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CHAPTER 1

INTRODUCTION

1.1 General

Bridge failures during floods cause great damage and loss of life throughout the
world. One of the main reasons for bridge failures is the scouring or undermining of
bridge foundations by the action of the flow. The damagé can be attributed to the
presence of obstructions to the flow such as piers or abutments which cause disturbances
in the flow creating vortices that cause local scour. The interaction between the bridge
structure and the river flows through bridge piers and abutments causes local scour in
the area around piers and abutments.

During the past 50 years, many problems associated with local scour have been
recognized and much effort has been devoted to studies of local scour. In this field,
good progress has been made. Equations have been derived or devéldped for predicting
local scour depths around bridge piers taking into consideration the major parameters
that affect scour phenomenon, including flow, fluid properties, sediment, pier geometry
and tirﬁe.

Most pier scour equations are based on physical models (laboratory tests) using
dimensional analysis to identify the major parameters that affect local scour. Physical
models still remain the principal tool for estimating expected depths of scour because

theoretical solutions of the equations that describe the complex interaction between the
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flow around a bridge pier and the erodible sediment bed surrounding it are not
available. Also, accurate field measurements have been difficult to obtain because of
the severe three-dimensional flow patterns that occur at bridges during high flows, and
the problems and costs associated with collecting data during peak flow periods.

The general nature and principles of scour and the different variables that affect
scour are well-known from the studies of Laursen and Toch (1956) and Melville (1975).
These authors formulated a wide variety of empirical equations based upon a limited
range of data to predict the scour depth. These equations apply to different modes of
transport, clear water or live bed scour, and they treat bed sediments as uniform in
terms of some median or mean particle size only. However, natural fluvial sediments
seldom have a uniform particle size composition and most natural sediment deposits
have a non-uniform grain size distribution.

The laboratory experiments on local scour conducted during the last two decades
by Nicollet (1971), Hancu (1971), Ettema (1976), and Baker (1986) indicate that the
maximum clear water scour depends upon both the sedimentr size and sediment
gradation. Ettema (1976) and Baker (1986) show that the local scour in graded bed
material is much less than uniform bed material scour. This result is a consequence of
an armor layer which forms within the scour hole as the sediment mixture non-
uniformity increases. Due to the iniportance of gradation of bed materials on the
resulting scour depth, and because most design practices do not account for this effect,
it was decided to study the effect of non-uniformity of bed sediments on the resulting

local scour depth around bridge piers in clear water conditions.



1.2 Objectives

The primary goal of this study is to inveétigate the effects of sediment gradation
and coarse material fraction of sediment mixtures on clear-water scour depth and to
develop a new bridge pier scour predictor accounting for non-uniformity of bed
material. The study also includes an extensive investigation of the final bed material
gradation in the area around each pier after having been subjected to certain flow
conditions. These objectives were achieved through:

1. a survey of previous experimental, theoretical and field studies, and the

evaluation of the available scour depth predictors through an éxtensive literature

TEViEw;

2. collection and compilation of data and results obtained from previous

experimental laboratory work and field data collected by previous investigators

for local scour depth around bridge piers.

3. Performing bridge pier scour experiments using Six different bed materials

with gradation coefficients ranging between ~1.0 and 4.0. Qne of the sediment

mixtures was chosen to be almost (6, = 1.38) a uniform sand to compare

armored scour hole depths with those which do not exhibit armoring effect (i.e.

uniform material) under the same flow conditions;

4. analyzing the results to prbduce new scour predictors which account for
armoring (gradation) effects as well as the flow effects;

This study was limited to clear-water scour adjacent to circular cylindrical piers.



1.3 Scope of Study
In order to fulfill the objectives listed in Section 1.2, a physical model study was

conducted in the Hydraulics Laboratory at the Engineering Research Center, Colorado
State University using a tilting 8-ft wide, 200-ft long flume. Six different sand mixtures
having the same median diameter of ds, of 0.75 mm and having gradation coefficients
(o) of 3.4, 2.43, and 1.38 were used in the experiments. The gradation coefficient o,
is defined as (dg/d;s)'’2. In the bridge pier scour experiments the sedimelnt mixture
with a gradation coefficient of 1.38 was considered to be uniform sand bed material.
Three sets of runs were performed using three identical plexiglass circular piers
having an outside diameter of 7.0 inches (0.583 feet). The three piers were spaced
along the length of the flume along the center line. The leading upstream pier was 45.0
ft from the head box of the flume, the second pier was 80.0 ft from the head, and the
third pier was 120.0 ft from the head. The approach flow depth for each pier was
almost constant in the range of 1.0 ft + 0.1 ft except in two of the runs where the flow
depth was increased to 1.2-1.3 ft to study the change in the resulting scour depth
keeping all other conditions the same except flow depth. The main variables varied in
the experiments were the flow discharge, (and therefore the velocity and Froude .
number), size of the coarse material, and the coefficient of gradation for bed material
around each pier. During two sets of the runs, dy, was increased and during one set of
runs dos was increased while keeping the gradation coefficient constant. In the series
of experiments the discharge was gradually increased until the bed began to move at the

end of each set of runs, and a complete range of data for clear-water scour conditions
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for each gradation was obtained. In the first set of runs the bed material properties
were kept the same with o, of 2.43 and ds, of 0.75 mm, around each of the three piers
to check the repeatability of results. During the second set of runs, the bed material
around pier 1 was kept the same as the first set of runs with o, of 2.43 and ds; of 0.75
mm. Around pier 2, o, was 2.43 but dy, size was increased, and around pier 3, o, was
2.43 but dys size was increased. Lastly, during the third set of runs, a sediment mixture
with a coefficient of gmdaﬁon o, of 3.4 and ds, of 0.75 mm was used around pier 2.
Around pier 1, o, and ds, were the same but dy, size was increased. Around pier 3 an
almost uniform mixture with o, of 1.38 and ds, of 0.75 mm was used.

In this study, new local scour depth prediction equations have been developed
that account for the effect of bed material gradation. Also, new scoﬁr predictors were
developed taking into account the effect of increasing dgo in the original sediment
mixture. The work was performed in three phases: 1) Literature review; 2)
Experimentation; and 3) Data Reduction and Analysis.

Due to its volume, the literature review and compilation of éxisting bridge pier
scour data are presented and are being published separately throﬁgh CSU as a Civil
Engineering Report. Chapter 2 briefly describes the flume used in experiments,
sediment mixtures used in this study, the methods employed in the measurement of
different hydraulic variables, and the procedures used to collect the data. Chapter 3
details the armoring patterns encountered around circular bridge piers during the
experiments. Chapter 4 is on the data reduction and analysis and discussion of the

results. In the analysis, new equations for bridge pier scour accounting for gradation



6

effects were developed.  Chapter 5 includes a summary, conclusions, and
recommendations for future studies. Appendix A presents the dimensional analysis for
the involved and influencing parameters on bridge pier scour.

This research aims at estimating the local scour depth for bridge piers in non-
uniform bed material, a problem which is of fundamental importance in the design of
safe bridge pier foundations under clear-water scour conditions. It is hoped that the
data from this study will be a valuable contribution to researchers who are working in
the field of bridge scour, since it will expand the data base against which to compare

their future research results.



CHAPTER 2

EXPERIMENTAL EQUIPMENT & PROCEDURE

2.1 Introduction

This chapter describes the sediment mixtures used in the experimental program
as bed materials, and the piers, the flume, the experimental procedure, as well as the
individual measurements employed in this study.

The experimental program consisted of three main series: the first series was
conducted by subjecting three identical piers to specified flow conditions. The purpose
of this set of runs was to check the repeatability of results for scour depth at the three
piers subjected to the same flow conditions. This first set (Runs 1 through 12) was
performed using a graded sand mixture with a geometric standard deviation, o, of 2.43
and d, of 0.75 mm. The mnd set (Runs 13 through 19) was performed using the
same sand with o, of 2.43 and ds, of 0.75 mm as the bed matériél around piér 1.
Around piers 2 and 3 the size of coarse material fraction in the original sediment
mixture corresponding to 10% (around pier 2) and to 5% (around pier 3) was increased.
The gradation coefficient, o, and ds, were kept constant at 2.43 and 0.75 mm
respectively. The purpose of this second set of runs was to examine the behavior of the
scour depth with increasing the sizes of sediments for the fraction above dy, and dy; in
the original sediment mixture without changing the gradation coefficient. The third set

(Runs 20 through 27), was conducted using a sediment mixture with o, of 3.4 and ds,
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of 0.75 mm as the bed material around pier 2 and increasing the coarse fraction above
dyo in the same sediment mixture as the bed material around pier 1. For pier 3, a

uniform sand with o, of 1.38 and ds, of 0.75 mm was used. The purpose of sets No.
2 and 3 was to investigate the effect of increasing coarse material fraction and gradation

of bed materials on local pier scour depth.

2.2 Equipment
This section briefly describes the flume, the bed materials and other instruments

used in carrying out the experiments.

2.2.1 Flume

Experimental work for this study was conducted using the 8-ft flume shown in
Figure 2.1 which is housed in the Hydraulics Laboratory at the Engineering Research
Center at Colorado State University. The flume tilts and recirculates water and
sediment, is 200 ft long, 8 ft wide, and 4 ft deep. The flume can be adjusted to any
desired slope up to 3% . The flume is supported by a steel structure that holds it about
six feet from the floor of the laboratory.

Water is pumped into the flume from a sump tank by using a system of three
pumps through the main pipelines to the head box which contains vertical and horizontal

flow straighteners and a mesh box of gravel followed by a concrete ramp to reduce the



Figure 2.1 View of the 8-ft Flume Used in Experiments

turbulent eddies induced at the flume entrance. A wooden floating frame is placed at the
upstream end of the flume to absorb the surface waves induced by the water entering

the flume. Water leaving the flume falls into a sump connected to the pumps. The flow
in all runs was subcritical and therefore was subjected to downstream control. A
vertical, adjustable tail gate at the downstream end of the flume was used to maintain
desired flow conditions and to control the water depth. The test reach was 130.0 ft long
beginning from the zero (head) of the flume, and extending up to station 160.0 ft where
a 20 ft long sediment trap consisting of two vertical wooden walls rising from the
bottom to the bed was placed. The function of the first wooden wall is to retain the bed

material and the second wall function is to trap the sediment coming from the flume for
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the movable bed conditions. Flume discharge is measured by a calibrated orifice meter
installed on each of the three main pipelines of the pumps. The combined maximum
discharge is approximately 100 cfs.

A motorized instrument carriage runs longitudinally on the flume rails mounted
on the walls of the flume. A point gage of accuracy 0.01 ft is mounted on the carriage.
It supports a depth measuring device for the bed and water surface elevations and the

current meter used to take all velocity measurements.

2.2.2 Piers

Three identical cylindrical piers of clear plexiglass 4-ft high with an outside
diameter of 7 inches were utilized in the pier scour experiments. Circular piers were
used because of their symmetry and the abundance of data available for comparative
purposes. All three piers were placed at the center line of the flume for each run. In
the longitudinal direction, the leading pier was 45 feet from the head box of the flume,
the second one was 80 feet from the head of the flume, and the third one was 120 feet
from the head of the flume.

In order to keep side-wall effects insignificant, the maximum pier size (for use
in the 8-ft wide flume) was kept at 7 inches, i.e. a flume width to pier width ratio, B/b
of 13.7. This value is higher than the B/b value of 8 suggested by Shen et al. (1966)
since it was found by Chiew (1984) during some trials that a blockage ratio of 8 or

smaller could produce significant wall effect.
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The depth measurements for pier scour with time were achieved utilizing visual
techniques. For this purpose, the piers were constructed of transparent plexiglass
material and three measuring scales were glued to the front, side and back of each pier,
in addition to a mirror with handle angled at 45° placed at the base of the pier. The
base of the scour hole and the deepest point of the scour hole at any time could be
easily identified and recorded by sliding the mirror within the plexiglass and reading the
corresponding measurement on the scale. In this way, scour depth with elapsed time
could be obtained up to an accuracy of + 0.005 ft (1.5 mm). A bright light located
above the water surface was used to improve the visibility of the scour region under

clear water scour conditions.

2.2.3 Bed Materials Used in Experiments

It has been indicated by many researchers such as Blench (1952), Fleming
(1970), and Vanoni et al.(1961) that there is a very strong tendency for alluvial
sediments to follow the log normal size distributions. Such size distribution can be
represented by a straight line on logarithmic-normal probability paper and in this case
ds, becomes the geometric mean diameter d, of the sediment mixture where ds, is the
sediment diameter for which 50% of the sediment material by weight is finer. Also,

the geometric standard deviation o, is given by:

d d
O‘=_ﬁ=.ﬂ

§ dSO d16

2.1

or
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where: d;¢ , dsg , and dg, are the sediment diameters for which 16%, 50%, and 84 %
of the sediment material is finer by weight respectively. The log-normal distribution
function is a 2-parameter distribution and is completely defined by ds, and o,. However,
most natural sediments show an approximate log-normal distribution only through the
mid part of the distribution, say ds; + o, but they usually have long tails in both the
coarse and fine fractions. Thus, Equations 2.1 through 2.3 are for gradation
coefficients that measure the spread of the distribution only between dg, and d,¢ in most
natural sediments. The presence of coarse material in sediment mixtures are better
defined by sizes of different quantities, such as dgg, dgs, dgg, etc. For the work here,
dso and o, were held constant and sizes of dgg, dgs, dog, €tc. were changed since
armoring in the scoﬁr hole involves mostly the coarser fractions of the mixture.
Proposed Sediment Mixtures. There is a specific requirement that needs to be
met in determining the gradation of the initial grain size distribution for the sediment
mixtures. This requirement is to keep the median size diameter constant throughout the
study. The median diameter was chosen to be 0.75 mm, then gradation coefficients
were chosen to be between 1.0 and 4.0. The properties of the sediment mixtures used

throughout the present series of tests are indicated in Tables 2.1 through 2.3.



Table 2.1. Sediment Mixture Properties for Set No. 1
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Pier No. D16 Dso D84 Dgo D95 O'g
(mm) (mm) (mm) (mm) (mm)
1 0.31 0.75 1.83 2.10 2.36 2.43
2 0.31 0.75 1.83 2.10 2.36 2.43
3 0.31 0.75 1.83 2.10 2.36 2.43
Table 2.2. Sediment Mixture Properties for Set No. 2
(mm) (mm) (mm) (mm) (mm)
0.31 0.75 1.83 2.10 2.36 2.43
2 0.31 0.75 1.83 2.80 5.00 2.43
0.31 0.75 1.83 2.10 2.36 2.43
Table 2.3. Sediment Mixture Properties for Set No. 3
Pier No. Dl6 : D50 D84 D90 D95 Ug
(mm) (mm) (mm) (mm) (mm)
0.23 0.75 2.65 4.76 6.40 3.40
2 0.23 0.75 2.65 3.20 4.20 3.40
3 0.55 0.75 1.05 1.18 1.22 1.38

Figures 2.2, 2.3, and 2.4 show the sediment size gradation curves of bed sediments

used around the three piers during sets of runs No. 1, 2, and 3.
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2.3 Experimental Procedure

Preparation for the scour test was initiated by leveling the bed. Prior to each run,
the sediment bed was levelled with the aid of a flat wood plate that has the same width
as the flume and was connected vertically to the instrument carriage by clamps. By
employing the point gage mounted on the carriage, initial bed elevations were taken to
check the levelling of the flume and calculate the average initial bed elevation around
each pier.

The gate was kept closed until the flume was filled with water. Then the gate
was adjusted to get the desired depth, and the valves of the pump were adjusted to get
the desired discharge which was determined with an orifice inserted in the recirculating
pipeline. Flow depth for all runs was maintained at 1.0 ft + 0.1 ft and water surface
and bed slopes were almost parallel.

