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ABSTRACT

This study examines the local scouring phenomenon associated with bndge abutments
exposed to combined main-channel (MC) and floodplain (FP) flows. The principal
goal of the study was to develop and validate, based on a comprehensive physical-

model testing programme that considered different abutment shapes. an improved
relationship for predicting maximum scour depth.

A relationship was established among sediment size, flow depth and ldngimdina]
channel slope for initiating the threshold condition of bed material movement. This
relationship facilitated the selection of sediment size and channel bed slope for the
various experiments, which were performed in a compound channel under interacting
(combined MC and FP fiows) and non-interacting (isolated FP flow) conditions.
Clear-water approach-flow conditions were utilized throughout the testing
programme. A flow visualization technique was employed to study the various
patterns of the combining flows in the MC/FP junction regions. It determined both
the flow deflection angle and the extent of the influence zone (a portion of the

channel width beyond the abutment) whose discharge. Q.. contributes to the scour
deveiopment.

Maximum scour depths produced under interacting conditions were observed to be
15% to 30% greater than those observed for nom-interacting conditions. This
important observation clearly demonstrated the need to properly account for
compound-channel effects in the simulation exercise.

The scour prediction relationship presented herein is based on a dimensional analysis

i
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of the relevant parameters and incorporates the data obtained from the laboratory
studies performed in a2 compound channel using verucal-wall, wing-wall, semi-
ctrcular, and spifl-through abutment shapes. The model indicates a very good
agreement between predicted and observed maximum scour depths for bndge

abutments terminating in the FP zone.
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CHAPTER ONE

INTRODUCTION
1.1- STATEMENT OF PROBLEM

The massive piers and short spans of old arch bridges resulted in extreme contractions
of the flow section and, ‘consequently, severe scour of the channel bed. However,
improved construction methods and materials, and advanced techniques of analysis
and design helped engineers construct bridges having relatively small piers and long

spans. Yet, the list of the failed bridges due to excessive scour around piers and
abutments continues to lengthen.

Since the early times of bridge construction, scour of the streambed remains the major
cause of bridge failure (Laursen and Toch. 1956). After an extensive study of the
potential for bridge failures, the state of New York classified hydraulic (scour, ice,
debris) as the first mode of the most significant failure modes for bridges within the
state (Shirole and Holt, 1991). The data of New York State’s bridge failures database
are summarized in Table 1.1. The Table shows bridge failures according to the
failure modes recorded in the U.S. and in the state of New York since 1950 and
indicates that about 60 % of the bridge failures were attributed to scour and other
related hydraulic conditions. '

In an extensive study of bridge failure in the United States, Brice and Blodgett (1978)
reported that damage to bridges and highways from major regional floods in 1964 and
1972 amounted to about $100,000,000 per event. Of the 108 major bridge failures



recorded in New Zealand during the period 1960-1984. 29 were atmbuted to
abutment scour (Melville, 1992). Kandasamy and Melville (1989) found that six of
10 bridge failures that occurred in New Zealand during Cyclone Bola were related to
abutment or approach scour. A survey of roading expenditure in New Zealand as the
result of damage due to scour showed that about 50% of total expenditure was for

bridges. and of this abutments and approaches comprised more than 70% (Melville,
1992).

Table 1.1- Summary of the bridge failure survey in the U.S. (Shirole and Holt.
1991)

Number of failures due to failure mode
Failure modes —
U.S. bridge failures | New York bridge failures

Hydraulics 494 43
Collision 108 16
Qverloads 84 21
Nature 24 3
Miscellaneous 39 9
Fire 24 1

i Deterioration 36 15
Earthquake 14 0
Total identified failures "
(since 1950) 825 108

Scouring of the bridge foundations is the most common cause of flood damage to
bridges. During the Spring floods of 1987, 17 bridges in New York and New England
were damaged or destroyed by scour. In 1985, 73 bridges were destroyed by floods
in Pennsylvania, Virginia, and West Virginia. A 1973 national study for the FHWA
(Federal Highway Administration) of 383 bridge failures caused by catastrophic
floods showed that 25% involved pier damage and 72% involved abutment damage.
A second more extensive study done in 1978 indicated local scour at bridge piers to
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be a problem about equal to abutment scour problems (Richafdson et al.. 1991a).

Durg the last five decades, researchers have proposed more than 33 formulac for
local scour prediction at bridge piers. Comparison between field data and the results
of prediction equations have been the subject of study of many researchers in order
to select an appropriate equation for a specific site. However, only a few equations
have been proposed to predict local scour near bridge abutments (Copp et al.. 1988).
Scouring at abutments bear similarity to scouring around spur-dikes and most of the
recent information about abutments comes from studies that have been performed at
the University of Auckland (Breusers and Raudkivi. 1991). However. the way the
experiments were conducted does not represent many of the conditions typically
encountered in the field.

Most equations for predicting local scour at abutments are based on laboratory data
compiled using abutments projecting into a stream having uniform flow velocity
distribution and flow depth upstream of the abutment. In other words, the laborarory
situaticn simulates abutments sitting in the main channel (MC) of watercourse rather
than in the floodplain (FP). In the field situation, however, due to vegetative cover
and the elevated terrain, lower flow velocities and shaliower flow depths exist in the
FP where bridge abutments are usually located. Because of the methods by which
laboratory-scale experiments were conducted, the traditional abutment scour
equations only predict the maximum scour that could occur. Therefore, usihg present
abutment scour equafions, a designer usually obtains excessively conservative
estimates of maximum scour depth even for situations that might have little or no
scour depths (Richardson and Richardson, 1993b).

The usual configurations for bridge abutments include: wing-wall (WW), vertical-



wall (VW), spill-through (ST). and semi-circular (SC) abutments. Figures 1.110 1.4
show different views of these abutment shapes. Bridge abutments might terminate
in the FP or can encroach on the MC of a watercourse. Also, they can be set
perpendicular to or at an angle to the flow. Scour at abutments can be either five-bed
or clear-water scour. Finally, there can be varying amounts of overbank flows that
are intercepted by the approaches to the bridge and returned to the stream at the
abutment. All of these factors affect the magnitude of scour depth at bridge
abutments (Richardson et al., 1?91b).

Table 1.2- Summary of abutment scour cases (Richardson et al., 1991b)

Abutment . Abutment
location (Liv.) Bedload
project into Live bed VW or
1 channel No <5 clear water ST
project into Live bed VW or
2 channel Yes B clear water ST
g 3 set b;zkcﬁ'om Yes <25 Clear water V\SA‘fror
4 relief %I;dgc o Yes <25 Clear water V\S’fror
5 | atedgeofMC |  Yes <5 | Livebed | Vo
) Not .
2
“ 6 not designated Yes >25 designated ST
7 skewed to . _ . .
stream

* The ratio of abutment length to flow depth

. Scour at abutments can be divided into seven cases which are given in Table 1.2 and
illustrated in Figure 1.5. Laursen (1980) has developed equations for these cases.
However, as yet none of his equations has been verified in the field. Many abutment
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scour prediction equations, among them Laursen's (1962a. 1980). Liu et al's (1961),

Froehlich's (1989). and Melville's (1992). are presented in chapter two.

Present scour equations estimate excessive abutment scour when they are applied to
field situations. This is because these equations were based on phvsical model studies
that did not correctly represent field conditions. Most existing laboratory data were
obtained by installing a defined-length abutment in a shallow-flow flume having a
rectangular cross section and a flat sand bed. The uniformities of both the flow depth
and the lateral velocity distribution across the laboratory flume are the main

charactenistics of the approach flows of these studies (Figure 1.6).

On a real FP, because of the variations in roughness, the velocity profile is not
uniformly distributed (Figure 1.7). In the field case the returning fiow produces less
turbulence and vortices at the end of the abutment because the overbank flow may
return to the MC in a less-concentrated manner upstream of the abutment. Temporary
storage in the overbank attenuates the passing fiood hydrograph as it moves through
a bridge crossing reach. This also tends to reduce the magnitude of returning
overbank flow and, subsequently, the severity of abutment scour. The overbank-flow
portion, which is redirected to the MC, cannot be directly related to the abutment
length , L, that projects into the flow. These characteristics of actual floods have not
been properly represented by laboratory models.

So far, the following conditions have generally prevailed in laboratory studies of
abutmnent scour:

- the abutment length , L, determines the magnitude of the overbank flow that is
forced back into the channel at the abutment; |

- there is an essentially uniform velocity distribution across the fume; and



- flumes of constant cross-sectional area and shape (rectangular) are used.

A careful inspection of the conditions under which past laboratory studies were
conducted points to the significant differences between those laboratory-scale scour
studies and actual field conditions. Hence, traditional predictive abutment scour
equations are flawed because they are based exclusively on the available laboratory
studies. In the field, because little relation exists between the abutment length and
overbank flows, applying traditional scour prediction equations generally results in
gross over-estimation of abutment scour (Richardson and Richardson, 1993a).
Therefore, for field situations, flawed equations will be obtained if the abutment
length is used in the formulation. The discharge ratio Q,/0,, however, is a significant
variable to determine scour depth because when two flows at different velocities
(angle and magnitude) intersect, turbulence, shear, and vortices are generated which
scourthe bed. (0, is the returning overbank flow in the vicinity of the abutment end
and Q. is the discharge moving in a specific width of the flume, w, in 2 streamwise
direction through the bridge opening adjacent to the bridge. '

1.2- SCOPE OF RESEARCH

One of the most urgent needs fo.: gredicting abutment scour depth is to properly

simulate field conditions in the laboratory studies. Abutment scour depends on the

~ interaction of the flow obstructed by the abutment and the flow in the channel
adjacent to the abutment. In order to develop a reliable abutment scour i:rediction
equation, variables which dhzctl& contribute 1o local scour must be incorporated. It

. is.suggested that the flow ratio 0,/0,, be incorporated in the abutment scour equation.
Also, the Froude number should be iﬁcorporated in the abutment scour formulation
because it describes the main flow characteristics relating to the process.
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This study experimentally investigates the local scouring process at the ends of
bridge abutments terminating in the FP of a compound channel having a
trapezoidal MC. Unlike all previous physical modelling studies on this topic, this
study was performed in a compound-shaped laboratory chanrel in order to
investigate the impact on local scouring of the important main channel/floodplain
(MC/FP) interaction process (as recommended in Richardson and Richardson,
i993a). The main objective of the study was to develop an improved relationship
for predicting maximum local scour depth at bridge abutments based on a more

realistic simulation of conditions normally encountered in the field.
1.3- OUTLINE OF THESIS

Chapter two of the thesis deal with contributions and advancements relating to the
field of local scour at bridge sites. In cases where information on bridge abutment
scour were missing. special attention was paid to aspects of bridge pier scour that bear
sirilarity to that of bridge abutments. The mechanics of local scour at bridge piers
and abutments and the influence of factors governing local scour are covered.
Abutment scour depth prediction formulae are also included. Since the present study
deals with certain aspects of compound channel fiows, relevant materials regarding
the flow interaction phenomena (between the MC and the FP zones) are reviewed in
the last section of chapter two.

The theoretical basis describing the threshold condition of particle movement is
covered in the first section of chapter three. The second section reviews the universal
velocity distribution law and describes the method by which the equivalent sand
roughness can be evaluated. The third section of chapter three deals with the
dimensional analysis related to the scour phenomena considered in the study.
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Chapter four describes the experimental apparatus used and the data acquisition
system specifically designed for this study. The original compound flume and the
modified test section required for this study. the pump. flow and scour depth
measurement devices, and velocity measurement devices are described in the first part
of this chapter. The second part deals with the procedures followed to design and test

a data acquisition system for velocity measurements.

Experimental set-up and other conditions govern the selection of experimental
parameters, such as: longitudinal channel bed Slope, discharge range, required flow
depth in the FP, and model bridge abutment length. Governing conditions were
thoroughly investigated by a series of preliminary tests so as to select the most
appropriate channel-bed material and other important parameters for the main tests.
The results of these preliminary tests led to the selection of proper bed material size,
channel longitudinal slopes, required FP flow depths, model bridge abutment lengths,
and the discharge range to generate the required near-normal flow depth. In addition
to the results of the preliminary tests, the methods by which the govemning condition
were mvesugated are presented in chapter five.

Chapter six deals with the analysis of the data. In the first section of this chapter the
flow data are analysed to determine the shear velocity distribution in the FP for
interacting and non-interacting flow conditions. The flow deflection angle and the
effective width that contribute in the discharge ratio were examined; the discharge
ratio for the interacting flow conditions were then determined. The analysis of the
scour data is presented in the second section of chapter six. The variations in scour
dépth with influencing parameters are examined and the relationships between
relative scour depth and discharge ratio are presented. In this section the scour data
are also compared with the results of previous scour prediction formulae. The third

8



section deals with the scour data for non-interacting flow conditions: the scour depth
for interacting and non-interacting flow conditions are compared in this section. The
proposed scour prediction model for abutments located ana terminating in the FP is
presented in the last section of chapter six. The summary and conclusions are givén

in chapter seven.
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CHAPTER TWO

LITERATURE REVIEW

2.1- INTRODUCTION

Scouring around spur-dikes (bank protection structures in river engineering) has been
studied since the early 1950's (Ahmad, 1953). The scour process around a bridge
abutment bears similarity to that of spur-dikes, hence, scouring formulae were
interchangeably used in both cases. During the lasi decade the failure of many
bridges in the United States and other parts of the world because of scouring problems
motivated researches into the causes of bridge failures. Since very limited data
relating to bridge abutment scour were available, the subject has been given priority
since the early 1980's (Wong, 1982) and many research programs on this particular

topic were initiated.

However, almost all such research has been performed in flumes having rectangular
cross sections. This general arrangements simulates an abutment set in the MC of a
watercourse (Ahmad, 1953; Garde etal., 1961; Gill, 1972; Cunha, 1975; Rajaratnam
and Nwachukwu, 1983a, 1983b; Zaghloul, 1983; Kwan, 1984, 1988; and Kandasamy,
1985, 1989). In practice, bridge abutments are usually set in the FP of a river and
most often terminate there, i.e. they are usually not long enough to encroach on the
' MC. Extensive literature has been published on the local ‘scour associated with
bridge piers and to a lesser extent with Bridge abutments. Yet, there is a lack of
studies on bridge abutment scour that properly simulate the field situation, i.e. bridge
abutments set and terminating in the FP zone. :
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The advancements put forward in the field of the local scour at bridge sites are
reviewed in this chapter. In cases where information on bridge abutment scour were
missing. special attention was paid 1o aspects of bridge pier scour that bear similarity
to that of bridge abutment. The mechanics of local scour at bridge piers and
abutments and the influence of governing factors on the Iocal scour are covered in the
following sections. Abutment scour depth prediction formulae are also included.
Since the present study deals with certain aspects of compound channel flows.

relevant materials regarding the flow interaction phenomena (between the MC and the
FP zones) are reviewed in the last section of this chapter,

2.2- MECHANISMS OF LOCAL SCOUR AT BRIDGE SITES

In general, the local scour depth around an abutment is a function of many
parameters, which may include: fluid properties, flow conditions. sediment
characteristics, abutment and channel geometry, and time. Since most of the relevant
parameters are inter-related, the influence of a specific parameter on ihe scour dépth
might be eclipsed by other ones.

2.2.1- Scour types

Three types of scour, called general scour, constriction scour and local scour might
be observed in a watercourse (Simons and Senturk, 1992; Raudkivi, 1984). General
scour is a natural process and occurs in a stream irrespective of the presence of man-
made hydraulic structures, however, it might strongly be affected by these structures.
In other words, the rate of the natural process of long-term aggradation or degradation
might be dramatically changed when a structure is introduced in a stream (Simons and
Senturk, 1992). |
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Contraction scour, on the other hand. 1s brought about by accelerated flow due to a
natural or man-induced contraction in a watercourse. This kind of scour involves bed
material movement from across all or most of the channel width. Finally, local scour
mught be defined as the abrupt decrease in the bed elevation due to a sharp change in
the fiow patter originated by a structural element.

The sum of the general scour, constriction scour. and local scour equals the
total scour. Among the mentioned scour types, the local scour depth is generally 5
to 10 times greater than the depth of other types of scour. Long-term bed elevation
changes Jhowever, might exceed the other two scour éomponmts when major changes
(such as dams) are induced in stream conditions (Siinons and Senturk, 1992).

2.2.2- Local scour classification

Introducing a bridge abutment, or any other kind of flow obstructing structure into a
watercourse, dramatically changes the flow pattern of the stream in the vicinity of the
structure. Highly three-dimensional and rotational in nature, the generated flow
structure locally increases the bed shear stress to a value higher than the critical one

and initiates the scour process. The temporal development of the scour hole can be

expressed as:
Z =), - ©) o @1

in which V' = ﬁolume of scour hole, 1 = time, and (Q,), and (Q,), are respectively

the volumetric rate of sediment going out of and coming into the scour hole.
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According. to the conditions of bed material movement, the local scour process is
generally classified as clear-water scour or /ive-bed scour (Laursen. 1952; Raudkivi
and Sutherland. 1981). When the approach flow velocity of a stream does not exceed
a critical value. above which bed particles move, no general bed material movement
1s observed. In such fiow conditions (Q,), = 0 and no bed material enters the scour

hole, therefore. the local scour process is classified as clear-water scour.

Live-bed scour, however, occurs in streams having general bed movement. In this
case, the bed shear stress is higher than the cﬁﬁcal value at every point of the
streambed. Therefore, the removed pé.rticles from the scour hole are replenished by
the moving bed materials, ie. (Q,), 2 (Q,), > 0. Since no such replacement for the
removed material takes place in a clear-water condition, the scour hole is generally
deeper in clear-water conditions than in live-bed conditions. Accordingly. the clear-

water scour depth 1s recommended for design purposes (Melville. 1992; Melville and
Sutherland, 1988)

2.2 3- Flow field around bridge piers and abutments

During the last three decades the flow field and the scouring mechanisms around a
circular bridge pier have been studied extensively by many researchers (Shen et al_,
1966; Melville, 1975; Ettema, 1980; Dargahi, 1987). Different experimental setups
and bed configurations were used in these studies. On the other hand, only a few
studies have investigated the flow field in the vicinity of bridge abutments.
Nevertheless, some researchers postulated that the scouring mechanisms at abutments,
to some extent, might be considered analogous to those associated with pier scour
(Kandasamy, 1985). Consequently, a review of the main conclusions of the previous
pier scour studies will facilitate a better understanding of the complex flow field
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around brnidge abutments as well.

Based on the results of previous studies. Breusers and Raudkivi (1991) separated the
flow pattern around a bridge pier into four componeats, namely: the downflow in front
of the pier, the horseshoe vortex, the cast-off vortices and the wake, and bosw waves,

Figure 2.1 shows these characteristic components around a cylindrical bridge pier.

Similar to the bridge pier case, dividing the bridge abutment flow field into its main
components makes it easier to recognize the main scouring agents of this complex
flow field.(Kwan, 1984, 1988; Wong, 1982; Tey, 1984; Kandasamy, 1985). Xwan
(1988) summarized the main components as: downflow, primary vortex, secondary
vortex, and wake vortices. Figure 2.2 shows the flow structure at a semi-circular
ended bridge abutment.

2.2.3.1- Downflow feature

Acting like a vertical jet, the downflow erodes a hole in front of a bridge pier
(Figure 2.1). In a stream, the velocity distribution in the vertical direction (depth) is
not uniform (Figure 2.1); it decreases from the surface downwards. Coming to rest
at the front of the pier, a fluid particle at any elevation produces a stagnation pressure
which is bigger than that generated at 2 lower elevation. Thus a downwards pressure
gradient occurs which initiates 2 downflow velocity in front of the pier. When a
scour hole develops, the maximum downflow velocity at any depth occurs at 0.026
t00.056 (b= pier diameter) upstream of the pier and the maximum of the downflow
strength occurs just below the bed level (Figure 2.3), (Ettema, 1980). Within the
scour hole, the maximum downflow velocity might reach values as high as 0.8 times
the mean approach velocity at one diameter below the original bed level and under
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the action of the horseshoe vortex may also move closer to the pier at lower clevations
(Raudkivi, 1986).

Although all components of the flow field contribute in the development of the scour
hole, Chiew (1984) considered the downflow component to be the main cause of local
scour around bridge piers. Earlier studies assumed scour initiation right at the
stagnation plane. Later studies, however, indicated different points at which the
scour hole is initiated. Studying the clear-water local scour around a bridge pier,
Nakagawa and Suzuki (1975) separated the scour process into four stages and
attributed the scour near the side of the pier to the first stage. ‘They observed that the
maximum scour started near the side of the pier at the early stage of the scour process
and moved towards the stagnation plane at the upstream face thenceforth. Melwille's
(1975) studies, however, showed initiation of scour at 100°. Aside from the issue of

the starting point of scour, the equilibrium scour depth at a cylindrical pier occurs at
the stagnation plane.

The factor responsible for the downflow at bridge piers also accounts for the
downflow at bridge abutments. Within the scour hole but close to the bed the
downflow at bridge abutment joins the primary vortex and becomes a part of it
(Figure 2.4). Since published data of the downflow velocity at abutments are scarce,
the magnitude of the maximum downflow can not be determined precisely. Aithough
Kwan (1988) believes in similarity between the downflow velocity profile at piers and
abutments, he measured different downflow velocities at a wing-wall abutment for
different flow depths. Kwan (1988) found that the maximum downflow velocities
were 0.75 U, and 0.6 U, (U,=average flow velocity) at flow depths 0f0.15 m and
0.075 m respectively. The results, however, are not conclusive; velocity
measurements at different flow depths for different abutment shapes need to be made
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in order to draw a general conclusion.
2.2.3.2- Horseshoe vortices

In the case of a bridge pier. the downflow starts excavating the scour hole and. as the
result of flow separation at the rim of the excavated hole, the horseshoe vortex
develops. In other words, although it is important in the sense of transporting
material away from the scour hole, the horseshoe vortex should be considered the
consequerice of the scour hole and not the cause of it (Breusers and Raudkivi, 1991).
Passing the sides of the pier, the horseshoe vortex extends downstream for a few
pier diameteré, then it loses its identity and becomes a part of general turbulence
thereafter, Hence, the downflow and the horseshoe vortex are the dominant scouring
mechanisms and hence they are primarily responsible for the development of the

scour hole,

In the case of a bridge abutment, the so-called primary vortex (analogous to the
horseshoe vortex) system is developed. A blunt-nose obstacle introduced in a stream
generates a strong pressure field which separates the boundary layer of the
approaching flow (Shem et al., 1966). The boundary layer rolls up to form the
primary vortex system (Figure 2.5).

As mentioned earlier, it is commonly believed that the accelerating flow initiates local
erosion around an obstacle by generating local shear stress higher than the required
value to move the bed materials (Melville, 1975; Ettema, 1980; Chiew, 1984; Kwan,
1984). Also, researchers generally agree that, although the development of the scour
hole is mainly attributed tb the primary vortex (abutment case) or the horseshoe

. vortex (pier case), this vortex is generated as a consequence of the scour hole
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(Metlville, 1975; Baker, 1980: Breusers and Raudkivi. 1991). Figure 2.6 shows the
flow pattern within a scour hole according to velocity measurements by Shen et al.
(1966). Also. the alignment of the primary vortex as it passes the constrichion is
shown in Figure 2.7. Looking along the axis of the vortex m the downstream
direction, Kwan (1988) described the sense of the vortex rotation as anti-clockwise
for an abutment installed in the left FP.

2.2.3.3- The secondary vortex

A series of grooves in the upsu:eam part of the local scour hole was observed by
Kwan (1984), Tey (1984), and Kandasémy (1985) during their abutment scour
studies. The primary scour hole exists next to the abutment but the grooves occurred
at a higher elevation within the scour hole (Figure 2.8). Similar observations lead
researchers to a general conclusion that the primary vortex induces a secondary
vortex with counter-rotational direction. This secondary vortex accounts for the
presence of the observed grooves (Kwan, 1988).

2.2.3.4- The wake

Raudkivi (1986) considered the flow acceleration around a pier as a second
consequence of the stagnation pressure. He attributed the generation of the wake and
the cast-off vortices to the flow separation at the cylinder sides. The mean flow bends
the axes of these vortices while conveying them downstream. Closer to the bed, the
cast-off vortices interact with the horseshoe vortex. This leads to lateral and vertical
oscillation in the trailing part of the vortices. According to Breusers and Raudkivi
(1991), the frequency of vortex shedding, 7, might be estimated using the Strovhal
relationship, nb/U =0.2.



Having a low-pressure centre, the casr-off vortices act as small tomados that lift
sediment from the bed (Breusers and Raudkivi, 1991). Unlike the horseshoe vortex
system, generally, minor sediment removal occurs as a result of the wake vortex
system (Chiew, 1984). The wake vortices might affect bridge abutments in the same
way that they do bridge piers. Figure 2.9 shows the wake vortex system at a semi-
circular (SC) ébutment. Kwan (1984). and Kandasamy (1985) also observed vortices
in the so-called dead water region, however, little significance was attributed to them.

2.3- INFLUENCE OF GOVERNING FACTORS ON LOCAL SCOUR

As méntioned earlier, while numerous parameters affect the process of local scour,
the influence of some of these are difficult to quantify (Breusers et al., 1977). The
influence of a specific parameter is usually affected by other parameters, which
further complicates the situation. In general, the equilibrium scour depth at an
abutment, y_, might be considered as a function of many parameters including: fluid

properties, flow conditions, sediment characteristics, abutment and channel geometry,
or time. The important parameters include:
(a)- sediment characteristics

-density of bed material, p,

-median grain diameter, D,

-grain size distribution, o, =,/D,, /D,

-angle of repose of material, @

-critical shear stress, T_, or critical shear velocity, u__

-other parameters such as cohesiveness, ¢, particle shape factor, y, and fall

velocity, @

(b)- flow conditions

-approach flow depth, y,
-approach flow velocity, U,
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-bed shear stress, <. or shear velocity,

-flow angle of attack. &

(¢)- fluid properties
-density of water, p
-kinematic viscosity, v

(d)- abutment and channel geometry

| -abutment length, L
-abutment shape, K,
~opening ratio, & = ﬁ or contraction ratio, L/B
-surface roughness

(e)- acceleration due to gravity, g

(f)- time
-time since the scour starts

A complete list of important parameters is very long. Situations having additioﬁal
influencing factors might be observed in other cases such as those including: unsteady
flow, stratified bed material, unique structures, and any scour protection devices. The
influence of certain parameters on the scour process was investigated thoroughly by

others; a summary of the relevant work is presented herein.
2.3.1- Effect of approach flow

The effects of the flow characteristics, namely: «, U,, y,, and <, were considered of
primary importance in the local scour process and were studied in detail for bridge
piers. An empirical coefficient, K, , which accounts for the effects of the flow angle
of attack on the local scour depth at rectangular bridge piers was proposed by Laursen
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and Toch (1956) (Figure 2.10). Their proposed coefficient has been generally
applied for design purposes in the intenm (Melville and Sutherland. 1988). Kwan
(1984) and Kandasamy (1985) studied the effect of skewed abutments on y .
According to their data the deepest v, was observed at an abutment perpendicular to
the flow, i.e. 6=90° (Figurc 2.11). In other words. even abutments aligned upstrea'm
(8>90°) generated scour depth less than that generated by abutmeats having 6=90°.

This result contradicts previous findings by other researchers (Ahmad, 1953; Laursen,
1958).

Kandasamy (1985) and Kwan (1984) attributed the difference between their findings
and that of others to the equilibrium state. The reason, however, can be attributed to
the generaton of the secondary hole upstream the abutments. In other words, the
development of the secondary scour hole at the final stage of the scour process
replenishes the main scour hole with sediment. If the bed material is supplied to the
main scour hole with the same rate as the scoured one, there will be no increase in the

scour depth. This might erroneously be considered as the equilibrium stage.

Recently, Melville (1992) analysed the available abutment data of other researchers
and proposed a coefficient, based on an envelope drawn to the available data, which
incorporates the influence of abutment alignment on the scour depth (Figure 2.11).
The fluence of other flow characteristics, suchas U, t_, and y_ on the equilibrium
scour depth have been extensively studied; a summary of the related findings is
presented. | |

To study the influence of the approach flow velocity on the scour process, usually,
the velocity ratio, U, /U,_, or the shear velocity ratio, #_ /u__, was considered by

many researchers. In these ratio, U__ and u__ are respectively the critical velocity
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and critical shear velocity corresponding to the initiation of sediment motion.
Generally. the shear velocity ratio is used 1o determine the stability of the bed
matenial and to classify the local scour process. i.e. whether a clear-water or live-bed
condition governs. Pier scour studies indicated that no scour occurs if U JU/  <0.5.
Also, the local scour around a cylindrical pier at U /U_=0.5 is negligible (Ettemna,
1980: Melville, 1984). Further increase in this ratio up to {/ /U_s 1 results in a linear
increase in the equilibrium scour depth (Etterna, 1980: Liu et al., 1961: Laursen and
Toch, 1953)

Considering Manning's roughness coefficient, #, as a function of the grain size of the
bed materials, Manning's formula for a fixed-bed wide open channel takes the form

1k

£

Uo }, 16
—2 =766{2 (2.2)
u-

in which k= equivalent sand roughness height. At the threshold condition. Equation
2.2 becomes:

1/6
Yoe - 766 (y—] 23)

Since during a clear-water condition the bed roughness does not change, k_ might be
considered as a fumction of D,,. Therefore, considering a constant value for y_ /&,
and equating Equations 2.2 and 2.3 yield:

UO

u.
— 2-49)
u,,

RQ
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Equation 2.4 shows that in a clear-water condition the velocity ratio and the shear
velocity ratio might interchangeably be used. During live-bed conditions. however.
the roughness of the channel is no longer constant. The latter depends on both the
bed material and the bed features. Therefore, the shear velocity ratio and the velocity
ratio can not be held equivalent in live-bed conditions.

