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ABSTRACT

The scour phenomenon has been.investigated for
various types of scour: at bends,>constri¢tionsvand confluences.
The influence of an ice cover on the ultimate scour, however,

- bas not received similar attention. Observed severe thickening
of ice jams at constrictions meant that higher velocities pre— :
vail beneath them. It was felt that any scbur>which resulﬁéd
would not be accounted for in existing éqﬁations. A mddel was
used to observe location, depth, and Ffoude numbef of jamming andg -
resulting scour. Spill-through constrictions of varying widths
were placed in a sand bed flume representing a small gravel béd
river ap?roximately 150 feet wide and 10 fo 20 feet in depth.
Polyethylene blocks represenﬁing ice were added_and lbcation of
jamming and depth of thickening were observed. Ice jamming was
found to‘occur downstream of the constriction with singie thick~
ening through and upstream of the constriction,‘ Séour in thev
majority of fﬁns representing gravel bed rivers was found to océur
below the hanging dam and only as random pothole scour.. Howevér,
in tests run with walnut shells rebresenting sand bed rivers, |
extensive scour occurred at the downstream,toe of the abutmenté
similar to scour without ice, but at much lower Froude numbers.
It was therefore concluded that scour aue to ice can take place
at Froude numbers much lower than those‘obéefved withoﬁt ice

conditions.
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CHAPTER I

1.1 Introduction

" Since bridgework generally costs much more per
unit length than earthwork, maximum econdmy is usually
achieved by making the effective width df a waterway open-

" ing no greater than is necessary to meet basic hydraulic.
requirements. C. R. Neill (1967) lists usual constraints
on shortening of bridgework as scour, backwater,’and

velocities.

1.2 Scour At Spill-through Abutments

Scour at spill-thrdugh abutments at ice free
conditions is the result of local ahd Qeneral scouf. |
Three approaches have béen used to determine maximu@ scour
depth. .. | |
a) Regime type analysis Khosla (1936) and Blenchv(l957)5
b) Empirical correlations, Garde Subranamya and Nambudripad

(1961). Izzard and Bradley (1957) Ahmad (1953) and Das
(1972) scour at end dump constrlctlons._
c) An analy51s taking into account increased bed shear

'stress. Straub (1934) Laursen (1960) and Komura (1966).

1.3 Scour At Spill-through Abutments Due To Ice

Accounts of ice jams attaining great depths

downstream of constrictions and narrows indicate that high




velocities below thesevice jams cause scour. "There is no
equation relating scour during ice jams'fo existing flow‘
conditions.- Theoretical and laboratory work on icé ha&e
been‘limited to uniform flow in straight:channels. Field
investigations have been limited becausevof the difficulty
in obtaining data. A ?alid prediction of possible back-
water and scour from ice jams can only be done by past

experience and intuition.

1.4 Purpose and Scope

It can be seen from the eregoinglthat scoﬁr a£
constrictions has received a fair amount of,attention,ibut
as yet design charts differ in the predicted séoﬁr depths.
 For spill-through abutments on small rivers, it is nécessary

to know which design curves are applicable. -Scour due to
ice jamming at constrictions is, however, én uﬁresearched:
'phenomenon. The purpose of the testing programme'will be
to indicate

- location of jamming,

- Froude numbers at which jamming and instability 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 modeling,
- possible depths of jamming,

resulting scour.




This study was confined mainly to gravel bed
rivers approximately 150 feet wide and 10 to 20 feet in
depth. One test was pefformed with wainut shells for the
bed material representing a sand bed; Spill—through
abutments provided three constriction ratios at which ice
jams were formed. Time involved in testing prevented a
wider range of testing_in respect to depth of flow,’con—
striction_fatio, bed material size and porosity Qf ice.
The sméll number of tests prevented dimensional plotting
and the reéults can only be used as an indication of the

location and depth of scour with and without ice.

1.5 . outline of Contents

Previous studies on scour and backwater at
constrictidné are reviewed in Chapter.Ii. Invéstigations»
of local scour such as due to bridge abutments or spur-
dikes, and on general scour due to channel‘cdnstrictionsj-'

are reviewed.

gstudies on backwater due to different constriction

geometry both on rigid bed and alluvial channels are reviewed.

In Chapter III a review is made of reéorted scour
under ice near constrictions.‘ causes of ice jams and the
" jncrease in backwater due to ice jams,aré-also reViewed. 
The critérion for the progression of an ice cover is reviewed

in detail since it explains limitations on thickening and




upstream progression.' Hanging dam_ermation is reviewed |
and other tests on ice jamming in which constrictions were
involved. The literature review indicates laék of inform-
ation on ice conditions at constrictions ana none whatsoéver

on scour possibilities.

The experimental equipment materials and pro-
cedure ate detailed in Chapter IV. The tests were run in
a threé foot wide flume and comprised over 50 runs with and
without ice, using a bed material éize of .5 mm in all but
one test. Three main constriction ratios of‘.46, .40, én&
.36 were uséd and bed material was not added to the flow in

any of ‘the runs.

Chapter V compares the scour depths and pattetns
of thlS study w1tb those of prev1ous experlmenters. The
resulting max1mum scour depth and backwater from this study
~are plotted on various design curves in order to determlne
which design curves aré applicable té spill—through abut—

ments on small rivers.

In Chapter VI, the results of all expériments with
ice are discussed. Froude number of underturning and thick-
ening are compared with previous experimenters, and the use of

detergents for the elimination of surface tension is discussed.

Hanging dam formation at three constriction ratios
were observed with respect to scour depth, location and their t

dependence on Froude number of flow and porosity.




A short conclusion and recommendation for further
‘studies is contained in Chapter VII. The complete experi-
mental data is detailed in tabular form in Appendix A and

B.




CHAPTER II

REVIEW OF LITERATURE ON SCOUR AND BACKWATER

2.1 Bed Scour Due To Constrictions

Bed scour due to channel constrictions results
from;
| 1) Obstrucﬁion or local scour - Piers, abutments:
or short spur dikes effect flow only in their vicinity. A
vortex system forms near the obstacle and the increased
bottom velocitiesvassociated with the~vqrticies, 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-contractionbin‘a channel
oﬁer'a sufficient length causing a general degradation of
the channel in this>reach. Scour depth is detéimined from
the increased bed shear in the contractedireach., Scour at

spill-through abutments involve both types.

Three approaches have been used in the.develbpment
of formula for predicting maximum scour depth: |

‘l) Analysis of scour due to ihcreased diséharge
intensity (a regime type analysis) applyiﬁg empirical - |

coefficients:




Khosla (1936) based on Lacey's studies on scour in
alluvial rivers in regime, derived a relationship between
ds, the scour depth below the original bed and q; the dis<

charge intensity per foot width of the main channel as

h + ds = .90( q2/3) _ | (2.1)

£, 173

where ds = depth of scour, h = depth of flow, and fl is
Lacey's 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, or spur dikes.

Blench (1957) reported an empirical correlation
between (h + ds)‘and a develoééd from prototype data by
Andre (1956) in the form (h + d_) ¥, "/° = 1.35 q' * where
Fi, is the bed factor equal to Vz/d.

2) Empirical correlations invblving relevent non-=

dimensional variables:

’ Gatde, Subramanya and Nambudripad (1961) studied |
scour afound a spur dike made of a‘verfical steel plate,
They.showed that the Froude number, the opening rétio, and
the average drag coefficient of the sediment partiqle ad-
equately account for maximﬁm scour depth by verifying the
dimensional analysis with the help of experimental data, :
Thej-concluded that

(h + dsj - 5,1, PP R (2.2)

T

h
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J and p are functions of Ch which is the drag coefficient of

the bed sediment.
c. ={4/3 (y. - ) aye? . '
D . Yg 7 Tw Py , (2.3)
M = opening ratio..

They found J varled in the range 2. 75 to 5 and p varied in
the range .67 to .9 for bed sediment ranglng from 29 to
.25 mm. Neill (1962) eontehded that Cj does not adequately
account for the sediment. Beyond a median size of 1.5 mm;
~the fall velocity being proportional to the root of size,
YCD would be’independent of the size and thus depth.of scour

would be the same for large:boulders.

Liu Chang and Skinner conducted-experiments on
vvertical wall, wing-wall and spill—through'abutments,’ They
also found that the Froude number and openlng ratio M are |
the most essential non-dimensional terms 1nfluenc1ng scour?

however, the effect of sediment size was not analysed,

Izzard end B:adley (1957) and Ahmad (1953) suggested
relationships in the form |
2/3 . . .
(h+d ) = K (gy) < @8
in which K,r a multiplying faetor, is primarily a function of
theFSpur dike configuration end d, is the discharge intensity

‘at the constriction (g, = q/l-m).
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Das (1972) proposed design curves for maximum
scour due to end-dump constrictions F, m, ps/pw, d/h and

(ds + h)/h were the essential inter-related non-dimensional

variables describing scour where pgr P

w 2re the specific

densities of bed material ahd waterirespectively. The
resulting equation is
— . .2 . . .’
(h+ds)._ 0.695 F0 85 (E)O 9 - 0.43 l00.43(33m+34)
B - d (—)
; Apg

(2,5)

j3 and j4 are coefficients primarily dependent upon F,

3) Analysis of erosion due to increased bed shear

stress:

.Straub (1934), Laursen (1960),Iand Komura (1266)

analysed scour in a long contraction.