Once the requested flow conditions were verified, the carriage and the point gage
were moved along the flume in such a way that any point in the study area could be
reached with the measuring devices. It was possible to obtain gopd measurements of
the velocity in the approach of each pier. Water surface profile was measured along the
length of the flume to calculate the water surface slope. Following scour with time
along the period of each run was also done. Every test ran for 16 hours to allow
maximum scour to be reached and the final scour hole geometry to be established. This
period was enough to maintain the maximum scour depth constant for at least 3 to 4

hours.
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At the end of each run, to drain the flume without any disturbance, the tail gate
was slowly closed and the pump stopped. Then the flume was slowly drained with the
aid of an efficient drainage system on the floor of the flume with its end open towards
the tail gate.

The bed was then allowed to dry over a 24-hr period, photos of scour holes
around each pier were taken, and measurements of the final bed elevations were
recorded to determine the maximum scour depth around each pier and the final bed
slope. The bed was allowed to dry another 24 hours and then the armor layers around
each pier and different areas in the approach and downstream of the piers were sampled
using the flour paste technique described by Ahmed (1989). Sieve analysis was then
performed on the samples using U.S. standard sieves (the sieving of the sediment
samples was completed by using a series of sieves at intervals of v2 x sieve diameter).

This procedure was repeated for each run. The area around each pier within 20
feet had to be refilled with the proper mixtures and remixed, then the bed was leveled
and saturated with water. Flow conditions were verified, and velocity was measured
at the approach of each pier in addition to the water surface profile measurements and
scour depth with time. After the scour depth became constant with time for at least 3.0
to 4.0 hours, the flow was stopped to let the bed dry, then the final bed elevations were
taken. Finally, the surface layer around each pier as well as the approach and
downstream of each pier was sampled to determine the size distribution of the armored

layers.
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2.4 Individual Measurements

In order to obtain a satisfactory correlation between the variation of scour depth,
flow parameters, and the change in bed material gradation, it was necessary during each
experimental run to take measurements of the following variables, noting in order to
maintain the clear water scour process, no sediment inflow was allowed throughout the
duration of the experimental investigation:

- Flow discharge

- Flow depth

- Water surface slope

- Mean bed slope

- Mean bed elevations

- Water temperature

- Scour hole measurements

- Scour versus time measurements

- Velocity measurements

- Armoring measurements (bed sediment samples)

2.4.1 Flow Discharge

The flow discharge was measured by an orifice meter mounted on the main
discharge pipeline. The differential head on the meter was measured by a mercury
manometer and by reading the difference in pressure head upstream and downstream of

the calibrated orifice meter. The discharge was regulated by means of a valve in the
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main pipeline. Knowing the differential head AH in inches, discharge was determined

in cfs using the following calibrated orifice meter relationship:

Q=529 *(aH)s 2.4

The flow discharge was also estimated by integrating the velocity profile over
the entire cross-section of the flume at several locations. Good agreement between the

two methods was obtained.

2.4.2 Flow Depth

In the case of non-uniform material, bed irregularities affect the accuracy of
measurements because the theoretical bed surface is not known and the bed elevation
reading at any section actually depends on the position of the needle tip of the point
gage relative to the larger grains on the bed. To reduce such error, three different point
gage readings were taken at each of the test sections and the actual bed reading was then
considered to be the average-of the three readings.

The corresponding water surface readings were determined and the depth of flow
was calculated as the average difference between the water surface and the bed surface
elevations at the specified test sections, For all experimental runs a uniform flow depth
over the entire flume length was maintained at 1.0 ft 4 0.1 ft by regulating the tail gate
at the flume exit. The local flow depth varied along the flume length during runs No.

12, 19, and 27, in response to the presence of bed features.
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2.4.3 Slope

Slope in laboratory flumes is one of the most difficult quantities to measure.
Special attention was devoted to reduce the error in slope measurements as much as
possible. For this reason bed levels were measured using the point gage, then corrected
through conversion factors obtained from a careful leveling of the carriage along the
entire flume using a surveyor’s level and rod. The bed slope was then computed as the
slope of the line of best fit based on a least square-criteria. The water surface slope was

calculated in a similar manner.

2.4.4 Flow Temperature

Measurements of water temperatures during each run are obtained by using a
mercury thermometer. Temperature was measured by inserting the thermometer into
the flume at about the middle of the flume length. The temperature was observed at
regular intervals of time and averaged to obtain the mean temperature of each individual

experimental run. Temperatures ranged from 61°F to 65°F and averaged 63°F.

2.4.5 Scour Hole Measurements

At the completion of each experiment the scour hole profiles around each pier
were recorded with the point gage supported by the mobile carriage. After using the
conventional method (stopping the flow and then measure the bed using a point gage),
it became apparent that the method would not yield the correct scour depths around each

pier because the scoured holes were partially filled in as the flow stopped. Thus, it was
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necessary to let the bed dry for at least 24 hours to drain the flume completely in order

to get accurate measurements of scour.

Very intensive grids were applied when measuring the scour around each pier,
also contouring the region around each pier was done very carefully by employing as
many points as possible because the maximum scour depth was the main concern of this
study. The maximum scour depth value for each run was calculated as the difference
between the mean initial bed elevation and the lowest measured point of scour around

each pier.

2.4.6 Scour versus Time Measurements

The depth measurement for pier scour utilized visual techniques. The piers were
constructed out of transparent plexiglass material. A series of lights was used to
facilitate the observation of the scour hole and to help in photographing the bed after
each run, especially for the armored layer around each pier.

As mentioned before,.the piers were made out of plexiglass_and measuring grid
tapes were pasted on the interior wall at the front, side, and back of each pier. Using
a mirror with a handle, it was easy to follow (trace) the development of scour with time
without interference with the flow. The depth of scour was recorded at regular intervals
as the scour hole formed. The frequenby of scour depth measurements decreased as the
rate of scouring decreased. The experiments were stopped when no change occurred

to the maximum depth of the scour hole over a minimum period of four hours.
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2.4.7 Velocity Measurements

The measurements of flow velocities during the experiments were carried out
utilizing a one-dimensional Marsh-McBirney magnetic probe, Model 2000 portable
water flowmeter. This type of current meter was designed for use in both the field and
the laboratory. The unit measures velocity in one direction from an electromagnetic
sensor placed in a conductive liquid such as water. The velocity measurement is
displayed on a digital display as feet per second (ft/sec) or meters per second (m/s).
Marsh Mc-Birney rates the accuracy of these flow meters at + 2% of the reading, and
their range from -0.5 ft/s to 19.99 ft/s (-0.15 m/s to 6.0 m/s). From an environmental
point of view, the sensor is accurate in the range of 32°F to 160°F (0°C to 65°C).

The velocity was measured in the approach of each pier at three specified
sections: 7 ft, 5 ft, and 2 ft upstream of each pier (about 12, 6, and 3 pier diameters).
The velocity was measured at 10, 20, 30...90% of the flow depth measured from the
bed of the flume. The velocity profiles were then averaged at each section to calculate
the overall mean flow velocity in the approach of each pier. The discharge was

calculated by the integration method using the continuity equation:

0-U=4 @.5)
where

Q = flow discharge in (ft*/sec);

U = mean approach flow velocity in (ft/sec); and

A = cross-sectional area in (ft?).
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The flume discharge determined by integrating the velocity distribution across
the entire section was compared to discharge from the calibrated orifice meter. Good
agreement was obtained between the two values. As shown in Table 2.4, the percentage
error in the discharge determined from the integration of the velocity distribution and
computed from the orifice equation is on the order of -1.35% to -7.97%. This
percentage of error was found to be within the acceptable limits of laboratory
measurements for such measurements. Figure 2.5 shows the values of the measured
velocities and velocities calculated from the orifice discharge measurements of the flow.
The measured velocities average about 5% less than those calculated from the orifice

discharge.

2.4.8 Sampling of the Armor Layer

At the end of each experiment, the particle size distribution of the armor layers
formed around each pier in the scour hole, approach bed to each pier, and downstream
of the pier were measured from samples obtained by the flour pasterterchnique described
by Ahmed (1989). Sieve analysis was then performed on the samples using U.S.
standard sieves and the available shaker in the Sediment Laboratory of the Engineering
Research Center, Colorado State University.

To determine the grain size distribution of the armor layer, it was required to
collect all grains in the top layer only. The most common method used by previous
researchers for such purpose is the wax method. Gessler (1967) used molten resin at

200°C, Little and Mayer (1972) used purified bee’s wax at 65°C to 68°C, Davis (1974)
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Table 2.4 Cross-Section Integrated Velocities

. Discharge (cfs
R | Dichse 1) | cllad fom | B
integration
1 7.29 7.056 -3.21
2 8.69 8.573 -1.35
3 10.58 10.377 -1.91
4 10.58 9.900 -6.42
S 9.31 8.846 -4.98
6 9.90 9.592 -3.11
7 11.41 10.957 -3.97
8 12.74 11.787 -6.40
9 9.43 9.058 -3.95
10 13.79 13.011 -5.65
11 15.15 14.160 -6.53
12 16.73 16.000 -4.35
I 13 11.10 10.515 -5.27
14 7.29 6.757 -7.31
15 5.16 4.880 -5.43
16 8.36 7.744 -7.37
17 9.16 8.429 -1.97
18 13.43 12.670 -5.64
19 - 16.85 16.407 -2.63
I 20 5.20 5.010 —3.66I
21 6.50 6.127 -5.73
22 7.30 6.912 -5.31
23 9.16 8.702 -4.99
24 11.10 10.773 -2.95
25 13.40 12.557 -6.29
26 16.90 15.974 -4.65
27 18.30 16.738 -7.90
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used molten petroleum wax at 76°C to 78°C and Proffitt (1980) used paraffin wax at

55°C to 57°C. In previous work, the measured grain size distribution of the armor
layers was found to be highly affected by the temperature at which the wax was poured
onto the bed. If the temperature is outside the narrow ranges specified above, the wax
either permeates down before solidifying or solidifies before all grains in the top layer
adhere to it.

Day (1976) used the paint method to identify grains in the top layer but still used
the wax method to lift it up. This method predicted a coarser grain size distribution of
the armor layer than the wax method. Day explained this to be caused by the
penetration of the wax below the armor layer.

In the present study, the flour paste technique, developed by Ahmed (1989) was
used. The procedure proved to be much easier than the wax method in terms of
preparation, use, time elapsed, and separation of the grains adhering to the paste. The
paste is sticky enough for all grain sizes to adhere easily and thick enough so that it did
not penetrate further than the surface layer.

After the bed was allowed to dry, the paste was placed on the surface of the bed.
A gentle uniform pressure was applied downward on the paste to pick up all the grain
sizes on the surface layer. The paste was then lifted up bringing with it the grains that
had been the surface layer. The separation process of the grains adhering to the paste
was achieved simply by washing the surface of the paste with warm water and gently
brushing by hand. A visual observation of the paste surface clearly indicated that all

grains, even the finest, were separated from the paste. The material was then dried,
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weighed, sieved, and the grain size distribution of the armor layer at a specific area for
a given flow condition was obtained. Detailed figures which show the grain size

distribution curves of the armored bed and scour holes for certain flow conditions are

presented in Chapters 3 and 4.

2.4.9 Grain Size Analysis

Mechanical (or sieve) anélysis was used to determine the particle sizes and their
relative distribution for particles greater than 0.074 mm (0.0029 in.). The smallest
sieve size used in this analyses was the U.S. No. 200. The sieve number corresponds
to the number of openings per linear inch; for example, the U.S. Bureau of Standards
No. 8 sieve has eight openings per inch.

To accomplish the mechanical analysis, sieves were stacked one on top of the
other in the shape of a nest df sieves, in which the largest screen opening (smallest sieve
number) was on top, progressing to the sieve with the smallest screen openings (largest
sieve number) on the bottom of the nest. A lid was placed on top of 7the nest and a pan
was placed below the bottom sieve to catch any sediment that passes through the
smallest opening.

A 10-minute shaking period was used in this procedure. A larger sample
required a longer shaking period. Siinilarly, a sample comprised primarily of fine-
grained material requires a longer shaking period than a coarser-grained sample of equal

weight.
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Particles that appear to be stuck in the sieve screen were never forced through
the mesh, because forcing particles through the screen distorts the grain size results and
can damage the screen. Particles caught in the screen were removed by brushing with
the proper sieve brush (wire-bristled brush for coarse screens and a hair brush for fine
screens). Brushing was done from the underside of the screen in order that the particles

could be brushed out of the screen in the same direction that they entered the screen

opening.

2.4.9.1 Required Apparatus

a) A set of U.S. Standard sieves, lid and pan.
b) Set of sieve brushes for cleaning sieves.

c) Balance, sensitive to 0.1 gram.

d) Large pans for air drying after cleaning the samples.

2.4.9.2 Procedure

a) Separate all grains from the paste material and tﬁen wash with warm
water to remove any paste that adhered to the particles.

b) Samples were thoroughly air dried.

¢) The pan that was used in weighing the retained weights on each sieve
after shaking the sample was cleaned and dried.

d) If the total sample is sufficiently large, select a representative sample

by using the quartering method.
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€) Weigh the sample to the nearest 0.1 gram.
f) Sieve the sample of soil through a set (or "nest"”) of sieves by using

a mechanical shaker for at least 10 minutes.
g) Carefully separate the nest of sieves and weigh and record each
weight that was retained on each sieve to the nearest 0.1 gram.

h) The results of the grain size analysis were reported in the form of a

grain size distribution curve on semi-log paper.



CHAPTER 3

ARMORING PATTERNS AROUND CIRCULAR BRIDGE PIERS

3.1 Introduction

Armoring measurements were performed after each run at different areas or
positions around the piers to show sediment size distributions patterns in response to
different flow conditions. This chapter presents the basic data and information about
the armoring measurements around circular bridge piers. A brief discussion using the
measured sediment size distribution curves for armor layers to satisfy the objeétives of
the three sets of runs performed during this study is also presented. Three sets of runs
were performed to study the effects of bed material gradation, as well as increasing the
size of coarse sediment fractions existing in the original sediment mixture, on bridge
pier scour.

During the first set of Aruns the mixture was the same around piers No. 1, 2, and
3, having a mean diameter ds, of 0.75 mm and a geometric standard deviation o, of
2.43, as shown in Figure 2.2. The purpose of the first set of runs was to check the
repeatability of armoring results under almost the same flow conditions.

In the second set of runs, the mixture around the three piers had the same ds,
of 0.75 mm and o, of 2.43. Around pier 1 the mixture was the same as the first set of

runs, around pier 2 the coarse material fraction size above dy, was increased, and

around pier 3 the coarse material fraction size above dgs was increased as shown in
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Figure 2.3. The purpose of this second set of runs was to study the effect of increasing

the coarse material fraction size of the original sediment mixture on the local scour
depth keeping dsy and o, at 0.75 mm and 2.43 respectively.

During the third set' of runs, the mixture around pier 2 had the same mean
diameter of 0.75 mm and o, of 3.4. Around pier 1 the mixture had the same ds, and
o, as pier 2, but the size of fraction above dgy was increased, and around pier 3 a
uniform sand of dso of 0.75 mm and o, of 1.38, Figure 2.4, was used as a bed material.
The purpose of this third set of runs was to study the effect of increasing the coarse
fraction size above dy, in the original sediment mixture on the resulting scour depth.
The resulting armoring patterns, and comparisons of scour in non-uniform materials

with that resulting in uniform bed material were studied.