For U, /U, >0.5, the depth of equilibrium scour increases and reaches a peak value
ataround U,=U,. After this peak. according to Shen et al, (1969). further increase
in the flow velocity decreases the equilibrium scour depth in the order of about
0.3(V, oy (Figure 2.12). Based on Shen etal's (1969) findings, some researchers
ascribed the maximum equilibrium scour depth to a flow condition just before the
threshold (Shen et al., 1969; Breusers et al., 1977; Cunha, 1975). However, Raudkivi
(1984) was probably the first to suggest that the scouring process can include a
second peak. Subsequent studies, applying higher velocities, exposed the second peak
and showed that two maxima do exist (Chiew, 1984). The first peak, called the
threshold peak, was attributed to the threshold condition of bed movement and the
second one, called the transition flat bed, was associated with the transition flat bed
condition (Melville, 1984). Of these two peaks the first is the higher when coarse
non-ripple-forming sand is used, while the second peak is higher in the case of ripple-
forming sand (D, <0.6 to 0.7 mm) (Figure 2.13).

According to Breusers and Raudkivi (1991), for experiments with non-ripple-forming
sands, an undisturbed upstream bed can still be observed even whenu approaches

0.95u,.. A flat bed can not be maintained at this flow condition with finer sands.
Using ripple-forming sands, when u >0.6u,, usually bed material moves and ripples

develop. Ripple formation transports bed material into the scour hole and prevents
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the equilibrium scour depth reaching the same peak of scour depth that occurs for
non-ripple-forming sediment (Figure 2.13).  However, if the geometric standard
deviation of the bed material falls in the range 13 <@, ((fDo/D, < LS, coarser
grains armour the bed surface but they are not large enough to armour the scour hole
where the turbulence agitations are lugher, in this case a clear water scour depth of
the same order as observed with non-ripple forming sediments can be reached in
laboratory tests. The dotted line in Figure 2,13 ndicates the fuctuation in the scour

depth assoctated with the passage of bed features.
2.3.2- Eflect of flow depth

Since #_= /gy, S,. assuming constant values for & and g, an increase i the flow
depth increases the shear velocity ratio. The eftects of this aspect of the flow depth
were considered carlicr. The influence of the flow depth on scour hole development,

assuming a constant #_ /v __, are presented here.

Observations of the scour process for bridge piers in a shallow flow range indicate
that an increase in the flow depth increases y . According to Raudkivi and Ettema
(1982), for a constant value of u_ /i __, a limit between 1to 3 for p /b was reported,
beyond which further increase in the flow depth will have negligible effectson y .
Based on Bonasoundas” (1973) data (reported by Breusers et al., 1977) y_. depends
on flow depth if y /A<2 (Figurc 2.14a). The same trend is seen in Basak’s (1975)
data (Reported by Ettema, 1980) which were collected using # /u, >1 (Figurc 2,14b).

Ettema (1980) reported the flow depths range that influences the scour process.
Courser sediments require higher flow velocities to maintain a constant shear velocity

ratio, #/u... Higher surface flow velocities evidently produce higher stagnation head,
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consequently the downflow influences a deeper zore. Ettema concluded that flow
depth ratios up to ¥, /h=6 might affect v__ if coarse sand is used. while. for fine
sediment the scour depth becomes independent of the flow depth at v /b=1 (Figure
2.14c¢).

According to Raudkivi and Ettema (1982) the horseshoe vortex at the base and the
surface roller at the free surface were a consequence of the pier presence in a stream.
Because these two rollers have opposite senses of rotation, the scour depth will not
be sensitive to flow depth if they do not interfere with each other. The surface roller
becomes more dominant by decreasing the flow depth and eventually eliminates the
horseshoe vortex for small flow depth. Also, at shallow flow depths a reduction in
the downflow as well as the formation of a bar downstream of the pier account for the
reduction in the scour depth.

Studying live bed scour at bridge piers, Chiew (1984) observed the presence of both
surface rollers and horseshoe vortices at a very shallow flow depth. He came to the
conclusion that in shallow flow, the reduction in the downflow strength mainly
accounted for the reduction in the equilibrium scour depth.

Similar to pier scour, in the case of a bridge abutment there might exist a limiting
value of y, /L beyond which the scour depth becomes independent of the flow depth.
However, because only a limited amount of abutment data are available for large
¥, /L, a general conclusion regarding the magnitude of the limiting value of y, /L
might not be drawn. '

2.3.3- Effect of abutment configuration
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Field and laboratory studies clearly indicate that bridge abutment length and shape
have significant impact on the local scour depth. Different shapes strongly influence
the local flow field. Streamlined shapes. for example. intuitively produce less
disturbance (and hence less scour depth) than blunt shapes. The influence of
abutment shape on the magnitude of the scour depth has usually been expressed
through a shzpe factor, whose value depends on a reference abutment shape.
Different abutment shapes were selected as a reference shape by various researchers.
Wong (1982) chose a semi-circular end abutment, while Melville (1992) selected a
vertical plate as a reference shape for his shape factor, which varied between 1
(vertical plate) and 0.45 (spill-through).

Different methods have been proposed to account for abutment length in scour
depth-formulae. Laursen (1962a), Ahmad (1953), Garde et al. (1961). Gill (1972),
Cunha (1973). and Rajaratnam and Nwachukwu (1983b) gave equal importance to
the abutment length and the flume width. They reviewed the opening ratio,

,=(B~L)/B, (or the contraction ratio, L/B) as a suitable parameter to represent both
factors.

For a short abutment installed in 2 wide uniform channel flow, Neill (1973) argued
that the scour depth can not be analysed in terms of contraction ratio if the flume is
very wide. Also, itis unlikely to observe significant difference in the scour depth at
an abutment of a constant length if the channel width is enlarged while the shear
velocity ratio and the flow depth are kept constant. Declaring his agreement with
Neill's conclusion for short abutments, Gill (1974), however, believes that the channel
width (or opening ratio) becomes an important parameter for long abutments.

Cunha (1973) believes that the spur length has two consequences on the flow:
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concentration of vorticity and contraction of flow. Generally. these two factors
overlap and the scour depth is affected by both. Presenting a criterion to determine
the importance of the opening ratio. Cunha (1973) asserted that the contraction of the
flow has no effect on the scour depth in a live~bed condition. unless the scour hole
covers the entire width of the channel. Also. in a clear-water condition the effects of
contraction scour on the iocal scour vanish if « >0.9. However. smaller opening
ratios such as 0.55 (Kandasamy, 1985). 0.425 (Kandasamy, 1989). 0.42 (Kwan,
1984), and 0.7 (Kwan. 1988) were used in laboratory studies without affecting the
local scour depth by the contraction scour. Therefore, further studies are required to
draw a general conclusion defining the limit of «_ that does not affect the local scour
depth with contraction scour. |

The mechanisms of local scour and contraction scour are different, therefore,
differentiating between the effects of each mechanism, where both are significant,
seems necessary. However, this is very difficult in most situations. Hence, the effect
of &, on the local scour depth might be neglected provided that neither a small
opening ratio. ., is considered nor the generated scour hole covers the entire width
of the channel. In such a case, of the two factors the abutment length affects the

scour process the most.

Another group of researchers (Kwan, 1984, 1988; Kandasamy, 1985, 1989; Melville
and Raudkivi, 1984) consider the length of the abutment as the main geomerrical
parameter that affects the scour hole the most. The analysis, in this case, was
primarily based on normalizing the abutment length by another parameter such as the
flow depth. |

Abutment scour studies (Kwan, 1984; Kandasamy, 1989) suggest that there exists a
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limited abutment length beyond which v__ becomes independent of L. Also, a similar

conclusion was drawn for the effect of the flow depth on 3 for bridge pier studies
(Ettema. 1980; Kwan, 1988). These conclusions led researchers to consider the scour
depth as a function of the flow depth and the abutment length. i.e. LT WA
(Kwan, 1988: Melville. 1992). Accordingly, based on the abutment data of other
researchers, Melville (1992), proposed the limits T < Ly, s 25 within which both
factors affect the local scour depth. For L/, s 1 and Liv_ > 25, he respectively
related the local scour depth to only the abutment length and the flow depth.

Some other researchers (Richardson and Richardson. 1993a. 1993b: Sturm and
Janjua, 1993, 1994; Karaki, 1959, 1960) believe that a discharge ratio might be a
more reasonable parameter to consider than abutment length. However, different
definitions for the discharge ratio were applied. For example, in their analysis, Sturm
and Janjua (1994) used the ratio of the proportional discharge (associated with the
bridge opening width) to the total discharge. Richardson and Richardson (1993). on
the other hand, suggested the ratio of the flow intercepted by the abutment that
returns to the MC to that portion of the MC flow which belongs to a width equal to
the width of the scour hole to be used.

2.3.4- Effect of pier and sediment sizes

The effects of sediment characteristics on y_ has been the subject of studies by,
among others, Shen et al. (1966), Ettema (1980), and Chiew (1984). Considering
other researchers’ piers data in addition to their own datz, Shen et al. (1966) came to
the conclusion that the maximum scour depth is independent of sediment size when
Dy;<0.52mm.
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Extensive studies conducted at the University of Auckland investigated different
aspects of the scour prucess and determined the relative importance of the
comributing factors. The effects of sediment size and gradation on the maximum
scour depth were studied by Ettema (1980). Based on laboratory data of both ripple-
forming and non-ripple-forming sediment for six pier sizes, b, and sediment sizes in
the range 0.24 < D,, < 7.8 mm, Ettema established a graphical relationship between
the relative size of the pier, 5/D,, and the relative equilibrium scour depth y_/b
(Figure 2.15). With non-ripple-forming sediment his data indicate that sediment size
has no influence on y_/b as long as &/D,, > 25. With ripple-forming sediment,
however, the scour depths were lower and the results were more scattered. Lower
depths arise because ripples invariably occur near threshold conditions, creating a
small amount of sediment transport which replenishes the scour hole.

Chiew (1984) extended Ettema's work to observe the effects of pier and sediment
sizes on the equilibrium scour depth under live-bed conditions. Using the same
parameters as Ettema’s, Chiew showed that for live-bed conditions the relationship
between y_ and /Dy, follows the same trend as it does for the clear-water condition
(Figure 2.16). The family of curves illustrated in Figure 2.16 show that, at a constant
value of u_ /u,_, the relative equilibrium scour depth y_/b increases almost linearly
with increasing b/Dy,. Also, in both clear-water and live-bed conditions, y_ /b might
be considered independent of sediment size as long as the relative pier size
biDg, > 50.

It seems that the effect of sediment size validated for the case of pier scour might also
~ apply in the case of abutment scour (Kwan, 1988). Assuming that an abutment of
size 2L was equivalent to a pier of diameter, b, Melville and Raudkivi (1984)
considered scour depths at abutments in most practical situations independent of the

36



sediment size, since 2L/Dgy < 50 is unlikely to occur in practice,
2.2.5- Effect of sediment grading

Raudkivi and Ettema (1977) investigated the effect of grain size distribution on the
local depth of scour at a bridge pier. They found that the maximum scour depth for
coarse grained, non-ripple-forming sediment {D,,>0.6 to 0.7 mm) of a single grain
size (0-0) reaches y_ /b= 2.1t02.3 and itis independent of the grain size (Figure
2.17). However, a flat bed cannot be maintained near threshold conditions when
uniform (6~0) sand having D,,<0.7 mm is used. Ripples develop and a small amount
of general sediment transport reduces the maximum scour hole to
0, /0),, =1.4 to 1.5 (Raudkivi and Ettema, 1977).

As the normal standard deviation of the grain size distribution increases, an armour
layer on the upstream bed develops and prevents the development of ripples. There
exists a critical value of 0/Dyg, in which armouring can just be achieved on the bed
and not in the scour hole, consequently, the scour hole depth will be maximized
(Breusers and Raudidvi, 1991). Grading also affects the maximum value of /b, but
not the time taken to reach equilibrium (Raudkivi and Ettema, 1977). In practice, the
possible maximum value of the equilibrium depth of clear-water scour Y, (0)/D,, can
be estimated from the following equation: '

in which y,_ is the equilibrium scour depth in uniform sand, o, = 1. The value of X,
asaﬁmctionof o, depends on whether the sediment is ripple-forming ornot. When ufu, <08
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The formation of an ammour layer on the surface of non-uniform ripple-forming sands
prevents the growth of ripples and scour develops as in a non-ripple-forming sediment
(Figure 2.18). Figure 2.18 is based on the data of Etterna (1976) for bridge piers and
Wong's data (1982) for abutments.

2.4- TEMPORAL DEVELOPMENT OF LOCAL SCOUR

Local scour due to presence of obstacles in an alluvial stream might occur under live-
bed or clear-water conditions. The temporal development of the scour hole and the
equilibrium scour depth, y_, largely depend on the predominant state of the sediment
movement. Therefore, it is very important to distinguish between these conditions in
any study of local scour.

Although live-bed conditions are usually predominant during floods, the maximum
scour depth might occur under a clear-water condition in the field. When a flood
starts to recede the bed level of the stream is minimum due to the severe general scour
of the earlier stage of the flood. During the early stage of the flood recession the
general sediment transport is significantly reduced, i.e. a clear-water condition might
prevail. In such a case, it is more likely to observe the maximum scour depth during
this period. Usually, the duration of the flood recession period does not last long
enough to allow the development of the equilibrium scour depth in the field.
Nevertheless, 2 normal river flow near the threshold state might last a long period,
which facilitates the development of y_, in the field.

The scour depth md& live-bed conditions rapidly increases with time to a maximum
value and fluctuates about a mean value thenceforth (Figure 2.19). The mean value
of the fluctuating scour depth is usually considered as the equilibrium scour depth in
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a live-bed state. Primarily. the creeping movement of the bed features generated
during a live-bed condition calls for the oscillation of the scour depth. The size and
the height of the moving bed features dictate the magnitude of the scour derih
fluctuation. Based on laboratory studies of scouring arsund a cylindrical pier. Shen
et al. (1969) came to the conclusion that the live-bed equilibriumn scour depth
increases and decreases less than one-half of a dune height when the trough and the

dune crest respectively pass the pier.

Under live-bed conditions, the required time to reach y_ in laboratories is relatively
short; it typically takes several htmdred_ minutes (Kwan, 1988). Under a clear-water
condition, however, the equilibrium scour depth might be established after a relatively
very long period. Nevertheless, required periods as short as 12 hours (Dargahi, 1990;
Sturm and Janjua, 1994) and as long as 10080 hours (Blaisdell, 1983) to reachy__ are
reported in the literature. There is, however, an agreement among researchers that the
rate of scour during the initial period is relatively high (Ettema, 1980: Kwan, 1988).
The high scour rate of the initial period establishes a significant percentage of the
equilibrium scour depth within the first several hours of a test. After this initial
period, the rate of scour progressively decreases such that the equilibrium depth is
reached asymptotically. Beyond the initial period of a test, careful attention should
be paid to the time interval taken between two consecutive measurements. No
appreciable difference in the scour depth can be observed within a short time interval,
especially during the asymptotical increment of scour depth development. Therefore,
if two consecutive measurements are taken within a short period, one might

groundlessly assume that the equilibrium state is achieved.

During the last four decades, the temporal development of the scour hole under a
clear-water condition was investigated by many researchers (Laursen, 1962a; Shen

39



etal,, 1966 Cunha, 1975 Ettema, 1980; Blaisdell et al.. 1981: Franzetti et al.. 1982:
and Kwan, 1984,1988). Small-scale models of bridge piers, spur-dikes. and
abutments were used in these studies. Yet, no simple rule has been established to

estimate the necessary test duration to attain the static equilibrium scour depth.

Cunha (1975) reported the time evolution of scour depth around a 0.2-m long spur-
dike using two types of bed materials, namely, sand having D, = 1.6 mm and gravel
of Dy, =5.75 mm. He applied a uniform flow depth, Y, = 0.09 m in his experiments
and used this flow depth to normalize the scour depth. Cunha also considered flow
velocities as high as 0.38 m/s and 0'.‘7 m/s as critical ones to initiate bed movement
respectively in the applied small and large sizes of bed materials.

Cunha claimed that only three of the experiments accomplished with sand under a
clear-water condition reached the equilibrium scour depth after about 80 hr (Figure
2.20). However, he applied lower flow velocities than the critical one (0.38 m/s) in
these experiments. This implies that the observed scour depths are smaller than the
maximum possible because of the application of shear velocity ratios, u_ /u__,
smaller than unity. Using the same bed materials, Cunha (1975) also conducted a
series of tests to study the temporal scour development under live-bed conditions.
The normalized results plotted in Figure 2.21 clearly show that all experiments
reached the equilibrium scour depth after a relatively short period (100 minutes).

Cunha (1975) identified four phases in the temporal development of the clear- water
scour hole and classified them in two classes as transition and principal phases.
According to his experiments, the first transition phase extends up to the thirtieth
minute beyond which thé Jfirst principal phase starts. The second transitional phase
falls in between the first principal phase and the last one, which constitutes the
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equilibrium stage.

Using four grain sizes and geometric standard deviation. O, iﬁ the range

1.1750,54.55. Ettema (1980) recorded the temporal scour depth development around
a cylindrical bridge pier having a diameter of 101.6 mm. He used the pier diameter
to normalize the scour depth and plotted the results versus the product of Reynolds
No., Strouhal No., and the relative size of the sediment to the pier diameter. The
results are presented as a senies of linear logarithmic lines in Figure 2.22.

Ettema recognized three segments of straight lines for each test (Figure 2.22) and
attributed them to the predominate congition of the flow field. He attributed the first
segment of the rapid scouring to the downflow. The middle segment was related to
the development of the scour hole during which the horseshoe vortices move away
from the cylinder and grow in size and strength. Finally, the equilibrium scour state
was indicated by the third segment.

Kwan (1988), however, described the scouring process in three phases as follows: ()
during the initial transition phase, the scour depth rapidly increases while the scouring
rate significantly decreases, (ii) then, the scour hole steadily widens and deepens over
the long period of the principal erosion phase—the second phase, (iii) and finally, the
equilibrium phase, during which only very little scour occurs over a long period.

Using abutment lengths in the range 0.164 m <L < 1.4 m , Kwan (1984) performed
tests under a clear-water condition to observe the development of the scour hole
around SC abutments. He used sand having D,, = 0.9 mm and applied a flow depth
of 0.05 m which yields a shear velocity ratio,u fu,. = 0.95. The temporal
development of the normalized scour depth according to Kwan's data are shown in
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Figure 2.23. Inspection of Figure 2.23 reveals that the scour rate during the initial
phase is higher than that of the principal phase. Therefore, Kwan (1984) concluded
that the downflow and the principal vortex system generate less scour than the
accelerating flow does. Kwan's conclusion contradicts the pier study results of
Ettema (1980), whose data indicated that greater scour depth was produced during the
second stage of the scouring process (compare Figures 2.22 and 2.23). Kwan
reasoned that the concentration of the downflow and the principal vortex produce
strong scouring agents in front of the pier while their distribution over a large area in
the abutment case generate a milder scouring rate during the principal phase (see

Figure 2.24),
2.4.1- Proposed relationships for temporal scour development

Researchers proposed different empirical relationships to describe the temporal
deveiopment of a scour hole. These relationships might be classified into three types.
It is believed that all are equally valid approximations of the actual process (Kwan,
1988). The first type takes the form:

y,=ab' (2.6)

in which y_ = the scour depth at time ¢, and a and b are parameters whose values
depend on bed materials, obstacle geometry, and flow characteristics. Many
researchers, among them Laursen (1963), Cunha (1975), and Carstens (1966),
suggested this form. The second type adopted by Ahmad (1953), Liu et al. (1961),
and Chang and Yevdjevich (1962) takes the form:

y, =a(l-e™® (2.7
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Finally. the third type endorsed by Shen et al. (1966). Gill (1972). Ettema (1980},
Nwachukwu and Rajaramam (1980). Zaghloul (1983), Wong (1982). and Kwan
{1984) takes the form:

Yy =alogbt ‘ (2.8)

Observing the asymptotical clear-water scour depth increment, Franzetti et al, (1982)
used dimensional analysis to develop a relationship by which clear-water scour depth
at a circular bridge pier can be extrapolated to obtain the ultimate scour depth Vo
Their proposed relationship takes the form:

Vs
o =1 - e (2.9)

in which t=Ur/B, U = mean velocity of the undisturbed flow, and A and B are
coefficients varying with test conditions. Franzetti et al. showed that experiments
need only be carried out for a period of 1,/6, where 1, is the required period to reach
the equilibrium scour depth. The coefficients A and B should be evaluated using data
obtained during #,, = £/6, hence, the equilibrium scour depth around a circular pier
might be evaluated using this equation.

Also, data from a culvert outlet (cantilevered pipe) were used by Blaisdell et al.
(1981) to determine the development time associated with y_. Hyperbolic
logarithmic, linear logarithmic, and linear semi-logarithmic methods were evaluated
in their studies. They came to the conclusion that the differences in the predictedl
~dimensions of the scour hole using various method might be small. It is necessary to
consider a practical time for determining y_ using linear logarithmic and semi-
logarithmic methods, while the hyperbolic method has the advantage of not being
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dependent on this factor. They also claimed that the methods are able to determine

the limiting extent of scour as characterized by Laursen (1952),

To study the clear-water erosion near groin-like structures, Rajaratnam and
Nwachukwu (1983b) conducted experiments using a 3-mm thick, 229-mm long
vertical plate and uniform sediment having a Dy = 1.4 mm. The variations of the
maximum depth of erosion with respect to time, which occurred near the nose of the
groin, are shown in Figure 2.25. They normalized their data using the time associated
with 75% of the ultimate scour depth (Figure 2.26) and concluded that the scour
profiles along the groin for different experiments might be considered approximately

similar.
The temporal scour depth was also studied by Nazarul istam (1986). He analysed

data obtained by different researchers and proposed a relationship to predict the

temporal development of a scour hole at a bridge pier. His relationship takes the

KRR
42

in which 7 is a coefficient that depends on the geometry of the obstacie and the flow

form:

conditions.

Equation 2.10 has the advantage of generating the expected initial and final
conditions, ie. y, =0at  =0and y =y_ at 1=t . However, despite the fact that data
for spur-dikes were used in Islam's analysis, the constant 7 might be evaluated for

only circular bridge piers of diameter b by the following equation
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AL p )0
m = 0135 | —= — (2.11)
Dy, v

=0

Kothyani et al. (1992) presented a computational scheme to predict the temporal
variation of the scour depth. Their model was based on simplifying assumptions
which are necessary to quantify the geometric and hydraulic characteristics of the
primary vortex. These assumptions might be summarized as follows:
- -Atthe pier nose, before scour begins the shape of the primmy vortex

is circular and the shear stress is four times as much as the shear stress

of the approach flow.

-The diameter of the wvortex 1is approximated by

D, ly, = 0.28 (bly P, where D, = vortex diameter.

-The slope of the upstream half of the scour hole equals the angle of

repose of the bed material, @; also its shape might be approximated by

the inverted frustum of a right circular cone.

-At any given time the cross-sectional area of the primary vortex equals

the cross-section of the scour hole plus its initial cross-sectional area.

According to Kothyari et al. (1992) the model determines the scour depth in front of
a circular bridge pier placed in uniform, non uniform, and stratified beds under stéady
and unsteady clear-water scour. However, the simplifying assumptions which form
the basis of Kothyari et al.'s model, restrict its application to only circular bridge

piers.

The temporal developments of the scour depth according to Kandasamy (1985) and
Kwan's (1988) data are presented in Figures 2.27 and 2.28 respectively. The data of
these researchers were normalized according to the equilibrium scour depth of each
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test and their results are presented in Figures 2.29 and 2.30 respectively. To compare
the results obtained by Kandasamy (1985) and Kwan (1988) the normalized values
were plotted in Figure 2.31. This Figure shows that all the data follow a similar
trend, especially during the initial and the final periods of the scouring process.
However, data for the intermediate stage are distributed over a relatively wider range.

2.5- SCOUR DEPTH PREDICTION FORMULAS
2.5.1- Laursen's equations

Considering the concept of continuity for sediment flow, Laursen (1962a, 1980)
proposed an equation to estimate the scour depth at an abutment. He assumed that
the long contraction approximates the case of the abutment. Laursen considered the
scour in the long contraction as a fraction (1/r) of the scour at the abutment , Vs
(Figure 2.32).

Typically, water in the MC is transporting sediment, and water in the overbank area
is relatively free of sediment, i.e. clear water, When these flows mix at the abutment,
there is a deficiency of sediment in the mixture. This deficiency is satisfied with
material from the abutment scour hole. Laursen realized that the mixing occurred
primarily in the zone of flow near the bank. Therefore, diluting the overbank flow
with the entire channel flow would not be reasonable because the computed scour
depth would decrease directly with the width of the bridge opening. Consequently,
Laursen (1962a) defined an influence zone as shown in Figure 2.33 and derived his

abutment scour equations based on no mixing outside this zone.

Laursen (1962a) considered the width of the infiuence zone as wide as 2.75 times the
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depth of the abutment scour hole, which means that his proposed abutment scour
equations are implicit ones. For the tvpical case where the flow in the influence zone,

().~ transports sediment and flow from the overbank area. (.. 1s clear-water,

Laursen's sediment continuity equation takes the form:

(2.12)

in which y,_ is the average depth of flow in the widthw (Figure 2.32). Figure 2.34
shows a plot of Equation 2.12 with a recommended value of » =4.1. Also. Laursen

experimental data for runs with the approach fill and abutment normal to the flow
direction are presented in this figure.

For the special situation in which both the flow in the influence zone and the
overbank flow are clear-water, which, according to Laursen (1963) could occur at
relief bridges or where abutments are set back far enough on the FP, Laursen's second

equation was written as:

| 6 ]
l&-&-l]
r
L o955\ T -1
yo yo T’ 12
Py 2.13)
g U:

T 120 D2? y1R

in which t/ = intensity of shear at boundary associated with sediment particle; r =
4.1 and 11.5 for low and high velocity respectively; andy, = deepest part of the scour
bole, which is assumed at the edge of the abutment.
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Laursen's r-value essentially distributes the scour in a triangular hole. The larger the

r-value, the larger the ratio of the deepest scour depth v to the average scour depth

mn the influence zone (Jones. 1984).
2.5.2- Garde et al.'s equation

Garde et al. (1961) investigated the maximum scour depth at a spur-dike in a
laboratory flume shown in Figure 2.35. The following were the conditions applied
in their studies:

- The spur-dike was placed perpendicular to the flow direction.

- ¢ =0.900, 0.835, 0.667, and 0.530 were applied.

- The influence of the sediment size was investigated using D,,=0.29, 0.45, 1.00,
and 2.25 mm.

- They applied discharges per unit width, ¢, in the range 0.002< g < 0.0127 m%s.

Under the limitations imposed on Garde et al.'s investigations, they concluded that:
1- The sediment has an influence both on the rate of scour and on the maximum

4 (Y,~Y)Dy,

scour depth, and the average drag coefficient, C,, = - , 15 a suitable

2
parameter whose variations indicate the role of sediment charactertl)stics on the nature

of scour. In the above relationship @ = settling velocity of sediment.

2- The Froude number for the approach channel, F=U /,/gy,, can be used to reflect
the effect of flow characteristics on the maximum scour depth.

3- Representing a significant dimensionless term, ¢, characterizes the spur-dike
geometry. -

I - - y o +y 3
4- The dimensionless scour depth

is given by:

o
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L F¥ (2.14)
in which & and N = coefficients whose values are related to (', i Figure 2.36.
2.5.3- Gill's equations

Based on Straub’s long contraction scour equation and experiments with two sizes of

sand, namely: coarse sand of D,, = 1.52 mm and fine sand of Dy =091 mm, Gill
(1972) proposed the following equation to evaluate the scour depth around spur-dikes: |

Pot¥, {Dso e 1 7
-8.375 o ,
S Rt Ay @.15)
1-E = 0 for L 21
Q to

in which N = numerical constant. Based on various well known bed load equations N
T
might take values between 1.5 and 3. When —=>1, a clear-water case reveals, i.e. the

T
movement of sand occurs only locally in the Vicinity of the spur and Equation 2.15

for this case reduces to:

y +y D 025 - 3n
2 75=8375| 2| |2 (2.16)
yo yo T

c

In live bed conditions, however, T /T, tends to zero and Equation 2.15 takes the form:

025 3 6
Dso) a(ﬁ 7

Yo s ) 2.17)
Yo

Yo

=8.375

At the threshold condition of bed material movement, T/t =1,the last term of the
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right-hand side of Equation 2.15 becomes unity. This yields the maximum scour

depth which is given by:

- p. )=

Yo oy

Yo

Considering the extreme values of N_ i.e.. N=3 and N=1.5, The power of the last
term (contraction term) of Equation 2.17 becomes 5/7 and 4/7 respectively

To study the sensitivity of the predicted scour depth to the extreme values of N, Gill
(1972) considered a typically large value for the contraction ratio, e, =2, and kept all
other conditions constant. Applying the extreme values of N (i.e. 1.5 and 3) to the
selected conditions yields only about 10 percent difference in the predicted scour
depth. Since the observed difference is for extremely high rates of sediment transport
it would still be smaller for moderate and low rates of transport.

According to Gill (1972) the difference in the predicted scour depth using extreme
values of N would even be smaller than 4 percent if & s 0.733. Most of his data
were collected using this contraction ratio, therefore, he came to the conclusion that
any of the presently available sediment transport formulas can be used for the purpose
of scour prediction. Also, for the engineering works which are generally designed for
worst conditions, Gill suggested the use of Equation 2.18 to determine the depth of
the local scour hole. Gill believes that the distinction between clear-water and live-
bed conditions in this case is unnecessary, unless, specific prototype conditions are
to be reported in a model.

