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Bacsomoumo

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.

LT

L

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
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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
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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

F

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

> g i
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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. : :
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mig(mmdlhmﬁudlhtmtmmmmrum
per unit area in the t-v plane, is f

5 P’ . L2 2

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

Yz v ' : ‘ ey . T

v (n:):,.,,ﬁo'g[(!—‘ ~):~;]H; picosi® +a) . . .. .. 7 s KN
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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 ‘
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consideration oF the ummuuwﬂ we movement if the arriving floes are envisioned
as merely increasing the leagth of the cq{g:hb,rmm reach It is then apparént >
that the upstream end of the jam will mave with gonstant velocty . provided ﬁ
the e discharge reaching the jam also is constant. and the volume of “ice . |
contamed in the jam upstream from the point where the equilibrium thickness
~ has just been reachedt remains constapt. The' jam and flow then appear steady

in a coordinate system moving upstream with speed equal to that of the jam
fromt. V_ In thi<’ case. the time derivatives in the continunty and momentum
relations. Egs 17 and IR can be replaced By

‘v‘ E, > d Al F 2 ., . V g
e " Y e A . i : 419
ol R £ : . . : . ¢ ;

' .\ . . ) % @ B :
inwhich' v = ¢« V. T = the nem streamwise coordimate. Utilizaton of

FEq 19.n Eqv 17 and 1R elimination between the resufting two equations of
the last two terms in cach. and normahzation by pgh of the expression so

obtained. results in ~
> m VY dn : " S
- (I - — 3§ - 8§ =@ . ; . 5. X
P d( ; gh dx’ : o %

in which V' = VsV =q/h+ V¥ andS = (s, + v,)/ pgh. Eq. 2
is the continuity-momemtum relation for the flow beneath the ice cover in a
coordinate system moving upstream with velocity V_ For 1 = 0. Eq. 20 reduces
to the classical equation of gradually varied flow.

The smullancowu!nm of the equations expressing the force halance n ‘
the jam. Eq 4, and the continuity-mementum equation for the flow. Eq. 20, =
~yields h and 1 ah a function of x' for a quasi-steady jam. Before this can
be accomplished. however. it is necessary to oblam an eupressm for V_and
formulate the lx)undary conditions ' :

: Md't WW“MMJ-.WV
of h and :.pitpm Boundary Condition on 1.—As the jam front moves
1+ upstreamea—wgnificant quantity of water is stored in the backwater profile.
. which propagatés upstream as a monotonic wave. and under the lengthening
- jam. As a result. the actyal hquid dischu' (measured in fixed coordinates)
“under the ice and downstream from the jam is reduced. This effect has been
~ observed in natural ice jams by Bojurnas (3) and Larsen (9). Tbereduceddncha' i
~ must be used in cdcula:mg the shear stms acnn' on thc pm T4 and the.
_ energy gradient. S ¢ ~
 Determination aj V. —For a quasrsludy jam. conservation of the vokm\e :
of ice moved dowmlream by thc flow 18 uprc“ed by . ‘

'*q +C :q**'(' HV*Vl,‘,, O T ,,(Zli '_‘.“;

mwh;ch asshownm Fig. 3. q,und(‘ = thttcedm;mwmt
“and suface concentration far upstream. where the flow is uniform at its normal
depth. 1, = the floe mackmss and g. = the ice discharge in moving coordinates
ACross any section. including. that at the leading: edge of the jam.  Another
expression for g may be obtained by noting that after ethbnwn t‘uckms ;
18 reached. ice accumulatex in the m at the fo!iomu rate : i
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in which r,; = the equilibrium thickness of the jam Eqgs 21 and 22 yield iy

TSR, | o ofn . NG '1233_
R f‘«ai puf:(" IR ) ;
Dﬂrmmmmn of g -i{ the dtﬁé} !hmuch !hc e 18 m‘:cted the llm!s
hqusad:\chafpe in the moving coordinat sys'em q.

q«««xoxmaxh ‘ oy ,-_.__.,s.(IA;
The discharge in fived coordintates obtained from Eq 24 is - S
q»d o, k= ,,o'\__,n’h m : LA a4 R ‘625)

