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T‘hc mnmih rnumm pcnod of k;w Itmpcmtwt that mu;h of Earth § %u!iul‘_‘ ‘
experences produces- pnmli of toeal frpumvf mans rwumi bodies of water
The resulting we can nnom%y mn:adc the uutzzam of m.eg and nivery for -
POWET FENCTALION. TANSPOCLANION. waler supply . samitany purposes, eto Rncr‘"._.
- ice can mucspa.uﬂv senaus probiems through the damage (tdoes (o hydraubic
o structures and, riversade facilives. by the Nooding that often accompanies ice

. and By iripeding winter navigalion Enginecring problems associated with

the Mmc!" rq:mc of nvery have been treated by field énganeers and. hbcmlmn 4

i resarfhcﬂ for many vears Hcmtwcr t&m efforts have been hrzci‘ss dxreutd 4

tmnrd &*ml of ad bac solutions for speufx probikems, and have tended -

. : ‘:_m_he sporadac w mm mmwﬂxwed “The rapedly increasing demands

‘;'fj_u!, upon. i;anh s wwm resources in recent years and the attendant. need - -
'.;’.fuﬂ» W uﬂ!uc mm TESOUTTES hmc been mag\mhk {or an. m&mwd level

: . of research into mnu&y all | upesu of the h»dmkn cycke. :mluckm the .,

C s mmmdfm 'f»wmm;qumhkpu&cu m%qxunw i* Wﬁ ‘

w inter .hehum of ﬁ»m an;i hlku 1t was aguny (s background that they
: ",'*set iwafﬂwk&tﬁﬂv OMmIeC ‘ust
»elnpmen! of river- Ke
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part of Whoke by nver e, the (ommuttee conchnted (hat (he faghest researlh
prlmnu}'i shouk! be asdigned 10 the following topics (1 Formation - processes
of nver we (1) we pms 4 we forces. and (4) heat exchange proxesses and
the effexts of 'hﬂ"nﬂi ennchment  Fach of these. problem areas 18 ¢ vamined
i the 1 »Uvmng sechons  The report concludes with s discussion of other river xe
probiems why(h were also judged o warrant the sitention of researchers and
nver engineers This report emphasizes the hydraulc aspects of river we
problems 1 cmph_asu perhaps tends 1o obscure the ‘nmpiu nterrelationships
that cxist hetween the hydraubics of we laden nvers and the hydrology of river
systems submted to "etnng River 1€ 1s anf/aspect of the hyvdrologx cvcle,

and hence is dependent on Climatic and phy ogtipha conditions. and sensitive

1o many haghly vanable faitors The particular native of an we occurrence
1< the result of the hydrologac mput to & given wmcrshcd subjected 1o g Certan

succession of chmatc events b3 : _ .
me?uicf-l-mm-hf e f Oy ®
R}'nt'f we forms: ahrr sufficent heat has b«n m:m erred. pnnu;\ﬁ!y to !be_'

; atmssphcrt 1o reduce the water temperature 10 (% U (or msj'z'w below . 10" the
case of aupcrguuhnga I{ 15 immediately evident that all three modes of heat
transfer. 1 e . convection. conduction. and radiabion. can ﬂla\ a significant role
in the provess However, the detauls of the several heat transfer mechanisms
involved, the physical and Chemucal processes that come into play in the evolution
of e covers dunng dinter seasons. and the bre;kup or meltus@Bof the e
hﬁiomm the onset of h:;hﬂ ur temperatures are only mperfe‘.:h understood
and formulated The major smmbi:m blocks encountered in analy 7ing the problem

 are formulation of the turbulent transfer of heat. between the nyver flow and -~
both the ice cover and the river bottom. and from the e 10 the atmosphere

the pmblem i§ unpmmded of course. by the compleunes of the dvnamics
of the water movement below and the air movement above the e, and by

the extreme temporal and spatial variabilities of the wr velocity and temperature,. - /.
During its life. ice undergoes important physical-chemucal. changes, due o
~ enlargement of grain boundanes. which radically affect its strength and hence

 also the ume and mode of brct.kwp. the undrnund:m of lbcsr evolutionary
' changes cannot be regarded as adequate Gr e
The major problems assocated with the iitial formation of nver ice are
prediction of the date of fmzmp»qummme description” of the formation.