For the case of sediment transpbrting flow, scour
in a constriction would obtain eéuilibrium after the sedid

ment inflow balances the sediment outflow.

In the case of the clear water flow, the boundary
shear stress in the scoured region is the critical shear '

stress for the material.

Laursen and Komura proposed:

(htdy) = (—;—0)3/7 (2)6/7

C(2.6)
2 | |

.

C

for scour in clear water flow for a long contraction ?0

and t, are the boundary shear stress in the normal channel - -
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and the critical shear stress for the bed materiél
respectively. Laursen also reasoned that whén £he.clear
opening is more than 5.5 dg interference'ié minimalxand
scour holes due to the individual abutments do not over-
lap. For this case he proposed:

7/6 - 1/2 S
=2.75 % 1 @s) + 13 /0 -1 (2.7)

h r h T

g

C

for clear water scour.

a = length of encroaching abutment.

r = ratio of depth of scour at an abutment to depth of scour
in a fictitious'long'contraction of width as a+2.75 a;;

(h + d ) limiting = 12.5 (F) . (2.8)
dg = 2 ,

g

They also showed the affect of constriction shape

on depth of scour.

2.2 Maximum Backwater At Constrictions On Rigid Beds

Lane (1920) experimenting with shafp edged Vertical
constrictions revealed that the Weisback formula applies to
sudden coﬁétriétions whereas the d‘Aubuisson‘formula applies
to gradual contracting flow. He mentioned,‘but‘unfortunately

did not give any relationship with, maximum backwater.'




Kindsvater and Carter (1953) and Tracy and
Carter (1953) performed extensive investigations of open
channel flow thrdugh abutments of various shapes and

geometry using dimensional analysis.

A discharge equation was derived from the energy

and continuity equations

o 2 1/2 -
Q = discharge in cfs.
Cg = Kindsvater's discharge coefficient.
b = mean width of the contracted opening.
hy = flow depth at section 3-3.
V.2 . . ' .
ag _17 = weighted velocity head at section 1l-1 where the
2g _ . o ‘ ’
mean velocity is Vl and o, is the energy coeffi-
cient.
hfi 3 = head loss in friction betweén sections 1-1 and 3-3.
From dimensional analysis Cx is primarily depéndent
upon F3, the Froude number of the flow at section 3-3

(F3 = Q/bh3{gh3}l/2), m, the contraction ratio and L/b the
ratio of the length of the contraction in the flow direction

to the opening width.

Curves have been presented for'various shaped

abutments, in order to predict discharge knowing h3 and Ah.

Tracy and Carter have presented curves for a
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dimensionless backwater as h*/Ah. By dimensional analysis
h*/Ah was empirically correlated with the constriction ratio
vm and the Mannings roughness factdr n for vertical faced
constrictions with square edged abutments and other shapes. 
The shortcomings of.this method is'that it cannot estimate
airectly the maximum backwater h* from h*/Ah relationships
because h is dependent upon Q, hc and CK has to be evaluated

in the first instance by a trial and error procedure.

Liu, Bradley and Plate (1957) conducted studies for
vertical board, wing-wall and sloping spill—through abutménts.v~
Energy momentum and ¢ontinuity principles led to an equation

for H, the depth of maximum backwater section given by

(g/m)3 =3 F2 (9 - 1) (2.10)
2 M _ :
~F = the Froude number of unconstricted normal £low.
= empirical coefficient.
M = opening ratio = 1l-m.

The empirical coefficient ¢ was observed to depend
upon the model type F, M and b empirically correlated for
" a simple vertical board model as .

g =1.33 {1 - 2 M2 (2 -M~-1 )1} ’ (2.11)
.3 ' 3F -

The final equation was

2 11 -2 (2.5 -m)  (2.12)

(5/h)> - 1 = 4.83 F
| . 3 |

whd

M
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Valentine (1958) from a dimensional approach-

obtained

Gy 8 - | (2.13)

Cd = discharge coefficient function of F and m

by substituting for V and Q, it can be written as

(H) = (gl/z/c )2/3"-(1?_)2/3 . (2.14) .
h d Mo L

Biery and Delleur (1962) studied backwater rise

through arch bridge constrictions.

Their studies resulted in an eguation for any type

of constriction

(H) = 1 + 0.47{ (F)2/3}° R (2.15)
h M : : - ,
2.3 Constrictions On Alluvial Chahnels

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

with F as the variable.

2.4 Literature Review Of Flow Patterns And
Velocity Distribution Through Constriction

Flow patterns through constrictions were observed by

Das (1972) for end dump constrictions.
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Kindsvater and Carter (1955) studied various
- constriction geometries and Biery and Delleur (1962)

experimented with semi-circular arch bridge constrictions.

Das (1972) described rapid drop of water surface
contours around the dump line in contrast to a flatter drop'
along the centre line indicates the flow to be accelerating

more rapidly close to the advancing boundary.

The long contraction causes the flow to expand
gradually over a longer length. He also noted the local-
angle of contraction Yl at the dump line to be larger than

the local angle of expansion Y,-

Das measured the flowa%idth‘at'the vena-contracta’
b,s the length of contraction L,, and the length of expan-

sion L34 .

He concludes that the geometry of the constriction
has a decisive influence on the coefficient of contraction
from the fact that the contracting stream haé a Qertical edge:
upstream and downstream of the constrictions ahd hugs the

sloping face in between. He assumed

C, = f; (m,F, tan g) | o - (2.16)

tan g = slope of end-dump face.

He expressed contraction length as

L,y = f2 (m,F,tan ¢)» . R - (2.17)
b ' '
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and expansion length

tan ¢2 = L3yq = £, (M, F, tan d&) o (2.18)
(B=b) /2 | | :

Das concludes

1) C,. is primarily dependent upon M

c
2) Angle of contraction Y; varies between 5° and 25°
3) BAngle of expansion Y, varies between 15° and 35° dependent

primarily on Froude number of approach. flow.

He also obtained non-dimensional plots of

Xe wvs 2Yc

L23 B—bc
and
Xe vs Ye
L34 B"bc
« i
< Xe
Las Lag
00 02 04 04 08 10 o 0.2 0z 0.6 o
' ! ! r ! S p e ey T T la *“‘lo
“;3\}%?- T
» -
F=059 » "
o2} \ . =050 o o2
L F=029 . 02 >
:;' F= 010 » . . . X “
04+ 04+
2y, 2y,
b-b, B-b
<
0s |- osl  F=050 s
o F=z029 a -
F=010 «-
08 - 08
o {b)riow Expansion

tol _
Fig. 2.3 NONwDIMENSIONAL'PROFILES OF LIVE STREAM BOUNDARY DAS (1972)




indicating profiles are similar irrespective

number and contraction ratio.
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CHAPTER III

REVIEW OF LITERATURE ON ICE JAMS

3.1 Reported Scoﬁr Under Ice

Melin (1954) describes erosion in Scandinavian

Rivers composed primarily of frazil.

"In places where barrages appear, the iéebwiil
often fill up a great part of the section fight down to
the bottom. Therefore, the water is fofced to follow one
or a few channels, flowing more rapidly than beforé, re-

sulting in a great tendency of erosion.

Areas‘where such erosion is common are the upper
part of the ¢alm waters. Here big masses of soil and gravel
.>have been deposited after having been brought from the rapids
above, and the bottom constitutes a very good ground for
érosion when the velocity of the water increases. Some~
‘times the flow will follow a channel along the riverside
eroaing it and caﬁsing big masseé of sediment to‘plunge into

the river."
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3.2 Causes of Ice Jams

Ice Jams are of several different varieties and
origin. Unfortunately, there are no universal definitions
of ice jams, therefore it is necessary to state those used

in this report.

Ice jamming is said to occur when a cover of loose
chunks of ice begin to compact and become at least two lay-

- ers in depth.

A dry jam is formed by the jamming of ice floes
down to the river bottom at an okstacle Which may be'én
. existing ice accumulation or bed irregularity. Water has to °
flow by infiltration through the ice plug and its level in-
_creases rapidly upstream. This jam is pracfically'unpredict—
able and unstable, énd will go out when the upstfeam water

level increases sufficiently.

"A hanging dam is a sfable jam which is greater.than
one-third the depth of flow. Two 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 consequeﬁtly
a stable ice'cover more than one—third the depth of flow.

The second type occurs at channel expansions. ’Wifhin theﬂ
expansion,velocity and ice carrying capacity dflthe‘water
'_are low and the ice cover can obtaiﬁvgreat thickness by

accretion.
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For the formation of an ice jam there must be a
discharge of fragmented solid ice or fraéil ice, and an
obstacle to im@ede the passage. Therefore; the meterologicai
and hydrological conditions which go&ern the stréam discharge
and the geometric properties of the channel could affeCt the .

passage of ice..

