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I\BSTRACT

The scour phenomenon has been investigated for
various types of scour: at bends, constrictions and confluences.
The inf luence of an ice cover on the ultimate scour, ho\^rever,

has not received similar attention. observed severe thickening
of ice jams at constrictions meant that higher velocities pre_
vail beneath them. Tt v¡as felt that any scour which resultecl
would not be accounted for in existing equations. A moder was

used Èo observe location, depth, and Froud.e number of jamming and.

resulting scour. spill-through constrictions of varying widths
lvere placed in a sand becl ffume representinq a small gravel bed
river approximatery l-50 feet wide and r0 to 20 feet in depth.
Polyethylene blocks representing ice were ad.ded. and location of
jamming and depth of thickening were observed. rce jammi.ng was

found to occur downst.ream of the constriction with single thick-
ening through and upstream of the constriction. scour in the

majorÍty of runs representing gravel bed rivers was found to occur
below the hanging dam and only as random pothole scouï. Flo¡ever,
in tests run with walnut shelIs representing sand becl rivers,
extensive scour occurred at the downstream toe of the abutments
similar to scour without. ice, but at much lower Froucle numbers.
It was therefore concluded that scour clue to ice can take place
at Froude numbers much lower than those observecl rvithout ice
conditions.
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CHAPTER Ï

1.I Introduction

Since bridgework generally costs much more per

unit length than earthwork, maximum economy is usually

achieved by making the effective width of a waterway open-

ing no greater than is necessary to meet basic hydraulic

requirements. C. R. Neill (1967) Iists usual constraints

on shortening of bridgework as scour, backwater, and

velocities.

L.2 Scour At Spill-through Abutments

Scour at spitl-through abutments at ice free

conditions is the result of local and general scour

Three approaches have been used to determine maximum scour

depth.

a) Regime type analysis Khosla (1936) and Blench (1957) -

b) Empirical correlations, Garde Subranamya and Nambudripad
(1961). Izzard. and Bradley (1957 ) Ahmad (1953) and Das
(L972) scour at end durnp constrictions-

c) An analysis taking into account increased bed shear
stress. Straub (1934) Laursen (1960) and Komura (1966) -

Scour At Spill-through Abutments Due To Ice1.3

Accounts of ice jams attaining great depths

downstream of constrictions and narrows indicate that high



velocities below these ice jams cause scour. There is no

equation relating scour during ice jams to existing flow

conditions. Theoretical and laboratory work on ice have

been limited to uniform flow in straight channels' Field

investigations have been limited because of the difficulty

in obtaining data. A valid prediction of possible back-

water and scour from ice jams can only be done by past

experíence and intuition-

Purpose and Scoper.4

It can be seen from the foregoing that scour at

constrictions has received a fair amount of attention' but

as yet design charts differ in the predicted scour depttrs

For spill-through abutments on small rivers, it is necessary

to know which design curves are applicable. Scour due to

ice jamming at constrictions is, howeverr ârl unresearched

phenomenon. The purpose of the testing prograÍìme will be

to indicate

location of jamming'

Froude numbers at which jamming and insLability takes place'

the role floe size and porosity play in jamming'

the effect of a solid ice cover downstream of the constriction'

surface tension effects in modelitg,

- possible depths of jamming

resulting scour.
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This study was confined' mainly to gravel bed

rivers approximately 150 feet wide and 10 to 20 feet in

depth. One test v¡as performed' with walnut shells for the

bed material representing a sand' bed' Spill-through

abutmentsprovided.threeconstrictionratiosatwhichice
jamswereformed.Timeinvolvedintestingprevented'a

wider range of testing in respect to depth of flow' con-

striction ratio, bed material size and porosity of ice'

The smalt number of tests prevented dimensional plottÍng

and the results can only be used as an indication of the

location and depth of scour with and' wíthout ice'

1.5 Outline of Contents

Previous studies on scour and backv¡ater at

constrictions are reviewed in chapter.rr. rnvestigations

of rocar scour such as due to bridge abutments or spur-

dikes, and on general scour due to channel constrictions'

are reviewed.

Studiesonbackv¡aterduetodifferentconstriction

geometrybothonrigidbed.andalluvialchannelsarereviewed.

Ïn Chapter III a revierv is made of reported scour

under ice near constrictions' Causes of ice jams and the

increase in backv¡ater due to ice jams are also reviewed.-

Thecriterionfortheprogressionofanicecoverisreviewed

in d.etail since it explains limitations on thickening and



4

upstream progression. Hanging dam formation is reviewed

and other tests on ice jamm.ing in rvhich constrictions $¡ere

involved.. The literature review ind.icates lack of inform-

ation on ice conditions at constrictions and none whatsoever

on scour possibitities.

The experimental equipment materials and- pro-

ceclure are detailed in Chapter IV. The tests were run in

a three foot wide flume and comprised over 50 runs v¡ith and.

without ice, using a bed material size of .5 mm in all but

one test. Three main constrict.ion ratios of .46, -40, and'

.36 were used. and bed material was not added to the flow in

any of the runs

Chapter V compares the scour depths and patterns

of this study with those of previous experimenters- The

resulting maximum scour depth and backwater from this study

are plotted on various design curves in order to determine

which design curves are applicable to spill-through al:ut-

rnents on small rivers.

In Chapter VI, the results of all- experimenLs with

ice are discussed. Froude number of und.erturning and thick-

ening are compared with previous experimenters, and the use of

detergents for the elimination of surface tension is discusseC.

Ëlanging dam formation at. three constriction ratios

v/ere oL'served v¡ith respect to scour depth, Iocation ancl their

dependence on Froude number of flov¡ and porosity.



studies

rnental

B.

A short conclusi-on and recommendation for further

is contained in Chapter VII. The complete experi-

d.ata is detailed in tabular form ín Appendix A and



CHAPTER ÏI

REVIEW OF LITERATURE ON SCOUR AND BACKV'IATER

2.L Bed Scour Due To Constrictions

iled scour due to channel constrictions results

from:

1) Obstruction or locaI scour - Piersr abutments

or short spur dikes effect flow only in their vicinity. A

vortex system forms near the obstacle and the increased

bottom velocities associated with the vorLicies, increase

drag and lift on bed particles which in turn cause local

erosion

2) Contraction scour or general scour - A new

flow regime is caused by a gradual contraction in a channel

over a sufficient length causing a general degradation of

the channel- in this reach. Scour depth is determined from

the increased bed shear in the contracted reach. Scour at

spill-through abutments involve both types.

Three approaches have been used in the development

of formula for predicting maximum scour depth:

1) Analysis of scour due to increased discharge

intensity (a regime type anal-ysis) applying empirical

coefficients:



Khosla (1936) based on Laceyrs studies on scour in
alluvia1 rivers in regime, derived a relationship between

d_, the scour depth below the original bed and q, the disrs'
charge intensity per foot width of the main channel as

h + d.- = .90, q2/3,s 'l7n'
(2,1)

where d_ = depth of scour, h = depth of flow, and. fl is
S

Laceyrs silt factor, a function of bed sediment, A co=

efficient of 1.0 to 3.5 to account for flow concentration

is used to apply this to bridge piers, bends t or spur dikes.

Blench (L957 ) reported,an empirical correlation

between (h + ds) and q developed from prototype data by

Andre (1956) in the form (h + a") ,Ot/= = 1.35 q'74 where

F5 is the bed factor equal to V2/a

2l Empirical correlations involving relevent nonl

dimensional variables :

Garde, Subramanya and Nambudripad (1961) studied

scour around a spur dike made of a vertical steel plate,

They showed that the Froude number, the opening ratio, and

the average drag coefficient of the sediment particle ad-

eguately account for maximum scour d.epth by verifying the

dimensional analysis with the help of experimental d.ata.

They concluded that

(h + ds) = ",#, PP (2.2)
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JandparefunctionsofCovihichisthedragcoefficientof

the bed sediment-

Co ={4/3 (y= Yr) d}/tlz Prü (2.3)

(2,4)

is primarilY a function of

is the discharge intensitY

M = opening ratio.

They found J varied in the range 2'75 Lo 5 and p varied in

therange.6Tto.gforbedsedimentrangingfrom'29to

.25 Im. Neill i-:g62) contencled that CO does not adequately

account for the sed'iment' Beyond a median size of 1

the fall velocity being proportional to the root of size,

Cowouldbeindepend.entoft'hesizeandthusd.epthofscour

would be the same for large boulders'

LiuChangandskinnerconducted.experimentson

vertical waII, wing.wall and spill-through abutments, Ttrey

alsofoundthattheFroudenumberandopeningratioMare

the most essential non-dimensional terms influencÍng scourl

horvever, the effect of sediment size was not analysed'

l.zzarð.andBradley(1957)andAhmadc]-953)suggested

relationshiPs in the form

2/3
(h+ds) = K*(e2)

in vrhich K*, a multiPlYing factor'

the spur dike configuration and qt

at the constriction (q2 = c;¡t-m) '
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Das (1972) proposed. design curves for naximum

scour due to end-dump constrictions F, m, o=/or,¡, d/h and
(ds + h)/h were the essential inter-related. non-dimensional
variables d,escribing scour where gs, pw are the specific
densities of bed rnateriar and water respectively. The

resulting equation is

(h+ds)
-E-

jt and

= 0.695 F0'8s t*l 
0''g 

.pw.0-43 100.4:(j3m+j¿)
Cl (_)

(2,5)aP"

i4 are coefficients primarily dependent upon F,

3) Anarysi-s of erosion due to increased bed shear
stress:

. Straub (1934) , Laursen (1960) , and Komura (1966)

analysed scour in a long contraction.