" Determunation of 1 and h .-—Almg thé equilibrium reach. n mh ar, +
= 0, the force equilibrium rclatm Eq. 13. reduces 10 a quadratic equsum '
for 1. for which the physically meamng!ul soiutm I8 o

L == NPT~ dac : ' : Gy : ol S
1, = i L e e L L N
: 2% : . : : . .
e wtm-h a. b and ¢ are dcﬁneﬂ by qu 14. 15, and 16, respcctwdy ﬂd_ s
1, = t_/h, The shear stress. 7,. appemumhq Mmbeomned(m. i
ﬂae l')ac» Wc:stnch relation as : Gl
f‘ q} ; : e R T
S IR . e TR E IR
:’ gh' ; b ' ‘. ; z : . : 7
~in which f. = the fri&tk@n facfog related to the hottom of the ice cover Over =
_ the equilibrium reach. ih which 41 /ax and ah 'ax = 0. the of the energy
grade line must be close or equal to that of the channd m continuaty-mome ntym
rdauon Eq 20. then reduces to ~ ‘ , _ ST R
- il - q: . 4 : b ; ‘- : '-‘ = iy ‘-c ,‘
s';sg“fm o sl R S o R
Tl ®ehl h‘u Rl I Ry o

. m which h zh 'h, zthemmﬂdﬂoudepthmthcmﬁbnmwnh /*
munkngwn qummmm&qs 23.25.%. and e V,_.q. 1 ;and b [
~ Substitution of Eq. 27 into Eq. 26 gives an expression for f_ as a. ﬁmctm {
 of h Using thys exBression for 1, ial-'a 23 gives V_ as a function of hwhich, |
- when \Mﬂt&lcd m!‘}zin poc. © g:m quu\ Fmaﬂy mtmdwm q(k} Mo Eq 1

: , =43

J

f

>

e deds

ek f*f-' D LRl : ;
il qu : e TN T : v '
5 wb~~ Y~ Tceh_ o | s
in which m = ———— - ,mr
P h, {5 o
€S, k 1;, :
and e = .--Ii.—g—--—-— \ ‘3"’
Il-fi ’0 kl . N
,7 i
. 1 ;



Eq 29 was solved numencally fm h_ using wms eration tedwr o

(111 The determsnation of q. md\ mmmnwmmm
from Egs. 25, 26, and 23. mnvﬂ»

- Lpnmm&nfmmr_m“m;m&m
‘end of an K¢ jJam are moving downstream with the surface velocity of the
stream in front of the e cover, 'V The leading edge thickness of the jam
musmacmmmmwmwammﬂm The equation
ewsmthsdymomdmmn .

P a(Vo+V)=lo 1) &t ¥=0 . EHSR G e
in which. from Eq 2%
; &>V, (h,~ W) ; ‘
V, = gt PRSI % P
. H ‘ 2 :

n which H = hi®h -~ (p’' /p) ) = &hc flow depth tmdmd\vmm-l
from the jam. Note that at the wpstream end of the cover. 1° = 0. Mow
tepth is treated as chmpm abruptly from H- MO&

‘ anu_amquc_m

CMM—T&W“ mmdm&mnmm“
washmcﬂedmlhtfoﬁowu‘ny Egs nwmew‘dmm
terms jn moving ooordrm(e«m ‘respectively

dt, 1 : ; : - :
,---r——(¢¢hr~ct) A ST Sy oy ; .3
dx’ g ; : ;
dh
and , —.
? dx, :
= 2 & s N v -
s F,q,‘ : I,)(j V o~V _AYF ‘;L(ﬂr,, )h‘
i z. .:c- - * ; ? J 8 . o p dl:. #

W1+ VL yE | (JS)
'mwhch(-' -V /\T-mmmammm h o=
RNV =V h,;q,mﬁx = x'/h,. The quantity, dt_/dx., -m
from Eq. nbymd&uummm x, ., then

} " wummmmmm& M by division 10 obtain a

fma&nﬁmdﬂaﬂdmuﬁh and 1,. This relation was
‘mamymmmmwmﬂ The
mmﬂmnm“dn‘hmedﬁhmm
xzx = 1. in which dr, /dx, and dh /dx, =0. The difficulties that
arise f mma*,/a (ﬁﬁodh* o
.wenby %umthmdtMsw
The integration proceeded upstream to the point where {, = #(0) / h, obtained

from Eqs. 32 and 33. After the numerical relation between {, and A, was obtained,
it was a straightforward calculation 1o determine x| anhdndl,b-u L

