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Introductory Remarks. —Ice jams {embacles) confront river cngineers with
a vanety of problems, including Mooding caused by blockage of channels. damage

1o structures. interference with navigation, and obstruction of diversion intakes.
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to mention but a few  An Army Corps of Engineers survey (4) places the reported
nationa! annual average loss due 1o ice jams during the feriod 19631973 &
S16.600. 000, and estimates the actual annual loss 10 be in the ity of
SRO_O000_000 Ice jamming is such a complex phenomenon. or 1o be more precise.
ensembie of phenomena. Mﬂnﬂ“mbfwaaxmﬁm'

~of an e jam Detailed descriptions of specific ice jams have been reported

by the Corps of Engineers (7). Frankensiein (5). and Frankenstein and Assur
(6). The writers (12) previously proposed a defimition which. with shight modifica-
tion, reads as follows An ice jam s an accumulation of ice on.a stream which

_mm«ex:mgumtimm the accumuiation generafly is initiated

by an obstruction whach may consist of arrested ice . a change in channe! alinement
of cToss section, aMmWMmﬁnm&: Fig | shows
Wm mmm:mmm ammp‘hm
mwﬁxﬂﬂmﬁawmhﬂnmwwﬁn&m
of a mathematcal mode! for the prediction and presentation of data on the
vekucnydmmmwmxmdm the streamwise distnbutions of flow *
depth and jam thackness. :nmwmscmm-mmm‘

-and:hctmmmd!mmdmmmmm steady)

conditions. the differential equations underlying the analysis developed in the
neuwcmm!hcmfmmfm{umfmm the
mammﬂmmmhmmmwm-

lhemn wrheummmmmhmwmnmm

RIS i /AP o

\uﬁe —-»Dmummmmml 9 Tocwtk‘&-.ucumﬂ.‘
a wntien request must be filed with the Editor of Publications. ASCE Thes
paper s part of the copynighted Jourmad of the Drvraon. Proceedings of the

Amencan Socsety of Civil Enganeers. Vol W2, mw 1976 Manuscrge
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"‘Comulting Hvdr Engr . ARCTEC. Inc, Co MM&M
Inst of Hydr Research, Univ dkvnhwa(’kyh?
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Reiatwom belween cover thickness and the compiessive and shear strengths
of fix.;:m;z fragmnted we covers are then introduced into the force and momentam
equations o obtain a set of sumultaneous equations which was solved aumencally
A farrly complete set_of results for a specific e ampie. s presented: graphcally
Genesis and Ebolution of lce Jamp. —In order 0 gan a befler appreCiaton

§F

- the several constiluent phenomena Zhﬂl?rtsu}t n e jamimag and further

’

G 1—&umdmmbmwnmi*n&
- o ‘ ek
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AG. z—wmmmmuumnm

insaght into the mechancs of jams, a rather compicte dcsuxpnon of the genesis
and evoluton of a typwal jam will be presented hereind The analyss will be
limsted to a umiform rectanguiar channel of very great depth (the large depth
-‘besng mcluded 10 permat the depth of flow plus the we lhodyut‘ss 10 ICTEase

indelimntely without the added comphication of overbank flogd). As noted pre-
viouslty - a jam 1s itiated when the downstream passage of ting e bejng
\ & ‘ A
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transported by a stream s impeded An obstacle 1o passage of subsequent floes
afriving at the section s produced. and the stage » set for development of
a jam . _
- The stabality of afmving ice blocks against submergence. which has been
"~ described and analvzed m detail by the writers (12). Ashion (1), and the first
writer (11), depends on the flow conditons and floe geometry. The blocks -
cwm&emmymmmtmm‘smeﬂdmm
t® form a “‘hanging dam."" or be transported farther downstream. either coming
mmuwmammumuy)m”mm
l\euMMmmewb’m