For the case of sediment transporting flow, scour
in a constriction would obtain equilibrium after the sedi*
ment inflow balances the sediment outflow.

rn the case of the clear rvater flow, the boundary

shear stress in the scoured region is the critical shear
stress for the materiat.

Laursen and

(h+a" ) -_-T--

Komura proposed:

Fù3/7
tc

@¡ 
6/t

6
(2 .6)

for

and

scour in clear rvater ftow

.c are the boundary shear

for a long contraction îg
stress in the normal channel
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and the critical shear stress for the bed material

respectively. Laursen also reasoned that v¡hen the clear

opening is more than 5.5 d= interference is minimal and

scour holes due to the ind.ividual abutments do no! over-

Iap. For this case he ProPosed:

7/6 ; L/2
+ 1) /('0) - 1

Ç

clear water scour

Iength of encroaching abutment.

ratio of d.cpth of scour at an abutment to depth

fictitious long contraction of width as a+2'75

a = 2.75 ds {r (ds)ñ -ã v -ã
(2.7)

scour

(2.8)

for

r=
ina

of
,l

s

(h + ds) limiting =
_E

12..5 (F)
M

They also showed the affect of constriction shape

on depth of scour

2.2 Maximum Backwater At Constrictions On &ig!4-eeds

Lane (Lg2O) experimenting with sharp edged vertical

constrictions revealed that the l¡leisback formula applies to

sudden constrictions whereas the d'Aubuisson formula applies

to gradual contracting flow. He mentioned, but unfortunately

did not give any relationship with, maximum backwater.
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I(indsvater and. Carter (1953) and Tracy

Carter (1953) performed extensive investigations

channel flow through abutments of various shapes

geometry using dimensional analysis.

A discharge equation was derived from

and continuity equations

and

of open

and.

the energy

?. . r/2
O = C* bh, 2o"(nH+a"Vr-l29'hf 

çù (2.g)

O = discharge in cfs.

CK = Kindsvater's discharge coefficient

b = mean width of lhe contracted opening.

h3 = flow depth at section 3-3.

oo V12 = weighted velocity=al
mean velocity is

head at section 1-1 where the

V, and a" is the energy coeffi-

cient

h- = head loss in friction between sections 1-1 and 3-3.rl-3

From dimensional analysis C* ís primarily dependent

upon F=r the Froude number of the flow at section 3-3
1/)(F3 = ç/bhg{gh¡}-/o), nrr the contraction ratio and L/b the

ratio of the length of the contraction in the flow direction

to the opening wid.th.

Curves have been presented for various shaped

abutments, in order to predict discharge knowing h, and Ah.

Tracy and Carter have presented curves for a
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dimensionless backwater as h /Lln. By dimensional analysis

h*/Lh v¡as empirically correlatecl with the constriction ratio

m and the Mannings roughness factor n for vertical faced

const,rictions with square ed-ged abutments and other shapes.

The shortcomings of this method is that it cannot estimate

directly the maximurû backwater h* from h*/Lh relationships

because h is dependent upon Q, h" and Cn has to be evaluated

in the first inst,ance by a trial and error procedure-

Liu, Bradley and Plate (1957) conducted stud-ies for

vertical board., wing-walt and sloping spill-through aþutments.

Energy momentum and continuity principles led to an equation

for H, the depth of maximum backwater section given by

G/h)3 2J

z
F2 (gø^ - 1)

ñ¿

.)
Dl'(2 M-I^)

7ã¿
J-È

(2.10)

(2.11)

F

ø

M

the Froude number of unconst,ricted normal flow.

empirical coefficient.

opening ratío = 1-m.

The empirical coefficient f was observed to depend

upon the model type F, Iil and b empirically correlated for

a simple vertícal board mod.el as

The fína1 equation r,vas

(ri,/h)3 1 = 4.83 F2 { r -
y_2

2
3

2
3

(2.12)



Valentine

obtained

(1958). from a dimensional approach

and m

I4

Cd = discharge coefficient function of
by substituting for V and Q, it can be written

(H) = (gr/2 /")2/z . (y-72/s
ñ'CtM

. ?,39
0 .47 { (rl2/3}- ,

M

F

AS

(2.13)

(2.14)

(2.1s)

Biery and Delleur (L962) studied backwater rise
through arch bridge constricLions.

Their studies resulted in an equation for any type

of constriction

(E)=l+
h

2.3 Constrictions On Alluvial Channels

Liu Chang and. Skinner (1961) concluded that h for
alluvial channels is about sixty percent of that in a rigid
channel

Sandover (1969) presented curves for h*/h versus M

wíth F as the variable

2.4 Literature Revievz Of Flow Patterns And
Velgcity Distribution Through Constriction

Flow patterns through constrictions were observed by

Das (Ig72) for end dump constrictions
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K{ndsvater and Carter (1955) studied various

constrictiongeometríesandBieryandDe11eur(1962)

experimented with semi-circular arch bridge constrictions.

Das (L972) described rapid drop of v/ater surface

conLours around the dump line in contrast to a flatter drop

along the centre line Índicates the flow to be accelerating

more rapidly close to the advancing Ì:oundary

The long contractíon causes the flow to expand

gradually over a longer length. He also noted the local
angle of contraction Y., at the d.ump line to be larger than

the local angle of expansion Yr.

Das measured the flov¡'width at t-he vena-contracta

be, the length of.contraction L* and the length of expan-

sion L^,.5q

He conclucies that the geometry of the constriction
has a decisive influence on the coefficient of contraction

from the fact that the contracting strea.m has a vertical edge

upstream and downsiream of the constrictions and hugs the

slopÍng face in between. He assumed

C" = ft (mrF, tan ó)

Lan f, = sloPe of end-dump face

FIe expressed contraction lenq,th as

Lzz
-6-

(2.16}

= fZ (mrF,tan fi) (2.L7 )
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and expansion length

Lan fi, = L34 = f 4 (I4, E, Lan ó)
qñ)¡z

(2.18 )

Das concludes

1) Cc is primarily dependent upon M

2) Angle of contraction Y1 varies between 50 and 25o

3) Angle of expansion Y2 varies between 15o and. 35o depend.ent

primarily on Froude number of approach. flow

He also obtained. non-dimensional plots of

Xc vs 2Yc
=-L23 b-þc

and

vs Ye
mcXe

L4
.xe
L¡¿

x
ci;

r=0.s9 !
F=O.2? 'f = 0.lO r

0.2

0.4

2!s
B-b.

oô

o8

F, O.50
f ' O.29
t =0.10

o.8

t.0

Fig.
ü; ( b) rrow ExPANsrcN

2.3 NON-DTMENSIOT{AL PROFILES OF LIVE STREAM BOUNDARY DAS (L972)
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indicating Profiles are similar

number and contraction ratio'

irresPective of 'Froude
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CHAPTER TTI

REVIEW OF LITERÃTURE ON ÏCE JAT4S

3.1 Reported Scour Under Ïce

Melin (1954) descril¡es erosion in Scandinavian

Rivers composed primarily of frazil

"In places where barrages appear, the ice will
often fill up a great part of the section right down to
the bottom. Therefore, the rvater is forced to fol1ow one

or a few channels, flowing more rapidly than beforer rê-
sulting in a great tendency of erosion.

Areas where such erosion is common are the upper

part of the calm waters. Here big mass,es of soil and. gravel

have been deposi-tec1 after having been brought from the rapids

above, a.nd the bottom. constitutes a very good ground for
erosion when the veloci'ty of the water increases. Some-

times the flow witl fol-lorv a channel along the riverside
eroding it and causing big masses of sediment to plunge into
the river. "
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3.2 Causes of lce Jams

Ice Jams are of several different varieties and

orígin. Unfortunately, there are no universal definitions

of ice jams, therefore ít is necessary to state those used

in this report

Ice jamming is said to occur when a cover of loose

chunks of j-ce begin to compact and become at least two lay-

ers in depth

A Cry jam is formecl by the jamming of ice floes

down to the river bottom at an obst.acle which may be an

existing ice accumula.tion or bed irregularity. trtater has to

flow by infiltration through the ice plug and its leve1 in-

creases rapidly upstream. This jam is practically unpredÍct-

able and. unstable, and wilt go out when the upstream v¿ater

level increases sufficiently

A hanginq dam i-s a stable jam which is greater than

otru-¡þird the depth of flow. Tr,vo types can exist according

to method of formation. The first type is caused by jamming

of a cover which causes a reduction in flow and consequently

astab1eicecovermorethanone-third.thedepthoff1ow.

The second type occurs at channel expansions. I{ithin the

expansionrvelocity and ice carrying capacity of the v.zater

are low and the ice cover can obtain great thickness by

accretion.
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For the formation of an ice jam'there must be a

discharge of fragmented solid ice or frazL! ice, and an

obstacle to impede the passage. Therefore, tfr-e meterologi s¿1

and hydrological conditions which govern the stream discharge

and the geometric properties of the channel could affect the

passage of ice.