3.2  Flow Conditions

The flow conditions which were tested during this study are summarized in Table
3.1. The measured and computed data listed in Table 3.1 are the median sediment size,
dso, the geometric standard deviation for each of the six sediment mixtures used in this
study, o,, the flow discharge, Q, the approach flow depth, Y,, the approach velocity
to each pier, V|, the calculated energy line slope S., the calculated Froude Number, F,,

the measured scour depth, Y,, and duration of each experiment, t (hours).
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Table 3.1 Summary of Experimental Measured Data (T = 60 - 65°F)

Set No. 1 (Runs 1 through 12)

Run |Mixture| Dsq o Q Y, Vv, S Fr Y, t
No.3 | No. |mm 8 cfs ft ft/s ¢ ft | hr
1-1 1 0.751 243 | 7.29 | 1.26 | 0.7 ]0.0002 | 0.109 |0.12} 8
1-2 1 0.75] 2.43 | 7.29 | 1.3 | 0.67 [0.0002 | 0.104 |0.12| 8
1-3 1 0.75] 2.43 | 7.29 | 1.31 | 0.66 {0.0002 | 0.102 |0.11] 8
2-1 1 0.75] 2.43 | 8.69 | 0.94 | 1.14 {0.0004 | 0.207 |0.25| 8
2-2 1 0.75] 2.43 | 8.69 | 0.96 | 1.12 |0.0004 | 0.201 {0.22] 8
2-3 1 0.75] 2.43 | 8.69 | 0.96 | 1.11 |0.0004 | 0.2 |0.22| 8
3-1 1 0.751 2.43 | 10.6 | 0.94 | 1.38 |0.0006 | 0.25 |0.55| 19
32 1 0.75] 2.43 | 10.6 | 0.95 | 1.33 10.0006 | 0.24 [0.47| 19
3-3 1 0.75] 2.43 110.6 | 0.96 | 1.33 |0.0006 | 0.24 {0.47| 19
4-1 1 0.75| 2.43 | 10.6 | 1.25 | 0.99 }0.0004 | 0.156 |0.16] 12
4-2 1 0.75] 2.43 1 10.6 | 1.23 | 0.99 |0.0004 | 0.157 |0.16] 12
4-3 1 0.75] 2.43 | 10.6 | 1.24 | 0.95 ]0.0004 | 0.151 |0.15] 12
5-1 1 0.75) 2.43 | 9.31 | 1.16 | 0.97 [0.00042} 0.159 |0.15| 8
52 1 0.75] 2.43 | 9.31 | 1.13 | 0.96 {0.00042| 0.158 |0.15} 8
5-3 1 0.75] 2.43 | 9.31 | 1.12 | 0.97 |0.00042| 0.161 |0.13| 8
6-1 1 0.75| 2.43 | 9.9 1.1 1.09 |0.00045] 0.183 |0.29] 12
6-2 1 0.75| 2.43 | 9.9 1.1 1.09 [0.00045} 0.183 [0.27] 12
6-3 1 0.75| 2.43 | 9.9 1.1 1.08 [0.00045] 0.182 ]0.26] 12
7-1 1 0.75] 2.43 | 11.41] 1.06 | 1.3 |0.0006 | 0.224 |0.48| 16
7-2 1 0.751 2.43 {11.41| 1.07 | 1.28 {0.0006 | 0.218 |0.44| 16
7-3 1 0.75] 2.43 | 11.41| 1.07 | 1.27 10.0006 | 0.217 |0.44} 16
8-1 1 0.75] 2.43 | 12.74| 1.05 | 1.45 |0.00065| 0.251 |0.61| 12
8-2 1 0.751 2.43 | 12.74 | 1.07 | 1.35 |0.00065| 0.23 0.6 | 12
8-3 1 0.75| 2.43 | 12.74 | 1.06 | 1.38 |0.00065| 0.236 | 0.6 | 12
9-1 1 0.75] 2.43 1 9.43 | 1.05 | 1.1 [0.00043| 0.189 10.3 | 16
9-2 1 0.75) 2.43 1 9.43 | 1.02 | 1.1 |0.00043| 0.192 {0.26| 16
9-3 1 0.75] 2.43 | 9.43 1 1.12 |0.00043} 0.197 {0.26]| 16
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10-1 1 0.75 2.43 | 13.79} 1.09 | 1.54 |0.0007 | 0.26 }0.64| 10
10-2 1 0.75] 2.43 [ 13.79] 1.07 | 1.5 ]0.0007 | 0.255 |0.61] 10
10-3 1 0.75( 2.43 | 13.79| 1.04 | 1.51 }0.0007 | 0.26 |0.6 | 10
11-1 1 0.75] 2.43 | 15.15] 1.1 1.61 [0.00073| 0.27 |0.68| 14
11-2 1 0.75| 2.43 | 15.15{ 1.08 | 1.57 |0.00073] 0.266 |0.65| 14
11-3 1 0.75] 2.43 | 15.15] 1.05 | 1.62 }0.00073] 0.279 {0.68]| 14
12-1 1 0.75] 2.43 116.73| 1.19 | 1.65 {0.00085{ 0.266 |0.65] 16
12-2 1 0.75] 2.43 | 16.73 ]| 1.19 | 1.72 |0.00085{ 0.277 |0.64| 16
12-3 1 0.75| 2.43 | 16.73 | 1.26 | 1.58 |0.00085] 0.249 |0.66| 16
Set No. 2 (Runs 13 through 19)
Run |Mixture| Dy, o Q Y, A4 S Fr Y. | t
No. No. |mm 8 cfs ft ft/s N ft { hr
13-1 1-A 10.75| 2.43 | 11.1 | 1.06 | 1.28 |0.00055| 0.219 {0.51] 16
13-2 1-B [0.75] 2.43 | 11.1 | 1.06 | 1.2 |0.00055| 0.193 |0.16] 16
13-3 | 1-C |0.75| 2.43 | 11.1 | 1.06 | 1.22 |0.00055] 0.209 [0.22] 16
14-1 I-A 10.75| 2.43 | 7.29 | 1.02 | 0.84 |0.00029| 0.146 {0.16] 16
14-2 1-B 10.75] 2.43 | 7.29 | 1.03 | 0.82 [0.00029] 0.142 |0.04| 16
14-3 | 1-C |0.75| 2.43 | 7.29 | 1.03 | 0.82 {0.00029] 0.142 {0.09} 16
15-1 1-A }0.75| 2.43 | 5.16 1 0.62 |0.00022] 0.108 [0.03| 16
15-2 1-B [0.75] 2.43 | 5.16 | 1.01 { 0.6 ]0.00022|0.105 |0.01] 16
15-3 1-C [0.75] 2.43 | 5.16 1 0.61 |0.00022]0.107 |0.02{ 16
16-1 1-A 10.75] 2.43 | 8.36 | 1.08 | 0.92 |0.00045| 0.156 |0.27| 16
16-2 1-B [0.75] 2.43 | 8.36 | 1.1 0.87 10.00045] 0.145 |0.09| 16
163 | 1-C ]0.75}| 2.43 | 8.36 | 1.11 | 0.85 |0.00045| 0.141 {0.15] 16
17-1 1-A 10.75} 2.43 | 9.16 | 1.08 | 0.99 |0.0005 | 0.168 {0.3 | 16
17-2 1-B [0.75] 2.43 | 9.16 | 1.09 | 0.96 [0.0005 | 0.161 |0.1 | 16
17-3 | 1-C 10.75| 2.43 | 9.16 | 1.09 | 0.95 [0.0005 | 0.16 |0.16] 16
18-1 1-A 10.75|( 2.43 | 13.43 | 1.08 | 1.48 |0.00062] 0.25 0.7 | 16
18-2 1-B |0.75] 2.43 | 13.43] 1.08 | 1.4 |0.00062| 0.238 |0.28| 16
18-3 | 1-C |0.75| 2.43 ]13.43| 1.1 1.42 10.00062] 0.238 [0.42| 16
19-1 I-A |0.75| 2.43 | 16.85| 1.1 1.8 }0.00098] 0.302 |0.74| 16
19-2 1-B [0.75] 2.43 | 16.85] 1.1 1.83 10.00098} 0.307 {0.59] 16
19-3 1 1-C |0.75]| 243 |16.851 1 2.12 10.00098( 0.374 |0.66] 16
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Set No. 3 (Runs 20 through 27)

Run Mixture D50 p Q YI Vl S Fr
No. No. |{mm 8 cfs ft ft/s e '

20-1 | 2-E |0.75] 3.4 | 5.2 1 0.64 {0.00047} 0.112 {0.01} 16
202 | 2-D [0.75| 3.4 | 5.2 |1.01| 0.62 |0.00047}|0.108 {0.01] 16
20-3 3 0.75] 1.38 | 5.2 |1.01| 0.61 |[0.00047}0.107 {0.03| 16
21-1 | 2-E |0.75| 3.4 | 6.5 |1.12] 0.68 |0.0005 |0.1130.03| 16
212 | 2-D 10.75| 3.4 | 6.5 |1.11]| 0.69 |0.0005 | 0.115]0.04{ 16
21-3 3 0.75| 1.38 | 6.5 [1.11] 0.7 [0.0005 {0.117{0.13] 16
22-1{ 2-E |0.75] 3.4 | 7.3 [1.06| 0.82 |0.00054]|0.141[0.04| 16
222 | 2-D |0.75| 3.4 | 7.3 |1.08| 0.79 |0.00054|0.133 |{0.05] 16
22-3 3 0.75{ 1.38 | 7.3 [1.09| 0.78 |0.00054( 0.131 {0.21] 16
23-1 | 22E |0.75]| 3.4 | 9.16 | 1.1 1.00 |0.00062) 0.167 [0.06| 16
23-2 | 2-D |[0.75| 3.4 | 9.16 | 1.1 | 0.98 (0.00062| 0.164 |0.07] 16
23-3 3 0.75]| 1.38 | 9.16 | 1.11| 0.96 |0.00062| 0.161 [0.42| 16
24-1 | 2-E |0.75| 3.4 |{11.1 |1.07} 1.27 |0.0007 | 0.216 |0.1 | 16
242 | 2-D |0.75{ 3.4 |[11.1 |[1.08]| 1.24 |0.0007 { 0.21 |0.17] 16
24-3 3 0.75| 1.38 | 11.1 |1.07| 1.25 ]0.0007 | 0.213 0.7 | 16
25-1 | 2-E |0.75( 3.4 [13.4 [1.09] 1.48 |0.0009 | 0.25 |0.23| 16
252 | 2-D |0.75| 3.4 |13.4 |1.09]| 1.43 |0.0009 | 0.241 |0.28 16
25-3 3 0.75] 1.38 | 13.4 | 1.1 1.41 10.0009 | 0.237 [0.82{ 16
26-1 | 2-E° [0.75] 3.4 169 |1.04] 1.94 |0.0015 [ 0.335]0.62] 16
262 | 2-D {0.75] 3.4 |[16.9 |1.04]| 1.91 [0.0015 | 0.33 |0.62] 16
27-1 | 2-E |0.75]| 3.4 |18.3 ]0.98| 2.21 | 0.002 |0.393]0.72] 16
272 | 22D |0.75| 3.4 |18.3 |0.98]| 2.14 | 0.002 | 0.38 [0.66| 16

3.3  Critical Shear Stress for Sediment Mixtures

To investigate the effect of sediment gradation and increasing size of coarse
material fraction on local scour depth in the clear-water scour, the bed in the approach
of each pier should not be in motion. However, for each run, some finer particles were

moved from the approach channel, so the bed upstream of the piers degraded slightly
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(in the order of 0.01 ft) and gradually armored. After that, there was no further bed

motion and clear-water scour took place around the piers. Generally, clear-water scour
at bridge piers will occur so long as the approach shear stress does not exceed the
critiéal shear stress for the sediment mixture composing the bed.

The criteria for calculating critical shear stress for the sediment mixture forming
the approach bed of each pier was achieved using Gessler’s method. Gessler (1971)
defined the critical shear stress of a sediment mixture as the bed shear stress which will

develop the coarsest armor coat, and can be calculated using the formula:

7, = 0.047 (v, - v,) Dy _ 3.1)

‘m

where 7., is the critical shear stress for sediment mixtures, and D,,,  is the maximum
a

max
mean diameter of the armor layers for that mixture.

In the present study, the surface armor layer in the approach of each pier was
sampled and the grain size distribution curves for different sediment mixtures were
developed. From these curves the mean diameter of each of the armor layers were
determined. For each of the sediment mixtures the mean diameter of the coarsest armor
layer in the approach of each pier resulting from experiments was used in calculating

the critical shear stress for that sediment mixture. Table 3.2 shows the values of the

corresponding critical shear stresses for the bed materials used in this study.
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Table 3.2 Critical Shear Stress for Sediment Mixtures

Mixture d, ' o Dyyg amax Tem II
No. g (mm) (Ft) (b/ft?)
1 0.75 2.43 2.50 0.0082 0.0397
2 0.75 3.40 5.60 0.0184 0.0890
3 0.75 1.38 - - 0.0120

3.4 Ratio of Average Bed Shear Stress to Critical Shear

Observations and photographs of the bed confirmed, without any need for further

calculations that no bed material motion upstream of each pier occurred.

Figures 3.1 through 3.4 are some examples for the initial bed and final bed elevations
in the approach of the piers, clearly indicating that no bed movement occurred in front
of the piers. - The photographs presented in Figures 3.5 through 3.8 confirm these
observations.

" Values of the average bed shear stress in the approach of the three piers are

presented in Table 3.3. The average bed shear stress can be calculated as:

where T,

= bed shear stress;

tb=waSe

= the specific weight of water;

the hydraulic radius, (R=A/P),

cross sectional area;

wetted perimeter; and

slope of the energy gradient.

(3.2)
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Figure 3.6 Scour Hole and Approach Bed Profiles of Pier 3 Run 23
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Figure 3.7 Scour Hole and Approach Bed Profiles of Pier 3 Run 24

Figure 3.8 Scour Hole and Approach Bed Profiles of Pier 3 Run 25
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Table 3.3 Calculations of Average Bed Shear Stress

Run Y A P R T Us* U*c
v | s | n i | o | o | P | e | fusec | fusec |00
II 1-1 | 7.29] 1.26|10.08]10.52| 0.958| 0.0002 | 0.011958 | 0.078553 [0.143052 | 0.549
12 | 7.29] 1.3 |10.4 |10.6 | 0.981 0.0002 | 0.012245 0.079489 [0.143052 | o0.556
13 | 7.29| 1.31]10.48|10.62| 0.987] 0.0002 | 0.012315| 0.079719 }o.143052 | 0.557
21 | 8.69| 0.94] 7.52| 9.88| 0.761] 0.0004 | 0.018998] 0.099012 [0.143052 | 0.694
22 | 869 0.96] 7.68| 9.92| 0.774] 0.0004 | 0.019324 p0.099858 [0.143052 | 0.698
23 | 869 0.96| 7.68| 9.92| 0.774] 0.0004 | 0.019324] 0.099858 [0.143052 | 0.698
3-1 |10.58] 0.94| 7.52( 9.88| 0.761] 0.0006 | 0.028497| 0.121265 [0.143052 | 0.848
32 |10.58] 0.95| 7.6 | 9.9 | 0.768| 0.0006 | 0.028742| 0.121785 |0.143052 | 0.851
33 |10.58| 0.96| 7.68| 9.92| 0.774| 0.0006 | 0.028986 | 0.122301 0.143052 | 0.855
41 |10.58| 1.25/10  [10.5 | 0.952] 0.0004 | 0.023771| 0.110755 |0.143052 | 0.774
42 |10.58| 1.23| 9.84[10.46| 0.941| 0.0004 | 0.023481] 0.110075 [0.143052 | 0.769
43 |10.58| 1.24| 9.92)10.48| 0.947] 0.0004 | 0.023626 | 0.110416 [0.143052 | 0.772
5-1 | 931] 1.16] 9.28/10.32{ 0.899| 0.00042 | 0.023567| 0.110277 [0.143052 | 0.771
52 | 931 1.13| 9.04]10.26| 0.881] 0.00042| 0.023092| 0.10916 [0.143052 | 0.764
53 | 9.31| 1.12] 8.96{10.24| 0.875| 0.00042| 0.022932 | 0.108782 [0.143052 | 0.760
6199 | 1.1 | 88 [10.2 | 0.863] 0.00045| 0.024226 | 0.111809 [0.143052 | 0.782
62| 9.9 | 1.1 | 8.8 [10.2 | 0.863] 0.00045| 0.024226 | 0.111809 [0.143052 | 0.782
63| 9.9 | 1.1 | 8.8 [10.2 | 0.863] 0.00045| 0.024226 0.111809 [0.143052 | 0.782
7-1 |11.41| 1.06| 8.48/10.12| 0.838] 0.0006 | 0.031373| 0.127236 [0.143052 | 0.889
72 |11.41| 1.07| 8.56[10.14| 0.844] 0.0006 | 0.031606 | 0.127709 [0.143052 | 0.893
73 |11.41| 1.07| 8.56(10.14| 0.844] 0.0006 | 0.031606 ] 0.127709 |0.143052 | 0.893
8-1 [12.74| 1.05| 8.4 |10.1 | 0.832] 0.00065| 0.033733 | 0.131936- [0.143052 | 0.922
82 [12.74| 1.07| 8.56[10.14| 0.844] 0.00065| 0.03424 | 0.132024 [0.143052 | 0.929
8-3 [12.74| 1.06| 8.48|10.12] 0.838] 0.00065| 0.033987| 0.132432 J0.143052 | 0.926
91 | 9.43| 1.05| 8.4 [10.1 | 0.832] 0.00043| 0.022316| 0.10731 [0.143052 | 0.750
92 | 9.43| 1.02| 8.16[10.04| 0.813] 0.00043| 0.021808 | 0.106082 [0.143052 | 0.742
93| 9.43[ 1 |8 |10 | 0.800] 0.00043| 0.021466 | 0.105246 [0.143052 | 0.736
10-113.79| 1.09| 8.72[10.18| 0.857] 0.0007 | 0.037415| 0.138951 [0.143052 | 0.971
10-2 |13.79] 1.07| 8.56|10.14| 0.8441 0.0007 | 0.036874 | 0.137941 |0.143052 | 0.964
103 |13.79] 1.04| 8.32[10.08| 0.825| 0.0007 | 0.036053 | 0.136398 [0.143052 | 0.953
11-115.15| 1.1 | 8.8 [10.2 | 0.863] 0.00073| 0.0393 | 0.142407 |0.143052 | 0.995
112 |15.15| 1.08| 8.64[10.16| 0.850| 0.00073 | 0.038737 | 0.141384 0.143052 | o0.988
113 |15.15| 1.05| 8.4 |10.1 | 0.832] 0.00073| 0.037885| 0.13982 [0.143052 | 0.977
12-1|16.73| 1.19] 9.52[10.38| 0.917| 0.00085| 0.048646 | 0.158437 [0.143052 | 1.107
122 [16.73| 1.19| 9.52[10.38| 0.917 0.00085 | 0.048646| 0.158437 [0.143052 | 1.107
123 [16.73| 1.26(10.08{10.52| 0.958| 0.00085| 0.050822 0.161942 |0.143052 | 1-132
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T Set No. 2 (Runs 13 through 19) - — ]
Run Y A P R T Us Us*c