U. S. Army Corps of Engineers (1967) Bryce (1968)

summarized the causes of jams (Uzuner 1971).

a) Obstructions Which Impede Ice'Passage,‘v

i) = Channel constrictions, such as rapids, sharp bends,
bridge piers, protruding abutments, flow regulating structures,

islands, and border ice extending outward from the shore.

ii) Extreme cold resulting in extensive freezing and

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

iii) Thick lake (or sea) ice forced to river mouth during
high wind and storm periods where it is grounded in the

relatively shallow river channels.

iv) Floes remaining in a river mouth after ebb tide,
v) Sudden streamwise decrease in depth along a channel
accompanied by decreases in velocity and slope and/or 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/of 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) Break up of ice sheet by increased river discharge.
V) Previous winter conditions (Michel).

vi) Surface flooding in winter.

There are of course other flow, hydrological and

topographical conditions which can lead to ice jam formation.

3.3 Criterion For Progression Of Ice Cover.

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.

Uzuner's (1971) e#ample is as follows: "Imagine
an ice block flowing downstream coming into éontact»withva
stationéry, continuous, or fragmentic, iceicover; If theAicé
block reaches a state of static equilibrium‘upon‘impact with
the ice cover, the cover will propogate upétream. Under

other conditions, the block will be swept'undér the cover
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and come to rest or continue with the flow."

McLachlan (1927) wrote one of the first publicfv
atféns on the hydrodynamic conditionsvcontrolling the
progression of ice covers based on field 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 concluded that a velocity of
2.25 feet per second is an upper limit which can only be
obtained under ideal conditions. Field observations on the

St. Lawrence were also the basis for his conclusions.

Estiveef (1958) from observations of ice cover
progression in the nortnern rivers of the U.S.S.R. states
frazil coming up to surface to deveiop into ice floes cannot
form an ice cover at Velocities higherAthan 2.3 to 2.6 feet

per second.

Kivisild (1959) states that the criterion for the
progression of an ice cover should be eXpressed in terms of
the Froude number F of the flow upstream from the cover

F = Vu where Vu is the veloc1ty and H is the depth upstream

/gH

from the cover and g is the gravitational constant. He con-
cluded on the basis of his obeervations 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 .08 is dependent on the por051ty of the ice

accumulation. The average porosity value of KlVlSlld'S_teStS _
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was .73.

Newbury (1968) also found from observations on the
Nelson and Churchill Rlvers that upstream progres5lon of fra21l

ice occurs at a Froude number of approx1mately .08.

Cartier (1959) concluded from observations in a
canal nine feet in depth and forty-six feet in width that it
was possible to obtain upstream progression of an ice cover

with big ice floes at velocities higher than 2.3 feet per second.

Pariset and Hauser (1961)‘develope& a complete
theoretical analysis for the stability of ice covers in‘rivers.;
This énalysis applies to narrow rivers in which the tangeﬁtial_,
force exerted by the banks on tﬁé ice cover is adéquate to
support the flow induced and gravitational"forces exerted on
the cover in the streamwise diréction. ‘Thé thickness of the
‘ice cover is governed by conditions at‘its upstream edge. The
criterion for the progression of a cover is expresséd in terms

of the Froude number.

Pariset et al (1966) and Michel»(l966) analysis of the
leading edge blocks becoming unstable.and being 3wept under are

as follows:

Pressure supporting the block ié reduced as the flow
passes under the ice cover. The elevation of the block is
lowered below that corresponding to>the no flow condition. At
the stagnation point at the leadlnq edge of the ice cover,'the
local water surface elevation is 1ncreased by the amount of the

velocity head.
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When the water surface elevation at the leading -

edge becomes equal to that at the top of the block, an

ice block becomes unstable and is swept under the ice cover.

1 -
F_ =1t (1-p') (1-e)3” (1-%t) ' (3.1)
2 H P H o .
t = thickness of ice at leading edge.
H = depth of flow upstream of cover.
F2 = modified Froude number.

p',p = density of ice and water respectively.

e = porosity of the ice.

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

taking porosity into consideration.

For e = 0 this reduces to the equation developed by

Pariset et al (1966).

Uzuner (1971) provided a similar expression to
Pariset et al and Michel, however, he used a much more .

realistic analysis of ice block submergence.

As the flow pésses under the léading edge of the
~upstream block, it is accelerated becauée of the reaucedi
flow area under the ice cover. The vertical acéelefation
as the flow passes around the lower upStream'éorner of the
.block produces local separation and furthér.reductioﬁfof
pressure in this vicinity. The block rotatesvabout its

downstream lower edge until equilibrium is reached between .
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the moments due to the blocks weight and the pressure

distribution at the bottom of the block:

£ @ =-pl)
Fs = __H b (3.2)
cg+_+ - (1 +8) :
1 -t
H
Cs = square of ratio of surface velocity to mean velocity.
B = normalized half length of separation zone.

For CS = 1 and B = 0, this is the same as the

equation derived by Pariset et al.

B = 0 for long blocks with no rotatioﬁ,

Uzuner shows that rotation of blocks occurs at

t/L values of .1 to .8.

0.05

t/H

“Fig. 3.2 ANALYTICAL PREDICTIONS OF CONDITIONS FOR UPSTREAM
'~ PROPAGATION OF LEADING END OF ICE COVER.A‘
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+ = thickness of block

L = length of square block.

Uzuner takes into account CS and B in his more

realistic model and predicts lower F2 values than Parisét

et al.
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 valley in sector where the
jam occurs. |

2) The thickness of ice covefﬁand its firmness.

3) The intensity of influx of flood water (intensity of
rise in'water level) and the ice movement_cohnected with it;
4) 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 point in the river will 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

backwater.

3.5 Hanging Dam Formation.

Pariset et al (1966), Mbrton,_Michel (1966), and




others have mentioned hanging dams as a unique type of
ice jam formed when high veloc1t1es are encountered, but
KlVlSlld (1959) was the first to try and explain hanglng '

dam formation in qualitative terms.

Kivisild (1959) gives a relationship between
Froude number and depth of flow, depth from hanging‘dam
to bed vs. discharge per foot width, for hanging dams

formed by frazil flow.

Lazier's (1973) model study on the M01ra Rlver
show relatlonshlps between velocities and depth for
incipient and stable jamming. Althoughvthe model had a
slight constriction and a jam downstream of the constrictien,
jamming depthe and a Froude number relationShip were nofu

obtained.

Charbonneau (1973) undertook a‘ﬁodel etudy‘on
closure of the Reviere des Roehes byvformation of a hanging
dam downstream of a constriction. The resulting report is
mainlybdescrip+ive, but 1t does give an 1nalcatlon as to
where the dam will form and possible depths, the effect of
a solid ice cover on hanging dam formation and‘description

of formation .
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Fig. 3.3, LAZIER (1973) DEPTH VS. VELOCITY FOR STABLE
JAMMING (MODEL STUDY OF MOIRA RIVER).

3.6. Conclﬁsion.

~As seen from the literature»reﬁiew of:ice proceSses;
scour below ice- jams has not been studied. Icebjams are'only»
'predictablé in straight uniform_chanhels althoth Kivisild
(1959) has made an attempt to predict depths and slopes from
dlscharge per foot width for fra21l ice accumulatlons. Tﬁe

following model study will compare thickening 1n a stralght
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ﬁniforﬁ channel with that predicted by Pariset ét al (1966)
and Uzuner (1971). The resulting hanging dams formed with
constrictions will be used for the determinétion‘of scour
depth, and locations of hanging dam and scour. The Froude
number of fprmation will be compared with those observed by

Lazier (1973) and Charbonneau (1973), and depths and slopes

will be compared with Kivisild's (1959) charts.
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CHAPTER IV

EXPERIMENTAIL EQUIPMENT, MATERIALS AND PROCEDURE

4.1.1 General
The equipment used consisted of.—
1) flume and flow system and

2) the measuring devices.

4.1.2 Flume and Flow System.

Experiments were carried out in a 39 foot recircu-
‘lating flume 3 feet wide and 3 feet deep withia horizontal
bottom. The side walls were glass from station -2 to statlon
18. Of the 3 foot depth available in the flume, the bottom

8 1nches were filled with the bed material from station ~2

to station 14. A head tank and an-upstream stilling screen

between the head tank and the flume took up-six feet.

The downstream end was designated as station 18 and
the upstream end designated as station -21. Station 0 was
reserved for the centre of the constrictions. The bed

elevation was'arbitrarily designated as 1,1 feet,

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

provided by a Centrificél pump which drew supply from an
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FIGURE 4.1

MODEL LAYOUT
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underlying sump. The flow was received in a head tank and:
the discharge was measured by timing the volume accumulated

in the holding tanks.

The downstream end of the flume was provided with a
tailgate which could be cranked up or down. This tailgate
regulated the stage disgharge pattern of the flow required. in

the study.

4.1.3 Measuring Devices

The principai recording instfuments included;

1) A point gauge for measuring the water surface elevations.
and the static bed elevétion at any point'&ithin thevflume.
The point gauge was equipped with a vernier to measure to the
nearest 0.001 foot. |
2) BAn electronically sensed propeller meter for velocity
measurements. .

3) Stop watch for discharge and velocity measurements.
4.2 .Material

1) Sand - one size of sand of .5 mm median diameter was used
as bed material in the main testing program.
2) Walnut shells - one test ‘was run with walnut shells .65 mm -

median diameter.

U. S. Bureau of Reclamation recommends the sieve size

passing 75% of the material by 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

median size in this study.

