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cause water levels much hlghy
L RS ks
: events._ One oi the challéngesgz(

" —'; is predlctlon c?f"!the water S\UF@ cat

: . ’:," o = * }(&W
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o (o k\j
the exlstlng tfHeory concern&)@?-

?‘

Curretft :Lce Jam theor

.

computer program vhlctzr@{v‘__




i 3 o R ., e

ﬁ‘ The computer{model 1s applled to several hypothetlca

‘fprlsmatlc channels

!hceftalned 2?15 length 1s found\
Ato vary over the order<yai' - lOO stream w1dths. Héwever,

'the calculated lengths of the transmtlon reglons do not

a .
£ . . ’

':compare very well w1th those calculated ln two prev1ous

.

:studles, ‘the- reasons for thls are unknown. i I

3

The present computer model is also compared Fo the HEC 2

_water surface proflle model for real channel data._ 3ne 1ce
'.f e -

“gam thlckness 1? the latter case 1s calculated assumlng

-
t ’—~

éhéau111br1um theory is valld at every cross sectloh."fheh”\fll
1_result1ng proflles agree qulte well ‘in the approx1mately
55equ111br1um reach of the jam but the comparrson 1s ‘not’
TAextended fo the tran51tlon reglgns. '1'~?*“
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' CHAPTER 1: REVIEW OF ICE JAM PROCESSES

. Ll

: ;., : ‘ g ) ._ ._,:‘. _;‘.M | |
e o D L0 - 0 S .
It is only 1n fhe last twenty years that ice related S
_thenomena'have recelved much attentron in. Canada Thls, 1n ﬁjf;
“usplte of the fact that problems related to river 1ce have |
:;been 1dent1f1ed for at. least a century (eg Henshaw, 1887
'Barnes; 1928) “ One aspect of rlver 1ce behavzour that haS‘

caused severe damage in the past is the phenomenon of 1ce

']ammlng

Rlver 1ce‘3ams are a fact of llfe 1n the . cold reglons of
the World.‘ They can range 1n 51ze frdm an 1nnocuous .‘fh_jﬁ'”‘
_lodgement to a ma551ve barrage, they can cause/severe |
:floodlng when they are 1n pIace and the llberatlon of surges
5:and high veloc1ty flow when they release -

Increased use of flood plalns and the alteratlon of the
)natural flow reglme ln rlvers for hydro power,: R . |
‘é}ansportatlon, land reclamatlon and other pro:ects, has‘r
f‘empha51zed the need for’ greater understandlng of 1ce jam
_problems. Some of,&he questlons that arlse are:

a) ﬁhat are the condltlons necessary to form
2 b)'What are the mechanlcs of lce jam formatlon°

C)”What actlon can be taken to prevent the formatlon,

S ofadam?’ e



_d):How can a jam be released once v 1s 1ntplace°'¢
.,effWhat lS the maxlmum water level that can be caused
_1by a- }am° ;vri ; 4.v,"

; f)’What is the probablllty assoc1ated w1th 1ce jam
B eve:—uf:??\\\» |

. o ‘ , AP

o The answers to these questlons are. the subject of much

‘-:

V_of the research ‘that: has been done The maln objectlve is .

&

-‘to lntegrate lce Jam theory 1nto flood,hazard zone DR
: A
3dellneatlon to ald in flood plaln management and plannlngl

~ \\.

fAt present, 1ce jam effects af% often 1gnored in flood risk™.
:’assessments although 1t lS well establlshed that 1ce jam— .

: 1nduced flood levels can. be much hlgher at some locatlonSj -
'than evem rare- open water levels

o/

There are at least two approaches to 1ce jam related -

:fflood frequency analySLS The most dlrect is to 51mply

r

analyze all exlstlng hlstorlcal data and separate lce 1nduced‘
'from open water events. In-many sltuatlons, however, o
-:hlstorlcal data may be unavallable or 1nappropr1ate, such as-
b'when evaluatlng the effect of proposed changes to ‘a natural 4fﬁ
':rlver. A determlnlstlc approach, in whlch 1ce jam theory is
.used to establlsh water levels, must then be employed
Another problem lS the calculatlon of the water surface :

Jproflle produced~by an 1ce jam Whlle thlS a relatlvely
51mple matter under open water condltlons, the ice jam case,
"is not so sttalghtforward , It is toward the end of 1mprov1ng

3

analyses of thlS type that the present work is dlrected

~N



cause a local rlse 1m water level The rlse 1n water level 3 e

is caused partly by thelpresence of;,he rough ]am underSLde 7‘3‘
- and partly by the draft of the submerged 1ce "In F}gure 1 1 -
"a hypothetlcal proflle along an.lce jam is sketched showrng
the yarlous components of a jam -!‘xfﬁ*'i">“>-}=f_¢
A jam can form any tlme ice is present %n»a;river‘7ln o
the fall, as part of ‘the. freeze-upbprocess, ft w1ll be
' composed of frazll~slush or pans or perhaps the fragmented
'1reméins of a solld lce cover Wthh formed Upstream. Later 1ntrf

" ‘the season, a jam may form a part of the break up process

:'It Wlll then usually.be comp sed of SOlld 1ce fragments 'The‘

.’51ze of partlcles comp

[

ga Jamucan thereforelvarywoven_'
:several ofders 6f magnltude. from a dlmen51on of several

rlver u t11 they meet some obstructlon.. In the case of aj'
breaklu_ jam,_thls obstructlon lS often the und1sturbed solld
:_lce sh et. Other p0531b11t1es 1nclude 'arching pf the floes,*"

‘at a arrow sectlon of the channel oL obstacles llke 1slands,,-"

-

"shoa s, brldge prers and 1ce booms. An ice jam develops as'

the'floes accumulate upstream of thrs obstruction.y_,
“ . -

r,7 A jam experlences three forces 1n the streamwxse
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7 A

L;dlrectlon.f The flrs"‘%.'p
‘,welght of theq%am (tr\" 2
f‘well as the welght of b@g;f%; C |
.the §hear stress 1mposed on.the jam under51de by.. thelflow1ng

’water l‘The 3

;rd force lS applled at the upgfream end or
i

Séaa' of thé jam and may be a result of elther

e momentum'“r
\gw‘.. % - .

_ichange in the flow as. it accelerates under thls 'bTUnt'

\w. .

.l&eadlng edge or momentum of the 1ncom1ng floes (or as

Y
\

'tomblnatlon of the two) : These streamwlse forces arg '
' re51sted by frlCthD between the jam and the channel banks
' and by the obstructlon at the downstream end or 'tde'v

o, )" .
An 1ce jam must have some 1nternal strength to w1thstand

- the forces applled to lt | There are. two p0551ble mecﬁahlsmsbunﬂ
:vfor thls 1nternal strength and these determlne whether the
jam 1s of the"cold weather or warm weather' type As the
“names lmply, cold weather jams are those that form at sub-
"»zero temperatures (usually assoc1ated W1th 1ce floe
5accumulat10n in the fall)f/and warm weatjér jams are those f‘_
5:that occur when slgnlflgant refree21ng c nnot take place.‘
| ‘A warm weather jam can only rely on 1nterpart1cle % »fl
, frlctlon for lts lnternal strength, much like a granular 3; {rff
h soil. To moblllze the 1nternal strength of a granular '““yvih
yhmaterlal some conflnlng stress must be present In the case
"fof a floatlng 1ce jam thlS conflnlng stress 1s due to the
“foppOS1ng actlons of the buoyancy of the submerged lce |
f partlcles and the welght of the unsubmerged ones Clearly
) e PP |

'thlS conflnlng streSs 1ncreases w1th 1ncrea51ng jam

-thlckness. "f,':_:'.‘jf (uv-f'”'



P . v-'-l.."/ . . ‘\

As 1ce floes accumulatlh:t the head of a. jam, the

. ’ <J
.f»streamw1se force on an element a short dlstance downstream of

the head lncreases.' At some p01nt, thls force w1ll become

\‘..9

Te

too large and the }am 1n the v1c1n1ty of thlS element W1ll
o «»—'~;,,/ s '\:

collapse or shove to attaln a new, larger thlckness wthh

—jw1ll prov1de suff1c1ent re51stance to the applled forces

.

‘The thlckness proflle in. the upstream tranSLtlon is- a. result

of the 1ncrea51ng force experlenced by an - element as the jam f.f

lengthens upstream - This: trend does not contlnue -

-.1ndef1n1tely because the accumulated re51stance offered by

" the banks also 1ncreases w1th thickness and w1th dlstance,{

-

'S A
~,along the pack In other words, the ]am transfers some of

the applled force to the bank - a process whlch has been

termed 'load sheddlng - At some p01nt, the upstream

ranSLtlon w1ll be long en ugh that the total streamw1se L
) R _

s

. force will ]USt be balanced by the re51stance at the banks

-and so any addltlonal 1ncrease in accumulatlon length w111:'

_1not 1ncrease the force on an element downstream of thlsv'. j“ﬁﬂ

tnansxtlon The thlckness so attalned lS called the _"if_;“

-——

"equlllbrlum thlckness" It should be noted that an

equxllbrlum sectlon w1ll only form 1f the channel 1s more or

less prlsmatlc and lf the jam 1s long enough that the -

ffupstream and downstream transmtlon reglons do not overlap,uln

whlch case the jam is sald to be 'fully UeVeloped'

“In some. cases “the thlckness at the head of the jam w1ll

be suff1c1ent that no further 1ncrease lS requlred as. the jam

"lengthens upstream (ie. the thlckness at the head 1s equal to'



‘or. greater than the eQUlllbnlum thlckness) ' In thls case the'-ﬁ

thlckness is determlned completely H& the mechanlsm governlng

-,

the accumulatlon of flon at. the head . ThlS may be 31mple

\igztap051tzon of thé lees to form a 51ngle layer or lt may
be underturnlng and deQSltlon of ‘the. floes dependlng

‘ prlmarlly on the upstrgam velocrty Such a jam is called a
y'narrow channel jam wnlle the more usual case descrlbed s
‘prev1ously lS a 'Wlde channel jam ,-both terms follow1ng from‘vr
'the fact that the egullxbrlum thlckness depends on the

.channel w1dth o _-,1‘. ‘f ST e "4\:,4

-

The behavrour of the toe-of an ice jan,ls the most .

‘ poorly understood aSpect of the phenomenon :.One possrble toe ;
c%nflguratlon - wthh may be. termed a 'floatlng toe' = is
'that shOWn ln Flgure 1 1 in whlch the jam 1s restralned by
the SOlld lce cover- ThQ re31stance is mostly provrded by

A_frlctlon between the submerged xce fragments and the SOlld

v.;ce,undersrde.g The acchmulatlon is supported only by

;.buoyancy (hence the tern 'floatwng toe ) and the flow is - f‘;

?through the open waterway beneath ‘ :I |

' In the usual mlld Qhannel the change 1n—roughness from thh

fthe relatlvely smooth‘ﬁolld ice sheet to the rougher-jam 3
}under31d& glves rlse to a gradually varled flow proflle of

*hthe M2 type. Thls flow proflle extends through the.”°
-'downstream transxtlon sectlon of. the jam If the jan'is"

lhlong enough, the gradually varled flow proflle will réachlf

'7un1form flow condltlonﬁ in. the. equlllbrium sectlon,;-"“"

®

‘A result of the M2 water surface profile is an increaSe

in thlckness for two reasons. One 1s due to the 1ncrease in



‘y;“'r‘. - R TR
.the downslope component of Jam welght and the other 1s the
- 1hcrease in shear on the jam under51de ‘ v;_ 7;:
A cold weather jam 1s one in Wthh the 1nternal strength B
;ias.due to free21ng together of the 1ce partlcles Mlchel
fi(l97 b) has. dlscussed thlS concept and p01nts out that just .
- a thln layer of solid 1ce frozen 1nto an. accumulatlon of \
,floes provxdes far more resrstance than lnternal frlctlon A
Thlslcan-he an. 1mportant mechanlsm 1n a freeze up jam when
vialr temperatures are low.. It should be p01nted out that the
':upstream tran51tlon shown in Flgure l -1 would not ex1st in a :
ljam of thlS type In a cold weather jam the thlckness is
governed bY condlthns at the head of the Jam only 51nce;_v-'“
‘tsectlons further downstream—have adequate strength (v1a the
refree21ng-process) to w1thstand the applled forces and so no
'ffurthervmodlflcatlon is requ1red ' |

The remalnder of thls the51s W1ll concentrate only on they‘
:warm weather type of jam sxnce 1t is the worst case and the’
most common cause of floodlng Furthermore only the w1de

channel case Wlll be—dlscussed 51nce 1t is by far. the most,ﬂ

;common c1rcumsﬂance
o _

ANALYTICAL REQUIREMENTS. . . °

5 L
pan

A common problem in Hydrotechnlcal Englneerlng is .<l/ -

predlctron of flood levels at a parthular 51te For open

;Awater condltlons there is a vast body df llterature and well



-ideVeloped theory Whlch allows rellable predlctlons to be
.made Unfortunately the same 1s not true for 1ce covered '
gCOHdlthnS even though, ln cold reglons such as- Canada, flood
idlevels caused by an, ice jam are of;en well in excess of those
. caused by a. severe open water flood | |

| | Perhaps the maln reason for thls is the uncertalnty.
',regardlng the formatlon of a jam Jam formatlon is. very

pendent on local ghannel

; ‘ce charact;rlstlcs as well as

-meteorologlcal condlthgsﬂ rupresent lt 1s almost

: 1mp0551ble to predlct when, where,,orleven 1f, a‘jem W1ll
) form near a.partlcular 31te in algiven'year However the
.,fact remalns that 1n many cases 1ce jam 1nduced floods
lproduce the hlghest water levels and so some cognlzance of .
them must be taken 1n any flood study of a reach 1n whlch
b’they are known to occur. . . .h‘_‘"ﬁ ; _'l e
| Perhaps the s1mplest means of lncorporatlng”lce effects
‘Lnto a flood frequency analy51s 1is_ that.prOposed by Gerard »
and Karpuk (1979) in whlch the peak break up water levels for N
the perlod-of»record are analyzed:uSLng thelr concept"of
perceptlon stage' Thls method allows not only gauglng
-;statlon records but also newspaper and other hlstorlcal
:accounts to be used -Another;.more determlnlstlc; methd uses f
dlscharge records and lce jam theory to develop a' flood
'frequency relatlonshlp (Gerard and Calkans; 1984
| Usually both of these method yleld a desxgn water level
at one locatlon the problem ls then to compute the~water"
‘hsurface proflle throughout the reach of lnterest.- Whereas =

‘Ehls 1s a relatlvely 51mple problem under open water '

‘m‘ - . o 0



condltlons for whlch there are readlly avallable computer

programs (for example HEC- 2), under ice—covered.gond;tlons
fonly‘crudeimethOds are“presently available. o

e B e

e
0

»
-

CURRENT PROFIL§ MODELS & |

" As descrlbed above, angicendam:inia prismatic channel

:Je a reach - the équilibrium
g_..qsbar

sectlon - characterlzed by constant thlckness and unlform

L\

,flow : It can be argued that the equlllbrlum stage 1s the

w1ll, 1f.1t 1s.long enough,

“hlghest that can be attalned by a jam ‘and calculatlon of the v‘

_water level. and thlckness 1n ‘an equxllbrrum reach is.

. \

stralghtforward Such equlllbrlum calculatlons seem to form g

:‘the baSlS of many’ of the exlstlng lce jam proflle models.

‘S;nce.prlsmatlc channels are»relatlvely rare, some_

assumptions are required'to justify@gich.appllcatlons of the.

equlllbrlum theory to the usual non unlform reach The

._aSSumptlon“usually made is that the equilibrium thickness is o

'\applicable'at-any cross-section and can be calculated,from'

‘ ocal'channel'geometry andvflow conditions. The thickness is

-

ften calculated us1ng the Stablllty crlterla of Parlset et.

-al, (1966)cuh1ch w111 be dlSCUSSEd later (see for example,‘.‘

;Clement and Petryk 1980,§Petryk et ~al. 1980 and US Army
-Corps of Englneers, 1982y, 'Keenhan et al. (1980) brlefly
discuss three Eé%puter models Wthh are Hased on thlS»'i

_assumption. .- - L .

C -

" _1,0

£4
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. Such ‘an assumptlon obv10usly has some serlous ' '

'llmltatlons One of these belng that in many cases an
,equlllbrlum sectlon cannot EXlSt because the jam 1s too short

or the cha”h&i oo non—prlsmatlc It has not yet been

{?r

‘establisried what' length a jam must have to be fully-*
: developed, even 1n a prlsmatlc channel Another unresolved

Y L
vquestlon is the effect of the- lnteractloﬁ between the water

)

surface and thickness profiles ln a non—unlform reach. o ‘.C‘hj
'.Clearly the two are~1nt1matelyfrelate8 and it r mainS'to be
""shown that the appllcatlon of equlllbglum theofy at’ each
sectaon 1n a non unlform reach 1is a valld sxmpllflcatlon
‘Furthermore, some of the assuzgtlons underlylng the

development of equlllbrlum ice ]am theory remaln to be RS

1ndependentlyftested v _ - -
 Some of theseez:7bleﬁ3'werefaddressed in this - S 8
I T -
'lnvestlgatlon by d eloplng a computer model whlch is capable :AT,M

fof calculatlng the‘thlckness -and water surface proflles of an;"'“.
o ice jam °Ver'lt5 entire 1ength in a’ ﬁOn—uniform channel
:‘ThlS model is based on the usualagradually varled flow

aquatlon as well as the dlfferentlal thlckness quat::i.on-w}.im'.cr'i‘~

o

has been developed by others i Thls modef wlll allowed y],;

» ~calculatlon/of the length bf an 1ce jam requa.red for 1t to be L
.fully developed and an assessment of the validity of the '_fV]ij:,

,equlllbrlum thlckness assumptxon whlch 1s used 1n present‘*”
models " It can also be' used to lnvestlgate the lnfluence of )

s

: varlous parameters on jam proflle shape
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f llterature deallng w1th ice jam

iour has evolvedﬂove the past two or three decades Of.

culaﬁii:terest here 1s the llterature concerned w1th the
5channel\type of: jam Although many gaps stlll exlst 1n

"resent‘state of kndwledge, 1t is pOSSlble to develop a

., > ‘.

v

Most of the early river 'ice research was lnsplred by
dlfflcultles encountered 1n wlnter operatlon of hydrog

'electrlc plants in both Canada and the USSR ThlS early

S

7,;research was prlmarlly qualltatlve 1n nature and used

)

observatlons to establlsh guldellnes for rellable operatlon
' e
These observatlons soon led to a theoretlcal framework Wthh

could be used to ant1c1pate changes in ice reglme brought e
iabout by changes 1n channel geometry or dlscharge Later,
',obsg%vatlpns were extended to natural rlvers and laboratory ’

A

models S0 that the problem of 1ce related floodlng could‘be

oy

: addressed 1;\;1' R :?,i ' }3_J7

. AR S LT e 2 S



- EARLY RESEARCE 7

. ',’ B ;'&
One of the earllest attempts to 1ncorporate observat10ns *_;
‘of 1ce jam behavrour 1nto a. theoretlcal framework was that of

7_‘Rdrlset -and- Hausser 4196L) and Parlsetp Hausser, and Gagnon'd'

(1966) - The analySLS drew heav1ly on the experlence and

»observatlons of the Quebec Hydroi.ectrlc Commrssron regardlng

'-:r“the operatlon of several hydro-electrlc fac;lltles.l Thls early:'

‘f work was 1mportant in that lt 1dent1f1ed the basic concepts andﬁa

"prov1ded 51mple methods of analy51s, most of Wthh surv1ve ."°

kY

ﬂtoday In partlcular; Parlset et al dlfferentlated between
‘wide!' and narrow channel jams and developed expressrons to
' predlct thelr thlckness The analy51s of the wlde channel
;case, -as p01nted out by Gerard (1979), was the saqe as that

"t:performed by Kennedy (1958) in a study of the forces lnvolved

'1n pulpwood holdlng grounds

The w1de channel jam analysrs'was based on- the apparent

. analogy between ice blocks (or pulpwood logs) conflned between

| the banks of a rlver ‘and a granular material conflned between ﬁ;;

”ﬁ,51lo walls g Thls 5110 analogy allowed tse of the ploneerlng

"theory of Janssen (1895) whose formulatlon results from a-

—

“'force balance on a planar element of small tchkness orlented‘;b
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'“ielement',51mllar to tﬁat used by-Parlset et al. "is shown*inj;f“

.‘,

‘ffFlgure 2. l

'~y

Parlset et al conducted a force balance on thlS

;element and, 1ntroduc1ng the sxmpllflcatlonwxhat the‘Chezy,‘f

coeff1c1ent of the bed and the jam under51de are the same,

-.obtalned

PR A PO 5 A A PR 1A 5
uc'H PR pgua™- P\ Py
f .;ﬂ .
i L CIE . ) S &
' “B,= channel width :
A’V"'é)‘veloc‘i‘ty'vof fvl'ow‘ under'jam o ” »' ’ -
fu==‘3am strength parametér :
‘h C =ﬁChezy coeff1c1ent (of bed and 3am undersxde)
) .f'v:,eﬁlé”overall water depth (1e ‘waterway-plus submeroed“

'_lceﬁthxckness),
t = thickness
R;=,hYdraulicvtadius
, pi,;fibe denSity>
p“=vwaterﬂdensity R
e ='COhesion
'_'." ‘ -ug‘= acceleration due to grav1ty '.fj - u.~fy;"'

In carrylng out the analy51s, Parlset et al assumed that th

x thlckness along the accugglatlon 1s constant and that uniform’},

.flow-congltlons'prevail, Hence Equation [2 1] is valid onlyv7

e.

E



‘f'jam under51de are very dlfferent 1n most cases.

‘316’3

in'the’equilibrium section of thé jam. - = -
A SR PR ‘ T T T

_Measurements taken on the Beauharnois Canal indicated.
"that | had a value ofll;?8cand7that ¢, was negligible for
all but very thin: jams. . Assum;ng ci'= Oh u =_l;28, aﬂé;?
U_wide,(rectangular channel Parlset et al derlved ‘the ;':'f(‘
famlllar bell shaped curve whlch results when Equatlon '
ra

(2. 1] is plotted in the form of Q/(CzBH4) « 0 being*the-:”‘
'1tdlscharge» 1s plotted agalnst t/H A Jam whlch plots above‘
thls stablllty curve Wlll collapse and thlcken to a p01nt on
;or below the curve It should be noted that this stablllty
.crlterlon 15 used 1n some of the present ice jam proflle

. .-

Cmodels»(see for example Keenhan, Panu and Kartha,_l980;‘Petryk

rand Boisvert, 1978) even though the roughness of the bed. and

Somewhat parallel to the work of Parlset et al. is that
-'h‘of Mlchel Much of Mlchel s early work was publlshed in -
French, but more recent Summarles of thls work are

‘avallable ‘in Engllsh (Mlchel, 1971, 1978 a) Mlchel s wrde

o channel jam analysms is . very SLmllar to that of Parlset et.

1

'al. except that it is based on hls 1nterpretatlon of Caquot
and Kerlsel S (1956) srlo theory QL)l‘hls theory makes usA of
an element of parabollc planform as shown “in Flgure 2 2

Concurrent wlth the early Canadlan research was work
S—

'done 1nfthe Sovret'Unlon, most notably_that»of Nezhrkovskly

) 41964) and Berdennlkov (1965) Nezhikovskiy's compilation of
f

oughness measurements remalns the only comprehen51ve data v



e
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Figure 2.2 Plan view of a‘parabolic 'Caquot’ element. .
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"set appllcable to lce jams The Nezhlkovskly data is a.

,"compllatlon of Mann;ng s n computed for varlous freeze up 1ce
» cover conditlons on Sovzet rlvers The pertlnégt 1nformatlon

'”was gathered from gaugrng statlon records and the cross- 4'

”..sectlon propertles used were calculated only,for the gaugyng l

»51te and’so are. not"reach averaged' , Nezhlkovskly found '
.jthat the roughness depended on the thlckness of the
accumulatlon (m flndlng consxstent w1th Kennedyus &1958)3
measurements on laboratory scale log jams) Nezhlkovskly sl'f
.proposed relatlonshlp between roughness and thickness 1s".

)

| ”shown 1n Flgure 2.3 u51ng the hydraullc roughness helght, k,

'frather than Mannlng s n (the conver51on was made assumlng

i that the hydraullc radlu“J;s-l.S mvln-eachrcase as Suggested?_f
*;1n the orlglnal text) B ’ ) L »~ 'l B
“ Berdennlkov (1965) undertook what lS belleved to be the
flrst laboratory 1nvestlgatlon 1nto the mechanlcal propertles
:~f‘of fragmented 1ce HlS apparatus'bon51sted of a small T’@
f'annular flume wthh could be fllled w1th fragmented 1ce and
_then chllled ‘SO that the sample would freeze to the walls
By rotatlng the 1nner flume wall, a shear fallure could be

[y

Cproduced w1th1n the sample A conflnlng stress could be
applled to- the sample by means of alr pressure and a rubber
membrane Unfortunately, thls 1s not’ easxly related to the
normal stress on the fallure plane whlch ¥s the stress
‘requ1red to deflne the Mohr fallure envelope

S Berdennlkov 'S results 1nd1cate that coheS1on was. large’

(about 33 Pa) and that the effect of conflnlng stress was

3.



‘ .»19.21

. t(m)

-
PRI

‘Figure 2.3 @ NézhikovskiY's_relatiéhsﬁip between jam roughhe@s;}f

.éndfthicknesﬁ;inutermg of_rouéhﬁes#'height,'k;j



e
negligible (1e. zfé‘o"wheré 2 - igftae~5ng1é'of shearingf
wéiresistance) - Thls can perhaps be attrlbuted to experlmental
‘cond1t10ns which would have promoted refree21ng of the
‘”partlcles (Ie 1ce fragments free21ng together at p01nts of‘
fvcontact) w1th the result that the 1ce fragments dld not’ |
affbehave as a cohe51onless granular materlal ‘ -

Also of 1nterest are B rdennlkov s measurements of the

physxcal characterlstlcs of fragmented ic% ‘ He welghed s;x:

: samples of fragmented lce,-each w1th a dlfferent partlcle"'f

: size comp051tlon, and found farrly con51stent bulk unlt_

welghts of between 0 52 and 0. 60 g/x:m3 ThlS 1nd1cates B
por051ties (assumlng that the specmflc gravxty of 1ce ls" 4 o
0. 92) between 0.38 and O 43. ‘,"' R \“_? ﬁ;_ ,' '*.J..mif
| o e -
' RECENT DEVELOPMENTS - A . oL
,:‘l . S ,.:7 - ;;Aé;s%
: . - : : . ’ " S ; . 4 N

o - o e " R .
) Duringvthe 1970‘3 a signifiCant amouﬁt‘of:work.has doneuh;.“
.at the Iowa Instltute of Hydraullc Research, almed prlmarlly
< A ('
at developlng a more general theOry for w1de channel 1ce jams R
e -

and . establlshlng the strength characterlstics of a fnagmenxed

ice cover. = . s AR ‘ . _ T
- . . [ . - K B 'o- L " : o

Y

Uzuner and Kennedy (1974, 1976) extended the analy51s of ?