2.5.5- Froehlich's equations
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A total of 164 clear-water and 170 live-bed measurements of the maximum depth of
local scour at model bridge abutments presented by different researchers were
analysed by Froehlich (1989). He used multiple linear regression analysis to
determine a quantitative relation between the relative depth of local scour and a set

of dimensionless independent variables.

A single regression model for predicting the maximum relative local scour depth at
an abutment, y /y,, was developed using all the available data of scour measurements.
For clear-water scour conditions, the regression model reduces to:

o 0.43

63
Ze078 K Ky | L) prs| 2o | g g 2.19)
Yo Yo Dy,

While for live-bed scour conditions it takes the form:

y L; 043

==227 K K, [—) FOSt+FS (2.20)
yo yo

in which

Y, = depth of flow at the abutment (not including depth of local scour).
K = coefficient for abutment shape (= 1.0 for a vertical abutment that
has square or rounded comers, and a vertical embankment, 0.82 for a
vertical abutment that has wing walls and sioped approached
embankment, and 0.55 for a spill-through abutment and a sloped
approach embankment).

K,=(6/90)%13, which is a coefficient for the angle of embankment to
flow (8 = the angle (in degrees) between the approach embankment
and the direction of the main flow. It is less than 90° if the
embankment points downstream).
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L' = A /v, the projected length of abutment normal to the flow.

A, = flow area of an approach cross-section which is obstructed by a
roadway embankment.

F=U, /@ , 15 the Froude number of the approach flow upstream of
the abutment, U =0, /4,. andQ_ = flow obstructed by an approach
embankment, and

FS = safety factor.

All dimensional variables used in these equations need to have the same unit of

length.

According to Equation 2.19 increasing D,, decreases y,/y;,. For a larger sediment size, |
however, a higher shear velocity is required to satisfay the threshold condition. In

such a case one would expect to observe larger y,/y,. Moreover, extensive studies by

the FHWA indicated that all traditional equations (including Froehlich’s equations)

predict excessive scour depth (Richardson et al., 1991a)

2.4.6- Melville's equations

Several studies of abutment scour were performed at Auckland University (Melville,
1992). Most experimental data were obtained for 0.9 <, /u__<0.95 and D,, = 0.8
mm (without general bed load).

The data were analysed by Melville (1992). He described y__ at an abutment as a
. function of parameters mentioned in the following equation:

B A i (XA VR Y N Dgy, 0, L, Sh, 41,.G, &) | (2.21) .
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in which Sh and A! = parameters describing the shape and alignment of the
abutment: G = parameter describing the effects of lateral distribution of flow and

cross-sectional shape of the approach channel.

Assuming constant relative density of sediment and the absence of viscous effects.
Melville (1992) normalized y, with the abutment length and flow depth as shown in
Equations 2.22 and 2.23. He asserted that Equation 2.22 is more applicable to short
abutmen’s while Equation 2.23 is better for long abutments.

2
Y Uo y DSO
== » _0, - > Y » Shg Alv G 2.22
L g, L” L % ) (222)

u? D
o o (2 Rt | o, Sh, Al, G) (2.23)
B4 o gDSO yo Y o :

Equations 2.22 and 2.23 can be evaluated using laboratory data by writing them in the
form:

izs =K, K, K, K, K, K, K, (2.24)
Yo _ KKK
-] -

in which K-factors = expressions describing the influence of each parameicr in
Equations 2.22 and 2.23, K, =flow intensity, K, =flow depth, K, = sediment size, K,
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= sediment gradation, K, = abutment length, X and K|, = abutment shape and

alignment respectively, and X, = approach channel geometry.

Equations 2.24 and 2.25 form the basis of the design recommendation suggested by
Melville (1992). Most of the data presented are derived from experiments conducted
at threshold conditions, which as previously stated produce the largest scour depths
over the range of flow velocities investigated to date. Because insufficient
information is presently avatlable to quantify some of the X factors Melville (1992)
suggested a value of unity for them.

Melville scaled the scour depth for long and short abutments with flow depth and
abutment length respectively. He recommended the use of Equations 2.26 to 2.28
according to the abutment condition Ly, .

_ . L
Ve —ZKSL, ;;-(1 (2.26)
Yee = 2 K; KB. (VOL)O'G ’ 1$£$25 (2_27)
S 10Ky, ; L>25
Yse 8 Ve > JT (2.28)

These equations give conservative values because the method assumes uniform
distribution of flow and depth across the river channel, (Melville, 1992).

Melville’s equations were based on data obtained in rectangular channels at or close
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to threshold conditions of particle movement. 1In cases with abutments sitting in the
FP (which is usually the case) flow in the FP is slower than the MC flow. Therefore,
the shear velocity ratio is an important factor that largely governs the scour process
in that region and should be incorporated in the formulation of the process. Equations
2.26 to 2.27, therefore, are not reliable for abutments terminating in the FP.
Furthermore, in the field, iong abutments are usually provided with relief bridges
which decrease the diverted flow at the abutment end. In such cases, Equation 2.28
cannot be applied since it predicts unrealistic scour depth.

Melville (1995) defined the geometry factor, X,. in a compound channel by the
following equation:

K, = -4

53
1-[ &] LA (2.29)
Li \») n

mn which L ° = the width of the flood channel, ¥, and y_ = the depths of the approach
fiow in the FP and in the MC respectively, and # and n_ are Manning roughness
coefficients of the MC and the FP respectively.

He also ttroduced the equivalent length, L _, as an alternative approach to estimate
the scour depth at an abutment sited in a compound channel (Figure 2.37).
Determined by Equation 2.30, the equivalent length, L _, is defined as the length of
an abutment which would induce the same scour depth in a rectangular channel as the
actual abutment (of length L) when sited in the compound channel. These channels,
termed by Melville (1995) as corresponding channels, have both identical overall
width and identical flow depths.
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Melville (1995) compared the results obtained using X,; with Dongol's data (Figure

2.37) and concluded that the approach channel geometry factor X ¢ defined by
Equation 2.29 is in good agreement with the experimental data. However, it tends to
slightly overestimate actual scour depths. He also asserted that the equivalent length
of abutment given by Equation 2.30 can be used for design prediction of local scour
depth at an abutment sited in a compound river channel, as shown in Figure 2.37.
Equations 2.29 and 2.30 were obtained only for abutments long enough to encroach
on the MC. This situation, however, is unlikely to be considered in practice without

the provision of relief bridges.

Recently, when emphasizing the need for additional abutment scour research,
Melville and parola (1995) categorized bridge abutments under three cases (Figure
2.38). He stressed the major deficiencies that exist in the data sets of cases II and 1l
and recommended further studies to investigate the effects of the channel geometry

on the scour phenomena for these cases.
2.5.7- Sturm and Janjua's equation

Sturm and Janjua (1993) proposed a prediction equation for clear-water scour at an
abutment which terminates in the FP of a compound charmel. Their experiments were
conducted in a compound flume having mmgmﬁcant MC width (0.3 and 0.2 m) and
a relatively large FP width (2.49 and 2.59 m) (Figure 2.39). They assumed that the
effect of the compound channe] geometry on the scour can be consolidated into the
approach FP velocity, U_, and the discharge contraction ratio, M, and proposed the
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following functional relation.

Vs
T=f(Fa‘ M. DSO)

[+

(2.31)

in whichy, and F, = approach flow depth and Froude number in the FP upstream of
the end of the abutment, M=0, /Q is the discharge contraction ratio, @, = that
portion of the flow in the approach section with a width equal to the opening width,
and @ = the total approach discharge.

Sturm and Janjua (1993) found that the influence of Dy, Iy, suggested by Equation
2.31 was insignificant. Also, previous studies suggest that sediment size does not
affect the maximumn clear-water scour depth around bridge piers if &/D,, >50, which
was the case for their experiments. Consequently, in a later study they related D,
to the critical value of the approach Froude number for initiation of motion, which
can be evaluated using the following equation:

173
DSO

Yo

F=227 (2.32)

Furthermore, instead of using average values of U, and y_, they suggested that both
the flow velocity and the flow depth in the FP upstream of the end of the abutment
be used in the evaluvation of F,. Therefore, Equation 2.31 takes the form:

ZE=f (F, M, F) (2.33)

The scour data according to Storm and Janjua (1994) are plotted in Figure 2.40 based
on the dimensional analysis of Equation 2.34 with F, /(M F,) as the independent

variable. They performed a least-squares regression analysis on the data (Figure 2.40)
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and proposed the following best-fit linear equation as:

Vs F,
=77 ~- 0.35 (2.39)
¥, M F

Sturm and Janjua (1993) compared their experimental data to Froehlich's equation in
Figure 2.41. The scour depth is over-predicted by approximately 50%. They also
suggested that: 1) the direct measurement of the approach velocity upstream of the
end of the abutment is a better measure of approach conditions for a compound
channel; and 2) that flow interaction between the MC and FP in the contracted section
reduces the scour from that which would be expected in earlier studies using

rectangular cross sections.

Sturm and Janjua’s (1994) data were obtained in a laboratory flume having
insignificant MC width. In other words, the ratio of FP width/MC width was
relatively large (2.49/0.3, and 2.59/0.2) and the effects of the MC flow on that of the
FP was negligible. consequently, a uniform flow velocity pattern was observed in
the FP of their channel. In the field the flow distribution is not uniform, Sturm and
Janjua’s data (1994) were not collected at a specific value of u/u.,, rather a relatively
wide range of shear velocity ratio (0.3<w./u.,.<0.9) applied in their tests. Probably
the fixed horizontal flume bed did not allow them to establish the desired flow depth
and uJ/u., simultaneously. Consequently, due to the limitation of Sturm and Janjua’s
data and the restrictions of their experimental set-up, further studies are required to
provide the necessary data with higher certainty to prepare an appropriate base for
estimating scour depth at an abutment set in the FP with an acceptable degree of

accuracy.
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2.6- FLOW INTERACTION IN A COMPOUND FLUME

Watercourse cross-sectional geometry has long been recognized as an important
parameter which governs the pattern of velocity distribution, boundary shear stress,
momentum transfer, and secondary circulations in an open channel flow (Myers.
1991). Compound cross-sections, which are common in natural watercourses, consist
of a deep central MC and one or two side FP. The effects of the cross-section
geometry of compound channels on the flow characteristics are usually more
pronounced. Flow in the FP is generally slower than the MC flow. because of the
high resistance coefficients associated with the former. At small FP depths, the
difference between the (high) MC flow velocity and (low) FP velocity initiates a
relatively strong momentum transfer mechanism in the transverse direction.
Therefore, when compared with in-bank values, MC discharge and flow velocity
decrease as a consequence of the momentum flux from the MC to the FP, while these
flow characteristics increase in the FP. Careful attention must therefore be paid to the
cross-section shape effects on the flow characteristic, especially when dealing with
channels having compound cross-sections.

The value of the shear stress t, or the shear velocity, u_( = VT/p), and their
distribution along the wetted perimeter of a channel are critically important in regard
to loose-boundary hydraulics. Most physical modelling studies of the local scouring
phenomenon around bridge piers (Laursen and Toch, 1956, 1962; Karaki, 1959; Liu
etal, 1961; Shen, 1966; Melville, 1975; Ettema, 1980; Chiew, 1984; Dargahi, 1987;
and Kothyari et al. 1992) and abutments (Ahmad, 1953; Garde et al,, 1961; Gill,
1972; Cunha, 1975; Rajaratnam and Nwachukwu, 1983a, 1983b; Zaghloul, 1983;
Kwan, 1984, 1988; and Kandasamy, 1985, 1989) were conducted in laboratory
flumes of rectangular cross-section in which the effects of lateral momentum transfer
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were not considered.

In a compound flume, however, the aforementioned momentum transfer mechanism
and its impact on both velocity and boundary shear stress distribution cannot be
ignored. The phenomenon of interaction between flow in the MC and that over the
FP of a compound channel has been studied extensively (Zheleznyakov. 1965.1971;
Sellin, 1964; Townsend. 1968; Myers, 1975, 1977: Knight, and Demetriou, 1983;
Knight and Shiono, 1990). Sellin (1964) and Zheleznyakov (1965, 1971) observed
a bank of vortices having vertical axes along MC/FP junctions. These vortices
transfer momentum between the deep section of the MC and the shallow FP by their
continuous emergence and decay. Therefore, as a consequence of flow interactions
the MC flow velocity and discharge are decreased immediately above bankfull depth,
while those FP values are increased. Zheleznyakov (1965, 1971),however, showed
that as the depth increases further, MC velocity and discharge begin to increase again
towards bankfull values.

Myers and Elsawy's (1975) study of the interaction phenomeron quantified the effects
of the lateral momentum flux on both the value and the distribution shape of the
boundary shear in the MC and FP of an asymmetric compound flume. They
compared measured values of shear stress obtained under an interaction condition
with those for an insulated flow, i.e. the FP flow was isolated from the MC flow
using a vertical plate at the MC/FP junction. They observed a symmetrical boundary
shear pattern in the FP under the non-interaction condition, while, the presence of

interaction increased FP shear stress values and altered the distribution shape
significantly,

Under an interaction condition, the MC supplies energy to the FP, which increases
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the shear stress in that region. According to Myers and Elsawy's dsta. for the
shallowest depth in the FP considered. the average FP shear was doubled and its
maximum value was increased by a factor of 2.6 under an interaction condition
(Figure 2.42). However, since the intensity of the phenomenon decreases as the FP
flow depth increases, the changes in the shear stress (value and distribution) become
smaller at higher FP flow depths. Nevertheless. Figure 2.42 shows that even at a
relatively high ratio of FP depth, y, to total flow depth, /. '}—;=O.38, a considerable
increase in the average (50%) and the maximum (30%) FP boundary shear still exists.

Although based on a limited experimental investigation in an asymmetric small-scale
compound flume having vertical walls, Myers and Elsawy's results indicate that
lateral momentum transfer has significant impact on the boundary shear stress (value
and distribution) in compound flume flow. Failure to account for the existence of

such a mechanism might result in an erroneous analysis.

Using a symmetrical compound channel having vertical walls and considering a
relative flow depth ratio in the range 0.15%50.5, Knight and Demetriou (1983)
studied the discharge characteristics, the shear stress and shear force distribution
acting on the MC and FP boundaries. Using ratios of % =1, 2, 3, and 4 (in which
B = total width and 5 = MC width), they presented relationships to estimate apparent
shear forces acting on the vertical interface between the MC and one FP, ASF,, and
acting on the horizontal plane at the bankfull elevation, ASF,,, as a percentage of the
total shear force, i.e. pgAS, . The results of Knight and Demetriou indicate that the
value of the apparent shear force acting on the vertical interface between one FP and
the MC is highly depth dependent, especially for large ratios of total width to MC
width, B/b. As B/b increases the percentage of ASFy, values systematically increase
for y_ /H<0.3 and systematically decreases for y,/H>0.3. The apparent shear force
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acting on the vertical interface is always positive, which indicates that the FP flow
retards the MC flow (Knight and Demetriou, 1983). While the apparent shear force
acting on the horizontal interface varies with B/b and v, H. it might take positive or

negatve values, simulating both acceleration or retardation effects.

The interaction between MC and FP flows was also studied by Rajaratnam and
Ahmadi (1979). In their studies 2 1.22 m wide straight compound channel was
modified to a symmetrical compound cross-section having a MC width of 0.203 m
and two FP zones each 0.507 m in width. Reporting the effects of flow interaction
and momentum transfer on both longitudinal and transverse velocity distributions in
the MC and FP, Rajaratnam and Ahmadi concluded that the FP and MC velocity
profiles above the bankfull level (FP level) are approximately similar if they reviewed
with respect to the undisturbed FP velocity. To draw a more general conclusion, the
same study was performed by Rajaretham and Ahmadi (1981) using a compound
channci having a wider MC than that of the former study in order to eliminate the
effect of the interaction on a narrow mid-MC strip of the flow. They found that the
apparent shear stress at the vertical plane of the MC/FP junction is mainly a function
of Hly, and the variation across the mixing region of the FP is significant. They also
indicated that, even in the mixing region of the FP, the velocity profiles in the vertical
direction follow the logarithmic law provided that the local shear velocity is used.
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Figure 2.2- Flow structure around a semi-circular (SC) abutment
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Figure 2.7- Skewed primary vortex around

an abutment

Figure 2.9- Flow separation and wake vortices around SC abutment
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Figure 2.37- The abutment model and approach channel geometry
(Melville, 1995) -
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CHAPTER THREE

THEORETICAL CONSIDERATIONS

3.1- INTRODUCTION

Flowmg liquid exerts hydrodynamic forces upon the wetted perimeter of any kind of
conveyance system (open channel or closed conduit). If the bed materials consist of
loose cohesionless particles of a given size, then a certain magnitude of the exerted
hydrodynamic forces causes bed particles to move. However, particles of a given size
move neither instantaneously nor universally. In fact, at any given hydraulic
condition only some of the particles move.

The theoretical basis describing the threshold condition of particle movement is
covered in the first section of this chapter. The second section reviews the universal
velocity distribution law and the method by which the equivalent sand roughness can
be evaluated. The third section deals with the dimensional analysis related to the
scour phenomena considered in this study. '

3.2- PARTICLE MOVEMENT

The equations describing the initial movement of bed particles were founded on
several principles: the critical velocity (fluid impact on particles), the critical shear
stress (the frictional drag of the flow on the particles), and the lift force criteria (the
pressure differences due to the velocity gradient). Although the approaches seem to
be different, it can be shown that they are not entirely dissimilar.



3.2.1- Critical velocity equations

Considering the angle of repose. ¢. and the forces acting parallel. F,. and normal,
F,_. to it (Figure 3.1). it is shown (Appendix A) that the critical bottom velocity for
initiating movement in a mass of cohesionless. loose, and solid particles can be

~ expressed by:

11,,2‘ _2k; (tan @ cos @ - sin «)
(bfp-1gD Cok+C htng

3.1

in which u, is the critical bottom velocity at which incipient sediment motion occurs,
Cp . C, =drag and lift coefficient, respectively, D = particle diameter, k, . &, , and
k; = particle shape factors. The right-hand side of Equation 3.1 is termed the

sediment coefficient A

A,_?_ka(tanq)cosa'-sina)
Cpky +C, kytan ¢

(3:2)

Equation 3.2 shows that the sediment coefficient is a function of: () the bed material
(grain size, size distribution, shape, texture, etc.), (if) the flow characteristics which
determine C,, and C,, (iii) the channel slope, and (iv) the angle of repose, which
depends on particle properties.

3.2.2- Critical shear stress equations

Based on the relation between t, and u, (Appendix A), Equation 3.1 can be written
in terms of the critical shear stress, T, at the incipient particle motion to take the
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form:

T
¢ iz

W, - 7D (3.3)

in which 4 "= a sediment coefficient. The threshold condition of particie motion

might be presented as follows (Simons and Senturk, 1992):

T, ol U Dy :
v 75

The left term of Equation 3.4, is the ratio of the drag force to the gravitatioﬁal force,
i.e., itis a type of Froude number expressed in terms of the shear velocity ratio and
the grain size. The right hand side, however, is the particle Reynolds number, which
is usually referred to as the shear Reynolds number. R...

Field data for 2 wide range of grain sizes, from fine to coarse noncohesive materials
were studied by Lane (1953) to establish the limiting tractive force diagram (Figure
3.2). The diagram, which has been used for design purposes, clearly shows that
considerably lower critical shear stress is allowed for clear water than for water
carrying sediment.

Leliavsky (1955) believed that a simple relationship such as:

T, =166 D g/im? (3.5)

satisfactorily relates the critical shear stress to the grain size. In this equation the
mean particle diameter, D, is experssed in millimetres and should be smaller than 3.5
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mm. Figure 3.3 is a plot of Equation 3.5 along with the data of different researchers.
Equation 3.5 is simple in form. Graf (1971). however, declared that it apparently

applies to most of the data.

Many experimental programs have been conducted by researchers to establish an
explicit solution of the functional relationship, as given in Equation A.18. The first
was that of Shields (1936) (reported by Vanoni, 1975) who proposed a graphical
solution. which was later modifted by Rouse (1939) to take the form given in Figure
3.4. On this graph 2 number of interesting facts can be observed. For a particular
value of R, the corresponding value of F falling on the curve indicates the threshold
condition of particle movement, while lower and higher values correspond to no bed
motion and general bed motion respectively. Also, the curve is very similar to the
friction diagram for artificially roughened pipes and the drag coeffictents relationship

for a sphere or a cylinder, which might indicate that these phenomena are fluid relaicd
(Graf, 1971).

3.2.3- Lift force mechanisms

Lift forces were incorporated in the derivation of the basic equation of scour
(Equation A 2). However, its quantitative effect has not been stressed yet. Assuming
a potential flow over a long, circular cylinder with its major axis perpendicular to the
flow, Jefireys (1929) presented a criterion for the occurrence of lift force. He showed
that lift takes place if Equation 3.6 is satisfied.

P,~P
5 & (3-6)

(% +%11:2)u3 >
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In this equation u_ = the free-stream velocity. and a = the radius of the particle
(@=D/2). Flow passing a grain is a 3-D flow. however. Equation 3.6 was derived for
a 2-D flow which behaves differently from a 3-D flow. Therefore. consideration of
a modifying factor in this case is essential. Also, the shortcoming of Jeffreys' model
is that drag forces are altogether disregarded. The qualitative functional relationship
in the Shields diagram (Figure 3.4) can also be derived with a model for lift forces
rather than for shear forces. This fact. however. only adds further confidence in the
Shields diagram.

3.3-LOG VELOCITY LAW

The velocity and shear stress distributions play key roles in any loose boundary
hydraulics study. Although deviating from the undisturbed floodplain and main
channel values, the velocity distributions in these regions still follow the universal
log-law. The theoretical basis of the velocity distribution is presented in Appendix A

and the approach by which the bed roughness is evaluated is presented in the next
section.

3.3.1- Equivalent sand roughness

In order to apply the universal velocity-distribution equation with a constant chosen
based on Nikuradse’s experiments, the roughness should be evaluated so as to present
a comparable behaviour with Nikuradse's roughness. To determine a relationship
between the equivalent sand roughness and the apparent roughness (in terms of D)
of a movable sand bed of an open channel flow, Equations A.33 and A.34 will be
equated for a specific point of a velocity profile to yield:
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B-llnk‘\:B—lInk-B (3.8)

A

'y K
| V 1 1
—In=+RR =—=1lIn=— + B
x k, foox k 3.7
and
k .
T:! = erB, B) (3.9)

Knowing the value of & (=D, in the case of a movable sand bed), B is evaluated for
a specific velocity profile using Equation A.33 (Appendix A). Equation 3.9, then.
gives k_ provided that another relation between k and B_exists. Curve B, of Figure
3.5 forms the basis for such a relationship (in graphical form). Therefore Equation
3.9, along with this curve, might be used in a rial and error procedure to determine
the equivalent sand roughnessk_ for specific bed and flow conditions. Modifying
Equation 3.8 in the following form, however, eliminates the necessity of trial and
error procedures for determining & _:

1. k u 1. ku, ; .

B, - — In-= =B~-Ih—— =B (3.11)
K v K v
1 1 U, 1 U, 1

B ~—Ink;+—In—=-—In—=B-_—_lnk (3.10)
L3 X vV X v K

| | ku
For any given B, of Figure 3.5, B/ can be evaluated and plotted against ——.
. v
Knowing B/ for specific values of B and k, B, and &, can simply be evaluated with
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the aid of the B’-curve of Figure 3.5.
3.4- DIMENSIONAL ANALYSIS OF ABUTMENT SCOUR

Many practical engineering problems in fluid mechanics cannot be solved by
analytical procedures alone and the field of open channel hydraulics likely presents
such problems more than any other branch of fluid mechanics. The essental
difficulty of the problem may lie in the complexity of the boundary condition. or it
may lie in the ignorance of the basic nature of the flow phenomenon. In these
instances engineers must also rely on interpretation and judgment. based on
experimental observations and experiences respectively. Dimensional analysis is a
powerful tool in tidying up arguments involving a large number of physical
parameters and formulation problems which defy analytical solutions and must be
solved experimentally. The methods of dimensional analysis are based on Fourier’s
Principle of Dimensional Homogeneity (1882), which states that an equation
expressing a physical relationship among quantities must be dimensionally
homogeneous. This principle provides the means of ascertaining the forms of
physical equations from knowledge of the relevant variables.

In order to form a usable criterion for analysis of the data and to interpret the
phenomenon of local scour at bridge abutments, a dimensional analysis might be
considered to form 2 functional relationship among the governing factors. The
interaction between the flow obstructed by the abutment and the flow in the channel
adjacent to the abutment affects the scour depth and the ratio of these flows
determines the most affective length of the abutment. Considering these facts, for
clear-water conditions the equilibrium scour depth at an abutment may be regarded
as being 2 function of the following factors:
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p. = density of the sediment particles,

p = density of the fluid.

v = kinematic viscosity of the fluid,

{/, = depth-averaged flow velocity at the abutment end.

H = total flow depth in the main channel of the flume.

¥, = flow depth in the floodplain,

Q, = flow intercepted by the abutment and diverted towards the main
channel, |

Q. = flow related to a specific width of the channel at the abutment.
Dy, = median size of the bed material \'

L = abutment length,

£ = acceleration due to gravity,

O, = geometric standard deviation of the sediment particle size
distribution, and

Sh = abutment shape factor.

The functional relationship in a mathematical notation takes the form:

Vs = R0 p. v, Uy B, ¥, Q,, O, Dy, &, L. 0, Sh) (3.12)
Since the submerged weight of the sediment particles y/(=g(p.-p)) , gives an
indication of the buoyancy forces acting on the particles, it is more significant in the

sediment transport phenomena than the dry weight. Therefore, substituting ! for
p,, Equation 3.12 can be non-dimentionalized in the following form:
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AU pli, U,x, Dy H 1
— =/ - .  —_—— —
-"n Y‘ l 50 v -‘la _1‘“ L)Sl\

" e, -~ . o, Sh)

JE Y, r, U: ¥, U:

inwhich (p U, (Y, Dy;) = the sediment number. which is related to incipient bed
movement with the substitution of flow velocity for shear velocity. It is also referred

to as the densimetric Froude number, Fp.

Applying certain modifications acceptable within the dimensional analysis to

Equation 3.13 it becomes:

y_sc=f( pUc Ua-ya DSO E L
Ve 'Y; DSO. v ) ya‘ ya‘ DSO‘
U 0 (3.19)
—, ==, 0, Sh)

5

EY, =w

Some of the terms of Equation 3.14 are redundant, are kept constant in this study, or
have negligible influence on the scour phenomena. Therefore, these terms can be
eliminated from Equation 3.14. Since water and sand were used as the fluid and the
sediment in the current study, p and p, are constant. The term (p Uaz)/(ﬂ(: Dg) is
the Froude number with a characteristic length Dy, i.e. F,=U, /‘/gD__,,0 . Fora given
flow condition and particle size, F, = U, /\[g y, and Fp, differ only by a constant
which implies that one of these terms is redundant. Also, in the scour process the
influence of viscosity is regarded insignificant and can be eliminated. Therefore,
Equation 3.14 reduces to: |
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Yo P v L U Q,
= 02 —, 0_. Sh (3.15)

¥ Yo Yo Do gy, O F

The geometric standard deviation of the sand used in this study. o, have the
value 1.13, which indicates a uniform grain size distribution. Since O, was constant
throughout the tests, it was eliminated from Equation 3.15. Furthermore, the
discharge ratio Q./Q, could be used to better indicate the effective length L of the
abutment. On the other hand, the relative floodplain flow depth y/H was an
indication of the intensity of LMT between the main channel flow and that of the
floodplain. Therefore, its effects are implicitly incorporated in the discharge ratio.
~ In other words, LMT alters the flow velocity distribution across the flood plain and
the main channel and eventually affects the discharge ratio, since the latter should be
determined based on the measured velocity distribution. Therefore, y,/H and L/D,,
were eliminated from Equation 3.15 to give:

Vs
Ya

=/ y. T Q,

D .
_503 F, ar "'Qia Sh] : (3.16)

The relative size of the sediment, D,y/y,, is considered a measure representing the
relative roughness of the channel bed. This parameter might be replaced by the
critical Froude number, F_, for the initiation of bed material movement as described
here. Considering the equivalent Nikuradse sand roughness in the logarithmic
velocity distribution as a function of the sediment size (k=CD,,, in which C is a
coefficient) the velocity distribution on a rough surface might be written as a function
of the relative sediment size. Substitating k=CD,, in Equauon A4] and applymg the -
critical shear velocity yxelds
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7
= =575 log
u

"

. -1
D
¢ 5"] +6 (3.17)

The critical velocity for initiating bed material motion can be determined by
substituting the critical shear velocity for a given sediment size from Shields diagram
into Equation 3.17. The critical Froude number. F. can now be calculated according
to the computed critical velocity:

U

F,o= — - (3.18)
© B, -
Therefore, substituting F, for D,/ y, in Equation 3.16 yields:
Vse . f|F.F, & Sh (3.19)
Y, Q. |

Equation 3.19 is used in the analysis of the data of the current study.
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Figure 3.1- Force diagram on particles in a cohesioniess loose bed
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Figure 3.5- B; and B; as a function of u, &, /v, for Nikuradse
sand roughness
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CHAPTER FOUR

EXPERIMENTAL SET-UP

4.1- INTRODUCTION

Published laboratory data of local scour around bridge abutnents and spur dikes were
mainly obtained using flumes having rectangular cross sections without FPs
(Ahmad.1953; Garde et al., 1961: Gill, 1972; Cunha. 1975; Zaghloul, 1983;
Rajaratnam and Nwachukwu, 19832, 1983b; Kwan, 1984, 1988; Kandasamy. 1985,
1989; Melville, 1992) . Sturm and Janjua (1994) provide the only data set for an
abutment installed in 2 FP zone. Sturm and Janjua used a compound channel with
rectangular sections for both the MC and the FP zones. As yet, no published data of
scour around an abutment terminating in the FP of 2 compound non-rectangular cross
section have been reported in the literature.