the wetted penimeter of the channel section along the reach occuped by the

arrested e As the jam lengthens and thickens. the magnitude of the flow
o it produces ncreases. In order for the hiquad discharge 10 pass bencath
the cover, the cross-sectional area avmiable to the flow is increased by the
e “floating up’’ to deepen the flow section and thereby reduce the velocity.
Morcover. the energy gradients just downstream and upstream from the evolving
jam are reduced due 1o the increased depth (compared 1o the normal depth)
slong these reaches of nomuniform flow. Thus the added resistance to flow
produced by the jam is compensated for by the diminished energy gradients
upstream and downstream from the cover and the energy dissipation rate of
the Tlow beneath the cover being reduced by the deepening of the flow. Note
that. as in"the case of an isolated bend in a long chanmel. there is no net
additional cnergy loss due to the presence of the jam. but, nlhuo-lyn
redistribution along the channel of the rate of energy dissipation.
th'dﬂowm&emuddthemmgﬂkm
- there decreases. the Frowde number at that section decreases and, thus. so
‘abhtkahhydﬂtﬂwmm“mmmp—ﬂ
the momentum of the arriving flogs. A depth is eventially reached above which
mmnmwmwwummmumm
wutummamwhmmmmm
and upstream propagation of the backwater profile resuits in storage of a significant
mumamwmwmmmm

and beneath the jam. : it

mmexmﬂfmaﬁiwﬂnuﬁeﬁmhm
mdmﬂdhmmuﬂhmmnm the

/

, mh#mduhtm nl!ﬂ
, ‘ memgnﬁwswm‘
mmmamuummmmmmwmm;;;
~Iisreasonable 10 expect that both the shear and normal strengths of the cover

‘will incréase as it thickens. Now as the length of the jam is increased by the

capture of newly arrived floes. the total streamwise external force applied 1
‘the jam Upstream from any section will cause the jam 10 thicken by ‘Tailure
or “‘collapse™ dmmmmmmmmdur.

individual floes] until its shear and compressive streagths become greal enough

towﬁzwndfm At large distances downsiream from the upstream
end of the jam. the cover will become sufficiently thick so that just the bank

m-ﬂ:mwmmwemm MandM
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and nO streamw e gradwent an the compressive force. mor therefore in the jam
thickness will be reguired Where they halance attans the embacie is sad 10
have reached s equiibrium thickness  Note that the jam still may be lengthening.
due 10 arrival of more we. and thackering 10 equilibrium along its nonumform
reach Over the downstream reach where the jam has attaned equihbrium tht
slope of the encrgy grade ling must he close or equal to that of the channel
Onge thejam has attaned its equihibrium thickness at some pornat. it subwequent™
des clopment 1 quasi-sicady | ie  when viewed in a coordinate system moving
upstream with velocrty equal to thal uf tht leading cdge. both the jam pmf& :
and the flow fickd appear steady’
The evolution of an embacle was' ¢ xamined mnaudy wrthout cmmdtm
of imitabons on its development. Generally . e will continue 1o accumulate
M a jam until the supply from upstream s evhausted Therefore if the volume
of we moving o the jammed reach and the distnibution of we-cover thickness
along s length aré known. the upstream extent of the jam from the obstacle.
‘ and the increase i river stage it will produce can be determuned. The analytical
! framework for ths calculation is déveloped later
Natural stream channcls generally do not have vertical sides and effectively
unbounded depth. but rathes are characterized by gently sloping banks.. Conse-
quently . as a jam evolves and the water depth increases. the ﬂou will ocCupy
a progressively wider channel. This gives the flow system an added degree-of -
freedom and segnificanthy comphcates the analysis of ice jams. In a severely
jammed river. uigmficant portions. of the hquid and ice discharges may occur
,-\mimk of the man chanhel. mthcm«ertuntm hacmpbltudm

v apecific jam. the cross sections of the Mu:ub ryer ¢ and vﬁcy
must be taken into considerabon, mdthumnw:wsw (hqudm'
..sndacem thcmoﬂnnkmwmnﬂedfm A further ¢ wation then

arises in the formulation of the force balance inthe jam. since the lateral constramt
condition 15 no fonger well defined. and the simplifications of a one-Jimensional -

analyses cunnot be employed The emum; analysis 15 limited 1o the one-dimen-

sional situation.