Parlset et al to 1nclude non"unlfbrm flow and thlckness as

well as some tlme dependent aspects of jam formatlon Th1s~ v
: led to - the development of a computer program for calculatlng
the water surface and thlckness proflles in the upstream - ;;}w



&

’”tran51tionbregion of a jam.
| The strength characteristics of a fragmented ice‘cover
.“were 1nvest1gated by a number of researchers whose results
were summariéed by Cheng and Tatinclaux (1977) Three
iexperiments were dev1sed, one to measure the compressxve ;
'strength and two to measure the shear strength |

= The compre551ve strength apparatus con51sted of a tank
over whlch a carriage travelled on rails, the entire E
:apparatus belng housed 1n a cold room.. Attached to the

‘. carriage was a plate rnstrumented to meaSure the force

| {,applied to 1t., To conduct the test, the tank was filled w1th

s

..." )‘Y

o % f'.

e m r,?:-
o X

. .

water (chilled to 0°C) and a samplewof fragmented ice or ice
.'W'

K cubes was*placed in the water 1n a uniformly thick Layer

?he carriage was then moved at a constant rate so that the

The first of their shear experiments was conducted in

the same tank as the above experiment. It consisted of a,d

rectangularsbox lelded by an I shaped partition A sample

o

of fragmented ice or 1ce cubes wae floated in the box and the: f‘

I shaped partition moved at ar cOnstant rate so as to produce
two shear failure planes in the specimen.}
fe The second shear apparatus was 51milar to the vane shear

M

test device used in soil mechanics. The apparatus consisted

+

gE of a cross-shaped vane enclosed in a concentric cylinder.

The cylinder was filled With water and a sample of fragmen*ed
St .
' ice was placed 1nside.. A shear failure was produced by"

e .3 ‘

rotating the vane
) 9 N

plate caused the ’loating sample to collapse in oompression..,_fﬁ
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Unfortunately, these experlments, as- those of :
.Berdennlkov, allowed no control over the normal stress.on the.:.
‘fazlure plane. and- §o- 1t is 1mp0351ble to. determlne the angle
pof arlng resrstance,iﬁ.' The Iowa researchers also
‘tmeasured very hlgh values of shear strength, much hlgher than.
~could be obtalned.by granular materlal behavrbur under_f__
'Liplau51ble norma% stresses. for,the‘test condrtlons Thls
vdlmplles that refree21ng was - taklnc place éﬁa what was ln fact“ .
”’;belng measured 1s the strength of these bondj? The formatlon-‘
of these bonds 1s clearly a tlme dependent process Wthh
.Ep:obably explalns the observed marked depeddence of the_'

. L ]
‘,meaSured shear strength on deformatlon rate. It also 1mpllesa

-.that the measured strength lS very dependent on test -

conditlons (room'temperature, water'temperaturevand sooonl

vand on test,proceduresp(length of t@me'between'placement,of _p'h
',dsample‘andhfailure:for one). It is. not. known at present.how

' closely these test condltlons‘model the behav1our of
vfragmented ice 1n naturel | |

Another major research program of the 1970 s was'
inltlated by Gerard (1975) at the Alberta Research Counc1l
Thls program was based on a relatlvely economlc and rapld
fleld observatlon echnlque 1n Wthh ice jams were S

photographed from the alr to show the p051tlon of the water

P .
v 4
A

R

surface relatlve to some 1dent'f1able landmark at several

"Vlocat;ons along.the gammed‘reac . .In summer, a-fleld party




P

E returned to, establlsh the elevatlon of these landmarks and so
: 3 ¢
obtaln a relat1 ely accurate 1nstantaneous' water surface

proflle through_the jam —These summer surveys also;
'establlshed the open water—slope and channel geometry in many
lcases A B S l-.f, y _ |
| ThlS fleld program culmlnated rn a paper by. Beltaos g"'

(1983) in whlch 13 case studles were analyzed Beltaos,

_ 51mp11f1ed the thlckngss equatlon obta1ned'~y Uzuner ‘and -

: Kennedy (1976) ‘and’ showed its 51m11ar1ty to the expressxon of

s
e

Parlset et al (1966) ;” the equ1llbr1um sectlon He then

- rearranged Equatlon (2. 1] 1nto a more meanlngful

2d1men51onless depth dlscharge relatlon Wthh has u (the jam :
'strength parameter) and the bed and jam roughnesses as

' parameters. Of these, only the bed roughness can be

mlned 1ndependently To obtaln estlmates of u for

;klous case studles, Beltaos developed a relatlonshlp

. ' : - ’
rbetween jam roughness and thlckness based on Nezhlkovskly S

&1@§%) data.ﬁ Us¢ng thlS reLatlonshlp, along w1th hLS'depth-rv
dlscharge equatlon, Beltaos found that iy varled from 0. 6
“to 3. 5. for the 13 case studles he examlned The two. extreme
'rvalues were based on questlonable data and 1f they were

® . _
neglected the range was. reduced to 0 8 - 1. 3 w1th an average-ﬂ

\

S
of 1.2 (a value very 31m11ar to th’t found by Parlset et e
;”, - somewhat dlfferent analyszs of one of the Alberta case:“ »
\ gnstudrgg:yas performed by Andres"and Doyle (1984) ~An 1ce ]am ['

‘on the Athabasca Rlver near Ft McMurray in 1978 remalned 1n o

\



_ place.for three days allow1ng complete proflle measurements |
to be made at three qulte dlfferent dlscharges. By assumlmg o
the roughness and thlckness of the jam dld not change between

:)the flrst two measurementEANAndres and Doyle were able: to

ull

~.theory _The values they found ‘were u -1L6 and ny = 0;072;;

.It should be noted however that these results are ve.y o

sen51tve to the,unlform flow‘equatiok used and to small
errors in’'the measured stage.

- . . . . . v

.The Cpld Reglons Research and Englneerlng Laboratory
>(CRBEL) of the U S. Army Corps of Englneers has also been
actlve 1n .ice jam research Calkins (1978) reported the

'flrst thlckness proflle measurements of break —-up ice ]ams.‘

.

aThese measurements were made On two small New England streams

w

 »ln Wthh a jam had occurred and then frozen in placé The

results 1nd1cated tHe thlckness generally decreased in the

Aupstream dlrectlon as expected, but that there was

’

consrderable scatter. .Calkins’also-noted that the size of

floes gomprlslng the jam decreased Ain the upstream dlrectlon
4 Vo

Calklns (1#83) addressed the¢p§ob1em of ice jams in. channels

'with flo- U'alns. lee Beltaos, Calklns rewrote the

'stabillty eguatlon of Parlset et al. u51ng the hydraullc
radrhs asfuhe length scale to non dlmen51onallze the terms

-8
// . . - ! ‘.hl

i S : S
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; Sodhl and Weeks (1978) presented a one dlmen51onal

e L LT T e S T e e D T e
I | S S v)/-‘” PRRSER
R

. e R X
formulatlon governlng the force exerted on an’ obstacle by an

ke

ice jam in a stralght channel . The resultlng equatlon 1s

,~almost 1dent1cal to that o{ Parlset et.al (1966) although

R

. much less restrlctlve assumptlons were used in 1ts ﬂ

derlvatlon An 1mportant ﬁblnt made by SOdhl and Weeks is"

- A}

. that the usual assumptlon that the full materlal shear

' strength is moblllzed at the banks prov1des a lower bound on
the thlckness, and there?y on the water level Wthh can be
attalned by a jam 'a' H, - B S ' W. S ;'}?

‘Stewart‘and DalyA(1984) performed a sfrigszgff L
-experlments to better deflne the relatlonshlp between the:f7
longltudlnal and transverse sﬁresses in an 1ce jam ' Very
llttle is known about. thls relatldnshlp For example Parlset.
et\al could only speculate that‘the ratlo of transverse to _:"'
longltudlnal stress is less than or equal to one. |
e :

Unfortunately, the scatter 1n the results of Stewart and Daly bﬁﬁ

makes reflnement of thlS relatlonshlp dlfflcult

dgb'zReCent work by'Beltaos, now at the Canada Centre-for”
.lnland-Waters,_has concentrated on condltlons near the toe of
" a jan Beltaos and. Wong (l986) descrlbed ‘a computer program
wthh allows the thlcknesé and wgter surface proflles 1n the

doWnstream tran51tlon to be calculated, takxng 1nto account

j the flow through the : es of the accumulatlon wh1ch was .

~fOund experiment"-y to depend on. the square root of the



.A.'26v'

5

’ '“water surface slope The program 1s based on the

S J ST .
R dlfferentlal thlckness equatlon developed by Uzuner and _7lyaf
B Kennedy (1976),and on, the momentum and“contlnulty equatlons =
, The solutgon procedure used by Beltaos and Wong 1s"’v

Qv;rtually 1dent1cal to that of Uzuner and Kennedy 1n that the

| fth;ckness and depth of flow at equlllbrlum(are used as the,':

’startlng boundary condltlons The solutlon proceeds o
_downstream untll the under51de of the jam and the channel bed .ff
3 s B

-41ntersect. The unlform flow stage downstream of the jam 1s
h then compared w1th the stage at the poxnt of groundlng to

determlne 1f the jam has a 'floatlng or' groundeg{'toe;

"DISCUSSION - - .. T I F R

From‘the above brlef rev1ew of the llterature,(lt is.

":apparent that Current ice jam.theory 1s essentlally one—j’
”~‘d1men310nal (ie; varlatlon of thlckness or. longlt%dlnal
‘stress across the channel is not con51dered) Thls

-~ >

:relatlvely 51mple one*dlmen51onal theory 1s falrly well

‘vﬁ_developed but the pumerlcal value of some of the parametersb. N

S Y A
B can only be cfhdely estlmated Thls 1s malnly due to the

3jd1ff1cult1es 1nvolved 1n obtalnlng a complete set of - fleld
bmeasurements, measur‘ments whlch must 1nclude eltherfv' s

'th;ckness orijam.roughness, in addltlon to the usual



'_{thdraullc parameters,»if;a closed Set”of relatlons:isfté[gefhbl
g Ob’tai’n‘ed' -' R ;~, ,' »' 5 . o
As such measurements are usually not avallable,‘it would,
fbe useful lfdsome other means Were avallable to estimate the

. requlred parameters The most fundamental strength parameter

v,ﬂln a cohe51onless jam ts the angle of shearlng resistance,»

2. Whlle @ is a commonly measured quantlty in soil d\

fcf:mechanlcs,'lt is rather dlfflcult to measure for fragmented

R

'fjic‘ ThlS’lS primarlly due to the temperature and strain.
f_rate dependence of the phys;cal propertles of 1ce : Desplte'

these dlfflgpltles, much more effort"hst be made to o

-

: understand the mechanmcal behavxour of fragmented 1ce because-

L

'“.‘7th1s Wlil lead to a more ratlonal definltiod.%f the

parameters used in 1ce jam theory

RS

One of the most 1mportant of these parameters is the
ratio of?longituginal'towvertlcal_stress;_denotedlxv.v»The
'_vertical_stress in a jam is direCtlyirelated,to the thickness"“'

e ...v,

¢

and so K, isTthe link'betweenIStreamwise stress .and .

fthickness . As a start to a more fundamental 1nvestlgation R

\-'

':vthe mechanlcs of floatlng packs,,the evaluation of thrs

b

fparameter w1ll be con51dered next Thereafter,‘thls
T 1nvest1gatlon concentrates on the development of a solution
‘halgorlthm for calculatlng the full profile of an lce jam
:ﬁw1thout the necessxty for the jam to be fully developed, as

o

_assumed by Uzuner and Kennedy and Beltaos and wOng :ggfﬂ



i CHAPTER 3 EXPERIMENTAL VERIFICATION OF PASSIVE

PRESSURE CONCEPT

INTRODUCTION o oo

S

T

Current equllibrlum 1ce jam theory is based on the

-Smele, one- dlmen31onal formulatlon propsed by Parlset et

: parameter, p,

:,al-,(1966) As w1ll be shown later,‘several fundamental
‘h«parameters descrlblng the propertles of. fragmented 1ce are .

,tcomblned 1n thlS theory to glve a 31ngle dxmen51onless

;.n - R '_\,.

The genérallzatlon of thlS theory, to 1nclude the non—-';

&

L equillbrlum reacheS‘of aﬂjam, requlrEf that the 1nd1v1dual

4.components of u be deflned separately 'S0 that calculatlon of

'tan entlre 1ce jam thlckness proflle is. p0551ble

,Furthermore, the deflnltlon of u %n terms of morefhf:“

fundamentalxparameters may eventually allow 1ts estlmatlon

.w1thout resortlng to dlfflcult fleld measurements

| Uzuner and Kennedy (1976) attempted thls by estlmatlng

the requlred jam Strength parameters from the results of

‘ laboratory experlments However, these 1nvest gators dld not

-'.lpresent thelr results in terms of the angle of shearlng

re51stance, Q, as is usually done in 5011 mechanlcs.j In the'

_zg‘_;f . '_,. }ff %



folloWing, an attempt w1ll be made to deflne one of the,'}ﬁ h

3 components of u in terms of ﬁ.;_l B v‘_”‘f : o ':i.?@

THE PASSIVE PRESSURE CONCEPT .~ = . = 5.

-.

e o ' ‘
Asﬂmentioned,7one7of’theqmost'important_parameters whiCh
,isjihplioit.in:u, is K the ratlo of longitudinal to vertical

A T

'stress. Some anestigatorqa(eg Parlset et 1&., 1966$~have

7 R
;&ﬁn'noted the sdmllarltgﬁbetween the ‘shoving behavlour of an

- and o, proposed that ‘&. ﬂ ;3h'} q'

. where: ' ©, = thickness-averaged longitudifal stress '

cv.?dthrckness*averaged vertical stress SR e

'»3mﬂjn5171

:rK¢§= passmve pressure coeffrcxent - tan2(45 +‘®/2) TR
iy » . o ’ 7 '\,n' - '

e

““J F o

:;g' q angle of shearlng res1stance i

vi."

~mg«_Equatlon [3 1] 15 valld only at- 1n¢1p1ent failure, in which

e

q =

case the relatlonshlp holds for both poxn; values and d;' 'hjﬁ

thlckness-averaged values of stress.v An inherent assumption

- e . . RS TR : L e e

©in the;use;bf{[SQli in,the'presentrconteﬁﬁ-ig‘th?tﬁbéth‘ox:,;~}'

@l e N . R e



-'tf'

andiqz:ean}be'considered principal stresses.

- In generdl, the'sheardstress»on the jam uhderside,dti[
" is small compared to the,vertical stress and. so. ©, can be

- approximatgd as.a principal stress. However, the thickness-

averaged value-of,longitudinal stress, a. s can only be a

'prlnc1pal stress‘where the shear stress 1n the horlzontal

B plane 1s also zero. Slnce there.ls-a shear stress at_elther
bank, O, cannot be a principal stress eyerywhere. However, it

“‘can be shdwn_bvvsymmetry that_at_the‘centreline.the shea&

'Jstregs is zé?o!and,so:q 'Willrbe~a-principal stress there.

Thlckness averaged values of stress are used in ice jam

s

étheory for 51mpllc1ty FThe actual dlstrlbutlonﬂof stress

'over the th ckness has never been measured but it 1s not

.ﬁllkely to be srgnlflcantly non llnear ‘This accords w1th the
_/

'common assumpt;on made ‘in Geotechnlcal Englneerlng whereby

'-»retalnlng walls are de51gned based on the assumptlon that

,_5011 pressure 1ncreases llnearly wrth depth (see_for examplef

§Bowle5/ 1982x;A G;ven thngasSumptlon,'the_average'vertical

'stress, O, can be calculated ¥ b
. AR L g
1 1976; Mellor, 1980) :

[3'.2']'__ ' c=



' where;“_'L’= 0;Spfg(ié:pt/p)(1 5 é)w”;

°
"

ice density.

e

- water density o o v@ff' e jf

v
-

acceleratlon due ‘ta grav1tys

Yoo B

vpor051ty _ c_' . -

La
1l

o
!

Ver51ons of [3 1] and [3.2] have been used 1n the hast
(eg Mlchel &970, 1978 a) but thelr valldlty has never been;»
checked The experlments of Uzuner and Kennedy (1974) and
'Cheng and Tatlnclaux (1977) do not allow these relatlonships {
- to be tested because the value of Q for the 1ce fragments N

they usedv;s unkhQWn, The valldlty of equatlon [351]_canv S

Ta
. [
- 2

”

n only be conflrmed by an. experlment 1n which o, O, aq%waa
' _ ; L _ P

are measured 1ndependently

~ . ., . i SN

'EXPERIMENTAL PROGRAM . =i/ - =+

v £ "



.1nexpen51ve and ea51ly obtalned They also have the‘

L approprlate 51ze and shape for the experlment the beads are .

'the refreezmng proble 1s ellmlnated

. Equatlon {3 l] from the'mechanical_properties_Offthe_testl‘:gfl‘h

'materlaIL

» Low den31ty polyethylene beads were chosen as the: test .

—~

“bzmaterlal for several reasons.‘ Flrst, they ar“‘relat&vely

'\\f\fff*;;;

LI

small cyllnders,'about 3 mm in: dlameter and ranglng in length -

from about 0.5 mm to 5 mm, wlth a- mean lngth of about l

dlameter._.They have.a denslty sllghtly less than that of -

HWater ‘and will therefore float'kcoincidentally, the specific
grav1ty of low den51ty polyethylene 1s 0. 92, about'the same._”
h'as fresh water 1ce) The advantage of polyethylene over dce

- is that: the tests can e carrled out at room temperature and

PAPEN

The experlmental apparatus is very srmllar to that used

5g1n the crushlng strength experlments 1n1t1ated by Uzuner and

'Kennedy (1974) and contlnueﬁ by Cheng and Taltlnclaux (1977)

_The apparatus is’ shown in Flgure 3 1. Essentlally, the set— 2
'.:up consrsts of a rectangular plexlglass tank Wlth twor walls

:“art1f1c1ally roughened, over Wthh a carrlage rldes on

alumlnlum ralls The test sectlon ‘was’ approxlmately 0. 6 m by_;9
1. 5 m and thé tank was 0. 5 m deep The carrlage supports an

array of seven 1nstrumented paddles'_whlch are llned up edgebt

alto edge to form a barrler.n These paddles are rectangular-
f_plex1glass‘sheets attached to an alumlnlum rod . Each

'falumlnlum rod . hab a flat sectlon ‘milled 1hto 1t on whlch two -

strain gauges are_attached, one on elther face, formlng a

':‘.V N
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. sen51t1ve force transducer These fOrce transducers were R

Cf
‘l‘?

"each connected to a Valldyne CD19. s;gnal condltloner/
ampllfler Wthh was in turn connected to a mlcro—computer

: controlled data aqu151tlon system._

e

Each transduqer was callbrated in place by applylng a.'

‘known load and recordlng the output voltage.. The known load

t,

was applled by attachlng the transducer to & pendulum of
:known welght and length The dlstance that the pend%lum was
'pulled from vertical was related to the force applled The:"

i_transducers were found to have a sen51tlv1ty better than

-

'0 Ol N and were de31gned to have a capac1ty of about 10 N

: One end of-_he carriage was connected to a wlnch by a

.thln w1re Ket- 7 The other end was connected by way of a»
'hw1re Cable and a ‘pulley to a lead welght ”In this way the
carrlage could be moved forward and backward by controlllng
~ the speed»and dlrectlon of_the.w;nch;‘ The cable'whlch
ISupportedhtheblead”weight"was:also;wrapped around.a'pulley_ﬂ
attached to a potentlometer Thls prov1ded thé means of

relatlng the carrlage pos1tlon to a. vOlfage whlch was'
.

transmltted to the data aqu1s1tlon system. The data<~'
aquxsltlon system was turned on by a mlcro SWltCh attached to
‘the carrlage A small movement of about 2 = 5 mm was requlred
fbby the arriage to close thlS sw1tch Once underway, the
»1data agilsltlon system recorded a complete set of readlngs
every half second _'fv : ‘:'.“'~ 3_."" ':1_ .h*ef wt fh ‘
The output from the data aqulsrtron system was stored on '

'floppy dlskettes and then transferred to a maznframe ;}_-.95, o



o L e : 38 -
{ N ¥ o
~fputer where the output voltages ‘were multlpllgd by the

approprlate callbratlon coeff1c1ents and a plot was

‘generated A complete data set for one experlment con51sted
’of -a force record for each of the force transducers and’ -

record of the change in carrlage.pos;tlon w;th tlme.
: t : S A _ o
EXPERIMENTAL PROCEDURE

u.igp

S o f

SR s ) .
The tank\was filled w1th water,,whlch contained’ a small
amount of detergent to reduce surface ten51on, to the de51red |
level and the carrlage placed so that the paddles were at the
_startlng p051tlon A sample of polyethyléne beads was
, 1ntroduced and stlrred to achleve a unlform thlckness. . The -
.carrlage was then started When the test was complete,-the‘.
scarrlage was reversed and the sample re- leveled 1n |
R

‘preparatlo for the next. test Tests were performed at one

,cthlckness and two dlfferent carrlage velOC1t1es
EXPERIMENTAL RESULTS

Because of symmetry, the shear stress Wlthln the

accumulatlon 1s zero §t the centrellne and so, at -this point

L ' - o . ; . Iﬁ///_*;/ .
at: least,fox should beae-principal stress. SYhce there is



.whether, when O, is increased to a level causihg failure, c,

;'[B;l];'and x;can be calculated_from Equation (3.2].

v

‘no flow of,water_in the tank, there is no shear on’the,Q

- underside of_the_sample and so c, is a prlnclpal stress

&

f~everywhere;_Therefore}lthe;hypothesis to be tested is

& .
L o)

AL

. -
N .

at“the centre%@ne”and,pé will indeed'be_related by Equation

v

The 'effective” bulk density,‘k}'Can;be calculated

39

from the.expression given with-Equation'[; 2) if'the‘specific"

E ]

igrav1ty and por051ty of the polyethylene beads is known.

"These quantltles were measured u51ng the procedure outllned

'in AppendiklA. The average values'uere p'/p = 0.92 and er=_l

It}

0.38. Using these, a value of ye': 224 N/m? isobtairﬁ '

'1;;; ‘., . ». i . Lo ‘e )
T .

. . . . / v
which, through-Equation {3.2] giyesfcz for each e perimental'

™~

‘run. L R V‘

In the- experlments, the forzexapplled £o each of thé

‘ paddles was calculated by multlplylng the output voltage by

'then be multlplled by another factor to account - for the

»p031tion of the centr01d of the pressure dlstributlonl

;]relatlne to the end .of the transducer (the transducers were

.callbrated assumlng the force was appliei at the end)

'.the approprlate,callbratron coeff1c1ent The result mast”h



40
s AsSUmingfthé triangular?preSSure_distribution'shOwn'in,Eigurei*
.. 3.2, the centroid is. located a distance d_ below the water.

: diyen by:”

S _f[3'.f3]’ e S | [2(p /p) -~ 1Jt/3 '
'where '~tzt_. thlckness of sample

The true force w1ll depend ‘on how far the centrord of o

the pressure dlStrlbutan is from’the end of the transducer

tﬂfand can be found by multlplyrng the measured force by the T e

_ratlo of: aégumeo and actual moment arms The assumed moment'"

rarm is. the dlstance from the straln gauge to the end of the.j
B N

transducer whlle the actual moment arm 1s the dlstance from

N

'fthe straln gauge to the centrord of the pressure

»fdlstrlbutlon For the test condltlons, thlS meant: that the

9

'-measured forces had to be multlplled by :a factor of 1. 115

Y

e ot

Althouqh]o* is only a principal stress at the’
'centreline”itfwas reasoned that the.Stress applied'tb‘the two
'paddles on elther 51de of the centre one would not be" too
dlfferent (thlS was supported by the experlmental reaylts)
.and therefore ¢, was4Caiculated:from_thefaverage‘of;theV_»
three'central paddles in an effort to 'smooth out’' some\of
' the experlmental varlablllty ‘ -31_;»'

B As pornted out prev1oqsﬂ§, some’ 2 - 5 mm’ (or about one'
' partlcle dlameter) moVement oﬁ the carrlage had already

.

-[occurred before the data aqu151tlon system was enabled (at T SRAERN



L

Figure 3.2  Assumed triangular stress distribation. -



SCTRIE o

T belng tlme 1nto/exper1ment) and SO 1t 1s not

'Vn’unreasonable to’ assume that fallure had already begun at thlS >

"f7p01nt 051ng the forces at T = 0 is convenlent because the e

tbeaCalculated_fro'

'°th1ckness of the sample adjacent to. the paddles 1s known

[

"accurately the sample thlckness 1ncreases contlnuously near

K2

”the paddles as time goes by due to the fallure occurrlng there

i

"Two serles of tests were run w1th a: sample thlckness of:.

'150 mm and carrlage veloc1t1es of 1 42 mm/s and 2 36 mm/s.p{An

| sexampleeof the-forcejvs tlme record obtalned is shown 1n

e 3.3. A 'best'fit' llne ‘was drawn through ‘the. polntS‘

e and the force correspondlng_to theiT.= Qllntercept,u

The force on each of the. paddles lS glven in- Table 3 1

l,and shown graphlcally in Flgure 3 4 for ‘each of the test

Sruns.: From the average force on each of the three central

T [

paddleS)gthe‘value?ofho; was’calculatedhgivenfthehpaddleh

. width (81 mm):andnthe measured_Samplefthickness.= oi_can:"

.

fuation (3.2] with the value of ¥, = 224"

L TR

v,

"N/m determlned previously Zhe angle of shearlng re51stance,_

TQ;”can be determlnedfon the baé&s ék'Mohr s c1rcle, an-

example of- whlch is. shown ;n Flgure 3 5 The results are’ o

max1mum near the centre to a mlnlmum near the walls

N

‘.s-summarlzed in Table 3 1 The average value was 47 3

The measured forces were observed to decrease from a .,

;"Thls is

explalned by the rotatlon of the prlncxpal stress axes near 7?_;

o R - _./ R
. X ...,,',...«,‘
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" TABLE 3 1

Resns of Pa551ve Pressuré. Experlments

o
: ﬂ'(pé_‘) -

o,
| V_(Pa)

401 - .
202
404 .-
305 .

406

Am’e

’ _. ‘50'“
- 50

50
50 -

50 -

PN R
> .
[+2]

o

[N)
[oNoNeNeXoXoXRiN NN

" .

]

17T

14

770,
a

64

72

SIS
11
11
11
11

11

~. . Average

-~ 49
;. 48
49
45 .

45
48 -

t = sample thickness

: '_Vc - carrlage veloc:Lty _ : : .
CUF = average corrected foree\}over 3 central paddles i

z .

.h\

)»%5

O' =‘average longltudlnal stress-

O average vertlcal stress '

g = shearlng angle frgm Mohr 'S 01rcle .
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the Walls due to the relatlvely large shear stress
) To determlne the extent of\the shear fallure ln the

*\accumulatlon, the longltudlnal deformatlon pattern was

-~

observed by sprlnkllng rows of coloured con ettl
' the tests. "The'_"j

-‘perpendlcular to the walls prlor to one
ideformatlon pattern was much llke a boundary layer ln that
llttle or ‘no sllp was observed along the roughened wall and
.80 the’ 1n1taall;‘stra1ght confettl llnes became curved = Thls
:'bounda y layer reglon extended over the w1dth of the test
:fsectlon as shown 1n Flgure 3 6 ThlS 1nd1cates that most of
‘the sample experlenced shear deformatlon 1n the horlzontal‘v
f iplane Also, the sample experlenced greater longltudlnal

-

"deformatlon near the paddles than near the opposxte wall
w_;Ihis w‘s'expected‘sincélc‘ should'decrease“with.distancej
:“from the paddles as the load 1s shed to shear on the walls
| The angle of shearlng re31stance found 1d5the -
'experlments can be compared to that measured for the
_polyethylene beads usrng the standard shear box test fhé?