The amn of this study was to experimentaily investigate the local scouring process in
the vicinity of bridge abutments terminating in the FP of a compound channel having
a trapezoidal MC. This chapter provides details on the experimentai flume used and
the special data acquisition system designed for the study. The original compound
flume and the modified test section required for this study, the pump, the flow and
scour depth measurement devices, and the velocity measurement devices are
described in the first part of this chapter. The second part deals with the procedures
followed in designing and testing a data acquisition system for recording flow
velocities.



4.2- EXPERIMENTAL SET-UP
4.2.1- The flume

The experiments were performed in the compound flume of the Hydraulics
Laboratory of the Civil Engineering Department, University of Ottawa. The flume
had been originally built for fixed-boundary compound flow studies and was modified
to suit the present studies. The original fixed-boundary (plexiglass) compound flume
had an overall length and width 0f 12.192 and 1.168 m respectively (Figure 4.1). The
MC of the compound flurne is trapezoidal in shape with a bottom width 0.304 m and
-side slopes 0.5H:!V. The rectangular FPs, on each side of the MC, are each 0.381
m wide. The depth of the MC from the invert to the bed level of the FP is 0.104 m
and the total depth of the flume is 0.205 m. To facilitate installation of modified test
sections, the flume’s overall length was constructed in five 2.438 metre-long sections.
The entire flume rests on 2 wooden platform supported on two I beams. The beams
are pivoted close to the upstream end and supported close to the downstream end with
two manually-driven screw-type jacks. Vertical movement of the jacks allows
longitudinal slope adjustments of the flume. Plate 4.1 shows an overall view of the

flume.

The third section of the flume was replaced with a new section designed and built to
accommodate movable bed material in its left FP (Figures 4.2 a, b, and ¢). The new
test section’s modified FP contained a recessed section to accommodate the bed
material and the model abutments. The recessed part of the test section is 0.266 m
deep, while its length and width at the bed level of the FP were kept unchanged, i.e.
2.438 and 0.381 m respectively. A perspective view of the test section and the
recessed part is shown in Figure 4.3.
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The inlet section of the flume consists of a large tank equipped with two screens
containing hair-like material to dissipate large eddies and to remove air bubbles from
the water supply. Water is supplied to the tank through a 194 mm-diameter pipe. A
perforated-T" end section to this pipe distributes the flow evenly and minimizes
turbulence within the inlet tank. Leaving the inlet tank, the flow passes underneath
a wave suppressor (1.168 m long and 0.4 m wide) installed across the flume at the
entrance section to suppress any residual surface waves. Plate 4.2 shows the inlet

section of the flume with the wave suppressor in place.

The original (Plexiglass) material determined the roughress of the MC: the FP
roughness on the other hand was artificially increased so as to more closely simulate
Jfield conditions. This was achieved by applying roughness modules onto the FP
invert. Each roughness module is 2.438 m long and 0.318 m wide. It consists of wire
mesh, having a wire diameter of 0.5 mm and 3.17 mm square patterned openings
soldered onto strips of metal sheets with the above mention dimension. All
experiments were performed with these roughness modules placed on the FP section,
except for the recessed section which accommodated the movable bed material.

The flume had twelve tapping points on the invert of the MC to measure the
piezometric head. The water surface elevation along the flume was recorded using
ordinary manometers connected to these tappings. Spacing between the tappings is
0.762 m and the first tap was installed at a distance 0.609 m from the upstream end
of the flume. A total distance of 8.991 m from the entrance of the flume is covered
by these manometers,

The downstream end of the flume is equipped with an adjustable tailgate used to
control the flow profiles generated in the flume (Plate 4.3). Passing over the tailgate,
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the flow enters into a flow measurement tank which is equipped with baffled plates
to reduce the turbulence and to ensure a tranquil water surface within the
measurement well of the tank. A sharp-edge rectangular weir (0.508 m long) was
installed at the end of the discharge measurement tank to record the flowrate. Prior
to its installation, the weir was calibrated using & weighting tank. After spilling over
the rectangular weir, water enters an underground sump and is then recirculated by
means of a constant rotational speed (870 RPM) pump. The pump is capable of

delivering a maximum flowrate of 0.315 m/s with a total head of 18.28 m.

4.2 2- Depth measurement device

During the course of this study flow depth and local scour depth were measured by
means of a point gauge installed on a carrier (Carrier 1) shown in plate 4.4. The scale
of the point gauge had a ten-part vernier which permits depth measurements as small
as 0.1 mm. To establish near-uniform flow depth in the flume a second carrier
(Carrier II), equipped with 2 similar point gauge (Plate 4.5). was stationed on the
flume well upstream of the first gauge. Carrier II was also used to attach a miniature
current meter (propeller-type) and a Pitot tube (Plate 4.5).

4.2.3- Velocity measurement devices
4.2.3.1- Mini-propelier

Flow velocity in the channel was primarily measured using the a Streamflo-Series
velocity meter manufactured by Nixon Instrumentations Ltd. Originally designed by
the British Department of Scientific and Industrial Research, the standard low-speed
velocity probe (a mini-propeller) is capable of detecting flow velocities as low as
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0.025 m/s. Plate 4.6 shows the model 403 velocity probe used in this study. The
overall length of the probe is 0.468 m and the measuring head of the sensing probe
consists of a fine-bladed PVC rotor (11.6 mm in diameter) mounted on a hard
stainless steel spindle. An insulated gold wire is contained within the tube of the
probe and terminates 0.1 mm from the rotor blades” tips. When the rotor revolves by
the movement of a conductive liquid, the measurable irnpedance between the gold
wixé and the tube changes slightly each time a rotor blade passes over a specific point
on the tube. This variation is used by an indicator to show the rotational speed in
terms of frequency (hertz).

In the current study the sensing probe was connected to the Analogue Indicator (AI)
model 401 (Plate 4.7). A battery operated instrument, the Al is supplied with an
analog display that can show a 0 to 50 hertz signal. To record higher frequencies, the
Al is also equipped with a scale-5 switch that allows an extended range display of
0 to 250 hertz. The Al device sees a pulse for each blade encounter. The internal .
circuitry, then, converts these pulses which have proportional widths to the speed of
the blades into 2 0 to 200 z A current. The current is displayed as frequency in the
rangé of 0 to 50 hertz on the front panel. Since this Al displays the rotational speed
of the mini-propeller in hertz, specific calibration curves supplied by the manufacturer
must be used to obtain actual flow velocities. The maximum error in the measured
velocity associated with this device is about = 1.5% of the true velocity.

4.2.3.2- Pitot tube

When the flow depth in the FP was too small to use the micro-propeller for velocity
measurements, a Pitot tube was used instead (Plate 4.8). The Pitot tube used was a
6 mm-diameter unit supplied by United Sensor Corporation. Common manometers
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were connected to the Pitot tube to record differential head. Manometers were read
using a Gaertner Cathetometer (model M911). Having a 20-part vemier, this device

permits recording elevation as small as 0.05 mm.
4.3- DATA ACQUISITION SYSTEM

During the preliminary tests it became apparent that the movements of the analog
display are too fast to be scanned and recorded manually, making accurate data
collection impossible. Moreover, processing velocity measurement in this manner is
both time consuming and tedious. High accuracy in recording flow velocity could
only be achieved using a computer-based data acquisition system. An appropriate
system was designed for this particular application.

A special outlet is available on the rear panel of the Al unit which provides 2 standard
precision current with the range 0 to 200 zA. The current is specifically provided to
feed a Nixon Instruments graphical recorder and it can not be accepted by a data
acquisition board without modification. An analog signal can be recorded by a
computter if the computer is equipped with an Analogue to Digital (A/D) conversion
board which usually accepts voltage signals with a specific range and provides a
conversion of the received signals to a digital form. The A/D conversion board model
DT 2811 of Data Translation, Inc. was selected for this purpose and the output of the
applied Al was modified to match the board requirements.

The DT 2811 board is a 12-bit A/D convertor with three main features: Ana]ogué to
Digital (A/D) conversion, Digital to' Analogue (D/A) conversion, and Digital
Input/Output (1/O) transfer operations. The DT 2811 has three different input modes,
ie. Single-Ended (SE), Differential (DI), and Pseudo-Differential (PDI) inputs.
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Furthermore, three input ranges are accepted by this board: = 5 volts, 0 to +5 volts,
and + 2.5 volts. For this study the A/D conversion board was configured with the

first input range (= 5 volt).

The selected DT2811 A/D conversion board of Data Translatior. Inc. does not accept

the precision current output of the Nixon Al. That current must be converted to a =5

volts, suitable for the A/D card input rangé. To accomplish that, a new device was

designed and built to receive the original precision current output of the Al and
convert it to an acceptable voltage within the A/D board’s range. Termed: Precision

Current 10 Voltage Current (PCVC), this device, along with the other componenté of.
the whole system (Streamflo Instruments, and the A/D conversion board) went under
comprehensive tests (Presented in appendix B) to check overall accuracy prior to

application. A summary of the results is presented here.

First the DT2811 A/D conversion board itself was tested to check its accuracy and to
examine the possible meed for calibradon. The adopted configuration includes SE
input mode, 5 volts input range, and gain of one. An interactive computer program
was developed to scan and record the converted data acquired by the first channel of

- the A/D conversion board. A very constant voltage source was connected to the first
channel of the board for a long period. The maximum variations of the recorded data
were less than +0.0015 volts (less than 0.2% of the full scale) which indicate that
stable and reliable data were acquired (Figure 4.4). Therefore, further calibration of
the A/Dconversion board was not necessary.

When the output of the PCVC was connected to the A/D conversion board, the
voltage dropped and fluctuated 15 to 35% below the actual value. Numerous
observations and tests carried out to detect the cause of this phenomenon led to the
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detection of 25 to 35 micro Amp of leakage current between the flowing water and
the computer’s ground. Although the leakage current was small, it represented a

significant percentage of the original range produced by the Al and could not be
ignored in this case.

Theoretically. no current should be detected between the grounding of the svstem and
the flowing water, therefore, a solution to this problem could not be supplied by the
A/D conversion board manufacturer. Many large electrical devices and pumps
Tunning in the lzboratory seem to produce electrical noise which affects the working
condition of the system. Therefore, changing the input mode of the A/D conversion
board to the D1 mode seemed the only solution to the problem. Testing the A/D
conversion board in the DI mode with a constant voltage source, however, showed
large instability in the records (Figure 4.5).

Careful supplementary tests indicated that referencing the low end of the used
diffesential input channel through a 1 kQ resistor to the Analogue Ground of the
board entirely eliminated the instability from the records. Figure 4.6 shows the
recorded data using the full scale (compare with Figure 4.5), while Figure 4.7 shows
the deviation of each data point from the original voltage. It should be mentioned that
each data point of these figures is the average of eighty readings accomplished within
eight seconds (ten records per second). |

Changing the input mode to the DI did not resolve the problem of the drop in
recorded voltage, therefore, isolating the computer grou.uid was the only solution. By
designing 2 Ground Isolation Device (GID) and installing it between the PCVC and
the A/D conversion board direct connectibn was avoided and accurate data were
captured and converted by the board,
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The idea behind the GID is the deployment of a matched pair of photo voltaic optical
isolators working in harmony on both sides of the isolation barrier to produce two
equal voltages. An infrared beam is emitted on the PCVC side forcing a voltage to
a pear on the computer side. Likewise, the computer side will emit a beam proportion
to voltage it received back to PCVC side to ensure solid and repeatable results,
Implementing the system with the GID removed the drop in the recorded voltage and
reliable date were acquired thereafter. A schematic sketch of ihe complete data
acquisition system is shown in Figure 4.8. Also, Figure 4.9 shows the acquired
velocity measurements using the implemented system during a prolonged period
(7000 seconds). The fluctuations in the recorded data are related to the turbulence
structure,
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Plate 4.1- Upstream view of the compound flume of the
Hydraulics Laboratory of the University of Ottawa
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Plate 4.2- Inlet tank and the entrance part of the flume



Platc 4.4- Carricr [ along with the point gauge used to
measure flow depth and scour depth
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Plate 4.5- Carrier I along with the point gauge appliéd to measure
flow depth and to hold flow velocity probe

Plate 4.6- Nixon low speed velocity probe model 403
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Plate 4.7~ Nixon Analogue indicator (Al) model 401




CHAPTER FIVE

EXPERIMENTAL PROGRAMME—
BOUNDARY CONDITIONS

3.1- INTRODUCTION.

Certain experimental parameters, such as: longitudinal channel bed slope, discharge
range, required flow depth in the FP, and model bi-idge abutment length largely
depend on the experimental set-up as well as other controlling factors. Controlling
factors were thoroughly investigated in a series of prehmmary tests so as to select the
most appropriate channel-bed material and other important parameters for the main
tests. The results of these preliminary tests led to selection of appropniate bed
material size, channel longitudinal slopes, required FP flow depths, model bridge
abutment lengths, and the discharge range required to generate the near-normal flow
depth. In addition to presenting the results of the preliminacy tests, the methods by
which the controlling factors were investigated are also described in this chapter.

5.2- LONGITUDINAL BED SLOPE
5.2.1- Applicable bed siope range

Generally the discharge-critical slope curve for the laboratory channel is an
appropriate guide to facilitate selection of a suitable bed slope range for the planned
experiments. Figure 5.1 is the discharge-critical slope curve for the MC of the



compound flume. This figure shows that for discharges up to 0.035 m’/s, slope
values beyond 0.003 tend to produce supercritical conditions. Therefore. longitudinal
channel slopes steeper than 0.002 should be avoided. In this study three longitudinal
bed slopes (0.0006, 0.00075, and 0.0009) were adopted.

5.2.2- Bed slope settings

Since a laboratory flume generally has a short length, accurately setting the
longitudinal slope of a flume requires care and considerz_able effort. A relatively
small error in setting the flume’s bed elevation results in 2 significant error in the
longitudinal slope and, in turn, in the computed shear velocity. Hence, to achieve the
required accuracy, a precise level (model N3 manufactured by Wild Corp.) was used
in our study. This device permitted level adjustments as small as 0.1 mm which,
considering the length of our flume, resulted in an error of between £1% to =1.5%
considering the channel bed slope setting.

The flume level in the transverse direction was also of critical Importance, (an
irregular or skewed FP in the transverse direction would generate undesirable
secondary currents in the flume). To assure properly-levelled FPs, a comprehensive
levelling was performed, along the edges of the FPs and the MC, as well as at the
centre line of the MC. The results indicated the need for substantial level
modifications to achieve the desired condition.

More than 200 points were measured repeatedly during flume bed level adjustments
and eventually the flume was entirely levelled in the transverse direction. Having
been levelled in the transverse direction, identical longitudinal slopes along the
floodplains and the MC are assured when the bed slope settings are accomplished
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based on only adjusting the centerline of the MC., Figure 3.2 shows the final cross

elevations of 13 cross sections along the flume.

Since the flume rests on a wooden platform. it was recognized that the platform
ailows vertical displacement along the flume when water runs in it, (1.e. the flume
settles and changes the preset longitudinal slope). Measurements indicated that dry-
bed slope adjustments should be avoided and. to achieve the desirable accuracy, the
bed slope setting was accomplished while water was runninz in the flume. This
procedure was followed for setting the aforementioned longitudinal bed slopes and
the results are plotted in Figure 5.3. Measured bed elevations are compared with the
perfect lines of $,=0.0006, 0.00075, and 0.0009. As indicated in the figure very close
agreement between the bed slope setting and the perfect lines was achieved,

5.3- DEPTH- DISCHARGE RELATIONSHIP

One of the main characteristics of a compound channel is the unique depth-discharge
Q-y,) relationship or the rating curve, which depends on flume longitudinal slope,
bed roughness, and the gcometry of the cross section. Therefore, in studies dealing
with compound flumes, tke ¢-y, relationship should be specified based on the
selected test conditions. Te prepare a Q-y, relationship for a laboratory flume it is
essential to establish near-uniform flow conditions first. For a given discharge, a
uniform flow in the laboratory chanmel may be closely approximated by adjusting the
tailgate of the flume to a specific height so that the slope of the water surface profile
along the flume ard the flume's longitudinal slope are essentially the same. The
process of tailgate adjustments for establishing uniform flow for a specific discharge
is tedious and time consuming. To establish the Q-y, relationship for a given
longitudinal slope, the uniform flow condition should be approximated for different
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discharges. These Q-», curves can then be utilized to determine the required

discharges associated with the near-uniform flow depths for various experiments.

In 2 particular experiment the water surface profile along the channel was recorded
via the twelve manometers connected to tapping points located along the MC of the
compound flume. The aforementioned procedures of tailgate adjustments were
followed to produce a water surface slope close to the preset longitudinal slope of the
flume. Manometers were read by a Gaertner Cathetometer, which provides vertical
displacement readings at intervals of 0.05 mm. The error associated with this value
for the bankfull discharge is about £0.05% and it is even smaller for the selected flow
depths. When the required water surface profile was established, the corresponding
near-unifonn flow depth, y,, was measured at different points along the channel using
a vernier point gauge. "The vernier of the gauge provides for depth readings at
intervals of 0.1 mm; the water surface, however, can only be measured to an accuracy
of +1.0 mm due to the presence of water-surface disturbances. This introduces an
error in the flow depth measurements around +0.7% of the total flow depth.

The process of tailgate adjustment was repeated for discharges within the selected
discharge range and the observed near-uniform flow depths associated with these
discharges were then used to prepare the O-y, relationship for the pre-set channel
slope. Figures 5.4 to 5.6 show the O-y, curves prepared for the selected longitudinal
channel slopes: 0.0006, 0.00075, and 0.0009 respectively. These curves were used
to determine the necessary £ow rate for establishing the near- uniform flow condition
required in a particular test. The curves indicate that the discharge range
0.02< @ <0.03 m’/s produces the required range of flow depths in the FP zones.

The observed water surface profiles associated with those flow conditions applied
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during the main sets of experiments are presented in Figures 5.7 to 5.10. Also
indicated on these figures are the channel bed profiles and the ideal longitudinal slope
for each case. The average of the vertical distances between the channel bed and the
water surface in these figures represents the FP flow depth in each case. Figures 5.7
to 5.10 clearly indicate that in every case the water surface is essentially parallel to
the channel bed, which confirmed that near-normal flow conditions were established
in the flume,

5.4-SEDIMENT CHARACTERISTICS

The main experiments should be run at or close to the threshold condition of bed
material movement, i.e. the shear velocity ratio, u /u__, should be kept close to unity.
- Therefore, the grain size of the sediment should be selected to satisfy this condition
according to the governing parameters induced by the experimental set-up.
Accordingly, studying the general relationship, between sediment characteristics and
the flow conditions, facilitates selection of the most appropriate grain size for the
experiments. In this regard, Shields' diagram is considered the criterion for
developing such a relationship among the grain sizes of uniform sediments, the flow

deptits, and the longitudinal slopes of the channel at the threshold condition of bed
material movement.

The procedures followed herein determine, based on Shields’ diagram, the grain size
that correspond to the threshold condition for a given longitudinal slope and flow
depth. The procedure, which requires iteration for each condition (S, and y,), is
tedious and time consuming. Therefore, to facilitate selection of the most appropriate
bed material a computer program was developed which accurately and rapidly
establishes the gereral relationship among the aforementioned parameters.
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According to Shields' diagram (Figure 3.4) the uniform sediment grain size, D . the
sediment Reynolds number. R . and the dimensionless shear stress, F . are related
through:

u,
R, = (5.1)
v
and
tf
- 5 —_—— 5.2
.1 D, 2
Substituting /z/p for u, in Equation (5.1) and solving for T_ yields:
(R.VF p
S 5.3
D (5.3)
Substituting Equation (5.3) in Equation (5.2) and solving for D_ yields:
(R. v¥ p
Fozrei—s (5:9)
(Y,~Y) D,
and
R v 2 3 .
D, = R.vy el (5.5)
F- (YS-Y)

Knowing the physical characteristics of the sediment and the water, the wniform
sediment grain sizes, D, for the threshold condition of bed movement can be
calculated for each point of Shields' diagram using Equation (5.5). The critical shear
stress associated with the computed grain size can be obtained by either using
Equation (5.3) or solving (5.2) for 7_:
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R G A s IO (5.6)

Using the aforementioned procedure the computer program was developed based on
a flowchart shown in Figure 5.11. The program determines the grain size required
to establish the threshold condition for the predefined flow depths and longitudinal
slopes of the channel. A sample of the output file is presented in Appendix C and the
graphical relationship among grain sizes. flow depths. and the selected longitudinal
slopes, for the shear velocity ratio # /u_,=0.95, is presented in Figure 5.12. This
ﬁgure_ will be referred to in the next szctions.

5.5- SELECTION OF SEDIMENT SIZE

Tae Q-y, curves (Figures 5.4 to 5.6) indicate that any depth in the FP greater than
five centimetres produces a relatively high ratio of FP depth to total depth. In such
circumstances the effect of the FP becomes insignificant, i.e. the compound flume acts
as a single channel (Bhowmik 1982). This then limits flow depths in the FP in the

range of 10 to 50 mm, which corresponds to total flow depths of between 110 and 150
mm, '

Figure 5.12 shows for the specified longitudinal slopes the relationship between grain
sizes and flow depths at the near-threshold condition of bed material movement. The
curves of this figure are based on Shields' diagram and indicate that a selected grain
size, D, , dictates the depth of the flow for each longjtudinal slope if the threshold
condition of bed material movement is to be maintained. For example, flow depths y,
= 42, 33, and 28 mm establish the threshold condition of bed material movement for
D, =0.5 mm 1if the longitudinal slopes are $,=0.0006, 0.00075, and 0.0009,
respectively,
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5.5.1- Sclected sand sample

According to the specified range of both 3, and S, . grain sizes in the range of 0.3 to
0.6 mm were considered appropriate for the planned experiments. Commercial beach

~sand was selected for this study. The grain size distribution (based on a sieve analysis
of several samples of this sand) appears in Figure 5.13. The following characteristics
were determined for this material: D;,=0.653 mm, D,,=0.47 mm, D,,=0.314 mm,
and the grometric standard deviation of the sand o_=,/D, /D,,=1.44

Since 6, < 1.5, this sand could be classified as uniform, however, its geometric
standard deviation approaches the upper limit reported for sand uniformity.
According to Figure 5.12, to establish the threshold condition of bed material
movement, a flow depth of 42 mm should be maintained in the FP for a longitudinal
slope of 0.0006.

Sand having D,, <0.6 to 0.7 mm is classified as a ripple-forming one (Ettema 1980).
Bogardi’s (1959) diagram, however, suggests that for our ﬂoﬁv conditions no bed
forms should be observed. Hence, to observe the general behaviour of the selected
sand under the proposed flow conditions, a sexies of prelimmary tests were performed
using VW-abutments of different lengths and a flume longitudinal slope 0.0006.
These tests demonstrated that localized bed movement occurred in the FP (in the
vicinity of the MC/FP junction) to form a trough-like bed feature there. However, no
general ripple formation was observed along the test section. This local scouring
feature is largely the result of a combination of the following: (7) the relatively high
velocities at the edge of the FP next to the MC (Figure 5.14), and (i7) the sand's high
geometric standard deviation (which implies that the threshold conditions for smaller
fractions are being exceeded in this region).
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As mentioned earlier, although the sand used was classified as ripple-forming
sediment (Ettema. 1980). no ripples formed in the vicinity of the MC in spite of partial
bed material movement there. 1t seems that a weak armoured .laycr forms and
prevents tipple formation in this region. The results of the preliminary tests indicated
that this sand could not be used without removing. at least, the unusually larpe-size
grains which appeared occasionally during the tests. However, without major
modification to the grain size distribution of the sand. the bed material in the vicinity
of the MC must be fixed and hardened prior to Tunning any test. Nevertheless, if the
weak armoured layer preventé ripple formation in the test section, it is very likely to
form within the scour hole too and might affect the scour depth as well.

5.5.2- Modification of the sand sample

Given the above problems, it was necessary to modify the test section sand in order
to achieve a more uniform grain size distribution without changing, significantly, the
original D,,. Highly uniform sand will certainly eliminate tae risk of armouring
effects on the bed and within the scour hole and should decrease the movement of
smaller particle sizes in the vicinity of the MC. On the other hand, this might

encourage ripple formation along the test section during long-term runs.

To obtain the desired sand characteristics, grain sizes greater and smaller than specific
values should be removed as much as possible from the original sand bed sample.
The original sand sample was removed from the recessed flume section to eliminate
the undesired particle sizes. Using a large-scale Gibson sieve shaker, the original
sand sample was separated into three samples, namely grain size larger than 0.6 mm,
between 0.381 and 0.6 mm, and smaller than 0.381 mm. The third sample was
disposed of because of the fine sediment size. The grain size distributions of the first
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two sand samples were analysed and the results are presented in Figures 5.15 and
5.16. and also in Table 5.1. The angle of repose reported for the dry sand was based
on Simons and Albertson’s (1960) diagram. According to this diagram ¢ varies
between 29° to 33° for ver): rounded and very angular sediments respectively in the
size range used in our experiments.

Table 5.1- Charactenistics of the sand samples

sand sample Dy, D,, Dy, S, (0} p,/p
(um) | (mm) | (mm) — | (degree) | -

7ﬁ 0.794 0.7 0.586 1.16 31 2.65
2nd 0530 | 0.500 | 0416 1.13 31 2.65

According to Table 5.1 the median size, D,,. of the second sand sample is essentially
the same as that of the original sand, however, the o, of this sand assures a uniform
grain size distribution since its value is closer to unity than that of the original sand
sample. Accordingly, the second sand sample was selected for the main experimental

program (the first sand sample, however, was also used to perform a limited series of
experiments).

The recessed part of the test section was refilled with the 2nd sample sand mixture
(D3=0.5 mm) and prepared for the tests. The fiow condition required to establish the
threshold condition was now determined for D,=0.5 mm. Initially a relatively
long-term run, with a plain bed and without a model abutment, was performed at the
computed near-threshold condition to investigate the behaviour of the improved bed
material. It was observed that bed material movement and 1rough formation along the
FP in the vicinity of the MC significantly decreased. However, ripples started
forming after the third hour of the test. These ripples developed and propagated
relatively rapidly in the downstream dirccﬁon. Therefore, since this grain size was
1dentified as being otherwise appropriate, vis-a-vis general boundary conditions
various means of preventing ripple formation were examined.
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The application of a thin layer of fast-acting cement on the sand surface stabilized the
bed material upstream of the test section and significantly decreased the possibility
of ripple formation in the movable-bed part upstream of the test section pottion that
would contain the model abutments. The hardened sand surface started at the
entrance to the test section and extended 0.6 m into the test section (Figure 5.17).
A thin layer of the same sand was applied on top of the cement to maintain the same
surface roughness along the test section. Repeating the long-term run with a plain bed
and without a model abutment indicated that rippie formation could be avoided if the
sand bed was prepared with extreme care to produce an even sand surface throughout.
For each test, after placing the model abutment, the surrounding hole was filled with
50 mm-thick sand layers. Each layer was compacted in a consistent manner and for
a specified period of time to ensure consistent density of material throughout the
testing programme. To achieve sand bed levelling as perfect as possible. a special
scraper was designed and built (Plate 5.1, a). Almost perfect bed level was attained
by installing the scraper over the edge of the flume wall (Figure 5.1. b) and smoothly

and continuously moving it in one direction, from one end of the test section to the
other end.

5.6- ABUTMENT LENGTHS

A criterion set by Melville (1992) to categorize abutment lengths was applied to

determine model abutment lengths for the tests. Melville classified abutment lengths
as follows: '

Ly, <1 Short-length abutments,
1 s Lly, s 25 Intermediate-length abutments, and
Liy, > 25 Long-length abutments,

With regard to the chosen lower and upper limits of FP flow depth (15 and 50 mm),
the range of the model abutment lengths were as follows:
L/15<1 = L <15mm

L/50 >25 = L > 1250 mm
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Considering 75% of the FP width of the experimental set-up as the upper limit for the
abutment length, a preliminary series of tests was performed using VW-abutrents
and vertical sheets of plexiplass. Abutment lengths of 60, 120, 180. and 240 mm
were used in these tests. The results indicated that model abutment lengths up to 210
mm can be used in the current study. The scour hole edges produced by larger model
abutments rapidly approach the MC side slope which might affect the local scour
depth. Accordingly. abutment lengths of 90, 150, and 210 mm were adopted for the

main experiments.
5.7- ABUTMENT SHAPES

To investigate the effect of abutment shape on scour depth four different abutment
shapes were considered: (i) VW-, (i) SC-, (iii) WW-, and (iv) ST-abutments. These
shapes are representative of common shapes used in practice. A side slope of
1 Horizontal:1.75 Vertical was adopted for the WW- and the ST-abutments. Also,
based on the flow depth range vsed and the side slope adopted for the WW- and ST-
abutments, a model width of 90 mm was applied. The model abutments were
constructed from solid plexiglass blocks. Two-sided tape was used to attach different
pieces of the plexiglass units to form the required model abutment shape and length.
A schematic of the model abutments used in the study is shown in Figures 5.18 and
5.19. Also, plate 5.2 shows the actual models for the 210 mm length version.