The size distribution curve is shown in Fig. 4.2,

TABLE I
CHARACTERISTICS OF BED MATERIAL.
Distribution ' Specific :
Curves . : Materlal‘ d50 in mmi. | GraVLty. Hﬂ”chi
A | sand : .5 - 2.65 2.01
B Walnut .65 1.3 1.25
: Shells : ' ’

3) Abutments - Top width of the abutments represented a

24 foot roadway approximately. Side and fron£ slopes were
both two to one with a circular sloping face joining the
front and sides. The abutments were always continued below
the maximum.scour depth. The complete abutménts, except

for the top, were covered with riprap.

4) Abutment Riprap - One size of material was used which:

passed through a 3/8 and remained on a 1/4 inch sieve.

5) 1Ice Material - Low density polyethylene was used as ice
material. Sizes ranged from 1/4" x 1/4" to 2 1/4" x 2 1/4".
This represented 1' x 1' to 9' x 9' floes{ Two thicknesses

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

+

4.3 Procedure

In orde: to determine.flow patterns, scour aepth
and pattern, velocities and backwater effecté,-runs Al to
A8 were performed without any iceQ Theée:weré meént to |
assess the applicability of design curves for scour at

constrictions in the model.

Run J7, J8, and J9 with five locatiéns of a solid
ice cover were performed with ice floes in‘order to gain
some insight into Froude numbers at which ice jams occur

at constrictions and the location effect of a solid ice co&er

downstream of the constriction.

Cl to Cl4 were run without any constrictions. These
were intended to determine affect of detergent on undertufning
and to study mode of underturning. Ice floé size was also
varied to test affect this had on Froude number at which

they turned under.

The main testing program encompaséed run HDI1 to
HD27. Three constiiction ratios were tested .46, J40, .36, af
depths of .2 and .33 feet. Studied in these runs were head loss.
due to the ice jam, depth of jams, backwéter, scour, éffect-
‘of solid ice cover, flow patterns, and the effect different 

rates of dumping had on the'hanging dam.
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4.4 Data Taken.

In the main tests, experimental procedure involved
gathering data for varying approach flow conditions and
constrictions in respect of -

1) flow pattern and velocity distribution thrdugh constriction.
2) maximum depth and pattern of scour at vaﬁying 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 involved closing the tailQ
gate and filling the flume to avoid écdur at the constrictions
at the beginning of testing. Before each run, the desired
Froude}number at 10 feet with depth of .2 or .33 was obtained
by altering the discharge and tailgate. When this constant

level was achieved, ice was added.

The slight difference in slope between bed and water
surface was accepted because constricted flOW’isvbasically

a local phenomenon.

By injecting dye from upstream and also usingbconfetti,

the flow pattern and eddy zones could be visualized.

Photographs of flow patterns, ice depths and forms,

scour pattern and other pertinent features were taken during
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the tests.

Flow was continued in runs Al to A8 for six hours

and in HD1l to HD27 for one-half hour after icevjamming.

The scour patterns were contoured while the water

receded and scoured bed elevations were recorded.

4.5 Ice Feeding.

The usual method of ice feeding is aS'fOllOWS:Y
1 gallon cans were used as mixing confainers; Pails ﬁere‘
filled 1/2 full of ice, .08 cubic-feet_in volume, to the
ice was added detergent and water. Each 08 cubic foot
was dumped slowly over a large area upstream of the

‘constriction.

4.6 Model Setup.

The model used represents a 150 foot river approx-
imately 10 feet in depth. The scale ratios were based on

the Froude Law Criterion; the scales were as follows -~

Horizontal 1:50
Vertical 1:50
Velocity 1:7

Discharge '1:17,500.
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CHAPTER V

COMPARISON OF EXPERIMENTAL RESULTS ON SCOUR WITHOUT ICE

5.1 General

To determine whether scour holé depths and shapés,
and backwater can be predicted on small rivers, experimental -
results from this study were compared with design curves of

various abutment shapes and end-dump closure constrictions.

5.2 Scour Patterns

Maximum scour has been located at the vena-contracta
section for end-dump constrictions by Das (1972) and Sandover

(1970) .

Liu Chang and Skinner (1961) and Tutt (1972) also
observed scour downstream of the constriction for spill-through
abutments. Shown in Fig. 5.1. are scour patterns obtained by

Das for end-dump closure.

.At lower COQtraction ratios,‘sdour occurs around the
face of the constriction whereas at higher dégrees of con-—.
tréction scour holes dverlap and.a‘general pothole scour . - -

- pattern is observed. Deepést scour was notéd'to occur near the

vena—contracta.
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FIG. 5.1. SCOUR PATTERNS OBTAINED BY DAS (1972)
: END DUMP CLOSURE

Spill~through'abutments on small rivers appear in

general to follow this type of scour pattern. - shown in Fig.

5.2 are scour patterns at low constriction ratios. The max~

imum scour occurs along abutments downstream 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.
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At very high constriction tatios,‘having the abut-
ments continued below the maximum scourAdepth,results in them
practically meéting in the centre of the channel. This will
alter loéation and depth of scour. . Therefqre, éonétriction'
ratios much larger than .S form different scour patterns at
high Froude numbers than that described by Das (1972) for en&—
dump closure. See Fig. 5.3. An actual constriction ratio such

as this does not seem practical.

5.3 Analysis of Scour at Spill-through Abutments

In order to verify tﬁe amouﬁt of scour obtained

,during ice free_conditions and to determiné the design curves
most suited to this situvation, results from this stﬁdy were
compared with:

é) Laursen's (1960, 1963) design curveslfor i) locai scour

at an isolated abutment and ii) generai‘scqur with opbosing
abutments. |

b) Komura's (1966) design curves fof general scour at.a long
contraction. |

c) Garde et al (1966) maximum scoﬁr atv&ertical edge spur
dikes. |

d) Liu et al (1961) maximum scéur at bridge constrictions,

e) Das (1972) design curves -for scour at end-dump closure.
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Check Against Laursen's and Komura's Analysis.

a) Isolated scour hole (Laursen 19263).

- A comparison of ds/h for the runs with isolated scour

holes is made in Figure 5.4 with Laursen's curves.

Laursen's curves predict much larger scour holes than

those obtained in this study.

~b) Overlapping scour holes due to Laursen (1960 and l963) and

" Komura (1966).

Two tests with scour holes overlapping were plotted
against Laursen's and Komura's curves. Figure 5.5. The scour
. holes obtained were larger thaﬁ&that predicted by Laursen and

Konmura.

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

Along with.Gafde et al's and Liu et al's data are
plotted Das' results. Figure 5.6. This experiment seemed ih_
best agreement with'Das'study on scour at‘end~dump closure.
Because contraction ratios in this study weré not identicél to
any in Liu et al's and Garde e£ al's study, no diréct comparison

can be made.

Check with Das' Proposed Design Curve for Scour at End-Dump Closure.

The tests run in this éxperiment were at Froude numbers

.22 to .25. The results plotted‘on Das' design curves, Fig; 5.7,
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OF DESIGN CURVES OF LAURSEN, KOMURA

TABLE II

COMPARISON
: AND DAS WITH THIS STUDY
Depth .
Depth from ° Depth from -

Froude No} Depthj M Depth of|{ from Das| Laursen Laursen Depth from

of normal| of Contraction| Scour end dump| Isolated | Constriction ]| Komura long
Rurt No. | flow Flow Ratio Observed!{ closure Abutments| abutments Constrigtion °
A -2 25 .19 .67 -26 -35 .04 .06
A-4 22 .21 .4 .06 -07 .23
A-35 .23 .2 .53 .20 .23 .13 .07.
A~-56 24 2 45 14 14 25

show excellent agreements.

‘Table II shows a comparison of»dbSerVed scdur
Adepths with those predicted by the above experimenters. The
.agreement with Das is very striking. Possible deviation of
A-2 could result from abutments continuing.under the bed |
Although tests were too few for

limiting scour. ‘any definite

conciusions; scour at spill—through-ébutmehts on>small’rivers
seem to be similar.to that at end-dump closures. Reasons for
thié might be that the L/b ratio of abﬁtments is.large_in

small rivers. This tends to give more streamlined flqw through

the constrictions and a reduction in scour depth.
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5.4 Analysis of Backwater at Spill-through Abutments

The maximum backwater will be taken as the elevation

just upstream of the constriction.
Variation of H/h with M and F.

Liu et al (1957) Valentine (1958) Biery and Delleunx

(1962) Das (1972) and Sandover (1970} have conside:ed

H=f (Fmn,d)
h H
from dimensional analysis to be the governing variables in-

fluencing the maximum backwater.

The results of thiszstudy plotted against Das' curves
for H/h vs. M with F as a third variable show considerable
'agreement in Fig. 5.8.

2

Variation of (H/h)> with F2 (1/M% - 1)

‘A plot of (#/h)3 with ¥2 (1/M° - 1), Fig. 5.9. is
made for rigid spill-through abutments and Das' backwater due
to end—dump closure. The resulting plot agrees fairly well

' with Das.
Variation of Cm with F and M

Discharge coefficients Cm for all runs with bed scour
were computed. These were plotted along with Valentine's
coefficients for a rigid bed and Das' coefficients for end-dump

closure.
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The plotted points although similar to Das'

Fig. 5.10 predicted a slightly lower discharge coefficient.