-detalls of thlS test are glven in @ppendlx A The standard

shear box test gave a value of ﬁ of 48 9°' for both Wet and
"dry sampleS“ A small amount of cohesion was observed but was
'attrlbuted to frlotAon between the two halvss of the shear

dboxr. It should be noted that shear box tests normally

:overestlmate ﬂ by 1° ? 4°'(Lee, 1970, as quoted xh Bowles,

1982) The two qulte 1ndependent measurements of g are

N |

'f.ﬂtherefore in very good agreement,_v'fﬁh__‘g_ 3l;5
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' Figufe'3}6 Deformatlon pattern gﬁ t en C a sty
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_ *{3 ‘shown by curved llnes of anfettli, _
N P
l(note the longltudlnal centrellne of the test sectvon 1§‘$ :
approx1mately 2/3 of the way up the photo, the rlgld‘wall is '

,at the left edge of the-photo, one of the ralls and two of the

*caﬁrlage wheels can be seen, the ralls are SOmm W1de )

ST



: The good agreement found between the measured shear

lffstrength (characterized by the angle of shearlng resistance)

”Aand the value obtaLned in the shov1ng apparatus implles that

'5‘the vertlcal ‘and" horlzontal prxncmpal stresses ln an 1ce Jam

’ can 1ndeed be related by~the pa531ve pressure coeffic1ent,

o glven a reallstlc estlmate of the shearlng angle “_“ ,;;\%

Unfortunately, there rg very llttle publlshed work Ain which

\. %c

the angle -of - shearlng réélstance for fragmented ice has been

: ;-accurately determlned
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CHAPTER 4: ICE JAM THEORY =

INTRODUCTION =~ & .

- ('.:, ‘" ‘

. -
<Yy

The theory descrlblng 1ce jam behav1our 1n a wlde

‘ -

.: 'channel has changed llttle 51nce 1t was flrst suggested, for

';floatlng log ac¢umulatlons, by Kennedy (1958) -Thls theory

J makes use of 51mp11f 1ng assumptlons to allow what is- really

a three~d1men51onal 51tuatlon to. be approxlmated as one—t‘

' dlmen31onal.

The 51mp11f1catlon from three dlmen51ons to two is

accompllshed by averaglng the effectlve stresses over. the

'thlckness Follow1ng Janssen (1895), the 51tuatlon 1s v

.
e e

,_further 51mp11f1ed from two dlmen51ons to one by assumlng

‘aihat the thlckness and longltudxnal stress ‘are constant

Q- g
across the w1dth Thx@ assumptlon has not been verlfled and

iis; 1n fact, 1ncon51stenf with the flnd;ngs reported in the'

-—

. ( -
last czfpter.-It 1s also 1ncon51stent lth the'results of a

.-Q\’..' T ¢ e .
‘ztwofdlmen51onal,theory based on a more recentq51lo,th%ory'

ok

_(Flato{,in'prep;);_ Therefore,Tthe longitUdinai‘streSS'used

in the theory mnst’beoconsidered a'width—averaged Value

Another major assumptlon that w1ll be used in the -

'/‘vfollow1ng is that the jam behaves as a cohesmonless, '

50



‘granular maps.

_mechanlcs p

P - 2 : e
PR R £
Thls ailows appllcatlon of s1mple s01l

S

'nc;ples in the stress analys1s and lS probably a

"vfalr approxlmatlon for lce jams evolv1ng in warm weather.~'

_et al.

The following development is s;mllar to\that o? Parlset

:'I R

(1966) aﬂdrls based on the force balance requ1red for

stablllty of a Janssen element llke that ‘'shown 1n Flgure 4 l

S

_ A force balance for thlS element requ1res'

fé?

ﬁ;ﬁheiéfﬁ-
R T

-~

R
S

s
B
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7

t # thickness

w» - ._-' Qo -

e
PO
.

'¥_21't : L ,<S¥3
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“+ p gtS + T,

'%ﬁthICkhé.é*QQQ?aged'aﬁd width-avéraged

"longifudinal stress S

"

j= thﬁfknessF'veraged shear re513tance at bank

LoeRd o

= channel w,1dth Tl T R
- y
]



4

- Fi

et

52

0,8 - Gx-tB*Bvd—,:" ax.
—-—» e N .

gure 4.1 Obliqué vféW“ﬁf”IEé\jamvélementluSed,in T
’ ”force'balance.,‘. ’v;'“

~



Ti = w’idth-_a'verage_d ’she".ar Stress ap 9

“underside

It should be noted that in the above force balance the

effect of changing channel wxdth is ignored A sharply e ,u
-converging channel might provxde a s1gn1ficant additionml
-force and may in fact'lead to the phenomenon of-arching.."“A

e T . } ) . T - ’ . ’ ’ N -

.  The shear stress at the banks, T, can be written as:
T o e iy
[(4.2] . - % O’ytan_S )J
, X - .

t'where:’ oy'= thicknesseaveraged'normalﬁstreSS-atjbahk

‘2
S =.angle of friction between ice and’ bank

It is usually assvmed that the shear failure takes place

along a line within the accumulatlon (called.the shear line):

E]

8 may then be approximated by 2 1f it can’ be ‘assumed that

' reworking of the sheared surface does not decrease this "

Y

'Significantly - The appropriate channel width"in [4x1] is

Aclearly the distance between the two shear lines. It is’®

s

u$ually assumed that these shear lines form where the bottom;'

" of the ag%umulation meets | the bank.

The shear resistance implied by Equation [4 2] can only~”

1be mobillzed at - the p01nt of inCipient failure This S

requires some streamwise mgtion of the pack‘“ This motion is

provided by the collapse in compression of the accumulation '

Y

 that characterizes the shoving process As mentioned, $odhi.'“



¢thus leads to a loyer limlt on the thickness

";‘

. defined by ’ R :T -'_Q

A

.

*and We ks (1978) pornted out that the assumption that 8

'~g1ves the maxrmum possrble shear resrstaﬁce ‘at the banks and

BT

-
e
LI

. The transverse stress; G ‘- 1s calculated using an

[

empirlcal lateral stress transfer coeffiqrent, K'-) which is - .

XY‘

‘Pariset et al. (1966) explained that thi's coefficient must

4

.~ be less than or equal_to'l.o..‘It'mightgbe ndted*hgge‘that,

. the coefficient relating Q"and'c is similar te.the:.'

I

coefficrent of earth pressure at rest as used in sorl

. mechanics This coeff1c1ent has a value of between 0. 35 and

k]

'combingé, with_S = Qy,hto_givefv

- .at the centrEIinef»the”relatienShip‘between d"and G"is S

<

O 50 f@r granular sorls (Holtz and Kb§§§§"1981) and perhaps“li

thlS can be- used as a guide 1n ice Jam sltuations

The experiments discussed in Chapter 3 have shown that, ST

-
k.

’givenuby‘Equatibn (3. lj While it’ @ay only be a good

o

e

¢

approxrmation near the centre of the channel,,Equation [3 llh

is also gererally assumed to hold over the entire Wldth wi
N

Equctions [3 1],,[3 2] and [4 1] j,[4.3] can novae .
S - v _ - o ¢ :



: B T ‘
dt ¢ - _—nyKertanEt» Co e
KY.— = P = + p'gts. +9 T
‘ndx N - T -,_v,;P,q vl

or:

[4,4];‘>v;rggdtb.,' p'gs, ,‘-.t-'_": Kn;aﬁzt;

T, A

: Where‘theasheareetrseelon.the:jam underside can be written:

‘as:

whére':” ¥ =pg y ) o

3 P

‘p = density of water -

»

zero shearXﬂvg

'Sf'?Aslope~of energy 1iﬁé“'

Equation (4. 4] is the general one—dimen51onal

fformulation of the thickness equation for a prismatic,

R, = hydraﬁlic~:adiue of"ice*infipencedaportion of-

the watefway (1e distance down Eo the plane of

fchannel, cohe51onless jam Its solution gives the variatioq

~in accumulation thickhess along the jam., The water surface

(

;iprpfile through an 1ce jam lS calculated in much the same way

; as a gradually varied open water profile The only

s

difference lS that in a Jam,_the subm%p?ed portion of

eoa

the ice

:.‘

wide,i“"




Pl

accumulatlon 1ncreases the wetted perlmeter and the overall

-

\/P depth of flow._ The hedght of the energy grade llne aboxssth&

«;J .
bed at any locatlon is grven by a;[; S S ;ﬁﬁ;-/, -
e S '7f'-ﬁh " S
‘_‘[‘4’.5]'_' S E -_.h + (p /p €+ V2/2g / -
g where: ‘Hy : 5
3 /"J— 3 ~v .
The slope*of the energy grade llne can be approx1mated
o us1ng the logarlthmlc flow equatlon viz: ‘
- . u.‘-"" ‘}'. ‘. ./ o B
.-a,.“'_ N
: Ji:dill'?; =
zoodx O
'.41‘- M)-y"? . “ (T v -_/{.‘/ }b";’ ) . . ' soa
w@ydraullc radldsﬂpg waterway under jam.. _;4ﬁ}m7 o
A ‘ '*é downstrea?«coordlnate dlrectlon . “',
';, ' B “., : o L '
Obvrously, the solutlon of Equatlons [4 5] and [4 6] to flnd
'_e water surface proflle of a jam depends on. knowlng the ﬁf;
L thlckneSS proflhg ' ' e : ' Sa
«J” . In the equlllbr;um reach the accumulatlon thlckness 1s
3 COnétant and the flow under the Jam w1ll be more or less
pnlform "-@t/dx = 0 and S, =-S‘ = S; where S'is the

%
" waterwﬂgrface SlOPe under Open wa //bondltlons Substltutlon
‘ g2 é‘!

*.mbf theSSArelatlons 1nto Equatlon (4. 4) reduces 1t to a flmple
,rw ‘

&uadratlc Whlph can be solved dlrectly for t(; After some

a”

’
iy

algebra, and the usual assumptlon that p /p 0 92,'the 5

ﬂ' .

phy51cally meanlngful root of the quadratlc glvesJ'
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 where: teq =pequilibrihm'thickness B B T S R

».u:= jam strength parameter = Kggwtanﬂ(l - e)

The various components of the jam strength parameter, u,.gf o
. N . \6,»‘ LT e
.merit some comment here.f It was determined experimentally

6 in the preVious chapter that, 1n a cohesionless accumulation, ,
. S . S . : v». .

K, is given by the pa551ve pressure coeffiCient,'which lS a.

to-

'function of ﬂ only 'The-term, tanz, appears as a result of the

’assumption that the angle of friction at the shear line }s : '5;
equal to Q;-fThe valuejof the lateral stressgcoefficient,'Kﬁ;g,'y~

is also likely a- function of ﬁ, but it need not be evaluated

Sh

;directly if good estimates of e, ﬁ and u are available l- 'j;;
' The hydraulic radius-assQCiated With‘the ice,cover,[nf,-' o
;can be approximated in a w1de channel by hi, the depth to the f,-”

¢

- plane of zero" shear stress from the jam und;rSide ? An “»_;"

ey ',

expreSSio’n for h can be developed based on the assumptiogﬁ

g that v, = Vi =-V ‘-(where V‘—' V ’ and v are. the averagés?

Tveloc1t1es in the bed influenced portion of the flow, the ice
:-;1nfluenced portion of the flow, and the entire sectiont;ﬁh

A‘respectively) yieldrng (see for example Gerard and Andres, bl; “;fﬂ

1982) ¢



(8’8 ot R = h(k/K)P
,'where; ?dg;éidepth'of‘ice inféuenced’portion_of-flow
h = depth of flow
"k, = 'icé roughness
. .. o T . : i v
_“k'e composite“roughness of'waterway
‘_b;hp = coeff1c1ent whlch depends on the ratlo R/k
‘The composite roughness of the section can also be computed"

_based ‘on 31mllar assumptlons yleldlng

.

- [4.9 ] L
RSO [ S i

1 The coeff1c1ent p 1s equal to 0 25 if the power functlon_
_equ1valent of Mannlng s equatlon is assumed valld Equatlon
[4 9] is- then essentlally the Sabaneev equatlon wrltten in

4

: terms of hydraullc roughness helght rather than Mannlng s n‘r:
'H;VVariousﬁversions of Eduations (4. 7] to [4 9] have: been o
‘used 1n the past to calculate water levels and analyzev
_observed jam stages as dlscussed in Chapter 2 However, the;
task here is to solve Equatlons (4.4] and [4. 5] to deflne
tha water level and thlckness proflle over the fulb‘}ength of

Lo

the jam

From the above dlscu531on it LS ev1dent that the

‘anrcs of _h”i

_iconflguratlon of a jam depends not only .on thef

fragmented ice but also on: the flow of waterp'fﬁ At
A T T

~ .



.a; . ' “
Equatlon [4 4], whlch governs the thlckness pr&
- wrltten as: % 'ja.gk'j‘
BRI >
S o ‘ — = f(t TN
. dx ( ’ ;. )

". fi-_"";~<"; | 3§&;/’
R , e

- The varled flow equatlon whlch goyegns the depth can be

B wrltten as: f,:_l' 'f'b' f' ,4.i:f NS 'Té'~5 ; B
.[4,11] SR "’ ‘dhA - ‘, R ’:y
S f - ”’ €;‘=.fi¢4rhh]f)§?

Y ¢

sectlon. Hence, a- complete thlckness and water surface 3.'

 BOUNDARY CONDITIONS -

.

_sqyah

~ The behav1our of the accumulatlon and the flow are. therefore'7j:”"

'lclosely related and can only be uncoupled in the equ111br1um E

proflle requlres solv1ng Equatlons [4 10] and [4 11] L ;ﬁf
. N
: s}muItaneously a%ong w1th the approprlate boundary TR -;
o-.yr - o . ‘ g . : y y\H a‘
3.C0nditidns; : ',—id . el Wp.t:; ' B : \< N
2 ) g p
" ,“Séﬁ P B

: From the phys;cs of the problem, the boﬁndary conditi' o

,for Equatlon [4 10] 1s the thlckness at the head of the jam.fl;‘ .

ThlS thlckness 1s governed by the process formlng the head,,s’

"Wh1Ch may be simple juﬁtapOSLtlon of floes, underturnigg and‘_Qh,;f



) ¢
ELE

'dep051tlon, orfsome combination of'these '

The boundary condltlon for Equatlon 4. 11], as: for any

o varred flow calculatlon 1n a mlld channel, 1s the water level

:at the downstream end,of the Jam ' Thls water~level is equal
3to the depth of flow plus~She submerged portlon, or draft,,of
-}the ice. The only water level that can be calculated a e
sprlorl is that for flow beneath the. SOlld ice sheéh\
”downstream of the toe. However, thlS can only be used as the
-downstream boundary condltlon 1f some conflguratlon 1s '
'tassumed for' the toe because Equatlon [4 10] 1s not valld 1n.
the toe sectlon T - -

A plau51ble toe conflguratlon can be v1suallzed by
"7'cons1der1ng the followxng‘sequence of events,'lllustratedblnv
R‘Flgure‘4.21 Flgure 4, 2a shows the SOlld 1ce sheet prlor to
jaméformation- In Flgure 4 2b, 1ce floes are beglnnlng to _lfi
»accumulate agalnst ‘the upstream edge of the 1ce cover . Thls o
;haccumulatlon Wlll thlcien, by underturnlng and: depOSltlén"or
" by small shov1ng events,'and lengthen as more floes arrlve

.An M2 backwater profile w111 develop due: to the rougher

' surface presented to the flow by the accumulatlon.' Thei -

3'streamw1se force on- the accumulatlon 1s re51sted by frlctlon i -

“'between the 1ce floes and the SOlld ice under31de and by

bearlng dlrectly agalnst the upstream face of the solld 1ce ;_1
'vzsheet ThlS results ina conflguratlon such as’ that 1n ;E'
Flgure 4 2c 1n whlch the accumulatlon becdmes thlnner
downstream of the SOlld 1ce 1nterface The downstream slope

h_of the accumulatlon w1ll presumably correspond to. the angle fﬁ;ff]’

v
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:-of repose of the submerged 1ce blocks,'much llke the

A o

<

hudownstream face of a sand dune - The SOlld 1ce sheet w1ll be°e
deflected upWard due to the buoyancy of the accumulatlonv
;beneath 1t \ ,’ L , “
As descrlbed above, the re51stance to the streamwlse
bforce ‘on the accumulated 1ce 1s enhanced by the presence of
© ‘the solfd 1ce sheet Therefore, Equatlon [4.4] is not
appllcable 1n the toe Upstream-of-the»solld 1ce-sheet,

however, Equatlon [4 4] rs appllcable and so the thlckness B

proflle beyond thxs pornt can be calculated

s

In most cases, the accumulatlon w1ll become very tthk

'ju st upstream of the toe because of the steep water surface

k4

slope CIf the bed -is 1nerod1ble, then at some pornt the

waterway Wlll beqpme s0 constrlcted'

exceed the er051on veloc1ty of the 1ce blocks and downstream

'-ﬁtransport w1ll begln The srtuatlon w1ll then bé as shown in -

rislgurev4.2d_andvthe'Waterway depth over most of,the toe ,ﬂ
‘region‘will bebgoverned by the'erosion'velocity, Vﬁmh The
'proeess of shov1ng, er051on, and dep051tlon Wlll contlnue

.untll the water level through the accumulatipn 1s 1ncreased
/'..

‘enough to produce a stable conflguratlon@

Knowlng me' the water'leVel profilefacross the toeﬂ

can be defined,_the water. level for the SOlld ice sheet can‘; o

¥ o ST

then be. used as the downstream boundary condltlon V.The
'-erosxon_of ;ce blocks under_a jam has not‘been.thouroughly-
”'studled>andfsofobtaining_estimateSfof4me:may‘notdbe‘éasy.

X .



Uzuner (1975) has rev1ewed most of the avallable llterature

' on this subject and has made some recommendatlons based on

laboratory experlments

POTS

¥

'The'hypothetical toefconfiguratlon'described above“isy

plau51ble as- long as the floes are small enough to pass

j\

through the constrlcted yaterway Larger floes mlght become

lodged and lead to the deVelopment of a groun&ed jam but

2

, on a large rlver of moderate slope, such groundlng is

unllkely

in many cases.» The constrlcted waterway beneath the toe of a

3am~wall-4ead_to_hlgh veloc1ty flow and the concomltant

potentlal for scour The more general problem of sedlment

b transport under an 1ce cover has recelyed very llttle

o’

attentlon and thls must certalnly be address d in the future.

_. v g '_‘

the behavrour of the jam

/

' equatlon is valld to the upstream end of the toeiu

o

;*ﬂ To summarlze, the 'flo

i proflle anduthe'er051on veloc1ty,v_ . Thef_"

\

v

k4

1nterngl Strength lost below thls p01nt, as the acdﬁ&d

v

latlong

' 1s thlnned by eros;on, 1s assumed to be compensated by

'j;63:f E

The assumptlon of an 1nerod1ble bed may not be reallstIc -

frlction on the solid 1ce underside Thls toe. configurationf

‘:blmplles.that.the'rxse};n water level“should-be;apparentnsome'



fdistahce downSt;eam'of thefsofidVice / 3am interface> which

’accords w1th the observatlons of ﬂlvard (1985)

»
Equatlons’[4.10] and.[4.lL» together with the boundary

‘conultlons discussed above, prav1de the means of calculatlng.

the water surface and thlckness proflles of a jam throughout

s

vlts Lﬁngth This calculatice: Wlll allow assessment of theih.

accuracy of the common assumptlon that equlllhrlum theory 1s :

valld at every sect ion as well as the 1nf1uence of varlous

parameters on proflle shape




e

INTRODUCTION e T

ol

In the flrst chapter, the exlstlng schemes for
calculatlng the thlckness and water surface proflles of a.
‘ wlde channel jam were dlscussed - These schemes all employed
_“the assumptlon that equlllbrlum theory is appllcable at every
sectlon, even for the non—equlllbrlum reaches. A more‘."

_ratlonal proflle ca@culatlon would make use of the -
B ‘ . : /
dlfferentlal thlckness and varled flow equatlons dlscussed 1n

v the prev1ous chapter There have been at least two proflle’”

‘i.se these equatlons and, although other schemes'“

: fmay be in:use, n house, by consultlng firms’ and others, only'

the results of Uzuner and Kennedy (1974 1976) and Beltaos and

~.
~

'Wong (1986) have been publlshed
The solutlon technique used by these two groups are very

fsmmllar e&%n though Uzuner and Kennedy calculate the upstream

, tran31tlon proflle whlle Beltaos and Wong calculate the -

et

downstream tran51t10n proflle. Both use equlllbrlum

'Y
condltlons as a boundary'condltlon from wh;ch the

“

-calCulatlons proceed and therefore both presume the exlstence

of an equlllbrlum sectlon. Because all gradlents vanlsh in N
C . . - ) . . L LS . 5"“ . ‘ . I}:‘.;_ B
. 65 : 4‘ ’ -' v | o R ',3.,,3

v
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‘,&

. | | @@.g,’?’ oy L6
”.an equ111br1um sectlon, no solutlong s.lmmedlately‘pos51ble13

i C L meh :
}starting there.l Uzuner and Kennedy clr umvent. thlS @Qkﬁg

. o
dlfflculty by 1nvok1ng 1 Hospltal sfguﬁe and- then move the v

"startlng point for the SOlutlon scheme some arbltrarlly small f

» 8y ’

1ncrement away from equ1lrbr1um‘ 'Peltaos and Wong use the

- ’ 7

In the upstream tran51tlon dealt w1th by Uzuner and
‘fKennedy, 1t is- apparent a prlorl that the accumulathp it

ithlckness shouldldecrease upstream In the. downstream
i ’,

tranSLtlon, the ch01ce of increa31ng versus decrea31ng

"thlckness 1s not so obv;ous, elther'one is p0531ble *‘The:f“

.51uuatlon 1s analogous to the more ‘cammon problem of ‘ . St

calculatlng gradually varled flow profiles under . open water_

'_condltlons.. Therenare'two p0551b111t1es for ‘a mlld channel

downstream of a;reglon'of unlform flow “The proflle may be

1

of°e1ther the Ml of M2 type dependlng‘ condltlons further

: downstream,_.lt is for thlS reason that gradually varled flow'

[ . . . ar . .

‘:;3calculations in such a channel’ usually begln w1th a

1

'Ldownstream b0undary condltlon and proceed upstream.
Beltaos and Wong cons1der only the- case whereln the
-.thlckness 1ncreases in the downstream dlrectlon,, This is
‘certalnly the accepted shape for the downstream tran51tlon

and the few\documented wates surface proflles do 1ndeed
;exhlblt this 'M2—11ke'~shape. However there may be cases

'where an Ml proflle may develop, such as for a jam forming “/j
upstream of a control structure or a severely grounded toe of

.‘~’

low porosity. . | ,_' .' , z'_ C o
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Wlth the technlque used by Uzuner and Kennedy and by
‘Beltaos and Wong, the boundary condltlons can only be applled
tiafter the calculatlons are complete 31nce the calculatlons"

Ta

: begin at .the equlllbrlum reach-and proceed-toward the

;i.boundary condition'10cation ThlS is much llke beglnnlng a o

_gradually varled flow calculatlon at the normal depth and
z'proceedlnq towards the control, Wthh is not normally done
"However, the major drawback 1s that the technlque requlres an

equ111br1um sectlon exlst in the jam , Thls is. not always the

s
©

case and is a severe llmltatlon 1f the mndel is to be used to
.track the development of a jam over time or, 1ndeed,

valmost any real channel 51tuatlon Unless a channel 1s

\" L

__prlsmatlc, there s qo p0351b111ty for an equlllbrlum sectlon

~ . : *

”;'to develop and, ‘even in a prlsmaE}c channel, the length

'requlred for the Jjam to- become fully developed may not be -ﬁ

achleved due to ‘an’ 1nsuff1c1ent supply of ice. ‘A model whlch
requlresothe exlstence of an equlllbrlum sectlon would seem,-'”'

therefore, to be of limited practlcal use. ﬂ ;

i
0

- COMPUTER MODEL DEVELOPMENT * - . \f"’

The llmltatlons of the exlstlng 1ce jam models dlscussed

above p01nt out the ‘need for ‘a. scheme Wthh allows the

(S
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68
complete water surface and thlckness proflle of a jam to be
’ calculated regardless of jam lengthlor channel geometry.'-;

ThlS requlres the 51multaneous solutlon of two\equatlons"
"whose geﬁeral form 1s glven by [4 10] and [4 11] and | ) R
M‘sét;sfactlon of boundary condltlons such as those descrlbed :?
-“f~1n~the prev1ous chapter., R |

R e S~ '

An approprlate n“ncrlcal algorlthm would seem to be an .
1terat1ve one whr) solves [4 ll] upstream, as»ls usually T.
done for‘varled flow calculatlons in- al mild channel w1th an'
1n1t1al estlmated accumulatlon conflguratlon and then, asf'

) suggested by the phy31cs of the 51tu§tlon, solves [4 lO]
downstream w1th the flow depth proflle just computed Thlsc'
7.-1terat1ve cycle would contlnue untll convergence was =

- -

attalned

.’:_ : A : | | |
v Ai Such an algorlthm was developed and ltS maln elementsj.',.-
{”are shown 1n the flowchart of Flgure 5 l Thls algorlthm h
! has been caded ln the program ICEJAM ver 1. 5 whlch 1sj"
descrlbed 1n detall 1n Appendlx B The program starts by
readlng constant data llke dlscharge, por051ty, den31ty and
jam strength parameters, Next, data for each cross sectlon

'1s read the program ‘can handle arbltrarlly shaped cross—‘

sectlons at’ 1rregular 1ntervals«sorthat surveyed‘channel datav

The ice: and bed roughness must be spec1f1ed for

B

_ . ectlon as well as a reasonable water surface'r-~
elevatlon l' ‘v .. . . R . . .‘ . ,:-(. . S "". : f ,v ."a o
The solutlonlprocedure beglns by calculat@ng the normal ’i

) : [

v
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depth at.each cross sectlon assumlng an’lce cover of unlform‘
thlckness ex1sts The slope used to calculate the normal
depth is calculated from the glven water surface elevatlons.:
051ng the flow proflle so determlned, a flrst estlmate of the -
thlckness proflle 1s obtalned by solv1ng Equatlon [4 4] w1th
a 51mple, forward dlfference scheme v The thlckness —
calculatlons begln at the head of the jam, w1th a spec1f1ed

' .1n1t1al thloknessggan proceed downstream Then, keeplng |
thls thlckness proflle flxed, a’ new. depth proflle 1s obtalned
u51ng the 'standard step method of varled flow calculatlon.j
to solve Equatlon [4 6] " The depth calculatlons begln at the
downstream end of the jam toe and proceed upstream | Us;ng_
thls depth proflle, a newsthlckness,proflle»ls then_

’ . ! . -~

calculated and so on.

After each 1terat10n, the change 1n flow depth 1s

compared’to a spec1f1ed tolerance When all’ the cross-

o
B

sectlons have met thls tolerance, the calculétlons stop and

<., -

- the proflle is dlsplayed in tabular and graphical form

The forwar

.dlfference method was chosen to solve the frf

thlckness equatl n because it is 51mple to apply and can ,

convenlently han le varlable step: 51zes (le.

_,‘. @
Vi s e a

.cross-sectlons) A factor was 1ntroduced ‘ llmlt the change

)

1n thlckness for each 1teratlon to 1/3 of the calculated ‘

change It was - fouﬁd éhat w1opout thlS damppng factor, the ':’
- proflle'would osc1llate on elther 51dewa the solutlon and :
",.not convenge 1n some cases. The solutlon of the dlfferentlal

thlckness equatlon was attempted u31ng a more compllcated »f |

R .



‘a,predictor—corrector method ThlS method proved to bg»

‘somewhat unstable, particularly at locations w.pre the stepv

t

E VThe 'floating toe' configuration lS int§§LUCed in the

¥

S

o .