U. S. Army Corps of Engineers (L967) Bryce (1968)

summarized the causes of jams (Uzuner L97I).

a) Obstructions Which Impede Tce Passâ9€'

i) Channel constrictions, such as rapids, sharp bends,

bridge piers, protrud-ing abutments, flow regulating structures,

islands, and border ice extending outward from the shore.

íi) Extreme cold resulting in extensive freezing and

blockage of the channel by shorefast andr/or bottomfast ice.

iii) Thick lake (or sea) íce forced to river mouth d.uring

high wind and storm periods where it is grounded. in Ltre

relatively shallow river channels.

iv) Floes remaining in a river mouttr after ebb tide.

v) Sudden streamw-i.se decrease in deptll along a channel

accompanied by decreases in velocity and slope anð'/ot increase

in width of the channel

b) Sources of Increase in River=Ice Discharge,

i) Production of excessive frazil ice, which adhere to
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channel boundaries and/or structures and blocks the channel.

ii) sudden releases of thick lake ice into a river,

usually from collapse of a natural ice arch Some distance

upstream from the river entrance after a heavy storm can

glut the river comPletelY.

iii) Sudden temperature increase or injection of thermal

pollution at upstream locations causing weakening and break'

up of sheet ice which then moves downstream.

iv)

v)

vi)

Break up of ice sheet by j-ncreased river discharge.

There

topographical

are of course other flow, hydrological and

conditions which can lead to ice jarn formaLion.

Previous winter conditions (Michel) '

Surface flooding in winter'

3.3 Criterion Fo.r Progr-ession Of ,Ïc9. CS¡)f 5

The conditions under which the blocks at the leading

edge of the cover reach a condition of incipient motion is

known as the criterion for the progression of an ice cover.

üzuner's (1971) example is as follorvs: "Imagine

an ice block flowing downstream coming into contact with a

stationary, continuous, or fragmentic, ice cover. If the ice

block reaches a state of static eguilibrium upon impact with

the ice cover, the cover will propogate upstream' Under

other conditions, the block will be swept under the cover
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and come to rest or continue v¡ith the fl-ov,/-"

McÏ,achlan (]lg27) ivrote one of the first public-
é

atíbns on the hydrodynamic conditions controlling the

progreêsion of íce covers based on fietd observations on the

St. Lawrence River. He stated that ice covers may thicken

and progress at velocities up to 2.25 feet per second with-

out floes passing underneath.

Cossineau (1964) also conclLded. that a velocity of

2.25 feet per second is an upper limit which can only be

obtained uncler ideal conditions. Field observations on the

St. La\rrence vlere also the basis for his conclusions.

Estiveef (195E) from observations of ice cover

progression in the northern rivers of the U.S.S.R. states

frazíL coming up to surface to develop into ice floes cannot

form an ice cover at velocities higher than 2.3 to 2.6 feet

per second

Kivisild (1959) states that the criterion for the

progression of an íce cover should be expressed in terms of

the Froude number F of the flow upstream from the cover

F = Vu where Vu is the velocity and H is the depth upstream
ffi

from the cover and g is the gravitational constant. He con'-

cluded on the basis of his observations of frazil ice. on

Canadian rivers that the upper limiting value of the Froude

number for propogation of an ice cover is about .08. This

value of . OB is dependent on the porosity of the ice

accumulation. The average porosity val-ue of Kivisild's tests
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was .73.

i.Jewbury (1968) al-so found from observations on the

Nelson and Churchill Rivers that upstream progression of frazil

ice occurs at a Froude num-ber of approximately ' 08 '

Cartier (f959) concluded from observations in a

canal nine feet in depth and forty-six feet in width that it

tvas possil¡Ie to.obtain upstream progression of an ice cover

i,rith big ice floes at velocities higher than 2.3 feet per second..

Pariset and Hauser (1961) developecl a complete

theoretical analysis for the stability of ice covers in rivers.

This analysis applies to nalîro\¡/ rivers in which the tangential
..

force exerted by the banks on the ice cover is adequate to

support the flow induced ancl gravitational forces exerted on

the cover in the streamv¡ise direction. The thickness of the

ice cover is governed by conditions at its upstream edge. The

criterion for the progression of a cover is expressed in terms

of the Froude number.

. Pariset et a.l (1966) and l{ichel (1966) analysis of the

leading eclge blocks becoming unstable and being swept und.er are

as follows:

Pressure supporting the block is reclucecl as the flow

passes uncler the ice cover. The elevation of the block is

lorvered belov¡ that correspond.ing to the no f Loiv condition. At

the stagnation point at the leacling eclge of the ice cover, the

local water surface elevation is increased by the amount of the

velocity heacl



When the

edge becomes equal

ice block becomes

&

H=

F=-2

9t tQ

e=

water surface elevation at

to that at the top of the

uns-table and is sr¡/ept under

25

Efte readl-ng

block r ârl

the ice cover.

,(l-p '¡ (r-e) 1u (1-t)
pH

thíckness of ice at leading edge

depth of flow upstream of cover.

modified Froude number

= d.ensity of ice and water respectively.

porosity of the ice.

F=ft2'E (3. r)

This is the general equation deríved by Michel. (1966)

taking porosi-ty into consideration.

For e = 0 this reduces to the equation developed by

Pariset et aI (1966).

Uzuner (1971) provided a similar expression to

Pariset et aI and Míchel, however, he used a much more

realistic analysis of ice block submergence.

As the flow passes under the leading edge of the

upstream block, it is accelerated because of the red.uced

flow area under the ice cover. The vertical acceleration

as the flow passes around the lower upstream corner of the

block produces local separation and further reduction of
pressure in this vicinity. The block rotates about its

downstream lower edge until equilibrium j.s reached between
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the rnoments due

distribution at

to the blocks r,veight and the pressure

the bottom oi the block:

L (1 p')
rt^

c^+
Ð I

^2r
¿̂

(3. z¡

t
ri.

s

ll

square of ratio

normalized half
of surface velocity to mean velocity.

ïength of separation zone.

ForC==1

equatìon derived by

this is the same as the

aI.

and- P =

Pariset

0,

et

p = 0 for long blocks with no rotation.

Uzuner shor¡¡s that rotation of blocl<s occurs at

t/L values of .1 to .8.

o.1

Il2

PIIBISET ET AL

UZU¡tER r1lL:.33 I
'Cm= .30 '

ircil7F=.$2

o.o5

otL
o o.1 o''ï/H

ANALYT] CAL PREDTCTIOI-TS
PROPAGATTOI{ OF LEADI}TG

o.3 0.4

OF CONDTTTONS FOR
END OF ICE COVER.

Fig. 3.2 UPSTREA¡4
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t - thickness of block

f, = length of square block.

Uzuner takes into account

realistic model and pre<licts lower

et al.

and ß in his more

values than Pariset

ct
F-2

3.4 Maximum Backwater Due To Ice Jams-

The main factors determining the maximum level

during ice jams are as follows: (Bolsegna S.J. 1968).

1) Character of river bed and vatley in sector where the

jam occurs.

2) The thíckness of ice cover'and its firmness

3) The íntensity of influx of flood water (intensity of

rise in water tevet) and. the ice movement connected with it'

4l The height of water level in the sector below the jam.

5) Weather conditions during the formation of the ice jam.

The rise in water level as a result of the ice jam

at a definite poj-nt in -uhe river v¡ill also depend upon the

distance of the point from the place where the jamming occurs

When considering a particular location, such as a

constriction, all of these factors will have an effect on

backrvater.

Hanging Dam Fofmation.

Pariset et al (1966), Ìlorton, Michel (1966) , and'

3.5



others have mentioned hanging dams

ice jam formed when high velocities
as a unique type of
are encountered, but

Kivisild (1959) was the first Èo try
dam formation ín qualitatj-ve terms.

and explain hanging

Kivisild (r959) gives a relationship betv¡een
Froude number and depth of flow, depth from hanging dam

to bed vs. d.ischarge per foot width, for hanging dams

formed by frazil flow

Lazier,s (I973) model study on the Moira River
show relationships betr'"'een velocities and depth for
incipient and stable jamming. Although the model had a
slight constriction ancr a jam dovrnstream of the constriction,
jamming depths and a Froude number rerationship \^/ere not
obtained

Charbonneau (1973) undertook a model stucly on
closure of the Reviere des Roches by formation of a hanging
dam downstream of a constriction. The resulting report is
mainly descri.ptive, br-rt it does give an indication as to
where the dam wilr form and possible depths, the effect of
a sorid ice cover on hanging dam formation and description
of formation
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3. 6.

As seen frorn the literature review of ice processes I

scour below ice jams has not been studied. Ice jams are only

predictable in straight. uniform- channels although Kivisild

(1959) has mad.e an attempt to predict depths and slopes from

discharge per foot wiclth for ftazi1 ice accumulations" The

following model study hrilt compare thickening in a straight
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JAM

l,4M

t\íC iAÅ¿
IJVCFPIJCN

ï"ó
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Fig. 3.3, LAZIER (Lg73) DEPTH VS. VELOCITY FOR STABLE
JAMMING (T4OOEL STUDY OF MOTRA RTVER) '

Conclusion.
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uniform channel v¡ith that pred.icted by Parj-set et aI (1966)

andUzuner(1971).Theresultinghangingclamsformedwith

constrictions will be used for the determination of scour

depth, and locations of hanging d.am and scour. The Froud'e

number of formation will be compared v/ith those observed by

Lazíer (Lg73) and Charbonneau (1973), and depths and slopes

will be compared. with Kivisild's (1959) charts
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4.r.2

CHAPTER TV

EXPERIMENTAL EQUIP¡4ENT, MATERTALS AND PROCEDURE

4.1. I General

The equipment used consisted of

1) flume and flow system and.

