ice jams is undo'.Jbtedly approximate. Neverthe

less it yie~ds quite definite characteristics, and, may be used in the first appro

ximation for the evaluation of ice jam form~tion mechanisms. 

3/ Koren' kov V.U., 	 Prototype observation data on ice pasS<"Ige Ihrough the 

structures oC the Krasnoyarsk power plant. - Gidroteklmi

tcheskoye sll-oitel'stva, N 7, 1970. 
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ICE SYMPOSIUM 1972 

LENINGRAD 

ON WIND DRIFT OF ICE: FLOES 

Korzhavin K.N., Head of Chair The Institute of Railroad Novosibirsk 

D. Sc. (Eng.) Transportation Er,gineers U.S.S.R. 

SYNOPSIS 

When estimating ice pressure aga;nst hydraulic structures the action of 

large ice fioes drifung in the reservoir should be taken into account. The drift 

velocity is known to be generally proportional to the calculated wind velocity 

but the wind factor is not yet evaluated exactly. 

The paper analyses the conditions of ice fioe motion in the reservoir and 

describes the technique of drift velocity prectiction using the data on the rough

ness of the ice surface and on the percentage of the ice-covered surface of 

the reservoir. 

En evaluant la valeur de la pression de glace sur "ou"\,Tage il faut tenir 

compte de I'action d I un grand champ de glace en derive dans la retenue. nest 

bien connu que la vitesse de derive est proportionnelie a la vitesse calculee du 

vent, mais la valeur du facteur de vent n' est pas encore bien determin.:?e. 

Le rapport a nalyse les cor.eIi tions du mouv ement d' un - champ de glace 

dans "ecoulement e! decri! une methode qui penret de prevoir la vitesse de 

de'rive en fonction des conctitions locales - Ie pourcentage de la surface de re

lenue couverte de glace e! la rugosit" de ceUe-ci. 
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STATE OF THE PROBLEM 

When estimating the ice pressure against bridge piers or hydraulic s truc

Lures the action of large ice floes drifting in the reservoir should be taken into 

consideration. 

According to the published data r-rvailable /1, 2/ the steady motion velocity 

of ice fioes ( V ) is generally proportional to the calculated wind velocity ( 

and described by the formula 

v - Q.VJ ( 1) 

in which a. is the so-called wind factor. 

The investigations carried out by Shuleikin, Zubov, Gordienko, Vlasov et 

al. for both sea and river conditions yielded widely varying values of the wind 

factor (i.e. from 0.02 to 0.10) depending on the roughness of ice fioes, charac

ter of hummocks, reservoir depth and the pel'centage of ice-covered surface of 

the reservoir. A possible explanation to the fact may be that many investigators 

seem to proceed from separate field observations and do not analyse the phy

sics of the phenomenon adequately. 

STRUCTURE OF THE CALCULATING FORMULA 

The wind factor may be determined by the analysis of the physics of the 

phenomenon under study. 

Consider an ice fioe drifting in a lake or a reservoir in which the currents 

may be neglected. The wind acting on a rough surface of an ice fioe can impart 

some velocity to it. This velocity is constant when the force transmitted from the 

wind to the floe is equal to the force of the water flow resistance to the ice 

rrotion. 

It is known that the wind force transmitted Lo the ice Ooe is determined by 

the fonnula 

where C is the resistance coefficient, ..P '" lhe · air density, Q • the surf.ace w w 
area 	of a Ooe and VI = the wind velocity. 

On the other hand, the resistance force is equal to 

( 3) 

with f designating the co,;,fficient of the total resistance of water to the ice floe 

rrolion. 

For th,;, case of uniform steady motion 

P-R, 
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Itence 

v - J _C....:.,"-;:-P.::..._ 

i 
... 

and 

w(1- J C J\. 
t 

'Thus the \vind factor is dependent upon Ule correlation between the wind (JO\V 

friction across a rough floe surface and resistance of \vuter to ice drift. 

PRACTICAL CONCLUSIONS 

As the first approximation the drift velocity of an ice ([oe can be obtained 

from Eq.( 5) on the basis of the following assumptions: 

1. According to the cqnsiderations reported in /3,4/ the coelficient of total 

"''iter resistance the ice Ooe drill is approximated by the equation( t ) 10 

-2.5 

{-+[LS9 	+ i.65 ~(+)1 + O.O~S~ (7) 

,\here ::C, h = ice Ooe length and thickness, respectively; £ = height parame

ter of roughness . 

2. The product 

3. Compacted ice is expected to drift at " lower velocity, therefore the cal

culating formula is to inV(,lve the (actor ( . ~ ) I whose 'VCllue is less than unity. 

Then EQ.( 5) beco:nes 

v -	 ~ J C P'l W . 
( 8) 1


4. According to Soviet experience th? recommended value of the factor 

(~ 	 is 0.50-0.70 with the 75-50',(, ice-covere"! surface of the reservoir. 

In conclusio!1 it is ' of imorlance to note a need for Illore field observations. 

REFERENCES 
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3. 	K.N. Korzhavin, Ice action 0"1 engineering structures, Izd. AN SSSR, Novosi
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ICE SYMPOSIUM 1972 

LEN IN GRAD 

OBSERVATIONS ON THERMAL CRACKS IN LAKE ICE 

S. S. Lazier, Professor of Civil Engineering, Queen's University at Kingston, 

Ontario, Canada 
M. Metge, Research Assistant, Queen's University at Kingston, Ontario, Canada 

SYNOPSIS 

Three main types of cracks due to thermal contraction in lake ice are 

defined: wide cracks, narrow 'wet cracks, narrow dry cracks. The formation 

and behaviour of these various cracks is described. Wide cracks have been 

observed to produce a violent impact when they close and this could be a 

hazard to structures which are sensitive to impact loading. 

RESUME 

On definit trois principaux types de fissures dues a la 'contraction 

thermique de la glace de lac: Fissures larges, fissures ~troites mouillees, 

fissures ~troites seches. On decrit la formation et le comportement de ces 

differentes fissures. 

On a observe que les fissures larges produisent un impact nolent quand 

elles se ferment et cela pourrait ~tre un danger pour des constructions 

sensibles a l'impact. 
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1. INTRODUCTION 

The static thrust which an ice sheet may exert. on hydraulic and ex

tended structures due to changes in the temperature of the sheet is a 

hazard for which reliable and realistic design figures are not yet 

available. 

The occurrence of thermal thrust is explained by most experts as 

follows: tension cracks form in the ice sheet during a cold period, 

these cracks fill up with water which freezes, thus increasing the dimen

sions of the sheet; a subse~ent rise in temperature causes the ice to 

expand and exert a thrust at itB boundaries. This paper reports the 

authors' investigation of thiB process and their field observations of 

the formation and behaviour of thermal cracks in a fresh water ice sheet. 

Over the past three winters visual observations of thermal cracks 

have been made in Kingston harbour, Ontario, Canada. As well the move

ments across the cracks and acrOBS thermally induced pressure ridges have 

been recorded, along with other pertinent parameters such as temperature, 

solar radiation. etc. SampleB of typical cracks were cut from the ice 

sheet and thin sections were examined under polarized light. The fre

quency of crack formation was studied by implanting geophones into the 

ice. 

2. TYPES OF THE1lMAL CRACKS 

Close examination of individual cracks revealed that different kinds 

of cracks exist and each one behaves quite differently. The authors pro

pose to divide them into three main types: 

i) Wide cracks: more than 10 cm in width, extending to the bottom 

of the ice sheet 

ii) Narrow dry cracks: less than 2 cm in width. empty 

iii) Narrow wet cracks: less than 10 cm in width, filled with water 

or fine grained ice. 

2.1 WIDE CRACKS 

Wide cracks occur when the amount of contraction of the ice cover is 

very large. i.e. during very cold nights if there is no snow cover on the 

ice. At first many narrow cracks form, but with a succeeding drop in 

temperature some of these cracks open to the bottom and become lines of 

weaknes3 in the sheet. Further contraction is concentrated at these 

cracks and the authors have observed such cracks to be as wide as 20 em. 

The large volume of water in this type of crack cannot free~e completely 

during the night and as a result by morning a typical wide crack has 

taken the shape shown in figure 1. Several cracks of this type were 

observed during the winter of 1972. 

If, during the next day, the ice temperature rises, the thin bridge 
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Figure 1: Wide crack (distances in cm) 

of ice across the crack is put in compression and suddenly fails. The 

closure of these cracks produces a ~oud noise and a violent impact. 

Indeed, in one case the shock was sufficiently violent to shift the field 

office, a trailer, mounted on a rubble mound breakwater, several centi

meters. This experience agrees with observations elsewhere as reported 

by (1) a~ (2) who recorded shocks at seismic stationa located near 

frozen lakes, which could only be attributed to cracking of ice. 

Figure 2 shows typical experimental results associated with wide 

cracks. The frequency of cracking, movement across the crack and air 

temperature are plotted against time for a fifteen hour period, and a 

sample of the geophone out~t i s shown. 
r-~~~----------------------~ 

It will be noted that 

maximum cracking activity 

occurred while the temper

ature was rising and the 

ice sheet was expanding. 

There were t;,o sudden 

shifts, one at about 0930 

hours and the other at 

about 1130. The event at 

0930 hours corresponds to a 

large signal on the geo

phone trace which indicated 

a substantial impact. This 

type of occurrence could be 

a hazard to structures 

which are sensitive to 

impact loading, such as 
I Figure 2: Closure of a wide crack;

lightly constructed 

extended structures or even arch dams. To the author s ' knOWledge such 

a hazard has not been recognized ~efore. 
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4: Dry crack(distances in cm) I 

As noted in (2) wide cr!!.cks remain as lines of wealmess even after they 
have closed and may develop into pressure ridges if the ice is not too thick. 

The authors feel that this process starts when the two faces of the crack be

come misaligned, after failure, as shown in figure 1. Subsequently, expansion 

may force one side of the crack to push under the other, thus creating a pressure 

and the thickness of the ice. An example given in (3) shows that for an ice 

th'ickness of 30 cm and a surface temperature of _90 C, the spacing of the cracks 

should be 22 metres and at -3.50 C the spacing should be 25 metres, whilst the 

crack width should be about 0.6 cm. The authors observed, in 1972, narrOl< 

cracks which formed at .intervals of about 25 to 30 metres when the ice was about 

35 cm thick and at about the same temperature range as above. The average crack 

\·lidth was observed to be about 0.5 cm. It is interesting to note that a theory 

·Nhich ass~~es ice to be perfectly elastic gives such a good description of the 

cracking process. 

2.2.a NAHROW DRY CRACKS 

Cracks formed in the manner described above 

often do not fill with water because the crack is 

not propagated to the bottom of the ice sheet. 

Figure 4 shows the appear~,ce of such a crack 

taken from field observation in 1972. The presence 

of the shear planes at the bottom indicates 

that the under

~e 

\02 

ridge. 

Figure 3 shows the large movements 

which occurred across a pressure ridge at 

the authors' field station in 1971. 
2.2. NARROW CRACKS 

The theory of the formation of narrow 

cracks by bending, due to differential heat

ing of the ice cover, has been investigated 

This theory may be summarized as 

follows: During a cold night, the top of 

the ice cools, while the bottom remains at 

This causes the ice cover to curve 

upwards (like a bimetallic strip) until the 

moment due to the weight of the edges is so 

large that the sheet cracks. 

Part of this theory allows the spacing 

of narrow cracks and their width to be cal

culated, knowing the surface temperature 
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side of the ice sheet must have been in compression at some time. This 

may explain the curious phenomenon reported by several observers that ice 

seems to push toward shore during a drop in temperature. In figure 3 it 
may be seen that at midnight on 5 February and again on 6 February, while 

the air temperature was falling, the two sides of the ridge were pushing 

towards each other. This is an example of "ice push" during a drop in 

temperature. Providing that the crack stays dry, it will clo~e up when 

the temperature rises and little thrust will be exerted. Figure 5 shows 

the 

closed in a series 

small steps, not 

taneously. 

2.~.b. NARROW WET CRACKS 

If a narrO\, crack 

fills up with water Movement 
either because the 
sheet contracts further or because there are 

no constraints at its boundaries,a narrow wet 

crack is formed.The water that enters 

freezes very quickly,loosing its heat 

surrounding ice. Figure 6 shows a thin 

of such a crack seen through crossed 

It seems that because of its crystalline 

structure, this ice wedge withstands 

ession due to a rise in temperature 

next day.However it fails in tension dUring 

the next night. In this way the ice sheet is 

,progressively lengthened in the classical 

manner. In the Kingston 

cracks seem to occur wet crack 

only when the ice is relatively thin, i.e. less than 30 cm. 

3. THERMAL CRACKS AND PRESSURE RIDGES 

Detailed observations of the movements across thermally induced 

pressure ridges were made during the winters of 1971 and 1972, and these 

exhibited the same pattern. Pressure ridges started to form immediately 

after freeze-up, and at the same time narrow wet cracks were ohserved 

everywhere. The movement across the ridges was substantial, up to 50 cm 

in 12 hours, as shown in figure 3. Then during a thaw, the pressure 

ridges strengthened and "healed", and, after that, little movement was 

recorded. The only cracks that were observed to form after the "healing" 

of the pressure ridges were narrow dry cracks. 
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It could be postulated that narrow wet cracks and pressure ridges 

are interdependent phenomena. Pressure ridges relieve the restraint 

of the ice sheet and thus allow numerous wet cracks to form; in turn, 

this causes considerable lateral expansion of the sheet and consequently 

the pressure ridges grow. However, if . there are no pressure ridges the 

ice sheet is constrained and the narrow cracks do not fill up with water 

and there is little lateral expansion. 

Perhaps the interdependence of narrow ~;et cracks and pressure 

ridges, as observed by the authors, is a special case. However, if the 

hypothesis is correct, generally, it would mean that in thick ice sheets 

where pressure ridges cannot form, the lateral expansion of the sheet may 

not be great enough to cause significant forces. 

4. CONCLUSIONS 

The authors' observations and some analysis of past work lead to the 

following conclusions: 

1. The sudden failure at a wide crack during a rise in temperature 

may produce a large impact load on hydrauli.c and extended structures. 

2. Pressure ridges start to form at wide cracks due to misalignment 

after closure. 

3. The maximum potential for lateral expansion is likely to occur when 

the ice sheet is relatively thin and free from snow, su.ch that narrow 

wet thermal cracks form. 

4. Narrow wet thermal cracks and pressure ridges appear to be inter

dependent phenomena. 

5. It would appear that "ice push" can occur when the air temperature 

is dropping. 

The authors wish to acknowledge the encouragement of Dr. L. W. Gold 

and Dr. R. O. Ramseier and the support of the National Research Council 

of Canada for this work. 
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IC E SYMPOSIUM \972 

LENINGRAD 

ICE-DAM STUDIES ON MODELS 

Prof. B.V. Proskuryakov State H3drological Leningrad 
V.P. Berdennikov Institute U.S.S.R. 

SYNOPSIS 

'rhe report considers the modelling of the most typical for 
rivers of the U.S.S.H. ice-dams, Which are formed during the destruc
tion of ice-cover and while ice-reefing and ice push create accumu
lation of ice on river banks and in river channels. Indicators of 
mechanical similarity are proposed that enable modelling of ice-
dame of this type. Main requirements to materials for ice-dam modell
ing are formulated and an example of application of thia materi~ 
(ice substitute) is given. In particular, one of the initial pro
blems of ice-dam studies, i.e. evaluation of strength of ice in ice
dame under natural conditions, is solved. 

RESUME 

Dans Ie rapport sont exposees les etudes sur les mod~lea d'un 
type d'emblcle de glace Ie plus frequent sur les riviilres U.R.S.S. 
qui est forme pendant la destruction de la couverture de glace, 
quand les cretes de compression de glace creent l'accumulation des 
masses de glace sur les rives et Ie lit de la rivi~re. On propose 
une serie des indicateurs de la similitude mecanique, qui fait pos
sible les etudes des embAcles de ce type sur les modeles. Les exi
gences principals pour les materiaux des modeles sont formulees et 
l'applicatlon de ces materiaux Ie substitut de glace - est exposee. 
En particulier Ie probleme initial de la recherche du phenomene 
d'emblcle, c'eat-a-dire l'evsluation de la stabi lite d 'eolbacle dans 
les conditions naturellea est posee. 
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Ice-dams in rivers are formed sometimes by drifting of separate 
ice floes under the ice cover and their accumulation there. In other 
cases they are formed during the destruction of the whole ice cover 
when ice-reefing and ice push contribute to the accumulation of ice 
masses at some stretch of the river. The first type of ice-dams has 
been studied in models by B. Michel, E. Pariset, H. Kivisild and 
otners. 'rhe present report deals with the problems of modelling of 
the second type of ice-dams, which are called hummock ice-dams. 

The initial principle for establishment of mechanical similari
ty is that the ratio of temporary material resistance of the model 
and that of the modelled object must be equal to the ratio of geomet
rical dimensions of both, as well as equal to the ratio of the elas
tic moduli of materials of the model and of the object 0). In accor
dance with this principle, for the modelling of the destruction of 
ice cover on a large river it would be necessary to have eitber a 
model of a very large scale, or a very soft ice, which is unfeasib
le. 

In one of the previous papers 00) the following additional in
dicator of mechanical similarity was statedl 

m 6 mh ~ j (1) 

m: ·my 
where mG is the scale coefficient of temporary resistance, mh
scale coefficient of vertical dimensions, mt - is the same of 
horizontal dimensions and n1¥ is the same of volumetric weigth of 
the underlying medium. 

The use of equation (1) greately facilitates the development 
of a model with the scale acceptable within a laboratory. Neverthe
less, one should bear in mind that the ratio of temporary resistan
ces of the model and of the object must be 1:1000 or 1:100. The 
above-mentioned paper solves the problem of selection of the requi
red model material. 

The examination of force conditions of the hummock ice-dams 
leads to the separation of two subtypes, characterized by the ' ab
s ence or presence of contact between ice masses and river banks. 
I n the first case, for the increase of tension of ice-dam (d.G ) 
a t the length (X ), the following equation is valid. 

0( if" dde?=-~ . :.r (2) 

·) tavrov V.V. Deformatsia i prochnost Ida (Deformation and strength 
of ice). Gidrometeoizdat, Leningrad, 1969• 

•• ) Proskuryakov B.V., Berdennikov V.P. Metody modelnogo issledova
nya rasrushenia ledianogo pokrova. (Methods for the studying of 
~ce-cover destruction on models) Trudy G.G.I., v.192, 1971. 
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In the second case the equation is as follows: 

d<5 = (C<~- 2 _ ZG ~ 1- ) Clx 

Where ~ is the coefficient of ice-water friction, ~v - stream 
:velocity, h - thick~ess of ice-dam, 8 - river width, r - coeffi
cient of lateral pressure, t - coefficient of friction of ice along 
the banks. 

On the basis of equations (2) and (3) it is easy to derive 
indicators of similarly for both subtypes of ice-dams: 

mG' ·Il7h ~!11 f ·m"= i 
m;x·m . In t-v-

Whare mrx is the scale coefficient of friction at the "ice-water" 
boundary, rn if - the scale coefficient of stream veloci ty, m f 
the scale coefficient of lateral pressure and t is the scale 
coefficient of friction of ice against river banks. 

The study of hummock ice-dams on models becomes practicable 
when the scale coefficients (all but one) are known for one of the 
similarity indicators (1), (4), (5). Among themm6is most difficult 
for determination. Therefore, to solve the problem of strength cha
racteristics of ice, it is necessary to use the complex method, 
combining studies on models and field studies. 

In field conditions, when an ice floe is piled up along the 
rivp.r bank it usually crushes all along the bank line. The authors 
determined the distance ( en ) between the crack plane and the river 
·bank, and ice thickness (hn) as well on the Sukhona river at the 
beginCing of ice-dam formation in 1970. Experiments of destruction 
of ice floe made of model material (substitute of ice), were carried 
out and the values of distance (em) and thickness ( h m ) were 

obtained. em 
Thus, the scale coefficients me =:t:: and m h:-~rz were also 

determined from these measurements. The scale coefficient for 

field condi tions and for modelling is the same and equals mr= 1. 
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Substituting the known values of scale coefficients in equation (1), 
the authors determined rncf • 

It should be noted that temporary resistance of model material 
(~n7 ) is easily determined by experiment and, consequently, accord
ing to me!, = G'''J{; n the temporary resistance bn for field condition: 
may be found. At the beginning of ice-dam formation on the Sukhona 
river in 1970 the obtained value of Dnwas equal to 13 ton/m2• 

Con c Ius ion s 

1. 	The possibility of studies of hummock ice-dams on models has 
been demonstrated and preliminary experiments carried out. 

2. 	Similarity indicator for two subtypes of hummock ice-dams was 
proposed: for the case of the absence of contact of ice with 
river-banks (2) and for the case of contact of ice with river
banks 0). 

3. 	An example of studies on models for the determination of tempo
rary resistance of ice during ice-dam formation is demonstrated. 
For the ice on Sukhona river was found to be equal to 13 ton/m2• 

lOS 
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ICE FLOES VELOCITIES IN THE ST.LPl.WRENCE 
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SYNOPSIS 

For several years, the St.Lawrence Ship Channel has bee n conducting ice ob

servations on the 5t.Lawrence River, the purpose of which, in the early years, 

was to alleviate the dangers of inundations, always d menace in the periods of 

tha"\v. In the last few years, in a burst of energy , [urttler aroused by the promo

tion of winter navigation, the same organiza tion, with the collaboration of the Ice 

Mechanics Laboratory personnel of Laval University has carried out a numbe r of 

studies purposely designed to bette r understand the principles governing the for

mation and regime of the St.Lawrence River ice a s well as its physical properti e s. 

Studies start",d in 1970 on the movements of ice floes in tidal reaches. Further

more, a ne"W programme to determine the ice regime of the St.Lawrence Ri\l"er, be

tween Trois-Rivieres and Quebecy City was originated in 1972. This paper is in

te nded to e laborate o n the thechnique used to measure ice floe velocities from 

the Pierre Laporte and Laviolette bridges, respectively lcx:ated in Quebec City and 

Trois-Rivieres. Figure 1 

RESUME: 

Oepuis plusieurs annees, Ie Chenal Maritime du 5aint-Laur~nt proc~de ~ des re

lews concernant I' etat de la glace du Saint-Laurent dont Ie but p remier etait, 

initialeme nt, de prevenir les dangers d' inondaUons. Au cours des ans, Ce pr.o

. gramme rut sensiblemeht elargi du .tait de l'augme nlation conside"rable de la navi


gation d I hiver. Avec la collaboration du personnel du La.borato ire de Me'canique 


des Glaces de ] ' Univers ite' Laval, une ..tude systematique fut alors entreprise sur 

]a [ormation Ie regime et les proprietes mecaniques de La glace du Satnt-La.ure nt. 

Les mesures ayant trait au mouvement des gIru;ons dans 1a zone de maree com

prise entre Trois-Rivieres et l'Ue d I Orl~ans ant dehute' en 1970. Ce programme 

est maintenant poursuivi par des relews dont Ie but est de d~terminer Ie reg ime 

d e s· g1ac <o s du Saint-Laurent entre Trois-Rivi:'res et Que-bec. Le texte prese nte 

les grandes lignes de la m~thode uti1is~e pour mesurer Jes vitesses des g.ki cy ons 

obser..res depuis les ponts Pierre La.porte e t wvioleUe respectlvcme nt situ';s ~1 
Qu~bec et Trois-Rivieres. Figure 1 
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INl'OODOCTlOO 

Evacuation rate of drifting iee COlld be obtained in several different ways, 

of ...nich sare are: by transits cawenientiy located 00 tre shore, fran aerial ph0

tographs taken fran a helicopter or an airplane and fran a canera fixed 00 a bridge 

fran which two oblique photographs can te taken at a Kna./l1 interval of tilre. For 

this study, tre latter rrethcd has teen selected for obvious reasons, of which, prac

tically, reliability and eccncmy loIere given IID5t inportant coosideratian. Further

oore, this rrethod is extrerrely accurate as tre stations are fixed throughout tre 

winter and tre interpretation is rrade 00 as rrany ice flees as desired because tre 

sUIVey can bEi done without frequent interruptioos due to bad ~trer. 

INSTALlATIOO AND P~ 

Perrranent steel plates \IIere fastened horizootally to the bridge structure by 

rreans of U-bolts (figure 2a). A wooden cover fixed to the steel plate can swing a

round its hinges, thus keeping tre working surfaoe free of iee and snew. A 35 IlI1\ 

Nikcn carrera was fixed perrranently on a portable ~ of steel cau;tructioo, tre 

base of which could perfectly rrate tre horizootal steel plate secured to tre bridge 

structure (figure 2b). Accurate rrating of both plates was assured by dowel pins. 

'!he shooting angle of the canera was pre-adjusted with tre aid of a sinple rotating 

plate hinged to tre portable ~, and locked in plaoe with wing nuts. '!he q>e

rating rrethods was as foll~: after walking to each statioo (three 00 ,the Pierre 

Laporte bridge and two on the Laviolette bridge, refer to figure 3) tre carreraman 

only had to replace tre wooden cover of that particular station by his carrera as

sembly and secure it in place with speed nuts. Two photographs \IIere then taken, 

recording tre tine interval (figures 2c and 2d). '!he iee coverage 00 ,the river at 

that particular instant was also recorded, either in writing or with a carefully 

oriented snapshot, thus carpleting the cycle which was repeated at regular inter

vals during the day. 

FI.(E DISPIJICEZ>!ENT CGlPl1rATlOO 

A profile view of both bridges of interest is shewn in fiqure 3. '1he field 

of view of the negative is limited by tre lenths XX' and yy. in figures 3 and 4. 

The distance travelled by an ice floe is obtained fran sinple rratheitatical relation

ships deduced fran figure 4a and the design characteristics of the photographic 

equiprent. The final result is: 

2L ~ H1. sec 0. (1) 
f(l - ~ tan 0.) (1 - ~ tan a)

f ' f 

where L is the distance travelled by the ice floe, H is the height of the carrera 

lens above the water level, 0. is tre shooting angle of the carrera, f is the focal 

length, a and a' are the distances travelled by the ice floe at tilres tl and t2 as 

scaled fran XX' (refer to figure 4b), a and a' being positive or negative ac=rding 

to whether they are rreasured d=tream or upstream of the bis--"'Ct.or XX', and 1. is 

the scaled distance travelled by the ice floe be~ tines tl and t 
2

. 
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Tre rrethed by equation (1) is laborious as each negative has to l:e printed 

following a sequence which allows each photograph to l:e chronologically identified. 

It is therefore extrerrely advantageous to project the negatives on a screen enlar

ged to a convenient size. Figure 5 shows a scherratic of the screen enlarged 28. '2 

'tirres and calibrated in feet along the IT' axis. This graduated screen direCtly 

gives the distance travelled by a drifting ice floe. The calibration is obtained 

fran elenentary rmtheIratical rmnipulation, using equation 1 and the enlargerrent ra

tio hs/hn, where hs and hn are respectively the heights IT' of the screen and of 

the regative. 

'lhe final result is: 

y 
s 
~ 

H ~ 

;: Lf hs/hn 

H tan2~ ± L tan a 
(2) 

where y s is a rreasured distance along the IT' axis of the screen. L is positive 

or negative according to whether it is taken above or l:ela. XX'. 

DISCH]IR;E CF IOlING ICE 

Tre total discharge I of floating ice can l:e obtained fran a formula of the 

type: m 
1= ? n; v, h /', B 

i,O 1 1. i 

where n is the coverage percentage of ice considered in a strip of width /', Bi (fi
i 

gire 3) , viand h are the average velocities and thicknesses of the drifting ice 

floes of that strip. For this study, the ,river width has been divided into 3 strips 

at the Pierre Laporte bridge and into 2 strips at the Laviolette bridge (figure 3). 

Photographs is taken every two hoors at Trois-RiviEires and each hour at the ouetec 
site where tidal ITDtion exists. 

CCN::llJSlOO 

The technique described to determine the ice floe velocities in the St.Law

renee River fran oblique pictures taken fran bridges has been used successfully du

ring the winter 1972. The cost of such an installation is less than $1,000.00 and 

there is no need to print the negatives as ti1ey are directly projected 00 a screen. 

Tre data obtained fran such a survey can l:e used for rmny PJIPOSes such as the for

mation of ice jams, the ioe discharge of a river and the calibration of a hydraulic 

rocdel taking into account the ice ITDverrent during tides. 

1- Kuznetsov, A.!. (1955)- "Methed of measuring the arrount of ice passing a given 
point (text in Russian) Meteorologiia i Gidrologiia, No.2, pp. 42-44. 

2- Michel, B. (1971) - ''Winter regirre of rivers and lakes". Corps of Engineers, 
U.S. Army, Hanover, New Hanpshire, AD 724 121, W. 12-14. 
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Pi.", L...apot1e brtdif)e 

FIGURE 1-THE ST.-LAWRENCE RIVER 



( a) 

FIGURE 2a- A view of the perrranent steel plate fixed on the bridge side

"""lk ann. 

FIGlRE 2b- A view of the cal1'Era fixed on the support. 

( c) ( d) 

FIGURES 2c AND ·2d- Pictures taken [rom the Pierre Laporte bridge at an 

interval of 33 seconds. 
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ICE SY MPOSIUM 197'2 

LENINGRAD 

ICE PASSAGE THROUGH HYDRAULIC STRUCTURES 

(FIELD OBSERVATION DATA) 

:oren' kov V.A., M. Sc. (Eng.', The B.E. Vedeneev All- Krasnoyarsk 

Sr. Res. Offr. Union Research Institute U.S.S.R. 

of Hydraulic Engineering, 

the Siberian Branch 

SYNOPSIS 

On the basis ,of dimensional analysis recommendations are developed on 

.Iving some problems related to ice passage through hydraulic structures: viz. 

, choice of an appropriate width of river channel restrictrns and that of spans 

the ice control facilities as well as the definition of the minimum head on the 

te over whiCh ice is passed and determination of mean flow velocities causing 

nporary stops of ice floes in front of structures. 

RESUME 

En utiJisant la m~thode des dimensions J' auteur donne les recommandalions 

r la t':solulion de quelques probl~mes rela~ifs ~ l' evasuation de 1a gla ce par 

ouvrages hydrauliques: dimensionnement des lronc;ons relrecis des lits et 

~geur des pertuis d' evacuation de g13ce, charge rninimale sur les vannes par

s sus desqueUes est evacue'e la glace. d~[jnition des vitesses mQyennes de 

k oulement lors de llarr·it provis~ire de 1a gJace devant l' ouvrage. 
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'N.:J.tcr f.>ower dE'veioplllC'nl on most rivers in the U.S.S.R. has to take into 

a ccount the problerns of ice pdssage. 

Icc phenomena being very complicllted, the proce ss o f i c~~ passage through 

hydriJiUUC ~tn~ctures has not been yet described by a system of equations while 

laboratory investigations ruso present rna.ny difficulties. Under such condi tions 

s umma rizing field observation della acquires a vital significancp. Of particular im

portGl nce a re the observation results on pc;tssinq ice throug h the structures of 

hydro pO\\'0.r pklnts und~r c onstruction and in open:ition o n the Siberian rivers, 

\\hich a. rc notorious for rn~ssive movement of ice during spring breuk -ups./l,2/. 

Fi e ld obc,srvation can be consi dered as a kind of modelling which does no 

interfe re w ith the process under study. Observation data dre to be treated with 

the help of dimensionless criteria of similarity. [n the p-", per the quantity and the 

structure of lhe similarity criteria c haracteristic to the process of ice passag e 

was established using dimensional analysis. /3/. 

D e t e r m i n a t i 0 n 0 a r e s t r i c t e d r i v r" 
c h a n n e I w i d t h ~ w i h h e p a s s a g e 0 f 

r 
i c e i e I d s t a 1< e n i n t 0 a c c 0 u n \Nhen an ice fi el< 

greater in width than the restricted c hannel appro.:'lches the restriction it will eith 

pn ss or stop at the entrance to the restricti on . The field obsen.ra lion datu on ter 

pordry stops of ice fields ( Fig. 1) are treated with the a id of the foll owing simi

larity <>quation 2 

( L.~)
h Ryl , 

Fig. 1. Field observation data on stops of ice fields 

at the entrance" to river channel restrictions: 

1-4 - the Krasnoyarsk power plant dam, 

1961-1965; 

5 - state Regional Power Plant-2 dam., 

1969; 

6 - the Ust-Khantaika power plant dam, 

1969; 


7 - the Sayano-Shushenskaya power plant 


dam, 1970. 


( 1) 

L vi Ti 
7i Rb If 

1.5 

1.0 

0.5 

J 

i 2 
~J 

[) 6~ 
~ 
!k 
B 

0.5 

/1/ Sokolniko ff N.M., Passing ice thro'~gh the structures of hydro power .plants 

under construction in Siberia . Ice Symposium 1970, Reykjavik. 

/2/ K o ren' kov V.A., Fi e ld observa tion r esults on passage of ice through the 

tures of the Krasnoyarsk power plant. Gidrotekhnicheskoye Sfroitel t stvo 

N 7. 

/3/ Venikov W.A., Application of the theory of similitude a nd modelting to the 

blems of power development. Izd. Vysshaya shkola, Moskva, 1966. 

p 
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With varying from 0.3 to 0.6 Eq.( 1) has the (orm:t../B 
2 

~ 	 ( 2) 0.72 B(1 - DJ5 + V, . r; 
B Rl~ 

where VL - velocity o( ice floes approaching the res

~triction; width o( river channel upstream from the restriction;B- L wi d th 

o( ice fields approaching the restriction; ~ = acceleration o( gravity; h-
ice thickness; = cross-breaking strength of ice determined on cantileverR, 
ice s pecimens of hlCh cross-section and 3h length tested under a dow n

W3.rd destn.lctive (orce; t ~ "",Iume weight o( ice. 

In our research Rg was established by Ueld investigations per(ormed by 

the moment o( ice passage. When these data are not available R! w as c a l-

c ulated from the prognostic equations /4/. 

The straight line divides Figure 1 into two areas: the upper area corres 

ponds to the conditions of successlul passage o( ice, while the lower one to 

the conditions of long stops oC ice fields before restriclion enlranceG. 

0 e t e r m n a t i 0 n 0 f h e wi d t h 0 f i c e 

c 0 n r 0 ( a c i I i t Y s P a n s tr ) w i t h b r 0 I< n'" 
s h e e t c e p a s s a g e t a k e n i n t 0 a c c 0 u n I 

'Nhen an ice floe of width ~ greate~ than the s pan but less than h:'lO spi1n9 

approaches an ice control facility it will either pas s or stop in front of thf;' ~pi1 n · 

depending on certain conditions. 

The field observation data on. short-term stops o( ic: ;e floe s (Fig. 2) Ore 

treated with the aid of tne following siI"ilarity equation: 

j\bll'i 

( 3 ) 

Fig. 2. 	 Field ooservation data on stops of 

ice floes be(ore the ice control (a 0.8 

ci/ity s pans. Q6 
1 - the Bratsk powe r plant, 1960; 

2 - the Krasnoyars k power plant, 

(15 m span), 1963; 

3 -5 - the Krasnoyarsk power plant, 

fib 

10\ 2 

" UZ 

Lg-,,- ~ 
1964-1966 . 	 o0.04 0.080.12 0.16 0.20 

/4/ Koren'kov V.A ~xperimen~ research findings on dccredse of rive r i c e 

strength in spring. Ice Symposium, 1970, Reykjavik. 
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The curve in Fig. 2 makes it possible to derive the equation for t,: 

0.017 R, . L . Q 

V,2 f, 

The upper part of Fig. 2 is the area of reliable ,be values. Equation (4) 


is valid under the following single-valued conditions: the ice !Ioes ap;:>roaching 


the spans are 0.5-1.2 m thick, almost square in plan and b, " t <. 2 t, 

ti1e ice Does start moving under the impact of other .Does; the drop-do\vn curve. 

before the piers is insufficient fo~ breaking ice; the pier heads 10 m wide are 

.streamlined. 

Determ n a ion o mea n low veJocit e s 

w h c h h e ice can b e stopped 

n fro n o lee contro facilit.ies During 

the spring break-up at certain mean flow velocities ice accumulates in the vici 

rity of ice control facilities. 

Field observation data on temporary stops of ice !Ices (Fig. 3) calculated 

from lhe following equation of similitude: 

( 5) 

enabled m 10 be found asV 

( 6)v- 1'3j
Ol 

Fig. J. Field observation data on tem

porary stops of ice !Ioes in front r8/'-:-:'/{f-b-.--_.----.--_,--, 
160 . 1 of stn.;.ctures. 

1-4 - the Krasnoyarsk power 


plant, 1964 -1967; 


5 - the Vuyui power plant, 


1965; o 0.02 0.04 
6 - the Novosibirsk power 


plant, 1957; 


7":0 - the Dratsk power plant, 


1960-1961. 
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Eq.( 6) is valid for the conditions when one-li;l.yered ice floes not connect

ed with the banks and commensurable to the river channel in width approach 

. the dam along a str-aight reach of ( 10-15) B . Ice floes may exert pressure on 

structures or banks. The relationship of the ice thickness versus the water 

depth before the dam varies within the range of 0.015-0.10. 

Ice floes can be slopped at values of V... lower than thos'e found (rom 

Eq.( 6). 

Determ nation o f the m n mum ., e a d 

for ice passage o v e r s p I I wayH",;,., 
gat e s In some cases the ice is passed over the gates closing spillway 

spans. 

Laboratory and field investigation data (Fig. 4) treated with the aid of the 

relation 

( 7) 

yield the formula w hich allows to calculate the minimum water head on th", gates 

ensuring the impact-free passage of ice. 

It acquires the following form: 

H - 0.9 h .. k.·c 

where K. - dimensionless coefficient whose values for the vertical-lift gate are 

tabulated below; C - length o f ice floes passing through the spitlway spans. 

Fig. 4. Generalized diagram 

for the choice of 
7 

K-values. 6 

5 
If 
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Values of K -coefficient Cor various shapes of gate head 

Shape of gate head K -values 

Rectangular 0.224 

Tria ngular with angle of 15° 0.178 

30° 0.155 

45° 0.152 

Trapez oidal with angle of 30° 0.211 

45° 0.172 

60° 0.172 

The data obtained by the author are in close agreement with those receiv

ed in Poland for gates with Krieger heads 15/. 

j;-,/ Manthey Tadeusz, Bodanie warumkow przepuszczania kry lodowej ponad 

zasuwa jazowa. Rozpr. hydrotechn., 1964. N 15. 
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LENINGRAD 

FIELD ' IMPLICATIONS OF THE FORMATION OF 

ICE RIPPLES 

George D. Ashton, U.S. A .rmy Cold Regions Research and Hanover, 

Hydrologist' Engineering Laboratory, 'New Hamp

shire, U.S.A. 

SYNOPSIS 

The results of a recent experimental and analytical study are used to 

predict the conditions under which ice ripples form on the underside of river 

ice covers. A relationship bet-en the wavelength of the ripples and thso flow 

velocity is proposed and compared with existing field data. The effect 01 !low 

depths on the wavelength - velocity relationship is examined and found to be 

small. 

• 
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INTRODUCTION 
lThe results of a recent experimental and analytical study of ice ripples 

which form on the underside of river ice covers provide a basis for evaluating 

certain effects resulting from their formation. The purpose of this paper is to 

provide themeans by which the occurrence of ice ripples may be predicted from 

knowledge of thermal and hydraulic characteristics of a river. Attention is 

centered on the behavior of the ice cover in the absence of frazil in the flow. 

Implications with regard to the initial appearance of ice ripples, their wave

lengths, effects of air and water temperatures, and heat transfer characteristics 

are discussed. 

THEORETICAL BASIS 

The appearance of ice ripples on the underside of river ice covers is a quite 

common occurrence although there have been but few detailed studies of their 

occurrence and behavior. The most detailed of these have been the studies reported 
~ 6 7by Carey2,3,4, by Larsen' , and by Ashton and Kennedyl, The latter l recently 

presented an analytical model for the initial onset and development of ice ripples 

which results in a stability criterion for an initially plane interface of the 

form 

> +1 unstable 
Bl cos ~ = +1 neutrally stable (1) 

< +1 stable 

wherein is the mean heat transfer rate to a plane ice-water interface, qi is 

the mean heat transfer rate into the ice at the , ~nterface, ~ is the mean thickness 

of the ice cover, L is the wavelength of the ripple features, Bl is a local 

amplification coefficient and 0 is an angular phase shift of ~ relatiye to a 

sinusoidal interface. Over a range of flow temperatures and velocities (and 

wavelengths since L depends upon the fl.ow velOCity) the product Bl cos 0 was 

found to have a value of about -13.~. 

FIELD EVALUAlION OF THE STABILITY CRITERION 

Direct application to field situations of the stability criterion requires a 

lAshton, G. D., and Kennedy, J. F., 1971, Ice Ripples on the Underside of River 
Ice Covers, submitted to ASCE Jl. Hydraulics Division. 

2Carey, K. L., 1966, Observed Configuration and Computed Roughness of the Under
side of River Ice, St. Croix River, Wisconsin, U. S. Geological Survey Prof. 
Paper ~50-B, pp. B192-B198. 

3Carey, K. L., 1967a, Analytical Approaches to Computation of Discharge of an Ice-' 
Covered Stream, U. S. Geological Survey Prof. Paper 575-C, pp. C200-C207. 

4Carey, K. L., 1967b, The Underside of River Ice, St., Croix River, Wisconsin, 
U. S. Geological Survey Prof. Paper 575-C, pp. C198-C199. 

5Larsen, P. A., 1969, Head Losses Caused by an Ice Cover on Open Channels, Jl.
Boston Society Civil Engineers, Vol. 56, No.1, pp. 45-67. 

6Larsen, P. A., 1971, On Hydraulic Roughness of Ice Covers, paper presented at 
19th Annual Hydraulics Division Specialty Conference, Iowa City, Iowa, August 1971. 

7Ashton, G. D." and Kennedy, J. F., 1970, Temperature and Flow Conditions During 
the Formation of River Ice, IAHR Ice Symposium, Reykjavik, paper 1.2. 
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knowledge of the component quantities ~, ~, qi' and L, By means of certain 

approximations an equivalent stability criterion may be derived in terms of the 

air temperature Ta' the water 	temperature T=, the mean velocity U and depth D of 

the flow, the thickness of the ice cover and properties of water and ice. 

The heat transfer ~ to the ice from the flow may be estimated using one of 

· the empirical . relationships developed for pipe flow. One such relationshipS is 

of the form 

Nu (2) 

wherein Nu = ~R/[T", - Tm)kwl is the Nusselt number, Re = ~/~ is the Reynolds 

number, and Pr = ~Cp/kw is the Prandtl number of the flow. Herein ~ ;s the 

dynamic Viscosity, C is the specific heat, p is the water density, kw is the p 

thermal conductivity, Tm is the melting pOint of ice and R is the hydraulic 


radius. The constant C is approximately 0.017, and for water near the freezingl 
point Pr = 13.6. 

The beat transfer qi into the ice at the ice-water interface may be estimated 

on the basis of steady-state heat conduction through a two-layered media (ice and 

snow) by 

-(T - Ta)m 
(3 )

'rl; '\ 
k.+k 

1 S 

where \ and "\ are the ice and snow thicknesses, respectively, and k and ks are
i 

the ice and snow thermal conductivities, respectively. For pure ice, k
il2.24 W mol deg- while for dry snow ks depends largely upon the density. A 

summary 	of a number of investigations of the relationship between ks and snow 
9density is presented by Mellor

The thickness ~ may be obtained by measurement, by empirical formulas for 
lO

prediction of the ice thickness such as those described by Michel , or by 

comparison with previous records for the same site. 

The characteristic wavelength L of ice ripples was related to the velocity of 
lthe flow by an empirical expression of the form

L = 0.09 + 0.29/U (m - sec units) (4) 

and to be consistent wi·th field observations. Equation 4 does not take into 

account flow depth effects which, while thought to be small, are expected to be 

present. In an attempt to evaluate depth effects as well as determine a non

dimensional relationship between L, R, and U, the laboratory data of Ashton and 

Kennedyl together with all available field data are plotted in Figure I in the 

8Rohsenow, W. M., and Choi, H. Y., 1961, Heat, Mass and Momentum Transfer, Prentice-
HaLl, New Jersey, pp. 192-196. 

9Mellor, M., 1964, Properties of Snow, USACRREL Monograph III-AI. 

10Michel, B., 1971, Winter Regime of Rivers and Lakes, USACRREL Monograph III-Bla . 

lop. cit. 
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form L/R ~ f(UL/v) and in Figure 2 in the form L/R = f(UR/v). The hydraulic 

radius R was taken as the depth of flow in the open-channel laboratory experiments, 

as one-half the local effective flow depth for field data when local va l.ues of U 

and depth were available, and otherwise as the cross section R. These latter 

points are plotted as "open" points (St. Croix River, Kilforsen and Alvkarleby 

Canals). In Figure the data are reasonably represented by 

b. = 
R 

C 
C (UL)

2 \ v 
(5) 

where the line drawn corresponds to C2 4 x 10 19 and C -4. In Figure 2 the data 

are reasonably represented by 

b. 
R 

(6) 

and the line corresponds to C = 8400 and a = -0.8. In both cases the scatter of3 
the data prevents accurate determination of the exponents in (5) and (6). Features 

similar in appearance to ice ripples have been observed to form at ablating 

plaster-water and limestone-water interfaces, and at air-ice interfaces. For these 

features it has been suggested on the basis of dimensional analysis that the length 
ll l2Reynolds number (UL/v) is a universal constant (Curl , 81umberg ) with a value 

4of about 2.5 x 10 . For ice-water interfaces the length Reynolds number is 

somewhat larger (see Fig. 1) and there appears to be some influence of . the depth. 

The effect of depth, in either case, is small and estimated to be about La: DO. 2 

Similarly the effect of velocity may be estimated to be about L cc u-O. 8 . These 

particular values are similar to the effect. of depth on heat and mass transfer 

rates although the data exhibit too much scatter to offer more than a . suggestion 

of the trend of depth effects. Additional measurements on deep fast-flowing 

canals such as reported by LarsenS would aid in defining ~his trend . 

As the ~ term in the numerator of (1) arises from an analysis in which only 

a single layer of ice was considered in the heat conduction model the . criterion 

should be modified for the case of a snow cover. This may be done by defining 

an "equivalent ice thickness", 11", which represents the thermal resistance of the 

combined snow and ice cover. This equivalent ice thickness is then given by 

k
i 

(7)~ + it \ 
s 

Substitution of (7) for ~, (3) for qi' use of (2) to evaluate ~, and (6) to 

evaluate L, results in the following alternate form of the stability criterion 

given by (1): 

llcurl, R. L., 1966, Scallops and Flutes, Trans. Cave Res. Group of Great Britain, 
Vol. 7, No.2, pp. 121-'.60. 

12Blumberg, P. N., 1970, Flutes: A Study of Stable, Periodic Dissolution Profiles 
Resulting from the Interaction of a Soluble Surface and an Adjacent Turbulent 
Flow, Ph. D.. thesis, University of Michigan, Ann Arbor, Michigan. 

Sop. cit. 
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T\ 2 0.8 - a > +1 unstable 
\~) = +1 neutral (8);r

e 

< +1 stable 

In application of (8) it is noted that when Ta is greater than O°C there is no 

"flux of h~at through the ice cover and the parameter (Tm - Ta) should be takep as 

. zero; correspondingly ~ becomes infinite, i.e., in this case the undersurface of 

the ice cover is inherently unstable if there is a finite rate of heat transfer to 

the ice-water interface. Similarly, if the flow temperature is at or below QOC· 

the parameter (Too - Tm) should be taken as zero and corresponds to an inherently 

stable ice-water interface since the instability requires a finite (although 

small) heat transfer to the ice-water interface. 

As a practical matter even very small water temperatures yield values of ~ 

greater than unity. Equation (8) may be written in more compact form by sub

stitution of the following constants: 

Pr 13.6 C = 0.017 C = 8400 Bl 'cos ~ -13.5 a -0 . 8 l 3-1 -1
k. 	 2.24 W m deg (pure ice)


1 
-1
k 0.54 W m deg-1 (water at 0° C)

w 
Equation (8) becomes: 

2 " 6 
-5 Too T\, UR 1. > +1 unstable 

~ = 1. 87 x 10 = +1 neutral (9)T -2 \-;;) 
a R < +1 stable 

We choose as example conditions: 

~ = Tl; = 0.20 m (snow free cover assumed) 

u 0.30 m s-l T 
a 


R 0.50 m (total flow depth = 1 m) 


For these conditions the temperature corresponding to neutral stability is 

calculated, using Eq. 8, to be Too = O.o4°C. For a thicker ice cover the "critical" 

Tro will be reduced proportionately to the thickness squared. 

Of even more significance is the effect of even a small thickness of snow 
3 cover. As an example, a 50mm snow cover of density 0 . 3 kg m- , with a 

corresponding estimated ks = 0.29 W m -1 deg- l , increases the equivalent ice 

thickness to 0.58 m and resul ts in a "critical " water temperature, for the above 

conditions, of O.OOSoC. While the calculations presented above are based on 

very simplified heat transfer models they do indicate the very small above

freezing water temperatures which may result in the formation of a wavy re"lief 

pattern on the underside of a river ice cover, 
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SYNOPSIS 

A s pectral study of the snow and ice topography on a multi-yea r ice fioe 

has shown that the snow cover, although a ttenua.ting the roughness amplitude of 

the ice su::face, does not cover it completely. In general the snow surface vari

ance is lower by d factor of 1/3 to 1/4 as compared to the ice surface variance. 

The correlu tior) between snow and ice surface roughness is highly significant (or 

long wClve lengths ( ) 8 m), but fails to be s ig niUcant for short wavele n g ths ( < 4m) . 

These results agree with what might be expected intuitively in that Icing wave

length variations •.,re not ,."asked appreciably while short wavelength variations 

are well hidd£>n. Although the ice sheet as ·a w hole is in free-Goaling; lsust.a.tic 

equilibrium, pronounced local d e viations from isostatic equilibrium are common. 

The trend is for ice drafts to deviate more than expected from isostacy for thin 

ice and less than expected for thick ice. Estimates a re also made of the number 

of ice thickness measurements required to obtain the mean thickness of the multi

year fioe to any specified accuracy. 
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INTRODUCTION 

Little work has been done on the correlation between the roughness of the 

,upper and lower ice surfaces of sea ice. At first thought this might appear 

rather surprising inasmuch as the surface roughness is important in controlling 

the wind and the water drag exerted on the ice. However, there is still no 

indirect method of determining the thickness of sea ice, much less a method of 

doing this remotely as a continuous profile. Drilling is, of course, time 

consuming and tiring, but is virtually the only means of determining freeboard 

and draft at a point . Present observations on ridging in first year ice suggest 

that although lack of local isostatic equilibrium is common, a good overall 

correlation between top and bcrttom rrughness is to be expected. Whether this is 

generally true for multi-year ice has not been previously studied. 

The following is a prel iminary l'ook at the freeboard to draft correlation 

problem in multi-year ice. In addition a study of the relation between the snow 

surface and the true ice surface of the multi-year floe was completed; This is 

of interest because remote sensing techniques using laser profilometry record 

the elevation of the snow surface and not the true ice surface. 

2


The study site was part of a multi - year floe approximately 5 km in area, 

located in the Beaufort Sea at the site of the 1971 AIDJEX pilot study abcrut 

550 km north of Tuktoyaktuk, N.W. T. The exact study a'rea is ' shown in Figure 1, 

an aerial photograph taken by NASA on 11 March 1971. At the time when this 

picture was taken the ' ice surface was effectively scoured free of the snow that 

is shown in Figure 2. The structure of the large multi-year pressure ridge on 

the right portion of the figure was also studied and is the subject of another 

paperl . The differences in roughness between first- and multi-year ice are quite 

evident from the "freckled" appearance of the' multi-year lce as, shown in the 

figure compared to the smooth first-year ice whose surface is marked only by 

snowdrift features . 

Figure 2 shows cross-sectional views of the five elevation profiles that 

were studied. The snow depth and the ice elevation above sea level were deter

mined at 1 meter intervals along each profile by leveling. In addition ice 

thicknesses were determined by drilling at 31 locations. The figure clearly 

shows the undulating topography characteristic of multi-year Poes . 

RESULTS 

Snow Surface - Ice Surface Correlations 

In much remo,te sensing data, in particular in laser profiles and digitized 

roughness plots made from aerial photographs, the surface of the snow is "seen" 

rather than the true ice surface. It was apparent by observation at the study 

site that after a storm, snow drifting could change the effective surface 

sampled by remote sensing. From a visual examination of the profiles shown in 

lKovacs, A., Weeks, W. F., Ackley, S. and Hibler, W. D. (1972), A study of a 

multi-year pressure ridge in the Beaufort Sea. AIDJEX Bulletin 12, 17-28. 
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Figure 2 it initially appears that the snow covers up much of the interesting 

roughness. A more detailed examination of the surface roughness indicates that 

this may not be the case. Figure 3 shows both snow and ice spectra along all 

profiles. The spectra were calculated using a Hamming spectral window and a 

m.aximum wave number of 50. The confidence limits are indicated. Computat ional 

detail and a discus.sion of the particular interpretation of the power spectra of 

sea ice can be found in Blackman and Tukey (1958)2 and Hibler and LeSchack (1972)3 

respectively. For our analysis here, the spectra may be considered a plot of the 

amount of variance or roughness versus the'frequency or wavelength of the rough

ness. The plots shown in Figure 4 are normalized to the total variance so that 

the area under the spectral curve in any given frequ.ency band gives the total 

variance or mean square roughness in that region. 

From Figure 3 we see that as expected the spectral components for the snow 

surface are generally all smaller by a factor of 1/3 to 1/4 than the spectral 

components of the ice surface. This means that the roughness has been smoothed 
4

out and consequentl.y wind stress measurements might be expected to change as the 

snow cover shifts . Taking the square root of the variance to·be some measure of 

the mean roughness height we see that a factor of 2 variation in the mean rough

ness height can easily be caused by shifts ·in the snow cover. 

The other point obvious from Figure 3 is that the general shapes of the sno~ 

surface and ice surface spectra are much the same for the same profile, with many 

of the same spectral peaks occurring in the snow surface spectrum as in the ice 

surface spectrum. These peaks indicate that the snow cover, although attenuating 

the amplitude of theke surface, does so in such a way that the dominant 

spectral components, especially at low frequencies, are still observable. 

To obtain a more quantitative analysis of how well the snow surface 

correlates with the ice surface at different frequencies, we passed three band 

pass filters over the parallel snow and ice profiles A'-A', B'-B' and C'-C', and 

plotted up the results. This procedure has the advantage of indicating at what 

position correlation takes place. We also calculated the correlation coefficient 

between snow and ice profiles for each band passed result. When determining the 

degrees of freedom for calculating the significance of the correlation coefficient 

for a band pass filtered profile, the total number of data points is multiplied 

by the fraction of the spectrum filtered. The frequency response of the filters 

(less than 1% side lobe errors in all cases) together with the average correlation 

coefficient for each frequency band is given in Figure 4. The 10% significance 

2Blackman, R. B. and Tukey, J. W. (1958). The Measurement of Power Spectra. 

Dover Publications, New York ·, 190 pp. 


3uibler, W. D. and LeSchack, L. (1972). Power Spectrum analysis of undersea and 
surface sea ice ridge profiles. Journal Glaciology (in press). 

4aanke, E. G. and Smith, S. D. (1971). Wind stress over ice and over water in the 
Beaufort Sea. Journ. Geophys. Research 76 {30), 7368-7374. 
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level for the correlation coefficient (using 16 degr.ees of freedom) is given by 

the dotted line. The plot clearly indicates the stronger correlation for wave

lengths longer than 8 m. In fact the , average correlation coefficient for the 

lowest frequency band is .80 which is greater than the average total correlation 

coefficient (for all frequencies) of . 72. 