2z

-51ze changed, and was therefore abandoned.,f;-.f3,5f75ﬁ~ﬂ g%df

B

algorithm in the follow1ng manner Durigg the accumulationr j:“

ﬂ_the accumulation, the accumulation thickness is allOWed to

beofme as high as necessary for geotechnical' stability ’,

'JThen, during the gradually Varied flow 'sweep ’ which starts

V(:thickness calculatlon, which begins at the upstream end of 7'}f{

rat, the given downstream end of the toe, the waterway depth at f'

';It 1s presumed that the reduction ‘in accumulation strength

5jand the erOSion ve1001ty.«ggu3_f$iﬁf!;ﬁf'ﬁ*~

.each section is checked against ‘that which wpuld give the

speCified er051on veloc1ty : If 1t is less, the aCCUmplation

4'th1ckness ist reduced to 51multaneously satisfy the gradually

K °‘(

1

”t.cauagd by thlS reduction 1n thickness can be prov1ded by the'fﬁ"
L solf% rge sheet (ie. the force applied directly to the '
".upstream vert1ca1 face of the solid 1ce sheet,‘and the shear

f”between the gccumulation and the underside of the SOlld ice)

Henoe the end of the solid 1ce will be near the section where

" rio’ égduction 1n accumulation thickness is required to satisfy

'the erosion veloc1€; constraint, as indicated 1n Figure

(d) In other words, the thickness in the downstream
o

Dk

'.varied flow constraint and the erOSion veloc1ty constraint._j;f5'

A

\#;

fﬁrftran51txon region is governed by EQUation [4 41,,Wh11e that/ o

'iin the toe 1s governed by the gradually varled flow profile :fdﬂr



DISCUSSION®.

Th“?maln advantage of the- above algorlthm 1s the ablllty e
to.calculate a jam proflle w1thout presupp051ng an A

- equlllbrlum sectlon ex1sts ,Thls allOWS*prOflleS tb béﬂ';

v; fdetermlned 1n cases where the jam is too short to be fully?ll'

”_developed and for the development of 2 jam‘over tlme to be |

htraced ‘Moreover,vlt prov1des a means of estlmafing the

o length requlred for a jam to be fully developed, Wthh 1s an

.dlmportant plece of 1nformat10n 1f equlllbrlum theory 1s to be

. 3

.dlused at all ‘f; 91.

Another advantage is- the ablllty to calcdlate a proflle
S Loy ) o
‘.wlth reallstlc channel geometry.' TH&S may prove uséful 1n,§g\;,

I“

f;fdeduc1ng jam strength and roughnéss parameters from fleld

.'measurements of water surface proflles The abll1ty to use

_ real‘cross sectlon data also makes 1t a practlcal tool for

13

' estlmatlng 1ce jam 1nduced flood level proflles—¥

The majorﬁllmltatle}.to calchatlng the proflle

e

\T]wthroughout the full leng fe of a jam 1s the current poor

understandlng of the c1rcumstances that ex1st at. the toe

Rl

For the present calculatlens, a 51tuatlon has been presumed

;

;that 1s plau51ble for large rlvers w1th an essentlally
filnerodlble bed Questlons remaln, however, as to the effect

o of an erodlble bed and the p0551b111ty of partlal or compl te

5wground1ng 1n small streams

A further llmltatlon is 1mposed by the present 1nab111ty
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’_to accurately predlct varlous lnput data For example, the

| _dlscharge at the time of jam formatxon and the volume of ice i

;‘jthat can be supplled play a domlnant role 1n determlning thef_:A

' 551ze and floodlng potentlal of a jam, yet only rough bounds

can . be placed on thelr value As weIl, parameters that f;ld,f’

o

ld.'affect the 51ze and shape of a. jam (eg u,-@, e and k ) caq& '

.iny be crudely estlmated f'_v, ;';

A

B
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" CHAPTER 6: MODEL DEVELOPMENT AND EVALUATION -

B NN

INRODUCTION_ 'i‘ffig>:i

-

'é

ThlS srmpllfled41ce jam, 51tuat10n was used to.,l‘faflt

';a) evaluate the numerlcg?\procedure and assess 1ts.

performance al | ; | | |
”ft;fhﬂ}fhl evaluate, at least qualltatlvely, thefinﬁluencéidf\lf-g f
' W’J varlous parameters J"i:fg‘ijf}fﬂef. 4‘\@.ji.; |
';lc) developaseme apprec1atlon for the length requlred)%or a-

- full\-developed jam -

':fThe 51tuatlon assumed would be reasonably representatlve. )
%of a w1de and deep, slow—mov1ng,,relat1vely flat rJver.,'Thee :}
”;Macken21e Rlver at Norman Wells 1s such a 51tuatlon;land’:'k
:c'detailed fleld documentatlon pf ice- jams at thls lccatien_;>h
scould be used 1n eValuatlng the moael results o

fThe charactermstlcs of thls reach are reported Eﬂ;3'1§f(a-
:ffln Rlvard Kemp,.and Gerard (1984) and Rlvard (1985)i:fihef;;

‘,[average channel characterlstlcs of thlS reach are.,open:Waternxlf




a”ﬁ;,f.g: SR Ty
L 3

‘“;tfprov1ded a reasonable descrlptlon of the circumstances. icelg“

qﬁf.slope S =0, 0000976;'chand¥l w1dth B

)

“*gfroughness ky = so mm. levardLet al. (1984) documented a long

?1ce jam through thlS reach and found the following parameters

-

I .

- : . - A . S e _’” vy
IS . . . ER 3

t'acchmulation’roughneés,;ki;=73;3{m{;solid;;ceiroughne3§;k;uéIQ;#.f
'“ig; and the SOlld 1ce thlckness, sl= 1 7 m RiVard t al '

3

4

Fa

'if:also found that values of p l 6 and Q*a 15 000 m3/s'£f“:”e. L
“ﬂ1allowed the observed equlllbrlum' water level to be gﬂk'yh-ﬂQ N
e ,.“4-* : '«, e
. reproduced by equll;brlum theory It is of interest td npte A

~3Jhowever, that a 51mw1ar water level lS predlcted usiqg Q

'110 ooo m3/s and u - 1 2 (thls discharge 1s the lower boundvj2'~u*

. ‘L'

. K BRI -3
'd:the average value found by Beltaos,.1983)

G L vn
H . v .

.*testlmate obtalned by Rlvard et al and the value of pfis

N

. . . e ;.:.--

e . T B DT L T SO I LT .

- _PRELIMINARY TESTS .0 0ot i e

‘4__.A . . » o, PR s Tt LN

One measure of tﬁe 'rUggedness‘ of a computational nﬁf{;n;;
AN a‘ ' .v*h'.‘
‘ scheme 1s 1ts ablllty to malntain reasonaBle accufacy withftwg

“,'iw‘ Wt v,., Cu',




TABLE 6.1

Quantltles Used to Examlne Examlne Effect of

P
s

dhangesVin‘Nodé'Spacing,.;l=

s

Slope. <S> T o 000088

‘Bed. roughness (kbygs'f“ - g,;. '7ffo;05_m o

Width (8) .:3,.¢: Cel 2090 m‘

.Jam roughness (k‘fg ' ‘g - 17‘izi'3 3 m

Pl

Jam strength parameter (u) o "4'1.2"‘
Vertlcal stress coefflclent (K,) ~  4.32

e

10, 000 m3/s

P
e T I
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80 ..
" Figure 6.la shows calculated ice jam profiles in which .

e

Tt

N very_littleadifferénCe is obServed,whenathe”step.sizeV'(A?Sj'
',is-doubledifron SOOdm”to'loodfmf However,,when the'step sizé
is agaln doubled to 2000 m, the shape of the downstream

ttran51tlon is very dlfferent as shown in Flgure 6 lb ThlS

r

’behaV1our can be explalned by the fact that there are two

~
N

| mathematlcally possrble shapes for the downstream transxtlondf
These two shapes correspond to the Ml and M2 water surface |
proflles observed ‘in open channel flow When the step size l
is tOO‘large, the steep energy gradlent in the toe causes thea
water level to’ 'overshoot' the normal flow depth and the
. numerical scheme»then converges to the-Ml-llke solutlon as -
':To.avoid this. problem, the step size in the'toe,
4reglon‘can be reducedr' The results";re then as shown in

Figure 6.1c; fIn'this Case the step size 1s 250 m for the‘6

km furthest downstream, and 4000 m for the remalnder of the |

reach The small step size in the toe has all wed the

. C oA, \~ : .
calculatlon to proceed through the steep energy gradient and
malntaln the de31red M2 shape The remalnder of .the proflle

shows that ‘even a. relatlvely large step size allows an'

accurate proflle to be calculated



INFLUENCE OF PARAMETERS
| R

4

\”3:’ For the numerlcal experlments descrlbed hereln, the,
gl .
"'w%"VfOIIOW1ng parameter values were used: Q 10 000 and 15 000

’m3-/s,--u_ = 1.0,_‘,1.6,72.0,-_ K;y['_= o 'S and 1.0 k 1.5‘,_-3.3,
© 10.0 m;"‘L“'('.j,_a_lm'le,ngth.)‘," 15,30, 59.5 'km; _ande =04, 7,
‘Table'énZ shows the comblnationsAused in ehe}wariousm’ﬁ
| test'runs.__In;all cases the erosion.welocity was specified7:v'"
'ashl.Stm/s.(avreasonahIe’value based;on:the recommendations
of Urdner, 1975) and the nltlal thlckness as 1 ﬂ m. This
: may be somewhat thlnner than the actual—head thlckness but,
:was chosen to evaluate model performance for steep inltialv
* thlckness gradlents f e | |
Figure 6.2 shows some examples of the calculated ice 1am :i
proflles.(these correspond;to, from’' top to bottom, runs_Ol,
i20, and 30). 'The’various zones’indicated in-Figure'l’l,are_
"ég - clearly ev1dent It is noteworthy that the toe region
';extends for some 4 km in each case, whlch accords wmth tHe
a 'observatlons of Rlvard (1985) All of: the parameters, exceptﬁ “
the length of the jam, were. kept constant in these runs to“
show the develOpment of a jam toward ltS fully~developed
state The upstreamland downstream transmtlon zones of the.
.Icalculateg proflles obv1ously ovisﬁap for the 15 and 30 km
cases It is only when the Jam {s: aboqt 60 km long (Figure
”36 2 a), that the trans;tion reglons appear to be separated bfb

an equlllbrlum section._:f; T t@ 5o
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v'{% be_separated from thezr more obv1ous effect on the A

| thlckness.' The absc1ssa Qh these flgures.ls the dlstance

I

v
e

upstream from the downstream end of the toe non- '—‘ :’f;

/

jportlon of the proflle has not been plotted p“ffhf{ﬁﬁrj-i e

.

The top portlon of Flgure 6 3 shows the varlatlon oﬁ

7'proflle shape W1th dlscharge,“all other parameters belng kept

pconstant~"The shape of the proflles are very 51m11ar w1th

T y
ho

"hthe main dlfference belng the upstream extent of the toef

“5.The tthkHESS gradlent in" the downstream tranSLE&on zone‘

L "'Qi‘!""

"seems to be somewhat steeper»for the larger dlscharge.- This

-vx‘

'1s not dnreasonable glven that the‘ancrea51ng thlckness 1n

A Y

o 'thlS reach is profoundly lnfluenced by the shape of the

It can-: he seen thatﬁthg tran51tlon reéﬁons are sllghtly

v . G
- . SN .

g _ T S BEIEEE
varled flow proflle.‘ _v..s, 'f' {%, T fVT"=vw'ﬂ:g-_;-;:;

e
&)

. The bottom portlon of.. Flgure 6 3 shows he 1nfluence of
e § )/ S
.the lateral stress coeffic1eqt, ' on-the

N

rqfile shape

.-xyf
B

9 . 3 X . "_.v,

'}Shorter for‘Kv3= lwdithan forLK i=‘0 5 r The'lateral-streSS"”.

\.

coefficxent can beqthought of as the ratlo of bank shear to t']

Tstreamwlse stress and therfore Jnflueuces the rate of 'load

N . a v

gdlmen51onallzed by the rlver Wldth The*thlckness in- theﬁtoe'

Sy
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e . . : .

f;‘Ip'FigUrea6}4;fthe;top portiog showS‘tHefaﬁfedt of_icef

1

".fjam”;oughness height; kl[ onf;rof}le shape fAs'in tde}case,}>

i ‘

~

i i

g
Y

3;,Lnfluence lS qultegsmall, con51der1ng the large change 1n

f?assumed roughness It was explalned earller that the

. 5
';)',

R larger (1e. the jam hecomes stronger), the upstream

u i

.. of dlscharge, ‘the 1nf1uence of roughness helght 1s pﬁlmarlly

l~conf1ﬂed to the toe and downstream trans;tlon neglons -"hls

-.'! . ?

Y B CL

'3thléknes§ in thesa two sectlons of - the jam is strongly

’ \‘ B ' .
affected by, the @radually varled {low proflle ~Therefore,
- . ,‘ ) <.

<

* X ‘ './",.
am*strength parame!%r,ru, is essentlally an 1ndex

N

*of a jam to re51st the streamwrse forces

The bottom half of Flgure 6.4 shows the }

! \\\ R

laré&ft unfluence of all. In- thlS case the lateral stress,

N - Lo . : e

was kept constant and u was varled by~

3
—

The most Obvious'influence of

. .(7 . T !
'ﬁfthe upstream ttansrtlon As u becomes_
\.)(\ )

e

rd

: ‘\\\
also decreases_
dlscu331on of{‘heu

3,

sqrpriSLngithat

., ‘; : 1nf _uence o.ﬁ: t‘hls parameter' on the proflle shape It Has the _

- 89

I



‘J‘of 'b/t' and jc is essentlally constant 1n the upstream.

;feach Thls ‘means that in this reglon 4-?

It 1s of nterest to examzne the relatlve magnltude of

the terms in _he dlffcrentlal thlckness equatlon (le,‘.

- -

Equatlon [4 47) . /Ahls can be wrltten-as{

- (note: the rest of the variables are‘as(?efined_in;ghapter 4)

'Thefmagnitude of the terms in“Equation [6 1]‘arezshomn

“’graphlcally in Flgure 6. 5 for the same “data used tp computef

,the proflle shown in Flgure 6 1 As intultlon would suggest)

the term 'at' whlch represents the streamwmse resistance of

jthe.jam, 1s the domlnant term throughout, Wlth the other

—— . -

o

J.'_ :' o . ) L \ )
[6.11 -~ . at - b . B |
. : — = at + = + c )
. _ . . . A -
- where: t =.average thlckness of two computatlonal '
" nodes in- forward dlfference scheme
A K tang S e
. . . Xy B : . B : L :
- = —l . . . .
Ceob= T ,
’ ”‘ ) 4 ’
* & ‘ \
p.gs, :
C -
. \ '
2K Y 7

%

: terms playlng dlfferent roles 1n dlfferent reaches . The sum’
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[6.:2] S P e PRI ST
o v —— & 1 -kt .
e e dx . o . _ )
o R I P e
where: ' k = COnstant fo 'f : L IR e
. v . .y - ) . »

»

:In the downstream tran51tlonq the sum of 'b/t' and 'at' is

S S -

essentlally constant 50 ?hat

_ s )
S : ST e
S * I
| e
A =7 ‘ Q * . Y —_—
R et a - . R
' where: . S = water'surface-slope e \; : o

'? In other'worde) the/tﬁ}ckness proflﬁe in the transltron

- reglons could be approx1mated u51ng the 51mple relatlonshlps -

- B )

above Of partlcular note 1s the observatxom that the

A : '
thlckness profile in the upstream tran51tlon reach is, well--

"approx1mated by a. 51mple, llnear O D. E é‘d 1s V1rtually‘

Lo

;overall depth(in.thefequllibrium eection)‘obtained With-KMf=

0.5 for~various values' of |i. There is no discernible

' é
almost the entlre length of the Jam the depth obtalned from

°t

3
‘Alndependant of the.water surface proflle

\
. .

‘.

| Flgure 6 6. shows the dlmens:Lonless d’h prof:.les (1

whlch the overahl depth has been non- dlmensionallzed by the

'J_‘:/‘. L . .

‘ hdifference in”thé‘profiles However,,they do . show that' over

>l N r'.' -

\

'equlllbrlﬂm calculatlons is a very close approximatlon to the ,

A

actual depth Thfs 1mp11es that 1t would be ver difficult

‘to determine the extent of the equllibrlum Sec 'on of“a;jam
‘rom waterféeVel observatlons alone.. A Cooa

‘,l * N

The program also calculates the total volume of solid

'

“'l
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;1ce in the Jam (V] 1nclud1ng the toe reglon,.andfthese A di'\ﬂ"

| 'values ha,ve been compared- wn.th the volume of sol:Ld che ) ‘
. % » L .
,obtalned by asSumlng the Gequlibrlum thlckness e:\tists ouf/r the’

,'full length of the jam, lncl%dirl‘g th‘& toe‘ - Thls latter
.3(‘,.

volume 1f= termed the equlllbrlum volume, Veq.. Table 6 3 e
RS v Vv ‘ RS- 3 . v . "
shows the results of these calculatlons for three runs '

O

Evmdently the volume calculated assumlng equlibrium thlckness

= '-throughout is not far from the ﬁ%.tual volume.

- : . -

Lo N . 4;3

Appllcatlon of the proflle model to a srmple prlsmatlc

_chan,nel 31tuatlon has allowed the calculation procedure to be ' .
e , ,

) evaluated and reflned : The stablllty of the m.;{mef'lcal scheme

: -

'was demons“?rated by ltS tolerance to increaslﬁg nﬂe spacmg .'

- .

'and W1dely vary:mg parameters In .the follow:.ng chapter,» the
4

) proflle model will b)e applled to several case ’studles‘to '
“allow comparlson wrth measured 1ce jam profJ.les and ‘

.prev1ously developed computatlonal schemes‘ S 4 -.'-.n;;

[REY

g
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Run S TR

L | ' _ TABLE 6.3 | o
J. | ) C_ompari36n Qf"Cal‘Culate‘d'v.I_C._e Volumes- -.

- &

| T — ez ~ - Veq v' '.V/Veq
Ckm) 0 m T ke (kmd) -

R T

*,3Qi .4' 59;51':‘ ’f.41' :-,oﬂszs _.'- 9*315A 1.03.;'

Co20%. 030 o0 40417 - 0.189 - 0.159 . 1.07

a . . .' . . ' e . ’ A}

03001570 4.4T  0.086  0.079 . 1.08

A
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INTRODUCTION - J - s

a3

The"MackenzﬂQ Rlver' appllcatlon showed that the model
oo .
is capable of calculatlng an 1ce jam proflle for a w1de,

fflat, prlsmatlc channel f To further evaluate model

o performance,.four addltlonal case studles were carrled out

“The flt%% three were rectangular, prlsmatlc approximatlons of';
therThames River (narrow and flat),\the Athabasca R;yer (w1de

'”,and steep), and the Smoky Rlver (narrow and steep) »The

e’

Zflrst two channels were approxlmated u51ng the same data used"'
A E
: :by Beltaos and Wong (1986) to allow comparlson betﬁeen the

i x;downstream tran51tlon proflles calculated by their model and a
' vthose calculated by the presﬁht model The Smeky Rlver dar.
/rwas a comblnatlon of that glven by Beltaos (1978) and that ofy"
_'Kellerha*sret al (1972) The fourth case study makes use of
gthe actual surveyed cross sectlons reported by Doyle and | |

%
.Andres ¥l978) for-the Athabasca Rlver at Ft McMurray

The appllcatlon’ofhyhe deel to the flrst three channels;'

df,qu':f,« L:txgghgsg..:j.(-'



'_Served]§w0'purposes;» The, first was ‘to eValuate'model
fvperformance for’ varlous realistic 51tuatlons., The second was”

'to compare the tran51tlo'1 pro!lles calculated by the present
-4
model partlcularly the tranlltlon lengths, w1th those of
"prev1ous 1nvestlgatofs - The Athabasca Rlver case study

"allowed the computed water surface proflle to be compared

A A . -

'wlth an accurately measured one.

PR}

APPLICATION TO RECTANGULAR, PRISMATIC CHANNELS

;3,f >; As dlscussedhprev1oqsly, the.maln ::d of axg;; may be
composed of- upstream.and downstream tran31t on sectlons and-;
an eg*rllbrlum sectnﬁ} The equlllbrlum sectlon, requlred'
for the }am to be fully developed w1ll ex1st 1f the jam 1s:
long enough that the upstream and downstream tran51tlons dO'.‘

fd;not overlap It was shown 1n the prev1ous chapter that the
shape of the upstream tran31tlon is. governed prlmarlly by the -
1nteractlon ‘of the streamw1se forcesﬁon the jam and the :.

\\*fesyétance offered by the banks .0n. the other hand, the o

| downstream tran51tlon 1s strongly 1nfluenced by the change 1n'
depth caused by the M2 water surface proflle._'Thls
fundamental dlfference 1mplles that the tﬁo tran31tlonv
lengths should\be con51dered separately | . |

Theétran51tlon sectlons 1n a jam approach equlllbrlum

asymptotlcally and 50 the@length of the trans1tlon reglons

LW
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A

”must be based on some(arbltrary deflnltion. As in prev1ou§.
: 1nvest1gatlons, the tran51tlon lengthihas been deflned as the

| 'length requ:.red for the thlckness to ‘be w1th;n 1% of the '

(Q~k'equ1llbr1um thlckness Therefore the upstream'transxtlon‘;;q

dlength, s 1s deflned as the length from the head of the jam

'to a p01nt wherE\\he\thlckness 1s 99% of the equ111br1um> i

'thickness. tThefd wnstream tran31tlon, DS length is deflned as

'the length from the upstream end of the toe to a poxnt where
‘_the thlckness ls 101% of the equllibrlum thlckness
Several runs were made u51ng the proflle model and the

data summarlzed in Table 7.1. _Most-of_the runs~were made_;
wn.th b= 1 2, --4'.3‘2 ar‘itd' & = 0.4 to "a'll'ow 'direct o
' comparlson Wlth the results of Beltaos and Wong (1986)

'vvregardlng the downstream tran51tlon length Two runs. were

[

'alsogmade uSLng the data for the test case of Uzuner and .-

~

.{»tKennedy (1976), Wlth p 1 8 and e = 0 4, to allow

comparlson W1th the upstream tran51tlon lengths galculated by'
e _ g
'Jthese 1nvest1gators From the results of these runs. the '

upstream and downstream transmtlon lengths were determlned
R ‘ .

hlbased on’ the above deflnltlons and are presented in. Table

e
(‘71

P

The downstream trans;tlon lengths calculated in the
‘ present study and by Beltaos and Wong (1986), are almost

1dent1cal for the Athabasca River case (run A4) 'The~vhl~

"»agreementtls very poor, however, for the Thames River case

(run'TG), for whlch the downstream transitlon calculated in



- \c.\ 'w.:_ .~,\.
At L
| usm: 7. 1 S
e Results of Test Runs on Rectangular Channel Data ‘ﬁ”;, v
- Run R ) _D_esvc‘nptlon R 8- B Q ki‘ ;‘
SRR g e Ctm o (m¥/s) (m)
76 - Thames River . - . . .- :0.00027 109 330 . 0.05
$7 . smoky River . R 10.00052 250 375 5.0
. A4 . Athabasca River e .. g 0.00036. 560 1120 - 6.3
M6 ‘Mackenzie River. ~0.000098 2000 10000 3.3 .
‘UL, Uzuner and Kerfnedy Test Data’ _0.0004_' 305 1120 0.57
U2 i " i e - 0.0004 305 . 800 0.'57_' ‘
i ‘TAPLE 7.1 Cont'd . /.
Run  kp © M Kyy  Heg T He | tipje o teq
7 Cdm) S Am) om) o T (m)o- . (m) o
SooTe  ©0.05 . 1,2 4.32 - 5.33  4.48°  0.25 . 1.16
s7 0.50 . '1.2 ' 4.32 5.317 5.03 0.40 - 2.48
A4 2.2 1.2 4. 32-" ©7.9%  7.52° 0.75 . 3.66
M6 0.05 1.2 4,32 2.1 - 11.2° © L.0° - 4.71
U1 0.0014. 1.8 20 . .5‘.10' © 4.80  0.20 . 1.95
.o U2 0.00»144 1.8 -20. 0 4.36 3.9 0.20. ‘1',81'
‘\; EB: ¢ . . . ’ o L
R [ap—en
) “TABIE 7.1 Coht'd
Run' LUS . Lpg . Notes
' ',’ (m) (m)
A
16 750 ‘12600 "vBevl“t'aos and Wong (1986) find LDg- = 957 m
- 87 8000 300 -
A4 ’.3290.0 . 1100 Beltaos and Wong (1986) find LDS - 1164 rr\
M6 000 16500
Ulr- 8500 - - Uzuner and Kennedy (1976) find LDS - 1850 m.
U2 3000 - Uzuner and Kennedy (1976) find LDS = 1850 m
] ..
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'~the present study’ls more than lO tlmes longer than that
.’ - / - R . - » .“A ) . -
'*ﬂcalculated by Beltaos and Wong The’reason for thls:*‘.Fgafi

dlscrepency is. unknown but recent measurements of an actual
.(although perhaps not fully developed) jam on. the Thames’f’
(Beltaos and Moody, 1986) 1nd1cate that the downstream

-

trans1t1qn reglon may extend much further upstream than the 9

s
LN

rlver w1dths calculated by Beltaos and Wong {3986)

The results of two ‘runs u51ng the test data of’UZUner
'1wand Kennedy (1976) allow comparlson of the calculated
T'upstream tranSLtlon lengths. Uzuner and Kennedy 1ncluded a
'cohe51ve strength of 96 Pa whlch was - also used 1n the present ’

tcalculatlons. The total channe’ dlscharge glven by Uzuner
.\4

however,.the model they use

'_.and Kenne y is about 1120 m3/s,

'-reduces the dlscharge under‘the jam by the amount lost to '_f"

_ as t e jam lengthens upstream Therefore, the two

'Uzuner a deennedyw .The reason»for'thls_dlscrepejpy is”also-7sl

" unknown./

2
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APPLICATION TO ATHABASCA RIVER CASE STUDY: -~ ° =~ ' - . . 2"\
The Athabasca Rlver near Ft McMurray 1s a 51te whlch

’ uexperlengés nearly annual }Ee jams. Andres and Doyle (1984)

o reported observatlons and documentatlon of several 1ce jams

1

'1n thls reach Of partlcular 1nterest here 1s the ot

] documentatlon of the 1978 1ce jam,for whlch an accurate water f-
’;surface proflle was measured Doyle and Andres (1978) and S
':Andres (1980) provrde addltlonal 1nformatlon about channel

-geometry and Jce ]am condltlons, maklng thlS an 1deal case .

-

~‘study to test the present proflle model. e
Measurad channel cross sectlons were glven by Doyle and,i

Andres (1978) and were converted to Geodetlc elavatlon u51ng

’

y7the longltudlnal thalweg proflle glven by Andres (1980)

&

f_Thls ylelded flve measured cross- sectlons 1n the lce jammed :

V.reach Addltlonal 1ntermed1ate cross sectlons were obtalned'
’
“by eye as a compromlse' of the two closest measured cross-

sections A totaL of 22 cross sectlons were used 1n the y
. : ,\“‘ .
galculatlons '

The bed roughness of the jammed reach, reported by .

!

Andres and Doyle (1984) as.nb,égo 021, can'be-eXpreSSed in’ J;.

“terms of‘roughneSS»height’asfk = 0,02 mi This vaiue-is

,appllcable in the w1de, flat reach downstream of the jam

?

(Kellerhals e l.; 1972) but may be somewhat low for the.“'

C e———

relatlvely steep and narrow reach in- whlch the jam formed ‘fy;&

© oy

fI’herefore,.a_valueof'kb = 0;15'm wds used,_a,reasonablej;.

e



"'value for a gravel bed rlver (see for example,ngmerlnﬁs,

102,

\ .

% -

" ‘geometry and bed roughness for varlous values of dlschargev

-

The proflle model was run u51ng the above channel ;

ta o 7
o

i

' and‘lce jam parameters, and proflles were computed | Howeverr

Oy d .

nrelatlvely good estlmate of dlscharge 1s requlred 1f ‘a, .