5.8- ESTABLISHING THE DESIRED FLOW CONDITION

The required flow condition depends on the longitudinal channel slope and grain size
selected. According to sectioﬁ 5.2.1 the longitudinal slopes selected are S,=0.0006,
0.00075, and 0.0009. Also, based on scction 5.5.1, the sand sample that had its
Dy;=0.5 mm is the most suitable for the study. Knowing the sediment size and the
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longitudinal slopes, the required flow depth in the FP can be determined according
to Figure 5.12. Since Figure 5.12 was based on Shields’ diagram. appiving the flow
depth given by this figure ensures the establishment of the near-threshold condition.

Table 5.2- Depths applied in the current study. for
Dy=0.5 mm

0.0006 42 146 0.29

0.00075 33 137 0.24

0.0009 28 132 0.21
m%‘

The required flow condition can only be established by setting the approprniate
discharge 50 as to produce the desired flow depth in the FP. With D;=0.5 mm, for
each longitudinal siope the required FP flow depth is determined from Figure 5.12.
The discharge associated with the selected flow depth can now be determined using
the prepared Q-y, curves (Figures 5.4 to 5.6). The same procedures were also
followed to determine the required flow condition for S,=0.0009 and D,;=0.7 mm.
Tables 5.2 and 5.3 summarize the results.

Table 5.3-Depths applied in the current study, for
Dy,=0.7 mm

5.9- SELECTION OF TEST DURATION
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An appropriate duration for the experiment can only be selected after studying the
time variations of the local scour development for the test conditions. Therefore, the
first tests were initially run for different periods so as to examine the progression of
the local scouring process over time. The experiments were performed for 1 constant
channel slope setting of 0.0006, with flow conditions selected to establish the
threskold condition of bed movement for sand with Dy;=0.5 mm. The procedures
given in section 5.8 indicated that a FP depth of 42 mm establishes the desired
condition. The same flow conditions were applied to all the tests performed with this
bed slope setting. This series of tests consisted of fourteen experiments run for
periods of 9.3 hours to a duration exceeding the time required to reach Ve Table 5.4
summarizes the abutment shapes and the total durations applied in each test,

The variations of local scour depth with time for these tests, according to selected
abutment end shape and iength are presented in Figures 5.20 to 5.23. Figures 5.24
10 5.26, on the other hand, show the impact qf different end shapes on scour rate of
a specified model abutment length. These two sets of figures show the effect of both
length (Figures 5.20 to 5.23) and shape (Figures 5.24 to 5.26) of abutments on the
temporal development and final local scour pattern.

Table 5.4- Total test duration applied in each test (hr)

model abutment shape l

SC WW VW I
90 85.0& 11.7 11.4 10.0 46.8

[ 150 142.0 & 15.0 17.0 16.0 165 |
210 12,0 12.3 9.3 11.0

The first observation one can make is that the scour depth increases with increasing
abutment length (Figures 5.20 to 5.23). Also, more of the approach flow is redirected
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by longer abutments towards the abutment end. This results in increased flow at the
end of longer abutments. which accelerates the scouring process towards the
equilibrium state. However, the effect of abutment shape on temporal scour
development decreases as their length increases (Figures 5.24 to 5.26). Figure 5.24
shows that VW- and WW-abutments produce practically the same effects on the
temporal development of the scour hole during the twelve-hour tests. Also. for the
same hydraulic conditions the lowest rate of scour was associated with the
ST-abutment, whereas the highest rate was associated with the VW-abutment (Figure
5.24). Since the temporal variations of the scour depth are measured at one
designated point during a test, the maximum scour depths noted in these figures are
not necessarity absolute values. The shape and the length of an abutment have a large
impact on the complexity of the flow field generated around an abutment. Hence, the

magnitude and position of the maximum scour depth eventvally depend on the
aforementioned factors. |

Considering the equilibrium scour depth, Y.~ @nd the scour depth at a specified time,
Y, a practical duration for a test might be selected provided a relationship between y_
and y, is defined. A long-period test (142 hr) was performed to establish such a
relationship. Figure 5.27 shows the temporal variation of the scour depth for this test.
Also indicated on Figure 5.27 are the scour depths associated with the time required
for achieving 90% (1,,) and 95% (1) of the equilibrium scour depth, The scour
depths associated with 1,) and 1, are also indicated. Two other long-period tests
were also performed using ST- and VW-abutments, each 90 mm in length. Figure
5.28 shows the temporal variations of the scour holes for these two tests.

The data in Figures 5.28 and 5.29 were normalized usingt,, and the scour depth
associated with it (Figure 5.29). The reason for using &, instead -of 7_ (the time
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associated with the equilibrium scour depth) is that it is not possible to assign a
specific time to y,. (Figure 5.27). According to Figure 5.27 the magnitude of y,, is
more reliable than the time associated with it, therefore, 1, associated with 0.9y, was
selected bec.ws; itisa specific value on the curve. A curve fitted to these normalized
data shows that about 65% of y,. was developed during the first nine hours of the
tests. Figure 5.29 also indicates that, if an experimental period of 5 hr is selected, the
scour depth will amount to 60% of Y... Therefore, given the small difference
- between these two results, a five-hour test period was adopted in this study. The
maximum scour depths (for D;;=0.5 mm) observed in our study will therefore be
adjusted, based on the Figure 5.29 data, to give corresponding y_-values.

To examine the accuracy of this extrapolatior: procedure, based on the results of the
fifth hour for the completed tests, 2 comparison was performed between measured and
computed scour depths of the ninth hour. Figure 5.30 shows the resuits along with
the line of perfect agreement and lines of etror. Most of the data collapsed close to
the line of perfect agreement. Also, the lines of +6% error form an envelop to the
data. The resuits, therefore, indicate a good agreement between the measured and the
computed scour depth.

5.10-SIMULATING NON-INTERACTING FLOW CONDITION

The effects of the MC-FP flow interaction on the local scour process in the FP can
be better understood if, in addition to the previous experiments, a few series of test
are also performed with a non-interacting flow condition. The results of such tests
make it possible to observe whether or not a similarity exists between the scour depth
obtained in the FP of a compound channel and that obtained in rectangular flumes.
To perform these tests, for the same flow conditions =s were applied in the main tests,

147



the flow of the MC should be separated from that of the FP. The method by which

the non-interacting flow condition was simulated is described herein.

Applying any means to separate the MC flow from the FP flow affects the
established normal flow condition for the specific bed slope setting. However, it was
necessary to install a long thin metal sheet at the MC/FP junction to separate the
main-channel from the FP flow components. A 0.5 mm thick metal sheet 0.202 m
wide and 2.438 m long, was formed in an L-shape and installed over the test section
Jjunction line separating the MC and the left FP zone (Figure 5.31 and Plate 5.3).

5.11-EFFECTS OF THE GRAIN SIZE

To study the effect of grain size on the local scour depth. two series of tests were
performed using the D,,=0.7 mm sand sample. For a given bed slope setting, this
grain size requires larger flow depth than the smalier sediment size (D4,=0.5 mm) to
achicve the threshold condition. For Dy=0.7 mm the flow depths required to initiate
motion at bed slope settings of 0.0006 and 0.00075 produce FP depth to total depth
ratios higher than 0.3. Therefore, only a longitudinal bed slope of 0.0009 was
adopted for the tests involving this particular sand.

If a larger grain size is employed the corresponding threshold condition requires a
higher flow velocity. This'is well demonstrated in Figure 5.12. The curves of this
figure relate flow depth to grain size to maintain a near-threshold condition for 2
given longitudinal bed slope. According to this figure, considering two differing grain
sizes and a constant flow depth, larger grain size must lie on a higher curve if the
threshold condition is to be maintained. A higher curve, however, indicates that a
steeper slope is required. A steeper slope implies higher flow velocities, which ia
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- turn increase the scour rate such that the equilibrium scour is achieved faster. It is,
therefore, necessary to determine the relationship between the measured scour depth
(after 5 hr) and . for experiments performed using the larger grain size, (i.e. D=0.7

mm).

A long-term test using a 150 mm-long ST abutment was performed at the
near-threshold condition for Dy,=0.7 mm. The test continued for a period exceeding
168 hr, 1.e. more than 48 hr after the equilibrium scour depth had been achieved. The
results of this test are presented in Figure 5.32. Also indicated on this figure are the
scour depths associated with &, and ¢, To make a comparison of the results
possible, the model abutment chosen for this test was the same as that applied in the
long-term test performed with Dy=0.5mm. The results of these two experiments are
plotted together in Figure 5.33. It indicates that the scour rate for the coarser sand
 during the first few hours of the test is higher than the scour rate for the finer sand.

An enlarged view of the lower left corner of Figure 5.33 (presented in Figure 3.34)
clearly indicates the difference in the scour rates. Having a higher scour rate at the
beginning of the experiment obviously mulfs in 2 higher y 4, ratio for the measured
scour depths. To determine y/y, for this grain size, the Figure 5.32 data were
normalized using t,, and the scour depths associated with it are plotted in Figure 5.35.
According to Figure 5.35 the observed scour depths amount to 65% of y,. Therefore,
the maximum scour depth observed in experiments performed with D,;=0.7 mm were
adjusted using the aforementioned y /v, ratio to give corresponding y, ~values.

5.12- SCOUR RATE IN NON-INTERACTING FLOW CONDITIONS

- Separating iie MC flow from the FP flow (by means of .a thin metal sheet as
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discussed in section 5.10) induces unique flow and geometric conditions in the test
section which might affect v.1;.. Therefore, a long-geriod test was performed for the
non-interacting flow conditions using D,,=0.7 mm and the 150 mm-long ST model
abutment. The test data are presented in Figure 5.36. The data for the first 12 hr of
two similar tests, i.e. one for an interacting conditior and the other for an non-
interacting condition and Dy=0.7 mm, are compared in Figure 5.37. The results
clearly show that, during the initial stages of the scouring process, a_higher scour rate
was observed for the non-interacting condition, than was observed for the interacting
condition. This indicates that although identical scour depths were recorded at the
end of the fifth hour of both experiments. the scour depth for the non-interacting
condition represents a higher value of 4/, than than for the interacting condition.
This difference can be attributed to the modified flow condition in the FP. The flow
diverted by the abutment is forced to pass only through the opening width bounded
by the flow-separating wall and the abutment head; there is no possibility for the
diverted flow to be conveyed in the MC. This induced higher flow acceleration at the

abutment end which, in tum, increased the rate of scour during the initial stage of the
erosion process.

To determine y/, for the non-in'teracting condition, the data of Figure 5.36 were
normalized according to 1, and th= scour depth associated with it. Presented in
Figure 3.38, the results indicate that y,4,_ for the non-interacting condition is 5%
higher than for the interacting case. This value was adopied to adjust the scour depth
measured in all the tests performed under non-interacting conditions.

5.13- FLOW VISUALIZATION TECHNIQUES

The presence of a model abutment in the FP obstructs the approaching flow and
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redirects it towards the MC/FP junction. A flow-visualization technique is required
to determine the angle. B. by which the diverted flow combines with the rest of the
FP and MC flow, Although the two flows combine at the abutment end. the adjacent
flow fields are also affected. Accordingly. the visualization technique used should
be capable of demonstrating' the zone of influence of this particular flow feature.

Different means were examined for visualizing the surface flow pattern in the vicinity
of the model abutment end. Dusting small bright particles (confetti) on the water
surface and photographing their paths (using an extended shutter speed and different
lighting conditions) gave results similar to those shown in Plates 5. 4 and 5.5. These
plates indicate that, aithough the white confetti produced reasonable results,
increasing the colour intensity of the channel bed would improve the contrast. Ina
particular experiment using the 210 mm long VW-abutment, the scoured bed was
fixed using a thin layer of fast-acting cement and then painted. The required flow
condition was then re-established and photographs were taken of the confetti paths
using extended shutter speeds with different lighting conditions. Some of the results
are presented in plate 5.6 (for the non-interacting condition) and in plates 5.7 to 5.9
(for the interacting éondiﬁon). The plates clearly show the direction of the deflected
flow and the extent of the adjacent flow fields affected by the deflected flow.

While providing good detail of the general flow pattern, this flow-visualization
method is , however, very time consuming (takes a few days) and therefore was not
applied in every test. As an alternative to the surface confetti tcchniqde a floating
strings method (Plate 5.10) wés examined. While ignoring the small-scale flow
structures, the method of floating strings detected the same general flow pattern as
that detected by the white confetti. Therefore, it was used in the present study. Plate
5.10 shows the flow pattern, using floating strings, prior to installing a model
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abutment. and Plates 5.11 and 5.12 show the flow pattern for the interacting and non-

interacting conditions respectively for the same model abutment used in plates 5.4
t0 5.9.

The strings were attached to a carrier at 2 spacing of 25 mm between stnngs. To
photograph the surface flow pattern. the carrier was located in specific locations on
the flume walls (to maintain the same relative references in the photographs). Plates
3.13 and 5.14 show the installation method of the floating strings in interacting and

non-interacting conditions respectively.

The floating strings method has the advantage over the surface confetti method of
being capable of capturing the extent of the lateral movements in a single photograph.
Such a photograph shows the extent of the influence of the model abutment on the
adjacent flow field. The surface flow patterns for long-period test for interacting and
non-interacting conditions using D,=0.7 mm and 5,=0.0009 are shown in plates 5.15
and 5.16. These piates were photographed using 1/60-sec exposure. The same
conditions were also photographed using prolonged shutter speeds (4 and 8-sec
exposure) to examine the extent of the lateral movements of the floating strings
(plates 5.17 and 5.18). Plates 5.17 and 5.18 show essentially the same surface flow
pattern as that of plates 5.15 and 5.16. Also, comparing the former plates with the
latter ones indicates that the minor lateral movements fit within the streamlines bound
shown in plates 5.15 and 5.16. Therefore, a shutter speed of 1/30 or higher was
adopted for capturing the surface flow pattern of each experiment.
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Plate 5.1- Sand bed levelling by scraper
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c- Wing-wall abutment (WW)

d- Spill-through abutment (ST)

Plate 5.2 (cont.)- Model abutment shapes
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Plate 5.3- Isoiating floodplain flow from the main channel flow
(non-interacting flow condition)

Plate 5.4- Flow pattern in non-interacting flow condition captured
using confetti, 4-sec exposure, and normal lighting condition
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Plate 5.5- Flow pattern in non-interacting flow condition captured
using confetti. I-sec exposure, and normal lighting condition

Plate 5.6- Flow pattern in non-interacting flow condition captured
using stabilized and darkened bed, confetti, 4-scc exposure, and
normal lighting condition 181



Plate 5.7- Flow pattem in interacting flow condition captured
using stabilized and darkened bed, confetti, 1/4-sec exposure,
and normal lighting condition

Plate 5.8- Flow pattern in interacﬁng flow condition captured using
stabilized and darkened bed. confetti, 8-sec exposure, and normal
lighting condition 182



Plate 5.9- Flow pattern in interacting flow condition captured
using stabilized and darkened bed. confetti. 8-sec exposure,
and fluorescent light

Plate 5.10- Flow pattern in interaéting flow condition captured
using floating strings prior to installing model abutment
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Plate 5.11- Flow pattern in interacting flow condition captured
using floating strings, 1/30-sec exposure, and normal lighting

condition
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Plate 5.12- Flow pattern in non-interacting flow condition
captured using floating strings, 1/30-sec exposurc, and
normal lighting condition
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Plate 5.13- Surface flow lines, interacting flow condition



Plate 5.14- Surface flow lines, non-interacting
flow condition

186



Plate 5.15- Surface flow pattern in long-term test and interacting
condition captured using 1/60-sec exposure, and normal lighting
condition

Plate 5.16- Surface flow pattern in long-term test and non-interacting
condition captured using 1/60-sec exposure and normal lighting condition
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| Plate 5.17- Surface flow pattern in long-term test and interacting
condition captured using 4-sec exposure, and normal lighting
condition

-

 Plate 5.18- Surface flow pattern in long-term test and non-interacting
condition captured using 8-sec exposure and normal lighting condition
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CHAPTER SIX

DATA ANALYSIS AND DISCUSSIONS

6.1- ANALYSIS OF FLOW DATA

The flow velocity and bed shear stress distribution play key roles in any loose
boundary hydraulics study. The distribution of the flow velocity in the longitudinal
and transverse direction and the magnitude of boundary shear stress.t.or the shear
velocity, u (=/7/p), are significantly affected by the channel cross section shape. In
rectangular laboratory flumes. it is common practice to consider an average value for
the bed shear stress and to apply it to the entire width of the flume at the test section.
This approach, however, is not applicable to compound channels in which the flow
interaction at the MC/FP junction and the momentum transfer phenomenon might
significantly affect the flow characteristics. That is, in both the MC and the FP the
velocity (value and distribution) and the bed shear stress might deviate significantly
from 2 mean value due to the flow interaction and the momentum transfer. The
analysis of the flow velocity data to determine the bed shear stress and the shear

velocity ratio in the FP is presented here.
6.1.1- Velocity profiles in the floodplain

The whole data set of flow velocity measurements for interacting conditions can be
plotted in dimensionless form (u/u_ versus yu_/v) to observe their relative position
with respect to the lines of Equations A_30 and A.40. These two equations divide the

plane of the plot into three regions (smooth, transition, and rough). The position of |



the data on such a plot determines the flow regime in the current study. This.
however. can only be achieved if w. 1s known and Equation A.23 is written in terms

vu /v,

Equation A.30 can be wnrten in terms of yu_/v if the value of k_ is determined
according to the value of —-—-> 70 for the rough regime. Substituting & =70v/u_ for
the lower limit of the rough regime (Figure 3.5) in Equation A.30, a relationship for

the upper limit of the rough region is obtained as follows:

2 =575 log[ E-] -2.11 | (6.1)

u, v

The form of Equation 6.1 has the advantage of being independent of the'equivalent
sand roughness and can be used with Equation A.30 to distinguish the various flow

regimes.

Plotting Equations A.30 and 6.1 on a semi-log plot divides the x-y piane into the
smooth, transition, and rough flow regimes. Since the actual value of . is not
known, to plot the experimental data on one graph along with Equations A.30 and 6.1,
velocity measurements can be non-dimensionalized by u_=/g)S,. Figure 6.1 was
prepared according to Equations A.30 and 6.1, based on the approximated value of
u.. In spite of the scatter in the data of Figure 6.1, which is attributed to the
application of u_ =\/gy_Sa instead of the actual values of shear velocities, the figure

indicates that the flow is essentially in the transition regime region.

6.1.2- Determination of shear velocity ratios
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6.1.2.1- Inreracting flow conditions

To determine the actual shear velocity (or the shear velocity ration /u ) in the FP,
it 1s necessary that the effective sand roughness. & . be evaluated first. The value of &,
is determined according to section 3.3.2 using the velocity profiles measured in the
FP. Measured velocities were obtained in the test section at the model abutments’
location while they were not in place. The £, values were then averaged and applied

along with the computed value of B, for the defined flow condition. .

Having defined £, and B, the theoretical velocity profiles of different Ju, were
fitted to a specific measured velocity profile. The actual u /u__ ratios were then
determined for the defined positions of the FP, namely at = =6.09 m from the flume
inlet and x = 90, 150, and 210 mm from the left flume wall (Figure 4.1). For the
series of experiments conducted using S,=0.0006 and D,,=0.5 mm, the measured
velocity (along with the fitted theoretical lines) are plotted in Figures 6.2 to 6.4. They
clearly indicate that u_/u__ increases in the FP as the distance x increases towards the
MC/FP junction. According to the fitted theoretical lines of Figures 6.2 to 6.4, mean
values of u /u_ _ were considered as actual local values at x =90, 150, and 210 mm.

The local shear velocities were then determined based on the adopted u /u__ values.

The procedure followed for determining the local shear velocity ratio might be
evaluated by comparing dimensionless plots of the measured velocities non-
dimensionalized by u_=,/gyS, and local u.. The results obtained utilizing the former
value are plotted in Figure 6.5 and show considerable deviation from the theoretical
line. The scatter in the data, however, was removed and the data coliapsed on the
theoretical log-law velocity distribution when the latter values of shear velocities were
used (Figure 6.6). The concordance between measured velocities and the theoretical
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line of Figure 6.6 shows that the velocity distribution in the FP might be considered

to follow the universal log-law provided that the local shear velocity is considered.

To determine the local « /u__for flow conditions considered in the present study. the
above procedures were repeated for different longitudinal slope settings. Figures 6.7
to 6.10 show the flow velocities measured for uniform flow conditions established
using S,=0.00075 and D ,=0.5 mm. The theoretical log-law velocities are also
included on these figures. The measured flow velocities, for the uniform flow
condition established using S,=0.0009 and D,=0.7 mm, are presented in Figures 6.11
to 6.14. Finally, the results of flow velocity measurements using S,=0.0009 and
Dg=0.7 mm are presented in Figures 6.15 to 6.18.

Figures 6.10, 6.14, and 6.18 show dimensionless plots of the log-law velocity
distributions along with the measured velocity profiles. The measured values on these
figures were non-dimensionalized by the corresponding local .. The agreement
between the measured and theoretical values confirms the conclusion that the velocity
profiles in the FP follow the log-law provided that the local shear veloéities are
applied.

The data in Figure 6.1, is now replotted in Figure 6.19 utilizing local u. instead of
u,=,/gS,to non-dimensionalize the measured velocity values. This figure shows that
using local u. substantially removes the scatter observed in Figure 6.1. All the data
obtained with interacting conditions at 2 =6.09 m, x =90, 150, and 210 mm (which
were used to prepare Figures 6.2 to 6.18) are included m Figures 6.1 and 6.19.

The adopted values of the local shear velocity ratios, based on the comparison

between the theoretical log-law and measured velocities, are summarized in table 6.1
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and 6.2. Figures 6.20 to 6.23 show the variations of the local shear velocity ratio in

the FP for different test conditions.

Table 6.1- uJu., for interacting flow and ,=0.5 mm

(mm) 0.0006 0.00075 0.0009
90 | 09 | o091 | o001 |
150 1.01 0.97 1.00
210 1.06 1.01 1.02

Table 6.2- uJu., for interacting flow

and D;,=0.7 mm
X So
(mm) 0.0009 ||
90 | 090 |
150 0.95
210 100 |

6.1.2.2- Non-interacting flow conditions

In non-interacting conditions the FP flow was separated from the MC flow by means
of a vertical plate. In such circumstances one expects substantial changes in flow
conditions at the MC/FP junction. As a result of the new flow condition, the
distribution of the shear velocity in the FP is different from that of interacting
conditions. In order to determine the shear velocity ratio for non-interacting
condittons, the flow velocity were measured across the FP at z=6.09 m.

To determine the local u./u., for the test cases considered for non-interacting

193



conditions, measured flow velocities are compared with the theoretical log-law lines
using different u/u.. values. Figures 6.24 to 6.27 show the results for tests performed
using 5,=0.00075, 12,=0.5 mm and non-interacting conditions. The results obtained
using 5,=0.0009 and D,=0.5 mm, and S,=0.0009 and 1),,=0.7 mm are shown in

Figures 6.28-6.31 and 6.32-6.35 féspectively.

The concordance between the non-dimensionalized flow velocity data and the
theoretical log-law velocity shown in Figures 6.27, 6.31, and 6.35 clearly indicates
that the measured velocities follow the log-law distribution when the local shear
velocities are used to normalize the data. The shear velocity ratios determined using
the procedures described above are summarized in tables 6.3 and 6.4. Table 6.3
shows the results obtained using sand having Dy;=0.5 mm and different bed slope
settings. The results obtained using sand having D,;=0.7 mm and §,=0.0009 are
summarized in Table 6.4.

Table 6.3~ u/u._ for non-interacting flow

and D,;=0.5 mm
Se
(mm) 0.00075 0.0009
90 085 | 091 |
| 150 0.90 0.94
210 0.95 0.96

The v:ﬁiaﬁons of the shear velocity ratio for non-interacting conditions are presented
in Figures 6.36 to 6.38. Isolating the FP flow from the MC flow resulted in a
significant drop in the shear velocity ratios in this region. Consequently, the scour
depth observed for this condition is affected by the mentioned change in #./x.. and
should be modified if the maximum scour depth is sought. The magnitude by which
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the scour depth should be modified for different u/u. 1s discussed in the following

section.

Table 6.4- ufu., for non-interacting
flow and 12,,=0.7 mm
N 0

X S,

(mm) 0.0009 |
9% | os |
150 091
210 0.95

6.1.3- Effects of u./u.. on local scour

Pier scour studies have indicated that, when u_<%- the flow intensity s not strong
enough to initiate local scour around a bridge pier. Also. the local scour is negligible
around a cylindrical pier at #.=0.5u.(Ettema, 1980; Melville, 1984). However,
increasing the shear velocity ratio from 0.5 to 1.0 (as shown in Figures 2.12 and
2.13), results in a linear increase in the scour depth (Ettema. 1980; Liu et at..1961:
Laursen, 1953). |

In compound channels, the approach flow velocity is usually not uniformly
distributed across the FP; therefore, one might expect varying shear velocity ratios in
the FP region. However, the intensity of u. variations across the FP (and the extent
of its effects on local scour depth) depend on factors such as FP and MC boundary
roughness, approach FP flow depth to total flow depth, y/H, and the geometry of the
compound channel. The above factors govern the intensity of the momentum flux
from the MC to the FP, which in turn affect the shear velocity distribution in the FP.
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In the abutment case, however, very limited data are available which relate the local
scour depth to uJ/a... Necessary modifications to observed local scour depths can be
determined by cxamining those data obtained for varying shear velocity ratios.
Plotting Gill's (1972) spur-dikes (vertical wall abutment) data in Figure 6.39 confirms
the linear variations (obtained for the pier case and shown in Figure 2.13) of the
relative scour depth y/y, with the shear velocity ratio for #./1..<1. However, contrary
to the pier case, substantial local scour depth for u#...<0.5 can be observed in the
data of Figure 6.32. The figure also indicates that applying a shear velocity ratio
close to unity proddces the maximum scour depth. In other words, observed local
scour depths using u./..<1 should be modified if the maximum value of the scour
depth 1s sought.

6.1.4- Variations of u./u._ in the floodplain

6.1.4.1- Interacting flow conditions

The deviations of the local u./u. from the critical value for experiments performed
with interacting conditions are presented in Figures 6.40 to 6.43. For interacting
conditions established using S,=0.0006 and D;,=0.5 mm, the local u./x., at the end of
the short model abutment (L=90 mm) is about 5% less than the critical value (Figure
6.40). Approaching the MC/FP junction, u./u., increases and reaches the critical

‘value at x=130 mm. At the end of the long model abutment (=210 mm) the local
shear velocity is 6% higher than the critical value.

The results of experiments performed with slope settings S,=0.00075 and 0.0009, and
D 4=0.5 mm are presented in Figure 6.41 and 6.42, The variations of local u./x., in
these cases follow the general trend observed in Figure 6.40. However, since smaller
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relative flow depths were applied in these experiments. the maximum variation of the
local u. ., at the end of the long mode! abutment (Z=210 mm) is only about 2%
higher than the critical value. Figures 6.41 and 6.42 indicate that shorter model
abutments (L=90 mm) experience about 9% and 6% less local . than the critical
value when using bed slope settings of 0.00075 and 0.0009 respectively. Finally.
considering the flow condition established for D=0.7 mm and S0=0.0009. at the end
of the long model abutments local u. as high as the critical value was observed while,
short abutments experienced 0.9u., at their ends.

6.1.4.2- Non-interacting flow conditions

Isolating MC flow from the FP flow. by means of a thin vertical wall. eliminates the
lateral momentum transfer from the fast moving MC flow to the slower FP flow. In
such a case, significant changes in the FP flow velocity and the local shear velocity
ratio are expected. The variations of the local u.u._ for non-interacting conditions
are presented in Figures 6.44 to 6.46. The figures show that the local u./u., are
generally smaller than the critical value for all the experiments performed with non-
interacting conditions. Figure 6.44. shows the deviation of uz./u.. from the critical
value for 5,=0.00075 and D,,=0.5 mm. The figures indicate that local u. at the end
of the short abutments is approximately 15% less than the critical value, while long
abutments experience smaller decreases of about 4% from u.. Comparing local u.
for interacting and non-interacting conditions shows that isolating the MC flow from
the FP flow generally reduces the local ». by about 5%. When non-interacting
conditions was repeated using S,=0.0009 and D,,=0.5 mm, significant decreases in
local z. were also noted. Approximately the same reduction in local u. was observed
in non-interacting conditions performed using S,=0.0009 and both values of D ,,
(Figures 6.45 and 6.46).
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When the maximum scour depth is sought. the observed scour depth should be
adjusted if the local u, deviates significantly from the critical value. Also. data are
only comparable if they are adjusted for or obtained within the same range of w./u._.
In light of these findings, data having a significant deviation of local u. from the

critical value will, therefore, require adjustment.
6.1.5- Deflection angle 8 and effective w

Examining the surface flow pattern generated in different tests around various model
abutments indicates that a specific ¢ffective width, w, is associated with Q.. As the
flow approaches the abutment, the obstructed portion of the flow is redirected towards
the abutment end where the flow accelerates. As indicated in plate 5.7, as the flow
approaches the abutment end captured confetti paths elongate showing flow
acceleration and approximately 50% increase in the flow velocity in that zone for

given test condition.

In addition to the obstructed flow, a portion of the FP (and MC) flow is also attracted
towards the abutment end where the flow acceleration takes places. This was
observed in all the experiments irrespective of the abutment shape and other test
conditions. The extent of the converged flow, however, varies with test conditions.
The variations of B and the magnitude of the effective width, w, associated with O,

for different test conditions are presented herein.
6.1.5.1- Variations of §

The presence of an abutment obstructs a portion of the FP flow , Q,, and redirects it
toward the abutment end. The flow redirected by the abutment intersects with the

198



approaching flow. Q,, at a specific angle. B. (Figure 6.47). Streamlines closer to the
flume wall make sharper tarn (smaller radius) to reach the abutment end. The surface
flow pattem for interacting conditions using $,=0.0009. /),,=0.5 mm., and the SC-
abutment are shown in plates 6.1 to 6.3. The plates indicate that as the abutment
length increases the angle of the redirected flow. . increases toward the abutment
end. The redirected flow intersects with the approaching flow of the opening width
at the abutment end at approximately the same angle B. The larger the angle of
mtersection of these flows the stronger the spiralling motion at the abutment end.
This flow feature can clearly seen by considering the distance of the floating strings
from the abutment end.

