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Abstract
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numeri calUmderl daowngrl aibcoer attroa nys geixeptred U anteend st o
furtdleevrel op a <cover | oad transport formul a
di mensionless transport rate and di mensionl e
and ftoriméul a i s known to be the only cover | o
using simul at ed iccael tphraotp ehratsi essi niToh airceep higns ia

of approach Froude number in the river and t
formation was analyzediuansiangcal sdridessxnofphegs
This is the first study of its kind that pre
number and the incoming ice supply rate on
contributing to iIimproving oUme uaurreamntan diond e
formul ati on ftoranspdet popueesses amd thhengi n.
CRI SSP2D numer ievalldlamtdd etlh ewalsabor at bogpd devel
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Chaptlenmt rloduct i on

1.1 BachkgMowuindati on

The hydraulidsakes rnvemwmd damaegi omasr iaorues viacset |
processes duringsdeiecowomter asThweld é aseecol o
associated with ice cover formation in a nor
used as transportation corridors to remote ¢
activitiiesek atuicing aand ice fishing hegvily re
competceentcorveelrat dadcefl ooding is disastrous andc
property, and ter fergdesntiercuacttiuorne .i sHyadfrtoen negat.
formation during the winter due to the head
mor phol ogy is altered by the presence of 1ic

erosion processes owitrh vehe i peesaeare di fferen

conditions. Aquatic ilnidiuat h nb en e/feircsi aln da nda kac
due to ice formation in rivers during the wi
At the onset of winter, the heat | oss from a
wat er anwattehre ibnetder f aces results in a decreas
water temperature falls below idwst farey zsthagt g
change, wateupeéescaoai ddt o sbene of the two co
satisfied for ice formation in a water body.

i cfeor mat puad e water must be-40@dcCl €drt ovaa ppr a xoi
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nucl eus ( homo g elnceeo ufso rnnuactlieocant iwhni)c.h i ni ti ates
as an organic materi al in water, airofbubbl e,
initi abecnwurmduwrilyewheoa, i ce particles in wat el
collisionstandotrumr melpwemaeedrugsie a dr amati ¢ i ncr
frazil i c e nc oan cneantturr@ab a bwpa, t elr9 840 d y

River i1ce formation processes are dynamic i
| ake. Border ice formation is often one of
Borderriecverahoamgi ahe shorelines where the wa
| ower than the central portion of the river.
grows inwards towards the center of the riVve

t wo ameicédms. Wi th thermal wgiddwtgh,owt senolmad hd gr ¢

over ti me. I f frazi|l i ce pans are simultane
width wil.l i ncrease by depositing ice along
collide with the bos dbeut tierei negd)g.e Haatl hs or ikwvneorwr

transfemwadtert hemta@&irf ace are altered with the
river. The resistance to the, ftlhoms icnacuseiansge st
wat ebre tcoon v enygeddd lien o.fThd hiengulvatri on provided ©b
cover prevents -‘wabaertscatevii @mc athet lorvdelmead | hea

ri Memr s malblorrdiewverisc,e from either side of t he

thereby potentially halting the surface i C
progresses upstream when frazi/l pans and fr a
i ce comes dDtercomnger as the interstitamad water
then the ice cover grows thermally in the ve



Experi ment al I nvestigation and Numeri cal Model ling o
Formati on Processes

Skim ice formation is another process which
rivers and | akes. Skim ice is prominent in |
Skim ice can also form in a riwernhwi tvlerdupgea
turbulence intéonwitsg yi mngutftthieciwantert @ sentrain
flow. Skim ice can grow | ateradng a@areadtss laa m
thin icecdndokee thatimiet icontdi@grpr opr aate hydr.

conditildndg he water veilwiclilt yt riann st gheem ts ti gvieiam ,iisc

whiich referred to as a skim ice run.

Frazil ice forms in turbulent river reaches
are typisshadped dwistch di ameters ranging from
millimeters. Laboratory studies have shown
function of turbulence intensity (Clark an

intensity nodf tthhee rfilsoew vael oci ty of the frazi

di stribution of frazi/l ice particles in a wa
frazil ice is being formed, it is referred
fazi | ice particles may stick together to fo
river bottom to form anchor ice. The buoyant
in size which will cause theiflr d4iolcsfladc d hteo
wi || combine to form frazi/l pans which are
Larger ice floes are formed when frazi/l pans
surface. A solid icacé awkenisherieatedstaitt itd

porous e$rhhzeeézeéso
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Frazil ice entrained in the flow will get tr
movement underneath a stable ice cover is Kk
|l oad transport. Frazi|l i ce canl odwe posn di thieonnes
such as the <critical velocity and/ or t he a
conditions of the river. These ice accumul af
ice dams i f there is conti nuouast iiocne psruopcpelsys e
with an emphasis on hanging dam formation i s

0°C isotherm

nucleated seed
, . Crystals
deposited frazil
forming a
hanging dam

ice cover

e Pt Yoot Tt ot Yoot Tt Yot Pt Feat ot oot oot Yoot Jot Pt bt ot Yot

[ Y
— ° >
under cover o
ice transport

e o ot Tt Feat ot Vo Feaf St Yoot Pt ool Yot ot oot Feat oot Vot el Yot Yoot P ool T

pwie Yot Rt ot o ol Foo Fot oot Yool oot ot Jiot Pt it ol Fol

frazil ice produced in
turbulent, supercooled
water frazil flocculation

anchor ice

Figulr eRi ver ice and hanging dam formati on.

Previous |literature specifically focusing on

there are a few studies that di scuss the st

an i ce coveo jiacne hd erveegl aorpdme nt . Despite the di
an ice floe and a frazi/l ice particle, some
the under cover ice transport processes. Cri

4
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the critical Frowmde trhuembleera dd fn gt hhed dfelbceve nt h e

considered as | imiting criterion for 1ice de
1974, MaclLachl an, 1926; Kivislid, 1959) . L a
concept of 1 ce transport capaailt y iteh at pirocm
with regard to under cover i ce transport.

considered to be anal ogous t o tbeendt ilaola do ft ruasni
bed | oad transport t heorkresawnwhitcdh ameael yczoempta
cover ice transport processes. Many bed | oad
l' ink the relationship betwednthbdeddmeessoDnl
transport rat(do9o98bPeedandthaWarmag si mil ar relati o
ice transport processes using a series of |

fromo#magfmeld study in Hequ Reach, Yell ow RivV

Depending on the hydraulic and ice supply <c

develop to form a hanging dam which is a thi
cover (Beltaos and Dean, 1981) . Hawhgeirneg d a ms
the geometry of the river changes i n a manne
vel ocity, such as an increase in river widt
channel sl ope. Ri ver mout hs @mot her eabdmmaon ¢
|l ocation for hanging dam formati on. Previous
and Wil Il i ams, 1963) have shown that the amou

a major contributing factomr for formation of
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1.2 Research Objectives

Hanging dam formation has various environme

restriction caused by the formation alters

roughness, water surface elevation, and t h
f oami on. During tihee baecakmyplhagitregdinoeg , fdraoms ca
significantly contribute to ice jam flooding

i ce jamFf bamohdyidhrgopower perspective, tmhe incr

i s detri ment al to power generation as |l owe
generation. Despite being one of the cruci al
under cover ice transport processes wbahlt go:
understood. There are | imited field and | ab
cover ice transport and haWmderg davwe rf oiranat ti rc

pr oc eetseersmidmmd atxkeddsi on and ad dp @axni teixdrsth enrge i
which formul atbhe tbeelbaagmegnti ®b & aeafboertet,er
undersofandengcover i cd st rmercsepocaratr yp rt mc s seeds ¢

and evolhuatnigoilmThfad ambj ect i ves of this researct

l1Furtéhweal adp a for mul a rfeotre cloavsead | oom dt it & aannsgloc

bed | oad and cover | oad transport processes
flumes with simulated frazi.l i ce aofd a sir
i ncoming ice supply rate on under cover | CeE€
2 . l nvestigate hanging dam formation and ev
experi ment-gowm laalsacradteadry physi cal model , v
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a | ake. This wil!l advance the existing Kknt
various flow and incoming ice supply rate ¢
3. Evaluate the numerical simulation of und:
dam formation using existing-dnhnmmesi oahl!l f
Comprehensive River | ce Simulation System

channelsemagpel Assess the performance of the

experiment al results and propose modificat.i
and (2).

1.3 Organization of Thesis and Contril
Chapter 2 of the thesis consists of a |itera
hanging dam formation camd sntunuegadt ept 0o modxd .
| aboratory studies related to ice floe stabi
di scussed in this section focusing on sever
vel oci ty, Froude numbetry a@afndt heé ef licve. tTrhaen sfpi
hanging dams in sever al cold region rivers

conditions that would facilitate hanging dan
hanging daand oc omap ohoaenngtisn go fd aam

Chapter 3 of this thesis presents work comp
using a series of | aboratory experiments. A
processes under-egaquilibbiumprondmibheédnsochapt
which has beemepy@uirala&®keé gi ans Science and

objective of this paper was to Improve the

7
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transport processes that |l ead to hanging d
presented in the paper were primarily desig
Shawn Clark and Dr. -KaviemnorBow (Tphreo ga watmh oo o
conduchteedexperi ments and analyzed the resul't
aut hor of the thesis with revisi@unviamomdssug ¢

The paper was published in January 2024.

Chapter 4 comprises of a set of | aboratory e
formation and evolution of a hanging dam bert
frazil I ce. The experi ment al met hdhds hwer e d

gui dance fr-acdhvpsogsamThe aut horexpeepererdést |

and technical assistance was provided by Al
The results of the experiments were indepen
The paper titled "Experiment al analiyssi s on
included in this chapter and this paper was

and suggestions pr oavd wWiesdo rbsy. tThhee ppraopgerra nwacso
speci alt hies gWwatreadadlvamces i n Ri ve&mvliae nSneindmd e

| mpl i aatdi avrassh epdu bDecember 2023.

I n Chapter 5, the background and modeling c.
numeri cal model , Comprehensive River 1l ce Si
di scussed in detail. This chapter pa esent s
simul ate wunder cover ice transport -process:¢
di mensi onal numer i cal river i ce model , CRI
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highlights the model strengths and identifi

mod el performance in simulating under cover
Chapter 6 of the thesis is a conclusion of
future work with respect to | aboratory exper

ice transport and hanging dam formation are
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Chap2leirt er Rd wirew

The
a gi
supe

(and

Under Cover |l ce Transport Process
he winter, frazi|l il ce I's generated in | g
't of continuous supercooling. Frazi|l i
r either in suspension arclats tclaen dpEeere nwa
ath an existing downstream ice cover.
ained ice may continue to be transported
sport) or get deposited on the wundersid.

itions of the f1l ow. Frazil ciover pantsitdlye
i st of coarse granules that are for med
icles rise to the ice cover within a sho

Shen and Wang (1995) hawsi confduwn cdar tdhev

sport processes up to date. Shen and War
city and critical Froude number i s inad
esses beneath an edetoovbe hwdraul sboahd

he river.

ice transport capacity of the flow is de
ven flow condition anwi slettlboé tahsagtu mpm@tritd
rcooling Iis not @pmestme beamemahtitdlees car

stlifcktyhe i ce supply from upstream is hi

10
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flodweposition occurs. |l ce deposits that ar e
upstream is | ower than the ice transport cap
the ice transport capacity there tso0oma ODygnam
equal to the rate of erosion, and ice outpu
reach.

Cover | oad transport is analogous to bed | o:
frazil ilce |l ayer under an ice cover can be

concentration and velocity profiFiguref 2udde
whet lelrei ghest il ce concentration is observed ¢
partially mobilized velocity profile shows |

and typiedaslelrweidt bef ore i nciipliiendad modli @mai.t yT hj

shows the ice movement after pasani hgptthhdedetdhi
|l oad and cover | oad transport processes, sub
and the movement is caused by the shear str.

Figure 2.2(b) show the shearestpragdsed egctriensg

Y A e — _ lee cover
‘9% ee)
O
O
,\] )
O O ]
X
J
|
.
]
Gancenteation profile Velocity profile Velocity profile
(partially mobilized) (fully mobilized)

gak¥Cooncentration and velocity(pdaptbkdsffom
en and Wang, 1995)

11
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(a)
Wi7 sin Gb
T "—:M.-,,' €os 0, tan @,
A-A
(b)

T'=RB. ' ~ne
! B_’.L“_\‘ﬂi tan o,

Fi ga2Sehear stresses acting on (a) (adaediement
from Shen and Wang, 1995)

The stream power concept by Bagnold (1966, 1
can be det erbmil matchedarodmotfhenergy i nput and t
to move the bed materi al whicc h s issuhbenxeprrgeesds e d

wei ght of the moving bed materi?bd imert hieni t

12
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moving particle velocity,—+ins thtelme md oiprg amgd el
% i s dtyhneami ¢ i nt er n)al( afprpircoteifiama t ad gyld 6%3( wher e

woul d give the ratibi efsthhkebaerars ttroe sngdriosma It hset rbi
t heean fl ow vern®ics etylfe i ehcy coefficirent for
)The shear stress acting on theé€ibkedlemiessi tcyal c u
of wat &rQ 6kggrhaev i t at i on al?, aand® e | weahtaetri odne p(tniv s( m
The efficiency coeffi®)i eing dalrc ubleadt eldo auds itnrga

(Bagnol d, 1966 ; 1973) .

WO WEHOWR | R T™ [ 2. 1]
e AT [ 2. 2]
Q — [ 2. 3]
A similar relationship was developed for co\
which is given i0ni sEnqtetbet booayandy wheree of mov

per uni t?, cirxe atelfaedN/ mce part,—dlsectoedrocsiItypd mdrsg
(-) %0i s dtymmeami ¢ i nternal fr i)dt isosthhesenrg | set roefs s coen
underside of ,Qhe eifd@ ccenery cCPa&)ficignt for
The shear stress acting on the under side of
wh eYies htyldea aul i ¢ammrdh d ietneeea(grg)) s| ©pe ¢éfficiency c

for cover RNoaidstecahswploated using Equation 2.
60 EHO B | R T™M [ 2. 4]
QY'Y [ 2. 5]

13
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Q - [ 2. 6]

Il n natur al rivers, t he —vaan-dyaerse onfe gleidg iamlde i el
to theidcyramiad fricti o%anak)g, ewhifcls afndr tamer i ¢

Equation 2.1 and 2. 4.

According to Chien (1956; 1980) many exi sti
obtain a relationship bel)wedndidmmeasbdbohbesst
rat3se. (The di mensionless fl ogv) sitgs eagl dulf atre d ¢
Equati on 3d.s7dtiiflfeereence in specific g)favities
Qi s ptahret i cl e di ameter of bed materi al (m) ai
raei s cal cul ated wusinnigs Etphleutmedm i 2. 8 at wheirfe

transport p¥s/wmwmdit width (m

g [ 2. 7]
B — [ 2. 8]
Depending on the similarity between bed | oa
and Wang (1995) introducedg)t hfeord iinteen stiroann sepsa

di mensionlessiBBilcgitveranbdpoEgurat en( 2. 9 and Eq
whexies dtifd erence in specific-),@riasvntdmedersalof wa

di ameter of fi aatoHainoeda r(ine) ,i caen d r & missp/lom)t r at €

g _— [ 2. 9]

14
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B — [ 2. 10]
The shape of the frazi/l i ce particles 1is an
consideration when estimating the cover | oad

factors such as the distance teposltednf pomi

sl ope, f laomwl tuwudrldouclietnyomd itrhteemrsiivteyw . The fi el d

Reach, China showed that the frazil flocs we
a long distance throudlwaved otciian esf (rSami kg
1992). A similar field study was conducted i
flow velocity in the river was | ower when <co

particleshaped dMoihcared an2d0®R9). The study by
was on the effect on the particle shape on t
similar shear stress conditions, the circul

particles wi tghe dt dee nssa mey sanbdmenromi nal di amet e

The shape ohft eirep aw/tdircoldegy nami ¢ forces acti ng
di stinct types of particles to have dissi mi
introduced to di mensionless flow strength ai
effect opepadini bled $bad transpor tQ pirocesecs,
as the particle shape factor any bt tbedbed
materi al . The modi fied di mensionless flow s
include the particle shape factor (Shen and

2. 12 respebotisvselheggr wheelrceci ty (m/ s)

15
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g [ 2. 11]
B — [ 2. 12]
Shen and Wang (1995) introduced the foll owi!l

transport rate and di mensionlessgfilsow hetren
critical di mensdonhasswhbodeserenged (o be O
develboapseedd on a series of | aboratory experin

Chapter 3 of this thesis.

5 uvduymg g ° [2.13]

2.2 Hanging Dam Formation and Evol uti

Under cover ice depositions may develop to |
winter, depending on the flow and ice supnqp
accumul ations beneath an ice cover vtehrat of t €
Hanging dams are wusually found at | ocations

due to increaséd odrecrwdaseh,i detphhen,slampe of t he
and entrance to reservoirs lhargitygidcarm fl®mrcrad:

A hanging dam forms at the mouth of Moira R

Canada), where t henhraisvear vwepsyt rsd &em po fs |tolpee ano
after | ake ice cover has formed (Beltaos, 20
The amount of frazi/l i ce supply from upstreas
and evolution of a hanging dam. Hanging dams

16
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regions that are i mmediately downstream of a
of frazil ice generation. The first records
dated back to 1686, but the hangea nrge alcahm owfa s
rapids supplying ice was submerged by the cc
Wil I i ams, 1963; Beltaos, 2013)

Hanging dams can have negative i mpacts on ¢t}
Scour of the channel bed can occur wunder a
caused by flow restriction. I n Yell ow River
observed but it was covered from the subseql
sectional shape twesngnai et mi 0 &di oeéer al . , 200
hanging dams is a common and recuUdhlertr i ssue
portion of the KaministiqgquiahRBwearybidn althund
slopand the water surface elevation is cont
Frazil iacat umibleat ocati on where the bed sl ope
valcuaeuses a rise imay heausad efrl d cediell igntditeaise d ¢
conditions (Beltaos et al ., 2007).

The knowledge from field studies on hanging
and evolution processes. Field data spanning
comparing a recurring hanging da+#ho&8t7 ansipeci
19888 winters from Hequ reach of the Yello
1992) . I n a | aboratory study, there i s an a

geometric parameters to anal yzei othheprfowwredame

Il nsights from a field study are often valuab

17
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study. Details from sever al field studies o

ap

pr

rese

St .

m

t

ing knowledge on hanging dams.

eld study was conducted at the St. Ray m

ec by Vergeynst, Morse and200Lbcootguéiver i

sported frazi/l I ce, combi ni ngt dbautdag eftr o m

oach. St. Raymond reach of the St. Anne

r

voir created by a 105 m | onBaonenhcr@&he o

Anne Ri-wed i1 isvear grlaat| chaonmgersp Haloang yr i wWif tl

of 0.2% to rapids with a slope of 0.

met er s) upstream of St . Raymond reach.

uced in these sections odownhset rreiavier Awh it

n

r

h

n

t

ning of each winter, the reservoir 1ice

ception, consolidation and freezing. A

by deposition of ofvreazi IFriaze lursdairs ht h e |
dary consolidation events along mul tict

O progress upstream.

2001145 wi nter, the hanging dam spanned o0V«

ct

e

t

ons were selected to obtain measur ement

hi ckness and density. l nstead notfalacoust

ocedures were used for acquiring measurem

asured to quantify the amount of frazi/l I

ing

a manual sampler made of ai pbl eyiwvonh

ockingmad& $lbem@r vane was used to -measure

18
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made Shelby tube was used for sampling at
direction. The river surface upstream of the
gain additional information on frazel trans
presence of distinct |l ayers of frazil i ndi c
evemad occurred. The thickness of frazi/l |l ay

were only single densitseycfransl|ltchaageos tatr o
hanging dam. The complexity and the variati c
direction up to the middle of the hanging da

the hanging dam to the headdoWwi tiheanaest iTmat

net frazil ice production in the reach whi
sampling methods to provide recommendati ons
the flood risk in the area.