2) the measuring devices.

F1ume and Flow System.

Experiments were carried out in a 39 foot recircu-

lating flume 3 feet lrride and 3 feet deep with a horizontal

bottom. The side walls were glass from station -2 to station

18. Of the 3 foot depth available in the flume, the bottom

I inches l¡¡ere filled rvith the bed material from station 12

to station L4. A head tank and an upstream stilling screen

between the head tank and the flume took up six feet

The dov¡nstream end rvas d.esignated as stat-ion 18 and

the upstream end designated as statíon -2I. Station 0 was

reserved for the centre of the constrictions. The bed

elevati-on vTas arbitrarily designated as 1'1 feet,

Flow in the system to the extent of '5 cfs' was

provid.ed by a centrifical pump which drew supply from an
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underlyíng sump. The flow

the discharge t'¿as measured

in the holding tanks.
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in a head tank and

volume accumulated

\^ias receiverf

by timing the

The downstream end- of

tailgate which could be cranked

flume rvas provided with a

or down. This tailgat.e

the

up

regulated the stage discharge pattern of the florv required in

the study.

4 .L.3 iuteasuring Devices

The principal recording instruments included.;

1) A point gauge for measuring the water surface elevations

and the static bed elevation at any point \^/ithin the flume.

The point gauge \'vas eouippeC with a vernier to measure to the

nearest 0.001 foot

2) An electronically sensed propeller meter for velocity

measurements.

3) Stop watch for discharge and velocity measr-lrements.

4.2 Materi-a1

1) Sand one size of sand- of .5 mm medj-an diameter was used

as bed material in the main testing program.

2) Walnut sheIls one test was run with v¡alnut sheils .65 rnm

median diameter

U.

passing 75?'

q

of

Bureau of Reclamation recommends the sieve size

the material b)'weight as the representative
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size for course non-cohesive materials above .2 inch. For

the .5 mm material it was arbitrarily decided to accept the

medj-an size in this study.

The size distribution curve is shown in Fig. 4.2.

TABLE I
CHARACTERTSTICS OF BED MATERTAL.

Distribution
Curves Material dSO in mm.

Specific
Gravity.

2.65

1.3

Sand.

trüaInut
Shells

.5

.65

ogd

2.01

I.25

3) Abutments -. Top width of the abutments represented. a

24 foot roadway approximately. Sid-e and front slopes were

both two to one rvith a circular sloping face joining the

f ront and. sides. The abutments \^¡ere always continued below

the maximum scour depth. The complete abutments, excêpt

for the top, were covered rvith riprap

4) Abutment Riprap -
passed thriough a 3/B

One size of material was used which

and remained on a L/4 inch sieve.

5) Ice Material - Low density polyethylene was used as ice

material. Sizes ranged from L/A'r x L/4" to 2 l/4" x 2 L/4".

This represented It x lr to g' x 9r floes, Two thic,llnesses

were also used I/4" and 3/8" representing 1' and I I/2' . The
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thicker ice usually being larger in size than the thin ice.

+.5 Procedure

In order to determine flow patterns, scour depth

ancL pattern, veiocities and backwater effects, runs Al to
AB were performed without any i-ce.. These rvere meant to
assess the appricability of d-esign curves for scour at
constrictions in the model

Run J7, JB, and J9 v¡ith five locations of a solid
ice cover \,üere performed with ice floes in order to gain

some insight into Froude numbers at rvhich ice jams occur

at constrictions and the l-ocation effect of a solid. ice cover

dov¡nstream of the constriction

cl to c14 r¡ere run vzithout any constrictions. These

\^/ere intended to determine affect of detergent on underturning
and to study mode of underturning. rce froe size rvas also
varied to test affect this had on Froude number at which

they turned under

The main testing program encompassed run HDl to
HD27. Three constriction ratios Hreïe tested. .46, .40, .36, at
depths of .2 and .33 feet. Studied in these runs were head loss
due to the ice jam., depth of jams, backwater, scour, effect
of soricl ice cover, flow patierns, and. the effect d-ifferent
rates of d.umping had on the hanging dam.
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4.4 Data Taken.

Tn the main tests, experimental procedure involved
gathering data for varying approach frow conditions and

constrj-ctíons Ín respect of
1) flov¡ pattern and velocity distríbution through constriction.
2) maximum depth and pattern of scour at varying contraction
ratios

3) maximum backwater.

4) thickness of ice accumulation and. volume of ice material
used.

5) water elevations as affected by ice jamming

The running of each test invorved closing the tail-
gate and filling the flume to avoid scour at the constrictions
at the beginning of testing. Before each run, the d.esjred

Froude number at 10 f eet v¡ith depth of .z or .33 rvas obtained.

by artering the discharge and tailgate. when this constant

Ievel was achieved, ice was ad.d.ed.

The slight difference in slope between bed and v¡ater

surface was accepted because constricted flow is basicarly
a local phenomenon.

By injecting dye from upstream and also using confetti,
the flow pattern and. eddy zones could be visualized.

Photographs of flow patterns, ice depths and forms,

scour pattern and other perti-nent features were taken durj-ng
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the tests.

F10w was continued in runs A1 to AB for six hours

and in HDl to HD27 for one-half hour after ice jamming'

The usual method of ice feeding is as follows:

I gallon cans were used as mixing containers. Pails were

f-j-Leð' L/2 full of ice, .08 cubic feet in volume, to the

ice was aclded detergent and water' Each '08 cubic foot

was dumped slowty over a larget area upstream of the

constriction

The

receded and

4.5

4.6

Horizontal

Vertical

Velocity

Discharge

scour patterns were contoured lvhile the water

scoured bed. elevations were recorded'

Ice Feeding.

Mode1 Setup.

I:50

1:50

Lz7

IzLT,500.

The model used represents a 150 foot river approx-

imately l0 feet in depth. The scale ratios were based on

the Froude Law criterion; the scales \,vere as follows
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CHAPTER V

COMPARTSON OF EXPERIMENTAL RESULTS ON SCOUR I^TTTHOUT ÏCE

5.1 General

To determine whether scour Ïrole depths and shapest

and backwater can be predicted on small rivers, experimental

results from this study \^Iere compared wiÈh design curves of

various abutment shapes and end-dump closure constri-ctions.

5.2 Scour Patterns

Maximum scour Ïras been located at th-e venâ-contracta

section for end-dump constrictions by Das Ç1972) and' Sandover

(1970).

Liu Chang and Skinner (1961) and Tutt (L972) also

observed scour downstream of the constriction for spill:through

abutments. Shov¡n in Fig. 5.1. are scour patterns obtained by

Das for end-dump closure

At lower contraction ratios, Scour occurs around the

face of the constriction whereas at hígher d.egrees of con-

traction scour holes overlap and a general pothole scour

pattern is observed. Deepest scour was noted to occur near the

vena-contracta
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(") scouR PATTERN âlrl3* coNrRACrloN

FLOV/
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q*:_I

I
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¡

(b) SCOI'R PAÏÏERN AT HIGH CONîRACTION
RAîI O

FTG. 5.1. SCOUR PATTERNS OBTAINED BY DAS (L972)
END DUMP CLOSURE

Spill-through abu'bments on small rivers appear in

general to follow thís type of scour pattern' Shown in I'ig.

5.2 are scour patterns at lolv constriction ratios. The max-

imum scour occur.s along abutments dbwnstream of the constriction.

Increasing the-Froude number in these runs would cause the two

scour holes to overlap and. form a pothole downstream of the

constriction

nffi:i;:-/ ,/
-t-o-/

4o¡¡rouns oF {h+dr)/h



RUNA-6 p= "24 m=.45 b) RUN8-6 F=.25 m= '45

FTG. 5.2 VIEW OF SCOUR HOLES AT DOWNSTREAM CORNER OF ABUTMENTS
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At very high constriction ratios, having the abut-

ments continued below the maximum scour depth,results in them

practically meeting in the centre of the channel. This will

alter location and depth of scour. Therefore, constriction

ratios much larger than .5 form different scour patterns at

high Froude numbers than that described by Das (L972) for end-

d.ump closure. see Fig. 5.3 . An actual constriction ratio such

as this does not seem Practical'

5.3 Anal sis of Scour at Spill-throuqh Abutrnents

Inordertoverifytheamountofscourobtainecl

during ice free conditions and to determine the design curves

most suited to this situation, results from this study vlere

compared v¡ith

a)Laursen's(f960r1963)designcurvesfori)localscou'r

at an isolated abutment and. ii) general scour v¡ith opposing

abutments.

b) Komura's (1966) design cur\¡es for general scour at a long

contracLion "

r,\ Garrle et al (1956) na::imum sco.ì'r-r at vertical edge spur
vl

dikes.

d) Liu et al (1961) maxinrurn scour at briclge constrictions'

e)Das(Lg72)designcurvesforscouratend'-dumpclosur'e.
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I

RUNA-2 I'= "25 m=,67

FTG. 5"3 AT HIGH CONSTR]CTTON RATTQS SPTLL-THROÜGH ABUTMENTS AFFECT SCOUR PATTERN

b) RUN A-5

I

F-.25 m = "53

Þè



Check Aqainst Laursen's ancl I(omura's Anqlye¿¡-:

a) Isolated scour hole (Laursen 1963)

A comparison of Cs/h for the runs

holes is made in Figure 5.4 lvith Laursen's

'45

with isolated scour

curves.

