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ABSTRACT

Sediment transport processes represent a significant parameter in any work that involves
management of water flow. Moreover, all river structures are affected and prone to
various types of these processes, which are also known as the erosion/deposition
phenomena. Another aspect, which has become extremely important in recent decades, is
the effect of ice-cover on rivers. The presence of ice-cover in an open-channel

dramatically alters many features of the flow as well as bed mobility.

This thesis reports on the first step of an ongoing study of scouring around a cylindrical
bridge pier under ice-cover conditions. Previous research confirmed that sediment
transport decreases in ice-covered flow compared to free-surface flow. However, most of
that research was conducted in a flow depth adjustment condition, maintaining constant
the energy slope for both the ice-covered and the free-surface flow. This represents a
valid hypothesis when an appropriate length scale is considered (i.e. long river reaches),
but numerous other phenomena must be analyzed at a much shorter length scale: i.e. river
reaches that contain abutments, bridge piers, cross-section alterations, tide bends, etc.
According to Zabilansky et al. (1996-2002) findings, in these cases we can confirm that
for an ice-covered flow in nature it is common to adjust faster the energy slope than the

flow depth, thus, leading to drastic changes in the sediment transport and scouring

behaviour.

From a scouring point of view, when the flow depth has minor variations compared to the
energy slope changes, the presence of an ice-cover significantly increases the flow
velocities in the bottom half of the flow depth. As a result, a larger part of the flow

energy is directed to the scouring process compared to the free-surface case.

The objective of this laboratory study is to determine from a sediment incipient
conditions point of view the worst ice-cover configuration with respect to the free-surface
flow and to uncover features of scouring around a cylindrical bridge pier for that extreme

ice-cover case. In this study three ice-cover configurations are defined with respect to the
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presence of a bridge pier: (i) Total Ice-Cover which entirely covers the channel and
completely surrounds the bridge pier, (ii) 2 Sides Partial Ice-Cover which covers two
sides of the channel leaving the bridge pier in the central region of the flow in open-water
, and (iii) 1 Side Partial Ice-Cover which covers only one side of the channel leaving the
other side and the bridge pier in free-surface flow. First, the analysis is carried out in
order to determine which case presents the extreme impact from a sediment critical
condition (= incipient motion) point of view, and secondly, the same extreme case is
reproduced to measure the impact on the scouring process around a cylindrical bridge

pier.

Laboratory experiments are performed for all cases under clear-water conditions when
the flow regime is approaching the sediment transport critical conditions and in a flow
energy slope adjustment condition. The experimental results indicate the 2 Sides Partial
Ice-Cover configuration as the worst-case scenario, developing in the open-water
(central) region of the channel higher values for flow velocities and bed shear stresses
when compared to the other ice-cover configurations and the free-surface case. In terms
of scouring, the same ice-cover configuration shows up to 55% deeper scour hole around

a cylindrical bridge pier compared to the free-surface case.
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Chapter One

Introduction

Since the beginning of time, the sediment transport phenomenon has affected agricultural
practices, river migration, fisheries, aquatic habitat, river structures and in modern times
irrigation, water supplies, flood control, navigation and hydroelectric processes. In the
last few years, this phenomenon also has been found to have a major impact on the
transportation and subsequent effects of pollutants; toxic chemicals can be attached to, or
absorbed by, sediment particles and can be transported and deposited in other areas.
Therefore, controlling sediment mobility has become an important issue in water quality

management.

For river structures, sediment transport represents one of the most important steps in
designing safe and economical structures in streams with mobile beds. From a structural
point of view, the design considerations are well defined; however, from a hydraulic
point of view, the complex interaction between the flow, the structure, and the
configuration of the streambed creates many problems in the design process. For
example, the construction of a dam is beneficial for the communities located in the area
from many aspects such as hydroelectric power, fisheries and recreation. Its construction,
however, depends on many years of fieldwork as well as the incorporation of the entire
basin and gathering streams in the dam reservoir. The sediment transport that naturally
occurs in those streams is very important for the life of the dam, which is usually
designed for decades. Miscalculations can result in the filling of the dam reservoir with

sediments, which would make it useless.
1.1 Scour around bridge piers

Scouring is another important phenomenon, which occurs in tide river bents or where an
obstacle is placed in the way of the flow. In the latter case, scouring may be the most
dangerous occurrence of the water-structure-streambed interaction causing thousands of

river structure failures. Experience has shown that scouring can progressively undermine



the foundation of a structure regardless of the dimension of the water flow, but in extreme
cases of unsteady flows or changes in the channel conditions, it becomes exponentially
powerful, eventually leading to the failure of the structure. Despite many studies, the
behaviour principles of scouring are not well established, as results of various
investigations often have shown different trends. Designers are unable to predict, with
sufficient confidence, the depths and the locations of scour caused by spillways, weirs,
bridge piers, abutments, culverts and others hydraulic structures. Two main reasons are
contributing to a lack of understanding of the scour phenomenon and to the development
of accurate solutions:

(i) turbulence, which presents great complexity and variability, and

(if) sediment transport, which is strongly dependent on the complex interactions with

the turbulent flow.

An additional problem is created by the composition of the streambed, which is usually a
mixture of alluvial sands, clay and weathered rocks. A sediment map of a river can
display alluvium, clay banks, rock outcrops, and bars of sand and gravel; therefore, the
river presents different horizontal, vertical, longitudinal, and transversal channel
conditions. Bulls Bridge in the Rangitikei River (Figure 1-1), New Zealand failed in 1973

because of pier scouring.

Figure 1-1 Bridge failure due to pier scouring - Bull Bridge on Rangitikei River,
New Zealand, (1973). Breusers and Raudkivi (1991)

A combination of effects led to the displacement of the location of the main stream, and



increased the attack angle of the flow on the bridge pier. As a result, the local scour
penetrated the superficial gravel layer exposing the bed of fine sand underneath, and
completely uncovered the foundation of the pier. The economy of a river structure
provides further complexity by imposing a wide variety of structural shapes and
alignments; thus, the scouring process as well as sediment transport behaviour becomes a

very complex phenomenon, which still needs extreme attention from engineers.

1.2 Ice conditions

An aspect which has received more attention in recent decades is the effect of ice-cover
on rivers. Increasing developments in Northern regions in the last half-century have
opened a new area of research: hydraulics of ice-covered flow. Previous theories related
to this topic were further enhanced and developed with new findings. The presence of
ice-cover in an open channel dramatically alters many features of the flow and the bed
mobility: ice cover approximately doubles the wetted perimeter and thereby produces a
redistribution of flow velocities and shear stresses. As a result, the water flow changes to
a higher depth and/or steeper slope flow. Furthermore, changes to the roughness of the
ice-cover are also expected to cause changes in the flow and sediment transport

characteristics of the stream, thus, leading to changes in the bed configuration.

1.3 Study objectives

The objective of this first study is to uncover from different ice-covered channel
configurations the extreme case from a sediment incipient motion point of view with
respect to the free-surface configuration, and to compare the scouring and
erosion/deposition processes around a cylindrical bridge pier for that case to the free-

surface case.

Studies conducted by Lau and Krishnappan (1985), Wuebben (1988), Smith and Ettema
(1995), Zabilansky (1996), and Ettema et al. (1999), confirm that sediment transport in
ice-covered channels decreases compared to the open-water situation, if the energy slope

is maintained constant and only the flow depth is adjusted. However, in the presence of



an obstacle in the water flow, in the short reach upstream the obstacle the flow will adjust
faster the energy slope than the flow depth, such that, for the ice-covered channel, the

incipient critical conditions are much easier achieved than for the open-water channel.

In terms of scouring around bridge piers, studies performed in the same constant energy
slope conditions by Bacuta and Dargahi (1986) and Olsson (2000), and filed observations
made by Yankielun and Zabilansky (1998) confirm that the scouring around bridge piers
under ice-cover conditions, increases compared to the free-surface scouring.
Nevertheless, when the energy slope is adjusted instead of the flow depth, we predict yet

a higher increase in scouring for the ice-cover case.

In order to achieve this goal, the study is divided into three parts:

Experiments: A series of flume experiments with/without ice-cover and with/without
bridge pier have been conducted at the Department of Civil Engineering’s Hydraulics
laboratory of the University of Ottawa. Vertical velocity measurements across different
cross-sections, ice-cover shear stress measurements, and scour data have been collected.
The setup, the apparatus and the experimental procedure are presented in Chapter Four.
Analyses: An analysis of the existing formulation for the vertical velocity and shear
stress profiles together with the scouring and the erosion/deposition processes are
presented in Chapters Two and Three. All the data collected from the experiments are
processed and analyzed, and the results are presented in Chapter Five.

Conclusions: Summary and conclusion of the analysis have been pointed out and

organized in Chapter Six.



Chapter Two

Sediment Transport

2.1 Open channel flow

Considering flow in an open channel passing over a movable bed, the flow boundary,
which takes place at the surface separating the fluid and the bed material, is subjected to
the action of the shear stress generated by the flow. This shear stress varies along the
entire wetted perimeter. Since the grains forming the bed possess a finite weight and have
a finite friction coefficient, they cannot be moved by the flow if the magnitude of the
shear stress is less than a certain finite value z,, called critical shear stress. Therefore, the
motion of the bed grains due to the drag action of the flow on the flow boundary can take
place only in that part of the wetted perimeter where 7> z,. When such a case occurs,
flow transports sediment from the bed channel.

In order to better understand this phenomenon of sediment transport in open channels,
scientists have studied the mechanical properties of flow. Clearly, the motion of a given
bed material in a given channel depends entirely on the mechanical structure of the flow.
On the other hand, experimental observations have shown that the motion of the channel
bed is accompanied by certain features of its own, such as the wave deformation of the
surface of the channel bottom, the diffusion of solid particles into the fluid medium, etc.,
which in turn can significantly impact the mechanical character of the fluid motion. As a
result, the motion of the fluid and the motion of the bed material are interdependent, and
thus neither of them can be studied without taking into account the mechanical properties
of the other.

As a follow up, the next subsections discuss the velocity and the shear stress distribution
in different flow regimes. Sediment transport theory according to these regime features,
concerning the shear stress and the velocity distributions in a steady and uniform flow of
a real and homogeneous fluid under either a free-surface flow or an ice-covered flow

condition, are also discussed.



2.1.1 Types of flows

The flow in an open cannel can be either in laminar or turbulent regime.
Considering a flow reach of length L and cross-section A4, the equilibrium of the forces

acting along the x-axis, for a permanent uniform flow is given by:
> F,=W,-F,;=0 (2-1)
where W_=V pgS, is the component of the weight /¥ of a fluid element;
F,=7 P, L, is the friction force acting along the bottom and the sides of the fluid

element.
In these equations ¥ is the volume of the fluid of the reach (V= L+4), 7 1is the average
shear stress on the solid boundaries of the reach, P, is the wetted perimeter of the reach
cross-section and S represents the energy slope. Thus, substituting in Eq.(2-1), the
average shear stress on the solid boundaries of the reach can be expressed as:

T=pgSA/P,=yR,S (2-2)
where R, represents the hydraulic radius. The vertical distribution of the shear stress can
be determined by considering a fluid element ABCD and write again the equilibrium
along the x-axis (Figure 2-1):

t(y)=yS(h-y) (2-3)

Figure 2-1 Forces acting on a unit fluid element. After Yalin (1977)

This profile is valid for large channels where the flow depth, 2 << B the width of the

channel. The shear stress 7 shows a linear variation relative to the flow depth, becoming



equal to zero at the free surface and reaching its maximum value at the bed:
7, =7Sh (2-4)

The laminar regime is visualized as layers of fluid, which slide smoothly over each other

without the mixing of fluid particles.

The turbulent regime is generated by instability in the flow, which creates eddies. Thus,

the turbulent motion is characterized by a disorganized structure, apparently random, in
which the fluid particles lose their individuality. The fluid layers and their trajectories are
mixed with each other, and between them producing an intense exchange of mass and
momentum.

In the case of the laminar regime, the size of the roughness has no influence on the flow
as long as this size is small compared to the flow depth (k; <<< k) if the laminar regime is
considered to act throughout the entire flow depth. In nature, this type of regime is hardly
possible. Nevertheless, in the case of the turbulent regime, a thin layer exists near the

boundary where the fluid motion is still laminar.

2.1.2 Shear stress and velocity distributions

A very important feature of the turbulent regime is its unsteady character. The

instantaneous velocity (#) can be expressed as the sum of the time averaged velocity (%)
and the instantaneous velocity fluctuation(u'): u =# +u'. Using this feature, Reynolds

developed the concept of the mixing process in which the turbulent flow is considered as
having an averaged and a fluctuating turbulent component. Thus, the total shear stress 7
corresponding to a level y of the flow depth can be expressed as the sum of laminar shear
stress and turbulent shear stress:

T=1+7, (2-5)
The laminar shear stress or the viscous shear stress is due to the molecular viscosity p,

and is denoted
T, =4 0u/0oy (2-6)

where /0y represents the velocity gradient at elevation y from the bed. In the turbulent

regime, as suggested in Figure 2-2, the turbulent shear stress is caused by the passing of



fluid micro-particles through the separation surface S-S of two fluid macro-particles (M,
M;). Analyzing the instantaneous velocity fluctuations, Prandtl proposed for the turbulent
shear stress the following expression:
2
r, = pl* ( %] (2-7)
where / is “the mixing length”, and represents the average distance traveled by the fluid

micro-particles involved in the mixing process.
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Figure 2-2 Simplified scheme of the turbulent motion. After Marian and Muste (1993)

From the Eq.(2-7), the function that governs the variation of the mixing length at the
boundaries can be expressed as:

[=xy (2-8)
where « is the proportionality factor, or Von Karman constant: k = 0.4. This factor is
valid for all homogeneous fluids and for any geometry of roughness at the flow
boundaries, which is sufficiently small compared to 4, the depth of the flow.

For the case of the free-surface flow, Yalin (1977) suggested another function for the

mixing length:

1=y J(L- y/h) (2-9)



Several experiments have been conducted regarding this function. Findings show a linear
variation with the flow depth (y) just in the vicinity of the bed, whereas, for larger values

of y, the rate of increment slows down to its maximum value aty=2/3h, and

progressively decreases to zero at the free surface. As shown in Figure 2-3, when
approaching the free surface, / decreases at a higher rate to zero in a non-linear abrupt
way. This seems to be reasonable since the free-surface cannot dampen the fluctuations

as effectively as the rigid boundary (bed).
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Figure 2-3 The mixing length variation with respect to the flow depth. Yalin (1977)

In Figure 2-4, Yalin (1977) clearly presents the distribution of the shear stress (laminar

and turbulent) along the depth of a turbulent flow with free surface.
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Figure 2-4 Shear stress distribution. Yalin (1977)



Summarizing the above discussion, the total shear stress 7 in the turbulent flow may
become:

2'=2'1=,u% (2-10)

while 7, =0 for any ye (k;; 6)°, which is the definition of the laminar flow, and

2
=7,=pl* a—“] 2-11
T=7,=p [ay (2-11)

while 7 =0 for any ye (&, 4), which is the definition of the fully developed turbulent flow.
In the same manner, the turbulent flow can be analyzed through velocity. Taking into
account certain conditions to the bed boundary: since y <<< k then 7= 7,, but if y>¢'then
7~ 5, and Eq.(2-11) can be integrated along the flow depth; thus, the general function of

velocity distribution for the turbulent regime can be expressed as:

2o lln[leN (2-12)
us kg

where us the shear velocity is equal to us = /7, / p , and By is a dimensionless parameter

of the flow in the vicinity of the bed. It depends on p, 4, u+ and k;, and is defined by the

following expressions:

sk ,
By = lln(u s J+ (const)a , corresponding for large values of 6/k, or
K 1%

By = (const)b, corresponding for small values of &k;.
Nikuradse analyzed the variation of By with respect to the dimensionless parameter
log(usk, /v) and determined, for sand roughness, the following velocity distribution
functions for the turbulent flow (Figure 2-5):
(i) hydraulically smooth regime, which is given by the condition u«k,/v <5. For

this regime the velocity distribution function becomes

i=2.51n(”*yj+5.5 (2-13)
U 1%

It is independent on the size and the nature of the roughness k; of the bed (if k;<<<h);

2 8 is considered to be the thickness of the laminar layer of the turbulent flow

10



(i) fully developed turbulent regime or rough turbulent flow, which is given by the

condition wsk,/v2>70. For this regime the velocity distribution function

becomes

—“—:2.51n(kl]+8.5 (2-14)

Ux s

and it is independent on the viscosity v of the fluid,;
transitional regime, which is given by the condition5 <u«k, /v <70. In this regime the
velocity distribution function is dependent on both viscosity and roughness, but the value
of By cannot be given by an analytical formula. Nevertheless, the value of By can be
estimated from the graph presented in the Figure 2-5, depending on the given values of
uvkg /v .
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Figure 2-5 Variation of By with log(u«k, /v) from Nikuradse measurements.

After Yalin (1977).

2.2 Sediment transport in open-water channels

Having reviewed the variation functions of shear stress and velocity for open channel
flow, the analysis of the sediment transport in an open channel with a movable bed can
now be considered. The following theory focuses mainly on two aspects: (i) sediment

transport in an open-water channel, and (ii) sediment transport in an ice-covered channel.

11



2.2.1 Mechanics of sediment motion

Considering an individual grain of the mobile bed, the forces acting on it are:

F - the hydrodynamic force with its components F,, the dragging
force tangent to the bed channel and F,, the lifting force normal
to the bed;

W - the weight of the grain;

R=F+W -theresultant of the above forces, also called the active forces.

The passive forces comprise:

Fs - the friction force and

N - the normal reaction at the particle support.
Figure 2-6 (a) shows that the detachment of the grain will occur when the resultant R
reaches such a position (#3) where the angle between the vector R and the direction of the
normal n becomes equal to the friction angle y. The normal n is perpendicular to the right

support of the grain, support B, represented by the line (¢,#’) in part (b) of the figure.
Ay
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Figure 2-6 Forces acting on a grain of the bed surface. After Yalin (1977)

From the forces triangle corresponding to this stage (just before the detachment of the

grain) shown in Figure 2-6 (b), the sine theorem is expressed as:

12



F W
sinfp+w) sing
Considering f=(1/2)-(p+y~0), the condition of detachment of an individual grain can be

(2-15)

determined by:

F_ sinfp+y) 2-16
chos[()-((pﬂz/)] (-10)

Thus, the detachment of a grain occurs when the ratio F/W reaches a certain limit, which

depends on the angles ¢, y, and 6. The angle ¢, between the direction x of the flow and
the tangent at the highest downstream support B, depends entirely on the geometry of the
grain and its environment. The friction angle, y depends on the conditions of the contact
surfaces of grains. The angle 0 is determined by the geometry and the grain size

Reynolds number, Res = D/v . Many consider the angle 6 for a large percentage of the

grains forming the surface of a mobile bed to be very close to ©/2 (6 = n/2), and hence,
the condition of detachment is expressed as F,/W > 1, which means that the detachment
of a grain is due entirely to the magnitude of the lifting force F,, the vertical component
of the hydrodynamic force F.

Two main approaches have now been considered with regard to sediment transport: the

shear stress 7,, and the dynamic action of the flow, F. Obviously, these two approaches

are consistent, since 7, and F are interrelated: 7, o F/D?, but in practice the bed shear

stress is the most used concept because it gives a better computational relationship with
the velocity distribution of the flow. The “mechanical” approach or the concept of the
hydrodynamic force helps make the phenomenon more understandable. Therefore, the
shear stress will be further used to define motion of the bed grains. Past experiments have
shown that when only one grain size distribution is present, the sediment transport can be
divided into three main stages. Considering ¢;, the total transport rate or the specific

solids discharge, g, the bed load (rate), and gy, the suspended load (rate), these stages

are:
if 7, <(7)ers then ¢,~0 - no sediment transport;
if (%)< T (7 )er,  then gs=qsp - bed load transport;
if 7,>(% er, then ¢s=¢s»t+qss - bed load and suspended load transport.