The filtered profiles for each of the three pass bands together with the 

unfiltered results are given in Figure 5. These plots qualitatively give the 

same results indicated by the correlation coefficients, namely that wavelengths 

longer than about 8 meters are well correlated whereas shorter wavelengths have a 

poorer correlation. In summary the quantitative results suggest that as a rule of 

thumb 8 m is the demarcation wavelength with shorter wavelength variation in the 

ice surface being masked by the snow cover while the longer wavelength components 

are not strongly affected. 

Both before and after these measurements were made, high winds blew away 

much of the snow cover. Consequently, the resulting surface roughness spectrum 

changed to one more nearly approaching the true ice surface. The spectra plotted 

in this paper give some indication of the limits of the surface roughness spectrum 

expected due to such changing conditions. 

The spectra of the true ice surface also indicated a dominant low frequenc y 

spectral peak at a wavelength of about 30 m which persisted on parallel profile s . 

We feel this peak is representative of melt hummock spacings for the region 

analyzed. The low frequency peak did shift as the profile direction was changed 
3indicating lineation in the surface approximately parallel to the nearby 

pressure ridge shown in Figure 1. It should be noted here that thp profiles 

analyzed do not include the pressure ridge, so that we are discussing here only 

the "flat" part of a multi-year floe. 

Freeboard - Ice Thickness Correlations 

T~ study the correlation between surface roughness and thickness and the 

bottom topography we calculated a correlation coefficient of . 60 for the correla

tion of freeboard to draft and a coefficient of .79 for the correlation of 

freeboard to thickness. Both these n~mbers indicate a linear correlation 

significant at better than the 1% level by an analysis of variance test . 

To determine the ice draft and/or the ice thickness from the freeboard, 

we can ' calculate the regression line between these variables. The resulting 

equations are d = 1.337f + 2.80 and t = 2.32f + 2.80 where d and are the ice 

draft and the thickness respectively and f is the freeboard (all in units of m). 

Using these relations, the root mean square error between the predicted and the 

observed values of draft and thickness were tn both cases 0.36 m. These numbers 

indicate the improvement that can be made in draft or thickness estimates by 

having information on the local freeboard available (the standard error of the 

30p . cit . 
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estimate of 0.36 m obtained by using the regression line is significantly less 

than the standard errors of the estimate on draft (0.46 m) and thickness (0.60 m) 

see Table I. 

Table I. Summary of Statistical Results (31 Holes) 

mean ice draft 3.24 m 

ice draft standard deviation .46 m 

mean ice thickness 3.57 m 

thickness standard deviation .60 m 

mean freeboard .33 m 

freeboard standard deviation .20 m 

mean snow depth .16 m 

snow depth standard deviation .13 m 

Correlation Coefficients 

depth to freeboard .60 

thickness to freeboard .79 

Both linear regression lines deviate significantly from the result expected 

if the ice is in isostatic balance. In particular the isostatic balance result 

would be of the form t = ad where a = ~ensity of sea water)/(ice density). 
3Assuming a sea ice density of 0.91 g/cm (estimated. from the ice cores) and a 

sea water density of 1.03 g/cm3, we would obtain ratios for d/f and t/f of 7.58 

and 8.58 respectively. 

The trend of the deviations from isostatic balance is indicated very clearly 

in Figure 6 where we have plotted the (freeboard/draft) ratio vs. thickness. The 

isostatic balance line with the snow cover neglected and an effective isostatic 

balance line considering both the density of _the ice and the depression of the 

ice sheet by the snow cover are indicated. In calculating the effective line a 
3 mean snow thickness of 0.16 m and a snow density of 0.45 g/cm were used based on 

snow measurements at the site-. Also shown is the regression line of (f/d) on t. 

The trend is clearly for the ice draft to -be greater than expected from isostatic 

balance for thin ice and the hverse for thick ice. Therefore, on a point to 

point basis, the assumption of isostatic balance breaks down. 

However, as might be expected since the ice sheet is clearly free-floating, 

if cross-sectional areas rather than individual points are used for comparison 

with the assumption of isostatic balance, the results are quite good. To 

illustrate this we note that the mean thickness and mean draft are proportional 

to the total cross-sectional area and cross-sectional area below the water level 

respectively of the ice floe. If a depression of 0.07 m due to 0.16 m of snow 

cover is included we find that the average draft of 3.24 m and the average ice 
3

thickness of 3.57 m imply a mean ice density of 0.915 g/cm for isostatic balance. 

This is in agreement with the findings of Kovacs et ~ (1972)1 and is a very 

lop. cit. 
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reasonable value since cores taken in this region of the floe indicated densities 
3between 0.90 and 0.92 g/cm • The mean thickness we obtained also compares well 

. with the mean value for Beaufort Sea "unhummocked" multi-year ice (3.47 m) 

o':' tained by Koerner (1971).5 

The fact that individual points deviate significantly from i sostatic 

balance while on the average the overall ice sheet is in isostatic balance is 

similar to the situation observed in pressure ridg~,7 The form of the devia

tions suggest that a model s imilar to the Wittmann-Makaroff pressure ridge mode1 

may well also apply to the small melt hummocks that develop on a mUlti-year floe. 

In this model the underside of the hummock has a greater horizontal extent th an 

~ the sail. This would yield deviations of the type observed; i . e. deep hummocks 

are less deep than would be expected on the basis of isostasy . The actual 

balance would be between the volume of the hummock below wat~r as compared to the 

volume above ,,' at"er. 

Esti~ating the Average Ice Thickness 

One interesting application of the thickness data is to estimate , using 

sampling theory , the number of hvles needed to obtain the. mean ice thickness of 

the multi-year floe with a specified accuracy. Based on the 31 measurements, the 

mean and standard deviation of the ice thickness are 3.57 ~ 0.60 m respectively. 

The frequency distribution of the ice thicknesses is shown in Figure 7 and is t o 

a good approximation normal. The 90% confidence limits on the true mean are 
9

3.39 and 3.75 m. If we now assume that the value of the standard deviation i,s 

independent of the sample size (N), a t distribution may be used to estimate the 

number of holes required to estimate the ice thickness to a given accuracy . 

Figure 8 shows the 90% confidence limits on the mean calculated using this 

procedure plotted against N. To obtain the mean thickness of the unridged portion 

of the multi-year floe accurate to better than 0.5 m, with a 9070 certainty, only 

6 holee are necessary. On the other hand, for an accuracy ' of 0 . 1 m with the same 

certainty, 100 holes would be required. 

5Koerner, R. M. (1971). Ice balance in the Arctic Ocean. AIDJEX Bulletin 6, 
11-26. 

6Fukutomi, T. and Kusunoki, K. (1951). On the form and formation of hUlTimocky ice 
ranges. Low Temperature Science 8, 59-8S. 

7Weeks, W. F., Kovacs, A. and Hibler W. D. (1972). Pressure ridge characteristic s 
in the Arctic coastal environment. In "Proceedings First International 
Conference on Port and Ocean Engineering under Arctic conditions, '23-30 August 
1971", Tech . Unive',: ~ity of Norway , 32 pp. 

SWittmann, W. and Schule, J. J. (1966). Conunents on the mass budget of Arctic 
pack ice. In "Proceedings Symposium on the Arctic Heat Budget and Atmospheric 
Circulation(J.. O. Fletcher, ed.), pp. 217-246. The Rand Corporation (RM-5233 
NSF) . 

9Criffiths, J. C. (1967). Scientific Method in Anal ysis of Sediments, McCraw
Hi l l, New York, 303-310. 
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Figure I. Aerial view of the multi-year floe that was studied. The 
locations of the profile lines along which snow and ice elevations and rando: 
thickness measurements · ~ere taken are marked . 
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iCE SYMPOSIUM 1972 

LENINGRAD 

A NEW APPROACH TO FIELD AND LABORATORY 

TESTS OF TENSILE, COMPRESSIVE, AND FLEXURAL 

STRENGTH OF POLYCRYSTALLlNE, FRESH WATER 

ICE 

Ren~ O. Ramseie r, Research Scientist Department of the Environ- Ottawa, 

David F. Dicklns, Physical Scientist ment, Inland Waters Bra nch Ontario, 

Canada 

SYNOPSIS 

Field tests of the strain and the resulting stress calculations fo r ice sheJ

""s ga"" values which agreed well with the results of labqratory tests of ten

sion and compression under uniaxial conditions. A hyperbolic sine function 

~/'t> - ~'[Si., hIX ~ IE) ~ 

is proposed, where E is the strain rate, q) is the self-diffusion coefficient, 

CO is the stress, £ i s the apparent elastic modulus, and A' ,0( and 11 are 
2 13 -2 

constants. The equation applies within the range 2 x 10 <f./'tJ ~ 2 x 10 m 

It is shown that the uniaxial tension results, from laboratory studies, a re direct

ly related to the flexural strength vnlues, reported with beam studies. 

RESUME 

Les .calculs de contrainte obten'..ls expe'rimenlalement sur le terrain concer

nant la d';formation relati"" de la calotte glaciaire concordeYlt bie!:, avec Jes re
sultats des essais de Iaboratoire qui ont ~t: effectues sous des conditions uni

axiales sur la tension· et la compression. U est prqpose' dans ce rapport, une 

fonction sinusoidale hyperboloique telle que: ., 

i/1:J - A[Sil1 h0(. G" I Ej 
ou E est Ie taux de qeformation .. relative, 'tJ .. I.e coefficient d 'auto-diffusion, 

CO la constrainte, E Je coefficient apparent d' elastiatt et A' , ' , et 11 sont des 
13 2

conslantes. L'equatio n s 'applique dans Jes limites 2 x 10
2 < i/'tJ 2 x 10 m

D est demont": aussi que Jes resultats de laboratoire obtenus pour la tension 

uniaxiale, sont directement lits aux valeurs de Ja contrainte de flexion obtenues 

~ Partir des etudes de deformation de poutres. 
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Onl>' a fel< countries have been aequai.nted .. J.tll the navi.gational prolll ems in 
1 3ice-infested, inland ','atcrs and thus have researched thcm in past )'cars. - BO.th 

the results of oil exploration in ice-infested I<aters and the extension of tllc 

navigable sCason in the St. Lal<rence Seal<ay and the Great Lakes intensificd the 

recognition of scale effect in testing ice under field and laboratory condi tions. 

For example, a more accurate forecast is greatly needed of the behaviour of fresh· 

water ice types during the break-up in order to schedule the shipment of material 

and goods in inland waters which are associated with the use of fresh-'<ater ice 
4breakers and the I<ater level of rivers and reservoirs. 

TENSILE AND CO)IPRESSIVE STRENGTH OF POLYCRYSTALL1NE ICE 

Recently small-scale laboratory tests 5,.6 of the low - stress behaviour of 

equiaxed polycrystalline ice gave values which apparently agree with values from 

large-scale field experiments 7 ,B The laboratory tests with the use of cylindri
6cal samples were conducted under compression and tension . The cylinder had a 

diameter of 0.025 m and a ratio of length to diameter equal to 3:1. The material 

was fine - grained with random crystallographic orientation. 

The lines in Figure 1 represent the field results of ice shelves obtained by 

Thomas 7 and HOldsworthB and the extrapolated values for laboratory tests by Barnes 

et al.,5 and Ramseier. 6 ,9 As can be seen, the agreement is good even though no 

1. 	 Butiagin, I.P. (1966). Strength of ice and icc cover. Izdatel'stvo "Nauka" 

Sibirskoe Otdelcniye, Novosibirsk, pp. 154 . 

2.. 	 Peschanskiy, 1. S. (1967). Ice science 'and technology. Ledovedeniye i ledo

tekhnika, Gidrometeorologicheskoye Izdatel'stvo, Leningrad. 

3. 	 Lavrov, V.V. (1969). Deformation and strength of ice. Deformatsiya i proch

nost' l'da. Gidrometeorologicheskoe Izdatel'stvo, Leningrad, pp. 164. 

4. Balanim, V.V. Personal communication. 

5. 	 Barnes, P., Tabor, D., and Walker, J.C.F. (1971). The friction and cre"p of 

polycrystalline ice . Proc. Roy. Soc. Lond. A. 324, 127-155. 

6. 	Ramseier, R.O. (1972). , Growth and mechanical properties of rtver and lake ice.' 

D.Sc. Thesis, Laval University. Quebec, Province of Quebec, Canada, pp. 26: 

7. 	 Thomas, R.H. (1971). Flow lal< for Antarctic ice shelves. Nat. Phys. Sci. 232, 

85-87. 

8. 	Holdsworth, G. (1972). Erebus Glacier tongue Ndlurdo Sound, Antarctica. Paper 

in preparation. 

9. 	 Ramseic'r, R.O. Mechanical properties of snow ice. Proc. Int. Conf. Port and 

Ocean Engineering Under Arctic Conditions, Trondheim, 17 p. 
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allOl,ance has been made for the differences in grain s i zes of the ice. The very 

low values for stress from field mensurements could not be duplicated practically 

in the laboratory because similar tests in a laboratory would have to be of ex
10tremely 	long duration. 

Based on th e obtained 	res ul ts the following law is proposed for the range 
22 x 102 

< £/0 < 2 x 1013 m- , 

UD = AI [sinh a a/E]n (1) 

11where E is the strain rate, 0 i s the self - diffusion coefficient , a is the 

applied normal stress, E is the apparent elastic modulus which takes into account 

the grain boundary effects E = (5150 - 666)~t\'m -2 (6 = temperature °C) and the con
3stants A' = 1. 76 x 1010m- 2, a = 1. 31 x 10 , and n = 3.56. In swrunary, a good co\' 

relation between small scale laboratory tests in compression and tension and fi e ld 

tests of low stress has been obtained in the ductile region without the use of a 

scale factor. We hope that further data may be available from the U.S. S.R. and 

the U.S.A. ice iSlands to verify the proposed law at even 100,er stresses. 

FLEXURAL STRENGTH OF POLYCRYSTALLINE ICE 

Al though the testing methods h'ave been greatly improved ,I ,3,12-15 important 

variables which affect the end results have bee"n ignored in many cases. Among 

them the effect of strain 'rate or stress rate, correction for buoancy, and ice 

type are probabl y the" key parameters which were not investigated thoroughl y . 

Based on the work of Carter16 ,17 and Ramseier6 ,9 it was ShOl"-014, by using the re

sults of beam tests, that an apparent stress increase could account for as much as 

10. 	Weertman, J. (1969) . The stress dependence of the secondary cr eep rate at 101< 

stresses. J. Glaciology, 8, 494-495. 

11. 	Ramseier, R.O. (1967). Self - diffusion of tritium in natural and synthetic 

ice monocrystals. J. Appl. Phys., 38, 2553-2556. 

12. Palosuo, E. Personal communication. 

13. 	Oykins" J.E. (1971) . Ice engineering - -material properties of saline ice for 

a limited range of conditions. Nayal Civil Engineering Laboratory, Port 

Hueneme, California . Technical Report R 720, p~. 96. 

14. 	 Lafleur , P. (1970). Proprjetcs mecaniques de la glace de neige en flexion. 

M.Sc. Thesi s , Univ.ers i tc Laval, Que'bec , Province de Quebec, Canada, pp.81. 

15. 	 namseier, n.o. and Dickins, D. F. (in preparation). Cantilever beam tests in 

the St. La"'Tence SeBh'ay. 

16. 	Carter, D. (1971). Loi s et mecanismes de l'apparente fracture fragile de la 

glace de rivicre et de lac. D.Sc. Thesis, llniversitc Laval, Qucbec, Pro

vince de Qucu cc, Cannda, pp. 392. 

17, 	Carter, D. (1970) . Ilrittle fracture of sno" ice. Intern. Assoc. lI)'dr:llIlic 

Research SYlIlpo ,-; l UE' on ic e and j ts ,",ctj on on h}'drnul ic s tructures, 
Reykjavik, lcel nnJ. 5.2.1 - 5. 2.8. 
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50 per cent of the failure stress under flexure. TIle results for tension and com

pression, presented in Figure 2, shOl< that the behaviour of icc is distingui shed 

by two regions: ductile region (I) and brittle region (II). Region I has no

crack formation zone, la, and crack formation zone, Ib; region II has ductile 

brittle transition zone, lIa, and the quasi-brittle zone, IIb. The results of 

the flexure tests fall into zones la, Ib, and IIa. The transition zone for flex

ure encompasses Ib and lIa. 

The stress I.hich is required to nucleate a crack a has to be equal to the 
n 

plastic stress a at the no-crack to crack forma tion zone , and equal to the 
p 

elastic stress a at the transition to the quasi-brittle zone . It follows then 
e 

that the equations for stress, in terms of the bending moments M and M for the e p' 
elastic and plastic case, respectively, can be set equal to 

(2) 

where Z is the plastic modulus and S is the section modulus. The value for factor 
14K was obtained from 

2(h/4) (bh/2)
K = Z/S 	 = 1. 5 (3)

(bh 3 /12) / (h/ 2) 

where hand b are the height and the width of the beam respectively. Consequently 

the apparent stresses will be up to 1.5 times greater than the real stress going 

from the no-crack to crack transition to the quasi-brittle zone. Applying this 

correction to the flexure strength results, a 1:1 relationship was obtained14 

17between 	 the flexural strength of beams and the direct tension test of Carter and 
9

Ramseier for snOl' ice. 

Therefore, the no-crack zone in flexure i s identical to the propos ed lal< 

(equat :'on 1) for the range 2 x 102 < f:.!D ~ 1 x 109 m- 2. The fl exural strength 

becomes equal to the ultimate tensile strength wh i ch is independent of ~16 in the 

crack-formation zone as illustrated 1n Figure 2 for £/D > 1 x 109 m- 2• 

I~i th the above presented material I<e have been able to relate some of the 

basic laboratory tests, such as pure tension and compression, to the deformation 

of large floating ice masses and the flexural strength of beams. 
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Fig. 1 . Low stress-strain rat e lines from extrapolated laboratorr 

res ult s and field me asurement s . 
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ICF <;YMPOSIlJ.'A 1972 

I. E ~ I ~ G R ,\ [) 

STEA r)',. MOTION OF PACKED FINE-FRAGMENT

ED ICE MASSES IN A STRAIG HT RNER REACH 

D.F. Panulov, M. Sc. (Eng.), the Gorki Institute o( Civil Gorki, U.S.S.R. 

.A...ssociale Professor, Engineering, 

SYNOPSIS 

The steady motion of ic e comoacted by the flow is considered in a straight 

reach of a wide rectangular channel, with the now velocities across the ri

ver width assuml?d to' be equal and ice accum~ations to obey the laws of me

chanics of non-cohesive media. The river is supposed to be blocked at the 

downstream end of the reach either by a natural obstruction (e.g. ice c o v er, 

or ic e j?m) or an artificiaJ one (e.g. a dyke to hold the ri v er ice, or bridge 

piers) which does not lead to' a considerable rise in the water stag e, and so 

doc~.. not l1'1aterially affect the upstream lJow conditions. Analysis rc s uJ.ted in 

the evaluation or lhe mean ice drift veloc ily, and the maximum ice pressures. 

Condition5 are e s tablished gov erning ice movemenl in a river channel free af 

c:bslructions. 

RESUME 

On etudie Ie mouv<:ment permanent des masses de glace compactees par 

I' ecoulement dans un tronyon droit d' un large chenal rectangulaire. On envisage 

que les vitesses d' ,koulement de I' eau sont ';gales sur toute la largeur de la 

riviere el que Ies accumulations de glace ob~issent aux lois de la mecanlque 

d I un milieu non-coherent. A }' aval du tron~an conside~ la riviere est supposee 

d' eIre retrecie par des obstacles naturel ( c ouverture de glac e, empilem0nt de 

gktc(,,=,) ou artificieJ (mur de relenue de la glace, piles de pont) qui ne condu.isenl 

pas a une remonlee considera.bJe du plan d' eau el, done , n' ant pas de J' inOu

ence sensible sur Ie regime d' ecoulement en amanl de c eux-ci. A la suite de 

I' a.nfilyse on a d~lermjne la vilcs se moyenne du mouv ement el Ja pression maxi

rraJe des m"isses de 1 Jace, les conditions de m~uvement de celles-ci dans une 

rjvi ~ re sans obstacles etanl etabJies. 
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The ic e cover L long, ~ wide and of average lhi c kr'> ··~ 5S h is sub

jecled (Fig. 1) to the a ction of: 

.hydrodynamic pressure 

~ -tt Bh (Vo - v/ 
gravity [oree- component in the direction of the Dow 

~ - r. h LBJ U . [) 
now fricUon across the underside o( the ice cover 

F= '( HLBJU-B)z o ~ 

air friction across the upper side of the ice cover 

~ = A ~ ~ ~ V~ -vY 
iCE: m·.:.,ss friction against the river banks 

L 

( 5)~~2hj'txh: 
and the frontal resistance of the obstr~ction, ~ (d(~termined w ith [.>cl rti c ul a r r 02 

C 

ference to its type, configuration and dimensions) I 
In these formula e 8, - t; V= If V. ; V.= V~ ~J , 

~ n,y ~ 28(1+ ~- ex.p(2.-2~)1; l~ , 1 1 H 'I· 

"'- 6/,
H= 1H; 1= 0<. ~ 2 i 1 • c/.... 'I' n,2 

where V, and = ice mass and surface water Jayer molion velociti es,v. 
re speclively; V2. wind velocity; and r, u n it weights o [ icc ~~J.nd 

wale r, respectively; E. porosity of ice £accumulations; J hydrdulic ~ r' · ldj
enl; H = depth of flow· under the ice cover; Jl and n2. =< rouqhness c oC'f(j 

1 

cients of the channel and ice cover underside; J\ "'" fri c tion c002fficicnl ('-J..C ro~ 


the air-waler boundary. (See the scheme in Fig.) 

Pariset and Hausser · /1/ used the Yansen silo Lheory whilc 1\1; ,., ,,' 1 u nci Ou

eUet /2/ applied that of Caquot to determinc shearin~ stresses along ll,c conto.d 

tetween the ice mass and the bank. However, these ·thC?ori c s ore ye t insuf(ici E:'~ '

Uy a ccurate, viz~ the y neglect the considerabie initi o.l a.dhe sion of .the ic (...> III s :::. c-s . 

/1/ Pariset E., Hausser R., Formation and evolution of ice cover in rivers. Tr.-::.u \s .) 

E.I.C., Vol.5, No 1, p.ll, 1961. 

/2/ TvTichel B., Oue-llet Y., Pousseed'un champ de glaces nloreel e m sur o u vr,:\qc . 


A IRH, ()'1zieme Congres, Vol.V, sC' lrllna i res , Len.ingra d, 1960. 
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x 
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I 

Fig . Dia gru t"n of forc es acting o n the ice CO'\l'er. 

The refore , w e make use of othe r , mo re general theories of non - c ohes ive media. 

T hus. b o rrowing the relali o n fo r the laleral lhrust coefrici e nl e slablis hed 

by G .I. Pok rovsky / 3/ , one can w rite 

wh e r e 

~ 1-1.52UjIl 
- (1- 07\~P)~a I 

Fx.. l o tal ice pres s u r e in lhe direc l ion of the flow Ll l lhe distanc e :c. from 

the u pstrea m e dg e of the ice cove r; k a dhesio n c oeffic ie nt; .p = interna.lr:;, 

fr iclio n a ng lo o f lhe ice '" 5 5 ; () = (ri c lion o. ng l<? of the .cc rrk"lSS a g in s l the 

river ba nks (in many c ases may be la k e n e quo l 10 .p ). 

/J/ Kle in G .K ., S tn-'Clurai mec h o ni s o f non-c o h esive bodie s, Moscow, 19 '>6 . 
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--

According to V.V. Sokolovsky I s theory o[ limit equilibrium o[ a non-co'1e

sive medium /1/ we have 

where 

The total pressure f", can be found by solving the diffe rential equation 

dj;'= + 2 -~-(~ +f)-OH BJ(8-9'-O (8)d::c. B or. K 0 Z 1 J 

obtained for equilibrium conditions of an ice cover element with the d;x: dimen

sion along the (Jow, and expressed by 

where 

8 - 1 + ---L.L (1-E.) ~ -~ V.
2 

. ~= expl-2~.!)
.. H rJH, I x B 
~o 2. tI c. 

Bh k r; - [or Eqn (6) 

[ Bh k.C~ f - [or Eqn (7), 

each o[ them yielding its own value o[ lb, ~ coe[[icient [or the stress 'Cor... 
A positive wind pressure term is us~d with a follo'rVing \",jnd, and a nE' ~" 

live one with a head one. 

By integrating Eqn (5) laking account o[ (9) the value of the force b e 

comes 

Steady ice mass movement at veloc ity, V , appears to be pos~ i ble under 

the co"dition 

( 11) 

The fannula of mean velocity of ice mollon in the reach above the obstruCU"-'!i 

may be obtained by substituting the expression for the forces into the condition 

v, F> F.~ ..'+ r. (~- "UQ 
A(1-7Jv: 

/ 1/ Soko lovsky V.V., Statics of a coheslonle ss medi tn . 
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l..With ldrge ratios of the function ~ -- O· and Eqn (12) assumes the-B
~ 

form 

v. 8 - ( 13) \[ 

With ~ ::0 0, Eqn (13) Cun be used to evaluate the ice accumulation move-
c 

ment velocity in Lin obsln...tclionfree channei. 

The formulae de rived permit to sblve certain engineering problems, other 

than determining ice motion velocity affecting the water stage. Tt1us, the maxi

mum ice pressure against ice-retaining strtActures may be obtained, given 

V. ~ 0 and ~. 0 in Eqn (9). i.e. 
x. 

f r;h ( c'\ J.. V: 1 r
I'~AL1 + Yl\ 1-c.)+ fHJ.-rK 

I. 2. Q l 

The conditions for ice mass movement upstream from the obstruction without 

ice jam formation may be formulated as: 

~+~ (.,f\[1+ ~(1-E)- J..V:/. 
~ 

1 
~ 1\ (H fHJ 

CI 2. 0 2 

With ~.. 0 the latter inequality expresses the conditions for ice mass mo
c. 

vement in an open channel without ice jam formation. 
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'. 
ICE SYMPOSIUM 1972 

LENINGRAD 

ISRAEL RNER ICE JAM 

G. Frankenstein, Research Engineer u.S. Anny Cold Regions Hanover 

A. Assur, Chief Scientist Research and Engineer- New Hamp

ing Laboratory ~hire, 

U.S.A. 

SYNOPSIS 

In December of 1967 Northern New England experienced an extended period 

d mild weather. Ice in the Israel River broke up and formed a jam near Lancaster, 

NH. without serious flooding. Subsequent severe weather led to the production of 

frazil ice and solidification of th? ice jam. Ice observations and recommendations 

were made to prevent flood damage. Rapid thawing with rain in March produces 

a new ice jam wi~h catastrophic flooding and damage in the neighborhood of 0.5 

million dollars. Several reasons are advanced for susceptibility of sites to ice 

jamming. Two criteria are derived which show critical numbers for ice clogging 

when the surface cannot accorrunodate the .ice discharge and ice jamming when 

the channel cannot transport the ice. Model tests for verification are planned: 

RESUME 

Pen<:ielnt \...lT1e periode assez ~tendue en de'cembre, 1967•. il faisail doux dans 

Ie nord de 1a Nouvelle-Angleterre, aux Etats Unis. La. glace du fleuve Israel 

s test .rompue et a fomu? un emJ:J6.cle pres de Lancaster, N.H., sans debordement 

serieux. Le temps rigoureux qui a SLUVl a produit de la glace du type fraisil et 

I' emb8.cle s' est soIidiUe'. On a fait des observations et des recommandations pour 

obvier des dommages causes par un depordement. On n' a pas suivi ces recom

rm.ndatlons. Une fonte rapide des neiges a cause des pl~es en ma.rs a produit 

un nouvel emb8.c1e avec un debordement catastrophique et des dommages d' envi

ron 0.5 millions de dollars. On suggere plusieurs raisons pour le~quels les endroits 

soient susceptibles a des emb8.cles. On derive ,deux· cnteres qui montrent des 

nombres critiques· pour I' obstruction d' un fleuve quand la superfic\e du fleuve ne 

peut pas porter Ia charge de glace et pour la formation des embacles quand Ie lit 

du Ueuve ne peut pas transporter la glace. On projete des essais avec des mo

deles PQur. verifier. 
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ICE Jfu~ OBSERVATIONS 

Cold weather came early to New England during the 1967/68 winter. 
Unusual amounts of ice formed in smaller rivers and lakes. Lancaster, N.H. 
had early production of ice .on the Israel River which flows through the 
cente r of town and is heavily constrained by structures. 

In mid-December temperatures climbed above freezing. This combined 
with rain caused the Israel River ice to break up and move down the stream. 
The ice pieces were 15 to 20 em in diameter and 10-15 cm thick. 

The moving ice jammed up at Pt. 2, Figure I, and piled up to Pt. 3. 

LANCASTER 

1000 0 1000 
, " " ! I 

Figure 1. Ice jams in Israel River, N.H., 1967/68. 

Much of this ice was in contact with the river bed which typically was 
covered with boulders and gravel. There was some minor flooding. The water 
soon cut a channel through and over this jrumued up ice. 

The temperatures soon dropped and the open reaches of the river soon 
froze over again. However, much frazil ice was produced before the shallow 
open water areas froze. This frazil ice moved into the jammed ice which 
contributed to further blocking of the channel. 

Due to these conditions it was felt that the chances for a major spring 
ice jam were very high. A careful survey was made of the river and ice 
conditions to find ways to lessen the chances of a major flood. The 
following measures were recommended : 

1) Construct a temporary earth dyke just above Pt. 6 (Fig. 1) . The 
dyke would hold the upper river ice and allow it to melt in place as well 
a s hold back much oJ the newly formed frazil ice. The construction of such 
a ~yke was by far the best solution to the prevention of a major floud. 

2) Dust the trouble area below the jam in the spring with dark material 
and therefore hasten the breakup. 
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3) 	 Remove the formed ice by exptosives. 

Dr. 	 B. Michel participated in the survey and recommendations. 

For 	reasons unknown to the authors no preventive measures were taken 
assuming that a normal breakup would occur. 

Ice thicknesses were measured weekly in January and February. By mid
February much of the river from the covered bridge, Pt. 5., to the toe of the 
ice jam was frozen to the bottom. These surveys gave no indications that 
the chances of having a major spring flood had lessene~. The observations 
were similar to those reported by Frankenstein (1971)1 on the White River, 
Hartford, Vt. 

On 16th March intense thawing started. Soon the ice in the upper 
reaches of the river broke up. The moving ice stopped at the jam fOrmed in 
December and proceeded to form a · new and bigger jam. The ice pieces averaged 
about a meter in diameter. Some were frozen 1 m thick. Figure 2 shows the 

Figure 2. View of ice jam at bridge. 

ice 	conditions at the Main Street bridge just up from the toe of the new jam. 

The water level continued to rise to such an extent that flooding increased 
to major proportion. TI1e water had to find its way around the constriction 
through the streets. The town hall was completely under water. The water 
rose as fast as 1.B m in 20 minutes. Flooding started on 19 March and 
continued until the evening of 23 March. 

The total flood and ice damage was estimated to exceed $500,000. Damage cost 
was far in excess of a temporary dyke. 

To avoid future floods due to ice some channel improvements were made 
subsequently between Pt. 2 - 3 (Fig. 1). A darn is proposed at Pt. 6. The 
local topography is almost ideal for an ice wasting pool since extensive 
meadows lie above Pt. 6. 

1) 	 Frankenstein, G. (1971): The modification of a river to prevent ice jams, 

ASCS·, Speciality Hydraulics Conference, Iowa City. 
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ICE JAM CRITERIA 

The discussed site has the following characteristics, all conducive to 

ice jamming: 


1) Located near the White Mountains the tributaries have high slopes 

leading to rapid increase in discharge including the necessity to discharge 

ice. 


2) Located near the Atlantic Ocean in a maritime province sudden 

thawing weather is not unusual. 


3) The bed is rough, as not unusual for a mountain river with boulder 

and rock ledges, as well a~ vegetation hindering the discharge of ice. 


4) Past construction measures narrowed the available width especially 

for flood stages so that the ice carrying capacity is sharply reduced. 


5) Relatively thin ice in its early stages breaks up. With limited 

width clogging occurs even at that stage. 


6) The river is ahallow which severely increases the probability of 

jamning. 


7) A sudden transition to small s lopes due to backwater from the 
ConnecticulP River (pai'er stations) is probably the main cause for the formation 
of the foot of the ice jam. 

This and many similar occasions invite the formulation of criteria for 
ice jamning depending upon morphological factors so that an orderly analysis 
of sites subject to frequent ice jams can be made as well as a prediction how 
channel modifications affect the probability of ice jams. Such criteria were 
proposed by Assur (1961)2) in an unpublished note. 

The ice discharge Gi. [m2/secJ for floating ice pieces is 

(1) 

~ - width of water .surface, 11; - average velocity of moving ice, h.. - thickness 
of ice, Pi! - coverage of surface with ice (0-+1). 

After ice 'pieces clog and pile up but the whole laver of broken ice still 
moves the ice discharge is 

Q, :: .&.1', pJ h (2) 

f'l - solidity of ice mass, h - overall thickneas of broken up ice layer. 

The water discharge G(~ without ice corresponds to an average water 

depth H which is increased by 


AH::: pl.f;. h .. (3) 

due to ice vo lume . a lone ( (i - ice densi ty) • 

The ice velocity V; can be related to average velocity by 110 = Y V- , 

where 11' can be calculated from the modern version of Chezy's equation 


:- JI-¥- R 5 \ V- (4) 
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~ - acceleration of gravity, jP - dimensionless friction constant, )( 
hydraulic radius, S - slope where ~ 

]IJf = c (:) b 	 (5) 

~ 
with C and h = N the Manning coefficients as a simplified representa
tion (N - friction height). 

In assuming that ice clogging and piling up begins with close packing of 
broken surface ice we deriver-____________ 

(6 )\Pl ~ G2 Bhi~';:;J . 
when p reaches a critical value, say 0.70(?). 

NV~ 
(7)G~"~ 

However, ice can continue to move in a multiple broken up layer until 
it fills a sufficient part of the available channel to come to a standstill 
and form an ice jam. This critical condition is characterized by 

(8)IF) : GJ-iH~s.;o!l 
with 	

N'4 
G'J :: YC{fj3 (I'1-PJJ"IrJtlJ (9) 

r· ~ critical ratio of thickne;s of broken ice layer to available water 
depth. Pl is somewhat less than Pt. -8 -;f{.i pv - wetted perimeter. 

These relationships are helpful in designing channel modifications to 
handle -the discharge of ice without difficulties. It is planned to test the 
validity of these criteria in model experiments. 

LOCATION AND GEOGRAPHY 

Lancaster, N.H. is located on the Israel River in Northern New England. 
It is approximately 2.4 km from its confluence with the Connecticut River and 
slightly above 300 km north of Boston, Mass.; 75% of its 3200 inhabitants live' 
in the central area subject to flooding. 

The Isra·el River is a tributary O2 the Connecticut River with a length 
of 34 km and a drainage area of 344 km. The watershed area is generally 
steep above the ice jam location and flat below . The slope is 0.0049 from 
the ~~in Street bridge to Pt. 2 (Fig. 1) and 0.OQ095 below Pt. 2 to the mouth. 

7.) 	 A"sur, A. (1961): ~riteria for ice jamming, USACRRE~ Technical Note 

6l-II-26. 
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ICE S Y MPOSIU,V. 1972 

LENINGRAD 

CALCULATION OF THAWING ICE COVER STRENGTH 
AND PREEZE-UP AND BREAK-UP PERIODS IN 

RESERVOIRS 

S.N. 	 Bulatov, D.Sc.(Eng.), Head The U.S.S.R. Hydro Moscow, 
of the Lab. meteorologic Centre U.S.S.R. 

B.M. Ginzburg, Sr Res. Offr, 
I. V. Balashova, Sr Res. Offr 

SYNOPSIS 

'.cne method of estimating the strength of thawing ice cover on 
rivers and reservoirs depending on solar radiation absorbed by ice 
and its application both for calculating the beginning of the wind 
drift of ice on reservoirs with the account of wind velocity and 

for determining the ice disappearing date for the reservoir is dis
cussed. The method of calculation of the equation parameters for the 
frequency curves of freeze-up and ice disappearing dates for the re
servoirs from the climatic data is described. The frequency curves 
are approximated by the Pearson type III equation. The evaluation 
of changing the ice phenomena dates ·and the ice-free season duration 
as a result of reservoir establishing on large rivers is given. 

RESUME 

On expose la methode de l'evaluation de la solodite du manteau 
glacial en fonte des rivi~res et des reservoirs selon Ie rayonn6ment 
absorbe par la glace et l'utilisation de cette methode pour calculer 
Ie commencement de la ~erive de vent de la elace dans les reservoirs 
tenant compte la vitesse du vent aussi que pour determiner la periode 
de la delivrance des reservoirs de Is glace. On decrit la methode de 
calcul des paramatres des equations des courbes de frequence des de
lais de prise en glace et de la delivrance des reservoirs d'apr~s 
les donnees climatologiquee. On decrit approximativement les courbesr 
de frequence a l'aide de l'equation de Pi2son du type III. On donne 
l 'evaluat i on des changements des delais des processus glacieux et de r 
la duree de la periode sans glace grace a la creation des reservo i rs 
sur de grandes fleuves. 

151> 



'l'he economy of water carriage defines thestriVin!5 for incr'easing 
the duration of sailing on inland Via t erways. '.i:he oeci1ULing of trans it 
sailing on rivers in the spring is prevented by the delay of ice 
clearance of the reservoirs as compared to the rivers on which these 
reservoirs exist. The up-to-date river boats, however, can navigate 
not only before the last ice date but even before the beginning of 
ice drift, if the ice cover strength does not exceed the fixed limits. 

The evaluation of strength of the thawing ice cover is of 
great value for the designing and operation of hydrotechnical construr 
tions, autoro~tes on ice, ice river crossing, etc. 

The strength of thawing ice ,cover dependi(l m.a.inJ,y on the 
absorbtion of solar radiation by ice and the accumulation of liquid 
phaze in it. 

On the basis of field observations and laboratory experiments 
on the thawing ice the equation is obtained which combines the 
relative flexural breaking stress ~ for the disappearing ice and 
the content of melt wa~er in ice: 

q>~(1-y'5/S0)2 	 (1) 

In this equation cp ~ 0/6 0 where 6 is the flexural breaking 
stress of the disappearing ice (ultimate resistance), 6 0 is the 
same for the ice at oOe, which was not influenced by the solar 
radiation, S is the content of melt water, expressed by the heat 
amount of solar radiation absorbed by the unit volume of ice, 

So 1s the amount of solar radiation after the absorbtion of which 
the ice-cover losts its strength completely. From the experiments 
on the ice specimens of different structure the value So equals 
27 cal/cm3 for fine crystal ice, 35 cal/cm3 for frazil ice and 
55 cal/cm3 for snow ice. 

The mean value of So for the iee cover of the rivers and 

reservoirs equals 44 cal/cm3• It is aetermined by the strength of 

ice specimens, taken at a moment close to the compeete loss of 
strength by the ice cover. The method of determining S. and the 
calculation technique.(from the meteorological elements) of 
decreasing the content of melt water in ice as well as decreasing 

the 	ice strength when melting, are given in the monograph1). 

1) 	 S.N. Bulatov (1970). Rastchet prochnosti tajushe~o ledjanogo

pokrova i nat~hala vetrovogo dreifa Ida. Trudi G~dromet- . 

sentra, ~p. t4, 117 str. 

159 



The wind is a main factor which determines the beginning of 
the ice drift on the reservoirs. The vertical component of wind 
velocity in certain conditions produces the pressure to the ice 
cover sufficient for its breaking. 

'rhe ul'eaking pressure 't produced by the loading P which 
is distributed over the area ~z: is calculated by the equation 
obtained in accordance with the elasticity theory: 

p 6h2 

q: 9i'l': == 3 (I+n) e2C (o(.) (2)2

where h is the ice thickness, <:'> is the breaking flexural stress, 
n is the Poisson coefficicn~, C2 (o() is the ratio function 'loll , 
e=~ is the characteristic of ice cover, where D is a cylindri
cal stiffness of the slab and r is the coefficient of elastic 

base. 
The breaking pressure cy becomes minimum if the loading is 

distributed over ~he area with the radius of 4,7-15,5 m. In this 
case equation (2) can be transformed us follows: 

where C' is some dimensional coefficient, which may be consider
ed constant, if by the beginning of ice drift the ice thickness 
is in the limits of 20-60 cm. 

Equation (3) defines the condition of ice cover breaking due 

to the wind loading. 'fhis condition can be written in the follow
ing way: 

(4) 

where ttY is the wind velocity which is the greatest one of four 
observations made for 24 hours by the nearest meteorological 
station and m is the empirical coefficient. :m. == 0,018 if h is 
expressed in cm and W' in m/sec. This coefficient is gained from 
the observations made on the Bratsk and Novosibirsk reservoirs. 

The duration of ice drift, i.e. the date of ice clearance of 
the reservoir is calculated on the basis of heat balance from the 

meteorological data depending on the amount of ice (per unit area 
of the reservoir) remained by the date of ice drift. 
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For ~he calculation of the reservoir freezing 

Prof. Shuljakovsky's well known method1) is used. 


By means of discussed methods the annual dates of freezing and 

ice clearance for all large reservoirs of the U.S. S .H. rivers were 

calculated. For the purpose of hydrotechnical design, however, such 


. detailed calculations al'e unreasonable. It is sufficient to calculate 
the frequency curves of ice phenomena. These curves are approximated 
by the Pearson type III equation. It is suggested to calculate the 
parameters of this equation by the empirical formulae2). The mean 
freeze-up and last ice dates for the reservoir are determined by 
accumulating the necessary sum of negative (EEL) or po sitive (E8+) 

daily mean air temperatures (Co by the climatic data). 

11:8-1: toh +37e-O
•
4h + 175lt' + 2,79'- 27 

where 	 h is the mean depth of the reach (in meters; from 2 to 20); 

~ is the mean flow velocity (in m!sec)j 

8'is the air temperature for the day of accumulation of the 


necessary .E 8_ • 

" 


2:8+ =2,5(l:9_1- 0,2 eo,ob2lI:e_I_53eg(1+,~,) - q~6 Q'+95 (6) 

where £9_is the sum of negative monthly mean air teJ'nperatures for 

the winter season (in C010 to 850), W is the volume of water, 

flowing through the reservoir during two last decades of ice melt

ing (in km3),W is the volume of the reservoir in the end of 

winter decrease (in km3), ~ is the daily mean heat influx from the 

solar radiation during two last decades of ice melting (in cal/cm2 


per 24 hours). 

The other two parameters of the Pearson equation, that is the 

standard deviation from the mean date and the skewness coefficient 
of distribution, are determined for the reservoir by means of found 
relation with the same parameters for. the particular river reach in 

natural conditions. 

1) 	ShuIjakovsky L.G. Pojavlenie Ida i nachalo ~edostava na rekah, 

ozerah i vodohranilishah. Raschet~ dlja tchelej pr03nozov.

Gidrometeoizdat, M., 1960, 215 str. 


2) 	Ginzburg B.M. 0 verojatnostnyh harakteristikah reshima samerza

nija i otchichenija oto Ida vodohranilish. TrudV Gidrometsent
1'8 S.S.S.R., vyp. 55, L., 1969, str. 102-115. 
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'l'he duration of ice free period which defines the sailing 

period is calculated as the difference b~tween the dates of first 
and l&st ice. '],1Iese dates are independent values from the statisti
cal point of view, therefore the parameters of the equation for the 

frequency curve can be obtained from the known formulae for the 
composition of two initial distributions. 

'rhe 81toration of ice regime resulting i' rom the reservoir estab

lislunent is determined both by the geographical conditions and hydro
logical regime of the river and by the peculiarities of established 
l 'cservoir and flow control system. The chainge in the freeze-up 

a~tes compared to the SODe river reach depends on the ratio between 
the depth increasing and the decreasing of flow velocity. The freez
up formation in the area of backwater wedge on the individual reser
voirs occurs in times close to the dates of the ice appearing on the 

river. If the reservoir is situated in the cascade of hydropower 
plants the zone of fraez-up beginning displaces downstr'eam and its 

dates approach to the dates of river freezing. The deep reaches of 
the reservoir near the dams freeze later than before the dam con

struction. 
'l'he dates of ice disappearing change depending on the direc

tion of river i'low, the duration of spring ice movement on it, and 
on the r'eservoir size and flowage. On rivers where the ice is broken 
mainly due to melting in situ the establishment of the reservoir 
does not delay ice disappearing. On rivers particularly those flow
ing fI'om the South to the North, where the mechanical debacle by 
the spI'ing flood wave is prevailing, the ice disappearing after 
the construction of hydropower plants occurs later as compared to 
the natural conditions. In the backwater wedge areas of the indivi
dual reservoirs on the rivers like that the dangerous ice damf> aloe 
frequent. 

'l'he study of changes in the duration of ice free 'period show

ed that the favourable conditions for its increasin~ appear after 

the establishment of the reservoirs on large rivers especially 

those which flow from the north to the south. The sailing duration, 
all other conditions being equal, is always longer on deep and 

flowin(5 reservoirs, especially those which are in the 
cascade of hydropower plants. 
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ICE SYMPOSIUM 1972 

LENINGRAD 

STATIC GROWTH OF BLACK ICE IN COLD REGIONS 

Berbard 	Michel, Dr. Eng. Universit~ Laval Quebec, Canada 

Professor of Ice 

Mechanics 


SYNOPSIS 

Many empirical formulas have been used to express the growth of black 

ice in An:::tic regions. These formulas of the exponential type, take into account 

the number of degree-days of frost since the beginning of ice fonnation. They do 

not consider the thennal properties of the ice cover and this makes them very 

hard to use for particular applications, out of their broad context. Along lines 

used by Bilello (1), it is shown that the straitforward heat exchange formula 

with only one adjusted parameter gives a very good fit for. ice formati on in the 

McKenzie river and in the Beaufort Sea for a period of six years kom 1960 to 

1966. 

RESUME 

U existe 	de nombreuses formules empiriques pour exprimer ]a croissance 

de la glace noire dans les regions An:::tiques. Ces formules, de type exponen

tiel, prennent en compte Ie nombre de degres-jours de froid depuis Ie. debut de 

la fonnalion de la glace. n ne considerent pas Ies proprlete's thermiques de la 

glace, ce qui Ies rend difficiles d' utilisation dans les applications partic u1ie res, 
/ " . ~ ~ " 

hors de ce contexte general. Suivant une methode semblable a c~Ue de Bilello 

( 1), nous montrons que la formule directe d' ~change thermique co'nduit ~ d' ex

~ " ceUents resultals avec un seul parametre ajuste .et ce pour Ia formation de la 

glace dans la riviere McKenzie et la mer de Beaufort pour une periode de six 

ans de 1960 ~ 1966. 
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Up to ncM rre.ny global €llpirical fornulas have teen used to represent 
the average gru.rt.h of ice in the Arctic regions. We note b;o of them: 

2Tte Lebedev fortlllla for the U.S.S.R. Arctic: 

H - 1.245 SO.62 H -0.15 (1) 
s 

where H arxl. Hs are the ice arxl. sroN thicknesses in em, arxl. 

S o'ILt 
TA dt II (2) 

o 
S is the munber of degree-days of frost since the beginning of ice fornetioo at 
tirre to' where t arxl. to are in days arxl. TA is the air tenp:!rature in °C. 

Tte Zubov fornula 3 also for the Kara and Chukhotsk seas: 

H2 + 50 H ~ 8 S (3) 

Ttese fornulas contain enpirical coefficients that are adjusted for a 
best fit with the rreasured data, irrespective of varying ice theD'llal prcperties 
arxl. of other inportant paraneters. '!hey are unyieldy in engineering applicatioos 
1Nhere particular variables have to be varied. 

BASIC HEAT TRI\NSFER FORMJLA 

Tte expression for the grcwth of a solid ccntinuous ice cover frcm 
reat exchange with the atno~e, urrler permanent ccnditions, in the ca~ of 
black ice fornetion cnly with SncM cover, has teen known for a lcng tiJre arxl. its 
basic fornulation is (Figure 1) : 

(4) 

where y . is specific weight of ioe, L: latent reat of fusion of ioe, t: tirre, 
T , T , T : t.enterature of the air, terrperature at the sncw-ice interface arxl. at 

a s c the water-ioe interface which can be taken as OOC, K. , K : coefficient 
of thernBl coOOuctivity of ice arxl. sncw. l. s 

4When there is no SncM, equaticn (4) leads to the Stefan fatUla.: 

\~2K.
H - _l. S (5) 

YiL 

A workable engineering fornula for (5) is given by 5, 6 

\ ! 2Ki 
H - (1 \; - S (6)

1 Yi L 

where (I is a coefficient always sneller than cne that takes into aCCCA.ll'lt the 
l:x:luOOary layer at the air-ioe interface which reduces the terTilerature of the ice 
surface, the absorption of radiation inside the ice, the effect .of the inc:lusicn 
of air in the ice, that of the difference be1:'Neen air t€IIperature at site of ioe 
thic.kress neasurenents and that of the Ireteo station and finally, ncn-peD'lla11ent 
phenanena.s . 

with basic expression (4) and a coefficient (I of the sane type as that 
fran (6) which will take into aocount these srrall and unaocountahle factors we 
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get, in finite differences: 

,,2 K. as 
Mi - ----=~--- (7) 

YiL I~ + Ki Hs 

Ks 

where as is the number of degree-days of frost for the considered interval of 
tine (one day), ~ and Hs the average ice and sna.r thicknesses during that day. 

In the case where H WCJ..1ld be a constant during the whole period of 
ice gra.rth, we would get: s 

H= (8) 

USE CF MP.'mEMI\TICAL·M:OEL 

7
A matherratical mcde1 was develc:pped to use formula (7) for s:iJ{ years 

of ice thicknesses reasurerrents at Inuvik in the M::Kenzie river and at Sachs 
Harbour in the Beaufort sea. 

~ essential objective of the m::del was to find a best fit value of 
the coefficient " that would adjust to the measurements at Inuvik and Sachs Har
bour in any one year. Another unknown was the tine of beginning of ice formation 
at each site which was recatpUted starting fran an arbitrary .chosen origin when 
the ice thickness was a.rourrl 25 em. All programs were written in A.P.L./360 
language except the catputationof degree-days of frost which were made in FORI'RAN 
directly fran punched cards of climatological data obtaired fran the Meteorologi
cal Branch, Department of Transport, Canada. 

~ final value of a was obtained by an iterative process tu reduce 
the stardard deviation between the carputed and measured thickness to a miniJrum. 
'lhis process is too long to describe here. 

~ folla.ring values of the physical parameters were used in the can
putation: 

Fresh water in 	the M::Kenzie river 

3
Vi: 0.92 gr/em

Ki : 18 cal/hr. em. °e 
L: 80 cal/gr. 0 


Ks: 2.3 cal/hr. em. e for sna.r of density 0.3 


Sea ice in the 	Beaufort sea 

3


0.90 gr/em

17 cal/hr. em. °e. 
70 cal/gr. 0 
3.4 cal/hr. em. e for dense sna.r ice (0.4) 

RESULTS AW a:K:L!JSlOOS 

This matherratical rro::lel for ice gra.rth in natural cooditiaris gives us 
the folla.ring infornation: 

1- ~ value of " of the rro::lel 
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-

2- The value of the initial degree--days of frost and the ti.rre of 

beginning of ice formation 
3- Degree-days of frost for each winter in function of ti.rre 
4- '!he cOltlJuted ice thic~sses day by day in crnparison with the 

measured ones 
5- The standard deviation each year for the rrodel 

The overall results are shown graphically on Figure 2 and 3 and surnr 
marized on tables 1 and 2. 

The mathematical rro:lel that is prcposed for ice growth in the Beaufort 
sea is strongly related to the basic physical processes of ice growth in the pre
sence of a snOIN cover. It can be seen that this rrodel is perfectly valid to can
pute the growth of ice in this area and the standard deviation between measured 
and catputed value is al:xJut 5 an on the average for 12 years of rreasurerrents 
where the growth of ice, each year, gave a In3.XiIrUm of the order of 1.25 m at 
Inuvik and 2.05 m at Sachs Harbcur. 

It is very difficult to measure the th~sses in a consist.ent man
ner in nature. For instance at Inuvik in 1964-65 ~ find successive values of 
ice thic~ss between weekly intervals of 1.54, 1.48 and 1.64 m when weather was 
always belOIN freezing point. In the same year ~ tirii 1.69, 1.48, 1. 77 and 1.66 m 
of ice in successive measurerrents at Sachs Harbcur. 'Ihe decrease of ice thick
ness is not logical with an increase of degree-(lays of frost. One possible ex
planation is that the measurements in nature might. have been taken at. different 
places. In this year of 1964-65 the starrlard deviation of our rrodel is arnorrrally 
high as could be expected. 

It may be observed that the Beaufort sea and the Mackenzie delta are 

areas of very efficient heat exchange between the atnosphere and the ice cover. 

The coefficient (). should theoretically be 1 for perfect heat transmission when 

the air terrperature is exactly the same at the surface of the ice cover and in 

the atrrosphere. It is on the average for six years 0.87 at Inuvik and 0.90 at 

Sachs Harbcur. It is llOSt logical that it shruld be higher in this last loca

tion rrore exposed to high woos. 


In conclusion this theoretical rrodel should be used with a high de

gree of confidence to catpute ice growth in Arctic areas and eventually around 

engineering structures. In the open Beaufort sea in the presence of sea ice, 

equation (7) shruld be used with an a coefficient of 0.9. 
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Year Degree- Ice thic~s5 a Standard 

days rraxllrum deviation 

rrax. carp. tres. B 

60-61 4532.2 125.2 1~4.5 0.845 4.242 

61-62 4346.3 138.2 142.2 0.997 4.191 

62-63 3964.4 89.2 104.1 0.789 5.131 

63-64 4948.4 107.2 1),.1.8 0.744 2.997 

64-65 4175.7 142.0 162.6 0.952 9.474 

65-66 4875.2 166.4 170.2 0.902 4.724 

Mean 
value 4473.7 126.0 135.9 0.872 5.127 

TABLE I: Surmary of results for natural ice growth on the MacKenzie Delta 

at INUVIK Station 

Year Degree- Ice thickness a Standard 

days rraxirrum deviation 

zia..'( • carp. treS. B 

60-61 4887.1 214.9 228.6 0.971 6.934 

61-62 4800.7 181.4 185.4 0.858 3.150 

62-63 4141. 4 196.9 207.0 0.992 5.639 

63-64 5405.3 205.0 215.9 0.890 4.140 

64-65 4747.4 178.6 188.0 0.812 8.458 

65-66 4739.6 184.7 195.6 0.880 5.715 

Mean 
value 4786.9 193.5 203.4 0.900 5.673 

TABLE II: 	 Sumnary of results of natural ice grarth in tP.e Beaufort Sea at 

SACHS HARBOOR Station 
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ICE SY MPOSIUM 1972 

LENINGRAD 

PROBLEMS WITH SLUDGE ICE COl'-TNECTED WITH 

THE PLANNING AND UTILIZATION OF WATER 

POWER IN NORWAY 

Edvigs V. Kanavin, H=ad of the Ice Water Resources and Elec- Norwa:y 

Office tricity Board 

SYNOPSIS 

In this paper, properties of SLUDGE ICE and problems created by sludge 

ice in the planning and utilization of water power plants, are discussed. Our in

vestigations show that sludge ice contains properties comparable to those of clay. 