Laursen's cu-rves predict much larger scour holes than

those obtained in this studY

b) Overlapping scour holes due to Laursen (1960 and 1963) and

Komura (1966).

Two tests with scour holes overlapping vrere plotted

against Laursen's and Komura's curves. Figure 5.5. The Scour

holes obtained were larger than that predicted b,y Laursen and

Kornura

Check of Garde et al 's and- Liu et al- rs Data.

Along with Garde et alrs and' Liu et aI's data are

plotted Dasr result.s. Figure 5.6. This experiment seerned in

best agreement v¡ith Das'stuClz on scour at end-dump closure

Because contraction ratíos in this study were not j-dentical to

any in Liu et alts and Garde et alts studyr rlo direct comparison

can Jre ma,C.e

Check with ¡¿st Proposed Design Curve for Scour at End-DumP Closure.

The tests run in this experiment were at Froude numbers

.22 to .25. The results plotted on Das'design curves, Fig.5.7,
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TABLE ÏI

coMpARrsoN oF DESTGN CURVES OF LAURSEN, KOIIURA
AND DAS WÏTH THIS STUDY

Rut No-

¡'roude No
of nomal
flow

D€PLh
of
Fld

ContracÈion
Fatio

Depth of
Scour
observed

Depth
from Das
end dmp
closure

Depth
frm
Iaursen
Isolated,
Àbu tmen Þs

Depth frcE
¡åursen
constriction
ðbutm€nts

Depth frcn
KoEura long
CoËtriçtign

À-2 .25 l9 -26 .35 .04 .06

A- 4 .22 -2r ,06 -o7 .23

A-5 .2t .2 -5J .20 -23 I3 .o7

À-6 .24 .2 .45 .14 .14 -¿>

show excellent agreements.

Table ïï shows a comparison of observed scour

dept-hs with those predicted by the above experimenters. The

agreement with Das is very strikíng. Possible deviation of

A-2 could result from abutments continuins under the bed

limiting scour. Although tests were too few for any definite

conclusions, scour at spill-through abutments on small rivers

seem to be similar to that at end-dump closures, Reasons for

this might be that the Lrlb ratio of abutments j-s large in

small rivers. This tends to give more streamlíned. flow through

the constrictions and a reduction in scour depth
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5.4 Analvsis of Backwater at Spill-thro h Abutments

The maximum backrvater will be taken as the elevation

just upstream of the constriction

variation of Hrlh with t4 and F -

Liu et al (L957) Valentine (1958) eiery and Delleur

(L962) Das (L972) and Sandover (1970) have considered

= f (F,nrg)
H

from dimensional analysis to be the governing variables in-

fluencing the maximum backwater.

The results of this .study plotted against Das'curves

for H/h vs. l{ with F as a third variable show considerable

agreement in Fig. 5.8.

variation of G/h)3 *"ith n'2 (L/vtz 1)

A plor of G/h)3 with r'2 (L/Mz - 1), Fig. 5.9. is

made for rigid spill-through abutments and Das'backwater due

to end.-dump closure. The resulting plot agrees fairty well

with Das.

Variation of Cm with F and 14

Discharge coefficients Cm for aII runs with bed scour

hlere computed. These were plotted along with Valentine's

coefficients for a rigid bed and Das' coefficients for end-dump

closure

H
ñ-
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The plotted points although

5.10 predictecl a slightly lov¡er

similar to

discharge

Das I

coefficient.rig.

Anal sis of Fl-ow Patterns and Velocit Distribution

5. 5.1. l4aximum Contraction

Das (r972) observed the maximum contraction further
downstream of the constriction than this study seems to ind.icate.
Hov¡ever, Das ' end-d.ump constrictions advanced clownstream with
the flow and the resulting maximum contraction and scour rrere

at the tip of the aclvancing face. From Fig. 5.rr, the slightly
higher constriction ratio and- Froude number in photograph a)

inclicates the maximum contraction to be at the constriction
while Fig. 5.11 b) shorvs it to be near the downstream toe of
the constriction

5.5.2. Flow Patterns

The 1ive stream boundary in this test, unlike Dasl

(rg72) did not expand equatry on both sides of the channel.
Lane (1920) also observed. that although flow and- channel
properties v¡êre identical on both sicles of the frume, flow
usually picked a side. This resul-ted in scour to be more

pronounced on one side of t-he flume, but as the scoured material
built up downstream and the res j-stance increasecl, the f lor¡¡ would

shift. Thus the resulting flow after scour had taken place and

scour v/ere symetrical.



a) High ConsËrict,ion ratio shows maximum
contraction possÍbl-e between abutments.
YeLlow dye upstream, blue dye downstream,
green shows míxing.
RUN A-5 !' = .23 m = .53

FIG. 5.11 FLOI^I PATTERNS AT CONSTRICTIONS

I

b) Low Constriction ratÍo shows maxímum
contraction at downstream toe of
abutments. RUNA-6 T=.24 m=.45

AS SHOï^IN BY DYE

(tl
N)
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I

FIG. 5.!2' RUN A-5 F' = .23 m = .53
FLOW EXPANDING UNIFORMLY AFTER SCOURTNG TITE BED

5"5.3 V-elocities

The average velocity distributions during testing

hrere similar to those of Das (Lg72) | however, due to the

scale used in this study, velocity contours were not obtain-

able. Shown in Fig. 5.13 a) is a typical velocity d.istríbut-

ion obtaíned by Das v¡here m = ,65,l¡ = .lB and V: 1-15 fps.

Shown in Fig" 5.13 b) is a typical live stream boundary from
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th-is stud.y. The lef t side dicl not fully expand until about

station 14. This test did. not experience scour and hacl a

lov¡er Froude number than Das (I97 2) .

5.6 Conclusion

Backwater, flov¡ patterns' scour depth and. patterns

agree with Das (Ig72) and other previous experimenters.

When the constriction ratios \^/ere not unusually high, the

maximum contraction and scour took place near the downstream

toe of the abutments. Because of the agreement shown with

existing design charts for open wa'ber conditions, the experi-

mental apparatus appears to have a sound basis for testing with

ice. :
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CHAPTER VI

TCE J.AMMTNG STUDTES

6.L

6 .1.1

Description of Jamming

Hangi.ng Dam Formation

Consider a uniform channel with a constant wid.th,

flowing at a specific Froude number and depth where an ice

cover is advancing upstream at a constant thickness. This

ice cover advances into an area of expanding flow d.ownstream

of a constrictÍon. Due to the fact that flov¡ has not expanded

fully, higher velocities prevail down the center of the channel

and. ice starts to turn under in this area. As the cover

approaches the constriction, depth of jamming increases most

noteably down the center of the channel. Near the point of

maximum cont.raction, the depth of jamming is most severe' The

depth then reduces slightly as it advances into the constriction,

ice floes will be swept under the cover and. thicken the immediate

edge of the arch. (The arch is the configuration and the term

given to the upstream face of the hanging d.am. ) Depending upon

the Froude number, thickening and travelling under the d.am

occur until the cover ad.vances through the constriction at a

single thickness or the dam becomes excessively deep and the
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downstream cover fails, i.e. the particulate cover supporting

Èhe hanging dam begins turning under and the hanging dam moves

downstream.

Hangíng dams can achieve depths more than one-third

the depth of flov¡ because of the ability of a hanging dam to

transfer the forces of a narrow flow width acting on a great

depth to the downstream cover by means of an arch formation.

F'ig. 6.1 contains a sequence of photos of test FID-26 at a

d.ownstream Froude number of .07 and a constriction rat,io of .47

exemplif,ying the formation of a hanging dam.

Appendix C-I contains all hanging dams formed with

detergent and a solid ice cover at 14 feet.

6.1.1 a) Effect of Solid Ice Cover on Hanging Dam Forma_tion

Charbonneau (L973), from model studies on closure

of the Reviere des Roches, indicates that a solid ice cover

downstream of a constriction will enable the jam to form to

the bed where as a particulaLe cover which is susceptable to

failure will not. This v/as also observed in the tests from

this stud.y. A hanging dam with no solid ice cover would not

jam to the bed except in tests which lacked. small blocks.

One or two blocks might come in contact v.,ith the bed, but the

average clepth of thickening never approached the depth of flow.

At a Froude nr-imber at !','hich the jam will become

stabl e as a particulate cover, a solid ice cover will alter

mainly at its leading edge. Fig. 6.2 a) and b) show that an

increase in thickness of the hanging dam occurs mainly at the
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FTGURE 6.1

HANGING DAM FORMATION
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leading edge of the solid cover.

Fig. 6.2 c) shows HD-14 jammed to the bed at the

upstream edge of the solid. cover where as it did not without

the cover.