13



In the bed load stage, (Figure 2-7) the grains move either by irregular jumps (saltation)

or, by rolling.

saltation

rolling

Figure 2-7 Grain incipient motion: by irregular jumps or by rolling. After Yalin (1977)

Once 7, begins to exceed the magnitude of (7, "), the amount of sediment diffusing in the
fluid medium slowly becomes significant. When 7,>(7,")q, the sediment transport is
formed by granular material which moves in the vicinity € of the bed (0<y<e) by jumping
and rolling -bed load, and by granular material which is carried in suspension by the flow
(e<y<h) —suspended load. Further discussions in this study will refer only to the bed load

transport.

2.2.2 Sediment transport rates

Sediment incipient motion condition of A. Shields (1936)

Shields was the first who expressed the initiation of sediment transport:
6., = D(Rex) (2-17)
where Res« = uxD/v is usually called the “grain size Reynolds number”, and reflects the

2

2
influence of the dynamic viscosity u (v= wp), while §=—2-= =
e SD v sD g (S - l)D

reflects the influence of the specific weight of grain in fluid, % and characterizes the ratio
F/W; therefore, this parameter is also known as “dimensionless shear stress”. p is the

fluid density and s the relative density of bed grains, s=p/p. In both expressions, D

represents the grain size of a uniform material, or the typical grain size of a mixture.

14
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Figure 2-8 Shields curve and different experimental points that tend to follow the curve.

After Yalin (1977)

Shields plotted the experimental values of &, and Re+, (wWhich correspond to the critical
stage of the initiation of sediment transport = critical bed shear stress (z,).; = critical shear
velocity u+) with the intention to produce a curve, which determines the incipient
motion of the bed particles (Figure 2-8).

Shields’ equation for bed-load rates is expressed as:

B 10gs(z, —7,,.)

17D [m®/ms] (2-18)

dp

where g, and ¢ represent the bed-load and the fluid discharge per unit channel width,

respectively.
Empirical formula of Meyer-Peter and Muller (1948)

The expression of Meyer-Peter and Muller, also called the “Swiss formulae,” is the most
popular formula used in practice. After a long series of experimental measurements and
dimensionless analysis, they determined for the bed transport rate, gs=¢s», the following

empirical relation:

4 =0,0-6,)" (2-19)

1/2
P

372
(7sD

where ¢, represents the dimensionless transport flux, ¢, = g,
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Usx

é represents the “dimensionless shear stress,” @ = ————, and
g(s-1H)D
#=8 represents the value of the dimensionless transport rate at the limit
6/0,—, in which 8, corresponds to the critical stage &, = 0.047. This equation was
subjected to many experiments and calibrations within the last half-century, which help

make it so popular and efficient in practice. The last calibration was made by Bennett
(1995), who suggests the following values for ¢,
Table 2-1 Calibration values of ¢,, after Bennett (1995).

Nr. Dimensionless parameter ¢, Bed material characteristics
% =031 ripples
2 @ =23log,, 6 +4.84 dunes
3 ¢, =2.2log, 0+2.8 torrential regime

Energetic formula of R.A.Bagnold(1956)

Bagnold’s approach refers to the efficiency of the flow capacity to move bed particles.

useful work

He defined this efficiency as e, = (Figure 2-9) and by expressing each

available energy

term of the ratio, he determined the relation of the dimensionless transport rate as
¢ =b30"(0-96,.) (2-20)
where by =8.50 ¢, /tany, is a coefficient that can be computed using Bagnold’s

function of the grain diameter D.
10

tangy, /

Y
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Figure 2-9 R.A. Bagnold’s graph: ey/tany, vs D
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Bed load formulas of Yalin (1963) and van Rijn (1984)

Yalin and van Rijn developed a bed load transport formula based this time on the concept
of the “average jump,” or just the non-fluctuating characteristics. They integrated the
average forces acting along the grain jump trajectory. Yalin expressed his sediment

transport formula as:

@ = 0.635i[l - Lln(l + as)] (2-21)
,/[// as
1/2
. . . 0-46 . :
where ¢, = 4L s the dimensionless transport flux, S = o =™ 1 s the
V4 D3/2 Hcr Uxcy

dimensionless excess of the dragging force, and a =2.45,/6,, / s% isthe dimensionless
detachment condition of the grain (a=W/ Fy ).

Van Rijn (1984) expressed his formulae as:

T2,1

¢ =0.053 E

(2-22)

where T = e

represents the effective bed shear stress, or the ratio between the bed
cr

VZ

1/3
. o s—1
shear stress in excess and the critical shear stress and Dy = (g—uj D, the
dimensionless particle diameter expressing the physical characteristics of the grains and

the fluid. It is an independent parameter with respect to the flow regime.

The above approaches and formulas represent the basics for the sediment transport theory
on which most or all of the relationships developed for the motion of sediments are based
on. In literature, one can find a large number of formulations and expressions, each being
developed for a specific process; therefore, one must choose the right formulae for

specific conditions.
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2.3 Sediment transport in ice-covered channels

The large number of studies on the hydraulics of alluvial channels contains little
information concerning sediment transport in ice-covered channels. This lack of
information is due mainly to the high-latitude and relatively remote locations of rivers
that are covered with ice on an annual basis. However, in recent decades, the growing
interest in the wintertime management of reservoir-regulated rivers and in the winter
environment of ice-covered rivers have led to the need to understand sediment transport
in ice-covered channels and the estimation of transport rates.

The presence of ice-cover complicates the relationship between flow depth and discharge
in alluvial channels during freezing periods. For two-dimensional free-surface flow, it
approximately doubles the wetted perimeter, which causes dramatic increase in flow
resistance. In order to make a correct comparison between open-water and ice-covered
flow, the notion of equivalent flows is defined as the free-surface and ice-covered flows
with identical energy slopes and identical unit discharges. Thus, for equivalent flows, one

can express the ice-covered/free-surface flow depth ratio as’:

_ 1/3
LU_(QJ 223
Y U A

0 ¢
where ¥ and U represent the flow depth and the average velocity for open-water flow and
covered flow respectively. The friction factor for ice-covered flow is a composite factor,
which takes into consideration the effects of both boundaries: the bed and the ice cover,
such that*
£, =8 Ttotaé ___4(Tl ‘H;Z)
pU, pU,

(2-24)

where T, expresses the shear stress due to the bed and the ice-cover. Since the flow

resistance for ice-cover conditions is greater than for free-surface conditions, the flow

depth must increase for the ice-covered flow in regards to the last two expressions.

> Subscript “c” for ice-covered flow, and subscript “o” for open-water or free-surface flow
* Subscripts “1” denote the bed and “2” the ice-cover parameters
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Several studies have investigated the resistance relationship for ice-covered channels and
many of the proposed models are similar in that they split the flow into upper and lower
layers. This initial assumption is called the “two-layer hypothesis,” and as shown in
Figure 2-10, each layer is treated as an independent free-surface flow. Thus, the vertical
variations of velocity and shear stress previously discussed for open-water flow are
assumed valid in this case. The velocity distribution is considered to be logarithmic for
both layers, reaching a common maximum value at the elevation y, of maximum
velocity. The shear stress distribution for both layers should meet and reach the minimum
value (=0) at the common “free-surface” elevation, where the maximum velocity should
also be located. In reality, the elevation of zero shear stress, y, and the elevation of
maximum velocity, y, are equal only if the roughness of both boundaries is identical.
However, as Parthasarathy and Muste (1994) observed for asymmetric cases, the
differences between y, and y. are small, less then 5% of the flow depth. Thus, for all two-

layer models of ice-covered flow, it is simply assumed that y, = y.

From a sediment transport point of view, the reason for splitting an alluvial flow into
these two layers is to enable the application of free-surface relationships for bed-load
transport rates, bed-form existence, and bed-form geometry to the lower layer (the natural
bed of the channel) in order to yield predictions for the ice-covered flow. Smith and
Ettema (1995) showed that there are some inconsistencies in this concept regarding the
velocity gradient, which is discontinuous at the interface between the two layers, and also

in the velocity and shear stress profiles for dune-bed channels.
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Sayer and Song (1979)

Sayer and Song in conjunction with U.S. Geological Survey conducted an early
experimental study on ice-covered alluvial flow in 1979. The main purpose of this
investigation was to obtain basic information on how ice-cover affects the sediment
transport characteristics of alluvial streams. Their movable bed channel consisted of
0.25mm quartz sand, and the ice-cover was simulated with plywood panels. Two types of
cover roughness, smooth and rough ice, were used in their experiments which were
conducted in flow depth adjustment conditions (energy slope kept constant). Their results
showed 20 to 30% increase in flow depth for ice-covered flows in comparison to open-
water flows for the smooth cover, and 30 to 80% increase in flow depth for the rough
cover. They also observed a reduction in the total sediment discharge of approximately
80% for the smooth cover and 95% for the rough cover. In their computation, they
assumed that the two-layer hypothesis was valid, and their predictions were found to

coincide with their experimental data.
Lau and Krishnappan (1985)

Lau and Krishnappan investigate& the effect of a floating cover on an alluvial channel
using 0.15mm glass beads as sediment grains and plastic-coated plywood panels as
simulated ice-cover. They observed the influence of the ice-cover for two bed slopes of
0.00059 and 0.0010 respectively, and for fluid discharge ranging from 0.0099m>/s (9.9V/s)
to 0.0274m>/s (27.41/s). In this study, the ice-cover produced a 9 to 23% increase in the
flow depth, relative to equivalent open-water flows. The total sediment transport rates for
covered flows were found to be about 1/3 of the corresponding open-water transport rate.
Most of the sediment was transported in suspension, but no separate bed-load
measurements were made. However, their results indicate that some of the theories for
bed-load transport in open channel flows can be applied to the lower layer of the covered
flow. Lau and Krishnappan used 1 their computation a k-¢ turbulence model to estimate

boundary shear stresses, stream-wise velocities, and suspended sediment concentrations.
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It was determined that their predictions match well enough to the measured values,

(Figure 2-11).
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Figure 2-11 Comparison of measured and predicted transport rates for covered flows.

Lau and Krishnappan (1985)

It is necessary though, to point out that their study refers to smooth ice-covered flows

over rippled beds of fine sediment.

Wuebben, James (1986-1988)

Wuebben (1986) studied ice-covered alluvial flow using sand with a median size
diameter of 0.45mm and Styrofoam panels to simulate ice-cover. He performed five
series of open-water, smooth cover, and rough cover experiments at four discharges and
found that flow depth increased, average velocity decreased, total sediment discharge
decreased, and bed-form heights decreased with increasing cover roughness.

The most intriguing observation made by Wuebben was that the presence of an ice cover
could provide a change in the slope of an alluvial channel. Figure 2-12 shows the findings
of his experiments regarding the variation in energy slope with ice conditions, and as

seen, the slope becomes steeper as the roughness of the ice-cover increases.
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Another interpretation, this time made by Smith and Ettema, refers to the fact that this is
a response of the laboratory-flume and not a typical response of natural channels, which
adjust flow depth much faster than the slope. Even if the authors didn’t mention, it is
important to remind the reader that this interpretation is valid only for long reaches of
natural channels. However, in the case of short reaches that contains changes in the
channel geometry or an obstacle in the way of the flow, the energy slope of the ice-
covered channel may adjust faster than its flow depth (Donchenko, 1975 and Zabilansky,
2002, Chapter Three).
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Figure 2-12 Variation in energy slope with ice conditions. Wuebben (1986)

Consequently, two years later, Wuebben investigated the two-layer hypothesis in other
experiments by replicating the lower layer of the covered flow with the open-water flow,
as he had suggested in his previous research. This means that first, he had run the
experiments with covered flow and after the flow depth and discharge had been
determined, the open-water experiments were conducted using those values. While there
are still some reservations about the two-layers approach, Wuebben’s findings give a
practical value to this approach in the absence of another correct theoretical approach.
The results show that the equilibrium slope of a system with a given discharge and flow
depth agree very well for open water depths corresponding to the thickness of the lower
layer of ice-covered flows. Furthermore, sediment concentrations and bed-form

wavelengths appear to be relatively well correlated.
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Smith and Ettema (1995)

Smith and Ettema conducted several loose-bed experiments in conjunction with ice-
covered channels. Their report, which is considered one of the most elaborated research
studies of ice-covered flow, examined the influences of the presence of ice-cover and its
roughness on the depth, discharge, sediment transport, and bed-form geometry for
alluvial channel flows.

A sediment recirculating flume of 30m long, 0.91m wide and 0.45m deep was used. The
channel bed was covered with uniform coarse sand with a median size diameter
dsp=1.28mm. The simulated ice-cover was made of plywood panels with smooth, median
and rough surfaces. The loose-bed experiments were performed for a constant discharge,
energy slope, and water temperature. Their conclusions were quite clear: an ice-covered
flow will induce greater flow depth, smaller bulk flow velocity, smaller dune steepness,
and thus smaller bed-load transport rate than the equivalent open-water flow. Interesting
findings are shown in the following figures regarding the variation of bed resistance and

bed friction factors with respect to the shear stress ratio =7, /7; of the ice-cover and the

bed channel, respectively.
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Figure 2-13 Ice-cover influence on bed shear stress, expressed in terms of the Shields

parameter. Smith and Ettema (1995)

Figure 2-13 shows the variation of the total bed resistance and its components, the

surface resistance &’ and the bed-form resistance 6” with respect to the ice-cover
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roughness. These characteristics, which are expressed in terms of Shields’ parameter,

T . e .
0= y, decrease significantly with increasing cover roughness, except for the surface
¥s4s0

resistance, which experiences only a slight decrease with increasing cover roughness.
This phenomenon is due to the shear stress exerted by the re-attached flow: the presence
of ice-cover and the increasing of cover roughness reduce the dune steepness — reduces

the size of the flow recirculation behind the dune crest — re-attaches the flow to the bed.
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Figure 2-14 Ice-cover influence on total bed friction factor, £, flat bed friction factor, f;’,

and bed form friction factor, f;". Smith and Ettema (1995)

In Figure 2-14, the total bed friction factor, f; is examined together with its components
the surface friction factor £, and the bed-form friction factor f;"”. From this diagram, the
effect of the changes in flow velocity has been eliminated, and thus, the results show that
the surface friction factor increases with increasing cover roughness, whereas the bed-
form friction factor decreases with increasing ice roughness. These observations led to
the conclusion that the total bed friction factor experiences small variations with changes
in ice cover roughness.

The two-layer hypothesis was questioned again because of the observation that the
discrepancy between the elevations of maximum velocity and zero shear stress increases
with increasing cover roughness. The elevation yy, thus, is not an appropriate length scale

for flow near the bed.
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Ettema, Braileanu, and Muste (1999)

Ettema, Braileanu, and Muste conducted their experiments in the same flume that Smith
and Ettema used for their study. Experiments for smooth, median and rough ice-covers
were conducted. The bed material consisted of uniform fine sand of dsy = 0.25mm with
standard geometrical deviation of oy = 1.4. The experiments were performed for a ripple-
dune regime on the channel bed. Since this study emphasizes suspended-load transport,
their conclusions are briefly noted below. The presence of a free-floating ice-cover on
flow over a dune—bed channel increases the flow depth, decreases the average velocity of
the flow, and decreases the total rate of sediment transport. In addition, their study
confirms that bed-load transport rates under ice can be estimated using an open-water
formula for the bed-load transport. A surprising result is the fact that the ratio of
suspended-load rate to total sediment transport rate did not decrease with the presence of
ice-cover and with an increase in cover roughness. A new formula for suspended-load

rates computation was determined:

C q Us,'
Gy = sy ( ac ] =4y (J&] [_*L') (2-25)
Cao 9po Us,

where s and b denote the suspended-load and the bed-load respectively, and u+’ is the

shear velocity due to the drag effect. Cac, and Cjo represent the reference concentrations
of bed sediment moving near the bed in the ice-cover and the open-water cases,

respectively.

Zabilansky, Leonard (1998-2002)

Most of the numerical and physical models used to predict sediment transport are based
on laboratory tests with very little field information for validation. The effects of ice-
cover or ice and debris accumulation are hardly considered in the sediment motion
phenomenon.

Recently, very important studies concerning sediment transport under ice-covered flow
were conducted by the US Army Cold Regions Research and Engineering Laboratory.

Since their major interest is in building technology for detecting and measuring effects of
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ice forces, sediment erosion/deposition processes, and scouring under ice, results from
their field experiments have shed light on important information about the process of

sediment transport and scouring around bridge piers under ice cover-conditions.

Zabilansky (1996, 2002) conducted two studies on sediment transport on the Missouri
River in Culbertson, Montana and on the Mississippi River in Andalusia, Il., and one
study on scouring around bridge piers on the White River at White River Junction,
Vermont (presented in subsection 3.3). In these three studies, a time-domain
reflectometry (TDR) instrument was developed and patented to monitor the erosion and
deposition of sediments in real time under various conditions such as ice-covers, ice and

debris accumulation, and flooding.

Their objectives were to identify the parameters that trigger sediment transport and to
correlate the resulting changes in the river with the different ice-cover processes:
formation, growth, and break-up, and also to document the changes in the bed elevation

during the winter to calibrate a numerical sediment model.

Zabilansky’s findings are in agreement with previous studies showing that the presence
of a free-floating ice-cover will increase the flow depth, and thus, decrease the bed and
suspended-load capacity to transport sediment in comparison to open-water conditions.
However, he also uncovered two very important conditions which can occur during the
winter and early spring:
(1) the “free-floating” ice-cover, which refers to the cover that allows the flow depth
to rise in response to any increase in discharge, and
(i1) the “confining” ice-cover, which refers to the cover that prevents the stage to
adjust in response to any increase in discharge.
This last process is very common in nature and can occur over the winter as the ice
thickens and becomes more rigid and strongly attached to the shoreline and channel
structures. Thus, in a “confining” ice-cover situation, any increase in discharge below the
break-up point of the ice-cover has to be accommodated by an increase in the mean

velocity since any increase in the flow stage is prevented by the ice-cover break-up
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strength. At this point, a very important observation worth be mentioned: this increase in
velocity is associated with an increase in the energy slope of the flow, which will also

induce a higher capacity of transporting sediment compared to the open-water situation.
2.4 Conclusion

As one can see, most of the studies regarding the sediment transport in ice-covered and
free-surface flow situations were conducted in a flow depth adjustment condition,
maintaining constant the energy slope for both the free-surface and the ice-cover cases.
This is a valid hypothesis when an appropriate length scale is considered (i.e. long river
reaches). However, when a river reach contains a bridge pier, based on Zabilansky’s
(2002) field study, we can say that in an ice-covered channel situation the flow will adjust
faster the energy slope than the flow depth. As a result, in a controlled flow depth case
major changes in the sediment transport and scouring processes are predicted for the ice-
covered flow compared to the free-surface flow.

Taking into consideration the shallow-water case, the average discharge and the average
bed shear stress can be expressed as follow:

in the open-water case (subscript “o0”) where R, ~ A

B
qo :;h05/3 Soll2 s Ty =Y ho So (2'26)

in the total ice-cover case (subscript “i”’) where Ry ~ h/2
2/3

4 =§ (l) h15/3 Sim > Tj =7lhi Si (2-27)
n\2 2

where B is the channel width, » is Manning’s roughness coefficient, considering that the
ice-cover and the bed channel have identical roughness.
Analysing the variation of the flow depth and the energy slope at constant discharge

(90=¢), it can be shown the following:

(@) ifS=8 = E02s = Fi_p¥5 _g 66(1 (2-28)
ho TO

(i) ifhe=h = %:24/3 = Ji_913 _126)1 (2-29)
T
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Thus in order to keep the discharge constant in both the ice-cover and the open-water
cases when the energy slope does not vary, the flow will adjust the stage and the
sediment transport capacity will decrease in the ice-cover case compared to open-water
situation [Eq. (2-28)]. However, if the energy slope is adjusted instead of the flow depth,
the sediment transport in the ice-covered case will increase compared to the free-surface
flow [Eq. (2-29)]. In nature, a common situation can easily be encountered between the
two limits stated above, which can be summarized as:

0.66(1 (1.26 (2-30)
T

o]
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Chapter Three

Scour Around Bridge Piers

3.1 Introduction

The phenomenon of scouring around bridge piers has been the focus of many studies in
the past, but because of its complexity, which includes considerations such as flow
conditions, sediment transport mechanisms, and occurrence periods, a universal equation
or expression has not been yet developed. However, past studies are very important
because they uncovered and improved knowledge about the most important parameters

that govern the scouring process.