# ft?/s e | e | £ | i | TP | mie | fusec | fusec |CUC
T3-1|11.1 | 1.06| 8.48|10.12] 0.838| 0.00055| 0.028758 | 0.12182 |0.143052 | 0.852
132 [11.1 | 1.06| 8.48]|10.12] 0.838| 0.00055| 0.028758| 0.12182 {0.143052 | 0.852
133 [11.1 | 1.06| 8.48|10.12| 0.838] 0.00055| 0.028758| 0.12182 [0.143052 | 0.852
14-1| 7.29| 1.02| 8.16]10.04] 0.813] 0.00029 0.014708| 0.087117 0.143052 | 0.609
142 | 7.20| 1.03] 8.24]10.06] 0.819] 0.00029| 0.014822{ 0.087456 |0.143052 | 0.611
143 | 7.29| 1.03| 8.24]|10.06] 0.819] 0.00029| 0.014822| 0.087456 {0.143052 | 0.611
151] 516 1 | 8 |10 | 0.800| 0.00022| 0.010982| 0.075281 [0.143052 | 0.526
152 | 5.16| 1.01] 8.08]10.02| 0.806| 0.00022] 0.01107 | 0.075581 |0.143052 | 0.528
53| 516l 1 |8 |10 | 0.800| 0.00022| 0.010982| 0.075281 [0.143052 | 0.526
16-1| 8.36| 1.08| 8.64]|10.16] 0.850| 0.00045| 0.023879| 0.111005 [0.143052 | 0.776
162 836] 1.1 | 8.8 |10.2 | 0.863] 0.00045| 0.024226| 0.111809 [0.143052 | 0.782
163 | 8.36] 1.11] 8.88]10.22| 0.869| 0.00045| 0.024398 | 0.112206 [0.143052 | 0.784
17-1] 9.16| 1.08| 8.64]|10.16] 0.850} 0.0005 | 0.026532 0.11701 0.143052 | 0.818
172 | 9.16| 1.09| 8.72|10.18] 0.857| 0.0005 | 0.026725| 0.117435 0.143052 | 0.821
173 | 9.16| 1.09} 8.72]10.18| 0.857] 0.0005 | 0.026725| 0.117435 0.143052 | 0.821
18-1 | 13.43| 1.08] 8.64|10.16| 0.850] 0.00062| 0.0320 | 0.130297 |0.143052 | 0.912
182 [13.43] 1.08] 8.64]10.16| 0.850| 0.00062| 0.0320 | 0.130297 [0.143052 | 0.911
183 [13.43] 1.1 | 8.8 |10.2 | 0.863| 0.00062| 0.033378| 0.13124  [0.143052 | 0.917
19-1 |16.85| 1.1 | 8.8 |10.2 | 0.863] 0.00098| 0.052759] 0.164999 [0.143052 | 1.153
192 |16.85| 1.1 | 8.8 |10.2 | 0.863] 0.00098| 0.052759| 0.164999 [0.143052 | 1.153
19316850 1 |8 |10 | 0.800| 0.00098| 0.048922| 0.158886 [0.143052 | 1.111

Set No. 3 (Runs 20 through 27)

Run Y A P R T U* U%c

# fgs e | fe | 6 | ore | SOP | e fsec | fisec |[O0€
2011 52 | 1| 8 |10 | 0.800] 0.00047] 0.023462 | 0.110033 [0.214188 | 0.514
202 5.2 | 1.01] 8.08]10.02| 0.806| 0.00047| 0.02365 | 0.110471 |0.214188 | 0.516
203 | 5.2 | 1.01| 8.08]/10.02] 0.806| 0.00047| 0.02365 | 0.110471 |0.078648 | 1.416
211 65 | 1.12] 8.96]10.24] 0.875] 0.0005 | 0.0273 |0.118691 |0.214188 | 0.554
212 | 6.5 | 1.11| 8.88]10.22] 0.869] 0.0005 | 0.027109] 0.118275 [0.214188 | 0.552
213 65 | 1.11] 8.88]10.22| 0.869] 0.0005 | 0.027109] 0.118275 [0.078648 | 1.516
21| 73 | 1.06]| 8.48]10.12] 0.838] 0.00054| 0.028235| 0.120707 0.214188 | 0.564
22| 73 | 1.08| 8.64]10.16] 0.850] 0.00054] 0.028655] 0.1216  |0.214188 | 0.568
23| 7.3 | 1.09] 8.72]10.18] 0.857] 0.00054| 0.028863 | 0.122042 [0.078648 | 1.565
23-1| 9.16] 1.1 | 8.8 |10.2 | 0.863] 0.00062| 0.033378| 0.13124 [0.214188 | 0.613
22| 9.16] 1.1 | 8.8 |10.2 | 0.863] 0.00062| 0.033378] 0.13124 [0.214188 | 0.613
233 | 9.16] 1.11] 8.88]10.22] 0.869| 0.00062| 0.033615| 0.131706 [0.078648 | 1.638
24-1111.1 | 1.07| 8.56]10.14] 0.844] 0.0007 | 0.036874| 0.137941 |0.214188 | 0.644
242 |11.1 | 1.08] 8.64]10.16| 0.850] 0.0007 | 0.037145] 0.138448 |0.214188 | 0.646
243 [11.1 | 1.07] 8.56]|10.14| 0.844] 0.0007 | 0.036874| 0.137941 |0.078648 | 1.768
251 |13.4 | 1.09] 8.72{10.18] 0.857| 0.0009 | 0.048106 | 0.157555 |0.214188 | 0.736
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Table 3.3 Continued

25-2113.4 | 1.09] 8.72]/10.18| 0.857| 0.0009 | 0.048106 | 0.157555 [0.214188 | 0.736
2531134 | 1.1 | 88 |10.2 | 0.863| 0.0009 | 0.048452| 0.158121 0.078648 | 2.027
26-1116.9 | 1.04] 8.32110.08] 0.825{ 0.0015 | 0.077257| 0.199666 [0.214188 | 0.932
26-2 [16.9 | 1.04| 8.32]|10.08| 0.825| 0.0015 | 0.077257] 0.199666 [0.214188 | 0.932
27-1[18.3 | 098] 7.84] 9.96| 0.787] 0.002 0.098236] 0.22515 {0.214188 1.051
27-2|18.3 | 0.98] 7.84| 9.96| 0.787} 0.002 0.098236 | 0.22515 |0.214188 1.051

For the present study, the width/depth aspect ratio utilized during this study was
on the order of 7 to 8 in almost all the experiments. For this ratio, calculations to
correct the shear stresses to include the side wall effects did not give or result in any
significant correction for the wall effect. During this study subcritical flow conditions
prevailed, so the flow was subjected to downstream control. By adjusting the
downstream tail gate during each experiment, it was possible to obtain almost uniform
flow conditions within the study reach. In spite of this fact, the measured bed slope
values were slightly different from those of measured water surface slopes. For this
reason, the slope of the energy line was used for the calculations of the average bed
shear stress.

In the calculations of the bed shear stress, U./U., was used as a criteria for
controlling the movement of the approach bed to each pier, where U. is the shear
velocity and is equal to (7,/p)®*. In the experiments, the value of the parameter U./U.,
exceeded the critical value of 1.0 only during runs No. 12, 19, and 27. However,
according to Table 3.3 for runs 20-3, 21-3, 22—3, 23-4, 24-3, and 25-3 the U./U.,
values exceed the value of 1.0 which falsely gives the impression that the approach bed
has been moving during these runs. However, both the observations and measurements

of the bed proved that clear-water scour occurred along these runs. It has been found
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for this reason that the calculation of shear stresses for graded bed materials is
compatible with the energy slope measurements and therefore shear velocity values were
compatible with the data and observations. Measured shear velocities were not
compatible with observations and measured data for the uniform material used during
the third set of runs. This is probably due to the fact that the Shields diagram, which
is used for the calculation of critical shear stress and the critical shear velocity , U., by
using ds, for representing the bed material for the initiation of the motion may not be

applicable to the tested material conditions.

3.5 Armoring Process

Armoring is a phenomena that happens in graded bed materials. During the
armoring process, the fine materials of the mixture are washed out, the rate of sediment
transport is decreased because less and less movable material is available for transport,
and the top-most layer of bed material becomes coarser. When the flow conditions
remain constant for enough time, the sediment transport rate apprpaches zero and an
armor coat forms which protects material below from erosion or scour.

During the first set of runs (run 1 through 12), the armor layer samples around
the perimeter of the bridge piers were taken as single sample. Other samples in the
approach and ridge of each pier were also taken in addition to samples from the
deposition region directly behind the pier to show the variation of the material sizes of
the surface layers around bridge piers. For Sets No. 2 (runs 13 through 19) and No.

3 (runs 20 through 27), the armor layer around the perimeter of the pier was divided
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further into 3 subsections: in front of the pier (nose), at the side of the pier, and in the

downstream area directly behind the pier. Other sediment sample sites were the same
as in first set of runs: the approach, ridge, and the tail of depositional area downstream
from the piers. In summary, the only difference in sampling the armor layer around
the perimeter of the piers was during the first set of runs where the region next to the
pier was sampled as a single unit while during Sets No. 2 and 3, it was taken as 3
separate units (front, side and downstream area).

In order to clarify the definition of legends used in various sediment size
distribution curves in chapters 3 and 4, an explanation of the short-hand definitions of
legends is included next.

Orig. Mix. (or Init. Mix.): the original (initial) mixture corresponding to the set of
runs in which the specific experiment was performed.

Arm. Lay.: the (surface) armor layer from around the perimeter of the pier for the Set
No. 1 runs which were taken as a single sample.

Scour Hole: a single sample taken from the surface layer around th¢ perimeter of pier.
Upper Slope: surface sample taken from the upper part of the front slope of the scour
hole.

Lower Slope: surface sample taken from the lower part of the front slope of the scour
hole.

Ridge: surface sample taken from the downstream area of the pier where the flow lines
converge again. Usually, this area is where the coarse particles behind each pier are

encountered.
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P1,P2,P3: Pier No. 1 placed at 45 ft from the head of the flume, Pier No. 2 placed

at 80 ft from the head, and Pier No. 3 at 120 ft from the head of the flume,
respectively.

R3-P1: Run No. 3 for pier 1;

R2-P2: Run No. 2 for pier 2;

U/S. SURF.: Surface sample from the front part of armor layer.

SIDE SURF.: Surface sample from the side part of the armor layer.

D/S. SURF.: Surface sample from the downstream part of the armor layer just behind
the pier.

APPROACH: Surface sample from the armor layer formed at the approach of each
pier.

Q : the specified discharge for certain run in cubic feet per second.

Fr: Froude Number for certain specified run.

3.5.1 Armoring Patterns around Bridge Piers for Set No.1

Presented here are some examples of the armor layer gradation patterns around
bridge piers during- Set No. 1. Figures 3.9 through 3.11 represent three different
discharges of 8.69, 10.58, and 9.31 cfs and show the repeatability of the armor layer
measurements around piers 1, 2, and 3. In these figures, piers subjected to identical
flow conditions develop nearly identical sediment size gradation curves.

Other armoring examples are also presented in Chapter 4. The main factor in

the present experiments controlling the scour and the armoring pattern is the shear stress
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which is a function of the stream velocity. The higher the flow velocity, the coarserthe
armor layer at the pier site. The Froude number, which is a function of the stream
velocity, plays an important role in controlling the scour process.

Figure 3.12 shows armoring patterns for the discharges of 8.69, 10.58, 10.58,
9.31, and 9.90 cfs. These patterns show that the coarseness of the armor layers is
proportional to the Froude Number of the flow which is a good indicator that the flow
velocity is an important parameter in the scour process. In this figure, during runs 3
and 4 the flow discharge was the same at 10.58 cfs, but the velocity during run 3 was
higher than that for run 4 due to lower flow depth. As a consequence, larger scour
depths resulted for runs 4 and 5. The flow discharge during run 5 was 9.31 cfs which
was less than that for run 4 (10.58 cfs), but the velocities and the corresponding Froude
Numbers were almost the same resulting in the same armoring patterns.

The armoring pattern examples for set No. 1 proved the repeatability of
armoring patterns and scour depths for almost the same flow conditions. Based on the
observations and measurements, it can be concluded that the flow ye}ocity and Froude
Number are more important than the flow discharge itself in controlling the scour

process and the resulting scour depth value.

3.5.2 Armoring Patterns Around Bridge Piers for Sets No. 2 and 3
The goal of experiments conducted for set No. 2 (runs 13 through 19) and set
No.3 (runs 20 through 27) was to check the effect of increasing the size of coarse

material fraction above the dg, and dys size. For the experiments for set No. 2 the dg
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and dg sizes were increased; for set No. 3 only d, size was increased. The resulting
scour depth and hence the armoring pattern when keeping o, at the same value of 2.43
for set No. 2 and 3.4 for set No. 3 were significantly lower than uniform material.

Figures 3.13 and 3.14 present some of the resulting size distribution curves for
set No. 2 and Figures 3.15 and 3.16 present the same information for set No. 3. Other
examples are presented in Chapter 4 for further discussions of the effect of increasing
the coarse material fraction on the scour process. The outcome of increasing the size
of coarse material fraction above the limit that defines o, is to increase the strength of
the bed material to resist higher shear stresses and to withstand the higher erosive forces
around the piers and hence to reduce the scour depth. For discharges of 7.29 cfs and
8.36 cfs during set No. 2, Figures 3.13 and 3.14 present the variation of armoring
patterns for the same o, but with increased dy, and dys sizes around piers 2 and 3,
respectively. Around the pier 1 there was no significant change in bed material
composition. It is clear that the coarseness .of the armor layer results in a dramatic
reduction in scour depths. Also, during the third set of runs shown ianigures 3.15 and
3.16 for Q of 9.16 and 11.1 cfs the behavior of the armoring pattern, when increasing
the size of the fraction above dy, while keeping o, of 3.4, is the same as the second set
of runs. However, in this case the variation in armoring patterns is not as large as the
case of o, of 2.43 since the mixture with a o, value of 3.4 is originally much coarser.
The percentage reduction in scour depths for this case is therefore smaller than the

previous case.
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3.5.3 Gradation Patterns at Different Areas around Bridge Piers

In this section, the sediment size distribution patterns for the Set No. 3 runs are
presented. Additionally, some sediment size patterns from Sets No. 1 and 2 are
presented at the approach of each pier, the upstream (nose) of piers, sides, downstream,
and the ridge to show the variation of armoring patterns around the same pier with the
same original bed material.