A field investigatil®@m2was aomesetrediirnf b9 mkd
of Gamlebrofoss power plant in Kongsberg, N
the site (Tesaker, 1975). The intakfe pohmd wa
m which could hold a tcdtaThevaitee ooV amef orf me
intake pond usually precedes the ice cover f
A survey was conducted to measluirreg smd i elh aalned:
through the accumul ation twice each year. I ¢
of 5 ¢cm using a round plate that was mounted
of the reservoir were meafslucow dmethere. aA yheaamrg i
with a maximum thickness of ®wax roamddaitott

winter of 1971. The maxi mum velocity under ne

19
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ayv

an

r e

St

op

erage velocity varied in the range of 0.3

d the shape of the hanging dam with sand

servoir and concluded that hhepgpagtdam was
served in winter of 1972, where the volum
, 000 Tme shear stresses were calculated ba
tained in the study and tlhepyarwerce eu sdei da ned
azi l ice deposition underneath the ice cov
e management strategies i ncorporated wit
meti mes prevent hanging dam formation i n a
form below the Muskrat Falls on the Lowe
sktr Falls Hydroelectric Generating Statior
cated on the Lower Churchill River i n Ne
nami c i ce regi me wi t h numer ous i ce f orn
mmi ssi oni atg Bdédl Mus&enerating Station, t he
mai ned open throughout the winter generat:i
ol below the fall provided the perfect con
mhe hanging dam formation had a significal
Lower Muskrat Falls and would cause the w
nstruction of the generating statomon. Af t
able i1ice cover formation was promoted 1in

en water reach wupstream that produced fr
nstruction data shows that wi nipertj etages
nditions, and the ice cover thickness is o
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ed to form (Groen2véel ¢raevsiudmnsa,r y2 ®@F 2)l.i tTea ke
ngi ng d ams and under cover i ce transpor
ntributions.

th thel abosemtcorgf studfi em®@unwihianlyi enxgcldasn vely

e Jjamast bei @as vatl uwabheer®ts@amwd ctehe present s
e SAlbghbecrtaton yf srtmaltyi on and movemaevats of | cE€
nducWaendg beyt al .f o(c2u0sle9d) ownhs dcenv e b o @ ioiecgei & er i o |

cumul ation wave formation and dlett ewasni ng

obser vedvaMmoart matthites mnigé y dependent on the flo
demonstrated through) aenfdfneccotomi mfy Frcd&@uwhdseu ppl mb «
rel at iben svikdiepmnensi onl ess water depth and crit
accumul ati on wanaes ndeg edyypmédt Basteddor § h e
experi menaralt e ssa,thses Ma lsicdira r \gdeit e rn adte pgrhasduc e
i ce aatciuoub evaateses f | o wu nidnetrennesaitthy wehse hicgeh c ov
compared to hilgth ewa swaatlesro deoputnhds t hat hi gher F
i harger ice accunleatpiroomp awgava ome isgprete.d of t
wave was foundnttioe bfel adve piemtdeemgi toy, water dep
supply according to the experiment al resul ts
A formuta ftoanspoawtaveapacictuynul ati on was dev
mas s conser v,aaandont heegudevehoped ghlgruau g o n w a
experi mentAzlcordsuonfbgt$o the aut hdroa, wahhedi ce
accumul ation is prifrheorw liyntdkepandentwadrert e g
suppl,gndatlke ice particle size.
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Il nvestigation

and Numerical Model ling of
torna rhgamayei énsgs edsa. ms

Under Cover Il ce Transp
and

under cover

Aut hor s Study sit
(nature of

Hanginghdakiknes

extent

Measurernm Measur eme

techniques

Gol d and Wi Ottawa River Leng4:m0 m and 60bat hymetr echo sounde]
(1961) (field study Wi dtllb0 m
Thi ckhé@®2s m
Tesaker (19Kongsberg, N Vol umeg, 000 m il ce thick borehole dri
(field study Thickr@e2s m vel ocity propeller f
Beltaos andSmoky River, Lengudried0@O0mM formati on movie camer ;
(field study Thi ckwesbsé46 inl vel ocity magnetic f I«
roughness cal cul ated |
Sshear str torque wrenit
dry densi weight meas:
Shen & Van St. Lawrence Leng2®0@Q 6flt m) velocity str-eallme anal
(1984) (field study ThickB@¢st 6.1 m)roughness calcul ated
un, Yang aYell ow River - i ce thvekness
(1986) (field study water | evels
flow velocity
Shen and WalLaboratory s - fl ow strength
transport rate
Vergeynst, St Raymond r Leng2.h2 km i ce disch manual sampl
Turcotte (field study ThicknaesG.ed. 7 m shear str homemade shi
(2017) sample co homemade Shi
formati on camer a
Groeneveld Muskrat Fall Thi ckbB®@&sm i ce cover thickness
(field study water | evel s
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2. 3umer Mecdél ing of Under Cover l ce Tr

Hanging Dam For mati on

River i ce numerical model s are used to si mu
anal ytetimpalri @eral equations under simplified as

more cost and time efficient when compared t

such as physical model ing or field otftudi es.
compl exi ty, where basic models wuswually si mul
surface profile of a river and compl ex model

ice on hydr RulWvecsi ot aumevecat ombsdgpéetit may, be

to formulate the model under simplified ass:
and usage of computational resources.

There are sever al river ice numerical model s
ice transport Ridrveodssasesi veraicevaumeri cal m o
University of Al berta which is available in

designed as a hydrodynami ¢/emant!| e quina tciho nsso |

char acdiegd idfadlta kvienf i(ICiDtGe el ement scheme. Lat
devel oped to simulate superceoftnmgnof watcado/r
ice formation and rel ease, border ice for ma

(Bl ackburn and She, 2019)

Under cover RicwdeDrt u menrsipoalt model i's simulate

transport rate equation proposed by Shen anc
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the flow is estimateldi @8 svytoHhg megquatci arce2.tT&,nsw

(B s6)i;s wahteer sdihf beé weiegmborder ice
0O uv8 Y "Mag g 8 [2.14]
The total under cover ice dischhargedatohtemlestin

volumetric under °coiies clirwes sdisechdroqeal (mr ea
cover moving) ¥r aawieheolcdyter ofmt he mpivsi ntghef r az

porosity of f)r,aztihlatsliugs hsseltcdryoers b(e eb6t # pnal fl

(A, @nd viohHeumetric concentration of suspende
0 8Yp n 067 [ 2. 15]

The amount of frazi/l i ce transported beneath
bet ween the total under cover ice discharge

transport capacity Riivie€mmo dienl Eugsueast itohne 2r.elldat iT
in Equation 2.16 to estimate the transport o
coandare time and-isp atateen of anf/jramizs sturef saee( i ce
concentf aitd otahee of sur f alclediisctethhecenk nas s mefn t u
cover moving Ufirsakztehhegt myef {(m¢; cover between

(m) which is approximated.using the streamwi

— — — 861 0

L0 L TR O R R R T A R U R R

RI'CE i-di meonsieonal river ice numerical model
t hat has the capability of simulating the ri
and i ce di scharge, formati on of amal ce co
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growth/ decay of an ice cover and ice cover s
criterion to model the under cover-liagertrans
formul ati on which consi sts ofvea swhrefna cmeo d ealyiet

the ice transport (Lal and Shen, 1990) .

I n the model, the i1ice supply rate that wo u

considered as one of the main factors that \

the i ce cadvenensTlamadnd orm of mas specnosnisoenr vat
in the model I's expr els s e dtubogy abhq u avteil conc i 2.yl 7o,f
( m/-si)s; vtereg i cal mi x)an@ sc otefed ifclicemtdgpth under

6 T — 10 T — 1 0 LS L L LR P L] L L

Based on the assumption that t-hane $sisdea oo fe:
Equation 2.17 was modi f i e stesapoibrtiad anl Ecqaueaftfiic
() and HHhegteem the rate of frazil depositio

t he parambboeld be obtained by calibration ag

0—3 O [ 2. 18]

| f the flow is steady and wuniform, Equatio

Equation 2.19.

~.

5 Y— 8- 6 [2.19]
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The streamwise variation of depth averaged
estimated usi ng OBqgsufatthaeninl 2i. @€® , covihee et r at i on
)

~

0 ® 0Qwn —— weéeei Ooweo [ 2. 20]
The downstream frazil ice concenstwcani be of
determined in terms of the upstreamodice conc

i s avheer age concentration at -)t;dhé s bavpdernaageng o

concentration at t)h.e end of the river reach

0 0 Qwn —— [ 2. 21]

The reduction of ice concentzvafisomepresgnt e
as a fraction in the modéhbsfshmwhati nokEguasi K
After depositions, the concentpatdé.on of fraz
I — p Qo —— [ 2. 22]

Il n the RICE model , ice deposition initiates
progr ess eGr iutpilseavieaen. oci ty i s used as the cri

ice particles moving underneath the cover wi
as t he fl ow velocity exceeds t he critical
concenthriathi ams wnable to deposit because of t

further downstream. The critical velocity f
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Equati on 2.i23,t hveh eswraeh & rsg)e;w (ianh cctrhiet i cal vel oci f

deposition (m/s).

— [ 2. 23]

The Iimiting condition for frazil deposition
that 1 s available for deposition and the hy
hydraulics of a river such aftrahel wateumsluat
since it | imits the available flow area. I n
wa s no significant change i n water sur f ace

accumul ation during a certaialtomabbeephi Efc
for a frazi/l deposit is obtained based on th
the «seosisonal fl ow area before deatzidnalceflde

area after fraziQi s omahxd eruars iatlil conv,a bwheerteni c kn
deposiQi  mnhe i al thicknesso b$ itnhe ifarka mielt ey

section?@l iardeetnes(imy of frazil ice (kg/m

N 0 — 5 — [2.24]

The maxi mum ice volume that can)depogitvewit]l

Equation 2i.2bttlreewheor of ice covered .l ength i
W oizwp N Q 1Q [ 2. 25]
The critical velocity for erosion of a fraz

reqguired for depaoasittiicdre shiomade otfh & riaretidr i c e
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I n the RICE model, the critical velocity fo
obtained directly from field data or it cal
conditions. Since there were no thhemwadels for
was developed, t he model simul ates erosion
generated from erosion is equal to the curre
1990) .

RI VI CE was developed by Environment Canada a
RI'VI CE i1 s a c edmpireenhse nosniavcea nmoondeet hmuek ateréa nsi e nt

regi me of a river considering the geometric.
river. Supercooling of water, ice generatio
cover-ubraalk the variousnribeersiimué apedc e ns dd
numeri cal modelan iTpdnimodedi Uulsesence scheme
modul ar structure where each module is desig

i nput and the outputs of the model (Lindens

n

The under cover i1ice transport processes in t
subroutine where deposition and erosion are
model has three criteria for depobBobtsenthbaede
preferred criterion based on the-dredqguwiedde men
critical velocity within the range S5pen/mi)t.t ec
| f the wunder cover vel oci twelioscilegl ow htelme w
depositions underneath the ice-Pedwveaer .seldh anemnd

transporgti veegnu aitni onpu atailcrul 22.t26 t he i(ge di scha
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t hat can be transport e dvhoainsd eGrhimeszaytols trlpaigih o e

coefficient fb9mE)water passage (m

CCWp pR®Q T [2.26]

The third option is having a(Hgeat idehhaithed7 4 €
will govern the deposition process. Using a

the commonly used methods to determine the d

O — [2.27]

Similar to deposition, erosion processes in
cri tTéhrei ebdtrrsad i s defining a maxi mum velocity
2.0 m/'s and the ice wildl start to erode whe
specified maximum velocity. The model is set
of thaecover meaancd etshed.usber wi | | be notified
unachievabl e. The second option is to use t
criterion for ice deposition. Erosion occurs

calcul ataed #&aoc &®idsatabonve2.t2he wuser defined mi

wheOé s ttrhaect i ve | f ®rstpheec(iFfai)c; wei dhYi of t wat er

hydraulic radius un¥iesr ftthheet i g® <lboge ( m); an
O Y'Y [ 28] 2
Both RICE and RIVICE numeri cal model s use a

transport si RiuMlelha doenls wsas tthlee Shen and Wang

determine the under cover ice transport rate
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The numerical modeling simulations pfresented
di mensi onal Comprehensive River |l ce Simulat:.
mo d IRl SSP2D is adi medvwsaincedl twiover i ce numer
simulate wvarious ther mal and dynamic river
t her mal i ce growt h, anchor ice formation, a
modend siamul ate unsteady fl ow conditicoeens, whi

processes -Wdpuramdgy breakwep peri ods.

CRI SSP2D was developed based on two river ic
1995) and DynaRICE (Shen et al ., 2001) . T h
di mensi onal unsteady river ice model that 1is
foreoati wind effects, and flow resistance du:c¢
Ssimulating under cover ice transport process
capacity formulations introduced by- Shen a
di memsi onver ice dynamics model which was va
as ice control operations for the Niagara I
Mi ss-Blius $i ssi ppi River confluence (Shen, 200C
imMmawded in the DynaRICE model . The CRI SSP2D
applying the ther mal formul at i-dnme russieadn ail n

DynaRI CE model (Shen, 2002) .

CRI SSP2D is one of the most advanced and <co
that is currently available to simulate riyv
mo d e | ice related issues in hydropower oper .

used for wvarious apploifcddlnabwnisce i oachdidi ngn san
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construction assessment of proposed hydropoy
of flow control measures on ilcehgommmaai en, ¢

change effects on river ice conditions, just

CRI SSP2D consists of different modul es resp
dynamic formulati ons. The hydrodynamic modu
sol vi ng -atvleer agegtt Dlhes eequati ons uGalnegr ktihne e
fineilteement met hod (Liu and Shen, 2004) . | n

Di screte Parcel Met hod (DPM) based on Smooth

to simulate the ice transport and ice dynam
CRI 2P model i's considered as a continuum t hé
mass, momentum, and energy. These ice parcel

whiacdnsi st of a solid and EChraphtee rd mSaetl | coxcer
transport modwl ¢l obet ldé sgginumcgee @inti ni sd etthaei Imai n
research. CRI SSP2D Programmer 6s Manual prese

capabilities and informati on Loanmn eaancdh Snhmoednu | € (

2.4 Research Gap

Wang (1992) and Shen and Wang (1995) have ¢
under @&otvreansmgort prockelbBeghluipghtoed att eat wthiee
critical vel ocity andf/f oirs ciridceegulkdcdied sude nur
and depooicteSshseens .and Wang (1995) proposed an
for multahelaati onship between di mensionless tr.
str enagstend on a llaBenaf oowastttedyya.tevendi ce tr a
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processes using a materiali dhWwdé@d¢h hastfhgetc ms$ | an
effect of gmd tiincdiepisehmtpemot i omhiodh shansi | rad te db ¢

analyzed in previous I|literature.

There are sever arle pfoerpth dtshs¢ aildi par avthe tchr s o f
for medtium al river s tori sl adkiefrsfdiuaHtd wae vieae t ai | ed f
tonvestthfegada mefndararhat i on and evolwattihor aofefalh
i solation of contributingawvhrvabiebéeo Test
t he fnoaredet ail ed | aboratoawdsgedyyewhoar ptahamb

be preonsednd eedach contcambhe i agalvpzedbilire det

CRI SSP2D numert lcealpamodelt yhad simulating und
procedudsgesa, detail ed anahlayss insoto fb eneopdred & pcaanptsaebdi |
l'itedatdmaet, the under cover ice transport 1
t he | eastcompoensentgsa Neefdetr h &€ arho dneshife | U n cegr ed d wer
ice transport processes and hanging dam fornm

a valuabl et bceotntterri buuntdieornst and t hese processes
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Chapli@emder Cover | ce
Processes

3.1 I ntroducti on

There is a knowledge gap on under <cover 1ice
guantify the ice transport rate based on t he
transport processes, despridcee dHEEssa ncahlaopgtoeurs ins
on | aboratory experiment s -ecqouniduicbtreidu mo nu nedgeu i
transport processes using eprmekatediisce hampd

di scusses the experimental aeserngines meft hoxdmé o

that | ead to the devel opment of a new cover
rate on under cover transport processes is
equil i bri-eagui lainr inmm conditcensrahspoder The

accepted ouoQodile Regi ons Science and Techno

(doi .org/10.1016/j .)col dregions. 2024.104124

3.2 Paper 1: Under Cover |l ce Transport

Nod#Equilibrium Conditions

3.2.1 Abstract

The transport of ice particles beneath a st a

and the processes |l eading to ice deposition
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Bas

pro

exp

stu

ed
ce

er

dy

si mul

of

und

fl u

app

The

obs

t he

Re a

on the strong analogous relationship

sses, knowl edge from bed | oad transpor
i ments for cover | oad transportalprocess
of cover | oad transport rate in a | abc
ated ice cover. The effect of the part.i

i fied usi ng t he buoyant . veéellheci tiyi tdrcd
sionless flow strength is identified as:s
ient motion of the wunder cover ice pal

rements obtained through Iloaabdo rtartamsyp o x

l a is introduced based on regression ar
mensionless flow strength conditions.
cover ice transportgriaahe wae salUupplynwvi

A control vol ume analysis of ice disc
ach to quantify the dimensionless ice t

oncept of equtid ibsi umticeudednbbpoed om

ervations with vari @abkeekpeommagt alceobs @l

c h

p e
ns

er

mpact of i ncoming ice supply were suppc
, China (Subh9e2) alThe 1i98t6r,odMaamtgi, on of
|l a developed exclusively with simulate
rties to ice forming in a natur al envi |
port raamet rairkeutiimproy ttamtadcvance the pr es

ice transport processes.
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3.2.2 Introduction

The hydraulics of a river in a cold region
processes durtieregp tfhaestwifrdtoewi.ngS ri veadarmsecti on
remain open throughout the winter season (
supercooling, frazil particles wil/| be gene
river ,sevhhtiichhnsan fl occul at e as Tthlee giemee riast etdr
partartced assported downosrt raeta miiee rospgesnp € asieoat 8
rate determined primaridrndabny bnee teenotrroaliongeidc abl e
existing downstream ice cover. Depending on
continue to be transported beneath the ice c
or the ice can be depacsi tcodeon tite wWrporssitde
| ocal i ncrease in ice thickness and can de\
appropriate. I n acaw@préedint i omewoioe, t hheknees
the supply of frazil sl us&h&abpms tipcees sceoavne ri s
exceeds a | imiting value. The basic river i
frazil ice dynamics, transportation of frazi

Fig3r@&dddpted from2BdBre et al
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0°C isotherm
: deposited ice
__? . ) forming a
I 2% 0e s o ______';"—-———__ N ice floes stable ice cover hanging dam
R T S e —
ie . ,:oun °° ° o n":"’“o:ufoaui a t; c;, a o &g o8 o908 0 og %
=> . ey . o : 2% %® %% .0 s incoming ice T'___'? t %
FLOW . o . oagn: % a°°°°., o ,:: 0" @ supply from under cover ice transpol
oo folen °='Da';.'§"%°:° 98 upstream
i oo° @ oe o o"?
¥
frazil ice produced in Z
supercooled water frazil flocculation
higher concentration at the surface
e
Fi g3rknder cover ice transport process in a
The ice transport rate beneath an ice cover
the ice properties (including freezing of in
| ocal hydraulic conditions. rTth ep rporcienscsiepsl ecso uc
investigated using field monitoring, but thi
at remote sites, hazardous conditions associ
cost , ti me, and | evelel df dat horctol aesodcioat ed n
cover i ce transport processes in a | aborato
understand the basic principles, whil e allo
i solation of s@preirfelcewanti atbd etshd hmntocesses
The objectives of this paper are to analyze
series of | aboratory experiments and invest.
the cover | oad transport rat e. Dlper éx psr iome
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simul ated ice particles such as shape factor
strength is summari zed. pSionpceer ttiheess,e tahries ssiutng
be used as a resource in future studies rel
|l oad transport formula s proposed based o

conducted using simulatdtedceceopartikct essaadt

addition to improving our understanding of
results will also be useful for future work
numeri cal model Ild ngnedrf oaoadwert hiade itnrcdrmusdpor t .