5.5. Analysis of Flow Patterns and Velocitvaistribution

5.5.1. Maximum Contraction

- Das (1972) observed the maximum contraction further
downstream of the constrlctlon than this study seems’ to 1nd1cate;
However, Das' end~dump constrictions advanced downstream w1th
the flow and the resulting maximum contractlon and scour were
at the tip of the advancing face. TFrom Fig. 5.11, the slightly
higher constriction ratio.and Froude nﬁmber in photograph a)
indicates the maximum contraction to be at the constriction
while Fig. 5.11 b) shows it to be near the downstream toe of

the constriction.

5.5.2. Flow Patterns

The live stream boundary in this. test, unlike Das'
(1972) did not.expand equally on both sides of the channel.
Lane (1920) also observed that although flow»and channel
properties were identical on both sides of the flume, flow
usually picked a side. This resulted in scour to be more
pronounced on one side of the flume, but as the scoured material
built up downstream and the resistance-inoreased, the flow would
shift. Thus the resulting flow after-soour had taken piace and

scour were symetrical.




.a) High Constriction ratio shows maximum ' : b) Low Constriction ratio shows maximum
contraction possible between abutments. _ ~ contraction at downstream toe of
Yellow dye upstream, blue dye downstream, abutments. RUN A-6 F = .24 m = .45
green shows mixing. '

RUN A-5 F = ,23 m= .53

1
N

FIG. 5.11 FLOW PATTERNS AT CONSTRICTIONS AS SHOWN BY DYE
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FIG. 5.122 RUN A-5 F = .23 m = .53
FLOW EXPANDING UNIFORMLY AFTER SCOURING THE BED

5.5.3  Velocities

The average velocity distributibns dﬁring testing
were similar to those of Das (1972), however, due-to‘the ,“
scale used in this study, velocity contours were not‘obtéin-
able. Shown in Fig. 5.13 a) is a typical Qelocity distribut?.
.ion obtained by Das where m = .65, h = .lB_ahd v = 1;15 fés.

Shbwh in Fig. 5.13 b) is a typical_live‘stream boundary.from
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this study. The left side did not fully expand until about
station 14. This test did not experience scour and had a

lower Froude number than Das (1972).

5.6 Conclusion

Backwater, flow.patterns, séour depfh and patterns
agree with Das (1972) and other previous.experiménters.
When the constriction ratios were not uhusualiy high, the
maximﬁm contraction and scour took place near the downstream
toe of the abutments. Because of the agreement shown with
existing‘design charts for open water copditions, the exéeri—
mental apparatus appears to have a sound basié for testing with

ice.
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CEAPTER VI

ICE JAMMING STUDIES

6.1 Description of Jamming

6.1.1 Hanging Dam Formation

Consider a uniform channel with a constant width,
flowing at a specific Froude number andbdepthvwhere an ice
cover is advancihg upstream at a constant'thicknéss. This
ice cover advances into an area of expanding’flow:downsfream_
of a constriction. Due to the fact that flOW‘hés 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.increéses most
noteably down the center of the channel.. Near the point 6f
maximum contraction, the depth of jamming is most severe. The
'depth then reduces slightly as it advances intolﬁhe_constricﬁion;
ice floes will be swept under the cover and £hicken the immediate
edge of the arch. (The arch is the gonfiguratioh and the,term-
 given to the upstreém face of the hanging dam.) Depending u?on :
. the Froude number, thickening and travelling under the dém
6ccur until‘the cover advances throughvthe_constriction at a

single thickness or the dam becomes éxéessively deepvand the
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downstream cover fails, i.e. the particulate cover supporting
the hanging dam begins turning under and the hanging dam moves

downstream. -

Hanging dams can achieve depths mdre than one-third
the depth of flow because of the ability of a hanging dam to
transfer the forces of a narfow flow width acting on a great
depth to the downstream cover by means of an arch formation.
Fig..6.1 contains a sequence of photos of test HD-26 at a
downstream Froude number of .07 and a constriction ratio of .47

exemplifying the formation of a hanging dam.:

: Appehdix C-1 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 Formation

Charbonneau (1973), from ﬁodei studies on closuretb
of the Reviere des_Roéhes, indicates that a solid ice cover
downstream of a constriction will enable.thé jam_to férm to‘
thevbed whére as a particulate cover which is éusceptable to
failure will not. This waslalso observed in the tests from
this study. A hanginé dam with no solid ice cover would not
jam to the bed except in tests which lacked small bloéks,

One or two blocks might come in contact with the hed, but ﬁhe

average depth of thickening never approached the depth of flow.

At a Froude number at which the jam will become
stable 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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FIGURE 6.1

vHANGING 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.

6.1.2 Dry Ice Jams

In all of the reportedltests, the ice covef situaﬁion
ranged from Station 14 to zero. On eachboccasion when the ice ‘
cover failed, a dry jam would form against the downstream ice
cover. Having the soiidiice cover within 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 SﬁationAl4. On
failure of a hanging dam, a triangular dry jam would form
against the downstream cover. A typical jam is showh by Fig;

6.3.

6.1.3 Location and Stability of Hanging Dam

.The hanging dam in all tests, wés located downstream
of the maximum contréction with single thickening in thé vicinity
of the maximum contréction and £hrough,£he'constriction. The
maximum contraction can not be explained fully by the Froudé
number of flow and constriction ratio, therefore the location
of the hanging dam also cannot be described with these para-

meters.

From the general behavior of the hanging dam, a
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N
FIGURE 6.2

EFFECT OF SOLID ICE COVER NEAR

CONSTRICTION ON HANGING DAM FORMATION
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few general conclusions can be made on the patterh.
- hanging dam appeared to build up to the constriction
with increasing constriction ratio.
- at a‘particular constriction ratio distanceife the henging
dam was proporfional to the Froude number.
- increasing Froude number and depth indreased the length

of the dam.

In all the tests, maximum thickening of the hanging
dam was_observed from one foot to two and one-half feet

downstream of the constriction.

6.2 Flow Patterns and Scour Under Ice Conditions

6.2.1 Flow Patterns
a) Particulate Cover.

ASs the-partlculate cover advances upstream from
the solid ice cover, maximum thlckenlng takes place in the
area of hlghest velocity thus constricting the flow area.
This in itself tends to shift the flow to the 51des of the

channel, an area of less resistance,
b) Dry Jam.

Greatest accumulation and grounding takes place
down the centre of the channel, The resultihg flow ie

usually deflected to both walls.
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) Hanging Dam -

The initiél high veleciéies at the centreeef the
channel create the arch shaped hanging ‘dam. The rate at.
whlch the flow will expand and ‘shift to the walls w1ll depend
'upon the thlckenlng of the hanglng dam. Fig. 6. 5 exempllfles

‘the expand;ng flow.

expanding flow

Fig. 6.5 EXPANDING FLOW BENEATH
T HANGING DAM :

- a) ' Other Flow Patterns

In some of the runs with and without a solid ice
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~ cover downstream of the constriction, blocks were gently.
nudged at the constriction after the particulate covervhaa
advanced through it. Small channels broke through the:
hanging dam formation running approximately 45° to either
wall and ofﬁen angling from one wall to the other. As

these channels filled with ice blocks, high velocities

would uéually take plaée on the opposite side of thé flume
and £he channel would erode a new path to the opposité side.
Fig. 6.6. demonstrates typical paths. Because the same type
of channeis formed in every attempt, it was'cbnsidered to be
more than'a'coincidence. A situation such as this couldvarise

during artificial breakup of a jam.

6.2.2 Scour Due to Ice

In'the performed tests with constriction rafios of
.46, .4 and .36, a particulate ice cover can not be stable
throughvthe constribtion at downstream Froude numbers higher
than’.l at a depth of“approximately .2 feet. With a solid |
ice covef slightly higher Froude_numbers are .possible, but it
is not known when the ice cover will fail for this dépends on
its thickness and sﬁrength.‘ For gravel bed riVers,_there will
be absolutely no scour due to the constriction in this'Froude

number range.
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FIGURE 6.6

UNUSUAL FLOW PATTERNS
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6.2.2 a) Scour Due to Hanging Dam

- If the scour does occur dﬁe to £he,hanging dam; it
usually takes place in the area of the hangingvérch shape
downstream of the constriction and extends ééross.the bed
approximately the width of the constricted opening,bsee

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

The two tests which ekpériencéd scour were_at a
constriction ratio of .46. The tests at this constriction
iatio were lacking in small ice material, i.e.; 1" x 1' x 1°
floes. This resulted in the porosity of the,éccumulation
being higher than that of the remaining tests and led to a
- larger dépth of accumulation wiéhout’raising:the backwater
level significantly and the resulting pressures on the dam. -
With larger material and lack of small blocks'to decrease the‘
‘porosity; a deeper Jjam can form and still remain stable.