Scouring, generally speaking, is due to gradients in sediment transport caused by the
presence of structures or distortions in the direction of flow. Therefore, knowledge about
the sediment transport phenomenon is essential, and thus the reason for its review in the
previous chapters. Before entering deeper into the analysis of the scouring process, a
brief classification of scouring types are reviewed to create a better understanding on how
scour can be defined:
in terms of the Physical Process:
(i) General scour: occurs as the result of natural processes independent of the
presence of a structure;
(i) Constriction scour: occurs if a structure causes the narrowing of flow or the
reconfiguration of the channel berm or flood plain flow; g
(iii) Local scour: occurs in river tide bents or directly from the impact of a
structure on the flow. In the latter case the scour is a function of the structure type
and has to be superimposed on the general and constriction scour;
in terms of the Sediment Regime
(1) Clear-water scour: referred to scouring when the bed material in the flow
upstream of the scour area is at rest. Thus, in this case, the shear stress on the bed
some distance away from the structure is not greater than the critical shear stress

for the initiation of grain movement;
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(i) Live-bed scour: also referred to scour with sediment transport, and occurs
when the flow induces a general movement of the bed material. The shear stress
on the bed is generally greater than the critical shear stress. The equilibrium scour
depths, in this case, are reached when the quantity of material removed from the
scour hole by the flow equals the amount of material supplied to the scour hole
from the upstream bed.

In the following subsections, the emphasis is placed on local scouring under clear water
regime. In practice, designing for local scour is taken into consideration with regards to
general and constriction scour, thus general considerations about the latter two types of

scour are briefly discussed.

General scour

General scour occurs due to the increased capacity of a river to carry sediments during
flows caused by floods or as a consequence of different man-made interventions. This
type of scour represents a response to the flow regime, and would occur whether or not a
structure is present in the river.

Many rivers, especially wide rivers flowing over gravel, have the tendency to develop
localized channels, as shown in Figure 3-1. If a certain part of the channel coincides with
the location of a bridge pier, then the two combined effects of both general and local
scouring should be taken into consideration for design purposes because greater depths of

scour will be produced.
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Figure 3-1 Illustration of a localized channel in a cross-section of Jamuna River,

Bangladesh. Breusers and Raudkivi (1991)
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Constriction scour

In order to reduce the costs associated with bridges, the cross section at a river crossing,
for example, is often reduced by the encroachment of embankments on the flood plain or
even on the river channel itself. When the bed of the river is mobile, the flow depth at the
constriction site will increase because of the scouring. If a bridge pier is located near such
an abutment, then the scouring processes associated with constriction, general and local

scour will be reciprocally influenced by one another.

3.2 Local scour around bridge piers in open-water conditions

3.2.1 Mechanics of the process

The flow pattern surrounding a cylindrical pier in an open channel flow is complex. This
complexity increases with the development of a scour hole. Many studies: i.e. Shen et al.
(1969), Hancu (1971), Melville (1975), Melville and Raudkivi (1977), Ettema (1980),
Breusers and Raudkivi (1991) etc., have been carried out in order to better understand the
flow mechanisms associated with scouring around bridge piers, which lead to the
formation of the scour hole. According to these studies, the flow pattern is divided into
four components:

(i) bow-wave,

(i) down-flow,

(iii) horseshoe vortex, and

(iv) cast-off vortices and wake.
Breusers and Raudkivi (1991) clearly stated that the scouring around a cylindrical bridge
pier starts at the sides of the cylinder and rapidly propagates upstream around the pier
until the holes meet at the centerline. The eroded material is moved downstream by the
flow. Soon after scouring commences, a shallow hole, concentric with the cylinder,
begins to develop around the pier, except in the wake region behind it. In this upstream
region which covers about 120° sector angle of the pier, the down-flow acts like a vertical
jet, eroding an additional narrow groove just near the pier (Figure 3-2). The eroded

material is then carried around the cylinder due to the combined action of the down-flow
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and the spiral movement of the horseshoe vortex. In this groove, the down-flow is turned
completely in the opposite direction and the resulting upward flow is then deflected by

the horseshoe vortex towards the upstream direction.

WAKE

BOW WAVE

DOWNFLOW

Figure 3-2 Representation of the flow pattern adjacent to a cylindrical pier. Breusers and
Raudkivi (1991)

This turning point is located on the lip of the groove, a reason for which the groove is
often sharp with almost vertical edges. As the process approaches equilibrium, the groove
becomes shallow, and disappears completely because of the collapse of its rim. At this
moment, the deflection of the down-flow throws this material up the slope of the scour
hole such that some of it is pushed further by the horseshoe vortex, while the rest is
directed laterally and carried away into and behind the wake region where deposition
occurs as a bar. The upstream part of the scour hole develops in the shape of a slope
descending towards the pier and equals the angle of repose of the bed particles under

erosion conditions.

Observations have shown that the strength of the down-flow in front of the cylindrical

pier reaches the maximum value just below the level of the bed when a scour hole is
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present. The maximum velocity of the down-flow reaches 0.8 times the average upstream
flow velocity and occurs horizontally at 0.02 to 0.05 pier diameters upstream of the pier,

and vertically in the scour hole at about 1 pier diameter below the bed level.

The horseshoe vortex develops as the result of separation of flow at the upstream rim of
the scour hole built by the down-flow. Although this horseshoe vortex becomes very
efficient in transporting sediment away from the scour hole, it represents an effect of
scouring, not a cause of it. Furthermore, the horseshoe vortex expands its work
downstream, passing the sides of the pier, for a few pier diameters before losing its

typical behaviour and becomes part of the general turbulence.

The flow separates at the sides of the pier and as recognized from the sub-layer
detachment theory, the separation surfaces enclose the wake downstream of the pier. The
separation creates a region with a discontinuity in the velocity profile (with negative
values), which leads to the development of cast-off vortices in the interface between the

flow and the wake.

In the vertical plane, the phenomenon near the bed behind the pier becomes more
complex due to the interaction of vortices in conjunction with the horseshoe vortex,
which in turn will define a specific shape for the downstream scour hole. Because the
pressure on the downstream face of the pier is less compared to the upstream face, these
cast-off vortices act like mini-tornados that lift the material from the bed. However,
because of their ability to effectively dissipate energy, the material lifted near the pier is
dropped immediately downstream, where the vortex energy becomes smaller than the

necessary particle lifting energy.

For a further analysis of local scour, it is important to differentiate between clear-water
scour and lived-bed scour, as defined in section 3.1. Both the evolution of the scour hole
with time and the relationship between scour depth and approach flow velocity depend on

which type of scouring occurs.

34



3.2.2 Existing experimental studies

Clear-water scour occurs when bed material upstream of the scour area is at rest. In other
words, the shear stress acting on the bed material is less than the critical shear stress
corresponding to the incipient motion of the bed material. On the other hand, when the
shear stress acting on the bed is higher than the critical value, the process is named ‘live-
bed’ scouring. For clear-water scour, the equilibrium is reached when the combined
effect of the temporal average shear stress, the weight of the bed particles, and the
general turbulent agitation are in equilibrium everywhere. This means that the scour hole
is deep and wide enough for the down-flow and the horseshoe vortex to move any other
bed grain, but not to carry them away. In the live-bed scenario, the scour increases
rapidly with time and then fluctuates around a certain value in response to the changes of
certain bed characteristics including: ripples, dunes, changes in bed material, etc. The
scouring equilibrium can be defined then as an average value between an average

maximum and an average minimum of the scour depth.

The classical diagrams of Chabert and Engeldinger (1956) shown in Figure 3-3 clearly

depicts this behaviour of the scour towards equilibrium with respect to time and shear

velocity.
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Figure 3-3 Scour depth for a given pier and sediment size, as a function of time and shear

velocity. Chabert and Engeldinger (1956)

Ettema (1980) analyzed the temporal behaviour of scouring development. His findings
show, as Chabert and Engeldinger observed before, that for clear-water conditions, the
equilibrium depth of scour is reached asymptotically with time, whereas under live-bed

conditions, the equilibrium depth of scour is more quickly attained. In this case, the scour

35



depth begins a non-periodical oscillation movement caused by the changes in bed forms
thereafter.
He also identified, for steady-state clear-water scour conditions, the following temporal

steps of local scouring development around a cylindrical pier:

(1) the initial phase, or the transition from a plane bed with scour depth y=0 to the
principal erosion phase, represents the erosion that occurs at the sides of the pier.
This scouring process is weakened rapidly when the down-flow together with the
horseshoe vortex becomes dominant;

(i1) the eroding phase: when the scour hole evolves rapidly in size until the entire
horseshoe vortex is inside the scour hole. From this point, the horseshoe vortex
and the down-flow become the dominant scouring mechanism;

(iii) the last step is a transition to a final equilibrium phase: characterized by the
further deepening of the scour hole, a decreasing in the down-flow energy closer

to the base of the hole, and finally, by a weakening scouring rate.

Since scour depth depends on so many variables, which describe the fluid, the bed
material, the flow, and the bridge pier, many expressions and equations based on different
combinations of these parameters can be found. Basically, the scour depth can be

expressed as:
ys =t(v, p, 5.8 ¥,, U, b,K) (3-1)

where v is the kinematic viscosity, pand p, represent the fluid and sediment density
respectively, ), is the uniform depth, U is the mean approaching velocity of the flow, b is
the diameter of the pier, and K is a factor that includes the effect of the pier shape and
pier alignment with the flow. In order to better understand the impact of these parameters,
the following subsections present the influence of the sediment characteristics, the flow,

and the pier (size, shape and alignment with the channel) on the scouring process.

Effect of grain size distribution

The effect of the grain size distribution integrates two aspects: (i) the sediment grading,

and (ii) the grain size distribution: uniform or non-uniform bed material.
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Raudkivi (1981) suggested that a second peak may exist in the scour depth diagram
(Figure 3-4), depending on the bed grading. According to his findings, the results for
smaller grain sizes, which induce the formation of ripples, differ from those for larger
grain sizes, which do not form ripples. Thus, the lower variation curve in his diagram
corresponds to fine particles for which the sediment motion and the ripple formation
process occur together, commencing for shear velocities of #+>0.6ux or U>0.6U;.

For coarse sediment, the scour depth decreases from the critical value or the clear-water
peak value at U~0.95U, to a minimum of about U/U,; = 1.5 to 2, at which stage the bed
is generally in its “steepest” shape (i.e. the bed-forms are at the highest temporal
roughness). As the U/U;; ratio increases, the scour depth increases again to a new peak
value called the transition “flat bed” peak due to the absence of the bed-form drag
component of energy loss. At this moment, the bed-forms are eroded to a “flat bed”, and
therefore a greater fraction of the flow energy is distributed into sediment transportation

and scouring.
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Figure 3-4 Scour depth at a cylindrical bridge pier in uniform sediment function of flow

velocity. Raudkivi (1981)

For fine sediment, this second peak of scour depth is even greater than the “clear-water”
peak. For higher relative velocities, the bed-forms appear again and dissipate some of the

flow energy, which leads to a slight decrease in scour depth.

Ettema (1980) and Raudkivi and Ettema (1983) conducted local scouring experiments

with a cylindrical pier in a 45m long x 1.5m wide x 1.2m deep flume. They performed
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experiments for clear-water and live-bed conditions with uniform and non-uniform

sediments having a mean particle diameter dso between 0.24mm and 7.80mm.

They concluded that the maximum depth of scour for uniform coarse grain, non-ripple
forming bed material (dso >0.7mm) is 2.1< y/b <2.3. They also determined that grain size
is not a factor. For a uniform bed material with grain size d5<0.7mm, a flat bed
configuration cannot be maintained close to the critical shear stress, thus, ripples develop
and the bed roughness begins to alter, inducing small amounts of sediment to move into
the scour hole. This affects the boundary layer separation at the pier surface and
consequently changes the strength of the horseshoe vortex. In this case, the equilibrium
results show the relative scour depth 1.4<y,/b<1.5. Thus, the variation in the equilibrium
of local scour is influenced only by the difference between ripple forming (ds<0.7mm)

and non-ripple forming (ds¢>0.7mm) sediments, and specific grain sizes.

The second main aspect influencing the variation of the scour depth is the bed grain size
distribution, or the bed material uniformity. This degree of uniformity of the particle size
distribution of sediments is described by its standard deviation o. In practice, the most
common and convenient way to measure particle size distribution is the geometric

standard deviation:

o, = ;’784 ~ ;’184 ~ Z’so (3-2)
16 50 16

Raudkivi and Ettema determined that as the standard deviation increases the rate of
scouring and the final equilibrium depth decreases. The principal cause of the decrease in
the equilibrium scour depth is the armoring process of the upstream layer around the
perimeter of the pier. This process becomes significant when the values of the grain size
standard deviation exceed 1.4 to 1.5, limits for which a bed material can be considered
uniform. Their experiments were performed using fine and coarse uniform sediment (o
~ 1.3) and non-uniform sediment (o, = 3.5) with 0.24mm < dso < 3.8mm. The average
equilibrium scour was obtained for a cylindrical pier of 45mm diameter. This armoring
process defines a new critical value for shear velocity us,, or mean velocity U,, where the

local scour depth reaches the first peak, also called the armor peak.
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Figure 3-5 Average local equilibrium scour at cylindrical pier in uniform sediment and in

non-uniform sediment. Raudkivi and Ettema (1983)

In Figure 3-5, the continuous lines in both cases plot a live-bed scouring condition,
whereas the dotted lines show the scour depth evolution under a diminishing sediment
transport condition. When the critical “armored” shear stress 7, is exceeded, the armor
layer is eroded and sediment transport increases rapidly, leading to a decrease in local
scour depth in the same manner as the transition from clear-water scour to live-bed scour.
Further increases in shear stress imply further increases in the scour depth up to the “flat
bed” condition. This process needs to be carefully studied in design problems because for
rivers consisting of a gravel bed, field data indicate that the shear stress during flood
periods seldom exceeds 2 times the critical “armored” shear stress. Pier design

miscalculations must be guarded against due to the relatively quick nature of this process.

Raudkivi and Ettema also presented the variation of the scour depth with respect to the
relative standard deviation for different grain size values (Figure 3-6). For grain size of
dsp=0.55mm at o/dsy ~ 0.5 that represents a critical value for which only the armouring
of the plane bed is achieved and not the armouring of the scour hole, a maximum scour
depth of y¢/b ~ 2.1 was recorded. On the other hand, the coarser sediments reached the
maximum scour depth at ys/b ~ 2.3-2.4. For larger values of o/ds, the equilibrium scour

depth drops off to a value between 0.3 and 0.5, regardless of the sediment size.
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Effect of pier size

Ettema (1980) studied the effect of pier size in the development and the equilibrium
depth of local scouring. He performed experiments for six pier diameter sizes ranging
from 28.5mm to 240.0mm and with sediment sizes ranging from 0.24mm to 7.80mm.
The results were plotted with respect to the relative size of the pier and sediment (b/ds()
(Figure 3-7). Other studies conducted by Chee (1982) and Chiew (1984) presented
similar variations of experimental data, but the overall observations were as follows:

(i) pier size affects the time required for the local clear-water scour to reach the final
depth, whereas the sediment grading does not affect this time. This conclusion
was determined by excluding the effects of the relative depth y,/b and the relative
grain size b/dso;,

(i) for live-bed conditions, the time taken to reach the equilibrium stage is
significantly dependent on the ratio of bed shear stress to critical shear stress;

(iii) the larger the pier, the larger the scour volume and the longer the time required for
the scour to develop at a given shear stress ratio.

From the temporal point of view, according to Ettema’s (1980) analysis, the scour
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develops similarly for most values of b/dsy, in the initial phase. However, the
development of scour for the principal erosion and equilibrium phases differs from the
initial phase onward. These differences can be divided into four ranges with respect to the
relative grain size b/dsy:

(1) b/dsp>130:  the sediment is fine relative to the pier diameter. In this case, both
the horseshoe vortex and the down-flow directly entrain sediment from the scour
hole;

(i1) 130>b/dsp=30:the particle has an intermediate size in comparison to the pier
diameter. The sediment is entrained from the scour hole by the down-flow but
only from the groove formed around the upstream perimeter of the pier;

(iii) 30>b/ds5p>8: the bed material is coarse with respect to b. A greater proportion of
the down-flow energy is dissipated by the bed at the base of the scour hole;

(iv) b/dsy<8: the sediment is very coarse relative the dimension of the pier and
of the down-flow velocity profile near the base of the scour hole. Therefore, the
principal erosion phase of local scour does not occur. In this case, the scour is
mainly due to the entrainment of bed particles by the accelerated flow at the sides

of the pier and by the cast-off vortices behind the pier.
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Figure 3-7 Equilibrium clear-water scour depth vs b/dsg at us+/us+; = 0.90. Ettema (1980)

However, a clear difference in the features and the development of scour was observed
between the two middle ranges (b/ds5o=30 and b/d5,<30). Thus, for design considerations,

Ettema proposed for uniform sediments of relative grain size (b/d5>30) the maximum
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equilibrium local scour depth in clear-water:

(Ve /B max =23 (3-3)
where y,. represents the depth of the scour hole ys at equilibrium stage. For uniform bed
material of relative grain size (b/dsy<30) the maximum relative scour depth ys/b can be
estimated from Figure 3-7 but will not be greater than 2.3.

For non-uniform sediments, Ettema proposed the following expression for estimating the

equilibrium depth of clear-water scour:
— yse
Yo (0)/b =K, W (3-4)

where ys. is the equilibrium scour depth in uniform sediment with oz ~ 1.0, and K4 is a
multiplying factor whose value is dependent upon whether or not the bed material is
ripple-forming.

The time it takes for a scour hole to reach a certain depth, considering deep flow and a
constant u+/c = 1.0, was found to be a function of b’:

d

v, /b=Aln[ ngt]+B (3-5)

where A and B are coefficients dependent upon the parameters u+/u«;, yo/b and b/ds.

A very interesting case arises when experiments were performed with highly suspendable
bed material such as fine sand. In this situation, the scouring is intensified by an
additional effect, called the “vacuum cleaner” effect. This is caused by the cast-off
vortices at the rear of the pier. Thus, the maximum scour depth may occur at the rear of

the pier rather than in front of it.

Effect of the sediment regime and flow depth

The effect of the approach flow on local scouring can be expressed by the flow regime
parameter u+/ux, and by the flow depth y,, or by the non-dimensional parameter y,/b, the
relative flow depth to the pier size.

The sediment regime influence is defined by the parameter wus/uxg. If us/uxg<1, the

scouring process occurs in a clear-water condition, and if u+/us>1, then the scouring
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occurs in a live-bed condition. Chabert and Engeldinger (1956) established the influence
of u+/usy, (Figure 3-3, right). Other researchers including Hancu (1971), Shen et al.
(1969, Figure 3-8), and Ettema (1980) verified their findings.