The characteristic distance between the abutment end and the closest floating string
is generated by the vortices of the flow field. Larger and stronger vortices produce
bigger characteristic distance. The presence of the spiralling motion and the
characteristic distance between the abutment end and the floating strings are clearly
demonstrated in the close-up photographs presented in plates 6.4 to 6.7. These
photographs where captured for interacting conditions using S,=0.0009, D,,=0.7 mm.,
VW (L=210 mm) and SC (Z=150 mm) abutments were utilized in plates 6.4 and 6.5,

whereas plates 6.6 and 6.7 show ST (L=210 mm) and WW (L=210 mm) abutments
respectively.

Comparing photographs captured using different grain sizes and bed slope settings
indicates that the short model abutments (L=90 mm) redirect the obstructed flow at
an angle B approximately equal to 15°, the mid-length model abutments (L=150 mm)
redirect the flow at = 30°, and the long model abutments (=210 mm) redirect the
flow at B= 40°. The angle of flow deflection increaées with the abutment length to
a maximum value of 90°. This suggests that there exists a limiting scour depth
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associated with the maximum value of f.
6.1.5.2- The extent of w

As mentioned earlier, a portion of the approaching flow is attracted toward the
abutment end where the flow acceleration takes place. To determine the ratio Q,/(,
it is necessary to define width w in which flow (), contributes to the scouring
process. Using the floating strings technique, the surface flow pattern of interacting
conditions was visualized and photographed: the extent for w was then determined.
The flow pattemn in the vicinity of SC abutments of different length for interacting
conditions, §,=0.0009, and D,=0.7 mm are shown in plates 6.8 to 6.10. Piates 6.11
10 6.13 show the flow pattern in the vicinity of VW-abutments of different lengths for
the same test conditions that applied in the former plates. Finally. plates 6.14 to 6.16
show the flow pattern in the vicinity of ST (L=90 mm). VW (L=150 mm.), and SC
(L=210 mm) abutments, using S5,=0.0009, D,;=0.5 mm, and interacting conditions.

As indicated in plates 6.8 to 6.16, when the flow approaches the contracted section
of the flume the surface flow lines separate into two portions: one portion converges
and concentrates at the abutment end where the flow accelerates, and the other
portion moves away from the abutment towards the MC/FP junction. Plates 6.8 to
6.16 generally indicate that a larger number of streamlines concentrate at the end of
longer abutments resulting in higher flow velocity and local shear stress and in turn

a deeper scour hole.

~ Comparing flow patterns of plates 6.8 to 6.10 and plates 6.11 to 6.13 indicates no
significant influence of the abutment shape on the overall extent of the modified flow
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field generated around abutments. The same conclusion was drawn regarding the
influence of the relative flow depth on the extent of . by comparing plates 6.8 to
6.13 and 6.14 10 6.16. In other words, the extent of w can be related to the length of
the obstructing structure. Based on comparison, of photographs taken of different
tests for interacting conditions, the extent of w (the width associated with (,) is

considered approximately equal to 70% of the abutment tength in each case.

6.1.6- Discharge ratio 0,/0,

the velocity distribution across the FP of a compound channel is usually not uniform.
Because of the high resisrance‘ coefficient in the FP flow is generally slower in that
region than in the MC. As imentioned in section 2.6 the relative flow depth affects the
lateral momentum flux. consequently the velocity distribution in the transverse
direction in the FP depends on y/H. The variations of the depth-averaged flow
velocity across the left FP for interacting conditions are presented in Figures 6.48 to
6.51. The figures clearly indicate that the velocity gradient in the lateral direction is
steeper for smaller relative depth than for larger ratios. This indicates that lateral
fnomentum transfer (LMT) is stronger for smaller y,/H ratios.

Since flow velocity in the lateral direction is not uniform, to accurately determine 0,
and O, the flow should be integrated along the specified widths of the FP, i.e. w and
L respectively. This was accomplished by developing a computer programme which
utilizes the co-ordinate method to determine the area associated with any point on the
flow velocity curve. The programme determines Q. and O, by integrating the flow
associated with L and w respectively, The Q,/Q, ratios were then determined for
different flow conditions and effective width w'.
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The variations of (),/(, across the FP for different flow depths and interacting
conditions are presented in Figures 6.52 to 6.54. The variations of (J,/(), are shown
in Figure 6.52 for interacting conditions with 5,=0.0006 and Dy=0.5 mm. As
indicated in the figure the relative depth for this case (v /H=0.29) was close to the
limit beyond which the effects of the compound section decrease significantly; in
such a case the LMT becomes insignificant. The linear variation of the discharge
ratio indicated in Figure 6.52 can be attributed to the decrease in LMT. In other
words, smaller LMT pfoduces a flatter velocity gradient in the lateral direction, which

results in smaller variations in the discharge ratio.

For smaller .relaf.ive depth ratios, however, stronger LMT exists which results in
significant velocity variations in the lateral direction, especially in the vicinity of the
MC/FP junction (Figures 6.49 and 6.50). As a result of stronger velocity gradients
one would expect that the discharge ratio would increase as the MC/FP junction is
approached. This trend can clearly be seen in Figures 6.53 and 6.54. These figures
show the variations of Q,/Q, in the FP for interacting conditions using D,,=0.5 mm
and bed slope setting S,=0.00075 and 0.0009, which produced relative depth ratios
equal to 0.24 and 0.21 respectively. Also, for interacting conditions with D.,=0.7
mm and §,=0.0009 the variations of Q,/Q, in the FP are presented in Figure 6.55

The variations of the discharge ratio with FP flow depth at specific positions in the
FP for interacting conditions using D,;=0.5 mm are shown in Figures 6.56 to 6.58.
The LMT effect &eceases as the distance from the MC/FP junction to the FP wall
increases. Dividing the width of the FP into four quarters, relatively similar flow |
velocity gradients were observed in the lateral direction close to the FP wall, i.e.
0<x<100 mm (Figures 6.48 to 6.51). The velocity gradients observed in the next
quarter (10<x<200 mm) are flatter than the former ones, however, similar trends for
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different flow conditions were also observed in this region. Closer to the MC/FP
Jjunction (200<x<381 mm) stronger variations in the velocity gradients for different

relative depths were observed (Figures 6.48 to 6.51).

As a result of the variations of the lateral velocity gradient the variations of Q,Q),
increase as distance from the MC/FP junction decreases. Also. the variations in
0./Q, with y/H become more significant as the distance to the MC/FP junction
decreases. In other words, as the FP flow depth increases LMT decreases, resulting
in more uniform flow velocity gradients in the FP. Flatter velocity gradient in turn
resuits in smaller discharge ratio (Figure 6.58). Figure 6.58. which shows the
variations mn Q,/0, with Y. for x=210 mm (the long-model abutment). clearly
illustrates that the discharge ratio decreases as flow depth in the FP increases. Figures
6.56 and 6.57 show the variations in the same parameters for the short- and mid-
length (90 and 150 mm) model abutments. Similar trends can be observed in Figures
6.56 and 6.57 to that observed in Figure 6.58, however, the variations of Q,/Q, in the
former figures are smaller.

Since LMT aﬂ‘eqts the region close to the MC/FP junction the most, the greater the
distance from the MC/FP junction the smaller will be LMT. Therefore, the lateral
velocity gradient in the region close to the FP wall (0<x<200 mm) is less affected by
variations in y,/H. This, in turn, leads to smaller variations in Q,/Q, with y, in this
region.

6.2- SCOUR DATA; INTERACTING FLOW CONDITIONS

6.2.1- Influences of flow depth and abutment length; D;;=0.5 mm
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Flow depth and abutment length were utilized in previous studies to propose abutment
scour prediction equations. In order to facilitate comparison between the data of the
present study and the results of the previous studies. the relationship between scour

depth, flow depth and abutment length are presented here.
6.2.1.1- Flow depth factor

The variations of y,, with y, based on D,,=0.5 mm and different model abutment
shapes and lengths. are presented in Figures 6.59 to 6.62. Figure 6.59 shows the
variations of the scour depth for SC-abutments of different length. Considering the
curve for the 90 mm-long abutment in Figure 5.69, increasing the flow depth from
28 mm to 33 mm increases .. Fory,>33 mm, an increase in the flow depth does not
affect y _ significantly. Different model abutment lengths produced similar trends
to that of L=90 mm (Figure 6.58). Figures 6.60 to 6.62 show the variations of Vie
versus y, for model abutment lengths £=90, 150, and 210 mm and VW;, WW-, and
ST-abutment shapes. Different abutment shapes produced differeat scour depth; the
variations of the scour depth in these figures, however, follow the same trend
observed for the SC-abutment shape (Figure 5.59).

The decrease in y,, for smaller flow depths can be attributed to a decrease in the
downflow strength. Also, in shallower flow depths the surface vortices interfere with
the primary vortex at the base and decrease its strength, which in turn results in 2
shallower scour hole. As the flow depth increases the distance between these vortices
increases and eventually ata specific flow depth they do not interfere with each other.
For this condition scour depth is independent of the flow depth. The data in Figures
6.59 to 6.62 were non-dimensionalized by L and are presented in Figures 6.63 to 6.67.
These figures indicate that an increase in flow depth resuits in an increase in the scour
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depth. however. the rate of the scour depth growth is decreasing.

To observe the influence of model abutment shape on scour depth, the variations in
scour depth for a given abutment length and different mode! abutment shapes. are
presented in Figures 6.67 to 6.68. In these figures which also show the effects of
flow depth on scour depth the non-dimensionalized scour depth and flow depth(y: /L
and y./L) were utilized. Figure 6.67 shows the variability in the scour depth for
90 mm-long model abutments of different shapes. This figure indicates that different
model abutments produced similar trends in the scour depth. The smallest scour
depth for a given flow depth was generated by the ST-abutments. while the
VW-abutments produced the maximum scour depth. For the smallest flow depth
used, the scour depths produced by the WW-abutments were smaller than those
produced by the VW-abutments, However, as the flow depth continue to increased
these abutment shapes eventually generated the same scour depth. For the range of
flow depths used in the experiments the depths of the scour produced by the

SC-abutments were larger than those produced by the ST-abutments and smaller than
those produced by the WW-abutments.

As the abutment length increased, the effects of abutment shape on scour depth
decreased (Figure 6.68). Figure 6.68 presents the data for 150 mm-long model
abutments of different shape. This figure shows that the ST- and the SC-abutments
produced relatively similar scour depth for y,=28 and 33 mm and it decreases by
approximately 5% for y,=42 mm. However, for the range of flow depths used the
WW-abutments produced approximately 5% deeper scour holes than those generated
by the ST-abutments. In this case (=150 mm) the VW-abutments prbduced the
maximum scour depths which were appfoximately 20% deeper than those generated
by the SC-abutments.
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The vanations in scour depth for 210 mm-long abutments of different shapes
observed in Figure 6.69 are similar to those observed for 150 mm-long abutments
(Figure 6.68). The difference in the latter case. however, was between the scour
depth produced by the VW-abutments and that generated by other abutment shapes.
The scour depth produced by the ST-, SC-, and WW-abutments differ only slightly
from each other (between 2 to 5%). VW-abutments. however. exhibit significant
differences in the magnitude of the scour depths, which were higher approximately

15 to 35% than scour depths generated by the other abutment shapes.
6.2.1.2- Abutment length factor

The variations of y,, with L for different flow depths are plotted in Figures 6.70 to
6.73. These results are for SC-, VW-, wwf, and ST-abutments. Figure 6.70 shows
the y,. generated for a range of flow depths by SC-abutments having different lengths.
The trend of y,. with L indicates that the scour depth increases with increasing rate as
L increases. Other abutment shapes produced similar trends as that generated by the
SC-abutment (Figures 6.71 to 6.73). The data in Figure 6.70 (SC-abutments) were
non-dimensionalized by the flow depth and are presented in Figure 6.74. The rate of
Y:lY, growth with L/y, is more pronounced ir Figure 6.74 than in Figure 6.70. In
other words, for a given flow depth y, /y, grows with increasing rate as L increases.
The data for other abutment shapes (VW-, WW-, and ST-abutments) are also non-
dimensionalized and are plotted in Figures 6.75 to 6.77. The Increasing rate of y,./y,
also can be clearly observed in these figures.

6.2.2- Influences of abutment length and flow depth; D50=0.7 mm

For Ds=0.7 mm and S=0.0009, the y, versus L relationships under interacting
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conditions are presented in Figure 6.78 for different abutment shapes. The scour
depth generated by the short model abutments (=90 mm) varies with the abutment
shape. The VW-abutment generated the maximum scour depth. which was
approximately 20% greater than that produced by the SC-abutment. Also, the scour
hole produced by the WW-abutment was about 5% deeper than that associated with
the SC-abutment. The smallest scour depth was associated with the ST-abutment.
1t generated a scour hole about 8% smaller than that produced by the SC-abutment,

Except for the VW-abutment, as the abutment length increased the effect of the
abutment shape decreased. For the mid-length (=150 mm) and long (£=210 mm)
model abutments onfy small variations (1 to 3%) were observed in the scour depth
generated by the SC-, ST-, and WW-abutments. However, a significant difference
(approximately 20%) was observed between the scour depth produced by the
VW-abutments and those generated by other abutment shapes.

6.2.2.1- Abutment length factor

A comparison between the Dy,=0.7 mm and D;,=0.5 mm results is possible if the data
are non-dimensionalized by a length scale. The effect of sediment size can be
examined if scour depth and sediment size are non-dimensionalized by abutment
length, L. The non-dimensionalized data for inferacting conditions are presented in
Figures 6.79 to 6.82. These figures show the variations of y,/L with L/D,, for
different abutments shape and sediment sizes. Figure 6.79 shows the results for
SC-abutments of L=90, 150, and 210 mm, for both D,,=0.5 and 0.7 mm. The data
indicate that, for a given abutment length, decreasing D,, decreases y, /L. The rate of
reduction in the scour depth, however, decreases with the an increase in L. In other
words, the variations in y, /L with L/Dy, for 150 mm-long abutments are smaller than

207



those for 90 mm-long abutments and are larger than those for 210 mm-long
abutments. Figure 6.79 indicates that, for a given abutment length. increasing the
sediment size penerally results in deeper scour holes when the threshold condition of

bed matertal movement is maintained.

Figures 6.80 to 6.82 show the variations of v,../L with LD, for VW-, WW-, and ST-
abutments respectively. The data in these figures were obtained using D,,=0.5 and
0.7 mm and /= 90, 150, and 210 mm model abutment lengths. The data for VW-,
WW-, and ST-abutments show a systematic decrease in y,/L with increasing L/Ds,.
The general trend of y,./L variations with L/D, observed for these abutment shapes
are the same as that observed for the SC-abutment (Figure 6.79).

The influence of abutment length on scour depth for interacting conditions with
D;,=0.5 mm and D=0.7 mm are presented in Figures 6.83 to 6.86. Each figure
presents the results for a given abutment shape. Figure 6.83 shows that. for 2 given
L/y, the relative scour depth generated by SC-abutments is higher for D,,=0.7 mm
than for D;,=0.5 mm. Based on the results presented in Figures 6.79 to 6.82,
observing higher y./4, for D,,=0.7 mm than for D,,=0.5 mm would be expected. As
indicated in Figures 6.84 to 6.86, the trend of y, %, variations observed for VW-,
WW-, and ST-abutments for Dy,=0.7 mm is similar to that observed for
SC-abutments. The curves fitted to the data points for D;;=0.7 mm envelop the data
for Dy;=0.5 mm.

6.2.2.2- Flow depth factor

The data for interacting conditions and using both sediment sizes are presented in
Figures 6.87 10 6.90 to show the influence of the relative flow depth, y,/L, on relative
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scour depth. v, L. These curves for a specific abutment shape are presented on each
figure. The v, L versus 3, L relationships for the SC-, VW-, WW -. and ST-abutments
are presented in Figures 6.87 to 6.90 respectively. The data correspond to 1),,=0.7
mm were indicated by curves line in these figures. They show that for a given
abutment length increasing the flow depth results in an increase in the scour depth;
the rate of the growth, however. is decreasing. Although the trend of these vanations
was also observed for D;;=0.5 mm. slightly higher ¥, /L values were observed for
D=0.7 mm.

The decrease in variations of y,/L (Figure 6.79 to 6.82) suggests that there is a
. limiting L/D,, beyond which the scour depth becomes independent of the sediment
size. For circular bridge piers Ettema (1980) showed that. when 4/D,>50, the
impact of sediment size on scour depth ¥,./o becomes insignificant. In the abutment
case, since L/D<50 is unlikely to be encountered in both laboratory and field
conditions on one hand and on the other hand there is a lack of data to evaluate the
effects of the sediment size, engineers usually rely on Ettema’s (bridge pier) results
when considering abutments (Melville, 1992). The results of this study, however,
indicate that the limit set by Ettema (b/Dy;>50) for circular bridge piers is not
appropriate for the abutment case. Further studies are required to draw a more

general conclusion regarding the effects of sediment size for the case of bridge
abutments,

Comparison of the results obtained using two sediment sizes indicates that, for the
case of abutments D, affects scour depth even when LIDy»50. Accordingly, more
realistic relationships to predict local scour depth at bridge abutments can be
obtained if the effects of the sediment size are incorporated in the formulation. The
effects of relative size of sediment (section 3.4), can be considered by incorporating
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I (the critical Froude number for initiating bed material movement) in the

formulation.
6.2.3- Scour depth versus discharge ratio
6.2.3.1- y..v, versus O,/0,: Ds;=0.5 mm

As indicated in section 3.4 the discharge ratio was an important parameter for
predicting scour at bridge abutments and should be incorporated in the formulation.
The variations of the discharge ratio in the FP for different interacting conditions are
presented in section 6.1.6. In this section the relation between Q,/0, and y,./V, is
presented for different abutment shapes and flow conditions. |

The Dy,=0.5 mm results for interacting conditions are presented in Figures 6.91 to
6.94. Figure 6.91 shows how of y,/y, varies with Q,/Q, for the SC-abutments in
different y,/H. As discussed in section 6.1.6, the higher the y,/H the smaller the LMT,
i.e. the velocity distribution tends to be more uniform across the FP. This, eventually,
results in smaller 0,/Q,. Considering the relative flow depth y/H=0.21 in Figure
6.91. higher y. 4, were observed for this ratio than for y/A=0.24 and 0.29.
Increasing Q,/Q, results in higher y,/y,, the rate of the growth, however, is

decreasing.

The y,/y, versus Q./0, relationships are presented in Figures 6.92 to 6.94 for the
VW-, WW-, and ST-abutments, respectively. The trend of y,/, growth in these
figures is stmilar to that observed in Figure 6.91, i.e. the smallest y /H produced the
highest y,./y... '
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The v,.¥, versus O, O, relationships for different abutment shapes and a given
relative flow depth ratio are presented in Figures 6.95 to 6.97. Figure 6.95 shows the
results for v, H=0.21: the largest and the smallest scour depths for a given Q, Q,
value were produced by the VW-abutments and the ST-abutments, respectively. The
Y.y, curve for the SC-abutments is lower than that of the WW-abutments, however
these abutment shapes produced smaller v, than the VW-abutments. Figure 6.95
indicates that. for all abutment shapes. y,. v, increases with decreasing rate when
0Q./Q, mcreases. The figure also shows that the influence of abutment shape on scour

depth decreases as Q,/0, increases.

The LMT associated with y,/H=0.21 is higher than that for larger y,/H. Higher LMT
results in larger O,/C, which, in tumn, produces larger scour depths, The v, 4, versus
0Q./Q, relationships for y,/H=0.24 and different abutment shapes are presented in
Figure 6.96. As a result of relatively weaker LMT for y/H=0.24. the variations in
V./y. are smaller than those observed in Figure 6.95. Also. the influence of the
abutment shapes decreases as Q,/Q, increases. Figure 6.97 shows the results for
Y/H=0.29, which indicates that LMT is smaller than for the former y/H values.
Smaller LMT results in smaller Q,/Q,, which translate into smaller y_/y_. Smaller
LMT generally calls for milder growth in y,/4, which can clearly be observed through
a comparison of the rate of y,./y, growth in Figures 6.95 to 6.97.

6.2.3.2- y./y, versus 0./0,; D50=0.7 mm

The Dy,=0.7 mm results are presented in this section and are compared with those for
Dy,=0.5 mm. To maintain near-threshold condition for D.,;~0.7 mm the relative
depth, y/H=0.27 is required for 5,=0.0009. High y/H reduces LMT between the
MC and the FP. As discussed in section 6.1.7, in these circumstances variations in
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(2. (), decrease across the FP. This, in tum, reduces the variations in y,_y, (i.e. the

trend of y,. v, tends to flatten).

The v, versus (,-Q, relationships for the SC-, VW-, WW-, and ST-abutments are
presented in Figures 6.98 10 6.101 fcspecﬁvely. These figures indicate that y,_v,
increases when Q,/Q, increases, however, the trend in these figures indicates that
ViV, grows at a decreasing rate. The influence of Q,/0, on y./p, for interacting
conditions for Dy=0.5 mm and D;,=0.7 mm are compared in Figures 6.102 to 6.105.
Each figure presents the results for a given abutment shape. Figure 6.102 shows that,
for a given Q,/Q)... the relative scour depth generated by the SC-abutments is higher
~ for Dy,=0.7 mm than for Dy;=0.5 mm. The same trend is also observed in Figures
6.103 to 6.105. which show the results for VW-, WW-, and ST-abutments. The
curves fitted to the data points for Dy=0.7 mm envelop the data for D;;=0.5 mm.

6.2.4- Comparison with former formulae

In this secﬁon scour depths predicted by equations proposed by different researchers
are compared with observed scour depths for interacting conditions. The data for
Y/H=0.27 are presented in Figures 6.106 to 6.109 for SC-, VW-, WW-, and
SC-abutments respectively. The data in these figures were compared with the results
of Equations 2.14 (Garde et al., 1961), 2.18 (Gill, 1972), 2.19 (Froehlich, 1989), 2.27
(Melville, 1992), and 2.34 (Sturm and Janjua, 1994).

For the range of relative flow depth used, equations 2.14, 2.18, and 2.34 predicted -
Y./¥, smaller than the observed values. Garde et al., Gill, and Storm and Janjua’s
tests were performed using shear velocity ratios smaller than the critical value.
Therefore, their equations underestimate the scour depth significantly if the maximum
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scour depth is sought. As indicated in Figure 6.106. Melville’s equation
overesimated scour depth for all the investigated abutment lengths. Froehlich's
equation on the other hand overestimated scour depth for the 150- and 210-mm

abutments and produced lower values for the 9 cm-abutments (Figure 6.106 to 6.109).

The trends of y..), growth produced by both Melville's equation and Froehlich's
equation indicate that these equations are very sensitive to abutment length. In other
words. the overestimation of scour depth for longer abutments is higher than for
shorter abutments. The results for y,/H=0.24 and 0.21 are presented in Figures 6.110

t0 6.113, and 6.114 to 6.117 respectively. These figures show similar trends to that
observed in Figures 6.106 to 6.109. '

6.3- SCOUR DATA; NON-INTERACTING FLOW CONDITIONS

In this section the scour data for non-interacting condiﬁons are presented. The
experiments for non-interacting conditions were also preformed with the both
sediment sizes. The bed slope settings used in the D,,=0.5 mm experiments were
S,=0.00075 and 0.0009. whereas in the D,=0.7 mm experiments only S,=0.0009 was
used. The relative influences of abutment length and flow depth on the scour depth
are presented first. The vatterns of the scour holes generated by the different abutment
shapes are also presented. The results for non-interacting conditions are then
compared with that for interacting conditions.

6.3.1- Abutment length effects

The role of abutment length in determining scour depth for Dy,=0.5 and 0.7 mm is
presented in Figures 6.118 to 6.121 for different abutment shapes. Figure 6.118
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shows how of vy, varies with /. v, for different-length SC-abutments. The figure
indicates that for a given flow depth v.. v, increases as /. increases. Except for the
VW-abutments (Figure 6.119). which generated larger variations in 1., 1. the WW-
and the ST-abutments exhibited similar trends to that generated by the SC-abutments
(Figure 6.121).

As abutment length inéreases. abutment shapes account for only minor variations in
V.. The scour hole pattern can be considered to refiect the flow structure at the bed.
The scour hole pattern generated by the SC-abutments for D,=0.5 mm and
S5,=0.00075 are presented in plates 6.17 10 6.19. A semi-circular scour hole formed
upstream of the 90 mm-abutment (Plate 6.17). As the abutient length increases, the
scour hole, as a consequence of the larger P. extends towards the MC/FP junction
(Plates 6.18 and 6.19).

The scour hole pattern generated by the WW- and the VW-abutments for ,,=0.5 mm
and 5,=0.00075 are presented in Plates 6.20 to 6.22 and 6.23 to 6.25 respectively.
The scour holes upstream of the abutments generated by the WW-abutments are
generally similar to those generated by the SC-abutments, in the downstream
direction, however, a wider portion of the FP bed was disturbed by the WW-
abutments than by the SC-abutments. Compared to other abutment shapes the VW-
abutments created a basically different scour pattern. Comparing the scour pattefns
photographed for the 150 mm-abutments (Plates 6.18, 6.21, 6.24, and 6.26) with those
for the 210 mm-abutments (Plates 6.19, 6.22, 6.25, and 6.27) shows that, as the
abutment length increases different abutment shapes result in relatively similar scour
pattemns. Since the scour patterns can be considered indicative of the ﬂow structure
close to the bed, the stepwise scour pattern generated by the 210 ,_-abutments suggest
that (except for the VW-abutments) the difference in the abutment shapes calls for
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minor differences in the flow structure. As a consequence of the similarity in the

flow structure. the scour depths generated by longer abutments of different shape

differ only by 1 to 3%.
. 6.3.2- Flow depth effects

The data for non-interacting conditions for both sediment sizes are presented in
Figures 6.122 to 6.125. These figures present the y,. v, versus v, L relationships for
the SC-. VW-, WW-, and ST-abutments respectively. The data in these figures show
that, for a gtven abutment length, increasing the flow depth increases the scour depth.
Moreover, as was the case for interacting conditions, the rate of the growth in scour
depth decreases with flow depth.

6.3.3- y, for interacting and non-interacting flow conditions

As Indicated beforehand, earlier bridge abutment studies were conducted in laboratory
flumes of rectangular cross-section. Although this ar-angement simulates abutments
positioned in the MC, the results of these studies were used to predict local scour
depths for abutments terminating in the FP. Considering an imaginary boundary at
the MC/FP junction, Melville (1995) concluded that abutinents terminating in the FP
(case la in Pfgme 2.39) might be regarded as being similar to abutments sitting in
a rectangular channel (case I in Figure 2.39). In order to examine the valxdlty of this

assumption, our data for nan-imerdcting conditions are compared with those for

interacting conditions. .

The comparison is based on examining the cormresponding y,./v, versus L/,
relationship. Figures 6.126 to 129 show, for » ;,=0.5 mm and §,=0.00075, the y, /¥,
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versus .1y, relationship under interacting and non-interacting conditions for the SC-.
VW- WW-_ and ST- abutments respectively. The data in Figures 6.126 to 6.129
indicate that non-interacting conditions resulted in 15 10 30% smaller y,,y, than that
generated under interacting conditions. Isolating the MC flow from the FP flow
eliminates LMT and decreases the flow velocity in the region close to the MC/FP
junction. This in turn decreases the shear velocity ratio in the FP. To compare the
data for the critical u./u., the data were modified based on u.x., tabulated in Table
6.3. The modified values for non-interacting conditions in Figures 6.126 t0 6.129
also show 5 to 15% smaller y,/y, than for interacting conditions. The smallest
differences between the y,/, for interacting and non-interacting conditions were
observed for the 150 mm-abutments. In other words, isolating the FP from the MC

affects the 90 mm-abutments and 210 mm—abﬁtments ‘ﬂle most.

The relationships between y,/, and Ly, for Di=0.5 mm and S,=0.0009 are
presented in Figures 6.130 to 6.133. These figures also show that y, 4, produced
under nor-interacting conditions is smaller than that for interacting conditions. The
variations in y,/J, for the given bed slope setting generally follow the trend observed
in Figures 6.126 to 6.129. The u./., in Table 6.3 were used to modify the data;

nonetheless, the modified y,/y, are less than those for interacting conditions.

Finally, Figures 6.134 to 6.137 show the y,/y, versus Ly, for D,=0.7 mm and
§,=0.0009. The differences between y,/y, for interacting and ron-interacting
conditions was between 10 to 35%. The data for non-interacting conditions were also
modified based on u./u., tabulated in Table 6.4. Similar to the data in Figures 6.126
to 6.133, the non-interacting data for Dy=0.7 mm, after being modified for the shear
" velocity ratio, are still smaller than the interacting data.



Comparing the interacting and non-interacting data shows that isolating the MC flow
from the FP flow decreases the scour depth. Under non-interacting sonditions the
210 mm-abutments obstruct 55% of the FP width. In this instance one would expect
to observe an increase in the scour depth. because of the contraction scour that would
normally occur as a result of the relatively high contracting ratio. «,. Yet, the
resulting scour depths are substantially smaller for non-interacting conditions than for
interacting conditions for the 210 mm-abutments. Therefore. substituting case 1 in
Figure 2.39 for case Illa (by assuming an imaginary wall at the MC/FP junction) is
not valid. Accordingly applying relationships based on data obtained from
experiments performed in rectangular channels will result in highly conservative
(predicted) scour depths.