‘1;mEan1ngful comparlson between observed and'tomputed water j

surface proflles 1s to be made The estamate of Q = 1850 dF/s

K3

B used by Andres (1980) and Andres and Doyle (1984) may ‘be toogf_:'

hlgh (Beltaos, pers comm ) and so a value of Q = 1200 m3°7s““i,-u

‘was adopted It should be noted‘that thls latter value 15'

;along with the observed water{burface elevat?pns reported by

1200 m%/s, k, = 10 m, e ;~o;4,1z,;‘50°;'and.xxy-= 0.24 (ie.

f,roughness elements (eg lee

~ Gladki, 1975). - ';*

‘A

close to the orlglnal estimate of Doyle and Andres (1978),

An example of a computed profile is ‘shown in Figur? 7 1

.~Andres (1980).. The parameters used for this|run were Q =ai,

ay

-—

A

'fu'=-la3); jThe'jam'roughness,pk;; wasCObtainedsby%trial'and

.‘*error to: achleve the best agreement between the observed and

computed water levels for the glven dlscharge and jam

' strength parameters . A roughness helght of 10 m is not
"unreasonable based on photographs of the jam 8 upper surface,

‘(Andres and Doyle, 1984), when 1t 1s remembered that the

roughness helght is 2 - 3 tlzes the slze of the larger

inos, 1970, Kamphuis, 1974,

S

' The agreement between the observed and computed wate\
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surface profiles is very good over most of the jam,"Thé,,

2

S -

diségreement between the water levels at the head is probably |
Q?explained By’a lower roughness in the actual jam in the .

upstream reach ; This accords w1th the observations of, for
'example, Calkins (1978), wherein the size of i‘e floes 'p

com8r151ng a jam (and hence the roughness) decreased in the

ﬁpst%eam dlrection. S _'.. : .” _,.{ “4, » 'f/f;-'

At the toe, the disagreement between the two profilesl
may be attributable to: partial grounding of the prototype
~~3am This is’ supported by the sharp rise in water level

s

to the floating ‘toe configuration assumed in the

ginning at the SOlld ice / jam 1nterface, which is‘contrary

calculations.v The agreement between the observed and

computed water surface profiles lS very good upstream of the

computed toe region (;e upstream of the solid:- ‘ice sheet)

The computed length of the toe was found to be very
senSitive to the ch01ce of V‘md theierosion:velocity; TIn

this case,'TZb(was~specified as 1 25 m/s because largerv

values prompted a. switch to an Ml type of varied flow profile'
-
‘ inﬁihe downstream transition whereas a lower value of \ .

vproduced a longer toe,-worsening the agreement between the
“'}‘observed and computed water surface profiles, and raising the-

depth of flow under the toe above that for the solid ice—_

‘covered reach _
< The applicatiqn of ‘the: present model to-the Athabasca»~

§§River case StUGy has shown that it is capable of reproducing

~

:.fﬂi ) o



.

\
;observed 1ce jam water surface proflles 1n non unlform

L

| channels However, 1f the model 1s to be used as - a, 7_‘
"1»pred1ct1ve tool, technlques for estlmatlng the varlous

'_tequlred parameters must be_;mproved.

. . . . PR 3 . - " . . . - L
. ; L PR . N - i - +
-~ o Y ] U o I v .

[AA

\

: COMPARISON BETWEEN PRESENT MODEL AND EQUILIBRIUM ASSUMPTION

;r\

e

As dlscussed~prev1ously, there -are calculatlon
. procedures avallable that have been used for non-unlform
channel reaches, but whlch are based on ‘the assumptlon that
"equillbrlum theoryils appllcable at every sectlon One such
method uses. the gradually varied flow model, HEC 2 '
B I Current releases df HEC 2 contaln an '1ce-optlon' Ghichv
allows a varled flow proflle to be calculated when an. ice o
cover is present (Calklns, Hayes, Daly, and Montalvo, 1982)
The user spec1f1es therthlckness and roughness of the 1ce cover'l
along with the cross- sectlon geometry and hydraullc parameters
i* For the present 1nvestlgatlon, HEC 2 ﬁas used to
| calculate the varled flow proflle for the AthabaSCa River,
lglven an initial estlmate of the thlckness, and then the ‘
'thlckness at each sectlah was calculated from Equatlon [4 7],» L
-the equlllbr.um/thlckness equatlon ‘The calculated thlckness
| ‘was then used to run HEC 2 -and the cycle repeated untll

'convergence was attalneo Problems of stability, encountered ' -

T~ S s T B
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while rufining HEC-2, were overggie!by using the average water

face slope of threejne%§'$' -fcroSs—sections in‘the
t ickness'calculations.T” N

The measured cross sectlon data for the ﬁthabasca Rlver’.d»d
f;was used to compare the ice Jam proflle calculated by.thls’
method w1th that of the proflré_model descrlbed prevmously
) However, to avoxd hav1ng to use the HEC-2 model'ln-the strong
: tran51tlon reglons for whlch it 1s not sulted a prlsmatlc
extens;on of the upstream and downstream cross sectlons was
_ made, aklow1ng the thlckness proflle to approach equ111br1um

at each end The - thlckness at each end was, spec1f1ed in the

present model based ‘on trlal and error, to achelve«a smooth
tran51t1Qn toward equ1llbr1um condltlons (rather than the
usual SOlld ice and head. thlckness) The comparlson is

' therefore conflned to the non- unlform reach contalnlng the

-

real cross sectlon data : -

«

As seen in Flgure~7 2 the ‘two schemes calcul te. very
51mllar water surface and thlckness proflles It should’be,
noted though, that the channel width and slope are quite

unlform 1n thls reacH and so this agreement is not

-

surprlslng. The agreement is not llkely to be as’godd in”

very non-uniform channels. . : o o
& . s - . — - '. —
&i ":x . » e L .

The Athabasca Rlver case study has shown that the
present model is capable of reproduc1qg observed water levels‘

. caused by a jam 1n f'natural chaghel However, the accuracy
v . B
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of the calculated thlckness proflle gahhbt be:tested beCause‘ L SN

'thlckness measurments were not made 'T e. case'st Y‘has alse
. » . ¢ el i -
- shown that for a relatively unlform channel, the hickness

t

and water surface proflles calculated by assumlng equ1llbr1um

mmane’

,'theory is appllcable at each sectlon are very 51milar to
) those calculated by the present model However, the ”ﬁj o
equllabrlum assumptlon cannot be used to calculate proflles

for the tran31t10n reaches of a jam B L ';,- I 'v3}§

° - . . . R



Tl * . CHAPTER'8: CONCLUSIONS -. . .
' _“. .v/:". . .."r “ ‘_._ . _-_. . e . ; .
. Aa'b‘l L . ] o . | :
In thlS 1nvest1gatlon, the problem of calculatlng the
thlckness and water surfaceff ofile along an ice jam 1n a ;‘”ﬁ.‘

natural hannel was - con51dere A Some of the relevant *htﬂf}f

llteratu.e'wa{ZZ:v1ewed and 1t was shown that only cruder-t

- e
. l . .

r'methods ~re.preL\ntiy avallable to calculate 1ce jam

profllebyg;One method assumes that the jam thlckness at each _ e

: equatlon whlch 1s solved ndmerlcally startlng at the
D 4 . "

equ1llbr1um sectlon. It 'was argued that such a method may
have llmlted practlcal appllcathp/hecause it can only be B
L

applled to jams whlch do have an equ1llbr1um sectlon.
‘ .It has becomewcustalgry 1n 1ce jam mechanlcs to comblne
several fundamenta{/parameters 1nto a 51ngle jam»strength“‘

'~paramete;; p,’ ;f,ahprofile model is td_beabased“on,the

dlfferentlal thldkhfss equatlon, the varlous’components of u
' 'must be spec1fied\separately One'of.theSe‘components-;s-the
) B B I '
o . » ) ‘ A I : ‘4 - .
‘ratig.of(loqgitudinal to.vertical stress, K,. The
. R R R R ) SRS
T T L ot LT . R
,5Coefficient3K'_has been assumed by SOme.tofequal the'passive
pressure coei;}clent used 1n soil mechanlcs, but thlS,\.
o 19 o .
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{assumptlon has not been tested for 1ce jam srtuatlons .Aht".
”; experlment was conducted in whlch a floatlng sample of o
polyethylene beads cbuld be 'shoved"(collapsed 1n
ot r

;///compre531on) and the stresses measured It was found that

the Ppassive pressure coeff1c1ent, tan2(45»4 @/2), is 1ndeed

‘an apprOprlate‘expression'for KQ ;fa;‘leastnear the S

centreline of a channel

k»computer program was developed whlch uses the‘
dlfferentlal thlckness equatlon to calculate the thlckness
.and water surface proflles over the entlre length of a jam at
any stage of. development It was. shown that the program can
tolerate large varlatlons in parameter values and node"
spac1ng and calculates reasonable 1ce jam proflles fif both
'.unlform and non—unlform channels However, the assumed
'floatlng toe"conflguratlon, Wthh is plausxble for large
deep r1vers-may not yleld an accurate proflle over the
(relatlvely short) toe reglon |
Test'runs ‘made wrthta rectangular;“prismatic
: approximation to(the‘Machenzieihlver, allowed a qualitative
assessment of the effect of varlous parameters on proflle
shape Furthermore, the 1nfluence of the’ 1nd1vmdual terms 1n
' the dlfferentlal thlckness equatlon was assessed ln both the
upstream and downstream transrtlon reglons ~It waSafound
that the upstream tran51tlon is most affected by the Jamv'
strength parameter&,'whlle the downstream tran51tion is most.

affected by the varled flow prqflle, although none of these

effects:werejlarge,comparedttorthevchangesiln the\equllibriu’ '



tthkness .‘ S R ,"-J'“fﬂ o

Appllcatlon of the model to several prlsmatlc channels

- $
(approx1matlons of reaches in whlch 1ce jams have been .

lfobserved), allowed the - length of the upstream and downsteam :

}

tran51tlons to be calculated.~ It was found that the length »
requ1red for a fully- developed jam to develop varled

substantlally but was on the order of 10 - 100 stream w1iths

r

A reallstlc case study, the Athabasca Rlver at Ft f :

'McMurray,'allowed a comparlson between observed and computed

‘water surface proflles The agreement between the two was

"very good except near the ‘head and toe of the jam. ThlS was

a N "

':explalned by changing roughtess and 1napp11cablllty of the

.

assumed ‘toe conflguratlon respectlvely

ThlS case study was also used to compare the proflle

_";alculated by the present model ‘with that calculated assumlng

the valldlty of equmllbrlum theory at every sectlon | The-
latter calculatlon was performed u51ng the HEC 2 varled flow
apodel The two schemes y1elded very 31mllar profrles, but-gﬂf

the w1dth and slope of the channel were very unlform

- throughout the test reach and so this resultacannot be7“7:ﬁ

"generallzed. Lo
FUTURE DIRECTIONS ' o
t ' e
_ e ; o f"'V
The ice jam proflle model developed herern, reA'esents

only a small step toward complete understandlng of



7fcomplex phenomenon In partlcular, the model can be useq\to

’fassess, at least qualltatlvely, the 1nfluence of varlous

11’)1 ‘

el

“parameters on the proflle shape.f It 1s hoped that such -

'flnformatlon can be used to dlrect future research

1Y

E7.protec

5 .
In the short term, there are several thlngs that can be

-,done to 1mprove the usefulness of the model as a pred;ctlvev‘»'”

'ﬂ“ftool ‘both for flood zone dellneatlon and for de51gn of floq' .

1éniﬁorks The flrst 1s to test the model more

Mo

o

’*tuthoroug ly by comparlng calculated proflles w1th those

'blmeasured ln the fleld. Such testlng would requ1re thé
"7ﬁ:collectlon of fleld data, whlch is both drfflcult and COStly

Gt to obtaln However, thls klnd of comparlson lS essenﬁlal,,

I'4

7fnot only as a means of 1mprov1ng the model ltself, but alsoff°

F'to instlll confldence 1n 1ts predlctlve capabllltles.

: process.’ Such a. model would’include hydrologlc and

}‘meteorologlcal elements as’ well as unst dy flow

3would allow 51mulatlon of the entlre freeze up and break up

future, it would provide a useful ai

Another 1mprovement would be to change the. 1nput format f

_so that the same data set could be used for the ice jam model
»and HEC 2. ThlS would make the proflle model more convenlent

- Q;to use,‘31nce most conSultlng firms. and government agenC1es :"'
.:already have data sets whlch are formatted for ‘use w;th

"»HBc.z.

“In the long term, it is env1saged that the prof;le model

’i.would be a module 1n a. larger 'rlver ice reglme model Wthh

nly a hope for che
A~
in theuoperation,-

capabllltles.v,Whlle~such:a model 15

¢
7o e



' planning ‘and impact ‘evaluation of hydro'-'power"developmgnt&qg' S
- ‘and flo‘éd fpr‘oﬁe,ct'ion‘v-w'érks, and _avllo‘w frﬁoré,:-ration'al;if_lobd-ri'sk .
‘assessment. .

.‘(.



LIST OF : :mmms_ LS

A "E_ __‘..t : ,"',
:.Andres,hD.D 1980,fThe breakup process and the documentatlon of
: \; the 1978 ice jams on. the Athabasca River at Ft McMurray ,:1'
B Proc Workshop on- Hydraullc Re51stance of Rlver Ice, |
Burllngton, Ont o »

AAndres, D D.»and Doyle, P F. 1984 'Analys;s of breakup and 1ce
- jams on.the Athabasca Rlver at Ft McMurray, Alberta,' Can;jc
J. Cciv. Eng., v°1 1‘11,' No. 3, pp 444-458 ' '
1Barnes, H. T 1928,'ICe engineerlng L Renouf,-Montreal
,Beltaos, 1978, 'Fleld 1nvest1gatlons of r1ver 1ce jams',IAHR
Symp on Ice Problems, Lulea, Sweden, pp 355 371 -

Beltaos, SQ 1983,'R1ver ice jams' theary, case studles and
- . 0
: appllcatlons', ASCE J. Hyd DlV . Vol 109, No.,lQ pp

1338 1359

: Beltaos,‘si and Moody,mw J. 1986,'Measurements of the -t

conflguratlon of a breakup jam 2 Env1ronment Canada,fNWRI
i Contrlbutlon 86 123 '7?F.'.—' . -

a : ' . 1. e . B e e

.Beltaos, S .and Wong,. . 1986,'Downstream tran51tlon of rlver
ace jamsf, ASCE J. Hyd DlV ' Vol 112 No 2 pp 91 110

N Berdennlkov, V P 1965,'Phy51cal characterlst1CS\of the 1ce in-

: &5 : .
ice jams and 1ce gorges' Sov;et Hydrology, No 4 pp 384- -

/Bowles, J E 1982 'Foundatlon analy51s hnd de51gn' McGrawaill[

\

816 p R
.nCalklns, D J. 1978,'Phy51cal measurements of river 1ce jams"

Wat Resour Res , Vol ]; No. 4, pp 693 695




fvf:d»:-'._:;'7}.'7‘*.'f-” .K“):_;H',r,gv:fA,. i;.:r,ry
‘v N | ; -‘ L ..,'g:.u : .v'iiiﬁ_
éalklnsng J. 1983 'Ice jams in: shallow rlvers wrth floodpla_n
R flow', Can J :Civ. Eng /_Vol,~10 No.-3, pp 538 -548. |
)'caikins, D.J., Hayes, R , Daly, S-F.~and Montalvo,-A -1982,--"'r
':‘t-,'Appllcatlon of HEC -2 for 1ce covered waterways ’ ASCE J
| Tech Counc115, Vol. gOB, No. '2; pp 241~ 248 _ ; =

Caquot,« . and. Kerisel, J. 1956 'Tralte de mechanlque des sols' ;

T

Gauthler-Vlllars, Parls

| Cheng, S.T. and Tatlnclaux, i}j{ 1977, 'Compressrve and shear‘ﬁiff_
‘v strengths of fragmented ice covers - a laboratory study ,dfv
IIHR rep No 206 | |
'f‘Clement, F. and Petryk S 1980,'L1m1tatlons to nunerlcal
d};. modelllng of 1ce 1n rlvers' Proc Workshop on’ Hydraullc
'Resistance of- Rlver Ice, Burllngton, Ontarlo , , A -
'hoyle, P,F and Andres,-D D. 1978 '1978 breakup in the v1c1n1ty
 of Ft. McMurray and 1nvest1gat/on of two Athabasca Rlver
"1ce ]ams ' Alberta Research Counc1l rep SWE 78 ~5.
hGerard R 1975,'Pre11m1nary observatlons of sprlng ice jaﬁs ln o
Alberta" IAHR Symp .on Ice, Hano: r, New Hampshlre

Gerard, Rn 1979 'Rlver dice in hydrotechnlcal englneerlng.t

review -of. selected toplcs ’ Proc NRCC Canadlan Hydrology

Symp , Vancouver
' ) , g .
Gerard, ; and Karpuk 'E. W 1979,'Probab111ty analy51s of

hlstorlcal flood data', ASCE J. Hyd DlV / Vol 105, No." 9,
RP 1153- 1165, ' o | |

*Gerard, RJ and Andres, D'b 1982 'Hydraullc roughness of .
freeze up 1ce accumulatlons North Saskatchewan Rlver

through Edmonton' Proc. Workshopqon Hyd..of-Ice:Covered7-



Q;Riyers,;EdﬂontOn; t_:*"rht bpfhzv '.fa_,H‘ SR

'Gerard,_R and Calklns, D J. 1984, Ice related fiood frequency
. analy515° appllcatlon of analyt1ca1 estlmates ' Proc Cold
B Reg Englneerlng Spec. Conf., CSCE, Montreal Quebec

""Gladkl, 1975,'Dlscu551on of "Determlnatlon of sand roughness

for flxed beds" ',QJ, of Hyd Res ’ Vol 12 pp 193 203

' Henshaw, G. H 1887 'Fra21l ice: on its nature, and the oy
| preventlon of rts actlon in- cau51ng floods'. Trans. CSCE,S~'v
No 1, pp 1 =7, »

4Holtz, R.D and Kcvacs,thD 1981,'An 1ntroductlon to‘

geotechnlcal englneerlng p Prentlce—Hall New Jersey, 733 p

_Howells, 1982,'Subrout1ne Graph (prellmlnary verSLOn)'

’

Progra" ocumentatlon, Department of C1v1l Englneerlng,

Un1 erSle of Alberta, Edmonton,.Alberta "‘ -b“f>{ig;'
‘Janssen, H A 1895,'Versuche uber getreldruck in 51lozellen’"
2. Ver. DE. Ing., PP 1045- 1050 :
Kamphuls, J.W. C1974 'Determlnatlon of sand roughness for flxed
| ' beds' J. Hyd Res ,‘Vol.-12, pp 193-203. | L
Keenhan, T L Panu, U s ’ and Kartha, V C. 1980,'Observatlon.andr‘
. analy31s of freeze-up ioce jams on the Peace Rlver near
Taylor' Proc Workshop on Hyd. othryerigpe,jburlrngton,
Ontarlo ::‘_Juf{_f_ ~ .:j,r thy'i' 5 ‘R‘_: i.ﬁ ' |
F? Kellerhak§ R, Neili, é~R., and Bray, D.I. ”1972,’Hydraulicjand"
geomorphlc characterlstlcs of rivers 1n AlbertaJ Research

Councal of Alberta, Rlver Englneerlng and . Surface Hydrology

Report 72-1. ""f 'A ' ';Vz:'_":;i_ :”' £

. 0

" Kennedy, R.J. 1958, 'Forces involved in pulpwood holding %’

A S - R R



117
Fgrounds‘, Engfneering Journal, Vol. 41, January, PP 58 68

Lee, K. L 1970,'Comparlson df plane straln and trlaxlal tests on

\t.,
,sand", ASCE J;gSorl-Meoh and Found Dlv., Vol. 96,“No;43,

' pp 901-923. _"' ' _-:f‘ ';-'f' L -'f” e ;‘f.b

*

- leerlnos, J T 1970,'Determ1n tien of Mannlng coefflc1ent from o

9

measured bed roughness in natural channels" Geoioglcal

PR ]

Survey Water Supply’ Paper 1898 B, 47p

Mellor, M. 1980,'Sh1p resrstance 1n thlck brash 1ce': Cold Reg

S

VSCIﬁ and Tech. ‘. Vol 3, PP 305 321

MiChel,»'; 1971,'W1nter reglme of rlvers and lakes' - USA-CRELL .

Monograph S _; : jA:“.v. ST ?7 .

Michel, B. 1978 a "'Ice mechanlcs' Les‘Presse'de;l'Université L
- ‘- S . o . ‘ '»"‘ . e, . o,'“
Laval, Que. 499 p. S ey -j:rb ~fm_4ﬂr

g

(R T

» 'Michel,_B. 1978 b,fIce accumul tlons at freeze up or break—up v
B ) : Q" 3

Proc. IAHR Int. Symp on Ice,,Lulea, Sweden, PP 305 317 :

Nezhlbovskly, R. A. 1964 'Coeff1c1ents of roughness of bOttoms_§"

surface of'slUsh—ice cover" Sov1et Hydrology, PP 127 150
* ‘.

‘Pariset, E. and Hausser,.R 1961,'Formatlon and - evolutlon of ice
| f’covers onir;vers', Trans. EIC,-Vol. 5, No.a.,;pp 41-49, :‘"'
'Pariset 'E : Hausser,’RL,.and Gagnon,.A; l@éG,lFormation.oflice ‘}
covers and ice . jams in rlvers' ASCE J. ﬁyd;bDiv;, Vol. 92,}

‘No: 6, pp.l—25. ”.x,' -bvfn“ | “.» ’f. 2 f,-" ' ‘5&;;1;

»

A-Peterson,-A.w., and Howells, R,F. 1981,'Users manual for HYEPOL a_,2

hydraullc englneerlng problem orlented llbrary y Department/

of C1v11 Englneerlng, Unlver51ty of Alberta, Edmonton,_

Alberta : o : _”.f
‘iPetryk, S. and Bolsvert, R. 1978, 'Simulation of ice conditions
: . R 22 AR St o



v; _ Munlclpal Eng F Toronto, Ontario

; Petryk S., Paﬂh, U ,‘and Clement, 1980,’Recent improvements
in numerlcal modelllng of river 1ce'. Proc wOrkshop on.
Hydr,ullc Re51stance of Rlver Ice, Burlington, Ontario .

s - S

Rlvard, G r Kemp, T ’ and Gerard,v 1984 'Documentatlon and

hfa analy51s of the water level proflle through an ice»jam,,-f

: »
u Macken21e Rryer, N w T 'Yy Proc Workshop on Hyd -of River
gy ! Ice, Fredlerlcton, N B , pp 131- 155 -ﬁf
‘grvard,* . 1985,'Analysxs of a: Macken21e Rlver 1ce jam' M?Sc; :

~
AN

the51s, Unrver51ty of Alberta, Edmonton, Albefta.v" _
Sodhl, S and Weeks, W. F. 1978,'Ice archinQ and the" drlft of -
' pack ice through channels IAHR Symp ‘on Ice, Lulea,'-' .

Sweden .‘.,f
ﬁi Stewart) D% and Daly, S. F. 1984,'Force dlstrlbutron in a
IS . : [ _ . . .

fragmented ice cover" USA- CRELL report 84-7

A NI

’

: users manual' Hydrologlc Englneerlng Center, Davxs,.'

ol Callfornla ‘ . : e
A

Uzuner, M S 1975,'Stab111t§ of 1ce blocks beneath an 1ce_ ,a;

4 L)

Xt
i ) ' )
f@& L cover' IAHR Symp -on Ice Problems, Hanover, New/Hampshire.

ot g \

Uzunerp M S and Kennedy, J. F 1974,'Hydra611cs and mechanlcs:

a e, Q’_'.v Q S
.ﬁlﬁa report ‘No. 161.

o ‘rlver lce jam‘

S . . -

o Uzuner, M. .S. énd Kennedy, J. » 1976,’Theoret1cal model -of
R

v . R

'L' rlver 1ce jams" ASCE J Hyd D1v ' Vol.,102, No. 9,Vpp_ v

L)
.-‘3

co 1365—1383. o . QU R
e ‘ T I RN

US Army Corps of Englneers 1982 'HEC 2 water surface proflles —V

" in'channEIQ', Conf. ‘on Computer App in;HYdrotechnical And;

N



N o S T
‘t)ﬁfShyDIx A: MEASUREMENT OF. MATERTAL . PARAMETERS FOR
- ‘-\ . ) . D T . .
W .. » . . v
.~ L POL!ETBYLENE Bzans e Sl

~ MEASUREMENT OF @ FOR POLYETHYLENE BEADS

»

The shear strength of the polyethylene beads was

'fdetermined using a'standard shea - box test. The tests were .

vconducted at the Unlver51ty of Al'erta.u31ng a. shear box
a
460 mm X 42 mm deep ) Two

‘apparatus measurlng about 60 mm

"test serles were run, -one w1th a dry sample and one w1th a

‘wet 5555157 :see 1f the presence of water affected the shear,f;
strength> The'wet samples were obtalned by r1n51ng the beads..
h'w1th water and allow1ng them to draln »

’.:As,ln the‘standard shear b0x apparatuS/va normalwloadﬁ
was abplied to the sample through a platten supportlng
ﬂ:removeable welghts as shown in Flgure Al The bottom half -
‘wdof the box was then dlsplaced at'a const@nt rate by an |

‘electrlc motor (in all thé experlments this rate was 0 020

mm/s) The reactlon On the top-

.was- measured by an
aldmlnlum prov1ng rlng fltted w1th a llnear varlable |
k dlsplacement transducer (LVDT) T e dlsplacement of the bottom.
half of . the box was measured by another LVDT The 51gnals _ﬁ?

jfrom the two LVDTs were sent to a data aqu151tlon system



. .
. c S

Normal Force -3

>

1

1

Constant Speed

(:)4‘, ; o | ,.(jj - |

Figure Al Sketch of shear box apparatus.
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'whlch logged the output voltaéeﬁgf the transducers along w1thﬂ

o

the time on.a strlp chart recorder

-q’ Unfortunately, the shear box apparatus d1d not al*pw

'normal stresses below about l kPa to be- applled rt was ,
expected that the stresses in the shov1ng experlments to follow
- would only be of the order of 10's of. Pa._However, 1f the

" Mohr- Coulomb fallure envelope can ‘be a;sumed llnear, the results

of these tests can be applled at a lower-stress level

L For each test the. shear box was fllled w1th a known
(dry) mass of ‘beads (80 g. for all tests), the normal load _
*applled and then the sample sheared After the test, thelli

3

sample was removed, mlxed and welghed 1ﬂ‘p?bparatlon for the

next test.» .- ‘.t

The data from the strlp chart recorder was redUted to
_ e ‘
the “load- dlsplacement curves shown 1n FlgurenA2 by multlplylngr_

L .
the voltages by a callbratlon coeff1c1ent : These coeff1C1ents
o Sy 37 .

: T e : IRV R : :
- 4.607€wh/Volt o :

CoGeem vl L L

o {f 210.1 N7VOlt L &’ R

As the sample was”sheared % ‘the shear box, the area over'

b33

whlch the shearlng took place was redubed due to the A

-
,/. .t_ BTN A

"- R H A

dlspﬂacemeno*of the two halves of the box: %ThlS de not

Tate ‘ﬂ s

~el L.
A
- d \ e

e‘ : l . \.\v

Tvaffect the normal stress, but the shearustress calculatlons_fi &;}

*must take cognlzante of ‘the reduted:areag‘ An attempt was made o

‘“/ . 3' . ‘e

”jto use: the dlsplacement‘correspondlng to the peak lateral load on

R
the load drsplacement chves but this Was made dlfflcult due tos

N
4‘ o o—‘"'»‘l.' - " e

-Jt

S

,#the lack of'a d1st1nct peak,ln many’ of the curves. For "this. -3'



122

- speaq mumamﬁuwxaoa uo ‘s3s93

.+ - xoq 1esys 103 $9AINO uSWLTdSTP PROT - 7Y 9InBTJ .