6.L.2 Dry Ice Jams

In all of the reported tests, the ice cover situation

ranged from Station 14 to zero. On each occasion when the ice

cover failed, a dry jam would form against the downstream ice

cover. Having the solid 'ice cover wittrin approximately' one

foot of the constriction prevented this typical dry jam since

a dry jam would not form into the constriction. In the main

set of tests, the solid ice cover was at Station 14- On

failure of a hanging dam, a triangular dry jam would form

against the downstream cover. A typical jam is shown by Fig.

6.3.

6.1.3 Location alld Stabitity of H.anging Dam

The hangíng dam in all tests, \^¡as located downstream

of the maximum contraction with single thickening in the vicinity

of the maximum contraction and through the constriction. The

maximum contraction can not be explained fu1ly by the Froud.e

number of flow and constriction ratio, therefore the Ìocation

of the hanging dam also cannoL be d.escribed with these para-

meters

From the general behavíor of the hanging dam, a
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EFFECT OF

CONSTRICTION

FÏGURE 6.2

SOLID TCE COVER NEAR

ON HANGTNG DAM FORMATION
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few general conclusions can be made on the pattern.

-hangingdamappearedtobui1d.uptotheconstriction
with increasing constriction ratio.

- at a particular constriction ratio distance to the hanging

dam was proportional to the Froud'e number

íncreasing Froude number and depth increased the length

of the dam

In all the tests, maximum thickening of the hanging

dam was observed from one foot to two and one-haIf feet

downstream of the constriction.

6.2

6.2.L

a)

Flow PatLerns and Scour Under lce Conditions

Flow Patterns

Particulate Cover.

accumulation and grounding takes place

the channel, The resulting flow is

to both walls

As the particulate cover advances upstream from

the solid ice cover, maximum thickening takes place in the

area of highest velocity thus constricting the flow area'

This in itself tends to shift the flow to the sides of the

channelr ât area of less resistance.

Dry Jam.b)

Greatest

down the centre of

usually deflected
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/-l Hanging Dam

Theinitialt'ighvelocitiesatthecenLreofthe

channer create the arch shaped hanging dam. The rate at

which the flow will expand and shift to the walls will depend

uponthethickeningofthehangingd'am.Fig.6.5.exemplifies

the exPanding ftow

Fig. 6,5 EXPAITDING FLOT¡I

HANGTNG DA}T

Other Flow Patterns

In some of the runs with

BENEAT}I

d)

and without a solid ice
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cover downsLream of the constriction, blocks were gently

nudged at the constriction after the part,iculate cover had

advanced through it. Sm.a11 channels broke through the

hanging dam formation running approximately 45o to either

\^rall and of ten angling f rom one wall to the other - As

these channels filled with ice blocks, high velocities

would usually take place on the opposite side of the flume

and. the channel would erode a new path to the opposite sid'e.

fig. 6.6. demonstrates typical paths. Because the same type

of channels formed in every attempt, it \^/aS considered' to be

more than a coincidence. A situation such as this could arise

during artificial breakup of a jam.

6.2.2 Scour Due to ïce

Tn the performed tests v¡ith constriction ratios of

.46, .4 and. .36, a particulate ice cover can not be stable

through the constrictíon at downstream Froude nurnbers higher

than .l at a depth of approximately .2 feet. T¡]ith a solid.

ice cover slightly higher Froude nr:mbers are possible, but it

is not known when the ice cover will fail for this depends on

its thickness and strength. For gravel bed rivers, there wÍltr

be absolutely no scour due to the constriction in this Froude

number range
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FTGURE 6.6

UNUSUAL FLOW PATTERNS
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6.2.2 a) Scour Due to Hanging Dam

If the seour does occur due to the hanging dam, it

usually takes place in the area of the hanging arch shape

downstream of the constriction and extends across the bed

approximately the width of the constricted opening, see

Fig. 6.7. The scour observed rvas random pothole scour.

The two tests which experienced scour were at a

constriction ratio of .46. The Lests at this constriction

ratio were lacking in smalI ice material, i.e., 1' x 1r x 1'

floes. This resulted in the porosity of the accumulation

being higher than that of the remaining tests and led to a
.

:

larger depth of accumulation without raising the backv¡ater

Ievel significantly and the resultingi pressures on the dam.

With larger material and l-ack of small blocks to decrease the

porosity, a deeper jam can form and still remain stable.

This can result in floes at or near the bed causing scour.

The remainder of the tests run at similar or higher

Froude numbers at constriction ratios of .4 and .36 experienced

no scour. These tests had. Iarge amounts of small ice ntaterial

which decreased the overall porosity. The tendency was to keep

thehangingdamwe11'awayfromthebedandatthoughlarger

material was not removed, it did not jam to the bed beneath

the hanging dam,
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FTGURE 6.7 HD-1l. SCOUR BELOW MAXTMUM TCE ACCUMULATTON
FOR RUNS PARTIALLY LACKING IN 1r x 1r x 1r
BLOCKS. F=.08 d=,.2 m= .46

TEST WITH RANDOM SCOUR HOLES BELOW HANGING DAM.

The above tests seem to indicate that scour, íf it
takes p1ace, wi1l be downstream of the constriction below the

dam whereas scour at high Froude numbers without ice will take

place at the downstream corners of the constrict.ions.

Effect of Ïce Cover on Scour

An ice cover can have an influence on scour by
'-.--.-

c)



i) holding a hanging dam in place beneath

without the cover it would have failed., and

a failed- hanging dam and the' formation of a

68

the cover when

ii) stoppage of
dry jam,

i) Retention of Hanging'Dam

A hanging dam formed beneath a cover can attain a

greater d.epth and length. The scour caused is mainly befow

the arch formation. Scour in other places had been noticed

especially wíth the formation of a permeable dam. At higher

Froude numbers, the complete channel fills with ice and the

formatíon bears no resemblence to a hanging dam. All that

remains is the arch. Scour below the hanging d.am.at a solid

cover is shown in Fig. 6.8. Note that scouring is more! severe

than that observed ín tests without a solid downstream cover.

Scour also occurred. in tests in which floes were

heing helped under and whích contained a solid ice cover near

the constrictíon. Scour occurred, in the hangíng dam area and

d.ownstream of the hanging dam along both sides of the channel.

Bed. movement took place while floes \^zere moving.down these'

channels and while ne\4r channels \^iere being formed. These tests

always consumed all the ice niaterial available thus when materíal

ran out, scour stopped shortly after.

ii) Dry Jam

In the maín set of runs the cover was L4 feet

downstream of the constriction. Upon faílure of a hanging
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FIGURE 6.8

SOLTD ICE COVER EFFECT ON

SCOUR AT CONSTRTCTIONS
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dam, a rvedge formed with florv taking place mainly on both

sides of the wedge. scour holes in the order of ,lt occurred

instantaneously along both r,valIs and slight'ly below the jam'

Fig. 6.9 shows scour occuring. If the cover is too near

the constriction, flow ltill not have reached the walls and

scour vritl occur in the centre of the cfrannel '

It is questionable what effect ttre smooth gIa,ss

walls have on failure of hanging dams. Naturally rougTr

walls would tend to support the hanging dam in place under

higher forces. When observing the mode of failure, together

with slid.ing along the walls which takes place, the increased

velocity along the rvalls turn floes under causing voids and

thus room for slippage. It is foreseeable that a rough wall

might cause more headloss and result in lower velocitÍes'

Gouging of Bed

As one of the hanging dams became unstable and moved

downstream, scratch marks the width of the dam were obsepved'

from the constriction to the downstream solid cover, Tlr-is. is

due to the blocks actually scraping the bed or because the janr

is moving downstream at a lower velocity than the flow beneattr

the jam, scour takes place from the increased thickening and

velocity

e) Scour Tfithin Constrictions

vlhen the ice cover l^¡as continued right into the

constriction for flow depth = .2 feet, blocks would jam on

d)
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FTGURE 6.9

DRY fCE JADIS
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ed.ge betv¡een the abutment and. the.ice cover. The block

acted aS a sharp edged constriction. Scour was caused. at

both abutments below the front edge of the cover. Shown in

Fig. 6.10 b) are observed scour holes. It is, however,

questionable whether an ice cover. would remain in a constricted

area. A submerged bridge structure can act in the same

manner as the ice cover. Fig. 6.10 a) is an example of such

an occurrence. It does seem possible that wherever block

sizes approach the d.epth of the flow, this type of scour could

take place and depth r,'/oulcl be dependent upon the velocity.

Block size v¡ould be limited to ones which submerged by iotation.

6.2.3 Time of Scour

Time available for scour below hanging darns was

between one half hour and one hour. Scour usually took place

as floes \^¡ere going under the dam or immed.iately after floes

went under. Since continuíng Scour \À/as not occuring these

test,s \,ìIere st,opped. Test J-9-2 with severe scour \¡tas run

four hours since scour \'ùas taking P]ace' Dry jams had atrmost

immediate scour. Af ter formation of the d.ry jam, water levels

rose and scour ceased. These tests $lere stopped within one

half hour also
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a) PHOTO OF BLOCK JA]'IMED AGAINSTT C"P.R" BR]DGE
AT RI-VERTOI{ f l"lANrroBA , ].97 4 '

PHOTO OF SCOUR I{ITHIN CONST}ìICTTON CAUSED BY BLOCKS

JAIL'4trD BETIÀ]EE}T ICE COVER AllD TIBIITMENTS "

(Downstream scour caused by helping bloclcs under
cover has no relation t-o consLri"ctj-on scou::.. )

FÏG. 6 " 1O SCOUR I'ÍITHIN CONSTRTCTIONS

__t
b)
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6.3.

6 .3.1.