3.2.3 Background

Under cover ice transport, also termed cover
beneath a stoavtelre liomaed davaers.poC t i s,whempar abl
the ice cmparetraradnasniadeogous to the riverbed &
Sedi ment deposition i swhkialuseidcdydgpavi ttiadm oun
ice cooeebwesbuoyanchye ftomocepsr.ocesses 3ar2e il | u
adapted from Shen and Wangt (e&x98r5t)e.d Ibny btohteh w

ont o the i cecaunsddlso winlhseémd & aneme Nt .
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\;\

Ice particles

00g Sediment © °

0960 g o=

.‘_".
River bed 77 s %

o

Fi gBa®RBed | oad transport (left), cover |l oad t
Wang (1995)
Bed |l oad transport processes are widely stud
bed | oad transport rate based on a hydraulic
no universal formula for bed H ovaar itahbainlsiptoyr ti

parameters affecting the transport processes
and the parti¢tBaegebokBedlB6&dbutaowaport rate
cohesive sedi ment often specify the range of
for which the formulae can be used. Based o
bet ween bed | oadpant poveesdoad thanbasic

transport can be used when developing a cove

Many bed |l oad transport foshaowaei nd@8lxgbatiaonmn
whelg e di mensi onl eg g =t rdainnsepnosrito nrlaetdeg ¥f | ow str
critical di mensi gnllaamgida r fel cewnps trri ermd t(hiEb(@ i, ci

1956; 1980).

B 1 9 g [31]
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One of the prominent differences between bec
the availability of material to be transport
and often can be considered asupmplynifnnateid

primarily depends on the atmospheric condit.i

This paper discusses t hequwiolniclerpitumfiAeg utidarmg

equilibrium ice transport, il ce cover t hickn
consdasantdeoutput from a certain control vol
contr ol vol wimelnabedleplbsi ¢i on or eAtosnom of
equilibrium ice transport, the ice cover thi
with varying incoming ice supply depending o
or |l ower than the equilibriuhmmeceavidupmloy.l olnc
be equal to theaeposiitnpwnt widrdosicamur based on
rat e.

3.2.3.1stPuedivewmder cover ice transport proce

A |l aboratory study was conductedt bym&®asegre(1
the under cover &aceit t-aindgepdg tfalssemd ewhiisda mgwa s
0.3 m wide and 0.32 m deep. Si x piezometric
centerline at the bottom ofe atshug .dmeéuartneg utloa ro b |
and sgluaaped plastic chips with a thickness o
The corresponding nominal di amecotleurme()divaanse t e

calculated as 2.41 mm. The plastic chips ha
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transported along the flume bed, which was

cover boundary in the experiments.

The first set of experiments were conducted
of the experiments were condAukaegdr wot hphasto
was set up on the fl ume bfeldusdeoipcer wtato eaq lu sd x
an estimaobtdaval uai for.m THe wweatoenrdi dii snlsar ge
predeterwhinehl vartieed betawmaecrnhhl dy/ssc étphor g3e0 wa/ss

fed fr om #&upcsotnrsetaaintt e riad e dm swhsatrrgeea m aa red ftrioe

sl ope were then adjusted until uni form f1l ow
reached. Uni form fl ow was ensured when the f
and equilibrium transporta wasséastureatby ssao

thickness of the accumul althieare dmnstchariged owuen
determined using the weight of th®Bhellaisne c c
of best fit for whadetabmraedryhfobugmk dagmes

given i B2Egwhwibenesti mated to be 0.041.

B vduwyg g ° [32 ]

Extensive measurements of frazil sl ush accul
were conducted on the 70 km Hequ Reach of t
years starting (iSunt tee¢; aWan @1 918362 H&22u Reach
width on the order of 1000 m,>awibsti bgnarf iucpasnttrley
mi ldlewnstream channfelThsel ospeu doyf s7i.t9% xc oln0si st ed

where river stage, di schargess ,waaed tempel a
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ac

un

up

cumul at ivwenr & hd ckihégtseeda clhf wihnet eirce cover wa
stabl e-satt aomc,casBlonpalo measur efiteent si weerr e
str eams eocft moarso sisavi tachwwi dt h , o fehre®80 Oa mhi gh f | o

| owhitoyh caused the secti onopermrsttrheraonu gohfo utth ¢

i nt efphrioseldi cl ar ge quant ¢ & yhsaonhgg friega zdiadm mmca&t cr o

ct.i omhel mean di ameter of t hehf rwazsi lesdri amau le

be about 1 cm

e field dat(doBwgmwasn tampBlgdowdt f 1956) a
d Beekedlb@é&Y transport formulae in the st
ot of di mensionl ess transportther aftieel wWs .s tdit
0 weodh s i dsecragholageri mpl e | i nebhtaregdessomnt he f

r e et hBeaigtnfoll 66 ) mul a.

. 2.4 Equilibrium Transport Rate Experiments

.2.4.1 Met hods

e first seob ohhvespeémgiamewd e ea o dadmeoddt ldi adnrs p o
u(nfei g . t BHey3d)r aiunl i cs ResearHRMMB& Tehset iUng vFearcsiilt
ni tTdhkea .f |l ume waansd @22 mMmMowpgde with a height
nsi sheseedfi otnwebi Wif telm ent bed sl opes. The most
m | ong had a bed escltapoen oafh al.slit%bhe@t hne | loopnelg h
1% and the downstreamneticad onl apheatofi sO.112

circulating flow system equipped with a f
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reservoir at a maxi mummiad | oxabl éni B) mwrand &

all owable fimbw 00.8. Bk4D.

FLOW
Manometer board
e 12.00m
. 22me e  3m 11.00m : . 18.65m
D est section
0.25m ‘ i ] ' :
1066 1O1‘.5 103 1@.5 106 137 J8 Zg 2c1>/< —

\ 0.1 % slope
Flow

meter

0.1 % slope \ \
anometer Gate

Flow conditioner locations

] \ FLOW |
@% ) ; )
% K Z 7
Connecting pipe

Pump

Upstream reservoir Downstream reservoir

Note: Manometer locations are in meters

Fi g83fcrylic flume schematic with the test s

FI ow conditioners were instheal seccbhbpdtohenptdar
t o ftohrecehydraulic jump furthent hepeétmgeamsin
influence on the flow in the downstream mi/l
experi ment s Na rmaa ncoonmedouecetse cavge p id ft [hwewnae | |
approxi mately,tevebyalnbtamedaswves ersuddé @micles sl ope
at the end of etdhhee watuente dceopntthroovi®Vet ehaf gawedi |
downstream reservoir t hat wasi tbnmaetptiepde t o

completing the recirculating flow system.

High density polyetwleyleenauss e@fHDBpRpt padbd et s
standar dupbédtlki wgap as the simul 8t.eld ai)ceandov
Figure 3.4(.hperkepecthimpeldpwalt h a nominal d

mmanddeansity 8fn9B6B06mggfimson, the frazil gran
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the Yell ow River had a mean di%amEtarzi bfi decht
river is cohesive in the active stage and c
contrast, the HDPE pellets that simulated i

possess coheAsifvye apgri mpe rrtiige gla ftoha nt kl needsgse ewghui acl |
pell et | ayer thickness and wi dgthaleBqgouSd nm o t |

to act as a aGasedimentdé (ice) trap

Fi gB84a(ea) HDPE pell et s, (b) cover | oad exper.i
HDPE pellets as simulated ice particles and

To accommodate a wider range of flow strengt
seconde xspeetr wdAspDhducatld8d m 1 ong, 0. 94dmewi de, é
gl avad | ed fl ume witH oaatnahdej uldfFTaHyl & f3lsdSw p e

strai whasempatacfeldueeme | rmite@sappd| wed to the f 1l ur
recirculating flow system whichOc&n8®0 ovide
L/).Fhe g@lahsed experi mbobal eswt ap ansd hsthDoRwen p e |

in Figure 3.6. Water depth was measured at s
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wal | . The accuracy of the ruler reading was
comparing the ruler measurement to the water

an accuracy of 0.2 mm.

PLAN VIEW
13.00m Yy
2.5m -m -
i Test section i I Rigid foam ledge

] Head ]
0.94m water FLOW — K
i tank \ ]
re
(= 1.45m =
0.94m— Gates J
Flow straightner Pellet collection mesh box

Pipe
SIDE VIEW /_
- FLOW
( Hopper — Bubble wrap
(Ice cover) .
N ol 072m
1.25m water FLOW 1 , 4}
tank W
i TR
N =
7/ 7
Threaded support rod Gates
for slope adjustment
Pellet collection mesh box

Fi g35@l awsasl | ed fl ume schematic with mhe test

The dimensionlg@¥$sahbdowhset demgnbl dnil €Hs enr an:
1956; 1980) for cover |l oad transporandexperir
Equa84 omespectd.vel yhewhsdreaodoi setbei byoyamhs) ye
coefficlientt h gravitat?i ®@niasl tahcec ed eemiarnt dlo nd i(an
HDPE pelrjiesg st (en)vvol umetric transp®hkm) raamdof

i s the difference between) specific gravitie

[ 3]3

5 — [34]
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Fi g6 @over |

oad experi mealla¢e¢d sfelt wme i wi tt h eHRI
| ayer and bubbl

e wrap in pellet | ayer establ

The tail water gate setting, Wwiastkekdr déumand wk
adjusted to attain a specific dimensionl ess
given in Table 1. I nitially, tha piugipd whheam:
|l edge and a temporary mesh screen were place
passingThédrfought step was to establish a pel
cm throughout t hdal.coCatnon el .f6-Boemmasctraytliiocn f | ume
statimon22nblb5n t hwalgl ed sfl ume. Then the bubbl e
pell et surface. ni sptrdvdae mmi wead  dleme sand ttohe
removed from the downstream end of the fl ume
downstream end of the fl ume 2f50 ranad p3€0o rno dn uctfe ¢

the acrylic f-lOmemi antdebwdlwleed hfél ginassThe dur
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gl avad | ed fl ume experi ments was shorter comp
was considerably | arger, resulting in a | arg
ti me period. A constant suppl y hoef dpuerlalteitosn woa
an experiment using a hopper system to main
thickness measurements were obtained using t
times duringThbeegupeéeldsouepepaith.or aceach experi me
condition was determined byt emandauantinfnogr npr el |
ice | ayeThehc okenlelsestesd were air dried for 24
pell ets was obtai nad cwgiarcyg oa f st dael2eagtrhyd ti ch af sl
scale with an accwaatpdofl Omé. kGhéoexpenabmel

al |l uni form, steady state cover | oad experin
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TabldleExperi ment alndc onediistuir @mds di me nfsoiro nc cevsesr t r
| oad t r aenxsppeorritmernattse

FI um Bed . . Di sch Wate Wate Wat e
sl oP (L/ svelo deptsurf
(m/'s (m) sl op
Acry 0.00 0.4 criti 1.6 0.0¢0.0 O0.00O0
flun(con: shea
bed
S|0po.4 0.15 1.3 0.12(0.0 0.00O
0. 4 0. 14 1.9 0.110.0. 0.00
0.5 0.43 2. 4 0.1:0.0. 0.00O
0.5 0.33 2.5 0.1:0.0' 0.00
0.5 0.15 2.5 0.1:0.0' 0.00
0.5 0.36 2.1 0.1:20.0. 0.00
0.6 0.26 1.9 0.1:0.0 0.00O
Glas 0.00 O. 4critic 5.2 0.1¢0.0. 0.00
wal | .
f1 un 0.7 0.69 6.8 0.1:0. 0
0. 8 0. 32 9. 2 0.170.0
0.8 0.36 10.5 0.1¢0.0
0.9 0.50 12.9 0.2C0. 0"
0.9 1.00 14.9 0.2:0.0
1. 3 1.17 18.5 0.200. 0
1.4 1.13 29.5 0.2¢0. 1
1.7 1.85 32.2 0.2¢0.1
0.00 2.0 1.88 21.0 0.2:0.0" 0.00O0
2.0 3.00 22.3 0.2<0. 1
2.5 3. 46 43.1 0.3:50. 1.
0.00 3.0 5.50 31.6 0.370.0 0.00
3.3 6. 45 40.2 0.420. 1
3.3 6.25 41.5 0.440. 1
0.00 3.7 7.10 25.2 0.4t 0.0 0.00O
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The shear stress exerted on the ic&B,cover b
whetes the Dboundarlyi ss htehaer sspterceisfsi cf) Maes,ght of
the hydraul i ¢&irsadihues wam)ed). asbuertfaai clee ds laocpoeu s(t i C
vel oci meter measurements of flow beneath a s
by Peters et al . (2018) showed that t he sh
approxi mated by mul t-apdgdgag@edahestcress becaif
Il n the current study, the velocity profile wu

was obtained wusing the acaeluasw ifci toipnpgl ewa sv ed

conf i rtrhet lsaatme f act or of 1.2 can beThaepplied
critical boundary shear stress was deter min
motion of HDPE pell ets. The corresponding ¢

0.02 m/ s u86bwlgedEbgsu attieons hear “vies otche& yd g myist)y,
water®.(kg/ m

T p&r W [35]

6, — (36 ]

The buoyant velocity was measured to tbkeeO. 04
t heoretical velocity that was calcul ated as

by EqQBatiwhesethe buoyamQared oempiyr i(andls)coef
(Q=1. 24. 2)7)i s( the kinemati & sv)i,siceensd hg o©é&n sviat
of HDPE pé).l emdas(ukrgg/dm buoyant velocity was

calcul ations for this study.
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] T—— 11— —%Y ¥ [37 ]

The HDPE pel-tkhapedveranaovehe effect of parti

incorporating the buoyant wvelocity coeffici

t he methodol ogy presented in Swamed hand Oj h
|l engths along the principal axes were measur
The nominal diameter of the pell 88 s whesr eal c

wis the volume of a’ siTigeée sHODPE pattet 4 o
hydrodynamic forces acting on t h39,pawhteircel e ¢

|'is the sHapémdharcet otrhe | engths of | ongest, i

the principal axes (m), respectively.
7

Q — [38]

| = [39]

The buoyant vel g¢i twasc odeeftfeircmiennetd, t8 O(be 0. 72
whed es the dr a)g. clohed fdrcagndaogfficient was de
EquaB8llon i ntYGQwhitche parti cl-)e, Relyinoh dwasiuemblec u

117.5 usidlg2.Equation

6 — [310]
N 8 8 8

Y s 8 @ @ ra— [311]
YQ — [31 2]
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3.2.4.2 Results and Discussion

The results for the equilibrium transport ex
wall ed flumes are shown in Figure 3. 7.
8.0

® Experimental data
— Equation 3.14

o o AN
o o o
T T

¢, (Dimensionless transport rate)
N
o
T

3.0 r
20 r
1.0 r
0.0 1 1 1
0.0 1.0 2.0 3.0 4.0
U, (Dimensionless flow strength)
Fig8tEquilibrium transport experimental resu

f ormul a.

Regression anal yoshitsaiwia st hceo nldiuncet eodf thoest f it
by minimizing the root mean squared error (F
cover |l oad transporégdiolfimudiaumoircespoands ngr
flow strength is presented in Equation 3. 14
el evation remained constant throughout the ¢

out put was equal to the i1 ce iInput.

YO YO -B B ; B & [ 3.13]
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B p&Xxg W [ 3.14]

The =experimental uncertainties for both th
di mensionless transport rate were quantified
and Steele (1999). The uncertainty of the di
to 12% and the uncertainty of dimensionl ess
2% to 5%. The results of equilibrium transg
previously reported results of Shenngnd Wan
(1995) transport rat 82 fwirtmul a grfrveincaln &Eiqua

stregygthof (0.041 and thgeofsame3 3®r maolgmatwdch hwia

obtained from this experi m&tal study are al
100 ¢ P
F —— Equation 3.14 2%
F e Shen & Wang (1995)Jc = 0.396 2%
- = = =Shen & Wang (1995)Uc = 0.041 By . f
T 10 E ® Experimental Data 7.
= £ B Shen and Wang covered flow data- "’-‘
= C A Shen & Wang extrapolatedic
% 1L -/,/.-l‘,,...
c o ’m
< s e L
P [ .7 .
E 0.1 E ,/
c F /
Re) i /
& i /
o 0.01 /
£ F I}
la) C !
~ - ]
w 0.001 E !
: I
- [
0.0001 1 1 P R B T B A1 1 1 NI R B B A1 1 1 T N B B A
0.01 0.1 _ _ 1 10
U, (Dimensionless flow strength)
Fi g3& @ mparison of equilibrium transport exp
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The observed di mensi onl ess transport rate
experiments is | ower than that for the Shen
This difference i n tr anfsapcotrotr ¢r hast uegsla rcaosud Ide bseh
presence ofr absence of diume s d e ueefe ech@nb caena l e x p

di mensi onl esosn ftlhoew psatrrteincgiteh pr operti es

Il n the present study, HDPE pellets with a un
as simulated ice for the experiments wherea
mm t hick plasticQ ohirps nwi tfthh oan rlardgennoft o 5. 6
Shen and Wang (1995) experiments. Even t houc
considered through fall/buoyant velocity co:¢
particles aredematitakewhemtdecvehepi ng the co
edged thin particles have a higher | ikelihoc
a downstream drag force compared to more sph
it coul d hlae ndtee HDPE pell ets were tightly g
bet ween particles as shown in Figure 3.9 and

to initiate the pellet transport.
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Fi g38é& | ayer of tightly packed HDPE pell et
experi ment .

The presence or absence of dunes is another
(1995) study and the current study which mi
rates. I n the current study, the dhdwawas
constant incoming ice supply rate was maint .
surface slope and the water depth were <cot
experi ment, and no dunes were obsetwbwed. The
weight of the pellets collected at the downs
This methodology was based on the assumptic
sections of the flume, thr oughoWatn gt h(el 9dBwbr)at |
reported dunes which typically had an ampl it
cm, that travelled with a velocity of 2 c¢cm/
Wang (1995) that there werar@idstinndthel dyar alc
when the dunes were present. These dunes wil

have caused the flow conditions to differ fr
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Critical di mensigon | ecsosr rfelsopw ndtsr eenog tthh e( di men
applied by the flow that is required to init
stugywas determined by observing the incipi
boundary shear stress was <calculated at i nc
water surface slope measurements in both the

diemsionless flow strength was .Betwadr mhned t@o
order of magnitude higher than the previousl
(1995), evhtiicthgtweacst r ap ol &tvisppl odtat (ae xanr atghcel at e
i's show38)i.n Thieg.order of gnaghweenet e fpeesanc
and the Shen and Wang (1995) study indicat e:
initiate the transportation of pell ets in t
vol ume of pellets was mbvedgwhtbompaeregdi val
st udlye di sparity between these values warran

key contributing factors.