34 mmmu,uum-—unmwf

o ¢ -
3 &

v o



2. with mxﬂgma« concentration,

wgﬁ’lﬂ_epwr wmmh a‘-wmammmw‘

artung from dr being rero at = 1 ~depth, b could then be
calCulated at a fnni‘;!m of v2from the immn relaton Mmﬂ h_and 1t
- A computer WW!N&WMLMM”MM
by the first writer and 1s described by him in considerable detasl.
Mastrative Results. — An Mustrative set of results 1 mm n Figs. ‘-w
formwduﬂdk C...€ . and the following channel. flow ' and ice
properties. W = :mon cmu mi: § = 00N q. = N \thnc (187
mt o h, rh"!ll‘ﬁ‘m;?’ = QM ], 002 f=01:C =1 psl 97
kg mha_ =t h, =00% andp - 04 Fig 4wmmmum
profiles extending ;kmmfn‘a;m 10 e point where 1= 0991 For the previous
conditions and those i Fig. 4 it was found that the 1, profiles ‘are practically

independent'of (. over the range. 0.4 ,""" €., < 0K the differences m

.

ARG O—WwﬁcldehWEWM :

: ‘dWMqu(‘ t,.-ul(‘

nmmwj.mummd: chmFglwtmuMpmdeﬁdt lt
".summwymmdc . as can be seen in Fig. 5.'in whuch the
S A wmmpmmaq‘zsnmm The nondependence of 1 on

& 1. of course. acmmd!hcuum:ﬁywmmcsmw"

h);ml Mshesmt&eqmlﬂmmmxh\m‘hﬁndgnn&nmdr
on C, from the decrease of g (in fined © es), and thus also of

he j"mmwmv
L Fig S also shows 'V calculated from Eq. 23. Av i—,‘mwﬁtkh\
-uadﬁmhddcm the rate at which ice reaches the upstream end of
: wmmmmmmmwmmm
- of V_on C_, The normalized length of the nonuniform reach, x_ = x_ /h..
,_mmmwwmmm.nmmmmim

" as.unhke 1, . umﬂymmt ncmbewan": ladﬁkbo
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included i Fig 6 ¢ ¥ the volume of xr normalized by Al per umit width
of ;WLmnedmdnmmwmfrm1 mwhach 1 = 099 ¢ )
‘This volume ,was obtained By numercal integration of the m p‘iﬁt
multiphed by (1 - p i to account for the porosity of the jam. using the trape zosdal
rule The guantity ¥ depends. of course sm:heummmm‘

the jam profie
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FIG. 7.—Varistion of h_ sand H_with C_for Two Vahses of &, and C_, (Note h,,
is Practically independent of & ) :

, mequdibmmﬁowdqth h, . shown in Fig. 7. varies with both C__ and
T mfnxdmmmmsfmﬂu!mtbnuv increases

wnhmmumc the discharge (measured jo fixed coordinates) under the
ice decreases. u!dt!uuwuhodoesh NWMMM
inC_reducing f_ mmunmmv mswillm

»

&
il



-1378 ~  SEPTEMBER 1978 Qrd
‘z,.wallmm reduction in the dncharge beneath the we. and therefore
asho m b, Fg Tabopves H, = H/h as a tusction.of k. C,,. and C,
mennmmuh-chﬂ was Calculated Mmdmum

force halance and the flow wrthtmmthémmm
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A, =2 ,,.‘suwhchh = h_. 10 the poini where f_ satisfies the boundary
'cmewwdbyﬁqs 32:«’33 nndfmcasdeutmdthcm