This makes it imperative for the engineer to reduce the sludge formation, transpor

tation, pack-ice accumulation, and especiaUy the formation of ice-bridges and ice 

jams. 

RESUIVIE 

Dans cette publication sont discuh?es' les propri';te;'; du fraizil-glace et 

les dilficultes dues a la presence du fraizll qui doi"ent ~tre prises en compte 

dans les projets et lors de I' exploitation des usines hYdro-electriques. Nos 

investigations indiquent que certaines pro prietes du fraizil sont comparables 

avec celles de I' argile. C' est p o urquoi il est indispensable de reduire les 

processus de formation du fraizil. de son accurrulation et transport, et surtout 

de formation des errt>acles de glace et de fraizll. 
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A number of problems of various kinds are connected with the ice, creat

ing 	trouble at power-plants, especially in rapid rivers. In JO'-'IT",1 IAHR Vol 2, 

no 	1, by Dr. Phil. Ola f Devik: "PresEnt experience on ice problems at the Nor

l,,\egian povlfer plants", is presented /1/. In the following ptiper a supplement will 

be given on the basis of recent investiga.tions in nature, and in the laboratories. 

1. STATIC AND DYNAMIC ICE PRODUCTION 

It is generally known that the formation of an ice cover a lake will start 

wth 	the supercooling of a thin surface film where ice crystals will grow from 

nuclei suspended in the water. The growh of the ice sheet will be a slow con

tinuous procedure, which may be called s tat i c ice produc

t ion 

Running water will contain floating a.ggregates of gro"./\oing ice sponges 

called f r a z i c e and the ice of the river bottom lib 0 t tom 

ice ( "anchor ice". "lappered ice II) • In this case heat of crystallization is 

lost in the ",eter masses, which may generally be called d y n a m c 

ice pro d u c t ion - production of underwater c e 

(germ. ''Tiefeneis.", n....ISS. trpodwodnij ljod"). 

In Norvay and nothern countries generally, the beginning of winter frost 

vviIl 	 very often be followed by the formation of this type of ice in the rivers. 


The formation of peculiar l'ice bridges of compressed floating frazil ice,
'I 

called "sludge" (n.J.ss. "schuga", norw. "sa.rr", polski ilsryz") is shown on Fig.i. 

Fig. 1. 

Formation of '1ce-Bridge" 

in th8 Forra river 

(Water velocity 0.7 m/sec) 
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2. ACTIVE AND PASSIVE SLUDGE. EVOLUTION OF SLUDGE lCE IN 

A RlVER 

In turbulent water, I. ice needles" may be carried with the 

\l\6ter stream at any depth of the river. This combination of frazil ice floating in 

slightly supercooled 'A6ter with incessantly new formed supercooled water film 

elements whirling down and gradually "dying", represents a most potent metor 

in the ice forrmtion in rapid rivers. It may be called act i ve s lud

g e ", in contrast to sludge in water w,ich is not supercooled and might be clas

slued as "passive sludge" 

Ice accumulation and fornation of ice bridges is a combined effect of super

cooling, crystal growth, sludge drift, dynamic compression and refreezing. 

Sludge clusters floating downstream in the surmce layer of a river have a 

very loose structure. However, when we felch a portion of such sludge, we can 

easily squeeze it to an ice ball which is quite similar to a snowball, such as 

V\E' make from ,"vettish snow - II S 1 u s h" (nonN "s¢rpe ,,) . 

Evolution of sludge ice in a river is illustrated in skelch Fig. 2. 

Cross-section Pro 
Jee cover. frozen sludge 

Fig. 2. 	Evolution of sludge icl;' in a river. 

Zone 1: Supercooling of water surface 

Zone 2: Formation of "active" sludge ice and bottom ice 

Zone 3: Sludge ice and loosened bottom ice drift up in 

flocks (Ice flows) 

Zone 4: Progressive deposit of pack ice downstream 
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When the water transport is illustrated by strea.m-lines 

the following consequ€"nces \vilJ appear for the relation between surface arE't-~s 

c overed by clusters of sludge ice and open areas in between: 

a. 	\<Vhere strenm-lines are d i v erg i n g. open surface areas \vill be in

creased. In such places, e.g. where the river expands, just in (ront or be

hind an obstacle etc, the supercooling \vill produce conditions for bottom Ice 

formation. 

b. 	\"Vhere streamlines are con v erg i n g, for instance near an ob

stacIe, the open areas will be reduced. As long as the velocity of the \""-ter 

is 	below, the critical value mentioned above, Ule chance for boUom ice pro

duction will also be reduced. If the convergence should increase the veloci

ty above the critical v..uue, the sludge would be immersed in the water, leav

ing 	 the surface open to the production of a. supercooled ,"vater film, the eJe

ments of which would follow the converging water stream which would then 

be sweeping along the obstacle on its way, leaving the superccoled water 

elements at the back of the obstacle. 

3. 	COMPRESSIOK AND SOLIDIFICATION OF SLUDGE ICE 


SHEAR STRENGTH OF ACCUMUIATED PACK ICE 


The formation of ice bridges and pack-ice, gives a type of ice which 

has a shear strength comparable to that of a substance like c ! a y • 

The facl that an ice layer has a vertical face, height H, demonstrates 

that the acting forces, weight and actual stress, are in a stable equilibrium in 

the ice volume adjacent to the side wall 8S illustrated in Fig. 3. 

Fig. 3. Accumulated pack-ice in the I-Ia.IUngdal river 
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. 
The stability is caracterised by the shear stress (sl in the plane along 

\.vhich a rupture will take place 'when the critical breaking stress (sk) is reach

ed. As long as the safety factor F = skis > 1, the ice wall will be stable. The 

shear stress (s), which will correspond to a given height (Hl and a given den

sity (dl of the ice layer, may be calculated by applying the classical theory for 

'earth pressure against a vertical wall, with the simplification that the horisontal 

co~ponent in this case is zero. 'This given the formula (2): S == 0.5 F. d. H. 

When F > 1, the shear strength will be greater than 0.5 d H. In an ice layer 
3 

with mean density d • 8 	 ton/m the shear strengL"l will then be greater than 

3


0.4 	h (measured in ton/m ). 


We thus find that the observed ice layers producing ice walls of a height 

3 3

Crom 2 m to 5 m, will have a sheat strength exceeding 0.8 ton/m , resp.2 ton/m

In the same order· of magnitude is the shear strength of such materials as ordi

nary clay. 

It is important to emphasize that compressed sludge ice is a substance 

quite different from floating sludge of loose structure and from clear ice 131. 
The respective properties of frozen sludge ice and clear ice can to a 

large extent, be shown by compression tests. The results of such investigations 

are sholM"l graphically on Fig. 4. 

E 
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Fig. 4. Summary of determinations of the limit of brittle stages 

c - clear ice (lake ice) 

S -	 sludge ice (river ice) (Testing done on 20 cm cubicles) 

C andc::..,- tested straight from normal conditions 

C~ and C; after 4 hrs placed in .sunlight 

- after 24 hrs submerged in waterC 3 
Sland sludge ice from river rapids. No cracks appeared during testingS2
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Also the absorption properlies of radiation in clear ice and sludge ice are 

very different, as can be seen on Fig. 5. 

20 40 60 80 100 lL fOOar--=-r---T----=i:::::=~"?...., Jo 

/~.60/V 
~ 411( I 
~ ~ 8 ' / Clear ice, I 

~ k-d06 
~f2~---4-----+----~----~--~ 
-<::.... 

'" 
'" ~I6~--~----~--~----+---~ 

20L--~-~-~--L-~ 

Fig. 5. 

If we take the compression strength as an inclication of the consistency of 

the ice, the investigations in the out-door laboratory show that with an ice cover 
'J 

of 45 cm lhlckness, the compression strength decreased 1 kg/cm~ for every de

gree increas e in the mean day temperature of + 5 
0 
C. Large blocks of sludge ice, 

" however, lay on the river banks and took a long time to mell. These properties 

are charec!eri z ed on Fig. 6. 

Sluclge ice contains a good deal of sand, gravel and stones and floates there

fore rather low in the "e.ter. This creates difficulties when large sludge-ice blocks 

pass through the ice - sluice, and one often has to, Wlder great risk, Jead them 

over the regulating - dam. 

When the ice masses in a river are broken up by a winter flood carrying 


the masses downwa"rds, a mixture of all type of ice, sludge ice, loosened bottom 


ice, broken land ice, small and great pack-ice blocks, will float downstream to


wards the power-plants. 


4. CONCLUSIONS AND RECOMMENDATJONS 

The fundamental importance of the supercooling associated with the forma


tion of sludge ice, has emphasized the necessity of avoicling supercooled water 


and active s ludge near the constructions of a plant. Formation of an ice cover 


on an intake reservoir must be promoted. 


The formation of ''ice bridges", asscx:iated with the accwnulation of pack-ice 

masses produces a type of ice having il shear strength which may cause much 


greater practical clifficulties than previously assumed. 
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Fig. 6. Work done in longitudinal compression during pressure

tests wiU1 ice-cubes 

C - clear ice (lake ice) • 

S - sluc\ge ice (river ice) 

C arod C 2 - tested straight (rom normal condition's
1 

C - after 24 hrs submerged , in water
3 

C and C - after 4 hrs placed in sunlight
4 5 

Sl and S2- sludge ice , from river rapids. 

177 



The analysis of the diUerent ice problems given in this paper is pointing 

to the possibilities which exist to reduce the sludge ice production. The possibi

lities are: 

1. To rC?duce 	eUectively the open areas. 

2. To establish reservoirs which can store sludge ice, prevent step bursts 

and prevent the formation of ice bridges at critical places. 

3. To secure slow water flow and promote the formation of an ice cover 

at the intake of a power pl"'nt. 

The Norwegia n rivers are troublesome sludge ice producers of great dimen

sions /3 and 	4/. The problems which the planners of power plants encounter, 

will, however, 	not only arise from the magnitude of moving ice masses, but far 

more from the changes of physical qualities 'which accompany the diUerent stages 

of ice production, sludge transportation and pack-ice a ccumulation. 
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ICE SYMPOSIUM 1972 

LENINGRAD 

FRAZIL IC E DURING SPRING BREAK-UP 

J 
G.P. Williams, Division of Building Research, National Research Ottawa, 

Council of Canada Canada 

SYNOPSIS 

Frazil ice caused the complete blockage of a large industrial water inlake 

twice in aboul forty years. Both cases occurred during sprir"\g break-up when 

the river was essentially open, w ith water temperatures close to 32°F (oDe). 

Weather conditions were similar in both ca,?es with wind speeds averaging 20 

mph (9 metres/sec ) or g reater, air temperatures about 20°F (-7°C), and extre

mely low dew-point temperatures of 1°F (-1 7°C) . Thes'e cases illustrate the need 

to be aware of potential frazil problems at sites where frazil i s not a common 

occurrence. 

RESU1VlE 

IRs glaces de fond ont occasi'onne l' obstruction totaJe d' un important bas 

sin induslriel d' a pprovisio nnement d I ea.u a deux reprises durant ..les q uarante 

dernle-res annees. Ces deux incidences se sont produites durant Ie degel pri.n

tamer alor'S que la riviere e'tait e ssentiellement ouverte et que la temp~rature de 

I'eau approchait les 32°F ( OoC) . Les conditions atmospheriques elaient s emb

!abIes dans les deux cas: . Ia v~locit'; du vent elalt d' une m':>yenr,e de 20 m/h 

(9 m~tres/seconde) ou plus, la temperature de I'air a peu p~s 20°F (-7°C) 

et la tempe'rature extremement basse du point de rosee a 1°F (-17°C). Ces cas 

demontrent Ie besoin d' etre conscients des problemes e'ventuels delglaces de 

fond dl\ns les endroits o~ elles ne se presentent pas tellement souvent. 
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INTRODUCTION 

This paper describes an unusual case of frazil ice formation at a large 

industrial plant water intake located on the Ottawa River near Ottawa, Ontario, 

Canada. The site is seve ral kilometres downstream from hydro plants where 

frazil is a common oc curi'ence (I). Frazil caused complete blockage of the 

intake and a costly plant shutdown twice in about forty years of operation . Both 

these shutdowns happened during the spring break-"p period and relatively mild 

air temperatures, when frazil would not normally be expected to Occur. Frazil 

has also been reporte d, during the early winter but was not sufficient to cause 

plant shutdowns. 

THE CONDITIONS UNDER WHICH FRAZIL OCCURRED 

Weather records were obtained from weather stations located a few 

kilometre s from the site for the two dat e s (5 April, 1963 and II April, 1967) on 

which the intakes w e re blocked. Figure I shows the air temperatures, dew

point temperatures, and wind speeds and directions for the 24-hour periods 

during which the frazil formed. Conditions were remarkably similar during the 

two periods. In both cases morning fog occurred on the pre vious day, and high 

flow s indicated that the river was essentially open . Strong north to west winds 

averaging 20 to 30 mph (9 to 13.5 metres/sec) persisted for about 24 hours 

before the ice occurred. Night temperature s went down to about 20°F (_7°C). 

Exceedingly low dew-point temperatures wer 'e reporte d; in the e arly h ours of 

the morning on the day that frazil formed, the dew-point temperature in both 

cases was about 1°F (-17"C). Clear sky conditions prevailed on both occasions. 

The weather data were used to calCulate the hourly average rate of sur

face heat loss from open water for the period 1200 h April 4 to 1200 h April 5, 

1963 (Figure 2). This heat loss not only determines the rate at which the water 

c ools prior to frazil formation but also the subsequent rate of frazil production. 

Surfa c e heat losses were obtained by calculating the compone nts of atmospheric 

heat e xchange: net short-wave radiation , net long-wave radiation, evaporation 

and convection. Net short-wave radiation was determined from measured values 

for incoming short-wave radiation obtained from the National Research Council 

meteorological station. Long -wave radiation, convection and evaporation losses 

(I) 	Williams, G . P . A Case History of Forecasting FrazilIce - A paper pre

pared for publicalion in s yrr>.posia on the role of snow and ice in hydrology, 

International Hydrological Decade , Banff, Alberta, Canada, 6-20Sept. 1972. 

180 



:~ -~;~~~~~:~:?~,~::~=~~=~=/ ::: 
1967 

NW"r?:;::W~NW"" ,..,
20 	 W~N'W 196 9 . 0 

10 	 4 . 5 

• 	 10 11 If 16 18 20 22 24 2 ~ 6 • 10 


HOUR 


'1(((OING O"Y~O"y ~l"ZIt OCCUllfO 

flGUU 1 20 t:- ' 
COM'A~UON Of WfATHER CONOIT ION$ A ,Rl l '.~/6), 
.""I L 10·11/1>7 	 : 0 I- ' ,--------------I-'-'---1r....... 


I 
12(10 

fIGU~( 2 

SU_'AC £ HEAT (XCHAN G i COM'ON(NU flOM O'EN WArn, 
OTT AWA _lVII, 1961 

were calculated using the formulas proposed by Michel (2). Thes" formulas 

compare reasonably well with formulae prc;>pos ed by other authors. 

The calculations showed the relati ve contribution of radiation, evapora

tion and convection to the total rate of heat loss. The heat loss by evaporation, 

Caused by the high winds and low dew-point temperatures, was especially sig

nificant. There was a marked increase in heat loss at about 2300 h, April 4, 

when the wind shifted from west to northwest and dew-point temperatures con

tinued to fall. It was only after this increase that the rate of heat loss was 

probably sufficient to cause a severe frazil problem at the site. A study of heat 

loss during frazil production at · a, ·nearby section of the ri ver (I) indicated that 

severe frazil will OCCur only if the . r"te o(heat loss is greater than about 

50 cal/ sq cm/h. Once the sun rose the heat loss decreased rapidly because of 

incoming solar radiation . 

(2) 	Michel, B. (1971) Winter Regime of Rivers and Lakes. Cold Regions 


Science and Engineering·Monograph III-Bla, Hanover, N. H. 
 , 
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The conditions under which severe frazil will occur at this site can be 

surnrnarized as follows:

(1) The wind speed must average at least 20 mph (9 metres/ sec) or 

greater for several hours, sufficient to mix the water to considerable depth 

and pre vent a sta ble ice cove r from forming. 

(2) The rate of heat loss from an open water surface must be greater 

than about 50 call sq cm/h for several hours. 

(3) The section of river upstream from the intake must be essentially 

open, with water temperatures close to 32°F (DOC). 

The third requirement is met only for a few days during the spring 

break-up. In 1968, a year when accurate water temperatures were available, 

this period with open water and water temperatures close to the freezing point 

lasted from about March 30 to April 3 (Figure 3). The duration of this critical 

period is probably even shorter during freeze -up, as a stable ice cover usually 

forms rather quickly upstream from the site once water temperatures are close 

to 32 OF (O°C). The probability of weather conditions conducive to severe frazil 

occurring within this critical period must not be very great, as severe frazil 

has occurred at this site only twice in about forty years. Now that frazil is 

recogni~ed as a haza.rd, advance warning of severe attacks can be made because 

the weather conditions under which it Occurs are such that they can be predicted 

a few hours in advance. 
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CONCLUDING REMARKS 

Designers and operators of water intake structures should be aware of 

potential frazil problems for intakes located near frazil-producing rapids (or 

at shallow depths in large lakes and reservoirs) where stabl" ice covers 

normally form and frazil is not a common occurrence . All that is needed for 

frazil to occur at these sites are strong winds ,combined with low dew-point 

temperatures when an ice cover is just starting to form at freeze -up or at 

break-up when water temperatures are c·lose to the freezing point. Frazil 

occurring under these circumstances often causes the complete blockage of 

intakes because plant operators are unprepared to combat it. 

This paper is a contribution from the Division of Building Research. 

National Research Council of Canada. and is published with the approval of the 

Director of the Division. 
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WE SYMPOSIUM 1972 

LENlNGRAD 

·ON FRAZlL ICE MEASUREMENTS IN THE KEMI 

RIVER 

M.V. Kuuskoski Imatran Voima Osakeyhtio Helsinki, 


Director NO Hydraulic Laboratory Finland 


SYNOPSIS 

Frazil Ice is accumulated in huge amounts in the Toivalkoskj area in 

early winter before th", Kemi River has· got it's ice cover. 9,5 millions of 

cubic metres of frazil ice was measured in the area in December 1971. 

RESUME 

Les glaces frasiles s 'accumulent en grandes quantih~·s dans la region 

de Taivalkoski au debut de I' hiver, avant que Ie fleuve de Kemi ait re<;u 

sa couche de glace, En decembre 1971, Ie v olume des glaces trasiles. dans 

cette r~gion a ~t'; mesure a 9.5 millions de metres cubes. 
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ON FRAZIL ICE MEASUREMENTS IN THE KEMI RIVER 

The development of the main co';rse of the Kemi River, which is loca

ted in North Finland, for generating water power has almost been com

pleted. In fall 1972 the construction work will be started on the Taival

koski power plant (Fig. I, object 2), The river channel has to be 

reduced by means of coffer dams. For choosing their heights the water 

levels of the river in the different seasons of the year must be known. 

In the lower part of the r,iver water is already rather cooled. Further

more th"re is a large open water area in Taivaikoski through all the 

winter (Fig. 2), where much heat from the flow is conveyed to the at

mosphere. As a consequense of that the flow is supercooled and form

ation of frazil ice will start. The Taivalkoski area is located about 

80 km from the Artic circle to the south and the average temperature 

in February is - 12
0 

C. The lowest measured temperature has been 

_ 44 °C. 

The forming of frazil slush begins concurrently with the ice cover form

ation in tranquil zones. The frazil slush drifts with the stream in very 

large quantities and it is often clearly visible. Below the rapids. where 

the flow velocity is sufficiently retarded, frazil ice gets anchored to the 

under side of the ice cover, The layer of frazil ice often fills up the 

whole channel depth from the under side of the ice COver to the bed bot

tom so that the flow can utilize only narrow tunnels. When formation of 

frazil ice thus reduces the channel,the flow velocity is increased and 

frazil ice can not adhere to the ice cover but will move downstreams, 

where the flow velocity is low enough so that the accumulation of frazil 

can take place. Thus frazil ice can be accumulated on a distance of 

many kilometres and its total volume can be millions of cubic metres. 

Owing to the very little cross sectional area whrch is freely available 

for the flow, a rising of the water level above the reduced section occurs, 

The height of rising may be many metres. 
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The highest raise in the water level in the ice forming period has 

been measured in winter 1917 -18 (Fig. 3) when water level at the end 

of November rose in a couple of days by 4 metres. The greatest dam

ming up of 4, 6 metres occured at Christmas time and even at the end 

of the winte r the height of damming up was 3 metres. 

The time of the break-up of ice brings up additional risks of its own. 

When the river channel below the rapids is filled up by millions of 

cubic metres of frazil ice on a distance of several kilometres, it takes 

a long time, before the ice masses are weakened. During this time the 

rising flood has made the ice above stir. With the stream the ice blocks 

move downstreams and when they stop against the strong ice zone 

below the rapids, they form an ice jam. which may cause a raise of 

nearly 10 metres in the water level in a few hours. The attached photo

graphs, which have been taken on May 4, 1965 . when the peak of the 

flood has already passed indicate , how high the water level has been 

and how huge ice masses are involved. The peak of the flood was attain

ed on April 30, 1965. Below the rapids,it exceeded the elevation of 

+ 20 metres from the sea level and it was 8 metres above the mean 

water level (Fig. 2). 

In winter 1970-71 ice measurements·in ·7 different cross sections on the 

area of Taivalkoski were started (see the map in Fig. 2). The measure

ments were continued in winter 1971-72 when the early winter was espe

cially cold and plenty of frazil ice was formed. 

Fig. 4 shows the re s ults of ice measurements in crOBS section during 

the period between November 26, 1970 - April 4, 1971. In Fig. 5 fluctua

tions of temperature and flows have been presented. The shares in per

centage of the crosS sectional area occupied by frazil ice , solid . ice and 

water have also been calculated. It can be seen that the early winter was 

mild. Temperatures below - 20
0 

C were scarce and many periods of 
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above OOC temperatures were between them. On December 10, 1970 

50 % of cross sectional area was in possession of frazil ice, which 

was the max imum value in that year. Since then the volume of frazil 

ice reduced though even temperatures of - 30
0 

C appeared later. 

Figu r es 6 and 7 show corresponding results during the period from 

December 9, 1971 to February 9, 1972. It was very cold in Novem

ber and therefore 94 % of cross sectional area was in possession of 

frazil ice on December 9, 197 l. Still on February 9, 1972 the share 

of frazil ice was 64 %, though January }"as rather mild. Further it 

can be seen that the water level was staying about one metre above 

that in previous year, though the flow quantities were approximately 

of the same size. 

Oll'De cember 10 , 1970 frazil ice could be found below Taivalkoski on 

a distance of about 5 km, in total 3 , 5 million cubic metres. On Decem

ber 9, 1971 frazil ice was found on a distance of about 7 km, in total 

about 9, 5 million cubic metres. 

The results of the executed measurements lead to the assumption that 

the height of floods caused by break-up of ice depends on the volume 

.f accumulated frazil ice, which in its turn is determined by the 

weather conditions in early winter. When writing this (on February 20. 

1972) we have a good reason to predict that in spring 1972 the break

up of ice will be severe. In the fall of this year, when this article is 

published, we shall know the accuracy of the prediction. 
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POWER PLANTS IN THE RIVER 1<£1.11 
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ICE S Y MPOSIU,.... 1972 

LENINGRAD 

UTILIZATION OF A WATER RESERVOIR TO 

CONTROL WINTER PHENOM;':NA ON A RIVER 

VacIuv IVIatou~(>k, Ohfe River Basin ChO:'flutov, Czechoslovakia 

HE'dd of department 

SYNOPSIS 

By controlling the discharge from a reservoir in relation to the meteorolo

gical s.ituation it is possible to attain a substantial limitation of winter phenomena 

on the river below the reservoir tind thus to avoid the formation of ice jams and 

barriers and difficulties on intBke structures. The method oE solution and its re

sults are r e ported, using a actual example (rom the lower reaches of the river 

Ohre with the c. ompleted water reservoir of Nechranice. 

RESUME 

Par la ";gularisation de I' ecoulernent d' un barrage suivant la situation 

I~te'orologique on peut ntleindre Ia restriction des proces d' rover sur 1a ri'-li-ere 

au-dessous du barrage; ainsi on peut ~liminer les cas de Iil {annalion des bar

rieres des glo.c;,ons et eviler les problemes sur les insk"'\llations de pompage. 

Mode de 18. direction des travaux et les succes sont presente~ sur Ie barrage 

Nechmnice (Basse - Ohre) qui s(>rt d' (,xemple. 
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During the winter season. aood situations are encountered every 

year on the lower reaches of the river Ohi'e. In this sector of the river 

great quantities of In water Ice are produced which In places of soUd 

ice cover and In sharp bends create jams and barriers. The frozen ri 

ver wHh ice Jams does not perm!t the prelbnlnary emptying of the Ne

chranice Reservolr and retaining of the aood. Difficulties arise also in 

throughaow hydroelectric power plants and Intake fadUties. uurlng ice 

movement, hydraulic structures are endangered, too ; espedally the old 

weir at Terez{n which Is combined with a bridge of great traffic Impor

u.nce. 

'J'o ellnunate these cIlfficultles an attempt was made to utlUze the 

Nechranlce Reservoir bn the river Ohi'e, which was completed in 1969. 

By cIlscharglng sufficient q uantities of wann water from the bottom 

lAyers of the reservoir, It Is possI b l e to affect signJficanUy the whole 

winter regime on the river d ownsa-eam. of the reservoir. The reservoir 

1& situated at km 103 ot the river stationing. Its toth! volume Is 287 mll. 

cu.m with a useful space of ~69 mU. cu. m . The reservoir clam Is 3280 

m long at the ground and 48 m high. The water discharge from the bot

tom layers Is achieved by two bottom outlets with a total capacity o f UO 

cu.m per sec. and two turbines of 18.0 cu.m/sec. of absol"iJtlon capo. 

city each. The maxJmum water qUAntity discharged from the reservoir la, 

however. given by a safety condit.lon, which pennlts a maximum dally w&

ter level decrease In the reaervoir of 28 cm. During nonnal winter infiow 

of 12 ~ 20 cu. m/ sec. Into the reservoir, the maximum cIlscharge d q uantity 

can then be 47 - 55 cu. m/ sec. 

For the control of the wInter regime in the river downstream of the 

reservoIr . It Is essential to know: 

1. 	the temperature of the water cUscharged from the reservoir 

2. 	the method of calculaUng the water temperatw-es on the l ongit udinal 

prodle and the movement of the Ice drlf\ 

3. the meteorological forecast 

4. 	hannless cIlacharge of Ice drift. 

In connection of the lower reaches of the river Ohi'<> these que

stions are solved as follows I 
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Ad 1) 	According to measurements carried out, it is pos&JbJe to discharge 

from the Nechranlce Reservoir water of about 6°C at the beginning 

of the winter season. Towards the end of the season the water tem

perature drps to 3°C. 

Ad 2) The computation of the I.ongltudinal profUe of water temperature and 

mavemp.nt of ice drill Is based on the thermal balance equetion of 

the river. The equation used Is derived from measurements on the 

canal from the river Ohi'e to the river Bruna ( 1). The balance equa

tion and the relation for the computation of water temperature and 

Ice drift movement Is shown In the appendix. The necessary river 

partuneters, such as advance times" channel width, gradient, magnl

tude of tributaries, etc., were determined by measurement. The com

putation of the longitudinal temperature profUe and Ice drill movement 

waS veraed by direct measurements. On the river there were estabU

sched seven gauging su.Uons. Also frequent river surveys were Cd!'

ried out to obhln the necessary data on Ice drlfl transport, In 37 

calculated longltucllnal temperature profUes, there were only two In

su.nces of O,50C differences between the calculated and measured 

w·~, ter temperature and that in a distance of 100.5 km from the re

servoir at a discharge of 40 cu. m/ sec,ln all other cases the dif 

ferences were smaller. The comparison carried out confirms the appU

cabllity of this method of computation. Also verWed was the compu 

tation of the ice drill motion and determination of the starling point 

of the Ice drill formation. Also these calculations whow a very close 

agreement with the values obtained by measurement. The starting 

point of ice drift ~onnation has been determined with a difference not 

exceeding 2.0 km. 

Ad 3) 	 F'or the control of the discharge from the reservoir in relation to 

the nwh:orcologlcal situation, e. satis.fActory meteorological forecast Is 

essential. In aour =se. the length of the affected river is ~ km 

and i.:~e advance time of the current In this river length amounts to 

64 hours at " di,;charge of 20 cu. m/ sec. and 39.5 hours at a ell

schorge of 55 cu.m/sec., respectively. 

( 1) MatouSek, V.I 'l'hermal balance of open supply canals, 

?r6ce a Studis 3, PovocU Ohi'e Chomutav. 1971 
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Meteorological forecasts are carried out by the Hydrometeorologf

cal ' Prague. To make the forecast more precise, inforInstitute in 

maUon on the actual meteorological situation prevailing at the river 

gauging stations is passed on to this Institute. However, inspite of 

that the forecast is not always in good agreement with -the real 

weather development. Not precIse is mainly the prtgnosis for the 

third day. DiWcultl<'Os also arise with sudden changes in the wea

ther. This has to be borne in mind and the discharge from the re

servoir must b<'! chosen with a certaln safety degree. 

Ai 4) 	 As harmless Ice drift motion we understand such a Uow In which 

no ice jams are produced; It Is dependent on the river and struc

tures on It and on the total discharge. Such a hannless Ice drift 

can be detennlned only experimentally. Following the lee drift trans

port, two dangerous profiles for the creation of Ice jams were found, 

and that at km 14.3 and km 47.9 • Ice jams occur when the di 

scharge of Ice drift Is greater than 3.5 cu.m/sec. and 1.5 cu.m/sec., 

respectively. These data apply for water discharges of 40.0 cu.m/r-ec. 

Conclusion : 

Measurements and observations on the river have schown that the re

..ervoir can be used with advantage to eUminale winter defects on the rl _ 

ver. At the same Urns It has been also proved that the procedure for sol

ving this problem and the calculating the longitudinal water temeprature pro

file and Ice drift movement is correct. By discharging the pennlsslble quan

tity of 55 cu. m1sec., It can be achieved that 40 km of the river wlll be 

free of all Ice phenomena during the whole winter season and 63 km wlll 

encounter only hannless winter phenomena. 

For the winter season of 1971/72 regular water temepraturEi and ice 

drift movement forecasting has been started. Forecasts are prepared for the 

most Important proflles. TWs pennlts to continue with bulld1ng operaUons on 

the riverlonger and also into the winter season the opUrnal protection of the 

weirs 	at Terez{n. 
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App e nd x 

Thennal balance equation 01 the river 

s • (12.7 • 1.8 w ) [ 0.46 ( tvz - tv) • ( e - eo)}. 

• 

+- 0.0655 secZ ) ( 1 - n) ko • 0.936 k nJ. 6 ..1

8 430 • I • -s • 0.15 ( +tvz •• Q 

6 
~_·~_!2.£.!..Sp_L~_:_~_ (1 )• 

F 

Relation lor water temperature calculation 

s • B • L [e)t 2 t 1 • v v 3.6 • 106Q 

Relation lor Ice drift moveme nt calculation I 

1Q 5 s • B . L (J ) Tr 

2 s • total heat loss (kcalt m h) 


w • wind velocity 2.0 m above water level (mt s) 


t • air temperature 2. Om above water level ( °C)

vz 

t water temperature (oC)
v 
e. real vapour tensIon 2.0 m above water level (mm Hg) 

e vapour tension at S<lturation and water temperature (mm Hg)o 
Tv. absolute water temperature 

T vz. absolute alr temperature 



n - cloudiness in fraction of one (0 - 1 ) 

clear sky n - 0 

co' c ' c - coefficlents dependent on cloudiness,l 2 
density of clouds and visibility 

S4 - direct solar irradiation (rom clear sky 

'? - percentage of direct soiar irradiation absorption 

Z zenit distance of sun in degrees 

ko' kl - coefficlents dependent on cloudiness, cloud density 

and visibility 

i-level gradient 
3

Q _ water discharge (m / s) 

B water surface width (m) 

thickness of atmospheric preclpitation layer ( mm/h ) 
3

rate of infiow ( m / s ) 

- temperatut'e of infiowlng water 

2
area of water surface ( m ) 

tv ' v water temperature in sUltlon 1 and 2 , respectively (oe)2 l 

L - distance between two stations (m) 
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ICE SYMPOSIU.'A 1972 

LENINGRAD 

ICE PROBLEMS IN WINTER OPERATIO'\! 

BUREAU OF RECLAMATION EXPERIENCE 

Philip H. Burgi, Hydraulic Bureau of Reclamution Denver, Colorado, 

Engineer V.SA. 

SYNOPSIS 

Ice formation on reservoirs, rivers, canals, and asscx::iated stn.Jctures 

hinders and. at times, prevents winter operation on a number of' Bureau of 

Reclamation projects. Ice difficulties as they occur on rivers, water conveyance 

systems, and hydraulic structures are briefly described in this paper. Although 

Ule ice difficulties do not have simple solutions. severnl planning, de-sIgn. and 

operational considerations are proposed to redt..JC:e the delrimenW eUect of ice 

formation. Environmental limitations to some of the river ice control problems 

are also discussed. 
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rNTRODUCTION 

A nUlilber of Bureau of Reclamation projects are handicapped during winter 

operation by ice formation (1). To establish a research program related to alle 

viation of ice problems, the project offices experienclng ice difficulties wer" osk

' ed to describe ice jams occurring in natural channels, and damage, safety ha

zards, and inconvenience that ha"V'e resulted from ice formation in canals and in 

entrances to powerplants, spillways, outlet works, and other hydraulic structures. 

Information of any corrective or preventive measures that had been undertaken 

to alleviate the problems was also requested. It was difficult to put a monetary 

value on the extent of damages or operational losses caused by ice formation. 

The problems mnged from extensive flood damage resulting from river ice jams 

to cumbersome problems such as manually clearing ice from tre.shracks. 

NATURAL CHANNELS 

Ice fOm>!ition which results in the most extensive physical damage lies in 

the area of ice jB.ms on rivers. Th~ formation, growth, and decay sequence of a 

river ice cover may occur se"Vere.l times during one winter. depending on clima.tic 

conditions. Although ice jams may form during any phase of the ice cover se

quence, they are usually more frequent and severe in the decay phase. 

One of the most ~ommon areas for ice jam formation Is where a river en

ters the backwater of a reservoir. The quiet \\ater of the reservoir develops an 

ice cover earlier in the \vinter season than the turbuient water of the river. When 

ice develops in the river, It floats do\.vn to the backwater oC ~ reservoir where 

it accumulates against the lake ice. The resulting river ice cover may progress 

upstream from the re£rvolr whlle water flows underneath the ice cover. In high 

velocity zones the ice caver thickens when floating frazll lee plunges under the 

leading edge of the ice cover, resulting in an ice jam. This obstruction creates 

a rise in the water level immediately upstream of the jam. The added water pres

sure ,,\/ill either break the jam or the rh.rer '.-\Bter will continue to rise until it finds 

another route around the jam, flooding adjcicent lowlands. Figure 1 illustrates the 

'severity of the problem. 

The Yellowstone River presents another unique ice jam formation problem. 

It flows northeasterly to its confluence with the Missouri River, an d therefor... it 

is not uncommon for tile upper reaches of the river to experience a wanning 

trend before the lower reaches. If a chinook wind develops, the runoff will great

ly increase, resulting in severe ice jamming in the lower reaches of the river. 

Figure 2· illustrates the degree of flooding which can occur when the rivt'r c han

nel is choked with ice. 
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Figure 1. - Aerial view of flooding in Montour, 

Idaho, immediately upstream of the Black 

Canyon Reservoir (looking dOW'1stream) 

Figure 2. - Aerial view looking upstream on the 

Yellowstone River. Note flooding on both 

sides of Ir\e river channel. 
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There are no general solutions for ice jam formation in natural channels. 


However, the following are some measures tri e d on Bureau of Reclamation pro


jects to allevinte ice jam fornation in river channels: 


1. Improve the channel by dredging, removing debris, and eliminating sharp 

bends 

2. Construct le"\l'1'2'es to contain the river and/or ice flow 

3. Construct ice .boom control structures where feasible to trigger an ice 


COVer earlier in the w inter season 


4. Where river control is possible, maintain river discharge as constant 


as possible to elimInate jce cover breakup 


5. l'v1c\intain winter releases from reservoirs close to the native riveriJ.ow 

6. Utilize the \varmer releases from outlet works and/or pO\'\ferplants rather 

than spillway releases whenever practicable 

Many of these measures used to alleviate river 'ice jams also affect the 

river environment. For example, Peters (2) and Gebhardt (3) have ~onducted 

s tudies indicating a decrease in fish population of 80 percent for fully channel

ized streams" 50 percent if basic stream cross sections and meanders are re

tained, and 25 percent if there is replanting of bank vegetation on' basic cross 

sections and meanders. Variations in temperature and discharge may also ad

v ersely affect the river fish populations. 

WATER CONVE~NCE SYSTEMS 

Winter operation of water conveyance systems in cold regions has been 

accompanied by problem.3 of such magnitude and complexity as to preclude 

year -ro:.Jnd operation in some areas. SO:1'le project offices, however, due to years 

of experience and persistent e{{orts o f their operating personnel, have been able 

to maintain -.Mnter operation. Indeed, the feasibility of some projects is contingent 

upon a 12-month operation period. 

Some operating canals experience COMplete blockage of now. A canal 


operating -.Mth an ice cover can become blocked by a large volume of frazil 

. . 

ice taken into the canal from a river diversion. A canaJ operating without an 

'ice cover may produce a large volume of frazil and/or ~nchor ice which bl<::x:l<:s 

the now oC water. A canal which has been shut dO'M1 for the winter, if operated 

too early in the spring, may become blocked by ice which has accumetlated in 

thl> canal prism during the winter. Such, blockage can result in a "washout" oC 

the canal or in the case oC a power canal, the shutdown oC the pov.erplant with 

loss of pov..er revenue. 

Several methods are used to divert relatively ice-free water from a river. 

However, all of these methods require excess water to carry the ice a\r\6y from 

the diversion entrance . This excess water is not always available. Mo~t schemE'S 
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ut.Uize ice-shea.ring booms to divert Uoating ice dow·n the ri",,-er and allow water 

w hich is more or' less ice free 10 Dow lhrough lhe headgales. A similar resull 

can be accomplished \vhere an ice cover de",,-elops at ti'le area of diversion by 

cutting a ch,mnel through the ice cover surface. Use of oulboard molors or elec

tric motor-driven propellers will increase the Oow through the narrow ice channel 

Lind the slush ice can be diverted into a \t\8steway (Figure 3). 

HYDRAULIC STRUCTURES 

Hydmulic structures operated during periods of extended cold weather are 

s u b ject to operational difficulties resulting from ice formation, which affects in

tokes, ouUets, and spilhvays by choking or restricting normal operation and by 

linl iting or pre"\lent.ing emergency operations. 

Intake trashracks may become clogged vvith collections of frazil ice on the 

bars o r they may be choke d off with chunks of Goaling s urfilce ice. In either si

tua tion, de llvery of water or prod...1c.tiun of po\·\er, or both, may be Intern.Jpted. 

Tras hracks should have adequute submergence when possible to prevent surface 

ice accumulation agajnst the racks. PIC'J.cing trashrac ks on a fiat slope will mini

ITi ze ice jamming against them if proper 5ubmel'gence is not available. Rocks 

should be hea ted if there is a. possibility of lrazil ice accumuldtion on thP. ba rs. 

Ice fonnation on ouUet works or spillways is usually a direct result of 

leDkoge o r spray (Figure 4). Such accumuJ.(;ltiOT"l may prevent e mergency usage 

of gates and delay or intedere with early · spring \vater deli"\.o'eries. Ice (ormation 

resulting (rom spn:i.y or leakage also provides serious safety ha,zards to opernt

ing personnel and ma intena.nce crews. Maintenance schl?dules during VI/inter 

months may b e delayed or prevented. 

H eat LLlpeS should be installed in drains, in air vents, Braund control pip

ing, behind wall plates and under sill plates of outlet and spillway gates where 

,- \,ir·lte r opt2ratian is n o rmaJ or wh 2 rc emergency operation ma.y b e required. 

Air bubbler systems have bee>n very effective in elimina.tin~ intake struc

ture ice probh::~m5 in d e ep reservoirs. Air injected into th e bottom of the reser

voir ri s es to thl""! surface and crea.tes c onyection currents tha t circulate vvarmer 

\w,le r fro m the lowe r levels of the reservoir to the s urface. 

SUMMARY 

i~.s (l ~s:. u.ll o f the review of ic e problems, the Burenu t)( Re cla ma tion 110 $ 

esl blished an Icc RcseaJ'(:h Management Committee to coordirute a nd di rect a 

re sea r'c }, p ~'OSr"am 'vilh the objec live s o f eliminating or cllieviating lhe i c~ di (ucuJ

ii(.... s II -·nli ne d !n this p-r"l[u2 r. Man y of th $ ic e diffic ullies o r e not eas ily res olv

" d . 'Th e e flo rl s o t lhe committe " w iU be directed loward: 
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Figure 3. - View looking at c1."nnel cut in the ice at 

the Wind River Diversion Dam. Outboard 

motors are used to divert slush ice aWiY 

from the ·pm,,",r canal entrance. 

Figure 4. - View of ice accumulation on MOlTOW 

Point Dam outlet gate house due to 

spray and 'SpillWiy gate leakage 

(SpillWiY located above outlet \MJrks). 
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1. Design, labomtory, and field s tudies to de'--1?lop solutions fo r specHic 

problems which late r may be applicl3ble to more gene rul problem areas 

2 . Establishing rnore coordination behveen the Bureau o f Reclam~tion and 

othe r organiza tions involved in similar research 
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SYNOPSIS 

Problems are considered pertaining to winter operation of hydromechanical 

equipment of hydroelectric power plants. Emph~sis is placed on heatjng which 

appetlrs to be the most effective means of combatting ice troubtes. A description 

is presented of induction-healing, a most advanced heating technique. Studies 

of winter operation experience permitted to formulate the genet"al principles of 

proper design for heating systems. 

RESUME 

On analyse un nombre de problemes relalifs aux particulariles de I' exploi

talion hivernale de J' equipement hydromeca nique des u5ines hydro-e lec triques. 

C' est Je chauifage qui donne 1a possibilite de surrnonter le s clifucultes dues 2:t 

fa glace. Le precede' Ie plus progressif du chauftage - Ie chCtuftage pdr induc

tion - est decrit. On demontre que l' ~tude de l' exp~rience acquise lars de I' ex

ploitation hivernale des usines hydro-eledriques permet de form:..Uer les iegles 

principales d 'elaboration des projets pour les systemes de chauftage. 
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In view of propagation of hydroelectric construction in the U.S.S.R. to re

g i ons with a rigorous climate, problems relevant to cOrnOOtting ice troubles in 

operating hydromechanical equipment of power plants have become most urgent. 

Heating is at present the most extensively used anti-icing technique to en

sure reliable service. A wide variety of hea ting system designs is available in 

operation practice, choice of a suitable design being determined both by winter 

.'3ervice conditions and by design features. 

The most common arrangements are those based on circulation and non

circulation oil heating, bar-heating (supplying current directly to the metal mem

bers) , ohmic furnace heating, warm-air heating, induction-heating. Each of these 

rrethods possesses certain merits and disadvantages, though induction-heating 

appears to be the most efficient one and the most extensively used one at pre

sent. The main advantages of the method are as follows: liberation of 80 to 85% 

of heat energy within the metal to be heated (dispensing with a heat-transfer 

agent), absence of external current-carrying details, possibility of standard vol

lage application, feasibility of differential heat liberation in the structural members 

in which if is needed. 

Induction-heating is based on utilizing a well-known physical phenomenon, 

viz. genere.tion of eddy currents when ferromagnetic bodies are crossed by an 

electromagnetic field. The magnitude of the currents depends on the electromag

netic field, the dielectric constant and the magnetic permeability of the material 

and the field frequency variation. When using iJ:1dustrial Crequency voltage, curr.ent 

intensity control and, hence, that of the magnitude of energy release may be ef

fected in p .....ctice by varying the electromagnetic field intensity. Field intensity 

being proportional to the number of ampere-turns, one can obtain practically any 

value of energy release in the metal by varying the impress ed voltage and the 

humber of turns in the inducing winding. To get high energy pa....meters when 

applying induction-heating an inductor. with a magnetic circuit is utilized, such 

an electromagnetic .scheme permitting the use of a simple inductance coil. 80th 

laboratory and field tests of the above inductance-heating schem<;!s revealed 

that their electrical efficiehcy may be about 0.85-0.90 and the pdwer coefficient 

0 .75-0.85. The service life of an induction heater is assessed at 25-30 years. 

Induction schemes are mainly used to heat the embedded parts of gates 

and trash racks at hydroelectric power plants. 

In recent years the B.E. Vedeneev VNIlG and the Design Bureau of the 

Lengidrostal' conducted extensive joint investigations to gain a better insight 

into and generalize winter service experience of hydroelectric power plants. The 

research results indicate that ice troubles may occur during winter operation of 

hydroelectric power plants almost in every region in this country. The main diffi

culties encountered in winter operation of hydromechanical equipment are: icing 

of service and emergency-maintenance gates and embedded parts of spillways, 
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those of turbine emergency clos ing valves, of gatepperating gear, freezing

over and ice clogging of water intake and turbine trash racks and concrete sur

. faces adjacent to trash racks, gates and gate guide ways , static action of the 

ice cover against the gates. 

The heating arran.~ements for hydromechanical equipment of hydroelectric 

power plants . ht!.ve proved to be sufficiently e{{ective in ensuring normal winter 

operation of hydro power plants against ice and frazil-ice troubles. The design· 

of healing systems is based on calculation procedures substantiated theoretically 

whose rT"a.in principles are presented in a code of practice·. 

I! should be stressed, however, that the proper design of heating arrange

ments is inseparable {rom specially designed hydromechanical equipment elements 

to 	be heated considering service conditions under which ice ' troubles may occur. 

Let us examine the problem ' in greater detail with regard to trash racks and 

gates . 

A 	 study of the operation of an experimental trash rack with induction-heat

ing at the Ma.tkozhnenskaya hydro power plant demonstrated that the trash r ack 

turned out to be almost completely clogged with frazil at a high frazil-ice run 

rote, which resulted in a significant reduction in the power unit load, though the 

temperatl,!re of the heated members (i.e. of the frontal parts of the bars and cross 

beams) was above the freezing point al1d fully conformed to thermal design. 

Trash rack clogging was cause'd by the presence of unheated structural me m

bers on which frazll crystalization commenced. !.ater the process was greatly in

tensified embracing the heated members of the trash rack. 

It 	stands to reason that trouble-free operation of the heated trash rack, 

wth the water supercooled and frazilizatlon proceeding at a g r eat rate, may b e 

ensured. only in case all the s truclui-cil elements of .the h 'osh rac k c an be h e a.te d. 

Experimental laboretory studies. at the VNlIG and the Lengidrostal' D e sig n 

Bureau resulted in working out by the latter of an original tra sh rack design 

meeting the requirement; the first trash racks of this type being installed a t the 

Vygostrovskaya, Byelomorskaya and Poduzhemskaya hydro power plants. The 

drop-shaped trash rack bars r e duced to a minimum head losses at the trash 

rack and facilitated induction-heating at high power parameters. 

The unusual design features of the trash rack permitted to practkall y elimi

nate unheated members providing for effective control of 'frazil ice troubles at the 

hydro power plants. 

A survey undertaken in October 1970 disclos,ed !hat, on the whole, the 

new design of tmsh racks at the Vygostrovska ya and Byelomorskaya power 

* 	Recommendations on the Design of Heating Arrangements for Hydromecha nical 


Equipment Elements of Hydroelectric Power Plants, VSN 029 -70 Minenergo 


U.S.S.R., Energia, 1971. 
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pla nts mak e s fot' normal opr.:-! rntion of powe r units during frd z il ice pas sage. The 

nuthors \oVould like to e mphasize tbat it wus nut only the u pplication of induction

hE.·..lling, but also the efficient design of the trastl rae!, s truct.ure \-vhich e s Hy 

lent itself to the heating a.rrclngeme nt were c onducive to finding the proper s olu

tion to the problem. It is w orthy of note that no rnalter how efficient the desig n 

of the trd5,h rack or how high the 11eating inte nsity may be, the great ma sses o f 

fra zil cannot be melted. The f zil mass will puss ttlrough the hea ted tra s h ra cl< 

!Jrovided the fra zil lump diamete r is smaller than the spacing behvee n the trash 

rack bars . Hence, tleallng o[ trash racks must go hand in hand with effective 

measures contributing to speedy s tabilization of ice cover, s pe cial a rrange,nents 

(or partial detention of fra zil in the forebay, or fr",..il passage through the struc

t'..t.re. 

Significant modifications facilitating frazil-ice control h.~lve been lately in

troduced in the design of trash racks where frazi1 is likely to occ ur, but the de

s ig n fe ature s of gutes used for winter service have remained essentiully uY1clller

ed due lo a number of reasons, though problems pertaining to g ate op~ ratjon in 

w inter are in every respect as pressing as frazil ice passag e trlrough the trash 

racks. 

Almost in every case vJhen gales have to be manouvered in winter, the 

opera.ting staff are confronted by troubles due to icing of the gate structures 

and their freezing either to the concrete or to the embedded members) though 

he'-J.ting is provided. 

Severe troubles in winter operation of gates a.re caused not so much by 

the · di s ad\lanl..3.g es of the ga.te healing arrangemc-nts as by the gate design being 

badly adapted to operation under ice regimes. 

The unheated skin ' p1ates and sealing rib,,-, protruding upstream lead to ice 

bridge forl'Tl<ltion betwee n the gate and the concrete. The arm of a tainter gate 

and its side plating freeze to the concrete, particularly, Lit pcirtial gate openings. 

1ce in the guide rails of slide gates tightly' bonds the ribs, th'? stiffening plates 

and supports to the concrete of the guide stot. 

Considerable ice mOWids form around bogies disrupting normaJ operation, 

manual removal of the ice being impossible due to confined slot space. No heat

ing system is capable of melting an ice layer thicker than l.S-2.0 mm and is 

Iflanifestly unable to remove ice from the protruding parts of the stnlcture. 

Hence, in our opinion, gates adapted to 'winter service should be free of 

outwDrd elements strongly projecting upstream in the neighbourhood of the slot, 

or into the slot. Radial gate arms should be covered with smooth skin plates 

a nd be heDted. Slide gate bogies must be located within the gate chamber which 

must ilcc omodate a heating arrangement. 

Tentatalive attempts towards achieving such a gate design were made Cit 

the Lengidroslal' Design Bureau. A axed roller gate WdS des igned: for the Voro
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nezh reservoir, with the roller path, the side (rame of the gate, the bogies in

BielE' the gate chamber, i.e. within the heated zone. The gate dQsign <:'>.voids ele

rrents projecting upstream or into the gate slot. The g ate is expected to operate 

rrnre erGci'!?nl1y under ice conditions as against conventional gates. Thus, speci

ally adapted gate designs coupled w ith suitable he<:'>.ting systems must promote 

fa vourable winter service conditions. 

In conclusion it should be strongly Qmphasized that combatting icing of 

hydraulic structure elements a ssumes an ever gro\'\'ing importance because of 

extensive water power development in the north-eastern regions of the Soviet 

Union, i.e. regions with a sever.e climate.. . Under these conditions eUective opera

tion of heating systems requires a considerable heightening of the unit capacity 

of he<lting arrangements which leads to great energy expenditure. 

Hence, a quest for new effective means to control the freezing-over of 

metcll a nd concrete surfaces has come to be eminently urgent. 

Applicati::>n of various polymeric materials with very low adhesion to ice 

appears to be very promising in this respect. An adequate solution to the prob

lem may be the formation over the surfaces liable to freeze either of a strong 

permanent covering, or of one to be periodically renewed, which \·\·ould do aw·ay 

with power consumption and ensure good protection against freezing over. How

e'\.rer, in spite of some encouraging results already obtajned. there do not see m 

to be as yet available <:'>.ny coverings of such a type. 

New vistas are opened by using electroconducUve polymeric tllC:lterials to 

combat icing. Beside being highly water repeUent, they permit to supply i"'we'r 

direcUy to the surface layer. Such a combination of characteristics "ermits La 

reduce unit capacities versus those applied in a conv,~nlionaJ heating 0.rr0.ng c

rrents that ensure st.eady ice -free ope ration. 
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SYN)PSIS 

The paper deals with the classification of navigation locks concerning 


their operation at negative air temperatures. A typical layout of lock equipment 


for these conditions as _11 as some design relationships for the equipment' of 


navigation lcx::ks 	 are given too. 

The problems considered are: velocity of the upward water flow preventing 

ice formation on the plating of the gates, and design loads on the ice boom in 

front of the 10000r mitre gate to protect the gate chamber from ice penetration. 

RESUME ' 

Dans ce rapport on donne la classification des ecluses navigables pen

dant leur fonctionnement aux temp~ra.tures ne'gatives .e l' eau, Ie sche'11'ltl typique 

de I' equipement de I' eeluse dans les conditions mentionnees et les dependances 

de calcul pour Ie projet de cet equipement. 

On a envisag~ les questions suivantes: la vHesse du courant ascendant 

de I' eau pres de la porte, prevenant la formation de la glace sur Ie reV:tement 

de la vanne et la charge de calcul devant la porte aval a deux vantaux pour 

Ie protection de 	sa chainbre contre la p~netration de la glace. 
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As the freight traffic capacity of rivers must be increased and scheduled 

navigation ~rms ensured, the operation of navigation structures at negative air 

.	tempera.tures is imperative. Due to the above considerations a neces~ity arises 

o( changing the structure maintenance regirrie, supplying them with special addi

tional equipment and adapIing lhe existing equipment to operation in new condi

tions. 

The variety of navigation slructure designs used on the waterways of our . 

country, and different conditions they are to work in call for a new classifica

tion o( those structures in order to ouUine typical Iayouls o( lock equipment a nd 

typical model design sch.emes. 

The above slructures may be classified as !.ollows; 

a) T y p e o f a r ran gem e n t - a channel or a flood

plain arrangement with an outer harbour. In the latter cas e lhere is a cons ider

able vertical lemperalure stratillcation in the outer harbour. This temperature 

stratillcation nnkes it possible 10 use the bottom waler heat 1.0 maintain an un

frozen navigable channel. 

Upstream and downstream eve 1 

con d t ion s are stable, e.g. in navigable channels, or fluctuate, e ithe r 

SlovJ.y or rapidly, ·as for instance in the upstreall; pools of hydroprojects with 

considerable winter drawdown, and the downstream pools with power stations 

opemting to meet peak loads. The above regime detennines the conditions of 

icing and ice cornice formation on vertical lock-cha.mber surfaces, on lock-cham 

ber equipment (gates), and on guide and mooring devices at lhe apprcx;c:hes: 

Besides, \I\elter Jevel conditions govern the type of equipment ensuring lrouble

free operation of lhe lower gales. 

ock-c ' hamber loca.tion 

abo ve o r below the dam. To optimize the conditions 

of lock operation at negative temperatures it is important to ma intain the upslrcanl 

PGol level in the lock. Favourable conditions for keeping such a \lvater level are 

created in locks extending into the upstream pool beyond lhe darn, as the work 

of keys becomes easier. 

d) The t y p e o ( i I lin g and emptying 

s y s e m with controlled or uncontrolled Cow during filJing and , emptyin';-l 

of the lock chamber. Locks of the Ilrst group arc those in which separate ch':lIn~ 

ber sections are fed (rom individual culverts. During. emptying of locks wilh 

such supply syst",ms il is possible to create a !low lowards lhe upper locI< h C'o.d, 

thereby ensuring more favourable operation condit;.ons of lhe lower (usually 

mitre) gales and minimizing the necessary additional equipmenl. The locke; of 

the second group include those wilh a head-ruling syslem as well as locks ,\·ilh 

simple distributing and equi-inertial Illling systems. 