[N o e

(N ) @01

i



123

= H

tpenutjued - gy eanbrg .

i e

S | S _ v...‘A,E.Ew_sz_,.zm._uﬁmm._.ow
. N. .‘.“ @ . m . .\ « m ‘ L aN

Naver



124

oo

mmmuscﬁUQou

I

\,.,Nﬁ.mulmﬁm.,

wuw) [NIWIOVILSIa -

A A

| - i - |

(N avol

08



125

- “panuTijuc)

2

ZY¥ 2anbTg

(Ww) INJFNIIVIdSIa

2 AR u ,F.

»>

B

| IR 1 : 1 _ L

b\

o

08

- 00!

0z
0y

09

(N) avo1



e

Uw_\::u:oo N< wu:mdm

EEV szzmuﬁam@_of.ﬂ LT e




127

g

N R 1

~penutaued

(Wi

v.

INIW3IVIdSIa
N

gV 2anbTd

-

e S

- 08

avott

(N}



S . _u.wsc.ﬂ,ut.o.ou,.,, T .Nd.,.w*ﬂmﬂm ,

R, o 9 AR ot ) o R ‘ e N B
m S . . : Yoa
- e - ]

e

- N L u ) -. -.g . ..r.... . ; | O

avod

(N)

— log



129

o (Ww) INIWFOVT

- ‘penuTjuoy - zy sanbTy

sia

L

| LT ozlx

| 67 ON — o




J -

reason a dlsplacement of 4.2 mm. (sllghtly over one graln‘m

dlameter) was chosen as representatlve of fallure condltlons ”

.:and used throughout for the reduced area calculatlons (except 0

.for tests 27 - 29 1n whlch 3\? mm was used) | |
The results of these calculatlons are glven 1n Table Al

'The Mohr Coulomb fallure enyelope was determlned by linear f?fﬁ

regre551on and ‘is. shown‘!n Flgure A3 The angle of
- - : w .
shearlng resastance so obtalned is 48 9°"However it should be

T
remembered that shear box tests normally overestlmate Z by '
. . W

‘515’—'49 (Lee, 1970 as quoted in Bowles, 1982) The apparent

.“cohesion 1s llkely due to frlctlon between the two boxes

'MEASUREMENT OF SPECIFIC GRAVITY AND PORGSITY - o
v T R S SR PRI R

' The spec1f1c graV1ty was fqund by pourlng - sample of
_ 8

‘beads 1nto a graduated cyllnder partially fllled w1th water

iThe cyllnder was welghed before and Qﬁter to obtaln the mass

A

. cf the sample | The volume displaced by the sample wasri'
Tydetermlned by the 1ncrease in volume 1nd1cated on theA L
fgcyllnder‘s graduatxons ' Fortunately the frlctlon between the
;ssample and the glass walls of the cyllnder was sufficment to
;overcome almost all of the sample s buoyancy and so,_thh a B
*llttle care, v1rtually all*of the sample could be submerged T

for the volume measurement. The speciflc grav1ty of the



; Test_ng"Peak'"bisplacemept  Area - -

o TABLE Al -
e .+ . .. Shear box test results -

-

© ),

1,

. 6 ' h
(mm?) - (kPa) | (kPa)

<

3330

--3330

&

3330
3330

3330
' 3330
3389
3389

’Quwwb.b_.h.u.::..n.b.ab.u.&'.hﬁ.p‘&&b'
RN RNNR NN RN NN RN R

3330 . 7
©.3330

.3330 -

3330

3330

3330
13330 .

3330
3330 -
3330

. 3389

i
1
11

11,
11

12

S12
18.
- 18.
- 18

12

12
18.
18.
.34
34
.06
.06
.06

11

11

1

1

1

[06
.06
.34
347
34"
.34
.89
.89

37
37

.37
.89
.89

37
37

2
1

15
16.
14
15.
. 16.
‘18.

- 28,.

21

21.
17,
19,
21
21
13.
16

2
2

.90
.20
.02 -

22

.11
02.

82
32

.86

86

48
07 -
027
.02
87
.67
07
L7200
51.

‘Tests 1 - 13 Dry

©+ - Tests 21 -~ .29 Wet

AN
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polyethylene beads was found to be 0. 920.

Thecpor051ty of the beads was determlned u31ng the same

graduated cyllnder _ In thlS test, the sample was agaln poured

1nto€%ag}d§llnder whlch was, partlally fllled w1th "

o

water As before, the volume dlsplaced by the.sample could '

,4e read dlrectly fromfthe graduatlons on the cyllnder s

:The bulk volume ‘of “the sample could be. detétmlned by “
aCting the'volume~corre5ponding to'tﬁe top.sur!acekfrom

the volume corresponding to the bottom surﬁace (the sample

was carefully leveled to ensure an accurate measurement)

The por051ty was calculated by subtractlng the dlsplacement ;

from the: bulk volume and dlvadlng the result by ‘the bulk |

volume : ) | |
h The poroslty was determrned for two‘extreme condltlons

the ’loose condltlon was, achleved by plunglng the sample
'w1th a plastlc ruler and allowrng it to float freely to-~the

_ surface whlle the 'dense’ condltlon was achieved by stlrrlng

and. tapplng the sample ‘so that it compacted The poros1ty

. was foun@ to vary between 0 41 for the loosest pOSSLble\state_

to O 34 for the densest sta:e.that could be achleved with a

IOOmm deep sample



_INTRODUCTIQN .?: | B o .
o The ba51c loglc of the program has been dlscussed 1n
Chapter 5 Thls Appendix contalns detalls of the two
'1mportant subroutlnes namely‘ THICK - the subroutlne
‘respon31ble for calculatlng the thlckness proflle, and GVF -
the subroutlne respons1ble for calculatlng the~ gragually

:lvarled flow prdflle. Followlng thls 1s a complete llstlng of

ICEJAM ver 1. 5 whlch 1s the versron of the program used 1n_

all of the appllcatlons 1n Chapters 6 and 7 " As’ well
'sample data flle 1s presented COntalnlng typlcal data for the

~ Athabasca Rlver appllcatlon dlscussed 1n Chapter 7.

m—

- - L v ;.

: SUBROUTIN}/_THICK, . o S R

" This subroutlne‘calculates the thlckness profile of an
e

;1ce jam by solv1ng Equatlon [4 41 u31ng a forward dlfferemce

. .’ "f.-_
 scheme. Equatmon [4 4] can be wrztten as: R AR # N

=
e
—TN
_ ‘a
(23
———
R
3
ot
o
+
ol
+
ol

ek



where o , = | | v | Q§§ L
A -f-';r?f%?'a.”@/ R EREEE S
' : b K ‘ti/ ( 2Kv‘Ye) A . . . - .
Q- — . - ‘ . . Lo . i ] 1
o L€ =-Ap!gS,)/(2K}Y,). S I
<, R L o B
“ t = thickness.
o : l AN . . ;
The bars over‘thé\varlables 1nd1cate that they are. averages

of values for the t o C

putatlonal nodes. ‘The subscxlpt i
.Vlndlqates the computaiona node.whlle the shpersCript j‘is_an;_\
flteratlgn 1ndex The rem inder of the terms atevas-defineq lnhlk
'Chapter 4.

.A forwatd dlfference algorlthm (based‘on the deflntlen’ “h;

‘sketch of Flgure Bl) whlch can be used to so{ye thlS equat10n7

is as follows, beglnnlng w1th a known value of t.

Step 1) Estimate t.l 1 (after the flrst lteratlon,'
thls is taken as the t\lue from the last

cycle)
.g}ﬂ -
O
. Step 2) Calculate:

=3y +ag,) /2 i ».b _////”";/

L ~
(b, "+ b, .}y/2

'
1

fl

1 i+1

:\( C1 C+ Ci.’l.)"-/z‘

+t,)/2




. - o
X ,

Figure Bl Definition sketch for forward d F‘erence'

. S algorlthm used 1n thlckness calculatlons.
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0

‘stepe4) Calbulate:'ftii*ﬁ3=:ti

step 5)  IF

Py

" THEN:

ELSE:

'1‘Af'damp1ng factor ,

_algorlthm to ensure that

et e

(dt/dx) 3+

B ) b

>jjtoleranCe:A
1 t J+v1)

+

f"j * 1." =,”'t..i.j+ bl.‘ + D(Fijﬁi

"GO TO step 2

GO TO next node (ie.ri = f.+‘lx

D, was 1ntroduced in step S of the o

the procedure would converge to a

.from‘Equation;(Al)-

+ (dt/dx) 31 Ax .

SN

_solutlon uncondltlonally Thls factor has been set at O 33:‘1v’

.inrthe'program ‘The p0551ble reductlon in accuracy- cause%:by
- o .
. this. damplng has been offset by spec1fy1ng a small tolerance

o (equal to O 0001 m)

SUBROUTINEs GVF
. _n'
algorlthm used to Calculate the

.o The,lstandard step

gradually varled flow proflle is somewhat more compllcated

In ggberal, thlS algorlthm can’ be stated. as follows (based on



B R T I

the definition ‘sketch of Figure B2). - .

‘Step 1) WSAVE .é'_’hijf‘ll”l o N

- Step 2) Estimate h),, (taken as the value from the

% - .. - . ' previous cycle) -

- .vs_tép ‘3) Calculate HT13+1 and S'fij,"l._using équati'ons

N .~ 14.5], [4.6], .and [4.9]

- Step 4) Calculate: Sg3 = (Sgi + S;3,.,)/2

‘Step 5) Calculate: Hy)\'y! = My + S¢d Ax

- s_tep 6)'\If:"‘.j ', (Hp,9,1,1 - Hed)o > tdl_e;ranc‘e': '
© THEN: »refiri_e_ estimate of hJ,
. &0 TO step’ 3 e

. L o ‘ELSEF: hiJ‘f*ll‘ = WSAVE + D! (hijw‘ll _’hij{_l)



ice

Definition sketch: for

'Figure B2

'stan dardstep' '
L S © - algorithm used in depth:qalcuiaﬁioﬁs}v' '




St

CO»TO:next node

[————

’

+ The.procedure used in step 6 to refine the estimate of

N t

h,J, ; is simply to examine the,difference betwéen H 3,0 ard . |

- . . . LA

"Hi% 1va‘nc'i'to_’r;ldd ortSubtract:anraction (about”1/3),of;this,;'-

Y. v o .
+ : S
‘ B

;difference-to or from Hﬁt*ﬁhSO'as to make”this oifferencegg7

‘_smaller Although thlS seems to be 2 very 1neff1c1ent‘;

Ll

Procedure, lt usually flnds a solutlon 1n\less than flvef-7

x . . L)

‘1terat;ons A rugged procedure llke this was. necessary

rmethods have dlfflculty obtalnlng a solution

’

because the slope in the toe reglon 1s SO steep that other

B { ‘ H
- The 'damping factor' D"(whlch 1s the one. mentloned 1n

Chapter 5) is requlred so that the entlre groflle does:not

.

oscallate on elther 51de of the solutlon (whlch was found to

' S ‘ . fj;t SR
“occur in some cases, w1th D"— 1) .~ : PR P X
. <= . : } . /7 Ca ] AR ) 4. a
. . . . . . »e 1
A * “



ORI . 14
PROGRAM ICEJAM ver. 1.5 | P .
; :. S L : ) . N . ?& - L [ \

A

AR R |
N e

- DEFINITION OF IMPORTANT VARIABLES AND ARRAYS IN.THE PROGRAM

LAt —‘array contalnlng x- sedt _areas

.{l Bf;‘y;'{‘ :— ‘array: contalnlng horlzontalrg-sect. coordlnatesv':
}DFLAQ :3 fv—Tarray contalnlng dlagnostlc 1nformatlon
:fFSLbPEﬂf-,l--array contalnlng frlctlon slope at each X- sectx j
,p-g”_“_ihivﬁ - array. contalnlng?yert1Cal x= sect coordlnates

,-IERR : _ ,r~array,COnta1ning dlagnostlc 1nformatlon

. ~MYPTS . . = array contalnlng number of coordlnate p01nts i »
ufdescrlba.ng xX= sect; ST S . - 5

B Y array gontalnlng wetted perlmeter for each x—

. s » ‘ 24 . )
£, : ! - R
’«‘":i.', ' sgct e : .’

¢ R Y - array cOntaining;hydraulic radius for each x-

» .
) B ) . v - . -

BT : : K [ . o e ) : : —_—
’ ,4,:‘ . . " - N vy s N . 3

v osect: BTN E R R

RKR' . . - array contalning'ratko'of‘ice roughness~to'bed_’
A rouéhnessf o LA
o Do Lo d
‘vROUQHI e array contalnlng roughness of ice under51de
A .

¥ £ %

-ﬁOUGHB%'df'fgarray contalnfgg roughness of bed

SR ey ;

“ROYGHC - array dbntalnlng domp051te roughness of x- sect .
T & ' R
SLOPE - array contaanlng open water surface slope used for ‘

L normal depth calculatlons<'

. AR 7
OGFCK -~array gontalnlng ace thlckness at each X~ sect

£



R S
: ." ."":""b'.. L
THALW.. - f-,“array contalnlng thalweg elevatlon at each x—?ﬁ“fr“ T

’ TWR}" o ‘—_array contalnlng w1dth of ;am under51de at each :
ox- sect. | e -
| WMIN- 'r’ffarray contalnlng mlnlmum depth of flow S
calculated from specrfled maxlmum (er051on)
- 'veloc1ty ngl,eﬂ "»' lfvfz
O WSEL E~array contalnlng elevatlon of ice under51de
~WSLOPE - array contalnlng water §urface slope w1th 1ce'

 cqver in place fﬁ SRR

X —'array contalnlng chalnage of each x- sé@t

B \-

VAR L TR o a ST
jmRSiEs: ot gt

Ci"_ X :"f.COhesion7(Pa) {note:'this is, 1ncluded only to:
'l‘allow céﬁparlson w1th other models - 1t is not

theoretlcally corréct]? | i"e‘af f-}'{
‘B ,‘ _ ;v?fporOSLty (dlmen51onless) t Js“'ﬂ.

KERR - - counter used for dlagnostlc messages
MAXIT ° .;—;spec1fred,max1mum number of" 1teratlohs]:

NX' - number of cross-sections - - . o SRR

'l'NUMBBR run”ideﬁtlficatioh-numberu--




.ePKid‘_;. ?af7§ert1cal stress coefflclent (kd, dihehsiehless)t
'sQi<:..v:ff'7¥”dlscharge (m /s) . _ | E
”‘-ééRHO':h; _d’%-lce dan51ty (kg/m )

.SERR.‘_h h'éicounter used for dlagnostlc messages

.ijNPHIA'.’j—_tangent of shearlng angle (dlmen51onlessf
hTAf\.’ 1:if4wth1ck;ess of SOlld 1ce sheet at toe (m)

.‘.TINIT* A.:»flthlckness at head (m) W_le{“a “.i_r‘“
“deLEkH . s‘spec1f1ed tolerance on depth of flow (m{

TLVMAX'.""h;-max1mum er051on veloc1ty (m/s)f‘

'.;XK.“jV~v' ,—Qlateral stress coeff1c1ent (dlmen51onless)

s R
ol



v . ERER

' PROGRAM LISTING: . *

o

I

The foliowlng pages.contaln -a llstlng of the’program
ICEJAM ver. 1;5,, Thls llstlng also contalns subroutlne GRAPH
whlch 1s the program segment that generates a graphlcal
dlsplay of the output on a CALCOMP plotter Note that the word

.\processor whlch was used to produce this document uses- .
proportlonal spac1ng and so the llne numbers 1n the FORTRAN'
code do not appear to be in the fLrst 6 columns as is. usually

the case: 7,_1 ?1>*mf‘f~;p L
.

Two gr the subroutlnes used in thls program g§ORMD and

;j_ XSPROP are adapted from subroutlnes bearlng the same'(orf*

51m11ar) nameS“ln the HYBPOL llbrary of subroutlnes (Howells fx‘

a.
'1,

and Peterson, 881) o 55f;‘>'_3' 5 ‘]g ' ;; fQ.1;P.¢E
The concept and call format for the GRAPH plottlng ¢

subroutlne are sxmllar to'those of a’ program by the same name'

I

(Howells, 1982) whlch ﬁhe author had used prev1ogsly at the

p _ Unlverslty of Alberta The source code for Howell's version of

-

GRAPH was not avallable and ‘80 a new, somewhat llmited version
P t . ( W

. was’ wrltten for ‘use on the CYBER computer at the Canda Centre

. -
~ n

for Inland Waters _,:;;~_j7gﬁ ‘&u:ffg ____'.”1§.



o c- THIS PROGRAM CALGULATES THE THICKNESS ST
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PROGRAI&ICEJAM(TAPESTAPEG) ST e

N

| "ICEJAM - . |
. VERSION 15 LAST REVISION MAR16/87

. 7
oy
WRHTENBY GREGFLATO -

DEPARTMENT OF CIVIL ENGINEERING ’
UNNERSHY OF ALBERT A

. .
C..'Q.".“'Q"."'..'."'.."...'..""."..Q".'."."Q'.'.'.'...' . L

¢

B T TS

‘C: PROFILE QF AN ICEJAM INA NATURAL CHANNEL,  **5 .
g:.tt'.' weverennei ;.-.‘-".‘.‘-‘.».: -‘__ . --3- ...... s , ' ."h'\

" C SECTION: MAIN

-_ '.‘C"...'..‘.""'.."."'....\"".'."..."'..."..""-..'..'."".'."..T?’v.'_"\‘. o U
-C MAINPROGRAM ' s e

. DIMENSION MYPTS(199) X(199) ROUGHI(199) ROUGHB(199) Bl“l 99 25)
v DIMENSION H(199,25) THALW(199) A(199),TW(199),P(199) -

'DIMENSION R(199),SLOPE(199), ROUGHC(199); RKR(199) DFLAG{199) ch

- - -DIMENSION FSLOPE(199),TCK(199),TP(199), WSLOPE(199), EWAT(1 99)
** DIMENSION OPTN(12),ADUMMY/(2,2), ,BDUM(8,199),MERR(199 3
DIMENSION ) XSERR(199),XT(5),Y(5),C(5), TSAVE( 1 99) 1 '

- DIMENSIONIDUM(3,3),LABEL(6),WMIN(199) e Ay |

COMMON/ONE/SLOPE,ROUGHC,FSLOPE,RKR WSLOPE L T
"COMMON/I’WONVSELMYPTSBHXSERR : . | ~ s
- . COMMON/THREE/APRTW - o
.~ COMMON/FOUR/TINIT, TANPHI RHOEXK PK, cu R (AR
T COMMON/FIVE/TCK X' DRI LT
. DOUBLE PRECISIONWSEL(199) D R
'_C-INPUTDATAANDECHOCHECK< e e %’
- C - B ; ©og . ) ’,;'7' )
READ(SSO)NUMBERMAXIT R A R e
50 FORMAT(I8y = . e o
* " READ(5,100) TINIT.TAT.Q, TANPHI, RHOE, XK PK Cl
‘.~ READ(5,100) TOLERH,VMAX ~ * ,
100 FORMAT(F10.3)
- CREADGSSHYNX - T
WRITE(6,40) - h S .
40 FORMAT(r *** OUTPUT FROM ICEJAM ** 7’» Sl e
51 FORMAT(IS) B : e



[

, WRIT'E(G 98) NUMBER
. . 98 FORMAT(/ -- RUN NUMBER 18 ~1
WRITE(6,10h) Q - =

.. 101 FORMAT(//DISCHARGE = ' F1b;3)!,

WRITE(S 99) TINIT

99 FORMAT(/INITIAL THICKNESS GIVEN AT HEAD OF JAM - 'F"I 03

. WRITE(6S7)TAT . - .. . |
97 FORMAT(THICKNESS GIVEN AT TOE OF JAM....,, ....... "F10.3)
- WRITE(6102) TANPHI -

S0 FORMAT('TANGENTOF‘SHEVARING ANGLE ..... e, WF10.3)

- WRITE(6,103) RHO | , |
103 FORMAT(ICE DENSITY....-. ..... oo, F10.3)
 WRITE(6:104) E D
04 FORMAT(' POROSITY............ RAER— ',F1Q.3) -
ATE(6,105) PK | . j ] b
105 FORMAT('PASSIVE PRESS. COEFF i 'F10 3) =
WRITE(6,106)XK SR
106 FORMAT(SHEAR COEFFICIENT.....’.Q.- ..... e F10.3)
. WRITE(6,107)CI \ o
107 FORMAT('COHESION................. . 'F10 3
WRITE(6,109) TOLERH' e e
109-FORMAT(TOLERANCE ON DEPTH OF FLOW .......... i F10.3)
~  WRITE(6,110) MAXIT " " A
- 110 FORMAT(MAXIMUM N,UMBER OF ITERATIONS ...... R R
 WRITE(6,111) VMAX . - .
1 FORMAT('MAXIMUM VELOCITY UNDER JAM ............... "F103) -

- C“v
©CALL INPUT(NX THALW X ROUGHI ROUGHB)
C

- C
' CALL SLOP(NX X THALW WSEL)
- C

e CALCULATE THE UNIFORM FLOW DEPTH
.c,_ T .._.‘?_
c CALCULATE MINIMUM DEPTH BASED ON VMAX R <Y
c,. =
"_CALL MINDEP(NX QKERR, THALWVMAX MIN)
 IFKERR EQ. 5) GOTO204 -
c. .

' SERR=00 . ' '
CALL NORMD(NX,Q WSEL,SERR THALW)
_IF(SERRLT.0.01)GOTO998 . |
 WRITE(6,666) ~ ’

666 FORMAT("* "MAXIMW NUMBER OF ITERATIONS EXCEEDED
<IN SUBROUTINE:NORMD .- :
< "EXECUT ION TERMINATED"")
SToP. | i

e CALCULATE WATER SURFACE SLOPi,AT EACH CROSS—SECT‘ON o

-C CALCULATE COMPOSITE ROUGHNESS OF EACH CROSS SECTION L |

% GALLCOMPR(NX ROUGH ROUGHB) s

146
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D e e T e 1a7
- C.CALCULATE THE THICKNESS PROFILE USING THE R, -

C FLOW DEPTHS FROM THE GRADUALLY VARIED FLOW :
C CALCULATIONS. (FOR THE FIRSTTRIAL USE B
A C THE UNIFORM FLOW DEF’THS) -

6.
- 999 KERR-1'\

"DO.997 I=t, N)?
IERR(})=0 °
1897 DFLAG(!)=0. |
KSTEP=KSTEP+1 ", . » ' ’ o
. CALL THICK(NXQDFLAG FLAG, KSTEP KERR TATTSAVE) L
IF(KERRNE.1) GOTO202 R
gscomwue G @

" >

C CALCULATE THE GRADUALLY VARIED FLOW DEPTHS
_'C ‘GIVEN THE THICKNESS PROFILE FROM' THE PR'EVIOUS
_ C STEP, USING THE 'STANDARD STEP METHOD’ :
C -
" C CHANGE IN CALCULATED DEPTH lS TESTED AGAINST
C TOLERANCE AND KERR IS SET EQUAL TO 4IF THE -
- C CROSS SECTIONDOES NOT MEET TOLERANCE
C
C CALL GVF(NX Q TOLERH KSTEP KERR THALW ROUGHB RHO lERR VMAX WMIN)
o _
C CHECK FOR ERRORS lF NONE CONTINUE o . I

w IF(KERR NE.4) GO TO 202
I§(KSTEP.LTMAXIT) GO TO dg
" DO1991=1,NX. R
- IF(IERR(1).EQ.1) WRITE(S, 198) I
199 CONTINUE . o
188 FORMAT(/‘“THICKNESS CHANbED TO FIT BACKWATER AT SECTION(S) 'y
198 FORMAT(/##GVF DID NOTCONVERGE FOR SECT 13 AND WAS . :
<FSET ECNVAL TO MINIMUM) . e _ oo
DO 300 l=1,NX- - A : S ‘ -
IF(IERR()). EOZ)GOT0301 LT
300 CONTINUE - ST )
7 GOTOS802 B R
- 301 WRITE(6188')' ‘ o S,
© DO3031=1,NX - - -
- IF(IERR(I).EQ.2) wnms(s 197) !
. 303CONTINUE .,
197 FORMAT(10X 13)
SOZCONTINUE
o}
. WRITE(S, 200) MAXIT .
200 FORMAT(/**MAXIMUM NUMBER OF ITERATIONS ( 13,) EXCEEDED)
888 WRITE(6,201) = '
201 FORMAT(/ THE PROFILE AT THIS POINT 1S AS FOLLOWS )
- ‘GOTO204 _ , ) _ A :
20200 203 I=1,NX | T , B
IF(iERR(l)EQ1)WRITE(6198)l Sl e e Soer
,203CONTINUE =~ : SR T
DO 400 1=1,NX :



& IFﬂéhRu)xéz)GOTOAm SRR
A0 CONJUE .

6198 x .

LR IF(ER (I)EQ2)WRH"E(6 197)1 | | -
& 403 CONTINUE, * g S RN
i 204 CAfL OUTPUT(Q NUMBER KSTEP KERR NX 'IHALW ROUGHI,R,,DFLAG,IEB&).

T .sToP .

L. END . S ST
) C"“j"«".'"'.."»'_'_'.:v",'_:'"y‘.'f.":';.'_"»?;:'".-'?‘:\","'f:'""?""";f?: o . .
C SECTION: INPUT. -;:[_. ' o AU
C e »

T C eves PR "L' " . . . A '
c SUBROUTINE TO iNPUT CROSS-SECTION DATA AND FIND THALWEG 0
- C STARTING AT TOE OF JAM_AND WORKING UPSTREAM. : A 6

(o :
- : wxmoUGH: ROUGHB) SR
o commomworwsen MYPTS(199) B(199,25),H(199, 25) xseangg) .
.. DIMENSION X(NX), ROJJGHI(NX)‘ROUGHB(NX) o R - .é o
" ... DIMENSION THALWNX) o A S
v DOUBLE PRECLSION WSEL(199) , ' . ERR

DO20 I, NX R
> READ(5,101) X{!) '
.- 101 FORMAT(F1
* " READ(5;") MYP;
_NP=MYPTS(l) - Y
" READ(5,103) ROUGHI(I) gOUGHB(l# : \
. 103 FORMAT(F6:3)’ _ R
-+ READ(5,113) WSEL(I) e, T
113 FORMAT(D7.3) . ..~
CTHALW()=10000. . ¢
- 'DO10J=1NP
- READ(5,104) B(IJ),H(.J) - -
IF(H(I.J).LT.THALW(I)) THALW|
10 CONTINUE " R
104 FOBMAT(ZE10.3) _ »
‘20CONTINUE .- o e
g RETURN L ° ‘ - ‘ : ‘: .
W 0 C _ : _
K ) C"'."..f'.."_.'...'._."...‘.f."t'.v“.'.'."‘».'..‘..‘.."...‘,. . ) . \( . : ' .
c ss_cnon: SLOP [T SR L '
c. g P :
Ct.'.'.'."."t'.'."'."."0.0.'.".Q..Q.'..'.-.t.'.)" . 3
‘v C suanodrme TO CALCULATE OPEN WATER su.ope AT EACH cnoss sscnom ,
C S . e
‘ SUBROUTINE SLOP(NX X,THALW,WSEL) . :
- COMMON/ONE/SLOPE(199), ROUGHC(199) stpeugg) RKRQQQ) wsmpsugg)
DIMENSION X{NX) THALW(NX) . L
DOUBLE PRECISION WSEL(199) '

S A




’ R A 149
c SLOPE CALCULATIONS WORKING. UPSTREAM FROM TOE_. R
c
20 SLOPE(1)-(WSEL(2)~WSEL(1))/(X(2)-X(1))
NNaNX-1

DO 21 K-2 NN 4 -
. 21 SLOPE(K)-(((WSEL(K+1)-WSEL(K))/(X(K+1)-X(K)))+ .
<((WSEL(K)-WSEL(K-1))/(X(K)-X(K-1))))/2
SLOPE(NX)-(WSEL(NX)-WSEL(NX 1))/(X(NX) X(NX-1))
DORJINX | |
22 FSLOPE(J)-SLQPE(J) T
'RETURN o -
. END - ‘
C""._"'.'.vtttt_'.Q""'."'Q'."’QI.QQ“‘T-
C SECTION:‘XPROP
c
C--.-on.t'to.n-at.o'onntbt'..o-'ao-...n...--n...'...otttn : :
C SUBROUTINE TO CALCULATE CROSS- SECTION PROPERTIES
C

SUBROUTINE XPROP(NCS)
. COMMON/TWO/WSEL MYPTS(199) B(199 25),H(193, 25) XSERR(199)
. COMMON/THREE/A(199),P(199), R(199) TW(1 99)

' D@UBLE PRECISION WSEI# 99)

AINCS)=00 N

- TW(NCS)=0.0 - S
P(NCS)=0.0

) R(NCS)-OO . :
100 |=l+1 .