Y9 RIVER ICE JAMS R 2o
equation of the Mow . it s clear that H_ depends on A the flow depth profile
over the nonunform reach (whach is a fusction of &, . C_, . and the parameters
descritang the flow and channel), and the quantiies that determune the upstream
theckness. 1 (03 It is apparent that H_. ke h_ . will be heavily dependent
on f, f, - ‘
Ahqrheh.ckm reach leading 10
and e discharge. ¢, . measured n fixed .
values C_ and g_ far upstream and C q, & x m&hwhu
mnnnoumwmmmw It is of imterest 10 calculate
thxt»mcmm&sMpnmmdz&p-mm“dn
of the varations ¢ and C_ undergo along the approach reach In moving

coordinates the e discharge is constant and ‘}

; q e
q'-QOClV,QtC!(-;*V) : PSS £
mnwmmm:mmq Eq"i ynelés

W eV '
C.wC,_ S i N :ﬁi.??)
v, s 2 2 i
u . q ‘
: . - | "';‘“v- & ’ '7
m 2 3 t" - cl‘.""!‘ | ) ; RS - O r s i - {m
: il "”.‘3‘, : : :
k' . 3

The values of C qut&meﬁdtﬁemf -Hq_ mvdy
meynpbamhﬂhHqus 37 and 3R The resaults of thes
calculation aré shown in Fig 8. where it is seen that q_/q, < | due to the
storage of liquad water and, therefore. also of ice in the approach reach. On
the other hand. C_ /C_ > 1. mmmdeu,

Mwmmum :
The himiting value for C, ﬂhﬂmummﬂu“um
and it is doubtful that for wregularty shaped floes C, mwmm
0809 Larger values can occur only if the floes ““shelve.” i.c.. overnide one
another Perhaps in reality C, modybﬁtmhoddmm :
ammummmedup‘
evolution 10 the extent that C, Mnmmhamm
’Wknﬂmmy

>

.-m'm

mr««mmuuuuumum

equations derived previously in Eqs. 13, 17, and 18 are generally valid, but

solutions were developed only for the equulibnum quasi-steady case. During
the time the jam is evolving 10 equilibrium the governing equations canmot
nw»mr«a“mmuuamw
’mum»mmwn-“mz :
mummdmmm”ﬁ““y S‘nud.



- of the jam up 0

there 1+ no generally vabd downstream houndars conditions as there 1 in the
guase-steady vtuation Instead. the downstream condition i dictated by the
nature of the local obstacle that itates the am Simidarty’ it 1 not altogether
Clear what itial condition should be emploved  In reality . most s likely
start as a single layer of arrested floes. But the previously developed formulation
is ot apphicable until the accumulation acts as a continuum. ie . until the

“embacie 18 several Nocs thick. In any event. it s doubtful that the cffort required

1o otan a general analyhical descnphion would be justified. since the evolutionary’
stage i of refatively short duration. and n view of the limited applicability
of the formulaton unti mgpmhmthuwndwec-uy It s fairty easy.
however. mewfmatmmMam
to atheve ity equilibrium thickness. and for its length. downstream thickness.
awratuﬁmm:{mmmm“mw ;
Time of Evelution to Equilibrium.—The ume required for a jam to reach
equiibrium thickness at its downstream end. T . will be estimated under the
assumption that the e discharge (in fived m; at the upstream end

of the jam vafies linearly-With time from it mitial valpe. g, . 10 its final value,
4. The volume of it in the jam when i aghieved. ¥_ kI, s
equal to the ice dipcharged across the section reached by the leading edge

of e mitmally n

reach of length 1 . Therefore

ot h; - . e i
4q. 1 . o :
mmﬁq wandmhrwlw? yldth ; e Firg :
> R e e
e t#..,w,C.,.,t.,a,..._.,,,..,,..J-wu- v W4
q‘ Q¢b :

.mwhwh; w:*’h mmmmmmnm gﬁnmm

Eq. %awuhhmphccdbyﬂ and x_ and ¥_ can be obtained from Fig.
6. The quantities. T mdfr* mgmn!’. Ontmnl(‘ for two
different values of C andl mmmmumwm
previously .