7 ‘evolution. and dupocm of frazil «e . and analytical formulation of the processes

_ of formation and accumulaton of surface e - _

'_Mdlhb‘hdhtuqﬂm-»mﬂfmtwm
wmchtstotfnmdmmdthrdmeofﬂdmmcfuﬂwdm-
mthedutaffmtcmnpkteucccma Mtomdﬂ}xmdwf‘

‘breakup In the first approach the predictor is based on the results of - statistical
analysis of past records. The statistical tools are at hand. the hustoncal records
are usually readily avalable. st least for populated areas. uldmmkhu
-mndamlnmw:nwmemmoﬂhemm mmdmm

"._:qumcukt‘l\v Mm:ndeMwMMNm :

| sﬂ\\ﬁ play a role, as. for exampie. in planning cargo movements which can

__uke p&ut onh unclﬁ opeﬂ waxer smdmms The second” mh mvo!ves
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4 heat budget anal sis and 18 most reley ant (o short-range forecasts Thetanaly sis
_wombenes theoretnalls and . empincally determined heat ransfer rates . with
meteorohgical forevasts of wr temperaiwe and humadity | cloud cover . wind

speed and directon . and hydroiogcal prediction of river-siage and discharge -

The results are short range predicuions (of the ordér of davs or 3 most. weeks!
of the dates of cntal changes in we covers & The réliability of any pradiction
based on this method 5. of cougse. mo hettér than the accurscy of the
meteorological and Nyvdrokogical forecasts utiized  Therefore 3 major obstacle
to. the development of improved predictor methads. 3 the iack of suffn:rmh
acvuraie weather predunm and current research directed toward impros ng
weather forecasts s of central m;mnmc to devciopmm of refined predictory
 for e occurrence and behavior A contunued effort s aiso required 1o improve
Heat-transfer cakkulatbions inwluded in predictor methods. and o »scmbk an
adequate data hase. op which fo prepare WWM“W curves,
Finadlyv & fuller tnderstanding of, the evolunon of the mechanical propertes.
of e s essenual (0 accurate predictions of breakup ;

Frazil loe.— Frazil i3 we which is suspended in the flow in the form of small
crystals, supercon(u!.d the water i1s cssentmal 10 its formanon (1)) Franl crvstals
will wf:cﬂ 3 e, Noat to the surface. and freeze together 10 itiate the
, uwa Under conditons mm for its formaton. it

apwmmchdnmmmm and. can even
; ﬂou;mwgumudwmexuwﬂnuﬂm Frn.nl
may .uso biock water intakes by. agglomerating va submerged surfaces Pna;m
methods for . smmiﬂfmnimminmmummw
 the flow 1o melt frazil that has already fordfid. or to prevent the hqusd water
from supercooling. Whie certamn general pnnciples concermung frazil {ormaton
are undersiood thtwvdy (27.36), the processes of the il {ormanon.
evolution, and subsequent disposition of frazil xe are only mcompietely under-
stood on s quantitative basis. and deficiencaes in the present state of know ledge

- are severely hindenng development of rabonal design methods for avosdance

of allevianen of frazik-we problems A need cxists foc a me!ﬂit investga- -
on of franl we, entasing analytical, hbnnmr) and fiekd investygations | :
L Mdﬂ-ﬁh —The process of mutal {ormabon of we on a

- nver surface ocgury more often by accumulition of xe fragments than by growth

- of anchored crystals into the flow. ' At low velocibes the accumulation s gcoeraily
only one fragment thick. and subsequent thickening is by growth into the meit
At mtermediate velovibes the w}cnmmn of the uuumulaxad {ragments 1s often
random . gving a jumbled appearance (o the cover. whike at higher ek ites

the fragments are swepl under the. downstream we and.the upsiream end of
the cover cither does mﬁ&awu upsiream or forms :n a very mrguhr manner. .