In the approach area of each pier the applied shear stress compared to that at the
pier is relatively small. This is because the velocity in the approach of the piers
compared to the velocities required to initiate the scour around the piers is in the order
of (1/2) to (1V'8) of the velocity required to initiate the scour. Since the shear stress
is proportional to the square of the velocity, shear stresses at the approach regions are
in the order of 1/4 to 1/8 to those experienced around the piers. These conclusions are
supported by the formation of the coarsest armor patterns around the piers shown in
Figures 3.17 through 3.25.

At the nose and sides of the pier, the applied shear stresses are higher than at
any other area around the pier. Scouring process is most severe at these two positions
and therefore the scour depths are larger than at any other area. This is reflected on the
armoring behavior shown at these locations (coarsest armor). Directly downstream of
the pier a wake zone exists. In this zone a finer size armor layer is measured.

From the potential flow theory, it is expected that the stream lines passing
around the piers carry or move to some degree the coarse particles and settle them past

the pier at the ridge zone. After diverging from upstream edge of the pier to
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the sides, the stream lines tend to converge again downstream of the piers.

At the tail of the horseshoe shape, at the wake zone finer materials is found.
This is because the flow in this region is very weak compared to that at the sides of the
pier resulting in the deposition of the fine particles eroded from the upstream of scour
holes at this area. From the observations and measurements of armoring patterns at the
different areas around bridge piers, it can be concluded that the coarsest armor layers
exist in front (at the nose) and sides of the piers (with some small differences since the
applied shear stress differs slightly at these two areas).

A less coarser armor layer is found at the ridge downstream of the piers. Still,
a finer size distribution is observed at the downstream area behind the pier directly at
the wake zone. Lastly, the finest layer is measured at the tail end of the depositional
zone of the horseshoe vortex, away from the pier site. Further discussions on the

armoring patterns will be presented in Chapter 4.



CHAPTER 4

ANALYSIS AND DISCUSSION OF RESULTS

4.1 Introduction

This chapter discusses the effect of sediment gradation and the coarse material
fraction on the behavior of the local scour depth around circular cylindrical piers,
keeping all other parameters constant except the stream velocity and sediment size
properties. The pier shape was circular with a 7 in outside diameter and aligned with
the flow direction. The approach flow depth was almost constant in the range of 1.0
ft and the mean sediment size for all the three sediment mixtures used was kept constant
at 0.75 mm. The only parameter that varied was the flow velocity against the scour
depth for each of the six sediment mixtures. Due to these facts, the stream velocity or
Froude number are appropriate measures of the flow strength to analyze the behavior
of scour depth corresponding to each sediment mixture under certain flow conditions.

The complete experimental records of this study are presented as a part of the
data supplement for the project No. DTHF 61-91-C-00004 entitled "Effect of Sediment
Gradation and Cohesion on Scour” for the U.S. Federal Highway Administration. All
experiments were carried out under uniform flow conditions. Seventy-nine runs were
conducted: 71 of them were classified as clear-water scour and eight of them were live

bed scour.
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4.2 Geometry of Scour Hole

The deepest scour depths for all experiments were observed to be located at the
upstream nose of the piers. This observation agreed with those of previous
investigators. Also, all the scour holes which formed around the piers were observed
to have roughly the shape of a frustum of an inverted cone, similar to observations
reported earlier.

In each of the clear-water runs, the upstream slope of the scour hole was
observed to be approximately or near the static angle of repose, a. This is consistent
with a scour mechanism in which scouring occurs at a base of the scour hole, with
material sliding down the slope from above. From cross-sections for different scour
holes for different flow conditions and sediment mixtures, it can be seen that scour
holes and volume of scoured materials are larger for uniform materials than for graded
mixtures. Figures 4.1 through 4.6 present the geometry of scour holes which are

formed under different flow conditions and different bed materials.

4.3 Influence of Mean Approach Velocity on Local Scour

During the present study, all the parameters affecting scour depth were
approximately constant except the approach velocity to each pier. As a result, the scour
depth was varied only as a function of the apbroach velocity for each sediment gradation
that was used. As mentioned in Chapter 2, the approach velocity for each pier was the

average of seven vertical velocity profiles in front of each pier.



Figure 4.1 View of the Scour Hole Geometry for Pier 1 at the end of Run 7,

Q = 11.41 cfs

EIGHT FooT FLUME
MIXTURE Ng. 9
RUN NO. 7 AUG. 8 1937

PIER NO.2  pgpry
DISCHARGE

1.07 FT
11.4 CcFs

Figure 4.2 View of the Scour Hole Geometry for Pier 2 at the end of Run 7 ,

Q = 11.41 cfs
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MIXTURE NO, 1
RUN Ng. 5
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Figure 4.4 View of the Scour Hole Geometry for Pier 1 at the end of Run 10,

Q = 13.79 cfs
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Figure 4.5 View of the Scour Hole Geometry for Pier 2 at the end of Run 10,
Q = 13.79 cfs

Figure 4.6 View of the Scour Hole Geometry for Pier at the end of 3 Run 10,

Q = 13.79 cfs
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The mean velocity of flow for each run was calculated from the water continuity
equation as U = Q/A where Q was pump discharge from orifice equation and A was
the corresponding flow area measured during experiments. Good agreement between
the two velocities indicated uniform approach flow conditions.

The symmetry of velocities around the center line of the piers (flume) were
verified from intensive measurements that were performed in the approach of each pier,
points at equal distances from the axis of the pier turned out to be satisfactorily close
to each other. A complete list of all the measurements is reported in the publication of
the measurements concerning all the measurements of the project.

Plots of the relative scour depth Y,/b, against the mean approach velocity V, for
different sediment mixtures with a constant mean diameter, dso of 0.75 mm are shown
in Figure 4.7. A definite trend in each of the curves is apparent.

The scour depth developed in the clear-water, as shown by previous
investigations of Chabert and Engeldinger (1956) and Raudkivi and Sutherland (1981),
increases almost linearly with increasing mean velocity to a maximum at about threshold
velocity. Note that when the flow velocity is increased gradually; the strength of the
scouring mechanism increases correspondingly and the stream power which is a function
of the stream velocity, erodes more and more with velocity increases. This trend

continues with further flow velocity increases until live bed conditions are reached.
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In this study, the critical velocities for the three sediment mixtures beyond which

live-bed conditions are expected are calculated using the Neill (1973) equation:

V, = 120 kY g @
where:
A = the critical velocity in ft/sec,
h = the mean flow depth in ft, and
d = the representative diameter of bed material in ft.

This Equation 4.1 gives a value of 1.60 ft/sec as a critical value for the uniform
material psed around pier 3 during third set of runs which can be comparable to the
measured value which was in the range between 1.50 and 1.90 ft/sec, this range is
between velocity value of run 25 and run 26 at which the uniform material moved.
Also, Equation 4.1 gives good results for the values of critical velocities for mixtures
No. 1 and No. 2 when dy, was used as a representative size for the mixtures instead of
dso, because as it has been seen from results that ds, is no longer valid for representing
the sediment mixtures as usual with uniform ones. The critical velocity for sediment
mixture No. 1 was calculated to be 2.28 ft/s for dy, size of 2.10 mm while the
measured critical velocity one was in the range of 1.60 ft/sec to 1.80 ft/sec depending
on the flow depth used during runs 12 and 19. The critical velocity for mixture No. 2
was calculated as 2.60 ft/sec for dy, size of 3.2 mm while the measured critical velocity
was about 2.20 ft/s. The difference between computed and measured critical velocities
can be attributed to the circumstances in which Neill equation was developed which

were not compatible with the present experimental conditions.
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During the second and third set of runs, when d, increased for mixtures 1 and
2, V, was increased indicating that in order to initiate motion for sediment mixtures one

must count for moving its dy size as well.

4.4 Repeatability of Results

Three sets of runs were performed during this investigation. The purpose of the
first run set (runs 1 through 12), was to check if it was possible to get the same scour
depth for graded sediments when passing the same flow conditions at the site of each
pier under investigation. Table 3.1 shows clearly that this function was satisfied since
each of the three piers was subjected to almost the same flow conditions and the
resulting bed material size distribution was almost the same around each pier.
Correspondingly, the measured scour depths were almost the same too. Figures 4.8
through 4.10 show some examples of the sediment size distribution curves for the armor
layers around the three piers during runs 6, 7, and 10 for three different discharges of
9.90, 11.41, and 13.79 cfs respectively. From these figures it can be said that
repeatability of results to obtain armor layers were satisfied to a large degree taking into
account the possibility of acceptable mistakes during the sampling of armor layers, using
any technique for removing the surface layer around each pier, and also the sensitivity

of analysis while performing the sieving analysis.
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4.5 Scour Depth Comparison in Uniform and Non-Uniform Beds

Very few investigations in the past have looked at the influence of bed material
gradation on the development of scour. Recently, Ettema and Raudkivi (1977)
confirmed Nicollet’s (1971) experiments and stated that sediment gradation has a
stronger influence on the reduction of the equilibrium depth of clear water scour for
non-uniform beds than those of uniform ones. As a rule of thumb it can be said that

the higher the sediment non-uniformity, the lower the equilibrium scour depth will be.

‘ 4.5.1 Clear-Water Scour Depths as a Function of Froude Number

In the present study the effect of sediment gradation on equilibrium scour depth
has in principle 'conﬁrmed the investigations done by Ettema (1976, 1980). During this
experimental inilestigation, for graded materials with a gradation coefficient (o,) of
2.43 and 3.4, an armor layer around each pier was observed after passing certain flow
conditions. This phenomenon did not exist for the nearly uniform materials with o, of
1.38. This armor layer, once formed, acts as a coating or protection for the underlying
fine materials and prevents more scour from happening.

The armoring phenomena exists only in graded materials and does not happen
in uniform ones. When the flow passes the pier and scouring begins, fine particles are
washed away downstream of the pier. Coarser particles which exist in the initial
sediment mixture, slide down into the scour hole and form the coating which in return
stabilize and prevent more scour from happening. In the case of uniform materials,

since almost all particles have the same size and since the material washed from around
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the pier is the same size as the material which will stay in the hole after the scouring
processes, the scour rate is reduced only after maximum equilibrium scour depth is

attained for that flow condition. Referring to Figure 4.11, it is clear that the scour
depths around the piers in graded mixtures having o, of 2.43 and 3.4 are less than those
with o, of 1.38 for almost the same flow conditions. Values of scour depths in non-
uniform and uniform beds corresponding to the various test conditions are shown in

Table 4.1.

Table 4.1. Effect of Sediment Gradation On Clear-Water Scour Depth

Q o, = 1.38 o, = 2.43 o, = 3.40
(cts) F | vy | £ | v.d | E | Y
520 | .107 | .03 | .108 { .030 | .108 | .o010
730 | 131 | 210 | .146 | .160 | .133 | .050
9.16 | .161 | .420 | .168 | 300 | .164 | .070
11.10 | 213 | 700 | 219 | 510 | 210 | .170
13.40 | 237 | .80 | 250 | 700 | 241 | .280

In comparing the scour depths in Table 4.1, it can be seen that for a given F,
of the flow the scour depth reduces from o, of 1.38 to o, of 2.43 to o, of 3.4. From
Figure 4.11 which relates F; to scour depth it can be said that the regressed line which
represents data of scour depth corresponding to g, of 3.4 has the lowest slope compared
to the other two lines corresponding to those of o, of 2.43 and 1.38, and the lower the
slope of the line, the higher the gradation coefficient and consequently the lower the

scour depth.
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4.5.2 Scour Profile Along Cross-Sections

To investigate the effect of gradation coefficient on scour hole geometry a
comparison between different cross sections passing through the center line of piers
were made for various o, values. Figures 4.12 through 4.14 can be used to demonstrate
and explain how the dimensions of each scour hole vary with flow conditions and also
how they vary with changing gradation coefficients. Flow conditions corresponding to
Q of 9.16, 11.10, and 13.43 cfs have been chosen to show the change of the cross-
sections geometry when o, is increased from 1.38 to 2.43 to 3.4. It is clear that the
effect of increasing o, is to reduce the depth and the width of the scour hole but the

geometry of the scour hole is almost constant.

4.5.3 Time Development of Scour Depth to Account for the Effect of

Gradation Coefficient

The development of scour hole depth (Y,) with time (t) does not appear to have
been sufficiently investigated (Franzetti et al., 1982). In this investigation, scour depth
development with time was monitored using a mirror inside each plexiglass pier and a
scale mounted on the inside walls of the piers.

As shown in Figures 4.15 and 4.16 as an example, based on experimental results
it can be said that the function Y, (t) generally increases over time for clear-water
conditions in all runs. Except for the first five runs, all experiments were conducted
with 16 hours test duration in order to be sure that the equilibrium scour depth was

reached and became constant for a sufficient period of time. Longer test runs also was



87

(SJ991°6 = O) £ PUB L] suny J0j g puk | SI3Id JO saul] 19)ua)) y3noayy Suissed suopoag ssox) 1y andig

00'9

00°S

(39)) TIVM 19871 WOYd HONVISIA

s’y

00'p

0s'c

00°¢

057

00°7
06°0L

00°1L

01

‘3L

15 T4

X

(8’ 1 =BWB|Q) Ed€2H
=
{ope=8WDB|S) 24€2H
k-
Eve=ewbig) 1d4id
~+-

KL
N

g™

+

$jo91°6

0P 1L

08" 3L

(23) NOUVATI3



88

(sp0o1°11 = 0)
¥ pue ¢ suny Ioj ¢ pue Z ‘| 1914 JO saury 19ua) ydnoryy Juisseq suonods sSo1) €'y undig

(99)) TIVM L9487 WOY4 HONVISIA .
009 0s’s 00’¢ oS’y 00’y 0oSE 00°¢ 057 00°¢
09°0L

0L°0L

. 0\ .
A N N
a A\
i N\
/TS N L

693) NOLVATT3

(ge" 1 =8WBIS) ed-vey o' 1L
== . —
{(ore=8WDIS) 24 vey SPOL'LE= O
K- 0$°1L
{eve=swiig) 141
-

09°1L



89

s ev'el = 0)
CZ PUe g] Suny 10j ¢ pue g ‘] SI9Id JO SOuIT JNUAD y3nory) Suissed SUONAS SSOI) Py N3

(199)) TIVM L3d1 WOY4d BONVISIA
00'9 0SS 00's os'p 00’y ose  00€ 082 8.«8.2.