6.4- PROPOSED SCOUR PREDICTION MODEL
6.4.1- Shape factors

The data for interacting conditions will be used to develop a scour prediction formula
for abutments terminating in the FP zone. Since scour depths were obtained for
different abutment shapes, the whole data set can be utilized providing that the shape
effect is removed from the data. Data obtained for the different abutment shapes
exhibit some scatter when plotted in non-dimensional form. Using different non-
dimensional parameters the data are presented in Figures 6.138 to 6.140. The
influence of flow depth, abutment length, and the discharge ratio on scour depth can
be observed in Figures 6.138 to 6.140 respectively. The scatter in the data attributed
to the abutment shape can be removed by applying appropriate shape factors.

The shape factors can be determined by trial and error procedures. A particular
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abutment shape 1s selected as a reference shape. The scour depths generated by other
abutment shapes are then modified by coefficients until the best collapse in the data
is attained. The coefficients which produced the best coliapse in the data were

regarded as the shape factors for the different abutment shapes.

In this study the SC-abutment was selected as the reference shape. An appropriate
collapse in the dzta was obtained by applying shape factors X,=1.25, 1.08, and 0.95
for the VW-, WW-, and ST-abutments respectively. The data in Figures 6.138 to
6.140 were adjusted by the appropriate shape factors and the modified data are
presented in Figures 6.141 to 6.143. The modified data were then used to develop the

scour prediction model for abutments terminating in the FP.
6.4.2- Prediction of scour depth

The data for interacting conditions (presented in Appendix E) are analysed to develop
a scour prediction model based on the functional relationship obtained in section 3.4,
First, the data were log-transformed, then a multiple regression model was applied.
From the results of the multiple regression analysis the scour prediction model takes

the form:
' 39
Y135 [2_] FMV poox (62)
Yo Q,

The coefficient of determination (r*) and the statistical F-observed of the proposed
model are 0.9 and 120.6, respectively. Also, the tabulated F-critical for the
corresponding degrees of freedom an(i 0.005 level of significance is 42.5. Since the
F-observed >> F‘:critical the regression equation is useful in predicting the scour
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depth.

Scour depths were predicted by applying Equation 6.2 to the various test data. and
these were then compared with observed value (Figure 6.144). Figure 6.144 indicates
that the model fits the data well and most of the data fall within the +10% error lines.
Since Q,/Q, in Equation 6.2 was raised to the power of 3.9. it should be evaluated
accurately in order to avoid large errors in estimating scour depth. Also. the model
can only be validated for field conditions if field data are available: field data for the

case of bridge abutments, however, are very scarce and deficient.

The data in the present study were compiled using 2<L/y,<7.5, 0.21<y /H<0.29, and
uJdu.=1. Therefore, Eqﬁation 6.2 predicts the maximum scour depth for the given
ranges of relative abutment lengths a"nd relative flow depths. Further studies are
required to evaluate the scour depth for longer abutments and smaller y /H at u./u. =1,
uJu..<l,and w./u..>1. Also, non-cohesive bed material was employed in this study.
Dafa showing the impact of cohesive materials on the scouring process are scarce.

The local scouring process at bridge abutments should be investigated for the case of
cohesive sediments.

Furthermore, when applying Equation 6.2 to field conditions the results should be
adjusted to account for gradation of the bed material. The impact of gradation on
abuunent‘ scour compound flow fields, however, has not been investigated yet.
Etterna’s (1980) and Woﬁg’s (1982) data indicate that, as o, increases to 4, the scour
depth decreases to about 1/4 (Figure 2.18). Therefore, in the absence of information
concerning the impacts of gradation and armouring on abutment scour in compound
flow fields, Figure 2.18 should be used to estimate the impact of gradation on local
scouring process. |
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Plate 6.1- Flow deflection around 9 ¢cm-SC abutment
for interacting flow. §,=0.0009. and 1);,=0.5 mm

Plate 6.2- Flow dcflection around 13 cm-SC abutment
for intcracting flow, $,=0.0009, and )5,=0.5 mm
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Plate 6.3- Flow deflection around 21 em-SC abumiem
for interacting flow. §,=0.0009. and 1),=0.5 mm

Plate 6.4- Close-up view of the flow pattern around 21 cm-VW
abutment for interacting flow, 5,=0.0009, and /),,-0.7 mm
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Plate 6.5- Close-up view of the flow pattern around [5 em-SC

abutment for interacting flow. S =0.0009. and D=0.7 mm

Platc 6.6- Close-
abutment for interacting flow. 8,=0.0009, and /),,~0.7 mm

up view of the flow pattem around 21 cm-ST
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Plate 6.7- Close-up view of the flow pattern around 21 cm-WW
abutment for interacting flow. §,=0.0009. and /),,=0.7 mm

Plate 6.8- Flow convergence around 9 ¢cm-SC abutment
for interacting flow, §,=0.0009, and /),,=0.7 mm

296



Plate 6.9- Flow convergence around 13 cm-SC abutment
for interacting flow, §,=0.0009_ and /).,=0.7 mm
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Plate 6.10- Flow convergence around 21 ¢cm-SC abutment
for interacting flow. $,=0.0009, and 1)5;=0.7 mm
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Plate 6.11- Flow convergence around 9 cm-VW abutment
for interacting flow, S,=0.0009. and N,=0.7 mm

Plate 6.12- Flow convergence around 15 cm-VW abutment
for interacting flow, S,=0.0009, and ,,=0.7 mm
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Plate 6.13- Flow convergence around 21 ¢cm-VW abutment
for interacting flow, S,=0.0009, and D,=0.7 mm

Plate 6.14- Flow convergence around 9 cm-ST abutment
for interacting flow, §,=0.0009, and Ds;=0.5 mm
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Plate 6.15- Flow convergence around 15 cm-VW abutment
for interacting flow, $,=0.0009, and D;=0.5 mm
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Plate 6.16- Flow.convergence around 21 cm-SC abutment
for interacting flow, 5,=0.0009, and D4,=0.5 mm
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Plate 6.17- Scour pattern around 9 cm-SC abutment
for non-interacting flow, 5,=0.00075. and /)¢,=0.5 mm
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Plate 6.18- Scour pattern around 15 cm-SC abutment
for non-interacting flow, S,=0.00075, and ;=0.5 mm
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Plate 6.19- Scour pattern around 21 cm-SC abutment
for non-interacting flow, §,=0.00073. and /);,=0.5 mm

Plate 6.20- Scour pattern around 9 cm-WW abutment
for non-interacting flow, S,=0.0€"75, and ,,;=0.5 mm
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WW.15-8075

Plate 6.21- Scour pattern around 15 cm-WW abutment
for non-interacting flow, §,=0.00075. and /),,=0.5 mm

Plate 6.22- Scour pattern around 21 cm-WW abutment
for non-interacting flow, §,=0.00075, and /);,=0.5 mm
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RUN No .8
VW.0S-07$

.

Plate 6.23- Scour pattem around 9 cm-VW abutment for
interacting flow. §,=0.00075. and 15,=0.5 mm
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Plate 6.24- Scour pattern around 15 cm-VW abutment
for non-interacting flow, $,=0.00075, and /),,=0.5 mm
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Plate 6.25- Scour pattern around 21 cm-VW abutment
for non-interacting flow. $,=0.00073. and /),,=0.5 mm

Plate 6.26- Scour pattern around 15 cm-ST abutment for
interacting flow, §,=0.00075, and D,,=0.5 mm
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Plate 6.27- Scour pattem around 21 cm-ST abutment for
interacting flow, §,=0.00075, and 124=0.5 mm
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CHAPTER SEVEN

SUMMARY. CONCLUSIONS. AND
RESEARCH NEEDS

7.1- SUMMARY

Much literature has been publiéhed on the local scouring process at bridge sites. Most
of these studies have dealt with local scouring in the vicinity of bridge piers and a few
with that at spur-dikes and abutments. These studies were almost entirely restricted
to laboratory flumes having rectangular cross-sections, which simulated a structure
placed in the main channel of a watercourse. While the configuration used might
reasonably represent the bridge pier case. it does not properly sirnulate the abutment
case. because abutments are usually set in the FP and most often terrninate there.
Lack of information on simulating such practical situations has led to the development
of abutment scour formulae that predict unrealistic scour depths. The need for further
research on this topic has been emphasized by recognized researchers in the field,
including Richardson and Richardson, 1993a, 1953b; Melville, 1995; Melville and
Parola, 1995, among others.

Melville’s (1992) abutment scour prediction equations are the outcome of an
extensive research programme performed at Oakland University, New Zealand during
1980-1992. Melville’s equations, however, were based on data obtained in
rectangular flumes and so they predict excessive scour depth for abutments sitting in
the FP. A case study reported by Richardson and Richardson (1993b) indicates that
Melville’s method determined 2 scour depth in excess of 50 m for a situation where
the actual scour depth was negligible. Recently, Melville (1995) and Melville and



Parola (1995) divided the abutment case into three categonies and emphasized the

need for more research for abutments that sit and terminate in the FP.

A narrow main-channet width was used in Sturm and Janjua’s studies (1993, 1994).

The flow condition in the FP was significantly below the threshold condition of bed

material movement and it was varied for each test. Due to the limitation of Sturm and

Janjua’s data. Melville (1995) and Melville and Parola (1995) recommended that
further studies should be initiated for abutments terminating in the FP,

Watercourse cross-sectional geometry governs the flow velocity pattern, boundary
shear stress, momentum transfer, and secondary circulations in an open channel flow.
Since a compound cross-section flume was used in the current study. the LMT
phenomenon between the MC and the FP cannot be ignored as it affects the velocity
and shear stress distribution in both the MC and FP. According to Myers and
Elsawy’s (1975) data. even at FP depth/total depth ratio y,/H = 0.38, changes in the
FP boundary shear stress are still observed, however these changes are negligible at
higher values of y/H. Therefore, y,/H should be limited to 1/3 in any study dealing
with LMT in compound-channel flows.

The theoretical basis describing the threshold condition of particle movement was
covered in the first section of chapter three. In the second section the universal
velocity distribution law and the method by which the equivalent sand roughness can
be evaluated were described. The third section dealt with the dimensional analysis
related to the local scouring phenomenon examined in the present study. A
functional relationship was derived that related scour depth to the discharge ratio, the
critical Froude number, the Froude number at the end of the abutment, and' the
abutment shape factor.
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The experimental setup used in the laboratory programme was described in chapter
four and details of the procedures followed to establish appropriate boundary
conditions were presented in chapter five. A suitable bed slope range was examined
and longitudinal bed slopes 0.0006, 0.00075, 0.00090 were selected. Rating curves
for the flume were prepared for each bed slope setting . These curves were
subsequently used to set the flowrate for the various tests performed. A computer
program based on Shields’ diagram was developed which related y,-D; -S, for the
desired u./u., ratio. In this study u./u., =0.95 was adopted (the corresponding y.-Ds
-5, relationship is presented in graphical form (Figure 5.12)). A representative grain
size Dy,=0.5 mm was selected for the main experimental programme. Also used in
two series of tests was a different sediment sample (Dy;=0.7 mm) to compare the
results with those using D,,=0.5 ram.

Based on preliminary tests, model abutment lengths 90, 150, and 210 mm were
selected and four different abutment end-shapes, representative of common shapes in
practice, were investigated. The required flow conditions for the selected test
conditions were determined (Tables 5.2 and 5.3). The first series of the main tests
were run for different periods to investigate the temporal variation of the local scour
and establish a test duration. Based on the results of the first series of long-term
experiments, a test duration of 5 hr was selected for the main testing programme.
Also, the ratio y,/y,. was determined. Since non-interacting conditions were also
investigated, an additional long-term test was performéd to determine the effects of
the new flow conditions on y,/y,.. This was necessary in order to adjust scour depth.
The ratio was also determined for another long-term test performed with Dy;=0.7 mm.
The y/y,. values obtained were applied to adjust measured scour depth to give
corresponding jr,-values-.

309



Finally. different techniques to visualize the surface flow pattern in the vicinity of the
abutment end-sections were examined. The method of floaring strings was tested and
proved to be an effective and a practical way to visualize the angle at which the
diverted (FP) flow combined with the flow component moving in streamwise
direction. The method also identified the diverted flow’s region of influence on the
compound flow field.

The analysis of data and related discussions are presented in chapter six. In
compound channels the flow interaction at the MC/FP junction and the momentum
transfer phenomenon significantly affect the channel flow characteristics. Therefore,
instead of applying an average value for the bed shear stress to the entire width of the
FP, the actual velocity distribution should be considered. Velocity measurements
indicated that the velocity profiles in the floodplain follow the log-law. Therefore,
shear velocity in the floodplain was determined based on a comparison of the actual

velocity profile and the log-law velocity distribution.

7.2- CONCLUSIONS

I. Our study data indicate that, for the case of abutments terminating near MC-FP

junction regjons, under cenditions of strong flow interaction, LMT effects can
produce a 15-30% increase in local scour depth. Therefore, design relationships for
predicting maximum scour depth at bridge abutments should account for LMT.

2. In interacting flow conditions, because of the related LMT effects, the long-
abutment model experienced 10% more shear velocity than the short-abutment model.
Also, isolating the FP flow from the MC flow (i.e. in non-interacting conditions)
decreased the FP shear velocity by approximately 5%.
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3. The data for non-inicracting conditions were adjusted for critical u. n... The
adjusted values of the relative scour depth. v, v, were still 5 to 15% smaller than for

interacting conditions (Figures 6.126 to 6.129),

4. The discharge ratio (), {J, is a significant variable in the determimation of
abutment scour depth because it accounts for: (i) the effective length of the abutment, ;
(i) the effects of FP flow depth to total flow depth ratio. y,/H. and (iii) the effects of
LMT. Therefore. it is essential to include the discharge ratio in any abutment scour
formulation.

5. Flow deflection angles. B= 15°,30°, and 40° were observed for short (L=90
mm), mediurri-length (L=150 mm). and /ong abutments (L=210 mm). The angle B
~ increases with abutment length to a2 maximum value of 90°. This suggests that there

exists a limiting scour depth associated with maximum p.

6. The channe! width portion w, associated with O, . is a function of the abutment
length. In each of the tests performed w was observed to be about 70% of the
corresponding abutment length,

7. Since LMT affects the regton close to the MC/FP junction the most, the greater the
distance from the MC/FP junction the smaller will be the LMT effect. Therefore, the
lateral velocity gradient in the region close to the FP wall (0<r<200 mm) is less
affected by variations in y/H. This, in turn, leads to smaller variations in O,/0, with
¥, in this region. -

8. Except for the VW-abutment, as the abutment length increases the effect of the
abutment shape decreases. For the medium-length (L=150 mm) and long (L=210
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mm) model abutments, only small variations (110 3%) were observed in the scour
depth generated by the SC-. ST-. and WW-abutments. However, a sigmificant
difference (approximately 20%) was obscrved berween the scour depth produced by

the VW-abutments and those generated by other abutment shapes.

9. The decrease in v.L vanauons with L Dy, (Figures 6.79 t0 6.82) suggests that
there is a limiting LD, beyond which the scour depth becomes independent of the
sediment size. The results of our study indicate that the limit set by Ettema (1980)
for the impact of &, ‘Dyy (>50) on the scour depth for circular bridge piers is not
appropriate for the abutment case. Further studies are required to draw a general

conclusion regarding the effects of sediment size for the case of bridge abutments in
compound flows,

10. The experimental data for interacting conditions were employed to develop a

scour prediction model, based on the functional relationship derived in section 3.4,

According to the multiple regression analysis the resulting scour prediction model
takes the form;

ol

Equation 6.2 predicted the scour depth within +10% error lines (Figure 6.144).

.Ln)

} F;.!? FC-O.?,S (6-2)

e0|t0

Ve

7.3- RESEARCH NEEDS

Bridge engineers believe that traditional abutment scour prediction equations estimate
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much larger scour depths than are likely to be observed in the field. Generally. the
reasons for overestimation of scour depth are attributed to the ways that related
laboratory imvestigations were performed in the past. Approach channel geometry
influences the ﬂon field around abutments significantly and must be properly

accounted for in research dealing with abutment scour.

A valuable extensior of the present work would be to examine the effects on local
scour depth of varying the FP width/MC width ratio. The velocity distribution in the
FP and the discharge ratio, ,/Q.. are affected by the lateral momentum flux, which
varies with the FP/MC width ratio. Sediment size and gradation influence the local
scour depth generated at abutments and these factors should be investigated further.
Circular bridge pier scour studies (Ettema, 1980; Chiew, 1984) have indicated that
maximum scour depth is reduced in the case of non-uniform bed material, It is
believed, however, for bridge abutments the reduction in scour depth due to non-
uniformity in sediment size distribution is different from that for bridge piers and
should be investigated. Also, because of the variations in velocity distribution across
the FP, and as a result of sediment gradation a different scour pattern to that for
bridge piers is anticipated for bridge abutments.

Field sites might consist of stratified soil layers and the FP bed roughness is usually
different from that of the MC; it also varies from site to site. When scour-resistant
soils are encountered the scour hole progresses laterally. The influence of the
complex flow field of compound channels on the scour depth in stratified soil layer
would be of great practical interest. To the author’s knowledge, no data exist to show
how FP roughness impacts on the local scouring phenomenon. FP roughness in the
field varies over a very wide range, therefore, such research would also be of great
practical interest. |
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Although it is preferable to orientate the bridge abutments perpendicular to the
approaching flow. in some circumstances they might be aligned skew to the main
current. Presently. the effect of abutment alignment is considered based on studies
of spur-dikes located in rectangular channels. Because of the specific flow
characteristics in the FP of compound channels, an abutment located in the FP and
aligned to the flow at an angle of attack other than 90° produces different scour depth
than a similar abutment located in rectangular flumes. Therefore. it would be of
considerable interest to investigate the local scouring phenomenon associated with
abutment aligned skew to the main flow direction.
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Appendix A

PARTICLE MOVEMENT
AND
LOG VELOCITY LAW

A.1- PARTICLE MOVEMENT
The equations describing the initial movement of bed particles were founded on -
several bases: the critical velocity (fluid impact on particles). the critical shear stress

(the frictional drag of the flow on the particles), and the lift force criteria (the pressure

differences due to the gradient of the velocity). Although the approaches seem to be
different, it can be shown that they are not entirely dissimilar. |

A.1.1- Critical velocity equations
A.1.1.1- Theoretical formulation

Considering the angle of repose, ¢, and the forces acting parallel, F, +» and normal,

F_, to it, the iniial movement condition for a mass of cohesionless, loose, and solid

particles can be described as:
Ff
tan @ = 7 (A.1)

Substituting the resultants of the hydrodynamic drag, F,, the lift force, £, and the
submerged weight, W, for F, and F, in Equation A.1, the condition of incipient

movement becomes:
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Wsin o + I,

W Cos & - F,

tan @ = (A-2)

in which « is the inclination of thc bed from the horizontal at which incipient

sediment movement takes place. This situation is illustrated in Figure 3.1.

Usually. drag and lift forces and the submerged weight of the particle are expressed

as:

5=%g02$¢ (A3)
o2

5=qgo“ﬁ” (A4)

W=k, -pgh’ (A5)

in which u, = flow velocity at the bottom of the channel, C, . C, = drag and hift
coefficients, respectively, D = particle diameter, and &, , &, , and %, = particle shape

factors.

Introducing Equations A.3, A 4, and A.5 into Equation A.2, yields:

"52‘ _ 2k; (tan ¢ cos & - sin o)

A.6
(p/p - 1) gD Co by + C, kytan @ (4.6)

in which u, is the critical bottom velocity at which incipient sediment motion takes
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place. The right-hand side of Equation A.6 is termed the sedimenr coefficient 4

., 2k, (tan @ cos & - sin @)
CD kl + CI. L: tan ¢ (A7)

Equation A.7 shows that the sediment coefficient, A’ is a function of* (i) the bed
material (grain size. size distribution. shape. texture, etc.). (¢) the flow characteristics
which determine C,, and C, values. (iif) the channel slope., and (iv) the angle of

repose, which depends on particle properties.
A.1.1.2- Experimental venifications

The lack of good definition of the bottom velocity, u,. on one hand and the
encountered difficulty in its measurements on the other. make it difficult to
experimentaily evaluate Equation A.6. Nevertheless, applying this equation in some

crrcumstances in which the effect of some parameters is negligible might be useful.

Analysing the results of 400 tests, Mavis and Luashey (1948) proposed an equation
to determine the critical bottom velocity in afluvial streams. Their proposed model
takes the form:

1 4/9 p 3
u, = =D — -1 (A.8
b‘. 2 p )
in which the grain diameter is in mm and the flow velocity in ft/s. Another equation
which relates the initiation of sediment motion to the bottom velocity was proposed
by Carstens (1966). Based on analysis of relatively large amounts of the published

data collected on incipient motion, Carstens suggested his model in the following
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form:

2
"h.

: = 3.612 (tan @ cos & - sin c) (A.9)
(p/p - D) gh

Among the numerous studies that relate U/, to the initiation of bed motion only Neill's
(1967) relationship and Levi’s work (reported by Graf, 1971) are presented here, by
Equations A.10 and A.11 respectively.

U =14 ygDIn % (ST units) (A.11)
2 -0.20

T _.as0]2 (A.10)

(p/p - gD Yo

Equation A.11 is applicable when the relative roughness y,/D >60. in which y_= the
uniform depth of flow. '

A.1.2- Critical shear stress equations
A.1.2.1- Theoretical formulation

According to Forchheimer (1914) the friction force at the bottom of a channel is

related to the weight component of a water column by the following equation:
Y, S =k u (A1)
in which § = slope of the energy grade line, and ks =aconstant. The left hand side
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of Equation A.12 is the tractive force per unit surface area. T Or the shear stress:

T.=yYV, S (A13)

Equation A.13 is applicable to wide rectangular channels: however. for narrow or
irregular channels the average flow depth should be substituted by the hydraulic
radius. R =A/P. of the watercourse. in which 4= the channel cross-sectional arca and
P=the wetted perimeter

Based on the relation between t, and u, (Equations A.12 and A.13) Equation A.6 can

be written in terms of the critical shear stress, T.. at the incipient condition as:

T
c AH

(. -0 A1)

in which 4 /= a sediment coefficient.

Application of friction velocity or the shear velocity, u., which represents a measure
of the intensity of the turbulent fluctuations, was suggested by the modem
advancements in fluid mechanics. As mentioned earlier, the relation between friction

velocity and shear stress is given by:

u =, |= (A.15)

The threshold condition of particle motion might be presented in a functional form
as follows (Simons and Senturk, 1992):

2
T pu.,

@,-v D, (.-v)D,

B, y,D, 8 p, P, v, u,) (A.16)
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in which 8= the channel width, )= the effective grain size or roughness element, v=
the Kinematic viscosity of the fluid. and w.= the shear velocity at the threshold

condition.

With the aid of dimensional analysis. Equation A.16 can be presented in the following

form:

(A.17)

b4

b‘yo’ p v

Tc - p u'-zc - Dx Ds p.r u-c D.\'
(v.-Y) D, (v,~v) D,

The influence of D/b and DJy, on particle equilibrium for fine particles may
practically be neglected. Since p, and p are constant quantities. the effect of p/p can
be included in the coefficient of the final equation. Hence Equation A.17 reduces to:

i =f [u“ D’] A.18
(v,~y) D, v (8.13)

The left term of Equation A.18 is the ratio of the drag force to the gravitational force,
L.e., it is a type of Froude number expressed in terms of the shear velocity ratio and
the grain size. The right hand side, however, is the Reynolds number of the particle
which is usually refer to as the shear Reynolds number, R...

A.1.2.2- Experimental verifications

During the past many investigators tried to experimentally establish a relation like
Equation A.14. A few of the important findings are mentioned here, (for further
information see Graf (1971), Vanoni (1975), Raudkivi (1990), and Simons and
Senturk (1992)). Field data for a wide range of grain sizes from fine to coarse
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noncohesive material were studied by Lane (1953) to establish the hmiting tractive
force diagram (Figure 3.2), The diagram. which has been used for design purposes,
clearly shows that considerably lower critical shear stress is allowed for clear water

than for water carrying sediment.

Leliavsky (1955) believed that a simple relationship such as:

T, = 166 D gim? (A.19)

satisfactorily relates the critical shear stress to the grain size. In this equation the
mean particle diameter, D, is given in mm and should be smaller than 3.5 mm. Figure
3.3 isaplot of Equation A.19 along with the data of different researchers. Equation

A.191s simple in form. Graf (1971), however, declared that it apparently applies to
most of the data.

Many experimental programs have been conducted by researchers to establish an
explicit solution of the functional relationship, as given in Equation A.18,. The first
was that of Shields (1936) who proposed a graphical solution. which was later
modified by Rouse (1939) to take the form given in Figure 3.4. On this graph a
number of interesting facts can be observed. For a particular value of R, the
corresponding value of F falling on the curve indicates the threshold condition of
particle movement, while lower and higher values respectively correspond to no bed
motion and general bed motion. Also, the curve is very similar to the friction diagram
for artificially-roughened pipes and the drag coefficients relationship for a sphere or
a cylinder which might indicate that these phenomena are related through fluid
mechanics (Graf, 1971). |
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Many investigators, including White (1940), Ippen and Verma (1953). and Ward
(1969), verified Shields diagram (Figure 3.4) and it is widely accepted now. Shiclds
diagram, however, is applied to uniform sand. therefore nonuniform grain material,
cohesive or flocculant material, as well as flat sand grains might move at t_ different
than that given by Shields diagram for uniform sand. For incipient motion of
nonuniform mixtures, Egiazaroff (19565) proposed the following equation, which 1s
only applicable in fully turbulent flow:

T 0.1
(Y.} Dsy,  [log 19 (Dy/D)F

(A.20)

where Dy, and D= the median and the average diameter of grains, respectively. for
grains in movement and for total sediments. For a fine-graded mixture, DSO<5 . the
resistance to incipient motion is increased, while according to Equation A.20, the

opposite is true for a coarse-graded mixture, where D, >D.
A.1.3- Lift force mechanisms

The Iift forces were incorporated in the derivation of the basic equation of scour, i.e.
Equation A.2. However, its quantitative effect has not been stressed yet. In this

section the lift force and its effects are discussed in greater detail.
A.1.3.1-Theoretical formulation

At the invert level of a channel lift forces develop and affect particles resting on the
channel bed. The generation of the lift forces might be attributed to at least two
reasons: the velocity gradient in the vertical direction and turbulence fluctuations.
Considering the vertical velocity distribution in a channel flow, the bottom zone

337



experiences a steeper velocity gradient, therefore, a pressure diftference is set up
which results in lifting of the bed particles. Also. the upward velocity component,

resulting from the turbulence, might lift the same paricles,
For a horizontal channel bxd («=0) Equation A.2 takes the form:

I:D

WF, (A21)

tan @ =

which indicates that as soon as the magnitude of the lift becomes equal to the particle
weight (#=F,), the smallest drag force would cause the initiation of motion.
Therefore, it is important to investigate the magnitude of the lift force (Equation A.4)

to compare its value to both the drag force (Equation A.3) and the submerged weight
of the particle (Equation A.5),

Assuming a potential flow over a long. circular cylinder with its major axis
perpendicular to the flow, Jeffrey's (1929) presented a criterion for the occurrence of
lift force. He showed that lift takes place if Equation A.22 is satisfied.

p-";p ca | (A22)

1 1 2
—_tT " >
(3 gﬂz) -

in this equation u_ = the free-stream velocity, and a = the radius of the particle
(a =D/2). An experimental investigation indicated that values obtained with
Equation A.22 seem to be of the right order of magnitude. Flow passing a grain is a
three~-dimensional flow, however, Equation A.22 was derived for a two-dimensional
flow. Therefore, consideration of a modifying factor in this case is essential. Also,

the shortcoming of Jeffreys' model is that drag forces are altogether disregarded.
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The qualitanve functional relationship in the Shields diagram (Figure 3.4) can also be
derived with a model for lift forces rather than for shear forces. This fact. however,
only adds further confidence to the Shields diagram.

A.1.3.2-Experimental verifications

Einstein and El-Samni (1949) studied the average lift force on two sediment beds.
which was measured directly as a pressure difference. The experiments should be
viewed as a step forward in understanding the Lift mechanism. Plastic spherical balls
68.5 mm in diameter and natural gravel of about the same average size but with a
considerable spread of grain size, were used. All the data are represented by Equation
A.23 which is similar to Equation A 4:

1 2
AP = 5(.',_ pu; (A.23)

in which AP=is the mean static-pressure difference in the bed at the top and bottom
of the grain. The velocity u, is measured at a disténce 0.35D from the theoretical
wall. Vanoni (1966) used the result of this study to calculate the ratio AP/t,. His
calculations showed that AP/t =2.5, which indicates that lift forces are highly
important in the initial-motion mechanism. However, once a particle is displaced, Lift
forces tend to diminish and drag forces tend to increase.

A.2-LOG VELOCITY LAW

The velocity and shear stress distributions play key roles in any loose-boundary
hydraulics study. Although deviating from the undisturbed floodplain and main
channel values, the velocity distributions in these rcgions still follow the unjversal
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log-law. Accordingly. the theoretical basis of the velocity distribution and the

approach by which the bed roughness is evaluated are presented here,
A.2.1- THE UNIVERSAL VELOCITY DISTRIBUTION LAW

Prandtl's (1925) hypothesis for turbulent shearing stress is given in the following

form:

T=pl* (%)— (A29)

in which du/dy = time average of velocity gradient in the v direction, and / =
Prandd's mixing length (a mean distance over which fluid particles are wansported

by turbuleace from regtons of one velocity to regions of another and in so doing these
particles suffer changes in their general velocities of motion).