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

The remainder of the tesfs‘run‘at similéﬁ or higher
Froude numbers atbconstriction ratios of .4 and .36 experienced
no scour. These tests had large amounts of small iée.material
whicﬁ.decreased the overall'porosity. The tendency was to kéepv
the hanging dam well away from the bed and although’larger
material was not removed, it did not jam to the bed beneath

the hanging dam.
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. FIGURE 6.7 HD-11- SCOUR BELOW MAXIMUM ICE ACCUMULATION
: ' FOR RUNS PARTIALLY LACKING IN 1' x 1' x 1°
BLOCKS. F= .08 d=.2 m= .46

_-TESTA WITH RANDOM SCOUR HOLES BELOW HANGING DAM.

The above tests seem to indicate that scour, if it
takes place, will be downstream of the constriction below the
.. . dam whereas scour at high Froude numbers withdut ice will take

place at the downstream corners of the constrictions.
c) : Effect of Ice Cover on Scour

An ice cover can have an influence on scour by
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i) holding a hanging dam in place beneath the cover when
without the cover it would have failed, and ii)-stoppage of

a failed.hanging dam and the formation of a dry jam,
i) Retention of Hanging-Dam

A hanging dam formed beneath a cover can attain a
greater depth and length. The scour caﬁsed is mainly below
the arch formation. Scour in other plaéés had_been noticed
especially with the formation of a permeable dam. At higher
Froude numbers, the complete channel fills.with'ice and the
 formation bears no resemblence to a hanging dam. All tﬁat
remains is the arch. Scour below the'hénging dam;at a solid
' coﬁer is shown in Fig. 6.8. vaté that scouring is moreé severe-

than that observed in tests without a solid downstream cover.

Scour also occurred in tests‘invwhich floes were
being helped under and which contained a solid ice cover near
the constriction. Scour occurred in the hanging dam area and
downstream of the hanging dam along both sides of the channel.
Bed movement took place while floes were moving. down these
channels and while new channels were being_formed. These tests
~ always cénsumed all the ice material available thus when material

ran out, scour stopped‘shortly‘after;
ii)  Dry Jam

In the main set of runs the cover was 14 feet

-downstream of the constriction. Upon failure of a hanging
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E
FIGURE 6.8
SOLID ICE COVER EFFECT ON
SCOUR AT CONSTRICTIONS
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¢c) HD-15 F = .1 d = .2 WHITE TERFAD SHOWING SCOUR HOLES UNDER ; d) HD-14 F = .08% d = .2 ICE COVER AT 2 FEET. DETERGENT AND SOME SMALL
HANGING DAM. ICE COVER AT 2 FEET. DETERGENT AND SOME SMALL BLOCKS USED.
BLOCKS USED.

USUAL POTHOLE SCOUR WITH HANGING DAM HELD IN PLACE BY SOLID ; USUAL POTHOLE SCOUR WITH HANGING DAM HELD IN PLACE BY SCLID DOWNSTREAM
DOWNSTREAM ICE COVER. ; ICE COVER.
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dam, a wedge formed with flow faking_place mainly on both
sides of the wedge. Scour holes in the order of ,if occufred
instantaneously along both walls and slightly below the jam,
Fig. 6.9 = shows soour occuring. If the cover is too near
the constriction, flow wiil not have reached the walls and

scour will occur in the centre of the channel,

It is questionable what effect the smooth glass
walls have on failure of hanging dams, ' Naturally rough
walls would tend to support the hanglng dam in place under
higher forces. When observing the mode of fallure, togethef
with sliding along the walls which takes place,.the increased
velocity along the walls turn floes under causing voids and
thus room for sllppage. It is foreseeable that a rouéh wall

might cause more headloss and result in lower VelOCltleS.
d) - Gouging of Bed

As one of the hanging dams became unstable and moved
downstream, scratch marks the width of the dam were obsexved
from the constriction to the downstream solid cover, This is
due to the blocks actually scraping the bed or because the jambb
is moving downstream at a lower velocity than'the fiow beneathv'v
the jam, scour takes place from the increased thickening and

velocity.
e) Scour Within Constrictions.

When the ice cover was continued right into the

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




FIGURE 6.9

DRY ICE JAMS
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‘edge between the abutment and the ice cover; The block

acted as a sharp edged constriction. Scour was caused at

both abutments below the front edge ofvthe'COVer, " Shown in
Fig. 6.10 b) are observed scour holes. I£ is, however, .
questionable whether an ice cover.would remain in_a cdnstricted
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 thét wherever block

sizes approach the depth of the flow, this type of scour could
take élace and depth would be depeﬁdent upon the velocity.

Block size would be limited to ones which submerged by rotation.

6.2.3 Time of Scour

Time available for scour below hanging»dams was
between one half hour and one hour. Sc§ur usually took place
as floes were going under the dam or immediately after.floes
went under. Since continuing scouf Was not occuring these
tests were stopped.v Test J-9-2 with severe scour was run
four hours since scour was taking place.' Dry jams had almost
immediate scour. After formation of the dry jam, water levelsb
rose and scour ceased. These tests were stopped within oné

. half hour also.
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PHOTO OF BLOCK JAMMED AGAINST C.P.R. BRIDGE

a)
AT RIVERTON, MANITOBRA, 1974.

: A ’ ‘ ?n

b) PHOTO OF SCOUR WITHIN CONSTRICTION CAUSED BY BLOCK
JAMMED BETWEEN ICE COVER AND ABUTMENTS. ;
(Downstream scour caused by helping blocks undexr

cover has no relation to constriction scour.}

FIG. 6.10 SCOUR WITHIN CONSTRICTIONS
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6.3. Comparison With Other Experimenters '

6.3.1. Limits of Hanging Dam Stability

According to Estiveef (1958), a velocity of 2.3
to 2.6 ft./sec. is the limiting velocity at which ice may
move upstream. Shown in Table III are average velocities in

the constriction 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 III

MAXIMUM FROUDE NUMBER AND VELOCITY AT THE CONSTRICTION

v : v

Average Prototype Estiveef : :
"At Constriction (1958) F at o F
Test ft./sec. ft./sec. Constriction  Miche
HD11l 2.4 2.3 - 2,6 146 .154
HD14 2.7 2.3 -~ 2.6 .157 - © .154
HD16 2.5 2.3 - 2.6 147 ' .154
HD20 2.5 2.3 - 2.6 .149 o .154
HD25 2.3 2.3 - 2.6 .148 ' .154
2.8 2.3 - 2.6 .144 - .154

HD26

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-

ing dam is a Froude number of .154. Tests at higher Froude numb—'

ers failed and ones at lower Froude numbers prodeeded upstream.
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Froude numbers upstream and downstream do not take
into’account the constriction ratio and cannot be used as a

criterion for upstream progression.

6.3.2. Comparison With Kivisild

For the three constriction ratios tested, the test
with the highest Froude number at thch the hanging dam was
stable was plotted on Kivisild's (1959) chart’(aischargevper
foot width at maximum}deposits in hanging‘dam“vs, depth.from
jam to bed). These tests corresponded roughly to the Froude
number which the channel must attain to proceed upstream énd
therefore the maximum thickening atieach constriction ratié.
The above plots demonstrate that ice floés can achieve greaterA

thickening than can frazil ice.

.Frdm Michel
F = .154/1-e
for floes e = 0.As seen from the above experiments the Froude

number at the constriction approaches .154.

Kivisild's average pOrosity being .73 results in
the maximum Froude number in the constriction being .08. At a
constriction Froude number of ;08 underturning does not take
place in this study. Thus, Kivisild's chérts,are not useful

in predicting depth of jamming with- ice floes.

In Fig. 6.11 b), Kivisild proposes a relationship ’

between discharge per foot and slope in feet per thousand.
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Fig.

6.11 FROM KIVISILD.(1959)




77

The tests performed in this experiment also show larger slopes

than those predicted by Kivisild.

6.4. Preliminary Tests

6.4.1. Effect of Detergent

Run Cl to C4 were used to study the mode of under-
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 in this range, it was
pelieved that surface tension was effecting the mode of

submergence‘and Froude number at which!submergence took place.

Kennedy (1958)'states that a scale of 1:20 was

chosen in his pulpWood tests because it was believed to be

the smallest scale at which sﬁrface tension did not effect the
behavior of model logs. The scale used in this model was 1:5Q,
A thorough look at previous ice tests at smaller Scales did not
reveal any discussion on addition of deﬁergent 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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FIGURE 6.12

USE OF DETERGENTS TO REDUCE

SURFACE TENSION
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at a depth of .31 feet and Froude number of .08, very few

floes turn under and at a Froude number of .12, all floes

turn under with'detergent. Without detergent, floes begin

turning under at a Froude number of .16 to .18,

Table IV compares the results from runs with

detergent to thickening predicted by Pariset et al (1966)

.and Uzuner (1971).

Since a cover of any length was not formed, t/h -
values are very approximate, however, there seems to be
considerable agreement with Uzuner's plot of Cm = .3, Thﬂs{,

detergent seems to have eliminated the .surface tension effect,

Surface tension also:affects the formation of
hanging dams. In the performed tests w1thout detergent ice
advances to the constrlctlon w1th no underturnlng, As the
hanglng dam develoos, the single layer downstream usually too
thin to support the pressure from the hanglng dam falls in

compress ion.

.Cherbonneau (1973) invtestsbrun without 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.