It is important to note that the critical di
factors including the size, density, and bu
highlight the i mportance of theoé Hcaovteomas,

parameters that wegdéousedvweheh oastitmamnispgr t
study to thosefasedetdol eatdi mpramrsport process

in the same flume (Senarathbandara et al ., 2
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Table 3. 2. Compari spgrabdbfcupat amaet ¢€ns wvoeedrf onrn
processes in the same f | ume.
Par ameter Covlem_ad Beblogd
experi me exper.i me
®(mm) 3.1 1.0
zZy( k Y m 950 2650
0. 05 1.65
Buoyant/ fall vel 0.72 0. 77
Critical bsturndsags 0. 31 0. 38
Critical shear 0.02 0.02
1L 0. 396 0.041

ar

The order of magni tgualfe adovdrereoae beawsport
transport experiments can be explapepedfbyg th
gravities of ice and water 3gomPaeedft ohehamp
contributions of thpgso adtuedy aise dt @ ni mtyrda cawd @ ¢

and experimental observations that is more r

3.2.85qgNidnd i brium Transport Rate Experiments
3.2.5.1 Methods

Addi ti onal exper iime ntthse waecrrey |ciocn dfulcutneed ( Fi g.
effect of different incoming ice supply rat

covlere experiments were designed byRflirst sel

and determining the correspondinkBg) egqsiihghbri
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For mati on

I nvestigation and Numeri cal Model ling o

EquaBlid.n The incomi g) iwas stuhpepn ys etataet (a r at
greater tham. oThd edismdrmsaainonl ess fl ow streng
condition was achieved by setting the wate
according to the values specified in Table 3
Table 3.3. Experimental conditions for varyi
Cas¢ Condi ti ol r Wate Avera

di sch watert

(L/ s depth
Case lcseupply = 0 0.01.41.4 1.4€ O0.041
Case lce supply <0.01.41.4 1. 4¢ 0. 041
Case lce supply >0.60.00.4 1. 4c¢ 0. 061
I nitially, a HDPE pellet |l ayer with a const:
stations 11.0 and 18. 65 m. HDPE pell ets wer e
hopper system at & )c ofnsrt amnimie nsuutpdp I d/ 6r@aattieo n( o
experiment. Thickness of the pellet | ayer (i
at 8-secosovdnal |l ocations (stations 11, 12, 1
using a ruleomatwalcheat t® miheut ¢34 nmierwtad ss) i
and 10 minute inter6®GImi nwunt @ddh)e ofectomad dxag €r i(
For the analysis of ice transport rate wunder
from 11 to 18 m was divided into 7 control
in Figure 3.10, the i1ice dischargewasputheto
incoming ice supply rate to the fl ume. The
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starting'%fornotm otthevod ume was determined as th

previous

A T

Qin,k ——
|2
Hy

contr ol vol ume.
FLOW
—
Ax

—_—

—_—

Control volume Control volume — —
k t’ k+1 - out k+1
13
H'
Qu

FigBr@efinition sketch for wunder <cover ice
volume to the consecutive downstream contr ol
|l ce discharge output from a c¢on3lr5o 1 whoelrveme
O sis the ice dischédrognet roodt pvust) gfireo nf meh ei cke
di scharge 'Ropatr of veiygslet hbmm change i'A storac
control 3v¥Wieméhemti me interval b ertiwse etnh et wo
porosity of the accumul ation which was det e
comparison, the porosity of frazi/l sl ush in
the field measurements. The chamB@é,i wheter ag
0 rana frare the initiaslecanidontah e'&rderaaal oddr otsh
vol ume resd).eawidetitye (Imngth of the control v
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0 5 0 : Y [315 ]
h h

e

Y 0 5 O K 3w [316]

I f there was no change i mYstO)agehwitbentthnsn

underneath the ice cover withith ptwaast ecomtir ol
to . Accordi n®la,o iEfqgutaltd ocnhange i nw¥btorage w
0), there was net deposi tl osrwavei tlhelsrg. tthhéa nc o n't
the change i n st odYax@e, wahse rlee swsa st hnaent zeerroos i(o n

volumé®, was gre@mter than

Average values were obtained for i1ice thickne
vol ume usidlg7 Eogwa tEHlg@unart e osmec toiiveby t hehawver ag
thickness of otahredlad me, coaverttiien)ice thickness
downstr eam 'reoodnetsr oolf vtohleuke ,i g etstpee cavi evred gye f | ©

underneath th®an&éwarcevehe (M) pw depths at t

downstr eam 'ntoodretsr colf wvtohleunke (m), respectively
o _ [31 7]
O — [318]
For each control vol ume the #6fh)eart hveelhoyed rtayu |

radliYyasnd t he f iYj)ctweorne sdleotpeerErfjiura® il SEqausad d omn

320, and3Ehyuateomecti vel y.

58



Experi ment al I nvestigation and Numeri cal Model ling o
Formati on Processes

O.5 N Yg [319]
2 N [32 0]
vy — [32 1]

The average flow velocity for each32@2gontr ol
whebdgi s the average ftomwtvell owxo ltiysmdt dren/twge, ek
di schalrsgJeviasmdt he fl ume width (m). Bed, ice ¢

roughness coef fi¢c & e ndmsrdeasrpee cdteinvoetleyd by

W j [32 2]

The di mensionless flow strength for each co
33. The dimensionless ice transport rate und

was determined3bPased on Equation

— [32 3]

3.2.5.2 Results and Discussion

Case 1: No ice supply

Figure 3.11 shows the dimensionless transpor
at di fferent time increments for Case 1 whe
contr ol vol ume Bflibmylitclhaéedt ant Fagdrehe end

the control vol-8m2,i hdodrcexaeampt keeSdantrol vol
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and 12 m of the fl ume. When there was no ic
cover decreased due to erosion. The observe
than the dimensionless tra&8hd4pwht chatwas dbvtval
based on the uniform, steady state experi mel
to the continuous erosion of the ice cover,

sl ope decreased dur i neg rtehseo settxdprecréi Inoew.t ,Asr ead urc
di mensionless flow strength at the end of

di mensionless flow strength.

10 ¢
— Equation3.14 () 1-6min
i . S11-812 @ 61lmin
- S12-S13 [] 11-16 min
% | si3s14 | 1621min
£ 9| . S14-515 /A 21-28 min
Q. = -
C 815-516 28-38
g i . ‘ min
s [ si6s17 + 3848 min
(%)) :
@ S17-518 X 48-58 min
= L
o
(%))
0.1 |
E T
a [
~ [
W L
0.01 : : :
0.1 o , 1
U, (Dimensionless flow strength)
Fi g8 ransport rates at wvarious control v ol
suppl y.
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Figu

me as

t he

rat e

10

[

o
H

¢, (Dimensionless transport rate)

0.01

Fi gd

re 3.12 presents the same dat a, col ore
urements were taken, rather than groupe
i al stages of the experiment, tége di men:
icted by the exp8d4d mendmpdryedetro vteldle Egaa
ri ment. This is because even though ther
ream contr ol vol umes providedcosufbilcien
mes to stay close to the equilibrium din
tot al ice volume in the flume became sca
s to drop across all control wvolumes 1in
— Equation 3.14

i 0-30 min

@ 30-60 min
0.1 1 10

U, (Dimensionless flow strength)

r2@ransport rates at various times for Cs
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Case 2: Lower than equilibrium ice supply
Figure 3.13 shows the dimensionless transpor
at different time increments for Case for
ice supply was | ower than the r &astienr aquitrheed
flume and the flow strength decreased mi |
supply sl owed the rate of erosion.l omea di me
than the experi medltdalfloyr deqguivieirds rEiqueattd domng ih e r
the di mensionless transport rates for Case 1
10 ¢
E —_ Equation3.l4o 1-6 min
[ siusi2 @ 6limin
S$12-513 [] 11-16 min
g si3-514 | 1621 min
5L B si4sis /\ 21-28 min
g E |l s15-s16 A 28-38min
g [ [ sies17 +  38-48 min
éa $17-S18 X 48-58 min
[}
E -
Q
2]
$0.1 |
£ |
o) i
’wc L
3 [ J
0.01 ' ' — :
0.1 - . . 1
U, (Dimensionless flow strength)
Fi g3lr3Fransport rates at various control wvoluwu

equilibrium

ce supply.
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Figure 3.14 presents the results colored a

transport rates were observed to drop as tir

was stil]l not sufficient to maintadiumeesqui | il
provided the ice supply for downstream cont
downstream control volumes were higher even

the transport ratsestatonshduupaigr eéedm ¢ oss he

10
— Equation 3.14
0-30 min
O 30-60 min

o

©
5 1

o

n

[

©

é o EEI
@

C

o
201

o B
E s
e o
,wc

0.01

0.1 1 10

U,, (Dimensionless flow strength)

Fi g3lr4@&r ansport rates at various times for Ca
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Case 3: Hi gher than equilibrium ice supply

Figure 3.15 shows the dimensionless transpor
at different time increments for Case 3 for
was used for Case 3 compared tooCmaientltaiamdt I
ice supply exceeding the equilibrium transp
When the incoming ice supply was higher tha
observed that the thicknesassiongtheti depcosver
fl ume. The observed di mensionless transport
obtained fRB8b&h Equatwinemor m, steady state <col
el evation and tihecwdaseeredgut hacexpéopment due
underneath the ice cover. As the thickness
also increased. As a result, the di mensionl

was hi gher tnheanns itohne eisnsi tfilaolw dsit r engt h.
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10 ¢
[ — Equation 3.140 1-6 min
- ] stsi2 @ 6-11min
L $12-513 [J 11-16 min
> L S13-S14 B 1621 min
© B s14-s15 /A 2128 min ™ I
g 1 B sis-s16 A 28-38min
= i $16-S17 38-48 mi
E i . -{— min
= i S17-S18 X 48-58 min
7
Q L
c
Qo
&
0.1 |
£ :
a i
~ i
-
0.01 1 1 1 1
0.1 U, (Dimensionless flow strength)1
Fi g3r58r ansport rates at various control wvolu
equilibrium ice supply.
The same data are presented in Figure 3.16,
measurements. Il nitially the di mensionless t

predicted WwWdidndbeEquati admhere was a high inco
flume. The di mensionless flow strength incre
towards the second half of the experiment t
exper i meinvtead leygudielri br i um equ aftliow.s tlrte nwptsh oibr
flume adjusts itself towards the I ine for e

ice supply in the fl ume.
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10 ¢
- — Equation 3.14
0 -30 min
O 30-60 min
o
o
%' 1 ¢
o
[72]
c
©
0
[72]
@
=
i)
(2]
go.l
£
a)
,w:
0.01 ' '
0.1 1 10

U,, (Dimensionless flow strength)

Fi g3redr ansport rates at various times for Ca

3.2.5.3 Comparison to Previous Field Studies

The data from the Helg®W 7R eaarfcdh 8 B9@kii mtaerf o r ( SOB

1986; Wang, 1992) was analyzed to further un

rate on the under cover ice trasseigansg was e.
treated as a control vol ume. Unli ke the | a
incoming ice supply to the reach from the up

(1992) wused an approach of procemdinggfroen d
transport rates based on the field observati

boundary was negl i g324 e(. Walnhge,r elf 909 2e), weagsu au 9 eod
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under cover i ce transportsectatensuppaoteeadi ns
downstream tolOuipsttrleamti wheaweer agedmii"ce tr an
ti me int &rfewadsesattidas®) e(ins the time averaged ic
durimjtitme intlke¥fadowast it messescamongcicirorns s

(M s6) ,i s the ti mesacvteiramgaeld aroassof i@ accuml
ti me intlkhlkvassesatti)adnhef m t he ti mes awteirmamald areo

of ice accumumiati me dot kg askebcattid)opdhiesmt he

di st anc & Amkt'ttaessesct i s s s( Mhemen i nt efy=val (s)
porosity of frazi/l ice accumul ation. which i s
0 0 6 0 [32 4]

The ice dischargsecabi7omeatei aursedf armn drhessanal y
di scharges i n tsheec td oowmnss tweeaaem veerroys s mal | i n co

cressesstions and also to be coWMangtéemad®9oO®)t hTh
di mensi onl ess i ce tsreans ponr twarsatcea |l aBRI5ga ced caursc
whedbies the average topk@&nldth r esbesctthieo nrsi v(em) ,b ez
0is the buoyant velocity coefficient that we
observation that particles were nearly spher
ice pa&anNt walsereported as 0.007 m in the 1986

The density of ice’ watesrispengead da D1DVD8KBg/ m

— [325]
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The dimensionless fsewtsbomemwgshchorc3Béactkedcuas
The ri vseerctdromsswas assumed to be rectangul art
wetted perimeter, and the hydraulic radius s

at e aeshe cctrioosns f or water sur f ace ecloevveart.i on an

The di mensionless transport rates for the H

Figure 3.17. The field observations showed t
in the Hequ Reach, which expl ains ntthael Icyl ust e
deri ved3E4ufadn oemqui | i brium ice transport. Th

in the reach where the flow strength was no

further downstream in the rea&chtwi thhitshef ihelgd

supply experiments conducted in the acrylic
categorized according to the incoming i ce
understand the i mpact of iIineomiog icanspeply

l ow i ncoming #c¥nsguypplhye ntatams po0t rates are
314 for equilibrium transport, which means t
the incoming ice supply tamdsphrt egapadcibtry u

maintained. At me@i ¥m®m)icéhsupplow sarenglh o

sufficient to maintain the equilibrium trans
the reach. There I s a more pronounced effect
(A0%m) which lead to |l arge depositions unde
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100 c
C Qin=0-1cms
Qin=1-2cms
B Qin=2-10cms
—— Equation 3.14
@* 10 L Shen and Wang (1-995).
©
S .
& -
o
o 1
(2]
@
c
i)
(73]
[
£
A 0.1
,wc
001 L L T R T B I L . d. | | o
0.01 0.1 1 10

U,, (Dimensionless flow strength)

Fi g3r’d’lequ Reach field data (Wang, 1992) anal

The change in avbwernageni dé tdlaiysk naetsseach con
bet weense@ctcwaassgdyze dmdehetceamdi tome and depos
withhe HeqUdhResoht $ he aasemdwrsi sn ,Fiwhere 3a 18
negative change in thickness denoteigserosi or
deposiwhen compared wi tDeptohse tproenv iwo @ shitni nhehset
cl emoltg prominentwhihdamne owistelo niahe @mmiodr

of data paobove tthealteiqeidfidfhem@gu?vI!i i brium [ i1
by equation 3de€tiercrminnd et hes edr ittoeri on for i ce

processes in a river.
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1
m1-15 days m15-30 days
0.8 m 30-45 days = 45-60 days
< 06 m 60-75days m75-90 days
g .
© 04
S
i= 0.2
8 0
c
o -0.2
2
5-04
e
O .06
-0.8
-1
1 2 3 4 5 6
Control volume (section between 2 river crssgtions)
Figure 3.18. Change in ice(gshiitcikvmee swa lfwnas Hier

depos3ition

3.2.6 Conclusion

Under cover ice transport can beim aitaldco
region river during the winter. This study
describe the relationship between di mension
strength under equilibrium condiat isoenrsi.e sT hoef
| aboratory experiments under wuniform flow c
ice particles and bubble wrap as @ fslionwml at e

strength which corresponds to the critical |

was identified as an important par ameter d
experimentally at the point of t ncirpiterctal p
di mensionless flow strength is dependent or
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density, and buoyant velocity <coefficient.
strength for HDPE pellets and 1 mm di ameter
the i mportance of these parameters.

This study explores the relationship betwee
flow strength conditi Wheand htthe nepsi ngamciec e
equal to the equilibrium ice transport rate

constant, without major depositions that wil

that wil reduciec et hceo vtehri.c kSnienscse otfh etrhee ar e no
cover ice thickness, theotbgbwusttbhegehttremac
the ice output rate from the reach (control

the reach.

The i mpact of the incoming ice supply rate
analyzed by conducting experi mentReswilttl var
showed that the observed transport3lrdat es dr
when there iIis insufficient ice supply in the
Both the | aboratory experiments and field da
supply in the reach that extcheee dgsi vtetne fe gouwm Isitk
deposition occurs. Therefore, the | ine for e
14 could be used as an initiation criterion

dam formati on.

When the incoming ice supply was varied fron

observed that the flow strength adjusted it :
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t e

€eq

i n

Th

Co

Re

nded towards the equilibrium ice transpor
uati on. The flow strengthwhrenatéevieern Bas
sufifcei sogprpbynadant i ce supplmakirogn ¢ dediutpi

ite .dyhresmi doesults were supported by an an

ta from Hequ ReacThhe Ghifrfae r(eWacneg ,i nl 99 2me. an

iver compared to a |l aboratory flume might h
e cover | oad transport formula introduced
mul ated ice that has similar physical prop
used to estimate the equi laibmr ifulmow osvterre nl ¢
ndition in a river. The subsequent experin

n be used to determine the criterion for [

ver . Application of t feor pnud @mo saendd ctohvee r c oln
uilibrium transport capacity should be re
deling of wunder cover ice transport proce

ol ution.
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3.3 Conah@ontomisbuti ons of t his Wor Kk

A cover | oad transport formula to describe t
rate and di mensionless fl ow sfturcthige dl wmadr e
exclusively wusing susmunl baatbebde aitcoer ya nedx piecre nteonwt ¢
in this paper. The relationship between ice
to i dentify thecoengduiitliiobresy warfr ainméentomansport .
di mensi onl ess f | ow usstirnegn ghtyhd mvaassimiednettseeranti niermdc i
motion and it was identified as an i mport al

deposition and erosi on.
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Chap4a4dangi ng Dam For
Evol uti on

4. 1 I ntroduction

The significance of incoming ice tiamsport
transport experiments presented in Chapter
conducted to investigate the effect of i nc¢

conditions of the flow on hanging dam f or ma
hangi ng dam perxepseernitneedn tivsh eitshi shehapéesupply r:
number were altered to measure its effect o
dam formationpulfhiesthheep spewdralvansese i on Ri ver
Science and I t s Enviir oWaneat alJoummpal catni oDe

doi .org/10. 3390/ wl15244242

4. 2 PapeExperAmaeing @il Hangi ng DaamdFor mat

Evol uti on

4. 2.1 Abstract

Hanging dams are thick accumul ations of fr a:
formed dur tumpg ptelre ofdr @aeazd btawi ogsrwheresact a:
section with relatively |l ow vel mpiaty. olHandietr

hydraul i ¢eovefr ean riiver. This paper presents
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dam
wat
The
par

phy

wat

and

formation and evolution conducted using
er into a relatively |l arge reservoir usir

incoming ice supply rate amd atrlee tap rn ova
ameters that have an i mpact on the hangi
sical characteristics of the hanging dar
reasing the approach Froude numekadyof t
me d . Both the formation and erosion of t1}
h field observations of hanging dam oc

rometric data to support t he aspcpelniacraiboi.l it
results presented i n tQhianteh apoOr acomyr da ¢
hanging dam formati on, hel ping to i mprov

hani sms of hanging dam formation and evol

2 I ntroduction
ar e@iladn river, | arge quantities of frazi
er river sections during tchoeolwinngt earn da shia

bul ence (Hicks, 2009) . Thpomgtacdrdowds tf r a:
can become entrained underneath an exis

rained in the flow wild]l either be trans

erneath the ice cover, depeoemdiing oos ®©liet

er .

ording to Ashton (1974), the entrainment

e of an ice cover is determined primari/l"
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Froude number of the approach fIl ow. MaclLachl
for i ce deposition beneath an ice cover 1is 0
velocity is |l ower than the critthiec &lt .v dlaovaietny
River, Quebec, Canada. I n the study on hangi

Froude number of the approach fl ow was deter

beneath an ice cover, anyd wahse ccaolrcruelsgtoendd i ansg
A thick frazil accumul ation known as a hang
frazil i ce supply from upstream (Beltaos anc

|l ocations where there are signifisanh ther ec
channel geometry, such as width expansi ons,
t hat promote ice deposition (Beltaos, 2013)

hanging dams can have a substamddradd irmpvaecrt.

Channel bed scours can occur under a hangi ng¢
by the flow restrictions. I n the Yell ow Ri v
observed (Sui et al ., 2006) .uckarn ddenagtricbasmea If o r
flow area, causing a flow restriction t ha

Understanding the hanging dam formation prc
evolution under various hydraul impoamnéantnaaihi

may help address the flood risks that may be

vul nerable to hanging dam formati on. Mi ni mi :
the hydraulic efficiency of hydropower gener
It is often difficult to conduct field stud;i
|l ack of accessibility to remote sites, saf et
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failure, and cost considerations. Laborator
understand the fundament al processes of han
various hydraulic and ice supply camditions

geometric parameters.

The main objective of this study was to anal

hydraulic and incoming ice supply rate condi
a river 1issuing water into a revarn. ve&ewer alr
parameters, such as t hee mtagrilmame nhuerm gt i cakl noe
| ocation of maximum thickness, maxi mum wi dt

were quantified for various hydr @ael resand si n

of this study will improve the existing know
i ts governing factors, and they wil!/ be be
applications of hanging dam formati on.

4. 2.3 Background

Hanging dams are defined as thick accumul at.
(Bel taos and Dean, 1981) . Frazi|l ice part.i
turbulent, open water sections (fotuUubwing a
drops below O0AC) are transported downstrearm
beneath an existing ice cover. The entrained
and get deposited on the wunder sriedses odn tthhee i
underside of the ice cover is insufficient t

1995). The thickness of the accumul ation wil
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unl ess the incoming frazi/l ice supply from u
shear stress exceeds a | imiting value. Previ
and Wil Il iams, 1961) show that atnh aatb raugpus ecsh aa
reduction in the flow velocity, as well as t

are two major contributing factors to hangin

process beneath a | ake ratedovarFdguraegdt he(
Gebre et al ., 2013).