Taking into a~count the fact that with the extension of the navigiltion pc 


riod the traffic intensity decreases and, hence, u certn in incre ase of locking 
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ti me· is pe rmis s ible, it is possible to get the r e quire d water (IO\V direction in the 

chambers of locks with distribution filling s y s tems incorpo rating not less than ~vo 

c ulverts by · quite simple me a ns. Some culverts are used {or filling a.nd the others 

for e mptyi ng . In the latte r, purl of the orifices n eares t to the lower head (1/3 or 

1/2) are closed with s impl e da mp2rs, say, iron s heets . These sheets are to be 

provided with s imple locking devic es, a s during the e mptying of the lock they 

""il l be pressed against the bottom or wall surface by hydrostatic pressure. 

e ) Gat e de sign mitre, r oBing, lalnter with a vertical axis 

of roLation, Gap gates , vertical -lift. gates, tainler gates with a hori zontal axis of 

r ota tion, etc. Operation of the first four types presents the greatest diffic ulties . 

F igure 1 shows the typical layout o f a lock operating at negative air tempe ra

lures. 

While designing navigation lock equipment, it becomes necessary to deter

nine some parl.1meters. These are; air or water discharges from pneumatic instal

la. ti ons and novv -forming devices of the lower gate us~d to maintain the wa ter 

area of the chamber free from ice.. These calculations may be carrie<:i out using 

dependences given elsewhere'. Icing of the l o wer gates may be prevented by 

isulating the downstream skin p!ates a s weI! as by hea ting the interplating spuce 

or by intensifying upward water currents along lhe plating using pneuma.tic in

stallations. Proceeding from therm.a..l balance equation and a ssuming the factor o[ 
2

heat transfer from water to ice s urfac e ()(.f • 300+ 1800 rv kCal/m hr °c ( V • 
the velocity of upward current, m/sec) , and heat transfer factor from the metal of 

_, V 0.78 / 2 0 (V' . .plating to ·the a ir ~2.: 6.47 Q, kcal m hr C Q. • the velOCIty o f a ir 

mo tion, m/sec) I the foHowing v elocity value p rev enting ice formation on the plat

ing surface o f more than prescribe d thickness b~ will be rec eived 

V= [ 
-t . Q. 

vvhere tQ. a nd t = air a n d water temperature s, °C, respectively; 0' and J\.o 0 

thickness and plating heat conductivity fac tor, res pectively. 

When neglecting icing of the plating, in Equation (1) '5. ~ 0 should be . ~ 

adapted. The required air discharge for ensuring the velocity, V J in the upward 

current is dete rmined from the paper cited above. 

Calculation of the ice boom in front 01 the lower gates is done for three 

types of loads• 

• Balanin V. Eflect of ice on water intakes including the des ign of ice-Ire e chan

:'"leIs. ~HR Symposium. Ice and its a c tion on hydraulic s truc tures, 

Re y kjavik 1970. 
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Fig. 1. 'I'ypical layout of a lock operating <it negative air temperatures : 

1 - recess for Oow - forming device; 2 - ice boom; J - perforated ai rline with nozzles; 4 - heating of the 

upper pa rt o f the gate sealing; 5 - air nozzle; 6 . r>erfomted uirline; 7 - heated fl oa ting mooring r ing; 

8 - h ea ting of the saddte b e am and mi tre seal ing; 9 - insulation plating; 10 - heaJi.ng of interplating gate 

spac e; 11 - heated rooms; 12 - heaters o f supplied water. 
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The dynamic pr e ssure o I separte 

b I 0 c k o ice I 9 ' derived from the kinetic ene rgy equa.tion. can-

s id e ring the ice boom deformolion, is determined according to 

( 2) 

where .... ' angle between the 'end of the ice boom and the longitudinal lock 

axis due to ice impact; ~ :: rope elaslicity modulus; S "" area of rope cross-

section; B = chamber 'width; h c thickness 01 ice blocl<; area of ice::I 

:IIbtock; lCE:? volume weight; - ice block velocity; accelerationfL Vl 
01 gravity; linear metre weight of ice boom; and t . original sag of 

ice boom. 

The pressure o I broken ice o n the 

ice boo m during chamber emptying is due to hydrodynamic pressure 

on the end ice block surface and to flow friction against its lo\ver surface. Per, 

linear metre of the ice boom jt equals 

( 3) 

where 01.. = !actor depending on the shape and streamlining of the ice block 

( varying (rOm 1 to 2) ; r . volume we.ight of water; ~ - factor varying as 

a function of the ratio of ice thickness to the depth o( f]ow, H ( J - 0.05 
h n when c 0.1 and 0.2 when 0.45) ; V surfa.ce flow ve-H ~ If" 

locity in the lock chamber. The velocity may be defined by the electrody-Vs 
namic analogy method on a space model. 

Pressure o n a 1 i n ear met r e o f the 

ice boo m, Pi ' during the ship movement arises if th!, latter appro

aches the ice boom c loser than 3 B 
R(1--:h,\ 

'" IS> )Pg= 

whe re R ~ propeller thrust; iii' ~ factor of ice Iriction agrunst concrete; 

and ljl angle of the ship bow, 

Optimal stress in the boom rope causes pressure, Pg . When it is pos

s ibte to moor a ship at a distance of ) 3 B in a lock 30 m wide the limiting 

load is ~ ,and in a lock 18 m wide, the limiting load is ~ 
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SYNOPSIS 

Presented al"e results of investigations carried out at the Georgian Rese

arch Institute of Power Engineering and Hydraulic Structures (GrusNI1EGS) to 

obtain low-temperature heating element.s cnaracterized by a high conductivity. a 

stable performance, and a wide operating temperature range (with the upper limit· 

of 70 to BOoC). 

The applicability of conductive polymeric materials as anti-icers is consi

dered. 

RESUME 

Le rapport contient les resultats des recherches Sur I' obtentation des 

elements chauffants a basse temperature, effectue'es a 1~nstitut des Recherches 

de l'Energetique et des Ouvrages Hydrauliques a Tbilissi. Ces e'1e'm,mts sont 

caracte'rises par une haut~ conducti'v'ite electdque, par la stabilite de fonctionne

rrent et par une large int.,,-.raIle de temperature (limite supe'rieure 70-800 C). 

On consid~re la possibilite d' utiliser les rnateriaux polymeres conductifs 

pour la lutte contre la glaciation. 

219 



From a greut body of published data on electroconductive polymeric mate

rials /1-5/ it is known that many research institutes in this country and abroad 

have been developing and studying semiconductive plastics. 

By their electric resistivity ( .p - 10-
2 

to 10
7 

ohms/cm) polymer-based 

conductive maleriaJ s are classed with semiconductors. 

Conductive materials can be obtain.ed by introducing substances of low 

electric resistance (metals, salts, conductive black or graphite) into convention

al organic dielectrics (both monomers and polymers). 

As reported elsewhere /6/, polymeric semiconductors contain.ing the above-

mentioned fiUers possess -type conductivity. In contrast to common conductors, 

conductive polymers have the following advantages: high corrosion resistance, 

eaSe of manufacturing of complex-shaped parts, low specific w eight, and high 

plasticity (low modulus of elasticity). 

The GrusNll£GS has succeeded in developing conductive polymeric com

positions, homogeneous over the sheet, with a wide modulus of elasticity range 
6 

and a resistivity varying within 1 to 10 ohms/cm. 

At present, for aircraft and ship deicing use is made of various conduc

tive polymers wuch have proved effecli.'V'e under the most rigorous conditions. 

In connection with recent hydropower development in cold regions in the USSR 

and other countries, much e mphasis has been placed on the research into anti

icing precautions for hydraulic structures. 

The stucties on new conductive polymeric compositions carried out at the 

GrusNlIEGS resulted in obtaining different polymers of high conductivity, which 

provided a basis for considering the possibility of using these materials as low

temperature healers. 

It should be noted that Soviet inves tigators have already done some work 

on the development of polymeric heaters which have found application in various 

branches of national economy /7/. 

The polymeric compositions developed a t the GrusNlIEG6 on the basis of 

chlorinated polyvinylchloride, vvi th silicoorganic compounds used as modifiers, 

and different types of rubbers with resistivities of 0.8 to 2.0 ohms/cm were em

ployed in low-temperature heating elements. 

The stable performance of a heating element to be operated under high

humidity low-temperature ambient conditions and exposed to repeated heating

cooling cycles, is of paramount practical importance. 

Testing of conductive compositions under repeated heating-cooling indicat

ed that their high electric conductivity permits to obtain heaters with capacities 

of 0 .3 to 0.8 w/cm ~', VIklich meets the low-temperature operation requirements. 

The optimum Uuckness of a heating element is governed by specified ope

rating conditions and may vary from 0.5 to 10 mm. 

It should be emphasized that for p ractical use of polymeric heaters their 

adequate adhesion 10 protected (hE."8ted) surfaces is of great significunce. In
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vesligations of the avaUable conductive silicoQrganic compositions demonstrate 

their high adhesion to metals and concrete, the employment of special glues and 

glueing techniques ensuring ease in treating heated surfaces of intricate shape. 

One of the major criteria of stable performance of a heating element is the 

temperature r~sistance coefGcient oC the conductive material. 

For approximate evaluation of the tempera.lure resistance coefficient within 

a narrow range of temperatures, the well-known formula may be use d: 

( 1) 

in which R
f 

and R2. are the initial and the final resistances of the ele

rrent; tj and are the initial and the final temperatures of the element;tz 
a nd 	 0( is the temperature resistance coefficient of the element. 

To ensure stable performance of a heating element within a given tempera

ture 	 range it is essential that a positive temperature resistance .coefficient in the 

same 	range be provided. A negative temperature resistance would be conducive, 

(with the terminal voltage held constant) to a monotonic increase in the heat out

put of the element, which would eventuaUy disturb the struclure of the material 

and cause its failure. 

As found from the results of a 40-day test on a heating elemen. of chio

rinated polyvinyIchioride modified with silicoorganic compounds under the condi

lions of a diurnal heating -cooling cycle, the resistance of th." conductive material 

and its temperature resistance coefficient vary with time as sho1M') in Fig. 1. 

Throughout the experiment a constant voltage of 6 V A.C. was maintained at the 

element tested. 


Figure 1 shows the following curves: 


1. The ti"me-dependent variations in the resistance o( the healing e lement 

when 	switched off (steady-state conditions, cooling cycle, ambient temperature of 

20
0 

C) • 

2. The time-dependent variations in the resistance of the heating element 

when 	switched on (steady-state conditions, heating cycle, ambient temperature 

of 50 	to 60
0 
C). 

3. The time-dependent variations in the temperature resistance coefficient 

of 	the heating element. 


As evident from Fig. 1, during the first -days of the test the resistance of 


the heating element decreases to a ce~in level, whereupon it will rise with 

heating and drop IMth cooling, tending to stabilize with time under the steady-stute 

heating conditions, provided the voltage at the element terminals rerrains constant. 

The 	increase in the temperature resistance coefficient of the!' heater with time is 

due to the opposite signs of the second derivative of curves 1 and 2, which 

5horlens the duration of the transient process, the increase in the absolute va.lue 
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of resislance under the steady-slate heating conditions being insignifica.nt. 

An investigation of the transient process seems to be of interest and is 

expected to give more complete information on the changes in the resistance or 

a given conductive material under different operating c onditions. 

2.0I 5 ..... l: 
"  ~ " ~'"' .<:::~ 

1.6'I '" ."..
<;,1 ti. 
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.g~" 'I->I .... ~ .!3~ 
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I 1/ . ./ 

---10 to 3D 

,....., 

Time t, days 

Fig. 1. 

1 - temperature resistance coefficient 0(, 

2 - electric resistivity fi , ohms/cm 
3 - time t \ days) 

Recent investigations conducted at the GrusNlIEGS resulted in the develop

ment of heating elements displaying a slable performance in the temperature range 

or 80 to 100oC, which encourages their ever growing a pplication as a nti-freez ing 

rreans a.nd opens up a wide field of other uses in various domains of science 

a nd enginee ring . 

The conductive polymeric materials used in heating ele ments have an ex

trem,el y homogene ous structure preve nting nonunifonn heating o r locul ove rheat

ing . 

H eating eleme nts can be designed for voltages ra ng ing from a few to hund

reds of va)ts, direct or alternating current, (,lti rna. y be requircda 
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In conclusion it may be pointed out, that using adequate techniques, the 

avai1able conductive polymeric compositions can be applied for deicing of a ppa

ratue and structures of most intricate shape. 

TIle anti-icing effectiveness of conductive heating elements and coatings 

using different types of rubbers or compositions based on chlorinated polyt;h1or

vinylchloride modified with sillcoorganic compounds needs to be corroborated 

by fild tests under different operating conditions, including such factors a s humi

dity, minimum temperature, mechanical loads and impacts on the surface, vibra

tion, etc. 
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SYNOPSIS 

Cons idered is the characler o f ice production (frazil ice, shore ice) I fra

zit ice cover formation and pr"':)gression, frazil ice jamming in rivers a.nd rcspr

v o irs o f CenLr~1 Asia.. (cP. t roubles in hydraulic stn..tcturC' o peration (all into two 

main categori e s: one is related to supercooling of wa.ter. <Ind the other to Ihe 

rise of the water level due to ice jams , Means for elimina ling s uch. troubles a.re 

indiculc.-d. 

Discussed is forecasting of hazardous ice phenornena, freeze-up dates, 

the amount of ice and the dynamic behaviour of frazil in the flovV'. 

RESUME 

On consid~re Ie ca ractere de formation de glace (sorbet, glace Ie long 

des r~ves) \ de formation el de progression du couvel~;_ de sorbet, de I' em~cle 

dans les rivieres el reservoirs de I' Asie Cenlra.Le. Les troubles cr~es pc.t.r Ia 

glace dans les ouvrag es hydrauJiques en service sont divise's en deux cat~go

ries principales: la premi~re esl Jie'e ;; la surfusjon de l' eau et It aulre ~ la re

rrontee du plan d t eau due'; la formation des em~cles. On indique les moyens 

pour eliminer ces troubles. 

On examine les probl~mes de Ja prevision des phenom~nes de ~1c3.ce dnn

gereux, de la data dE' prise en glace, de Ie quantih.:.:' de glace et du comporte

rrent dynam.;que du sorbet dans un :coulement. 
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Ice Production in Riv(.:.n; and R c:-:;C'rv'oirs of c.:c·nlraJ A s iLt 

The n·'_~ion in qt..!€'5tion h'ls a continental climate. The chara ct c.?r of ice pro

duction, vi z . furmation of narrov,,' b ':.l ncls of shore [c po , underwa ter ice - both frC:lz il 

and bollom ice - due to supercooling of Ihe Dow, is conditioned by relatively hi~h 

ch5nn~1 slopr:-:. . 

Shorl'? ice wh;ch forms most intensively in tr-anquil zonE'S is D more stable 

ice forlnt..l tion 03 nci IS incorlipleteJy destroyed with a periodic onset of hi~h(?r tCI1I

pc.."rlitures. ThE:' shore ice .bands incrL·,,:-j(;" gradually cO~2tricting the open water 

an:-..:l of the river. Drifting fraziJ accumulations (fraziJ covers) and boltom icc:' in 

suspension freeze to the shore icc contributing to it ~ u,rowth. At the rlt"lrrow e s t 

sec tion the frazil comes to a standstill a nd gets frozen fonning u n ice dam. Part 

of the ice material adheres to the darn , o.nd the rest is ( ·" .rrjed under it forming 

frazil occumuJations underneath the ice cove r. On the Ui riv~r fra /jl accumuJation 

under the ice cover is estimated at 3 m thick, while ~n 2,m..:d ler ri\.rer~. il is 1.5 m. 

Free z e-up on frazil-producing rivers occurs uS an ice jam progress ing upstrE'c~un, 

which sets up risirlg of the water level, retards fr.:..l,/.il cover movement and acce

lerates ice coyer (ormation. 

The earliest ice jams in rivers are commonly observed in the upper zon es 

of reservoirs. Fl ow velocity n :.- to.rdation is conducive to frazil pacl<jng, decreD~ing 

o f iru z il cover movement and ic e jumming. which frequently leads to Gooding of 

the surrounding area. 

On the freezing rivers of Ka7.....al<hstan the mean durution of frazil i ce run in 

autumn ranges (rom 12 to 64 days, the maximum duration being within 38-114 

days. On large ri vers (the middle course of the Ui river) Ihe frazil cover thick

ness is assessed a.t 25 - 40 cm, while on smal.l rivers it is 8-10 cm. The volume 

of frazil ice on the Hi ri v er may reach 40-50 milt ion of cubic metres whiCh may 

c a.use serious ice tro:....tb.les. 

Ice Troubles in HydrauJic Structures 

Troubles in hydraulic st ruc ture opera tion due to ic e production in autumn 

ill1d winter [a.U into two main categories: one is related to supercooli n g of water, 

and the other to rising in the wa ter level cue 10 ice jams. 

Rational preventive measures against s upercool ing compdse heating of n1<:-!

tal and concrete constructions of hydrauJic structures, frazi.l ice passage throu~h 

spillways and special ice chutes of hydropower and pumping stations, or IOCi,1 

heating of watercourses. 

As rega:'ds the second group, it may be of advantage to remove projects 

located in the flood zone beyond the jam backwater area or to protect the' lil by 

temporory earth dykes. R.;,commended are also channel improvement and Lise of 

explosives, the latter being not a J'ways e{ficic-nt in ice jam removal. 
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Ice Forecasts 

Of essential importance in establishing a means of combatting ice and fm.

zil ice troubles is adequate ice forec a st for watercourses submitted to super

cooling. 

Heat balance estimates from hydro."eteorological data, which are commonly 

used in engineering prftctice, allow to determine the total quantity of ice mate

rial 1/. Provided hydrologic observation data are not available, meteorological 

and synoptic data are employed in forecasting ice phenomena 2/. The amount of 

fra zil ice and its behaviour in the !low may be evaluated based on the physics 
3/

of ice production in supercooled water 

Freeze-up Date Forecasts 

In case hydrologic data are no.t available, methods for predicting the freeze 

up dilte are based on the dependence of ice phenomena on the foregoing synop

tic situation over th.? reservoir s urface. 

The investigations indicated th"t the onset of ice production is strongly 

a ffected by the west ridge of the Siberian anticyclone and anticyclones from the 

North forming over the territory of Kazakhstan. The predominant direction of air 

masses in the troposphere is ' established using the index of atmospheric circu

lation, J , a nd atmospheric pressure, P . Proceeding fro')] the analysis of the 

data, a prognostic relationshi p for determining the freeze-up date beginning from 

November 1 is proposed 

Formula (1) predicts well in advance the penetration of a meridional flow of 

cold air masses (rom the North. ·However, in the southern regions of Kazakh

stan cold waves are generally of short duration not always sufficiont for freez· 

ing of a reservoir. In order to enhance t he reliability of long r tmge forecasts 

l/Shulyakovski L.G., Ice production and freeze-up date in rivers, lakes and re

servoirs (Estimates for forecast purposes). - Gi drometeoizdat, Moscow, 1960. 

2/Seilinson M.M., Use of meteorological and synoptic data for short and long 

range forecasts of freeze-up dcites in lakes and reservoirs of Kazakhstan in 

the absence of hydrologic data. - Trudy Kazakhskcgo naulchno-issledovatel r 

skogo gidrometeorologilcheskogo instituta, 1966, vyp. 25. 

3/	Pekhovilch A.I., Sllatalina I.N., Experimental evaluation of the crystallization 

rate of supercooled aqueous solutions. - Izvestia VNJIG, vol. 90. 
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'. ICE SYMPOSIUM 1972 

LENINGRAD 

EFFECT OF ICE FORCES ON s a-IE ISOLATED 

STRUCTURES IN THE ST. lAWRENCE RIVER 


J.V. Danys Ministry of Transport 

Superintendent Marine Services 
Canada 

of Civil Engil , ·.~ ring Operations Branch 

SYNOPSIS 

The St. Lawrence River is one of Canada's most i;nportant h'a t:en,ays. A 
great number of large and ,mall offshore lightpiers have been built to accommo
date the navigational aids. The winters are rather severe and the main force on 
such isolated structures has been the ice thrust. Still it is difficult to 
correlate the theoretical analysis with a practical design; therefore, in this 
paper, the actua( ice forces on some small lightpiers which have caused some 
structural deformations are calculated and compared with previous and contempo
rary design values. Only the river reach hetween ~·Iontreal and Lake Ontario is 
considered. Two large hydro plants at Beauharnois and Cornwall control the fl o", 
and levels to a great extent, thus reducing the potential ice forces. 

S(M.tA IRE 

Le fleuve Saint-Laurent est l'une des voies navigables les plus i~portan
tes du Canada. Un grand nombre de phares, de toutes dimensions (reposant sur Ie 
lit du fleuve), ont ete construits pour fin d'aides a la navigation. Les hivers 
etant tres rigoureux, .Ia force dominante sur les charpentes construit:es est facF 
lement la poussee des glaces. Toutefois, on se trouve en difficultes quand il 
s'agit d'etablir une correlation entre l'analyse theoriqlie et la pratique; a cet: 
te fin, et par cette presentation, nous avons tente d'etablir une comparaison en
tre les forces attribuables a la glace ayant cause des deformations 11 certaines 
des fondations de phares telles que calculees, d'une part, et comparaison av ec 
les valeurs utilisees soit dans Ie passe ou couramment, d'autre par.t. Seule la 
partie du fleuve situee entre ~Iontreal et Ie Lac Ontario est consideree. Deux 
importantes centrales hydro-iDectriques si tuees a Beauharnois et 11 Cornwall per
mettent de controler Ie debit et Ie niveau d·es eaux dans une large mesure, redui
sant ainsi I'effet possible des forces en jeu attribuables a la glace. 
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1-,;(' Oi'f- :-;,l Or C I jg: itry ic r 5 in Canada :li.l v(' hee~l hui I t 'or l~o rc' t:,,,m one :Iu :lc:r :-d 
r,--';)rs ~ <JilL! tne mo s t povular tV!)(' of suJ-structure . al!":lo-'"'t to t he last de('ade ~ 'las 
l)2 l'ol a tim~er c rib\\'ork filled witil s toacs founJcJ on t he timocr ')iles 0 1' directly 
OJ! roc:, o r s ome other h urd f ounJat ion . Alt;10U~h i t h'a s ah.. ays [l c!~ no\o,d::::,J f!r:d t h at 
t he i cc ti lru:;t was th e main fo rce to be res i s ted by 1i ~~~ t n i (' r, t ;lC si:. e of t:1C(t 

ice f o r ce w~s u~~n own. anJ t Ile (! c sign of t !l ~ n ew s tructure ~~s i,asnJ OIl ex~~ri~nc~ 

o f t he r,r ~ \'iou s ly built one ~ . In th e las t d~c<1dc a con si ne-fahle .J mount of r r.-s~n l' ci' 

;IU been done about the nropC"rties o f t he icc , Du t s o f a r not t oo mue;'. (.o rrc lati o n 
:l as been maJe v,'ttll t he nractical eX n0-ri c ncc. la t:115 t),1vt:r th~ c.n1cul<lted i cC': 
f o rce.s W, i Cll caus ed st-r'uctural damagp.s or pa rti. a l fa i lure of tIle s truct ures h'i 11 
~ n conlna r cd with som~ de si gn value s. 

U\': f: ST. ~R!,"\jC I S ,\.\)D L.<l.KE ST. LOll [S 

'ror g lacial till denosiis are in many a r e as covernd wit~1 very soft marin e 
c l ay ~ rC.1 Cfli:lg t :1ickness e s of a!1nroximately 110 feet. T!lC ,~ lacial till s ar~ very 
firm f ounJations, a!1~)roa ching a ~a rdnan in their propcrtiC's and contra ril y , t ;,~ 
c la :; ~ o f t :1C marine denosit a re a vcry \"le ak foundation for any structur~s. 

r" 1 ~)58 a number o f li g:1 tpicrs \.Jere built in Lake St. Francis a nd Four of 
'~ lC-1lI \','c-re of the t yp e 5:,oh'n in rig. 1, built i n 3, () and 10 feet dept!1 of water . 

rrn.d i ti c nal co n s truction methods \\' e rc followed for tit e~e small 1i,~htnier s and t :1C 
hJa l n part of thc substructure was a tif!lber crib\,orl ~ filled ~\! ith stones and capl-'cJ 
witll a COllcretc slab. W:,erc a soft f ou Ilclati on ~as el1count e red, Cig:lt timbcr 
polcs \,'e re d riven 40 feet deep o r t o refusal h'ili c;1 \'JLl S 15 and 25 fcct. T:l rC' ~ of 
t llCSt' ligi, tpi er!:j sLJ s taiaed va rious structural da....naf!cs, $uch as tilting or some 
Ji~ rlace~ent. Some repai r s nnd modification s o f t lle concrete cap and n i le 
f oundation were carried out in 1964 but ~he tilting ~las s till occurred. 
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In 1966 five Iightpiers of the type shown in Fig. 2 were built in Lake S t. 
Francis in the locations where the depth of the soft marine clay was frool 70 to 
110 feet deep. The main part of the substructure of the lightpier was desi gned 
as a cone as such a shape more effectivel)' breaks the floating ice and pe,"">it~ 

the building of a structure of smaller dimensions and so reduces construction 
costs. I In 1967 in Lake St. Louis four lightpiers were built of the same type 
except that they wer<~ founded on the firm glacial ti II not r equiring nny pile,. 
These nine piers have not suffered any damage or deformation. The deis~1\ data 
of the assumed ice forces is summarized in Tab l e I. 

Fig. 3 shows ice breaking a!(ainst one of these lightpiers of the conic;.iI 
shape which has been widely used for Canadian lightpiers in the last deca de. 
Fig. ~ illustrates in more detail the inter-action bet"een the floating ice a'HI 
the conical shape of the lightpier in Lake St. Peter. 

Fig. 3 Lake St. Louis- Ice against Fig. 4 Lake St. Peter-Breaking of 
conical substructure ice floe by coni ca l 

substructure 

ST. LAWRENCE RIVER INTERNATIONAL RA.!'IDS SECTIOt\ 

Six of these concrete lightpiers were of the type shown in Fig. 5 built in IS to 
28 feet depths 'of water on firm glacial till. Their longi tudinal axes arc loca
ted in the direction of the flow, and the upper part exposed to the ice pressure 
is made of the minimum dimensions required for the placing of. the small light 
towers. The stability of these piers in the direction of the. current is much 
larger, rough Iy about four times as much, than i 1\ the Jatera I di rect ion. ,\ fter 
12 years one of these I ightpiers was overturned by the lateral icc thrust. ,\ t 
this particular location the channel is exposed to open water one mile in width. 
Under exceptional conditions the southerly winds may propagate large ice flocs 
against the long side of the lightpier which introduce impact force on the i c c 
floes. The calculated ultimate ice forces for these six piers are sur.lmnriz<,d in 
Table 1. 

I. 	 [lanys, J.V. (1971) - "Effect of Cone-shaped Structures on lmpnct Fnr c,c:; 
of Ice Floes", 1st Intern. Conf. on Parr "nd (1c~"n 
Engineering under Arctic Conciitions, Ahstr"<:ts p. 
128-135 
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TABLE 1 - DESIGN AND CALCULATED ICE FORCES AT FAILURE 

IDESIO; FAILURE PRESSURES 'Sustained l CALCULATED FAILURE PRESSURESDes ignation 
of 

Ib/sq. in - (kg/sq. COl) LJamage to 1000 Ib I, 1000 kg1 Ib 1kgStructure 1------------1Structure l' fl' .
XX-axis YY-axis In. t. ~n.m sq . ln sq.clP 

LAKE ST. FRANCIS - CRIBWORK SUBSTRUCTURES ( 1958) 

LLl24 38 (2.6) yes 11 16.5 38 2.6 
LLl27 32 (2.2) yes 9 13.5 32 2.2 
LLl26 38 (2.6) no 
LLl30 38 (2 .6) yes 11 16.5 38 2.6 

LAKE ST. FRANCIS - KlDI FIED CRIBWORK SUBSTRUCTUR.ES (1964) 

LL124 90 (6.3) yes 26 39 90 6.3 
LLl27 108 (7.6) yes 31 46 108 7.6 
LL130 70 (~.9) yes 20 30 70 4.9 

LAKE ST. FRANCIS - FIVE CONICAL CONCRETE SUBSTRUCTURES (1966) 

LL99 & 114 300 ( 21) 300 (21 ) no 

LAKE ST. LOUIS - FOUR CONICAL CONCRETE SUBSTRUCTURfS (1967- 8) 

LL 14 & 16 300 (21 ) 300 (21) ·no 

ST. LAWRENCE RIVER INTERNATIONAL RAPIDS SECTION - CONCRETE PIERS (1958) 

LL237 335 (24) 76 (5.3) no 
LL238 330 ( 23) 72 (5.1) no 
LL242 420 ( 30) 84 (5.9) yes 24 36 84 5.9 
LL248 295 (21) 63 (4.5) no 
LL249 430 ( 30) 84 (5.9) no 
LL259 430 ( 30) 84 (5.9) no · 

TABLE 2 - PROPOSED THERMAL ICE THRUST 

Author 
1000 Ib / lin. ft. ~ 1000 

Ice Thickness 

kg / lin. m 

17.6 in I 35 . 2 in I 45 COl I 90 cm 

Rose (1947) 
From ~lonfore's values 
CN-76-59, U.R.S.S . 

(1953) 
3.2 

15.2 
8.7 

5.9 
15.8 
17 .. 4 

4.8 
22.6 
13.0 

8.8 
23.6 
26.0 

TABLE 3 - APPLIED DESIGN VALUES FOR ICE FORCES 

Ib1000 IbStatic orType of Structure 1000 kg l IImpact lin. ft . lin. m I sq. in sq.kg cm 
Force II' 

Concrete dams static 10 IS 
Small lightpiers in lake s tati c 25 38 
Lightpiers buil t 1960-70 impact 120-400 8-28 
Lightpiers, contemporary design impact 200-250 14-18 
Bridge piers (as per Code) impact 400 28 
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PROPOSED AND APPLIED DESIGN VALUES FOR ICE FORCES 

Table 2 shows the thermal ice thrust ca lculated from the experjmentaI data 
or theoretical formulae. 2 The field observations and measurements of the static 
ice thrust in Canada was made about 20 y.ears ago by Ontario Hydro-Electric Commi
ssion. 3 The proposed design values for the concrete dams were 10,000 Ib/lin.ft. 
This value has been used for the design of many Canadian dams by the various 
governmental authorities and consulting engineers, for example, for the Power Dam 
at Barnhart Island and the Long Sault and Iroquois dams of 2,200,000 hp pewer 
project at Cornwall, Ontario, on the St. Lawrence River built in 1954-58, which 
are in the same river r each as the discussed lightpiers. 

20 FT LIGHT TOWER For the lighthouse desir-n, a va lue 

of 25,000 Ib / lin.ft for thC'rmal thrust


.' has been used because the offshore 

.o. lightpiers gene r ally are 	s mall and 

(I . 22ftt) f isolated structures. 
-. ~ ~ Generally, the impact for ce of:! 

the floa ting ice governs the design. 
In Canadi an' ~larine Services the ca lcu
lation of this force is based on the 
crushing strength of the icc. The 
design values have varied from 120 
Ib/sq.in to 400 Ib /sq.in depending 
on the importance of the lighthouse 

z."o· 	 and the severity of the expected con
(' · ~5",, ' 

"0' 20·0' '-0' 	 ditions. For the contemporary desigp 
200-250 Ib/sq.in are used. 'fhe design 
thickness of the ice varies from 2 to 4 
ft. and is based on measurements and 
observations. In Canada the design"~l values of ice forces are not 8 S ye t ~tan
dardized. Same applied de sign values 

Fig. 5 St. Lawrence River Lightpier 12 are shown in Table 3. 
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TWO LIGHTHOUSES DAMAGED BY ICE 
~ ), 

wrs Bergdilhl Division of Hydraulics GOleborg 

R esearch engineer Olalmers University of Sw"eden 

Technology 

SYNOPSIS 

Two ca s es of damage to lighthouses in the i3altic are ~ported. The mt>

ximum ice pres sLu-e is estimated from t.he m0de of failure of the lighthouses. 
6

The c a Jc ulutions give a hori z ontaJ Joad of 1.1 to 1.7 x 10 N per meter \vidth 

of struc~un=-. 

RESUME 

, , 
D 'ux C I S dp dommftgc- c'"). phare dans ILl nler BaHiqu0 so..,t rapporles. 

La pouss~c IlKl xirnale p ~l estim~e par Ie mode du d~filut dC's phures. Le cal

cui donne unc pou5s~e hod7.o nklle de l.l ~ 1.7 x lOG N/m. 
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ICE PHESSl'RF: ,,\G ,\I:\ST I.IGHTHOl'SES G1 
l,igltthousf'S, mooring and other' isolated structures in the arctic and 

tplllpurate st>as are exposed 1.0 moving ice flelds and pack ice. Dimen

siunal ('riled" and rules for the design has long been needed . 

111 th e 	 Baltic isolated lighlhouses ha\' e been buill in areas with severe 

k~ "ondil,ions sincE' the lhir' ties in spite of lhe fact that lill.l~ wa s known 

about the fOl'< :es from the ice. Som e experiments with wood instead of 

pack ice WaS mad.. by F rust [2] in 1941, 

On1\" t\\"o uf Ihese lighthousl's haq· been damaged by Lht> ic( ' so far'. Thus, 

thE' ol,hE'" lighthouses SE' elll 10 be pre tty safe, bilt the pr'obability of damage 

is ver~' difficul 1 to estimate. 

Two cases of damage 10 ligl"llOuses, due to Ihe ice, are kno\\'n in the 

Haltie, One is l'ainio ligITlh"u-;l' outside Helsinki in the Cull' of Finland 

and the othel' is the ligh thouse of 'iygri'in outsid.. Lulea in the Bay of 

Bothnia. 

The lighthousl' of Tainio. -Tainiolighthollseconsistsofa 

caisson whi('h was sunk on a IE've!E'd ll1acad"m bf'd at n'ine metE'rs depth 

in til" SlIl11mer of 1966, T he I ighthouse was finish('d in odobf'r ex c ept 

1'01' the inje'etions of thE' mac"dnm bed. This wor'k was postponed to tlte 

nt-xt SUnlnlE->r", 

.. \t Oh(' o('casion in the winter 1~6fi-67 the lighlhous e was pushed 14 min 

lilt' I':SJ-:-directiun, Thl' surr'uul1ding ice COV PI' had an l' stilllall'd thickness 

or O.:! tu 0.;; Ill, ,\t lhl' lighthouse, however, Ihe icE' was pa('ked up to 

appr'"xilllatel\' 4 m thickn e ss against lhe \\·e~ t her·sirl .... and I m against the 

l£'esid.... 1'h .... st'a I.'vel was slowly rising and willds werE' stl'ong. 

TIH' caisson was plac .. d in position on radiall~' arl'anged'steel rails, ..\t fin;1 

these I'ails ('ould ha\' l' lessened the rriction but in til(' final stage thE' light

hous e sloppE'd against sume pr'ol ruding I'ocks. 

r l 	 l3e.' gdahl, Lars: lee Pressure against Lighthouses. Heport nr 59, 
Division or lIydraulics, Chalmer's University of Te c hnology, 
G,ot(>bor'g 1971 

Frost, Rikard: Uppf'f)rarujet ?,V fem bott e nfast.a f.'-·rar invid djupr~n
Ilan i Kalmar Hund. Betollg, ,\rg:20, pp 21C,-25fi, SIO('kholm 1941. 
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Hence, Lofquist and Palosuo [ :3] marie the following estimation. The 
" ;1 P... M

must have been between e.;-&- and 0.7 until the light-- 'r""'"friction farto r c;

house stopped aga inst the rocks. Tht' weight in water was B . 10 6 N r~ 
whi c h giv es the ice pre ssur'c 4 . 10 

6 ~ 5.6' 106 N . Divided by the 

dianH't c r, 3.5, of the circular cylinder this gives 1-:-' • 10 6 ~ 
1. 6 '10 6 . / m. O.~ '} 

The Lighthouse of N y gran. -Inla teApriIl969thelighthouseot 

Nygran was broken down by the ice . The type of ruptuce has been classified 

as pure bending after inspection by divers. According to Ernstsons and 

KjeUgren [ 4_ there wa s no evidE'nce indicating that the ligh thouse had moved 

out· of position. SeE' figu re 1. 

Figu re 1 The lighthouse of Nygr&n in .June 1969. 

Photo: Swedish Board of Shipping and Navigation 

Lofquist, Bertil: Istryck vid Olandsbron. Statens Vii.gverk, 
PTB 102, Stoc kholm 1967 

Ernstsons, E. and Kjellgren, G. : Estimation of i c e pressure and ·the 
bendi ng moment at. ruptul'" of the light-house to wer Nygran. Swedish 
Board of Shippin g and . c.... igution, Stockholm 1969. 

236 



6Ernstsons has estimated the bending moment at rupture to 8. I . 10 Nm 

,from the appearance of the frac t,ur'e. The su rface or rup t u re was one 

meter' under the sea leve. So if the force acted a t sea l evc'l i t must nave 

been 8. I . 10 6 :v . But the tensile c rack formations o n lill" to wer indicate 

that the point of action was between one a nd two meter above sea level. 

That is the ic e pressure could hav e been as l ow as 2.7' !0 6 N 

T he lighthouse was built on sand with a fri c tion factor of 0, 60 ~ 0.75 . 


The w'eight was 7 . 106 N . This g ives a highest probable load of 4. 2· 10 6 N . 


That is the resultant force from the ice must have at tacked at least I m 


above sea level. The conclusio'r1 ' from the tensil e crac,k format ion is thus 


support ed. 


The ligh thou se had a diameter of 2 . 5 m. See figure 3. T he ice pressure 


would then be ,between 1. I . 10 6 and 1. 7 . 10 6 N/m. 


What actually happene d when the lighthouse broke down is not known. 


But the pack ice must have built up to at l east one meter above sea l ev el 


so tha t the forces f rom the surrounding ice fi elds could act at that el eva 


tion . See figu re 3 , 


The lighthouse has been replaced by a new one o n the same foundation 
6 c aisson. The new tower is des igned to withs ta nd an ice load of 2, 2 . 10 

N / m at 2 m above sea lev el. 

According to the mari tim e off ice of the S,zedis h meteorological and hydro

logica l in stitute (SMHl, Larsson) the ice cov er in the area m o st win ters 
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r' eac hE"s a maximum thickness of (J.IO III in lat... 'Iardl 01' ecrl'lY \pl'il. 

Th(' thickest smooth ice cover' ever' r'('pul'lt'd ill Ih l' an'a is 0, no m , 

Salinit ), ill Ih(' waler is 4.;; to ;; o~. :\0 r'egula I' nbsl' r' ''at ;oll'' or thE" (c P 

hav e bE"en c a rried out before the wint E' t' 19(;U ; 70. 

:\ygdln 1~J.~6, 


From Ernstsons and Kj(' llgrE"n '[1] 
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THERMAL CALCULATIONS II\; PREDICTiON OF' 

ICE ACT lON ON HYDfU.l.ULlC STRUCTURES 

• 

A.I. r\>kl! o vicll , M. Sc. 	(Sn,;.) The B.E. V C derh) C2V AII- Union Leni n ':...!, r ;:}d, 

Sr 	Res. Offr Rcsoar'ch Ins titute of flydruulic U.S.S.R. 

Eng in <? ring (VNIlG) 

SYNOPSIS 

Therma l cul c ulatiu n s [l re incllspcnsabJe in p redic Li on of Jce action on hyd

nHllic structures and dev1?lopmE'nt of ice control measures. )~n Q!")oJyti <';C:l1 me thod 

bascd on lh,"_' p:i ncip'c5 0 1 5uperp,:):-::. ition, equiviller1cc ,lnd rc'c iprocity i s ~U2gest

e u for !::'>oJving the rmal problelll5. P r-esen led are s olutions to the lJrobJ e rn on th e

icc co~/er th 2 rm111 beho'Vi.our under variab le a il" temperature nd to tha l on the 

.3u r{ilc0 hCiJting oi concretf:.~ blocks vvlth different l .:.lyo..J~s or heaters; fonnuluc a rc 

q,i ven {or C'vu luating th? p ower required (or h0alin~ tra.sh racks. 

RESUME 

Les c.:J lcul s therllllquE's font pa rtie d e s pn?vi s ions d e II action d q lllCQ ~ur 

Ic."s olJv:"Clges hydrauliqu('::::' et de (I eJuboraLion d e s rJ\Rsu r eS OP. iutte conh'c l e~ 

<.Ji ru c uIte's due's a la ,G, lacc. Pour ld solution des probl ~ f1l1.'5 lhe rlll jqu Eo o n rpCOIrI

lllV.tn.lc d' uliUs(.·r une me thode [l nalytiquC' qui se base sur i :?s prjncip'-'s tie ::;upOt"

pos ition, d' C'qu i vill ncp. ct de rrciprocitc. 

On donne IO'S s o luLions dC'.-; pr-ovlcmes C Ot1Cerna nt Ie t~6 i nto thc nn i qu ~ d o 

1iJ. C(Klvf:? durc d e g lace Q ILl. iL' lflper.:)lurC' d r d.ir v o riabJ c (,·t Ie c hdurfa~e d e 10 

·Urf':':lCC' dc.a- 1..> l ocl< s de IJeto;, pour dH(~rc nts =..c h e Ul£'l 5 d r· ui ... p u c, iL i () n d e? r ·c~('.II( IU[

I 'urs ; on I,rOrO$ C d e s fo :~: nuJ. cs d? c'::JlcuJ ("10 la pu..i S;;'C: lnCI' rt6 c:,-,s-~ jr'(,' dLI C.hILlI 
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Once ice engineering was merely a complex of illreudy existing l.Jranches 

of science. No\¥ it consists of a number of new independent sciences, viz. icC' 

physics, ice hydraulics, and ice lherma.l engineering, the latter being the? subjec t 

of the present study. The aim of tile pa.per is to show the place of therrnaJ cal

culations tlmQng the problems a s sociated with ice ac tion O~l hydraulic stn~ctures, 

and to oudine ways of solving tho therma l problems encountered. 

Ice has a profound effect 0'1 the construction Clnd ope ration of hydraulic 

structures in winter. 

Ice is knoW'l to act both mechanically, causing ice loads, and hydraulically, 

bringing about variations in wa.ter discha rges, levels and heads due to the for

mation of ice cover, ice jams and ice dams. Ice forming on trash racks, dam and 

lock g ates, or other elements of hydraulic stl'1.lctures may upset their normal ope

ration. Among other tncngs, ice conditions govern the navigation period, etc. 

It can be easily seen '.hat, nearly al'\6ys, thermal calculations are indispen

sable lAhen predicting ice eflects on hydraulic structures, or developing adequate 

ice contro/. methods and precautions against hazardous after-effects of ice troClb

les. 

Such a wide scope of ic e problems involves an equally wide scope of r e 

levant thermal calculations. Thermal problems ar~ solved with the aid of physical 

rrodels, the electric and hydraulic analogy methods, or the net method, vvith nets 

being· either plotted geometrically Or calculated numerically, sometimes using elec

tronic computers. 

In every case the sequence of the formulation and solution of a thermal 

problem 1S as follows: 

1. Definition of the calculation purpose. 

2. Selection of basic dala. 

J. Physical and mathematical formulation of the problem. 

4. Selection 0(. a method (or th,? solution of the problem. 

5. General solution o( the problem. 

6. Calculation p!"OCed·..re. 

7. Analysis of calculated dala, 

Analytical methods have recently found extensive use in solving thermal 

problems, w hich is largely explained by the progress of the theory of heat con

ductivity /1/, 

As applied to ice engineering thermal problems, a method has been deve

loped based on general physical principles of superpositio,." equivalence, and 

reciprocity /2, J/, The inculcation of this ·method into engineering practice is fa

voured by the availability of a series of calculation graphs for elementary pro

blems, which permits to solve problems with complicated initial and boundary con

ditions. 

Some schematized solutions are given below. 
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CALCULATION OP SURPACE HEATIl\G OP A CONCRETE BLOCK 

The pL'rpose is to heal point A to a gIven temp C'ri.1ture Lo prevent icing 

(Pig. 1). With a constant linear heat source, ~ , the solutions are as follows: 

for steady-state conditions 
2 2 

'1 + U .. 2/BL)
8- ~2+{ 

a.nd for non-steady conditions 

-x. :to 

where 8 and E. (-:1:)-j ~ d~ 

H e re j\ ,and 0.. are the thermal conductivity and thermal dlffusivity coefllci

ents of the concrete block, respectively, 0(. is the coefficient of heat-lransfer 

to the environment with tho? temperature It ,and t is time. 

If a flat heate r of S1 -intensity is located on the surface of a concrete 

blocl( - c-o i.. ~ " 0, the surface temperature in th? absence of heat transfer t.o 

the environment is determined from the e.quation · 

in which e  ~(' being the initial temperature. 

The above problem whose calculation graph is given in Pig. 2 can serve 

Ci S a basis for solving more complicated prQblems. Some schemes using the su

pC' rpositi o n principII"? are shoV-Kl in Fig. J. It Sh0u!d be noted that wlh a uniform 

. t . b 8 fro .healing the block su,-fac e tempera ure will e = ~ . The analytical so

lutions to the problem presented in Pig. Jb and Pig. Jc have the form 

and 

241 



t,q 
I 

I 

I A6 
I 

I 


Fig. 1. 

-'I -3 

() I 

I i ~ ' I 
I \ 1. 01,, -f---+--f---+--+--+---I--'-i 

\ 1 
\ 
\ 

\ 
\ 

I'" 
-2 -1 o 1 2 J 

Fig. 2 


242 




s S 
+-..i+= 2 

s=o s=o I 
-"/) a-h a +71 y Uy 

_Ji 
2 

o S s S 
SI S1 +S1 +S1 S 

-5. I 
d) 

S 

l 
S1 

= 

S 
+2S 1 

s=o 

+ 

a 
y a y 

-SI 

s 

+ 51 
2 

L-7IO +lJ 
1 

y 

_iL 
2 

S 

0 

-SI 

7j 

Fig. 3 

243 



and 7--~in which 8= 
h 

To lake an approximate ",ccount of the effect of heat transfe r to the e nvi

ronme nt it is necessary to find 5... - J'~l t - '0') d~ and to substitu te S-5,-. a -f ~ 
for S-f in a ll the computa.lions. 

THERMAL CALCUlATION OF ICE COVER FOR LINEAR VARIATIONS 

IN THE AIR TEMPERATLRE 

VIohereGiven ti'hlt [or 't'-o 7 - hl ; for 0<'t' <t; 
~ _ it. + ~~ t ; and for 't'~ ( 't' ( 't'~ '!} - ". d t + I ('t"-'t)

Of" 2. \. • 
define t -{Ct;Z) 1iI4th 't"> t, . 

A solution for t - f (. 't, 'l) is sought through algebraic addition of the so-

Iulions of the h-.o problems: t-t, +t~ where tl = ~ (. i"., ,~) for 

fo - t and '" - ~ + i. t , and t ~ 1(fo ,,) [or 
, r. Q.(-.-'t'.) 

rOt - h~ and ttJ- c.g;/t,) (<r-\,) . 
The knowledge of the ice cover temperature is essential for the evaluation 

of the ice cover grm\th and melt rate. The ice cover temperature detennines the 

nain physical properties of ice, including its strength and rheological properties. 

The la~ter data are required for solving problems on dynarric loads, static pres

sure·, ice passage through hydra.ulic s tructures , etc. 

ICE PROTECTION OF TRASH RACKS 

To avoid the crystallization of supercooied water and adherence of fraziJ 

ic e to trash racks, the surface temperature of the trash rack m.Jst be at least 
o

somewhat above zero, t ~ O,Ol C. 
& 

Uniform h e ating is usually applied, thus ensuring a uniform intensity of the 

heat aux, 1 ' all over the surface of the trash rack ,-ods. The heat transfer 

coefficient, ~ ,varying from section to section of the rack, the surface tempera 

ture of the rods "\/aries as 

-~-+t 
01.. w 

where t", is the temperature of supercooled """ter. 

It is common practice to spec ify power required for heating of the trash 

ra ck surface on the basis of the area charact.erized by the maximum value of 

"" , ,"/uch results in aU the other points of the s urf.:ice b e ing overl1eate d. There

fore it seems more reazon.:9.ble to supply heat differentially, ensuring n. Llnifo rrn 

tempe ra ture ts ,over the enUre surfac e. Thus, [or h eating o f r o und rods theI 

'-ated power per unit area (kW/m2) is 
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0.6 

P - I( 'lr Us - t,\~ 	wi 

where 11 is the flow vel oc ityJ m/sec; d is the rod diameter, m; K - 2 (or 

uniform heating, and J( - 1.1 (or differential heating, 
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F.F'.Rdzzorenov, Head, Dept. the S.Ya.Zhuk Gidroprojekt, Mpscow, U.S.S.R. 

N.M.Sul<olnikov, Head, Sec tn, the Leningrad Branch of Leningrad, U.S.S.R. 

lhe S.Ya .Zhuk Gidroprojekt 

V.M.Zhidkikh, M.Sc.( Eng.) , the B.E.Vedeneev VNlfG, Leningrad, U.S.S.R. 

Sen. Res. OfI. 

SUMMARY 

The characleristic features of the thermal beha-viour of the d eep rese rvoi rs 

in Siberia, namely , Bratsk and Krasnoyarsk Reservoirs, are considered. A ther

ma l classification 01 impoundments according to their depth is outline d a nd a pro

c: -·dure (or hydrothermal calculations is sU:Qge stGd. Data are giVt?n on the c oeHici

ents 01 both turbulent and lr-ee-conveclio n (equivalent) heat conductivity of wa t<?r 

d erived from the observations of Bralsk Reservoir. 

RESVME 

On examine les particularit€'s du r 6t;im€ thermique des relenues pro(ondes 

de la Siberie, ceJJes de Bralsk et de Kn.lsnojarsk. Une classification thermique 

d("\ :~ retenues selon la profondeur et les melhodes des caJc uls h y drolhcrn:tiques 

sont brievL'rnent de'crites. Le rapport traite les donne"es relativeR il UX coefficients 

de la condl..lctivit~ therrnique de l' e au lant lurbulentE- qu t a convec tion naturelle 

(~quivalente) calcules seion le s r~sultals des observatio ns in situ effc ctuees 

sur l a retenue de Bratsk. 
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In connection with the construction o( large dl?e p rcservuirs under the ri 

gorous climatic condil.ions of Siberia, h yd rothermal engineering was faced w ith 

- new problems in study ing the thermal regirne or such impoundments and re(ining. 

the existing calculalion procedures. Significant conlribution to the rele...unl rese 

a rch was made by the S.Ya. Zhuk Gidroprojekl Institu te and the a.E. Vedenee v 

VNllG. 

Field o b serva tions of Bratsk /1, 2/ clnd, laler, of Kresnoya.sk Reserv oirs 

were important steps in the investigations undertaken. 

By way of example, Fig. la shows water temperature changes in the vici 

nity of the Bra tsk D am recorded in 1969. An analysis of the field data indicol('s 

that the entire water body may be divided into two lay ers: the upper layer a bout 

40 m deep which is liable to considerable annual tempe rature variations, f3.nd lhe 

lower one characterized by stable tempera tures . 

As seen [rom Fig. 2a, the amplitude of the annual water temperature v <'A riCl 
o

lions n ea r the reservoir su rfac e is about 18 to 20 C , decrea sing do\vn to 1 .5

2
0 

C in the bottom la ye rs ef water. The 	maximum 'IIvu ter temperatures a re observ

ed towards the end of Jul y or the beginning of August. For lower tClyers of w", 

ter, the date of the maximum temperature s is del~yed. Thus, fQr ins ta nce , 1I"tC' 1l".'9 

x imum of the bottom temperature s i s recorded late in October or in Novprnuor. 

During most of the y edr significant vertical te mperature g radienlS occur. 

Only during the homothe rmal periods in 	the sp ring and autumn months, \vhell free

convec tion mixing takes place, the temp(''''a tures become more uniform QC I'G;:;~ .nl E" 

deplh. The homothermal period lasts haJf-Do -month in spring a nd one I e) ollC'-unci

a-hall month in autumn. 

It ~houJd be emp'1asizl?d that frE"C' /'c-up 	of th€' reservoir occu,..~ ;..11 reJ.:.llive
0

I y high mc an \v,:'\t.er tempe ratures (up to 2-2.5 e ) I tile lernpet-CJ.tures in the ho t tom 
0

layers a..::cas iona lly reLlching 3 to 3.5 C. 

II(} w inter the thermal regime of the reservoir is sk1ble throu~hoLit the ~\ ' h (l t 0 

depth up to the boHom. This- inrers tha t 	 in deep impoundments heLlt cXChi1n ~l. c· 

wiU, the bottom ha s practicaJly no in fluenc e on the thermal r egi me of wate r. 

Krasnoyarsk Reservoir, nle same as Bralsl< Reservoir, rClnks .3.rn on~ v c ry 

dee p impoundmenls d nd is locu.ted in D. 	 zone w ith similar c lillla ti c conditions. 

Therefore fhe thermal regimes of both reservoirs posses muc h in comnlon. S OHl €.\ 

characl_eristic features of the thermal processes in Krasnoyursk Reservo ir o.re 

associated with its IL:l.rge through-flow . 

An intensive d),'t1alllic mixing or the water tnass results in U.n , increasing 

depth of the upper act.ive layer etp 10 50 m. The amplitude nf Ihe Clnnua l \Vo ter 

tern,'Jerature variations also reaches 22°C near the reservoir surfnce and 4 to 

(joe in the botton! layer, as shown in Figs lb and 2b. 

The llbove observalional data \Vere used as a basis for lhenn.)l cl,,:-::.,;.;,ificc:"! 

lion o[ reser"vnir~, acc ording to thc-ir depth j3i (Table 1) which is to fu cilil tlte 
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Fig. 1. Water le.mperalure profiles in ~lsk and Krasnoya rsk 


Reservoirs. 1969 


a) Bralsk Reser-voir 


b) Krasnoyarsk Reser-voir 
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c I 

the calculation o f the thermal regime of impoundments. 

Table 1 

The"",,1 class ification of reservoirs a ccording to their depth 

The ice-covered s enson ~e non-freezing season 

Reser- I IndicationsIntlications
voir 
type BollomHeat Tempe

Bottom 
transfer Criteria rature tempera Criteria 

tempera-
from drop ture 

ture 
over variathe

variation 
lionbottom the 

depth 

I 
t~OShallow Fo) 1 Fo ':.O.l:': Bi {,0.2b -var tbo(varSbot~Oot 

I 

OO t ';'0 Bi ')0.2 Fo~O.Fo < 1 Fo -:to.l:':Deep tbot=vartbot-var Sbot
I 

Bi )0.2 Fo(O. 
deep 
Very Fo ( 1 Fo <0.1:':tbot=const t ~O ~ot-consSbot=O 

The thermal behaviour of the first two types of reservoirs i s governed b y 

the heat fluxes both at the surface and at the bottom. Such impoundments may 

be referred to as "finite-depth reservoirs"a In extremely deep reservoirs U"lere 

are no heal sources at the bottom, and here ti1.e term of a "semi-confined body" 

is applicable. In practice the rese rvoir type is defined by the Fourier (Fo) and 

the Biot (Bi) crileria, 

The procedure for prediction of water temperatures is bas€d on the super'

position ?nneiple /4/ permitting 10 solve a thermal problem i nvolving complicClted 

conditions u.s a sum of more simple problems for which g raphs in dil'ne~sion10ss 

coordinates are available. The procedure allows to compute the time-dependent 

variatiGns in the water temperatures over the length and the depth 01 the rese f' 

'VOir. taking into accoLLY)t U1.e )low U,rough the reservoir. the . time-depen:ie ni. vu

dations 01 the boundary conditions and the heat conductivity coefficient, the ini

tial temperature varying with depth, etc. 