6.4.2. Affect of t/L Ratio

Various sizes of floes were used since it was -




TABLE IV

COMPARISON OF F, AND THICKNESS OF ICE WITH PARISET AND UZUNER

Te_si':v v h F ' F, | Uzuner t/h Pariset t/h This study ﬁ/h
cC -6 .31 12 .085 .26 | .105 .3
c - 7 ;31 14 099 jlunstable | .17 " unstable
c -8 .2 .14 .099  unstable . 17 | unstable
c - 10 2 .10 .07 .31 07 2
c-12 .31 .os 057 .1 05 o B
c - 13vf .31 08 064 .13 .06 - 1
c-14 .2 12 .08 '_.28}“ | S .25

08
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believed that if the underturning moment varies with the t/L

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

underturns. Appendix A shows that this effect seems negligable,

Uzuner (1971) also states that the t/L ratio is

important, but the effect is only-noticeab1e for t/vaalues

very small and very large.

‘ ' It then appears that, at a.givén-Froude number?

and block size being in the range of t/L 5,,1 to ;8; block

size will not effect the Froude number of'submérgence nor the
depth of jémming. The only noticeablevaffect will be the roughs
ness of the underside of the ice cover which will have a :

considerable importance in shallow rivers.

6.4.3. Rate of Feeding

The opinion was held that at»a very slow iate of
feeding, transport under the cover is not effected byAinéoming
floes. A hanging dam will develop with negligable or no
shoving. At higher rates of feeding, i.e, When.some‘under§
turning is prevented, thé.desired thickness of the cover énd
dam are not achieved and shovingvafter the dam has reached a
considerable thickness Will occuf resulting in a hanging dam‘
situated further downstream. This is possibly the extreme‘
"case. The hanging dam formed with shoviné isrusuallyvlarger
and more unpredictable, but is downstream Of'a jam formed |
without shoving, thereby increasing the water levél‘thiough
the dam and approaching the constriction at a lower Froude

number.
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FIGURE 6.13

RATE OF FEEDING EFFECT ON-

HANGING DAM FORMATION

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

The affect of fast feeding would be more noticeable
on shallow rivefs where some ice floes approach of better the
depth. Contréry to the orderly underturning and progréssion
of the cover at slow feeding‘rates; fast feeding leads to
multiple floes turning under at one time. Test HD~-14, Fig.
6.13 was run over again with a very high rate of feeding, i.e,
the upstream 18 feet of.the channel was completely filled with
ice énd then sent downstream. Ice was turning under in'all
 parts of the Channel, but ﬁost noticeably in the constriction
and maximum contraction area. More severe scour was-récorded
in this case. The resulting hanging dam formed ié usually
downstream of the dam formed with slow feeding. - Thus, any
scour which will develop below it wili be further from the>

| constrictibn.
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 cover. Naturally ice floes at breakup
wiil have a porbsityvof zero, but the accumulation>porosity
is not as dependent on the siée of ice flow as it is on ﬁhe’
shape and assortment of sizes. By adding small floes, it was

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

Test J-9-2 had a solid ice cover at two feet. OnlyA
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FIGURE 6.14

UNUSUAL SCOUR OBSERVED
BELOW HANGING DAM
SUPPORTED BY DOWNSTREAM
ICE COVER AND LACKING

IN SMALL ICE FLOES
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lafge floes were used F = .08 d = .31 and the détergént was
omitted. More than .2 feet of scour occurred at ﬁhe downstream
toe of the abutment, Fig. 6.14 a. On moving the cover to 0,
test J-9-0, only slight scour was observed doWnétfeam of the
constriction, Fig. 6.14 b. ’The remainder of the tests con-
tained a good percentage of small floes and. scour of this-typé
could not be duplicated. The exact cause_of this unusual scouf

hole is not known.

6.5. Bed Material Affect On Scour And Hanging Dam
Formation

One test was run with Walnut Shells as the bed
material in order to observe the effect bed material has on
scour and hanging dam formatioﬁ. .Using a constriction ratio
of‘.36, and an average 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 constrictioh, underturning caused séqur whichf
in turn effected depth and stabilit§ of the hanging dém. "As
ice began turning under.near the constriction, sccur began;‘
thus conétricting the opening causing greater preséuré oﬁ the
ice formaﬁion. 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_experienéed
less bed material movemént and ét equivalent constriction ratios

and Froudé numbers were stable at a Froude number of .098.
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FIGURE 6.15

TEST RUN WITH WALNUT SHELLS

AS BED MATERIAL
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With walnut shells the bed was less stable and it is there-

fore harder to predict the Froude number of stability due

to interference of the bed material in the underturning
process. The resulting scour holes at the downstream toe of

the abutments were approximately .21 feet in depth.

6.6. Conjectures

6.6.1. Conjecture on Froude Number of Upstream Progression

" Several investigators haVe notedvthat ice jams
occur at nearly the same value of the Froudé number, either
F or FZIfF ranging from .06 to .15). Uzuner (1971)}explains
this in the following manner: Stability will be reached when
t/H increases to the point where the F on the stability cuxrve
is equal to F of the rivef, this will genérally be the maxi-
mum value of F on the stability curve;’,Whén the stability

is reached, the ice cover will propogate upstream and ice

blocks will no longer be swept under the cover.

An explanation as to one cause of this Froude
‘number range could be that irregularities in the channel
- control the Froude number at which progression takes place.
For example, downstreaﬁ éf the constriction in a particular
“run, an average downstream Froude number of .08 allowed .
progression upstream whereas without the constrictioh_ai-

Froude number of .11 allowed progression upétream. The
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resulting Froude number at the éonétriction was abdut .15
~and that upstreanm was less than .08.v The argument is that
irregularities in the channel control upstream progression
and unless one is examining a perfectly'straight Chénnel
with uniform flow, there will be deviations in the Froude

number for upstream progression of an ice cover.

6.6.2. Conjecture on Overbank Flow Affect On- Hanglng
Dam Formation and Scour = - * -N-> s

With overbank flow, the water surface elevation

- will be greatér on the upstream side of the embankment than -
normal (in the absence of the crossing) partly becauée of the
backwater due to the valley crossing and partly because a
gradient is required for the flgw to move latterly across

the flood plain to.the main channel. On the dovnstream 51de

of the embankments the water surface elevation will tend to be
lower than normal because the water is slack for some distance,
uhtil the flow in the flood plain is renestablished, This.will
cause jamming and instability to resulf at a lower average .
upstream or downstream Froude number;‘ The major changé,would,
be a hanging dam possibly nearer to the constriction. With the
hanging dam, flow would be re-established on the flood plain
sooner than it would have without the hanging dam, possibly u
causing flood plain scour. High velocities on the flood.piain

are also possible immediately downstream of the hanging’dam.'
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6.6.3 Conjecture on a Quick Check for Detecting
Possible Scour Due to Ice at Constrictions.

Scour at constrictions may not be accounted for
entirely by existing scour depth equations if the follqwing
conditions exist: |
1) The river has some history of ice jamming.

2) At‘some'time during breakup an average Froude number

| less then .1 takes place. |

3; The new constriction 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 formatlon occurs downstream of the-constriction.
Single thickening is observed at, and upstream of, the constrlction.
The Froude numbers in the model were within the Froude numpeh
range observed by pre&ious experimenters.t The lérgest average “'V
downstrear Froude number at which an ice jamtwould»be stabie
ranged\from .08 to .1. This varied with thevantractionAratie,
depth, porOSlty, and also bed material. | o
b) Scour observea below the hanging dam in tests run with a'
_sand bed appeared as pothole scour in the v1c1n1ty of the hanglng
dam. Scour observed from tests run w1th walnut shells as the bed

material was more severe and occurred at the toe of the constrlct—'

ions.. The scour holes observed below the hanging dam never
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approached the depth of flow, whereas scour in the walnut Shell
bed equalled or bettered the depth of flow. |

¢)  Interference of a solid ice cover near the cantriction
increased scour.

d) Froude number at constriction approached .154 as ice pro-
ceeded upstream. _
e) ‘Kivisild's charts predicted greater distances from bottom
of hanging dam to thé bed and a smaller slope‘of the‘hanging

dam.

'f) Detergent was necessary to reduce surface tension.

7
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CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS

7.1. Introduction

The purpose of this investigation was to determine
if ice jams cause scour at cqnstrictions. Spill-through
abutments placed in a sand bed flume were used fo assess
scour hole depth and shape, and backwatef effeéts, These
were compared with previous experimenteré to determine the
soundness of the model and to assess whichﬁdésign curves
best describe scour at épill—through'abﬁtments on Sméll

rivers.

Upon affirmation of the model, pblyethylene bloéks
representihg ice were added. The initial tests with ice
~and uniform flow iﬁ a straight channel were run for ecmpari-
son of Froude number of submergence with Pariset et al (1966)
and Uzuner (1971). Here it was determined that sﬁrface
tension was effecting submergence.and detergent'Was hécessary..
for this scale of model. Constrictions were then placed back
in the flume and tests were run in order to Observé at whatz
Froude numbers ice jams occurred, their location and depth,

and alsoAany scour which resulted. Location of a solid ice
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cover was also varied to observe the effect it has on
hanging dam formation and scour. FPinally 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), without downstream
ice cover near constriction, scour only occurs‘beneath
hanging dam and is only random pothole écéur. It only
occurred with high porosity aécqmulations.