Sever al previous field studies report | arge
the river changes. I n the winter of 1962, a
formation site in the Ottawa Rivemchlitn wtalse r

river with a width of 90 m that spanned ovel
trench was <considerably | ower than the vel .
depositions of frazil i ce undaernmdesatahr et heo ciad

i mmedi ately upstream of the hanging dam forn

generated due to the high turbulence in the
during the winter, whi ch wae depanssiptoeed euwn d enr
the ice cowelroaitt v hedowmsvt ream section. Two h

|l engths of 450 m and 600 m and a width of 1

Wil liams, 1961) .
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0°C isotherm

deposited frazil

forming a
—_— i . hanging dam
o . T floes stable lake ice cover 9ing
o S0, © 0% o B
o g% "o ehs o %o S Sy, e, TEIELE o8 5508 B3 e, 1:%"’""'2“'52?3“5?“5“5“%""%"
. @ 959 o cg o 0 80 S o0 g & o gofde o
° %5 ° °o 20 % @ 40T — e e °
B B R e L R o
s o © ® 900 incoming ice - o o
9 s oo ° % o504 oOuzy o under cover ice transport . e
R I T N = supply from =
H o %0
Y e & upstream RS AT
0@ © ©e o
o 9o o we —_
0@ 00 e
o
% u%“
- . %
frazil ice produced in
turbulent, supercooled frazil flocculation
water higher concentration at the surface

Fi g4rranging dam formation beneath a | ake ic
2013)

A hanging dam formation in the Smoky River,
studies from 1975 to 1979. The field invest:i
dam formation varied from 300 m to 700 m &
tihckness under the water surface varied fror
Similar to the Ottawa River hanging dam, thi

wide section of the river i mmedi-auergedownst

portion of the hanging dam (overburden) con:

i ce. There was a 6 c¢cm | ayer of thick solid
riverbanks. The submerged portiomadam@riesged
similar to those of the overburden, but with
varied between spheroid and discoid, with a
60% of the frazil sl ush wamm iim tdhe meamrge ad&f5
in the range of from 2.4 mm to 4.8 mm, and
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mm.

and

t he

stre

Hangi

t he

Lake

The

t he

she

t er
s ul

ngt

Bur

Wi

velocity underneath the hanging dam
average velocity was reported as 0. 1
ar strength and the bearingnadapacity
ed trend was obtained for both par ame
t of the crudeness of the measuring t

h (Beltaos and Dean, 1981).

dams can significandaVvegr edipraictern hley hf
ccumul ations that reduce the flow ar e
ar, frazi/l i ce accumul at eesr ,i nQutehbee cSt .
form of grounded frazil -cjoanmsr odd i hgn
res were built to reduce the 1 mpact
dly flooded-upursiemg oaanad axfthYegmgpéahresithiee a

and Turcotte (2017) showed that 40% c

in the river. The | ack of knowl edge
ice regime were i dentyi ftioeds uacsc etshsef un
el m¢ eidcd |l ooding issues in the St. Ra\
l ing structures (Vergeynst et al ., 2
es |l eading to hangilngohdamibaoat matioomi:
od risks posed to | ocal communities n
and Raban (1980) investigated hangi ng¢
ed their effects on river hydraulics
nt wood River, iB4dnfd/dmt350%smad s ca erasseul tf ra

nni peg Regulation and the diversion ¢
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Nel son River via the Burntwood River. 't was
form in the Burntwood River <cl| aseetro sTlh@gmpss
After identifying this probl em, a cmntrol S
upstream from the potenti al hanging dam site
t hegenerating open water reach in the river.
was successful and that the riwieoust@mprgedi oveea

|l evels (Hopper and Raban, 1980) .

The ice stabilization program in the Lake Wi
in 1984 by cutting back fl ows at the Jenpe
formation in open water sections. Dkring th
was I mpl emented such that the fl ows were dec
to minimize the effect of thzbifdmnwelmR@dlack c

The flow cutback procedure at thBehhemgrpe@n@en

the Froude number, which allowed the | eadi ng
rapids section, thereby decreasing the frazi
ice stabilization progr am,uchMadn itthoeb a$ idHeyed roof hue

dgposits in the reaches surrdbnhndnhnngWbB&) Jenpce

4. 2.4 Methodol ogy

Experi ments were conducted in the hanging d
|l ocated at the Hydraulics Research and Test
Manitoba. The physiiadflymecweitsk r uy thatdh asnt e(d2 0 2

of a narrow channel i ssuing into a much wi de

8 2
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and | ake sections, respectively. The river
had a width of either 0.16 m or O0.31 m to

numbers. The | ake section was 5.80 mslong, 3
a difference in elevation of 0.31 m from the
width to the river width were 24 and 13 for

The Dauphin River in Manitobaagndgiam@ddamefndrem
at this confluence. Il n comparison, the ratiao

bay where the Dauphin River enters Lake Winn

Water was pumped from a reservoir using eit]
capacity of 20 L/ s. The flow was then conve
di ameter pipeaddgdiepvhed | wiftitlowa met er. The upst

1.20 m wi de, 1.20 m Il ong, and 1.22 m in heic¢

an array of <cylindrical pi pes and a furnace
the f Il ow.owrlhfer oouttfhe | ake entered the downs
opening at the downstream wall of the | ake.
was installed to supply simulated ice upstre

8 3
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PLAN VIEW Y (Spanwise)

X (streamwise)
f Flow meter — FLOW Pump valves
Y
H 2.74m o
| 1 Head River B 35
120m)  guater Lake  388m F4 o5
LE7)
| tank i 0.16m DrD.31mJ = gg
~120m = ow straightener
S~ Mesh for HDPE
>80m 1.00m pellet collection
FLOW
SIDE VIEW
~0.31m [ 0.50m Ice cover
EEEEREEEEEEEEEN Underground
FERRSERANY S FRSSRAREEARERNR) Y reserv'o“'
Pumps

Fi g42%*c henmdat itche hanging dam experi mental set

Fi gd3 ea) Hopper system instal

l ed to supply
setup during an experiment; (c)

I
HDPE pell ets

As shown i n Fidgeunrsei t4. 3p(ocl)y,etthiygdrene ( HDPE) p

gravity of O0.95 and a nominal di ameter of 3

8 4
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standard packing bubble wrap was used as a

filled with water and the bubble wrap was s
Then, the pumps were set to achikhéveondetdiosns
presented in Table 4.1. For each water disch

two volumetric i ncpoenmti ngn iotic eWisdit@pimymndt @s 00 1
m/s/m to observe the eff ecthaonfgitnhge d annt ofnoirnnga !
For each experiment, the hanging dam was for
L from the hopper upstream of the river s e
according to the incomingrice smumplfyorr aatne .i n

supply ratdesihbm, Oa®®0flom 18 min for3a&and m.ncomi

The water depth in the river was measured us
|l ake was measured using a ruler attached to
(V) and the approach Froude numbeati(dm)d.ih t

and Equation 4. 2, respecti Vesdly, vhies et IQeisi ¥

(m), d is the water depth in the r?)ver (m),
w — [ 4. 1]
of — [ 4. 2]
Il nitially two methods were considered to okt

hanging dam. A comparison was made bet ween

the hanging dam wusing an under water | aser s
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el evati on model ( DEM) of an orthomosaic cr
comparison, a smaller hanging dam with a tot
di fficuldt t o -wadreducltasaen wrcaear for an accumt

mai ntag the minimum distance between the | as

A2G Robotictasprpdesstaln®®0 wliddas lusadetro scan
hangi nd T@mdegreeal eeamert tewatbly the | aser sca
calcul ate the position of points along a | as
of thewscamemrmdédrani cally chaahgpedthothenasweangl
specifiedAbept Mdevra@sseafd i n thbEsepxpieze méat er m
the | aser return qual sdad yhiqguhadri d@ yl owe mtstcd p ud
drawback of takKhegsaeaahwminmggrptomess took apepr
each | ddet il@ars.er scaomea kwaasr dnowinttlkednyl on stri
t wo ends so that the scanner could be moved

scahhheadngi ng dam formati on.

The point cloud data fqpomcebsetlaserngc@hoar
whichn 3D point cl owsdouprcecessosfitrngar epednevel op

GirarMbema @Gauw arMbena e a .| n200&1 Iy the point <cl ou

noi se reduction. The scans atcrceiaft feerae ncto mdpr in
point c¢cloud from which the centerline | engtt
the [ ocation of maximum thickness were obt a
the merged | aser scans overlaid on top of an

Figure 4.4(b) shows the side view of the sa

|l aser scanner. The | ocation of the maxi mum t

8 6
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as 2.1 m from the | ake inlet and the maxi munmn

as 0.17 m using the CloudCompare software as

Figd4 e€a) Plan vi ew,; and (b) side view of th
scanner .

Water in the flume was sl owly drained after
lifted off to thlkneswmegedmatrritarged rsdiwndthes
walls and the bed of the | ake section were
Figure 4.5. The photos of the hanging dam we
i mportant to obaac¢c on pihd ¢8ddadb)it doasfesr Ol @vpe wi t h t h
phot os t o ggeunaelriattye dae nfBileg hpeofi mrte ,c ltolued . number
each experiment were based on the si-ze of th

30 phlohteosp.hot mpoweed to Agisoft Metashape ph
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sof twagiesoft LLC, 2019) to form an orthomose
step the photos were aligned to create a sp:
the 4 targets were used to conduct georectf
point c¢cloud was generated as shown in Figure

generated using the dense point cloud as sho

Fi gaasstangi ng dam with 4 targets on the | akeb
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Fi gd6. ©r t hontorseaaitced wusing photogrammetry,; (a)
digital elevation model

Table 4.1 shows a comparison of the hanging

maxi mum wi dth, maxi mum thickness, and the | o
from the wunder water |l aser scanner and phot
hanging dam from the | ake inlet is similar fo

The maxi mum thickness of the hanging dam an:
obtained using the | aser scanner are sligh

phot ogr dmme tmrayx.i mum wi dt h was only measur abl

met hod.
There are several disadvantages associated w
the hanging dam using the underwater | aser s

(approximately 6 minutes) to compietebsaiamni
higohal ity point c¢cloud. Therefore, the total
take a few hours depending on the extent of

existing formation can pelogbdearowme di psitimrea nt. he
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Tabl e 4. 1. Compari sdimemsi omangu snigngdalmaser
photogrammetry.

Di mensi on Laser sPhotogr a
Centerline | ength fr« 2.62 2.63
Maxi mum width ( m) Not mee 1. 24
Maxi mum t hickness ( m) 0.17 0.15
Location of maxi muak ¢ 2.10 2.05
inl et (m)
Due to the |l ong scanning ti me, only one sid
assumption that the hanging dam formation wa
section. This assumption was not mwembdercsg !l y a
where the hanging dam formed at a further do
| aser scans were obtained with a spacing o
|l ocati ons. It was difficult to pragdubet waenc
point clouds-prbeeissgnghsestppstthe scans need
grid measurements and the | ength of the han
This is a manual process thatolinvahdest ai i
accurate as generating a DEM using an orthon
hanging dam when moving the | aser scanner
probl ematic when scanning musbubehdogengnda
formati on. It was also noted that the scann
the thickness of the hanging dam is high. Si
producegquwalhitggh poi nt cl oud ewiotfh tahne ahcacnugriantg
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di mensi ons, photogrammetry was wused to obte

Ssubsequent experiments of this study.

The aerial views of the hanging dam were cap
to an overhanging wire above the hanging dan
Matl ab package for georectifying obliwae dig
used to orthorectify the aeri al view i mages
Theent drelnigne, maxi mum wi dt h, and areal ext e
experi ment were obtained from the e@rthorec
processing software Imaged was used to meas
formati on (I mageJ, 2018) , which were then

di mensionl ess parameters.

Photogrammetry was used to obtain the maxim

their | ocations. To conduct the photogramme
upon reaching a total ice supply volume of
was carefully Iifted off to the side. Four
respect to the walls and the bed of the | ak:

The photos of the hanging dam wer ewktalken usi
i mported to Agisoft Metashape photogrammetr.i
to form an orthomosaic of the hanging dam. A
the orthomosaic was used to obt aimn atnlde trmaxirm

|l ocati ons.
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Tabl &€xp.ez2 i mental conditions for hanging dam

Wat e Il ce Rive Rive Appro Approi Lake
Di sch Disch Wi dt Dept Veloc Froud Dept
(L/ s (dts/ ( m) ( m) (m/'s Number ( m)

2.5 0.00 0.31 0.065 0.14 0.19 0. 3

2.5 0.00 0.31 0.05 0.14 0.19 0. 3:

4.0 0.00 0.31 0.06¢€6 0.19 0.23 0. 3!

4.0 0.00 0.31 0.06¢€6 0.19 0.23 0. 3!

3.0 0.00 0.16 0. 06¢€ 0.30 0.38 0. 3

3.0 0.00 0.16 0. 06¢6 0.30 0.38 0. 3

4. 2 0.00 0.16 0. 06¢6 0. 43 0.56 0. 3!

4. 2 0.00 0.16 0. 06¢€ 0.43 0.56 0. 3!

10.0 0.00 0.16 0. 0¢ 0. 66 0.69 0. 3°

10.0 0.00 0.16 0.0¢9 0.66 0.69 0. 3°
4. 4.5 Results and Discussion
4. 4HAEn gbhanng For mati on
Figure 4.7 shows the orthorectified aerial v
numbers and two incoming ice supply rates uj
The hanging dam formed i mmedi at elry agtp rmracvwer
Froude numbers (Fr = 0.19 and 0.23), and the
approach Froude number i ncreased. FI ow from
t hrdé@emensi onal wal | jet, wher ¢ ot ae falmbw eing d
wall jet is defined as a shear flow directed
some region within the flow exceeds that 1in
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because of the initially supplied momentum (
wall (ice cover) that directs the shear fl ow
cover) dtwd itpo btohuenmdmmay conditibaet @weentaetipre:
di mensi onal wal | jet and the flow from a na
velocity of the wall jet for the approach Fr
undiecce deposition at theahabe iselat ., narmad |t h

where no ice was deposited i mmedi ately downs
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m/s/m (flow direction: from left to right;
ground control points; black cross marker: ¢
The spatial evolution of the hanging dam i

centamldi ndhe maxi mum width was analyzed for

= 0.

19, 0.23, and 0.38), asotvlkeeg eappriovaeah drrmrad

winter is typically of a |l ow value. Figure

maxi memnt & relnign e (creanxtidmalmigrien / | ake depth) of t

for various approach Froude numbetyg tberehe
was a rapidcentedengdddi,n btuhe t he | ength plate
constant vakiueaswhaemprtohxei ma/ttel y 0.2, where t
momentsi @qa8d the ti me taken to reach an ice su
explained based on the momentum supplied b
incoming ice supply to the flume is transpo
beneatche tchoev eir when the vel oirtty tihse nate d die
downstream. The subsequent ice supply to thi
t he initicelnltyd relmgatcdh ealnd t he | ake inlet, i nc
accumul at i oemnt &fbleigidd nat t he hanging dam has
t he approach Froude nemhé¢drenfgnthhea nfclr@va,s ewwh aw
approach Froude number increases, as ice is

velocity of the jetnuambeirisgh approach Froud

The spati al evolution of the di mensionl ess
of the hanging dam is shown in Figure 4. 9.

hanging dam increased as more ice waes suppli
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number and incoming ice supply rate, the di:

dam reached a constant value upon reaching

t hough it i's not possible to produce a sim
tihckness of the hanging dam, it would have i
trend similar to that of the maxi mum widt h.
8.0
7.0

o
o

a
o

B
o

Fr=0.19, = 0.0001 i¥/s/m I
Fr=0.19, g= 0.001 n¥/s/m

\
;

Dimensionless centerline length

20 r Fr=0.23,=0.0001ri/s/m D
Fr=10.23, g= 0.001 n¥/s/m
1.0 =& Fr=0.38, ¢g= 0.0001 n¥/s/m N
—& Fr=0.38, ¢g=0.001 ni/s/m
0.0 ' ' ' ' ' ' : : :

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
t/t'final

Fi ga&Evol uti on ofceditmenmsgirednt|@eresirsign é/ | ake dept |
various approach Froude numbers.
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c
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Fr=10.23, g= 0.001 n¥/s/m
05 F —e— Fr=0.38, ¢g=0.0001 ni/s/m
—m— Fr=0.38, g= 0.001 n¥/s/m
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00 01 02 03 04 05 06 07 08 09 10
t/tfinal

Fi gaaEvol ution of dimensionless maxi mum wi dt
various approach Froude numbers.
The final l ongi tudi nal profiles of the hangi
centerfl time | ake section for various Froude n
|l owesbude number (Fr = 0.19) experiment, the
l ake inl et for both high and | ow ncoming i
i mde ately at the | ake inlet only the higl
0.23. As the Froude number i ncrmesagedm tdlue ha
the high shear stress exerted by he fl ow of
the maxi mum thickness of the hanging dam o0cc
incoming ice supply rate whesr somphyedatweth
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Distance from the lake inlet (m)
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Distance from the lake inlet (m)
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Fi gar0bongi tudinal profil esndferftl hteneh al nagkien gs edc:
for various Froude numbers: (a) Fr = 0.19; (
= 0.69.

The maxi mum t hicknesses &dfx tfhoea haregitnmgp dane of

supply rates and various approach Froude nur

~—
>
(@]
=
>
(¢
(7]
(7]

was observed at an approach Froude
for the approach Froude numbBéighofy Ol a@erani
maxi mum t hickness at a Froude number of 0. 3
t he maxi mum di mensionl ess thickness of t h
di mensiengebsof 0.68, which corresponds to e
the thickness of the hanging dam was hindere

that only allowed a flow depth of 0.12 m dur

99



Experi ment al I nvestigation and Numeri cal Model ling o
Formati on Processes

absence of cohesion due to freezing. Figur
formation at the |l ake 1inlet for an approact
maxi mum thickness of 0.25 m. The maxitrhum t hi
increasing approach Froude numbers because
Froude numbers and the hanging dam accumul at
|l ake section. At a specific approadheFroude
hanging dam reached similar values irrespec
maxi mum thickness of the hanging dam was govV
of cohesion in the HDPE pellets. Thae i @olme ar

reases as the hangingotdemi gerowsel i etshieakhn

=)
o

to this high shear stress. On the contrary,
reach extremely high thicknerssekeesptals 9 wnlg talsa
applied shear stress underneath the hanging
initiates erosion. During the initial ice foc
i mportant role in feorwsdtnegr asnurifcaec ec.o viehre ntehaerr
grow in thickness, which may also contribut e

not simulated in this | aboratory study.
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1.00
@ g;=0.0001 rd/s/m
% G =0.001 n¥s/m
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o x @ °®
3 x
0.50
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e é
3
— 0.25
000 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Approach Froude number

Fi gdrEMaxi mum thicknesses of the hanging da
numbers and incoming ice supply rates.

Fi galr2si de view of the hanging dam at the | ak

The | ocations of the maxi mwiph tfloirc hrme s vas afp |

Froude numbers and the two incoming ice sup
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maxi muhm clohedsdhe hanging dam occurred furthel
Froude number incvelaseidt yujeet ocomiendri gt of
the formation downstream. The maxi mum t hickn
were | otat edowmstream when compared with t he
rates for the same Froude number. During the

both deposition and erosion proces®sss happe

making the process quite dynamic. Erosion is
the jet flow, and if the incoming ice supply
rate of erosion, the subsequent depositions
15.0
® ¢, =0.0001 /s/m
g, = 0.001 i¥/s/m e
E10.0—
& ®
©
Q
-
©
1S
- ®
®
0.0 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Approach Froude number

Fi gar32ocations of maximum thicknesses of t he
Froude numbers and incoming ice supply rates

The areal extent sakoff orheamamgisngppamacA Fr ou
incoming ice supply rates are shown in Figutl
increased with increasing Froude number s, an

supply rate exrpetrhiame ntth anta sofhitghhee hi gh 1 ce su
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same approach Froude number. At a |l ow ice su
to overcome the rate of er osi on; therefor e,

streamwi se and spanwise directi oamwayyynfdr dmmcan

the high erosive power of the jet. This al s
upstream is abruptly terminated and the wat
hanging dam wil |l evolve with eroerioosni oaand f
experi ment was conducted to further investig

30.0

® g =0.0001 rds/m

25.0 | g =0.001 rd/s/m ®

=

S20.0
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Q [ J

% 15.0 |

\>< ®
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<510.0-

50 r

00 1 1 1 1 1 1 1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Approach Froude number

o

Fi galr4Ar eal extents of the hanging dam for v

incoming ice supply rates.
The experiment al uncertainty for Froude num
presented in Coleman and Steele (1999). The

bet ween dRud t wn Qékretnagi tnht ymeoafas u@ e @x3n.t Bs%
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44 .25 . HanbDpimn gr osi on

For the erosion experiment, a hanging dam w

supply ratshbm &n@®08&Ad @ampproach Froude number

the flow until a total ice volume of 216 L \
dam formation i mmediately after finishing t
incrementedsjinaswepec¢ti fied in Table 4.3, un
aerial photo was taken using a GoRrox esasmer a

x (m) x (m)

Figarseri al views of the hanging dam (a) in
supply and (b) 15 min after setting an appr
from |l eft to right,; white area: hanging dam
bl aackoss mar ker camera | ocation).
Table 4.3. Experimental conditions for hangi
L Wat er Approac Approa
CondltloDischar Froude Nu Velocit
Formati o 2.5 0.19 0.14
First step 4. 6 0.25 0.21
Second step 7.9 0. 33 0.30
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As the first step, the discharge was set to
Figure 4.15(b) shows the aeri al view of the
conditi on; only a modest amounty dfaregreagsiaemic

extent of the hanging dam. The discharge was

n

t

d

umber of 0. 33, and the hanging dtdam sshtoaw t ed
he aeri al views of the hangirngsedamnagt tHh,e
i scharge condeht drelnigiidne atnat atlhe open water

measured from the aerial view images and pl

(0]

Vv

p

nitiallcentttmkdignndat aolf t he hanging dam increa:
he rate of ccheamtgecrelnign ét hwas ot educed 15 min

i scharge. The ratwatoefr dheangeenign ht md s@p amr o |

teady state approximately 25 min after sett
am formati by whe chesaed stress exerted on t
rom the jet flow. The wall jet theory expl .
|l ose to the et initiation (lake inlet) i
ownstream becatuse of the initially supplied
rocess, the ice deposited close to the | ak:
n the shear stress supplied by the fl ow of
elocity is very |l ow or negligible. The out|l
hot os awataenr ospeecnt i on.