Mma‘rm&-s

Fuuw&mwm(mw(‘omadﬂmdeawm'
- of rectangular plan form taken from an e cover floating on a flowing stream,
as depicted i Fig 2. in which the coordinate axes and the notation adopted
for several of the guantities arsing in the analysis are defined ' The x-aws /
s paraliel 10, and 1& lateral faces of the yontrol volume are normal 10, the
phreatic surface in the cover Mnnrmalsm\m . anda.,andthtshw
stress. 7. i the wé are effective values averaged over lhe we cover thickness.
The m!cmal surface forces actually are tranmiitted by particle-1o-particle contact.
tu! the siresaes are palculated on the basis Bf the transmutted force divided
by the -entire m?faet area tand not just the’ witerparticle contact area) It »
: assumed that on.esu)\(pom! the : component of the weght of the cover is
supported by buoyanc muthsznnh there are no bending stresses in the
25 Cover, mfmcewmtmm\mm»eimmmm
: eumasndfnt\!htWMth-m a . which in turn plays
unﬂemdelcrm:mngt which will be considered later. : :



HYS -~ ' : 'mwm | ; 1369
mig(mmdlhmﬁudlhtmtmmmmrum
per unit area in the t-v plane, is f
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F.n[ui‘-—p)m+t,p]pg,\m40+m oo iey Y SRR RGPl .
» ‘ % '

.mmmo«as‘:udopeofﬂnmhspwv mdem
of liquid and frozen water. respectively. g = the mvuﬁﬁ : : and
p = the porosity hquana‘,the‘coﬂwwm‘dm“w r above
the phreatic surface 1o the buoyvant weight of thewbmerpduce
i - p!p gCos (8 + a) =1, () —»p)pgcmtei- @) e i - @
Substituting t,.ohtmmd.fmm Eq. 2. imo Eq. Ipvcs | i

. Ftpﬁl‘ﬂ(ﬂ*ﬂ) .\.' ..... ‘L.‘ S e L e . (33

Note from’Eq. ’xhauhcsiopeol:hewamsuimmdthfofmm
of the ice cover differ only by (p’ / pXat/ax). Lo
The balance of the forces depicted in Fig. 2:MpvmW3mm
the control volume in the :durecuon s exmssedby

A - a ' oMy, _ N
! —g ) - (e )~ 1,008 — —=] =p gtam(® fa)n.o . Sy
4 ax ay p ax : gt |
for a laterally uniform jem [i.c.. for the case (8/3¥X1. 1,) - Note that
the 1 components of the hydrostatic pressure forces acting on t of

.the control volume are themselves in balance. Before Eq. 4 can be integrated ;
to-obtain 1 as a function of x and time, nnmwywcxmsso‘.T,_ v i
and 1, asfuuctmo(t : s
MSmhsh mm—cmmmmm
dnmedmﬁ;"ukeq aﬂwm;fvmmtedmemm As the external
loads applied through v, and F_ afe increased. a point will be reached beyond
whchthestnmholthew reflected in the limiting values of o, and v
is inadequate 10 support the external loagir The cover then will fail. u
mnamolﬂxfmsem:ndmmthpmamemwm
occur until the internal surface forces are adequate 40 support the externally
applied loads. nmummmwn-emmnmmby
this process until its strength is- exceeded. i it will not be dependent on™
the loading until the onset of failure. The thickening of the cover will be resisted
- by gravitational forces reflected in the normal stress acting on x-y o W56
andhnlncohesnesmmhonh:mmckm which also depem
on o (as well as on several other quantities). Ascﬁordnﬂy us of interest -
tGeummea For: >0 G
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The average value of @ over the whole thickness o -
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. hvwall hc assumed that when the ice freld 1 .mdtmm hu!urc by d;\plumm

Cof :\c fragments rct.mwt to each other
; . i o n\ L y. ‘ ) X i e . %)

-

-
.md that the <hear strength can he c\pvcwcd n !he fofm of Coulomb’s law

”, w2 C @, »C1itr, e C.¥3» C : ' : L

-

inwhich h =a \xrt'u ratio-that 15 analgous 10 Rankine’ spa«snc stress coefficient ;
C =a shear stress meﬂmem C = the cohe<iné intercer * described by Lambe
and Whitman (8. and fr, 1y = the fathure valve of + Eq 9.n has
been assumed that the Iatcrai normal ‘stress. o . which gncs rise 1o the fncuon
womponent of the strength, s proportonal 1o o Further justification for the
adoption of Eqs & and 9 « given By the: first wirter (11) and Merino (10 -
Suffice it herewn 16 note that & and €, . and likely wso €. are strongly strain-rate
dependent for ice. The furst wucr s Wh expenimental results indicate that k,
varies inversely- with the mean hnear: mmprms‘ut strain rate from about l‘
for strain Yutes greater than roughly 2 10 se¢ ' to 100 at stran rates i
.the neighborhoodof 10 “sec ' Merino’ um» shur-ﬂrcngthc\penmentsm
4 vonsistent value of C, of about 2 psf 1976 kg m’) The coefficient. C_.