09°04

AW N
// N\ -
// N e
/4 N
N\

Ge3)) NOUVATI3

AN
%

(8" 1 =BWOIS) ed52H ’
e=8wH . —
Lre=suts) adsed Sjo EVEL =0 oL
(erz=8wbis) 1481H
=
0514




$J291°6 = O 10j QW] SNSISA JNOOG UO UOHEPEID JUIWIPAS JO 109 S § 2Indig

(sanuiw) NN _
000} 006 008 00Z 009 00 OOF O0E 002 00Fb O )
0000
0G0°0
ST S—1 .
- - ST 0010
&\? %
e il LOGLO
e e s o » 1 % m
0020 5
[w)
o 2
N2 * m
934’ | =whIg)E ey %\ . 0S¢0 =
-_ $jo9L6=0 * 1
93H(E=BWBig)ZzY . ¢ \\ 00€°0
93u(Ey 2=8wBig) 1d5H % _
10viee 1 =whig)edeey \x \\ 0GE0
% - \w@
8<?aua5u_mvw&m* e 00¥°0
1OVEr2=8wWbiS) 1d5H NI K
* 0SY°0



91

§J9 0111 = O 10J SWIJ, SNSIAA INOOS UO UOHEPEID JUSWIP3S JO 1¥JH 91 "p un3tg

(sanujw) L
000k 006 008 00. 009 00S OOF OOE 002 00k O

0000
(/2]
8
SPOL'LE=D ilsié 00€0 g
i 4 o
LT m
D3H(e  =whiS)EdveH e e e T U i ] S R -00¥°0 -
— 1]
o3d(ve=subig)edrey _ w%u 0
— %
- .
Dad(Eye=ewdig)zdid . \\%\ T 00G°0
10vise 1=whig)edvay B
Lovire=wbigzdred | | AR WK 0090
-
10ovieye=ewhig)ediy
ha 0020




92

to estimate with sufficient reliability the equilibrium scour depth, Y,. Franzetti et al.,
(1982) reported that previous experimental test durations ranged from 2 to 8 hours. As

shown in Figures 4.15 and 4.16 the equilibrium scour depth was reached in a relatively
short time for o, of 3.4 and 2.43 compared to that in o, of 1.38. This means that the
lower the g, value, the longer the time it takes to reach equilibrium . The development
of scour with time is a process which can be likened to a balancing act between the
shear stress applied at the base of the pier and the strength of the bed material
represented by its coarse material. At the beginning of scour process, the shear stress
is very high and the horseshoe vortex is very strong , so the rate of erosion is greatest.
Then the bed begins to armor to protect itself against this eroding action. At this time
as the scour hole develops, the horseshoe vortex begins to weaken, the shear stress
decreases and equilibrium is reached when the scour depth becomes constant for a

sufficient length of time.

4.5.4 Effect of Gradation Coefficient on Armoring Patterns around Bridge

Piers -

Six sediment mixtures with different gradation coefficients were used as bed
materials. One of the mixtures was considered to be uniform (0,=1.38). The other
five mixtures were to check the effect of gradation. The mixture with a gradation
coefficient of 2.43 was used as bed material around pier 1 during Set No. 2 and around
the three piers during Set No. 1. The third mixture with o, of 3.4 was used as bed

material around pier 2 during Set No. 3 experiments. As shown in Table 3.1 for the
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same flow conditions, the scour depth was observed to be lower at higher o, values.
Figures 4.17 through 4; 19 show coarseness of the armor layers resulting from o, of 3.4
compared to those resulting from o, of 2.43. It is clear that the mean diameter (dsg)
of the armor layers corresponding to o, of 3.4 is larger than that for o, of 2.43. This
indicates that for larger gradation coefficients reduction in scour depths are expected due

to the formation of coarser armor layers.

4.6 Effect of Increasing Coarse Material Fraction on Resulting Scour Depths

Some of the previous studies of local scour during the last two decades studied
various aspects of the effect of sediment gradation on the development of local scour,
whether in clear-water scour or in live-bed scour regime. But the effect of changing
(or increasing) the coarse material fraction above the upper limits that define o, (dgs)
of the sediment mixture on the local scour depth has not been experimentally
investigated previously. The concept is to keep the value of o, the same by its standard
definition while increasing coarser material sizes. Any changes in t_he scour depth is
therefore due to increasing this small fraction above dg, dgy, dos OF dgg Size fractions.

In this present study two cases were used to check this effect. During the second
set of runs the coarse material fraction above dg, and dys for o, of 2.43 around piers
No.2 and 3 was increased. During third Set of runs around Pier No. 1 the dy, size was
increased for o, of 3.4.

As shown in Table 3.1 scour depth was significantly reduced by increasing the

size of a small coarse size fraction while keeping o, unchanged. Ettema (1976)
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investigated the effect of sediment gradation on the development of scour depth for
clear-water condition and concluded that the scour depths were dramatically reduced due
to the effect of sediment gradation. In this work, the dramatic reduction in the scour
depth has been observed due to increasing the coarse material fraction above the limits
that define o, in the sediment mixture while keeping the value of o, constant. It has
been noted in these experiments that coarse material fraction (the upper 10%) is a more
significant parameter than o, in describing the reduction of the scour depth around
bridge piers.

The volume of a scour hole (the inverted cone) is reduced due to the significant
reduction in the depth and width of the scour hole. The time development of scour
depth was also reduced significantly. This reflects the strong effect of the coarser armor

layer formation in comparison to the armor layer formation due o, alone.

4.6.1 Scour Depth as a Function of Froude Number

As pointed out in the previous section, increasing o, value_s reduces the scour
depth. Taking into account the effect of increasing the size of a coarser fraction, it can
be said that the higher the pércent of increasing the coarse material fraction, the greater
the reduction in the scour depth. The results are shown in Figures 4.20 and 4.21.
Figure 4.20 demonstrated that for o, of 2.43 when the sediment size for the upper limits
above dy, and dys were increased the scour depth is reduced. For o, of 3.4 only the
effect of increasing the limits above dyy was checked. For this case foo there was a

reduction in the scour depth due to increasing coarser fraction above dy,. Figures
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4.20 and 4.21 show that the percent of reduction in scour depth taking into account the

effect of larger dy is higher for o, of 2.43 than that for o, of 3.4.

4.6.2 Scour Profile Along Cross-Sections

When the effect of increasing dy, size is considered and comparisons with the
scour resuiting from the original o, of 2.43 is made. It is obvious from Figures 4.22
through 4.24 that the scour profile is reduced significantly for the same flow conditions.
Conclusions from the case of o, of 2.43 are also valid for o, of 3.4 as shown in Figures
4.25 through 4.27 for the same flow conditions of Q=9.16, 11.10 and 13.40 cfs. A
reduction in the scour hole dimensions are also observed. One interpretation is that
coarse material fraction in the sediment mixture, when it is increased, can limit the

scour depth and consequently the scoured volume.

4.6.3 Time Development of Scour Depth to Account for the Effect of

Increasing Coarse Material Fraction

The conclusions for the effect of increasing the gradation coefficient on the
development of scour depth are also valid for increasing dy, or dy sizes in the two cases
studied in this dissertation. For o, of 2.43, in Figures 4.28 through 4.30, the scour
depth development is affected by the increase of the size of a small percentage of coarse
material. A reduction in the scour depth with elapsed time can be observed when
increasing the dys and dy, sizes from their original sizes corresponding to o, of 2.43.

The main reason for this reduction is that the coarse particles forming the armor layer
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around bridge piers resist the scour phenomena and cause the equilibrium scour depth
to be reached faster for larger dg, than that for larger dys and the latter being faster than

the case of the original mixture of o, of 2.43.

For the case of o, of 3.4, since the original mixture is coarser than in the
mixture with o, of 2.43, the rate of reduction of scour depth with time is less and the
equilibrium is reached very rapidly when size of the fraction of sediment mixture above
dy, is increased. Figures 4.31 through 4.33 show that the time development of scour
depth will be less when dy, size is increased and the equilibrium is reached in a shorter

time than that for o, of 3.4.

4.6.4 Conclusions from the Time Development of Scour Depth

From this study, it was concluded that development of scour depth with time is
highly affected by the gradation of bed material at the site of the pier. When o,, the
non-uniformity coefficient, was equal to 3.4, it was noticed that 80-90% of the
equilibrium scour depth is reached in the first 1 to 2 hours, while the same percentage
requires ‘the first 4-5 hours when 0,=2.43, and from 5 to 10 hours when 0,=1.38.
Experiments were run for 16 hours to be sure that the final scour depth or the
equilibrium depth was reached and also to establish the final bed geometry around each
pier.

Depending on the original gradation of the sediment mixture, when increasing
the coarse material fraction above dg, and dys, it was observed that 80-90% of the

equilibrium scour depth was reached in the first 1 to 3 hours. The percentage of
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increasing the coarse fraction, i.e. the case of o, of 2.43 when increasing its dy, can be
simulated by 0,=3.4. The function of the coarser materials in a mixture against the
erosion or scouring power of the stream is to resist it and to balance the erosive forces. -

The large particles in a mixture form a ring around the piers to stop the development

of deeper scour holes and stabilize the bed.

4.6.5 Effect of Increasing Coarse Material Fraction on Armoring Patterns

This effect was studied through runs for Sets No. 2 and 3. During Set No. 2
experiments a significant reduction in scour depths at pier 2 as well as at pier 3 was
observed due to increasing dg and dys sizes, respectively. Figure 4.34 presents an
example to show armoring pattern around the piers during Set 2 for a discharge of
13.43 cfs to show the effects of increasing doy and dys. It is clear that increasing the
size of this small sediment fraction reduces the scour depth dramatically due to the
formation of the coarse armor layers and this coarseness increases with the increase of
the coarse material fraction percentage. Table 3.1 shows the dramatic change in scour
depth from Pier 1 to Pier 3 to Pier 2 during Set No. 2 and from Pier 2 to Pier 1 during

Set No. 3 to reflect the increase in dys and dy, sizes.

4.7 Comparison between Scour Depths for Sediment Mixture with o, of 2.43
Enriched dy, and Mixtures with o, of 3.4
The concept of increasing the coarse material fraction in the sediment mixture

provided encouraging results and caused a dramatic reduction in scour depths when
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compared to the effect with original o, of 2.43 and 3.4. Scour depths resulting for bed

material with a lower o, value of 2.43 were compared with those resulting at bed
materials with higher o, when the lower o, value was strengthened by increasing the
fraction above dy,.

This comparison was achieved for runs that have almost the same flow
conditions, Table 4.2. The scour depths for o, of 2.43 when its dy, is enriched were
almost the same and in some cases less than that for o, of 3.4. The coarse material
fraction above the upper limits that define o, has a stronger effect on reducing scour
depths than the effect of o, value itself. Figure 4.35 shows this very clearly, for the
presented flow conditions that were available from this study, the scour depths were
almost the same or sometimes less for o, of 2.43 with dy, enriched which means that
the effect of coarse fraction in resisting scouring action and preventing it to continue for
deeper depths is more effective than the effect of o, itself. Next, we will consider how
the armoring patterns in both cases look like, the development of scour with time and

shape of cross section for scour holes in both cases.
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Table 4.2. Comparison between Scour depths for d,,
enriched (6, = 2.43 *) and 0, = 3.4

Run Q v, Y, F, Y, (ft) ||
No. cfs fps ft 0,=2.43* | 0,=3.4 ||
152 | 5.16 | 0.60 | 1.01 0.105 0.01

202 | 5.20 | 0.61 | 1.01 0.108 0.01
142 | 729 | 0.82 | 1.03 0.142 0.04

222 | 7.30 0.78 1.08 0.133 0.05
172 | 9.16 | 0.96 | 1.09 0.161 0.10 f
232 | 9.16 | 098 | 1.10 0.164 0.07
132 {11.10 | 1.20 | 1.06 0.193 0.16

24-2 111.10 1.24 1.08 0.210 0.17
18-2 113.43 1.40 1.08 0.238 0.28

25-2 113.43 1.43 1.09 0.241 0.28
19-2 116.85 1.83 1.10 0.307 0.59

26-2 | 16.90 1.91 1.04 0.33 0.62

4.7.1 Resulting Armor layers at Bridge Piers

Sampling of armor layers in front of Pier 2 during Set No. 2 and Pier 2 during
Set No. 3 was performed and sediment size distribution curves for these samples are
presented in Figures 4.36 and 4.37. In these figures the original sediment mixtures at
Pier 2 during Sets No. 2 and No. 3 were plotted along with the resﬁlﬁng armor layers.
The original sediment mixture for o, of 3.4 is coarser in the range of ds to almost dy,,
and finer below ds, than the mixture with o, of 2.43 to gives a larger value of o,. The
mixture with a lower o, value of 2.43, when strengthened by increasing the size of the
fraction above dy, resulted in a coarser armor layer than that formed by the mixture
with a higher o, value of 3.4. This small fraction which represents only 10% of the

whole composition of the original gradation caused all the armor layers around the pier
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that have lower o, value to be coarser than those that occurred at the pier with a higher
o, value. All grain size distribution curves for armor layers for the presented examples
of Q of 7.30 and 13.40 cfs were shifted to the right in the case of increasing dg, with
the o, of 2.43 to be coarser than that of o, of 3.4, giving all interpretations for why the
scour depth is less and also why the rate of development of scour depth with time is

less.

4.7.2 Development of Scour Depth with Time.

Figures 4.38 and 4.39 will be used as examples to explain the development of
scour depth with time for the two cases under comparison. From these figures it is
clear that the coarse material fraction plays an important role in reducing the rate of
scour and the equilibrium scour depth at any o, value. This happens mainly due to the
formation of coarser armor layers. For these two examples, for Q=9.16 and 11. 10 cfs,

this phenomenon is demonstrated clearly in Figures 4.38 and 4.39.

4.8 Comparison of Measured Local Scour Depths with other Prediction
Equations

This section describes the observed and measured experimental results for local
scour depths for different bed materials used during this investigation. A comparison
between measured scour depths and prediction equations developed by other researchers
is .made to determine how the results of this study compared to previous work. Details

of these experiments for the three sets of run are given in Section 4.1.
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4.8.1 Contraction Scour

It was observed in all experiment cases that there was no contraction scour.
According to Richardson (1989), the contraction scour should be negligible if the
contraction of the channel is less than 10 percent. In the present study, the presence of
the pier resulted in a contraction of 7.29% only of the channel (flume) width. The

observation verified the suggestion provided by Richardson.

4.8.2 Local Pier Scour

The scour hole around the pier had the shape of an inverted cone and the deepest
scour always occurred directly in front of the pier, which is in agreement with
observations by other investigators. The maximum depth of scour hole increases with
an increase in the approach velocity and hence the Froude number.

4.8.3 Comparison with CSU Equation

A comparison was made between the measured data and the CSU equation

(Richardson and others, 1975). The CSU equation-used in the comparison is:

o~

s _ 2.00 Kl K2 ( % )0.65 ( Fr )0.43 (4.2)
1

The comparison included the measured value of scour depth corresponding to
three values of o, of 1.38, 2.43, and 3.4 to cover the range of sediment bed non-
uniformity which is frequently used in laboratory tests. The comparison was done for

all flow condition ranges that were tested in clear-water scour.
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As seen in Figure 4.40, the values of Y,/Y, calculated by the CSU equation

were higher than measured values of Y,/Y, for all o, values which were tested. The
CSU equation over-predicts clear water scour depths and is conservative. It is also clear
that the difference between the scour depth calculated by the CSU equation and the
measured scour depth is large for small Froude numbers, but the difference tends to
decrease with higher Froude numbers. Another fact that should be mentioned here is
that this wide range of variation between measured data and the CSU equation values
is referred to the fact that the coefficient determined by regression for Equation 4.2 was
modified to 2.0 in order to develop a curve that would envelop all the laboratory data

available at the time, (Johnson,P. 1992).

4.8.4 Comparison with the Froehlich Equation
A comparison was also made between the measured data and Froehlich’s

equation (1988). Froehlich’s equation used in the comparison is:

Y / 008 . .
Zscomr@ye s @2 2y + 10 @.3)
Y, b Y, dg,
in which:
K = coefficient for pier type

= 1.2 for square-nosed pier
= 1.0 for round and round-nosed pier
= (.72 for a sharp-nosed pier.

b’ = pier width projected normal to the approach flow.
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=bcosa + Lsina

C = the angle of attack

L = pier length

b = pier width

Y, = flow depth

F, = Froude number=V,/(g Y,)*5
d;, = mean diameter for bed material

b’/b = 1.0 for pier aligned with the flow direction.

Therefore Equation 4.3 takes the form:
Y 054 0.08
—* =032 (iJ (F, 02 (_’.’_) + 1.0 @.4)
Y

The comparison in Figure 4.41 shows that Froehlich’s equation over-predicts
clear water scour depths for all o, values of 1.38, 2.43 or 3.4 and also for any value
of Froude number that was tested. This refers to the fact that it is conservative for
design purposes because of the addition of the 1.0 to the right hand side of the equation.
For example if the measured scour depth ratio is 0.2 or 0.5 , the calculated scour depth

ratio by the Froehlich equation will be 1.2 or 1.5, thus it is very conservative.