105



Experi ment al I nvestigation and Numeri cal Model Il ing o
Formati on Processes

FigdreAeri al views of hanging dam erosion (a
(d) 35 min after stopping the ice supply (f
hanging dam extent; pink marker s: ground <co
|l ocrm)t . o
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Fig
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4 ZEvol uti on cefnt dhetnigtieht adladeropjeat |l ength

ging dam during erosion.

44 38omparison to Field Data

The

in

t he

cen

Bas

an

Con

experiment al results were qualitatively
the field using optical i magery from sat e
hanging dam formation at the c¢prf@gl s@nce
tral Manitoba. The Dauphin River is about
ed on the difference in the channel sl ope
upper reach with a sl ope oft h0.a039 %Bpeveorf 2

rr 11.2 km. The steep -Wwaotweerr arreeaacsh wift ht hvee Ir

eed 1.5 m/s and can generate a 4aipgni fi ca

son (Clark and Wall , e2®ug) .etA thoa nLgaikneg Wi anm
frazil ice is deposited wunder t he | ake
sultants ;afZ0lc4)e.d T™wae eirced evel s iiTh mhe ste

mor e above-wtah®s e cofn dti liie coknsieadeu ej anes ( Wazne
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The shape and areal extent of the hanging da
|l ake ice cover was relatively thin, typical!/l
April and May. Optical i magery wass atbd lali inteals

from the US Geol ogi cal Sur v2e yainsd HuaarntdhsEaxt p)| of roe

with |l ow cloud coverage.

An HEALS model of the Dauphin River (Wazney, ¢
number atdowmhmst meatm cross section of the riv
and the mean monthly water | evel at the Dau
(0O5LMO0O6) were used as the upstream -and down
RAS model , Trhees preocdteilv eMays. set to run in a ste:
t he-af tect ed peri od (from November to April
downstream cross section of t-dnfef ercitveedr Paraosu d

number RO 82&vbhmatsd as -BRABSG6mMbObdelm $#HIE@ul ati ons

The ice discharge in a river is correlated
incoming ice discharge in the Dauphin River
of unmanned aerial vehicle (UAV)e vliakee si nlaete

for tMReO1BOIs’eason. The ice dischargeiawas cal c
is the ic¥ sdisiscVhtaheggeayyer age surface ice velo
surface ice)coBcesasttheionivert we davher(ange tamidc

surface ice floe (m):
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The average thickness of the ice floes was

met hod and was estimated to vary between O

measurements. The ice diizCh&rgeason twas rc¢ alec
varyet ween/s lamhd#s3. @Wamney, 2019). The <corres
i ncomi ng i ag)e adti stchhearlgaek g qi nl et was %csa/llmul ate

and 0. $Ammusing Equation 4.4, where the widt

the | ake inl et was determined to be 120 m usi

n — [ 4. 4]

Figure 4.18(a) shows the hangilLmkedadMnnmho pmagt

confluencei208 sbas@dfl7where the average app

to O0.06. This case from the field can be ¢
expemitmshown in Figure 4.18(b), where the afj
incoming ice supp/lsy/ nr.atlen wbaost hO.dadsle sm i ce

i mmedi ately at the | ake i1inlet, where the f1
i ncrmeatslkeeichannel width and -dierppdl. ard cehapes a
the inlet of Lake Wi nnipeg, similar to the
high incoming ice supply during thenformatic

the ratio of the | ake width (at the bay whei
the Dauphin River width was 17, Twihwereawi dthle
ratio of 13. The field observatitbas &ahe ace
di scharge in the Dauphsn Raved wasthe hhighkre

floes, duiriong tulpe sz@®@LHOn.
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Fi gar8iangi ng dam for mat iiloamk § aWi mnti peags pchd mf |Ru
21 April 2018 (image courtesy of the USGS) a
Froude number o#f/s/Om10f | gqw di rO0e cOtOilonm from | e
hanging dam extent; pink marker s: ground <co
| ocation) .

Figure 4.19(a) shows the hanging dam on 3 N
higher river discharge and war mer water temp
to have eroded (either mechanically,a ther mal
preferenti al pat h. Figure 4.19(b) shows the
setting an approach Froude number of 0. 33 ¢
erosion was caused by the hi ghbhwneart @¢rrisjeert iddms c h

that results from the higher river discharge

is an important difference between a field
River field study, ri sing eai rt ot etmpeer et g ie®n
hanging dam, whereas the erosion in the exp
the jet.
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Fi garad¥Hanging dam erosi dlna kK ea ) Wiart n iDmeugp hda oan fRIi we
May 2018 (image courtesy of the USGS) and (
Froude number of 0.33 (flow direction: from
pink snargreound control points; black cross n

Anot her hanging dam can be found downstream
| ower Nel son River, Mani toba. The Keeyask G
outlet of Split Lake and the inlet m/as.Stephe
The | ower Nel son Rilwevi nigs hyy decampliex syfsda €tm t |
that are separated by rock control s, rapi ds

compl ex due to the presence foff rraazpiildsi cehadurp

winter and the interconnected system of rive
hanging dam forms at the inlet to Stephens |
of the Gull Rapids. Theremi Gulal 113akne dir@pSt e

and the majority of the drop spans across th

Prior to commissioning ofthet hakkeéeyxasko@emena
Lake efdonrrear !l y fall, causing the frazil i ce

the | eading edge of the dupestcewawer .unfthed Iireceac
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rapids section downstream of t heedKekBlyask G
incoming frazilwaidceepofsi drmmdupetnreaardfdio ethhe i ce
hanging dam at this | ocartawny Tapsdhwanghuwmig
ragsleodwewn | ater dependinfoomedheeher odan Gut é
The frazil ice wapptiycdd omulhuptsd mtoiganl dgye di f t
upstream of GCwphtheklsi zehotht he hamgivred ddam

et al ., 2017).

The size and the | ocation of the hanging da
when the | ake i1 ce cewnwagr iSattehiln,t et y pnagalsl y fi
from SZ2namdellandsat 8/ 9 satell igiecsalweSuer voedy éa
Eart hExplorer2 (dBdd8s aeipteiromeold of 10 years frc
The hanging dam was not vVvisible in some yea
shows the hanging dam downstriemm2@®@iI3tord K2@3%
Asi gnidfeiccraemtstehe ar eal extent can be observe

of 2013 with that of 2023.
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-

i May 14 2013 @

Figazaz0Manging dam formation downstream of Ke:¢
and 2023 (the extent of the hanging dam is o

The Keeyask Generating Station started oper
di fference H20 W2 eamRd22B80Z%BB3o0o0ns. The ice boor
Lake and the flow control procedures taken
operations may have ensured the formation of

section, | owering the frazi/l ice production
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2013 satellite image upstream of the hangin
covered in the 2023 satellite i mage.
The mean daily air temperatures at Gillam A

Keeyask Generating Station) wer eiManya)l yfzoerd f o
20122013 amdd223022The cumul ati ve degr2z@l2ays of
2013 winter were calcuk@fdadwast8B2BadwBDbB
degree days of freeZ20833 windieatwag wWaamet ht

2013 winter.

The results presented in Qhiastpaper ascompyr dae¢
on hanging dam formati on, but there are sev
highlighted. The ther mal effects on the hai
consideration, as it I s pr aaontail c aclolnyp odviefnft i ciu
| aboratory environment . Frazil ice Iis cohesi
pell ets that were used as Isni nwulnaatteud ailc er iivre rt

dams can attain extremely high thicknesses i

than the critical shear stress that initiat:e
was | imited; therkenfeosrse,o ft hteh emalxa nnguirm g hdacm r e
for all the different ice supply rate condit
The dmckerroughness, shear stress, and vel oci
in thickness. Quantifying these parameters w
model s as wel | as provide an addiiteilanalatiansi

An acoustic Doppl er vel oci meter (ADV) wa s
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me

asurements in this study, but it could not

ADV probe disturbed the hanging dam format.i

me

a

t h

asure the velocity beneath theshangiwid |dan

val uable addition to the existing hanging

. 2.6 Conclusi on

e effects of the approach Froude number of
e hanging dam formation and evolution proc
m erosion that is enabled by a budéaer ri\
mber) was also discussed. The results of
boratory experiments in a hanging dam phys:s

apiasuffatedl ice and simulated ice cover,

e hanging dam formed I mmedi ately at or ver
oude numbers when compared with higher a |
| oci ty -doifmetnhsel otnharleewal | -je¢ deéposiotti ard | @atw

| et at hi gher Fr ouden tneureitbignres . ofT hé h ena hiamug i

creased with increasing Fr ouddke mamdients, bu

ither the Froude number or the incoming ic

ngdianng r eac hed a c o nmasptpa reta cvhallewbee rf cerx paelrli meonw

e final wvolume of the hanging dam.

e maxi mutetheenkdedshse | ocation of the maxi mt
wnstream with increasing approach Froude
at pushes the hanging dam formation furt!|
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numbers. The areal extent of the hanging dar
The ilmow mcsegpphtye experi ments had higher are
hi gmcomiceegpplaye experiments for t he same F|
incoming ice supply rate waiscenoer oasdieognu artaet et c

by the flow of the jet.

The satellite imagery of tLhaek eh aM gninn @ edga m oantf |
was compared to the | aboratory experiments
erosion of the hbhpagtngatdamli Decadtages (2013
dam downstream of the Keeyask Generating St.
reduction in the areal extent of the hanging
procedur es itnpd egnemd reat ibnyg st@aern at@min@dmsst he par t
constructi on offortehbea yr eosfe rtvhoei rgeannedr at i ng st at
and ice conditions wupstr daen mif | d dnreg thtamige m g

anotrrrarson for the reduction in the hanging ¢

This is the first study of its kind that pre

number and the incoming ifceer nsautpi polny arnadt ee voonl
contributing to improving our understanding
to hanging dam formation is of interest for

hanging dam formation and evolution.
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43Concl wsnidonmCsont ri buti ons of t his Wor k

Thehaptresents effects of the approach Froud
ice supply rate on the hanging dam formatio
| aboratory experiments with simulated ice ar
erosndnr eal at hingh i voeft otchteh w stvhea pardevsaenrcte under s

ot he effect of river hydr @awlnigdi :ngordatmh e rfoxcrema
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ChaptMumér i cal Mo del
Cover |l ce Transport
Formati on Processes

5. llntroducti on

Twai mensi onal Comprehensive River 1l ce Simul:
used to model the under cover i ce transport
chapter. The objective of this chaptler was

formul ations in the CRISSP2D model with resp
Asi mpl i f wad wihoetred t he effect of under cover

identfiofri e@mparison to the | abor 8t amsdo edxperi

the ther mal effects and i ce dynamics were n
ice transport scenarios presented in this ¢
conditions, where the parcels wetbet wanheport

velocity without considering theSmomttdedralcti o

Particle HySPHnedymhadi c¥whén modeling a field

i ntegrate bot h i ce dynami csr aaadcdrger ethreenrsm:
represehtaheophysical. processes in the field
The current numer i cal formul ation for wunder
using mo d e | simul ations I n an Il deal i zed r
conditions. The results are compared with th
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of under covRcharcrelgrimsnpadresroduced to the s

channel to facilitate ice deposition. This i
incoming ice supply rate, approach Froude n
strength on transposititipoomceSbBesmaddl|l i cesulet s
under cover ice transport and hanging dam

presented in Chapters 3 and 4 of the thesis.

5.Rackground

The two main sour cesCRJfS Sww@derd @owerf rioane tihre

that wunderturn upon reaching the | eading ed:
number criterion, and suspended frazil 1ice

edge of an ice covewdwi humbedeid suthmgihfert hdé af
number , prescribed in the model parameters.
under cover ice (frazi/l gransebpes] basé¢deahne
anal ogous relationship between the two proce
equati on, (Equation 5.1) is used as the num
processes in the cur Being tCRd SdSiPn2eDn smioadrell € s sw hte
)g is the dimensioph|l eqmadfltdve strridngtal (di men

stredagtiaifn itshaeesecdl®.d®4 1.

B vayyg g B8 [ 5. 1]

The di mensionless transport rate and the di

mo d e | using Equation 5.2 anmdi Eqguatei ovnol u.m3e,t 1
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transport rat é sp@r) suntite wiodmihna(lm di ameter o
parti cdiess t(he) ,di fference between spe),ific gr

0.is the ice cover QGledrhevdladdi tv)dOi(mm/istey, daoed

1.0 in the current model with the assumpti on
B — [ 5. 2]
g : [ 5. 3]

|l ce cover &henar tvel dcMiateyei det ermpeed using E
5.5, and whi.$ twhereéepth aver a&giesd fhewcompocgi
roughness coefficienrti sf otrheb ebde da nrdo u)gehen ecsosv ecro
is the i ce roygh@gdst heetwht er e dleegdmpositender i c
roughness & ) was determi netdlbaisssadhgomrEgiabamee vods m

composite roughness calcul ati on

0. NY [ 5. 4]

Y = [ 5. 5]

Y 7 [ 5. 6]
8 g ¥

L [ 5.
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The model uses the Lagrangian discrete parc
transport. The transport rate is calculated

using E&uation 5.

8 T wn
A :’T;L“X’ g "0 Q”gg gLULULULULULUUJLULULIJLIJLULUUJLU[IJLHUJ[&I.]JLULUUJLLILLI

Cal cul ated transport rate is used to deter mi
the under covVemnsiing @Eagnucheeliieh tHhe concentrati
undercover pardi anielsackbemuheadeéerir omoyer ice tra
Equatli®@mrs @n adaptation from van Rijn (1984)
det eromvmelYies the di mensionl ess "tirsanspordte nsti &

of frazidl, vecired (tkhge/f mensi®y of water (kg/ m

> s s [ 9].

8
W PHTYp — M [ &D

Di mensionless transport stage 1paamdnetthee drsi tc
ice grain shear velocity is determined acco
(1984) presentedwiderseEgbat diomebsilonl&ss part.

is calcul at ed3, usihreg eEdqreatki aematl & swi.scosity

"y - ch [ 51] 1

zh
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LT T@® Qe QO 1
] T TA S QT QO pm
-—  mT@ ® QEpmQ qm [5.12]

a8t p@ MEGM Q puT
Vg MIu v QEP L TO

[ 53] 1

Qis a dimensionless particle parameter that
transport rate estimations. The same par ame:
estimate the critical i ce grain isheairn vtiehec
CRI SSP2D model based on the following factor
forhen calQcultdtei nge and sedi ment particle di
magni tude and the velocity field near movi n

and sedi ment particles.

The thickness that wildl) bies eadaldeul dtr3pdn u diend
and it is compared with.Ifbhies tlha scsk ntelrsasn odr tehce
initial parcel thick®eiss, e ftohdem dctahl ec udicdet epda rt che
is greater than the thickness of thkeinitia
amount eroded from the initialThparmaels ios rtehf
erodedOplaricselcabcdli agetod Egwieetiisont hze. I ni ti al

ma sTsh.e par cel mass I s proportional to the th

b 0 — [ 54] 1

The mass and the thickness of the new parcel

55and65.rlespectively.
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o 0 O [ 55 1
6o o o [ 56 1

The porniincpamiiela that remains uneroded wil|l

its position. Meanwhil e, the eiothednparceloy e
ice transipmprtheehe®xt ttyi me step. To prevent a2
t he model , an eroded parcel i's merged with ¢

at eadabtliimeg step.

5.3 Model simulations with uniform f 1l

5. Mex hods

The first set of mod el Ssimulations were coO
evaluate the current numer i cal mod el for mul
transport processes. A prismatic rectangul ar
used as the idealized channel for tmlmese mod
straight, rectangul ar idealized channel witht

created wusing the Surface Water ModAling Sy
sensitivity analysis on mesh discretization
with 10 m by 20 m, medium mesh with 50 m by
m in streamwise and spanwise directviidrnys, res
analysis are prefeeategati nalAppgesadi&tiAzati on
spanwi se directions of thecomepshdemaisngethe ob

bet ween computational efTheifincygt adldkmadel!| t b
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set up as an open -cwavteerre ds escetcitoino na nwda st hsee ti cfer

with a stationary ice cover of thickness 0.0

—=—1 km— 9 km

Sy Ice Cover
Q Wi

water depth
Slope = 0.001

Fi gblrl®t r eamwi se schematic of the model setup
Wat er and ice discharge were the wupstream

el evation was the downstream boundary condi !
the normal depth of flow foovarsepeciohidectwane
Manni ngdswiddwuaat icoomposite MTbhegmoees cf maGl @2 B
conducted for vari swsmmhy dzadll eicn5 cbndiEfaic & n st
condition was set to run for 24 hours to an:

the ice output rate and under cover ice depo

A new out putuas| eddaldl ¢d t  he CRI SSP2D code t
i nput to the model domain, the ice mass tha
retained in the modék di mehsiemdiefs &#aeh oldp
cal cul ated ugi nghleErgesAei oce5o0Lt put rate (tot
exited the model domai®s ) mieantdthe rsii.mathawii dtnh
fall wvel ocQt ywacso esfefti ccioemt c(lonstant value of 1

mo d el
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5 — [ 57 1

The dimensionlegey)swhbowastueanged pased on th
friction slope using the same gpirroc@ldaiptee wh3 .
For each case, t he) awas adjet ¢ 1 miwn e/8k | wdhien g Kqu

O is the wat &rs)dOsacnkdat e 6@ wmeradgenhgé | oewndepl ihn

of t-bheveced section of the channel (m) .
0w — [ 58] 1
The incoming Dcde waesppkydy iateath case and t

di mensionl esB )i cwea si ncpaultc url aattes7d(yu s ieqmdy aEqumat i o
wi O h The uniform flow model simulations wer

formul at hSehne nwiatnhd Wang (1995) equation.