In selecting the basic data for thermnl calculations nl....:dol .. difficulties are 

involved in the evalualionoC th", coefficients o f turbulent , J\t ' and free-convc<" 

tion (equivalent), Ac ' heat conductivity. 

There are seveml well-known methods (of Sch'midt, Stockll1a nn, and others) 

for the detenninai'on of the )\ -coefficients based either on the he.;o.t cond,, :: tion 

equation itself, or on a given solution to this equatiun. The )\ -cQ<?Cficient can 

be easily obtained from the formula I\t - ell :i (:2;2 )w~iCh res;"'lts direct

ly from the Fourier equation expressed in terms of finite diffe rences. This formu

la is, hore'\ler., not valid (or Jl because it (ails to g ive an accurate Vi1.lue of 
t 

~ under the homothermal conditions. In this case the formul.:l 
a At· 
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A - Sh / (2 At) is dV>., ilable , \Vhere 5 i s the ·heat trans fer at the res ervo; r sur
e 

rnce; is Ih2' \vater d2pt.h; and At is the lerilperiJ.ture dro p a c ross the d .?pth. 

T he abov e formula is b a s0d on the theory of i'l regula. r r'egillle of the second 

k.ind. 

The formulae g iven above \'\'ere employed to evaluate and for~t At 
Bratsk Reserv oir. The calculi'l tion res1...c.ts are pres.ented in Tabte 2 and Fig. 3, 

....-here Nu is the Nussetl number, and Ro, is the Rayleigh number. 

Table 2 

Calculated values 01 coefUcienl Jl '10- 3 
Cal/rll"h ....°c 

t 

Month 
II III N . V VI VII VIII IX X XI Xli~ 

Year 

196 4 0.98 2.0 2 0.80 0.80 

1965 0.04 0.41 1.13 0.25 0.28 0.21 0.04 

1966 0 .33 1.40 1.80 1.15 

1967 0.86 0.16 0.29 0.60 1.35 0.45 

1968 0.54 0.15 0.10 0.95 2.0 8 1.20 0.12 

1969 0 .86 0 .23 0.2 1 1.26 0.76 0.34 

'.:'he calculation procedure briefly discussed 

0.06 0.02 

O,OU 0 .85 

0.58 0.52 

0.54 

0.17 1.52 

0.43 

~.~rein is 

11.0 0 

17.50 2.02 

4.52 12.50 0 .97 

0.15 

10.10 0.35 

used (or predic ting 

the hydrothermal regime of deep impoundments. Fair agreement ha. s been obtain

ed between the calculated and measl~red data. 
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PRESSURE CONDUIT ICING STUDIES AND 

ANTI-ICING TECHNIQUES 
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Sr Res. OlCr, 

Yu.A. Popov, M. Sc. (Eng.), the Siberian TsNlIS, Novosibirsk, U.S.S.R. 

Sr Res. OUr, 

SYNOPSIS 

Considered an> procedures for calculating pressure conduit icing and anti

icing techniques. Dimensionless numbers are derived pemtitting to simplify calcu

lations, facilitate the analysis of the phenomenon and elaborate modelling tech

niques. Analyzed are thermal, hydraulic and technological conditions ensuring 

stable operation of a pump - ice-coated conduit system. 

RESUME 

Le rapport analyse les methodes de caIcui de la glaciation des condu

ites d' eau en charge et le:- moyens de la lutte contre celle-ci. On introduit 

les nombres sans dimension qui pennettent de simplifier les calculs, de faci

liter I' analyse du ·phenomene et d' elaborer les procectes de la · representation 

en similitude. Les conditions lhermiques·, hydrauliques et technologiques assu

rant Ie fonctionnemeht stable du syst~me pompe-conduite congelee sont exa

minees. 
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In operation of pressure conduits incorporated in hydraulic structures 

3.nd hydraulic transport systems, troubles are frequently experienced due to 

ice formation on the inteMlal conduit surfaces. 

For calculating the ice layer thickness and developing anti-icing tech


niques a set of three equations is employed, viz. the heat balance equation 


for a conduit with running water, the heat baJance equation for conduit w a ll s , 
1

and the equation for water pressure in a conduit. / 'The solutio"; of the set of 


equations involves serious difficulties of methodological and computational na

ture. 


In case the above equations are used for defining the dimensionless 


numbers, the calculation methods may be considerably simptified. As a result, 

the number of independerrt variables is reduced, the analysis of the phenomenon 

is 	facilitated, and there arises an opportunity for devising modelling techniques 

for pressure conduit icing. 

Utilizing the similarity theory methods, the following dimensionless numbers 

rmy be obtained from the above equations 

~2 	 4/8
1}ltt: 

~2 
Q:;£ ¥ L== (1~£

8 =- cn~cCR2 C"R" ' C rc ,/. R3J" ( 1) 

C.BL< C't rT-	 -R'pf. 'Il. ~ == 
in which r =- radius of an ice-coated" conduit cross-section; R ~ reduced 

radius of a conduit; 't time; :x: = coordinate coinciding with the longitu

dinaJ a xis oC a conduit; ~ ~ air temperature; J\. .• thermal conductivity 


coefficient of ice; c thermal capacity of ice; r . specific weight of 


:;&" ice; y la.tent heat of ice formation; Lc. - conduit slope; <\ - water 

discharge; C - Chezy's coefficient; Q, • magnitude proportional to the 

heat "transfer coefficient from water surface to ice; J3s coefficient including 

the effect of pressure on the freezing tempemture; £ • mechanical heat 

equi-vaJent; i= -[- -CJ E - J'J CJ3 Lc R. . 
The differential equation describing icing of pressure condu..its with due 


regard for (1) has the form 


1/ 	Bogoslovski PA., Ice regime of hydropower plant conduits. - Gosenergoiz

dat, Moscow-Leningrad, 1955. 
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where h1 == rIf", x: = specific weight of \vater. 

In continuous operation of a conduit there comes a point 'Arh.~re the Joss 

of heat to the a.tmosphere is compensated by heat liberation induced by the in

terTlal friction forc:es. Such a kind of icing is calJed ultirnafe. An equation for 
~~ ~~ 

ultimate icing is derived from Eq.( 2) if OL = 0 and llT: 0. The 

plot presented in Fig. 1 is used for practical calculations of the thickness of 

an ice layer formed. Given the arguments 8 and Q ' it is easy to find 1 
7R 2/

by the plot and calculate r 

The hydraulic conditions of a pump - ice-coated conduit system are cha

racterized by the equation 

( 3)~ (~) ~ IJ (x) dx + i ) 
~ 

where f.ll~) = pump head at the discharge ~ ; J (X) = hydraulic slope; 

t distance from the conduit entrance up to the given cross-section includ

ing a length free of ice and lengths liable to conic and cylindric icing; t = 

stalic head. 

The discharge capacity of a conduit under given icing conditions may be 

determined from Eq.( 3), (Fig. 2). The head is related to the water discharge 

through a function H -- L(q) \vhich is a technical characteristic of a pump. 

The right-hand side of Eq.( 3) is a hydraulic characteristic of a conduit 

H - ~2. (~) which may be plotted according to P.A. Bogoslovsky 1/ 

It is seen from Fig. 2 that the curves ~i (~) and t2. (q) 
intersect at the two poin~s A and B. The basic difference in conduit opera

tion at those points is that the heat balance is unsfeady at the point A , while 

it is steady at the point B This conclusion can be easily proved by analyz

ing the heat balance equation and comparing thermal and hydraulic inertia of a 

conduit. 

Actually, the ojJerational condition"s of a conduit o.re nonstationary. There

fore, the working point. B may be displaced along ihe a.gth B'B' depend

ing on the air temperature and other factors. B'B' is termed the working 

zone of the system. It is of great practical importance to know the minimum dis

charge capacity of a conduit (the position of the point and the length 

of the working zone (the length B'B' ). Both may be found from Eq (3) under 

given meteorological conditions. Measures for the control over the thermal regime 

and icing of condu~ts are chosen by comparison of the minimum \vater discharge 

2/ 
Zhidkikh V.M., Calculation of u1tim"tE' freezing-over of conduits. - Izvestia 

VNlIG, 1970, v.92. 
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~. corresponding to the point B' ,with the minimum pennissible discharge 

~ 	. ?/
"',,'

When designing conditions for a non-operating conduit a significant prac

tical problem i" to determine the minimum allowable radius of the conduit which 

may be found proceeding from the the rmal, hydraulic and technological conditions 

formulated as follows: 

the thermal condition 

the hydraulic condition ~. ~ q,."f., 
the technological condition 't 4 1: p.~'" 

where 'vi, variation in heat content of water; "'l. - heat liberated i n 2 

conversion of the mechanical energy of the. Dow into the thennal energy; and 

~. heat losses to the atmosphere; ~. initial water discharge; 1:' 
o 

and 't'P&r"'- actual and pennissible time of ice melting, respectively. 

R is expedient to present the calcula tion data as technological graphs 

which may be eUectively employed for the control of conduit opemtional condi

tions .. 

3/ 	Popov Yu.A., Thermal design of pressure conduits for winter conditions. _ 

Sbornik trudov TsNnS, 1968,· vyp.24. 

256 



'. 
ICE SYMPOSIUM 1972 

LENINGRAD 

THE APPLICATION OF HEAT-TRANSFER 

RELATIONSHIPS TO WATERCOURSES 

o. Staro~olszky, Dr. E ng r, Department for Design and Budapest, 

C. Sc. (Techn.) Research, HUNGARY 

Head Dept National Water Authority 

SYNOPSIS 

Thermodynamjcs has solved heat-transfe r problems for mechanica l and 

chemical engir)€ering both in the case o f laminar and turbulent (Jow in closed 

conduits and in boundary layers, - by simultaneously applying continuity, move

ment and energy equations. Some difficulties emerge in the course of its applic a

tion in hYdra.ulic engineering, because velocity-distribution and boundary condi

tions are irregular, and also, because the changes in the turbulent diHusion-fac

tor OIust be taken into account. The main fields in the hydraulic engineering ap

plication "'" the (Jow in closed conduits or between two plates and soluEons for 

turbulent flow a.nd heal transfer in boundary la. y ers under ce rtain assumptions, 

which whether fulfilled or not, must be judged for each partic ular problem. The 

study nlqkes a comparison of the natural and ideal state and tries to point out 

the possible applications of the heat-transfer relationships. 

RESUME 

Pour suppleer aux exigences des ingenieurs rneca.n.iciens et des ch.imistes, 

la thennodyna.mique a trouve des solutions o.ux problemes concerl'1C3.nt la. trans

mission de chaleur dans un eCQulement laminaire, au, tu t'bulent, dans des condu

ites fermees et dans les couches limites par }' applicatign simultanee des equa

tions de Ia continuite et energeti lue. L'application des r6s uJtats dans Ie pratique 

de I'hydrauJicien se heurt.e aux difficultes que causent Ia repartition inegalc des 

vitesses et les irregularit~s da ns les condItions aux Iimites, ainsi qu' ~ cclles 

dues ~ In manl~re avec Ia queUe on dolt tertir compte de· Ia varlabil.it~ du facte ur 

de dif(usion turbulente. Ce sont en prerrier lieu les solutions concernant la trans

mission de chaI'eur dans les courants turbulents en conduitc ferme;e ou entre 

deux plaques, et dans les cou.ches Jimiles, qui pcuvent cntrer e n li g n e de compte 

e n r e lation avec les constnActions hydra uHques, sous l a r~se rve de c d a i..nes. 

cO:lditi o ns, d o nt la validlte doH ~tre n~~nmoins exal1':inee dans c l flu e cas F" a rli
lier. L'~lude rTl ":?' t en confronl..".tion I ' et':'lt idea l e t" I 'etat na lur"eJ , et s ignaJe /("~.:?- pos 

s ibiJite5 d' a pplic ':'l tion des rcl .""1tions concernant La t r?'tnsil lission de e ll. de ur. 
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Thermodynamics hus solv ed problems - firs t of aU for rnechurucaJ ':-lnd 

c hemical enginee ring - of hee.t-transfer in lhe case of laminar and turbulent 

flow /1, 2, 3, 4, 5/. 

The ba sic starting point consists of the simultaneous application of the 

continuity, motion and energy equations, \·vhich are 'JU...lid for hea t-transfer pro-

c S S e s in flow·ing \,v.:J. ter, in U....,~ ir principles a.nd differentia l-equation forms. The 

solutions - ,·,lmost without exc eption - are worked out for steady state Oow, 

and initial and boundary conditions are determined for this Oow as well. The 

practical solutions refer (irst of all to closed conduits, - mainly circular pipes 

and laminar and turbu!e nt boundary layers vvith ideal v e locity distribution. A 


q, r<?at part of the experiments was carried out with waler (or air) and the expe


rimental factors \vere generally determined in the usual range of the Reyno lds 

and Prandtl-numbers occuring in hydraulic engineering practice. 

Some dif(iculties emerge frorn the facts that the velocity-distribution is 

non-regular, consequently it cannot be described by equations, and the bounda

ry-condi tions are irregular. An exact determination of the velocity-distribution 

is a dif(icult problem even in the case of a r"gular trapezoidal section - l e t 

alone in the completely irregular beds of the natural watercourses. As a result 

the turbulent diffusion-factor may signi(icCln'ly differ from that calcula ted with a n 

assumption of theoretically regular velocity-distribution. The application in the 

field of hydraulic Gnginee ring depends on a better knowledge a bout turbulent 

diffusion. 

Solutions have been INorked out in the terms of thermodynamics for three 

ideal situations /8/ (Fig. 1; a, b, and b ·cases):
2 

a) boundary layer on a flat plate, lMlere friction and h eat-transfer both 

.:.lc t on the ·low er pla te; 

b) closed conduit, where the velocity graph is s ymmetrical and b ) heat 
1

transfer is syrrlmetrical, or b ) heat transfer is asymmetrical, i.e . heat
2 

transfer acts only on o ne s ide of the fluid. 

In \.vatcrcourses, hovve ver) there are tvvo basic nLltu(-al :..:;t.:l. tt::'s (Fig. 1, ~ 

and g cases) . 

A) Open-surface !low. The dynamic boundary layer is close to the sur

face, but maximum v elocity is not on the surface, which fact indicates that there 

is also a boundary layer present. This can be observed expeciaUy in the c ase 

of winds of opposite directio n. The heat acts on the surface of the flowing water 

and as a function of the turbulence a thermal boundary layer may also exist. 

S) Closed-surface flow in the case of ice-cover /6/. Maximum velocity is 

not along the banks· or at the middle, but somewhere in the upper part and it 

depends en the ratio of ice and boundary roughness. (According to observa

tions in Canada these are similar and in this case the phenomenon is close 

to that of b). The heat acts on the VlBter . through the ice, and a thermal boun

dary layer may exist in the u ppe r part, \ll..hich is ho-....'-€'ver, fr1 uch more thinner 
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Ihd., that in case ~. as d result of the insulation effect of the ice. 

There is a difference between the ideal and natural state with respect to 

both dynamic and thermal boundary conditions. 

C a s e s §. and b show the ctosest similarity. In the case of significant
2 

lurbulance and if the surface of the ice is too smooth, the thermodynamic solu

lion may be regarded as completely valid for prismatic beds, and may be appli

ed in the case of Irregular beds, as well, for~ c i:l..lcula1ting longitudinal tempera

ture - c hanges. 

The effect of the difference between cases ~ ans ~ is significant if the 

turbulence is s mull, if the velocity distribution over the cross-section is rather 

uniform and there is no significant wind (i.e. convection) J and if the neat action 

on the surface is predominant as ' compared to the friction-heat, the n, the longitu

dinal chango s in the mean temperatures of the sections are not significantly af

fected by the facts that the friction acts upwards and the temperature changes 

downwards, and that .the place of the maximum velocity is not completely on the. 

surface. So case ~ may be regard~d as an extreme value of case !:::-.I whlch 

represents the slowest change in temperature al'ong the longitudinal section. In 

this concept it represents the most favoun'lble case for slush ice and over-cool

ing and the most unfavoumble situation with cooling processes (heat-pollution). 

For informatory calculations, in the case of open surface the turbulent bo

undary layer (~ case), and in the case of closed section the fiow between two 

asymmet.rica:lly heated (cooled) plates may be t:..:lken into account. 'The author 

has deri'\1'ed relationships for temperature changes under tile ice cover, by us

ing thermodynamical relationships and experimental factors /8/. According to his 

studies relative temperature change depends exponentially on the Reynolds num

ber (i.e. turbulence) and on a relative distance related to the water depth, and 

on experimental factors depending on the Reynolds number. In the case of wide 

prismatic river-beds the calculated values are certainly qulte close to reality. 

In the case of frequently changeing beds ·the local changes of the diffusion fac

tor, which is heavily infiuenced by side-effects and helical flow, may have such 

a s trong effecl that even the validity of the relationships may be endangered. 

In the above case the problem may be solved by measuring the local dif

fusion factor and by converting the basic differential equations into difference

equations. 

The turbulent dtifusion factor can be only greater than that assumed for 

regular sections, which again leads to the conclusion that the slowest process 

is described by using these thermodynamic relationships for the determination 

of \-emperature changes, i.e. they give extreme values. 
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The validity of the thermodynamic relationships in artificial channels has 

been checked by many reseal'Oh workers, but establishing a clear-cut applica

'tion for natural waten::::ourses is the task oC future research. 
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SYNOPSIS 

Large ice brocks frequently are deposited on the dry tidal flats during the 

low lide, where they may remain fo r an extended period. The distribution of ice 

temperature throughout the whole ice "thickness can then be assumed to' be unifonn 

and equal to the air temperature. At high wilter stages (high tides or wind floods) 

the Oo es will again be floated and be carried away by the current. The tempera

ture v ersus time variation (local and mean tempera ture) is calculated (or pure 

ice and for sea ice of several salinities after the fioes are a gain floated. The 

e x act one -dimensional heat diffusion equation with a variable diCCusivity is solved 

numerically by a finite difference method. The va r iation oC the temJlerature distri

butic;>n within the ice sheet is given as a (unction of time. 

RESVI'v1E 

Lars des marees b a sses des grandes -blocs de glace se d~posent frequa

ment su'r les ~tendues de sable decouvertes par la ma.~e, o~ ils peuvent rester 

pendant une p~riode de temps prolonge'e. Oh peut supposer que la distribution 

de 1a temperature a l'interieur du bloc de glace est uniforme et ~gale ~ la tem

perature d e I' air. Lors des hautes eau (ma~es hautes et inondations dues au 

vent) les blocs de glace peuvent flotter a nouveau et ~tre transportes par Ie 

courant. Dans ce cas la yariation de la temperature (locale et moyenne) par rap

port au temps, pour des blocs de glace pure et pour des blocs de glace .a v ec 

di{ferenles s alinitees est. calcule'e. L'equation exacle el unidimensionnelle de la 

d iffusion de la chaleur est resolue numeriquement, avec un coefficient de dillu

sian variable, au moyen de la m~thode de differences linies. La. varia.tion de la 

distribution de 1a temp erature aI' interieur de la cauche de Slace est donn~e en 

fonclion du temps• 

... 	 On leav e from the Franzius -Instilule 

Hannov er, Germany 
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INTRODUCTION 

It has been demonstrated in earlier publications [1,2,3J that t he 

'strength of ice and therefore also the forces exerted by moving ice fi 1 s 

on structures, depends s trongly upon the ice temperature. I n lakes and 

rivers drifting of ice g enerally occurs after breakup of the i ce cover, 

generally fol·l owing the onset of higher temperatures and ice melting. In
• 

coastal regions, on the other hand, drifting ice frequently occurs even 

during the coldest part .of the year. Hhen ice sheets are fl oat i ng on t he 

water surface, the average temperat re i n river ice is predicted by Kouzoub 

(cited by Korzhavin, [lJ) to be only 35 pe'rcent o f the aver!<ge ai ,. tempera

tun; (measured in °C) during the preceding 24 hours'. In some r egions, 

ho~ever, ice sheets may li e for many hours or even days on dry ground. B~fore 

the floes are lifted by rising water (spring tide or wind flood s) , the mean 

ice temperatur~ can approach the air temperature. This happens , for example , 

at l ow tides On the tidal flats of the North Sea on the coasts of Holland, 

Hes t Germany, and. Denmark. Similar events occur at the Alaskan coast [ 4] . 

A co nstant temperature throughout the entire ice sheet also occur s at beaches 

with practically no tide (e .g., the Baltic Sea) aft er the ice she ts ha ve 

been pushed out of the water onto flat beaches. At high wat er s t ages, this 

ice will be carried back to the sea where it might encOunter st r uctures . 

When an attempt is made to calculate the forces exerted by these ice :10e3 

on structures, it is then important to know the mean i ce t emperature, and 

hence also its variation with time. 

The time variation of the distribution of temperature in pur~ ice haG 

already been investigated by Lazier and Metge . [5J and McKay [ 6] , usi ng the 

heat diffusion equation. Lazier a nd Metge [5] calculated the t emperatures 

by assuming a constant value for the diffusion coefficient. In reali ty , 

this quantity is strongly temperature dependent, as is pointed ou by 

Schwerdtfeger [7] for sea ice .. and by James [8] for fre s h-wat".. ic e . F i gure 1 

shows that this dependency is much more significant f or sea i ce than f or 

fresh-vater ice, especially if the sea ice is wa rmer than _lOoe. At lower 

temperatures the relationship becomes more s imilar to that of pure i ce . 

McKay [6] cons idered the temperature dependency of the diffusion coeff i ci en t , 

but used the diffusi on equation derived from the assumption of a con st~~t 

diffusion coefficient, as will be explained' later . 

In the present study the exact diffusion equation was sol ved numeri cally, 

taking into account the dependency of the diffusion coefficient on temperature 

and on salinity, in order to determine the t emporal varia t i on of tem perature 

di stributions. in. ice slabs. 
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;,1ATilEl,iATICAL II,ODEL Aim NUMERIC,\L SDLUTIOi-l 

The heat diffus ion equation is 

aT (1)
at 

where ~ is the heat diffusion coefficient, T is the temperature, and 

t denotes time. Equati on (1) is a quasi-linear parabolic part i al 

differential equation si nce the heat diffusion coefficient is a function 

only of the t emperature. When treatinG ~ a s a constant , equation (1) 

reduces to a l i near parabol ic partial differential equation . 

62T ~ aT (2)
K at 

This equat ion has been used in the studies of L'az ier and Metge [5] who 

asswned the diffusion coefficient t o be constant , and <) f McKay [ 6] who 

tr»ated K as temperature dependent . Sinc e equation (2) has been der ived 

using the assumption of constant K , a qlestion may ari se as to the l egit

imacy of the use of a temperature dependent value" for K in the same 

equation. 

In t he present study, we are concerned with the solution of the 

one-dimensional form of equation (1) 

with the boundary conditions 

T(x,O) ~ TA ; T(O.t) =TA ; T(h, t) =T ' t>O (4 ) w 
where h i s the ice- sheet thickness, and TA and TW are the temperatures of 

the air and the water under the ice sheet, respect ively . 

It is convenient to introduce non-dimensional quantities given by 

xT* K*(T*)x* h; 

The substitutior. <:-; equat i ons (5) into equations (3) and (4) yi elds 

aT* (6)at* 

subject to the boundary conditions 

T*(x*,O) O· T*(O,t*) = 0 T*(l,t*) ~ 1 t* ,. 0 

Equation (6) was solved numerically using a finite difference 

approximation of the Crank-Nicolson type, in wh,ich the derivat ives 

are centered about the time level t*n+\' The numerical scheme used was 
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26x* 

T* - T*.
i, n+1 1.J2!. (8) 

6t* 

where 
T* - T* .i+l,n 1,n 

6x* 

The values of the nonlinear coefficients, K*i~, n~ and 

K*i_1~, n+!~' we re computed using a method similar to the projecti on 

method sugGested by Douglas [9] . The values used were 

{
T* + T*

1,n i+l,n ilt*K* = K\+ + [ K* (T* - T*. )
i ¥-'2) n+~2 2 2(lIx*)2 i+l,n i+l,n 1,n 

- K*. (T* . - T* . )] } (10)
1,n 1,n 1-1,n 

{
T* + T*.

i-l,n 1,n Dt* 
K* + [K*. (T*. - T*. )K*i_~) n~ 2 2( ox*)2 1,0 1+1,n 1,n 

- K*. (T". (11)- T\_l,n) ] }1-1,t1 1,n 

The replacement of the nonlinear coefficient in equation (8) by 

the values given in equations (10) and (11) results in a set of linear 

a lgebraic equations which were solved using the Thomas algorithm for 

tridiagonal matrices [10]. 

The computer input data consists of a function « T*) obtained from 

the Gauss interpolation formula applied to the set of discrete values 

of K versus temperature for different salinities given by Schwerdtfeger [7] 

and Jwnes [8]. The spatial steps used in the computation.were ox* = 0.05 

and the initial time step was 6t* = 0.0025. The value o f ct" was increased 

by 15 percent each time step. It is well known that the Crank-Nicolson 

scheme, used here, is unconditionally stable for all time steps. 

The mean temperature as a function . of time is defined by 

1 

r*(t*) = J T*(x",t*)dx* (12) 
o 

For each time step .the above inteGral was computed numerically using the 

Simpson-rule quadratur.e formula. 
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The steady state mean-t€rr.pe~ature may be written as 

r1 fS 
oj 0 dT· )dT*dS 

T* (13)
s 

For a consta nt value of the diffusion coefficient one obtains T*s 0.5. 

However, for the Case of temperature dependent diffusivity, T\ may be 

larger or smaller than 0.5, for cooling or heating of the ice sheet, 

respecti vely . Computations were performed for four different cases: pure ice 

and sea ice with salinity of .2,4, and 8 promile. The value of the water 

temperature used was T~" = OoC for pure ice, and Tw = _2°C for sea ice. 

The value of the air temperature used was TA = _300 C. For each case the 

temper ature variation with time was calculated until a steady state 

c onditi on was reached. 

RESU LTS AND CONCLUSIONS 

The principal conclusions derived from the study may be summarized 

as follows: 

1. 	 The time derivative of t emperature decreases with increasing 

time, giving ris~ to .a si~ificant gradient at the initial stages 

(figures 2 and 3), especially at the larger values of x*. 

2 . 	 The steady-state temperature distribution (the heavier line in 

fi(;U!·e 2) remains below the T\ = 0.5 line, which shows that the 

mean ice temperature is always lower than the arithmetic average 

of the air and the water temperature when the ice is heated. 

3. The mean temperature decreases with increasing salinity (figure 3), 

for 	the warming case. 

4. 	 An exact expression for the steady-state mean temperature as a 

~;ncti on of the thermal diffusivity is given in equation (13). 

f the relation K(T) = (8.43 - 0.101T)·10-3 cm2/sec, suggested 

by James (8) fo r pure ice , is substituted i nto equation (13) i t 

is found that T*s = 0.47, wbich is in very good agreement with 

the numerical s olution. 

5 . 	 The non-dimens i onal mean temperature i*(t*) inc reases with increasing 

air temperature (figure 4). 

6 . 	 The time to approach steady state to a desired degTee is nearly 

independent of the salinity and of the air temperature (see 

figu re 3) . However, thi s t i me is inve gely proportional to h 2 

fo r fi xed T · For example, the t ime to reach the steady stateA 
condit i n for pur e ice o f 50 cm th i ckness and for TA = _30 oC is 

abou t 2h h "5. 
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Fig. 2 	 Temperature variation through the thickness of ice 
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7 -- t* 0. 8155 

267 

a 

, 
pvr~ ice 

, TA , -30' C 

b 

d 



--

., 
II

----  -------- 

2%0 

T = - 30° C 
A 

~____~0L---~----~----L---~--~~----4___ 
o 	 0.2 04 0.6 0.8 

t* 

Fig. 3 	 Mean temperature versus time for pure i c e and sea ice 

0.5 r-.:::::----r---,-----r----.----,---, 

*111
It

-20 -60
0 

Fi g. '"' 	 Non-dimensio"nal mean i c e temperature of pure 
ice related to air t empe ra t ure (warmin g case ). 

268 



ACKNO'IILEDGI-1ENT 

The work reported herein was supported by the National Science 


Foundation unde r Grant X529. 


REFERENCES 

1. 	 Korzhavin, K.N;, "Action of Ice on Engi neering Structures," Novosibirsk, 

U.S.S.R., 1962. 

2. 	 Frederki ng , R. and Gold, L . W., "Ice Forces on Isolated Circular Piles," 


Pr·oceedings of POAC Confe rence , Trondheim, ilorway, 1971. 


3. 	 Schwarz, J. , "Treibei sdrock auf Pfiihle," Mi ttei lungen des F'1'anzius _ 


Ins ti tuts fUr Gl"Und-und ,';asserbau, T. U. Hannover, Heft 34, Hannover, 


Germany, 1970. 


4. 	 Bruun, P.M., Johannessen, P., Straumsnes, A.O' l "The Interaction Between Ic e 

and Coastal Structures," Proc. of POAC Conf., Trondheim, Norway, 1971. 

5. 	 Lazier, 8.S. and Metge M, 1ITernperature Gradients i n.a Lake Ice Cover," 

Proceedings of IAHR Symposium on Ice and Its Action on Hydraulic 


Stroctures , Reykjavik, Iceland, 1970 


6. 	 ..lcKay, A. R., "Han-made Ice Structures for Arctic Marine Use," P"f'oceedings 


of IAHR Symposium on Ice and Its Acti.on on Hydraulic Structures, 


Reykjavik , Iceland, 1970. 

7. 	 SchwerdtfeGer, P., "The Thermal Properties o f Sea Ice," Journal of 


Glaciology, 36, 1963 . 


8. 	 James, D.W., "The Thermal Diffusivity of Ice and Water Between -40 and 


60
oc," Journal of Material Science, 3,1968. 


9. 	 Douelas, T., l 'rans American ~lathematical Society, 89 , p484, 1958. 

10. runes, W. F., "Nonl inear Partial Differential Equations i n Engineering," 

Academic Press, 1965. 

269 



'. 

leE SYMPOSIUM 1912 


LENINGRAD 

CALCULATION OF ICE-THERM"'-L REGIME VARYlNG 

Willi TIME AI\D ALONG THE LENGTH OF A CANAL

-CONNECTED CHAIN OF STORAGES 

A.P. Braslavsky, Dr.• Sc. (Eng.), Head, The Kazakh Research Alma-Ata, 

Hydrophysics Dept Hydrometeorological U.S.S.R. 

Institute 

Ts. A. Nazarov, M. Sc. (Eng.) The KaZdkh Research Tselinograd, 

Vice -Director Institute of Water Economy U.S.S.R. 

SYNOPSIS 

A computerized calculation procedure is presented for a complex ice-thermal 

regime varyir<g with time and along the length of a canal-connected chain of sto

cages. The technique is based on the consecutive application of the heat balance 

equation to a number of successive reaches of the 1ABterbody. Heat advection con

sideration permits to ascertain the location and dimensions of air holes in the ice 

cover due to heat flux induced by therrraJ conductivity coefficient variations in the 

waterbody with an increase in flow velocity and a decrease of water depth in the 

storage. Calculation of the ice-therrraJ regime. when designir<g such complex water

bodies is heJpful in selecting proper 1ABter storage operatir<g conditions. and in com

batting ice troubles. 

RESUME 

Le rapport decrit les m?thodes 'de calcul sur I' ordinateur e'lectronique d' un 

probl;;'me complique du regirre glaciothermique non-uniforme dans I'es~ce et non

permanent dans Ie temps des retenues en serie llees par les canaux. LEs methodes 

sont basees sur Ie principe. de I'application successive de I' equation' du bilan 

thermique pour Ie calcul des processus thermiques ayant Ji'eu sur un nombre de 

tron<;ons du systeme. En tenant compte de I 'advection de chaleur on peut dete'r 

miner la localisation et les dimensions des ouvertures (polynia) dans Ie glace 

qui ont lieu dans les points d 'apport de chaleur vers la surface interieure de Ia 

couverture de glace, cet apport etant d~ a Ia variation du coefficient de conduc

tivite thermiq\.Je de la masse d' eau Iors de ·I' augmentation de la vitesse de I' et:ou

lement imputable .; la di..unution de la profondeur d' une retenue. Le calcul du re

gime glaciothermique, effeclue au stade du projet, perrret de choisir un regime 

d' exploitation rationnel des retenues et de rre~enir les difficult';s dues a la glace. 
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In designing and operating storages and canals connecting them it is ne

cessary to take into account the peculiarities of their ice-therrml regime, espe

cially in the event of a flow directed from the dam to the storage headwaters. 

Such is the case, e.g.. at the IrLish-Karaganda canal "",ere "",ter will be suppli 

ed in the upstream direction along the former river channel of the ShiderLa through 

. a chain of storages. Under such conditions air holes can form in winter at the 

lransitioR from storages to canals owng to heal advection from the deeper layers 

of the "",teroody. This rmy lead to supercooling of "",ter creating operational pro

blerrs at the pumping stations. 

A water storage with an ice-thermal regime varying with time and along the 

length can be designed applying the heat balance equation to a nwnber of conse

cutive storage or canal reaches. The "",terbody under design is to be divided 

into a nurrber of rectangular reaches as nearly. uniform as possible. In the ab

sence of ice caver uniform terrperatures are assumed .to obtain throughout the 

waterbody. Vlhich holds strl~Uy true only for shallow well-mixed storages and ca

nals. In wnter therrml stratification is supposed to vary linearly across the depth 

with OOC at the under side of the ice cover. The inflowir\g water temperature for 

the first calculation reach is prescribed as _II as the initial temperature at the 

boundaries between all the other reaches. 

The. terrperature variation within a unit of length and a unit of time is linear, 

the day being chosen as the time unit. Calculations were starLed on July 1st when 

stabilized v.ater tempero.tures prevail in waterbodies and "",tercourses of varying 

depth. 

For the first upstream reach of the waterbody three water temperature va

lues are knOW1: t: and ti ~ initial and final temperature at the reach 

entrance (at ~ beginning and the end of the day). and f - initial tempera-
L 


ture at the exit. The sought for value is the v.ater temperature at the exit from 


the reach at the end of the day, t;, found by means of the heat balance 


equation for the reach considered. For the period when ice phenomena do not 


occur 'in the v.aterbody the equation yields 


t" = 2. f O,S (t' + t'j + 4 ~ (5 ~ S + S +S - S - S -s )1- t't l h L Cf 'lav r I\. g . ad S C ev { 

while for the freezing-up period 

K 
t 

is valid. 

Here II'!' is the duration of the calculation period (days); C and jl = . heat 

capacity and specific weight of "",ter, respectively; Hay = mean water depth in 

the 'reach (cm);' 6 and 5a, = the toLaJ solar radiation observed by the v.aterp 
and atmospheric back radiation, respectively; 5· = the heat flux from the bottom 

of the waterbody into the \'\Bter; Slid = heat advltion; ~!o = surface heat ra
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diation; 6 = surface heat transfer due to turbulent convection; evapo::, ;;0 

C ey 

mtion heat lOSS~ Sf ~ internal friction heat of the flow (all the values are 

Dgiven in cBI/cm~day); K turbulent heat conductivity coefficient of the \\Oter
t 

body evaluated from the formula: 

o.s 
megacal/m day °C.K = 0.012 + 4,~6(IJH )t 

in vvhich flow velocity (m/sec); 14 z water depth (m). 

The calculation relationships lor determining the heat balance components 

are cited mainly from previous "'-Ork by A.P. Braslavsky. 

Account is taken of transforrT"Btjon of parameters of air masses moving 

over the waterbody and the effect of II\6ter surf",ce - air temperature difference 

on the evaporation and heat flux from the water surface. 

The above equations 'are derived on the assurrption that the \vatpr stage 

does not fluctuate in the reach, neither withdrawal nor percolation occur, and 

hect inflow by precipitation is equal to heat loss through evaporation 

Ice cover thickness is estifl'fited from an empirical relationship proceeding 

trom observation field data on Kazakhsla.n II\6terbodies: 

0.25 (t~ .. ( .. t~ .. t:L
K 
t 3SS0 Ha.v 

where 	 andA - -;;-9~:-' -10=-'-~ (~- ~h~,) ; h. , h ~ initial and final ice thick-
o ~ 

2 
ness, respectively (m); A= ~p, L.. 5 ." Q,. e + Q. t. - 6. H Q. - 65!; cal/cm day;a.,L r 2.. a.. 7 

0. • ~22.(h 068 'H); ~a. 0.5750. ; S.. and Sp,. total solar radiation absorb7	 7 w," , 
ed by sno\v and ice cover surfaces, and back radiation, respectively; 

e~ - vapour pressure in the air (mb); tt z vapour temperature (oC); 

\Nz. ~ wind velocity 2m above the ice cover. '!'he ice cover will melt provided 

A is positive. Then hi is ascertained (rom the equation 

Ah ~ II  ~gO-:-·-O:-."'92.-·-1-0-0- ' ...,
t ' 

The daily value of t' is calculated consecutively for all the waterbody 
~ 

reaches including the canal connecting it 1II4th the next storage. The t~ . values 

obtained are used as the t'. values for the next diurnal period. The calcu-
L 

lations are continued till the next year break-up date. The 'ABter terrperature at 

the end of the last reach of the first storage is accepted as the inflow tempera

ture lor the next vat.erbody. Ice thickness decreases iSnd air holes are liable 

to lorm on reaches where heat advection is large in wnter. In this case calcu

1) 8raslavsky A.P., 	Studies and calculations 01 the hydraulic regirre of lakes 

and storages. - Doctor I S thesis based on till works pubJi

shed by the author. 
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lations incorporate such factors as formation of frazil in the air hole, its trans

port towards and freezing to the under edge of the ice cover or, alternatively, 

its melting which leads to further enlargement of the hole. Water temperature•.t ' is found from the equation derived for ice-free conditions. A negative va

luet of t'1 is indicative of frazil ice production in the air hole. Then applying 

the heat balance equation and assuming, for the sake of simplicity, heat transfer 

to take place across the whole surface of the reach, and 

have a formula for defining the frazil ice volume: 

t~ + t: )Ii' 
2. ) 

3 2
in which Q. a discharge (m /sec). F' = surface area of the reach (km ). 

The volume of frazil ice is estima.ted and summed up for all non-frozen 

areas, the.reup.on the reduction is evaluated in the non-frozen areas due to ice 

cover formation of frazil ice brought by the flow to the under edge of the air 

hole. Plunging of frazil ice under the ice cover edge is neglected and the thick

ness of the neV\liy forrred ice cover is assumed to be nwnerically (m) equal to 

half of the value of the flow velocity (m/sec) at the point in question. To more 

accurately assess the conditions at the under edge of the air hole a coefficient, 

K~. the ratio between the ice cover area in the reach and its total area I is 

introduced. 

When the terrperature of the V\6ter flovving towards the lower edge of the 

air hole is above freezing point, melting of the ice cover sets in.. The melted 

ice volume. can be obtained from the equation 

v = 
86~OOC9G. ( t; + t:) 6'1:" 

." 80 - D9Z-2. 

In case all the frazil in the reach melts, the outflow temperature will be 

above oOe, and its value can be determin)"d by 

til = 

+ - t ,·C, 

mere V is the volume of ice material in the reach at the beginning of the 
o 

diurnal period under study. 

In keeping with the calculation procedure described above a program for 

the electronic computer ''Minsk-22'' was prepared to calculate the water tempe"

rature and ice cover thickness of a n...mning water storage .. Water teIT,lperature, 

ice thickness and the Kw coefficient. values ate computerized on the basis 

of lO-day averages in the absence of, and for 24-hour averages in the pre
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sence of air holes. By analyzing ice thickness distribution over the reservoir 

reaches and the connecting canals as well as the K..., coefficient values, the 

air hole conditions, i.e. the periods of frazH ice production causing supercool

ing of water may be established. By way of example the ice-thermaJ regime was 

calculated of the first storage of the Irtish-Karaganda Canal on the Shiderla 

river. The calculations 'M'!re perfonned for hM> winter periods: d moderately cold 

( 1965-66), and a warm one (1962-63). Computations demonstrated that during 

the V\6..l'""m winter an air hole IJI.6S likely to occur, . stay open for a.bout a montil 

and a half and produce frazil ice for weeks. During the moderately cold winter 

only a reduction in tile ice cover tilickness to 0.5 m was recorded in the re

gion of that air hole, while ice at the dam was 1 m thick. 

A good overall correspondence bet'M'!en theoretical and field data 'AGS ob

tained. Storage I on the Shiderta river was urst uiled in 1970. In the winter of 

1970-1971 an air hole appeared. at the site p~edicted theoretically. 

The computation procedure evolved for the detennination of the ice-ther

rral regime of complex waterbodies is of aid in an adequate selection of their 

operating · conditions and in avoiding jce troubles. 
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TEMPERATURE FIELD OF A CIRCULAR 

SURFACE FLOW ARISING DURING PNEUMATIC 

INSTALLATION OPERATION 

B.S. 	Borodkin, M. Sc. (Eng.) The Leningrad Water Transpo rt Leningrad, 

Assistant Professor Institute U.S.S.R. 

SYNOPSIS 

Presented 	is an abbreviated derivation of the formula lor cillculating tem

pe ra tures at an a·rbitrary point of a circular now arising on the reservoir sur

face during pneumatic installation opera tion. 

The calculations are based on the assumption that the Dow c ons ide red 

(rom the kinematic viewpoint is a s emlconuned fanwise turbulent je t. 

RESUME 

Dans ce rapport on donne une dectuction abregec de La fOr/nule pour Ie 

calcul des tempe'ratures en un point a.rbilraire d' un c ourunt circ:uluire surgi s sa nl 

sur la surface du bassin pendant Ie fonctionnernent de l'installD.Uon pne umaLique. 

Dans Ie caJcul on suppose que, dJ. point de V\....l~ cinenoliquE", Ie cO'.Jr<lnt 

cons ide're soil un jet turbulent semi-borne en Corme d' e v ent.:Jil. 
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Surface ilo"vs occur during the operation of pneuf'l'll1tic installations utiliz

ing bottom heat, artificial heating with warm water of water areas and in such 

like cases. 

If compressed air or heated water are discharged from individual nozzles 

widely spaced, the surface current arising at each nozzle has the form of a 

fanwise jet. 

The paper deals with calculation of temperatures in such a jet. 

The heat balance equation in polar coordina.tes for the jet element shaded 

in Figure 1 may be derived as follows. 

/I 

/1-/1 

Fig. 1. 

The heat increment in the radial direction due to the velocity component 

U is 

The heat increment along the normal to the radius due to .the velocity 

component V is 

( 2) 

The heat increment along the normal to the radius through heat conduc

tivity is 

Equating d~ dsl. and d\ to zero and using the continuity equation 

276 



+-r 

-we obtain alter transfonnation 

in which U - longitudinal velocity component, 

V  transverse velocity comPonent, 

A't'. excess temperature at an arbitrary po<nt of the jet, 

~ = water temperature in .the water area, the jet boundary 

neglected, 

C and r ~ heat cl'lpacity and volume weight of water. respect;vely, 

1< - coefficient of turbulent heat co"ductivity. 

Tnking into account that the longitudinal velocity components exceed con

siderably the t,,,,,nsverse velocity components we may solve the eq..etion 

( 5) 

The longitudinal velocities over the jet section are known t.o b e varying 

according to the curvilinear law from U"'4>0. on the jet "xis to zero at its 

boundaries. 

However, the solution of Eq.( 5) including such a velocity distribution en

tails serious mathematical difficulties. 

Considering this circumstance, calcul;:\tions in the first stage ~n? performed 

lor the average velocity over the arc 

( 0 ) 

Then Eq.( 5) may be written· as 

a '2 .,.. 
-:;--r (l'.' at) - B~ (7)

" ~4> 2. 

where B- ACr" 

Eq.( 7) is solved within the range 0, 4' , If'0 r ') r, under the following 

boundary conditions 

6. 't' \ - 6. 'to ( 8) 
r.r 

a,,'! 
o 

_S_ r 
~ - crjl 

( w)o 
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where S - heat transler Irom the free surface. 


The equation is solved in the form of Ole Fourier series in cosines 


A. 't _ A.lr) +
-2- [ A (r) ,,"os ...!!2L . tp ( 11)

" \P,n., 

\-\f1ere \'\ = 0, 1, 2, 3 ...... 

The s otution of Eq.( 7) yields the expression for calculating temperutures al a n 

<1rbitrary point 01 the jet 

-[ :aBC 

Bn1J[ 2 
( 12) . (r - __r.:..2._+..,...,::..-~':;:·r-_) COS 

,>_"1 J[11r + 'P. 

H e nce, formulu s for the a verage temperature over the arc can be easily derived 

( 13) 

or 

Bc(r~ r:)'t t. ~. + 'r. ~ \1"1
uv 2 r IV. 

Calculations according to formula. (12) showed t.tle.t jet temperature variations are 

strongly allected by the first term incorporating jet expansion. Two other terms 

of the lormula related to heat transfer exert but a slight effect on temperature 

variations of li'le jet. 
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+-r o 
we obtain after transformation 

in which lJ - longitudinal velocity component, 

V - transverse velocity component, 

to. 't - excess temperature at an arbitrary point of the jet, 

~ - water temperature in .the water area, the jet boundary 

neglected, 

C and r ~ heat c .apaclty and volume weight of water, respectively, 

.? = coefficient of turbulent heat c O'1ductivity. 

Taking into account that the longitudinal velocity components exceed con

siderably the tc ....nsverse velocity components we may solve the equation 

2
--.i... ~ ) A c3A't ( 5) ar (. Ul' A'! - cr ~ 

The longitudinal velocities over the jet section are known to be varying 

according to the curvilinear law from U"'4;00. on the jet axis to zero at i Is 

boundaries. 

However, the solution of Eq.( 5) including such a velocity distribution en

tails serious mathematical difficulties. 

Considering · this circumslance, calculations in the first stage arE' performed 

for .the average velocity over the arc 

U_,_A_ 
r 

Then Eq.( 5) may be written as 

where B - ACr " 
Eq.( 7) is solved within the range 0, IV , 4'. under the following 

boundary conditions 

( 8) 

_S_r = crj\ 

( 10)o 
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wh e re 5 ;; heat transfer from the free surface. 


The equation is solved in the form of tile Fourier series in cosines 


( 11) 

,\here f'\ = Il, 1, 2, 3 ...... 

TIle s olution of Eq.( 7) yields the expression (or calculating temperuture s at an 

arbit rn ry point of Ihe jet 

r. 
r -[ aBC 

( 12) 

0-

. (r -

H e nc e. formula s for the average temperature over the .::ire: can b e ei..'tsiIy derived 

( 13)t:. 't' = lot rr' 
•• 0 

or 

Calculations according 10 formula (12) showed that jet temperature variations are 

s trongly affected by the first term incorporating jet expansion. 'I'vvo other terms 

of the formula related 10 heat transfer exert but a slight effect on temperature 

variations of the j-et. 
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PREFACE 

'The 2nd International Symposium "lce and its Action on Hydraulic 

Structures" organized by the 'Technical Committee on Ice Problems and 

the Soviet National Committee of the International Association for Hydra

ulic Research W9.S held ir: Leningrad, September 26-29, . 1972. 

The technical program of the Symposium included the following 

subjects: 

1. Structure and physico-mechanlcal properties of ice, including 

procedures and equipment for their measurement both in the laboratory 

and in the field. 

2. Freezing and break-up in rivers and reservoirs, including ice 

jamming and ice damming. 

3. Ice regime and ice control ip the vicinity of hydraulic struc

tures, including preventive measures against harmful effect on the struc

tures and methods of extending the navigation period. 

The contributions to the above subjects presented by forelng and 

soviet specialists in the field of ice e~ineering 'M?re publishe!1 in 

English and Russian in the pre-Symposium period. 

Besides papers, invited lectures 'M?re delivered on the advances 

in ice engineering research in the USA., Canada and the US.S.R. as 

well as on some special. problems concerning mainiy physico-mecha

nical characteristics ot ice. The Symposium provided a wide forum for 

exchange of opinions on the problems considered and an opportunity 

for discussion. 

The present volume comprises the invited lectures, the papers 

IM-Uch 'M?re received after the deadline, the discussions, and finally the 

records of the Symposium. 



WELCOMING ADDRESS 

by 

P. Neporozhny 

lVtinist8r of Po",""r 0.nd Electrification of the U.S.S.R. 

I would like to bid a cordial welcome to the 

participants of the Symposium on behalf of the U.S.S.R. 

Ministry of Power and Electrification. 

Due to the present a dvances in hydraulic c onstruc

tion, w a ter transport and development of the Extre me North 

of our planet the engineering profess ion is fac e d with .3. 

goo d ma ny urgent ice engineering problems which are 

c ove red b y the Ice Symposium. 

The disc ussions at the Symposium must serve a s 

a basis in furthering re search on ice engineering a nd in 

contributing to its progress. 

May success attend the a ctivities of all the 

Symp osium partici pants. 
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WELCOMING ADDRESS 

by 

M. F. Skladnev 

Chairman of the Organizing Committee of 

the 2nd International Symposium on 

"Ice and its Action on Hydraulic Structures" 

President of the IAHR Soviet Nation3.1 Committee 

Ladies and Gentlemen, dear Colleagues and Comrades, 

We are gathered here today· to commence the activities of the 

International Symposium on "!ce and its Action on Hydraulic Structures" 

sponsored by the International Association for Hydraulic Research . 

It affords mt'! the greatest pleasure to "",,!come the honoured 

guests and the Symposium participants on behalf of the Organizing 

Committee and the lAHR Soviet National Committee. 

The decision to choose Leningrad as the site of the 2nd Ice 

Symposiu:n waS passed "t the 1st Symposium held in Iceland in 1970. 

Soviet scientists spent the t"'-O intervening years in making ready for the 

present S ymposiurT\ the necessary preparatory work being. conducted 

under the Local Organizing Committee. 

The "'Ash to participate in the Symposium was expressed by 170 

research "ngineers hailing from :4 different cOt>ntri es, 60 participants 

coming from outside this country. A total of 47 papers' lAOS appro'/ed of, 

including 29 from abro:l.d. The accepted papers v.ere published in the 

1st volume· of the Symposium Proceedings. A program is worked out for 

inspec tion visits to laboratories in Leningrad, and the route of a study 

lour to l\bvosibirsk-:rkutsk-Bratsk-Moscow comprising visits to the 

/Siberia n Branch of the U.S.S.R. Academy o f Sciences, the Irkutsk, 
''-., 

Novosibirsk" and Bratsk Hydropciv\er Projects as v.e1l as the Baikal Lake. 

In addition a social events' program is evolved. 

I vvot>ld like to avail myself of the opportunity to expt"ess our gra

titude to the President of the lAHR Technical Committee on lee Problems, 

IVlr, 'Vlichel, for his most kind attention and the assistance rendered 



during the preparations for the Symposium. I consider it my pleasant 

duty to thank the representatives of the Municipal and Communist Party 

Authorities for their great help. 

We trust that the stay of the Symposium participants in Leningrad 

may. prove both profitable and pleasant. 

M. SKLADNEV, Chairman of the Organizing Committee, 

President of the lAHR Soviet Nati~nal Committee 

greets the Symposium participants 
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OPEN1NG ADDRSSS 

by 

B. Mic hel 

President of the IAHR Committee 0"1 Ice Problems 

Your honor Mr. Goloubovitc h, representaling 'hI? ~v'lunicipdl Authorities, 

Mr. SkJadnev, chairman of the Organiz ing Cor.1rr1.i tte2, 

c olleagues of the International Asso-:-iation lor Hydr,:l.l~lic Rese.=:trch, 

Ladies and G(?nUemen 

It is a very great privilege for m.:- 10 open tr,is "ecnnn Inlorntl

tional Symposium on "Ice and its Action on HydraCJ.iic .Sln'ctc;res" on behalf 

of the Committee on Ice Problems of lhe IAHR and to tell OClr hosts how 

pleased I am "nIh all other foreign participants to be again in this great 

country to discuss the subject of ice. 

Some of you present today h,,,,e not had the opportunity to come 

in contact with, or do not have specific knowledge of the nctiviti e", of 

the S e ction on Ic,., Problems o[ the IAHR. I would like to take this oppor

tunity to refer briefl y to our objectives and to th~ pas t activities of OIAr 

group. 

The purpose o[ the Section [or Ice Problems is to foster a bond 

beh\een those co~cerned with ice ~hC?nomena in general and 'with ice 

problems in connection with hydraulic structures. 

This objeclive is attained by: 

a) exchange of information and public ation of results o[ research 

b) discussion on research in progress 

c) collaboration of research organizations in pursuing rele\lant 

research 

The Section V\6S created by the IAHR at the Montreal Congress 

of 1959 after a very successful seminar on Ice Pro:'lems. It set up 

lectures in London in 196J and a very active and ,,"211 attended Seminar 

was held here in Leningrad al lhe General Congress of 1965. Another 

Seminar on lee ' \6S organiz ed for the Cong ress o[ 1967 in Colorado. 

Renewed and increased interest wa s shown [o ~ ice problems at the 

end o[ lhe sixtie s when accelerated developme nt ha d to be rnade o[ 
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diUicUlI river sites [or' hydroelectric exploitation during winter months 

a nd for problem=. related to ndvigalion in ice and construction o f off

shore structures in the Arctic. 

Oue first International Symposium outsid£ of the IAf IR Congresses 

was held in Iceland in 1970 and its success opened the door [or the 

acceptance of the invitation o[ Mr. Skladnev for this second one, beginn

ing today. 

Anoth?r important task of our Committee has been to draw up an 

acceptable se t of definitions and a terminology for ice phenomen:t. Much 

confusion V\8S apparent in the d e finition of terms at the first seminar on 

ice problems which was held in Montreal and in the following ones. We 

\'I4ll hear today the last part of lhis work reluling to the Rus sian and 

French translations o[ the terminology. 

I would n ow .like 1,0 expres 5 my thanks, thos e of the members of 

the Committee on lee P;"oblems and on the rnemb€rs Of the IAHR to those 

v-ho h <1ve wJrked v<:>ry hard on the program and U,,,, very dPprecictted 

a.~rungernents for the slay of the purlicipe.nts in Ler.ingrad. 

W e arE' parl!c ularly g rateful to the Chairman of the Organizing 

Com" oitiee, Mr. M. SkIRdnE>v, Director o f the B. E. Vedeneev All-ilion 

Research Institute o[ Hydraulic r~nqineering . I kne..w that [rom the amount 

of correspondence w {? had th,., t h e had put 1i tremendous personnel effort 

in the organizaUon of this Symp05ium. f-e had been assisted by Messrs 

IJ. V. &larun, B. V. Pro::;kuryakov, V. J. Sinotin and S. M. Aleinikov ""'0 

a re ()'.Jtstanding scientists in ice resea rch and have contributed from the 

beginning in 1960 to the work o f our Committee. ~y I give, on y our 

behalf, our warmests expression of gratefulness to our Russian collea 

gues. 