Comparison With Other Experimenters

Limits of Hanging Dam St?bility

According to Estiveef (1958) ' a velocity of 2.3

to 2.6 ft./sec. is the limiting velocit'y at which ice may

move upstream. Shown in Table III are average velocities in

the consLriction from this studY-

Michel (1966). states that the Froude number at

which ice may proceed upstream is equal to F = -154 /L-e

when thickening is equal to .33 the depth of flow. However,

at the constriction, ice is always one layer in thickness.

TABLE TII

MAXÏMUM FROUDE NUI4BER AND VEJ,OCTTY

VV
Average PrototYPe Estiveef
At Constriction (1958)

AT THE CONSTRTCTTON

Fat
Test fE./sec. fL./sec. Constriction

F
I4ichel

HDI1
HD14
HD16
FID2O
HD25
HD26

2.4
2.7
2.5
2.5
2.3
2.8

2.3 -
2.3
2.3
2.3
2.3
2.3

2.6
2,6
2.6
2.6
2.6
2.6

.L46

.L57

.]-47

.L49

.148

.L44

.154

.L54

.154

.154

.1s4
,154

Although Estiveef does not mention the effect of flow

depth, a limiting velocity of 2.6 ft./sec. has some merit.

It seems that the predicting limit of a stable hang-

dam is a Froude number of .I54. Tests at higher Froude numb-

failed and ones at lower Froude numbers proceeded upstream.

ing

ers
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Froude numbers upstream and downstream d.o not take

into account the constriction ratio and cannot be used as a

criterion for upstream progression.

6.3.2. comparison lrilh Ki)¡isild

For the three constriction ratios tested, the test

with the highest Froude number at which the hanging dam was

stable was plotted on Kivisild's (1959) chart (discharge Per

foot vüidth at maximum deposits in hanging dam vs' depth from

jam to bed). These tests corresponded roughly to the Froud.e

number which the channel must attain to proceed upstream and

therefore the maximum thickening at each constriction ratio.

The above plots demonstrate that ice floês can achieve greater

thickening than can frazil ice.

From Miche1

P = .154 ,'t-"

f,Or floes e = O.As seen from the above experiments the Froude

number at the constrict-i-on approaches .L54.

Kivisild's average porosity being .73 results Ín

the maximum Froude number in the constriction being .08. At

constriction Froude number of .OB underturning does not take

place in this stud.y. Thus, Kivísild's charts are not useful

in predicting depth of jamming with ice floes.

In Fig. 6.11 b), Kivisild proposes a relationship

bêtween discharge per foot and slope in feet per thousand.
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The tests performed in this experiment also shov¡ larger slopes

than those Predicted bY Kivisild

6 .4.

6 .4.L.

Preliminary Tests

Effect, of Detergent

Run cI to c4 \^7ere used to stud.y the mode of tlnd.er-

turning. It was observed that floes were sinking vertically

and not turning under about their downstream corner as

described by uzuner (1971) for t/L values of .1 to ,8.

Since floes tested were

believed that surface tension was

submergence and Froude number at

in this range, it was

effecting th-e mode of

which- submergence tool< Place.

Kennedy (1958) states that a scale of l:20 rlas

chosen in his pulpwood tests because it was believed to be

the smallest scale at which surface tension díd not effect the

behavior of mod.el logs. The scale used in this model v¡as 1:50.

A thorough look at previous ice tests at smaller scales d'id not

reveal any discussion on addition of detergent or the effect of

surface tension

Appendix A shows the results of tests run with and

without detergent. ,

A general conclusion of tests Cl to C4 show that
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FTGURE 6.L2

USE OF DETERGENTS TO REDUCE

SURFACE TENSTON
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at a depth of .31 feet and Froude number of -08' very few

floes Lurn under and at a Froude number of .L2, all floes

turn under with detergent. Without detergent, floes begin

turning under at a Frgude number of ,16 to .18,'

Table IV compares the results from runs with-'

detergent, to thickening predicted by Pariset et al t1966)

and Uzuner (1971)

Since a cover of any length was not formed', E/î

values are very approximate, however, there seems to be

considerable agireement with Uzunerts plot Of Cm = .'3, Ttrus.,

detergent seems to have eliminated the surface tension effect.

surface tension also affecLs the formation of

hanging dams. In the performed without d.etergent, Íce

advances to the constriction with no underturning" As th-e

hanging dam develops, the single layer downstream u5ually toO

thin to support the pressure from the hanging dam fails in

compression "

Charbonneau (L973) in tests run ttithout detergent

describes the solid ice cover advancing into the constriction

at one thickness. He also reports that the cover failed a

number of times before it finally advanced through the con-

striction to stay

Affect o_f t/L Ratio

Various sizes of floes \^rere used since it was

6.4.2.



Test

TABLE IV

coMpARïsoN oF F2 AND THICKNESS OF ICE WITH PARISET AND UZUNER

c-6

c-7

.31

c-8

.31

.t2

c-10

.L4

.085

c-L2

Uzuner t/h

.L4

.099

c-13

.31

.10

.099

.26

c-14

unstable

,31

.08

Pariset t/h

"07

unstalole

.09

.0s7

.105

.L2

.064

.31

.17

This study t/h

.085

.L7

.13

.07

unstable

.28

.05

unstable

.06

.11 .25
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believed that if the underturning moment varies v¡ith tine L/L

ratio, floe size would affect the Froude number at which' it

underLurns. Appendix A shows that this effect seems negligable"

Uzuner (1971) also states that the

important, but the effect is only noticeable

very small and verY large.

t/L
for

ratio is
t/L values

It then appears that, ât a given Froude number 
F

and block size being in the range of E/L = .1 to "8r block

size will not effect the Froude number of submergence nor the

depth of jamming. The only not,iceable affect v¡ill be the rouglr¡

ness of the underside of the ice cover which will h¿.ve a

considerable importance in shallow rivers.

6.4.3. Rate of Feeding

The opinion v¡as hetd that' at a very slow rate of

feedinE, transport under the cover is not effected by incoming

floes. A hangíng dam witl develop with negligable or no

shoving. At higher rates of feedingr i,ê" rvhen some under<*

turning is prevented, the desired thickness of the cover and

dam are not achieved and shoving after the dam haS reached a

considerable thickness will occur resulting in a hanging dam

situated further downstream. This is possibly the extreme

case. The hanging dam formed with shoving is; usually larger

and more unpredictable, but is downstream of a jam formed

lvithout shoving, thereby increasing the water leve1 through

the dam and approaching the constriction aÈ a lorver Froude

number
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FIGURE 6.13

RATE OF FEEDING EFFECT ON

HANGTNG DAM FORMATÏON

RUN HD-14
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6.4.4. Fast fce Feed Affect on Scour

The affect of fast feeding would be more noticeable

on shallow rivers where some ice floes approach or better the

depth. Contrary to the orderly underturning and progression

of the cover at slow feeding rates, fast feed'ing leads to

multiple floes turning under at one time. Test HD-14. Fig.

6. 13 \Àlas run over again with a very high rate of f eed.ing, i ' e '

the upstream 18 feet of the channel was completely filled wíth

ice and then sent downstrearn. Tce v¡¿ts turning under in all

parts of the channel, but most notíceably in the constriction

and maximum contraction area. More severe scour was recorded

in this case. The resulting hanging dam formed is usually

downstream of the dam formed with slow feeding. Thus, âflY

scour which will develop belorv it will be further from the

constriction.

6.4. 5. Porosity

Pariset et al (1966) and Uzuner (1971) both con-

sidered porosity equal to zero in the criterion for the

progression of an ice covei:. Naturally ice floes at breakup

will have a porosity of zero, but the accumulation porosity

is not as dependent on the size of ice flow as it is on the

shape and assortment of sizes. By adding small floes, it rvas

discovered that the depth of the hanging dam formed, decreasecl.

Test J-9'2 had a solid ice cover at two feet. Only
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FIGURE 6.L4

UNUSUAL SCOUR OBSERVED

BELOT/ü HANGTNG DAM

SUPPORTED BY DOVüNSTREAM

ICE COVER AND LACKTNG

IN SMALL TCE FLOES

I
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large floes \^/ere used F = .08 d - .31 and the detergent was

omitted. More than .2 feet of scour occurred at the downstream

toe of the abutment, Fig. 6.L4 a. On moving the cover to 0,

test J-9-0, only sIíght scour was observed downstream of the

constriction, Fig . 6.L4 b. The remainder of the tests con-

tained a good percentage of small floes and, scour of this type

could not be duplicated. The exa-ct cause of this unusual scour

hole is not known

Bed Material Affect On Scour And Hanging Dam
Formation

6. 5.