Accordingly, the flow regime effect can be subdivided as follows:

(1)  ur/ux;<0.5 refers to no scour condition;

(i) 0.5Zu/ux+<1.0 refers to a clear-water scour condition. In this case, as
shown in Figure 3-3, there is an almost linear increase in the scour depth with an
increase in the relative shear velocity, up to the maximum depth at u+/u+ = 1.0;

(i) ur/use>1.0 refers to the live-bed condition where scouring is

accompanied with continuous sediment transport.
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Figure 3-8 Equilibrium scour depth y; versus u+/u«,. After Shen et al. (1969)

A schematic presentation of the scouring process by Breusers and Raudkivi (1991) is
shown in Figure 3-9. With respect to the flow depth, a pier introduces a surface roller
(bow wave) at the water free-surface level and a “horseshoe vortex™ at the base of the
pier. These two roller motions have opposite directions of rotation. Thus, in principle, as
long as they do not interfere with one another, the local scour is insensitive to flow depth.
When the depth of flow decreases to a “shallow” case, the surface roller becomes the
dominant motion. The “horseshoe vortex” is still maintained in the scour hole, but the
bow wave interferes with the down-flow, hence, the latter becomes weaker. For shallow-
water flows, the scour depth increases with depth of flow, and for greater flow depths, the

scour depth is almost independent of depth.
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Despite numerous studies, the influence of the flow depth has not been clarified yet.
However, based on research conducted by Bonasoundas (1973) and Basak (1975) (Figure
3-10), Breusers, Nicollet and Shen (1977) suggested that the effect of the flow depth, for

constant values of u+/ux, can be neglected for values of relative flow depth y,/b>2 or 3.

Ettema’s (1980) extensive study conducted for shallow flows shows that the finer the
sediment relative to the pier size, the smaller the range is concerning the effect of flow
depth. For fine sediments, the scour depth may be insensitive to flow depth when y/b>2,

while for relatively coarse sediments, this ratio may increase to y,/6>6.

Effect of the pier alignment and pier shape

Many studies (Tison 1940, Laursen and Toch 1956, etc.) and field measurements have
concluded that scour depth strongly depends on pier alignment to flow, for all pier

shapes, except for those cylindrical in shape.

Figure 3-11 Scour shapes at a pier aligned with flow and angled with the flow direction.

Breusers and Raudkivi (1991)

Many charts and diagrams were created for the computation of a multiplying factor K for
the scour depth function of the angle of attack, a, and the ratio of pier width to pier
length, I/b (Figure 3-12).
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Figure 3-12 Alignment factors K for piers not aligned with flow.
Breusers and Raudkivi (1991)

As was the case for pier alignment, the shape effect is also accounted for in the same
manner by a shape factor K, which can be found in literature through different tables. It
is a function of width to overall length ratio b//, and pier shape.

Since cylindrical piers present the best behaviour in laboratory experiments (no
alignment with flow effect), most studies were conducted using piers of this shape in

order to better analytically express the process of scouring.
3.3 Local scour around bridge piers under ice-covered conditions
Batuca, D. and Dargahi, B. (1986)

Batuca and Dargahi (1986) explored the influence of different parameters on clear-water
scouring conditions. The experiments were performed for free-surface and ice-covered
flow conditions in two concrete flumes: one with dimensions 27m x 1.97m x 1.1m and
the second 22m x 0.80m x 1.2m. The bed sediment used was a ripﬁle-forming sand with
ds¢=0.41mm and a grain size distribution of 0,;=1.88 (non-uniform sand). They used five
different sized metallic cylindrical piers: 6.7cm, 10cm, 13.3cm, 16.7cm and 20cm, and
two types of simulated ice-covers: plywood and aluminium. The experiments were

directed to investigate the influence of mean flow velocity, relative velocity, flow depth,

relative flow depth, and flow and pier Froude number ( F r, =U/ \/g_b ).
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Their findings regarding free-surface scouring supported results of previous studies
(Chabert and Engeldinger (1956), Hancu (1971), etc.). However, concerning ice-cover
tests, they concluded that a difference in the scour depth between free-surface and ice-
covered flow increases linearly with increasing velocity, reaching almost 20% larger
values for velocities greater than 0.3m/s. Similar findings were obtained when they
analyzed results with respect to relative flow velocity and Froude number. They
expressed the relative scour depth around a cylindrical pier as a function of three main

parameters (when only one type of bed material is considered):
P rp ) (3-6)

where Fr, represents the pier Froude number Fr, =U/,/gb .They also produced two
p p p

empirical relations for the relative scour depth of free-surface and smooth ice-covered
flow. However, these relationships were validated only for clear-water condition, the bed
sand characteristics mentioned above, and for 0.5< yy/b <3.5, 0.12< Fr <0.30 and 0.14<

Fr, <0.37.
Zabilansky and Yankielun (1996, 1998, 2000, 2002)

As was mentioned in subchapter 2.3, the US Army Cold Regions Research and
Engineering Laboratory conducted important studies concerning the scouring and
sediment transport processes under ice-covered flow. Yankielun and Zabilansky (1998)
were the first to conduct field measurements and Yankielun eventually patented several
devices for measuring ice loads and scour depths under ice, called time domain

reflectometry (TDR) instruments.

A case analyzed in their studies included a bridge built in 1964 over the White River at
White River Junction, Vermont. On January 1990 during an ice break-up, the bridge
failed. Historically, the bridge was subjected to both higher flow rates and major impacts
from thicker ice than that which was present at the time of failure. Although the ice load
ultimately caused the disaster, the real factor was the cumulative effect of the scouring

deteriorating the lateral support of its timber pile foundation.
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The measurement technology, TDR used in their study was able to monitor the scouring
progression in real time. This device, also known as an “instrumented-fish”, operates
based on radio transmitters. The idea was to bury many of these radios in the river bed at
different depths and different locations around the bridge pier. As the scouring
progressed, the instruments would be progressively exposed to the water current. As a
result, the radios moving with the current trigger an “active” signal to be transmitted,
showing that scouring had progressed to that depth. Once the velocity starts to decrease,
and deposition begins, the radios would then again become buried and the elevation of
redeposition could be detected by another signal sent by the instruments called the

“stationary” signal.

Before analysing their results, it is important to remind the reader about the difference
between the “free-floating” and the “confining” ice-cover which actually allows or
prevents, respectively, the water stage to rise in response to an increase in discharge.
Another very important observation refers to the analyzed reach of the river. The
scouring process is a local process, occurring around a bridge pier or abutment. Thus it is
of no use to include the bridge section of a river in a regular reach of several km in length
because the entire phenomenon will be missed. Under an ice-cover condition, the
problem is even worse. Zabilansky clearly shows a major difference between the
upstream ice sheet of the bridge and the ice around the bridge pier. While the upstream
cover can be considered “free-floating” ice, even if it is attached to the shoreline, the ice
around the bridge pier is almost always a “confining” cover. Donchenko (1975)
elaborated a rule of thumb to find the increase in the stage before an ice sheet starts to
break-up: the stage should increase two to four times the ice-cover thickness. This can be
translated, in the case of a 120m wide river with a 0.75m flow depth under a 50cm ice-
cover and using the minimal rule of thumb to approach the ice break-up situation, into a

140% increase in velocity, which will drastically change the variables of scouring.
Using the TDR devices from 1992 to 1994, and obtaining real time measurements,

Zabilansky and Yankielun were able to provide insight of the scouring process as well as

identify some of its controlling factors. The very first major observation from these
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results, presented by Zabilansky (1998, 2002), showed that the presence of a solid ice-
cover allowed scouring to occur at a lower discharge compared to free-surface
conditions, which can actually change the main design parameter in the bridge pier

design considerations.

Figure 3-13 depicts the set-up used for their experiments at the bridge site, containing the
“instrumented-fish” buried at different depths in the river bed, and the so called sediment
chains used as a second measuring device for the scour depth. Also presented is the sand
layer with a gravel overburden, the ice sheet, and the ice collar attached to the bridge
pier. In this study, the use of “stationary ice” refers to the situation when the ice sheet

freezes into the vertical pier, “confining” the flow.

Fioatng ce

Sediment Chains @

Figure 3-13 Cross-section along the projected centerline of the bridge pier.
Zabilansky 1998

Zabilansky suggested two very important controlling factors of scouring under ice-cover.
The first is the curvature shape underneath the ice collar, which redirects the current
towards the bed. As previously mentioned in open water conditions, the incoming flow
hitting the bridge pier nose will split into the surface roller (bow wave) and the down-
flow (Figure 3-9). Theoretically, in the ice-cover case, the surface roller is greatly
diminished due to the dampen effect of the ice-cover, and thus a large part of the energy
lost in an open water situation is transferred to the down-flow energy (Figure 3-14). In

nature, the curvature shape underneath the ice collar, due to the thermal conductivity of
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the pier combined with the water level fluctuations, will further increase the jetting action

of the down-flow (Figure 3-13).
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Figure 3-14 Distribution of the flow around a cylindrical bridge pier

Another factor observed during the river ice break-up process was the water pressure
fluctuation, which causes sudden changes in the pore pressure in the bed soil that
fluidizes the upper layers of the bed sediments. This facilitates sediment transport by the

flow.
Olsson, Peter (2000)

The objective of Olsson’s study was to investigate the effect of simulated ice cover on
local scour depth around a cylindrical pier. His experiments were conducted in a 12m
long x 0.45m width x 0.55m high laboratory flume at the Hydraulics’ Laboratory of
Clarkson University for different flow velocities with smooth and rough ice surfaces. The
walls and the bottom of the flume were constructed using 12.7mm thick plexiglass.

The bed material consisted of uniform ripple-forming sand with dso = 0.42mm and
0y=1.29. The bridge pier was simulated by using a transparent cylindrical pipe with an
external diameter of 31.8mm. The ice-cover was simulated by using Styrofoam sheets. A

total of 30 experiments were performed, 20 with ice-cover and 10 in open-water.
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For free-surface relative scour depths, Olsson’s findings confirm the general trend when

compared with Melville (1975) (Figure 3-15).
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Figure 3-15 Relative scour depth agreement with Melville’s tests for free surface flow.

Olsson (2000)

On the other hand, the results from both clear-water conditions and live-bed conditions
compared with scour at free-surface flow showed that an ice-cover may increase the local
scour depth by as much as 25-35%, or in terms of pier diameters, up to 0.3-0.5b, with
respect to scour depth for free surface conditions. These differences were most
pronounced for relative flow velocities ranging from 1.8 to 3 (in live-bed conditions) for
which the covered tests presented up to 35% larger scour depths relative to open-water

situations (Figure 3-16).
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Figure 3-16 Relative scour depth vs. relative flow velocity. Olsson (2000)

The results in the clear-water case were found to be in agreement with the findings of
Batuca and Dargahi (1986). The roughness of the ice-cover was found to have negligible

effects on the increase in scour depth.
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Chapter Four
Apparatus and Experimental Approach

In order to make a precise analysis of the scouring process around a bridge pier in an ice-
covered river together with the hydraulic and the sedimentation behaviour of flow, on site
measurements of velocity, shear stress, sediment transport rates, and scouring rates must
be conducted. This work is very tedious, due to the remote locations of such sites and due
to the conditions during the cold season. Therefore, carrying out physical modelling
experiments in laboratory flumes is preferred and has a relatively high dégree of
confidence.

All the experiments regarding this study were conducted at the Civil Engineering

Department’s Hydraulics Laboratory of the University of Ottawa.
4.1 Experimental Setup

The experimental setup includes the following: concrete rectangular flume, cylindrical
bridge pier, bed material, hydraulic equipment, velocity measurement system, mechanical
equipment, filling/drainage sand box and pipe network, free-surface slope measurement
apparatus, simulated ice covers, ice-cover shear stress measurement system, and sediment

trap.

4.1.1 Laboratory flume

All experiments were performed in a 29.2m long x 1.49m width x 0.77m high rectangular
flume made of concrete blocks. The bottom of the channel is also made of concrete, and
together with the sidewalls was painted with black asphalt to ensure uniform water
insulation along the entire length of the flume. Both sidewalls of the flume are covered
with “U” steel profiles. Aluminium rails are fixed on top of these profiles, which run
along the length of the flume, enabling instruments to be carried parallel to the flume. An

aluminium-structure trolley is used to support and move all the equipment used for
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measuring the elevations of the channel bed and the free water surface, the longitudinal,
transversal and vertical velocity field, and for scanning the scouring hole and the
erosion/deposition features of the scouring process. Figure 4-2 depicts the layout of the
entire flume.

The flume was divided into three sections along its length: Upstream false bed, Basin

sand bed and Downstream false bed.

Upstream False Bed Section: This is a false bed made of metal sheets along the flume
running for a length of about 9.75m covering the full width of the channel. It is supported
underneath from the rigid bed of the channel by a metal-wood block structure. The false
bed begins at 1.6m from the inlet pipe with a circular arc contraction shape. This
contraction spans around 0.65m until it joins the elevation of the false bed at 0.254m
from the bottom of the flume. This arc was designed to dampen the recirculation
turbulence due to the sudden contact between the incoming water flow and the elevated
false bed.

Another abrupt change occurs when the flow regime goes past the smooth surface on the
upstream false bed to the rough surface in the sand basin bed area of the flume. In order
to avoid this abrupt change, the upstream false bed contained a glued layer of the same
sand used in the basin ensuring a unique roughness coefficient and flow regime
throughout all sections of measurement. The upstream area of the channel contains four
cross-sections along its length: UA, UB, UC, and UD (Upstream section A, B, C and D).
Each cross-section has 9 points (1 to 9) where velocity measurements are taken. Points 1
and 9 are 0.32cm away from the sidewalls, and the remaining points are 0.18cm apart

from each other. Figure 4-1 clearly describes this feature.

Basin Sand Bed Section: This is the central part of the flume located between the
upstream and the downstream false beds and is filled with sand with a specific grain size
distribution. It is also the region where the cylindrical bridge pier is located. The basin
section is 7.32m long covering the full width of the flume. The last 0.51cm of this section
is occupied by the sediment trap, which was conceived to respond to different experiment

requirements (i.e. bed load rates experiments).
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The basin was filled with sand and cement bricks (16"x8"x2" and16"x8"x4"). The

bottom of the section was unevenly layered with cement bricks, as shown inFigure 4-3, in
order to decrease the amount of sand necessary to fill the basin. The remaining space was
filled with sand such that its surface was levelled with the upstream false bed. The
levelling of the sand was done with a specially designed wood screen, which could be
pulled to slide along the aluminium rails of the sidewalls. The height of the upstream
false bed (0.254m) was computed based on the flume dimensions, bed material size and
grade distribution, flow regime, bridge pier diameter, and research information about the
maximum scour depth (2.1< y¢/b <2.3, Ettema, 1980), such that the bottom layer of bricks
would never be uncovered by the scouring process.

The basin has 8 cross-sections marked on the sidewall rails: BA, BB, BC, BD, BE, BF,
BG, and BH (Basin section A, B etc), but with a different spacing between them as

compared to measurement points in the upstream section (Figure 4-1).

Figure 4-1 Working Sections of the Flume: Upstream False Bed (UA — UD) and Sand
Basin (BA - BH)
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Downstream False Bed Section: Another false bed consisting of metal sheets
followed the basin section with dimensions 7.32m long X 1.49m width x 0.254m high.

The downstream section did not include any glued sand at the surface.

4.1.2 Bridge pier

For all the experiments in this study, a 0.102m diameter Plexiglas cylinder was used as a
bridge pier, and was positioned in the mid-width of the channel, 1.83m downstream from
the beginning of the sand basin section. The cylinder is glued on a square acrylic sheet of
0.0125m thickness, which is bolted directly into the concrete bottom of the flume. Inside
the cylinder, four measurement scales are vertically glued in the four geographic
directions: North being the nose of the cylinder facing the upstream water flow, and
South in the toe direction. The scouring readings around the bridge pier during the

experiments were taken using a circular mirror, slide inside the Plexiglas pier

(Figure 4-5).

Figure 4-4 Cylindrical bridge pier

57



Figure 4-5 Readings of scour depths at the nose (left) and toe (right) of the bridge pier.

4.1.3 Bed material

The sand used in this study was a mixture of half original sand and half sieved sand. The
original sand passed through sieve #20 (0.841mm) and was retained on sieve #30
(0.595mm). After mixing and particle size analysis, the mean particle diameter was
dsp=0.646mm, and the particle size distribution was characterized by the geometric
standard deviation o, = 1.465, representing a relatively uniform medium sand.

Appendix Al shows the granulometric curve of the mixed sand and the computation of

the geometric standard deviation.

4.1.4 Hydraulic equipment

Water enters the flume through a 0.28m diameter T-shaped inlet pipe, shown in Figure
4-6. It is pumped using a centrifugal pump of 870-RPM and 5000 USGM (=0.316m’/s =
315.80V/s) discharge capacity. This water is then recirculated through a large reservoir
located underneath the floor of the laboratory.

Unfortunately, the T-shaped inlet pipe is not centered with respect to the channel width;
thus, it has been wrapped with metal mesh and fibre filter in order to provide a more

uniform spread of the turbulence due to the pipe exits across the width of the channel.
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8”cement blocks with | | T-shape inlet pipe || blue fibre filter and

vertical Plexiglas sheets wrapped in fibre filter perforated metal sheet
stabilizer

Figure 4-6 Experimental setup: inlet pipe and stabilizer

To further dampen this turbulence, two stabilizers are placed in the vicinity of the inlet
pipe. The first one is a combination of fibre filter and perforated steel plate placed at
51cm from the inlet pipe. Its role is to dampen the turbulence throughout the entire flow
depth of the channel section. The second stabilizer consists of a row of 8 cement blocks

(16"x8"x8") with vertical Plexiglas guidance sheets fixed in between each block. Its

role is to increase the flow velocity in the upper layers of the flow (by increasing the bed
roughness with the cement blocks) and to evenly distribute the discharge over the channel
width (by using the Plexiglas guidance sheets). As a result, conditions for achieving a

uniform flow were created from the beginning of the channel.

The discharge is adjusted via a butterfly-valve which has a 28cm supply guidance scale
and is measured by the difference in pressure across a calibrated diaphragm plate having
a 17.8cm orifice opening. The readings are taken from a mercury U type manometer, and
using a polynomial calibration curve, the discharge is calculated using the expression:

(4-1)

Q=a(R, -R,)+b(R,, -R,)"* +¢(R,, -R,)"*
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where R, represents the manometer readings and R, the reading at zero discharge. The
parameters a, b and c are the calibration coefficients and were found to be a = -1.76957,
b=137.49139 and ¢ =-6.29051.

At the downstream end of the flume, where the water falls back into the reservoir, there is
an adjustable vane — sharp-crested weir. Its movement helps prescribe the flow depth. A
second device for measuring the discharge is located in the same area. Both discharge
values should agree within a reasonable error percentage range. This device consists of a
glass tube that shows the elevation difference between the water free-surface and the tip
of the weir. Using the method of Brater and King (1976) the discharge is calculated as

follows:

Q=C,L,H,}? | (4-2)
where L. is the effective length of the weir L, = L + &, with L being the actual opening
of the weir and ki being a factor which takes into account the effect of the fluid viscosity,

H. is the effective potential energy H, = H + ky;, with H being the elevation
from the weir tip to the water surface and 4y the factor that introduces the effect of the
surface tension, ky=0.003ft in this study, and

C. is a corrective factor applied to H, including the influence of head losses over
the weir, the kinetic-energy correction factors, and the vena contracta shape. It can be

expressed from the diagram in Figure 4-7(b), as a function of H/P and L/b, where P

represents the elevation of the weir tip from the bottom of the channel.

4.2
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Figure 4-7 Coefficients k. and C., for horizontal sharp-crested weir with end contraction.

Kindsvater and Carter (1959)
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The factor L, can be approximated from the diagram in Figure 4-7(a), a function of the
contraction ratio of the weir L/b, with b being the width of the channel.

For this study, a second pump of 750-RPM and 1500 USGM (= 0.0948m’/s = 94.751/s)
was used to fill the flume. Its inlet, a 4” diameter PVC pipe is located at the end of the

downstream part of the channel.

4.1.5 Velocity measurement system

Flow velocity was measured using an Electromagnetic Current Meter (EM) from Alec
Electronics, Japan. It is an ACM 250-D model which consists of a 2-Axis
Electromagnetic Current Sensor probe and a display unit. The sensor probe is 9mm in
diameter and has a 10m signal cable connecting to the display unit as shown in Figure
4-8. Through this cable, the signals from the sensor probe are sent to the display unit
shown in Figure 4-9.