Earfy attempts (0 establish cntena for the accumaiation of e were cxprcued

inf terms of a mean Sow velocity. above which the f nts woukd be swept

. under the MAM,&OV?I and the fm;mcmad cover woukd N propagate u]ntre;m
- More recenthy cntepa for the upsiream pnwtuwc of an e cover by accumuls .
',..gmn have been denved on the basis of reriwal sinking (W) of underturning
- 12,35 as the mode's of submergence of an amving Bock, and have been expressed
i terms of the approach flow Froude number The submergence of o v sl
-} fioes beneath the leading edtc of & stahonary e covér now s reasonably _
weii un&mmd the mn.tum:.; of a-.mmuhum of the mbmer'ed beneath

L
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the cover and the evolution of accumulatons until they are several blocks thick
have not been fully clucwdated, but research efforts are underway 1o clanfy
" this aspect of the problem. whih s related directly 1o another imporiant
phenomenon . 1 ¢ . the formation of e jams : .
Iy shoukd also ‘be noted that understanding the mechanxs of acumuiaton
1s directly relevant to another aspect of we enginecering [t is>often desirable
1o accelerate the formanen of & complete e cpver. cither 10 stabilize the cover
against later movement or to reduce the rate/of heat Joss from the water and
consequent frazil formation This s accomgfished by reducing the velocity and
increasing the depth of the flow by megns .of downstream control urm.turcs
or by providing floating booms (o intiate {he accumulation.

A problem related (o the general subjecy of nver we formaton 1s the matter
of terminodogy and Classification of types of e formations A number of
Classificaton schemes have been proposed (20,.25). but they are not in compiete
agreement  Efforts shoukd conunue (o standardize terminology and to relate
ice types 1o the vanous modes of formanon and aceumulation - ,

s Jases .
There 1s a large body of literature on we jams, much of which has been
reviewed 10 the extensive annotated bibliography prepared by Bolsenga (7). .
However. most of the publications present only qualitative observations. and
there i1s a paucity of quantitative data on the condibons leading to formanon
of ice jams Nevertheless. the qualitative observations suggest certan lines of
attack to' be pursued in secking an improved understanding of the processes
of jamming. It is generally agreed that e jJams are initiated in nvers at obstructions
such as constnctions (see Fig. | as an exampie). abrupt changes in chanoel
slope or alinement. statonary we covers, etc. Only recently. however, have
\- attempts been madeé u" 17.30) to quantify the charactenstics of obstructions
which can cause ;amtmm Even these attempts have been confined prnmanly
to one-drmensional situations. and the results are .cncnlly expressed in terms
of the flow Froude number. Whilke it i1s generally observed that the lower hmut
of Froude numbers associated with jamming 1s in the range 0.06 to 009, u
1$-also known (19) that wce-transporting flows with higher Froude numbers do
not always jam. 1.¢.. some obstruchon must be present 1o mitiate and supporn

" the jam . Two approaches to the quanutative formulation of ice-jJam phenomena

. seem logcal in light of these observanons The first involves apphcabon to
- fragmented e covers of the pnnc:pks of continuum mechanics, including in

', the analyses the ‘constitutive properties of fragmented ice. in order to develop

‘predictors for the stress distribution . and the geometric configuration of,
ice jams The analytical model wouki have to be iwo-dimensional in the case
of strught channels and three-dimensional for curved or meandenng streams.