127



Experi ment al

For mati on

I nvestigation
Processes

and

Numeri cal

Tab3leTesting conditions for wuniform fl ow
channel
Qi n €in Qw Aver aAveragt¢ U €out Wat e
( ® s (Ms watevelocil sur f
depth sl oP
0.1 0.5 50 0.52 0.49 0.3 0.0 0.0C
200 1.16 0. 87 0.4 0.3
250 1. 33 0.94 0.5 0.4
0.2 1.1 100 0.79 0.63 0.2 0.8
0.3 1.6 138 0. 94 0.74 0.3 1.4
0.4 2.2 150 0.99 0.76 0.3 1.8
0.5 2.7 200 1.17 0. 85 0.4 2.2
250 1. 33 0.94 0.5 2.3
350 1.62 1.08 0.6 2.3
500 2.01 1. 214 0.7 1.5
0.6 3.3 50 0.53 0.47 0.1 2.4
100 0. 81 0. 62 0.2 2.6
138 0. 94 0.74 0.3 2.8
150 1.00 0.75 0.3 2.7
1.0 5.5 50 0. 54 0.46 0.1 3.9
100 0.81 0. 62 0.2 4.7
138 0.97 0.71 0.3 4.3
150 1.01 0.75 0.3 4.7
350 1.63 1.07 0.6 5.2
500 2.00 1.25 0.8 4.8
2.0 11.¢ 50 0.56 0. 45 0.1 6.8
350 1.66 1.05 0.6 9.38
2.5 13.{ 138 0.97 0.71 0.3 10.
3.0 16.( 350 1.65 1. 06 0.6 14.
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4.0 22.:. 250 1.39 0.90 0.4 19.'
350 1.65 1.06 0.6 19.:
5.027. 100 0.83 0.60 0.2 13..
138 1.00 0.69 0.3 16. .
150 1.06 0.71 0.3 15.:
350 1. 68 1.04 0.5 24..
5.3.2 Results and Discussion
The resonitermffl ow model Si mul ataiwonidpear e sh
Shen and Wang (1995) equation. The results
supply rate to demonstrate the i mpact of i n

out pulg yathkes (previousl yt #Seshsecrr iabnedd Wann gC heagputaetri

deve
t he
cond

pl ot

The
| ow
t o t
me d i
adeq
out p

Shen

| ope
c han
itio
ted

di me
i nco
rans
um i
uat e
ut r

and

d under equilibrium transport condi:t
nel. The I ine corresponding to the S
n for transperadahanmel taree ddeeprocstied omy

above the line while points that are

nsionless ice output rates are in tF
mi ng Hc¥nsgupmldy cradtiensg (that the fl ow
port t hthrawgeh cnedeluppllgerdeeosition:
ce Supmsl)y artatleosw (f1 ow strengths sinc
enough to transporThet lé meaosi eappks
ates for medium i ogtdhdapbl ycrases wo

Wang | ine than medium ice supply r a
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has capacity to transport the incoming 1ice.
increds¥md ) (2t can WHewbbbemoed fhather away
and Wang (1995) I|line indicating major deposi
the Hequ Reach field data analysis presented

in the reach correcopomnadgedi ¢c® $swhephyghatres fr

100 ¢
F —Shen and Wang (1995)
. Qin = 1.2 oms
2 o
3 B Qin=2-5cms oD 'E
10 E |
0
0
()
c 4L
o
'J)
c
£0.1 F
=
0.01 A R e
0.01 0.1 1 10
Dimensionless flow strengtiJ()
Fi gb2llteni form fl ow model simulations using Sh

Figure 5.3 shows the variation of maxi mum un
end of the simulation period with the i ncomi
findings shows that the magnitude of t he un
increasing incoming ice supply to the model

for higher i ncoming ice supply rates.
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~ 0.9

£ Qin=0-1cms u

@ 08 roQin=1-2cms

Q .

£ 0.7 + ®Qin=2-5cms

O [

ﬁo.a-

(&)

— 05 " ™

g ]

8 04}

= |

S 03 |

c

5

g 02

E

= 0.1}

s

20.0 ! ! ! ! !

0.0 1.0 2.0 3.0 4.0 5.0 6.0
Qin (M¥s)

Fi gbh33Vvari ation of maxi mum under cover ice thi
The under cover ice deposition profile for
to assess the model <capabil iftoyr oviammoondgngi n g
ice su@eplTyher dtcee deposition profilewfor wunif

250% snp= Q0 35 nmng (2B)Y0s@Pr Q4 ¥0s nat the end of t he

period are shown in Figure 5. 4.

For the case of inEFo®23bsc)e wshueprpel yt hreatiece( Guppl y
equilibrium ice supply determined by the She
can be observed at the end of the simulatio
t hi cknessi gvmisfaihcoaernrteldy by the i1 ncoming ice s

incoming ice supply did not contribute to i
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exited the model as ice output from the dow

the definition of equilibrium conditions as

The deposiati ohepeafli bé tbe sheuhiaghen peei Dd

4 330s)m case shows there were depositions a

deposited in these |l ocations by travelling
equil i brium experiment al I mVY e wtaisg eetdigoatcd epr d ¢
under cover ice thickness in theremathimg @aha

ice deposition profthelrye hbr elaegg habigme n hieo rclheasnan

strength of the entire channel as a result o
112 ,
(a) Bed elevation

20 ¢+ T WSE
. — Ice profile

E 108
&
= 106
o
g 104

102

100 1 1 1 1 1 1

2000 3000 4000 5000 6000 7000 8000 9000
Streamwise Location (m)
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Elevation (m)
H
o
(0}

102

100 1 1 1 1 1 1

2000 3000 4000 5000 6000 7000 8000 9000
Streamwise Location (m)

Fi gb4lecdkeeposition profile for (aQuef 8F/6s .Ml ow m
Qn= 0235 (a@Qe= 250siw Q4 ¥ m

The | ocalized depositions shown in Figure 5.
caused |l ocalized changesl dmatwiadres wleerter tame
happen, which did not affect the overall f1l o
10.14 , —
Bed elevation  ----- Initial WSE
— Initial ice profile Final WSE
Final ice profile
10.10
é ----------------------------------------
&
=10.06 f— —
o
w
10.02 ¢
998 1 1 1 1 1 1
11 12 13 14 15 16 17 18
Streamwise Location (m)
Figbs kece deposition profile for higher than

experi ment .
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Fi gurséhobvs5 t he experhinemdaralt hems utthes doui lai br i
whircens ulatned niemtmmel&@sed over i ce thickness throuc
end of experitmentaé messodavithin the model V

maxi mum di fference between mass within the |

model at the end oThe afcihn asli mud tag ri osnu rpfeard eo de. | «
surface sl ope have increased.d®e ntce démodsint ic
of the ice cover has increased, the resistar
the final dimensionless flow strength. The n
t he model i's not currkentoymelat pperdt wi $ hmal a
process when the incoming ice supply rate d

determined by under cover transport rate equ

To further under s,tiandwatsh ei ncpaouwrsteandf tohiisnves
formul ation and the key factors that woul d
CRI SSP2DTmemdaeér cover transpoasi ngaEgquahabni

(Shen anii9oWahgand the wunder cover usbBngport

Equati oman5 R9@4) are the two main model compc
t he amount of ice that is being eroded from
eroded ice would transport wuntli lailssweé deext co
that the user defined coupling time has a di
travel s gmhkisned with a stationary ice parcel
Coupling timestep determines the communicat
hydrodynamic models. Typically for other mod
ice formation, ther mal i ce growth, &a4ABd anchc
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mi nutes) iIis deemed to be sufficient to gener
mod el resul ts, due to the dynamic-mhatuee of
coupling ti neatigneteapwtadr @ st tewochanges occurri

A sensitivity analysis was conducted for a
channel geometry wunder uniform flow conditic

a simulati2ddnhperisodoof ur tchherofi ncweusptlii gnagt et i tnhee

cover ice deposition. The plan view of the
ice deposition for various coupling times at
5.6

Undercover lce Thickness (m) Undercover lce Thickness (m)

4000 6000 8000 10000 0 6000 8000 10000
x (m)

Undercaver lce Thickness (m

2000 4000 6000 8000
x (m)

2000 4000 6000 8000
x{m
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Undercover lce Thickness (m) Undercover lce Thickness (m

(e’ |, () Hour 24:00:00
E E
2000 4000 x(m 6000 8000 10000 2000 4000 % (m) 6000 8000 10000

Fightrensitivity anal(yas)i s2sf,or( bc)o ubSpsl,i n(gc )t i6ndess,
(f) 900s.

The results show that the | ower coupling tin
uni fiooen deposition profile since the eroded
stationary ice parcels at a higher frequenc:’
For high coupling time interval mo d el si mul
downeéam in the channel for the duration of t
opportunity to deposit under the ice cover.

Running an under <cover modeslt epiermeldattioo g eater s

auni fioaoden deposition profile by capturing ¢th
transport processes. However nsodegda ssa dnutl had i c
ice to deposit in extremely |l arge quantitie
eventually causing the model to crash (the

the 2s coupling time simulatiohy. hdeglén it ho
depositi csndeatndmodels occurred when the coupl
to a small number, this is primarily relate:

boundaries which needs to be addr eastsheed. The
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edgescbannke with the coupling time highligh

for | ow coupling time steps is shown in Figu
The sensitivity analysis on coupling timest
simul ated by wusing a |l ow coupling time sterg
eroded ice parcel will transport iwnmd hstuempger
to be combined with a stationary ice parcel
wi || be able to simulate a wuniform ice derg

experi ments.

N
(6]

= = )
o ()] (@]
T T T

()]
T

Maximum ice thickness (m)

O 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000
Coupling time step (s)

Figb6f¥ariation of ma xaitnheet g e s ecohfahnitndeld n evsist h t
coupling ti me.
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5.4 Modweull atiitddmannel Expansi on

The secondumarst uaty tfroeused on simulating the

an ice cover | eading to hanging dam for mat:i
presented in Chapter 4 of the thesis. Hangi
under coveresi chee naecactuhmualnatexi sting i ce cover.
by | ow flow velocities that typically occur
expansions, drop in the becdaneneclomeéeti nines owi sh
drop in bed elevation were used to simulate

Froude number on the maxi mum thickness of t h

5. Mod B8kt up

Geometry 1

The first geometry was a rectangul ar i deal C
200 m. At a streamwise distance of 2 km fron
el evation was introduced over themexXt theE m.
drop had a b®drsihngp eulpefpfedre@QE.t her e can be oc¢g
in a river that enable continuous frazil | ce
the upstream shallow riverr seedtiiomn . wahA tmoidrel
cover with a thickness of 0.01 m was set fro
outl et Tahe 1®redkdms onal and the plan view of gc¢
5.Bhe drop in the channel bed significantly |

section of the channel promoting i ce deposit
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(a)
2 km 8 km
l . | Ice Caver

o + |
I =0.001
Slope = 0.00 5m water depth
, |
2 km————= Slope = 0.001

50 m
© o m

Fi gbh&(eS)t reamwesseget i onal aod@ieOCmetplyand view

Geometry 2

| n t hegesoenteotnrdy t he wi dth of t he cihnanmndedli tiinocnr e
to the 5 m cThhainsn ed h adnr noepl can be divided intoc
reach had a width of 2Th@® mol dmdvi aaghad aamlsopge c
5 edmrop in the channaehdbé¢etheebedatht ofe&dma2tmp
channel width al so i ncr asatsreeda niwiosre 2d0i0Os trma ntcoe -
The most downstream reach extended farom 2. 2

bed sl ope of 0.001. The ice cover was placed
of at 2.0 km to reduce thkhbdaehktéciextpdmida ma.mi

The sraeadss onal andedrmet py ahh ivi ewh®wn i n Figur
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(a)
2.4 km 7.6 kn
‘J Ice Cover ‘
Qu—= " *
’7”7—777777777777;-”7777
Slope = 0.001 5m water depth
2 km Slope = 0.001 T T T I T
50 m
«—>
(b) 120 m
= =
= =
= "
= —
=
="
=
="
=
=
="
=
=
p=——
==
==
=
=
=
Fi gbhY(ea) Str easmvdtsieomalosasnd (b) plan view of
The water surface sl ope and the water dept
i mportant aspects considered when setting u
water surface sl ope should be | ow enough to
hene reduce the flow strength and all ow depo
section should be deep to have a higher <c¢cros

vel ocity

antdhe wwep#imMeaadi ng( 4.cee kmdgfeor

t hat would support

2were determined for

|l eading

each

Froude

geometry

1 and

number

depatsernt i dins amareg

cConc

Il ce edagnddhwas evatvmah ethe wat ehesurface

el evat idomwnastt rtehaem boundary condi

ti

on.
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downstream boundary of the model similar to
backwater caused by a hydrcaounlsitcangst rwactteur ed i
calcul ated according to the Froude number at
boundary Tlhedi teodi scharge input to the mod
channeThea ndeupl i ng time @wdé semuasatldnmi wut @&

expansi on.

5.4.2 Model &Snartyhzaet e@fiect oof

Mo del simul ations were conducted to analyze
stre)ptimec(e it is an i mportant parameter whic
cover ice trardgwaog tandlhyz ed fgesit nOpbitiddi®d van ues
the under cover ice transpomgt= sOt.b3d¥6e dyorwshen
| aboratory experiments pré@sdentcedti calChapear
(6 was determined using Equatiom =5.01.94lnd w:
and 0. 0@ =m/0s. 3f9cbr. Equation 5.20 was wused to
shear ts)tCreds c@l boundaetyershiemed stt 0 elses W.a3%3 P

fogr= 0.04kE ODnB96, respectively.

0. g 03 [ 5. 19]
T 0. " [ 5. 20]
Sever al i ncoming ice supply rates were used

an effect on the hanging dam formation al ong

par anwotdeerl. conditions are given in Table 5. 2.
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Tabb%2Testing conditions for simglani oce to
deposition in an idealized rectangul ar <chann
Geomeili Lak Riv Flo a(-) Qw Qi
flo flo are . (M s (¥ s
are are rat [ Equatio
(d (9 0
Geomet 180 800 2.20.0412 [Shen 790 0.0
0.396 [ Sena 0.1
et al . ]
1.0
Geomet 360 800 4.50.041 [Shen 790 0.0
0.396 [ Sena 0.1
et al . ]
1.0
Figure 5.10 shows geometry 1 sé&r dafii,sne i ce
simulated using Shen and Wang (1995) and Ser
a duration of 5, 10, 15, 20, 25, and 30 days
using Shen and Wang (1989§5) 0e qOualt isoinmual raet iroenfs
simul ations conducted using Senaratgh=bandar a
0.396 simulations in the following sections
pl otted at t He ccahtawdneerl e btehde dfrlooppw st rengt h i s
flow area facilitating ice deposibtogon. After
0. 041g=an0d 396 simulations showed ice startin

eat i a smal |l

ng

downstream. Figures

5.

mul ati ormretdadtedhet ®earoded

10

Ahfatnegri nlgSt Hdeanyist erghe p®@e®4 1 ons

I cleo cvath @ rotdlegro si t
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simul ati ons showatt hteh & cceh aancmodem ujloaamgoirg i @Ni on .
contragr=y,0.t3h%6 si mul ations showed continuous
edge forming a hangingviddamst mhatpi gt ews iinn Fti Hgit

(4) .

gis a measure of critical shear stress tha
buoyant velocity. The model results showed t
to erosignwhfemmr cloonw ar gd Wihteh chiigh c al di mens
strenfgtOfr 83®6nar at hbandara etasalcal €024 pdegac
hydrauli c measurements at incipient motion c
in Chapter 3 of the thesis. Numer i cal si mul
accumul ation can beg vsailnuuel aotfe dO .wiltdls udsti ¥ni d maeam
t hheanging dam | abomnatChralpdre x @ lelr i sheemti kcaet | noansss,
within whae modslerved with 1% maxi mum differ

model and the mass that was input to the mod

The pl amg=0i. W 1f giimulsdtoiworn §wh efricgu was5ubder goi
constant enoainsdowndt waam, instead of for min
| eadi ng Tihcee peldagre. vi ew of the hagrgihng39dam a

simul atiijen® .é&tmt Qt he | eading i 2e edge is sh
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The stredewoseti ori=pr0c/fls Inersd®f @mgf=Qro. 041 and
g= 0.396 simul aRiigwrse a5.el 3 haomwd shegmi ¢ab yi1 4
the modelQ= e0s.80ldt % 00 ¥ 1s mmn d¥/ @i mul dé¢ vehasp

a hanging ovamgnt o0 ,an%dh e ndepnnd &g @ vih egm=

0.041. Il n both cases, the hanging dam reachce

ice supply rates are higher 0c tnpyast a0d. 3t906 t he

(7]

i mul ations, a considerable backwater effect
be observeade QupPI3Hs mat/dss.1 I)fm a situation wl
concerns about upstream flooding due to ice

consider in the numeri cal mo d e |l
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A similar comparison hwad$f darse af diri gheao md tl royw
rati o due to the addddcthhaecnmelasex pangsih@m niedt e
ice cover was placed at 2.4 km (inst.ead of =
Figube Bi.ddirand. Bshowet helstreamwi se ice der
botgh 0. 041= aOnd396 si mul a0t.iWosn,sm0fsolr athd, 1 m

respectivel y. Unl i kegt* h@. b meit my!l dt imomdse | u g iL
l ead to a hanging dam formation at the | ead|]
the reduction in flow strength at the | eadir

area e xQeaonnseitorny. 2 s@g mubD asthbbvresd wai tbhackwater ef

hanging dam a@= uOn¥il ama ¥ dsn Infichrar t o geometry 1

g= 0.396 simulations for geomeodd oymRamad st & h ¢
geometry 1 runs and thei Rikarm.Wikegrr ©F4 1ge omet r
andg= 0.396 simulations6anmdc KBihgpumne iM. 1Fi,g urrees
Geometry 1 simulations yielded thicker ice d
to geometryf @r sbhbomuhlart ag@esmet ry cBhanbhbake whdt b
all ows i1ce to transport i n both streamwise
thickness at tHerchéeareneslamee ntdchreimenleah v cewi
depositi o@=prOc/fls nmefbdstlermupply raged. 84mul at e

an@. 3f9%6r both geometry 1 and 2 are presented
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5.4.3 Model simulations to analyze the effec
Model simulations were conducted to analyze
maxi mum thickness of the hanging dam accumul
Wang (1995) and Senar at h®iamidlaara ted talhe gr2éwvi4
mod el siomurn daudtoends using Shen and Wamgg (1995)
= 0.041 simulations and the simulations <con
equation arge=r 6f 88 6 e dMondcella scioonndsi t i ons f or ap
number simulations are presented in Table 5.
Tabi3eTesting conditions for simulations to i
nummerr maxi mum ice thifokre®s0dadsi msl bocansol
Me s h LakeRiv FIl o Quw Appro Appro Qi
geome flovfloare (s veloc Fr() ( S
arecarerat ( m/ s
(d (H O
Geomet 180C(80C 2.2 500 0. 63 0.10 0.2
1.0
750 0. 94 0.15
900 1.13 0. 18
100 1.25 0.20
120 1.50 0.24
Geomet 360(C(80C 4.5 500 0. 63 0.120 0. 2
1.0
750 0.94 0.15
900 1.13 0. 18
100 1.25 0.20
120 1.50 0.24
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Tabi4eTest i ng conditions for simulations to i
nummerr maxi mum i ce t hifoksredIsHianmud aittisonlsacat i ol

Me s h LaktRi v FI o Qv Appro Appro Qi
geomet flo flo are (Ms veloc Fr() ( S
are are rat (m/ s
(h (A )

Geomet| 180 800 2.2 500 O0.63 0.10 0.2
1.0
100 1.25 0.20 , g

150 1. 88 0.30

200 2.50 0.40

250 3.13 0.50

300 3.75 0.60

350 4. 38 0.70
Geomet| 360 800 4.5 500 O0.63 0.10 0.2
1.0
100 1.25 0.20 , g

150 1. 88 0.30

200 2.50 0.40

250 3.13 0.50

300 3.75 0.60

350 4. 38 0.70

Due to thegilowthival Skemfand Wang equation, th

even at | ow flow strength values. Since the
not produce an accumul ation, the range of Fr
were | iOmitt@e 4t o Since this guasOsdMmMbudmati ssase

Froude numbers ranging from 0.1 to 0.7 were
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0.30 .
@ gi = 0.0005 cms/m (Senarathbandara et|al.)
gi = 0.001 cms/m (Senarathbandara et gl.)
g_ 0.25 m gi = 0.005 cms/m (Senarathbandara et gl.)
[ © i = 0.0005 cms/m (Shen and Wang)
a A @i =0.001 cms/m (Shen and Wang)
< 0.20 | . n
4 * ° s °
g - 2 . °
0 0.15 |
§ 0.10
= 8
£
F0.05
é Ag A
o
OOO 1 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Approach Froude number
Fi ghuOMaxi mwemt ¢ hili ic k@ eascsc uanfu ltahtei on f or geometr
for various approach Froude numbers and inco
0.30
@ gi = 0.0005 cms/m (Senarathbandara et elil.)
- gi = 0.001 cms/m (Senarathbandara et all)
5 0.25 | m gi = 0.005 cms/m (Senarathbandara et all)
2 ¢ qi = 0.0005 cms/m (Shen and Wang)
) Agi =0.001 cms/m (Shen and Wang)
X
< 0.20
5 ) o
2015 | . o o
2 ® °
= - ®
[@) [ ]
0O 0.10 + s [}
:
F0.05 | © 4
0.00 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Approach Froude number
Fi ghriMaxi mmiemt ¢ hliichk@eess of the accumul ation f
for various approach Froude numbers and inco
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Figuz@®@®@né. Fi2guhhrew 5t. he variation of dimensi onl
the under cover ice accumul ati ong=wilO.h04tlhe a
angl= 0. 396 diomulbatihomeometries 1 and 2, res:
thickness along the centerlinewdf cohtherse hanne
the maxi mum deposition is expected. The di me
by dividing the maximum thickness of the ac:«

t he most downstream | ocation of the channel

The maximum thickness of the deposition dec
number ©eoer Obaong= O .s39ul ati ons. The model re
hanging dam | aboratory experiments in Chapte
t he approach Froude number was increased. Th
approach Froude naembepssirttidumedatdéaecawsi ng
transport further away (in either streamwi s

inlet resulting in a decrease in the thickne

The | ocation of maximum thickness for vari ol
ice suppby ODahg&Es ©NVosdamul ati ons for geometry
are shown 2QamdFiFg@mue eeSspezxt i vel y. Il n gener al f
geometgr=y 02s04ul ati ons show a distinct trend
| ocated further downstream in the channel f«
maxi mum thickness was | ocat g aOt.s3tIhbel astaimen st
irrespective of the Froude number since the

had not yet exceeded the critical di mensi onl
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initiate i ncigpi eOntO4mMotsitionmu.| mBaiomsm 1 ce t hi ck
|l ocated further downstream in tlgeomeangelR. fc
Il n geometry 2, the fl ow area expacnhsainonnelr edu

expansioproutdrfhgca suitable condition for i

700
¢ @i = 0.0005 cms/m (Shen and Wang)

< 600 Aqi=0.001 cms/m (Shen and Wang)
‘g i A @ all ice supply rates (Senarathbandara et al.)
a o
o 500
©
S &
£ 400 ©
©
o
@ 300 | o8
§ A
7“200 -
_|E 8

100 L ° ° ° ° ° °

0 1 1 1 1 1 1 1

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Froude number

FigbhZ2ocation c«cfenmaxhlincukemess of the accumul a
1 model simulations for various approach Fro
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200
< @i = 0.0005 cms/m (Shen and Wang)

A Qi =0.001 cms/m (Shen and Wang)
@ all ice supply rates (Senarathbandara et all)

[EnN

[0}

o
T

[EnN

(o2}

o
T

L max/ DOwnstream lake depth

140 r o
%
A
120 r
° ° ° ° ° ° °
100 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Approach Froude number

Figb23&3 ocati on ocfe nmarhlimakeness of the accumul
geometry 2 model simulations for wvarious ap
supply rates.