The sensor probe takes two readings every second, and the display unit processes the
information and outputs the moving average reading, depending on the time—constant

switch settings every lsec, Ssec, or 10sec.

Electrode
~ #10 Pipe
o «t |
é:ﬁ._"‘“ e 1 1= —H— - §-~—-—-——~ e
15 L . l
R "1 223 T 140
i 33543

ACM-200 (W-20)

Figure 4-8 Description of the Current Sensor Probe

(ALEC Electronics operating manual)

The current probe measures velocities in the x and y-axis (transversal and longitudinal
directions), as illustrated in Figure 4-10. The probe works on the principle of Faraday’s
law (The Electromagnetic Induction Law): when any conductive material goes through a
magnetic field, an electrical current is generated in that material which is proportional to

its speed and distance from the magnetic field.
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Figure 4-9 Display Unit (ALEC Electronics operating manual)
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Figure 4-10 The 2-axes of the EM current sensor (ALEC Electronics operating manual)

Water, being a conductive material, produces an electrical current generated between the

opposite electrodes (sensors) 2-4 and 1-3, which measure the u (x) and v (y) components

of velocity. Thus, the real average flow speed U is given by U = Vu? +v? | and the
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direction of the flow with respect to the y axis is determining by computing tan® =u/v.

Figure 4-11 depicts this concept of the electromagnetic induction.
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Figure 4-11 Operating principle of the EM Sensor Probe
(ALEC Electronics operating manual)

This Electromagnetic current meter model has a measuring range of 0 ~ +250cm/sec and
an accuracy of 0.5cm/sec. However, the most important limitation of any EM velocity
device refers to the accuracy of the velocity measurements close to the boundaries of the
flow field. Once the sensor probe approaches a flow boundary, which is usually a non-
conductive material (air, concrete, Plexiglas etc.) then the electrical current is interrupted,
leading to errors that can easily alter the results. For laboratory tests, this is a very
important aspect because the closer to the boundaries the velocity can be accurately
measured, the better its vertical profile can be approximated. Thus, other flow parameters
can be better analyzed. It is important to note that analyzing shallow-water flow is key to
the experimental program. The EM probe used in this Study was able to provide accurate
measurements within 3cm of the water free-surface, which corresponded to velocity

readings of up to 80-85% of the flow depth from the bottom of the channel.

This current meter also comes with a RS232C output plug which allows it to connect to a
computer. Data from the sensor probe is directly transferred into the computer, and time-
averaged velocity readings for a particular flow depth are easily obtained and stored into

a file for later use.
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4.1.6 Mechanical equipment

As previously mentioned, the aluminium rails are running along the entire length of the
flume. These rails are fitted with a trolley which moves in the transversal (x) and
longitudinal (y) direction along the flume. Two rack and pinion devices are installed on
this trolley: one with a movable scale used for flow depth measurements, and the second
with a fixed scale used to hold and position the sensor probe for velocity readings. The
former device is a point gauge made of stainless steel with an accuracy of +0.3mm. This
device is also used to obtain the bed surface elevation. The difference of their readings
gives the flow depth. The second device is used to support and accurately position the
sensor probe within the channel. Its vertical positioning has an accuracy of +0.5mm.
Figure 4-12 shows both devices, the trolley and the complete setup of the velocity

measuring device.

Another elevation reading device, a Disto™ pro® a electronic distance measurement
device from Leica Geosystems was used in the study in order to measure accurate scour
hole depths as well as to measure the irregularities of the sand bed due to the
erosion/deposition process. As a removable installation on the trolley, it was used to

measure the sand elevations with an accuracy of £0.8mm.

These data were used to create 2 and 3-Dimensional profiles of the scouring hole and the
erosion/deposition features behind the bridge pier. This device works by utilizing the
time-speed-distance equation: a laser beam is sent towards a material surface from where
is reflected back. By recording the time that it takes for the beam to travel to and from the

material surface, the distance is then computed by the device.
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Processing data system:

computer, display unit

and sensor probe
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Figure 4-12 Arrangement of the measurement apparatus for bed elevation and velocity,

and the data processing system
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4.1.7 Filling/draining sand box and pipe network

Filling and draining the flume was a key step in the experimental procedure.
Implementing a good drainage system within the flume can drastically reduce the waiting
time between the dynamic measurements (velocity, scouring, and slopes) and the static
measurements of the bed erosion/deposition features. This particular area of the study
will have an important impact on the duration of the experimental program. Therefore, a
pipe network within the flume and a sand box were designed in order to provide proper

filling of and fast drainage within the flume.

The purpose of the sand box was to promote a relatively fast drainage time of the basin
section. Scanning the scouring and the erosion/deposition features created during the tests
were then taken shortly after flow shut down. The sand box, positioned underneath the
sand on the bottom of the channel was made of a 48” x 48”x '4” plywood base covered
with special fibre and painted with waterproof resin (Figure 4-13). On top, a grid of small
boxes built from Plexiglas plates 2-3/8” in height covered with metal mesh, geosynthetic
sand filter, and plastic mesh ensured the necessary resistance with respect to the weight
of the sand above as well as prevented the looseness of the bed material. The total height
of the sand box is 0.076m from the bottom of the flume. The sand box is connected
through a 1-1/4” diameter pipe to an external pipe network (2” in diameter) which is
attached to the outside walls of the flume. The pipe network has two direct exits leading
to the laboratory reservoir, and another with the flume located further downstream near
the mobile crested weir. This last connection was covered with a normal 2” diameter
threaded plug such that during the tests no water was permitted to flow through the pipe
network leading from the basin section. The pipe network also contained two ball-valves

which ensured the double functionality of this new system: filling and draining the flume.

Once the flow is turned off, the plug from the downstream connection of the pipe
network is removed, and both ball-valves are opened. The position of the weir can be
maintained at the same level if necessary, which eliminates errors introduced by any

potential repositioning of the weir.

66



Figure 4-13 Filling/draining sand box

Another important purpose of the sand box was to provide a smooth filling of the flume
without disturbing the sand bed surface. Previously the filling of the flume was
performed from upstream, and every time the first small layer of water passing from the
rigid surface of the upstream false bed to the surface of the sand basin created significant
erosion at the separation line of the sections. This phenomenon occurs due to the fact that
the sand in the basin section was not yet completely filled with water. Thus, when the
first layer of water arrived in this section, the water “falls” into the sand, creating the
aforementioned erosion process. If left alone, it will have a major impact on the flow
regime and the sediment transport process in the basin. Therefore, it was imperative the
flume to be filled not starting from the upstream direction, but from the downstream
direction. Filling of the flume via this particular method was performed using the second
pump described in the Hydraulic equipment section. Both the downstream false bed
section and the sand basin section are filled at the same time through the pipe network
and the sand box such that when the first layer of water arrived at the sand basin section,
the sand bed was already 100% moisturized with all excess air already removed. This
resulted in the elimination of any bed disturbances at the separation line between the

upstream false bed section and the sand basin section.

4.1.8 Free-surface slope measurement apparatus

In open channel flow analysis, the knowledge of the free-surface slope is very important.

Since significant changes in the free-surface slope were predicted to occur when making
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the transition from free-surface flow to ice-covered flow, a free-surface slope reading
device was built. This device contains four copper tubes (1/4” diameter) positioned inside
the channel. They are connected outside the flume through a transparent tubing network
to four glass tubes fixed against a wall near the flume. Readings are determined by taking
the difference in water levels between the glass tubes. The copper tubes were installed at
the start of the upstream false bed, at the start and the end of the sand basin section, and
at the end of the downstream false bed such that readings for different sections of the

flume could be taken.

Figure 4-14 Free-surface slopes reading device

4.1.9 Simulated ice-covers

Figure 4-15 shows the simulated ice-cover panels installed on the flume. They are formed
from thick plywood panels (waterproof painted) divided into 14 pieces of 2.44m long x
0.44m wide x 0.019m thick that cover the side sections of the channel and 7 pieces of
2.44m long x 0.61m wide x 0.019m thick that cover the center portion of the channel.
The entire ice-cover set-up spans over 17.1m of the flume starting from the upstream

false bed to the end of the sand bed basin section. The underside of these plywood panels
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were completely covered with 0.0254cm thick Styrofoam sheets. Thus, this study is
dealing with simulating smooth ice-cover condition. In order to see the scouring and the
sediment transport behaviour when these panels were in place, the centre panels, those
which are located on the sand bed basin section, were fitted with large Plexiglas sheets,

each 1.62m long x 0.48m wide x 0.0064m thick.

Figure 4-15 Flume covered with simulated ice cover panels

One of these panels also provides the necessary hole in order to place the bridge pier in
the sand bed as well as to allow the ice-cover to float easily around the pier structure
without letting water escape through the top of the panels.

The Styrofoam-plywood panels were allowed to float freely via specially designed
hangers connected to the plywood, the former supported by steel frames. These frames
were fixed to the steel covers of the flume sidewalls such that the panels could not move
longitudinally, but can float vertically without any impediment. The transversal and
longitudinal gaps between the panels were also eliminated using normal hinges and

lockers in order to have a uniform, uninterrupted ice-cover configuration.
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Since one of the main objectives of this study is to take velocity measurements, 3.8cm
diameter holes where made along the width of each plywood panel at the same cross-
sections and locations with regards to the measurements points previously defined (1 to
9). Because the diameter of the holes is of the same magnitude as the thickness of the
simulated cover, alteration of the actual ice-cover roughness was suspected. Therefore,
special corks were designed such that all the holes in the simulated ice were perfectly
covered but one where velocity measurements were taken. In order to further minimize
the effect of the holes during the velocity readings, a special cork, conceived with a hole
barely greater than the probe sensor diameter was used.

Figure 4-16 and Figure 4-17 give the detailed description of these simulated panels.

Hinges joining the ptywood
papels

e 0.19m thick plywood panels
0.25m thick Styrofoam (same for all the plywood panels)

2.44m " 2.44m 2.44m 2.44m

Connecting hinges to 9.75m

basin sections

Figure 4-16 Design pattern for the upstream panels of the simulated ice-cover
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This section goes over the sediment trap so it is discarded from the measurements

\ " 0.19m thick plywood panels
0.25m thick Styrofoam (same for all the plywood panels)
2.44m 2.44m 2.44m
7.32m

Figure 4-17 Design pattern for the sand basin panels of the simulated ice-cover

4.1.10 Ice-cover shear stress measurements device

It is important to plot the vertical and transverse velocity profiles obtained from the
measurement data in order to verify different theoretical profiles (logarithmic law, power
law, two-layer hypothesis, etc.), and to determine the hydraulic behavior with respect to
the flow regime (deep vs. shallow water, smooth vs. turbulent flow). Measuring free-
surface slopes is also important because it allows for the computation of an average value
of the shear stress, which is key in any sediment transport analysis. In ice-covered flow,
the average shear stress computed using energy slope readings is a rough estimation.
Thus, actually measuring the bed shear stress or the ice-cover shear stress is crucial to

accurately describe the sedimentation processes.

In practice, measuring the energy loss of the flow due to the friction with its boundaries is
easier at the ice-cover surface than at the bed surface. The shear stress measurement
device used in this study utilizes the bending moment theory. During the experiments, the
upstream ice-cover is allowed to freely float vertically, while the simulated ice which

covers the sand basin section is attached to the upstream ice-cover by a tie-down system.
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At this junction, a series of calibrated steel coupons are placed such that when shear
stress measurements are taken, they replace the previously mentioned tie-down

‘ (interconnection) system (Figure 4-18).

“fixed”  iee-cove
{upstrcam)

part of the tie- || steel-coupon including two disp}ay un.its for the
down system strain gauges strain readings

Figure 4-18 Ice-cover shear stress measurements device

Each coupon (Figure 4-19) contains two strain gauges, one on each side. The drag force
of the flow underneath the ice-cover will bend the coupon, and with the help of two
display units, the strain values are recorded. Knowing the geometrical dimensions of the
coupons and the strain readings, the drag force of the flow can be computed. The shear
stress on the ice-cover is obtained by dividing the drag force by the surface of the
simulated ice-cover. Appendix A2 presents the calibration curves of the strain gauges

placed on both faces of the coupon

| strain gauge position
L
S} 1 A 7 J—
‘—1 { - / [ r— -+ ﬂ
e e N
G ! 7k

Figure 4-19 Steel coupon used for the ice-cover shear stress computation
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4.2 Experimental procedure

As previously mentioned, the objective of this study is to determine for a clear-water
regime as close as possible to the sediment critical condition (incipient motion), the
scouring around a bridge pier under ice-cover, shallow-water and controlled flow depth

conditions.

In order to make the reading easier, it worth defining now all the flume configurations
that were tested during this study: (i) the free-surface flow (FS) represents the open-
channel flow, (ii) the total ice-cover flow (TIC) represents the flow in a channel
completely covered with simulated ice, (iii) flow with two partial ice-covers (2PIC)
represents the flow in a channel opened longitudinally in the centre and covered with
simulated ice on its sides, and (iv) flow with one partial ice-cover (1PIC) indicates the
flow in a channel covered with ice only on one side. The experiments were divided into
two parts: (i) experiments without the bridge pier in place, and (ii) experiments with the
bridge pier in place. The purpose of the first part of the experiments is to determine the
sediment incipient conditions for each flume configuration and through comparison to
indicate the worse ice-cover case. The second part of the experiments (with a bridge pier)
analyzes the scouring processes only for the extreme ice-cover configuration previously

found, with respect to the free-surface configuration.

Before starting any experiment series, a one time topographical investigation of the
upstream false bed and the sand bed basin section was carried out using a dummy level,
the rack and pinion device, and the laser-meter device. This preliminary test was
performed in order to determine the errors introduced by the trolley system, such that
accurate free-surface and sand bed elevations readings could have been obtained. The
free-surface slopes can be computed and verified with the readings obtained from the

free-surface reading device.

Every test in this study started with a topographical survey of the upstream false bed and

the sand basin section after the sand was levelled. Using the rack and pinion device with
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the movable scale, readings of the sand elevation were taken for every measurement point

(1 to 9), on all of the aforementioned cross-sections.

From the downstream end of the channel, the second pump and the pipe network with the
filling/drainage box were used to fill the entire channel. Once the water level reached the
tip of the flume downstream vane, the pump was shut off and several readings were
taken: (i) the level of the mercury column in the U type manometer (the first discharge
device), (ii) the level in the glass tube of the second discharge device, and (iii) the level in
the four glass tubes of the free-surface slope device as to determine the so-called ‘zero

readings’.

The first pump is then used to establish the desired flow in the channel. After a 30 minute
period that allows the flow to stabilize, the readings of the manometer, the glass tube, and
the slope device are again taken. The readings of the free-surface elevation are taken in
all 9 measurement points for each working cross-section. Due to time constraints, the
area of study was restricted to all the cross-sections of the sand basin section and cross-

section UA from the upstream false bed.

The Electromagnetic sensor is installed on the second rack and pinion device and the
display unit of the EM velocity device is installed on the mobile cart near the flume. The
sensor probe is connected to the display unit which is itself connected to a lab PC on the
same mobile cart. Once the EM probe is positioned in the designated point, the velocity
measurements are taken. The time for the readings is set at 50sec, thus the probe takes
100 readings, which is automatically averaged via the PC. For each of the 9 points in
each cross-section, velocity readings are taken at 5 vertical points: 0.15, 0.20, 0.50, 0.80,
and 0.85 of the flow depth relative to the elevation of the levelled sand bed. After all the
velocity measurements are recorded, readings of the U manometer, the glass tube, and the
free-surface slope device are once more taken, and then the discharge is shut down. The

ball-valves of the pipe network are turned on to begin the drainage procedure.
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Different flow discharge and different heights of the adjustable vane were tested such that
a shallow-water condition and incipient motion condition were coincident. Another
important criteria in achieving sediment critical situation is the mechanical limitation of
the hangers used to support the simulated ice-cover panels and the physical limitation of
the EM sensor probe when approaching the boundaries of the flow. The hangers
connecting the plywood panels to the metal frames have vertical limits such that the flow
depth can create a confined flow (conduit flow) if it is too high, or the panels can be
taken away by the water if is too low; on the other hand, if the flow depth is too small, the
EM velocity device becomes useless as it would be too close to the boundary to take
accurate velocity readings. Taking into account all these factors, the final settings for
both sets of experiments are the following: the height of the movable weir was set at
0.311m from the bottom of the flume, the discharge valve opening was set at 15mm
corresponding to a range of 0.042-0.045m’/s, and the flow depth ranged between 0.13
and 0.14m.

The scouring procedure refers to the measurements taken during the run of the flow and
after the flow was shut off. During the tests, readings of the scour depths around the
bridge pier, as mentioned in subsection 4.1.2, were taken on the measurements scales
glued inside the Plexiglas pier using a circular mirror. The geometry of the scouring
process for every test performed with a bridge pier in place was recovered after the pump
was shut off and water drained out from the flume. Using the laser Disto meter, readings
of the bed elevation were recorded starting from 0.25m upstream the bridge pier to 3.80m
downstream of it. In the area enclosing 0.25m upstream and downstream the pier edges,
measurements were taken every 0.025m longitudinally and laterally. For the rest of the
downstream surface, readings were taken in the same manner but every 0.05m. These
measurement steps were enlarged where bed surfaces visually presented insignificant

deformation from initial elevations.
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Chapter Five

Results, Analysis and Discussion

5.1 Characteristics of the tests

As mentioned before (Chapter Three), the clear-water regime constitutes the worst case
from a scouring point of view most of the time. Moreover, tests performed under this
regime are much easier to achieve experimentally. All the tests of this study are thus
under such a sediment regime. In addition, for reasons already mentioned in the Chapter
Two, it was chosen to achieve the tests under controlled flow depth and varying energy
slope. Indeed, the occurrence of these conditions is considered to be probable in the

vicinity of bridge piers and to constitute the worst-case scenario for scouring.

Tests were also conducted under conditions as close as possible to incipient motion for
the bed particles. In order to define the range of tests to be performed, an analysis was
conducted with respect to flow regime, sediment motion, and bed-form occurrence. The
upper limit of the flow regime corresponds to the incipient motion of the bed particles,
also translated in terms of critical values of the bed shear stress, bed shear velocity, or
flow velocity. The critical condition or the incipient motion is considered to be halfway
between the motion of the first bed grain and the generalized movement of the bed
particles (Yalin, 1977, p. 103). The lower limit of the flow regime is obtained when the
shear velocity is at 80% of the critical shear velocity. Since the characteristics of the bed
particles play a key role in defining sediment incipient motion, research was conducted to
determine the critical values of sediment transport with respect to grain size features. Van

Rijn (1984) approximates Shields’ diagram by representing the critical “dimensionless

shear stress” 6.,

=ucr*2 /[g(s —=1)D] (Figure 5-1), with respect to the dimensionless
. . 2\1/3 . .
particle diameter D =(g(s—1)/ v ) D, where D is considered to be the mean

diameter dso. As previously mentioned in subsection 4.1.3, the bed material used in the
tests is a relatively uniform medium sand of dsy=0.65mm and o,=1.465 (see Appendix

Al). Computing D+=16.44, the Shields’ parameter becomes &= 0.03, the bed critical
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shear velocity usp=0.018m/s, and the bed critical shear stress (7her = pu*bcrz),

Ther=0.32N/m?, corresponding to a transitional regime according to (Figure 5-1)

9 =
o g(s=1D N o
. 1 \
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0.01 +— S B MRS
01 1 101 100 1000 10000
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Figure 5-1 Approximation of Shields’ diagram. After van Rijn (1984).
Special attention should also be directed to the possibility of having bed-forms
development since it can impact on the shear stress applied on the grains. According to
Bonnefille (1968, Figure 5-2) and computing the critical grain size Reynolds number
(Ree+ = u+D/v = 11.55), the incipient motion condition in our tests results to lay in the
region of ‘flat bed’. However, as the shear velocity increases, (e.g. next to the bridge pier,
see subsection 3.2.1.), the sediment motion regime is moving horizontally towards the
lower dune regime (or ripples on dunes), we should impact on the shear stress applied on

the grains. More discussion about this point is provided in subsection 5.3.2.