4.8.5 Comparison with New Zealand Equations
A comparison between the measured data of this study and predicted local scour
depths from the New Zealand equations, Ettema (1980), Davoren (1985) and Melville

and Sutherland (1988) was done. The equations used for these comparisons were as
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follow:
Ettema equation (1980)

Maximum equilibrium local clear-water scour depth in uniform material is:

(E) -23 | @.5)
b max
or
¥\ _ (235 (4.6)
Yl Yl

Equation 4.6 was used in comparison with measured data corresponding to o,=1.38.

5] =9
b N0

where K, is a coefficient equal to or less than 1.0 and can be found using Figure 4.42.

For non-uniform materials:

For 0,=2.43, K,=0.40
For 0,=3.40, K,=0.22
Then, the Ettema equation takes the following forms:

For o, = 2.43:

0.920 b (4.8)
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For o, = 3.40:
Y, _ 0506 b 4.9)
Yl Yl '
1.0 T
s P\\ _l d'o (mm,
| \, \[ds0 <07 mm o 085
SR s 1%
yd \ e 4.10
» 05 —~
830> 0.7mm A\l
.\D\__
0
] 2 3 4 5 6
%

Figure 4.42 Function of K, versus o, by Ettema (1976)

Davoren Equation (1985)

The Davoren equation used in this comparison has the form:

Y, = 0395 Y, 4.10)
where: |
Y, = scour depth from mean bed elevation (m)
Y, = approach flow depth (m)

or, in the dimensionless form, Equation 4.10 becomes:
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Y,
— = 0395 @.10)
Yl

Melville and Sutherland Equation (1988)
Melville and Sutherland (1988) developed the Equation 4.12, for calculating the
scour depth based on some multiplication factors to account for flow intensity, flow

depth, sediment size, sediment 1,gradation, pier shape and pier alignment. or

f =K, K K,K K K, (4.12)
% - KK KK KK < 4.13)
1 1
where:

Y, = scour depth;

Y, = flow depth;

b = pier diameter normal to the flow;

K; = flow intensity factor;

K, = flow depth factor;

K, = sediment size factor;

K, = sediment gradation factor;

K, = pier shape factor;

K, = pier alignment factor;

The K values can be found using the graphs proposed by the authors (1988). For the

present study K, =1.0, K,=1.0 (circular piers), Ky=1.0 (for b/ds,=237), K,=0.92 (for



132
Y/b=2.0), and K,=1.0, therefore, Equation 4.13 becomes:

Y
— o2k, |2 4.14)
Yl Yl ‘

The comparison is shown in Figures 4.43, 4.44 and 4.45, from which it can be
said that Ettema’s equation is over predicting clear-water scour depths for the o, values
of 1.38, 2.43, or 3.4 which were tested in this study. This indicates that calculated
scour depths by Ettema’s equation are always larger than the measured values in this
study. This difference can be referred to as the fact that Ettema’s equation gives the
largest possible scour depth that can occur at a cylindrical pier, which is 2.3 b.

Since the flow depth was almost constant (1.0 to 1.10 ft), for lower F, values
tested during the experimental work the scour depths calculated by the Davoren equation
gives higher scour depths values than the measured ones for all o, values. This equation
gives lower scour depth values for values of F, of 0.20 to 0.25. This is because
Davoran equation predicts the maximum value of scour depths for live-bed conditions
and not the equilibrium or final scour depths.

In comparison with the Melville and Sutherland equation, it was found that their
equation also over predicts measured clear-water scour depths despite the fact that this
equation contains multiplying factors for reducing the scour depths than that calculated

by Ettema.
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4.9 Regression Analysis

Prediction equations were developed for calculating local scour depth for clear-
water scour based on the dimensional analysis performed to determine the parameters
affecting scour and the experimental results obtained from this study. The regression
analysis was performed for two cases. The first case is to account for the effect of the
non-uniformity coefficient of sediment mixtures and the second case accounts for the
effect of the parameter d,y/ds,.of the original sediment mixtures to develop a general

equation for local scour depth using the whole set of data from present study.

4.9.1 Regression Analysis for Experimental Data

A stepwise regression analysis was used in the MINITAB computer program
(which is based on least squares method) to develop equations for local clear-water
scour. As presented in detail in appendix A, the following expression was developed
from dimensional analysis for parameters affecting the scour process:

]’ [%)b (%)° (%)d F)y 4.15)

Y b
S KK 2
Y, IKZ(Y ]

1
Since ds, of 0.75 mm and Y, the flow depth was almost constant (about 1.0 ft)
were kept constant during the study, the parameter ds)/Y was removed from Equation

4.16. For each tested value of 0, (1.38, 2.43 and 3.4) the dimensionless equation to

be used for the regression analysis becomes:



M~
it
N
>
g

a b
_’2.] (L’_‘] (F)° (4.16)
Yl Yl

The logarithm of Y,/Y, was regressed against the remaining dimensionless
groups using the power equation form(non-linear regression) in the MINITAB computer
program. For large experiment durations the value of the term (VVY,;) had a very weak
effect on the regression analysis, thus this term was rejected. It was found that the
regression which gave the largest coefficient of determination, R? was based on the

functional relation :

Y
+ kKK F) @.17)
1

which indicates that the scour depth ratio has a strong dependency on the Froude
number of the flow. The above expression was finally used and an equation was
obtained for each tested value of o,.

For og=1.38:

Y,
% = 144.50 (F ¥ 4.13)
Yl

The corresponding statistical analysis for this regression step was as follows:

Power equation :

Cl =2.16 + 347 C2 4.19)
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Standard T-
Coefficient Deviation of ratio=coeff P
coefficient /SD
Constant 2.16 0.5834 3.71 0.021
C2 3.47 0.7091 4.89 0.008
S = 0.1868
R-square = 91.4%
R-square = 89.2 % adjusted for D.F.

Analysis of Variance:

Source DF SS MS=SS/DF F P
Regression 1 1.1948 1.1948 23.89 0.008
Residual 4 0.2000 0.0500
Total 5 1.3948
Where:
S = an estimate of o, the estimated standard deviation about the regression
line.

DF = degrees of freedom
R2 = the coefficient of determination

P = the probability of getting a value as extreme as large in magnitude

from a t-distribution.
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For og=2.43:

Y
—* = 38,00 (F*® (4.20)
Y, |

The corresponding statistical analysis for this regression step was as follows:

Power equation :

Cl =158 + 3.03 C2 4.21)

Standard T-
Coefficient Deviation of ratio=coeff/ P
coefficient SD

Constant 1.5815 0.1151 13.74 0.000
C2 3.0275 0.1656 18.28 0.000
S = 0.0898
R-square = 91.30 %
R-square = 91.0% adjusted for D.F.

Analysis of Variance:

Source DF SS MS=SS/DF F P
Regression 1 2.6939 2.6939 334.04 0.000
Residual 32 0.2581 0.0081

Total 33 2.9520
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For 0,=3.40:
23.0 (F P2 4.22)
The corresponding statistical analysis for this regression step was as follows:
Power equation :
CI = 136 +3.20 C2 (4.23)
Standard T-
Coefficient Deviation of ratio=coeff/ P
coefficient SD
Constant 1.3591 0.2876 4.73 0.000
C2 3.2015 0.3681 8.70 0.000
S = 0.1619
R-square = 93.8 %
R-square = 92.6% adjusted for D.F.
Analysis of Variance:
Source DF SS MS=SS/DF F P
Regression 1 1.9821 1.9821 75.66 | 0.000
Residual 5 0.1310 0.0262 {
Total 6 2.1131 "
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Newly developed prediction equations for clear-water scour depths ( Equations
4.18, 4.20 and 4.22) from this study show a strong dependence on the Froude number
of flow to a power of 3 or more (F?). These equations take into account the effect of

non-uniformity of bed materials.

4.10 Comparison between Predicted Clear-Water Scour Equations from Present
Study and other Equations

The prediction equations developed in this study were compared with previous
equations developed by other researchers. The measured laboratory data‘ from the
present study were applied to some of these equations. The calculated scour depths
were compared with the measured data. Figures 4.46 through 4.51 show the
comparison with Englis-Poona (1948), Chitale (1960), Breusers (1965), Shen (1966-
1969), Neill (1964), Bata (1960), CSU (1975), and Froehlich (1988) equations. These
equations and their limitations are given in the literature reviews conducted by other
researchers as well as in the publication prepared along with this di;sertation under the
title "Literature Survey and Compilation of Bridge Pier Scour Data". Figures 4.46 and
4.47 show the comparison for o, value of 1.38, and Figures 4.48 and 4.49 show the
comparison for o, of 2.43. Figures 4.50 and 4.51 present the results for o, value of
3.4.

The CSU and Froehlich equations are used to predict live-bed and clear water-
scour while the newly developed equations are for clear-water scour only. As shown

in the literature, the two modes of transport have different influence on the behavior of



142

8¢'1 = "o Joj suonenby Jaylo pue uonenbyg uonoIpald padojoad A[maN usamiaq uosureduio)) 9p'y 2Indiyg

YHENNN 2anoy4d

»2'0 2o 0z'0 810 910 P10 zro 010
00'0
+ +
+ [ ]
' ........... x ....... -02°0
. -
b% x
or'o
o
O
e
090 5
-
- & = = L= R PO
=
2
x 007 o
(8e'1=6) ub3 ‘Q3d ) 3
+ ge’'l = ewbig i
ub3 N3HS . e
x v \.mw
ub3 TYIN v s
0 or'y
ub3z IIVLHO v
n
ub
u m<zoomm:@¢7_,_ oo
b3 §3HNS3HA v
b4
W 08°1



143

8¢°1 = "0 Joj suopenby Joyio pue uonenby :o._.u_voi padojeaa(g A1maN udamiaq uosuedwo) /¢ 2In3ig

YHINNN 3anoydd
yZ'o 810 910 oro
00°0
= A 4 -02°0
¥ X
v v
. - .
i or'o
-
(|
£ 09°0
o &
X
08°0
(8€'1=8)ub3 ‘03ud
+ !
‘ub3 HOMH3OKA | :
| |+ ge'L = ewbig 00'1
ub3z NSO
O
‘ub3 vivg
|
ub3 NIHS N v; 0z
v x *
‘ub3 FTIVLHO
X
or1

(LA/SA) HLd3A MOd / HLJ30 HNOOS



144

£p'7 = "0 10} suonenbyg 1oyjo pue uonenbyg uonoIpald padofaaa(] AIMIN usamidq uosuredwo) gy p 2InSig

JHIIWNN 3anodd
82’0 970 ¥T'0 o 0c’o 810 2710 ¥10 vo 01’0

1 o
; #m 00°0
i -+ -

de  20< XK xmmumﬂ L ™
i 0<°0
+ e
+t - " iia
& LT o B 5 #0 2
m llmmm - ﬂ% = =
00°3

Eve=s) ub3 ‘Qlud — m . — 0s°1

(LA/SA) HLd3a MOTd / HLd3Q HNO2S

w

o+
upa TIIN W 1‘
2| vy ot
‘U
el ep'2 = ewbig

‘UD3 YNQOGSIIONI
v
‘up3 sH3IsN3Iwg
X




145

€' = 0 10§ suonenby Joyio pue uonenbyg uonoipaid padojaasq AimaN usamiaq uosuedwo) p'p ammdig

WYHAWNN BANOY
$2°0 9z'0 o o  ozo  sre 910 PO Zro  oro
“ }-00°0
L mm
+
gk de > AEX
fo > MO xx.vnwﬁ ¢ R l.m-lll
+ -l 05°0
+# o 2

pilee amBER | am sdB0 58§
ol &5 c
foamgl g 2 = =| %
-00°1 a
2 z
:
o
(Eve=S) ub3 QIud . v o1 B
+ ﬂi 7
uD3 zm__vmw - \ 20040 m
D3 THAN < Yv¥ yvv 3

] Ao A 4

up3 FIVUHO .

- 4 ey'e = ewbig

‘UD3 VNOOC SMONI
v

‘UD3 sU3sN3u8
X




146

ov'¢ = 20 10} suonenbg Jayjo pue uonenby uondIPaIg padojeaa@ A|moN usamiaq uostredwo) (S 2In3ig

YHAWNN HANOYA

$€°0 0£'0 $T°0 0z°0 $10 010
00°0
" F FF
. + ni
X 1
Po% >
x m
05°0
+ L (%]
3
B
00"
- 2
\ A4 g
, v s
(re=g)ub3 ‘Q3ud h 4 051 m
+ s
ub3 N3HS v 2
> 2
ub3 THIN v =
[
‘ub3 IWUHOD 007
™
0300w sne v y'e = ewbig
b3 SHISN3HA
pTe
052




147

0p'€ = 2o 10} suonenbyg Jayjo pue uonenbg uondIPald padofRaa AIMON UdMIRG uosuedwo) 16y 2Indng

JHIGWNN 3ANOYd

$€°0 0£’0 $7°0 0Z°0 _ s10 ovo
00°0
+
+ *oal
- =
o+
- v Nrw--}-ozo
+ v
v b4
‘ (723
.............. - o0 m
v X S
[ ] (] (o]
O - B
& 090 7
N —
- 3
X 08°0 m
(ve=s)ub3 ‘Q3ud ')
+ o
‘ub3 HOMH30W4 m
x
: = | 00°1
b3 NSO - Ve ewbig 3
O X
‘ub3y viva
= .
w3 NaHs| | v SIS 021
A AR v * b4
ub3 FWVLUHO
X o'l




148

of scour with time and velocities. CSU equation always predicted larger values of scour
depths than the present equations for the range of Froude number and o, values tested
during the present study. This could be probably due to the factor of safety of 2.0 used
in CSU equation or because o, in CSU equation had a constant value of 1.0. Thus
using the CSU equation for clear-water scour will be conservative because it predicts
larger depths of scour.

As a comparison with Froehlich’s equation, it can be said that for any value of
o, that was tested during this study, Froehlich’s equation gives almost constant value
for the scour depth which at the same time is larger than the values measured or
calculated by the new prediction equations. This could be due to the addition of 1.0 to
the right hand side of Froehlich equation. This practice is very conservative since a
depth of flow is added to the computed scour by the use of a +1.0 at the right hand
side of the equation. Therefore comparing Froehlich equation to the new prediction
equation for the same experimental data, we can say that Froehlich equation is over-
predicting clear water scour depths.

For o, values of 3.4, 2.43, and 1.38 Shen’s equation which was derived from
experiments at CSU Hydraulics laboratory for clear water scour gives comparable values
for scour depths with our predicted equations for smaller Froude number values, then
it tends to give lower values for higher Froude number values tested during the study.
Also, Bata equation for clear water conditions gives almost the same scour depths like
the present for small o, values of 1.38 and 2.43 but it predicts higher scour depths for

higher o, value of 3.4 that was tested in the present study. The Chitale equation which
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was derived for clear water scour has nearly the same trend for scour depths like the
present prediction equation because Chitale equation states that scour depth is a function
of Froude number to the second power but it gives higher scour depth values because
it was derived for rectangular piers.

Neill and Breusers equations give almost equal values for scour depths which are
higher than the values given by our prqdicted equation. Englis-Poona equation which
is believed to be valid for clear water scour, was derived using q, the discharge per unit
width in the contraction, which means greater scour could be expected, also this
equation was derived for special bridge piers and rivers in India and Pakistan under
special conditions. This might explain the big difference between calculated scour
depths by Englis-Poona equation which are the highest values in this comparison and

our predicted ones. Thus it can be said that this equation is very conservative.

4.11 Comparison between Newly Developed Equations and other Researcher’s
Measured Data

Now, the opposite operation for what was done in section 4.8 will be done here.
Some other measured data will be fitted to the predicted equations developed from
present study to see how are the predicted equations in the range of the tested flow
conditions compare to other measured data. For three different values of o, of 1.3, 2.0
and 2.8 tested by Chiew (1984) in the live bed scour, some measured values of scour
depths were picked and plugged the flow conditions under which these scour depths

were measured to our predicted equations, the result was that our equations give always
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higher values since it predict clear-water scour depths, Figure 4.52 and 4.53.