" The second approach is based on the study of sites which histoncally bave
expenienced recurring jams. to determine the hydrological and physiographxc
stream charactenstics that are associated with a high jamming potental In - -

~ fwedd investigalions, pnmcuht attention shouki be focused on the formative
uﬂnolwnnnu~forwbchmuemveryfewdeuﬂad observations, both

+ \ becawse of the precipitous nature of the ofsct of jamming. mdbecwscd \
thc difficulties of access dunng large movements of e, -
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The twy lines of investigation shoukl he coordinaied  the m'm"wwi providing

a !xmlwi within which (0 orgamze and ¢uam ne the pertinent | vanabies
w the frekd studses prm:dm. the dala necessary o v alidare the m.m;ns o

A related problem inherent in the preduction of the. time of mgumrmt of

AN W€ jAm. as, \ppo«d o ste prediction which mmuﬁ goal of ihe °
 alorementiondd studies. s understanding of the Sreakup process that supphes
. the.we whal forms Jownstream jams There are ‘wo main types of breakup
' mechancally dnven and thermally driven. both ‘tvpes shoukd be amenabie (0
analvsis. The e sheet can be treated as a plale subjected to erther hydraulic .
or thermal loading or 0 both The prncipal complications: foreseen are the.
duffscalt boundany support: conditions of the e cover, the vanabie nature of

the e strength. and the buckling that can occur wbcn an.ice slab fauls under

the actwn-of a load parallel 1o its plane - Determination of the effect an wce: |
; s:rvzmh of the dcwmvum’: of tht € cover. through the prmcsses of mdhm-

: Haa-i-mnwmmunw
o -uia‘romn; 1s-of cemnl ;Wlum“wo&bwup Wluk ms.caerdly
' ’,‘Mmmmmmmzdmnammm
."vthrenmm&mumfapmdmummenwhwhmm‘w
*jWMmamuumrpmwwhmmm It is bebevied
. Kfm;mmuwhmummfwmmmthmuﬂ
- thmdmmmwywmmm!um
awmwtsofmmuuweun(mmmemdcﬁmmmew«
Oeuummhufm.uuoﬂm_ _ *"amm
. to induce its breakup. Vanous measures, ing blasting. cutting of rebef
'-mwdmcq;mmmwwwmm
mehupmcm m\rebeenundwtthmmmdm While such’
~*mmwmmm memmmdum
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1% for an umk'rs:andmg of the formaton provesses so that measures mu be
Ctlken (o prt\rnt jamming : : .

Jamming can alsod result from . massive prostucthion: of {ranl ice  Jams of thxs
type commonly form downstream from open water aréas st channel obstntions
of af points where thefe s a decrease in channel slope (e g . at the entrance
to u reservourt While gcmra}h assoviated with the carly winter formation ptrmd

. frxzd jams do sometimes occur at other times. dunng the winter season Resu
of research efforts outlined pre\muv.h 1 the section on frazl e are required "\
to understand and allesiate the gundmnns under which. jams of fnnl ocgur

¥
r

: Tt 18 well known that the forces uhuh 1ce €xerts on structures’ and shorel Ines
can, be enormous ‘and often pmdmt ntcnsnf éamage ﬂw gcncra.l design

M l—ulmmummm

'.techmqre umd o msun ﬂw mukc su'ucmzﬂ ptks sbiutmrnts :h:p hulls.
etc., will not fnl under ice Mxm is to provide them with sufﬁclcm ngth
© that the ice luis first Somqmﬂ however. resisting the full magn of
", the expected ice forces is not practical and. alternate means are felied upon; =
. eg. we booms (see Fﬂ 1) can be dc;n;ned fo l’tﬁmu‘f tmul the force in
. the boom reaches a certain level, whereupon elements of the boom submerge :
“to dllow’ passage of some ice Over the hoom A problem related o the boom
- problem i3 the analysis and prediction of the stress distnbutions in a fragmented
ke cover. Thes Istier srea has importance - also An the undenmtdxm o( lhc
"fml exerted on. vessels moving through brash- nce Covers, < :
 Inthe !oﬂamn. &ucunm ice forces are classified as thmc cxeﬂcdby ﬂmm;
acc Ml mou pmduced by frn;mentad cce uccumnhnom lnd ﬂmﬁy Ke
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