. IF(- MYPTS(NCS))102101101 , : T .
101 R(NCS)-A(NCS)/(P(NCS)+TW(NCS)) : ’ : R N

" RETURN ; ‘ ‘ '
102 IF(WSEL(NCS)-H(NCS,1))104,104,103 !

103 IF(WSEL(NCS)-H(NCS, 1+1))200,200,300

- 104°IF(WSEL(NCS)- H(NCS 1+1))105,105,200 . o '

105 DA=0.0 o B : ' | L e

DT-OO" % o : :
 DP=0.0¢ . e \
. GOTO400 ‘ o

éoo S-(B(NCS 1+1)-B(NCS, DIHINCS J+1)-HINCS )
X1=H(NCS,1+1)-WSEL(NCS). « - ,
 IF(X1)202,201,201 , . —
¢ o :
- 201 X1=WSEL(NCS)- H(NCS 1)
" 202 DT=S*X1
X2=ABS(X1)
'DA=DT*X2°0.5
- op-xz'somu 0+(s-s»
GO TO 400




'.30,0;bTeB(Ncs,l+i)§s('Ncs,l) L L R \ |

| CSECTION:COMPR .~ .~

X1=WSEL(NCS)-H(NCS.)
X2=H(NCS,))-HNCS 1+1)
 DA=DT*(X1#4X2°05)) =
| DP£QRT«D?DD+(X2'X2))'
c
400_A(NCS)-A(NCS)+DA . S R
TW(NCS)=TW(NCS)+DT )
‘PNCS)=P(NCS)+DP , | .'
' GOTO100
" END

- C

C..""."."."..."'..".".""'.'."'..""""‘.'.'..'“‘ .

c

b'-' S bbbt OONaSeN -"'....'Q‘.".'Q..""ﬁ'.'..

- C SUBROUTINE TO CALCULATE OMPOSITE ROUGHNESS OF CROSS- SECTlON

=

.-C

C USING SABANEEV EQUATlON ITH EXPONENT EQUAL TO0.25

C SECTION: NQ@MD

. C

C.'.'.'."...."'."..'.".'""..'.""'. '.'..'....'..'.'.'

*C SUBROUTINE TO CALCULATE UNIFORM FLOW DEPTH

C USING KEULEGAN LOGARIT}-IMIC FLOW EQUATION

. C-

'SUBROUTINE NORMD(NX Q WSEL SERR THALW) ' -

R

(o
' SUBROUTINE COMPR(NX UGHI ROUGHB) ' ‘ E
. COMMON/ONE/SLOPE(199), ROUGHC(TQQ) FSLOPE(199) RKR(199) WSLOPE(199)
. DIMENSION ROUGHI(NX),Rt GHB(NX)
‘DOSOJ=t,NX - - .
RKR(J)-ROUGHI(J)/ROUGHB(J) 4
50 ROUGHC(J)-ROUGHB(J) (((1+(RKR(J)"O 25))/2)"4) , A S v
-RETURN . o L
END . . X - . . ' . - 'v RN M N k )
c” Lo S -
g C-"‘QT'...."v.."f'....""'".t.I.'.Q.Q."'Q"Qﬂ'"'.'.'...' B
oo .

COMMON/ONE/SLOPE(199),ROUGHC(199), FSLOPE(1 99) RKR( 199), WSLOP}:( 1 99) o

COMMON/THREE/A(199),P(199), R(199) TW(199)
DIMENSION THALW(NX)
DOU:BLE PRECISION: WSEL(NX) -

TOLER=0.001 B

c UNIFORM FLOW DEPTH FOUND USING SECANT METHOD
C .- .
DOSOK=1 N R
kKe=0- - T o |
WLI=WSEL(K) o , S
'CALLXPROP(K) - B D A
Al=AK) . & - | | R
R1=R(K) Co
- WL2=WSEL(K)*1.01
' CK=ROUGHC(K)

at.



: .,_C

SO=SLOPE(K) It L
lF(SOLEO)SO—O 001 ol ST

151

o
E DEP1-FUNC(A1 m CK, sé Q)_‘ o
CIOWSEL(=WL2 . - o s T

CALLXPROP(K) S s

. A2=AK) - T ,

R2=R(R) : L
DEPZ-FUNC(Ag R2,CK,SO, o)

IF(DEP2EQ.DEP1) GOTO21
" WLNEW=WL2-((WL1-WL2)*DEP2/DEP1 )/(1 DEP2/DEP1 )

ERROR-ABS(WLNEW—WLZ) s

IF(ERROR-TOLER)303020 e . . &
20 IGWUNEW.LE. THALW(K)) WLNEW-THALW(K)+O1‘ _ e
CoWewz s T .8
DEP1-DEP2
. KC=KC+1 :
. 7 IF(KC.LT40)GO TO 10

" 21SERR=10.. "~ -

“ . RETURN =~ .. . -
30 WSEL(K)-WLNEW

. CALL XPROP(K)

'SOCONTINUE o . o Cwm
'RETURN > - T
: 'CQ"..'tv.t‘tt"g_.‘tottttt't“ttﬂt"Q.Q.t'..'Qtt".'t'v'tt"vttttti'
C SECTION: FUNC
- C

g : ‘C"D't".Qt'tt..'.t"it'QQ'Q‘..QQ.Q'."t.".mn.ttt..‘t". ’

- C FUNCTlON TO EVALUATE LOGARITHMlC FLOW EQUATION - '
c . . . . . . ' ‘,;j "‘ o
FUNCTION FUNC(A R C S Qr .o ' LT ‘
FUNC-(A'(SQRT(S 81°R" S)) ((2 5'ALOG(R/C))+6 2)) Q- e
RETURN S e ok
CEND e 4 | L e

. C . . . o8 »

. y S . . - .
: _C'..'.'"."..'.'ﬂ'.‘.'.."'t'ﬁ'...'."."'.'."Q.'.'.'n

2501 . - s

: . . N 1 o
: . . - i ‘ - . . A

~C SECTION: MINDEP - S0 . e
c -

3Cn.-ot-o.’.t..aaii-.ininnﬁaocn..-t...g.-t-.-..ta-.aaa'-o'.

C

C THIS SUBROUTINE CALCULATES THE MINIMUM DEPTH OF FLOW

T C SUCH THAT THE SPECIFlED MAXIMUM VELOCITY IS NO EXCEEDED B ‘ E—

' OUTINE'MINDEP(NX,Q,KERR.THALW,VMA‘X,WMIN) |
- ‘COMMON/TWO/WSEL, MYPTS(199),B(199,25).H(199,25), XSERR(199)
MMON/THREE/A(199) P(199).R(199). TW(199) '

B



4»_C

~ DIMENSION WMIN(NX), THALW(NX)
. DOUBLE PRECISION WSEL(199)
'C Py . ..‘ . . RS
DO 8Y IX=1,NX
WSAVE=WSEL(X) -
| WSEL(X=THALW(X)+3.
c
C DETERMINE DEPTH SUCH TRIAT VELOGITY IS JUST
* € EQUAL TO MAXIMUM USING SECANT METHO.
S C
 TOLER=0. 0001
KC=0

-CALL XPROP(IX) FURS . .
WL1=WSEL('X) . ) * S s P
‘WL2=WL1-0.025 : o
DIF1=VFUN(AT, VMAX o)

IF(DIF1. EQ 0.) DIF1=0. 00001

- 103 WSEL(IX)=WL2 -
CALL XPROP(IX) -
A2<A(X)
. DIF2=VFUN(A2VMAXQ)
IF(DIF2.EQ.0.).DIF2=0.00001

“WLNEW=WL2-((WL1-WL2)"DIF2/DIF1)/(1. DIF2/DIF1) -

" ERROR=ABS(WLNEW-WL2)’
" IF(ERROR-TOLER)105,105, 104
é :
104 IF(WLNEW.LE. THALW(IX)) WLNEW:THALW(IX)+O 1
. WLI=WL2
WL2—WLNEW
DIF1=DIF2 -
KC=KC+1 . ' '
IF{KC.LT.100) GO TO 103 -
KERR=5 =~ ™'
. 'RETURN -
c L
105 WMIN(IX)=WLNEW |
© WSEL(IX)=WSAVE
CALL XPROP(IX)
99 CONTINUE -
'END e

* v - ;f . - .. . N

‘r-C, {

C'."..Q"....".......Q'...‘..'l........"‘Q"'.."..."“. :*
° ) .

C .
-C SECTION:-TH!CK,

- Cc . o

C‘.'.Q".."Q'.'Q..'...'."..."'.Q‘....."'."...."'..... N

-
Rt T

o

C SUBROUTINE TO CALCULATE THICKNESS PROFILE OF. AN ICEJAM o

-“l._C

. . o b4 A

WOUTINE THICK(NX Q DFLAG, FLAG KSTEP, KERR TAT TSAVE)

COMMON/ONE/SLOP@QQ) ROUGHC(i 99), FSLOPE(1 99) RKR(1 99) WSLOPE(1 99)

ty



o » | “ S BE
| -ACCNMON/TWONVSEL MYPTS{199) B(199 25) H(i9o, 26) xsean(fgg) N T

* COMMON/THREE/A(199),P(199), R(199)TW(199) . e
COMMON/FOUR/TINIT, TANPHI, RHOEXKFK I Ly
. COMMON/FIVE/TCK(199),X(199) - - AT g
Q*x;y » DIMENSION DFLAG(NX) TSAVE(NX) AT R i
~_ DOUBLE PRECISION wseuws),renm TE 20T0X." s
C INlTlALIZE’IHICKNESS FOR FIhSTTRIAL (4E L KSTEP-1) ’ fs‘ AN
c : ; , ed P |

IF(KSTEP.GT-1) GO TQ 9
" TCK(1)=TAT- P L SRR
BTCK(JX)-TTNIT ;a...“.f P

C

e CALCULATE WATER sunifACE SLOPEAT EACH NODE?"? o
e , ‘ o
QCALL wATsy.o(Nx WSEL~RHO) T S
DO71'E‘2;‘ R A
T . . REFYVALN
7 TSA'V -%K(r) ',,' -’ PR 7000 ;/»DI:.: 3 -

Cc
‘ L}M‘Nx_a\ 'f..,ul.'.,u :"" o »
3 .GRAV=9.81. S ‘
M DO 100 ll=1 LIM e ,_:/  S
S DN AR

o X+1 S QaJ, L o p
; ?TCK(IM)’J . " S

-TCKtI)5) Do e R -
é ISTEP-O R ':T._;' S SR PRI

TOP= (IX)+TW|M))/2 e

L AA=( ’I’ANPHI)/TQP ' S
; DFLAG(1%)=0. : AR oL et
: .YGAMMA-GRAV‘iooQué N 4
GAMME=(GRAV*GHO"0.5):4.-E)* (. (RHO/1000 )) o o
o RI=(AUMYPES)/(TIRKROM(-0.25)) = L )
* Re=( AN+ RKRIX)"(0. ) )

/  l-(R1+R‘2)/2 SR N - ' s
,SF-,(FSLOPE(W)-«-FSLOPE(IX))IZ o T
. . BBAGAMMA'RI'SF)/(2." PK GAMME) '

"‘SW-(WSLOPE(IM)+WSLOPE(IX))/2 S
©&  CC=((GRAV*RHO'SW)/(2."PK*GAMME)) .
' -<-(CUTOP*PK*GAMME))

10 TAV-(T21+T1)/2 ‘

ol
_.___IEBM1=AA‘TAV ;
TERM2=(BB/TAV)}+CC- -
.TERM3=BB/TAV - .
DTDX=TERM1+TERM2 .

T22=T1+{DTOX*(X(IM)-X(1X)))
IF(T22:.LT.0.) GO TO 99 -
TDIF=ABS(T22-T21)
TOL=0.0001. '



" “DFLAG(X)=1.

I

8"

C.

- IF(TDIF LT, TOL)GO TO 99 '
ASTEP=ISTEP+1

| T21a=T214(0.33°(T22-T21)) - ST e gl

IFSTEPLTSOfGOTO10 ~ . .-~ . 4.
Gotote T

C CHECK IF TCK(IX) IS LESS THAN TINIT IF SO SETTCK(IX) EQUAL : o
c TO EITHER TINITOR TNS WHICH EVER IS GREATER T e
Cr- TNS THICKNESS OF NARROW JAM BASED ON NO SPILL CONDlTlON

c - o O

- C

C SECTION:WATSLO

' C PRINT TERMS IN THICKNESS EQUATION BY REMOVING

o] 'c' lN THE FOLLOWING LINES = -

C -]

c lF(KSTEPNEZS)GOTO 18 ' IR

C  WRITE(6,66) 1X,AA,BB,CC,RISF, sw TAV TERM1 TERM2 TERMS DTDX e
66 FORMAT4, 11(2X,G9. 3)) L . . o
18 CONTINUE -

' IF(TCK(X).GT. T!NIT) GoTo 100 o
DFLAG(IX)=2. . . '

19 TNS-((Q/A(!X))"Z)/(Z'GRAV'(1 (RHO/1000 )))
- IF(TNS-TINIT)20,20,21

20 TCK(IX)=TINIT .
GOTO100

."21TCK(IX)‘-TNS.' L
~ 100CONTINUE - ‘/

. C~
. C LIMIT CHANGE IN THICKNESS TO 33% OF CALCULA*ED

C CHANGEFORSTABILITY -~ - T S

DOQSI-ZLIM,- - ' .

98 TCK(I)-TSAVE(I) (0 33'(TSAVE(I) TCK(I))) e
c -

END

C.."""..'.".'.Q""'.‘...’..'.'..'.'."I.....’..‘.‘.".'ﬁ."ﬁ .

C

: C..'."'."."..Q....u'."' ...Q....".."‘...ﬁ'...'.'.....'

o c SUBROUTINE TO CALCULATE WATER SURFACE SLOPE AT EACH NODE

C
c | | PR
SUBROUT!NE»WATSLO(NX WSEL RHO) ,
COMMON/ONE/SLOPE(199), ROUGHC(199) F%LOPEUQQ) RKR(199) WSLOPE(199)
COMM@N/FlVE/TCK(‘lQQ) X(199).
" DOUBLE PRECISION WSEL(199) WLB WLC WLF
Cc.

NL=NX—1

- RETURN



> ]

. -"»C

..

o'oo*-" -

'_‘,'-CSEGTIONGVF e i

o C'...'....'.....Q".".O"....'."..'.Q....'..'..".".OQ..' :

c SUBROUTINE TO EVALUATE GRADUALLY VARIED FLOW PROFILE

.'C CALCULATE TOTAL HEAD AND FRICTION SLOPE AT

r'.C
e 10

DO 50 1-2 NL
C
SI-RHO/1 000

.v? .&'-1 : — . L . o i - | - : " - \ .

' IF-I+1 o s

. 'WLB-WSEL(IBHSI'TCK(IB)) oo
WLC-WSEL(IC)+(SI'TCK(IC))‘ : o
WLF-WSEL(IF)+(SI'TCK(IF))' co

WSLOPE(IC)-(((WLF-WLC)/(X(IF) X(ICH) | w
| <HWLC-WLBN(X(C)-X(B))2 SRR S

* IF(WSLOPE(IC). LT00) WSLOPE(IC)-SLOPE(IC) S
so CONTINUE

WSLOPEU)-((WSEL(2)+(SI'TCK(2))) (WSEL(1)+(SI'TCK(1))))/ I
<(X@X() o
' IF(WSLOPE(1).LT.0.0) WSLOPE(1)=SLOPE(1) .
. WSLOPE(NX)-((WSEL(NX)+(SI'TCK(NX))) (WSEL(NL)+(SI'T9K(NL))

- <MX(NX)-X(NL)) Lo

; IF(WSLOPE(NX) LT.0:0) WSLOPE(NX)-:SLOPE(NX)

'REI’UR , ,

END

B QSUBROUTINE GVF(NX, o TOLERH KSTEP KERR THALW ROUGHE,RHO,

. <IERR,VMAX,WMIN)

LT . T "..' T N o - . s - . ” B o L e
. .o N . . B o N " . Lo . .
RS . ’ o E o R | P . . RN . e ot

. ;, Lo S o ‘ . ; ) - L,

135

~ COMMON/ONE/SLOPE(199), ROUGHC(199) FSLOPE(199),RKR(199), WSLOPE(199) o

- COMMON/TWO/WSEL,MYPTS(199), B(199,25),H(199,25), XSERRUQQ)
 COMMON/THREE/A(199), ,P(199), R(199) TW(199) ,

- COMMON/FIVE/TCK(199).X(189) - . " -

- DIMENSION THALW(NX), ROUGHB(NX).[ERR(NX), WMiN(NX)
DOUBLE PRECISION WSEL(199) -

C 'DOWNSTREAM NoDE

c

‘ HTD-HEAD(1 o)
FSD=FRIC(1,Q) §

_ c CALCULATE DEPTH AT UPSTREAM NODES USING '

C STANDARD STEPMETHOD =~
Xn2 -
SI=RHO/1000.

. L ¢ .
C : : "". : o

100 WSAVE-WSEL(IX) e

-




L WLAST-WSAVE e =

B ' C ‘ ’ i g - /"f'l". . ‘:

.C CALCULATE DEPTH oF FLOW AT NEXT UPST EAM NODE

c ESTIMATEHEADATNEXTNODE e IR

102HTU-HEAD(IXQ) ; T

_ FSU=FRIC(IX,Q) - - : EEEEE R
'SFAV=(FSU+FSD)/2 R 1
_HTT=HTD+SFAV*(X(IX)- X(IX-1))) e ,, | |
ERR=ABSHTT-HTY) T L e

\ C R
CF ERRORISTOOLARGE REFINE ESTIMATE : s :

o IF(ERRGToom)GOTOSO ST e L ; T

 FSDaFSU T L Sy
- BERR=ABS(HTU- ((0'0'05/981)/(A(]X)'A(IX))) T T Lot
~<(092'TCK(IX))WSAVE) , L
cvcuecx CHANGE IN WATER LEVEL FROM LASTSTEP
C 'SET KERR=4 IF THIS NODE ooss NOT MEET TOERANCE (TO,LERH)
c ce '
g IF(FERRLETdLERH)GOTOGO e T G
. - KERRe4 0
L RR(IX)=TERR. /) - =~ .~ T T
T061 s e @“ RN S

CGOONTONEXTNODEORRETURNIFHEADOFJAM e

c ISENCOUNTERED ' S e
c s .

60 XSERR(IX) 00 -

IXalX3 - e

I_IF(IXGTNX)RETURN e
. 'GOTO100 . I SIS T T
< REFINE ESTIMATEOFHEADATNEXTNODE e T
C ‘ o

50T1-025

 T2=0.15 R B,
COTE01 e

"T5-001 e g
_IF(ERRLTT1)GQT020 ' L T ‘

1 L . . -

IF(HTT-HTU)31,31,30
20 IF(ERR.LT.T2)GOTOR1
-~ FHTTHTUE83332 |
20FERRLTTYGOTO22 -~ R
- IFHTT-HTU)35,35,34 -~ .
i22IFERRLTT4GOTO23 .
IFHTT-HTU)37.37,36° .+ ~ .~
23 IF(ERRLT.T5)GOTO 40
CIFHTTHTU)39.39,38




.. GOTOS51

-

. GOTOS1 . .
- 32 HTN=HTT-0.05

31 HTN=HTT+0.1

GOTOS1 ST
SSI-{TN-HTHOOS LT

. GOTOS1'

34HINRHTT003 ©

GOTO51 e

35 HTN=HTT+0.03

- GOTOS51

C.-

Cc

C

36 HTN=HTT-0.01
GOTO51

CATHTNHTTs001 "
- GOTOSt -
38 HTN=HTT-0.003 S

GOTOS1 .

39-HTN=HTT+0.003 " °

. GoTOoS1 . .

. AOHTN=HTT "
e '
. C

CHECK MAX. NUMBER OF ITERATIONS L
Bt et ) |

¢

IF(LGT.75) Gb TO% L
- WSEL(IX)=HTN-((Q*Q"0. 5/9 31 )/(A(IX)
< A(IX))HSI'TCK(IX)) T

.C LIMIT CHANGE IN WSEL TO 03 TIMES THE CALCULTED

CHANGE FOR STABILITY

WSEL(IX)-WLAST+( 3'(WSEL(IX WLAST)) o
o WLAST-WSEL(IX) |

. c. CHECK THAT WATERWAY ISNOT TOO SMALL
c

IF(WSEL(IX)LT. WMIN(IX)) GOTOS8.

* . 90 CONTINUE

CALLXPROP(X) = »
Goto12

C IF WATERWAY IS o0 SMALL CHANGE THICKNESS TO
C MAKE VELOCITY UNDER JAM EQUAL TOVMAX.
- C
98 TCK(IX):(HTN ((Q'Q'O 5/9. 81)/(A(IX)'A(IX)))-WMIN(IX))/SI

" IERR(IX)=2 -

“GOTO102 .
99WSEL(IX)=WMIN(IX)

XSERR(IX)=0. - .

S

" CALL XPROP(I;()

IERR(IX)=1
'HTD=HEAD(IXQ) -~ -
FSD=FRIC(XQ) - ..~ . .

wis7



.',CSECTIONVFUN Tt

. GOTOB1
=0

»C.."Q'.""."".'Q.ﬂ'".‘. Q...'..'Q"Q."t"".'...‘."‘. :

. CQ'."'Q'.'“Q."..i'.".'.'.Q.."""ﬁ.'..'“.i'."".'i"'

'FUNCTION VFUN(A, VMAX Q)
| VFUN=(@ARVMAX < 5 0
RETURN S
END

¢ SEC'I’.ION?\ AD
- § SECTION:HEA

C"...."'“.‘.‘....'Q.....'.'.".'ﬂ.'.‘..Q.'.'..."'..'.'Q.

FUNCTION HEAD(N Q)

 COMMON/THREE/A(199),P(199),R(199), TW(199)
- COMMON/FOUR/TINIT, TANPHIRHO,E XK, PK, cr
_ COMMONFIVETCK(199),X(199) o

:  DOUELE PRECISION WSEL(189) e
>: C : j,.l '. ‘ ,2.‘,.'

SI-RH011000 -
HEAD-WSEL(N)+(SI'TCK(N))+((Q'Q'O 5/0. 81 Vv

- <(A(N)'A(N)»

S Ctit.t.'..'0.""""'.‘_‘.'.&.00'-_Q..tQQ.'.Q‘Q""QQ".."ft..tﬁ

RETURN
END

' & iy FRIC&(Q‘Q)/(((;Z‘5“ALOG(R(N)/ROUGHC(N)))+S 2)

'y-’

L ';gcr-sEcnoN:rm'c =

c

C‘.Ql""..'..‘."Q..'.".'..".'."'"".'..Q.'.".'.'..'&.I :\ B
:

RS B .
Low .
T B

' . COMMQI/THREE/A(199),P(199) R(189), TW(199). .
32%’9M'R(N)"A(N)'A(N))
EymOPE(N);FRIC

C..'.....'...."Q..'Q'..."."."'."..'."".’."."..."'.‘ L L

s SEOIION OUTPUT e,

SRS - C .40 ) f,!‘, AR OA E
: Ca'agi'in-o.ttnc.tq'a.ototttnotan‘ 't....0'.‘..0.....""00..' R ]

C SUBROUTINE TO DISP_-

_»/’
v

. ERRORjMESSAGES AND OUTPUT

t

158

Cc FUNCTION TO CALCULATE TOTAL HEAD AT A CROSSéECTION Sy

- COMMON/TWO/WSEL, MYPTS(199) B(199,25) H{(199, 25) XSERR(199)‘ f AL

IO {0 CAtCULATE FRICTION SLJE AT A CROSS SECTION s o

hOPE(19_9) ROUGHC(‘IQQ) FSLOFE(‘IQQ) RKR(199) WSLOPE(199) B



b"C

« C

159
RESULTS IN GRAPHICAL FORM ‘

SUBROUTINE OUTPUT(Q NUMBER KSTEP KERR NX THALW ROUGHI R _—

" <DFLAG,ERR)

COMMON/TWO/WSEL MYPTS(199) B(199 25), H(199 25) XSERR(199)

- COMMON/FOUR/TINIT, TANPHI RHO,E,XK, PK Cl-.