With these introductory remarks and, bearir(g in mind, that the 

main objectives o[ this Symposium is an exchange of ideas, views a nd 

experiences in our field of ice research in order to a dvance our know

ledge, I n ow take' pleasure in declaring this Symposium on lee and its 

Action on Hydraulic Structures , in session. 
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PROGRAM OF SYMPOSIUM SESSIONS 

Tuesday, 	'26 September (Morning Session) 

09.00 	 Welcoming addresses 

09.30 	 Communication on Ice Terminology of the IAHR Committee on 

Ice Problems 

10.15 	 Lecture by Prof. K. N. Korzhavin - Ice Engineering and 

Hydroelectric Development - the U.S.S.R. Experience 

10.45 	 Refreshment interval 

11.15 	 K. F. Voitkovsky, V. N. Golubev, U.S.S.R. - Dependenc e 

of Mechanical Properties of Ice on its Structure 

11.30 	 Ph. R. Johnson, U.sA. - The Modulus of Elasticity of S ea 

lce Sho\M1 by Direct Tension and Compression Tests of SrroJI 

Specimens 

11.45 	 D. E. Nevel, U.SA. - 'The Ultimate Failure of a Floating Ice 

Sheet 

12.00 	 R. Frederking, Canada - Preliminary Results of Plane Strain 

Com pression Tests on Columnar Grain'?d ke 

Tuesday, 26 September (Afternoon Session) 

14.15 	 Lec ture by Dr. T. Carstens - Structure and PhysiCO -Mechan

i c al PrQperties of Ice 

14.45 	 V. V. Bogorodsky, V. P. Gavri/o, A. V. Gusev, 

Z. [\'1. Gudkovich, A. P. Polyakov, U.S.S.R. - Stressed 

Ice Cov er Slate due to Th",rmal W a ve and R elated Gnden,vater 

N o ise in th'e Ocean 

15.00 	 B. A. Savelyev, V. N. Golubev, M.1\I. Laptev, I. B. Sa

veIyev, U.S.S.R. - Structural Features o f Ice Adhesion to 

Solids 
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15.15 	 '1'. Nut ta II, Canada - Plane Strain Tests on River Ice 

1 5.30 	 B, Ross, U.S.A. - Drilling Platforms in an Arctic Environment 

15.45 	 Refreshment interval 

f6.15 	 R. C . Byrd, M. C. Yerkes, W , M. Sackinger, '1'. E. Oster

ka m p, 	U.S.A. - Pre<'uction of Sed Ice Physical Properties by 

Use of Radar 

16.30 	 C. I<. Neill, Canada - Forep. Fluctuations uuring Ice-Flop. 

Impact on Piers 

16.45 	 R. Y. Edwards,' Jr., J. W. Wheaton, U.S.A. - Experimental 

Determination of Ice Irrpact Loads on Marine Vehicles 

17.00 ' D. S. Ca rt e r, Canada - Brittle Fracture of PolycrystalUne Ice 

under Com pressive Loadings 

17.15. 	 M. Drouin, Canada - Laboratory Investigation on Ice Thermal 

Pressures 

17.30 	 Discussion 

Wednesday, 27 S ,eptember (Morning Session) 

09.00 	 Lecture by Dr. A. Ass u r - Ice Engineering in the American 

Experience 

09.30 	 M. S. Uzuner, J. F. Kennedy, U.S.A. - Hydraulic Criterion 

for Submergence of Ice Bocks 

09.45 	 Shin-etsu Kamada, Japan - Behaviour of Water-Stage in the 

River Closed "",th the Ice Cover 

:\,0.00 	 V.I. Sinotin, US.S.R. - Specific Features of Ice Jam Formation 

at the End of the Backw:l.ter Curve. Some Quantitative Regularities 

10.15 	 K. N. Korzhavi n, U.S.S.R. - On WInd Drift of Ice Floes, 

10.30 	 S. S. La zi e r, M. M etg e, anada - Observations on Thermal 

Cracks in Lake Ice 

10.45 	 Refreshment interval 

11.15 	 B. V. Proskuryakov, V. P. Berdennikov, U.S.S.I<. - Ice

Dam Studies, on Models 

11.30 	 M. Drouin, L. Simard, B. Michel, Canada - Ice Floes 

Velocities in the St. Lawrence Ri,ver from Oblique Pictures 
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11.45 V. A. Kor~n' kov, U.S.S.R. - Ice Passage through Hydraulic 

structures (Field Observation Data) 

12.00 G. D. Ash to n, U.S.A. - Field Implications of the Formation of 

Ice Ripples 

Wednesday, 27 September (Afternoon Session) 

14.15 W. D. Hibler, S. Ackley, W. F. Weeks, A. Kovacs,. 

U.S.A. - 'Ibp and Bottom Roughness of a Multi-Year Ice Floe 

14.30 R. O. Ramseier, D. F. Dickins, Canada - A New Approach 

to Field and Laboratory Tests of Tensile, Compressive, and 

Flexural Strength of Polycrystalline, Fresh Water Ice 

14.45 D. F. Panfilov, U.S.S.R. - Steady Motion of Packed Fine 

Fragmented Ice Masses in a Straight River Reach 

15.00 A. Ass u r, U.S.A. - Structures in Ice-Infested Waters 

15.15 G. Frankenstein, A. Assur, U.S.A. - Israel River Ice Jam 

15.30 S. N. Bulatov, B. M. Ginzburg, I. V. Balashova, ·US.S.R.

Cnlculation of Thawing Ice Cover Strength and Freeze-up and 

Break-up Periods in Reservoirs 

::"5.45 Refreshment interval 

16.:;'5 B. Michel, Canada - static Grov.th of Black Ice in Cold Regions 

16.30 E. V. Ka na vi n, N::>rway - Problems with Sludge Ice Connected 

with the Planning and' Utilization of Water Pov-.er in Norw:ty 

16.45 G. P. Williams, Canada - Frazil Ice during Spring Break-up 

17.00 C. Tclquet, Canada - Processus de formation des accumulations 

de frasil en amont d'un barrage reservoir 

17.15 '1'. E. Osterkamp, U.S.A. - Frazil in Production in a Small 

Stream· 

17.30 M. V. Kuuskoski, Finland - On Frazil Ice Measurements in 

the Kemi River 

17.45 Discussion 
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ThUl.'Sday, 28 September (Morning Session) 

09.00 Lecture hy Prof. R Michel,  Ice Management in 

Deslgn - Recent Canadian Experience 

Hydraulic 

09.30 V. Ma t 0 use k, Czechoslovak Socialist Republic 

a Water Reservoir to Control Winter Phenomena 

- Uilization 

on a RIver 

of 

09.45 Ph. H. Burgi, USA. - Ice Problems in Wmter Operation 

B..u-eau of Reclamation Experience 

-

10.00 I. Yamaoka, Japan - Ice Control for Intake Stn..ICtures of 

ReservoIrs in l-bkkaido 

10.15 S. M. Aleinikov, R. A. Gutkin, V. M. Ch~snokov, US.S.R.

Winter Operation of Heating Systems of HydromecharUcal 

Equipment of Hydraulic Structures 

10.30 V. V. Balanin, A. O. Dytman, M. I. Zhidkikh, M. I. Zug

rova, L:' S. Bykov, U.s.s.R. - Navigation Lock Equlpment for 

Operation at Negative AIr Tempere.tures and Lock Clal;!sificaCon 

10.45 Refreshment interval 

11.15 K. A. Andrial'lov, L. M. KhananashviU, G. I. Chogovad

ze, D. G. Pagava, M. I. Topchiaehvill, A. G., Zelentsov, 

U.S.S.R. - On the Appllcablllty of Differel'i Electrically-C;:~dt.c

tive Polymeric Compositions in Low-'1emperarure Heaters 

11.30 V. P.Zakharov, M. M. Bellinaon, 1. N. ShataUna, U.s.s.R.; 

- SpecifiC ~s of Ice ~onditions in rovers and Reservoirs 

of Central Asia 

11.45 M. Herva, Finland 

Formation 

- Effect of Fine Materials in Water on Ice 

12.00 L. Votruba, Czechoslovak ' Socialist Republic 

glaces sur les tours dans les reservoirs 

- Les effets des 

Thursday, 28 September (Afternoon Session) 

14.15 J. V. Danys, Canada - Effect of Ice 

Structures in the St. Lawrence River 

Forces on Some Isolated 
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14.30 	 L. Bergdabl, Swe~n - 'I'1NO Lighthouses Damaged by Ice 

I .
14.45 	 Jose Llamas, Canada .,. Penetration des blocs de glace dans 


un bassin de dissipation d' energie a I' aval d 'un barnige 


i 15•00 	 Keith C. Arnold, Canada - Harmful. E::fIects of Glacier Ice 

on Poten:tlal Pipeline Routes In the Queen EllUlbeth Ielands 

i15.15 	 A. I. Pekhovlch, U.S S.R. - Thermal Ca!culaUons in Prediction 

of Ice Action on Hydraulic Structures 

115.30 	 Re!reshment inten.al 

16.00 	 Ya. L. Gotllb, F. F. Razzorenov, N M. Sokol' ':'lkov, 

V. M. Zhidklkh, U.S.s.R. - Thennal Regime of Deep Reservoirs 

In Siberia apd Investigation of their Thermal Characte1"lstics· 

V. M. Zhldklkh, Yu. A. Popov, U.s.S.R. - Pressure Conduit 

Icing Studies and Anti-Icing Techniques 

16.;30 	 O. Starosolszky, Hungarian Pe0ple's Republic - ' 'The Applica

tion of ~t-'ll-ansfer Relationships to W'atercourees 

16.45 	 J. Schwarz, '1'. Miloh,USA. - On the 'llme Dependent Tem

perature Variation Vl4thin Ice Sheets 

17.00 	 A. P. Braslavsky, Ts. A. Nazarov, U.s.S.R. - Calculation 


of Ice-Thermal Regime Varying Vl4th Time and along the Length 


of a Canal-Connected Chaln of Storages 


17.15 	 B. S. Borodkln, US.S.R. - Temperature Field of a Circular 


Surface Flow Arislllg during Pneumatic Instamation Operl!ltion 


17.30 	 D~ussIon 

18.30 	 Closing Session 

FrIday, 	 29 September 

09.00 	 Technical excursions to research establishments in Leningrad 

(the B. E. Vedeneev AU-UUon Research Institute of Hydraulic 

Engineering, the Arctic and Antarctic Research Institute, and the 

State f-fydrological . Institute). Slghtseelhg tour of the city. 
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74. 	 Gindin, A. M. Deputy Head of Department, the State 

Committee of the COLmCil of Ministers of 

the U.S.S.R. for Science and Eng ineering, 

Moscow 

75 . Ginzburg. B. M . D . Sc ., Head of Department, the H ydrome
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U .S.S.R., Moscow 
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84. 	Ko~igorodsky, E. M. M. Sc., H=ad of Laboratory, the Moscow 
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85. Koren I kov, V. A. 	 11." . Sc., Senior Research Worker, the 

B. E. Vedeneev All-Union Res earch Institute 

of Hydraulic Engineering, Leningrad 

86. 	Korzhavin, K. N. D. Sc., Read of Chair, the Novos ibirs k 

Institute of RailVlaY Transport Engineers, 

Novos ibirsk 

87. 	Kudoyarov, L. I. M. Sc., Chief Engineer of the Central Board, 

the U.S.S.R. Ministry of Power and ElectrHi

cation, Moscow 
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li on, Novosibirs k 

M. Sc ., H<?au of C hair, the M05<:'.0", Institute 

o f Wa ler E conomy Engineers, Moscow 

D. SCo, Professor, the Lenin.Qrdd '-l yclro mC'l<?o 

roJ ogical Inst itut e, Le ningra d 

1\1. S c ., A ssocia te Professor, lilt' NovosiLJirc.l, 

Inslitute o f Ra lhvay I'runsporl Engineers , 

Novosibil'sk 

M. Sc., Deputy Chief Enginee.', ti le S . Y .) . :/.I ,u i, 

All-Union DE' sig n a nd R,~",eC1r( h Ins til utE' 

"Hy droprojeci " , Moscow 

D. Sc., Profes sor, Deputy Di r oc lor, lil(' 

f:l. E. Vcdeneev AI 1- Union R12se<ll'r. h Ins titut c' 

o f Hydra.wic Engin0c l'in~ , 1.Rning rd d 
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M. Sc., Jw-uor Research Worker, the 
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M. Sc., Head, the River and Reservoir 
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All-Union Research Institute of Hydraulic 

Engineering, Leningrad 
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Minutes 

of the Joint Meeting of the LAHR Techni.cal Committee 

on [ce Problems and the . Soviet . Organizing Committe e 

held on 25 September 1972 

Persons present: B. Michel (Canada), A. Assur (U.S.A.), 

T. Carstens (US.A.), M. Kuuskoski. (Finland), S. Freysteinsson (Iceland), 

M. Skladnev (U.S.S.R.), K. Korzhavin ( U.S.S.R.), V. Balanin (U.S.S.R.), 

V. Sinotin (U.S.S.R.), S. Aleinikov ( U.S.S.R.) 

Doctor B. Michel opens the meeting and informs the Committee that 

all the members of the LAHR Technical Committee on Ice Problems who 

were able to come to the meeting are present. Messrs H. Oudshoorn and 

Kivisild (Canada) and Yamaoka (Japan) vvrote that they were unable to 

attend the me'eting. President B. Michel declares the meeting open. 

Item 1 on the agenda 

Doctor B. Michel, Chairrran, says that a temporary secretary sh:::>uld 

be nominated due to Mr. H. Oudshoorn I s absence. The Chalrman suggest

ed that Mr. V. Balanin act as temporary secretary. The suggestion is 

adopted. 

Item 2 on the agenda 

Doctor B. Michel, Chairman, moves to listen to the report of 

Mr. M. Skladnev, Chairman of the Organiz ing Committee of the 2nd Ice 

Symposium a nd gives him the floor. 

Mr. M. Skladnev informs the meeting that the Organizing Committee 

started its activities immediately after the offer of the U.S.S.R. of calling 

the 2nd fce Sym::>osium in Leningrad had been approved of in Reykjavik 

(Iceland). More than 170 participants take part in the Symposium, 60 (ore

ign scientists among them. 47 papers are published in the Proceedings, 

including 29 from abroad. 4 lectures \-\oill be delivered at th,? Symposium 

by Messrs B. Michel, A. Assur, T. Carstens, and K. Korzhavin. After 

the Symposium volume n of the Proceedings will be issued containing 

lectures and discussions. The Symposium program includes inspection 

lours o( ice laboratories in Leningrad, as v;ell as the Study Thur to Novo

sibirsk, Irkutsk and Bratsk, w here the participants ",,11 visit the Academic 
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township and two hydroelectric plants. Ir; addition, social eVEnts 

aroe envisaged and a special program for ladies is arranged. The Chair

man emphasizes the great assistance rendered by Doctor B. Michel in 

the preparatory work and expr.:>s ses his gratitude to him. 

Doctor B. Michel, Chairman, touches upon the activities of the 

Organizing Committee headed by Mr. M. S:dadnev and sugge s t s to 

approve the program of the Symposium. 

The program is approved. 

Item 3 on the agenda 

Doctor Michel states that the period of ollice of five members of 

the Technical Committee on Ice Problems has expired: Prof. I. YBmaoka, 

Dr. H, Oudshoorn, T. Carstens, K. Korzhavin, H. Kivisild. Jl is necessa

ry to form a committee for no minating new members. Mr. B. Proskurya

kov (U.S.S.R.) was named Chairman of the l'bmination Committee. 

Doctor Assur (U.SA.) and Doctor Kuuskoski (Finland) propose 

J. Kennedy and Dr. Palosuo as members of the Committee. 

The following members of the Nomination Com mittee were approved: 

Dr. B. Pros kLHy akov (Chairman), Dr. J. Kennedy, Dr. Palosuo. 

. Item 4 on the agenda 

Dr. B. Michel, Chairman, informs the meeting that three suggestions 

have been received as to the plac e of holding the n",xt Symposium: from 

the Hw.garian National Committee offering to arrange a Symposium on 

River Hydraulics and River Ice in Budapest in January, 1974; fro"> the 

U.S. Army Corps of Engineers Laboratory offering to organize a Sympo

sium on the problems concerning river and lake ice and extending the 

navigable seaSon in H:lnover; from the Alaska University suggesting 

that the next Sym(Josium be held in Fairba nks in August, 1974, its basic 

problems being sea ice and coastal engineering . After a discussion 

Mr. Michel moves that the third Ice Symposium be organized in 1975, 

that the sessions are to be begun in H:lnover (U.SA.) V>here problems 

of river and lake ice and prolongation of the navigation period are to be 

discussed, and the second part of the Symposium is to take place in 

Fairbanks; (AJaska, USA.) where marine ice and coastal engineering 

problems are to be considered. 

A decision is adopted to take an active part in the Symposiu·m to 

be convened under the joint auspices of the IAHR H..mgarian National 
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Committee and the Hungarian Section of the PLANC. An additional mp et

ing of the Technical Committee on Ice Problems is scheduled for 

10.30 a.m. on Wednesday September 27, 1972 with the dim in view 10 

refine the program of the Symposium because of the abs"ence of 

Dr." O. Starosolszky at the present meeting. 

Item 5 on the agenda 

Dr. Michel, Chill nniJn, suggests 10 ado~t th e fol!owing list of 

Chairmen and Secrelaries for the S y mposium Sessions: 

26.09.72 	 - Morning Session: Chairman - Dr. Assur 

Secrelary - Mr. K. Zvorykin 

26.09.72 	 - Afternoon Session: C hairman - Dr. i'vl. Kuuskosk; 

SecrE'tary - Mr. K. Zvorykin 

27.09.72 	 - Morning Session: Chairman - Dr. T. Co. rstens 

Secrelary - Mr. Yu. Dolgopolov 

27.09.72 	- Afternoon Session: ChairMan - Dr. S. Freyslcinc.son 

Secretary - Mr. Yu. Dol!:! dpolov 

28.09.72 	 - Morning Session: C hairll1an - Dr. K. l<o ,- / hadn 

Secr"elary - ~\,Ir. V. Koren' Ice,·,· / 

28.09.72 - Afternoon S c:·ss ion: 	 C h ai rman - :\~r. V. Do.lunilJ 

Secre~ary - 1\lr. V. I(On'?'''o\ 

The above lis t of CftGirmen and Secretaric=- ho.s bien "d, '1'[. ·el. 

Il~m 6 on tile agcnd<J 

Chairman 8. rvlic:hel speaks of 	the dcveloFJlnent of Ie·? l01 ""I.. n o lo:.2:' 

in English, French and RussiLln ,,,,d suggests thn.t :\lr. V. Il,u. ,"ill ""," ___ 

, 1 rcrort on the subject at the SYlllposiUlIl. 

The rroposilion " has bec,n ill'proved . 

http:28.09.72
http:28.09.72
http:27.09.72
http:27.09.72
http:26.09.72
http:26.09.72
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Minutes 


of the Meeting of the IAHR 'Technical Committee 


on lee Problems 


held on 27 September, 1972 


Persons present: B. I\i1ichel (Canada), A. Assur (USA.), 

T. Carstens (U.SA.), K. Korzhavin (U.S.S.R.), M. Kuuskoski 

( Finland), S. Freysteinsson (Iceland), M. Skladnev ( U.S.S.R.) , 

V. BaJanin ( U.S.S.R.), K. Zvoryl<in (US.S.R.), O. Vasiliev ( U.S.S.R.) 

J. Kennedy (U.SA.), 0. Starosolszkjl (Hungary). 

Item 1 on the agenda 

Dr. O. Starosolszh:y informs the meeting of the suggestion of the 

LL\HR Hungarian National Committee to convene an International S y mpo

Sium on river hydraulics, ice, and inland navigation in Budapest in 

January, 1974. The Symposium ,viII be organized under the auspic-es of 

the IAHR Technical Committees on Ice and Fluvial Hydraulics. The H.ln

garian National Section 0.£ the PlAN: will also take part in preparations 

for the Symposium. 

Dr. B. I\i1ichel, Chairman, expresses his thanks to Dr. 0. Sla."osol

szky [or the invitation on behalf o[ the Hungal io'-' National Committee and 

proposes to participate in the S y mposium. Then he suggests that the 

scope o[ the problems on the agenda be limited to hydraul i c dnd ice 

phenomena associated with inland navigation. 

Dr. O. Vasillev emphasizes the necessity Qf considering ice prob
10 

lems relatedVnClvigation when designing not only iow- and medium-head 

hydro plants, but also high-head hydro plants. 

Dr. B. IVlic hel, Chairman, mQves to adop, the following d ecision: 

To approve the initiative of the lAHR H.mgClriCln National Committ.:-e 

as to arranging a joint symposium in tHe ueld of Duvial hydraulics,· ice 

and navigation; to take part in lh.:- Symposium; to r ecommend the Organiz

ing Committee when formulating the Gnal agenda to limit to hydruulic and 

icc phenomena a.ssociated \",th navigation in unrcq,ulated rivers and in 

thos.:- regula ted b y iow-, medium- and high-hei'ld plClnts. 

The proposition is adopt.:-d. 
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Minutes 

of the Meeting of the Nomination Commitlee held 

on 27 September 19:2 

iVIemLers of the Nomination Committee J. F. Kennedy (USA.). 

E. Palosuo (Finland) and D. Prosl<uryal<ov ( US.S.R.), Chai rman, 

discussed the candidates proposed for the next term of the activity 

of the LL'"HR Internalio"lCll lee Committee. 

The following candidates were unanimously recommended for 

adoption by the second IAHR International Ice Symposium: 

A. Assur ( U.sA.) 

v. Bal''"lnin ( U.S.S.R.) 

M. Kuuskoskl ( Finland) 

P. l..d:'"5en ( S,,,,,den) 

8. Michel ( Canada) 

I. Sokolov ( U.S.S.R.) 

T. Thbata ( Japan) 

R. Fred0 1'king ( Canada) 

-=>. Freysle insson ( tceland) 

O. Sta roso}szl<y ( Hungary) 

\ 1 Ih'_' r:- tosirlg i1lf'E:-lin'?, or the 5'y'mposium held on 28 Septem~er, 

j ') :-:.! ... JII thl' pl_'r.::on:::. rll~nlioned n bo\. 'e \\(:"'re unanimou;::,ly elected members 

o f \ ; 1(' I / ~ IIS:-! (onl " liUe <' o n '<10 ProblC!rns. 



CLOSING REMARKS 

by 

B. Michel 

President of the IAHR Committee on Ice Problems 

As this Second International Symposium on Ice and its Action on 

Engineering Structures draws to a close, r wish to take this opportunity 

to express mY sincere appreciation to the authors of the 50 papers that 

were presented and those who participated so actively in the discussions 

of the papers. 

I cannot but be impressed by the tremendous accomplishment that 

have been made in the field of ice science since our first seminar on 

ice in Montreal in 1959. This Symposium shows that great depth has 

been attained in aholysis of ice phenomena, that scientific methods are 

throughly used in all ice research studies and are applied to the prac

tical solution of e~ineering problems. To me it seems that we have 

attained a level of excellence that waS attained by geotechnical sciences 

V\hen the mechanics of material was applied with foundation engineeri~ 

to form the applied science of soil mechanics. l-bwever our applied 

science of ice is even broader because it combines not only the solid 

and fluid mechanics aspects of the ice phenomena but also its thermal 

aspects. The triple bas e of our ice science makes it very difficult of 

approach to new::omers and layman and I have always admired the deter

mination if not courage of our ice scientist in deBling with the intricate 

multidisciplinary stUdies that are required to solve any ice problem. Con

gratulations to the braves who have presented the results of difficult 

research work at this Symposium. 

I extend my deepest appreciation to the members of the Organizing 

Committee who worked ",,0 diligenUy and faithfully on the organization of 

this Congress. Without their cooperation and willingness to accept numer

ous ta£ks, the Congress lM)uld not have been pOSSible, I do not want to 

forget the organization of the .Social Activities and in particular the unique 

representation that was given to us at tne Russian Circus. 
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r also want to thank the Guest Lectures, the Chairman of each 

session that have made the Symposium so successful. I would not like 

to forget the operators of equipment and the translators who did such 

a magnilicient job during the meetings. 

We will surely remember forever this wonderful city of Leningrad 

and we owe our utmost gratitude to the B. E. Vedeneev Ali-lhion 

Research Institute, particularly its director Mr. M. Skladnev for hosting 

this Symposium. 

In conclusion, let us have a good hand for all our fellow colleague: 

of the U.S.S.R. 
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STRUCTURE AND PHYSICO-MECHANICAL 

PROPERTIES OF ICE 

Torkild Carstens Fairbanks, 
AlaskaVisiting Professor of 


Ocean Engineering U.S.A. 


Because of its low melting point and large cry'stals, ice has provided 
scientists with a convenient material for the study of crystal.structure. On the 
other hand, the anisotropy of this structure and the rheological ~ffects of the 
low melting pOint have proved to be serious obstacles to the experimental deter
mination of ice strength. 

Our knowledge of the structure of broken-up ice fields in nature is 
largely descriptive .and therefore insufficient for prediction of ice action. 

The need for in situ stress observations to supplement laboratory 
strength data is recognized ·and a first generation of field instruments is now 
being developed. 

A cause du point de fusion bas et de la large taille des cristeaux, la 
glace a donne aux savants uh materiaux adapte ~ l'etude de la jtructure cristalline. 
Par contre, lJanisotropie de cette structure et les effets rheologiques du point 
de fusion bas sont ~es obstacles serieux a la determination exp~rimentale de la 
resistance de la glace. 

~ Notre connaisance _de la structure des champs de glace dans l' e'chelle 
geophysique est largement descriptive est ainsi insuffissante pour nous permettre 
de predire l' action de la glace. La necessite de mesurer la contrainte in situ 
pour suppleer aux donnees sur la resistance obtenues en laboratoire est reconnue, 
et une premiere generation dJinstruments de travail est en trai"n d'etre developee. 
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1- INTRODUCTION 

In the context implied by the title of the present paper, the term 
structure commonly refers to crystallographic s tructu r e, the geometric or mo~pho
logic properties of i ce crystals . Much can be deduced about strength and stlffness 
of ice from a study of this type of small-scale or intrastructur:. Good, recent 
references on the relations between crystal structure and mechanlcal proper t les are 
WEEKS and ASSUR 1969. LAVROV 1969. and MASER 1972. 

The study of intrastructure has proved parti cularly useful for interpret
ing the results of laboratory tests on small samples of ice. However. for esti 
mating forces on hydrotechnical structures. we must know the mechanical behavior 
of single ice floes. ensembles of lce floes, and pressured ice fields. 

Fi gure 1 ill ustrates the scale of vari ous ice phenomena. 
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Figure 1. Length scale of ice phenomena. 

The lower end of the scale. from the unit cell of order 1 A (la-1 0m) 
through the individual monocrystals of order 10- 3 to 1 m to annual ice covers of 
order 1 m. has been well studied. This brings us up to the scale of hydrotechni
cal structure shown to the right in Figure 1. 

Overlapping in size with man-made structures. we find a set of natural 
ice structures such as pressure ridges and i ce jams, which are major hazards to 
navigators and to river valley communities. These structures consist of ice 
covers that ar e fractured and piled up by horizontal forces due to wind and 
current . 

In large bodies of water. such destruction of the ice cover causes 
extensive fields of hummocked ice. The formation and deformation of sea ice is 
a topic of intensive scientific resea rch at present . There is also an upsurge 
of interest in the engineers' problem of predicting ice push at specific target 
areas. 

A crucial question in this type of research is the length scale. For 
the Simpler cases. the largest length scale entering any parti cular ice problem 
is limited by the topography of the immediate surroundings. On an open coast. as 
we move away from the target area. the local conditions have less influence on 
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the ice push at theotarget. When this influence becomes negligible, we nave 
reached the upper bound for the length scale. 

Virtually no information is available on the interrelations between 
scale, structure and strength in this upper end of the length scale. 

2- MONOCRYSTALS 

An ice crystal consists of plates of pure ice stacked like a deck of 
cards. The plates are separated by a layer of "non-ice," consisting of brine, 
solids and gas. They are held together by ice bridges across the layer of im
purities, and the strength of these ice bridges determines the strength or the 
ice. 

The monocrysta1 may take any shape and size up to, say, 1 m. There is 
a tendency for the large crystals to be longish, with their long axis vertical. 
In the . first 10 em or so under the initial ice skim and in any ice forming above 
it (snow ice)~ the orientatio~ of the plates is usually random, otherwise it is 
usually vertical. Figures 2 - 4 show individual crystals in thin sections of 
sea ice, fresh ice, and brackish ice, respectively, photographed through crossed 
po1aroids. The pictures demonstrate the variety in size and shape of the crystals 
and the general increase of size with depth. The dependence of brine volume on 
source salinity is obvious, and so is the vertical gradient of inclusions, illus
trating the time dependence of brine drainage. 

The physical properties of ice are determined on one hand by a set of 
genetic factors and, on the other hand, a set of environmental factors. The 
hereditary factors are atomic properties of the ice. 

A. GENETICS 

i. Strength. The strength Of the ice depends to some extent on the 
number of bonds between the atoms that make u·p the molecular building block, the 
unit cell. There are fewer bonds in the direction of the c axis (Figure 5) than 
in other directions, and consequently the ice fails easier along the basal plane, 
normal to the c axis, than in any other direction. 
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Figure 5. Atomic Structure of Ice (Weeks and Assur 1969). 
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ii. Preferred Growth Direction. Growth rate is another anisotropic 
molecular property of ice. During freezing. the unit cells stack themselves up 
much more readily in the basal plane than along the c axis. On an absolutely calm 
water surface. the first skim of ice woul~ therefore consist of plates with verti 
cal c axis . Ripples and turbulence normally cause the initial plates or disks to 
freeze in tilted positions. setting the stage for a competition between favorably 
and unfavorably orienteq crystals. Figure 6 shows this initial condition. and 
Figure 7 illustrates how the unfavorably oriented crystals are closed off from the 
mel t. 

Figure 6. Initial skim of ice disks on sea water (Weeks and Assur 1969). 

Figure 7. Preferred growth orientation (Pounder 1965). 


The subsequent race is eventually won by crystals with horl·zontal 

while the other crysta ls are closed off from the melt. 	 c axis. 

iii. Stress Con'centrators'. Natural water always contains both di sso 1 ved 
minerals 	and gases and suspended solids and gas bubbles. Allor most of such 
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impurities are expelled from the plates of pure ice· during freezing and deposited in 
thin layers between the plates. 

Sea ice, which is rich in minerals, develops a· system of vertical brine 
channels between the plates. Frequently, a rather regular pattern of brine 
channels is seen, such as in Figure 2. 

iv. Crack Nucleators . The failure strength of even the purest ice is 
several orders of magnitude less than the expected strength based on the number of 
atomic bonds in the unit cell. This discrepancy is explained by imperfections in 
the crystals. The most corrrnon types of imperfections are the edge dislocation and 
the screw dislocation shown in Figure 8. 

Figure 8. Schematic of dislocations (Carter 1971) . 

To cause slip in imperfect crystals, it is only necessary to break a 
small number of bonds compared with the number for a perfect crystal. Disloca
tions , therefore, propagate readily under, for instance, thermal stress. 

According to KNIGHT 1967, dislocations tend to interact and propagate 
to positions that minimize the internal strain energy . Striations in monocrystals 
are due to a high density of dislocations that may well have been driven together 
by internal stresses. 
crack nucleators . 

In any case, striations form weak zones and are potential 

B. ENVIRONMENTAL EFFECTS 

The strength of ice also depends on the previous history of the ice, 
which is imposed by the environment. The thermal history of the ice determines, 
among other factors, the size of its crystals and, for sea ice, its porosity. In 
small samples of all types of ice, there is a marked dependence of strength on 
tempera ture. 

The str ess hi8tory is most evident when it has , caused fa1lure of the 
ice. However, the ice remembers not only those stress events that lead to fall
ure, but probably its entire stress history. 

A monocrystal . subjected to stress with a component normal to the c axis 
w11l slip as indicated in Figure g. 
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Figure g. Work softening in monocrystal (Lavrov 1969). 

Each loading will decrease the ultimate strength of the crystal by 
reducing its effective cross-sectional area. 

In a monocrystal, the so-called basal glide of Figure 8 goes unchecked 
unt i l failure under a sustained or repeated load, even if the load is gradually 
reduced. This type of behavior is known as work sof tening. 

Work softening of an ice sheet is conceivable if shear stress acts along 
the basal planes. This action is illustrated in Figure 10 which explains the 
peculiar deformation observed under long-term or repeated point loading of a beam 
as a case of basal glide, resulting in a plastic hinge. 

c i Il'-----x-'J 

Figure 10. Plastic hinge in beam (Lavrov 1969) . 

3- POLYCRYSTAL S AND ICE SHEETS 

A. STRESS HISTORY 

The type of deformation illustrated in Figure 10 could also, and more 
likely, result from slip along weak crystal boundaries, if these boundaries were 
lined up with the direction of the applied ' shear stress. This is the case for 
vertical loading of spring ice (candled ice). Before attempting lake crossings 
late in the season, a test of the shear strength ys therefore advisable. 

However, a more general type of response to repeated loading is work 
hardening. Each successive loading steepens the experimental stress-strain 
curve, indicating an increased stiffness or hardening of the ice. 

The mechanism behind work stiffening is , understood from pictures of 
deformed ice s~ch as Figure 11. 
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Figure 11. Deformation of polycrystal (Gold 1965). 

Unlike the slip in monocrystals, basal glide within the individual 
crystals making up a polycrystal is checked at their boundaries. The neighboring 
crystals usuany have a different c axis orientation and so offer firm resistance 
to further slip upon contact . 

When applied to ice sheets, the arguments used above lead to the conclu
sions that vertical preloading is likely to reduce the ice stiffness and strength. 
Horizontal stress should stiffen the ice sheet and make it more brittle, without 
appreciably lowering the ultimate strength. 

These conclusions seem justified for the predominating type of sen ice 
as well as lake ice, that is, with columnar crystals and horizontal c axis. 
Undoubtedly, they are too general and need additional qualifications. However, 
the pOint to be'made here is that prestressing does affect both the intrastructure 
of the ice crystals and the structure of the ice fields. 

Stress Sources. Many stress-producing processes work continually 
on the ice sheet, producing transient as well as locked-in stresses: Wind stress 
on its upper surface; current stress on its lower surface; thermal stresses due 
to expansion and contraction with changes in temperature; flexural stresses due 
to water waves, or barometric pressure waves, or loadfng by snow and water; 
collision stress due to contact with other ice fields, or for moving ice fields, 
fixed boundaries. 

Pressure ridges are only the most spectacular result of ice stress, 
preserving a record of stress events exceeding the failure strength. Other 
familiar stress-induced features are thermal cracks, also representing an irrevers
ible change of the structure of an ice sheet. 

B. THERMAL HISTORY 

I have listed thermal cracks as a permanent result of the stress history 
of an ice sheet. I could equally well say that thermal cracks are a lasting re
sult of the thermal history of the ice. In fact, it is nearly impossible to 
separate completely the effects . of stress history and thermal history on the 
structure of an ice field. 

A fairly clear-cut case of a temperature effect on structure is the 
brine drainage in sea ice. The initial trapping of expelled salts depends on the 
rate of freezlng and usually amounts to about one-third of the salt source or 
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1.0-1.2 percent. WittJin one or two weeks, about half of this amount has drained out 
under normal conditions in the Arctic. The remaining 0.5-0.6 percent are more or 
less permanently trapped until the ice thaws. Multi-year i ce loses most of its 
salts in the first thawing season and has only a residual salinity of less than 
one part per thousand . 

The effect of the salts on the intrdstructure is seen in Figure 2. The 
freshly frozen sea ice (bottom of Figure 2) is full of brine channels . The upper · 
layers have tre same structure, but the porosity is less as most of the brine has 
drained away. 

Figure 3 shows a similar pattern for brackish ice. 

A more irregular system of brine drainage channels has also been 
observed by LAKE and LEWIS 1970, indicating an inclined brine transport towards 
major vertical drains as shown in Figure 12. This drainage pattern repeated 
itself every 12-15 cm and extended about 90 cm up from the interface. 

Z· CONST 
PLANE 

Figure 12. Coarse drainage structure in sea ice (Lake and Lewis 1970) . 

4- FRACTURED ICE COVERS 

Fractured ice has been described by many ingenious models . When piled 
up in jams or pressure ridges, it has been compared with a granular material. 
When drifting in large fields, it has been compared with anything from an elastic 
plate to a viscous fluid (CAMPBELL 1968). 

All these ideas represent, of course, functional rather than physical 
models of fractured ice . 

A. PRESSURE RIDGES 

The structure of pressure ridges has been studied for almost a century . 
WEEKS and KOVACS 1970, summing up the state of the art, could add only relatively 
few observations to what Russian investigators have reported a generation ago 
(Z UBOV 1943). 

The documented knowledge of pressure ridges deals exclusively with 
morphological and isostatic conditions. No direct observations of the strength 
of pressure ridges or of hummocked ice fields have been made. As icebreaker 
operators are well aware of, pressur.e ridges have strength properties entirely 
different from flat ice covers. In(erence from icebreaker experience is problem
at i c, however. 
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B. ICE JAMS 

The river equivalent of. a pressure ridge in lakes or the sea is an ice 
jam. For floating (wet) jams held by natural arching between the river banks. or 
by man-made booms. a- workable theory .is developed by Canadians (MICHEL 1971) on 
the assumption that jammed ice behaves like a granular material. 

The more hazardous grounded (dry) ice jams are at present unpredictable. 

C. ICE HISTORY 

Even more so than for flat ice covers, the structure of a ridged or 
hummocked ice field must depend on its thermal and stress histories. The consoli 
dation of pressure ridges in the Arctic Ocean is a case in point. Over several 
years. melting and refreezing transform a high ridge of low strength into a lower 
ridge of higher strength . Leaving aside stress events causing renewed failure. 
the ridge eventually disappears. and the ice cover becomes flat again. 

5- TESTING OF ICE 

The objectives in t~sting materials for their physical and mechanical 
properties may be more or less general depending on the outlook of the researcher. 
SCientists. driven by pure curiosity. are likely to take an interest in any 
property they can observe. It is not necessary that the result of their testing 
can be used for anything; a mere mapping of nature is a legitimate end result in 
itself . 

Engineers. on the other hand, are more selective in their research. For 
them. testing is a means to an end; they are mission-oriented and. therefore, in 
a sense narrow-minded. 

80 th grou·ps of resea rchers face the same two fundamental problems: The 
first problem is to obtain a fair sample. and the second problem is to subject 
that fair sample to a fair test. However. the constraints put on the engineer in 
defining a fair sample and designing a fair test are more severe. In fact. the 
engineer frequently finds that he cannot apply a scientist's test results for 
reasons described below: 

A. THE SAMPLE PROBLEM 

The methods that have evolved for experimental determination of ice 
strength. are mostly methods developed for testing of other solids. especially 
construction materials. These methods have been rather faithfully copied and 
adapted to freezing temperatures. 

i. Size. The test sampl~s are cylinders, cubes; and ,beams of 
small size, often-Tess than 10 cm. This size is adequate for materials consisting 
of small crystals so that the test specimen contains several hundred crystals, 
But the correct interpretation of the test results becomes problematic when the 
sample contains only a few crystals or if it is cut from one single crystal. 

The same criticism must be made of in situ tests on small samples

taken with conventional small bore ice corers. 


The scaling problem created by the low ratio of crystal size to sample 

size is one which ice mechanics shares with rock mechanics. To ease the scaling 

by increasing the sample size appears more feasible for ice than for rocks 

because of the lower ice strength. . 


The drive towards larger and more representativ~ test specimens led 
Russian investigators to the in situ "piano-key" test in the thirties. Cantilever 
beams are sawed out of an ice cover and loaded until flexural failure. The in 
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situ flexure test on cantilevered beams has been widely used ever since. Figure 13 
shows the testing of the largest beams to date, b x h x 1 32' x 5' x 45 ' cut in 
the Bering Sea ice with a trench digger (TAURIAINEN 1970). 

Figure 13. Large cantilever bea~ testing (Tauriainen 1970). 

i i. S truc ture. Ins i tu tes ts, apa rt from 1end i ng themselves to 1arqer 
samples, also offer the rIght Ice. The tests are made not on artificial ice nr 
ice from some other location than the one we are concerned with. Thus, the i(0 
is frozen from the proper melt and not some other, subjected to an authentic 
ensemble of thermal and stress events, including the initial freeze-up. In short, 
we are testing a fair sample. 

B. THE TEST PROBLEM 

The set of properties we are trying to uncover in a test programme 
includes the failure strength when the samples are subjected to a variety of 
loadings: Compression, tension, flexure, shear. Of equal importance are, i', 
most cases, the rather complex strain properties. While the modulus of elasticity 
and the Poisson ratio may adequately account for the response of ice to low loads 
at high load rates, some measure of the observed plastic flow is otherwise re
quired. . 

i. Analysis. With a few exceptions such as a plane tension test, ' it 
is no easy task to design an experiment that will yield unambiguous answers. For 
instance, in a material as plastic as ice, a steep stress gradient is likely to 
be smoothed rather quickly. Any theoretical analysis which presumes stron9 stress 
gradients should, therefore, be looked at with suspicion. 

i i. Indices. It is seldom possible to measure directly the desired 
quantity and often difficult to measure any other quantity which bears a known 
analytical relation to the former. We are then forced to work with. a third 
category of observed quantities, a so-called index or indicator. A good.index is 
easy to m.easure and correlates statistically with the sought after quantlty. IJhen 
estimating ice properties we·mostly work with indices, such as temperature and 
salinity, which are indices of strength. 

If we use a simplified theor·y "hen interpreting test results, the 
derived property, say flexural strength, is itself no more than an index. fJ. good 
example is given by BUTKOVITCH 1958, who observed that test results on flexur31 
and tensile strength are ranked consistently according to the method of testing. 

/ 
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where the subscripts have the following meaning: 

l't - ring tensile test 

fl flexural beam test 


t - plane tension test 

isc - in situ cantilever beam test 


The ordering shows the expected decrease of strength with increasing 
sample size for polycrystals. One can also argue that flexural strength should 
not exceed tensile strength since a bending failure is triggered by a tension 
failure . Therefore, 0fl > 0t is an erroneous result, and a number of reasons have 
been suggested to explain this anomaly (MASER 1972). They are all tied to either 
the method of testing or of analysis, and so the real flexural strength is still 
unknown, and 0fl is merely an index. 

C. MISSION-ORIENTED TESTS 

The application of general small sample test strength to engineering 
design involv.es a problematic scale-up and an a priori choice of failure 
mechanism. A more direct app/oach is clearly desirable, and the most direct way is 
to build a test structure as similar to the proposed structure as one can afford, 
at the actual site. 

Such a highly mission-oriented test programme was undertaken prior to 
the design of oil platforms in Coak Inlet, Alaska (PEYTON 1966). Figure 14 
shows the test pile, which is subjected to a very special ice regime: 

Figure 14. Test piles, Cook Inlet, Alaska 

Another well-conceived set of mission-oriented tests led KORZHAVIN 1971 
, to a design formula for ice forces on bridge piers. The basic tests were small
scale compression tests of 7 cm cubes, subjected to s.train rates observed in 
river ice during breakup. Thus, by observing the failure mechanism and the load
ing rates in nature, the conditions for which ice strength was needed, were 
<~'olicated in a laboratory. The final scale-up of the test results is made by a 
'ri<.so nably sound use of elastic pl~te theory. 

A thi rd examp 1 e of a very i,nteres t i ng tes t method is tha t of CROASDALE 

-5' 

http:involv.es


1971, who described a "nutcracker" designed to trigger crushing failur~ in situ . 

Natural Ice Stress. A recent development pioneered by Japanese 
scientists is the use of embedded sensors to monitor stress and strain in an ice 
field, by methods resembling those ~sed in soil and rock mechanics. In the 
absence of a test structure, which is expensive, information on the response of 
shorefast ice to impact by drifting pack ice seems the next best way to predict 
ice forces on a marine structure. 

By locating sensors close to the failing boundaries of the ice 
sheet, the eff~ct of stress history on failure strength can be investigated. 

Surveys of ice stress can be used to locate areas protected by 
shore and bottom topography from the most intense ice push. 

Figure 15 shows the sensors used by a team from the University of· 
Hokkaido 

Figure 15. Stress sensors for in situ exper iments. 

Figure 16 shows a way of calibrating sensors by pertu r bing the 
. natural stress field. An air bag is placed' in a slot and inflated. The sensors, 
which have positions that permit the orientation of the principal ·stresses·to be 
obtained, pick up the known stress perturbation (NELSON and TAURIAINEN 1972). 
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6- CONCLUSIONS 

Our knowledge of i~e structure is much better on the molecular scale than 
on the geophysical scale. 

ke physicists have the advantage of working in close cooperation with 
metallurgists and others who concern themselves with freezing from impur:emelts.
A fruitful exchange of ideas and research results has taken place between scien
tists interested in very analogous processes of crystal structure and strength for 
many different materials. Largely because of this fortunate circumstance. we have 
a good working knowledge of the structure of ice crystals. 

The complex rheological properties of ice. with its large anisotropies. 

has made the mapping of ice strength an exasperating task. The dependence of 

ultimate strength on strain rate is still incompletely known for almost any type

of stress. However, on a laboratory scale. encouraging progess is being made. 


Those studying the larger natural ice structures such as drifting ice 

fields are in a less fortunate position than the laboratory physicists. The 

gathering of data is difficult. expensive and time-consuming. and no close analo

gies exist for the analysis. 


Our unders tand i ng of these geophys icalice proti Iems has therefore 
progressed slowly. so at present there is a quantum jump between what the molecular 
physicist and the geophysicist know about their respective ice structures. 

The present advance of technology in the Arctic is hampered by the lack 
,of knowledge of the properties of large-scale ice phenomena. The engineers, 
searching for rational design criteria. have recently moved out on the ice with 
new instruments and new ideas. This ,is encouraging. and we may anticipate 
efficient new test methods within a few years. provided the effort is continued. 

However. a chief characteristic of dynamic ice phenomena. and indeed of 

all geophysical processes. is their extreme variability. Therefore. we must take 

into account not only large length scales and work over appropriate areas. 

Perhaps more important still. we must have patience to wait out long sampling 

periods to cover the large time scales that are also involved. 
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GENERAL RESEARCH RESUl/I'S OBTAINED 


IN '{'HE U.S.S.R. ON ICE-THERMAL CONDITIONS 


IN THE VICINITY OF HYDRAULIC STRUCTURES 


K.N. Korzh:tvin, The Novosibirsk Institute of Novosibirsk 

Prof. D. Sc. (Eng.) Railway Transpori Engineers U.S.S.R. 

I. A BRIEF REVIEW OF fCE-THERMAL CO~ITIONS ON THE RIVERS 


IN THE U.S.S.R'-. 


The widely varying p....ysiog,"phical characteristics of the 


geographical zones to be encountered in this country engender 


pronounced differences in winter conditio7ls along corresponding river 


reaches. In thE! soulhern regions of Turkmerua, for example, an ice 


cover forms only during exceptionduY severe winters, while, as a 


general rule, ol'UY Irazil is produced leading to frequent ic~ jam 


formation and sharp rises of the water stage. 


Relatively tranquil (thoygh prolonged spring and autumn ice 


runs and the formation of a stable ice cover are characteristic for 


the lower reaches of the Volga, the Don, the Dnieper, and other rivers 


of the European pari of th." country. 


The ice regime of a number of large Siberian rivers possesses 

specific features of its own, viz.: due to temperature. drops occurring 

simultaneOUSly· over large areas ice production develops at a great 

rate in autumn and is accompanied by ice jamming and repeated ·ic"C' 

runs; low air temperatures and a long 'vinter are conducive to the 

formation of a thick and strong ice cover which can exeri a considerable 

preSSU1"e on hydraulic structures. The majority of Siberian rivers running 

norih makes for severe spring ice-runs, with ice jams causing abrupt 

rises in water stages. 
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In the Amur River basin, where winters are severe and 

snowfalls insignificant, frazil ice formation precedes at a great rate, 

the autumn ice-run is protracted, that in spring tranquil, the small 

amount of snow in the area precluding the occurrence of heavy spring 

Uoods. 

The diversity o( ice-ther'mal conditions is so great that ice

cover thicknesses range from 0.25 m (in the South of the European 

.part of the U.S.S.R. and Central Asia) up to 2.0 m (in the North e>f 

the Asiatic part of the country). It takes more than a hundred days 

for the ice-run to be completed over the whole territory of the country. 

II. BASIC EXPERIMENTAL FINDINGS ON THE ICE-THERJVl.A,.L REGIME 

The severity of the climate in the greater part o( the U.S.S.R. 

necessitates systematic investigation into the ice-thermal conditions of 

both natural and regulated waterboclies. The main experimental results 

obtained lately with a view to promote the extensive development of 

hydropower, water resources and transport, in this country will be 

twated here. 

Creation of storages is known to induce marked changes in 

the ice-thermal regime of a waterway. Recognition of these variations 

in the design. construction and operation of hydraulic structures results 

in a more accurate evaluation of the polynya dimensions upstream and 

downstream (ro'll the power plnnt, the determination of the probable 

ice discharges, the establishment of the effect of water temperature in 

deep 5torage~ on the thermal stress condition of concrete structures, 

. / the ch::>ice of an optimal elevation for water intakes, and the solution 

of other important engineel'ing problems. Worthy of note are in this 

- connection the investigations conducted by R. V. Proskuryakov, 

K.I. Rossinsky, A.G. Kolesnikov, V.V. Piotrovich, L.G. Shulyakovsky 

et al. who evolved calculation procedures that are in sufficiently ?,ood 

agreement with Geld observation data. 
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Research (has been carried out into the lherm:U parameters 

of soils and the varying boundary conditions on the air-water interface. 

Mention should be made of the interesting investigations by 

A.I. Pekhovlch and V.M. Zhidkikh who wo:rked out solutions to a great 

number of vital hydrothermai problems with reference to water storages 

and suggested some nomographs and charts which substantially -simplify 

calc ulations. 

Of great value are field observations on ice-therrriaI conditions 

in some water storages (viz. the Bratsk, the Novosibirsk, the LEt' Kame

nogorsk, etc.) performed by V.V. ,Piotrovich,' N.M. Sokol' nikov, V.M. Sa

mochkin, S.N. Bulatov et al. in different regions of the country. Signifi

cant results were obtained in evaluating the ice regime of water storages. 

Ice thickness was found to differ only slightly as against that in 

unregulated situations, but the ice structure pattern was shown to be 

more regular. The ice cover of water storages is observed to fracture 

more readily due to solar radiation than that of rivers, and its strength 

to deteriorate sharply, which is tavourable to detaining the ice in the 

reservoir. Investigations indicate that at upstream velocities of less 

than 0.4-0.5 m the ice does not accumulate in front of the outlets but 

decays in situ. In studying ice damming and ice jamming phenomena 

upstream from structures ice accumulations during the spring break-up 

were ·sometimes recorded not at, th~ end of the backwater of the hydro

power plant, but rather at the end of the backwater during the Ice-cover 

formation in autumn. 

2. Evalual!on of ice impact on structures 

The necessity of damning rivers which are numbered among 

the largest on our planet, viz. the Ob', the Yenisei, the Angara, the 

Volga, etc. induced Soviet researchers to rrake very careful estimates 

of the ice impact on spillway and bridge piers, water intake structures 

and navigation tacilities. 

Numerous studies permitted to elucidate the physical aspect 

of the phenomena and resulted in evolving calculation technii!!ues 

adequate under prototype conditions. 
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Coming into contact with the ice cover the vertical cutting 

edge of the pier apron penetrates into the i<;:e sheet for about 

0.1-0.5 m causing local crumpling and subsequent fa ilUl'e, with tlNu or 

three concussion cracks forming to ouUine the so-called ice canWevers, 

the latter break off at a distance equal to from 3 to 6 ice thicknesses . 

The \Nidth of the lead cut by the apron in the ice scarcely exce.eds 

the width of the apron. The process is further complicated by fragmen

tation and splitting of ice causing ice pressure on the pier to vary 

with time. The phenomenon appears to have been described in the 

publications of foreign researchers as weU. 

'Ine decay pattern of an ice fl= is chielly governed by its 

kinetic energy content, as well as by the shape, dimensions and 

material of the pier. With a sufficiently streng ice COVer the \Nidth of the 

pier section subjected to ice pressure (due to fragmentation of ice in 

the contact zone) is' not more than 0.5-0.8 of the maximum width of 

the pier. An inclined apron is more effective cutting the ice sh'?et from 

below and inducing failure through ilexture or (less frequenUy) by 

shear, thus facilitating ice passage . 

The solution to the problem of ice impact on the structure 

requires an insight into the mechanical and physical properties of ice 

during the ice-run. Comprehensive investigations by I.P. Butyagin, 

K.N. Korzhavin, F.l. Ptukhin, V.V. Lavrov , K.F. Voitkcivski, I.S. Pest

chanski, VA; Koren' kov et al. permitted to establish that: 

1) 	 the ultimate compressive and bending strength of river ice is 

reduced from 1.5-3 times by the beginning of the break-up period; 

2) owing to local crumpling ice pressure on the structure may be 

increased (rom 1.8 to 2 times; 

3) 	 the character of the deforrretion rate effect on the ultimate strength 

of ice depends on the .'Ibsolute value of the deformation rate; 

q.) 	 the ultimate strength both in flexture and compression is reduced 

inversely to the specimen's dimensions; the scale effect arising 

throug.h greater probability of failure due to stress concentrations 

(at cavities and cracks) in specimens of large dimensions; 

5) 	 the significance of the pier configuration in plan was brought out 

by tests on river ice resistance to the penetration of variously 
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shaped plates. The effect is described by the shape coefficient, m. 

Analysis of possible schemes of interaction between the 

pier and the ice points to the fact that a vedical pier is subjected 

'0 peak ice pressures v.hen it cuts a large ice sheet, or when an 

ice floe stops at the structure after a local failure at the contact, 

while on a pier featuring an inclined apron maximum pressures develop 

with the ice floe falling in flexture. 

Evaluation of the eUect produced by an inclined apron 

reveals that it reduces the magnitude of the horizontal pressure 

component and facilitates fragmentation of the ice sheet. Hence 

selection of the pier configuration depends on the spacing of spillway 

or bridge spans. With sho~ spans the choice of piers with an inclined 

apron seems advisable after a careful economic estimate. The vast

ness of the territory of the US.S.R. rrakes it expedient that the 

country be divided irito six zones with diUerent climatic coefficients, 

A ranging from 0.75 to 2 .25. 

The ice strength values adopted in the design (with A 
2

equal to W1ity) are at crushing R = 45-75 ton/m in flexture 
1 

R 0.5 R2.= 1 

The calculation procedures recommended in this country for 

determining the horizontal component of the dynamic ice action on 

massive piers aSSume the follolMng form: 

a) when a large ice sheet is broken by a vertical pier 

b) when an ice floe of an area, .Q , moving at a velocity, V , stops 

B- t a vertical pier 

H2,  O,i31rh JAR1 mQ ~ "" \ 

c)at a pier with an inclined apron 

( 3) , H1 = ARth2~J 
where B is the maximum pier ","dthj 20(. Is the apron taperj 

l' is the angle of the apronj h is the calculated ice thickness. 

The minimum pressure found from formulae (1) and (2) is 

accepted as the design pressure for vertical piers. The relationships 
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obtained are verified by means of field observations on peak dynamic 

ice pressures. Actual ice pressures were measured by F.I. Bydin, 

Gamayunov, K.N. Korzhavin, VA. Koren' kov by means of' special 

instrumentation; installation of dynamometers specially modified for the 

purpose was suggested by Davidenkov, whereas B.V. Zylev proposed 

to use the interaction between the icebreaker and the ice she.:;.,' as 

an analogue of the dynamic ice pressure against a structure. Applica

tion of dynamometer panels at the Krasnoyarsk Hydropower Project 

seems to merit attention, as 1M'>1l as Korzhavin' s suggestion to make 

use of the kinematic approach which permits to evaluate the interaction 

between a large ice sheet and the structure by the decrease in the 

ice sheet velocity after irrpad against the pier. The method was 

implemented upwards of 50 times at the structures of the N::>vosibirsk, 

the Brats~ and the Krasnoyarsk hydroelectric plants as Vl.<?ll as on a 

number of major bridges in Siberia. 