" on the other hand, was found by Merino (101 10 range from about 2-100 as

the. shear-strumn rate (hased on dn average we-fragmen dimension) was vaned
from about 0.01% sec 04 sec . and tends toward zero as the reciprocal

~of thé stran rte as the deformation rate was increased. However. these three

“coefficrents will be treated as constants in the present analysis, because the

. umkr\mmhng of thewr bd‘la\ W is inadequate o Justify greater refinement

. lsithe ussc of a straight presmatic channel. =. 1 uniformly distnbuted under

the a.e cover. The mternal stress. 1, however, vaties linearly across the stream.

m !hc v direction. This can be scen from Eq 4 when it is refmembered that

.md . are independent of v Th:rtfm ar,, @Y 1S constant at a hud“ " u
Sm‘xtm along the stream. Tu=0aty s 0 mg midplane of the channel) =

i which W = the width uf the: chuinnel. !u; mmmmrm of

fhe e accumulalion occurs at the banks -

hr:ww of a)muy Th:reforc T e . %8
’\ . ¥ G ) ; _ 2 g
g8 i ‘;“ B b e Nl e e o B eione n i !

WFW m-ﬁmmq !-?:qs .R.9 and

1o m Eq 4 carrying wt :he m?med évﬁmm and mrmaimm by
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- the Darcy chhmb fraaction factor related 10 the uwcam&d .md ‘9 = win ®
the gh,;nml wkbpc k_ndﬁ ‘u . ’

s = A ; . .
b m g e bl e 1 i Y
' TUE ' e
@ ‘\ ; : T, - . -
mwhwh g = —te— : ' : 4
§ 2k ¥ h ‘ '
- (‘
pas, -1
. W E :
B O i At o4 2 ¢ % {15)
o .
B o = . , SRR '
8 W - : :

Note that in [:q 14 n s a !unumn of dcpih of flow hcntaﬂLﬂ! cover, k ‘

- isee hg s demmmlm requires ami}\h of the flow bencath the M
as follow s

Gradually Varied lMMt*MI«C .-;!n this section
the unsteady momentum cquaition for nenuniform flow under an-ice cover is

deunved in order 1o determine the streamwise distributions of flow depth. mean

\chxm and shear stress under: the arrested we. From Fig 3 and Eq 2

i seen that the umumm matmn for the hqud flow ﬂmmyz and beneuh
the we cover n % »
W Rt "
1 'NT P r‘T S ) :
in which ¢ and 4, = the water dw..hil' N per umit width under the cover and
through the jammed we. h (x. Ti = theiflow depth bencath the cover. and

EXe. . ORI T an

T = time The momentum halance for the control volume of urit width bounded

h_x the wirmmhd and the hmm of the cover is expressed by

» N e . a ' :
t’ipgcpﬂ‘ﬂ*-smﬁ. ol'tzlo-:,imlg't—éf'cmi *‘yhs}, :

ox 2 ax

e a4 ' aq, : p M o

*mlp‘h!*‘—'—fpv k)*pV("“"’"*p*"'-‘*) 0 i TR s !l&! ‘
aT X Ax aT o

Note that in hq IK tht w‘ms has heen taken as pamlkl to the phm ﬂw ‘£ : ‘?:;;
which implies a << 8. :hcs restriction will he retained heremafter. as will the .

approximation cos 8 *~ | The first term on the left-hand vide of Eq. I8 arises

from the hmrmwxc presmre distributions acting on the control volume in the
stmumwcw dwegtion, while the third term on the left is the x component of

the force exerted by the weight of the e and its pore water, The last term

¥ e
oy

mlhtkﬂh&nd\ﬁkﬂfﬁqtﬂmmﬁmmmumnuxl *

hottom of the we cover.
After the jam reaches cqui!ibnnm thv:kne“ at nis dawnqmm md xﬂ W

s

£

‘edge will propagate Tm with cmmm vek:clh This cun be seen fmn ‘