- .COMMON/FIVE/TCK(199),X(199) -

DIMENSION THALW(NX), TP(199), ROUGHI(199) R(199) DFLAG(NX) EWAT(199)

B DIMENSION IERR(NX),OPTN(12),ADUMMY/(2,2),BDUM(8, 199)

DIMENSION IDUM(3,3),LABEL(6) WEL(199) TICE(1 99)

S DOUBLE PRECISION WSEL(199)
. C' -

IF(KERRNE.4) GO T0% - r |

- - WRITE(6,100) .~ % " Cia _
100 FORMAT(//'THESE cnoss SECTIONS DID NOT MEET THE TOLERANCE)

DOSOm2NX - ..
- IF(XSERR(l).LE.0. 00001) GO TO 50
- WRITE(6,101) | XSERR(l) :

101 FORMAT(/SECTION 13, ERROR= F8 5)
C SOCONTINUE L .
99!F(KERR EQS)GOTO41 o , R o

DO97l=1NX . -
IF(DFLAG()).EQ.0.) GO TO a7

.GOTO30

' "’97CONTINUE‘ ' : el o ; »“,‘A.u

.30 DO 31 l=1,NX

IF(DFLAG()EQ.1) GO TO35

31C UE-

32 CONTINUE

 '35WRITE(636) o
L .35 FORMAT(/™** WARNING ***

. 33DO32A=INX oy

IF(DFLAG(.EQ.2) GO TO 4o
GO TO 41 |

<7FIFTY ITERATIONS EXCEEDED IN SUBROUTINE THICK
<AT SECTION:,I3,"

- <(THICKNESS WAS SET EQUAL TO TNS OR TINIT')

' DO371NX
" IF(DFLAG()).EQ.1 )WR!TE(S ) I

38 FORMAT(10X,13) -
37CONTINUE

GOTO33. S e e

- - 40WRITE(675) -

DO43I=1NX
IF(DFLAG(}).EQ.2) WRITE(B 42) I

42 FORMAT(10X,13)

C

c
- 81 WRITE(S 61) C
- 61 FORMAT(rALL CROSS-SE

43CONTINUE -

41 CONTlNUE »'\* Lo e J

GOTO(8162836285)KERR A

S MET TOLERANGE)

 62WRITE(663)KSTEP - “"i” . B



: a4,

. :J‘yl' -
L ' L © 160
63FORMAT(/'AFTER g2 STEPS THE PROFILE R
<rISAS FOLLOWS) o .
c _
S C OUTPUT IN TABULAR FORM
C -
- .SI-RHOHOOO B N L
-;TP(JI)-WSEL(JI)«;-TCK(JI) : Ceel e
 EWAT(J)=WSELJI)+(SI'TCK(JN) .
,'STT-EWAT(JI) THALWU) e - . S
, IF(STT-STG)656564 TR Lol RS
64 STG=STT - e R ‘L
-_BSCONTINUE;» _' :
WRITE(6,803) : ‘
- ‘803 FORMAT(/ NO. CHAINAGE THALWEG BOT OF ICE TOP OFICE -
< WAT.SURF 'STAGE)) :

DO 66 I=1,NX .
ro o STT=EWAT()-THALW(®H) . = :
- 66 WRITE(6:802) 1,X(1), THALW(I}, WSEL(1),TP(), EWAT(I) s‘rT g
@ 802 FORMAT(14,3X,F10.3,2X, F8.3,2X,F10.3,3X,F10.3,3X,F9.3, FQ 3) -
* WRITE(6,804) = . 5 o
. 804 FORMAT(' NO Cr-IAINAGE(M) ICE ROUGH M) HYD RAD (M) PR
©, < THICKNESS(M)/) o _ Y T
'\.‘ DO67I=INX e T
+'67 WRITE(6,805) | xu) ROUGHI(I) R(l) TCK(I) ‘ e b
aos FORMATI(14,3X,F10.3,3X F12.33X F11.3, 3XF10. 3) e R
o c GOT0987 ,f‘ ,
/r\g OUTPUT IN GF(APHICAL FORM uswc; **GRAPH"

& g SUBROUTINE PACKAGE ‘

0020 11,12
50 OPTNfwt. .
OPTN()=1. -~ T
OPTN(2)=0.42 =~
.~ OPTN(3)=302000..
.. OPTN(4)m235.¢ = -
> OPIN(§)=17.
. OPTN(B)=11.0

- OPTN(M=t000. S L

> . COPIN@=25 - N FER

C L OPTN(IN)e1. S
- LABEL(1)=10HICEJAM PRO A
LABEL(2)=10HFILE NO. * = S N

ENCODE(8,21 LABEL(3))NUMBER
21 FORMAT(18) -
“LABEL(4)=10HCHAINAGE -

LABEL(5)=10HELEVATION

LABEL(B)=10HTHALWEG = * . A

NPPNX+2 . . | T

(CALL GRAPH(XTHALWNPP LABEL13GPTN lDUM BDUM)_ e

DO 22 '-1 NX



- WEL(«MESEL()*1.0
- 22 TICE()aWEL()+TCK())
LABEL(G)JOHBOT ICE

" CALL GRAPH(XWELNPP., [AgL23, OPTN DUM BDUM) o
- LABEL(§)=10HTOP ICE o o |
c

CALL GRAPH(X TICE, NPP LABEL,-3,3, OPTN IDUM BDUM) , | ‘
72 CALL JAMVOL(NX WEL, TICE X, E VOL) _ ; '

- WRITE(6,73)VOL . " '
. 73 FORMAT(/JAM VOLUME = E14 7
' 987 CONTINUE : .
* WRITE(6,74) STG L
74 FORMAT(/’MAXIMUM STAGE ) F10.3)
c :
c

83 WRITE(S 75) , ' |
75 FORMAT(/*** WARNING *** AT SOME POINT ALONG THE CROSS-SECTION,
. </THE JAM WAS FOUND TO BE NARROW. THE THICKNESS AT THIS NODE(S)
</WAS SET AT EITHER THE NARBOW JAM THICKNESS OR TINIT WHICH EVER
_ <TWAS GREATER. THE AFFECTED secnows ARE?) :
- DO.761=1,NX - |
IF(DFLAG(1).EQ.2) wnms(s 86) I
78CONTINUE = . T
86 FORMAT(10X By ‘f
c o
85 WRITE(G TN KSTEP
© 77 FORMAT(/***DURING STEP NUMBER " 12, THE MAXIMUM
' </NUMBER OF ITERATIONS WAS EXCEEDED IN SUBROUTINE: MINDEP
</WHILE CALCULATING NEW VALUE OF WSEL TO SATISFY. .
<IMAXIMUM VELOCITY REQUIREMENTS
</‘“'EXECUTION WAS TERMINATED"*)
GOTOR o
c .

.. C

.Ctntto..tttvtn'oatto._ttno;tﬁa'.t.tt'.tnatoatt;t".a.tg....athn.‘t"t.
~* C SECTION: JAMVOL

e

.' vCQQQQOQQ.“'Q‘.Q.'..Q..l.'...".""""t'.t"-.""'..Q.t.'..'t‘..’t. : ‘. . 1' Q
c " :
- € THIS SUBROUTINE CALCULATES THE VOLUME OF SOLID ICE
C IN THE SIMULATED JAM , , .
SUBROUTINE JAMVOL(NX WEL,TICE,X.E, OL) o
'DIMENSION WEL(199),TICE(199),X(199) (& o '
- COMMON/TWO/WSEL , MYPTS(199),B(19@®5), H(199 25) XSERR(199)
. COMMON/THREE/A(199),P(199), R(199) 199) ' N
- DOUBLE PRECISION WSEL(199) - \\/
c C.ALCULATE VOLUME UNDER TOP OF ICA&

161 .



e

C

s

C

. C
C

CDOM0IINX o

. WSEL(N)=TICE()
10 CALL XPROP(I)

_LIM:NX o
VOL1=0. . ¥
DO20I=1LIM

20-VOL1=VOL1 +((.(A(|)+A(I;I-1))/2 ) (X(I+1) X(I)))

Cc
c

C

C."'..'i‘."..'Q".'t.'...".'.........'."'.'0....."'.‘.

c.

CQ

c

CALCULATE VOLUME UNDER BOTTOM OF ICE

DOINX - .
WSEL()sWEL®) . ° ' _

30 CALL XPROP(I)

VOLZ-O
- DO40i=1LIM

40 VOL2-VOL2+(((A(I)+A(I+1))$£% (X(1+1)-X(I))) . - _. e . N

JAM VOLUME EQUALS DIFFERENCE BETWEEN VOL1 AND VOL2
TIMES 1-E :

¥
VERSION 1 . LAST REVISION JAN20/86

WRFITEN BY: GREG FLATO Lt

DEPARTMENT OF CIviL ENGINEERING o
UNIVERSITY OF ALBERTA

-,.‘D_'-n-_.o

I

C'.Q'.'.".'.g"......Q'.'.Q..'...."'..".‘."."‘..Q...

‘OOOOOOOOOQO

M

v

THIS ISAFORTRAN CALLABLE SUBROUTINE PACKAGE S

WHICH ALLOWS OUTPUT FROM A. PROGRAM TOBE PLOTI'ED
DIRECTLY ON THE CALCOMP PLOTTER

THIS PACKAGE WAS WRITTEN FOR USE ON THE CYBER
> SYSTEM AT C A CENT RE FOR INLAND WATERS

SUBROUTINE GRAPH(XARRAY YARRAY NDP2 LABEL NC MNC OPTN IDUMMY

<BDUMMY) -~
 DIMENSION XARRAY(NDPZ) YARRAY(NDP2) OPTN(12)

162



: ‘ .

DIMENSION LABEL(S) ADUMMY(2 2), IDUMMY(MNC 3)
DIMENSION BDL)MMY(B NDP2) - o
c A
NPTS-NDP22 - R+ S
CNPIaNPTSat RIS
NP2-NPTSs2 o S S

" . s : ~ . . . - T . Lt
C - Ve et LT . S0 - va

'C SET DEFAULTS - R o T m
- IF(NCGT1OHNC~LTO)GOT098 ' o o
. FAGT=1.6: o L ‘ O

CLKORIG=0. T e
YORIG=0,, i - : o .

XLEN=B. © "
YLEN-G S )

ONLEG--1 ST ' -~ ST : -

POSLEG— a T w
| C SET SPECIF#ED OF'TIONS IF ANY

C .

IF(OPTN(1)U,E0)GOT099 S

' :'-' IF(OPTN(2).GT.0.) FACT=OPTN(2)

- IF(OPTN(@)GEO. Y XORIG=OPTN(3) -

C

' C

G

|F(OPTN(4) GE.0.) YORIG-OPTNM)
 IF(OPTN(5).GT.0.) XLEN=OPTN(5) -
- |F(0PTN(5) GT.0.) YLEN=OPTN(6)
IF(OPTN(7 GT.0. ) XSCAL-OPTN(?)
IF(OPTN(8: GT.0.) YSCAL=OPTN(8)
AF(OPTN(4. .3T.0) ONLEG= =0PTN(9)
|F(OPTN( 10y GT.Q.) POSLEG= OPTN(10)
98 DATREP=2. . '
~SYMSEL=-1. -
IF(OPTN(11).GT.0.) DATREP:OPTN“ 1)
IF(OPTN(12).GE.0.) SYMSEL=OPTN(12) Lo ' . o
99 CONTINUE o ' S o o T

IF(NC.GT:1.0RNC. LTO) GOTO? e
GOTO8 , | : L RO
7XORIG-ADUMMY(1 1) S , | LE
XSCAL=ADUMMY(1,2) . L - s

YORIG=ADUMMY/(2,1) S T
YSCAL-ADUMMY(ZZ) ’_ SRR e

CIF AUTOMATIC SCALING ISTO BE USED CALL SUBROUT!NE
C SCALE. IF NOT, PLACE SPECIFIED SCALING PARAMETERS
C INARRAYS -

8CALLFACTORFACT) .- LT o
IF(XSCALLT.0) GOTO 10 - | B
. XARRAY(NP1)=XORIG

XARRAY(NP2)xXSCAL -



© 9 IF(YSCALLT.0) GO TO 11
© YARRAY(NP1)=YORIG
'YARRAY(NP2)=YSCAL
- GOoTo12 .
c }
10 CALL SCALE(XARRAY XLEN NPTS, 1)
GOTOQ -
c
11 CALL SCALE(YARRAY YLEN NPTS, 1)
12CONTINUE
IF(NC. GT 1.0RNCLT.0)GO TO 32 L
. Cc-
C USE SUBROUTINE AXISTO QBAW AXES AND BORDER
C : » .~
C** CALL TEKPLTS(-1.0, 1013 67100) -
- CALLPLOT(0.,1.0,:3) - -

o
CIY=YIEN . .
CALL PLOT(XLEN 0. 3) o
c o .
DOl o
T YINCatl ® - /
“CALL PLOT(XLEN,YINGC 2)
TICK=XLEN+0.1.
CALL PLOT(TICK,YINC.2)
CALL PLOTXLENYING2) - ‘
 30CONTINUE  +. o .
CALL PLOT(0.0.3) .

CALL AXlS(G 0. LABEL(5) 10 YLEN 90. YARRAY(NP1) YARRAY(NP2))

X-XLEN
- CALL PLOT(0., YLEN 3)

DO 31 I=1 X
XINC=1.0°1
CALL PLOT(XING, YLEN.2)
TICK=YLEN+0.1 - SRR
CALLPLOT(XINCTICK2) . »
* 31'CALL PLOT(XINC,YLEN 2
32 CONTINUE

-

PLOT Po'lNTs AND DRAW CURVES

ooodo

IDAT:DATREP e
IF(SYMSEL GE.0)GO TO 88
NO=IABS(NC)
BYMSEL=NO-1"

| ”cah ISYM=SYMSEL -

A

GO TO (100,200,300,400,500) IDAT&»

 CALL AXIS(O 0 LABEL(4) 1o XLENO XARRAY(NP1)XARRAY(NP2))' :

. 164 -




L 7 1'6"5_,

e
..

) fOO"CALL LINE(XARRAY YARRAY NPTS 1 1,15 Y
. GOTCM \ P Y
-C : ' -7
200 CALL LINE XARRAY YARRAY NPTS 1, 1 ISYM)
GOTO 600~ . _ .
’300 CALL LINE(XARRAY Y&[RRAY NPTS 1, 0 |SYM) ‘ IR oy
. GOTOeM - RS
w. C
400 CaAl.L CUR V:(XARRAY YARRAY NP2 1, ISYM BBUMMY)
GOTOGOO .

s | | .
5oo CA'LL CUR\E(XARRAY YARRAY sz 0 ISYM BDUMMY)
500 CONTINUE

C ' ‘ . N - L.
G IF CURVE NUMBER (NC) IS /OEITWE RETURN IF NOT CONT INUE
C . .. - . -

: "F(NCLTO)GOTOGO _ R
ADUMMY(1, 1)-XARRAY\(NP1) T s
- ADUMMY(1,2)=XARRAY(NP2) - K
 ADUMMY(2,1)=YARRAY(NP1) - S
. ADUMMY(2,2)=YARRAY(NP2) - - '

' IDUMMY(NC1)=LABEL) =~
o . IDUMMY(NC2)=ISYM - T ) Lol
IDUMMY(NCS)-DATREP’ S O o
. RETURN. T e

/% DRAW AND LABEL LEGEND
v C '
- 60 IF(ONLEd LT.0,) GO A es

. NC=IABS(NG): R ' T

~ IDUMMY(NC\1 )-LABEL(S) T
. IDUMMY(NC,2)=ISYM . o
QIDUMMY(NCS)-DATREP . A
C XLEGSXLEN-2: . ' oo~ o T
HLEG=(NC*0.1)+0.2 -, S
IPOS=POSLEG = ~* ' . 70 0 sE O E =

,GO TO (61 { 63) lPOS

Bt YLEG=(YLEN- T
. /CALL PLOT(XLE YLEG-S) ; o T
GOT064 BT e
62YLEG (YLENHLEG)/2 B A
CALLPLOT(XLEGYLEG-S) e IR
GOT064 R
63YLEG-0 G R R T
. CALL PLOT(XLEG YLEG -3) L
. C . -
64CALLPLOT(00 3) R SR
- GALLPLOT(0.HLEG?2) - * . " = o~ g

rw w

LY

T oap



CALLPLOT(Z HLEG2) e O
CCALLPLOTE.0.2)  *F - T
'uALLPLOT(OGZ) EREE b e
, CALLPLOT(0201-3)‘- o NERR
DOGS'-1NC T ST A
-~ XARRAY(1)=0. = - o
" XARRAY(2)=0.75 . o Lo S
.XARRAY(3)=0. SRS UL
YARRAY(1)-(I'O1)-005-' R A
ARRAY(2)=YARRAY(1) . = -t gk e S
YARRAY(3)-O B P
" YARRAY(4)=1. R T
_ lSYM:IDUMMY(IZ) I e #
. ‘GO TO(50,51,52,51 52) IDUMMY(I 3)
SOCALLLINE(XARRAYYARRAY21 1ISYM) o L T
GOTOS3 : T U T
51 CALLLINE(XARRAYYARRAY211ISYM) T S P T A
. GOTOS3 - - o S e
. 520ALLLINE(XARRAYYARRAY21OISYM) : T T A
53 YLAB=YARRAY(1)-0.05" " . R RO S
_ CALLSYMBOL(1 OSYLABOOBIDUMMY(H)O 10) Sl
4 SSCALL PLOT(XAHRAY(1)YLABS) Clen oy
CDRAWTITLE e LTy /
 CALL PLOT(O 0. 3) o
-~ CALLPLQT(-0.2-0.1,-3)
® - XN=(XLEN/2)+XLEG+2.25 o, R
CYNSYLEG#08 - i s e
e 67CALLPLOT(XN YN3) R A P A e
CALLSYMBOL(OOO15LABELO 30)' e TR e T
CALL PLOT(O 0. 999) TR
- RETURN _ TR e e
'SSCONTINUE T e
' XN-225(XLEN/2) ) - R TR I AP SR
;o YN=O8 . oo T
~goTtoer’ T . A e e
o SUBROUTINECURVE(XYNDPZLTISYM BDUMMY) oo e T
C SUBROUTINETO FITACUBICSPL!NE APPROXIMATION' IRRRS S
B o TOASETOF DATAPOiNTSANDDRAWTHERESULTING CURVE AR
- ,c THE ALGORITHM FOR CUBIC SPLINE FITTING WAS TAKEN: FROM
" C-'NUMERICAL ANALYSIS ; SECOND ED.' BY R. LBURDEN. L e
- CJ.D: FAIRES, AND A. C. REYNOLQS PWSPUBLISHERS T
R o BOSTON MASS 1978 L R
c . .

.



. DIMENSION X(NDPQ) Y(NDPZ) BDUMMY(S NDP2)
NP=NDP2-2 - A , :
. NP2=NP+2

" 'NP1aNP+1
C 7 NMi=NP-1 o
S -BDUMMY(G“):T o

BDUMMY(71)-O R Y PR
-BOUMMY(8,1)=0.. -~ =~ UV
"BDUMMY(BNP)=1. . :
- BOUMMY(@BNP)=0. = - ale
©__ . BOUMMYMNP=O. .
e
7 boott, NM1
9 BDUMMY(1 D=X(i+1 )-X()

' < PLOTPOINTS IFLT=1 -
o IF(LTEQO)GOTO10 S
~ CALLLINE(XYNP.- 1|va) o e SRS
c .
© C 'CALCULATE COEFFICIENTS FORGUBIC INTERPOLATING TG
C POLYNOMIAL S , o .
 Tiocontnee o, T - F
v NMI=NP1 . - S
. DOY5I=INM1 R
QSBDUMMY(1 |).xu+1)-xu) R
C
7 DO9EJe2NMI . '
' BDUMMY(2,J)=3"((Y(51)" BDUMMY(1 J- 1)) (Y(J)
< (X(J+1)-X(J-1)))+(Y(J-1)"BOUMMY(1 J)))
" </(BDUMMY(1,J-1) BOUMMY/(1 J)) -
© | SBCONTINUE .. ‘
e R

| DO97I2NM1 |

) BOUMMY(B,)=(2*(X(1+1)-X(-1) (BDUMMY(1 I 1)
' <BDUMMY(7,-1)) o
" BDUMMY(7,i)=BDUMMY(1 n)/BotﬁmW(en SRy
BDUMMY(8, I)-(BDUMMY(Z )-BDUMMY(1,\ 1)'BDUMMY(8 |
<))/BDUMMY(6I) g | i RS

~ 97CONTINUE -*~ . - P
NP T o o e

' "98J=J1 R o -
c | |

~ BDUMMY(4,J)=BDUMMY(8, J (BDUMMY(7 g
<BDUMMY(4.+1)) T e
~ " BDUMMY(@, J)-=((Y(J+1)Y(J))/BDUMMY(1 J)) SRR
u . <(BDUMMY(1.J) (BOUMMY(, J+1)+(2'BDUMMY(4; Y3y

c

BDUMMY(S J)-(BDUMMY(4 Jot)- BDUMMY(4 J))/(S‘BDUMMY('I ) o

-

EY



' IFUGT1)G0TOS B TR R AR
99CONTINUE o e &

- C PLOTCURVE

. C

| ’XO-(X(1)-X(NP1))/X(NP2) |
- YO=(Y(1)-Y(NP1)VY(NP2)

CALL PLOT(XO YO 3)

DO20leINMI .
DJ=(X(1+1)-X())/50 -

X1 XNPYXINP2)

i YN-(Y(NP)-Y(NP1))/Y(NP2)

e e o :
~.C THIS rUGTBON CALCULATES THE INTERPOLATED VALUE (‘X' BRI

Y1=(Y())-Y(NP1)YY(NP2)

CALL PLOT(X1,Y1,2) ’
DO20JY-149 - L e
MKm=(DIX() ' TS
Xu(XK-XQNPOVX(NP2) -~ . , Ce e
YJ=(SOFX(X,| BDUMMY X{l), Y(, NP)-Yuw WY(NP2)

. CALLPLOT(XJYJ2) ot ~
29 CONTINUE = '

- XN=(XNP): X(NP1))/X(NP2)

C."...."'Q.'"...'“""."..'l.'.'.".ﬁ.."'....’. .

e

FUNCTION.SOFX(X, BDUMMY XJAJ NP)

~~7C-OF Y AT#HE GIVEN VALUE OF gg,- :

.'C

; C
.

DIMENSION BDUMMY(B NP) St

T2BOUMMYGIPOCK)

T3-BDUMMY(4 B (X- XJ)'(X-XJ))

TA-BOUMMY(SIM(XK)Y |
SOFX-AJ+T2+T3+T4 B LI RS

. C o ‘ . L , : _

Mgy :

 RETURN e T e B

T e
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"SAMPLE DATA FILE. = . . - .. = . e e

T The ﬁollow1ng is a sample data flle whlch represeﬁts the;,

- Athabasca Rlver case study Ain Chapter 7. As in- the program

s

'llstlng, the proportlonal spac1ng makes 1t appear as though

3

'vthe columns of data overlap The actual format for thqu and.]g

H coordlnates (the only data whlch appears -as palrs on ‘a llne)m
- B -

?1s 2F10 3. The remalnlng neal varlables (ié those whose
names do not begln w1th the letters I through N) all have an

FlO 3 forggta-‘ihe-run ID number, NUMBER, has an 18 fbrmat and

A

s v

the other ﬂnteger varlables (whose names begln w1th I through

N) - have an I6 format i‘f.k - ~: LT 35f;}vd pr"fk



170,

" 33000096 ATHABASGA RIVER, DOYLE AND ANDRES; 1978

'35 . MAXIMUM NUMBER OF TERATIONS (MAXIT)
0. ,75, _' INITIAL THICKNESS. (TINIT)

1100 - THICKNESS AT TOE OF JAM (TAT) e

- 1200, ,-'DISCHARGE (Q)
o 1180 . TANPHI. B
. 9200 - ICE DENSITY (RHO) o / -
- 840 POROSITY (E) ~
0.240  SHEAR COEFFICIENT' (XK) o
7.55 < PASSIVE PRESSURE COEFFICIENT (PK)-
| Qo | COHESION (CI) , R
- 0.01. --,"-'TOLERH -
12500 MAXIMUM VELOCITY
22 \'Nx
| 303000 e
_o.oos. PR R s

015 e e e

241478
0. 300. .

. 0: 248, -
18422398 .. .
-~ 1974 2392
© . 2947 2385
3816 2402 - - T
M8 248 T
. 418 300 BT SRR TOEReay

A {303200 . - :
: 10 .2 ‘“"i‘:’;'l " - Lo EREI
ou_,»aoo , , :
0 248 = S
18 42 2398;~;'.,{-:7f’
‘«{11974 2392 . T
_‘-2947 2385 vﬁv' o - 4
.~ 3816 2402 .
418, 248
S 418 300




 ©303450,

g

Co02
05

241.35
0.’
U . ‘V" 25. .
17
291,
380.
409.

- 8

102

3015h\
. 41;45::

239.6

B "'-401'.2",300‘. :

.8

: .0_‘1‘:5‘ |
. -241.55

3%

_ 390.
304200.

0.
40,
160,
285.
.. 378,

303900..

102

. (N SR

2495
'+ 240

239.6
238.3

300
2485
12402 -

12385

2402
248.5 T . A'.“ -

303700, .

300.
33, 2406

®. 1502 239.3 -

©.2881 2384
379.1 240.2 ‘o
4012 249.

. \2495

L



i._‘1o
. 102
L0045
] .241 65
e

476"

L1080

- . 166.4
o c 228, 3
3765

- 384.4

. 3844
;{;304600 AR
o

102
. 015
;‘ 241 31

0. .‘_:_‘1

478
o108
- 1664
- 2259
o 2814
- .-3765

. 384.4

384.4°

xgaosooo

10

'J""f"102 |
0.5

--=-‘3oo
. 250.
_,2413
- 2393 |
240. -
2897
2383 .
24027 .
a0,

300: o

- 250.

240. s' '

2386
©2303

239:"

:v23,7,6}‘:‘-
2395 . .
250,

300, -

4197

0.

4

478
108,
S 1664
225 9~

239. 382
240. 082

g

—_—

300.
250782
241382 . -

BT



o ’-305_400,._ -;

| ",7‘,-242 13

SRR 306000
T 102

'?‘."1’"."1';-24237 I U B

o102

2814 238.382 T T T AT e B
365 240282 - 0 T DOU A C IR )
13844250782 o .o el T R
3844 300. L

7 015 E T e

0. 300

0. 250’ :
© 49.05 241.2°
ST 1t20 2409

' 168.5 2403 | R R S
2998 2394 ( DR DR IR
4219 2411 Sl e R
';»4'498-:*25-0. T B e e e T T
4498-. 0. e

-9,

0:%3800, 0 0
0. 25117 . A T S
4905242373 - . " o S A
o --.«112 242073 . - & T
1685 241473 SR
1 299.8+ 240573 .

. 4219 242273

- A49.8 25117
4498 3oo.>‘- L
L 306600[ SR g e .
”‘Jg_ 4;.-‘55 “  e ~1)4_: S

0157
24281 -
- 0. -300. -

- 0, 25111
505 242.25



e

T R

24269

. . 3.6..

SRER
RS b4 B

318.2
467.2

. 5152
5152
©306800.

9

. 10'2

- 0.15

o 307500
8,

10.2

: ‘8.15

0

1308,
436.°

R 469 S

469

-0.

S0

~300’. T
250496 .

243.01

24161
‘24151
24301

251.11

300.

. 2515+
5 24264
2 2434
17 242, -
2 2419

2 2434

2515 .

1300,

1300..°
255392
©243.392
1242.292:
1242592
243.002:
| '255392, g
TR 3084005- EEER
- S 8 :
10, 2" |

o015
o 243 33



255
. 163. 242796
243496
242,996
259.496

298.

405
© 423,
L 423,
. 310000.
R ey
. 10.2

24397

0.
Ol’
.25.5
637
-, h298.
44805,
R 423.
¥ 423
3+ 311800.
102
015
2475
o0
0.
- 356
131,
311.
418,
451,
. 451,
313600.
8.
102
- 015
252.74 -
0.0
o

-

356

244396

300.°

300.

260.392 -
245292
243692 -
244392
524_3.892'-
260.392 -

300.

259.9
246.6

2447

245.1°
246.1
254.9

300.

300: - .

261.808

248.508

300.

175 -



S

e 131

451, 256.808

451.  300. =

.- 315500.
s
102
-0
28475
S0 a0

s 03
o 131,

| § 31 i

L 317%0.
- 8 “'nb.,‘h

D oois
| 256.87

35.6

311, - 251.142
- 418.  252.142
451. 260942
- 451 300.
-318000. = -
10,
102
1015
2574
. 6. 3d0.
. 0. 265972
<456 254.372

Ty

246608
311, . 247008
1418,  248.008

0. 263822
5.6 - 250.522 -
248622
249.022
§, 418 250022
451. 258.822

[ | 3 1 0.2 ‘ . E -;"w“ot‘sa '..§‘.: - ‘.:._.' :

©0. 800
0. 265942

56 252642
131, .250.742

98.7 252272 = .

RS

R

~’§‘§§§d?j - . .

. s gk RN
N -

I

' 176 ,‘



102

324. 252372 P o . o
349, 251272

430. 251.872

440. 284772

479, 256572 e o
479. 300.° el
318500. .- LT
10, L e

.65 o IR @,
- .. 0. -300.
. 0. 266502
456 254.902
~ 987 '252.802 -
- 324. 252902
. .349. 251802
- 430. . 252402 3 o
440, 255302 ST
- 479.- 257102 I o
- 479. -300. e
318800. - K R
.10, ” L | | :
.. , 0/145' =
2583
0. 26682 s
456 25522 T
- 987 25312
324, 25322
- 349. 252120 o .
 430. 25272 o,
440, 29862 *© - S R

. 479.. 25742, . e

Py SN e AN

T 4 Lk e I -