At the Reikyavik Symposium a paper v.es presented by Soviet 

researchers on the relationship of structure deformation and the design 

value of ice pressure. Wilhout going into the problem in detail VI.<? shall 

only state that the technique described in the paper permits to define 

the range W1erein it is expedient to make allowance for structure de

formations. 

3. Evaluation of static ice action on structures 

Static ice ·action on structures olNing to thermal expansion of 

the ice cover has been and remains the subject of research in the 

U.S.S.R. 

The most comprehensive studies Vl.<?re carried but by 

B.V. Proskuryakov whose original approach to the problem permitted 

to get an adequate description of the process. Proceeding from the 

basic assumption that pressures developed due to the thermal expan

sion of ice exceed its yield point, he regards ice within the range of 

plastic deformations as a viscous fluid. The approach was further 

refined by NN. Petrunichev, V.P. Berdennikov and A.I. Pekhovich to 

make it suitable for introduction into engineering practice, and was 

incorporated into Building Codes and Standards acting in this country. 
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Recently A.S. Ivchenko and A.E. Yakunin who treat ice as 

an elasto-viscous body performed experiments in flumes, at the 

Novosibirsk \i\8ter storage, and at Lak~ Baikal and received SOITE 

noteVI.Qrthy results. 'A considerable amount of work is being done on 

investigating ice pressure on the gates of a pOlMer plant dam on the 

Volga, . and another in Siberia, Mich can be expected to throw some 

light on this unexplored problem and to evaluate the effectiveness of 

corrective m",asures against static ice action on dam gates. The 

problem being rather abstruse, prototype observations should be 

undertaken ,on a more extensive 'scale. 

4. 	Ice passage through structures and bridges, both under 


construction and in service 


Erection of hydroelectric plants on large rivers under severe 

climatic conditions in the US.S.R. focused the attention of research 

engineers on this problem. During the construction of pO\l\ €r plants 

observations \l\ €re conducted permitting to identify the key factors 

affecting the process, viz. the size and the velocity of drifting ice 

floes, the dimensions of spans used for ice passage, W'ter level 

differences, the strength and thickness of the ice cover, t~ type of 

structures, etc. 

Long-term studies by N.M. Sokol' nikov, O.F. Vasiliev, 

F.I. Bydin, B.V. Pospelov, 5.5. Agalakov, Ya.L. Gatliev, V A . K oren ' 

kov, I.N. Sokolov, D.F. Panfilov, K.N. Korzhavin, V.K. Troinin et al. 

led to evolving practical reconTlEndations based on experience and 

theoretical considerations. on ice passage through river channel con

tra<.:tions, unfinished dam blocks, bottom outlets, temporary tunnels and 

bridge spans. 

Assuming tha t no ice floe accumulation IMll take place at 

the structure provided the kinetic energy of Cragmented ice masses 

in the main flow is su(ficient for brea~ng the ice sheet ' adjacent to 

the piers, relationships \l\ €re, derived for determining optimum spari, 

dimensions. For instance, the rrinimum bridge span ensuring lrouble

free ice passage may be found from the formula 

07K S 
~ ~----'-p""v"".~=-- ( 4) 
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where K is specific ice pressure, ton/m
2

j S is width of pier, mj 

V. is surface velocity of flow, m/sec; P is ice concentration. 

Similar relationships taking into account the shape of the calculated 

drop-down curve '<\ere obtained for ice passage through unfinished 

dam blocks and through spill'-'BY outlets·. 

5. Hydraulics of flow under the ice cover 

Several procedures generally based on applying the Chezy 

formula in different parts of the river cross-section are now in use 

for hydraulic c alculations of flow under the ice cover. Howeve r, 

because of scarcity of data available on the regularities in the flow 

dis tribution under the ice cover, ' certain 'assumptions have to be made 

which may introduce errors into the calculation results. By e xtending 

to both parts of the velocity diagram the law of velocity distribution 

in open channel flow obtained by A.K. Nikitin 

v ( 5) 6.~5 ~ ++ 5.6 .. 2..8 V. 

(here li is the bottom layer thickness) V.I. Sinotin deduced a relation

ship 

~ p" n,
H ~ 0,6 1 ~ +0.5 ( 6) 

w hich permits to 1:)lot a velocity curve and estimate the reduced rough

ness coefficient from the expression 

( 7)
1/\ 175 ( 9. )l.7sJU7 [(0.6 
1 

0(.+ OS) -'- 0(.. 05-0.0(10( 

whe re n, and 112, are the roughness coefficients of the channel 

Yl4 •bed and thee under surface of the ice, respectively; 0(=-- , 

H is the depth of the floW; h4 is the di s tance of V..,o... "2, 
from 

':>ottom. 

The a ssumption of Aca demician "J.N. Pavlovsky that the dis

tribution of Dow v elocities under the ice cover is similar to thOlt for 
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peak flow discharge c onditions proved to be valid. Investiga tio ns into 

the problem are being continued. 

6. Ice as a cons'tntetion material 

Application of ice and snow as construction materials is far 

from being a novelty. 'Considerable experience has been accumulated 

in this field in our country on a number of major engineering struc

tures. A 40 m- high , dam of frozen pulp, mooring facilities constructed 

of ice on the Yenisei River (the volume of the stnteture i s in excess 
3

of 11 000 m ), which were completely inundated during the flood, and 

some other structures may be cited as examples. 

Studies by N.A. Tsytovic h, K.F. Voitk6vsky. V.V. Eblanin, 

G.A. Pchelkin, A.A. Bubyr' et aI. demonstrated the fea s ibility of 

construction and long-tenn operation of structures built of i c e. 

A stability design theory for ice structures permitting to evalu:l.te the 

rate and magnitude of deformations inherent in a given time inte rval 

was elaborated by K.F. Voitkovsky. An approximate design method w a s 

also v.orked out usIng solutions to problems of the elasticity theory. 

A procedure based on the mechanics of frozen bodi e s \I'o8s 

evolved by NA. Tsytovich for the approximate evaluation of. the streng th 

of the ice core of a rockfill dam. 

Introduction of reinforcement into an ice structure \I'o8S proposed 

as a means of e nhanc ing its strength and prolonging its life. The therm

al regime of and construc tion techniques for Ice s tructures were studi e d 

b y V.I. Sinotin, Yu.E. G6vri s h e t al. There is no 'doubt whatever tha t 

structures built of ice should and will be more extensively utilized i n 

the future. 

7. Combatting of ice trouble s 

Ice jams a nd ic e dams which bccur on the nfljority of riv ers 

in this country are a serious h a zard causing floods and e n dangering 

the safety of hydraulic s tructures , Ice dam formation \'\6S studie d 0"" a 

number of large rive rs, viz, ' the Ye nisei, the Ob', the Volga , the Dniesl 

er, the North D vina. the 'Tom'. the Lena, etc. Com:c>rehens ive stud..ies on 
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ice jams were executed on the Angara, and on some Caucasian and 

Central AsIan rivers as well (A.M. Estlfeev. V.V. Bllanin, L.G. Shulya

kovsky, YuA. Popov, V.I. Sinotln, V.N. Karnovich, V.P. B e rde nnikov, 

R.I. Stcherbakova, V.P. Zakharov, I.YE>,. Liser .et .al.) '. 

Research is under Vl8y on problems of forecasting the period 

\/\hen and the site \/\here ice damS and jams are J.ldble · to form, the rise 

in the Vl8ter stage, etc. Several research programs have been carried 

out lately to elaborate techniques for promoting more. efficient ice 

passage. 

Recently recommendations on · corrective C\nd preventive 

measures to alleviate ice troubles were developed at the VNnG 

( Leningrad). The principles underlying the measures · for eliminating 

ice-jam and ice dam formation and field observation procedures are 

detaiJed, the effectiveness is compared of techniques for reducing ice 

strength, such as, blackening of the snow-iee cover, chemical and 

mechanical methods, aviation and blasting, the latter being wdely used. 

Hydraulic and thermal control of storages is considered wth 

the aim in view to combat ice jam and ice dam formation. The corrective 

measures recommended in particular are: utilization of the clischarge 

from tributaries, and of warm water releases from power plants, raising 

. to the surface of Vl8rm·er water from the lower layers · (research by 

V.V. Balanin,· B.S. Borodkin, G.I. Melkonyan), with instructions on their 


application a dduced. 


8. Devel0E!!'ent of field observation techniques and instrumentation 

In the US.S.R. extensive stuclies of the ice-thermal regime of 


Vl8ter storages and Vl8ter'lA6ys both under natural and regulated concli 


tions are performed .at present. 


Methods for the calculation of the thermal regime of Vl8ter 


storages \>\.ere developed (by A.I. Pekhovich, B.V. Proskuryakov, 


V.M. Zhidkikh, K.I. Rossinski, S.N. Kritski, M.F. Menkel', A.G. Koles

nikov, V.V• .Piotrovich, NoM. Sokol' nikuv, · S.N. Bulatov, V.V. Balanin 

et al.) inclucting classification of storages, choice of the initial tempera

ture clistribution, thermal ·c onctitions at the surface and the bottom of a 
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waterbody, and procedures for finding solutions to basic hydrothermal 

problems. 

Proceedul'es are elaborated for the evaluation of mechanical 

and physical properties of the natural ice cover by I.P. Butyagin, 

V.K. Morgunov, V.V. Bogorodski, V.A. Koren' kov, V.M. Samochkin, 

F.I. Ptukhin, V.P. Berdennikov, et al. Observations are conducted on 

the dynamics of ice conditions making use of aviation and photography; 

hydraulic int?grators and electronic computers being utilized for trea ting 

observation data and [oreaSing ice -thermal mechanisms. In conclusion, 

I would like to draw attention to th e work conducted IMth the object of 

extending the navigable season, and controlling ice troubles during 

IMnter operation of the h ydraulic rrachinery of power plants. 
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ICE MANAGEMENT IN HYDRAULIC DESIGN 

RECENT CANADIAN EXPERIENCE 

.Bernard Michel, Dr. Eng. Universite Laval Quebec, Canada 


Professor of Ice 


Mechanics 


SYNOPSIS 

Ice has been considered in the past to be a particular p roblem to be 

dealt with by h ydraulic engineers, once all the other aspects of an engineering 

design were covered. It was seen as a secondary factor that would require on

l y small corrective measures. In the very last few years, there has been a few 

Canadian developments where l:::e has become the dominant factor and had to 

be taken into account right at the start of the feasibility studies. In many cases 

the way of dealing with ice has been termed the technique of ice management. 

We will describe briefly in this summary pape r thre e recent examples of ice ma

nagement in major Canadian projects. 

RESUME 

Dans I e pass~, les inge,nieurs hYdrauliciens ont toujours considere la 

glace comme un probleme particulier qui devait etre resolu une fois que toutes 

les autres questions etaient traitees. C' ~tait un facteur seconda ire qui' n e reque'

rait que des corrections mineures. II est apparu, dans les toutes dernieres an

nees, que la glace ~tait Ie facteur dominant dans certains de;veloppements cana

cUens et qu' on devait en te nir compte des Ie debut dans l es etudes de praticabi 

lite technique. Dans ces cas 105. fac;on de r~soudre l es probl~mes de glace a 

ete- appel~e la technique du Irma.nagement de la glace". Nous de'crirons bri~\I'e-

ment dans cet article-theme trois exe mples recents du manageme nt de la glace 

pour des projets importants au Canada. 
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Up to ten years ago ice was consideroo to be a specific problem to te 
dealt with locally as it would affect engineering structures. This would apply 
for instance to blocking by ice of an intake, to flooding with an ice jam at a 
particular site or to ice loading on a bridge pier or d wharf. No overall plan
ning was deerred recessary as ice qtEstions \ooere concemoo. Pecently, new pro
jects have care up in which engineers had to deal with ice as the rrain factcr 
affecting the design of their structures. This has brought up a new concept in 
ice engineering; the ccncept of overall nanagerrent of ice t.'Jat would start v.Bll 
tefore the design of engineering works so that it would play the sarre role that 
hydraulics has played in hydraulic structures. We will give in this paper three 
recent exanples of ice managerrent in canadian projects: the control of ice in the 
Niagara River, the ice rranagerrent of the Chaud:Lere River and the integrated con
trol of ice in the st. Lawrence ship channel. In the last two of these projects 
ice is the najor factor affecting the engineering works and was recognized as 
such right fran the beginning. 

2- ICE cx::N.rROL FOR WE NIAGARA PGlER PIANI'S 

Hydro-electric develqxrents have been done more or less steadily at 
Niagara Falls since 1900 and the po...er installations of Ontario Hydro and the 
Power Authority of the State of New York have a combined capacity of the order 
of 4~ million kilONatts which ranks this site arrong the largest of the develcpped 
po...er sites of the worldl . 

The Niagara River connects lake Erie to lake Ontario as can te seen on Figure 
1. The river itself is too shallON and fast to fonn an ice cover so that lake 
Erie and the upper Niagara River proouce vast quantities of ice every winter. All 
that enters the river and is fonnOO therein rrust pass over the fall and dONn river 
to lake Ontario. In a nomal winter the entire surface of lake Erie (26,000 square 
kIn) tends to becare crnpletely ice coveroo. In natural cculitions a vast quantity 
of ice wculd care dONn the Niagara River fran the lake in the early winter until 
the pieces becarre large enough to f= a natural ice bridge at the neck of the 
lake. Under those corrlitions ice would drift in the river in quantity fran a few 
kIn to perhaps 50 sq. kIn in ore day. With a severe stonn that ..::>uld break the ice 
arch in lake Erie, as nuch as 100 sq. Ian. of ice would have enterOO the river. 
This ice is a mixture of slush, brash and floes piles together by wind and waves. 
The difficulty in passing such naterial dc:wn a river which is less than 10 feet 
deep in many areas could _11 be magired. 

The upper Niagara River is 29 kIn loog and the flON velocity ranges fran 1 m,I 
sec to 3 m,lsec. MaximJm depth is arcund 9 m and average depth about 4 m. The 
average winter flON is approxinately 5400 cu. nv'sec so that no natural ice cover 
fonns on the river. The whole stretch is thus a giant refrigerator where :iImense 
quantities of frazil and anchor ice are fonnOO. The frazil which is fonnOO IlU'\IeS 

and carpresses on the surface to rrake ice pans with frazil tmderneath and as mx:h 
as 2.5 m thick has been observed. 

The gen=ral solutioo to · the ice problems at Niagara has cane progressively 
with tirre as rrore and rrore experience was gained and as the capacity was teing 
raised up. 

This gen=ral solution to this najor ice problem cootains the follONingele
rrents 

1- A llOO-oOOtroctive diversion system for power productioo with special 
water intakes that are pla,oed laterally aloog the river edge forming no 0bstruc
tion to the river flON in order to let water in at the lower strata and keep the 
floating ire ll'CIIIing rut in the upper stratas of the fl<M. 

2- A control structure that can block part of the river width with gates 
and which is situated dc:wn.stream of the intakes. This structure can raise the 
water level to let jarrs or big ice floes off the grourrl and to start them irov.,ing. 
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It has 18 sluices with gates 100 feet wide which <:pen dcMnwards to allCM the ice 
to pass over the top. 

3- An ice boom at the outlet of lake Erie to prevent lOOSt of the ice to rrove 
dCMnStream in the upper river at the beginning of winter2. 

4- Channel excavations to provide greater depths and widths to keep the ice 
rroving. 

5- A program of ice control using two srrall icebreakers to destroy jilIrs and 
grour£led iceballs. There is a special organization for ice control INOrking 24 
hours a day that operates the structures and ships in order to keep the ice rroving 
dCMnstream at all tinEs while providing the minirrum flCM over the fall specified 
by treaty in order to use the rraxim.Im for po..er production. 

In conclusion it might be said that these hydro-electric plants at Niagara 
Falls have been specially designed to operate with free surface flCM in winter. 
They are the biggest plants of that type in the INOrld and they operate very suc
cessfully in winter with an overall canbination of special structures and an ef
ficient ice control organization. The nain problem encamtered has been the flCM 
retardat~on caused by anchor ice farnation which nay cause, at t.irres, large re
duction ill po..er productiOlY. Extensive research, started about five years ago, is 
being done by Ontario-Hydro on this question. 

3- OVERALL PLAN FOR ICE CCM'roL (}II '!HE CHAUDIERE RIVER 

The Chaudiere River in the Provin<\e of Q\.ebec was one of the best knCMn 
Canadian river where daIrages caused by ice 4100ds were inportant every year nainly 
in the nurrerous villages along its path. (Figure 2). Before the realization of 
the 5-year plan by the Quebec Goverrurent these were estinated at $220,500 per year. 

The profile of the river was foond to be tha main cause for the flooding. 
The river divides itself in four rrain sections (Figure 2). " In the upper Chaudiere 
the slope is steep and this, coupled with the fact that the river flCMS fran the 
sooth to the north, leads to sudden breakup and rrovenent of ice floes. There is 
then a middle stretch of small slope foll""""" by dead waters. Because of the 
srrall velocities in these areas and the nurrerous bed irregularities the evacuation 
of the rroving ioe is very difficult. In fact inportant ioe jam:; were fomed every 
year in this section, where rrost of the inportant villages are located", because 
the llOVing ice flces would stop in front of the continuous iCe cover still well 
in place. The last section is fast flCMing again and the ice lNOuld usually rrove 
easily to the river rrouth in the St. Lawrence River. 

The overall plan to alleviate ice jams was essentially based on two basic 
ideas: prevent the ice fran the upper Chaudiere to get to the critical zone and 
correct the major l.rregularities of the bed in this latter zone to accelerate the 
departure of the ice3 . 

The main control structure is a dam 650 feet long and 40 feet high, (Figure 
2) designed specifically for ice retention and set at the foot of the upper Chau
diere reach but just upstream of the city of St. Georges which was heavily affec
ted by floods every year. The dam retains all ice that is forrred upstream and no 
flooding has occurred at St. Georges since its oonstruction. As could be expected 
the level rises as lTUCh as 15 feet at the limit of backwater with ice accurrula
tions. Another effect is the delay in the disawearance of ice dCMnStream of the 
dam which has tirre to rut in place nuch IlDre, before the general break-up. 

To iIrprove the ice conveyance of the river in the middle Chaudiere4 and the 
dead water reach, IlDre than twelve local rerredial INOrks were carried on. This in
cludes dredging of the river bed, elimination of islanis, blocking of seccnda.ry 
channels, blasting of protruding rocks, alignrrent of shores, corrections of curves 
and construction of walls and protected benrs. 

Although it was considered that the reduction of icy floods lNOuld be only 
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50% i" the dead waW stretch, no such flood has happened since the carpletion 
of the plan in 1967" so the efficiency is at this time 1000/0 for the purposes 
of ice management. 

4- ICE MANAGEMENT IN 'mE sr. I..AWRENCE RIVER 

Winter navigation on the st. Lawrence River between Montreal and the 
Gulf and st. Lawrence was practically inexisting ten years ago and is n= a lu
crative venture that keeps river ports b.lsy with activity ~lve rronths a year. 
The graolth in traffic can well be derronstrated by the phenarenal graolth of winter 
cargo handled in the Port of Quebec City and shown on Figure 3. 

This develc.prent has been rendered possible by an extensive ice Iffillage
rrent program canbining the use of ice control ~rks and the nanagerrent of an ice
breaker fleet fran an ice controlling oentral operated by the Ship Channel, Di
vision of the Oepartrrent of Transport in Montreal. 

Under natural conditions, the navigation can usually proceed to Quebec 
City without ITllch difficulty except for the occasional help of icebreakers. A 
fleet of 12 icebreakers patrol the river between Montreal and the Gulf and they 
usually operate in conditions of good visibility for daylight work. They are n= 
being instrurrented to navigate at all times with precise range positioning system. 
Fran Quebec City to r-k:>ntreal the ice crnditions are severe and jams ~uld form in 
natural conditions rrainly fran lake St. Pierre to Montreal. 

The principle of operation of ice cootrol ~rks in the r-k:>ntreal area is 
to keep stable as nuch as possible of shorefast ice during winter rronths, leaving 
the minirrum arrount of open water surface in the shipping channel. Thus a mini
nun arrount of ice is produced in the limited width of the channel and this ice is 
usually of small size. 

5The nain ice control ~rk is a llBssive ice control dam built at a cost 
of $19 million upstream of r-k:>ntreal in the Laprairie Basin (Figure 4) to retain as 
llUch as ice as possible in the basin and out of Montreal Harbor. This structure 
was built first for the Canadian Universal and International Exposition in Mon
treal in 1967 to prevent winter flooding of the EXPO site. This structure is al
m::lst 7000 feet long and consists of 72 reinforced concrete piers, between fitted 
rerrovable 85 feet long floating stop-logs. The stop-logs are dropped to the ri
ver at the beginning of winter to accelerate the fornation of continuous shore
fast ice- on the basin and reduce to a mininum the arrount of ice flCMing out of 
the basin. 

Oaolnstream fran Montreal the control ~rks are essentially lateral boorrs 
(Figure 4) to retain the ice in secondary charmels and along the shores. M:>re 
than 14,000 feet of these beans rrade of B.C. fir timbers are set in place rrainly 
in lake St. Peter. Artificial islands have also been built to stabilize the shore
fast ice. 

In the winter of 1970 the ship channel was practically opened all winter 
to r-k:>ntreal. In 1971, it was closed 6 days when a storm broke a large area of 
shorefast ice south of lake St. Pierre which drifted and rafted through the ship 
channel. In a gereral rranner it is n= considered that navigation in winter from 
the Gulf to r-k:>ntreal takes an average of four days carpared with three days during 
the S\.1l1TlEr rronths. 

The ships using the St. Lawrence are increasing in size because larger, 
high-horsepower ships with reinforced hulls have less difficulty breaking through 
the ice. The opening of the St. Lawrence River to navigation twelve rronths a 
year has changed carpletely the econanics of transportation in the area and nany 
industries are n= being established in the St. Lawrence valley because of that 
favorable factor. 
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5- CCN:LUSIONS 

Th2 review of these three projects where ice is the rrain factor affec
ting engineering design shows that we are entering an area of ice engineering 
where extensive use is to be rrade of existing knowledge and further large scale 
research will be required to develop ice--rniIrled engineerinc.; solutions. 

Th2re is little doubt that ice n>anagerrent will be needed on a large scale 
if we are going to open up winter navigation along Il'Ost of the coast of a large 
camtry like Canada which is presently ice tound Il'Ost of the year. There is also 
renewed interest in developpjng low head run-of-river ~r-plants for po.-;er hun
gry North Arrerica. These projects have not found easy support in the past in 
Canada because of the extensive ice problems they set up that iray often require 
new designs. Ice is also a direct rerredy to ~rrral pollution. In the sanE line 
of thought, a bold proposal was recently rrade in Canada to control local Clill'ate 
by ice control in the Gulf of St. Lawrence. 

So we =nsider that ice rranagerrent techniqtEs are just starting to develop 
in our country for large scale engineering projects and this rray well be one of 
the big challenge of our tlires. 

1- Foulds, D.M. (1967)- "Niagara River Ice Control". Eastern Snow Conference. 

2- Bryce, J.B. (1968)- "Ice and River Control". Pro.::. ASCE, Journal of the 
Power Division, '101. 94, No.2. 

3- Ministere des Richesses Naturelles du Quebec (1965)- En Collaboration. 
"Plan d 'ensemble des travaux ~iateurs de la riviere Chaudi.ere". 
R.l, 18 pages et ill. 

4- Menard, R., Mathieu, B. (1967) - "La lutte =ntre les inondations: 1 'arrena
gement de la riviere Chaudiere au Quebec". I.e G61ie Civil, T. 144, 
No.2, p. 154 - 157. 

5- Donnelly, P. (1968) - "An outline of the design and operation of the /obntreal 
ice centrol structure". Pr=.- Conference "Ice pressures against struc
tures". Tech. Merrorandum No. 92, National Research Council of Canada, 
p. 171-195. 

6- Stewart, P.W., Dickie, L.M. (1971) - "Etude sur les sciences et la technolo
gie de la rrer". Ettile SpOCiale No. 16 du Conseil des Sciences du Canada. 
189 pages. 
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ICE ENGINEERING IN THE AMERICAN EXPERIENCE 

A.Assur, Chief Scienti s t USACRREL U.SA. 

Ice Ehginee ring research in North America has been conducted 

by a number of government laboratories. academic institutions and 

industrial interests. The Cold Regions Laboratory of the Corps of 

Engineers represents the largest concentrated e ffort primarily devoted 

to permanent and seasonal cold regions. It closely cooperates with 

groups doing related work in the United States and Canada, thus provid

ing important background material for the civilian economy. 

Over the last 20 -30 years s ignificant advances have been made . 

Early work by ACFEL (Arctic Construction and Frost Effect Laboratory) 

and SIPRE (Snow, Ice and Permanent Research Establishment), predecess

ors of CRREL (Cold Regions Research and Engineering Laboratory) ,dealt 

largely w ith load carrying ca pac ity of ice sheets and development of 

spec ial drilling equipment for the field. Loads leading to first cracking 

as predicted by classical theory can be significantly exceeded without 

imminent danger to the loa,d. This chain of thought over the years led 

to the development of a failure theory based upon wedges, the results of 

which agree closely wi th recent laboratory experiments published in the 

Russian literature. Other approaches tried were based upon plastic 

collapse and various yielcl theories. In-situ tests were introduced. 

An eady difficulty was the special treatment necessary for sea ice. 

As a result 'of trying 10 solve these problems signifi cant advances were 

made in the petrology of sea ice, phase composition, computation of brine 

volume as a function of salinity and tempera ture, relation of properties 

to brine volume, brine separation d uring grOlMh e tc. A series of mechan

ical tests were made. 
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Other work dealt with -resonance oscillations of ice sheets. other 

contributions to ice engineering included machines for leveling of pres

sure ridge and rough spots, protection from deterioration and repair of 

ice surfaces. VVeakening of ice sheets by a bubbler and other systems 

paid off in extending shipping. 

Ice jam mechanics and control of jams by explosives for preven

tion of floods was another extension of capabilities, 

Work on ice breakers eventually led to joint US-Canadian coopera

tion on the two cruises of SS Manhattan. 

The action of ice on offshore installations, terminals, bridge piers, 

and causeways became· a matter of concern which led to additional 

efforts in the American scientific community. 

Mor-e recent efforts include lifting forces of ice, ice action on 

vertical walls and piles, sloping surfaces, mechanics o'f broken-up ice 

masses, ice accumulations and pressure ridges. 

Efforts to extend the navigation season lead to artificial ·weakening 

of ice sheets, studies on barges, ice control in locks, ice adhesion etc. 

Movement of sea ice is considered by the AIDJEX project which 

in turn will lead to advances in ice engineering. Other work is being 

done in ice hydraulics, glacier rranagement, study of ice-dammed lakes 

etc. Russian publications in ice engineering \/IO"re very helpful through

out these years of efforts. 
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COMPARISON OF ELASTICITY AND STRENGTH 


CHARACTERISTICS OF SALT-WATER ICE 


Yu. E. Slesarenko 
The Moscow State University 

Moscow 

A. D. ' Frolov 
The Moscow Geological Survey 

U.S.S.R. 
Institute 

A basic trend in studying physico-mechanical properties of ice is 

associated with establishing correlations between individual characteristics 

in order to devise sirrpler and more effective techniques for an indirect 

evaluation of the properties whose investigation is labour-consuming. 

Emphasis s hould be placed on the fa'ctors affecting many ice properties. 

Such a factor for salt-water and sea ice i s the content ,and di s tribution 

of the liquid phase whose physico-chemical transformations are respon

sible for a change in 'the position of intergranular zones, which in its 

turn alters the cohesion of ice, and consequently, its elasticity .and strength 

As an example let us consider NaCI ice. Weeks I R. 11 adduces expe

rimental data on the relationship betlA.een the ring tensile strength and 

the liquid' phase content. Using the ultrasonic pulse method, we have also 

determined the elastic properties v ersus the liquid phase content. Figure 

presents averaged experirrental relationships between different parameters 

and the liquid phase content. The curves obtained allow to draw the 

following conclusion: ice of more perfect elasticity (higheJ:' values of 

the Young modulus and lower values of the effective viscosity .l. has 
'i 

a higher strength. 
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CONCLUSIONS 

1. T he re is a fairly distinct linear correlation· be tween elasticity 

and strength characteristics of salt-water i cE', \Vhi<":h con~rms th e feasibi

lity o f elaborating an indirect procedure for estimating the s treng th by 

acoustic measurements. 

2 . Increase in ice cE)h~si$n w ith dec reasi ng of the liquid phase 

c ontent affects the s t rength and rigidi ty (elasticity) of ice in a different 

manner. 

J. 'vVe consider it mor~ ~xpedient to corrpare diUerent p roperti es 

o f ice i n terms o f the liquicl phasE' content as opposed to the a ttemp ts 

of correlating them versus such individual factors as temperature, lini

ty, density, e tc . 

REF'ERENCES 

1. Weeks W.F'. , Tensile strength of NaCI ice. - Journal o f Glacio

logy, 1962, v .4, N J1. 
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CHARACTERISTICS OF ELASTICITY OF SEA ICE 

OF DlFFEREN'I' COMPOSl'I'IONS 

A.D.Fralov The Moscow Geological Survey Institute Moscow 

Yu.E.Slesarenko '!'he Moscow State University U.S.S.R. 

2
Due to small values of ultimate ice elasticity (0.5 kg/cm ) its 

characteristics may be most accurately established by dynamic tests, 

viz. by the ultrasonic pulse method The authors have applied the 

lalter method to obtain a systematized body of data on ice of various 

salinity. Based on the wave gauge records a series of the time curve 

records was constructed corresponding to different phases of longitudin

al and elastic Rayleigh waves, proceeding from that Vp and V~ velo

cities and wave signal periods with subsequent determination of the 

·elasticity modulus and signal frequency. 

Fig. 1 shows the dependence of ice elasticity on its temperature 

and salinity. The above experiments should be concentrated on estab

lishing ice salinity rather than the brine {rom which various . types of 

ice are formed under different conditions. 

It follows from the graphs that the characteristics considered vary 

regularly. The left-hand sides of the graphs that represent small values 

of the elasticity modulus, the velociti~s · Vp and V , and large valuesR 

~,:,._.slgnal periods ( T - T 1 ) are characteristics of the ice con

ditions when the complex modulus of elasticity is greaUy dependent on 

the imaginary part, i.e. the importance of the viscosity of ice is highly 

prominent. 

The right-hand sides of the graphs describe ice conditions of 

much more perfect elp.sticity (rigidity) when it is susceptible to britUe 

failon.' . 
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'The chara cter ·of variation in the elasticity modulus and the signal 

periods of sea ice follows the phase dia gram and is mainly governed 

by the variation in the liquid phase content and by the precipitation of 
0

solid salts, namely, the hydrate of Glauber's salt (at _8.2 C) and the 

sodium chloride (at _22.9
0 

C). 

In this manner, the study of the dynamic characteristics of ice 

elasticity and viscosity allowed diUerent ice conditions to be evaluated, 

which are to be considered while developing the methods for breaking 

the ice. 
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EFFECT OF ICE STRUCTURE AND IVTlNERALIZATTON ON 

THE MECI-lANlCAL PRUPERTJES OF THE FRESH-WATER rCE COVER 

V.P.Ergin The Sibe rian R s e a rch Institute Novosibirsk 

Engineer of Power Engineering U.S.S.R. 

Duri",~ the y eucs 1967-7 1 the author was studying the physico 

:, ," chanica.l pro pertie" of the ice-cover o n the r s rvoir of the Novosi 

bi'--3 k h y dropower pro ject (Under K.N . Korz havin, Dr. Sc. (En".». 

Investigations into ice of pedorninClntly layered structure provided 

r " "'" information on the ice cover strength . 

The r esults obtained in particular showed tha t; 

1) The mechanical properties of the fre sh-water ice cove r are 

largc rly governed by the sall content in the WJtc: r. The s treng th of the 

ice formed of wate r wi th a l ow -~a lt con tent is substantially higher than 

tha t of the ice fo rmed o f w ater w ith a hig h-salt conte nt, the former dis 

playing high e r stre ngth at 6 11b - 7.e r'o le tnpe ratun · · a nd disintegra ting more 

sJrn.vly tiuring th e spring breal<up . 

The ice s trength \>VuE ev a l uLll ed as a function of water salt content 

~-,.t J(i te mpera ture and of s o iar radiation. 

2) The strength of the l ayer e d ice (with the principal optical axes 

b e ing horizontal), all other thing"" being e qual, was fo und to be cons ider

ably higher than tha t of ice o f pola r structure ('.vith the principal opt ical 

ax,'~ being v e rtical). 

J) In the r Clnge of the ice crystal sizes cons idered ( c ros s - s ecli ons 
3

o f 0.5 to 100 crn and larger) no mOt'ked rela tion betw e n the ice 

strrngth a nd the crystal size w s found . 

4) Great r egional and year-lo-yea r va ri a tions in the ic e strength 

of th e ice c ove r on rivers in the US.S .R. a re observed, 
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The above findings a ,re a sufficient ground for a revision of the 

existing concepts on mechanical and rheological properties of ice in 

the ice cover on rivers, reservoirs and of ice in general. 

The investigations described are of great significance for solving 

many ice-engineering problems, particularly for prediction of ice condi

tions in rive rs and reservoirs. 
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STRUCTURES 

IN ICE INFESTED WATERS 

Dr. Andrew Assur, U.S.A. Cold Regions Research Hanover 
New l-empshire

Chief Scientist and Engineering Laboratory 
03755 U.SA. 

SYNOPSIS 

A method is presented to calculate the effective ice load on 

vertical structures depending upon Vl.idth of structure related to ice 

thickness and fundamental ice properties (anisotropic semi restrained 

crushing strength, Young I s modulus, Poisson's ratio, internal friction). 

The basic equation satisfies the theoretical indentation solution for a 

narrow pile and approaches exponentially the crushing value for a 

straight wall. Both extremes appear as simple intercepts on a plot which 

furthennore can be linearized. The concept is compared ".ith largely 

Russian test material and equations \\hich show good agreement. 

Internal friction must be considered in the analysis since it 

increases possible ice forces. Due to this local indentation forces by 

ice can be higher as previously assumed for the desgn of ' ships. 

Buc.k1ing instability introduces complications in model tests. 

For structures in the field the random configuration of ice collars 

must be considered. For this a complete solution is still not available. 
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One of the unresolved problems confronting the designer of structures in ice in
fested waters is the effect of the width of the structure B in relation to the ice 
thickness h on the nominal ice pressure ~ =7'Bh with P the total load. 

Narrow structures will indent the ice with high resulting loads, wide structures will 
be subjected to much less ice pressure. The following equation is suggested to 
take care of th is effect ~ 

.& s = +- {)2-1 ) 
(1) 

6:/4 S=5-1 5 ::; G:~ ,1S.= $0-1; S. =- /'o-~/6"", ) ~ 

is 0;; for % = 0 or B/x.: 00 respectively. 

0.: cs:;: $, i cr;, =G;; where ~ is the crushing strength perpendicular to growth 
direction G with a test conducted to prevent deformation along G , 0-;; 
parallel to growth with no deformation in one direction ...L to G . See Fig.1 a and 
.Ir for the distinction. 5, is the Prandtl indentation factor (eq. S' ). 

, =lifo :/= a;j. ;/0 -value of j3 where 2. .6 So 

,J-, < [+ 1 for 0 ~ f ~ I 

- 1 {"" IS f ~ 00 an interruptor to distinguish (2) 


between two domain s. 

The" interrupt or" {), is introd uced here for purposes of better definition. 
Eq. (1) properly satisfies boundary conditions. For;1.: 0 (thin pile) it reduces to 
the two-dimensional case of Prandtl' s indentatIOn equatIOn taking the ice aniSO
tropy into account as shown below. For j3 4 00 (straight wall) it approaches 
eX~CL,,~,t~iu~ ~y- ~ :ic ("fu..':I;"! iuq value oi ice IN 1[n (')r': '::: Sloe, ~8rpenaicUlar to growtn I 

confined. 

We plot S = If;) in the domain ;L 1 and J: tOj) in the domain J =-I. 
In such a way the entire plot for O~f~OO can be shown as a simple graph from 

o ~ f S, and continuing with 1 ~ }J ? 0 The resulting plot (Example 

in Fig. 4) is almost linear in a wide range which is the principal advantage. The 

intercepts, G;: G:i. 5, ,and 6';, =U;; are easily obtained. Eq. (1) ties forces ex
erted on structures to fundamental constants of ice (strength, elasticity, intemal 
friction) . 

Eq. (1) can be linearized by the expres sion J, 

4 5:: -£ (1- R - .(),J ) 
(3) 

and plotting .&5 versus1: in the domain S=- I. Eq. (3) becomes Simply linear 
interpolation between 6' S , and G;; (Example in Fig. 2) 

"- I - f 
d S ::: & So 2. (4) 

the case of (1) for :J>:/was briefly mention by Assur(l971) with instructlOn& for ~:-/ 

Assur, A. (1971): Forces in moving ice fields, Trondhcim, Proc.lst Intern. Con£. 
Port and Ocean Engineering and Arctic Conditions (POAC) VI: llZ -118 
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This paper compare:; Lhe applicability of eq. (I) largely upon the basis of Russian 
test material. 

Fig. la illustrates the action of ice with vertical crystals against a vertical 
wall. It is difficult to tear the crystals 
lengthwise or across. Fig Ib shows the 
action of the ice edge against a narrow 
vertical object. Prandtltype s llplmes mrrn-p
develop along grain boundaries. 

Therefore ~ ~ ° 00 , Tests with small r-u:-w 
 b. 
samples should be conducted to prevent 
deformation along one axis and allowing 
slippage in th e other direction. The Fig .1 
anisotropy may be especially pronounced in case of sea ice. 

Prandtl's equation for indentation by a trunkated wedge can be presented as 

-I.. 5,;' A +- ~ +- s,.:~ (A - ; ) (5) 
, .V.I.J!" / 

wi th .4.:: 2:'" e . /"" - ang Ie of interna I friction, e ang Ie between side 
and axis of wedge. For ~ '= 0 /' S, = I+- e. For Fig. la ~..: 0 and S, = I 

for Fig. lb 6= ~ and 5" = 2.5708, the classical value used for the design of 
bearing pads on concrete for bridge supports. This is a minimum value since in
ternal friction is neglected. It should not be used for ice since actual indentation 
values can be much higher. Afanas'ev (1972) mentions ~ =/S-~i!s-<>. Our own 
measurements (Chamberlain, person.commun.) give 16~20o. Table I gives some 
values for 5, depending upon wedge angle (9 and internal friction angle / . 

Table I ., 
0 IS 30 45 60 75 90 

IS 1.3663 1.7877 2.2726 2.8306 3.4726 4.2113 
.£."":::"-020 1.4119 !.9!Q3 2.S!~2 ..) _ 4.i256 5.1~37 

25 1.4655 2.0596 2.8181 2.7864 5.0224 6.6003 

This line of reasoning is also important, but neglected, for the deSign of ice
strengthened ships against local indentation by ice. Assume piece of ice having 
the shape of a trunkated wedge with S = 600 • Local inden tation force can be 
3.43 times the usually assumed full crushing strength of ice (~= 20°J. 

Korzhavin (1962) effectively used S, = 2.5 independent of j3 = Blf) , a 
val ue which is too low for narrow objects, and too high for wide structures. It may 
be Just right for his type of structures (piers) , Korzhavin's experimental data show 
a distinct effect of (3 . These data are plotted in Fig. 2 using linearized equ (2). 

Afanas'ev V.P. (1972): Davlenie I'da na vertikal'nye oregrady lIce pressure on 
vertica! obstaclesl Transportnoe stroitel'stvo 7:47-48 

Korzhavin K. N. (1962): Vozdeistvie l'da na inzhenernye sooruzheniia (Action of 
ice on engineering structures/ NOVOSibirsk 
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With ;S. = I a sharp break occurs .. 

~ = 0.2 gives a linear plot with 
6""'00> = 53 and C; = 154 K:9/ c.... 2 0' 

So = 3.38. Using equ. (1),),,-= 15 , 
5, = 4.21 and ~/~ = 1.25 could 

be assumed. II 

The value 10.9 /(Iic,., ~ plotted 
at 1,.1S a crushing value for unrestrain
ed , Cubes. We prefer prismatic samples 
with a length to side ratio> 2.5 

Using model tests on thin Ice sheets 
In the laboratory difficulties can occur 
due to buckling instability which would 
not occur on thicker ice sheets in nature. 40 
Assur (1972) has shown how to use 
equ. (1) and (3) in such a case. Plot
ting equ. (3) versus If .one obtains an 
Intercept for .1 ~ ()I> • This is not 

6'".... = ~ but a value affected by 
buckling. 

20 

0 
0 

Blh 
T 

1,0 

hie 
~ 

0 

Fig. 3, for example shows iii Fig. 2 
values computed from experimental 
data by Afanas'ev (1971). who ob
served buckling In a number of 
Instances. Accl1lng t? HetEmyl 
(1946) tv, = C K, ~:r for a 

12-----,-----r----~---r----._--_,
bockling load which, for a plate 

'\. 
..\"!tli ~y'"l.tl1d.rical i.)'u.c~lin9, we pre- 11

fertowrtte as N=c'(J/F (6) 
10

-c:. = 1 for a seml1nflnite beam 9
with a free end, C '=2 with a 
hinged or fixed end. In nature 8

oc experiment C =2 (or slightly R 
below) because oi restraint. 7

Ie - density of water; ~8 0/1( 6
(action radius); D= E h~/I2. (1/",1.) 
(flexural rigidity). E,/" - 5

Young's modulus and Poisson's 
4

ratio of ice. , " 
Setting E = ~6i, ) 6j 3------;ot,Sr-----:0;:f,4.----0,,:."3-----;;0".2;------,0"'.I-----;! 
flexural strength and rearrang
ing terms hIe 

Fig. 3AssurA. (1972): Ice pressure on structures, USACRREL TN 
72-1-11 (UnpubU 

Afanas'ev V.P . a.o. (1971) Olvlenle l'da na morskle otdel'no stolashchle 
~/Ice pressure on separate piers In ocean waters/ Leningrad, Arkt . I 
Antarkt. Inst. 'Tr. 300: 61-80 

Het~nyi M. (1946): Beams on elastic foundations, Ann Arbor 



(7) 

with 

R =5- : ..E..- (8) 
~ AGf 

~ average of several tests. Plotting R computed from Manas'ev's data in 
Fig.3 according to equ. 2 in the domain ~= -I we obtain an interceptj(= 3.25 
for J .... 00 (straight wall case). Using equ. (3) and assuming for Manas'ev's 
case Cl = 2750, /'" !tJ , K = 1, n = 0.03 hi , Sf = 3.0 10/..... (I" Gf ; thick
ness and flexural strength of model ice) If= 3.21 in almost exact agreement with 
theory. 

Our equ. (1), satisfyin'Ltheoretical boundary conditions, gives the Hne mark
ed "Assur" in Fig. 3 with R" = 5.17,,,.... = ,'0, .5. ~ 4.97 and.5, 1'~~ 3.98. 
With assumed ~ = 1.25 the crushing to flexural strength ratio beconies 
5.17/1. 25 = 4.14 which is reasonable. 

Recently Manas'ev (1972) suggested the empirical equation 

(9) 
(our notations) 

for the effect of r.. Ala upon ice fOrces exerted on structure, valid in the 
ranqe of experiments r~t ~ I . Fig. 4 
shows a comparison with our equ. (1), 
satisfying theoretical boundary conditions, 
with S'" = 4 and J30 = 1. In the range 
=! !t3 ·...~!~=!!"'.i t.~.:. ~~:-ac:7..:::"t ·.··:!th 
Manas'ev is very close. 

It should be pOinted out that for actual 
field structures in ocean waters a random 
ice collar must be conSidered. Assur(1971) 
has given a few indications i).ow such a 
problem could be approached. However, 
even that approach gives a "high loading 
bracket". In fact simultaneous breaking 
does not occur on a large structure at 
once, which was already pOinted out by 
Korzhain (1962). A" low bracket" solution 
of this stochastic problem will be given in 
a subsequent paper. 
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Manas'ev V.P. (1972): Davlenie l'da na vertikal'nye pregrady lIce pressure 011 

vertical obstacles/ Transportnoe stroitel'stvo 3:47-49 
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F[£LO OBSERVATIO!\iS ON STATIC ICE PRESSURE 


AGAIi\:ST l'rYDR/~ULIC STRUCTURES 


V.M. £inyavskaya T he Volgo r,; rad Branch of the Volgograd 

P.G.Oik "Gidroprojekt" Research Institute U.S.S.R. 

The discussions by Metge of obse rvations on thermal cracks in 

lake ice, by Votruba on ice pressure due to thernIa l expansion on intake 

towers and a number of o thers ar'e indica tive of a lively interest in Gdd 

observations on static pressure of ice. ,g n inst hydrauJic struc tures. In 

this connection the following lhree points will be raised: 

1. In rEO servoi rs upstream from \Vater retaining structures t ypical 

f,,,Uerns of ice cracking are :>bserved, the cracks tending to concentrate 

illong the boundari e _, of a transit Qow and reverse current zone ",. 

A knowledge of cllfferent patte rns of ice Gelds upstream from the 

structure pro\ides a basis for better prediction of ice I o.:lding on struc

tures. S0ll12 basic data on til e point in question can be obtained from 

hydraulic model tests curried out for specific hydropower projects, wth 

the given boundary conditions reproduced o n the models. 

2 . Conlinuous in-situ rEOcords of both ice lelrperatures and static 

pressures on the Vol L.hskaya und Ihe Mami1kanskaya dams show=d 

a fairly close cor:-eta tion of d u lo., regurdll!.c;s of o ther factors (cracking, 

etc.) varying. 

A need is felt in extensive obse rvuti o ns on icc te mpe ratures under 

various cl imatic and hydrologic condilions to include the measured data 

into design formulae. 

3 . As evidenced by our Geld obse rvntions, in spring , when the 

s t rength of the ice in the leads near the piers of retuining struc tures 

is affected by chnnges in the \\Bter leve l , quasi-C'tatic ice pressure as 
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a result of thermal expansion. of an ice field is exerted on the hydraulic 

gates. Sometimes this is the maximum ice pressw-e observed throughout 

the winter period. 

In his paper A.Assur pointed out that large-scale modelling is a 

promising research tool. 'This trend in ice studies appears to be very 

interesting and important. 'Though the interpretation of observation data 

is corrplicated owillg to the combined effects of various factors, these 

data are of great value in solvillg ellgineering problems, optimizing 

theoretical solutions and verifyillg scientific hypotheses. 
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MODEL INVESTIGATIONS OF THE EFFECT OF AN ICE FiELD 


PUSHED AGAINST THE PILES OF OFF-SHORE OIL PLATFORMS 


E.M. Kopaigorodskl. M.Sc.( Eng.) The Moscow Institute of Civil 

SA.Vershinin, M.Sc.( Eng.) Engineering named after 
Moscow 

SA. Nifontov, Engr ,v.V. Kuibyshev 
U.S.S.R. 

Future development of oU-shore production of oil in freezing seas 

calls for designing and constructing new types of supports for oil plat

forms. Prediction of ice effects on such s tructures is of primary import

ance. An analytical solution to the problem using conventional theories 

of mechanics of continua proved impracticable because of insurmountable 

mathematical difficulties. Therefore the most fE>asible soluti.ons should be 

sought through. laboratory model studies of the action of an ice field on 

the structures considered. 

The eUeet of ice on isolated cylindrical supports rp 325. rnm (piles) 

and rp 8000 mm was studied o n scale models. 

Ice is generally assurred to be an anisotropic statistically-nonhomo

geneous material consisti.,g of individual elements (crystallites) of vary

ing strengtt:J and geometry. 

In thE> case considered herein the ice block tends to fail along 

certain planes. Let a mesh with a 11 hP spacing equal to the mean linear 

dimension of the ice specimen be Iayed out across the plane of fallure 

(the external plane of s liding). The limit force exerted on a pile by an 

ice field at" failure can be given as a sum of random values: 
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where n.. are direction cosines and (5P are stresses related to,ex 
the value of of the platform. 

The mean value of Al and the dispersion DA are taken as 

governing parameters. The statistical characteristics of a given ice field 

depend largely on the specimen size. The linear dimensions of ice fields 

and thQse of the prototype structure are reduced on the models <X times, 

the resulting ice pressure on the model pile being: 

m n "'. ~ 2. -- 2

p=.L (O'~ (b h) rl,x =L A~ /01.. Ji 
L-.t 

To obtain a statistic similarity of prototype and model ice, their 

basic statistical characteristics of the dimensionless frequency distribu

tion of strengths must coincide. As evidenced by experimental data, 

this condition is satisfied for: 

S'P 
= ldemIh1l 

where is the cross-section of a crystal. 

The mathematical expectations and dispersions ",11 be: 

-" A 

An average force acting on the structure is finally obtained as: 

-P -mit 

p~p()(.~ 

Model tests on cylindrical supports to a scale of 1:20 carried out 

in an ice flume at the Arctic and Antarctic Research Institute permitted 

to establish some major regularities in the failure of an ice field as 

function of the physico-mechanical properties of ice and the geometry 

of the structure. 

The dimensionless value of +(where h is the ice thickness 

and d is the diameter of the pile) was found to be the main geometric 

parameter governing the average value of the limit ice pressure along 

the contact with the pile. 

The pattern of an ice field failure around models of small-diameter
h . 

piles, If ~ 0.1-;-0.2, diUers greatly from that around large-diameter piles,f- . 1';'5. In the first case the ice field regarded as a plate becomes 
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unstable, whereas in the second case shear sh1:l.ins inside the ice 

field are mainly responsible for the fallure. Accordingly, the average 

values of contact stresses in Case 2 are many times those in Case 1. 
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PROCESSUS DE FORMATION DES ACCLMULATIONS DE FRAZIL 


EN AMONT D 'UN BARRAGE RESERVOIR 


Claude Triquet, Service de I'Amenagement hydraulique, Quebec 

ing" M,Sc. Ministere des Richesses naturelles Canada 

Frazil accumulations upstream of two small reservoir dams situated 

in the Province of Quebec, Canada, are formed in very different ways 

since many years, even though the two dams and reservoirs are quite 

similar in dimensions and shape. In one case the accumulation starts 

right at the dam, completely filling the reservoir, and in the other part 

the accumulation starts only at the upstream of the reservoir. The poss

ible causes of such difference? are analysed qualitatively. 

Les accurrulations de frazil ~ I' aval de deux petits barrages

reservoirs situes dans la Province de Quebec, Canada, se forment de 

fa~on tr~s differente depuis plusieurs annees. bien que les deux barrages 

et re'servoire sont ~ peu p~s semblables quant ~ leurs dimensions et 

leurs formes. Dans un cas l'accumulation commence au barrage meme. 

remplissant completement Ie reservoir, et dans I' autre I'accumulation ne 

commence qu'~ la partie aval du re"servoir. Les causes possibles pou

vant provoquer ces differences sont analysees qualitativement. 

INTRODUCTION 

Frazil ice is generally defined as a ma.ss of ice crystals formed 

in a turbulent flow which is in a supercooled condition. The process 

starts with the supercooling of W9.ter which is at the origin of frazil for

-103



malion. In turbulent flow, the supercooling effect is extented in depth to 

the whole flow cross-section, so the crystallisation process takes place 

in the whole section. Frazil crystals then agglomerate into flocks which 

after a while How up to the· water's surface. Water imprisoned between 

crystals freezes at the surface, and soon the upper parts of the flocks 

form solid ice crusts.Those ice cakes evelve into the well known: form 

of pancake ice, which in turn form the ice cover by well known pro

cesseS. (1) (2) (3) (4) 

A particular aspect of ice behaviour during ice cover formation 

is created at the foot of uncovered rapids when the fluvial stretches 

downstream of it are covered. In that case the oncoming ice, because 

of th~ relatively short distance under IMUch it travels and the great 

turbulence of the water, mostly if not entirely consists of frazil flocks. 

At the foot of the rapids those flocks, due to the high velocity of the 

flow, are carried und€ll" the cover until they reach a section of sufficient

ly low velocity W1ere they are deposited on the underside of the cover. 

The local accunuIation of frazil thus developed narroV\6 the now section 

until the water gains enough speed to carry the flocks farther down


stream. Considerable amounts of frazil thus accumulate over great dis


tances under the cover. (5) 


(1) 
Morphology of frazil ice. 

B. Michel, Conference on the physics of snow and ice, Hokkaido 

University, Sapporo, Japan, August 14-19, 1966. 

( 2) 
Theory of formation and deposit of frazil ice. 

B. Michel, Eastern Snow Conference, Proceedings 1963. 

( 3) 
Observations cryologlques sur la riviere Chaudiere. 


C.Triquet, Publication R-lA, Dir&:tion gEmerale des Eaux, 


Ministere des Ric,hesses naturelles. 


Ice cover progression in the Caudiere River . 

B. Micl)el, C.Triquet, Eastern :,now Conference, Proceedings 1966. 

(5) Les rre'tamorphoses du frazil en riviere. 

B. Michel. 
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FRAZIL ACClMULATIONS AT THE DAMS 

At one of the' dams (the Charny dam), the process described 

abbve is followed and consequently its re servo ir ha s been completely 

filled with frazil every winter; at the other one (the Sartigan dam) a 

different process is followed. The principal characteristics of the dams 

and reservoir are as foHews: 

Charny dam Sartigan dam 

Height 25 feet 35 feet 

Length at the top 1000 feet 750 teet 
6 6

Reservoir capacity at mean level 45 x 10 cubic feet 40 x 10 cubicfeet 

The differences betvl.een the characteristics of the two dams are 


too small to account for the difference in frazil accum ulation processes, 


more so if vo.e consider that the general shapes of the two reservoirs 


are also quite similar. Difference in weather conditions also are negli 


gible, Ule t'MJ dams being in the same ' climatic region. Since the Charny 

dam follows the more logical process of accumulation, we '.Mll d",scribe 

the type of accumulation observed at the Sartigan dam and then analyse 

the causes which could explain that particular case. 

Vertical 	scale : 50 'lin Horizontal scale : 2000 'lin 

Slate of 	frazil accumulation at Sartigan dam 


during the '.Mnter 1967 -68 
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As can be seen from the previous graph, the accumulation at the 

Sartigan dam starts approximately 2000 feet upstream of the dam itself.: 

from sounamgs taken during the wnters 1967-68, 1968-69, 1969-70, the 

accumulation \MiS al1i\6ys formed approximately the .same way, includir.g 

a small tunnel (not shown on the graph) free of frazll by which passed 

the winter flow. 

ANI>,.LlSlS OF CAlEES 

One feature at the Sartigan dam v.hich does not exist at the Charny 

dam is a tributary fall.lr\g in the main river in the critical zone. As shown 

on the graph, the Liniere River falls approximately at the upstream end 

of the accumulation: it does not bring any frazil in the main stream since 

an accumulation of fraJil starts a little upstream of its point of inflow on 

a natural obstacle. That inflow could possibly affect the process of accu

mulation by the sideways current it induces, although U1at is doubtful 

since that side\MiYS current is concentrated at the point of inflow and 

affects only a small percentage of the main stream's cross -section. 