Once these sediment characteristics are computed, the following experimental strategy
was adopted:

(i) since scouring is studied under ice-covered flow conditions, it is necessary to
determine the incipient motion flow condition for each of the (a) total ice-covered
flow (TIC), (b) two sides partial ice-covered flow (2PIC), or (c) one side partial
ice-covered flow (1PIC). The tests for this step are performed without bridge pier

and the results are presented in subsection 5.2.1.
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(i) for the case(s) that show(s) in (i) the lowest incipient flow conditions (the lowest
discharge to achieve incipient motion) we determine the lowest possible setting of
the downstream vane for which we can still achieve incipient motion, also taking
into account the mechanical limitations of the EM velocity device and the
simulated ice-cover system (subsections 4.1.5 and 4.1.9). This is achieved in order
to obtain the highest B/h ratio possible (wide channel hypothesis). Again, this is
performed without bridge pier and the results are presented in subsection 5.2.4.

(iii) determine scouring around the bridge pier for the free-surface flow and the worst
ice-covered flow(s), both for the downstream vane setting determined in (ii). The

results of this step are presented in subsection 5.3.
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Figure 5-2 Bed-forms occurrence diagram. Bonnefille (1968)

% 1%

For every experiment, velocity measurements were taken such that both vertical and
lateral velocity profiles could be obtained. This allows for analyzing the flow distribution
and for calibrating a numerical model called Viscous-slip approach, developed by

Frenette and Molleti (2002) that is presented in section Numerical Modeling.
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5.2 Tests without bridge pier

5.2.1 Sediment incipient motion under ice-covered flow conditions.

The first experiment was conducted for three ice-covered flow configurations namely
TIC (total ice-cover), 2PIC (two sides partial ice-cover), lPICV(one side partial ice-cover)
and for one free-surface flow configuration, FS. The position of the downstream vane
was set at 352mm from the bottom of the channel, and the discharge was slowly
increased until bed particles began to move. On average, sediment movement started with
a discharge of approximately 0.078m’/s and a flow depth of about 0.209m for all tests.
Velocity measurements were taken at four cross-sections in the sand basin portion of the
flume: sections BH, BF, BD and BB (Figure 4-1). Table 5-1 presents some of the

measured and computed parameters.

Table 5-1 Exp #1: Beginning of sediment motion in TIC, 2PIC, 1PIC and FS cases.

Configuration TIC 2PIC 1PIC FS
O [m’/s] discharge (measured) | 0.0776 | 0.0766 | 0.0776 | 0.0801
h [m] flow depth (measured) | 0.2090 | 0.2097 | 0.2095 | 0.2096
S[104 energy slope (measured) 3.04 2.56 1.92 1.12
P, [m] wetted perimeter | 3.398 2.786 2.347 1.909
A [m?] cross-section area | 0.3114 | 0.3124 | 0.3122 | 0.3132
Ry [m] hydraulic radius | 0.0916 0.112 0.134 0.1636
7r [N/m?] avg. boundaries shear stress | 0.2733 | 0.2817 | 0.2505 | 0.1797
Fr[N] avg. boundaries drag-force | 6.789 5.744 4.304 2.512
u«T [m/s] avg. boundaries shear velocity | 0.0165 | 0.0168 | 0.0158 | 0.0134

Average values of total shear stress 71 as well as shear velocity u+ 1 and total drag force

Fr were computed using the following formulas:

tp =y RS ey =\Tp |, Fp =1 Agomain (5-1)

Subscript T (total) in these computations refers to the average value of the variable
computed at all friction boundaries of the flow over the sand basin section length of

7.32m: i.e. total shear stress represents the average value of shear stress considering all

79



the friction surfaces (the channel bed, the ice-cover and the channel sidewalls). Thus, in
the 2PIC case the friction surface is given by Agomain = Wetted perimeter (channel width +
2 x flow depth + 2 x ice-cover width) x section length (7.32m). Even if these parameters
are considered as indicative values only, important observations can be deduced from

their analysis.

Significant changes in energy slope are recorded between different ice-covered flow
configurations: for TIC sae increased values from 18 to 58% are recorded compared to
2PIC and 1PIC, respectively and up to approximately 170% higher when ice-covered
flow is compared to the free-surface flow. In contrast, flow depth changes are very small.
The hydraulic radius R;, also varies with changes in the geometrical dimensions of the
ice-cover, which implies changes in the wetted perimeter of the flow cross-section. One
important result of these tests is the evolution of the total shear stress zr with increasing
surface coverage (Table 5-1). From FS to 2PIC we see an increase of the value of 7,
while for TIC the value has somewhat dropped. Without claiming that the 2PIC
configuration provides the absolute maximum in terms of total shear stress or even of
shear stress on the bed, one can say that there can be a partial ice-cover configuration that
could produce a higher shear stress (even on the bed) than the total ice-cover

configuration.

In what follows, two main aspects of the measured velocities are analyzed: their vertical
and lateral profiles and the corresponding vertical and lateral distribution of the
discharge. And since the cylindrical bridge pier is to be installed in the middle of the
flume for the scouring experiments (in line with point 5), the present analysis will focus

particularly on points 4, 5 and 6 of all three (FS, TIC, 2PIC) configurations.

Velocity measurements were taken at 10 (lower), 20, 50, 80 and 85 (higher)% of the flow
depth. Appendix A3 presents all the velocity profiles of this experiment. For the TIC and
2PIC cases, Figure 5-3 and Figure 5-4 depict the lateral and vertical velocity profiles
based on the readings taken at every measurement point (1 to 9) at cross-section BB of

the sand basin section.
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The TIC configuration presents a more uniform velocity distribution, both laterally
(Figure 5-3) and vertically (Figure 5-4) compared to the 2PIC configuration in which
case a more disturb velocity profile is observed. For the TIC case, the maximum
measured velocities are recorded at 50% of the flow depth, and for points 2 to 8, they
range from 32.5 to 34.2cm/s, while for points 1 and 9, due to the vicinity of the flume

sidewalls, the velocities are clearly smaller, approximately 27.5cm/s.
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By

analyzing the velocities at the bed and the ice-cover boundaries the ice-cover appears

to be slightly rougher then the bed channel. This observation can be explained by the

additional roughness introduced by the lateral and longitudinal joints of the simulated ice-

cover panels as well as the joints between the corks and the holes.
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Figure 5-4 Exp#1/Vertical velocity profile at ¢/sBB (TIC-top and 2PIC-bottom)
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Although the 2PIC configuration presents disturb velocity profiles, the symmetry
between these profiles on each side of the centerline for both regions under the ice-cover
(lateral pairs of points 1-9, 2-8 and 3-7) and in the open-water region (central points 4, 5
and 6) is kept. Velocity increases in magnitude from the ice-cover to the open-water zone
and changes the profiles accordingly. In the open-water region, the profile is not yet fully
developed due to the vicinity of the ice-covers. However, the maximum values are
recorded at 50% of the flow depth, ranging from 35.4 to 36.7cm/s in the central region,
and from 30.4 to 32.7cm/s in the ice-cover region. Velocity readings close to the bed
boundary show small variation between 2PIC and TIC cases in the central region of the
flow. In contrast, the sector between 20 and 50% of the flow depth at point 4, 5 and 6
(central region) exhibits higher values of velocities (up to 7%) for the 2PIC.

From a scouring point of view, the 2PIC configuration presents a stronger potential
compared to the TIC configuration for severe scouring because of the concentration of
flow (kinetic energy) that occurs in the central region, leading to stronger accelerations
around any obstacle. Moreover, the downflow generated in the case of a bridge pier will
increase with the kinetic energy of the incoming flow, again leading to more intense

scouring.

When compared to the FS configuration, velocity profiles in the central region of both
ice-covered configurations show higher values in the lower part of the flow depth

(y <1/2h), between 6 and 15% higher in the 2PIC case and between 6 and 12% higher

in the TIC case. Thus, in the presence of an ice-cover (TIC or 2PIC), greater discharge is
directed toward the lower part of the flow, thus leading to a more powerful scouring

process.

For IPIC (one side partial ice-cover) configuration, the ice-cover was located above
points 7, 8 and 9. In this case, the flow is redirected toward the open-water region of the
channel, which covers more than 2/3 of the channel width. Nevertheless, the highest
velocities are recorded only at points 4 and 3 when compared to the FS case. Since the

bridge pier was planned to be positioned along the flume centerline (point 5), this
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configuration was quickly abandoned as non-determining from a scouring point of view.
Nevertheless, there is a need for more study of this case in order to determine the critical
situation from the scouring point of view, which is suspected to strongly depend on the

ice-cover dimensions with respect to the bridge pier location.

Overall, the findings of this velocity profile analysis show the 2PIC test to have the most
severe potential for scouring around a bridge pier. Nonetheless, for the sake of a
comparison and considering the small discrepancies between the 2PIC and TIC cases,

both configurations were retained for the remaining of the tests.

5.2.2 Sediment incipient motion under ice-covered shallow water flow

conditions.

Considering the results found in the previous subsection, it can be easily anticipated that
shallower flow conditions will enhance the difference (velocities and discharge
distributions) between both ice-cover (TIC and 2PIC) and free-surface (FS)
configurations. The minimal flow depth achievable with our experimental installation is
determined by the EM velocity meter limits (subsection 4.1.5) and was selected as h =
0.13m. A rough estimation of the necessary discharge to produce the same critical
conditions can be computed with the help of Manning's formula and the expression of
7in rectangular cross-section (for FS case):

oL
n

where Rj, = h in shallow-water condition. We thus find the following relationship between

ARZ3SY2 £ =yR,S (5-2)

the previous flow depth /; and discharge Q; and the new ones:

7/6
h
9 = (_1j (5-3)
Qnew hnew
where /ey is the new required value of the flow depth and (Oyew is the corresponding
discharge to be computed in order to achieve incipient motion. Considering the sediment
incipient motion case, from Exp#1 with 4 = 0.209m, Q) = O.O78m3/s, the new discharge

1S Onew = 0.0448m’/s. To reach this new set-up, the discharge was set at the new value

and the vane at the downstream end of the flume was moved until the required flow depth
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and incipient motion were attained.. As previously mentioned in the Experimental
procedure (subsection 4.2.) of Chapter Four, the final configuration of the flume was as
follows: the height of the movable vane was reduced from 352mm to 311mm, measured
from the bottom of the flume, the discharge valve opening was changed from 24mm to
15mm corresponding to a range of 0.042-0.045m°/s, and the flow depth decreased from
0.209m to a range between 0.13 and 0.14m.

In order to get to the target flow depth # = 0.13m, intermediate experiments were
performed. Exp#2, with TIC and 2PIC, was conducted for two flow conditions: flow
discharge of 0.055m’/s and 0.043m’/s, and flow depths of 0.187m and 0.175m
respectively. Velocity measurements were taken only in two cross-sections of the sand
basin, sections BD and BH. Exp#3, which involved all 8 cross-sections of the sand basin,
was carried out in the final configuration of the flume, with a discharge of approximately
0.044m’/s and an average flow depth of 0.136m. This test was performed for two
configurations: TIC and 2PIC. The results of these two additional experiments are in
agreement with previous predictions, showing in the open-water region of the flow

increasing differences in velocities between the 2PIC and the TIC cases.

Exp#4 was a rerun of Exp#3 with the addition of the free-surface configuration. The
discharge was approximately 0.043m>/s, and the average flow depth about 0.133m. Since
this experiment is the most complete under the hydraulic conditions to be used for the
bridge pier tests, it is presented here in more detail. In addition to velocity measurements
taken in 9 cross-sections of the flume (all 8 cross-sections of the sand basin and cross-
section UA in the upstream false bed), the action of the drag force of the flow on the ice-
cover was also measured with the help of a force-measuring device (see subsection
4.1.10). Numerical simulations were also performed against these measurements, using
the Viscous-slip model (Appendix A6), such that simulated velocity profiles are
compared to those resulted from the experimental data and the average shear stress at the
bed and the ice-cover level are computed. More details about the Viscous-slip approach

are provided in subsection Numerical simulation.
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5.2.3 Sediment incipient motion for free-surface flow conditions.

We also present the results of Exp#5, which was carried out with a free-surface
configuration, but under free-surface incipient motion condition (as opposed to the ice-
cover incipient condition used in all the other tests). This experiment was conceived in
order to compare incipient conditions of 2PIC and FS configurations. The same hydraulic
conditions are also used for a corresponding free-surface experiment with the bridge
pier., to be presented in subsection 5.3. (Tests with bridge pier)

The critical conditions corresponding to the FS configuration were reached by slowly
increasing the discharge until sediment motion was observed, keeping the downstream
vane at the same elevation. The corresponding critical discharge is 0.06055m’/s, the
measured flow depth is 0.152m, and the measured energy slope is 1.923 10", Table 5-2
shows the main experimental measured and computed parameters of the four tested
configurations: TIC, 2PIC and FS at ice-cover critical conditions (Exp#4), and FS at free-
surface critical conditions (Exp#5). The vertical and lateral velocity profiles

corresponding to these experiments are all presented in the Appendix A4 and Appendix

AS.
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5.2.4 Results and analysis

Measurements show that the TIC and the 2PIC cases present respectively an energy slope
which is 3.84 and 2.83 times the energy slope of the FS case. Taking also into account the
changes in the hydraulic radius introduced by the ice-covers, (7r) of the TIC and the 2PIC
cases are respectively 2.08 and 1.89 times the total average shear stress of the FS

configuration.

In the TIC case the measured drag-force of the flow on the ice-cover is approximately
twice as much as in the 2PIC case, a fact that can be partially explained by the central
additional cover, which represents an extra 67% in friction surface, and by the
concentration of the flow in the central (open-water) region of the 2PIC case. The drag-
force of the flow acting on the bed and the sidewalls of the channel F; is estimated by
subtracting the measured drag-force on the ice-cover Fj from the computed total drag-
force Fr. The calculated value of Fy, in the 2PIC case is 48% greater compared to the TIC
case, meaning the average friction on the walls and bed is strongly increased by the
redistribution of the flow. Moreover, when comparing the lateral velocity profiles of the
TIC case under the ice-cover regions of the channel (lateral points 1, 2, 3 and 7, 8, 9), the
readings show roughly 30% higher values compared to the 2PIC case. This implies less
friction on the sidewalls and on the bed under the ice-cover (lateral) regions for the 2PIC
configuration and thus a greater portion of that extra 48% in Fj, is transferred mainly to
the bed in the central region of the channel (points 4, 5 and 6) where the bridge pier is to
be located.

As suggested from the first experiment (Exp#1), the lateral analysis of the velocity
measurements shows a uniform distribution for the TIC and FS cases. In contrast, the
2PIC case presents a more disturb lateral velocity profile, although symmetrical with
respect to the centerline. The explanation for this behaviour comes from the discharge
redistribution: in the TIC case we suspected a vertical redistribution of the discharge
compared to the FS case, while in the 2PIC configuration a more important lateral

redistribution of the discharge, directed toward the central region of the channel is
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observed (Figure 5-5, Figure 5-6 and Figure 5-7). Therefore, considering the fact that the
bridge pier is to be installed in this region, the analysis of the lateral velocity distribution
and the ice-cover drag force indicates the central region of the channel as the focusing

area for further analysis.
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In terms of vertical velocity distribution, analyzing the central region of the channel,
Figure 5-8 depicts clearly the differences between the three studied configurations: TIC,
2PIC and FS of Exp#4.
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For TIC, the maximum measured velocities are approximately 30.7cm/s at 50% of the
flow depth. For 2PIC, at point 5, the maximum reading (32.8cm/s) is recorded at 80% of
the flow depth while for the other points (4 and 6), the maximum measured values
between 32.3 and 32.6cm/s are located at 50% of the depth. In the FS case, the maximum
velocity is measured at 80% of the flow depth between 25.3 and 28.9cm/s.

Analyzing 2PIC vs TIC, in the lower part of the flow depth, the velocities record 6% to
8% higher values for the 2PIC case compared to the TIC case, while for the upper part of
the flow (y >1/2h) this difference exceeds 30% (Figure 5-8). Therefore, we suspect a

higher scouring potential in the 2PIC case than in the TIC case due to a greater kinetic

energy in the central region of the channel.

As for 2PIC vs FS, the 2PIC case definitely shows the highest scouring potential since in
the lower and upper part of the flow the velocities are respectively 24% and 15% greater

compared to the FS case (Figure 5-8).

Analyzing TIC vs. FS, the prediction of a more powerful scouring process favours the
TIC case mainly because:

(i) from a vertical distribution of flow point of view, the TIC flow has higher
velocities and thus higher kinetic energy than the FS case in the lower 65% of the
flow depth (7,Figure 5-8), resulting in a more intense downflow and horseshoe
vortex for the scouring process around the bridge pier

(ii) in the free-surface case, the shallow-water conditions (shallow flow depths) takes
the scouring phenomenon into the so-called "zone of flow depth influence" where
bow wave creates auxiliary energy losses (subsection 3.2.2- Effect of the flow
regime and flow depth). In a TIC condition, the bow wave influence is reduced
due to damping of turbulence by the ice-cover properties (Figure 3-14),
sometimes even leading (Zabilansky 2000, 2002) to an enhancement of the

downflow due to the shape of the underside of the ice-cover (Figure 3-13).
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In order to get similar critical conditions as the ice-covered flow, the discharge of the
FS/Exp5 case had to be increased with approximately 40% compared to the discharge of
the ice-covered cases, generating approximately 15% higher flow depth. Thus, due to
their lower critical discharge and flow depth, the TIC and 2PIC configurations are
considered more significant than the critical free-surface case. Figure 5-9 clearly shows
for the FS case (Exp#5) approximately the same sediment velocity values and gradient

next to the bed as in the 2PIC case, implying similar bed shear stress and incipient

condition.
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Numerical simulation

Considering a steady-state uniform flow of depth A, in a 2Dimensional case, the

longitudinal x-momentum equation is given by:

or, 0
Y T 4 heS=0 (5-4)
oy oz

where 7is the shear stress, pis the mass density, g the gravitational acceleration and S the

energy slope of the flow. The coordinate system is such that x-axis is longitudinal, y-axis

is vertical upward, z-axis is transversal and the origin is at the bed level.. The Viscous-slip
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approach (Frenette and Molleti, 2002) is used to define the rheology of the flow with help
of a constant turbulent viscosity:

ou, (y,z)
Y

where u(y, z) is the cross-sectional velocity profile and ur is the turbulent dynamic

ou, (y,z)

oz (5-3)

Ty (1:2)=hr e (1,2) =1y

viscosity. According to this approach, the velocities at the boundaries are not zero, but

defined by a quadratic friction law such as:

r-n=—pfu]u[ (5-6)
where n is the outward normal unity vector at the boundary, f is the boundary friction
coefficient and u is the tangent velocity at ymin elevation from the bed channel. The

viscous-slip approach defines the friction with the help of the logarithmic law-of-the-wall
(ref. Eq. 2-14):

M:__.l._ lln{(y+)min J+BN (5_7)

U \/j_’zK k

where the shear velocity w, = 1/‘r|/ p , the constant By =8.5 for turbulent rough flows,

(3 Dimin =(0)iin 4+ /v represents the minimum distance from the boundary where the

friction coefficient f'is computed, ks is the equivalent roughness of the boundary. In the
literature, the value of yn;, is not yet clearly defined, thus, as Frenette and Molleti (2002)
proposed, a range between 0.01 and 0.04 of the flow depth is used in the numerical

simulation.