Under the assumptions that the mixing length is proportional to the distance from the
wall, /=xy . and that the shearing stress remains constant. Prandtl's turbulent
shearing stress hypothesis led to the derivation of a relationship describing the
velocity distribution which is valid for small wall distances. For the case of a

turbulent stream over a smooth flat wall, the velocity-distribution faw takes the form:

U
u==lny+C (A25)

inwhich x = Von Karman's universal constant, and C= the constant of integration
(determined so that at a certain distance from the wall, #=0). Therefore, Equation
A.25 takes the form:
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1
L (A.26)
X

Using dimensional argument, which indicates that »_  is proportional to —

. .
(Schlichting, 1968). and substituting [ Y forY¥in Equation A.26 yields:
u,

a1y 2

v x [‘“ ; "] (a27)
or

.1 (h, yi]  p (A28)
u, x v

Equation A.28, the logarithmic universal velocity-distribution law, gives the relation
between y—:- and the dimensionless velocity «/u, on a smooth bed.

Although the universal velocity-distribution law was derived for the case of a flat wall
(rectangular channel), measurements by Nikuradse (1933, 1932) for flow through
circular smooth pipes showed excellent agreement with it. Not only is the
concordance between Nikuradse's data and Equation A.28 cbtained for the wall
fegion. it is also true for the whole range of flow up to the pipe axis (Schlichting,
1968). Hence, based on Nikuradse’s measurements, the numerical values of x and B’
of Equation A.28 were found to be'0.4 and 5.5 respectively. Therefore, the universal
velocity-distribution laws for turbulent flow in smooth pipes (using natural and
common logarithms respectively), take the form:
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Vi
a5 2—= +55

! - (A.29)
and

u Ju,

7: 575 log -v_ + 55 (A-30)

In a region very close to the boundary. the laminar shearing stress is dominant, while
the turbulent shearing stress vanishes. This causes a deviation in the velocity
distribution from the universal law in the immediate neighbourhood of the wall. In

this laminar flow region the velocity distribution takes the form:

Ju,
~ (A.31)

X
u,
Further measurcments (Nikuradse, 1933) indicated that the assumption of the
proportionality of mixing length to the distance from the wall, /=ky, is also valid for
rough pipes in the neighbourhood of the wall. Therefore, the logarithmic velocity-
distribution law (Equation A.25) is also valid for rough pipes provided that a different
numerical value is assigned to the constant of integration, Y. . That is, in the case of

a rough pipe, Y is proportional to a characteristic length of roughness
height k (Schlichting, 1968). Introducing Y=Ak into Equation A.26 yields: -

==

— [1" ' ") (A32)
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Equation A.33 can be written in the following general form:

u 1 v
_— ln '; + B (A-33)

n, X
Since the numerical values of Equation A.33 were evaluated according to Nikuradse’s
(1933) measurements, it is common practice to define the characteristic length of
roughness, k, in terms of Nikuradse's equivalent (or effective) sand roughness, £..
Effective roughness in the sense that k_is no longer an actual linear dimension of the
roughness but a parameter signifying behaviour in comparison with Nikuradse's
experiments for which the constants were chosen. Hence, Equation A.34 might be
arranged according to Nikuradse's equivalent sand roughness, &, as:

u Il y
—=—In=+B
u, x k M (A-34)

1)

in which B, the roughness function. takes different values according to the

predominant flow regime.

According to Nikuradse's measm'emeﬁts, ’t;hree regimes are distinguished based on the
value of roughness Reynolds number, — =

, and the value of B_ in these regimes

was evaluated as follows:

- In the range 0 < ko < 3.5 the flow regime is hydraulically
smooth and the height o¥'the roughness elements is so small that they
are completely submerged within the Jaminar sub-layer. According to
Figure 3.5, B, might be evaluated as:

k. u,
B=55+25In ‘ ‘ (A.35)
v : .
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which. when substituted in Equation A.34 yields the universal velocity-
distribution law (Equation A.29) for turbulent flow on smooth
boundanies.

-

k
- A transition regime exists when 3.5 < =2 < 70. In this instance

partial height of some of the roughness eI:ments extends outside the
laminar sub-layer and introduce additional resistance due to form drag.
To determine B, in this range of ku /v different straight line
segments might be fitted to the data of Figure 3.5 which give the
following values:

k u, k u
B=6.75 + 3.27 log ; Jor 355 —= <7.1 (A.36)
v v
k. u,
B=95; for 7.ls <16 (A.37)
v
k u, ku.
B.= 11.46 - 1.607 log — ; for 165 — <70 (A.38)

AY v

- In the Rough flow regime k. >70 and all the roughness elements
extend beyond the laminar s:b-layer. The resistance to flow in this
regire is mainly due to form drag, which acts on the roughness
elements. In this case B, maintains a constant value of 8.5, which when
substituted in Equation A.34 along with the value of x=0.4 yields the

well known equation of the universal velocity-distribution in rough
flows:

u
==251n % + 85 (A.39)

hd k3
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or in terms of common logarithms:

" v 2o
—= 575 ]0&. T 8.5 (A.-ﬂ))

i, «

Integrating A.40 over the depth of flow yields the flow rate per unit width of the
channel, and dividing the result by the flow depth gives the mean velocity U, as
(Raudkivi, 1990):

Ya

U
—2= 575 log 2% + 6.0
" g 7 (A.41)

5
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Appendix B

DEVELOFMENT OF DATA ACQUISITION SYSTEM

To measure the flow velocity, first the frequency should be scanned visually and
recorded manually from the analog display of the Al. The average of the recorded
values, then. is used to compute the actual velocity utlizing the calibration curves
supplied with the sensing probe. During the preliminary tests it became apparent that
the movements of the analog display are too fast to be scanned and recorded
manually, making accurate data collection impossible. Moreover. processing velocity
measurement in this manner is both time consuming and tedious. High accuracy in
recording flow velocity could only be achieved using a computer-based data

acquisition system. An appropriate system was designed for this particular
application.

The signal provided by Streamflo Instruments can not be digitally recorded without
modifying it to an acceptable form prior to feeding to a computer. A special outlet
is available on the rear panel of the Al unit which provides a standard precision
current with the range 0 to 200 uA. However, this current and the output range can
not be accepted by a data acquisition board. Instead, it is specifically designed to
feed a Nixon Instruments graphical record. An analog signal can be recorded by a
computer if the computer is equipped with an Analogue to Digital (A/D) conversion
board. A/D conversion boards usually accept voliage signals with a specific range
and provide a conversion of the received signals to a digital form. Consequently,
applying a specific A/D conversion board dictates necessary changes to the output of
the Al prior to being accepted by the board. The A/D conversion board model
DT2811 of Data Translation, Inc. was selected for this purpose and the output of the
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applied Al was modified to match the board requirements.

The DT2811 board is a 12-bit A/D convertor with three main features: Analogue to
Digital (A/D) conversion, Digital 10 Analogue (D/A) conversion, and D.gital
Input/Output (/O) transfer operations. The DT2811 has three different input modes.
i.e. Single-Ended (SE), Differential (DI). and Pseudo-Differential (PDI) inputs.
Furthermore, three input ranges are accepted by this board: = 5 voits, 0 to +5 volts,
and + 2.5 volts. For this study the A/D conversion board was configured with the

first input range (£ 5 volt).

The number of the available channels to acquire data and the sensitivity to the
electrical noise are the most important characteristics of each input mode. In the SE
input mode, since input signals share a common low side, it provides maximum
channel density (16 channel). However. the inputs in this mode are more sensitive
to electrical noise which somewhat restricted the usage of this mode due to our
electrically noisy environment. In a DI input mode, on the other hand, two
multipiexer switches are used on each channel. Thus, the number of channels which
can be connected is cut in half. The main advantage of this input mode is that it is
less sensitive to electrical noise because noise is significantly reduced due to high
common mode rejection of this mode, therefore, input cable length will not affect the
noise figure and it may suit user requirements. Nevertheless, all cables should be kept
as short as possible. The PDI input mode is a variation of the SE input mode and
provides the user with partial common mode noise rejection without reducing the
number of input channels. This Input mode, however, is as sensitive to the electrical
noise as the SE mode, consequently, they share common restrictions in their

applications,
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The selected DT2811 A/D converston board of Data Translation Inc. does not accept
the precision current output of the Nixon Al. That current must be converted to a =5
volts, suitable for the A/D card input range. To accomplish that. a new device was
designed and built to receive the original precisicn current output of the Al and
convert it to an acceptable voltage within the A/D board’s range. Termed: Precision
Current to Voltage Current (PCVC). this device. along with the other components of
the whole system (Streamflo Instruments, and the A/D conversion board) went under

comprehensive tests to check overall accuracy prior to application.

First the DT2811 A/D conversion board itself was tested to check its accuracy and to
examine the possible meed for calibration. During this step. the A/D conversion
board was installed inside an IBM Personal computer having an 8088 processor. then,
its driver was installed and configured for that particular machine. The adopted
configuration includes SE input mode. %5 volts input range, and gain of one. Also,
an interactive computer program was developed to scan and record the converted data
acquired by the first channel of the A/D coaversion board. A very constant voltage
source was connected to the first channel of the board for a long period to observe the
accuracy of the recorded data. The variation of the recorded data is shown in Figure
4.4; each data point of this graph is the average of eighty records scanned during eight
seconds (ten records per second). Stable and reliable data were recorded during this
step of the test. The maximum variations of the recorded data observed in this step
were less than £0.0015 volts (less than 0.2% of the full scale) which indicate that
reliable data were acquired. Therefore, further calibration of the A/D conversion

board was not necessary.

In the second step, The sensing probe was instailed in a flume and connected to the
Al to test the output of the PCVC. The output of the Al was fed to the PCVC while
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a precise digital voltameter was connected to the output of the PCVC to measure the
produced voltage. Then, water was allowed to flow in the flume and by changing the
discharge a flow velocity range of 0.1 to 1.2 m/s was generated. For the given flow
velocity range the output voltage of PCVC showed complete concordance with the
frequency values displajred by the Al In other words. the output of the PCVC fell in
the range 0 to 5 volts, which is accepted by the A/D conversion board. The results
of this step along with that of the first step indicated that the components of the
system produced accurate results when tested individually and were ready for the next

step of the test as a compiete data acquisition system.

In the third step of the test. the voltameter used in the second step was substituted by
the A/D conversion board. In other words, the voltage of the PCVC was fed to the
A/D conversion board, while other connections and test conditions were kept the
same as those applied in the second step. As soon as the output of the PCVC was
connected to the A/D conversion board. the voltage dropped and fluctuated 15 to 35%
below the actual value. Numerous observations and tests carried out to detect the
cause of this phenomenon led to the detection of 25 to 35 uA of leakage current
between the flowing water and the computer’s ground. Although the leakage current
was small, it represented a significant percentage of the original range produced by
the Al and could not be ignored in this case.

Theoretically, no current should be detected between the grounding of the system and
the flowing water, therefore, a solution to this problem could not be supplied by the
A/D conversion board manufacturer. Many large electrical devices and pumps
running in the laboratory seem to produce electrical noise which affects the working
condition of the system. Therefore, changing the input mode of the A/D conversion

board to the DI mode which 1s not sensitive to the electrical noise seemed the only
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solution to the problem. This change of the input mode meant repeating steps | and

11 of the tests which led to the next phase of the test.

During the second phase of the tests, the A/D conversion board was configured to
accept input in the DI mode. while the input range and the gain were kept the same.
To observe the reliability of the data acquired by the A/D conversion board in the D
mode, the first step was repeated. A constant voltage source was fed to it. The
acquired data showed large instability in the records (Figure 4.5). Therefore. reliable
records using the DI mode might be obtained, provided a solution to the instability of
the acquired data existed.

Careful supplementary tests indicated that referencing the low end of the used
differential input channel to the Analogue Ground of the board improved the A/D
conversion results.  Further investigations revealed that the instability could be
entirely eliminated, provided the aforementioned connection was externally
accomplished through a resistor. Different resistors were installed and tested to find
the most suitable one that removed the instability eatirely and produced the smallest
deviation from the mean of the recorded data. Applying a 1 kQ resistor yielded the
most accurate results (Figure 4.6). Figure 4.6 shows the recorded data using the full
scale (compare with Figure 4.5), while Figure 4.7 shows the deviation of each data
point from the original voltage. It should be mentioned that each data poimnt of these
figures is the average of eighty readings accomplished within eight seconds (ien
records per second). Accordingly, the 1 ‘kQ resistor was selected to stabilize the A/D
conversion operation of the board in the DI input mode. The resistor was externally
and permanently installed between the low end of the first channel (the utilized
channel) and the AG of the board (pin 17). Hence, the A/D conversion board was
ready for the next test step —step II.
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During the third test step of the second phase, the output of the PCVC was directly
connected to the A/D conversion board. which was configured for the D1 input mode.
+ 5 volts input range, and gain of one. Also. other connection and flow conditions
remained the same as that used in the third step of earlier phase of the tests. No
improvements in the recorded data were observed, i.e. the drop in the recorded values
still remained and changing the input mode to the DI did not resolve the problem.
The results of the tests revealed that the measured output (using the voltameter) of the
PCVC was in complete agreement with the results displayed by the Al and the drop
in the voltage occurred as soon as the PCVC was connected to the A/D conversion
board. Isolating the computer ground was the only solution. This was achieved by
designing and applying a new device, i.e. 2 Ground Isolation Device (GID). In other
words, by installing the GID between the PCVC and the A/D conversion board, direct

connection was avoided and accurate data were captured and converted by the board.

The idea behind the GID is the deployment of a matched pair of photo voltaic optical
1solators working in harmony on both sides of the isolation barrier to produce two
equal voltages. An infrared beam is emitted on the PCVC side forcing a voltage to
a pear on the computer side. Likewise, the computer side will emit a beam proportion
to voltage it received back to PCVC side to ensure solid and repeatable results.
Implementing the system with the GID removed the drop in the recorded voltage and
reliéble data were acquired thereafter. A schematic sketch of the complete data
acquisition system is shown in Figure 4.8. Also, Figure 4.9 shows the acquired
velocity measurements using the implemented system during a prolonged period
(7000 seconds). The fluctuations in the recorded data are related to the turbulence
structure.
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Appendix C

Table C.1- D -y, -§, relationship for threshold conditions

S. Y T, e, . D,,

— | mm | Nm® /s mm
00006 | 27 |, 01763 . 00153 . 024
0.0006 | 31.5 1 02056 | 00144 | 034
0.0006 | 361 | 0235 ' 00155 | 041
00006 | 406 | 02644 | 0.0163 . 048
0.0006 | 451 [ 02938 | 00172 | 055
00006 | 496 1| 03231 | 0018 | 061
0.0006 | 541 | 03525 | 00188 | 067
0.0006 | 586 | 03819 | 0.0196 |  0.73
0.0006 | 63.1 | 04113 | 00205 | 078
00006 : 676 | 04407 | 0021 | 083
00006 | 722 | 047 | 00217 | 088 |

| ! | :
0.00075 | 225 | 01836 | 00136 | 026
0000751 27 | 02205 | 0014 ' 038
0.00075 ; 315 |, 0257 | 0016 | 047
0.00075 | 361 | 02938 i 00172 i 055
0.00075 [ 406 ' 03305 | 00182 | 0.62
0.00075 | 451 03672 | 0.0192 0.70
0.00075 | 496 | 04039 | 00201 | 0.7
0.00075 | 541 | 04407 | 0021 | 083
0.00075 | 586 | 04774 { 00219 | 089

000075 | 65.1 | 05141 | 0.0227 | 095
0.00075 | 676 | 05508 | 0.0235 | 1.1
0.00075 | 722 | 05875 | 60243 | 107

‘ i

0.0009 18 | 01763 | 0.0133 | 0.24
0.0009 | 225 | 0.2203 | 0.0149 0.38
00009 | 27 | 0.2644 | 0.0163 0.48
0.0009 | 315 | 03085 | C.0176 058
0.0009 | 361 [ 03525 | 0.0188 0.67
0.0009 | 406 | 03966 | 0.0199 0.75
0.0009 | 451 | 0.4407 | 0.021 0.83
0.0009 | 49.6 | 04847 | 0.022 0.91
0.0009 | 541 | 0.5288 | 0.023 0.98
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Appendix C

Table C.1- 1), -v,-§, relationship for threshold conditions

L U T e D
[ = mm | N ms . mm
00009 | $86 : 05729 i 0024 ;, 105
00009 | 631 i 06169 . 002499 i 112
00009 | 676 | 0661 ' 00257 : 118
00009 | 722 | 0705 : 0.0266 . 124

i i | i

00015 i 135 | 02203 | 00149 | 038
00015 ; 18 | 02938 | 00172 |  0.55
00015 | 225 | 03672 | 00192 | 070
00015 T 27 04407 | 0021 | 083
0.0015 | 515 | 05141 | 00227 | 095
0.0015 | 361 | 03875 | 00245 .  1.07
00015 | 406 | 0661 ! 00257 | 1.8
0.0015 ' 451 | 07344 | 00271 ! 128
00015 = 496 | 08079 | 0.0284 . 138
00015 | 541 | 08813 | 0.0297 ;. 147
00015 | 586 | 09548 ! 00309 | 155
00015 | 631 . 10282 ' 00321 | 164
| 00015 . 676 | 11016 | 0.0332 | 171
00015 | 722 | 11751 | 00343 | 178

1w u., =095

w.=(gS, »)

- 2
Tc=Ue P




Appendix D

Table D.1- Scour data for interacting flow conditions; /7, 0.5 nm

S, abutshape: L Y. Ve YV, Ly, y.l v, L

— = em __mm mm e — e

(00006 VW 2t 42 ISLT 4325 5000 08eS | 0.200

0.0006 . VW . 1§ 421350 0 3213 C 38710 0000 | 02w
00006 | VW . 9 42 1000 2381 2143 L1101 - 0407

0.0006 | WW | 3] 42 0 1400 : 3333 5000 | 0667 0200

00006 | WW_ ' 1§ . 42 1150 . 2738 . 3571 . 0767 . 0280
00006  WW 9 © 42 . 1000 . 2381 | 2143 | LILI_ 0367
00006 | SC | 21 i 42 131.7 | 3135 ' 5060 i 0.627 . 0.200
00006 ' SC ! 15 | 42 1 1050 ' 2500 . 3571 - 0700 0280
00006 . SC T 9 | 42 | 917 2185 | 2143 1019 0467
00006 . ST | 21 . 42 1317 3135  S000 0627  0.200
| 00006 0 ST : 15 42 1100 . 2619 @ 3571 . 0733 - 0280
0.0006 . ST @ 9 42 867 2063 ' 2143 0963 0467
0.00075 . VW 21 33 1625 3924 6364 0774 0157
0.00075 . VW 15 33 1333 | 4040 4515 0839 0220
0.00075 - VW 9 33 967 ' 2929 2727 ' 1074 0367
0.00075  WW 21 33 0 1333 4040 6364 0635 0157
0.00075 ,  WW 15 33 1092 3308 4545 0728 . 0220
0.00075 WW 9 33 567 2929 2727 1074 . 0367
0.00075 ' SC 21 33 1300 . 3939 6364 0619 - 0.157
0.00075!  SC 15 33 1050 ' 3.182 ' 4545 0700 0220
000075 SC . 9 33 90.0 2727 2727 1000 _ 0367
0.00075; ST | 21 . 33 . 1325 | 4015 - 6364 = 0631 . 0157
0.00075: ST | 15 33 . 1050 | 3.182 = 4545 0700 . 0.220
0.00075! ST =~ 9 | "33 817 2475 2727 | 0907 0367
0.0009 ; VW 21 | 28 | 1417 : 5.060 ; 7.500 - 0675 . 0.133
00009 | VW | 15 ' 28 | 1300 | 4643 | 5357 | 0867 @ 0187
0.0009 | VW 9 + 28 | 900 | 3214 ' 3214 | 1.000 ' 031l

0.0009 | WW 21 . 28 | 1250 | 4464 ; 7500 : 0595 . 0.133
0.0009 WW 15 | 28 | 1083 | 3.869 | 5357 | 0722 | 0.187
0.0009 |  WW 9 28 | 867 | 3.095 | 3214 | 0.963 | 0311
0.0009 SC 21 28 | 1217 | 4345 | 7.500 : 0.579 | 0.133
0.0009 SsC__: 15 28 | 1042 | 3.720 | 5357 . 0.694 . 0.187
0.0009 SC | 9 28 833 | 2976 | 3.214 . 0926 ; 0311

0.0009 ST 21 28 | 1200 | 4286 | 7500 . 0.571 : 0133

0.0009 ST 15 28 | 1050 [ 3.750 | 5357 | 0700 | 0.187
0.0005 | ST 9 28 | 700 | 2500 0 3214 ' 0778 03l
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Table D.2- Scour data for non-interacting flow conditions: 17 ;= 0.5 mm

S,  abut shape L oy, Ve M ¥V Ly,  y.1 v, L

— | — em mm omm = e -
0.00075 VW 21 33 1292 3916 . 6364 . 0615 | 0157
0.00075 VW 15 33 1123 3405 4545 0749 0220
000075, VW i 9 . 33 : 769 ; 2331 L 2727 ;. 0855 , 0.367
0.0007S WW | 21 33 1654 ' 3195 ' 6364 . 0502 | 0157
0.00075, WW ! 1§ 33 97.7 | 2960 ' 4545 | 0651 = 0.220
000075  WW 9 33 769 | 2331 | 2727 0855 | 0367
000075 SC . 121 33 | 1077 | 3263 | 6364 : 0513 | 0.157
000075 SC | 15 33 923 2797 | 4545 . 0615  0.220
000075 SC -~ 9 33 700 ' 2121 . 2727 0778 | 0367
000075 ST 21 33 109.2 | 3310 | 6364 ' 0520 . 0.157 |
000075 ST - | 15 33 . 946 | 2867 . 4545 | 063)1 i 0220
000075 ST ' 9 | 33 669 : 2028 2727 0744 . 0367
0.0003 . VW 21, 28 . 1187 _ 4240 ., 7500 0565 0133
0.0009 | VW 15 28 : 1070 ; 3.822 ' 5357 ; 0715 0.187
0.0009 | VW 9 | 28 | 664 | 2371 ‘' 3214 | 0738 . 0311
00009 - WW 21 @ 28 7 1129 | 4031 & 7.500 | 0538 ; 0.133
00000 WW | 15 | 28 | 1020 | 3.643 . 5357 . 0680 | 0.187
00009 WW | 9 | 28 842 | 3008 | 3214 : 0936 ! 0311

i
1

0.0009 ! SC P21, 28 L 1028 ! 3.673 ! 7500 ; 049 @ 0,133
!

0.0009 | SC 15 | 28 | 953 | 3404 | 5357 ' 0635 0.187
0.0009 | 3C 9 28 | 69.6 | 2487 3214 | 0774 | 031l
0.0009 | ST 21 28 | 1037 | 3.703 | 7500 | 0494 | 0.133
0.0009 | ST 15 28 | 895 | 3.195 | 5357 |.05% | 0.187
000001 ST | 9 [ 28 | 623 | 2225 | 3214 | 0692 | 0311
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Table D.3- Scour data for interacting flow conditions: 1) ¢,= 0.7 mm

A abut shape A v, . V.ov, L, v. L Vv, L
00009 VW 2] 3 1800 4737 8526 0857 018l
00009 VW IS 38 1523 4008 3947 1015 0255
00009 VW 9 38 1177 3097 | 2368 | 1308 0422
00009 WW 21 38 1538 | 4090 552 0733 | 0SI
00009~ WW 1S 38 1236 | 3279 3947 0831 025 |
00009 ~ WW 9 38 1046 _ 2755 2368 1162 0422
00009  SC 21 38 1477 3887 5526 0705 0181
00009 SC 18 53 1277 3360 . 3947 0851 0253
00009  SC 9 38 1000 2632 2368 L1l . 0422
00009 ~ ST . 21 . 38 1523 4008 5526 0725 , 0.8l
100009 . ST . 15 33 1262 - 3320 3947 ' 0841 0253
0.0009 ° ST 9 38 923 2429 - 2368 1026 . 0422

Table D.4- Scour data for non-interacting flow conditions; D o= 0.7 mm

Sn abln‘ Sha'pe L J’a . J":r ’ ysc /ya L'}"a ; .v!t'"z‘ ' ya ’:L
== — . em mm  mm = - — = e
0.0009 VW ES 38 1350 °  3.553 5526 0643 0.181
0.0009 VW 15 38 108.6 2857 3947 0724 . 0353
0.0009 | vwo 9 38 843 2218 . 2368 09537 0.422
00009 . WW 21 38 1421 3739 . 5526 0677 © 0.181
00009 WW | 15 38 115.7 3.043 3947 . 0771 | 0253
00009 @ WW 9 38 91.7 2414 2368 1019 | 0422
00009 | SC 2 0 3% ¢ 1193 © 3139 : 5526 ¢ 0568 ' O0.18!
0.0009 | SC {15 1 38 ' 1050 ! 2763 ' 3947 | 0700 ' 03253
0.0009 | SC ! 9 ' 38 757 . 1992 ' 2368 | 0841 | 0422
0.0009 ST P2l 38 1243 | 3271 ! 55% | 0592 | 0.8}
0.0009 ! ST 15 1 38 1093 1 2876 | 3947 | 0729 | 0253
0.0009 ! ST 9 | 38 Bl4 | 2143 | 2368 ¢ 0905 ! 0422
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Appendix E

Table E 1- Scour data for interacting low conditions

Velde O.0Q TN T R lop (v Vo) dop{Q. ¢ lowtd,) log ()
---------------------------- mm wm————
3460 084 0444 04290 g2 0.539 -0.076 Q383 -0 307
2571 0 081 0430 0381 42 0410 0,092 0367 0410
1903 078 0400 0413 42 0.280 -0.108 0398 w0384
3067 084 . 0444 0429 42 0.487 0070 . -0383F 0307
[ 2519 081 0430 038l 42 0301 0002 0367 0410
2190 078 0400 0413 a2 0.341 -0.108 -0.398 0384
3135 084 0443 0429 42 0.496 0076 0353 0367
2500 @ 081 ' 0430 . 0381 42 0.398 -0.092 0367 0419
2183 ' 078 0400 ~ 0413 42 0339 0108 ' .0398  -0384
[ 3135 . 084 0444 0429 42 0496 0076 0353 . -0.367
2619 . 081 - 0430 = 03SI 42 0418 0092 . 0367 . -0419
2063 : 078 | 0400 0413 42 0315 0108 -0398 0384
3939 . 087 . 0450 = 0434 33 0595 0060 <0347  -0.363
3232 . 082 : 0431 0406 33 0510 -0.086 -0.366  -0.391
2343 079 - 0406 0379 33 0370 0102 0391 042
3717 . 087 0450 0434 33 0.570 0060 8347 0363
3043 | 082 . 0431 0406 33 0.483 -0.086 0366  -0.391
2695 ' 079 0406 - 0379 . 33 0.431 0102 0391 . 042i
| 3939 ° 087 | 0450 , 0434 33 0.595 _0060  -0.347 0363
3182 ; 082 . 0431 | 0406 . 33 0503 -0.086 -0.366 : -0.39]
2727 | 079 | 0406 . 0379 . 33 0.436 0102 -0391 . 0421
4015 | 087 _ 0450 : 0434 33 0.604 -0.060 0347 ° -0363
3182 | 082 ' 0431 . 0406 33 0.503 -0.086 0366  -039
2475 | 079 | 0406 i 0379 . 33 0.394 -0.102 0391 . -0421
, {
3977 | 088 | 049 ! 0467 | 28 ' 0.600 0056 0310 . -0.331 |
3649 | 083 | 0477 | 0453 ; 28 , 0562 0081 i 0322 . -0344
2526 | 08 | 0454 | 0425 | 28 | . 0402 0097 | -0.343 | 037
4035 | 088 | 049 | 0467 | 28 0.606 0056 | -0310 | 0331
3497 | 083 | 0477 | 0453 | 28 0.544 -0.081 | -0322 | -0.344
2798 | 08 | 0454 | 0425 | 28 0.447 -0.097 | -0343 | -0.37I
4269 | 0.88 | 0490 | 0.467 28 0.630 -0.056 | -0310 ! 0331
3655 | 083 | 0477 | 0453 | 28 0.563 -0.081 0322 | -0.344
2924 | 08 | 0454 | 0425 28 0466 | -0.097 | 0343 | -0371
4211 | 0838 [ 0490 | 0467 | 28 0.624 -0.056 -0310 | -0.331
3684 | 083 [ 0477 | 0453 | 28 0.566 -0.081 -0.322 1 -0.344
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Table E 1- Scour data for interacting flow conditions

Ve Vo OO, I, I A log (v, Vo) log(Q. Q) log()) log(#.)
_____________ C e o R AT Terll S0 Teeia) e
2456 08 0454 0425 28 0.390 -0.097 0343 -0371
3789 085 | 0483 0363 38 | 0579 " 0071 | 0316 _ -0440 |
3206 081 | 0460 0349 38 0506 0092 0337 0457 |
2478 078 0429 0335 . 38 0394 20108 -0367 0473
3725 085 0483 0363 38 0571 0071 0316 0440 |
3017 081 _ 0460 . 0349 38 0480 | -0092 | -0337 . -0457
2533 078 | 0429 0335 ; 38 0.404 -0.108 ' 0367 i 0475
3887 085 ' 0483 0363 ' 38 0590 0071 0316 -£.440
3360 081 ' 0360 0349 38 0.526 -0.092 0337 -0.457
2632 . 078 0429 0335 . 3% 0.420 0108 0367 -0475
4008 - 085 0483 0365 38 0.603 0071 0316 ' -0.440
3320 ° 081 | 0460 0349 38 0.521 -0.092 0337 -0.457
2429 078 0429 0335 38 0.385 -0.108 -0.367 0475
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