The trend of magFEMIP6 tshiimklnaetsisonfsorwas si mil a
experiments presented in Chapter 4, but t he
comparable to the experimental resul ts. The

interface did not hbhndkBrgoi er oag o h3D9d6w easntdo e h B 1

the [ ocation of maximum thickness remained u
fog= 3096 simulations. The= 1 €.eOidada ¢t ami loasi owes
constantly evolving due to its low critical
thickness shifted downstream in the channel
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5.8oncl

CRI SSP2
format.i
The eff
suppl yi
channé&h
rates u
|l arge (
t he mod
equilib
supply.
i mprove
hydrody
resui ¢ e
formul a
and the
further
varying

equilib

Under C
as two

Wang (1

usi ons

D model <capabilities with respect to

on using the exi sweirsegahymedi cal t mbdel

ect of incoming ice supply on under
ng various i1 ce input r dtoeas afnori dee arldrme
e model resul ts ogsltamtwehdi gt aitnd cami Mg pioc
nder | ow flow strength tcroamndsiptoiratnisngsitr
uantity of i1 ce coming from upstream.
el was closer to the ice supply from
rium ice transpotttt a9 thanksSpowtst hen
,tHhoewedveeprosi ti on profiles generated by

ments ar euniefgociemedde ptocs.iTdhbetoaii cne + anl fy inlaeni ¢
nami c coupling tritmentwapsa riatneerttlties | telda ta
ndgepositionheresifmbleat iCvuersraesrhto wredme rhiad

t CBh ¥ nceatptado|l e of simul ating under c

results are compar a.btllewatso dleatbeorrna tnoerdy
numeri cal mo d e | f or mul art @ spMesn saer et or €
incomingndcenahlhlpeol vy he ames el to sin

rrteugnu ianido rniounm se®cddini OCmaptde scds

over ice depositi omnhavarselsiamnup arn idon nm
di fferent geometri e stilmogishSritielhnea taen da h ¢

995) and Senarathbandara et al. (2024
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mod el resul ts bet ween t he t wo equations

0

di mensi onl ess flow strength on deposi tion

comparison with tiGeofmendiynds soimuClhaptoears had

depositions along the channel center|

increased channel width in geometr

y

i n

2

e

S i

(0]

mu

streamwi se and spamwis@ucded eclhe oms e whihi ckne

cent efrhlei mo.del results show that critical dir
parameter that has a significant effect on
relates to the critical boundary dheagr ostr es
eroding from a surface. Critical boundary st
particle size, ice density, and the fall vel

estimate of these paragmedarera whehi delt&r mcas

convenient to i ngoapwhdathe ca ucluds tfaarmilz evd t hi n

fl ow svtarleunegstcle t hi s parameter can be

file in CRISSP2D. The model simul at

3
easily ¢c
i ons wer e

flow streggti. 0&gl-ueadsn d3(96) . Model simgul ati ons

value showed a more concentrated deposition

|l eading edge for | onger durationgnoaddela si mul
high critical boundary shear stress value of
cover boundary at the | eading edge was | ower
The analysis on the effect of Froude number

| ocation can be eikfpéat nefd bhiaglker ompdthreeam ch
approach Fr.oudkre nmabiemsm t hickness of t he o
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increasing approach Froude number. A simil e
| aboratory results pr esexttwal acni tCh agptt eri gdh  a
Froude numbers transport i ce away from the

thickness of the hanging dam accumul ati on.
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Chapter 6: Concl usi

6.1 Summ@oiyclamsli ons

The first objectiveaodovdrn sl cdd dtyri avgs@aa mte dfea
of comprehensive | aboratory experiments. The
cover ice transport processes was investigat
and deposition processesdamsphhei satopdopby et
as maximum centerline | ength, maxi mum widt h,
evaluated wusing a series iodalexmoeddImewhear @ nw
issued from a narrow river to a wide | ake. L
under cover ice transport modul e in the CR
evaluated to assess the omodel icapabrbanspotb

and hanging dam formation. The strengths of

o

scussion on the ways to improve the curre

transport processes.

Chapter 1 presented an outline of the thesi

study, research objectives and the author's

Chapter 2 presented -aoVeteratuteanepbew ¢pno
dam formati on and river i ce numeri cal mo d e |

transport and hanging dam formati on.
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Chapter 3 presented a journal paper on the wu

con

ducted to develop a cover |l oad transport

di mensionless transport rate amudn cioman gii @mmlise

The

usi

t he

of

and

rat

equ

formula was developed under uniform fl ow
ng HDPE pellets as simulated ice and bubhb
critical di mensi onl essr vfilogw tshe einmgcihp iwears
HDPE pellets and was identified as an i mp
nsport rate estimati on. A comparison of
ducted for HDPE pell etss anad Hi gnml idg mtmeit tes

particle size, density and buoyant veloci

relationship of equilibrium ice transpo
tream ice supply was investigated in thi:
initial ice cover remained coesat drhte wi t
oming ice supply rate from upstream was
re were no changes in the initial fl ow s
ce the under cover ice thichkadedsad asciceé not
|l ysis of a control volume it was deter mir

ume) was equal to the ice supply rate to

ice supply to the reach was varied to al
di mensionl ess ice transpoast wealtle aasn dd edpi onse
e oWhem the incoming ice supply was | owe
e for a certain flow strength, the obseryv

ilibrium ice transport given by tbe devel
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erosi on. Conversely, deposition occurred whe
the equilibrium ice transport rate. 't was ¢
formula giving the equilibriumciane bter airsemo rats
an initiation criterion for ice cover thicke
The | aboratory experiments showed that fl ow
strength when the ice supply was varied fro
incoming ice supply rate was hi glhreirum,hathhd he
ice thickness increased causing a net deposi
and water surface slope increased due to ice

the flow resistance. As nagtrhesaul tt,het heen dd iomhe n sh
was higher than the initial di mensionless f
was | ower than the equilibrium ice supply r
cover which decreavedi ecmeamwdhtwat surd acfeaece ec
reduction of resistance to fl ow. The di men
experi ment was | ower than the initial di me
previously reportedgdatl® 9f2rnromale pu eReard ke d( Wan
supported that the flow strength in a river
insufficient ice supply or an abundant i ce

qguite dynami c.

One of the main contributions of this chapte
formula developed using | aboratory experi me
transport for a certain fl ow sanrsepnogrtth fcoornnduilt

presented in this chapter is known to be th

175



Experi ment al I nvestigation and Numeri cal Model ling o
Formati on Processes

exclusively using simulated ice that has sin
l ntroducing the concept of equilibrium ice
| aboratory experiments to hi gahtlei gohnt itchee tirnapna

rate can be recognized as a major contributi

the dynamic nature of under cover i ce tral
experi ment al and field datdhenithite® méima@gngeeof
to a river is altered from the equilibrium i
this chapter would help to improve and adva
cover ice transport priomeasst iwha tcehd i asv eonnuee so f

research.

=

Chapte 4 of the thesis presented a journal
evolution investigated usi ndovan | mlhygiad alr ymae
using HDPE pellets and bubble wrap ays. si mul a
The effect of approach Froude number in the
hanging dam formation and evolution was anal
observed that the hanging dam f orantedl o wenre di a
approach Froude numbers indicating that the

transporting ice further downstream. At high

accumul ation formed further @aewaoyxiftryomft terel

did not allow ice deposition at the | ake i nl
The | aboratory experiments showed that the
dam for a certain ice volume increased with

maxi mum thickness of the hanging dam decr ea
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numbers. The | ocation of the maxi mum thi ckne
downstream with increasing approach Froude

velocity effect of the river.

The aeri al extent of the hanging dam was cap
fl ume, and the results showed the effect of
aerial extent. For the same approiamhl &r edde

ice added to the model, the | ow incoming i
compared to the high incoming ice supply rat

ice supply rate experiments wereer onsato na deaq uea

exerted by the flow of the river.

The hanging dam erosion caused by the high
shear stress on the hanging dam accumul ati or
paper. The satellite imagery -Loafket W& nhapegign
confl uence was analyzed and compared to the
to the phenomena. Satellite 1 magery from 2
downstream of Keeyask Generating Station ws
redivocnt in the aerial extent of the hanging d
by the generating statainadnc@uitodf lodwemclOmoumde
forming a compet evretr ei da endVvidri eudp satnrde alm s c u S S ¢
for reduction in hanging dam size, highlight

factors that govern hanging dam formati on.
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This study on hanging dam formation and evol
and incoming ice supply rate to the formatio
research field. The observationsstoat et hofs s
knowl edge of hanging dam formation and evol |
to hanging dam formation is beneficial for f

hanging dam formation and evolution.

Chapter 5 of the thesis presented an evaluat

CRI SSP2D river ice numerical model with an e
under cover ice transport and hangs ngneam fc
of the most advanced river ice numerical mod
of river 1ice processes, the under <cover tra
components of the model. Theemalmadctk] ¢edti ¢cas
mod el formul ation for wunder cover transport
identify model strengths, and to propose mod
The | aboratory experiments presented in Cha

transport and hanging dam formation were u
simulations presented in this chapter. The n
pocesses were conducted using uniform flow ¢
supply on ice transport rate was tested by

strength conditions. There were i1ice depopsiyti
rates under | ow flow strength conditions si
adequate to transport the | arge quantity of

to the ice input rate fromiwmpstgr @amoartdiltowni
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0

to the equilibrium ice transport. The ice d
suggested a possible improvement area of th
mod el simulations indicated a wavre @avwdrer n

transport velocity and a user defined coupl

CRI SSP2D model requires additional numer i
equil i briegmiandornounm conditions thahewet @dei
incoming ice supply to the model devi at es

the under cover transport equation.

The effect of critiocal di mensionless fl ow

was investigated uscmagnmal i 8heeadVéaigd®abe | wi

and Senarathbandara et al. (2024) cover load transport equations were used for the hanging
dam model simulations. The critical dimensionless flow strength of the two equations has
an order of magnitude differenaghich can cause a significant difference in the predicted
amount of erosion when the actual dimensionless flow stresgtbmewhere between
these two critical value§.he effect of critical dimensionless flow strength on deposition
and erosion processes was clearly highlighted imtimeericalmodel resultsSimulations

using theSenarathbandara et al. (2024) equation led to a thick hanging dam formation
whereas Shen and Wang (1995) model simulations underwent continuous @®sion
expected based on theuch lowercritical dimensionless flow strengtifhese model
observations can be related to the findings presented in Chapter 3, where the critical
dimensionless flow strength of HDPE pellets (simulated ice) was compared to 1 mm
diameter sand particles to highlight the effect of specific gravity dlfduayant velocity

on criticaldimensionless flow strength. The model simulations on the effect of approach
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Froude number on hanging dam physical properties demonstrated the impaytesf
velocity of the upstream channah the hanging dam accumulation. At higher approach
Froude numbers, the higher velocity of the jet caused ice to transport further away from

the lake inlet resulting in a decrease in the thickness of the hanging dam accumulation.

0

The following publications resulted from the
publicatifoumr tlse eolnoppnmeent of a cover | oad tr a
using | aboratory experiments with simulated
the concept of -eqaquilliiblrriiuum tamd srpoonrt based o
and fieldedand.j dwrenal publication is on han
processes that is based oniaveetigastoft Habe
incoming ice supply rate and approach Froude
The third, fourth and fifth publications

suppl ementary to the main fTihneditnhgisr do fp utbhéa cj

provided detailed methodol ogy for obtaining
photogrammetry and it is presented in Chap
preliminary numeri cal mod el rog¢ s wlintdse ro fc o@RIr S

transport and hanging dam simulations whi

Chapter 5. The fifth publication is on | abor

cover ice transport and sedi ment transport
1 Senarathbandara R., Clark S.P., Dow K.
Processes under Equwi llibbri wm &oaddiNoinons.

Science & Technology. Volume 219, 104124.
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1T Senarathbandar a, R. , Clar k, S. P., Dow, l
Hanging Dam Formation and Evolution. Wate
1 Senarat hbandara R., Clark S.P., Dow K.
l ncomi ng |l ce Supply Rat e bWo rHasnlgd mgo rman
Hydraulics of Il ce Covered Rivers, Canmor e
1T Senarathbandara R., Clark S.P., Dow K., L
Under Cover Il ce Transport Protté&si®&s and
I nternational Symposium on I ce. Montreal,
1 Senarathbandar a, R. , Cl ar k, S. P., Dow, K

Under Cover |l ce TICRiIPEoWrRsboepsoast hz2l H)

|l ce Covered River s. Saskatoon, Saskatchew

6.2 Future Work

The recommendations for future work for | ab

research are presented in the foll owing sect

6. 2. 1 L aEbxopreartiomeynt s

1. Under cover ice transport rates for wvario
measurements in this study. It would be bene
(HDPE ©pell et-watadronlmourhckeariycef oongs.i fTreirenvtelfda
can be compared with the velocity calcul at ec

be used to i mprove the velocity representat:i
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2 . Considering the difficulties of conductii
obtaining the velocity measurements undernea
experiment would be a significanthamoqitmg but.
dam formation processes. Velocity underneath
under the hanging dam formation were obtain
during preliminary stages of tthhea sse smaiasyur émeavi
techniques disrupted the h-angrogi dammé a3 mma ¢
techniques | i ke Large Scale Particle | mage V
the surface velocities of t hpeaqluaengniantgurda noff
bubbl eUndrearp.cover velocities wild.@ be a signi

hanging dam formation and evolution processete

6. NuznerMadadel | i ng

1. The i mportance of coupling time paramet e
Typically, the coupling time parameter of a

to ensure fast computational ti meaulfari @ansnod e
showed that 15 minutes is a substantially 1| a
of i ce transport processes. The sensitivity
with coupling time showedi mbatnbgrwual ] i tzhagn
simulate i ce deposition for a given flow str
|l ow coupling time steps due to ice accumul at

rel ated to the modeboéantaneatmenhsovobadcefatntd

processes itself, it i1s iIimportant to address
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to generate an acc Coatse dietc@rnuhat@® sn u memi aloffi

to transport and deposit parcel s ionvperovae CO0U,|

the under cover transport module in the CRI S
2. The current numeri cal formul ation for und
mo d e | I's basend (oln9 8t4dhe swan mRint velocity for

formul ation of wusing a sediment velocity for
based on the agmu(mpx844o)n ftcramulvaant eRkes densi t
certain differences between <cover | oad and
anal ogous nature of the two promesnsasl yThe
determine the under cover transport velocity
cover transport numer i cal mod el Ssimul ati on:

dynamic, natur al process.

3. The performance of the CRISSP2D model wit
hanging dam formation can be assesstehde by <co1
| aboratory experiment resudttheSpmesaniaead unde
cover ice transport anad nhuammegriincga |d ammo dfeolr noaft itc
expersemeaop woudidr encetllpy tcoompaAéi ¢lhed pPrwdyswe
extensive amanmntabsofbdataed to assesas the p
natur al eAvi dosmestsed in Chapter 2, t he fr
guantified using field data nandcea fdSerhpl etteud
Raymond reach hangi ng dbaym \Wefr gSety.n sAtn,n eMORri svee ra |
(2017) . This study can be potentially wused

model . Similarly, a new field program can
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required data to compare numeri cal model i ng

evaluate the model performance.

4 Mod el simul saéet oinpv e€atni dgaeet e t hesmmdebhds thpe
hangi ng damoeSeiensu loanth eo nsseitcd@unpaatcicaumul ati on of
par belhnheat h a s({tsaibrmwel atciengc eantdlnan guviamn @ r damys c har

the model cgnaldeéabbgrea@asedosi on under vari ol
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Appendi x A Mesh Serl

A mesh discretization sensitivity analysis w
as |listed in TabfenAt&e egihmalehbaemewhoThdaO0 km,
wi dth ofheOfoirmet 1 km of the channel was set

i eccovered section was set from 2 km to 10 kn

0.01 m

Tabl eMeAs.hl .cat egories for sensitivity analysi

Streamw Spanwi

Me s h : ) . Numbe Number
Di scret Di scr et
Catego of nc el emen
(.m) (.m)
Fine 10 20 1051 20000
Medi um 50 20 2111 4000
Coarse 100 20 1061 2000

Qv=350%mn@,=0.m/ were used as the upstream bou
nor mal deptdi sfconrabd dsmecifse rlised as the downstr
condi tion. The water surface elevation for
determined according to the Manningds equat.i

in section 5.3 in the thesis.
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Tabl eSiAmu2l .a mfearn-B® ur simul ation for
Mesh Cat Ti me ( hi
Fi ne 5.5
Medi um 1.0
Coar se 0.5
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exiting
gach of
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Based on the model accuracy and computati ons:
streamwi se and 20 m spanwise spatial discret
presented in the thesis.
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Appendi x BofPHamgVin¢

The plan view @f 0b4alngarnndg .sd 8nfa | fad Qo nsa nddi 1 h

1.m% §or both ge@mét rnyi n1 caomudplar eg priemensedpi n
foll owing figures.

0.8

( a ) Undercover Ice Thickness {m) ( Undercover Ice Thickness (m)
Hour 24:00:00 Hour 48:00:00 %1

x(m) x (m)

(C) Undercover lce Thickness {m})
Hour 120:00:00 a 1
. 0.8

06
04
0.2
0

2500
x (m)

FigBte Plan view of the llacgi cgvean@td®2. @e &m
mY Bogr= 0.s39mul ations.
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( a ) Undercover lce Thickness (m) (b) Undercover Ice Thickness {m)
Hour 6:00:00 n Hour 12:00:00 ,
" U 0.8
04 08
0.2 0.4
300 0 300 3.2
250 250

x (m) x (m)

(©

Undercover loe Thickness (m}

Hour 24:00:00

300

FigB2e Pl an view of the lfarcegi Tt veamAftlox2l. e &km
mY Bogr= 0.s39mul ations.
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(a)
Undercover Ice Thickness (m) Undercover lce Thickness (m)
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