‘b) Scour in sand bed rivers (prototype) can occﬁr near-‘
ﬁhe downstream toe of the abutment, similar to scour with-
out ice. | |

c) Porosity 6f.accumulation effects.depth’of thickening»
and random scour hole depth. | |

dy A solid downstream ice cover can increaée ‘scour and'
fhickness of jam. Limits are dependent on strength of solid
cover. | ‘

e) Bed‘écouf effected hanging dam stability in tests run

with walnut shells.

~Hanging dam prediction:

'a) ‘Kivisild's charts do not apply to ice floes.
b) Froude number at constriction appears to be the only =~ -

consistent variable at maximum ice thickening.
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Uniform flow in straight channels:

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

straight channels and uniform flow.

Without ice conditions:

a) Das (1972) equations for scour depth and backwater for
end-dump closure constrictions apply to spillrthrougﬁ'abut—
ments on small rivers,

b) Other scour depth equations were developed for larger

rivers, i.e. constriction not as streamlined,

7.3. Recommendations

Various scour holes have been observed helow ice in
the ﬁodel studies. It is therefore felt that further research

is warranted.
The model study indicates:

- more field work is needed in determining ice jamvdépthsi
corresponding Frdude number of flow and bed soundings for
scour depth. | |

- model studies on scour due to icé jams Qn a larger scale,
This would enable tests to be run without detergent using
finer bed material.without the use of walnut shells; which
usually are subject to large dune formétion; }

- further tests to deVelop a mathematical model which would.

explain thickening in terms of average Froude number and




constriction ratio.
- studies on jamming and scour at river bends.

- model studies on scour due to frazil ice accumulations.

(Scour below frazil ice accumulations will not be as severe

as that below chunk ice accumulations. However, frazil ice

accumulations may be the dominant type of formation on some

northern rivers.)
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- APPENDIX A
EXPERIMENTAL DATA ON TESTS WITHOUT. ICE

A.l1 SCOUR AT SPILL-—THROUGH ABUTMENTS




_ Flow depth Maximum
: Vave Constriction downstream depth of Froude No.
_Run No. downstream Ratio m of const. sqour ft. downstream
A= 2 .61 .667 .19 .26 .25
A -4 .573 .4 .21 .06 .22,
A -5 . 581 .53 .2 .2 .23
A-6 .604 .45 .2 .14 .25
B~ 6 .62 45 ) .25 .25
:A—- 7 .32 .46 .33 0 .1
A -

€0T




APPENDIX B
EXPERIMENTAL DATA ON ICE JAMMING TESTS

B.1 HANGING DAM




HD-17

Run No HD-11 HD-12 | HD-13 HD-14 Hp-15 | 1m-16 HD-18 | HD-19 | ®p-20 | up-21 | ®D~22 {HD-23 | wD-24 | WD-25 | Wp-26 | WD-27
v ave. at 10 .20 L1501 .18 .22 .25 W24 .22 | .28 .21 .25 17 14 .19 23 1.2 .23 .19
Q Discharge 1 09 (.11 .13 .15 .15 a3 | .17 A2 .15 a1 .09 J12 A3 [ .13 .23 .19
¥ Const. Ratio W46 .46 46 45 .45 .36 .37 | .36 W36 | .36 W40 W40 .40 40 | .40 45 .45
1]
F ave. at 10 .08 L0607 .09 . 098 .093 | .084 L1 | .082 | 098 L067 | 055 | .074 .089 | .08 .07 057
H ft .203 .205 | .206 +208 .209 200 | .207 | .21 .21 207 .21 .208 | .21 .206 § .205 | .336 | .338
! :
!
h at 10" fe. o .198 .2 .2 .202 .2 202 | .202 | .204 | .206 | .202 | .205 | .203 |.204 | .201 | .2 .330 | .332
(@] .
o
s
H/h 1.025 .1.025 | 1.03 1.03 1,045 | 1.035) 1.025| 1.029( 1.019] 1.025 | 1.022| 1.025]3.029 | 1.025| 1.025| 1,015| 1.03
H 213 202 | ;208 .221 - .24 2225 | .215 205 | .227 .216 | .214 |.218 ,216 | .228 | .46 | 347
’ w
L
hoat 10' & 194 194 | L1907 .199 211 | ,205 | 203 195 | .204 | .205 { .208 |.198 | .2 206 | 333 | .337
SN ,
B/h 1.098 1.041 | 1.056 1.111 1.137 | 1.098] 1.059 1.05 1.054 1 1,029 1,098 | 1.08 | 1.118| 1.039{ 1.02

1.113

Q




- hanging dam

15.62

17.96

Run No
BD-11 BD-12 | 5p-13 HD-14 HD-15| HD-16)| HD-17| ND-1§ WD-19 HD-20| UD-21| WD-22| ND~23 | ND-24 | uD~25| up-26| up-27
n, at )

2 »208 197 202 »215 R :
copstriction _ 216 | .218 | 209 | .228| 2013 ,221 | .211 | 211 | L2001 | 213 | .215 | .342 | .342
Vv ave,., at . i .
constriction .34 .28 .32 «38 42 «35 .33 .38 .31 «36 .28 23 32 35 33 40 34
F in L
constriction <146 123 }.139 2157 147 W41 .13 149 119 133 148 144
Stability failed failed failed

. aile
vV max, down-
stream of const. W40 35 W42 +57 .57 .52 W45 54 .39 .39 35 W47 .52 W47 54 W47
current meter.
Location of max.
thickening 2! LVZAN Y 7' , . .
: 2 2 14 /4 2! 3! iy

Dist. dam to . .083 a6 .19 <045 .0 ) 4 ‘

_bed at max. 4 12 L e A +125 .1 .04 .08 104
thickening ft,

Station at N
. 2 &1 flow two lanes

“which flow : ' . g

fully expands 12' lefttright 3! 3

0/ foot of 13.48 10.42 112,33 17.50 | 17.15 } 15,27 14,06 12.44 110,28 [13.95 15,74 {14.80 1{26.40 |22.13

Depth of .
“isolated scour
holes

<02 at 1-2%’

+02 at 1-2%°

SO0T




B.2 EFFECT OF DETERGENT




Without Detergent

- Ice 1 foot thick

Ice 1% feet thick

With Detergent

Tece 1 foot thick

Ice 1} foot thick:

t/L t/L t/L t/L
est Depth | Froude /ni .125].2 .33 ] h .188 .3 h .125 .2 .33 .5 /H 1.188 .3
c-1 .2 12 .1 | stay | stay]| stay | stay .15
. turn “ . turn
Cc-2 .2 .16 .1 | under | stay | stay | stay | .15 |under] stay
r.' turn turn
C-3 .2 .18 .1 | under | stay | stay | stay| .15 | under] stay
turn turn furn turn turn turn
C-4 .2 .18 .1 | under | under] under | under| .l5junder under
- turn turn turn turn turn turn
c-5 .2 .12 .06 | stay | stay| stay| stay| .l stay stay .06| under | underd under | under| .l [under| under
. tuarn turn turn turn turn turn
Cc-6 .31 .12 .06 | stay | stay| stay| stay| .l stay stay .06 | under| under under | under| .l |under| wunder
) » turn turn turn turn : turn turn
c-7 .31 Jd4 .06 | stay | stay| stay| stay; .l stay stay .06 under| under under | under| .l junder| under
: turn turn turn turn turn turn
c-8 .2 .14 .1 | stay | stay| stay| stay| .15 | stay stay .1 | under| wundey under under .15/ under| wunder
. | turn turn turn turn turn turn
c-10 .10 .1 stay | stay| stay| stay| .15 stay stay .1 | under| wundey under | under under| under
" C-12 .31 .08 .1 | stay | stay| stay 'stay .15 | stay stay .1 stay stay| stay stay stay stay
c-13 .31 .085 | .1 | stay | stay| stay| stay| .15 | stay stay .1 | stay stay|] stay stay stay stay
: : turn turn turn turn turn turn
. C~14 .2 .12 .1 stay stay stay| stay| .15 stay stay .1 | under| undejy under | under| .15{under| wunder




APPENDIX C

HANGING DAM ILLUSfRATIONS




APPENDIX C

HANGING DAM ILLUSTRATIONS

Photograph of Constriction - Hanging dam outlined tries

to show extent of severe thickening.

Side Photographs -~ Show depth of hanging dam.

Plah View - Station ~1 to station 10. = Amount of ice con- -

sumed plus outline of severe thickening.

Water Surface Profile - Change in water elevation due to ice.
Upstream of constriction water surface profile altered

negligably and is therefore not shown.

Cross—sections. - Show thickening of hanging dam.
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‘m = .46
AVERAGE DOWNSTREAM F = .07
d= .2 ft.

RUN HD - 13.
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PHOTOGRAPH OF HANGING DAM
HANGING DAM CROSS-SECTIONS
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m = 046

AVERAGE DOWNSTREAM.F = .07

d= .2 ft

RUN HD - 11
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m = .46
AVERAGE DOWNSTREAM F = .,089

d = .2 ft.

RUN HD - 14
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AVERAGE DOWNSTREAM F = .067

RUN HD - 21
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AVERAGE DOWNSTREAM F = .074

23
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AVERAGE DOWNSTREAM F = .08

d = .2 ft.

RUN HD - 25
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