In order to solve these equations, a finite-element interface called FEMLAB was used.
This interface, which is a numerical layer on top of MATLAB, allows the user to
analytically express the governing equations and to solve them with the choice of
appropriate mesh and boundary conditions. Eq. (5-4) along with the rheological
definitions in Eq. (5-5) and boundary conditions as expressed in Egs. (5-6) and (5-7) have
been implemented. The energy slope S and the solid boundary roughness £, (sand bed), &;
(ice-cover) and k, (channel sidewalls) are set as measured or estimated, and an automatic
calibration routine enables the automatic calibration of x4y to obtain the measured

discharge Q.
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Numerical simulations were performed for both TIC and 2PIC configurations of the
Exp#4, at the reference cross-section BB. Appendix A6 contains all the vertical and
lateral velocity and shear stress profiles of these simulations. The model also enables the
calculation of shear stress on the boundaries, to be compared with the measured and
computed values of laboratory experiments. Table 5-3 shows the calibrated parameters at

the best match of the numerical simulation

Table 5-3 Calibrated parameters used in the numerical simulation of ice-covered flow .

Configuration TIC 2PIC

ks [m] sand bed roughness 0.0007 0.00065
k; [m] ice-cover roughness 0.003 0.002
kg [m] sidewalls roughness 0.00002 0.00002
VTice average turbulent viscosity (under ice-cover) 6107 6.8107
vrs  average turbulent viscosity (under open-water) 2.04 10
Vminice [M] (under ice-cover) 3.86 107 3.996 10~
Vminfs [M] (under open-water) 2398107

Analyzing the vertical velocity distributions in both cases (Figure 5-10 and Figure 5-11),
results show a very good correlation between the measured and the simulated values.
However, in both simulations, a slight underestimation can be observed in the lower
region of the flow close to the boundaries, but more evident at the bed level. This
underestimation appears clearer in the 2PIC case, for the open-water region of the flow —
points 4 and 5. Part of the explanation for this numerical behavior comes from the fact
that the average turbulent viscosity vt is considered constant over the entire flow section,
which probably is not the best approach, especially for the 2PIC case where open-water
and ice-covered flow are combined. In this simulation case, two different values are used
for vr, one for the regions under the ice-cover and another for the open-water region, and
as the results show (Table 5-3), the vyg corresponding to the free-surface zone is 3 times
bigger than the vrice used for the ice-cover part of the flow. Explanation of this behavior
comes from the fact that the ice-cover is a better turbulence damper than the free-surface.

Moreover, the turbulence created by the inlet system of the flume is not yet completely
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dampen by the stabilizer

further downstream.

system, such that remaining turbulence is still propagated
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Figure 5-10 Exp#4/Vertical velocity profile at ¢/s BB, (measured vs simulated, TIC)
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The same explanation is supported by the lateral velocity profiles presented in Figure
5-12 and Figure 5-13. Thus, additional work needs to be done regarding the variation

function of the turbulent viscosity parameter.
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Figure 5-12 Exp#4/Lateral velocity profile at 20 and 50% of the flow depth (measured vs
simulated data, ¢/s BB, 2PIC)
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Figure 5-13 Exp#4/Lateral velocity profile at 80 and 85% of the flow depth (measured vs
simulated data, ¢/s BB 2PIC)
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Figure 5-15 Lateral shear stress distribution at the bed and ice-cover boundaries of the

flow (simulation of Exp#4, c-s BB, 2PIC)

In Figure 5-14 and Figure 5-15, the bed and ice-cover lateral shear stress profiles clearly

present the difference between the two ice-cover configurations with respect to the worst
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scenario for the scouring phenomenon.

The simulated bed shear stress in the 2PIC case presents extreme high values in the
central region of the flow, approximately 150% of the TIC case. The maximum value is
reached in the centerline of the flow (point 5), Thsim 5=0.342N/m?, and the average value
over the central region is Tosim £=0.327N/m? superior even to the critical bed shear stress,
Tbcr=0.316N/m2. This finding implies live-bed condition, and since observations made
during the experiments show clear-water condition, it is obvious that here the numerical
model produces an overestimation. Integration of the shear stress over the solid
boundaries of the domain results in the drag-force/unit length acting on those boundaries.
Comparison of these simulated forces to the previously computed total forces Fr divided
by the length of the domain (7.32m), in both cases shows less then 1% error. But the
computed forces Fp are based on the average shear stress assumption 77
[Eq.(5-1)]. Thus, computing the drag-force on the ice-cover boundary/unit length and
comparing to the corresponding measured value F; (Table 5-2) divided by the length of
the domain (7.32m), the simulated values for the TIC and the 2PIC cases are respectively
69% and 61.6% of their experimental counterparts. A major impact in these numerical
overestimations of the 2PIC central region shear stress and underestimations at the ice-
cover level comes from the choice of ynin: since the numerical model assumes a non-zero
slip velocity, the values of yy,;, can easily under- or overestimate the tangent velocity u at
the solid boundaries. The impact on the bed shear stress is the square of the estimated
velocity [Eq.(5-6)].

Returning to the velocity profiles and estimating the velocity at the bed and ice-cover
level from the experimental data, the following can be concluded:

(i) in the TIC case, the simulated velocity profile is well correlated the experimental
velocities (obtained by linear interpolation of the two closest values) at the bed
boundary but underestimated at the ice-cover level. The average ratio, at the ice-
cover level between the simulated and the experimental velocity is

Ugm /Uee *0.897. At the bed level, the estimated bed shear stress is

Thest, ¥ O.221N/m2, and the corresponding shear velocity ux.se= 0.01486m/s; thus,
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the relative shear velocity 1S wrest/user= 0.84, which shows the vicinity to the
sediment incipient motion observed during the test.
(ii) in the 2PIC case, at the bed level, in the central region, the simulated velocities

are overestimated with an average of g, /u., ~1.073. The estimated average bed

shear stress corresponding to the central region (points 4, 5 and 6) is
Thest 456%0.284N/m?, the shear velocity urestase= 0.0169m/s and the relative shear
velocity wsestase/usee= 0.95, which appears connected to the sediment incipient

motion observed during the test.

In conclusion, from both analyzed ice-cover configurations, under controlled flow depth
condition, the 2PIC case represents the extreme ice-cover configuration with respect to
the scouring around a bridge pier: drastic changes occur in the velocity and shear stress
distributions, resizing and redirecting their maximum values toward the central (open-
water) region of the flow compared to a more uniform distribution encountered in the
TIC and FS cases. As a result, the downflow receives more energy leading to a stronger
scouring process. The following analysis of the scouring tests deals only with three
configurations: 2PIC and FS at same ice-cover sediment incipient conditions and FS at

open-water sediment incipient conditions.

From a numerical simulation point of view, the Viscous-slip approach produces velocity
profiles in very good agreement with the experimental data for both ice-cover cases.
Concerning the simulation closer to the flow boundaries, as previously mentioned, the
choice of the variation function of the turbulent viscosity, vy and the location of the non-
zero slip velocity, ymin from the solid boundaries has a major impact especially on the
computation of the bed and ice-cover shear stresses. Thus, further investigations are
necessary in order to reach better shear stress profiles in the vicinity of the flow

boundaries.
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5.3 Tests with bridge pier

5.3.1 Clear-water scouring tests

For all the scouring tests, the cylindrical pier was installed in the channel centerline, in
the sand basin section between cross-sections BG and BF at 0.60m downstream of ¢/s BG
and 0.12m upstream of c/s BF. In addition to the regular parameters measured in the
hydraulic tests (velocity, flow depths, energy slopes, discharge, and drag-force action on
the ice-cover,), readings of scour depths around the bridge pier and erosion/deposition
features behind it are taken in all scouring tests. Overall, five experiments with the bridge
pier in place are performed: ExpBP#1, referring to the FS configuration and ExpBP#2 to
#4 all referring to the 2PIC configuration are all conducted under the ice-cover sediment
incipient conditions as defined in the tests without bridge pier (Table 5-2, and Exp#4).
ExpBP#5 refers to the FS test performed at the free-surface sediment incipient conditions
as described in Exp#5 of the tests without pier. As previously mentioned in the First
Chapter, subsection 1.3., this research represents the first step of an ongoing study, and
thus, herein only the 2PIC and different FS configurations are analyzed. The following
study, which will be presented by Mr. Jagadishwor Kayastha in Fall 2004, also deals with
TIC and 1PIC configurations.

5.3.2 Results and Discussion

Since scouring around a bridge pier is a time-sensitive process, time considerations
become important in the analysis of the hydraulics, the scouring and the deposition
features. A first observation is that the flow velocities in the cross-sections upstream from
the bridge pier appear to be independent of the scouring evolution. Since the experiments
are performed in clear-water condition, this observation makes sense. Although the
scouring does slightly propagate upstream, its influence remains rather limited and does
not exceed the upstream limit of the scour hole (=0.254m upstream the nose of the pier).
Taking into consideration this first observation, the analysis was focuses on three main

aspects :
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(i) velocities at cross-sections upstream of the pier, in order to determine the
influence of the cylindrical pier on the upstream flow (vertical and lateral
distributions of velocity)

(i) velocities at cross-sections downstream of the pier, in order to determine the
influence of the cylindrical pier on the vertical and lateral distributions of velocity
as well as the influence of scouring evolution on the time-variation of velocity. In
the same manner, the bed and ice-cover shear stresses are analyzed.

(iii) scour depths and erosion/deposition features, in order to determine the
geometrical and temporal characteristics of the scouring process.

Velocity distributions of each experiment are presented in the corresponding appendices,

Appendix A7 to Al2.

Considering the measured and computed parameters of the scouring tests (discharge, flow
depth, energy slope, and average shear stress, shear velocity, drag-force etc), presented in
Table 5-4, and comparing them to the corresponding values for the tests without a bridge
pier (Table 5-2), we can conclude that both series are performed under similar hydraulic
and sediment conditions upstream from the bridge pier.

Differences in discharge and flow depth when comparing analogous configurations are
less than 2%. However, energy slopes in the 2PIC and FS bridge pier series show up to
29% increased values compared to the corresponding tests without a bridge pier. Since
the energy slope apparatus receives the free-surface elevations from different locations of
the flume, the main increasing slope is recorded in the sand basin portion, while in the
upstream section the increase is less than 2%. The explanation comes from the bridge
pier presence: an obstacle in the way of flow produces an important lateral redistribution
of the discharge which further increases the friction forces at the ice and bed boundaries.
These forces together with the additional energy loss produced by the wake of the bridge
pier lead to an increase in energy slope. The energy slope values presented in Table 5-4
are computed as averages between readings taken at the beginning (Sys) and at the end
(Ses) of each test. The readings show increasing values of energy slopes with time,

reaching equilibrium values with the stabilization of the scouring process. This
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observation is supported by the time-progression of bed roughness due to the scour hole

and the formation of bed forms behind the pier.

The analysis of the drag force acting on the ice-cover illustrates minor differences
between tests with and without a bridge pier. Moreover, in the case of 2PIC/ExpBP#4
when multiple readings of the drag-force are taken at different moments of the test,
results show insignificant variation with time. This fact is caused by the constant ice-
cover roughness, which does not change with time. Similarly to the changes in energy
slope, the total average friction force Fr for the bridge-pier 2PIC tests shows 33%
increased value compared to the corresponding 2PIC without bridge pier. The reasons for

this are the same as for the energy slope changes (above).

102



€01

‘anjea 93esoae Surpuodsariod ayj ST § pue ‘A[oAnoadsai 1s9) Jo pu? 33 pue Suruuidaq oy Je 2dofs A310ud a1 SI ¢ pue S4¢ a1syMm

€£00'1 $TT0'1 17101 on/n

VTP 1| TOUT| LbOT| TOT'T| 89S1| 16¥1| 8951 €€8°0 €L16°0 7L8°0 €L16°0 6850 Penlen

€8L10°0| LISI00| <TOSI00 [s/w] kn

$8L1E0 €0€€°0 6¥CE0 [u/N] 2

98€0°'C 80C1°C 9060°C (pamseaur) [N]

yZh 1| 0011 | 6v0°1| T0UT| L9ST| 6V 1| L9S'I 8%10°0 €910°0 $S10°0 €910°0 ¥010°0 [s/w] Len

890°CT| S8LLT| 9191 | 08L1| LL9E| TvEe| 189¢€ 8.88'C 14238 9999y 16€1°S 296€°1 N Ly

820°C| OITT| 00T'1| TITL| SS¥T| 1€TT| LSHT 96120 65970 91¥2°0 19920 €801°0 [Ju/N] 12

LOT'L| S090| S090| 9090| 0L90| 0L90| 0.L90 LT10 89L0°0 69L0°0 69L0°0 8¥11°0 [u] 7y

0201 | 69%' 1| 69%'1| 69 1| 86+ 1| 86V 1| 86¥1 296L°1 ¥8€9°'C ¥8€9'C L8E9'T €19L'1 [wr] “q

621’1 | 6880 6880| 0680| €001 | €001 | +00°1 1822°0 82070 820T°0 €02°0 12020 [w] p

LS'1 Tl LTLL] 666'1| €vl'e| vILT| THI'E €9L'T 975°¢ S¥0'€ 957S°¢ 149! [o1]ls

€76'1 9p8'¢ S0T'¢ 9b8'¢ 781 [,.o1]*%s

€09'1 S0T'€¢ $88C S0T'€ 2960 [,.01]1 %

621'T| 6880| 6880| 0680| €001 | €001 | #00°1 1€S1°0 19€1°0 19€1°0 29€1°0 LSET0 [w] y

6bP' 1| TOL0| 8690| +v0L0| LIOT| TIOL| TO'T $790°0 6£70°0 LEYO0 v10°0 TEV0'0 [s/;w] O
(SD) (D1d0) (0142 (O1d2) (S

U /SH# | SHIVH | SHICH | S#ITH | T#/v# | T#/e# | 1#/c | s#dadxd | v#dadxd | egdddxd | z#dddxd | 1#d9dxg UoLBINSuo))

(S#-T#dadxy) 1o1d 23pLiq M spudwLIAXY

SuUONIpuOd
[eonLod 19jem-uado e (sidgdxq) S Pue SUONIPUOD [BINLIO I0A03-301 18 (p# 01 [#dddXHd) DId¢ pue S4 :191d o3puq Yiim sjuswiadxy p-S a[qe L




Cross-sections upstream of the bridge pier

Results form the velocity measurements at cross-sections upstream the pier (Figure 5-16)
show very similar conditions when compared to the tests without a bridge pier (Figure
5-9). In details, for the 2PIC tests (ExpBP#2 to #4), in the lateral region of the flow
(under the ice-cover), the maximum velocities are recorded at 50% of the flow depth
between approximately 21 and 26.5cm/s. In contrast, in the central region (points 4, 5 and
6), the maximum velocities are located in the upper layers of the flow, recording values
between 32.1 and 32.9cm/s. For the FS/ExpBP#1 case conducted at the ice-cover
sediment incipient conditions, the readings of the maximum velocity in the same open-
water region are between 27.1 and 27.7cm/s. In the other FS case (ExpBP#5), performed
at free-surface sediment incipient conditions, similar locations of the maximum velocity

are recorded but ranging from 32.7 to 33.4cm/s.
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Figure 5-16 Vertical velocity profile at ¢/s BG, point 5, for all five scouring experiments:

FS/ExpBP#1, 2PIC/ExpBP#2 to #4, and FS/ExpBP#5
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The velocity differences, between the 2PIC tests and the FS case at the ice-cover critical
conditions (Figure 5-16), are in the same range as for the tests without a bridge pier,

namely that the 2PIC velocities record between 15% and 26% increased values compared
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to the FS values. For the FS/ExpBP#5 case (open-water critical conditions), as predicted
in the similar test performed without a bridge pier (FS/Exp#5), the velocity measurements

at the central region of the flow show similar characteristics as for the 2PIC case.

The lateral distributions of velocity support the above findings showing consistency and
independency with respect to the scouring time-progression. Thus, it can be confirmed
that the experiments performed with the bridge pier in place are presenting the same
critical conditions (= sediment incipient motion) as the experiments performed without a
bridge pier. In order to better visualize this analysis, lateral velocity profiles of cross-

section BG are presented in the Appendix A12 (upstream bridge pier).

Cross-sections downstream of the bridge pier

Results from the readings taken in cross-sections behind the pier show the influence of
the bridge pier on the vertical and lateral velocity distributions. In contrast to upstream
sections, the flow behind the pier is dependent on the time-variation of the scouring and
erosion/deposition processes, and the bed roughness. Appendix A13 (downstream bridge
pier) contains the lateral velocity profiles of ¢/s BF, the first cross-section downstream
the bridge pier (at 0.12m behind the pier). These lateral profiles are based on readings

taken at different moments during the 2PIC tests.

The influence of the bridge pier is experienced on all cross-sections downstream of the
pier. For all 2PIC tests, results show variations of velocity distribution between the lateral
(under the ice-cover) and the central (open-water) regions. The following analysis is
based on comparison between velocity readings taken at the downstream cross-sections
and at the upstream cross-section BG (located at 6b upstream, where b is the cylindrical

pier diameter). Further reference to c/s BG will be as the upstream c/s.
Velocity measurements in the lateral regions taken at c¢/s BE (95 downstream), show

higher values ranging between 8% and 17% compared to the values of the upstream c/s.

For convenience, Figure 5-17 depicts only points 3 and 7 for comparison. Similar
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percentages are also observed at ¢/s BD (205 downstream), where velocity readings taken
at all the points located under the ice-cover area (1, 2, 3 and 7, 8, 9) and at different
moments during the tests indicate increased values of 7.5% to 15% compared to the
corresponding upstream c¢/s. Further downstream from this location, velocities in the
lateral regions start to decrease and approach again the lateral velocity distribution found

in the upstream c/s where the bridge pier has no influence.
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Figure 5-17 Vertical velocity profile at ¢/s BG and BE (ice-cover region of
points 3 and 7, ExpBP#4)
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This increase in velocities under the ice-cover regions recorded in all the tests is
explained by a redistribution of the discharge due to the presence of the bridge pier and
not to the scouring process. Moreover, this phenomenon is echoed by the formation of
bed forms (dunes) . Since velocity readings start approximately 2 hours after the scouring
has begun, the corresponding grain size Reynolds number, Re+ is definitely exceeding the
critical value, and as presented in Figure 5-2, the conditions of sediment motion regime
are shifted on the right-hand side of the diagram toward the dune formation regime. Thus,
the erosion features under the ice regions are also caused by the increasing discharge and
not by the scouring process around the bridge pier. However, the velocities measured
under the ice-cover (lateral region) present small variations (<5%) with respect to the

scouring time-evolution.
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The analysis of the central (open-water) region of the channel focuses on points 4 and 6
and on point 5 (the flow centerline). At points 4 and 6, the results show at the beginning
of scouring and only for the first cross-section behind the pier (BF) an abrupt increase in
velocities with values between 10% and 12% comparéd to the corresponding upstream
c¢/s values (Figure 5-18). When the tests approach the scouring equilibrium phase, the

velocities just behind the bridge pier are very close to the corresponding upstream values.
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Figure 5-18 Velocity time-variation with respect to scouring evolution in ¢/s BF at 50%

of the flow depth (2PIC tests)

As previously mentioned in subsection 3.2.1.(page32), the scouring around a cylindrical
bridge pier starts at the sides of the cylinder and quickly propagates upstream around the
pier. Indeed, the high values of the velocity measured at points 4 and 6 (Figure 5-18)
support this description of the process. Moreover, since the velocities are taken at 1.2b
downstream, it can easily be assumed that velocities at the bridge pier sides causing the

beginning of the scouring process are even higher.
Velocity measurements taken at ¢/s BE (96 downstream) present a small decrease of

approximately 4% compared to the upstream c/s (Figure 5-19). Further downstream, the

velocities continue to slowly increase longitudinally and show little variation with time
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and scouring progression. Readings taken in the last cross-section BA, located at 405
downstream the pier show velocities at equilibrium reaching only 94% of the values at
the beginning of the test. For all 2PIC tests, taking into consideration the velocity spatial
distribution and variation with time in both the ice-cover and the open-water regions, the

influence of the bridge pier covers a region that spans downstream up to a distance of

approximately 505 .