One test was run with Vüalnut Shells as the bed

material in order to observe the effect bed material has on

scour and hanging d.am formation. Using a constriction ratio

of .36, and an averag;e downstream Froude number of approxi-

mately .08, the test was run for three hours before ice

addition, without any scour taking place. As ice jamming

approached the constriction, underturning caused scour which

in turn effected depth and stability of the hanging dam. As

ice began turning under near the constriction, scour begann
:

thus constrj-cting the opening causíng greater pressure on the

ice formation. This is shown in Fig. 6.15. A prior run with

an average downstream Froude number slightly larger than .08

failed. Tests run with the sand bed in the model experienced

less bed materiat movement and at equivalent constriction ratios

and Froude numbers were stable at a Froude number of .098.
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TEST RUN

AS

FTGURE 6.15

V'TÏTH WALNUT SHELLS

BED MATERIAL

.t

f1
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with walnut shells the bed was less stable and it is there-

fore hard.er to predict the Froude number of stability due

to interference of the bed material in the underturning

process. The resultíng Scour holes at the downstream toe of

the abutments \^7ere approximately .2I feet in depth.

6.6.

6.6. 1.

Conjectures

Conjecture -on Froude Number of Upstream Progression

several investigators have noted that ice jams

occur at nearly the same value of the Froude nurnber, either

F or F^ (F ranging from .06 to' .15). Uzuner (1971) expl-ains
¿

this in the follor¡,ing manner: Stability rvill be reached when

t,/u increases to the point r.¡here the F on the stability curve

is equal to F of the river, this will generally be the maxi-

mum value of F on the stability curve. lVhen the stability

ís reached., the ice cover will propogate upstream and íce

blocks will no longer be swept under the cover'

Anexp}anationastoonecauseofthisFroud.e

number range could be that. irregularities in the channel

control the Froude number at which Progression takes place'

For example, d.ownstream of the constriction in a particular

run, an average downstream Froude number of .08 allowed'

progress-i-on upstream whereas without the constriction a

Froude number of .11 allowed progression upstream. The
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resulting Froude number at the constriction was about .15

and that upstream was less than .08. The argument is that

irregularj-ties in the channel control upstream progression

and unless one is examining a perfectly sLraíght channel

with uniform flow, there will be deviations in the Froude

number for upstream progression of an ice cover-

6.6.2. Conjecture Overbank Flow Affect On Hanging
Formation and Scour '' \\ ' \ \

üTith overbank flow, the water surface elevation

will be greater on the upstream side of the embanl<ment than

normal (in the absenCe of the crossing) partly because of the

backwater due to the valley crossing and partly because a

gradient is requíred for the flow to move latterly across

the f tood plain to the main channel. On the dov,rnstream side

of the embankments the water surface elevation will tend to be

lower than normal because the water is slack f.or some distance,

until the flow in the flood plain is re-established. This rvill

cause jamming and instability to result at a lower averag'e

upstream or dorvnstream Froude number. The rnajor change would

be a hanging d.am possibly nearer to the constriction. With the

hanging dam, flov¡ would be re-establíshed orr the flood plain

sooner than it would. have without the hanging dam, possíbly

causing flood. plain scour. High velocities on the flood plain

are also possible immediately downstream of the hanging dam.

on
Dam
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6"6"3 ConjecLure on
Possible Scour

Scour at constricti ons may not be accounted for

en*tirely kry existing scour depth equations if the following

conditions exist:

1) The river has some history of ice jamming

2) At some time duríng breakup an average Froud.e number

less than .1 takes Place

3. The new const.riction ratio is larger than one that occurs

naturally just downstream of the site under consideration.

4) The bed material is finer than gravel

6.7 Conclusions

The results of the model study indicate:

a) Hanging dam formation occurs dov¡nstream of the constriction"

Single thickening is observed a-L, and upstream of, the constriction.

The Froude numbers in the model were v¡ithin the Froude number

range observed by previous experimenters. The largest average

dorvnstrean Froude number at v,rhich an ice jam wou1cl be stable
\

ranged from .08 to .1. This varíecl with the contraction ratio,

depth, porosity, ancl aiso bed material.

b) Scour observed below the hanging dam in tests run v¡ith a

sand bed appeared as pothole scour in the vicinity of the hanging

dam. Scour observed. from tests run with walnut shells as t.he bed

material $tas .more severe and occurred at the toe of the coustrict-

ions. The scour holes oJ¡served below the hanging dam never

a Quick
Due to

Check
ïce at

for Detecting
Constrictions.
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approached the d.epth of flow, whereas scour in the walnut shell

bed equalled or bettered the depth of flow'

c) Interference of a solid ice cover near the constriction

increased scour.

d) Froude number at constriction approached .154 as ice pro-

ceeded upstream 
:

e) Kivi-sild.'s charts predicted greater distances from bottom

of hanging dam to the bed and a smaller slope of the hanging

dam.

f) Detergent was necessary to reduce surface tension
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CHAPTER VIT

7.L"

CONCLUSIONS AND RECO}MENDATTONS

Introduction

The purpose of this investigation was to determine

if ice jams cause scour at constrictions. Spill-:througtt'

abutments placed in a sand bed flume \,Vere used to assess

scour hole depth and shape, and backwater effects, Th-ese

r^7ere compared with previous experimenters to determine the

soundness of the model and to assess which- design curves

best describe scour at spill-through abutments on small

rivers.

upon affirmation of the mode1, polyethylene blocks

representing ice were added. The initiat tests with ice

and uniform flow in a straight channel \,vere run for ccimpari-

son of Froude number of submergence with Pariset et al (1966)

and Uzuner (1971) . Here it was det,ermined that surface

tension was effecting submergence and deLergent was necessary

for this scale of model. Constrictions were then placed back

in the flume and tests were run in order to observe at what

Froude numbers íce jams occurred, their location and depth,

and also any scour which resulted. Locatíon of a solid ice
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cover was also varied to observe the effect it has on

hanging dam formation and scour. F'inally walnut shells

were used as the bed material to determine if the scour pat-

terns observed. for gravel bed rivers are typical of all bed

types

7 .2. Conclusion

Added_magnitude of scour due to ice jamming:

a) For gravel bed rivers (prototype) , r^rithout dorvnstream

ice cover near constriction, scour only occurs beneath

hanging dam and is only ranclorn pothole scour. It only

occurred.with high porositv accumulations

b) Scour in sand bed rivers (prototype) can occur near

the downstream toe of the abutment, similar to scour lvith-
out ice.

c) Porosity of accumulation effects depth of thickening

and ranclom scour hole depth

d) A solid dorvnstream ice cover can increase scour and

thickness of jan. Limits are dependent on strength of sorid.

cover

e) Bed scour effected hanging d.am stability in tests run

v¡ith walnut sheIls

lianging dam prediction:

a) I(ivj-síld I s charts do not apply to ice f 1oes. 
,

b) Froude number at constriction appears to be the only
consistent variable at maximum ice thickeninq.
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Uníform flow in straight channels:

a) Uzuner's (1971) equation best predicted thickening for

straight channels and uniform flow!

Without. ice conditions:

a) Das (L972) equations for scour depth and backwater for

end-dump closure constrictions apply to spill-through abut-

ments on small rivers.

b) Other scour depth equations were developed. for l4rger

rivers, i.e. constristion not as streamlined,

7 .3. Recommendations

Various scour holes have been

the model studies. It Ís therefore fe]-t

is warranted.

observed belorv ice Ín

that further research

The mod.el studv indicates:

more field v¡ork is needed in determÍning ice jam depths,

corr.esponding Froude number of flow and bed soundings for

scour d.epth

model studies on scour due to ice jams on a larger sca1e,

This would enable tests to be run without detergent using

f iner bed material v¡ithout the use of walnut shells, whictr-

usually are subject to large dune formation.

further tests to develop a mathematical model- which v¡ould

explain thickening in terrns of average Froude number and
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constriction ratio

studies on jamming ancl scour at river bends

-modelstud.iesonscourd'uetofrazi}iceaccumulations.
(scour belovr frazil ice accurnulations will not be as severe

as that below chunk ice accumulations. However, ftazLL ice

accumulations may be the dominant type of formation on some

northern rivers. )
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APPENDÏX A

EXPERIMENTAT, DATA OIiI TESTS VJITHOUT TCE

A.T SCOUR AT SPÏLL-THROUGH ABUTMENTS



Run No,

À:2

A- 4

Vâ.ve
downstream

A- 5

o

.61

B- 6

.3 tJ

Constriction
Ratio m

A- 7

.3õr
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.62

.4

Flow depthFIow depfh
d.ownsÈream
of const,

.J¿

.JJ

.45

.19

.45
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depth of
scour ft.

.21

.46

"2

.2

.26

'¿l- J-

"¿

.06

Froude No,
downstream

.33

.¿

.t4

.25

.22,

.¿)

.¿J

U

.25

. ¿)

.1

H
(,



APPENDÏX B

EXPERTMENTAL DATA ON TCE JAI.îMTNG TESTS

B. 1 HANGTNG DA}I



Run No.
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Q Discharge
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8.2 EFFECT OF DETERGENT
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APPENDÏX C

HANGTNG DAM TLLUSTRATTONS



APPENDTX C

HANGING DAM ILLUSTRATIONS

Pþotograph of Constriction - Hanging dam outlined tries

to show extent, of severe thickening.

gide Photographs - Show d.epth of hanging dam.

Plan View - Station -1 to station 10. Arnount of ice con-

sumed plus outline of severe thickening.

Water Surface Profile - Chanqe in water elevation due to ice.

Upstream of constriction rvater surface profile altered

negligably and is therefore not shown

Cross-sections - Show thickening of hanging dam.
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