rmamdmmm duwmtmzm MM
ydocnymmm «Immmmwilbcm The profile
of an evolving embacie (one that has not reached cquilibrium thickness at its
downstream end) containing 4 volume of ¥_ h? of ice is the same as the profile

of the quasi-steady jam. that eventually will form. between its upstream end. o

1. = 0. and the station. x_(¥ ). upstiream from which it contains a volume.
¥ hi. of ice. Mnmndmmmw for the
m%md%mm&hmmdhgudm
Mduu&mm mmemmeM

e

- mvmunmmwm pﬁp&evdm -



end of the jam by the arnving floes. all of whach Jetermine jam profile . differ
somewhat between evolving and the equniibrium embuciey  Nevertheless. the
assumption appears 1o be adequatg for the purpose at hand. n view of the
relatively short ime occupred by the transient 10 the quasi-steady state (see
Fig. 91 Further. it will be assumed. as i csumating the tme. of evoluton
1o equilibrium. that the we discharge tin fixed smwdmakw ‘st the upsigeam
end of the embacle varies hinearly with ume - ‘

Using these assumptions the time. Ti¥ ) required fm a volume hof
ie 10 accumudate n the jam can be ubumed from

¢ ‘ \ ’ - -

' Ti¥ ) £ s : - 5 ;
R s | | g T i sl
¥ B = I a+C t,x W TR, L. i Y

n which alhmmwmofuxmndmm”wm
£, = cbaaux,mxt#)&ﬂml«‘rmid/

Wi

2

T O [e . ' 17 .
T(¥, )= -ﬁj - 4"[‘;‘",’ --2;-‘151(‘. I 6.h.-'-¥.bi»],_ } L. 43

.8
T . 2

u
I

The relation between ¥ and .x_. ?’m apphicBtion of Fq 43..was
obtained by ;mmm‘ the thickness. profile of the equilibrium embacie from.
its leading edge 10 ¥_(# ). This calculation i<"a part of the computer program
developed By the first writer ¢11). Examples.of Ih;n'h!mm given in F-..

10 for two profiles. one of nhc:m-s n Fig 4
Estimates of jam length and ream thickness as fmm of time are

obtained by (1) Selecting values ¥_/¥_ ancdtmmm the cmcxpmdm
values of x_/x, from mphsoflht !ype given in Fig. 10, buit ¢ '
tix;amun&rmtm (2) determining ¥ and x from the k
of ¥ _ and x_—the ¢, m‘gkmmined'i& the th'mwa ;

u:nd of the wn‘frnm the inphcal relation bet
‘example of which is given in Fig. 10, calculated fi
~This 1. demGied by 1,(T). :sﬂttestmdlhe

pn

; _conccmrauon h) means of ghtappmm we-C

i - ; 7 : / T“V‘ ‘ 3 t : \ 
. ﬁ*' & T | e 3 : . :
. V_‘(T‘-l_,(‘r_)h €1 = ‘p}'a _.L....._....:_.....ﬁ..__ e V‘r Cm l‘_ sisE e RN s b (44) G
% e * 5 i‘
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*I M 1, TRl - py-C 1
m which 1 (T s determuned m step 4 of the previously outlined proceéun

®

The analytical model of we jams developed heren has treated jamming as
a wellordered phenomenon It should be recalled that large natural jams are,
a1 best. chaotic dsorderly untidy affairs, as Fig. | and the photos presented
by the first wrter (11 attest. The results of the present or any other mathematical
mode! of we jams can be expected to predict only the global or general features
of jams -However, this frequently s the type of mformation needed by river
enginecrs confronted with actual or potential ice-jam problems. ‘

The analysis is based. 10 the extent possible. on generally applicable pnaccles
of mechanics. The most ténuous step of the analysis is the adoption of linear
relations between e thickness and shear and compressive strengths. Egs. 8
and 9. and thegexclusion of the effects of strain rate on cover strength. The:
stran-rate dependence of jammed e has some interesting M-tam for the
formation of embacles. The deformation rate of an arrested ice accumulation
FMU\!MMﬁ! near the upstream end of the jam and dimimsh 10 zero at
X, for quasi-steady jams. This suggests that & and C_ are not constant
Akm‘!hc;am However. the pre WMMM‘&IMM' :
of the strengths of f ice are not yet sufficiently well developed to -
justifs inclusion of the three strength coefficicnts as varnables in the analytical
mide]. hap«h and C_. and C. . the only undetermined quantities in the
analysis. be regarded as cu!ffM\ that must be determined from
relatively mmpm: data on natural and laboratory jams. Data of this type would
- e most wtktgfol the venfication of the present theory they would make

possible - as well as twmmdmmummhmtfm;
they mught provide.

m_ 3
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