Analyzing the flow along the channel centerline (point 5), the velocities right behind the
pier (c/s BF) record dramatic decreases with respect to the upstream c/s: values dropped
to approximately 64% at the beginning of scouring and further down to 20% when
approaching the scouring equilibrium (Figure 5-18). This variation is due to the high
level of turbulence caused by the cast-off vortices, and to the scour depth time-

progression associated with the erosion/deposition features behind the bridge pier.
35

335
32 31.97/p5|c/sBG —%— point2
3167/pBEEBG T[T T T [ T A N HE R T g poINt3
. 30.5 07 —e—point4
2 29 e = -;-’;W”"““‘”‘"“’g =X pOInt5
E o JEN Py )
o e [ T —+—point6
= 215 P ==H  —a—point7
o FpET +— point8
o s - - ~~~—av.BG6
' < | b e awy.BG5
23 238 -
21.5
20
0 120 240 360 480 600 720 840 960 1080 1200 1320 1440 1560 1680
time (min.)

Figure 5-19 Velocity time-variation with respect to scouring evolution in ¢/s BE at 50%

of the flow depth (2PIC tests)

Further downstream the velocities along the same centerline at the beginning of scouring
registers values of 75% of the corresponding values at the upstream c/s (Figure 5-19).
With time, in the first 9 hours of the scouring, the velocity shows increased value
(up to 88%), but the highest rates of change are all observed in c/s BE. After that,

approaching the equilibrium phase, the velocity rate of increase becomes similar to the
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rate observed at points 4 and 6. The explanation for the time-evolution of point 5 is not
trivial. But we suspect that the flow around the bridge pier towards the equilibrium of the
scouring process is not as diverted sideways as in the beginning when the bed is still
almost flat. One reason for that could be related to the evolution of the horseshoe vortex
which sinks into the scouring hole with time, thus interfering less with the surrounding

flow.

For the FS tests, the same behavior is recorded, although the velocities are slightly

inferior to 2PIC, down to 90% in the upper part of the flow ( y>1/2h).

Scour depths and erosion/deposition features

The third aspect of the analysis is dealing with comparison of the scouring process
between the three different configurations mentioned earlier: 2PIC, FS at ice-cover
sediment incipient conditions and FS at free-surface sediment incipient conditions.
Patterns of the scour around the bridge pier, erosion/deposition behind it and bed
sediment transport features under the ice-cover region are presented in the Appendix A14
(scour depths time-variation), A15 (scour depth profile along the channel centerline) A16

and A17 (scouring profile 2Dimensional and 3Dimensional).

Analyzing the scour depths around the bridge pier and the erosion/deposition features
behind it (Figure 5-20), the results present a considerably stronger activity in the 2PIC
case than in the FSExpBP#1 case (at same ice-cover critical conditions). As previously
explained, the scouring process is acting in the central (open-water) region of the flow
where the scour hole and the bar-shape deposition behind the pier are developed. The
first observations refer to the maximum scour depth, which is recorded at the bridge pier
nose in all five tests. The scour hole presents a conic shape, disrupted at the pier toe by a
small amount of deposited sand, and elongated further behind the pier. The bed material
from the scour hole is deposited downstream the pier only in the central (open-water)

region of the flow in a bar-shape distribution. This feature is explained by the velocity
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behaviour at points 4 and 6, which presents the highest value and the smallest variation

with time (Figure 5-18).

Figure 5-20 Scour depths and erosion/deposition features behind the cylindrical pier:
ExpBP#3 (2PIC-left) and ExpBP#1 (FS-right)

All the other erosion features (bed-forms) in the lateral regions (under the ice-cover)
result partially from the redirection of the flow discharge due to the presence of the
bridge pier and partially it is suspected to be influenced by the turbulence created by the
separation of the flow at the bridge pier sides (Figure 5-20). These features behind the
pier appear very similar in the cases of 2PIC (ExpBP#2 to #4) and FS (ExpBP#5), but
considerably different when compared to the FS/ExpBP#1 (Figure 5-21, and Appendix
Al6 and A17).
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As predicted in the analysis of the tests without the bridge pier, for 2PIC configurations,
the scour hole around the bridge pier resulted in a deeper and wider shape compared to
the FS case under the same ice-cover sediment incipient conditions. Values in the 2PIC
test show between 51% and 55% deeper and up to 75% wider scour hole around the

bridge pier compared to the FS case (Figure 5-22 and Appendix A15).
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Figure 5-22 Scour depths and erosion/deposition features at channel centerline. 2PIC

(ExpBP#3) vs FS (ExpBP#1)

The scour hole for the FS/ExpBP#5 presents 5% to 8% increase in depth and
approximately 11% increase in width compared to the 2PIC tests. This result supports the
previous assumption of a more severe scouring process in this FS case because the open-
water sediment incipient conditions are obtained by a discharge increase of 40%
compared to the discharge of all other tests. Thus, in the FS/ExpBP#3, the discharge and
the flow depth at the bridge pier cross-section are higher, which imply higher energy for
the downflow and the horseshoe vortex involved in the scouring process (Figure 3-8).
However, for a given discharge, the 2PIC configuration has the most dramatic impact on

the scouring around a bridge pier. Appendix Al5 presents the bed elevation along the
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channel centerline for all five experiments: comparison between the 2PIC experiments,
the 2PIC and the FS cases and the FS configurations at different critical conditions.

Time-evolution analysis of scour depths is based only on readings of bed elevation
around the bridge pier. The results show approximately 43% increase in the scouring rate
of the 2PIC configuration compared to the FS case (FSExpBP#1) at the same ice-cover
sediment incipient conditions (Figure 5-23). When compared to the other FS case

(FSExpBP#5), the scouring rate presents less than 2% difference.

16 ——

18 14.7dm/FSEXpBPAS
tdomi2FInExpB e
" 40 a nh e o
[e] o3 ,,;’ TOTIUITIT ZE TG AV 2
13 Yo’ 13.30mi2PICEApBR#S
pL
12 A
, 2’3&’42}/’, I
K O afs |2
P e
10 g Koy {2 L.
//’&Gxxjj'« 9.2¢/FSEXpEPH 1
£ ° sl s
iz )
g @ﬁﬁ%aé’/if ,’jﬁe
e . & -~
E ’ %i‘.‘ ~ -
) CARNE -
s 7 T— s}’r e AL — p_,;+
Sk 3
6 EK/{Q by 1F
A =2 ,{,;'H‘
5 2 2 Pres
v =
P ot 47
4 » 2 ,’ N 4.7
A -
s +
=
2
1 I -
0
! 10 100 1000 10000
time (min.)

Figure 5-23 Scour depth time-evolution at the bridge pier nose (FS/ExpBP#1,
2PIC/ExpBP#2 to #4 and FS/ExpBP#5)

Measurements of the geometrical characteristics of the erosion/deposition process behind
the bridge pier show a 2PIC disturbed bed region 4 times as long as the FS/ExpBP#1
case. Moreover, calculations show the sand volume scoured in the 2PIC case to be 2.8 to
3 times the volume of the FS case from the upstream part and the sides of the pier, and
the deposited volume behind the pier to be approximately 2.3 to 2.7 times the FS case.
However, the height of the deposition bar in the FS/ExpBP#1 case is recorded
approximately 20% elevated than the 2PIC case. This particularity is explained by the
fact that in the FS case, the flow behind the pier is more easily directed toward the sides

of the channel leaving the central region in a low velocity flow, thus enhancing the
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deposition process immediately behind the pier. The absence of the ice-cover induces
high velocities in the upper layers of the flow maintaining for a longer distance the high
discharge on the sides of the channel. As a result, following the deposition process, the
flow takes a longer distance to reestablish to a more uniform distribution compared to the
2PIC case, for which case the ice-cover tends to rapidly redirect the flow back to the

open-water region once the deposition process ends.

When 2PIC experiments are compared to the FS test performed at open-water critical
conditions (ExpBP#5), the erosion/deposition process shows similar evolution. In
addition, investigation of the erosion features developed along the sides of the bar-shape
deposition behind the pier reports that the zone of influence for the FS (Fs incipient
condition) is 150% of the equivalent zone in the 2PIC case. This finding supports the
earlier explanation about the fact that in the FS cases, the flow takes a longer distance to
reestablish back to a more uniform distribution after its separation at the bridge pier
location compared to the 2PIC configuration. Quantitatively speaking, computations on
the central region of the flume record sand volume scoured around the pier and deposited

downstream in this FS case up to 2.5% larger values compared to the 2PIC configuration.

114



Chapter Six

Summary, Conclusions, and Future Research

6.1 Summary

In the literature, most studies conducted on sediment motion under ice-covered flow
found decreasing sediment transport compared to the open-water situation. However,
most of these studies were conducted under a flow depth adjustment conditions, the
energy slope being kept constant from one flow configuration to another. This approach
appears reasonable in a long length-scale situation (uniform flow condition), i.e. long
river reach, but for scouring around a bridge pier as well as other similar phenomena
(abutments, narrowing cross-sections or tide river bends) the uniform flow condition is
no longer valid. Thus, shorter length-scale analysis is required. In this case, as field
observations have shown (Zabilansky 2002), it is common in nature for the ice-covered
flow to adjust faster the energy slope than the flow depth. As a result, drastic changes

occur in the flow regime and the scouring processes.

This study represents the first of a multi step research of an ongoing effort to determine
the impact of different ice-covered flow configurations on the scouring processes around
a cylindrical bridge pier. Three ice-cover configurations are analyzed during this study:
(i) the total ice-cover (TIC), which covers the entire width of the channel and surrounds
completely the bridge pier, (ii) the 2 sides partial ice-cover (2PIC), which covers the sides
of the channel leaving the central part and the bridge pier in open-water flow, and (iii) the
1 side partial ice-cover (1PIC), which covers only one side of the waterway leaving the

other side and the bridge pier in open-water.

The objective of this study is to determine the worst ice-cover case from a sediment
incipient motion point of view considering a flow energy adjustment condition, and to
determine for that case the scouring around a cylindrical bridge pier with respect to the
free-surface case. The scouring process is studied under clear-water regime since it

represents the worst scouring condition, which causes the maximum scour depths.
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The report starts with a literature review of previous studies conducted on sediment
transport under ice-cover conditions and of previous work done on scouring around
bridge piers under free-surface and ice-cover conditions. As a follow up, the experimental
setup is developed in order to perform tests according to the objective of the study and to
the findings from the literature review. Based on the experimental results, an analysis is
conducted over two aspects: velocity and shear stress distributions, and scouring and
erosion deposition processes around the cylindrical bridge pier. A numerical simulation

of the experimental velocity field is also integrated in the analysis.

6.2 Conclusions

The tests of this study are divided into two categories: (i) tests without the bridge pier in
place, and (ii) tests with the bridge pier in place. The first category of experiments
determined the 2PIC configuration as the worst-case scenario for the critical conditions of
sediment transport (= incipient motion conditions). The results show a clear uniform
distribution of the flow in the cases of TIC and FS, in contrast to the 2PIC case, which
presents a more, disturbed flow. In the central part of the channel, the velocities measured
in the 2PIC test are up to 8% higher in the lower part of the flow (y < 4/2) and up to 30%
higher in the upper part (y > #/2) when compared to the TIC configuration. Compared to
the FS case, the flow velocities in the 2PIC test were up to 20% higher in the lower part
of the flow and up to 15% higher in the upper part. This increase in velocities located in
the central (open-water) region of the channel is translated as an increase in energy for
the scouring process. These tests lead us to believe that the 2PIC configuration has the
highest potential for scouring around a bridge pier. For that reason, this test was chosen

for the following series of experiments.

The second category of experiments compared the scouring parameters (scour depths
around the pier and erosion/deposition features behind it), only between the 2PIC and the
FS cases. The other ice-cover configurations, TIC and 1PIC will be tested and the results
presented in the next phase of this study, to be published by Jagadiswor Kayastha later
this Fall 2004 . In terms of scour depths around the bridge pier, the results show a 51 to
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55% deeper and up to 75% wider scour hole in the 2PIC case compared to the FS case at
the same ice-cover sediment incipient conditions. Moreover, the erosion/deposition
features behind the bridge pier are spread in the 2PIC case over a distance 4 times longer
than in the FS case. Comparing the case of FS under open-water sediment incipient
conditions (ExpBP#5) with the 2PIC case, the erosion/deposition features are found to be
very similar in both configurations. However, the scour depths in this FS case show 5 to
8% increase and the scour hole presents approximately 11% wider circumference. It is
worth mentioning that this FS case generated these slight differences by receiving
approximately 40% higher discharge and 15% increase in flow depth. Therefore, from a
scouring design point of view, the 2PIC configuration in the clear-water situation should
be considered the most critical configuration since it generates the most dramatic

scouring around a cylindrical bridge pier for the lowest flow regime conditions.

From a computational point of view, the tests without a bridge pier were also numerically
simulated using the Viscous-slip approach model of Frenette and Molleti (2002).
Although the results show very good correlations in terms of velocity profile, the shear
stress distributions at the bed and ice-cover boundaries present over- and
underestimations between 31 and 38% with respect to estimated values based on the
laboratory measurements. These errors could come from different reasons, such as the
distribution of the turbulent viscosity, vt , the choice of the wall friction law, or even the

uncertainty related to the measurement of the energy slope.

Generally speaking, the results of this first phase show the directions for the next phases
of the study. Determining the 2PIC configuration to be the leading case and providing
valuable data in both hydraulic and scouring domains, will make the analysis of the next

cases, TIC and 1PIC easier to put into perspective.

6.3 Future research

Results obtained from the present research generate additional questions to be addressed

in future works. The following suggestions for the future direction of research on this
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topic cover mainly three aspects: (i) theoretical, (ii) numerical and (iii) technical.

(1)  this study was conducted using only one kind of uniform sand material, one
size bridge pier diameter, one size and roughness of the simulated ice-cover
panels. Future studies should consider the following test strategy: for one size
distribution of uniform bed material or non-uniform material, the tests should be
performed using different ice-cover roughness and geometrical dimensions (in
particular for 2PIC and 1PIC cases), different bridge pier diameters. Ideally, with
a proper sediment feeding device, it would be interesting to perform some tests
under live-bed scouring regime. Finally, the impact a non-uniform bed sediment
granulometry, in particular on the armoring effect, would also be interesting to
investigate.

(i)  with the help of the powerful computers available today, the ultimate goal of
this research is to provide a numerical model able to simulate the natural
phenomena as close as possible. The numerical approach used in this study shows
promising results, although more work is required on the boundary conditions.
Improvement of the friction law should be a priority. With a better numerical tool
at hand, and using the results obtained in this research for calibration, a better
predictive tool for flow under ice cover could be made available.

(iii)  the large flume of the Hydraulic Laboratory of the University of Ottawa
evolved with the progression of this study. It is worth mentioning the evolution of
the stabilizer system at the flume inlet, the pipe network and the filling/draining
system in the sand basin section of the flume, the free-surface slope apparatus, the
ice-cover drag force apparatus and the simulated ice-cover. The flow velocities
were measured with an electromagnetic velocimeter, which showed severe
limitations close to the flow boundaries, restricting our capacity to analyze the
velocity profiles. Thus, future research should consider a non-intrusive instrument
for velocity measurements such as a Laser or an Acoustic Doppler Velocimeter. If
an intrusive instrument is still going to be used, it is important to make the holes
trough the simulated ice-cover as small as possible in order not to interfere with

the actual ice-cover roughness.
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APPENDIX Al

Granulometric curve distribution of the sand bed material

125



9¢l

01

(wrw) oz1g

Ly180 850 G0 1'0

N

10°0

%0

| \\
0091

%01

%0¢C

%0¢

%07

<D
w

%08

%09

%0L

% %8

%08

%06

pag pues uiseg
S[PPYAL U} 104 PIS() PUES ,,PIASIS %0 +BI0 %0S , JO 9AIND) dLdWO[NUEIL)

%001

dsuisseJ o,



APPENDIX A2

Strain gauges calibration curves for the ice-cover shear stress

measurements device
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APPENDIX A3
Exp#l1
TOTAL ICE-COVER (TIC), 2SIDES PARTIAL ICE-COVER (2PIC),
1SIDE PARTIAL ICE-COVER (1PIC) and FREE-SURFACE (FS)
CONFIGURATIONS at same discharge and flow depth conditions

(experiment without bridge pier)
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1 SIDE PARTIAL ICE-COVER CONFIGURATION (1PIC)
Lateral velocity profiles
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FREE-SURFACE CONFIGURATION (FS)
Lateral velocity profiles
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Vertical velocity profiles
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APPENDIX A4
Exp#4
TOTAL ICE-COVER (TIC), 2SIDES PARTIAL ICE-COVER (2PIC)
and FREE-SURFACE (FS) CONFIGURATIONS at ice-cover critical
conditions

(experiment without bridge pier)
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TOTAL ICE-COVER CONFIGURATION (TIC) - Q~0.043m*/s

Lateral velocity profiles
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2 SIDES PARTIAL ICE-COVER CONFIGURATION (2PIC) - Q~0.043m’/s

Lateral velocity profiles
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FREE-SURFACE CONFIGURATION (FS) - Q=0.043m’/s
Lateral velocity profiles
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APPENDIX AS
Exp#5
FREE-SURFACE CONFIGURATION (FS) at free-surface critical
conditions

(experiment without bridge pier)
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FREE-SURFACE CONFIGURATION (FS) — Q~0.0605m’/s
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APPENDIX A6
Numerical Simulation of Exp#4
(TIC and 2PIC configurations)
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TOTAL ICE-COVER CONFIGURATION (TIC) — simulation
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Lateral and vertical shear stress profiles
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2 SIDES PARTIAL ICE-COVER CONFIGURATION (2PIC) - simulation
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Lateral and vertical shear stress profiles
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APPENDIX A7

ExpBP#1
FREE-SURFACE CONFIGURATION (FS) at ice-cover critical

conditions

(experiment with bridge pier)
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FREE-SURFACE CONFIGURATION (FS) — at ice-cover critical conditions
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APPENDIX A8

ExpBP#2
2SIDES PARTIAL ICE-COVER CONFIGURATION (2PIC) at ice-

cover critical conditions

(experiment with bridge pier)
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APPENDIX A9

ExpBP#3
2SIDES PARTIAL ICE-COVER CONFIGURATION (2PIC) at ice-

cover critical conditions

(experiment with bridge pier)
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2SIDES PARTIAL ICE-COVER CONFIGURATION (2PIC)

Lateral velocity profiles
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APPENDIX A10

ExpBP#4
2SIDES PARTIAL ICE-COVER CONFIGURATION (2PIC) at ice-

cover critical conditions

(experiment with bridge pier)
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ExpBP#4/2PIC-c/sBB after t=27h
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APPENDIX Al11

ExpBP#5
FREE-SURFACE CONFIGURATION (FS) at free-surface critical

conditions

(experiment with bridge pier)
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FREE-SURFACE CONFIGURATION (FS) — at free-surface critical conditions
Lateral velocity profiles
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The following three velocity profiles were taken at 0.127m, 0.076m and 0.025m upstream

the bridge pier nose.
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APPENDIX A12
Upstream Bridge Pier

(experiment with bridge pier)
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Lateral velocity profiles of ¢/s BG, upstream the bridge pier based on measurements

taken at different moment of the scouring process.
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APPENDIX A13

Downstream Bridge Pier

(experiment with bridge pier)
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Lateral velocity profiles at ¢/s BF, downstream the pier based on measurements taken at

different moments of scouring process
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ExpBP#4/2PI1C-c/sBF after t=25h
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APPENDIX A14

Scour depths time-variation
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Scour Depths measurements data
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Scour depth around bridge pier - 2PIC/ExpBP#4
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APPENDIX A15

Scour depths and erosion/deposition profiles
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Comparison of scour depths and erosion/deposition profiles at the channel centerline
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APPENDIX A16

Scour depths and erosion/deposition profiles (2 D representation)
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APPENDIX A17

Scour depths and erosion/deposition profiles (3 D representation)

OBS: the following images present a vertical distortion of 27%
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