Another important difference between the tw::> cases is the topo

graphical conditions upstream of the dams, In the Charny case, rapids 

""th a high degree of turbulence extend for 24 miles upstream, so ice 

arriving at the dam is still under the state of frazil flocks; in rrn.ny places 

in the rapids section' there are local breaks in the slope \/\here frazil 

accumulates. Consequently the length of rapids actually bringing flocks 

to the dam is only a few miles, ~,ith the result that the concentration of 

flocks reaching the dam i s relatively low. In the Sartigan case, rapids 

with also a high rate of turbulent extend for about 65 miles upstream: 

local breaks in the slope a re scarce and the reach of uninterrupted 

rapids immediately upstream of the dam extends for some 10 to 15 miles. 

Flocks reach the dam ' zone at a very high concentration: from s urface 

observations flocks in that zone IM>re so concentrated that they occupied 

almost 900/0 of the vlater surface. The \Miy the accumulation possibly 

develops is that, after the first flocks have participated in forming the 

solid ice cover up to the section ",here the accumulation starts, the ir 

very high concentration forces them to cluster in very large masses of 

flocks v.hich, because of their spongy texture, cling together strongly. 

There probably is a critical degree of concentration of the flocks at 



--

which, for a given .range of discharge conditions, the flow is unable to 

carry their clustered masses under a cover because of their size and 

because those masses have strong clinging characteristics. They con

sequently block the cross-section without the aid of a physical obstacle 

and the accumulation progresses upstream. 

CONCLUSION 

The present text treats of a particular case and in qualitative form 

only: a campaign of measurement of precise and detailed topography and 

of the progression of frazil accumulation in time and spa:::e could not, 

unfortunately, be carried because of financial constraints, and because 

of the obvious difficulties in measuring processes occuring under water. 

The matter is thus treated mainly form visual observations, but it silll 

represents a valuable piece of information in the not too ..-..ell kno"-'1 field 

of fraul accumulations processes. A good knm'l.l.edge of those processes 

could be useful, particularly in the cases w,ere it is WSlnted to control 

those accumulations by forcing them to occur w,ere they wll not do any 

damage. Some measurements of the process of accumulation of frazil ice 

in time and space have been made last wnter by Hydro-Quebec, in rela

tion with the hydro-electric development of James Bay: those measurerrent 

will certainly bring very useful information on the question. 
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SOME OBSERVATIONS ABOUT THE BREAK-UP Or' ICE COVER 


ON THE RIVER KEIW ABOVE THE ISOHAARA POWER DAM 


IVIatti Herva Pohjollln Voima Oy Finland 

Planning Engr Oulu 

SUMMARY 

Two serious break-ups of ice cover on the River Kemi at the 

Isohaara pO\'\er station are described with aid of pictures (slides). 

The first one, occurred in IVIay 1956, s eemed very dangerous 

but both the earth a nd concrete d a ms were able to withstand the 

impact of ice. 

The second one, occurred in IVIay 1963, caused the collapse of 

the tra sh racks, drived frozen frazil slush into the space belMeen them 

and the turbine. The rrachin~s \'\ere stopped and the break lasted tv..o 

weeks. 

The break-up of IVIay 1963 is an extreme event until now. The 

building of the Taivalkoski dam will prevent the reoccurrance of the 

dangerous break-ups. 

With the aid of slides I will describe to you the tv.<:> types of 

winter ice cover, IM'lich could have been observed on the River Kern 

in northern Finland. The place of observations is situated at the latitude 

of 65.5 degrees north, where the mean annual temperature is 1
0 

C above 
2

zero. The River Kemi has a catchment area o f 52000 km • 
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The Isohaara power plant was built during the late 1940 I ies. It has 

a nearly 20 km long reservoir whose backwater ends at the lower part 

of the Taivalkoski rapids. 4:> to ncw 40 kIns of this river above Taival

koski has been undeveloped. There are several smaller rapids with 

relatively fast reaches of the river. Furhter upstream other p01M?r plants 

have been built, wuch have involved some construction w::>rk, e.g. the 

riverbed has been dredged and earth embankments have been built. 

In 1956, from l\1ay 12th, the break-up of the ice cover on the 

river below the Thivalkoski rapids W'>.s very strong. The ice on the 

reservoir above Isohaara dam had partially malntained its strength. 

The increased speed of flow below the ice cover moved the ice against 

the shores and dams. We see how the ice has crushed against the 

riverbank and the dikes forming big piles of ice. At the p01M?r station 

some pictures have been taken showing how the ice floes have risen 

against the concrete dam or on the crest of the earth dam. The power 

station W'lS able to run during the whole break-up period and remain 

undamaged. 

In 1963, on l\1ay 8th, the second aggregate of the Isohaara p01M?r 

station had to be stopped. The reason for this interruption were the 

enormous ice masses, which had entered the intake of the turbine, broken 

the trash l"acks and shut the chamber be~en the trash racks and the 

turbine. The spring flood had on l\1ay 6th broken its lM'Iy through the 

Thivalkoski reach, which had been filled by slush-ice during the icing 

period in N:>vember 1962. At the Isohaara pO\o\er station the masses of 

ice against the dam could not be seen. Above the water or the ice 

could be seen several ice..-berg like floes. These were broken from the 

huge ice accumulations foored on the Thivalkoski area in the winte°r 

before the spring of 1963 \/\hen the water level rose because of the 

increasing flood discharge. In the last slides you see the Taivalkoski 

reach of the River Kern taken the sall'E day that the accident described 

above happened at Isohaara power station. 
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ON ICE PASSAGE THROUGH HYDRAULIC STRUCTURES 

I.N. Sokolov, Sr Res.Offr The B.E.Vedeneev Leningrad, U.S.S.R. 

Ail-:Union Research 

Ins titute of Hydraulic 

Engineering (VNIIG) 

The paper by V.A. Koren' kov presents the results of field obser

vations on ice passage through hydraulic structures . Based on the field 

data on ice routing through some hydro plants in the U.S.S.R.. VA. Ko

ren' kov established some dimensionless similarity criteria and relation

ships between them permitting to determine the restricted channel width 

and that of the unfinished spillway span, as """,U as some other para

meters. The above criteria are obtained using dimensional analysis. 

It is essential to execute field inspections on pa.ssing of ice through 

structures with a view to deriv e similar design relationships since at 

present no complete general equations are available for describing the 

process in question. In the existing equations of the destruction of ice 

fields valid for some particular cases (K.N. Korzhavin, B.V. Proskurya

kov, D.F. PanfiIov et al). different coefficients are also usually defined 

from field or laboratory test data. Therefore prior to undertaking field 

investigations, one should consider the equations describing the inter

action between an ice block and the water, the banks, structural 

elements and the air. This IM.l.l permit to more completely include all the 

factors affecting ice discharge both dwing field investigations and while 

processing the data in order to derive design relationships. 

As to the eqlUitions adduced by VA. Koren' kov, it should be 

noted that: 
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1) the quantitY B in the right-hand side of Eq. (2) is an e rra

tum, therefore it should be excluded, 

2) th~ qw;ntity L in Eq. (2) whose numerical value should be 

sometimes predetermined may be approximately assumed from field data 

equal to 1.4 !-.", Excluding B from and including L - 1.4 B" into 

the right-hand side of Eq.( 2), we have 

0.72.~'" -B B 
t 035-

h 

where all the quantities are the same as in Eq.( 2), i.e. 

!~ is the ratio of the restricted channel width to the total river-B
width in front of the structure; 

B-h- - .' river width-to-ice thickness ratio; 

V=- velocity of approach of ice floes to the · restriction;, 

R= ultimate bending strength of ice determined oh cantilever 
I 

ice specimens of b. h x 3h 

ratio of the volume weight of ice to the accelenotion of 

gravity, 

BIf -s- varies (rom 0.3 to 0.6 a nd between 100 and 

Va 

~" 	 -.,
1300, should be of the order of magnitude ' of 0.02-0.03.Rg 

Proceeding from the field results, we derived a formula for e stimat

ing i as a function of _B_ only within the above range 
B. ~ h 

0,. 	 -3 B 
-B- 0.50 - 0.133·10 -11

B 	 k 
With -h- increasing from 100 to 1300, -8- decreases from 

0.49 to 0.33. 

As regards the submergence of ice floes arrested against a float

ing ice cover (see the paper by M.S. Uzuner and J.F. Kennedy, and the 

discussion by P.M. Slissky) , worihy of note is that this process as 

proved experimentally may develop in two forms: 

a) an ice floe is swept under the ice cover with its leading edge; 

b) an i c e floe is submerged by rotating against the ice cover. 

The latte r situation is frequently observed when an ice floe. moving 

at 	a high velocity comes to rest agai nst the ice cover, and the wave 
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generated at the farther edge runs up on the floe and floods it. There

upon the floe become s unstable and is submerged by underturning. 

The stability of an ice floe against .the cover is governed by .the 

ratio of forces acting on the floe and dependent on .the flow and ice 

floe velocities, on .the floe sizes and on some o.ther quantities, Submer

gence of ice floes by rotation and without it is thoroughly investigated 

by V.F. Tsilikin in laboratory. 
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1. V.A. Koren I kov, Ice passage .through hydraulic structures (field 

observation data). - IAHR Symposium 'ke ·and its action on hydraulic 

structures ", Leningrad, 1972, p.117 -122. 

2. M.S.Uzuner, J.F. Kennedy, H ydraulic criterion for submergence 

of ice blocks. - lAHR Symposium '1ce and its action on hydraulic 

stn.1ctures ", Leningrad, 1972, p.81-85. 

3. V.F. Tsiliki n, Study of submergence of ice floes under partially 

opened spillway gates. - Izvestia VNlIG, v .76, Energia, 1964. 

-112



SPECIFIC FEATURES OF ICE FLOE BEHAVIOUR 


IN THE VICINITY OF ICE RETAINING STRUCTURES 


P.M.Slissky, M.Sc.( Eng.) Moscow Institute of Moscow, U.S.S.R. 

Power Engng 

Theoretical and experimental studies of cerlain phenomena 

occurring during the interaction between the flow, the ice and the 

structure, such as sweeping of ice. under the structure were conducted 

at the Hydraulics Laboratory of the Moscow Institute of Power Engineer

ing. Identical problerrE are considered in the paper by M.S. Uzuner and 

J.F.Kennedy. We carried out a more general investigation into the 

sweeping of ice under a structure INith a veriical ice deflector which 

may be immersed in the flow at a depth other than the draught of the 

ice floe. 

The problem was solved by constructing three static equilibrium 

equations: equations of total force projections on the horizontal and 

vertical axes, and the morrental equation. However, from these three 

equations one cannot" obtain for the ice floe under limit eqt.ill.ibrium 

conditions the four unknowns, viz. the draught of the downstream end 

of the floe, its trim, the pie r response, and the flow v e locity. The 

additional condition of the limit equilibrium of the ice floe is obtained 

proceeding from the assumption that the momental equation has t""o 

roots, and at a ceriain trim the solution reaches an extreme value. 

Hence the system of equations may be closed on the additional condi

lion that the derivative of the momental equation INith reference to the 

trim value be equal to zero. Thus a closed system of equations is set 

up corresponding to the limit equilibrium of the ice floe. The assump

tions adopted by Uzuner and Kennedy v.h.ich affect the rigorousness 
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of analysis are: 1.) the application of the' experimentally established 

.fact that the moment the ice floe becomes unstable, the submergence of 

its upper surface is initiated; 2) detennination of the flow depth from 

Bernouli's equation. 

Our own solution permits to draw the irrportant conclusion that the 

ice floe does not remain motionless after stopping at the structure, but 

continually changes its trim due to a variety of cc:.uses, e.g. shedding 

of eddies in the flow round the end face of the ice floe, waves on the 

free surface of the flow. in case the ice floe fluctuations resUlt in a 

trim of a value larger than either of the roots of the equation the ice 

floe will be swept under .at a flow velocity less than the maximum one. 

Therefore, strictly speaking, one should not 3eek to determine the 

velocity at WLich the ice floe Wll be underturned, but rather the proba

bility of its underturning at a given velocity. Ho.nce the considerable 

scatter of experimental points even though the experimental routine be 

strictly adhered to. 

The set of four equations constructed being too complicated for 

application in practice, a Simplified approach was developed based on 

the assumptions that with the ice ' floe in the state of limit equilibrium no 

flooding of its upper surface occurred, and the draught of the downstream 

end of the floe was similar to that in still """ter. The forrrer assurrption 

is identical to the one accepted by Uzuner and Kennedy. Under the 

said assumptions the velocity is found from the momental equation. 

Theoretical calculation data received by meu.ns of the simplified 

technique display a satisfactory agreement with experimental findings. 

However, for long narrow ice floes of low density, 'pi ,the basic 

assumption does not hold: OUl; experiments indicated that such ice floes 

rerrnlned stable even with the upper surface submerged to a considerable 

depth. The range W"lerein the basic assumption is valid has not been 

established yet. 
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ICE JAMS AND ADEQUATE PREVENI'NE MEASURES 

V.N. Karnovich, Engr The B.E. Vedeneev )'.ll-Union Leningrad , 

R esearch Institute of U.S.S.R. 

Hydraulic Engineering (VNIIG) 

The paper by B.V. Proskuryakov dnd V.P.Berdenrtikov treats o[ 

two types of ice jams: 

1) those in contact with the banks, and 


2) those in contact with the river bed. 


These situations observed in the lield are cliscussed in other 


papers b y Soviet scientists as well. In our opinion, major ice jams are 

due to ice pushes generating hummocking and compression o[ fln ice 

COver. 

The stuclies conducted in this country and ab road allo\M2d to draw 

some conclusions on measures [or combatting ice jams. Based on 

simulation of ice jams, the Canadian investigators Pariset, Haus,"" r "nd 

Gagnon pointed out the necessity of distinguishing two type s o[ rivers 

in respect to ice jam [ormation, viz. narrow and wide rivers. Proc e ed

ing from field observations, Soviet researchers consider that dyers Ie >'''' 

than 200 m wide should be c l assili e d as narrow, and thos· mo, 'e thi\n 

200 m as wide. Prof. E.G. Popov (U.S.S.R.) detennitlE'd three main t y pes 

o[ ice jams: 1) in the river channel, 2) in the river mouth, "nd 

J) at the backwater o[ a reservoir. 

Proper allowance [or the type o[ ice jam and river width permitted 

to elaborate rational rnethods for ice jam control. On a narrow rive'r 

ice-jam stages ma y be lowered by clischarging wClter through a cClmu 

blasted in the ice. Th e procedure was verified on the Drtieste r and 

Viya Rivers a nd quite satisfactory results we r e obta i ned. Ice jarns o.t 
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the backwater of a reservoir may be eliminated by ind·...cing headwater 

level fluctuations. The melhod was checked up experimenta..l.A.y on the 

Dubossary reservoir and proved adequate. 

Prof. B. Michel s uggests that ice jams should be prevented by 

constructing special trestles for ice crushing and small dams for hold

ing of ice. Note that ice crushing to eliminate ice jams i s quite rational. 

Ice jams develop if ice floe dimensions exceed a certain river width 

section. From our viewpoint dam construction is not very promising 

since it is associated IIIdth costly concrete spillways. 

Pro f. E.G. Popov recomrrends to hold back ice on a narrow 

innavigable river by erecting group3 of piles which may also serve as 

bridges. Pro f. V.V. Piotrovich proposes to arrest ice on a river by a 

system of training dykes d a mming part of the river channel. 

If the local lopog raphy is suitable, a bypass canal may be cut 

for lov-.ering the ic e-jam stage. 'TIle sill of such a canal should be 

w ithin the backwater from the jam, . and the lower end should be directed 

to the floo d plane lake or to the river downstream, i.e. below the ice 

jam. 

1n conclusion it should be noted that based on the study of ice 

preve ntive measures advanced by Soviet and foreig n scientists, the 

B.E,Vedeneev VNITG devised complex schemes for flood conlrol in the 

lower reaches of the Danube and Dniester Rivers. 
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STUDIES ON THE EF'F'ECT OF' ICE COVER ON TIDAL WAVE 


?ROPAGATION IN THE WATE R AREA OF' 


A TIDAL POWER PLANT 


IA.shlygin, Eng. The S.Ya.Zhuk "Gidroproject" l\tosco\V,USSR 

Institute 

In 19G8 the experimental Kislogubsl<,-,y" wa ter jlO\ver I)l ilnt, th<? 

(irst tidal plant in the S oviet Union, w o.s co,nnlis :: ioned in [\Ioto\'.;;k" 

BilY, in the Barents Sea. F'ilvourilble opero.tion experience "s wdl 

as the res ults of inves ti ?,iltions perfonnod there point to thL' si '.!ni 

(icance o( tidal power development (or the fulure . 

At present the feasibility of const ruction of t,'lrge' ti c.lill power 

plants in the White and Okhotskove S eas is contc'''platcd. The hydro

electric potential of these se"s is conside '\.i IJIc. f-!o\V,.'vc'r , oJl the 

regions promisin"1, froll) the point of view of tidal po\ver ( Ic'VL'IO~) I IlC'111 

ar2 characte rized by s ...."lvc rc ic c conciitions. 

The results of ex[")loilali oll Clnd rc.'S(?,lrch c i lrricd out in th0 

l<isluya Gubu., LUll1bovsky ,"\nd \lczc·ns:, y UdyS .-=:incc l 'J :-.() up tu the 

present mor;le nl indi c("") le tllt"d here til €' ic C' cOllditi()11S do ) lo t pres~nt 

unsurl1lountabl e obstacles to cOllst ruc:lil'Si, pO',Vl'I' pla"ts. l'lo \ve \'cr 

a ll the in vesti~ations r>erforlllcd '.vC're COllfincd to the c.Ji t~c.'ct i Ie Ii Ot I 

of ice un the structure: pilillg-Up, frieti ut l, dY II ':""'I lIl ic i ,)l/fi."'1c t, \ 'lr: J \. 

\Vhile in lI)(,' d<?siqn of I"rg~ lidill po .vc r pl""I2- III", illdi"cct ice ...,: Ii o n)n 

particulur, e ffect o f icc cove r on Ule tide ronge ure to 00 uIso 1..JJ...£'t1 
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into account. 

The effect of ice cover on the tidal wave has been relatively 

long studied by oceanologists . 

The necessity of adequate calculation methods was emphasized 

by Prof. N.N. Zubov in the 1930ies-1940ies. Prof. Zubov pointed out 

the fact that in some areas of tidal se s, e .g. in the Mezensky Bay 

the s ta ble ice cover decrea ses the tide range by 2.5-3 times as com

pared to that in summer. In the central part of the White Sea only 

fragmented ice is observed, but it also reduces the range of the tidal 

wave by 1.5 to 2 times at Arkhangelsk. 

Later-on the problem of the ice cove r effect on the amplitudes 

and phases of tidal wave components was to some extent solved for 

Arctic Seas in the 'oM)rks by I.V. Maksimov. Were established the 

coefficients, and K , taking account of the variation of wave 
1 

parameters at different water depths. 

In a general case the amplitude of t:,e tidal wave at the end 

section of its path under the ice cover equals 

A~~14-f1S~ 
, 11, J 

where and ~ a re tidal wave amplitud,," at the initial and final~t 
sections of the way, re"peclively 

H, and H are water depth at the initial and final sections of 

the path 

1 
is coefficient of w ve lIdampii152," 


t is path length under the ice cover 

c: is ice cover thickne ss .)./ 

According to Maksimov the ice cover causes occasionly an in

crease in the tidal wave amplitude due to varying of the parameters of 

the .;lmphidromic system of the sea covered with ice. But the problem 

is not acute for relatively small water areas of tidal power plants whe re 

the inllu()nce of the ice cover on the amphidrornic system is negligible. 

Though long wave propag ation under the. ice had been for years 

studied by lluvial hydraulics s p ecialists, the problems correlating ;, mpli 

tudes a nd -phases of long waves propagated with and without the ice 

cover w ere considered to b e of secondary importance. 

The tidal plant design group of the Gidroproeh.'i Institute, the 

L e ni"g rad Department, pe rformed a study on the tidal V\6.ve propa oation 

in the Ki s l ,:.. y a Guba both in the? p r nsp nce and o b soncC' of the ice 
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Cover under comparable initial conditions. 

The experiments were carried out in \.vinter and in Surll !1le r con

ventional devices being used for determining surface elevations. Prac

ticalIy analogous patterns of tidal wave propagation with and w ith0ut 

the " ice cover were established. The theoretical tre3.tment of the results 

obtained only proved that the ice cover does not affect the wave p ropa
2

gation in the almost circular water I-:>asins of about 1 km area and 

35 m depth Wllch was the case in Kislaya Guba. 

The morphometric parameters of water areas promising for Lhc 

construction of large tidal power plants are quite diLferent: the lVlezensky ', 

Bay has 800 sq. km area and 5-10 m de;>th, the Penzhinsky Bay is 

more than 6 000 sq. km and 10-15 deep. It is obvious that at larQ0 

tidal power plants with vater areas exceeding thousands of square 

kilometers of 10 to 15 m depth the ice COver will significantly affect 

the tidal vave propagation. 

The problem is most important in designing tidal power plants 

because its proper solution will determine the output of electric power 

under winter conditions. 

To solve the problem in question meo.ns to derive theoretical ane! 

empirical design equations for tidal wave propagation ove r water areas 

of tidal power plants with and without the ice cover. 
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FIELD DATA ON ICE DAMMlN:i- AN) ICE JAMrvnNG 

A.N.Chizhov The State Hydrological Institute Leningrad, U.S.S.R. 

At present the ~chanism of ice danuning is being investigated. 

with the physico-mechanical and hydraulic conditions of the process 

taken into account. Analytical, experimental and model studies are aimed 

at determining the critical parameters of ice dams and the flow for 

predicting the scale of the above phenomenon under different conditions. 

According to the mechanism of their formation, ice dams are 

divided into those caused by hummocking and those formed by ice 

blocks being submerged by the stream and swept under the ice edge. 

In the application of investigation results on the ice-damming mechanism 

the phenomen under study is to be referred to either of the above 

groups. Therefore it should be useful to summarize the great body of 

field data accumulated in the U.S.S.R., to describe typical sche:mes of 

the formation and occurrence of ice darrE and jams. For ii better under

standing of the problem it is necessary to draw a distinction between 

the phenomena of ice damming and ice januning in conformity with the 

terminology adopted in the US.S.R. 

Ice jarrE form of frazil and slush ice in supercooled water during 

the freeze-up period at low water stages and sub-zero air temperatures, 

while ice dams form of thick but rather weak ice floes during the spring 

at the break:-up period associated with floods at above-zero V\Bter and 

air temperatures. Thes e features account for the difference between the 

mechanisms of ice jamming and ice damming. 

"'he main types of the mechanism of ice jamming and ice damming 

Can be established based on observation data obtained in different seasons 
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on various rivers in. the V.S.S.R. 

Ice jams are peculiar to the majority of large and medium rivers 

in this country. During the formation of an ice cover relatively high 

water stages are frequently observed at different river stretches. How

ever, inundations due to ice jamming are comparatively rare because of 

low \l\6ter stages at this period. 

Ice jamming is most commonly associated with the progression of 

the ice cover edge upstream, its extension rate decreasing in the river 

reaches with strong currents. Part of frazil or ice blocks are S1<l.ept 

under the ice edge restricting the river cross-section. A sirrilar process 

takes place during the formation of ice bridges, some growing to such 

an extent as to obstruct the passage of ice under them. With the deve

lopment of a sUfficient high backwat~r ice jamming, ceases in both cases. 

Then ice blocks stop against the ice edge and freeze · ~c:>gether to extend 

tha ice cover. 

Similarly, ice jams due to sweeping frazil under the ice cover occur 

downstream from large polynyas remaining unfrozen for a long time. In 

contrast to ice accumulations of large ice blocks, frazil ice jams deterior

ate with the decrease in the dlscharge of frazil under the ice cover. 

Ice jamming in mountain -rivers has Its specific features. A back

water is created by an ice bridge with frazil ice frozen to its under side, 

frazil ice accumulations come to rest against the ice cover edge. With 

the progression of the frazil ice cover upstream ice pushes occur inter

mittently, and the thickness of the cover increases many tirres over with 

each push due to the looseness of the frazil. As the backwater zone 

propagates upstream, new accumulations of ice stop against the ice edge. 

During ice pushes part of frazil ice is entrained by the flow under the 

ice jam which is in a state of dynamic equilibrium, frazil accumulations 

being destroyed and forming again beneath the whole length of the jam. 

The destruction of the ice jam commences when the frazil discharge 

decreases, with a consequent decrease in the growth of the ice jam 

length. The thickness of tre jam increases together with its length, 

reaching in some rivers from 10 to 	15 m. 

Mention should be made of the ice-jam stage rize due to increased 

production of bottom- ice. Such ice jams, however. are usually not very 

large. 

The phenomenon of ice damming Is inherent in many rivers in the 

U.S.S.H. The process attains its maximum scale and frequency on the 

rivers 	in V>hich the break-up and spring flood progress to\o\tirds the river 
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mouth. Ice damming is mainly due to hummocking of either ice fields and 

targe ice Does, or of fragmented ice fields. 

At the early stage of the break-up ice pUshes set in motion large 

ice flelds, which break-up and form hummocks when stopped. This is the 

period when the head of the ice dam is formed, creating a backwater 

zone with slow currents. 

The ice fields and ice Does Ooating downstreD.'n come to rest 

a .,ainst the ice cover edge. As soon as the length of the ice field 

thus formed reaches a magnitude at which the drag force of the Dow 

e xc Eeds the stability of the ice bloc!-<s, intensive hummocking and 

haphazard rafting occur In the already broken ice field. These tw o types 

of hummocking are characteristic of the majority of ice dams. However, 

in rivers channels '.vith a slight fall a single-layer ice cover of f: gmented 

ice may extend over scores of kilometers. 

The fundamental difference in the ice damming proc e ss on di [{erent 

rivers lies in thf-?o conditions under \vhich ice obstacles engendering ice 

dams form. On large plain ri v ers and at the end of the backwater zones 

of reservoirs massive ice dams usually develop as a result of a delayed 

break-Up at individual rea ches. On rivers of medium size ice dams are 

due to blocking of the river channel by ic<;' fields and large Ooes in 

places whose particular shape hampers ice passage during ice pushes. 

The desc ription of ice uamming preo;E'nte d herein is by no mea,.-,s 

corrplete. For instance, the cases of ice damming a nd ice jamrring down

stream from h y d't"opower plants and ice damming from consolidated masseE 

of Douting ice from a broken upstream ice dam are not considered here. 



PENF'IRA'I'ION OF ICE BLOCKS IN 'I'HE 

STILLING EY'..SIN OF A DAM 


Jose Llamas, Ph. D. Universite Laval Quebec 

Professor 01 H; "r:lrology Canada 


S UMl\ilA.RY 

'I'he stilling basin of a dam is usually designed in order to dissip
ate the kinetic water energy. HO\M?ver, W1en the ice blocks pass over 
the spillWOlY their penetration in the basin can be greater than the design 
depth and under this condition the impact with the downstream revetment 
may damage s~ously the stn.Jcture. 'I'he stilling basin is created natur
ally by the dow,stream level of WOlter or by a sill. In this case the length 
of the basin must be greater than the horizontal path of the ice block. 
The objective of this study is to evaluate the block tra jectory and deter
mine the main filc tors affecting the block position under several h y dra ulic 
and s tructura l conditions. 

RESUVlE 

Les bassins a It aval des d eversoi rs sont conc;:us pour dissiper de 
favon optimale I' energie cinetique de I' eau par la formation d t un ressaut 
hyd raulique . Or, lorsque des blocs de glace a ccompagnent I' eau dans 
la c hute , il est possible, et I' experi ence I' a souvent montn§, que la pene
tration d e la glace soH plus grande que la profondeur du bassin, e t, par 
consequent, c es blocs risquent d' endommager et meme de d~truire com
pletement Ie radier aval. Quelquefois, il arrive que c e bassin de dissipa
tion est cree naturellement par la profondeur aval de la riviere . Dans 
ce cas on peut dissiper I' energie cinetiqu~ d e I' eau a u moyen de blocs 
de beton situ~s a quelque distance en aval\ du point d I intersection du 
radier avec Ie parament aval du d e versoir. Dans ces conditions, il est 
necessaire d' etudier aussi la trajectoire horizontaJe des blocs de glace 
pour eviter l'impact avec les dissipateurs. 
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1- INTrooucrrrn 

'Ihe penetration phenooenon is illustratEd on figure I whidl shows" 

~ical section of " spillway and the trajectDry of the iae block. 


In ord2r to calculate this trajectory, the following hypothesis has been 
oonsidered: 

a) 'Ihe velocity of the ice blodc at the intersection with the basin level 
is the sane as the velocity of falling water at this point. 'Ihat means that no 
contact exists between the block arrl the spillway faae. This hypothesis is a 
realistic one because the phenareron occurs late in spring and at this time the 
discnarge is usually high. 

b) Only the blocks having s~le .forms, like cubes or rectangular paral
lelepipeds, are considered in this study. 

c) The water velocity in the stilling basin is suwosed to be zero. In 
this condition the block trajectory is 'oot affected by any external o:JUpOnent. 

d) Regarding the trajectory <XJlllutations, the blodc mass is sllp{psed to be 
concentrated in its oenter of gravity. In this case, no tilre o=urs between the 
first contact of the blodc with the basin level and its total sul::rrersion. 

2- PENlITRATIOO MECHANI5r1 

The Iro~t of the ice block in the basin is governed by tJ,o.Q main 
foraes: the lifting forae arrl the drag forae. 

The lifting force depends on the difference beb>'een the water an1 ioe den
sities . 

P : V(Yw""T'ic) 

\\here V: volure of ice block (ft3) 
Y and Y'c are respectively the d2nsities of water and ice 


(lb/ft3) . w ~ 


The drag forae d2pends on block veloci ty and block dirrensictlS 

2 
v 

F = Cd pA :r 
v is the relative velocity of the block, with respect to the water velocity 
(ft/sec) 

Cd: coefficient of drag resistency (diJrension less) 
2 

p d2nsity of the fluid (lb-sec /ft4) 

A area projected on a plane perpandicular to the IlDtion of the2block (ft ). 

The coefficient Cd depends upon Jeyoolds (lew and intemediate velocities) 
and Mach NlIIbers (high velocities). The follcwing table illustrates the variation 
for certain ge<X1etric shapes. 



3- DIFFERENl'IAL ljfUATICN OF THE MJrICN 

dvBeginning wi th the Newton's law F = rna = m at the equations of the 
blodc. rrotion can be derived 

a) r:ownward rrovenent: 

dz
with v = at 

z is the depth of the block at time t. 

2 
m d z _ K (dz) 2 _ P o 
dt2 dt 

With initial conditions: 

V =-sina I2gH and z = 0 at t 0 

Where 

H is the total head 

a is the slqJe of the spillway 

b) Upward novem:mt: 

Initial conditions: Z zmin and v = 0 at t = 0 

c) Horizontal novem:mt: 

_,,2x dx 2 
ULl _ K ("t") 0 

dt2 UL 

. Initial conditions: v = cosa I2gH at t = 0 

The soluti<ns of these differential equations are: 

a) !:ownward: 

v IP7K tg 

with 

c = ~ arctg (-/2gH IK7P sina)
l/KP 

The depth of block is 

-m inZ = cosj( 
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b) t.p.rard: 

[exp 2IKPt _ 1] 1 2/KPt lJ exp -m-'" 
j" 

m In [ /KPt -lKPt 
Z C K c~-m exp --;u--J.,. l 

m In 2
where C zmin - --K

c) Horizcntal: 

-;n 
v 	 with

K(t.,.cll 

x /1 In (t.,.C ) J .,. C wi th C = ~ In C
l 2 1 K l 

'!he trajectories and velocities of different ice blocks and water heads were 

calculated in APL language in IBM-360 <XIlplter. '!he results are sh<Mn on figures 

2 ill 10. 


In order to verify the theoretical study and also ill emphasize the influence 

of the main pararreters of the ice and the spillway with the block trajectory, and 

the block impact upon the revet1rent, a series of experi.rrents were perfonred on a 

scale nodel. One of the objectives of this experirrental stlrly was to find the 

design cri teria ill minimize or eliminate the possible darna'Jes on the dams due to 

block impact. 


The experiJrents brought out the follCMing facts: 
a) '!he risk of impact increases (in this order) with 

- the length of ice block 
- the reduction of water head 
- the 'JUckness of block 
- the ice density (small effect) . 

b) The radius of the transition between the dcwnstream face of the spillway 

and the basin (cylindrical transition), has no effect on the impact. 


c) '!he risk of impact in a spillway having cylindrical transition, under 

free and sul::irerged discharge, are roughl_y the sane. 


Figure T;' shows the spillway of Sartigan Dam (Chalrliere River, Quebec) and 

the trajectOry of an ice block having standard dinensions. In this ca::.e the ob

servation of the block path particularly the impact point gil\!e a very good agree

rrent between the prediction (ocknputed by theory) and the real situat!.on. 
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ESTIMATION OF THE VARIATION IN THE ICE REGIl\I1E 

ON REGULATED RIVER REACHES 

R.V. Donchenko, M.Sc.( Eng.) GGI Leningrad, U.S.S.R. 

The specific pattern of the ice regime is governed by the chang

ed hydraulic and morphologic characteristics on regulated river reaches. 

At the end of the backwater due to abrupUy decreasing velocities 

at the transition from fluvial to reservoir regime ice dams and ice jams 

are likely to (orm. 

The ice cond,tions downstream from structures are unstaWe during 

the 'yvhole winter with a sequence of different ice , phenomena replacing 

one another. 

As compared to rivers, water storages are characterized by a 

much wider range for coefficients of water masses mixing. viz. from 
2

0.1 cm /sec for no-wind situationaand up to 800-1000 cm2/se<;- at Wind 

velocities exceeding 15 m/sec. Hence different freezing processes occur 

depending on the rate of ice generation, the place (the water surface 

or deep-water layers) where the ice is produced; the type of ice 

(surface or underwater ice) and the length of the freeze-up period 

that ranges between 1 to 3 or 10 to 15 days. 

Frazil ice production takes place in storages at wave forr:es 

above 2. A special program for studyil"\g frazil ice formation carried out 

at the Kakhovka water storage during the winters of 1969/70 and 

1970/71 indicated that frazil ice was produced with surface, heat loss 

to the atmosphere of more than 200 cal/cm2/day and mixi,ng of water 
2

masses in excess of 20 cm /sec. which results in vertical heat exchan

ge accompanied by mechanical disturbances precluding agglomeration 
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of ice crystals. Turbulent mixing is conducive to supercooling of the 
0

waterbody (the maximum supercooling recorded was - 0.04 C), hence 

ice is" formed at different depths, in the waterbody and at the bottom. 

The combined effect of the heat transfer and of turbulent mixing on the 

ice formation pattern across the depth may be given as 
, H - ~ 

en Y""'l"""" 
sh H 
~ 

The uniform distribution of the ice formation rate acrOSS the 

depth depends on wave height and the heat Uux density per Unit depth. 

For the Kakhovka water storage conditions the ratio between the 

depth of intensive ice generation and the wave height is 0.11. At a 

3.2 m wave h eight of 10/0 probability lhe correlation between bottom 

and surface ice formation is 1:3. In the Kakhovka water storage fra z il 

is produced in the form of irregularly shaped or rounded plates of a 

0.5 10 1 cm diameter up to 1 mm thick, and a fall velocity fro:n 2 to 

4 cm/sec. With the ice production rate increasing, and due to mecha

nical clustering of individual plates, the fall velocity grows and frazil 

rises to the surface as sludge balls of 30 to 50 cm diameter and a 
3

density of 0.30 to 0.40 g/cm • The fra z il Uocs cluster together forming 

a frazil cover which drifts across the reservoir under the action of 

the wind, the wind velocity being from about 0.10 to 0.40 cm/sec. At 

high wind velocities frazil ice ridges from 2 to 3 m high form at the 

leeward s horeMixing decreases inversely to ice concentration, a fra7il 

ice cover being formed of frazil accumulations. As a rule there is a 

1 to 5 m thick layer of Uoating frazil with a density from 0.22 to 

0.40 gjcm3 
underneath lhe ice cover. 

Intensive frazil ice production can be observed in some other 

water storages of the Dnieper cascade (viz. lhose named after 

V.I. Lenin, and the Kremenchug) and serious difficulties e"nsue in the 

operation of h ydroelectric plants. Conditions of frazil generation down

stream from dams materially differ from those in natural water bodies 

due to 2nlarged water discharges and later ice formation commence

ment. 

Data obtained downslream from the Volga hydropower plant named 

for the xxnnd Congress of the ""CPSU revealed that the ice cover was 

formed after the development of a chain of ice jams. As compared to 

natural conditions lhe lotal ice volume in the ice jams inc reased 0,\0 

or three-fold, simultaneously the mean velocity of the ice cover edge 
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drift along the length' of the downstream pool dropped to 8.5 kmjday. 

'!'he rise in water stage due to ice jams is a function of the water 

discharge. The larger the water discharges, the greater the rises in 

water stages and heads. The peak mean diurnal heads range from 2.2 

to 4.4 m (for a site 19 km downstream from the power plant) and from 

2.4 to ....5.0 (for a site 63 km downstream). 

WIth water discharges growing 1y" to 2 times J,arger, the winter 

discharge coefficients in the vicinity of the dam (19 km downstream) 

increased oniy slightly as against natural conditions, while at remote 

. sites the coefficients were diminished. 

Regulation of the power plant winter operation regil1'2 with 


reference to the ice phenomena development is one of the corrective 


measureS for aleviating ice troubles. 
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ICE TROUBLE PREVENTION ON THE DANUBE RIVER 

Dr. R. Rozhnoy Water Resources Department Budapest, Hungruy 

This contribution deals with the deScription of preventive measures 

against ice troubies 'In the DanUbe river. 

Frequent floods due to ice jams cause considerable damage to the 

national economy of the Hungaria:n People I s Republic. During the recent 

decades (in the years of 1940, 1941, 1956) devastating floods occulTed 

on the Danube. 

The problem of combatting such floods may be solved in the two 

following ways: either through modit;ication of the river bed morphology 

by regulating the water course, or through active demolition of the ice 

cover. 

The most effective methods of river ice destruction used in the 

Hungarian People I s Republic are the application of ice breakers and of 

blasting. 

The development of the ice breaker fleet in the country has com- ' 

menced since 1954. At present the ice breaker fleet of the Hungarian 

People I s RepUblic numbers 20 modern ships, which provide a continuou<, 

ice passage, delay the beginning of freeze -up and prevent ice jamrring 

during the ice run. In. the freeze-up period ice breakers ensure an ice

free navigation channel 30 to 40 m wide in the solid ice COver and keep 

it throughout the winter. Besides, ice breakers destroy ice jams. During 

the severe autumn ice runs on the Danube river, when heavy ice jams 

up to 4 m thick form that cannot be demolished by ice-breakers, blasting 

is applied . The Hungarian Water Resources Department has developed 

a series of up-to-date blasting methods. 
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ICE-PRESSURE ON TOWER STRUCTURES IN '1J-lE RESERVOIRS 

Dr.Ladislav Votruba, Prof.)ng., Dr. Sc. Technical University Prague 

of Prague C.S.S.R. 

In the Czechoslovak as well as the world-wide construction of 

dams the designs of to\\er structures fulfil as a rule several functions: 

those of the lower outlet. spillway, water intake and hydroelectric pO\\er 

plant. These so-called combined plants are economically advantageous: 

during the recent t\MJ dec~des, a number of them have been built in 

Czechoslovakia. About half of them have the fonn of tow~rs about 

60 metres high, with outside diarreters ranging between 5 and 20 metres. 

It is chiefly the horizontal forces that represent a threat to the 

stability of such towers. With them is also classed the ice-pressure, 

the static moment of which wth respect to t,he critical profile by the 

bottom of the 'reservoir is. for the length of the lever of force ranging 

betlheen 20 and 50 metres, great indeed. ']his load calls for a robust 

steel reinforcement of the to\\er. From the angle of the economy of the 

structure it is therefore essential to have a precise .knowledge of the 

pressure of ice on a high to\\er standing isolated in a reservoir and 

separated by a distance of a few dozens of metres (rom the dam or 

from the bank. 

To know the presswoe of ice on the to'-'""r is also of importance 

in the cases when the to\\er is Y\eU protected against the effect qf ice. 

In C.zechoslovalda we have been ·successful In using pneumatic protect

Ion, i.e. protection by bubbles. of compressed air from a .pIping surround

ing the tower several metres below the Vl6.ter level. In one case Vlhere 

such a protection was not ins.taJled, subsequent pumping of the water 
"' 

around the tOY\er (rom the lO\\er strata of the reservoIr WlS resorted to. 
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FAILURE OF THE TOWER STRUC'IURE OF THE KORYCANY DAM 

On January 24, 1963, in the lower section of the to",""r of the 

Korycany earth darn, 25 metres tall, built on theStupavka water stream 

a horizontal crack was observed. The works were put into operation in 

1957 (Fig.1). 

The tower has a circular cross-section with an inner diameter of 

340 cm and thickness of the concrete wlil of 70 cm. An armature chamb

er, 110 cm 'hide, with a 20 cm concrete VIBl.I is attached to the to",""r. 

The crack formed on elevation 297.60, wth the W'>.ter level at 

305.60, therefore no more than 8 rretres below the ice sheet. The crack 

affected two thirds of the circumference of the tower in the direction 

toW'>.rds the reservoir. 

The static pressure of the ice W'>.s the Imnediate cause of the 

crack. After the ice Ibd been cut, the to",""r assumed its original posi

tion and the cl"lck closed. It is of course possible that also other 

forces concurred, such as the uplift in the constnlCtion joint of the VIBl.I, 

the, eccentric pressure of the ice sheet in the vertical direction. 

The thickness of the ice W'>.S 49 centimetres, the thickness increas

ing in the direction toward the reservoir. The crack formed after a 
0

sudden temperature increase from _'l.7 C to _2
o

C within 24 how-s. 

Fig. 2 illustrates the scheme of action of forces , on the K oryeany 

tower structure, and table No'. 1 tabulates the results of the calculation 

of stresses in the footing bottom of the structure, and in the cross;," 

section of the crack. 

Table N:>. 1 


Stresses from ice-pressure P in the Kory~any tower structure 


Dirrensions Load G, P,W" 
For 

Iml Stresses <3'4, Sit. 

18.6 mtp= 

ti " 0.2 G = 468 Mp 277 Mp 

dt - 2.2 tG = 2.62 m 2.62 m 

t = 
" 

0.7 p = 48 Mp 111.3 Mp 

d = 
:I. 

3.4 tp= 18.6 m 8.0 m 
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Load G,P,Wl; 
For 

Dimensions Stresses ~ ,G'.!. 
Iml 

l = 8.0 m 
p 

h = 21.0 (12,4) 78.3 m 

H~ 18.6 (8.0) + 8.2 kp/cm 
2 

+ 10 kp/cm 
2 

2
12.9 kP/cm 

Symbols: 	 G - gravity 

IN - upward lift 
l 

For a tooting bottom at the depth of H = 18.6 metres, and for 

the ice-load P = 48 Mp (10 Mp/m) we obtain tensile stress at point 
2 e~ = 8.2 kp/cm , 


For a cross-section in the place of the crack, at the depth 


H= 8.0 m and (or the assumed low str'ength of the concrete in the" 

2
 

construction joint of 10 kp/cm , Wi? obtain the required ice-pressure 

p = 111.3 Mp , i.e. 23.2 Mp/m 

Detailed analyses 'M?re not carried out inasmuch as the scheme 

of action o( the ice-pressure on an isolated to",""r slructure was not 

known. 

The reconstruction \-\as simple: cement grouting of the crack from 

short holes. The experience gained at Korycany resulted in the con

clusion that the lower structure should be protected against ice-pressure, 

even though the latter be not very high. 

DISCUSSION OF THE PROBLEM OF ICE-PRESSURE S'l:A..8[Ll'IY OF 

TOWER S'IRlCTURES 

In the case of a deep reservoir IMth a low through flow, as the 

most adverse effect of the ice on the overall stability of the tow=r 

structure we regard ice-pressure lhat is due to the temperature increase 

of the ice sheet. 

In g e neral, ice -pressure, on a lower structure is different from that 

acting on a plane w:ill having the sartE width, and it is not possible to 
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determine it unambiguously beforehand . The follow ing simplifying ass ump

tion can be introduced : 

a) The planar problem in a ve rtical c r oss-sec ti on normal to th e 

fac e of the d a m (Fig. 3a). This assumption i~ the s implest to solve . 

From sector L/ (belv\een the structure and the dam) and s ector L.2, 
(be~en the structure a nd the end of the dam backwater) the s tructure 

shall be acted upon by the difference in pressures 

The following will come into play: 

- the l e ngth of sec tors Lj and L ' z 
- rigidity of support at points A and ]) 

- different thicknesses of the ice in sectors AB and C:D , 

- rigidity o f structure prope r , 


- system of cracks in the ice s heet. 


b) P lanar problem in horizontal c r oss - sec tion a t thE' l evel of the 

ice sheet ( Fig. 3b) . 

From th e schematic groLUld plan it is evident that : 

- the resultant of all the pressures acting u pon the structu:re may have 

an arb itrary direction, as a result of the rigidity of the support of the 

ice sheet along its circumference and the distance of the structure 

fro.." the banks; 

- the overa ll pressure of the ice does not have to be the result of the 

ice s heet wid th alone, equal to the diameter of the tower, for a rigid 

s tructure may draw o n to itself the pre",s ure of ice from a greater 

width. 

c) Passive resistance of the ice sheet against the directi on of 

l h e r" " ultant of th9 ice-pre s s ure. W e a r e facing forc e Pz from the 

s upposition a), which may acquire a variety o f v alues theoretic ally 

w ithin the entire range 0 ~ Ii :; P. ,evidenUy a ugmented in the sense 

of s upposition b). 

There are three p oss ibl e methods of solution of the problem: 

- Lheoretical calculation 

- labora tory research 

- measurement in the field 

In t!')e theoretical calcula ti o n, if the problem is to be mastered 

analytically, a number of sirrplifying premises have to be resorted to. 

T h e reciprocal action betv,.een the ice s heet and the tower' structure 

must be solved by iteration. 

,.<\. Iso the l a.boratory r e s a rch of the pressure of ice on the tower 

structure exhibits nume rous simp lilications . On our model ( Fi r, . 4) w e 
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modelled the ice sheet by a slab from Jow-module modurite. The increas

es of air temperature were modelled by means of infrared radiators. We 

measured absolute deformations of the ice sheet and towe r, and stresses 

in the ice sheet and the tower wall. The model permits, in particular, 

to inquire into the influence of different degrees of rigidity of the support 

of the ice sheet upon the "banks " . 

Measurement in the field entails difficulties, but this method alone 

can yield dependable results. We prepare measurements of horizontal 

and vertical sl~ifts of points on the ice cover of several reservoi rs 

where 1M? can expect a slight change in the level in course of several 

w inter weeks. In our country no such measurements have as yet been 

carried out, nor do I know the results of similar measurements from 

international practic e. 

CO NCLUSION 

The problem of the ice-pressure upon isolated tOVl.er structure" in 

the reservoir has not as y et been satisfactorily solved. The failure of 

the structure of the Korycany dam bears testimony to the importance of 

the problem. Work W3.S begun on the investigation of the stresses in a 

tOVl.er structure caused by ice b y three different methods: theoretically, 

on a model, and b y measurements in the field. 
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INVEfSTIGATION OF HEAT INFLOW 'I'O A MELTING 

ICE COVER ON RIVERS 

V .M.Timchenko The Far Eastern Research Vladivostok 

M. Sc. (Eng.' Hydrometeorological InstiMe U.S.S.R. 

The break-up dates on rivers depend largerly upon the intensity 

of the heat inflow to the ice cover (rom the environment, the contribution . 

of heat transferred £rom the w:J.ter ITlll.sses to the under side of the ice 

cover in spring being of great significance. 

The metho ds of determination of all the components of the heat 

flow to the under side of the ice cover, other than the heat transferred 

by snowmelt are well known . Therefore it should be emphasized that 

an acute need is felt of the evaluation of the amount of heat incoming 

£rom snowmelt, which i s an intricate problem, since no information is 

available concerning the methods of its calculation. '!he problem in hand 

presents difficulties mainly because of scarcity of observation data on 

water temperatures in seasonal streams requlred for a better understand

ing of tJo\e temperature regime of snowmelt runo ff. 

Field measurements of the heat flow to the under side of the ice 

cover in the Ussuri river showed that a considerable amount of heat is 

transferred to the river with the lemoff during intensive snowmelt, its 

contribution being in some cases several times that from other components 

of the heat water balan c e. 

The total amount of the heat inflow to the under side of the ice 

cover was estimated ' by well-knolM1 formulae of thermodynamics based on 

the mean water temperature measured over the cross-section, the flow 

rate and the depth. Then the heat inflow components were estimated, 

namely, penetrating solar racliation heat transferred from the ground 

waters and the river bed, as well as the heat due to energy clissipation 

of the undercover flow. The difference between the total heat inflow and 
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the sum of the above heat components is assurred to be the heat inflow 

from thawy waters. 

The relationship be~en the magnitude o f the heat inflow and the 

rate of snowmelt runoff was analyzed. 

The effect of water temperature in seasonal streams on the magni

tude of the heat inflow to the under s i de of the mel ting ice cover was 

evaluated . 
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ICE TPOUBLES ON HYDRPl.ULIC STRUCTURES OF 


THE HOKKAIDO DEVELOPMENT BUREAU 


I. 	Yamaoka, Prof. Dept. of Civil Engineering Sapporo 

Hokkaido University Japan 

From the letter••. 

I was engaged in a fi e ld investigation on i ce thermal thrust against 

the dam by ice sheet on the Kanayama reservoir in last February. Our 

record of maximum ice pressure was 3.614 kg/cm 2 at the ice of 4.7 cm 

in contact with the dam (1.7 ton/linear meter) for a case of air-tempera

ture rise of 50 c/hour ( -240 C to -4 0 C) , ice sheet of 60 cm, snow cove" 

of 13 cm. We have many difficulties or obscurities in analyzing field 

data, so 1 expect the proceedings of your SymposIum would help me in 

this field. I intended to introduce an ice-control practice by air bubbles 

released at the water depth of 25 m using a rotary air compressor 

installed for steel frame intake tOV\ers in tv..o reservoirs by the Hokkaido 

Development Bureau . in my declined paper on agenda. These \.\ere w ell 

operated since 1970 after two years tests (1968-' 69). The compressor 

of 52.5 hand 5 m3/min. in air discharge vith a motor of 37 kw is too 

much in capacity, so they may intermittently be operated. This apparatus 

was contrived to keep steel frames from damages by the heavy weight of 

lumps of ice adhered to steel frames after gradual falling of the water 

level of the reservoir in winter. 

However the idea of this method is not original and I myself have 

inspected dams with air-bubbles blowers in U.S.A. in 1950' s and know 

examples in the other countries. 
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APPLICATION OF PULSE WATER JETS AND VORTEX 

FUNNELS FOR THE DISCHARGE OF SURFACE ICE 

AND FRAZIL THROUGH HYDRAULIC STRUCTURES 

V.V.Fokeev. Prof. D. Sc. (Eng.) The Soviet Trade Ins titute Leningrad 

named for F. Engels U.S.S.R. 

The research conducted by us jointly with the Arcti c and Antarctic 

Research Institute and the H ydrodynamics Institute of the Siberian Branch 

of the U.S.S.R. A cademy of Science showed tha t s urface ice of over 

1 m thickness fails rather quickly under the action of pulse water jets. 

The ice cover broken and weakened in such a manner freely passes 

throug h river channel contrac tions, unfinis hed dam bloeks and bottom 

outlets [R. 1) . When vortex productor panels are placed upstream from 

the bottom outlets the broaken ice will freely pass through specially 

produced pel'manent vortex funnels. Quick circular motion is imparted 

to ice floes of limited size on 'entering the vortex funne l; as a result 

they are further broken and transported downstream through the bottom 

outlet without touching its walls. 

In using p..use water jets and vortex funnels to discharge ice 

through hydraulic structures it is expedient to specially consider the 

parameters of ice passage spans of dams and of the ice discharge 

front, particularly, when bottom outlets are provided. 

At derivation and pumped-storage h ydroelectric plants fragmented 

and frazil ice can be passed through the h ydraul ic turbines with the 

aid of vortex funnels, mats and floes of frazil being broken after enter

ing the funnel, and do not accumulate at the trash racks, 

Such an approach to controllirg frazil and fragmented ice does 

not envolve the use of ' additional VIflter for th e discharge of frazil and 
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dlspenses with the ,need in special structures for the passage and accu

mulation of frazil. 

During a study into the vortex-type flow on a dam model a perrna

nent vortex funnel was obtained. 

A plate (which we termed a vortex productor panel) obstructed 

the forward flow and caused the formation of a vortex funnel. 'The specI

fic features of motion in the funnel modify the free surface and clrcula

tion patterns. etc. 

To evaluate the flow velocity measurements "",re periormed both 

In the funnel and upstream from it. The data recorded were used to. 

plot velocity distribution curves showing the fluid velocity in vortex 

funnels to increase both when approaching the center line, and with 

the depth. 

The. central portion of the funnel (the so-called "core'~ free from 

the fluid has a non-uniform section diminishing downward. 

The fluid velocity ( V , m/sec) in the vortex funnel is given by 

the forrrula 

where is the water discharge , m3/sec ; 

r distance from the axis of the funnel 10 the potri 

considered, m·, 
l - the vertical coordinate of the point considered, m; 

Vo - velocity of the flow approaching the vortex productor 

panel, m/sec; 

A - coefficient including the velocity increment across 

the flow depth; 

B - width of the vortex panel, m 

herein ~ . is the width of the flow; 

ah drop 1n the water stage level in front of the trash 

rack, ml 

H ~ flow depth at the entrance, m', 
k,1i - coefficients governed by the apprCl6Ch velocity [R. 1J. 
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The increased flow velocities in the funnel make it eminently 

suitable for combatting frazil and ice troubles at hydroelectric plants. 

The method described does not call for electric heating of the 

trash rack, and ensureS steady operation of the hydraulic turbines at 

constant pressures (R. 2) • 

The design of the vortex productors is both simple and econo

mica! Flat rectangular plates, i.e. vortex productors are mounted at 

right angles to the Oow in front of the trash racks. Large vortex funnels 

sometimes extending throughout the total depth of the flow form beyond 

them. A single vortex productor is provided in forebays with vertical 

walls and one penstock. In forebays with a dividing pier either two 

plates are to be installed, one in each chamber, or a single T -shaped 

vortex productor that generates two funnels rotating in opposite direc

tions is mounted at the dividing pier. The above device is utilized with 

sloping forebay walls. 

The 20-year experience obtained at the Verkhne-Varzob hydro

power plant Indicates that the vortex funnels exerted a marked favour

able effect on winter operation conditions. 

The Burdzharskaya hydroelectric plant was equipped with vortex 

productors in 1952. Since then frazil has been every year passed 

through the turbines by. means of funnels. 

Two vortex funnels for the discharge of fragmented and frazil ice 

through the turbines are envisaged at the Kiev pumped-storage plant. 

With this aim in view two 6 m wide and 14.25 m high vortex productor 

panels are to be assembled and attached to the vertical reinforced 

concrete channel walls by hinges. The panels revolving on a vertical 

axis will be controlled by a screw mechanizm. In summer the device 

wtlI not obstruct the flow .being stored in a specially designed recess. 

Comparison of the potential economic effect of the various ice 

control measureS at the Kiev pumped storage plant proved the dis

charge of fine-fragmented ice and frazil through the turbine units to be 

simplest, most effective and convenient in operation [R. 3]. 
Tests conducted at the head structures of the Dzaudzhikau power 

plant revealed the feasibility of using vortex funnels for passing logs 

through dam bottom outlets. 
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