Also, some of Chee’s (1982) data that fits the conditions of this present study
were plugged into our equation that predicts scour depths in uniform beds and the
results are as shown in Figures 4.54 and 4.55 which indicate that the predicted equation
gives higher values for scour depths due to the fact that it predicts clear water scour
depths and the measured ones were for live bed scour in uniform beds, thus we are in
good shape.

For Baker’s (1986) scour depths data that were measured for the live bed scour
conditions, Figure 4.56 and 4.57, the comparison with the calculated values by the
predicted equations from this study show that our equations always give higher values
than measured ones by Baker and this is good since measured ones are in the live bed
scour, also the results show the consistency and compatibility between the measured and
predicted scour depths for each o, value, it is clear that predicted equations for O,
equals 3.4 and 2.43 give less predicted scour depths than those for o, equals 1.38 and

this is what it should be.

4.12 General Equation for Local Scour Depth Based on the Present Study

In this section, a generalized equation collecting all experimental data for the
three bed material gradations is developed. From the results presented up to this point
in this study, the gradation coefficient by itself is not sufficient for describing the
armoring phenomena and its behavior in reducing the scour depth effectively. It was

observed that the upper portion of the gradation curve above the upper limits of dg,
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which define the gradation coefficient play a very important role in reducing the scour
depth for graded materials.

It is believed that the coarse fraction above d, is more important than any other
portion of the gradation curve in the formation of the armor layers around bridge piers
to stop or resist the scouring action of the flowing water. Therefore, the ge-neral
equation should include a parameter that accounts for the effect of gradation and the
ratio dgy/ds, Will be substituted here to replace the effect of o,. This is due to the fact
that dy, was shown to be a more significant parameter than o, in the armor layer
formation.

A stepwise regression analysis was used by the MINITAB computer program as
done earlier to develop a general equation for local clear-water scour. The expression
was developed following the dimensional analysis after introducing the parameter dgo/dso
for each original sediment mixture to account for armoring of bed material instead of

o, for the parameters affecting scour process:

X o %0y | 4.24
7 TEE K (E () (4.24)

where k, K;, and K, are the proportionality constant, coefficient for pier shape, and
coefficient for pier alignment respectively as defined earlier .

The logarithm of Y,/Y, was regressed against the combination of the other two
terms F, and dgo/ds,, giving the following equation or expression which gave the largest

coefficient of determination, R? :
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deo

d,
75 = 148.0 ( Fr )2.93 ( _9% )-1.48
1

The corresponding statistical analysis for this regression step was as follow:

Power equation:

Cl =217 +293 C2 - 148 C3

where C1, C2, and C3 representing log values of Y,/Y,, F,, and dgo/ds, .

Coefficient Standard T- P
Deviation of | ratio=coeff
coefficient /SD
Constant 2.1702 0.1271 17.08 0.000
C2 2.9326 0.1382 21.21 0.000
C3 -1.4847 0.1627 -9.12 0.000
S =0.1164
R-square = 91.9 %
R-square = 91.6% adjusted for D.F.
Analysis of Variance:
Source DF SS MS=SS/DF F P
Regression 2 6.9684 3.4842 256.95 | 0.000
Residual 45 0.6102 0.0136
Total 47 7.5785




CHAPTER §

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

5.1 SUMMARY

The main objectives of this study were to investigate the effect of sediment
gradation coefficient and increasing the size of coarse material fraction that exists in a
sediment mixture on local pier scour, and to develop a prediction equation for clear
water scour depth to account for armoring of bed materials. This objective was achieved
by conducting a series of physical experiments in a laboratory flume using six different
sediment mixtures with a constant mean diameter and known initial gradations.

The mean grain size (ds,) was kept constant at 0.75 mm for the six bed materials
which were used. One of the three bed materials was considered to be uniform and had
a geometric standard deviation (o) of 1.38; the other five had o, values of 2.43 and
3.4.

The mixtures were prepared by mixing different kinds of sand and gravel to get
a desired mixture with a certain o, value and a mean diameter, dso of 0.75 mm. The
uniform material was prepared by sieving out the fines and coarse sizes of the sand
mixture which had a mean diameter of d, of 0.75 mm and a gradation coefficient o,
of 2.43 by a group of sieves.

All the three sets of runs were conducted in clear-water scour except thé last run

at the end of each set of runs was performed when the bed motion had started. This was
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to assure that all ranges of flow conditions were covered in clear-water scour regime.

In the first set (runs 1 through 12), the bed material around each of the three
piers along the length of the flume had the same dy, of 0.75 mm and o, of 2.43. The
flow conditions were the same at the site of each pier and almost uniform flow
conditions over the entire flume test length was maintained. The experiments were
continued until the scour depth at each pier was fully developed and the equilibrium was
reached for at least 4 hours. Then the discharge was slowly lowered until the flow was -
stopped completely. The flume was then drained through the aid of an efficient
drainage system at the bed of the ﬂume», so that the final bed and scour profiles around
each pier could be easily measured. Photographs of the bed were taken, and the armor
layers at different areas around each pier were sampled and sieved to determine their
sediment size distribution curves.

In the second set (runs 13 through 19), the bed material \'around Pier No. 1 was
kept the same as first set having dso of 0.75 mm and o, of 2.43. Around Pier No.2 the
size of coarse material fraction above d,, was increased but still me bed material had
the same ds; and o, as 0.75 mm and 2.43 respectively. Around Pier No. 3, the size of
coarse fraction above dys was increased but ds, and o, were kept constant at 0.75 mm
and 2.43.

In the third set (runs 20 through 27), the bed material around Piers No. 1 and
2 had a geometric staﬁdard deviation of 3.4 and a mean diameter of 0.75 mm. The
only difference in bed materials around Piers No.1 and 2 was that the size of coarse

material fraction above dy, was increased around pier No. 1. At Pier No. 3, a uniform
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material with o, and ds, of 1.38 and 0.75 mm, respectively was used.

Prediction equations for the local scour depth in graded and uniform materials
were developed using the experimental data from the present study. In addition, an
analysis for the effect of increasing coarse material fraction on the resulting scour depth
was presented. A comparative analysis between scour depths for bed material having
a given value of o, with increased dy, size and those materials with higher o, values are
also presented.

A comparison between various prediction equations for local scour depth and the
measured data from this study, and a comparison between predicted equations from this

study and other data from previous studies were also done.

5.2 CONCLUSIONS

In the experiments conducted for this dissertation scour depth increased with
increasing velocities and Froude Numbers. The amount of scour was a function of
sediment gradation and d, size. The larger gradation coefficients (and larger dy, sizes)
resulted in smaller scour depths. Figures 5.1 through 5.3 show the variation of scour
depth ratio with approach flow velocity and approach flow Froude number for the
different tests conducted during this study. From these figures, it can be seen that up
to the critical conditions beyond which live-bed scour is encountered, the amount of

scour is a function of both flow velocity and gradation coefficient (or dy, size). Beyond
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the limits of clear-water scour conditions, the findings of this study do not apply. For

the present experiments the limit of clear-water scour has been successfully estimated

by the use of modified Neill equation using dy, to represent the sediment mixture size.

Future research in establishing this limit condition should be used in conjunction with

this study to expand the applicability of the research to wider range of conditions.
The conclusions drawn from this research are as follows:

1. The maximum local scour depth in clear-water scour for uniform materials is

much larger than those for graded materials.

2. For flow conditions below critical conditions sediment gradation is important in

reducing scour depths because graded materials enhance formation of an armor layer

around bridge piers, which in return stops the scour.

3. For a given mean sediment size, the higher the sediment gradation, the less the

scour depth will be.

4. Width and depth of scour holes, which take the shape of inverted cones, are a

function of flow velocity and sediment gradation when keeping all Qmer parameters that

affect scour depth constant.

5. In clear-water scour, no bed formation or contraction scour was observed and

only local scour around the piers occurred.

6. The initial rate of scour development decreased with increasing bed material non-

uniformity and maximum scour depth was reached in shorter time.

7. Size of bed material fractions above dgs play an important role in reducing scour

depth as does increasing the gradation coefficient o, .
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8. Increasing the size of coarse material fraction above d,, reduces the scour depth
by a greater percentage than does increasing the size of the part above dys. This means
that the higher the percentage of coarse material fraction, the higher the reduction in
scour depth will be. Increasing o, by decreasing the size of finer size fractions does not
have the same effect as increasing coarser fraction sizes.

9. For clear-water scour, increasing the size of coarse material fraction in the
original sediment mixture dramatically reduces the scour depths at bridge piers due to
the formation of coarser armor layers.

10.  Bed materials with a gradation coefficient of 2.43 and with increased dy, sizes
can sustain the same or lesser scour depths than that occurring in bed materials with a
higher o, value of 3.4. This indicates the importance of size of coarse fractions
| compared to g,

11.  The function of coarse material fraction is to reduce the depth and width of scour
holes and to cause the equilibrium scour depth to be attained in a shorter time.

12.  The newly developed prediction equations for clear-water scour depths
(Equations 4.18, 4.20, and 4.22) from this study show a strong dependence on the
Froude number of flow (to a power of 3 or more). These equations take into account
the effect of non-uniformity of bed materials.

13.  The ratio dgy/ds, proved to have a significant effect on reducing the scour depth
and controlling the armoring process. Therefore scour equations using o, should be
modified to reflect the size of coarse fractions between o and 20 to express the behavior

of non-uniform materials in armoring process.
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14.  For graded materials, 90% to 99% of the maximum scour depth is attained

within the first 6.0 hours of the experiments. Experiment run times could be reduced
and extrapolations for larger time values could be done without significantly affecting
the results.

15.  For the clear-water scour range, scour protection or reduction around bridge
piers can be achieved by increasing the size of coarse material fraction that exists in the
sediment mixture. This technique can provide protection of the bed and the pier

foundations as an alternative to the use of riprap.

5.3 RECOMMENDATIONS FOR FUTURE RESEARCH

On the basis of the results of this investigation, the following future research is
recommended:
1. Laboratory work results related to effects of gradation should be checked against
closely monitored field work.
2. The applicébility of increasing the size of coarse fractions to reduce scour depth
should be checked by field implementations. -
3. For both clear water and live-bed scour conditions, experimental data are
required for very shallow flows (Y/b < 0.2) and for deep flows (Y/b > 10.0 to 20.0)
to check the effect of increasing the size of coarse material fraction under these
conditions.
4. Experimental data are required for large sediments (b/dso < 25) for clear- water

scour conditions.
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5. Experimental data are required for the influence of increasing the size of coarse
material fraction using nearly uniform materials.

6. The highest value of Froude number that was tested in this study for clear-water
scour was 0.39 since at higher Froude numbers bed movement occurred. Experimental
data are required for Froude numbers beyond the range that was tested during this
study.

7. Analytical and numerical turbulence model solutions to the problem of local
scour should be explored more rigorously in coordination with experimental work. This
integrated approach would provide numerical modelers the experimental coefficients

needed in their analytical formulations.
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APPENDIX A
DIMENSIONAL ANALYSIS FOR THE INFLUENCING PARAMETERS

ON THE SCOUR DEPTH
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A.1 Scouring Parameters
The parameters which influence scour around bridge piers can be arranged into
four groups:

vA.l.l. Fluid variables:

- density of water P
- kinematic viscosity of water v
- acceleration due to gravity g

A.1.2. Flow variables:
- depth of approach flow
- mean velocity of approach flow A"
- angle between flow direction and pier axis «
(angle of attack) |

A.1.3 Bed materials variables:

- grain diameter and form dso
- grain size distribution o,
- density of sediment Ps

- cohesive properties

A.1.4 Bridge pier variables:
- pier dimensions b
- pier shape ¢
- surface roughness

- number of spacing of the piers
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- orientation of piers to approach flow a
A.1.5 Time
The relationship between the scour depth and the parameters which influence it

can be summarized as follows:

scourdepth = f [ (fluid), (flow), (sedimens), (pier), (time) ] (A1)

Because of the complexities and costs of measurement, analysis, and evaluation
of all of the above mentioned variables, many investigators assume some restrictive
conditions:

- the difference between the laboratory and field values for density, viscosity and

acceleration due to gravity can be neglected;

- channels can be considered sufficiently wide so that the bridge pier does not

cause 2 significant contraction;

- the bed material is alluvial (non-cohesive and often uniform particle-sized);

- the piers are perfectly smooth without scour protection systems, such as riprap.

These assumptions and restrictions reduce the list of variables to the following:

1. density p and kinematic viscosity v of water;

2. mean sediment diameter ds, and sediment density pg;

3. approach flow depth y, and mean velocity of the approach flow V,;

4. pier width b, pier shape ¢, and orientation of the pier (angle a).
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A.2 Dimensional Analysis

Dimensional analysis is only a technique for grouping the variables, and yields
information on the form of the functional relationships. It has been used extensively
by many researchers in different forms for grouping or forming the variables used in
estimating the depth of local scour.

As stated before, the depth of scour is a function of a number of different
parameters. In general, the local scour depth as a function of these affecting parameters

can be expressed in the form:

d =f(y,bV,dgo,0a7v,t8p V) (A.2)

where:

y = approach flow depth;

b = pier width;

V = mean approach velocity;

dso = mean sediment size;

o, = sediment gradation;
¢ = shape factor;

a = angle of attack;

v, = specific weight of sediment;

t = time;
g = gravity acceleration;
p = water density;

v = kinematic viscosity.
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Using II-Theorem in performing the dimensional analysis and taking Yy, V,pas

the three repeated variables that has the 3 principal lengths M, L, T of mass, length,

and time :
Taking

therefore

m =y VR pot g,

M LOT® = (L) LT (ML (L)

equating the exponents in both sides of the equation to be in equilibrium, then,

for M:

for T:

for L:

therefore:

or

Similarly:

therefore:

Taking:

therefore:

Taking:

therefore:

Similarly:

therefore:

0 = C,, therefore C, = 0

0 = -b,, therefore b, = 0

0=a +b-3C, +1, therefbre a = -1
m =d,y'

m, = dJy

m = ¥ V2 g2

m, = bly

My =y V3 p3 dg,

T3 = dsoly
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taking: m, =y VP o7 y,

MO LO TO = (L)a7 (LT-I)b7 (ML-S)c7 (ML-2T-2)

for M: 0 = C,; + 1 therefore C; = -1

for L: 0 = a; + b, -3C, -2, therefore b; = -2
for T: = -b, -2, therefore a; = 1

Taking: 7 =yV?ply,

therefore: m;, =vy,y/p V?

Taking: Ty = y*8 VP8 pB ¢

MO LY TO = (L) (LT)*® (ML) (T)

for M: C =0

for L: ag +bg=0

for T: 0 = -bg+1, therefore bg = 1
ag = -1

from which: 7y = y' V't

therefore: Mg = Vtly

Taking: Ty =y V¥ p® g

MY LT = @) LTH™ ML?)® LT

for M: 0=0C
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for L: 0 = a5 + by - 3C, +1, therefore a, + by = -1
for T: 0 = -by-2, therefore by = -2,

a =1
Taking: T, =yVig

therefore:  m, = gy/V?

Therefore:
d
R S AP WAL ) (A.3)
y y pVZ: y V2
Since:
XY P8 y _PE1 Y (A.4)

and vy,, y being the specific weights of sediment and water respectively and they

are constants during the study, also y/V? = 1/g, therefore:

d
—= =f( 2’ "ﬂs 08, ¢9 ’ E’ & ) (A'S)
y y vy y v?
d d
= =f(2’ _50’ Og, (b’ a, K’ 'g'z ) (A'6)
y y y y v?
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Since, gy/V? is the reciprocal of the square of Froude number, therefore:

Lof %o 002 F) NG
y y Jy y
or: d : d 5
s b.¢ 50 ¢ th e A.8
2K KCEE (D ) F (A-8)
y R GG €IS )

where K = proportionality constant;

K,

shape factor;
K, = alignment factor;

a, b, ¢, d, e = exponents.






